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PREFACE 

Following the breakthrough discovery of the so-called M41S silica 
mesostructures in the early nineties, the area of periodic mesoporous materials 
has been growing steadily. Important findings appear in the literature on a 
regular basis, providing new impetus for further innovations, as well as creating 
new areas of research. Remarkable progress has been made in the area of 
material synthesis, marked by the following key discoveries: (i) generalization 
of synthesis strategies involving van der Waals, electrostatic and covalent 
interactions between the amphiphile and the inorganic species, (ii) framework 
and surface modified silicas via direct synthesis and post-synthesis modification, 
(iii) non-silica mesostructured materials via supramolecular templating 
pathways (e.g., metals, transition metal oxides and chalcogenides), and via silica 
or carbon mesophase casting (e.g., mesoporous carbons, oxides, metals, alloys 
and polymers), (iv) mesoporous organosilicates, and (v) assembly of zeolite 
nanocrystals into mesoporous structures. Furthermore, a wide variety of 
potential applications in catalysis, adsorption, separations, environmental 
cleanup, controlled drug delivery, sensing and optoelectronics are reported on a 
regular basis. 

Though dominated by silica-based mesoporous materials, this series of 
international symposia “Nanoporous Materials” deals with a variety of other 
mesoporous materials, including clays, carbon molecular sieves, porous 
polymers, sol-gel, and imprinted materials, as well as self-assembled organic 
and organometallic zeolite-like materials. Now in its fifth round, Nanoporous 
Materials V will provide an international platform for leading scientists and 
newcomers alike to discuss recent advances in the areas of synthesis, 
characterization and applications of organic, inorganic and hybrid porous 
materials. 

Nanoporous Materials V will feature three plenary lectures and seven 
keynote lectures covering a wide range of porous materials, including porous 
silicas, organosilicas, carbons and semiconductors, as well as metal oxides, 
zeolites and metal-organic frameworks. In addition, more than 200 oral and 
poster presentations will be given both by world-class experts and young 
scientists. Based on the wide range of these contributions and their high quality, 
the Organizing Committee is confident that the Nanoporous Materials V 
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Symposium to be held in Vancouver, Canada on May 25-28, 2008, will be as 
successful as its predecessors. 

The current volume represents a sampling of the oral and poster peer- 
reviewed presentations to be made at the Nanoporous Materials V Symposium. 
It includes 73 contributions divided into 13 chapters dealing with specific topics 
within the three broad themes of interest: (i) synthesis of mesoporous silicas and 
related materials, (ii) synthesis of non-silica based nanoporous and 
nanostructured materials, and (iii) characterization and applications of 
nanoporous materials. 

Certainly the current volume of proceedings does not cover all topics in the 
area of nanoporous materials; however, it reflects the recent trends and advances 
in this rapidly growing field, which continues to attract the attention of materials 
scientists, chemists, chemical engineers and physicists around the globe. We 
hope that this proceedings volume will benefit both newcomers as well as 
researchers from academia, national laboratories and industry working in the 
synthesis, characterization and applications of nanoporous materials. 

Abdei Sayari 
University of Ottawa, Canada 

Mietek Jaroniec 
Kent State University, USA 

December 2007 
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NEW ROUTES FOR IMPROVING HYDROTHERMAL 
STABILITY OF ORDERED MESOPOROUS MATERIALS AND 

SYNTHESIS OF MESOPOROUS ZEOLITES 

FENG-SHOU XIAO 
College of Chemistry. Jilin University, Changchun 130012, China 

In comparison to industrial zeolite catalysts, ordered mesoporous materials exhibit 
relatively low hydrothermal stability, which severe!y binders their practical applications 
in industrial catalytic reactions such as petroleum refining. In this paper, several new 
routes for improving hydrothermal stability of ordered mesoporous materials are 
summarized, including (1) hydrothermally stable mesoporous aluminosilicates and 
titanosilicates assembled from preformed zeolite precursors; (2) high-temperature 
synthesis of ordered mesoporous silica-based materials with high silica condensation; (3) 
introduction of promoters for silica condensation in the synthesis of ordered mesoporous 
materials. Furthermore, we focus on synthesis of mesoporous zeolites because 
mesoporous zeolites have the advantages of both zeolites and mesoprous materials. In 
this paper, a facile route for synthesis of mesoporous zeolites from cationic polymers is 
described. 

1. Introduction 

Since the first discovery of ordered mesoporous materials by Mobil scientists 
[l], a series of novel ordered mesoporous materials have been successfully 
synthesized [2-lo]. However, compared with zeolites, these mesoporous 
materials exhibit low catalytic activity and hydrothermal stability due to their 
amorphous walls [2]. Therefore, increasing catalytic activity and hydrothermal 
stability are great tasks for rational synthesis of ordered mesoporous materials. 
In this work, we have mainly reviewed our recent development for synthesis of 
ordered mesoporous materials with improved hydrothermal stability, which 
include (1) catalytically active and hydrothermally stable mesoporous 
aluminosilicates and titanosilicates assembled from performed zeolite precursors; 
(2) high-temperature synthesis of ordered mesoporous silica-based materials 
with high silica condensation; (3) introduction of promoters for silica 
condensation in the synthesis of ordered mesoporous materials. 

Additionally, mesoporous zeolites are also a hot topic for synthesis of 
porous materials recently [ 151 because the mesoporousity in zeolites is favorable 
for mass transfer. Very importantly, these crystalline mesoporous zeolites exhibit 
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much higher hydrothermal stability than the amorphous mesoporous materials. In 
this work, we also show a facile synthesis of mesoporous zeolites from 
mesoscale template of cationic polymer in the presence of small organic 
ammonium salts [15.]. 

2. Improving Hydrothermal Stability of Ordered Mesoporous 
Materials 

2.1. Strongly Acidic and Hydrothermally Stable Ordered Mesoporous 
Aluminosilicates from Preformed Aluminosilicate Zeolite Precursors 

It is well known that zeolites are hydrothermally stable and catalytically active, 
and one of reasons for their excellent properties is the existence of primary and 
secondary zeolite building units (PSBU) in zeolites [16]. Of couse, the 
preformed zeolite precursors contain PSBU. Fortunately, when preformed 
aluminosilicate zeolite precursors are assembled with the templating micelle, 
strongly acidic and hydrothermally stable ordered mesoporous aluminosilicates 
have been synthesized successfully [19-241. The early works for synthesis of 
ordered mesoporous aluminosilicates are carried out in alkaline media [ 19-2 11. 
However, under alkaline media, mixed phases would often be obtained if the 
synthetic conditions are not controlled very well. In order to prevent the 
formation of mixed phases, the assembly of preformed zeolite precursors with 
the templating micelle is explored to strongly acidic media. Under this condition, 
crystallization of zeolites will be avoided, and the products therefore would be 
pure mesoporous materials [22-241. 

It is worthy to mention that the quality of preformed zeolite precursors play 
a key role for the synthesis of strongly acidic and hydrothermally stable ordered 
mesoporous aluminosilicates. If the sizes of the preformed zeolite precursors are 
too big, it is difficult to form an ordered mesostructure due to the rigidity of 
nanocluster assembly. If the sizes of the preformed zeolite precursors are too 
small, it is difficult to obtain strongly acidic and hydrothermally stable 
mesoporous aluminosilciates due to a significant increase of amorphous silica in 
the samples. In our case, the quality of the preformed zeolite precursors (zeolite 
seeds solution) is usually checked by the synthesis of zeolites in the absence of 
organic template. For example, addition of a small amount of the preformed Beta 
zeolite precursors with a good quality into alumina-silica gel at 140 "C for 2-4 
days led to Beta zeolite with high crystallinity in the absence of organic 
templates [25]. The preformed aluminosilicate precursors appear to serve as 
seeds for the crystallization of Beta zeolite. 
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Recently, various types of the preformed zeolite precursors such as MFI and 
L nanoclusters was also used to synthesize ordered mesoporous aluminosilicates, 
and these mesoporous materials also exhibit higher hydorthermal stability and 
acidity than conventional MCM-41 [26, 271. 

2.2. Catalytically Active and Hydrothermally Stable Ordered Mesoporous 
Titanosilicates from Preformed Titanosilicate Precursors 

Since the discovery of TS-1 zeolite by Enichem Company [28], a series of 
microporous crystals of titanosilicates, have been reported which have 
remarkable catalytic properties. However, the pore sizes (<0.8 nm) of these 
microporous titanosilicates too small for access by bulky reactants of the kind 
important in fine chemical and pharamaceutical industries. The solution for this 
problem is to synthesize mesoporous titanosilicates with pore sizes of 3-8 nm 
[29]. Unfortunately, when compared with TS-1, the oxidation ability and 
hydrothermal stability are relatively low, which severely hinders their practical 
applications. The relatively low oxidiation ability and hydrothermal stability, e.g. 
of Ti-MCM-41, can be attributed to the difference in the titanium coordination 
environment (amorphous nature of the mesoporous wall) [2]. In our case, an 
ordered mesoporous titanosilicate (MTS-9) has been assembled from the 
preformed TS-1 precusors in strongly acidic media, and its mesostructure is 
hydrothermally stable [30], compared with that of Ti-MCM-41. For 
hydroxylation of phenol with hydrogen peroxide, the activity and selectivity are 
similar to TS-1. However, for hydroxylation of bulky molecules like 
trimethylphenol, TS-1 is inactive, while mesoporous MTS-9 has very high 
activity. The increased activities, especially for bulky reactants, and higher 
stability are novel catalytic properties that may lead to new applications [30]. 

Recently, the synthesis of ordered mesoporous titanosilicates from the 
preformed TS-1 precusors is extended to alkaline media [31, 321, and obtained 
products exhibit excellent properties for the conversion of bulky reactants. For 
example, in non-aqueous solvent decane epoxidation of cyclohexene was tested 
and compared with conventional Ti-MCM-41 and TS-1. It is clear that the much 
higher conversion cyclohexene to the epoxidation product of the mesoporous 
materials assembled from the preformed TS- 1 precusors, demonstrating their 
superiority of catalytic properties [32]. Furthermore, ordered mesoporous 
ferrosilicates are also synthesized from the assembly of the preformed fmosilicate 
zeolite precusors with surfactant micelle in strongly acidic media, and obtained 
products exhibit much higher hydrothermal stability than Fe-MCM-41 [32 ] .  
Obviously, the assembly of the preformed zeolite precursors with the templating 
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micelle is a good route for synthesis of catalytically active and hydrothemally stable 
ordered mesoporous materials. 

2.3. High-temperature Synthesis of Hydrothermally Stable Ordered 
Mesoporous Silica-based Materials with High Silica Condensation 

It has been reported that a critical factor in increasing hydrothermal stability is to 
have more silica condensation on the mesoporous walls [33]. Conventionally, the 
synthesis of ordered mesoporous materials is at low temperatures (80-150 "C) 
because there is no surfactant that can be used as template at high temperature 
(160-220 "C). The low-temperature synthesis usually results in imperfect silica 
condensation of mesoporous materials with a large amount of terminal OH group 
which make the mesostructure unstable [2]. Fortunately, when the mixture of an 
ordered polymer surfactant micelle (P 123) with a fluorocarbon surfactant (FC-4, 
C3F70(CFCF3CF20)2CFCF3CONH(CH1)3N+(C2H5)2 CH31-) is used as a template, 
ordered hexagonal mesoporous silica-based materials with good hydrothermal 
stability, designated JLU-20, are successfully synthesized in strong acidic media 
at high temperature (160-220 "C) [34]. XRD pattern of calcined JLU-20 
generally shows four clearly well-resolved peaks that can be indexed as the (1 00), 
(1 lo), (200), and (210) diffractions associated with the P6mm hexagonal 
symmetry, and TEM images of JLU-20 sample confirm this mesostructure. 
Interestingly, JLU-20 is much more hydrothermally stable than SBA-15. Upon 
hydrothermal treatment, JLU-20 remains well-ordered, whereas SBA- 15 loses 
most of its mesostrcture. Furthermore, the '9Si MAS NMR spectrum of the as- 
synthesized JLU-20 provides direct evidence of the extent of silica condensation. 
JLU-20 is primarily made up of fully condensed Q4 silica units (-1 12 ppm) with 
a small contribution from incompletely cross-linked Q3 (-102 ppm), giving very 
high Q4/Q3 ratio (6.5). In contrast, SBA-15 has typical peaks correspond to Q', 
Q3, and Q4 silica species respectively, and the ratio of Q4/Q3+Q' is 1.9, 
suggesting the presence of large amounts of terminal hydroxyl group in the 
mesoprous walls. These results demonstrate that JLU-20 has hlly condensed 
mesoporous silica walls, which should be attributed directly to the contribution 
of high-temperature synthesis [34]. 

Recently, the synthesis of JLU-20 at high-temperatures was investigated by 
'H, I3C, and I9F NMR spectroscopy, and obtained results show that the 
ammonium head in the mixture of FC-4 and P123 play a key role for the high- 
temperature synthesis. Accordingly, it is suggested that ordered silica 
mesoporous materials could be synthesized at high temperature without the use 
of fluorocarbon chains. Therefore, we can design fluorocarbon-free templates for 
the synthesis of ordered mesoporous silica materials at high temperatures 
(>1 SOOC). Fortunately, when a mixture of tetraethylammonium hydroxide 
(TEAOH) with P123 is used as a template, ordered hexagonal silica-based 
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materials (JLU-20-TEA) is successfully synthesized at high-temperature (1 80 
"C). The '9Si MAS NMR spectrum of the as-synthesized JLU-20-TEA shows 
high Q4/Q3 ratio at 4.2, and hydrothermal treatments of the samples show that 
JLU-20-TEA is more stable than conventional mesoporous silica of SBA- 15. 

2.4. Introduction of Promoters for Silica Condensation in the Synthesis 

SBA-15 is a first example of ordered mesoporous silica materials templated from 
triblock copolymer surfactant in strongly acidic media, and its good features 
such as thicker walls and larger pore sizes are very favorable for improvement of 
hydrothermal stability and diffusion of bulky molecules [3]. However, the 
relatively low silica condensation in SBA-15 is still a problem for improving its 
hydrothermal stability. Recently, we systemically investigate the effect of anions 
on silica condensation in acidic, neutral, and alkaline conditions at conventional 
temperatures such as 100 "C, and it is found that sulfate is a good promoter for 
silica condensation in aqueous solution under neutral condition. Therefore, when 
an inorganic anion of sulfate is added into the starting gel for synthesis of SBA- 
15 under neutral condition, hydrothermally stable and well ordered hexagonal 
mesoporous SBA-15 materials (SBA-1 5-S042-) have been successfully 
synthesized at conventional temperature (1 00 "C). As we have expected, as- 
synthesized SBA-1 5-S04'- exhibit very high degree of silica condensation, 
giving Q4/Q3 ratio of 6.3. Interestingly, after treatment in 100% steaming at 780 
"C for 3 h, SBA-15-S04'- still shows three clear peaks assigned to (loo), (1 10) 
and (200) reflections of hexagonally ordered mesostructure. In contrast, the 
treated SBA-15 gives rise to a broad peak assigned to (100) reflection. These 
results c o n f m  that the hydrothermal stability of SBA-1 5-S04'- is significantly 
improved, compared with that of SBA-15. Furthermore, this approach has been 
extended to synthesize hydrothermally stable mesoporous materials with various 
substituted heteroatoms such as aluminum, zirconium, titanium, iron, tin, and 
vanadium. For example, ordered hexagonal A1-SBA-15 synthesized in the 
presence of urea exhibits much higher hydrothermal stability than conventional 
Al-SBA-15. 

3. Mesoporous Zeolites Templated with a Mixture of Small Organic 
Ammonium and Mesoscale Cationic Polymer 

Although those mesoporous materials mentioned above have much improved 
stability, they are less hydrothermally stable than zeolites. Therefore, our group 
is to develop new route to synthesize mesoporous zeolites. Mesoporous zeolites 
should have the advantages of both mesoporous materials for fast diffusion of 
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molecules and microporous zeolites for highly active sites [ 11, 121. Generally, 
microporous crystals of zeolites such as Beta and ZSM-5 are synthesized from 
small organic templates such as tetraethylammonium hydroxide (TEAOH) and 
tetrapropyl ammonium hydroxide (TPAOH). Recently, mesoporous zeolites are 
successfully templated from nanosized carbon templates in the presence of small 
organic templates [13, 141, but their industrial applications are limited due to the 
complexity of synthetic procedure and hydrophobicity of carbon templates. In 
our case, we show a unique, facile, controllable, and universal route for the 
synthesis of hierarchical mesoporous zeolites templated from a mixture of both 
small organic ammonium and mesoscale cationic polymer [ 151, which are well 
characterized by HR TEM, nitrogen isothenns, HR SEM, XRD, and probing 
catalytic reactions. In this route, the choice of mesoscale template of cationic 
polymer is one of keys for the formation of mesoporous zeolites, which is mainly 
related to three points in the following: (1) good thermal and hydrothermal 
stability in the temperatures (up to 200 “C) under the condition of zeolitic 
synthesis; (2) very low cost; and (3) very strong interaction between cationic 
polymers with negative silica species in alkaline media. 

Figure 1 shows TEM image of mesoporous ZSM-5 zeolite synthesized from 
cationic polymer. Obviously, there is hierarchical mesoporosity in the range of 
about 10-30 nm for the sample. Notably, this route is “one-step’’ hydrothermal 
synthesis, and the template mixture is homogeneously dispersed into synthetic 
gel. Notably, these novel mesoporous zeolites exhibit excellently catalytic 
properties, compared with conventional zeolites. For example, while there is a 
little activity for cracking of triisopropylbenzene in conventional ZSM-5, high 
conversion was obtained with mesoporous ZSM-5 zeolite. Very interestingly, 
one-pot synthesis of mesoporous zeolites is also successful fiom various 
mesoscale organic templates such as silane-functionalized polymer [35] and 
organic-inorganic hybrid surfactant [36]  recently. 

Additionally, when palladium species were loaded into mesoporous Beta 
zeolite (Beta-H), the Pd particles could be located in both mesopores and 
micropores (Pd/Beta-H). The presence of Pd particles in the mesopores offers an 
opportunity for catalytic hydrotreating of bulky molecules. As a model reaction, 
the deep hydrogenation of bulky aromatic pyrene shows that the Pd/Beta-H 
exhibits much higher activity and selectivity for products of deep hydrogenation 
than a conventional Beta zeolite-supported Pd catalyst (Pd/Beta) and Pd 
catalysts supported on MCM-41 (Pd/Al-MCM-41), which is greatly important 
for increasing fuel quality and controlling the undesirable emissions in exhaust 
gases [37]. 



Figure 1. TEM of hierarchical mesoporous ZSM-5 zeolite templated from cationic polymer in the
presence of TPAOH.
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POROUS STRUCTURE OF SBA-15 SYNTHESIZED BY 
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The Evaporation Induced Self-Assembly (EISA) process is one of the most promising 
routes for the large scale synthesis of ordered mesoporous materials, because of some 
advantages over the hydrothennal synthesis such as short synthesis time, easiness of 
controlling silicdmetal ratio, possibility of continuous synthesis. In the present study, 
SBA-15 materials were synthesized by three different kinds of methods, i) spray-drying, 
ii) vacuum-assisted solvent evaporation, and iii) conventional hydrothermal reaction. 
SBA-15 inaterials via EISA process possessed the different pore structure compared with 
conventional SBA-15, smaller BET surface and thinner pore wall thickness. 

1. Introduction 

Mesoporous inorganic materials templated by surfactant molecular 
assemblies have attracted a great deal of attention because of their potential 
applications as catalysts, adsorbents, molecular sieves, sensors, etc. There are 
two major pathways by which these ordered mesoporous materials are 
synthesized. One is a hydrothermal synthesis in which the products precipitate 
from inorganic surfactant aqueous solutions under alkaline or acidic conditions. 
The other is an evaporation induced self-assembly (EISA) process in which the 
source solution is concentrated with the evaporation of the solvent to form an 
ordered inorganic surfactant mesostructure. The EISA process is one of the 
most promising route for the large scale synthesis of ordered mesoporous 
materials, because of some advantages over the hydrothermal synthesis such as 
short synthesis time, easiness of controlling silica/metal ratio, possibility of 
continuous synthesis. Although some reports on the synthesis of SBA-15 
powder through EISA process have been published [1,2], the meso- and 
microporous structure has not been clarified well. In the present study, SBA-15 
materials were synthesized by three different kinds of method, i) spray-drying 
(SD), ii) vacuum-assisted solvent evaporation (VASE) [3], iii) conventional 
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hydrothermal reaction (HT) [4] and we discuss the difference of the porous 
structure. 

2. Experimental 

In the present study, SBA-15 materials were synthesized by three different 
kinds of method, i) spray-drying (SD), ii) vacuum-assisted solvent evaporation 
(VASE), and iii) conventional hydrothermal reaction (HT). Tetraethyl 
orthosilicate (TEOS), ethanol, and hydrochloric acid were used as received fiom 
Junsei Chemical Co. Ltd., Japan. An amphiphilic triblock copolymer (BASF 
Pluronic P123, E020P070E020) was used as a structure-directing material. The 
obtained are referred to as SD-SBA-15, VASE-SBA-15 and HT-SBA-15 in this 
paper, where SD, VASE and HT designate the synthesis method as described 
above, respectively. 

2.1. Synthesis of SBA-15 by spray drying (SO) Method 

TEOS and P123 were dissolved into ethanol. After HCl aqueous solution 
was added to the mixture, obtained solution was stirred at room temperature for 
20 minutes to hydrolyze the TEOS. The typical molar ratio of the starting 
solution was 1 TEOS : 0.01-0.02 P123: 10 EtOH : 1.8X 10” HCl : 10 H20. The 
solvent was then transferred to a round-bottom flask and evaporated using a 
vacuum rotary evaporator at 145 hPa for 30 minutes. Then, the solution was 
spray dried using the spray dryer GS310 (Yamato Kagaku Co. Ltd.). The inlet 
temperature was 403-433K and the gas pressure 0.07MPa. The resulting solid, a 
silica-template composite, was calcined at 773K for 6 hours to remove the 
structure directing agents. 

2.2. Synthesis of SBA-15 by vacuum-assisted solvent evaporation 
(VASE) method 

TEOS and templates were mixed with HC1, H20, and ethanol in the 
synthesis. The molar composition of the starting solution was 1 TEOS : 0.02 
P123 : lOEtOH 1.8 X 10” HCl : 10 H20. The solution was stirred for 20minutes 
at room temperature, and then the solvent was removed under a reduced pressure 
of 1.145 hPa at 313K using a vacuum rotary evaporator. Once the solution had 
reached a paste-like consistency, the pressure was reduced to 2 x  103Pa and 
maintained for 30 min. This resulted in the viscous, paste-like liquid changing to 
a white wet solid with slight bubbling. The temperature was then increased to 
333 K and maintained for 30 min to evaporate the remaining solvent. The 
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obtained solid was calcined at 773K for 6 h to remove the structure directing 
agents. 

2.3. Characterization of SBA-15 

To characterize the obtained SBA-15, small-angle X-ray diBaction (XRD) 
patterns were measured using a Bruker A X S  D8 Advance diffractometer (Cu-Ka 
radiation, h=O.154 nm, operated at 40 kV and 40 mA). The TEM observations 
of the obtained samples were carried out using a Hitachi HF-2000 field emission 
transmission electron microscope with an electron acceleration of 200 kV. The 
adsorptioddesorption isotherms of N2 at 77 K were measured using an automatic 
gas adsorption analyzer (BELSORP-mini, BEL Japan, Inc.) after outgassing the 
samples at 573 K for 5 h in vacuum. The pore-size distribution curve (PSD) was 
calculated from the desorption branch using the NLDFT N2 zeolite/silica 
equilibrium transition kernel at 77 K based on a cylindrical pore model [ 5 ] .  The 
pore volume and surface area corresponding to a mesopore were determined 
fiom the curves obtained by the cumulative plots. The amount of micropore was 
calculated by the t-plot analysis. 

3. Results and Discussion 

3.1. Characterization of SBA-15 

Table 1 shows the optimized synthesis conditions for the SD and VASE 
method. As reported in our previous paper[3], there are two rate processes in the 
EISA process. The one is the rate of the solvent evaporation, which induces the 
self-assembly of the surfactant micelles, and the other is the rate of the 
polycondensation of the silicate species. It is considered that the well-ordered 
mesostructure can be obtained only when these two rate processes are well 
balanced. Thus, P123/TEOS molar ratio, reaction temperature, stirring time, 
solvent evaporation time should be optimized for each synthesis method. 

Table 1 Optimized synthesis conditions for three kinds of synthesis method. 

Solvent HCl [MI P123l Stir. 
TEOS[-] Temp’ [K1 time[min] time Sample 

HT 0.016 313-353 1200 5days H20 2 
VASE 0.020 313 20 5hours EtOH 0.1 

SD@403K 0.010 403 20 2hours EtOH 0.01 
SD@433K 0.010 433 20 2hours EtOH 0.01 



Figure 1 shows the XRD patterns of the SD-SBA-15 prepared at a drying 
temperature at 403K with a variety of P123/TEOS molar ratios. The other 
conditions are same as listed in Table 1. The lowering of the order was observed 
with increasing the P123lTEOS ratio and the XRD peaks almost disappeared at 
the P123/TEOS=0.015 or less, which is the typical ratio in the hydrothermal 
synthesis of SBA-15 as reported elsewhere [4,6]. In the SD synthesis, the 
smaller amount of P123 and HCl was preferred to obtain the highly ordered 
structure. The porous structure of obtained by N2 adsorption measurements will 
be discussed later compared with the VASE and HT-SBA-15 samples. The SD- 
SBA-15 and VASE-SBA-15 samples synthesized in the optimized condition 
exhibited one intense (100) peak around 1 .O degree and 1-2 peaks for (1 10) and 
(200) of 2 to 6 degrees in a 2 0 angle range, which are associated with p6mm 
hexagonal symmetry as shown in Figure 2. The (100) peaks of these sample is 
relatively broad and (210) peak was not observed, indicating the less ordered 
structure compared to conventional SBA-15 materials synthesized by 
hydrothermal reaction (HT-SBA-15). 

'""i'""'"'''""''""'"''""'' 
- 

w- 0.012 u 0.015 

1 2 3 4 5  

28 [degree] 

Figure 1 Small-angle XRD patterns 
of Spray-dried SBA-15. 

1 2 3 4 5  

28 [degree] 
Fiyre  2 Small-angle XRD patterns of SD 
and VASE SBA-15. 

The N2 adsorptioddesorption isotherms (Figure 3) were typical Type IV in 
the IUPAC classification, clearly indicating the mesoporous structure. From the 
N? adsorption measuremts, the BET surface area was about 300m2/g for SD 
samples and 515m'ig for VASE sample, respectively. These values are relatively 
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smaller than conventional HT-SBA-15, whose BET surface area is typically over
800m2/g. The reason for smaller BET surface area is discussed in the next
section. The other parameters (lattice parameter, pore size, thickness of pore
wall, meso- and micropore volume) calculated from XRD and N2 adsorption
measurements are summarized in Table 2. From the XRD patterns, N2

adsorption/desorption isotherms and the TEM observation (Figure 4); we
confirmed that all the SB A-15 samples had a highly ordered hexagonal
mesostructure.

Table 2 Porous properties of synthesized SBA-15.

Sample

HT
VASE

SD@403K

SD@433K

dioo
[nm]

10.0

7.9
9.7

10.0

dp
[nm]a

7.9
7.3
7.6
8.5

dw

[rim]"

3.7
1.8
3.6
3.1

vm<50
[cc/g]c

0.80

0.72

0.39

0.42

v •v micro

[cc/g]d

0.1
<0.01
<0.01

<0.01

SBET
[m2/g]

912

515

302

304

*•c calculated from adsorption branch using NLDFT analysis. b 2dioo /I -732 - dp.d calculated by the
t-plot method.

* Hydrothermal
A Vacuum-assisted solvent evaporation
m Spray dry at 4G3K
® Spray dry at 433K

02 0.4 0.6 0.8 1
Relative pressure, p/pj, H

Figure 3. N2 adsorption/desorption isotherms
measured at 77K. Open symbols denote adsorption
and closed symbols denote desorption.

Figure 4. TEM image of SBA-15
synthesized by vacuum-assisted solvent
evaporation method.

3.2. Porous structure of SBA-15

The N2 adsorption/desorption isotherms were measured at 77K (Figure 3)
and pore structure was evaluated by NLDFT and £-plot analysis. The porosity
data determined based on the N2 adsorption/desorption isotherms are
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summarized in Table 2. The most common pore size (d,) for the synthesized 
SBA-15 were ranged from 7.3 to 8.5 nm, depending on the synthesis method and 
conditions. A noticeable feature is the thin pore wall of VASE sample (l.gnm), 
which is thicker than 3.5nm for SD and HT samples. The mesopore volume 
(V,,,,) synthesized by SD method is less than that of the samples synthesized by 
VASE and HT. mainly because the smaller amount of the block 
copolymer (P123/TEOS=0.01) in the optimized synthesis solution for SD- 
SBA-15 samples (P123/TEOS=0.01) compared to those of HT-SBA-15 

(P 123/TEOS=0.016) and VASE-SBA-15 (P 123/TEOS=0.02) samples. As 
described previously, the increase of P123 amount in the synthesis solution for 
SD resulted in the formation of less ordered structure. 

There have been some reports on the synthesis of SBA-15 by spray drying 
method. Anderson et al., reported that formation of 2D hexagonal mesoporous 
silica using Pluronic P123 block copolymer as templates, whose BET surface 
area is 316m'/g and mesopore volume is 0.54cdg [2]. Baccile et al. also 
reported the formation of mesoporous silica using Pluronic P 123 template, 
whose BET surface area is 540m'/g and mesopore volume is 0.69cc/g [l]. 
Although their sample showed larger mesopore volume than ours, the shape of 
N2 adsorption isotherm had larger hysteresis loop like SBA-16, indicating the 
bottlenecks between pore arrays. At the present, the synthesis of SBA-15 with 
same quality as hydrothermally synthesized one via EISA process has not been 
reported and the further optimization of synthesis conditions is needed. 

This is 

3.3. Comparison with conventional SBA-I5 

As described above, the SBA-15 samples synthesized via EISA process have 
smaller BET surface area than that of common SBA-15 materials. The main 
reason for the smaller BET surface area is the extreme reduction of micropores. 
It should be noted that the mesoporous SBA-15 synthesized by a hydrothermal 
reaction possesses micropores that interconnect the primary mesopores as 
reported in many studies [7,8]. Figure 5 shows the t-plots calculated from N2 
adsorption isotherms using the reference isotherm for non-porous silica. The t- 
plots for all the samples synthesized via EISA process (SD and VASE) provided 
straight lines at t = 0.25-0.7 and the extrapolation line went through the origin, 
indicating the absence of micropores. In fact, the calculated micropore volume 
are approximately zero for the samples synthesized via EISA process, whereas 
that for HT-SBA-15, is O.lcc/g (the extrapolation line of t-plot cut the y-axis at 
70 cm3 (STP)/g in Figure 5). 
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The synthesis of micropore-free SBA-15 or control of the micropore volume 
in the hydrothermal synthesis has been reported by several research groups. It is 
considered that the formation of micropores are due to the penetration of EO 
chains into silica network, and the amount and size of micropore depend on the 
synthesis condition such as temperature, P 123 concentration, solvent. Miyazawa 
and Inagaki reported the increase of synthesis temperature and surfactant/TEOS 
ratio result in the decrease of the amount of micropore[9]. Newalkar et al. 
reported the addition of inorganic salt into the synthesis solution is effective for 
the formation of micropore-free SBA-15[8]. They also reported that the use of 
co-solvent (ethanol) with the addition of minimum amount of inorganic salt 
results in the formation of micropore-free SBA-15[ lo]. 

500 - s 
400 

v, 
m- 5 300 

> 
200 

Y 

100 

0 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

t [nml 
Figure 5 t-plots for SD, VASE and HT-SBA-15 samples. 

In our SD and VASE synthesis, the solidification of the solution during 
spray-drying finish in very short (typically shorter than few seconds). In 
addition ethanol is used as a main solvent. This is probably the reason for the 
absence of micropores, although the SD synthesis temperature is relatively high 
(403-433K) or the P123/TEOS molar ratio in the VASE synthesis is higher than 
that of hydrothermal synthesis. 

4. Conclusions 

In this study, the synthesis of SBA-15 materials via evaporation induced 
Optimizing the synthesis self-assembly (EISA) process was investigated. 
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conditions, SBA-15 materials with 2D hexagonal pore arrangement were 
successfully synthesized by two kinds of evaporation induced self-assembly 
process, namely spray-drying method and vacuum-assisted solvent evaporation 
method. SBA-15 materials via EISA process possessed smaller BET surface 
area than hydrothermally synthesized SBA-15, mainly due to the significant 
reduction of microporosity interconnecting the primary mesopores. SBA-15 
synthesized spray drying method had smaller mesopore volume than 
hydrothermally synthesized SBA- 15 at this moment and the further optimization 
of synthesis conditions is needed. 
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EFFECT OF THE LOWER CONSOLUTE TEMPERATURE ON 
THE STRUCTURE OF MESOPOROUS MATERIALS 
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We have investigated the phase behavior of the C ~ F I ~ C ~ H ~ ( O C Z H ~ ) X O H  [RF7(EO)8] 
nonionic fluorinated surfactant in water as well as the effect of the presence of additives. 
Results show that the lower consolute temperature is increased upon addition of sodium 
iodide or of a hydrogenated nonionic surfactant. As regards the mesoporous syntheses, 
the self assembly mechanism are not favored if the lower consolute temperature is near 
the temperature at which the silica precursor is added to the micellar solution. 

1. Introduction 

One of the main characteristics of the nonionic surfactants-based system is that a 
miscibility gap is often encountered in the phase diagrams. The miscibility curve 
that determines the gap is called the lower consolute boundary (Icb). Below this 
curve a micellar phase L, exists, whereas above the lower consolute boundary 
the solution separates into two phases, one is rich in micelles (L’I) and the other 
one is poor in micelles (L”,). The minimal temperature at which the appearance 
of the micellar solution becomes turbid defmed the value of the cloud point 
(CP), also labeled the lower consolute temperature. In the case of nonionic 
polyoxyethylene alkyl ether surfactants [C,(EO),], this phenomenon is related to 
the fact that water around the polyoxyethylene chain is more structured than bulk 
water and it is associated to a strong entropy dominance [1,2] The value of CP 
depends strongly on the Hydrophilic-Lipophilic Balance (HLB) of the surfactant, 
but also on the presence of additives, which affects the intermicellar interactions 
[4]. Among the nonionic surfactants, the fluorinated ones are of particular 
interest. Indeed, linear fluorocarbon chains are less flexible than the hydrocarbon 
ones and, thus, present high melting points and as a consequence fluorinated 
surfactants have a higher thermal stability than their hydrogenated analogous. As 
hydrogenated nonionic surfactants, fluorinated ones can be used for the 
preparation of mesoporous materials through the self assembly mechanism. 
Moreover, it appears that the characteristics of the recovered materials, such as 
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the structure and the pore diameter are strongly related to the properties of the 
surfactant used for their preparation [3]. Even if in the literature many papers 
deal with the lower consolute temperature of nonionic surfactants, to the best of 
our knowledge, no detail investigation concerning the relation between the 
location of the lower consolute boundary and the structure of mesoporous 
materials is reported. Here, we have focused our investigations on the 
C7FI5C2H4(OC2H&0H surfactant. The lower consolute temperature has been 
shifted by adding salts or a hydrogenated nonionic surfactant. 

2. Materials and Methods 

The used fluorinated surfactant, which was provided by DuPont, had an average 
chemical structure of C7F15C2H4(OCZH4)80H, labeled as RF7(E0)8. The 
hydrogenated surfactant C18H35(OC2H4)10, labeled as RH18(EO)lo was purchased 
from Aldrich (Brij 97). In both cases, the hydrophilic chain moiety exhibited a 
Gaussian chain length distribution. 

2.1. Determination of the surfactant properties 

The samples were prepared by weighting the required amounts of surfactant and 
water or salt solutions in well-closed glass vials to avoid evaporation. They were 
left at controlled temperature for some hours in order to reach equilibrium. 
Micellar and liquid crystal domains were identified by visual observations. The 
lower consolute boundary was determined visually by noting the temperature at 
which the turbidity of the surfactant solutions was observed. In order to get this 
curve (Icb), these temperatures were plotted as a function of the surfactant 
concentration. 

2.2. Mesoporous materials preparation and characterization 

A micellar solution containing 10 wt.% of surfactant in water or in an aqueous 
electrolyte solution was prepared. The pH value of the solution was kept to 7.0. 
Tetramethoxysilane (TMOS), used as the silica source, was added dropwise into 
the micellar solution at different temperatures. The surfactantisilica molar ratio 
was adjusted to 0.5. The obtained samples were sealed in Teflon autoclaves and 
heated for 1 day at 80°C. The final products were recovered after ethanol 
extraction with a soxhlet apparatus during 48 hours. 

X-ray measurements were carried out using a home-built apparatus, 
equipped with a classical tube (h  = 1.54A). The X-ray beam was focused by 
means of a curved goldkilica mirror on the detector placed at 527 mm from the 
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sample holder. Nitrogen adsorption - desorption isotherms were obtained at -196 
"C over a wide relative pressure range from 0.01 to 0.995 with a volumetric 
adsorption analyzer TRISTAR 3000 manufactured by Micromeritics. The 
samples were degassed further under vacuum for several hours at 320°C before 
nitrogen adsorption measurements. The pore diameter and the pore size 
distribution were determined by the BJH (Barret, Joyner, Halenda) method. 

3. Results and discussion 

3.1. The @,(EO)&ater binary system 

The binary surfactantlwater phase diagram (Fig. l),  that has been established 
between 20°C and 65"C, evidenced that RF7(EO)8 presents a cloud point at 34°C 
for 1 wt.% of surfactant. The isotropic micellar phase L1 is found to be present 
over a wide range of surfactant compositions going up to 52.5 wt% at 20°C. The 
liquid crystal domain contains only a lamellar (La) phase which is stable over a 
temperature range going up to 57.5"C. At concentrations of RF7(E0)8 higher than 
%YO, a reverse micellar phase L2 is formed. 

1 

0 25 50 75 
Water 

Figure 1. Temperature-composition phase diagram of RF7(E0)8 in water. 

Mesoporous silica material has been prepared from a micellar solution of 
RF7(EO), at 10 wt.% in water, it should be noted that the demixion temperature 
of this solution is equal to 42.5"C. The silica precursor has been added to the 
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micellar solution at 20°C. The SAXS patterns of the material exhibits a single 
broad reflexion at 5.2 nm (Fig. 2a), which indicates the formation of a disordered 
structure. A type IV isotherm is obtained by nitrogen adsorption-desorption 
analysis (Fig. 2b). The specific surface area value is 697 mVg. The pore diameter 
distribution is quite narrow and centered at 3.9 nm (Fig. 2b insert). 

a 
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Figure 2. SAXS pattern (a) and the nitrogen adsorption-desorption isotherm (b) with the 
corresponding BJH pore size distribution curve (insert) of the silica obtained from the 
RF7(EO)n/water system. 

3.2. Effect of sodium iodide addition 

The variation of the lower consolute boundary position with the addition of NaI 
is shown in Figure 3. We can observe that with the increase of the NaI 
concentration the lcb is shifted toward higher temperature (salting in effect) and 
the surfactant concentration, at which CP appears, is modified. For example at 
10 wt.% of RF7(EO)* the demixion temperature varies from 42.5 to 70°C, when 
the NaI concentration is raised from 0 to 3 mo1.L-'. These changes in the lcbs are 
mainly attributed to the anion. Indeed, even if the changes produced by 
individual ions are additive algebraically, the cations does not compete with 
ethylene oxide groups for water or hydration. Due to its low electronegativity, 
high polarizability and weak electrostatic field 1- disrupts the association of water 
molecules, which surround the micelles of surfactant. Thus 1- belongs to the 
chaotropic family. This kind of anion increases the concentration of single water 
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molecules, which are able to form hydrogen bonds with the ethylene oxide 
groups of nonionic surfactants. Hence, it raises the CP [ 5 ] .  

1 20 

L1 

i ' l ' l ' r ' , ' ,  

0 5 10 15 20 25 
Water RF 

Figure 3. Lower consolute boundav location, of the RF7(E0)g surfactant in water (solid line) and in 
Nalaqueous solution 0 : 0.05; 0 : 0.1; V : 0.25; 0 : 0.5; W : 1 ;  A : 2 and : 3 rno1.L.'. 

Then mesoporous materials have been prepared by adding the silica precursor to 
the micellar solution, containing NaI, at 20°C. By contrast to the sample 
obtained from the free salt system, when the concentration of the aqueous 
electrolyte solution is higher or equal to 0.1 mol.L-', in addition to a sharp peak 
at 4.9 nm, two peaks at 2.8 and 2.4 nm are detected on the SAXS patterns, (Fig. 
4Ab-g). The presence of these two last peaks is suggestive of a hexagonal 
organization of the channels. Increasing the NaI concentration from 0.1 to 3 
mo1.L-I does not vary significantly the position of the first peak. According to 
Bragg's law, the unit cell dimension (ao=2dloa/&), which corresponds to the 
sum of the pore diameter and the thickness of the pore wall, can be calculated 
and its value is found equal to 5.6 nm. Therefore, we can conclude that, when the 
silica source is added at 20°C, in the investigated range of salt concentrations, 
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the presence of NaI, which increases the lower consolute temperature, involves a 
regular channel arrangement. 

A 4.8 nm 

0.1 0.2 0.3 
I I I 

0.1 0.2 0.3 

Figure 4. A : SAXS patterns of samples synthesized from NaI aqueous solutions a : 0.05; c : 0.1; c : 
0.25; d : 0.5; e : 1; f : 2 and g : 3 mol.L-'. The silica precursor has been added at 20°C. B : SAXS 
patterns of samples synthesized from a 2 mo1.L.' NaI aqueous solution and by adding the silica 
precursor at a : 20, b : 30 and c : 40°C. 

Nevertheless, the ordered structure is lost if the temperature at which the 
TMOS is incorporated to the 10 wt.% RF7(E0)8 solution is too close to the lcb. 
As an example for the materials prepared from a 2 mo1.L-I sodium iodide 
aqueous solution, the addition of the TMOS at 20 or 30°C leads to a hexagonal 
channel arrangement (Fig.4Ba,b), whereas only wormhole-like structure is 
obtained when TMOS is added at 40°C; i.e. at 20°C below the lcb (Fig. 4Bc). 
Indeed, while the 3 reflexions, characteristic of the hexagonal structure are 
evidenced on Figures 4Ba and 4Bb, only one broad peak is detected on Figure 
4Bc, this reflects the lost of the mesopore ordering. 

Whatever the synthesis conditions, a type IV isotherm (not shown), 
characteristic of mesoporous materials is obtained. When the transition from a 
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disordered to a hexagonal channel array occurs, the pore size distribution 
becomes narrower and the specific surface area increases. For example, when the 
concentration of NaI is changed from 0 to 0.1 mol.L-', the value of the specific 
area is raised from 697 to 913 m2/g. The mean pore diameter does not vary and 
the maximum of the pore size distribution remains centered at 3.9 nm. 

From the results reported above it appears that to obtain ordered 
mesoporous materials the temperature, at which the silica precursor is added to 
the surfactant solution, has to be moved fiom the lower consolute boundary. 

3.3. Effect of RHls(EO),, addition 

Another way to shift the lower consolute temperature consists in mixing 
surfactants. Indeed, generally the physico-chemical properties ofthe mixtures are 
modified from that of homogeneous surfactant solutions. So, in order to confirm 
the above results, we have mixed the RH18(EO)lo surfactant with the RF7(E0)8 
one. The hydrogenated surfactant has been selected according to various 
criterions. First, according to the literature it exhibits a CP at 75°C [6]. 
Secondly, at pH = 7 well ordered mesostructured silica can be synthesized from 
a micellar solution of RH18(EO)lo at 10 wt.% in water, in which the TMOS is 
added either at 20 or 40°C [7]. The overall surfactant concentration in the 
solution was kept equal to 1Owt.% and the content of RH18(EO)lo in the mixture 
was varied from 0 to 5%. By this we can shift the lcb as a function RH18(EO)lo 
content in the surfactant solution. An increase of the demixion temperature is 
noted with the incorporation of the hydrogenated surfactant (Fig. 5A). For 
example when the content of RHI8(EO)lo is changed from 0 to 5 wt.% the 
demixion temperature is varied from 42.5 to 63°C 

After the determination of the lower consolute boundary the fluorinated- 
hydrogenated mixture has been employed for the design of mesoporous 
materials. As RH18(EO)lo and RF7(EO), bear ethylene oxide in their head groups 
we can assume that in the investigated range of concentrations, the mix of both 
surfactants leads to the formation of mixed micelles in all proportion [S]. Thus, 
mesoporous materials are prepared from only one type of micelles. The silica 
precursor has been added to the fluorinated-hydrogenated mixture at 40°C. From 
Figure 5B we can note that once again, the pore ordering occurs when the 
demixion temperature is raised. Indeed, while disordered silica is prepared from 
a 10 wt.% of RF7(EO), well ordered mesostructure with uniform pore diameter is 
recovered if the surfactant solution contains 2wt.% of RH18(EO)lo (Fig. 5Bb); i.e. 
when the lcb has been shifted to 50°C. 
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Figure 5. Evolution of the demixion temperature with the weight percent of RHls(EO)~,~ for an 
overall surfactant concentration equal to 10 wt.% (A) and SAXS pattern of sample prepared from 
the RH~g(EO)~,I-RF7(EO)~ mixture (B). The loading of the hydrogenated surfactant in the mixture is 
equal to 0 wt.(a) and to 2 wt.% (b). 

3.4. Discussion 

According to the phase diagram of the RF7(E0)8/water system for a surfactant 
concentration equal to 10 wt.%, micelles are formed at 20°C. So, the formation 
of disordered mesostructures when syntheses are carried out fiom the system 
without salt can not be related to the perturbation of the self assembly 
mechanism since, all conditions are together in order that such a mechanism 
occurs. Looking at the salting in effect of NaI or at the increase of the demixion 
temperature in the presence of RH18(EO)lo, we rather consider the location of the 
lower consolute boundary in order to explain this behavior. Indeed, adding 
sodium iodide or RH18(EO)lo involves a shift of the Icb toward higher 
temperature and hexagonal mesostructures with a uniform pore size distribution 
are recovered in the same synthesis conditions. The self assembly mechanism is 
not favored if the lower consolute temperature is too low. 

This tendency is confirmed by the investigation of the 
C8FI7C2H4(OC2H4)@H [RF8(E0),]/water system, which displays a CP higher 
than 90°C and leads to ordered mesoporous materials [4]. A shift of the lcb 
toward lower temperatures is evidenced with the addition of NaCI, which is 
known to be a kosmotropic anion; i.e. it decreases the CP [ 5 ] .  For 10 wt.% of 
RF8(EO)9 in a 3 mo1.L.' sodium chloride solution the demixion temperature is 
decreased to 48°C. As regards the SAXS patterns of the molecular sieves 
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prepared from a 3 mo1.L.' NaCl aqueous solution, it is obvious that the 
hexagonal structure is maintained when TMOS is added at 4OoC (Fig. 6Aa), but 
only disordered structures are recovered when the silica precursor is 
incorporated to the surfactant solution at 45 and 50°C (Fig. 6Abc). Actually, 
when the temperature, at which TMOS is added to the micellar solution, is 
increased; the secondary reflexions disappear and the shape of the nitrogen 
isotherm is modified. As it can be seen in Figure 6B, the capillary condensation 
is spread out over a larger range of relative pressures, meaning that compounds 
become less homogeneous in pore sizes. This is confirmed by the pore diameter 
distribution, which evidences the presence of micropores and shows a low 
dV/dD value in the mesopore range (Fig. 6Bb-c insert). These observations 
reflect the disorganization of the mesopore network. 

I C I  

Relative pressure (p/po) 

Figure 6. SAXS pattern (A) and the nitrogen adsorption-desorption isotherm with the corresponding 
BJH pore size distribution curve (insert) (B) of samples prepared from 10 wt.% of RF8(E0)9 in a 3 
mo1.L.' NaCl aqueous solution; the silica precursor has been added at a : 40; b : 45; c : 50°C. 
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Moreover, this conclusion is supported by the experiments made by Zhao et al. 
[9]. The authors have synthesized silica mesostructures, in strong acid medium, 
by using the triblock copolymer P85 (E026P039E020) and P65 (E20P030E020) as 
structuring agent and tetraethyloxysilane (TEOS) as silica precursor. Both P85 
and P65 have a CP value of 82°C in water. These authors claim that ordered 
mesoporous silicates can only be obtained at a temperature higher than 90°C. To 
explain this tendency they assume that the high concentration of H+ and the 
ethanol released by the hydrolysis of TEOS have increased the CP of the triblock 
copolymer to a temperature higher than 100°C. However, they have not 
performed a detail study. 

4. Conclusion 

The RF7(E0)8/water system presents a CP at 34°C and the addition of NaI shifts 
the lower consolute boundary toward higher temperature (salting in effect). 
While only disordered mesostructured are recovered from this system, well 
ordered mesostructure are synthesized from aqueous solutions of sodium iodide. 
The self assembly mechanism is not favored if the Icb is situated at low 
temperature is not increased or if demixion temperature is near the temperature 
at which the silica source is added to the micellar solution. This result is further 
confirmed by using a hydrogenated-fluorinated surfactant mixture as template 
for the preparation of the silica mesoporous materials 
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TAILORING POROUS SILICA PARTICLE AND PORE SIZE 
USING A MODIFIED STOBER, FINK, BOHN (SFB) SYSTEM 
AND POST-SYNTHESIS HYDROTHERMAL TREATMENTS 

DONAL KEANE, JOHN HANRAHAN, MARK COPLEY, JUSTIN HOLMES, 
MICHAEL MORRIS 

Department of Chemistry, Materials Section, University College Cork, 
Cork, Ireland 

Porous silica microspheres in the 1-2 pm range with low size deviation were synthesized 
by ammonia catalysed hydrolysis and condensation of tetraethylorthosilicate using 
methanol as co-solvent and cetyltrimethylammonium bromide as surfactant. The 
mesopore diameter was subsequently expanded from <20 8, to -200 A by a postsynthesis 
hydrothermal treatment in a water-amine emulsion system followed by controlled 
dissolution in aqueous sodium hydroxide. XRD, TEM, and NZ sorption measurements 
were used to characterize pore properties. ESZ technique in conjunction with SEM was 
used to establish morphology and measure particle size and size distribution. Particle 
aggregation and scale up reproducibility are discussed. Preliminary chromatographic 
results are presented which demonstrate the applicability of these particles in Ultra 
Performance Liquid Chromatography (UPLC). 

1. Introduction 

Since the first report of surfactant-templated silica (STS) in the early nineties [ 11, 
much effort has been made to control its bulk morphology. Various 
morphologies can be generated utilising sol-gel processing techniques [ 2 ] .  In 
particular, the synthesis of spherical mesoporous silica with well defined particle 
and pore size has been a strong focus because of chromatographic separation 
applications [3]. 

High-performance liquid chromatography (HPLC) is currently the most 
commonly applied technique for separating and analysing multi-component 
mixtures. Development in pumping technology (allowing higher pressures to be 
attained at reasonable cost) and more available high sensitive mass spectrometer- 
based detection systems means that UPLC [4] may be realised provided that 
column technologies improve. The improved resolution, sensitivity and speed of 
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analysis offered by UPLC are conditional on the delivery of porous (>70 A) 
monodispersed sub-2 micron particle stationary phases. 

Spherical STS in the micron size range can be precipitated from both acidic 
and alkaline solution. Zhao et al. [5] synthesized mesoporous SBA-15 spheres 
(-1 pm) in acidic conditions. In alkaline solution, the process is commonly 
labeled as a modification of a popular system reported by Stober, Fink and Bohn 
(SFB) in the late 1960’s which results in monodisperse silica spheres in the 
micron size range by ammonia catalysed reactions of alkyl silicates in alcoholic 
solutions [6]. In 1997, Grun et al. [7] combined the SFB method with the 
surfactant templating approach to produce mesoporous MCM-41 silica 
microspheres in the micron size range. This so called ‘modified’ SFB (m-SFB) 
system consists of five reagents: a silica source, water, an alkaline catalyst, 
alcohol and a surfactant. By empirically relating the initial synthesis conditions 
to the final product, silica particles with varying morphology, size, size 
distribution, degree of aggregation, pore size and phase have been produced [8- 
121. Thus, particle and pore size may be ‘tailored’ by relating reactant 
stoichiometry and experimental conditions to final silica properties rather than 
design through understanding the complex physical and chemical processes 
involved. In general, ‘tailoring’ monodisperse precipitates [ 131 and porous 
materials [ 141 has progressed in this manner. 

Various methods are available to modify the pore size of STS. However, the 
application of many of these methods to the m-SFB system result in loss of 
control of particle size or cause particle aggregation rendering them useless for 
chromatographic separations. For example, techniques used to achieve a larger 
pore size in direct synthesis (prior to nddition of silica source) is a major 
challenge as any change to an established system is likely to effect particle 
growth and final size. 

Hydrothermal treatments of uncalcined non-spherical CTAB templated 
MCM-41 silica have been found to increase the.pore size whilst maintaining 
pore structure [15-171. Sayari et al. [18,19] subsequently increased the degree of 
expansion by using amines as swelling agents in direct and post-synthesis 
hydrothermal treatments, albeit with a loss of structural order. The post-synthesis 
hydrothermal treatments in particular, may be applied to the m-SFB system to 
increase the pore size without causing particle aggregation [20]. 
We show here that the pore size may be further increased by controlled silica 
dissolution in aqueous NaOH. Although silica is well known to be soluble in 
alkali and the chemical processes involved have been described [21], this 
technique is not common for the pore expansion of STS. 
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The specific goal of this work was to produce monodisperse mesoporous silica 
microspheres with a particle diameter in the 1-2 pm range and mesopore size 
greater than 70 A to find application in UPLC. A process patent has been 
subsequently filed [22]. 

2. Experimental 

2.1. Materials and methods 

Tetraethylorthosilicate (TEOS) and hexadecyltrimethylammonium bromide 
(CTAB) were obtained from Fluka. N,N-Dimethyldecylamine (DMDA) =90%, 
Ammonium hydroxide solution 28.0-30.0% (NH40H) and sodium hydroxide 
(NaOH), reagent grade, =98%, pellets (anhydrous) were obtained from Sigma- 
Aldrich. All chemicals were used without W h e r  purification. 

Nitrogen sorption measurements were performed on a Micromeritics Gemini 
2375 volumetric analyzer. Prior to measurement, samples were degassed at 200 
"C for 12 hours. The specific surface area was calculated using the BET 
(Brunauer-Emmett-Teller) method. The pore size distribution (PSD) was 
calculated from adsorption data using the BJH (Barrett-Joyner-Halenda) method. 
The average pore size (wsm) is defined as the maximum of the PSD. Scanning 
electron microscopy (JEOL JSM - 55 10) was used to obtain images of the silica 
microspheres. Transmission electron microscopy (JEOL JEM - 2000) 
investigations were made on crushed samples deposited on copper grids by 
ultrasonication. Powder X-ray diffraction data (PXRD) were collected using a 
Philips Accelerator apparatus (40kV, 40 mA) equipped with a conventional Cu 
anode at step size 0.02" s-' 20. Particle size distributions (PaSD) were measured 
using the electrical sensing zone (ESZ) technique on a Beckmann Multisizer 3 
Coulter Counter. 

2.2. 

Mesoporous silica microspheres were synthesized using a similar system as that 
reported by Shimura et al. [ 121 in a simple batch process at room temperature. In 
a typical preparation, 1.2g CTAB is first dissolved in 500ml of methanol. 32 ml 
NH40H and 90 ml of water are added to the mixture and stirred for 15 minutes 
before the one step addition of 1.8 ml TEOS resulting in a sol with the following 
molar ratio: 1TEOS:0.4CTAB:773H20: 1524MeOH:62NH3. The sol is allowed 
to stir at 300 rpm for one day. The silica precipitate is separated by filtration and 
dried at room temperature. 

Synthesis of mesoporous silica microspheres 
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2.3. Pore Size Expansion

An emulsion of DMDA in H2O (3.3% v/v) was stirred for 1 hr. As synthesized
uncalcined silica powder (2.5% w/w) was added to the emulsion and stirred for a
further hour and treated statically under autogenous pressure in a Schott
borosilicate bottle at 110 °C for 48 hours. The surfactants were removed by
calcination at 550 °C for 10 hours. The DMDA treated calcined silica (1% w/w)
was then stirred in 0.05M sodium hydroxide at room temperature for 1 hour. The
silica was separated by filtration and the wet slurry was dried at 200 °C.

3. Results and discussion

3.1. Particle size control

Figure 1 shows a PaSD with SEM images (inset) of silica particles synthesized
from the m-SFB method. The average particle size measured by ESZ is 1.41 um
which is in good agreement with particles measured from SEM. However, ESZ
analysis typically reveals a smaller secondary peak at slightly larger size which is
attributed to particle aggregation during growth. Figure 1 shows doublets,
triplets and larger aggregates commonly observed by SEM. Particle aggregation
is common in less dilute m-SFB sols which is not surprising considering that
long chain alkyl substituted quaternary ammonium salts such as CTAB are
strong flocculating agents for colloidal silica [21].

2 3 4 5
particle size (|jm)

Figure i. Particle size distribution and SEM images (inset) of m-SFB silica

The limitations of microscopy as a particle sizing technique are evident in this
system. Even if particle sizes of a large number of particles are taken this may
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not be representative of the entire sample. Furthermore, the procedure is tedious 
and time consuming and not trivial when an image analysis program is used [23]. 
Thus, despite reports of particle size and particle size distributions using this 
direct method being common in the literature, it is clear SEM is not a 
quantifiable analytical tool (particularly when aggregates are common). 

It is useful to compare the processing and particle size control of the m-SFB 
method with the original SFB method. Stober et al. [6] systematically varied 
reaction parameters so that silica particles could be tailored from 0.05 pm to 2 
pm in diameter. Bogush et al. [24] extended this work, focusing on the TEOS, 
EtOH, NH3, HzO system and established concentration ranges in which 
monodispersity is maintained. We found the m-SFB synthesis used here to be too 
sensitive to experimental conditions for similar relationships to be established. 
For example, unlike SFB silica, particle size and size deviation was found to be 
dependent on factors such as batch size and stirring speed. As is the case with 
many monodisperse precipitates, the sensitivity of the particle properties to the 
experimental conditions puts special demand on engineers who wish to scale up 
[ 131, and experimental protocols are necessary to achieve reproducibility. 
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Figure 2. Nz sorption isotherms of untreated (A) and amine treated (B) silica 

3.2. Pore Size Expansion 

As-synthesized particles display one broad low angle x-ray diffraction peak of 
low intensity characteristic of a disordered pore structure. This is due to the 
methanol content in the mixture being greater than 60% wlw [25]. The pore 
diameter is typically below 20 A which is too small for UPLC. The pore size 
may be expanded by a hydrothermal treatment of uncalcined silica in a water- 
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Figure 4. NZ sorption isotherms of single etched (C) and double etched (D) silica 

The pore size may be further increased by hydrothermally treating the 
calcined amine treated silica in aqueous NaOH in single or multiple steps. 
Figure 4 shows nitrogen sorption isotherms of single and double etched particles. 
Pore size and pore size distribution both increase as shown in Figure 5. The large 
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pore system is visible by TEM as shown in Figure 6. ESZ analysis showed that
the particle size decreased and the size deviation increased. However, the
morphology remains spherical as shown by TEM. The etching conditions
described here are not critical to achieve pore expansion. What is important is
that the rate of silica dissolution is controlled, and this is dependant on many
factors [21]. Treatment effect on particle size must also be considered. The
porosity measurements at each stage of the process are shown in Table 1.

^0.18-

I-
W 0.15-
-5*

5.0'12"
Q) 0.09-
€
w °-06-

**: o.o3-

> 0.00-

100 200 300 400 500 600

Pore diameter(A)
Figure 5. PSDs of single etched (C) and double etched (D) silica

Figure 6. TEM images of single etched particles
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Table 1. Porosity measurements of untreated (A), amine treated (B), 
single etched (C) and double etched (D) silica 

SBET/mZg-' WBJH / A VBJH/ crn"g-l 

A 704 18 0.45 
B 599 47 0.60 
C 197 81 0.45 
D 179 206 0.67 

A 

Time I mins 

13u 

Time I mins 

Figure 7. Separation of 1) Uracil 2) Dimethyl phthalate 3) Toluene 4) Biphenyl 5) Phenanthrene on 
(A) C-18 modified m-SFB SiO2 and (B) commercial sub-2 pm SiOz 

3.3. Chromatography 

The treated silica was C-18 modified, packed into a 50 x 2.1 mm column and 
compared to a commercial Sub 2 pm reference (Zorbax XDB 1.8 pm C-18). 
Tests were performed to separate non-polar and polar molecules. Results of a 
non-polar separation are shown in Figure 7. M-SFB silica shows similar 
retention times but greater peak asymmetry and poorer column efficiency. The 
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back pressure was approximately double that of a commercial column. 
Separation of polar analytes showed increased retention times and peak tailing 
characteristic of a low purity (high metal content) silica. Metal ions activate 
surface silanol groups, increasing polarity. A further treatment to remove the 
sodium or replacing NaOH with HF in the pore expansion is necessary for 
successful separation of polar molecules. 

4. Conclusions 

(1) Large pore (-200 A) silica microspheres in the 1-2 pm range have been 
produced by a m-SFB process and post-synthesis hydrothermal treatments ; in a 
water amine emulsion and in aqueous NaOH. 

(2) ESZ particle size distributions typically shows a satellite peak which has 
been attributed to particle aggregation during growth. This highlights the 
limitations of microscopy as a primary particle sizing technique. The m-SFB 
method is more sensitive than the original SFB method and protocols are 
necessary for particle size reproducibility. 

The pore size is increased threefold by hydrothermal treatment of 
uncalcined particles in a water-DMDA emulsion and further increased by 
etching calcined particles in aqueous NaOH. The pore size distribution increases 
in both cases. The particle size distribution is maintained after the amine 
treatment. There is a decrease in particle size and an increase in size distribution 
after etching. 

(4) Preliminary separations of non-polar analytes show similar performance to 
commercial columns. Future research includes controlling the particle size 
through systematic optimizatiodparticle sizing and replacement of NaOH with 
HF as etchant to increase purity for the separation of polar analytes. 

(3) 
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THREE DIMENSIONAL MESOPOROUS FeSBA-1 CATALYSTS 
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Three dimensional cage type mesoporous ferrosilicate materials with different n s , / n ~ ,  
ratios have been prepared through soft templating technique using 
cetyltriethylammonium bromide as a surfactant in a highly acidic medium. All the 
materials were evidently characterized by AAS, XRD, Nz adsorption, and XF'S. The 
catalytic activities of these catalysts in the isopropylation of m-cresol and acylation of 
toluene were investigated and the results are compared with one dimensional mesoporous 
catalysts. The influence of various reaction parameters such as reaction temperature and 
reactant feed ratio was also studied. Among these catalysts, FeSBA-l(36) gave 
excellent conversion on both m-cresol and toluene as compared to those of the uni- 
dimensional mesoporous catalysts. 

1. Introduction 

Mesoporous molecular sieves has attracted considerable attention in the 
recent years because of their potential applications in many fields including 
adsorption, separation, catalysis, and nanotechnology owing to their excellent 
textural characteristics such as high surface area, pore volume, and well ordered 
pore structure [l-121. These materials were first discovered by Mobil Oil 
Corporation researchers and named as M41 S materials, which have been further 
classified into three sub-groups: a hexagonal (MCM-41), a cubic (MCM-48) and 
a lamellar phase (MCM-50) [1,2]. Among these materials, the materials with the 
three dimensional (3D) pore systems are more advantageous than the uni- 
dimensional materials for many catalytic applications because the 3D pore 
structures support the easy and faster diffusion of reactant molecules and restrict 
the pore damage or locking due to the coke formation [13-151. Huo et al. 
synthesized a novel mesoporous silica materials with a three dimensional cubic 
structure of uniform pore size, denoted SBA-1 formed by counter ion-mediated 
(S' X- 1') pathway [cationic surfactants (S'), halogen anions (X-) and cationic 
silicic acid species (I31 having a cage-type structure with open windows [16, 171. 
However, the pure silica materials possess neutral framework, which does not 
provide acid sites required for the catalytic applications. Consequently, they are 
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considered to be unsuitable as catalysts for various industrially important organic 
bulky molecule transformations. In order to make them available for catalytic 
applications, it is extremely necessary to incorporate di or trivalent metal ions in 
the silica kamework of SBA-1. However, the incorporation of metal atoms in the 
silica materials synthesized in a highly acidic medium has never been easy 
because of the high solubility of the metal source in the harsh condition. Tatsumi 
et al. investigated the synthesis of V- and Mo-containing SBA-1 and gained 
control of the crystal morphology [18-201. Subsequently, Vinu et al. reported the 
direct synthesis of AISBA- 1 containing exclusively tetrahedral coordinated 
aluminum and the catalytic activity of this material in the isomerization of n- 
decane, as well as the synthesis of cobalt-containing SBA-1 [21, 221. 

Friedel-Crafts alkylation and acylation of phenols are industrially important 
reaction because many alkyl or arylphenols are used as intermediates in the 
manufacture of antioxidants, ultraviolet absorbers, phenolic resins, 
polymerization inhibitors and heat stabilizers [23]. These reactions have been 
extensively studied by many researchers using AIC13, FeCI3, BF3, HF, H3P04, 
HzS04, silica-alumina, cation exchange resins and microporous molecular sieves. 
However, the utilization of these catalysts is connected with a numerous 
drawbacks and technical difficulties, such as high toxicity, corrosion, disposal 
and dangerous by products production. In this context, it is obligatory for the 
development of new types of acid catalysts being able to transform aromatic 
alcohols and aromatic hydrocarbons into the alkylated aromatic alcohols and 
alkyl-aryl or aryl-aryl ketones respectively and also it is a challenge in the 
present day research in heterogeneous catalysis [24]. 

Iron containing microporous molecular sieves have attracted considerable 
attention due to their remarkable activity as catalysts for the reduction of nitrous 
oxides [25], oxidation of benzene to phenol [26] and the selective oxidation of 
methane [27]. However, they are not useful for treating heavier feeds and the 
production of more bulky fine chemicals, owing to their small pore size. These 
problems can be overcome by using the iron substituted mesoporous catalysts. 
Very recently, Vinu et al. have reported the direct synthesis of FeSBA-1 
materials with different iron contents and studied their catalytic activity in the 
alkylation of phenol [14-151. It was demonstrated that the FeSBA-1 catalysts are 
highly active for the alkylation reaction [ 14-1 51. 

Here we demonstrate the catalytic activities of FeSBA-1 catalysts with 
different nS1/nFe ratios in the isoprpylation of m-cresol and the acylation of 
toluene. FeSBA- 1 materials with different nS,/nFe ratios were synthesized through 
a soft templating technique using cetyltriethylammonium bromide as a surfactant 
in a highly acidic medium. All the materials were unambiguously characterized 
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by AAS, XRD, N? adsorption, and XPS. The isopropylation of m-cresol and the 
acylation of toluene were carried out over FeSBA-1 catalysts in the vapor phase. 
The influence of various reaction parameters such as reaction temperature, 
reactant feed ratio, and weight hourly space velocity affecting the activity and 
selectivity of FeSBA-1 were also studied. Under the optimized reaction 
conditions, the FeSBA-l(36) catalyst showed superior catalytic performance for 
both the reactions as compared to the uni-dimensional mesoporous catalysts. 

2. Experimental Section 

Iron containing SBA- 1 was synthesized under acidic conditions using 
cetyltriethylammonium bromide (CTEABr) as the surfactant, 
tetraethylorthosilicate (TEOS) as the silica source and ferric nitrate nonahydrate 
as the iron source. A typical synthesis procedure for FeSBA-1 is as follows: 
Solution A was prepared by adding 0.812 g of CTEABr to an appropriate 
amount of the aqueous solution of 4 . 4 4  HCI (nHCl/nHzo ratio was fixed to 0.08). 
The solution thus obtained was cooled to 0 "C and homogenized for 30 min. 
TEOS and Fe(N03)3 9 H20  were precooled to 0 "C and then added to solution A 
under vigorous stirring and continued the stirring for another 5 h at 0 "C. 
Thereafter, the reaction mixture was heated to 100 "C for one hour. A sequence 
of samples was prepared by changing the nS,/nFe ratio in the gel and the nHcllns, 
ratio was fixed to 10. The samples were labeled FeSBA-l(x) where x denotes the 
nS,/nFe molar ratio. The solid product was recovered by filtration and dried in an 
oven at 100 "C overnight. The molar composition of the gel was 1 TEOS: 
0.0025 - 0.025 Fez03: 0.2 CTEABr : 10 - 56 HCl : 125 - 700 HzO. The as- 
synthesized material was then calcined in air by raising the temperature from 20 
to 550 "C with a heating rate of 1.8 "C/min and keeping the sample at the final 
temperature for 10 h. 

The powder X-ray diffraction patterns of FeSBA-1 materials were collected 
on a Siemens D5005 diffractometer using CuKa (h  = 0.154 nm) radiation. The 
diffractograms were recorded in the 20 range of 0.8 to 10 " with a 20 step size of 
0.01 O and a step time of 10 seconds. 

The X-ray photoelectron spectroscopy (XPS) measurements were carried 
out in a PHI 5400 instrument with a 200 W MgKa probe beam to characterize 
the samples. The spectrometer was configured to operate at high resolution with 
pass energy of 20 eV. Prior to the analysis, the samples were evacuated at high 
vacuum and then introduced into the analysis chamber. Survey and multiregion 
spectra were recorded at O ~ S ,  SLp, and Felp photoelectron peaks. Each spectra 
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region of photoelectron interest was scanned several times to obtain good signal- 
to-noise ratios. 

Nitrogen adsorption and desorption isotherms were measured at -196 "C on 
a Quantachrome Autosorb 1 sorption analyzer. Before analysis, all samples were 
out gassed for 3 hours at 250 "C under vacuum (p < hPa ) in the degas port 
of the adsorption analyzer. The specific surface area was calculated using the 
BET model. The pore size was obtained from the adsorption branch of the 
nitrogen isotherms using the corrected form of the Kelvin equation by means of 
the Barrett-Joyner-Halenda method as proposed by Kruk et a1.[28] 

r(pip0) = 2yVL/RTln[po/p] + t(p/po) + 0.3 nm (1) 

In equation (l), VL is the molar volume of the liquid adsorbate, y is its surface 
tension (8.88 . 10-3 N/m), R is the gas constant (8.314 J/(mol.K)), and T is the 
absolute temperature (77 K). t (p/po) is the statistical film thickness of nitrogen 
adsorbate in pores of the SBA-1 as a function of the relative pressure p/pO). 

The vapour phase alkylation of m-cresol with isopropanol was carried out in 
a continuous fixed-bed down flow reactor made up of a quartz glass tube with a 
length of 40 cm and an internal diameter of 2 cm. About 0.5 g of catalyst was 
placed in the reactor and supported on either side with a thin layer of quartz 
wool and ceramic beads. The needed temperature is attained with the help of a 
tubular furnace and the temperature is controlled by a temperature controller. 
Reactants were fed into the reactor using a 20 ml glass syringe attached with 
inhsion pump to maintain the space velocity. The bottom of the reactor was 
connected to a spiral condenser and receiver to collect the products. In all 
catalytic runs the products collected at the first 15 minutes were decanted in 
order to set right the reaction conditions and the product collected after one hour 
was analyzed for identification. 

The liquid phase acetylation of toluene with acetic anhydride (AA) was 
carried out in an oil bath using 50 ml two necked flask connected with condenser 
and septum. The reaction mixture is stirred well by magnetic stirrer equipped 
with heating plate and the temperature controller. Samples were withdrawn at 
regular intervals of time by glass syringe through septum and analyzed 
immediately. 

For both alkylation and acetylation reaction, the analysis is done by a 
Shimadzu gas chromatograph GC-17A using a DB-5 capillary column. Product 
identification was achieved by co-injection and GC-MS. The catalysts were 
activated in air at 500 "C for 4 h with a flow rate of 50 mlimin and cooled to 
room temperature prior to their use in the reaction. 
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3. Results and Discussion 

The powder XRD patterns of FeSBA-1 samples prepared with various ratios 
of nSi/nFe are depicted in Figure 1. All the samples exhibit an intense (210) 
reflection with smaller (200) and (21 1) reflections confirming the characteristic 
XRD patterns of the SBA-1 cubic phase which can be indexed to Pm3n space 
group, matches well with those reported in the literatures [6,7,16,17]. It is 
interesting to note that the intensity of the (210) peak increase with increasing Fe 
content of the material, which could be mainly due to the to the presence of 
nitrate ions (from the Fe source, ferric nitrate) in the synthesis gel mixture which 
would catalyze the condensation of iron hydroxo species and helps the formation 
of thicker walls and well ordered structure. Moreover, it is interesting to note 
that the unit cell parameter increases from 7.6 to 7.9 nm with increasing Fe 
content (Table 1). 

0 2 4 6 8 10 

Angle 20 (degree) 

Figure 1: XRD powder patterns of calcined FeSBA-I samples: (a) FeSBA-1(36), (b) FeSBA-1(90), 
and (c) FeSBA-l(120). 

XPS was used to analyze the nature and coordination of the elements 
present in FeSBA-1 samples using their respective binding energy values. Figure 
2A shows the survey spectrum of FeSBA-1 samples with different n&Fe ratios. 
All the samples exhibit five sharp peaks which are indicative of Fezp, Ols, CIS, 
Sizs and SizP. The CIS peak can be assigned to the adventitious carbon for 
calibrating binding energy as a reference. The elemental composition of, mainly 
Si and Fe of all the samples from their survey spectrum is in close agreement 
with the results obtained from the elementary analysis. The Fezp spectra of the 
FeSBA-1 sample with different iron content are shown in Figure 2B. As can be 
seen in the Figure 2B, all the samples had two sharp peaks with binding energy 
values of 710.9 and 723.7 eV. In the case of FeSBA-1(36), a shoulder peak with 
the binding energy of 712.9 eV was observed. The FeZp peak at 710.0 eV is 



42 

typically assigned for iron atom with +3 coordination state. Further, the shoulder 
peak in the FeSBA-l(36) at 712.9 eV can be assigned to small iron oxide 
particles which normally have binding energy values of 710.7 and 712 eV. This 
reveals that the FeSBA-l(36) sample contain a little amount of octahedral 
coordinated iron atoms. In addition, the broad peak which is centered at 723.7 
eV may be assigned to iron atoms coordinated to hydroxyl groups or water 
molecules in the samples. 

B '''A 710.9 

1000 800 600 400 200 0 735 730 725 720 715 710 705 

Binding Energy (eV) Binding Energy (eV) 

Figure 2 
(a) FeSBA-1(36), (b) FeSBA-l(90) and (c) FeSBA-l(120) 

The textural parameters of all FeSBA-1 samples prepared with various 
nSl/nFe ratios at the molar hydrochloric acid to silica (nHcllnsl) ratio of 10 is 
summarized in Table 1. The specific surface area decreases from 1390 m'/g for 
FeSBA-l(120) to 1280 m'/g for FeSBA-l(36) whereas the pore diameter 
calculated from the adsorption branch of the isotherm increases from 2.4 for 
FeSBA-l(120) to 2.5 nm for FeSBA-l(36). Moreover, the specific pore volume 
increases from 0.70 cm3/g to 0.71 cm3/g upto nsl/nFe ratio of 90, and then 
decreases to 0.69 cm3/g for nS,/nFe ratio of 36. The increase in pore diameter of 
FeSBA-1 with increasing Fe content indicates that Fe atoms are occupying 
framework positions in SBA-1. Moreover, the high specific surface area and 
pore volume even at high Fe loading indicate that high quality FeSBA-1 can be 
obtained (Table 1). It should be noted that the synthesis of FeSBA-1 with higher 
Fe content is extremely difficult as the structure of the FeSBA-1 is completely 
collapsed below the nSl/nFe ratio of 36. 

The alkylation of m-cresol using isopropanol (IPA) was carried out over 
FeSBA-1 catalysts with different nSl/nFe ratios (36, 90 and 120) at a reaction 
temperature of 200 "C, at WHSV of 3.46 h-' and npA/nm-cresol ratio = 3 and the 
products obtained are 2-isopropyl-5-methylphenol (21-5MP), 2,6-diisopropyl-5- 

The X P S  (A) survey and (8) Fezp spectra of FeSBA-1 samples with different n s , / r i p ,  ratio 
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methyl phenol (2,6-DI-5MP), and 2,4-diisopropyl-5-methyl phenol (2,4-DI- 
SMP). m-Cresol conversion and products selectivity over FeSBA-1 catalysts 
with different nSi/nFe is presented in Figure 3. FeSBA-1 catalysts show a non- 
linear response of conversion with increase in temperature. Conversion at lower 
temperatures is higher than at higher temperatures. The less conversion at higher 
temperature is due to coke formation. Moreover, a rapid decrease in the 
conversion of m-cresol is observed for FeSBA-1(36), which could be mainly 
attributed to presence of strong acid sites. This could enhance the coke formation 
at higher temperature due to cracking of the reactant molecules. 

Table 1: Textural parameters of FeSBA-1 samples prepared at Idnkrat ios .  

Catalysts nsdnp, nHClhs, ao ABET dp, BJH Vp, (cm3/g) 

(nm) (*5 m 2 k )  (nm) 
Gel Product 

FeSBA-l(36) 20 36 10 7.9 1280 2.5 0.69 

FeSBA-l(90) 40 90 10 7.8 1350 2.4 0.71 

FeSBA-l(120) 67 120 10 7.6 1390 2.4 0.70 
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Figure 3: Effect of the (A) nsl/n~, ratio on the rn-cresol conversion and (B) selectivity of 21-5MP 
over FeSBA-1 catalysts with different iron contents at different temperatures: WHSV of 3.46 h-’, 
~llPA/nm-cTeSoI= 5. 

A maximum m-cresol conversion of 69.9 % was observed for the FeSBA- 
l(36) catalyst at a reaction temperature of 250 “C. The change in the selectivity 
of the products with increasing the nSi/nFe is mainly due to the difference in the 
acid strength and the number of Lewis acid sites. It has been found that the 
activity of the catalysts changes in the following order: FeSBA-l(36) > FeSBA- 
l(90) > FeSBA-l(120). FeSBA-l(36) exhibits the best performance with a m- 
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cresol conversion of 69.9 % and 21-5MP selectivity of 69.5 % which are 
significantly higher as compared to other mono- and/or bimetal substituted uni- 
dimensional mesoporous materials such as H-AIMCM-41 which show only 59.6 
YO of rn-cresol conversion and the selectivity to 21-5MP of 46 % under optimized 
reaction conditions. The effect of feed ratio on the reaction was studied over 
FeSBA-l(36) at 250 "C with a WHSV of 3.5 h-' and npA/nm.cresol ratio 3, 5 and 7 
(not shown). The nIpA/n,,.aesol ratio 5 gives higher conversion than 7 and 3. The 
higher conversion at the np,&m.cresol ratio of 5 than 3 is due to more adsorption 
of IPA on the active sites of the catalyst. It also shows more adsorption of m- 
cresol on the catalyst surface at npA/nm.aesol  ratio 3. But the less conversion at 
npAlnm-nesol ratio 7 might be due to more dilution of in-cresol in the vapor phase. 
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Figure 4: Effect of temperature on the toluene conversion over FeSBA-I catalysts with various 
nsJrrF,ratios: ( 0 )  FeSBA-1 (36), (I ) FeSBA-1 (90) and ( A )  FeSBA-I (120). 

Acylation of toluene was carried out over FeSBA-1 catalyst with different 
ns,/nF, ratios in the temperature range 80-180 "C for time-on-stream of 1-6 h. 
The optimized conditions for this reactions are a) molar ratio of AA to toluene 
(??AA/nToluae) = 2 and catalyst weight = 0.1 g, which is 3.3 wt% of total reaction 
mixture. Under the same reaction conditions, the conversion of toluene over 
FeSBA-1(36) is much higher as compared to those obtained for other FeSBA-1 
catalysts (Figure 4). FeSBA-l(36) shows the toluene conversion of 77.2%. When 
the conversion of toluene and the product selectivities of different catalysts used 
in this study are compared under the same reaction conditions, as shown in the 
Figure 4, the conversion of toluene decreases in the following order: FeSBA- 
l(36) > FeSBA-l(90) > FeSBA-l(120). The observed increase in toluene 
conversion with increasing incorporation of iron content could be due to the 
additional increase in Bronsted and Lewis acidity leading to high density of acid 
sites generated by iron incorporation. As FeSBA-l(36) shows the maximum 
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toluene conversion and the catalytic activity can be altered to a greater extent by 
changing the reaction conditions. FeSBA-1 catalysts are found to be highly 
active for both the alkylation of m-cresol and acylation of toluene and give 
higher product selectivities as compared to that of AlMCM-41. The observed 
higher activity of FeSBA-1 is tentatively ascribed to its three-dimensional cage- 
type pore structure resulting in a higher number of accessible active sites, acid 
strength, and excellent textural parameters such as very high surface area and 
pore volume. 

4. Conclusions 

FeSBA-1 materials with different nSi/nFe ratios have been prepared using 
cationic surfactant in a highly acidic medium. All the catalysts were thoroughly 
characterized by XRD, XPS and N2 adsorption. XRD results reveal that the 
FeSBA-1 materials posses three dimensional structure with cage type pore 
system. The catalytic activities of the FeBSA-1 catalysts were tested in the 
isopropylation of m-cresol and acylation of toluene. Among the catalysts studied, 
FeSBA-l(36) gave the outstanding catalytic activities, such as substrate 
conversion as well as product selectivities, and the catalyst activities decreases in 
the following order: FeSBA-1(36)>FeSBA-1(90)>FeSBA-1(120). For both m- 
cresol alkylation and toluene acylation, FeSBA-l(36) was found to be more 
active than previously studied systems such as AIMCM-41. 
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INCORPORATION OF Al INTO CAGE-TYPE 
MESOPOROUS SILICA MOLECULAR SIEVES 
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Highly ordered three dimensional mesoporous aluminosilicates (AIKIT-5) with tunable 
pore diameters have been successfully prepared using Pluronic F127 as a surfactant by 
simply adjusting the molar water to hydrochloric acid (?IHZO/IIHCI) ratio in the synthesis 
mixture. All the materials have been characterized by x-ray diffraction (XRD), Nz 
adsorption-desorption isotherms, high resolution scanning electron microscopy 
(HRSEM), high resolution transmission electron microscopy (HRTEM), and inductively 
coupled plasma (ICP) spectrometry. The amount of Al incorporation in KIT-5 materials 
increased with increasing IiH&HCI ratio in the synthesis gel. The A1 incorporation, 
morphology and textural parameters of the resulting aluminosilicate materials can also he 
controlled by varying the ?IH~O/?ZHCI ratio. It has been found that the specific surface area 
and pore diameter of the aluminosilicates significantly increase upon increasing the Al 
loading and the detailed mechanism has been explained in detail. HRTEM, XRD, and 
ICP analyses reveal that high amount of Al atoms can be introduced into the framework 
of AlKIT-5 under acidic conditions without affecting their structural order and textural 
parameters. 

1. Introduction 

Mesoporous materials have received considerable attention due to their high 
surface area, regular kameworks, narrow pore size distributions, and the highly 
valuable potential applications mainly in catalysis, adsorption of bulky organic 
molecules, and electrode materials [ 1-14]. There are numerous reports which 
deal with the preparation of various types of one and three dimensional 
mesoporous materials, such as MCM-41, MCM-48, SBA-1, SBA-15, AMS, 
HMS, MSU etc [2-141. Among these materials, mesoporous silica materials 
consisting of interconnected large pore cage type mesoporous system with three- 
dimensional porous network are highly interesting and believed to be more 
advantageous and superior to materials having hexagonal pore structure with an 
uni-dimensional array of pores for several potential applications involving 
transformation of bulky molecules through catalysis, and adsorption and 
separation of large biomolecules such as proteins, vitamins, amino acids, bulky 
dyes, etc, and as inorganic templates. These peculiar characteristics are mainly 
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attributed by the fact that the materials with three-dimensional cage type pore 
arrangements are more resistant to pore blocking, allow faster diffusion of 
reactants, and provide more adsorption sites, which can be easily accessible 
through three dimensional pore channels. In spite of these interesting features, 
surprisingly, the majority of studies published so for deal with phases having a 
one-dimensional pore system, viz. MCM-41 and SBA-15 [3, 11-13]. 

Recently, Kleitz et al. have reported the preparation of mesoporous silica 
KIT-5 materials using tetraethyl orthosilicate (TEOS) as a silica source and 
Pluronic F127 as a structure directing agent in a highly acidic medium [15]. 
Pure silica mesoporous materials possess a neutral framework, which limits their 
applications in catalysis and adsorption. It is difficult to prepare heteroatom- 
introduced mesoporous silica under strong acid conditions. This is because, 
under such conditions, metals exist only in the cationic form rather than their 
corresponding 0x0 species and therefore heteroatoms cannot be introduced into 
the mesoporous walls via a condensation process with silicon species. Recently, 
Vinu et al. successfully reported a facile method to incorporate hetero-atoms, 
such as Al, Fe, and Ti in mesoporous SBA-15 and SBA-1 materials, which 
normally require highly acidic medium for obtaining highly ordered structure by 
altering various synthesis parameters [ 10-1 31. However, unfortunately, there has 
been no report available in the literature on the direct synthesis of the A1 
incorporated KIT-5 materials. Thus, it is highly imperative to have a one-step or 
a direct synthesis method for the preparation of Al substituted mesoporous KIT- 
5 in a highly acidic medium. Here, we strikingly demonstrate a facile direct 
synthesis route for the preparation of A1 substituted KIT-5 materials by the 
simple adjustment of the molar water to hydrochloric acid ( H H Z O I ~ H C I )  ratio of the 
synthesis gel via templating with a Pluronic F127 in a highly acidic medium. 

2. Experimental Section 

AIKIT-5 samples were synthesized by changing the molar water to 
hydrochloric acid (nH201nHCI) ratio using A1 isopropoxide as an aluminum source, 
tetraethyl orthosilicate as a silica source and Pluronic F127 as a template and the 
samples were denoted as AIKIT-S(xH) where x denotes the nHzo/i?Hcl ratio. In a 
typical synthesis, 5.0 g of F127 is dissolved in the required amount of HCI (35 
wt%) and 240 g of distilled water. To this mixture, 24.0 g of TEOS and the 
required amount of the Al isopropoxide were added, and the resulting mixture 
was stirred for 24 h at 100 "C. Subsequently, the reaction mixture was heated for 
24 h at 100 "C under static condition for hydrothermal treatment. The solid 
product was filtered off and then dried at 100 "C without washing. The product 
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was calcined at 540 "C for 10 h. Pure siliceous KIT-5 was prepared using the 
same procedure with the nH20/nHCI of 463 in the absence of Al. 

Powder X-ray diffraction patterns were collected on a Rigaku diffractometer 
using CuKa (h  = 0.15406nm) radiation, operated at 40 kV and 40 mA. The 
diffractograms were recorded in the 20 range of 0.7 to 10 O with a 28 step size of 
0.01 O and a step time of 6 seconds. N2 adsorption-desorption isotherms were 
measured at -196 "C on a Quantachrome Autosorb 1 volumetric adsorption 
analyzer. Before the adsorption measurements, all samples were outgassed for 3 
h at 250 "C under vacuum in the degas port of the sorption analyzer. The specific 
surface area was obtained from the adsorption branch of the isotherm in the 
relative pressure range of 0.05-0.18 using the BET equation. The total pore 
volume was estimated from the amount of nitrogen gas adsorbed at a relative 
pressure of 0.95. The position of the maximum on pore size distribution is 
referred to as the pore diameter, which was calculated from the adsorption 
branch of the nitrogen isotherms using the Barrett-Joyner-Halenda (BJH) 
method. The HRTEM images were obtained with JEOL JEM-21OOF. The 
preparation of samples for HRTEM analysis involved sonication in ethanol for 5 
min and deposition on a copper grid. The accelerating voltage of the electron 
beam was 200 kV. 

The morphology of the materials was obtained with Hitachi S-4800 HR- 
FESEM using an acceleration voltage of 15 kV. The diameter of the cages in 
AlKIT-5 materials is calculated using equation (1) which was recently proposed 
by Ravikovitch et a1 [ 161. 

In equation (l), D,, is the diameter of the cavity of a cubic unit cell of length a, 
erne is the volume fraction of a regular cavity and v is the number of cavities 
present in the unit cell (for Fm3m space group, v = 4). The average wall 
thickness of the materials (h) was calculated using the equation (2) which was 
derived from the mesoporosity and D,, 

D,, = a (6e,~m)l" (1) 

3. Results and Discussion 

Highly acidic condition required for the synthesis of KIT-5 limits the direct 
incorporation of metal ions into the neutral silica framework because of the 
facile dissociation of Al-0-Si bonds under strong acidic conditions. Here, we 
demonstrate a novel technique to incorporate high amount of A1 atom into KIT-5 
framework by simply adjusting the nH?&HC] ratio in the synthesis mixture. The 
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powder XRD patterns of as-synthesized and calcined AlKIT-5 materials 
prepared at different nH%O/nHC] ratios are shown in Figure 1 and 2, respectively. 
As shown in Figure 1 and 2, all AlKIT-5 samples prepared at different nHzo /nHc l  

ratios exhibit the typical XRD patterns of three dimensional highly ordered 
large-cage mesoporous silica with cubic Fm3m close packed structure, similar to 
the siliceous KIT-5 material described by Kleitz et al. [15]. Three peaks which 
correspond to the (1 1 l), (200), and (220) are well-resolved and can be indexed 
in the cubic space group Fm3m. A significant improvement in the intensity and 
the peak shift towards higher angle were observed for AlKIT-5 materials 
prepared at different nH?O/nHCI ratios upon the calcination. This can be attributed 
to the occurrence of the atomic arrangements in the Al-0-Si ~amework of the 
mesoporous walls during the calcination process. The length of the cubic cell 
(ao) is calculated using the formula a0 = dill (3)” (Table 1) 

Table 1: Stmctural parameters of AKlT-5 samples prepared at different IiHZUIIiHCI ratio 

Sample iiH2O/fiHCl ~ Z S J I ~ A I  a0 ABET V, dp,b, Cage Wall 
(nm) (m2/g) (cm’/g) BJH diameter thickness 

(nm) (nm) (nm) 
AlKlT- 132 435 16.39 614 0.39 5.0 9.6 4.3 

5( 132H) 
AlKlT- 198 294 16.54 634 0.41 5.0 9.8 4.2 
5(198H) 
AIKIT- 278 181 16.74 648 0.42 5.1 10.0 4.1 
5(278H) 
AlKlT- 463 44 16.97 713 0.45 5.2 10.3 4.0 
5(463H) 
KIT-5 463 - 16.60 622 0.41 5.0 9.9 4.2 

The observed d spacing is compatible with the cubic Fm3m space group. It 
can also be seen from the Figure 2 that the XRD patterns of the AlKIT-5 
materials are better resolved as compared to that of the pure silica KIT-5 
material prepared at the nE0/nHCI ratio of 463. Moreover, the XRD peaks of 
AlKIT-5 samples are significantly shifted towards lower angle with increasing 
the n E O / n H C 1  ratio, which corresponds to an increased length of the unit cell a. 
from 16.39 to 16.97 nm. The increase of A1 content (ICP results) and the unit 
cell constant with increasing the nH?O/nHC, ratio suggests the formation of A1-0- 
Si bond occasioned by the substitution of A1 for Si in the framework of AlKIT-5. 
These interesting features can be explained in terms of the size of the A1 and Si 
atoms. The atomic radius of A13’ (0.53 A) is larger as compared to that of the 
Si4’ (0.40 A) by assuming the coordination number of both the atoms is 4, 
leading to a longer A1-0 distance, which results in the expansion of the distance 
between the two nearest pore centers. These results undoubtedly confrm that the 
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interaction between the A1 0x0 species and the silica species is significantly 
improved at higher nH20inHCI ratio, which results in a significant increase in the A1 
incorporation and the expansion of the unit cell size. 
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Figure 1. The powder XRD patterns of the Figure2. The powder XRD patterns of the 
as-synthesized Aim-5 samples prepared at calcined AIKJT-5 samples prepared at different 
different TZH&HC~ ratios: (a) KIT-5, (b) ~ H ~ ~ / T Z H C I  ratios: (a) KIT-5, (b) AIKIT-5(132H), 
AlKIT-5(132H), (c) AIKIT-5(198H), (d) (c) AlKIT-5(198H), (d) AIKJT-5(278H), and 
AlKIT-5(278H), and (e) AIKlT-5(463H). 

The textural properties of AlKIT-5 materials prepared at different nH20inHcI 

ratio are depicted in Table 1. All isotherms display typical type IV curves with a 
sharp capillary condensation step and a broad H2-type hysteresis loop, which is 
indicative of large uniform cage-type pores [ 151. The capillary condensation step 
of the isotherms of AIKIT-5 samples is sharp, which is shifted toward the higher 
relative pressure with increasing the nH20/nHCI ratio, indicating that the nitrogen 
condensation occurs within the cage type three dimensional mesopores and the 
samples possess better mesostructure ordering and pores are highly uniform even 
after the Al incorporation. In addition, the specific surface area and specific 
pore volume systematically increase with increasing the nH20/nHC1 ratio. The 
specific surface area amounts to 614 m’/g for AlKIT-5(132H) and increases to 
713 m’/g for AlKIT-5(463H), while the specific pore volume increases from 
0.39 to 0.45 cm3/g for the same samples. It is worthwhile to note that the pore 
diameter of the materials increases with the concomitant increase of the cage 
diameter with increasing the nHZO/nHC1 ratios in the synthesis mixture. 

The pore diameter of AlKIT-5(463H) is 5.2 nm, which is 0.2 nm higher than 
the sample prepared at lower n H 2 0 h H C I  ratio. The results are in quite agreement 
with the unit cell constant data obtained from the XRD analysis. It should be 
stressed here that the specific surface area, specific pore volume and pore 
diameter of AlKIT-5(463H) are higher as compared to those of pure silica KIT-5 

(e) AlKlT-5(463H). 
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material. The wall thickness of the A1KIT-5 samples prepared at different
«H2o/'«Hci ratio, calculated from the cage diameter and the mesopores volume
using the equation (2) (see the experimental section), is given in Table 1.
Interestingly, the wall thickness of the samples after Al incorporation declines
from 4.3 to 4 with increasing the «H2o/«Hci ratio from 132 to 463. This shows that
the presence of high concentration of local H+ ion in the synthesis gel i.e.
«H2o/«HCi ratio of 132, which is required for the silanol groups condensation,
suppresses the interaction between the silanol groups and the Al oxo species, but
enhances the rate of silanol groups condensation which results in an increase in
the number of silicate layers around the surfactant micelles. As a consequence,
the wall thickness of the A1KIT-5 materials prepared at lower «H2o/"Hci ratio
increases.

Figure 3. HRSEM images of the calcined A1KIT-5 samples prepared at different «H2o/«HCi ratios:
(A) A1KJT-5(132H), (B) A1KIT-5(198H), (C) A1KIT-5(278H), and (D) A1KIT-5(463H).

To investigate the effect of the nmo/nKCi ratios on the Al content, the
morphology, and the topology of the A1KIT-5 materials the samples were
characterized by HRSEM and HRTEM measurements. Figure 3 shows the
HRSEM images of A1KIT-5 materials with different «H2o/nHci ratios. The pure
silica K.IT-5 is composed of uniform sized spherical particles with a regular
shape. The size of the particles is in the range 3.2 to 3.5 urn. However, with
increasing «H2O/«HCi ratio, a significant change in the shape of the particle is
observed. When the «H2o/"Hci ratio in the final product is 132 (A1KIT-5(132H),
the spherical particles with regular shape are observed, though the size of the
particle is somewhat smaller than that of the pure silica samples (0.82 to 1.2
urn). On the other hand, the spherical particles or aggregated small round shape
particles (0.55 to 0.71 um) with irregular shape are observed for A1KIT-
5(463H). It can be also seen that the size of the particles decreases gradually
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with increasing the «H2<V«HCi ratio. This could be due to the difference in the
spontaneous curvature of the micelles before and after the Al addition. It was
demonstrated previously that the adsorption or condensation or the formation of
polymeric silica species around the micelles controls the length of the micelles
because it reduces the spontaneous curvature of the micelles [17-18]. When the
Al isopropoxide is added in the synthesis mixture, the generation of a lot of
isopropanol molecules from the Al source and the Al atoms may disturb the
adsorption of the inorganic precursors on the bare surfactant micelles and the
condensation reaction between the inorganic species. We surmise that this
process may inhibit the charge neutralization process, which is critical for
reducing the electrostatic repulsion among the surfactant head groups for
obtaining longer micelles, leading to small size spherical particles. When excess
amount of Al isopropoxide is added, this effect may be more pronounced, and
hence, the spherical particles with irregular shape are observed for the A1KIT-
5(463H) sample.

Figure 4. HRTEM images of (A) A1K1T-5(278H) and (B) A1KTT-5(463H)

HRTEM images of the A1KIT-5(278H) and A1KIT-5(463H) samples were
produced (Figure 4), to have better understanding of the structural order after the
incorporation of Al. The excellent three-dimensional mesoscopic order of
A1KIT-5 was confirmed by HRTEM. The A1KIT-5(278H) and A1KIT-5(463H)
clearly exhibits highly ordered mesoporous networks with a linear array of
mesopores and walls, which is characteristics of well-ordered KIT-5 mesoporous
silica. Based on the HRTEM image, it is suggested the occurrence of well
ordered mesopores with a three dimensional cubic mesoporous structure in
A1KIT-5(463H).

4. Conclusions

We demonstrated the preparation of novel three dimensional cubic Fm3m
mesoporous aluminosilicates (A1KIT-5) with very high structural order and
unprecedented Al incorporation by simply adjusting the molar water to
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hydrochloric acid ratio (nH&HCI) in the synthesis mixture. The obtained 
materials have been unambiguously characterized by several sophisticated 
techniques such as XRD, N? adsorption, HRTEM and HRSEM. It has been 
found that the amount of A1 incorporation in the silica framework can easily be 
controlled by simply varying the n H 2 0 h H C I  in the synthesis gel. 
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For the first time MCM-48 was used as the matrix for size-confined lead zirconate- 
titanate PbZr,Ti(l.,)O3 (PZT) , where x is varied from 0 to 1, PZT gel prepared using a 
co-precipitation method was introduced into the channels of MCM-48 by dip wet 
impregnation technique. Calcination in air led to the formation of PZT in the pores of 
MCM-48. All the synthesized composites were characterized by means of XRD, TEM, 
BET and AAS.  No Bragg-peak due to the PZT was observed in the wide angle XRD 
pattern, indicating the particle size of the encapsulated PZT is below 2 nm. TEM and N2 
adsorption measurements further confirm the deposition of nanosized PZT particles 
inside the pores of the mesoporous matrix without destroying their integrity. A A S  
analyses reveal both the metal composition and the loading of ca. 11 to 16 wt% of the 
encapsulated PZT. 

1. Introduction 

In recent years the preparation of nanocrystalline lead zirconate-titanate (PZT) 
powders has attracted much attention due to their unique piezoelectric and 
ferroelectric properties [ 11. PZT-based piezoelectric materials exhibit excellent 
electromechanical properties and are widely used as ultrasonic resonators, 
ceramic filters, high-power transducers, actuators, and so on [ 2 ] .  Because of 
fundamental and technological importance of PZT, few chemical methods have 
been developed to lower the reaction temperature and get nanocrystalline PZT 
materials of chemical homogeneity, which cannot be obtained by conventional 
solid-state method [3-51. To obtain the materials with desired electrical 
properties, a perovskite structure is required. One of the necessary conditions for 

* This work is supported by DFG under a grant within the frame of the Collaborative Research 
Project 558: “Metal-support interactions in heterogeneous catalysis” 
Corresponding author’s e-mail: hermann.gies@rub.de 
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maintaining the perovskite structure is to maintain the stoichiometric 
composition of perovskite. However, the volatile PbO tends to be deficient in the 
PZT materials when annealed at high temperatures. In order to solve this 
problem, a decrease in the powder calcination temperature or sintering 
temperature could be effective, besides adding excess lead to the precursor to 
compensate for the loss of lead oxide. To avoid the loss of Pb, the matrices of 
porous material can also be used to confine such a piezoelectric material. 

Since the discovery of novel class of mesoporous M41S materials by Mobil 
researchers [6,7], much application oriented research has been performed in 
order to find innovative uses for these new materials. Because of their narrow 
pore size distribution and composition related to zeolites, most inspiration for 
the research activity came from the zeolite community. The composition of the 
M41S family of materials is restricted to silicate frameworks; and MCM-41 
(with hexagonal honeycomb symmetry), MCM-48 (with cubic Id3m symmetry) 
and MCMJO (a lamellar phase) are the three main mesoporous silicate host 
structures of this family. The properties of these materials were explored for 
sorption, separation and catalytic processes. Several review articles are available 
in the literature on these activities [8,9]. 

Another area of application-oriented interest for the M41S family of 
materials could be their use as carriers or matrices for functional molecules or 
nanoparticles [ 10-121. Because of their transparency, high thermal and chemical 
stability, and their mechanical robustness the silica-based mesoporous materials 
have attracted much attention. In the past we have studied composites of MCM- 
41/48 with hyper-polarizable molecules such as p-nitroaniline [ 1 11, conducting 
polymers such as poly-pyrole [13], large molecules such as C60 and C70 [14]. 
Recently we have explored the use of MCM-48 as a matrix for metal/metal 
oxides with catalytic activity such as Ti02, AwTi02, ZnO, Cu/ZnO [15-171. 
Herein we, for the first time, report on the deposition of Pb, Zr and Ti 
hydroxides within the pore system of the cubic MCM-48 and their subsequent 
decomposition to their oxide clusters PZT. The composites underwent thorough 
characterization by means of X-ray powder diffraction (XRD), Transmission 
Electron Microscopy (TEM), N2 adsorption and Atomic Absorption 
Spectroscopy ( U S ) .  

2. Experimental 

The flow diagram of the synthesis of the composite material is shown in Fig. 1. 
Pure silica MCM-48 was obtained following the method described by Gies et al. 
[15]. In a typical synthesis, 1.0 M NaOH was taken in a polypropylene bottle, 
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and cetyltrimethylammonium-chloride (CTAC1, Aldrich, 25% solution in water) 
was added drop-wise under continuous stirring. After that, tetraethoxysilane, 
(TEOS Merck), was added dropwise until the gel was homogeneous. The final 
molar gel composition of the synthesis mixture was 1 (TEOS):0.70 (CTAC1):OS 
(NaOH):64 (H20). The sealed bottle was transferred to an oven heated at 90 OC 
where the gel was kept for 4 days. Thereafter, the sample was thoroughly washed 
with water and dried overnight at room temperature. The dried product was 
calcined at 540 "C for 5 h with a heating rate of 1 Wmin. 

Ti solution 

I Mixed together in required proportion I 
I I 

of 1 .O M KOH 

Stirring at 60 OC, while maintaining pH 
I 

I Gel formation and aeine at 60 I 

Calcination at 500 'C for 5 h 

1 
PZT encapsulated in MCM-48 

Figure 1 .  Flow diagram for the preparation procedure of PZT powder and PZTMCM-48 
composites. Nanocrystalline PZT material can be obtained using this co-precipitation method, if the 
step of addition of MCM-48 is neglected. 

The precursors used for the preparation of PZT were lead acetate 
((CH3C00)2Pb.3H20, Merck), zirconium oxynitrate hydrate (ZrO(N03)2.xH20, 
Aldrich), titanylacetylacetonate (TiO(acac)2, Merck) and were used without any 
further purification. The preparation of PZT/MCM-48 was carried using a co- 
precipitation method in which only the amount of the reactants was varied and 
all other conditions were the same for all the preparations. For instance, the 
synthesis of a PbZro.~Ti~.~03/MCM-48 (sample code: Zr050) was performed as 
follows: first aqueous solutions containing 97 mg (0.256 mmol) Pb precursor, 
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29.6 mg (0.128 mmol) Zr precursor and 33.5 mg (0.128 mmol) Ti precursor in 
50 ml of distilled water was prepared. The second solution was potassium 
hydroxide (0.1 M). These two solutions were added dropwise into a flask 
containing deionized water (10 ml) under vigorous stirring at 60 OC, while 
maintaining a constant pH of 8-10. The resulting gel-like material was aged for 
0.5 h and then MCM-48 (0.5 g) dried at 180 OC for -12 h was added and again 
stirred for an hour. The resulting composite was centrifuged, carefully washed 
with distilled water and dried overnight at 60 "C. For calcination the sample was 
heated at 500 OC for 5 h with a heating rate of 1 Wmin. (The sample codes were 
designated based on the amount of Zr taken during the preparation of a sample, 
e.g. the code for sample PbZro,25Tio.7503MCM-48 is Zr025). 

X-ray powder diffraction experiments were carried out using a Siemens 
diffractometer with Cu K a  radiation in Bragg-Brentano geometry on flat plate 
sample holders. Atomic absorption analysis was carried using Varian 
spectrAA 220 spectrometer. The N2 adsorption measurements were performed 
with a Quantachrome Autosorb automated gas sorption system using the 
Autosorb software. Transmission electron microscopy (TEM) was performed 
using a Hitachi H-8100 instrument operating at 200 kV. 

3. Results and Discussion 

Conventional hydrothermal procedure was utilized to synthesize pure silica 
MCM-48 materials. Before using the material as matrix for PZT, it was 
characterized by means of XRD and N2 adsorption techniques. Both the 
characterization methods showed that MCM-48 material was with excellent 
periodicity. After that PZT nanoparticles were introduced into the mesoporous 
MCM-48 matrix using the dip impregnation technique, as presented in Fig. 1. It 
is worth to mention that during the preparation of PZTMCM-48 pH of the gel 
should be controlled in the given range because of lead hydroxide can dissolve at 
pH value lower than 8 and higher than 10. 

XRD measurements (not shown) in the 28 range of 2-80' were preformed 
for all the PZTMCM-48 composites. Low-angle powder XRD patterns showed 
that the parent structure of the mesoporous host was maintained after loading 
with PZT. However, because of the strong reduction of scattering contrast 
between wall and pore due to impregnation of nanoparticles, the resulting XRD 
signal from mesoporous carrier was only very weak [ 181. In the high-angle 
region, there was no signal in the XRD patterns, indicating the PZT 
nanoparticles inside the host are below 2 nm. To confirm the interpretation of the 
XRD measurements, TEM studies of the composite samples were performed 
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confirming that no isolated, external PZT-particles had formed and that the
structure of MCM-48 as support was intact after impregnation and heat

treatment.

Figure 2. TEM images of the PZT/MCM-48 composites: PZT025 (PbZro.yTio.vsOs) and PZT050
(PbZro.soTio.soOa). The periodic ordering of the mesoporous MCM-48 solid clearly shows up. The
periodic pattern reveals the homogeneity of the order in the samples.

In Figure 2, TEM images (PZT025 and PZT050) of a well-aligned MCM-48
particle after dip wet impregnation of PZT are shown. The lattice fringes of this
well-ordered crystallite have a d spacing of 2.5 nm corresponding to (110)
planes. The regular contrast variation in the TEM image shows the intact MCM-
48 silicate framework. For all imaged PZT/MCM-48 composites, no damage of
the periodic structure of the silicate framework was observed. Therefore, it can
be concluded that the impregnation procedure and the consecutive thermal
treatment does not damage the MCM-48 silica host framework. In the course of
the TEM measurements of a large number of isolated MCM-48 particles as well
as aggregates, we have not observed any large PZT particles situated outside of
the silicate framework. The TEM and EDX results indicate that PZT is
incorporated inside MCM-48. However, no isolated PZT particles inside the
MCM-matrix could be resolved and analyzed in the TEM experiments. Selected
area electron diffraction experiments of well-resolved parts of MCM-48 loaded
with PZT are under investigation to gain a detailed knowledge on PZT structural
parameters.

Adsorption isotherms are used as a macroscopic average measurement for
exploring the surface area, the pore diameter, and the pore volume of all the
composites. Prior to the sorption experiments, the materials were dehydrated by
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evacuation under standardized conditions, 300 "C, 2 h. Fig. 3 shows selected 
isotherms of the parent MCM-48 materials and of 2 samples after loading of 
titania and metal salts and successive calcination. Table 1 summarizes the 
measurements of the different MCM-48 samples without and with PZT. Using 
the BET method for the analysis of the isotherms, the surface area of calcined 
MCM-48 was determined to be 1069 m2/g with 2.5 nm pore diameter and 1.02 
cm3/g pore volume. This is in agreement with data published in the literature 
[ 131 and confirms the good quality of the MCM-48 sample. Further loading and 
calcination of PZT in MCM-48 pores leads to decrease of an average surface of 
293 m2/g, of an average pore volume of 0.35 cm3/g and of the average pore 
diameter of 14 A. The results of the surface measurements agree well with the 
formation of particles inside the matrices which reduce surface area, pore 
volume and pore diameter. This finding is consistent with our recent reports, 
where Cu/ZnO and Ti02 nanoparticles were loaded inside the channels of MCM- 
48 [15,17]. 
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Figure 3 .  Selected nitrogen adsorption I desorption isotherms of (A) MCM-48, (B) ZrO25 and (C) 
ZrO50 samples are shown. 

AAS results reveal the content of lead, zirconium and titanium present in all 
the composites. The data are presented in Table 2. The overall loading of PZT 
was in the range of 11-16 %. Nearly all of the synthesized materials have metal 
content similar to the ideal composition, indicating there was no loss of metal 
during synthesis or subsequent decomposition at higher temperature. Therefore, 
it can be concluded that this method of the preparation of PZT nano particles in 
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confined space is beneficial over a conventional solid-state preparation method. 
In particular, sintering of particles and subsequent increase of particle size is 
avoided inside the MCM-48 support. On the other hand, the thermal and 
chemical resistance together with the favorable optical properties of silica- 
MCM-48 allow for interesting applications. One particular open question, 
however, is the atomic structure and shape of the nanoparticle. To investigate 
these particle properties, pair distribution function analysis of the powder pattern 
is in progress. 

Table 1. Results of Nitrogen adsorption measurements of a calcined reference MCM-48 and 
PZTIMCM-48 composites. After loading with PZT particles reduced pore volume, surface area and 
also pore size is realized. 

Sample Pore diameter (A) Pore volume (cm3/g) Surface area (m2/g) 
MCM-48 25 1.02 1069 
ZrlOO 15 0.39 333 
m 7 5  I 4  0.41 239 
Zr0.50 16 0.32 419 
ZrO25 14 0.42 276 
moo 13 0.30 196 

Table 2. Results of atomic absorption analysis measurements of representative PZTIMCM-48 
composites. Between 10 and 14 wt% of metal content was analyzed after final calcination. 

Sample w t % o f P b  w t % o f Z r  wt%ofTi  

ZrlOO 7.34 

m 7 5  7.74 

21050 7.54 

2.96 

2.31 
1.58 

0.50 

0.82 

ZrO25 8.63 0.96 1.46 

ZrOOO 11.1 2.52 

The example demonstrates once more the feasibility to use size confinement 
of mesoporous silicas for the production and preservation of nanoparticles of 
general composition within the chemical and size limitations of the mesoporous 
host system. 

In summary the three-dimensional channel system of silica MCM-48 was 
successfully used to deposit nano-sized PZT materials, which were characterized 
by means of XRD, TEM, N2 adsorption and AAS analysis. The combination of 
these characterization techniques reveals that the silica-MCM-48 support can be 
used as container for nanoparticles. The materials are stable and retain their 
structural integrity after loading and calcination procedures. PZT nanoparticles 
are formed and deposited inside the mesoporous MCM-48 material without 
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blocking the mesoporous pore system. 
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CHARACTERIZATION OF A GERMANIUM ANALOG OF THE 
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KEIICHI INUKAI 
National Institute of Advanced Industrial Science and Technology (AIST). Nagoya, 

463-8560. JAPAN 

The imogolite composites in which Si was substituted by Ge (Ge-substituted imogolite) 
were prepared from a concentrated solution with dissolved GeOz and were characterized 
by using atomic force microscopy, IR and Raman spectroscopy. IR and Raman spectra of 
these materials are the same as previous results prepared from a dilute inorganic solution. 
Thermal transformation of Ge-substituted imogolite was investigated by using thermal 
analysis, "A1 solid-state nuclear magnetic resonance and X-ray diffraction. Two 
endothermic peaks (110°C and 400°C) and an exothermic peak (906°C) were shown by 
differential thermal analysis. Ge-substituted imogolite changed into an amorphous phase 
by dehydration and transformed Al6Gez013 crystals at ca. 900°C. A12Gez07 crystals were 
formed as a new phase at 1300°C from Ge-substituted imogolite. 

1. Introduction 

Imogolite is a hydrous aluminosilicate clay mineral with a unique fibrous 
structure, which was discovered in a glassy volcanic ash soil in Kyushu, Japan, 
in 1962 [l]. The structure model of imogolite [Z] with typical chemical 
composition of (OH)3A1203SiOH is shown in Figure 1. The tube walls consist of 
a single continuous gibbsite sheet and orthosilicate anions. Imogolite has an 
outer diameter of ca. 2 nm and an inner diameter of 1 nm. Thermal 
transformation of natural imogolite was investigated using solid-state nuclear 
magnetic resonance (NMR), thermal analysis and X-ray powder diffraction 
(XRD) [ 3 ] .  Imogolite changed to an amorphous phase with a collapse of the 
tubular structure due to dehydroxylation with increasing heat treatment 
temperature and to crystalline mullite above 960°C. 
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Figure 1. Structural model of imogolite.

Wada and Wada [4] synthesized an imogolite composite in which Si was
substituted by Ge from a dilute inorganic solution containing GeCl4 as the source
of germanium. In this paper, we call this material "Ge-substituted imogolite"
whose typical chemical composition is (OH^AKC^GeOH. The material
substituted by Ge was shorter than synthetic imogolite, and its diameter
increased with an increase in the degree of substitution of germanium. Recently,
Mukherjee et al. [5] investigated the formation process of single-walled
aluminogermanate nanotubes (Ge-substituted imogolite) prepared based on a
method reported by Wada and Wada [4] by transmission electron microscopy
(TEM), electron diffraction, XRD and dynamics light scattering (DLS). In
addition, the formation mechanism of aluminogermanate nanotubes from a dilute
solution containing Ge(OC2H5)4 and A1C13 was also examined by DLS, UV
absorption spectroscopy, Raman spectroscopy and Infrared (IR) spectroscopy
[6].

It is difficult to obtain a large amount of Ge-substituted imogolite using the
previous synthetic method [4, 5] because it is formed from a dilute solution in
order to prevent the condensation of orthogermanic acid. Recently, a synthetic
technique to form imogolite from a concentrated inorganic solution was
developed [8]. In this technique, which was an improvement of the former one,
we synthesized Ge-substituted imogolite from a concentrated solution by
dissolving GeO^ and characterized it by XRD, IR, TEM and Atomic force
microscopy (AFM) [9].

In this study, we investigated the structure of Ge-substituted imogolite and
its structural changes with heat treatment using AFM, IR, thermal analysis,
Raman spectroscopy, 27A1 solid state NMR and XRD.
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2. Experimental 

Ge02 (99.99%, Nacalai Tesque), AICl3 - 6H20 (98.0%, Nacalai Tesque), NaOH 
(97.0%, Wako) were used as starting materials. At first, a mixture composed of 
0.01 mol of GeO? and 0.04 mol of NaOH was dissolved in 100 ml of deionized 
water. This solution and 100 ml of 0.15 M AIC13 aqueous solution were mixed 
and stirred for 1.5h. The precursor was obtained by adding 0.1 M NaOH 
aqueous solution slowly until pH 5.5. The salt-free precursor was obtained by 
centrifugal separation twice and was then dispersed in 2,000 ml of water. After 
adding 40 ml of 0.1 M HCI, it was aged at 100°C for 48h. After cooling to room 
temperature, concentrated ammonia water was added until the pH 9.5. The gel- 
like sample was separated from the solution by centrifugation. The final product 
i.e., Ge-substituted imogolite was obtained by drying at 100°C. The heat 
treatment of Ge-substituted imogolite sample was then performed at various 
temperatures. 

The Ge-substituted imogolite sample was characterized by AFM, IR 
spectroscopy, FT-Raman spectroscopy, differential thermal analysis (DTA) and 
thermogravimetric analysis (TGA). AFM images were recorded at room 
temperature under air with a Nanoscope(R) IIIa scanning probe microscope 
(Digital Instruments). A tapping mode technique was used. After diluting the 
aging solution 1,000 times with extra-pure water, the aqueous solution was 
placeded onto a clean mica surface and then dried overnight at room temperature 
in a desiccator with dried silica gels. The measurements of IR spectra were 
camed out with a KBr pellet using a JASCO FT-IR 460 Plus. FT-Raman spectra 
were collected using a JASCO FT-IR 800 with an RFT-800 Raman attachment. 
The 1064 nm line of a Nd:YAG laser was used as an excitation light source. 
DTA and TGA were performed using a DTG-50 (SHIMADZU) in static air at a 
heating rate of 10°C min-' with a-alumina as a reference. 

The thermal transformations of Ge-substituted imogolite were investigated 
by XRD and solid-state "A1 magic angle spinning (MAS) NMR. The XRD 
were carried out using an Ultima-111 diffractometer (RIGAKU). The "A1 MAS 
NMR spectra were obtained by a JEOL JNM-CMX 300 spectrometer operating 
at 78.34 MHz with a MAS rates of 4 kHz. The chemical shift of "AI was 
determined by using 1 M A1(N03)3 aqueous solution as a secondary standard. 
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3. Results and discussion

3.1. Characterization of Ge-substituted imogolite

The tapping mode AFM image of Ge-substituted imogolite is shown in Figure 2.
A small cylindrical morphology was observed. As a result of section analysis, we
found that the tube diameter was almost uniform and estimated to be ca. 4.0 nm
in any tubes. In the AFM image of synthetic imogolite [8] that is not shown here,
fibrous materials with 100 - 400 nm of length and ca. 2.2 - 2.4 nm in diameter
can be observed. These results indicate that Ge-substituted imogolite is shorter
and wider than synthetic imogolite.

Figure 2. Tapping mode AFM image of Ge-substituted imogolite

1200 1000 800 600 j 400
Wavenumber / cm"1 Raman shift / cm"

Figure 3. IR spectra (A) and FT-Raman spectra (B) of Ge-substituted and synthetic imogolite.

1200 1000 800 600 400
"1

FT-IR spectra of Ge-substituted and synthetic imogolite are shown in
Figure 3(a). Characteristic absorption bands were observed near 900 cm"1 and
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500 cm-’ in Ge-substituted imogolite and near 1000 cm-’ and 500 cm-’ in 
imogolite. These absorptions of Ge-substituted imogolite were attributed to “Ge- 
0 and Ge-0-A1 stretching” and “various 4-0 vibrations”, respectively [4]. On 
the other hand, four Raman bands at 478, 729, 802 and 866 cm-’ were shown in 
the spectrum of Ge-substituted imogolite (Figure 3(b)). Imogolite indicated two 
Raman bands at 51 1 and 864 cm-’ in this region. The assignment of Raman 
bands of imogolite or Ge-substituted imogolite has not yet been adequately 
established because structural studies using Raman spectroscopy are fewer than 
those using IR spectroscopy. Mukherjee et al. [6] more recently reported Raman 
spectra of aluminogermanate nanotubes and classified them into three regions 
namely, “Al-0-A1 bends”, “Al-0-A1 stretches” and “Al-0-Ge and Ge-0 
stretches”. The Raman spectrum of Ge-substituted imogolite obtained in this 
study was almost the same as that of an aluminogennanate nanotube. According 
to Mukherjee et al.’s classification, the Raman bands at 478 cm-l and 729 cm-’ 
are assigned as Al-0-A1 bends and AI-0-A1 stretches, respectively, and other 
bands are assigned as Al-0-Ge and Ge-0 stretches. 

3.2. Thermal transformation of Ge-substituted imogolite 

The DTA and TGA traces of Ge-substituted imogolite are shown in Figure. 4. 
Two broad endothermic peaks with a weight loss and an exothermic peak 
without a weight change were observed. Each peak was assigned based on 
previous literature [3, 41. The endothermic peaks at 110°C and 400°C were 
attributed to the loss of adsorbed water and dehydroxylation, respectively. The 
exothermic peak at 906°C was attributed to crystallization. The heat treatment of 
Ge-substituted imogolite was carried out at 200”C, 500°C and 950°C referred to 
this result of thermal analysis. 

200 400 600 800 1000 
Temperature / O C  

Figure 4. Thermal analysis of Ge-substituted imogolite (differential thermal analysis and 
thermogravimetric analysis). 
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"A1 MAS NMR spectra of heat treated samples are shown in Figure 5. The 
'7Al spectrum of unheated Ge-substituted imogolite (Figure 5 -(a)) indicates six 
coordinated octahedral A13+ (Al(oct)), the same as imogolite. There were no 
spectrum changes with heat treatment at 200"C, except for the S/N ratio. In the 
sample heated at 500"C, the peak of Al(oct) near 0 ppm was broader and a very 
small peak, which is not attributed to a spinning side band but rather to a 
tetrahedral A13+ (Al(tet)), appeared at 55.3 ppm. At 950°C (Figure 5 -(d)), the 
peak intensity of Al(tet) increased and the peak near 0 ppm had lower symmetry 
and became broader. 

150 100 50 0 -50 -100 -150 
Chemical shift / ppm 

Figure 5. "A1 MAS NMR spectra of (a) Ge-substituted imogolite and heat treated sample at (b) 
2OO0C, (c) 500°C and (d) 950°C. 

20 30 40 

Figure 6 .  XRD profiles of (a) Ge-imogolite and heat treated sample at @) 200"C, (c) 5OO0C, (d) 
950°C and (e) 1300°C. (A):low angle region(2' < 28 < 15'). (B): high angle region(l6" < 28 < 40"). 
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The X-ray diffraction profiles were created from Ge-substituted imogolite 
heat treated at three given temperatures and the results are given in Figure 6. The 
characteristic peaks of Ge-substituted imogolite were observed at 28 = 2.5", 10" 
with a small shoulder at 7", 21", 25" and 38". These peaks were kept until 200"C, 
however, they disappeared with heat treatment at 500°C except for small angle 
scattering shown in the angle below 5" (Figure 6 (A)-(c)). New crystalline peaks 
appeared with heat treatment at 950"C, which corresponded to Al6Ge2OI3 
(germanium-mullite) crystal. 

We now develop our discussion about the thermal transformation of Ge- 
substituted imogolite using these results and previous literatures [3, 41. The 
above-mentioned, physically adsorbed water was desorbed without a structural 
change up to 200°C. The endotherm caused by dehydroxylation was observed in 
the temperature range from 300°C to 500°C in which Ge-substituted imogolite 
changed to an amorphous phase. Amorphism of imogolite and formation of 
Al(tet) occurred in the same temperature range [3]. MacKenzie et al. showed the 
formation of 10% of Al(tet) at 500°C in the case of natural imogolite, although 
there was only a slight formation of Al(tet) in the case of Ge-substituted 
imogolite in this study. The exothermic peak observed at 906°C in DTA was 
assigned as crystallization of germanium-mullite similar to a previous result [4]. 
Germanium-mullite has two kinds of Al site which are Al(tet) and Al(oct) [9]. It 
was found that increasing the intensity of Al(tet) was caused by the formation of 
germanium-mullite. Since the Al/Ge atomic ratio of Ge-substituted imogolite (= 
2)  is different to that of germanium-mullite (= 3), another amorphous component 
was present in this sample. Donkai et al. [lo] investigated thermal 
transformation of natural imogolite up to 1600°C using XRD and IR and 
reported the formation of tridymite (SOz) with mullite (Alu6Si2013) crystal above 
1200°C. 

Furthermore, the heat treatment of Ge-substituted imogolite was carried out 
at 1300°C for 2h. This result is shown in Figure 6(B)-(e). The diffraction peaks 
of germanium-mullite were sharpened with a new crystalline phase and this was 
attributed to the A12Ge207 crystal. The A12Ge207 crystal is a digermanate group 
(Ge207) with a unique structure characterized by AIOs bipylamids with two 
common edges forming (A10& chains [ l  11. We attempted to measure this 
sample by 27Al MAS NMR. Unfortunately, we could not detect five coordinated 
A1 species because of a low S/N ration and poor resolution of the 27Al NMR 
spectrum. 

The behavior of thermal transformation of Ge-substituted imogolite below 
1000°C was similar to that of natural imogolite. However, GeOz, which 
appeared in the phase diagram, was not formed by heat treatment at high 
temperature while the transformation, similar to a disproportionation reaction, 
occurred. It is clear that at first A12Ge207 crystal was formed as a new phase at 
1300°C from Ge-substituted imogolite. 
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4. Conclusion 

The Ge-substituted imogolite samples were prepared from a concentrated 
solution by dissolving Ge02 and were characterized by a 4 nm diameter when 
assessed by AFM. The Raman spectrum was the same as that of sample prepared 
from a dilute inorganic solution. Thermal transformation of Ge-substituted 
imogolite was investigated by using thermal analysis, "A1 solid-state nuclear 
magnetic resonance and X-ray diffraction. Two endothermic peaks (1 10°C and 
400°C) with weight loss and an exothermic peak (9OOOC) without weight change 
were observed in DTA. Up to 200"C, the structure of Ge-substituted imogolite 
was maintained. Above this temperature, amorphism caused by the 
dehydroxylation and crystallization of A16Ge2013 occurred at ca. 900°C. We 
found that A12Ge207 crystal formed as a new phase at 1300°C from Ge- 
substituted imogolite. 
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Hierarchically structured composites (TUD-C) with ZSM-5 crystals embedded in a well- 
connected amorphous mesoporous aluminosilicate matrix were synthesized by 
employing only one organic templatingiscaffolding molecule (TF’AOH). Micro- and 
mesopores form separately under different conditions, allowing a high degree of 
controllability. Solid state NMR reveals that the aluminum species are all in framework 
positions. This new type of composite displays the typical Brmsted acidity and high 
hydrothermal stability of zeolites. The scaffolding mechanism at the basis of the 
mesostructure is not limited to TPAOH. Other zeolite/meso-structure composites could 
also be synthesized based on the same concept. 

1. Introduction 

Zeolites are microporous, crystalline aluminosilicates used extensively in the 
petroleum industry, separation processes and adsorption applications.[ 1,2] Their 
strong solid acidity, high surface area and hydrothermal stability are excellent 
properties for heterogeneous catalysis. The narrow micropores (typically < 1.5 
nm) are responsible for the shape selectivity that results in preferential formation 
of desired products. However, these narrow pores also impose diffusion 
limitations that hinder transport of molecules to and from active sites that are 
normally inside zeolite crystals. Heavy products formed within the micropores 
can lead to pore blockage and thus deactivate the catalysts.[3] A well-connected 
system of wide pores may reduce transport limitations.[4] In industrial 
applications of zeolites, meso- and macropores are often introduced in an 
empirical, poorly controlled manner.[ 11 Performance could be improved by 

* This work is supported by Delft Research Centre for Sustainable Industrial Processes and the 
Dutch National Science Foundation NOW by a CW/PIONIER grant. 
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rationally designing the broad pore channel network with a good connectivity, 
but this requires the ability to easily control the broad channel sizes.[5] 

Great progress has been made in the synthesis of hierarchically structured 
zeolites by combining ordered mesopores and zeolitic structures.[6-81 One of the 
important synthesis routes is to grow zeolite crystals inside of a mesoporous 
matrix. However, the meso-structure deteriorates easily since the force exerted 
during zeolite crystal formation is much greater than that during meso-structure 
formation. To overcome this challenge hard templates [9,10] and specially 
designed supra-molecular templates [ 1 1,121 have been introduced to preserve 
the meso-structure during crystallization. Jacobsen et al. [9] proposed an elegant 
route using carbon black to create intra-crystalline mesopores. Other templates, 
such as CMKs [lo] and TPHAC [ l l ] ,  accurately control the mesoporosity, but 
tend to be expensive, and the synthesis routes are rather involved. 

Here we present a single-template route to synthesize a material with zeolite 
nano-crystals dispersed in a mesoporous matrix of tunable porosity. By applying 
different conditions to the synthesis mixture we use the same 
templatinglscaffolding molecule (tetrapropylammonium hydroxide, TPAOH) to 
direct both micro- and mesopore formation. Thus, no additional supra-molecular 
template is needed and the synthesis can be performed in one pot. This method 
requires only four raw materials including water, which is even one element less 
(no NaOH) than a typical lab-based ZSM-5 synthesis. The simplicity, flexibility, 
and tunability of this method are the most attractive features when compared to 
existing routes. 

2. Experimental 

A series of samples (denoted as TUD-C) with Si/AI=30 were prepared by a two- 
step procedure. In the first step, a homogeneous synthesis solution was prepared 
from TPAOH (1M in water), tetraethyl orthosilicate (TEOS), and aluminium 
isopropoxide [Al(iPr~)~].  The molar composition was 60 SOz:  A1203: 14 
TPAOH: 1800 H20 .  This solution was aged at room temperature under 
controlled evaporation for 10 days to obtain a transparent solid gel. In the second 
step, 0.3 g of the solid gel and 0.4 ml water were transferred into a specially 
designed autoclave, in which the solid phase was separated from the aqueous 
phase. During the crystallization, the solid was only in contact with steam, which 
is an essential difference compared to traditional zeolite synthesis. A series of 
samples was obtained upon heating at 130 "C for different durations. The 
products were dried at 80 "C, and subsequently calcined in air at 550 "C for 6 h 
to remove the organic materials. All resulting samples were monolithic. 
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3. Results and Discussions 

In the first step, TPAOH acts as a scaffold under the mild conditions, forming 
the meso-structure. This has been investigated previously. [ 131 In Figure 1, the 
Nz adsorption isotherms and the corresponding pore size distribution (0 h 
sample) have confirmed the formation of mesopores. The near-linear uptake of 
the isotherm over the range P/PO = 0.10 to 0.50 indicates the presence of small 
mesopores in the solid gel. This solid gel has a high BET surface area (734 m'g- 
I ,  Table l), which is comparable to SBA-15 mesoporous materials. ZSM-5 
crystals are formed during the second step, where TPAOH acts as the well- 
known zeolite template at high temperatures. [7] This is a solid-phase 
crystallization process assisted by steam. [ 141 X-ray diffraction shows the 
characteristic peaks of ZSM-5 (Figure 2). The intensity of the peaks increases 
from 0 h to 4.5 h, which shows the gradual conversion of the amorphous 
structure of the starting gel into a crystalline phase. The enhanced zeolite 
crystallinity is also indicated by an increase in micropore volume to 0.13 cm3/g 
after 15 h (Table 1). 
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Figure 1. Analysis of the pores by N2 adsorption and desorption. (Left) The isotherms of TUD-C 
samples with different crystallization times. Samples 3 h, 4.5 h, 10 h, and 15 h were vertically offset 
by 50,250, 450, 650 cm3 STP g-1, respectively. (Right) Pore size distributions corresponding to the 
adsorption isotherms. Samples 3 h, 4.5 h, 10 h, and 15 h were vertically offset by 0.7, 1.7, 2.7, 3.5 
cm3g-I, respectively. (Adapted from ref. 15) 

One of the important features of our new synthesis route is the ability to tune 
the mesopore size. The isotherms from 3 h to 15 h (Figure 1) show that the 
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zeolite crystal growth does not lead to the deterioration of the mesopores. On the 
contrary, by controlling the crystallization time, the mesopore size can be 
systematically varied. As Figure 1 shows, the average pore size increases from 3 
nm in the starting dry gel to about 20 nm in the 15 h sample. A more detailed 
analysis (Table 1) reveals that the external surface area decreases with 
crystallization time, but remains very high even after 15 h. The possibility of 
maintaining a high external surface area is attractive for catalytic applications 
involving large molecules, since in many cases the surface inside the micropores 
is not easily accessed. 

Figure 2. XRD patterns of calcined TUD-C samples with different crystallization times. (Adapted 
from ref. 15) 

Table 1. Texture of the samples corresponding to Figure 1. (Adapted from ref. 15) 

Samples SBET Sat& Vmm0 V,,, D,,, 

Time (h) (mZ g") (m2 g-l) (cm' 6.') (cm' 6.') (om) 

0 734 -* -* 0.42 3 

3 658 571 0.040 0.64 6 

4.5 602 392 0.085 0.64 10 

10 535 266 0.114 0.75 18 

15 580 269 0.130 0.71 20 

* t-plot is not applicable because of the continuous distribution of pore sizes 
around 2 nm. 

To obtain insight into the local structure of the amorphous and crystalline 
phases we have selected samples to perform high-resolution transmission 
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electron microscopy (TEM). Figure 3a shows that the 3 h sample is a composite 
with small zeolite crystals embedded in a mesoporous matrix. The crystals have 
a fairly uniform size of 120-150 nm in diameter. Not surprisingly, the 10 h 
sample contains larger crystals than the 3 h sample, i.e., 150 to 250 nm in size 
(Figure 3c). These results are in quantitative agreement with calculations based 
on the application of Schemer's equation to the XRD peaks. A high-resolution 
image (figure 3b) of an interface between the zeolite crystal and the amorphous 
mesoporous matrix clearly confirms the combined micro- and meso-structures. 
The disordered mesopores of uniform size are well connected as the carbon 
replica of TUD-C 0 h sample (Figure 3d) showed 3-D mesoporous structures 
that are stable upon the removal of silicdalumina. The mesoporous connectivity 
would ensure efficient diffusion pathways to access the active sites of the zeolite 
crystals. Because of the disordered nature of the mesopores it is not 
straightforward to directly link the pore sizes observed in TEM with the results 
of N2 adsorption. We are investigating the reasons why the mesopores can be 
tuned by prolonging the crystallization time. The structure of TUD-C shows 
similarities to that of recently reported zeolite/mesoporous matrix materials by 
Waller et al. [ 161 and Gagea et al. [ 171 However, TUD-C has a tunable mesopore 
size in a wider range, and requires fewer starting materials. 

The structural configuration and the location of Al atoms were investigated 
by "A1 MAS NMR spectroscopy (Figure 4 left). The absence of the peak at 0 
ppm and the single, pronounced peak at 56.7 ppm in the TUD-C 15 h sample 
demonstrate that A1 is entirely incorporated in the framework. We also 
performed measurements on the sample 0 h (amorphous solid gel). NMR showed 
similar results of Al completely incorporated in the framework. This reveals that 
in both crystalline phase and amorphous phase A1 is present in tetrahedral 
coordination. With a similar approach to obtain the amorphous solid gel, Corma 
et al. also reported A1 present entirely as framework species. [18] FTIR 
measurements (Figure 4 right) further confirm the acidity of sample 15 h. The 
absorption band at 3610 cm-' is characteristic of Brsnsted acid sites [19], where 
the Si-O(H)-Al bond is present. This is a promising feature for applications of 
TUD-C as a solid acid catalyst, e.g. for catalytic cracking or alkylation. 
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Figure 3. TEM images of selected samples a) sample 3 h, an entire particle; b) sample 3 h, a
bordering area between micro- and meso-phases; c) sample 10 h; d) carbon replica of sample 0 h,
disordered mesoporous structure.
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a; ppm
4000 3800 3600 3400 3200 3000
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Figure 4. 27A1 MAS NMR spectra (left) and FTIR spectrum (right) of sample TUD-C 15 h. The
adsorption band at 3610 cm"1 is characteristic of Bransted acid sites. (Adapted from ref. 15)
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Though TUD-C does not have a fully crystalline structure, severe 
hydrothermal treatment (800 "C with 20 % steam for 2 h) only had a minor effect 
on the pore structure. There was no significant difference of the mesopore 
structures after the hydrothermal treatment. The micropore volume dropped 
slightly after the treatment. This demonstrates a remarkable stability of our 
material. It was reported that solid-phase conversion leads to a better thermal 
stability compared to zeolites prepared by traditional methods. [ 141 

4. Conclusions 

We have developed a new and facile one-pot synthesis route to obtain a ZSM-5 
zeoliteimeso-structure composite with a minimum number of starting materials. 
Assemblies of TPAOH serve as a scaffold for the meso-structure at a much 
lower temperature than that of the typical ZSM-5 synthesis. The zeolite crystals 
(micropore phase) are embedded in a well-connected amorphous mesoporous 
aluminosilicate framework with a tunable pore size in a wide range. The crystal 
sizes increase over the crystallization time, which is in agreement with XRD 
results. Since the scaffolding mechanism of the TUD-C mesopore formation is 
not restricted to TPAOH [13], and more zeolites are synthesized by the solid- 
phase crystallization technique, we can envision extensions of our synthesis 
route to other types of zeolites and mesoporous materials. To improve the 
present synthesis route, we are investigating the influence of the SiIAI ratio and 
the temperatures applied in both steps, as well as the formation mechanism of the 
mesopores. Without need for separate mesopore templates, our synthesis method 
is unique in its remarkable simplicity. The demonstrated controllability of the 
mesopore size should allow optimizing zeolite performance in a more rational 
way PI. 
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R-Zeolite was synthesized first time from steaming dry-gel precursors without the use of 
sodium hydroxide. The dry gel precursor was obtained by varying tetraethylammonium 
hydroxide (TEAOH)/Si02 ratio of 0.5 to 0.9. The resultant &zeolite had uniform particle 
size of 40-80 nm with BET surface areas in the range of 530-590 m2.g", the external 
surface area of 198-242 m2.gm1, and cumulative surface areas were in the range of 757- 
858 rnz.g.l. The zeolites were applied for the catalysts of the isomerization and cracking 
of hexane. Further, the R-zeolites modified with Ca, Ce, and La were synthesized by the 
introduction of their salts during the gel preparation, and applied for the isomerization. 

1. Introduction 

Zeolites and their related molecular sieves have been used for various catalytic 
applications, because they have uniform pore and channel sizes, unique shape- 
selectivity, as well as strong acidity and good thermalhydrothermal stabilities 
[I-31. In particular, &zeolite with a three dimensional large-pore system is one 
of potential catalysts used in petrorefining and other chemical industries [4]. B- 
Zeolite was usually synthesized in the presence of alkali cations [5,6]. The alkali 
cations strongly affect the phase and kinetics of crystallization [7]. In some cases, 
the presence of alkali cations was claimed to be necessary for crystallization of a 
desired zeolite phase [ 5 ] .  
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Recently, there have been several works on the synthesis of B-zeolite without 
the use of alkaline hydroxide [9-131. Pure 8-zeolite was obtained by fluoride 
media only in the absence of alkali cations when its seed was added to gel 
mixtures [S]. Camblor et al. first synthesized pure B-zeolites without the use of 
alkali cations [9]. They demonstrated alkali cations were not essential for the 
nucleation and crystal growth of B-zeolite, resulting in the successful synthesis of 
B-zeolite with a particle size of ca. 10 nm. Interestingly, so far, most of B- 
zeolites with particle sizes smaller than 100 nm have been synthesized without 
the use of alkali cations [9-131. From these situations, the efficient synthesis of 
nano-sized zeolites is of great significance due to important application in the 
preparation of zeolite films which is expected as membranes, catalysts, sensors, 
and components for optical and electronic devices, etc [ 14-16]. 

Dry-gel conversion (DGC) method, in which a gel dried in advance is 
crystallized into a zeolitic phase in water steam environment, has been much 
interested as a synthetic method for zeolites materials in recent years [17-201. 
However, there has been no report on the synthesis of B-zeolite by DGC method 
without the use of alkali cations. It is interesting, particularly, to use DGC 
method for efficient synthesis of nano-sized B-zeolite without the use of NaOH. 

Here, we frst time apply a novel method to synthesize B-zeolite by DGC 
method without the use of sodium hydroxide, in which TEAOH is used as 
structure directing agent (SDA) as well as the base. An advantage of present 
method is the efficient synthesis of proton form B-zeolite by very short time and 
immediately after calcination of as-synthesized sample without the cation 
exchange procedures. We also examine the isomerization and cracking of hexane 
to evaluate catalytic properties of B-zeolite in this work. 

2. Experimental 

2.1. Synthesis procedure 

The gel composition was used for the synthesis of B-zeolite: 1 SOz: x 
tetraethylammonium hydroxide (TEAOH): 0.02 A1203: 17 HzO, where x = 0.5 to 
0.9. A typical synthesis procedure is as follows: 21.1-37.9 g (50-90 mmol) of 
TEAOH solution (35 wt.%) was mixed with 15.02 g colloidal silica (Ludox HS- 
40 (40 wt%)) containing 6.01 g (100 mmol) of SO2.  Then, the mixture was 
stirred for 30 min. An appropriate amount of A1z(S04)3.6H20 (0.684 g) 
dissolved in 10.18 ml of warm distilled water was added to the mixture, and the 
resultant mixture was stirred for fkther 1 h. The gel was then dried for about 4- 
6 h over an oil bath at 100 "C with continuous stirring. The dry-gel was 
transferred to a Teflon cup (55 mm x 37 mm I.D.), and placed in a Teflon-lined 



81 

autoclave (1 00 d) by supporting with a Teflon holder in the presence of a small 
amount of external bulk water (ca. 0.2 g per 1 g of dry gel) at the bottom of the 
autoclave [ 17-20]. The crystallization of the dry-gel was carried out at 175 "C for 
1 d. The as-synthesized materials were collected and washed well with distilled 
water, and their calcination at 550 "C for 6 h gave D-zeolite. 

The modification of D-zeolite with alkaline earth and rare earth metals, such 
as calcium (Ca), lanthanum (La), and cerium (Ce) was examined by introduction 
of their salts during dry-gel preparation. The synthesis of the D-zeolite was 
carried out by 3 d crystallization period according to previous method. 

&Zeolites with different TEAOH/Si02 ratios were abbreviated as ZBx-y, 
where x is Si02/A1203 ratio; y is TEAOH/Si02 ratio). &Zeolite with alkaline 
earth and rare earth metals are abbreviated as ZBx-y-M, where M is rare earth 
and alkaline earth metals with Si02/M = 100. 

2.2. Characterization of Catalysts 

Powder X-ray diffkaction was measured by Shimadzu XRD-6000 with Ka 
radiation (a = 1.5418 A). Elemental analysis was performed using an inductive 
coupled plasma spectrophotometer (JICP-PS-1000 UV Leeman Labs Inc.) after 
destruction of the samples by potassium carbonate. Crystal size and morphology 
of zeolites were determined by a Hitachi S-4300 FE-SEM microscope. TEM 
images were taken on a JEOL JEM-2000FXII microscope. Nitrogen adsorption 
measurements were carried out on a Belsorp 28SA (Be1 Japan, Inc.). NH3 
temperature programmed desorption (NH3-TPD) was measured using a Be1 
TPD-66 apparatus: the catalyst was evacuated at 400 "C for 1 h, and NH3 was 
adsorbed at 100 "C followed by further evacuation for 1 h. Then, the sample was 
heated from 100 to 710 "C with a temperature- programmed rate of 10 "C/min in 
a helium stream. TG analyses were carried out by using a Shimadzu DTG-50 
analyzer with programmed rate of 10 "C/min in air stream. "A1 spectra of 
zeolites were recorded at room temperature under magic angle spinning (MAS) 
by using 4 mm diameter zirconia rotors spinning at 15 kHz on a JEOL ECA-500 
NMR spectrometer. 

2.3. The Zsomerization and Cracking of Hexane 

The isomerization and cracking of hexane was carried out in a 9 mm (ID) quartz 
tubular flow micro-reactor loaded with 1 g of nano-sized D-zeolite (Si02/A1203 = 

50; 20-32 mesh). The zeolite was placed between two layers of quartz wool. 
After loading the catalyst in reactor, it was heated in a stream of dry nitrogen, 20 
d imin  at 550 "C for 1 h before introducing hexane. The reactions were 
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performed at 350 "C for 4 h. The reaction products were analyzed using two 
Shimadzu 14C and 18A chromatographs equipped with 2 different columns: CP- 
A1203/KCl (Agilent, 50 m x 0.53 111111, 10 pm film thickness) for the analysis of 
C1 to C6 hydrocarbons and HR-1 column (GL Sciences, 30 m x 0.53 mm, 5 pm 
film thickness) for the analysis of C7+ hydrocarbons including BTX. 

3. Results and Discussion 

The recently developed DGC method for synthesis of zeolite has great interest 
on zeolite research, since DGC method requires short crystallization period to 
get high crystallanity [17-201. Further, zeolite precursors such as SDA (template) 
and silica have very close proximity during the synthesis process of DGC 
method, which can be easily obtained to form desired phase efficiently. 

5 10 15 20 25 30 35 40 45 50 
2Theta (deg) 

Figure 1. Powder XRD pattern of (a) ZB50- 
0.5as; (b) ZB50-0.5~~;  (c) ZB50-0.6as; (d) 
ZB50-0.6cu; (e) ZB50-0.75~s; (f) ZB50-0.75ca; 
(g) ZB50-0.9~~;  and (h) ZB50-0.9ca. as: as- 
synthesized. ca: calcined. 
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Figure 2. Powder XRD pattern of (a) ZB50- 
0.6as-Ca100; (b) ZB50-0.6ca-Ca100; (c) ZB50- 
0.6as-Cel00; (d) ZB50-0.6~~-Ce100; (e) ZB50- 
0.6as-La100; (f) ZB50-0.6~~-La100. as: as- 
synthesized. cu: calcined. 

Figure 1 shows the XRD patterns of B-zeolite synthesized by DGC method 
with different TEAOH/Si02 molar ratios. The ratio of 0.5 results in the 
formation of amorphous phase with few very weak peaks, which corresponds to 
semi-crystalline B-zeolite precursors. However, the increase of TEAOH 
concentration (TEAOH/Si02 molar ratios of 0.6, 0.75 and 0.9) results in the 
formation ofnano-sized B-zeolite with high crystallinity, The enhancement of the 
nano-sized B-zeolite at higher TEAOH concentration may be mostly due to 
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complete dissolution of aluminosilicate species and to the formation of uniform 
synthesis gel [ 121. 

The XRD patterns of 13-zeolite synthesized in the presence of rare earth and 
alkaline earth metal salts (Ca, La, and Ce) also showed the patterns of pure phase 
with high crystallinity, where any patterns of these metal oxides were not 
observed (Figure 2). The introduction of Ca, La, and Ce salts on the synthesis 
gel does not affect the crystallinity of 13-zeolite, because these metals are finely 
dispersed as oxides. 

Figure 3 shows TG profiles of as-synthesized samples. A total weight loss of 
13-zeolite (ZB50-0.6) to 800 "C was about 46 wt.%, which is higher than a 13- 
zeolite synthesized in the presence of sodium hydroxide (ZB-Na). In both the 
cases, the observed weight loss occurred in two stages, (i) initial weight loss 
from physisorbed water molecules which is about 20 wt.% for ZB50-0.6 and 10 
wt.% for ZB-Na observed in the range of 100-200 "C; (ii) the second stage 
weight loss is about 25 wt.% for ZB50-0.6 and 20 wt.% for ZB-Na in the range 
of 200450 "C was due to the decomposition of TEAOH. The observed weight 
loss in ZB50-0.6 corresponds to the amounts of TEAOH as SDA and TEA' as 
charge balancing cation. These TG profiles also indicate that 8-zeolite 
synthesized without the use of sodium hydroxide has relatively hydrophilic 
nature (13 wt.% loss of calcined sample) than 8-zeolite synthesized in the 
presence of sodium hydroxide (1 0 wt.% loss) because of smaller particle sizes of 
ZB50-0.6 sample. 

