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Preface

Hydrogen peroxide, as well as being an incredibly simple inorganic compound,
is also a beautifully versatile one. Over the last decade it has had somewhat of a
rebirth in both industrial and academic circles. The rather glib explanation for
such a renaissance is due to regulatory forces causing the chemical industry to
reduce, and in some instances eliminate, environmental pollution. However,
such a reason does a great disservice to hydrogen peroxide. Whilst it is true that
environmental agencies and legislation have caused a major shift in emphasis
during the latter half of the century and polarised our efforts on so called 'green
chemistry', by far the most overriding reason why hydrogen peroxide is now
more popular is due to the fact that the chemical industry has learnt to employ
the chemical in a safer, more efficient, and innovative manner. In addition,
hydrogen peroxide and its derivatives can not only be employed for their
traditional bleaching applications or for the manufacture of pharmaceutical
and fine chemicals, but also have uses in a diverse array of industries. Precious
metal extraction from the associated ores, treatment of effluent, delicing of
farmed salmon, and pulp and paper bleaching are but a few areas where
hydrogen peroxide has had a profound effect on the quality of all our lives.

The aim of this book is to allow those unfamiliar with the versatility of
hydrogen peroxide and its derivatives to walk into their laboratories and to look
for possible applications in their own areas of expertise where hydrogen
peroxide can perhaps help increase a yield, purify a compound, or afford a
more environmentally benign route to be devised. The author would also like to
encourage educationalists to attempt to introduce courses on hydrogen per-
oxide on an academic and practical level to not only undergraduates but to
those of school age studying the sciences. The introduction of topics like this
coupled with an understanding of catalytic routes to industrially important
chemicals will hopefully encourage future scientists to think in terms of
relatively benign synthetic methodologies rather than being constrained by the
chemistries of the 19th century synthetic chemist.

This book has been organised such that each chapter can be read as a stand-
alone monograph in its own right. However, the author would encourage those
readers unfamiliar with the use of hydrogen peroxide to read Chapter 1, which
includes an important section on its safe use. In this book I have aimed to
present a description of the preparation, properties and applications of hydro-
gen peroxide, and its derivatives. The number of different peroxygen systems,
and their structural diversity, makes it difficult to gain a thorough under-



standing of the subject by studying individual peroxygen systems. I have,
therefore, tried to emphasize general features of the properties of the peroxide
bond by reference to the activation of hydrogen peroxide throughout the book.

Chapter 1 puts hydrogen peroxide in its historical context with particular
emphasis on the preparation of hydrogen peroxide from the acidification of
barium peroxide to the integrated generation of hydrogen peroxide. The chapter
concludes with a practical approach to employing hydrogen peroxide and its
derivatives in a safe manner. The activation of hydrogen peroxide is discussed in
Chapter 2, and this is intended to provide a firm basis for the understanding of the
chemistry of hydrogen peroxide. Chapter 3 is intended to illustrate the applica-
tion of activated hydrogen peroxide towards the oxidation of important organic
functions such as olefinic compounds to epoxides, diols or diol cleavage to
aldehydes, ketones or carboxylic acids. Other functional group oxidation
includes organonitrogen, organosulfur, ketones, alcohols, and alkyl side chains
of arenes. Chapter 4 briefly describes to the reader the application of hetero-
geneous systems for the activation of hydrogen peroxide. It is this area of
hydrogen peroxide chemistry which is likely to become of pivotal importance in
relation to 'integrated pollution control' programmes. Chapter 5 summarizes the
use of hydrogen peroxide for the clean up of environmental pollutants. Fenton's
chemistry is discussed in this respect together with other advanced oxidation
processes for the generation of hydroxyl radical. The final chapter of the book
looks at the impact hydrogen peroxide has had on several industries, from the
preparation of chemical pulp to the purification of industrially important
chemicals.

I hope everyone who turns the pages of this book finds something which helps
them in their deliverance for the sake of humankind, or discovers the rich
tapestry of chemistries, and industries, that have been founded on the simple
peroxygen bond.

In writing this book I have been fortunate to have had the expert guidance,
and encouragement from my colleagues at the Solvay Interox R&D department
based in Widnes in the UK. It is also with deep sadness that when this book is
finally published the department at Widnes will no longer be in existence. It is to
all those people that I say a special thank you to and dedicate this book to them,
especially Bill Sanderson, Phil Wyborne, Sharon Wilson, Colin McDonagh and
Gwenda Mclntyre, because without their learning, understanding and good
humour, this book could never have come to fruition. I would thank all those
workers in the field of peroxygen technology, some of whom I have had the
privilege to meet professionally, and many I have not met. It is their work which
is referenced and discussed within these pages. It is their selfless dedication to
the ongoing understanding of materials containing peroxygen bonds that has
breathed new life into a wonderfully diverse chapter of science. My wife Helen
deserves a special mention as she has typed a large proportion of this manu-
script, and was a constant source of advice, encouragement, and practical
assistance during its preparation.



To Helen, and the memory of Solvay Inter ox R&D, Widnes
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CHAPTER 1

Introduction to the Preparation
and Properties of Hydrogen
Peroxide

1 Introduction
The following chapter will discuss the preparation of hydrogen peroxide,
historically, the present day and future vistas for its in situ preparation. A brief
introduction to the physical properties of hydrogen peroxide will also be made
for the sake of completeness. Finally, the chapter will conclude with a practical
approach to the safe handling of peroxygen species, destruction of residual
peroxygens, and the toxicological and occupational health considerations
required when handling hydrogen peroxide.

2 Industrial Manufacture of Hydrogen Peroxide
The industrial manufacture of hydrogen peroxide can be traced back to its
isolation in 1818 by L. J. Thenard.1 Thenard reacted barium peroxide with nitric
acid to produce a low concentration of aqueous hydrogen peroxide; the process
can, however, be significantly improved by the use of hydrochloric acid. The
hydrogen peroxide is formed in conjunction with barium chloride, both of
which are soluble in water. The barium chloride is subsequently removed by
precipitation with sulfuric acid (Figure 1.1).

Hence, Thenard gave birth to the first commercial manufacture of aqueous
hydrogen peroxide, although it took over sixty years before Thenard's wet
chemical process was employed in a commercial capacity.2 The industrial
production of hydrogen peroxide using the above route was still operating
until the middle of the 20th century. At the turn of the 19th century,
approximately 10000 metric tonnes per annum of barium peroxide were
converted to about 2000 metric tonnes of hydrogen peroxide. Thenard's
process has, however, some major drawbacks which quenched the expectant
explosion of its use in an aqueous form. Firstly, only three percent m/m aqueous
hydrogen peroxide solutions were manufactured using the barium peroxide



Figure 1.1 Thenard's route to aqueous hydrogen peroxide.

process, and hence only a limited market was afforded because production costs
were prohibitively high. Further, due to the high levels of impurities present in
the isolated hydrogen peroxide, subsequent stability was poor.

The disadvantages of the process discovered by Thenard were largely
alleviated by the discovery in 1853 by Meidinger that hydrogen peroxide
could be formed electrolytically from aqueous sulfuric acid.3 Berthelot
later showed that peroxodisulfuric acid was the intermediate formed,4 which
was subsequently hydrolysed to hydrogen peroxide, and sulfuric acid
(Figure 1.2).

The first hydrogen peroxide plant to go on-stream based on the electro-
chemical process was in 1908 at the Osterreichische Chemische Werke in
Weissenstein. The Weissenstein process was adapted in 1910 to afford the
Miincher process developed by Pietzsch and Adolph at the Elecktrochemische
Werke, Munich. In 1924, Reidel and Lowenstein used ammonium sulfate under
the conditions of electrolysis instead of sulfuric acid, and the resulting
ammonium peroxodisulfate (Reidel-Lowenstein process) or potassium peroxo-
disulfate (Pietzsch-Adolph process) was hydrolysed to hydrogen peroxide. As a
result of this process, production of hydrogen peroxide as 100% m/m rose to
approximately 35 000 metric tonnes per annum.5

In 1901, Manchot made a decisive breakthrough in the industrial preparation
of hydrogen peroxide. Manchot observed that autoxidizable compounds like
hydroquinones or hydrazobenzenes react quantitatively under alkaline condi-
tions to form peroxides.6 In 1932, Walton and Filson proposed to produce
hydrogen peroxide via alternating oxidation and reduction of hydrazo-ben-
zenes.7 Subsequently, Pfieiderer developed a process for the alkaline
autoxidation of hydrazobenzenes in which sodium peroxide was obtained, and
sodium amalgam was used to reduce the azobenzene.8 A commercial plant
based on this technology was operated by Kymmene AB in Kuisankoski,
Finland.

Figure 1.2 Electrochemical manufacture of aqueous hydrogen peroxide.



The major drawbacks associated with the azobenzene process, i.e. hydro-
genation of azobenzene with sodium amalgam, and oxidation of hydrazo-
benzene in alkaline solution, were ultimately resolved by Riedl. Riedl employed
polynuclear hydroquinones. Based on Reidl and Pfleiderer's work, BASF
developed, between 1935 and 1945, the anthroquinone process (often referred
to as the AO process) in a pilot plant with a monthly production of 30 metric
tonnes. Two large plants were then constructed at Heidebreck and Waldenberg,
each having a capacity of 2000 metric tonnes per annum. Both plants were
partially complete when construction was halted at the end of World War Two.
In 1953, E.I. Dupont de Nemours commissioned the first hydrogen peroxide
plant using the AO process, and consequently the production capacity of
hydrogen peroxide was greatly increased. In 1996, world capacity stood at
1.3 x 106 metric tonnes as 100% m/m hydrogen peroxide.9

The underlying chemistry of the AO process is outlined in Figure 1.3 and a
typical autoxidation plant schematic is summarized in Figure 1.4.

The features of all AO processes remain basically the same, and can be
described as follows. A 2-alkylanthraquinone is dissolved in a suitable solvent
or solvent mixture which is catalytically hydrogenated to the corresponding 2-
alkylanthrahydroquinone. The 2-alkylanthraquinone solution is commonly
referred to as the reaction carrier, hydrogen carrier or working material. The
2-alkylanthraquinone-solvent mixture is called the working solution. Carriers
employed industrially include 2-/er/-amylanthraquinone, 2-iso-seoamylanthra-
quinone and 2-ethylanthraquinone. The working solution containing the carrier
product alkylanthrahydroquinone is separated from the hydrogenation cata-
lyst, and aerated with an oxygen-containing gas, nominally compressed air, to
reform the alkylanthraquinone, and simultaneously forming hydrogen perox-
ide. The hydrogen peroxide is then extracted from the oxidized working
solution using demineralized water, and the aqueous extract is then purified

Catalyst

Figure 1.3 Anthrahydroquinone autoxidation process for the manufacture of aqueous
hydrogen peroxide.



Figure 1.4 Schematic diagram of the AO process.

and concentrated by fractionation to the desired strength. The AO process,
therefore, leads to the net formation of hydrogen peroxide from gaseous
hydrogen and oxygen.

The choice of the quinone must be carefully made to ensure that the following
criteria are optimized: good solubility of the quinone form, good solubility of
the hydroquinone form, good resistance to non-specific oxidation and easy
availability. The formation of degradation products, and their ability to be
regenerated to active quinones also plays a role in the decision. A number of by-
products can be formed during the hydrogenation step, and these are summar-
ized in Figure 1.5. The process when first engaged, contains in the working
solution only the 2-alkylanthraquinone species. The 2-alkylanthraquinone
forms a complex with the hydrogenation catalyst, which is usually a palladium
metal. The complex then reacts with hydrogen to form a species now containing
the metal and the 2-alkylhydroanthraquinone. The 2-alkylhydroanthraquinone
is subject to a number of secondary reactions which are continuously taking
place during each process cycle.

The 2-alkylhydroanthraquinone (A) when in contact with the catalyst will
undergo a small amount of catalytic reduction (B) on the ring, initially on the
unsubstituted ring, yielding a tetrahydroalkylanthrahydroquinone. Unfortu-
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Figure 1.5 Secondary reactions taking place in the presence of 2-alkylanthrahydroqui-
nones.

nately, once the octa-product (C) is formed, it remains until purged owing to its
very low rate of oxidation. Tautomerism of the 2-alkylhydroanthraquinone
yields hydroxyanthrones (D, E) which can be further reduced to the anthrones
(G, H). The epoxide (F) formed from the alkylhydroanthraquinone does not
participate in the formation of hydrogen peroxide, and leads to a loss of active
quinone. Measures have, therefore, been suggested for regenerating the tetra-
hydro compound from the epoxide.10

A number of additional processes are also required to maintain the AO
process. For example, in order for the hydrogenation phase to run efficiently,

(H)(G)

(A) (B)

(Q(F)

(D) (E)



part of the catalyst load is removed, regenerated and returned to the hydro-
genator. The hydrogenation step is possibly the most important feature of the
modern AO process. Quinone decomposition products that cannot be regener-
ated into active quinones are always formed during the hydrogenation phase.
Therefore a tremendous amount of effort has been invested in the development
of new hydrogenation catalysts and hydrogenator designs which have, in some
cases, deviated dramatically from the BASF principle. The hydrogenation step
in the BASF plant (Figure 1.6) employs a Raney nickel catalyst at a slight excess
of pressure. However, because Raney nickel is sensitive to oxygen, the working
solution from the extraction, drying and purification steps cannot be fed directly
into the hydrogenator. The working solution at this stage still contains residual
hydrogen peroxide, and has to be decomposed over a supported Ni-Ag catalyst
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feed tank; e = oxidizer feed tank; f = safety filter; g = catalyst removal tank.

Figure, 1.6 BA SF hydrogenator.



Figure 1.7 Destruction of residual hydrogen peroxide in the BASF process.

(Figure 1.7), together with a small amount of hydrogenated working solution
(which also contains 2-alkylhydroanthraquinone). Such a step removes the
hydrogen peroxide completely, thus extending the life of the Raney nickel
catalyst.

The problem with Raney nickel as the hydrogenation catalyst is that it has a
limited selectivity, i.e. the ratio of hydroquinone formation to the tetrahydro
compound is low. BASF have largely alleviated this problem via pre-treatment
of the catalyst with ammonium formate.11 The pyrophoric properties of Raney
nickel also require more stringent safety procedures when handling the material.
Despite the drawbacks of Raney nickel, the catalyst is still used in some AO
plants. The majority of AO plants worldwide prefer, however, to employ
palladium hydrogenation catalysts because of their higher selectivity, their
greater stability towards hydrogen peroxide residues and the simplified hand-
ling procedures in comparison to the Raney nickel systems. Degussa have
employed palladium black as the hydrogenation catalyst in the majority of their
plants.12 The main advantages of the Degussa hydrogenation stage are: near-
quantitative conversion of hydrogen, easy exchange of palladium black, the
catalyst is non-pyrophoric and the palladium black is easily re-activated.
Laporte chemicals made a significant breakthrough in the operation of the
hydrogenation phase by employing supported palladium, which has a particle
size diameter of 0.06-0.15 mm.13 The supported palladium catalyst allows for
easier filtration, and recirculation of the catalyst back to the hydrogenator.
Laporte, at the same time, also employed a new design for running the
hydrogenation phase.14 Figure 1.8 illustrates the Laporte design.

The Laporte hydrogenator contains a series of tubes which dip just below the
surface of the liquid. Hydrogen is then fed into the bottom of each tube, and
small gas bubbles are formed. A counter current flow is set up due to the density
difference between the solutions in the tube and the reactor. The palladium
catalyst suspension is drawn into the tubes by a continuous movement of the
working solution.

The problem with all three methods thus far discussed is the fact that the
hydrogenator catalyst has to be removed prior to the formation of hydrogen
peroxide. If the catalyst is not removed, then catastrophic dismutation of the
hydrogen peroxide can occur. In response to the problem, FMC developed a
mixed-bed hydrogenation process. The bed is impregnated with palladium, and
hence the problem associated with catalyst removal is alleviated.15



Figure 1.8 Laporte hydrogenator.

On an industrial scale, the catalyst-free hydrogenated working solution is
generally oxidized with slight pressures of air (up to 0.5MPa). The oxidation
phase must satisfy several criteria, mainly economically driven, which include:
small reactor volume to lower investment costs for equipment; efficient utiliza-
tion of oxygen to reduce the volume of off-gas; and low compressor pressure to
decrease energy costs. Like the hydrogenation phase, several companies have
developed and used their own oxidation regimes. For example, BASF flow
hydrogenated working solution through four oxidation columns arranged in
series (Figure 1.9) as a cascade. The oxidized working solution then flows into
an extractor tank. The nitrogen-oxygen mixture is compressed and fed into
each of the four reactors.

Solvay Interox's plant based at Warrington in the UK operates a co-current
oxidation in a column.16 The whole volume of the reactor is used for air gassing
(Figure 1.10). The air and hydrogenated working solution leave the top of the
column and are fed into a separator. The air then reaches the two-stage
activated carbon filters, which remove residual working solution and impurities.
The working solution then passes to the extraction phase.

Finally, it is worth mentioning that Allied Colloids have employed a counter-
flow oxidation reactor,17 which has a residence time of hydrogenated working
solution of less than 2.5 min at a partial oxygen pressure of 70-100 kPa.

Inevitably, due to the constant circulation of working solution, by-products
are formed from the working solution and the solvents. The by-products have to
be purged from the system to prevent destabilization of the crude hydrogen
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Filter
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solution

Compressor
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a = separator chamber; b = oxidation reactor column;
c = filtration unit; d = extractor feed tank.

Figure 1.9 Illustration of the BASF oxidizer.

peroxide, and an increase in density and viscosity of the working solution.
Further, the impurities in the working solution cause a decrease in the surface
tension, and encourage the formation of an emulsion, which can be difficult to
destabilize. By-product formation can also cause deactivation of the hydro-
genation catalyst, hence the working solution can be purified by a range of
techniques which include treatment with alkaline solution,18 treatment with
active aluminium oxide or magnesium oxide at about 1500C,19 use of alkaline
hydroxide such as calcium hydroxide, ammonia or amines in the presence of
oxygen or hydrogen peroxide20 and treatment with sulfuric acid.21

The crude hydrogen peroxide exiting the extraction phase requires purifica-
tion. A number of methods have been devised for the treatment of crude
hydrogen peroxide including the use of polyethylene,22 ion-exchangers23 and
the use of hydrocarbon solvents.24 The purified hydrogen peroxide is then fed to
a distillation column where it is concentrated to the usual commercial concen-
tration range of 35-70% m/m. Solvay Interox produce 85% m/m hydrogen
peroxide, but only use it captively for the preparation of 38% m/m peracetic
acid used for the oxidation of cyclohexanone to e-caprolactone. Higher
strengths can be achieved as hydrogen peroxide does not form an azeotrope
with water, but a number of technical safety requirements must be observed.
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a = reactor; b = separation column; c = activated carbon
adsorption unit.

Figure 1.10 Solvay Inter ox oxidation method.

Before we leave the discussion of industrial processes, it is worth mentioning
one other autoxidation process, based on the oxidation of propan-2-ol, devel-
oped by Shell Chemicals. The process was employed by Shell in its 15 000 metric
tonnes per annum facility at Norco between 1957 and 1980. The process was
discovered in 1954 by Harris,25 who showed that the oxidation of primary and
secondary alcohols formed hydrogen peroxide, and the corresponding aldehyde
or ketone (Figure 1.11).

Only propan-2-ol has had any industrial use since the aldehydes formed in the
reaction with primary alcohols are easily oxidized. The oxidation of propan-2-ol
in the liquid phase with oxygen does not require a special catalyst, because it is
catalysed by a small amount of hydrogen peroxide, which is added to the feed-
stream of the propan-2-ol in order to shorten the induction phase (Figure 1.12).

Reduction of by-products can be achieved by only partially oxidizing the
propan-2-ol, and by carrying out the oxidation in several consecutive steps, at
decreasing temperatures.26 The hydrogen peroxide yield is typically 90-94%
with respect to the propan-2-ol, and the acetone yield is 92-94%.

Over the years, there have been many other methods proposed for the
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Figure 1.12 Mechanism of Shell process for the preparation of aqueous hydrogen
peroxide.

preparation and subsequent purification of hydrogen peroxide. However, to
date no industrial plants have been designed and commissioned based on such
technologies. For example, Arco have devised a method for the preparation of
hydrogen peroxide based on the autoxidation of methyl benzyl alcohol isomers
with molecular oxygen.28'29 The process employs ethylbenzene and water to
extract the hydrogen peroxide from a mixture of methyl benzyl alcohol and
other oxidation by-products. For safety reasons, the water is supplied as a
downward-flowing stream in the reactor, together with an upward flow of
ethylbenzene. The process also contains one further feature worthy of note,
which is that the crude aqueous hydrogen peroxide is passed through a cross-
linked polystyrene resin which has a macro-reticular structure. This resin
purification step has the advantage that subsequent concentration stages are
inherently safer due to the lower organic contents. A number of novel
electrochemical processes for hydrogen insertion reactions into molecules have
also been applied to the preparation of hydrogen peroxide.30"32 One process
worth describing involves the electrochemical production of hydrogen peroxide
together with the simultaneous production of ozone.32 The preparation of
ozone is from the anode and of hydrogen peroxide from the cathode. The
oxidants are generated from water and oxygen in a proton-exchange membrane
(PEM) reactor. The optimum conditions for generating the oxidants were found

Figure 1.11 Shell process for the production of aqueous hydrogen peroxide.



by the workers to be a function of applied voltage, electrode materials, catalyst
loadings, reactant flow-rates and pressure. The ozone is generated at room
temperature and pressure using lead dioxide powder bonded to a proton
exchange membrane (Nafion® 117). The maximum concentration of the ozone
formed is about 3 mg dm~3 in the aqueous phase. The cathodic reaction during
the preparation of the ozone is hydrogen, which is oxidized with oxygen at 15
psi and a flow-rate of lOOmlmin"1. The electrocatalysts investigated were
various loadings of gold, carbon and graphite powders which are bonded to the
membrane or to a carbon fibre paper pressed against the membrane. Hydrogen
peroxide was evolved from all the catalysts studied, with the graphite powders
yielding the highest concentration (25 mg dm"3). This process may have
potential for the destruction of low concentrations of hazardous organic
compounds in water courses.

For the conceivable future it is unlikely that there will be a radical change in
the industrial production of hydrogen peroxide, i.e. the AO process will
continue to dominate and the hydrogen peroxide produced bought by compa-
nies wishing to effect certain oxidation chemistries. It is, however, conceivable
that in the future, progressive-thinking companies may employ an integrated
process involving the manufacture and use of hydrogen peroxide for the
oxidation of key intermediates. Therefore, with this in mind, the remainder of
this section will be dedicated to this area of operation.

Arco have developed an integrated process for the production of industrially
important epoxides via an adapted AO process (Figure 1.13).33'34 A sulfonic
acid substituted alkylhydroanthraquinone alkylammonium salt is reacted with
molecular oxygen to form the alkylanthraquinone and hydrogen peroxide. The
hydrogen peroxide is then reacted with an alkene in the presence of a titanium
zeolite catalyst (TS-I; see Chapter 4). The epoxide product is then separated,
and the anthraquinone salt recycled to a hydrogenator for reaction with

Figure 1.13 Integrated production of epoxides via the in situ generation of hydrogen
peroxide.



Figure 1.14 Integrated production of epoxides via the in situ generation of hydrogen
peroxide.

hydrogen in the presence of a transition metal. The advantage of this system is
the high solubility of the alkylammonium salts employed, thus allowing reactor
volumes to be minimized, and higher concentrations of hydrogen peroxide to be
produced. Further, no prior treatment or fractionation of the oxidation product
is necessary before its use in the catalysed reaction.

Epoxides have also been prepared in a similar fashion to that described
above, except an aryl-substituted alcohol is used as one-half of the redox couple
(Figure 1.14).

The advantage of the above two methods are high yields of epoxides, and the
titanium silicalite catalyst is not deactivated or poisoned by the contaminants in
the crude oxidation mixture. Hence, the processes are commercially attractive.
The in situ hydrogen peroxide generation based on the AO process from either
the anthraquinone/anthrahydroquinone or ketone/alcohol redox couples has
also been used for the following synthetic reactions:

• ammonia to hydrazine hydrate;35

• ammonia and a nitrile to ketazines;36

• alkanes to alcohols, aldehydes and ketones;37

• phenol to hydroquinone and catechol;38

• benzyl alcohols to hydroxybenzoic acids.38

A number of electrochemical processes have been employed in an integrated
approach for the production of hydrogen peroxide which is subsequently used
to oxidize organic functional groups. The electrochemical processes have not
only been employed for the preparation of fine chemical intermediates,39 but
also for the destruction of organic pollutants in water courses.40



In summary, hydrogen peroxide was first prepared over 180 years ago by L. J.
Thenard via the acidification of barium peroxide. The electrolysis of sulfuric
acid or ammonium sulfate has also been employed industrially to prepare
hydrogen peroxide. The majority of industrial processes operated today employ
an anthraquinone/anthrahydroquinone couple to generate hydrogen peroxide.
The Shell process based on propan-2-ol was employed industrially to prepare
hydrogen peroxide between 1957 and 1980. The future is likely to see the
employment of integrated approaches to organic functional group oxidation
and low-level destruction of organic pollutants.

3 Physical Properties of Hydrogen Peroxide
Hydrogen peroxide is a clear, colourless liquid which is completely miscible with
water. Figures 1.15-1.20 contain information on the general nature of hydrogen
peroxide-water solutions, and Table 1.1 compares some of the important
properties of hydrogen peroxide-water mixtures. Hydrogen peroxide and its
highly concentrated aqueous solutions (>65% mjm) are soluble in a range of
organic solvents, such as carboxylic esters.

Hydrogen peroxide and water do not form azeotropic mixtures and can be
completely separated by distillation. Most workers, however, obtain 100% m/m
hydrogen peroxide by fractional crystallization of highly concentrated solu-
tions. Pure 100% m/m hydrogen peroxide is usually only of academic interest,
and is not produced on an industrial scale, although some niche uses may

Table 1.1 Physical properties of hydrogen peroxide and water

Property Hydrogen peroxide Water

Melting point (0C) - 0.43 0.0
Boiling point (0C) 150.2 100
Heat of melting (J/g) 368 334
Heat of vaporization (J g~ l K~ l)

25 °C 1519 2443
b.p. 1387 2258

Specific heat ( J g - 1 K " 1 )
liquid (25 °C) 2,629 4.182
gas(25°C) 1.352 1.865

Relative density (g cm"3)
0°C 1.4700 0.9998
20 °C 1.4500 0.9980
25 0C 1.4425 0.9971

Viscosity (mPa s)
0°C 1.819 1.792
20 °C 1.249 1.002

Critical temperature (°C) 457 374.2
Critical pressure (MPa) 20.99 21.44
Refractive index (^D) 1.4084 1.3330
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Figure 1.15 Boiling point range of hydrogen peroxide-water mixtures.
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Figure 1.16 Freezing point range of hydrogen peroxide-water mixtures.
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Figure 1.17 Refractive index range of hydrogen peroxide-water mixtures.
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Figure 1.18 Density range of hydrogen peroxide-water mixtures.
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Figure 1.19 Dielectric strength range of hydrogen peroxide-water mixtures.
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Figure 1.20 Viscosity range of hydrogen peroxide—water mixtures.
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Figure 1.21 Conductance of the per chlorate an ion in hydrogen peroxide—water mixtures.

become important in the future; for example, NASA are interested in the use of
the pure material for the propulsion of rockets, since the handling of pure
hydrogen peroxide is inherently safer than the employment of liquid oxygen.
The long liquid range of hydrogen peroxide indicates a degree of association,
and the very high dielectric constant indicates the presence of linear chains. On
the basis of the high dielectric constant, hydrogen peroxide is a good ionizing
medium. Conductance measurements have borne such observations out.41 The
conductance of acids and bases is greatly reduced in hydrogen peroxide (Figure
1.21).

Generally, strong acids in hydrogen peroxide remain strong. For example,
plots of equivalence conductance versus the half-power of concentration yield
straight lines which are characteristic of completely dissociated electrolytes.

The behaviour of the glass electrode has also been examined.42"43 The glass-
calomel electrode system yields stable and reproducible potentials which vary in
the normal way with changes in hydrogen ion concentration. However, the
EMF of the couple shifts several hundred millivolts as the solution composition
changes from water to hydrogen peroxide. Table 1.2 summarizes the apparent
and true pH of aqueous solutions of hydrogen peroxide.

Neutron diffraction studies on the molecular structure of solid hydrogen
peroxide have also been made44 and some of the structural data are outlined in
Table 1.3.



Table 1.2 Apparent and true pH of aqueous hydrogen peroxide

Concentration of hydrogen
peroxide solution Equivalence
(% m/m) poinf True p H Correction factor

35 3.9 4.6 +0.7
50 2.8 4.3 +1.5
70 1.6 4.4 +2.8
90 0.2 5.1 +4.9

a Measured using a calomel-glass electrode.

Table 1.3 Molecular dimensions of hydrogen peroxide
in the gas phase

Characteristic Measurement

Bond length O-O 0.1453 + 0.0007 nm
Bond length O-H 0.0998 + 0.0005 nm
Bond angle O-O-H 102.7 ± 0.3 °
Azimuthal angle 90.2 + 0.6°

The vapour pressure and partial pressure of aqueous hydrogen peroxide are
illustrated as a function of temperature in Figures 1.22 and 1.23 respectively.

Figure 1.24 shows the vapour-liquid equilibrium curve for aqueous hydrogen
peroxide.45 The solid-liquid phase diagram shown in Figure 1.16 shows eutectic
points for the mixtures ice-H2O2«2H2O at 45.2% m/m hydrogen peroxide, and
for solid H2O2-H2O2-2H2O at 61.2% m/m hydrogen peroxide with a congruent
meeting point for the compound H2O2«2H2O between them. Numerous other
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Figure 1.22 Vapour pressure of hydrogen peroxide-water mixtures.
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Figure 1.23 Partial pressure of hydrogen peroxide-water mixtures.

Mole fraction H2O2 in liquid phase

Figure 1.24 Vapour-liquid equilibrium curve for hydrogen peroxide-water mixtures.

physical data appear in the literature,46 and such literature should be consulted
for a more thorough understanding of the subject.

The heat of formation and of decomposition of hydrogen peroxide are as
illustrated in Figure 1.25. The decomposition equations and heat-generated
data are extremely important to know when working with hydrogen peroxide,
because safety problems can occur. Decomposition is pH, temperature and
impurity sensitive. The remainder of the chapter will, therefore, discuss the safe
handling of hydrogen peroxide together with its destruction from process
liquors.



Figure 1.25 Heat of formation and decomposition of hydrogen peroxide.

4 Considerations for the Safe Use of Hydrogen Peroxide
The basic hazardous properties and causes of incidents when working with
hydrogen peroxide can be attributed to the following:

• Decomposition to oxygen and water with the evolution of heat. The
decomposition rate increases with temperature at about 2.3 times per
100C rise.

• Pressurization due to oxygen evolution. Hydrogen peroxide, in all forms,
is thermodynamically unstable, and continuously dismutates to water and
oxygen. Typically, commercial material loses less than 1 % m/m of its
active oxygen per year, however, 20 metric tonnes of 70% m/m hydrogen
peroxide losing only 0.3% m/m of its active oxygen per year will evolve
13 dm3 of oxygen per day, enough to pressurize sealed equipment or give
oxygen enrichment in the headspace of the container.

• Decomposition due to contamination or contact with active surfaces. The
rate of decomposition can be increased by the presence of soluble
impurities and/or contact with active surfaces. High and low pH will also
destabilize hydrogen peroxide. pH affects the activity of the catalytic
impurities and the stabilizers which are present.47 Self-heating can rapidly
accelerate the decomposition rate of destabilized hydrogen peroxide.
Large amounts of oxygen and steam can be formed quickly (Table 1.4).

• Formation of explosive hydrogen peroxide/organic mixtures. Hydrogen
peroxide is a very reactive chemical, and an extremely powerful oxidizer
under certain circumstances. Hydrogen peroxide of strength higher than

Table 1.4 Decomposition data for hydrogen peroxide*

Concentration of Isothermal volumes Adiabatic volumes Adiabatic
hydrogen peroxide of hydrogen of oxygen and decomposition
solution (% m/m) peroxide steam temperature (0C)

100 512 6643 996
60 263.3 1672 100
40 163.5 932 100
10 36.6 45 89

a Volume of oxygen evolved isothermally and volumes of total gas evolved adiabatically from unit
volumes of hydrogen peroxide solutions at atmospheric pressure.

-136.2 KJ/Mol

-187.9 KJ/Mol

-105.8 KJ/Mol

-98.3 KJ/Mol



Table 1.5 Explosive power and sensitivity of various substances

Substance Explosive power Sensitivity (kg cm)

Nitroglycerine 52 2-5
85% m/m hydrogen peroxide/glycerol 46 10-15
70% m/m hydrogen peroxide/polyethylene 30 22
Picric acid 32 75
Trinitrotoluene 30 150
97% m/m hydrogen peroxide 17 Insensitive

about 40% m/m can also form explosive mixtures with organic
compounds. Such mixtures can equate to conventional high explosives
in power, but may be much more sensitive in terms of detonation (Table
1.5).

• Spontaneous reaction of hydrogen peroxide/sulfuric acid/water/organic
mixtures. These reactions can accelerate rapidly and terminate violently,
and can be outside the predicted explosive area.

• Vapour phase hydrogen peroxide explosions. Hydrogen peroxide vapour
of concentration above 39% m/m at atmospheric pressure is explosive
(Figure 1.26).48
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Figure 1.26 Compositions of liquid hydrogen peroxide which form ignitable vapour.



Table 1.6 Minimum ignition energies (mJ) in air
and oxygen

Substance In air In oxygen

Methane 0.3 0.003
Acetone 1.15 0.0024
Diethyl ether 0.20 0.0013

• Oxygen enrichment. Oxygen evolved by decomposition may give rise to
atmospheres with a high oxygen content. Oxygen-rich flammable atmo-
spheres have low ignition energies (Table 1.6). The rate of burning is also
increased. Flame arrestors and other flame-proofing provisions may be
ineffective. Explosive limits are widened, but there are no significant
changes to the lower explosive limit and flash point. Some vapours and
gases which are not flammable in air are flammable in oxygen, for
example, some chlorinated solvents.49

The above discussion is not meant to deter any interested parties from employ-
ing hydrogen peroxide during their work, but it is intended to allow one to
embark on studies using peroxygen compounds via an understanding of the
main hazards and how to avoid them. The remainder of the section will discuss
the practicalities of employing hydrogen peroxide, and peroxycarboxylic acids
(RCO3H).

Hydrogen peroxide and peroxycarboxylic acids (RCO3H) are normally
relatively stable, but as mentioned above they can be rendered unstable by a
wide variety of contaminants, particularly at excessively high temperatures.
Cleanliness, good housekeeping and proper storage are therefore essential. The
major contaminants that cause decomposition are combustible organic materi-
als {e.g. cotton, wool, paper) or metals, particularly transition metals and their
salts (Table 1.7).50 Alcohol thermometers or stainless steel thermocouples

Table 1.7 Effect of added metal ions on the decomposition rate of hydrogen
peroxide

Metal ion Amount added (ppm) Active oxygen lost in 24 h at 100 °Ca (%)

None — 2
Al(III) 10 2
Sn(IV) 10 2
Zn(II) 10 10
Fe(III) LO 15
Cu(II) 0.01 24
Cr(II) 0.1 96

a Hydrogen peroxide not stabilized.



should be used for determining temperature and stainless steel ball hydrometers
used for density measurements.

Copious supplies of water should always be at hand for washing spillages
including contact with skin. The latter should be avoided by wearing adequate
protection, particularly for the hands and eyes. Before commencing experi-
ments, glass equipment should be thoroughly washed with water (and a little
detergent) and rinsed. Washing with dilute nitric acid (< 5% m/m) followed by
distilled water will remove acid-soluble impurities (e.g. metals). Hydrogen
peroxide and peroxycarboxylic acids should be stored in vented polyethylene
bottles and kept cool. Peroxycarboxylic acids should not be kept for longer than
six months.

Prior to using active oxygen compounds, the selection of solvents for
experiments and for cleaning purposes should be considered carefully. A
number of incidents have occurred in the past due to the use of acetone, a
result of the formation of acetone peroxides, some of which are highly explosive
and crystallize readily. For this reason, acetone or other low molecular weight
ketones should never be employed as solvents for extraction or as cleaning
agents. Chlorinated solvents, esters and alcohols can, however, be safely
employed.

The importance of planning reactions of peroxygen compounds with a pre-
knowledge of potential hazards and their control is self evident. In a new field or
with a new reaction, the user should conduct initial experiments on a small scale
and pay adequate regard to the reaction conditions employed. Standard
practical techniques should be used to observe and understand the reaction as
it is occurring.

To prevent incidents caused by the rapid decomposition or explosion of
active oxygen compounds in reactions with organic substances, a set of safety
rules should be followed. These rules have been derived logically and quantita-
tively. The approach may be illustrated by reference to a three-component
mixture of hydrogen peroxide, organic substance and water. The three-compo-
nent mixture for typical organic compounds is represented in the triangular
diagram in Figure 1.27. The diagram was obtained by the deliberate detonation
of different mixtures using the blasting cap test. Outside the heaviest shaded
area of detonable composition, mixtures could not be exploded. The results
above refer to tests with glycerol,51 however, an extensive range of other organic
compounds, for example, acetic acid, ethanol, aniline and quinoline, have been
shown to behave similarly.

When working with active oxygen compounds, steps should be taken to
ensure that mixtures do not occur in the detonable area during the reaction or
processing phases. It should be noted that when using 35% m/m or less
hydrogen peroxide then it is unlikely that detonable compositions will be
formed. Therefore, use of 35% m/m or less hydrogen peroxide should be
employed wherever possible and higher strengths discouraged. Peroxycar-
boxylic acids can be broken down to their organic acid and hydrogen peroxide
components for comparison with the diagram. It is recommended that reactions
are carried out in such a way as to prevent the hydrogen peroxide content (or



Figure 1.27 Preferred operating region for peroxygen processes.

equivalent) exceeding 20% m/m. If the reaction has two or more phases, this
recommendation should be applied to each phase. Proper attention should be
paid to ensure adequate mixing of all phases takes place.

There are, however, systems where the general triangular diagram repre-
sented in Figure 1.27 does not hold. Replacement of the inert diluent, water,
with significant quantities of sulfuric acid will alter the position and area of the
explosive region, bringing it closer to the 20% m/m hydrogen peroxide zone.
This and other similar situations occur during certain procedures for preparing
peroxycarboxylic acids, and not normally when using percompounds as oxidiz-
ing agents in reactions. Further information can be obtained from Solvay
Interox.52

The importance of the order of addition is also illustrated in the triangular
diagram. For example, assume an experiment is being conducted with 70% m/m
hydrogen peroxide and an organic compound. The final composition of the final
mixture is represented by point A if no reaction occurs. Addition of organic
compound to hydrogen peroxide would result in a reaction mixture with an
initial composition at point C. As the organic mixture is added, the reaction
mixture composition will pass through the detonable region before reaching A.
By adding hydrogen peroxide to the organic compound, the composition would

100 % m/m.
Organic

Detonable
compositions

Non-detonable
compositions

100% m/m.
Water100% m/m

Hydrogen peroxide



Figure 1.28 Formation of diacyl peroxides in systems containing an excess of acid
anhydride compared to hydrogen peroxide.

change from point B to A, without the composition passing through the
detonable area. It is therefore always advisable to carry out reactions in this
way even when using low concentration hydrogen peroxide. There is, however,
one specific circumstance where the rule of adding hydrogen peroxide last is
changed. This is where acid anhydrides are present, when the hydrogen peroxide
must be in molar excess to avoid the formation of diacyl peroxides (Figure 1.28).

It is equally important to prevent the hydrogen peroxide (or equivalent)
concentration exceeding 20% m/m. Diacyl peroxides, and many other organic
peroxides, are hazardous in their own right. It is important that the active
oxygen is reacting in the intended way, and is not being converted into organic
peroxides or other hazardous material; this can be prevented by understanding
the chemistry of the system and by routine analysis of the reaction mixture. For
example, in situ chlorine generation may oxidize nitrogenous materials to the
potentially detonable nitrogen trichloride.

Reactions with hydrogen peroxide and peroxycarboxylic acids are exother-
mic. When hydrogen peroxide decomposes to oxygen and water, the heat
generated is approx. 98 kJ mol"1. In comparison, the oxidation of most
organic compounds liberates 3-4 times as much heat. As a consequence, even
when compositions are not in the detonable zone, appreciable temperature rises
can occur. To obtain high yields, it is desirable to carry out reactions in a
controlled manner and maintain peroxygen content as low as possible to
prevent by-product formation. Temperature control on its own should be
adequate but care should be taken to ensure over-cooling does not occur, as a
slight exotherm is often required to ensure reaction is taking place. It is also
advisable to pre-heat the reactor contents to about 5 0C below the proposed
operating temperature before adding the peroxygen species. This will minimize
percompound build-up at low temperatures before the reaction is initiated, thus
limiting possible run-away reactions. Until a reaction is familiar, the reaction
mixture should be analysed for peroxygen content during addition. Incidents
have been caused by increasing reaction temperatures, which occur once all the
percompound has been added, particularly if no reaction has taken place. In
such circumstances, the reaction must be abandoned and a further experiment
carried out at a higher operating temperature. It is advisable to have fast
methods of cooling available to prevent any incidents occurring due to run-
away reactions.

Reactions using active oxygen compounds must always be provided with
adequate venting so that decomposition does not result in a pressure build-up.
Release of oxygen can lead to oxygen enrichment of the atmosphere above the
normal 21% oxygen in air, and can consequently greatly increase the suscept-



ibility to ignition of flammable materials and vapours, and the intensity of any
fire or explosion that results from it. Adequate precautions should be taken
during work-up, particularly in the case of distillation or evaporative crystal-
lization, to prevent concentration of peroxidic species. If formation of an
additional phase occurs, whether liquid or precipitate, it must be investigated
with appropriate precautions, as it may contain active oxygen. The absence of
percompounds should be confirmed before commencing any purification
operations. Destruction of residual peroxides will be discussed later.

In summary, the following check-list should be referred to when employing
percompounds with organic materials:

(1) Wear adequate personal protection.
(2) Clean all glassware and the working area.
(3) Protect vessels from sources of contamination.
(4) Store active oxygen compounds away from sunlight and heat in

ventilated containers.
(5) Vent all reactors adequately to ensure pressure relief if decomposition

occurs.
(6) Carry out new reactions on a small scale, i.e. ca. 10 g.
(7) Use alcohol thermometers, stainless steel thermocouples and stainless

steel ball hydrometers.
(8) Always plan reactions.
(9) Always add the percompound to the organic material (except with acid

anhydrides).
(10) Control addition carefully, observing the reaction.
(11) Provide efficient agitation. Stop the peroxygen feed if the agitator fails.
(12) Ensure the content of hydrogen peroxide (or equivalent) does not exceed

20% m/m during the reaction.
(13) Pre-select the reaction temperature. Do not increase the temperature

after addition if no reaction takes place.
(14) Supply adequate cooling to the reaction.
(15) Analyse the reaction mixture and remove or destroy any percompound

present before distillation or crystallization.
(16) Never use acetone or other lower aliphatic ketones as a solvent for

extraction or cleaning.
(17) Use nitrogen to render inert flammable atmospheres.

In the vast majority of cases the precautions quoted above will ensure no
incidents occur.

Product solutions or effluents of peroxygen reactions may contain variable
amounts of unreacted peroxide, usually in the form of hydrogen peroxide,
percarboxylic acids, and/or organic peroxide. For reasons related to safety,
waste treatment or product stability, it is usually necessary to destroy unreacted
peroxide species in the product solution or effluent prior to discharge or work-
up, and certainly before any product concentration process. The remainder of



this chapter summarizes methods for removing residual peroxides which can be
applied to commercial processes.

Most oxidation with peroxygen compounds requires a slight excess of
oxidant to facilitate efficient conversion of the substrate. Frequently, the
excess of peroxide is decomposed under the conditions of the reaction, e.g. at
elevated temperatures, particularly in strongly basic or acidic conditions and/
or in the presence of metal catalysts. However, in many cases, unreacted
peroxide persists when the reaction is terminated. In two-phase systems
consisting of an aqueous and an organic layer, it is often sufficient to separate
the aqueous phase and water-wash the organic phase until no residual
peroxide is present. Alternative removal methods will be required where the
peroxide is difficult to remove by washing, where recovery of material from the
aqueous phase is required (e.g. solvent reclamation) or where safe disposal of
the aqueous phase cannot be provided. Similarly, in a water-miscible medium
where physical separation is not possible, a method for peroxide removal by
chemical reduction or physical decomposition must be employed. A final level
of <0.1% m/m available oxygen will normally allow solutions containing
volatile solvents to be concentrated to at least 10% of their initial volume
before having to re-check the solution. If necessary, the solution can be
retreated to complete the peroxygen decomposition. It is clear that it can be
extremely difficult to remove the last few ppm residual peroxide from a
solution. And finally, where no material recovery from aqueous solutions is
required, consideration may be given to blending the solution with other
process waste streams to effect a reduction in toxicity, biodegradability or
oxygen demand of the other waste streams whilst simultaneously removing the
peroxide.

Several methods of decomposing peroxide are employed commercially.
Reactions with chemical reductants have the advantage of transferring oxygen
from the peroxide to the reductant molecule, thereby avoiding enrichment of the
atmosphere oxygen level. The most commonly used reducing agents for
treatment of either water miscible or immiscible waste is solutions of sulfite or
bisulfite. Where contact with water must be avoided, treatment with a non-
aqueous reducing system may be required. Sulfur dioxide, hydrazine, tertiary
phosphines and thioacids have all been employed in this capacity on a
laboratory scale, whereas sulfite, and sulfur dioxide are more easily handled on
a production scale. It is worth noting that the presence of excess of reducing
agent in the treated solution may render subsequent testing negative, and it is
therefore essential to ensure that peroxide is indeed removed by the reductive
treatment. This is best achieved by adding the product solution to an agitated
solution of excess reductant above ambient temperature. Although this mode of
treatment is not always necessary (e.g. where the excess peroxide is in the form
of hydrogen peroxide or alkylhydroperoxide under neutral conditions), it is
required where organic peroxy acids are likely to be present. For example, it has
been shown that the reaction of excess peracid with sulfite can lead to the
formation of diacyl peroxide. The diacyl peroxide is an explosive species and is
stable to reduction under normal conditions, but it is not detected under normal



wet analytical techniques. Its formation can only be prevented by reducing the
peracid with excess reductant. Where it is undesirable to introduce a reducing
agent into a product solution, it is normally possible to use a peroxide
decomposition agent in the form of a homogeneous or heterogeneous catalyst.
These agents may be high surface area substances (e.g. active carbon or a
transition/heavy metal or oxide). The main function of such a system is to
transfer electrons to the peroxide molecule. The decomposition process, there-
fore, liberates oxygen. When employing catalytic decomposition systems, it is
important to ensure the oxygen evolved is not allowed to mix with volatile
organics. This problem is best avoided by working in an open system purged
with nitrogen to prevent oxygen enrichment. In practice, this danger can be
eliminated by operating below the flash point of the product mixture, and
maintaining the atmospheric oxygen content below 10% v/v (by nitrogen
dilution).

Homogeneous decomposition processes are best suited to aqueous solutions
which are to be discarded. Frequently used catalytic agents include iron salts
[iron(II) sulfate], copper salts [copper(II) sulfate] and catalase (limited to small-
scale operations). The efficiency of such systems may show extreme pH
dependence. For example, the metal salts are less effective in acid systems,
whereas the enzyme methods are restricted to near-neutral pH. However, an
enzyme called Aspergillis niger shows activity at a pH of 2-3. When the aqueous
phase is to be recovered (e.g. by distillative or extractive processes), a solid
decomposition catalyst is often preferable, since it may be readily removed by
filtration. In this way, subsequent contamination of columns or stills involved in
the product work-up is prevented. Further, rarely do heterogeneous decom-
position processes affect the integrity of the product. Examples of catalysts
known to be particularly effective in this area include platinum, platinum black,
silver, cobalt or reduced palladium (either as gauzes or on supports), and the
active manganese ore, pyrolusite. These systems are particularly unique in their
high activity in acidic solutions. The major drawback with heterogeneous
decomposition catalysts is their propensity to lose activity in the presence of
oils, inorganic phosphates, colloidal tin and silica complexes, etc. Similarly,
highly acidic liquors or those containing strong chelating agents tend to leach
the catalysts from their supports.

The previously mentioned list of solid catalysts is not meant to exclude other
transition/heavy metals or their oxides, most of which are known to be good
decomposition catalysts for peroxygens. Notable exceptions include tantalum
and tin compounds, the latter being used as stabilizers in certain grades of
hydrogen peroxide. Non-metallic agents which provide high surface areas and
contain Lewis acid sites have also been used as heterogeneous peroxide
decomposition agents. These include activated carbons, calcined alumina,
zeolites and aluminosilicates. Although such agents are less effective in acid
solution compared with their metal counterparts for removing peroxides from
alkali solution, they are generally preferred from a cost perspective. As is
generally the case with solid decomposition catalysts, increasing the tempera-
ture substantially improves their catalytic activity. Figure 1.29 illustrates a



Figure 1.29 Residual peroxides: removal and destruction.

flowsheet which can be employed for choosing the best decomposition method
for removal of residual peroxides from process liquors.

In general, peroxides are more difficult to remove from acidic solution. This
trend arises due to two factors: the loss of activity of many catalytic agents
(particularly homogeneous catalysts) and the inherently greater stability of
peroxides in slightly acidic solution (this phenomenon relates to the so-called
equivalence point of hydrogen peroxide solutions, which corresponds to a pH
value of ca. 4.5). In fact, hydrogen peroxide can be considered a mild reducing
agent at pH < 2-3. These factors are illustrated in Table 1.8, which surveys the
performance of various decomposition agents for removal of residual peroxide
(hydrogen peroxide and peracetic acid) from a simulated acidic process liquor.
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Table 1.8 Removal of residual peroxide in acidic pHa (simulated liquor: 10%
glacial acetic acid; 3% hydrogen peroxide; 87% water)

Amount AvOx AvOx
added removed at Reaction removed at Reaction

Reagent (0A m/m) 25°C(%) time QL) 60°C(%) time QL)

Blank — 0.0 3.00 0.5 3.00
HCl 2.2 6.0 3.00 91.0 3.00
HCl 6.0 37.0 3.00 98.0 1.50
Reduced Pdb 0.02 as Pd 100 0.25 100 0.25
Oxidized Pdb 0.02 as Pd 38 3.00 96.0 3.00
Activated charcoal0 1.0 39 3.00 98.0 3.00
Montmorillonite 1.0 19.0 3.00 91.0 3.00
FeSO4 2.5 46.0 3.00 98.0 3.00
MnO2 1.0 21.0 3.00 64.0 3.00
Catalased pH = 2 0.04 22.0 3.00 — —
Catalased pH = 4 0.04 35.0 3.00 — —

apH = 2 unless otherwise stated; b2% on aluminosilicate (<200 mesh); cDarco 6-60 (100-325
mesh); d Bovine liver catalase containing 11 000 units/mg (1 unit = 1 /nnol hydrogen peroxide per
min at pH = 7 and 25 0C).

As discussed earlier, heterogeneous catalysts using a supported metal such as
palladium are most effective. It should be mentioned, however, that after six re-
cycles, the supported palladium catalyst has lost 35% of the active palladium
metal, due to leaching into the solution. Decomposition processes become
considerably more effective as pH of the solution increases. In the near-neutral
region, this is thought to be attributed to increased activity of many of the
catalytic agents. As an example, Table 1.9 illustrates the relative performance of
several decomposition agents in a simulated liquor containing hydrogen

Table 1.9 Removal of residual peroxide in neutral pH* (simulated liquor: 10%
methanol; 3% hydrogen peroxide; 87% water)

Amount AvOx AvOx
added removed at Reaction removed at Reaction

Reagent (0A m/m) 250C(0A) time Qi) 600C(0A) time QL)

Blank pH = 7 — 2.8 3.00 7.1 3.00
Reduced Pdb 0.02 as Pd 100 0.25 100 0.25
Oxidized Pdb 0.02 as Pd 100 1.00 100 0.50
Activated charcoal0 1.0 83 3.00 90.7 3.00
Montmorillonite 1.0 10.6 3.00 55.6 3.00
FeSO4 2.5 70.4 3.00 99.1 1.00
MnO2 1.0 97.3 1.50 98.9 1.00
Catalased pH = 2 0.001 99.0 0.25 — —

apH = 7 adjusted by NaOH; b2% on aluminosilicate (< 200 mesh); cDarco 6-60 (100-325 mesh);
d Bovine liver catalase containing 11 000 units/mg (1 unit = 1 fimol hydrogen peroxide per min at
pH = 7 and 25 0C).



Table 1.10 Removal of residual peroxide in basic pH* (simulated liquor: 10%
methanol; 3% hydrogen peroxide; 87% water)

Amount AvOx AvOx
added removed at Reaction removed at Reaction

Reagent (0AmJm) 250C(0A) time (h) 600C(0A) time(h)

B l a n k p H = 1 2 - 41.5 3.00 93.7 3.00
Reduced Pdb 0.02 as Pd 100 0.25 100 0.25
Oxidized Pdb 0.02 as Pd 99.7 0.50 99.0 0.50
Activated charcoal0 1.0 98.9 1.00 99.6 1.00
Montmorillonite 1.0 98.0 3.00 99.8 1.00
FeSO4 2.5 99.8 1.00 99.8 1.00
MnO2 1.0 99.7 0.50 99.7 0.50
Catalased pH = 12 0.001 61.9 3.00 — —

a pH = 12 adjusted by NaOH; b 2% on aluminosilicate (< 200 mesh);c Darco 6-60 (100-325 mesh);
d Bovine liver catalase containing 11 000 units/mg (1 unit = 1 /imol hydrogen peroxide per min at
pH = 7 and 25 0C).

peroxide, methanol and trace of orthophosphoric acid. In contrast to acidic
solutions, higher pH environments are much less aggressive towards leaching
metals from their supports.

Continuing with the pH trend, peroxide solutions are readily decomposed in
alkaline solution, whereas near-neutral decomposition processes rely heavily on
catalytic activity of the decomposition agent, alkaline processes relying more on
the inherent instability of the perhydroxyl anion under high pH conditions.

Table 1.10 surveys several catalytic agents for removing residual peroxides from
a liquor containing hydrogen peroxide, anionic surfactant and ethanol. Whilst
general recommendations have been offered, these should serve only as a
guideline.

5 Toxicology and Occupational Health Aspects of
Hydrogen Peroxide

In humans, brief contact of hydrogen peroxide with the skin leads to irritation
and whitening (cutaneous emphysema), the severity of which depends on the
concentration of the hydrogen peroxide solution. Longer contact or higher
concentration can lead to burns. Contact with the eyes can lead to serious



Table 1.11 Acute toxicities of hydrogen peroxide in animals

Test Animal Area Concentration

LD50 Mouse Oral 2538 mg/kg
LD50 Mouse Oral 2000 mg/kg
LD50 Rat Oral 4060 mg/kg
LD50 Mouse Dermal 1.2 x 104 mg/kg
LC50 Rat Inhalation 2000 mg/m3

injury. Hydrogen peroxide aerosol or vapour causes irritation and in severe
cases damage to the upper respiratory tract and lungs.53 '54 The human reaction
to the irritating effect of hydrogen peroxide on the mucous membrane and skin
is far more sensitive than that of the rat. The threshold concentration for acute
irritative effects of gaseous hydrogen peroxide on the respiratory tract is 60 mg
m " 3 in rats, but only 10 mg m~ 3 in humans; the corresponding values for skin
are 110 mg m ~ 3 for rats and 20 mg m~ 3 for humans.55 Hydrogen peroxide has
not been found to produce teratogenic or carcinogenic effects in humans;
mutagenic or chromosomal effects have not been observed. The MAK and
TLV-TWA values for hydrogen peroxide are 1.4 mg m~3 . Acute toxicities in
animals are shown in Table 1.11.56

Acute dermal toxicity depends on hydrogen peroxide concentration. With
90% mjm hydrogen peroxide, the dermal LD5 0 in rabbit is 650 mg kg~ l and in
rat 4800 mg kg" 1 . 5 7 So far, no problems associated with reproduction in
animals have been found.58 Hydrogen peroxide has a mutagenic effect on fungi
and bacteria (e.g. Ames test), but not on insects or mammalian cells in vitro.59

Oral administration of hydrogen peroxide produced tumours in the small
intestine of mice.59 However, when hydrogen peroxide was given orally to rats,
no significant differences occurred between the two test groups and the control
group.60 No evidence of tumour formation was found one year after exposure of
mouse skin to 5% m/m hydrogen peroxide.61

6 Conclusion
It is hoped that this chapter has given the reader an understanding of the
production of hydrogen peroxide over the last two centuries and why its
application in the early years was limited strictly to bleaching. The major
breakthrough was made when the autoxidation of hydroquinones (AO process)
was discovered. The AO process allows for the production of more stable and
higher concentrations of aqueous hydrogen peroxide, thus extending the range
of applications for the reagent, particularly in the field of fine organic synthesis.

This chapter also illustrates that by observing some simple guidelines,
aqueous hydrogen peroxide can be used commercially in a safe manner. It is
hoped that the reader will now contemplate the use of such a versatile reagent
within their particular area of expertise.
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CHAPTER 2

Activation of Hydrogen Peroxide
Using Inorganic and Organic
Species

1 Introduction
The following chapter will give an account of the general principles of hydrogen
peroxide activation in the presence of a variety of chemical entities. The basic
chemistry of hydrogen peroxide will be discussed, followed by a discord on its
activation in the presence of inorganic and organic materials. Finally, the
chapter will conclude with a brief treatment as to how hydrogen peroxide can
be stabilized against the loss of its active oxygen.

2 Basic Chemistry of Hydrogen Peroxide
The E0 (redox potential) value of hydrogen peroxide is 1.76 V measured for the
half-reaction shown (Figure 2.1).

On the face of the E0 value alone, one would expect the compound to be a
relatively powerful oxidant (Table 2.1). However, hydrogen peroxide is, in fact,
a relatively weak oxidizing agent. It can achieve some oxidations unaided, e.g. it
reacts slowly with substrates such as olefins, aromatic hydrocarbons, alkanes,
etc., but for the majority of applications, it requires activation in some way or
other. This is reflected by the fact that hydrogen peroxide has been employed for
bleaching purposes for over a century1 and some activation methods such as
Fenton's reagent are almost as old.2

By far the bulk of useful peroxygen chemistry has been discovered in the last
50 years, and many catalytic methods, described later, are even more recent. The
low intrinsic reactivity of hydrogen peroxide is actually an advantage, since it

Figure 2.1 Half-reaction of hydrogen peroxide to water.



Table 2.1 Oxidation potentials of
a range ofoxidants

Oxidant E0'/V

F 2 3.00
HO* 2.80
1O2 2.42
O 3 2.01
H2SO5 1.81
H2O2 1.76
KMnO 4 1.70
HO2" 1.70
HOCl 1.49
Cl2 1.27
ClO2 1.27
O2 1.20

means tha t it can be selectively activated to perform a given oxidat ion. Figure 2.2
provides a s u m m a r y of the various active oxidants derived from hydrogen
peroxide. The remainder of the chapter will expand u p o n each of these me thods .

Al though hydrogen peroxide is a weak oxidant , it does have bo th electro-

Direct activationCatalytic activation

Persalts

Activation by peracidsMiscellaneous

Figure 2.2 Activation of hydrogen peroxide.



Figure 2.3 Polarization of hydrogen peroxide.

philic and nucleophilic properties. The electrophilic character arises from the
fact that the O-O bond is easily polarized (Figure 2.3).

Undissociated hydrogen peroxide behaves, to some extent, as a nucleophile,
being about 104 times more nucleophilic than water. For example, hydrogen
peroxide readily adds to carbonyl bonds giving rise to hydroxyhydroperoxides
(peracetals and perketals). Such compounds are often used as polymerization
initiators on account of their radical decomposition at moderate temperatures
(O-O bond homolysis). Neutral hydrogen peroxide can also react with activated
acyl compounds such as anhydrides to give peroxyacids.

In alkaline solution, hydrogen peroxide dissociates (Figure 2.4).
The perhydroxyl anion, HO^", is a powerful nucleophile (see Chapter 3) and

will attack substrates such as electron-deficient olefins {e.g. a,/?-unsaturated
ketones) and aldehydes. The perhydroxyl anion is also of value in bleaching and
product purification, particularly of natural products. In addition, it can be
used to generate more powerful oxidants by mixing with electron-deficient acyl
compounds (giving peroxyacids) or with nitriles (Figure 2.5).

Under strongly acidic conditions (normally non-aqueous), hydrogen perox-
ide can be protonated or converted to the equivalent of the hydroxyl cation
(Figure 2.6).

The resulting strong electrophile can be used in some oxidations, notably
phenol hydroxylation, however the extreme acidic conditions required limit the

Figure 2.4 Dissociation of hydrogen peroxide under alkaline pH.

Figure 2.5 Generation of more powerful oxidants via the use of perhydroxyl anion.

Figure 2.6 Action of strongly acidic conditions on hydrogen peroxide.



applicability of this oxidant species; many products tend to react further by
oxidation or acid catalysed condensation or rearrangement.

The O-O bond in hydrogen peroxide is relatively weak,3 approx. 213 kJ
mol"1, and is susceptible to homolysis by a variety of methods including
thermal, photolytic, radiolytic and metal-redox. The active species produced is
the hydroxyl radical; when generated by UV irradiation at 254 nm, two
hydroxyl radicals per mol of hydrogen peroxide are produced. In terms of
oxidizing power, it is second only to fluorine. This high oxidizing power
correlates to a relative lack of selectivity as an oxidant, and hence the hydroxyl
radical has a limited role in synthesis. The use of hydrogen peroxide-UV
systems is, however, known in water disinfection, and is growing in effluent
treatment, where the power to degrade refractory organics to products treatable
by biological processes is of value.

The hydroxyl radical can also be generated from several one-electron
reducing metal ions,4 of which the most common is iron(II), this combination
being known as Fenton's reagent (see Section 3).

The following two sections will discuss the activation of hydrogen peroxide in
the presence of inorganic/organometallic species and organic compounds
respectively.

3 Activation of Hydrogen Peroxide in the Presence of
Inorganic and Organometallic Species

There are two solid peroxygens which dominate the area of inorganic hydrogen
peroxide chemistry, namely sodium percarbonate (PCS) and sodium perborate
(PBS). It is also worth noting that the urea hydrogen-bonded complex of
hydrogen peroxide, known as urea-hydrogen peroxide (UHP) is also an
important solid peroxygen which will be discussed here for the sake of
completeness.

UHP can be represented by the structure in Figure 2.7. UHP is readily
crystallized from aqueous strong hydrogen peroxide and urea solutions.5 Being
an anhydrous essentially neutral complex, it is a convenient alternative to very
highly concentrated hydrogen peroxide (>85%m/m), which is difficult to
obtain and relatively hazardous.

The application of UHP in organic synthesis has been explored6 and has been
proven to be a suitable substitute for concentrated hydrogen peroxide in

Figure 2.7 Hydrogen-bonded complex of urea and hydrogen peroxide.



Figure 2.8 Use of UHP to oxidize a number of organic materials to industrially useful
intermediates.

generating trifluoroperacetic acid from the anhydride. A number of reactions
employing UHP to generate peroxyacids in situ are outlined in Figure 2.8.

Sodium perborate and sodium percarbonate are peroxygen compounds
available at a relatively low cost. This is a result of their extensive use in the
detergent industry as precursors to the bleaching agents which are generated in
situ.s~10 The structures of the two materials are very different (Figure 2.9). PBS
is a true persalt and can be described as NaBO3^H2O, where n = 1-4.
Depending on the value of n, the PBS is called either PBS-I or PBS-4.

The structure of PBS corresponds to a six-membered heterocyclic dianion.11

PCS, on the other hand, is not a true percarbonate, but is a perhydrate
(Na2CO3-LSH2O2), as shown in Figure 2.9. The integrity of the adduct is due
to hydrogen peroxide bonding between carbonate anions and hydrogen
peroxide molecules.12 Its rather confusing name has arisen because of historical
uncertainties over its structure13 and PCS should in fact be considered as a solid



Figure 2.9 Structures of sodium per carbonate and sodium perborate.

form of hydrogen peroxide like UHP.14 PBS and PCS are easy to handle and are
relatively stable at room temperature, their thermal decomposition occurring
well above 1000C.14 In water, both PCS and PBS yield a mildly alkaline
solution of hydrogen peroxide15 although the borate exerts a buffering and
mild stabilizing effect. In non-aqueous media, however, the chemistry of PBS is
quite distinct,16 especially when in combination with acetic acid. For example,
synthetically important oxidative transformations, previously only carried out
with stoichiometric metal oxidants, can be performed with sodium perborate
inconjunction with acetic acid.

As alluded to earlier, concentrated hydrogen peroxide, as well as not being
commercially available, is also difficult to handle safely. Consequently, the
ability of PBS and PCS to release oxidative species into an organic medium has
made them extremely useful synthetic tools. Figure 2.10 summarizes a number
of examples where PBS and PCS have been employed in this capacity.

PBS and PCS have both been shown to be effective reagents for the oxidation
of organic species. It is therefore likely that their employment with metal-
centred catalysts, in place of hydrogen peroxide, will grow in the future.