100 

90 - 
f ; 80 
- 8 

z 
E m 70 .- 

60 

0 

Figure 3. TGA profiles of (a) ZB50-0.6~s; (b) 13 -zeolite-with NaOH-us; (c) Z B 5 0 - 0 . 6 ~ ~ ;  and (d) 
# -zeolite-with NaOH-cu; as: as-synthesized. ca: calcined. 

The SEM image of IJ-zeolite (ZB50-0.6) showed particle size of ca. 40-80 
nm (Figure 4a). The 8-zeolite synthesized in the present studies have smaller 
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particle size compared to the zeolites by Matsukata et al. [19,20], where they
used sodium hydroxide as basic media and obtained B-zeolite structure with an
average particle size of 300-400 nm. Further, Ca, La, and Ce species introduced
on the synthesis gel resulted in segregated fine particles (Figure 4b-4d). These
metal salts may form oxy-hydroxide species during the synthesis, which may
hinder the growth of particles, by occupying as counter anion in aluminum sites.

Figure 4. SEM images of (a) ZB50-0.6; (b) ZB50-0.6-CalOO; (c) ZB50-0.6-CelOO; (e) ZB50-
0.6U100.

Figure 5. TEM image of 0 -zeolite (ZB50-0.6) sample.

The TEM iamge of B-zeolite (ZB50-0.6) again confirmed the very uniform
fine particles of B-zeolite with an average particle size of 40-80 nm (Figure 5).
Table 1 summarizes the textural properties and ICP analysis of unmodified and
Ca, Ce, and La containing B-zeolites. The ICP analysis shows that all the zeolites
have the SiO2/Al2O3 and SiO2/M (M= Ca, Ce, and La) ratios similar to initial gel
composition.
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Table 1. Properties of 0-zeolite synthesized in the absence of sodiumhydroxide 

Si02/Al203 (MO) External Total 
TEAOH Acid ratio Surface Surface Surface Pore 

/SO? amount areab area' area' volume 
Sample ratio (mmol.g-') Initial Producta (m2.g-') (m'g') (m2.g-') (cm3g') 

ZB50-0.5 0.5 0.306 50 55.9 410 118 513 0.407 

ZB50-0.6 0.6 0.371 50 57.4 644 205 811 0.748 

ZB50-0.75 0.75 0.349 50 54.1 585 182 773 0.625 

ZB50-0.9 0.9 0.337 50 56.2 591 242 859 0.730 

ZB50-0.6Ca 0.6 0.145 50(100)d 56.5(116)d 577 166 810 0.685 

ZB50-0.6Ce 0.6 0.132 50(100)d 54.3(108)d 596 160 737 0.668 

ZB50-0.6La 0.6 0.130 50(100)d 54.9(94.5)d 417 122 556 0.399 

a measured by ICP; BET method, t-plot method. SiOdM ratio; (M = Ca, Ce, and La 

100 200 300 400 500 
Temperature ("C) 

Figure 6. NH3 TPD profiles of (a) ZB50-0.6; (b) ZB5O-0.6-Ca100; (c) ZB50-0.6-Ce100; and (d) 
ZB50-0.6LalOO. 

The total surface area calculated based on nitrogen gas adsorbed at the 
external surface as well as condensed in the zeolite pores, which are determined 
by t-plot method, and the results are presented in Table 1 along with BET 
surface area. Their BET surface areas were in the range of 410-644 m'.g-', the 
external surface areas of 117-242 m'.g-', and their cumulative surface areas were 
in the range of 513-859 m'.g-'. The observed high surface areas of R-zeolite are 
mainly due to its particle size. The external surface area of the R-zeolites also 
increased with the increase in TEAOH/Si02 ratio, mainly due to the formation of 
smaller particle sizes. However, the introduction of Ca, Ce, and La results in the 
decreasing surface areas and pore volume: the decreases are mainly due to the 
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cations remain as charge balancing cation on the aluminum sites, thus it may 
block the microporous channel. 

NH3-TPD profiles of proton-formed B-zeolites showed two stages of NH3 
desorption peaks appeared at around 160 "C and 300 "C similar to conventional 
B-zeolite (Figure 6). The frst peak (I-peak) is due to the desorption of 
physisorbed NH3, and the second peak (h-peak) is due to NH3 desorption from 
Bransted acid sites. As expected, the amount of acid sites drastically decreased 
by the introduction of Ca, Ce, and La species. The decrease suggests that mostly 
these metal ions are present as counter-ions on the Al-sites. 

-20 0 20 40 60 80 100 120 

6 (PPm) 
Figure 7. 27A1 MAS-NMR spectra of (a) ZBSO-0.6; (b) ZB50-0.6-Ca100; (c )  ZB50-0.6-Ce100; (e)  
ZB50-0.6LalOO. 

"A1 MAS-NMR spectrum of calcined B-zeolite (ZB50-0.6) shows only one 
symmetrical signal at around -57 ppm, which is characteristic of tetrahedral A13+ 
species in the framework (Figure 7a). However, there are no octahedral A13+ 
species in the zeolite. However, when Ca, Ce, and La species were introduced 
during the synthesis, a weak signal around 0 ppm appeared due to very small 
amount of octahedral A13+ species present as non-framework species (Figure 7b- 
7d). Further '39La MAS NMR spectra of ZB50-0.6La have only a very broad 
signal around 0 ppm: this indicates that the lanthanum highly dispersed on the 
zeolite framework as oxide. 

The 8-zeolite and Ca, Ce, and La containing 0-zeolites were applied for the 
isomerization of hexane at 350 "C, and the results are shown in Figures 8 and 9. 
Comparable conversion with the selectivity for the C6-isomerized products (viz. 
2- and 3-methylpentanes and 2,2-dimethylbutane) in the range of 65-74% was 
obtained. However, cracking products in the range of 33-24% with about 1% of 
aromatic hydrocarbons (benzene, toluene, and xylenes) were formed 
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accompanying the isomerization. All zeolites deactivated in the initial hours 
mainly due to coke formation on the strong acid sites. 

80 - . I . .  50 30 . I . I . r . ~  

, c  - 

._ 
P 
r% 

. -  .- 

0 -  ' ' . I ' I . ' 20 ' " ' _ " '  
- P 
$ 5 0  50 100 150 200 250 50 100 150 200 250 

Time on stream (min) 

Figure 8. The influence of time on stream on Figure 9. The influence of time on stream on the 
catalytic activity of 8-zeolites in the selectivity for the isomerization and cracking of 
isomerization and cracking of hexane: Reaction hexane over 8-zeolites: Reaction conditions: see 
conditions: catalyst: 1 g; reaction temperature: Figure 6. Selectivity of isomerization: I : ZBSO- 
350 "C; W/F = 8.17 gh/mol. zeolite: I : ZB50- 0.6; 0:  ZB50-0.6-Ca100; A: ZBSO-0.6-Ce100; 
0.6; 0 :  ZBSO-0.6-Ca100; A: ZBSO-0.6-Ce100; S: ZBSO-0.6-La100. Selectivity of cracking: 0 :  

S: ZB50-0.6-La100. ZBSO-0.6; 0:  ZB50-0.6-Ca100; p: ZBS0-0.6- 
Ce100: V: ZBSO-0.6La-100. 

Time on stream (min) 

Ca, and La containing D-zeolites were less deactivated than the parent D- 
zeolite. Although the conversion of hexane decreased in the case of Ca, Ce, and 
La containing l3-zeolite, the selectivity for the isomerization was improved 
slightly form 65 to 73%. These results suggest that Ca, Ce, and La species were 
located on the strong active sites. However, further studies are necessary to 
understand the exact role of these metal ions on the catalytic properties. 

4. Conclusion 

A series of nano-sized l3-zeolite with Si02/A1203 = 50 was synthesized without 
the use of sodium hydroxide by varying TEAOH concentration. Proton-form of 
D-zeolites with particle size of 30-80 nm was obtained only by calcination of as- 
synthesized zeolites without cationic exchange, where TEAOH worked SDA as 
well as the base. Further, alkali earth metal and rare earth metals were introduced 
to D-zeolites during the synthesis, and the resultant materials have higher surface 
area. 

The isomerization and the cracking of hexane were studied to know catalytic 
properties of the B-zeolites. They are active for the isomerization of hexane with 
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good selectivity for branched isomers. The role of Ca, La, and Ce metals in 
catalytic behavior will be discussed in near future. 
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GENEFUTION OF HIERARCHICAL POROSITY IN ZEOLITES 
BY SEED SILANIZATION 
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A. P E W ,  I. MORENO 

Department of Chemical and Environmental Technology, ESCET, Universidad Rey Juan 
Carlos, c/ Tulipan s/n, 28933, Mbstoles, Madrid, Spain 

Seed silanization is a novel strategy for the synthesis of zeolites with hierarchical 
porosity and enhanced textural properties. This strategy is based on the organic 
functionalization of the protozeolitic units by anchoring of a silanization agent, which 
perturbs the growth of the zeolite crystals and avoids their further aggregation. This new 
method has been successfully applied to the synthesis of a variety of zeolites. The present 
work reports the results obtained when this procedure is employed to obtain ZSM-5 and 
TS-1 zeolites with hierarchical porosity. 

1. Introduction 

Zeolites are microporous crystalline metallosilicates featured by exhibiting 
molecular sieve and shape selective properties. Zeolites have found a wide 
variety of applications in adsorption, ion exchange and as catalysts in oil 
refining, petrochemistry and fine chemistry [ 11. However, the intracrystalline 
diffusion rate in zeolites is usually limited by the existence of micropores, 
especially in those processes involving large molecules [2]. To overcome this 
limitation, intensive research has been undertaken in the last years towards the 
synthesis of materials with enhanced accessibility by means of a number of 
methods: generation of secondary porosity by dealumination or desilication 
[3,4], confined space synthesis [5-71, preparation of nanozeolites [S], 
delaminated zeolites [9] and mesoporous zeolitic materials [10,11], or synthesis 
of hybrid zeolitic-ordered mesoporous materials [ 12,131. The term hierarchical 
zeolites has been applied for designating zeolites containing a bimodal porosity, 
showing reduced steric and diffusional restrictions [ 141. 

In this work, we report a novel strategy for the synthesis of zeolites with 
hierarchical porosity which exhibit excellent textural properties and enhanced 
accessibility to the zeolitic micropores. This method is based on the organic 
hctionalization of the zeolitic seeds by reaction with a silanization agent. The 
formation of the zeolitic seeds occurs during an initial precrystallization step. 
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The silanization agent is added over the precrystallized gel and grafted onto the 
external surface of protozeolitic units forming a protective barrier against 
aggregation. Finally, a hydrothermal treatment is carried out in order to obtain 
highly crystalline materials. The presence of the organic moiety hinders the 
crystal growth by aggregation and avoids a complete fusion of the zeolitic seeds 
[15]. The zeolitic materials obtained by this method present an additional 
secondary porosity, in the range of supermicrolmesopores, originated from the 
space occupied by the silanization agent. 

This novel strategy can be considered as a general method, as it has been 
successfully applied to the crystallization of different zeolitic materials with 
hierarchical porosity [16]. Here we show the results obtained when this new 
method is employed to synthesize the aluminosilicate and titanosilicate form of 
the MFI zeolite structure, which correspond with ZSM-5 and TS-1 zeolites. 

2. Experimental Section 

2.1. Samples Preparation 

Hierarchical Z S M J  samples were prepared from clear solutions with the 
following molar composition: AI2O3:60SiO2: 1 1 STPAOH: 1500H20. 
Tetraethoxysilane (TEOS, 98%; Aldrich), tetrapropylammonium hydroxide 
(TPAOH, 40%; Alfa), aluminum isopropoxide (AIP; Aldrich) and distilled water 
were used as starting materials. First, the aluminum source was added to an 
aqueous solution of TPAOH. The mixture was stirred at 0°C to obtain a clear 
solution. Then the silica source was added and the final mixture was stirred at 
room temperature for several hours to hydrolyze TEOS completely. Thereafter, 
the alcohols formed were removed under vacuum at 40°C. The precursor 
solution was precrystallized in a reflux system under stirring at 90°C for 20 h. 
Thereafter, the silanization agent, phenylaminopropyl-trimethoxisilane 
(PHAPTMS; Aldrich) was added in different quantities (8 and 12 mol% in 
regards to the total silica content in the gel), and the fhctionalization reaction 
was performed under stirring at 90°C for 6h. Finally, crystallization was carried 
out in a Teflon-lined stainless-steel autoclave under autogenous pressure at 
170°C for 7 days. 

Hierarchical TS-1 samples were obtained by adapting the method initially 
developed by Taramasso et al. [17]. First, the silica source (TEOS, Alfa) and the 
titanium source (TEOT, Alfa) were mixed at 30°C. Subsequently, this mixture 
was cooled at 0°C and a 1 M TPAOH aqueous solution was added dropwise. 
This reagent was synthesized alkali free by reaction of TPABr (98%, Aldrich) 
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with Ag2O (Alfa). The resulting solution was heated at 80°C to remove the 
alcohols formed. The molar composition of the final solution so obtained was as 
follows: Si02:0.0163Ti02:0.44TPAOH:28.5H20. The precrystallization and 
silanization steps were camed out analogously to the synthesis of hierarchical 
ZSM-5, with a precrystallization time of 24 hours, using 5 and 8 mol% of 
silanization agent in regards to the total silica content in the gel. The final 
crystallization treatment was camed out by microwave heating at 170°C for 8 h. 
In all cases, the solid products obtained after crystallization were separated by 
centrifugation, washed several times with distilled water, dried overnight at 
110°C and calcined in air at 550°C for 5 h. 
Reference ZSM-5 and TS-1 zeolites were prepared applying the methods 
described above but omitting the silanization step. 

2.2. Characterization 

X-Ray diffiaction (XRD) patterns were collected with a Philips X'PERT MPD 
difiactometer using Cu Ka  radiation with a step size and counting time of 0.02" 
and 10 s, respectively. Aluminum and titanium contents of the synthesized 
samples were determined by means of atomic emission spectroscopy with 
induced coupled plasma (ICP-AES) analyses collected in a Varian Vista AX 
instrument. Nitrogen and argon isotherms at 77 K and 87.4 K, respectively, were 
measured using a volumetric adsorption apparatus equipped with a vacuum 
turbo-molecular pump for the determination of the surface area and the pore size 
distribution in the microporous range (Micromeritics, ASAP 2010). Thereby, the 
samples were previously outgassed at 300°C under vacuum for 5 h. The total 
surface area was estimated according to the BET method, whereas the external 
surface of the samples was calculated by the t-plot method. The pore size 
distribution was obtained by applying the NLDFT model with cylindrical pore 
geometry, using the software supplied by Quantachrome. TEM images were 
obtained in a PHILIPS TECHNAI 20 electron microscope operating at 200 kV. 
The organic content of the samples was determined by elemental analyses using 
an Elementar Vario EL I11 analyzer equipped with a thermal conductivity 
detector. 

3. Results and discussion 

Figure 1 illustrates the XRD diffkactograms of a variety of as-made ZSM-5 and 
TS- 1 zeolites, comparing the samples prepared fkom organofunctionalized seeds 
with those corresponding to conventional zeolite samples, which were obtained 
employing the same conditions but omitting the silanization step. All the samples 
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obtained after the final hydrothermal treatment are highly crystalline and show 
the typical pattern of the MFI zeolitic structure. The materials synthesized from 
silanized seeds possess lower intensity reflections than the reference samples, 
suggesting that a reduction in the crystalline domains has occurred. Moreover, 
this effect is more pronounced when increasing the amount of silanization agent. 

5 3  
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The ZSM-5 reference sample, obtained omitting the silanization step (ZSM-5 
(0)), is formed by aggregates of nanocrystals with sizes higher than 50 nm, hence 
this material can be considered as a standard nanocrystalline ZSM-5 zeolite. 
However, in the case of the sample synthesized ftom organohnctionalized seeds 
(ZSM-5 (8)), aggregates with diameters lower than 400 nm and sponge-like 
morphology are observed, which are formed by very small crystalline primary 
units with sizes around 10 nm. A similar effect occurs in the TS-1 materials. The 
reference zeolite is formed by highly perfect 200 nm crystals. In contrast, the 
material obtained from silanized seeds present particles with sizes in the range 
100-150 nm, which are constituted by the tight packing of small crystalline 
primary units with sizes around 10-20 nm. 
Figure 3 and Table 1 illustrates both NL! adsorption isotherms and textural 
properties of the ZSM-5 and TS-1 samples. 
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Figure 3. NZ adsorption-desorption isotherms at 77 K of both reference samples (ZSM-5 (0) and TS- 
1 (0)) and materials prepared from protozeolitic units (ZSM-5 (8, 12) and TS-1 (5 ,  8)). 

ZSM-5 and TS-1 reference materials present a type I isotherm, typical of 
microporous materials with high adsorption at low relative pressure (Figure 3). 
They exhibit also a significant adsorption at high relative pressure indicating the 
existence of interstitial porosity, which is characteristic of samples with low 
crystal sizes. Interestingly, the samples prepared from silanized seeds exhibit N2 
adsorptions clearly higher than those of the reference samples, denoting that 
these materials possess and enhanced porosity. Moreover, this effect is more 
pronounced when the amount of silanization agent is increased. At intermediate 
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relative pressures, the N2 adsorption of two of the samples prepared by seed 
silanization is almost two fold higher than those of the reference materials. This 
result indicates that the grafting of the silanization agent causes a strong change 
in the zeolite porosity. The additional porosity arises from the void existing 
between the nanounits forming the aggregates observed in the TEM 
micrographs. 

The MFI materials obtained from silanized seeds present enhanced BET and 
external surface areas (Table 1). The enhancement in the values of these 
properties is more pronounced when a larger amount of PHAPTMS is added 
during the silanization step. Thus, the BET surface areas of the ZSM-5 and TS-1 
samples prepared using the highest amount of organosilane are exceptionally 
high for MFI zeolites: 698 and 634 m’ig, respectively. Likewise, the materials 
obtained by silanization of protozeolitic units present enhanced external surface 
areas. 

Table I .  Composition and textural properties of the zeolite samples 

PHAPTMS SBET SMIC SEXT V M l C  
Sample SilT” (wto/,) (mZ/s) (m’ig) ( d i g )  (cm3/g) 

ZSM-5 (0) 30 0 434 369 65 0. I62 
ZSM-5 (8) 34 7.3 555 410 145 0.182 

ZSM-5 (12) 36 12.8 698 499 199 0.220 
TS-I (0) 81 0 390 340 so 0.152 
TS-1 (5) 79 7.0 524 440 84 0.193 
TS-1 (8) 72 13.2 634 472 162 0.207 

a T = Al or Ti for ZSM-5 and TS-1 samples, respectively. 

For both ZSM-5 and TS-1 zeolites, Figure 4 compares the Ar adsorption- 
desorption isotherms at 87.4 K and the curves corresponding to the pore size 
distribution obtained by applying the NLDFT model. These results show that the 
ZSM-5 obtained from silanized seeds adsorbs larger Ar amounts at relative 
pressures above 5.10.’ compared to the reference sample. However, at lower 
relative pressures the standard nanocrystalline ZSM-5 presents a higher 
adsorption than the modified ZSM-5. This fact means that in the material 
synthesized from organohctionalized seeds the zeolitic microporosity is less 
significant although a higher overall pore volume is obtained. 

The application of the NLDFT model to these isotherms allows a complete 
pore size distribution to be derived. The maximum observed for the reference 
zeolites (ZMS-5 (0) and TS-1 (0)) at around 0.52 nm agrees well with the size of 
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the MFI micropores. For ZSM-5 and TS-1 samples obtained from silanized 
seeds (ZSM-5 (12) and TS-1 (S)), the height of this first peak is significantly 
lowered. This fact could be related to the smaller crystalline primary units of the 
silanized zeolites in regards to the reference materials, and it is consistent with 
the trend observed in the XRD patterns and TEM micrographs. As it has been 
previously reported [18], a reduction in the crystal size within the nanometer 
range implies that a net transformation of internal into external surface occurs. 
These changes are accompanied by a decrease in the zeolitic microporosity. In 
contrast, a new and broader peak is observed between 1.5-5.0 nm, revealing the 
presence of an additional porosity in the supermicroporellow mesopore region. 
This additional porosity is related to the voids existing between the 
nanocrystalline units, Therefore, the presence of a hierarchical porosity is 
confirmed in the zeolites obtained employing the seed silanization step, which is 
expected to increase the accessibility to the internal surface area. 

10 100 
Pore Width (A) 

Figure 4. Ar adsorption-desorption isotherms at 87.4 K (inset) and NLDFT pore size distribution, 
calculated using a cylindrical pore model, of the calcined samples. 
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4. Conclusions 

Perturbing the crystal growth of zeolites by organofunctionalization of 
protozeolitic units with organosilanes is an efficient method for the synthesis of 
MFI zeolites (ZSM-5 and TS-1) with enhanced textural properties. These 
materials exhibit a hierarchical pore network formed by an additional porosity in 
the range of the supermicropore/mesopore range in addition to the typical 
microporous zeolitic system. The generation of this secondary porosity is related 
to the silanization agent, which is anchored onto the zeolitic nuclei hindering 
both the crystal growth by aggregation of nanounits and the crystal densification. 
The degree of modification caused by the seed silanization treatment can be 
controlled by changing the amount of silanizating agent incorporated after the 
precrystallization step. The zeolitic materials prepared from silanized 
protozeolitic units present also enhanced BET surface area in regard to the 
cowentional MFI zeolite samples, reaching values over 600 m’/g, which are 
quite higher than that typical of this type of zeolites (around 400 m’/g). 
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SYNTHESIS AND CHARACTERIZATION OF Y/D COMPOSITE 
ZEOLITE AND ITS HYDROCRACKING PERFORMANCE 

XIWEN ZHANG'.~ QUN GUO' ZHIZHI ZHANG~ FENGXIANG  LING^ WANFU 
SUN' RUIFENG LI" 

I .  Key Laboratory of Coal Science and Technology, MOE, Institute of Special 
Chemicals, Taiyuan University of Technology 

Taiyuan, Shanxi, 030024, People's Republic of China 
2. Fushun Research Institute of Petroleum and Petrochemicals, SINOPEC 

Fushun, Liaoning, 113001, People's Republic of China 

A composite containing Y and B binary zeolite structures was synthesized through a 
one-pot procedure and characterized by PXRD, SEM, Nz adsorption-desorption, FT-IR, 
29Si MAS NMR and the catalytic testing. The XRD pattern for this composite shows the 
presence of characteristic peaks of Y and I3 zeolites. The core-shell structure of this 
composite was shown by SEM analysis. The zeolite composite exhibited higher catalytic 
activity and selectivity in the VGO hydrocracking than a physical mixture of Y and !3 
zeolites. 

1. Introduction 

To meet a strong continuing demand for the middle distillate products of 
improved quality, hydroprocessing (hydrotreating and hydrocracking) has 
emerged as the pivotal secondary refining process in modem petroleum refinery 
configuration, and the development of relative catalysts with high activity and 
selectivity is becoming exigent. 

In recent years, scientific interest has been directed towards the synthesis of 
composite molecular sieves (microporous-microporous and microporous- 
mesoporous) and study of their catalytic synergism [l-81. It has been 
demonstrated that composite molecular sieves combine the advantages of two 
type of molecular sieves and overcome the limitations of single materials, owing 
to the coexistence of both types of porosity and surface properties. This new type 
of materials has offered attractive features and exhibited obvious synergism in 
catalysis. 

Microporous zeolites are widely used as acid catalysts due to the fact that 
they possess several catalytically desirable properties such as high surface area, 
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adjustable pore size, acidity, and high thermal and chemical stability. Zeolites 
have been known as the most active and selective heterogeneous catalysts. In 
particular, zeolites B and Y are two of the most unbeatable catalysts in catalytic 
cracking and hydrocracking. A composite zeolite with two-fold pore structure 
combines advantages of both materials and possibility of synergism in catalysis. 
In the present work, a composite of zeolites Y and I3 (denoted as Y/ B composite) 
was prepared and characterized, and its catalytic performance was tested in the 
VGO (Vacuum Gas Oil) hydrocracking reaction. 

2. Experimental 

The Y1l3 composite was prepared in a Teflon-lined autoclave under static 
hydrothermal conditions by a two-step procedure. Firstly, NaY was prepared by 
a direct agent method. A direct agent with the molar ratio of 
13Na20:15Si02:Al2O3:320H2O, was prepared by adding 11.13 g of sodium 
hydroxide, 32.55 ml of water glass (NazO 1.74 mol/L, SiOz 8 moVL, Qingdao 
Haiyang Chemical Company) and 5.82 ml of sodium aluminate (Na20 4.39 
mol/L, A1203 2.98 mol/L) to 65 ml of deionized water, and aging at 35 "C for 24 
h. Then NaY zeolite was prepared by adding 30 ml of water glass, 2.5 ml of 
H2S04 (lmol/L), 9.4 ml of sodium aluminate, and 3 ml of directing agent to 60 
ml of deionized water under vigorous stirring, and being crystallized at 90 "C 
for 24 h. Then it was cooled to room temperature. Secondly, 18 g of 
tetraethylammonium bromide (TEABr, Beijing Xingbida Chemical Company), 6 
ml of ammonia and 35 ml of deionized water were added to the mixture 
containing NaY made at the first step. pH value was adjusted to 13 by adding 1 
mol/L H2S04. Finally, the mixture was heated at 140 "C for 4 days. The 
crystalline product was filtered, washed with distilled water, dried at 100 "C and 
calcined for 5 h at 500 "C. 

Powder X-ray dieaction (PXRD) data were recorded using a Rigaku 
diffractometer with CuKa radiation. The nitrogen adsorption-desorption 
isotherms were determined by Micromeritics ASAP2400 at 77 K. All samples 
were outgassed at 573 K under a vacuum for 4 h prior to the analysis. Specific 
surface area was determined by BET equation, and the microporous structure 
was obtained by the t-plot analysis. IR spectra were obtained on a Bio-Rad 
spectrometer using KBr pellets. '9Si MAS NMR was performed on a Bruker 
AV400 spectrometer equipped with a 4 mm double resonance MAS probe at a Si 
frequency of 79.457 MHz. SEM was carried out on a JEOL JSM-6301F 
scanning microscope. X-ray energy dispersive spectroscopy was carried out on 
Oxford-Link ISIS. Hydrocracking process was performed on a pilot test 
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installation with 100 ml fixed-bed. Iran VGO was employed as the feedstock for 
model catalyst testing. Experimental conditions were as follows: total pressure, 
15.7 MPa; WHSV = 1.5 h-'; and H2/hydrocarbon molar ratio, 1500. Two 
temperatures were adopted, 385 "C and 382.5 "C. All data were collected during 
0.75 h on stream. 

4. Results and discussion 

5 10 15 20 25 30 35 

2 theta (degree) 

Figure 1. Powder XRD patterns for the samples obtained using different time during second-step 
crystallization process: (a) 48 h, (b) 72 h, (c) 96 h, (d) 120 h, (e)  144 h 

Figure 1 shows XRD patterns for as-synthesized samples during the second- 
step crystallization process. Zeolite R phase appears in Figure 1 (a, b) and its 
relative amount in the composite increases with increasing crystallization time, 
which is shorter than 72 h. Hence the ratio of Y and I3 zeolites in the composite 
can be adjusted by controlling crystallization time. All characteristic peaks of Y 
and R zeolites are observed in the YIR composite zeolite, reflecting the 
coexistence of Y and L3 binary zeolites. However when crystallization time 
exceeds 72 h, the resulting materials are mainly Y ,  R and the other zeolites such 
as zeolite P and analcime. As crystallization of I3 is completed, zeolite Y would 
begin to transform partly into analcime and P zeolites. Finally only analcime, 13 
and other stable inorganic phases are left. Unwanted zeolite phase could be 
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avoided by controlling crystallization time and pH value, just as reported in 
literature [3]. On the other hand, the unwanted zeolite P and analcime could be 
avoided by controlling the amount of silicon in the bulk liquid. The existence of 
a small amount of aluminum and alkali in as-prepared solution containing NaY is 
very beneficial to the crystallization of 13 zeolite, so as to shorten the 
crystallization time of I3 phase. 

I I I I 
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Figure 2. Nz adsorption-desorption isotherm for Y/D composite 

Table 1. Properties of the YiD composite and Y zeolite. 

a: multipoint BET surface area; b: t-plot method; c: p/po-0.98 

Nz adsorption-desorption isotherm for a typical Y/D zeolite composite is 
shown in Figure 2. It is essentially type I isotherm, which is characteristic for 
microporous materials, with a small hysteresis loop indicating a small 
mesoporosity. The initial adsorption step at low relative pressure indicates 
complete filling of micropores. The resulting composite has a BET surface area 
as high as 625 m'/g and a micropore volume of 0.198 cm3/g. In comparison to 
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single zeolite Y, the surface area and pore volume of the composite are smaller 
than the corresponding values of the former. However, the external surface area 
of composite increases, which may be due to the formation of nano zeolite B on 
the surface layer (see Table 1). 

I 
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Figure 3. JR spectra for Y zeolite (a), composite (b) and B zeolite (c). 

The FT-IR spectra for zeolites Y, B and the composite are shown in Figure 
3. Apparently, all the major peaks of zeolites Y and 13 could be distinguished in 
the spectrum of the composite, although the peak position and height are not 
completely identical. The peaks at 440 cm-l - 460 cm-' are assigned to the 
structure insensitive internal TO4 (T = Si or Al) tetrahedral bending vibrations; 
the peaks at 540 cm-' - 560 cm-l are attributed to the double ring external 
linkage vibrations [9,10]; The peaks at 660 cm-' - 670 cm-' are assigned to 
internal tetrahedral symmetrical stretching vibrations and the peaks at 740 cm-l - 
760 cm-' are assigned to the external linkage symmetrical stretching vibrations. 
The peaks around 1639 cm-l are assigned to the hydration of the sample and - 
OH vibrations. The peaks at 940 cm-' and 1120 cm-' (Figure 3a) are assigned to 
the internal tetrahedral asymmetrical stretching vibration and external linkage 
asymmetrical stretching vibration of Y zeolite, respectively [ 111. In comparison 
to the Y zeolite, the peak assigned to the internal tetrahedral symmetrical 
stretching vibration, is divided into two peaks at 970 cm-' and 1060 cm-' (Figure 
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3b), which are assigned to the internal tetrahedral asymmetrical stretching 
vibrations of Y and B zeolites, respectively. The observed shif? toward high 
wavenumber in the structure sensitive asymmetric stretching vibrations from 940 
cm-' to 970 cm-' and from 1040 cm-' to 1060 cm-' indicates that I3 and Y zeolites 
in the composite have higher SiIA1 ratio than pure Y and B zeolites [l 13. 
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Figure 4. 29Si MAS NMR spectra for Y zeolite (A) and composite (B). 

'9Si MAS NMR spectra of the composite and zeolite Y are shown in Figure 
4. The framework Si/Al ratio is calculated by deconvolving '9Si MAS NMR 
spectra. Using Gaussian line shapes, five lines of Si(nAl) (n=O, 1, 2, 3, 4) sites 
are deconvolved from the spectra of Y zeolite. 29Si MAS NMR peaks positioned 
at chemical shif? values of 6 -83.8, -88.25, -93.3, -98.14 and -102.4 are assigned 
to the Si coordination environments Si(4Al), Si(3A1), Si(2Al), Si(lA1) and 
Si(OAl), respectively [l l] .  For zeolite Y, the framework SUAl ratio of 1.7 is 
determined according to NMR, the value is close to the result from chemical 
analysis. For the YIB composite, the complexity of Si coordination environment 
increases obviously; there exist many resonances of defect sites in this 
composite. Also, Si(4Si) environment is found to be dominant compared with Y 
zeolite (Figure 4a). The peaks at -84.66, -89.41, -94.87, -97.84 corresponding to 
the respective Si coordination environments Si(4Al), Si(3AI), Si(2Al) and 
Si(1Al) are observed; as well as peaks at -102.69, -107.63, -110.42, -112.79, 
corresponding to the equivalence sites of Si(4Si) [11,12-141 and peaks at -92.85 
and -104.14 corresponding to Si(2Si, 20H) and Si(3Si, 10H) [14, 151 appear, 
respectively. The Si/Al ratio of the framework calculated from the spectra is 
11.05, which is a little higher than that fiom chemical analysis (%/A1 = 10.09). 

A core-shell type morphology for the YIB composite is shown on the SEM 
images (Figure 5). Y zeolite is enwrapped by 13 zeolite. The core and the shell 
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are both confirmed by X-ray energy dispersive spectroscopy. The morphology of
the Y/B composite varies as that of Y zeolite. They don't look like octahedral (as
usually NaY), but like cylinder or spheroid particles. Different transects of the
Y/6 composite are present in Figure 5, including the un-enwrapped (Y zeolite),
the semi-enwrapped and fully-enwrapped. The B zeolite shell is composed of
many nanoparticles, and the nanoparticles look like laminar hexagons. It is also

observed that the hollow 6 zeolite shell is present, although it is very little. It
indicates that Y zeolite has been consumed or separated from B zeolite shell by
grinding and ultrasonic shake before SEM analysis is done. Many near-spheroid
Y zeolite and some scattered zeolite B granules could be observed. Many
researchers have mentioned that the shell of core-shell type composite zeolite is
fragile [16]. The scattered zeolite B granules which could be found in the Y/B
composite are probably separated from the composite zeolite by grinding and
ultrasonic shake. Different procedures of reactants added in the second step have
no impact on the morphology of the composite zeolite.

Figure 5. SEM images of the Y/B composite

Hydrocracking process is a refinery process for producing light fuels from
heavy petroleum feedstock by cracking large hydrocarbon molecules in the
presence of hydrogen. Here the catalytic performance of Y/B composite zeolite
for hydrocracking of VGO is evaluated in the pilot test, and compared with that
of the corresponding mixture of Y and B zeolites. The properties of feedstock
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and reaction conditions are listed in Table 2 and Table 3. Composite shows an 
enhanced activity based on benchmark of mixture under the reaction temperature 
on the composite lower 2 "C than that on the mixture, provided that the 
conversion percentage is almost kept constant. Moreover, middle distillate 
selectivity of the composite is 2.69% higher than that of the mixture (see Figure 
7). Hydrocracking product distribution is shown in Figure 6. More jet fuel and 
diesel oil are produced on the composite than that on the mixture. The properties 
of different distillates are listed in Table 4. Aromatization index of heavy 
naphtha obtained on the composite is 2.09 higher than that on the mixture. Arene 
content in jet fuel is 3.5% higher, solidifying point of diesel oil is 4 lower and 
cetane index is 7.05 higher. Obviously most of the properties of different 
distillates obtained on the composite are better than those on the mixture, except 
for the properties of tail oil. 

Table 2. Properties of feed oil 

Feed oil Iran VGO 
Density (20 "C), g/cm3 0.9130 
Distillation range, "C 3361542 
CCR, m% 0.39 
S, m% 1.59 
N, w g  -' 1700 
Refractive, nD70 1.4835 
BMCl index 45.9 

Table 3. Reaction conditions 

Catalysts Mixture Composite 
Hvdrogen oressure. MPa 15.7 
I - .  

Ratio of hydrogen to oil 
LHSV, h-' 1.5 
Temperature, "C 385 382.5 

1500:l 

Mixture Composite 

Figure 6. Hydrocracking product distribution Figure 7. Middle distillate selectivity 
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Table 4. Properties of different distillates 

Catalyst Mixture Composite 
Heavy naphtha 
Density(20 "C), g/cm3 0.7385 0.7403 
Aromatization index, m% 60.10 62.19 
Jet fuel 
Density(20 "C), g/cm3 0.8046 0.8111 

Smoking point, mm 26 26 
Arene content, v% 3.4 6.9 
Diesel oil 
Density(20 "C), g/cm3 0.8325 0.8385 

Cetane number 64.0 71.05 
Tail oil 
Density(20 "C), g/cm3 0.8452 0.8439 

BMCI index 12.9 13.5 

Freezing point, "C <-60 <-60 

Solidifying point, "C -4 -8 

CCR m% <0.01 <0.01 

The above results have indicated that the composite zeolite is an advantage 
in the heavy oil catalytic cracking reaction. The core-shell structure of the 
composite zeolite might be benefit VGO transformation during the course of the 
cracking reaction. This suggests that Y and R zeolites in the composite exhibit a 
synergy effect due to the interfacial effect and the defect sites created by 
crystallization. 

4. Conclusion 

The Y/I3 composite zeolite is synthesized by a one-pot procedure. Unwanted 
zeolites accompanying the transformation of Y zeolite to I3 zeolite could be 
avoided by adjusting the pH value and crystallization time and by controlling 
amount of silicon. Due to the presence of I3 zeolite, the surface area and pore 
volume of the composite zeolite are smaller than those of zeolite Y .  The SVA1 
ratio increased intensely in the composite zeolite, and consequently many defect 
sites were created in the Y/R composite. As-synthesized sample exhibited a core- 
shell type morphology. In comparison to a physical mixture of Y and I3 zeolites, 
the composite zeolite showed higher activity and enhanced middle distillate 
selectivity when VGO is used as a feedstock for hydrocracking process due to 
the interfacial effect and defect sites present in the Y/R composite. 
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PHOTORESPONSIVE MESOPOROUS ORGANOSILICA WITH 
MOLECULAR ORDER IN THE PORE WALLS 
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A bridged photoresponsive arylorganosilane 1,4’-bis(triethoxysilyl)azobenzene was used 
as a new precursor for the surfactant-assisted synthesis of PMO. For the first time, 
palladium catalyzed silylation using triethoxysilane was used for the preparation of PMO 
precursor from its iodo-derivative. The novel organosilica material with pore diameter of 
39 8, and specific surface area of 384 m2/g also exhibits molecular scale periodicity 
within the pore walls. Reversible trans-to-cis isomerization of the azobenzene moieties 
integrated in the framework indicates that the organosilica remains flexible enough to 
undergo such contractions under UV irradiation. The photoisomerization is shown not to 
be limited to materials with chromophores diluted in silica. 

1. Introduction 

Periodic mesoporous organosilicas (PMOS) are prepared by condensation of 
organosiloxane precursors [(R0)3Si-L-Si(OR)3; L = organic spacer] in the 
presence of supramolecular structure-directing agents provided that L group is 
sufficiently rigid and the Si-L bond is stable under the synthesis and the template 
extraction conditions [ 11. 

To expand the range of applications various organic functional groups have 
been incorporated into the silica framework by means of two or three terminal 
silyl groups; however, the organic spacers consisted mainly of simple species 
that serve primarily ‘passive’ roles such as reducing the dielectric constant of the 
framework or enhancing hydrophobicity [2]. 

Immobilization of novel intrinsic functionalities in the silica matrix gives 
possibility of providing new functional materials with unexpected properties [3]. 
Azobenzene is a well-known photosensitive chromophore that undergoes 
photoinduced and thermal geometric isomerization. Materials with azobenzene 
as the organic linker could be prepared with motivation of producing light- 
controlled functional materials. 

Photoresponsive materials containing azobenzene functionality, including 
surface modified mesoporous silicas, are widely studied [4]. Self assembly of 
organosilicas derived from an azobenzene-bridged silsesquioxane was studied by 
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X-ray diffraction [4a]. Optical control of d-spacings corresponding to lamellar 
mesostructures of the trans and cis isomers was achieved through 
photoisomerization of the azobenzene moiety before or after assembly. The 
photo and thermal responsiveness was also evidenced by UV-vis spectroscopy 
for azobenzene derivatives grafted inside the channels of mesoporous silica films 
[4b]. Changing the length of the grafted moiety by photoisomerization enabled 
dynamic photocontrol of the pore size and hence regulated mass transport 
through the thin film [4c]. Immobilization of small amounts of azobenzene 
derivatives in a mesoporous silica matrix through co-condensation with TEOS 
was achieved while maintaining the photoswitchable property [4d]. 

2. Experimental 

Coupling of 4-iodoaniline afforded 4,4'-diiodoazobenzene [ 5 ] .  The 
corresponding arylsilane was then synthesized via palladium catalyzed silylation 
of alkenyliodide with triethoxysilane [6]. The use of hydrotriethoxysilane instead 
of tetraethoxysilane, led to higher yield [7]. The corresponding porous 
organosilica was prepared by self-assembly of the precursor in the presence of 
cetyltrimethylammonium bromide (CTAB) in basic aqueous medium. 

2.1. Synthesis of bis(triethoxy1silyl)azobenzene (BTSAZB) 

A Schlenk flask was charged with Pd2(dba)3-CHC13 (80 mg, 0.08 mmol), P(o- 
t01)~ (91 mg, 0.30 mmol), iodoazobenzene (1 g, 2.45 mmol) and NMP (20 mL; 
distilled from CaH2 before use). The reaction vessel was purged with nitrogen, 
subsequently i-PrzNEt (2.6 mL, 15 mmol) and triethoxysilane (1.24 g, 7.5 mmol) 
were added via syringe. The mixture was stirred for 1 h at room temperature, 
then at 70 "C for 5 h. The reaction mixture was taken up in chloroform, extracted 
three times with water, dried and concentrated. Purification by column 
chromatography (hexanes:ethanol = 9:l) afforded 410 mg (32% yield) of pure 
product as orange oil. 'H NMR (400 MHz, CDC13): d 1.27 (t, 18H, 
SiOCH2CH3), 2.15 (9, 18H, SiOCH2CH3), 7.4-8.0 (Arm; I3C NMR (100 MHz, 
CDC13): d 18.3 (SiOCH2CH3), 58.9 (SiOCH2CH3), 122.7, 129.1, 135.7 and 
152.7 (Arc); "Si NMR (99.4 MHz, CDC13): d -58.3. 

2.2. Synthesis of azobenzene-bridged organosilica 

This material was prepared using BTSAZB as precursor and CTAB as template. 
The synthesis mixture had the following molar composition 
BTSAZB/CTAB/NH,OH/H,O/EtOH: 0.5/0.24/16/327/16. Initially the surfactant 
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was dissolved in water containing NaOH and after complete dissolution, the 
precursor dissolved in ethanol was added at room temperature. An orange 
precipitate appeared upon stirring. After 30 minutes of stirring, the temperature 
was raised to 80 "C and the mixture aged for another 4 days under static 
conditions. The solid product separated by filtration was dried at ambient 
conditions and the surfactant removed by two consecutive solvent extractions 
with acidified ethanol. Samples containing BTSAZB in mole fractions of 80%, 
60%, 40%, 20% and 0% as a mixture with TEOS were also prepared. 

2.3. Characterization 

Powder X-ray diffraction (XRD) analysis was performed using a Philips 
PW3710 diffractometer operated at 45 kV, 40 mA, with CuKa radiation, 0.02" 
step size and 1 .O s accumulation time per step. Nitrogen sorption isotherms were 
determined with a Coulter Omnisorp 100 gas analyzer at 77 K. UV-visible 
spectra were recorded with a Varian Cary 300 spectrometer. The weight loss 
curves were recorded on a TGA thermogravimetric analyzer (model QSOO-TGA, 
TA Instruments) coupled with a 1-300 amu mass spectrometer (Thermostar, 
Pfeiffer Vacuum). Samples were heated from ambient temperature to 1000 OC at 
a heating rate of 15 "Cimin. The flowing gas was switched from nitrogen to air at 
the temperature of 900 "C. Raman spectra of materials were collected with a 
HORIBA Jobin YvonLabRam-IR HR800 system. The powdered samples were 
irradiated with a Ar-ion laser (h  = 785 nm), and the backscattered radiation was 
collected thought a lOOx objective lens and detected by a CCD camera. 

3. Results and discussion 

The condensation of 1,4'-bis(triethoxysilyl)azobenzene in the presence of 
CTAB as a template resulted in mesoporous organosilica material with a low 
angle Bragg-diffraction peak at 28 = 2.7" attributed to the occurrence of a 
mesophase. Assuming hexagonal symmetry (a = 2dloo/V3), this was found to 
correspond to a lattice constant (a) of 39 A. The extracted product revealed a 
higher intensity, but broader low angle peak indicating that although the 
mesoporous order was retained within the sample, the pore size distribution 
widened. The XRD patterns lack the higher order reflections required to confirm 
the occurrence of hexagonal symmetry. In addition to the small angle diffraction 
a series of broad but distinct peaks appeared at higher angles (see arrows in Fig. 
l), indicative of the occurrence of molecular order within the pore walls. 
Although, increasing the TEOS content form 0% to 20% gave rise to improved 
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periodic organization (Table l), it understandably decreased the molecular order 
within the sample. 

0 5 10 15 20 25 30 
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Figure 1. X-ray diffraction pattem of the extracted organosilica samples: a) loo%, b) 60%, c) 20% 
and d) 0% of BTSAZB. 

Table 1. Structural properties of the mesoporous materials. 

organosilicaiTEOS % of organics SBET Vta d211 

molar ratio calculated from TGA (m2g-l) (cm'g-I) (nm) 
100 63.4 69.1 384 0.58 3.9 
80 60.2 60.5 430 0.52 3.7 
60 55.5 59.8 47 1 1.23 4.2 
40 48.1 45.9 125 1 .oo 3.9 
20 34.3 26.0 934 0.53 4.4 
0 0 _ _  869 0.72 4.2 

The nitrogen adsorption isotherm featured quite broad hysteresis loop 
confirming the occurrence of mesopores (Fig. 2) .  The BET surface area was 384 
m'/g and the total pore volume was 0.58 cm3/g. 



113 

400 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 

Relative Pressure (PIPo) 

Fibwre 2. Adsorption isotherm of the azobenzene-bridged organosilica. 

The structure of the obtained organosilica was confirmed by means of NMR 
data. The '9Si NMR spectrum (Fig. 3) resembles a typical spectrum for bridged 
mesoporous organosilica [S]. It consists of a major T3 (-79 ppm) resonance and a 
weak T' (-70 ppm) resonance representative of Si species covalently bonded to 
carbon atom. The presence of trace amount of the non functionalized Q species 
which occur between -90 and -120 ppm is interpreted as the sign of condensation 
of residual triethoxysilane in the monomer as a separate silica phase. The 
number of aromatic resonances in I3C cross polarization MAS NMR spectrum is 
in accordance with the four distinct carbon atoms of the azobenzene moiety. This 
indicates that the azobenzene species and the Si-C bonds remained intact during 
the material synthesis. 

3 2 3  
2 I. 1-4 

r' 

300 250 200 150 100 50 0 -50 0 -50 -100 -150 

PPm PPrn 

Figure 3. 29Si and "C CP MAS NMR of the azobenzene-bridged PMO. 
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The thermal stability of the materials, as evaluated by TGA, was used for 
quantitative verification that the framework consists of the same relative amount 
of organo-bridged siloxane as predicted based on the composition of the 
synthesis mixture. High thermal stability of the material was observed as no 
substantial thermal degradation was detected under flowing nitrogen up to 320 
"C. The total weight loss of 69.1 % found between 300 "C and 1000 "C is 
attributed to the decomposition of the bridging organic groups. This 
experimental value is in acceptable agreement with the calculated content (63.4 
%) of azobenzene groups based on a framework composition of 03/2Si-C4H6- 
N=N-C4H6-Si03/2. The percentages of the azobenzene incorporated in the 
samples with TEOS also agree with the calculated values based on the initial 
BTSAZB to TEOS ratios (Table 1). The decomposition temperature was higher 
than that of the materials prepared via surface modification which underwent 
decomposition of the organic moieties between 140 and 620 "C [4]. 

The Raman spectrum of the pure organosilica sample (Fig. 4) revealed 
distinctive features of motions related to azobenzene moiety. The Raman 
scattering features in the 1400 cm" has been unambiguously identified from its 
strong appearance as the -N=N- stretching fi-equency [9]. Whereas, in-plane 
benzene ring vibrations and C-H out-of-plane bending bands appear at 1593 cm-' 
and 999 cm-' respectively. 

400 1 

I 

900 1000 1100 1200 1300 1400 1500 1600 1700 

Wavenumber (cm-I) 

Figure 4. Resonance Raman spectrum of azobenzene-bridged PMO. 
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Once the photochemical behaviour of precursor in solution was confirmed 
by UV-vis spectroscopy, the photo-responsiveness of azobenzene moieties 
within the organosilica fiamework was characterized. The spectrum of the 
material exhibited an absorption band at 225 nm (Lm of p -p* transition of the 
trans isomer) and a weaker band at 450 nm (due to n-p* transition of the cis 
form). UV-A lamps with overall power of 8 W were used as a light source and 
the absorption spectra of the irradiated sample were recorded 5 minutes after 
switching the light source off until the difference in absorbance was minimal. 

trans \ 

0 4  
250 300 350 400 450 500 550 600 650 

Wavelength (nm) 

Figure 5. UV-vis absorption spectra of the organoslica sample (a) before exposure to UV-A for 30 
min and (b) 5 min, (c) 30 min, (d) 1 h, (e) 3 h and (f) 1 day after the exposure. 

The exposure time of 15 minutes was sufficient to trigger evident trans-to- 
cis isomerization. Figure 5 shows typical photoresponse of the azobenzene 
material irradiated for 30 minutes. Upon UV irriadiation the intensity of the band 
at 225 nm was pronounced and that of the 450 nm band reduced signifying trans 
population decay. Gradual reversion of the cis isomer to the thermodynamically 
more stable trans isomer occured after the exposure to the room light. The initial 
trans population was nearly restored after 1 day. Alternating exposure of the 
sample to UV and visible light showed repeatability and reversibility of the 
process. The photoresponsiveness of azobenzene functional groups supported on 
silica was found to be relatively smaller (not shown) suggesting that the 
pronounced isomerization of azobenzene-moieties within 100% PMO is perhaps 
induced by initial changes in cisltrans population and it is not affected by the 
possible restrictions in mobility of the molecules. 
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In this study, we present an ultra-fast hydrothermal synthesis of diastereoselective pure 
periodic mesoporous organosilicas (PMOs) with outstanding properties. This was 
realized by means of developing and applying the E-diastereoisomer of 1,2- 
bis(triethoxysily1)ethene (- 100 % 0, by adapting a more efficient extraction procedure 
for the polymeric template pluronic P123 and by fine-tuning the reaction conditions. 
This hydrothermal synthesis procedure gives way to developing PMOs in a manner much 
faster than usually known, while maintaining high surface areas, large pore volumes and 
narrow pore size distributions. 

1. Introduction 

The field of ordered mesoporous materials, studied by scientists over the globe, 
only took form since, in 1992, researchers of the Mobil Oil company had the 
ingenious idea of performing sol-gel chemistry in the presence of a liquid crystal 
template [ 1,2]. Within the following decade, several thousands papers and 
several books appeared in the area of periodic mesoporous materials. An 
important part of these research efforts went into the development of new types 
of ordered mesoporous materials with organic functions. 

Recently, since 1999, these type of materials were expanded with the 
introduction of periodic mesoporous organosilicas [3-51. These relatively novel 
materials are synthesized via the direct condensation of bridged 
organobissilanes, most commonly (R0)3Si-R’-Si(OR)3. PMOs are very unique 
and promising inorganic-organic hybrid materials that combine the structural 
features of ordered mesoporous silicas with the chemical functionality of organic 
groups [3-91. The use of bridged organosilanes gives way to ordered 
mesostructures with very high organic content, while maintaining very narrow 
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pore size distributions, high surface areas and large pore volumes. Moreover, the
organic functions are homogeneously distributed and are an intrinsic part of the
pore walls. However, the required rigidity of the PMO pore walls implies that
the organic functionality of the bridged organobissilane has to consist of a rigid
structure, either as a short chain or as a small cyclic or aromatic system. For this
reason, the range of suitable PMO-precursors is limited. The scope of PMOs can
be expanded though, either by combining the use of rigid bridged
organobissilanes and mono-organosilanes or by altering the PMO-functionality
through post-synthesis modifications.

To date, the majority of literature reports on PMOs are concerned with
ethylene-bridged PMOs, probably due to the wide commercial availability of
bis(triethoxysilyl)ethane. However, the organic ethane function offers limited
possibilities in terms of chemical modification. From this perspective,
ethenylene-bridged PMOs offer much more possibilities by means of olefin
chemistry. Only a handful of publications on ethenylene-bridged PMOs have
been reported though [3,10-17].

In this contribution several aspects concerning the synthesis of
diastereoselective pure ethenylene-bridged PMOs using Pluronic PI23 as a
template, are presented.

H S

<E*H,SI 11

Herein the first synthesis procedure for the diastereoselective pure .E-isomer of
1,2-bis(triethoxysilyl)ethene is introduced. A strategy to drastically reduce the
synthesis time and an improved extraction procedure for polymeric templates is
also covered.

2. Experimental

2.1. Chemicals

Vinyltriethoxysilane (VTES), (PCy3)2Cl2Ru=CHPh, RuCl2(PPh3)3, Pluronic
PI23 (EO2oPO7oEO2o), and TEOS were obtained from Aldrich.
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2.2. Classic synthesis of 1,2-bis(triethoxysilyl)ethene 

1,2-bis(triethoxysiIyl)ethene (BTSE) was prepared via metathesis of VTES with 
RuC11(PPh3)3, according to a method described by Marciniec et al. In a typical 
synthesis, RuCI?(PPh& (O.O51g, 0.053 mmol) and VTES (10.086 g, 0.053 mol) 
were added to a Schlenk flask under argon. After stirring and refluxing for 24 h, 
unreacted VTES was distilled off. Subsequently, BTSE was vacuum distilled to 
give a clear colourless liquid. Yield: 6.25 g (67%). BTSE was identified by 'H 
and I3C NMR and GC-analysis as a diastereoisomeric mixture (- 80 % E).  

2.3. Synthesis of the diastereoselective pure E-isomer of 1,Z- 
bis(triethoxysilyl)ethene 

For the synthesis of the diastereoselective pure E-isomer of 1,2- 
bis(triethoxysily1)ethene (E-BTSE), the Grubbs' frst-generation catalyst was 
used. In a typical synthesis of E-BTSE, ( P C Y ~ ) ~ C ~ ~ R U = C H P ~  (0.0535 g, 0.065 
mmol) and VTES (42.95 ml, 0.2038 mol) were added to a Schlenk flask under 
argon. The mixture was left to stir for one hour and subsequently refluxed for an 
additional hour. Unreacted VTES was distilled off, after which E-BTSE was 
vacuum distilled to give a clear colourless liquid. Yield: 33.8 g (94 %). E-BTSE 
was identified by 'H and 13C NMR and GC-analysis as a diastereoisomeric pure 
product (- 100 % E ) .  

2.4. Preparation of ethenylene-bridgedperiodic mesoporous 
organosilicas 

In a typical synthesis procedure, 1.00 g of Pluronic P123 was diluted in an 
acidified solution containing 47.80 ml of H20, 3.42 ml of concentrated HCl and 
2.45 ml of BuOH. The solution was stirred at room temperature for 1.5 h upon 
which 1.86 ml of the homemade E-BTSE was added. The final reactant molar 
composition was: P123:E-BTSE:HCl:HIO:BuOH = 1:29.27:237.8:16098: 155. 
This solution was stirred for 4 h at 35 "C and successively aged for an additional 
16 h at 90 "C under static conditions. The mixture was left to cool down to room 
temperature after which the precipitated PMO was filtrated and washed with 
distilled water. The surfactant was removed by means of soxhlet extraction using 
acetone over a period of 5 h. 

To investigate the influence of several co-solvents (ethanol, propanol, and 
butanol) on the morphology, the co-solvent was varied while keeping the other 
reaction parameters constant. Besides the type of co-solvent, the influence of co- 
solvent concentration and acidity were investigated. 
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2.5. Preparation of SBA-15 

SBA-15 was synthesized according to the following procedure: a mixture of 
12.01 g of P123, 381.00 g of distilled H 2 0  and 69.62 g of concentrated HCl 
were mixed for 1.5 h at 45 "C after which, 25.50 g of TEOS was added and left 
to stir for an additional 6 h. The fmal reactant molar composition was: 
P123:TEOS:HCI:HzO = 1:59.1:341.4:11389. This solution was subsequently 
aged at 80 "C for 15 h under static conditions. The mixture was left to cool down 
to room temperature after which the precipitated silica material was filtrated and 
washed with distilled water. 

To investigate the efficiency of several organic solvents (dichloromethane, 
chloroform, acidified ethanol, ethyl acetate, isopropanol and acetone) for the 
extraction of the polymeric template, the surfactant-containing SBA- 15 material 
was divided in portions. The surfactant was removed by means of soxhlet 
extraction using the respective solvents over a period of 5 h. One portion of the 
surfactant-containing SBA- 15 material was calcined in a temperature controlled 
oven of which the temperature was razed from 25 "C to 550°C at 2 "C/min, 
followed by a 6 h treatment at 550 "C. 

2.6. Bromination of ethenylene-bridged PMOs 

The accessibility of the C=C double bonds in the ethene-PMOS was investigated 
by means of a bromine addition reaction. The PMOs were treated with bromine 
vapour under vacuum at 35 "C for 2 h. Physisorbed bromine was removed under 
vacuum at 90 "C, overnight. 

2.7. Characterization 

X-ray powder diffraction (XRD) patterns were collected on a Siemens D5000 
Diffiactometer with Cu Ka radiation with 0.1541 8 nm wavelength. Nitrogen 
adsorption experiments were performed at 77 K using a Belsorp-mini I1 gas 
analyzer. Samples were vacuum dried overnight at 90 "C prior to analysis. The 
specific surface area, SBET, was determined from the linear part of the BET plot 
(P/Po = 0.05-0.15). The pore size distribution, PSD, was calculated from the 
desorption branch using the BJH (Barett, Joyner and Halenda) method. Scanning 
electron microscopy (SEM) images were collected on a Quanta 200 FEG 
instrument from FEI. FT-Raman and DRIFT spectra were acquired on an 
Equinox 55s hybrid FT-IWFT-Raman spectrometer with a Raman module FRA 
106 from Bruker. The spectrometer is fitted with a Nz-cooled germanium high 
sensitivity detector D418-T and a N2-cooled MCT-B detector. The Raman 



121 

spectra were recorded from 0 to 3500 cm-'. Everything below 50 cm-', including 
Rayleigh scattering was filtered away, The Raman laser wavelength used 
throughout this study was the 1064 nm line of an air cooled diode pumped 
neodymium yttnum aluminium garnet laser (Nd:YAG). The laser power was 
manually set to 300 mW. The FT-IR module was fitted with a temperature and 
pressure controlled DRIFT-cell. All DRIFT measurements were performed 
under vacuum. The spectra were recorded from 0 to 3500 cm". The 'H and I3C 
liquid NMR spectra were collected on a Varian Unity-300 spectrometer. GC 
analysis was conducted on a Finnigan Trace GC ultra, equipped with a standard 
FID detector. A wall coated open tubular column with a length of 10 m, an 
internal diameter of 0.10 mm and a coating of 0.40 pm (5 % diphenyl and 95 % 
dimethyl polysiloxane) was used. 

3. Results and discussion 

3.1. Diasterioselectivepure ethenylene-bridged PMOs: role of catalyst 

In our effort to catalytically obtain a pure isomer of 1,2-bis(triethoxysilyI)ethene, 
several catalysts were probed. Ultimately the best results were obtained with the 
commercially available Grubbs' frst-generation catalyst (PCy&C12Ru=CHPh. 
By employing merely 0.032 mol% of catalyst, E-BTSE was acquired in one step 
with a yield of 94 %, without further purification being necessary. 

3M)u 2500 2000 lSU0 1000 

Wavenumber cm-1 

Figure 1. Raman spectra of ethenylene-bridged PMOs synthesized with (a) BTSE (80 % E )  and (b) 
E-BTSE (1 00 % E). 

The resulting ethenylene-bridged PMOs, synthesized using BTSE and E-BTSE 
were analyzed by means of FT-Raman spectroscopy. Figure 1 gives the Raman 
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spectra of (a) a diastereoselective pure PMO, and (b) a PMO consisting of a 
mixture of two diastereoisomers (80 % E). 

As can be seen in figure 1, both Raman spectra exhibit intense peaks at 2956 
cm-l, 1575 cm-' and 1301 cm-'. These peaks can be assigned to the C-H stretch 
vibration, C=C stretch vibration and the in-plane C-H deformation of the E- 
isomer, respectively. The peaks at 3039 cm-l and 1428 cm-l, visible in spectrum 
(a), can be assigned to the Z-isomer of the diastereoisomeric mixture. 

3.2. Optimization of the template extraction procedure 

The extraction of pluronic P123 was investigated and evaluated by means of FT- 
Raman spectroscopy. To exemplify the efficiency, the solvent extraction was 
initially studied for SBA-15. This inorganic ordered mesoporous material, with 
similar morphological and structural features as our PMOs, has no active Raman 
vibrations. Therefore, the vibrations resulting in bands in the Raman spectra can 
be assigned exclusively to the surfactant template. Figure 2 gives the Raman 
spectra (C-H stretch region) of as-synthesized, solvent-extracted (5 h, soxhlet) 
and calcined SBA- 15. 

YO0 3200 3000 2800 2600 2400 

Wavenumber [em-'] 

Figure 2. Raman spectra of SBA-15: (a) calcined, (b) acetone-extracted ( 5  hours), (c) ethanol- 
extracted ( 5  hours), (d) as-synthesized. 

As can be seen from figure 2, acetone is more efficient for the extraction of P123 
than acidified ethanol. In table 1, the efficiency of several solvents for the 
extraction of P123 is given. From this table can be seen that acetone is the most 
efficient solvent removing over 94 mol% of the template after a single soxhlet 
extraction of 5 hours. 

The extraction of P123 was also studied for ethenylene-bridged PMOs, the 
results are given in table 2. As can be seen from this table, by applying the 
improved extraction procedure, the surface area, the total pore volume and the 
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pMo samples Surface area Total pore 

As-synthesized 263 0.451 
Ethanol-extracted 970 0.978 
Acetone-extracted 1018 1.034 

[m’/g] volume [cc/g] 

pore diameter increase. Quantitative measurements via TGA-analysis were not 
reliable due to C=C decomposition of the PMO in the same temperature region 
as the surfactant decomposition. 

Pore size 
[nm] 
5.0 
5.4 
5.9 

Table 1. Extraction efficiency of several solvents for the removal of 
P123, after a single soxhlet extraction of 5 hours. 

3.3. Ultra-fast hydrothermal synthesis of ethenylene-bridged PMOs 

According to literature data, the hydrothermal synthesis of PMOs typically takes 
about 48 hours [ 10-12,141. To reduce the synthesis time, several parameters such 
as pH, temperature and the presence of additives play a key role. Lowering the 
pH increases both the silane-template interaction and the hydrolysis rate of the 
PMO-precursor. However, when the kinetics of the sol-gel reaction is too high, 
the surface area and the total pore volume decrease due to the increasing amount 
of disordered material. In order for the polycondensated organosilica particles to 
aggregate into an ordered mesoporous architecture, a strong template-precursor 
interfacial energy and a minimal repulsion force between the growing 
organosilica particles is required. Recent literature data indicate that additives 
such as salts and co-solvents can have dramatic effects on the morphology and 
structure of the obtained mesophases [14]. 

By combining the use of a diastereoselective pure precursor with an 
optimized synthesis route and an improved extraction method, an ultra-fast 
hydrothermal synthesis procedure for ethenylene-bridged PMOs with 
outstanding structural properties, was developed. In figure 3 the surface area is 
given as a function of the synthesis time. When compared with a typical 
literature procedure (48 hours), higher surface areas are obtained. Even with the 
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ultra-fast hydrothermal synthesis procedure (8 hours), a surface area of 795 m2/g
is attained. Figure 3 also illustrates the narrow pore size distribution of an
ethene-PMO synthesized according to the improved synthesis method.

EZE3 StFriffi -Aiding ™

Figure 3. Left: Surface area as a function of synthesis time, compared with a typical literature
procedure [14]. Right: Pore size distribution of an ethene-PMO synthesized according to the
improved synthesis method.

The surface area of these PMOs is highly dependent on the pH (see figure 4) and
on the concentration of co-solvent. However, changing the co-solvent has no
significant effect on the surface area and the total pore volume. On the other
hand, the latter strongly influences the ordering (see XRD-plot in figure 4) and
the morphology of the PMOs (see figure 5).
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Figure 4. Left: Surface area and total pore volume as a function of pH (PMOs synthesized in the
absence of cosolvents). Right: XRD-plot of ethene-PMOs synthesized with butanol and without
butanol.
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The XRD pattern shown in figure 4, reveals a strong peak at 29 " 0.86°,
attributed to the (100) diffraction peak from the 2D hexagonal unit cells.
Moreover, the PMO synthesized with butanol as co-solvent, exhibits two well-
resolved peaks attributed to (110) and (200) reflections. These assignments are
consistent with the occurrence of a mesophase with well-ordered hexagonal
symmetry.

3.4. Control of morphology: Influence of co-solvent

In figures 5, SEM-images are given for ethenylene-bridged PMOs, prepared in
the presence of different co-solvents.

Figure 5. FE-SEM micrographs of ethenylene-bridged PMOs prepared with different co-solvents:
(a) ethanol, (b) propanol, (c) butanol (butanol:P123 = 94:1) and (d) butanol (butanol:P123 = 175:1).
Micrographs (a), (c) and (d) are magnified 20000 times while (b) is magnified 80000 times.
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As can be seen from figure 5, the type of co-solvent used in the synthesis of 
PMOs has a major influence on the morphology. For the PMOs synthesized with 
ethanol (a) and propanol (b), hexagonal plate-like disks are predominant. For the 
PMOs synthesized with butanol (c), ropelike macrostructures with lengths of 
over 150 pm and diameters of approximately 2 - 10 pm are predominant. 

When the butanol:P123 ratio is increased fi-om 94:l (c) to 175:l (d), 
spherical particles are obtained. However, the spheres are stuck together, 
forming small clusters. In figure 5 (d), some irregular chunks are also visible. 

3.5. Chemical accessibility of the ethene-functions: Bromination 

To demonstrate the chemical accessibility of the PMO ethene-functionalities, 
bromination of the ethenylene-bridged PMOs was performed. Figure 6 gives the 
Raman spectrum of an ethenylene-bridged PMO, before and after bromination. 
An intense peak at 639 cm-' is visible in spectrum (b), which can be assigned to 
the C-Br stretch vibration. A reduction of the peak at 1573 cm-', which can be 
assigned to the C=C stretch vibration, is also visible. Via FT-Raman 
spectroscopy, the percentage of accessible C=C double bonds is estimated at 
approximately 30 %. By means of gravimetric analysis, the amount of 
brominated ethene-functions is estimated at 1.9 per nmz. 

r- m m N 

I 

3000 2500 2000 1500 1000 
Wavenumber [cm-'1 

Figure 6. FT-Raman spectra of (a) an ethenylene-bridged PMO and (b) a brominated ethenylene- 
bridged PMO. 
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4. Conclusions 

The present work demonstrates that diastereoselective pure ethenylene-bridged 
PMOs, with exceptional properties, can be prepared according to an ultra-fast 
synthesis procedure. This contribution further illustrates that acetone is a more 
efficient solvent for the extraction of polymeric templates than the commonly 
applied solvent, acidified ethanol. By means of using different cosolvents, the 
morphology of the ethenylene-bridged PMOs can be controlled. 
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MCM-41- and MCM-48-type silicas functionalized by cyclam groups linked to the 
framework with one, two or four silanol arms, have been prepared by direct synthesis. 
Physicochemical characterization (X-Ray diffraction, Nz adsorption - desorption and 
SEM) have revealed ordered materials with a bimodal porosity, similar morphology and 
particle size. Stability in aqueous medium and accessibility to the active sites have also 
been assessed. 

1. Introduction 

Environmental pollution as a result of technological development is a serious 
concern for ecology. Heavy metal ions contamination represents a significant 
threat to the ecosystem and especially to people. Hence, water purification is an 
important topic in many scientific disciplines [ 11. Among existing solutions, 
silica based organic-inorganic ordered mesoporous materials have received an 
increasing interest since those materials take advantages of both the inorganic 
framework (non-swelling and stable under acidic conditions, which can be 
prepared with desired porosity and high surface area) and the complexation 
capacity of the organic functional groups anchored onto the silica surfaces [2]. In 
this context, we have developed a new series of ordered mesoporous silicas 
functionalized with cyclam derivatives adopting the MCM-41 and MCM-48 
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fiamework morphologies for the selective complexation of some heavy metals 

MCM-41- and MCM-48-type silicas functionalized by cyclam groups linked 
to the fiamework with one, two or four silanol arms, have been prepared by 
direct synthesis following in each case a very similar one-pot synthetic procedure 
previously developed in our laboratories [4]. Using this procedure, various 
comparable mesoporous hybrid materials (in terms of particle size, spherical 
morphology and framework types) with different kinds of cyclam precursors 
have been successfully obtained. Physicochemical characterization (X-Ray 
diffraction, N2 adsorption - desorption and SEM) have revealed materials with a 
bimodal porosity. 

For cleaning up applications, those materials will have to be left in water for 
long periods and the alkaline behaviour of the cyclam ligands could degrade the 
silica backbone. Therefore, the stability for these materials, which is a critical 
parameter has been checked. The accessibility to the active sites, i.e. chelating 
cyclam macrocycles, has also been characterized by protonation experiments. 

131. 

2. Experimental section 

2.1. Material preparation 

Silylated cyclam precursors presented in Figure 1 were prepared according to the 
literature [5]. 

mono-silylated bi-silylated tetra-silylated 
cyclam (I) cyclam (11) cyclam (Ill) 
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n 
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(EtOhSi-N HN 

U 
(NH H J  
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Figure 1. Representation of mono-, bi- and tetra-silylated cyclam precursors. 

All silica materials were prepared by adapting procedures previously reported. 
The typical molar composition of reagents for MCM-41 materials was 
1 :0.4: 14.5:53: 180 Si02 precursor:CTAB:ammonia:methanol:water. For the 
preparation of MCM-48 materials, the amount of water was doubled and 
methanol was replaced by ethanol. Direct syntheses were made from a mixture 
of TEOS and mono, bi- or tetrasilylated cyclam derivatives in the molar ratio 
0.95 TEOS:0.05 cyclam. In all cases, the surfactant was extracted under reflux 
with a mixture of HCl and ethanol. 
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2.2. Characterization methods 

All hybrid materials were characterized by X-ray diffraction (XRD, 
PANanalytical X’PERT PRO diffractometer, equipped with a Cu anode), 
nitrogen adsorption-desorption measurements performed at 77K (Micromeritics 
Tristar), 29Si and 13C solid state nuclear magnetic resonance (NMR, Bruker 
Advance 11, 300 MHz), scanning electron microscopy (SEM, FEI XL30 FEG 
operating at 5 KeV), and elemental chemical analysis (Thermo Electron CHNS 
analyzer). 

2.3. Stability and accessibility experiments 

Prior to those experiments, all hybrid materials were first deprotonated by using 
2 eq. of triethylamine (per cyclam) in an equimolar EtOH/H20 solution (15 min 
trtatment). The solid samples were recovered after filtration, washing with water 
until neutrality, rinsing with EtOH and drying overnight at 70°C. 
For stability experiments, a 1 0-2 mo1.L-l KCI solution made from freshly distilled 
water was prepared. 60 mL of this solution were put in a vessel and the pH was 
adjusted to 7.00 by bubbling N2 gas. Next, about 30 mg of cyclam material were 
added and the pH evolution was recorded throughout the 30 min experiment 
using an PC interfaced pH-meter. 
For accessibility measurements, about 20 mg of material were dispersed in 5 mL 
of lo-’ mo1.L.’ HCl solution and were left to stir for 24 h. The solution was 
filtered off and the remaining filtrate was titrated with a freshly prepared 5 x 10” 
mo1.L.’ NaOH solution. Hence, we could estimate the number of protons 
consumed by the cyclam-functionalized material and therefore accessed the 
quantity of reactive cyclams considering that only two nitrogen atoms per cyclam 
would be neutralized by protons. 

3. Results and discussion 

3.1. Structural and textural characterization 

SEM pictures show particles that are nearly spherical with an average diameter 
ranging from 0.25 to 0.5 pm (Figure 2). In the MCM-41 series, increasing the 
number of cyclam silylated arms increases the surface roughness. MCM-48 
materials are not affected by this effect. 
The amounts of nitrogen atoms determined by CHN analyses (%wt Nexp) are 
reported in table 1 and show that 75 to 100% of the initial cyclam groups were 
incorporated. Taking into account errors due to the calculation method for 
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theoretical %wt Nft, it can be considered that the organic groups incorporation is
almost complete, which is not surprising since direct synthesis is a
functionalization procedure that allows controlling the amount of functional
group [6].

Figure 2. SEM images of MCM-41 solids functionalized with (a) mono-, (b) bi- and (c)
tetrasilylated cyclam precursors and MCM-48 solids functionalized with (d) mono-, (e) bi- and (f)
tetrasilylated cyclam precursor.

Table 1. N2 adsorption-desorption and CHN analyses data of MCM-41 and MCM-48 samples
functionalized with cyclam silylated precursors.

Material type

MCM-41

MCM-48

mono-

bi-

tetra-

mono-

bi-

tetra-

Surf. Area

/m2 g 1

697

886

773

678

594

542

Pore vol.

/cm3 g'1

0.85

0.77

1.07

0.75

0.69

0.77

Pore 0§

/nm

<2;5;7

<2;4.8;7.5

<2;7

<2;4.3;7.8

<2;3.8;7.5;18

<2;8;12

%wt N,h*

3.66

3.47

3.13

3.66

3.47

3.13

%wt Nexp

2.72

3.10

3.02

2.90

3.02

3.22

^average pore sizes determined by BJH method from adsorption branches
theoretical %wt N was calculated from the initial cyclam precursor/Si molar ratio under

assumption that silylated cyclam precursors are fully condensed and silica network is constituted of
20% Q3/80%Q4 units.

XRD patterns of raw (not shown) and extracted materials are typical of A)
MCM-41 and B) MCM-48 frameworks (Figure 3). In the MCM-41 series, the
hexagonal framework was retained throughout all materials. However in the
MCM-48 series, increasing the number of silylated arms in the cyclam derivative
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tended to affect the cubic framework leading to more disordered materials. It is
well known that most of the organic functions incorporated by direct synthesis
tend to disorganize the spatial pore arrangement and consequently modifying the
interaction at the multicharged hybrid siloxane/silica polymers/surfactant
interfaces [7]. Disordering effects increase with increasing the amount of organic
functions and affect more less stable micelles aggregates such as bicontinuous

cubic mesophase compare to cylindrical micelles present in the hexagonal
mesophase.

3

co

18

4

2 Theta

3

• -

"m

2 3 4 5 6

2 Theta (°)

Figure 3. XRD patterns of (A) MCM-41 and (B) MCM-48 samples fimctionalized with mono-(—),
bi-(—) and tetrasilylated (—) cyclam precursors.
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N? adsorption-desorption isotherms of all surfactant extracted solids were of 
type IV characteristic of mesoporous materials (Figure 4). Nevertheless, pore 
size distributions obtained by the BJH method fi-om the adsorptioddesorption 
branches showed the presence of mesopores in a broad range between 2 and 20 
nm. 

0.0 0.2 0.4 0.6 0.8 1.0 

relative pressure (PIP,) 

600 

0 

0 
4 300 - 

0 7  
0.0 0.2 0.4 0.6 0.8 1 .o 

relative pressure (PIP,) 

Figure 4. N2 adsorphon/desorption isotherms of (A) MCM-41 and (B) MCM-48 samples. 
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N? adsorptioddesorption measurements were also performed on the as- 
synthesized cyclam I fimctionalized MCM-41 material (Figure 5 ) .  The resulting 
type IV isotherm indicates the exclusive presence of large mesopores which are 
the result of interparticles vacancies and are still observed after surfactant 
extraction. In this case, a surface area of 315 mI.8-l and a pore volume of 0.59 
cm3.g-' were measured for the as-synthesized sample indicating that external 
porosity represents 70% of the mesoporosity. The presence of this hierarchical 
mesoporosity should be advantageous for diffusion of metallic species to the 
active complexing groups. It is also noteworthy that the presence of large 
mesopores which are out of the technique detection limit were also observed ( N 2  

adsorbed volumes rapidly increase when PIP0 is close to 1). 
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Figure 5. Nt adsorption-desorption isotherms of extracted and as-synthesized MCM-41 sample 
functionalized by mono-silylated cyclam precursor. 

Small mesopores seem to be incompatible with large pendant organic groups 
such as cyclam macrocycles within the mesopores. Cyclam macrocycle are 
probably located in the large mesopores andor in the walls (in the case of 
cyclam groups anchored by two and four arms). These results would suggest a 
phase separation during the network formation leading to the internal surfactant- 
templated porosity and textural porosity. However, according to the low amount 
of organic functions, their presence is probably not sufficient to explain the 
textural porosity. Further characterization is under investigation to locate 
precisely cyclam macrocycles and explain the formation of the textural porosity. 
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The presence and the integrity of silylated-cyclam groups were checked for all
samples by 13C CP-MAS NMR experiments. 29Si CP-MAS NMR experiments
showed T2 and T3 (main component) units indicating that cyclam macrocycles
were incorporated into the inorganic framework when using mono-, bi- and tetra-
silylated precursors.

3.2. Stability in aqueous medium

The stability in water for a long period of time for these materials, which is a
critical parameter, has also been assessed. The pH variation of neutral aqueous
suspension of functionalized solids was constantly monitored as a function of
time (Figure 6). An increase in the values of this parameter would reflect the
degree of degradation of the material as a result of amine moieties leaching out
of the solid in the external solution [8].

8.6 n
bi-

tetra-

10 15 20 25 30 0

Time / min

10 15 20 25 30
Time / min

Figure 6. pH variation as function of time for silylated-cyclam functionalized (A) MCM-41 and (B)
MCM-48 samples.

In both series of materials, the mesoporous silica functionalized with a mono-
silylated cyclam derivative was degrading relatively fast. With material
containing bi-silylated cyclam derivatives, this degradation was even more
important whereas increasing the number of silylated cyclam arms to four
drastically improved the overall material stability (tetrasilylated cyclam). These
results were directly to be linked with the relative rigidity (i.e.: dependant to the
number of silylated arms) of cyclam molecules. The very low stability observed
for bi-silylated cyclam functionalized materials could be due to a closer
proximity of basic groups to the silica backbone with enough mobility when
macrocycles are only linked by two arms.
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3.3. Accessibility experiments 

For all the different materials, the proton accessibility to the cyclam sites of the 
different materials was estimated from the acid-base titrations and the total 
quantity of cyclam previously determined by elemental analyses [ 8 3 .  

Table 2. Quantities of cyclam determined by CHN elemental analyses and 
acid-base titration. 

mmollg minolig % reactive 
me cyclam reactive cyclam cyclam 

- mono- 0.478 0.409 85.5 
't 

bi- 0.569 0.556 91.7 

tetra- 0.542 0.343 63.2 

mono- 0.518 0.230 44.3 

bi- 0.571 0.389 68.1 5 tetra- 0.562 0.445 79.2 

7 

In the MCM-41 series, accessibility to cyclam macrocycles was improved when 
increasing the number of arms. This could be due to the fact that macrocycles 
were incorporated inside the framework and were not voluminous groups 
pendant to the mesopore surface. However, a lower accessibility could be 
observed for the tetrasilylated-cyclam functionalized materials resulting in a 
reduced mobility and a too close proximity of the macrocycles to the inorganic 
framework. 

For the MCM-48 series, the results were different and showed a low 
accessibility for the mono-silylated cyclam functionalized material that may due 
to the pore network geometry. Increasing the number of arms lead to less 
ordered porous networks, which might have favoured the accessibility to the 
active sites. 

4. Conclusion 

Physicochemical characterizations of these cyclam derivatives 
functionalized M41 S materials have revealed a bimodal porosity: the first one, 
ordered with a short diameter range resulting from the extracted surfactant 
arrangement and the second one, disordered with a large and broad diameter 
range probably resulting from inter particles vacancies. We have also evidenced 
structural and textural differences provoked by the number of silylated arms 
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depending on the starting cyclam precursors employed. Stability and 
accessibility experiments showed that the synthesis path for such materials has a 
great importance with respect to their potential use in heavy-metal remediation. 
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Free-standing and oriented periodic mesoporous organosilica (PMO) films with variable 
pore size have been synthesized at the air-water interface using cationic alkyltrimethyl- 
ammonium surfactants (alkyl chain length from 12 to 18 carbon atoms; each designated 
as ClzTA, CI~TA, and ClaTA) as templates and 1,2-bis(triethoxysiIyl)ethane as organo- 
silica precursor. CIzTA-PMO, C16TA-PM0, and CI~TA-PMO films have uniform 
thickness of ca. -350 nm, -670 nm, and -400 nm, respectively. The films have highly 
ordered hexagonal mesostructure with amorphous pore walls. The pore diameter and the 
surface area of the films were 24.3 & 26.4 4 and 32.8 8, and 890.3, 917.7, and 81 1.0 
m2g-I, respectively. On the other hand, the films with molecular-scale (i.e. 7.6 A) 
periodical pore walls have been synthesized at the liquid-reaction bottle interface using 
cationic alkyltrimethylammonium surfactant as template and 1,2-his(triethoxysilyI)- 
benzene as organosilica precursor. The free-standing films have a highly ordered 
hexagonal mesostructure with benzene moieties inside the channel walls. The thickness 
of the films can be controlled 1.6 pm to 3.5 pn with the different reaction times. The 
pore diameter and surface area of the film were 37.6 8, and 863 m2g-’, respectively. 

1. Introduction 

Surfactant-templated binuclear alkoxysilane precursors, (R’0)3Si-R-Si(OR‘)3, 
lead to a new class of nanocomposites with bridging organic groups (R) inside 
the channel walls, called periodic mesoporous organosilica (PMO) [ 1-41, These 
PMO materials facilitate chemistry of the channels and provide new oppor- 
tunities for controlling the chemical, physical, mechanical, and dielectric 
properties of the materials [5-81. The morphology of PMO materials often 
controls their function and utility. Recently, mesoporous organosilica films were 
synthesized through a surfactant-templated self-assembly procedure using the 
hydrolysis and condensation of an alkoxysilane with a bridging organic group 
((R”’O),-Si-R”-Si(OR”’)3) (R“’= -CH3 or -CrH5, R”=ethane, ethylene, 
thiophene, and benzene) [9] or a cyclic siliquioxane precursor ([(EtO)?SiCH2]3) 
[lo]. However these mesoporous organosilica films were placed onto solid 
substrates such as silicon wafers or glass slides using spin- or dip-coating 
methods. In general, PMO samples have amorphous pore walls, which could 
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limit their utility. Recently, Inagaki and co-workers [3] reported a pioneering 
work in the PMO field, where an ordered benzene-silica hybrid PMO of a type 
of powder with a crystal-like wall structure was synthesized. 

In this context, we synthesized the free-standing PMO films with a crystal- 
like wall and amorphous wall structure at the liquid-bottle interface and the air- 
water interface using 1,2-bis(triethoxysilyl)benzene and 1,2-bis(triethoxysilyl)- 
ethane as organosilica precursors, respectively, and cationic alkyltrimethylamm- 
onium surfactants as templates. 

2. Experimental 

2.1. Synthesis of Free-Standing PMO Films with Amorphous Pore Walls 

The synthesis of the free-standing PMO films with amorphous pore walls is 
achieved using the following reactant molar ratios and synthesis procedure [ 111: 
BTSE : surfactant : NaOH : HzO; 1.0 : 0.57 (CI2TABr) : 2.36 : 353 (CI2TA- 
PMO), 1.0 : 0.57 (CI6TABr) : 2.28 : 336 (CI6TA-PMO), 1.0 : 0.57 (C18TABr) : 
2.36 : 353 (C18TA-PMO); where C12TABr, C16TABr, and C l 8 T D r  are the 
cationic surfactants CH3(CH2)11N(CH3)3Br, CH3(CH2)15N(CH3)3Br, and CH3- 
(CH2)17N(CH3)3Br, respectively, and BTSE is the organosilica source reagent 
(C2H50)3SiCH2CH2Si(OC2H5)3. Typically, we synthesized the PMO films in a 
50 ml polyethylene (PE) bottle (diameter, 4.5 cm) with 1/353 scale of the 
reactant mole ratios. The surfactant solution is mixed with BTSE and stirred at 
40 "C foi 12 h and heated at 95 OC for 8 h. The free-standing PMO films grown 
at the air-liquid interface were rinsed with distilled water and dried at 80 "C in 
air. The surfactant in the PMO films was removed by a solvent extraction 
process with 150 ml EtOH including 3 ml of 35 wt % HC1 at 60 OC for 12 h, and 
dried at 80 OC for 12 h. 

2.2. Synthesis of Free-Standing PMO Films with Crystal-Like Pore Walls 

The fiee-standing and benzene-bridged PMO (benzene-PMO) films with crystal- 
like pore walls were prepared with a procedure similar to that of PMO film 
grown at the air-water interface [12]. The synthesis of the films is achieved with 
1.0:0.57:2.36:353 BTEB/C18TABr/NaOH/H20, where C18TABr is the cationic 
surfactant CH3(CH2)17N(CH3)3Br and BTEB is the organosilica source 
(C2H50)3SiC6H4Si(OC2H5)3. Films with a thickness of 1.6 pm to 3.5 pm and a 
width of ca. 2.5 cm have been grown at the liquid-polyethylene (PE) bottle 
interface, while the reactant solution is heated to 95 OC from 2 h to 24 h under 
static conditions. 
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3. Results and discussion

A

(c)

Figure 1. A, SEM images ((a) and (b)) and TEM images ((c) and (d)) of as-synthesized free-
standing Ci6TA-PMO film; SEM images of (a) Ci6TA-PMO film transferred from the air-water
interface onto a copper grid, (b) highly magnified edge of the film. TEM images showing (c) a
highly ordered periodic structure consistent with a hexagonal close-packed arrangement of channels
running parallel to the surface of the film and (d) hexagonal basal plane with a well-ordered
hexagonal array. B, XRD patterns of (a) as-synthesized free-standing Ci6TA-PMO film transferred
from air-water interface onto a glass substrate, (b) calcined Ci6TA-PMO film at 400 °C for 2 h in
N2, and (c) powdered and surfactant-extracted Ci6TA-PMO film, respectively.

Scanning electron microscopy (SEM) (Philips XL30 S PEG (Netherland) with
an acceleration voltage of 15 kV) image of the C16TA-PMO film that has been
transferred onto a copper grid revealed that it is continuous, as shown in Figure
lA(a). The size of the PMO film that is formed at the air-water interface is
dependent on the breadth of the reaction bottle. The Ci6TA-PMO film has
uniform thickness of ca. -670 nm, as shown in Figure lA(b). The free-standing
C12TA- and CigTA-PMO films can be also synthesized at the air-water interface
with a procedure similar to that of the Ci6TA-PMO film. The Q2TA- and CigTA-
PMO films have uniform thickness of ca. -350 nm and -400 nm, respectively.

The TEM (JEOL JEM-2010 microscope operating at 200 kV) images of
C16TA-PMO film showed that the film has a highly ordered periodic structure
with a hexagonal closed-packed arrangement of channels running parallel to the
surface of the film, as shown in Figure lA(c). This implies growth of the
channels in an orientation parallel to the air-water interface. The periodicity with
a hexagonal close-packed arrangement of one-dimensional channels viewed
orthogonally to the film surface was observed with the microtomed section cut,
as shown in Figure 1 A(d). The Ci2TA- and CigTA-PMO films have also a highly
ordered hexagonal mesostructures with channels running parallel to the surface
of the films.
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Figure lB(a) shows the X-ray diffraction (XRD) (Rigaku Miniflex diffracto- 
meter with Cu K, radiation (40 kV, 30 mA)) patterns for the as-synthesized free- 
standing CI~TA-PMO film. The film reveals (100) and (200) reflections, 
consistent with the TEM observation that the channels run parallel to the 
surfactant overlayer at the air-water interface, as shown in Figure 1A(c) and (d), 
respectively. The d-spacing obtained from the (100) reflection of the as- 
synthesized C16TA-PMO film is 43.7 8,. The d-spacing increases with longer 
akyl chains in the structure-directing agent. The as-synthesized C12TA-, CI6TA-, 
and ClxTA-PMO films have d-spacings of 40.1 A, 43.7 A, and 47.7 A, as 
obtained from the (100) reflection, respectively. Two starred peaks in Figure 
1B(a) are due to extra surfactants. These peaks nearly disappeared after 
calcination at 400 "C for 2 h in N2 without cracking or loss of mesostructure, 
which is consistent with the XRD results in Figure 1B(b) and the TEM images of 
the calcined PMO film (not shown here). On calcination of the PMO films, the 
intensities of the (100) and (200) reflection peaks are increased and the 
anticipated contractions of the hexagonal ab-unit cell are observed, due to the 
removal of the surfactant template from the channels, which is concomitant with 
the condensation of the silanol (SiOH) groups in the channel walls [9(b), 131. 
The calcined CIZTA-, CI6TA-, and ClxTA-PMO films have d-spacings of 39.1 
A, 41.3 A, and 46.5 A, as obtained from the (100) reflection, respectively. The 
XRD pattern of powdered and surfactant-extracted C16TA-PMO film showed the 
expected (100, 110, 200) reflections typically observed in powder PMO 
materials [14] (Figure lB(c)). The pore diameter and the surface area of the 
surfactant-extracted CI6TA-PMO film, obtained from the N2 sorption isotherms 
(Micromeritics ASAP2010 instrument) were determined to be 26.4 8, and 917.7 
m'g-I, respectively. The pore diameter and the surface area of the surfactant- 
extracted C12TA- and ClxTA-PMO films were 24.3 A, 32.8 8, and 890.3, 81 1 .O 
m'g-', respectively, as shown in Table 1. The pore diameter and the surface area 
of the surfactant-extracted CI6TA-PMO film were 26.4 8, and 917.7 m'g-I, 
respectively. In Table 1, other textural data such as unit cell parameter, total pore 
volume, and wall thickness were also summarized for all the surfactant-extracted 
PMO films investigated in this work. 

The Si-C bonding in the framework of the PMO film was confirmed by '9Si 
and I3C CP MAS NMR (Bruker DSX400 spectrometer) experiments (not shown 
here). The '9Si MAS NMR spectrum of the as-synthesized PMO film shows two 
peaks at -61.2 ppm (T' C(OH)Si(OSi)2) and -69.3 ppm (T3 CSi(OSi),) [l(a), 
(b)]. The I3C CP MAS NMR spectrum exhibits a peak at 6.3 ppm, which is 
attributed to carbons covalently linked to Si (Si-CH2-CH1-Si) [l(a), (b)]. After 
surfactant-extraction and calcination, it was confirmed by NMR experiments that 
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the organic-inorganic moiety (-Si-CH2-CH2-Si-) is the basic structural unit in the 
film. 

Table 1. The unit cell parameter (a& surface area (SBET), total pore volume (Vt), wall thickness (w) 
and pore diameter (DBJH) of surfactant-extracted PMO films. 

Sample name SBET Vt W DBJH 

CnTA-PMO 48.0 890 0.62 23.7 24.3 
ClhTA-PMO 52.2 918 0.77 25.8 26.4 
C 18TA-PMO 56.9 81 1 0.78 24.1 32.8 
Benzene-PMO 52.3 863 1.15 14.7 37.6 

(&") (cm'g-') 4) ('4 ti 

XRD unit cell parameter (aJ is equal to 2dlodv3; SBET is the apparent BET specific surface area 
obtained by analysis of Nz adsorption isotherm; V, is the total pore volume; W is the wall 
thickness (W=a.,- DBJH); DBJH is the pore diameter. 

Yang et al. [13] reported that the formation of a mesoporous silica film 
involves collective interactions between silicate building-blocks, micellar 
solution species and a surfactant 'hemi-micellar' overstructure localized at the 
air-water interface. The PMO film growth is probably regulated by matching 
charge and geometry between micellar aggregates and organosilica precursors at 
a surfactant structured air-water interface, as suggested in case of silica films. 

On the other hand, the films with molecular-scale (i.e. 7.6 8,) periodical pore 
walls have been synthesized at the liquid-reaction bottle interface using cationic 
alkyltrimethylammonium surfactant as template and 1,2-bis(triethoxysilyI)benz- 
ene as organosilica precursor. Films with a thickness of 1.6 pm to 3.5 pm and a 
width of ca. 2.5 cm have been grown at the liquid-polyethylene (PE) bottle 
interface, while the reactant solution is heated to 95 "C from 2 h to 24 h under 
static conditions. 

As-synthesized and free-standing benzene-PMO film was lifted onto trans- 
mission electron microscopy (TEM) grids and directly viewed. The periodicity 
of the hexagonal closed-packed arrangement of one-dimensional channels 
viewed orthogonally to the flat surface of the film was observed from the 
microtomed section cut orthogonally to the film surface, as shown in Figure 
2A(a). The TEM image of the film showed also that the films have a highly 
ordered periodic structure with a hexagonal closed-packed arrangement of 
channels running parallel to the flat external surface of the film, as shown in 
Figure 2A(b). A highly magnified TEM image reveals many lattice fringes- 
stacked along the channel axes, with a uniform spacing of 7.6 8, on the pore 
walls over the whole region [3], as shown in Figure 2A(b). After extraction of 
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surfactant, the pore diameter and surface area of the film obtained from an N2

sorption isotherm were determined to be 37.6 A and 863 rrrg"1, respectively, as
shown in Table 1.

(c)

30 40
20/d agrees

Figure 2. A, TEM images of as-synthesized and free-standing benzene-PMO film obtained with the
microtomed section cut orthogonally to the film surface, showing (a) highly ordered mesoporous
channels consistent with a hexagonal close-packed arrangement and (b) many lattice fringes with a
spacing of 7.6 A in the pore walls with [100] incidence perpendicular to the channels. B, XRD
patterns of (a) as-synthesized and free-standing benzene-PMO film, (b) benzene-PMO film calcined
at 400 °C for 2 h in Ni, (c) powdered and surfactant-extracted benzene-PMO film.

The XRD patterns of the as-synthesized and calcined free-standing films
lifted onto a glass slide substrate showed that they both reveal (100) and (200)
reflections (not shown here), although the calcined free-standing film has a broad
(200) reflection at 29=4.5°, consistent with the TEM observation that the
channels run parallel to the flat external surface of the film. The as-synthesized
benzene-PMO film has a ^-spacing of 44.8 A from the (100) reflection. On
calcination of the film, the anticipated contraction (A<3?ioo=6.2 A) of the hexagon-
al a6-unit cell is observed due to the removal of the surfactant template from the
channels and is concomitant with the condensation of silanol (SiOH) groups in
the channel walls [9(b), 13]. The XRD patterns at 20=10-60° of as-synthesized
and calcined benzene-PMO films display three peaks at 20=11.6°, 23.4°, and
35.5° with the peaks due to extra surfactant, as shown in Figure 2B(a) and 2B(b).
These diffraction peaks can be explained by a periodic structure with a spacing
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of7.6 8, [3]. This XRD result can not be expected from the wall of the benzene- 
bridged channel running parallel to the flat external surface of the film and the 
alternating arrangement of benzene layers and silicate layers along the direction 
of the channel. During the hydrothermal reaction for the formation of the 
benzene-PMO film, the precipitates were also formed on the bottom of the 
reaction bottle. Therefore, the appearance of these diffraction peaks (i. e. three 
peaks at 20 =11.6", 23.4", and 35.5') can be due to the small particles adhered to 
the surface of the film in a gradient. After extraction of surfactant, the XRD 
pattern of powdered PMO film showed the expected (loo), (110), and (200) 
reflections in typical powder PMO material at 20=1.2-10° (not shown here) with 
the three peaks to indicate molecular-scale periodicity in the pore walls as shown 
in Figure 2B(c) [3]. 

29Si MAS NMR spectrum of the as-synthesized benzene-PMO film showed 
three peaks at 43 .7 ,  -72.1, and -80.6 ppm, which can be assigned to T' 
C(OH)~Si(OSi), T' C(OH)Si(OSi)2, and T3 CSi(OSi)3 (not shown here) [3]. The 
I3C CP MAS NMR spectroscopy of the as-synthesized benzene-PMO film 
exhibits a peak at 134.0 ppm, which is attributed to carbons covalently linked to 
Si (Si-C6H4-Si) (not shown here) [3]. After surfactant-extraction and calcination, 
it was confirmed by NMR experiments that the organic-inorganic moiety (-Si- 
C6H4-Si-) is the basic structural unit in the film. 

With the results described above, the mechanism for the formation of the 
free-standing and benzene-bridged PMO film with a crystal-like wall structure 
can be explained. Benzene groups are somewhat hydrophobic. Therefore, co- 
assembled surfactanthenzene-bridged organosilica species may interact with the 
hydrophobic surface of the polyethylene bottle when it is used as the reaction 
bottle to form a benzene-PMO film. Film growth is probably regulated by 
matching charge and geometry between micellar aggregates and benzene-bridged 
organosilica species. Finally, the free-standing and oriented benzene-bridged 
periodic mesoporous organosilica film has been grown at the liquid-reaction 
bottle interface, while mesoporous channels were formed parallel to the flat 
external surface of the film. 

We performed thermogravimetric analysis (TGA) under nitrogen 
atmosphere to investigate the thermal stability of the PMO films after extraction 
of the surfactant (Figure 3). The TGA analysis of the ethane moieties containing 
PMO film exhibited its first weight loss below 100 OC as a consequence of the 
desorption of physisorbed water [ 151. 

The next decrease in the sample weight occurred at temperatures between 
210-740 OC; this weight loss corresponds to the loss of ethane fragments in the 
walls of the pores [15]. During this process, water molecules may also form 
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through the condensation of Si-OH groups in the pore walls. On the other hand, 
for the benzene-containing PMO film, decomposition of the benzene fragments 
in the pore wall gradually occurred over the temperature ranges from 5 10 to 900 
"C [3].  The TGA analysis shows that the thermal stability of the benzene- 
containing PMO film was better than that of the ethane-containing PMO film. 
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Figure 3. TGA curves of the surfactant-extracted (a) ethane and (b) benzene moieties containing 
PMO films in nitrogen atmosphere. 

4. Conclusions 

In conclusion, free-standing and oriented PMO films with amorphous and crystal- 
like wall structure were sucessfully synthesized at the air-water interface or the 
liquid-reaction bottle interface using cationic alkyltrimethylammonium surfactants 
(alkyl chain length from 12 to 18 carbon atoms) as the structure-directing agents and 
1,2-bis(triethoxysilyl)ethane or 1,2-bis(triethoxysilyI)benzene as the organosilica 
precursors. The films have a hexagonal mesostructure, with the organic moieties 
inside the channel wall. Based on the thermogravimetric analysis, the thermal 
stability of the benzene-containing PMO film was better than that of the ethane- 
containing PMO film. The PMO films may have potential use in applications such as 
catalysis, sensing, separation, opto-electronics and so on. 
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SYNTHESIS AND CHARACTERIZATION OF PERIODIC 
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Synthesis and characterization of channel-like bifunctional periodic mesoporous silicas 
(PMOs) with disulfide bridging groups and rnercaptopropyl surface ligands is reported. 
These PMOS were prepared by co-condensation of bis(triethoxysily1propyl)disulfide and 
(3-rnercaptopropy1)trimethoxysilane in the presence of poly(ethy1ene oxide)-poly 
(propylene oxide)-poly(ethy1ene oxide) triblock copolymer Pluronic PI 23 
(EOzoPO,oEOzo) as template. A series of PMOS with increasing amounts of incorporated 
disulfide bridging groups and rnercaptopropyl surface ligands was studied by X-Ray 
powder diffraction, nitrogen adsorption, thermogravimetry and elemental analysis. 

1. Introduction 

Periodic mesoporous organosilicas (PMOs) [l-31 have attracted a lot of 
worldwide attention because of the easiness of altering their chemical and 
physical properties by introduction of various organic spacers into their 
frameworks. PMOs can be obtained in the presence of different organic 
templates including ionic surfactants [ 1-31, oligomeric surfactants [4] and 
nonionic block copolymers [5-71 by a self-assembly of bis-, tris- or tetra- 
(alkoxysilyl) bridged precursors. In contrast to pure mesoporous silicas [8,9], 
PMOs [l-31 are usually characterized by a homogeneous distribution of 
functional groups within the framework, a tunable ratio of hydrophobicity to 
hydrophilicity, and better hydrothermal stability [lo]. From the adsorption point 
of view, PMOs also possess high BET surface area, high pore volume, and large 
pore diameters, which make them attractive materials for catalysis, 
bioseparations, chromatography, nanocasting, host-guest chemistry and so forth 
[11,12]. So far many PMOs with various morphologies and porous structures 
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have been synthesized using a variety of small aliphatic/aromatic organic groups 
such as ethane, ethylene, phenylene, thiophene, bipyridine, biphenylene, 
teraazacyclotetradecance, benzene ring linked to three silicon atoms and 
heterocyclic isocyanurate ring (see ref. [ 13- 171, reviews [ 18- 191 and references 
therein). 

Recently, numerous attempts have been made to incorporate larger bridging 
groups such as thioether hctionality into the silica framework [20-221 by co- 
condensation of (1,4)-bis(triethoxysilyl)propane)tetrasulfide and tetraethyl 
orthosilicate (TEOS) in the presence of cetyltrimethylammonium bromide 
(C16H33N(CH3);Br-) [20,21] and poly(ethy1ene oxide)-poly(propy1ene oxide)- 
poly(ethy1ene oxide) triblock copolymer Pluronic P 123 (E020P070E020) [22] as 
templates under basic and acidic conditions, respectively. These attempts 
stimulated others [23] to fabricate bifunctional PMOs containing thioether and 
isocyanurate bridging groups. Introduction of such bulky bridging group may 
lead to small mesopores and may cause the deterioration of porous structure, 
which makes additional post-synthesis modifications more difficult. 

Typically, bifunctionalization [ 16,17,23] of mesoporous silicas is performed 
to achieve desired surface properties of the resulting materials without 
significant changes in their adsorption characteristics and structural ordering. 
For instance, this strategy allows one to design bifunctional PMOs [16,17,23], 
which exhibit high affinity towards targeted species such as heavy metal ions, 
toxic volatile organic compounds, carbon dioxide, nitrogen and sulfur oxides, 
making them highly attractive adsorbents for removal of the aforementioned 
pollutants (see review [24]). 

Recently, we synthesized PMOs using bis(triethoxysilylpropy1)disulfide 
instead of bis(triethoxysilylpropy1)tetrasulfide along with TEOS to design the 
organosiliceous kameworks analogous to the SBA-15, SBA-16 and FDU-1 
mesostructures [25,26]. It is noteworthy that SBA-15 [9] exhibits (P6mm) 
hexagonally ordered cylindrical mesopores interconnected by complementary 
smaller pores. 

Herein, we report the synthesis and characterization of bifunctional PMOs 
with disulfide bridging groups and mercaptopropyl surface ligands by co- 
condensation of bis(triethoxysilylpropy1)disulfide and 3-mercaptopropyl- 
trimethoxysilane and TEOS in the presence of poly(ethy1ene oxide)- 
poly(propy1ene oxide)-poly(ethy1ene oxide) triblock copolymer Pluronic P 123 
(E020P070E020) under acidic conditions. These PMOs were characterized by X- 
Ray powder difkaction, nitrogen adsorption, thermogravimetry and elemental 
analysis 



300

may lead to pore blocking of the silica template due to accelerated carbon
deposition, thus preventing further carbon deposition into the interior of the
silica spheres. As a result, hollow spheres are obtained for the rapidly heated
sample after HF treatment to remove the silica template. On the other hand, no
pore blocking occurred under the slower heating ramp rate of 10 °C/min and
therefore carbon deposition could proceed largely unhindered allowing
deposition of carbon into the interior of the silica template and thus the
formation of solid-core carbon spheres once the silica template was removed by
HF treatment.

Figure 4. Representative SEM images of (a) SBA-15 solid spheres, and carbon materials prepared
via CVD at 1000 °C at various heating ramp rates using the SBA-15 spheres as templates and
acetonitrile as carbon precursor: (b) 10 °C/min (CSP-M) and (c, d) 20 °C/min (CSP-F).

The XRD patterns of carbon materials prepared via CVD at 1000 °C at a
heating ramp rate of 10 or 20 °C/min are shown in Figure 5. The low angle
region of the XRD patterns was featureless, so only the wide angle XRD region
is shown. The absence of low angle XRD peaks indicates that the carbon
materials have a low level of mesostructural ordering. The presence of the high
angle peaks at 29 of 26° and 43°, which are the (002) and (101) diffraction peaks
from graphitic carbon, indicate that the carbon materials possesses a significant
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DS-xSH-y, where DS and SH stand for disulfide and mercaptopropyl groups, 
wheres x and y refer to their molar percentage, respectively. 

Table 1. Molar composition and elemental analysis data for the PMOS studied.a 

Synthesis gel composition Elemental 
analysis 

nTEOS nDS nSH S C* S 
mmol mmol mmol % mmol/g % 

Sample 

DS10-SH10 30.72 1.92 3.84 8.73 2.05 5.77 
DS10-SH20 26.88 1.92 7.68 12.00 3.12 9.24 
DS20-SH10 26.88 3.84 3.84 12.02 2.51 9.57 
DS20-SH20 23.04 3.84 7.68 14.78 3.47 10.19 

ATBOS, number of mmoles of TEOS; nos, number of mmoles of DS; nSH, number of mmoles of SH; 
C*, total concentration of groups containing sulfur atoms evaluated from S% in the synthesis gel 
mixture; C, total concentration of groups containing sulfur atoms calculated on the basis of S% 
obtained by elemental analysis; S%, sulfur percentage. 

2.3. Measurements 

Nitrogen adsorption measurements were carried out using ASAP 2010 
volumetric analyzers manufactured by Micromeritics, Inc. (Norcross, GA). Prior 
to each measurement all bifunctional organosilicas were outgassed under 
vacuum in the port of the adsorption instrument for at least 2 hours at 110 "C 
until the pressure dropped to less than 6 pmHg. Adsorption isotherms were 
measured at -196 "C over the interval of relative pressures from to 0.995 
using ultra high purity nitrogen from Praxair Distribution Company (Danbury, 
CT, USA). The Brunauer-Emmett-Teller (BET) surface area [27] was calculated 
using adsorption data at the 0.05-0.2 p/po range. The single-point total pore 
volume was estimated at p/po = 0.99 [28]. The pore size distribution was 
evaluated using the Kruk-Jaroniec-Sayari (KJS) method [29], which employs the 
Barrett-Joyner-Halenda (BJH) algorithm [30] but with the statistical film 
thickness curve and a Kelvin-type relation calibrated for a series of MCM-41 
samples. The mesopore diameter, wus, was obtained at the peak maximum of 
the PSD curve. 

Quantitative estimation of total concentration of both disulfide and 
mercaptopropyl groups was performed using CHNS elemental analysis. Sulfur 
content for all organosilicas was determined using a LECO model CHNS-932 
elemental analyzer from St. Joseph, MI. 

Thermogravimetric measurements were performed under flowing nitrogen 
on a TA Instruments Inc. (New Castle, DE, USA) model TGA 2950 high- 
resolution thermogravimetric analyzer. The thermogravimetric weight change 
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(TG) curves were recorded over a temperature range from 35 to 800 "C. The 
instrument was equipped with an open platinum pan and an automatically 
programmed temperature controller. The high-resolution mode was used to 
record the TG data. The heating rate was adjusted automatically during 
measurements to achieve the best resolution; its maximum value was 10 "C min- 
I 

3. Results and Discussion 

Powder X-ray diffraction (XRD) was used to monitor the structural changes 
upon increasing concentrations of organic DS and SH groups in the bihctional 
PMOS (see Panels A and B in Figure 1). As can bee seen from these panels the 
XRD profiles recorded for the template-free DS10-SH10 and DS20-SH10 PMOS 
reveal low-angle peaks at 28 = 1.21 and 1.45' that correspond to the d-spacing 
values of 7.36 and 6.1 1 nm, respectively. An additional introduction of 10% of 
mercaptopropyl ligands into the framework (adding up 20% of SH) resulted in 
poorly resolved broad peaks located at 1.45 and 1.44' 20, which correspond to 
the d-spacing values of 6.11 and 6.12 nm for DS10-SH20 and DS20-SH20, 
respectively. Nevertheless, the appearance of one reflection on the XRD spectra 
for the PMOS studied indicates a deterioration of mesostructural ordering with 
increasing concentration of mercaptopropyl surface groups. 

Nitrogen adsorption isotherms measured at -196 O C  were used to further 
elucidate the mesostructural changes that occurred upon gradual introduction of 
both DS and SH groups. Adsorption parameters such as the BET specific surface 
area, the volume of complementary pores, the total pore volume and the KJS 
(Kruk-Jaroniec-Sayari) mesopore diameter for the PMOS under study are 
summarized in Table 2. As can be seen from Panel C of Figure 1, the adsorption 
isotherm for the DS10-SH10 sample (i.e., sample with 10% of disulfide and 10% 
of mercaptopropyl groups) exhibits a type IV isotherm with sharp capillary 
condensatiodevaporation steps and a pronounced H 1 hysteresis loop, which is 
characteristic for mesoporous materials such as SBA- 15. The corresponding 
pore size distribution (PSD) shown in Panel E of Figure 1 has a maximum at 
4.96 nm. However, an increase in the concentration of SH caused a dramatic 
change in the isotherm from type IV to type I with H4 hysteresis loop indicating 
a microporous character of the DS10-SH20 sample; this is confirmed by the lack 
of a distinct hysteresis loop, which is characteristic for mesopores, Le., pores 
between 2 and 50 nm. Furthermore, in comparison to DS10-SH10, the PSD 
curve for DS10-SH20 (Panel E in Figure 1) consists of one peak located at 2.3 
nm with a little shoulder originated from a small fraction of mesopores. It seems 
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that the ordering of mesopores in organosilicas with bulky bridging groups 
diminishes rapidly with increasing amount of surface ligands. 
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Figure 1. Powder X-ray diffraction (Panels A and B), nitrogen adsorption isotherms measured at - 
196 "C (Panels B and C) and the corresponding pore size distributions (PSDs) (Panels E and F) 
calculated according to the improved KJS method [30] for the extracted bifunctional PMOS with 
disulfide bridging and mercaptopropyl surface groups. 

In the case of DS20-SH10 PMO (Panel D), having 20% of disulfide and 
10% of mercaptopropyl groups, the adsorption branch exhibits a broad capillary 
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condensation step and the hysteresis loop resembling H2 type, which suggests 
the presence of pore constrictions. As can be seen from Panel F, the PSD curve 
for DS20-SH10 displays a narrow peak in the range from 1 to 5 nm and a wide 
shoulder between 6 and 12 nm. Contrary to DS10-SH10, the DS20-SH10 sample 
synthesized by doubling the concentration of disulfide bridging groups features a 
dramatic increase in the formation of micropores (see PSDs in Panels E and F), 
which is evidenced by an intensive peak in the micropore range. A further 
increase of the SH loading (DS20-SH20) leads to an isotherm that approaches 
type I characteristic for microporous materials. The PSD plot for DS20-SH20 
shows a significant decrease in the mesopore diameter and the total pore volume. 

Both samples DS10-SH10 and DS20-SH10, containing 10% of SH groups, 
possessed the BET surface areas equal to 700 and 506 m2/g, respectively, which 
after a further addition of 10% of SH groups decreased to 392 and 305 m2/g, 
respectively. In addition, the total pore volume was also reduced from 0.67 
(DS10-SH10) to 0.26 (DS10-SH20) cc/g and from 0.42 (DS20-SH10) to 0.18 
(DS20-SH20) cc/g, respectively (see Table 2). 

Table 2. Adsorption, structural properties and TG weight loss data for the PMOs studied.a 

SBET Vl wws d TG 

DSl 0-SHl 0 700 0.67 5.0 7.36 30.1 
DS10-SH20 392 0.26 2.3 6.1 1 33.2 
DS20-SH10 506 0.42 7.6 6.11 34.4 
DS20-SH20 305 0.18 3.1 6.12 36.9 

m2/g cclg nm nm % 
Sample 

%BET, BET specific surface area; Vl, single-point pore volume; WWS, mesopore diameter calculated 
by the improved KJS method [30] using BHJ algorithm [29]; d, interplanar spacing obtained on the 
basis of the XRD patterns; TG, thermogravimetric weight loss recorded in flowing nitrogen in the 
range between 100 and 800 "C. 

The as-synthesized (template-containing) and extracted (template-free) 
PMOs were also analyzed by high-resolution thermogravimetry analysis 
conducted under flowing nitrogen from room temperature to 800 "C. Figure 2 
shows the thermogravimetric weight change (TG) curves and the differential TG 
curves, known as the DTG curves. As can be seen from this figure, all TG 
curves (Panels A and B) for as-synthesized and extracted PMOs exhibit a small 
weight loss in the temperature range from 35 to 150°C that reflects the 
thermodesorption of physisorbed water and ethanol. Moreover, all TG spectra 
for these PMOs show one major weight loss at 350 OC and a second one at 
around 480 "C indicating high thermal stability of these materials. For as- 
synthesized PMOs the first weight loss corresponds to the thermal 
decomposition of polymer template followed by the degradation of 
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mercaptopropyl and disulfide groups. Extraction caused a significant decrease in 
the weight loss from 65.08 to 30.15% and from 64.39 to 33.79 % for the DS10- 
SHlO and DS10-SH20 samples, respectively. Similarly, the weight losses for the 
DS20-SH10 and DS20-SH20 samples due to the solvent extraction changed 
from 65.65 to 34.33 and from 63.86 to 36.9 %, respectively. Thus, for the as- 
synthesized PMO samples over 30% of the total weight loss corresponds to the 
polymeric template. 

100 200 300 400 500 600 700 
Temperature CC) 

- 80 E 

s 2 
3 60 
M .- 

A DS10-SH10 2 
DS10-SH20 

v DS10-SH10t 
Y DS10-SH20t 

40 

1 2.50 1." 2.00 

0.00 

DSZO-SH10 
0 DS20-SH20 

DS20-SH10t 
0 DS20-SH20 t 

I 

100 200 300 400 500 600 700 
Temperature ("C) 

I: 

DS20-SH10 
0 DS20-SH20 

DS20-SH10t 

.- A DS10-SH10 
A DSlO-SH20 

0 DS20-SH20t 

.... 

200 300 400 500 600 700 200 300 400 500 600 700 
Temperature ("C) Temperature ("C) 

Figure 2. Thermogravimetric weight change (TG) curves (Panels A and B) and the corresponding 
differential TG (DTG) curves (Panels C and D) recorded in flowing nitrogen for the extracted and 
as-synthesized bifunctional PMOs with disulfide bridging groups and mercaptopropyl surface 
ligands; t in the sample codes refers to the as-synthesized PMOs.. 

4. Conclusions 

A series of disulfide-bridged periodic mesoporous organosilicas with 10 % and 
20% of mercaptopropyl surface groups were synthesized by co-condensation of 
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bis(triethoxysilylpropy1)disulfide and (3-mercaptopropyl)trimethoxysilane in the 
presence of Pluronic P123 as a structure directing agent. The resulting 
bifunctional PMOs with 10% of mercaptopropyl groups exhibited ordered 
porous structure with high surface area and large pore diameters; this ordering 
was dramatically reduced with increasing SH loading (see PMOs with 20% of 
SH). Also, the basic adsorption parameters such as the BET surface area, the 
pore volume and the pore size decreased with increasing SH loading. It is 
noteworthy that the disulfide-bridged PMOs with mercaptopropyl surface groups 
can be attractive adsorbents for mercury ions due to the high affinity of these 
ligands to mercury. 
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Mesoporous Si-MCM-41 materials modified with sulfonic acid groups were synthesized 
by fast co-condensation method with facile one-step template removal and thiol to 
sulfonic acid oxidation by microwave irradiation. Nitrogen and water vapor adsorption 
measurements were carried out to study the porous structure and the hydrophilic 
properties of the materials. The impedance spectroscopy measurements exhibited very 
high proton conductivities for the functionalized materials, which is highly promising for 
the application as solid state proton conductors. The proton conductivity increased 
continuously with temperature up to 0.2 Skm. 

1. Introduction 

Since their discovery in 1992 [ 11, the ordered mesoporous materials (especially 
Si-MCM-41) have been in the center of attention in the research of porous 
materials and host guest chemistry. Their highly ordered structures, large surface 
areas and pore volumes make them highly promising for sensing, separation, 
catalysis and nanotechnology [2]. The easy and variable surface 
functionalization substantially enhances the attractiveness of these materials [3]. 
For example, by surface functionalization with sulfonic acid groups (-S03H), 
mesoporous silicas are becoming suitable in acid heterogeneous catalysis [4]. 
Recently, several publications dealing with reactions catalyzed with -S03H 
functionalized mesoporous silica were published underlining the high topicality 
of the research topic [5-91. However, these hybrid systems should also show 
excellent proton conductivities. Kaliaguine et al. showed already in 2002 that - 
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S03H functionalized non-specified mesoporous silicas have solid proton 
conductor properties [ 101. As we recently demonstrated, Si-MCM-41 is more 
suitable than Si-SBA-15 and Si-SBA-16 for proton conduction in -S03H 
functionalized mesoporous materials, because in the narrower channels protons 
can hop more easily between S03--groups located on opposite channels walls. 
For post-synthetically grafted samples the proton conductivity reaches 1 0-3 S/cm 
depending on temperature, relative humidity (RH) and pore geometry [ 1 11. They 
show these high proton conductivities even at high temperatures up to 140 "C, 
what makes them suitable candidates as additives applied in membranes for high 
temperature polymer electrolyte membrane fuel cells (HT-PEMFC). Such HT- 
PEMFCs, operating at about 140 - 180 "C, are highly favorable as the cooling of 
the fuel cell system is simplified and the tolerance towards CO is increased, 
which leads to a more efficient fuel cell arrangement. The functionalized 
mesoporous additives are advantageous because, due to their hydrophilicity, they 
can provide additional water molecules, which facilitate the proton transport 
even at temperatures above 100 "C. However, due to the pore blocking effects 
by grafling reactions, the concentration of -S03H groups in Si-MCM-41 is 
limited to about 1 mmol/g Si-MCM-41[ 1 13. 

Here we show that by simple co-condensation reaction of 3-mercaptopropyl 
trimethoxysilane (MPMS) with sodium metasilicate (NaSi03) and fast 
microwave oxidation of thiol (-SH) groups (with simultaneous template removal) 
-S03H loading of the mesoporous silica can be drastically increased and 
consequently the proton conductivity raises by two orders of magnitude up to 0.2 
S/cm [12]. The pore filling with propyl chains bearing the -S03H groups is 
increased in such large extend (up to 2.3 mmoVg Si-MCM-41) that more than 
one -S03H group is present per m2 of the inner surface. Nitrogen and water 
adsorption isotherms of functionalized mesoporous silica with different organic 
moieties provide a deeper insight into the pore geometry and hydrophilicity of 
the system, because water has still a big influence on the proton conductivity in 
solid electrolyte systems [lO,ll]. 

2. Experimental 

2.1. Synthesis of functionalized mesoporous silicas 

Thiol-functionalized Si-MCM-4 1 was synthesized following the homogeneous 
precipitation procedure published in Ref. [ 131, however, a certain percentage 
(20, 30, 40 mol. %) of the silica source sodium metasilicate (NaSi03, Aldrich) 
was replaced by 3-mercaptopropyltrimethoxysilane (MPMS, Merck). In a typical 
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synthesis, 2.61 g of cetyltrimethylammonium bromide (CTAB, Aldrich) was 
dissolved in 400 mL of deionized water at 30 "C. After the complete dissolution 
of the surfactant, sodium metasilicate and MPMS were added under stirring. The 
molar ratio of the individual components of the reaction mixture was 
1 (CTAB) : 3103 (H20) : 3.05-x (Na silicate) : x (MPMS) with x equaling either 
0, 0.61, 0.92 or 1.22, respectively. Finally, 4 mL of ethyl acetate were added 
under vigorous stirring, whose hydrolysis to acetic acid ensures highly 
homogeneous acidification of the reaction mixture and consequently a uniform 
hydrolysis-condensation reaction of the metasilicate and MPMS. After 15 s, the 
stirring was stopped and the solution was kept still for 24 h at room temperature 
in a closed PE bottle. The final pH was around 10 for a typical synthesis. 
Hydrothermal treatment was carried out for additional 24 h at 100 "C. The white 
precipitate was recovered by filtration and washed with ethanol and water. 
Samples were dried at room temperature overnight. The same preparation route 
has also been used for chloro-hctionalized silica using chloropropyl 
triethoxysilane as functionalization agent. 

Microwave treatment for template removal and simultaneous thiol oxidation 
was carried out using an Ethos 1 microwave system (MLS) in Teflon reaction 
vessels, which are transparent for the microwave radiation. 0.1 g of the as- 
synthesized powder was suspended in a mixture of HN03 (65 %, Roth) and H202 
(30 %, Roth). The mixture was treated by continuous microwave irradiation 
(max. 600 W) for up to 5 minutes at 200 "C, the maximum internal pressure 
being 20 bar. 

The samples prepared using 20 and 40 mol. % of MPMS are designated as 
20 and 40% S03H-MCM-41, respectively. 

2.2. Characterization 

Nitrogen adsorption-desorption experiments at the boiling point of nitrogen (ca - 
196 "C) were carried out with a Micromeritics ASAP 2010 apparatus. Prior to 
each adsorption measurement, samples were outgassed at 150 "C overnight. 
Water vapor adsorption-desorption isotherms were obtained by volumetric 
BELSORP 18-3 apparatus (Be1 Japan, Inc.) at 22 "C with an equilibration time 
of 500 s. 

Transmission electron microscopy (TEM) was performed at 200 kV using a 
field-emission Jeol JEM-21 OOF instrument with an ultra-high resolution pole 
piece (CS = 0.5 mm) that provides a point-resolution better than 0.19 nm. 
Moreover, the microscope was equipped with an Gatan GIF 2001 energy filter 
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with a lk-CCD camera. Specimens were prepared by dispersing the samples in 
ethanol and fixating them on a carbon film, which is supported on a copper grid. 

Proton conductivity was measured by impedance spectroscopy (IS) using a 
Zahner electrochemical workstation IM6e in a frequency range from 1 - lo6 Hz 
with an oscillating voltage of 100 mV. Prior to the measurement, the 
functionalized powders were pressed with 50 kN into small pellets 8 mm in 
diameter and 0.5-1 mm in thickness, which were inserted between two thin 
graphite slices (8 mm in diameter). Afterwards they were put into a PTFE 
specimen holder, which was located in a gas-tight stainless steel body with 
thermocouple access to the holder. This body was connected via a stainless steel 
tube to a stainless steel water reservoir. Relative humidity (RH) in the cell was 
controlled by adjusting the temperature of the water tank. The specific 
conductivity was calculated according to the formula o = (l/R)(L/A), where R is 
the resistance corresponding to the phase angle closest to zero in the Bode 
diagram, L the thickness of the sample between the electrodes, and A the cross- 
sectional contact area of the electrodes. This analysis procedure is typically used 
to interpret proton conductivities in powders or membranes". 

The ion exchange capacity was determined by titration. A small amount of 
functionalized powder was suspended in a 0.01 M sodium hydroxide solution for 
48 hours, the remaining sodium hydroxide being titrated with hydrochloric acid. 

3. Results and Discussion 

In order to get a detailed information about both the porous structure and the 
chemical nature of the pore surface of the different as-synthesized and 
functionalized hybrid materials, two radically different adsorptives have been 
chosen, namely nitrogen and water vapor. 

Figure 1 shows the adsorption isotherms of nitrogen at -196 OC on three 
different samples prepared by co-condensation as well as on the pristine Si- 
MCM-41. The Si-MCM-41 synthesized by the homogeneous precipitation route 
without adding MPMS exhibits the typical steep increase in the adsorption at the 
relative pressure P/Po of 0.27-0.34, which is due to the reversible capillary 
condensation within the Si-MCM-41 mesopores 2.7 nm in diameter. The broad 
hysteresis at P/Po fiom 0.5 to 1 is due to the presence of some imperfections and 
cracks within the particles of this material. The BET surface area, pore volume 
and pore size of the Si-MCM-41 achieve 1030 m2/g, 0.954 cm3/g and 2.7 nm, 
respectively. 

Adding additional agents in the reaction mixture has a strong influence on the 
structure of the materials and their texture properties, because the micelles 
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formed by CTAB expand and incorporate the additional silanes. The BET 
surface area, pore volume and diameter of 20% Cl-MCM-41 and 20% S03H- 
MCM-41 equal 594 and 625 m2/g, 0.752 and 0.692 cm3/g and > 6 nm (for both), 
respectively. By increasing the amount of substitution, the change in the texture 
is becoming even more drastic. For the 40% S03H-MCM-41 sample the nitrogen 
isotherm is of type I, and the BET-equation is not applicable, which indicates a 
microporous nature of this sample. The loading of the materials with organic 
moieties is so much increased that the mesopores are narrowed and transformed 
to micropores and small mesopores of about 1.5 nm in size (the assessment 
based on the Langmuir surface area and the total pore volume). The successful 
functionalization is proven by IR measurement shown elsewhere [12]. 

0.0 0.2 0.4 0.6 0.8 1 .o 

Figure 1 .  Nitrogen adsorption isotherms for pristine Si-MCM-41 (I ), 20% S03H-MCM-41 (o), 
20% Cl-MCM-41 (0) and 40% SO3H-MCM-41 (A), after microwave template removal; inset: pore 
size distribution of pristine material. 

However, as seen in Fig. 2, even the 40% sample exhibits the hexagonal pore 
arrangement characteristic for the pore structure of Si-MCM-41. This is also 
proved by XRD measurements after calcination, where the typical Si-MCM-41 
pore geometry is recovered [12]. 

Figure 3 depicts schematically the situation inside a pore of the 40% S03H- 
MCM-41. The high loading of the pores leads to narrowed pore diameter. 
According to the ionic exchange capacity (IEC) of S03H-functionalized 
materials, the co-condensation results in a loading of 1.6 mmol/g for 20% 
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samples and 2.3 mmol/g for the 40% SO3H-MCM-41, respectively [12], whereas
the grafting route results only in loadings of about 1 mmol/g [11].

Figure 2. TEM images of 40% SOsH-MCM-41 after microwave treatment.

Figure 3. Situation inside the pores of Si-MCM-41 after functionalization. The arrow illustrates that
the protons are transported predominantly along the channel axis.

For a better understanding of the chemical nature of the surface of the pore
walls of functionalized Si-MCM-41, adsorption isotherms of water vapor have
been measured. Fig. 4 shows the adsorption isotherms of water vapor on
inorganic particles at 22°C in the relative pressure range of p/p0 of 0.0 - 0.98.

The isotherms on the pristine Si-MCM-41 and grafted 20% SO3H-MCM-41
are of type V [14], the pore filling and emptying occurring within a narrow range
of relative pressure at ca 0.4 and 0.5, respectively. This values of relative
pressure correspond to the pore diameters of about 2-3 nm as calculated from the
Kelvin's equation [15]. The small shift in the location of sharp step in both
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adsorption and desorption isotherms to towards lower relative pressures is due to 
a slight narrowing of the pore width caused by the grafting [ 16,171. 

However, the isotherms of co-condensated materials are drastically changed. 
The isotherm on the 20% S03H-MCM-41 shows a higher adsorption at low 
relative pressures of 0-0.4, which indicates stronger interactions of water vapor 
molecules with the surface and corresponds to the hydrophilic nature of the 
surface of this sample. The broad and relative flat hysteresis loop is caused by 
the broad distribution of the pore width and some pore blocking effects, which 
may be due to the so called ink-bottle shaped pores. 

In contrast, the 20% Cl-MCM-41 sample shows a very small water uptake, 
which somehow increases only at relative pressures above 0.6. While the surface 
of pristine Si-MCM-41 is typically quite hydrophilic due to the presence of a 
large number of surface silanol groups, these groups are removed by the 
fimctionalization and replaced by hydrophobic moieties, namely propyl chains 

0.0 0.2 0.4 0.6 0.8 I .o 

Figure 4. Water adsorption isotherms of Si-MCM-41 (o), SO,H-MCM-41 (20 mmol grafting",o ), 
20% Cl-MCM-41 (A), 20% SO3H-MCM-41 (A). 

with headgroups such as chlorine. This replacement of course renders surface 
hydrophobic [ 18,191. Additionally, the pores are becoming narrower by surface 
functionalization leading to the same effect. Therefore, the C1-MCM-41 sample 
has such a low water uptake compared to all other samples. 

The comparison of water vapor isotherms on S03H- and C1- functionalized 
samples clearly shows that the strong hydrophilicity of the sulfonic acid groups 
is able to overcome the hydrophobicity of the linking propyl chains and renders 
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the surface even more hydrophilic than that of the pristine Si-MCM-41. The 
water uptake for the S03H-functionalized Si-MCM-41 at the limiting relative 
pressure of 0.98 is about 55 wt.-%, which is 3.7 times more than on the C1- 
MCM-4 1 functionalization with chloropropyl chains. Further it should be 
stressed that even at relative pressure as low as 0.1 the water vapor uptake 
achieves about 5 wt.-% for the 20% S03H-MCM-41. This is the special 
advantage of the co-condensation material. 

Figure 5 shows proton conductivities for all samples measured under 100 % 
relative humidity (RH) are continuously increasing with temperature. Proton 
conductivity in the presence of water is due to the so-called Grotthus-mechanism 
[20]. In this mechanism, the proton transport is mainly caused by the hopping of 
the protons from one water molecule to another. To a smaller extent, also the 
difhsion of H30' ions enhances the proton transport. 
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Figure 5 .  Proton conductivities under 100% RH of SI-MCM-41 (x), 20mmol S03H-MCM-41 
(grafling,o), 20% SO3H-MCM-41 (I ), 40% SqH-MCM-41 (a) and Nafion@ under the same 
conditions (A). 

The increase in temperature strongly affects both mechanisms, hopping as 
well as diffusion become faster. Furthermore, because the anchoring propyl 
chains rotate and vibrate more easily, the -S03H groups at the end of the chains 
can easier contact each other, which facilitates the direct proton transport. The 
pristine Si-MCM-41 alone shows only a negligible proton conductivity of about 

Skm, which results from a partial dissociation of water molecules in the 
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presence of silanol groups leading to an increased charge carrier concentration 
close to the inner surface [lo]. 

Confirming the IEC results, the proton conductivities of co-condensed 
samples increase drastically with increased loading. The co-condensed powders 
have much higher values than the grafted ones: the 40% S03H-MCM-41 exhibits 
proton conductivity of even up to 0.2 Skm. Although the IEC value of the 
grafted 20 mmol sample is significantly lower than that of the 20% co-condensed 
sample, the proton conductivities differ only slightly. This can be explained by 
the narrower pores in the grafted sample which facilitates proton hopping 
between SO3- groups bound on opposite pore walls. Such effect has also been 
found on SO3H-grafted Si-MCM-41 and Si-SBA-15 samples [ l l ] .  It is 
remarkable that in contrast to Nafion@ foils, for which the proton conductivity 
decreases drastically above 100 "C due to water loss [17,21], water seems to be 
kept inside the channels. This is in accordance with the water adsorption 
measurements. In addition, the channel geometry of the pores, in which the 
sulfonic acid groups are fixed, does not only help to keep water but also supports 
the guidance of the protons through the tested pellets (see Figures 2 and 3). 

4. Conclusion 

To sum up, a simple and fast method for the preparation of S03H functionalized 
Si-MCM-41 samples by the co-condensation synthesis and microwave treatment 
for an effective template removal with the simultaneous SH- to S03H-group 
oxidation has been presented. Pellets pressed ffom the synthesized powders 
showed very high proton conductivities of up to 0.2 S/cm at 100 % RH. Whereas 
for other kinds of proton conducting membranes, e.g. Nafion@, the proton 
conductivity decreases drastically with temperature, the proton conductivity of 
these materials increases continuously with temperature. The high loading with 
S03H groups rendering the materials to be highly hydrophilic and being easily 
achieved by the co-condensation synthesis has turned out to be a crucial 
advantage. 
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MESOPOROUS CERIA BY STRUCTURE REPLICATION 
FROM VARIOUS POROUS MATRICES 

JAN ROGGENBUCK, MICHAEL TIEMANN 
Institute of Inorganic and Analytical Chemistry, Justus Liebig Universiy, 

Heinrich-Buff-Ring S8, 0-35392 Giessen, Germany 

Mesoporous ceria was synthesized by using both CMK-3 carbon and SBA-15 silica as 
structure matrices. All products exhibit uniform mesopores with diameters of 5-6 nm in a 
two-dimensional periodic arrangement in addition to varying amounts of interparticle 
porosity. The gas sensing properties (methane detection) of ordered mesoporous ceria 
was compared to a non-porous sample. 

1. Introduction 

Crystalline ceria-based materials are interesting due to their unique properties in 
a wide field of applications such as high temperature ceramics, catalysis [ 1,2], 
gas-sensing [3,4], or solid oxide fuel cells [5]. 

The conventional method of utilizing self-assembled, supramolecular 
aggregates of organic amphiphiles as structure directors in aqueous media are 
naturally limited to low synthesis temperatures, resulting in porous materials 
which are often amorphous on the atomic length scale. Thermal treatment, 
necessary for the generation of crystallinity, often causes a loss of structural 
order and reduces the surface area [6,7]. 

The structure replication concept which employs rigid, porous matrices is an 
efficient technique to overcome these problems [S,9]. An advantage of the 
replication method is the possibility of creation of novel nanostructures by using 
various mesoporous silicas and carbons as hard templates. Recently mesoporous 
silica [ 10-121 as well as carbon materials [ 131 have successfully been used for 
the synthesis of mesoporous ceria. 

Here we present a comparative study of syntheses using both mesoporous 
CMK-3 carbon and mesoporous SBA-15 silica as structure matrices; both these 
templates are hexagonally ordered mesostructures (p6m symmetry group). 
CMK-3 is an inverse replica of SBA-15, which consists of hexagonally ordered 
channels interconnected with complimentary fine pores [ 141. The products 
exhibit ordered mesopores with crystalline pore walls and show superior 
properties in methane gas sensing as compared to non-porous samples. 
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2. Experimental 

2.1. Synthesis of the Structure Matrices 

SBA-15 silica was synthesized in a modification of a literature procedure [15]. 
12.0 g of P-123 block copolymer (Sigma) were dissolved in a mixture of 360 g 
deionized water and 43.0 g of HCI (32 %). After addition of 24.0 g of tetraethyl 
orthosilicate (TEOS; Merck) the mixture was stirred at 308 K for 24 h. The 
resulting gel was transferred to a Teflon-lined autoclave and kept at 353 K 
(for small mesopores and thick walls) and 413 K (for large mesopores and thin 
walls) respectively for 24 h. The resulting solid products were filtered off, 
washed with deionized water, and calcined under air atmosphere at 823 K for 6 h 
(heating rate 2 K min-I). CMK-3 carbon was prepared according to a literature 
procedure [ 161. 

2.2. Synthesis of Mesoporous CeO2 by Structure Replication 

Mesoporous ceria was prepared by incipient wetness impregnation of the 
respective mesoporous matrix, SBA-15 silica or CMK-3 carbon. 

In case of SBA-15 silica 2 mL of a saturated aqueous solution of Ce(NO& 
were added to 1 g SBA-15 and the resulting mixture was kneaded for three 
minutes. After drying at ambient temperature the sample was heated under air 
atmosphere to 573 K at a constant rate of 2.5 Kmin-' and kept at that 
temperature for 2 hours to convert cerium nitrate to cerium oxide. This 
procedure was repeated twice. The silica matrix was removed by repeated 
stirring in 50 mL aqueous NaOH solution (2 mol L-') at ambient temperature. A 
light yellow material was recovered by centrihgation and dried at 330 K. 

Alternatively, mesoporous ceria was prepared using CMK-3 carbon as the 
structure matrix. 2 mL of a saturated aqueous solution of Ce(NO& were added 
to 1 g CMK-3 and the resulting mixture was kneaded for three minutes. After 
drying at ambient temperature the sample was heated under air atmosphere to 
473 K at a constant rate of 2.5 K min-' and kept at that temperature for 2 hours to 
decompose the nitrate. This procedure was repeated once. The carbon was 
removed by heating the sample under air atmosphere to 673 K at a constant rate 
of 2 K min-l and keeping the sample at that temperature for 2 hours. 

2.3. Characterization 

Powder X-ray diffi-action (XRD) was carried out on a PANalytical X'Pert Pro 
system equipped with a high-speed X'Celerator detector (Cu Ka  radiation, 
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40 kV, 40 mA). N? physisorption was conducted at 77 K on a Quantachrome 
Autosorb 6; samples were degassed at 393 K for 24 hours prior to measurement. 
For data processing the Quantachrome Autosorb software comprising the 
NLDFT kernel 'IN2 silica at 77 K, cylindrical pore model" was used. The 
specific surface area was calculated from the adsorption data in the relative 
pressure interval from 0.05 to 0.2 using the BET method. Transmission electron 
microscopy (TEM) and selected-area electron difiaction (SAED) was 
performed on a Philips CM30-ST microscope; for energy-dispersive X-ray 
(EDX) analysis an EDAX PV 9900 was used. 

2.4. Gas Sensing 

For the preparation of the sensors 50mg of the mesoporous Ce02 powders 
(synthesised by using CMK-3 carbon)were ground and dispersed in 1 mL 
deionized water. The dispersion was deposited onto commercial substrates 
(Umweltsensortechnik, UST) with integrated platinum electrodes and heating, 
dried at room temperature, and tempered for 60 hours at 623 K. The gas sensing 
properties were measured by means of a gas-mixing equipment using standard 
mass-flow controllers to provide a well-defmed gas flow and a computer to 
control the experiment and record the resulting data. 

3. Results and Discussion 

3.1. Ce02 Replicated from SBA-15 Silica 

Figure 1 shows the powder X-ray diffraction patterns of two mesoporous 
SBA-15 silica samples used as a structure matrices. As a result of different 
synthesis temperatures (see experimental section), the two samples differ in their 
mesopore diameters (top: 11 nm, bottom: 7 nm) and pore wall thicknesses (top: 
1 nm, bottom: 4 4 ,  as determined by physisorption (not shown). The low- 
angel reflections (100, 110, and 200) correspond to the hexagonal (p6mm) pore 
arrangement. The XRD patterns of the respective mesoporous ceria replicas are 
shown in the same graphs. In case of ceria replicated from large-pore SBA-15 
the hexagonal symmetry is preserved, as evident from the fact that all three 
reflections are retained. On the other hand, the ceria sample replicated from 
small-pore SBA-15 shows significant broadening of the reflections, which 
indicates that the periodic structure is lost to a certain degree. The wide-angle 
regions of the XRD patterns (insets) indicate that both mesoporous ceria samples 
are crystalline; the reflections correspond to the fluorite-type structure of CeOz. 
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Figure 1 .  XRD patterns of mesoporous ceria and the corresponding structure SBA-15 silica matrices 
(top: SBA-15 with large mesopores; bottom: SBA-15 with small mesopores). The wide-angle 
reflections (insets) are assignable to crystalline C a t .  
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Nz physisorption data of both ceria samples (Figure2) c o n f m  that the 
ordered pore system is preserved to a different extent. For the sample prepared 
by using the large-pore SBA-15 silica the isotherm shape is close to type IV. 
Utilization of small-pore SBA-15, on the other hand, results in an isotherm 
which rather resembles a type I1 shape. Loss in structural order causes 
interparticle porosity to a greater extent, especially in case of ceria casted from 
small-pore SBA-15 silica. However, a sharp peak at ca. 5 nm in the pore 
diameter distribution is observed in both cases (Figure 2, insets), which confirms 
the presence of uniform pores. The specific BET surface areas and total pore 
volumes are 75 m2 g-' and 0.14 cm3 g-' (from large-pore SBA-15) and 70 m2 g-' 
and of 0.16 cm3 g-' (from small-pore SBA-15), respectively. The large-pore 
SBA-15 silica is apparently more suitable as a structure matrix than the small- 
pore SBA-15 sample. This is consistent with the fact that in the former case 
microporosity in the mesopore walls is much more pronounced [ 171, which leads 
to a better interconnectivity of the resulting ceria network. 

Transmission electron micrographs of both ceria samples are shown in 
Figure3. The left image is representative of ceria replicated from large-pore 
SBA- 15 silica, showing long-range hexagonal periodicity. For ceria replicated 
from small-pore SBA-15 such well-ordered domains are rarer; instead, areas of 
loosely bundled wires without periodic arrangement are more frequent, which 
confirms the above mentioned lower interconnectivity of the ceria network. 

0,O 0,2 0,4 0,6 0,8 1,0 0.0 0,2 0,4 0,6 0,8 1,0 

PIPo PIPo 

Figure 2. Nz physisorption isotherms and DFI  pore size distributions (insets) of mesoporous ceria 
casted from SBA-15 exhibiting large mesopores (left) and small mesopores (right). 
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3.2. CeOt Replicated from CMK-3 Carbon 

Figure 4 shows the XRD patterns of mesoporous ceria as well as of the "parent" 
CMK-3 carbon and SBA-15 silica which have consecutively served as structure 
matrices. Again the low-angel reflections confirm the hexagonal periodicity of 
the pore system. For mesoporous ceria only the 100 and 110 reflection can be 
identified and a broadening of the peaks is observed indicating a certain degree 
of loss in structural order. The wide-angle region (Figure 4, inset) confirms the 
atomic-scale crystallinity of mesoporous ceria. 

A representative TEM image (Figure 5) of mesoporous ceria shows 
predominantly areas of ordered pores, as well as from fractions exhibiting 
disordered, though still uniformly arranged pores. Selected area electron 
diffraction (SAED) pattern from the same part of the sample (Figure 5, inset) 
confirms that the pore walls are polycrystalline. 

N2 physisorption isotherms are shown in Figure 6. Again the isotherm shape 
is an intermediate between type I1 and type IV, indicating a contribution of 
interparticle porosity. This is also apparent from the broad DFT pore diameter 
distribution (Figure 6, inset) in the region of 20-50 nm. However, a sharp peak at 
ca. 6nm confirms that the material also contains uniform pores. The specific 
BET surface area and the total pore volume are 148 m' g-' and 0.42 cm3 g-l, 
respectively. 

3.3. Gas sensing properties 

Figure 7 shows the methane (CH4) gas-sensing performance of mesoporous ceria 
synthesised by using CMK-3 carbon. The measurement was carried out at 573 K. 
The lower part of the figure shows the offered CH4 concentration profile. The 
upper graph shows the relative change in conductance of the sensor. The sensor 
signal shows a fast and approximately linear response to CH4. The response of a 
reference sensor prepared from non-porous ceria (specific BET surface area: 
10 cm3 g-') for comparison was below the detection limit (signal to noise). 

Conclusions 

Mesoporous SBA-15 silica as well as CMK-3 carbon can be used as structure 
matrices for the synthesis of mesoporous ceria by the nanocasting process. The 
products exhibit periodically arranged uniform mesopores with polycrystalline 
pore walls. Depending on the applied matrix the products exhibit interparticle 
porosity to various extent. The mesoporous ceria shows fast and strong 
sensitivity to methane gas. 
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Figure 7. Gas sensor measurement showing the methane concentration (bottom) and the relative 
change of conductance of the sensor prepared with mesoporous ceria (top, solid line) and bulk ceria 
(top, dashed line). 
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The paper discusses the preparation of vanadium oxides (VzOs) within the mesopores of 
MCM-41, via a template exchange method, which results in anchoring of VOz+ onto the 
defect sites of MCM-41, in addition to partial conversion of vanadyl ions to vanadium 
oxides. The samples were characterized by various spectroscopic and analytical 
techniques and the oxidation of toluene was studied over the vanadium incorporated 
catalyst. 

1. Introduction 

With the discovery of mesoporous molecular sieves (MCM-41, MCM-48, 
MCM-50) in 1992 by the Mobil Research Group [l], new opportunities have 
opened up to entrap catalytically active sites inside the uniform channels with 
controllable pore diameter (2-50 nm). Owing to these unique features, 
mesoporous molecular sieves have been found to be excellent hosts to anchor 
metal ions such as vanadyl (VO”) ions in the pores forming nanostructured 
heterogeneous catalysts [2]. However, the choice of vanadium as one of the 
most important transition metals for catalytic reactions stems kom the fact that 
its oxidation states are variable and stable [3]. Further, the physicochemical 
properties of vanadium enable it to be a useful and versatile catalyst for selective 
oxidation reactions, e.g., o-xylene to phthalic anhydride [4] toluene to 
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benzaldehyde or benzoic acid [5] etc. However, most of these oxidation 
reactions are homogeneous in nature. 

The utility of vanadium as an oxidation catalyst encouraged us to anchor 
them into the molecular matrix. The method involves a template ion-exchange 
route, where the surfactant cations, which act as a template in the formation of 
mesoporous materials, get exchanged by vanadyl ions kom an aqueous solution 
[2]. What forms are anchored vanadyl species onto the defect sites of the 
molecular sieve. Calcination of such anchored samples results in the partial 
conversion of the anchored moieties to metal oxides. The template exchange 
method thus provides an advantage over impregnation methods, where in the 
former, the presence of residual surfactant molecules in the metal-exchanged 
samples aids in formation of metal oxides in the mesopores, owing to the 
exothermicity produced during combustion of the template. Further, the 
controllable pore-sizes of the matrix restrict the formation of metal oxides to a 
nanosize range. Thus, in the present investigation, an attempt has been made to 
synthesize nanoparticles of V205 in the mesoporous matrix by the template- 
exchange route and carry out liquid phase oxidation of toluene over VO'+ 
anchored MCM-41 catalyst. 

2. Experimental 

2.1. Synthesis of MCM-41 

Mesoporous MCM-4 1 molecular sieves were synthesized hydrothermally as per 
the procedure described elsewhere [6] with a molar ratio: SiO?: 0.27 CTAB: 
0.26 TMAOH: 0.13 Na20: 60 HzO. The pH of the gel was adjusted to 11.5 
either by adding dilute H2S04 or aqueous NaOH and was placed in an air oven at 
373 K for 24 h in Teflon-lined stainless steel autoclaves. The solid products 
obtained were washed, filtered and dried at 353 K. The as-synthesized MCM-41 
was then calcined in a tubular furnace at 823 K in a flow of Nz for 2 h followed 
by 8 h in air with a flow rate of 50 ml min-' and a heating rate of 1 K min" [6]. 

2.2. Preparation of Vdi/MCM-41 by template exchange method 

The entrapment of VO" ions in the mesoporous matrix was carried out by direct 
template ion exchange method [2] by taking Ig of the as-synthesized sample 
with 80 ml of aqueous solution of vanadyl sulphate under constant stirring for 
24h. Different loadings of vanadium were achieved by varying the Si/V ratio 
(Si/V = 10, 15, and 20). The solid mass separated by filtration was followed by 
washing with distilled water several times and drying at 373 K overnight. These 
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V02+ exchanged samples were calcined in a tubular furnace at 823 K in a flow 
of N2 for 2 h followed by 8 h in air at a flow rate of 50 ml min-' and a heating 
rate of 1 K min-' and are designated as V02+/MCM-41. For a comparison, 
vanadyl-impregnated was prepared (V02+-MCM-41) with 15 wt % of vanadium 
in calcined MCM-41 sample. 