Figure 2.10 Some of the oxidative transformations effected by PBS and PCS.



The oxidation of simple carbon-, hydrogen- and oxygen-containing com-
pounds, such as hydrocarbons, carboxylic acids, alcohols and ethers by
hydrogen peroxide are classic examples of where activation is essential. This is
because such molecules have no nucleophilic sites or other centres that can
react, under mild conditions, with hydrogen peroxide. In 1894, Fenton found
that ferrous ion promoted the oxidation of polycarboxylic acids under relatively
mild conditions.25 However, it was not until 40 years later that Haber and Weiss
suggested that a hydroxyl radical was in fact being formed during the reaction.26

Figure 2.11 summarizes the Fenton reaction in the absence of an oxidizable

Overall reaction in the absence of an oxidizable substrate

Reactions in the presence of organic substrates (RH)

Competing reactions leading to loss of oxidative power

Figure 2.11 The Fenton reaction.

Product'



Figure 2.12 Possible formation offerryl ion during Fenton-type chemistry.

substrate, in the presence of organic substrates and suggests the competing
reactions which lead to the loss of the oxidative power of the system.

It is interesting to note that several research groups propose the oxidizing
intermediate to be an iron(IV) species such as the ferryl ion (FeO2 + ),27

especially when the iron centre is attached to a porphyrin ring. Figure 2.12
illustrates a possible alternative mechanism involving the ferryl ion to that
outlined above.

Unfortunately, it is not very easy to distinguish between the two mechanisms
since they both fit the rate law:

-Ci[H2O2]/ dX = /C[H2O2][Fe(II)]

It should be pointed out that even if one starts with a single oxidation state of
iron in the presence of hydrogen peroxide, both states are soon produced. The
ferric ion can oxidize perhydroxyl radical (HO2) and/or its conjugate ion (O2"),
as well as hydrogen peroxide. The chemistry of iron(III) with hydrogen peroxide
has been comprehensively reviewed by Brown, Jones and Suggett.28

The facile oxidation of organic substrates in the presence of a Fenton system
is believed to be due to the production of the hydroxyl radical, as mentioned
earlier. Consequently, a number of techniques have been employed to generate
the species independently of any iron centres. Two techniques worthy of a
mention are photolysis and radiolysis. Photolytic activation can be used to
cause homolysis of the peroxygen bond because peroxides have a relatively
broad absorption band above 300 nm (Figure 2.13).29

Other peroxygen species can also be photolytically cleaved to yield the
hydroxyl radical and another radical centre. For example, homolysis of
peroxymonosulfate (HOOSO3) generates OH" and SOV". The concentration of
the generated hydroxyl radical can be controlled by variation of the wavelength
and the intensity used. The photolysis of hydrogen peroxide in the presence of
alcohol produces EPR (electron paramagnetic resonance) spectra which indi-

Figure 2.13 Photocatalysis of hydrogen peroxide.



cate attack of the hydroxyl radical at positions a and /? to the alcohol functional
group. The ratio of attack at the two positions is often solvent dependent.

Radiolysis has also been employed to generate the hydroxyl radical.
However, because very energetic particles are used (x-rays, y-rays, electron
beams, etc.) aqueous solutions are used instead of hydrogen peroxide. Water
molecules can be cleaved homolytically and heterolytically to produce three
radical species: hydroxyl radical, hydrated electron and hydrogen atom.30 A
great many rate constants of hydroxyl radical with reductants, especially
alcohols, have been measured using radiolysis combined with EPR or electronic
spectroscopy.31

On the face of it, the Fenton system seems ideally suited for the oxidation of
organic species. As a consequence of the high reactivity of the hydroxyl radical
(approx. 109 M"1 s"1), there is very little selectivity and this limits the
application of Fenton chemistry in fine organic synthesis. It is, however,
efficacious as an oxidation system for the removal of organic effluents from
water courses. These systems will be further discussed in Chapter 5. Some
organic syntheses have been carried out in the presence of Fenton's reagent and
a few illustrative examples are outlined in Figure 2.14.

It should be noted that in practice, low conversions of substrate are
deliberately aimed for, in an attempt to reduce by-product formation.

Iron compounds are not the only one-electron reductants capable of carrying

Figure 2.14 Application of Fenton chemistry in the preparation of oxidized organic
compounds.



Figure 2.15 Hydroxyl radical attack on guanine.

out the chemistry described above, and not all one-electron reductants have
hydroxyl radical as the active oxidant. For example, on the basis of spin-
trapping and kinetic experiments, Johnson and co-workers have concluded that
when Cu(I)aq and Cu(Phen)2+ react with hydrogen peroxide, the active oxidant
is not the hydroxyl radical, but possibly a Cu(III) species formed from the
breakdown of a CuOOH" peroxide species.32 Vanadium(IV),33 vanadium(V),34

titanium(III),35 chromium(II)36 and cobalt(II)37 are all one-electron reductants
which have been extensively studied.

Finally, Fenton's reagent induced hydroxyl radical formation can be
extremely toxic to biological systems,38 and it is now believed that these radicals
are the driving force behind the initiation of cascading cytoxic free radical
reactions. The long-chain molecule of DNA can be cleaved or damaged by the
hydroxyl radical, with the deoxyribose ring moiety and the amine bases being
the most susceptible to attack (Figure 2.15).39 The C-H bonds in deoxyribose
are very reactive towards hydroxyl radical. Proteins and lipids can also be
attacked leading to severe cell damage in some cases.

Unfortunately, it is not possible to give comprehensive coverage to Fenton's
chemistry here, however, the author hopes that enough justice has been afforded
to the subject to whet the appetite of those wishing to study the area further.

Hydrogen peroxide and other peroxygen species can function as primary or
stoichiometric oxidants when in combination with other elements present in
catalytic quantities. Hypervalent forms of the element are produced and these
are the active species of the system. Some of these oxidants are well established,
for example, the use of hydrogen peroxide with osmium tetroxide for alkene
hydroxylation.40 More recently, hydrogen peroxide has been used with ruthe-
nium compounds, under phase-transfer conditions, for alcohol oxidation, and
alkene cleavage.41 Hydrogen peroxide in combination with cobalt or cerium
compounds has also been employed for the side-chain oxidation of aromatic
materials.42 Such systems have been shown to have advantages over the more
traditional air/oxygen systems in terms of product selectivity.

One of the limitations of employing hydrogen peroxide in oxidations with
hypervalent metals is its ability to act as a reducing agent as well as an oxidizing
agent. The titration of hydrogen peroxide using cerium(IV), permanganate or
dichromate are well established examples of such a phenomenon, whereby
hydrogen peroxide is oxidized to oxygen. However, two of these systems
also illustrate the pH dependence of such a reaction; in alkaline solution,



Figure 2.16 Formation of a metal 'oxene' species in the presence of hydrogen peroxide.

hydrogen peroxide oxidizes chromium(III) to chromium(IV) and cerium(III) to
cerium(IV), the reverse of the acid reactions. Peroxymonosulfates and per-
carboxylic acids do not exhibit reducing properties to the same extent and are
in general able to oxidize a wider range of elements. Caro's acid (H2SO4 +
H2O2 «> H2SO5 + H2O) in particular can be used in the metals industry to
recover or separate metals using redox chemistry (Chapter 6). Caro's acid can
oxidize manganese(II) to manganese(III) or manganese(VII), depending on the
pH. Peracetic acid can be used to generate lead(IV) and iodide(III) reagents for
organic synthesis applications.

A relatively recent field of study, which, will be expanded upon later, is that of
transition metal substituted polyoxometallates.43 The fact that they are, in most
cases, completely inorganic means that they are inherently robust to oxidative
degradation, hence, offering good prospects for industrial application.

Metal oxene compounds are formed from the interaction of a metal centre
with a peroxygen and this reaction is classed as a two-electron transfer
oxidation (Figure 2.16).

The oxene species formed can, under certain conditions, be a much more
powerful oxygen transfer agent than hydrogen peroxide. It should be noted that
there is a link between this system and the Fenton's chemistry discussed earlier;
both go through an intermediate in which hydrogen peroxide or its anion is
ligated to the metal. In fact, under scrupulously anhydrous conditions, iron salts
with hydrogen peroxide exhibit epoxidation and regioselective hydroxylation
typical of oxenes but inconsistent with hydroxyl radical chemistry.44

The most important oxene chemistry driven by peroxygens is that of the
metalloporphyrins of iron and manganese. The manganese systems operate in
the presence of a co-catalyst such as imidazole to carry out oxygen transfer and
insertion reactions, notably epoxidation,45 amine oxidation46 and hydroxyla-
tion.47 The reactions can be carried out in a two-phase system with a phase-
transfer agent or in a single-phase system with a co-solvent for the hydrogen
peroxide, catalyst, co-catalyst, and substrate. These systems are mimics for
peroxidase enzymes, including cytochrome P-450, which uses iron porphyrin
oxene chemistry (Figure 2.17).48 Although metal catalysts are involved, the
levels of such catalysts are often very small, and recovery can be simple.
Unfortunately, the lifetime of such catalysts is often limited due to self-attack
by the oxene or radical side reactions. Current work is directed towards
supported forms of metalloporphyrins, where site isolation is expected to
improve stability towards oxidation (the immobilization of such catalysts will
be discussed further in Chapter 4).

A number of workers have shown that a small amount of nitrogenous base
with manganese metalloporphyrins greatly increases the stereospecificity of
alkene epoxidation.49"51 Figure 2.18 illustrates the dual behaviour of imidazole
during the epoxidation of alkenes by hydrogen peroxide.52
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Figure 2.17 Catalytic cycle of cytochrome P-450.

It has recently been suggested that addition of a carboxylic acid further
enhances the catalytic activity of manganese(III) porphyrins with nitrogenous
bases in the epoxidation of alkenes by hydrogen peroxide.53"54 This has been
attributed to the formation of a peracid ligated to the metal, Mnm-OOCOR,
with a weaker peroxide bond than Mnm-OOH, encouraging heterolytic
cleavage. This is, however, highly unlikely. A much more reasonable explana-
tion is that the mode of action is similar to that of imidazole in that the acid-
base catalysis plays a pivotal role; such chemistry is effected by the carboxylic
acid. A major problem with the employment of a nitrogenous base such as
imidazole is that they are readily oxidized to N-oxides by hydrogen peroxide.
This has promoted studies into the use of oxidatively stable co-catalysts such as
amine N-oxides55 and ammonium acetate.56

The last decade has greatly increased our knowledge on how metallo-
porphyrins are able to interact with hydrogen peroxide without producing the
unspecific hydroxyl radical. It would therefore appear likely that in the near
future, industrial applications of such metalloporphyrins with hydrogen per-
oxide will be started in earnest.

Before leaving the area of oxene chemistry, there is one further system
worthy of mention: the manganese Schiff-base complexes. The Schiff-base
complexes were prepared in response to the Katsuki-Sharpless system for
stereospecific epoxidation (Figure 2.19).57 The Katsuki-Sharpless system
consists of titanium(IV) isopropoxide and ( + )- or ( —)-diethyl tartrate with



Figure 2.18 Dual function ofimidazole in the epoxidation ofalkenes by hydrogen peroxide
catalysed by manganese (III) porphyrins.

Figure 2.19 Oxygen transfer to the alkene using the Katsuki-Sharpless asymmetric
epoxidation system.



Figure 2.20 Jacobsen 's manganese Schiff-base complexes.

/-butyl hydroperoxide as the oxidant, all of which are commercially available.
The mechanism is believed to involve attack on the allylic alcohol substrate by a
compound formed from the titanium(IV) isopropoxide and the diethyl tartrate.
A complex that contains the substrate and the f-butyl hydroperoxide is
produced.58 Which enantiomer of the epoxide is formed is determined by
whether (+)- or (— )-diethyl tartrate is used.

Since its discovery, the Katsuki-Sharpless system for asymmetric epoxidation
has been used in the synthesis of a huge number of complex carbohydrates.59

The Katsuki-Sharpless method, however, requires the presence of a hydroxyl
group adjacent to the double bond, to anchor the alkene in the active centre of
the catalyst. In recent years, catalytic systems based on manganese complexes of
chiral Schiff-bases have been developed by Jacobson60 and by Katsuki.61 These
catalysts control the enantioselectivity of the epoxidation via non-bonded
interactions, hence, the number of substrates which can be sterospecifically
epoxidized is practically unlimited. Epoxidation is normally carried out at
ambient temperature, and commonly employs sodium hypochlorite as the
oxidant. Hydrogen peroxide62 and triplet oxygen63 have also been employed,
but to date the results have been disappointing. The active oxygen species is
believed to be an oxene species (Mnv=O). Two of Jacobsen's complexes are
illustrated in Figure 2.20.

Whilst the chiral manganese complexes can epoxidize alkenes with high
enantioselectivity (> 90% e.e.), they are not particularly stable. This instability
is probably due to the easily oxidizable imine and phenoxide ligands on the
complex. Attempts are currently being made to immobilize Schiff-bases in order
to increase their stability in a similar manner to the metalloporphyrins discussed
earlier.

Metal peroxo and hydroperoxo systems are the largest and probably the most
important of the oxidant classes within this category. Metal peroxo complexes
are formed rapidly in water over a wide pH range from a variety of d0 metal
compounds, mainly of groups IVb, Vb and VIb, notably titanium(IV),
vanadium(V), molybdenum(VI) and tungsten(VI). These complexes are
electrophilic in nature and many of them have oxygen transfer properties.
Their re-formation from the parent compound and hydrogen peroxide is rapid
enough for them to be used catalytically in oxidation systems. As such they
can be regarded as inorganic catalytic analogues of percarboxylic acids (see



Section 4) which immediately implies a large number of potential applications
in oxidation.

Titanium complexes in aqueous solution are used to determine hydrogen
peroxide in analytical chemistry but are not very active as oxidants. There is,
however, a very important heterogeneous catalyst system based on titanium
peroxo chemistry, which will be more fully discussed in Chapter 4, and is only
briefly referred to here. The catalyst is called titanium silicalite (TS-I) and was
discovered by Enichem.64^66 The silicalite has a ZSM-5 structure containing
small amounts (ca. < 2% m/m) of titanium substituted for the silicon in the
framework. It is produced hydrothermally from tetraethylorthosilicate and
titanium(IV) isopropoxide in the presence of a tetrapropylammonium hydrox-
ide templating agent. The material catalyses a wide range of oxidations (Figure
2.21).67~72 Applications are, however, limited by the size of the zeolite channel
(5.5A), since the substrate must pass down these in order to reach the active
titanium sites. Work on analogues of TS-I using larger pore zeolites is an active
area of current research.73

The synthesis of peroxo metal complexes with hydrogen peroxide is easily
accomplished, normally by one of two methods. Firstly, using early transition

Figure 2.21 Oxidative transformations catalysed by TS-I.



Figure 2.24 Geometry of VO (dipic) (O2) (H2O).

Figure 2.23 Preparation of hydroperoxy complexes.

Figure 2.22 Preparation of peroxometal complexes.

metals; the metal oxides are dissolved in aqueous hydrogen peroxide, often in
the presence of ligands (Figure 2.22). The ligands can be organic, inorganic or a
mixture of both.

This method of preparation was originally reported by Mimoun and co-
workers.74 The intermediate hydroperoxy complex is rarely isolated, especially
in the presence of hydrogen peroxide, however if an alkylperoxide is employed,
then the ring closure reaction does not take place and alkylperoxo species are
formed.75 The triangular metal oxirane species formed is of immense impor-
tance for the purpose of oxygen transfer to organic substrates.

The second method often employed for the preparation of peroxo complexes
involves the use of the late transition metals76 and exploits the mild acidic
properties of hydrogen peroxide, i.e. the reaction is an acid-base exchange
(Figure 2.23).

The latter method has the drawback that it can only be applied successfully to
a limited number of compounds, such as [(RCO2)Pd(OOH)2] (R = CF3, CH3)77

and [(CH3CO2)Cu2(OH)2(OOH)]^.78 Alternative synthetic procedures leading
to group VIII metal hydroperoxy complexes involve either oxygen insertion into
a metal hydride bond79 or protonation of easily accessible metal oxirane
complexes with strong acids.80

The vast majority of the d0 complexes formed from the metal oxides and
hydrogen peroxide exhibit pentagonal bipyrimidial geometry around the central
metal with the peroxo group co-ordinated side-on. However, the two M-O
bond distances are slightly different, which is believed to be one reason why
oxygen transfer reactions are relatively facile. Figure 2.24 illustrates the
geometry for a vanadium dipicolinc acid complex.



The peroxo complexes of vanadium have not, by comparison with the other
three elements (Ti, W, Mo) cited, been extensively employed for oxygen transfer
reactions. The ease of the redox step vanadium(V) to vanadium(IV) introduces
a mixture of two-electron and one-electron character into vanadium peroxo
chemistry, which in the case of alkene epoxidation leads to side reactions of the
substrate and products.81

The most typical peroxo complexes showing clear electrophilic behaviour in
the oxidation of a variety of organic substrates are those of molybdenum and
tungsten, the list of which is extensive.82 Many of these can be isolated and used
stoichiometrically as oxidants in organic solvents. However, such isolation can
be hazardous, and stoichiometric use on a large scale would require a high
metal inventory even though re-cycle is relatively easy. Of more industrial
relevance is the catalytic use of these complexes, usually in a two-phase system,
with a phase transfer agent. In such a situation, the peroxo complex is formed in
the aqueous phase from hydrogen peroxide and a catalytic amount of the
metal(VI) compound; the peroxo complex is then taken by the phase transfer
agent into the organic phase in which the substrate is dissolved. After oxidation,
the oxo complex is regenerated in the aqueous phase. Such systems epoxidize
alkenes and oxidize organo-nitrogen and sulfur centres. Simple molybdate and
tungstate salts can be the metal source, but more powerful systems are formed
by the addition of phosphate or arsenate or by the use of pre-formed
polyoxometallate species such as the Keggin dodecatungstophosphate ion
(Figure 2.25).83

Both of these species are believed to function through an intermediate known
as the Venturello complex (Figure 2.26);84 one of the peroxo oxygens is

A B

Two representations of the Keggin unit: A = polyhedral, metal atoms are located at the centres of
the octahedra. B = ball and stick, where the large circles represent the metal atoms, and the
heteroatom resides in the centre. The small circles denote the oxygen atoms. The structure contains
essentially four types of oxygen i.e. those bordering the heteroatom, those at the outside of the
structure, those forming bridges in M3O10, and those forming bridges between M3O10 groups.

Figure 2.25 Keggin structure of heteropolyperoxometallates.



Figure 2.27 Addition of water across a peroxo metal complex.

activated towards electrophilic transfer by the non-bonded interaction with an
adjacent metal centre.

The metal peroxo complexes are equivalent through addition of water across
the O-O bond to form hydroxo hydroperoxo species (Figure 2.27).

In the cases of tungsten and molybdenum, the complexes are believed to be
intermediates in the oxidation of alcohols to carbonyl compounds (a hydride
abstraction reaction).85 Figure 2.28 illustrates some of the oxygen transfer

Figure 2.28 Examples of oxygen transfer reactions of hydrogen peroxide in the presence
of molybdenum (VI) and tungsten (VI) complexes.

Figure 2.26 Venturello complex.



Figure 2.29 Epoxidation of alkenes in the presence of hydrogen peroxide and selenium
oxide.

reactions which can be carried out with hydrogen peroxide in the presence of
tungsten and molybdenum catalysts.

It is well known that other non-metal oxides can react with hydrogen
peroxide to form similar compounds which can be viewed as inorganic peracids.
Such species include boron(III), arsenic(III) and selenium(IV). For example,
selenium dioxide can be used as a catalyst for epoxidations or amine oxidations
through perselenous acid (Figure 2.29).86

These catalytic oxidations, unlike those with molybdenum and tungsten,
require the continuous removal of water by azeotrope to regenerate the active
oxidant. In addition, selenium and arsenic are highly toxic, and their total
containment within the process presents some difficulties. Although organic
resin-bound analogues have been reported,87 it is still believed that the
molybdenum and tungsten catalytic chemistry is much more amenable to
current and future use in clean industrial processes.

Before leaving this section, it is worth mentioning an important class of
peroxo complexes which are produced from d8 transition metal species. A
number of platinum and palladium complexes have been prepared which
transfer oxygen through a nucleophilic mechanism. Platinum complexes can be
used as selective epoxidation catalysts for terminal alkenes with hydrogen
peroxide.88 The requirements for an effective catalyst with the platinum system
is the presence of a CF3 ligand which reduces the electron density around the
platinum centre, hence providing an efficient activation of the alkene. The
complex also requires the presence of a diphosphine ligand which, because of
the chelating effect, prevents the degradation of the catalyst, thus avoiding
dissociation of the phosphorus ligands and the subsequent oxidation by excess
hydrogen peroxide.89 Investigation of the epoxidation mechanism by kinetics
has found a second order dependence on platinum concentration.90 This
behaviour is believed to be consistent with the presence of two different
platinum centres in the rate-determining step (Figure 2.30).

The platinum complexes have also been used in the presence of hydrogen
peroxide to prepare cyclic lactones from cyclic ketones (Figure 2.31).91

It should be noted that the d8 systems being nucleophilic in nature comple-

Side reaction



Figure 2.31 Oxidation of cyclohexanone in the presence of a Strukel catalyst.

ment the d0 peroxo metal complexes which are electrophilic oxygen transfer
agents. Consequently, the d8 systems work better in the presence of electron
deficient substrates, and the d0 better with electron-rich materials.

Finally, a mention should be made about the one peroxo system which will
become more and more dominant: the organometallic oxides of rhenium(VII).
Such compounds have been found to be of outstanding catalytic activity for a
number of oxygen transfer reactions with hydrogen peroxide.92 The best studied
complex is methyltrioxorhenium(VII) (MTO) and its congeners. Figure 2.32
illustrates its synthesis. Epoxidation, aromatic oxidation and halide oxidation
with these complexes have been studied with hydrogen peroxide and shown to
be remarkably efficacious.

A remarkable oxygen transfer reaction of MTO to alkenes in the presence of
hydrogen peroxide was recently discovered by Sharpless and co-workers at
Scripps Research Institute in La Jolla, California.93 The reaction is the first
catalytic reaction for efficient epoxidations under non-acidic conditions. The
reaction uses aqueous hydrogen peroxide as the oxidant and MTO in the
presence of pyridine ligands as the catalyst. The reaction converts concentrated
solutions of alkenes in dichloromethane to epoxides at room temperature with

Rate determining step

Figure 2.30 Possible mechanism of epoxidation with hydrogen peroxide in the presence of
Strukel catalysts.



Figure 2.32 Preparation of MTO.

yields up to 99%. The new reaction efficiently epoxidizes non-terminal alkenes.
Even the extremely sensitive epoxides from a-methylstyrene, indene and
phenylcyclohexene are isolated in high yields (92-99%, Figure 2.33), although
terminal alkenes are only epoxidized in yields up to 80% even after days of
reaction. The pyridine-MTO catalysed reaction has many advantages including
reactivity, robustness, inexpense, relatively safe oxidant and no undesirable
secondary products. How the reaction works is still a mystery, but Sharpless
believes it may well be a new type of oxygen atom transfer species. It is likely
that future work with this system will include investigations in to the prepara-
tion of chiral epoxides.

The subject of catalytic oxidation with hydrogen peroxide is an area in which
many exciting new developments are taking place. The driving force behind
these investigations is the need for cleaner processes, particularly in fine
chemical manufacture, and shorter routes with higher product selectivity. In

Figure 2.33 Non-acidic oxygen transfer reactions of MTO-pyridine in the presence of
hydrogen peroxide.



Halogen acid activation

Figure 2.34 Activation of hydrogen peroxide in the presence of sulfuric acid and halogen
acid.

particular, the design of new heterogeneous catalysts for liquid-phase oxidation
will play an important role in these developments. This is not only because they
offer the advantage of ease of recovery, but because they also offer the
possibility of designing site-isolated redox metal catalysts, similar to TS-I:
unique substrate chemio-, regio- and stereo-selectivities.

Two other hydrogen peroxide activation routes which need to be mentioned
in this section are Caro's acid and the generation of halogens with hydrogen
peroxide. The general schemes for their manufacture are shown in Figure 2.34.

Caro's acid is the name given to products obtained when strong sulfuric acid
and hydrogen peroxide are mixed. The active oxygen transfer species in the
system is peroxymonosulfuric acid (H2SO5). Equilibration is rapid at concen-
trations in the g dm~3 region or greater, and the reaction that occurs is
exothermic (largely due to the heat of dilution of sulfuric acid and water). The
amount of peroxomonosulfuric acid present in any mixture can be readily
predicted from the initial composition.

Peroxomonosulfate for synthesis applications can be derived from the triple
salt ( 2KHSO 5 -KHSO 4 -K 2 SO 4 ) . While this remains a convenient, though
relatively expensive, solid source for small-scale use, technology for controlled
generation of Caro's acid is now available.94 In general, the properties of
peroxomonosulfate systems in synthesis are similar to a mixture of percar-
boxylic acids and mineral acid (see Section 4). One important difference is their
use in the generation of dioxiranes, where they are uniquely suitable. A
drawback of the peroxomonosulfate system is the co-production of sulfate.
The sulfate may, however, be re-cycled in large scale application.

In strong acidic aqueous solutions, halogen acids, except for hydrogen
fluoride, are converted stoichiometrically to the free halogen by hydrogen
peroxide. In halogen substitution reactions, only half of the free halogen is
used, and the other half ends up as waste (X2 + RH -• RX + HX). However,
when hydrogen peroxide is employed, the HX by-product can be re-cycled and
reacted with hydrogen peroxide to produce the free halogen. Such recycle has
three benefits: avoidance of acid/salt effluent from the process, protection of
acid sensitive products and, for bromine and iodine, a cost saving. Figure 2.35
shows how the halogen generation process can be operated either via in situ
generation or ex situ generation.95 The hydrogen peroxide/hydrogen bromide
system is particularly convenient, and its uses are described more fully in
Chapter 3.



Ex-situ generation of X2

Figure 2.35 In situ and ex situ generation of free halogen for organic halogenation
applications.

In addition, the use of hydrogen peroxide and the halogen acid as primary
reactants avoids the need for free halogen storage on-site, which is not always
allowed or desirable. For greatest efficiency, the system must be operated at low
pH, as these conditions minimize any side-reactions (outlined in Figure 2.36).

Clean effluent

Separator

Free halogen reactor

In-situ halogenation

Halogenation reactor

Halogenation reactor



Figure 2.36 Competing side reactions during the preparation of free halogen from
hydrogen peroxide and hydrogen halide.

4 Activation of Hydrogen Peroxide in the Presence of
Organic Compounds

Activation of hydrogen peroxide can occur by interaction with an organic
compound. The following section will discuss this topic by reference to the
following system types:

• Percarboxylic acids, diacyl peroxides and peresters.
• Alkyl hydroperoxides and dialkyl peroxides.
• Percarboximidic acid.
• Dioxiranes.
• Miscellaneous.

Currently, percarboxylic acid compounds are generally the main species
employed for activating hydrogen peroxide towards electrophilic oxidation,
such as epoxidation, Baeyer-Villiger and heterocyclic jV-oxidation. Percar-
boxylic acids are usually prepared via an equilibrium reaction (Figure 2.37).

For most carboxylic acids, a strong acid must be added to achieve an
acceptable equilibrium rate. Sulfuric, sulfonic or phosphoric acids can be used,
although there are a few carboxylic acids strong enough to catalyse their own
peracid formation, notably formic and trifluoroacetic acid. Peracids themselves
are weakly acidic, with most \>Ka values in the range 7.5-8.5.96 For example,
peracetic acid has a pKa of 8.2 compared with acetic acid at 4.8. The two
peracids most relevant to the chemical industry are performic (HCO3H) and
peracetic (CH3CO3H). Performic acid is always generated in situ via the reaction
shown in Figure 2.37, as it is neither sufficiently stable nor safe to isolate as an
equilibrium mixture. Peracetic acid can, however, be used in a variety of forms
including in situ generation, and pre-formed equilibrium mixtures, distilled
aqueous solutions and solvent-extracted products.

In situ generation is a convenient method used for substrates which can
tolerate the acidity required to catalyse the equilibrium. If a faster reaction is
required, this can be achieved by using the strongest pre-formed products,
which typically contain 35-40% m/m peracetic acid with about 45% m/m

Figure 2.37 Equilibrium present when hydrogen peroxide reacts with a carboxylic acid.



acetic acid and < 15% m/m water, < 5% m/m residual hydrogen peroxide and
1 % m/m sulfuric acid or less. The acidity of the sulfuric acid can be suppressed
by addition of sodium acetate to the reaction mixture, and the effects of the free
acetic acid can be moderated by addition of bases such as sodium carbonate,
sodium hydrogenphosphate, or magnesium hydroxide. For highly acid-sensitive
reactions (such as epoxidations where the epoxide product is prone to ring
opening or Baeyer-Villiger oxidation of cyclic ketones where the lactone is
prone to ring opening), distilled peracetic acid may be used. Under a range of
controlled conditions, equilibrium mixtures can be distilled to give a product
containing essentially only peracetic acid (> 30% m/m) and water. This technol-
ogy has been proven on a plant scale97 and lends itself to the re-cycle of acetic
acid. Peracetic acid can also be extracted into organic solvents such as ethyl or
isopropyl acetates to give organic solutions containing over 20% m/m peracid.
These solutions are useful in the oxidation of water-sensitive substrates.

The in situ generation of performic and peracetic acids has an important
application in producing epoxidized soya bean oil (ESBO), a plasticizer and
stabilizer. The acetic acid is often re-cycled. Technology for the manufacture of
propylene oxide98 and of epichlorohydrin" using internal cycle systems for
peracetic or perpropionic acids has also been developed.

Peracids can also be prepared from reaction of hydrogen peroxide with acyl
halides, anhydrides, amides, dialkyl phosphates, N-acylimidazoles, aromatic
aldehydes, lipase catalysis and esters (Figure 2.38). 100~107

Tetraacetylethylenediamine (TAED) and pentaacetylglucose (PAG) are
employed as bleach pre-cursors of peracetic acid; this allows the bleach to
occur at a temperature lower than when hydrogen peroxide is used. Perhydro-
lysis of the sulfonated aromatic ester, shown in Figure 2.38, gives superb bleach
performance on textiles, probably due to the surface active properties of the
compound. The acyl dialkyphosphates and the N-acylimidazoles are also
effective peracetic acid precursors at low temperature.

Lipase has been employed to prepare peracids, usually in situ.l0S The lipase
catalysed peracid production from carboxylic acids has been used for the mild
epoxidation of alkenes.109 A number of immobilized Upases exist, including one
from Candida Antarctica (Novozym® 435), which catalyses the conversion of
fatty acids to peroxy fatty acids.110

Pre-formed peracids used in the laboratory include 3-chloroperbenzoic
acid,111 which is long established in synthesis, and magnesium monoperoxy-
phthalate.112 Polymer-supported percarboxylic acids have also been prepared
for organic synthesis purposes (Figure 2.39).113

Percarboxylic acids can be used for the epoxidation of alkenes,114

acetylenes,115 the hydroxylation of alkanes,116 and the oxidation of alcohols,117

and of sulfur118 and nitrogen compounds.119

Figure 2.40 illustrates some of the methods which can be employed
for the preparation of diacyl peroxides [(RCO2^], both symmetrical and
asymmetrical.120"122

Under normal circumstances, it is best to avoid the formation of diacyl
peroxides, because they are particularly hazardous. It is important to note that



Figure 2.38 Methods for the preparation of percarboxylic acids.



Figure 2.40 Methods for the preparation of diacyl peroxides.

when generating peracids from anhydrides, the peroxide should be kept in
excess to avoid diacyl peroxide formation. Diacyl peroxides can be cleaved
homolytically, and are often used as initiators for polymerization reactions.
Diacyl peroxides containing phenyl-, 4-nitrophenyl-, and -OC(CH3)2CCl3
groups are preferable due to their reasonable stability at ambient temperature.
Diacyl peroxides can react with enamines,123 aromatic hydrocarbons,124

phenols,125 and tertiary amines.126

The peroxyesters (peroxycarboxylates) are mentioned for the sake of com-
pleteness, although generally they are not prepared from hydrogen peroxide,
but from alkyl hydroperoxides with acylating agents.127 The esters generated
from primary and secondary alkyl hydroperoxides are particularly unstable,
and decompose easily to give carbonyl compounds and carboxylic acids. The
tertiary alkyl peroxycarboxylates are relatively more stable. However, again it is
advisable to avoid their generation. Their reaction chemistry is similar to that of
diacyl peroxides.

Figure 2.39 Preparation of supported per carboxylic acids.



H2O2 + OH" • HOO' + H2O

HOO" + R3CX • R3CO2H + X"

Figure 2.41 Preparation ofalkyl hydroperoxides.

Dialkyl peroxides, like diacyl peroxides and peroxyesters, are characterized
by homolysis of the O-O bond, which is promoted thermally, photochemically
or by transition metal catalysis. The combination of steric factors, and the poor
leaving group ability makes simple dialkyl peroxides (ROOR) almost unreactive
in heterolytic oxygen atom transfer.128 Consequently, no further mention of
these species will be made.

Alkyl hydroperoxides (ROOH), on the other hand, are more distinctly
reactive. They are generated via nucleophilic displacement of suitable substrates
by hydrogen peroxide in alkaline media (Figure 2.41).

The above method can also be used for the preparation of primary and
secondary hydroperoxides.129 In addition, the tertiary alkyl hydroperoxides
can be generated from the perhydrolysis of alcohols using concentrated
(> 50% m/m) hydrogen peroxide.130 Figure 2.42 summarizes a range of trans-
formations which can be carried out in the presence of alkyl hydroperoxides.

Generally, most oxygen transfer reactions employing alkyl hydroperoxides
require transition metal activation, since the alkoxide anions are relatively poor
leaving groups, even poorer than the hydroxide anion. The reasons why they are
sometimes employed in preference to hydrogen peroxide are as follows:

• Some alkyl hydroperoxides, such as TBHP (f-butyl hydroperoxide), are
less sensitive to contamination by metals compared to hydrogen peroxide
and percarboxylic acids. However, with the increased knowledge of
hydrogen peroxide stabilization, this point is somewhat negated.

• Alkyl hydroperoxides are readily soluble in hydrocarbon solvents. This is
an important advantage, as many of the solvents employed with hydrogen
peroxide can retard the catalyst's activity.

• Oxidations with alkyl hydroperoxides are carried out at close to neutral
conditions as possible, which makes them particularly useful towards the
derivatization of acid-sensitive substrates.

• The alcohol formed after the oxygen transfer is complete may be readily
removed by distillation.

• Some stereospecific epoxidations such as the Katsuki-Sharpless system
only function with alkyl hydroperoxides.

When alkaline hydrogen peroxide is added to organonitriles, the hydrogen
peroxide decomposes; this dismutation is known as the Radzizsewski reac-
tion.136 The initial product formed is a percarboximidic acid [RC(NH)OOH],
which can react either with more hydrogen peroxide to liberate oxygen and the
amide, or oxidize a substrate such as an olefin (Figure 2.43) in a similar way to a
percarboxylic acid.



Figure 2.42 Oxygen transfer to organic substrates using alky I hydroper oxides.

This system was discovered around 1960, and was first described by Payne.137

The method can be used for the mild epoxidation of a range of substrates.138 It
is a relatively safe and inexpensive route, and avoids the use of peroxycarboxylic
acids. Trichloroacetonitrile (Cl3CCN) and hydrogen peroxide afford a highly
efficient oxygen atom transfer agent for epoxidations.139 Substrates containing
carbonyl groups will not undergo Baeyer-Villiger oxidation with Payne's
reagent.140 The amide by-product of these reactions, which is usually precipi-
tated and hence easily separated, makes the system convenient for small-scale



Radzizsiewski reaction

Figure 2.43 Possible mechanism for the formation ofperoxyimidic acid from the addition
of hydrogen peroxide to organic nitriles.

synthesis. However, the stoichiometric production of the amide is a disadvan-
tage which has limited the industrial use of the system. In principle, acetamide
can be dehydrated back to acetonitrile using acid catalysts, but this is relatively
difficult. In spite of the drawbacks, it is believed that a hydrogen peroxide/
acetonitrile process for epoxidation has been used on an industrial scale.141

Isocyanates (R—N=C=O) as well as dialkylcarbodiimides (R—N=C=
N—R) can also serve in activating hydrogen peroxide to perform epoxidations
under mild conditions.142'143

The Payne system has been employed in the presence of antibodies to effect
catalytic enantioselective epoxidation of unfunctionalized alkenes.144 Interest-
ingly, Chen and co-workers145 have discovered that acetamide, at a slightly
acidic pH in the presence of hydrogen peroxide, can be employed for the
epoxidation of alkenes (Figure 2.44).145

The researchers proposed mechanisms for the reaction which involved either
in situ formation of performic acid or peroxyimidic acid (Figure 2.45).

Payne reaction

Figure 2.44 Epoxidation of alkenes in the presence of acetamide-hydrogen peroxide.



Figure 2.45 Possible mechanisms for the epoxidation of alkenes in the presence of
acetamide-hydrogen peroxide systems.

Dioxirane (RRZCO2) compounds are relatively new in the arsenal of the
synthetic chemist, however since the isolation of dimethyldioxirane by Murray
and Jeyaraman in 1985,146 it has become a very important oxidant for
preparative oxygen transfer chemistry.147 The dioxiranes are ideal oxidants in
that they are efficient in their oxygen atom transfer, exhibit high chemio- and
regio-selectivities, act catalytically, are mild towards the substrate and oxidized
product, and perform under strictly neutral conditions. The compounds are
prepared from peroxymonosulfate and ketones under neutral to mildly alkaline
conditions (Figure 2.46).

The most commonly employed ketone is acetone, however a more powerful
alternative is methyl trifluoromethyl ketone.148 The source of the peroxymono-
sulfate is either the triple salt ( 2KHSO 5 -KHSO 4 -K 2 SO 4 ) or neutralized Caro's
acid (nominally NaHSO5).

149 The scope of the method is limited by the
tendency of many ketones to undergo Baeyer-Villiger oxidation in the presence
of dioxirane formation (Figure 2.47).

Figure 2.46 Preparation of dioxiranes from peroxymonosulfate and ketones.



Figure 2.47 Baeyer-Villiger oxidation of cyclohexanone in the presence of peroxomono-
sulfate system.

Dioxiranes can either be used in situ or ex situ. The peroxymonosulfate used
to generate the dioxirane forms a stoichiometric amount of sulfate, which is
clearly a problem for re-cycle or disposal and has hindered its application on a
large scale. Despite this problem, dioxiranes have attracted interest as selective
delignification agents for pulp and paper, and it is claimed that the sulfate
problem, on this very large scale, can be solved.150 Figure 2.48 demonstrates
some of the oxygen atom transfer transformations which can be carried out
using dimethyldioxirane.

Recently, the question as to what the active oxidant is in ketone-peroxy-
monosulfate epoxidation has been raised by Armstrong.151 Armstrong carried
out a set of 18O-labelled experiments in an attempt to elucidate this question.
The work indicated that no transfer of the 18O label to the epoxide was observed
(Figure 2.49).

The explanation for these experimental results, i.e. the lack of label transfer, is
that the tetrahedral species (A) resulting from the addition of HSO^" to the
carbonyl group is capable of epoxidation. Ring closure of (A) is likely to be the
rate-determining step in dioxirane formation. This work is important from a
synthetic viewpoint, since it is crucial in the development of chiral ketones for
the catalytic asymmetric epoxidation and the design of probes of transition state
stereoselectivities that the nature of the oxidizing species is understood.

The discussion so far has been in relation to bimolecular electrophilic
oxidation by hydrogen peroxide via a two-electron donor substrate. However,
the oxidation process can also be envisaged as a single electron transfer process
(SET). The two mechanisms are not that dissimilar152 and can be viewed as two
sides of the same coin. The bimolecular mechanism can be visualized as an



Figure 2.48 Oxygen atom transfer ability of DMD with different substrates.

inner-sphere mechanism displacing the peroxygen bond, accompanied by ligand
transfer, with one of the OH groups of the peroxide having the role of the
bridging ligand, whilst the SET mechanism is substantially an outer-sphere
process. The concept of SET mechanisms playing a role in a number of
bimolecular processes is a popular one, and those interested in the subject
should read the book by Eberson.153 There are some reactions of organic
substrates and hydrogen peroxide which clearly show SET-type mechanisms.
For example, the oxidation of the radical cation l,l-dimethyl-4,4'-bipyridinium
dichloride is one such reaction.

Four-membered peroxides are an interesting group of compounds, and will
be discussed briefly. Such compounds have the ability to yield excited state
carbonyl fragments upon thermolysis;154 in such cases, chemiluminesence is
often observed. A classic illustration of this type of chemistry is the reaction of
hydrogen peroxide with oxalyl derivatives, for example, when the 2,4-dinitro-



Figure 2.49 Possible non-involvement of dioxiranes for the in situ epoxidation ofalkenes.

phenyl diester of oxalic acid is reacted with concentrated alkaline peroxide and
9,10-bis(phenylethylynl)anthracene. This system has some commercial applica-
tion in the manufacture of'chemical' torches.155

The three-membered peroxide systems produced from ketones in the presence
of peroxymonosulfate have been discussed separately above because of their
importance. There is, however, another three-membered ring peroxide which
needs noting: the reaction of alkoxysulfuranes with anhydrous hydrogen
peroxide. Such systems have been employed for the low temperature epoxida-
tion ofalkenes (Figure 2.50).156

Figure 2.50 Activation of hydrogen peroxide in the presence of alkoxysulfuranes.



Figure 2.51 Methods for the generation of singlet molecular oxygen from hydrogen
peroxide.

Finally, the decomposition of hydrogen peroxide can, under non-radical
pathways, give molecular oxygen in a singlet state (1O2,

 1Ag). There are a
number of ways in which singlet molecular oxygen can be generated, these are
illustrated in Figure 2.51.

Singlet oxygen can be used to oxidize a range of substrates, such as phenols,
acrylics, steroids and terpenes.162

5 Stabilization of Aqueous Hydrogen Peroxide
Hydrogen peroxide, when supplied commercially, is usually stabilized with
phosphates and tin(IV) materials. The tin compounds are effective at the
product's natural pH via hydro-colloid formation, which adsorbs transition
metals and reduces their catalytic activity. In the majority of cases, extra
stabilization is not required when hydrogen peroxide or its derivatives are used
in synthesis. Elevated temperatures and increased metal impurities all tend to
destabilize peroxygens, and where such conditions are unavoidable, additional
stabilizers may be employed, added either to the hydrogen peroxide or the
reaction mixture separately. Stabilizer type falls into two categories: seques-
trants and radical scavengers.



Polydentate ligands, usually aminocarboxylic acids (EDTA, DTPA, CDTA)
and phosphonic acids (EDTMP, DTPMP, CDTMP), will sequester many
transition metals and reduce their activity as decomposition catalysts, especially
in alkaline systems. They work by both co-ordinative saturation, and by
stabilizing the higher oxidation state of the metal, thus preventing its cycling
back to the lower oxidation state. The aminopolycarboxylates are good short-
term stabilizers for hydrogen peroxide, though DTPA is much better than
EDTA against iron, since the latter does not co-ordinatively saturate iron(II).
All tertiary nitrogen-containing sequestrants undergo N-oxidation with hydro-
gen peroxide over a period of days if added to 35% or 50% m/m products.163 In
the case of the aminocarboxylates, this drastically reduces the strength of the
binding to the metals, hence stabilization is impaired, and the sequestrant itself
is degraded. The phosphonates, on the other hand, remain strong chelating
agents even after N-oxidation. Relative effects of sequestrants in alkaline
hydrogen peroxide have also been examined.164 A useful nitrogen-free seques-
trant for hydrogen peroxide is 1-hydroxyethylidene diphosphonic acid (HEDP).
In general, solutions containing both percarboxylic acids and free hydrogen
peroxide are more prone to catalytic decomposition than either component
alone, since the two peroxides themselves behave as a redox couple.165

The sequestrant approach to stabilization is usually better than the scavenger
approach, as it is based on prevention rather than cure. It can, however, only act
on metal-based catalytic decomposition, and is poor in strongly acidic systems.

Radical scavengers can be used in addition to the sequestrant approach, or as
an alternative where sequestrants are not appropriate. Their use is based on
conversion of very reactive radicals, produced during chain decomposition
processes, to very stable radicals, hence stopping the chain mechanism. Simple
alcohols can be effective stabilizer components, as are almost all aromatic
compounds (commonly used as anti-oxidants in food or plastics), e.g. p-
hydroxybenzoates, butylated hydroxytoluene, anisole,/?-butylcatechol, gallates.
All of these materials give relatively stable radicals on one-electron oxidation.
Sequestrant N-oxides act as scavengers through one-electron oxidation to stable
nitroxides.166

6 Conclusion
The author hopes that the chapter has shown how the reactivity, and selectivity
towards oxygen transfer reactions of hydrogen peroxide can be utilized for
synthetic purposes. Generally, for laboratory and industrial application, activa-
tion of hydrogen peroxide by transition metal ions is the method of choice,
although in a number of cases, the transition metal route can lead to disposal
and environmental problems. The reaction of hydrogen peroxide with organic
compounds can, therefore, provide a viable alternative to metal ion activation.

The subject is highly relevant in the search for more effective, safe and
economical activation methods, employing hydrogen peroxide as the primary
oxidant source.
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CHAPTER 3

Application of Hydrogen
Peroxide for the Synthesis of Fine
Chemicals

1 Introduction
The use of hydrogen peroxide within the manufacture of bulk chemicals is
limited, mainly due to economic constraints, and consequently molecular
oxygen tends to be the oxidant of choice. Whilst the use of air and/or oxygen
methods of oxidation are outside the scope of this book, it is worth mentioning
that over the past decade a large body of research has been conducted
on selective oxidation of organic functional groups with such reagents.1"7

Generally, however, liquid-phase oxidations with molecular oxygen are radical
chain processes,8 and the intermediate alkylperoxy and alkoxy radicals are
largely indiscriminate in their reactivity. Selective oxidation is normally only
observed with relatively small molecules containing one reactive group. Thus,
although molecular oxygen is a relatively cheap oxidant with limited waste
problems, its scope is usually limited to a small number of simple petro-
chemicals.

The economics of fine chemical and pharmaceutical production, in contrast,
allows a broader range of primary oxidants to be employed. Indeed, even
though hydrogen peroxide is more expensive than oxygen, it can be the oxidant
of choice because of its simplicity of operation, i.e. in fine chemical and
pharmaceutical use, the total cost of equipment and raw material may be lower
for oxidation employing hydrogen peroxide over oxygen.9

This chapter will introduce the reader to the following areas of synthetic
organic chemistry using peroxygen reagents:

• Epoxidation of alkenes.
• Hydroxylation of alkenes.
• Cleavage of double bonds.
• Alcohol oxidation.
• Carbonyl oxidation



• Aromatic side chain oxidation.
• Organo-nitrogen oxidation.
• Organo-sulfur oxidation.
• Halogenation.
• Reactions at aromatic nuclei.

The chapter will be mainly concerned with homogeneous liquid-phase oxidation
of organic substrates. For a discussion on heterogeneous liquid-phase oxida-
tion, refer to Chapter 4.

2 Epoxidation of Alkenes
Epoxidation is an oxygen-transfer reaction for which hydrogen peroxide and its
derivatives are particularly well suited. This is related to the fact that a wide
range of peroxygen systems have been successfully applied to a series of alkene
types, and some of these applications are amongst the longest established
industrial uses of peroxygens. Epoxides are valuable and versatile commercial
intermediates owing to the large range of reactions they undergo. The majority
of transformations occur with active hydrogen compounds (Figure 3.1) such as

Figure 3.1 Ring opening reactions of epoxides in the presence of active hydrogen
compounds.



ammonia, amines, organic acids, alcohols and sulfur compounds.10 Epoxides
undergo re-arrangement to carbonyl compounds11 or allyl alcohols.12

Polymerization of short chain diepoxides is an important industrial route to
cross-linked polymers.13

The reaction of alkenes with peroxycarboxylic acids to produce epoxides was
discovered by Prilezhaev over 80 years ago.14 It is still the most widely used
method for epoxidation, and considerable work has been carried out to
elucidate the mechanism. The commonly accepted explanation for oxirane
formation involves a cyclic polar process where the proton is transferred
intramolecularly to the carbonyl oxygen, with simultaneous attack by the
alkene 7c-bond. This concerted process was suggested by Bartlett,15 and
because of the unique planar transition structure it is referred to as the
'butterfly' mechanism (Figure 3.2).

The oxygen atom transfer from a peroxy acid to an alkene is facilitated
by electron-donating substituents on the carbon-carbon double bond and
electron-withdrawing groups on the peroxy acid.16 Further, conclusions which
can be made from the experimental data collected over the years, include:

• cis-Alkenes react faster than corresponding fraws-alkenes.
• Cycloalkenes generally react much faster than dialkyl-substituted

alkenes.
• The effect of aryl substituents is minimal giving only small increases in

rate.
• In a conjugated diene, the first double bond will be epoxidized at a faster

rate than the second double bond.
• Strained alkenes such as norbornene react faster relative to unstrained

alkenes such as cyclohexene.
• Electron-withdrawing groups present in the alkene markedly reduce the

reaction rate, e.g. ketones, carboxylic acids or esters.

Figure 3.2 Bartlett 'butterfly' mechanism for the epoxidation of alkenes with peroxy-
carboxylic acids.



The order of reactivity of the peroxy acid increases with the pKa value,
i.e. peroxytrifluoroacetic > monopermaleic > /7-nitroperbenzoic > m-chloro-
perbenzoic > performic > perbenzoic > peracetic.

On the basis of theoretical studies by Bach and co-workers,17 it was found
that the nucleophilic 7i-bond of the alkene attacks the O-O cr-bond in an SN2
fashion with displacement of a neutral carboxylic acid. There are, however,
some mechanistic anomalies. For example, a protonated peracid should be a
much more effective oxygen transfer agent over its neutral counterpart, but
experiments have shown only modest rate enhancements for acid catalysed
epoxidation. Early attempts to effect acid catalysis in alkene epoxidation where
relatively weak acids such as benzoic acid were employed proved unsuccessful.18

The picture is further complicated by contradictory data concerning the
influence of addition of acids on epoxidation rates.19 Trichloroacetic acid
catalyses the rate of epoxidation of stilbene with perbenzoic acid, but retards
the rate of a double bond containing an ester constituent such as ethyl
crotonate.20 Recent work has shown that a seven-fold increase in the rate of
epoxidation of Z-cyclooctene with m-chloroperbenzoic acid is observed upon
addition of the catalyst trifluoroacetic acid.21 Kinetic and theoretical studies
suggest that the rate increase is due to complexation of the peroxy acid with the
undissociated acid catalyst (HA) rather than protonation of the peroxy acid. Ab
initio calculations have shown that the free energy of ethylene with peroxy-
formic acid is lowered by about 3 kcal moP1 upon complexation with the
catalyst.21

In certain circumstances, neighbouring functional groups may alter the
direction of the peroxy acid attack. For example, with norbornene the exo-
epoxide is formed, whereas under identical conditions, 7,7-dimethylnorbornene
reacts to give predominantly the endo-epoxide (Figure 3.3).22

The rate of epoxidation is also affected by solvent. The reaction is particularly
facilitated by chlorinated solvents. More polar solvents, particularly hydrogen
bonding types, greatly decrease the rate of reaction. This considerable reduction

Figure 3.3 Effect of neighbouring functional groups on the epoxidation of norbornene
derivatives.

Exo-epoxide

Endo-epoxide



Figure 3.4 Disruption of intramolecular bonding of a per acid species via a hydrogen
bonding solvent.

in epoxidation rate is due to disruption of the percarbonyl ring to form
intermolecularly hydrogen bonded adducts (Figure 3.4).

The selection of a peracid for epoxidation is not solely dependent on the
alkene and peracid structures. The stability of the resulting epoxide ring
produced during oxidation has a significant effect on product yield, since
stability is affected by electronic factors, i.e. electron-withdrawing groups
reduce the oxirane stability. For example, epichlorohydrin is less stable than
propylene oxide to ring-opening with organic acids. Carboxylic acids attack
epoxides to produce mono-esters of diols. Mineral acids have a marked catalytic
effect on ring cleavage. The ability of a carboxylic acid to give ring opening
increases with decreasing pKa value. Loss of epoxide in the presence of acids is
the major cause of low yield. However, losses can be minimized with careful
choice of peracid and reaction conditions.

The simplest and generally most economic means of epoxidation is to
generate the percarboxylic acid in the reaction medium (Figure 3.5).

The alkene substrate is first dispersed in the reactor with the carboxylic acid in
the presence of a solvent if necessary. Addition of hydrogen peroxide forms the
peracid which facilitates epoxidation, and re-generates the carboxylic acid for
further reaction. In consequence only low levels of carboxylic acid are required
(0.2-0.3 mol per mol of double bond). This also has the advantage of reducing
epoxide loss to acid-catalysed ring-opening. The application of two phases with
or without the presence of solvent also improves the efficiency of the epoxida-
tion. Peracids most suited to epoxidation in situ are performic and peracetic
acid.

Figure 3.5 Epoxidation of an alkene via the in situ generation of a peracid.



Table 3.1 Typical procedures for the epoxidation of soyabean oil using in situ
per formic and per acetic acid

In situ performic acid Parameter In situ per acetic acid Parameter

Soyabean oil 1 unit Soyabean oil 1 unit
Formic acid 0.14 units Acetic acid 0.2 units
H2O2 (70% m/m) 0.3 units H2O2 (70% m/m) 0.3 units
Temperature (0C) 60 H2SO4 (98% m/m) 0.01 units
Reaction time (h) 8-10 Temperature (0C) 60

Reaction time (h) 10-15

Formic acid is a relatively strong acid and can self-catalyse the formation of
the peracid. In contrast, peracetic acid may only be generated by the addition of
a strong acid catalyst. The acids normally employed are sulfuric, phosphoric or
a cationic exchange resin. Some processes also use these catalysts in conjunction
with performic acid to decrease reaction time and limit the quantity of formic
acid used. This is economically important as formic acid cannot be recovered to
reduce costs.

Performic acid is an unstable, hazardous percarboxylic acid, and must always
be generated in situ. Epoxidation with in situ performic and peracetic acid are
well established commercial processes. They find application in the epoxidation
of alkenes, particularly those of high molecular weight. Many such epoxides are
produced on a large scale, and can be classified as vegetable oils, unsaturated
esters, unsaturated acids, a-alkenes, natural polymers and synthetic polymers.
The most important vegetable oil which is epoxidized commercially is soyabean
oil. World production of epoxidized soyabean oil (ESBO) exceeds 150000
metric tons per annum. Epoxidized linseed oil is also important, but produced
at a lower rate than ESBO. Both products are formed by usual in situ performic
and peracetic acid techniques.23'24 Typical procedures are outlined in Table
3.I.25

Synthetic polymers from alkene monomers are also a major target for
epoxidizers. Polyisoprenes,26 polybutenes and polybutadienes have all been
epoxidized by general in situ peracid methods. In the case of liquid polybuta-
dienes, a wide range of types is available. Products with varying contents of 1,4-
cis, 1,4-trans, and 1,2-vinyl alkene groups are available (Figure 3.6).

Epoxidation order: 1,4-trans > 1,4-cis > 1,2-vinyl

Figure 3.6 Epoxidation of poly alkene materials with in situ formed per acids.



Table 3.2 Epoxidation of olefins employing in situ per acids from a UHP \ acid
anhydride system

Time Isolated
Substrate Product (h) yield (%) Reference

Styrene Styrene oxidea 17 60 28
a-Methylstyrene l-Phenyl-l-methyloxidea 10 75 29
Oct-1-ene 1,2-Epoxyoctane*5 0.5 88 30
Phenyl allyl ether l,2-Epoxy-3-phenoxypropanec 20 57 31
Chloresterol 3-/?-Trifluoroacetoxy-5,6a- 16 62

epoxycholestrane0

Methyl methacrylate Methyl 2-methyl-2,3- 1 56 28
epoxypropanoated

Geranyl acetate 6,7-Epoxygeranyl acetateb 5 82 32
Linalool 2-Methyl-5-(2'-propyl-2'-hydroxy)- 4 64 33

2-vinyl tetrahydrofuran0

a (CH3CO)2O, UHP, Na2HPO4, CH2Cl2, R.T.; b (CF3CO)2O, UHP, Na2HPO4, CH2Cl2, reflux;
c (CF3CO)2O, UHP, Na2HPO4, CH2Cl2, RX; d (CH3CO)2O, UHP, Na2HPO4, CH2Cl2, reflux.

On a laboratory scale, one particular method of producing in situ peracids for
epoxidation of a wide range of substrates under mild conditions is via the use of
urea hydrogen peroxide (UHP) in the presence of organic anhydrides.27 The
anhydride must be added slowly to the UHP, solvent and substrate to generate
the peracid. If the UHP is added to the substrate, solvent and anhydride, the
unstable and potentially explosive diacyl peroxides can be formed. Table 3.2
illustrates a number of substrates which have been epoxidized using this reagent
system.

Lipases over the last decade have become more prevalent in organic
synthesis. As a consequence of such activity, the lipases are now recognized
as efficient, and useful catalysts for the modification of fats and oils by
acidolysis of triglycerides, and for the synthesis or hydrolysis of carboxylic
acid esters.34 Lipases have also been used to catalyse the formation of
peroxycarboxylic acids from the parent carboxylic acid and hydrogen per-
oxide. Bjorkling and co-workers have shown that immobilized lipases, such as
Candida antarctica and Candida cylindracea, could perform exceptionally well
in toluene or hexane as solvents.35 The results were in accordance with the
observation that lipases generally perform better for synthetic purposes in
water-immiscible organic solvents compared with water-miscible ones.36 The
oxidation using lipases is therefore carried out in a two-phase system. For
liquid alkenes, the immobilized enzyme is simply dispersed in the substrate
with a catalytic amount of carboxylic acid (generally octanoic), and the
hydrogen peroxide is added slowly. Close to quantitative yields of the
epoxide are obtained, however, terminal alkenes react relatively slowly with
the system (Figure 3.7).

The lipase method of in situ peracid formation is relatively safe, and the
selectivity to epoxide, i.e. the amount of epoxide formed compared with the



Figure 3.7 Epoxidation of alkenes by lipase catalysed per acid formation in a two-phase
system.

conversion of the substrate {e.g. when yield = conversion, the selectivity is
100%) is generally greater than 90%. The method in the near future may be
employed for the large scale manufacture of epoxides, even sensitive ones such
as those based on terpene structures.

Where unsaturated compounds cannot be epoxidized via in situ techniques
then equilibrium per acids or solvent extracted peracids are frequently used. The
equilibrium peracetic acid is often used stoichiometrically and is the favoured
method for unreactive alkenes. Kinetics favour the use of equilibrium peracids
over in situ techniques. Ring opening is still, however, a major side-reaction but



Figure 3.9 Epoxidation of trans-stilbene with buffered per acetic acid.

is generally more easily controlled by the use of aprotic solvents. The sulfuric
acid content in the equilibrium peracetic acid is normally neutralized with
sodium acetate. Buffered peracetic acid prepared in this way should only be used
fresh. The solvent-free epoxidation of dicyclopentadiene is an example of the
use of buffered peracetic acid (Figure 3.8).

/r<ms-Stilbene is an example of the epoxidation of an electron-rich double
bond using buffered peracetic acid (Figure 3.9).

Acid-labile epoxides undergo epoxide ring opening reactions even with weak
acids, including acetic acid. Therefore, an inorganic base in the solid form is
used sometimes with a solvent to minimize yield loss. The base is often sodium
carbonate, disodium dihydrogen orthophosphate or magnesium hydroxide, and
is normally added in large excess based on the total acid present in the peracid
mixture.39 oc-Pinene is an industrially important product used in the flavour and
fragrance field, which is epoxidized using equilibrium peracetic acid in the
presence of sodium acetate and sodium carbonate (Figure 3.10).

Distilled aqueous peracetic acid is a high purity source of the peracid.40 The
major advantages of the distilled aqueous peracetic acid are that it contains no
mineral acid, it has a low level of free acetic acid and it has a high water content.
The lack of mineral acid and low acetic acid content can have advantages in

Yield 93 %; selectivity 97 %

Figure 3.10 Epoxidation ofa-pinene with buffered peracetic acid.

Yield 75 %; selectivity 98 %

Figure 3.8 Epoxidation of dicyclopentadiene in the presence of buffered peracetic acid.



terms of reactivity, and the high water content makes the system inherently safer
than the methods outlined above. The main disadvantage is a relatively high
reversion rate back to hydrogen peroxide and acetic acid, which makes it
difficult to transport. Hence, it is produced on the site where it is intended to be
used.

A variety of substrates can be epoxidized with distilled aqueous peracetic
acid. It can be used directly with more robust substrates or for more sensitive
alkenes in conjunction with a buffer. Examples of the former group include
soyabean oil, stilbenes and synthetic polymers. Cyclohexene, isoamylene and
styrene are examples of the latter class (Figure 3.11).

Other examples employing aqueous peracetic acid with alkene substrates
have been reported.41 One example of its use is the diepoxidation of 1,5-
dimethyl-1,5-cyclooctadiene.42

In summary, peracetic acid in aqueous solution is an efficient reagent for the
epoxidation of a variety of substrates, however, it should be used relatively
quickly after its preparation. Sensitive substrates like isoamylene also require a
buffer such as sodium hydrogen carbonate to affect high yield of the epoxide.
Solvent extraction of an appropriate source of a peracid can lead to organic
solutions of the oxidation species. Such methods have been available for many
years,43 however, very few are amenable to more than a small scale operation.

Figure 3.11 Epoxidation of alkenes in the presence of aqueous peracetic acid.



Figure 3.12 Application ofsolvent-extracted per acetic acid for epoxidation of a range of
alkenes.

The approaches to anhydrous or essentially anhydrous solutions include
reaction of the acid anhydride with hydrogen peroxide in the presence of a
solvent,44 oxidation of the analogous aldehyde45 and azeotropic removal of
water during peracid formation.46 By far the easiest and safest method is to
simply extract the equilibrium peracid into an appropriate solvent.47 The
solvents usually employed are ethyl acetate or isopropyl acetate. A range of
substrates has been epoxidized using such extracted peracids (Figure 3.12).

Whilst the bulk of epoxidations are carried out with in situ performic or
peracetic acids, a range of other peracids have been employed (Figure 3.13).

PTFAA is generally prepared by adding trifluoroacetic anhydride to very
concentrated aqueous hydrogen peroxide or to UHP. The peracid is much more
reactive than other peracids usually used for epoxidation.48 Buffers have to be
used with such a system together with low temperatures.49 MMPP50 is a non-
shock-sensitive and non-deflagrating peroxygen compound, which has been
used effectively for a range of epoxidations. MCPBA was first employed around
1951 for epoxidation51 and has been widely used on a small scale. MCPBA will
epoxidize a wide range of olefins and heterocyclic-containing olefins.52 The
relatively hazardous nature of MCPBA makes it a less desirable oxidant against
MMPP. Amongst other peracids used in epoxidation are monoperphthalic,53 /?-
nitroperbenzoic acid54 and permaleic acid (Figure 3.14).55



Figure 3.13 Range of per acids used to prepare epoxides.

The only widely used direct method of epoxidizing olefins using hydrogen
peroxide is under alkaline conditions. Alkaline hydrogen peroxide has the
advantage of being cheap and easy to operate. However, chemically its use is
restricted to the epoxidation of olefins deactivated by electron-withdrawing
groups. Industrial processes must be designed with care as hydrogen peroxide
rapidly decomposes at high pH, and organic peroxides can be formed as by-
products of the reaction. Alkaline hydrogen peroxide can be used to epoxidize
stereoselectively. For example, when the two isomers of 3-methylpent-2-en-4-
one are epoxidized, the same isomer is obtained in each case.56 Other substrates
epoxidized using alkaline hydrogen peroxide include acrolein57 and isophor-
one,58 unsaturated sulfones,59 nitro compounds,60 vinyl phosphonates61 and
fluorine compounds.62 Alkaline hydrogen peroxide is used for the preparation
of 3-methyl-2-epoxycyclopentanone63 and epoxy-a-damascone.64 Epoxy-a-
damascone is an important intermediate in the production of the flavouring
corylone (Figure 3.15).

Mildly basic conditions can be provided using quaternary ammonium
fluorides with aqueous hydrogen peroxide in dimethyl sulfoxide solution. For
example, carvone gives 82% epoxide in six hours at room temperature. The
method is particularly suited to base-sensitive substrates such as cinnamalde-
hyde.65

Alkaline hydrogen peroxide can be reacted with organic nitriles (Payne's
reagent) to produce an effective epoxidizing system. The active species is a
peroxyimidic acid, which is similar in structure to percarboxylic acids but is not
isolated.66 Acetonitrile or benzonitrile are generally used as the nitrile source.
The method is useful for the preparation of acid-labile epoxides such as
glycidylaldehyde diethylacetal67 and can also be used to epoxidize unsaturated
ketones without affecting the carbonyl function. The main drawback with the
system, which hinders its wider use industrially, is the formation of the co-
product amide, which has to be disposed of, sold, used captively or dehydrated

Peroxytrifluoroacetic acid

(PTFAA)

3-Chloroperbenzoic acid

(MCPBA)

Magnesium monoperoxyphthalate

(MMPP)

Permaleic acid

(PMA)

Perbenzoic acid

(PBA)

Monoperphthalic acid

(MPPA)



Figure 3.14 Epoxidation using a range of per acids.