3. Results and Discussion 

Powder XRD of MCM-41 and vanadium incorporated MCM-41 was recorded 
on a Rigaku miniflex X-ray diffractometer. XRD of as-synthesized MCM-41 
sample shows strong reflections corresponding to the (100) plane along with 
weak reflections from (1 lo), (200), (210) planes, respectively, characteristic of 
hexagonal MCM-41 structure [ 11. Vanadyl-exchanged MCM-41 samples exhibit 
reflections similar to parent MCM-41, indicating intactness of structure (see Fig. 
1). It can be seen from Table 1 that the d-spacings and unit cell parameter (a,) of 
the vanadium incorporated samples show an increase as compared to the parent 
MCM-41, which could be attributed to a partial isomorphous substitution of 
vanadium into the mesoporous matrix, in addition to anchoring (see Table 1) [7]. 
Calcined samples showed a decrease in unit-cell parameter compared to the as- 
synthesizedexchanged samples, owing to the removal of surfactant molecules 
and condensation of silanol groups, causing the unit cell to shrink. 

Table 1 .  XRD data for vanadium incorporated samples. 

Sample dioo (A) 
As-synth MCM-41 40.67 
Calcined MCM-41 36.78 

VOz+-exchMCM-41 42.43 
V O ~ + / M C M - ~ ~  (10) 40.48 

V02'-exch. MCM-41 42.03 
V O ~ + / M C M - ~ I  (15) 40.73 
V0"-imp MCM-41 42.43 
V02+-MCM-41 (15) 39.56 

* ICP-analysis. 

43.78 
40.48 
45.99 
43.16 
45.40 
45.61 
45.87 
43.95 

Vanadium 
content' 

3.64 
3.64 
3.88 
3.88 
1.9 
1.9 

Figure 2 (a,b) represents typical TEM images and ED patterns of 
VO'+/MCM-41 calcined at 550°C. TEM and ED analysis was carried out on 
JEOL 2000 FX and Phillips CM 200, operating at 160 and 200 kV, respectively. 
TEM micrograph shows the hexagonal ordered pore structure and a 
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representative ED pattern confirms the high periodicity of VO2+-MCM-41 [1,8].
No formation of vanadium oxide moieties was observed in the TEM and ED
patterns, indicating that vanadium is predominantly present in the form of VO2+

ions in the mesoporous matrix.

a
£>

29 (degree)

Figure l.XRD patterns of: a) vanadyl-exchanged MCM-41, b) VO2*/MCM-41, c) vanadyl-
impregnated MCM-41, d) VO2+-MCM-41.

(a) (b)

Figure 2. (a) TEM micrographs and (b) ED pattern of VO2+/MCM-41.

•I
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Figure 3. ESR spectra of (a) bulk vanadyl sulfate (b) calcined vanadyl sulfate (723 K) (c) VzOs 
standard (d) V205 (at 77K) (e) vanadyl-exchanged MCM-41 (0 V02+/MCM-41 (g) V02’/ MCM- 
41 (77K). 

ESR spectra were recorded on Bruker ESP 300 X-band spectrometer. 
Figure 3 shows the ESR signal at room temperature of the vanadyl sulphate 
source and V02+/MCM-41 samples, which exhibit two axially symmetric sets of 
eight lines characteristic of VO” species (nuclear spin of vanadium = 7/2 with 
unpaired electron) [8], indicating that vanadium retains its +4 oxidation state in 
the as-exchanged and calcined forms. However, the concentration of vanadium 
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(IV) is found to be very low due to partial conversion of some VO” species to 
V205. Hence, in the calcined samples, we have observed the well resolved 
spectral line which is attributed to the decrease in the dipolar interaction among 
the V (IV) ions within the matrix. All the spectra were recorded at room 
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F i y r e 4 .  Raman spectra of (a) V205, (b) calcined voso4 (550 “C), (c) VO*+-exchanged 
MCM-41, (d) VOZf/MCM-41. 

The Raman scattering measurements have been used to study the presence 
of microstructure of vanadium oxide in the mesoporous host. The vanadyl- 
exchanged MCM-41 and VO’+/MCM-41 were analyzed on a Jobin Yovon HR 
800 UV spectrometer in the range 300-1200 cm-I. For a comparative study 
Raman scattering spectra of standard Vz05 and that of calcined VOSO4 (550°C) 
were also recorded. The Raman scattering spectra are depicted in Fig. 4. From 
the spectrum it is very clear that when bulk vanadyl sulfate is calcined, it is 
converted into V1Os. The strong band at -992 cm-’ indicates terminal V=O 
stretching mode [9,10] which is in good agreement with the standard V205, 
whereas the band at -405 cm-’ is assigned to bending vibration of V=O [9]. The 
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Raman band at -703 cm-' is assigned to the doubly coordinated oxygen (V2-O) 
stretching mode, whereas that at -522 cm-' corresponds to triply coordinated 
oxygen (V3-O) stretching mode [9]. In vanadyl-exchanged MCM-41 and 
VO'+/MCM-41, a band is observed at -954 cm-' and -977 c m l ,  respectively, 
which is assigned to (Si-0-V) stretching mode and also to the terminal V=O 
stretching of V205: the latter showing more sharpness and intensity as compared 
to the former, indicating partial conversion of VO" to VZOS. Other band 
assignments of vanadium incorporated MCM-41 is presented in Table 2. 

Table 2. Raman band assignments for vanadium incorporated MCM-41 

Vanadyl-exchanged MCM-41 V02+/MCM-41 Band assignments 

-954 cm-' 971 cm-' v,(Si-0-V), v(V=O) of VzOs 

-1079 cm-' 1036 cm" v,(Si-0-Si) 

-494 cm-' 492 cm-' d(V-0-V) 

Scheme I.  Liquid Phase Oxidation of Toluene 

+ benzoic acid + benzyl alcohol 
+ other products 

VOZ+/MCM-41 

E M  (solvent) 
T = 100 OC 

6 + TBHP 

60 % 

Toluene is one of the most important aromatic hydrocarbons, specially in 
the selective oxidation of toluene to benzaldehyde and benzyl alcohol, which are 
versatile intermediates in the chemical industry [11] So far, the oxidation of 
toluene with air is mainly used to synthesize benzoic acid, and benzaldehyde and 
benzyl alcohol are synthesized by chlorination of toluene followed by hydrolysis, 
a seriously polluting process [12] A new method of selective oxidation of 
toluene to benzaldehyde has been an attractive field as well as an important 
chemical challenge [13] In this report, we have adopted liquid phase oxidation 
scheme (see Schemel) by using tertiary butyl hydroperoxide (TBHP) as oxidant 
and V02+/MCM-41 as catalyst. The reaction condition is as follows: TBHP 
(oxidant, 16 mmol), toluene (8 mmol) (oxidant to substrate ratio 2:1), 5.0 mg 
catalyst, ethyl acetoacetate solvent (5 ml). The reaction temperature was 
maintained at 100°C. The reaction mixture was analyzed by means of gas 
chromatographic technique. The conversion of toluene is found to be quite low 
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( 4  0 %) although benzaldehyde selectivity is good (-60 %). With increasing 
time benzaldehyde selectivity decreased and more benzoic acid was formed [8]. 
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SYNTHESIS OF Co304, NiO NANOPARTICLES WITH 
MESOPOROUS STRUCTURE AND THEIR 

ELECTROCHEMICAL CAPACITIVE BEHAVIORS 

MING-BO ZHENG, W ZHAO, JIAN CAO, JIN-SONG LIU, HAI-JUN ZHAO, 
JE-MING CAO*, GUANG-BIN JI, HAI-YAN WANG, JIE TAO' 

Nanomaterials Research Institute, College of Materials Science and Technologv, 
Nanjing University of Aeronautics and Astronautics, Nanjing, 21 001 6, P.R. China 

Mesoporous Co304, NiO nanoparticles were prepared using KIT-6, SBA-I 5 as templates 
and Co(N03)26Hz0, NiO\T03)2,6HzO as precursors. X-ray dimaction and SEAD 
indicated that the samples had crystalline walls. NZ adsorption-desorption analysis 
indicated that the samples had high BET surface areas and pore volume. Electrochemical 
capacitive properties of the mesoporous metal oxides were examined by cyclic 
voltammetry and galvanostatic charge-discharge measurements. The results showed that 
the mesoporous metal oxides had a higher specific capacitance and better capacitive 
behavior than the conventional metal oxide. 

1. Introduction 

Mesoporous metal oxides are of wide interest for applications in many fields, 
such as catalysts [l], gas sensors [ 2 ] ,  and electrochemical electrode materials [3] 
because of their large specific surface areas, ordered pore structure, and shape- 
selective properties. These materials can be synthesized using organic soft 
templates, similar with the synthesis of mesoporous silica. However, soft 
templating method normally results in amorphous materials due to the low 
decomposition temperature of the template [4]. Recently, ordered mesoporous 
Fe203, NiO, C q 0 4  with crystalline walls have been synthesized using 
mesoporous silica as template [5-91. 

Electrochemical capacitors (ECs) are becoming attractive energy storage 
systems because they have greater power density than common batteries and can 
be deeply discharged without any deleterious effect on lifetime. Energy storage 
mechanisms of electrochemical capacitors are classed into two areas: (1) double- 
layer capacitance arising from the charge separation at the electrode/electrolyte 

* This work is supported by Doctor Innovation Funds of Jiangsu Province (BCXT06-13), National 
Natural Science Foundation of China (50502020) and Natural Science Foundation of Jiangsu 
Province (BK2006 195). Correspondence: jmcao@nuaa.edu.cn 
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interface and (2) pseudocapacitance arising from fast, reversible Faradaic 
reactions occurring at or near a solid electrode surface. Carbon materials with 
high surface areas are widely used for double-layer capacitors [lo]. On the other 
hand, transition metal oxides like Ru02 and Ir02 exhibit Faradaic 
pseudocapacitance with capacitance reported to be as large as 760 F.g-' [ 1 11. But 
the high cost of these materials limits their commercialization. Then, other metal 
oxides such as nickel oxides [12-141, cobalt oxides [15] and manganese oxides 
[ 161 are studied because they are inexpensive and exhibit pseudocapacitance 
behavior similar to that of Ru02 and Ir02. 

Since electric double-layer capacitance and pseudocapacitance are 
interfacial phenomena, the materials for electrochemical capacitors should 
possess a high specific surface area with a suitable pore-size distribution to 
enhance the charge-storage capability. Thus, control of the surface morphology 
of electrode materials is one of the most important design parameters for making 
an electrochemical capacitor [ 171. Recently, Y. Wang et al. synthesized 
mesoporous NiO using SBA-15 as the template [18]. However, the Brunauer- 
Emmett-Teller (BET) surface areas of the product is only 47 m'.g-l and therefore 
restrict its specific capacitance. In this work, mesoporous NiO, C0304 
nanoparticles with high BET surface areas were synthesized using KIT-6 and 
SBA- 15 as template and their electrochemical capacitive behaviors were 
evaluated in 2 mo1,L"KOH electrolyte solution. 

2. Experiment 

2.1. Synthesis and Characterization of Mesoporous Metal Oxides 

Mesoporous metal oxides were prepared using calcined 3D cubic KIT-6 or 
calcined 2D hexagonal SBA-15 as the template. Typically, 0.15 g of KIT-6 was 
dispersed in a 10 mL solution of 0.3 g of Co(N03)y6H20 in ethanol in a glass 
container. The solution was stirred at room temperature for 12 h. Ethanol was 
removed by evaporation by heating the container overnight at 40 "C. Then, the 
dried compound was ground for 10 min in a mortar. Afterward, the resulting 
powder was calcined at 500 "C for 6 h in air atmosphere. The silica template was 
then removed at room temperature using a 5% HF aqueous solution. The etching 
of silica was repeated one more time. The black Co304 material was recovered 
by centrifugation and finally dried at 80 "C. The product was nominated as 
Co304-KIT-6. The preparations of NiO-KIT-6, NiO-SBA- 15, and Co304-SBA- 
15 are similar with that of the Co304-KIT-6. For NiO samples, Ni(N03)2.6H20 
was used as the precursor, and 2 mo1.L-I NaOH solution was used to remove the 
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silica template. Besides, conventional Co304, NiO were prepared by direct 
calcining C O ( N O ~ ) ~ . ~ H Z O ,  Ni(N0&.6H20 at the same conditions. 

The crystal structures of the samples were characterized by X-ray dimaction 
(XRD) (Bruker D8 advance). The size and morphology of the samples were 
examined by transmission electron microscopy (TEM) (FEI, TECNAI-20) and 
scanning electron microscopy (SEM) (LE01530). The N2 adsorption-desorption 
analysis was measured on a Micromeritics ASAP 2010 instrument. 

2.2. Electrochemical tests 

Electrodes for electrochemical capacitors were prepared by mixing the prepared 
powders with 10 wt.% acetylene black and 5 wt.% polyvinylidene fluoride 
(PVDF) binder of the total electrode mass. A small amount of N-methyl-2- 
pyrrolidinone (NMP) was then added to those composites to make more 
homogeneous mixtures, which were then pressed on nickel grid. Each electrode 
contained about 5 mg of active materials. The electrodes were dried at 90 "C for 
24 h. Before electrochemical tests, the electrodes were impregnated with 2 
mo1.L-I KOH solution to guarantee that the electrode material was thoroughly 
wetted by electrolyte. All electrochemical measurements were done in a three 
electrode experimental setup. The prepared electrode, platinum foil and SCE 
electrode were used as the working, counter and reference electrodes, 
respectively. All measurements were carried out in 2 mo1.L-I KOH electrolyte. 
Cyclic voltammetry (CV) and galvanostatic charge/discharge was conducted 
using CHI660 electrochemical workstation. 

3. Results and Discussion 

The wide-angle XRD patterns (Figure 1A) of Co304-KIT-6 and NiO-SBA-15 
correspond to the face centered cubic Co304 and the cubic-phased NiO, 
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Figure 1. Wide-angle (A) and low-angle (B) X-ray diffraction patterns of the samples. (a) Conor 
KIT-6; (b) NiO-SBA-15. 
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respectively. No impurity phases were detected. Figure 1B shows the low-angle 
XRD patterns of Co304-KIT-6 and NiO-SBA-15. The results prove the bulk 
structural order of the materials. 

Figure 2 shows the SEM and TEM images of Co304-IUT-6. The SEM 
image indicates that Co304-KIT-6 sample is composed of nanoparticles. The 
typical diameter of the nanoparticles was estimated to be 20-150 nm, whereas 
the KIT-6 particle was several micrometers in size. The TEM images reveal the 
mesoporous structure of the nanoparticles. Besides, conventional cobalt oxide 
particles were not observed, which indicated that almost all nitrates had moved 
into the mesopores of KIT-6 during the calcination. Selected area electron 
diffraction (SAED) pattern reveals the crystalline walls of the mesoporous 
nanoparticles. The characterization results of NiO-KIT-6 are similar with that of 
the Co304-IUT-6. After the evaporation of ethanol, only a small quantity of the 
nitrates migrated into the mesopores of templates. Most of the nitrates dispersed 
on the outside surface of silica particles. The melting point of C O ( N O ~ ) ~ . ~ H ~ O  is 
about 55 "C, and the decomposition temperature of it is about 74 "C. With the 
increase of temperature, the nitrates turned into a liquid phase before 
decomposition and moved into the mesopores of KIT-6. The decomposition of 
the nitrates and crystallization of the corresponding oxides took place inside the 
mesopores at a higher temperature [9]. 

The SEM 
image indicates that NiO-SBA-15 sample is also composed of nanoparticles. The 
TEM images reveal the hexagonal mesoporous structure of the nanoparticles. 
The SAED pattern also reveals the crystalline walls of the NiO-SBA-15. The 
characterization results of the Co304-SBA-15 are similar with that of the NiO- 

Figure 4 shows the Na adsorption-desorption isotherms and BJH pore size 
distribution plots of the samples. All the samples have a sorption isotherm with a 
broad capillary condensation range starting at about p/po = 0.5 and extending 
almost to p/po = 1, indicative of a high fraction of textural porosity. The pore 
size distribution from the adsorption can be seen in the inset of image. The 
narrow pore size distribution at about 5 nm corresponds to the mesopore which 
was produced from the removal of pore wall of the Si02 template. Except the 
mesopore distribution, these samples also have broad distribution in the range of 
10-100 nm. These nanoporous structures were mainly produced from the stack of 
the nanoparticles. The BET surface areas and the pore volumes for Co304-KIT- 
6, NiO-KIT-6, Co304-SBA-15, and NiO-SBA-15 are estimated to be 133 m2.g-', 
0.76 cm3.g-', 102 m'g', 0.40 cm3.g-', 128 rn'.g-', 0.46 cm3.g-', 101 m2.g-', 0.39 
c m 3 . g - ' ,  r e s p e c t i v e l y .  B e s i d e s ,  t h e  B E T  s u r f a c e  a r e a s  a n d  

Figure 3 shows the SEM and TEM images of NiO-SBA-15. 

SBA-15. 
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Figure 2. (a) SEM image of Co3O4-KJT-6; (b) (c) TEM images of Co3O4-KIT-6; (d) SAED image of
CojO4-Kir-6.

Figure 3. (a) SEM image of NiO-SBA-15; (b) (c) TEM images of NiO-SBA-15; (d) SAED image of
NiO-SBA-15.

the pore volumes for the conventional Co3O4 and NiO are 7.57 m'-g" , 0.03
cm3-g"', 7.66 nr-g'1, 0.05 cm'-g"1, respectively.

Cyclic voltammetry and galvanostatic charge-discharge techniques were
used to determine the electrochemical properties of mesoporous oxide. Figure
5A shows the cyclic voltammetric behavior of the Co3O4-KIT-6 electrode at
various scan rates. The curve shapes of the sample reveal that the capacitive
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Figure 4. Nitrogen adsorption-desorption isotherms and BJH pore size distribution plots (inset) of 
the samples: (a) Co304-KIT-6; (b) NiO-KIT-6; (c) Co304-SBA-15; (d) NiO-SBA-15. 

0.10 0.5 
0.08 
0.06 
0.04 

CI 0.00 

k -0.04 

~ 0 . 3  

(u0.2 
0 

.- 
4 - a  
S 

a 0.02 

g -0.02 

. 
- 
no.l 

5 -0.06 
-0.08 
-0.10 
-0.12 0.0 

Potential / V 
0.0 0.1 0.2 0.3 0.4 0.5 0 50 100 150 200 2 

Time / s 
i0 

Figure 5. (A) CV curves of Co304-KIT-6 at different scan rates. (B) Charge-discharge curves of 
Co3O4-KIT-6 (a) and conventional Co304 (b). The working electrode contains 5 mg Co304. 

characteristic is very distinguished fiom that of electric double-layer capacitance 
in which case it is normally close to an ideal rectangular shape. Since solution 
and electrode resistance can distort current response at the switching potential 
and this distortion is dependent upon the scan rate [ 191, the shape of the CV has 
changed with the scan rate increased. These results indicate that the measured 
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capacitance is mainly based on redox mechanism. The peak 1, peak 2, and peak 
3 correspond to the following three electrochemical reactions: 

Co304 + 40H- - 3Co02 + 2H20 +4e- 
COO? + HzO + e- - CoOOH + OH- 
3CoOOH + e- - c0304 + OH- + H20 
The galvanostatic charge-discharge curves of Co304-KIT-6 and 

conventional Co304 within potential range 0.45-0 V at the charge-discharge 
current of 10 mA after 150 cycles are shown in Figure 5B. The specific 
capacitance (C,) can be calculated as follows: C, = IAt/mAv, where I is the 
current of charge-discharge, At is the time of discharge, m is the mass of active 
materials in the work electrode, and Av is 0.45 V. The evaluated specific 
capacitance of the Co304-KIT-6 is about 516.3 F.g-'. However, the specific 
capacitance of the conventional Co304 is about 207.8 F.g-' 

I 

0.08 
0.06 

a 0.04 

c 0.00 

=-0.04 

J 0.02 

g 0 . 0 2  

O-0.06 

v. I" 

-0.084 

I 
-0.10 W 

0.0 0.1 0.2 0.3 0.4 0.5 
Potential I V 

0.5 

>0.4- . 
30.3- 
c 
0 .  

.- c 
2 0.2. 

no.l - 

0.07. I ,  I I ,  I ,  I ,  I ' I ' I 

0 20 40 60 80 100 120 140 16( 
Time I s 

Figure 6. (A) CV curves of NiO-SBA-15 at different scan rates. (B) Charge-discharge curves of 
NiO-SBA-15 (a) and conventional NiO (b). The working electrode contains 5 mg NiO. 

Figure 6A shows the cyclic voltammetric behavior of NiO-SBA-15 
electrode at various sweep rates. A couple of redox peaks were observed within 
potential range 0.1-0.4 V (versus SCE), which can be considered to according to 
the following redox reaction: 

The two strong redox reaction peaks are responsible for the pseudo capacitive 
capacitance. The anodic peak (peak 1) is due to the oxidation of NiO to NiOOH 
and the cathodic peak (peak 2) is for the reverse process. 

The galvanostatic charge-discharge curves of NiO-SBA- 15 and 
conventional NiO within potential range 0.45-0 V at the discharging current of 
10 mA after 150 cycles are shown in Figure 6B. The evaluated specific 
capacitance of NiO-SBA-15 is about 345.3 F.g-'. However, the specific 
capacitance of the conventional NiO is about 130.8 F.g-'. 

NiO + OH- NiOOH + e- 
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4. Conclusion 

In summary, mesoporous Co304, NiO nanoparticles with high BET surface areas 
have been synthesized using KIT-6, SBA-15 as the templates. Electrochemical 
measurements indicated that the mesoporous metal oxides had a higher specific 
capacitance and better capacitive behavior than the conventional metal oxides. 
Work in this direction is ongoing in our lab. 
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SYNTHESIS AND CHARACTERIZATION OF NANOPOROUS 
C0104 VIA SOLVOTHERMAL-ANNEALING ROUTE* 
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XI-HUA JIANG, J E  TAO AND JIE-MING CAO* 

Nanomatenals Research Institute, College of Materials Science and Technology, 
Nanjing University of Aeronautics and Astronautics, Nanjing 21 001 6, P. R. China 

An easy solvothermal-annealing route has been developed to synthesize nanoporous 
rhombohedra1 / microsphere Co304 with a specific surface area of 48.9 / 69.7 mz.g-'. The 
method involes synthesizing the precursor through a simple solvothermal process and 
further annealing in a furnace. It can be described as easy-manipulated, and large scale 
in production. X-ray diffraction, scanning electron microscopy, Nz adsoption-desorption 
measurements, and other techniques were used to characterize the rhombohedraV 
microsphere Co304 materials. The possible formation mechanism was discussed. 

1. Introduction 

Because of their unique properties, porous materials have been applied in many 
areas, such as heterogeneous catalysis [ 13, molecular separation [2,3], and 
nanocomposite preparation [4,5]. Porous materials with nanosized pore diameter 
have attracted considerable attention. A lot of methods have been developed to 
synthesize various nanoporous materials. Among them, the template method, 
which is usually categorized as a hard template (such as porous alumina [6], 
porous silicon [7]) method and a soft template (such as surfactants [8]) method, 
is based on fEst filling pre-prepared templates with desired materials and finally 
dissolving or burning them away. These fabrication techniques have the 
advantages of precise control over the size and structure of the final porous 
structure. 

In recent years, C0304 has been extensively investigated in view of its 
application as solid-state sensors, ceramic pigments, rotatable magnets, 
heterogeneous catalysts and electrochromic devices [9- 13].+ 

In this work, we successhlly synthesized two kinds of cobalt carbonate with 
3D architectures through an easy selected-control solvothemal process via the 

* This work is supported by Doctor Innovation Funds of Jiangsu Province (BCXJ06-13) and the 
National Nature Science Fund of China. (50502020) 
These authors contributed equally to this work. Correspondence: jmcao@nuaa,edu.cn 
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direct reaction between cobalt salt (CO(CH~COO)~.~H~O),  urea and sodium 
dodecyl sulfate (SDS) under different solutions (ethanol and water). The 
corresponding nanoporous cobalt spinel Co304 were obtained by thermal 
conversion and oxidization of the cobalt carbonate, and the obtained nanoporous 
Co304 inherit the morphologies of their precursors to some extent. There are 
some significative features in this work: firstly, the synthesis process is simple 
and easy-manipulated; secondly, this is also the first report of 3D Co304 
superstructure with rhombohedra1 morphology, which is further assembled by 
uniform nanosheets as observed from its microstructure; thirdly, it provides a 
new method for nanoporous materials. 

2. Experimental section 

2.1 Synthesis 

All chemical reagents were of analytical grade and used as received without 
purification. In a typical procedure, C O ( C H ~ C O O ) ~ . ~ H ~ O  (5 mmol) and urea (50 
mmol) were dissolved in ethanol-water or pure ethanol solvent (30 mL). Then 
0.25 g SDS was added, under stirring to form homogeneous transparent solution. 
The solution was then transferred into a stainless steel autoclave with a Teflon 
liner of 50 mL capacity, and heated in an oven at 150 "C for 24 h. After the 
autoclave was air-cooled to room temperature, the resulting pink product was 
filtered, washed with distilled water and absolute ethanol for several times, then 
dried the precursor at 60 "C for 12 h. Porous Co304 nanostructures were 
prepared by calcining the precursor in a furnace at 400 "C for 5 h in air. 

2.2 Characterization 

The samples were characterized by X-ray powder diffraction (XRD) with a 
Bruker D8-ADVANCE X-ray powder diffractometer with Cu Ka radiation (h= 
1.54178A). Infrared spectra were collected by using a Nicolet Impact 400 FTIR 
spectrometer on KBr pellets. The morphologies and sizes of the products were 
observed by scanning electron microscopy (SEM). The SEM images were 
obtained on a LE01530VP field-emission (FE) scanning electron microscope. 
Thermal gravimetric analysis (TGA) of the as-synthesized samples was carried 
out on a Shimadzu TA-449C thermal analyzer at a heating rate of 5 Kmin- ' from 
room temperature to 800 "C in air. Nitrogen adsorption-desorption isotherms 
were measured on a Micromeritics ASAP 2010 adsorption analyzer. These 
isotherms were used to calculate the BET specific surface area and pore size 
distributions. 
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3. Results and discussions 

Figure 1 shows the XRD patterns of the precursors and their corresponding final 
products. It can be seen from Figure l a  and l b  that the diffraction data are in 
good agreement with the standard spectrum (JCPDS, No. 78-209), indicating 
that the precursors correspond to C0C03. Figure l c  and Id show XRD patterns 
of the samples after the precursor's calcination at 400 0 ~ respectively. The broad 
reflection peaks corresponding to pure cubic Co304 appearing at 28= 31.27, 
36.85, 44.81, 59.36 and 65.24 can be readily indexed as (2 2 0), (3 1 l), (4 0 O) ,  
(5 1 1) and (4 4 0) crystal planes. All these diffraction peaks, including not only 
the peak positions but also their lattice parameters, can be perfectly indexed into 
the cubic crystalline structure of Co304. The results are in accordance with the 
standard spectrum (JCPDS, No. 42-1467). 
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Figure 1, XRD patterns of the precursors prepared in different solutions: (A) Vahanoi : VWam =1: 1, 
(B) pure ethanol, and their corresponding final products: (c) and (d). 

Figure 2 exhibits IR spectra for the precursors and the as-calcined 
nanoporous Co304 in different solutions. It can be seen from Figure 2a and 2b 
that the broad band centered at 3408 cm-' and the peak at 1646 cm- are assigned 
to the O-H stretching and bending modes of water. C-H stretching vibrations of 
alkyl chains of the reagents is observed around 2850-2900 cm-'. The strong 
absorption band at 1425 cm-' can be indexed to the u3 mode of C03'- ions. The 
other bands at 1106, 867, and 746 cm-' are characterized to the ul ,  u2, and u4 

modes of the carbonate ions, respectively [ 141. The peaks of C-H and C03'- ions 
vibrations almost disappear after calcination. In the case of c O j 0 4  nanoparticles 
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(Figure 2c, 2d), we observe sharp absorptions of Co(III)-O and Co(II)-O
stretching vibrations at 575 and 669 cm"1.

-0.1
4000 3500 3000 2500 2000 1500 1000 500
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Figure 2. FT-IR spectra of the precursors prepared in different solutions: (a) V
pure ethanol, and their corresponding final products: (c) and (d).

: VwaKr=l:l, (b)

Figure 3. SEM images of the precursors prepared in different solutions: (a) and (b) Vatamo] : Vwater
=1:1, (c) and (d) pure ethanol, and their corresponding final products: (e) and (f).

Typical SEM images of the as-prepared samples are shown in Figure 3. The
images shown in Figure 3a and 3b reveal the overall morphology of the
precursor obtained in ethanol-water solvent. As seen in Figure la, it was
composed of a great deal of rhombohedral precursors with diameters from 2 to 8
um, and the magnified image indicated these rhombohedral precursors were
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assembled by uniform nanosheets (Figure 3b). In pure ethanol solvent, the 
morphology of the product obtained was quite different from samples obtained 
in ethanol-water solvent. The panoramic morphology of this sample (Figure 3c) 
indicates that the sample consists of uniform 3D microsphere architectures with 
average diameter of 3 pm. From the magnified image of a single microsphere 
(Figure 3d), one can find that this microsphere architecture is formed by many 
nanoparticles. Calcining the above precursors, the final products with similar 
morphology as illustrated in Figure 3e and 3f were obtained. 

The thermal analysis result of the as-synthesized rhombohedral C0C03 is 
shown in Figure 4. One weight loss step at the temperature range 324-385OC can 
be observed. The weight loss is mainly attributed to the decomposition of the 
cobalt carbonate. The weight loss is about 32%, which is close to the theoretical 
value (32.5%) calculated from the thermal decomposition of cobalt hydroxides: 
3cOc03 + 1/202-+ c0304+ 3C02. 
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Figure 4. TG-DTA curves of the as-obtained rhombohedral cobalt carbonate. 

The N2 adsorptioddesorption isotherms and the pore size distribution plots 
of the calcined c0@4 samples are shown in Figure 5. It revealed that the 
isotherms belonged to type IV, which was the characteristic of most nanoporous 
materials. Figure 5A is the nitrogen adsorptioddesorption isotherms of the 
rhombohedral c0304. The rhombohedral nanoporous Co304 were obtained by 
calcining the precursors, which were obtained by the reaction of 7 h, 12 h and 24 
h, respectively. With the extension of the reaction time, their Brunauer-Emmett- 
Teller (BET) surface areas are estimated to be 3 1.2 m'.g-', 35.0 m2.g-' and 48.9 
m'.g-', respectively. And their pore volumes are estimated to be 0.19 cm3.g-', 
0.18 cm3.g-' and 0.21cm3.g-', respectively. According to the Figure 5B, the most 
probable pore size decreased under longer reaction time. The average pore sizes 
are estimated to be 24.6 nm, 21.5nm and 17.Onm, respectively. 
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Fig. 5C is the N2 adsorptioddesorption isotherms of the microsphere Co304. 
Compared with the rhombohedral samples, the BET surface areas for the 
microsphere samples are larger. With the increase of the molar ratio of cobalt 
acetate and urea, their BET surface areas and average pore sizes are estimated to 
be 48.0 m'.g-', 20.3 nm, 69.6 m2.g-', 11.8 nm, 59.2 m'.g-', 17.6 nm, 53.7 m'.g-', 
16.9 nm, respectively. And their pore volumes are estimated to be 0.24 cm3.g-', 
0.29 cm3.g-', 0.26 cm3.g-' and 0.23 cm3.g-', respectively. 

0.0 0.2 0.4 0.6 0.8 l . C  
Relative pressure ( p/po) 

Relative pressure ( p l p ~  3 

Figure 5. Nz adsorptioddesorption isotherms and the pore size distribution plots of the calcined 
C0104 samples: (A) and (B) rhombohedral samples obtained by calcining the precursors obtained at 
different reaction times: (a) 7 h, (b) 12 h, (c) 24 h; (C) and (D) microsphere samples obtained by 
calcining the precursors obtained in different molar ratios of cobalt acetate and urea at 24 h: (a) 1:7, 
(b) l:lO, (c) 1:12, (d) 1:15. 

In order to investigate the effect of SDS on the framework and morphology 
of the product, we prepared the precursor in ethanol-water solution without SDS 
at 24 h. Its XRD pattern indicates that the precursor is CoCO3. The morphology 
of the precursor obtained without SDS is different from that obtained with SDS. 
As seen in Figure 6, it was composed of a great deal of cubic precursors with 
diameter about 10 pm, and the magnified image indicated these cubic precursors 
were assembled by nanosheets. The BET surface area for the cubic Co304 is 
estimated to be 32.3 rn'.g-'. It is smaller than that of the rhombohedral Co304, 
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which is about 48.9 irr-g"1 The average pore size of the cubic sample is
estimated to be 18.3 nm. The pore volume is estimated to be 0.15 cm3-g"'. We
can see that SDS plays a crucial role on the framework and morphology of the
product and can affect the final product's BET surface areas.

Figure 6. SEM images of the precursor prepared in ethanol-water (Vatonoi : Vwater =1:1) solution
without SDS at 24 h. (a) low-magnification SEM image; (b) high-magnification SEM image.

The formation of cobalt carbonate involved a hydrolysis-precipitation
process, in which urea afforded hydrolysis-precipitation to bivalent Co~+ ions.
Urea, (NH2)2CO is a non-ionic, non-toxic, cheap, stable, crystalline and water
soluble compound. It decomposes and releases NH3 and CO2 at about 70 D, then
CO2 hydrolyzed to produce the precipitators CO3

2", which slowly deposits metal
ion, and thus homogeneous precipitation of metal salt by urea hydrolysis can
overcome the faults brought by directly adding precipitator into solution. The
main reactions in the system can be expressed as follow:

H2NCONH2 + H2O -»• 2NH3 + CO, (1)
CO2 + H2O -»• CO3

2' + 2H' (2)
The formation of cobalt carbonate can formulate as:

Co2+ + CO3
2' -> CoCO3 (3)

These cobalt carbonate 3D assemblies formed spontaneously. The
morphologies of cobalt carbonate 3D nanostructures obtained in different
solvents have elucidated that reaction solvent plays a crucial role in the growth
process of cobalt carbonate 3D assemblies. Besides, SDS can control the
morphology of the product in the growth process of cobalt carbonate 3D
assemblies. When SDS was added into the reaction system, SDS can adsorb on
some crystal planes of the cobalt carbonate crystals. Through selective
adsorption, surfactant can control the growth rate of different crystal planes in
reaction kinetics, thus controlling the morphology of the product.

Annealing the precursor in a furnace at 400°C results in the formation of
Co3O4 based on the following reaction:

3CoCO3 + 1/2O2^ Co3O4+ 3CO2 (4)
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When CoCO3 is pyrolyzed into cubic Co304, the three-dimensional 
framework remained and it released COz to form the pores. 

4. Conclusions 

In conclusion, we successfully synthesized 3D architectures of cobalt carbonate 
through an easy selected-control solvothermal process via the direct reaction 
between cobalt salt (CO(CH~COO)~.~H~O), urea and SDS under different 
solvents, in which the cobalt carbonate 3D nanostructures with morphologies of 
rhombohedral, and microsphere can be selectively prepared, respectively. The 
corresponding C0304 nanoporous materials were obtained by annealing the 
cobalt carbonate at 400 "C. Such nanoporous Co304 materials can be potentially 
utilized for catalysts and electrochromic devices. 
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SYNTHESIS OF NIOBIA NANOSTRUCTURES AND THEIR 
CATALYTIC AND PHOTOCATALYTIC ACTIVITY 

IZABELA NOWAK, AGNIESZKA FELICZAK, KATARZYNA WALCZAK, 
MONIKA DARUL 

Faculty of Chemistry, Adam Mickiewin University 
Grunwaldzhz 6, Poznan, PL-60-780 Poznan, Poland 

MIETEK JARONEC 
Chemistry Department, Kent State University 

Kent, OH 44242, USA 

Nanoporous niobia with crystalline walls has been formed within the mesopores and on 
the outer surface of SBA-19 and FDU-1 by impregnation with niobium(V) chloride 
followed by calcination and silica template removal. The physicochemical properties of 
niobia particles was evaluated by powder X-ray diffraction, nitrogen adsorption, scanning 
and transmission electron microscopies, temperature programmed reduction and 
thermogravimetry. The resulting nanoniobia was tested in the liquid phase oxidation of 
cyclohexene with hydrogen peroxide and appeared to be catalytically active contrary to 
amorphous niobia. The nanoniobia was used in the photocatalytic removal of organic 
compounds from water. 

1. Introduction 

Nanoporous oxides can be synthesized by various methods: vapor-phase or 
solution-phase growth, microwave-assisted synthesis, sol-gel process, and 
templating synthesis and so on [ 1-41, A rich variety of templates have already 
been employed for the preparation of nanoporous oxides including “sofi” and 
“hard” templates, recently also called as “endo”- and “exotemplates” [5]. 
Typically, “hard” (“exo”) templates include channel-like alumina membranes 
[6], track-etched polycarbonates [7], zeolites [S], pristine [9, 101 or microwave- 
digested mesoporous silicas [ 1 13, carbon nanotubes [ 12, 131 or spheres [ 141 and 
surface-structured solid substrates [ 151. Currently, nanocasting (hard-templating) 
involving three-dimensional (3D) mesostructured silicas as hard templates 
represents an attractive strategy for the synthesis of highly ordered transition 
metal oxides [ 161. 

The extension of mesoporous structures into transition metal oxides 
represents a very important growth from the viewpoint of catalysis, adsorption, 
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electronics, etc. [ 171. Nanocrystalline NbrOs exhibits optical and electronic 
properties that differ from those of bulk niobia and has also been shown to 
enhance catalysis. Particularly, niobia mesophases can be useful as 
photocatalysts. So far, mesoporous niobium oxides were prepared by ligand- 
assisted methods [ 181 or neutral templating [ 191. 

To date, there is no report on the preparation of niobium oxide with 
crystalline pore walls using mesoporous silica templates and niobium(V) 
chloride as a metal source. In our previous study, we have employed ammonium 
tris(oxa1ate) complex of niobium(V) [20]. Bulk niobium oxides are extensively 
studied as heterogeneous catalysts in numerous reactions [ 171. However, since 
the accessibility of active sites governs the reactivity, thus it is important to 
generate mesoporosity in such catalyst. Therefore, nanoporous niobia have been 
synthesized using hard- templating method. 

2. Experimental 

2.1. Catalyst Preparation 

SBA- 15 and FDU- 1 templates for nanoniobia preparation were synthesized 
according to the previously reported procedures [21,22]. Niobium(V) precursors 
in the form of chloride - NbCls (Aldrich; denoted later in the text as Cl) or 
ammonium tris(oxa1ate) complex - (NH4)[NbO(C204)3] (CBMM - Brazil; Co) 
were introduced into the mesopores of the silica template by wetness 
impregnation method using aqueous or ethanol solutions, respectively. After 
stirring for 12 h, the mixture was filtered, washed with water three times to 
remove the remaining unanchored niobium species and to convert niobium 
precursors to hydroxide, and dried at 423 K for 5 h. The resulting sample was 
subjected to the programmed thermal decomposition of the niobium precursors 
up to 973 K in order to grow Nb20S single crystals in the silica templates. The 
product, niobia-silica composite, denoted later in the text as Nb-M/T-lSt [Comp], 
where M is a niobium source and T denotes the silica template, was impregnated 
twice more with niobium precursor. The samples obtained after second and third 
successive impregnations are designated as Nb-M/T-2"d[Comp] and Nb-M/T- 
3'd[Comp], respectively. After each step of impregnation, the solid was 
recovered by filtration, washed, dried and calcined. The silica template was 
removed from the composite by treating it several times with dilute NaOH 
solution (2  M). The crystalline niobia is denoted as Nb-M/T, where as in the case 
of the niobia-silica composites M and T stand for the niobium source and silica 
template, respectively. 
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2.2. Characterization Methods 

Quantitative chemical analysis was performed on Shimadzu EDX 700 
equipment. X-ray diffraction (XRD) patterns were collected on a Philips 
PW 1840 powder diffractometer using Ni-filtered CuK,-radiation (h  = 0.1542 
nm). Porosity and specific surface area were evaluated by analysis of nitrogen 
adsorption isotherms at 77 K measured on a Micromeritics 2010 instrument. The 
morphology of nanoniobia was analyzed on a Philips 515 scanning electron 
microscope (SEM). Themogravimetric (TG) measurements were performed on 
a TA Instruments TGA 2950 thermogravimetric analyzer using a high-resolution 
mode. The weight change curves were recorded under nitrogen or air with a 
heating rate of 5 K min-' up to 1273 K. Temperature-programmed reduction 
(TPR) was conducted using a conventional apparatus from Micromeritics 
(PulseChemiSorb 2705) equipped with a thermal conductivity detector. The 
reduction was performed by heating the sample from 298 up to 1373 K at a rate 
of 10 K min-' using a 10 vol. % H2/Ar mixture flow (32 cm3 min-I). 

2.3. Cyclohexene Liquid Phase Catalytic Oxidation 

Prior to the reaction, the catalysts were calcined at 673 K for 4 h in air to remove 
adsorbed water. Acetonitrile (10 cm3) and catalyst (0.04 g) were added to a 25 
cm3 round-bottom flask that was fitted to a reflux condenser and a septum. The 
mixture was allowed to equilibrate at the reaction temperature of 31 8 K for 15 
min. Then, cyclohexene (2 mmol) followed by aqueous H202 were added 
through the septum to the rapidly stirred solution under a flow of nitrogen. 
Aliquots were removed from the reaction mixture by syringe after each hour. 

2.4. Photocatalysis 

The photocatalytic activity experiments on the mesoporous Nb205 nanoparticles 
for the oxidation of toluene by hydrogen peroxide were performed at ambient 
temperature. The UV source was a 160 W Hg lamp with a maximum emission at 
approximately 365 nm. Typically, the aqueous Nb205 suspension was prepared 
by addition of catalyst (20 mg) to a 30 cm3 aqueous solution containing toluene 
(co= 4.8 x M). All runs were conducted at ambient pressure and temperature. 
The distance between the Hg lamp and the reactor was 30 cm for each 
experiment. The suspension was magnetically stirred before and during 
illumination. The toluene solution was mixed with Nb205 for 10 min in the dark 
to adsorb substrates on the surface of photocatalysts, and then the reaction 
mixture was exposed to the UV-vis light. After irradiation and removal of the 
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Nb205 particles by microfiltration, the residual toluene was analyzed using a 
Varian Cay5 0 spectrophotometer . 

3. Results and Discussion 

3.1. Crystalline Niobia Formation 

It is well known that both the silanol (Si-OH) and siloxane (Si-0-Si) groups are 
present on the surface of silica templates. At such conditions, niobium precursors 
are absorbed on the silica surface and during calcination of the impregnated 
silica templates there is possibility to incorporate niobium into silica framework 
and/or to form NbO, species. The latter can coalesce and grow to form niobia 
nanoclusters. The formation of niobia-silica composites made of niobium(V) 
complex was characterized previously [20] and thus in this paper will be only 
used for comparison with new niobia precursor, i.e., niobium(V) chloride. 

TGA analysis showed that the formation of hydroxide and further, oxide 

600 900 1200 

Temperature (K) 
Figure 1 .  The H2-TPR profiles for the Nb- 
CVFDU-I niobia-silica composites after I st 

(a), 2" (b) and 3d (c) impregnation steps and 
for the nanoniobia material obtained after 
silica removal. 

from niobium pentachloride was quite 
similar for both templates, i.e., FDU-1 
and SBA-15. The template effect was 
more pronounced for FDU-1 probably 
due to the higher amount of niobium 
source incorporated; it seems that this 
incorporation was easier into 3D 
mesoporous structure of FDU-1 than 
into 2D structure of SBA-15. The 
crystallization temperature of the niobia- 
silica composites was lower in the case 
of niobium pentachloride than for the 
complex of niobium(V). There was only 
one peak (at 400-500 K) observed in 
the case of NbC15 used as a niobium 
source, which does not depend on the 
type of the silica template. 

To further understand the chemical 
state of the active component, Hz-TPR 
was used to characterize the chemical 
state of Nb species. The reduction 

profiles of the Nb205/Si02 samples are shown in Figure 1. Depending on the 
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different factors (niobium source and silica template), the TPR profiles show 
one, two or three peaks over a wide temperature range (293-1273 K). It is well 
known that bulk Nb205 yields an intense maximum at 1100 K. For the samples 
prepared using niobium(V) chloride as a precursor, the one-, two- and three-time 
impregnated samples exhibited significant hydrogen consumption, giving the 
reduction profile different than that obtained for the bulk Nb205. Taking into 
account the possibility of clusters formation [23] it can be postulated, that the 
peak at 11 73 K would be assigned to the reduction of smaller niobium clusters, 
while that at 1223 K refers to the larger niobium clusters. It is likely that the 
niobia clusters become larger with increasing the niobium loading, which results 
in the merging of the low temperature peaks. With increasing the number of 
impregnations the positions of peaks shift to higher temperatures suggesting 
strong interaction with the silica support. The T,, values for the reduction of 
niobium species were found to increase with increasing Nb loading. The shift in 
T,, to higher temperatures with increasing Nb loading is due to the formation of 
crystalline Nb205. This clearly shows that the reducibility increased with Nb 
loading. The area of the reduction peak, which corresponds to the amount of H2 
consumption during TPR, decreases in the following order: Nb-CI/SBA-15-lSt 
[Comp] < Nb-CI/SBA-15-2nd [Comp] < Nb-CI/SBA-15-3'd [Comp], indicating 
that the content of niobium oxide increases with the same order. 

6 

= ! 4  
m 
s c .- 
v) c 
a, 
C 
c - 

2 

C 

TT 

Nb-CIISBA-' 

r ,  , 

10 20 30 40 50 

20, O 

Figure 2. Wide-angle XRD patterns for the 
nanoniobia samples. 

The low-angle powder XRD patterns 
for the templates, SBA-15 and FDU-1, 
were characteristic for the hexagonal and 
cubic structures, respectively. The XRD 
patterns of nanoniobia (not shown) were 
almost featureless in the range lo< 20 < 
10". The broadness of the main peak at 
the 20 < 4" suggests that the mesopores in 
these materials were not well-aligned, 
indicating the formation of disordered 
mesopores. 

Figure 2 shows the wide-angle XRD 
patterns for nanoniobia. As it can be seen 
from this figure, a very broad XRD peak 
at 28 = 13" is originated from the 
diffraction of the holder used for 
recording difiactograms. The XRD 
patterns for the nanoniobia samples 
prepared from niobium pentachloride are 
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well-resolved. The sharp peaks that can be assigned to the niobia crystal phase, 
TT-Nb205 (pseudohexagonal). 

Energy dispersive X-ray analysis (EDAX) data showed Si, 0, and Nb peaks 
on the profiles for mesoporous niobidsilicate composites. No Si was detected 
after silica etching (EDX detection limit was 0.001% w/w), confirming a 
complete removal of the silica template. 

Nitrogen adsorptioddesorption isotherms for the nanoniobia samples 
obtained after removal of the silica template are shown in Figure 3. Two regions 
of the adsorption isotherm are visible: (i) monolayer and multilayer adsorption 
and (ii) capillary condensation in mesopores. The shape of adsorption isotherms 
is typical for low surface area porous solids, which are analogous to those 
observed for porous transition metal oxides obtained by hard-templating method 
[24]. The BET surface area for the Nb-CI/FDU-1 and Nb-Co/FDU-1 samples 
calculated from adsorption isotherms is in the range of 20-50 m' g-'. The surface 
area decreased from -50 to 10 m' g-' when SBA-15 was used instead of FDU-1. 
The observed loss in the surface area is attributable to the structure coalescence 
during crystallization of the walls separating mesopores. Subsequently, this 
tendency caused a significant decrease in the total pore volume. 
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Figure 3. Nitrogen adsorption isotherms at 77 K for the nanoniobia samples 

Table 1 summarizes the surface area, pore volume and particle size values 
for the samples studied. The particle size of nanoniobia crystals (DXm) was 
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estimated on the basis of peak broadening by using Scherrer's equation. The Nb-
Cl/FDU-1 and Nb-Cl/SBA-15 crystals were estimated to be about 40 nm, while
the sizes of Nb-Co/FDU-1 and Nb-Co/SBA-15 were smaller than 30 nm. The
surface areas of the Nb-M/FDU-1 samples were larger than those of the Nb-
M/SBA-15 samples.

Table 1. Textural and catalytic properties of the nanoniobia samples with crystalline walls

Sample

Nb-Cl/FDU-1
Nb-Co/FDU-1
Nb-Cl/SBA-15
Nb-Co/SBA-15

SBET

10
51
8
10

V,
(cmY)

0.09
0.20
0.08
0.05

DXRD
(nm)
44
20
41
22

Morphology Cyclohexene
conv., %

rope-like
agglomerates

needles
platelets & rods

45
29
8
3

Selectivity, %
Epoxide

48
55
41
23

Diol
52
45
37
40

The morphology of nanoniobia depended on the type of the silica template
and niobium precursor. The SEM micrographs (Fig. 4A) of Nb-Cl/SBA-15
consist of fibers or needle-like particles with widths of -0.5 urn. The lengths of
the nanofibers (needles) vary from a few hundred nanometers up to 10 um long.
The SEM micrographs of Nb-Co/SBA-15 reveal agglomerates of very small
globular particles (Fig. 4B). For Nb-Cl/FDU-1 macrostructures the rope-like
agglomerates of a length about 15 nm and diameter less than 1 urn are
predominant (Fig. 4C), which are bundles of necklace-shaped fibers. Analogous

morphology was
observed for the
FDU-1 template.
Highly irregular
morphologies, which
are composed of
randomly aggregated,
nanosized platelets,
rods and particulates,

_ TI ^^^ are observed in the
case of Nb-Co/FDU-
1 (see Fig. 4D). The
SEM study of the
nanoniobia particles
indicates that they

may be formed in the mesopores of the silica templates as well as on their outer
(external) surface. The mechanism of formation of niobium oxide particles of
different morphologies is not yet clear. Nevertheless, SBA-15 and FDU-1 have

Figure 4. SEM images of nanoniobia samples: Nb-Cl/SBA-15 (A), Nb-
Co/SBA-15 (B), Nb-Cl/FDU-1 (C) and Nb-Co/FDU-1 (D). The scale
bars of images are 10 urn.
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the ability to control the shape and size of the growing niobia particles. It seems 
that the structure of the mesoporous silica template plays a critical role in the 
formation of niobia because needles were not formed when the cage-like 
template (FDU-1) was used. Also, the niobium precursor seems to play an 
essential role too, as reflected by different morphologies of nanoniobia prepared 
fYom different precursors. It is likely that as in the case of formation of titania 
fibers [25], first NbC15 diffuses into the mesopores, and later, after its exposition 
to atmospheric moisture, the Nb species present at the pore openings and on the 
external surface hydrolyze and nucleate at the surface. Since niobium chloride is 
very reactive upon moisture exposure, niobia fibers start to grow immediately 
after diffusion of the salt into pores of the template. 

3.2. Catalytic and Photocatalytic Activity 

Cyclohexene oxide, cyclohexan-l,2-diol, cyclohex-2-en- 1 -one and cyclohex-2- 
en-1-01 were identified by FID gas chromatography (comparison with authentic 
standards) and by gas chromatography-mass spectrometry. The catalytic activity 
and selectivity in the oxidation of cyclohexene over various nanoniobia catalysts 
are shown in Table 1. Cyclohexene was oxidized to produce cyclohexene oxide 
as the main product, together with cyclohexan- 1,2-diol and cyclohex-2-en- 1-01 
as by-products. In the case of oxidation reaction over the FDU-1 templated 
nanoporous niobia for 4 hours, the main product is cyclohexan-l,2-diol, whereas 
cyclohexene oxide was produced in a smaller amount. On the other hand, if this 
reaction was continued for 40 hours, cyclohexene oxide was formed with a yield 
higher than 20%. The efficiency of the oxidant (H202) was larger than 98% for 
all catalysts tested (not shown in Table 1). The cyclohexene conversion 
increased with time, while the epoxidation selectivity decreased. The reaction 
conversion reached a maximum level after ca. 1200 min. However, as the time 
proceeded, a slight decrease in the epoxidation selectivity was noticed, which 
was accompanied by a corresponding increase in the diol selectivity. The 
formation of the latter could be attributed to the secondary oxidation of epoxide. 

For the SBA-15-templated nanoniobia the distribution of products was 
different. It seems that the hexagonal structure of SBA-15 did not provide a 
proper environment to produce an active catalyst (the activity did not exceed 
10%). The selectivity towards cyclohex-2-en-1-01 was high (not shown in Table 
1) at low conversion and rather decreased, while the selectivities towards 
epoxide and diol increased with time. The reduction of niobium in these samples 
(studied by H2-TPR) was rather small. Therefore, it is suggested that the suitable 
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oxidationheduction properties of niobium-containing materials are necessary for 
achieving a good catalytic activity. 

The niobia nanoparticles under study showed very high photocatalytic 
activity in the oxidation of toluene. The photoactivity of the calcined samples 
increased with increasing crystallinity and porosity of the particles. The samples 
prepared fi-om niobium oxalate showed a slightly better performance (toluene 
was decomposed after 120 minutes) than those prepared from niobium 
pentachloride (1 35min). 

4. Conclusions 

It is shown that the crystalline nanoniobia prepared by using the SBA-15 
and FDU- 1 templates afforded particles of different morphologies. The DTG 
analysis indicates that the niobium precursor decomposes completely into 
niobium oxide above 973 K. Pure niobia was recovered by dissolution of the 
silica template with aqueous sodium hydroxide solution. The BET surface areas 
of the samples studied were in the range fi-om a few to 60 m' g-'. The XRD 
patterns confirmed the crystalline nature of the calcined nanoniobia particles, 
which were quite active and selective in the epoxidation of cyclohexene and 
photodegradation of organic species in water. 
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SOFT MICROPOROUS FRAMEWORKS BASED ON 
OLIGOPEPTIDES 

D.V. SOLDATOV 
Department of Chernistiy, University of Guelph, Guelph, ON, NIG 2 WI,  Canada 

Recent studies indicate that many oligopeptides are predisposed to generating porous 
architectures in the solid state including the crystalline state. Certain cyclic oligomers 
form stacking H-bonded tubular structures with a channel inside the tube. Aliphatic 
oligomers form both tubular and layered porous architectures based on helix-type and p- 
sheet-type supermolecules. In particular, a series of hydrophobic dipeptides form 
microporous crystals built from H-bonded nanotubes with interstitial 1D chiral channels 
of 3-5 A in diameter, the materials referred to as biozeolites. The peptide-based porous 
frameworks may be considered as alternatives to inorganic and metal-organic 
frameworks investigated to a much greater extent. 

1. Introduction 

A great diversity of chemical species that assemble in microhanoporous or 
inclusion architectures has been discovered or created to date [ 1,2]. At the same 
time, naturally occurring and biologically produced species are rarely used in the 
creation of materials with pores or other types of cavity space. The observation 
seems surprising as such biomaterials could create a set of evident advantages 
and would complement commonly used sorbents and host materials. 

Peptide molecules provide an endless diversity of building elements used by 
the nature to create a very wide range of highly complex and self-organizing 
systems of life. Recent studies indicate that even the simplest peptide molecules 
may be used in the design of porous and inclusion frameworks. Porous materials, 
inclusion compounds and co-crystals based on such frameworks may be 
considered as alternatives to their inorganic and metal-organic prototypes in 
various future applications. The most evident advantages of peptide-based 
materials are their natural harmlessness, biocompatibility and chiral pureness. 
Also, peptide frameworks possess bonding "softness" and can readily dissociate 
and reassemble under very mild conditions or change their structure and 
properties upon the action of external stimuli, the qualities of special interest in 
modem materials science [3,4]. 

This review is an introduction into porous frameworks formed by the very 
simplest peptide molecules, with two to twelve residues. 
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2. Cyclic Peptides

Ring-shape molecules are generally predisposed to create cavity space in solids
[5-8]. Void space that is already available in the center of a cyclic molecule may
combine into a channel as the molecules stack in a hollow tube (Figure 1, left).
Three of the six possible stereoisomeric cyclo-p-tetrapeptides derived from 3-
aminobutanoic acid (Figure 2, left) were found to form tube-like, H-bonded
stacks in the solid state [9]. A similar structure was also observed earlier for
another cyclo-tetrapeptide [10]. The external diameter of the nanotubes formed
is about 8-9 A, while the diameter of the inner channel does not exceed 2 A and
cannot host any guest molecules.

Figure 1. Formation of tubular cavity space by cyclic molecules (left) and a helical supermolecule
(right).

NH2

H3C.

HN

O^j ]

H3C'

NH

'CH3

°<^trs H;jN

Figure 2. Examples of cyclic oligopeptides that form H-bonded nanotubes: p-tetrapeptide derived
from 3-aminobutanoic acid (three of six possible stereoisomers were studied) [9] (left) and cyclo[-
(D-A-E-D-A-Q)2-] octapeptide [11] (right).

A series of cyclo-octapeptides (one is shown in Figure 2, right) was studied
by Ghadiri and co-authors [11-14]. These molecules with alternating sequence of
D and L residues adopt a ring-shaped flat conformation, with the external
diameter from 12 A and inner diameter of 6-7 A. The rings form a rigid hollow
tube fortified by eight H-bonds between every two neighbors. The tube exists
both in solution and in crystal and may host the molecules of solvent. The
strategy of using a sequence of alternating chirally isomeric residues seems to
work on a cyclo-hexapeptide [15] and cyclo-dodecapeptide as well [16].
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Other cyclic peptides were reported to form crystalline inclusion
compounds, two cyclo-hexapeptides with alternating D and L residues, (D-V-L-
V)3 and (D-F-L-F)3 [17], and a naturally occurring peptide ascidiacyclamide
(containing four amino acid residues and four heterocyclic fragments) [18]. In
both cases the peptide molecules keep a ring shape but they do not combine in
tubes. Guest species reside either inside or outside the ring and the host-guest
interactions vary from strong H-bonds [17] to weak H-bonds or van der Waals
forces only [18].

Big cyclic peptides usually do not retain the ring shape and do not form
nanotubes. A series of crystalline inclusion compounds was reported for
cyclosporin A [19], a natural undecapeptide also used as a drug (Sandimmune®,
Cycloral®), and its derivatives [20-23]. The ring shape of the molecules is
distorted to other conformations [24] due to intramolecular H-bonds and the
topology of cavity space in the clathrates is different from that in a tubular
architecture.

H-bond-* t ,
channel

Figure 3. The formation of hydrophobic micropores in crystalline dipeptides: helical assembly of the
molecules producing a hollow nanotube (left); W, a fragment of the crystal structure (only amine
H-atoms are shown) [25] (middle); the assembly of the peptide nanotubes in a crystal [25] (right).

3. Aliphatic Peptides

3.1. Dipeptides - Hydrophobic Channels. Biozeolites

The tubular cavity topology of stacking rings may be alternatively achieved
through the assembly of small molecules into a giant helical supermolecule
(Figure 1). The molecule forms a hollow nanotube with a channel that, in
contrast to the channel formed by the stacking rings, always will be essentially
chiral. A scheme illustrating such assembly is given in Figure 3.

Microporous crystals based on assembled helical nanotubes were obtained
for the eight dipeptides listed in Figure 4. All crystals are hexagonal; the crystal
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structures are very similar for all dipeptides except for LS. In order to build the
helix, the dipeptide molecules adopt a trans conformation in which the two R-
groups are on the opposite sides of the peptide backbone (Figure 3, middle). In
the crystal, the tubes assembly as shown in Figure 3, right (except for LS); each
nanotube H-bonds to and slightly overlaps with six neighboring nanotubes which
also contribute to the walls of a channel running inside. As a result, the channel
is essentially hydrophobia The tubular structure appears to be surprisingly stable
as the seven dipeptides (all except LS) crystallize in microporous form even in
the absence of any guest template [25,26].

H,N*-

0

AV

Y H

VA

Figure 4, Dipeptides that form hexagonal crystals with hydrophobic micropores (biozeolites) [25],

w IA IV V!

mi
LS

Figure 5. The shape and dimensions of the micropores in eight dipeptides (for formulas see Figure
4) compared with the helium atom (van der Waals radius of 1.4 A) [25].

Direct sorption measurements conducted for the bulk materials indicated
that from 4 to 13% of the materials' volume was reversibly accessible to He and
Xe gases [25,26] and the materials were referred to as biozeolites, a bio-related
group of organic zeolite mimics [25,27,28]. As illustrated in Figure 5, each
biozeolite has a unique geometry of its microporous space and may be selective
to a particular guest molecule. For example, the sorption of Xe gas in VA is four
times more energetically favorable than in AV [26]. Ideally, for each given guest



217 

species a highly selective biozeolite material could be designed with the 
objective of, for example, separating a component from a complex mixture, or 
trapping a pollutant from the environment. The geometric parameters of the 
micropore channels are compared in Table 1. The average diameter varies from 
-3 to -5 A, while the helicity of the channels ranges from 0.1 to 1.1 A. 

Table 1. Parameters of micropores in crystalline dipeptides (see Figures 4 and 5 )  
PI. 

Dipeptide AV VA AI W IA IV VI LS 

Totalporosity*’% 12.5 11.2 8.3 6.9 5.7 4.8 3.1 5.1 
from He pycnometry 

5.1 4.3 4.0 3.6 3.4 3.2 4.3 Average diameter*, A 5,4 
from He pycnometry 

5.0 4.1 4.1 4.4 3.7 3.9 3.7 4.9 Average diameter, A 
from XRD 

A 0.6 1.1 0.6 0.6 1.0 0.9 0.3 0.1 from XRD 

* Experimental error 2-5%. 
** Average deviation of the channel center from a straight line (channel axis). 

3.2. Dipeptides - Hydrophilic Channels 

A thud way of tubular topology organization is illustrated by a series of 
dipeptides listed in Figure 6. All these dipeptides form tubular supermolecules 
by wrapping a two-dimensional H-bonded sheet. The case of FF dipeptide [30] 
is illustrated in Figure 7. Each molecule is H-bonded to two neighbors on one 
side (using two H-atoms at N1) and to two neighbors on another side (using 0 2  
and 03), the assembly being head-to-tail. In order to build such tube, the 
dipeptide molecules should adopt a cis-conformation in which the two R-groups 
are on the same side of the peptide backbone. As a result, the side hydrophobic 
fragments reside on outer surface of the tube, while inner surface is hydrophilic. 
In particular, a spare N-H bond of the terminal N-atom sticks inside the internal 
space of the channel. 

Reportedly [3 11, FF dipeptide can also form self-assembled discrete 
nanotubular structures related to so-called amyloid fibrils [32], naturally 
occurring nanoobjects associated with Alzheimer’s disease and other disorders. 
The structure of these discrete nanotubes was shown to be identical to that in the 
crystal structure of the dipeptide as illustrated in Figure 7 [33]. A modified 
version of FF dipeptide [34] and IF dipeptide [35] were found to assembly in 
similar discrete nanotubes as well. 
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LL LF FL FF 

H3N* H3N' 0 

IL WG FW 

Figure 6 .  Dipeptides that form crystals with hydrophilic channels occupied by water 1291 

Figure 7. The formation of a hydrophilic channel in the hydrated crystal of FF dipeptide [30]: H- 
bonded nanotube along its axis (left) and a side view showing one half of the nanotube (side R- 
groups are omitted for clarity) (right). 

In contrast to dipeptides forming biozeolites, the dipeptides with hydrophilic 
channels have bulkier hydrophobic R-groups (cf. Figures 4 and 6). Their crystals 
display a diversity of crystal structures, with crystal symmetry ranging fiom 
monoclinic (LF [30], IL [36]) and orthorhombic (LL [30], FL [30], FW [37]) to 
tetragonal (WG [38]) and hexagonal (FF [30]), and a variety of channel 
diameters (Table 2). As a rule, the dipeptides crystallize as hydrates with -1 to 
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-2.5 moles of water per mole of dipeptide. The guest water molecules reside 
inside the channel and are attached through H-bonds to the walls. 

Table 2. Approximate diameter (A) of hydrophilic channels in hydrated dipeptide 
crystals as reported in [29] (for formulas see Figure 6). 

Dipeptide LL LF FL FF L WG FW 
Diameter 3.2 3.2 4.2 9.2 3.2 4.1 2.8 

3.3. Layered Structures 

The formation of H-bonded layers is very typical for peptide molecules. So- 
called pleated p-sheet is one of two most common structural patterns observed in 
higher peptides (another one is a-helix). The p-sheet is a very stable 2D 
supermolecule which makes it possible to realize all possible H-bonds at the 
backbone of a peptide molecule. 

Similar layered structures are observed fiequently in lower peptides. Two 
examples are illustrated in Figure 8. The H-bonded layer found in the clathrate 
of LL dipeptide with dimethylsulfoxide [39] (Figure 8, top) has a parallel 
arrangement of LL molecules. Each molecule forms six strong, charge-assisted 
H-bonds with four neighbors (using two H-atoms at N1 and oxygen atoms 0 2  
and 03). In addition, the molecule forms two weaker H-bonds to two extra 
neighbors (using H-atom attached to N2 and atom 01). The third H-atom at N1 
sticks out of the layer and contributes to H-bonding between the layer and guest 
molecules. 

In contrast, the H-bonded layer found in the clathrate of LLL tripeptide with 
2-methylpyridine [40] (Figure 8, bottom) has an antiparallel arrangement of LLL 
molecules. Head-to-tail bonded chains of the peptide molecules are further 
associated in distinctive bands consisted of two such chains. Each molecule 
forms eight H-bonds with three neighbors in the same band and two H-bonds 
with a fourth neighbor from an adjacent band. Again, one H-atom at N1 sticks 
out of the layer and contributes to H-bonding between the layer and guest 
molecules. 

The 2D H-bonded layers form a packing of van der Waals type in the thud 
dimension. The bulky R-groups of the leucyl residues prevent close packing and 
cavity space is formed between the layers. The mode of packing of the layers and 
the location of guests is shown schematically in Figure 9. The guest molecules 
are included in the residual voids and additionally attached to the host layer by 
H-bonds. In the LL inclusion the layer is symmetric, that is equivalent from both 
sides, while in the LLL inclusion the layer is asymmetric. Although other known 



220 

inclusion compounds of simple peptides vary in their structure, the basic 
structural motif illustrated in Figure 9 is usually preserved. 

Figure 8. The structure of peptide H-bonded layer as found in inclusion compounds of LL with 
dimethylsulfoxide (top) and LLL with 2-methylpyridine (bottom). Side R-groups are omitted for 
clarity. Only strong H-bonds are shown (dashes). 

A series of layered inclusion compounds was reported for LL dipeptide, 
with dimethylsulfoxide [39], ethanol, propanol, isopropanol [41] and isobutanol 
[42], and for LLL tripeptide, with methanol/water [43], pyridine and 
methylpyridines [40]. With LA dipeptide, inclusion compounds with dimethyl-, 
benzyl methyl- and isobutyl methyl-sulfoxides were obtained [44,45]. A number 
of inclusions with various guests was reported for arylglycyl-arylglycine 
dipeptides [46-491. Reported examples of layered inclusion compounds of other 
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tripeptides include those of VVV [50], GLY [51-53] and KYS [54]. An
inclusion with modified D-V-A-L-A tetrapeptide was also isolated [55].
Although even more inclusions have been reported so far, most of them were
obtained by accident and almost no studies specifically aimed at the creation of
cavity space in these materials have been conducted.

o H-S»nd

Figure 9. Typical host-guest arrangements in crystalline inclusion compounds of LL dipeptide (left)
and LLL tripeptide (right).

4. Bonding Softness in Peptide Frameworks

Peptide frameworks are based on H-bonds which, in combination with van der
Waals forces, endow peptide crystals with a remarkable property referred here as
"softness". The crystals may undergo significant structural changes reversibly
occurring both on micro- and macro-levels.

Changes on the micro-level are responsible for the diffusion of Xe atoms
(van der Waals diameter 4.3 A) inside very narrow channels (with diameter <4
A) of some biozeolites (Table 1). Both the experimental observations [25] and
calculations [56] indicate that the apparent "elasticity" of the pores is based on a
complex dynamic process where the soft host framework is an active participant.

Changes on the macro-level can be directly observed, frequently as crystal-
to-crystal transformations, for a single crystal subjected to either guest sorption
or guest exchange. In particular, the distortion of the crystal symmetry for VA
[57] and the formation of a superstructure for AV [58] caused by,
correspondingly, the inclusion and replacement of a guest were reported.

The above observations put forward the flexibility of peptide frameworks as
a major factor complicating the relation between the crystal structure and bulk
properties of a porous peptide material. On the other hand, the softness of
peptide crystals may create new opportunities for their applications. For
example, the stacking of the H-bonded p-sheets in the layered structures is
controlled in the third dimension by van der Waals forces only, giving the
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flexibility for much larger guest molecules to be accommodated in the interlayer 
cavity space. Therefore, the incorporation in the peptide matrix of 
pharmaceuticals, flavors and odors becomes possible to facilitate the delivery, 
preservation or storage of these important bio-related substances. 
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Polystyrene-b-poly(D,L-lactide) (PS-b-PLA) block copolymers with functional groups at 
the junction between both blocks were successfully synthesized, and subsequently used 
as precursors to functionalized mesoporous polystyrene membranes through the selective 
degradation of the PLA block. We used the combination of living anionic or Atom 
Transfer Radical Polymerization (ATRF') and Ring-Opening Polymerization (ROP) 
techniques in order to prepare well-defined diblock copolymers with carboxylic or amino 
functionalities at the junction between the PS and PLA blocks. By the proper design of 
the copolymer composition and a good control over the polymerization conditions, 
polymers with preferentially cylindrical morphology (PLA cylinders in PS matrix) were 
obtained. The PLA block could be removed by base hydrolysis, leaving behind porous 
PS membranes with functional groups located along the walls of the channels. 

1. Introduction 

Porous polymeric materials have recently attracted considerable attention due to 
their established and potential applications in many areas, including advanced 
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filtration or separation techniques, heterogeneous catalysis and template-assisted 
synthesis of nanoobjects [l]. However, it is still a key challenge to prepare 
mesoporous organic materials with tunable morphology (pore size and pore size 
distribution) and functionality, while maintaining good mechanical properties 
and high chemical stability of the matrices. The synthesis of mesoporous 
polymeric structures can be accomplished by a variety of approaches such as 
template-oriented routes, e.g. supramolecular self-assembly, or selective 
degradation of one sub-network in Interpenetrating Polymer Networks (IPNs) 
[2]. A smart route relies on the synthesis of block copolymer precursors, which 
are known to self-organize into distinct well-ordered morphologies, followed by 
the selective removal of one of the blocks [3]. The block copolymer approach 
provides an excellent way to design mesoporous materials in a membrane form, 
with a high level of control over the porosity and the surface functionality of the 
pores [4]. 

In the present work, we report on the fabrication of functionalized 
(meso)porous polystyrene membranes obtained from diblock copolymers of 
polystyrene and poly(D,L-lactide) (PS-b-PLA) with a functional group (such as 
COOH or NH2) at the junction between both blocks. A cylindrical morphology 
(PLA cylinders in PS matrix) is aimed for the polymeric precursors, which can 
be achieved by the proper selection of the copolymer composition and a good 
control over the polymerization conditions. The PLA block is then selectively 
removed either by base or acidic hydrolysis, leaving behind the porous PS 
membrane with functional groups located along the walls of the channels. 

2. Experimental 

2.1. Materials 

All polymerizations were performed using standard Schlenk techniques under 
argon. Amine end-terminated polystyrene (PS-NH2) (M, = 36.6 kg.mol-', M,JM, 
= 1.08) was synthesized by anionic polymerization as described before [5]. 2- 
Hydroxyethyl-2-bromopropionate (HEBP) was synthesized as described 
previously [6]. CH2C12 (SDS, France) was dried over PzOs and distilled directly 
into the reaction flask before use. Toluene (SDS, France) was dried over sodium 
and stored over freshly activated 4 8, molecular sieves until needed. CuBr (99% 
Aldrich) was stirred in glacial acetic acid, washed with acetone and dried under 
vacuum at room temperature. Styrene (Aldrich) was stirred over KOH and 
distilled over CaH2 under vacuum just before use. D,L-lactide (Aldrich), 4- 
dimethylaminopyridine (DMAP, Aldrich), anisole (Aldrich), 1,1,4,7,7- 
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pentamethyldiethylenetriamine (PMDETA, 99%, Aldrich), tin (11) 2- 
ethylhexanoate (Sn(Oct)?, -95%, Aldrich) and methanol (SDS) were used as 
received. 

2.2. Synthesis of PS-b-PLA with NH2 Functionality 

0.825 g (0.023 mmol) of PS-NH2, 1.1 g (7.64 mmol) of D,L-lactide and 0.1 1 g 
(0.09 mmol) of DMAP were introduced into a dry and carefully purged with 
argon Schlenk flask, under an argon stream. The components were freeze-dried 
from toluene and dried overnight under vacuum. Afterwards, 5 mL of CHIC11 
were directly distilled to the reaction flask and the solution was sealed via a 
Teflon@ valve. The polymerization was carried out for 12 days at 40 "C. The 
polymerization mixture was diluted with CH2C12, and the polymer was 
precipitated into methanol twice. The polymer was filtered and dried in vacuum 
at room temperature, up to constant weight. Yield: 0.99 g (51 %). 

2.3. Synthesis of PS-b-PLA with COOH FunctionaliQ 

In a typical experiment, 10 g (69.5 mmol) of D,L-lactide and 0.168 g (1.168 
mmol) of CuBr were introduced into a dry and carefully purged with argon 
Schlenk flask. The components were freeze-dried from toluene and dried 
overnight under vacuum. 13.5 mL (1 17.7 mmol) of styrene, 20 mL of anisole, 
0.21 mL (1.0 mmol) of PMDETA and 0.18 mL (0.76 mmol) of Sn(Oct)I were 
added via oven-dried syringes. The flask was degassed under vacuum and back- 
filled with argon three times. 0.163 g (0.83 mmol) of HEBP was introduced and 
the flask was immersed in an oil bath at 11 0 "C. After polymerization, the 
solution was diluted with CH2ClI and precipitated into methanol, filtered, 
dissolved in CH2Cl2 and purified by fractional precipitation into methanol. Three 
fractions were isolated: the first and the last fractions were rich in homopolymers 
(PS and PLA, respectively), while the middle one contained the purified block 
copolymer. The obtained product was dried under vacuum up to constant weight. 
Yield of the middle fraction: 10.44 g (47 %). 

2.4. Sample processing and alignment of block copolymers 

An oscillatory shear flow procedure was used to orient nanodomains in block 
copolymer samples. First, 50 mg of polymer powder was warm-pressed (at a 
temperature of 160 "C and a pressure of 10 Psi) to form a 1 mm thick cylindrical 
tablet of 8 mm diameter. During the first 30 min, the sample was allowed to fill 
the mould at the mentioned temperature and was subsequently exposed to normal 
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atmosphere. Tablets of the block copolymer were then loaded in a 8 mm parallel 
plate geometry of an Ares Rheometer (Rheometric Scientific) equipped with a 
2KFRT transducer. All tests were performed under stress controlled - dynamic 
mode. Typical conditions for the oscillatory shear flow alignment were 100-105 
"C, 12-20 % strain amplitude, and a frequency of 1 Hz. 

2.5. Selective Hydrolqtis of PLA 

The PS-b-PLA samples were placed in a water/ methanol mixture (MeOH/H?O = 

40/60 vol. %) containing 0.5 M NaOH at 65 "C. Alternatively, degradation was 
performed in a 6 M HC1 solution at 80 "C. Typically, 1 to 5 days were needed to 
completely remove the PLA block. 

2.6. Analytical Techniques 

Size Exclusion Chromatography (SEC) was performed on a system equipped 
with a Spectra Physics PlOO pump, two Polymer Laboratories polystyrene- 
divinylbenzene columns, and a Shodex RI71 refractive index (RI) detector. The 
eluent was tetrahydroban (THF) at a flow rate of 1 mL.min". Calibration 
curves were obtained with polystyrene standards. 'H NMR was performed on a 
Bruker Avance I1 400 MHz spectrometer system in CDC1,. Scanning Electron 
Microscopy (SEM) was performed with a LEO 1530 microscope at low 
operating voltage (3 kV) using InLens and Secondary Electron detectors. Prior 
to analyses, the samples were exposed to Ru04 vapors or were coated with a 
palladium-platinum alloy in a Cressington 208 HR sputter-coater. The specific 
surface area values were quantified by nitrogen sorption porosimetry at 77 K 
using a Micromeritics ASAP 2000 gas adsorption instrument, and the data were 
exploited using the BET method. 

3. Results and discussion 

3.1. Synthesis of the block copolymer precursors 

The PS-b-PLA copolymers with NH2 and COOH functionalities as well as the 
PS-NH2 precursor are listed in Table 1. 

In order to synthesize PS-b-PLA with NH2 functionality at the junction 
between both blocks, amine-terminated PS obtained from anionic polymerization 
was used as a macroinitiator in the ring-opening polymerization (ROP) of D,L- 
lactide with DMAP as a catalyst. The initiation from the terminal NH? group was 
completed rapidly compared with the propagation as evidenced by preserving a 
controlled character for the polymerization reaction (PDI = 1.1). Although the 
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polymerization of lactide could be relatively well controlled under our 
experimental conditions, we found out that reactions catalyzed by DMAP 
proceeded somehow slowly and in consequence resulted in low conversions even 
after prolonged time (1 2 days). 

Table 1. Composition and Molar Mass of Synthesized Polymers. 

d 
M,  PSa M ,  P L A ~  PDIC fPLA 

[kg/mol] [kg/mol] Polymer 

PS-NH2 36.6 1.08 

PS-b-PLA(NH2) 36.6 15.6 1.13 0.26 
PS-6-PLA(CO0H) 10.9 1.2 1.53 0.35 

- calculated from SEC or 'H NMR (in the case of PS-6-PLA(CO0H)). 
- calculated from 'H NMR of block copolymer and SEC of macroinitiator for PS-b-PLA(NH2) or 

'H NMR in the case of PS-b-PLA(CO0H). 
' - polydispersity index (Mw/Mn) obtained from SEC. 

1.02 and 1.25 g cm-', respectively. 
- volume fraction of PLA calculated from 'H NMR assuming that the densities of PS and PLA are 

Applying 2-hydroxyethyl-2-bromopropionate as a dual initiator in PS-b- 
PLA synthesis allowed us to introduce a carboxylic function at the junction 
between both blocks. This molecule containing two different functional groups 
(OH and bromopropionate) is capable of initiating two polymerization processes 
with distinct mechanisms: ROP and atom transfer radical polymerization 
(ATRF'). Thus, block copolymers can be prepared by a sequential two-step 
procedure (without intermediate stages) or by a simultaneous one-step process. 
Following the one-step strategy, we synthesized a PS-b-PLA(CO0H) that 
displayed broad molar mass distributions (PDI of 1.5 after fractionation), which 
was attributed to possible interferences of both polymerization mechanisms. 

3.2. Morphology of the block copolymer precursors 

In order to investigate the morphology of the block copolymer precursors, a 
PS-b-PLA(CO0H) sample was spin-coated onto SiOz substrate from a 20 g L-' 
chlorobenzene solution. Figure 1 shows the SEM picture of a thin layer of 
PS-b-PLA(CO0H) on the substrate after overnight annealing at 160 "C. To 
enhance the contrast, the layer was stained with Ru04 that selectively reacted 
with styrene domains. The hexagonal structure of PLA cylinders perpendicular 
to the substrate (visible as dark dots) in PS matrix could be clearly recognized. 
The average diameter of PLA domains were determined to be equal to 10-14 nm. 
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Figure 1. SEM picture of PS-6-PLA(COOH) precursor spin-coated onto SiC>2 substrate.

3.3. Preparation of porous polymeric materials

Preliminary hydrolysis experiments were performed on the as-synthesized PS-fc-
PLA samples containing an amino function. Our results show that the entire PLA
block could be nearly removed by acidic or base hydrolysis after only 24 h. SEC
analysis indicated that the polymers derived from degradation had molar mass
and PDI nearly identical those of the PS-NH2 macroinitiator, which was in good
agreement with a gravimetric analysis (Figure 2). !H NMR suggests that base
hydrolysis is slightly more efficient in the degradation process (Figure 3).

PS-6-PLA(NH2) after acidic hydrolysis
n = 35.5kg.moM, PDI = 1.10

PS-WLAfNHj) alter base hydrolysis
\ \ \^ Mn = 35.8 kg.moM, PDI = 1.10

PS-fr-PLAfNHj)
n = 522 kg.mol-1

PDI = 1.13

Afn = 36.6 kg.mo!-1, PDI = 1.08

12.0 12.5 13.0 15.013.5 14.0 14.5

Elution Time (min)

Figure 2. SEC traces showing PLA degradation with PS-6-PLA(NH2) precursor.

15.5 16.0
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The PS-b-PLA(CO0H) precursor appropriate for a cylindrical morphology 
was cast into a 0.5 mm-thick membrane from a 6 g L-' CH2C1, solution. Base 
hydrolysis was carried out for 5 days, and led to the complete removal of PLA. 
The morphology of the resulting porous material was examined by SEM (Figure 
4). Randomly oriented nanochannels with an average diameter of 6-8 nm were 
observed. Such pore sizes were in reasonable agreement with the PLA domain 
sizes determined for the copolymer precursor. The big cracks were probably the 
consequence of the use of a low-boiling solvent during the film formation. The 
specific surface area as determined by nitrogen sorption porosimetry was equal 
to 102 m' g-'. 
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Figure 3. 'H NMR of PS-b-PLA(NH2) copolymer after synthesis (a), and acidic (b) as well as base 
(c) hydrolysis 

Alternatively, the PS-b-PLA(CO0H) samples were pressed into tablets and 
were submitted to oscillatory shear flow experiments as described in the 
experimental section. Figure 5 shows optical microscopy images of a PS-b- 
PLA(CO0H) precursor tablet after the alignment procedure. Upon turning the 
sample in polarized light, birefringence can be clearly seen, which indicates a 
global orientation of nanodomains. Subsequently, in order to completely remove 
the PLA block, base hydrolysis was carried out for 5 days. The morphology of 
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the resulting porous material was examined by SEM (Figure 6). Although
cylinders were highly oriented locally, there was no long-range order in the
sample. Two types of oriented pores could be observed: perpendicular ones
(with an average diameter of 7-9 nm) and parallel ones with respect to the
surface.

Figure 4. SEM pictures of porous material obtained from base hydrolysis of PS-i-PLA(COOH)
precursor film cast from a CHaCh solution.

Figure 5. Optical microscopy images of aligned PS-WLA(COOH) precursor by oscillatory shear
flow. Birefringence seen upon turning the sample in polarized light.

4. Conclusions

This communication illustrates a simple approach towards functionalized
mesoporous polystyrene frameworks from semi-hydrolyzable nanostructured
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diblock copolymers. Such frameworks are of potential interest for heterogeneous
catalysis, advanced filtration, and selective transport applications. We are
currently working on the macroscopic alignment of polymer domains and further
characterization of the porous materials.

Figure 6. SEM pictures of porous material obtained from base hydrolysis of PS-6-PLA(COOH)
precursor aligned by the oscillatory shear flow technique.
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We report a new method to synthesize mesostructured polypyrrole by using the 
supramolecular assembly of an anionic surfactant sodium dodecylsulphate (SDS) as 
structure directing agent (SDA). Here the oxidative polymerization of pyrrole was carried 
out at room temperature in the presence of SDA micelles and dilute aqueous 
hydrochloric acid. Hydrogen peroxide was used as the oxidant. The effect of the addition 
of a co-surfactant in mesophase formation was also studied. Powder X-ray diffraction 
and transmission electron microscopic studies suggested wormhole-like disordered 
mesostructure and existence of mesopores in these mesostructured materials. Chemical 
bonding and electronic structure of the polypyrrole samples were studied by FT-IR and 
UV-Visible spectroscopy. These mesostructured polypyrrole samples showed very high 
resistivities at room temperature. These rr-conjugated porous polymeric materials could 
find potential applications in variable resistors. 

1. Introduction 

n-conjugated polymer composites with nanoscale dimension are in great demand 
[ l ]  for last one decade. Template directed synthesis of the n-conjugated 
polymeric nanostructures is very attractive for the fabrication of macromolecular 
electronic devices having applications in electrooptics, microelectronics and 
photonics [1,2]. These polymers are usually synthesized in the presence of a 
surfactant, co-solvent and an inorganic acid. On the other hand, at low 
temperatures the liquid crystal-like arrays formed between the organichorganic- 
cluster and the self-assembly of organic surfactants readily undergo reversible 
lyotropic transformations leading to mesostructured materials [3]. Polypyrrole is 
a well-known conducting polymer [4] with many unique advantages, like easy to 
prepare, suitable for making composites with different types of binders, 
environmentally stable, special chemical and physical properties, excellent 
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mechanical strength [5,6], etc. Nanostructured polypyrrole has received special 
attention because of its potential in the fabrication of electronic devices [7,8], 
sensors [9] etc. Various synthetic routes for the preparation of n-conjugated 
polymeric nanostructures have been reported in the literature [ 10-131. Usual 
aqueous phase polymerization of pyrrole involves the reaction between monomer 
pyrrole and an oxidant such as FeCI3 in the presence of a strong mineral acid. 

Nanostructured polypyrrole has shown enhanced electrical properties [ 141 
due to high interfacial area between polypyrrole and its environment. The 
existence of nanopores in the organic materials [ 151 could further allow the fast 
difision of gas molecules into the framework. The most efficient way to 
enhance the surface area of nanostructured materials is to induce mesoporosity 
[3,16,17]. However, there are only few facile and reliable methods for making 
good quality porous organic nanostructures [ 18,191. Anionic surfactants like 
SDS are ideal SDA for the synthesis of ordered mesoporous materials composed 
of kamework protonated amines [20]. Thus these surfactant molecules can be 
efficiently used as SDA for the synthesis of various mesostructured composites, 
where positive charge resides on the framework moiety. Although there are 
reports for the preparation of mesoporous polyaniline in micelle solutions of 
SDS as polymerization medium [18], there is no report on the synthesis of 
nanoporous polypyrrole templated by the SDS micelles. Here the oxidation- 
polymerization synthetic route has been followed for the synthesis of 
mesostructured polypyrrole by using dilute aqueous H202  as the oxidizing agent. 
The in-situ oxidation-polymerization was conducted in the presence of the SDA 
molecules. Mesostructured polypyrrole sample thus prepared shows a very high 
resistivity compared to the mesoporous polyaniline synthesized by surfactant 
templating route [ 181. 

2. Experimental 

Sodium dodecyl sulphate, SDS (Loba Chemie) and Brij 35 (Loba Chemie) were 
used as SDA and hydrogen peroxide, H102 (30 wt % aqueous, E-Merck) was 
used as the oxidant for the polymerization of pyrrole in aqueous medium. In a 
typical synthesis, 2.88 g SDS was first dissolved in 20 ml of water. Then 1.34 g 
pyrrole (Fluka) was added to the above aqueous solution of SDS under stirring 
condition. After the reaction mixture becomes homogeneous, 1.36 g of HzOz (30 
wt% aqueous, Loba Chemie) taken in an aqueous solution of 1.22 g conc. HCl 
(E-Merck) was added dropwise to the above mixture and the whole mass was 
stirred overnight at room temperature. The mole ratio of the various constituents 
in the final reaction mixture was: 
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2.0 C~HSN: 1 .O HCI: 1 .O SDS: 1 .O H202 

This sample has been designated as sample 1. In another batch (sample 2), 
identical synthesis procedure was followed except the addition of Brij 35 as a 
co-surfactant along with SDS. One non-templated pure polypyrrole sample was 
also synthesized without using any SDA, which has been designated as sample 3. 
All the samples are black in color. Except sample 3, other two samples were 
extracted three times with an aqueous solution containing ammonium acetate and 
the corresponding extracted samples have been designated as samples 1 a and 2a, 
respectively. The batch compositions of the various samples have been given in 
Table 1. 

Table 1. Synthesis of different mesostructured polypyrrole samples. 

Sample Pyrrole HCI SDS Brij-35 H20Z Surface area Resistance 

1 0.02 0.01 0.01 0.01 10.0 
la  0.02 0.01 0.01 29.8 100.0 

2 0.02 0.02 0.01 1.50 0.01 7.8 

2a 0.02 0.01 0.01 23.5 28.0 

3 0.02 0.02 0.01 0.01 

(moles) (moles) (moles) (9) (moles) I ~ * P - ' I  (MO) 

For characterization, we have used all the samples listed in Table 1. X-ray 
diffraction patterns of the samples were recorded on a Seifert P 3000 
diffi-actometer using Cu K, (h = 0.15406 nm) radiation. TEM images were 
recorded on a JEOL JEM 2010 transmission electron microscope. SEM images 
were recorded on a JEOL JEM 6700F field emission scanning electron 
microscope. N2 adsorption / desorption isotherms of the samples were recorded 
on a Quantachrome Autosorb 1-C/TPD, at 77 K. Prior to the measurement, the 
samples were degassed at 343 K for 12 h under high vacuum. UV-Visible diffuse 
reflectance spectra were obtained by using a Shimadzu UV 2401PC 
spectrophotometer with an integrating sphere attachment. BaS04 pellet was used 
as background standard. FT-IR spectra of these samples were recorded on KBr 
pellets by using a Nicolet MAGNA-FT IR 750 spectrometer series 11. Electrical 
conductivity of the mesostructured polypyrrole samples were measured by 
standard four-probe technique after making pellets out of the powder samples 
using Lake Shore 120 current source and Yokogawa 7562 digital multimeter. 



238 

3. Results and Discussion 

In Fig. 1 low angle XRD patterns of different mesostructured polypyrrole 
samples are shown. A single low angle peak was observed for all the samples 
synthesized in the presence of SDAs. Sample 1 showed an intense low angle 
XRD peak and a narrow peak width, whereas sample 2 synthesized employing 
mixed surfactant system showed weak intensity with a broad peak-width. Sample 
3 synthesized without any template showed no peak at all in the low angle 
region, as expected, since no mesostructure could be formed without the assista- 

2 4 6 8 1 0  
28 in Degrees 

Figure 1 .  Low angle XRD pattern of samples 1, la,  2, 2a and 3. 

nce of an SDA. Extracted sample la  showed relatively weaker intensity and 
broader peak width over the as-synthesized sample 1, suggesting that although 
the mesophases have been retained after the removal of the surfactants (Fig. l), 
however, the arrangement of the pores become more disordered. The extracted 
sample 2a showed a very poor XRD peak indicating that the structure is not as 
stable as that of l a  after the removal of template. In Fig. 2 the high angle 
diffraction pattern for samples 1, l a  and 3 are shown. Peak positions for 
polypyrrole sample 3 synthesized in the absence of any SDAs agree well with 
that for samples 1 and la, although there was little change in their respective 
intensities. This result suggested that the pore walls of our mesostructured 
polypyrrole samples are composed of polypyrrole fiamework moieties. 
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28 in Degrees 
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Figure 2. Wide angle XRD pattern of samples 1, la  and 3. 

The TEM image of a representative sample (sample 1)  is shown in Fig. 3. The 
image confirms the formation of low electron density spherical white spots of ca. 
2.0-3.0 nm size, corresponding to small to medium size mesopores for 
polypyrrole sample 1. The average pore size as depicted by the TEM 
observation (ca. 2.0-3.0 nm) agree well with the XRD diffiaction patterns. The 
arrangements of the pores were found disordered in nature. Thus fi-om the XRD 
patterns and the TEM image analysis we could conclude that these 
mesostructured polypyrrole samples have disordered wormhole-like structures. 
SEM image of sample 1 is shown in Fig. 4, exhibiting granuladspherical 
morphology. In these samples very tiny spheres of dimension 20-25 nm were 
found, which assembled together to form large spherical aggregates. 

In Fig. 5 the N2 adsorptioddesorption isotherms for sample l a  at 77 K are 
shown. At PiPo between 0.05-0.8 the nature of the isotherm suggested the 
existence of large mesopores or macropores. No sharp capillary condensation 
was observed. Instead uptake of N2 increases in this region gradually and this 
could be attributed to the multilayered adsorption in mesopores. In Table 1 ,  
Brunauer-Emmett-Teller (BET) surface areas of the samples are given. BET 
surface area for samples la  and 2a were 29.8 and 23.5 rn'g-', respectively. It is 
pertinent to mention here that this is a preliminary report on mesoporous 
polypyrrole and further study to improve adsorption properties is in progress. 
The small hysteresis that is obtained at high relative pressure corresponds mainly 
to interparticle porosity. 
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Figure 5. NZ adsorption/desorption isotherm of polypyrrole sample la, at 77 K. Adsorption points 
are marked by filled circles and that of desorption by open circles. 
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Figure 6 .  W-visible diffuse reflectance spectra for samples 1, la, 3 and 4. 

In the UV-visible spectra (Fig. 6) a strong absorption band at ca. 237 nm for 
pyrrole/HCl solution (sample 4) was observed. On the other hand the 
mesoporous polypyrrole samples, 1 and 1 a showed no absorption in this region, 
rather broad bands for both at higher wavelength of 790 nm was observed, which 
was completely absent for 4. Absence of any absorption band at ca. 237 nm thus 
suggested that all the pyrrole units have been fully polymerized in our 
mesostructured polypyrrole. A close comparison between the UV-visible spectra 
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for samples 1 and l a  with pure polypyrrole sample 3 further suggested that the 
framework of our new mesoporous composite material is same as that of pure 
polypyrrole. Thus the UV-vis spectra suggested complete conversion of pyrrole 
into polypyrrole framework. Here the as-synthesized mesostructured polypyrrole 
is in its doped state with counter anion of SDS acting as SDA. 

Electrical conductivity measurements were done on polypyrrole samples 
synthesized with or without surfactant. Unlike mesoporous polyaniline, which 
showed very high conductivity at room temperature [ 181, mesostructured 
polypyrrole samples were found to be highly resistive with respect to the sample 
synthesized in absence of template at room temperature. Comparing electrical 
conductivity of polypyrrole before and after extraction of surfactant, a noticeable 
change was observed. The as synthesized sample showed a lower value of 
resistivity of the order of kilo ohm, whereas the extracted sample gave a value in 
the mega ohm order. This could be attributed to the voids and pores present in 
these samules after the extraction of the SDA molecules. 

H H 

H 
I H 

Figure 7. Scheme of the polymerization of pymole. 

In Fig. 7 the reaction pathway for the polymerization of pyrrole in the 
presence of an oxidant under aqueous-acidic condition have been presented. The 
presence of the surfactant andlor co-surfactant in the reaction medium may help 
to organize this polypyrrole framework to grow around its periphery through 
ionic interaction of the C12H25S0i of SDA with the cationic moieties of the 
organic fiamework. From the above experimental observations we can propose a 
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model for the generation of mesopores in mesostructured polypyrrole samples as 
shown in Fig. 8. The image drawn is just a representative model of the expected 
structure. The sample is actually disordered but for the ease of representation a 
more specific and well-defined ring structure has been given. Eight pyrrole 
moieties giving rise to a mesopore is an arbitrary number and has no correlation 
with the rest of the data. Here the three dimensional network of polypyrrole 
could be grown around the surfactant micelles. Thus by using suitable surfactant 
molecules different mesostructured polypyrrole materials could be synthesized. 
Extraction of the surfactant molecules kom these as-synthesized materials could 
generate mesoporosity. 

Figure 8. Structural model showing the mesopores in the nanostructured polypyrrole. 

Conclusions 

Mesostructured polypyrrole have been synthesized using supramolecular 
assembly of an anionic surfactant SDS through in-situ aqueous phase 
polymerization of pyrrole at room temperature, with hydrogen peroxide as the 
oxidant. Powder XRD and TEM results revealed wormhole-like disordered 
structure and existence of nanopores. FE SEM image analysis suggested very 
tiny spherical particles with sizes of 20-25 nm for these samples. UV-visible 
absorption data suggested the presence of polypyrrole network in these samples. 
These mesoporous polypyrrole samples showed a very high value of resistivity at 
room temperature, which could be utilized for the fabrication of resistors. 

Acknowledgments 

This work was partly funded by the Ramanna Fellowship and Nan0 Science and 
Technology Initiative grants of Department of Science & Technology, New 
Delhi. MN wishes to thank CSIR, New Delhi for a Senior Research Fellowship. 



244 

References 

1. 

2. 
3. 

4. 
5. 

6. 

7. 
8. 
9. 

10. 
11. 

12. 

13. 

14. 

15. 

16. 
17. 
18. 

19. 
20. 

P. K. H. Ho, J. I. -S. Kim, J. H. Burroughes, H. Becker, S. F. Y. Li, T. M. 
Brown, F. Cacialli and R. H. Friend, Nature 404,481 (2000). 
S. Holdcroft, Adv. Muter. 13, 1753 (2001). 
C. T. Kresge, M. E. Leonowicz, W. J. Roth, J. C. Vartuli and J. S .  Beck, 
Nature 359,710 (1992). 
B. A. Bolto, R. McNeill and D. E. Weiss, Aus. J.  Chem. 16, 1090 (1963). 
N. Pini, M. Siegrist, S. Busato and P. Ermanni, Poly. Eng. Sci. 47, 662 
(2 00 7). 
M. Sasidharan, N. K. Ma1 and A. Bhaumik, J.  Muter. Chem. 17, 278 
(2007). 
T. R. Farhat and P. T. Hammond, Chem. Muter. 18,4149 (2006). 
V. V. Rajasekharan and D. A. Buttry, Chem. Muter. 18,4541 (2006). 
C. N. Aquino-Binag, N. Kumar and R. N. Lamb, Chem. Muter. 8, 2579 
(1996). 
C. R. Martin, Ace. Chem. Res. 28,61 (1995). 
L. Liang, J. Liu, C. F. Windisch, G. J. Exarhos and Y. H. Lin, Angew. 
Chem. Znt. Ed. 41,3665 (2002). 
K. De Moel, G. 0. R. Alberda van Ekenstein, H. Nijland, E. and G. Ten 
Brinke, Chem. Muter. 13,4580 (2001). 
R. Xiao, S. I. Cho, R. Liu and S. B. Lee, J. Am. Chem. SOC. 129, 4483 
(2007). 
S. Virji, J. Huang, R. B. Kaner and B. H. Weiller, Nuno Lett. 4, 491 
(2004). 
J. Germain, J. Hradil, J. M. J. Frechet and F. Svec, Chem. Muter. 18,4430 
(2006). 
M. Kruk, E. B. Celer and M. Jaroniec, Chem. Muter. 16,698 (2004). 
A. Sayari and Y. Yang, Chem. Muter. 17,6108 (2005). 
M. Nandi, R. Gangopadhyay and A. Bhaumik, Microporous Mesoporous 
Muter. DOI: 10.1016/j .micromeso.2007.04.049 (2007). 
K. P. Gierszal and M. Jaroniec, J. Am. Chem. SOC. 128, 10026 (2006). 
S. Che, A. E. Garcia-Bennett, T. Yokoi, K. Sakamoto, H. Kunieda, 0. 
Terasaki and T. Tatsumi, Nature Muter. 2, 801 (2003). 



SYNTHESIS AND CHARACTERIZATION OF THERMO- 
SENSITIVE NANOCOMPOSITE PNIPAAm / SBA-15 

BOSH1 TIAN AND CHUN YANG* 
Jiangsu Key Laboratory of Biofitnctional Materials, College of Chemistry and 

Environmental Science, Nanjing Normal University, Nanjing 210097, P. R. China 

A nanocomposite cmisting of occluded thermo-sensitive Poly(N-isopropylacrylamide) 
(PNIPAAm) and mesoporous silica SBA-15 has been synthesized by an in situ 
polymerization technique. The composite was characterized by IR, XRD, TEM, NZ 
adsorption-desorption, TG and DSC. It is confirmed that the polymerization of monomer 
NIPAAm occurs in the composite, and most of the polymers are located within the 
channels of SBA-15 and form a coating clinging to the pore walls with a relatively 
uniform distribution. The polymerization and pore filling does not destroy the ordered 
hexagonal structure of SBA-15; but the surface area, the pore size and the pore volume 
of the composite are decreased due to the introduction of the polymer. Moreover, the 
thenno-sensitive property of PNIPAAm is retained in the nanocomposite, which has a 
lower critical solution temperature (LCST) similar to that of pure PNIPAAm. 

1. Introduction 

In recent years, the study and application of organic-inorganic nanocomposites 
based on mesoporous materials have received much attention. The larger pore 
size of mesoporous silicas compared with microporous zeolites provides us more 
opportunities to encapsulate large organic guest species in the ordered mesopore 
channels. Some groups have focused their studies on the encapsulation of 
polymer [l-31 into mesoporous silica hosts. The resultant composites show 
unique properties due to their regular mesoscopic structure and space restriction 
effect. 

Poly(N-isopropylacrylamide) (PNIPAAm) is a well-known temperature- 
responsive polymer with lower critical solution temperature (LCST) of -32°C 
[4] and exhibits a reversible volume phase transition at its LCST in aqueous 
solution. This property has been applied in many fields, such as bioseparations 
[5], immobilization of enzyme [6] and drug delivery systems [7] .  In order to 
improve the thermal and mechanical stability of PNIPAAm, the composites of 
the organic polymers combined with rigid inorganic porous materials have been 
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developed. For instance, PNIPAAm was incorporated into clay [8], silica [9,10] 
or hydroxyapatite [ 1 11 to obtain thenno-sensitive organic-inorganic composite. 
However, few studies on composites of PNIPAAm /ordered mesoporous silica 
were reported [ 12,131. 

In the present paper, we report a synthesis of hexagonal ordered 
mesoporous thermo-sensitive composite, PNIPWSBA-15 ,  in which 
PNIPAAm is occluded into the channels of SBA-15 host by impregnation with 
monomer and polymerization in situ. Because of the particular structure of SBA- 
15 and the control of synthesis condition, a nanocomposite with relatively 
homogeneous distribution of PNIPAAm in the mesopores is obtained. The 
thenno-sensitive property of PNIPAAm is also retained in the composite. 

2. Experimental 

2.1. Synthesis of Samples 

Mesoporous silica SBA- 15 was synthesized according to the method reported by 
Zhao et a1 [14]. The template surfactant P123 was removed by calcinations in air 
at 500°C for 6 h. 

Composite PNIPAAm / SBA-15 was synthesized as follows: 0.15g of SBA- 
15 was activated at 250°C under vacuum for 6 h and cooled to room 
temperature. 0.14g of monomer N-isopropylacrylamide (NIPAAm), 0.001 8g of 
crosslinker N, N’-methylenebisacrylamide (BIS) and 0.0029g of initiator 
azobisisobutyronitrile (AIBN) were dissolved in 3mL of acetone, and then the 
solution was injected into the activated SBA-15. After the slurry was sealed and 
subsequently stirred for 12 h at 0°C in the dark, the solvent was removed by 
volatilization at room temperature. The resultant powder was washed with 
deionized water (3mL) to remove the monomers adsorbed on the outside surface, 
followed by filtered and air-dried. The dried powder was wetted by a little 
deionized water in a flask under flowing NZ. N2 flow was kept for 10 min to 
remove air, and then the flask was sealed and heated at 60°C for 12 h for 
polymerization. After that, the solid was soaked in acetone for 12 h to remove 
unreacted monomers and detachable polymer, followed by filtered, washed with 
acetone and dried under vacuum at 40°C for 10 h. The resultant PNIPAAm / 
SBA-15 composite was measured by TG analysis to determine the content of 
PNIPAAm. A -24 wt% of PNIPAAm content in our composite sample was 
detected. 
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2.2. Characterization

Small-angle powder X-ray diffraction (XRD) patterns were recorded on an ARL
X'TRA diffractometer using Cu Ka radiation at 40 kV and 20mA. Infrared (IR)
spectra were obtained on a Tensor-27 FT-IR spectrometer using KJBr pellet
technique. Transmission electron microscopy (TEM) micrographs were taken on
a JEOL JEM-2100 microscope operating at 200 kV. Thermogravimetric (TG)
analyses were carried out from 25°C to 700°C on a Perkin-Elmer Pyris 1
instrument under N2 atmosphere at a ramp rate of 10°C min"1. Differential
scanning calorimetry (DSC) was performed from 25°C to 60°C on a Perkin-
Elmer Diamond calorimeter with a heating rate of 2°C min"1 in N2 flow. N2

adsorption-desorption isotherms were measured at -196°C on a Micromeritics
ASAP 2020M instrument. The samples were outgassed at 100°C for 6 h. Total
pore volume was taken at P/P0=0.98 single point. Mesopore size and mesopore
size distribution were calculated from the adsorption branch using the BJH
model corrected by Kruk-Jaroniec-Sayari equation [15]. Micropore volume was
evaluated using f-plot method in the t range from 0.4 to 0.7 nm. Statistical film
thickness was calculated using Harkins-Jura equation with standard parameters.

3. Results and Discussion

In the synthesis of composite, the mixture of monomer NIPAAm, crosslinker
BIS and initiator AIBN were dissolved in acetone and then introduced into the
channels of SB A-15 by impregnation. After the solvent was volatilized, the
monomer mixture was adsorbed and deposited on the pore wall, followed by
wetted with water and heated for polymerization. This process is illustrated
briefly in Scheme 1. The following characterization will further

impregnating
monomer J

Scheme 1 Preparation process of composite PNIPAAm/SBA-15. (a) mesoporous SBA-15; (b) the
mixture of SBA-15, solvent and monomer mixture; (c) SBA-15 entrapped with monomer mixture
wetted by deionized water; (d) the composite PNIPAAm/SBA-15.
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elucidates the polymerization in the channels and the structure of composite. 
Besides the thicker pore wall and higher stability, another reason for using 

SBA-15 as host is that there are some disordered micropores/small mesopores 
(complementary pores) within its pore wall [16,17]. Polymer can be entrapped 
into these complementary pores and interpenetrate with the silica framework 
through these pores to form the polymer network integrated with the silica 
framework, thus increasing significantly the immobility of PNIPAAm and the 
stability of the entire polymeric system [ 11. 

The IR spectra of samples are shown in Fig.1. For pure PNIPAAm (Fig. 1 b), 
the bands at 1645 and 1458 cm-' correspond to C=O stretching vibrations and N- 
H bending vibrations [18], respectively, the bands at 1367 and 1386 cm-' arise 
from the methyl groups in -CH(CH3)2 [18,19], and the bands at 2978, 2930, 
2876 and 1460 cm-' are due to the stretching and the bending vibrations of C-H 
of methyl groups and methylene groups, respectively. These bands also appear in 
the spectrum of PNIPAAm I SBA-15 (Fig.ld), while the characteristic bands of 
NIPAAm monomer (1620 cm-' for C=C and 1409 cm-' for CH2= [20], see 
Fig.la) are not present in Fig.ld, indicating that the polymerization has taken 
place in the channels of SBA-15 and the unreacted monomer has been removed 
by washed with acetone. 

XRD patterns of SBA-15 and PNIPAAm I SBA-15 are shown in Fig.2. Both 
materials exhibit one very intense diffraction peak (100) and two weak 

a 

10 3500 3000 2500 2000 1500 1000 500 

Wavenumbers (cm") 

Fig1 IR spectra of (a) NIF'AAm, (b) PNIF'AAm, (c)  SBA-15 and (d) PNIF'AAm / SBA-15 
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Fig.2 XRD patterns of (a) SBA-15 and (b) PNIF'AAm / SBA-15 

peaks (110) and (200) in the 28 range of 0-5", characteristic of hexagonal 
structure of mesoporous materials [21]. The intensities of peaks of the composite 
is not obviously different from those of pure SBA-15, suggesting that the 
ordered hexagonal mesopore structure is retained perfectly after the 
incorporation of PNIPAAm and no notable change in scattering contrast between 
the pores and the walls occurs owing to a relatively homogeneous deposition of 
polymer on the pore walls, similar to the case reported by Choi et al [l], in 
which polychloromethylstyrene (PCMS) was entrapped uniformly in the 
channels of SBA-15. In addition, an increase in relative intensity of peak (200) 
to (1 10) after the introduction of PNIPAAm compared with that of pure SBA-15 
is also observed in Fig.2, indicating the formation of a thicker pore wall in the 
former sample (it has been confirmed that the increase of wall thickness leads to 
an enhance of relative intensity of peak (200) to (1 10) for ordered mesoporous 
materials [22,23]), in agreement with the wall thickness data shown in Table 1. 
Apparently, the increase of pore wall thickness is a result of the formation of 
polymer coating clinging to the wall. The TEM images of PNIPAAm / SBA-15 
are given in Fig 3. The hexagonal ordered mesostructure is shown and no 
deposition of bulk polymer on the external surface of SBA-15 particles is 
observed, suggesting that the most of polymers are formed inside the channels. 
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Table 1. Structural parameters of the SBA-15 and PNIPAAm / SBA-15 composite.

Sample ao (nm) D (nm) L (nm) SBET V, V™
(m2 g1) (cmV) (cnrV)

SBA-15

PNIPAAm/SBA-15

10.4

10.6

8.0

7.0

2.4

3.6

813

344

0.84

0.42

0.16

0.02

ao: XRD unit cell parameter, D: pore size calculated by BJH method from the adsorption branch of N;
isotherms, L: pore wall thickness, L= ao- D, SBET: surface area calculated by BET method, Vt: single point
total pore volume, Vmi: micropore volume evaluated by ?-plot.

Fig.3 TEM images of PNIPAAm / SBA-15 viewed along the pore axis (a) and perpendicularly to
the pore axis (b).

OH

600-,

500-

-1
B 400-

J

a 200-

I
I 100-

0.0 0.2 0.4 0.6 0.8 1.0

P/P,,

Fig.4 N2 adsorption-desorption isotherms of (a) SB A-15 and (b) PNIPAAm / SBA-15
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Fig.4 and Table 1 show the N2 adsorption-desorption isotherms and the 
detailed texture parameters of samples, respectively. Type IV isotherms and type 
H1 hysteresis loop for SBA-15 (Fig.4a) are characteristic of mesoporous 
materials with cylindrical pore geometry [24]. After the inclusion of PNIPAAm 
into SBA-15, the amount of N2 adsorbed decreases significantly (Fig.4b) and the 
pore size reduces from 8.0 to 7.0 nm (Table l), directly evidencing the presence 
of PNIPAAm polymer in the channels. Moreover, the step of desorption branch 
is not so steep and the hysteresis loop deviates from type H1. This may be 
caused by partial pore blockage at such a high polymer loading. t-plots of the 
samples are shown in Fig.5. It is obvious that the curve of pure SBA-15 (Fig.5a) 
bends more severely at start section (lower t value region) than that of the 
composite (Fig.Sb), implying that a considerable amount of micropores/small 
mesopores exists in SBA-15, but almost disappears after the inclusion of 
PNIPAAm. Table 1 shows the micropore volumes of samples evaluated by t- 
plots from the intercepts at ordinate. It can be seen that the micropore volume is 
about 19% of total pore volume for pure SBA-15, however, it decreases greatly 
after PNIPAAm was encapsulated, suggesting a penetration of polymer chains 
into the micropores/small mesopores within the wall. This indicates again that, in 
our synthesis, the NIPAAm monomers are introduced and polymerized as a 
relatively uniform coating on the surface of pore walls rather than polymerized 
randomly at the center of channels (if the polymerization occurs following the 
latter mode, the micropores/small mesopores of SBA-15 can not be occupied by 
polymer chains [l]). 

It is well-known that the conformation and the solubility of PNIPAAm in 
water is related to the temperature. At the temperatures bellow the LCST, 
PNIPAAm is present in a water-swollen state because the intermolecular 
hydrogen bonds between water molecules and amide groups of the PNIPAAm 
chain are formed predominantly at such temperature, resulting in a coil-structure 
of polymer chains dissolved in water. At the temperatures above the LCST, 
however, PNIPAAm exhibits an insoluble state since the intramolecular 
hydrogen bonds between C=O and N-H groups in PNIPAAm chains are formed 
preferentially at such temperature, leading to a compact and collapsed 
conformation of the chains [25]. This volume phase transition of polymer is 
accompanied by an endothennic effect at the LCST, which can be measured by 
calorimetric technique. DSC curve of PNIPAAm included in SBA-15 is shown 
in Fig.6. A clear endothennic peak is observed at around 32°C duo to the phase 
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Fig.5 t-plots of (a) SBA-15 and (b) PNIF'AAm / SBA-15 
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Fig.6 DSC curve of PNIF'AAm / SBA-15 swollen in deionized water 



253 

transition happening in the composite. This temperature is consistent with the 
LCST of pure PNIPAAm, strongly suggesting that the thermo-sensitive property 
of PNIPAAm is retained in the composite PNIPAAm / SBA-15. 

In conclusion, a thermo-sensitive nanocomposite, PNIPAAm I SBA-15, can 
be synthesized by impregnating monomers and polymerizing them in the 
channels of SBA-15. The distribution of polymer in the mesopores can be 
controlled and the temperature-responsive property of the polymer can be 
preserved. It is expected that this organic-inorganic composite material will be 
promising in smart control field. 
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SYNTHESIS AND PREPARATION OF NOVEL 

HYBRID MATERIALS 
POLYOXOMETALATE-FUNCTIONALIZED MESOPOROUS 

RONGFANG ZHANG AND CHUN YANG* 
College of Chemistly and Environmental Science, Nanjing Normal University, Nanjing 

210097, P. R. China 

Novel polyoxometalate (P0M)-functionalized mesoporous hybrid silicas were 
synthesized and prepared by the co-condensation using SiWll as POM precursor and the 
post-synthesis grafting SiWl I Sil directly, respectively. The as-obtained hybrid samples 
were characterized by FT-R, UV-visiDRS, 29Si CP MAS NMR, XRD, ICP-AES and Nz 
adsorption-desorption measurements. The results show that these materials possess both 
hexagonal mesostructures with SBA-I 5 architecture and perfect Keggin units bound 
covalently with the silica wall. This covalent linkage results in a firm immobilization of 
POM on the mesoporous material. 

1. Introduction 

The study of functionalized ordered mesoporous silica materials has 
attracted much attention in the past decade due to their prospective application in 
adsorption, separation, catalysis, sensing, optics and other fields. TWO 
approaches, grafting (post-synthesis) and co-condensation (one-step synthesis) 
have been developed as main functionalization strategies to introduce suitable 
functional moieties (catalytic active groups, reactive ligands etc.) onto the 
surface of mesoporous materials [ 1-41. In both approaches, however, almost all 
of the introduction and immobilization of functionalities are based on the 
silanization reaction of surface with organosilanes containing functional moieties, 
or the anchoring of organosilanes at least at the first step as a bridge for the 
further introduction of functionalities. Few direct connections of finctional 
groups, especially inorganic species, to silica surface were reported [5,6]. 

Polyoxometalates (POMs) with excellent catalytic performance (e.g., 
heteropoly acids and their salts) have been supported on the periodic ordered 
mesoporous materials in order to acquire heterogeneous POM catalysts of high 
efficiency. However, the mesoporous silica-supported POMs are usually 
prepared by impregnation or inclusion, and the POMs are easily leached in 
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application using polar solvent as medium [7-91 since no a strong chemical 
linkage exists between the supports and the POMs. Therefore, it is an interesting 
challenge to anchor POMs onto the periodic ordered mesoporous silica by 
covalent bonding. Here, we report a novel POM-functionalized mesoporous 
hybrid material with SBA-15 architecture, which can be synthesized and 
prepared by both co-condensation and post-synthesis. In these syntheses, a 
Keggin-type monovacant polyoxometalate, SiW110398- (SiWII), as well as its 
derivative SiWl 1039[O(SiOH)2]4- (SiWIISi2) are used as precursors of POM. 

2. Experimental 

2.1. Materials and Syntheses of Samples 

Potassium salt of SiWI1O398' (SiWII) was synthesized using the procedure 
reported in Ref. [lo]. SiW11039[O(SiOH)~]4~ (SiWIISi?) was synthesized 
referencing to the procedure in Ref. [ 111 by allowing the potassium salt of SiWll 
to react with TEOS at room temperature under an acidic condition of pH=l. 
Tetrabutylammonium (TBA) salt was obtained by adding tetrabutylammonium 
bromide to the solution. Elemental analysis for the product was consistent with 
the formula, [ B Q N ] ~ S ~ W ~ ~ O ~ ~ [ O ( S ~ O H ) ~ ]  (Found: C, 20.39; H, 3.96; N, 1.68; 
W, 53.79; Si, 2.29%; Calc: C, 20.49; H, 3.93; N, 1.49; W, 53.92 ; Si, 2.25% ). 

Co-condensation syntheses of the mesoporous hybrid silicas were carried 
out by reference to Ref. [12,13]. In a typical preparation, l g  of Pluronic P123 
(Aldrich) were solved in 30 mL of 2 M HCl solution with stirring at 400. Then 
tetraethoxysilane (TEOS) was added into the solution. After a stirring at 40 ci for 
2 h for prehydrolysis of TEOS, the potassium salt of SiWll and 7.5 mL of H20 
was added. The molar composition of the mixture for 1 g of copolymer was 
(0.01-X)TEOS : XSiWll : 0.06HC1 : 1.96H20, where X = 0.00025 (2.5%), 
0.0005 (5%). The numbers in parentheses indicate the molar percentages of 
SiWll in the initial mixture (SiWII+TEOS). The resultant mixture was 
crystallized under stirring for an additional 24 h at 40 'C, and subsequently aged 
at 80°C for 24 h under static condition. After cooled to room temperature, the 
solid product was recovered by filtration, washed thoroughly with water, and air- 
dried at room temperature overnight. The template was removed from the as- 
synthesized material by extraction with ethanol in a Soxhlet extractor for 36 h. 
The samples synthesized via this route are denoted as xx%SiWII/MHS, where 
xx% refers to the molar percentages of SiWll in the initial mixture. 

Post-syntheses of the mesoporous hybrid silicas were made as follows: 
Hexagonal mesoporous silica SBA-15 was synthesized according to the method 
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reported [12,13]. After outgassed under vacuum at 120°C for 3 h, 0.25g of SBA- 
15 powder was introduced into 10 mL of acetonitrile solution of TBA salt of 
SiWlISi2. The mass ratio of SBA-15 to TBASiWI1Si2 was kept to l:x (x = 3 and 
5, respectively) in the mixture. The slurry was stirred for 12 h at room 
temperature and then evaporated slowly at 50-6O'C to remove the solvent. The 
resultant solid was calcined at 20072 for 2 h, followed by washed with 10 mL of 
acetonitrile under sonication for 10 min and then filtered to remove free 
TBASiWlISi? molecules. After 10 repeated washings, the solid product was 
collected by filtration, and air-dried at room temperature. The samples 
synthesized via this route are denoted as l:x SiWI1Si2/MHS, where l:x refers to 
the mass ratio of SBA-15 to TBASiWl1Si2 (g/g) . 

2.2. Characterization 

Powder X-ray diffraction (XRD) patterns of the samples were recorded on 
an ARL X'TRA diffractometer using Cu Ka radiation. Infrared (IR) spectra were 
collected on a Tensor-27 FTIR spectrometer, KBr pellets. UV-vis diffuse 
reflectance spectra (UV-vis/DRS) were recorded on a Varian Cary 5000 
spectrophotometer. Elemental analyses were performed on a Leeman Lab 
Prodigy inductively coupled plasma-atomic emission spectroscopy (ICP-AES) 
instrument. Solid-state 29Si CP MAS NMR measurements were performed on a 
Bruker AV-400 spectrometer operating at 29Si frequency of 79.457 MHz and IH 
frequency of 399.952 MHz. N2 adsorption-desorption isotherms at 77K were 
measured using a Micromeritics ASAP 2020M physisorption analyzer. The 
samples were outgassed under vacuum at 120°C for 6 h before the measurement. 

3. Results and Discussion 

In order to introduce POM into the mesophase by co-condensation or post- 
synthesis, a POM molecule with reactive sites on the surface, by which the POM 
can condense easily with the silica species, should be considered as POM 
precursor and employed in the synthesis. Keggin-type monovacant SiWll is a 
suitable candidate, because it can react with organosiloxane, such as 
trialkoxysilane, under acidic condition to yield its saturated derivatives 
SiW11039[O(SiR)2]4- [ l l ] .  Similar reaction of SiWII with TEOS to yield 
SiW11039[0(SiOH)2]~- (SiW11Si2) was also confirmed by us. In SiWI1Si2 
structure, Si-0-W bonds are formed, and there are two SiOH groups on the 
surface of the molecule, providing the reactive sites for the condensation with 
silica species. Consequently, the co-condensation syntheses of mesoporous 
hybrid silicas SiWII/MHS were carried out based on a sol-gel procedure 
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analogous to that for SBA-15 silica [ 12,131 and a direct employment of SiW as 
POM precursor; while the post-syntheses of mesoporous hybrid silicas 
SiWIISi2/MHS were made by using a derivative of SiWll, i.e., SiW11Si2, as 
POM precursor to react with mesoporous silica SBA-15. The contents of SiWll 
(calculated on SiW11039 basis) in the hybrid samples were evaluated by 
elementary analysis (ICP-AES for W) and are given in Table 1 together with 
other property parameters. 

Table 1. Property parameters of the samples 

Sample SiWll wt% dloo(nm) SBET(m2/g) Vt (mL/g) D (nm) 

SBA-I 5 10.04 887 1.06 7.9 
1.25%SiWll/MHS 18.2 9.60 589 0.70 6.9 

S%S~WII/MHS 26.4 9.82 429 0.52 6.1 
1:3 SiWIlSi2/MHS 16.3 9.93 513 0.59 7.5,5.3 
1:5 SiWllSi2/MHS 21.2 9.93 214 0.29 6.3,4.6 

&o= (100) spacing, Sem=surface area calculated by BET method, V, = single point total pore volume, 
D = pore size calculated by BJH method from the adsorption branch of N? isothenn 

The most important and concerned problem to us is whether the Si-0-W 
bond, i.e., saturated SiW,,Si2 structure is formed in the hybrid materials. This 
formation is a precondition of the establishment of covalent linkage between 
POM and mesoporous silica framework. Thus, the characteristic IR absorption 
data, which are almost the most effective means to identify the structures of 
Si W1 I Si2 in the hybrid samples, were investigated carefully. It is clearly seen 
from Fig.1 that the spectrum of SiWl ]Si2 (Fig.lb) is distinctly different from that 
of SiWll (Fig.la) owing to the saturation of Keggin structure. The features of the 
saturated SiW1,Si2 are also observed in the spectra of hybrid samples 
SiWII/MHS (Fig.1d) and SiWIISi2/MHS (Fig.le), respectively. Although Si-0- 
Si band (-1050 cm-') and W=O band (-960 cm-') for SiW11Si2 structure are 
covered by Si-0-Si band and Si-0 band of mesoporous silica itself, respectively, 
an additional band appears at -910 cm-' as compared to pure SBA-15 (Fig.10, 
and the intensity increases with SiWll loading. Clearly, this band results from Si- 
0 vibration of the central S i 0 4  unit of SiW11Si2 in S iWII /MHS and 
SiW I Si?/MHS, respectively. A more explicit exhibition of SiW 11 Si? structure in 
hybrid materials is given in the subtraction spectrum for SiWll/MHS (Fig.lc). 
Almost all of characteristic bands of SiWllSi2 are shown clearly in Fig.lc, 
denoting that not only Keggin unit of the POM is retained perfectly, but also 
SiW11Si2 structure is formed, and thus SiWll is covalently bound to the silica 
kamework by co-condensation. Similar subtraction spectrum for SiW 11 Si2/MHS 
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Fig.1. IR spectra of (a) SiWll (K salt), (b) TBASiWIISiz, (c) subtracting (f) from (d), (d) 5%Siw11 

MHS, (e) 1:3 SiWIISizMHS and (f) SBA-15 

200 300 400 500 600 
Wavelength (m) 

Fig.2. UV-vis/DRS spectra of (a) TBASiWIISiZ, (b) SiWll (K salt), (c) S%S~WIIMHS,  (d) 1:3 
SiWIISidMHS and (e) SBA-15 
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(not shown here) is also obtained, indicating that SiWllSi' molecules are 
successfully grafted on mesopore surface by post-synthesis. 

UV-vis/DRS spectra of several samples are shown in Fig.2. Unlike pure 
SBA-15 (Fig.2e), all of the hybrid samples obtained by both routes exhibit UV 
absorption maxima at -210 and -265 nm (as shown in Fig.2~ and 2d), which are 
attributed to oxygen-to-tungsten charge-transfer at W=O and W-0-W bonds of 
POM, respectively. It is noticed that the UV absorption peaks of the hybrid 
materials are different from those of monovacant SiWl (Fig.2b) but similar to 
those of SiWI1Si2 (Fig2a), indicating again the presence of saturated Keggin 
unit in these materials. 

Fig.3 exhibits "Si CP MAS NMR spectra before and after the introduction 
of POMs. Distinct resonance can be observed for various Si species in silica [Q" 
= Si(OSi),(OH)4,, n = 2-4; Q4 at -1 11 ppm, Q3 at -102 ppm and Q' at -93 ppm]. 
The change of relative integrated intensities of Q" signals after the introduction 
of POMs reflects the interconversion between these Si species during the 
incorporation. It can be seen fiom Fig.3b and 3c that obvious increases in 
relative intensity of Q4 and in Q4/Q" (n = 2, 3) integrated ratios occur when 
SiWll or SiW11Si2 is incorporated, and the more the loading of POM is, the 
more the relative intensity of Q4 increases, implying the transformation of Q' and 
Q3 species into Q4 species owing to the formation of Si-0-Si bonds, which 
results from the condensation reaction of terminal SiOH groups in silica with 
SiWl1Si2 species. An additional signal at about -84.5 ppm attributed to central 
Si04 unit in SiW11039[O(SiR)2]4~ [ll] is also found in Fig.3b and 3c, further 
suggesting the introduction of SiWI1Si2 moiety onto the silica wall of 
SiW 1 IMHS and SiW 11 SidMHS. 

The small-angle powder XRD patterns of the hybrid materials (Fig.4) show 
intense diffraction peak (1 00) and weak peaks (1 10) and (200), characteristic of 
ordered hexagonal mesophase. For the samples obtained by the co-condensation 
(Fig.4~ and 4d), however, the higher order (1 10) and (200) reflections diminish 
in intensities as the concentration of SiWll in initial mixture increases, indicating 
the reduction of long-range order of mesophase with increasing initial SiWI1 
concentration. This is apparently caused by the perturbation of an elevated 
concentration of SiWll on the formation and self-assembly of surfactant 
aggregates. For the samples obtained by post-synthesis (Fig.4a and 4b), not only 
peaks (1 10) and (200) but also peak (100) become weak as the loading of 
SiW11Si2 increases, as a result of the reduction in scattering contrast at higher 
pore filling. The broad-angle XRD patterns of the hybrid samples (not shown 
here) show no reflections of POM crystal, suggesting a high dispersion of POM 
in all of the materials. Moreover, as revealed by XRD measurement, a specified 
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Fig.3. 29Si CP MAS NMR spectra of(a) SBA-15, (b) 1:3 SiWIISiz/MHS and (c) ~ % S ~ W I I / M H S  
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Fig.4. Small-angle XRD patterns of  (a)l:3 SiWIISizNHS, (b)l:5 S ~ W I I S ~ ~ / M H S ,  (c)1.25%SiW11 
/MHS and (d) S%SIWII/MHS 
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TEOS prehydrolysis time is necessary to create ordered mesostructure in the co- 
condensation route, similar to the synthesis of organically functionalized SBA- 
15 [3]. An amorphous material was obtained at the higher initial SiWll 
concentration and the shorter prehydrolysis time of TEOS in the co-condensation 
synthesis. 

Nitrogen adsorption-desorption measurements show the type-IV isotherms 
and type-H1 hysteresis loops for the hybrid materials synthesized by the co- 
condensation (FigSa and 5b), characteristic of SBA-15 architecture [12]. A one- 
step capillary condensation occurring at p/po= 0.6-0.8 indicates the presence of 
regular mesopores with uniform size in these materials, as confirmed by narrow 
single peaks in the mesopore size distribution curves (Fig.6a and 6b). For those 
prepared by post-synthesis route, however, unsmooth isotherms and narrower 
hysteresis loops are observed (Fig.5~ and 5d). Two-step isotherms, as well as 
dual maxima in the mesopore size distribution (Fig.6~ and 6d) suggest that pore 
blocking occurs and two mesopores with different sizes are present in these 
materials. This phenomenon appears even at lower POM loading, and develops 
towards a severe blockage with increasing loading, leading to a great decline in 
both mesopore size and volume (see F ig .6~  and 6d). Apparently, such pore 
blockage results from the bulky SiWlISi2 anions and TBA cations introduced, 

" 
0.0 0.2 0.4 0.6 0.8 1.0 

P/P,  

Fig.5. Nz adsorption-desorption isotherms of (a)l,25%SiWl]/MHS, (b)S%SiWii/MHS, (c)l:3 
SiW,ISi2/MHS and (d) 1 5  SiWIISidMHS 
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Fig.6. Mesopore size distribution of (a)l.25%SiWll/MHS, (b)S%SiWll/MHS, (c)l:3 
SiWIISizNHS and (d) 1 5  SiWIISi2hIHS 

which occupy the interior pore void so severely that the secondary mesopores 
with smaller size are formed at some sites in channels where there is a higher 
density of POM filling. 

The data from N2 adsorption-desorption for several samples are listed in 
Table 1. In the case of co-condensation, despite no pore blockage, the reduction 
in specific surface areas and specific pore volumes is observed after the 
introduction of POM, and exacerbated as the POM loading increases. This may 
be attributed to the increase of specific weights of the samples containing POM 
of big molecular mass and the loss of a section of ordered mesostructure when 
the higher initial SiWll concentration is used. 

In view of above characterization, we propose that SiW I Si? is an important 
reactive species not only for the post-synthesis but also for the co-condensation 
synthesis. It is formed at first in the co-condensation mixture by the reaction of 
SiWll with TEOS, and then condenses with the preorganized silica framework 
(inorganic-organic composite) to connect the POM on to the framework. In the 
post-synthesis route, although reactive SiWl is incorporated directly by 
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impregnation, the calcination of sample at an elevated temperature is necessary, 
which offer a condition for the condensation between SiWI1Si2 and silica wall. 

In conclusion, a novel mesoporous hybrid material containing covalently 
linked POM can be synthesized and prepared by co-condensation and grafting 
technique, respectively. The key problem in these syntheses is choosing or 
creating a suitable POM precursor. Compared to the post-synthesis (grafting), 
the co-condensation method endows the materials with uniform pore size without 
pore blockage and homogeneous distribution of POM in the channels. However, 
whether an ordered mesoporous hybrid material can be obtained by the CO- 
condensation is also restricted by synthesis conditions. 
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SYNTHESIS OF A MICROPOROUS ORGANIC-INORGANIC 
HYBRID LAYERED NANOCOMPOSITE WITH 

BIS(METHYLDICHLOROS1LYL)BIPHENYL AND SILICIC 
ACID OF ILERITE 

RYO ISHIIt, TAKUJI IKEDA, TETSUJI ITOH, TOSHIROU YOKOYAMA, 

Research Center for Compact Chemical Process, National Institute of Advanced 
Industrial Science and Technology (AIST), Nigatake 4-2-1, Sendai, 983 8551, Japan 

TAKA-AKI HANAOKA, AND FUJI0 M-1 

A microporous layered organic-inorganic nanocomposite has been prepared by interlayer 
silylation of a crystalline layered silicate, ilerite, with 4, 4’-bis(methyldichlorosilyl)- 
biphenyl. The nanocomposite has a gallery height of 2.11 nm, which is retained by 
bridging of the biphenylene units between the layers. The bridging yields microporous 
structure in the interlayer where the biphenylene units have a role in the framework of the 
micropore, leading to a higher adsorptivity for toluene than other porous silicas. 

1. Introduction 

Crystalline layered silicates such as magadiite, ilerite (octosilicate or RUB- 1 8) 
and kanemite have been widely applied for synthesis of organic-inorganic 
nanocomposites. The nanocomposites are prepared by interlayer modification 
with organic cations or organosilanes. The modified interlayer provides 
hydrophobic nanospaces suitable for the entrapment for organic molecules, 
leading to the application as adsorbents or nanofillers. However, the entrapment 
capacity is limited because the nanocomposites have less porous structure due to 
the presence of bulky and flexible organic moieties in the interlayer, resulting 
fi-om the interlayer modification. Thus, the construction of the porous structure 
in the nanocomposites would improve the entrapment ability of the 
nanocomposites. 

We have developed microporous organic-inorganic hybrid nanocomposites 
by alkoxysilylation of 4, 4’-biphenylene-bridged alkoxysilane compounds [ 11. 
The nanocomposites possess the porous structure resulting fi-om the interlayer 
bridging of the biphenylene units. Furthermore, the biphenylene units show 
monolayer arrangement in the interlayer by using mono- or trifunctional 
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alkoxysilane, or double layer-like arrangement by using difunctional 
alkoxysilane. The present method is a new synthetic approach to produce the 
porous structure in the nanocomposites, which can be expected to contribute to 
the development of these organic-inorganic hybrid materials. On the other hand, 
the obtained nanocomposites are low crystalline layered compounds due to 
stacking faults caused by the incomplete silylation of the units with the silicic 
acid. These findings suggest that the reactivity of the organosilanes has an 
influence on the layered structure of the nanocomposites. 

Here, we report a synthesis of the microporous nanocomposite using a 
biphenylene-bridged chlorosilane in order to improve the structural regularity of 
the nanocomposite. The approach focuses on the formation of the double layer 
arrangement in the interlayer using the biphenylene-bridged difunctional 
chlorosilane having methyldichlorosilyl groups at each end of the unit because of 
the structural interest. In the present work, structural analyses of the resultant 
product were conducted. The porosity and adsorptivity of the products were then 
evaluated in order to determine the surface property. Finally, we proposed a 
model of the interlayer structure. 

2. Experimental 

2.1. Materials and synthesis 

Ilerite was prepared from suspension containing 2 g of silica in 4 cm3 of 4 mol 
dm” NaOH aqueous solution at 378 K for 216 h, as described by Kosuge and 
Tsunashima [2]. Then, the silicic acid of ilerite (H-ilerite) was obtained by 
adding 70 cm3 of 0.1 mol dm-3 hydrochloric acid aqueous solution to the ilerite. 
The acid treatment was repeated twice, The white product was washed and then 
dried at 323 K overnight. 

4, 4’-Bis(methyldichlorosily1)biphenyl (abbreviated as BCSB) was 
synthesized by chlorination of 4, 4’-bis(methyldiehoxysilyl)biphenyl (BESB). 
The BESB compound was prepared according to the method reported by Shea et 
al. [3]. The BESB compound (6.0 g) was refluxed with acetyl chloride (10 ml) 
and tetrahydrofuran (10 ml) under argon at 353 K for 48 h. The volatile 
compounds were removed in vacuo. The procedure was repeated once. The 
resultant oil was distilled under ca. 0.3 mmHg at 457-476 K to give a clear oil 
(3.6 g, 60 %). The NMR data of the compound were as follows: BCSB: dH 
(500 MHz; CDC13; Me,Si), 7.84-7.56 (dd, 8 H, C&), 1.96 (s, 6 H, SiMe). 

H-ilerite (0.2 g) was mixed with 1.2 cm3 of n-hexylamine and placed in a 
sealed Teflon tube for 48 h at room temperature. The H-ilerite and n-hexylamine 
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mixture was stirred with BCSB (0.3 cm3) and n-hexane (10 cm3) for 168 h at 
room temperature. A white compound was separated from the suspension by 
centrifugation. The compound was then air-dried for 120 h at room temperature 
and then dried for 8 h at 423 K. After drying, the compound was suspended in 20 
cm3 of 1 mol dm-3 HCI ethanol solution for 120 h at room temperature for the 
elution of n-hexylamine. The fmal product (BCSB-ilerite) was separated and 
dried at 423 K under reduced pressure for 8 h. 

2-2. Characterization 

Silicon contents of the solid were determined using an SPS7800 inductively 
coupled plasma (ICP) spectrometer (SEIKO Co., Japan) according to the method 
reported by Ishii et al. [4]. Total carbon (TC) and total nitrogen (TN) contents of 
the products were measured by gas chromatography with a SUMIGRAPH NCH- 
21 analyzer (Sumika Analysis Service Co., Ltd., Japan). Powder X-ray 
diffraction (XRD) data were measured using an M21X diffractometer (MAC 
Science Co., Ltd., Japan) with curved graphite monochromator (Cu K, radiation) 
operated at 45 kV and 250 mA. '9Si solid-state MAS-NMR experiments were 
performed on a Bruker AVANCE 400WB spectrometer operated at 79.495 MHz 
with a 7 kHz spinning frequency using a 7 mm MAS probe. 29Si DDMAS NMR 
spectra were obtained with 30" pulse of 1.6 ps and 30 sec cycle delay time. A 
total of 1024 scans were accumulated for each sample. UV-vis diffuse 
reflectance spectra for the products were obtained on a UV-31OOPC 
spectrometer (Shimadzu Co., Ltd., Japan) equipped with an integrating sphere 
unit (MPC-3100, Shimadzu Co., Ltd., Japan). Nitrogen adsorption and 
desorption measurements at 77 K were carried out on a Belsorp-MAX (Japan 
BEL Co., Ltd., Japan) for samples degassed at 423 K below mmHg for 4 h. 
Water and toluene adsorption isotherms at 298 K were collected by a 
BELSORP-18 (Japan BEL Co., Ltd., for samples degassed at 423 K below 
mmHg for 6 h. 

3. Results and Discussion 

Fig. 1 shows a SEM image for BCSB-ilerite. The crystal morphology of the 
original ilerite was a rectangular shape. BCSB-ilerite retains the similar 
morphology to that of H-ilerite, indicating no structural damage during the 
treatment. 

XRD patterns for BCSB-ilerite before and after HClIethanol treatment as 
shown in Fig. 2. H-ilerite has the basal spacing of 0.74 nm. After the treatment 
with n-hexylamine and BCSB, the diffraction line corresponding to the basal 
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spacing shifted to a lower angle side at 26 = 3.14° (d = 2.81 nm) due to their
intercalation between the silicate layers. The treatment also brought about some
sharp peaks at 16 = 4.64, 18.28, 22.86° and so on. These peaks are assigned to
hexylamine hydrochloride that is formed by evolution of hydrochloric acid
resulting from condensation of chlorosilyl groups in BCSB with silanol groups in
the interlayer. They disappear after the following HCl/ethanol treatment due to

Fig.l. A SEM image for BCSB-ilerite.
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Fig. 2. XRD patterns for BCSB-ilerite: (1) before HCl/ethanol treatment, (2) after HCl/ethanol one.
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the elution of the hexylamine hydrochloride from BCSB-ilerite. The final 
product has the basal spacing at 28 = 3.08" (d  = 2.87 nm). The product also has 
clear (001) reflections at 28 = 6.30 and 9.38", indicating that BCSB-ilerite has a 
layered structure with the good order of the stacking. 

A diffuse reflective UV-vis spectrum for BCSB-ilerite showed a peak around 
280 nm due to the UV absorption of the biphenylene unit. Chemical analysis for 
BCSB-ilerite revealed that Si, TC and TN contents were 30.0, 30.8 and 0.05 
wt%. The TN content is almost negligible due to the elution of n-hexylamine. 
The TC contents originate from the BCSB molecules. These results indicate that 
the BCSB molecules are intercalated in the interlayer of H-ilerite and that have a 
role as a pillar to retain the large gallery space. We calculated the number of the 
BCSB molecules based on the crystalline structure of the original ilerite. The 
number, which is derived from these contents and the structure of the ilerite, was 
estimated as 7.9 molecules in the unit cell of the ilerite. The number is higher 
than the number (= 5.8) for BESB-ilerite that was obtained by a similar manner 
using 4, 4'-bis(methyldiethoxysilyl)biphenyl. The higher number suggests that 
the immobilization of the biphenylene units was promoted by the exchange from 
ethoxysilyl group to chlorosilyl one. 

29Si MAS NMR spectra for H-ilerite and BCSB-ilerite are presented in Fig. 3. 
Two peaks at -1 03 and -1 1 1 ppm are observed in the spectra. They are assigned 
to Q3 (Si(OSi),(OR)) and Q4 (Si(OSi)4) structural units that originate from the 
framework of the silicate sheets of H-ilerite. While the Q3/Q4 integral ratio is 1 

Q3 Q4 

1 4  

I 

0 -40 -80 -1 20 
Chemical shift I ppm 

Fig. 3. 29Si MAS NMR spectra for BCSB-ilerite (A) before and (B) after HCVethanol treatment. 
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for H-ilerite, the ratio is estimated as 0.43 for BCSB-ilerite, being less than that 
for H-ilerite due to the decrease in the Q3 intensity. This finding indicates that 
the Q3 units, corresponding to the silanol groups, are converted to the Q4 ones 
after the treatments. In addition, two peaks at -27.8 and -32.8 appear in the 
spectrum for BCSB-ilerite. They are assigned to D’ (R’Si(0Si)OR) and D’ 
(R2Si(OSi)2) structural units that originate from the Si atoms at each end of the 
condensed BCSB molecule. Therefore, the decrease in the Q3 intensity and the 
appearance of D’ and D’ units indicate that the BCSB molecules are connected 
with the silanols in the interlayer of H-ilerite. In order to quantitatively evaluate 
the bonding between BCSB molecule and H-ilerite, the number of the generated 
siloxane bonding per one BCSB molecule with H-ilerite is calculated as follows: 

where N represents the number of the generated siloxane bonding per one BESB 
molecule with H-ilerite and (Q3/Q4) represents the integral ratio of the Q3 

intensity to the Q4 one in the spectrum. N, means the number of the silanol 
groups in the unit cell of the original ilerite. The N, is 16 from the cell content of 
the ilerite after the protonation. NBcsB represents the number of the BCSB 
molecules containing in the unit cell. The chemical analysis revealed that the 
NBcsB is 7.9. The (1- ( Q3/Q4 ) )/(l- ( Q3/Q4 ) ) represents the conversion ratio 
of the silanol group to the siloxane bonding in H-ilerite, being calculated as 0.40 
for BCSB-ilerite. Therefore, N is estimated as 0.8. The number (= 0.8) revealed 
that a BCSB molecule is almost bound to H-ilerite through either side of the 
biphenylene unit because the molecule has two silyl groups at each end of the 
unit. The number, however, is inconsistent with the presence of the D’ and D’ 
units in the spectrum because these units mean that the BCSB molecule has more 
than one siloxane bonding at each end of the unit. The inconsistency suggests 
that the BCSB molecules are condensed with the neighboring BCSB molecules. 
In addition, the quantitative comparison of the D’ and D’ units showed the 
difference in the degree of their condensation between BCSB- and BESB-ilerite. 
The D’/(D’+D’) integral ratio is estimated as 0.43 for BCSB-ilerite although the 
ratio was 0.27 for BESB-ilerite. The ratio indicates that the BCSB molecules are 
condensed well with each other, probably due to their high reactivity. 

Nitrogen adsorption isotherm for BCSB-ilerite is presented in Fig. 4(a). The 
N2 isotherm has a steep rise up to p/po = 0.1 as compared with that for H-ilerite, 
indicating that BCSB-ilerite is a microporous material. The BET surface area, 
which is derived from the NZ uptakes between p/po = 0.05 and 0.1, is estimated 
as 642 m’/g. Based on a slit-pore model, the pore width is estimated as 0.991 nm 
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in size, resulting from the division of the total pore volume (the N2 uptake at plpo 
= 0.906, 206 cm3 (STP)/g) by the BET surface area. The width is smaller than 
the basal spacing (2.87 nm) for BCSB-ilerite, indicating that the width reflects 
not the gallery height but the interval between the intercalated biphenylene units. 
A water adsorption isotherm for BCSB-ilerite is presented in Fig. 4(b). The 
isotherm shows a type-V of the BDDT classification [5]. The isotherm shows 
very low uptakes at the relative pressure up to plpo = 0.1, although the N? 
isotherm shows the steep rise at the corresponding region. This indicates that 
BCSB-ilerite has a hydrophobic micropore. On the other hand, toluene 
adsorption isotherm has the type-I similar to the N2 adsorption isotherm as 
shown in Fig. 4(b). The affinity is due to the interaction between toluene and the 
biphenylene units that 

Relative pressure (plp o) Relative pressure (p/p o) 

Fig. 4. (a) Nitrogen adsorption and desorption isotherms for BCSB-ilerite and H-ilerite: (0); 

adsorption and ( 0 )  desorption lines for BCSB-ilerite, (A) adsorption and (A) desorption lines for 
H-ilerite. (b) Water and toluene adsorption isotherms for BCSB-ilerite: ( 0 )  water, (m) toluene. The 
broken line represents the fitting curve obtained by Langmuir-Freundrich analysis. 

constitute the fkamework of the micropore. In order to evaluate the interaction, 
we carried out Langmuir-Freundlich analysis [6, 71. The Langmuir-Freundlich 
equation expresses as follows: 
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where q and qm are the adsorbed amount at equilibrium pressure p, and
monolayer adsorption capacity, respectively. Parameters b and n represent the
sorbate-sorbent interaction and system heterogeneity, respectively. The equation
fits the isotherm for BCSB-ilerite as shown in Fig. 4(b). The fitting parameters
for the product and other porous silica materials are presented in Table. 1. The b
value for BCSB-ilerite is higher than those for other porous silicas such as
silicalite, BEA-type zeolites and FSM-type mesoporous silica (FSM-22). This
would be due to the specific interaction such as p-p interaction, while the other
porous silica materials have no specific interaction with toluene molecule.

Table. 1 The fitting parameters derived from Langmuir-Freundlich analysis.

Sample

BSCB-ilerite

Silicalite a

BEA-type zeolite a

FSM-22 "

qm 1 mmol/g

2.93

1.35

2.89

3.63

b 1 10'3Pa-'

24.2

10.7

5.25

2.95

n

1.57

1.00

0.67

0.70

* The data were referred from R. Ishii et al. [8].
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Fig. 5. A structural model for BCSB-ilerite.
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Finally, a structural model for BCSB-ilerite is presented in Fig. 5.  The basal 
spacing of BCSB-ilerite is 2.87 nm, indicating the gallery height of 2.13 nm by 
subtracting of a layer thickness (0.74 nm). Since the molecular length of the 
organic spacer (Si-CIzH4-Si) in BCSB molecule is estimated as 1.2 nm, the basal 
spacing is almost twice larger than the dimension of one BCSB molecule, 
suggesting that two BESB molecules connect one side of the interlayer gallery 
with the other side. The chemical analysis supports the geometric relation, 
because the analysis reveals that there are 7.9 BCSB molecules in the unit cell 
based on the crystalline structure of the original ilerite, corresponding to about 
two molecules in the 1/4 unit cell of the original ilerite as shown in Fig. 5. The 
BCSB molecule is bound to the surface of H-ilerite via one silyl group at either 
side of the unit. The '9Si MAS NMR and chemical analysis indicate that the use 
of the BCSB molecule rather than the BESB molecule enhances the connectivity 
between the biphenylene units owing to its high reactivity, leading to the stable 
bridging between the silicate layers. From these results, we deduce that the 
resultant interlayer structure has the double-layer arrangement of the biphenylene 
units similar to that of conventional organo-clays. The arrangement, however, 
does not form the dense packing of the biphenylene units. There are vacant 
spaces at a molecular level between the units. The spaces form the micropores 
whose framework consists of the biphenylene units, having the strong affinity 
with the toluene molecules. The microporous interlayer structure having the 
double-layer arrangement would provide characteristic features for the 
entrapment of the organic molecules, giving a high possibility for the separation 
and catalytic application. 