Corylone

Figure 3.15 Preparation of corylone using alkaline hydrogen peroxide.

back to the nitrile. However, all the methods have problems associated with
them. For example, the dehydration of the amide is technically quite complex,
and yields are industrially unattractive. Recently, Reymond and Chen have
shown that amides can be activated towards hydrogen peroxide for the
preparation of epoxides.68 The route alleviates the problem inherent in the
Payne system and may lead to an attractive industrial process in the near future.
Figure 3.16 illustrates the numerous methods employed to activate hydrogen
peroxide towards epoxidation of olefins.

Ketones can also be activated to act as epoxidizing agents using the triple salt
of peroxymonosulfate (KHSO 5 ^KHSO 4 -K 2 SO 4 ) 6 9 or partially neutralized
Caro's acid (NaHSO5)

70 under strictly neutral conditions. The active oxidant
in the system is believed to be a three-membered ring peroxide known as a
dioxirane (Figure 3.17).71 The most common ketone employed is acetone,
although for a more reactive system, methyl trifluoromethyl acetone can be
used.

The dioxiranes can be used via either an in situ10 or an ex situ method.71 If the
in situ method can be tolerated then better yields are afforded based on the
primary oxidant employed, i.e. the peroxymonosulfate, whereas isolation of the
dioxirane only yields about 5-10% based on the peroxymonosulfate. The in situ
method is carried out in a two-phase manner, employing a solvent such as
dichloromethane or toluene. The epoxidation ability of the dioxiranes is
excellent, and the conditions relatively mild. The majority of epoxidations are
carried out at ambient temperatures and pressures. Figure 3.18 summarizes the
various epoxides which can be prepared in the presence of dimethyldioxirane
(DMD).

The method is remarkably versatile, and can be used for both electron-rich,
and electron-deficient substrates. Unfortunately, because of the need to use
peroxymonosulfate, the method is industrially limited due to the high salt
loading.

A wide range of catalytic systems using peroxides has been developed for the
epoxidation of olefins. Inorganic compounds, in particular molybdenum,



Figure 3.16 Compounds employed for the activation of alkaline hydrogen peroxide.

tungsten, selenium and boron will epoxidize olefins in the presence of hydrogen
peroxide via the formation of metal hydroperoxides or metal peroxo species.72

Olefins such as propylene and cyclohexene can be epoxidized in good yield with
boron or arsenic compounds in the presence of hydrogen peroxide. The system
works best under anhydrous conditions, and water is often removed azeotropi-
cally.73 Good results have been obtained with a wide range of olefins using



Figure 3.17 Preparation of dioxiranes from peroxymonosulfate under neutral conditions.

stoichiometric quantities of metaboric acid (HBO2) due to in situ formation of
orthoboric acid. Propylene is epoxidized in 99% yield using such a system.74

Arsenic has also been used in a heterogeneous form, the arsenic species being
bound to a cross-linked polystyrene matrix.75 Selenium dioxide with hydrogen
peroxide has also been found to be useful for the epoxidation of olefins.
However, the product isolated depends upon the nature of the olefin.76 For
example, cyclooctene and cyclododecane can be epoxidized with high selectively

Figure 3.18 Epoxidation ofolefinic compounds with dimethyldioxirane.



(97% and 96% respectively), whilst cyclohexene and norbornene under the
same conditions give the corresponding diols. Selenium dioxide/hydrogen
peroxide systems in the presence of aromatic nitrogen bases will epoxidize
cyclohexene in 93% selectivity.77 Inorganic rhenium compounds such as Re2O7

or ReO3 have been known for a long time to exhibit modest catalytic activity for
hydrogen peroxide based oxidations.78 However, methylrhenium trioxide
(MTO)/hydrogen peroxide systems are a relatively recent addition to the
arsenal for the epoxidation of olefins.79 The work of Hermann is seminal in
this area of oxidation chemistry and has focussed on the preparation of
organometallic rhenium compounds. However, the presence of water in such
systems tends to be detrimental to the epoxide yield, due to acid catalysed side-
reactions. Hermann's group only managed modest increases in selectivity.80 The
epoxide instability was somewhat alleviated by Sharpless and co-workers81

when it was found that addition of an excess of a tertiary nitrogen base, e.g.
pyridine, dramatically suppressed epoxide ring opening reactions (Figure 3.19).

The pyridine co-catalyst performs three important functions. Firstly, it
accelerates the catalytic turnover, secondly, it prevents decomposition of the
epoxide product and finally, in sufficient concentration, the pyridine increases
the lifetime of the catalyst. Table 3.3 illustrates some of the substrates which
have been epoxidized using the MTO/hydrogen peroxide/pyridine system.

Tungstate-catalysed epoxidation of olefins dates back to about 1949 with the
work of Mugden and Young.82 The influence of reaction conditions with
tungstate/hydrogen peroxide systems has been extensively studied with maleic
acids as substrates83 and good yields of the epoxy acids were obtained.84 The
active catalyst was suggested by Mimoun to be a ligated metal-peroxo species.85

The peroxo complexes can be used to carry out epoxidation stoichiometrically86

but also have the capacity to be employed in a catalytic fashion, usually in a
two-phase mixture for the epoxidation of water-immiscible compounds.87

Selectivity towards olefin oxidation in bifunctional molecules is affected by

Figure 3.19 Epoxidation of 1-phenylcyclohexene by the MTO/pyridinejhydrogen perox-
ide system.



pH. Neutral complexes have higher activity than anionic complexes in electro-
philic oxidation and for these species phase transfer efficiency depends upon the
ligands.88 It has been suggested that diols can accelerate the epoxidation
reaction with peroxo complexes.89 A feature of the aqueous chemistry of
molybdenum and tungsten is their strong tendency to associate, forming
polynuclear species; this, combined with ligand oxidizability and recovery
problems, has caused a bias towards pre-formed polynuclear complexes for
practical epoxidation with hydrogen peroxide.

Extensive work has been carried out on the use of M4Y and Mi2Y polyoxo
complexes (M = W, Mo; Y = P, As) as catalysts for the activation of hydrogen
peroxide towards epoxidation. Such species are negatively charged and are used
with a cationic phase transfer agent, usually a quaternary ammonium salt in a
chlorinated solvent like 1,2-dichloroethane. Various epoxidations of olefins and
allylic alcohols have been performed.90 Venturello has developed phosphotung-
state catalysts for epoxidation91 with particular emphasis on W4P species
(Figure 3.20).92

Table 3.3 MTO!hydrogen peroxide catalysed epoxidation of olefins*

Substrate Product Isolated yield (%) Selectivity (%)

82

96

86

97

95

97

98

99

98

99

99

99



Figure 3.20 In situ formation of phosphotungstate species for epoxidation ofolefins.

The Aliquat™ 336 (methyltrioctylammonium chloride) is used as a phase
transfer agent. The system does show signs of inactivity as the reaction proceeds
which is believed to be due to poisoning by the epoxide product. However, new
metal substituted heteropolyacid complexes have been developed which do not
suffer from such deactivation. For example, [FeJ(BPW4C)3^]10" is one such
complex which is also stable to solvolysis by hydrogen peroxide.93 Recently, a
catalytic system consisting of sodium tungstate dihydrate, (aminoethyl)phos-
phonic acid and methyltrioctylammonium hydrogensulfate has been developed
for the epoxidation of olefins using 30% m/m hydrogen peroxide.94 The reaction
proceeds in high yield without solvent, or alternatively with added toluene
under entirely halide-free conditions. Lipophilic ammonium hydrogensulfate
replaces the conventional chloride and an (a-aminoalkyl)phosphonic acid is
crucial for high reactivity. The method is operationally simple, environmentally
benign and much more economical than oxidation with MCPBA. The process
was found to epoxidize a range of substrates, including terminal olefins such as
1,1- and 1,2-substituted olefins, and tri- and tetra-substituted olefins, as well as
allylic alcohols, esters, a,/?-unsaturated ketones and ethers (Figure 3.21).

The other main group elements which form peroxo complexes are d6 and d8

systems in group VIII including iridium, palladium and platinum. The ̂ u-peroxo
complexes do not generally catalyse the epoxidation of olefins with hydrogen
peroxide,95'96 but it has been found that trifluoromethyl-substituted Pd(II) and
Pt(II) hydroperoxides will perform such a transformation.97

Metalloporphyrins are a versatile class of redox active species which occur
widely in nature. Peroxidase enzymes usually based on iron porphyrins catalyse
bio-oxidation with peroxides. Even more powerful are the cytochrome P450
mono-oxygenases which normally use molecular oxygen with a co-reductant,
but can equally well be employed with peroxides. Work aimed at understanding
these systems has led to the development of simple porphyrins which are
efficient oxidation catalysts.98 The best epoxidation catalyst based on a
porphyrin system has been prepared by Mansuy's group,99 which uses a
manganese porphyrin together with an imidazole base as an axial ligand. The
base also reduces side-reactions. Iron-based porphyrins have also been used
with hydrogen peroxide as efficacious epoxidation catalysts.100

A number of heterogeneous metal peroxo systems have been developed for



Na2WO4/NH2CH2PO3H2/[CH3(n-C8H17)3N]HSO4/H2O2.

Figure 3.21 Epoxidation ofolefins with 30% m/m hydrogen peroxide.

use as epoxidation catalysts. Titanium(IV) oxide supported on silica has been
claimed to be an effective catlyst for the epoxidation of allyl chloride with
cumene hydroperoxide.101 Titanium silicalites, which have titanium incorpo-
rated in the zeolite framework, have been developed for a wide range of
oxidations including epoxidation with aqueous hydrogen peroxide.102 The use
of the system is limited by the size of the substrate, which all have to pass down
zeolite channels of about 5.5 A in diameter. Solvay Interox have developed a
supported heteropolyacid catalyst system which makes catalyst recovery easier
and does not significantly leach catalyst into the liquid phase.103 Tellurinic acid
immobilized on polystyrene has been reported to oxidize cyclohexene to the
epoxide in the presence of hydrogen peroxide.104 It should be noted that the
system has no homogeneous analogue. The application of heterogeneous
oxidation catalysts will be expanded upon in Chapter 4.

Finally, /-butyl hydroperoxide (TBHP) is an important epoxidizing agent,
particularly when coupled with titanium(IV) and organic chiral templates such
as D-( — )- or L-( + )-dialkyltartrate for asymmetric synthesis.105 Enantioselective
epoxidation has been attempted with several other peroxygen systems including
(+ )-2-heptahelicenonitrile with alkaline hydrogen peroxide,106 quinium benzyl
chloride with alkaline hydrogen peroxide,107 polypeptides with alkaline hydro-
gen peroxide,108 chiral molybdenum(VI) diperoxo complexes109 and chiral
dioxiranes (Figure 3.22).no

3 Hydroxylation of Olefins
The hydroxylation of olefins can be considered as the addition of hydrogen
peroxide across a double bond to produce a vicinal diol. Where the epoxide is
formed as an intermediate, the diol product is usually trans with respect to the
olefin (Figure 3.23).



Figure 3.22 Stereospecific epoxidation ofolefins with hydrogen peroxide.



Figure 3.23 Addition of hydrogen peroxide to olefins.

Long chain aliphatic v/c-diols and their derivatives have properties which
make them useful as modifiers in protective coatings, plastics, lubricants, waxes,
emulsifiers and textile finishing agents.

There are very few examples of direct hydroxylation of olefins using
hydrogen peroxide, since these methods are limited to polymer applications
or derivatization of natural products. Vinyl monomers have been hydroxy-
lated in an alcoholic medium using acidic hydrogen peroxide;111 normally the
acid is methanesulfonic. Natural rubber has also been hydroxylated, and
simultaneously depolymerized by employing a hydrogen peroxide/UV
system.112 The product distribution can be altered by varying the irradiation
time.

Peracid methods are a popular choice for hydroxylation of olefins and
generally more forcing conditions are required compared with epoxidation.
Performic and peracetic acids are usually employed. A convenient and efficient
method is to dissolve the olefin in an excess of the carboxylic acid and to slowly
add the hydrogen peroxide to the mixture.113 When formic acid is employed, the
acidity is usually sufficient to effect hydroxylation via the hydroxyformate
(Figure 3.24).

There have been attempts to lower the formic acid and hydrogen peroxide
consumption.114"116 However, to date there has been limited success, the main
reason being that the in situ performic acid can quickly decompose to water and
carbon dioxide.

Peracetic acid has also been used117 and the procedure is similar to that
outlined for performic, except that it is often necessary to add sulfuric acid in

Figure 3.24 Formation of1,2-vic-diols from olefins in the presence of hydrogen peroxide!
formic acid.



Figure 3.25 Hydroxylation ofolefins to vic-diols using in situ formed per acetic acid.

order to attain equilibrium to the peracid more quickly. The intermediate
epoxide can either be isolated or directly acid-catalysed through to the diol. The
isolated epoxide is usually treated with excess hydroxide to form the diol (Figure
3.25).

The peracid methods invariably open the epoxide with reversion of con-
figuration, i.e. trans-diol formation. Aryl substituents, however, are converted
to the ds-diols with retention of configuration.118"120 Olefins which have been
hydroxylated by means of in situ percarboxylic acid techniques include cyclo-
hexene (65-73%),121 dodecane (91 %) 1 2 2 and oleic acid (99%).123 Chlorestrol
has been rrarcs-hydroxylated with performic acid in high yield (91%).124

Pentane-l,2-diol is an important intermediate for the production of fungi-
cides125 and can be continuously prepared by reacting pent-1-ene with a
solution of perpropionic acid in benzene, and subsequent hydrolysis of the
epoxide.126 The diol yield of 92% from the alkene is much higher than with
performic acid (Figure 3.26).116

A number of catalytic systems have been devised based on the activation of
hydrogen peroxide for olefin hydroxylation. Olefins have been hydroxylated
using tungstic acid/hydrogen peroxide in unbuffered media.127 Olefins which
have been hydroxylated in this way are oleic acid, methyl oleate and maleic
acid,128 and if a suitable alcohol is employed (methanol, ethanol, isopropanol or
tertiary butanol),129 cyclohexene can be hydroxylated. The kinetics and
mechanism of the system have been investigated.130 A number of other catalyst
systems based on heteropolyacids have been used to hydroxylate allyl alcohol to
glycerol. The workers believed the rate-determining step was the breakdown of
the phosphotungstate complex which dissociates under acidic conditions.131

The sodium tungstate/hydrogen peroxide/phosphoric acid system in the



Figure 3.27 Hydroxylation of cn-methylstyrene using a phosphotungstate system.

presence of a quaternary ammonium salt has been effectively employed to
hydroxylate a-methylstyrene (Figure 3.27).132

Homogeneous oxidation of isolated isomers of methylcyclohexene into the
corresponding glycols has been studied with a hydrogen peroxide/molybdenum
oxobromide complex.133 The yield of the glycols was optimized using statistic-
ally designed experiments. Oxidation of cyclic olefins over mixed Mo/W
heteropolyacids has also been applied to hydroxylation with hydrogen per-
oxide. The workers found that the ratio Mo:W had a dramatic effect on the
yield of the v/c-diols.134 Finishina and co-workers have reported the preparation
of 2-methylfuran from penta-l,3-diene.135 The oxidation goes through hydroxy-
lated intermediates. The reaction is performed with palladium(II) salts and
hydrogen peroxide. Varying the solution pH, penta-l,3-diene:oxidant ratio and
temperature allows for an optimal yield of 2-methylfuran (ca. 88%) to be
realized. The workers derived a mechanism based on 1H NMR spectroscopic
data and kinetic rate determination (Figure 3.28).

In acidic solutions, the reaction was found to proceed through pathway (a).
Isomeric dihydroxypentanones (I and II) were formed in small yields, and led to
the formation of side-products. The mechanism of the reaction is still unclear,
however the specific oxidizing properties of hydrogen peroxide probably plays
an important role.

Metal silicalite catalysts based on ZSM-5 zeolite type materials have been
used for the hydroxylation of olefins. The silicalites need to contain a certain
amount OfAlO2 units to be active.136

Oxidation systems based on osmium have been extensively researched for the
hydroxylation of olefins. Hydrogen peroxide/OsO4 (Milas reagent) will hydro-

Figure 3.26 Hydroxylation ofpent-1-ene using perpropionic acid.



Figure 3.28 Palladium (II)!hydrogen peroxide route to 2-methylfuran involving hydroxy-
lation.

xylate olefins stereospecifically to ds-glycols.137 Osmium tetraoxide has also
been immobilized on cross-linked resins bearing a tertiary amine group, and
used in the presence of secondary oxidants (hydrogen peroxide, peracetic acid,
trimethylamine oxide) to hydroxylate olefins. For example, styrene affords 80%
of the diol product (Figure 3.29).138

An osmium catalyst with an alkyl hydroperoxide, halide promoter and an
alkaline earth co-catalyst can be used to produce v/c-diols in moderate to good
yield (44-70%) with excellent selectivity up to 95%.139

4 Oxidative Cleavage of Olefins
Oxidative cleavage of carbon-carbon double bonds or v/odiols can lead to
aldehydes, ketones or carboxylic acids depending upon the conditions
employed. Oxidative cleavage of olefins is important from the viewpoint of



( P ) = Cross-linked polystyrene resin

Figure 3.29 Hydroxylation ofstyrene using a supported osmium catalyst.

synthesizing systems containing carbonyl functions and has been used to
determine molecular structure. Oxidative cleavage of v/c-diol moieties in
sugars has been used for the preparation of chiral synthons.140 Oxidants such
as chromium trioxide,141 lead tetraoxide142 and periodic acid143 are all well
known reagents for the cleavage of carbon-carbon double bonds. However,
these oxidants contain high loadings of heavy metals, and are therefore
restricted in their use. Consequently, it is the intention of this section to
introduce the reader to the concept of employing peroxygen species for the
oxidative cleavage of olefins.

The direct use of hydrogen peroxide has rarely been shown to be of practical
value in the cleavage of double bonds. However, olefins which are activated
towards nucleophilic attack are sometimes cleaved by excess alkaline hydrogen
peroxide. For example, a-keto olefins can be cleaved to the aldehydes144 and
cinnamaldehyde is cleaved via the epoxide to benzaldehyde (Figure 3.30).145

Peracids themselves produce epoxides and diols from alkenes but are not
powerful enough to oxidize these further by cleaving the carbon-carbon bond.
However, in the presence of transition metals they will cleave alkenes and diols
to give, usually, carboxylic acids. For example, peracids in combination with
ruthenium compounds are well known in this capacity (Figure 3.31).146'147

Warwel and co-workers have reported the cleavage of alkenes using peracetic
acid and the ruthenium catalyst, Ru(acac)3.

148

The oxidation catalyst is believed to be ruthenium tetraoxide based on work
by Engle,149 who showed that alkenes could be cleaved with stoichiometric
amounts of ruthenium tetraoxide. Suitable solvents for the Ru/peracid systems
are water and hexane, the alkene (if liquid) and aromatic compounds. Complex-
ing solvents like dimethylformamide, acetonitrile and ethers, and the addition
of nitrogen-complexing agents decrease the catalytic system's activity. It has
also been found that the system has to be carefully buffered otherwise the yield
of the resulting carboxylic acid drops drastically.150 The influence of various
ruthenium compounds has also been studied, and generally most simple and
complex ruthenium salts are active. The two exceptions are Ru-red and Ru-
metal, which are both inferior to the others. Ruthenium to olefin molar ratios as
low as 1/20000 will afford excellent cleavage yields (> 70%). v/c-Diols are also



Figure 3.30 Oxidative cleavage of cinnamaldehyde to benzaldehyde using alkaline hydro-
gen peroxide.

converted to carboxylic acids in the presence of metal ions (Co, Mn, etc.) under
essentially non-aqueous conditions.151

As with percarboxylic acids, hydrogen peroxide usually requires metal
activation.151"154 Peroxo complexes of d0 transition metals can often be used
to cleave olefins. Tungstic acid cleaves olefins to the carboxylic acid using
35% m/m hydrogen peroxide.154 Sodium tungstate has also been reported to

Figure 3.31 Catalytic cycle of the ruthenium-catalysed cleavage of olefins in the presence
of percarboxylic acids.



Figure 3.32 Cleavage ofolefins with hydrogen peroxide/vanadiumf V) systems.

cleave 1,2,3,6-tetrahydrophthalic acid to butane-1,2,3,4-tetracarboxylic acid, a
useful sequestrant.155 Processes are also described for the conversion of
olefins156 or epoxides157 to aldehydes (in mixtures with diols) by using hydrogen
peroxide in a non-aqueous solvent in the presence of molybdenum compounds
such as molybdenum(III) acetylacetonate. A subsequent patent uses boron
compounds such as boric anhydride or esters as additional reactants when
epoxides are the starting materials.158 From the fact that epoxide cleavage
required no metal catalysts but only boron compounds,159 it may be concluded
that the role of the metal catalyst is in epoxide formation. The subsequent steps
promoted by the boron compounds might well involve formation of a hydroxy-
hydroperoxy intermediate and its fragmentation.160 The formation of glutar-
aldehyde from cyclopentene is a typical example.

Mo(VI) peroxo complexes have also been used in the cleavage ofolefins both
stoichiometrically and catalytically.161 A phase transfer agent can also be used
with substrates insoluble in water. Cetylpyridinium chloride162 and tetra-
alkylphosphonium chlorides163 have been used with metal peroxo compounds
to effect olefin cleavage. Vanadium(V) compounds164 such as vanadyl acetate165

have also been employed for the cleavage of arylalkenes and fluorinated olefins
in the presence of hydrogen peroxide (Figure 3.32).

The use of a ruthenium compound with hydrogen peroxide has probably
been the most extensively studied system for olefin cleavage.167'168 Sheldon and
co-workers have used Ru-Bi complexes with hydrogen peroxide for the
oxidative cleavage of /ra/w-cyclohexane diol and methyl-a-D-glucopyrano-
side.168 Work at Solvay Interox has shown that a two-phase system with two
metal complexes, molybdenum(VI) oxide, and ruthenium(III) chloride, can be
employed for the cleavage ofolefins with hydrogen peroxide.169 The reason for
using the mixed metal system was an attempt to reduce the amount of
hydrogen peroxide which normally has to be used with ruthenium catalysts
due to dismutation side-reactions. The molybdenum catalyst effectively
hydroxylated the olefin, whilst the ruthenium compound cleaved the resulting
diol (Figure 3.33).

Table 3.4 illustrates the effective cleavage of several olefins in the presence of
the Ru(III)/Mo(VI)/hydrogen peroxide system.



Figure 3.33 Catalytic cleavage of olefins using a mixed ruthenium (III) /molybde-
num (VI)/hydrogen peroxide system.

Table 3.4 Cleavage of olefins using a Ru(III) /Mo(VI) /hydrogen peroxide
system*

Substrate Conversion (%) Acid yield (%) Aldehyde yield (%)

Oleicacid 100 Azelaic (100) —
Nonanoic (43)

Styrene 100 42 49
Non-2-ene 100 62 —
Stilbene 100 — 65
4-Chlorostyrene 100 30 33
Castor oil — Heptanoic (42) —

at-Butanol (50 ml), MoO3 (0.2 g), RuCl3 (0.03 g), didecyldimethylammonium bromide (0.4 g),
substrate/hydrogen peroxide ratio 1:8, 80 0C, 4 h.

Hydrogen peroxide with Milas reagent is also suitable for the cleavage of
olefins. The system has been used to prepare aromatic aldehydes such as
anisaldehyde from anethole, pipernal from isosafrole and vanilin from iso-
eugenol.170'171 Hydrogen peroxide and chromium(III) can be used to cleave
methyl methacrylate to methyl pyruvate.172

Recently, a number of v/c-diols have been efficiently cleaved employing a
heteropolyacid/hydrogen peroxide system under phase-transfer conditions.173

The conversions of the substrates were 60-100% and selectivities to the
carboxylic acids were 30-98%.

Heterogeneous systems have also been developed for the cleavage of olefins
with hydrogen peroxide.174'175 Titanium-containing zeolites can be used to
cleave olefins.176 Adam and co-workers have recently shown that acetophenone,
an oxidation product from the Ti-zeolite catalysed oxidation of a-methyl-
styrene, derives from 2-hydroxyperoxy-2-phenylpropan-1 -ol as an intermediate
(which they detected and isolated) (Figure 3.34).177



Figure 3.34 Cleavage of a-methylstyrene with a hydrogen per oxide I titanium zeolite
system involving the production of2-hydroxy-2-phenylpropan-l-ol.

On an industrial scale, the traditional method for cleavage of carbon-carbon
double bonds is ozonolysis, used for the manufacture of azelaic acid and
nonanoic acids from oleic acid, and of butane tetracarboxylic acid from
tetrahydrophthalic anhydride. The process is effectively a quantitative and
mild process.178 However, it is capital and energy intensive. The intermediate
ozonide is worked up either reductively or oxidatively to produce the aldehyde,
ketone or carboxylic acid. Hydrogen peroxide is the common oxidizing agent
used in the second step.179"181 Oxygen can also be used either alone182 or in
combination with zeolites.183 Reviews on ozonolysis are available and the
reader is directed to reference 184 for further information.

5 Oxidation of Alcohols
The oxidation of alchols can be readily carried out using peroxygen reagents.
The extensive range of methods available makes it possible to achieve the
oxidation of a wide variety of both aliphatic and aromatic primary and
secondary alcohols, often in a highly selective manner.

Direct activation methods are not normally successful for the oxidation of
alcohols using hydrogen peroxide. An advantage of this is that alcohols can
often be used as solvents for other oxidations, which do not use direct activation
methods. However, hydroxy ketals can be cleaved with aqueous hydrogen
peroxide, and the ene-diol of L-ascorbic acid can be oxidized with sodium
perborate.185 Under the conditions employed, it is likely that the active oxidant
is free hydrogen peroxide rather than any boron species.

Peroxides may be used to oxidize alcohols, but additional activation is usually
necessary for successful reaction to take place. An early example of this was the
use of catalytic amounts of 2,2,6,6-tetramethylpiperidine hydrochloride



Figure 3.35 Activation of MCPBA with TMP-HCl for the oxidation of alcohols.

(TMP«HC1) in conjunction with 3-chloroperbenzoic acid (MCPBA) to oxidize
alcohols to aldehydes or ketones in good yield (Figure 3.35).186

A number of variations on the system, including the use of the nitroxyl radical
of TMP-HCl187 and of perbenzoic acid,188 have been described. Unsaturated
substrates are converted to epoxyketones.187 By adding excess peracid, further
conversion of ketones to esters via Baeyer-Villiger re-arrangement is possible.
MCPBA may be used to oxidize sterically unhindered, acid-stable alcohols in
the presence of hydrochloric acid using dimethylformamide or tetrahydrofuran
solvents.189

Simpler, aliphatic peracids can also be used for alcohol oxidation under
certain conditions. Morimoto and co-workers have reported the smooth
oxidation of secondary alcohols and benzylic alcohols to the corresponding
carbonyl compounds using peracetic acid (PAA) in the presence of 0.5-1.5
equivalents of sodium bromide in acetic acid solution (Figure 3.36).190

Primary aliphatic alcohols were oxidized slowly using the system but gave
only poor yields (< 10%).

Metal species, including chromium,191 iron,192 cobalt,193 cerium194 and
ruthenium195 compounds, have also been used to catalyse alcohol oxidation
with peracetic acid.

A wide range of catalytic systems, with hydrogen peroxide as the primary

Figure 3.36 Activation of peracetic acid towards secondary and benzylic alcohol oxidation.



a Yields based on alcohol; phase-transfer agent is Aliquat® 336.

oxidant, are available for the selective oxidation of alcohols. Tungsten and
molybdenum species used under phase-transfer conditions (Table 3.5) have
been found to be particularly effective and versatile for such oxidations.196'197

The oxidation of primary alcohols to aldehydes or secondary alcohols to
ketones do not, in general, over-oxidize to the carboxylic acid or ester,
respectively (Figure 3.37).

Muzart's group has recently described the use of molybdenum catalysts with
the hydrogen peroxide adduct, sodium percarbonate and a phase-transfer
agent.198 The molybdenum catalyst used in the study was MoO2(acac)2, and
the solvents screened were dichloroethane and acetonitrile. The active species is
a Mo peroxo complex and in common with other methods based on Mo and W
catalysts, secondary, allylic and benzylic alcohols react quickly, and give higher
yields of carbonyl product than primary aliphatic alcohols.

Mechanistic studies on the behaviour of Mo(VI) peroxo complexes reveal that
the anionic peroxospecies of general formula [Mo(O2),,(OH)(H2O)m_i]~ are
particularly efficacious for the oxidation of secondary alcohols.199 Tungsten(VI)

Table 3.5 Oxidation of alcohols to the corresponding carbonyl compounds with
hydrogen peroxide catalysed by Mo(VI) or W(VI) complexes under
phase-transfer conditions at 70°Ca

Substrate Catalyst Product Yield (%)

Mo(VI)

W(VI)

Mo(VI)

W(VI)

Mo(VI)

88

97

85

93

97



Figure 3.37 Oxidation of alcohols in the presence of molybdenum ( VI) j hydrogen peroxide
systems.

species were also found to behave in a similar fashion.200 Table 3.5 summarises a
number of secondary alcohols which have been oxidized with hydrogen
peroxide in the presence of Mo(VI) or W(VI) complexes.

It should be noted that generally, the tungsten complexes are more efficient
catalysts than their analogous molybdenum complexes. One reason for the
difference may be due to the slight differences in the //-oxo (M-O) bond lengths
in the two complex types.

Heteropolyacid species of tungsten and molybdenum in the presence of
hydrogen peroxide have also been employed for alcohol oxidation, again
under phase-transfer conditions (Figure 3.38).201

Griffith has recently reported the synthesis and use of lanthanide hetero-
polyacid complexes with aqueous hydrogen peroxide for the oxidation of
secondary alcohols.202 The complexes were [LnWi0O36]9" and
[Ln(PWIiO3Q)2]

11" (Ln = La, Pr, Sm, Tb). However, the active oxidant was



X3 = Tris(cetylpyridinium).

Figure 3.38 Oxidation of alcohols with heteropolyacid species in the presence of hydrogen
peroxide.

found, via Raman studies, to be [W2O3(O2MH2O)^,203 ie. the lanthanide was
effectively dormant.

Ruthenium(III) chloride has been shown to be particularly effective with
hydrogen peroxide for the oxidation of alcohols under phase-transfer condi-
tions.204 Primary alcohols are converted to acids, allylic and secondary alcohols
to ketones, and benzyl alcohols to either benzaldehydes or benzoic acids.

The problem of heavy metal contamination of effluent streams which can
result from the use of homogeneous catalysts, whilst not insurmountable, can be
eliminated by the use of heterogeneous catalysts such as titanium silicalite205

and phosphotungstic acid on alumina206 with hydrogen peroxide as the primary
oxidant.



A number of other peroxygen based methods are known for alcohol
oxidations. These include both organic peroxides, such as /-butyl hydro-
peroxide, and inorganic species such as perdisulfates. In all cases, the presence
of metal species to catalyse the reaction is required.

The ability of hydrogen peroxide to oxidize hydrogen bromide to bromine,
and of bromine to oxidize alcohols, has also been exploited widely. Such
reactions may proceed smoothly giving high yields of the desired products.
Any excess hydrogen bromide can be re-cycled efficiently, thereby minimizing
any problems associated with effluent. Photolytic conditions are, however,
necessary in some instances (Figure 3.39).207

However, benzyl alcohols can be converted to benzaldehydes even in the
dark.208 It has been reported that catalytic amounts of HBr may be used for this
reaction.209 Primary aliphatic alcohols give rise to carboxylic esters. Catalytic
amounts of bromine itself have been used, instead of HBr in the oxidation of
lactate esters to pyruvates.210

Figure 3.39 Oxidation of alcohols using a hydrogen peroxide/hydrogen bromide oxidation
system.



6 Oxidation of Carbonyl Compounds
6.1 Oxidation of Aldehydes

Aldehydes are readily oxidized by peroxygen species. Two reaction pathways
generally operate (Figure 3.40): oxidation to carboxylic acids or, less com-
monly, rearrangement to formate esters (cf. Baeyer-Villiger oxidation in 6.2)
which may hydrolyse to a hydroxy compound containing one less carbon atom
compared with the starting material. Both pathways involve a common
hydroxyperoxy intermediate, rearrangement only occurring when the attached
group has a high migratory tendency.

Whilst the reactivity of the aldehyde function offers a number of synthetic
possibilities, care must be taken in oxidizing aldehydes with peroxygens,
especially in neutral, anhydrous conditions. The hydroxyperoxy intermediate
may be stable enough for dangerous concentrations to accumulate in the
reaction mixture, or it may react further, including self-condensation, to form
highly explosive organic peroxygen species.211'212 Safe procedures which avoid
the formation of such intermediates are highlighted below. Further information
on the safe handling of peroxygen reagents is provided in Chapter 1.