4. Conclusion 

We have synthesized the microporous layered organic-inorganic 
nanocomposite (BCSB-ilerite) by the interlayer silylation of the BCSB molecule. 
The BCSB-ilerite has the layered structure whose basal spacing is 2.87 nm with 
the higher (001) reflections. The chemical analysis and "Si MAS NMR reveal 
that the use of the BCSB molecule improves the structural regularity of the 
stacking due to the sufficient silylation to retain the gallery space owing to its 
high reactivity. The gallery height and the silylation behavior suggest that the 
biphenylene units form the double-layer arrangement in the interlayer. The 
arrangement yields a high microporosity in the interlayer where the biphenylene 
units form the fi-amework of the micropores. This is very interesting because 
conventional nanocomposites such as organo-clays yield no porosity in the 
interlayer due to the dense aggregation. The BCSB-ileirte shows the higher 
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adsorptivity for toluene than other porous silicas due to the strong interaction 
between the biphenylene units and the toluene molecules. Consequently, we have 
successfully developed the microporous nanocomposite characteristic to the 
large interlayer space with the hydrophobic microporosity. 
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Recently, we reported a novel and simple liquid-phase method for the preparation of 
three-dimensionally ordered and uniformly-sized silica nanospheres, forming a cubic 
closed pack (ccp) structure, by using tetraethyl orthosilicate (TEOS) and basic amino 
acids. Here we report that the successful control of the sphere sizes in the range from 10 
to 120 nm was accomplished by the seed regrowth method and/or by using mixed 
solvents of water and ethanol. The preparation of threedimensionally interconnected 
ordered porous carbons by using the silica nanospheres as a template is also reported. 
The pore sizes of the carbon structure can be easily controlled by varying the size of 
silica spheres. 

1. Introduction 

Porous carbon materials with tailored and well-ordered pores have received 
much attention because of their potential applications to gas separation, water 
purification, catalyst supports, electrodes for electrochemical double layer 
capacitors and fuel cells [l-41. Since the discovery of templated synthesis of 
porous carbon [ 5 ] ,  a variety of porous carbon materials with uniform-sized pores 
possessing micropores, mesopores and macropores have been prepared by using 
various inorganic templates, including silica nanoparticles, zeolites, anodic 
alumina membranes and mesoporous silica materials. Although many porous 
carbon materials have been developed by using the above-mentioned methods, 
the synthesis of carbon materials, which are three-dimensionally interconnected 
ordered pores with the sizes ranging from 10 to 80 nm, has been very 
challenging. For this purpose, the well-ordered spherical silica particles with 

275 



276

such sizes should be used as a template. Meanwhile, the preparation of such
uniform-sized silica spheres with three-dimensional array is also challenging.

Stober and his co-workers pioneered the preparation of uniformly-sized
silica spheres [6]. This innovative method is based on the ammonia-catalyzed
hydrolysis of silicon alkoxides in water-ethanol solutions, producing spherical
particles in a size range of several hundreds nanometers. Since the emergence of
the "Stober method", the improvements and modifications of this method have
been extensively conducted [7-10]. Nevertheless, the preparation of such
uniform-sized silica spheres with three-dimensional array has not been
successfully achieved.

We have developed a simple liquid-phase method for forming uniform-sized
silica nanospheres with a size range of 10 nm by using tetraethyl orthosilicate
(TEOS) and basic amino acids such as lysine and arginine [11]. Furthermore, the
arrangement of such silica nanospheres with a cubic closed packed (ccp)
assembly has been successfully achieved upon solvent evaporation and
calcination. Note that the arrangement of uniform hard-nanospheres
simultaneously created intraparticle uniform voids of about 3 nm. Meanwhile,
the process for formation of mesoporous materials by means of assembling
nanospheres with regularity has been named "hard-sphere packing (HSP)"
mechanism [12]. The obtained well-ordered silica nanospheres having three-
dimensional mesopores can serve as a template for fabricating the porous carbon
replica.

While this technique using the combination of TEOS and basic amino acids
is attracting much attention, the size variation has been limited; the size of the
silica nanospheres can be finely tuned to between 8 and 25 nm by varying the
amount of the amino acid [13]. Furthermore, diversification of the uniform
intraparticle voids in size would be desirable for expanding a range of
applications.

Here we report that the successful control of the sphere sizes ranging from
10 to 120 nm was accomplished by the seed regrowth method (mentioned below)

_ v f ,„ ^^
1» A A 4, & I
f -r T •r V mS

Well-ordered silica Silica / carbon composite Porous carbon

Scheme 1. Synthetic procedure for three-dimensionally interconnected ordered porous
carbons by using the silica nanospheres as a template
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and/or by using mixed solvents of water and ethanol. The preparation of three- 
dimensionally interconnected ordered porous carbons by using the silica 
nanospheres as a template is also reported. 

2. Experimental 

2.1. Preparation of Silica spheres 

The seed regrowth method, which was originally adopted to improve the 
monodispersity and size control of the Stober silicas, was adopted to control the 
size of our silica nanospheres. 

Parent silica nanospheres which are employed as seed with a size of 15 nm 
were synthesized by using tetraethyl orthosilicate (TEOS) as a silica source in 
the presence of basic amino acids according to the original method [ l  13 with 
slight modifications. Arginine was dissolved in deionized water with stirring. 
TEOS was added to this solution, and the mixture was stirred at 343 K for 20 h 
followed by being kept statically at 373 K for 20 h. The molar composition of 
the mother gel was 1 TEOS: 0.02 arginine: 154.4 H20. Although the resulting 
solution was clear with no precipitate in the resulting solution, TEM 
observations revealed that silica nanospheres with a size of 15 nm were highly 
dispersed in the resulting solution. Thus, the prepared solution was used as the 
seed-solution. 

For the regrowth of seeds, an appropriate amount of the seed-solution 
containing silica nanospheres was added to the solution containing water, 
ethanol and arginine. Subsequently, TEOS was added to the resulting solution, 
and the mixture was stirred at 343 K for 20 h followed by being kept statically at 
373 K for 20 h. Finally, the solution was transferred to an evaporating dish, and 
then directly evaporated in an oven at 373 K, resulting in the formation of the 
silica nanospheres. The obtained silica was calcined in an oven at 873 K. The 
proportion of the amounts of the seed-solution to the additional TEOS and the 
ethanol 1 water ratio at the regrowth of the seeds were investigated. 

2.2. Preparation of carbon replica 

The carbon replica with well-ordered mesopores was synthesized according 
to a slightly modified method reported in [ l  13. The silica nanospheres, furfuryl 
alcohol (C5H602) and oxalic acid were used as a template, a carbon source and 
an acid catalyst, respectively. The voids between nanoparticles were tilled with 
furfury1 alcohol and oxalic acid by the incipient-wetness technique. The silica 
template containing furfury1 alcohol was heated to 353 K under vacuum for 24 h 
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Figure 1. FE-SEM images of the silica nanospheres with diverse sizes of (a) 15, (b) 45, (c)
63 and (d) 75 nm. The scale bar corresponds to 500 nm.

and then to 423 K for 8h for polymerization of furfuryl alcohol. Subsequently,
the polymerized furfuryl alcohol was converted to carbon inside the silica
template by carbonization at 1173 K for 6 h under flowing argon. The above
treatments produced black powder, which was treated with 5 % HF aqueous
solution at room temperature to remove the silica.

2.3. Characterizations

Size and morphology of the samples were observed on a field emission
scanning electron microscopy (FE-SEM, Hitachi S-5200) without any metal
coating. Nitrogen adsorption-desorption measurements were conducted at 77 K
on a Quantachrome Autosorb 1-MP/TT. The pore size distributions were
calculated by the BJH method using the adsorption branch.
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3. Results and Discussion

3.1. Preparation of Silica spheres

It is noted that all the products are monodispersed silica spheres irrespective
of the proportion of the seed-solution, and different-sized spheres are hardly
observed. These facts directly indicate that an additional TEOS was consumed
not for the additional nucleation but for the regrowth of seeds. The solubility of
silica was low under synthesis conditions because of a relative low pH derived
from arginine (ca. 9.2) [14], restraining the additional nucleation.

The proportion of the seed-solution to the additional TEOS strongly affected
the size of the final silica spheres; the size of the final silica spheres was
decreased with increasing proportion of the seed-solution. The increase in the
proportion of the seed-solution would lead to the increase in the number of seeds.
The relative amount of additional TEOS for the regrowth of one seed must be

Hi

(c)

Figure 2. FE-SEM images of the carbon replica synthesized using the corresponding
silica nanospheres with diverse sizes of (a) 15, (b) 40, (c) 60 and (d) 80 nm as a
template. The scale bar corresponds to 100 nm.
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decreased, resulting in the formation of the smaller sizes of silica spheres. 
The ethanol I water ratio of the solvent was also important for the regrowth 

of the seeds; the size of the final silica spheres was increased with an increase in 
the ethanol I water ratio. This phenomenon was already observed in the Stober 
method [lo]. 

The uniform-sized silica nanospheres with the sizes ranging from 8 to 120 
nm were successfully obtained by integrating two factors, the proportion of the 
seed-solution and the ethanol I water ratio of the solvent. Figure 1 shows 
representative FE-SEM images of the silica nanospheres of diverse sizes of (a) 
15, (b) 45, (c) 63 and (d) 75 nm, indicating that the silica nanospheres were well- 
ordered to form a cubic closed pack (ccp) structure. 

The mechanism of control of the sphere sizes depending on the synthesis 
conditions is currently being studied and will be reported elsewhere [ 151. 

3.2. Preparation of carbon replica 

The carbon replica with well-ordered pores was synthesized by using the 
silica nanospheres of diverse sizes as a template (Figurel). Figure 2 shows 

0 0.5 1 

P /PO 
Figure 3. Nz adsorption-desorption isotherms of the carbon replica synthesized using 
the corresponding silica nanospheres with diverse sizes of (a) 15, (b) 45, (c) 63 and 
(d) 75 nm as templates. 
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representative FE-SEM images of the carbon replica samples, exhibiting the 
inverse contrast to the silica template. The pores are uniform, close-packed and 
spherical, resulting in the formation of a highly ordered porous carbon 
fiamework. Each of the spherical pores is also three-dimensionally 
interconnected to neighboring pores through small holes, which were attributed 
to the contact points between silica spheres closely-packed. 

N2 adsorption-desorption isotherms of the carbon replica samples are shown 
in Figure 3. The isotherms of the all samples exhibit a sharp capillary 
condensation step and its position is shifted to higher relative pressure (P / PO = 

0.9 - 1.0) with an increase in the pore size, The BET specific surface area, the 
average pore size and the total pore volume are summarized in Table 1. The pore 
sizes of the carbon structure can be easily controlled by varying the size of silica 
spheres. 

Table 1 Structural properties of the carbon replica synthesized using the corresponding silica 
nanospheres with diverse sizes. 

Template Carbon replica 
Total pore volume Pore size" Sphere size' BET surface area 

[nml [mz/gl [cm3/g [nml 
1s 872 1.39 9 
4s 892 3.00 33 
63 622 2.36 44 
7.5 638 2.28 68 

*Estimated by FE-EM image, ** calculated by the BJH method using adsorption branch 

4. Conclusions 

The successful control of the sphere sizes in the range kom 8 to 120 nm was 
accomplished by the seed regrowth method and/or by using mixed solvents of 
water and ethanol. Three-dimensionally interconnected ordered porous carbons 
were also prepared by using the synthesized silica nanospheres as a template. 
The pore size of the carbon structure can be easily controlled by varying the size 
of silica spheres. Thus, the prepared carbon replica would offer the prospects for 
a wide diversity of applications. 
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As-synthesised zeolite p has been succesfully used as a template for the preparation, via 
chemical vapour deposition, of well ordered zeolite-like carbon materials that exhibit 
high surface area (up to 2535 m2/g) and high hydrogen storage capacity (5.3 wt% and 
2.3 wt% at 20 bar and 1 bar respectively). Carbon materials prepared at 800 and 850 OC 
are non-graphitic and retain the particle morphology of the zeolite templates. Carbon 
prepared at 900 "C contains some graphitic domains (as evidenced by XRD patterns) and 
irregular particles that are dissimilar to the zeolite template particles. The use of as- 
synthesized (rather than calcined) zeolite p significantly improves the carbon yield and 
reduces the number of steps in the preparation of the templated carbons. 

1. Introduction 

Porous carbon materials have been intensively studied as hydrogen storage 
media because of their high surface area [ 11. Porous carbons may be obtained via 
carbonisation of suitable precursors followed by activation [ 11. The ability to 
control pore size and structural ordering is a desirable feature of any synthesis 
process for porous carbons. Several methods have been explored for the 
preparation of porous carbons with controlled microporosity and/or 
mesoporosity [2,3]. In particular, the template carbonisation route, in which 
microporous zeolites and mesoporous silicas and aluminosilicas are used as hard 
template, has attracted much attention for the preparation of well ordered porous 
carbon materials with controlled pore size and particle morphology [2,3]. In 
general, the structural ordering of mesoporous hard templates is readily 
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replicated in mesoporous carbons [3], while for zeolite hard templates, the 
replication of zeolite structural ordering in carbons is much more difficult. 

Recent work has however shown that the structural regularity of zeolite 
templates may be replicated in carbons. Kyotani and co-workers prepared 
microporous carbon with high surface area, which retained the structural 
regularity of zeolite Y, via a two-step method [4]. Garsuch and Klepel have also 
reported on carbons that preserve the structural regularity of zeolite Y templates 
[5], while Gaslain and co-workers have prepared a carbon replica with a well 
resolved X-ray diffraction pattern using zeolite EMC-2 as template [6]. Most 
recently, we have prepared zeolite-like carbon materials that exhibit well 
resolved powder XRD patterns and high surface area via a chemical vapour 
deposition (CVD) route using zeolite p as hard template [7]. The zeolite-like 
carbons were found to possess high hydrogen uptake capacity [7]. In an effort to 
simplify the hard templating process for carbon materials with potentially high 
hydrogen storage capacity, we have now explored the use of as-synthesised 
zeolites as hard templates. Here we report on the synthesis and hydrogen storage 
properties of porous carbon materials obtained by using as-synthesized zeolite p 
as template via CVD at 800 - 900 "C, with acetonitrile as carbon precursor. The 
use of as-synthesized (rather than calcined) zeolite p reduces the number of steps 
in the preparation of the templated carbons. 

2. Experimental section 

2.1. Material Synthesis 

The as-synthesised zeolite p templates were obtained as follows; 8.33 g TEOS 
was added to a mixture of 0.066 g NaA102, 5.22 g H20 and 4.07 g 
tetraethylammonium fluoride, and 0.048 g zeolite p was added as seed. This 
mixture was stirred overnight in a sealed beaker, and then transferred into an 
autoclave for hydrothermal treatment 160 "C for 4 days. The resulting product 
was obtained by filtration, washed repeatedly with a large amount of water and 
air dried at room temperature. The porous carbon materials were prepared as 
follows: an alumina boat with 0.5 g of dry as-synthesised zeolite p was placed in 
a flow through tube furnace. The furnace was heated to the required temperature 
(800 - 900 "C) under a flow of nitrogen saturated with acetonitrile and then 
maintained at the target temperature for 3 hours, followed by cooling under a 
flow of nitrogen only. The resulting zeolite/carbon composites were recovered 
and washed with 10% hydrofluoric (HF) acid several times to remove the zeolite 
framework. Finally the resulting carbon materials were dried in an oven at 50 "C. 
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2.2. Material Characterization 

Powder XRD analysis was performed using a Philips 1830 powder 
diffractometer with Cu Ka radiation (40 kV, 40 mA), 0.02" step size and 2 s step 
time. Textural properties were determined via nitrogen sorption at -196 "C using 
a conventional volumetric technique on an ASAP 2020 sorptometer. Before 
analysis the samples were oven dried at 150 "C and evacuated for 12 hours at 
200 "C under vacuum. The surface area was calculated using the Brunauer- 
Emmett-Teller (BET) method based on adsorption data in the partial pressure 
(PlP,) range 0.02 to 0.25 and total pore volume was determined from the amount 
of nitrogen adsorbed at PIP, = ca. 0.99. Micropore surface area and micropore 
volume were obtained via t-plot analysis. Thermogravimetric analysis (TGA) 
was performed using a Perkin Elmer TGA 6 analyser with a heating ramp rate 
of 2 "Clmin under static air conditions. Scanning electron microscopy (SEM) 
images were recorded using a JEOL JSM-820 scanning electron microscope. 
Samples were mounted using a conductive carbon double-sided sticky tape. A 
thin (ca. 10 nm) coating of gold sputter was deposited onto the samples to 
reduce the effects of charging. 

2.3. Hydrogen Uptake Measurements. 

Hydrogen uptake measurements were performed using high purity hydrogen 
(99.9999%), additionally purified by a molecular sieve filter, over the pressure 
range 0 to 20 bar with an Intelligent Gravimetric Analyzer (IGA-003, Hiden) 
that incorporates a microbalance capable of measuring weights with a resolution 
of k0.2 pg. The samples in the analysis chamber of the IGA-003 were vacuumed 
up to 10.'' bar under heating at 200 "C overnight before measurement. The 
hydrogen uptake measurements were carried out at -196 O C  in a liquid nitrogen 
bath. 

3. Results and discussion 

Figure 1A shows the powder X-ray diffraction (XRD) patterns of the carbon 
materials. For comparison the XRD pattern for the zeolite p is also shown. The 
XRD patterns of the carbons show a peak, similar to the (loo), (101) diffraction 
of the as-synthesised zeolite p template, at 2 8  = 8". The XRD patterns of the 
carbons exhibit a further low intensity peak at 2 8 =  15O, which is at a position 
similar to the (201), (202) diffraction of the as-synthesised zeolite p template. 
The presence of these two peaks indicates that the carbon materials exhibit 
zeolite-like structural pore ordering replicated from the zeolite p template [4-91. 
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Figure 1. Powder XRD patterns (A) and nitrogen sorption isotherms (B) of carbons prepared via 
CVD using as-synthesised zeolite p as template. 

The XRD patterns of carbons prepared at 800 and 850 "C exhibit a broad 
and very low intensity peak at 2 8  of ca. 26", which is the (002) diffraction from 
turbostratic carbon. The low intensity of this peak suggests that carbon materials 
prepared at 800 or 850 "C are essentially amorphous (i.e., non-graphitic). We 
have previously found that a combination of zeolite-like structural ordering and 
the absence of graphitisation in zeolite templated carbons imply that most of the 
carbon precursor is deposited within the zeolite pores (rather than on the external 
surface of the zeolite particles) [7]. This assumption is based on the fact that it is 
only carbon that is deposited on the external surface of the zeolite particles (and 
which has no spatial limitations) that can undergo graphitization [lo]. The 
carbon sample prepared at CVD temperature of 900 "C contains some 
turbostratic/graphitic domains as indicated by the peak observed at 28of ca. 26". 
Overall, the XRD patterns indicate that as-synthesised zeolites may be 
succesfully used as templates to nanocast structurally well ordered carbons. 

The nature and thermal stability of the carbon materials were probed by 
thermogravimetric analysis (TGA). Thermal analysis indicated that the carbon 
materials are template free as no zeolite residue was observed. The carbons are 
therefore efficiently generated from the carbodzeolite composites during the 
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zeolite removal step (washing in HF acid). Data on the thermal behavior of the 
samples may yield information on the nature of the carbon framework. The mass 
loss events during thermal analysis are shown in the DTG profiles in Figure 2. 
The sample prepared at 800 "C exhibits one mass loss event in the temperature 
range 300 - 700 'C whereas the samples obtained at 850 and 900 "C have two 
mass loss events (Figure 2). We ascribe the mass loss centered at 518 - 535 OC 
to combustion of amorphous (non-graphitic) carbon, while for the sample 
prepared at 900 'C, the mass loss event at 630 'C is due to the combustion of 
turbostratic/graphitic carbon. The sample prepared at 850 "C exhibits a limited 
mass loss at 602 "C due to combustion of small amounts of turbostratic carbon. 
The thermal analysis data therefore confirms that the carbon in samples prepared 
at 800 and 850 "C is largely amorphous (i.e., non-graphitic). Significant amounts 
of turbostractic/graphitic carbon are only present for the sample prepared at 900 
"C. This findings are consistent with the XRD patterns in Figure 1. 
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Figure 2. Differential thermogravimetric (DTG) profiles of carbon materials prepared via CVD 
using as-synthesised zeolite p as template. 

As stated above, turbostratic/graphitic carbon can only form on the surface 
of the zeolite templates, and therefore the presence of such carbon may be 
probed using scanning electron microscopy (SEM) [7]. SEM images of the 
carbon materials shown in Figure 3 indicate that the sample prepared at 800 "C 
has well formed particles similar to those of zeolite p template and there are no 
other irregular particles. The particle morphology is consistent with carbon 
deposition within the pores of the zeolite template, which forms amorphous 
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carbon within the zeolite pores and eventually generates zeolite-like structural
ordering after removal of the zeolite framework; this scenario allows the
retention of the particle morphology of the zeolite in the replicated carbon. The
SEM images indicate that the 850 °C sample contains a small amount of irregular
particles, while the 900 °C sample has a significant amount of irregular particles.
We ascribe the irregular particles to turbostratic/graphitic carbon that grows
outside the zeolite pore system free of spatial constraints. The SEM images are
consistent with the XRD and TGA data described above with respect to the
nature (graphitic or amorphous) of the carbon framework.

800 °C

Figure 3. SEM images of carbon materials prepared using as-synthesised zeolite P as template via
CVD at various temperatures.
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A key difference between the use of calcined or as-synthesised zeolite as 
template is that the later contains some organic matter prior to the CVD process. 
Preliminary data shows that at least some of the organic matter in the as- 
synthesied template is incorporated into the carbon. Indeed, for carbon materials 
prepared similarly and in the absence of externally deposited carbon, we 
generally observed a higher carbon yield from as-synthesised templates. For 
example, at CVD temperature of 800 "C, the yield of carbon was ca. 20% higher 
fiom as-synthesised templates. The higher yield may also be related to a more 
hydrophobic surface in the as-synthesised templates, which favours greater 
carbon deposition. 

The nitrogen sorption isotherms of the carbon materials are shown in Figure 
1B. The isotherms of all the samples exhibit significant adsorption below PIP, = 
0.02, due to micropore filling. The carbon materials are therefore predominantly 
microporous. The isotherms also exhibit some limited nitrogen uptake at PIP, > 
0.2, which may be attributed to adsorption into mesopores. The isotherms are 
typical for zeolite-templated carbons that possess a high proportion of 
microporosity [4-91. The textural properties of the carbons are summarized in 
Table 1. All the carbons have high surface area (1700 - 2500 m2/g) and pore 
volume (1.1 - 1.6 cm3/g). The surface area is high for carbon materials prepared 
at 800 "C (2535 m2/g) and 850 "C (2470 m2/g). The sample prepared at 900 "C 
has a lower surface area (1720 m2/g), which is consistent with the fact that it 
contains significant amounts of turbostratic/graphitic carbon. A large proportion 
of the surface area of the carbons is due to micropores; 65% for 800 and 850 "C 
samples and 76% for the 900 "C sample. The high surface area and 
microporosity of the carbon samples is related to their zeolite-like structural 
ordering [4-71. 

Table 1 .  Textural properties and hydrogen uptake of carbons prepared via 
CVD at various temperatures using as-synthesised zeolite p as template. 

CVD temperature Surface area Pore volume HZ uptake 
("C) (mZ g-l)[al (cm3/g)["] (Wt%)[bl'Cl 

800 2535 (1631) 1.56 (0.77) 5.3 (2.3) 
850 2470 (1611) 1.54 (0.76) 5.2 (2.0) 
900 1721 (1310) 1.09 (0.61) 3.3 (1.2) 
IalValues in parentheses are micropore surface area and pore volume; 
[blHydrogen uptake capacity at -196 OC and 20 bar; [clValues in parentheses 
are hydrogen uptake capacity at -196 O C  and 1 bar. 
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Figure 4 shows hydrogen uptake isotherms of the carbon materials, 
measured gravimetrically with an IGA [7,8]. The sorption isotherms show that 
the uptake of hydrogen by the carbon materials is reversible with no hysteresis, 
and that the adsorption branch closely matches the desorption branch. It is also 
clear that hydrogen uptake does not approach saturation even at 20 bar implying 
that even greater uptake capacity is possible at elevated pressure. The hydrogen 
uptake capacity of the carbon materials, at 1 and 20 bar, is given in Table 1. The 
hydrogen uptake capacity of the sample prepared at 900 "C is 3.3 wt% and 1.2 
wt% at 20 and 1 bar respectively. Samples prepared at 800 and 850 'C, have a 
much higher hydrogen uptake capacity that reaches 5.3 wt% and 2.3 wt% at 20 
and 1 bar respectively. The trend in hydrogen uptake capacity is clearly related 
to the textural properties of the carbon materials, and in particular the surface 
area. 
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Figure 4. Hydrogen sorption isotherms at -196 "C of carbons obtained via CVD at various 
temperatures using as-synthesised zeolite p as template. (Carbon density of 1.5 g/cm3 was used and 
hydrogen density of 0.04 g/cm3 was used for buoyancy correction of adsorbed H2). 
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The hydrogen uptake capacity (3.3 - 5.3 wt% at -196 "C and 20 bar) is 
comparable to that of carbons prepared using calcined zeolites as template, and 
greater than that of most other porous carbon materials [8,11-151. Indeed, a 
recent evaluation of the hydrogen storage capacity of a wide range of high 
surface area carbon materials found a maximum capacity of ca. 4.5 wt% at a 
much higher pressure of 70 bar [ 111. We have recently observed uptake of up to 
4.5 wt% at 20 bar for zeolite-templated carbons with low levels of zeolite type 
structural ordering [8], and up to 6.9 wt% for zeolite-like carbons [7]. The use of 
as-synthesised zeolites as template therefore presents no disadvantages with 
respect to hydrogen storage capacity. 

In summary, carbon materials have been prepared using as-synthesised 
zeolite p as template via CVD at 800 - 900 "C. The carbon materials have high 
surface area (1720 - 2535 m2/g), high pore volume (1.09 - 1.56 cm3g-') and 
exhibit some zeolite-like structural ordering replicated from the zeolite template. 
Carbon materials prepared at 800 and 850 "C are essentially amorphous (non- 
graphitic) and retain the particle morphology of the zeolite templates. Carbon 
prepared at 900 "C contains some turbostratic/graphitic domains and irregular 
particles that are dissimilar to the zeolite template particles. We observed 
hydrogen uptake of up to 5.3 wt% at -196 "C and 20 bar, and 2.3 wt% at 1 bar 
for the carbon materials. The hydrogen uptake is dependent on the surface area 
of the carbons. The use of as-synthesized (rather than calcined) zeolite p offers 
the attractive advantages of higher carbon yield and fewer steps in the 
preparation of the templated carbons, but without any compromise on the 
textural properties and hydrogen sorption capacity. 
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The heating ramp rate plays an important role in determining the properties of 
mesoporous carbon materials prepared via either liquid impregnation (Lo or chemical 
vapor deposition (CVD). For LI (at final carbonization temperature of 900 "C), fast 
heating ramp rate (20 'C/min) results in poorly ordered mesoporous carbons while slower 
heating ramp rates (5  or 1 'C/min) generate well ordered mesoporous carbons. The 
surface area is highest (ca. 1360 m2/g) for carbons prepared at a ramp rate of 1 Wmin. 
Mesoporous carbons prepared at low heating ramp rate (1 'C/min) are micropore free 
and exhibit only framework-confined mesoporosity. On the other hand fast heating ramp 
rate generates carbons with significant microporosity (15% of surface area is associated 
with micropores) and some non-framework porosity (i.e., large mesopores). For CVD 
derived mesoporous carbons (prepared at 1000 "C), the particle morphology changed 
from solid core spheres (10 "C/min) to hollow spheres (20 'C/min) depending on the 
heating ramp rate. Although textural properties were comparable for CVD derived 
carbons, higher levels of graphitisation were observed for fast heating ramp rates. 

1. Introduction 

Ordered mesoporous carbons with uniform pores have drawn much attention due 
to their potential application in a variety of applications. The template 
carbonisation method whereby mesoporous silicas are used as solid templates for 
nanocasting mesoporous carbons, has been extensively studied [ 1-31. Infiltration 
of suitable carbon precursor into the internal space of the solid templates is 
usually achieved via liquid impregnation (LI) or chemical vapour deposition 
(CVD), and carbonisation is an essential part of the nanocasting process. Here 
we report on the effect of the carbonisation heating ramp rate on the properties 
of mesoporous carbon materials prepared via (1) LI with sucrose as carbon 
precursor, or (2) CVD with acetonitirle as carbon precursor. We show that fast 
heating ramp rates generate poorly ordered sucrose-derived carbons while slower 
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heating rates generate well ordered mesoporous carbons. For the CVD process, 
the heating ramp rate can be used to tailor the morphology between hollow or 
solid-core particles. 

2. Experimental section 

2.1. Material Synthesis 

Conventional mesoporous SBA-15 was synthesised using a triblock polymer, 
poly(ethy1ene glycol)-block-poly(propy1ene glycol)-block-poly(ethy1ene glycol) 
(Pluronic P123, E020P070E020, M, = 5800, Aldrich) as the structure-directing 
agent and tetraethylorthosilicate (TEOS) as the silica source [4]. In brief, 4.0 g 
P123 was dissolved in a solution of 125 g H20 and 25 g HCl (35%) followed by 
the addition of 8.59 g TEOS. The mixture was stirred at 35 "C for 20 h followed 
by hydrothermal reaction at 80 or 100 OC for 24 h. The product (SBA-15) was 
recovered by filtration and calcined in air at 550 "C for 6 h. The final SBA-15 
samples had surface area of ca. 920 m2/g, pore volume of ca. 1.1 cm3/g and pore 
size of 8 nm [4,5]. The SBA-15 was used as template for the preparation of 
mesoporous CMK-3 carbons via liquid impregnation as follows [5]. 1 g SBA-15 
was added to a solution of 0.14 g H2S04, 5 g H 2 0  and 1.25 g sucrose. The 
mixture was stirred for 1 h, followed by aging at 100 "C for 6 h first, then 160 "C 
for 6 h. The aged mixture was ground into powder and added to a solution of 
0.09 g H2S04, 5 g H 2 0  and 0.8 g sucrose, which was stirred for 1 h followed by 
fiuther aging as described above. The resulting composite was carbonised at a 
heating ramp rate of 20, 5 or 1 'Chin under nitrogen flow and held at 900 OC for 
7 h. The silica was then removed using 10% hydrofluoric acid (HF) and the 
resulting carbons dried at 150 "C. The resulting CMK-3 carbons were designated 
as CMK-3F-X, CMK-3M-X and CMK-3s-X where F, M and S indicates a fast, 
medium or slow heating ramp rate of 20, 5 and l"C/min respectively, and X is 
the temperature at which the SBA-15 template is prepared (i.e, 80 or 100 "C). 

Mesoporous silica SBA-15 solid core spheres were synthesized according to 
reported procedure [6]: Triblock copolymer P123 (3.0 g) and 0.5 g of 
cetyltrimethylammonium bromide were dissolved in a mixture containing 25 mL 
of ethanol, 30 mL of H20, and 60 mL of 2 M HCl, followed by addition of 10 
mL of tetraethylorthosilicate (TEOS) under stirring. After continuous stirring for 
1 h at room temperature, the resulting gel was transferred to a Teflon-lined 
autoclave, which was first heated at 80 OC for 6 h, followed by further heating at 
110 "C for 12 h. The autoclave was cooled to room temperature, and the solid 
product was obtained via filtration, air-dried, and calcined at 500 "C for 6 h 
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under static air conditions to yield calcined SBA-15 spheres. The final SBA-15 
spheres had surface area of 980 m2/g, pore volume of 0.85 cm3/g and pore size 
of 3.7 nm. The SBA-15 spheres were used as template for the preparation of 
mesoporous CMK-3 carbons via chemical vapour deposition route as follows. 
An alumina boat with 0.5 g of SBA-15 spheres was placed in a flow-through 
tube furnace. The furnace was heated to 1000 "C under a nitrogen flow with a 
heating ramp rate of 10 or 20 "C/min and maintained for 3 h under a flow of 
nitrogen saturated with acetonitrile, followed by cooling under nitrogen. The 
resulting silicdcarbon composites were recovered and washed with 10% HF acid 
several times to remove the silica template. Finally, the resulting carbon 
materials were dried in an oven at 120 "C. Carbon materials were designated as 
CSP-M and CSP-F for heating ramp rate of 10 and 20 "C/min respectively. 

2.2. Material Characterization 

Powder XRD patterns were obtained using a Philips 1830 powder diffractometer 
with Cu K a  radiation (40 kV, 40 mA), 0.02" step size and 2 s step time. Textural 
properties were determined via nitrogen sorption at -196 "C using a volumetric 
technique on an ASAP 2020 sorptometer. Before analysis the samples were oven 
dried at 150 "C and evacuated for 12 hours at 200 "C. The surface area was 
calculated using the Brunauer-Emmett-Teller (BET) method based on adsorption 
data in the partial pressure (P/Po) range 0.02 to 0.25 and total pore volume was 
determined from the amount of nitrogen adsorbed at PP, = ca. 0.99. The pore 
size distribution was determined using the BJH method applied to adsorption 
data. Micropore surface area and micropore volume were obtained via t-plot 
analysis. Scanning electron microscopy (SEM) images were recorded using a 
JEOL JSM-820 scanning electron microscope. A thin (ca. 10 nm) coating of 
gold sputter was deposited on the samples to reduce the effects of charging. 

3. Results and discussion 

3.1. Mesoporous carbons prepared via liquid impregnation 

The XRD patterns, nitrogen sorption isotherms and PSD curves of CMK-3F 
samples prepared at 900 "C at heating ramp rate of 20 "C/min using conventional 
mesoporous SBA-15 as template are shown in Figure 1. The textural properties 
of the CMK3F samples are summarised in Table 1. Only a very weak XRD 
peak is observed for the CMK3F samples, which we tentatively assign to the 
(1 00) or (1 10) diffraction of p6mm hexagonal symmetry [4]. The XRD patterns 
suggest that the CMK-3F samples are not mesostructurally well ordered. The 
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isotherms in Figure 1B show that the CMK-3F carbons are mesoporous, 
possessing both framework-confined mesopores (represented by the pore filling 
step at partial pressure, P/Po 0.4 to 0.6) and larger mesopores (adsorption at 
P/Po > 0.8). The pore size of the CMK-3F samples shown in the inset of Figure 
1B is ca. 3.7 nm (Table 1). As shown in Table 1, the surface area (ca. 1140 m'/g) 
and pore volume (ca. 1.1 cm3/g) of the CMK3F carbons is high despite the 
rather poor mesostructural ordering. The nature of the silica template (i.e., 
prepared at 80 or 100 "C) has no affect on the textural properties. Overall, it is 
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clear that a fast heating ramp rate (20 "Chin) generates poorly ordered carbons. 
Figure 1. XRD patterns (A) and nitrogen sorption isotherms (B) of CMK-3F carbons: (a) CMK-3F- 
80 and (b) CMK-3F-100. Isotherm b is offset (y-axis) by 130. The inset in (B) shows PSD curves. 

Table 1. Textural properties of mesoporous carbon materials prepared via liquid 
impregnation or CVD, at various heating ramp rates using SBA-15 as template. 

Sample &$ace areaa (m2/g) Pore volume (cm3/g) Pore diameter (nm) 

CMK-3F-80 1145 (172) 1.2 3.6 

CMK-3F-I 00 1131 (174) 1.1 3.7 

CMK-3M-80 973 (57) 1 .o 3.7 

CMK-3M-100 1153 (41) 1.2 3.4 

CSP-M 731 0.8 3.7 

CSP-F 819 0.8 3.7 

CMK-3s- 100 1358 (7) 1.1 < 3.2 

a Values in parentheses are contributed by micropores. 
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Figure 2 shows the XRD patterns, nitrogen sorption isotherms and PSD 
curves of CMK-3M samples prepared at 900 "C at a ramp rate of 5 "Chin. The 
textural properties are summarised in Table 1. A basal peak corresponding to the 
(100) diffraction of 2-d hexagonal p6mm array of pores [4] is observed for the 
CMK3M carbons. The presence of the basal (100) peak indicates that the 
CMK3M carbons are relatively well ordered [4]. The XRD patterns in Figure 
2A therefore indicate that the mesostructural ordering of the SBA-15 template is 
better replicated in the CMK-3 carbons materials when a heating ramp rate of 5 
"Chin  (rather than 20 "Chin) is used. 
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Figure 2. XRD patterns (A), nitrogen sorption isotherms (B) and pore size distribution (PSD) curves 
(C) of CMK-3M carbons: (a) CMK-3M-80, @) CMK-3M-100. Isotherm b is offset (y-axis) by 50. 

The nitrogen sorption isotherms of the CMK-3M carbon samples in Figure 
2B are typical for mesoporous materials. All the isotherms exhibit a pore filling 
step in the partial pressure range (P/Po) between 0.4 and 0.6, which is due to 
adsorption into framework-confined mesopores. In addition, sample CMK-3M- 
100 shows further sorption at partial pressure (P/Po) above 0.8, which is 
contributed by non-framework mesopores (or interparticle voids). The PSD 
curves in Figure 2C show that the samples have a narrow distribution of 
framework-confined mesopores. The surface area and pore volume is generally 
higher for sample CMK-3M-100 (Table 1). The differences between the two 
CMK3M samples suggest that the nature of the silica template (i.e., prepared at 
80 or 100 "C) has an influence on textural properties when a heating ramp rate of 
5 'Chin is used. The CMK3M samples possess low amounts of micropores 
(3.5 - 6% of surface area is due to micropores). Overall, the data in Figure 2 
indicates that slower heating ramp rate (5 "C/min) generates better (c.f. 20 
"Chin) ordered mesoporous carbons. 
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TO hrther probe the effect of heating ramp rate, synthesis was performed at 
1 "C/min. Figure 3 compares the XRD patterns and nitrogen sorption isotherms 
of CMK-3 samples carbonised at 900 "C at various heating ramp rates (20, 5 and 
1 "Clmin), using SBA-15 synthesized at 100 OC as template. The textural 
properties of all the carbons are summarised in Table 1. The low angle (100) 
peak, which is an indication of well ordered CMK-3 was only observed for 
samples obtained at a heating ramp rate of 5 and 1 "C/min. All the isotherms in 
Figure 3B are typical for mesoporous materials, with a steep sorption step at 
partial pressure P/Po ca. 0.3 - 0.4. In particular, the isotherm for the carbon 
sample obtained at heating ramp rate of 1 "Clmin indicates the presence of 
framework-confmed mesopores only as there is no adsorption at PIP0 higher 
than 0.8. The isotherms of carbon samples obtained at 5 and 20 "C/min show 
both framework mesopores (at P P o  of 0.3 - 0.6) and larger pores (at P/Po > 
0.8). The larger pores may arise from non-homogeneous carbonization of the 
sucrose precursor within the pores of the SBA-15 template due to the faster 
heating ramp rate. The PSD curves (inset Figure 3B) show that the pore 
diameters decrease from 3.6 to less than 3.2 nm (Table 1) at lower heating ramp 

100) (A) 

1 

I 

h 

800 
0 
7 

b, 

5 600 

e 2 400 

0 

v 

V 
W 

V m 
a, 

- E, 200 
8 

2 4 6  
Pore size (nm) 

0 
0 2 4 6 8  0.0 0.2 0.4 0.6 0.8 1.0 

2 O(degree) Partial pressure (PiPo) 

Figure 3. XRD patterns (A) and nitrogen sorption isotherms (B) of CMK-3 samples carbonised at 
900 "C at various heating ramp rates: (a) CMK-3F-100, (b) CMK-3M-100 and (c) CMK-3S-100. 
The isotherms are offset by: (b) 50 and (c) 200. The inset in (B) shows the corresponding PSD 
curves, and the PSD curves are offset by: (b) 0.5 and (c) 1.1. 
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The surface area of the carbon CMK-3X-100 samples (Table 1) increases at 
lower heating ramp rate. On the other hand, the micropore surface area decreases 
at lower heating ramp rate, and a ramp rate of 1 "C/min generates mesoporous 
carbon that is virtually free of micropores. The above results imply that heating 
ramp rate plays an important role in determining the properties of templated 
CMK-3 mesoporous carbons. Fast heating ramp rate of 20 "C/min results in 
poorly ordered mesoporous carbons, that exhibit some microporosity and larger 
(non-framework) pores in addition to framework-confined mesopores. Lower 
heating ramp rates (5 or 1 'C/min) generate well ordered mesoporous carbons. A 
ramp rate of 1 "C/min leads to mesoporous carbon with the best ordering, highest 
surface area and virtually no microporosity or non-framework porosity. The 
effect of heating ramp rate may be explained by considering that the 
carbonisation of the sucrose precursor starts as soon as the temperature is high 
enough (not necessarily at 900 'C). A slower heating ramp rate offers a more 
homogenous environment for the carbonisation process, which results in better 
replication of the mesostructural ordering of the SBA-15 template in the carbon. 

3.2. Mesoporous carbons prepared via chemical vapor deposition 

The preparation of hollow particle morphologies (e.g. spheres) of structurally 
well ordered and graphitic mesoporous carbon nanocast via CVD using 
mesoporous silica SBA-15 as a template has been reported [7]. A CVD 
temperature of 1000 "C was found to be essential for the successful formation of 
carbon hollow spheres [7]. It has also been demonstrated that the carbons exhibit 
significant graphitisation especially for materials prepared at a CVD temperature 
of 1000 "C [8]. Based on these previous results, the intention in this study was to 
investigate the effect of other factors on the formation of hollow spheres and 
graphitisation. We accordingly investigated the effect of heating ramp rate by 
performing CVD at 1000 "C with a heating ramp rate of 10 or 20 "C/min. 

Representative SEM images of the mesoporous silica SBA-15 solid-core 
spheres used as template and the resulting carbon materials are shown in Figure 
4. The SBA-15 template consists of solid-core spheres with diameter of ca. 5 
pm. The carbon sample (CSP-M), obtained at a heating ramp rate of 10 "C/min, 
also exhibits solid-core spheres with diameter of ca. 5 pm. The solid core sphere 
morphology of the SBA-15 template is therefore retained in the CSP-M carbon 
sample despite the high (1000 "C) CVD temperature [7,8]. However, hollow 
spheres of diameter ca. 5 pm were observed for the carbon sample (CSP-F) 
obtained at a faster heating ramp rate of 20 "C/min. The formation of solid and 
hollow spheres of carbon can be explained as follows: rapid heating (20 'C/min) 



300

may lead to pore blocking of the silica template due to accelerated carbon
deposition, thus preventing further carbon deposition into the interior of the
silica spheres. As a result, hollow spheres are obtained for the rapidly heated
sample after HF treatment to remove the silica template. On the other hand, no
pore blocking occurred under the slower heating ramp rate of 10 °C/min and
therefore carbon deposition could proceed largely unhindered allowing
deposition of carbon into the interior of the silica template and thus the
formation of solid-core carbon spheres once the silica template was removed by
HF treatment.

Figure 4. Representative SEM images of (a) SBA-15 solid spheres, and carbon materials prepared
via CVD at 1000 °C at various heating ramp rates using the SBA-15 spheres as templates and
acetonitrile as carbon precursor: (b) 10 °C/min (CSP-M) and (c, d) 20 °C/min (CSP-F).

The XRD patterns of carbon materials prepared via CVD at 1000 °C at a
heating ramp rate of 10 or 20 °C/min are shown in Figure 5. The low angle
region of the XRD patterns was featureless, so only the wide angle XRD region
is shown. The absence of low angle XRD peaks indicates that the carbon
materials have a low level of mesostructural ordering. The presence of the high
angle peaks at 29 of 26° and 43°, which are the (002) and (101) diffraction peaks
from graphitic carbon, indicate that the carbon materials possesses a significant
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level of graphitic character. The rapidly heated sample (CSP-F) appears to have 
a slightly higher level of graphitisation. This is consistent with greater deposition 
of carbon on the surface of the SBA-15 template particles [9,10]. Figure 5B 
shows nitrogen sorption isotherms of the SBA-15 silica spheres and the carbon 
materials. The SBA-15 silica template and both carbon materials exhibit type IV 
isotherm. All the isotherms exhibit H2 type hysteresis loop indicating the 
presence of pores with narrow mouth [ 111.  The textural properties of the SBA- 
15 template and carbon materials are show in Table 1.  There are no significant 
differences in the textural properties of the two CSP carbon samples. 
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Figure 5. XRD patterns (A) and nitrogen sorption isotherms (B) of (a) mesoporous silica SBA-15 
spheres, and carbon materials prepared via CVD at 1000 "C and a heating ramp rate of (b) 10 
"Cimin (CSP-M) and (c) 20 Wmin  (CSP-F). Isotherms b and c are offset (y-axis) by 180 and 280 
respectively. 

In summary, The carbonisation heating ramp rate used for the synthesis of 
CMK-3 mesoporous carbons plays an important role in determining the textural 
properties of the resulting materials. Fast heating ramp rate of 20 OC/min results 
in poorly ordered mesoporous carbon materials. However, with a slow 
carbonisation heating ramp rate of 5 "C/min, well ordered mesoporous carbons 
can be obtained. A slower heating rate of 1 "C/min does not significantly alter the 
pore ordering but generates high surface area mesoporous carbons that exhibit 
no microporosity or non-fkamework porosity. The effect of heating ramp rate for 
liquid-impregnation derived carbons may be explained by considering that the 
carbonisation of the sucrose precursor starts as soon as the temperature is high 
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enough (i.e., not necessarily at the final 900 "C). A slower heating ramp rate 
offers a more homogenous environment for the carbonisation process, which 
results in better replication of the mesostructural ordering of the SBA-15 
template in the carbon. For CVD derived mesoporous carbons, the particle 
morphology may be varied from solid core particles (at a heating ramp rate of 10 
"C/min) to hollow particles (at a ramp rate of 20 "C/min). Higher levels of 
graphitisation are achieved for fast heating ramp rates due to greater deposition 
of carbon on the external surface of the SBA-15 template particles. 
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NOVEL MESOPOROUS NITRIDES AND NITROGEN DOPED 
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PORE DIAMETERS, AND NITROGEN CONTENTS 
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Here we report on the synthesis of novel highly ordered one and three dimensional cage 
type mesoporous carbon nitride (MCN-1 and MCN-2) with very high surface area and 
pore volume using SBA-15 and three dimensional cage type mesoporous silica, SBA-16, 
respectively, as template through a simple polymerization reaction between 
ethylenediamine (EDA) and carbon tetrachloride (CTC). The materials have been 
unambiguously characterized by various sophisticated techniques such as XRD, nitrogen 
adsorption, HRTEM, and FT-IR spectroscopy. The XRD results reveal that MCN-1 
possesses two dimensional structure with p6mm space group, which is quite consistent 
with the data from HRTEM while MCN-2 exhibits three dimensional structure with a 
Im3m space group. We also demonstrate here the pore diameter of the MCN-1 materials 
can be controlled by tuning the pore diameter of the silica template while the textural 
parameters and the nitrogen content of the materials can also he controlled by varying the 
weight ratio of the EDA to CTC in the synthesis gel. 

1. Introduction 

Porous carbon materials have attracted much attention due to their 
remarkable performance in the fields of science and technology, including 
adsorption, separation, catalysis, energy devices, and chromatography [ 1-1 31. 
Especially, porous carbon materials with well ordered mesoporous structure are 
of great interest mainly due to their excellent textural characteristics which offer 
them many distinct advantages not only for the adsorption of large biomolecules 
or bulky molecule transformation, but also for several other applications such as 
support for catalysis, energy storage and, fuel cells [l-131. These mesoporous 
carbon materials have been first fabricated by Ryoo and his coworkers using two 
(2D) or three dimensional (3D) mesoporous silica materials as inorganic 
templates and sucrose as the carbon source [3,4]. Similar synthetic strategies 
have been also employed by several other researchers for the preparation of 
various kinds of mesoporous carbon materials with ternplating various types of 
mesoporous materials such as SBA-15, MCM-48, HMS, and MSU-H 
[9,10,14,15]. Recently, Vinu et al. have also synthesized mesoporous carbon 
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materials with different pore diameters using SBA-15 materials synthesized at 
different temperatures [5,11]. These materials have been utilized for the 
immobilization of biomolecules from aqueous solutions. We also introduced 
several strategies to prepare mesoporous carbon materials with high surface area, 
pore volume, and different structures, especially, the controlled pore filling 
technique has been employed to tune the textural characteristics of two 
dimensional hexagonally ordered mesoporous carbon materials [ 16,171. 

Incorporation of heteroatoms such as nitrogen and boron in the carbon 
nanostructures including carbon nanotubes and porous carbon materials has 
attracted much attention because the dopant atoms can enhance the mechanical, 
semiconducting, field emission, optical, electrical, electronic, and surface 
properties [18-221. Hitherto, considerable efforts have been made to dope the 
boron or nitrogen atoms in the carbon nanotubes whereas only little attention has 
been given to the doping of carbon materials with porous structure. Carbon 
nitride (CN) is a well known and fascinating material that has attracted 
worldwide attention because the incorporation of nitrogen atoms in the carbon 
nanostructure can enhance the mechanical, conducting, field emission, and 
energy storage properties [23-301. CN materials with five different structures 
have been predicted so far: one is two dimensional graphitic C3N4 and four are 
three-dimensional carbon nitrides, namely a-C3N4, 13-C3N4, C U ~ ~ C - C ~ N ~ ,  and 
pseudocubic-C3N4. Among the CN materials, D-C3N4 and its allotropic cubic and 
pseudo-cubic phases are superhard materials whose structure and properties are 
expected to be similar to those of diamond and B-Si3N4 [23]. Owing to its unique 
properties such as semi-conductivity, intercalation ability, hardness, CN is 
regarded as a promising material which could find potential applications in many 
fields. CN materials with no porous structure can be prepared either from 
molecular or chemical precursors at very high temperatures. Very recently, Gao 
and Giu have reported the chemical synthesis of nonporous turbostratic carbon 
nitride crystallites from polymerized ethylenediamine and carbon tetrachloride 
[25]. By constructing CN materials with porous structure, many novel 
applications could emerge: fiom catalysis, to separation and adsorption of very 
bulky molecules, and to the fabrication of low dielectric devices. However, only 
a little attention has been given to the synthesis of porous CN materials. Very 
recently, Vinu et al. have successfully reported the preparation of mesoporous 
carbon nitride with uniform pore size distribution (MCN-1) using SBA-15 as a 
template [3 11. Groenewolt and Antonietti reported that the nanoparticles of 
graphitic C3N4 with different diameters and morphology could be immobilized 
inside the channels of mesoporous of silica host matrices [32]. It has been also 
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shown that the graphitic C3N4 nanoparticles immobilized mesoporous silica 
exhibits excellent photoluminescence properties. 

Here we report on the synthesis of novel highly ordered one and three 
dimensional cage type mesoporous carbon nitride (MCN-1 and MCN-2) with 
very high surface area and pore volume using SBA-15 and three dimensional 
cage type mesoporous silica, SBA-16, respectively, as templates through a 
simple polymerization reaction between ethylenediamine (EDA) and carbon 
tetrachloride (CTC). The materials have been unambiguously characterized by 
various sophisticated techniques such as XRD, nitrogen adsorption, HRTEM, 
and FT-IR spectroscopy. We also demonstrate here the pore diameter of the 
MCN-1 materials can be controlled by tuning the pore diameter of the silica 
template while the textural parameters and the nitrogen content of the materials 
can also be controlled by varying the weight ratio of the EDA to CTC in the 
synthesis gel. The nature and the coordination of nitrogen atom in the carbon 
nitrides have been confmed by FT-IR while the amount of nitrogen in the 
materials was obtained by CHN analysis. 

2. Experimental Section 

SBA-15 and SBA-16 were synthesized using non-ionic surfactant in a highly 
acidic medium. The detailed procedure for the preparation of the template 
materials can be found elsewhere [2,5]. MCN-1 was prepared by using SBA-15 
as the template. In a typical synthesis, 0.5 g of calcined SBA-15 was added to a 
mixture of EDA (1.35 g) and CTC (3 g). The resultant mixture was refluxed and 
stirred at 90 "C for 6 hours. Then, the obtained dark brown colored solid mixture 
was placed in a drying oven for 12 hours, and ground into fme powder. Two sets 
of samples were prepared. A first set of the samples was prepared using SBA-15 
materials with various pore diameters, which were synthesized at different 
temperature, and the samples were labeled as MCN-I-T where T indicates the 
synthesis temperature of mesoporous silica template. Another set of the samples 
was prepared using different weight ratio of EDA to CTC and the samples were 
labeled as MCN-1-130-x where x represents the weight ratio of EDA to CTC. 
The template-carbon nitride polymer composites were then heat treated in a 
nitrogen flow of 50 ml per minute at 600 "C with the heating rate of 3.0 "C min-' 
and kept under these conditions for 5 h to carbonize the polymer. The 
mesoporous carbon nitrides were recovered after dissolution of the silica 
fi-amework in 5 wt % hydrofluoric acid, by filtration, washed several times with 
ethanol and dried at 100 "C. MCN-2 was prepared with the SBA-16 as the 
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template using the above procedure except the addition of 2.31 g of CTC instead 
of 3. 

The powder X-ray diffraction (XRD) patterns of mesoporous carbon nitride 
materials were collected on a Rigaku diffractometer using CuKa (1 = 0.154 nm) 
radiation. The diffractograms were recorded in the 28 range of 0.8 to 10 O with a 
20 step size of 0.01 and a step time of 1 s. Nitrogen adsorption and desorption 
isotherms were measured at - 196 "C on a Quantachrome Autosorb 1 sorption 
analyzer. All samples were outgassed at 250 "C for 3 h prior to the nitrogen 
adsorption measurements. The specific surface area was calculated using the 
Brunauer-Emmett-Teller (BET) method. The pore size was obtained from the 
adsorption branch of the nitrogen isotherms by Barrett-Joyner-Halenda method. 
Elementary analysis was done using Yanaco MT-5 CHN analyzer. FT-IR spectra 
of MCN were recorded on a Nicolet Nexus 670 instrument by averaging 200 
scans with a resolution of 2 cm-' measuring in transmission mode using the KBr 
self-supported pellet technique. The spectrometer chamber was continuously 
purged with dry air to remove water vapor. HRTEM image was obtained by 
using JEOL-3000F and JEOL-3 100FEF. 

3. Results and Discussion 

Figure 1A shows the powder XRD diffraction patterns of MCN-1 materials. 
The materials presented are synthesized using SBA-15 with various pore 
diameters as template. Remarkably, the quality of the XRD pattern and the 
position of the main peak vary significantly with the pore diameter of the SBA- 
15 template used. MCN-1-100 and MCN-1-130 exhibit three clear peaks, which 
can be indexed to the 100, 110, and 200 reflections of highly ordered two 
dimensional hexagonal mesostructure with the space group of p6mm, similar to 
the XRD pattern of parent mesoporous silica template SBA-15 which consists of 
the hexagonal arrangement of cylindrical pores and the pores are interlinked by 
the micropores present in the walls. Such materials with one dimensional 
mesopores are arranged in a hexagonal net are defined as two dimensional 
because the diffraction peaks pattern shows two dimensional p6mm symmetry. 
MCN-1-150 shows a sharp (100) peak together with only a weak (110) peak, 
indicating that the increase of pore diameter of the template leads to some loss of 
higher order reflections in the diffraction pattern. The intensity of (1 10) peak of 
MCN-1-150 is much lower as compared to that of MCN-1-100 and MCN-1-130. 
This could be attributed to empty carbon nitride mesopores, which are created by 
the incomplete filling of the ultra large hexagonal mesoporous SBA-15 and 
weaken the peak intensity by interference of X-ray diffraction between inner and 
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outer carbon walls. However, the presence of a sharp and a high intense (100) 
reflection in MCN-1-150 reveals that the structural order of the template is 
almost retained in the sample even after removal of the template. 
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Figure 1: Powder XRD patterns of mesoporous carbon nitride with various pore diameters 
prepared from SBA-15-X templates: (a) MCN-1-100, (b) MCN-1-130, and (c) MCN-1-150, and (B) 
BJH pore size distributions of mesoporous carbon nitride with various pore diameters ( 0 )  MCN- 
1-100, (I )MCN-1-130, and (A)MCN-1-150. 

The specific surface area and the pore volume of MCN-1-130 are much 
higher as compared to those for the MCN-1-100 and the MCN-1-150. The 
specific surface area and the specific pore volume of MCN-1-130 are 830 m’/g 
and 1.25 cm3/g, respectively, whereas MCN-1-100 and MCN-1-150 possess the 
specific surface areas of 505 and 650 m’/g, respectively, and the specific pore 
volumes of 0.89 and 0.55 cm3/g, respectively. The high surface area in MCN-1- 
130 may be due to the difference in the diffect sites which creates microporosity 
in the material. Figure 1B shows the BJH adsorption pore size distribution of 
MCN-1-100, -130 and -150. All the samples show a main peak, which mainly 
comes ffom the mesopores formed after dissolution of the silica matrix ii-om the 
template. The pore diameter of the MCN materials increases with increasing the 
pore diameter of the silica templates used. It should also be mentioned that the 
full width half maximum of the BJH adsorption pore size distribution of the 
MCN-1-150 is much larger than that of the MCN-1-100 and MCN-1-130. 
Among the MCN samples prepared by using SBA-15-X as template, MCN-1- 
150 exhibits a very large pore diameter, which is around 6.4 nm. This could be 
mainly due to the incomplete filling of CN polymer matrix in the ultra large 
mesopores of SBA-15-150 as the same weight ratio of the EDA to CTC is used 
for filling the mesopores of the templates with different pore diameter. 

Figure 2A shows the FT-IR spectra of MCN samples with different pore 
diameters. All the samples show three major broad bands centred around 1257, 
1571 and 3412 cm-’, which are attributed to aromatic C-N stretching bonds, 
aromatic ring modes, and the stretching mode of N-H groups in the aromatic 
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ring, respectively. A similar result has also been observed in the non-porous
carbon nitride samples [25-30]. Further, UV-Vis absorbance study was also
conducted to confirm the presence of s-triazine ring in the MCN-1-100. The
amount of carbon and nitrogen source in the mesoporous silica template has a
great impact on the textural parameters such as specific surface area, specific
pore volume, and pore size distribution of the mesoporous carbon nitride replica
materials. The MCN-1-130 material has been chosen for studying the effect of
the composition of carbon and nitrogen source in the synthesis mixture as the
material shows an excellent structural order and interesting textural parameters.
The specific pore volume of the MCN materials systematically decreases with
increasing the weight ratio of EDA to CTC while the specific surface area of the
materials increases from 731 to 818 cm2/g with increasing the weight ratio of
EDA to CTC from 0.3 to 0.45 and then decreases to 552 cm2/g for MCN-1-130-
0.9 (Figure 2B). Surprisingly, the nitrogen content of the material significantly
increases when the weight ratio of EDA to CTC is increased. The carbon to
nitrogen ratio calculated from the CHN analysis decreases from 4.5 to 3.3 with
increasing the weight ratio of EDA to CTC from 0.3 to 0.9. This is also further
confirmed by the EEL spectra of the samples prepared at the weight ratio of
EDA to CTC of 0.45 and 0.90.
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Figure 2: (A) FT-IR spectra of mesoporous carbon nitride with various pore diameters prepared from
SBA-15-X templates: (a) MCN-1-100, (b) MCN-1-130, and (c) MCN-1-150 and (B) Effect of EDA
and CTC weight ratio on the textural parameters of MCN-1-130; the curve with maximum refers to
the surface area, the decreasing curve refers to the pore volume and the increasing curve refers to the
pore diameter.

Figure 3A shows the powder XRD pattern of MCN-2 along with the parent
mesoporous silica, SB A-16. It can be seen that SB A-16 mesoporous silica
template exhibits well resolved (110), (200) and (211) reflections, characteristics
of the body centered three dimensional cubic space group Jm3m. The powder
XRD pattern of MCN-2 also shows a sharp low angle peak and a broad higher
order peak and is almost similar to that obtained for the SB A-16 mesoporous
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silica template (Figure 1). The results indicate that the material possesses a
possible a three dimensional mesoporous cage structure replicated from the
template SBA-16. It is interesting to note that the intensity of the (110) peak of
MCN-2 is much higher than that of the silica template. The unit cell parameter of
the MCN-2 is calculated using the formula 2'/'dn0 to be 13.4 nm. The higher
angle powder diffraction pattern of MCN-2 is also shown in Figure IB. The
samples exhibits a single broad diffraction peak (inset) near 25.47° (d = 3.42 A).
This peak is almost similar to the characteristic 002 basal plan diffraction peak
in the nonporous carbon nitride spheres. This reveals the presence of turbostratic
ordering of the carbon and nitrogen atoms in the graphene layers of MCN-2.

3e+4

0
2 4

20 / degrees
Figure 3: (A) Powder XRD patterns of SBA-16 and MCN-2 (inset: higher angle powder XRD
pattern of MCN-2) and (B) HRTEM image of MCN-2 and its corresponding fast Fourier transform
(FFT) image.

Figure 3B shows the HRTEM image of MCN-2 in which the bright contrast
strips on the image represent the pore wall images, whereas dark contrast cores
display empty channels, shows well ordered mesoporous structure with a regular
intervals of linear array of mesopores throughout the samples which is
characteristics of well ordered SBA-16 mesoporous silica. Figure 3B also
clearly shows the presence of well ordered domains of three dimensional cubic
mesoporous structure of MCN-2 sample which is almost similar to the structure
of SBA-16. The corresponding fast Fourier transform pattern is shown in Figure
3B (inset), which can be attributed to the [110] axis of the cubic MCN-2
material. Based on the HRTEM image and the FFT pattern, it is suggested here
the occurrence of well ordered mesopores with a possible three dimensional
cubic mesoporous structure in MCN-2, which is consistent with the XRD results
and suggests the possible replicated synthesis of the three dimensional carbon
nitride from SBA-16.
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The elemental mapping of MCN-2 (not shown) reveals that the carbon (C) 
and nitrogen (N) are uniformly distributed throughout the sample. No other 
elements was found in the elemental mapping, indicates that the material is 
mainly composed of C and N. The C to N ratio of MCN-2 calculated from the 
EELS is ca. 4 which is in close agreement with the value obtained from CHN 
analysis, ie. 4.1. The FT-IR spectrum of MCN-2 also reveals the existence of 
the CN matrix and shows four well resolved bands centered at 742, 1209, 1560 
and 3431 cm-' (Figure 4). The bands at 742, 1209, 1560 cm-' are attributed to 
the sp2 graphitic sites, C-N stretching and C=N stretching, respectively, while the 
band at 3431 is assigned to the residual NH or NH2 components [24-301. On the 
whole, the major IR characteristics bands are consistent with the general 
characteristics of other amorphous non porous carbon nitride materials and 
MCN-1. 
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Figure 4: FT-JR spectrum of MCN-2 material. 

4. Conclusions 

In summary, we have demonstrated the fabrication of mesoporous carbon 
nitride materials (MCN) with tunable pore diameters and different structures 
fiom SBA-15 materials with different pore diameters and SBA-16 as hard 
templates through a simple polymerization reaction between EDA and CTC. The 
materials have been unambiguously characterized by various sophisticated 
techniques such as XRD, nitrogen adsorption, HRTEM, FT-IR, and CHN 
analysis. It has been found that the pore diameter of the MCN materials can be 
tuned from 4.2 to 6.4 nm by the simple adjustment of the pore diameter of the 
mesoporous silica templates. We also demonstrated that the textural parameters 
and the nitrogen content of MCN materials can be easily tuned by the simple 
adjustment of the weight ratio of EDA to CTC in the synthesis mixture. Thus, we 
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believe that the methods described here of tuning the pore diameter of the 
mesoporous silica template and the composition of the synthesis mixture to 
control the textural parameters, especially the pore diameter, and the nitrogen 
content of the mesoporous carbon nitride materials offer the novel path way for 
fabricating new porous nitrides with very high nitrogen contents and tunable 
textural parameters and for the development of novel nanostructured nitrides. 
The porous carbon nitrides materials with tunable textural parameters and the 
chemical composition could also offer many opportunities for the applications 
including catalysis, energy storage, capacitors, separation and adsorption of 
small and large organic toxic and biomolecules, vitamins and amino acids, and 
fuel cells. 
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The covalent functionalization of ethylene diamine (EN) and methionine (MET) on the 
surface of the mesoporous carbon materials treated with ammonium persulphate ( A P S )  
followed by SOClz has been demonstrated. The functionalized materials have been 
unambiguously characterized by XRD, nitrogen adsorption, HRSEM-EDX, and IT-IR 
measurements. The XRD results reveal that the structure of the mesoporous carbon 
materials is retained even after the functionalization. FT-R results confirm that EN and 
MET molecules are indeed covalently attached with the COCl groups on the surface of 
the mesoporous carbons. We strongly believe that the functionalized materials may be 
utilized as the supports for catalysis, drug deliveay, separation and adsorption technology 
and the demonstrated method could be applied for functionalization of various kinds of 
mesoporous carbon materials with different structure and textural parameters. 

1. Introduction 

Significant efforts have been devoted to the synthesis of mesoporous 
carbons with ordered porous structure, due to their potential applications in 
separation, adsorption, and electronic devices [l]. Ryoo et al. first reported the 
highly ordered mesoporous carbon, by using MCM-48 as template and sucrose 
as carbon precursor which leads to the formation of CMK-1 carbon with 3-D 
ordered pores and large surface area [2-41. Till now mesoporous carbons with 
different structures have been synthesized using a variety of templates and 
carbon precursors [5-121. But chemical modification of carbon is difficult 
because of its low reactivity. The conventional modification of carbon involves 
oxidation with acids or ozone and the subsequent reaction with thionyl chloride 
with the carboxylic groups makes it possible to graft and finther elaborate the 
surface properties [ 131. Covalent hctionalization of ordered mesoporous 
carbon is done by using diazonium compounds [ 14,151. Here we demonstrate the 
covalent functionalization of carboxyl, amine, and thiol groups on the surface of 
the hexagonally ordered mesoporous carbon materials through a simple 
oxidation using ammonium persulfate solution (AF'S) followed by SOC12 
treatment and the reaction with the organic diamines and amino-thiol molecules. 
The hctionalized materials have been characterized by XRD, nitrogen 
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adsorption, HRSEM-EDX and FT-IR. A relatively high degree of grafting 
density was achieved by using this efficient modification method. We strongly 
believe that the combination of the modified surface functionalities with ordered 
pore channels allows advanced applications of porous carbons in drug delivery, 
separation, catalysis, and biotechnologies [ 16-20]. 

2. Experimental Section 

2.1 Materials 

Tetraethylorthosilicate, sucrose, and tri-block copolymer Pluronic P 123 
were obtained from Aldrich. APS, thionyl chloride, dimethyl formamide, 
tetrahydrofuran, dicholoromethane were purchased from Wako chemicals, Japan. 
Ethylenediamine and methionine (99%) were obtained from Aldrich. All 
chemicals were used without further purification. 

2.2 Synthesis of Mesoporous Carbon 

Mesoporous carbon was prepared by using SBA-15-100 as a template and 
sucrose as a carbon source. In a typical synthesis of mesoporous carbon, 1 g of 
the mesoporous silica template was added to a solution obtained by dissolving 
1.25 g of sucrose and 0.14 g of sulphuric acid in 5 g of water. The obtained 
mixture was kept in an oven for 6 h at 100 "C. Subsequently, the oven 
temperature was raised to 160 "C and keeping the brown coloured solid mixture 
at the final temperature for 6 h. In order to obtain fully polymerized and 
carbonized sucrose inside the pores of the silica template, 0.8 g of sucrose, 0.09 
g of sulphuric acid and 5 g of water were again added to the pretreated sample 
and the mixture was again subjected to the thermal treatment described above. 
The template-polymer composite was then pyrolyzed in a nitrogen flow at 900 
"C and kept under these conditions for 6 h to carbonize the polymer. Then, the 
mesoporous carbon was recovered after dissolution of the silica framework in 5 
wt. % solution of hydrofluoric acid, by filtration, washed several times with 
ethanol, and dried at 100 "C. 

2.3 Oxidation Treatment with APS 

The oxidation treatment of mesoporous carbon material was done through 
the reaction with a solution of 1 .O M APS in 2M H2S04 for obtaining carboxyl 
groups on the porous surface. In a typical oxidation experiment, 200 mg of the 
mesoporous carbon was added to 12 g of APS solution. The mixture was stirred 
at room temperature for 9 h. All the oxidized sample was filtered, washed 
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several times with distilled water until there was an absence of sulfates in the 
washing water, and dried it in a vacuum oven at 50 "C overnight. However, a 
trace amount of sulfur was detected in the oxidized sample when the sample was 
analyzed using EDX analysis. 

2.4 SOC12 Treatment 

In a typical experiment 150 mg of carboxyl hctionalized mesoporous 
carbon (CMK-3-COOH) was added to 30 ml thionyl chloride and 1.5 mI of N,N' 
dimethyl formamide (DMF). The mixture was stirred at 70°C for 24 h. After 
complete evaluation of HCI and SO3 gas, the yellow solution was decanted from 
the mixture. The mixture was added to 20 ml of anhydrous tetrahydrofuran 
(THF) and centrifuged with a speed of 3400 rpm for 5 min. The supernatant 
solution was removed after the material settle down completely and the above 
centrifugation process was repeated several times until the colour of the solution 
changes from yellow to colourless solution. Finally, the material was filtered, 
washed with anhydrous THF, and dried in a vacuum oven at 50 "C over night. 
The final material was denoted as CMK-3-COC1. 

2.5 Covalent Functionalization of Ethylene diamine (EN) 

The covalent attachment of EN was done by adding 100 mg of CMK-3- 
COCl to 1 g of EN and 3 g of DMF. The mixture was stirred at 100 "C for 24 h 
under N2 atmosphere. Then the mixture was centrifuged four times with 
anhydrous dichloromethane until the complete removal of unreacted amine from 
the material. Finally, the reaction mixture was filtered using membrane filter 
paper, washed with anhydrous dichloromethane (DCM), and dried in a vacuum 
oven at 50 "C overnight. The final material was denoted as CMK-3-COEN. 

2.6 Covalent Functionalization of Methionine (MET) 

To increase the solubility of amino thiol, 1 g of MET was added to 5 g of 
DMF and the resulting mixture was ultra-sonicated at room temperature for 90 
min. Subsequently, I g of CMK-3-COCl was added to the above mixture with 
vigorous stirring at 70 "C and the stirring was continued under nitrogen 
atmosphere for 24 h. Then the resultant mixture was centrifuged several times 
with anhydrous dichloromethane to make sure the complete removal of the 
unreacted MET molecules from the surface of the material. Finally, the reactant 
mixture was filtered using membrane filter paper, washed with DCM, and dried 
in a vacuum oven at 50 "C overnight. The final material was denoted as CMK-3- 
COMET. 
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2.7 Characterization 

The powder X-ray diffraction (XRD) patterns of the functionalized 
mesoporous carbon materials were collected on a Rigaku diffractometer using 
CuKa (h = 0.154 nm) radiation. The diffractograms were recorded in the 28 
range of 0.8 to 10" with a 28 step size of 0.01" and a step time of 6 sec. 
Nitrogen adsorption and desorption isotherms were measured at - 196 "C on a 
Quantachrome Autosorb-1 C instrument. All samples were outgassed at 80 "C for 
24 h prior to the nitrogen adsorption measurements. The specific surface area 
was calculated using the Brunauer-Emmett-Teller (BET) method. The 
morphology and the elemental composition of the materials after the 
functionalization were observed on a Hitachi S-4800 field emission scanning 
electron microscope (HR-FESEM) with EDX using an accelerating voltage of 
5.0 kV. The nature and the amount of surface functional groups on the surface of 
the mesoporous carbon were determined using FT-IR spectroscopy. 

3. Results and Discussion 

In order to check the effect of covalent functionalization on the structure and 
the textural parameters, the materials after each treatment were characterized by 
powder XRD, nitrogen adsorption and HRSEM measurements. Figure 1 shows 
the powder XRD patterns of the mesoporous carbons after treatment with APS, 
SOCI' and EN. All the samples except CMK-3-COEN exhibit a sharp lower 
angle peak with several higher order weak peaks, which is indicative of the 
retention of the hexagonally ordered mesoporous structure even after the 
functionalization. It can also be seen from the Figure 1 that the intensity of the 
(1 00) peak significantly decreases, which shifted toward higher angle, after the 
functionalization, which indicates that the pores are filled with the organic 
molecules which are covalently attached with the COOH groups present on the 
surface of the mesoporous carbons. The large difference in the intensity of the 
(1 00) peaks of the mesoporous carbon before and after the functionalization may 
not be interpreted as complete damage to the structural order, but it is likely that 
larger contrast in density between the silica walls and the open pores relative to 
that between the silica walls and covalently bonded organic molecules is 
responsible for the observed decrease the intensity. 

Figure 2 shows the effect of functionalization on the specific surface area of 
the CMK-3 materials after functionalization. It is clearly seen that the specific 
surface area of the materials calculated from the nitrogen adsorption isotherms 
drastically decreases upon the functionalization. The specific surface area 
amounts to 1250 m'/g for pure CMK-3, which decreases to 590 and 515 m'/g for 
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CMK-3-COEN and CMK-3-CO-MET, respectively. While the pore volume for 
pure CMK-3 (1.10 cm3/g) also decreases to 0.39 cm3/g and 0.52 cm3/g in case of 
CMK-3-COEN and CMK3-CO-MET, respectively. So this significant decrease 
in pore volume of the CMK-3 after functionalization evidenced that the organic 
molecules are certainly covalently attached on the mesoporous surface. 
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Figure 1 : Low-angle XRD patterns of (a) Pure CMK3, (b) CMK3-COOH, (c) CMK3-COCI, and 
CMK3-COEN. 
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Figure 2: Effect of the functionalization on the ( 0 )  BET surface area and (+) pore volume of 
mesoporous carbon material. 
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Figure 3a: HRSEM of a) CMK3-COOH, b) CMK3-COC1, c) CMK3-COEN, and d) CMK3-
COMET.
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Figure 3b. EDX pattern of a) CMK3-COOH, b) CMK3-COC1, and c) CMK3-COEN;
(C:69.57%,N:16.97%,0:13.46%) and d) CMK3-COMET (C:79.01%,N:10.22%,O:8.09%,S:2.68%).

To gain the understanding about the morphology of the materials after the
covalent functionalization of organic molecules, the materials were characterized
by HRSEM and EDX analysis. Figure 3a shows the HRSEM images of CMK-3
materials after functionalization. All the samples show a rod like morphology
and the rods are aggregated together and form nanorod bundles. It is interesting
to note that the morphology of the materials is completely retained even after the
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fimctionalization. Moreover, the aggregation of the nanorods is more 
pronounced for the CMK-3-COEN and CMK-3-COMET. This could be mainly 
due to the strong interaction between fimctionalized nanorods through Van der 
Waals forces. 

Figure 3b shows the EDX patterns of the functionalized CMK-3 materials 
along with the pure CMK-3. The sample CMK-3-COEN exhibits the peaks 
corresponding to C, 0 and N, which indicates that the EN molecules are bonded 
with the carboxyl groups on the surface of the CMK-3-COC1, where as CMK-3- 
COMET displays the peak for C, 0 and S, confirming that the aminothiol groups 
are attached on the porous surface. 
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Figure 4: FT-IR spectra of (A): a) pure CMK-3, b) CMK3-COOH, c )  CMK3-COC1, d) CMK3- 
COEN, and e) CMK3-COMET; and enlarged spectrum of (B) CMK3-COEN, and (C) CMK3- 
COMET. 

FT-IR is a powerful tool for getting the information about the type, nature 
and the amount of fimctionality introduced on the surface of carbon materials. 
FT-IR spectra of mesoporous carbon treated with APS, S0Cl2 and then further 
with amine and amino thiol fimctionalized materials are shown in Figure 4. 
Sample after oxidation treatment show two sharp bands centered around 1723 
and 1587 cm-’ and those are assigned to C=O stretching vibration of non- 
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aromatic carboxyl groups and aromatic ring stretching coupled to highly 
conjugated keto groups, respectively [21-231. The band at 1400 cm-' could be 
assigned either to carboxyl-carbonate structures or to aromatic C=C bond where 
as the band at 1250 cm-' might be attributed to C-0-C vibrations [24,25]. The 
broad band appeared at 3300-3600 cm-' is attributed to the formation of 
carboxylic structure. Both -COOH and -COO- were transformed into acyl 
chloride functionalities upon reacting with thionyl chloride, and the distinctive 
stretching vibration of -COCl should have been observed. However, the high 
hydrolytic reactivity of -COCl in air tended to convert them back into 
carboxylate ions, and this made FTIR (operated in air) detection of the stretching 
vibration of -COCl extremely difficult. 

After amine functionalization, the appearance of new peaks in the region 
3400-3100,3000-2800, and 1250-1000 cm-' regions (Figure 4B) attributed to the 
N-H, C-H, and C-N stretches, respectively, give a strong indication of the amino 
group attachment to the -CO functionality of mesoporous carbon. While MET 
functionalized sample (Figure 4C) showed an S-H stretching band at 2564 cm-' 
where as four stretching bands at 2878, 2921, 3157, and 3315 cm-' were also 
observed. The bands at 2878 and 2921 cm-' are assigned for C-H stretching 
where as the bands at 3157 and 3315 cm-' are associated with the N-H 
stretching. The bands at 1625-1680 cm-', which are attributed to the C=O 
stretching in -CONH-, are clearly observed for both the CMK-3-COEN and 
CMK-3-COMET samples. However, the disappearance of C=O stretching 
vibration of non-aromatic carboxyl groups (-1723 cm-I) and shifting of above 
peak of C=O stretching indicate that there is complete conversion of COCl into 
CO-amino and CO-amino thiol attachment. 

4. Conclusions 

The mesoporous carbon material has been successfully functionalized with 
the amine and aminothiol groups. Before introducing the amine nd the 
aminothiol groups, the mesoporous carbon materials were treated with 
ammonium persulphate solution (APS) followed by SOCl2 treatment to form the 
COCl groups on the surface of the mesoporous carbons. We demonstrate that 
the amine and aminothiol groups can be introduced on the surface of the 
mesoporous carbons. The obtained materials have been unambiguously 
characterized by several sophisticated techniques such as XRD, N2 adsorption, 
HRSEM-EDX, and FT-IR. The FT-IR results revealed that the amine and 
aminothiol groups have been covalently attached with the CO groups on the 
surface of mesoporous carbon. We strongly believe that these functionalized 
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mesoporous carbon materials may be utilized as a solid and stable support for 
immobilizing chiral amine complexes and salen complexes and could also find 
applications in drug delivery, separation and adsorption technology. 
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A facile method of controlling the mesopore size in ordered mesoporous carbon (OMC) 
samples is presented. By adding boric acid to the carbon precursor solution, the 
mesopore size of OMC was easily increased from 3.8 nm to 8.5 nm as the amount of 
boric acid was increased from 0% to 12%. The TEM images showed that there was an 
increase in the space between the carbon nano rods, which confirmed the increase of the 
pore diameter. Also, the electrical resistance of the OMC materials was reduced 
simultaneously. In order to use them as carbon supports, Pt nanoparticles were supported 
on the OMC materials by the incipient wetness impregnation method and the size of the 
Pt was found to be around 3.5 nm at a 60wt% loading. The electrochemical surface area 
and the activity of the Pt supported catalyst on OMC in the oxygen reduction reaction 
show that the OMC materials can be used as supports for electrocatalysts. 

1. Introduction 

Recently, various new types of nanocarbons have been used as supports for 
direct methanol fuel cell (DMFC) catalysts in order to exploit advantageous 
structural properties of these nanomaterials [ 1,2] and to enhance the performance 
of electrocatalysts. Among these nanocarbons, ordered mesoporous carbon 
(OMC) is a very promising support for increasing the performance of DMFCs 
[3] due to its large surface area and mesoporous structure. However, to fiuther 
improve the OMC material as a carbon support, the control of the electrical 
conductivity, pore size and structure needs to be achieved as suggested in a 
recent review [3]. Since the frst report [4] on the preparation of OMC using a 
mesoporous silica template, many attempts have been made to control or expand 
the pore size in the OMC materials. For example, in previous studies, the 
mesopore size in OMC was changed by varying the thickness of the framework 
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and lattice constant of the mesoporous silica [5,6] used as the template. However, 
this approach is limited by the difficulty of synthesizing the template materials. 

In this study, a facile method of controlling the mesopore size in OMC is 
presented, which involves the addition of boric acid to the precursor solution 
used to modify the carbon surface [7,8]. Also, the physical properties of OMC 
such as its pore size and electronic resistance were investigated by various 
methods. In addition, Pt nanoparticles were supported by incipient wetness 
impregnation with a 60wt% loading to demonstrate the possibility of using the 
OMC studied as a new support for electrocatalysts. 

2. Experimental Section 

2.1. Synthesis of template and OMC materials 

A mesoporous silica template (MSU-H type) with two-dimensional hexagonal 
symmetry was prepared by a previously reported method with a slight 
modification [9], using Pluronic P123 triblock copolymer and sodium silicate as 
a silica source under near neutral conditions. The silica source, sodium silicate 
solution with a ratio of Na/Si = 2.5 (lOwt% SiOz), was prepared from colloidal 
silica Ludox HS-40 purchased from Aldrich, NaOH and deionized water. Briefly, 
P123 copolymer and sodium silicate solution were mixed in deionized water 
with mechanical stirring in a water-jacketed flask, and then acetic acid solution 
was added to neutralize the total mixture. The molar ratio in the mixture was 1 
SOz: 0.017 P123: 2.595 Acetic acid: 255 H20. The reaction mixture was stirred 
at 40 "C for 20 h and heated in an oven at 100 "c for 24 h under static conditions. 
The white sample was finally calcined in static air at 550°C for 3 h. 

The procedure used for the synthesis of OMC is the same as the previously 
reported nano-replication method [4] with a mesoporous silica template (MSU- 
H) except for the use the precursor solution consisting of a mixture of sucrose 
and boric acid with different molar ratios. The samples are designated as OMC- 
B-n, where n is the molar percentage of boron in the precursor solution. In the 
typical preparation of OMC-B-4, l g  of mesoporous silica was impregnated with 
a carbon precursor solution which consisted of 1.25 g of sucrose, 0.141 g of 
sulfuric acid, 0.109 g of boric acid and 4 g of deionized water. The mixed 
samples were placed in an oven at 100 "C and 160 "c oven for 6 hrs, sequentially. 
After drying, the impregnation step was repeated one more time with two thirds 
of the amount of the solution used in the first step. The carbonization of the 
sample was conducted at 900°C for 3 hrs under nitrogen flow. The OMC-B-4 
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sample was obtained by the selective removal of silica by means of an HF 
solution. 

2.2. Preparation of Pt supported catalysts 

Half a gram of the OMC-B-n samples was placed in a vinyl bag and mixed 
with 1.5 d acetone solution containing 1.4615 g of H2PtC16.xH20 (Umkore) by 
the incipient wetness method. The amount of H2PtC16.xH20 in the solution 
corresponded to a metal loading of 60 wt%. After drying at 60 "C overnight, the 
impregnated OMC material was heated in H2 flow to 200°C and kept at this 
temperature for 2 h. The adsorbed hydrogen was removed by heating to 350°C 
and the sample was kept at this temperature for 2 h under nitrogen flow. The 
samples thus prepared were denoted as PtIOMC-B-n. 

2.3. Characterization 

Nitrogen adsorption experiments were performed at 77K using a 
Micromeritics ASAP 2010 system. The surface areas of the samples were 
calculated using the BET equation, while their pore size distributions were 
estimated by the BJH method fiom the adsorption branches of the isotherms. 
Transmission electron microscopy (TEM) images were taken with a G2 FE-TEM 
Tecnai microscope at an accelerating voltage of 200 kV. The electrical sheet 
resistances were measured by the four-point probe method using a Changmin 
Tech. CMT series at room temperature. Sample powders were compressed at 
150 kgf /cm' for the measurements without any binders. The X-ray diffraction 
(XRD) patterns were obtained using a Philips X'pert Pro X-ray diffiactometer 
equipped with a Cu K, source at 40 kV and 40 mA. X-ray photoelectron 
spectroscopy (XPS) was use to investigate the species of boron and its amount. 

The electrochemical properties of the catalyst were evaluated with a rotating 
disk electrode (RDE) system. Glassy carbon was used as substrate for the 
working electrode and the catalyst slurry was made using a similar method to 
that of Schmidt et al. [8]. The RDE experiment was performed with a half cell 
configuration in which the reference electrode was AgIAgC1 and the counter 
electrode was Pt foil. HC104 aqueous solution (0.1M) was used as the electrolyte. 
Cyclic voltammetry measurements were conducted with a nitrogen-saturated 
electrolyte at a scan rate of 10mV/s and linear scan voltammetry was used to 
evaluate the oxygen reduction reaction (ORR) with an oxygen-saturated 
electrolyte at a scan rate of 1 mV/s [9] .  The potentials in this study are presented 
on the basis of the reversible hydrogen potential (RHE). 
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3. Results and Discussion 

The structural order of the OMC-B-n samples was investigated by XRD and 
nitrogen adsorption. The XRD patterns (not shown here) displayed a weak 
shoulder peak at around 0.9" for all of the samples, which suggests that the long 
range order of the OMC-B-n samples is not good. However, their mesopore 
structure was revealed by nitrogen adsorption and TEM images, as described 
later in this section and shown in Figures 1 and 2. In addition, the boron species 
in the samples were determined by XPS to be boron oxide and its amount was 
less than 1%, which suggests that it can be removed by the HF treatment. 
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Figure 1. (a) Nitrogen adsorption and desorption isotherms for the OMC-B-rz samples and (b) the 
corresponding pore size distributions. 

All of the isotherms in Fig. la  display a sharp step in the range of relative 
pressure of 0.4 to 0.9 due to the capillary condensation of nitrogen inside the 
mesopores in the OMC samples, which coincide with the previous reported data 
[3-6, 121. The position of this step gradually moved to a higher value as the 
amount of boric acid increased, indicating that the mesopore size was increased. 
The sizes of mesopores in the OMC-B-n samples, where n is 0, 4 and 12, were 
determined to be 8, 5.5 and 8.5 nm, respectively (Figure lb). The pore size 
distribution did not expand in any of the samples, which suggest that the 
structure of the OMC-B-n samples did not change very much. This was 
confirmed by the TEM images of the samples. The carbon nanorods in all of the 
OMC-B-n samples showed a good hexagonal ordering inside particles which 
agreed with the nitrogen adsorption data. The pores in the OMC materials can 
be more clearly observed in the form of the space between the carbon rods, 
which is generated fi-om the framework of the silica template. The space (white 
areas in the TEM image) between the carbon nanorods gradually widened fiom 
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the OMC-B-0 (Fig. 2a) to OMC-B-12 (Fig. 2c) samples, indicating that the pore
size increased with increasing amount of boric acid in the precursor mixture. At
a larger magnification, the pore size was easily estimated to be around 8 nm in
the case of OMC-B-12 by comparing the space and the scale bar in Fig. 2d.

Figure 2. TEM images of (a) OMC-B-0, (b) OMC-B-4 and (c) OMC-B-12 and high magnification
TEM image of (d) OMC-B-12. Scale bar, which reproduced from the scale that inserted
automatically by TEM device, for (a), (b) and (c) is 50 nm and for (e) is 20 nm.

As the pore size was increased, the diameter of the carbon nanorods was
decreased, as shown in Fig. 2. It was suggested that the packing of the carbon
materials in the nanorods of OMC-B-12 is denser than that of OMC-B-0,
because the amount of carbon precursor used for the various OMC-B-n samples
was the same. That is, the packing of the same amount of carbon in the smaller
carbon nanorods results in a higher density of carbon atoms within the same



328

volume. Also, the boric acid could catalyze the carbonization of sucrose during
the thermal carbonization up to 900 °C, resulting in a denser carbon framework.
Thus, it was expected that some of the physical properties would be changed by
this increase in packing density and we therefore measured the electrical
resistance of the OMC-B-n samples under high pressure compression.

OMC-B-0 OMC-B-4 GMC-B-12

Figure 3. Sheet resistance of OMC-B-n samples

The resistance of the samples obtained from the compacted powder was
drastically decreased from 53.4 mQ/cm2 for OMC-B-0 to 21.4 mO/cm2 for
OMC-B-12 containing the highest amount of boric acid, as shown in Fig. 3,
which means that the electrical conductivity of the carbon support was increased.
As suggested in the above discussion, this maybe attributed to the compact
carbon nanorods present in the samples resulting from the decrease their
diameter. In a previous study of OMC supports [12], it was suggested that
decreasing the resistance of the OMC support is very important to improve the
performance of the MEA for DMFCs. Also, the enlargement of the pore size
inside the OMC particles could enhance the diffusion rate of fuel and byproduct
in the reaction. Therefore, it was suggested that the OMC-B-4 and 12 samples
can be used as novel supports for the electrocatalysts due to their larger pore
size and higher electrical conductivity, as described above.

To explore the possibility using them as new catalyst supports, as attempted
in recent previous studies [12-14], Pt nanoparticles were supported on the OMC-
B-n samples by the incipient wetness method previously reported in the literature
[12] and the supported catalysts were characterized by XRD and electrical
measurements such as cyclic voltammetry in a liquid electrolyte to estimate the
electrochemically active surface area and linear scan voltammetry to measure the
mass activities of the catalysts for the oxygen reduction reaction.
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A high total loading of Pt of 60 wt% was used, because the electrode catalyst 
for DMFC applications requires such a very high metal loading [3,12]. Figure 4 
shows the XRD patterns for the 60 wt% Pt loaded OMC-B-n catalysts. All of the 
XRD patterns for the PtIOMC-B-n catalysts exhibited distinct peaks at around 28 
= 39.80, 46.30, 67.50, and 81.30, which correspond to the (11 l), (200), (220), and 
(3 1 1) planes of the face centered cubic (FCC) Pt structure, respectively. There is 
no evidence of peaks related to the oxide of Pt, indicating that the Pt precursor 
was completely reduced by the H2 treatment at 473 K. The average particle sizes 
of the catalysts estimated by the Debye-Scherrer equation were 3.2, 3.6 and 3.6 
nm for PtIOMC-B-0, Pt/OMC-B-4 and Pt/OMC-B-12, respectively. Such sizes 
of Pt particles supported on OMCs are very small, considering that the metal 
content was as high as 60 wt%, although they are somewhat larger than those of 
the OMC-supported Pt catalyst previously reported in the literature [ 121. 

30 40 50 60 70 80 90 
20 (degrees) 

Figure 4. XRD of (a) Pt/OMC-B-0, (b) Pt/OMC-B-4 and (c) Pt/OMC-B-12. 

The cyclic voltammograms (CVs) of the PtIOMC-B-n catalysts were obtained 
in Nz-purged 0.1 M HC104 solution (Fig. 5). The electrochemically active 
surface area of the PtIOMC-B-n catalysts was obtained by integrating the total 
charge corresponding to the desorption peak of hydrogen, and normalizing it 
with respect to the scan rate, Pt loading, and the charge value of 21 0 pC/cm2 for 
the Pt surface [15]. The active surface areas of the supported catalysts obtained 
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in this manner were 70.3 m’/g for PtIOMC-B-0, 67.7 m’/g for Pt/OMC-B-4 and 
57.2 m’/g for PtIOMC-B-12. These values are very similar to those previously 
reported in the literature for OMC-supported Pt catalysts [12] and also larger 
than that of commercial Pt catalyst supported on activated carbon with similar 
loading (HiSpec 9100 catalyst; average Pt particle size maximum 2.8 nm [16]). 
The electrocatalytic activities of the OMC-supported Pt catalysts toward the 
oxygen reduction reaction were measured by linear scan voltammetry using the 
RDE (not shown). The mass activities based on the amount of Pt used at 0.75V 
versus RHE are -18.6, -16.7 and -18.5 A/gp, for Pt/OMC-B-0, Pt/OMC-B-4, and 
Pt/OMC-B-12, respectively. These results indicate that the PtIOMC-B-n 
catalysts exhibit some ORR activity and that the OMC-B-n samples can be used 
as carbon supports for electrocatalysts. The beneficial effect expected from the 
large pore size and enhanced conductivity of the OMC-B-4 and 12 samples was 
not reflected in the ORR measurements. Based on our previous study of the 
electrical conductivity of OMCs [12], the effect of the conductivity of OMC 
support on the mass activity was known to be very small in the case where half 
cell measurements are conducted in a liquid electrolyte using a glassy carbon 
electrode. Thus, further measurements of the OMC-B-n samples using a single 
cell configuration [ 121 are required. 

- PtlOMC-B-0 
--- PtlOMC-B-4 
**..*.. PtlOMC-B-12 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

Potential (V vs. RHE) 

Figure 5 .  Cyclic voltammogram for PtIOMC-B-n catalysts 

4. Conclusion 

Ordered mesoporous carbon materials with expanded pore size and 
increased conductivity were prepared by a facile method involving the addition 
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of boric acid to the initial carbon precursor mixture. The nitrogen adsorption 
measurements and TEM images indicated that the OMC-B-n samples have the 
inverse structure of the template. The pore size increased from 3.8 nm to 8.5 nm 
as the amount of boric acid was increased fiom 0% to 12%, and this was 
accompanied by a decrease of the electrical resistance fiom 53.4 to 21.3 ms2/cm2. 
60wt% Pt nanoparticles approximately 3.5 nm in size were supported on the 
OMC-B-n supports by the incipient wetness method. This catalyst showed 
comparable electrochemical surface area obtained from the cyclic 
voltammogram with half cell configuration In addition, these Pt supported 
catalysts exhibited electrocatalytic activity toward the oxygen reduction reaction, 
which suggested that the OMC-B-n can be used as novel supports for 
electrocatalysts. 
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SBA-15 TEMPLATING SYNTHESIS AND PROPERTIES OF 
PYRROLE-BASED ORDERED MESOPOROUS CARBONSt 
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Nitrogen-doped ordered mesoporous carbons (OMCs) with the p6mm symmetry (CMK- 
3) were successfully synthesized via chemical vapour infiltration of pyrrole into the pores 
of Fe(II1)-containing SBA-I 5 silica templates followed by low-temperature 
carbonization. The adsorption and structural properties of the silica templates and the 
corresponding OMCs obtained via inverse replication of SBA-I 5 were investigated by 
nitrogen adsorption at -1 96T,  thermogravimetric analysis and small angle X-ray 
difiaction (XRD). These properties were shown to be strongly affected by properties of 
the SBA-I5 host material and by the final carbonization temperature. Three SBA-15 
samples were prepared from tetraethyl orthosilicate (TEOS) at different hydrothermal 
synthesis temperatures: 60, 100 and 140°C in order to obtain materials of different 
complementary porosity, mesopore widths and pore volumes. In general, by tuning the 
pore size of the silica templates, the diameter of the interconnected carbon rods as well as 
the accessible mesopores (spaces between rods) can be tailored. The degree of 
graphitization of the resulting carbons increases with increasing carbonization 
temperature from 700 to 1000°C. Also, the diameter of the carbon rods increased, 
whereas the pore width and the pore volume of the CMK-3 carbons decreased with 
increasing carbonization temperature. 

1. Introduction 

The discovery of ordered mesoporous silicas (OMSs) such as MCM-41 and 
MCM-48 is considered as a major breakthrough in materials science. The 
presence of ordered and uniform pores in OMSs make them attractive hard 
templates for replication synthesis (nanocasting) of novel non-silica materials 
such as carbons, polymers, metal oxides and so on. 

The first report by Ryoo et al. [l] on the preparation of carbon inverse 
replicas of OMSs is another example of a major discovery in the area of porous 
materials; specifically, in the area of porous carbons. The idea of employing the 
MCM-48 silica (OMS with Za3d structure) as a hard template and sucrose as a 
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carbon precursor followed by carbonization of the carbon-silica composite and 
by etching the silica template, opened a new way for the preparation of 
nanomaterials, so-called hard-templating synthesis. A wide range of novel 
OMCs was synthesized by using not only a variety of carbon precursors, but 
also different silica templates such as MCM-4 1, SBA- 15, SBA- 16, FDU- 1, KIT- 
6 and others [2-41. 

While carbons templated by MCM-48 often undergo a symmetry change [5] 
and those prepared with help of MCM-41 lose the structural ordering after 
template removal [6], the ones obtained by replication of SBA-15 retain the 
template symmetry [7]. The SBA-15-templated carbons consist of inter- 
connected rods [8,9], which are created by filling the ordered mesopores of 
SBA-15 with a carbon precursor followed by carbonization and the template 
removal. The stability of carbon replicas of SBA-15 depends on the amount of 
complementary pores (i.e., pores that interconnect hexagonally ordered 
mesopores of SBA- 15) because they are templates for carbonaceous 
interconnections between ordered carbon rods. 

Porous carbons are most often amorphous solids. To improve their electric 
properties a high temperature treatment in argon (over 2000°C; graphitization) is 
frequently performed in order to form graphitic domains. Usually, this treatment 
is accompanied by a significant shrinkage of the structure and a substantial 
reduction of the specific surface area and pore volume [lo]; in many cases 
carbonization leads to a complete collapse of the porous network. Also, the final 
yield after carbonization and graphitization is very low. A promising alternative 
to the high temperature treatment is a low temperature graphitization in the 
presence of a catalyst, which eliminates the aforementioned drawbacks of 
carbonization and leads to the enhancement of electric properties of the resulting 
carbons. Several carbon precursors such as mesophase pitch [11,12], 
polyacrylonitrile [ 12,131 and polypyrrole [ 14-19] have been explored because 
their catalytic carbonization gives carbons with relatively high degree of 
graphitization. Furthermore, polyacrylonitrile and polypyrrole afford nitrogen- 
doped carbons with relatively large graphitic domains. Especially polypyrrole is 
an attractive precursor due to its high electrical conductivity, environmental 
stability and easiness of polymerization and carbonization. The electron 
conductivity of polypyrrole arises from a highly aromatic five-member ring 
composed of four carbon atoms and one nitrogen in each monomer, pyrrole. 
After polymerization of pyrrole, the conformation of the resulting polymer 
chains depends on the reaction conditions. Polymerization of pyrrole can be 
performed either by electrochemical methods [20], or by oxidative 
polymerization in the presence of a catalyst (Fe3+, Cu2', 12, Br2, Ag' or AsF5) 
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[21-241. According to Dias et al. [25], among all of these oxidants, Fe3+ affords 
the polymer with the best conductivity properties. Furthermore, an arrangement 
of polymeric pyrrole chains in a planar conformation facilitates that the 
formation of a p-conjugated system similar to the graphene sheets present in the 
graphite structure. Besides acting as a polymerization catalyst [26], Fe3+ also 
acts as a catalyst for the formation of graphitic domains during carbonization at 
temperatures far below those used in the synthesis of graphitic carbons. For 
these reasons Fe3+ has been most often used as a catalyst for the preparation of 
carbon inverse replicas of OMSs. 

The polypyrrole-based carbons have been prepared via vapour deposition of 
pyrrole, incipient wetness impregnation and aqueous solution routes using SBA- 
15 as a hard template. The incipient wetness impregnation of an alcoholic 
solution containing Fe3+ onto the silica template containing the adsorbed pyrrole 
[15, 17, 181 presents some drawbacks because pyrrole is volatile and toxic. Also, 
it is very difficult to determine accurately the wetness point in this process 
because pyrrole may quickly polymerize on the external surface of the silica 
template and consequently, may block the ordered mesopores and prevent the 
penetration of catalyst into the interior of these pores. Thus, the resulting 
carbons may have large structural defects after template removal. The gas phase 
infiltration of pyrrole into pores of the silica template [19, 27-29] not only 
eliminates the use of solvents but also allows one to control the pyrrole uptake 
by adjusting the adsorption properties of the template and the catalyst loading. 

So far, there are a few reports on the polypyrrole-based carbons obtained by 
using the SBA-15 template; these reports are focused on the effect of the 
catalyst loading [19], on the amount of doped nitrogen [13-151 and on the 
possibility of obtaining OMCs with magnetic nanoparticles [30]. Other 
parameters such as the effect of the template used (SBA-15) on the chemical 
vapour infiltration and the effect of carbonization temperature have not been 
investigated yet. In the present work the polypyrrole-based carbon inverse 
replicas of various iron supported-SBA- 15 templates were successfully prepared 
via chemical vapour infiltration method. Furthermore, the effect of the 
carbonization temperature on the final adsorption and structural properties of the 
resulting OMC replicas was studied by nitrogen adsorption at -196"C, small 
angle powder X-ray diffraction (XRD), thermogravimetry and CHNS elemental 
analysis. 

A series of the SBA-15 templates having different porous structures were 
obtained by varying the time and temperature of hydrothermal synthesis. This 
series was used to study the effect of pore width, mesopore volume and pore 
connectivity on the properties of the resulting carbon inverse replicas. 
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Furthermore, the width of carbon rods, the specific surface area and porosity of 
these replicas were tailored by adjusting the carbonization temperature. 
Although the percentage of nitrogen decreased with increasing carbonization 
temperature, the resulting OMCs do not lose completely of nitrogen even at 
1000°C. Importantly, thermogravimetric analysis showed an increase in the 
degree of graphitization with increasing carbonization temperature. 

2. Experimental 

2.1. 

SBA-15 was synthesized according to the method reported by Zhao [31], in 
which 2.00g of poly(ethy1ene oxide)-poly(propy1ene oxide)-poly(ethy1ene 
oxide) triblock copolymer (E020P070E020; Pluronic 123 from BASF) was added 
to 74 mL of 1.7 M aqueous solution of hydrochloric acid and stirred for 4 hours 
at 4OOC. Next, tetraethyl orthosilicate (TEOS from Acros Organics) was added 
dropwise at the mass ratio of TEOS/P123 = 2 and the mixture was vigorously 
stirred for 2 to 6h. Finally, the gel was transferred to Teflon-lined sealed 
containers and kept at 60, 100 and 14OOC for 72, 48 and 24h, respectively, under 
static conditions; the resulting samples were labelled as SBAl5-60, SBA15- 100 
and SBA15-140, respectively. The final products were filtered, washed with 
water and dried for 24 hours at 80°C. The as-synthesized samples were calcined 
at 540°C for 3 hours under N2 atmosphere and for 2 hours under flowing air. 

Carbon inverse replicas were prepared by using about 0.50g of the 
template-free SBA-15, which was stirred for -2h in an iron chloride solution 
containing 0.80g of anhydrous FeCI3 (Acros Organics) in 50mL of ethanol 
(Sigma-Aldrich). Next, the solvent was allowed to evaporate at 60°C for at least 
12h under air atmosphere; this process was continued for at least two additional 
hours at 80°C under vacuum. The iron-supported silica was exposed to pyrrole 
vapour for -24h in a sealed chamber at reduced air pressure to facilitate the 
evaporation of the monomer. The resulting Fe-containing pyrrole-SB A- 15 
composite was divided to four equal parts, which were respectively carbonized 
in flowing nitrogen at 700,800,900 and 1 OOO°C using a heating rate of S°C.min- 
I ;  each sample was kept in flowing nitrogen for additional 3h at the final 
carbonization temperature. The resulting nanocomposites were treated with HF 
(48% w/w) for 24h at room temperature to remove the silica templates. Finally, 
the carbon samples were washed with water and dried at 80°C under vacuum. 
These carbon samples were labelled as CPPy-x-y where x indicates the 
hydrothermal treatment temperature of SBA-15 and y denotes the carbonization 

Synthesis of SBA-I5 and Carbon Materials 
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temperature. 

2.2. Characterization 

The silica templates, carbon-silica nanocomposites and final carbon replicas 
were studied by nitrogen adsorption, small angle powder XRD, 
thermogravimetry (TG) and CHNS elemental analysis. 

Nitrogen adsorption isotherms were measured at -196°C using ASAP 2010 
and ASAP 2020 volumetric adsorption analyzers from Micromeritics, Inc. 
(Norcross, GA). Prior to each measurement all samples were degassed under 
vacuum at 200°C for 2 h. The specific surface area was determined by the 
standard BET method in the relative pressure range of 0.05-0.2. The pores size 
distribution (PSD) curves were calculated using the BJH method for cylindrical 
pores improved by Kruk, Jaroniec and Sayari (KJS) [32]. 

The small angle powder XRD measurements were conducted in the range of 
0.04"<2&3.50" on a PANalytical, Inc. X'Pert Pro Multi Purpose Diffractometer 
with Cu Ka radiation, using 40mA and an operating voltage of 40kV, 0.01" step 
size and 20s step time. 

The TG measurements were performed on a TA Instruments TGA 2950 
thermogravimetric analyzer using a high-resolution mode. The curves were 
recorded under flowing air with a heating rate of lO"C.min-' and fmal 
temperature of 800°C. 

Quantitative analysis of carbon and nitrogen was made using a LECO 
CHNS-932 elemental analyzer (St. Joseph, MI). 

3. Results and Discussion 

3.1. XRD Studies 

As shown in Figure lA, the XRD patterns for three SBA-15 samples are 
characteristic for 2-D hexagonally ordered cylindrical mesopores (p6mm 
symmetry group). At least three peaks are present in the small angle range 
indicating a good ordering of mesopores in these samples. The most intense 
reflection is assigned as 100; it shifts towards higher angles with decreasing 
temperature of the hydrothermal synthesis from 140 to 60°C. These results show 
a decrease in the unit cell of these materials from 11.3 to 9.8 nm with decreasing 
temperature, which agrees with previous findings (e.g., see ref. [33]). 

Figures lB, C and D show the XRD patterns for the carbon inverse replicas, 
having an intense 100 reflection; other week reflections, characteristic for p6mm 
symmetry group, are visible for the carbon samples templated by using SBA15- 
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100 and SBA15-140 samples. The unit cell parameters calculated from the 100 
reflections vary from 9.0 nm for the SBA15-60-templated carbon to 9.9 nm for 

the carbon obtained with help of 
SBA15-140 at the same 
carbonization temperature of 
700°C. Within each set of the 

using the same silica template 
the unit cell parameter decreased 
with increasing carbonization 

(see Table l), which is attributed 
to a larger shrinkage of these 
nanostructures at higher 
carbonization temperatures. 

3.2. Nitrogen Adsorption 

Nitrogen adsorption isotherms 
c for both SBA-15 template 
v Id materials and the corresponding 
.- 2. carbon replicas are shown in 

carbon samples prepared by 
SBAIS-140 

temperature from 700 to 1000°C 3 

0.6 0.9 1.2 1.5 1.8 2.1 Od 0.9 1.2 I S  2.1 

Figure 2; the corresponding 
adsorption parameters are listed 
in Table 1. The isotherms for the 
silica template materials possess 

0.6 0.9 1.2 1.5 1.8 2.1 0.6 0.9 1.2 1.5 1.8 2.1 steep 
steps, which suggest highly 

Figure 1. Small angle XRD patterns for the 
SBA-15 samules studied (A) and the pores. The high BET . ,  
corresDondine inverse carbon reDlicas (B-D). surface area, in the range from 

600 to 1000 m2/g, decrease with 
increasing temperature of hydrothermal synthesis, which is associated with an 
enlargement of ordered mesopores as well as interconnecting smaller pores. 
These observations are confirmed by the PSD curves calculated by using the 
improved KJS method [32] (Figure 3A). As can be seen from Figure 3A, the 
SBA-15 samples obtained at 60 and 100°C clearly possess larger fractions of 
complementary pores (below 3nm) then SBA-15 prepared at 140"C, PSD of 
which shows a narrow peak reflecting mainly large primary mesopores. The 
single-point pore volume for SBAl5-60 is smaller than those for SBA15-100 



339 

and SBA15-140, whereas the volumes for two latter samples are similar. 
However, the volume of complementary pores gradually decreases with 
increasing temperature of hydrothermal synthesis. The contribution of these 
pores to the total pore volume diminishes from about 30% for SBA15-60 to -3% 
for SBA15-140. Furthermore, the PSD curves are narrow for all silica templates 
and possess maxima at 7.4, 9.5 and 9.9 nm for the SBA-15 samples prepared at 
60, 100 and 140°C, respectively. 
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Figure 2. Nitrogen adsorption isotherms measured at -196°C for the SBA-15 samples studied (A) and 
the corresponding inverse carbon replicas (B-D). Adsorption isotherms were offset by 300 and 850 
cc STP/g for SBA15-100 and SBA15-140, respectively (Panel A), by 250, 350 and 600 cc STP/g 
for CPPy-60-800, CPPy-60-900 and CPPy-60-1000, respectively (Panel B), by 250, 500 and 750 cc 
STP/g for CPPy-100-800, CPPy-100-900 and CPPy-100-1000, respectively (Panel C), and by 150, 
400 and 700 cc STP/g for CPPy-140-800, CPPy-140-900 and CPPy-140-1000, respectively (Panel 
D). 

Figure 4 shows nitrogen adsorption isotherms and the corresponding PSDs 
for selected silica-carbon composites. For these samples much smaller pore 
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volumes and condensation steps are observed, which shows that only a small 
fraction of mesopores remained partially unfilled. The PSD curves obtained for 
these nanocomposites were used to estimate the carbon film thickness in the 
interior of siliceous mesopores [34]. The difference between the mesopore 
widths of the silica templates and those of the carbon-silica nanocomposites 
should be approximately equal to the carbon film thickness. This thickness was 
estimated to be about -2.7nm for the aforementioned composites. Also, the 
broader PSD curves for these composites in the range of larger mesopores 
suggest a non-uniform carbon layer. 

Table 1. Structural properties of ordered mesoporous silica and carbon samples. 

Sample SBET v s p  vc WKJS wd Wcmd WCMK 
(mz/g) (cm3/g) (cm’/g) (nm) (nm) (nm) (nm) 

SBAl5-60 1027 0.93 0.29 7.4 7.0 
CPPy-60-700 657 0.75 0.40 - 8.06 2.34 
CPPv-60-800 578 0.58 0.35 - 8.53 2.00 
CPG-60-900 823 0.62 0.46 - 8.21 1.52 
CPPy-60-1000 485 0.68 0.38 - 7.67 2.06 
SBA15-100 898 1.27 0.14 9.5 9.6 
CPPy-100-700 696 0.79 0.04 4.7 6.92 4.68 
CPPy-100-800 700 0.79 0.05 4.7 6.82 4.51 
CPPv-100-900 756 0.88 0.04 4.7 6.46 4.74 

d a  
(nm) (nm) 

8.5 9.8 
7.8 9.0 
7.9 9.1 
7.3 8.4 
1.3 8.4 
9.8 11.3 
8.7 10.0 
8.5 9.8 
8.4 9.7 

CPP;-lOO-lOOO 678 0.81 0.04 4.7 6.47 4.46 8.2 9.4 
SBA15-140 592 1.26 0.04 9.9 9.9 9.7 11.1 
CPPy-140-700 486 0.63 0.02 5.5 7.17 4.30 8.6 9.9 
CPPy-140-800 690 0.74 0.04 5.5 6.73 4.34 8.3 9.5 
CPPy-140-900 627 0.66 0.04 5.1 7.04 4.16 8.4 9.7 
CPPy-140-1000 356 0.53 0.02 5.2 6.98 3.69 8.0 9.2 

SeET,the BET specific surface area; V,, the total pore volume calculated at 0.99 p/po; WKJS, the pore 
diameter calculated using the improved KJS method; wd, w, ,d, WCMK, the parameters calculated fTOm 
geometrical equations; d, the d-spacing; a; the unit cell parameter. 

Nitrogen adsorption isotherms for the carbon inverse replicas (Figure 2 B-D) are 
type IV. The capillary condensation steps visible on these isotherms are located 
at lower relative pressures than those for the silica templates, reflecting smaller 
sizes of mesopores present in the carbon replicas in comparison to those in the 
SBA-15 templates. The capillary condensation steps visible on the adsorption 
isotherms for the carbons prepared by using the SBA- 15- 140 and SBA- 15- 100 
templates are steeper than those for the remaining carbons, indicating the 
presence of more uniform pores in the former samples. Note that all the carbon 
replicas listed in Table 1 possess quite high BET surface areas, up to 800 cm2/g. 
For the carbon replicas templated by SBA15-60 and SBA15-100 the surface 
area values are always lower than those for the corresponding silica templates; 
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however, this is not the case for the SBA15-140-templated carbons. The largest 
differences between the surface areas of the carbon replicas and the 
corresponding silica templates are observed for the series of CPPy-60 carbons. 
For the latter series, this reduction in the BET surface area was about 50% for 
the carbon treated at 1000°C. A relatively large nitrogen uptake for the CPPy-60 
carbons is caused by the presence of fine pores (mostly micropores), which 
represent about 50% of the total pore volume. In contrast, both series CPPy-100 
and CPPy- 140 exhibit reduced nitrogen adsorption at low relative pressures, 
suggesting a smaller microporosity of these carbons in comparison to the CPPy- 
60 carbons (see Table 1). 

2.0 , , 0.20 , 1 
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Figure 3. Pore size distributions calculated from nitrogen adsorption isotherms for the 
samples studied (A) and the corresponding inverse carbon replicas (B-D). 

SBA-15 

The single-point pore volumes of the carbons studied are in the range of 0.6 
to 0.8 cm3/g, which are lower than the corresponding pore volume of the silica 
templates. For CPPy-60 carbons the fraction of micropores is about 50-70% of 
the single-point pore volume; it is much larger than the corresponding value 
(about 30%) for the silica template. However, the CPPy-100 and CPPy-140 
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carbons are mostly mesoporous with a small percentage of micropores (about 

Shown in Figure 3 B-D are the PSD curves for the carbon inverse replicas 
calculated by using the improved U S  method. The pore widths at the maximum 
of PSDs listed in Table 1 are about 4.7 and 5.3 nm for the CPPy-100 and CPPy- 
140 carbons, respectively. Each of these PSD curves shows one main peak 
located at the aforementioned values of the pore width and a distinct shoulder or 
peak in the micropore range (about 2 nm). In the case of CPPy-100 there is an 
additional shoulder (6-8 nm) at lager pores, which may be originated from 
incomplete filling of the mesopores of the silica template (carbon pipes) (see 
Figure 4 showing PSDs for two composites). In the case of the CPPy-60 carbons 
the PSD curves shift to the micropore range and it is difficult to distinguish fine 
pores in the carbon matrix from those between carbon rods due to the peak 
overlapping; mainly larger mesopores are observed for the carbon prepared at 
looooc. 
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Figure 4. Nitrogen adsorption isotherms and corresponding pore size distributions for two different 
silica-carbon composites carbonized at 800°C. 

In addition, the pore widths for the carbon inverse replicas of SBA-15 were 
calculated using the geometrical relation between the pore volumes obtained by 
integration of PSDs and the d-spacing from the small angle XRD data [34]. The 
resulting values of the pore width are listed in Table 1; they are in the range of 
4.46-4.74 nm and 3.69-4.34 nm for the CPPy-100 and CPPy-140 carbons, 
respectively. These values are comparable with those obtained by the KJS 
method; the observed difference between both calculation methods is expected 
because the KJS method is applicable for cylindrical mesopores, whereas 
mesopores in the carbon replicas represent the space between hexagonally 
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CMK-3 CMK-5

Scheme 1. Illustration of the
CMK-3 and CMK-5 structures.

ordered carbon rods. An appropriate geometrical equation was also used to
estimate the thickness of the carbon rods for the CPPy-100 and CPPy-140
samples (Table 1). This estimation shows that slightly thicker carbon rods were

obtained for the template with larger pore widths;
the resulting values are in the range of 6.5-6.9 nm
and 6.7-7.2 nm for the CPPy-100 and CPPy-140
carbons, respectively.
Polymerization of pyrrole inside pores of SB A-15
followed by carbonization gives the carbon-silica
composites in Scheme 1, illustrating two types of
possible carbon nanostructures, CMK-3 and
CMK-5. The formation of these nanostructures
can controlled by the amount of the carbon
precursor introduced into mesopores of the SBA-
15 templates. The nanostructure composed of

hexagonally ordered carbon rods is denoted CMK-3. This structure is obtained
by a complete filling of the ordered mesopores of the silica template [34];
however, an incomplete filling of these mesopores results in hexagonal
arrangement of carbon pipes, known as CMK-5 [35,36]. Note that both CMK-3
and CMK-5 are extreme models and in practice some hybrid carbon
nanostructures can be formed.

On the basis of nitrogen adsorption isotherms for the selected carbon-silica
composites (Figure 4) it was possible to predict the predominant scenario. The
composites studied exhibited a small nitrogen adsorption, which suggests an
incomplete filling of the mesopores of SBA-15; this is especially true for
SBA15-100. During the chemical vapor infiltration, the degree of filling of the
template pores with polymeric carbon precursor depends on the ability of the
monomer, pyrrole, to diffuse and reach the catalyst within these pores. To
enhance the diffusion of monomer molecules in the siliceous mesochannels and
to facilitate the filling of these channels with carbon precursor, the presence of
larger interconnecting pores in the template is essential. Since a better
connectivity between ordered mesopores was achieved for SBA15-140, the
quality of the carbon inverse replicas of SBA15-140 is better in comparison to
the remaining carbons.

3.3. Thermogravimetric and CHNS Elemental Analysis

The TG curves for the CPPy-60 and CPPy-140 carbons are presented in
Figure 5. These curves recorded under air show 2-3 major TG events. The first
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major weight loss occurs in the range of 400-450°C; it can be attributed to the 
oxidation of amorphous carbon. The second, or even the third, events at -550- 
700°C are usually attributed to the carbons having graphitic domains; the 
corresponding weight loss in this range depends on the amount of graphitic 
carbon [15]. The percentage of the latter weight loss increased for the carbons 
with increasing carbonization temperature. For instance, the values of the weight 
loss at -550°C for the carbons templated by SBAl5-60 are higher than those for 
the corresponding carbons templated by SBAl5- 140, which suggests higher 
percentage of graphitic carbon in the former samples. Also, within each set of 
carbons a noticeable increase in the percentage of graphitic carbon is observed 
with increasing carbonization temperature fiom 700 to 1000°C. 
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Figure 5. Weight change patterns for the CPPy-60 and CPPy-140 carbons. 

Another important property of 
the carbons studied was revealed 

Name of sample c %  N% C/N by the CHNS elemental analysis, 

Table 2. Carbon and nitrogen elemental analysis data 
for ordered mesoporous carbons studied. 

ratio which showed the presence of 
75,26 3,64 20,7 nitrogen in all samples, even CPPy-60-700 63.43 4.70 13.5 

CPPY-60-800 
PPy-20-900 83.18 3.54 23.5 after carbonization at 1000°C. 

77.97 2.93 26.6 The CHNS analysis shows 

CPPy-100-800 68.95 5.11 13.5 higher %N values than those 
CPPy-100-900 70.53 3.81 18.5 reported previously for 
cPPy-100-1000 64.62 2.45 26.4 
CPPy-140-700 61.76 7,98 7,7 mesoporous carbons synthesized 

CPPy-60-1000 
CPPy-100-700 76.01 7.47 10.2 

CPPy-140-800 71.42 5.08 14.1 from nitrogen-containing 
67.27 3.23 20.8 precursors [13, 151. As can be 

seen in Table 2, the nitrogen 

CPPY-140-900 
CPPy-140-1000 74.38 2.73 27.2 

contents are in the range of 3-7 wt %. For all samples studied the carbon- 



345 

nitrogen (CN) ratio shows almost linear dependence on the carbonization 
temperature; this ratio increases with increasing carbonization temperature, 
indicating a gradual reduction in the nitrogen content for the carbons studied. 

4. Conclusions 

Ordered mesoporous carbons were successfully synthesized via hard -ternplating 
route. This study shows the effect of the silica template properties on the 
adsorption and structural properties of the resulting carbon replicas. Not only the 
SBA- 15 templates with larger mesopores were studied, but also those with better 
interconnectivity were examined in order to enhance the diffusion of pyrrole 
vapor within channels of the template. Furthermore, this work shows that the 
carbonization temperature plays an important role in the formation of carbon 
replicas, This temperature was also essential for tailoring the nitrogen content in 
the carbon replicas as well as for promoting the formation of graphitic domains 
in the presence of an iron-containing catalyst. 
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MONO AND BIMODAL POROSITY BY PYROLYSIS OF BLOCK 
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The porosity of block copolymer poly(styrene)-block-poly(4-vinyl pyridine) templated 
phenolic resin can be controlled by pyrolysis conditions. At approximate 40 wt.-% 
poly(styrene) content the complex consists of poly(styrene) cylinders in poly(4-vinyl 
pyridine)-phenolic resin matrix. Slow heating to 420 "C results in the degradation of 
poly(styrene) while keeping the structure intact. At this point the material is mesoporous 
with total surface area of 40 m2/g as indicated by Brunauer-Emmet-Teller method. 
Subsequent isothermal treatment at this temperature leads to further degradation of 
poly(styrene) and also poly(4-vinyl pyridine), the latter resulting in well-defined 
microporous structure in addition to the mesopores. 

1. Introduction 

Well-defmed narrow pore size distribution hierarchical porous systems can lead 
to enhanced transport properties over large distances compared to wide pore size 
distribution materials. In these materials macropores and/or mesopores form 
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Stowterapesteis Prolonged Mote-sal

Poljr(4-vtaylpjtwjlt»)

Figure 1 . a) A schematic presentation of P4VP-6-PS hydrogen bonded with phenolic resin, b) Due
to the hydrogen bonding, the phenolic resin remains in the P4VP domains when the block
copolymer microphase separates. After crosslinking of the resin, the structure is frozen, c) Slow
heating at a rate of 1 °C/min to 420 °C leads to mesopores when PS cylinders degrade. The P4VP
chains degrade in prolonged isothermal treatment at the same temperature and microporosity is
obtained. Note the OH groups which are left at the pore walls when PS is pyrolyzed.

channels which promote the transportation and micropores act as sites of
selectivity and activity. Such hierarchically porous materials have been
investigated for example for biomaterials engineering, electrode materials,
catalysis, filters and separation [1,2].

Block copolymers which readily self-assemble into various structures are
feasible templates for mesoscopically structured materials [3]. The interplay
between entropy and surface energy between the different polymer blocks leads
to microphase separation and results in periodic phases such as spherical,
cylindrical and lamellar [4]. The phase and characteristic length can be tailored
by choosing the volume fractions of different constituents and the molecular
weight of the block copolymer accordingly.

The idea behind this work is schematically illustrated in Figure 1 . If one of
block copolymer' s blocks forms strong enough hydrogen bond between phenolic
hydroxyls of uncured phenolic resin, the resulting microphase separated structure
is preserved even after curing [5-8]. In this work poly(styrene)-Woc£-poly(4-
vinyl pyridine) (see Figure la) (PS-6-P4VP) was used as the template. The block
copolymer template can then be removed by pyrolysis while preserving the
original structure (see Figure Ic) [5, 9]. As has been shown, PS weight fraction
of 40 % leads to cylindrical PS domains in P4VP-phenolic resin matrix [9].
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Here, we present a method to control the final porosity by the pyrolysis 
conditions. 

2. Experimental 

2.1. Materials 

PS-b-P4VP diblock copolymer (number average molecular weight Mn,ps = 40 
000 g/mol, Mn,p4vp = 5600 g/mol) by Polymer Source Inc. was used as received. 
Phenolic resin (Novolac) was received from Bayer (Vulcadur Rl3). 
Hexamethylenetetramine (HMTA) by Aldrich was used as crosslinking agent. 
Tetrahydrofuran (THF) was acquired from Riedel-de Haen. 

2.2. Sample Preparation 

In order to obtain cylindrical structure, the weight fraction of PS was chosen to 
be 40 % of the whole complex. The ratio of weights between Novolac and 
HMTA was 88:12. All three materials were dissolved in THF separately and the 
solutions were combined, stirred and finally the solvent was evaporated in room 
temperature. The samples were dried at 30 "C in a vacuum oven for one day 
prior to curing which was accomplished as follows: 100 "C for 2 h, 150 "C for 2 
h and 190 "C for 2 h. The rate of heating between the isothermal plateaus was 1 
"C/min. Pyrolysis was done without protective gas atmosphere kom room 
temperature to 330-420 "C by slowly heating at 1 'C/min. At the final 
temperature of 420 "C, heating was ceased and an isothermal treatment of 0, 15, 
30,60 and 120 minutes was performed. 

2.3. TEM 

The TEM was performed by Tecnai 12 using a 120 kV accelerating voltage and 
40-70 nm thick microtomed samples. 

2.4. PALS 

PALS measurements were performed with a fast-fast coincidence timing 
spectrometer with a time resolution of 0.270 ns (FWHM) determined from a 
6oCo prompt spectrum. A "Na positron source with an activity of 8 pCi was 
deposited and sealed between two thin aluminium foils. Two films (thickness ca. 
400 pm) of sample material was stacked on the both sides of the source. This 
"sandwich" was placed between two scintillation detectors. A positron lifetime 
spectrum of more than million counts was accumulated kom every sample and 
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averaged over ten measurements. The results were analyzed by PATFIT-88 
program. The results were interpreted in terms of three component lifetime. 

2.5. BET 

The surface area measurements were performed with a Coulter Omnisorp 1 OOCX 
gas adsorption instrument using static volumetric adsorption and desorption 
method. After loading the sample it was first evacuated at room temperature to a 
pressure of l.104 Torr or lower. Then the evacuating temperature was raised 
first to 90 "C and evacuated for at least 30 minutes prior to raising the 
temperature to final evacuation temperature of 200 "C until the pressure went 
below l. lO- '  Torr, which typically took between 3 and 4 h. Nitrogen was used as 
an adsorptive gas and measurements were done in a liquid-nitrogen bath at 77 K. 
Adsorption isotherms were measured by dosing nitrogen to the sample and 
measuring the adsorbed amount as a function of nitrogen pressure. 

2.6. UV-vis Spectroscopy 

The spectra were measured with as Perkin-Elmer Lambda 950 
spectrophotometer in the wavelength range 250-900 nm. MB was received from 
Fluka (97 %) and it was dissolved in Milli-Q water at a weight fraction of less 
than 0.013. The samples were grounded by mortar and immersed into the 
solutions in such amounts that the number of MB molecules was 6.25 % of the 
nominal moles of the hydroxyl groups of the phenolic resin. 

3. Results and Discussion 

The materials were prepared as explained in the Experimental section. The TEM 
image in Figure 2b shows the cylindrical structure of the starting material. 
Previous experiments suggested that the pyrolysis temperature should not exceed 
ca. 420 "C because the cured phenolic resin would be removed in higher 
temperatures [9]. Also, heating rate was fixed at 1 "Ch in  to minimize the 
deformation of the material. Thus, pyrolysis conditions as shown in Table 1 were 
used. The pyrolysis of three samples was stopped when a certain temperature 
was reached while rest of the samples received isothermal pyrolysis at 420 "C 
after the heating phase. Additionally, the table shows results of Brunauer- 
Emmett-Teller method (BET) for evaluation of porosity of the samples. Phenolic 
resin only reference samples are not porous even after 120 minutes of isothermal 
treatment at 420 "C while the porosity of the PS-b-P4VP templated samples 
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Table 1. The pyrolysis conditions, resulting surface areas and pore diameters of cured PS-b-P4VP- 
phenolic resin complexes with PS weight fraction of 40%. The diameters of mesopores are obtained 
from E M  images and the diameters of micropores from PALS by means of a simple quantum 
mechanical model. 

Sample Pyrolysis conditions Total Mesoporous Microporous 
surface area surface area surface area 

Final Isothermal [m'g-'] [m'g-'] [m'g-'] 
temperature treatment (mesopore (micropore 

["CI diam. [nm]) diam. [nm]) 

phenolic resin 

PS-b-P4VP-phenolic 
resin 

330 

360 

390 

420 

420 

420 

420 

420 

120 min at 420°C 

0 min at 420°C 

15 min at 420°C 

30 min at 420°C 

60 min at 420°C 

120 min at 420°C 

<5 

24 

40 

260 

361 

456 

557 

22 (30) 

25 (30) 

95 (30) 

105 (30) 

101 (30) 

66 (20) 

2 (0.295) 

15 (0.282) 

165 (0.282) 

256 (0.282) 

356 (0.282) 

491 (0.282) 

increases during the last steps of the heating and subsequent isothermal 
treatment. 

The start of the development of the mesopores in the material, as indicated 
by BET in Table 1 (some adsorption isotherms shown on Figure 3), is clearly 
seen in transmission electron microscope (TEM) micrograph shown in Figure 2c. 
The PS cylinders start to degrade at a temperature a couple of dozens of 
centigrades below the final isothermal pyrolysis temperature at 420 "C. The 
maximal surface area of mesopores is reached after 30 minutes at 420 "C. Figure 
2a shows a three dimensional (3D) tomography of the material after 60 minutes. 
Prolonged pyrolysis at the same temperature leads to the deformation of the 
matrix and the hollow cylinders collapse. The BET measurements reveal the 
development of micropores during the isothermal treatment. This is seen in the 
adsorption isotherms in Figure 3. The micropores are attributed to the removal of 
P4VP chains from the material. Their development has been further investigated 
by positron annihilation lifetime spectroscopy (PALS). Ortho-positronium (0-Ps) 
p i ck -up  ann ih i l a t ion  l i f e t ime  i s  d i r e c t l y  r e l a t e d  t o  the  mean 
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free-volume (microporosity) size. The intensity of the o-PS lifetime is often
attributed to the micropore volume density. The pick-up annihilation lifetime
was found to be constant until a temperature of 390 °C is reached, whereas the
intensity drops upon the heating. The phenomenon can be explained by the
preferential localization of o-Ps in the mesopores formed by degraded PS. When
the final temperature is reached, the lifetime falls by 0.175 ns to a value where it
stays constant during the isothermal treatment. The intensity, on the other hand,
increases after long enough isothermal treatment time. The drastic change in the
lifetime can be interpreted as a result of the formation of micropores as P4VP
chains are degraded from the cured P4VP-phenolic resin matrix. This is in
agreement with the BET results shown in Table 1, even though no correlation
was obtained between the pore number derived from the intensity value and the
BET results.

Figure 2. a) 3D TEM tomograph of microtomed thin section of cured PS-P4VP-phenolic resin
complex isothermally pyrolyzed at 420 °C for 60 min. Rendered in isosurface mode, b) TEM image
of the cured complex. PS (light domains) forms hexagonal cylindrical structures, c) Complex
heated to 360 °C at a rate of 1 °C/min which results in PS is cartiallv removed from the material.
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Figure 3. Adsorption isotherms of cured block copolymer-phenolic resin samples after pyrolysis in 
different conditions. P and PO are the pressure of nitrogen and saturated nitrogen at 77K, 
respectively. 

The size of the micropores can be roughly estimated by means of a simple 
quantum-mechanical model, where the 0-Ps is approximated to be localized in an 
infinite spherical potential well. This estimation results in an average micropore 
radius of 0.27 nm. 

The OH groups on the mesopore walls were probed by methylene blue 
(MB) absorption rate experiment. There is a strong hydrogen bonding between 
the nitrogen containing aromatic ring of MB and the hydroxyl groups. The 
unpyrolyzed sample does not absorb MB at all while the samples heated to 330, 
360, 390 and 420 "C absorb only a small amount of dye. In contrast, the samples 
which received isothermal treatment subsequent to heating to 420°C absorb MB 
more rapidly and the absorption does not level off even after six months. 

4. Conclusions 

Our work has shown that it is possible to achieve hierarchical porosity by using 
self-assembled block copolymers as templates. Degradation of the PS block in 
the PS-b-P4VP-phenolic resin complex results in mesoporous material with 
hydroxyl groups on the pore walls. These can be readily utilized as absorption 
sites as our MB experiments show. Also, the OH groups are chemically active 
and are thus potential sites for further fkctionalization. Microporosity is 
achieved by isothermal treatment after heating. This is due to the degradation of 
the P4VP chains within the cured phenolic resin matrix. The formation of both 
meso and micropores can be controlled by the degradation conditions. With the 
fact that the size of the mesopores can be changed by varying the molecular 
weight of the block copolymer, this results in highly customizable hierarchically 
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porous material. With the molecular weight of PS-b-P4VP used in this study, 
mesopores with a diameter of ca. 30 nm were obtained. Currently we are 
investigating the possibility to infiltrate colloidal crystals with PS-b-P4VP- 
phenolic resin complex. These systems are expected to be hierarchically porous 
in three levels: The degradation of the colloidal crystal results in well-defined 
macropores whereas the degradation of the block copolymer-phenolic resin 
complex results in the meso and microporous system presented here. We believe 
that such materials could be useful for sensors, separation materials, filters and 
templates for catalysis as they have high density of pores and the pore walls are 
covered by hydroxyl groups. The fact that the shape of these materials is not 
restricted (also they can be molded fixthemore) broadens the plethora of 
possible applications. 
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UNIFORM POROSITY IN MODIFIED CARBON CRYOGELS 

SAGHAR SEPEHRI, BETZAIDA BATALLA GARCh, QFENG ZHANG, AND 
GUOZHONG CAO 

Materials Science & Engineering, University of Washington, 302 Roberts Hall, Box 
352120, Seattle, Washington, 98195 

Resorcinol formaldehyde derived carbon cryogels with narrow pore size distribution 
were obtained via chemical modification using ammonia borane. This chemical 
modification was achieved by adding ammonia borane (AB) to the hydrogels during the 
solvent exchange stage. Nitrogen sorption analysis, scanning electron microscopy, X-ray 
photoelectron spectroscopy, and electrochemical impedance spectroscopy are used to 
investigate the pore structure, morphology, and electrochemical properties of the 
modified carbon cryogel. After pyrolysis, the AB modified carbon cryogels have a 
uniform porous structure, increased surface area, larger mesopore volume, and a narrow 
pore size distribution in comparison to the untreated precursor. Moreover, electric 
double-layer supercapacitors made from the AB modified samples show 
pseudocapacitive behavior, higher current density and capacitance. 

1. Introduction 

Among the porous carbon materials, carbon aerogels (CAs), possessing a range 
of desirable properties, including tunable mass densities, continuous porosities, 
and high surface areas, have been the subject of considerable attention for 
numerous applications [ 1-61, The physical, chemical, and electrochemical 
characteristics of CAs depend strongly on the fabrication method; therefore, 
different synthesis and processing methods can be used to produce tailored gels 
for specific applications. CAs can be made from organic hydrogels generated by 
the sol-gel polycondensation of organic monomers such as resorcinol (R) and 
formaldehyde (F) in aqueous solution in the presence of a polymerization 
catalyst [7]. The aerogel is produced by drying the resorcinol-formaldehyde (RF) 
hydrogel supercritically. Hydrogels may be alternatively subjected to freeze- 
drying to produce cryogels or be converted into xerogels by vacuum or air 
drying. Freeze-drying is as an appealing alternative to the expensive supercritical 
drying employed to produce CAs, while still producing similar porous structures 
[8]. Pyrolysis of hydrogels usually decreases the pore volume, pore size and 
increases microporosity (by IUPAC classification regarding pore widths [9] : 
micropores <2nm, mesopores 2-50 nm, and macropores > 50nm) [lo]. For many 
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applications, a mesoporous structure with sharp pore size distribution and 
minimum microporosity is preferred [ l l ] .  In addition to tailoring the pore 
structure, doping carbon gels can provide them with altered or novel properties 
that expand their applications. An example is that doping carbon with nitrogen 
and boron has been shown to change the surface chemistry and improve its 
electrochemical properties [ 12,131. 

In a previous study, we investigated the hydrogen storage properties of a 
carbon cryogel - ammonia borane nanocomposites [14]. It was shown that 
ammonia borane (AB), NH3BH3, could be successfully dispersed throughout a 
carbon cryogel (CC) matrix by soaking CC in AB/THF solution. In this study, 
we used the same strategy to produce modified RF hydrogels that are doped with 
AB, followed by freeze-drying and pyrolysis to generate modified CCs. These 
materials contain nitrogen and boron, while their porous structure is still 
maintained. Our investigations confirm that this method homogenously disperses 
the dopants throughout the carbon cryogel structure and uniformly changes the 
CC morphology and structure. The modified CCs in this study, exhibit higher 
surface area and larger pore volume with a narrow mesopore size distribution. 
Also, the improvement in the current density and capacitance of the electric 
double-layer supercapacitors (EDLS) electrodes made from modified carbon 
cryogels indicates the doping elements are active in pseudocapacitive reactions. 
The nitrogen-boron co-doped mesoporous carbon cryogels here reported have 
the potential to be implemented in a variety of applications, including 
supercapacitors and hydrogen storage materials. 

2. Experimental Section 

2.1. Sample preparation 

AB-doped organic cryogels were prepared as previously reported [15]. In 
general, resorcinol (R) was mixed with formaldehyde (F) solubilized in distilled 
water (W), using sodium carbonate as a catalyst (C). The R/W ratio was 0.035 
g/ml, the FUC ratio was 200:1, and the FUF ratio was 0.5. The clear solutions 
were then poured into glass vials (inner diameteFl0 mm) that were then sealed 
and cured at 90°C for 7 days to complete the gelation process. The precursor 
dark red and transparent RF hydrogels were placed in ten times their volume of 
trifluroacetic acid solution (pH: 1.9) at 45°C for three days to stop the 
condensation reaction. Solvent exchange stage, which is necessary for freeze 
drying, was carried out by placing the gels in fresh t-butanol ten times their 
volume at room temperature for 24 hours and then repeated twice more With 
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fresh solution. For the modified samples, 2 wt% of ammonia borane (AB) was 
dissolved in t-butanol during the first solvent exchange step. The gels, initially 
dark red in color, changed to light red during this step. The rest of the solvent 
exchange process was done using fresh t-butanol to avoid the precipitation of 
residual ammonia borane in the pores of the gels. All the samples were freeze 
dried for a week under vacuum (at -50°C) to obtain the RF and ABRF (modified) 
cryogels. These cryogels were pyrolyzed for 4 hours at 105OOC (heating rate 
5"C/min and, nitrogen flow 25 mllmin), to produce carbon cryogels (CC) and 
ammonia borane modified carbon cryogels (referred hereinafter to as ABCC), 
respectively. However, it should be noted that after pyrolysis, ABCC is carbon 
cryogel codoped with boron and nitrogen. 

2.2. Characterization 

The pore structure of carbon cryogels was analyzed by means of nitrogen 
sorption at -196 "C using a Quantachrome NOVA 4200e instrument. Specific 
surface area, micropore and mesopore volumes were determined using multi 
point BET, t-method and BJH analyses, respectively. 

Surface morphology of the cross sections of the samples was studied by a 
JEOL JSM 7000F scanning electron microscope (SEM). RF samples for SEM 
were Pt coated in order to prevent charging. All X-ray photoelectron 
spectroscopy (XPS) were done on a thin slice of the samples, using a Surface 
Science Instruments S-probe spectrometer (sampling depth about 50 A, X-ray 
spot size 8OOpm). 

The electrochemical measurements, galvanic cycles (GC), cyclic 
voltammograms (CV) and electrochemical impedance spectroscopy were 
performed in a Solartron 1287A in a voltage range between 0 to 2V. The cyclic 
voltammograms were scanned at 10, 50 and lOOmV/s and the galvanic cycles 
measured at 0.5, 1, 5, 10, 50 and 1 O O m A .  Electrochemical impedance 
spectroscopy was done using the Solartron 1287A in conjunction to the 
Solartron 1260 FMimpedance analyzer, the samples were cycled and 
pretreated at +2V. The electrodes (thickness -O.O8mm, diameter -9mm) were 
prepared by grinding monoliths into a fine powder then mix with 3% wt of 
polytetrafluoroethylene (PTFE). Assembly and test of the 2-electrode 
electrochemical test cell took place under Argon. Tetraethylammonium 
tetrafluoroborate (TEATFB) in saturated 50/50 propylene carbonate 
(PC)/dimethylcarbonate (DMC) was used as the electrolyte. 
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3. Results and discussion

3.1. Scanning electron microscopy

The SEM images of RF and CC samples are shown in figures 1 through 3. One
can see that the modified cryogel samples (ABRF), (Fig. Ib), has a similar
morphology to RF samples (Fig. la).

Fig. 1 - SEM images of RF (a) and ABRF (b) samples (scale bar- lOOfim)
_

Fig. 2 - SEM images of CC (a) sample and ABCC (b) sample (scale bar=

BB

bji

Fig. 3 -SEM images of CC (a) sample and ABCC (b) samples (scale bar= lOOnm)

However, after pyrolysis CC and ABCC morphology is very different (Fig.
2 and 3). A more ordered porous structure consisting of smaller particles is
observed in the modified sample (Fig. 2b and 3b).
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3.2. X-ray photoelectron spectroscopy (XPS) 
XPS measurements on the cross section of carbon cryogel samples reveal the 
elemental changes in the modified sample due to incorporation of AB throughout 
the carbon structure. The result is shown in Table 1. It is known that substitution 
of boron in carbon can change the surface characteristics possibly by formation 
of B203 [16]. In our study a different surface chemistry is observed for the 
ABCC sample, where 2.2 wt% boron is observed and oxygen content tripled 
compared to the CC sample. Also notice the reduction in sodium levels in the 
ABCC sample. In addition, a very small Nls  peak (about 0.latomic %) was 
observed for the ABCC sample. Nevertheless, this nitrogen content may be also 
responsible for the electrochemical observation that is discussed later. 

Table1 -Elemental distribution at the surface of cryogel samples 

Sample C O N a B  
CC atomic content % 96.8 2.9 0.3 0 

masscontent% 95.6 3.8 0.6 0 

ABCC atomiccontent % 88.7 8.8 0 2.5 

mass content % 86.4 11.4 0 2.2 
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Fig.4- Nitrogen sorption isotherms of RF, ABRF (a) and CC, ABCC (b) samples (-196 "C). 

3.3. Nitrogen physisorption 

The nitrogen sorption isotherms for both CC and ABCC samples (Fig. 4) exhibit 
a type IV isotherm [9], with hysteresis associated with the dominance of 
mesoporosity. Before pyrolysis the RF samples exhibit larger pore volume and 
greater diameter compared to ABRF (Fig. 4a). After pyrolysis the amount of 
nitrogen adsorbed on CC is smaller than that on RF sample, which indicates 
reduced pore volume and smaller pores (possibly due to shrinkage) [lo]. For the 
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ABCC samples, on the other hand, the isotherm shifts toward higher nitrogen 
adsorption which means an increase in pore volume for ABCC samples 
compared to ABRF (Fig. 4b). 

The pore size distribution of the RF and ABRF samples shows a major 
concentration of pores of radii of about 6 and 11 nm, while higher volume of the 
latter size are observed in RF sample (Fig. 5a). However, after pyrolysis, the 
concentration of 1 lnm radius pores disappears, due to collapse of the pores, and 
a broad distribution of pore sizes is observed for CC sample. Conversely no such 
collapse is detected in the ABCC sample and a dominant concentration of pores 
with a radius of 1 lnm appears (Fig. 5b). 

2 6 10 14 1s 2 6 10 14 IS 
Pole Radliis 4 mi) Pole Kadius IIUU) 

Fig 5 - Pore size distnbutlon of KF, ABRF (a) and CC, ABCC (b) samples (BJH adsorption) 

The highly mesoporous structure of the samples is detailed in Table 2. Upon 
pyrolysis, the specific total surface area, (BET), slightly increases for CC sample 
while the mesopore (BJH) surface area decreases. This increase is attributed to 
the formation of micropores in the CC sample during the pyrolysis [17]. 
Micropore volume is halved in modified samples, compared to CC samples. 
While, about 80% and 55% enhancement in the total and mesoporous surface 
areas, respectively, is observed for ABCC samples indicating that the porous 
network in the ABCC is expanded by pyrolysis. 

Table2 - Porosimetry data for original samples and modified samples before and after pyrolysis 

BET Mesopore Micropore Mesopore Micropore BJH ads. 
Surface Surface Surface Volume Volume Pore Radius 

Sample ~ r e a  (m2/g) ~ r e a  (mz/g) ~ r e a  (mz/g) (cc/g) (CC/P) (nm) 
KF 464 359 1.08 10.9 

ABKF 377 312 0.92 6 
cc 494 307 44 0.75 0.028 4 

ABCC 613 484 17 1.78 0.012 10.8 
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3.4. Electrochemistry 

The cyclic voltammogram measurements for the ABCC sample had an increased 
current density over the ones made from CC (Fig.6a). In addition the capacitance 
of the ABCC device was 30% higher than that of the CC (Fig. 6b). This may be 
the result of two factors: altered pore structure and surface chemistry of the 
sample. Improved capacitive behavior has been observed in carbon materials due 
to the presence of active species that contribute to the total specific capacitance 
by the pseudocapacitive effect, while large specific surface area and porosity are 
essential for high current density and charge storage [ 181. 
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Figure 6- a) Cyclic voltammogram of AB and CC samples, b) Capacitance of samples vs. 1 / & . 
The constant behavior is characteristic of mesoporous or larger structures that are not affected by the 
electrolyte penetration [ 191. 

The pseudocapacitive behavior of the ABCC sample is presented in Figure 
7. For the ABCC sample measured at a scan rate of lOOmV/s, two distinct 
current peaks were observed during the first two cycles (Fig.7a), but were absent 
in a similar measurement for the CC sample. Such pseudocapacitive behavior 
may only be attributed to the sample’s chemical composition as the aprotic 
(organic) electrolyte used does not exhibit pseudocapacitance nor does it 
decompose in the applied voltage range. Introducing nitrogen atoms in carbon 
structures has been shown to create a pseudocapacitive effect and, thereby, 
improve their physiochemical properties of double-layer capacitors [20, 2 11. The 
galvanic cycles similarly exhibit a difference between ABCC and CC samples. 
While the CC has the symmetric triangular charge-discharge behavior typical of 
electric double-layer capacitors, this symmetry is lost in the ABCC samples (Fig. 
7b). This asymmetry is likely due to the reaction involved in the diffusion of new 
chemical species during or after the reaction. 
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Figure 7- a) First cyclic voltammograms for ABCC, b) Galvanic Cycles for CC and ABCC samples. 