Hydrogen peroxide is an effective oxidant for aromatic aldehydes.213 It is
normally used under alkaline conditions to reduce the possibility of forming
explosive intermediates. In many cases the products of the reaction are
carboxylic acids. Piperonal, for example, is oxidized to the corresponding acid
(Figure 3.41).214

Aldehydes which contain electron-releasing substituents in the ortho or para
position give phenol products via a formate intermediate. This reaction is
known as the Dakin reaction, the oxidation of salicylaldehyde being a classic
example (Figure 3.42).215

Although dilute sodium hydroxide is often employed to maintain the alkaline

Figure 3.40 Two competing pathways operating during the oxidation of aldehydes with
peroxygen species.



Figure 3.42 Dakin reaction of aromatic aldehydes to phenols in the presence of alkaline
hydrogen peroxide.

conditions of these reactions, other bases may be used. pH control is often
critical to minimize formation of alcohol by-product via the Cannizzaro
reaction. Amines are particularly effective in the oxidation of heterocyclic
aldehydes, including thiophene-2-carboxaldehyde and furfural (Figure 3.43).216

Hydrogen peroxide is prone to decomposition under alkaline conditions. To
counteract this problem, stabilizers, which may be used under strongly alkaline
conditions, can be employed. The oxidation of 4-isopropylbenzaldehyde to 4-
isopropylbenzoic acid requires significantly less hydrogen peroxide when the
appropriate stabilizer is used (Figure 3.44).

Although alkaline conditions are normally employed, for reasons of safety it
is occasionally advantageous to operate under neutral conditions where, for
example, oxidation of benzaldehydes to benzoic acids may be desired rather
than the Dakin reaction.210 Conversely alkyl benzaldehydes, which under most
conditions would be expected to yield the corresponding benzoic acids, have
been reported to undergo the Dakin-type reaction yielding alkyl phenols in the
presence of strong acids.220

Figure 3.41 Oxidation ofpiperonal with alkaline hydrogen peroxide.



Figure 3.44 The effect of stabilizer on the oxidation of 4-isopropylbenzaldehyde.

Percarboxylic acids readily oxidize both aliphatic and aromatic aldehydes to
carboxylic acids.221 Peracetic acid has been the most widely applied. Both pre-
formed peracetic acid and in situ species may be used (Figure 3.45).211

It should be noted that unsaturated aldehydes undergo carbonyl oxidation
rather than epoxidation or hydroxylation.222 Aromatic aldehydes containing
electron-releasing groups in the ortho or para positions give products arising
from migration in a manner analogous to the Dakin reaction.

More complex pre-formed pereacids, such as 3-chloroperbenzoic acid223 or
the magnesium salt of monoperoxyphthalic acid,224 may also be used to oxidize
aromatic aldehydes, either to carboxylic acids or phenols.

Figure 3.43 Use of an amine base with hydrogen peroxide to effect aldehyde oxidation.

Stabilizer

None
Dequest® 2060 (ref. 217)
Mykon®CIX(ref.218)

Hydrogen peroxide
(mol equivalent)

5.1
4.4
3.9

Yield (%)

85
88
90



Figure 3.45 Use ofper acetic acid to effect the oxidation of aldehydes to carboxylic acids.

Peroxymonosulfuric acid (Caro's acid, H2SO5) and its salts may be used to
oxidize aldehydes. Although early results were poor compared with the use of
organic peracids, good yields of esters have been obtained when reactions are
carried out in the presence of alcohols.225 Unsaturated and aromatic aldehydes
undergo analogous reactions. It is believed that hemiacetal formation occurs in
these reactions, and that it is this species which is oxidized, rather than the
aldehyde.

The ready oxidation of aldehydes using direct activation and peracid methods
have meant that there has been little need for the development of catalytic
methods for these oxidations. A number of catalytic methods involving
selenium species have, however, been examined.226'227 Such methods may be
useful for reactions which are difficult using normal reagents. For example,
aromatic aldehydes having polycondensed ring systems or electron-donating
substituents may be converted to phenols via formates by the action of
hydrogen peroxide in the presence of a range of organoselenium compounds.
Materials which would not normally be considered to be sufficiently activated to
undergo Dakin type reactions may react in this way (Figure 3.46).228

A few examples of the use of transition metal catalysis in conjunction with
hydrogen peroxide for aldehyde oxidations have also been reported.228'229

A number of other peroxygen reagents have been used for aldehyde oxida-
tion. In particular, solid adducts of hydrogen peroxide such as urea-hydrogen
peroxide (UHP) can generate peracids conveniently in situ.230 This can be
applied to the oxidation of benzaldehydes (Figure 3.47). The products are those
expected to form typical peracid reactions and are obtained under mild
conditions in good yield.



Figure 3.47 UHP (acetic anhydride systems used for the oxidation of aromatic aldehydes.

Sodium perborate tetrahydrate (PBS-4) has been shown to oxidize a wide
range of aromatic aldehydes to acids in excellent yield under mild conditions in
acetic acid solvent (Figure 3.48).231

Organic peroxygen compounds other than peracids have not found wide use
in aldehyde oxidation, although some examples of the use of organic hydroper-
oxides, including /-butyl peroxides (TBHP) and 2-hydroperoxyhexafluoro-
propan-2-ol have been reported.213

Figure 3.46 Catalytic oxidation of aromatic aldehydes to phenols in the presence of
selenium compounds and hydrogen peroxide.



Figure 3.48 Use of PB S-41 acetic acid systems for the oxidation of aromatic aldehydes to
benzoic acids.

6,2 Oxidation of Ketones

Ketones may be oxidized by peroxygen species under a range of conditions. The
most common reaction involves the formation of esters, or in the case of cyclic
ketones, lactones. This is known as the Baeyer-Villiger reaction.232"235 This
reaction can occur under acidic or alkaline conditions (Figure 3.49), first
outlined by Criegee.236

The ability of the R or R' groups to migrate determines the ease of reaction
and which products dominate in the case of unsymmetrical ketones. The
following sequence is observed for the migratory tendency of different groups:

tertiary alkyl > cyclohexyl > secondary alkyl > benzyl > phenyl > primary
alkyl > methyl > haloalkyl.



Figure 3.49 Acid- and base-catalysed Baeyer-Villiger oxidation of ke tones with per oxy-
gen compounds.

The nature of the migrating group is not, however, the sole factor determining
the outcome of a particular reaction; the acidity of the reaction medium237 and
the nature of the oxidant238 also have an influence.

The chemistry of hydrogen peroxide with ketones is complex. For example,
the acid-catalysed reaction of butan-2-one yields seven distinct products.239

Some of these are highly dangerous and the reaction of hydrogen peroxide with
ketones should not be undertaken without stringent hazard assessment and
safety precautions having been put in place. Hydrogen peroxide, has, however
been widely used for Baeyer-Villiger oxidation under both acid and alkaline
conditions, such that the initially formed peroxides decompose immediately
rather than building up in the mixture.

Relatively weak acids such as acetic acid are sufficient to catalyse the reaction
of rigid polycyclic ketones to the corresponding lactones, as in the case of
adamantanone.239 Stronger protic acids have been used with substrates which
are more resistant to oxidation, e.g. octan-2-one (Figure 3.50).240

Under these conditions, however, stable peroxides may form and poly-
merization of lactones can occur. Lewis acids, e.g. BF3, SbF5, have been used
to activate hydrogen peroxide in similar Baeyer-Villiger oxidations.241

Treatment of cyclic ketones (Figure 3.51) under acid conditions can give rise
to dimeric cycloalkylidene peroxides, which on thermolysis give lactones and
CO2 (the Story synthesis).242

Whilst yields are generally low, this is a useful method for preparing large ring
compounds, including a number of important musk compounds used in
perfumes.

Baeyer-Villiger reactions also occur under alkaline conditions, although
poorer results are usually obtained compared with the use of peracids (see



below). A notable exception is the conversion of cyclobutanones to butyrolac-
tones.243'244 Alkaline hydrogen peroxide may also be used to cleave hydroxy-
ketones to carboxylic acid products,245 e.g. benzoin to benzoic acid (Figure
3.52).

Percarboxylic acids have been used widely in Baeyer-Villiger oxidation.
Peracetic acid is one of the most commonly used peracids; distilled peracetic
acid is employed commercially by Solvay Interox for the production of s-
caprolactone.246 The use of distilled peracetic acid is essential, as it contains no
strong protic acids which can catalyse polymerization of the resulting lactone
and cause other side reactions. Figure 3.53 illustrates the use of pre-formed
peracetic acid for the Baeyer-Villiger oxidation of ketones.247'248

Peracids formed in situ (e.g. performic acid) may also be used for the Baeyer-

Figure 3.51 Story synthesis oflactones.

Figure 3.50 A cid-catalysed Baeyer- Villiger oxidation of ketones with hydrogen peroxide.



Figure 3.53 Baeyer—Villiger oxidation ofketones usingpre-formedper'acetic acid.

Figure 3.52 Base-assisted Baeyer-Villiger oxidation ofketones with hydrogen peroxide.



Figure 3.54 Oxidation ofketones using in situ formed peracids.

Villiger reactions.249 Acetophenones may be converted readily into phenyl
acetates,250 which may be hydrolysed to phenols in their own right, e.g.
hydroquinone monoacetate (HQMA) (Figure 3.54).

For reactions where the presence of strong acids may give undesirable side
reactions, such as lactone ring-opening, pre-formed peracids such as
MCPBA,251 permaleic acid,252 monoperphthalic253 or MMPP254 may be used
as alternatives to distilled peracetic acid (Figure 3.55).

Some ketones are resistant to oxidation with simple peracids in which case
trifluoroperacetic acid is the reagent of choice (Figure 3.56).255

Whilst catalysts are not normally required for Baeyer-Villiger oxidation
using peracids, boron trifluoride etherate has been used to activate peracetic
acid in the preparation of macrocyclic ketones (Figure 3.57).256

Cyclic ketones may be converted to cyclic ethers via the oxidation of the
corresponding diethyl ketal using MCPBA.257 This reaction is formally a double
Baeyer-Villiger type oxidation followed by elimination of diethylcarbonate
(Figure 3.58).

Peroxymonosulfuric acid (Caro's acid H2SO5) was the reagent employed
originally by Baeyer and Villiger in 1899 for the oxidation of alicyclic
ketones.258 Since then it has only been used to a limited extent, probably
because under aqueous conditions it favours formation of peroxides, and in
organic solvents the use of organic peracids is more convenient. In some cases,
however, peroxymonosulfuric acid, generated in situ from hydrogen peroxide
and concentrated sulfuric acid, may give good yields where percarboxylic acids
fail or are only successful under hazardous conditions. One example is the
oxidation of 4,4'-difluorobenzophenone.258



Figure 3.55 Oxidation ofketones with non-peracetic acid oxidants.

Figure 3.56 Baeyer-Villiger oxidation with trifluoroperacetic acid.

Figure 3.57 Activation ofperacetic acid with BF3'OEt for macrocyclic ketone oxidation.



Figure 3.59 Use of dioxiranesfor the Baeyer-Villiger oxidation ofketones.

Under neutral conditions, peroxymonosulfate can be used to convert some
ketones to stable dioxiranes.259 The dioxiranes then re-arrange to esters or
lactones (Figure 3.59). Dioxirane formation may involve the same intermediate
as proposed by Criegee for the Baeyer-Villiger reaction. The combination of an
oxidant, which provides a good leaving group, and a ketone-bearing group with
a high migratory tendency should be used for Baeyer-Villiger transformations.

In addition to simple acids and bases, other materials have been used as
catalysts for Baeyer-Villiger oxidations using hydrogen peroxide. Selenium
compounds have received most attention,260"263 one example being the use of
polymer-bound benzene selenic acid for the oxidation of small-ring ketones.264

Under acidic or neutral conditions, selenium dioxide catalyses oxidative ring
contraction with hydrogen peroxide as the primary oxidant (Figure 3.60).265

This reaction probably involves a selenium(VI) species rather than the
selenium(IV) species believed to catalyse the Baeyer-Villiger reaction.258

Other species (Figure 3,61) which have been examined as catalysts for

Figure 3.58 Formation of ethers via the double Baeyer—Villiger reaction using MCPBA as
the oxidant.



Figure 3.61 Catalytic activation of hydrogen peroxide for the Baeyer-Villiger oxidation
of cyclic hetones.

Figure 3.60 Ring contraction of cyclic ketones with selenium dioxide in the presence of
hydrogen peroxide.



Figure 3.62 Iron (II) activation of hydrogen peroxide to produce ring-opened methyl
esters from cyclic ketones.

Baeyer-Villiger oxidation include molybdenum and tungsten compounds,266

platinum complexes267 and arsenic derivatives impregnated onto polymeric
supports.268 Zeolites have also been used as heterogeneous catalysts in the
conversion of cyclic ketones to lactones or the corresponding hydroxy car-
boxylic acids.269 Alumina-supported phosphotungstic acid has been found to be
useful for catalysing the conversion of cyclohexanone to £-caprolactone in acetic
acid solvent.270

In the presence of iron(II) catalysts, cyclic peroxides formed from hydrogen
peroxide and the corresponding ketones undergo ring-opening and dimeriza-
tion to give diacid derivatives, e.g. the dimethyl ester of sebacic acid (Figure
3.62).271

Baeyer-Villiger oxidation of ketones using persalts and acetic anhydride has
been studied by Tao and co-workers. Sodium percarbonate is said to perform
well for cyclic ketones with yields of lactone being typically 80%, but aromatic
ketones only give good yields if the ring is activated. Reactions are assisted by
ultrasound.272 Sodium perborate similarly gives good yields of lactones from
cyclic ketones with acetic anhydride.273 Sodium perborate in acetic acid gives
good results for Baeyer-Villiger oxidation of aromatic ketones having at least
one group which migrates readily.274 Replacement of some or all of the acetic
acid by trifluoroacetic acid increases the potency of the reaction mixture, and
extends the scope of the reaction. Sodium perborate in acetic acid has also been
used to cleave aromatic 1,2-diketones and hydroxy-ketals to carboxylic acids.275

Peroxymonophosphoric acid has also been used for Baeyer-Villiger oxida-
tion. Acetophenones are reported to be converted to aryl acetates at higher rates
and in better yields when this reagent is used in preference to peracetic or
perbenzoic acid.276

Organic peroxides are not generally useful reagents for Baeyer-Villiger type
oxidation under basic conditions, however, aryl ketones may be oxidized to
Baeyer-Villiger type products in low yields.277 Under these conditions, alkyl
groups migrate in preference to aryl groups, and the intermediate ester is not
isolated.

Boric acid derivatives are reported to catalyse lactone formation from cyclic
ketones using hydroperoxide oxidants.278

Bis(trimethylsilyl)peroxide may be used for the oxidation of molecules



Figure 3.63 Preparation of jasmine lactone with bis (trimethylsilyl) peroxide.

containing acid sensitive groups.279 Jasmine lactone has been produced from Z-
2-(pent-2-enyl)cyclopentanone without the need to protect the double bond
(Figure 3.63).

7 Oxidation of Aromatic Side-chains
The oxidation of an aromatic side chain is an industrially important process.
However, the transformation of toluenes to benzaldehydes and benzoic acids is
relatively difficult to perform. The most demanding stage is the introduction of
the initial oxygen, as subsequent conversion between oxidation levels is easier
(Figure 3.64).

The products of such oxidations are useful intermediates in areas such as
agrochemical, perfumery, pharmaceutical and polymer chemicals. Tradition-
ally, transition metal oxidants such as manganese and chromium compounds
have been used in the chemical industry over many years.280 Some side-chain
oxidation is carried out on a very large scale using air as the oxidant.281 Such
oxidation involves transformation of methyl functions to the corresponding
carboxylic acid and isopropyl groups to the phenol and acetone. The former
category includes liquid-phase oxidation with cobalt and/or a manganese
catalyst with an inorganic bromide promoter281 for /7-xylene to terephthalic
acid, m-xylene to isophthalic acid and 1,2,4-trimethylbenzene to trimellitic
anhydride, and gas-phase oxidation of toluene to benzoic acid.

Peroxygen systems have three distinct advantages in industrial side chain
oxidation compared to the employment of air. Firstly, the reactions can be
conducted at atmospheric pressure, and moderate temperature, which makes
this an option for small- to medium-volume production in general purpose (low
cost) plant. Secondly, the selectivity to produce alcohols or aldehydes is easier to

Figure 3.64 Side-chain oxidation of toluenes.
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control. Finally, highly deactivated substrates can be successfully converted by
one of the systems described in this section.

Although both acid-activated and hydroxyl radical systems are capable of
oxidizing aromatic side-chains, they also attack the aromatic nucleus and this
lack of selectivity limits their specific use for side-chain oxidation. However, a
metal-based hydroxyl radical system, which has been extensively studied, is
based on Fenton chemistry [hydrogen peroxide in the presence of iron(II) salts].
The selectivity and yield to any particular compound are usually low.282"284

However, a two-phase process employing iron(III) activation of hydrogen
peroxide for the oxidation of toluene to benzaldehyde does provide a system
with better yield and selectivity to the benzaldehyde product.285 The workers
claim that selectivity is best when the substrate is in excess and the hydrogen
peroxide concentration is kept at a low throughput during the course of the
reaction.

Alkaline hydrogen peroxide does not attack alkyl side chains directly, but it
can be very useful for the conversion of the aromatic aldehyde to the carboxylic
acid in the side chain oxidation sequence. The chemistry is covered in Section
6.1. Peracids usually do not attack alkyl side chains, but can oxidize benzylic
alcohols and aldehydes to the carboxylic acids and benzylic ketones to phenyl
ester. These reactions are covered in sections on alcohol (5), aldehyde (6.1) and
ketone (6.2) oxidation.

Toluenes can be oxidized by Caro's acid (H2SO5) activated by iron(II)
salts.286

Catalytic systems are by far the most studied methods for oxidizing alkyl side
chains. Cobalt(II) acetate and cerium(III) acetate in the presence of a bromide
ion activator in acetic acid with hydrogen peroxide are used for the transforma-
tion of toluenes to benzaldehydes, carboxylic acids and benzyl bromides (Figure
3.65).

Figure 3.65 Metal catalysed side-chain oxidation of toluenes.



Figure 3.66 Possible role of in situ bromine formation during the side-chain oxidation of
toluenes.

The cobalt(II) acetate/acetic acid/sodium bromide (CAB) combination is well
known for the autoxidation of alkyl benzenes.287 It is normally employed for the
production of terephthalic acid from 1,4-dimethylbenzene.281 However, the use
of hydrogen peroxide, as mentioned earlier, means the systems are generally
more selective, and can be operated at ambient pressure and relatively low
temperatures.

The CAB/H2O2
281 and the analogous CeAB/H2O2

288 processes should be
compared. The CAB/H2O2 system affords typically benzaldehydes and benzoic
acid mixtures. However, the CeAB/H2O2 system gives benzaldehydes and
benzyl bromide compounds. Benzyl alcohol is formed in only small amounts if
the CeAB/H2O2 route is used and not at all if the CAB/H2O2 system is used,
owing to its rapid oxidation under the reaction conditions. The oxidation of the
alcohol may be via the in situ formation of bromine (Figure 3.66).

The oxidation of 4-/-butyltoluene with the CeAB/H2O2 system has been
studied by Thomas.289 The work has shown that conversion of the substrate
proceeds via benzylic bromination, followed by the rapid oxidation of the
alcohol to the aldehyde by in situ generated bromine (see Figure 3.66). Reaction
was found to be ineffective in the absence of bromide anion, but was also
significantly inhibited if too high a concentration of bromide anion was present,
apparently due to the hydrolysis step being reversible. The role of the cerium
could not be clearly established, however cerium(IV) was formed by the system.
The workers believed that the first step was not due to electron transfer from the
aromatic ring, nor was simple radical bromination the answer. The important
species may be a peroxy or hydroxyl radical which initiates radical substitution.
Cerium(IV) is alleged to react with hydrogen peroxide to produce hydroxyper-
oxy radicals.290 Hydroxyl radicals may also be present from cerium(III)
catalysed hydrogen peroxide decomposition. Thomas et al proposed that a
bromine radical anion, formed from the reaction of bromine atoms with
bromide ions at a diffusion controlled rate, is the hydrogen abstracting species
(Figure 3.67).291

Whilst the nature of the initial step still remains unclear, Figure 3.68 is the
likely route for the conversion of substituted toluenes to benzaldehydes using
the CeAB/H2O2 system. However, the CAB/H2O2 system may not follow the
same pathway (Figure 3.69).292

Both systems will only function in the presence of a carboxylic acid.293'294 The



Figure 3.68 Formation of benzaldehydes from toluenes in the Ce ABI hydrogen peroxide
system.

reason for this has been explained in terms of the stability of the higher
oxidation state metal in the carboxylic acid (see Figure 3.70). The complex can
then break down to an alkyl radical and CO2. The alkyl radical can then
abstract a hydrogen atom, and the resulting side chain radical proceeds as
outlined in Figure 3.69.

The oxidation of 4-methoxytoluene and 4-/-butyltoluene using the CAB/
H2O2 process affords the resulting aldehydes which are of commercial value as
flavour and fragrance intermediates (Figure 3.71). The CeAB/H2O2 system will
produce 4-/-butylbenzaldehyde from the parent toluene, however the ring
brominated substrate is formed when 4-methoxytoluene is used as the substrate
(Figure 3.71).

The ease of oxidation in the presence of the CAB system with hydrogen
peroxide is generally benzyl alcohols > aldehydes > toluenes. This series
accounts for the reactivity and subsequent product distributions when 1,4-
dimethybenzene is oxidized with the CAB system. Here, 4-methylbenzoic acid
forms preferentially to attack at the second methyl group. Similarly, oxidation
of 1,3,5-trimethylbenzene yields 3,5-dimethylbenzoic acid. This is complemen-
tary to the reactivity observed with the HBr/hydrogen peroxide/hv method (see

Figure 3.67 Possible initiating species present in the Ce ABI hydrogen peroxide system for
the oxidation of toluenes.



Figure 3.69 Possible mechanisms operating during the side-chain oxidation of substituted
toluenes employing the CABjhydrogen peroxide system.

below). In the latter case, the second methyl group on 1,4-dimethylbenzene will
be oxidized in preference to the aldehyde group (Figure 3.72).

Another important contrast between the CAB/H2O2 and the halogenation
based systems is seen in the reactivity towards substituted toluenes. The
halogenation method works best for deactivated molecules, whereas the CAB/
H2O2 system is better suited to activated arene centres. If electron-withdrawing
groups are present on the ring, low conversions are observed and this point is
emphasized in Figure 3.73 for CAB/H2O2.

The oxidation of ethylbenzene proceeds smoothly when the CAB/H2O2

process is employed, typically 93% conversion and 93% selectivity to acetophe-
none. Diphenylmethane is also readily oxidized to benzophenone using the
CAB/H2O2 system, affording 97% conversion and 71% selectivity to the
aromatic ketone.

The oxidation of substituted toluenes to benaldehydes employing the CAB
system with solid peroxide sources has also been studied by Jones and co-
workers.292 The group screened a range of solid peroxygens in place of aqueous



Figure 3.70 Possible role ofcarboxylic acids during the oxidation of substituted toluenes
using the CAB/hydrogen peroxide system.

hydrogen peroxide. Sodium perborate monohydrate was found to be the most
selective primary oxidant screened for adehyde production (Table 3.6).

The analogous system which employs cerium(III) acetate and hydrogen
peroxide offers three principle advantages over the CAB/H2O2 process. Firstly,
only low levels of cerium(III) acetate are required for effective catalysis,
typically about five times less on a molar basis compared to the CAB/H2O2

Table 3.6 Side-chain oxidation of substituted toluenes using PBS-I in the CAB
system*

Substrate Oxidant Aldehyde selectivity (%)

4-f-Butyltoluene Hydrogen peroxide 40
4-f-Butyltoluene PBS-I 76
4-Methoxytoluene Hydrogen peroxide 45
4-Methoxy toluene PBS-I 72
Diphenylmethane Hydrogen peroxide 79
Diphenylmethane PBS-1 81
1,4-Dimethylbenzene Hydrogen peroxide 53
1,4-Dimethylbenzene PBS-I 76

a Acetic acid (50 g) at 45 0C over 3 h, substrate (33 mmol), cobalt(II) acetate (2 mmol), PBS-I
(0.05 mol) or hydrogen peroxide (35% m/ra, 0.05 mol), sodium bromide (5 mmol).



Figure 3.71 Oxidation of 4-t-butyltoluene and 4-methoxytoluene in the presence of the
CAB and CeAB/hydrogen peroxide systems.

system. Secondly, the cerium system is not deactivated by relatively large
amounts of water, and thirdly, no over-oxidization to the carboxylic acid is
observed. A range of substrates has been oxidized using the CeAB/H2O2 system
(Figure 3.74).

The in situ generation of bromine from H2O2 and HBr provides an extremely
versatile indirect method for oxidizing toluenes and higher alkylbenzenes. It is



Figure 3.73 Poor performance of the CABIhydrogen peroxide system in the presence of
deactivated substrates.
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Figure 3.72 Reactivity differences between the CAB/hydrogen peroxide and HBr/hv/
hydrogen peroxide systems.



Figure 3.74 Application of the CeAB/hydrogen peroxide system for the side-chain
oxidation of substituted toluenes.

based on a photochemical bromination295 followed by hydrolysis and oxidation
steps. The bromine is a potentially environmentally unfriendly reagent in the
elemental form and this is a convenient way of accessing its chemistry without
employing elemental bromine (Figure 3.75).

The technology works best with deactivated substrates, and has been adapted
to give a wide range of products (Figure 3.76).

Conversion
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Conversion
Selectivity

Conversion
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Yield 70% 69% 90%

Selectivity 85% 89% 94%

Figure 3.76 Side-chain oxidation of deactivated toluenes using the hydrogen peroxide I hv I
HBr system.

The advantages of using hydrogen peroxide and hydrogen bromide can be
summarized as follows:

• The system is easier to handle due to the in situ generation of elemental
bromine.

• The bromine generated is used more efficiently. Using elemental bromine
alone means that only half of the molecule is employed, whereas using
hydrogen peroxide, the resulting HBr generated from the organic
molecule can be oxidized.

Figure 3.75 Indirect oxidation of substituted toluenes using the hydrogen peroxidelhvj
HBr system.



• Bromide released in the hydrolysis step can be recycled.
• Bromine concentration can be controlled in the reactor by altering the

flow of hydrogen peroxide.

The reaction can be operated as a two-phase system; in this case the process can
be employed at the reflux temperature of the solvent. It should be noted that in
some cases, no solvent need be used296 and this is especially efficacious where
mono-brominated products are the target. An example of the system's versatil-
ity in solvent-free mode can be seen in Table 3.7. Here we see that at a molar
ratio of 1:1.1:1 (hydrogen peroxide/hydrogen bromide/2-nitrotoluene) over
90% selectivity to the benzyl bromide is observed at a conversion of 76%.
However, increasing the oxidant ratio to 3:3.2:1 (hydrogen peroxide/hydrogen
bromide/2-nitrotoluene), a selectivity of 98% to the benzal bromide is afforded.
Diphenylmethane can be fully converted to oxidized products with 96%
selectivity to the benzophenone compound.297

The benzyl and benzal bromides can be hydrolysed to the corresponding
alcohol or aldehyde using a variety of methods, depending on the substrate. The
simplest method allowing ready re-cycle of hydrogen bromide is steam hydroly-
sis. The agrochemical intermediate, 4-fluorobenzoic acid, can be prepared via
the bromination route in a one-pot process (i.e. bromination/hydrolysis).298 A
simple hydrolysis will not be possible when de-activated substrates are used.
Here, more forcing conditions will be needed. For example, hydrolysis of the 2-
nitrobenzal bromide to the aldehyde product requires temperatures in excess of
1000C using aqueous sodium hydrogencarbonate in the presence of a phase-
transfer agent. The aldehyde can be easily oxidized to the carboxylic acid which
is a useful agrochemical intermediate.

In the circumstances where activated ring systems are used as substrates,
nuclear bromination is sometimes a problem. Two substrates worth mentioning
which are mildly activated and have been used in the photolytic hydrogen
peroxide/hydrogen bromide system are ethylbenzene and 4-r-butyltoluene. The
ethylbenzene has been oxidized to acetophenone in 57% yield and 61%
selectivity, the remainder being the intermediate product 1-bromoethylbenzene.
The preparation of 4-/-butylbenzaldehyde from the toluene affords a yield of
58% (Figure 3.77).

Table 3.7 Control of product distribution in the hydrogen peroxide I hydrogen
bromidelhv system

Substrate Product
H2O2IHBrlsubstrate Products conversion (%) selectivity (%)

1:1.1:1 2-Nitrobenzal bromide 76 2
2-Nitrobenzyl bromide 92

3:3.2:1 2-Nitrobenzal bromide 100 98
2-Nitrobenzyl bromide 2



Figure 3.77 Use of the photolytic hydrogen peroxide/HBr system for the side-chain
oxidation of mildly activated alkylbenzenes.

Toluene has been oxidized by the silver ion catalysed reaction with peroxy-
disulfate. The reaction produces a mixture of bibenzyl, benzaldehyde and
benzoic acids.299 Russian workers have described the conversion of 4-methoxy-
toluene to the benzaldehyde by oxidation with peroxydisulfate in the presence
of silver or copper ions and oxalic acid.300 The presence of copper salts in iron or
copper catalysed peroxydisulfate oxidation is believed to suppress side-
reactions.301 Phillips have patented a palladium(II)/tin(IV)/persulfate system
for the oxidation of toluene derivatives.302 The reactions are carried out in
carboxylic acid solvents (Figure 3.78).

8 Oxidation of Organo-nitrogen Compounds
Industrial nitrogen oxidation is of immense importance. This section will briefly
review the various methods employed for the transformation of nitrogen
compounds using hydrogen peroxide and its derivatives. It should be noted
that most amines produce alkaline solutions, and as such it is common to add
stabilizers when using hydrogen peroxide for organo-nitrogen oxidation.
Tertiary amines are usually oxidized by peroxygens to N-oxides, which can be
reacted further to give either a di-Af-substituted hydroxylamine, and an olefin
(Cope elimination) or an Af,7V,<9-trialkyl hydroxylamine (the Meisenheimer
rearrangement) (Figure 3.79).



Figure 3.79 Rearrangement products from N-oxides.

Heterocyclic amines require an activated peroxygen source. The resulting TV-
oxides can sometimes be used indirectly to functionalize the ring, e.g. the
Katada reaction (Figure 3.80).

Secondary amines can be oxidized at the N-H bond to hydroxylamines and
nitroxides, and via nitrones via C-N oxidation. Nit rones are valuable inter-
mediates in the production of isoxazolines. Initial C-N oxidation of secondary
amines gives imines which can react further to oxaziridines. The latter can be
converted to nitrones, and both to amides. Primary amines are oxidized at the
N-H bond to mono-substituted hydroxylamines, which are readily converted
further to nitroso and nitro compounds by the more activated peroxygen

Figure 3.78 Metal catalysed peroxydisulfate oxidation of toluenes.



Figure 3.80 Katada reaction.

species. Diazo compounds are alternative products formed when oxidation is
slow or low oxidant excess is employed. Diazo compounds result from
condensation of the nitroso compound with the initial amine (Figure 3.81).
Once formed, diazo compounds can be oxidized to the azoxy derivative which is
comparatively inert to further oxidation.

Some catalysts with hydrogen peroxide can oxidize ammonia to hydroxyla-
mine. There is also a process for the oxidation of ammonia to hydrazine. Other
special TV-oxidation with hydrogen peroxide includes hydrazo to diazo, which
are valuable free radical initiators and blowing agents. The catalysed N-C
cleavage, used in the production of the systemic herbicide, glyphosate and
oxidative cleavage of hydrazones to form ketones, a deprotonation reaction in
multi-stage synthesis, are both important applications of hydrogen peroxide.

Aliphatic tertiary amines can be oxidized to JV-oxides using 35% m/m
aqueous hydrogen peroxide alone,303 typically in water at 1.1:1 molar ratio of
oxidant to amine for 4-5 h at 60-65 0C. This method is employed worldwide for
the production of 25 kilo-tons per annum of fatty amine oxides which are
invariably used as surfactants304 in personal care products, and as thickener
compounds in hypochlorite household bleaches. A^-Methylmorpholine oxide

Figure 3.81 Oxidation of primary amines.



Figure 3.82 Preparation of NMMO using aqueous hydrogen peroxide.

(NMMO) has a growing use as a solvent in the manufacture of a new cellulose
fibre, Tensil® (Figure 3.82).305 Substituted oxazolidine TV-oxides are relatively
new user-friendly biocides.306

Although the above oxidations are relatively simple, concern has been raised
that many nitrogen oxidation reactions, not just those with peroxygens, can lead
to traces of nitrosamines in the product, which must be reduced from ppm to
ppb levels in any product destined for human contact. Nitrosamine formation is
exacerbated by impurities in the amine (e.g. secondary amines) and in the
peroxide (e.g. metal ions), leading to radical chemistry in the slightly alkaline
mixture. The biggest process improvements so far are the use of carbon
dioxide,307 and addition of stabilizers to the hydrogen peroxide such as metal
sequestrants and free radical inhibitors.308 Both these approaches together can
achieve extremely low nitrosamine levels.

Aliphatic secondary amines can be oxidized to hydroxylamines using hydro-
gen peroxide without a catalyst in aqueous or alcoholic solution, depending on
the solubility of the amine.309'310 Addition of stabilizers improves both selectiv-
ity and efficiency of hydrogen peroxide usage. Among the effective stabilizers are
magnesium and zinc salts.311 These salts form colloidal suspensions of their
hydroxides which occlude redox transition metals, and prevent them from
decomposing the peroxygen. Diethylamine is oxidized to the hydroxylamine,
which is an important chain stopper in radical polymerizations (Figure 3.83).

Hydrazine is currently prepared via a plethora of methods, the most popular
of which is the Raschig process, which involves controlled hypochlorite
oxidation leading to hydrazine formation. The Raschig process suffers from
the formation of a stoichiometric quantity of sodium chloride by-product. The
Bayer Ketazine process employs acetone to trap the hydrazine as dimethyl-
ketazine. The acetone is re-cycled but sodium chloride is again formed.

Figure 3.83 Preparation of diethylhydroxylamine using aqueous hydrogen peroxide.



Figure 3.84 Preparation ofhydrazine using aqueous hydrogen peroxide.

However, Atochem uses hydrogen peroxide as the oxidant with methyl ethyl
ketone to form the ketazine intermediate.313 The ketazine forms as a separate
phase in the reaction, and is then purified before hydrolysis to hydrazine and
ketone re-cycle. No salt or other aqueous effluent is produced, making the
process relatively environmentally benign. It is operated at a 10 kilo-tonne per
year scale and now represents nearly 25% of the world hydrazine production
(Figure 3.84).

The oxidation of symmetric azo compounds from primary amines usually
requires more active peroxygen systems than just hydrogen peroxide. Of
industrial importance is the oxidation of hydrazo compounds to azo species
using hydrogen peroxide. Azobis-isobutyronitrile (AIBN) is widely used as a
radical initiator for polymerizations and as a blowing agent for foam and
plastics. It is made from acetone cyanohydrin and hydrazine followed by
oxidation in acid for which stoichiometric chlorine314 or hydrogen peroxide
with catalytic addition of hydrogen bromide315 can be used, the latter leading to
less effluent. Analogous chemistry relates to azodicarbonamide, a blowing agent
for foams and baking, made from urea and hydrazine followed by oxidation.

Traditionally, percarboxylic acid systems such as extracted peracetic acid,316

trifluoromethylperacetic acid317 or magnesium monoperphthalate318 have been
used for the oxidation of heterocyclic tertiary amines (azines). Pyrimidine N-
oxide derivatives such as minoxidil (2,4-diamino-6-piperidinopyridine-3-oxide)
are important anti-hypertensive agents. Up to now, these have usually been
prepared using peracid methods.319 Neutralized Caro's acid (NaHSO5)
oxidizes 2-chloropyridine in high yield to the TV-oxide.320 The Payne system
[R-C(NH)OOH] is also effective for cyano-pyridines.321



Figure 3.85 Preparation of oxaziridines in the presence of per acetic acid.

Oxidation of aromatic primary amines to nitro compounds is not generally
required. However, in the case of deactivated molecules or in order to obtain
specific substitution patterns, this transformation may be useful. The reaction
can be performed in the presence of peracids.322

Less forcing conditions with organic peracids or Caro's acid can be used to
make nitroso compounds.323 Although, as mentioned earlier, a low excess of
oxidant can be used deliberately to give the diazo-coupled material as the major
product,324 this can react further to the azoxy compound, but the latter is then
hard to oxidize.325 Aliphatic primary amines are more difficult to oxidize
compared to the aromatics, but use of peracetic acid in a solvent will lead to
the formation of nitro compounds.322

The —N=C— bond in imines, especially Schiff bases formed from aromatic
aldehydes and amines, can be 'epoxidized' by peracids to form oxaziridines
[N(O)C].326 Unlike epoxides, oxaziridines will oxygen-transfer.327 Chiral
oxaziridines have been used to carry out enantioselective epoxidations,328

although these compounds are often prepared by non-peroxygen routes.329

Oxaziridines can also be rearranged to oximes or nitrones (Figure 3.85).330

Hydrazones containing the —C=N—N— linkage are often used in multi-
step syntheses to protect carbonyl groups during other transformations. The
carbonyl compound is most conveniently regenerated by oxidative deprotec-
tion, which amounts to —C=N— cleavage. A number of other peroxygen
reagents perform well for this purpose, including MMPP.331

The highly acidic conditions required to generate peracids in situ from
carboxylic acids and hydrogen peroxide are usually not conducive to efficient
amine oxidation. In situ generation from anhydrides in neutral solution or other
acylated agents in alkali can be employed. In situ perphthalic or permaleic have
been reported for pyrimidine oxidation.332

Oxidation at the C-N bond gives imine as the first product but such species
are highly labile where the nitrogen is unsubstituted, and readily undergo
further oxidation to oximes. For example, benzylamine can be oxidized to
benzaldoxime using alkaline peracetic acid generated in situ,.333

It is possible to speed up aliphatic tertiary amine oxidation by adding
tungstate or molybdate catalysts.334 However, for oxidation of aromatic and
particularly heterocyclic tertiary nitrogen, a stronger system than hydrogen
peroxide alone is required. N-Oxidation of heterocycles is of pivotal importance
in industrial chemical synthesis.335 Catalysed systems have been applied and
these are dominated by metal peroxo systems based on molybdenum or
tungsten. For example, quinoxaline and pyrazine may be oxidized to mono- or



Zinc pyrithione

Figure 3.86 Preparation of zinc pyrithione from 2-chloropyridine.

di-N-oxides with hydrogen peroxide/molybdic acid.336 Dipicolinic acid can be
oxidized to the Af-oxide with hydrogen peroxide/sodium tungstate and 2-
carboxypyrazine-4-oxide, and the amide can be prepared in a similar
manner.337 2-Chloropyridine-7V-oxide is an important intermediate in the
manufacture of zinc pyrithione, the leading anti-dandruff agent in shampoos
(Figure 3.86). Deactivated chloropyridines can be oxidized with hydrogen
peroxide/tungstate.338

When activated peroxygen systems are applied to secondary amines, oxida-
tion often proceeds to the nitrone, provided the amine has an a-hydrogen. For
example, hydrogen peroxide catalysed by selenium dioxide339 or tungstate340

readily oxidizes acyclic secondary amines to nitrones. If the oxidation is carried
out in the presence of olefins in situ, cycloaddition occurs to give isoxazoli-
dines.341 Where a-hydrogen is absent, the oxidation step stops at the nitrox-
ide,342 a comparatively stable product which itself can be used catalytically in
alcohol oxidation. Tetrahydroisoquinolines give nitrones, but tetrahydro-
quinones can be oxidized to cyclic hydroxamic acids.343

Hydroxylamine is currently manufactured using mainly the salt producing
processes alluded to earlier.344 The Raschig process involves reduction of nitrite
by sulfur dioxide leading to co-production of hydroxylammonium sulfate and
ammonium sulfate. In a newer process, nitric acid is catalytically hydrogenated
in sulfuric acid, again making hydroxylammonium sulfate. Over 95% of the
hydroxylamine production is employed to manufacture £-caprolactam, the
monomer for nylon-6. In this process, it is condensed with cyclohexanone to
produce the oxime followed by a Beckmann rearrangement in oleum to form the
product. It is known that cyclohexanone oxime can be formed from the ketone,
ammonia, hydrogen peroxide, and tungstate.345 However, it has been found
that titanium silicalite (TS-I) also catalyses the reaction (Figure 3.87).346

An important current industrial process based on N-C cleavage using
hydrogen peroxide is the manufacture of N-phosphonomethylglycine (systemic
herbicide, glyphosate) from JV-phosphonomethyl imido diacetic acid via the N-
oxide (Figure 3.88).347 Af-Oxidation is catalysed by molybdate or tungstate and
the intermediate formed can be decomposed with a second catalyst such as
iron(II) to form the product.348

Dimethyldioxirane oxidizes primary amines to nitro compounds either pre-
formed349 in acetone or in situ.350



Figure 3.88 Preparation of the systemic herbicide glyphosate.

Many heterocyclic bases can be oxidized to Af-oxides with sodium perborate
and acetic acid in the absence of metal catalysts.352 Use of a smaller excess of
oxidant leads to diazo compounds.353 Aliphatic amines can be converted to
nitroso products. Sodium perborate/acetic acid systems can also cleave hydra-
zones, regenerating carbonyl compounds which have been protected by hydra-
zine formation.354

9 Oxidation of Organo-sulfur Compounds
The oxidation of organic sulfur compounds is a particularly broad subject, and
chlorine or peroxygen based reagents are most often employed. The peroxygen
routes are often to be preferred because they lead to lower salt effluent, and
product purity can be superior. Many sulfur compounds are strongly reducing
which means they can often be oxidized selectively in substrates containing
other oxidizable functions by adjusting the reaction conditions.

Oxidation of a sulfide affords a sulfoxide as the first product, which can be
further oxidized to a sulfone (Figure 3.89).

Control at the sulfoxide stage can be achieved by limiting conditions of
temperature, molar ratio and addition rate of the peroxygen. Another means
of control arises from an inherent feature of sulfur chemistry, namely oxidation

Figure 3.87 Use of a TS-II hydrogen peroxide system for the production of cyclohexanone
hydroxylamine.
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Figure 3.89 Oxidation ofsulfides to sulfoxides and sulfones.

of sulfur(II) to sulfur(IV) requires electrophilic reagents, whereas oxidation of
sulfur(IV) to sulfur(VI) is normally a nucleophilic process. Hence, sulfide or
sulfoxide can often be selectively oxidized in the presence of another group by
choosing an electrophilic or nucleophilic peroxygen source.

The oxidation is more complex (Figure 3.90) since the first stage is invariably
sulfide coupling to form a disulfide, leading to a family of intermediate
oxidation products, until the final stage of organic oxidation, i.e. the sulfonic
acid is reached. Oxidation to the disulfide is remarkably facile, and often carried
out in alkaline media, where the thiol is soluble but the sulfide precipitates.
Further oxidation requires more forcing conditions, often using a peracid or
with the addition of a metal catalyst to effect disulfide cleavage.

Hydrogen peroxide used over a wide pH range has been employed to oxidize
sulfur compounds. The scope of the oxidation using hydrogen peroxide includes
coupling of thiols to disulfides355 and thiols coupled with amines,356 which are
used to produce industrially important compounds. For example, sulfenamides
are accelerators for rubber vulcanization (Figure 3.91).357

The coupling of thiols with amines is an excellent example of the competi-
tiveness between chlorine and peroxygen oxidants. Commercially, sodium
hypochlorite or chlorine are employed for the preparation of sulfenamides.
However, in addition to their inherent environmentally aggressive nature,
chlorine-based oxidants have a number of other disadvantages: there is
chlorinated by-product formation (normally chloramines), the process has a
high salt loading, and the product requires several washing stages to reduce the
salt content. Hydrogen peroxide circumvents all these problems, and in addition
affords better quality products. The main disadvantage of the peroxide route is
the lower chemical yield to the sulfenamide. In the past this has meant that the
chlorine process was significantly cheaper, but increasing effluent treatment
costs and environmental legislation is altering the balance towards hydrogen
peroxide. As a compromise, some producers run mixed oxidant systems (Table
3.8); here, the yield is improved over using hydrogen peroxide alone, whilst the
environmental disadvantages of sodium hypochlorite are somewhat alleviated.

The preparation of disulfides can be achieved by reacting the thiol or its
salts with aqueous hydrogen peroxide358 under alkaline conditions. However,
the pH needs to be closely monitored, since if too high, the disulfide selectivity
will drop.359 Dialkyl dithiocarbamates can be oxidized to tetraalkylthiuram
disulfides (Figure 3.92).360

Again, excess alkalinity must be avoided. The reaction is therefore carried out
in aqueous solution using sulfuric acid to regulate the pH.361 Monoalkyldithio-



Figure 3.90 Oxidation ofthiols.

Table 3.8 Preparation of NCBS in the presence
of a mixed oxidant system*

NaOCIfH2O2 Yield (0A)

1:0 95
1:3 82
0:1 77

a20% excess of oxidant, 500C, pH 10-10.5.



Figure 3.93 Effect ofpH on the product distribution when monoalkyldithiocarbamates are
reacted with hydrogen peroxide.

carbamates produce different products depending upon the pH of the system.
For example, at acidic pH the thiuram disulfide is produced,362 whereas at
alkaline pH, the isothiocyanate is the main species (Figure 3.93).363

This dependence of product distribution on reaction conditions is also
evident when 2-mercaptobenzothiazole is oxidized under acidic conditions.
The material will form the disulfide provided a stoichiometric amount of
hydrogen peroxide is employed.364 However, when excess hydrogen peroxide is
used, the sulfinic acid will be formed, which upon acidification liberates sulfur
dioxide to give the benzothiazole.365 Thus 2-mercaptothiazoles, under certain
conditions, will undergo desulfurization, which is an important step in the
preparation of chlormethiazol,366 a vitamin Bi intermediate (Figure 3.94).

Aqueous hydrogen peroxide is the oxidant of choice for the preparation of
sulfoxides.367 Acetic acid is often used as the solvent due to its specific solvation
rather than due to peracetic acid formation.368 Alcohols and ketones have been

Figure 3.91 Oxidative coupling ofthiols with amines.

Figure 3.92 Preparation of tetraalkylthiuram disulfides.



Figure 3.94 Preparation of chlormethiazol using acidic hydrogen peroxide.

used by some workers, however; because of the possible formation of hazardous
peroxides, ketones are not recommended as solvents.

The sulfur atom generally tends to be more reactive than other functional
groups towards oxidation; therefore, high selectivity to sulfoxide or sulfone369

can be achieved in the presence of other functionalities such as amines,370

amidines371 or multiple bonds.372

It will often be necessary to avoid sulfone formation, and this can be achieved
by carrying out the reaction below 500C, and using only stoichiometric
amounts of hydrogen peroxide.373 For example, 1,4-dithiane can be selectively
converted to the mono- and bis-sulfoxide by proper control over the hydrogen
peroxide addition rate.374 Azeotropic removal of water by the addition of
suitable solvents can also increase selectivity.375 However, if sulfones are
required, then elevated temperatures should be used.376

Peracids have been employed for the transformation of sulfides to sulfoxides
or sulfones.377 Reactions with peracids proceed at higher rates in solvents which
favour internal hydrogen bonding, e.g. benzene, chloroform or tetrachloro-
methane, than in solvents which themselves hydrogen-bond to the peracid.

The advantage of using peracids is their ability to oxidize sulfoxides
selectively over sulfides at high pH using the nucleophilic anion (Figure 3.95)
since sulfoxide oxidation is nucleophilic, whereas sulfide oxidation is electro-
philic. This behaviour is due to the formation of peroxidic intermediates by the
addition of peroxy anion to the sulfoxide.378

Sulfoxides have been prepared using a covalently bound peracid cross-linked
polystyrene resin.379 The yields are dependent upon the sulfide structure. The
common peracids have also been used for the preparation of sulfoxides,380 but
generally no advantage is gained over hydrogen peroxide. Penicillin sulfox-
ides,381 which are intermediates in the synthesis of cephalosporins, are a special
case, and are produced more efficiently using peracid oxidants.382 The oxidation
has also been successful for steroid thioethers383 and thiuranes.384 The conver-
sion of thiols and disulfides into sulfonic acids is relatively easy to achieve using

Figure 3.95 Selective oxidation of sulfoxide over sulfide in the presence of peroxy acid
anion.

Peracid/Base



Figure 3.96 Sulfide oxidation in the presence of MCPBA.

peracids.385 Thioacetic esters obtainable by free radical addition of thioacetic
acid to terminal olefins yield sulfonic acids (free from isomers) upon oxidation
with peracids.386

3-Chloroperbenzoic acid (MCPBA) has been frequently applied to sulfide
oxidation (Figure 3.96). MCPBA has been the oxidant of choice for the
diastereoselective oxidation of 2-exo-hydroxynorbornyl systems containing a
sulfide group in the 10 position and a diastereomeric excess (d.e.) of 80-90% is
obtained. However, if the hydroxide function is protected as the ether, the d.e.
drops to 30%.387'388

A wide range of sulfides has been oxidized to the sulfoxide or sulfone in high
yield using magnesium monoperoxyphthalate (MMPP) (Figure 3.97).389"392

The vinyl sulfoxides have a variety of synthetic uses, including their ability to
serve as Michael acceptors393 towards enolate anions and organometallics, and
as moderately active dienophilies in Diels-Alder reactions.394

A range of metal catalysts can be employed with peroxygen species for the
effective oxidation of sulfur compounds. For example, branched-chain high
molecular weight mercaptans are difficult to oxidize with hydrogen peroxide.
However, this difficulty is overcome if the reaction is conducted with hydrogen
peroxide in the presence of a copper(II) salt.395 The formation of a copper(I)
mercaptide followed by its oxidation are believed to be the key steps.

The oxidation of sulfur nucleophiles by peroxo-metal complexes is believed
to take place via attack of the substrate to the peroxygen atom in a simple bi-
molecular reaction.396 As a consequence of this, the order of reactivity found
for typical substrates parallels their nucleophilicity (/rthiOether > ŝulfoxide >

^aikenes)- Table 3.9 illustrates the oxidation of thioethers to the sulfoxide with
sodium molybdate or tungstate with hydrogen peroxide. The results show the
high degree of selectivity, the sulfones often being present only in trace



Figure 3.97 Sulfide oxidation in the presence of MMPP.

Table 3.9 Selective oxidation of thioethers to sulfoxides with hydrogen peroxide
in the presence ofmolybdate or tungstatea

Substrate Catalyst Time (min) Selectivity (%)

^ ^ . S C H 3 Mo(VI) 10 94

^ S ^ ^ S C H 3 W(VI) 10 88

r ^ % s r ^ s \ / ^ Mo(VI) 60 75

^ % / s \ / ^ W(VI) 30 73

a DCE, hydrogen peroxide, Aliquat® 336, 40 0C.



amounts.397 Generally, molybdenum(VI) compounds are more selective than
tungsten(VI).

Cysteic acid is obtained in nearly quantitative yield from cysteine with
aqueous hydrogen peroxide in the presence of iron(II) ions.397 Molybdates and
tungstates have also been used as effective catalysts for similar transforma-
tions.398 An excellent route for the oxidation of 2-thioethanol to isothionic acid
has been developed.399 Heteropolyoxometallates supported on alumina400 can
also be used to oxidize a range of organo-sulfur compounds. For example, alkyl
monosulfides to sulfoxides and sulfones, and thiols to sulfonic acids are a few
possibilities (Figure 3.98).

Disulfides have been oxidized to sulfonic acids with hydrogen peroxide in the
presence of tungstic acid.401 Whilst sulfonic acids are the normal oxidation
product, intermediates of the structure RSS(O)R have been isolated.402

Sulfoxides can also be transformed to sulfones using catalysed hydrogen
peroxide systems. The catalysts can be molybdenum,403 zirconium,404 vana-
dium405 and selenic406 salts. The use of MoO2(acac)2 with /-butyl hydroperoxide
(TBHP) as a diastereoselective oxidation system has been reported, but yields
and selectivity are at best moderate (Figure 3.99).

Figure 3.98 Oxidation of nucleophilic sulfur-containing compounds with tungsten-
containing catalysts in the presence of hydrogen peroxide.

Penicillin-G-potassium salt



Figure 3.99 Diastereoselective oxidation ofsulfides using a MoO2(acac)2/ TBHP system.

The oxidation system VO(acac)2/TBHP has been used for a series of /J- and
y-hydroxy sulfides to sulfoxides with moderate to good diastereoselectivity
(Figure 3.100).407

Iron porphyrin catalysts with TBHP have been used for the diastereoselective
oxidation of sulfides affording up to 46% d.e.408 A series of manganese(salen)
catalysts with hydrogen peroxide has been employed for the oxidation of aralkyl
sulfides in 34-70% d.e. and 80-90% yield. The best catalyst was derived from
enantiomerically pure /r<ms-l,2-diaminocyclohexane (Figure 3.101).409

Modest and good selectivity have also been obtained for the preparation
of arylmethyl sulfoxides using titanium(IV) tetraisopropoxide modified with
R-( + )-binaphthol and TBHP. As with other related systems, the addition of
water is of crucial importance for good selectivity (Figure 3.102).410

Dioxirane species have been found to be effective oxidants for sulfides to
sulfoxides and sulfoxides to sulfones.411 The oxidations both appear to be
electrophilic in nature.

Inorganic peroxygens have also been used to oxidize sulfur centres, particu-
larly sodium perborate, which is excellent for oxidizing electron-deficient
sulfides to sulfones.412 Sodium perborate tetrahydrate has been used to stereo-
specifically oxidize a-methylbenzylamine thiols in acetic acid.413 The use of
organic peracids such as MCPBA was not found to be stereospecific for the
above mentioned oxidation.

Urea hydrogen peroxide (UHP) has also been found to be a particularly
effective oxidant for sulfide substrates.414



* Stereoselectivity at sulfur not determined

Figure 3.100 Diastereoselective oxidation of sulfides to sulfoxides using a VO(acac)2/
TBHP system.

Figure 3.101 Manganese salen catalyst for diastereoselective oxidation of sulfides with
hydrogen peroxide.



Figure 3.102 R-( + )-Binaphthol system for diastereo selective oxidation of sulfides with
titanium(IV) isopropoxide and TBHP.

Figure 3.103 Oxidation of thioanisole with cyclohexanone monooxygenase in the presence
of chloroperoxidase.

Sodium percarbonate (PCS) can also be employed for the oxidation of
sulfides to sulfones in acetonitrile assisted by ultrasound.415

Oxidation at sulfur by micro-organisms or isolated enzymes has been studied
by several workers. However, at present it cannot be recommended as a general
synthetic route.416 Oxidation of a sulfide to a sulfoxide is only stereospecific
under certain conditions, and it is often difficult to predict the stereochemistry
of the product. Caldariomyces fumago has been used in conjunction with chiral
peroxides which undergo kinetic resolution during sulfur oxidation. A series of
substituted arylmethyl sulfoxides can be prepared with 97-100% d.e.417 The
dramatic effect of substrate structure on enantiomeric excess using cyclohex-
anone monooxygenase from Acinetobacter has been reported for a series of
arylalkyl and dialkyl sulfides (3-99% d.e.).418 It was shown that the substrate
structure not only influenced enantiomeric excess of the product, but also its
absolute configuration (Figure 3.103).

A number of other inorganic oxidizing agents has also been reported for
sulfide oxidation which include [Ru(bpy)2(O)PR3][ClO4],

419 Zn(BiO3)2/
AcOH420 and potassium monopersulfate on wet alumina.421

10 Halogenation
Hydrogen peroxide will readily oxidize hydrogen halides and their salts to
liberate the corresponding halogen, with the exception of fluorine (Figure
3.104).

Figure 3.104 Liberation of halogens via the oxidation of hydrogen halides.

Chloroperoxidase

Cyclohexanone
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The reaction is exothermic and proceeds very quickly provided the hydrogen
halide is present in sufficiently high concentration. The minimum concentration
of hydrogen halide required increases in the order hydrogen iodide < hydrogen
bromide < hydrogen chloride with the critical concentration for HCl being
20%. Mechanistic investigations support the view that the reaction proceeds via
an ionic mechanism with hypohalous acid (HOX) as an intermediate.422'423

However, fairly strong acid conditions are required in order to prevent loss of
available oxygen by further reaction of hydrogen peroxide with HOX.

Bromine can be produced in almost quantitative yield, whereas chlorine424

can be recovered in about 90% yield in the presence of a tungstic acid
catalyst.425 A vanadate catalyst acts in a similar fashion to allow bromine to be
generated more efficiently from the hydrogen bromide under mild conditions.426

The use of acidic catalysts such as sulfuric or phosphoric acid will promote the
reaction outlined above, enabling lower strengths of HX to be utilized. The
reaction has been known for many years427 and is widely reported in the
literature. It provides a method for the in situ generation of halogens and for
the recovery of bromine.

In most conventional halogenation processes with elemental halogen only,
half the halogen is utilized, with the rest being converted to the hydrogen halide.
Using hydrogen peroxide, the halogen can be regenerated from the hydrogen
halide, thereby halving halogen consumption, increasing the yield of desired
product and producing water rather than acid as the main waste product. The
oxidative in situ generation of halogen is a technique which fully utilizes the
halogen in the same way (Figure 3.105).

The technique has a number of additional advantages compared with pre-
formed halogen:

• The halogen is not used directly and therefore the transport, handling and
storage problems associated with elemental halogens are avoided.

• Improved selectivity may be obtained with acid-sensitive substrates due to
avoidance of accumulation of hydrogen halide, and in the case of
iodination the reverse reaction can be suppressed.

The hydrogen peroxide/hydrogen halide system is suitable for the halogena-
tion of a wide range of aromatic compounds including phenols,428 phenyl
ethers428 and aromatic amines429 and amides.429 The halogenation of aromatic
hydrocarbons using this system was first reported for the conversion of
codeine halohydrates to the corresponding monochloro and monobromo

Figure 3.105 In situ generation of halogen for the preparation of organo-halogen
compounds.



derivatives.430 The bromination of perylene using acidified sodium bromide
and hydrogen peroxide was reported soon after.431 Benzene and alkylbenzenes
have been shown to undergo halogenation with this system at room tempera-
ture.432 m-Xylene is monochlorinated in 90% yield at 2O0C with hydrogen
peroxide/hydrogen chloride433 at a molar ratio of 1:1:6 m-xylene/hydrogen
peroxide/hydrogen chloride. Dichloro-ra-xylene can be obtained in similar
yield at 400C with a 1:3.3:20 molar ratio.433 The equivalent bromination
affords similar results. However, the use of excess hydrogen peroxide/hydrogen
bromide at 70 0C gives the tetrabrominated derivative in 80% yield.434

Aromatics with powerful activating groups such as hydroxyl are readily
halogenated using hydrogen peroxide/hydrogen halide. 2,3,6-Trimethylphenol
is chlorinated in the 4-position with hydrogen peroxide/hydrogen chloride in
95% yield. Further oxidation using hydrogen peroxide in acetic acid gives the
vitamin E intermediate trimethyl-l,4-benzoquinone.435 2,4,6-Trichlorophenol is
easily obtained in high yield at 50-60 °c436 '437 and can be further oxidized with
hydrogen peroxide in the presence of magnesium chloride catalyst to give
tetrachloro-l,4-benzoquinone, chloranil, in 96% yield.436 Chloranil is used
mainly as an intermediate in the production of oxazine dyes and pesticides. It
can also be prepared in the absence of a catalyst by the chlorination of
hydroquinone using hydrogen peroxide/hydrogen chloride.438'439 Phenolic
methyl ethers have been brominated in the ring using a sodium tungstate/
hydrogen bromide/hydrogen peroxide system (Figure 3.106).440

Halogenated phenols can be further substituted to give multi-halogenated
products in high yield.441'442 Alkyl-substituted phenols can also be halogenated
to give good yields. The antiseptic 4-chloro-3-xylenol is produced using
copper(II) chloride catalyst443 with hydrogen peroxide/hydrogen chloride. The
flame retardant tetrabromobisphenol-A is prepared in 95% yield using hydro-
gen peroxide/hydrogen bromide.444'445 This compound is particularly useful for
the flameproofing of polyesters and epoxy resins. Naphthols can be halogenated
using the hydrogen peroxide/hydrogen bromide route; the halogenation is in the
activated ring and the products can be further oxidized to the corresponding
naphthaquinone. 2-Naphthol can be mono-iodinated to give l-iodo-2-naphthol
in quantitative yield.446 The selective halogenation of flavanols has also been
reported (Figure 3.107).447

Like phenols, aromatic amines are readily halogenated, aniline itself being
tribrominated in 98% yield. Alkyl-substituted anilines generally give the
quinone derivative under the conditions of the halogenation. Quinone forma-
tion can, however, be prevented by first forming the acetanilide. This technique
has allowed a wide variety of alkyl- and alkoxy-substituted anilines to be
halogenated with hydrogen peroxide/hydrogen halide.448 Such acetylation is
not required where electron-withdrawing groups are present, as quinone
formation does not occur under such circumstances. The mono- and di-
halogenation of nitroanilines has been extensively studied.449 Aromatics with
deactivating substituents such as 4-nitrophenol,450 nitroaniline,449 hydroxyben-
zoic acid,451 sulfonanilamide452 and anthranilic acid453 require more vigorous
conditions, and usually require a Lewis acid catalyst.



Figure 3.106 Halogenation of aromatics employing HXjhydrogen peroxide.

Phthalic anhydride has exclusively electron-withdrawing substituents and can
be converted to the tetrabromo derivative in dilute sulfuric acid using an iron(II)
iodide catalyst.454

The hydrogen peroxide/hydrogen halide system has also been successfully
applied in the halogenation of a range of heterocyclic compounds. Pyrrole is
tetraiodinated with KI and hydrogen peroxide at 45 0C in 80% yield.455 The
halogenation of substituted pyridines456 and quinolines457 have also been
reported (Figure 3.108).



Figure 3.107 Halogenation of activated aromatics using a hydrogen peroxide I hydrogen
halide system.

The halogenation of alkenes458 and alkynes459 using in situ generated halogen
occurs readily (Figure 3.109). These products have been shown to be useful
flame retardent intermediates.

Cyclic alkenes,460 allyl chloride,461 and synthetic rubber462 have been haloge-
nated using this system. In the case of cyclohexene, halogenation occurs readily
in a two-phase reaction using a quaternary ammonium salt phase transfer agent.
The use of less concentrated hydrogen halide at higher temperature allows the



Figure 3.109 In situ bromination of alkenes and alkynes using hydrogen bromide in the
presence of hydrogen peroxide.

halohydrin to be formed, which can be subsequently treated with alkali to give
the epoxide (Figure 3.110).463'464

The formation of halohydrins can be promoted by peroxidase catalysts.465

Recently,466 it has been shown that photocatalysis reactions of hydrogen
peroxide decomposition in the presence of titanium tetrachloride can produce
halohydrins. The workers believe that titanium(IV) peroxide complexes are
formed in situ, which act as the photocatalysts for hydrogen peroxide degrada-
tion and for the synthesis of the chlorohydrins from the olefins. The kinetics of
chlorohydrin formation were studied, along with oxygen formation. The
quantum yield was found to be dependent upon the olefin concentration. The
mechanism is believed to involve short-lived di- or poly-meric titanium(IV)
complexes.

The hydrogen peroxide/hydrogen halide system is not always applicable due
to the presence of water. In cases where the halogen must be used directly,

Figure 3.108 Halogenation of substituted pyridines using hydrogen peroxide I hydrogen
halide systems.



Figure 3.110 Preparation ofstyrene oxide via the formation of a bromohydrin.

particularly in the case of bromine, hydrogen peroxide can be used to recover
the halogen from the effluent stream. The process is extremely efficient with
bromine being recovered in 95% yield, and does not have the reagent transport
and storage problems associated with other bromine recovery technologies. At
low concentration of HBr, the reaction may require the input of heat and an
acid catalyst to improve recovery.467 Halogens can also be recovered from their
halide salts provided they are initially acidified.467

11 Reactions at Aromatic Nuclei
Peroxygen reagents can be used to achieve oxidation at aromatic nuclei ranging
from highly selective aromatic hydroxylation to complete destruction of the
aromatic ring system. Oxidation of the latter type is important in the treatment
of phenolic effluent to prevent environmental damage (see Chapter 5 for further
details). The following section covers a selection of synthetically useful aromatic
oxidation using peroxygens which form bonds other than C-O.

Aromatic species which are activated for electrophilic substitution may be
hydroxylated in the presence of strong acids. The largest single application of
this technology is for the hydroxylation of phenol to hydroquinone and
catechol using a mixture of perchloric and phosphoric acids as catalysts.468

As the products are more readily oxidized compared with the substrate, it is
important to limit the conversion of the phenol to prevent over-oxidation to
tars.

Lewis acids have also been used to catalyse the conversion of alkylbenzenes to
the corresponding phenols, however yields and selectivities are generally
poor.469

Alkaline hydrogen peroxide has not found wide use in the oxidation of
aromatic nuclei, although hydroxyquinones can be formed from hydroquinones
under strongly alkaline conditions (Figure 3.111).470

Hydroxyl radical generated from hydrogen peroxide in the presence of
iron(II) salts hydroxylates most aromatic centres, and indeed a phenol
hydroxylation process based on this chemistry was operated for nearly a
decade.471 The process ran at similar conversions to the acid-catalysed route
mentioned above, however selectivity to dihydroxybenzenes was somewhat
lower, and some resorcinol was formed along with catechol and hydroquinone.