The Nyquist plot of the two samples (Fig. 8) indicates contrasting effects in 
their bulk electrolyte properties [22]. The CC sample has a wide arch and an 
ESR of 22 ohms, while the Al3CC samples had only a small contribution from 
the bulk electrolyte properties and its ESR was only 6.3 ohms. The reduced bulk 
effect in the ABCC samples is possibly related to the small amount of large 
macropores, > lOOpm, present in this sample (Fig. 5b and Fig. 2a & 2b). At the 
low frequency range, the CC electrodes show signs of pore exhaustion and ideal 
capacitor behavior, while the Al3CC samples deviate from ideality (Fig. 8b). 
This deviation is likely a result of the pseudocapacitance in the ABCC 
electrodes. 
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Figure 8- a) Nyquist Plot at the high frequency (bulk impedance), b) Low frequency data 

The electrochemistry results for carbon cryogel samples confirm that the dopant 
in ABCC samples is electrochemically active and has introduced other charged 
species during potential cycling, while the CC sample relies completely on the 
electrolyte for active species in forming the electric double-layers. 
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4. Conclusions 

Nitrogen-boron codoped carbon cryogels (ABCC) can be readily synthesized by 
homogenous dispersion of ammonia borane (AB) in RF hydrogel during solvent 
exchange and followed by fkeeze-drying and pyrolysis at elevated temperatures 
in nitrogen, and such co-doping results in significant porous structure change and 
improved electrochemical properties. Higher mesoporosity, increased pore 
volume, larger specific surface area, more uniform mesopore size distribution, 
increased current density and specific capacitance were observed in ABCC 
samples as compared to CC samples. A further investigation on the effects of 
incorporating nitrogen and boron in CCs with different pore sizes can be 
expected to provide additional information for these modified carbon cryogles. 
High pore volume and surface area should improve the hydrogen storage 
properties of the ABCC when used as a nanoscaffold with these studies to be the 
subject of a future report. 
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EFFECT OF PORE MORPHOLOGY ON THE 
ELECTROCHEMICAL PROPERTIES OF ELECTRIC DOUBLE 

LAYER CARBON CRYOGEL SUPERCAPACITORS 
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In this study a group of resorcinol-formaldehyde carbon cryogels (CC) have been 
processed chemically, via catalysis and activation, to obtain various nanostructures and 
pore size distributions. To understand the relation between structure and electrochemical 
properties an alternate approach to the transmission line’s cylindrical pore method is 
used. Using electrochemical impedance spectroscopy (EIS), the capacitor can be studied 
as a dielectric system composed of the porous electrode and the electrolyte (PC/ 
TEATFB). The complex capacitance and power are used to study the behavior of the 
system below the relaxation frequency& (f = -459. Therefore, the relaxation of the 
capacitor system at the low frequency range,f<&, can be used as a measure of porel 
electrolyte interaction. The approach here proposed also allows for a direct experimental 
characterization of the capacitance and power at low frequencies where small pores are 
likely to affect the diffusion dynamics of the electrolyte molecules. The results suggest a 
correlation between the occurrence of small micropores and that of high power losses 
that are related to the resistive element produced at the low frequency range. The 
measurements show that the dissipative power of the samples increased with decreasing 
micropore diameter (1.6 - 1.2 nm), from 8% to 36% when measured at a frequency of 
0.004Hz (below &). Moreover, the impact that the micropore structure has in the 
supercapacitor’s performance can be seen in its capacitance and energy as well. In 
addition to the complex power and capacitance; other measurements like BET Nitrogen 
sorption, cyclic voltammetry, galvanic cycling and X-Ray Raman Scattering were used 
to characterize the samples and support these results. 

1. Introduction 

Carbon cryogels (CC) fiom the resorcinol formaldehyde polycondensation are 
excellent precursor materials to use as electrodes in electric double layer 
supercapacitor (EDLS). Their tunable nanostructure, high surface area and good 
conductivity make them suitable for such application. The ability to tune the 

365 



366 

pore sizes is a very important feature to support the ionic double layer. Although 
the tunable structure of these cryogels is highly desirable, unwanted structures 
are often produced. Recent studies have addressed the structure/ charge problem 
by measuring the total surface area and capacitance [l]. Unfortunately, the use 
of absolute quantities does not provide a clear boundary of the role that specific 
structures have in charge storage. Understanding this role is necessary to design 
better CC supercapacitors. 

Electrochemical impedance spectroscopy (EIS) has been used to 
characterize the mechanisms of electrolyte diffusion in porous media. De Levy 
and his successors have demonstrated the relation between pore size and the 
electrochemical properties of the electrode [2-51. Moreover porosimetry models 
based on this technique have been developed as well [2]. Unfortunately, this 
technique is only useful to determine the ftequency response of well-behaved 
systems (cylindrical pores, single pore size distributions) but does not address 
the problem of amorphous porous electrodes in its entirety (i.e. bimodal 
distributions of charges and pores of various lengths, diameters and shapes). The 
many models developed to address the amorphous electrode problem and 
ambivalence of the circuit models are an example of the challenges presented to 
link the structure to the electrochemical properties [5]. 

Another way to study the supercapacitor’s electrochemical properties using 
EIS is to treat it as a dielectric fluid. The molecular relaxation of the electrodel 
electrolyte system can be probed in a wide fkequency range and ultimately 
related to its structure. Structural differences can alter the relaxation of the 
fluid’s molecules, especially in the presence of a voltage bias. Also Debye, Cole- 
Cole and Havriliak-Negami have described dielectric relaxation of bulk fluids 
through EIS models [5,6]. Most recently the effect of molecular relaxation has 
been studied in porous media for various systems like planar electrodes, 
cylindrical pores or colloidal particles to mention a few [7,8]. These studies 
support the fact that confinement affects the molecular relaxation especially at 
the solid liquid interface regardless of external stimuli like voltage bias, 
temperature, etc. Therefore, the molecular relaxation can be used to study the 
effect of surface morphology in the electrolyte’s molecules. Moreover the 
impact is expected to be particularly strong when the pores or features approach 
the size of the electrolyte’s molecules. 

To study the capacitor as a dielectric system, the complex capacitance and 
power are used [9]. By separating the complex capacitance into its active (real) 
and reactive (imaginary) parts the appearance of capacitive peaks in the 
frequency spectrum can be associated with the effect that some pore sizes have 
in the electrolyte. Since the energy is proportional to the capacitance, the 
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imaginary capacitance can be used to study the energy loss produced by the 
molecular relaxation [9]. The complex power is calculated in a similar fashion 
and can be separated into its reactive and active power. Therefore allowing the 
measure of dissipative and capacitive power associated with the molecular 
relaxation. Recently, this method has been used to study other characteristics of 
the capacitor system like leakage current [10,11]. In this study, various CC 
supercapacitors were chemically tuned via catalyst and activation to obtain 
various structures. EIS is used to evaluate the relaxation of the CC 
supercapacitors and compare it to their morphology and other electrochemical 
properties. 

2. Experimental 

2.1. Carbon cryogel electrodes 

The carbon cryogels were prepared using the resorcinol formaldehyde 
polycondensation process published by Pekala [ 121, the samples used in this 
study were synthesized by A. Feaver and the preparation is Mly described in his 
letter [13]. In summary, to produce the various levels of pore structures, the 
samples were chemically altered using two different amounts of catalyst and 
CO, activation. The amounts of resorcinol to catalyst ratio used in the 
experiment were 25 and 75 and the samples were activated to 36 and 70% burn- 
off, all the samples had a resorcinol to water ratio of 0.25. The CCs were then 
ground into a fine powder and mixed with 3% wt of polytetrafluoro-ethylene 
(PTFE). The resulting mixture was then kneaded several times to produce the 
electrodes. Table 1 summarizes the samples’ chemical modification. 

Table 1 Catalyst amount and activation percentage used to process the cryogels 
(Resorcinol to water ratio for all samples is 0.25) 

Resorcinol to CO, Activation 

Sample ID Catalyst ratio (RC) (%) 
A-70 25 70 
C-70 75 70 

2.2. Electrochemistty 

The electrochemical measurements, galvanic cycles (GC), cyclic 
voltammograms (CV) and electrochemical impedance spectroscopy were done 
using a symmetric 2-electrode test cell (the CC electrodes were used as working 
and counter electrodes). The electrolyte was tetraethylammonium 
tetrafluoroborate (TEATFB) in saturated 50/50 propylene carbonate (PC)/ 
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dimethylcarbonate (DMC). The working and counter electrodes were 
sandwiched between two, specially coated, aluminum contacts and separated by 
a Celgard porous membrane. The coating of the A1 contacts reduces the impact 
of the bulk electrolyte effect. The CC electrode discs had a diameter of 8.72 mm 
and a thickness of 0.08 mm. The assembly, wetting, and sealing of the capacitors 
were carried out in an Argon glove box. All potentiostatic and galvanostatic 
measurements were performed using a Solartron 1287A potentiostat' 
galvanostat. The cyclic voltammograms were executed at scan rates of 10, 50, 
and 100 mV/s, while the galvanic cycles were measured at 0.5, 1, 5, 10, 50, and 
100 mA. Electrochemical impedance spectroscopy was performed using the 
Solartron 1287A in conjunction with a Solartronl260 FRA/ impedance analyzer. 
The samples were cycled 30 times between 0 to 2 V, during both CV and GC 
measurements, and then were treated at +2 V for 10 minutes prior to EIS testing. 
The applied AC voltage amplitude was of 10 mV. 

Data reduction for the potentiostatic and complex impedance measurements 
was done according to [23] and [9] respectively. The volumetric capacitance is 
used since it only takes into account the device geometry. The equivalent circuit 
in Figure 1 was used to calculate the effect of bulk electrolyte using the Warburg 
open-end impedance to fit the arch data and reduce the fit error to less than 5%. 
In the circuit Rs, RA Wo and CPE are the contact series resistance, the parallel 
bulk resistance, the Warburg open-end impedance and the constant phase 
element respectively. The CPE is also composed of two parameters CPE-T and, 
CPE-P. That measures the CPE capacitance and its deviation from ideality. The 
equivalent series resistance is measured using the real part of the impedance Z' 
at f = 1000 Hz and corresponds to the resistance produced by Rs + R p .  

CPE 
Figure 1 Equivalent circuit used to measure bulk effect of electrolyte. 

2.3. Surface Area and Nitrogen Sorption Analysis 

The nitrogen sorption was done using a NOVA 4200e. The total surface area 
(SA) was determined using the multi point BET method. The t-method was used 
to measure the micropore area and volume. Also the t-method was used to obtain 
the surface area of macropores (difference of external SA minus mesopore SA). 
The micropore size distribution was measured using the DA method [14]. For 
the mesopore volume and area the BJH method was used. The adsorption 
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isotherm was used in calculations due to the microporous nature of the samples 
and to avoid artifacts ii-om the isotherm's hysteresis [15]. The surface area was 
modified fkom gravimetric to volumetric by multiplying the density of the 
electrodes. This allows for a direct comparison with the volumetric capacitance 
used in this study. 

2.4. X-Ray Raman Scattering 

To characterize the short-range order of the CC samples, non-resonant x-ray 
Raman scattering (XRS) measurements were performed with the LERIX facility 
[16] at sector 20-ID of the Advanced Photon Source at Argonne National Labs. 
Due to the use of high-energy (-10 keV) incident photons, XRS provides a bulk- 
sensitive alternative [ 171 to x-ray absorption spectroscopy and electron energy 
loss measurements for low-Z elements. All samples were measured in a 
transmission geometry while in hermetically-sealed containers with 25 mm thick 
kapton windows. The contamination of the C K-edge signal fkom the kapton 
windows was typically of order a few percent. 

3. Results and Discussion 

3.1. Morphology, feature production & measurements 

The CC in this study forms glassy carbons that when pyrolized are known to 
have graphite like structure, or graphene ribbons, that have short range order but 
lack a long-range crystalline structure [18]. X-ray Raman scattering data 
supports this characteristic of the cryogels. The samples in this study all had the 
same X-ray spectrum as shown in Figure 2. The same was true of other samples 
included in the X-ray study that came from various sources (i.e. were pyrolized 
at various temperatures from 700 "C to 1200 "C and various activations). The 
samples are highly defective or have large amount of dangling bonds and have 
long C-C bond length. All carbons are sp2 hybridized, which accounts for their 
conductivity [19] (see Figure 2). From the structural point of view the most 
important features are their short-range order, amorphous structure and the large 
amount of dangling bonds. During activation these features are responsible of 
producing selective areas in which new microporosity can form [20]. This effect 
can be seen in samples with the same chemical composition but different 
activations. 

The activation as well as the chemical composition produces different 
structural properties that can be later related to their structure. The two most 
important structural parameters are the surface area, related to the charge 
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storage, and the pore size that limits the diffusion of the electrolyte. Samples 
with the same composition, C-36 and C-70, that have different levels of 
activation exhibit similar pore size while having varying pore volume and area 
[22]. This is seen in the isotherms of the two samples that have same shape but 
differ in the adsorbed volume see Figure 3. This is also the case in both the 
gravimetnc and volumetric surface areas see Table 2 and 3. The pore size 
distributions of C-36 and 70 extend from 1.2 nm in the DA distribution until it 
vanishes at around 10 nm in the BJH distribution. Unfortunately, there is a gap 
between the micropore-mesopore regions of the pore size distributions. This gap 
is produced by the difference between the relative pressures used by the two 
methods (DA < 0.1 micropore filling and BJH > 3.5 capillary condensation). 
Figure 4 shows a portion of the BJH below the relative pressure of 3.5. Although 
this data is not accurate for pore size calculation provides an idea of how the 
method diverge into the micropore region < 2 nm. Moreover other micropore 
methods like the DR method that covers the remaining pressure range are not 
suitable for activated carbons [22]. This gap will prove to have distinct effects in 
the electrochemical properties of the material. 

I 

280 300 320 340 
Energy Loss (eV) 

Figure 2 X-ray Raman scattering of carbon cryogels compared to graphite 

On the other hand, the two samples with different chemical composition and 
same activation A-70 and C-70 had different pore size distributions in addition 
to surface area and volume. A-70 has mostly pores in the micropore region 80% 
in contrast to only 57% micropores in C-70. In addition the range of pore sizes 
has a narrower distribution, from 1.62 nm and covering a similar extent to C-36 
and C-70 in the mesopore region as seen in Figure 4 B. 

Macropores produced by the fine ground CC particles are also part of the 
electrode’s pore structure. Tables 2 and 3 show the surface area produce by 
these particles that in most cases can exceed the surface area produced by the 



371 

mesopores themselves. These macropores have an influence the electrochemical 
properties of the bulk electrolyte. 

Table 2 Gravimetric Nz sorption characterization of micropores, mesopores and macropores in 
terms of their surface S, volume V, and pore diameter D 

Sample SBET SMOV V M ,  DDA SMeso VMem SMocro 

ID (m2/g) (mz/g) (cc/g) (nm) (m*/g) (cc/g) (mZ/g) 
A-70 1814 1460 0.765 1.62 96 0.165 258 
C-70 571 329 0.179 1.30 80 0.111 163 
C-36 777 459 0.252 1.26 108 0.165 210 

Table 3 Volumetric surface area and percent of micro, meso and macropores to the total area SBET 
SBET SMCm SMem SMocro 

Sample ID (m2/cc) (m2/cc) (%) (m2/cc) (%) (m2/cc) (%) 
A-70 653 526 80 34 5 93 14 
C-70 553 319 58 77 14 157 28 
C-36 754 445 59 105 14 204 27 

=0.2 
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0.0 
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Figure 3 Isotherms of samples with various RC 
and activations. distributions. 

Figure 4 DA (A) and BJH adsorption (B) 

3.2. Electrochemical analysis using potentiostatic and galvanostatic 
measurements 

The effect of ion electrosorption at the interface of the CC porous network was 
measured using cyclic voltammograms and galvanic cycles at various rates and 
currents. Cyclic voltammetry has been used in the past to measure the influence 
of pore size in porous electrodes [23]. This is possible since the kinetics of 
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charge transfer and diffusion of the electrolyte are affected by confinement and 
are dependent of the voltage rate [23]. Three samples with distinct pore size 
distributions were tested at 100, 50 and lOmV/s. With each sample the 
capacitance increased with lowering voltage rate, Figure 5. A-70, a sample with 
mostly micropores and a pore diameter mode of 1.62 nm had almost constant 
capacitance regardless the rate (ca. 45FIcc). The samples C-70 and C-36 with 
pores between the meso and micropore regions had the largest increases in 
specific capacitance with decreasing voltage rate (26 - 34 Flcc and 53-71 F/cc 
respectively). In porous electrodes the capacitance is linearly dependent to 
1/& [23]. But, samples, C-70 and C-36, have non-linear behavior with multiple 
slopes, an indication that more than one type of charge diffusion mechanism is 
present (Figure 5 A). This effect is particularly strong in C-36, which has similar 
initial capacitance to C-70 (20 F/cc) at high voltage rate but increases to 71 Flcc 
at lower rates. This change in capacitance can be directly related to the 
morphology of these samples that have a higher percentage of mesopores 
compared to A-70 see Table 2 and 3. The pore size differences in these three 
samples limit the ability to transfer the charges. Therefore for samples with small 
micropores the charge can be harvested only at the low voltage rate. Conversely 
A-70 which have mainly SA derived from large micropores has a steady 
capacitance rate throughout the voltage rate provided. The galvanic cycles also 
supports the porous nature of the electrodes in their linear charge and discharge 
characteristic of transmission line systems, see Figure 5 B. 
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Figure 5 Volumetric capacitance as a function of l/&; (A), data was measured using the 
galvanic cycle (connected points) and by cyclic voltammetry, (free points). Galvanic discharge of 
samples at lmA, (B) 

3.3. Electrochemical analysis using impedance measurements, complex 
capacitance and complex power 

The bulk electrolyte properties were used as a measure of pore and particle 
morphology. Large voids in the electrode, fkom its porous structure or from the 
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particle constituents, can allow regions where the electrolyte molecules reorient 
with the AC signal producing a dielectric loss (energy absorption) at the high 
frequency range [5, 91. Since the contacts are treated to reduce the bulk effect 
between the carbon electrode and the aluminum contact, it is assumed the bulk 
effect must come from the electrode’s structure. The macropore surface area 
reported in Table 2 suggests significant amounts of such pores in the electrodes 
and its effect is seen in the response of the bulk electrolyte. All these samples 
have depressed Cole-Cole distributive elements. This is evident from the 
measurements of the constant phase element parameter CPE-P that all have 
values below 1. In the case of a Cole-Cole CPE this indicate a distribution of 
relaxations [5], for the samples in this study is due to the effect that the pore size 
distribution has on the electrolyte’s relaxation as seen in Table 4. The decrease 
in the CPE-P value is also a sign of the widening of the distribution of 
relaxations and can be used to characterize the pore size. More data is needed to 
study macropore distribution. 
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Figure 6 The imaginary part of the capacitance of Figure 7 Reactive, IQl/lSl, and active, lPl/lSl, power 
samples A-70, C-70 and C-36 curves 

Table 4 Relation between pore size, relaxation time, power dissipation and bulk properties 

Sample DDA fo To @ lkHz Rs R p  CPE-T CPE-P 
ID (nm) (Hz) (s) 0.004Hz (Ohms) (Ohms) (Ohms) (mF) 

C-36 1.26 0.040 25.1 20% 11.53 1.8 11.40 1.18 0.31 
C-70 1.30 0.100 10.0 36% 23.12 1.8 23.27 0.10 0.46 
A-70 1.62 0.215 4.6 8% 5.00 3.6 1.58 1.46 0.56 

The frequency response of the capacitors was studied using the complex 
volumetric capacitance separated into its real and imaginary components. Figure 
6A is the imaginary capacitance and shows various peaks across the frequency 
spectrum. These capacitive peaks are related to the relaxation of the molecules 
adsorbed in the pores and are related to the energy loss of the capacitor at the 
low frequency range (linear elements in the Nyquist plot) [2, 91. The sample A- 
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70 has a single distribution and show signs of pore exhaustion at the low 
frequency range as w -+ 0 in Figure 6. Also, A-70’s relaxation time, re= 4.6 s, 
correspond to its peak frequency. This is expected since this sample has mostly 
micropores in the 2 nm range as seen in Figure 4. In the cases of C-36 and C-70 
a different behavior is observed. In C-36 the capacitance peak shows signs of 
additional processes (characterized by the leakage current [lo, 111) at lower 
frequencies and a single relaxation peak at zo= 25.1 s. But in C-70, a bimodal 
capacitance distribution is seen and the relaxation peak at ro= 10 s corresponds 
to the fastest relaxation peak in Figure 6. In addition a second slower relaxation 
peak is produced as well at z,= 166 s. According to the BET data these two 
samples have almost identical isotherms and distributions with the exception of 
the amount in micropores. It is possible that during the activation process of C- 
36 additional pores between the sizes reported by the DA and BJH were created. 
In C-70 the higher activation level likely widen some of the micropores in 
addition to remove the ones produced in the surface [22] of the CC particles at 
the C-36 activation leaving a bimodal distribution of pores and the peak 
separation in the imaginary capacitance. A more accurate measurement of the 
pore distribution will be required to determine their impact. 
While the imaginary capacitance shows how the relaxation is affected by the 
various structures. The results from the complex power determine the impact of 
the pore size in the EDL capacitor’s power performance. Figure 7 shows the 
normalized complex power in terms of Q (reactive) and P (active). Notice that 
all samples reach 1 (or 100%) reactive power indicting that have capacitor 
behavior but the active power P shows various degrees of dissipation indicating 
that the samples have a resistive element. This resistive element is also linked to 
the effect of small pore size in the dielectric losses of the CC electrode system. 
This resistive behavior is strongest in samples C-36 and C-70. Table 4 shows the 
evolution of this power dissipation at the frequency in which A-70 (sample with 
lowest relaxation time) reaches the pore exhaustion region. The power 
dissipation as well as the ESR rises with the decrease of micropore size. In 
general small pores contribute to the total capacitance, but the smaller pores in 
C-36 can be detrimental to the power production (see Table 5). 

Table 5. Maximum capacitance C, energy E, and power P, using galvanic cycling at 2V and 1mA 

C V  CC PV Max PG Max EV Max EG Max 
Sample (F/cc) (Fk) (kW/cc) (kWkg) (kWh/cc) (kWhikg) 

C-36 72 73 1060 1000 10.02 10 
C-70 45 42 663 620 6.46 5.9 
A-70 46 127 2660 22800 6.26 17 
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3.4. Dielectric constant and electrode characterization 

Although, the capacitance, power, ESR and CPE can characterize the overall 
performance of EDL supercapacitors, these are not material properties of the 
system. Moreover what determines the frequency dependence of such elements 
in a capacitor is the dielectric constant k = E / E , ,  an intensive physical property of 
the system dependent on the molecular relaxation zm and the applied signal 
frequency w. The total capacitance C = kCv differs from the dielectric constant 
by Cv the capacitance of the capacitor in vacuum a measurable quantity. 
Therefore, to better understand the role of morphology in the capacitor 
performance, the dielectric relaxation of the system should be studied in more 
detail. The Havriliak-Negami equation [6] a generalization of systems with 
multiple relaxations can be used as a starting point for future studies. 

4. Conclusions 

A relation between the CC supercapacitors morphology and its electrochemical 
properties has been demonstrated using various methods. The potentiostaticl 
galvanostatic measurements show that the structure of the samples is directly 
related to the charge storage. Also, the fkequency response of the complex 
capacitance and power demonstrate the impact the pore size distribution in the 
capacitance and power of the device. Moreover, from the results it is evident that 
the micropore production has a sensitive region in which the capacitor’s 
performance can be affected by the effect of dielectric losses in the CC/ 
TEATFB electrolyte system. Most important the relevance of the structural 
properties in the performance is represented in the capacitance and figures of 
merit of the systems. The samples can achieve high specific capacitance per unit 
gram ca. 127 F/g and the sample C-36 had both high specific capacitance per 
unit gram and volume 73Flg and 72FIcc. The capacitance and power can be 
increased with the increase in surface area produced by small micropores but the 
size of such micropores can be also detrimental to achieve high power. 

Although this study relies in an empirical description of the capacitance and 
power as it relates to the morphology of the CC electrodes, it can be a starting 
point for other studies. First, direct diagnostic method of supercapacitor 
performance. Second, provide an alternate method to electrochemical 
porosimetry. The latter can instead use dielectric relaxation methods, similar to 
Havriliak-Negami’s equation for multiple dielectric relaxations, to study the 
effect of surface/ electrolyte interaction. 
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SHAPED METAL OXIDE-PHOSPHATE COMPOSITE 
NANOPARTICLES SYNTHESIZED BY TEMPLATED 

DISASSEMBLY * 

FAN LI, SARAH A. DELO, ANDREAS STEIN’ 

Department of Chemistiy, University of Minnesota, 207 Pleasant St. S.E. 
Minneapolis, MN 55455, U.S.A. 

AI2O3-P?O5, ZTOZ-P~OS and Au-doped Ti02-P205 nanoparticles with cubic or rounded- 
cube shapes and uniform sizes were synthesized by combining templating and 
disassembly of sol-gellsurfactant precursors within the confinement of a well-ordered 
colloidal crystal template. The nanoparticles were not highly agglomerated. The undoped, 
as-synthesized materials were amorphous. Doping of the Ti02-P2OS system with Au 
clusters induced the formation of a crystalline anatase phase within the nanoparticles. 

1. Introduction 

Interest in nanoparticles has escalated during the last few years, in part due to 
the unique optical, electronic, magnetic, reactive and structural properties at the 
nanometer size level. Although nanoparticle syntheses have been relatively well 
developed [ 11, sometimes researchers encounter a dilemma between 
simultaneous control over morphology and composition. Except for trivial 
spherical shapes, particle morphologies normally relate to the nature of the 
materials so that methods of shaping particles that have been developed for one 
composition may not be easily extendable to different compositions. As the 
compositional complexity increases, the functionality of nanoparticles may be 
enriched, but particle shape becomes even more difficult to predict and control. 
Therefore, methods for facile manipulation of both nanoparticle morphology and 
composition are highly desired for advanced applications of nanoparticles such 
as the fabrication of functional nanodevices. 

Recently, we developed a templating approach, which promises to become 
a general way for preparing monodisperse, shaped nanoparticles [2]. In this 
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the University of Minnesota Characterization Facility. 
Corresponding author. Tel.: 11-61 2-624-1 802, e-mail: stein@cbem.umn.edu. 
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method, we use colloidal crystals as hard templates to sculpt particles. These
colloidal crystals consist of uniform, close-packed spheres of sub-micrometer
size. When prepared in highly ordered form, they are polycrystalline with face-
centered cubic (fee) symmetry [3]. After infiltration of these templates with
appropriate precursors and removal of the template, features of the colloidal
crystal are translated into an inverse replica, which consists of a solid network
embedding interconnected air balls where the spheres existed originally. This
structure is termed a "three dimensionally ordered macroporous" (3DOM)
structure. The order and symmetry of the 3DOM structure are inherited from the
original colloidal crystal, so that the 3DOM structure can be considered as built
up from certain basic units. One of the building blocks derives from the
octahedral voids surrounded by six spheres in the fee colloidal crystals (Scheme
1), the other from smaller tetrahedral holes [2]. The truncated octahedral spaces
have cubic-like shape. Therefore, once the 3DOM structure is disassembled,
monodisperse nanocubes are obtained, together with smaller monodisperse
spheres in a number ratio of 1:2. Such a disassembly process from the
kinetically stabilized 3DOM structure to thermodynamically favorable particles
can proceed spontaneously after being triggered by calcination.

Scheme 1. Schematic of nanocube formation within octahedral voids of a colloidal crystal.

Since the particle shape is dictated by the colloidal crystals in this
templating process, the composition may be flexible. Herein, we report the
preparation and characterization of Au cluster-doped TiO2-P2O5 nanocubes in
which the Au is evenly distributed within the oxide and influences the anatase
crystallinity. We also show syntheses, of ZrO2-P2O5 and A12O3-P2O5
nanoparticles following the same disassembly method.

2. Experimental

Monodisperse poly(methyl methacrylate) (PMMA) spheres were prepared by
emulsifier-free emulsion polymerization of MMA (99%, Aldrich) [4]. A
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colloidal crystal was formed through gravitational sedimentation of the spheres 
in a capped crystallization dish. Water was then removed via evaporation under 
ambient conditions. Afterwards the sample was cut into millimeter-size pieces 
for use as templates. 

Metal alkoxide precursors were prepared as follows: in a vial, 0.50 g 
acetylacetone (acac) (>99%, Aldrich) was mixed with an appropriate amount of 
metal alkoxide (see Table I), followed by the addition of 0.91 g triethyl 
phosphate (>99.8%, Aldrich). For the Ti sample, 0.20 g Au dispersion (prepared 
following a literature procedure that produces Au particles with average 
diameters of 12 nm [ 5 ] )  was also added. This mixture (A) was stirred for 30 min 
with a magnetic bar. Meanwhile another mixture (B) of 1.37 g Brij 56 surfactant 
(ClhEOn, n- 10) (Aldrich), 1.0 g n-propanol (Fisher), 0.20 g H20 and 0.2 g HC1 
(37%, Mallinchkrodt) was prepared. After homogenization, mixture B was 
added to mixture A dropwise under vigorous stirring. Depending on the nature 
of the alkoxide, some precipitation or gelation was initially observed, but the 
precursor mixture cleared partially after several hours of stirring. The clear 
supernatant was used for subsequent infiltration of the template. 

Table 1. Information about the three metal alkoxides used in the nanocube syntheses. 

Chemicals Quantity k) Purity Supplier 

Titanium isopropoxide 2.930 97% Aldrich 

Zirconium butoxide 4.812 80% in BuOH Aldrich 

Aluminum sec-butoxide 2.462 98+% Gelest 

Infiltration of the precursor into colloidal crystals was performed in 12 mL 
glass vials, each containing several pieces of PMMA templates. The above 
mixture was added to the vials to allow the PMMA templates to be half- 
immersed in the solution. The precursor entered the voids in the template by 
capillary forces and infiltrated them thoroughly within hours, indicated by a 
color change of the non-immersed portions of the template. The template pieces 
were retrieved from the vials and extra precursor on the surface was wiped off 
with tissue paper. Then the template composites were sealed in a glass container, 
stored at 50 "C overnight and subsequently heated in flowing air (0.5 L/min) at 
400 "C for 12 h to process the structure and to remove the polymer spheres and 
other organic components. 

The sample morphologies (sizes and shapes) were characterized by electron 
microscopy. Scanning electron microscopy (SEM) images were taken using a 
JEOL 6700 field emission microscope (5 kV). A 5 nm-thick Pt coating was 
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applied to avoid charging effects. Low-magnification transmission electron
microscopy (TEM) and selected-area electron diffraction (SAED) were
performed on an FBI Tecnai T12 microscope (120 kV). Samples were sonicated
for 20 min in ethanol and deposited onto a carbon-film-coated copper grid.
High-resolution TEM (HRTEM) images were recorded on an FBI Tecnai G2
F30 TEM system (300 kV). The Au content was determined with a
ThermoElemental PQ-ExCell quadrupole ICP-MS. X-ray diffraction (XRD)
patterns were acquired using a Bruker AXS diffractometer.

3. Results and Discussion

To obtain the desired cubic nanoparticles, highly ordered colloidal crystals must
be used as templates. A variety of methods deal with improving the order of
colloidal crystals [6]. Here, highly ordered structures were obtained by very
slow sedimentation of monodisperse PMMA spheres (ca. 378 nm) in a closed
system with minimal perturbation. After one to several months, the sediment
showed vivid opalescence in cross section as well as on the surface, indicating
structural ordering on a bulk scale. Then the cap was removed partially and
water was allowed to evaporate. This process is contrasted to sedimentation in
an open system, where self-assembly occurs primarily at the water-air interface.
In that case, only the near-surface areas are highly ordered whereas the bulky
interior remains largely disordered.

The order in the colloidal crystal template was verified by SEM. Ordered
packing is observed throughout the sample, as examplified in Figure 1. It has
been demonstrated that these types of colloidal crystal have mainly fee
symmetry mixed with some hexagonal close packing (hep) [3]. Here, we did not
attempt to differentiate between these two symmetries, as the product of cubic
nanoparticles can be formed from templates with both hep and fee packing.

Figure 1. SEM image of the PMMA template.
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Through the templated-disassembly process, Au cluster-doped Ti02-P205 
nanoparticles were formed. This process required the presence of phosphorus 
oxide within a limited ratio of meta1:P. The ratio provided in the experimental 
section produced the well-shaped particles. Figure 2a is a TEM image of several 
nanocubes. These particles still possess slightly protruding corners, remains 
from connecting bridges in the original extended 3DOM framework. The 
average edge length of the cubes is ca. 100 nm, when PMMA spheres with 378 
nm diameters are used in the template. The geometrical relationship between the 
initial colloidal crystal template and the isolated particles has been discussed 
previously [2]. A cube originates from an octahedral void surrounded by six 
spheres in octahedral coordination, so the theoretical ratio between the diameter 
of the PMMA sphere and the edge length of the cube is calculated to be 1:0.51. 
However, the actual cube size is usually much smaller, indicating that shrinkage 
occurred during processing. Such shrinkage is believed to be the driving force 
for this disassembly process. 

The extent of Au doping in the particles was evaluated by TEM (Figure 2b). 
The Au clusters are evenly dispersed inside the cubes without any observable 
agglomeration. This pattern results from the fact that Au particles, once 
dispersed in the titania sol, are trapped in their positions by gelation, and 
eventually distributed throughout the Ti02-P205 cubes. Elemental analysis 
revealed an Au content of 1.95~10-~ wt% in the sample. Although the doping 
level is quite low, it significantly enhances the crystallinity of the Ti02 phase in 
the material compared to undoped samples [7]. Highly ordered, poly-crystalline 
regions can be clearly observed inside Au-Ti02-P205 particles under HRTEM 
(Figure 2c), and the SAED image (Figure l c  inset) shows strong diffraction 
rings indexed to the anatase phase of Ti02, indicating that phosphorus oxide is 
present as a separate phase. Previously we found that the crystallinity of TiOz in 
Ti02-P205 cubes can be adjusted by the amount of HzO [7]. Here, although a 
small amount of H20 was also introduced with the Au dispersion, the 
crystallinity enhancement can be unambiguously attributed to the effect of Au 
nanoparticles. A comparison of XRD patterns (Figure 2d) of Au-TiO2-P2OS and 
Ti02-P205 made with a similar amount of H 2 0  clearly shows the difference: 
much stronger diffraction peaks were present in the pattern of the Au-doped 
sample. Similar enhancement of Ti02 crystallinity by Au-doping has been 
observed before, but the mechanism is still under discussion [8]. Therefore, it is 
not clear whether this crystallinity induction can be applied to other systems. 
Nevertheless, the Adanatase nanocomposite system is a promising candidate for 
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applications in photocatalytic processes that rely on collaborative effects
between Au clusters and anatase TiO2 [9].

Figure 2. Electron micrographs and diffraction patterns of Au-doped TiO2-P:O5 nanoparticles: (a)
TEM image of cubic nanoparticles. (b) TEM image showing Au clusters embedded in the TiO2-P2O5

matrix, (c) HRTEM image of crystalline TiO2 regions (inset: SAED pattern), (d) A comparison of
XRD patterns between Au-induced crystallinity and the effect by a similar amount of H2O present in
the synthesis. The top trace corresponds to the sample containing Au clusters, the bottom trace to the
sample without Au. Indexed lines correspond to the anatase phase.

We further extended the alkoxide-based sol-gel disassembly method to
preparations of ZrOi^Os and AhOs-P^Os nanoparticles. Zirconium butoxide
and aluminum sec-butoxide were used in the precursor mixtures. Although these
reagents were more reactive than titanium isopropoxide, the procedures were
largely similar to those used for the TiO2-P2O5 system, except that more
extensive precipitation occurred during mixing and longer stirring times were
needed to re-dissolve most of the precipitate.

SEM and TEM images of the ZrCVP^Os product show discrete
nanoparticles after calcination (Figure 3). Although most of the particles derived
from octahedral holes have cubic shapes, their corners are more rounded than
those of the titania-based products. The same observations apply to A\2OrP2O5
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nanoparticles, whose morphologies are shown in the SEM and TEM images in
Figure 4. In this case the rounding effect is so acute that some particles almost
appear spherical, in particular in the TEM image. The rounding effect is
attributed to minimization of surface energies during sample processing. It is
composition-dependent and tends to be more pronounced for small particles [7].
Due to a relatively small atomic number of Al, the A12O3-P2O5 nanoparticles
show less contrast in the TEM image (Figure 4b). Overlapping regions between
adjacent particles can be clearly seen, but particles remain disconnected from
each other, indicating that the degree of agglomeration among these particles is
low as in the other two samples.

Figure 3. SEM (a) and TEM (b) micrographs of ZrO:-PiO5 nanoparticles. The larger cubes arise
from octahedral holes in the template, the smaller spheres from tetrahedral voids after some
sintering.

Figure 4. SEM (a) and TEM (b) micrographs of AkQrPjOs nanoparticles.
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The Zr02-P20s and A1203-PZ05 samples are mainly amorphous, based on 
both HRTEM and power XRD data. This is consistent with the amorphous 
nature of a TiO2-P2OS sample prepared under similar conditions [7]. 

4. Conclusions 

In conclusion, we described herein syntheses of monodisperse Au-doped Ti02- 
P20s, Zr02-P205 and A1203-P205 nanocubes and rounded cubes following a 
templated disassembly strategy. The Au nanoclusters in the Ti02-P20s matrix 
are evenly distributed and significantly enhance the crystallinity of anatase Ti02. 
These nanoparticles may have applications in the fields of sensing, 
nanoelectronics, catalysis, photonics and other uses. Through this study we have 
demonstrated the flexibility of the disassembly method for the preparation of 
nanoparticles with cubic shapes. We believe that in the future, more 
compositions and complex structures can be realized through disassembly, and 
this may benefit the design of functional materials in the nanosize regime. 
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Starting from colloidal suspension of metal oxide nanoparticles (3-5 nm), such as TiOz, 
FQO~, CeOz and SnOz, different periodic mesoporous solids have been prepared. The 
structure was confirmed by transmission electron microscopy and X ray diffraction, pore 
volume and BET surface area going from 99 to 429 m2/g. All the synthesized materials 
have been applied in photochemistry and nanotechnology exhibiting in some cases 
unique properties compared to the unstructured nanoparticles, these specific properties 
arising from the large surface area and accessibility of the sites. 

1. Introduction 

Since the first report from Mobil [1,2] describing the synthesis of mesoporous 
materials, a large number of publications has focused on developing different 
synthetic strategies in order to prepare new generations of structured silicates 
including metallo- and organosilicas [3-51. In the case of mesoporous metal 
oxides, the interest arises from the possibility of combining the intrinsic 
properties of the unstructured metal oxide with the additional features of a 
periodic mesoporous solid. It is known that most of the potential applications of 
the resulting materials (photocatalysis, solar cells, photochromism, sensoring, 
and other applications in nanotechnology) are largely dependent on porosity, 
total surface area, structural uniformity and particle size [6] .  

A general strategy to obtain periodic mesoporous metal oxides consists of a 
template-mediated synthesis starting from a molecular precursor containing a 
single metal atom. The main problem of this strategy is the poor thermal and 
hydrothermal stability of the resulting porous metal oxide [3,7]. This 
unsatisfactory structural stability is assumed to arise from the thin wall thickness, 
a cross section of the wall being constituted by only a few metal atoms. An 
alternative to overcome this instability could be by the direct structuring of small 
metal oxide nanoparticles forming the channels of the mesopores. In this case the 
nanoparticles constitute the real building blocks and can be used in combination 
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with, or as an alternative to, molecular precursors containing a single metal 
atom. 

In this work we report the synthesis of a series of mesoporous materials 
partially or totally constituted by metal oxide nanoparticles such as CeOz [8], 
Fe304 [9], TiOz [ 101 and Sn02 and their potential in different fields going fkom 
catalysis to nanotechnology. 

2. Results and Discussion 

Metal oxide nanoparticles with a size distribution between 3 and 5 nm, were 
prepared following the methods described in the literature for each metal oxide 
[ll-131. In the case of iron oxide, before proceeding to the synthesis of the 
mesoporous material, we anchored covalently, through the terminal OH groups, 
a triethoxysilane having a quaternary ammonium ion in its structure. The idea 
behind the design of this molecule was to obtain a compound that on one hand 
can stabilize the iron nanoparticles and co-condense with the triethylorthosilicate 
(TEOS) during the following step and on the other hand it should favor, through 
the presence of the alkyl ammonium salt, the hydrophobic interaction with the 
cetyltrimethylammonium bromide (CTABr) used as structure directing agent. In 
this way we were able to arrange spatially the metal nanoparticles forming a 
mesoporous material. The synthesis of the functionalized iron nanoparticles is 
presented in Scheme 1. 

Fe,O, stabilized nanoparticles 

Scheme 1 .  Preparation of functionalized Fe304 nanoparticles. 

In the other cases (TiO?, CeOz and Sn02) we have used directly 
unfunctionalized metal oxide nanoparticles as buildings block for the structured 
solid. All the materials have in common that the particles constitute the walls of 
the mesoporous structured material. 

Figure 1 shows two transmission electron microscopy (TEM) images 
recorded in dark and bright field for Sn02 in which the nanometric size of the 
particles used to form mesoporous tin oxide can be seen. 
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Figure 1. Dark and bright field TEM images of the SnOz nanoparticles used as building blocks in
this work.

Metal nanoparticles were used in combination with TEOS and different structure
directing agents (cetyltrimethylammonium bromide or Pluronic triblock
copolymer) to obtain the structured material. Scheme 2 illustrates the general
strategy followed for the preparation of the mesoporous solids. The synthesis
conditions are analogous to those commonly used form mesoporous MCM-41
and SBA-15 silicas. The structure of the mesoporous materials was confirmed by
isothermal gas adsorption, transmission electron microscopy, and X-ray
diffraction.

Metal nanoparticles
(3-5 nm)

TEOS (

surfactant
OH

Calcination
500 °C

Me = CeO2, TiO2, Fe3O4, SnO2

Scheme 2. General strategy to synthesize structured mesoporous metal oxides from metal oxide
nanoparticles.

The list of some of mesoporous metal oxides materials studied and the most
relevant analytical and porosity data are given in Table 1.
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Table 1. Mesoporous metal oxides prepared with the concept of scheme 2 with 
indication of the structure directing agent employed in the synthesis and their 
analytical and porosity data. For the detailed synthetic conditions see references 
8 , 9  and 10. 

Me02lTEOS BET 
content Pore Size Surface area 

Template (wt%) (4 (m%) 
mpTiOz-50 CTABr 50/50 31 238 

mpSnOz-50 CTtWr 50/50 33 317 
rnpSnO~-100 C T m r  9911 47 70 

mpTi02-100 CTABr 9911 86 99 

1 0010 Pluronic 
P123 mpCeOz- 100 75 160 

mpFe304-20 CTABr 20/80 36 429 

Powder X-ray diffraction (XRD) of all the samples before and after 
calcination at 500 "C exhibit peaks at 28 value corresponding to the dloo, dZoo and 
dllo of MCM-41 or SBA-15 like materials with a hexagonal arrangement. Two 
examples corresponding to mpFe304-20 and mpSnO2-50 are shown in Figure 2. 
As it can be seen there and as a general rule of thumb, even though the most 
intense dloo peak was always observed in all the XRD patterns, increasing the 
ratio of metal oxide nanoparticles vs. TEOS in the synthesis gel reduces the 
intensity and resolution of the XRD pattern. 

0 5 10 15 0 5 10 15 

Figure 2. XRD patterns of mpFe304-20 (left) and mpSnO2-50 (right). 

In the case of CeOz, the nanoparticles were self-assembled in the presence of 
Pluronic P123 as structure directing agent. For the mesoporous titanium dioxide 
solids (mpTiO?), Raman spectroscopy was used to determine the anatasehtile 
percentage because it is known that the photocatalytic activity is largely 
dependent on the anatase content,. As anticipated in view of the phase 
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composition of the starting TiOz nanoparticles, Raman spectroscopy of the 
calcined mpTi02 solids confirmed the exclusive presence of anatase phase. As 
shown in Figure 3, the spectrum of mpTi02-100 (shown as a representative 
example of the titanium series), matches very well with the characteristic peaks 
of anatase crystal phase (139, 389, 508, 634 cm-I). In general, the pore diameter 
of mpTi02 ranged between 31 and 86 nm, and the BET surface area varied 
between 99 and 429 m2 g-‘. 
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Figure 3. Raman spectra recorded for mpTi02-100. 

3. Applications 

The photochemical behaviour of mpTi02 materials [lo] was tested for the 
photodegradation of phenol in aqueous solutions. The disappearance of the 
organic compound in the reaction mixture was followed at different irradiation 
times and in presence of various titania samples. The main parameters used to 
characterize the photocatalytic performance of the materials were the initial 
degradation rate (ro, slope of the phenol disappearance vs. time plot at zero time) 
and the phenol degradation percentage after 3 h irradiation (initial phenol 
concentration minus the concentration at 3 h divided by the initial concentration, 
Table 2). We also calculate the turnover frequency (TOF, mol of degraded 
phenolxmol of titania-’xh-’). Initial reaction rate (ro) and TOF are the parameters 
normally used in catalysis to determine the average intrinsic activity per site. The 
phenol solution in absence of photocatalyst and the same water mixture in the 
presence of MCM-41 silica were used as blank controls. The results were 
compared with the activity of P25 taken as a photocatalyst standard. 
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Table 2. Comparison of the photocatalytic activity of different 
mpTiOz materials and P25 measured as initial reaction rate (10) 
and final degradation at 3 h. 

TOF 
rdti content 

Final 
ro ("/. min.l) Degradation 

WJ) 
mpTiOz-5 0.47 42 24.74 

mpTiOz-50 0.65 62 3.47 
mpTiO2-100 1.05 83 2.84 

P25 4.01 100 10.69 
_ _  MCM-41 0.1 9 

We found that mesoporous materials with low titania content have the 
highest TOF value, about two and four times higher than that of P25 for 
structured MCM-41 -like and SBA-15-like materials, respectively [lo]. However, 
increasing the titania content of the mpTi02 solid reduces the TOF for phenol 
degradation. Thus, mpTiO? materials with low Si content have a final 
degradation percentage comparable with commercial P25 Ti02, but the 
photocatalytic activity is about four times lower than P25. Since the TOF value 
represents the activity per site (titanium atom), we attribute this behavior to the 
better accessibility of all titanium atoms and isolation of the titania domains in 
the mpTi02 materials with low titaniumcontent. 

In the case of mpFe304 materials [9],  we studied their magnetic response by 
measuring the magnetic susceptibility in continuous and alternating field. To 
confirm the ferromagnetic response, we also performed hysterisis measurements 
at about ambient temperature. We found that even at 20 wt % of iron oxide 
nanoparticles dispersed in structured silica domains the mpFe304 exhibits a 
ferromagnetic response and a long-range ordering confirmed by the fast 
increasing of the magnetization and by the fact that it reaches the saturation very 
rapidly even with very low applied magnetic fields. The hysteresis cycles show 
that mpFe304 is a soft magnet with a very low cohercive field of ca. 1.5 mT in 
the temperature range between 300 and 400 K. Moreover, the magnetic nature of 
this material is also visually demonstrated by the strong attraction of the powder 
to magnetic bars. 

An important application of the magnetic properties of the iron nanoparticles 
used as building blocks for the preparation of mpFe304 materials is the 
preparation of oriented films with the axes of the channels perpendicular to the 
surface. Preparation of these oriented films was accomplished by perfonning the 
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synthesis of the mesoporous solid in the presence of a magnetic field. The
ordering was confirmed by transmission electron microscopy (TEM) and atomic
force microscopy (AFM) experiments (Figure 4). From the examination of both
kinds of images we conclude that the prepared films, even presenting terraces
and a non-flat texture, show the entire pore opening perpendicularly to the
surface. Figure 4 right shows that the pore openings of an oriented film of Fe3O4

are perpendicular to the surface.

Figure 4. AFM (right) and TEM (left) of a
oriented perpendicularly to the surface.

film showing that all the pore opening are

Structured mesoporous cerium dioxide [8] was used with the objective of
increasing the efficiency of the semiconductor solar cells normally based on
Ti(>>. It is known that micrometric CeO2 particles behave as insulator, but upon
decrease of the particle size to the nanometric range, CeO2 becomes
semiconductor due to the creation of a large percentage of oxygen lattice defects.
In addition, for solar cell applications it is necessary that the absorption spectrum
of the photoactive component coincides as much as possible with the solar
emission spectrum. Titanium dioxide can only absorb light of wavelength shorter
than 350 run and for this reason it is doped with organic or metallic compounds
to red-shift the absorption spectrum. However, the presence of a dopant in a solar
cell may limit the efficiency of charge separation due to the creation of hole and
electron recombination centers. Also the long term stability of the device can
increase if the semiconductor absorption spectrum absorbs in the solar emission
spectrum since otherwise the presence of organic dyes is necessary and most of them
tend to become degraded upon continuous operation of the cell.

In the case of CeO2 nanoparticles, the absorption spectrum is redshifted about
80 nm as compared to TiOi, which gives a considerably better response in the visible
region of the solar spectrum without the addition of an external dye. The bandgap of
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the CeOz nanoparticles estimated from the onset of the absorption spectrum was 3.0 
eV. The efficiency of a series of solar cells constructed with mpCeO, using IdIY as 
electrolyte and IT0 and platinized A1 electrodes was tested under standard 
conditions [8]. The behavior of the nanostructured ceria oxide was compared with 
unstructured Ce02 nanoparticles and with P25 under the same experimental 
conditions. We note that the photovoltaic behaviour of nanocrystalline CeO2 is 
different from that of bulk CeOz. A possible explanation is that the high 
surface/grain-boundary area characteristic of nanocrystals increases considerably the 
presence of defects that enhance the electronic transport properties of sintered 
nanocrystalline CeOz with respect to that of bulk ceria. 

It is well known that, for its unique characteristic, tin oxide is a material 
with application in gas sensing [14], catalysis [15], electrochemistry [16], and 
optoelectronic devices [17]. Most of the important properties of Sn02 derive 
from its behaviour as wide-band gap semiconductor. Therefore, both size and 
morphology of SnOz grains play a determinant role on the performance of Sn02. 
For this reason we synthesized mesoporous mpSn02 materials constituted by tin 
oxide nanoparticles and test their conductive response [ 181. The performance of 
mpSn02 was compared with that of commercial tin oxide nanoparticles and plain 
MCM-41 silica. The resistivity of the materials as function of the applied voltage 

~ 1 MCM-41 (1.9 x 10”) 

mpSnO,-50 (9.2 x lo8) 
v) 

mpSn0,-I00 (8.2 x lo6) s v 

I SnO, nanoparticles(5.6 x 106) 

Scheme 3. Ordering of a series of materials according to their resisitivity in measured in 
micrometric films under 785 N pressure. 

was measured and the mean value between land 3 V was calculated for all the 
samples (Scheme 3). It was observed, as expected, that the resistivity of 
mpSn02-100 is lower than mpSnO2-50, reaching a conductivity that makes this 
mesoporous solid a promising conducting material 

Figure 5 shows a comparison of the electrical properties between commercial 
tin oxide nanoparticles and the nanostructured solid mpSn02-100. 
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Voltage (V) 

Figure 5 .  Resistivity vs applied voltage for the mpSnOz-100 (on the left) and commercial SnOz 
nanoparticles (on the right). 

These measurements show that the ordered mpSnOZ-lOO has a conductivity 
comparable with the commercial nanoparticles, but a higher surface area and 
pore volume due to the special ordering than can be used to include in the 
internal void conductive polymers (such as PPV) favoring the current flow fiom 
external electrodes to the incorporated guests. Further studies are focused on the 
optimization of the synthesis of these hybrid semiconductive materials and also 
on the preparation of oriented films. 

In conclusion, herein we have illustrated the importance of having metal 
oxide nanoparticles ordered in a mesoporous solid. The increase of the surface 
area and of the stability of the materials are determinant factors that contribute to 
the observed performance. As shown, the range of application of these materials 
is very large and covers many different fields. 
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RESPONSIVE NANOPOROUS ORGANIC-INORGANIC 
COLLOIDAL FILMS* 
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AND ILYA ZHAROV 

Department of Chemistry, University of Utah, 315 South 1400 East 
Salt Lake City, UT84112. USA 

Nanoporous colloidal films form via self-assembly of nanoscale-sized silica spheres into 
a close-packed face-centered cubic lattice and contain highly ordered arrays of three- 
dimensional interconnected pores 5-100 nm in size. We modified the surface of colloidal 
nanopores with organic moieties whose charge and shape respond to external stimuli, 
such as pH, light or temperature. As a result of the surface modification, we were able to 
control the molecular transport through the colloidal nanopores by changing the 
environmental conditions. 

1. Introduction 

Nanoporous membranes have attracted attention in fundamental research and 
technology [l-31. Single synthetic nanopore structures [4] have been 
synthesized at the nanometer scale using carbon nanotubes [5], by top-down 
techniques [6-81 using protein channels (both natural and engineered) in lipid 
bilayers [9-111, and have been used in DNA studies and stochastic sensors. 
Films and membranes with multiple nanopores have been made in 
polycarbonate by track-etching and were further modified by wall-activating 
glow discharge [12] or gold-plating [ 131. Nanoporous membranes have been 
also prepared using polymerics [14], zeolites [15], silicon nitride [16,17], silica 
[18], alumina [19,20], and using nanotubes [21,22]. 

Responsive and selective nanoporous membranes have been prepared by 
surface modification of Au-plated track-etched polycarbonate membranes 
[23-251 and by placing ultrathin organic films over the openings of inorganic 
nanopores [26,27]. Transport selectivity has been built into micron-sized pores 
using grafted molecules that respond to environmental stimuli [28-301. 

The focus of our work is on silica colloidal films and membranes whose 
surface is modified with organic moieties to render them responsive in a way 
similar to that described for polymeric materials [31]. Silica colloidal crystals 

This work is supported by an NSF CAREER Award and Dreyfus Foundation New Faculty Award. 
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comprise a close-packed face-centered cubic (fee) lattice of silica spheres of a
sub-micrometer diameter (Figure 1) with ordered arrays of nanopores [32]. The
preparation of silica spheres (1, Scheme 1) is straightforward [33], self-
assembly of the spheres is well developed [34], and pore size in the crystals can
be readily controlled by selecting the sphere size (the distance from the center of
the nanopore to the nearest silica sphere surface is ca. 15% of the sphere radius).
Surface silanol groups can be directly modified by nucleophilic silylation to
introduce a variety of functional groups [35]. Alternatively, silica surface can
be first modified with 3-aminopropyl-triethoxysilane (2, Scheme 1), followed
by treatment with organic molecules carrying electrophilic moieties such as acyl
chloride, isocyanate, isothiocyanate, carboxylic acid, sulfonyl chloride [36], or
succinimidyl ester [37].

Figure 1. SEM images of the chemically-modified opal prepared from 440 nm diameter silica
spheres (A) top view, the geometric projection of a pore observed from the (111) plane is outlined in
the inset. (B) Side view. (C) Scheme of a permselective colloidal membrane.

MeCN
\
<™*i_l

1

Scheme I. Preparation and surface amination of silica spheres.

An important advantage of using colloidal crystals as nanoporous
membranes is their highly ordered nature, which allows creating accurate
mathematical descriptions of transport rates [38-42]. The effective diffusivity of
molecules in the fee lattice £>fcc, can be expressed as (s/i)Dsoh where £>SO|, is the
diffusivity of molecules in free solution, the void fraction £ (0.26) and the
tortuosity T (-3.0) are intrinsic geometrical parameters independent of the size
of the silica spheres used to prepare the colloidal crystal. An estimate of the
molecular flux Jfcc can be obtained using equation (1) [38], where AC is the
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concentration gradient and L is the thickness of the membrane [38]. For a 
typical Dsol of 
mol/cm2s This is several orders of magnitude higher than the molecular fluxes 
reported for polycarbonate membranes with cylindrical pores (-1 0-" mol/cm's). 

Importantly, the difhsive flux of small molecules normal to the (1 11) plane 
of a semi-infinite colloidal crystal is only ca. 10 times smaller relative to the free 
solution value, independent of the size of the spheres used to assemble the 
crystal [40]. Thus, the rate of molecular transport remains significant, even 
when the pore size is reduced to the nanoscale to impart molecular transport 
selectivity. 

All of the above features make silica colloidal crystals ideal candidates for 
highly-selective nanoporous membranes. However, until 2005, there were no 
publications describing transport through surface-modified colloidal membranes 
or their use for separations. In 2005 we introduced, for the first time, the 
concept of permselective colloidal nanoporous membranes by describing amine- 
modified colloidal membranes with controlled transport of positively charged 
species [43]. Last year, we reported a detailed study of transport through amine- 
modified colloidal membranes [44] as well as membranes modified with chiral 
selector molecules [45] and polymer brushes [46], and suspended colloidal 
membranes [42]. Most recently, we reported a detailed study of the molecular 
transport in chiral colloidal membranes [47]. 

cm'.s-', L of 10 pm, and AC of 10 mM, Jfcc is 

Jcoll= (ACW ( E / ~ P , O l  (1) 

2. Amine-Modified Nanoporous Colloidal Films 

To demonstrate that a colloidal membrane can be functionalized to acquire 
permselectivity, we modified the surface of silica spheres with amino groups, 
with the goal of imparting pH-dependent permselectivity based on electrostatic 
interactions between the protonated amino groups and the charged permeants. 

To prepare surface-modified colloidal membranes, we first assembled a thin 
colloidal film from 440*11 nm silica spheres [43] on the surface of 25-pm- 
radius disk-shaped Pt microelectrodes shrouded in glass [43]. These electrodes 
will be called opal electrodes throughout the text. Chemical modification of the 
colloidal films was achieved by treatment with 3-aminopropyl-triethoxysilane 
[43]. A representative SEM image of a three-layer modified film deposited on 
the Pt electrode is shown in Figure 1. The permselectivity of the surface- 
modified films was determined by measuring the flux of redox-active molecules 
across the films in quasi-steady-state voltammetric experiments [48]. 
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Figure 2 shows the voltammetric responses of a Pt electrode in aqueous 
solutions of either 5.1 mM Ru(NH3):+, 5.2 mM Fe(CN):-, or 1.6 mM 
hydroxymethylferrocene (Fc(CH~OH)~) and 0.1 M KCl as supporting electrolyte. 
To separate the effects of the lattice tortuosity and surface chemistry on the 
molecular flux, voltammatograms were recorded for: (i) the bare electrodes, (ii) 
the electrodes afler the film self-assembly, and (iii) the electrodes afier chemical 
modification of the film with 3-aminopropyltriethoxysilane. 
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Figure 2. Voltammetric responses of a Pt electrode: (A) bare (bottom), after opal assembly (middle), 
and after chemical modification of the thin colloidal film with 3-aminopropyl-triethoxysilane (top). 
(B)-(C) bare (top), after opal assembly and after chemical modification of the thin colloidal film 
with 3-aminopropyl-triethoxysilane (middle). (D) Voltammetric responses of a Pt electrode as a 
function of pH for unmodified (triangles) and modified (circles) opal electrode. 

The voltammetric response of the bare electrode for each redox species, 
Figure 2, displays a sigmoidal shape characteristic of radial transport to a 
microelectrode [49]. Following deposition of the colloidal thin film, similar 
sigmoidally shaped voltammetric responses were obtained, but with a -30% 
reduction in ili, for all molecular species (Figure 2A-C). The reduction in 
current for the electrode, prior to chemical modijkation, is due solely to 
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geometrical effects associated with the tortuous path that the redox molecules 
take when diffusing through the colloidal lattice. 

Permselective behavior is readily apparent in the voltammetric response of 
the electrode after covalent attachment of amino groups to the silica spheres. At 
pH -4, the voltammetric limiting current, ill,, corresponding to the one-electron 
reduction of Ru(NH3):+ is greatly diminished (Figure 2A) while ill, for the one- 
electron oxidations of Fe(CN);- and Fc(CH20H)? remains approximately the 
same as before surface modification (Figure 2B and 2C). This result is 
consistent with electrostatic repulsion of the cationic species, Ru(NH3)63+, by 
protonated surface amines. To demonstrate that the permselectivity arises from 
electrostatic interactions involving the surface amine functionality, we recorded 
the voltammetric limiting current for Ru(NH3):+ reduction as a function of the 
pH. Figure 2D shows a plot of the voltammetric limiting current recorded at 
different pH’s. The flux of Ru(NH3):+ increases sharply beginning at pH 5 and 
rises by a factor of 3-5 as the pH is raised to a value of 7. Above this pH, ill, 

remains constant. The sigmoidal shape of the normalized plot of illm/i~lm(p~ 3.8) vs. 
pH is consistent with RNH2/RNH3+ equilibrium with a pK, of 5.7 + 0.2 [43,50]. 

Furthermore, we studied the dependence of the permselectivity upon 
supporting electrolyte concentration [44]. For the modified colloidal 
membranes at neutral pH, increasing the electrolyte concentration led to a small 
decrease in the Ru(NH3):+ limiting current, a consequence of the electrolyte 
reducing the electrical field (and resulting ion migration) created by the 
reduction of Ru(NH3):+ [49]. Conversely, at low pH, increasing the electrolyte 
concentration led to a large increase in the limiting current. We interpret the 
latter dependence as being due to screening of the positively charged surface 
ammonium groups by the electrolyte ions that “opens” the pores for the 
diffusion of Ru(NH3):’. 

3. Light Responsive Nanoporous Colloidal Films 

A spiropyran moiety that undergoes a reversible transformation from the neutral 
form 3a to the charged merocyanine forms 3bl3c and back upon irradiation with 
UV and visible light, respectively (Scheme 2) [51] appeared to be suitable for 
controlling ionic permselectivity of a colloidal membrane by light. 

We prepared the succinimidyl ester derivative (4) [52] of the spiropyran and 
treated the amine modified colloidal films 2, assembled on a Pt electrode, with 4 
(Scheme 3) and confirmed the successful silica surface modification with 
spiropyran moieties using UV spectroscopy. 



400 

3a 3b 3c 

Scheme 2. Interconversions of neutral, zwitterionic and charged spiropyran forms 
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Scheme 3. Attachment of spiropyran moiety to the silica sphere surface 
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Figure 3. (A) Voltammetric response of a spiropyran-modified opal Pt electrode after irradiation 
with UV (top curve) and visible light (bottom curve). (B) Time profile of the response. 

Next, we measured the flux of charged molecules through the spiropyran- 
modified nanoporous films 5 using cyclic voltammetry, in the same way as for 
the amine-modified films. We found that upon irradiation with UV light the 
transport of positively charged species decreased, and that it can be restored to 
its original value upon irradiating the film with visible light (Figure 3). 
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The permselectivity for the molecular transport of cations is only about 15% 
for the spiropyran-modified films, compared to nearly 100% in the case of 
amine modified films. This may result from having fewer spiropyran molecules 
on the surface, or from incomplete conversion of the spiropyran molecules to the 
merocyanine form, factors presently under investigation. 

4. Polymer Modified Colloidal Films 

To introduce polymers onto the nanopore walls radical polymerization initiator 
molecules [53] can be attached to the surface followed by the growth of dense 
polymer brushes [54]. This approach has been used to introduce amphiphilic 
block-copolymer [54], two-component [55], polysulfonate [56] and 
polycarboxylic acid [ 571 brushes onto silicon surfaces, which indeed undergo a 
change in morphology in response to solvent polarity [54,55], ionic strength [55] 
and pH [56]. Importantly, Wirth et al. prepared polyacrylamide on a porous 
silica surface and demonstrated that a uniform film is formed without blocking 
the pores [58] .  Thus, we decided to use atom transfer radical polymerization 
(ATRP) [59] to form polymer brushes inside the nanopores. 

In order to determine if the colloidal crystal lattice would remain 
unperturbed by surface polymerization, we performed ATRP of acrylamide 
(Scheme 4) on 7-ym-thin colloidal films assembled on glass slides using a 1.5 
wt% solution of 205 nm silica spheres. The surface of the silica spheres was 
modified with the initiator moieties (6, Scheme 4) and polymerization of 
acrylamide was performed for 43 hours. The SEM image of the resulting hybrid 
film is shown in Figure 4. It is clear that the colloidal lattice remained intact 
(although some silica spheres are missing from the top colloidal film layer), and 
it appears that spheres are “sintered” together (Figure 4 inset) as a result of the 
polymer brush formation. It is also apparent from Figure 5 that a thick 
polymeric film does not cover the colloidal film, and that the nanopores are still 
present. 

Next, we assembled the colloidal films on the surface of eight Pt 
microelectrodes shrouded in glass, modified their surfaces with initiator 
moieties, and performed polymerization of acrylamide on the opal electrodes for 
different periods of time. We then measured the limiting current of Ru(NH3)63+ 
using these polymer-modified opal electrodes, and compared the current to that 
measured before the polymerization. 
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Scheme 4. Preparation of PAAM and PNIPAAM brushes on silica sphere surface.

Figure 4. SEM image of the opal film assembled from 205 nm silica spheres, after surface
modification with initiator moieties and ATRP polymerization of acrylamide for 43 hours.

The relative limiting current measured for the electrodes decreased
logarithmically as a function of polymerization time. The smooth change in /lim

suggests that a uniform polymer brush is being formed inside the nanopores.
Using expressions for the limiting current [49], the molecular flux through the
colloidal crystal [38], and straightforward geometrical considerations, we were
able to calculate the polyacrylamide brush thickness inside the nanopores. It
increases logarithmically with polymerization time and reaches 8.5 nm after 26
hours. The nanopore size (the distance from the center of the pore to the nearest
silica sphere surface) decreases from its initial value of 16 nm for unmodified
colloidal crsytal to 7.5 nm for the polymer-modified nanopores after 26 hours of

polymerization.
Poly(ALisopropylacrylamide), PNIPAAM, is a well-known temperature

responsive polymer [60] that has been used in the preparation of
thermoresponsive membranes [61,62]. We modified colloidal film nanopores
with PNIPAAM brushes (Scheme 4) [63] and measured the temperature
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response for nanoporous films modified at different polymerization times. As
can be clearly seen in Figure 5, two types of response are observed. For
nanoporous films modified with a thin polymer brush, the limiting current
increases with temperature, with an gradual change at ca. 29 °C (Figure 5A).
For colloidal films modified with thick polymer brush a reverse change is
observed, where the limiting current decreases with increasing temperature, with
an abrupt change at ca. 29 °C (Figure 5B).

-6.5

y4.o

-1.5

-12.0

-6.0

0.0
19 23 27 31 35 39 22 26 30 34 38 42

temperature, °C

Figure 5. Limiting current (Ru(NH})63+) as a function of increasing temperature for PNIPAAM-opal
film Pt electrodes after polymerization for (A) 15 min, and (B) 90 min.

Figure 6. Schematic representation of the processes that occur upon heating and cooling of a (A)
PNIPAAM brush (15 min polymerization) and (B) PNIPAAM gel (90 min polymerization) inside a
colloidal nanopore.

These results are consistent with two types of PNIPAAM morphologies
[62,64] inside the nanopores, which lead to two types of molecular transport
mechanisms through these nanopores. We believe that when
TV-isopropylacrylamide is polymerized for a short period of time, it forms a
dense brush (Figure 6A). Transport through such nanopores mainly happens in
the polymer-free volume of the nanopores. With rising temperature the
conformation of the polymer chains inside the brush changes in such a way that
the brush shrinks, providing a larger volume for diffusion (Figure 6A), which
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results in the observed increase in molecular transport. When polymerization is 
conducted for a sufficiently long time (over 30 min) polymer chains in the 
brushes growing from the opposite nanopore wall become long enough to meet 
and interpenetrate. We speculate that this leads to a highly porous and 
permeable hydrogel structure (Figure 6B). When the temperature is increased, 
the hydrogel becomes dehydrated and impermeable to aqueous permeants 
(Figure 6B), but it does not shrink to open the nanopores [61,62]. 

5. Summary 

The above results from our lab demonstrate that transport through surface 
modified nanoporous colloidal membranes can be controlled by (i) pH and ionic 
strength, (ii) light, and (iii) polymer brush conformation. Two properties of 
colloidal membranes are particularly important: (i) selectivity and (ii) high 
molecular throughput. Our results suggest that the tortuous pathway through the 
colloidal lattice and the high surface area of the chemically modified spheres 
enhance the interactions with the diffusing ions and molecules. These results 
provide critical evidence that surface-modified nanoporous colloidal membranes 
offer an entirely new and successful approach to nanoporous membranes and 
may lead to the paradigmatic shift from fabricating nanopores in solid materials. 
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Water adsorption in carbon nanotubes is an important topic under continuing intensive 
investigation to understand its mechanism. Therefore in this study water adsorption 
isotherms are obtained by using a Grand Canonical Monte Carlo (GCMC) simulation for 
the water potential model proposed by Muller et 01. [ I ]  in carbon nanotubes at 298 K. 
The simulated single walled carbon nanotubes (SWCNs) have a cylinder gebmetry and 
diameters of 10.8, 13.6, and 16.3 A. The nanotubes in the presence and absence of 
hydroxyl groups as well as the location and concentration of hydroxyl groups on carbon 
surfaces are used to study the effects of surface heterogeneity on the adsorption 
isotherms. In homogeneous nanotubes, the pore filling pressure is lower than the 
saturation pressure of water model which is different from that in homogeneous slit 
pores, and it increase with pore diameter. The size of hysteresis loop changes 
significantly with pore length and it decreases with an increase in length. The adsorption 
of water in carbon nanotubes is strongly affected by the location and the concentration of 
functional group. The pore filling pressure is lower with an increase of functional groups 
or with the functional groups located at the middle of the carbon nanotube. Study of 
snapshots of water molecules shows that water molecules are nucleated at the functional 
groups and this cluster grows in all directions until the pore is completely filled. 

1. Introduction 

Carbon nanotubes have been increasingly used in many applications, for 
example the energy storage for hydrogen [2-41, methane [ 5 ] ,  sensor technology 
and medical technology [6] since their discovery by Iijima [7 ] .  A structure of 
single walled carbon nanotubes (SWCNs) is well defined tubular shaped with 
very narrow tube size distribution [8-91. It is reported in the literature [4] that 
SWCNs could act as metals or as semiconductors [lo-111, and as such chemical 
reaction could occur inside the nanotubes [12] and the adsorption of NOz, 0 2  

and NH3 [13-141 in carbon nanotubes is also affected by their electronic 
properties which depend on the carbon atoms arrangement. In the adsorption of 

' This work is supported by the Australian Research Council. 
Financial supported by the Royal Thai Government and Suranaree University of Technology, 
Thailand. 

a Corresponding author: E-mail: duongd@cheque.uq.edu.au 
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gases, water vapor may involve and could affect the performance of nanotubes. 
Therefore, it is important to understand the behavior of water molecules 
adsorbed in carbon nanotubes which can be applied further in adsorption science 
to study adsorption of mixture involving water. 

Molecular simulation has been applied to elucidate the adsorption 
mechanism of water in SWCNs with infinite length in axial direction [4, 15-18], 
and the experimental data of water adsorption inside 1O:lO SWCNs at 289 K 
using ‘H nuclear magnetic resonance (NMR) has been reported [8]. 
Experimental data show that water uptake slightly increases at low relative 
pressure, and then it rises sharply above the relative pressure of 0.4 (P/Po = 0.4) 
to P/Po = 0.55, after that region it gradually increases to the completion of pore 
filling [8]. While the simulation results of water inside the infinite SWCNs show 
a negligible adsorption at low relative pressure and a sudden change of isotherm 
and a completion of pore filling once a certain relative pressure threshold is 
reached [4, 15-18]. Therefore there is a need to reconcile simulation results and 
experimental data. 

In simulation studies, two popular molecular simulation methods applied to 
study water adsorption are Molecular Dynamics (MD) and Monte Carlo 
simulation (MC), and two types of water potential models have been used. One 
is the point charge models such as SPC/E model [19], while the other is the 
square well site models such as the Primitive model (PM) [20-231 and the Muller 
et al. [ 1, 241 models. The point charge model involves long-range Coulombic 
forces which require a large simulation system size in order to minimize the cut- 
off errors induced due to the effect of simulating a finite system [ l ]  and the 
greatly increased computation time [25], while the Muller et al. model can 
mimic the association without the need for large simulation system and 
computation time [26]. 

The more accurate molecular potential model for water should account for 
not only the usual dispersion and repulsive forces and hydrogen bonding, but 
also the long range electrostatic force, polarizability, quantum effects, bond 
flexibility and multibody effects. The Muller et al. water potential model, 
however, uses the off-centre square well interactions to describe bonding sites 
[27] and increases the energy well depth for unlike sites to form the hydrogen 
bonding which accounts for the electrostatic and attractive forces [l]. The 
quantum and bond flexibility effects are not taken into account; this is due to the 
fact that the influence of these effects is small enough to be neglected [27]. The 
molecular parameters are evaluated by using Wertheim’s TPTl theory and fitted 
to thermodynamic properties such as the gas-liquid coexistence properties of 
bulk water at 298 K and vaporization energy [ 1, 241. Although the Muller et al. 
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Fluid soo, A m k , K  roH, A SHB, A 

HzO 3.06 90.0 1.2852 0.612 

model does not carry any partial charges, its square well interaction to describe 
hydrogen bonding is adequate to capture correctly the interaction between water 
molecules. Furthermore, this model can describe adsorption behavior of water in 
slit pore equally well, when compared with the behaviors described by models 
with partial charges such as SPC/E [25, 261. The comparison between the Muller 
et al. water model adsorption on a functional graphite pore against the 
experimental data of commercial activated carbon has been reported in the 
literature [24, 28-29], and agreement is found to be satisfactory. 

This study focuses on using homogeneous and heterogeneous finite pores 
together with the Muller et al. potential model to investigate the adsorption of 
water in carbon nanotubes. The adsorption isotherms of water in cylindrical 
pores at 298.15 K are obtained by using the Grand Canonical Monte Carlo 
(GCMC) simulation. The functional group used in this study is taken to be the 
hydroxyl (OH) group. We will study the effects of the position and the 
concentration of functional groups on the adsorption isotherm. The results have 
been obtained for two different configurations of the functional group located on 
the carbon surface. The detail of solid surface and functional group will be 
described in Section 2.2. 

eHB/k,K 

3800 

2. Methodology 

2.1. Water model 

The Muller et al. water model is used in this study and it is treated as a spherical 
LJ molecule with one dispersive site (oxygen atom) at the centre of a tetrahedral 
and four square well (SW) associating sites placed at the vertices of the 
tetrahedral. These four sites represent two hydrogen atoms and two lone pairs of 
electrons. The molecular parameters used in this study are listed in Table 1. 

where eo0 and soo are the energy well depth and the collision diameter of the 
dispersive site, respectively, k is the Boltzmann’s constant, and rOH is the 
distance between a SW site and the oxygen atom. The energy well depth for 
unlike sites (a hydrogen atom of one water molecule and a lone pair of electrons 
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of another water molecule) to form a hydrogen bond is % while that for the like 
sites interaction is zero, and s HB is the diameter of the associating site. A cut-off 
radius in the calculation of interaction energy of five times the collision diameter 
( 5 ~ 0 0 )  is used in this study. The interaction energy between two dispersive sites 
is calculated using the Lennard-Jones 12-6 equation. If A represents a hydrogen 
atom on one water molecule and B is a lone pair of electrons on another water 
molecule, the interaction potential energy between A and B to form a hydrogen 
bond can be calculated by using equation 1 [l]. 

where TAB is the distance between A and B. In this study, the long-range 
interactions are not taken into account. 

2.2. Solid model and functional group 

The solid model used in this study is the carbon-based adsorbents whose pores 
are cylindrical in shape. A cylindrical pore consists of only one graphene wall 
and its diameter is that of a ring passing through the centre of the carbon layer. 
The carbon-carbon bond length in the graphene layer is 1.42 8, [30]. The LJ 
parameters for carbon atom, qs and c,,fk, are 3.4 8, and 28 K, respectively. The 
interaction energy between the oxygen atom of a water molecule and a carbon 
atom is calculated by the Lennard-Jones 12-6 equation, and the cross molecular 
parameters, sSf and eSf are calculated from the Lorentz-Berthelot rule. The 
homogeneous single walled carbon nanotubes (SWCNs) used in this study are 
8:8, 10:10, and 12:12 SWCNs, which correspond to the diameter of 10.8, 13.6, 
and 16.3 A, respectively, while the heterogeneous SWCN with diameter of 13.6 
A is only used in this study. 

The functional groups on carbon surfaces have been identified as hydroxyl, 
carbonyl, carboxylic, phenolic, lactonic, and pyrone [24], however to simplify 
the model only the hydroxyl (OH) group is assumed in this study. The hydroxyl 
group is modeled as a LJ dispersive site at the centre of oxygen atom and a 
single square well (SW) site at the hydrogen atom, and their molecular 
parameters are the same as those of water model except the hydrogen bond 
strength. The energy well depth to form hydrogen bond between the SW site on 
the hydroxyl group and the lone pair of electrons on a water molecule is 5000 K 
[24]. The LJ dispersive site of the hydroxyl group is located at a distance of 
1.364 8, along the radial direction from the centre of carbon layer to the centre of 
cylindrical tube while the SW site is placed at 1.2852 8, from the LJ centre of 
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hydroxyl group along the tube radius. It is reported in the literature [31] that 
heteroatoms chemically combined with the carbon skeleton, i.e. hydrogen as a 
residue of incomplete carbonization, can be distributed within the whole volume 
of the activated carbon and they need not be bonded directly to the carbon 
skeleton. Thus hydrogen may be boned via a C-OH residue (hydroxyl group) and 
heteroatoms can be decreased by bum-off of coal at temperatures over 1000°C. 
They can be combined both with carbon atoms at the comers and edges of the 
graphene layers, and in intercrystalline spaces and even in defect zones of 
particular graphene layers, mostly they are located at the surface of porous 
carbons [31]. In this study, two different configurations to investigate the effects 
of functional group location on the adsorption isotherm of water in a cylindrical 
pore are used. The first configuration assumes that the hydroxyl groups are 
positioned at one tube end (Figure la); while the other configuration assumes 
that the fimctional groups are placed at the middle of the carbon nanotube along 
the axial direction (Figure lb). Hereafter, we will use the terms edge and centre 
topologies to describe these configurations. In this figure, grey spheres represent 
carbon atoms while big black spheres and small black spheres represent oxygen 
atom and hydrogen atom of the OH groups, respectively. 

(a) Edge topology (b) Centre topology 
Figure 1.  The solid configuration for the edge (a) and centre @) topology models. 

The effects of the concentration of functional group on the adsorption 
isotherm are investigated by varying a number of hydroxyl groups on the pore 
wall. The following concentrations used in this study are 1, 2 and 3 hydroxyls 
groups in the carbon nanotube of length 50 A. The distance between functional 
groups is 4.26 A along a circumference of carbon nanotube. 

2.3. Simulation method 

In this paper we adopt the Metropolis algorithm in the simulations [32]. The 
GCMC is used to obtain adsorption isotherm of water in a finite-length 
nanotubes. In this ensemble, we specify the volume of the box (i.e. pore 
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volume), the chemical potential and the temperature of the system to obtain the 
adsorption equilibrium. Each simulation cycle consists of displacement of a 
randomly selected particle, and either deletion of a randomly selected particle or 
insertion of a particle at a random position. 

In our study, one GCMC cycle consists of one thousand displacement moves 
and attempts of either insertion of deletion with equal probability. In each 
displacement move, the molecule is also rotated around x, y or z axis with equal 
probability. For each point on the adsorption branch, we use an empty box as the 
initial configuration, and the simulation is camed out until the number of 
particles in the box does not change (in statistical sense). Once this is achieved, 
the chemical potential is increased to a new value, and the final configuration of 
the previous chemical potential is used as the initial configuration for the MC 
simulation. For low relative pressures which are low density states, there are a 
few molecules adsorbed in the pore however to obtain good statistics, we used 
run lengths for each point on the adsorption branch of 700 million configurations 
to reach equilibrium and to obtain ensemble averages. For denser states, the run 
lengths of 700 to 1000 million configurations are used. Although the Muller et 
al. potential model takes much less computation time to evaluate than the point 
charge potential models, the singular nature and strength of the square well 
association interaction makes it more difficult to sample configuration space 
efficiently so that longer run lengths are required [26]. 

On the other hand, desorption branch of the isotherm is started with the 
highest chemical potential, and then the chemical potential is decreased to a new 
value. The equilibrium configuration of the previous chemical potential is used 
as the starting point for the new chemical potential, and the process is repeated 
until the simulation box is empty. The virial equation [33] is used to determine 
the relative pressure of the bulk gaseous phase for a given chemical potential. In 
the case of infinite cylindrical pore, periodic boundary condition are applied in z 
direction [32, 341 while in the case of fmite pore, the particle move is rejected if 
it places the particle outside the simulation box. 
Pore Density 

The cylindrical pore volume is pR’L, where R is the subtraction of half a 
collision diameter of carbon atom from the pore radius and L is the pore length. 
The average adsorption density is calculated as pa, = (N)/xR’L , where N is the 
number of particle. 
Isosteric Heat 

A thermodynamic quantity in adsorption studies is the isosteric heat (qst). 
Using the fluctuation theory, the isosteric heat is evaluated using the equation, 



413 

q,, = [(U)(N) -(UN)]/kN’))-(N)(N)]+ kT , where U is the configuration 
energy of the system [35]. 

3. Results and discussions 

We start our discussion by first presenting the adsorption isotherms of water 
using Muller et al. model for homogeneous cylindrical pores with different 
lengths to show the effects of pore length on the adsorption behaviors. Next, the 
adsorption isotherms obtained for heterogeneous cylindrical pores of edge and 
centre topologies will be presented to show the effects of functional group and 
its location on the adsorption isotherms. Final, the effects of concentration of 
functional groups on adsorption isotherms are investigated. 

3.1. The effects ofpore length on the adsorption isotherm 

The simulated isotherms versus relative pressure of water in homogeneous 
cylindrical pores at 298.15 K are shown in Figures 2.  The dashed lines are for an 
infinite pore, while results for a finite pore are shown as solid lines. In general, 
the adsorption behavior for the infmite pores is similar to that for finite pores; 
they show the type V isotherm and a distinct hysteresis loop. The onset of the 
pore filling occurs at a pressure lower than the saturation pressure of the water 
potential model and it increases with pore diameter. While in the case of 
homogeneous slit pores, the onset pressure is higher than the saturation pressure 
for both infinite and finite pores [36] and the relative pore filling pressure for the 
cylindrical pore is lower than that for the slit pore of similar size. This is due to 
the effects of curvature on the adsorption behavior of water in carbon nanopores 
(enhancement in adsorption potential). The similar behavior is also observed in 
the case of adsorption of the SPC/E water potential model in the infmite 
cylindrical and slit pores [ 181. It is noted that the adsorbed amount of water at 
saturation in slit pore is greater than that in cylindrical pores of similar size [ 18, 
361 and the adsorption capacity of cylindrical pores at saturation is lower than 
water density which correspond to the experimental data of activated carbon and 
SWCN in the literature [8]. This is due to the effects of curvature and water 
molecules do not fill all the available pore volume [ 181. 
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Figure 2. Adsorption isotherms of water at 298.15 K for homogeneous infinite cylindrical pore 
(dashed line with circle symbols; filled symbols for adsorption and unfilled symbols for desorption) 
and finite length cylindrical pore (solid line with triangle symbols) of various diameters: D = 10.8 
(a), 13.6 (b) and 16.2 8, (c). 
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However the following differences between infinite and finite nanotubes are 
observed (i) a less sharp adsorption branch of isotherm, (ii) the greater 
condensation and evaporation pressures and (iii) a greater hysteresis loop in 
finite pore. The sensitivity of the loop size is manifested in cylindrical pore; such 
behavior is not observed in slit pore [36]. For a given pressure, the adsorption 
capacity is greater in the case of infinite cylindrical pores, and this is due to the 
greater interaction potential between water molecules and carbon atoms. Take a 
nanotube of 10.8 8, diameter as an example, the interaction between water and 
carbon at the saturation condition for infinite pore is -14.62 kJ/mol and it 
contributes to the total interaction potential of -59.97 kJ/mol (around 24.4% of 
total potential) while that for the corresponding finite pore of 50 8, length (f sf = - 
9.33 kJ/mol) contributes 16.7 'YO to the total potential of -55.94 kJ/mol. 

The adsorption data of water in 1O:lO SWCN (13.6 A diameter) at 289 K 
obtained by using 'H nuclear magnetic resonance (NMR) show a less steep 
increase of adsorption branch of isotherm above P/Po = 0.55 [8], the similar less 
steep rise in adsorption isotherm is also observed in the case of finite length 
nanotubes. However the pore filling pressures for the experimental data is lower 
than that for the corresponding simulation result. This is due to the heterogeneity 
of solid surface. We will investigate the heterogeneity in the form of functional 
groups and see whether we could reconcile the simulation results and the 
experimental data. 

60 

298 15 K 
I 
0.0 0.2 0.4 0.6 0.8 1.0 

Adsorbed amount (molecules/nm2) 
Figure 3. Jsosteric heats of adsorption for water at 298.15 K for finite pores (solid line with filled 
symbols) and those for infinite pores (dashed line with unfilled symbols) having diameters of 10.8 8, 
(triangle symbols) and 16.2 8, (circle symbols). 

Figure 3 shows the isosteric heats of water adsorption in homogeneous 
nanotubes as dashed lines for infinite pores and solid lines for finite pores of 50 
A. The heat of liquefaction of water at 298.15 K (Hliq = 43.99 kJ/mol) is also 
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presented as horizontal dotted line in the same figure. The heat curves start fiom 
a minimum value, which is below the heat of liquefaction and then increase with 
increasing surface coverage, crossing the heat of liquefaction at the pore filling 
pressures. At low coverages, the isosteric heat for the finite pore is less than that 
for the infinite pore of the same diameter; this is contributed by the less water- 
carbon interaction and it leads to the less adsorption capacity and higher pore 
filling pressure as shown in Figure 2 .  

3.2. The effects of functionalgroup on the adsorption isotherm 

Next we study the effects of functional groups and their location on the 
adsorption of water in nanotube of 13.6 8, diameter (1O: lO SWCN) which is the 
same diameter as the SWCN used experimentally [8]. The GCMC simulations 
for heterogeneous pores with edge topology (triangle symbols) and centre 
topology (circle symbols) are presented in Figure 4. The isotherm of a 
corresponding homogeneous pore (dashed line) is also plotted in the same figure. 
Three hydroxyl groups are placed on the pore wall with a separation distance of 
4.26 8, along the circular direction. The isosteric heats of water adsorption in 
these homogeneous and heterogeneous nanotubes are presented in Figure 5. 
Snapshots of water molecules in heterogeneous nanotubes at low relative 
pressures are presented in Figure 6 to investigate the onset of adsorption of water 
in SWCNs. 

Due to the presence of functional group, the following features are observed 
for the adsorption of water in carbon nanotubes: 
1. 

2.  

3. 

4. 

5 .  

An early onset of adsorption for heterogeneous nanotubes is observed, and 
the isotherms obtained for heterogeneous pores are greater than that for the 
homogeneous pore. This is due to the favorable adsorption of water 
molecules around functional groups via hydrogen bonding. 
The pore filling pressure and the evaporation pressure for heterogeneous 
pores are lower than those for homogeneous pore. 
The hysteresis loop in the case of heterogeneous pores is smaller than that of 
homogeneous pore. 
The isotherm for the centre topology is greater than that for the edge 
topology at low relative pressures; this behavior is similar to that observed 
in the case of slit pores [25, 361. This is due to the fact that water molecules 
which directly formed the hydrogen bond to the functional group and 
become nucleation centre for other water molecules to form aggregates are 
close to more number of carbon atoms on the pore wall in the case of centre 
topology. 
The heats of adsorption start from a minimum value, however the isosteric 
heats for heterogeneous pores start at a higher value than that for the 
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homogeneous pore and they reach the maximum when a nucleation of water 
molecules is formed at the functional groups. This is due to the greater 
interaction between water molecule and functional group via hydrogen bond 
than that between water and carbon atom. 
The heat curve for the centre topology is greater than that for the edge 
topology at zero coverage; this is due to the same reason mentioned in part 
(4) above. 
We note that the smaller evaporation pressure and the smaller hysteresis 

loop are similar to those of the homogeneous infinite pores; however the 
hysteresis loop for heterogeneous pores is smaller. 
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Figure 4. Adsorption isotherms at 298.15 K for the Muller et al. water model in cylindrical pore 
having diameter of 13.6 8, for the edge (triangle symbols; filled symbols for adsorption and unfilled 
symbols for desorption), centre topologies (circle symbols) and homogeneous pore (dashed line). 
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Figure 5. Isosteric heats of adsorption for water at 298.15 K for the Muller et al. water model in 
cylindrical pore having diameter of 13.6 8, for the edge (triangle symbols), centre topologies (circle 
symbols), homogeneous pore (dashed line) and heat of liquefaction (dotted line). 
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Figure 6 shows the configurations of water molecules in the heterogeneous
pore at various pressures. We observe that a few water molecules are nucleated
around the functional groups at low relative pressures, and then this water cluster
grows in all directions until the pore is completely filled with water molecules.
The pore filling mechanism of the Muller et al. water potential model in
cylindrical pores is similar to that of SPC/E water potential model in infinite
cylindrical pores [4].

(centre topology)
P/P0 = 0.11

(edge topology)

(centre topology)

P/P0 = 0.19

(edge topology)

P/PO = 0.25

(centre topology)

P/P0 = 0.25

(edge topology)

Figure 6. Snapshots of water molecules in heterogeneous cylindrical pore of 13.6 A diameter. In
these figures, gray dots represent carbon atoms, big and small black spheres represent oxygen and
hydrogen atoms of hydroxyl group, respectively, and big dark gray spheres represent oxygen atoms
of water while small gray spheres and small white spheres represent hydrogen atoms and lone pairs
of electrons of water molecules, respectively.
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3.3. The effects of concentration of functional group on the isotherm 

We now turn to the effects of concentration of functional groups on the 
adsorption isotherm of water in 1 O : l O  SWCN. The concentration used in this 
study is varied fiom 1 to 3 molecules of hydroxyl groups on the wall of 50 8, 
lengths, and the separation distance between two functional groups is 4.26 A. 
The GCMC simulated isotherms for the edge and centre topologies are shown in 
Figures 7a and 7b, respectively. 
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Figure 7. The adsorption isotherms of water in heterogeneous cylindrical pore of 13.6 8, diameter 
with 1 hydroxyl group (square symbols; tilled symbols for adsorption and unfilled symbols for 
desorption), 2 hydroxyl groups (circle symbols) and 3 hydroxyl groups (hiangle symbols) for (a) 
edge topology and (b) centre topology. 
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The common characteristics of these isotherms are observed with different 
concentrations of functional group; 

In the low relative pressure region, the adsorption isotherm decreases by 
decreasing the concentration of functional groups. This is due to the less 
available strong energy sites for water molecules to interact with. The 
simulation result agrees with the experimental observations of Morimoto 
and Miura [37] which show that the reduced amount of surface groups leads 
to a significant decrease of the water adsorbed amount. 
An increase in the concentration leads to an early onset of pore filling 
pressure; this is due to the greater water-water interaction. 
The size of the hysteresis loop decreases with an increase in the 
concentration of functional groups, resulting fi-om the early onset of 
adsorption isotherm as mentioned above. 
The adsorption isotherm obtained for the finite-length of 1O:lO SWCN 

agrees well with the experimental data for 1O:lO cut-SWCN [S] when one 
functional group is located in the middle of the nanotube (centre topology). It 
shows a steep increasing (but not vertical) of adsorption isotherm above the 
relative pressure of 0.4 but it does not reach the completion of pore filling until 
the relative pressure is about 0.95. 

4. Conclusions 

In this paper, we have presented the adsorption of water in carbon nanotubes and 
considered the effects of functional groups on the adsorption isotherm using a 
Grand Canonical Monte Carlo (GCMC) simulation. The isotherm of type V and 
the obvious hysteresis for both homogeneous and heterogeneous pores can be 
observed. The size of hysteresis loop for the cylindrical pore is more sensitive to 
the pore length than that for the slit pore. The functional group shows significant 
effects on the adsorption isotherm. We observe an early onset of adsorption 
isotherm, a lower pore filling pressure and a smaller hysteresis loop. 
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The adsorption properties of CH4 and C2H4 on MOP-28 based clusters have been 
investigated by quantum mechanics (QM) and QMMM approaches. The quantum 
clusters of the reaction center termed “paddlewheel” and “paddlewheel-ligand” are 
studied at the B3LYF’/6-31G(d, p) level of theory. The environmental framework of the 
MOP-28 is included via a QM/MM model, where the QM has been represented by using 
the B3LYF’ while the MM is well represented by a well-calibrated universal force field, 
UFF. Thiophene as a ligand was found to polarize the paddlewheel. From the population 
charge analysis, thiophenes induced the electron transfer in the “paddlewheel” from its C 
atoms to 0 atoms, and passing over to Cu atoms. Their adsorption energies in both QM 
and QMMM approaches are in the order of CH4 (-1 kcal/mol) < C2H4 (-6 kcaVmol). The 
van der Waals contribution due to the environmental framework of the MOP-28 for all 
complexes can be accounted for up to, at most, 20% of their interactions. The combined 
interactions of the p-bond of the alkene molecule with Cu and backbonding of the metal 
to alkene have been nicely demonstrated by the natural bond orbital (NBO) analysis. 

1. Introduction 

Since the discovery of solids that have outstanding properties [l], such as high 
porosity, a new family of the porous materials, metal organic materials, has been 
investigated on its adsorption property, catalytic activity, and molecular storage 
capacity. The porous metal-organic polyhedra (MOP) is comprised of several metal 
clusters, each of which has two or more metal ions, and a sufficient number of 
capping ligands to inhibit polymerization of the metal organic polyhedra. The porous 
metal-organic polyhedra further includes multidentate linking ligands that connect 
adjacent metal clusters into a geometrical shape, describable as a polyhedral, with 
metal clusters positioned at one or more vertices of the polyhedron [2]. 
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MOP-28 [3] is a metal-organic truncated octahedron composed of six rigid 
square-shaped Cu*(C02)4 paddlewheel building units and twelve 2,2':5',2"- 
terthiophene-5,5"-dicarboxylate (TTDC) linkers. These linkers in the cis,cis 
conformation provide the critical 90' linkage for this unique construction. 
Previous studies showed that the MOP can trap and separate organics and small 
gas molecules. Till now, MOP-28 is the most porous molecular structure and 
stands among the first MOP to be characterized by gas sorption. 

As observed in the zeolite framework, the interactions between the framework 
and any adsorbate molecule contribute remarkably to the sorption properties. These 
interactions, described by the term "confinement effect" [4, 51, consist dominantly of 
dispersive van der Waals interactions. For the adsorbed molecule with comparable in 
size to the pore dimension, the confinement effect should be considered [6]. 

Similar to zeolites, the MOP structure possesses a large number of atoms. To 
achieve the ab initio calculation for the paddlewheel active site with the effect kom 
the framework taken into account, the recent development of hybrid methods, such as 
the embedded cluster or combined quantum mechanics/molecular mechanics 
( Q W M )  [7-121 methods. For very large systems, the ONIOM (our-Own-N- 
layered Integrated molecular Orbital + molecular Mechanics) method [13, 141, has 
been applied in order to reach a satisfactorily accurate result and, at the same time, 
with a sensible computational expense. 

In this work, the adsorptions of CH4 and C2H4 on MOP-28 models (QM and 
QMMM) are examined to clarify the adsorption process and to address the 
confinement effect in the mesoporous materials. The ONIOM method enables us to 
use the density functional theory, for the precise treatment of the interaction 
between the absorbed molecule and the active site, and the universal force field 
(UFF) to account for the van der Waals interaction, which is found to be significant 
for the adsorption [15-201. Since there is no experimental measurement for the 
adsorption of our chosen adsorbed molecules available now, this scheme should be 
only treated as a promising trend for the adsorption. 

2. Methodology 

The MOP-28 structure [4] is rhombohedra1 space group with unit cell parameters 
a=b=29.457(5)a, c=54.236(20)A. The kamework consists of 6 Cu2-(CO,)4 
paddlewheel building blocks and 12 cis,cis-terthiophene linking units (see Figure 
1). Two different strategies have been employed to model the alkane- and alkenes- 
adsorbed metal-organic kamework. First, the paddlewheel-ligand cluster model cut 
from the MOP-28 structure was used to represent the local active site of the MOP- 
28 framework. The quantum mechanical (QM) model with fixed terminating 
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hydrogen atoms and probe molecules are fully geometrically optimized by 
employing the hybrid density functional theory (DFT) and B3LYP functional. The 
polarized double-6 6-31G(d,p) basis set was used for all light elements, while for 
Cu metal atoms, nonrelativistic effective core potential (ECP) was employed. The 
valence basis set used in connection with the ECP is essentially of double-6 quality 
(the Stuttgart basis set). The QMMM method with two-layer ONIOM (ONIOM2) 
scheme at B3LYP/6-31G(d,p):UFF was employed to study the adsorption. That is, 
for computational efficiency, only the small active region is treated quantum 
mechanically with the density hctional theory method, while the contribution of 
interactions fi-om the rest of the model is approximated by a less computationally 
expensive method. The B3LYP/6-31G(d,p) level of theory was applied for the 
paddlewheel-ligand cluster, which is considered to represent the active site. The 
rest of the fkamework was treated with the universal force field (UFF) [21]. This 
force field has been found to provide a good description of the short-range van der 
Waals interactions. All the calculations were accomplished by Gaussian 03 
program package [22]. 

Figure 1 .  MOP-28 structure - (a) the framework system consists of 6 Cuz-(C02)4 paddlewheel 
building blocks and 12 cis,cis-terthiophene linking units (b) the closer view of paddlewheel block 

3. Results and Discussion 

For the purpose of clarity, the discussion is divided into three sections. First, the 
bare quantum mechanical (QM) model is compared to the bare quantum 
mechanical / molecular mechanical (QM/MM) model. Then, the adsorption of 
ethylene to the clusters is discussed. In the last part, we also compare the 
adsorption of ethylene to those of methane with the clusters. 
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3.1 Comparison of the QM model to the QMMM model 

The XRD data are used to construct the paddlewheel cluster with four ligands of 
thiophene and the whole unit of MOP-28 which is used in the QM and QMIMM 
calculations, respectively (Fig.2). 

Figure 2. MOP-28 model used in the calculations. (a) For the model chosen for QM calculation, the 
region represented in ball-and-stick style is the active site. (b) For ONIOM approach, the active site 
and four linkers, calculated with B3LYF'/6-31G(d,p) level of theory, is shown in ball-and-stick style. 
The rest of the structure is omitted for clarity. 

To assess the sensitivity of the active site structure with varying 
environments, we optimized the active site, [ C U ~ ( C O ~ ) ~  with four 2,2':5',2"- 
terthiophene-5,5"-dicarboxylate (TTDC) groups, known as the paddlewheel with 
four ligands], for all the clusters, while the remaining atoms were kept fixed at 
the crystallographic positions. 

For the investigation on the spin state of the MOP-28 models, since the d- 
metal active site has a possibility not to be singlet, we investigated the spin state 
of the paddlewheel with four ligands quantum cluster and MOP-28 ONIOM 
scheme. It is found that both the quantum cluster and the ONIOM scheme are 
likely to be in a triplet state because the calculated energy for the triplet is lower 
than that for the singlet state (31.65 kcal/mol for both the quantum and ONIOM 
calculations). Therefore, the following discussion will be related to the bare 
optimized structures in the triplet state. 

Regarding the geometries of the MOP-28 models, we compared the 
structure between the full quantum cluster of the active site and ONIOM scheme. 
The extended framework has the effect of insignificantly lengthening the Cu-Cu 
distance, as the distances are 2.512 8, and 2.519 A for the quantum cluster and 
MOP-28 ONlOM scheme, respectively, thus they have no effect on the activity 
of the paddlewheel active site. 
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3.2 The adsorption ofethylene with the clusters

The optimized structures of the adsorption complexes of C2H4 in both QM and
ONIOM calculations are illustrated. There are two possible orientation of ethylene
over the active site. It is found that the staggered orientation (Fig.3) is more stable.
Then, the orientation is chosen to be studied in this work. Key geometrical
parameters of the complexes and their analogous adsorption energies are shown in
Table 1 and 2, respectively.

te *

Figure 3. C2H4 adsorption in staggered orientation on MOP-28 in perspective (a) and top (b) view

Figure 4. From NBO analysis, the C2&t adsorption on MOP-28 model consists of (a) o-donation
from C2ttt to Cu atom (b) rc-backbonding from Cu atom to CiH*

We have observed C^l-Li adsorption in different orientation. It is found to be
adsorbed on the Cu atom in staggered orientation inside the cavity of MOP-28 via
the p-complexation. The changes of the structural parameters that occurred in the
adsorption are small. For both QM and ONIOM calculations, the Cu-Cu distance is
elongated from 2.51 A to 2.57 A. It can be assumed that the inner Cu atom moved
toward the ethylene to form an interaction. This assumption is supported by the
lengthened C=C bond in the ethylene. In a detailed investigation, the combined
interactions of the p-bond of C2H4 with Cu and backbonding of the metal to C2H4 is
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found and illustrated by natural bond orbital (NBO) analysis. It showed that p- 
bonding molecular orbital of C2& transfers electron to the unoccupied s orbital of 
the Cu atom, while the electron from d orbital of the Cu transfers back to the vacant 
p orbital in the C atom. 

Analyzing the energetics, it is noted that the adsorption energy of C2& is -6.89 
kcalimol, while in the ONIOM calculation the energy is found to be -7.18 kcalimol. 

3.3 Comparison between the adsorptions of ethylene and methane with 
the clusters 

Methane and ethylene adsorptions to the model and ONIOM scheme are 
performed by QM and QM/MM calculations, respectively. 

Table 1. The key optimized geometrical parameters of the adsorption 
of CHI and C2H4 on MOP-28 models 

Distance QM ONIOM2 
4, CH4 C2H4 CH4 CZH4 

c u  ... c u  2.520 2.571 2.5 18 2.572 
2.683 
2.694 3.222 2.687 

2.687 CU ... Cads 3.230 

2.752 
2.779 CU.. .H& 2.750 

2.768 
C&-H& 1.094 1.094 
cads=cads 1.339 1.339 

In the bare cluster: For QM calculations, Cu.. .Cu = 2.5 12 8, 
For ONIOM2 calculations, Cu.. .Cu = 2.5 19 8, 
For isolated Cfi, C- H distance = 1.092 8,. For isolated CZH4, C=C distance = 1.330 8, 

We compare the geometrical parameters in order to evaluate the interaction 
of adsorbents with MOP-28. As predicted, the Cu ... Cu distance in the CH4 
adsorbed system is insignificantly different from the distance in the bare MOP- 
28, because of the molecular nonpolarity of the adsorbate. It is in the same trend 
with Cu ... Cad, distances that the value in CH4 adsorbed system is noticeably 
different from the distances in the C2H4 adsorbed system. Thus, it can be implied 
that the interaction of C2H4 is unlike the interaction of CH4, 

Since any distinction between the geometrical parameters from the QM and 
ONIOM calculations cannot be observed, it can hardly to be concluded that there 
is a confinement effect for the adsorptions of CH4 and CzH4 on MOP-28 models. 
In the case of CH4, the adsorption energy reveals the importance of the extended 
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structure. Moreover, the effect would become essential if the loading is increased 
or size of absorbing molecules is comparable in size to the MOP nanocavity. 

B 
3 

Figure 5 .  The adsorption of CHq on MOP-28 model in ONIOM calculation 

Table 2. The adsorption of C& and C2H4 on MOP-28 models at QM 
(B3LYP/6-31G(d,p)) and QM/MM at B3LYP/6-31G(d,p): UFF 

Adsorption Energy 

CHA c7HA 
Calculation (kcal/mol) 

QM -1.05 -6.89 
ONIOM2 -1.32 -7.18 

4. Conclusions 

The adsorptions of CH4 and C2& on MOP-28 were studied by using combined 
QM and QMMM approaches. For the adsorption of CHq and C2H4 on MOP-28, 
the adsorption energies were predicted by ONIOM2 calculations to be -1.32 and - 
7.18 kcal/mol, respectively. The ONIOM model applied in this study can express 
the confinement effect of the MOP cavity. The van der Waals contribution due to 
the environmental ffamework of the MOP-28 for CH4 adsorption and C2H4 
adsorption complexes can be accounted for 0.27 kcaVmol(20%) and 0.29 kcaVmol 
(4%) respectively. The extended MOP ffamework that was represented by the UFF 
was found to be necessary for illustrating the confinement effect of the MOP and 
led to the further investigations on larger adsorbates. 
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The adsorption and interaction of methane on three different isoreticular metal-organic 
frameworks (IRMOFs) have been theoretically investigated at the ONlOM (MP2/6- 
31 G(d,p):PM3) level of theory. Adsorption sites and various adsorbed structures were 
determined. Methane preferentially adsorbs at the comer region of the cubic structure of 
IRMOF by interacting with the three carboxylate groups of the 1,4-benzenedicarboxylate 
(BDC) linkers. The adsorption energy of methane on the IRMOF-I is calculated to be - 
4.54 kcal/mol. The addition of a substituent on the linker molecule increases the 
adsorption energy to -6.75 and -5.00 kcal/mol for IRMOF-2 (BDC-Br) and IRMOF-6 
(BDC-CZH~), respectively. The higher adsorption energy of methane in IRMOF-2 may be 
due to both the inductive and steric effects of the substituted Br atom. 

1. Introduction 

Metal-organic fiameworks (MOFs) are new, important porous materials with 
potential applications in separation, catalysis, and gas storage [ 1-12]. These 
crystalline porous materials are composed of three-dimensional clusters of metal 
oxide held together by organic linkers forming into a systematic network with 
periodic channels and cavities in the nanoscale. The pore structure can be 
tailored to suit various applications by using suitable linkers. 

The MOF-5 structure is composed of octahedral clusters of the ZQO 
tetrahedral cores each attached to six edge-bridged 1,4-benzenedicarboxylate 
(BDC) linkers that assemble into a network of the three-dimensional cubic 
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structure [ 1,2]. By changing the organic linkers, various isoreticular metal- 
organic frameworks (IRMOFs) were designed and synthesized without changing 
the prototype structure of MOF-5. Yaghi and coworkers [3] synthesized 16 
IRMOF materials with pore sizes ranging from 3.8-28.8 A. These materials have 
the advantages of low density (1.0 to 0.20 g/cm3) and large surface areas (500 to 
4,500 m’/g) and high free volume in crystals (55.8-91.1%). Therefore, IRMOFs 
are excellent materials for molecular storage [3-71 and separation [8-121. The 
IRMOF-6 was reported to have the highest methane storage capacity [3]. 

The methane storage on IRMOF-6 has been studied and compared with 
other materials such as FAU zeolite, silicalite zeolite, MCM-41 and carbon 
nanotubes [5,6]. The IRMOF-6 is one of the best materials for methane storage 
due to its high free volume, low framework density, and strong energetic 
interaction between the framework and methane molecules. In addition to this, 
the simulations predicted that the linkers change to 1,4-tetrabromobenzene- 
dicarboxylate and 9,1O-anthracenedicarboxylate, the amount adsorbed per 
volume can be increased [5]. 

One of the main targets in the development of metal-organic frameworks is 
the focus on applying them to trap and separate organics and small gas 
molecules, especially for hydrogen storage and methane storage. Understanding 
the properties of the high porosity surface materials is a very important aspect of 
achieving the goals for being suitable for gas storage. The knowledge of 
adsorption sites and interactions with the adsorbed molecule would be of great 
benefit for the design of better metal-organic frameworks. In this study, the 
interactions of methane on IRMOF-1 (BDC-H), IRMOF-2 (BDC-Br) and 
IRMOF-6 (BDC-C2H& are investigated with the ONIOM calculation. The aims 
of this paper are: 1) to investigate the adsorption behavior of methane on 
IRMOF; 2) to discuss the effect of the framework from the ONIOM calculation; 
and 3) to study the effect of the linker-BDC to the adsorption properties of 
methane via IRMOF-1,2 and 6. 

2. Methodology 

The structures of IRMOF were generated from the crystallographic X-Ray 
pattern [2]. The smallest model consisted of ZaO(C02)6 and one BDC linker 
(total of 39 atoms). The next model had the metal cluster and three BDC linkers 
to represent a corner of the cubic structure of MOF-5 (total of 59 atoms). Full 
quantum calculations were used for these two models. To include the extended 
kamework of the MOF-5 structure, the ONIOM2 method was employed to take 
advantage of the computational efficiency with a satisfactory degree of accuracy. 
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The IRMOF-1 cluster was divided into two layers of calculation methods. The 
inner layer was the cluster of 59 atoms of one Zr40(C02)6 unit and three BDC 
linkers modeled with density functional theory B3LYP/3-2lG. The extended 
structures up to 1215 were modeled with semi-empirical methods. The extended 
251-atom model covered the six Zr4O(CO& clusters around the quantum 
cluster. The extended 439-atom model covered one complete unit cell (see Fig. 
1). The largest model of 1215 atoms covered the 8 unit cells. The structures of 
IRMOF-2 and IRMOF-6 were similar to the IRMOF-1 but with different linker 
molecules (see Fig. 2). 

Figure 1 .  The IRMOF-1 structure represented with (a) 251 atoms and (b) 439 atoms. The high level 
region of one Zn40(C02)6 unit and three BDC linkers (total of 59 atoms) at the center is illustrated 
by ball-and-stick and the extended framework is illustrated by wire fra~ae. 

0.. ,o 0. ,o 

IRMOF-1 IRMOF-2 IRMOF-6 

Figure 2. Linker structure of various isoreticular metal-organic frameworks (MOFs). 

The Zr40(C02)6 cluster and the probe molecule were allowed to relax while 
the linkers were kept fixed along the crystalline coordinates. The single point 
energy calculations at MP2/6-31G(d,p) level of theory were performed to refine 
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the adsorption energies since it is known that DFT does not take into account the 
dispersion force of the interactions. The extended fi-ameworks are treated with 3 
approaches: AMl; PM3; and UFF levels of calculation via ONIOM 
methodology [13]. All calculations were performed with the Gaussian 03 
program [ 141. 

3. Results and Discussion 

3.1. The effect of the cluster size on the adsorption of methane 

Adsorption of methane on IRMOF-1 was investigated on various sizes of 
fragment clusters. The smallest model consisted of ZQO(CO& and one BDC 
linker (total of 39 atoms). The next model added two more BDC linkers to 
complete one comer of the cubic structure of MOF-5 (total of 59 atoms). 
Extended structures of the IRMOF-1 were included by using the ONIOM2 
method. Semi-empirical methods were used to model extended structures up to 
251 and 439 atoms. The calculated structures for Zn-0 and 0-C distances were 
close to experimental measurements of 1.91 and 1.30 a, respectively. The O-C- 
0 and Zn-0-C angles were also close to experimental measured values of 125.0 
and 130.4 degrees, respectively [1,10]. Methane adsorbed on the comer region 
having its three hydrogen atoms placed in the middle of each pair of carboxylate 
groups of the linkers (see Fig. 3). For example, the distances between the H1 
atom of the adsorbed methane to 0 1  and 0 6  of the carboxylate groups are 
almost equal at 2.85, and 2.90 A, respectively. 

The calculated adsorption energies were tabulated in Table 1. The 
adsorption energy was -3.97 kcal/mol for the smallest cluster. Increasing the 
cluster size to 59 atoms increased the adsorption energy to -4.27 kcal/mol. 
Addition of the extended framework by semi-empirical methods slightly 
increased the overall adsorption energy by 0.2-0.4 kcal/mol. Although the effect 
of the extended fi-amework is very little at this low loading condition, it may be 
important for the adsorption at high loading. All the semi-empirical methods 
used in this study showed similar results. The PM3 method was selected for 
further study because this approach always provides more reliable results for 
structure and adsorption properties of the complexes involving metal-ligand as 
well as hydrogen bonding interactions as compared to the AM1 approach. 

Other adsorption structures were also studied. Methane can also adsorb on 
one of the carboxylate oxygen atoms, but with a smaller adsorption energy. 
Methane was found to have little interaction with the benzene ring, and an 
adsorption structure near the benzene ring was not found. 
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It HI 0.2248 
H2 0.2249 
H3 0.2235 

H1-01 2.85 
H2-02 2.85 

H4 0.2220 
C1 -0.9026 
0 1  -0.9701 
0 2  -0.9701 
0 3  -0.9700 
0 4  -0.9704 

H2-03 2.91 
H3-04 2.79 

H3-05 2.80 
H1-06 2.90 

0 5  -0.9705 
0 6  -0.9699 

Figure 3. The optimized structure of the methane adsorption on IRMOF-1. Atoms near the 
adsorption site are labeled atomically and numerically and the extended framework is omitted for 
clarity. Selected distances (in A) and NF'A charge parameters are shown. 

Table 1. Adsorption energies (kcaVmol) of methane on IRMOF-1 with 
MP216-3 lG(d,p)IlB3LYF'/3-21 G. 

Size of framework (atoms) 
Methods 

39 59 591251 591439 5911215 
MP2 -3.97 -4.27 

MP2:AMl -4.55 -4.60 
MP2:PM3 -4.52 -4.54 
MP2:UFF -4.67 -4.69 -4.68 

3.2. Methane adsorption on IRMOF-2 and IRMOF-6 

The methane adsorptions on IRMOF- 1 , 2  and 6 have been studied with ONIOM 
MP216-3 1 G(d,p):PM3llB3LYPl3-21G:PM3. The optimized structures are shown 
in Fig. 4. and geometrical parameters are tabulated in Table 2. The adsorption 
energies of methane are -4.54, -6.75 and -5.00 kcallmol for IRMOF-1, 2 and 6, 
respectively. 



436 

H1 0.2259 
131-01 2.72 H2 0.2292 
H2-02 3.33 H3 0.2175 

H4 0.2243 
C1 -0.9059 
01 -0.9488 
02 -0.9451 
0 3  -0.9505 

H1-06 2.91 04 -0.9446 
Y -* 

05 -0.9510 
06 -0.9435 -* 

( 4  

H1 0.2232 
H2 0.2256 
H3 0.2232 

H1-01 2.82 
H2-02 2.89 

H4 0.2243 
u C1 -0.9031 H Z - 0 3  2.93 

H3-04 2.81 

H3-05 2.82 
H' _I R n* 

01 -0.9597 
02 -0.9571 

~ 0 3  -0.9575 
n 04 -0.9594 
a 0 5  -0.9585 

I-"" L.7L 

06 -0.9590 
(b) 

Figure 4. The optimized structure of the methane adsorption on (a) JRMOF-2 and (b) IRMOF-6. 
Atoms near the adsorption site are labeled atomically and numerically and the extended framework 
is omitted for clarity. Selected distances (in A) and NF'A charge parameters are shown. 

The substitute groups on IRMOF-2 and IRMOF-6 caused unsymmetrical 
adsorption. The interaction between the hydrogen atom (Hl) of methane to the 
0 1  oxygen atom, that sits closer to the Br atom, appeared to be stronger than the 
interaction between the H2 and 0 2  atoms as indicated by the shorter distance of 
01--H1 (2.72 A) than the 02--H2 distance (3.33 A). Due to the electron 
withdrawing property of the Br atom, the atomic charges of oxygen atoms of the 
carboxlyate groups of IRMOF-2 (average of -0.95 e) are slightly less negative 
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than on the other (average of -0.97 and -0.96 e for IRMOF-1 and IRMOF-6, 
respectively). The stronger adsorption energy for IRMOF-2 and IRMOF-6 as 
compared to the unsubstituted IRMOF-1 is due to the reduction in pore size that is 
well known to enhance the interaction energy and in the case of the IRMOF-2, to 
some extent, may be due to the inductive effect of the Br atom. The higher 
adsorption energy on IRMOF-6 compared to IRMOF-1 is in agreement with its 
better methane uptake [ 3 ] .  Diiren [5] also reported that the isosteric heat of 
adsorption at low loading of methane on IRMOF-6 was higher than that on 
IRMOF-1 and predicted that a higher adsorption heat for IRMOF-992 (than that 
of IRMOFd), which used 1,4-tetrabromobenzenedicarboxylate as the linker 
molecule. In this study, we also observed the same trend of adsorption energies, 
IRMOF-1 < IRMOF-6 < IRMOF-2. 

Table 2. The geometrical parameters of methane on IRMOF-1, 2 and 6 
with MP~/~-~~G(~,P):PM~//B~LYP/~-~IG:PM~ (distances in 8, and 
angles in radius). 

IRMOF-I IRMOF-2 IRMOF-6 

591439 591439 711499 

Bare Complex Bare Complex Bare Complex 
distances 
Zn-01 
Zn-02 
01-c1 
02-c1 
0 1 - - H I  
0 2 - - H 2  
HI-C 
H2-C 
0 1  - - c  
0 2 - - c  
angles 
02-c1-02 
CI-01-Znl 
c1-02-zn2 
01-HI-C 
02-n2-c 

1.88 
1.88 
1.29 
1.29 

1.09 
1.09 

121.8 
132.8 
132.8 

1.88 
1.88 
1.29 
I .29 
2.85 
2.85 
1.09 
1.09 
3.63 
3.63 

121.8 
132.6 
132.9 
127.2 
126.9 

1.86 
1.87 
1.28 
1.29 

1.09 
1.09 

122.8 
138.1 
125.7 

1.86 
1.87 
1.28 
1.28 
2.12 
3.33 
1.09 
1.09 
3.64 
3.89 

122.9 
138.3 
125.6 
141.7 
113.0 

1.86 
1.86 
1.28 
1.28 

1.09 
1.09 

123.5 
131.7 
131.6 

1.86 
1.86 
1.28 
1.28 
2.82 
2.89 
1.09 
1.09 
3.61 
3.74 

123.6 
132.1 
131.2 
133.1 
125.8 

4. Conclusions 

The influence of the extended metal-organic framework (MOF) on adsorption 
properties of methane interacted with various isoreticular MOFs, namely 
IRMOF-1, IRMOF-2, IRMOF-6 were carried out at the well-calibrated MP2/6- 
3 1 G(d,p):PM3 theoretical level. Although the effect of the extended structure at 
low loading amounts to only about lo%, it may, however, be essential if the 
loading is increased. The interactions of methane with three different MOF 
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derivatives: IRMOF-1; IRMOF-2; and IRMOF-6 are predicted to be -4.54, -6.75 
and -5.00 kcal/mol, respectively. The substituent groups on IRMOFs (X = H, Br, 
and C2H4) play a prominent role in the structure and adsorption properties of the 
complexes, which is due to their inductive and steric effects being in good 
agreement with experimental observations. This information is useful for 
diffision properties, adsorption capacity, and reaction mechanisms, which is 
important for material development. 
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The chemistry of metal-organic frameworks (MOFs) has been extensively studied, with 
particular attention being paid to these porous compounds due to their many potential 
applications: such as gas storage; molecular sieves; and catalysis. In this work we studied 
the adsorptions of a molecule of the CO and NO gases on the open form of a copper 
dimer cluster, called the “paddlewheel” configuration, taken from the framework of the 
MOF-I 1 compound. The quantum cluster consisting of the paddlewheel and adamantine 
ligands was treated at the UB3LYP/6-31G(d) level of theory. In order to represent the 
environmental effect of the MOF framework, we applied the universal force field (UFF) 
to the system via our Own N-layered Integrated molecular Orbital + molecular 
Mechanics (ONIOM) scheme. The interaction energies in the ONIOM calculation are - 
8.39 and -31.24 kcaVmol for the adsorptions of CO and NO molecules, respectively. The 
van der Waals contributions from the framework of the MOF-11 in both systems are 
found to be, at most, 7% and insensitive to their interactions. These results indicate that 
the MOF-11 is very selective to NO gas and can be applied to separate a mixture of 
gases. 

1. Introduction 

The design and assembly of metal-organic framework networks have gained ever 
increasing attention in recent years due to their many potential applications: such 
as gas storage; molecular sieves; and catalysis [ 1,2]. The porous metal-organic 
framework (MOF) consists of metal ion units and organic ligand linkages. There 
are numerous transition metal (Znn, Cu’, Ag’ or Cdn) ions that have been 
extensively selected for being a part of secondary building units (SBUs). The 
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SBUs possess many coordination patterns, such as the copper-carboxylate 
paddlewheel, Cu2(02C-)4, and the octahedral basic zinc carboxylate, ZI-~O(O~C-)~, 
which act as square and octahedral joints. In addition, a number of three- 
dimensional coordination polymers have been characterized and prepared for 
connecting each of the SBUs to form a three dimensional network. 

Among a large number of porous metal-organic framework compounds, 
Cuz(ATC) or MOF-11 is one of the more interesting structures [3]. The 
formation of Cu2(ATC)’6H20 crystal can be assembled from a copolymerization 
of 1,3,5,7-adamanatane tetracarboxylate (ATC) with Cu(I1) metal ions, giving 
the paddle-wheel Cu-C-0 shape with the adamanatane network. The paddle- 
wheel metal cluster motif is considered to be very active for the adsorption 
process as there is more open area near the metal center. This accessible space is 
available for capturing molecules of incoming gas. 

One of the main targets in the development of metal-organic frameworks is 
the focus on applying them to trap and separate organics and small gas 
molecules. To date, many of the works on these compounds have concentrated 
mainly on applying them for hydrogen storage. Understanding the properties of 
the high porosity surface materials is a very important aspect of achieving the 
goal to use them for gas storage. Previous ab initio as well as force field 
calculations were also utilized to investigate the adsorption properties of the 
compounds at the metal and polymeric linkage sites. Among many types of small 
gases, carbon monoxide and nitrous oxide molecules are known as common 
choices for probe molecules. Here, we describe the adsorption of CO and NO 
molecules on an MOF-11 material by taking advantage of the density functional 
theory. The environmental influence due to the interactions of atoms in the 
framework pore with a probe molecule, named the ‘confinement effect’ was 
taken into consideration via the two-layer our Own N-layered Integrated 
molecular Orbital + molecular Mechanics (ONIOM) technique [4]. 

2. Computational Details 

The MOF-11 framework was modeled by the CU&1&&136 cluster taken 
fi-om its lattice structure. This cluster holds a region of eighteen copper oxide 
paddlewheel units connected to each other through eight adamantane organic 
linkages. The dangling bonds resulted fi-om cutting the C-C bonds that were 
terminated by the H atoms. In order to take advantage of the computational 
efficiency with a satisfactory degree of accuracy, the MOF-11 cluster was 
divided into two layers of calculation methods as in the Quantum 
mechanicalMolecular mechanical (QMMM) concept via the two-layer our Own 
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N-layered Integrated molecular Orbital + molecular Mechanics (ONIOM2) 
scheme (Figure 1). The inner layer or the quantum mechanical (QM) cluster, 
including one copper oxide paddlewheel and four adamantane organic linkages, 
was treated by the hybrid density functional theory approach (UB3LYP) 
combined with the 6-31G(d) basis set to represent the active site of MOF-11. 
The remaining extended framework that surrounds the inner layer was treated as 
the molecular mechanical (MM) layer via the universal force field (UFF) [5]. 
The force field has been found to provide a good description of the short-range 
van der Waals (vdW) interactions in many systems [6]. All calculations were 
performed using the Gaussian 03 code [7]. During optimization, only atoms in 
the inner layer were allowed to relax while the remainders were fixed along the 
position of the crystallographic lattice. A probe molecule (CO or NO) was 
placed nearby the active paddlewheel unit and optimized to reach the minimum 
energy configuration. The QM/MM adsorption energy (AEads) for such a probe 
molecule was obtained from Equation (1) while the QM adsorption energy 
(AEad,(QM)) was calculated from Equation (2). Thus, the MM adsorption energy 
(AEad,(MM)) can be derived from the difference between AEads and AE,d,(QM). 

AEads = EMOF-I I/CO ( Q W )  - E ~ ~ ~ - ~  l ( Q m )  - E ~ ~ ( Q M )  (1) 

(2) AEads(QM> = EMOF-I KO (QM) - EMoF-ll(QM) - ECO(QM) 

3. Results and Discussion 

The optimized structures of the MOF-11 and their complexation with CO and 
NO molecules are illustrated in Figure 1. Selected geometrical parameters of the 
complexes and their corresponding adsorption energies are tabulated in Table 1. 
The CO molecule adsorbs linearly on the Cu atom inside the MOF-11 nanopore 
with a C-bound direction. The adsorption energy for the CO molecule is -8.39 
kcal/mol. The NO molecule also interacts linearly with Cu atom with the Cul-N 
distance of 1.926 8,. On the adsorption of the CO molecule, the Cul atom moves 
away from the cluster toward the CO molecule. The CuI-Cu2 bond is lengthened 
from 2.525 8, to 2.771 8, while those Cul-O bonds are lengthened from 1.958 8, 
to 2.063 8, in the CO adsorption adduct. As for the MOF-llNO complex, its 
adsorption energy is -31.24 kcal/mol, which comes mostly from the QM 
calculation for -30.88 kcal/mol (see Table 1). The effect of the extended MOF- 
11 s framework on the probe molecules is very weak, which is due mainly to the 
small sizes of the molecules. The distance between the NO molecule and the CUI 
atom is 2.372 8,. Despite the high adsorption of the NO molecule, the bonds in 
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the metal oxide cluster are contracted. On the adsorption of the NO molecule, 
the CuI-Cuz bond is contracted from 2.525 A to 2.503 8, and those Cul-0 bonds 
are shortened slightly from 1.958 A to 1.952 A. 

Figure 1. Models for the adsorptions of a) CO and b) NO molecules on MOF-11: the inner cluster 
(balls and sticks) was computed at the UB3LYFV 6-31G(d) and the surrounding framework (lines) 
was treated with the universal force field (UFF). 

The MOF-ll/CO and MOF-ll/NO adducts have been analyzed by 
calculating the differences of their electron densities compared to the 
noninteracting systems as shown in Figure 2. The results were compared to the 
Mulliken analysis. It is found that the electron density redistribution due to the 
interaction of the CO molecule with the paddlewheel cluster occurs mostly in the 
Cul atom and CO molecule region. There is a small change of the electron 
density in the carboxylate groups and the Cu? atom. These findings are 
confirmed by the changes in the Mulliken charges. On the adsorption of the CO 
molecule, the positive charge of the Cu, atom decreases from 0.461 to 0.313 and 
the CO molecule gains a more positive charge by 0.1 10 while only few changes 
are found in the Cu? (+0.027) and those 0 1 - 0 4  (+0.016) atoms. In the case of the 
interaction of the NO molecule, it adsorbs on the MOF-11 framework at the 
same site as the CO molecule, the rearrangements of electron density are entirely 
different. There are much more electron density changes in both the paddlewheel 
and the NO molecule (Figure 2b). There are noticeable electron density 
reductions on both copper atoms along with electron density gatherings on those 
carboxylate oxygen atoms. Interestingly, there is no electron accumulation found 
in the intermolecular space between the paddlewheel cluster and the NO 
molecule. From the Mulliken population analysis, there is a very small net 
charge transfer (0.014 e) from the paddlewheel cluster to the NO molecule. The 
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positive charges of copper atoms are increased from 0.461 to 0.635 and 0.553
for Cui and Cu2, respectively, while the negative charges of carboxylate oxygen
atoms are also changed from -0.520 to -0.550 as well. These changes cause a
higher ionicity in the metal oxide paddlewheel cluster and contract=those Cu-Cu
and Cu-O bonds in the cluster.

Table 1. Optimized bond parameters (angstroms) of all isolated and
adsorption complexes, adsorption energies (kcal/mol) and Mulliken
populations (e). Values in parenthesis belong to isolated gas
molecules.

Cui-Cui

Cui-Ol,2,3,4

CUI-C/-N
C-O/N-O

qCUl

qCu2

qOl,2,3,4

qC/qN

qOgas

qCO/NO

AEads

AEads(QM)

AEads(MM)

MOF-1 1

2.525

1.958

-

(1.137/1.159)

0.461

0.461

-0.520

(0.174/0.112)

(-0.174/-0.112)

0.000

-

-

-

MOF-1 I/CO

2.771

2.063

1.926

1.137

0.313

0.488

-0.504

0.387

-0.277

0.110

-8.39

-7.82

-0.57

MOF-1 I/NO

2.503

1.952

2.372

1.152

0.635

0.553

-0.550

0.155

-0.169

-0.014

-31.24

-30.88

-0.36

Figure 2. Electron density differences for the interactions of a) CO and b) NO molecules on the
"model of the MOF-11 surface. Dark blue and light yellow surfaces refer to electron accumulating
and electron depleting areas, respectively. Hydrogen atoms and the framework were excluded for
clarification.

4. Conclusions

The density functional theory was used to study the adsorptions of CO and NO
molecules on the open metal paddle-wheel cluster. To represent the influence of
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the MOF framework on a guest molecule, we treated this issue by perfonning 
B3LYP/6-3 lG(d):UFF calculations through the ONIOM scheme. The adsorption 
energies for CO and NO molecules on MOF-11 are -8.39 and -31.24 kcal/mol, 
respectively. Although there is a very small amount of net electron density 
transfer (0.014 e) between the paddlewheel cluster and the NO molecule, the 
metal oxide cluster is polarized to hold a higher ionicity characteristic. Through 
the interaction of the NO molecule, copper atoms gain higher positive charges 
while those carboxylate oxygens have more negative charges, and the 
contractions of Cu-Cu and Cu-0 bonds in the metal oxide cluster are noticeably 
observed. This induced ionicity causes the MOF-ll/NO complex to have a 
much higher stability and a larger binding energy compared to the MOF-ll/CO 
adduct. These results reveal that this type of nanoporous material is very 
selective to incoming guest molecules. Therefore, it can be used as a molecular 
sieve for separating a mixture of gases. 
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The first observation of thermal anomaly in IRMOF-1 accommodating various organic 
molecules as a guest has been reported. Endothermic and exothermic peaks were 
observed in DTA measurements of heating and cooling, respectively, for IRMOF-1, 
including various guests. In each guest, the thermal anomaly was observed at a 
temperature lower than the melting point of bulk. In addition, molecular motion of 
cyclohexane in the nanocavity was examined using solid-state 'H wide-line NMR. The 
abrupt narrowing of the resonance line occurred at 210 K, which was coincident with 
appearance of the endothermic peak in this specimen. The second moment analysis 
indicates liquid-like behaviour of cyclohexane at temperatures greater than 210 K, 
rendering it possible to assign the thermal anomaly observed in DTA to melting of 
cyclohexane. 

1. Introduction 

Isoreticular metal-organic framework (IRMOF) is the general term representing 
a series of porous compounds that consist of tetrahedron of Z-0 and the 
derivatives of terephthalic acid. In fact, [ZQ0(O$C6H4C02)3]n (IRMOF- 1) is a 
prototype of these compounds, in which terephthalic acid is included as a cross- 
linker. This compound crystallises in the cubic lattice with a space group Fm?m 
and the unit cell with the lattice constant of 2.58849 nm contains eight empirical 
[ZQO(O$C~H~CO~)~] formula units [ 13. Depending on the orientation of phenyl 
ring in the terephthalic acid moiety, two spherical void types are formed the 
larger one has 1.51 nm diameter; the smaller one has 1.10 nm diameter. These 
cavities are arranged alternately and are mutually linked with a window of 0.80 
nm opening. The high crystallinity of IRMOF-1 gives a uniform and 
homogeneous pore structure with narrow pore distribution. The fundamental 

Corresponding author. Fax: +8 1 6 6850 5785, E-mail address: ueda@museum.osaka-u.ac.jp 

445 



446 

properties of adsorbency in IRMOF-1 have been studied extensively and in 
detail. Actually, IRMOF- 1 exhibits I-type adsorption isotherms for various gases 
and organic solvents such as Ar, N2, CC4, CHC13, benzene, and cyclohexane 
[2]: it can accommodate 6.38 molecules of cyclohexane in a cage at the saturated 
amount of adsorption. Furthermore, '"Xe NMR studies have been carried out to 
characterise both the porosity and intermolecular interaction of xenon adsorbed 
in IRMOFs. Those studies have also investigated the xenon adsorption 
enthalpies, the exchange behaviour of xenon between adsorption sites as well as 
those between inner space of the lattice and outer gases, and the xenon 
adsorption sites in the cavity [ 3,4]. 

Recently, physicochemical properties, especially the dynamic behaviour, of 
adsorbed gases in the highly ordered metal-organic cavity have attracted much 
attention. Results of solid-state NMR studies have underscored the mobility of 
benzene guest in the IRMOF-1 nanocavity as well as of the terephthalic acid 
moiety [5 ] .  The diffusion behaviour of various guests in IRMOF-1 has also been 
investigated using PFG-NMR diffusion measurement [6]. In addition, 
confinement of the guest molecules is expected to show different properties fiom 
those of bulk. Just recently, we have reported the dynamic behaviour of 
cyclohexane in the IRMOF-1 nanocavity using solid-state 'H NMR spectroscopy 
as well as the finding of thermal anomaly caused by the dynamic behaviour of 
guests [7]. 

In this study, we report the first observation of thermal anomaly in IRMOF- 
1, including various organic molecules as a guest. Molecular motion of 
cyclohexane in the nanocavity has also been examined using solid-state 'H wide- 
line NMR. Results showed that the thermal anomaly took place simultaneously 
with excitation of isotropic molecular motion of the guests. 

2. Experimental 

The IRMOF-1 was prepared according to a description given in Ref. 5. 2.0 g of 
Zn(N03)'.6H'O and 0.80 g of terephthalic acid were dissolved in each of 100 ml 
diethylformamide, and two solutions were mixed in a pressure-resistant Teflon- 
jaw with a sealing cap. White precipitates were obtained by heating at 373 K for 
24 h, filtered and washed with DMF. Guest-free IRMOF-1 powders were 
obtained by evacuation at 573 K for 24 h. Details of characterisation have been 
described elsewhere [7]. 

We used the following solvents as guest molecules: benzene, toluene, m- 
xylene, p-xylene, cyclohexane, n-hexane, n-octane, n-decane, chloroform, and 
carbon tetrachloride. Adsorption of the various guest molecules was carried out 
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according to the following procedure. An appropriate volume of organic solvent, 
which was measured using a microsyringe, was added to a constant amount of 
guest-free IRMOF-1 powdered specimen in a DTA sample tube with Schlenk 
tube under a Nz atmosphere. The sample tube containing IRMOF-1 and guest 
was connected to a vacuum line; it was then sealed by flame after loading He gas 
(ca. 150 Torr) under immersion in liquid nitrogen. No endothermic peaks 
corresponding to bulk solvent were observed in the DTA diagram of IRMOF-1 
with various guests (vide inJiu), supporting that the IRMOF-1 framework 
virtually accommodates adsorbate. The amount of guest in the sealed sample 
tube was estimated using the weight increment after sealing. The resultant 
sample tube was maintained at ambient temperature for 2-3 days to achieve the 
adsorption equilibrium. The adsorption amount of guest was represented by the 
percentage of added volume of solvent to the pore volume (V,,, = 1.16 cm3.g-'), 
as determined using the N2 adsorption isotherm. For NMR measurement, 
cyclohexane was used as a guest solvent. 

Differential thermal analysis (DTA) was carried out using a homebuilt 
apparatus at temperatures of 97-370 K. The DTA diagrams were recorded in 
both directions during heating and cooling. Furthermore, the measurements were 
repeated a few times to check the thermal hysteresis. 

The NMR measurements were carried out using a spectrometer (DSX-200; 
Bruker Analytik GmbH) operating at the Larmor frequency of 200.13 MHz for 
the 'H nucleus. The free induction decay (FID) signals were recorded using a 
single pulse sequence in the temperatures of 1 18-298 K. 

3. Results and discussion 

3.1. Differential thermal analysis (DTA) 

Figure 1 presents DTA diagrams of guest-free IRMOF-1 and IRMOF-1 with 
various organic solvents. In guest-free IRMOF-1, any exothermic and 
endothermic peaks were invisible at temperatures of 97-300 K. On the other 
hand, thermal anomalies were observed reversibly in the IRMOF-1 samples 
accommodating the guest molecules on both heating and cooling processes, 
although the transition points depend on the kinds of the guest molecules. The 
transition points determined from the heating process are summarised in Table 1. 
Hysteresis of the thermal anomalies is apparently small in each specimen. 
Moreover, no peaks from bulk crystal of any guest were observed in the DTA 
diagrams (Figs. l(b) - l(k)), strongly suggesting that IRMOF-1 quite 
accommodates the loaded organic solvents into the nanocavity. These aspects 
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indicate that the thermal anomalies are originated from the thermal behaviour of 
the guest molecules. In other words, the observation of reversible phase 
transition implies the existence of the long-range order between the guest 
molecules confined in the IRMOF-1 nanocavity. 

3 
Y 
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T I K  

v ,  
I I I I I I I , ,  

0 150 200 250 
T I K  

Figure 1. Differential thermal analysis diagrams of guest-free IRMOF-I (a). IRMOF-l 
accommodating various solvents: benzene (b), toluene (c), m-xylene (d), p-xylene (e), cyclohexane 
(Q, n-hexane (g), n-octane (h), n-decane (i), chloroform (i), carbon tetrachloride (k), and molecular 
sieves 13X accommodating cyclohexane (I). The upper curves show data obtained during cooling; 
the lower ones show data obtained during heating. The upward and downward peaks respectively 
signify exothermic and endothermic phenomena. 

Interestingly, the thermal anomalies were also observed in IRMOF-1 with 
different amounts of guest organic solvent. For example, IRMOF-1 with 
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cyclohexane of 36% saturation (2.3 molecules per cavity) gave an endothermic 
peak at 213 K [7]. This aspect implies that the guest molecules behave 
collectively each other in IRMOF-1 even with partial loading. It is feasible that 
the guest molecules were mutually assembled in the IRMOF-1 framework to 
form the domain structure of hlly occupied cavities. Remarkably, two sharp 
endothermic peaks appear on DTA diagram of carbon tetrachloride in IRMOF-1. 
This behaviour is likely to the thermal behaviour of bulk solid, in which 
monoclinic phase of CC4  changes into fcc plastic phase at 225.7 K and it melts 
at 246.0 K [8]. In general, the transition of low temperature phase into plastic 
phase accompanies large endothermic peak because of the orientational disorder 
of the molecule. The clear and sharp peaks for CCl, in IRMOF-1 imply 
appearance of successive phase transition of guest CC14 in IRh4OF-1 like those 
in bulk. 

Table 1. Phase transition point determined from DTA measurements 
in various guests confined in IRMOF-1. 

Guest Filling (%) Tfi(bulk) / K Tdconfined) / K 
benzene 63 279 216 
toluene 79 178 149 
m-xylene 100 225 158,182 
p-xylene 63 286 178 
cyclohexane 100 280 (121)”, 213 
ti-hexane 61 173 121, 127 
n-octane 64 216 135 
rz-decane 82 243 181 
chloroform 69 210 144 
carbon tetrachloride 73 250 214,221 

a) This peak was not observed in this study, but was observed clearly in our previous work [7]. 

Co-operative and collective phenomena such as solid-solid phase transition 
and melting for the confined molecules have been commonly observed in 
mesopores with diameter greater than 2 nm [9-121, but rarely reported in the 
micropore of alumino-silicates. Figure l(1) shows the DTA diagram of molecular 
sieves 13X accommodating cyclohexane. No exothermic or endothermic peaks 
were observed. The opening (0.80 nm) of the window between the cavities in 
IRMOF-1 resembles that in molecular sieves 13X (ca. 0.74 nm) [13]. Therefore, 
the appearance of the phase transition might be more strongly affected by the 
structural regularity rather than direct molecular contact between guests 
occupying the neighbouring cavities. Structural irregularities such as 
inhomogeneous distribution of exchanged cations, aluminium atoms, and 
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hydroxyl group on the pore wall in the alumino-silicates will create incoherent 
potential fields for the guest-wall interactions, engendering disordered and 
inhomogeneous distributions of adsorbates in the cavities. In fact, Halasz et al. 
reported that highly aluminium-deficient Y zeolites with low hydroxyl content 
accommodate adsorbates with ordered structure in the microporous framework 
[14]. In IRMOF-1, high crystallinity produces a regularly ordered structure of 
the pore wall and high periodicity in the cavities. These situations probably give 
rise to coherent potential fields over the IRMOF-1 cavities and to collective 
phenomenon concerning with guest molecules which occupy some continuous 
cavities of IRMOF- 1. 

3.2. Temperature dependence of solid-state 'H wide-line NMR spectrum 
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Figure 2. Temperature dependence of 'H wide-line NMR spectrum of cyclohexane confined in the 
IRMOF-1 nanocavity with adsorption amount of 45% (a) and 95% (b) saturation. 

Figure 2 shows the temperature dependence of 'H wide-line NMR spectrum 
of cyclohexane confined in the IRMOF-1 nanocavity. Although the spectrum 
consisted of 'H nuclei in both of cyclohexane and terephthalic cross-linker, 
cyclohexane gave a main peak and the cross-linker was observed as a minor 
shoulder on the higher frequency side of the main peak. The spectrum depends 
effectively on the temperature, indicating the motional narrowing processes of 
cyclohexane. For that reason, we examine the molecular motion of cyclohexane 
in terms of the second moment (Mz) of the 'H NMR resonance line. As is well 
known, M2 is calculable from the well defined 'H-'H distances in the molecules 
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andor crystals under the rigid lattice [ 151. The M2 value was reduced by a factor 
based on the assumed motional mode when molecular motion was excited. 

- 
A 

The second moment of the resonance line is defined as 

j-: (w - @,I2 f ( w ) d w  

K f  (w)dw 
M 2  = 

wheref(w) is the spectral shape function. Figure 3 portrays the evaluated second 
moment values (Mz) plotted against temperature. The M2 values are in 3-4 x lo-' 
mT' below 130 K in both specimens. In IRMOF-1 accommodating cyclohexane 
with 95% saturation, the M2 value was somewhat larger than that in the case of 
45% saturation because of the large contribution of the intermolecular 'H-'H 
dipolar interaction to the Mz value in the high-loading specimen. By Andrew 
[16], the M2 value was reported as 2.73 x lo-' mT2 for cyclohexane with chair- 
conformation in bulk rigid lattice. In this value, the intramolecular contribution 
of the 'H-'H dipolar interaction was 1.73 x lo-' mT', and reduced to 3.6 x 

mT' by partial averaging of the 'H-'H dipolar interactions because of the 
molecular reorientation around the C3 symmetry axis. This value shows good 
agreement with our M2 values below 130 K, indicating that cyclohexane 
confined in the IRMOF- 1 nanocavity undergoes uni-axial molecular 
reorientation around a C3-axis below 130 K. 
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With increasing temperature, the observed M2 values gradually decreases to 
2.5 x lo-’ mT’ up to 200 K, implying the further motional narrowing process. 
The principal axis of the averaged dipolar coupling tensor by the C3 
reorientation is coincident with the C3 symmetry axis. Therefore, the 
reorientation of the C, axis is most feasible to interpret the temperature 
dependence of the M2 value at temperatures of 130-200 K. In fact, in our 
previous work, the precession of the C3 axis was interpreted as the line shape of 
’H NMR spectrum of cyclohexane-dlz confined in the IRMOF-1 nanocavity [7]. 
Applying the same model as the motional mode, the M2 value will be reduced by 
a factor of (1/4)(3c0s’Bl)~, where 8 is the angle between C3 and precession axis 
[15]. Assuming 3.6 x lo-’ mT’ as the residual intramolecular dipolar interaction 
by rapid C3 rotation and 2.5 x lo-’ mT2 as a resultant M2 value attributable to the 
further averaging process, the reduction factor showed 20’ for 8, which shows 
good agreement with our previous results in ’H NMR line shape analysis (8 = 

23”). 
At temperatures greater than 200 K, the M2 values abruptly decrease to less 

than 5 x lo4 mT’. The observed M2 values were more comparable to a liquid 
state rather than a solid state. In a plastic phase of bulk cyclohexane, the 
intermolecular ‘H-’H dipolar interaction commonly gives 1.1 x lo-’ mT’, and the 
translational diffusion reduces to M2 of less than 1 x lo4 mT2 [16]. The 
observed M2 value strongly suggests that the intermolecular ‘H-IH dipolar 
interaction rarely contributes to the M2 value and that the confined guest 
molecules will undergo rapid diffusion through the cavities. That is, the guest 
molecules are in melt above the highest phase transition points observed in the 
DTA diagrams (Fig. l(f)). Consequently, we conclude that the main endothermic 
peaks observed in DTA correspond to melting of guests in IRh4OF-1. 

3.3. Intermolecular interaction of guests in IRMOF-1 

The melting of guests in IRMOF-1 was depressed in comparison to the bulk ones, 
as presented in Table 1. Depression of melting in the restricted space was well- 
analyzed using the Gibbs-Thomson equation [ 171: 

where T,f and Tfi are the respective melting points of the confmed and bulk 
liquid, yws and ywl respectively denote the corresponding wall-solid and wall- 
liquid surface tensions, V, is the molar volume of the liquid, AHfi is the 
enthalpy of fusion in the bulk, and R is size of domain contributing to melting. 



453 

The sign of Tf - Tfi depends on whether yws is greater or less than ywl. Commonly, 
depression of the fi-eezing point engenders the relation Tf- Tf, < 0; thereby the 
condition yws > ywl is satisfied. From a microscopic viewpoint, surface tension is 
related closely to intermolecular interaction to form an interface and/or surface 
close to a relevant molecule. The difference in the surface tension between wall- 
solid and wall-liquid interfaces (yws - ywl = Ay) reflects the difference of the 
intermolecular interaction of guests between solid and liquid states. When R is 
well-defined, equation (2) would lead to Ay. However, it is difficult to evaluate R 
in OUT case, because the guest molecules occupying some continuous cavities in 
IRMOF- 1 will contribute collectively to melting. Thus, we conveniently consider 
the expedient quantity, AylR, with a dimension of energy per unit volume, and 
will be proportional to Ay. Therefore, AylR may be a tentative index to measure 
the relative difference of the intermolecular interaction of each guest between 
solid and liquid states in IRMOF-1, and will be compared with AHf,IVmI to 
discuss the effect of confinement on the intermolecular interaction. Applying of 
Eq. (2) to our results, we evaluate AylR as listed in Table 2. 

Table 2. Depression of melting points, enthalpy of fusion in bulk, molar volume of bulk liquid and 
difference in surface tension between solid and liquid phases divided by size of domain contributing 
to melting for various organic solvents in IRMOF-I. 

Guest ATK ATITfi Ah'fial kJmol-' V~b/10"m3~mol~' AylR 1 03kJ.m" 

benzene -63 

toluene -29 

m-xylene -43 

p-xylene -108 

cyclohexane -66 

n-hexane -46 

n-octane -8 1 

n-decane -62 

chloroform -66 

carbon tetrachloride -29 

-0.226 

-0.163 

-0.191 

-0.378 

-0.236 

-0.266 

-0.375 

-0.255 

-0.314 

-0.116 

9.837 

6.62 

11.6 

17.1 

6.69 

13.03 

20.8 

28.8 

9.2 

2.56 

0.888 

1.06 

2.22 

2.23 

1.08 

1.27 

1.62 

1.95 

0.782 

0.965 

12.5 

5.07 

4.99 

14.5 

7.31 

13.6 

24.1 

18.9 

18.5 

1.54 

a) Referred from the literature [ 18, 191. 
b) These are evaluated by dividing the molecular weight by the bulk liquid density. 

Figure 4 shows the correlation between the evaluated AylR values and 
AHdV,,. It seems that the linear relation is satisfied approximately between both 
quantities. This aspect implies that the relative difference of intermolecular 
interactions of guests between the solid and liquid states at melting point is likely 
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to those in bulk ones. That is, the depression of melting in IRMOF-1 will be
caused mainly by the effect of surface energy enhanced by the small particles or
space, although, of cause, the other factors such as molecular packing or the
guest-wall interactions may also affect depression of melting. We are now
planning quantitative thermal analyses as well as diffraction experiments to
obtain more detailed information related to the microscopic behaviour of guests.

20
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«-C10H22_

CHC1, / n-CgH,

p-xylene

m-xylene,
i •

CC1 • / toluene

0 100

/10 kJ m'

200

Figure 4. Comparison of Ay//J with &HfblVm in various guests. The solid line represents the least
squared fitting by assuming a linear relation between these quantities.

4. Conclusion

We found phase transitions of various guests confined in IRMOF-1 by DTA
measurements. In addition, temperature dependence of 'H wide-line NMR
spectrum and their second moment analysis in cyclohexane suggested isotropic
rotation as well as translational diffusion at temperatures greater than 210 K,
leading to melting of guests in IRMOF-1. Results of this study strongly suggest
the co-operative interaction between the guests in the different cavities. The
Gibbs-Thomson formula gives a tentative index to measure the relative
difference of the intermolecular interaction of each guest between solid and
liquid states in IRMOF-1. These features might result from highly regular and
homogeneous porous structure in IRMOF-1. Further investigation into
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periodicity and long-range ordering of guests will reveal new insights into the 
phase transition of adsorbates in microporous materials. 
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This work describes the preparation by spray drying and the characterization of acidic 
mesostructured powders. Two ways of promoting acidity were explored. In the first one, 
hybrid sulfonic acid functionalized silica particles were prepared by one pot grafting of 
organosilanes and, when required, chemical modification of the grafted molecules. 
Depending on the organosilane, materials could be obtained with varying degrees of 
mesostructuration and proton exchange capacity. Some samples exhibited exchange 
capacities higher than 2 mmo1.g.' of silica. In a second approach, pure inorganic 
mesostructured aluminosilicate powders were synthesized with different [Si]/[AI] ratios 
using either ionic or non ionic surfactants. Both chemical and processing parameters 
were found having a tremendous effect on the homogeneity of incorporation of 
aluminum centers and the final textural properties. A detailed study of acidic properties 
perfomed by 'H NMR and CO adsorption is presented. 

1. Introduction 

Since the first synthesis in late sixties [l] and later the first report of surfactant 
templated mesostructures in 1992 [2], lots of work have been dedicated to the 
preparation of high surface area acidic mesostructured materials shaped as films, 
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powders or monoliths [3-61. In the last fifteen years, the major part of the 
research effort in this field has focused on the preparation of precipitated silica 
and aluminosilicate powders, either in basic, neutral or acidic media [7-111. Two 
strategies were mainly used for designing acidic mesoporous materials: the 
introduction of aluminum centers in the silica fi-amework and the grafting of 
organosilane molecules (mainly sulfonates) to the silica walls [ 12-16]. Both 
methods have proved to be efficient for obtaining highly acidic mesoporous 
powders. However, the usual preparation mode employed (that is, precipitation) 
produces large amounts of waste solution, the recycling of which hinders mass 
production. In the late nineties, the evaporation induced self assembly of 
mesostructured silica powders by spray drying was reported as a very attractive 
alternative to the precipitation method [ 17,181. Indeed, this process is already 
well implanted into the industrial network, produces no liquid waste and is a 
continuous and very rapid preparation process. For these reasons, the interest for 
spray drying preparation of mesostructured powders is growing very quickly 
[19-231. So far, very little work has been dedicated to the spray drying 
preparation of mesostructured acidic powders [23-261. 

This work focuses onto the preparation and the characterization of spray- 
dried acidic mesostructured powders. Two strategies have been investigated. The 
first, never adapted so far to the spray drying process, is the one pot grafting of 
organosilanes followed by the transformation of thiol or phenylethyl functions 
into grafted sulfonic acid functions. The direct grafting of sulfonic acid is given 
as a reference [26]. The second strategy is the direct incorporation of aluminum 
centers in the silica network, as already described in several patents [24,25] and 
one publication [23]. The fust detailed study of acidic properties performed by 
27Al, 'H NMR and CO adsorption is given. In both cases, spray drying was found 
to be a very versatile preparation route in which processing conditions are as 
important as the chemical parameters for the preparation of homogeneous 
powders. 

2. Experimental 

2.1. Sulfonic acid functionalized powders 

Tetraethylorthosilicate (TEOS) and cetyltrimethylammonium bromide (CTAB) 
were used respectively as silica precursor and structure directing agent (SDA) 
for these experiments. The organosilanes used for one-pot functionalization 
were either mercaptopropyltriethoxysilane (MPTS), phenylethyltriethoxysilane 
(PETMS) or chlorosulfonicphenylethyltrimethoxysilane (Cl-SPETMS). The 
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atomized precursor solutions had molar compositions in TEOS : organosilane : 
CTAB : H20 : EtOH : HC1 of (1-x) : x : 0.18 : 40 : 30 : 0.02 with x=O.1 to 0.2. 
The transparent solutions were atomized with a 6-Jet 9306A atomizer from TSI 
after stirring 2h30 at ambient temperature. Obtained powders were further dried 
one night at 130°C. CTAB extraction was performed by a 2 h reflux in ethanol 
for mercaptopropyl (MP) and phenylethyl (PE) functionalized products, and by a 
18 h reflux in an hydro-ethanolic solution containing HCl (1M) for 
ethylphenylsulfonic (EPS) functionalized materials. CTAB-free PE 
functionalized products were sulfonated in anhydrous conditions using an excess 
of chlorosulfonic acid in CHC13 [27]. CTAB-free MP hnctionalized products 
were oxidized 24 h under stirring either by H202 [14] or by nitric acid [28]. 
Oxidized powders as well as CTAB-free EPS functionalized materials were 
acidified with 0.05 M sulfuric acid and washed with water until neutral pH. All 
the products were finally dried overnight at 60°C. The materials obtained were 
noted X-FUNC-POST where X is the [R-Si]/[Si] molar ratio, FUNC is the initial 
organic moiety introduced during the synthesis and POST the post-treatment 
undergone by the material (cf. Table 1). The solids were characterized by FTIR 
spectroscopy in KBr using a Nicolet 550 spectrometer; low angle XRD using a 
D8 diffractometer from Bruker instruments (wavelength 0.154 nm), {'H)-I3C CP 
MAS NMR (tCp = 1 ms; vMs = 5 kHz ) on a Bruker Avance 300, and thermo- 
gravimetric analysis (TGA) on a SDT2960 TA apparatus (5"C/min until 1000°C 
under air flow). Nitrogen adsorption-desorption volumetry was performed on a 
Micromeritics ASAP 2010 (130°C vacuum out gassing). TEM imaging was done 
on microtome thin layers with a CM-12 Philips (120 kV acceleration). Proton 
exchange capacities were evaluation by acide-base titration using a 0.01M 
NaOH solution (powder dispersed in 50 mL NaCl (100dL) solution and stirred 
one day at room temperature previous to titration). 

2.2. Alurninosilicatepowders 

CTAB (or P123 block copolymer) was mixed with ethanol, water and 
hydrochloric acid to obtain a transparent solution. After dissolution of aluminum 
chloride (AlC13.6H20), TEOS was added. Molar ratio of (Si +Al) : EtOH : H20 : 
HCl : CTAB (P123) used was 1 : 30 : 40 : 0.02 : 0.18 (0.01). Two hydrolysis 
times were tested, 10 or 1000 minutes (almost 18 hours) before atomization. The 
samples were referred as C(P)-X-Y, where X and Y denote the (Si/Al) molar 
ratio (particularly, X = Si for the pure silica reference) and the stirring time (Y = 

10 or 1000 minutes); C and P refer to CTAB and P123 respectively. EDX 
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analyses were performed onto 50 nm thick slice of microtomed particles with a 
probe resolution of 15 nm. 

The probing of CO adsorption was performed at 100 K on a powder pellet 
previously outgassed at 450°C for one hour. FTIR spectra of the pellet were 
registered upon successive introduction of CO (from 0.098 to 8.883 pmol). 
Experimental results are plotted as of the difference between the registered 
spectra and the reference spectrum as a function of wave number. 

3. Results and Discussions 

3.1. Sulfonic acid functiondized mesoporous silica nanospheres 

In literature, two different strategies implying the co-condensation of an 
organosilane with a silica precursor have been reported for the preparation of 
acidic hybrid organic/inorganic mesostructured silica: i) a one-pot 
mercaptopropyl fimctionalization followed by an oxidation post-treatment 

Table 1 :  synthesized materials, their chemical properties and specific surface area (a: 
MP for mercaptopropyl, PE for phenylethyl, EPS for ethylphenyl sulfonic initial 
functionalization; b: S for sulfonation, HzOz and HNO3 for oxidations, I-' for CTAB 
extracted; c: by ICP; d: by acid-base titration, SiOz content evaluated by TGA at 
990"C, theoretical capacities are 1.66 and 3,33 mmol H'/g respectively for S/Si = 10% 
and 20%; e: non measurable). 

10 M P  10 0.40 1200 
10 M P  H202 7 1.28 1010 
10 M P  HNO3 10 1.42 800 
10 PE 1220 
10 PE S 10 1 . 1 1  952 
10 EPS 9 1 . 1  810 
20 MP 20 1140 
20 M P  H202 16 2.03 590 

20 M P  HNO3 19 1.75 460 
20 PE 830 
20 PE S 20 2.44 260 
20 EPS 16 1.70 n. m.e 
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[ 13-15]; ii) and a direct one-pot functionalization with ethylphenylsulfonic acid 
moieties [16]. A third route, inspired from works on grafted silicas [29] or 
zirconium oxide [27] can be imagined by one-pot ethylphenyl functionalization 
followed by a sulfonation post treatment. At the moment, only methyl, 
fluoroalcane, vinyl or methacrylate groups were reported to be introduced in 
silica matrices by co-condensation using the spray-drying synthesis [30,3 11. 

The present work was focused on the synthesis of sulfonic acid 
functionalized silicas by spray-drying following the three functionalization 
routes already explored with conventional precipitation methods. 

3.1.1. Synthesis with post-sulfonation or post-oxidation 

Between 90 to 95% of CTAB initially contained in MP and PE functionalized 
materials have been successfully removed by the ethanolic reflux according to C, 
Si and N elemental analysis and FTIR studies (not shown here). 

The initial materials’ functionalization and the efficiency of post-oxidation 
(or post-sulfonation) of the organic moieties have been confmed by 13C CP- 
MAS NMR experiments. As shown in Figure 1 (for R-Si/Si = lo%), MP 
functionalized materials exhibit in particular the 27 ppm resonance due to 

c3’ c” 
( -o)~s~’ ‘c2‘ ‘SO~H 

c3 
(-o)~s~’ ‘c2 SH 

c1-2 

5 0  , 
PPm 
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c3’.7’ S03H 
0 4 ’  p, c2’ c’ 

I 

7 3 ,  

163 113 2 3  13c 8; 63 1 0  25 C 
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Figure 1: I3C CP-MAS NMR spectra of a) 10-MP, b) 10-MP-HN03, c) 10-MP-Hz02, d) lo-PE, e)  
10-PE-S and f) 10-PES materials. (Performed on a Bruker AV300 tco=lms, VMAS = 5 kHz) 
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C’ and C’ in (-O)3Si-C3H2-C2H7-C’H2-SH (Fig. 1.a). After oxidation, either by 
HNO3 (Fig. 1.b) or by H202 (Fig. 1 .c), this 27 ppm signal is no longer detectable 
while two new resonances appear at 18.5 and 54 ppm. These are attributed 
respectively to C” and C” in the oxidized moiety (-0)3Si-C3’H2-C2’H2-C’’Ha- 
S03H. The PE functionalization is also confirmed by I3C CP-MAS NMR (Fig. 
1.d). Modifications in the aromatic frequencies (120-150 ppm) can be observed 
in the post-sulfonation spectrum (Fig. 1 .e), which is similar to 1 0-EPS spectrum, 
the ethylphenylsulfonic material that was directly synthesized by use of the C1- 
SPETMS precursor (Fig. 1.0. All of these spectroscopic features are 
characteristic of the sulfonation on the aromatic moieties. Similar NMR 
observations were found for R-Si/Si = 20% materials. 

In both MP and PE-S materials, [S]/[Si] ratios evaluated by ICP elemental 
analysis are consistent with the [R-Si]/[Si] organosilane ratio of 10 % or 20 % 
introduced in the initial precursor solutions (Tab.1). This demonstrates i) that the 
aerosol synthesis allows a very good control of the functionalization ratio and ii) 
that sulfonation of PE groups was quantitative, leading to highly acidic powders, 
up to 2.44 mmol H’/g of silica (Tab.1 sample 20-PE-S). The oxidation of MP 
moieties can be optimized depending on the nature of the oxidant. Indeed, the 
[S]/[Si] ratio is preserved after the HNO3 treatment whereas its decrease during 
H202 treatment indicates that some thiols groups are lost during the H202 
treatment (Tab.1). However, it is not possible to conclude on which treatment 
should be prefered if only considering the proton exchange capacities (Tab. 1). It 
is noteworthy that our spray dried powders present, after oxidation of MP 
material proton exchange capacities (Tab. 1) higher than those previously 
reported for materials with comparable functionalization ratios but prepared by 
co-precipitation (and post-oxidation) [13-151. This result may be explained by an 
enhanced accessibility of the organic functions, during post-treatments and/or 
titration steps, provided by the nanometer size of spherical particles generated by 
spray-drying. 

XRD patterns of 10% MP and PE functionalized materials (respectively Fig. 
2.a and 3.a) show a long range 2D-hex organization of the porosity since (lo), 
(1 1) and (20) diffraction peaks are exhibited. The corresponding N2 adsorption- 
desorption isotherms are typical of materials with a narrow pore size distribution 
centered between 20 and 30 8, (Fig. 2.c and 3.b) and very high specific surface 
areas around 1200 mz/g (Tab.1). These 10% functionalized materials retain good 
mesostructuration after oxidation or sulfonation post-treatment as demonstrated 
by XRD patterns (Fig. 2.a and 3.a respectively) and high specific surface areas 
from 800 to 1000 m’/g (Tab. 1). On the contrary, 20% MP and PE 
functionalized materials exhibit broader XRD peaks, characteristic of a short 
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range meso-organization (Fig. 2.b). Their pore size distribution remains, 
however, narrow and centered around 2 nm (Fig. 2.d). As previously reported for 
materials processed either by EISA [32,33] or by precipitation [ 131, increasing 
the organosilane to silica ratio influences the mesostructuration. In the case of 
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Figure 2: XRD diffraction patterns and NZ adsorption isotherms (respectively a and c) of 10% 
functionalized and (respectively b and d) of 20% functionalized materials, plain lines for MP, 
crosses for MP-HN02 and dots for MP-HzOz materials.capacities (up to 2 mmol H+/g of silica). 
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our materials, it yields a lower degree of organization. Moreover, the 
structuration of 20% functionalized materials is hardly maintained upon post- 
treatments as evidenced by broad diffraction peaks (Fig. 2.a and 3.a) and the 
reduction of the specific surface area (Tab.1). This effect is especially dramatic 
for the 20-PE-S compound whereas 20-MP-Hz02 and 20-MP-HN03 materials 
still exhibit specific surface areas higher than 450 m2/g coupled with high proton 
exchange capacities (up to 2 mmol Hf/g of silica). 

. . . . . _ . _ _ _ _ .  

2 3 4 5  
2 Theta (") 

3 0 0 ,  I 

0 0.2 0.4 0.6 0.8 1 
PRO 

Figure 3: (a) XRD diffraction patterns and (b) N2 adsorption isotherms of: PE materials (plain lines) 
and PE-S materials (dashed lines) with thick lines for 10% and thin lines for 20% functionalization; 
(c) N2 adsorption isotherm and XRD diffraction pattern of 10-EPS sample. 

3.1.2. Direct synthesis 

The direct co-condensation of a sulfonic organosilane (Cl-SPETMS) by aerosol 
synthesis was used here to avoid the oxidation or sulfonation post-treatments 
which were proved in this work to affect the structure of the materials, especially 
at high functionalization ratios (cf. 3.1.1.). However, contrary to MP and PE 
functionalized materials, ethanolic reflux was not sufficient. Only a strongly 
acidified media allowed the extraction of CTAB in EPS materials, as verified by 
the absence of CTAB signals on 13C MAS-NMR spectra (Fig. 2.0. Ionic 
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interactions between the (-0)3Si-(CH&PhSO3- groups and the polar head of the 
CTA’ are assumed to be responsible for the difficulty of CTAB extraction: a 
cationic exchange with a large excess of proton is needed to remove the CTA+. 
EPS materials demonstrate a dramatic loss of structuration during acidic 
extraction. Indeed, 10-EPS exhibited XRD peaks of poor quality (Fig. 3.c) but 
conserved the high surface area of 810 m’.g’’ (Tab. 1). With twice this 
hctionalization ratio, 20-EPS was found nearly non-porous (80 m2/g) and gave 
no diffiaction peaks (data not shown here). 10% and 20% EPS materials also 
exhibit quite poor proton exchange capacities compared to the other two sulfonic 
acid hctionalization routes (Tab.1). This is partly explained by the loss of 
sulfonic moieties during reflux as ICP analysis show lower [S]/[Si] molar ratios 
than the starting solutions (Tab. 1). Thus, even if this synthesis pathway is 
promising because no post-treatment is needed to generate sulfonic moieties, 
drawbacks arise concerning the extraction of CTA’. A non ionic surfactant will 
be likely better adapted for successful one-pot direct synthesis of hybrid silica- 
sulfonic mesostructured materials [ 161. 

3.2. Aluminosilicate mesoporous nanospheres 

Among the different synthesis processes leading to mesostructured 
aluminosilicate powders, spray drying is increasingly attractive because it is the 
only one that forces the stoichiometry of the final product above conventional 
limits. Indeed, by using the usual precipitation route, aluminum centers 
introduced in the reactive medium are only partially incorporated to the silica 
matrix. Experimentally, the result of this partition is a limitation of the powders 
[Si]/[AL] ratio to values higher than 10 (some rare publications report ratios of 
5). On the other hand, spray dried powders exhibit the exact composition of non- 
volatile compounds as in precursor solution, overcoming the thermodynamic 
limit of incorporation of aluminum usually met in precipitation. However, along 
to this compositional freedom, difficulties in controling the homogeneous 
distribution of aluminum atoms in the material may arise [23]. Here we analyse 
the chemical and processing parameters influencing the incorporation of 
aluminum centers of spray dried mesostructured nanoparticles with low [Si]/[Al] 
ratios (< 10). 

We investigated the aluminum loading capacity of the powders by varying 
the structuring agents (CTAB or P123), the [Si]/[Al] ratio and the silica 
hydrolysis time which influences the size of silica oligomers in the solution 
before the spray. TEM analysis showed that all prepared powders (Fig. 4) are 
mesostructured materials with periodically arranged pores. The pure silica 
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Figure 4: TEM pictures of microtomed aerosols prepared with a) CTAB, [Si]/[Al] = 9.3 and
hydrolysis time of 10 min, b) CTAB, [Si]/[Al] = 4 and hydrolysis time of 1000 min, c) CTAB,
[Si]/[Al] = 4 and hydrolysis time of 10 min, d) P123, [Si]/[Al] = 4 and hydrolysis time of 1000 min.

Table 2: Summary of porous structure parameters of aerosol powders.
* From BJH model. ** From Broekhoff and DeBoer model

SAMPLE

C-Si-10

C-9.3-10

C-4-10

C-2.3-10

C-l-10

C-Si-1000

G-9.3-1000

C-4-1000

C-2.3-1000

O1-1000

P-4-10

P-4-1000

P-2.3-1000

P-l-1000

[Si]/[Al]

8

9.3

4.0

2.3

1.0

8

9.3

4.0

2.3

1.0

4.0

4.0

2.3

1.0

Hydrolysis
time (min)

10

10

10

10

10

1000

1000

1000

1000

1000

10

1000

1000

1000

Phase
separation

NO

NO

NO

YES

YES

NO

NO

YES

YES

YES

NO

NO

NO

NO

(mV)

791

741

646

514

556

995

832

839

664

482

207

238

190

156

Vp
(cirf.g:1)

0.72

0.58

0.50

0.38

0.44

0.82

0.51

0.57

0.44

0.39

0.32

0.38

0.30

0.26

Pore Size
(nm)

3.1*

3.1*

3.1*

2.9*

2.3*

3.2*

2.4*

^.0*

<2.0*

<2.0*

10.3 **

7.2**

7.8**

7.8**
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references prepared with CTAJ3 (C-Si-10 and C-Si-1000) exhibited porous 
structures that appear homogeneous all over the particles, regardless of their size 
(kom 50 nm to 1500 nm). As a general trend, when more and more silica centers 
were substituted by aluminum centers, the average ordered domain size 
decreased (as attested by the progressive broadening of X-Ray difkaction peaks 
not shown here). Above a certain substitution ratio, some powders exhibited a 
composite structure made of what appears to be an amorphous worm like core 
and a mesostructured shell. The critical aluminum content was found to be 
related to the type of structuring agent used (CTAB powders exhibited this phase 
separation -Fig.4b-, but not P123 powders-Fig.4d), and also to the hydrolysis 
time of the solution before spraying (for 1000 min hydrolysis, separation 
happened for [Si]/[Al] = 4, whether for 10 min hydrolysis, separation happened 
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Figure 5: Nitrogen adsorption-desorption isotherms of mesostructured aerosol powders prepared 
with: a) CTAB surfactant and hydrolysis time of 10 minutes, b) CTAB surfactant and 
hydrolysis time of 1000 minutes, c) P123 surfactant and hydrolysis time of 1000 minutes. (l),  
(2), (3), (4), and (5) account for [Si]/[AI] ratio equal to 8 ,  9.3, 4, 2.3 and 1. The d) diagram 
gives a comparison of 2 aerosols prepared with P123 and hydrolysis times of 10 and 1000 
minutes. 
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for [Si]/[Al] = 2.3). The porous structure characterization, made by N2 
adsorption-desorption (Fig. 5) ,  showed that samples looking homogeneous in 
TEM present a monomodal mesopore size distribution similar to those obtained 
by precipitation (cf. Table 2). For samples exhibiting the phase separation, an 
additional second adsorption step, characteristic of a very broad pore size 
distribution, appeared at high relative pressure (Fig. 5). Consistent with previous 
reports, the surface area of the powders decreases with increasing aluminum 
content [23]. A more local probing of the particles composition was made by 
localized EDX analysis of microtomed particles. With a spatial resolution of 15 
nm, we measured the dispersion of Al atoms from the edge to the center of the 
particles. As shown in the figure 6 for C-4-10 and C-4-1000 examples, 
homogeneously textured particles are also homogeneous in composition. In 
contrast, phase separated particles exhibit cores heavily enriched in aluminum 
when compared to their edges. The phase separation phenomenon observed in 
aluminum-rich particles is thus linked to a migration of aluminum during the 
drying of the CTAB structured particles. This inhomogeneity can be rationalized 
by several arguments. In the acidic precursor solution (pH = 2), aluminum 
species are stable as very mobile hexaaquo cations [A1 (H20)6]3'. The hydrolysis 
of TEOS in similar medium leads to the slow homo-condensation of Si(OH)4 
tetrahedra. 29Si NMR (not shown here) showed that after 10 minutes of 
hydrolysis, silica species form monomers and dimers. Extending hydrolysis to 
1000 minutes leads to larger silica oligomers, mainly composed of Q2 and Q3 
silicon centers. 

2 lo keV I keV 

Si 

I 

L 

J 

L 
2.0 

Figure 6: EDX spectra of the center and the edge of microtomed C-4-10 aerosol particles with 
a) hydrolysis time of 10 min and b) hydrolysis time of 1000 min. 

An estimation of the hydrodynamic radius of silica oligomers by a Flory 
approach and the Stoke-Einstein equation gives a first order approximation of 
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the diffusion coefficients of linear silica oligomers with different molecular 
weights Mw (equation 1). 

(1) 
D ~ ~ N M E R  - 1 

D M ~ N ~ M E R  (~w)0.6 
From this, one can qualitatively see that as hydrolysis time increases, silica 
oligomers diffuse more slowly. For example, a linear oligomer of only 14 
tetrahedra diffuses about 5 times slower than the monomer. During spray drying, 
the progressive evaporation of solvent creates a radial concentration gradient 
within droplets that leads to a migration of non-volatile species from the edge to 
the center. At long hydrolysis times, it is likely that silica oligomers diffise much 
more slowly than monomeric [A1(H20)6l3' ions, thus promoting the observed A1 
enrichment of the center of the particles. According to Fick's law, the flux of 
[A1(HaO)6]3' is proportional to its original concentration. As a consequence, 
below a certain [Si]/[Al] ratio, the particle center can attain a critical alumina 
concentration that hinders the mesostructuration, promoting the appearance of a 
second type of phase. However, with P123 block copolymer, no phase separation 
was observed. We assume that both the higher viscosity of these solutions (about 
seven times that of CTAB solutions) and the complexing ability of PEO chains 
for A1 cations strongly limited the phase separation by limiting the mobility of 
aluminum species. 

The acidic properties of the homogeneous powders were probed using the 
FTIR analysis of CO adsorption. The progressive adsorption of CO molecules 
(example of C-4-10 powder is given in Figure 7) demonstrated that these 

C B A  

3800 3600 3400 3200 //2300 2250 2200 2150 2100 
Wave number Icrn-') 

Figure 7: FTIR followed adsorption of CO on C-4-10 particles previously out gazed at 450°C. 

powders exhibit strong and weak Lewis acidity (vco = 2210 and 2228 cm-' 
respectively), as well as strong, medium and weak Bronsted acidity (vco= 2171 
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cm-' + VOH = 3400, 3530 and 3660 cm-' respectively). These acidic properties are 
similar to those of precipitated aluminosilicate powders [34]. 

Further characterizations of dehydrated samples by solid state NMR were 
performed in conditions as close as possible to those used for the CO adsorption 
measurements. Thus, calcined sample where frst studied (lH and 27A1 NMR) 
through MAS conditions. Then, the powder was kept in open rotor and 
dehydrated one night at 75°C and 3h30 at 200°C before sealing under argon. 
Figure 8 shows the 'H MAS spectrum of dehydrated C-4-10 and the 
corresponding deconvolution. The spectrum reveals three components at 1.7, 2.5 
and 3.8 ppm. The absence of any signal around 5 ppm characteristic of adsorbed 
water confirms the efficiency of dehydration process. The intense signal at 1.7 

Figure 8: 'H ECHO MAS spectrum of dehydrated C-4-10 (y'H = 750 MHz; v m  = 14 kHz on a 
Bruker AV750; D1= 30s, t = 0,13 ms). 

ppm can be safely assigned to isolated Si-OH [35]. The signal at 2.5 ppm can be 
assigned to Al-OH by analogous results obtained on zeolites [36]. The signal at 
3.8 ppm could be assigned to bridging hydroxyl groups Si-OH-A1 corresponding 
to the Bronsted acidic sites in zeolites according to previous studies [37-411. The 
latter signal is usually intense for zeolites, which is not the case with our 
material. However, the amorphous nature of our materials leads to a distribution 
in bonds and angles within Si-OH-A1 groups. This induces a chemical shift 
distribution that can explain the broadness of the peak at 3.8 ppm. Three 
different hydroxyl groups in our dehydrated material are evidenced by solid state 
NMR. Interestingly, a similarity between these results and those concerning the 
CO adsorption measurements is observed. Thus, the following comparison can 
be done: isolated silanols Si-OH have been identified by both solid state NMR 
and CO adsorption measurements as weak Bronsted sites. Bronsted sites (A), 
that are the most acidic, could be assigned to the 3.8 ppm signal. Thus, Bronsted 
sites (B) could be assigned to the 2.5 ppm signal. Weakly acidic groups at 1.7 
ppm were labeled (C) in the Figure 7. 
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Figure 9: 27Al echo MAS spectra of (1) as-synthesized, (2) calcined, (3) dehydrated and (4) 
rehydrated C-4-10 (Bo = 9.4 T; v- = 14 kHz). 

The figure 9 displays the ?’A1 echo MAS spectra of as-made, calcined, 
dehydrated and rehydrated C-4-10 (Bo = 9.4 T; V ~ S  = 14 kHz) with their 
respective deconvolutions. The deconvolution was obtained with the GIM model 
(Gaussian Isotropic Model) [40] implemented in the DmFit software [41] where 
the lineshapes correspond to a Gaussian distribution of quadrupolar parameters 
P(vQ, qa) associated to Gaussian distribution of chemical shifts that allows to 
extract the ratios of 4, 5, 6-fold coordinated aluminum sites (Table 3). For the 
calcined sample, besides 4-fold coordinated aluminum sites, a large amount of 5 
(22 %) and 6-fold (38 %) coordinated sites is observed with quadrupolar 
constants CQ around 2-3 MHz. 

Table 3: Coordination of aluminum centers in C-4-10 

As made Calcined 
“Hydrated” “Hydrated” 

Coord 

13 
0.5 

37 
4 0 6  &05 I 42 38 22 I 2 

11 
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Figure 10: 27Al echo MAS spectrum of dehydrated C-4-10 recorded at high magnetic field (17.6 T ; 
V-= 14 kHz) 

The profile of the dehydrated sample (the catalytically active form) is 
radically different from the others in the sense that the lineshapes are much 
broader. Furthermore, the spinning side bands of the central transition are clearly 
observable. These observations are evidence of an increased quadrupolar 
interaction. To improve the spectral resolution, a ’7Al echo MAS experiment of 
dehydrated C-4-10 was recorded at higher magnetic field (17.6 T ; vMS = 14 
kHz) (Fig. 10). Indeed, after dehydration, the proportion of 4-fold and 5-fold 
aluminum is increasing but 6-fold aluminum with small CQ (0.5 MHz) is still 
present as it is evidenced by MQ MAS experiment (not shown). The dramatic 
increase of the quadrupolar interaction (C, = 14 and 11.4 MHz for 4-fold and 5- 
fold aluminum, respectively) indicates a distortion of the coordination polyhedra 
of 4-fold and 5-fold aluminum during the dehydration process. This phenomenon 
is complex and concerns the environment modifications of all the aluminum 
sites. It does not correspond to a simple desorption of the physisorbed water onto 
the surface. This conclusion is of paramount importance for the study of acid 
catalysts since it proves that, to be relevant (that is to help at the prediction of 
catalytic properties), an 27Al NMR study has to be performed with carefully 
dehydrated aluminosilicate samples. 

Finally, cross polarization {1H}-’7Al CP MAS experiments were done to 
investigate spatial proximities. Figure 11 displays the {1H}-’7Al CP 
MASspectrum of dehydrated C-4-10 recorded with a contact time tCP = 500 ps. 
The CP MAS signal is very broad and could correspond to 5-fold aluminum 
close to a proton source in the sample. 
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Figure 11: (1) {1H}-27A1 CP MAS spectrum recorded with a contact time tcp=500 ps and (2) 27Al 
echo MAS spectrum of dehydrated C-4-10 (Bo = 9.4 T ; VMS = 14 kHz). 

4. Conclusions 

The successful coupling of sol-gel chemistry and spray drying process allows the 
fast and continuous preparation of acidic silica-based mesostructured powders 
under a variety of synthesis approaches. 

Hybrid sulfonic acid functionalized mesostructured silica nanoparticles were 
successfully prepared. Very good structuration with high organization and 
specific surface areas could be obtained for 10% functionalized materials. 20% 
functionalized materials were initially less organized and underwent dramatic 
losses in structuration during post-treatments. However materials with surface 
areas larger than 450 m'/g coupled with proton exchange capacities of 1.75-2.03 
mmol H'/g of silica could still be obtained by the thiol/oxidation route with 20% 
functionalization. Aside from the rapidity and the simplicity of the process, it 
could be emphasized that the nanospheres exhibited proton exchange capacities 
globally higher than those reported for precipitated materials with similar 
functionalization ratios. 

On the other hand, pure homogeneous inorganic aluminosilicate 
nanoparticles with [Si]/[Al] as low as 1 were successfully prepared. Both the 
hydrolysis time and the nature of the structuring agent were found having an 
important impact on the composition homogeneity of the final particles. The 
powders, dehydrated for the realistic simulation of catalytic conditions, exhibited 
acidic properties similar with those of precipitated aluminosilicate powders. A 
correlation between vibrational vco and vOH bands, and local environment of OH 
acidic groups could be given by crossing FTIR and solid NMR data. 
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LEWIS ACIDITY OF MESOPOROUS MOLECULAR SIEVES 
FOR ACYLATION REACTIONS* 

MARTINA BEJBLOVA, JOSEF VLK, DANA PROCHAZKOVA, HELENA SIKLOVA 
AND J I d  CEJKA 

J. Heyrovslj Institute of Physical Chemistry, Academy of Sciences of the Czech Republic, 
v.v.i., Dolejjkova3, Prague, CZ-182 23, Czech Republic 

The effect of the concentration of Lewis acid sites on the activity and selectivity of 
different molecular sieve catalysts was investigated in the Friedel-Crafts acylation of 
ferrocene with acetic anhydride, toluene with isobutyryl chloride, and cyclohexene and 
I-methylcyclohexene with propionic anhydride. H-, Zn-, Fe-, Al- and La-forms of 
mesoporous molecular sieves (Al)MCM-41 and (AI)SBA-I 5 were studied and compared 
with large-pore zeolites. No general relationship between the type of cation and 
conversion of substrate was found. In acylation of ferrocene the highest ferrocene 
conversions were reached over Zn- and H-forms while in toluene acylation Al-forms 
were the most active. The selectivities over mesoporous molecular sieves were lower (61 
- 89 %) compared with zeolites (82 - 98 %). 

1. Introduction 

Friedel-Crafts acylation of aromatic hydrocarbons is one of the most important 
reactions to produce aryl-alkyl or aryl-aryl ketones, which are very important 
products or intermediates for fine chemicals synthesis [1,2] such as 
pharmaceuticals (Naproxen, Ibuprofen, Warfarin), fragrances (acetylanisole [3], 
acetoveratrole [4], 2-acetylnaphthalene [5]) ,  dyes or agrochemicals. 
Conventionally, acylation reactions are carried out in homogenous phase with 
acid anhydrides or acyl halides as acylating agents by using Lewis and Bronsted 
acids like AIC13, FeCI3, BF3, TiCb, ZnClz or HF and H3P04. The major 
drawback of these catalysts is that they are not-regenerable, corrosive and must 
be used in more than stoichiometric amount. From these reasons, the 
development of new type of acid catalysts, especially heterogeneous ones, is 
rather challenging. Many solid acid catalysts (heteropolyacids, metal oxides, 
clays, sulfated zirconia, Nafion, triflates, molecular sieves) have been 
investigated for acylation reactions. 

Mesoporous molecular sieves, MCM-41 and SBA-15, duo to the narrow 
pore size distribution, high surface area, hydrothermal stability and large pore 

* This work is supported by the Grant Agency of the Czech Republic (104/07/0383). 
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Catalyst 
MCM-41 
SBA-15 

volume have wide applications as heterogeneous catalysts in organic synthesis 
and they are also used for adsorption purposes. Although these materials are 
valuable for many organic reactions, enhancement of their acidity is desirable for 
their broader applications. Incorporation of various metal ions such as A1 [6,7], 
Ce [7], Fe [8], Ga [9-111 or impregnation of these materials with InC13 [6] 
enabled their use in acid catalyzed reactions. Ga doped SBA-15 was active 
catalyst for liquid phase acylation of anisole with benzoyl chloride [9-111, 
FeSBA-15 was successfully used for toluene acylation with acetic anhydride [8], 
sulfated zirconia supported on MCM-41 was investigated in veratrole acylation 
with acetic anhydride [12]. Selvaraj [6] studied catalytic activity of Al-MCM-41 
and S04'-/A1-MCM-4 1 in acylation of 2-methoxynaphthalene. 

The objective of this contribution was to study the effect of the type of acid 
sites of mesoporous molecular sieves (A1)MCM-41 and (A1)SBA-15 and their 
ion-exchanged forms on the activity and selectivity in acylation of ferrocene, 
toluene and cyclohexene. 

Channel structure Channel diameter (nm) Si/Al ratio 
1D - 3.4 8.5 
1D - 6.5 14 

2. Experimental 

2.1. Catalysts 

Mesoporous molecular sieves (Al)MCM-41 and (Al)SBA-15, and their ion- 
exchanged forms were tested in acylation reactions of ferrocene, toluene, 
cyclohexene and 1 -methylcyclohexene. The list of catalysts used with their 
structure characterization, pore dimensions and Si/Al ratios is given in Table 0. 

Table 1 .  Structural and chemical characteristics of used catalysts. 

All the catalysts were used in acylation reactions in protonated (H') and ion- 
exchanged forms (Zn2', Fe3+, La3+ and A13'). Ion-exchanged forms were 
prepared by the following procedure. Molecular sieves were converted to 
sodium form by four-time repeated ion-exchange with 0.5 M sodium nitrate for 4 
h at mom temperature. Then the Na-forms were transformed to corresponding 
cation forms via four-fold repeated ion-exchange with 0.25 M nitrate of the 
respective element for 4 h at room temperature. Finally, molecular sieves were 
recovered by filtration, washed out with distilled water, dried and calcined at 550 
"C for 6 h of a heating rate of 1 "C/min. 
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2.2. Synthesis of (AI)MCM-41 and (A1)SBA-15 

For the synthesis of (Al)MCM-41, sodium silicate, aluminum isopropoxide and 
trimethyltetradecylammonium bromide as template was used. In a typical 
synthesis, 9.8 1 g of trimethyltetradecylammonium bromide was dissolved in 500 
ml of water in an autoclavable polypropylene bottle, then 1.12 g of aluminum 
isopropoxide was added and this mixture was stirred for ca. 1 h. Later on, 450 ml 
of water was added, followed by 10 g of sodium silicate and it was stirred for 30 
min. Finally, 15 ml of ethyl acetate was added, the mixture was aged for 5 h at 
room temperature and then for 2 days at 90 "C. 

Mesoporous molecular sieve SBA-15 was prepared according to the 
following procedure. 20 g of copolymer poly(ethy1ene oxide)-poly(propy1ene 
oxide)-poly(ethy1ene oxide), Pluronic 123 was dissolved in 645 ml of water and 
106 ml of 35 % HCl and stirred at 35 "C. Then 45.5 ml of tetraethoxysilane was 
added to the clear solution and the mixture was stirred until became 
homogeneous. The mixture was allowed to stand at 35 "C for 24 h and 
subsequently at 95 "C for 48 h. The resulting solid phase was recovered by 
filtration, washed with distilled water and ethanol, and dried at room 
temperature. Calcination was carried out at 540 "C for 8 h with temperature 
ramp of 1 "C/min. 

Aluminum was added to the SBA-15 samples by post-synthesis alumination. 
The reaction mixture of 5 g of SBA-15 and 1 g of aluminum chlorohydrate in 
125 ml of distilled water was heated at 80 "C for 2 h. The solid was recovered by 
filtration, washed out with water and dried at ambient temperature. Calcination 
was carried out at 550 "C for 4 h with temperature ramp of 1 "C/min. 

2.3. Characterization of catalysts 

The phase purity of synthesized materials was determined by X-ray powder 
diffraction (Bruker D8 X-ray powder diffiactometer). The nitrogen adsorption- 
desorption isotherms were recorded on a Micromeritics ASAP 2020 volumetric 
instrument at -196 "C. Chemical analysis was carried out by X-ray fluorescence 
analysis (spectrometer Philips PW 1404 with an analytical program UniQuant). 
The concentration and the type of acid sites were determined by adsorption of 
pyridine as probe molecule followed by FTIR spectroscopy (Nicolet ProtCgC 
460). The concentrations of Bronsted and Lewis acid sites were calculated fiom 
integral intensities of individual adsorption bands characteristic of pyridine on 
Bronsted acid sites at 1545 cm-' and band of pyridine on Lewis acid site at 1455 
cm-' and molar absorption coefficients [13] of e(B)=1.67&0.1 cm.pmol-' and 
e(~)=2.22&0.1 cm.pmol-', respectively. 
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2.4. Catalytic experiments 

2.4.1. Acylation of ferrocene 

In a typical experiment, 0.6 g of ferrocene, 8 ml of decahydronaphthalene 
(solvent), dodecane (internal standard) and 0.6 g of an activated catalyst were 
heated to the preset reaction temperature. Then 1.9 ml of acetic anhydride was 
added to the reaction mixture and the reaction started. The reaction temperature 
was 140 "C. 

2.4.2. Acylation of toluene 

In a typical experiment, 8.0 ml of toluene, dodecane (internal standard) and 1.2 g 
of an activated catalyst were heated to the preset reaction temperature. Then 1.9 
ml of isobutyryl chloride was added to the mixture and the reaction started. The 
reaction temperature was 1 10 "C. 

2.4.3. Acylation of cyclohexene and I-methylcyclohexene 

In a typical experiment, 10 ml of propionic anhydride, 0.5 g of tetradecane 
(internal standard) and 1 g of an activated catalyst were heated to the preset 
reaction temperature. Then 2.5 ml of cyclohexene or 1 -methylcyclohexene was 
added to the mixture and the reaction started. The reaction temperature was 80 
"C. 

3. Results and Discussion 

3.1. Characterization 

The concentration of cations in molecular sieves used was determined by X-ray 
fluorescence analysis. The Me"+/AI ratios are given in Table 2. 

Acidic properties of molecular sieves were investigated using FTIR 
spectroscopy. The type and concentrations of Bronsted and Lewis acid sites were 
determined by pyridine adsorption (see Table 2). The intensity of the absorption 
band corresponding to the interaction between pyridine and Lewis acid site at 
1445 cm-' decreased in the order: Zn > A1 > H > La > Fe for (A1)MCM-41 and 
Zn >A1 > H > Fe > La for (Al)SBA-15. Only a negligible band corresponding to 
pyridinium ion was found in the samples. This indicates that practically no acid 
OH groups are present in the mesoporous materials. 
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Zeolite Me* Me"' (wt %) Me"'/Al ratio CLC (mmol/g) 

JT 0.21 
Znz+ 3.5 0.34 0.40 

~ 1 3 +  1.9' 0.32 0.27 
La3+ 2.3 0.11 0.16 
H+ 0.15 

ZnZ+ 1.7 0.29 0.28 
(AI)SBA-15 Fe3+ 0.89 0.19 0.16 

La" 5.8 0.45 0.11 

(AI)MCM-41 Fe'+ 2.7 0.35 0.10 

AI3+ 0.7' 0.22 0.17 

CBC (mmollg) 
0.04 
0.04 
0.01 
0.04 
0.04 
0.01 
0.02 
0.02 
0.03 
0.01 

3.2. Catalytic activity 

3.2.1. Acylation offerrocene 

The liquid phase acylation of ferrocene with acetic anhydride was investigated 
over mesoporous molecular sieves (A1)MCM-41, (A1)SBA-15 and their ion- 
exchanged forms with Zn", Fe3+, La3+, A13+ to study the effect of type of acid 
sites. In some case the results were compared with large-pore zeolites Beta 
(Si/Al=12.5) and USY (Si/Al=15). 

100, 

0 60 120 180 240 300 
Time (min) 

Fig. 1. The effect of structure of molecular sieve on the conversion of ferrocene in ferrocene 
acylation with acetic anhydride over molecular sieves: Beta +, USY A, (A1)MCM-41 W, (AI)SBA- 
15 0. Ferrocene/acetic anhydride ratio 1 :6. 
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The comparison of catalytic activity in ferrocene acylation over mesoporous 
molecular sieves and large-pore zeolites is presented in Fig. 1. The lowest 
ferrocene conversion was achieved over zeolite USY (about 70 % after 300 min 
of TOS). The ferrocene conversions over zeolite Beta and (AI)MCM-41 and 
(AI)SBA-15 after 300 min of TOS were almost the same (about 90 %), however, 
the initial reaction rates were different. While zeolite Beta was very active from 
the beginning of the reaction (the ferrocene conversion reached about 60 % after 
60 min of the reaction), the initial reaction rates of mesoporous molecular sieves 
were significantly lower (ferrocene conversions after 60 min of the reaction were 
31 %and 17 %, respectively). 

Fig. 2 shows the effect of the type of Lewis acid sites on the ferrocene 
conversion in ferrocene acylation with acetic anhydride over (Al)MCM-41 and 
(Al)SBA-15 and their ion-exchanged forms. With mesoporous molecular sieve 
(A1)MCM-41, the highest conversion of ferrocene was reached with H-form 
(about 90 %). Some decrease in the conversion was observed over Zn- 
(A1)MCM-41 (71 %) and the lowest conversion was obtained with Fe- 

Very similar results were obtained with (A1)SBA-15; however, the activity of 
Zn- and H-(Al)SBA-15 were comparable. The lowest ferrocene conversion was 
again obtained with Fe-form. 

(A1)MCM-41. 

100, , 100 I /  

90 90 

80 80 

70 

c 60 60 
.- 0 
r50 50 3. 
> 5 40 40 2 

s h s 70 - 

s "30 30 - 
20 20 

10 10 

0 0 

(AI)MCM-41 (AI)SBA-IZ 
H Zn Fe La Al H Zn Fe La Al 

Fig. 2. The effect of type active site on the conversion of ferrocene in ferrocene acylation with acetic 
anhydride over ion-exchanged forms of (AI)MCM-41 and (AI)SBA-15, conversions at 300 min. 
Ferrocendacetic anhydride ratio 1 :6. 
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No relationship between the concentration of Lewis acid sites and ferrocene 
conversion in the case of mesoporous catalysts was found, while in the case of 
acylation of ferrocene over ion-exchanged forms of zeolites (Beta, USY) the 
correlation between the concentration of Lewis acid sites and ferrocene 
conversion was found (the higher the concentration of Lewis acid sites the higher 
ferrocene conversion). 

3.2.2. Acylation of toluene 

The liquid phase acylation of toluene with isobutyryl chloride produces all three 
isomers of isopropyl tolyl ketone with preference to para-isomer. Mesoporous 
molecular sieves (Al)MCM-4 1 and (Al)SBA-15 and their ion-exchanged forms 
(Zn'+, Fe3+, La3+, A13+) were investigated in this reaction. The effect of the 
presence of added Lewis acid sites on the isobutyryl chloride conversion and 
selectivity to isopropylp-tolyl ketone is clearly seen in Table 3. 

A13' ion-exchanged forms of mesoporous molecular sieves (Al)MCM-4 1 
and (Al)SBA-15 were highly active catalysts in toluene acylation. The 
conversions of isobutyryl chloride obtained over these catalysts after 240 min of 
T-0-S were 60.5 % and 62.7 %, respectively. The lowest isobutyryl chloride 
conversion (ca 37 %) was reached with the H-(Al)MCM-41. Surprisingly, the 
conversion of isobutyryl chloride over Fe-(Al)MCM-41 was about 62 % while in 
ferrocene acylation Fe-(A1)MCM-41 showed a very low conversion. This 
indicates that Fe-Lewis-acid sites easily activate toluene in contrast to ferrocene. 
H-forms of both mesoporous molecular sieves were not so active in toluene 
acylation as in the acylation of ferrocene. 

Table 3. The effect of the type of active sites on the conversion of isobutylyl chloride and selectivity 
to isopropyl p-tolyl ketone in toluene acylation over ion-exchanged forms of (AI)MCM-41 and 

a conversion of isobutylyl chloride at 240 min 
selectivity to isopropylp-tolyl ketone at isobutyryl chloride conversion 20 % 
selectivity to isopropylp-tolyl ketone at 240 min 
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The selectivities to isopropyl p-tolyl ketone at the conversion of isobutyryl 
chloride of 20 % over mesoporous molecular sieves (Al)MCM-41 and (Al)SBA- 
15 and their ion-exchanged forms were a little lower (see Table 3 )  compared 
with the zeolites used (selectivities over zeolites Beta and USY were more then 
90 % with the exception of Fe-forms). This is due to larger channel diameters of 
mesoporous molecular sieves, which enable the formation of the bulkier ortho- 
isomer and also consecutive acylation of toluene to di-isobutyryltoluenes. The 
selectivity to para-isomer over (A1)MCM-41 ranged from 78 to 86 %. After 240 
min of the reaction the selectivities to isopropyl p-tolyl ketone were about 10 % 
lower due to the higher extent of consecutive reactions. 

3.2.3. Acylation of cyclohexene and I-rnethylcyclohexene 

The liquid phase acylation of cyclohexene with propionic anhydride over 
molecular sieves is complicated by the formation of a number of side-products. 
Except desired a ,0-unsaturated ketone, P,y-unsaturated ketone, cyclohexylester 
of propionic acid, dipropionylcyclohexene and propionylcyclohexylester of 
propionic acid were observed in the reaction mixture. However, while over 
zeolite Beta and USY the conversions of cyclohexene were about 60 %, 
mesoporous molecular sieves (Al)MCM-41 and (A1)SBA-15 and their ion- 
exchange forms did not show any activity in cyclohexene acylation. 

In the case of acylation of 1-methylcyclohexene (Fig. 3) over (Al)MCM-41 
the highest conversion of 1-methylcyclohexene was achieved with La- (61 %) 
and H-forms (53 %) and over (Al)SBA-15 with Zn- (50 %) and H-forms (40 %). 
The lowest conversion was found for Al-forms of both molecular sieves. As for 
the selectivity to 1-(2-methylcyclohexenyl)propan-l-on (Fig. 3 )  over (Al)SBA- 
15 the selectivities were very similar (about 85 %) with all ion-exchanged forms 
studied. Over (Al)MCM-41 the highest selectivities to 1-(2- 
methylcyclohexeny1)propan-1 -on were achieved with Fe- nad H-forms (about 95 
%) . 

4. Conclusions 

Friedel-Crafts liquid phase acylation of ferrocene, toluene, cyclohexene and 1 - 
methylcyclohexene was investigated over mesoporous molecular sieves 
(Al)MCM-41 and (Al)SBA-15. Exchanged forms of the molecular sieves with 
Zn”, Fe3+, La3+, A13+ were prepared and the effect of the type of Lewis acid sites 
on the activity and selectivity was studied. The concentration of Lewis and 
Bronsted acid sites was determined by adsorption of pyridine followed by FTIR 
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spectroscopy. The highest concentrations of Lewis acid sites were found for Zn- 
and Al-forms of (Al)MCM-41 and (A1)SBA-15 and the lowest for Fe- and La- 
forms. 

loo loo 

H Zn Al 
(AI)MCM-41 

Fe La H Zn Al 
(AI)SBA-15 

La 

Fig. 3. The effect of type of active site on the conversion of 1-methylcyclohexene and selectivity to 
1-(2-methylcyclohexenyl)propan-l-on in acylation of 1-methylcyclohexene with propionic 
anhydride over ion-exchanged forms of (Al)MCM-41 and (Al)SBA-15. W Conversion (at 300 min), 
0 selectivity (at 1 -methylcyclohexene conversion 40 %). 

No general relationship between the type of cation and substrate conversion was 
found. In acylation of ferrocene over mesoporous molecular sieves (A1)MCM-4 1 
and (Al)SBA-15, the highest conversions of ferrocene were reached over Zn- 
and H-forms. In acylation of toluene, Al-forms of mesoporous catalysts were the 
most active. The selectivities to para-isomer in toluene acylation over 
(A1)MCM-41 and (Al)SBA-15 and their ion-exchanged forms were lower (61 - 
89 %) compared with zeolites (82 - 98 %). This was due to larger channel 
diameters of these materials, which enables the formation of sterically more 
demanding ortho-isomer and also consecutive acylation of toluene to 
diisobutyrytoluenes. (A1)MCM-4 1 and (A1)SBA- 15 and their ion-exchanged 
forms were not active in acylation of cyclohexene. In the acylation of 1- 
methylcyclohexene the highest conversions were obtained with La- and H- 
(Al)MCM-41 and with Zn- and H-(A1)SBA-15. 
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CONDITIONS THROUGH DISPERSION AND REDOX OF 
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A new redox strategy is adopted to convert neutral salt KNO3 and to generate the 
superbasicity with strength (H-) of 27.0 on alumina. Different from the conventional 
thermal decomposition, the redox approach can convert the KNO3 supported at mild 
condition and suppress the release of nitrogen oxides, being energy-saving and 
environmentally benign. 

1. Introduction 

Solid superbases are extremely desirable for developing environmentally benign 
and economical catalytic processes, since they can catalyze various reactions 
under mild conditions and reduce the production of pollutants. Many attempts 
have been made to prepare solid superbases [l]. Among them doping sodium 
hydroxide and sodium [2] or impregnating an ammoniacal solution of potassium 
[3] on alumina can produce solid superbases. Besides, loading the hydroxides of 
potassium, rubidium, and cesium on alumina also exhibit superbasicity if 
activated properly [4]. However, most of these bases are oxygen-sensitive and/or 
easy to be contaminated by C02 in atmosphere [S]. To overcome the 
disadvantages, neutral salt KN03 has been introduced as base precursor and thus 
many solid bases are derived from the KN03 supported on porous materials [S- 
lo]. Since the strong basicity is only generated from KN03 decomposition in the 
activation of the composites prior to reaction, the contamination of COz can be 
avoided and the samples show high activity in catalytic processes [5, 61. 
However, two factors hinder the applications of KN03-derived bases. One is the 
high temperature (= 600 "C) needed to decompose the KN03, which certainly 
cause the shrinkage of support and be energy-consuming; another is the 
liberation of harmful gases nitrogen oxides (NOx) during the decomposition [ 1 1 1 .  
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Therefore, it is desirable to develop an environmentally benign approach to 
convert supported KN03 under relatively mild condition. In the present study, 
we adopted a new strategy to convert KN03 and to generate superbasicity on 
A1203 by use of redox, which can be conducted at 450 "C and suppress the 
majority of the NOx liberation. 

2. Experimental 

y-alumina (Alz03) with BET surface area of 208 m'.g-' and pore volume of 
0.393 cm3.g-', and KN03 with AR grade were provided by Nanjing Inorganic 
Chemical and Shanghai Chemical, respectively. Methanol, ethanol, 2-propanol, 
tert-butanol, and 1 -hexene were commercially available reagents with AR grade. 
KN03 was loaded on A1203 through impregnation. The given amount of KN03 
was dissolved in 10 mL of water, and then 1 .O g of A1203 support was added. 
After stirring for 2 h, the mixture was evaporated at 80 OC followed by drying at 
100 "C overnight. The obtained samples were denoted as nKNA, where n 
represents the mass percentage of KN03. 

XRD patterns of the samples were recorded with a Rigaku D/max-rA system 
using CuK, radiation in the 20 range from 5" to 70" at 40 kV and 40 mA. The 
XRD peak of KN03, the sum of the line at 23.5" and 27.2" for orthorhombic and 
hexagonal phase, respectively, was compared with that of A1203, the line at 66.8", 
and the intensity ratio was denoted as factor R to characterize the dispersion of 
KN03 on alumina. FTIR measurements were performed on a Bruker 22 FTIR 
spectrometer by means of KBr pellet technique. The N2 adsorption-desorption 
isotherms were measured using a Micromeritics ASAP 2020 system at -196 "C. 
Temperature programmed decomposition (TPDE) of KN03 supported on A1203 
was carried out in a flow reactor. The sample was kept contacting with methanol 
during the TPDE process, for which methanol was introduced with a syringe 
pump. The sample was heated in a flow of N2 (30 mL,min- ') from 25 to 450 "C 
at the rate of 8 "Crnin-' and kept at that temperature until KN03 was 
decomposed completely. The NOx liberated in the process was detected by the 
colorimetric method [5 ] .  

The KN03-modified samples were treated with reducing agent in a 
conventional flow reactor at atmospheric pressure, in which the reducing agent 
was introduced with a syringe pump at a rate of 1.2 mL.g-'.h-'. In a typical 
procedure, 100 mg of KNA sample was treated with 1.2 mL.g- methanol at 450 
"C. Based on these conditions, the effects of methanol amount, KN03 loading, 
treatment temperature, and reducing agent type including methanol, ethanol, 2- 
propanol, and tert-butanol were investigated. The base strength and basicity of 
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the samples were measured by titration methods using Hammett indicator as 
reported elsewhere [6]. The catalytic decomposition of 2-propanol was 
conducted in a conventional flow reactor. The sample pellet with 20-40 mesh 
was treated with methanol (1.5 mL.g- ') at 450 "C and then cooled to the reaction 
temperature (400 "C). The reactant 2-propanol was introduced using a syringe 
pump with the space velocity of 1.9 h-'. The reaction mixture was analyzed by 
on-line GC (Varian 3700). In similar process, the isomerization of 1-hexene was 
conducted at the reaction temperature of 40 "C; the conversion represented the 
activity of the sample while the cis/trans ratio of products reflected the basicity 
of the catalyst [ 121. 

3. Results 

3.1. Dispersion and Redox Conversion of hW03 Supported on A1203 

Figure 1A depicts the dispersion of KN03 on A1203, in which the straight line 
gives an intercept to indicate the monolayer dispersion threshold of ca. 14 wt%. 
Crystalline KN03 is detected in the XRD patterns of KNA samples loaded with 
KN03 exceeded the dispersion threshold. ;:piz - .- b (D 

a, - s - 
d' 
- 

10 20 30 40 50 60 70 0 
0 10 20 30 

KNO, loading (wt%) 28(degree) 

Figure 1 (A) The dispersion of KNO? on Al2O3. (B) XRD patterns of (a) A 1 2 0 3  as well as 26KNA 
(b) as-prepared, (c) thermal activation at 450 "C and treated with (d) 0.1, (e) 0.3, ( f )  0.6, and (g) 1.5 
mL.g-' of methanol at 450 "C 0 and H denote orthorhombic and hexagonal KNo3, respectively. 

Figure 1B shows the XRD patterns of parent A1203 and KNA samples. 
KN03 supported on A1203 exists in two crystalline phases, i. e. orthorhombic 
(JCPDS No. 74-2055) and hexagonal (JCPDS No. 76-1693) phase. Since KN03 
itself is in the crystalline form of orthorhombic even after it is treated with the 
same process as the preparation of KNA samples, the interaction between KN03 
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and support is believed to be crucial to the formation of hexagonal phase. After 
thermal activation at 450 "C, the hexagonal phase decreases apparently while the 
orthorhombic phase increases slightly. However, the phase of hexagonal 
vanishes meanwhile the orthorhombic phase declines evidently once the sample 
is contacted with 0.1 mL& of methanol. Furthermore, the diffraction lines of 
KNO3 disappear in the XRD pattern when the sample is treated with methanol 
more than 0.6 mL.g-'. 

Figure 2 displays the IR spectra of samples. The bands at 2406, 1766, and 
1385 cm-' assigned to the vibration of nitrate [13] are obvious on the as- 
prepared sample. No apparent decrease of these bands is observed after the 
sample is thermally activated at 450 "C. However, introducing 0.3 mL.g-' of 
methanol at 450 OC makes these bands decrease obviously. As the amount of 
methanol rises, the bands of nitrate decline meanwhile the bands at 1547 and 
1413 cm-' originated fiom C 0 2  adsorbed on basic sites [14] are gradually 
stronger. The emergence of 1269 cm-' band on some samples indicates the 
formation of a quantity of KN02 as an intermediate. After treated with methanol, 
the broad band around 3486 cm-' assigned to the vibration of Al-OH group 
shifts to 3438 cm-I, implying the formation of A1-OK groups [15]. Together with 
the XRD results, it is clear that the KN03 on alumina is converted by redox. 
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Wavenurnber (crn") 

Figure 2. IR spectra of 26KNA (a) as-prepared, (b) activated at 450 O C  for 1 h and treated with (c) 
0.1, (d) 0.3, and (e) 1.5 mL.g-' ofmethanol at 450 'C. 

3.2. Basicity Generated through Redox Approach on KNA Composites 

The effect of methanol amount on the generation of basic sites in KNA samples 
is examined. As shown in Figure 3A, the base strength (H-) of 7.2 is detected on 
the untreated sample whereas employing only 0.1 mL& of methanol causes the 
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Figure 3. Effects of (A) methanol amount, (B) KNO, loading, (C) treatment temperature, and (D) 
reducing agent type on the basicity formed on KNA samples. General conditions: methanol, 1.5 
mL.g-', loading amount of KNO3 = 26 wt%, temperature = 450 'C. 
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appearance of base strength (H-) of 27.0. The basicity enhances gradually as the 
methanol amount rises to 1.5 mL.g-'. Figure 3B depicts the influence of KN03 
loading on basic properties of KNA samples. The basic sites with strength (H-) 
of 27.0 emerge when KNO3 loading arrives at 15 wt%. Additionally, the 
resulting basicity rises on the composite with the increased KNO3 loading. As for 
the treatment temperature (Figure 3C), 450 O C  seems optimal since both the base 
strength (H-) of 27.0 and the largest amount of basicity can be obtained at this 
temperature. Figure 3D presents the impact of reducing agents on the basic 
properties of KNA samples. Although the base strength (H-) of 27.0 is observed 
on the samples treated with all of the reducing agents employed, i. e. methanol, 
ethanol, 2-propanol, and tert-butanol, the obtained basicity decreases with the 
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increase of the molecular size of the agent. For 26KNA sample the optimum 
temperature and methanol dosage are 450 "C and 1.5 mL.g-', respectively. 

The reaction of 2-propanol is employed to probe the surface acidity-basicity 
of solid samples, since 2-propanol undergoes dehydrogenation to form acetone 
over basic sites whereas acidic sites favor the dehydration of 2-propanol to 
propene. As shown in Figure 4A, 2-propanol is completely converted to propene 
on bare A1203. With the increased loading amount of KNO3, the yield of propene 
decreases apparently while a large amount of acetone is produced, mirroring the 
generation of basic active sites and the suppression of acidic sites on the samples 
after KN03 modification and methanol treatment. 

The isomerization of 1-hexene was conducted to probe the strong basicity of 
the samples. As shown in Figure 4B, the conversion of 1-hexene is low (1.5%) 
on bare A1203, and the cisltrans ratio is equal to unity indicative of the acid- 
catalyzed isomerization [ 121. Loading KN03 on A1203 increases the conversion 
of 1-hexene and the cisltrans ratio, and the increase is especially obvious for the 
samples with KN03 loading exceeds 15 wt%. For example, a high cisltrans ratio 
of 3.5 is achieved over 26KNA sample, implying the existence of strong basic 
sites [12]. These results are consistent with the results of base strength (Figure 3), 
showing the superbasicity generated on KNA samples by redox. 
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Figure 4. (A) The decomposition of 2-propanol over A1203 and KNA at 400 'C. (B) The 
isomerization of 1-hexene over A 1 2 0 3  and KNA at 40 OC. The samples of KNA were treated with 
methanol (1.5 mL.g-') at 450 'C before reaction. 

3.3. Retain of Pore Size and Suppression of NOx 

The isotherms of KNA samples treated with methanol at 450 "C keep the similar 
shape as that of bare A1203 (Figure 5A), indicative of retaining of the original 
pore structure. For the sample to be thermally activated at 600 "C, however, the 
shape of hysteresis loop obviously changes and the inflection point value of 
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Figure 5. (A) Nz adsorption-desorption isotherms and (B) BJH pore size distributions determined 
from the desorption branch of different samples. (a) AlzO3, (b), (c), and (d) denote SKNA, 15KN.4, 
and 26KNA treated with methanol at 450 O C ,  respectively, (e) 26KNA activated at 600 "C. The 
ordinates of a-d in Figure A are offset by 300, 200, 140, and 80 cm3.g-', respectively; while the 
ordinates of a-c in Figure B are offset by 1.5, 1.0, and 0.5 cm3.g-', respectively. 

relative pressure decreases from about 0.5 to around 0.4 (Figure 5A), implying 
the formation of smaller pores, which is confumed by the pore size distributions 
shown in Figure 5B. Furthermore, the BJH average pore diameter calculated 
ftom the desorption branches of the isotherms of A1203 and two modified 
analogues, 26KNA treated with methanol at 450 "C or thermally activated at 600 
"C, is 6.2,6.0 or 5.1 nm, respectively. That is to say, the change of pore diameter 
is slight after methanol treatment, while the pore diameter declines obviously 
after thermal activation. Thus, it is clear that the thermal activation at 600 "C 
leads to the shrinkage of alumina support, whereas the pore structure of alumina 
is well preserved by using redox method at 450 "C. 

Thermal decomposition of KN03 on porous supports unavoidably produces 
NOx [8], which is harmful for environment. For example, 2.57 mmo1.g-l of NOx 
will be released from 26KNA sample if the supported KN03 is thermally 
decomposed (Figure 6). In case that the composite is treated with our new 
strategy, however, only 0.28 mmol.g-' of NOx is detected when the guest KN03 
is converted by redox approach. Thus, 89% of NOx is suppressed in the process 
of redox. The effective suppression of NOx is also observed on other KNA 
samples as demonstrated in Figure 6, indicating the redox approach is 
environmentally benign. 
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Figure 6 .  Suppression of NOx from KNO3 decomposition on A203 by use of methanol. 

4. Discussion 

To gain a deep insight into the conversion of KN03 on A1203, the interaction of 
host-guest should be taken into consideration. The surface of A1203 comprises 
(110) and (100) planes, and the (110) plane is preferentially exposed so that 
A1203 can be supposed to consist of particles formed by one-dimensional 
stacking of C- and D-layers with the equal exposure possibility [16]. There are 
vacant sites with a density of 18.80 nW2 in the C-layer and 20.57 nn-' in the D- 
layer of A1203, and the ratio of the usable octahedral sites to the tetrahedral 
vacant sites is 1:3 and 1:4 in the C- and D-layer, respectively. However, 
potassium cation with a radius of 0.13 nm can only insert in the octahedral 
vacant sites in the surface lattice of A1203 [ 171, therefore the dispersion capacity 
of KN03 can be estimated to be about 4.4 K + m d  theoretically. The A1203 
employed here has a surface area of 208 m2.g-', so about 13 wt% of KN03 can 
be dispersed, being consistent with the measured value (14 wt%). Hence, the 
dispersion of guest KN03 on AI2O3 is proposed to proceed via the insertion of 
K' to surface vacant sites, which leads to a strong host-guest interaction [18]. 
Consequently, KN03 tends to disperse separately and the bound between Kf and 
NO3- is weakened [6, 191. However, only dispersion and anchor of guest on host 
cannot cause the stress strong enough to decompose or dissociate KN03 itself 
and thus the external assistance is needed. Conventionally, thermal method is 
employed to assist the decomposition of supported KN03, and the sample has to 
be heated to 600 "C [6] in order to rupture the bound between potassium cation 
and nitrate anion. Here, we provide another assistance to decompose the KN03 
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dispersed in porous host. With the aid of redox the supported KN03 can be 
converted at 450 "C. It should be pointed out that the bulk KNO, alone cannot be 
converted at all when it is treated with methanol under the same conditions. Thus, 
the dispersion and anchor of guest KN03 on A1203 is proven to be crucial for the 
redox conversion of KN03, the guest-host interaction limits the movement of 
KNO, and enables more KN03 molecules to be dispersed and contacted with the 
reducing agent. In other words, the effective redox conversion of KN03 on 
A1203 at relatively low temperature depends on the synergic effect of two factors, 
the host-guest interaction and the chemical reaction. The strong interaction 
between KN03 and alumina is crucial to disperse/anchor the supported KNO,, 
which is essential to the subsequent conversion of KN03 whatever method is 
used; while the redox method provides an approach to convert the KN03 to basic 
sites at low temperature. In fact, the present study may give a clue how to 
combine the chemical reaction and the host-guest interaction for design and 
synthesis of new functional materials. 

For the first time, the KNO, supported on A1203 is converted to generate the 
superbasic sites with strength (H-) of 27.0 at 450 "C. In contrary, the temperature 
of 600 "C is needed to thermally decompose the KN03 supported on A1203 or 
Zr02 to generate superbasicity and even higher temperature is desirable (700- 
900 "C) for the superbases derived fiom CaO and SrO [5, 6, 121. As mentioned 
above, such high temperature will lead the shrinkage of host and it is 
unavoidably energy-consuming. Here, the redox approach provides a new 
strategy to spread the industrial application of KN03-derived solid bases because 
it can be conducted at relatively mild condition, not only to retain the porous 
structure of support, but also to save energy. Further, most of the NOx 
production, that is unavoidable in thermal decomposition of KNO,, is suppressed 
in this new process due to the special decomposition of nitrate anion in the redox 
procedure [8]. On the basis of these results, it is conclusive that, even tentatively, 
the redox approach for the preparation of solid strong base derived from KN03 
modified materials is the environmentally benign and economical one, which 
may open a green way to convert the KNO3 supported to form the strong basic 
sites on porous host. 

5. Conclusions 

Neutral salt KN03 is used as base precursor to modify A1203 and the dispersion 
threshold is about 14 wt%. Unlike that a high temperature of 600 "C is needed to 
thermally decompose the KN03 supported, the guest KN03 can be converted on 
alumina at 450 "C by use of redox strategy. The superbasicity (H- = 27.0) can be 
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generated on A1203 provided the loading of KN03 exceeds the dispersion 
capacity (> 14 wt %). Rather, about 80% of NOx is suppressed meanwhile the 
pore structure of A1203 is retained through the redox approach. 
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The design, synthesis and self-assembly of inorganic, organic and organometallic 
molecules into solid-state nanoscale structures is important for the development of 
nanostructured and mesostructured materials for various electronics, catalytic, sensing, 
separation, biological and medical applications. We describe a synthetic strategy 
involving self-assembly of mesoporous materials and a solvent-assisted grafting of site- 
isolated organic functional groups on the mesoporous materials in polar solvents for the 
synthesis of various efficient multifunctional mesoporous materials with high surface 
areas and efficient catalytic properties. By judicious choice of multiple functional 
groups, the catalytic selectivity of the materials for specific reactant in a mixture of 
reactants or for the generation of specific products, where two or more products are 
possible such as Henry reaction, was also demonstrated. The materials structures were 
characterized by a combination of small angle X-ray scattering, power X-ray diffraction, 
TEM and gas adsorption. The degree of site-isolation of the functional groups was 
probed by a simple colorimetric technique. The relationships between the structures and 
compositions and the catalytic properties of the materials towards reactions such as 
Henry and Michael reactions were investigated. 

1. Functional Nanostructured and Mesostructured Materials 

The development of synthetic methods to ordered nanostructured materials has 
captured researchers’ attention for the last several years now [l]. This is 
evidenced by numerous reports of successful synthesis and characterization of 
various types of nanoporous materials, nanoparticles and nanowires and 
demonstration of the potential applications of many of these materials. In 
particular, “bottom-up’’ synthetic methods involving self-assembly of molecular 
building blocks into well-ordered supramolecular templates and the use of the 

This work is supported by the U.S. National Science Foundation, CAREER Grant, CHE-0645348, 
by the Syracuse Center of Excellence in Environmental and Energy Systems (Syracuse CoE) 
through a CART1 grant, and by Syracuse University Start-up Fund. 
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resulting self-aggregates as templates to create other well-ordered nanostructures 
have become a method of choice among materials chemists in their efforts to 
make novel nanoporous materials [2]. The materials resulting from these 
procedures often have interesting properties such as high surface area, highly 
ordered mesostructures, uniform nanometer pore sizes, high pore volumes and 
intrinsically unique properties that are required for catalysis, drug-delivery, 
adsorption, and separations applications [3]. Furthermore, they have nanopores 
that can be used as “hard-templates’’ for creating metallic and semiconductor 
nanostructures [4]. 

Mesoporous materials, which are a class of nanostructured materials, are 
synthesized by supramolecular templating and self-assembly of surfactants in the 
presence of various organometallic precursors [5]. While many of these 
materials have inorganic metal oxide composition, the most ordered ones often 
resulted with silica. Although the latter have highly ordered structures, they do 
not have a range of functional groups in their structures to allow them to be 
useful for many applications. Consequently, the functionalization of mesoporous 
silica materials with organic and organometallic groups had been an active area 
of research for over a decade now [6]. This allows the materials to have 
properties important for numerous applications [7]. For instance, the surface 
properties and adsorption capacity of mesoporous silica materials for soft heavy 
metal ions was increased by incorporating alkane thiol moieties on the surface of 
the mesoporous silica [8]. Various solid acid catalysts have also been 
synthesized by anchoring cyanopropyl and alkane thiols into the mesoporous 
silica and oxidizing them into alkanecarboxylic acid and alkanesulfonic acid 
groups, respectively [9] .  

In our effort to synthesize organic functionalized nanoporous materials, our 
research group has recently developed synthetic methods to various efficient 
multifunctional mesoporous materials containing multiple site-isolated functional 
groups including organoamine catalytic sites [ 101. We also investigated the 
catalytic properties of the materials and their structure-catalytic property 
relationships. Our synthesis involved combinations of self-assembly of 
mesoporous silica with previously reported procedures followed by a unique and 
hitherto unexplored functionalization procedure involving grafting of 
organosilanes in polar solvents. The grafting in polar solvents allowed 
quantitative control over the degree of organic loading. The method leads to 
immobilization of lesser populated and hence site-isolated organic groups 
leaving large numbers of ungrafted silanol groups shown to be playing pivotal 
role in number of catalytic processes. The grafted functional groups included 
various types of aminopropyl groups, organodiamine, mercaptopropyl, 
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cyanopropyl, ureidopropyl, and methyl groups. Interestingly, smaller organic 
loading in site-isolation resulted in high surface area and enhanced solid-base 
catalytic property compared to the corresponding materials grafted with toluene, 
which was a more commonly used solvent up till now for grafting organic groups 
on mesoporous materials. Further control over the concentration of the site- 
isolated groups was enabled with the duration of grafting. Manipulation in the 
grafting techniques such as use of an appropriate solvent according to the type of 
organosilane to be grafted and varying grafting duration allowed optimization 
and enhancing the catalytic properties of the materials. The residual silanol 
groups were proved to enhance the catalytic properties of the materials, often by 
behaving as weak general-acids. The surface silanols were shown not only to 
dictate the selectivity in terms of reactants but also the type of products formed. 
By further using these silanol groups, we introduced secondary functional groups 
such as 3-cyanopropyl, 3-mercaptopropyl and methyl groups to change the 
surface properties of the mesopores and its selective catalytic properties. These 
secondary functional groups enabled preferential diffusion and mass transport of 
specific reagents in a mixture of reactants, which in turn, resulted in selective 
catalysis of specific reactants in the Henry reaction [ I l l .  By systematically 
changing the types of the secondary groups, the material was made to be 
selective for either hydrophilic or hydrophobic aldehydes in the Henry reaction 
while the site isolated catalytic groups and silanols offered its efficient catalysis. 
This synthetic strategy of judiciously choosing two or more judiciously chosen 
functional groups in polar solvents is important for the development of other 
nanocatalysts. 

2. Experimental 

2.1. Synthesis of the Functionalized Mesoporous Materials with Site-Zsolated 
Groups 

The synthesis of the multifunctional mesoporous materials was carried out by 
grafting parent mesoporous silica materials under various conditions in polar 
solvents. The parent MCM-41 type and SBA-15 type mesoporous silica 
materials were synthesized under base and acid catalyzed conditions, 
respectively, as reported before [ 12,131. 

The MCM-41 was synthesized as follows. A solution of 5.5 mmol 
cetyltrimethylammonium bromide (CTAB), 26.7 mmol of millipore water and 7 
mL, 2.0 M NaOH was prepared under stirring for 30 min at 80 "C. Then, 50.6 
, m o l  tetraethoxysilane (TEOS) was added into it. The mixture was stirred 
moderately for 2 h at 80 "C. The solution was filtered and the precipitate was 
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washed with 40 mL millipore water, followed by ethanol and dried under air for 
4 h. The CTAB was extracted by stirring 1 g of the sample in a solution of 0.5 
mL of HC1/ 150 nL of EtOH at 50 "C for 5 h. The solution was filtered and the 
precipitate was washed with ethanol resulting in MCM-41. The SBA-15 sample 
was prepared by following the procedure in Stucky et al. [13]. 

The functionalization of the mesoporous silica materials with site-isolated 
organoamine catalytic sites in polar and non-polar solvents were carried out by 
grafting various concentrations of 3-aminoproyltrimethoxysilane (APTS) and N- 
(2-aminoethyl)-3-aminopropyltrimethoxysilane (AAPTS) in ethanol on a well- 
dried MCM-41 or SBA-15 samples. Typically, 500 mg of MCM-41 was stirred 
under reflux in 3.68 mmol of APTS, in ethanol at 80 "C for 6 h. The precipitate 
was separated by filtration, washed with ethanol and dried in air resulting in 
aminopropyl functionalized mesoporous silica sample (APE). For comparison 
purposes, grafting was carried out in toluene under the same procedure as above 
resulting in sample APT. The grafting of AAPTS in ethanol and toluene resulted 
in samples AAPE and AAPT, respectively. Further, grafting of the mesoporous 
silica samples in ethanol and toluene with various concentrations of APTS and 
AAPTS for different grafting times (3 min - 6 h) were also carried out (Table 1). 

2.2. Synthesis of Selective Efficient Catalysts 

A 1:l mixture of two organosilanes such as APTS and 3- 
mercaprtopropyltrimethoxysilane (MPTS) was grafted on MCM-41 or SBA-15 
samples following the same procedure as above. Additionally, grafting of one 
organosilane in ethanol followed by a second organosilane in ethanol (or 
toluene) was carried out. For instance, the grafting of APTS at 80 "C for 6 h 
followed by grafting of MPTS at 80 "C for 6 h was carried out. This was done 
for various combinations of organosilanes such as APTS:MPTS and APTS: 
methyltriethoxysilane (MTS). 

2.3. Henry (Nitroaldol Condensation) Reaction 

The materials synthesized above were used as catalysts in the Henry reaction. 
The reaction was performed hetween 1 mmol p-hydroxybenzaldehyde and 10 
mL of nitromethane in the presence of 20 mg of the aminofunctionalized 
mesoporous sample at 90 "C under nitrogen. The reaction mixture in the course 
of the reaction time was characterized by solution 'H NMR spectroscopy in 
deutrated acetone and GC-MS. 
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2.4. Characterizations of the Mesoporous Materials and Reaction 

The powder X-ray diffraction of the mesoporous materials was measured by 
using a Scintag powder diffractometer. The thermogravimetric analysis was 
carried out with a Q-500 Quantachrome instrument (TA-Instruments). The solid- 
state NMR spectra were measured with a 300 MHz Bruker Avance NMR 
spectrometer. The solution 'H NMR spectra were measured using a Bruker 
DPX-300 NMR spectrometer while the GC-MS was measured with HP-5971 
GC-MS spectrometer. The BET gas adsorptions were measured with 
Micromeritics ASAP 2020 and Tristar 3000 volumetric analyzers at 77 K. The 
TEM was obtained on FEI Tecnai instrument working at 120 KeV. 

Table 1. Synthesis of various aminoftmctionalized samples. 

Grafting Grafting 
Sample Organosilane Amount Solvent Temperature "C Time (h) 
APE-I APTS Excess (3.68 mmol) Ethanol 80 6 

APT- 1 
APE-2 
APE-3 
APT-2 
APT-3 
APT-4 
APT-5 
APT-6 
APT-7 

AF'TS 
APTS 
APTS 
APTS 
APTS 
APTS 
APTS 
APTS 
APTS 

Excess (3.68 mmol) 
1.2 1 mmol 
0.92 mmol 

Excess (3.68 mmol) 
1.21 mmol 
1.21 mmol 
0.92 mmol 
0.92 mmol 
0.92 mmol 

Toluene 

Ethanol 
Ethanol 
Toluene 
Toluene 
Toluene 
Toluene 
Toluene 
Toluene 

80 
80 
80 
80 
80 
80 
80 
80 
80 

3.  Discussion 

3.1. Synthesis and Characterization of the Materials 

We have recently demonstrated that by grafting of aminopropyl groups on the 
surfaces of mesoporous silica (MCM-41 and SBA-15) materials in polar solvents 
such as ethanol [lo], functionalized materials with high surface area and pore 
volume and enhanced catalytic properties will be obtained. The parent MCM-41 
was synthesized by following the procedure reported by Lin et al. [ 11 while the 
SBA-15 was synthesized by following the procedure in Stucky et al. By grafting 
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a mixture of organosilanes in ethanol, materials with multiple site-isolated 
groups were also obtained. 

The structures of the functionalized and multifunctional mesoporous 
materials were characterized by powder X-ray difii-action (XRD). Figure 1 
shows representative XRD patterns of some of the materials. The materials 
resulted from MCM-41 showed unit cell dimensions between 4.3 - 4.6 nm after 
indexing based on their (100) peak on hexagonal lattice P6mm. The SBA-15 
materials showed unit cell of 10.7 - 10.9 nm. 

1 ( C P d  (A) 

0.92 mmol, Ethanol, 6 h 

0.92 mmol, Toluene, 6 h 
121 mmol, Toluene, 1 h 
3.68 mmol, Toluene, 1 h - MCM-41 

Toluene, 6 h 

0 ,  , 
3 5 7 3 5 7 

2-theta (deg.) 2-theta (deg.) 

Fig. 1. Powder X-ray diffraction (XRD) patterns of various monoamine and diamine grafted 
mesoporous samples in ethanol and toluene. 

The TEM images of all the grafted samples showed well-ordered 
mesoporous structures corresponding to MCM-41 and SBA-15 types. Figure 2 
shows representative examples of TEM images of functionalized mesoporous 
samples with site isolated multiple functional groups. 

N2 gas adsorption measurements of all the mesoporous materials with the 
site-isolated groups exhibited Type-IV isotherms with sharp capillary 
condensation steps at P/P" of - 0.3 (Figure 3). This is a further indication of the 
presence of highly ordered mesostructures. The BJH pore size distribution of the 
materials also showed a well monodispersed pore distribution centered at - 3.0 
nm for the MCM-41 type materials and - 6.0 for the SBA-15 type materials. The 
wall thickness, calculated ii-om the difference between the pore widths and unit 
cell dimensions, was obtained to - 1.5 nm for the former and 5.0 nm for the 
latter. The BET surface areas of the materials grafted in ethanol ranged between 
800 - 1, 000 m2/g. Interestingly, the materials grafted with toluene by us and 
previously by others exhibited lower surface areas ranging between - 50 - 300 
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m2/g. This is consistent with the fact that grafting in toluene results in much
higher concentration of organic groups compared to the latter (See below).

Fig. 2. Representative TEM image of (A,B) MCM-41 type and (C) SBA-15 type samples. Scale bar
= 50, 50 and 100 nm, for A, B and C, respectively.
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Fig. 3. N2 gas adsorption isotherms and pore-size distribution of representative mesoporous
materials with site-isolated organic functional groups.
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By using the weight losses between 100 - 600 "C on thermogravimetric 
traces, the relative percentage of organic groups in the samples was estimated. 
While the monoamine groups grafted in ethanol, APE showed the lowest weight 
loss (10.7%), the monoamine grafted samples in toluene showed higher 
percentage (14.8 %). Furthermore, the samples grafted with organodiamine 
groups showed higher weight losses than the corresponding monoamine grafted 
samples. The latter is consistent with the molecular weight of the grafted groups. 
Interestingly, the grafting in ethanol gave lower grafting concentration for both 
types of organoamines compared to those in toluene. 

These composition and relative concentrations of the materials were further 
analyzed by solid-state NMR spectroscopy (Fig. 4). The 13C CP-MAS NMR 
spectra showed peaks corresponding to aminopropyl groups at 43.1, 24.7, and 
8.4 ppm while the 29Si MAS NMR also showed T peaks corresponding to the 
presence of grafted organosilicon groups. The 29Si MAS NMR spectra also 
indicated that samples grafted in ethanol to have lower percentage of T groups 
compared to those grafted in toluene. Our analysis of the composition of the 
materials based on the solid-state "Si MAS NMR spectra, we obtained that 
sample APE and APT to have 1.3 and 4.1 mmol/g, respectively. These results 
were further corroborated by elemental analysis, which indicated that the 
samples grafted in polar solvents gave wt.% of nitrogen of 1-2 % while samples 
grafted in toluene gave wt.% of nitrogen of 3-4 % per unit gram of sample. 

AP-E 

-20 -60 -100 -120 -20 -60 -100 -120 

Fig. 4. 29 Si MAS NMR spectra of mesoporous materials with site-isolated of 3-aminopropyl and (2- 
amino ethyl) 3-aminopropyl-grafted in ethanol and toluene. 

By taking into account the above characterization results and by using 
electronic spectrum of Cu'+ complexed with the amine groups in the materials, 
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the composition, site-isolation of functional groups and possible structures of the 
materials were proved to be as in Fig. 5 [14]. The samples grafted in ethanol 
have about three times less number of moles of organic groups compared to the 
samples grafted in toluene. Furthermore, Hicks et al. [15] has proved that 
samples grafted in toluene often result in aggregation of the aminopropyl groups. 

(4 

Grafting in Ethanol 

(B) 

Grafting in Toluene 

Fig. 5. Proposed structure of (A) functionalized mesoporous materials grafted in ethanol and which 
contained site-isolated of 3-aminopropyl groups compared with (b) samples grafted in toluene and 
which contained aggregated 3-aminopropyl groups. 

Interestingly, the materials we synthesized in a polar solvent, ethanol, 
catalyzed the Henry reaction with much superior efficiency compared to those 
grafted in toluene and many of previously reported materials in the literature 
[12] (Figure 6A). Furthermore, this trend is true for both the monoamine and 
diamine grafted samples. We typically obtained % conversions as high as > 99 
% within 15 minutes of reaction time with samples grafted with 3-aminopropyl 
groups in polar solvents such as ethanol and for 50 mg of catalyst and 2.5 mmol 
of reactant (See for sample AP-El, Fig. 6A). The grafting of secondary 
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functional group on the mesoporous materials has slightly reduced the catalytic 
efficiency. This might be due to the fact that additional grafting reduced the 
number of silanol groups, added more organic groups and/or decreased the 
surface area of the materials resulting in decreased catalytic activity. The 
catalysts were also proved to be recyclable and they maintained their structures. 

AP-T2(114 00 . 
d AP-T1(8:~a 
-MCM-41 81' 

0 100 200 
Time (min.) 

I 

0 20 40 60 
Time (min.) 

Fig. 6 .  (A) Percent conversion versus reaction time for the Henry reaction catalyzed by various 
samples containing site-isolated 3-aminopropyl groups and 2-aminoethyl(3-aminoaminpropyl 
groups. (B) Comparisons of percent conversion versus reaction time in the Henry reaction for p -  
hydroxybenzaldehyde, p-hydroxybenzaldehyde, and p-methylbenzaldehyde catalyzed by sample 
containing methyl and aminopropyl groups. 
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Selective catalysts for a 1:l mol mixture of different pair ofp-substituted 
benzaldehydes including p-hydroxybenzaldehyde @-OH), p -  
butoxybenzaldehyde @But), and p-methylbenzaldehyde @-Me) was performed 
by various samples containing site-isolated multiple organic groups and silanols. 
The catalysts containing aminopropyl and secondary organic groups such as 
mercaptopropyl and methyl groups showed a selectivity of - 2 for p-OH over p -  
But. This selectivity was obtained in - 10-15 min of reaction time. Typical yield 
was found to be 70% in 10 min for more selectively reacted reactant, p-OH, with 
the highest being 90% and 60% at 30 min for p-OH and p-But, respectively. As 
expected, hydrophobic catalysts, which contained methyl or mercaptopropyl 
groups showed a decreased selectivity of 1.6 for p-OH compared to p-But (Fig. 
6B). The samples grafted with 1 : 1 mole ratio of AF' and the secondary hc t iona l  
groups showed little selectivity for p-Me compared to p-OH with values of - 1 .O 
being obtained in all cases. However, the highly hydrophobic catalysts 
containing higher percentages of methyl groups showed a selectivity of 2.2 for p -  
Me over p-OH. Since these two reactants have similar sizes, this confirms to the 
fact that the catalyst does not discriminate between p-Me and p-OH on the basis 
of size but hydrophobicity. However, comparing p-Me with p-But, all the 
samples showed higher selectivity for p-Me than p-But. The selectivity was a 
result of differences in reactivity, hydrophobicity and the size of the reactants. 
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Polymeric activated carbons find several applications, including catalytic supports for 
ethylbenzene dehydrogenation with carbon dioxide to produce styrene. Aiming to get 
efficient catalysts for this reaction, the preparation and characterization of polymeric 
activated-supported copper and magnesium were studied in this work. It was observed 
that copper increases the ethylbenzene conversion but decreases the selectivity to styrene, 
while its combination with magnesium results in an increase of both activity and 
selectivity. The treatment of the catalyst containing both metals with a sodium hydroxide 
solution improved even more its performance. These findings were attributed to the 
ability of copper in catalyzing the reaction as well as to the ability of magnesium in 
neutralizing the acid sites, favoring the mesoisomerization and the rearrangement of the 
surface groups in lactones and anhydrides that are more selective to styrene. 

1. Introduction 

The most used commercial route for styrene production is the ethylbenzene 
dehydrogenation in the presence of steam. The reaction (Equation 1) is 
endothermic and equilibrium limited and is often performed over an iron oxide- 
based catalyst (hematite, y-FeZ03), promoted with chromium, cerium and 
potassium oxides [ 1,2]. 

To whom the correspondence should be addressed 
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Steam has been used for several proposes, such as to oxidize the coke 
produced on the catalyst, which causes its deactivation. However, it increases the 
operational cost of the commercial operations and thus catalysts that can work 
without steam are much needed. Potassium also reduces the coke formation and 
increases the activity of iron oxide [3]. The commercial catalyst has low cost and 
high resistance against poisoning but deactivates with time, in industrial 
operations, mainly due to the loss of potassium [4]. The toxicity of chromium is 
another disadvantage of this catalyst. 

In order to diminish the costs of styrene production, several changes have 
been performed regarding the process and the catalysts [ 1,3]. In recent years, for 
example, the use of carbon dioxide replacing steam has been proposed as a 
promise option for reducing energy reduction in the process and also for 
increasing the selectivity to styrene [5]. On the other hand, activated carbon has 
been pointed out as a promising catalyst for oxidative dehydrogenation of 
ethylbenzene, due to the functional groups on the surface, which are able to 
catalyze the reaction [6]. 

The preparation of activated carbons from polymeric precursors seems to be 
a promising route for preparing supports and catalysts, since it provides the 
pureness, thermal stability and high specific surface area required for catalytic 
proposes [7-91. The carbonization and activation of the sulfonated styrene- 
divinylbenzene resin, for instance, result in activated carbon with higher thermal 
stability, as compared to other polymeric precursors, due to its reduced 
depolymerization [lo-121. Moreover, it is able to interact with several metals, 
making them suitable catalytic supports. They can also be changed by several 
treatments [13], such as oxidation, for the introduction of oxygenates groups, 
which diminish the carbon hydrophobicity, favoring the metal adsorption [ 141. 

Previous studies [ 151 showed that copper increases the ethylbenzene 
conversion but decreases the selectivity to styrene. On the other hand, 
magnesium is able to neutralize the acidic sites, increasing the selectivity to 
styrene. In the present work, the preparation and characterization of activated 
carbon-supported copper and magnesium were described, aiming to get more 
selective catalysts for styrene production by ethylbenzene dehydrogenation with 
carbon dioxide. 

2. Experimental 

The copolymer based on styrene and divinylbenzene was synthesized through 
polymerization in suspension. It was rinsed with ethanol and dried. Only spheres 
with diameters in the range of 125-250 nun were used in this work. 
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The copolymer was sulfonated at 70 "C, dispersing the copolymer in a 
sulfuric acid solution (15/3 mL.g-') and keeping the system under stirring, for 4 
h. The copolymer was filtered, rinsed with water and dried at 110 "C. It was then 
heated at 300 "C for 2 h in air, carbonized at 900 "C, in nitrogen, for 3 h and 
activated at 800 "C, for 2 h, under nitrogen flow saturated with steam (PAC 
sample). After this, it was oxidized at 600 "C in 5%01/N2 (v/v) mixture for 1 h 
(CON sample). This step is needed because sulfonation leads to a high thermal 
stability, and then to a low weight loss, since sulfur acts as a crosslinker [15]. 

The co-adsorption of Cu2+ and Mg2+ ions were carried by dispersing the 
CON sample in an ethanol solution (15%). For each 1 g of sample, 20 mL. of 
copper nitrate (0.20 mo1.L") and 17 mL of magnesium nitrate (0.04 mol. L-') 
were used. The system was kept for 24 h, at room temperature under stirring and 
then was filtered, rinsed with distilled water and dried at I1 0 "C (CON-CM 
sample). This procedure was repeated using a solution with only copper to get 
the CON-C sample. An amount of the CON-CM sample was further treated with 
25 mL of sodium hydroxide solution (0.1 mol. L-'), for lh and then filtered, 
rinsed and dry at 110 "C, to produce the CON-CMN sample. 

The copper and magnesium in the catalysts were determined by atomic 
absorption spectrometry, in Perkin-Elmer 306 equipment. The analysis of sulfur 
was performed in LECO CS-200 equipment and the morphological analysis was 
carried out in a scanning electron microscope SEMEDS Jeol JSM 6360LV. The 
textural properties were measured by adsorption of nitrogen at -196 "C, in 
Micromeritics ASAP 20 10 apparatus. 

The thermal stability of the materials was evaluated by thermogravimetry, in 
a TGNSDTA 851E of Mettler Toledo equipment, under nitrogen flow. The 
samples were heated at 5 "C.min-' up to 500 "C, kept for 1 h at this temperature 
and then heated at 20 "C.min-' up to 800 "C. The thermoprogrammed 
decomposition (TPD) was carried out using a home-made equipment. 

The evaluation of catalysts (CON-C, CON-CM and CON-CMN samples) 
was performed in a microreactor, using 0.300 g of the samples and working at 
500 "C and atmospheric pressure, with an ethylbenzene to carbon dioxide molar 
ratio of 10. The reactor effluent was continuously monitored by a Varian 
chromatograph 3600-X, in 30 min injection intervals. 

3. Results and Discussion 

Table 1 shows the copper concentration in the samples, before and after reaction. 
It can be seen that the adsorbed amounts of the two metals were close, despite of 
the fact that a more concentrated copper solution was used. This fact 
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Table 1. Copper and magnesium concentration in the catalysts, before 
and after reaction. 

Samples cu (mg.g") Mg (mg.g-') 

CON-C 2.45 0 
CON-CM (before) 2.16 1.70 

CON-CMN (before) 1.83 1.73 
CON-CMN (after) 1.81 1.16 

CON-CM (after) 1.89 1.44 

is probably related to kinetic (hydrated radio, ionic mobility and size of the 
support pore, among others) and thermodynamic factors (free energy of the 
ions), as well as to the support affinity for the adsorbed ion, that determine the 
adsorption. The treatment of the copper and magnesium containing sample with 
sodium hydroxide caused a decrease of copper concentration, as we can inferred 
by comparing the CON-CM and CON-CMN samples. This is probably due to 
copper removal by the neutralization of residual acidic sites acid, during this 
treatment. On the other hand, the concentration of Mg2+ adsorbed species was 
not influenced by the neutralization, due to low solubility of earth alkaline metals 
in alkaline solutions. During reaction, copper and magnesium were lost and this 
effect was more intense for magnesium, suggesting that the copper was stronger 
adsorbed on the support. The catalysts treated with sodium hydroxide lost a 
higher amount of magnesium than the untreated solid (CON-CM). 

The metal incorporation on the activated carbon and the rinsing with the 
sodium hydroxide solution did not affect significantly the specific surface area, 
as shown in Table 2.  However, during reaction it strongly decreased as well as 
the micropores areas and pore volume. It means that most of micropores had 
been collapsed or were blocked by coke depositions during reaction. 

Table 2. Catalysts textures properties, before and after reaction. 

CON 595 362 0.803 
CON-CM (before) 558 333 0.729 
CON-CM (after) 180 22 0.690 

CON-CMN(before) 587 356 0.795 
CON-CMN (after) 166 23 0.573 

The nitrogen sorption curves of the catalysts CON-CM and CON-CMN, 
before and after reaction, presented typical profiles of I1 or IV type, 
characteristic of associated micropores to mesopores Fig. 1 (a) e (b). The curves 
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Figure 1. NZ adsorption isotherms and the corresponding pore size distribution curves for (a) and (c) 
CON-CM and (b) and (d) CON-CMN samples before (m) and after ( 0 )  reaction. 

of the pore size distribution, before and after reaction, are shown in Fig. 1. The 
solid treated with sodium hydroxide (CON-CMN), before and after the reaction, 
presented a polymodal distribution with mesopores between 10 and 55 nm, while 
the untreated one (CON-CM) showed a narrower distribution curve (1 0-40 nm), 
with the pore diameter kept in a value of 25 nm. 

Fig. 2 shows the thermograms of the catalysts (CON-CM and CON-CMN). 
They showed a weight loss of 7 and 2%, in the range of 25 to 460 "C, 
respectively, due to water loss and to decomposition of carboxylic hnctional 
groups. In the range of 460 to 500 "C, the samples lost 5 and 10% weight, 
respectively, which is related to the decomposition of oxygenates functional 
groups, catalyzed by the metal on the surface. The solid treated with sodium 
hydroxide (CON-CMN) lost more weight. Above 800 "C, the samples lost 7% 
weight, due to decomposition reactions and loss of metals. The total weight loss 
of each catalysts was around 19%. 
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Figure 2. Thermogravimetric curves for fresh catalysts: CON-CM (-) and CON-CMN (--). 

Sulfur analysis showed that more than 90% of s u l k  was lost during catalyst 
preparation; the concentration decreased from 7.90 (copolymer) to 0.60% 
(activated carbon). This remaining sulfur is supposed to stabilize carbon, during 
carbonization, while most of surface sulfur is eliminated by thermal 
decomposition. 

Fig. 3 shows the thermoprogrammed decomposition (TPD) spectra of the 
catalysts. The copper and magnesium containing sample (CON-CM) showed an 
intense peak between 100 and 400 "C that can be attributed to carboxylic groups 
[2]. The activated carbon (CON sample) presented several low intensity peaks, 
assigned to carboxylic groups [2]. Two peaks at 450 and 630 "C were detected 
for CON sample, attributed to lactones, carboxylic acids and anhydride groups 
[ 161. All oxygenates groups were removed from the CON sample at 950 "C and 
at 1000 "C from the CON-CM sample, indicating that the metal stabilizes the 
functional groups on the surface. The different kind of these groups on carbon 
surface and their different decomposition temperatures can be explained by 
different carbon gasification mechanisms [2]. It can be noted that the metals also 
stabilize the carboxylic and quinone groups shifting the peak from 859 to 950 "C 
for CON-CM sample. 

The peaks of carboxylic and ethers, between 100 and 400 "C for CON 
sample, can have been modified by other functional groups due to temperature 
effect and to the metals and then did not appeared in the CON-CM spectrum. It 
is known [ 171 that the acidic groups of polyaromatics rings are susceptible to 
mesoisomerization and rearrangements, producing more stable groups such as 
anhydrides and lactones. In fact, the CON-CM sample showed an intense peak 
between 700 and 1000 "C, which is assigned to anhydrides and lactones. 
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Figure 3. TPD spectra for (a) CON and (b) CON-CM samples.

1000

Fig. 4 shows the scanning electron microscopy images of CON-CM samples
before and after reaction. It can be seen that there was not any damage to the
samples during reaction and the spheres were not broken and not have any
fissure.

(a) (b)
Figure 4. Scanning electronic micrographs of CON-CM sample (a) before and (b) after the
ethylbenzene dehydrogenation.

The ethylbenzene conversions as a function of time reaction are shown in
Fig. 5. The values for the activated carbon (PAC sample) and the oxidized
activated supported carbon (CON) were similar and around 12 %. On the other
hand, the copper containing sample (CON-C) showed values quite different,
around 68% in the beginning of reaction and around 60% after 90 min of
reaction. The addition of magnesium led to a decrease of conversion which
reached values of around 18% at the end of reaction. The treatment of this
catalyst with a sodium hydroxide solution caused a large increase of the
conversion in the beginning, but the catalysts strongly deactivated during
reaction, reaching values of around 20 min after 240 min of reaction.
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(a) (b) 
Figure 5. Ethylbenzene conversion as function of reaction time. (a) PAC (6) and CON samples (-); 
(b) CON-C (A), CON-CM (I ) and CON-CMN (,) samples. 

Both the activated carbon (PAC) and the oxidized activated supported 
carbon (CON) showed selectivities to styrene decreasing with time reaction (Fig. 
6), a fact which can be related to the transformations of surface groups during 
reaction, producing less selective ones. The magnesium and copper 
containing catalyst showed a similar behavior but the deactivation was slighter, 
indicating that the metals were able to stabilize the surface groups, which are 
selective to styrene. On the other hand, the copper containing catalyst did not 
show any drop in selectivity, which remained in low values since the beginning 
of reaction. The treatment with the sodium hydroxide solution (CON-CMN) 
caused a large increase of selectivity during reaction, as we can see in Fig. 6. 
This can be related to the neutralization of residual functional groups, 
transforming the carboxylic groups (highly active to ethylbenzene 
dehydrogenation but poorly selective to styrene) to anhydrides and lactones 
groups, less active but highly selective to styrene [17]. This also explained the 
drop in the conversion during the reaction on this catalysts, as shown in Fig. 5. 

4. Conclusions 

The polymeric activated carbon, obtained from styrene-divinylbenzene 
copolymer, is a promising catalyst for catalyzing the ethylbenzene 
dehydrogenation with carbon dioxide, to produce styrene. Its activity and 
selectivity are attributed to acidic functional groups (carboxylic acids, 
anhydrides and lactones) on the carbon surface. Copper can be adsorbed on the 
oxidized activated carbon, increasing the activity and the selective and also the 
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Figure 6. Selectivity to styrene of the catalysts as a function of reaction time (a) PAC (5) and CON 
samples (-); (b) CON-C (A); CON-CM (I );and CON-CMN samples (3. 

stability of the catalyst during reaction. The addition of magnesium decreased 
the activity, but increased the selectivity. This can be assigned to the 
neutralization of the functional groups, transforming the carboxylic groups 
(highly active to ethylbenzene dehydrogenation but poorly selective to styrene) 
to anhydrides and lactones groups, less active but highly selective to styrene. The 
treatment of this catalyst with a sodium hydroxide solution increased this effect 
even more and less active and more selective catalyst can be obtained. 
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IRON OXIDE MAGNETIC NANOPARTICLES CONFINED IN 
MESOPOROUS SILICA AND CARBON MATERIALS 
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WPI Center for  Materials Nanoarchitectonics, National Institute for  Materials Science, 
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Here we demonstrate the fabrication of magnetic iron oxide nanoparticles in SBA-15, 
hexagonally ordered mesoporous carbon (CMK-3) [ 151, and carbon nanocage [ 161 and 
their unusual magnetic properties. The effect of the nature, structure, and the textural 
parameters of the mesoporous supports on the magnetic properties has been clearly 
demonstrated. It has been found that the interaction between the iron oxide nanoparticles, 
nature of the mesoporous supports, and the size of the nanoparticles play a critical role in 
controlling their magnetic properties. Among the mesoporous supports studied, carbon 
nanocage is found to be superior over both CMK-3 and SBA-15. Typical saturation 
magnetization for magnetic nanoparticles confined to CNC, CMK-3, and SBA-15 are 25, 
20, and 8.2 emdg respectively. 

1. Introduction 

The fabrication of metal and metal oxide nanoparticles has received 
considerable attention in the recent years because of their potential application in 
many areas including adsorption, catalysis, sensors, and nanotechnologies. [ 1-51. 
However, the preparation of nanoparticles with a very small size has never been 
easy because of their large surface area which enhances the aggregation or 
coalescence of the individual particles. These problems can be overcome by 
fabricating the nanoparticles on the solid support, which is highly critical for 
obtaining stable nanoparticles. Consequently, researchers tried to use the porous 
materials with very high surface area and large pore diameter as the supports for 
obtaining the composite materials encapsulated with the nanoparticles, which 
inhibit the agglomeration and enhance the stability of the metal and metal oxide 
nanoparticles [l-61. This is highly essential for preserving the excellent 
properties of the nanoparticles. Among the nanoparticles, iron oxide 
nanoparticles with small size are very interesting [ 1-51 because of their special 
catalytic and magnetic properties, and promising applications in several fields 
such as sensors, catalysis, and biomedicine [ 1-71. 

Mesoporous materials have received a significant attention because of their 
promising applications in many fields such as catalysis, selective adsorption, 
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sensors, and nanotechnologies owing to their excellent textural parameters such 
as huge surface area, large pore volume, large pore diameter, and interesting 
morphologies and topologies [8-131. Among the mesoporous materials, 
mesoporous carbon with nanoscale pore sizes are very use l l  materials, due to 
their versatility, adaptability, and chemical inert nature and potential applications 
such as size and shape-selective adsorption media, chromatography separation 
systems, catalysts, nanoreactors, battery electrodes, capacitors, energy storage 
devices, and biomedical devices [8-131. Very recently, Vinu et al. have reported 
the preparation of well-ordered cage type mesoporous carbon materials, carbon 
nanocages, which exhibit very high surface area, pore volume, and tunable pore 
diameters, and are found to be excellent adsorbents for proteins, dyes, and tea 
components, such as catechin and tannic acid [ 14-1 81. These excellent properties 
make them available as the support for the fabrication of nanoparticles. There 
have been several reports on the fabrication of iron oxide nanoparticles inside 
the pore channels of one and three dimensional mesoporous materials [ 19-20]. 
However, the reports on the fabrication of iron oxide nanoparticles inside the 
carbon nanocage materials and their magnetic properties have not been reported 
in the open literature so far. Moreover, the magnetic properties of the iron oxide 
nanoparticles in mesoporous silica such as SBA-15 [21], MCM-41, and 
hexagonally ordered mesoporous carbon materials [22] have been scarcely 
reported. 

Here we demonstrate the fabrication of magnetic iron oxide nanoparticles in 
SBA-15, hexagonally ordered mesoporous carbon (CMK-3) [22], and carbon 
nanocage [ 14-18] and their unusual magnetic properties. The effect of the nature, 
structure, and the textural parameters of the mesoporous supports on the 
magnetic properties has been clearly demonstrated. It has been found that the 
interaction between the iron oxide nanoparticles, nature of the mesoporous 
supports, and the size of the nanoparticles play a critical role in controlling their 
magnetic properties. 

2. Experimental Section 

2.1 Preparation of Iron Oxide Nanoparticles over Mesoporous Supports 

The procedure to prepare the mesoporous supports employed in the 
manuscript, such as SBA-15, CMK-3, and carbon nanocage can be found 
elsewhere [ 14-18,21,22]. The preparation of iron oxide nanoparticles in 
mesoporous supports was prepared by wet impregnation method and the 
procedure is as follows: 1.07 ml of 0.5 M solution of Fe (N03)3 9 H 2 0  in ethanol 
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was mixed with the - 100 mg of required template materials in 10 ml of ethanol 
solution. The resultant mixture was stirred at room temperature for 24 hours. 
Subsequently, the ethanol was evaporated by raising the temperature of the hot 
plate to 80 "C under stirring. The iron oxide-mesoporous nanocomposites were 
obtained by oxidizing the above resultant mixture in the presence of controlled 
oxygen flow at 300 "C for 4 hours. The samples were denoted as 30%Fe203-x 
where x denotes the name of the template. 

0.5 M solution of Fe (NO& 9 H20 in ethanol was prepared. This solution 
was mixed with the required template materials [such as SBA-15, CMK-3, or 
CNC] in 10 ml of ethanol solution. The resultant mixture was stirred for 24 
hours at room temperature. Subsequently the ethanol was evaporated using a hot 
plate. The residue is oxidized at 300°C for 4 hours in the presence of controlled 
oxygen flow. 

2.2. Characterization of the Materials 

Powder X-ray diffraction patters were collected on a Rigaku diffractometer 
using CuKa (1 = 0.15406nm) radiation, operated at 40 kV and 40 mA. The 
diffractograms were recorded in the 28 range of 0.7 to 80 O with a 28 step size of 
0.01 O and a step time of 1 second. The HRTEM images were obtained with 
TEM JEOL JEM-2000EX2. The preparation of samples for HRTEM analysis 
involved sonication in ethanol for 5 min and deposition on a copper grid. The 
samples were imaged at an accelerating voltage of 200 kV. The dc magnetization 
measurements were performed with a SQUID magnetometer (MPMSXL, 
Quantum Design). Zero-field cooling (ZFC) measurements were carried out in 
the following way: first at zero field cooling down temperature from 300 to 7K, 
then applying a fields of 100, 500, 1000, 5000 and 10000 Oe, and finally 
measuring the sample &om 7 to 300 K in the fields. Field cooling (FC) 
measurements were performed immediately after ZFC measurement from 300 to 
7K under the said fields. The Hysteresis measurements were conducted at 5, 15, 
and 25 K between -5 and 5 T and also under the influence of smaller Magnetic 
Field of +2.5T. 

3. Results and Discussion 

The lower angle powder XRD diffraction patterns of 30%Fe203-CMK-3 and 
30%Fe203-SBA-15 in comparison to their parent materials are shown in Figures 
1A and lB, respectively. The wide angle XRD patterns for the above samples 
are shown in the Figure 1 (inset). As can be seen in Figure 1, the lower angle 
XRD pattern of SBA-15 and CMK-3 show a sharp peak with several higher 
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order peaks, which can be indexed to (loo), (110) and (200) reflections of the 
hexagonal space group p6mm. This is indicative of hexagonally ordered pore 
structure. 
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Figure 1: Powder XRD patterns of (A) pure SBA-15 (a) and 30wt%Fe~O,-SBA-15 (h) and (B) pure 
CMK-3 (a) and 30wt%Fez03-CMK-3 (b). Insets show (A) wide angle XRD patterns of 
30wt%Fe20,-SBA-I 5 and (B) 30wt%Fe203-CMK-3. 

However, intensity of the peak at the lower angle is significantly decreased 
after the iron oxide immobilization for 30%Fe203-SBA-15. The large difference 
in the intensity of the (100) peaks before and after the iron oxide immobilization 
may not be interpreted as complete damage to the structural order, but it is likely 
that larger contrast in density between the silica walls and the open pores relative 
to that between the silica walls and iron oxide particles. On the other hand, the 
lower angle peak is completely diminished for 30wt%Fe203-CMK-3 which is 
attributed to the complete tilling of the iron oxide nanoparticles inside the 
mesoporous channels because the pore diameter of the later is smaller as 
compared to that of the SBA-15. Interestingly, the wide angle XRD patterns of 
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both the 30wt%Fe2O3-CMK-3 and 30wt%Fe2O3-SBA-15 show several higher
angle peaks which are quite similar to that of pure iron oxide nanoparticles,
confirming that the iron oxide nanoparticles are indeed formed inside the
mesoporous channels of the supports.

Figure 2 shows the representative HRTEM micrograph of 30wt%Fe2O3-
SBA-15 taken with JEOL 200 kV machine. It can be clearly seen from the
picture the presence of iron oxide particles with diameters in the range 1 -7nm.
The sample shows a linear array of pores with the regular intervals, confirming
that the structure order of the mesoporous support is retained even after the
immobilization of higher amount of iron oxide nanoparticles.

Figure 2: The TEM image of 30wt%Fe2O3-SBA-l 5
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Figure 3: The ZFC/FC magnetization curves for pure iron-oxide nanoparticles, the applied field is
lOOOOe.

It is also instructive and useful to see the explicit effect of the mesoporous
matrix, on the magnetic properties of the iron-oxide nanoparticles. To this end
we have measured the zero field cool/field cool (ZFC/FC) for the pure iron-
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oxide particles, and results are displayed in Figure 3. The results are taken under 
an applied field of 1000 Oe. This result provides a useful reference and as an aid 
in understanding the effect of silica or carbon mesoporous matrix on the 
magnetic properties of iron-oxide particles. 

0 50 100 150 200 250 300 350 
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Figure 4: Example of ZFCEC data, for SBA-15(100). The field is 1000 Oe, The Fe content is 30% 
by weight and the pore diameter is 9 nm. 

Figure 4 illustrates the ZFUFC behavior of the iron-oxide nano-particles 
confined in the SBA-15 prepared at 100 "C. It can be clearly seen from Figures 3 
and 4 that the magnetization has been enhanced by an order of magnitude by 
confining iron-oxide nanoparticles in SBA-15( 100). Moreover the blocking 
temperature is 50 K for silica confined nanoparticles which implies a size of 
roughly 3.5 nm, using Eq. 1 below. 
The blocking temperature [TB] is related to the particle size by the simple 
relationship [23]: 

KV 
25k, 

T, =- 

Here K is the anisotropy constant 1.2 x lo6 erg/cm3, and kB Boltzmann constant, 
1.38 x erg/K. This relationship can also be used to estimate the radius of 
the nanoparticle [r], assuming for simplicity a spherical shape for the particles. 
Next we consider the magnetization versus temperature results for CMK-3( 100) 
matrix confining 30% by weight of iron nanoparticles, for the case when oxygen 
flow is low. The results are displayed in Figure 5. 

Figure 5 shows that the iron-oxide particles yield significantly higher 
magnetization as compared to that of pure iron oxide nanoparticles [Figure 31, 
and about the same order of magnitude as that of silica SBA-15 [Figure 41. 
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When the oxygen content is increased there is dramatic increase in magnetization 
as is vividly demonstrated in Figure 6. 
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Figure 5 :  Example of ZFC/FC data, for 30%FezO3-CMK-3.. The field is 1000 Oe, and the pore 
diameter is 4 nm. This case is for low oxygen content. 

7 ,  I I I I I 

'd 
3 6  
E 

s 5  

2 4 

Q) 

0 
m 

Y 

.- 
U 

U 

2 '  I I I I I 

0 50 100 150 200 250 300 

Temperature [K] 

Figure 6: Example of ZFCffC data, for 30%FezO,-CMK-3. The field is 1000 Oe and the pore 
diameter is 4nm. This case is for optimal oxygen content. 

The magnetization jumps by an order of magnitude compared to the case 
when the oxygen content is low [Figure 51, and also for the case of silica [Figure 
41. Compared to the pure case the increase is two orders of magnitude. The 
blocking temperature is roughly 75K, and the width of the ZFC curve is rather 
broad [Figure 61. 
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To study the effect of the structure of carbon supports, the nanoparticles 
were encapsulated over CNC, which possesses three dimensional cage type 
structure with very high surface area and large pore volume. Figure 7 shows the 
ZFC/FC data of 30%Fe203-CNC measured at 1000 Oe.,It is interesting to note 
that the 30%Fe203-CNC registered much higher magnetization than that of the 
other supports employed in this study. Moreover, the sample also registers the 
highest blocking temperature among the supports studied which is around 100 K, 
and the width of ZFC is also extremely broad. 

It is worthwhile to note that the FC part of the curve, for both 30%Fe2O3- 
SBA-15, Figure 4, and 30%Fe203-CMK-3 with low oxygen content, Figure 5, 
rise sharply compared to that of 30%Fe203-CMK-3 prepared with high flow 
oxygen and 30%Fe203-CNC (Figures 6 and 7 respectively), as low temperature 
region is approached. In the later case it levels out. This further confirms that the 
overall magnetization is lower in the previous case as compared to that of the 
later. 
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Figure 7: Illustrative example of ZFC and FC data, for 30%Fez03-CNC, the field is 1000 Oe, and 
pore diameter is 5.2 nm. 

The irreversibility temperature in [where the ZFC and FC curves split] in 
Figures 6, and 7 is much larger than those in Figures 4 and 5, as expected. We 
have also measured in detail the hysteresis, but results will be reported 
elsewhere. These measurements yield the values of saturation magnetization in 
the range 8.2-25 emdg, for the 30% of Fe by weight samples. 

In order to put our results in perspective, and facilitate comparison with 
some results reported in the literature [2], and choose to concentrate on our 
SBA-15 sample, Figure. 4. It should be noted that our magnetization in emdg, is 
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greater by more than an order of magnitude [> 100 in most of the temperature 
range and by factor of 10 at room temperature] than those reported in the 
literature [2], after correcting for Magnetic Field, i.e. since we have given here 
the results for 1000 Oe, whereas those in reported in [Ref. 21 are for 500 Oe, we 
must divide our results by a factor of roughly 2. This could be mainly due to the 
fact that the size of the iron oxide particles which are grown inside the 
nanochannels of SBA-15 porous matrix is very small and is almost close the 
pore diameter of the SBA-15 template. This clearly demonstrates that SBA-15 is 
highly effective in increasing the magnetization of the iron-oxide nanoparticles. 
Moreover it is also very encouraging to note that, the size of nanoparticles in our 
case follows a very narrow distribution. The size distribution fits in a tight range 
of 3.14-3.54 nm, according to our Magnetic Measurements. This is in sharp 
contrast to the size distribution of 5-8 nm by pipette drop method, and 3-5 nm 
for the piezoelectric nozzle method [2]. Thus we can conclude for the first time 
that SBA-15 can act as a nano-factory for making small magnetic iron-oxide 
nanoparticles with good magnetization and a very narrow size distribution. 

4. Conclusions 

We have reported on the magnetic properties of nanoparticles confined in 
silica and carbon mesoporous matrices, restricting our discussion to one example 
each, SBA-15 and CMK-3, for silica and carbon cases respectively. The 
geometry for the considered cases is 2D-hexagonal with space-group p6mm. It 
has been found that the magnetization of super-paramagnetic particles strongly 
depends on the oxygen treatment. In general, and remarkably it is found that the 
magnetization of iron-oxide nanoparticles embedded in mesoporous silica is 
much lower as compared to that of the corresponding mesoporous carbon 
materials, however the silica templates leads to particles with narrower size 
distribution. We have achieved large values of magnetization, for example, 
typical saturation magnetization for magnetic nanoparticles confined to 
30%Fe203-CNC, 30%Fe203-CMK-3, and 30%Fe203-SBA-15 are 25,20, and 8.2 
emdg, respectively. In summary, we demonstrated for the first time the 
fabrication of super-paramagnetic iron oxide nanoparticles in mesoporous matrix 
using a simple technique, which are known to have favorable properties such as 
low cost, low toxicity, and chemical stability. 
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Recent activities of our group in synthesizing functionalized mesoporous materials for 
gold catalysis are briefly reviewed. These activities include the synthesis of 
Au/mesoporous SiOz, Au/TiOz/mesoprous SiO2, Au/mesoporous TiOz-SiOz, and 
Au/MnO,/mesoporous carbon via one-pot co-synthesis, surface-sol-gel coating, and 
electroless deposition, etc. The assembly of gold nanoparticles in the channels of 
mesoporous materials furnishes new possibilities for chemical catalysis. 

1. Introduction 

Mesoporous materials are an important family of materials containing pores with 
diameters between 2 and 50 nm. Since the invention of mesoporous SiO2 (e.g., 
MCM-41 and SBA-15) in the 1990s [1,2], a great deal of attention has been paid 
to the functionalization of these materials for specific applications such as 
catalysis, sorption, gas sensing, and optics [3,4]. In catalysis, mesoporous 
materials can be used as hosts for the preparation of supported metal and metal 
oxide catalysts and anchored metal complexes [5,6]. Pure and substituted 
mesoporous materials may also exhibit catalytic activities for acid-base catalysis 
and redox reactions. 

Since Haruta and coworkers found in the late 1980s that supported gold 
nanoparticles are very active for CO oxidation below room temperature [7,8], 
catalysis by gold nanoparticles has attracted much attention [9-111. Because the 
nanometer sizes of gold particles are essential for achieving high activity in 
typical reactions, it is expected that mesoporous materials could provide ideal 
hosts for assembling these gold nanoparticles and the mesopores can become 
nano-reactors for many chemical reactions. Unfortunately, it turns out that the 
synthesis of supported Admesoporous Si02 is not an easy task [ 12-20]. 

Our group has been interested in the rational design of novel supported gold 
catalysts fkom a synthetic point of view [21-341. We have loaded gold 
nanoparticles onto various commercial or synthesized supports, often with 
complicated interfacial structures, and have tested their catalytic performance in 
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CO oxidation and other reactions. In the process we have learned how to create
and stabilize gold nanoparticles on SiO2 supports. In this contribution, we
specifically summarize our recent effort in the synthesis of functionalized
mesoporous materials for gold catalysis. We show that via proper materials
synthesis techniques, gold nanoparticles can be assembled into the pore channels
of mesoporous materials while keeping the mesostructures undestroyed. In
addition, these mesostructured catalysts show excellent catalytic activities in CO
oxidation, with other applications to be explored in the future.

2. Au/Mesoporous SiOz: Initial Attempts

Figure 1. Dark-field TEM image of aggregated large gold particles on mesoporous SiOi (SBA-15)
[22]. The sample was prepared by deposition-precipitation of Au(OH)xCU-x' directly on SBA-15.
Reproduced with permission of the American Chemical Society from Supporting Information of W.
F. Van, B. Chen, S. M. Mahurin, E. W. Hagaman, S. Dai and S. H. Overbury, J. Phys. Chem. B
108, 2793 (2004).

SiO2 is widely used as a support for making metal catalysts owing to its high
surface area, thermal stability, mechanical strength, and non-reducibility, but the
application of SiO2 in synthesizing active gold catalysts is a challenge.
Impregnation of SiO2 with HAuCU leads to big gold particles that are not very
active for CO oxidation. The presence of chloride in the as-synthesized catalysts
facilitates the sintering of gold particles upon calcination. Au/SiO2 prepared by
deposition-precipitation has low gold content because under basic conditions
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used to hydrolyze HAuC14 to the negatively charged Au(OH)L, the SiO? surface 
is also negatively charged due to the low isoelectric point of SiOz (IEP - 2). 
Figure 1 shows a TEM image of Admesoporous SiOz (SBA-15) synthesized via 
deposition-precipitation method [22]. The population of gold particles is small, 
and these gold particles are too big to be catalytically active. 

I HAuCI, 

(CH,O),Si-(CH,),-NH-(CH~)~-NH, - 
H2O 

(Z) 
Figure 2. Schematic representation of the synthesis of Admesoporous SiOz via a one-pot co- 
synthesis approach and its subsequent treatment in Hz to form reduced gold nanoparticles [21]. 
Reproduced with permission of the American Chemical Society from H. G. Zhu, B. Lee, S. Dai and 
S. H. Overbury, Langmuir 19,3974 (2003). 

To get around the issues associated with impregnation and deposition- 
precipitation methods, we adopted an one-pot co-synthesis method to synthesize 
Admesoporous SiOz (AdMCM-41) [21]. The key idea is to perform regular 
template-mediated synthesis of mesoporous SiO2 in the presence of both Au3+ as 
the gold source and (CH30)3Si(CH2)3NH(CH2)2NH2 as a bifimctional ligand to 
interact with Au3+ and SiOz matrix (Figure 2) [21]. The as-synthesized 
Admesoporous SiOz was ion-exchanged with NH4Cl to remove template, and 
reduced in H?. Although small gold particles were confined in the pore channels 
(Figure 3), the Admesoporous SiOz synthesized that way was not particularly 
active for CO oxidation [35]. These examples show how tricky it is to prepare 
active AdSi02 catalysts. 



532

Figure 3. (a) Bright-field and (b) dark-field TEM images recorded on the same area for gold-
containing mesoporous SiCh (Au/MCM-41) obtained by the removal of surfactants by ion-exchange
reaction [21]. Reproduced with permission of the American Chemical Society from H. G. Zhu, B.
Lee, S. Dai and S. H. Overbury, Langmuir 19, 3974 (2003).
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3. AulTi02iMesoporous SiOl 

As stated above, the failure of using deposition-precipitation method to 
synthesize active Au/Si02 is due to the low isoelectric point of SOz. Thus, one 
idea to circumvent this constraint is to introduce a metal oxide with a high 
isoelectric point onto the SiOz support. Some metal oxides have higher 
isoelectric points than Si02. They include TiOz (IEP - 6), Ce02 (IEP - 6), Fez03 
(IEP - 8), and A 1 2 0 3  (IEP - 9). 

/ O  o \  

Deposition-precipitation 
4 

Figure 4. Schematic representation for the surface-sol-gel modification of mesoporous SiOz (SBA- 
15) by amorphous Ti02 followed by loading gold nanoparticles [22]. Reproduced with permission 
of the American Chemical Society from W. F. Yan, B. Chen, S. M. Mahurin, E. W. Hagaman, S. 
Dai and S. H. Overbury, J.  Phys. Chem. B 108,2793 (2004). 

We communicated a surface-sol-gel method for modification of mesoporous 
SiOl (SBA-15) with amorphous Ti02 for assembling gold nanoparticles (Figure 
4) [22]. SBA-15 was used as a starting material because its large pore channels 
(- 7.4 nm) can allow for the transport of Ti(OC4H9)4 and for the confinement of 
small gold particles. To synthesize Au/Ti02/mesoporous SOz, a pre-dried SBA- 
15 material was evacuated and purged with Nz, and Ti(OC4H9)4 dissolved in 
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methanol and toluene was injected. After reaction, the organic solution was 
removed via vacuum filtration, and unreacted Ti(OC4H9)4 was washed off by 
methanol. After drying the sample via vacuum evacuation, deionized water was 
injected to hydrolyze the anchored Ti(OC4H& groups to form amorphous TiO2. 
The resulting TiOz/mesoporous SiOz support is suitable for loading gold because 
the presence of titania coating increases the isoelectric point of the support. The 
catalytic activity of AdTiO2/mesoporous Si02 in CO oxidation was much higher 
than that of Admesoporous SiO2. The enhanced activity is not only due to the 
higher gold loading of Au/TiOz/mesoporous SO2, but also due to the presence 
of active Au-Ti02 interface. Similar grafting methods were used to synthesize 
Au/Ti02/mesoporous Si02 (AdMCM-48) [36] and AdTi02/amorphous Si02 
[26,37,38] catalysts active for CO oxidation. 

4. AuIMesoporous TiO2-SiOz 

I s  

Figure 5. Schematic representation for the synthesis of mesoporous TiOz-SiOz for assembling gold 
nanoparticles [23]. Reproduced with permission of the American Chemical Society from H. G .  Zhu, 
Z. W. Pan, B. Chen, B. Lee, S. M. Mahurin, S. H. Overbury and S. Dai, J. Phys. Chem. B 108, 
20038 (2004). 

As shown above, amorphous Ti02 dispersed on mesoporous SiOz facilitates the 
uptake of gold and its dispersion. Therefore, in principle, mixed Ti02-Si02 
matrix should also have that effect. This idea was tested by synthesizing 



535

mesoporous TiO2-SiO2 monolith with a large pore diameter using a block
copolymer (EOooPOeoEOno) as the structure-directing agent (Figure 5) [23].
The titania source was titanium emoxide, the silica source was tetraethyl
orthosilicate, and acidic synthesis conditions were adopted. Gold was
subsequently loaded onto mesoporous TiO2-SiO2 via deposition-precipitation.

As shown in Figure 6, gold nanoparticles with sizes less than 3 nm were
homogeneously distributed on the support surfaces [23]. As a result, these gold
catalysts showed high activities in CO oxidation below room temperature. Such
mixed oxide mesoporous materials integrate the high thermal stability and
excellent mechanical strength of SiO2 and the active support properties of TiO2.

Figure 6. TEM image of gold supported on mesoporous TiCh-SiOz (Si/Ti = 5.5) calcined at 600°C
[23]. Reproduced with permission of the American Chemical Society from H. G. Zhu, Z. W. Pan, B.
Chen, B. Lee, S. M. Mahurin, S. H. Overbury and S. Dai, J. Phys. Client. B 108, 20038 (2004).

5. Au/Mesoporous SiO2 Revisited

We have shown above that the introduction of certain metal oxides onto SiO2

can make the resulting gold catalysts more active. We now turn to the question
of whether one may deposit gold onto neat SiO2 and obtain catalysts that are
active for CO oxidation. Supports for loading gold are classified into two groups
in the literature: TiO2 and Fe2O3 are "active" supports because they are reducible
and can active and store oxygen; on the other hand, A12O3 and SiO2 are "inert"
supports because they do not supply reactive oxygen for CO oxidation [39].
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Nevertheless, gold on "inert" supports can also be active for CO oxidation, as
the case with Au/Al2O3 [40,41]. This active-inactive classification has been
challenged since Okumura et al. reported that Au/SiO2 prepared via gas-phase
grafting of dimethyl gold acetylacetonate exhibited high activity in CO oxidation
[42,43]. Other researchers have shown that the grafting of alkylammonium [16]
or aminosilane [17] onto mesoporous SiO2 could facilitate the interaction
between the gold complex and the grafted SiO2 surface, resulting in active
catalysts. Alternatively, gold particles capped with alkanethiol and alkoxysilane
groups could polymerize with tetraethyl orthosilicate to form a metal-organic-
inorganic composite active for CO oxidation after calcination [44].

CH:-CH,
/'H;-( Au(en),CI3

*>»"< = HN^'^-r?»=\o r o ? 5 \o / o
\«VB// tHXH//

Figure 7. Schematic representation for the preparation of catalytically active Au/mesoporous SiOi
using Au(en)2Cb as the gold precursor [30]. Reproduced with permission from H. G. Zhu, Z. Ma, J.
C. Clark, Z. W. Pan, S. H. Overbury and S. Dai, Appl. Catal. A 327, 226 (2007).

We recently reported the preparation of highly active and stable
Au/mesoporous SiO2 (Au/SBA-15) using Au(en)2Cl3 (en = ethylenediamine) as
the precursor (Figures 7 and 8) [29]. One of the key observations is that the
catalytic activity of Au/SBA-15 was highly dependent on the pH value of
deposition solutions: only Au/SiO2 synthesized under pH > 8.0 was very active
for CO oxidation below room temperature. UV-Vis was used to monitor
Au(en)2Cl3 solutions with different pH value, and it was found that one hydrogen
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from the Au(en)23+ cation was deprotonated above pH of 8.0. It was also found
by elemental analysis that the gold loading increased with the solution pH value,
whereas the Cl/Au ratio decreased with the solution pH value. These pieces of
evidence led to the conclusions that: (1) the formation of [Au(en)(d-en)]2+ is
necessary for stable deposition; (2) the concentration of [Au(en)(d-en)]"+ and
surface Si-O" groups both increased with pH, thus facilitating the loading of
cationic gold; and (3) Cl" in the gold precursor, detrimental to gold catalysis,
could be further displaced by OH" with the increase of pH. During the course of
this research [29], we used another mesoporous SiO2 (MCM-41), and found that
Au/MCM-41 synthesized using Au(en)2Cl3 was also active for CO oxidation
below room temperature (Figure 9).

a 6
Figure 8. TEM images (a: dark field, and b: bright field) of Au/mesoporous SiO2 (SBA-15) using
Au(en)2Cl3 as the gold precursor [29]. The catalyst was synthesized at pH of 9.6 and reduced at
150°C. The particle size distribution is 2.9 ± 0.6 nm. Reproduced with permission of the American
Chemical Society from H. G. Zhu, C. D. Liang, W. F. Van, S. H. Overbury and S. Dai, J. Phys.
Chem. B 110, 10842 (2006).

A similar deposition method was simultaneously developed by Zanella and
coworkers to prepare gold particles supported on Aerosil fumed SiO2 [45]. They
systematically studied the influence of solution pH value and adsorption time on
gold loading and gold particle size of the resulting Au/SiO2 samples, but the
catalytic activities of these Au/SiO2 samples in CO oxidation were not
investigated [45]. Subsequently we have loaded gold onto fumed SiO2 (Cab-O-
Sil) and have investigated the effects of the catalyst pretreatment via reduction
and calcination, effect of gold loading, post treatment in acidic and basic media,
catalyst deactivation, storage, regeneration, and effect of surface modification by
other metal oxides [30]. These Au/SiO2 catalysts showed excellent activity even
after high-temperature pretreatment (e.g., 400-700°C).
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Figure 9. CO oxidation on Au/mesoporous SiOz (Au/MCM-41) synthesized using Au(en)zCb as the 
precursor. The catalyst was reduced in 4% Hz (balance Ar) at 15O0C, and 50 mg catalyst was put in 
the reactor and pretreated in 8% 0 2  (balance He) at 500T for 1 h. The catalyst was cooled down by 
liquid nitrogen-acetone and allowed to warm up to measure the conversion curve. 1 %  CO (balance 
air) was flowed through the catalyst at a rate of 37 cm3/min. 

6. Au/MnOx/Mesoporous Carbon 

Carbon materials are an important category of materials used as adsorbents, 
catalyst supports, and electrodes. Ordered mesoporous carbon can be prepared 
by filling in the pore channels of mesoporous Si02 with organic precursors, 
followed by carbonization and removal of Si02 via corrosion [46]. Alternatively, 
mesoporous carbon can also be synthesized by a soft-templating method using 
appropriate surfactants [47-491. Nevertheless, virtually no attempt has been 
made to load gold onto mesoporous carbon because AdC catalysts are generally 
not active for CO oxidation. There could be two reasons for the low activity of 
AdC. First, reductive carbon surfaces can easily react with the gold precursor to 
form large gold particles [50]. Second, the carbon support is not able to activate 
oxygen for gas-phase CO oxidation [51]. 

Recently, a novel electroless deposition method to modify various carbon 
materials by MnO, was reported in the literature [52,53]. The idea is to immerse 
a carbon material in an aqueous solution of KMn04 or NaMn04 to allow for the 
self-limiting reaction on carbon surface (4 KMn04 + 3 C + 2 H20 + 4 Mn02 + 
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3 CO2 + 4 KOH) [54]. This facile method results in a conformal coating of 
MnO, on the topmost surface of carbon. One objective of the research in the 
literature is to develop high-performance MnO,/C capacitors as energy-storage 
devices. Inspired by this materials synthesis technique, we deposited gold 
nanoparticles on several MnO,/C supports by deposition-precipitation (Figure 10) 
[34], and found that Au/MnO,/C catalysts, including Au/MnO,/mesoporous 
carbon, were much more active than Au/C for CO oxidation, and the catalytic 
activities were fairly stable as a function of reaction time on stream (Figure 11). 
This catalyst system may open up new possibilities for subsequent 
electrochemical studies and catalytic studies, taking advantage of the electric 
conductivity of MnO,/C and the catalytic functions of gold nanoparticles and 
MnO,. 

Figure 10. Schematic representation for the synthesis of Au/MnO,/C catalysts, including 
AdMnOJmesoporous carbon, active for CO oxidation [34]. The carbon surfaces were decorated by 
MnO, via an electroless-deposition method, and gold nanoparticles were subsequently loaded onto 
MnOJC. Reproduced with permission of Elsevier from 2. Ma, C. D. Liang, S. H. Overbury and S. 
Dai, J. Cutal. 252, 119 (2007). 

CO Oxidation on Aw’Mn0)Mesoporons Carbon 

100 

50 mg catalyst, pretreated at 200°C 
1% co in air, flow rate 37 cm3/min 
reaction temperature 77°C 

O: 20 40 60 80 100 120 

Time on Stream / h 

Figure 11. Stability of Au/MnO,/mesoporous carbon in CO oxidation as a function of time on - 
stream. The mesoporous carbon sample was synthesized by Dr. Chengdu Liang using a soft- 
templating approach and then graphitized [49]. It should be mentioned that gold on Mn0,-free 
mesoporous carbon is not active for CO oxidation under the same reaction conditions. 
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7. Conclusions 

In this paper, we have summarized recent advances in our group on the synthesis 
of gold nanoparticles on mesoporous supports. These catalysts include: (1) 
Admesoporous SiO2 prepared by a one-pot co-synthesis approach [21]; (2) 
AdTi02/mesoporous SiOz prepared by deposition-precipitation of gold on TiOz- 
coated mesoporous Si02 [22]; (3) Admesoporous TiOz-SiO? prepared involving 
the control over the different hydrolysis and condensation rates of silicon and 
titanium alkoxides by complexation of the titanium species to the poly(ethy1ene 
oxide) part of a block copolymer; (4) Admesoporous SiO2 prepared using 
Au(en)&I3 as the precursor; and (5) Au/MnO,/mesoporous carbon synthesized 
by deposition-precipitation of gold on electroless-deposition-derived 
MnO,/mesoporous carbon. These new materials show high activities in CO 
oxidation, and these approaches furnish possibilities for routes to new catalysts. 
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ELECTRODEPOSITION OF GOLD STRUCTURES IN 
MESOPOROUS TI02 SOL-GEL FILMS 

INGA BANNAT, KATRIN WESSELS, TORSTEN OEKERMANN, MICHAEL WARK 
Institute of Physical Chemistry and Electrochemistry, Leibniz University Hannover, 

Callinstr. 3A, 0-301 67 Hannover, Germany 

A templated, electrochemical method for the growth of gold structures in mesoporous 
Ti02 and SiOz films is reported. By applying constant potential spiky disc-like and 
spherical gold structures in the micrometer region form under or in the thin mesoporous 
films depending on different interactions between the film and the conductive FTO 
substrate. The growth of gold exclusively inside the mesopores can be achieved by 
pulsed electrodeposition. Gold nanowires as a replica of the pore system were formed. 

1. Introduction 

Titaniumwdioxide (Ti02) is one of the most popular and promising 
semiconductors with applications in solar cells [ 11, photocatalysis [2-31 and as 
catalyst support [4]. Because of their specific pore system mesoporous thin films 
of TiOz are among the best candidates as a host matrix for stabilizing small metal 
nanoparticles and nanostructured metal arrays. The resulting nanocomposite 
materials are of considerable interest due to their optical effects and their 
photocatalytic and catalytic activity. 

Most attempts to enhance the e.g. optical and thus photocatalytical 
properties of Ti02 include the modification with noble metals. In particular, gold 
nanoparticles have been attracting much attention in recent years because of their 
interesting adjustable optical [5], electrochemical [6], electronic [7] and 
photoelectrochemical [8] properties which are of great interest for use in 
catalysts, biosensors and other nanodevices [9]. To fabricate gold structures 
different procedures have been reported based on electrodeposition [lo], 
electron-beam lithography [ 1 11 or nanotemplating [12]. 

In this paper, we demonstrate the templated electrochemical fabrication of 
disc-like and spherical gold structures and worm-like gold nanowires by using 
mesoporous Ti02 and SiOz films as low-cost host materials. The obtained 
composite structures were characterized by transmission and scanning electron 
microscopy and studied as photocatalyst in the photooxidation of NO. 
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2. Experimental Section 

2.1. Chemicals and Materials 

Fluorine-doped tin oxide coated glass (FTO) with a sheet resistance of 
10 O/cm2 was purchased fi-om A.I. Glass. Chemical reagents such as titanium 
(IV) ethoxide (- 95 %, Merck), tetraethylorthosilicate (TEOS, > 98 %, Merck), 
ethanol (99.8 %, Roth), hydrochloric acid (HCI, > 37 wt.-%, p.a., Riedel-de 
Haen), hydrogen tetrachloroaurate (111) hydrate (HAuC14 . x H20, 99.9 %, 
Al3CR) and perchloric acid (HC104, p.a., Acros) were obtained commercially 
and used as received without further purification. Pluronic P 123 
(E020P070E020) and Pluronic F 127 (EOlooP065EO~oo) were purchased fi-om 
BASF and used as typical commercial nonionic templates. Solutions for 
electrochemistry were prepared using deionised water with a resistivity of 
greater than 18 MO cm. 

2.2. Preparation of Mesoporous Oxide Thin Films 

The preparation of thin mesoporous Ti02 films by a surfactant-templating 
method using the triblock copolymer Pluronic P 123 as the template is reported 
elsewhere [13]. In a typical synthesis, 33.6 g titanium (IV) ethoxide were 
dissolved in 2 1.6 mL concentrated HCI under vigorous stirring. After 5 min, a 
solution of 8.0 g Pluronic P 123 in 96.0 g ethanol was added. The resulting sol 
was subsequently aged at 10 "C for 10 min and then used for dip-coating on FTO 
glass at a constant withdrawal rate of 1 mm s-'. The films were aged for 15 h 
at 8 "C. 

Preparation of thin mesoporous SiO2 films was carried out according to a 
procedure given in [14]. A solution of 16.3 g Pluronic F 127 in 25 mL ethanol 
was added to a solution of prehydrolyzed TEOS which was prepared by 
refluxing a solution of 11.18 mL TEOS, 33.3 mL ethanol, 2.2 mL HzO and 5.0 
mL 0.1 M HC1 for 1 h. The two solutions were combined and stirred for further 
2 h. The films were dip-coated on FTO glass with a withdrawal rate of 
1 mm s-' and dried at room temperature. 

Both kinds of films were calcined at 400 "C for 4 h with a heating rate of 
1 oc min-I. 
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2.3. Preparation of Admesoporous Oxide Thin Films 

Gold was deposited from an Ar-saturated 
aqueous solution containing 70 pM HAuC14 and 
10 mM HC104 in a three-electrode 
electrochemical cell with a Pt counter and 
Ag/AgCl reference electrode (-0.08 V vs. SCE). 

as working electrode. The deposition at constant 
potential was carried out at 0.3 V for typically 
1 h. 

For pulsed electrodeposition rectangular 
reverse pulses of the potential were used ~ ~ ~ e e r ~ ~ ~ $ ~ t ~ ~ ~ ~ ~ ~ ~ ~  
(Figure 1). One pulse consist of a potential thepotentla1 
alternating between -6.0 V hold for 3 s and 0.1 V 
hold for 1 s. For the deposition of gold 16 pulses were applied. 

The obtained films were rinsed with water and dried in air 

~ 0 1 ~ ~  

The mesostructured films on FTO glass served u; i IJ 
w -6 0 

0 4 8  
t : s  

2.4. Instrumentations 

Electrochemical deposition was carried out using a potentiostatlgalvanostat 
(Autolab 12, Eco Chemie) with GPES software for collection and analysis of 
data for pulsed electrodeposition and AMEL instruments 7050 potentiostat for 
deposition at constant potential. 

Scanning electron microscopy (SEM) was employed in a Jeol JSM-6700F 
field-emission instrument using the secondary electron detector at low 
acceleration voltages in the range of 0.5 to 2 kV. 

Transmission electron microscopy (TEM) was performed at 200 kV on a 
Jeol JEM-21 OOF field-emission instrument with an ultra-high resolution pole 
piece and a spherical aberration constant of C,  = 0.5 mm that provides a point- 
resolution better than 0.19 nm. Moreover, the microscope was equipped with a 
Gatan GIF 2001 energy filter with a 1k-CCD camera. Specimens from films 
were prepared for TEM investigations by epoxy agglutination of two film pieces. 
Furthermore, these samples were first cut into 1 . 5 ~ 1 ~ 2  mm3 pieces, ground and 
polished on polymer embedded diamond-lapping films to 0 . 0 1 ~ 1 ~ 2  mm3, 
approximately. Finally, Ar' ion sputtering was employed at 3 kV under an 
incident angle of 4 O until electron transparency was achieved. 

The film thickness was measured by a Dektak 6M stylus profilometer. The 
texture properties of the mesoporous films were determined from Kr adsorption 
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isotherms carried out at 77 K using a Micromeritics APAS 2010 after outgasing
the sample at 150 °C over night.

Photocatalytic oxidation of NO was carried out in an experimental set-up
consisting of a gas supply, the photoreactor and a chemiluminescent NO-NOX

analyzer (Horiba ambient monitor APNA-360). To obtain the starting
concentration of NO of 100 ppb at the relative humidity of 50 %, a gaseous
mixture of dry air (1500 mL min"1), wet air (1500 mL min', relative humidity of
100 %) and 50 ppm NO in N2 (ca. 6 mL min"1) was prepared. The photocatalytic
oxidation of NO in the photoreactor was performed with a UV light intensity of
ImW cm"2.

3. Results and Discussion

Mesoporous titania films were synthesized by dip coating on FTO substrates, as
described in the experimental section. The SEM image of the calcined film
(Figure 2, left) show a highly ordered cubic pore arrangement of 8 nm diameter
mesopores. The Kr adsorption isotherm for the mesoporous titania film is of
type-IV isotherm, typical for mesoporous solids (Figure 2, right). The roughness
factor of the film was measured to 103 cm2 / cm2.
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Figure 2: SEM micrograph (left) and Kr adsorption isotherm (right) of a mesoporous TiOi film.

Gold was deposited at 0.3 V vs. Ag/AgCl on the mesoporous TiO2 film from
an Ar saturated HAuCl4 and HC1O4 aqueous solution. During deposition, the
mesoporous film became orange colored with a rough surface. The morphology
of the electrodeposited gold was characterized by SEM (Figure 3). Flat gold
structures with a uniform circular shape and diameters of about 30 (xm were
observed. These discs-like particles, poorly fixed on the growth surface, easily
flake off (Figure 3, right). Their upper sides show a rough surface with
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crystalline needles, which corresponds to the orange colored side. This color is
the consequence of light scattering effects on the rough surface. The reverse
sides of the disc-like particles are very flat (roughness less than ± 250 nm) and
show consequently the typical color of gold.

feb.
Figure 3: SEM micrographs of the gold structures grown at 0.3 V underneath the mesoporous TiOj
film; on the substrate (left) and exfoliated fragments (right).

In many places, uprisings underneath the film can be observed (Figure 3
and 4, left). In closer examination, a growth of gold through the mesopores of
the TiO2 film can be excluded (Figure 4). The very bright region in the SEM
image corresponds to the gold (Figure 4, right). The higher brightness is a result
of the stronger reflection of electrons, a typical effect of elements with high
atomic masses. The darker part above the gold, the TiC>2 film, is clearly
separated from the gold. Consequently, the growth of the gold takes place
underneath the film, which induces the uprisings.

Figure 4: SEM micrographs of the Au/mesoporous TiCh film: growth of Au layers underneath the
film, at 0.3 V.
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Directly after contact of the deposition solution with the film gold ions start
to diffuse through the highly porous film to the conductive FTO layer. Because
at the applied low potential of 0.3 V the TiO2 film is not conductive, the
reduction of gold-ions takes place only at the FTO. Further deposition occurs on
the already deposited gold due to the considerably higher conductivity of the
gold. However, instead of growing through the pores, the gold grows two-
dimensionally underneath the film because the interaction between the TiO2 film
and the FTO substrate is quite weak. When the mechanical stress of the TiO2

film becomes too high (Figure 4, left), the film above the growing two-
dimensional Au layer cracks and flakes off. Afterwards, gold crystals start to
grow three-dimensionally on the circular gold layer and form the rough surface,
which can be found on most of the gold particles. By the three-dimensional
growth the Au structures become thicker. With increasing thickness of the Au
layer the Au-FTO substrate interaction becomes less important in relation to the
Au-Au interaction. Mechanical stress then leads to a partial exfoliation of Au
platelets from the substrate (Figure 3, right).

A variation of the deposition potential (hi the range of-0.7 V to 0.6 V) or
deposition time (30 s - 2 h) only results in very similar structures which only
slightly differ in their size.

A completely different behavior concering the deposition of gold can be
found by using mesoporous SiO2 films on FTO as working electrode for the
deposition at 0.3 V. Instead of disc-like structures, spherical gold structures with
spicular surface and sizes in the range of 5 - 20 am were observed (Figure 5).

Figure 5: SEM micrographs of mesoporous SiO2 films with spherical Au structures grown at 0.3 V.

Compared to mesoporous TiO2 films, a growth of gold underneath the film
was not observed. The spherical gold structures suggest an early incipient three-
dimensionally growth. The sketch, shown in Figure 6, illustrates the different
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formation of gold structures in the two described composites. By using
mesoporous T1O2 as working electrode, gold structures grow underneath the film
due to weak interactions between the film and the FTO substrate. A mesoporous
SiOo film in contrast shows a strong adhesion on the conductive substrate but an
only metastable pore structure, which is too weak to withstand the growth of
gold. The fast growing Au destroys the mesoporous SiO2 framework and hence
the film finally breaks near the surface.

TIO, SiO,

Figure 6: Illustration of the growth mechanism of the gold structures at 0.3 V by using mesoporous
TiOj and SiO2 films.

To ensure a growth of gold nanowires exclusively inside the mesopores
pulsed electrodeposition can used (Figure 7). By applying rectangular reverse
pulses (Figure 1) the nucleation and growth process of particles is controllable
due to alternating potentials (-6.0 V for 3 s, 0.1 V for 1 s). As a result, nanowires
were formed as a replica of the cubic pore system with diameters of about 8 nm
in accordance with the pore sizes.

Figure 7: TEM micrographs of mesoporous TiOa film with encapsulated Au nanowires and
nanoparticles synthesized by pulsed electrochemical deposition by applying 16 pulses at a potential
of-6.0 V / 0.1 V (A) and -1.0 V / 0.1 V (B), respectively.
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Depending on the applied potentials, gold nanowire growth can start inside 
the whole f i l r~  or only from the conductive substrate. If the -6.0 V pulses are 
applied the Ti02 framework possess a high conductivity and gold ions can be 
reduced within the film (Figure 7, A). By decreasing the negative potential in the 
pulses from -6.0 V to -1.0 V gold nanowires grow exclusively from the 
conductive FTO substrate through the film (Figure 7, B). As a result, larger 
aggregates of longer nanowires and less nanoparticles can be obtained. 

The densities of the wires inside the pore arrangement can be optimized by 
increasing the number of pulses. The application of an initial pulse leads not 
only to seed crystals; instead they start to grow to larger aggregates due to the 
long pulse duration of 3 s. By increasing the pulse number up to more than 32 
pulses a nearly complete filling of the pores is achievable. 

A specific property of the obtained films is their color. Different from the 
bulk, films with encapsulated gold nanowires, formed by applying, for example, 
16 pulses, exhibit a blue color. This is a direct consequence of the plasmon 
resonance of elongated gold nanoparticles, which depends on size, shapes and 
environment [ 151. 

-Au@T102 film (pulsed electrodeposition) - TiO. film 

r 
1 -/ increased 

by factor 9 

L - 
o , . , . , . , . , . , . , .  

4 

Figure 8: Conversion of NO by investigation of the photocatalytic oxidation of NO. 

The photocatalyic properties of the blue gold-loaded Ti02 films, obtained 
by pulsed electrodeposition, were investigated in the photocatalytic oxidation of 
NO (Figure 8). The pure mesoporous TiOl films show a low photocatalytic 
conversion of NO of only 3 % caused by a poor crystallinity of the Ti02 
framework. With encapsulated gold nanowires the activity of the films can be 
considerably increased by a factor of 9, although the crystallinity of the TiOl 
framework is not altered. The major rate-limiting factor of the photocatalytic 
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activity of pure Ti02 is the high degree of recombination between 
photogenerated electrons and holes. The presence of gold nanowires or 
nanoparticles leads to a more efficient charge separation of the light generated 
electron-hole pairs and an increase of their lifetime both explaining the increase 
of the photocatalytic activity [16,17]. Au particles on Ti02 are very effective 
traps for electrons due to the formation of a Schottky barrier at the metal- 
semiconductor contact. That means the photocatalytically active centers are 
mamly located near the Au nanowires, and the Au-fiee parts of the porous Ti02 
matrix ensure a sufficient accessibility for NO to reach the Au/Ti02 contacts. 

4. Conclusions 

Gold structures with uniform disc-like and spherical morphologies were 
generated by electrochemical deposition of gold at 0.3 V vs. Ag/AgCl on 
mesoporous Ti02 and SiOz films, dip coated on conductive FTO substrate. The 
morphologies and sizes of the formed Au particles strongly depend on the 
conditions of the electrochemical deposition. 

Due to the weak film-FTO substrate interaction, gold structures grow two- 
dimensionally underneath the mesoporous Ti02 film until the film flakes off 
followed by a three-dimensionally growth. A growth of gold through the 
mesopores does not occur. 

Spherical gold structures were formed on mesoporous Si02 films because of 
the considerable stronger interaction between film and substrate. The formation 
starts directly inside the pore and possesses throughout the film, but due to the 
fast and exoergic growth the only metastable pore structure collapses. 

By pulsed electrodeposition Au nanowires were exclusively generate inside 
the pores of the mesoporous Ti02 films as a replica of the pore system. The 
varation of the number of pulses influences the density of the wires in the 
template. Because Au ion reduction takes place only at negative potential the 
growth rate of Au can be controlled by applying pulses instead of constant 
potential. It can be reduced to such a rate, which ensures an energetic relaxation 
of the system without destroying either the framework or the film-substrate 
contact. 

In the photocatalytic oxidation of NO the presence of Au nanowires in the 
pores of Ti02 films leads to an increase of the activity by a factor of up to 9 due 
to the more efficient charge separation of the light generated electron-hole pairs. 
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MESOPOROUS LAYERS OF TI02 AS HIGHLY EFFICIENT 
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Mesoporous films of Ti02 prepared by a template-assisted procedure based on the 
evaporation-induced self-assembly mechanism were shown to be efficient photocatalysts 
for the oxidation of nitrogen oxide at high dilution (100 ppb) and in the removal of 
deposits of oleic acid. Their high photocatalytic activity is explained by a local increase 
in the partial pressure of NO in the nanopores of the porous film close to the 
photocatalytically active sites and by the increased diffusion of OdHzO due to the 3D- 
porosity, which is otherwise hindered by solid or liquid deposits for non-porous Ti02 
films. 

1. Introduction 

The relatively high concentration of nitrogen oxides (NOx) in the range of 
several hundred ppb in the atmosphere of municipal cities and the soiling of the 
external surfaces of building structures are among the major present 
environmental issues [l]. 

Nitrogen oxides are responsible for urban smog because of their 
photochemical reactions with hydrocarbons. Further, together with sulfur dioxide 
and sulfur trioxide they are the major contributors to the very harmful acid rain. 
At present, the technologies for the control of NOx emissions include 
combustion modifications, dry and wet processes [2]. Photocatalytic oxidation 
has gained much attention in the purification of air because it provides an 
attractive alternative to the more conventional methods [2-41. The main 
advantage of photocatalysis over other oxidation treatments results from the 
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direct absorption of light, which allows to degrade the pollutants at ambient 
temperature, pressure, humidity, etc. Additionally, low-concentration and low- 
flow rate waste streams can be easily processed. Weak UV irradiation of less 
than 1 mW/cm2 needed for the photocatalytic conversion is amply provided by 
the solar light. More over, no extra reactants such as NH3 or O3 are required. 

Another major environmental issue is the soiling of the external surfaces of 
buildings and other constructions. The ultimate goal is to provide their surfaces 
with such a finish, which will render them easy-to-clean or even self-cleaning. 
One of the promising possibilities is to cover their surface with a 
photocatalytically active layer. It should be active enough to decompose the 
solid or liquid deposits or to convert them to such a form, which is easy to 
remove, typically to smaller oxygenated organic compounds which can be easily 
washed off. 

Due their unique properties, the anatase crystalline films with developed 3D 
mesoporosity are photocatalysts of choice for the environmental applications. In 
recent years, a generalized sol-gel procedure for the preparation of large-pore 
mesoporous films of metal oxides has been developed, which is based on a 
mechanism that combines evaporation-induced self-assembly (EISA) of a block 
copolymer with complexation of molecular inorganic species enabling to prepare 
mesoporous films with good mechanical, optical and transport properties [5-71. 
Mesoporous films of TiOz are especially effective when the photodecomposition 
mechanism is based on the surface-adsorbed reactants [8]. The amount of 
adsorbed substances is increased due to the large surface area, which enhances 
their decomposition. Further the mesoporosity wilI ensure fast transport of O2 
and H20, which are viable for the photocatalytic degradation of deposits. This 
transport is often significantly hindered by the compact layer of the dirt. The 
present communication is aimed at the synthesis of such mesoporous films of 
TiOz with large surface area and the study into their efficiency as photocatalysts 
in the photooxidation of NO and the degradation of layers of oleic acids, which 
models typical surface pollutants. 

2. Experimental 

2.1. Preparation 

The sol used for the deposition of the films was prepared according to the 
following procedure. 5 g of Pluronic P123 (BASF) was dissolved in 56 mL of 
butan-1-01 and the solution was stirred for 1 hour. 14.4 mL of titanium(1V) 
ethoxide was mixed with 10.2 mL of concentrated HCl. Afterwards the former 
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solution was added to the latter one and the mixture stirred for 3 hours. Prior to 
the deposition, the glass slides were carefully cleaned in diluted HCl, distilled 
water, ethanol and acetone. The films were deposited by dip-coating the cleaned 
glass slides at a speed of 1.5 m m l s  at relative humidity of 20 %. Afterwards the 
films were aged at room temperature for 24 hours and calcined in air at 350 OC 
for 3 hours. In order to obtain thicker films the mentioned procedure was 
repeated including the dip-coating, aging and finally calcination at 350 "C for 3 
hours. All the chemicals were obtained kom Sigma-Aldrich (except for the 
Pluronic template). The non-porous sample was a sample of commercial Aktiv 
Glass produced by Pilkington. 

2.2. Characterization 

The morphological properties of the films were studied by combining several 
techniques. The surface relief of the films was revealed by the atomic force 
microscopy (AFM) using a Digital Instruments NanoScope apparatus. The 
details of the surface texture were provided by the high-resolution scanning 
electron microscopy using a Jeol JSM-6700 F apparatus and the high-resolution 
transmission electron microscopy (HR-TEM Jeol JEM-2 1 OOF UHR). The 
crystallinity was assessed by the X-ray difkaction using a Siemens D 5005 
difiactometer in the Bragg-Brentano geometry using CuKa radiation. The 
texture properties of the films were determined by the analysis of adsorption 
isotherms of Kr at 77 K measured with a Micromeritics ASAP 2010 volumetric 
adsorption unit. The absorption spectra of mesoporous films were obtained with 
a Perkin Elmer Lambda 19 spectrophotometer. 

2.3. Photocatalysis 

The experimental set-up for the photocatalytic tests in the gaseous phase 
consisted of a gas supply part, the photoreactor, and a chemiluminiscent NO- 
NOx gas analyzer. (Horiba ambient monitor APNA-360). The gaseous reaction 
mixture was prepared by mixing streams of dry air (1500 mL/min), wet air (1 500 
mL/min, relative humidity of 100 %) and 50 ppm NOMz (approx. 6 mL/min), in 
order to obtain a final concentration of NO of 100 ppb at a relative humidity of 
50 %. The photoreactor was illuminated by four 8 W black lights, the UV light 
intensity achieving 1 mW/cm'. The conversion of NO equals 
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where FO]id& and [NO]o,~et are the NO concentration at the inlet and at the 
outlet of the photoreactor, respectively. Prior to the photocatalytic tests, the 
photoreactor was purged with the NO/water vaporlair mixture without 
illumination until a steady outlet NO concentration was achieved. 100% NO 
conversion is equivalent to a photonic efficiency of Z,=O.14 % assuming a mean 
irradiation wavelength of 350 nm. 

Further the self-cleaning performance of mesoporous Ti02 films was tested 
by following the decomposition of a layer of oleic acid. Prior to the 
photocatalytic tests, the test pieces were purified by a UV light irradiation (2 
mW/cm2) for 24 hours. Oleic acid was deposited by dip-coating fiom its 10% 
heptane solution (1 d s ) .  Afterwards the films were dried at 70 "C for 15 min. 
The samples were illuminated with a UV light (365 nm, 2.0 mW/cm'), the oleic 
acid degradation being followed by measuring its contact angle for water. 

3. Results and Discussion 

3.1. Morphological and structure properties of mesoporous films 

The AFM relief of the prepared films is very flat without height variations in 
excess of ca 10 nm. The pore openings are relatively regularly distributed within 
the surface with an average size of ca. 8 nm. The TEM image shows more or less 
regularly ordered pores, whose size ranges fiom 6 to 10 nm. The pores are 
separated by walls about 3 4  nm in thickness. Except for the mesoporous 
structure, no other phases, such as extra-fiamework nanocrystals or some 
disordered species, have been detected. The SEM side views provide the film 
thickness - about 200 and 400 nm for the single- and double-layered films, 
respectively. 

Powder X-ray diffiactograms of the mesoporous films show the presence of 
only one crystalline phase, namely anatase (Fig. 1, bottom). The presence of an 
X-ray amorphous titania component is the probable reason why the X-ray 
diffractograms exhibit decreased intensity of reflections due to anatase in 
comparison with a reference fully crystalline material prepared by the 
destruction of the mesoporous film by calcination at at 600 "C (in Fig. 1 compare 
the lower with the upper diffractogram) [9,10]. 

UVNIS spectra show that the mesoporous films exhibit some blue shift in 
the comparison with a bulk Ti02 (bandgap of 3.2 eV, absorption threshold of 
388 nm), the shift being larger for the single-layered (by 53 nm) than for the 
double-layered film (by 38 nm). The difference in the blue shift is clearly due to 



557 

a 0.6- 
I- 

the repeated calcination of the double-layer film, which leads to some increase in 
the size of the anatase nanocrystals. 
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Figure 1. X-ray difiactogram of single-layer films calcined at 350 O C  (bottom) and 600 'C (top). 
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Figure 2. Adsorption isotherms of Kr at 77 K on 1 layer- and 2-layer-film 

Adsorption isotherms of Kr on both films are of type IV characterized by a 
broad hysteresis loop, which proves the presence of mesopores within the films. 
The long horizontal plateau on the desorption branch for both samples shows 
that the krypton molecules are firmly held within the pores, which is of 
importance for the photocatalysis in the gaseous phase. For the calculation of the 



558  

texture parameters, the molecular cross-sectional area of krypton of 0.21 nmz 
and the molar volume of solid krypton were used according to the software of 
the adsorption apparatus producer. The single- and double-layered films exhibit 
the BET surface area, pore volume and average pore size of 0.35 m’, 0.58 mm3 
and ca 6 nm, and 0.50 m’, 0.86 mm3 and ca 6 nm, respectively. The geometrical 
size of all the films was the same, namely 20 cm’. 

All the provided experimental data clearly prove that the films exhibit 
developed mesoporosity with large surface area and more or less regularly 
ordered pores, whose size equals ca 6 nm and whose pore walls are composed of 
small anatase nanocrystals (ca 40-60 %) and some amorphous phase. 

3.2. Photocatalytic activity 

During the photocatalytic oxidation process of NO, adsorbed NO molecules 
react first with OH* or H02* radicals to form adsorbed HN02, which is further 
photooxidized to NOz. NOz is either desorbed or converted to HN03 [2]. The 
degree of conversion to HN03 depends on the residence time of NO’ in the 
adsorbed state, which is substantially enhanced by the porosity of the employed 
photocatalysts, as proven by the kryton adsorption. The surface of the 
photocatalyst was first equilibrated with the gaseous 100 ppb NO/water vapor& 
mixture. Afterwards, the illumination was started. Fig. 3 (left) shows the 
characteristic time response - very fast increase in the conversion following 
immediately after switching on the light, achieving up to 35 % and 41 % (i.e., 
photonic efficiencies of < =0.049 % and 5 =0.057 %, respectively) for the single- 
and double-layered films, respectively. This fast increase is followed by a 
decrease in conversion efficiency, the final steady state conversion depending 
substantially on the thickness of the film - 13% (5 =0.018 %) and 23 % (6 
=0.032 %) for the single- and double-layered films, respectively. The 
deactivation observed is likely due to the formation and deposition of nitric acid 
on the surface, as the photocatalytic activity was restored by rinsing the layers 
with water. However, since this deactivation is a rather fast process, an 
alternative explanation is the photodesorption of NO that was previously 
adsorbed during the dark equilibration step. The optimum efficiency was 
achieved for a double-layered film with a thickness of approx. 400 nm. Further 
thickness enhancement attained by depositing additional layers of porous Ti02 is 
without any beneficial effect. The photocatalytic efficiency of the mesoporous 
films was compared with that of the commercially available self-cleaning 
Pilkington Activ Glass, whose activity is practically negligible. The data 
obtained here clearly support the hypothesis of a confinement effect of the 
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reactants inside the mesoporous structure, based on an increase in their partial 
pressure on the active sites [8]. 
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Figure 3. Photocatalytic oxidation of NO (left) and the decomposition of a layer of oleic acid (right) 
on single-layer and double-layer mesoporous films of TiOz. 

The photocatalytic decomposition of oleic acid was followed by measuring 
the decrease in the contact angle for water, which is expected proportional to the 
degree of its degradation, i.e. its transformation into more hydrophilic 
compounds, such as acids with shorter chains, aldehydes, alcohols, as well as to 
gaseous products ( C 0 2 ,  H20), which leads to the exposure of the hydrophilic 
TiOz surface (Fig. 3, right). The double-layer film exhibits a higher efficiency in 
comparison with non-porous films, whose activity is often rather restricted due 
to hindered transport of O2 and H20,  which is often rate-determining for the 
photocatalytic degradation of deposits in the form of compact solid or liquid 
layers. 

4. Conclusions 

In summary, mesoporous films of Ti02 are highly promising photocatalysts for 
the decomposition of pollutants present at very low concentrations in the gas- 
phase, as shown for the photooxidation of NO. Their high photocatalytic 
efficiency can be explained by the local increase in the partial pressure of the 
compound reacting in the nanopores or cavities of the porous film close to the 
photocatalytic sites. Krypton adsorption has shown that the adsorbed molecules 
are firmly held within the porous structure. Further they are highly efficient in 
the removal of liquid layers deposited on their surface, which is due to the 
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increased diffusion of 02/H20 owing to the 3D-porosity. A commercial non- 
porous film tested at the same condition exhibited much lower photocatalytic 
activity. Therefore they are serious candidates for the creation of effective self- 
cleaning surfaces. Such films can be easily prepared with high reproducibility by 
a template-assisted procedure, which also enables to effectively control the film 
thickness and consequently its surface area and pore volume. 
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QUINOLINE-CARBOIMINE PALLADIUM COMPLEX 
IMMOBILIZED ON MCM-41 AS A VERSATILE CATALYST 
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The copper-free Sonogashira cross-coupling reaction of terminal alkynes with aryl 
halides was studied over palladium complex immobilized on quinoline-carboimine 
functionalized MCMIII (Pd-2QC-MCM-41) catalyst. In the reaction of iodobenzene 
with phenylacetylene, cross-coupling products were successfully obtained by adding base 
such as piperidine, and the high catalytic activity of Pd-2QC-MCM-41 catalyst was 
observed in NMP as solvent. The reaction proceeded quantitatively at 80 "C within 3 h. 
Pd-2QC-MCMIII catalyst was easily recovered by filtration, and reused without 
significant loss of catalytic activity. 

1. Introduction 

Sonogashira cross-coupling reaction of terminal alkynes with aryl halides 
catalyzed by Pd(O)/Cu(I) is a powerful method for construction of C(sp)-C(sp2) 
bonds [1,2,3]. Many researches have been reported in both homogeneous and 
heterogeneous systems, so far [3]. However, with concerning the efficiency of 
reaction and environmental benign, the heterogeneous catalysts should be 
promising candidates because the separation of catalyst from reaction products 
and subsequent reuse of recovered catalyst are quite easier than homogeneous 
catalysts [4,5]. Recently, the development of Sonogashira cross-coupling 
reaction has been extended to be more practical; in particular, the copper-free 
reactions have been attractively investigated. For example, GenCt et al. reported 
the efficient cross-coupling reaction over water-soluble Pd catalyst [6]. However, 
only a few potential reports have been reported on the copper-free 
heterogeneous catalysts in Sonogashira reaction. Macquarrie et al. reported the 
reaction over N, P-chelated Pd(I1) complex immobilized on silica gel under 
solvent-free condition [7]. Djakovitch et al. reported the modified zeolite 

* A part of this work was financially supported by Grant Aid for Scientific Research (B) 16310056 
and 19061 107, the Japan Society for the Promotion of Science (JSPS). 
Corresponding author. E-mail: ysugi@gifu-u.ac.jp. 
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catalyst ([Pd(NH3)4I2'/(NH4)Y) [8]. Kohler reported Pd/C as catalyst gave the 
excellent results by using N-methyl-2-pyrolidone (NMP) as a solvent and 
pyrrolidine as an additive [9]. 

One of the versatile heterogeneous catalysts, the use of mesoporous silica 
have become attractive since these have a larger surface area and easy to modify 
their surface for desired purposes. We recently reported the Heck-type vinylation 
and Suzuki coupling reaction over Pd, Rh, and Pt complexes immobilized on 
mesoporous silica (FSM- 16), and found that quinoline-carboimine 
functionalized catalyst had the high catalytic performance at even low 
concentration of metal complex and reusable without loss of catalytic activity 
due to the negligible leaching of metal species [10,11]. Here, we report the 
copper-free Sonogashira cross-coupling reaction of terminal alkynes with 
arylhalides over Pd complex immobilized on quinoline-carboimine 
functionalized MCM-41 (Pd-2QC-MCM-41) catalyst. 

2. Experimental 

2.1. Catalyst Preparation 

Immobilization of metal complexes on MCM-41 are following steps as 
illustrated in Scheme 1 [10,11]: 

(a) Surface modification of MCM-41 was carried out by using 
3-aminopropyltrimethoxysilane in toluene under azeotropic reflux for 3 h 
to give an aminopropyl group immobilized on MCM-41 (AP-MCM-41). 

(b) Preparation of quinoline-carboimine ligands on MCM-41 was to use 
AP-MCM-41 and 2-quinolinecaroboxyaldehy in distilled EtOH for 24 h 
at room temperature (2QC-MCM-41). 

(c) Pd-2QC-MCM-41 catalyst was prepared by 2QC-MCM-41 and PdX2 
(X = OAc, C1) in distilled acetone for 24 h at room temperature. 

/ 
(a) (Me0)3Si(CH2)3NH2. toluene. reflux (c) Pd(OAc), 5 olsi-y/ 
( b ) O W m ,  EtOH. r.t. 24h 

- acetone,r.l.,24h * 51;; Aco,;y% 

/ OAc 

MCM41 Scheme 1 Pd-2QC-MCM-41 

From the powder XRD measurement, obtained Pd-2QC-MCM-41 was 
retained its ordered mesoporus structure; however, the decreased intensity of 
(100) direction was observed comparing with that of calcined MCM-41. N2 
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isotherm adsorption of Pd-2QC-MCM-41 elucidated the decrease of surface area 
(642 m2.g-') and pore volume (0.463 cm3.g-') comparing with calcined MCM-41 
(950 m2.g-' in surface area and 0.837 cm3.g-' in pore volume). This means that 
the palladium complex was effectively immobilized on MCM-4 1. Similar 
observation was also found in our recent report [ 10, 111. FT-IR measurements of 
2-quinolinecarboimine functionalized MCM-4 1 (2QC-MCM-4 1) and 
Pd-2QC-MCM-41 revealed that the considerable band shift was observed at 
C=N double bond moiety (1645 cm" to 1634 cm-', Figure not shown). This 
characteristic band shift is due to the complex formation of palladium metal with 
imine ligand. The Pd content in the catalyst was found in 0.0905 mmo1.g-l by 
ICP analysis, and the amount of ligand was estimated as 0.359 mmo1.g-I by TG 
analysis. 

2.2 Sonogashira Cross-Coupling Reaction 

The reaction was carried out by terminal alkyne (1.0 mmol), aryl halide (1.3 
mmol), biphenyl (0.2 mmol, internal standard), amine (2.0 mmol), and 
Pd-2QC-MCM-41 catalyst (0.02 g, 0.0018 mmol based on Pd) in 
1-methyl-2-pyrolidone (NMP, 3.0 ml). The mixture was stirred for 3 h at 80 "C 
under nitrogen atmosphere. The catalyst was separated from reaction mixture by 
filtration. The filtrate was analyzed by a Shimadzu Gas Chromatograph GC-18 
equipped with a Ultra-1 capillary column (Agilent: 25 m x 0.2 mm) to determine 
the conversion and yield. Isolation of cross-coupling products was carried out by 
column chromatography using EtOAchexane (8/2) as an eluent. The reuse of 
the recovered catalyst was done in a similar way as the first run. 

3. Results and Discussion 

3.1. The Influence of Metal Precursors 

Table 1 shows the effect of the metal precursors in the cross-coupling reaction of 
iodobenzene with phenyl acetylene in DMF in the presence of triethylamine. 
The catalysts, Ru-, Pt-, and Rh-2QC-MCM-41 had no activity for the reaction 
(entries 1 to 3). However, the Pd catalysts prepared from P ~ ( O A C ) ~  and PdC12 
showed the good catalytic activity to yield tolane effectively (entries 4 and 5). 
Because P ~ ( O A C ) ~  is a promising metal precursor to prepare metal complex, we 
chose over Pd-2QC-MCM-41 catalyst prepared from Pd(OAc)* for the further 
research. 
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TaMe 1. The influence of metal precursors in copper-free Sonogashira cross-coupling reaction.” 

Entry Catalystb Conversion (%)’ 

1 Ru-2QC-MCM-4 1 (RuCh.xH?O) 0 

2 Pt-2QC-MCM-41 (H~PtCla.6H20) 0 

3 Rh-2QC-MCM-41 (RhCI3.xHlO) 0 

4 Pd-2QC-MCM-4 1 (Pd(0Ac)Z) 69.4 

5 Pd-2QC-MCM-41 (PdC12) 64.2 

a Reaction conditions; iodobenzene (1 .O mmol), pbenyl acetylene (1.4 mmol), catalyst (0.02 g), 
triethylamine (2.0 mmol). solvent: DMF (3 ml). biphenyl (0.2 mmol, as an internal standard). 
temperature: 80 “C. period: 7 h. Compounds in parentheses are precursor for the immobilized metal 
complex. Based on iodobenzene. 

Table 2. The influence of the solvent in Sonogashira cross-coupling reaction” 

Entry Solvent Conversion (%) 

1 DMF 61.5 

2 NMP 69.4 

3 DMSO 47.3 

4 Toluene 53.9 

5 1,4-Dioxane 39.1 

a Reaction conditions; iodobenzene (1 .O mmol), phenyl acetylene (1.4 mmol), catalyst (0.02 g), 
hiethylamine (2.0 mmol), biphenyl (0.2 mmol, as an internal standard), solvent (3ml). temperature: 
80 “C. period: 7 h. Based on iodobenzene. 

3.2. The Influence of Solvent 

Table 2 shows the influence of the cross-coupling reaction of iodobenzene with 
phenyl acetylene. The high conversions of iodobenzene of 69.4% and 61.5% 
were observed in NMP and DMF, respectively (entries 1 and 2). However, 
DMSO, toluene, and dioxane gave less conversion (entries 3-5). Our recent 
report for Heck-type vinylation, we also found the efficiency of NMP as a 
solvent due to stabilization of active palladium species [ll]. Thus, we used the 
NMP as a solvent for the hrther research. 

3.3. The Influence of Base as Additive 

The addition of base is essential for the absorption of hydrogen halide formed by 
the Pd catalyzed reactions such as Heck and Suzuki couplings. In the 
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Table 3. The influence of base as additive in Sonogashim cross-coupling reaction" 

Entry Base Conversion (%)b 
1 None 0 
2 Triethylamine 69.4 

3 Piperidine 98.7 
4 Piperidine' 67.8 
5 Pyridine 0 

6 Indoline 0 
I Na2C01 58.0 
8 NaOAc 50.2 
9 KzCO? 3.8 

a Reaction conditions; iodobenzene (1 .O mmol), phenyl acetylene (1.4 mmol), catalyst 
(0.02 g), base (2.0 mmol), biphenyl (0.2 mmol, as an internal standard), solvent: NMP (3 
ml). temperature: 80 "C. period: 7 h. 1.0 mmol of piperidine 
was used. 

Based on iodobenzene. 

copper-free Sonogashira coupling reaction, the addition of base is quite 
important to inhibit the homo-coupling reaction of terminal alkyne (Glaser-type 
reaction) [S]. Table 3 summarizes the influence of base as an additive in the 
cross- coupling reaction of iodobenzene with phenyl acetylene. Although no 
reaction occurred in the absence of base (entry l), the addition of triethylamine 
accelerated the reaction effectively, resulting in the conversion of 69.4% (entry 
2). The quantitative conversion of iodobenzene was observed by using 
piperidine (entry 3); however, an equimolar amount of piperidine against 
iodobenzene gave less conversion (entry 4). Organic bases such as pyridine and 
indoline gave no activities due to their low basicity (entries 5 and 6). The use of 
inorganic bases such as Na2C03 and NaOAc gave moderate conversions (entries 
7 and S), whereas the addition of K2CO3 gave the only low conversion (entry 9). 
These indicate that organic amines are more suitable than inorganic ones 
because organic amines can effectively trap the formed hydrogen halide in the 
reaction medium. Consequently, it is found that the addition of two-fold amount 
of piperidine was effectively enhanced the reactions to yield the cross-coupling 
product with high conversion. From these results, piperidine was used as base 
for the further research. 

3.4. The Influence of Reaction Temperature and Period 

Figure 1 shows the influence of reaction temperature in the Sonogashira 
cross-coupling reaction over Pd-2QC-MCM catalyst. The reaction was 
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performed for 3 h in the presence of piperidine in NMP solvent. The reaction did 
not occurred at 40 "C; however, the catalytic activity increased with increasing 
the temperature, and the 100% conversion was achieved at 80 "C. Figure 2 
shows the influence of the reaction period over Pd-2QC-MCM catalyst at 80 "C. 
Conversion of iodobenzene reached 100% after 3 h. This excellent catalytic 
performance of Pd-2QC-MCM can be explained that the active catalytic species 
is effectively immobilized as 'palladium complex' on MCM-41. 

3.5. Leaching experiment 

The immobilized metal complex catalysts often suffer from leaching of metal 
species during the reaction. In particular, trace palladium species leaching from 
the immobilized complex sometimes works as active catalyst in palladium 
catalyzed organic synthesis. Thus, it is important to clarify the influence of 
leaching metal against the catalysis behavior. To confirm this issue, reaction 
mixture was filtrate under hot condition after 30 min reaction (conversion of 
phenyl acetylene was 43.4% in the filtrate). Then resulting filtrate was heated 
again to continue the reaction. After 3 h, the 49% conversion of phenyl 
acetylene was observed. This indicates that leaching of palladium metal may 
occur to react in homogeneous phase; however, it is negligible. Because reaction 
did not well proceed after removing the catalyst. Therefore, Pd-2QC-MCM 
works effectively as a complex during the catalysis. 

Table 4. The Sonogashira coupling reaction of phenyl acetylene with various aryl halides 
over Pd-2QC-MCM-41 catalyst.a 

Entry 

1 

2 

3 

Aryl halide Conversion (%)' 

Iodobemne 100 

4-Iodotoluene 95.9 

4-Iodoanisole 91.3 

4-Iodoaniline 94.1 

1 -1odonaphthalene 85.2 

4-Iodoacetophenone 100 

1 -1od0-4-nitrobenzene 100 

Bromobenzene 

4-Bromotoluene 

2.1 

4.1 

Yield (%)' 

98.8 

93.5 

94.1 

94.1 

83.2 

98.7 

98.6 

0 

0 

a Reaction conditions: aryl halide (1.3 mmol), phenyl acetylene (1.0 mmol), piperidine 
(2.0 mmol), catalyst (0.02 g), bighenyl(O.20 mmol, as an internal standard), NMP (3 ml). 
temperature, 80 "C. period, 3 h. Based on phenyl acetylene. 
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3.6. Terminal alkynes with aryl halides 

The results of Sonogashira cross-coupling reaction of phenyl acetylene with 
iodobenzene discussed above indicate that Pd-2QC-MCM-41 catalyst is a 
versatile catalyst for the cross-coupling reaction. To know the applicability for 
the organic synthesis, cross-coupling reactions of terminal alkynes, phenyl 
acetylene, 4-ethynyltoluene and 4-ethynylanisole with various aryl halides were 
examined over Pd-2QC-MCM-41 catalyst at optimized conditions for phenyl 
acetylene and iodobenzene: NMP as solvent and piperidine as base at 80 "C for 
3 h. Table 4 shows the results of the Sonogashira coupling reaction of phenyl 
acetylene with various aryl halides over Pd-2QC-MCM-41 catalyst. 
Iodobenzene gave the quantitative yield of tolane within 3 h (entry 1). Aryl 
halides having the electron-donating group such as 4-iodotoluene, 4-iodoanisole 
and 4-iodoaniline also gave coupling products with phenyl acetylene in high 

Table 5. The Sonogashira coupling reaction of 4-ethynyltoluene and 4-ethynylanisole with 
various aryl halides over Pd-2QC-MCM-41 catalyst.' 

4-Ethynyltoluene 4-Ethynylanisole 

Entry Aryl halide Conv. (%)b Yield(%)b Conv. (%)b Yield(%)b 

1 Iodobenzene 94.5 94.1 100 100 

2 4-Iodotoluene 93.8 93.1 100 100 

3 4-Iodoanisole 93.1 91.6 100 100 

4 4-Iodoaniline 94.1 93.3 100 100 

5 4-Iodoacetophenone 99.2 98.8 100 100 

6 1 -1odonaphthalene 81.3 79.4 90.3 87.5 

7 1 -1odo-4-nitrobenzene 100 100 100 100 

8 Bromobenzene 0 - 0 - 

a Reaction conditions; aryl halide (1.3 mmol), alkyne (1.0 mmol), piperidine (2.0 mmol), 
catalyst, (0.02 g). biphenyl (0.20 mmol, as an intemal standard), NMF' (3 ml). temperature, 
80 "C. period: 3 h. Based on alkyne. 

Table 6. Recycling of Pd-2QC-MCM-4 1 catalyst in Sonogashira coupling reaction.a 

Recycle 1 st 2nd 3rd 4th 
Yield (s/o)b 100 100 93.4 92.7 

a Reaction conditions; phenyl acetylene (1.0 mmol), iodobenzene (1.3 mmol), catalyst: (0.02 g), 
piperidine (2.0 mmol), solvent: NMP (3 ml), temperature, 80 "C. period: 3 h. Based on phenyl 
acetylene. 
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Figure 1. The influence of reaction temperature on the conversion over Pd-2QC-MCM 
catalyst in the Sonogashira cross-coupling reaction of phenyl acetylene with iodobenzene. 
Reaction conditions: aryl halide (1.3 mmol), phenyl acetylene (1.0 mmol), piperidine (2.0 
mmol), catalyst (0.02 g), solvent: NMP (3 ml). period, 3 h. 
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Figure 2. The influence of reaction period on the conversion over Pd-2QC-MCM catalyst 
in the Sonogashira cross-coupling reaction of phenyl acetylene with iodobenzene. 
Reaction conditions: see Figure 1 
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yield and conversions over Pd-2QC-MCM-4lcatalyst (entries 2-4), although a 
trace amount of homo-coupling dialkyne of phenyl acetylene formed via 
dialkynylpalladium intermediate was obtained as a minor product in all cases. 
The good yield of cross-coupling product was also obtained from 
1-iodonaphthalene (entry 5). 4-Iodoacetophenone and 1-iodo-4-nitrobenzene 
having electron-withdrawing group gave 100% conversions of phenyl acetylene 
to form corresponding tolanes in high yields (entries 6 and 7). Less active aryl 
bromides such as bromobenzene and 4-bromotoluene only gave the trace 
amount of homo-coupled dialkynes (entries 8 and 9). 

The Sonogashira cross-coupling reaction of 4-ethynyltoluene and 
4-ethynylanisole with various aryl halides was also examined as shown in Table 
5. The cross-coupling product of iodobenzene with 4-ethynyltoluene was 
obtained in 94.1 % yield (entry 1). The excellent conversions of 4-ethynyltoluene 
were also observed by 4-iodotolene, 4-iodoanisole, and 4-iodoaniline (entries 
2-4). 4-Iodoacetophenone and 1-iodo-4-nitrobenzene gave the cross-coupling 
compounds in the quantitative conversion and yield (entries 4 and 5). 
1 -1odonaphthalene gave a slightly lower conversion, but good yield of 
cross-coupling product (entry 6). However, bromobenzene gave no 
cross-coupling products with 4-ethynyltoluene (entry 8). 4-Ethynylanisole gave 
cross-coupling products in high conversions and yields for most of aryl halides 
(entries 1-5,7). However, the conversion for 1-iodonaphthalene was slightly 
lower than the other iodides (entry 6). No product was also detected for 
bromobenzene (entry 8). These differences of the catalytic activity by changing 
hctional group are due to the electron withdrawing abilities of terminal 
alkynes associated with acidity. 

3.7. Recycling of Pd-2QC-MCM-41 catalyst 

One of the most important advantages in the heterogeneous catalyst is the easy 
separation of the catalyst and reaction mixture and reuse of recovered catalyst 
for the further reaction. The reaction by using recovered catalyst was 
investigated to clarify the reusability of Pd-2QC-MCM-41 catalyst (Table 6). 
The catalyst was recovered by filtration, washed well with acetone, and dried at 
room temperature. No significant decrease of catalytic activity was observed 
until 4th reactions. These results indicate that the Pd-2QC-MCM-41 catalyst is 
the versatile heterogeneous catalyst in the Sonogashira coupling reaction with 
good reusability. This is because the palladium metal is not leached during the 
catalysis and work up. 
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4. Conclusion 

The Pd complex immobilized on 2QC-MCM-41 (Pd-2QC-MCM-41) showed 
the excellent catalytic activity for the copper-free Sonogashira cross-coupling 
reaction. It found that the addition of piperidine and the use of 
1 -methyl-2-pyrolidone (NMP) as a solvent effectively proceeded the coupling 
reaction to afford the cross-coupling product. The cross-coupling reactions of 
phenyl acetylene with various aryl halides catalyzed by Pd-2QC-MCM-41 gave 
tolane derivatives in excellent yields although a small amount of dialkyne, 
homo-coupling product, was accompanied as a minor product. The alkynes such 
as 4-ethynyltoluene and 4-ethynylanisole also gave the only cross-coupling 
products in excellent yields. However, no reaction occurred for less reactive 
4-bromobenzene and 4-bromotoluene. The Pd-2QC-MCM-41 catalyst was 
easily recovered from the reaction mixture and reusable without loss of its 
catalytic activity. These excellent catalytic performances of Pd-2QC-MCM-4 1 
are due to the effective immobilization of palladium metal as a ‘complex’, not 
naked metal. 
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This work is focused on the synthesis, characterization and application of AIMCM-41 
material. AIMCM-41 was prepared using silica gel and pseudoboehmite as silica and 
aluminum sources, respectively, and surfactant cetyltimethylammonium bromide as a 
template. The textural properties of the calcined AIMCM-41 were characterized by 
powder X-ray diffraction (XRD), transmission electron microscopy ('EM) and nitrogen 
adsorption measurements. The catalytic activity of AIMCM-41 was evaluated in the soy 
oil degradation via TG. A comparative study of the thermal and catalytic degradation of 
soy oil was performed. This study shows a decrease in the activation energy and 
conversion temperatures of this process when AlMCM-4 is used as a catalyst. 

1. Introduction 

The silica-based MCM-41 is the main mesoporous material of the M41 S family, 
discovered by researchers in Mobil Oil Corporation [l]. The formation of the 
MCM-41 phase occurs according to the liquid crystal templating (LCT) 
mechanism, in which SiO, tetrahedra interact with the surfactant template under 
hydrothermal conditions [l]. A typical preparation of MCM-41 requires a 
solvent, a template (surfactant molecule) and a silica source, whose nature and 
molar composition may influence several properties of the resulting materials 
such as: specific surface area (SBEr), pore volume (V,), unit cell parameter (ao), 
pore diameter (D,) and the silica wall thickness (WJ. For instance, Araujo et al. 
[2] investigated MCM-41 materials with tailored pore diameter by means of 
surfactants having different chain lengths. Among MCM-41 -type materials those 
containing Al species are of great importance for catalysis; the presence of 
tetrahedral Al in the siliceous framework generates Bronsted acid sites and 

571 



572 

consequently, makes AlMCM4 1 an attractive catalyst. However, the synthesis of 
highly ordered AIMCM-41 is more difficult in comparison to MCM-41, which is 
purely siliceous material. Some papers have been published providing textural 
characterization of AIMCM-41 materials obtained by a variety of synthesis 
routes. In the present work, the synthesis of AlMCM-41 was carried out using 
pseudoboehmite as alumina source. An extensive characterization of AlMCM-4 1 
has been made using powder X-ray diffraction (XRD), nitrogen adsorption and 
transmission electron microscopy (TEM). The presence of aluminum in the 
MCM-41 structure can generate surface acidity, which is necessary in acid 
catalyzed reactions [3]. Conversion of vegetable oils and animal fats, composed 
predominantly of triglycerides, via pyrolysis-type reactions represents a 
promising way for the production of renewable fuels and chemicals [4]. This 
work is focused on the synthesis, characterization and catalytic applications of 
AlMCM-41 materials in the pyrolysis of soy oil. 

2. Experimental 

The AlMCM-41 material was synthesized using silica gel (Merck, 95.5 %), 
sodium silicate (Riedel de Haeh, 63 % Si02 and 18 % Na20), 
cethyltrimethylammonium bromide (CTMABr, VETEC, 98 %), pseudoboehmite 
(Vista, 70 % A1203) and distilled water. These chemicals were mixed in order to 
obtain a synthesis gel with the following molar composition: 4.58Si02: 0.485 
Na2O: 1 CTMABr: 0.057 A1203: 200 H20. 

Typically, to obtain -1.3 g of dry product the recipe involving the 
following amounts of reagents was used: (i) 0.861 g of silica, 0.787 g of sodium 
silicate and 8.362 g of distilled water were placed into a 50 mL Teflon beaker 
and stirred at 60 "C for 2 h; (ii) 0.026 g of pseudoboehmite was placed in 2.0 g 
of distilled water and stirred at 60 "C for 1 h. The solution (ii) was added to the 
solution (i) and stirred at 60 "C for 30 minutes. A solution (iii) prepared from 
1.751 g of cethyltrimethylammonim bromide and 6.362 g of distilled water was 
added to the (i) + (ii) mixture and stirred for 1 h at room temperature. The 
hydrogels were placed into 45 mL teflon-lined autoclaves and heated at 100 "C 
for 1-4 days. The resulting material was filtered, washed with water and dried at 
100 "C in an oven for 2 hours. 

The as-prepared material was calcined at 450 "C for 1 h in N2 atmosphere 
and then for 1 h in air at same temperature using dynamic flow of 100 mL min-'. 
The temperature was increased from room temperature to 450 "C at a heating 
rate of 5 "C mh-' [3]. 
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XRD measurements were carried out using CuKa radiation in the 28 angle 
range from 1 to 10" with step of 0.02", on Shimadzu XRD 6000 X-ray 
equipment. The specific surface area was determined from nitrogen adsorption 
isotherm according to the Brunauer-Emmett-Teller (BET) method [5] in the 
relative pressure range from 0.1 to 0.3. Pore size distributions were calculated 
according to Barrett-Joyner-Halenda (BJH) algorithm [6]. TEM measurements 
were performed using a Joel 201 0 instrument with an electron beam accelerating 
voltage of 200 kV; the sample was dispersed ultrasonically in 2-propanol, and a 
drop of the suspension was deposited on a holey carbon copper grid. 

Soy oil degradation experiments were performed on Mettler equipment, 
TGNSDTA-851 model, using nitrogen as a carrier gas flowing at 25 mL min-'. 
The samples (pure soy oil and pure soy oil + AIMCM-41 in 3:l mass ratio) were 
heated from room temperature up to 900 "C, at a heating rate of 5, 10 and 20 "C 
min-'. The model-free kinetics [3] was used to evaluate the kinetic parameters of 
thermal and catalytic soy oil decomposition. 

3. Results and Discussion 

XRD analysis of the AlMCM-41 sample (see Figure 1) revealed characteristic 
diffraction peaks for this material; namely (loo), (110), (200), (210) and (300). 
The main interplanar spacing (dloo) was used to obtain the unit cell parameter a,. 
The value of a, represents the sum of the pore diameter (D,) and the silica wall- 
thickness (W,). The a, value evaluated on the basis of (100) XRD reflection was 
4.75 nm. Nitrogen adsorption-desorption isotherm data were used to determine 
the specific surface area, pore volume and pore size distribution. The surface 
area has been obtained from adsorption data in the rage of relative pressures 
from 0.05 to 0.3 by the Brunauer-Emmett-Teller (BET) method. 

Nitrogen adsorption-desorption isotherm for the calcined AlMCM-41 
sample are shown in Figure 2a. Type IV isotherm according to the IUPAC 
classification [7] was obtained indicating mesoporous structure of the sample 
studied. The isotherm represents three stages: adsorption at low pressures (P/Po 
< 0.20) accounts for a monolayer adsorption of nitrogen on the walls of the 
mesopores; this process is followed by multilayer formation and capillary 
condensation take place. As the relative pressure increases, the isotherm rises 
steeply (at a relative pressure of about 0.28), which is characteristic for the 
capillary condensation of nitrogen within mesopores, having a narrow pore size 
distribution. At higher relative pressures (PIPo > 0.4) multilayer adsorption on 
the outer surface of the particles (as well as capillary condensation in textural 
mesopores) occurs. The total surface area of the synthesized AlMCM-41, 
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calculated according to the BET method, was 870 m' g-'. The pore size 
distribution determined ffom the adsorption isotherm by the BJH method 
covered the pore diameter range of 20-600 Angstroms. As can be seen ffom 
Figure 2b, a very narrow distribution was obtained for the AIMCM-41 material, 
with a medium pore diameter of 3.14 nm and a mesopore volume of 0.5 1 cc/g. 

20 (Degree) 

Figure 1 .  XRD powder patterns of the calcined AlMCM-41 material 

Figure 2. Nitrogen adsorption isotherm and the corresponding pore size distribution for the 
AlMCM-41 material studied. 
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Figure 3 shows a transmission electron microscopy image of the calcined
A1MCM-41 sample. This image and XRD pattern show that the mesopores are
hexagonally ordered. On the other hand, the uniform porosity revealed by TEM
analysis is in line with a narrow pore size distribution determined from N2

adsorption isotherm.

Figure 3. TEM image showing hexagonally ordered mesopores in the A1MCM-41 sample.

Figure 4 shows the comparative conversion curves obtained from
thermogravimetric (TG) profiles of the thermal soy oil degradation and catalytic
soy oil degradation over A1MCM-41. As can be seen from this figure the
presence of A1MCM-41 decreased the temperature of oil degradation by ca. 50
°C. Typically, the catalysts used for this type of processes are acid oxide and
molecular sieve-type catalysts. The reaction products are heavily dependent on
the type of catalyst and reaction conditions; they can range from diesel-like
fractions to gasoline-like fractions. The activation energy was evaluated by the
model-free kinetics model, which gave apparent activation energy values of 250
and 190 kJ/mol for the thermal and catalytic degradation of soy oil, respectively.
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This study shows that thermogravimetric technique is a simple and attractive 
technique to study the kinetics of catalyzed degradation of various organics. 
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Figure 4. Conversion as of soy oil at different temperatures. 
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In this work, a series of catalysts based on calcium oxide supported on mesoporous SBA- 
15 silica has been synthesized, characterized and evaluated in transesterification 
processes. Their textural and structural characterization has been carried out by using 
XRD,  X P S ,  C02-TPD and N2 adsorption. The catalytic activity was previously evaluated 
in the transesterification of ethyl butyrate with methanol, and then the most active 
catalyst was tested in the biodiesel production from castor oil. This family of basic 
catalysts is stable against lixiviation in the reaction medium. 

1. Introduction 

As energy demands increase and fossil fuel reserves are limited, research is 
increasingly directed towards alternative fuels that are environmentally more 
acceptable. Biofuels are liquid or gaseous fuels derived form renewable 
resources. The development and utilization of biofuels is promoted in several 
countries in order to decrease the emission of carbon dioxide fiom fossil fuels 
and mitigate air pollution, as well as to reduce the dependence upon imported 
energy, thus favoring domestic resources [ 1,2]. In this context, biodiesel is a 
clean and renewable fuel that consists of fatty acid methyl esters (FAME) or 
fatty acid ethyl esters (FAEE), derived from the transesterification of vegetable 
oil or fat with a monohydric alcohol in the presence of a catalyst. 

Castor oil possesses an important potential among the available raw 
materials for biodiesel production [3]. Besides the advantage of being a native 
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growing plant in Brazil, castor plant is versatile concerning the climate and 
ground types. Castor oil is composed mainly of triglycerides of ricinoleic acid 
(90%) and oleic and linoleic acids (lo%), the latter being non-hydroxylated fatty 
acids. Due to this particular chemical composition, castor oil becomes highly 
interesting for industrial purposes. Castor seeds are poisonous to humans and 
animals because they contain rich, ricinine and certain allergens that are toxic 

The transesterification reaction can be catalyzed by strong liquid acid and 
soluble base catalysts. Typical biodiesel production involves an alkali-catalyzed 
process, but this brings undesired effects for lower cost high free fatty acid feed 
stocks, such as soap formation, thus requiring purification steps which are costly 
and technically difficult [5,6]. 

The use of heterogeneous catalysts in the transesterification would simplify 
greatly the technological process by facilitating the separation of the post- 
reaction mixture. Therefore, conventional homogeneous catalysts are expected to 
be replaced in the near future by environmentally friendly heterogeneous 
catalysts, mainly due to environmental constrains and simplifications in the 
existing process. At the laboratory scale, many different heterogeneous catalysts 
have been developed to catalyze the transesterification of vegetable oils [7-181. 

Classic heterogeneous base catalysts, which contain either Lewis or 
Brmsted basic sites, have been the most extensively tested for the 
transesterification reactions of triglycerides, mainly alkaline earth metal oxides, 
hydroxides and alkoxides. Thus, Peterson and Scarrah [19] studied the use of 
CaO, ZnO and those loaded on AlzO3, SiO? and MgO in the methanolysis of 
rapeseed oil. Recently, several studies [ 16,201 have demonstrated the partial 
lixiviation of calcium oxide in the reaction medium, which could required 
additional steps to remove metal ions from biodiesel. 

A significant progress in the field of mesoporous materials was the synthesis 
of SBA-15 [21], which is receiving increasing attention mainly due to its higher 
pore diameter and thermal stability associated to thicker pore walls, which allow 
its use in catalytic processes demanding high temperatures for catalyst activation 
or reaction [21-251. CaO has also been incorporated to mesoporous silica to 
generate basic sites [26,27]. 

In the present study, a series of CaO supported on SBA-15 materials with 
different CaO loadings was prepared by using the incipient wetness impregnation 
method, characterized by X-ray diffraction, N2 adsorption at 77 K, X-ray 
photoelectron spectroscopy and CO? temperature-programmed desorption (CO2- 
TPD), and tested as catalysts in the transesterification of ethyl butyrate with 

[41. 
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methanol. Finally, the most active catalyst was used in the biodiesel production 
from castor oil. 

2. Experimental 

2.1. Catalystpreparation 

Chemicals were supplied by Aldrich and used as received. For the synthesis of 
SBA-15, 5 g of E020-PO70-EO20 (Pluronic 123 from Aldrich) polymer was 
dissolved in 200 mL of a 0.4 M H2S04 aqueous solution and stirred at room 
temperature for 1 day. Then, 0.2 g of NaOH and 197.3 mL of a sodium silicate 
aqueous solution were added, under vigorous stirring. The resulting solution was 
aged at room temperature for 5 days. The solid was filtered, washed with water, 
dried at 333 K, and calcined at 823 K for 6 h [28]. 

The SBA-15 support was impregnated with different amounts of calcium 
acetate by using the incipient wetness method in aqueous solutions. The amount 
of calcium oxide incorporated to the support, after drying in air at 333 K and 
calcination at 873 K for 6 hours, was ranged between 4 and 20 wt.%. Catalysts 
were labeled as SBA-nCaO, where n is the weight percentage of supported 
calcium oxide, as determined by ICP-AES. 

2.2. Catalyst characterization 

Powder XRD measurements were performed on a Siemens D5000 automated 
diffractometer, over a 20 range with Bragg-Brentano geometry using the Cu Ka  
radiation and a graphite monochromator. 

X-ray photoelectron spectroscopy (XPS) studies were performed with a 
Physical Electronics PHI 5700 spectrometer equipped with a hemispherical 
electron analyzer (model 80-365B) and a Mg-Ka (1253.6 eV) X-ray source. 
High-resolution spectra were recorded at 45’ take-off-angle by a concentric 
hemispherical analyzer operating in the constant pass energy mode at 29.35 eV, 
using a 720 mm diameter analysis area. Charge referencing was done against 
adventitious carbon (C 1s 284.8 eV). The pressure in the analysis chamber was 
kept lower than 5.10-6 Pa. PHI ACCESS ESCA-V6.0 F software package was 
used for data acquisition and analysis. A Shirley-type background was subtracted 
from the signals. Recorded spectra were always fitted using Gauss-Lorentz 
curves in order to determine more accurately the different binding energies. 

Nz adsorption-desorption isotherms at 77 K of catalysts calcined at 1073 K 
were obtained using an ASAP 2020 model of gas adsorption analyzer from 
Micromeritics, Inc., and samples were outgassed at 473 K and 1.10” Pa, 
overnight before adsorption. 



580 

The basicity of catalysts was studied by temperature-programmed desorption 
using CO1 as probe molecule. Catalysts (1 00 mg) were pretreated under a helium 
stream at 1073 K for 1 h (20 K mid', 100 mL min-I). Then, temperature was 
decreased down to 373 K, and a flow of pure C02 (50 mL min-') was 
subsequently introduced into the reactor during 1 h. The TPD of C02  was 
carried out between 373 and 1073 K under a helium flow (10 K min", 30 mL 
min-'), and CO2 was detected by an on-line gas chromatograph (Shimadzu GC- 
14A) provided with a TCD, after passing by an ice-NaC1 trap to eliminate any 
trace of water. 

2.3. Catalyst activity 

Prior to the study of castor oil transesterification, the catalysts were 
evaluated in the transesterification of ethyl butyrate (Aldrich) with methanol 
(ultra pure, Alfa Aesar), for which several reaction parameters were optimized. 
This reaction was performed in a glass batch reactor with a water-cooled 
condenser, controlled temperature (333 K) and inert atmosphere (Nz). Before the 
reaction, the catalysts were activated at 1073 K for one hour (heating rate, 10 
Wmin) under a He flow. After cooling, the catalyst was quickly added to the 
reaction mixture. The reaction was stopped by submerging the reactor in an ice 
bath. The catalyst was separated by filtration, and the reaction products were 
analyzed in a gas chromatograph (Shimadzu GC model 14A) equipped with FID 
and a capillary silica fused SPBl column. The catalytic activity was determined 
fi-om the ethyl butyrate:methyl butyrate areas ratio. 

Then, the most active catalyst was tested in the biodiesel production fi-om 
castor oil, at a reaction temperature of 333 K, by using different methano1:oil 
molar ratio and catalyst concentration. The mixture was kept under an inert 
atmosphere of nitrogen. This three-phase system was stirred vigorously (1250 
rpm) and refluxed. By the same procedure, the reaction was stopped by 
submerging the reactor in an ice bath. And the catalyst was separated by 
filtration. The conversion in the transesterification reaction was the parameter 
used to evaluate the catalyst activity. It was calculated by the mono, di and 
triglycerides production determinate by using a gas chromatograph (Varian GC 
model CP-3800), equipped with FID and a capillary CP-WAX 52CB column. 

3. Results and Discussion 

3.1. Catalysts characterization 

The choice of a SBA-15 silica as support is due to its thick pore walls and 
long-range ordered structure, which give rise to a high thermal stability, as 
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evidenced by the presence in the XRD pattern, after calcination at 1073 K, of an 
intense reflection together with several low intensity peaks at low angle (Figure 
1). The main diffraction peak is preserved after the incorporation of calcium 
oxide, indicating that the mesoscopic order is maintained after impregnation and 
thermal activation. Calcium oxide could be stabilized by acid-base interaction 
with the acidic surface of the SBA-15 silica, thus avoiding drastic structural 
transformations. 

In the high angle region, the SBA-nCaO catalysts calcined at 1073 K show in 
their powder XRD patterns the typical reflections of cubic CaO (Figure 2). If the 
catalysts are not calcined at this temperature, the corresponding XRD patterns 
evidence the presence of calcite phase, CaC03, and calcium hydroxide (inset of 
Figure 2). The narrow peaks observed in the XRD patterns point to the existence 
of large crystallites on the surface of the mesoporous support. 

6.9 nm 

i 

ii 
\- I- 

7.1 nm 
iii 

1 ' 1 ' 1 ' 1 '  

I 7.6 nm 

1 2 3 4 5 6  
281" 

Figure 1. XRD patterns of a) SBA-I5 calcined at (i) 823 K, (ii) 1073 K and (iii) the SBA-14CaO 
catalyst. 

The CaO crystallite sizes determined from the Schemer equation applied to 
the XRD data are in all cases higher than 50 nm. Therefore it is obvious that 
these large CaO particles are located outside of the mesopores, since the average 
pore diameter obtained from the N2 adsorption-desorption isotherm is 4.2 nm 
(Table 1). 



1 
2 0  30 4 0  5 0  60 

A Iu j e  z e  l o  

I C 

A h b 

20 25 30 35 40 45 50 55 60 
201° 

Figure 2. Powder X-ray dimaction patterns of CaO-supported SBA-I 5 catalysts calcined at 1073 K 
(a) SBA-4Ca0, (b) SBA-6Ca0, (c) SBA-KaO, (d) SBA-14CaO and (e) SBA-20CaO (inset: SBA- 
14CaO calcined at 823 (bottom) and 1073 K (top)) 

The XPS technique has been employed to get information about the surface 
characteristics of the CaO-based catalysts. In the C 1s region, signals are 
observed at 284.8, 287.2 and 289.6 eV, which can respectively be assigned to C- 
H, C-0 and C0:- groups, confirming the presence of calcium carbonate. 
Moreover, no significant variation of the binding energy (BE) values with the 
CaO loading were observed, pointing to a similar interaction between the active 
phase and the support along this series of catalysts. Moreover, this technique has 
allowed evaluating the degree of dispersion of the calcium species, not only on 
the silica surface but also in the inner region by performing a depth profile 
analysis after etching with an Ar' gun. The difference between the surface (XPS) 
and bulk SUCa atomic ratio (ICP-AES) values becomes more significant as the 
loading of CaO is lowered (more than 100% for SBA-4CaO), whereas they are 
very close for the samples with higher loadings. In the case of SBA-14Ca0, both 
values are identical. This fact points to that CaO is uniformly distributed on the 
silica support, as corroborated from the analysis of different regions of the 
catalysts which give rise to similar surface SiICa atomic ratio, except for the 
samples with lower loading. The depth profile analysis of samples SBA-8CaO 
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and SBA-14CaO performed by etching with an Ar' gun reveals that calcium 
oxide is also filling the mesoporous network, as can be deduced from the 
evolution of the Si and Ca atomic concentrations as a function of the etching 
time (Figure 3). The data indicate that Ca percentages are barely modified after 
10 minutes of treatment (40 nm of depth), and therefore it can be stated that the 
distribution of Ca into the siliceous SBA-15 support is uniform. 

Si (SBA-8CaO) 
A Ca (SBA-8CaO) 
0 Si(SBA-14CaO) 
ACa (SBA-14CaO) 

4- 5 1  0 ,  4 , , , 4 , , , , 4 , 

-5 5 15 25 35 45 

Depth (nm) 

Figure 3. Evolution of the Ca and Si atomic concentrations as a function of the depth, after Ar 
etching. 

The textural characteristics of the SBA-15 support and catalysts have been 
evaluated from the N2 adsorption-desorption isotherms (Table 1). There are a 
drastic reduction of both specific surface area and pore volume values after the 
incorporation of calcium oxide on the SBA-15 support. This fact could be 
explained not only by the partial blocking of the porous network by the presence 
of large CaO crystallites, already detected by XRD, but also by the partial filling 
of pores as deduced by XPS. However, the destruction of the siliceous 
framework by both effects, interaction with the calcium species and thermal 
treatment at 1073 K, can be ruled out because the supported phase, CaO, can be 
completely removed from the catalyst by treatment with HCl aqueous solution. 
After this acid treatment, the typical XRD peaks of the SBA-15 support and its 
textural characteristics are observed again. 

Thus, the catalyst with the lowest CaO loading, SBA-4Ca0, shows a broad 
C02 desorption band extending from 700 until 800 K. By increasing the amount 
of CaO on the catalysts, this band becomes more intense and the more clearly 
defmed desorption maximum is shifted towards higher temperatures, thus 
confirming the highest basicity of the SBA-14CaO catalyst. 
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Table 1 .  Textural parameters of the SBA-15 support and catalysts calcined at 1073 K 
SBET VP d, ( 4  

(mZ/g) (cm3/g) (nm) Catalyst 

SBA-15 413 0.370 4.2 
SBA-4CaO 34.0 0.038 3.0 
SBA-6Ca0 24.2 0.028 3.0 
SBA-8CaO 21.8 0.042 4.8 

SBA-14CaO 7.4 0.019 5.4 

C 

a 

I . , . , . , . , . , . , . , .  
300 400 500 600 700 800 900 1000 1100 

temperature / K 

Figure 4. Temperature-programmed desorption profiles of COZ over (a) SBA-4Ca0, (b) SBA-6Ca0, 
(c) SBA-8Ca0, (d) SBA-14CaO catalysts. 

The C02 temperature-programmed desorption plots are displayed in Figure 
4. In all cases, a broad desorption band is observed between 700 and 900 K, 
which intensity and temperature depend on the CaO content. 

The activity in transesterification reactions of calcium oxide supported on 
SBA-15 has been evaluated by initially choosing the reaction of ethyl butyrate 
with methanol as model reaction. The experimental conditions were: reaction 
temperature: 333 K, inert atmosphere (nitrogen), stirring rate of 1250 rpm and 1 
h reaction time. 

The study of the catalytic performance in the transesterification of ethyl 
butyrate with methanol of SBA-nCaO catalysts as a function of the CaO loading 
reveals that an increment until 20 wt% does not increase the transesterification 
activity (Figure 5). This fact could be explained by the formation of larger CaO 
particles, without increasing the surface of the active phase accessible to 
reactants, as indicated ftom the data obtained by C02-TPD, where the highest 
desorption value is found for SBA-14CaO. It has been previously pointed out 
that a thermal treatment at 1073 K is necessary to transform the CaC03 into 
CaO. Without activation, all catalysts are inactive in the transesterification of 
ethyl butyrate with methanol, and the maximum conversion is attained after 
activation at 1073 K. 
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Concerning the reaction temperature, it is found that an increase in 
temperature favours the conversion of ethyl butyrate, and taking into account 
that the boiling point of methanol is 337.7 K, a temperature slightly lower than 
this, 333 K, has been chosen to carry out all experiments. Moreover, a stimng 
rate of 1250 rpm rules out the existence of external transport limitations, since 
lower values give rise to lower conversion and a value of 1500 rpm does not 
increase the activity (Figure 5). 

SBA- SBA- SBA- SBA- SBA- 
4CaO 6CaO 8CaO 14Ca0 2OCaO 

catalvst 

Figure 5 .  Conversion in the transesterification of ethyl butyrate (BE) with methanol as a function of 
the CaO loading and the stirring rate (SBA-14CaO) (activation temperature 1073 g amount of 
catalyst= 62 mg, methanokethyl butyrate molar ratio= 4:1, reaction temperature 333 K, reaction 
time= 1 h). 

A key aspect of the present work was to evaluate the degree of lixiviation of 
the active phase in this family of CaO-based catalysts since previous studies have 
shown that a fraction of bulk calcium oxide is dissolved in the methanolic 
solution [16,20], and the objective of using supported CaO catalysts was to 
stabilize this active phase. The experimental procedure employed to evaluate the 
contribution of the homogeneous process due to the presence of CaO in solution 
consisted in putting in contact the catalyst with methanol for 1 h at 333 K under 
nitrogen. Then, the catalyst was removed by filtration and methanol was added 
to ethyl butyrate and maintained at the same temperature, 333 K, for 1 h. If 
catalyst lixiviation takes place, conversion will be observed due to the 
homogeneous contribution. 

The conversion values for the different supported CaO catalysts were in all 
cases negligible, thus pointing to the stabilization of the active phase on the 
SBA-15 siliceous support, which prevents its lixiviation. However, when bulk 
CaO is used, a conversion of 8.5% was measured. 

The study of biodiesel production from castor oil was accomplished by using 
SBA-14Ca0, which has demonstrated to be the most active catalyst in the 
transesterification of ethyl butyrate with methanol. 
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Figure 6. Conversion of the SBA-14CaO in the transesterification of castor oil with methanol for 
two different methanol : castor oil molar ratio (activation temperature 1073 K, stirring rate= 1250 
rpm, amount of catalyst= 1%, reaction temperature 333 K, reaction time= 1 h). 
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Figure 7. Conversion of the SBA-14CaO in the transesterification of castor oil with methanol with 
different catalyst amount (methanol : castor oil molar ratio=12/1, activation temperature 1073 K, 
stimng rate= 1250 rpm, reaction temperature 333 K, reaction time= 1 h). 

Firstly, the influence of the methano1:castor oil molar ratio on the conversion 
was evaluated (Figure 6). Two values, 6:l and 12:1, were tested, and according 
to the literature [29,30], the largest conversion to methyl esters (ME) was 
obtained for the highest methano1:triglyceride (TG) molar ratio used (12:1), i.e. 
four times the stoichiometric ratio, since 1 mole of TG reacts with 3 moles of 
methanol to give 3 moles ME. Thus, under the same experimental conditions 
(activation temperature= 1073 K, stirring rate= 1250 rpm, amount of catalyst= 1 
wt.%, reaction temperature= 333 K, reaction time= 1 h), the best conversion was 
observed for a molar ratio of 12:l (Figure 6). 

Finally, the amount of catalyst was also varied, and it is seen in Figure 7 that 
an increase in conversion is achieved when 1 wt% of catalyst is employed, by 
using a methano1:TG molar ratio 12:1, catalyst activation temperature 1073 K, 
stirring rate 1250 rpm and reaction temperature 333 K. Thus, the maximum 
biodiesel yield from castor oil was 66%. 
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4. Conclusions 

In the present study, catalysts based on calcium oxide supported on 
mesoporous SBA-15 silica have been synthesized, characterized and tested as 
basic catalysts in transesterification processes for the synthesis of methyl esters, 
such as those presented in biodiesel. This family of basic catalysts is stable 
against lixiviation in methanol. The catalyst that showed the best performance in 
the transesterification of ethyl butyrate with methanol, chosen as a model 
reaction, SBA-14Ca0, was used in the transesterification of castor oil for 
biodiesel production. Several parameters, such as catalyst concentration and 
methano1:castor oil molar ratio, have been optimized in order to achieve the 
maximum biodiesel yield. 

In the methanolysis of vegetable oil, the molar ratio is a determinant 
parameter, and the highest conversion (66%) was obtained with a catalyst 
concentration about 1 wt.% and a 12:l molar ratio. Therefore, this family of 
CaO-based catalysts is very promising for biodiesel production fi-om castor oil, 
under a pure heterogeneous catalytic process. 
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The preparation and characterization of activated carbon obtained from sulfonated 
styrene-divinylbenzene copolymer were described in this work. The effect of vanadium 
and magnesium on their activity and selectivity towards styrene was also studied to find 
new catalysts for ethylbenzene dehydrogenation carried out without steam, to produce 
styrene. It was found that the samples were more active and selective than a commercial 
hematite based catalyst. Both magnesium and vanadium improved the catalysts but 
vanadium is a more efficient promoter than magnesium. This metal alone is able to 
improve the activity and selectivity of the catalyst and produced the most efficient 
catalyst. This was related to its dehydrogenation function. 

1. Introduction 

Styrene is one of the most important monomers of the modern petrochemical 
industry [ 11, being used in the production of polystyrene, acrylonitrile-butadiene- 
styrene resin (ABS) and of a great variety of polymers [ 2 ] .  Another important 
application is in the styrene-butadiene latex production [ 11. 

The main industrial route used for styrene production is the ethylbenzene 
dehydrogenation, responsible for more than 90% of the world production [3]. 
The process consumes great amount of energy and is carried out under 
overheated steam excess [4,5]. The reaction is performed industrially on iron 
oxide base catalysts (hematite) containing cerium, chromium and potassium 

* To whom correspondence should be addressed. 
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oxides. The commercial catalyst presents several advantages, such as resistance 
against impurities and low cost, but deactivates with time due to the loss of 
potassium that migrates to the pellet center or goes out from the reactor [5,6]. 
Moreover, this catalyst contains chromium, which can cause damages to human 
health and to the environment. 

A promising alternative is the use of activated carbon based catalysts. These 
materials have been widely studied for the oxidative dehydrogenation of 
ethylbenzene and showed high performance due to their textural properties [7] 
and to the surface composition that presents functional groups, mainly quinones, 
responsible for its catalytic activity [8]. 

Activated carbons with high surface area and pore volume can be produced 
from a large variety of carbonaceous materials. Among them the spherical 
polymeric activated carbon, prepared from the polymer pyrolysis at high 
temperatures and controlled atmosphere, is particularly attractive [9]. This 
material can be obtained in the form of regular spheres with high surface specific 
area, high adsorption capacity, abrasion resistance and adequate mechanical 
properties [lo]. Other advantages of activated carbons include their acid-base 
properties and low difusional resistance to liquids and gases, when used in fixed 
bed reactors. Moreover, these solids allow the easy metal incorporation on their 
surface as well as on the surface of precursor resin [ 1 11. 

On the other hand, some studies about the ethylbenzene dehydrogenation in 
carbon dioxide presence showed high conversion of ethylbenzene and selectivity 
to styrene over vanadium and magnesium based catalysts [ 12,131. 

In this context, this work describes the synthesis of activated-carbon 
supported vanadium and magnesium catalysts and the evaluation of their 
catalytic activity in ethylbenzene dehydrogenation for styrene synthesis in steam 
absence. The activated carbon was produced by pyrolysis of the sulfonated 
styrene-divinylbenzene copolymer. 

2. Experimental 

2.1. Preparation of the catalysts 

The styrene-divinylbenzene copolymer was synthesized through polymerization 
in aqueous suspension. Inert diluents were used (heptane and toluene) for pores 
formation, leading to a macroporous type structure. 

In the preparation of the aqueous phase, a mixture of gelatin, 
hydroxiethylcelulose and sodium chloride was used as suspension agent. After 
the dissolution of the two agents of suspension, the solutions were mixed and the 
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sodium chloride was added to them. The ratio of aqueous to organic phase was 
kept at 4:l (v/v). 

In the preparation of the organic phase, the benzoil peroxide was dissolved 
in a mixture of styrene and divinilbenzene with a molar ratio of 15/85 (organic 
phase) at room temperature, under stirring. Toluene and heptane were then 
added and kept under stirring. 

The organic phase was added to a balloon equipped with magnetic stirrer, 
reflux condenser, nitrogen injector and thermometer, containing the aqueous 
phase under agitation at room temperature. The emulsion was kept under stirring 
for 10 min. The reaction mixture was then heated up to 60 "C, under stirring 
(500 rpm) for 24 h, being later cooled and the copolymer spheres were separated 
for filtration. The copolymer was transferred to a beaker containing distilled 
water, rinsed and heated at 50 "C, for 1 h and filtered. This procedure was 
repeated using ethanol until the solvent filtered was completely soluble in water. 
After that, the resin was dried at 70 "C, for 24h. Only the spheres with size range 
between 125 - 250 pm were used in this work. 

In the sulfonation of the styrene-divinylbenzene copolymer, the dry resin 
was placed in contact with concentrated sulfuric acid in a beaker and the mixture 
was heated up to 70 "C, for 30 min. Dichloroethane was then added to the 
mixture. After 4 h, the resin was washed with the reaction mixture diluted with 
2% of distilled water. The ratio of dilution was increased gradually, starting at 
2% followed by 5, 10, 20, 30% up to 100% dilution. 

The thermal treatment consisted of heating the sulfonated copolymer at 300 
"C at room atmosphere for 2 h, followed by carbonization at 900 "C under 
nitrogen flow, for 3 h. The activation was carried out at 800 "C for 2 h, under 
flow of nitrogen saturated with steam (AC Sample). All heatings were carried 
out at a rate of 10 "C min-1, intercalated with cooling until room temperature. 

In the adsorption of vanadium and magnesium, aqueous solutions of 
ammonium metavanadate in oxalic acid (5 g.L-1 of vanadium) and magnesium 
nitrate (0.5 g.L-1 of magnesium) were used. The activated carbon (Sample AC) 
was dispersed in the metallic solutions and kept for 24 h at room temperature, 
thus generating samples with different metals. After that, the samples were 
filtered and heated at 60 "C. The solids obtained were calcined 600 "C under 
nitrogen flow for 1 h, at a rate of 10 "C min-1. The nominal concentrations of the 
metals were 0.5% Mg and 5%V. 
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2.2. Characterization of the catalysts 

The scanning electronic microscopy analysis of the samples was performed using 
JEOL T 330 equipment connected to EDS detection system. The thermal 
stability of activated carbon was evaluated on the basis of thermogravimetric 
curves obtained for Sample AC using Mettler Toledo TGNSDTA 851E 
equipment. 

The concentration of vanadium and magnesium in the catalysts was 
determined by atomic absorption spectrometry in a Perkin-Elmer 306 apparatus. 
Around 0.1 g sample was heated in an erlenmeyer containing 10 mL of 
concentrated nitric acid and boiled for 1 h. The sample was, then, filtered, 
transferred to a 100 mL volumetric balloon and filled with distilled water, being 
analyzed later. 

The crystalline structure of vanadium and magnesium in the samples was 
characterized by X-ray diffraction, in a Shimadzu XRD6000 equipment, in a 
range of 28 = 10 to 80 degrees. The textural properties and the specific surface 
area (BET) were measured by nitrogen adsorption at -196 "C using 
Micromeritics ASAP 2020 equipment. In each analysis, 0.15 to 0.20 g of the 
sample was used. After the removal of the water present in the pores, using 
vacuum heating, the solid was placed in contact with gaseous nitrogen for the 
determination of the adsorptioddesorption isotherms. 

2.3. Evaluation of the catalysts 

In the catalytic evaluation of solids, around 0.300 g of the material was 
conditioned in a microreactor of fixed stream bed, operating the 530 "C and 1 
atm. The reactor with the catalyst was heated under nitrogen flow (85 mL/min) 
up to the reaction temperature. The nitrogen flow was, then, deviated for the 
saturator with ethylbenzene at 77 "C. The stream from the saturator was then fed 
to the reactor. The effluent gaseous formed was continuously monitored 
collecting fractions at intervals of 30 min, in a condenser at 0 "C. The organic 
phase was analyzed by gaseous chromatography, using a Varian chromatograph 
3600-X with flame ionization and thermal conductivity detectors. 

3. Results and Discussion 

The catalysts showed particles as regular spheres, with sizes which vary from 50 
to 200 pm, as shown in Fig. l(a). The decrease in the particle size is due to the 
volume contraction caused by successive thermal treatments. The scanning 
electronic microscopy analysis of V-Mg/AC sample did not show any metallic 
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agglomerate on the surface. From the thermal analysis, Fig. l(b), it was verified
that the polymeric activated carbon showed a small weight loss (1 %) at low
temperatures and high thermal stability at higher temperature up to around 600
°C. Therefore, the active carbon is stable at the reaction temperature (530 °C).

100-

96-

(a)

200 400 600 800 1000
Temperature (°C)

(b)

Figure 1. (a) Scanning electron micrograph of the V-Mg/AC sample (150 x); (b) Thermogravimetric
curve of the AC sample obtained by pyrolysis of sulfonated styrene-divinylbenzene copolymer.

The amounts of vanadium and magnesium were close to the expected
values, as shown in Table 1. However, no diffraction peak related to magnesium
compound was noted, probably due to its low concentration in solids. The two
amorphous halos at 29 = 22 and 43°, characteristic of the activated carbon [14],
were shown in the samples diffractograms without significant alterations (Fig. 2).
All samples containing vanadium showed X-ray diffraction peaks typical of
vanadium trioxide [15]. The V/AC sample showed the peak at 29 = 48°, while
in the V-Mg/Ac curve it appeared at 29 = 36°. All samples showed broad peaks
which are typical of activated carbon.

Table 1. Concentrations of vanadium and magnesium in the solids.

Sample
AC
V/AC
Mg/AC
V-Mg/AC

V (% m/m)

5.03

4.56

Mg (% m/m)

0.44
0.42

The specific surface area and pore volume of AC sample decreased with the
adsorption of vanadium or magnesium (Table 2) and this effect was stronger in
the vanadium-containing samples. This can be assigned to the higher amount
of vanadium as compared to magnesium. The micropore area, as well as the
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micropore volume, also showed reduction due to the metals adsorption while the 
pore diameter did not suffer significant variation. 

i 2 3 4 5 6 7 8  
2 8  

Figure 2. X-ray diffractograms of the samples. (*) activated carbon and (E) V203 phase. 

Table 2. Textural properties of the activated carbon before and after the metallic adsorption. 

Micropore nl-- 
ruic 

diam. 

(cm3.g-1) (nm) 

S g B E T  sgmici,, Pore volume volume 
(m2.g-') (m2.g-') BJH (cm3.g-') (t-plot) Sample 

AC 61 1 431 0.60 0.23 13 
VIAC 450 312 0.46 0.16 13 
MgIAC 587 421 0.56 0.22 13 
V-MgIAC 432 309 0.43 0.16 14 

Figure 3 shows the adsorption isotherms of the AC containing or not vanadium 
and magnesium. It was noticed that the curves are similar to I1 or IV Type with 
associated micropores [ 161. The isotherms were similar among themselves, 
indicating that the incorporation of vanadium and magnesium, and the further 
heating, had not significantly modified the porous structure of the material. The 
curves of pores distribution, presented in Fig. 4, showed mesoporous domain 
between 10 and 30 nm, not only for the activated carbon (AC Sample) but also 
for solids containing metals. These curves indicate that the addition of vanadium 
and/or magnesium, followed by calcination at 600 "C under nitrogen flow for 
1 h, did not modify the average solid pore size. It was verified that the higher the 
concentration of the metal added in the activated carbon, the lower average pore 
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volume. These results suggest that the added metal oxides are present outside the 
porous system of the activated carbon and serves as ballasts decreasing both the 
specific surface area and the pore volume of the catalysts. 
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Figure 3. Adsorption and desorption isotherms of nitrogen at -196 “C: (a) Sample AC; (b) Mg/AC 
(a), V/AC (m) e V-Mg/AC (0). 

The ethylbenzene conversion and styrene selectivity, after 7:30 h of 
reaction, are presented in Table 3. Figure 5 represents the curves of ethylbenzene 
conversion as a function of reaction time. A commercial hematite based catalyst, 
doped with potassium and chromium oxides, showed an ethylbenzene conversion 
of 5% after 7:30 h during the reaction carried out in steam absence. The same 
catalyst carried out in steam presence showed a conversion of 12%. All the 
synthesized catalysts presented conversion higher than the commercial catalyst 
while the selectivity values were similar. The activated carbon (AC sample) 
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Figure 4. Pore distribution curves of the obtained catalysts: (0) AC; (A) Mg/AC; (A) V/AC and ( 0 )  

V-Mg/AC. 

Table 3. Ethylbenzene conversion and styrene selectivity on the catalysts after 7:30 h reaction. 

Catalysts Conversion (%) Selectivity (%) 

AC 17 95 
VIAC 35 98 
MgIAC 22 97 
V-Mg/AC 32 99 

Comercial (steam presence) 12 98 
Commercial (steam absence) 5 98 

showed the lowest value of selectivity, probably due to the presence of acidic 
sites on the solid surface, mainly quinones [9], which are active in the 
ethylbenzene dehydrogenation, however presenting low selectivity to styrene. 
The addition of magnesium in the activated carbon caused a small increase in 
the values of conversion and selectivity, probably due to neutralization of the 
acidic sites of the solid surface. 

On the other hand, the addition of vanadium improved the catalytic 
properties of activated carbon, by increasing the activity and the selectivity to 
styrene. The increase on the activity can be assigned to a catalytic action of 
vanadium, a well-known dehydrogenation catalyst [ 121 while the increase of the 
selectivity can be associated to the coverage of some acidic sites by this metal. 

From these results it can be concluded that there is no advantage in using 
magnesium in these catalysts, since vanadium alone is able to produce highly 
active and selective catalysts. The V/AC sample led to the highest value of 
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ethylbenzene conversion, around 35%, after 7:30 h reaction working in steam 
absence. This corresponds to three times the value of conversion showed by the 
commercial catalyst in steam presence, representing a great economy to the 
process energy. The fact that the catalyst with lower amount of vanadium and 
magnesium absence (V/AC) presents the highest conversion values is an 
advantage, besides the synthesis of the catalyst to be most economic. 

4. Conclusions 

Activated carbon, obtained from pyrolysis of the sulfonated styrene- 
divinylbenzene copolymer, is presented as a promising catalyst to ethylbenzene 
dehydrogenation to produce styrene, due its textural and catalytic properties. It 

65 I 

4 1 , 1 # [ ~ l . [ s [ 8  
2 3 4 5 6 7 

Reaction time (h) 

Figure 5 .  Ethylbenzene conversion as function of reaction time in ethylbenzene conversion at 530 
OC on the catalysts: (m) AC; (fl) Mg/AC; ( 0 )  V/AC; (A) V-Mg/AC; (A) Commercial water vapor 
absence and ( 0 )  Commercial with water vapor. 

is more active than a commercial catalyst, based on iron oxide. The addition of 
vanadium improved the catalyst even more, by increasing the activity and the 
selectivity to styrene. This can be assigned to an action of vanadium by 
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catalyzing the reaction and also by covering the acidic sites of the activated 
carbon, which are active to benzene and toluene, the main subproducts. 

The vanadium-containing catalyst led to 35% of ethylbenzene conversion, 
about three times the value showed for the commercial catalyst evaluated in the 
steam presence, thus being the most promising one. Besides the fact that all the 
synthesized catalysts presented higher conversions than the commercial catalyst, 
the process do not use heated steam, which represents a great energy economy to 
the process. 
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The reactions of toluene with trimethylbenzene are important routes to produce benzene 
and xylenes, which are high value chemicals used as starting materials for many 
industrial processes. The commercial process uses large pore zeolites which, however, 
deactivate with time, mainly due to coke formation. In order to find new catalysts for 
these reactions, beta zeolites with different S A R  were synthesized by a two-step 
procedure and evaluated in the reaction of the toluene with 1,2,4-&imethylbenzene. It 
was verified that the used procedure allowed to prepare beta catalysts, which were more 
active and stable than a commercial mordenite catalyst. In a first step the synthesis 
conditions led to the formation of crystalline beta seeds, which subsequently were 
mesostructured in the presence of CTAB. During mesostructuring the surfactant micelles 
hamper the seed growing and consequently generating a solid constituted by a poor 
ordered mesophase and small beta crystals, responsible for the interparticle mesoporosity 
determined by nitrogen sorption measurements. 

1. Introduction 

Benzene and xylenes are raw materials in the production of intermediate 
products for several petrochemical and fine chemical applications, such as the 
production of synthetic fibers, plastic and resins. Although nowadays those 
products have been produced through naphtha reforming, new environmental 
iiiendly products have been developed at low costs, such as toluene 
disproportionation and transalkylation with timethylbenzenes [ 1-41. These 
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reactions are also important for using the toluene and trimethylbenzene excess 
from naphtha reforming and gasoline pyrolysis [ 1, 31. 

The transalkylation reactions occur in equilibrium with disproportionation, 
dealkylation and isomerization reactions of aromatics such as xylenes, 
trimethylbenzenes and others [ 1-31. The desired product can be obtained through 
the control of kinetic parameters, aromatic hydrocarbon reactivity, nature of 
catalytic sites, morphology and texture of the catalyst used which affect the 
reaction balance. Therefore, these factors determine the occurrence of 
disproportionation or transalkylation reactions [3-61. 

Those reactions are important alternative routes for the production of 
benzene and xylenes and can be carried out in the presence of several acid 
catalysts but due to environmental restrictions a great variety of acid solids have 
been investigated. Among them, zeolites are the most active and selective 
catalysts for the reactions but they are easily deactivated due to coke formation 
which blocks the active sites in the solid channels [5-71. Therefore, much work 
has been done in order to obtain materials with zeolitic characteristics and higher 
pore diameters than the zeolite ones. 

Mesoporous aluminosilicates have been shown as versatile catalysts, 
especially in the conversion of bulky molecules, but they have lower acidity, as 
compared to zeolites, which limits their catalytic applications [8-121. Recently, 
mesostructured mesoporous aluminosilicates have been produced which, due to 
their properties, join the advantages of zeolites and mesoporous materials, 
mainly the high acidity and mesoporosity [8-lo]. Those properties make them 
promising materials for many catalytic applications such as disproportionation or 
transalkylation reactions. High catalytic activity is usually obtained with an 
increase of aluminum content, once the acidity in the aluminosilicates can be 
controlled by manipulating the silicon to aluminum ratio making it possible to 
obtain materials with Bronsted acidity comparable to sulfuric acid [13-151. 

Considering those aspects, this work describes the preparation and 
characterization of catalysts based on beta zeolite with different SAR, using 
different mesostructuring time. The catalysts were evaluated in the reaction of 
toluene with 1,2,4-trimethylbenzene, with the aim of producing benzene and 
xylenes. 

2. Experimental 

2.1. Synthesis of beta zeolites seeds and mesostructuring 

The catalysts were prepared from mesostructuring of beta zeolite seeds [9]. 
Three samples were obtained: (i) with silica to alumina ratio (SAR)=15 and 
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mesostructuring time of 48 or 96 h (samples B48-15 and B96-15); (ii) SAR= 9 
and 48 h of mesostructuring (B48-9). The beta zeolite seeds were prepared by 
mixing sodium aluminate, sodium hydroxide, tetraethylammonium hydroxide 
and silica in water and heating the mixture at 140 "C for 192 h. The seeds were 
then mesostructured in the presence of cetyltrimethylammonium bromide 
(CTAB), adjusting the pH to 9.5 and keeping it at 140 "C for 48 or 96 h. Then, 
the samples were centrifuged, rinsed and dried at 60 "C. The ion exchange was 
then carried out by use of ammonium chloride, followed by filtration, rinsing and 
drying at 60 "C and at 110 "C. The obtained materials were calcined at 550 "C 
for 620 min so the catalysts based on beta zeolite in the acid form were 
produced. 

2.2. Characterization of the samples 

The fresh catalysts were characterized by differential thermal analysis (DTA), 
thermogravimetry (TG), porosity measurements, Fourier transform infrared 
spectroscopy (FTIR) and X-ray diffraction (XRD). The spent catalysts were 
characterized by X-ray diffraction and by chemical analysis (carbon amount). 

The thermograms were obtained in a TGNSDTA 851 Mettler Toledo 
equipment, using 0.005 g of the sample which was put in a sampler and 
underwent heating from room temperature to 1000 "C, under air flow. The 
specific surface area and porosity measurements were performed in an M A P  
2020 Micromeritics apparatus, using around 0.15 g of the sample previously 
heated at 200 "C for 2 h, under nitrogen flow. 

The absorption spectra in the infrared region were obtained in the range of 
4000 to 400 cm-', in a Spectrum One Perkin Elmer spectrophotometer, using 
samples in discs diluted in potassium bromide. The X-ray diffraction 
measurements were performed in a XRD 6000 Shimadzu device, using CuKa 
radiation generated at 40 kV and 30 mA and using a nickel filter. The carbon 
content in the spent catalysts were determined in a CS-200 LECO equipment, 
using a ceramic crucible with 0.20 g of the sample, 1.25 g of tungsten compound 
(Lecocel) and 1.25 g of accelerator to help the combustion. 

2.3. Catalytic evaluation 

The reaction of toluene with trimethylbenzene was camed out for 8 h, in a 
stainless steel microreactor at 470 "C and 1 atm, using a reaction mixture with 
98% toluene and 2% 1,2,4-trimethylbenzene, H2/hydrocarbon (molar)=4 and 
WHSV=1.0 h-'. Before the reaction, the samples (0.5 g) were activated in situ 
under nitrogen flow at 470 "C, for 1 h. The reaction effluents were analyzed on 
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line by a ThermoFinnigan Trace CG gas chromatograph using a FFAP capillary 
column and thermal conductivity and flame ionization detectors. 

3. Results and discussion 

The TG curves of the samples, shown in Fig. l(a), displayed three stages of 
weight loss, in agreement with Kleitz et a1 [ 161. 

0 200 400 600 800 1000 
Temperature ("C) 

200 400 600 800 1000 
Temperature ("C) 

Figure 1. Mass loss curves of the synthesized materials as a function of the temperature: (a) 
thermogravimetry and (b) derivative thermogravimetry (DTG). 

l a  1 

4000 3000 2000 1000 1200 1000 800 600 40C 
Wavenumber (cm-I) Wavenumber (cm-') 

Figure 2. (a) FTIR spectra of as synthesized B96-15 (P) and after calcination. (b) Enlargement of the 
FTIR spectra of the calcined samples from 1300 to 400 cm-'. 

The first stage occurs at temperatures below 200 "C and corresponds to the 
removal of volatile materials adsorbed on the solid; the second one, between 200 
and 450 "C, refers to the decomposition and combustion of the microstructure 
and mesostructure of templates, while the third one occurs around 600 "C and is 
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attributed to the dehydroxilation of silanols and to the combustion of the residual 
coke. Those events can be better understood in the mass loss derivative curve 
(DTG), shown in Fig. l(b). 

The decomposition and the removal of the templates from the samples 
during calcination were also followed through FTIR. The spectrum of sample B 
96-15, before calcination (Fig. 2a) show deformation bands of C-H bonds of 
CH2 template groups (2926 and 2855 cm-I). After calcination, those bands 
disappeared, indicating that the calcination process was efficient for the template 
removal [ 171. 

Fig. 2 (b) shows the spectra enlargement in the wavenumber range from 
1400 to 400 cm-' in order to facilitate the visualization of the characteristic 
bands of amorphous and crystalline materials. It can be observed that the spectra 
show a band nearby 460 cm-', which is characteristic of amorphous materials 
such as MCM-41 [11,12]. Besides, the spectra exhibit an absorption band at 550 
cm-I, indicating the presence of a ring-like structure with five members of 
siloxan bond, T-0-T (T= Si, Al), typical of beta zeolite seeds [11,12]. 

Regarding the spectra of samples synthesized with different S A R  (Fig. 2b), 
it can be seen a shoulder at around 940 cm-', which is characteristic of silica, 
silica gel and several siliceous zeolites and corresponds to the stretching 
vibration of Si-0 bond which belongs to SiO tetrahedron not coupled to a 
hydroxyl group [14]. Coherently, the absorption is less intense in the lower 
siliceous B48-9 spectra when compared to B48-15 and B96-15samples. 

B48- 15 

10 20 30 40 50 
2 6 (degrees) 

Figure 3. X ray diffractograms of the synthesized samples. 

The X-ray diffraction patterns of the synthesized samples (not shown), 
performed in the low angle region (1 to 10' 28), did not show any reflections 
peaks, thus evidencing that not well ordered mesophase was formed [8-121. 
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Otherwise, well resolved X ray diffractions patterns (Fig. 3), corresponding to 
the BEA structure were obtained, evidencing that the two crystallization steps 
(during seeds formation and mesostructuring) lead to the formation of highly 
crystalline beta zeolites [8,9]. 

As shown in Fig. 4, all solids show isotherms, which are intermediates of 
type I (microporous materials) and type IV (mesoporous materials). As above 
discussed, the presence of microporous are related with the structure of highly 
crystalline beta zeolites. Otherwise, the presence of mesoporous (Table 1) could 
be related with the formation of a poor ordered mesophase during the step of 
mesostructuring in the presence of CTAB and principally from mesopores 
formed between the particles (nitrogen adsorption at high relative pressure). This 
behavior shows that the synthesis of beta zeolites with the two step procedure 
used here results in a solid formed by small zeolite crystals between amorphous 
silica particles. In the first step, the synthesis conditions allow the formation of 
beta zeolite seeds, which in the second step are hampering to continue growing 
due to the presence of the micelles formed in the presence of CTAB. 

- 
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 

Relative Pressure (P/F"') 

Figure 4. Nitrogen isotherms of calcined beta zeolites: (a) B48-15; (b) B96- 15; 
(c) B48-9. Symbol: -0- Adsorption; -0- Desorption. 

Table 1 .  Textural properties of calcined beta zeolites: specific surface 
area (Sg), micropore volume (Vmi) and average pore diameter (D). 

Sg, BET Vmi t-plot 
Samples (m2,g-l) (cm',g-l) D (nm) 

B48-9 492 0.1863 4.1 1 

B48-I 5 491 0.1933 1.43 
B96-15 589 0.1 962 11.22 

All samples were catalytically active in the reaction of toluene with 1,2,4- 
trimethylbenzene, as shown in Table 2 which shows the values after 8 h reaction. 
Figure 5 shows the conversion as a function of time. In general, the catalysts 
showed high selectivity to benzene, followed by xylenes and ethylbenzene, 
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indicating that the toluene disproportionation occurred in higher extension than 
transalkylation and that most of the xylenes produced were disproportionate later 
in order to produce benzene. All catalysts were more active than a commercial 
catalyst based in mordenite and were more selective to benzene. Consequently, 
beta catalyst were more efficient, leading to higher yield of xylenes and benzene 
and showing low decrease in conversion during reaction (Table 2). 

Table 2. Toluene conversion (C), selectivity (S) to aromatics (BZ=benzene, X=xylenes), yield (Y) 
to xylenes and benzene, conversion decrease (AC) and coke on the spent catalysts. 

Sample C(%) SBZ(%) Sx(%) Yx(%) YBZ(%) AC@) Coke(%) 
Commercial 16 52 11 2.0 8.0 20 2.2 
B48-9 28 63 9 2.5 18 __ 14.5 

B48-15 26 56 14 3.6 14 2 15.1 

B96-15 25 62 8 2.0 16 15 14.5 

Reaction time (h) 

Figure 5. Toluene conversion in the reaction of toluene with 1,2,4-trimethylbenzene as a function of 
time on stream at 470 "C. -0-B48-15; -1 -B96-15; -A- B48-9. 

Table 2 also contains the amount of coke on the spent catalysts after 
reaction. It can be seen that beta zeolite based materials produced more coke 
than the commercial one based on mordenite catalyst. However, as the 
synthesized beta catalysts have a tridimensional micropore structure and 
interparticle mesoporosity, they were, compared with mordenite, which has a 
monodimensional micropore structure, more stable during the reaction. 

4. Conclusions 

It was verified that the used two step synthesis procedure allowed to prepare beta 
catalysts, which were more active and stable than a commercial mordenite in the 
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reaction of toluene with 1,2,4-trimethylbenzene. In a first step the synthesis 
conditions lead to the formation of crystalline beta seeds, which subsequently 
were mesostructured in the presence of CTAB. During mesostructuring the 
surfactant micelles hamper the seed growing and consequently generating a solid 
constituted by a poor ordered mesophase and small beta crystals, responsible for 
the interparticle mesoporosity determined by N2 sorption measurements. 
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The polymeric activated carbon is a suitable catalytic support due to its pureness, 
reproducibility, physical form and structure. In order to find new catalysts to produce 
styrene by ethylbenzene dehydrogenation in the presence of steam, the preparation of 
copper-doped iron oxide supported on polymeric activated carbon was described in this 
work. All catalysts were more active than a commercial sample, regardless the presence 
of steam. There was a loss of specific surface area during reaction due to coke deposition 
but the steam was able to minimize this effect. The best performance was shown by the 
iron oxide based catalyst, which showed the highest activity, selectivity and stability 
during reaction. This catalysts is able to work without steam showing high activity and 
selectivity. 

1. Introduction 

Due to its pore structure and high specific surface area, activated carbon shows a 
considerable adsorption capacity of organic and inorganic compounds in liquid 
or gaseous phase. Therefore, these materials find wide applications as 
adsorbents, batteries electrodes, biomedical engineering and catalytic supports 
[l]. Regarding catalysis, the activated carbon is an attractive option once it 
shows thermostability, acid and basic properties, easy interaction with metals 
and allows the control of porous structure and surface chemical properties as 
required by catalytic applications [2,3]. Although these advantages, it has 
inconveniences such as significant levels of impurities which is a consequence of 
precursor used (wood, coal and others), low physical resistance and limited 
physical form to grains or dust [3]. A way to surpass this problem is the use of 

* To whom the correspondence should be addressed 
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polymeric precursor which allows the pureness control, the reproducibility, the 
physical form and the structure through the polymer characteristics [3,4]. Other 
advantages of the polymeric precursors are the high specific surface area and 
homogeneous structure of carbon. Moreover, this method makes possible to 
obtain the material in form of spheres which shows low resistance to the 
diffusion of liquids and gases in fixed bed catalytic reactors, as a result of 
homogeneous piling [2,4]. Researchers have directed their works to the 
production of carbon activated from resins of phenol-formaldehyde [5], 
polyacrylonitrile and polystyrene [6,7]. The styrene- divinylbenzene copolymer 
is considered an important precursor due its strong acid properties, its 
homogeneous grain sized distribution and high physical and chemical resistance 

Among the diverse catalytic applications of activated carbon, its application 
is detached in the catalytic ethylbenzene dehydrogenation with steam to produce 
styrene [9] .  Several works have shown that this material is catalytically active in 
this reaction because of the functional groups in the carbon surface [10,11]. Due 
to the demand for polymer based in styrene it becomes necessary to minimize the 
cost for production of monomer [ 121. 

The catalytic ethylbenzene dehydrogenation is responsible for about 90% of 
the world-wide production of styrene. The reaction is industrially carried out in 
the presence of steam, over catalysts based on iron oxide (hematite, a-Fe203), 
containing cerium, chromium and potassium oxides and consumes great amount 
of energy [ 13,141. The reaction is endothermic and limited by equilibrium [ 151: 

[7,81. 

The commercial catalyst has the advantage of low cost, but goes on fast 
deactivation due to the loss of potassium, besides being harmful to the human 
being and the environment due to the toxic chromium compounds. Potassium 
can migrate to the pellet center or goes out from the reactor, during commercial 
operations [14,16]. Once the catalysts represent a significant parcel in 
production costs, the development of free-potassium and chromium solids with 
high activity and selectivity becomes useful, since it can be more resistant 
against deactivation and can avoid environmental problems, besides of 
decreasing the process energy consumption. 

In this context, catalysts based iron oxide doped with copper supported on 
polymeric activated carbon were prepared, characterized and evaluated in 
ethylbenzene dehydrogenation with and without steam. The study aims to 
develop catalysts which can work in a low cost condition. 
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2. Experimental 

Copolymer based on styrene (Sty) and divinylbenzene (DVB) was synthesized 
by polymerization in suspension using heptane and toluene as pore forming 
agents. The copolymer was rinsed with ethanol and sulfonated at 70"C, under 
stirring for 4 h, in a sulfuric acid and dichloroethane mixture (15:3 mL.g-' of 
copolymer). After this, it was filtered, rinsed with water deionized and dried at 
110°C. 

The ions adsorption was carried out at 25 "C using 1 g of sulfonated resin, 
which was dispersed in the solution of the metallic ions and kept for 15 min, 
under stirring. In the preparation of solutions copper nitrate (Cu(N03)~) and iron 
sulfate (FeS04.7H20) were used. Three solutions of metallic ions with 
concentration of 0.3 mo1.L'' had been prepared, one of them containing only 
Fe" ions and the others containing Fe2+ and Cu2' ions (6 and 12% mole, 
respectively). After the adsorption of metallic ions, the resin was filtered and 
rinsed with deionized water. It was then added to a solution, previously heated at 
90"C, containing 0.410 g of potassium hydroxide and 0.055 g of potassium 
nitrate. This mixture was stirred for 5 min, then cooled, filtered and rinsed with 
deionized water. The procedure of metals incorporation and precipitation was 
repeated four times with each sample to obtain the COPO (copolymer with iron 
oxide), COP6 and COP12 (copolymer with iron oxide and 6 and 12% mole of 
copper, respectively) samples. 

These samples (COPO, COP6 and COP12), and the sulfonated copolymer, 
were heated in air, at 250 "C for 2 h followed by carbonization at 900 "C, under 
nitrogen for 3 h. Then, the activation was carried out at 900 "C for 3 h, under 
flow of nitrogen saturated with steam, producing CPO (COPO after heating), 
CP6 (COP6 after heating), CP12 (COP12 after heating) and CA (sulfonated 
copolymer without metals after heating) samples. 

The amount of copper and iron in the catalysts was determined by atomic 
spectrophotometry absorption in 306 Perkin-Elmer equipment. The sample (0.01 
g) was dissolved under heating in hydrochloric acid (2 mL), filtered and 
completed with deionized water up to 100 mL. The X-ray diffraction was 
measured in a DRX6000 Shimadzu apparatus. The textural properties were 
measured by nitrogen adsorption at -196°C in a Micromeritics ASAP 2010 
equipment. The thermal stability of the materials was evaluated by 
thermogravimetry, in a Mettler Toledo TGNSDTA 851E balance, heating the 
samples under nitrogen flow, at a rate of 5 "C.min-' , from room temperature up 
to 1000 "C. 
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The samples (CPO, CP6, CP12 and CA) and a commercial catalyst (C), 
constituted of hematite with potassium, chromium and cerium oxides, were 
evaluated in a fixed bed microreactor containing 0.300g of solid. The reaction 
was performed at 530 "C and 1 atm, with a ethylbenzene to steam molar ratio of 
10. The reactor effluent was collected at each 30 min and analyzed by gaseous 
chromatography in a CG-37 chromatograph with 5% carbowax in a chromosorb 
column and a flame ionization detector. The catalysts were also evaluated 
without steam. 

3. Results and Discussion 

The copper and iron amounts in the fiesh catalysts are shown in Table 1. It can 
be seen that high amounts of iron were incorporated in catalysts; they correspond 
to around 25 % catalysts weight. The copper amounts correspond to 1.1 % (CP6) 
and 3.6 % (CP12) catalysts weight. In all cases, the values obtained were close 
to the expected ones. 

Table 1. Iron and copper amounts in CPO, CP6 and CP12 catalysts 
before the reaction. 

Fe c u  

CPO 4.82 _ _  
CP6 4.08 0.18 
CP12 4.05 0.57 

Samples (mmol g-'1 (mmol g-') 

The difiactograms of the catalysts before the reaction are shown in Fig. la. 
The profiles of all samples are characteristic of magnetite, without any 
modification of the crystalline phases due to copper introduction. Besides, no 
copper-containing phase was detected, a fact which can be assigned to the small 
size of copper particles making them not detectable by X-ray diffraction. In 
addition, copper could enter the magnetite lattice, as found in previous works 
[17-191, because of the size of the ionic radius (0.73 A), which is close to that of 
Fe2' (0.74 A). Moreover, Feo phase was also observed; it could be produced 
during the reduction reactions that occur in the carbonization and activation of 
the polymer. During the ethylbenzene dehydrogenation, this phase disappeared, 
as noted in the X-ray diffiactograms of the spent catalysts (Fig. lb). This can be 
assigned to the oxidation action of steam during reaction. 

The nitrogen adsorption and desorption curves of the fiesh and spent 
catalysts were typical of macro and mesoporosos materials (I1 type), regardless 
the presence of steam during reaction. The textural properties of the catalysts 
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Figure 1 .  X ray diffractograms of CPO, CP6 and CP12 catalysts (a) before and (b) after reaction 

with steam. 4 magnetite; . . + metallic iron. 

before and after reaction with and without steam, are shown in Table 2. The 
metals addition provokes reduction in the specific surface area of activated 
carbon (867 m2.g-'). There was also a micropore reduction, suggesting the 
collapse of the structure andor blockage of the micropores due to the iron and 
copper presence. During reaction, the textural properties of solids changed 
depending on the kind of the metal and on the presence of steam. The pure 
support (CA) kept its porous structure regardless the presence of steam. On the 
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other hand, in the case of the sample containing iron (CPO), the specific surface 
area was practically not modified during the reaction in presence of steam, but it 
diminished in its absence. The same behavior was observed with the sample with 
the highest content of copper (CP12). In the case of solid with the lowest copper 
amount (CP6), the area of micropores, volume, diameter of pores and the surface 
area decreased during reaction. The collapse of the porous structure during 
reaction can be attributed to the sintering and coke deposition in the catalyst 
pores. Without steam, this effect increased, since the coke deposits were not 
oxidized and the pores were easily blocked andlor collapsed. 

Table 2. Textural properties of catalysts before (CPO, CP6, CP12 and 
C) and after reaction. The symbols D and DS indicate the spent 
catalysts in the reaction with and without steam, respectively. 

CD 9.0 0.7 
CDS 10 1 .O 
CA 867 469 

CAD 849 576 
CADS 841 558 

CPO 87 28 
CPOD 98 15 

CPODS 36 0.5 
CP6 93 37 

CP6D 42 3.0 
CP6DS 29 3.0 
CP12 124 43 

CP12D 105 15 
CPl2DS 40 0.3 

0.04 - 

0.05 - 
0.80 13.8 
0.84 13.7 
0.84 14.1 

0.17 7.6 
0.14 8.4 
0.18 6.8 
0.12 6.3 
0.09 6.6 
0.22 8.6 
0.16 7.0 
0.12 7.4 

0.18 8 5  

The thermogravimetric curves of the catalysts with metals (CPO, CP6 and 
CP12) are displayed in Fig. 2. The weight loss at 50-150°C (about 5%) refers to 
water elimination while those between 700 and 750 "C (about 30%) is related to 
the polymer chains carbonization. It can be noted that the catalysts are thermally 
stable at temperature of the ethylbenzene dehydrogenation (530 "C). 

The values of ethylbenzene conversion and of selectivity to styrene, after 6 h 
of reaction with and without steam, are presented in Table 3. In the presence of 
steam, the support (CA) led to a low conversion, which increased due to the 
metals; therefore, one can assume that the metal is the active phase in the 
reaction. The selectivity to styrene also increased because of the metals. In 
addition, both conversion and selectivity were higher than the commercial 
sample and thus we can conclude that iron oxide is more active when supported 
on activated carbon. 
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Figure 2. Thermogravimetic curves for the catalysts studied 

Table 3. Conversion of ethylbenzene and selectivity to styrene of the 
commercial catalyst (C), the support (CA) and CPO, CP6 and CP12 
catalysts after 6 h of reaction with or without steam. 

Ethylbenzene dehydrogenation with steam 

Styrene selectivity (%) Conversion 
(%) 

Sample 

C 13 98 
CA 3.0 95 
CPO 34 98 
CP6 19 98 
CP12 21 99 

Ethylbenzene dehydrogenation without steam 

Styrene selectivity (%) Conversion 
(%) 

Sample 

C 5.0 97 
CA 9.0 96 
CPO 24 99 
CP6 17 99 

CP12 23 99 

Without steam, the support was more active than the commercial sample and 
the introduction of the metals increased the activity even more. The activity of 
the catalyst containing iron was lower without steam, as compared to the values 
obtained with steam, probably due to coke formation. On the other hand, the 
copper-containing catalysts showed high values regardless the presence of steam. 
In general, the selectivity did not change significantly by the kind and amount of 
the metal or by the steam presence. 
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Figures 3 and 4 show the activity curves of the catalysts versus the reaction 
time, with and without steam. The catalysts were stable under steam, which 
removes continuously the coke formed on the catalyst surface, in accordance 
with previous work [15]. Without steam, the activity decreased quickly with 
time, probably due to the collapse of porous structure by coke deposition. 

9 1  

Figure 3. Catalytic activity of the samples as a function of time during the ethylbenzene 
dehydrogenation with steam: CPO (o), CP6 (o), CP12 (*) CAD (X) and commercial catalyst (A). 

0 1  2 3  4 5  6 
Time (h) 

Figure 4. Catalytic activity of the samples as a function of time during the ethylbenzene 
dehydrogenation without steam: CPO (o), CP6 (o), CP12 (*) CAD (X) and commercial 
catalyst( A). 
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The activity of the support can be attributed to the presence of oxygenated 
functional groups in carbon surface (quinones, carbonyls, lactones and anidrides) 
which catalyzes the reaction by a redox mechanism [15]. The activity was 
higher in the reaction without steam and this fact can be explained by the 
formation of different functional groups during reaction. This is in agreement 
with other works [20] which showed that these groups can change during heating 
of activated carbon. 

4. Conclusions 

Catalysts based on iron oxide doped with copper supported on activated 
carbon are active in ethylbenzene dehydrogenation to produce styrene, with and 
without steam. These solids were more active than a commercial catalyst, 
regardless the presence of steam. In the presence of steam, they are also stable. 
However, they deactivate without steam, due to the loss of specific surface area 
during reaction because of the collapse of the porous structure caused by coke 
deposition. The most promising sample was the catalyst with iron oxide 
supported on activated carbon, which showed high activity and selectivity in 
reaction besides resistance against deactivation. This catalysts is able to work 
without steam showing high activity and selectivity. 
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Layered zirconium hydrogenphosphate monohydrate, a-ZrP, has been extensively 
studied in the last years due to its performance as catalyst or catalytic support, besides its 
use as ionic exchanger. This work reports the study of ionic exchange of a-ZrP samples 
using platinum, in order to use this material as catalyst in the water gas shift reaction 
(WGSR), which is an important step in several industrial processes like ammonia 
synthesis and high purity hydrogen production. It was found that layered zirconium 
hydrogenphosphate is a promising catalyst and the exchange with platinum increased the 
activity even more. The catalytic activity results indicated that this property vaned as a 
function of the crystallinity. Increasing the crystallinity the ionic exchange rates 
decrease but the specific surface areas increase and favor a better catalytic performance. 
This is ascribed to the lamellar organization, which increases the reactants access to 
active sites (platinum). 

1. Introduction 

The study of lamellar materials and the chemistry of their intercalation are in 
constant development, being a promising field in the solid state chemistry. In this 
perspective, the a-zirconium (IV) phosphate, usually called a -ZrP, has been the 
main subject of extensive research during the last years due to the performance 
of these materials as catalysts or catalytic supports and because of the ion 
exchange phenomena, intercalation reactions and ionic conductivity. From the 
catalytic point of view, these compounds are attracting increasing interest due to 
the thermal and chemical stability, besides the possibility of relating their 
textural properties with their crystalline structure [ 1,2]. They are catalytically 
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active for a great variety of reactions such as dehydrogenation, isomerization, 
dehydration, hydrogenation and oxidation [3]. It was noted, in several studies, 
that their catalytic properties depended not only on the preparation conditions 
and on the thermal treatment used, but also on the presence of other species in 
the structure. The intercalation with transition metals, for example, modifies the 
catalytic properties, promoting a better performance of these materials in many 
processes [4]. 

In this work the ion exchange properties of the a-ZrP were used for 
introducing Pt" ions in the layered structure. This is an alternative route for 
classical impregnation processes, in order to obtain an adequate methodology for 
obtaining a -ZP intercalated with platinum. The resulting catalyst was evaluated 
in water gas shift reaction at high temperatures (HTS, High Temperature Shift). 

The water gas shift reaction is an important step for obtaining high purity 
hydrogen that is carried out by the industry and it is usually conducted on an iron 
oxide catalytic bed. The catalyst is commercialized in the form of hematite (a- 
Fe203) and is reduced in situ to form magnetite (Fe304), which is the active 
phase. The formation of metallic iron must be avoided in the reduction process 
which, besides causing a diminishing of the active sites, can catalyze the 
undesired production of hydrocarbons [5-71. In commercial plants, this process 
is controlled by the injection of high quantities of water vapor to the system 
which, meanwhile, leads to a great increasing of the operational costs[8]. This 
justifies the interest for the development of new catalyst that could operate in the 
presence of smaller quantities of vapor. In this way, the phosphates obtained 
were evaluated in the HTS reaction, under conditions of low water vapor 
content, which was much lower than the one used at the industrial processes. 

2. Experimental 

The samples were obtained by the reaction of 0.5 M zirconium oxychloride 
solution with concentrated phosphoric acid. The material obtained (ZGel) was 
refluxed during 48 h with phosphoric acid solutions of 0.5, 1.0, 2.3 and 7SM, 
producing the 20.5, 21, 22, 23 and 27.5 samples, respectively. After being 
refluxed, the gel was isolated by centrifugation and washed with deionized water 
until reaching a pH near 4 and then it was dried at 35 "C [9-111. The solid thus 
obtained were exchanged with platinum by refluxing for 48 h, in a 
tetraammineplatinum chloride solution (0.1 M) The materials were heated for 1 
h under hydrogen at 500 "C. The samples with platinum were identified by P 
(Z0.5 P, 21 P, 22 P, 2 3  P and 27.5 P samples). The materials were activated 
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after thermal treatment during 2 hours at 500"C, under hydrogen f l u ,  using a 
heating rate of 10°C/min and a feed of 1 O O m L / m i n .  

The zirconium content was determined by gravimetry using the cupferron 
method [12]. The phosphorus analysis was conducted by spectrophotometry, by 
the phosphomolibdate method [13], in a visible/UV Hitachi equipment U-200 
model. The platinum content was determined by X-ray fluorescence by the 
fundamental parameters method, in a Tracor model Spectra 5000. 

The X-ray diffraction measurements of the powder samples were done in a 
Shimadzu equipment, XD3A model, with a VG-108R goniometer and a X-ray 
generating tube, model A-40, using the CuKa (h = 1.5418 A) radiation and 
nickel filter. The following conditions were used: 35 kV, 25 mA and the 
scanning was of 2"/min. A Renishaw Raman Imaging Microscope equipment, 
System 3000, was used for obtaining the Raman spectra, coupled to an optical 
microscope with a 1.5 pm resolution and He-Ne (h = 633 nm) laser. 

The specific surface areas were measured in a Micromeritics TPD/TPR 2900 
Analyzer. In the experiments, the samples (0.5 g) were heated under nitrogen, at 
a heating rate of 10" C/min up to 160" C during 1 h. The analysis was then 
carried out using a 30% N2/He mixture. The differential thermal analysis was 
carried out in Shimadzu DSC-50 equipment using about 0.020 g of powder 
sample, in an aluminum sample carrier. The measurements were conducted 
under argon flow (100 mL/min), from 25 up to 600" C. 

In the catalytic evaluation experiments, a fixed bed microreactor was used, 
operating at 370" C and 1 atm. A steam to process gas molar ratio of 0.2 was 
used, which is a value lower than the one used in industrial processes (0.6). The 
process gas used was made on a mixture of 10% CO, 10% CO2, 40% N2 and 
60% H2, which has a composition close to the one used in commercial plants. 
The catalytic activity of the more organized material without platinum (27.5 
sample) was also measured as a reference. 

3. Results and Discussion 

From X-ray diffractograms of the a-ZrP, Fig. l(a), we can see that the gel reflux 
with solutions of different phosphoric acid concentrations produced materials 
with different crystallinities. There was an evolution of the lamellar structure 
organization with the increase of the acid solution concentration. This effect is 
due to a dissolution and re-precipitation mechanism known as Ostwald 
Rippening [14]. It can be noticed, from the diffractograms obtained for the 
phosphates exchanged with platinum, Fig. 1 (b), that the exchange with 
platinum did not change the diffraction pattern for the semicrystalline samples, 



620 

23 P 

22 P 
A I 

while for the non-crystalline phosphates some reflections were noticed, 
indicating the lamellar organization at 28= 12'. It means that the structure did 
not collapse due to platinum incorporation. 

10 20 30 40 50 
28 (degrees) 

27.5 P % 
21 P 

20.5 P 

10 20 30 40 50 
20 (degrees) 

Figure 1. X-ray difiactograms of the solids. (a) ZGel, 20.5, Z1, 22, 23 and 27.5 samples. (b) 
ZGelP, ZOSP, ZlP, Z2P, Z3P and Z7.5P samples. 

The chemical analysis results are shown in Table 1. The non-crystalline 
zirconium phosphates showed a PIZr ratio lower than 2 (stoichiometric value), 
while the ratio was near to the stoichiometric value for the semi-crystalline 
solids. These results indicate that materials with different stoichiometry were 
obtained: (i) solids with P/Zr ratio I 2 corresponding to the formula ZrH(PO& 
H 2 0  and (ii) solids with PIZr ratio deviating from the stoichiometric relation 
(varying between 1.53 and 1.58). This phase can be described as a 
hydroxyphosphate of the Zr(OH)2,(HP04)2.,.nH20 type, where n is a number 
between 0 and 1.5. 

It was verified, from the results shown in Table 1 that the crystallinity 
influenced the ion exchange process, which was decreasing, step by step, while 
the materials structure was getting organized. This is in accordance with 
previous studies [ 151 and is ascribed to the free energy variation, which becomes 
more positive at materials showing a more organized structure. 
Fig. 2 shows the Raman spectra related to the original phosphates and the ones 
exchanged with platinum. All platinum-free samples showed a band related to 
P-0 bond (1150-1000 cm-') centered at 1080 cm-'. This band was becoming 
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slighter and intense for the samples exposed to reflw with more concentrated 
phosphoric acid solutions, confvmng the results of X-ray diffraction, which 
indicated the evolution of organization within the structure of these materials. 
The semicrystalline materials showed a band centered at 283 cm-' indicating the 
structural organization of the lattice. 

Table 1. Chemical analysis results of phosphorous, zirconium, platinum and phosphorus to 
zirconium (P/Zr): ZGel P, Z0.5 P, ZI P, 22 P, 2 3  P and 27.5 P samples with platinum. 

Sample P (%) + 0.02 Zr (%)+ 0.04 P/Zr (molar) Exchanged platinum 
amount (meq/g) 

ZGel P 16.00 30.96 
Z0.5 P 16.48 30.94 
ZI P 16.70 31.12 
22 P 18.78 28.63 
2 3  P 18.90 28.45 
27.5 P 19.15 28.18 

1.53 0.09 
1.56 0.09 
1.58 0.09 
1.93 0.08 
1.97 0.07 
2.06 0.07 

I 
250 500 750 1000 1250 1500 1750 2000 

wavenumber (cm-1) 
250 500 750 10001250150017502000 

wavenumber (cm-I) 

Figure 2. Raman spectra of the solids. (a) ZGel, 20.5, ZI, Z2,23 and 27.5 samples.. (b) ZGelP, 
Z0.5P, ZlP, Z2P, Z3P and Z7.5P samples. 

The Raman spectra of the amorphous materials showed narrow bands at 
1080 cm-' and another t 280 cm-', after the ion exchange with platinum, 
indicating that the introduction of [Pt(NH&]*' ion promoted an organization of 
the phosphates structure, confirming the X-ray diffi-action results. 

The DSC curves of the samples, displayed in Fig. 3, indicated differences for 
the thermal behavior depending on the crystallinities of the solids. The 
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amorphous solids exhibited a wide endothermic peak due to the loss of water at 
about 165" C, the intensity of this peak depends on the amount of water in the 
gel. In the case of semicrystalline solids three endothermic peaks were observed 
in the range of 100 to 250 "C [ 11. The first one, with a maximum near 15OoC, is 
associated to the transition phase. 

a-ZrP (7,56 8) + 6 - ZrP (7,41 A) 
The second endothermic peak has a maximum at 19OoC, approximately, 

which is due to the loss of water. And finally, the third endothermic peak had its 
maximum at about 23OoC where the 6 phase becomes the q:phase: 

6 - ZrP (7,41 A) -b q- ZrP(7,15 A) 

I 
100 200 300 400 500 600 

Temperature ("C) 
a, 

Figure 3. DSC curves of the solids. (a) ZGel, Z0.5, Z1, 22, 2 3  and 27.5 samples. (b) ZGelP, 
Z0.5P, ZIP, Z2P, Z3P and Z7.5P samples. 

The endothermic peak above the 400' C for the Z1 (525"C), 22 (403OC) and 
23 (545°C) samples is due to the condensation of the monohydrogen phosphates 
group to form lamellar pyrophosphate. The absence of this peak, in the 
platinum-based samples, indicates that higher temperatures are required to 
condense the monohydrogen phosphates group, when platinum is present. 

The differences of intensity and position of the endothermic peaks bellow 
3OO0C are due to the rates in which hydrating water is lost. It is not possible to 
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remove water from the crystalline samples at the range of 100-150°C without 
changing the phase. The shifting to the 6-ZrP (7.41 A) phase occurs first, 
because the water molecule has difficulties to be released from the lattice. The 
d e f ~ t i o n  of the three endothermic peaks was not observed in the range of 100 to 
250°C for the semi-crystalline samples exchanged with platinum, indicating that 
the presence of the [Pt(NH3)4]2’ complex makes the exit of water easier. The 
bonding NH3 was removed kom the [Pt(NH3)4I2+ complex at temperatures 
bellow 300°C, leading to the formation of species of the [Pt(NH3),12+ kind until 
reaching the complex decomposition, which occurs at about 350 OC. 

All samples were active in HTS reaction (Fig.4) and the presence of platinum 
increased the catalytic activity as we can conclude by comparing these values 
with those obtained with the 27.5 sample (2.6 x 10” mol.g-’.h-’). In these 
samples, a-ZrP acts both as support and as catalyst. Different performances were 
observed as a fimction of the crystallinity, this is ascribed to the increasing of the 
inner surface, due to the lamellas organization on the C direction of the 
crystallographic planes, making easier the contact between reactants and active 
sites. All catalysts were stable during reaction. The most crystalline sample and 
containing platinum displayed a catalytic performance 18 times higher than the 
last generation HTS catalysts (2.1~10” mo1.g-’.h’ ) which are iron oxide-based 
solids doped with chromium and copper oxide. This sample represents a 
promising alternative for the HTS reaction, in less expensive conditions for 
industrial operations. 

40 I 
h 

m 

ZGelP Z0.5P Z1P Z2P Z3P Z7.5P 
Catalysts 

Figure 4. Specific surface area (Sg) and activity (a) of the platinum-containing catalysts: ZGelP, 
Z0.5P, ZIP, Z2P, Z3P and Z7.5P samples. 

4. Conclusions 

Layered zirconium hydrogenphosphate is a promising catalyst to water gas shift 
reaction. The exchange with platinum increased the activity even more. The 
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catalytic activity results indicate that this property varies as a function of the 
crystallinity. An increase in the crystallinity caused a reduction of the ionic 
exchange rates, but increased the specific surface area values and favored a 
better catalytic performance. This is ascribed to the lamellar organization, which 
increases the reactants access to active sites (platinum). Thus, the sample more 
crystalline and with higher specific area showed better catalytic performance. 
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Functionalization of SBA-15 silica with three ligands differing in m i n e  group basicity, 
namely 3-aminopropyl, 3-(methylamino)propyI and 3-@henylamino)propyl ligand was 
investigated and these materials were tested in COz adsorption. The materials prepared 
were characterized by nitrogen adsorption at 77 K, X-ray powder diffraction and thermal 
analysis. Adsorption isotherms of carbon dioxide were measured at 273.2 K, temperature 
dependence of carbon dioxide adsorption on selected samples was measured in the 
temperature range from 273.2 to 313.2 K. Isosteric adsorption heats calculated from 
these data showed the contrast between adsorption behavior of carbon dioxide on the 
purely siliceous surface and surface grafted with amine groups. The sample containing 
the highest concentration of aminopropyl ligands showed the steepest carbon dioxide 
adsorption isotherm. The amount of COz adsorbed on this sample attains 17.8 cm3/g STP 
at 10 ton in contrast to pure SBA-15 silica, which adsorbs at the same equilibrium 
pressure 0.9 cm3/g STP only. 

1. Introduction 

Carbon dioxide is one of the greenhouse gases increasing concentration in the 
atmosphere of which is assumed to have direct linkage to global climate changes. 
Therefore, it is important to find an efficient and economic route to entrap and 
store COz produced during various technological processes. Mesoporous 
molecular sieves due to their high void volume are promising materials for 
adsorption of different gases and vapors. Particularly, an addition of amine 
functional groups to ordered mesoporous silicas offers a possibility to bridge the 
limits of currently used liquid amine processes for the removal of COz. 

Functionalization of ordered mesoporous silicas in order to obtain materials 
for COz adsorption has been extensively examined. Recently, Harlick and Sayari 
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have published a study with detailed literature review comparing amine-grafted 
silica-based adsorbents [I]. The most instructive examples of functionalization 
are shown hereinafter. Pore expanded MCM-41 silica coated with 3-[2-(2- 
aminoethylamino)ethylamino]propyltimethoxysilane, exhibited a 1 1 7 mg/g 
adsorption capacity at 298 K and 1 atm for a dry 5 % COz in N2 feed mixture 
[ 11. By modifying of as-prepared water-washed SBA-15 mesoporous silica with 
tetraethylenepentamine (TEPA) it was found that the existence of Pluronic P123 
template in SBA-15 promotes the capture of CO2 [2]; the adsorption capacity of 
such prepared materials attained 144 mg/g at 1 atm and 348 K. The concept 
called “molecular basket” was explored by Xu et al. [3,4]. The sterically 
branched polymer polyethylenimine, which has chains with numerous C02- 
capturing aminogroups, was immobilized into the channels of the mesoporous 
MCM-41 silica. The adsorption capacity attained 133 mg/g at 1 atm and 348 K. 
Aminopropyl-functionalized MCM-41 silica was reported in the study [5]. 
Achieved adsorption capacity attained 70 mg/g under 90 % C02/Ar mixture (1 
atm) at 293 K. 

In the present study we have investigated SBA-I5 silica functionalized by 
three amine ligands, namely 3-aminopropyl, 3-(methylamino)propyl or 3- 
(pheny1amino)propyl (PAP) ones. The use of these ligands enabled us to find the 
influence of the basicity of amine groups both on the shape of COz adsorption 
isotherms and isosteric adsorption heats of C02. The understanding gained 
through such a study should help to guide future work to improve adsorption 
properties of functionalized silicas. 

2. Experimental 

2.1. Materkk 

SBA-15 silica was prepared according to ref. [6] using poly-(ethylene glycol)- 
poly-(propylene glycol)-poly-(ethylene glycol) block copolymer Pluronic P 123 
as a templating agent. Before grafting, the calcined silica was heated at 573 K 
for 3 h (10 Wmin) under vacuum to remove adsorbed water. The batch of 0.5 g 
of dehydrated SBA-15 was dispersed in 25 cm3 of toluene dried over zeolite 
sieve 4A. Then 0.5-2.0 mmol of the respective silane (i.e. 3-aminopropyl- 
trimethoxysilane, 3-(methylamino)propyl-trimethoxysilane and 3-(phenylamino) 
propyl-timethoxysilane) were added and the suspension was stirred at ambient 
temperature for 5 h under argon atmosphere. The solid product was recovered by 
filtration, repeatedly washed out with toluene and dried at 353 K. 
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The materials prepared are listed in Table 1. The functionalized samples are 
labeled with the abbreviations of respective ligands (3-aminopropyl = AP, 3- 
(methy1amino)propyl = MAP, and 3-(phenylamino) propyl = PAP). 

2.2. Methods 

Adsorption isotherms of nitrogen at 77 K and carbon dioxide in the temperature 
range from 273.2 to 313.2 K were determined using an ASAP 2020 
(Micromeritics) static volumetric apparatus. In order to attain a sufficient 
accuracy in the accumulation of the adsorption data, the ASAP 2020 was 
equipped with pressure transducers covering the 133 Pa, 1.33 kPa and 133 kPa 
ranges. The home-made thermostat maintaining temperature of the sample with 
accuracy of +0.01 K was used for the measurement of carbon dioxide isotherms. 
Before each adsorption measurement the sample was outgassed under 
turbomolecular pump vacuum using a special heating program allowing for a 
slow removal of most preadsorbed water at low temperatures. This was done to 
avoid potential structural damage of the sample due to surface tension effects 
and hydrothermal alternation. Starting at ambient temperature the sample was 
outgassed at 383 K (temperature ramp of 0.5 IUmin) until the residual pressure 
of 0.5 Pa was obtained. After further heating at 383 K for 1 h the temperature 
was increased (temperature ramp of 1 Wmin) until the temperature of 623 K was 
achieved. This temperature was maintained for 8 h. 

X-ray powder diffraction data (not shown) were recorded on a Bruker D8 
X-ray powder diffractometer equipped with a graphite monochromator and 
position sensitive detector (Vgntec-1) using CuKa radiation (at 40 kV and 
30 mA) in Bragg-Brentano geometry. 

The thermal analysis of grafted materials was carried out using STA 
Netzsch 409PC apparatus up to 1273 K with heating rate 9 Wmin under dynamic 
air atmosphere (20 cm3/min). 

3. Results and Discussion 

Nitrogen adsorption isotherms at 77 K on the parent SBA-15 silica and 
functionalized samples are shown in Fig. 1. All the isotherms are characterized 
by the H1 hysteresis loop, which is typical of the SBA-15 mesoporous structure. 
Structure parameters of the samples are summarized in Table 1. The BET 
surface area was calculated from the nitrogen isotherm in the range of relative 
pressures 0.05 - 0.24. The mesopore volume and mesopore diameter were 
calculated from the desorption branch of the hysteresis loop using the BJH 
method. The inspection of structural parameters clearly reveals that the character 
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of the SBA-15 porous framework is preserved in all functionalized samples. 
However, owing to the functionalization the surface area decreased from 882.9 
m2/g to 198.3 m2/g; the mesopore volume decreased from 1.045 cm3/g to 0.311 
cm3/g. The mesopore diameter markedly decreased for samples SBA-1 YAP3 
and SBA-l5/PAP from 6.2 to 4.6 and 4.8 nm, respectively (cf. Table 1 and Fig. 
1). The decrease in the mesopore volume and mesopore diameter may be 
attributed to the presence of organic ligands on the mesopore surface. At the 
same time it may be supposed that ligands contribute to the smoothing of 
corrugated corona around the mesopores, which causes the decrease in the 
surface area [7]. 

To characterize the thermal stability of the grafted materials and to 
investigate maximum operation temperature, which can be used with the 
modified materials, the samples were characterized by thermal analysis. Fig. 2 
shows TG curves of the samples SBA-15, SBA-15IAPI2, SBA-15lAP13, SBA- 
15NAP and SBA-lS/PAP. The weight loss in the temperature range 300 - 
440 K corresponds to the thermodesorption of adsorbed moisture. With further 
heating above 440 K the pyrolysis of amine ligands took place. The onset of the 
decomposition of AP, MAP and PAP ligands decreased with the increasing 
molar weight of the ligands. The total weight loss corresponding to the pyrolysis 
of the organic ligands expressed in wt. % of the dry sample is given in the Table 
1. The differences in the mass weight indicate the different amounts of amines 
grafted on the surface of the SBA-15. Since for carbon dioxide adsorption a 
concentration of amine groups as adsorption centres is the most important 

Table 1. Structural parameters, TG results and adsorption capacities of COz on parent and modified 
SBA-15 samples. 

Weight Loading of Samplecode SBET VME DME loss ligands Adsorption capacity 

lOtorr 750torr 
(rn2/g) (cm3/g) (nrn) (wt. %) (mrnovg) (crn3/g STP) 

(A) SBA-15 882.9 1.045 6.2 0 0.9 34.5 
(B) SBA-l5/APl 561.7 0.785 5.8 6.5 1.1 3.6 28.1 
(C)SBA-l5/AP2 459.9 0.677 5.6 11.5 2 9.7 30.7 
(D) SBA-l5/AP3 198.3 0.311 4.6 15.3 2.6 17.8 35.4 
(E) SBA-l5/MAP 445.3 0.672 5.6 19.7 2.1 8.5 29.9 
(F) SBA-lSFAP 307.2 0.472 4.8 17.9 1.3 0.7 18.5 
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PIP, 

Figure 1 .  Nitrogen adsorption isotherms for samples (A) SBA-15, (B) SBA-lS/APl, (C) SBA- 
15/AP2, (D) SBA-I5/AP3, (E) SBA-lSMAP, (F) SBA-ISRAP. Except for that on samples SBA- 
15/AP3 and SBA-15/PAP, isotherms are shifted by 100 cm3/g each. Solid symbols denote 
desorption. 

characteristics, the amount of the amine groups was calculated f?om 
thermogravimetric data (Table 1). 

Adsorption isotherms of carbon dioxide at 273 K were measured on all 
prepared samples. These isotherms are shown in Fig. 3; interpolated amounts 
adsorbed for 10 and 750 torr are listed in Table 1. Both isotherms and 
interpolated values show distinct differences in the adsorption properties of 
studied materials. Pure SBA-15 silica does not interact very strongly with COz 
because the surface hydroxyl groups are not able to induce sufficiently strong 
interactions and other adsorption sites are missing. With samples with AP 
ligands the adsorption capacity and steepness of the isotherm strongly increase 
with increasing amount of amine groups. The sample SBA-15IAPl3 showed the 
steepest isotherm and the highest adsorption capacity attaining 35.4 cm3/g STP 
at 750 torr. It should be noted that this capacity expressed in mg COz per 1 g of 
adsorbent equals to 67.8 mg/g; this value is practically the same as the capacity 
reported in the ref. [5]. The lower basicity of the MAP and especially PAP 
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ligands results in the reduced steepness of the C02 isotherms and lower 
adsorption capacities of 29.9 and 18.5 cm3/g STP, 
equilibrium pressure. 

respectively, at the same 

10 

Figure 2. Thermogravimetric curves for samples (A) SBA-15, (C) SBA-l5/AP2, (F) SBA-l5/PAP, 
@) SBA-l5/AF'3 and (E) SBA-lSMAP. 

With samples SBA-15, SBA-15IAPl2, SBA-lSMAP and SBA-15PAP 
adsorption isosteres were calculated by means of interpolation adsorption 
isotherms at 273, 283,293,303 and 313 K. Dependences of isosteric adsorption 
heats qst on amount adsorbed, determined from the slope of the adsorption 
isosteres, are shown in Fig. 4. The isosteric adsorption heats obtained with SBA- 
15 change little over the adsorption range measured. Their values of 22-25 
kJ/mol are slightly above the molar heat of COz condensation. This indicates a 
moderate strength of interaction between the adsorbed carbon dioxide molecules 
and the silica surface. Turning to the functionalized samples containing Ap and 
MAP ligands, very high initial energies of interactions were found in the in the 
order of 60-70 Hlmol. The high values of qst at low surface coverage thus seem 
to be due to strong interaction between carbon dioxide molecules and amine 
groups. Once all available amine groups had interacted with the carbon dioxide 
the gas adsorbed gradually on less reactive surface sites; for this reason, isosteric 
adsorption heat decreases and approaches values for the siliceous SBA-15. 
Isosteric adsorption heats determined for C02 adsorption on the sample with 
PAP ligands show that the basicity of ligands plays a decisive role. With 
accordance of the lower basicity of PAP ligand the maximum isosteric 
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adsorption heat of 35-37 kJ/mol at low surface coverage quickly decrease to the 
qst values determined for SBA-15. This dependence of qst on the amount 
adsorbed indicates a weaker interaction of C 0 2  molecule with a PAP ligand. 

0 200 400 600 800 200 400 600 8 

P (torr) 

Figure 3. Amounts of adsorbed carbon dioxide for the samples (A) SBA-15, (B) SBA-lS/API, (C) 
SBA-lS/APZ, (D) SBA-l5/AF'3, (E) SBA-15MAP and (F) SBA-15PAF'. 
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Figure 4. Isosteric heat of adsorption of CO2 on (A) SBA-15, (C) SBA-IYAPZ, (E) SBA-15MAP 
and (F) SBA-15PAF' (qL denotes the molar heat condensation). 
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4. Conclusion 

In this study the effects of post-synthesis amine grafting of SBA-15 silica were 
investigated. The study of adsorption properties of materials prepared has shown 
that the steepness of carbon dioxide isotherms and respective adsorption 
capacities depend on both the amount of amine ligands and their basicity. The 
steepness of C02 adsorption isotherm increases with increasing basicity of amine 
ligands and their concentration on the surface. 

The sample SBA-151AP3 containing the highest concentration of 
aminopropyl ligands showed the steepest carbon dioxide adsorption isotherm 
and the highest adsorption capacity. The respective amounts of CO? adsorbed on 
this sample are 17.8 and 35.4 cm3/g STP at 10 and 750 torr, respectively. Such 
material can be of potential interest to recover trace amounts of COl due to very 
strong interaction of carbon dioxide with aminopropyl ligands at low surface 
coverage. 
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ADSORPTION OF VOLATILE ORGANIC COMPOUNDS ON 
PORE EXPANDED MESOPOROUS MATERIALS 
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Engineering and Department of Chemistry, University of Ottawa, Ottawa, Canada, 
KIN6NS 

Among the various characteristics that make ordered nanoporous materials potential 
candidates for adsorption and catalytic applications, the possibility to tailor their 
structural properties in a relatively easy manner is particularly attractive. In the present 
work, surfactant-laden nanoporous silica (PE-MCM-41 E) was synthesized by means of a 
pore expansion hydrothermal post-synthesis treatment of as-synthesized MCM-41 
followed by selective extraction of the expander agent. This unique material offers the 
hydrophobic characteristics of the organic surface layer while maintaining significant 
porosity. PE-MCM-41E was evaluated as an adsorbent of representative volatile organic 
compounds. For comparison, purely siliceous mesoporous materials before and after pore 
expansion by hydrothermal treatment (referred to as MCM-41 and PE-MCM-41C, 
respectively) were also studied. PE-MCM-4 1E exhibited strong interactions with 
chlorinated hydrocarbons in terms of heat of adsorption (AH,) and adsorption efficiency 
in the presence of water vapor. PE-MCM-41E maintained 89% of its capacity in @ 
streams for dichloromethane while MCM-41 maintained only 80%. Purely siliceous 
nanoporous materials exhibited strong compatibility with aromatic compounds. In the 
case of adsorption in the presence of humidity, MCM-41 adsorbed 87% of its capacity 
for dry benzene compared to 84% for PE-MCM-41C and 8 1% for PE-MCM-41 E. 

1. Introduction 

Volatile organic compounds (VOCs) represent a wide range of chemical species 
whose use and production are essential for the chemical industry nowadays. 
Unfortunately, VOCs are known to be pollutants that contribute to global 
warming and the ozone layer depletion. Furthermore, some of them are known 
to be toxic to humans, animals and vegetation alike. Due to their volatile nature, 
they mix easily with atmospheric air and are easily lost due to fugitive 
emissions. For these reasons it is imperative to innovate technologies to 
minimize the release of VOCs to the environment in an efficient and economic 
manner. 

Adsorption separation technologies have gained attention recently due to 
their working capacity in a wide range of fluid concentrations and their 
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relatively low energetic demand compared with other alternatives like liquid 
absorption or incineration. In the quest of the most appropriate adsorption 
technologies, researchers have synthesized and studied several novel materials 
with promising characteristics as adsorbents for VOCs. The recently developed 
family of ordered mesoporous materials (OMMs) exhibit features that make 
them a good alternative for the objective hereby pursued [l, 21. OMMs exhibit 
high surface area and a highly ordered porous structure, but it is the possibility 
to tailor their surface properties and structure that makes them particularly 
attractive. 

-Silica 

C. Surfactant template 
Expander agent 4-”-- 

C 

Selective 
extraction - 

Scheme 1 .  Representation of the surfactant-layered mesoporous materials with and without pore 
expansion post-synthesis treatment. 

To target non-polar organic molecules, some authors tried to enhance the 
hydrophobicity of mesoporous materials by attaching hydrophobic molecules 
(either during synthesis or by means of a post-synthesis treatment) on the silica 
surface [3-51, since it is widely accepted that non-polar molecules interact more 
strongly with hydrophobic adsorbents [6]. A less costly procedure consists of 
retaining the surfactant molecules used as template during the mesoporous silica 
synthesis inside the silica pores, hence producing surfactant laden mesoporous 
silica, as represented schematically by Material “A” in Scheme 1 [7,8]. 
Although some of these surfactant-containing adsorbents reported in the 
literature exhibited attractive features as adsorbents for VOCs, these materials 
have a low porosity. This is a major drawback since adsorption separation is a 
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surface phenomenon and it is known that most of the surface area of porous 
materials is found precisely inside the pores. 

To overcome such problem, the present work proposes the use of a post- 
synthesis treatment to increase the pore size of an ordered mesoporous silica 
type MCM-41 with a subsequent selective extraction of the expander agent, thus 
producing a surfactant laden mesoporous silica with significant porosity 
(represented by Material C in Scheme 1). Hereby, the performance of this novel 
mesoporous material is evaluated as adsorbent for chlorinated and aromatic 
hydrocarbons. The heat of adsorption (AH,) and adsorption capacity (9) were 
determined in both dry and humid environments. Additionally, purely siliceous 
MCM-4 1 before and after post synthesis pore-expansion is investigated for 
comparison. 

2. Experimental 

2.1. Synthesis of Materials 

The adsorbents used were prepared as described previously for MCM-41 [9], 
PE-MCM41C [lo] and PE-MCM41E [ l l ] .  A solution containing 578.6 g of 
TMAOH 25% in 5500 g of water was prepared under vigorous stirring at 
ambient temperature in an 8 L stainless steel vessel. Cetyl-trimethylammonium 
bromide (820 g) was subsequently added, and stirred for 15 minutes. Finally, 
328.4 g of Cab-0-Sil fumed silica was added, producing a mixture with the 
following composition 1 .O sio2:0.343 TMAOH:0.41 CTAE357 H20. The 
resulting gel was placed in an oven and stirred at 100 "C under autogeneous 
pressure for 40 h. The material obtained was thoroughly washed with water, 
filtered and dried at ambient conditions. A sample of this material was calcined 
for 5 hours at 550 "C, under nitrogen flow during the temperature ramp then 
under flowing air when the temperature reached 550 "C. This template-free 
material was labeled MCM-41. 

To produce pore-expanded MCM-41, an emulsion was prepared by adding 
437.5 g of DMDA in 5250 g of water under vigorous stirring at ambient 
temperature. Subsequently, 350 g of as-synthesized MCM-41 (i.e. before 
calcination) was added and the mixture was kept under stirring for 15 more 
minutes. The resulting suspension was heated in a stainless steel closed vessel at 
120 "C under continuous stirring for 72 h. After this time, the product was 
washed with water, filtered and dried in ambient air. Subsequently, DMDA was 
selectively extracted by washing the material with ethanol twice using a ratio of 
18.5 ml and 9.7 ml per gram of as synthesized MCM-41 in the first and second 
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extractions, respectively. The material was subsequently filtered and dried in air 
and was labeled "PE-MCM-41E where "PE" and "E" indicate that the material 
was pore-expanded and selectively solvent-extracted. A sample of the material 
obtained after pore expansion was calcined at 550 "C for 5 h under air flow to 
remove both expander and template surfactants and was labeled "PE-MCM- 
41C" with "C" to indicate that the pore-expanded material was calcined. 

2.2 Characterization 

To determine the surface properties of the materials, nitrogen adsorption 
isotherms at 77 K were measured using a Micromeritics ASAP 2020 automated 
volumetric instrument. Before each analysis, the adsorbents were evacuated at 
high vacuum (1 x 1 0-5 ton-) at 100 "C. In the particular case of PE-MCM-4 1 E the 
pretreatment temperature was maintained at 50 "C to avoid thermal degradation 
of the surfactant molecules on its surface. The surface area was determined 
using the widely accepted Brunauer-Emmet-Teller method. The pore size 
distribution was estimated with the Kruk-Jaroniec-Sayari (KJS) method [ 121, 
which was developed fiom the Kelvin equation to fit mesoporous materials. 

In addition, dichloromethane and benzene adsorption isotherms at ambient 
temperature (i.e. 25 "C) were determined for the three adsorbents under study 
using a TA Instruments Q-500 thermogravimetric analyzer (TGA). To generate 
each point of the isotherm, a stream of nitrogen with known concentration of 
VOC was directed to the TGA sample chamber. The amount adsorbed was 
measured at the moment when the sample weight was constant and hence 
equilibrium could be assumed. 

2.3. Heat of adsorption 

AH, and Henry's law constants (k) at different temperatures were estimated by 
the pulse chromatographic method [13] using nitrogen as carrier gas. Using a 
two-position six-way valve, a 0.025 ml pulse of VOC loaded nitrogen was 
directed to a stainless steel fixed bed column packed with 1.3 ml of adsorbent 
and kept at a constant temperature using an electric furnace. The column outlet 
was continuously monitored with the use of a flame ionization detector (FID). 
The FID response was recorded in real time using National Instruments Data 
Acquisition software and hardware. 

According to the work of Schneider and Smith [13], the mean retention 
time of the adsorbate inside the fixed bed column can be approximated by the 
first absolute moment of the profile of concentration at the column outlet versus 
time: 
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where pl is the mean retention time, t is time, pD is the mean dead time of the 
fluid in the experimental setup and CA is the concentration of the adsorbate at 
the column downstream. From the first absolute moment, a dimensionless form 
of Henry's law constant can be calculated: 

where L is the length of the column, u is the fluid interstitial velocity, E is the 
bed porosity and K is a dimensionless form of Henry's law constant. By 
determining Henry's law constant values at different temperatures, an Arrhenius 
type plot of InK versus T-' can be generated in which the slope of the curve is 
proportional to the heat of adsorption [13-161: 

where Kp is the dimensional form of Henry's law constant, and R is the 
universal gas constant. 

2.4. Adsorption capacity in dynamic processes 

To calculate q for single components in a dry environment, breakthrough curves 
analysis [5]  was performed by feeding a continuous stream of VOC at a partial 
pressure of 0.10 to a fixed bed column monitored with a FID at its outlet. To 
generate the humid environment a second stream of nitrogen was bubbled into a 
glass saturator containing water at a constant temperature of 5 "C (Py, = 8.7~10' 

bar) and subsequently mixed with the single VOC containing stream before 
entering the fixed bed column. The adsorption capacity (9) was determined from 
the breakthrough profile using a constant flow rate and mass of adsorbent: 

F A  ty 
9=-@- 

where FA is the flow rate of adsorbate, and W is the mass of adsorbent in the 
column. In this case, t, is the stoichiometric time, which is calculated from the 
breakthrough profile with [ 171 : 

where Co is the adsorbate concentration at the column inlet and tD is the 
experimental setup dead time for breakthrough experiments. 
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3. Results and Discussion 

3.1 Characterization 

The adsorption isotherms determined experimentally for the three materials 
hereby studied are presented in Figure 1. It can be seen that all materials present 
a Type IV isotherm according to the IUPAC classification, which is 
characteristic of mesoporous materials. The absence of hysteresis loop for 
MCM-4 1 has been well documented previously in mesoporous materials with 
pore diameters of less than 4 nm [7, 81. This is in agreement with the estimated 
pore size distribution of MCM-41, which is very narrow with maxima at 3.5 nm. 
With respect to PE-MCM41C and PE-MCM-41E, the nitrogen adsorption 
isotherms exhibited a shift of the condensation step to higher partial pressures 
and a hysteresis loop. These two phenomena can be directly related to an 
effective pore expansion after the post-synthesis treatment. 

c 1200 
I 4 - 1000 

0 0.2 0.4 0.6 0.8 1 

p/ Po 
Figure 1. Nitrogen adsorption (open symbols) and desorption (closed symbols) isotherms for MCM- 
41 (triangles), PE-MCM4lE (squares) and PE-MCM-41C (circles). Dotted lines included are for 
clarity purposes only 

The pore size distributions determined for the pore-expanded materials 
effectively show a maxima at larger pore diameters than that of MCM-41 (i.e. 7 
nm for PE-MCM-41E and 9 nm for PE-MCM-41C) while maintaining a 
relatively narrow distribution. Although both PE-MCM-41E and PE-MCM-41 C 
were subjected to the same post-synthesis treatment, each one presented a 
particular pore size and nitrogen adsorption isotherm. It can be inferred that such 
difference is a result of the space occupied by the occluded surfactant inside the 
expanded mesopores, suggesting that the synthesis route followed to produce 
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Table 1. Structural parameters of mesoporous silicas determined by nitrogen adsorption 
measurements at 77 K 

(nm) 
MCM-41 1086 0.86 3.5 2.29 0.55 
PE-MCM-41 E 319 0.83 1.1 1.44 0.80 
PE-MCM-4 1 C 1119 2.35 9.2 2.54 0.37 

In addition to the nitrogen adsorption measurements, adsorption isotherms 
at ambient temperature for two VOCs were determined and are presented in Fig. 
2. In both cases, it is seen that MCM-41 presents a higher capacity at 
equilibrium at low VOC concentrations, which is a result of its smaller pore 
diameter. It can also be seen that at high concentrations of benzene and 
dichloromethane, there is a sharp increase in adsorption capacity by the pore- 
expanded materials resulting in a significantly higher total capacity. This can be 
a result of the larger pore size and volume of the pore-expanded adsorbents, 
which would accommodate a larger number of VOC molecules inside their 
pores. 

3.2 Heat of adsorption 

Figure 3 presents the Arrhenius type plots from which values of AHa were 
estimated. The surfactant-containing silica (PE-MCM-41E) exhibited the 
strongest interaction with dichloromethane (DCM) having a -AHa of 57 kJ/mol. 
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To corroborate this tendency, experiments were performed using a second 
chlorinated molecule, i.e. chloroform. As seen in Figure 3a, PE-MCM-41E 
presented once again the strongest interaction while the non-expanded MCM-41 
offered the lowest -AHa, replicating the tendency observed with DCM. This can 
be a result of an enhanced compatibility between the organic adsorbents and the 
hydrophobic layer on PE-MCM-41E's surface. 

CPE-MCM-41E 
CPE-MCM-41C 

0.014.. . . : .  . . . : .  . . . : .  . . . I 
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loo \L\MCM-41 83 W/mol (b) 
CPE-MCM-41E 

, OPE MCM-41C 72 kllrnol A 75 kl/rnol 
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Figure 3. Van't Hoff plots for the adsorption of (a) dichloromethane (closed symbols) and 
chloroform (open symbols) and (b) benzene (closed symbols) and toluene (open symbols). The 
values presented in the plot correspond to the heat of adsorption estimated from the closest set of 
data 

The observed tendency in chlorinated hydrocarbons did not occur in the 
case of aromatic compounds. As seen in Figure 3b, in the case of benzene, PE- 
MCM-41C presented the highest -AHa followed closely by MCM-41. It can also 
be observed that the values of -AHa of PE-MCM-41E are significantly lower 
than that of its purely siliceous counterparts. This is attributed to a chemical 
bonding between the n-electrons in the aromatic hydrocarbons and the hydroxyl 
groups present in the silica surfaces as reported by other workers [18]. This 
effect was corroborated using a second aromatic molecule as adsorbate: toluene. 
As seen in the results from Figure 3b, the purely siliceous materials exhibited 
once again extremely strong interactions with toluene while the surfactant layer 
in PE-MCM41E inhibited the aforementioned chemical interaction. This is 
evidence of the change in surface chemistry produced by using different post- 
synthesis treatment routes in the synthesis of each adsorbent even though they 
were all produced from the same parent mesoporous silica. 
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3.3 Adsorption Capacity 

The values of q estimated with breakthrough curves analysis are summarized 
Table 2. For the case of dichloromethane in dry streams, the capacities obtained 
were in the order MCM-41 > PE-MCM-41C > PE-MCM41E. This tendency is 
in agreement with the adsorption capacity at equilibrium observed in Figure 2 at 
low concentrations. However, PE-MCM-4 1 E showed the best efficiency for 
dichloromethane with a qhumid of 89% with respect to dry streams, corroborating 
its compatibility with this type of VOCs. 

For aromatic hydrocarbons, the order obtained was MCM-41 > PE-MCM- 
41C > PE-MCM41E once again replicating the equilibrium capacity 
measurements at low concentration (Figure 2) .  In humid streams, MCM-41 
exhibited the best efficiency, adsorbing 87% of the amount adsorbed under dry 
conditions. These results demonstrate that the organically modified PE-MCM- 
41 E presents high compatibility with halogenated hydrocarbons while the purely 
siliceous MCM-41 and PE-MCM41EC exhibit stronger interactions with 
aromatic compounds. 

Table 2. Adsorption capacity of mesoporous silicas for selected VOCs at a relative pressure of P/Po 
= 0.10 in mmol per gram of silica (values in parenthesis are expressed in mmol per gram of 
adsorbent) 

Dichloromethane Benzene 
Adsorbent t, q qh qh/q t, q qh qh/q 
MCM-41 289 1.88 1.48 0.80 1331 2.43 2.10 0.87 
PE-MCM-41C 160 1.55 1.30 0.84 767 2.07 1.73 0.84 
PE-MCM-41E 212 1.76 1.56 0.89 568 1.40 1.13 0.81 

(0.97) (0.86) (0.77) (0.62) 
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REMOVAL OF LOW VAPOUR PRESSURE TOXIC 
SUBSTANCES BY NANOPOROUS MATERIALS 
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Madirel, Centre de St JirGme, 13397 Marseille cedex 20, France 

Adsorption of methyl salicylate (a simulant for mustard gas) and dimethyl methyl 
phosphonate (DMMP, a simulant for nerve agents) by various nanoporous adsorbents is 
studied. These molecules were chosen because their structure, size and functional groups 
are similar to those of the corresponding toxic molecule. Adsorbents are activated carbon 
(used as a benchmark), amorphous silica samples used in chromatography and some 
ordered mesoporous samples (MCM-48 or MCM-41 type). Because these simulant 
molecules have at room temperature a saturation pressure lower than 1 Torr, it was 
necessary to make use of specific adsorption equipment which is coupled with a Tian- 
Calvet type microcalorimeter. The highest affinity, i.e. the steepest adsorption isotherms 
at very low pressure, is obtained for the activated charcoal, which also gives rise to the 
highest adsorption enthalpy at low coverage but the adsorption capacity of the MCM-48 
sample for DMMF' is the highest (since simulant molecules fill the pores). At p/p" = 0.3 
the masses adsorbed are nearly twice higher than on the benchmark carbon. The 
regeneration of the samples was followed by High Resolution TG coupled with mass 
spectrometry. This showed an easier regeneration of MCM-48 (completed at 200 "C) 
than carbon (which requires heating up to 300 "C). The mass spectrometry analysis also 
shows that the simulant is decomposed at the level of the adsorbent, which means that 
non toxic fragments are produced by the regeneration. Evaluation of the time requested 
to achieve adsorption equilibrium was also carried out for each sample. Whatever the 
conditions, the activated carbon leads to shorter times and faster kinetics in spite of its 
lower pore ordering. The main conclusion for this application is that ordered materials 
may bring some improvements thanks to the very high surface that may be produced by 
ordering. Because the pore size is slightly larger than that of micropores of carbons, their 
regeneration is easier. Nevertheless, ordering does not bring any advantage at the level of 
kinetics. 

1. Introduction 

For many years nanoporous adsorbents have been used for removing pollutants 
either fiom gas or liquid phases [ 11. Their large surface areas and pore volumes 
give them large adsorbing capacities. Moreover, the pore size, wlifch anows 
molecular sieving effects, as well as a tailored surface chemistry give rise to 
selectivity and high affinity (defined as the initial slope of the adsorption 
isotherm) which are required in the case of toxic molecules elimination. 
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Activated carbons [2] were historically the fust adsorbents used in such 
application and they are still probably the most used. Recently, new classes of 
adsorbents were synthesized and are currently known as mesoporous organized 
materials [3-51. Prepared by templating methods around surfactants or block 
copolymers, they reach as high surface areas as activated carbons but with 
narrower pore size distributions in the mesopore range (2-50 nm according to 
the IUPAC classification), whereas carbons are often mainly microporous, (0-2 

In this paper the adsorption properties of MCM-41 and MCM-48 type 
materials are compared to those of a reference activated carbon, in the case of 
simulant molecules, i.e. methyl salicylate (MS, a simulant for mustard gas) and 
dimethyl methyl phosphonate (DMMP, a simulant for nerve agents). The 
samples are compared from three points of view: adsorption thermodynamics, 
adsorption kinetics and regeneration. One of the main thermodynamic 
characteristics of these simulant molecules is their very low saturation pressure 
at room temperature (lower than 1 torr). It was therefore necessary to make use 
of specific adsorption equipment which is coupled with a Tian-Calvet type 
microcalorimeter in order to get the main thermodynamic of adsorption 
characteristics. 

nm). 

2. Experimental 

Three adsorbents were used. An MCM-41 sample, provided by F. Fajula 
(ENSCM, Montpellier, France) with a BET surface area of 600 m'g-', a mean 
pore size around 3.6 nm and a pore volume of 0.5 cm3g-'. An MCM-48 type 
sample, provided by M. Hudson (Reading University, UK), with a BET surface 
area of 1000 m'g-', a mean pore size of 2.9 nm and a pore volume of 0.74 cm3g- 
'. An activated carbon, named ASC/T, whose surface area is 825 m'g-I, pore 
volume 0.4 cm3g-' and mean pore size 0.9 nm. The formulas of the two simulant 
molecules used as adsorbate are given hereafter. 

COOCH3 

DMMP MS 

Nitrogen adsorption isotherms at 77K were determined with an ASAP 2010 
apparatus from Micromeritics, after outgassing at 150°C. The regeneration of the 
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adsorbents was studied by High Resolution Thermogravimetry (HRTG) under 
nitrogen flow. The HRTG analyses were achieved with a TGA QSOO apparatus 
fiom TA Instruments coupled with a mass spectrometer (Thermostar fiom 
Pfeiffer). 

Because of the very low saturation pressure of these simulant molecules (0.6 
and 0.1 ltorrs for DMMP and methylsalicylate, respectively), a recently 
developed apparatus was used [6], whose schematic representation is given in 
Figure 1. 

Pressure gauge 

Isothermal block 

Teflon piston 0-rinc 

syringe liquid Stainless steel ball 

Figure 1. Schematic representation of the vapor adsorption set-up with details of the micro leak- 
valve. 

After being outgassed (and heat-treated at 15OoC), the sample cell is placed 
inside the thermopile of a Tian-Calvet microcalorimeter and connected to the 
manifold. This latter includes (i) a valve connected to a vacuum pump, (ii) a 
syringe-pump and (iii) a valve connected to two pressure gauges (MKS 
Baratron, lmbar and lOOmbar full scale). In order to control an even and low 
rate of vaporization of the liquid at the outlet of the syringe, a home-made micro 
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leak-valve is inserted between the syringe and the manifold (see details in figure 
1). The liquid is vaporized at the leak-valve outlet. The temperature of the 
manifold is kept higher than that of the calorimeter. With this set-up, the 
injection of liquid can be carried out either continuously or stepwise. The linear 
speed of the syringe-pump (Precidor from Infors, Basel) may be set between 
0.001 and 1 mm.min-', which corresponds to flow rates (in the case of water) 
ranging between 0.0001 and 1 mg.min-'. The stepwise mode was used in the 
present case. The amount adsorbed at a given pressure is obtained by comparing 
the amounts injected to reach that pressure either in the presence or in the 
absence of a sample. At each step a calorimetric peak is recorded that allows the 
corresponding adsorption enthalpy to be calculated. 

3. Results and discussion 

Adsorption isotherms and corresponding differential adsorption enthalpies are 
given in Figures 2 and 3 for DMMP and MS, respectively. The adsorption 
isotherms of these vapors on the MCM-41 and MCM-48 samples are quite 
unusual as compared with standard gas-like nitrogen or with common vapor-like 
water or with a low molecular weight organic molecule. 
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Figure 2: Adsorption isotherms (left) and adsorption enthalpies (right) for DMMP on ASC/T carbon 
(circles), MCM-4l(triangles) and MCM-48 (squares) at 25 "C. 

The mesopore filling is indeed only slightly evidenced by inflection points 
on the adsorption curve. Nevertheless the filling occurs, as can be concluded 
from the amounts adsorbed at the highest tested relative pressure which are close 
to those expected from the pore volume of the adsorbents (determined by 
nitrogen adsorption) and the liquid density of the adsorbates. This behavior is 
probably related to the fact that the temperature of adsorption and the relative 
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size of the molecule and pores are such that these systems are in supercritical 
conditions [7]. The adsorption isotherms are indeed reversible for nitrogen 
adsorption which is small as compared to the simulant molecules. The adsorption 
isotherms should be reversible for simulant molecules (not measured here). It is 
well known that, as the molecule/pore size ratio increases, the pore filling step 
occurs at lower pressure and becomes less steep. This is characteristic of a phase 
transition shifting from first order to second order [8]. 
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Figure 3: Adsorption isotherms (left) and adsorption enthalpies (right) for MS on ASC/T carbon 
(circles), MCM-4l(triangles) and MCM-48 (squares) at 25 ‘C. 

The affinity at low pressure is clearly higher for the ASC/T sample in the 
case of DMMP, whereas for MS the difference is small between ASCR and 
MCM-41 (may be the ultimate equilibrium pressure is not reached for the carbon 
sample). ASC/T is microporous and may present a higher interaction with the 
adsorbate than pores that can accommodate several molecules. A simple 
description of molecular interactions in term of Lennard Jones potential 
(dispersion forces) shows indeed that the adsorption energy should be higher in a 
pore that can accommodate one molecule [9]. This higher interaction is 
confirmed by the microcalorimetric results. The differential adsorption 
enthalpies of both DMMP and MS are clearly higher for the activated carbon 
than for the two organized silica samples. The difference between the 
microporous carbon and the silicas is higher for DMMP than for MS. This may 
be related both to the structure of these molecules and to their accessibility to 
micropores. For DMMP there is no real difference between adsorption 
enthalpies of MCM-41 and MCM-48 whereas for MS, they are systematically 
lower for MCM-48. This may be due to the surface polarity, which depends on 
the density of silanol groups in the case of silica and influences the adsorption 
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enthalpies [lo]. These adsorption results show that despite a lower affinity for 
the simulant than microporous carbon at low pressure, the silica samples still 
have a good affinity for both molecules and show a higher adsorption capacity 
than the carbon sample over most of the pressure range. 
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Figure 4: Adsorption kinetics of DMMP at low coverage 

The adsorbents were also compared from a kinetic point of view. This 
comparison is mainly qualitative since the samples were not shaped for such a 
study in order to eliminate interparticle diffusion contribution. The pressure 
change above the sample during an adsorption step was indeed simply followed 
as a function of time. Examples are given in Figures 4 and 5 at two coverages in 
the case of DMP. The low coverage corresponds to a final equilibrium relative 
pressure around 0.05, whereas high coverage corresponds to a final equilibrium 
relative pressure around 0.2. At low coverage 3 min are needed to reach 90% 
equilibrium in the case of DMMP. For MS, equilibrium times are longer (14, 16 
and 25 min for ASCIT, MCM-48 and MCM-41, respectively). At higher 
coverage, there are large differences between ASC/T and silica samples or both 
molecules (see Figure 5 for DMMP). The adsorption kinetics is indeed always 
faster in the case of the charcoal, in spite of its smaller mean pore size. 

This surprising result may be due to the way the pores are organized in each 
sample. Mesoporous organized silicas have larger mean pore size than carbon 
sample, but on the other hand the latter, which is not organized, may have 
mesopores or even macropores reaching the center of particles then insuring the 
transport of molecules. This disadvantage of too well organized samples 
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concerning transport properties as compared with standard disorganized porous 
solids has already been observed in the case of chromatographic applications 

+ MCM-48 

+ MCM-41 

+ ASCF carbon 

0 30 60 90 120 150 
Time I min 

Figure 5. Aadsorption kinetics of DMMP at high coverage. 

The last aspect of this study deals with the regeneration of the samples. After 
completion of the calorimetric experiments, the samples filled by the simulant 
were analysed by HRTG coupled with mass spectrometry. Examples of 
recording are presented in Figure 6 .  These curves are obtained after adsorption 
experiments, but because the system is evacuated at room temperature before 
removing the sample, an unknown amount of adsorbate is removed before 
HRTG analysis. These curves then are characteristics of the fi-action of 
molecules that are strongly attached to the surface or are slowly diffusing inside 
pores. 

A clear advantage of MCM-48 over the carbon is its easier regeneration 
completed at 200 "C instead of 300 "C, notably in the case of MS. This result is 
in agreement with the lowest adsorption enthalpies obtained on the MCM type 
samples. The degradation products were analyzed by mass spectroscopy on line 
with HRTG. A recording is given in Figure 7 in the case of MCM-48. 

Only small fi-agments are detected by the mass spectrometer, indicating that 
the molecules are mainly decomposed at the level of the adsorbent, which is an 
interesting result, for safety reasons, if it can be extended to the original, toxic, 
substances (mustard gas and nerve agent). 
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Figure 6: HRTG analysis of simulant desorption from MCM-48 (upper graph) and ASC/T (lower 
graph). 

4. Conclusions 

The main conclusion for this application is that ordered mesoporous materials 
may show very high adsorption capacities thanks to the high surface area 
produced by ordering. Because their pore size is slightly larger than that of the 
micropores of carbons (leading to smallest adsorption enthalpies), their 
regeneration is easier. Nevertheless, ordering does not bring any advantage at the 
level of kinetics. 
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Figure 7. Thermodesorption-Mass-Spectrometry of DMMP and Methyl Salicylate from MCM-48. 
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In order to improve the efficiency of mesoporous silica in adsorption of nitrosamines in 
solution, two strategies are tried. One is to incorporate the hierarchical structure and 
another is to load the metal species inside of the channel of the porous host, enhancing 
the adsorption of the target through the geometric confinement and electrostatic 
interaction, respectively. The microporous structure was introduced into the mesoporous 
silicas and their adsorption capacities were evaluated through the gaseous or liquid 
adsorption of nitrosamines, demonstrating the importance of hierarchical structure in the 
adsorbent for removal of nitrosamines in environment. 

1. Introduction 

Reduction of environmental carcinogens is one of the potential applications for 
zeolites in life sciences. Among harmful constituents present in our environment, 
nitrosamines are well-recognized teratogens and carcinogens in animals and they 
are considered potentially carcinogenic in humans [l]. Apart from smoking, a 
cause of health hazard, there are many other sources of nitrosamines in 
environment. Beer and other malt beverages contain nitrosamines contamination 
[2]; foods treated with nitrites for coloring, flavoring and preservation can also 
contain nitrosamines [3]. Some drugs with amines or N-substituted amides can 
be transformed to nitrosamines in human body to generate nitrosamines [4]. 
Moreover, nitrosamines are present in exhaust gas and wastewater of chemical or 
rubber factory. However, the multifarious structure of nitrosamines makes 
difficult the design and synthesis of an effective adsorbent for those toxic 
compounds. For instance, adsorption of bulky nitrosamines like tobacco-specific 
nitrosamines (TSNA) is hindered in zeolites due to the geometric limitations of 
relatively small pores in these adsorbents. Although mesoporous silicas, SBA-15 
and MCM-48, exhibit a better catalytic function than zeolites in adsorption and 
catalytic reaction of N" (N-nitrosonornicotine), a typical TSNA [5 ] ,  they are 
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inferior to adsorb the volatile nitrosamines. Thus, some novel functional 
materials are required to capture the nitrosamines in environment and the 
candidates should have a suitable pore size distribution to fit the adsorbate with 
various molecular diameters and shapes. 

To improve adsorption of nitrosamines with various structures and sizes in a 
mixed system (i.e., a few nitrosamines and/or presence of an interference agent), 
an adsorbent with hierarchical rather than ordered pore structure is preferred. 
Development of porosity is an important task in the design and synthesis of any 
adsorbent [6]. Namely, the synthesis of a material with micro- and mesoporous 
properties is a promising strategy for achieving desired functionality because 
molecules are first transported through mesopore channels and then strongly 
adsorbed in micropores [7, 81, which can be easily formed within ordered 
mesoporous materials [9,10]. 

Two strategies can be adopted to prepare the molecular sieve adsorbent with 
hierarchical structure. One of them is to create mesopores in zeolites through 
dealumination or desilication [ l l ,  121, which is an efficient way to enhance the 
ability of HZSM-5 to trap nitrosamines in solution [13]. Another approach is to 
create micropores in mesoporous adsorbents [9, 101 by using zeolites as 
synthetic reactants [14] or by varying the synthesis temperature and 
TEOS/surfactant ratio [7, 81. Nonetheless, the effect of micropores in 
mesoporous silicas on adsorption of nitrosamines is unclear up to date. The aim 
of this paper is to examine the impact of introducing micropores into 
mesoporous silica such as SBA-15 on the removal of nitrosamines from 
solutions. For comparison, the CuO/SBA-15 samples prepared by one-pot 
synthesis and solvent-free methods were also utilized. 

2. Experimental 

N-nitrosodimethylamine (NDMA) N-nitrosopyrrolidine (NPYR) and N- 
nitrosohexamethyleneimine (NHMI) were purchased from Sigma and dissolved 
in dichloromethane at the volume ratio of 1:19 [14], N-nitrosodiphenlamine 
(NDPA) was synthesized in laboratory [ 151 and other reagents used here were of 
AR grade. Zeolite HZSM-5 and amorphous silica are commercially available 
powder samples [16]. Mesoporous silica SBA-15 and MCM-41 were prepared in 
laboratory according to recipes in literature [17]. To prepare the V-XC sample, 1 
mmol of cationic surfactant, cetyltrimethylammonium bromide (CTAB), and 1 
mmol of sodium dodecylsulphonate (SLS) were added into 80 g acidic ethanol- 
water (1:l weight ratio) to form a clear solution at 313 K. 3.89 g of tetraethyl 
orthosilicate (TEOS) was added under stirring and kept for selected times at 313 
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K. The pH value of synthetic gel could be controlled by the amount of HC1 
added. The samples were filtrated, washed, dried and calcined in air at 823 K for 
6 h [ 181. The synthesis of SZ sample [ 141 and the copper-modified SBA-15 [ 161 
have been reported previously. Another series of CuOt3BA-15 was prepared by 
use of solvent-fiee grinding method [19]. For one-step synthesis of the copper- 
modified MCM-41 [20], 1.49 g of CTAB and xCU(NO~)~ were dissolved in 
51.80 g of water and 8.17 g of 36% HCl followed by addition of TEOS (4.25 g). 
The resulting samples were filtrated, washed, dried and calcined in air at 823 K 
for 6 h. 

Nitrogen adsorption-desorption isotherms at 77 K were measured on a 
Micromeritics ASAP 2020 system. The samples were evacuated at 573 K for 4 h 
in the degas port of the adsorption analyzer. The BET specific surface area 
(SBET) was calculated using adsorption data and the total pore volume was 
determined from the amount adsorbed at a relative pressure of about 0.99. The 
pore diameters were calculated fiom desorption branch of the isotherm using 
standard BJH method [16]. 

Adsorption of volatile nitrosamines such as NPYR was carried out by using 
gas chromatography (GC) method [15]. The nitrosamines solution was injected 
with amounts of 2 pl each time and gaseous effluent was analyzed by GC. A 
decrease in the solute to solvent ratio was utilized to calculate the adsorbed 
amount [ 1 51. 

Adsorption of NPYR by zeolite in acidic solution (pH=l) was studied using 
batch method [13], for which the zeolites samples were added into the 25 ml 
solution with an initial concentration of 4 . 4 ~ 1 0 ~  M in colored cone flasks. The 
mixtures were shaken in a thermostatic water-bath shaker at 310 K for 1 h, and 
then centrihged at 3000 rpm for 15 min to separate the solution and the solid. 
The concentrations of NPYR in acid solution were determined at different times 
by using photometric method [21]. Through the similar procedure the liquid 
adsorption of NDPA was performed. 20 mg absorbent was mixed with the 
dichloromethane solution of NDPA at 277 K for 24 h, and then the residual 
nitrosamine in the solution was detected by photometric method [21]. 

3. Results and Discussion 

3.1. Impact of Micropores in Mesoporous Silica on Adsorption of Volatile 
Nitrosamines 

Table 1 lists the structural parameters of the V-XC samples. As reported 
previously [18], porous silica was synthesized with combined micro- and 
mesoporosity and large pore volume; this silica material was obtained by self- 
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assembly of an equimolar composition under acidic conditions. The micropore 
volume and micro-/mesoporosity ratio was tuned by a simple variation of pH 
value in the synthetic gel. When the pH value of the synthetic system increased 
fiom 1 (V-8C) to 4 (V-32C), the micropore volume of the resulting samples 
raised from 0.10 to 0.17 cm3g-' at the expense of mesopore volume; the 
mesopore distribution was kept quite narrow and uniform with the same pore 
diameter of 3.9 nm, though the mesopore volume declined obviously. However, 
for the V-37C sample synthesized in aqueous solution without ethanol, the 
micropore volume is near zero. 

Table 1. Structural parameters of the V-XC samples and other porous adsorbents 

V-8C 978 0.65 0.10 3.9 
V-32C 674 0.37 0.17 3.9 
v-37c 357 0.31 0 3.9 
MCM-4 1 1342 1.12 0 4.0 
SIO? 250 0.80 8.0- 10.0' 

a these values represent the pore size range of amorphous silica. 

Figure 1 shows adsorption of NHMI, NDMA and NPYR, three typical volatile 
nitrosamines with carcinogenicity, by porous silica materials at 453 K. All of 
three nitrosamines have the characteristic group, N-NO, but their molecular 
diameters are different. NDMA is a chain structure with two methyl groups, and 
NPYR has a five-member ring so its size reaches 0.56 nm. NHMI possesses a 
seven-member ring in its structure and its size achieves 0.59 nm [22]. 
Amorphous silica is inactive in adsorption of three volatile nitrosamines under 
the conditions used in the experiment, while MCM-41 only exhibits a weak 
ability to trap NHMI. When the total amount of NHMI accumulated to 0.77 
mmol.g-', only 0.14 mmo1.g-l was adsorbed by MCM-41 (Figure 1A). Compared 
with the huge pore size of MCM-4 1, the molecular diameter of three adsorbates 
is relatively small which enables them to enter the channel of MCM-41 very 
easily. However, absence of cation in MCM-41 leads to lack of electrostatic 
interaction towards the nitrosamine while the wide pore cannot provide the 
necessary confinement for the tiny adsorbate hence MCM-41 fails to capture the 
volatile nitrosamines at 453 K [20]. In contrary, V-XC samples show a high 
ability to adsorb NHMI at 453 K. When the accumulated amount of NHMI 
reached 0.77 mmol.g", about half of them (0.36 mmo1.g-l) were trapped by V- 
37C while 0.52 mmo1.g-I was adsorbed by V-8C or V-32C (Figure 1A). For 
NDMA and NPYR whose molecular volumes are smaller than NHMI, V-32C 
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exhibited a higher adsorptive capability than V-8C but the absolute adsorbed 
amount of NPYR or NDMA by them is obviously lower than that of NHMI due 
to the relatively high volatility of the former two nitrosamines. Especially, the 
adsorption of NDMA by V-32C is difficult to be compared with the other two 
nitrosamines because NDMA has the highest volatility among three adsorbates. 
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Figure 1. Adsorption of volatile nitrosamines by porous silica samples at 453 K. 

The V-32C sample has a smaller surface area (674 m'.g-') and pore volume 
(0.37 cm3.g") than V-8C (0.65 cm3.g-' and 78 rn*.g-'), but its adsorptive ability 
towards volatile nitrosamines exceeds V-8C indeed since V-32C possesses a 
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relatively larger micropore volume (0.1 7cm3.g-') than V-8C (0.1 0 cm3.g-'). This 
result reflects the importance of micropore in adsorbent on the adsorption of 
volatile nitrosamines. Moreover, this impact emerges much clear as the 
molecular size of the volatile nitrosamines becomes small. For instance, when 
the accumulated amount of nitrosamines reached 0.70 mmol.g'', the capacity of 
V-32C and V-8C towards NHMI is 0.495 and 0.490 mmol.g-', respectively, they 
are almost the same within the experimental error; however, their capacities 
forwards NPYR are 0.364 and 316 mmol.g-', and the difference achieves 13%. 
For NDMA, their adsorption capacities are 0.283 and 0.083 mmol.g-', and V- 
32C adsorbs 2.4 times more NDMA than V-8C. These results confirm the 
important role played by the micropore in adsorption of volatile nitrosamines. 
Likewise, the impact of micropore can be seen in the adsorption of NHMI where 
the sequence of adsorptive capacity of three V-XC sample is V-37C > V-8C > V- 
32C, coincided with the sequence of their micropore volume. It is clear that 
introducing micropore in mesoporous silica is efficient to enhance its adsorptive 
ability towards volatile nitrosamines. 

3.2. Enhancement of Liquid Adsorption of Nitrosamines by Micropores 
Present in Mesoporous Silica 

Figure 2 displays the adsorption of NPYR in acidic aqueous solution (pH=l) by 
various porous adsorbents at 3 10 K. Zeolites exhibit excellent adsorption ability 
towards NPYR because of their microporous structure, even the adsorbent has 
different pore size (H-Beta) or different chemical composition (TS-1). Both the 
aluminum content and acid-basicity of ZSM-5 have a minor effect on the 
adsorptive ability, and the NaZSM-5 with different SUM ratio along with the 
HZSM-5 exhibit the similar capacity to trap the nitrosamines in solution. In 
contrary, MCM-41 and SBA-15 exhibit a weak capability to capture the NPYR 
in the solution (Figure 2). Both of the two mesoporous silica has the pore size 
many times larger than that of the zeolite used in the experiment, which should 
be beneficial for accommodation of nitrosamines. However, either SBA-15 or 
MCM-41 suffers fi-om the lack of cation so that they cannot provide the strong 
electrostatic affinity to nitrosamines. Besides, the silanol group is the main 
adsorptive site on the mesoporous silica but it is easily to be occupied by water. 
The competitive adsorption of the solvent further lowers the adsorption ability of 
the mesoporous silica in the solution. 

To overcome the weakness of mesoporous silica, we introduced the 
microporous structure into SBA-15 by using zeolite HZSM-5 as the component 
in the synthesis of the mesoporous silica to obtain the composite of SZ [14]. As 
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reported previously, SZ sample exhibited three well-resolved diffraction peaks 
indexed to the (1 00), (1 10) and (200) reflections closely matching to the patterns 
of SBA-15 [14], and there were some residual diffraction peaks of ZSM-5 
zeolite remained in the high angle XRD patterns, reflecting the survival of 
zeolite fragments along with the existence of microporous structure in these 
kagments. Rather, these fragments consequently possess the Brsnst acidity even 
they are embed in SZ sample [14], which, as explained later, is crucial to 
accelerate adsorption of nitrosamines in mild conditions. Although SZ possesses 
a smaller surface area (545 m'.g-') and pore volume (0.62 cm3g') than SBA-15 
(983 m'.g-'and 1.22 cm3.g-'), it can adsorb seven times more NPYR (5.0 pmo1.g- 
I )  than the parent SBA-15 (0.6prnol.g") in acidic solution, which is close to that 
of HZSM-5 (4.9 pmo1.g-I) and H-Beta (5.0 pmo1.g.'). 
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Figure 2. Adsorption of NPYR in acidic aqueous solution by porous adsorbents at 3 10 K 

Clearly the incorporation of zeolite fragments promotes the adsorption of 
nitrosamines in mesoporous silica, especially due to the remained Brsnst acidity 
in the composite because the protons can form hydrogen bonds with the N atoms 
of amino-group in nitrosamines, promoting the adsorption and degradation of 
nitrosamines [21]. A deep investigation on these results reveals another strange 
phenomenon. There is only half of the siliceous resource coming from the zeolite 
HZSM-5 in the synthesis of SZ composite, but the composite traps the large 
amount of nitrosamines same as that by HZSM-5 in the acidic solution. That is to 
say, the fragment of zeolite HZSM-5 in SZ composite exerts a higher efficiency 
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in capturing nitrosamines than that in parent zeolite itself. The reason, in our 
opinion, is the improved geometric microenvironment of the Brernst acid sites 
within the SZ sample where most of the sites locate in a wilder channel, which 
enables them to be more accessible for the nitrosamine molecules and to fasten 
the adsorption process. This discovery implies a new way to design and 
assemble the special functional materials with desirable chemical and geometric 
properties, for instance to anchor some microporous guests in the wall of 
mesoporous host and produce efficient adsorbents. 

3.3. Impact of Micropores on Modification of Mesoporous Silica with CuO 
and the Adsorption of NDPA in Solution 

NDPA is a man-made chemical instead of naturally occurring substance; with 
two rigid phenyls connected with N-N=O functional group, the molecular size of 
NDPA is significantly larger than that of NDMA or NPYR [15]. Owing to the 
large molecular size, NDPA is difficult to be adsorbed by many zeolites such as 
NaA or NaZSM-5. Figures 3 and 4 illustrate the adsorption of NDPA by 
mesoporous silica or amorphous silica in dichloromethane solution at 277 K. 
Although these silica samples have the pore size large enough for the 
accommodation of NDPA, their actual capability is different hence SBA-15 can 
trap more NDPA than MCM-41 or SiOz under the similar experimental 
conditions. 

2 
n 
Z 

5 
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6 

3 

SBA-15 
7 CuOISBA-15 (dire) 
W CuOISBA-15 (mix) 

C,=575.5 pmollL 

Amount of Copper oxide loaded on SBA-I 5 

Figure 3. Adsorption of NDPA in dichloromethane solution by SBA-15 samples 
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Figure 4. Adsorption of NDPA by (A) MCM-41 and @) SO2 samples in dichloromethane solution 

To promote the adsorptive ability of porous silica towards NDPA, all of the 
three adsorbents are modified with copper oxide through various manners. For 
SBA-15 both the one-pot synthesis [ 161 and the solvent-fi-ee grinding method 
[19] are used, while the copper modified MCM-41 is prepared in the one-pot 
process [20]. Amorphous silica is modified with copper oxide through common 
impregnation method [23]. As seen in Figure 3, all of the modified SBA-15 
samples exhibit the enhanced ability in the adsorption of NDPA in solution, and 
among them the ground samples display the similar increase ffom 8.9 to 10.8 
pmoVg, while the one-pot synthesized samples show different increases, say, 
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l%CuO/SBA-15 (dir) has a slightly higher ability (11.0 pmo1.g-l) than ground 
samples but 5%CuO/SBA-15 (dir) sample presents the adsorption capacity same 
as that of parent SBA-15. This difference between two series of sample may 
result from the different distribution of the copper modifier in the porous host 
caused by different preparations. The copper oxide cannot be inserted into the 
framework of SBA-15 during the grinding procedure so that they locate on the 
surface of SBA-15 to contact with adsorbent. In contrary, some of the guests are 
wrapped inside the pore wall of SBA-15 host during the one-pot synthesis. 

Different from CuO/SBA-15, all copper-containing MCM-41 show a 
lowered activity in the adsorption of NDPA as seen in Figure 4A. As the loading 
amount of CuO exceeds 3% (wiw), the composites loss about 10% of the 
adsorption capacity. At the first glance, different pore size is considered to 
account for the different adsorptive behaviors of CuO/SBA-1 S(dir) and 
CuOMCM-41 samples. Consequently, amorphous silica is adopted to load 
copper oxide because it has a continuous pore size distribution over a wide range 
of pores, i.e., from micropores to macropores. However, the modified Si02 also 
exhibits a declined adsorption capacity in the adsorption of NDPA (Figure 4B). 
Since MCM-41 has ordered mesoporous structure without micropore, 
amorphous silica has micropore but lack of ordered porous structure, it is 
inferred that, even tentatively, the special porous structure of SBA-I5 leads to 
the positive effect of copper modification, not only the relatively large pore size, 
but also the existence of micropore that has been proven to be crucial for the 
modification of mesoporous silica with copper oxide [20]. 

4. Conclusion 

This work shows clearly that the development of a hierarchical structure in 
mesoporous silica can increase its ability to adsorb the volatile nitrosamines in 
gas stream and solution. Creation of a microporous structure in the pore walls of 
mesoporous silicas is beneficial for adsorption of nitrosamines and makes these 
adsorbents attractive for environmental applications. 
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APPLICATION OF MESOPOROUS ORGANOSILICAS WITH 

ADSORPTION OF MERCURY IONS 
SULFUR- AND NITROGEN-CONTAINING LIGANDS FOR 
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MIETEK JARONIEC' 

Chemistry Department, Kent State University, 
Kent, OH 44242, USA 

JONATHAN P. BLITZ 
Chemistry Department, Eastern Illinois University 

Charleston, ZL 61 920, USA 

Ordered mesoporous organosilicas (OMOs) with channel-like and cagelike structures 
such as SBA-15 (P6mm), SBA-16 (Im3m) and FDU-1 (Fm3m) were fabricated by co- 
condensation (one-pot synthesis) of selected organosilanes and tetraethyl orthosilicate or 
1,2-bis(triethoxysilyl) ethane in the presence of amphiphilic block copolymers under 
acidic conditions. Four types of OM0 samples were synthesized: (i) ordered mesoporous 
silicas (OMSs) with chemically bonded single ureidopropyl and imidazole groups, (ii) 
OMS% with mixed mercaptopropyl and ureidopropyl surface groups, (iii) OMSs with 
single disulfide and isocyanurate bridging groups, and (iv) periodic mesoporous 
organosilica (PMO) with ethane and isocyanurate as primary and secondary bridging 
groups. Powder X-ray diffraction (XRD), small angle X-ray scattering (SAXS) and 
nitrogen adsorption studies of these samples confirmed the presence of ordered porosity 
(P6mm, Im3m and Fm3m symmetry groups), high surface area (440-880 m2/g), 
accessible pores (7.2-9.0 nm) and high total pore volume (0.53-0.87 cc/g), whereas 
CHNS elemental analysis and Fourier transform infrared spectroscopy (FT-IR) proved a 
successful introduction of surface and framework organic groups. The aforementioned 
one-pot synthesis afforded materials with metal-chelating sites on the pore walls and 
within the framework having ligand loadings in the range of 0.9-1.27 and 0.76-1.1 
mmol/g, respectively. The resulting OMOs were characterized and tested as effective 
adsorbents for removal of Hgz+ ions from aqueous solutions. The adsorption capacity of 
Hg?' estimated on the basis of spectrophotometric analysis with dithizone as a 
complexing agent was in the range of 1.66-1.96 and 2.02-3.23 mmoVg for the materials 
with surface and bridging groups, respectively. 

* Corresponding author: Mietek Jaroniec - Tel: 1-330-672 3790, Fax: 1-330-672 3816, 
Ernail: jaroniec@kent.edu 
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1. Introduction 

Various chemicals including toxic heavy metal ions, particularly mercury and 
lead, discharged fkom industrial wastes contaminate natural water, and 
consequently represent a considerable threat to human health and other living 
organisms [ 11. The adsorption-based purification of these species fkom water, the 
most abundant and important component of the ecosystem, has become a great 
concern for researchers working in different disciplines worldwide. Many 
approaches have been extensively studied and proposed for the removal of 
h a d l  metal ions via binding them to insoluble sorbents such as chelating 
resins and polymers, activated charcoal, zeolites, clays, inorganic oxides and so 
on. However, these sorbents exhibit several disadvantages including low loading 
capacities, broad distribution of irregular pores, weak binding constants, and 
most importantly, low mechanical and thermal stabilities. These issues have 
stimulated an intensive research on the development of more reliable and 
selective adsorbents (see review [2] and references therein). 

One of the most exciting discoveries in the area of porous materials has been 
achieved by the development of ordered mesoporous silicas (OMSs) [3,4], which 
were obtained in the form of insoluble porous solids with narrow pore size 
distribution, accessible pores, large pore volume and high surface area. Most 
importantly, these siliceous mesostructures exhibit 2-D (MCM-41 [3] and SBA- 
15 [4]) and 3-D (SBA-16 [4] and FDU-1 [5,6]) arrangements of ordered 
cylindrical or spherical pores, respectively, which contain reactive silanols. 
These silanol groups enable an irreversible surface hctionalization (post- 
synthesis grafting) of the pore walls with varieties of mercury-binding ligands 
like 1-allyl-3-propylthiourea [7], 1 -benzoyl-3-propylthiourea [8] and 2,s- 
dimercapto-l,3,4-thiadiazole [9]. An alternative way of introducing organic 
surface groups is co-condensation of organosilanes with tetraethyl orthosilicate 
(TEOS), which was used to incorporate various ligands such as mercaptopropyl 
[lo], ureidopropyl [ll-141, imidazole [15-171 and so on. 

A unique class of hybrid materials, known as periodic mesoporous 
organosilicas (PMOs), has emerged in 1999 [ 18,191. In these materials oxygen in 
a fkaction of siloxane bonds is replaced by organic bridging groups. Due to the 
ease of incorporation of various organic moieties such as cyclam units, crown 
ethers, thioethers, heterocyclic isocyanurate rings into the silica fiamework [20- 
221 and their uniform distribution inside pore walls, PMOs have become very 
promising materials for adsorption of heavy metal ions (see reviews [2,23] and 
references therein). 
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The current work is focused on the design of polymer-templated nanoporous 
organosilicas with cubic (Fm3rn, Im3m) and hexagonal (P6mm) symmetries and 
various surface and framework organic groups. These materials were prepared 
fiom commercially available organosilanes via an easy, effective and 
environmentally friendly one-pot synthesis, which assures high loadings of 
organic groups. Introduction of nitrogen and sulfur-containing surface groups 
such as ureidopropyl and imidazole, as well as bridging groups such as propyl- 
disulfide and heterocyclic'isocyanurate rings afforded efficient adsorbents for the 
removal of mercury ions from contaminated aqueous solutions. 

2. Materials and Methods 

2.1. Chemicals 

Structure directing agents such as poly(ethy1ene oxide)-poly(propy1ene oxide)- 
poly(ethy1ene oxide) triblock copolymer Pluronics P 123 (E020PO~~E020) and 
F127 (E0106P070E0106) as well as poly(ethy1ene oxide)-poly(buty1ene oxide)- 
poly(ethy1ene oxide) B50-6600 triblock copolymer were provided by BASF 
Corporation and Dow Chemicals, respectively. The precursors for the framework 
and surface modification such as 1,2-bis(triethoxysilyl)ethane (E), bis(3- 
(triethoxysily1)propyl)disdfide (DS), tri[3-(trimethoxysilyl)propyl]isocyanurate 
(ICS) and ureidopropyltrimethoxysilane (U), (3-mercaptopropy1)trimethoxy- 
silane (SH), N-(3-triethoxysilylpropyl)-4,5-dihydroimidazole (IM) were 
purchased from Gelest, whereas tetraethyl orthosilicate (TEOS, 98%) was from 
Across Organics; chemical structures of these organosilanes are shown in Table 
1. Fuming hydrochloric acid (HC1, 37 %) and ethanol (CZH~OH, 95 %) were 
purchased from Fischer Scientific. Deionized water (DW) used in all synthetic 
procedures was deionized using in-house Ionpure Plus 150 Service Deionization 
ion-exchange purification system. All reagents were used as received without 
further purification. 

2.2. Synthesis of OMSs and PMOs 

OMSs and PMOs were prepared analogously as reported elsewhere 
[ 13,14,17,21,22]. In a typical procedure, functionalized nanoporous materials 
were synthesized by co-condensation of TEOS (or BTESE [32] in the case of 
PMO-E-ICS) and suitable organosilanes in order to introduce the surface (U, 
SH, IM) and framework (DS, ICS) groups in the presence of triblock copolymer 
templates (P123, F127, B50-6600). In general, triblock copolymer was mixed 
with 2M HC1, distilled water and sodium chloride (except SBA-15 samples; 
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OMS-U and PMO-E-ICS) under rapid stirring at 40 "C until a clear solution was 
obtained. After 4 hours of stirring, TEOS was pipetted dropwise to the polymer 
solution under vigorous mixing, and then after 15 min organosilane was added to 
achieve the desired molar composition of both silanes. The slurry was further 
stirred for 24 h at 40 "C and hydrothermally treated for 48 hours at 100 "C, 
except FDU-1, which was mixed for 6 h and aged for another 6 h. The powder 
was washed with DW, filtered and dried at 80 "C overnight. The polymeric 
template was extracted fkom as-synthesized samples using 2 ml of 37 wt. % HCl 
and 100 ml of 95 % ethanol at 70 "C. The template-free mesoporous SBA-15 
materials with ureidopropyl surface groups, as well as with ethane and 
isocyanurate bridging groups were named OMS-U and PMO-E-ICS, 
respectively. The extracted FDU-1 with mercaptopropyl and ureidopropyl, 
imidazole and propyldisulfide groups were designated as OMS-U-SH, OMS-IM 
and PMO-DS, respectively, whereas SBA-16 with isocyanurate group was 
denoted as PMO-ICS. 

2.3. Mercury Adsorption Measurements 

Mercury adsorption was studied under static conditions from aqueous solutions 
as described elsewhere [8]. All solutions were prepared by dilution of the 
0.145N mercury (11) nitrate volumetric standard up to 10 ml. In a typical 
determination 0.05g of the sample was equilibrated for 40 min with 10 ml of the 
solution containing mercury nitrate of known concentration (ratio Hg?':ligand 
was 3:l). After filtration adsorbent was washed with DW and the filtrate was 
collected and diluted to 25 ml. Mercury (11) concentration was measured 
spectrophotometrically with dithizone (diphenylthiocarbazone) as a complexing 
agent on a Varian Cary 300 UV-Vis spectrophotometer in a 1 cm quartz 
photocell with 5 ml volume. The amount of mercury was determined fiom a 
calibration curve prepared in the range up to 50 pg. The background correction 
was made against pure chloroform. The remaining Hg (11) ions (non-adsorbed) 
in all solutions were measured by an absorbance reading at 490 nm. 

2.4. Other Measurements 

Nitrogen adsorption measurements were performed using ASAP 2010 and 
ASAP 2020 volumetric analyzers (Micromeritics, Inc., Norcross, GA) at -196 
"C. Prior to each adsorption analysis all materials were outgassed under vacuum 
in the port of the adsorption instrument for at least 2 hour at 110 "C. The specific 
surface area was evaluated using Brunauer-Emmett-Teller (BET) method [24] in 
the p/p0 range of 0.05-0.2. The single-point total pore volume was evaluated by 
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using the volume adsorbed at p/po = -0.99 [25]. The pore size distribution (PSD) 
was calculated fkom the adsorption branch of isotherms by using the Kruk- 
Jaroniec-Sayari (KJS) method [26], which employs the Barrett-Joyner-Halenda 
(BJH) algorithm [27] but with the statistical film thickness curve and a Kelvin- 
type relation calibrated for the series of MCM-41 samples. The mesopore 
diameter, wmS, was obtained at the peak maximum of the PSD curve. Since the 
geometry of primary mesopores in FDU-1 and SBA-16 is spherical, this method 
leads to a systematic underestimation of the mesopore sizes. Therefore, the 
mesopore diameters were also calculated using the relation between the pore 
width wd, unit cell parameter a and the volume of primary mesopores derived for 
a proper symmetry group [28]. 

Table 1. Chemical structures of the surface and bridging groups present in the materials studied. 

Group Group name Organosilane Formula 

U 

SH 

IM 

DS 

ICS 

E 

Ureidopropy 1 
trimethoxysilane 

Ureidopropyl 
\ 

7' """"y NH2 

\ 
(3-mercaptopropyl) SH 

Mercaptopropyl trimethoxysilane 

N- (3-hiethoxysilyl propy1)- 
Imidazole 4,5 -dihydroimidazole 

\ Bis(3-(triethoxysily1) 
propy1)disulfide \ Propyldisulfide 

0 

Tri[3-(trimethoxysilyl) 
propyl] isocyanurate 

Isocyanurate 

Ethane 1,2-bis(triethoxysiIyl) 
ethane 
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Powder X-ray diffraction (XRD) measurements were recorded using a 
PANanalytical, Inc. X'Pert Pro (MPD) Multi Purpose Diffractometer with Cu 
Ka  radiation, operating voltage of 40 kV, whereas small-angle X-ray scattering 
(SAXS) measurements were conducted using the NanoSTAR system (Bruker 
AXS) with pinhole collimation and a two-dimensional detector (HISTAR), 
mounted on a micro focus X-ray tube with copper anode and equipped with 
crossed Gobel mirrors. All measurements were performed at room temperature. 

Nitrogen and sulfur contents for all organosilicas were obtained by CHNS 
analysis on a LECO CHNS-932 elemental analyzer from St. Joseph, MI. 
Elemental analysis data for nitrogen and sulfur were used to determine the ligand 
concentrations. 

FT-IR spectra were collected using a Digilab FTS-3000 spectrometer 
equipped with liquid nitrogen cooled mercury-cadmium-telluride detector, 
operating at 4 cm-' nominal resolution by co-addition of 64 scans. Diffuse 
reflectance spectra were obtained using an optical accessory from Harrick 
Scientific (Ossining, NY, DRA-2CN). Samples were prepared by mixing a 10% 
(w/w) dispersion of modified silica in dried, pre-ground KCl after adjustment of 
sample height to obtain the maximum interferogram signal. All spectra were 
ratioed to that of pure KC1 and converted to Kubelka-Munk (KM) units using 
standard instrument software. 

3. Results and Discussion 

The structure of the extracted functional materials was studied by either X- 
ray diffi-action (XRD) or small-angle X-ray scattering (SAXS). The unit cell 
parameters are listed in Table 2. As can be seen from Table 2, the unit cell 
values are in the range from 1 1.7 to 18.5 nm. Since the X-ray diffraction patterns 
are not presented here, Table 2 provides references to the original data. The 
XRD patterns allowed us to assign the OMO-U and PMO-E-ICS samples to the 
P6mm symmetry group (2D hexagonal arrangement of mesopores), the PMO- 
ICS sample to the Im3m symmetry group, whereas the OMS-U-SH, OMS-IM 
and PMO-DS samples to the Fm3m symmetry group (two latter groups of 
samples represent 3D cubic structures with spherical cage-like pores). 

The adsorption and structural parameters calculated from nitrogen 
adsorption isotherms measured at - 196 "C for the mesoporous materials studied 
are shown in Table 2. All adsorption isotherms are type IV, which is 
characteristic for mesoporous materials. As can be seen from Table 2, all 
organosilicas exhibit accessible pores (5.2-9.3 nm) having volume in the range 
from 0.38 to 0.87 cclg and large surface area between 443 and 881 m'/g. Their 
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pore widths were evaluated according to the KJS (Kruk-Jaroniec-Sayari) method 
[26], which is applicable for cylindrical pore geometry. Thus, the diameters of 
the cage-like pores were underestimated. Therefore, Table 2 shows also the pore 
widths calculated by using the suitable relations reported in [28]. 

Table 2. Adsorption and structural parameters for the OMSs and PMOs studied." 

SBET Vt WKJS Wd a Ref 
mZ/g cc/g nm nm nm # Sample 

OMS-U 670 0.87 8.9 8.8 11.7 13 
OMS-U-SH 52 1 0.53 9.0 9.1 17.3 14 

OMS-IM 443 0.53 9.3 10.5 18.5 17 
PMO-DS 453 0.38 5.2 7.1 14.9 14 

PMO-ICS 881 0.56 7.2 10.2 17.2 21 
PMO-E-ICS 773 0.85 7.4 8.2 12.8 22 

"Notation: SBET, BET specific surface area; Vt, single-point pore volume; WKJS, mesopore diameter 
calculated by KJS method [26]; Wd, pore width calculated using the unit cell parameter and pore 
volume according to the relations derived for the hexagonal P6mm (OMS-U, PMO-E-ICS) or cubic 
Im3m (PMO-ICS) and Fmjlm (OMS-U-SH, OMS-M, PMO-DS) structures by assuming 2.0 g/cm3 
density for all samples [28]; a, unit cell parameter. 

A qualitative identification of successful incorporation of the organic groups 
into the mesostructures studied was confirmed by FT-IR spectroscopy. Figure 1 
illustrates the FT-IR spectra of the polymer-free mesostructured silicas with 
ureidopropyl (Panel A), double mercaptopropyl and ureidopropyl (Panel B), and 
imidazole surface ligands (Panel C). Two remaining panels show spectra of the 
organosilicas with disulfide bridges (Panel D) and double isocyanurate and 
ethane bridges (Panel E). All FT-IR spectra are presented in the range from 4000 
and 550 cm-I. 

Shown in Figure 1 spectra exhibit characteristic bands (*) attributed to the 
formation of a condensed silica network at around 1060 cm-' and 790 cm-I, 
which relate to asymmetric and symmetric vibrations of Si-0-Si, respectively. A 
weak absorbance ( 0 )  at around 950 cm-' is typical of non-condensed silica 
resulting from the asymmetric Si-0 stretching mode of Si-0-H group. All spectra 
exhibit two other bands at about 3200-3500 cm" (+) and 1620 cm-' 
corresponding to hydrogen-bonded 0-H stretching vibrations from silanols and 
the bending mode of molecularly adsorbed water, respectively [29]. Moreover, 
all materials also show absorbances in the 2900-3000 cm-l and 1450 cm-' 
regions assigned to the asymmetric stretching and bending C-H vibrations, 
respectively. The presence of these bands c o n f m  CH groups in SH, U, IM, DS 
and ICS-functionalized PMOs and OMSs. 
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Figure 1. Infrared spectra of the extracted functionalized mesoporous materials with various surface 
and bridging groups. Panels A and B show spectra for ureidopropyl-functionalized OMS (OMS-U) 
and bifunctional OMS with ureidopropyl and mercaptopropyl surface groups (OMS-U-SH), whereas 
the insets present the enlargement of spectra in the carbonyl (C=O) stretching and CH bending 
regions between 1400 and 1800 cm-'. Panel C shows a spectrum for imidazolefunctionalized OMS 
(OMS-IM) with an inset for the azomethine group (N=C), whereas Panel D represents a spectrum 
for PMO having disulfide bridges (PMO-DS) with inset for CH bending vibrations. Panels E and F 
show spectra for isocyanurate-conatining PMO (PMO-ICS) and bifunctional PMO with ethane and 
isocyanurate groups (PMO-E-ICS) with enlarged insets in the C=O stretching and C-H bending 
regions. Symbols; (+) - refers to hydrogen bonded 0-H stretching bands from silanols and surface 
adsorbed water, (*) - refers to silica network Si-0-Si asymmetric stretching and ( 0 )  - represents a 
Si-OH band. 

The vibration at 1650 cm-l in the inset of Panel A showing spectrum of 
OMS-U is attributed to the carbonyl (C=O) stretching band from -NHCONH2. 
The relatively low frequency for this carbonyl stretch is characteristic for an 
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amidic type carbonyl. The stretching vibrations of NH2 in the 3380-3280 cm-' 
region cannot be separately detected because of the overlap with a broad peak of 
hydrogen bonded OH stretching bands from silanols and surface adsorbed water. 
However an N-H bending absorbance is detected at 1550 cm-' [ l  13. 

Nitrogen contents obtained by elemental analysis were 1.27 and 0.47 
mmoVg for OMS-U and OMS-U-SH, respectively. As regards to mercaptopropyl 
surface groups in OMS-U-SH (Panel B), the expected S-H stretching vibration at 
about 2500 cm" could not be detected due to its weak absorption coefficient 
[lo]. However, the presence of C-H vibrations and elemental analysis of sulfur 
(1.4 %) confirms mercaptopropyl groups on the pore walls of this mesoporous 
silica. 

The presence of imidazole groups in the pores of OMS-IM is clearly 
evidenced by C=N stretch at 1650 cm-' (see Panel C) [16]. Elemental analysis 
showed that the nitrogen content was 0.9 mmol per gram for this sample 

The presence of propyldisulfide is evidenced by C-H stretching and bending 
vibrations in the 2900 cm-' and 1450 cm*' regions. Unfortunately, a C-S bond 
absorbance, expected at around 1100 cm-I, could not be detected due to 
overlapping with the intense Si-0-Si asymmetric stretching vibrational mode at 
the same frequency (Panel D). An evidence for integration of the disulfide 
bridging groups into the mesostructure is also supported by elemental analysis, 
which showed about 1.1 mmoles of these groups per gram of PMO-DS. 

The spectra of the samples with single isocyanurate groups (PMO-ICS) and 
double isocyanurate and ethane groups (PMO-E-ICS) are shown in Panels E and 
F, respectively. As can be seen from these panels, in addition to the CH 
stretching and bending vibrations, quite intense peaks at slightly less than 1700 
cm-' are observed, which originate from carbonyl (C=O) stretching vibrations 
within the isocyanurate ring. In contrast to PMO-ICS, the PMO-E-ICS sample 
has much less water adsorbed, .as indicated by a relatively low intensity in the 0- 
H stretching region (3100-3500 cm-I). This results from the presence of ethane 
moieties in the backbone causing an increased hydrophobicity of the mesopore 
framework. Furthermore, there are two peaks in the PMO-E-ICS spectrum at 
about 1260 cm-' and 700 cm-', which are clearly not seen in the PMO-ICS 
sample. The former band has been assigned to a Si-C stretch [19], which 
provides evidence for ethane bridging group and confirms the lack of bond 
cleavage that could possibly occur during the extraction procedure. Nitrogen 
elemental analysis of the PMO-ICS and PMO-E-ICS samples showed about 0.76 
and 1.04 mmoles of isocyanurate per gram of the material. 

The mercury adsorption capacities obtained under Hg2+: ligand ratio = 3:l 
estimated under static conditions for the samples studied are collected in Table 
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3. All adsorbents listed in Table 3 show high adsorption loadings. Among 
surface-functionalized OMS the OMS-IM sample showed the highest Hg” 
uptake (1.96 mmol Hg”, which corresponds to 0.39 g of H$ per gram of the 
sample). In contrast to multifunctional surface ligands, multifunctional bridging 
groups possess even higher adsorption capacities, which are equal to 0.4 and 
0.45 g of mercury per 1.0 g of PMO-DS and PMO-ICS, respectively. In fact, the 
maximum adsorption capacity as high as 0.65 g Hg”/g was obtained for PMO- 
E-ICS because this sample showed higher concentration of ICS than that in 
PMO-ICS. It is noteworthy that this material was synthesized exclusively from 
bridged organosilanes with ethane and isocyanurate groups. 

Table 3. Molar composition, elemental analysis and mercury adsorption for the OMSs and PMOS 
studied. 

nt EA C I , ~  HgZ+ads HgZ+ads 
mmole PN(P~) mmol/g mmol/g gHgZ’/g 

Sample 

OMS-U 0.15 19.2 3.5 1.21 1 .I2 0.35 1.3 
1.4 0.95 1.66 0.33 1.7 

OMS-IM 0.08 19.9 2.5 0.9 1.96 0.39 2.2 
PMO-DS 0.11 8.97 7.1 1.1 2.02 0.40 1.8 
PMO-ICS 0.08 34.9 3.2 0.76 2.42 0.45 3.2 

PMO-E-ICS 0.22 4.65 4.4 1.04 3.23 0.65 3.1 

(1.4) 
OMS-U-SH :::: 9.96 

?Jotation:  XI,^, mole fraction of organic group in the synthesis gel, n,, total number of moles of 
TEOS or BTESE (PMO-E-ICS) in the synthesis gel; PN and Ps, nitrogen and sulfur percentages 
obtained on the basis of elemental analysis; CI,~, total surface coverage of bonded ligands; Hgz+ ads, 
maximum mercury adsorption expressed in mmoles of mercury per gram of adsorbent; R, reflects 
the ratio of Hg2+ to CI,. 

The results published by others [23] and herein c o n f m  the advantages of 
applying modified mesoporous silicas with incorporated bridging moieties for 
adsorption of heavy metal ions fkom aqueous solutions. The high adsorption 
capacities are observed for these materials because of accessible pores, high 
surface area, large channel-like and cage-like mesopores interconnected by 
complimentary pores and properly chosen organic ligands that possess multiple 
active sites. 

4. Conclusions 

A comparative study is presented for functionalized ordered mesoporous 
materials with various surface (mercaptopropyl, ureidopropyl and imidazole) and 
bridging (propyldisulfide and isocyanurate) groups containing sulfur and 
nitrogen atoms; these materials were synthesized via co-condensation of 
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appropriate organosilanes and TEOS/BTESE in the presence of triblock 
copolymers (P123, F127, B50-6600) as templates. The FT-IR and elemental 
analysis confirmed functionalization of silica mesostructures with organic 
groups. XRD showed that both OMSs and PMOs exhibited structural ordering of 
pores, whereas adsorption analysis demonstrated that the samples studied 
exhibited large mesopores, high surface area and high pore volumes. It was 
shown that functionalized-OMSs and PMOs possessed high adsorption capacity 
towards mercury ions due to relatively high loadings of multifunctional groups 
and fully accessible porous networks. Among the bridging groups studied, the 
use of isocyanurate rings was beneficial for the preparation of high capacity 
adsorbents because the ICS moiety can potentially attract three mercury ions per 
one ICS group giving the mercury capacity of 3.23 mmol/g for the sample with 
1.04 mol/g ICS loading. On the other hand, imidazole was a very promising 
ligand among the surface groups studied, which was shown to be capable of 
coordinating more than two Hg2+ per attached ligand giving mercury adsorption 
of 1.96 mmol/g for 0.9 mmol/g imidazole loading. 
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For the past several years, we have been involved in the development of technically and 
economically feasible separation techniques for the recovery of by-products from oil 
sands industry wastes for use as potentially marketable products. The concepts of 
industrial ecology and an increased societal awareness of waste management continue to 
provide motivation for the discovery of new applications for these materials, as well as 
the valueadded products that may be derived. In this investigation we have applied a 
fractionation methodology developed previously to separate high surface area mineral 
solids from Suncor coke fly ash for potential commercial applications. This fraction has 
been characterized by EDS elemental analysis, X-ray diffraction, XF'S, SEM, solid-state 
NMR and surface area measurements. The efficiency of separation and the 
characteristics of the separated mineral fraction from Suncor fly ash have been compared 
with the data for the mineral solids from Syncrude fly ash reported previously. 

1. Introduction 

The production of refinery grade oil fiom the Alberta oil sands deposits as 
currently practiced by Syncrude and Suncor, generates a substantial amount of 
waste including, coke, fly ash, coarse sand and fine tailings [l]. Under current 
production conditions, a plant producing 1 5,900m3/day (1 00,000 bbllday) of 
synthetic crude oil requires the processing of 100,000 m3/day ore which results 
in a tailings stream consisting of 100,000 m3 of coarse sand, 2,000 m3 of coke, 
100 m3 of fly ash and 20,000 m3 of Mature Fine Tailings (30% solids) [2]. As a 
result, large inventories of process-affected materials are accumulating. The 
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major concern regarding these wastes is a question of the volumes involved. The 
reduction in the volume of the produced wastes by recycling would be 
economically and environmentally desirable. 

The recognition and exploitation of the useful intrinsic properties of waste 
materials are becoming more important owing to increasing awareness of 
environmental issues. However, the commercial recycling of oil sands industry 
wastes is essentially non-existent because of the lack of economical technology, 
and the absence of compelling incentives in the form of government regulations. 
It is anticipated that high disposal costs and increased regulatory pressures to 
minimize landfill disposal options will increase the incentives for development 
of improved technology and economics for recycling many of the potentially 
useful components from oil sands mine wastes. 

For the past several years, we have been developing separation techniques 
for the recovery of by-products from oil sands industry wastes [3-111. The 
principal objective of this work has been to develop technically feasible 
separation techniques for potentially marketable products. Recently, we have 
developed a fractionation methodology for the separation of high surface area 
mineral solids from oil sands coke fly ash for potential use as polymer 
reinforcements after surface modification [l 11. In this investigation we have 
applied this methodology to Suncor coke fly ash. The separated mineral fraction 
has been characterized by EDS elemental analysis, X-ray diffraction, XPS, SEM, 
solid-state NMR and surface area measurements. The efficiency of separation 
and the characteristics of the separated mineral fraction from Suncor fly ash have 
been compared with the data for the mineral solids from Syncrude fly ash 
reported previously [l 11. 

2. Materials and Methods 

2.1. Materials 

A sample of Suncor fly ash originating from the burning of coke produced from 
Athabasca oil sands bitumen, and obtained from Alberta Research Council 
sample bank in 1983 was used in this investigation. This sample had been 
characterized previously [12]. All other reagents were obtained from Aldrich 
and used as received. 

2.2. Measurements 

'9Si NMR spectra were recorded at 40 MHz on a TecMag Apollo series 
spectrometer. Samples were spun at 4.5 kHz in zirconia rotors in a Doty 7mm 
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MASS probe. The 90 degree pulse length was 10 micro-seconds. A 10 second 
delay between pulses was found to be adequate, and spectra were accumulated 
overnight. 27Al NMR spectra were recorded at 78 MHz on a Bruker AMX-300 
spectrometer, using a Doty 5mm mass probe, a 5mm zirconia rotor and 8 to 8.5 
kHz MASS. A pulse length of 1 microsecond was used, and 1000 scans were 
acquired, with a 0.5s delay between scans. A noticeable probe background was 
subtracted. The chemical shifts of aluminium and silicon were referenced against 
external 1 M aqueous aluminium nitrate and neat tetra-methyl silane (TMS) 
respectively. 

XPS was performed with a Physical Electronics (Perkin Elmer, Eden 
Prairie, MN, USA) model 550 instrument. Monochromatic A1 Ka radiation was 
used. Survey 
spectra were collected using pass energies of 188 eV, while high resolution 
spectra were recorded with a 22 eV pass energy. An electron flood gun was 
used to neutralize the charge during the experiment. Binding energies were 
referenced to the carbon-carbon bond, which was assigned a binding energy of 
284.6 eV. Atomic compositions were estimated using a standard program 
provided with the instrument. During analysis, the pressure inside the instrument 
was always below 5 x 

Specific surface areas, pore volumes and pore size distributions were 
determined using a Micromeritics Gemini 111 2375 apparatus, using nitrogen as 
adsorbent at 77K. The application of the BET equation was used to obtain the 
adsorption data [13]. The pore-size distribution of the samples was calculated 
from desorption isotherms, and the BJH method was used for calculations [ 13- 
151. The density of the materials was determined by a Pycnometry measurement 
with helium using Micromeritics Accupyc 1330 apparatus. 

X-ray powder diffraction data were collected between 28 = 15' - 70" with a 
scan rate of 2"/min at room temperature on Scintag XDS 2000 with a theta-theta 
geometry and a copper X-ray tube. The diffractometer had a pyrolytic graphite 
monochromator in front of the detector. The samples were mounted on a zero 
background sample holder made of an oriented silicon wafer. 

Scanning electron micrographs were recorded using a Hitachi Field 
Emission Scanning Electron Microscope (SEM) Model S-4800 fitted with an 
Oxford Inca Energy Dispersive Spectrometer (EDS) used for elemental analysis. 
It was operated at 1.2keV electron volts and a current of 10 uA. The working 
distance was 8 mm. Elemental analysis is semi-quantitative and is measured at a 
working distance of 15 mm with a 20 keV beam energy and 20 uA of current. 
An average of five determinations was camed out. 

The dry samples were pressed into indium foil for analysis. 

torr (<0.7 pPa). 
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Particle size analysis. The particle size distribution of the samples were 
determined using highly diluted dispersions in 1% aqueous solution of Na3P04. 
The measurements were performed using Malvern Zetasizer Model 3000HS 
particle analyzer, which is based on the principle of laser ensemble light 
scattering. The particles are introduced to the analyzer beam in a sample 
presentation cell located in the optical unit. For each sample, the mean value of 
five replicate determinations were calculated. Values reported are the mean 
value for two replicate samples. 

2.3. Procedures 

The procedures used for the separation of mineral solids from Suncor fly ash 
have been reported previously [ 111. 

3. Results and Discussion 

3.1. Effectiveness of leaching process 

Representative elemental analyses of the raw and treated ash samples are shown 
in Table 1. Compared with the Syncrude fly ash sample [ 1 11, the acid leaching of 
the Suncor fly ash was less effective. The treatment of the carbon free sample of 
fly ash from Suncor, results in only small changes, in the elemental composition 
of the sample. Ti, V and Ni were not amenable to leaching, which is consistent 
with the previous investigations [ 171. Complete dissolution of sulphur moiety 
suggests that it may not be part of fly ash matrix. The treatment also selectively 
removed a smaller amount of other elements including Si and Al. However, the 
Si:AI ratio remained unchanged. 

Table 1 .  The effect of acid leaching on elemental compositions of ashed fly ash samples 

Sample Elemental composition, W/W% 

untreated 21.0 12.2 7.5 0.7 2.0 1.2 0.7 1 . 1  3.1 2.7 1.2 1.7 
Si A1 Fe Mg Ti Ca Na K S V Ni Si:AI 

Treated 18.4 10.8 5.9 0.4 2.1 0.5 0.3 0.8 - 2.6 1.2 1.7 

Table 2 lists physico-chemical properties of the fly ash samples. The data for a 
Syncrude fly ash sample is from a previous investigation [ l l ] ,  and has been 
included for comparison purposes. It is obvious from this data, that the 
treatment of the two fly ash samples resulted in a significantly different end 
products. Compared with the Syncrude fly ash sample, the yield of high surface 
area mineral fraction from Suncor fly ash sample was essentially double. This is 
because of the higher ash content of Suncor fly ash and the lower leachability of 



68 1 

inorganic salts fiom the ash matrix. The density of the acid leached Suncor fly 
ash sample was slightly higher than the corresponding sample fiom Syncrude. 
This is because of the higher content and lower leachability of heavy metals in 
Suncor fly ash samples. The specific surface area of Suncor fly ash increases 
over 20 times on treatment. However, the surface area of treated Suncor fly ash 
sample was four time lower than the surface area of Syncrude fly ash sample. 
Relatively low cost and higher surface area of the treated fly ash samples render 
these materials as excellent candidates for potential applications in catalysis 
and/or catalyst support. 

Table 2. Physico-chemical characteristics of Suncor Fly Ash samples 

Sample ID Yield Color Density Surface Av. Pore Av. particle 
(g/cm3) Area Dia(nm) size(nm) 

Untreated ashed 100 Black 2.7 1.7 3.4 870* 40 
Suncor FA 
Treated ashed 35.6 Darkbrown 2.8 35.6 3.4 530* 50 

Untreated ashed 100 Black 2.3 20.6 6.3 1.1pm 
Syncrude FA* 
Treated ashed 18.4 Lightgrey 2.6 140.1 3.4 320 
Syncrude FA* 

(mz/g) 

Suncor FA grey 

*Ref11 

The particle size of the separated mineral solids is significantly smaller than the 
original fly ash samples (-500 nm vs 5 pm). Removal of un-burnt carbon and 
admixed as well as surface adsorbed inorganic salts from fly ash may have 
resulted in the deaggregation of mineral particles. This explains the particle size 
reduction of the separated mineral solids. Smaller particle size in combination 
with large specific surface area render these mineral solids as ideal candidates 
for applications as inorganic fillers for clay-reinforced polymer nanocomposites 
[ 181. The surface modification of these solids may render them compatible with 
the hydrophobic polymers. 

3.2. X-Ray Diffraction 

Figure 1 compares the XRD profiles of the Suncor fly ash samples before and 
after treatment. The mineral composition of the fly ash sample did not change 
significantly after treatment. Based on the comparison of the reported XRD 
patterns of similar fly ash samples [19, 201 the major phases identified included 
mullite, quartz and pseudobrookite. Mineral phases present in smaller amounts 
included: illite, albite, TiOz, hematite and hercynite. A minor amount of 
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kaolonite was also identified in the untreated ashed sample. However, kaolonite 
was not present in the treated fly ash sample. 

200 -l 

160 1 
1 Mulllte 2 Pseudobrooklte 3 a l b i t e  
4 Qua- 5 Albite 6 Ti02 7 lmogolite 

[I 8 Hematite 9 Hercynite K Kaolonite 

Ashed Suncor Fly Ash 
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80 

40 - Acid extracted Suncor FA 
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Figure 1. XRD patterns of Suncor Fly ash 

60 

3.3. Surface Analysis 

The survey spectrum of fly ash samples showed Al, Si, Mg, Ti, V, C and 0 in 
both untreated and treated fly ash samples. Iron, potassium, calcium, sodium 
and sulphur were only detected in the untreated samples. XPS provides 
information on the top 10 nm of the surface. This suggests that these elements 
were selectively leached fiom the surface. The presence of carbon could not be 
confirmed by Leco combustion analyses, suggesting its presence only on the 
surface due to the adsorption fiom atmosphere. 

3.4. Scanning Electron Micrography 

Figure 2 show scanning electron micrograph (SEM) pictures of untreated and 
treated Suncor fly ash at various magnifications. Both samples show smooth 
spherical particles of cenospheres morphology. The diameters of these spheres 
range fiom 4-15 pm for the untreated sample and 2-10 pm for the treated 
sample. These spheres are interdispersed with crystalline inorganic compounds. 
Spheres in the untreated samples also have adsorbed inorganic matter on them 
that is removed by acid leaching in the treated sample. The crystalline 
compounds observed confirmed the presence of mullite and quartz as detected 
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by XRD. The admixture consists of rods, needles, platlets and porous material in
the nm size range.

Figure 2. SEM photographs of: 2a-2c. Untreated Suncor fly ash; 2d-2f. Treated FA

3.5. Solid-State NMR Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy has been shown to be capable
of providing considerable information about the structures of aluminosilicates
and clay minerals [21-26]. The position of silicon resonance is affected
primarily by its degree of polymerization, and by the nature of the nearest
neighbor cations, whereas the aluminum resonance is sensitive primarily to the
number of atoms in its immediate coordination environment, i.e. to whether the
aluminum is four- or six-fold coordinated by oxygen. Solid-state NMR is
particularly sensitive to amorphous phases or small crystallites many of which
cannot be detected by XRD.

Figure 3 shows 29Si MAS NMR spectrum of the treated sample of Suncor
fly ash. The spectrum show one major broad peak centered at -110 ppm and two
shoulders at -104 and -97 ppm. The broad strong peak at the highest field
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corresponds to the un-substituted Q4(OAl) units and is close to those of quartz, 
cristobalite and perhaps some amorphous silica [27-291. The lines at -104 and - 
97 ppm can be assigned to the Q4(lAl) and Q4(2Al) units respectively in 
accordance with the chemical shifts in zeolite type aluminosilicates [29]. These 
assignments also suggest the presence of feldspars and mullite [30, 3 11. 

-200 - 1 0 0  0 1 0 0  

"Si NMR Chemical Shifts (pprn) 

Figure 3. 29Si MAS NMR spectra of treated Suncor Fly Ash 

The 27A1 -MAS spectra of raw and treated ashed Suncor fly ash samples, are 
shown in Fig. 4. The spectra contain two major resonances, centered at 50 and 0 
ppm, which correspond to four and six coordinate aluminum species respectively 
[32]. The octahedral component is attributed to the aluminum in the mullite 
present in the ash [31]. Since 29Si NMR show peaks in the range -97 to -104 
attributable to Q4(l and 2N),  it is postulated that the Alw broad peak centered at 
50 ppm arises fiom the Al atoms in the three dimensional silica fiamework [28]. 

I ' I ' I ~ I ~ I ~ I ~ I ~ I ' I  
-150 -100 -50 0 50 100 150 200 250 

27Al Chemical Shift (pprn) 

Figure 4. 27Al MAS NMR spectrum of treated Suncor Fly Ash 
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4. Conclusion 

A technically feasible fractionation scheme developed previously for the 
separation of high surface area mineral solids from fly ash samples was 
successfully applied to the oil sands coke fly ash sample from Suncor. Suncor 
coke fly ash was found to be less amenable to acid leaching as compared to the 
Syncrude coke fly ash. The characteristics of the separated mineral solids such 
as specific surface area and morphology were also significantly different for the 
two fly ashes. However, compared with the untreated sample the increase in the 
specific surface area of the treated Suncor fly ash sample was over 20 times. 
SEM images for these solids show smooth spherical particles of cenospheres 
morphology. The particle size of the fly ash also decreased significantly after 
treatment as a result of leaching of the adsorbed as well as some admixed 
inorganic salts. Surface area and pore size determine the accessibility to active 
sites and this is often related to catalytic activity and selectivity in catalyzed 
reactions. High surface area, relatively low cost and micro-pores render these 
materials as excellent candidates for potential applications in heterogeneous 
catalysis. Other potential applications could include: adsorbent, microporous 
material for example for gas storage after porosity modification, as polymer 
reinforcements after surface modification, and flatting (mating) agent in the paint 
and lacquer industry. 
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DIRECT VISUALIZATION OF ENZYMES ENCAPSULATED 
IN MESOPOROUS MATERIALS* 

SHUN-ICHI MATSUURA', TETSUJI ITOH, RYO ISHII, TATSUO TSUNODA, 
SATOSHI HAMAKAWA, TAKAAKI HANAOKA, FUJI0 MIZUKAMI 

Research Center for Compact Chemical Process, 
National Institute of Advanced Industrial Science and Technologv (AISg, 

Nigatake 4-2-1, Miyag'no-ku, Sendai 983-8551, Japan 

The direct visualization technique on the single molecular level was applied to 
determination of the enzymes encapsulated in the pores of mesoporous materials. As 
model enzymes, lipase and trypsin modified with fluorescent dyes were encapsulated in 
folded-sheet mesoporous material (FSM) and SBA-15. As a result of observation using a 
fluorescence microscope, we found that the individual enzymes were uniformly dispersed 
in the pores, resulting from the successful incorporation of the two enzymes. 

1. Introduction 

Artificial assemblies of enzymes have attracted much attention in the 
bioengineering field due to potential applications to chemical processes such as 
catalytic reactions [ 1-31. Researchers have tried to encapsulate enzymes into 
silica pores, aiming at an increase in stability and durability to heat, pressure, 
and chemicals [4-lo]. However, the encapsulation of complicated multiple 
enzymes consisting of several units into the pores is rarely reported. Moreover, 
the precise dispersion arrangement of the encapsulated enzymes could not be 
determined based on N2 adsorption measurements. 

Since arrangement of such multiple enzymes is extremely important to 
express appropriate enzyme activity, it is necessary to evaluate whether the 
enzymes are encapsulated and aligned in the pores. Thus, direct visualization of 
encapsulated enzymes (DVEE) on the single molecular level is essential to 
determine the proper localization of enzymes. 

* The research was financially supported by the project of Development of Microspace and 
Nanospace Reaction Environment Technology for Functional Materials from the New Energy and 
Industrial Technology Development Organization (NEDO). 
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Here, we report the direct observation of lipase and trypsin, which are used
as model of encapsulated enzymes, in the pores of folded-sheet mesoporous
material (FSM) [11, 12] and SB A-15 [13, 14] by fluorescence microscopy. For
this purpose, these enzymes were labeled with fluorescence dyes, so that the
localization of the enzymes in the pores was visualized under a microscope field.
Thus, the presence of the two enzymes in the pores was confirmed by detecting
different fluorescent dyes bound to each enzyme. The pore size of FSM-22 and
SB A-15 are sufficient to immobilize the two enzymes since both cylindrical
enzymes are 4-5 nm long and 3 nm wide. The proposed design of the
encapsulation of the fluorescently labeled lipase-trypsin-mesoporous silica
conjugate is shown schematically in Figure 1.

486 nm __cr- FSM-22 or SBA-1S

573 nm

Figure 1. Schematic representation of the fluorescence detection of lipase and trypsin encapsulated
in channels of FSM-22 or SBA-15.

2. Materials and methods

2.1. Preparation of FSM-22 and SBA-15

As the capsules for the enzymes, we used a FSM-22 (pore diameter of 4.2 nm)
[11, 12] and a SBA-15 (pore diameter of 7.1 nm) [13, 14].

FSM-22 was prepared from kanemite by using dococyltrimethylammonium
chloride ^HUjN (CH3)3C1]. To 100 mL of water at 70 °C was added 4.24 g of
dococyltrimethylammonium chloride, and this mixture was vigorously stirred for
30 min at 70 °C. Five grams of kanemite was added to the mixture and stirred for
3 h at 70 °C. The pH of this mixture was adjusted to 8.5 by slowly adding a 2
mol L"1 HC1 aqueous solution during stirring. After the suspension was stirred
for 3 h at 70 °C, the solid product was filtered out, washed with 400 mL of
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distilled water at 70 "C three times, and dried at 45 "C. The sample was then 
calcined at 550 "C for 6 h in air. 

SBA-15 was synthesized using triblock copolymer, poly(ethy1ene glycol)- 
block-poIy(propy1ene glycol)-block- poly(ethy1ene glycol) (SIGMA-ALDRICH) 
as template. In a typical synthesis, 10 g of triblock copolymer was dissolved in 
300 mL of water and stirred for overnight at 35 "C, and 21.9 g of 12 N HCI and 
21.3 g of tetraethyl Orthosilicate (Wako) were added to the above solution. This 
mixture was stirred for 20 hr at 35 "C. After the stirring, the mixture was aged 
for 24 h at 80 "C. The solid product was filtered out, washed with 4,OO mL of 
distilled water at 70 "C three times, and dried at 45 "C. The sample was calcined 
in air with a heating rate of 105 OC /h and then held at 550 "C for 10 h. 

2.2. Characterization of calcined mesoporous materials 

To evaluate pore diameter, pore volume and BET surface area of the calcined 
mesoporous materials, nitrogen adsorption and desorption measurements at 77 K 
were carried out on a BELSORP-max (Japan BEL Co. Ltd., Japan). The pore 
size distributions were determined by analyzing the adsorption branch by the 
BJH method [15]. Powder X-ray diffraction (XRD) spectra were recorded on a 
Bruker AXS D8-ADVANCE Vario-1 with 1D-high speed Position Sensitive 
Detector. Wall thickness was calculated kom the average pore diameter and the 
XRD interplanar d-values. Transmission electron micrographs were obtained 
using a TEM (JEOL 20lOF) with an acceleration voltage of 200 kV. 

2.3. Preparation of lipase-trypsin-mesoporous material conjugate 

Lipase and trypsin, which were derived from Phycomyces Nitens (MI -30 kDa, 
PI 5.9) and from Porcine pancreas (MI 23 kDa, PI 10.8), respectively, were 
purchased from Wako Pure Chemical Industries. A batch adsorption experiment 
was carried out by combining 10 mg of the mesoporous material powder (FSM- 
22 or SBA-15) with 1 mL of appropriate buffer (20 mM sodium acetate buffer 
(pH 4), 20 mM MES [2-Morpholino- ethanesulfonic acid (C6HI3NO4S)] buffer 
(pH 6), 20 mM Tris [2-Amino-2-hydroxymethyl-1,3-propanediol (HzNC- 
(CH20H)3)] buffer (pH 8)) containing an appropriate amount of enzymes (lipase 
and/or trypsin) and 1 mM PMSF [phenylmethylsulphonyl fluoride (C6H5CH2- 
SOzF)] as protease inhibitor. The enzyme-mesoporous material mixture 
dissolved in the buffer solution was gently shaken using a rotator for 20 h at 4 "C 
in the dark. The conjugate was centrihged for 5 min at 13,000 rpm and the 
supernatant was removed after which the conjugate was washed with the buffer. 
The enzyme concentration of the first supernatant was determined by the 
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Bradford method using a microplatereader (SpectraMax M2e; Molecular 
Devices) to check amount of enzyme adsorbed to the silica. The conjugate 
sample was rinsed by the above washing procedure three times, and resuspended 
in 1 mL of the buffer. 

2.4. Fluorescent labeling of enqymes 

The fluorescent labeling for direct visualization of the encapsulation was 
performed on a hetero-enzyme (lipase and trypsin). To visualize the individual 
enzymes encapsulated in mesoporous material using a fluorescence microscope, 
the enzymes were chemically modified with amine-reactive fluorescent dyes, 
Alexa Fluor 488 (Abs/Em = 495 nm/519 nm; Molecular Probes) for lipase and 
Alexa Fluor 546 (Abs/Em = 556 d 5 7 3  nm; Molecular Probes) for trypsin at 
positions of some lysine residues. The fluorescent labeling sometimes damages 
the enzyme seriously because of the binding of the dye to active center of the 
enzyme. To avoid this problem as much as possible, the enzymes were modified 
with the degree of labeling at which one dye molecule bound to one enzyme 
molecule. The labeling reaction was carried out by combining 10 mg of lipase or 
trypsin powder with 1 n L  of 20 mM MES buffer (pH 6) containing an 
appropriate amount of fluorescent dye, Alexa 488 or 546 dye, respectively. The 
sample solution was gently shaken using a rotator for 1 h at 4 "C in the dark. The 
labeled enzyme was purified with gel filtration using a NAP-5 Columns (GE 
Healthcare) equilibrated with a 20 mM MES buffer (pH 6). The obtained 
enzyme concentration was determined by the Bradford method with bovine 
serum albumin as a standard, and the fluorescence intensity with and without 
mesoporous material was measured using a fluorescence spectrophotometer (F- 
4500; HITACHI). 

2.5. Microscopic observation by epi-fluorescence and differential 
interference contrast 

The enzyme-mesoporous material conjugates were observed using an inverted 
fluorescence microscope (ECLIPSE TE2000-U; Nikon) equipped with a 1 OOx, 
1.49 numerical aperture (NA) oil-immersion objective lens. The excitation and 
emission light were selected with filter sets GFP-BP (suitable for Alexa 488, 
EX480/40, DM505, BA535/50) and TRITC (suitable for Alexa 546, EX540/25, 
DM565, BA605/55) produced by Nikon. Fluorescent images of the individual 
enzymes, which are labeled with fluorescent dyes, were visualized by a high 
sensitivity EM-CCD camera (ImagEM; C-9100-13, Hamamatsu Photonics) and 
recorded with an image processor (AQUACOSMOS analysis software; 
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Hamamatsu Photonics). On the other hand, mesoporous silicas as the capsule for 
the enzymes were independently observed by differential interference contrast 
(DIC) using above instrument. After preparing the fluorescently labeled enzyme- 
mesoporous material conjugates, an aliquot of 10 pl was loaded on a 24 x 60 mm 
coverslip and covered with an 18 x 18 mm coverslip. The coverslip was put on 
microscope stage. The observation was camed out at room temperature. 

3. Results and discussion 

3.1. Characterization of calcined mesoporous materials 

Nitrogen adsorptioddesorption isotherms, transmission electron micrograph 
(TEM), and X-ray diffiaction (data not shown) data indicate that the mesoporous 
materials are highly ordered. 

Figure 2 shows pore size distribution curves and the corresponding nitrogen 
adsorption-desorption isotherms (inset) for FSM-22 and SBA-15. As shown in 
Figure 2 and Table 1, the pore sizes of FSM-22 and SBA-15 were 4.2 nm and 
7.1 nm, respectively, which are enough size for encapsulation of lipase and 
trypsin. The ordered hexagonal arrays and 1D channels of the mesoporous 
materials were confumed by TEM observation (Figure 3). 
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Figure 2 .  Pore size (dp) distribution curves obtained from the adsorption branch by the Barret- 
Joyner-Halenda (BJH) method and the corresponding nitrogen adsorption-desorption isotherms 
(inset) for FSM-22 (filled circles) and SBA-15 (open circles). 
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Table 1. Physicochemical Properties of mesoporous materials.

pore diameter
[nm]

FSM-22

SB A- 15

4.2

7.1

wall thickness
[nm]

0.6

1.9

specific surface area
[m2/g]

1111

866

total pore volume
[cm3/g]

1.22

0.91

(a) (b) (c)

Figure 3. TEM images of the mesoporous materials recorded along the (a) FSM-22 [001], (b) FSM-
22 [110], (c) SBA-15 [001], and (d) SBA-15 [110] directions, (b) Inset: electron diffraction pattern.
Scale bars are 10 mn (a, b) and 50 nm (c, d).

3.2. Adsorbed amount of the enzymes incorporated into mesoporous
materials

The effect of pH on the proportions of two enzymes adsorbed to the mesoporous
materials was confirmed (Figure 4). Lipase adsorbed efficiently to both FSM-22
and SBA-15 at pH 6 compared with pH 8 (Fig. 4a and 4b). While the enzyme
aggregated heavily at pH 4 and the aggregate did not adsorb to the silica. On the
other hand, trypsin adsorbed stably to both FSM-22 and SBA-15 at a pH range
from 6 to 8, although the enzyme can be adsorbed to the silica at pH 4 without
self-aggregation (Fig. 4c and 4d).

Regarding the saturated adsorption amount of these enzymes, it was found
that the adsorbed amount of trypsin is higher than that of lipase in both cases of
FSM-22 and SBA-15, attributed to molecular sizes of the enzymes. In addition,
both enzymes showed efficient adsorption to FSM-22 compared with SBA-15,
suggesting that an electrostatic affinity of silica surface is different between
FSM-22 and SBA-15. Interestingly, adsorption behavior of trypsin was different
between FSM-22 and SBA-15 (Fig. 4c and 4d). The amount of the trypsin
immobilized in FSM-22 was linearly related to the enzyme concentration (Fig.
4C), whereas trypsin-SBA-15 showed loss of adsorbed amount of the enzyme
due to self-aggregation at a high concentration (Fig. 4d). These results
demonstrate that FSM-22 provides a suitable platform for the immobilization
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and dispersion of enzyme in mesopores with disintegration of the aggregate, 
even at a high concentration of enzyme. 

The 20 mM MES (pH 6) proved to be the appropriate buffer for both 
enzymes. Therefore, the encapsulation of a mixture (weight ratio 1 : 1) of labeled 
lipase and trypsin was performed using 20 mM MES as buffer solution (1 mg- 
enzymes/lO mg-silica). Adsorbed amounts of the labeled enzymes in 20 mh4 
MES were comparable to non-labeled enzymes, indicating that the labeled 
enzymes retained their adsorption capability after the labeling. 

" 0 1 2 3 4 5 6  
0 

0 1 2 3 4 5 6  
Equilibrium concentration of lipase [mglml] Equilibrium concentration of lipase [mg/ml] 

2 
Equilibrium concentration of trypsin [mglml] Equilibrium concentration of trypsin [mglml] 

Figure 4. The amounts of lipase (a, b) and trypsin (c, d) adsorbed to the pores of FSM-22 (a, c) and 
SBA-15 (b, d) were measured spectrophotometrically with respect to the equilibrium concentration 
of the enzymes. As the buffer, 20 mM sodium acetate buffer @H 4, filled triangles), 20 mM MES 
buffer @H 6, filled circles), and 20 mM Tris buffer @H 8, open circles) were used for dissolution of 
enzymes and the adsorption experiment. 

In addition, the incorporation of enzymes into pores of mesoporous silicas 
was evaluated based on nitrogen adsorption measurements of dried samples. The 
specific surface areas for lipase-FSM-22, trypsin-FSM-22, lipase-SBA-15, and 
trypsin-SBA-15 were 780, 745, 557, and 600 m'/g respectively. These values of 
surface areas were remarkably low compared with that of FSM-22 (1 11 1 m'/g) 
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and SBA-15 (866 m’/g). The decline in surface area results from the 
incorporation of the enzyme into the mesopores of silica. On the other hand, the 
pore diameters of enzyme-FSM-22 (3.7 nm) and enzyme-SBA-15 (6.2 nm) were 
lower than that of FSM-22 (4.2 nm) and SBA-15 (7.1 nm). One possible reason 
for this is a degradation of the mesoporous framework during the adsorption 
reaction in the buffer solution. 

3.3. Direct observation of two enzyme-mesoporous materials 

Figure 5 shows the overlapped fluorescence spectra of Alexa 488 dye- 
labeled lipase and Alexa 546 dye-labeled trypsin. Since the difference of the two 
peak wavelengths is approximately 50 nm, these enzymes can be identified 
readily under a microscopic field. 

.- b 
E l  

Wavelength [nm] 
Figure 5. Fluorescence spectra of Alexa 488 dye-labeled lipase (bold line) and Alexa 546 dye- 
labeled trypsin (dashed line), which were excited at 495 nm and 556 nm, respectively. The spectra 
were recorded at 490-610 nm. Buffer solution in the samples was 20 mM MES buffer (PH 6). 

When the hetero dye-labeled enzyme (lipase and trypsine, weight ratio 1 : 1) 
was encapsulated in the silica pores the same two emissions peaks appeared in 
the fluorescence spectrum and the individual encapsulated enzymes could be 
directly observed via the fluorescence images (Figure 6). If the fluorescently 
labeled enzymes were adsorbed mainly on the surface of the silica particles with 
a smaller pore size, fluorescent enhancement would be obtained from the edge of 
the particles, as has been reported elsewhere [16]. However, the fluorescence 
emissions from lipase and trypsin were distributed evenly across the mesoporous 
silica (Fig. 6b, 6c, 6f and 6g). Moreover, the localization of lipase and trypsin in 
both silicas was uniform as shown in the fluorescent images superimposed onto 



695

the DIG images of the silicas (Fig. 6d and 6h), resulting from the successful
incorporation of the two enzymes into the mesopores of silica.

OiC Ataxa546~trypsin

SSA-15

Figure 6. Direct observation of enzyme-mesoporous silica conjugate: DIG images of mesoporous
materials (a, e), corresponding fluorescence image of Alexa 488-labeled lipase (b, f) and Alexa 546-
labeled trypsin (c, g), and their merged image (d, h). The upper half and the lower half indicated
enzyme encapsulated in FSM-22 and SBA-15, respectively. Scale bars are 10 (im.

4. Conclusions

We successfully prepared a hetero-enzyme (lipase and trypsin)-mesoporous
material (FSM-22 and SBA-15) conjugates at a buffer pH range from 6 to 8 and
demonstrated the direct visualization of the individual enzymes encapsulated in
the silica by a fluorescent microscopy. The fluorescent image of the enzymes
merged into DIG image of the silica indicated that the enzymes were distributed
all over the pores of the mesoporous materials.

The results suggest that mesoporous silicas are a good host for constructing
protein assemblies and single-molecule observation technique permits more
precise analysis of molecular localization for an enzyme-mesoporous material.
Furthermore, two fluorescent probes used in this study have the relation of
donor-acceptor in FRET (fluorescence resonance energy transfer) [17, 18], when
they co-exist within several nanometers. Thus, observation of the fluorescently
labeled hetero-enzymes described in this paper not only suggests a direct
evidence of the encapsulation but also opens up a detailed analysis for the inter-
molecular interaction between hetero-enzymes hi mesoporous material by FRET
technique.
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Pore-expanded MCM-41 (PE-MCM-41) silica exhibits a unique combination of high 
specific surface area (ca.1000 m2/g), pore size (up to 25 nm) and pore volume (up to 3.5 
cm3/g). The current study focused primarily on the application of PE-MCM-41 material 
as suitable host for urease in controlled hydrolysis of urea. Urease adsorbed on PE- 
MCM-41, regular MCM-41 and silica gel adsorbent (SGA) were used as catalysts for 
urea hydrolysis reaction. Adsorption studies of urease on these materials from aqueous 
solution at pH 7.2 revealed that the adsorption capacity of PE-MCM-41 (102 mglg) is 
significantly higher than that of MCM-41 (56 mglg) and SGA (21 mglg). The 
equilibrium adsorption data were well fitted using the Langmuir-Freundlich model. 
Furthermore, the kinetic study revealed that the uptake of urease follows the pseudo-first 
order kinetics. The in-vitro urea hydrolysis reaction on pristine urease and different 
urease-loaded catalysts showed that the rate of hydrolysis reaction is significantly slower 
on UPE-MCM-41 compared to that of bulk urease and urease on MCM-41 and SGA. 

1. Introduction 

Hydrolysis of urea fertilizer to ammonia and carbon dioxide is catalyzed by 
urease (a nickel-based metalloenzyme) with a rate approximately 1014 times the 
rate of the un-catalyzed reaction [ 1,2]. Rapid hydrolysis of urea fertilizer by soil- 
based bacterial urease, results in unproductive nitrogen evolution and in 
ammonia volatilization and toxicity, hence alkaline-induced crop damage and 
subsequent greenhouse gas emission [3]. Therefore, a urease inhibitor andor a 
means for controlling the rate of the enzymatic hydrolysis of urea can be 
combined with the urea fertilizer to increase the overall efficiency of nitrogen 
utilization. The use of urease inhibitors (e.g. phosphoryl amides, quinines, 
hydroxamic acids) in order to retard the urea hydrolysis has been reported [3]. 
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However, these inhibitors are too expensive and easily decomposed or 
inactivated to generate any practical benefit [4]. 

Another possibility to reduce the rate of urea hydrolysis is to immobilize 
urease within the confined channels of mesoporous silica. Diffusion limitations 
of the substrate combined with a potential effect of adsorption on the intrinsic 
activity of the enzyme may bring about significant decrease in the hydrolysis 
rate. Adsorption-induced immobilization on mesoporous materials has been used 
for a variety of biologically active species such as amino acids, proteins and 
enzymes [5-71. In this process, interactions between the support and the guest 
molecules are of non-covalent nature, such as hydrogen bonding, electrostatic, 
van der Waals and hydrophobic or hydrophilic interactions, thus relatively weak. 
The immobilization techniques, however, could affect their catalytic activity. 

Literature reports on urease adsorption by physical immobilization onto 
solid substrates for the purpose of catalysis and sensing of urea include 
adsorption onto inorganic support surfaces [8- lo], polymeric membranes 
[11,12], microcapsules [13,14] and sol-gel derived cast films [15,16]. Urease 
adsorption on activated charcoal for clinical application suffers fiom particulate 
release [8], while clay minerals [9] exhibit low adsorption capacity (21.2 mg/g). 
Urease immobilization on polymeric membranes such as dye attached polyamide 
membrane [11] by adsorption resulted in an increase of the enzyme thermal 
stability, while encapsulation in polymeric micro-shells [ 13,141 through layer- 
by-layer technique opened up the possibility of preparing a biocatalytic reactor. 
Urease adsorbed on sol-gel derived films resulted in high thermal and storage 
stability of the enzyme [15,16]. It is expected that pore-confiied adsorption of 
the enzyme on PE-MCM-41 could increase its stability while decreasing the 
permeation of the substrate to the active sites of the enzyme, hence reducing its 
catalytic activity. However, to our knowledge, the immobilization of urease on 
mesoporous silica and its potential in controlled hydrolysis of urea has not been 
explored. 

Sayari et al. [17,18] reported the preparation of pore-expanded MCM-41 
silica (PE-MCM-41) possessing high specific surface area (ca. 1000 m2/g), large 
pore size (up to 25 nm) and pore volume (up to 3.5 cm3/g) via post-synthesis 
hydrothermal treatment of as-synthesized MCM-41 in the presence of N N -  
dimethyldecylamine. These materials opened up many opportunities in 
adsorption and catalytic applications [19-261. In the present work, we report the 
adsorption of urease onto a PE-MCM-41 with a specific surface area, pore size 
and pore volume of ca. 920 m2/g, 10.4 nm and 2.04 cm3/g, respectively, at 25 "C 
fiom aqueous solutions at different pHs within the range of 5.0 to 9.0. However, 
the catalytic effect on urea hydrolysis reaction was investigated using 
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mesoporous silicas loaded with urease at near neutral pH (7.2). The reason of 
this particular adsorption condition is associated with the fact that most field 
crops grow well in a soil with pH ranging fi-om 6 to 8 at ambient temperature 
[27]. For comparison, regular MCM-41 and silica gel adsorbent (SGA) were also 
used. This study revealed that the amount of urease adsorbed on PE-MCM-41 
was higher as compared to MCM-41 and SGA. However, the catalytic effect of 
urease-loaded PE-MCM-41 appeared to slow the urea hydrolysis rate much more 
efficiently than MCM-41 and SGA. 

2. Experimental 

2.1. Materials 

Urease (35 units/mg; &om jack bean; M, 480k Da) was obtained fkom Fluka. 
MCM-41 and PE-MCM-41 were synthesized using Cab-0-Sil M5 fumed silica 
(Cabot Co.) via a two step procedure published earlier [17,18]. Urea (ultra pure), 
SGA adsorbent (230-400 mesh) and all other chemicals were obtained fkom 
Sigma-Aldrich and used as supplied. 

2.2. Characterization 

To determine the physical characteristics of each material, nitrogen adsorption- 
desorption isotherms were measured at 77 K on a Coulter Omnisorp 100 gas 
analyzer. The pure silica materials were degassed at 250 "C under high vacuum 
(10" Torr) for 2 h prior to the nitrogen adsorption measurements, while the 
urease-immobilized samples were degassed at 50 "C for 6 h. The specific surface 
area was determined fkom the linear part of the BET plot (p/po = 0.05 to 0.15). 
The average pore size was taken as the peak of the pore size distributions as 
calculated kom the adsorption branch using the U S  (Kruk-Jaroniec-Sayari) 
method [28]. The total pore volume was determined as the volume of liquid 
nitrogen adsorbed at p/po of 0.995. Thermogravimetric (TG) analysis of native 
urease and urease-loaded samples were performed using a TG analyzer (Q 500, 
TA Instrument) coupled with a mass spectrometer (Pfeiffer Thermostar) for 
determining the urease loading and its stability through the weight loss of the 
material upon heating in the temperature range of 25 to 800 "C, in flowing Nz. 

2.3. Urease Adsorption 

A series of urease solutions with concentrations ranging from 0.25 g/L to 10 g/L 
was prepared by dissolving different amounts of the enzyme in de-ionized water. 
Adsorption isotherms of urease on various mesoporous adsorbents were 
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achieved by equilibrating the adsorbents with aqueous solutions of urease with 
pH 7.2. In each adsorption experiment, 100 mg of the different adsorbents was 
suspended in 10 mL of the desired urease solution. The suspensions were 
continuously shaken in a shaking bath at 25 "C until an assumed equilibrium was 
reached, typically after 24 h and then centrifuged. The urease concentration in 
the supernatants was measured by UV-Vis spectroscopy at 276 nm (Cary 300, 
Varian). The urease containing silica materials were recovered from the reaction 
mixtures by filtration and washed with de-ionized water. The materials were 
dried at room temperature for 24 h and finally in a vacuum oven at 50 "C for 12 
h. Urease-adsorbed samples of MCM-41, PE-MCM-41 and SGA silicas were 
denoted as U/MCM-41, UPE-MCM-41 and U/SGA, respectively. The influence 
of pH on the adsorption of urease onto the mesoporous silica adsorbents was 
examined as described above with an enzyme concentration of 10 g/L in the pH 
range 5.0-9.0 using 25 mM phosphate buffer. 

2.4. Catalytic Activity in Urea Hydrolysis Reaction 

A 5 mM aqueous solution of urea was used to study the catalytic activity of 
native urease (90 pg/rnL,) and urease-loaded mesoporous silicas (e.g. U/MCM- 
41, U/PE-MCM-41 and UISGA). In each hydrolysis experiment, a determined 
amount of urease-containing silica catalyst (equivalent to the amount of native 
urease) was suspended in 50 mL of urea solution at room temperature under 
gentle stirring and covered to avoid evaporation. A controlled experiment using 
pristine PE-MCM-41 was performed by using 50 mg of PE-MCM-41 under 
otherwise the same conditions. The conversion of urea to ammonia was 
monitored in-situ over time using a Benchtop Multimeter (Orion 5-Star, Thermo 
Electron Co. USA) equipped with an ammonium ion specific electrode (Orion 
93-18). Calibration measurements were carried out separately before each set of 
experiments with ammonium standard solutions of different concentrations. 

3. Results and Discussion 

Figure 1 shows the nitrogen adsorption-desorption isotherms for MCM-41, PE- 
MCM-41 and SGA. The isotherm for MCM-41 is of type IV according to the 
IUPAC classification and exhibits a H 1 hysteresis loop, characteristic of periodic 
mesoporous materials [29,30]. Similarly, PE-MCM-41 exhibits a type IV 
isotherm with a broad H1 hysteresis loop occurring at higher relative pressure, 
which is consistent with pore enlargement. Uniformly sized mesopores are 
evident from the sharp capillary condensation step in the isotherms for both 
MCM-41 and PE-MCM-41. This is consistent with the narrow pore size 
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distribution shown in Figure 1 (inset). The mesopores for SGA are devoid of 
uniformity with very broad pore size distribution as evident in Figure 1 (inset). 
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Figure1 . Nitrogen adsorption-desorption isotherms for various adsorbents used in this study (Inset: 
Corresponding KJS pore-size distributions). 

The textural properties of the different mesoporous adsorbents are summarized 
in Table 1. The specific surface areas of MCM-41 and PE-MCM-41 are 1078 
and 920 m2 g-I, respectively, which are more than double compared to the 
specific surface area of SGA (443 m' g-'). On the other hand, the pore size of 
PE-MCM-41 is 10.4 nm, much higher than the pore sizes of MCM-41 (3.8 nm) 
and SGA (6.5 nm). 

Table 1. Textural parameters of various adsorbent and their urease-loaded derivatives 
from aqueous solution with pH 7.2 at 25 "C. 

Initial Loading SBET Poresize V, 
conc. (&) (mg/g) (m2/g) (nm) (cm3/g) 

Materials 

PE-MCM-41 - 920 10.4 2.14 
MCM-41 1078 3.8 1.08 
SGA 443 6.5 0.71 
UPE-MCM-41 10 102 278 2.1 0.17 
U/MCM-41 10 56 49 1 1.6 0.21 
U/SGA 10 21 377 6.4 0.63 
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Time-resolved uptake of urease over PE-MCM-41, MCM-41 and SGA 
with initial concentration of 2 g/L (Figure is not shown) revealed that the urease 
uptake by PE-MCM-41 at the beginning was relatively fast compared to the 
other adsorbents. PE-MCM-41 with large pore may facilitate the mass transfer 
inside the channels. However, the adsorption equilibrium is attained for all three 
adsorbents within 24 h of shaking. The amount of urease adsorbed follows the 
trend: PE-MCM-41 > MCM-41> SGA. The adsorption process is well described 
by the pseudo-first order kinetics [31]. 

The effect of pH on the adsorption of urease on different mesoporous 
adsorbents (Figure is not shown) revealed that all three silica adsorbents exhibit 
similar trends, i.e., the amount of adsorbed urease decreased slowly and linearly 
as the pH increased from 5.0 to 9.0. The highest adsorption was observed at pH 
5, which is close to the isoelectric point (pa of urease [9]. Near the pZ of urease, 
the net charge of the enzyme is zero and the coulombic repulsive force between 
the urease molecules is minimal. These phenomena enhance secondary 
interactions such as hydrogen bonding, van der Waals and hydrophobic- 
hydrophilic interactions leading to increased urease adsorption. The net negative 
charges on silica and urease surfaces gradually develop as pH increases which 
may result in diminishing enzyme adsorption capacity. Nonetheless, the amount 
of adsorbed urease remained relatively high even on negatively charged silica 
surface at higher pH. 

The equilibrium sorption data obtained was analyzed based on the 
commonly used Langmuir and Langmuir-Freundlich models [32]. The Langmuir 
isotherms model is described by the equation 

where qe (mg/g) is the equilibrium adsorption amount, qm (mg/g) is the maximum 
sorption capacity, C, is the equilibrium concentration of solute (mg/L), KL is the 
Langmuir constant. A typical Langmuir-Freundlich model is described by the 
equation 

where qe (mg/g) is the equilibrium adsorption amount, qm (mg/g) is the maximum 
sorption capacity, KLF is the Langmuir-Freundlich constant, n is the intensity of 
the constant. Figure 2 shows the urease adsorption isotherms using equations (1) 
and (2) and the associated parameters are shown in Table 2. As can be seen from 
Figure 2, the isotherms are well represented by both Langmuir and Langmuir- 
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Freundlich models. However, comparing the qma values obtained by the models 
with the experimental qm values and also the goodness of fit, the adsorption 
data appears to be following Langmuir-Freundlich model more closely compared 
to the Langmuir model. 
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0 2000 4000 6000 8000 10000 
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Figure 2. Adsorption isotherms of urease over PE-MCM-41, MCM-41 and SGA. Solid lines 
represent the data fitted by Langmuir-Freundlich (L-F) and dotted lines for Langmuir (L) model. 

The adsorption capacity of the different adsorbents shows the following order: 
PE-MCM-41 > MCM-41> SGA, although MCM-41 has higher surface area as 
compared to the other adsorbents. A reasonable explanation is that the pore sizes 
of MCM-41 (3.8 nm) and SGA (6.5 nm) are smaller than the dimension of 
urease (7.5 x 8.0 x 8.0 nm) and not accessible to bulky urease molecules. 

Table 2. Adsorption parameters for urease adsorption onto PE-MCM-41, MCM-41 and SGA 
adsorbents (C, = 10gL). 

Lanmnuir (n = 1 ) Langmuir-Freundlich 

PE-MCM-41 102 108.6 2.0 0.98 102.9 0.5 1.26 0.99 

MCM-41 56 57.8 2.1 0.99 57.6 1.9 1.02 0.99 

SGA 21 23.4 1.7 0.99 26.0 8.5 0.71 0.99 
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In the case of PE-MCM-41, the presence of uniform large pore system (10.4 nm) 
rather facilitates the diffusion of urease molecules inside the mesopores. 
Moreover, the mesopore volume of PE-MCM-41 (2.04 cm3/g) is also higher than 
the MCM-41 and SGA (Table 1) and paves the way for more easily accessible 
adsorption sites. We can conclude that urease entrapped inside the relatively 
large pore system of PE-MCM-41, consistent with the larger adsorption capacity 
of PE-MCM-41 compared to MCM-41 and SGA. The maximum adsorption 
capacity of urease on PE-MCM-41 was found to be ca. 102 mg g-' which is 
almost twice as high as the adsorption capacity of MCM-41 (56 mdg) and 5 
times higher than the capacity of SGA (21 mg/g). 

Nitrogen adsorption-desorption isotherms for the urease-loaded 
adsorbents (10 g/L initial concentration) were measured. The isotherms were of 
type I (Figure is not shown) and the specific surface area, pore diameter and pore 
volume of all samples were reduced substantially. The results are shown in Table 
1. The specific surface area, pore diameter and pore volume of PE-MCM-41 
were 920 m'g-', 10.4 nm and 2.04 cm3g-' respectively. These parameters of PE- 
MCM-41 decreased upon urease loading. For example, the specific surface area 
of URE-MCM-41 was reduced from 920 to 278 m'g-' which represents ca. 70% 
reduction, while the specific pore volume was reduced fi-om 2.04 to 0.17 cm3g-' 
corresponding to 91 % decrease. This large reduction of the specific surface area 
and pore volume were primarily attributed to the adsorption of urease molecule 
in the mesopore channels of PE-MCM-41. 

The stability of urease after adsorption on PE-MCM-41 was ascertained 
by comparing the TG-DTG plots of PE-MCM-41, native urease and U/ PE- 
MCM-41 (Figure is not shown). The degradation pattern of the urease changes 
substantially after adsorption on PE-MCM-41. For example, the weight loss 
peak of native urease at 152 "C (ZJ totally disappeared; the 204 "C (ZZu) and 238 
"C (ZZIJ events moved to higher temperature (236 "C (ZZJ, 347 "C (ZZZJ, 
respectively). Moreover, the weight loss peak intensities in the U/PE-MCM-41 
material decreased significantly compared to the pristine urease. A reasonable 
explanation to these observations is that the decomposition of the urease 
adsorbed in PE-MCM-41 is suppressed by the protection of the adsorbent 
resulting in increased thermal stability. Therefore, it is clear that the uresae 
stability increased upon adsorption onto the PE-MCM-4 1 

Figure 3 shows the hydrolysis of urea by U/MCM-41, U/PE-MCM-41 and 
U/SGA in comparison to the native urease and pristine PE-MCM-41. The 
urease-free PE-MCM-41 exhibited negligible conversion of urea to ammonia 
(0.03%) over 36 h, while pure urease converted 100 % of the urea within 60 min 
(Figure 3, inset). The catalytic effect of U/MCM-41 and U/SGA exhibited 
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comparable behaviors as they achieved complete urea conversion within ca. 30 
h. However, in the presence of UPE-MCM-41, urea hydrolysis showed a much 
slower release of ammonia (e.g. 32 % conversion at 36 h, Figure 3 and 89 % of 
urea total conversion after 21 days of reaction time, Figure 4). 
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Figure 3. Hydrolysis of urea in aqueous solution to ammonia by UPE-MCM-41, UMCM-41, 
UBGA and native urease (Inset: Urea hydrolysis to ammonia in the presence of native urease). 

These results reveal that the pure silica support material is unable to catalyze the 
hydrolysis of urea, whereas the fiee enzyme urease is a too powerful catalyst 
leading to fast conversion that would prevent the conservation of urea-derived 
nitrogen in soil. Among the catalysts used in this study, the order of urea 
hydrolysis reaction rate was as follows: U >> U/MCM-41-U/SGA >> UPE- 
MCM-41. A reasonable explanation of this trend is based on two assumptions: 
(i) adsorbed urease is inherently less active than pristine urease, and (ii) urease 
located inside the pore channels is at least apparently, less active then urease 
adsorbed on the external surface. As mentioned earlier, it is believed that in 
U/MCM-41 and U/SGA the adsorbed urease is located primarily on the external 
surface. Thus, though it remained high, their catalytic activity is more than one 
order of magnitude lower than unsupported urease. On the contrary, in U/PE- 
MCM-41 urease resides mostly inside the pore channels and shows 
approximately another order of magnitude decrease in catalytic activity. The 
lower catalytic activity of U/PE-MCM-41 may be due to either inaccessibility of 



706 

urease because of confinement, or slow diffusion of urea inside the now hardly 
porous material, or a combination thereof. This means of controlling the rate of 
the enzymatic hydrolysis of urea using PE-MCM-41 could be combined with the 
urea fertilizer to increase the overall efficiency of nitrogen utilization. 

100 3 

0 5 10 15 20 25 
Reaction time (days) 

Figure 4.Cataljtic performance of UPE-MCM-41: Slow conversion of urea to ammonia 

PE-MCM-41 could be added to agricultural trails few days before the addition of 
urea fertilizer. Soil based urease may adsorb inside the large pore PE-MCM-41 
and limits its activity substantially to hydrolyze the fertilizer as we have shown. 
Thus, this would allow the fertilizer nitrogen to be released over a longer period 
of time during the growing season of field crops. 

4. Conclusion 

In this study, PE-MCM-41, regular MCM-41 and SGA with different textural 
properties were used to adsorb urease at ambient conditions (25 "C and neutral 
pH). Adsorption measurements revealed that the amount of urease adsorbed 
follows the order: PE-MCM-41 > MCM-41> SGA. This trend of urease 
adsorption on PE-MCM-41 is due to enhanced mass transfer through the large 
pores of PE-MCM-41. A maximum urease loading of 102 mg/g on PE-MCM-41 
was obtained. Enhanced stability of the urease after adsorption was observed. 
The urease loaded catalysts were used for in-vitro urea hydrolysis reaction. 
Urease adsorption within the pore system of PE-MCM-41 appears to 
significantly reduce the rate of urea hydrolysis. Therefore PE-MCM-41 could be 
used in agricultural soil to reduce the rate of urea hydrolysis process, which may 
lead to improved management of nitrogen fertilizer for crops nutrition as well as 
to the reduction of ammonia gas emission from urea fertilizer. 
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This work describes the entrapment of glucose oxidase (GOD) into mesostructured silica 
by physisorption either via a direct one step method or by adsorption. In both cases, the 
efficiency of the immobilization was revealed by FTR spectroscopy. The quantity of 
entrapped enzyme has been determined by solid state UV spectroscopy and it appears 
that adsorption leads to a lower loading of immobilized GOD. We have also shown that 
the immobilized enzyme maintains its activity. 

1. Introduction 

Enzymes are biocatalysts, which exhibit a high selectivity and reactivity under 
normal conditions, but they are sensitive to denaturation or inactivation by pH, 
temperature and organic solvents. Moreover, it is usually difficult to recover the 
active enzymes, thus due to their high costs, their use is limited. One way to 
overcome these drawbacks consists in immobilizing enzyme onto solid supports. 
However, the immobilization should be irreversible and stable under potentially 
adverse reaction conditions. At the same time, high activity, good accessibility to 
analytes, rapid response times should be kept, while leaching of the biomolecule 
has to be avoided. Due to its importance in the human metabolism, glucose is the 
most studied analyte. Indeed, the development of a stable in viva sensor could 
improve the regulation of glucose concentration and reduce complications 
related to diabetes. Therefore, many researchers are focused on the 
immobilization of glucose oxidase (GOD). Among all of the methods of enzyme 
immobilization, the sol-gel process has been extensively studied [ 1-31. The 
synthesis of a silica matrix by the sol-gel process involves the hydrolysis of 
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siloxanes, tetramethoxysilane [ Si(OCH3).,] for example, followed by the 
condensation to yield a SiOz network. However, when the gel is dried, 
evaporation of the pore liquid takes place and substantial shrinkage occurs, 
involving a pore collapse. From the biomolecule immobilization point of view, 
this shrinkage and the difficulties to control the pore size distribution of the 
matrix constitute the main disadvantage of the process. In contrast, owing to 
their properties such as high specific surface area and uniform pore size 
distribution, mesoporous materials are excellent candidates as supports for 
enzymes. 

This work describes the immobilization of glucose oxidase (GOD) in 
mesostructured silica. The enzyme is incorporated into the mesostructured silica 
framework by physisorption either via a direct one step immobilization method 
or by adsorption. 

2. Materials and Methods 

The fluorinated surfactant used, provided by DuPont, had an average chemical 
structure of C8F17C2H4(OCzH4)90H, labeled as RF8(EO),. Glucose oxidase with a 
molecular mass of 154 kDa (EC 1.1.3.4 type X-S from Aspergillus niger, 50 000 
unitslg) was purchased from sigma and used without any purification. 

2.1. Direct one step immobilization 

First a micellar solution of RF8(EO), at 10 wt.% in water was prepared. The 
loading of glucose oxidase (GOD), added to the micellar solution, was varied 
from 0.4 to 7.0 mg per mL of micellar solution, which corresponds to a variation 
of the GOD concentration from 2 . 5 ~ 1 0 - ~  to 4 . 4 ~ 1 0 - ~  mol L-I. Tetramethoxysilane 
(TMOS), used as the silica source, was added dropwise. The surfactanthilica 
molar ratio was adjusted to 0.5. The gel obtained was sealed in Teflon 
autoclaves and heated for 2 days to 60°C. The final products were recovered 
after ethanol extraction with a soxhlet apparatus for 30 hours 

2 2.  Adsorption 

In a first time a mother solution containing the biomolecule was prepared by 
mixing the required amount of enzyme with 20 mL of a buffer solution (pH = 7). 
The loading of enzyme was varied kom 1 to 30 mg per mL of solution. Then, 
after homogenization during 1 hour, 0.25 g of the silica matrix, previously 
synthesized according to reference 4, were added to 5 mL of the mother solution. 
The mixture was stirred (300 rpm) at room temperature for 4 hours. The 
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supernatant was separated from the solid by centrifugation at 5000 rpm during 6 
min. The solid was washed 3 times with distilled water and 1 time with acetone 
before drying it at room temperature in air. 

2.3. Characterization 

Nitrogen adsorption - desorption isotherms were obtained at -196 "C over a 
wide relative pressure range from 0.01 to 0.995 with a volumetric adsorption 
analyzer TRISTAR 3000 manufactured by Micromeritics. The samples were 
degassed further under vacuum for several hours at room temperature before 
nitrogen adsorption measurements. The specific surface area was calculated by 
the BET (Brunauer, Emmett, Teller) method (molecular cross sectional area = 

0.162 nm'). The pore diameter was determined by the BJH (Barret, Joyner, 
Halenda) algorithm. The infrared spectra were recorded on a Fourier transform 
infrared spectrometer Perkin-Elmer 2000, equipped with a KBr beam splitter and 
a DTGS detector was used. The spectra in diffuse reflectance (DRIFTS) mode 
were collected using a Harrick DRA-2CI equipment and a Harrick HVC-DRP 
cell. To perform the analysis, the mesoporous powder was first diluted in a KBr 
matrix (15 wt.%). Then the sample was kept inside an evacuated chamber 
mbar). Reflectances R, of the sample and R, of pure KBr, used as a non- 
absorbing reference powder, were measured under the same conditions. The 
mesoporous reflectance is defined as R = RJRp The spectra are shown in 
pseudo-absorbance (-logR) mode. UV-Visible diffuse reflectance spectra were 
recorded between 200 and 600 nm at 1 nm increments with an integrated sphere 
attached to a Cary 5G UV-Vis-NIR spectrophotometer. 

3. Results and discussion 

3.1. Structural and textural features 

All the materials characteristics are together in Table 1. When GOD is 
physisorbed onto the silica matrix, whatever its concentration in the buffer 
solution, the hexagonal structure is maintained. On the other hand, the 
immobilization of GOD through the direct one step method leads to well ordered 
materials only if the GOD concentration is lower than 3.2 mg per mL of micellar 
solution. Higher loading involves the formation of wormhole-like structures. 

As regards the textural characteristics, the immobilization of the enzyme 
does not affect the shape of the isotherm and a type IV isotherm (not depicted) is 
obtained by nitrogen adsorption-desorption analysis. Moreover, we can see that 
the value of the pore diameter remains almost unchanged with the entrapment of 
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the biomolecule. The main variation that is noted deals with the specific surface 
area. From Table 1, it is obvious that its value drops when glucose oxidase is 
incorporated into the silica material. For example if the immobilization is made 
by adsorption its value varies from 1140 to 445 mVg, when the concentration of 
the biocatalyst in the solution is changed from 0 to 30 mgimL. 

Table 1. Materials features : Structure, d-spacing, NZ specific surface area (SBET) and 
pore diameter (0). 

SBET (m'k) 0 (nm) 
d-spacing Structure [GOD] in the initial 

solution (mg/mL) (nm) 
0 Hexagonal 5.4 1140 3.8 

Direct one step method 
0.4 Hexagonal 5.2 962 3.6 
1.6 Hexagonal 5.2 879 3.8 
3.2 Hexagonal 5.2 869 3.8 
3.4 Wormhole 5.4 699 3.7 
5 Wormhole 5.3 712 3.9 

Adsorption 
1 Hexagonal 5.2 742 3.8 
5 Hexagonal 5.2 766 3.8 
10 Hexagonal 5.2 705 3.6 
15 Hexagonal 5.2 608 3.6 
30 Hexagonal 5.2 445 3.4 

Moreover, when the entrapment of GOD is performed from the direct one 
step method, whatever the concentration of GOD the values of d-spacing and 
pore diameter remain equal to 5.3 and 3.8 nm, respectively (Table 1). If samples 
are prepared without surfactant, no peak is detected on the SAXS pattern (not 
shown). This evidences that even if the surfactant is not used to solubilize the 
enzyme, it plays a key role in the organization of the channel array and it acts 
also as a pore forming agent. 

3.2. Evidence of GOD incorporation and evaluation of the quantity of GOD 
really immobilized in the silica network 

The silica network vibrations are detected on the infrared spectrum below 1800 
cm-' (Fig. la). The broad and intense band with a maximum at 1080 cm-' as well 
as the shoulder at 1200 cm-' are characteristic of the antisymmetric stretching 
vibrational mode of the Si-0-Si siloxane bridges. The less intense absorption at 
977 cm-' is assigned to the Si-0 stretching of silanols. Bands detected at 2985, 



713 

2939 and 2907 cm-' are assigned to the stretching vibrations of the CH groups of 
the surfactant, which was not completely removed by the ethanol extraction. 
However, no evidence of CF absorption is observed on the FTIR spectrum. 
Thus, the quantity of RFS(EO),, which remains after extraction is expected very 
low. The broad absorption around 3550 involves the OH stretching mode of H- 
bonded silanol groups whereas the sharp band at 3741 cm-l characterizes the free 
silanols. 

3332 

3741 
4 3550 

30 3600 3200 2800 

1653 1533 1 1 A 
a 

2000 1600 1200 

Wavenumber (cm-') 
Figure 1. FTIR spectra of a: the silica matrix; b : immobilized GOD by the one step method (5 
mg/mL of micellar solution), c: adsorbed GOD (10 mg/mL of solution) and d : adsorbed GOD (30 
mg/mL of solution). 

In addition to the bands of the silica fkamework reported above, we observe 
supplementary vibrations in the spectra of GOD modified silica (spectra 1 b-d). 
These absorptions characteristic of polypeptides were assigned according to 
results published in the literature [5,6]. It is noteworthy that all analyzed samples 
were outgassed under vacuum in order to eliminate physisorbed water. Indeed, 
water absorptions near 1630 cm" and around 3400 cm" would prevent clear 
observation of the polypeptide absorptions. The intense absorption at 329013332 
cm-' and the weak band at 3070 cm-' are respectively assigned to the amide A 
(N-H stretching) and amide B (N-H stretching in Fermi resonance with 2 x 
Amide 11) bands. The bands at 1660/1653 and 152511533 cm-' are assigned to 
the amide I and amide I1 bands. The amide I band originates predominantly fkom 
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the C=O stretching vibrations of the peptide bond groups and the amide I1 band 
arises from N-H in-plane bending and C-N stretching modes of the polypeptide 
chains. The amide 111 band arising from the N-H bending, C-Ca and C-N 
stretching vibration are detected at 1462 and 1358 cm-’. Moreover, we can note 
that the vibration due to the free silanol (3741 cm-’) strongly vanished upon the 
adsorption of glucose oxidase (Fig. l c  and d). This means that the adsorption of 
GOD occurs through hydrogen bonding between NH or C=O groups of enzymes 
and the surface silanol groups of the mesostructured silica matrix. 

Solid state UV spectroscopy was used to evaluate the amount of biocatalyst 
that is really adsorbed onto the silica matrix. First, in order to make a calibration, 
various amounts of enzyme (from 2 to 16 mg) were dispersed in 100 mg of pure 
silica mesoporous molecular sieves. Spectra were recorded, and the pseudo- 
absorbance of the band at 280 nm versus the amount of enzyme was plotted. 
Then the silicas containing the enzymes were analyzed. 

’“1 

0 5 10 15 20 25 30 
[GOD] in the initial solution (mg/mL) 

Figure 2. Quantity of immobilized GOD versus the concentration of GOD in the initial solution : 
GOD was entrapped through the direct one step method (A) and by adsorption (0). 

Concerning the direct one step immobilization method, at first, when the 
content of GOD varies from 0 to 2.4 mg/mL the percentage of biomolecules that 
can be incorporated into the silica network increases from 0 to 11 wt.%. For 
higher concentrations of the enzyme, it reaches a plateau and the added GOD is 
not incorporated anymore into the mesoporous matrix. By contrast the quantity 
of GOD that can be physisorbed onto the silica network by adsorption increases 
with the loading of the biocatalyst in the buffer solution. However, this method 
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leads to a lower amount of immobilized GOD. This can be related to the 
leaching of the enzyme during the washing step. 

3.3. Activiq of the immobilized GOD 

The aim of this part is just to check if the immobilized enzyme maintains its 
activity. Glucose oxidase is a homodimeric enzyme. Each subunit of this protein 
contains one co-enzyme molecule of Flavine Adenine Dinucleotide (FAD). Each 
GOD monomer has two distinct domains; one that binds non covalently but very 
tightly the FAD moiety, and another that binds the P-D-glucose substrate [7]. A 
colorimetric method was used to test the GOD activity. The system involves two 
enzymatic reactions (Fig. 3). First, glucose oxidase catalyses, in the presence of 
molecular oxygen, the oxidation of j3-D-glucose to gluconic acid and hydrogen 
peroxide. The conversion of P-D-glucose into gluconic acid involves the transfer 
of two protons and two electrons fkom the substrate to the flavin moiety. In a 
second step, peroxidase catalyzes the reaction of a dye precursor with hydrogen 
peroxide to produce a colored dye [8]. First a parent solution was prepared by 
mixing deionized water (50 mL), D-glucose (0.5 g), 4-aminoantipyrine (0.45g), 
p-hydroxybenzene (0.47 g) and horseradish peroxidase (0.3 mL). 

2 H202 + 4-aminoantipyrine + p-hydroxybenzene b 

quinoneimine dye + 4H10 

Figure 3. Scheme of the reaction used to evaluate the GOD activity. 

The activity of the glucose oxidase is determined by the change of color. 
Indeed, if 9.6 mg of fkee GOD are mixed with 3 mL of the parent solution, the 
mixture obtained tums immediately red. Whatever the method of 
immobilization, when the silica containing 0.3 mg of glucose oxidase is added to 
the parent solution, the change of color occurs after about one minute, reflecting 
the formation of the colored dye and thus the activity of the adsorbed glucose 
oxidase. The activity was fiuther confirmed by the detection of an adsorption 
band at 519 nm, which can be attributed to quinoneimine. (Fig 4b,c). No detailed 
study of the GOD activity has been performed. 
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0 

Figure 4. UV spectra showing the activity of the enzyme a : free GOD; b: adsorbed GOD and c : 
GOD entrapped by the direct one step method. 

4. Conclusions 

The present study reveals that GOD can be incorporated into silica mesoporous 
materials via a direct one-step immobilization method or by adsorption. FTIR 
analysis reveals that the enzyme is truly entrapped into the silica kamework. 
However due to the leaching during the washing step, adsorption leads to a lower 
amount of incorporated GOD. Nevertheless, whatever the immobilization 
method, the entrapped enzyme maintained its activity. 
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The paper presents a comparison between the chemical and physicochemical properties 
of three hydrotalcite-like compounds containing ampicillin (HT3A) prepared by different 
methods of is.: a) impregnation of the dried HT3 (HTIAI); b) reconstruction of the H 4  
structure by immersion of the mixed oxide obtained by calcination of HT, at 460'C in an 
aqueous solution of ampicillin sodium salt (HT3AR); c) direct synthesis at pH 10, using 
aqueous solutions of Mg and Al nitrates and a base solution of ampicillin (HT3AS). The 
obtained results lead to the conclusion that the reconstruction method and the direct 
synthesis allowed the incorporation of the highest amount of ampicillin. Since both the 
structure of ampicillin and the hydrotalcite are less altered when using the reconstruction 
method it was concluded that this preparation technique is more suitable for the 
sustained release formulation. 

1. Introduction 

More and more often, hydrotalcite-like compounds (HT) are used as host 
materials for the creation of inorganic-organic host-guest supramolecular 
structures with pharmaceutical properties. It is considered that HT have potential 
for delivery vector, since their cationic layers lead to safe preservation of 
biohctional molecules such as drug molecules or genes, and their ion 
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exchangeability and solubility in acidic media (pH<4) allow the controlled 
release of drug molecules. Also, the HT (MgAI-C03), facilitates the cellular 
permeation and it has been used as antacid and antipepsinic agent, or as 
adsorbent of intestinal phosphates [l]. It has been used as active component of 
some commercial products such as Almax, Bemolan, Talcid. When ionic 
exchange is used to obtain these types of solids, sustained release formulation is 
possible. Recent researches concerning the intercalation of an anticancer drug 
e.g. methotrexate (MTX), or indomethacin, into hydrotalcite-like compounds 
with Mg-A1 ratio equal to 2 have been reported [2,3]. The studies concerning 
diclophenac, tolmentin, ibuprofen intercalated in HT by ionic exchange 
established that the drug content in the solid ranges from 22 to 48% (weight) [3]. 
Besides relatively numerous articles devoted to drug loaded in hydrotalcite-like 
compounds we did not fmd any references on the system HT-ampicillin. The 
only reference was a recent paper published by M. Catauro et al. [4] 
investigating the kinetics of the amplicillin release fiom Ti02 and Ti02 - 4Si02 
which is actually a quite different system. However, ampicillin has a chemical 
structure that would allow its intercalation in HT host by ionic exchange. The 
possibility of controlled release of ampicillin from this type of inorganic host 
may be interesting for the development of new pharmaceuticals, which could 
have a longer lasting action. Therefore, in the present paper we investigate the 
level of ampicillin uptake inside the HT structure depending on the preparation 
procedure. 

2. Experimental 

2.1. Preparation of ampicillin -containing hydrotalcite -like compounds 

A parent hydrotalcite HT3 (where 3 is the molar ratio Mg/Al corresponding to 
the formula Mg3Al(OH)8(C03)o,5x2H20) has been prepared by co-precipitation 
at low supersaturation and pH=lO, using 200 mL. aqueous solution of Mg and A1 
nitrates (0.2 moles Mg(N03)2 ; 0.06 moles Al(N03)3), and 200 mL aqueous 
solution containing 0.4445 moles NaOH and 0.1778 moles Na2C03 as it was 
described in our previous publication [5]. The obtained HT3 was dried at 85OC 
during 24 hours. 

Three hydrotalcite-like compounds containing ampicillin (HT3A, index 3 
stands for Mg/Al ratio and A for ampicillin) have been prepared using different 
methods i.e.: 
1. Impregnation of 2.15 grams of the dried HT3 with 25mL of an aqueous 

solution containing 2.5 grams of ampicillin sodium salt (HT3AI). The excess 
water has been removed by vacuum evaporation in a ROTAVAP; 



719 

2. Reconstruction of the HT3 structure by immersion of 2.15 grams of the 
mixed oxide (HT3c), obtained by calcination of HT3 at 460°C during 24 
hours, in 25 mL of an aqueous solution containing 2.5 grams ampicillin 
sodium salt (HT3AR). The solid was contacted with the ampicillin solution 
during 24 hours at room temperature in a sealed vessel with mild stirring 
under nitrogen atmosphere. Afterwards, the solid has been thoroughly 
washed with decarbonated distilled water and separated by centrifugation; 

3. Direct synthesis at pH 10, using aqueous solutions of Mg and A1 nitrates and 
a base solution of ampicillin (HT3AS). For this preparation, the amount of 
sodium carbonate utilized for the preparation of HT3 was replaced by an 
equivalent amount of ampicillin sodium salt, while the amounts of Mg and A1 
nitrates and sodium hydroxide were kept as in the preparation of HT3. The 
obtained precipitate was aged at room temperature, under mild stirring in a 
sealed vessel under nitrogen during 24 hours, and then it has been washed 
and separated in the same manner as HT3AR sample. 

The samples containing ampicillin have been dried at 40°C during 48 hours. 

2.2. Characterization of the ampicillin -containing solids 

All the ampicillin-containing samples have been characterized by chemical 
analysis, X-ray diffraction (XRD), diffuse reflectance infrared Fourier transform 
spectrometry (DRIFTS), diffuse reflectance UV-Vis spectroscopy (DR-UV-Vis,) 
and thermogravimetric analysis. 

Before the chemical analysis, the samples were dissolved using HCl, (1N) 
aqueous solution since it does not contain any of the elements that have to be 
determined in HT3A samples. Al, Mg and Na have been determined by atomic 
adsorption spectrometry (AAS) and by flame photometry respectively, while S 
has been determined by potentiometric titration using a Consort C863 
Multimeter equipped with ions selective electrode A d s .  The amount of 
ampicillin has been calculated based on the content of S since considering the 
formula of ampicillin anion, [C16H18N304S], this is the only element that is not 
present during the preparation of the parent HT3. 

The XRD patterns were recorded on a DRON DART UM 2 diffractometer 
equipped with a monochromator graphite crystal (hCuK,, = 1.5406 A). The 
samples were scanned from 5' to 70" (20) in steps of 0.05" with an acquisition 
time of 2 s at each point. The profile fitting calculations were performed using 
Jandel Scientific computer software and Voigt functions. 

The samples were analyzed by DRIFTS using a Varian 3100 Excalibur 
spectrometer equipped with d i f k e  reflectance accessory Harrick Praying 
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Mantis. DRIFTS spectra averaged over 200 scans were refmed by subtracting 
the spectrum of KBr used as background. 

DR-UV-Vis spectra of the samples were collected with Specord 250- 
222P 108 (AnalytikJena) spectrometer, equipped with integration sphere, using 
MgO as reference. The samples have been scanned in the range 200-900nm, in 
steps of lnm, with an integration time of 0.2 s .  

The thermogravimetric analysis of the samples was carried out in dynamic 
air atmosphere, from room temperature to 700 ‘C, with a heating rate of 10 
‘Chin using “Diamond Thermogravimetric/Differential Thermal Analyzer” 
from Perkin Elmer Instruments. 

The textural data were determined from the nitrogen adsorption-desorption 
isotherms using a Micromentics ASAP 2020 instrument. Prior to each analysis 
the solids were degassed 2 h at 150 OC under a pressure of 0.1 Pa. The specific 
surface areas (SSA) were estimated from the adsorption isotherms by Brunauer- 
Emmett-Teller (BET) method and the corresponding pore size distribution from 
the adsorption branch by means of a Barrett-Joyner-Halenda (BJH) treatment. 

3. Results and Discussions 

3.1. Chemical analysis 

The results of the chemical analysis presented in Table 1, show higher amounts 
of incorporated ampicillin for the samples prepared by reconstruction (HT3AR) 
and direct synthesis (HT3AS) compared to the one obtained by impregnation 
(HT3N). 

Table 1. Results of the chemical analysis 

Sample Chemical composition (wt. %) Molar ratios 
Mg Al Ampicillina Na HzOb MdAl AmpicillidAl 

HT3 24.2 8.9 0 0.02 11.9 3 0 
H T N  11.2 4.1 50.4 3.0 10.5 3 0.95 
HT3AR 11.0 4.2 54.5 1.4 5.6 2.9 1 

HTsAS 10.5 4.5 57.6 0.8 6.0 2.6 0.99 

a Calculated based on S content which represents 9.2% wt. of the [ C I ~ H I ~ N ~ O ~ S I -  molar weight. 
Calculated based on the loss of weight determined by thermal analysis in the range 1 05-2OO0C [6 ] .  

Also, it may be seen that the direct synthesis method lead to a lower ratio 
Mg/AI (e.g., Mg/Al=2.6) in the final product compared to the ratio in the 
mixture used for the preparation (e.g., Mg/A1=3), while the reconstruction 
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procedure did not affect significantly the MgIAl ratio of the product. The sodium 
content is higher for the sample prepared by impregnation since it has not been 
removed by washing during this preparation. 

3.2. XRD analysis 

The XRD spectra of the three samples presented in Figure 1, correspond to a 
HT-like structure with no difkaction line due to ffee ampicillin. Amorphous 
material partially organized in a turbostratic phase (marked with an arrow in 
figure 1) has been also detected. 

Sample HT3AI spectrum presents a mixture of a HT phase with no 
significant changes compared to the parent HT structure and an amorphous 
phase with a pronounced turbostratic characteristic. The slight decrease of the 
relative basal intensities (I003fl~I0, IoodIl 10) marked a low incorporation of 
ampicillin in the HT’s interlayer (Table 2) and therefore, probably, the major 
part of the total amount of ampicillin incorporated in this sample is entrapped by 
the turbostratic phase. 

Table 2. Structural characteristics of HT3A samples 

Samples Unit cell parameters Intensities ratios FWHM 
(I (nm) c (nm) bo3/1110 hd1110 003 006 110 

HT7 0.307 2.361 4.20 2.45 1.39 1.46 0.80 
HT3AI 0.307 2.360 2.83 1 .I9 1.35 1.41 0.72 
HT3AR 0.306 2.398 0.95 1.08 2.35 5.28 0.98 
HT3AS 0.304 2.292 1.30 2.12 3.12 6.30 2.02 

The XRD pattern of HT3AR sample indicates the presence of an altered 
hydrotalcite phase and an amorphous phase with turbostratic characteristic. The 
amorphous phase is in a lower amount compared to HT3AI. The HT phase has 
an increased c parameter value marking an enlargement of the interlayer distance 
as result of ampicillin incorporation. The effect of ampicillin incorporation is 
also reflected by the decrease of the relative basal intensities and an 
enhancement of their degree of disorder expressed by the broadening of the 
peaks (FWHM, full width at half maximum) showed in Table 2. 

The diffraction pattern of the sample prepared by direct synthesis, HT3AS 
exhibits the most distorted HT spectrum. The amorphous phase is similar to the 
turbostratic phase detected in HT3AR. The HT phase is formed at low a value 
evidencing a higher amount of aluminum incorporated in the brucite-type layer. 
The increased content of aluminum in the brucite-type layer indicated both by 
the results of the chemical analysis presented in Table 1 and the relative basal 
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intensities and extremely broadness of the peaks shown in Table 2, leads to a 
higher ampicillin amount entrapped in the interlayer space. The intensities 
inversion between (006) and (003) reflections, e.g higher (006) peaks, is more 
pronounced than the one observed for HT3AR suggesting a defective stacking of 
the layers as a result of ampicillin incorporation. The above-mentioned features 
allowed us to assume that the highest ampicillin amount has been entrapped in 
this sample simultaneously to the formation of the HT phase upon precipitation. 

These results corroborated with those obtained by chemical analysis account 
for an increase of the degrees of incorporation of ampicillin in the order: 
HT3AI< HT3AR< HT3AS 

I ' I ' I ' I ' I . I . I . I .  

10 20 30 40 50 60 70 80 5 

Figure 1. XRD patterns of HT3A samples. 

3.3. DRIFT analysis 

600 800 1000 1200 1400 1600 1800 
Wavenumber (cm-') 

Figure 2. DRIFTS spectra of HT3A samples. 

The DRIFT spectra of all the ampicillin containing samples (Figure 2) 
present the main bands at 1760-1800 cm-] (marked with *) characteristic for the 
bicyclic thiazolidin-beta-lactamic condensed system (also called penam, see 
Figure 3) in ampicillin [7]. Besides the bands characteristic to the parent 
hydrotalcite, some other bands associated with the radical (R) of ampicillin are 
noticed in the spectra of HT3A samples in the region 1100-1700cm-'. The 
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intensity of these bands is higher for the sample prepared by impregnation 
suggesting that in this case the ampicillin is mainly deposited on the external 
surface of the solid. 

I 

R penam J 
Figure 3. Ampicillin formula. 

3.4. DR-UV-VIS analysis 

The DR-UV-Vis spectra presented in Figure 4, show only the bands for 
ampicillin radical (R) at 268, 300 and 325 nm, since the penam unit is not active 
in UV-Vis region [7]. Since the intensity of the UV-Vis bands is also higher for 
the sample prepared by impregnation, this result confirms our previous 
suggestion that in this case there is a higher amount of ampicillin located on the 
external surface of the solid. 
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Figure 4. DR-UV-Vis spectra for HT3A samples. Figure 5 .  BET isotherms for HT3 and HT3c. 
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3.5. Adsorption analysis 

The N2 adsorption-desorption isotherms of the parent HT3 and the mixed oxide 
HT3c are presented in Figure. 5 .  The isotherms are of type IV for which the 
presence of a hysteresis loop indicates condensation in meso and macropores The 
adsorption branch of type IV is similar to type I1 describing the nitrogen uptake 
monotonically increase with p/p" values due to sorption in the HT mesopores [8]. 
The shapes of the hysteresis loops describe materials consisting of aggregates or 
agglomerates of particles forming slit shaped pores (plates or edged particles like 
cubes), with non-uniform size and/or shape [9]. The volume of micropores is 
negligible as the t-plots revealed. 

Textural data are gathered in table 3. The higher surface area and total pore 
volume obtained for the mixed oxide HT3,-sample are more likely responsible 
for the higher amount of ampicillin incorporated via the reconstruction route 
(HT3AR) in comparison with the impregnation method (HT3AI) as the chemical 
and XRD analysis revealed. 

Table 3. Textural data of HT3 and HT3, 

Textural characteristics HT3 HT3c 
BET specific surface area (SSA) m2/g 99 178 
Total volume of pores with less than 64.7 nm diameter (cm3/g) p/p0=0.97 0.42 0.47 
BJH average pore diameter during adsorption (nm) 18.8 16.6 
BJH Adsorption cumulative surface area of pores between 1.7-300 nm 115 195 

Adsorption average pore width (4V/A by BET) (nm) 16.9 14.7 
(mZ/g) 

3.6. Therm ogravim etric analysis 

The main differences between the thermal decomposition of, the prepared HT3A 
samples, the parent HT3 and the neat ampicillin are illustrated in the TG-DTG 
curves plotted in Figure 6. 

For simplicity of the discussion the temperature ranges where the minimum 
of the typical peaks appears in DTG curves were pointed out on the figure with 
consecutive numbers along with the temperature increase. As shown in the 
thermogram, ampicillin decomposition starts at 221OC. In the temperature range 
221-300°C there is a first weight loss of 40.4% and a couple of sharp peaks with 
low intensity are noticed on the DTG curve. This weight loss corresponds to the 
decomposition of both R and the methyl groups from the penam unit of the 
ampicillin formula presented in Figure 3. The decomposition of the penam unit 
residue occurs in the temperature range 678 - 794'C where the most intense peak 
of the DTG curve appears. 
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Figure 6. TG-DTG curves of the non-isothermal experiments of Ampicillin, HTI, H T 3 4  HTIAR 
and HT3AS systems, for the heating rate of 10 OC /min. 
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The thermogram of the parent HT3 was in line with published data for MgAl 
hydrotalcites showing a total weight loss (up to 825OC) of 44.7% [6]. It can be 
noticed that the parent HT3 is characterized by the presence of two broad peaks, 
peak 2 at 180°C and peak 4 at 375OC with a shoulder at 35OoC. As indicated by 
several authors, peak 2 is related to the loss of weakly bonded water, while peak 
4 and its shoulder are related to the loss of interlayer carbonates and hydroxyls 
[6, 10, 111. 

HT3A samples had more important losses of weight, which varied between 
67.8 - 70.6%, their value increasing with the amount of ampicillin in the sample. 
Their DTG curves present more peaks than those characteristic for the parent 

Thus, all three HT3A samples have the peak 1 at 80°C, which is most 
probably due to the loss of the superficial humidity since these samples were 
dried at lower temperature than the parent HT3 whose DTG curve presents only a 
shoulder at 80°C. Also, they present two other peaks: peak 3 around 25OoC and 
peak 5 in the temperature range 455-575OC. 

Peak 3, is obviously related to the decomposition of ampicillin, since it 
appears at the same temperature as in the DTG curve of the unsupported 
ampicillin. It has the highest intensity for the sample prepared by impregnation 
HT3AI, which contains the major part of ampicillin deposited on the outer 
surface. Meanwhile for the samples HT3AR and HT3AS, which contain 
ampicillin incorporated in the interlayer, the intensity of peak 3 is sensibly lower. 

Peak 5 is possibly due to the decomposition of a hybrid compound resulted 
fiom a chemical reaction between the inorganic support and ampicillin. This 
assumption is confirmed by the fact that it has the strongest intensity for HT3AS, 
prepared by direct synthesis method, which allows the chemical reaction 
between the inorganic support and ampicillin. The intensity of peak 5 is lower 
for HT3AR since in this case the mixed oxide used as support has a poor 
reactivity and it is less affected by chemical reactions with the ampicillin 
solution. 

The presence of peak 5 in the DTG curve of the sample prepared by 
impregnation, HT3AI, indicates that the chemical reaction between the support 
and the ampicillin solution cannot be excluded in this preparation method. This 
sample preserves also the characteristics of the parent HT3 sample, represented 
by peaks 2 and 4. This is due to the presence of the less affected HT3 structures, 
as it was revealed by XRD spectra. However, their intensity is lower due to the 
low amount of HT3. 

HT3. 



The DTG of HT3AR preserves only peak 4 of HT3 without the shoulder, 
suggesting that it can be related only to the loss of interlayer hydroxyls since no 
carbonate was present in the mixed oxide used in the reconstruction procedure 
[12, 131. 

For the sample HT3AS, the intensity of peak 4 is very low due to the lower 
amount of hydroxyls in the interlayer. 

4. Conclusions 

The above presented results lead to the conclusion that when preparing 
ampicillin - containing hydrotalcite-compounds, the reconstruction method and 
the direct synthesis allowed the incorporation of the highest amount of 
ampicillin. However, it may be preferable to use the reconstruction method for 
controlled drug release since this technique preserves better both the structures 
of ampicillin and of the hydrotalcite. 
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