Figure 3.111 Preparation of hydroxyquinones using alkaline hydrogen peroxide.

Radical nucleophilc oxidation based on one-electron oxidation, known as the
Minisci reaction, is employed for the functionalization of 7V-heterocycles with
acidic hydrogen peroxide in the presence of iron(II) salts (Figure 3.112).472 A
range of N-heterocycles (pyridines, pyrazines, quinolines, etc.) which are
activated towards attack by nucleophilic radicals when protonated are suited
to this chemistry. The Minisci reaction is suitable for the preparation of
carboxylic amides (from formamide), carboxylic esters (from pyruvic esters
via a hydroxyhydroperoxide), aldehydes (from 1,3,5-trioxane) and alkylated
pyridines (either from carboxylic acids or from alkyl iodides in dimethyl
sulfoxide).473 The latter reaction uses dimethyl sulfoxide as the source of
methyl radical (Figure 3.112).

Treatment of quinoline with alkaline hydrogen peroxide results in hydroxyla-
tion, and oxidative cleavage of the 'b-ring'. This gives a mixture of products
which can be further oxidized to quinolinic acid.474

Peracids have found wide application in the oxidation of aromatic species. In
situ peracids have been used in the presence of strong acids to affect the
hydroxylation of phenol in a similar manner to the method using hydrogen
peroxide. Trifluoroacetic acid has also been shown to be highly effective for the

Figure 3.112 Minisci reaction.



Figure 3.113 Hydroxylation ofmesitylene with trifluoroper-acetic acid.

hydroxylation of aromatic rings which are more activated than that of toluene,
e.g. in the conversion ofmesitylene to mesitol (Figure 3.113).475

If direct products of hydroxylation are required, it is necessary to use an
excess of the substrate in order to prevent over-oxidation occurring. However,
the further oxidation that can occur may be desirable on occasions. For
example, polynuclear aromatic hydrocarbons may be converted to 1,4-quinones
using in situ peracetic acid.476 Catechol is readily converted to c«,cw-muconic
acid via the orthoquinone by peracetic acid in the presence of an iron(III)
catalyst.477 Polycyclic aromatic species can be similarly oxidized to useful
products. For example, /?-napthol is oxidized to 0-carboxycinnamic acid.478

Heteroaromatic species may also react. Substituted furans undergo a variety
of oxidations, usually involving ring-opening reactions in the presence of
peracids.479 Quinoline is converted to quinolinic acid using in situ peracid in
the presence of copper(II) acetate (Figure 3.114).480

A wide range of aromatic species including benzene itself has been hydroxyl-
ated using hydrogen peroxide with a variety of metal salts. Many of these
reactions involve hydroxyl radicals,481 and not surprisingly, tend to give poor
selectivities to specific products. In recent years, a number of complex metal
catalysts482 and heterogenous catalysts483'484 have been discovered which over-
come some of these problems.

In phenol hydroxylation, remarkable selectivities to single products have
been achieved using vanadium heteropolyacid catalysts.485 The use of the
ZSM-5 titanium silicalite (TS-I)483 permits the oxidation of phenol to catechol
and hydroquinone to be carried out on an industrial scale with a higher
selectivity at a greater conversion of substrate that was not previously possible
with strong acid catalysts.

As with peracids, hydroxylation is not the only useful oxidation possible.
Dihydroxyarenes are readily converted to quinones using hydrogen peroxide in
combination with a wide range of metal species.486 An interesting example is the
use of supported chromium oxide-bis(tributyltin) oxide catalyst in the manu-
facture of vitamin Ki (Figure 3.115).478

Phenols and phenol ethers may also be converted to quinones directly,488 an
example being 2,3,5-trimethylphenol to 2,3,6-trimethylbenzoquinone, an inter-
mediate in vitamin E production. Ring-opening and degradation reactions are



Figure 3.115 Synthesis of vitamin K1.

also possible; for example, the osmium tetraoxide catalysed oxidation of
naphthalene to phthalic anhydride.489

A number of other aromatic oxidations involving peroxygen species have
been documented. Probably the best known of these is the hydroxylation of
phenols using alkaline peroxydisulfates, known as the Elbs reaction.490 This

Figure 3.114 Oxidation of aromatic compounds with per acetic acid.



Figure 3.116 Elbs reaction.

reaction is particularly useful when other groups sensitive to oxidation are
present (Figure 3.116).

Phenols can be converted to quinones using halogens generated in situ from
hydrogen peroxide and hydrogen halide, sometimes with a catalyst. These
reactions involve halogenated intermediates (see Section 10).

Aromatic hydroxylation has been achieved using sodium perborate in highly
acidic media.491 Excellent selectivities can be achieved, even with deactivated
substrates such as chlorobenzene, but a large excess of the aromatic species is
essential.

Figure 3.117 Trifluoromethylation and acetoxylation of toluene in the presence of
trifluoroacetic anhydride I hydrogen peroxide.



Aromatic acyloxylation can be achieved via the decomposition of diacyl
peroxides in the presence of aromatic substrates. By careful choice of reaction
conditions, either acyloxylation or trifluoromethylation of the ring system can
be achieved, using trifluoroacetyl peroxide generated in situ from trifluoroacetic
anhydride and sodium percarbonate (Figure 3.117).492

The Minisci reactions referred to above can also employ /-butyl hydro-
peroxide (TBHP), perdisulfate or dibenzoyl peroxide in the presence of
hydrogen peroxide.493

12 Conclusion
Based on the above discussion, it is hoped that the reader has gained an insight
as to the importance of hydrogen peroxide in the area of organic synthesis, in
particular, the use of hydrogen peroxide with metal species for catalytic
oxidation. The use of catalytic processes is mainly driven by the need for
cleaner processes, and many new and interesting technologies are emerging,
especially in fine chemicals where high selectivity to the desired product is
crucial. In particular, we expect the design of novel heterogeneous liquid-phase
oxidations to play an important role in such developments, and such technol-
ogies are further expanded upon in the next chapter. Finally, it is hoped that
better methods for enantioselective oxidation will be developed, possibly via the
utilization of enzymes in organic media.
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CHAPTER 4

Heterogeneous Activation and
Application of Hydrogen
Peroxide

1 Introduction
The 1990 Environmental Protection Act necessitates a greater need for clean
technology, and the priorities of the chemical industry today includes clean
technology, re-cycling, waste treatment, disposal and environmental monitor-
ing. As part of this picture there is great interest in the replacement of
conventional reagents and catalysts for supported species.1 Indeed, supported
catalysts are widely used throughout industry due to their enhanced activity,
stability, economic benefits, ease of recovery and resistance to poisoning.2 In
order to appreciate the reasons for the present interest in supported and
heterogeneous catalysts, it is important to examine the advantages and
disadvantages of heterogeneous and homogeneous catalysts.

The major disadvantage of homogeneous catalysts is the difficulty of separat-
ing the often relatively expensive catalyst from the products at the end of the
reaction. Often distillation is inevitable, and unless it is extremely efficient, it
may result in loss of catalyst and hence render the process uneconomic. In
contrast, a heterogeneous catalyst can be removed by coarse filtration tech-
niques. In heterogeneous systems, reaction has to occur at catalytically
accessible sites, i.e. some sites will remain unused during the reaction. By
contrast, all the sites on a homogeneous catalyst are theoretically available as
catalytic centres, hence, these catalysts are potentially more efficient in terms of
the concentration required to catalyse a given amount of reaction. The problem
is somewhat negated via the theory of restricted dimensionality, i.e. most
surfaces can be represented as two dimensions, whereas the homogeneous
system is three dimensional. Consequently, provided that adsorption processes
are not rate limiting, the kinetics of the reaction may be faster in a hetero-
geneous system.

Homogeneous catalysts also have the advantage over heterogeneous systems
in that the former are highly reproducible, because they have a definite



stoichiometry and structure; by contrast, the structure of a heterogeneous
catalyst is heavily dependent on both its method of preparation and its
antecedents prior to preparation. Furthermore, homogeneous catalysts have
only one type of active site, and therefore will often be more specific than a
heterogeneous catalyst, in which several types of active site may be present in
the form of surface defects. Such defects are extremely difficult to control, hence
any defects present can make systematic design and improvement very difficult.

As mentioned above, the initial driving force for preparing heterogeneous
systems is currently to turn an environmentally aggressive homogeneous
assemblage into a relatively benign one. However, experience has also shown
that the presence of both support and catalyst can have synergistically beneficial
effects. Firstly, the support may not merely be an inert backbone, but may play
a positive role leading to preferred orientations of the substrate at the catalytic
site.3 Secondly, organic functional groups covalently bound to the surface of
inorganic species or polymers are subject to special constraints which may alter
their chemical reactivity relative to the analogous small molecules.4 Thus the
chemical properties of supported catalytic species can be different to their
homogeneous counterparts. Thirdly, supporting a metal complex catalyst on
what is effectively a multidentate ligand may alter the stereochemistry around
the metal ion in a beneficial way.5 Fourthly, supporting the catalyst may alter
the equilibrium position between the metal ion and the surrounding ligands.6

Finally, it is sometimes possible to stabilize catalytically active centres, often
through site isolation, which prevents dimerization of the catalyst to an inactive
form.7 In addition, attachment of the catalyst to a support can sometimes
provide protection against poisons for the catalytic species.8

The aim of this chapter is to illustrate the benefits of employing hetero-
geneous catalysts with hydrogen peroxide for the liquid-phase oxidation of
organic substrates. Two broad classes of heterogeneous system will be dis-
cussed:

• redox zeolites;
• non-crystalline heterogeneous catalysts.

2 Redox Zeolites
There are two major problems associated with selective oxidation catalysis with
soluble oxo-metal complexes. Firstly, the propensity of certain oxo-metal
species such as titanyl (TiIV=O) towards oligomerization to inactive /x-oxo
complexes. Secondly, many complexes contain organic ligands which can be
oxidatively destroyed during the oxidation transformation of interest. These
problems can, in principle, be circumvented by site isolation of a discrete oxo-
metal species in an inorganic matrix, which functions as a thermodynamically
stable ligand.9 One approach to isolating metal ions in stable inorganic matrices
is to incorporate them, via isomorphous substitution, into the framework of
molecular sieves such as silicates, zeolites and aluminophosphates (AlPOs).



Sheldon and co-workers have described such materials as redox molecular
sieves.10'11 The materials have several advantages over conventional metal-
supported catalysts. For example, unlike amorphous materials such as alumina,
silica or titania, molecular sieves have a regular micro-environment with
homogeneous internal structures, which consist of well defined cavities and
channels. They provide the possibility of performing shape-selective catalysis,
and by fine tuning the size, and hydrophobic/hydrophilic character of the redox
cavity can be turned into 'tailor made' oxidation catalysts. The molecular sieve
can also be viewed as a second solvent that extracts the substrate out of the bulk
solvent. High silica molecular sieves (e.g. silicalite) possess hydrophobic
cavities, and hence are suitable for oxidation of organic substrates with
aqueous hydrogen peroxide. In contrast, aluminophosphates have hydrophilic
cavities that render them unsuitable for reactions with aqueous hydrogen
peroxide. They can, however, be successfully employed with alkyl hydroper-
oxides or molecular oxygen.

Table 4.1 illustrates a number of redox molecular sieves which have been
successfully prepared and employed as oxidation catalysts with hydrogen
peroxide, alkyl hydroperoxides and molecular oxygen.

Whilst a whole host of redox zeolites have been prepared and employed with
hydrogen peroxide for the oxidation of organic substrates, by far the most
studied is a titanium-containing silicalite known as TS-I. For this reason, the
bulk of this section will discuss this material in terms of its preparation,
oxidation ability with aqueous hydrogen peroxide and the mechanistic path-
ways believed to be functioning during the oxidation of organic substrates.

The discovery of TS-I in 1983 at Enichem in Italy,12 opened up active
research into the area of titano-silicalites. TS-I is a ZSM-5 type molecular
sieve with MFI topology. The discovery of TS-I is interesting as it can be used in

Table 4.1 Pore size and structural topographic species of various redox molecular
sieves

Structure type Framework structure Pore size (A) Metals incorporated

MFI ZSM-5 5.6 x 5.5 Ti, Zr, V, Fe
MEL ZSM-Il 5 . 1 x 5 . 5 Ti, V, Fe
EUO ZSM-50 5.7 x 4.1 —
ZSM-48 ZSM-48 5.4 x 4.1 Ti
TON ZSM-22 5.5 x 4.4 Fe
MTT ZSM-23 5.2 x 5.5 Fe
FER ZSM-35 5.5 x 4.2 —
FAU X, Y 7.4 x 7.4 Ti, Fe
MOR Mordenite 6.7 x 7.0 Ti, Fe
MTW ZSM-12 5.7 x 6.1 Fe
BEA Beta 7.6 x 6.4 Ti
NCL-I NCL-I 7.0 x 7.3 V
MCM-41 MCM-41 40-100 Fe



conjunction with aqueous hydrogen peroxide. Since water is detrimental to
conventional catalysts, organic peroxides have to be used as oxygen sources,
and these can give rise to toxic side products. The hydrophobic nature of the
TS-I micropores favours diffusion of non-polar substrates to the active site. The
hydrophobic micropores of the catalyst are assumed to exclude water from its
internal voids, and thus protect the active site from deactivation. The titanium
atoms in TS-I are tetrahedrally co-ordinated to four atoms in the framework,
and it is generally considered that the hydroperoxides are accommodated in the
titanium co-ordination sphere in the first step of the catalytic conversion.13

TS-I has been synthesized by three methods. The first involves the hydrolysis
of tetraethylorthosilicate and tetraethylorthotitanate with tetrapropylammo-
nium hydroxide and water.14 The preparation does not require mineralizing
alkali metals; in fact these can prove detrimental to the catalytic functioning of
the material. The hydrolysis is followed by hydrothermal crystallization carried
out under autogeneous pressure and agitation at about 175 0C. The second
method whilst similar to the first involves the reaction of aqueous hydrogen
peroxide with an aqueous solution containing hydrolysed titanium alkoxide
which results in the formation of peroxytitanates. Thirdly, the synthesis of TS-I
can be carried out with co-precipitated amorphous TiO2-SiO2 in an aqueous
solution of tetrapropylammonium hydroxide. Precautions are necessary to
avoid precipitation of TiO2 as a separate phase, as it can act as a catalyst
poison in the subsequent oxidation reactions.

TS-I functions as a very efficacious catalyst in the oxidation of a large number
of organic substrates with aqueous hydrogen peroxide (Figure 4.1).15~18

TS-I exhibits some quite remarkable activities and selectivities in the
epoxidation of many substrates. For example, relatively unreactive olefins such
as ethene and allyl chloride are epoxidized in high yield under mild conditions
using methanol as the solvent.19 As a result of the shape selectivity effect, larger,
more reactive olefins such as cyclohexene are epoxidized very slowly (Table 4.2).

Whilst the discovery of TS-I is a seminal milestone in heterogeneous catalysis,
the smaller pore size of the zeolite framework restricts its use, even for some

Table 4.2 Epoxidation of olefins with aqueous hydrogen peroxide catalysed with
TS-I

Temperature Time Hydrogen peroxide Epoxide yield
Olefin (0C) (min) (% conversion) (%)

Propylene 40 72 90 85
Pent-1-ene 25 60 94 86
Hex-1-ene 25 70 88 79
Oct-1-ene 45 90 81 74
Cyclohexene 25 90 10 <1
Allyl chloride 45 30 98 90
Allyl alcohol 45 35 81 63



Figure 4.1 Organic functional group oxidation in the presence of hydrogen peroxide and
TS-L

relatively small alkenes. Conformationally rigid, as well as larger substrates,
cannot approach the catalytically active sites. Hence, new materials with larger
pores have been sought. An interesting material worth discussing is titanium-
doped zeolite beta (Ti-/?).20 Ti-/? is a high-silica zeolite with a three-dimensional
pore system containing twelve-membered ring apertures. The pore size is of the
order of 7 A x 7 A. The material shows high selectivity and catalytic activity
with branched and cyclic alkenes to epoxides with aqueous hydrogen peroxide.
Ti-/? is hydrophilic in nature and good catalytic activity has been found with
organic hydroperoxides. The Ti-/? has a Si/Al ratio of greater than 200, which



affords a catalyst which is relatively selective in its oxidation. For example,
during epoxidation the main product is the oxirane product with only minor
contributions from ring-opened products. However, when Ti-Al-/? is employed
with hydrogen peroxide,21 the Bronsted sites on the catalyst react with the
epoxides to form side products such as diols, aldehydes and ketones. Ti-/? is
synthesized by mixing a co-precipitate of TiO2-SiO2 with tetraethylammonium
hydroxide and hydrogen peroxide followed by autogeneous heating. Ti-Al-/? is
generally synthesized from tetraethylorthotitanate, silica, tetraethylammonium
bromide and aluminium nitrate again under autogeneous conditions.

A number of mesoporous titanosilicates have been synthesized22 for the
activation of peroxygens for the selective oxidation of organic substrates. The
materials are generally classed as M41S. Depending on the basic pore geometry,
they are classified into three groups: Ti-HMS (hexagonally ordered mesoporous
silica), MCM-41 (hexagonal), and MCM-48 (cubic).23 The pore size in such
materials varies over the range 16-100 A, and their mesoporosity allows easy
access to the catalytically active sites. Thus, this class of compounds has an
advantage in the selective oxidation of alkenes. The M4 IS class of compounds is
prepared by hydrogel impregnation of the precipitates of alkoxysilanes and
titanates with organic compounds. Ti-HMS is synthesized by acid hydrolysis of
tetraisopropylorthosilicate with dodecyl amine as the template under auto-
geneous conditions. Ti-MCM-41 is synthesized by a similar method, with a
quaternary ammonium bromide as the structure-templating agent. Ti-MCM-41
has also been synthesized by introducing titanium into a zeolite framework.24

The large channels of H-MCM-41 are big enough to intercalate and graft
titanium-based organometallic compounds into the pores. Typically, a solution
of dicyclopentadienyl titanium(IV) chloride (Cp2TiCl2) is diffused into the
pores, followed by triethylamine to activate the Si-OH groups of the silica to
form Si-O-Ti linkages (Figure 4.2). The final catalyst is obtained on removal of
the cyclopentadienyl groups by calcination at 550 0C.

The porous titanosilicates have made a tremendous impact industrially as
oxidation catalysts, however the mechanisms of their reactions are not fully
understood. Nearly every solid-state analytical method has been applied to the
problem. One reason for this is that the active titanium centres are only present
in very low concentrations. Consequently, whilst there is a continuing search for
new heterogeneous titanosilicates for selective oxidation, there has also been an
interest in the preparation of homogeneous models for such materials, in an

MCM-41 Ti-MCM-41

Figure 4.2 Preparation of Ti-MCM-41 from MCM-41 in the presence of a titanium-
containing organometallic precursor.

iii) Calcine



attempt to understand their complex chemistry, and the nature of the active site.
Stable organosilanetriols and various titanium-containing organometallic pre-
cursors as building blocks are used to investigate such chemistry. With this
strategy, it has been possible to prepare a series of molecular titanosilicates with
cage structures containing titanium centres in the formal oxidation state of (IV)
with tetrahedral (TiO4), trigonal bipyrimidal (TiO5), and octahedral (TiO6), co-
ordination environments.25 The molecules can be viewed as single-phase
titanosilicates having a high titanium content. The crystal structure of a
titanium-rich titanosilicate [Cs3HTi4O4(SiO4)34H2O] synthesized under auto-
geneous conditions has been reported.26 The structure was found to resemble
the mineral pharmacosiderite.

Numerous studies investigating the nature of the titanium environment in TS-
1 have been documented. Based on the unit cell expansion, it is understood that
the titanium atoms in TS-I are incorporated into the zeolite framework.27 The
Ti sites are believed to be tetrahedrally co-ordinated.28 Further, EXAFS studies
on Ti-Al-/? suggest that the co-ordination number of the titanium varies
depending on whether the samples are as made, calcined, hydrated or dehy-
drated.29 XPS has shown that TS-I has an identical binding energy to that of
Ti(IV) in co-precipitates OfTiO2-SiO2, suggesting that the oxidation state of the
titanium in TS-I is (IV).30 Davis and co-workers have investigated the selective
oxidation of n-octane with amorphous TiO2-SiO2 and TS-1 in the presence of
aqueous hydrogen peroxide and organic hydroperoxides.31 They also investi-
gated the epoxidation of hex-1-ene. The aim of their work was to investigate the
mechanism of alkane activation on TS-I by determining the stereoselectivity of
this catalyst for cis- and rr^«5-l,3-dimethylcyclopentane oxidation. The paper
proposed a mechanism for the oxidation of alkanes and compared it with the
suggested mechanism for alkene epoxidation. Figure 4.3 illustrates their
proposed interaction between TS-I, hydrogen peroxide and an alkyl hydro-
peroxide.

Figure 4.3 Possible interaction between TS-I and aqueous hydrogen peroxide or an alkyl
hydroper oxide.



The workers proposed that alkyl hydroperoxides and aqueous hydrogen
peroxide interact with TS-I in a similar manner, forming titanium alkyl peroxo
complexes and titanium peroxo complexes, respectively. However, the titanium
alkyl peroxo complexes were not active because the substrate could not enter the
void due to steric effects. Consequently, no activity was possible for either
alkane hydroxylation or alkene epoxidation. Comparison with TiO2-SiO2/alkyl
hydroperoxide for alkane and alkene oxidation indicated that this material was
active because the oxidation took place on the surface and not in the pores.
Figures 4.4 and 4.5 show the possible mechanisms in operation for the oxidation
of alkenes and alkanes with a TS-1/hydrogen peroxide system.

Stereoselectivity differences were found between alkane and alkene oxidation
in the presence of TS-I, which suggested that the oxidations proceeded via
different mechanisms. Stereo-scrambling was present during alkane oxidation
on TS-I, without any radical clock rearrangement, suggesting that the radicals
formed may have had a very short lifetime or that their movements were
restricted such that no rearrangement could occur.

The work of Davis was, however, unable to distinguish which oxygen was
attacked on the titanium peroxo complex when the alkene co-ordinates. There-
fore, Neurock and Manzer conducted a theoretical study of the mechanism of
alkene epoxidation using TS-I with aqueous hydrogen peroxide.32 The workers
concluded that their calculations to predict both the structure and relative
bands in the IR spectra for TS-I were in good agreement with experimental
data. The calculations indicated that the oxygen closest to the titanium centre
was the active site for alkene attack. The result was the direct formation of

Figure 4.4 Possible mechanism of alkene epoxidation on TS-I.



Figure 4.5 Possible mechanisms operating for alkane oxidation on TS-I.

water, the regeneration of the tetrahedral titanium centre and a weakly bound
epoxide product. Substituent effects suggested that the reaction became more
exothermic and released the epoxide more readily upon increasing the electron-
withdrawing nature of the substituent.

Sankar and co-workers have used X-ray absorption fine structure (EXAFS)
measurements with a synchrotron source to investigate the local environment
around the titanium-centred active site in TS-I, during the epoxidation of



alkenes by hydrogen peroxide.33 The Fourier transformations of the Ti-K-edge
EXAFS indicated that there was a decrease in the Ti-O bond length upon
calcination from 1.87 A to 1.80 A. This result is consistent with the generation of
a well-ordered tetrahedral environment around the titanium. During oxidation,
the titanium environment alters again with an increase in disorder. The disorder
is the result of participation of titanium in the catalytic conversion of the alkene
to the epoxide in the presence of hydrogen peroxide.

Bordiga and co-workers have also conducted an EXAFS study with TS-I in
the presence of adsorbates, water and ammonia.34 The co-ordination state of
the titanium was found to be strongly dependent upon the presence or absence
of ligands. In particular, adsorption and desorption of ammonia on TS-I,
investigated in situ, gave clear indication of the increase and decrease of the co-
ordination state of titanium(IV). The data is in quantitative agreement with
UV-VIS, IR and Raman spectroscopic studies. The EXAFS spectra confirm
that Ti(IV) in TS-I, outgassed at 400 K, are four co-ordinated and that the
adsorption of ligands leads to an increase in the co-ordination sphere (Figure
4.6).

The adsorption of ammonia is an extremely important process for the
industrial preparation of cyclohexanone oxime from cyclohexanone and
ammonia in the presence of TS-I and aqueous hydrogen peroxide. The
cyclohexanone oxime is used industrially for the synthesis of e-caprolactam,
which is a chemical intermediate for nylon-6 production. The oxime intermedi-
ate, under the process conditions, undergoes a Beckmann rearrangement to e-
caprolactam. There are several technologies available for carrying out this
chemistry. The main differences are in the manufacture of the hydroxylamine
derivative. Nitrogen oxides from ammonia oxidation are reduced with sulfur
dioxide in the Rashig process, and by catalytic hydrogenation in the BASF/
Stamicarbon technologies.35 In all cases, the product is a hydroxylammonium
salt. The Rashig process is characterized by SO2 and NOx emissions, and the
BASF/Stamicarbon process produces NOx. A further problem associated with

Figure 4.6 Co-ordination of water and ammonia on TS-L



such processes for the production of e-caprolactam is the large by-product
formation of ammonium sulfate, which is a critical environmental and
economic issue.

The problems associated with the processes outlined above for the production
of e-caprolactam encouraged workers at Enichem to develop a 'once-through'
synthesis of cyclohexanone oxime that would satisfy the following. Firstly,
introduction of nitrogen into the cyclohexanone molecule via the direct
oxidation of ammonia to the correct oxidation state without over-oxidation to
nitrogen oxides. Secondly, the use of aqueous hydrogen peroxide as the oxidant
source. Thirdly, low or no by-production of sodium sulfate. Finally, high yield
and selectivity together with a simplification of the whole process. The Enichem
workers investigated the use of TS-I with hydrogen peroxide for the cyclo-
hexanone ammoximation and compared this with a range of catalysts (Table
4.3).36

The results obtained with the different catalysts indicate that both TiO2

supported on silica and TS-I perform well. However, TS-I was the superior
catalyst. The Enichem process for this step in the e-caprolactam process greatly
simplifies the current technology (Figure 4.7).

The ammoximation of cyclohexanone using a TS-I and hydrogen peroxide
system provides a dramatic example of how commercial processes can be
improved not only on an environmental basis but also in terms of process
simplification leading to cost savings. The main advantages of the Enichem
technology are that the current industrial processes can be easily adapted to
accommodate the changes and that there is a significant reduction of ammo-
nium sulfate by-product, together with the complete elimination of NOx and
SO2 emissions.

The discovery of TS-I and its catalytic properties in the oxidation of organic

Table 4.3 Cyclohexanone ammoximation with different catalysts*

Conversion of cyclohexanone Selectivity to oxime
Catalyst (%) (%)

None 53.7 0.6
SiO2 amorphous 55.7 1.3
SiO2 crystalline 59.4 0.5
TiO2-SiO2 66.8 85.9
TS-I 99.9 98.2

a Work carried out by Enichem SpA.



Figure 4.7 Comparison of conventional and Enichem processes for the production of
e-caprolactam.

compounds with hydrogen peroxide has opened the way to new technological
possibilities and has demonstrated that hydrogen peroxide can be an extremely
selective oxidizing agent when coupled with titanosilicates. Before leaving the
section, there are other silicalite materials worthy of note, namely tin silicalite,
chromium silicalite and ZSM-5.

Tin silicalite materials with MFI (ZSM-5) topology have been prepared by
several workers.37'38 Larger pore size tin silicalites of ZSM-12 (MTW topology,
consisting of unidimensional channels with 12-membered ring pore openings of
5.7 A x 6.1 A in size) were prepared by Ramaswamy and co-workers.39 The
material was synthesized hydrothermally using a hexamethylene bis(benzyl-
dimethylammonium hydroxide) templating agent. The tin silicalite has an IR
absorption band at 970 cm"x and a charge-transfer band at 250 nm in the UV-
VIS spectrum indicating the presence of Si-O-Sn units with Sn(IV) centres in a
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Figure 4.8 Oxidation of arenes in the presence of aqueous hydrogen peroxide and
Sn-ZSM-12.

Conversion: 15.9 % Distribution:

Conversion: 16.2% Distribution:
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Td configuration. The Sn-ZSM-12 catalyses the oxidation of phenol, m-cresol
and xylene using aqueous hydrogen peroxide (Figure 4.8).

The hydroxylation of phenol using Sn-ZSM-12 is relatively active, and has
an ortho to para ratio of 1.4, which indicates that the Sn(IV) species
responsible for the catalytic activity are well dispersed on the surface of the
catalyst. The oxidation of m-cresol indicates that the ring hydroxylation is
predominant and the oxyfunctionalization is secondary. The hydroxylation of
the phenol indicates that more para isomer is formed compared to the ortho,
which indicates that the active centre is within the pores of the unidimensional
ZSM-12 structure. In contrast to the m-cresol case, m-xylene is oxidized
preferentially at the alkyl chain. The aromatic ring hydroxylation is likely to
be an electrophilic process proceeding via an ionic mechanism.40 However, the
higher electron-donating character ( + M) of the OH group in m-cresol
compared to the +1 effect of the CH3 group in m-xylene may be responsible
for the observed difference in the product distributions. The probability of
either of the CH3 groups undergoing oxidation simultaneously is twice that in
m-cresol, and the results reflect exactly this course of reaction. The oxidation
of the side-chain along with aromatic hydroxylation is a characteristic of tin-
silicalite molecular sieves. In this respect, Sn-ZSM-12 is similar to the large
pore vanadium silicalite (V-NCL-I).41 The results of Ramaswamy support the
view that the hydroxylation of the aromatic ring with hydrogen peroxide as an
oxidant over Sn-ZSM-12 follows an ionic pathway, whereas side-chain oxida-
tion occurs predominantly by a radical pathway, as on vanadium silicalite
molecular sieves.42

Although titanium silicalites catalyse the oxidation of a wide range of
substrates, there are certain synthetically useful reactions such as oxidative
cleavage of olefins for which titanium is not an active catalyst. Chromium(IV)
silicalites are, however, effective with hydrogen peroxide for oxidative clea-
vage. Chromium(IV) silicalite (CrS-I) has been successfully used in the
oxidative cleavage of methyl acrylate and methyl methacrylate to methyl
esters of glyoxilic and pyruvic acids, respectively, with aqueous hydrogen
peroxide in acetonitrile at 400C.43 The synthesis of CrS-I has been described
by several workers.44'45 Even after calcination, the chromium was found to be
easily leached from the catalyst by water44 and it was considered unlikely that
the chromium had been incorporated into the framework of the zeolite. A
major problem with the incorporation of chromium in the silicalite frame-
work is the propensity of chromium(III) to undergo dimerization (Figure 4.9)
via hydroxo bridge formation at the high pH typical of hydrothermal
synthesis.

Sheldon and co-workers have circumvented this problem to some extent by
three approaches:46 the use of sulfuric acid to reduce the pH, by addition of
ammonium fluoride and by addition of ammonia. Ammonia stabilizes mono-
meric chromium(III) species via the formation of amine complexes, and the
fluoride effects dissolution of the silica at near-neutral pH. The three catalysts
that were synthesized were evaluated in the oxidative cleavage of styrene with
35% m/m hydrogen peroxide in 1,2-dichloroethane at 700C (Table 4.4). The



Figure 4.9 Dimerization of chromium (HI) species under basic conditions.

major products were benzaldehyde and l,2-diphenylethane-l,2-diol, together
with minor amounts of styrene oxide and phenylacetaldehyde. The latter results
from the rearrangement of styrene oxide and is the major product of TS-I
catalysed oxidation of styrene with hydrogen peroxide.47

The Sheldon group found that the highest conversions were observed with
CrS-I prepared by the ammonia method. CrS-I made by the fluoride method
gave a slightly lower styrene conversion and roughly the same selectivities. The
catalyst prepared by the sulfuric acid method gave substantially lower styrene
conversions, but the selectivity to benzaldehyde was high.

Aluminophosphates (AlPO4) were discovered in 198248 and a large amount of
research has been directed towards the incorporation of various elements into
the framework of these molecular sieves.49 A particular area of study is the
oxidation of primary and secondary alcohols to the corresponding carbonyl
compounds, which are useful synthetic intermediates. Traditionally, alcohol
transformations are performed with stoichiometric chromium(VI) reagents.50

However, due to environmental problems associated with chromium-contain-
ing effluent, attention has focused on the use of chromium in conjunction with
oxidizing agents such as ter/-butyl hydroperoxide.51 Sheldon and co-workers

Table 4.4 Chromium silicalite cleavage of styrene with aqueous hydrogen
peroxide*

2 3 4

Synthesis Conversion of Selectivity Selectivity Selectivity Selectivity
method styrene (%) to 1 (%) to 2 (%) to 3 (%) to 4 (%)

Fluoride 26 57 31 6 6
Ammonia 34 52 35 4 9
Sulfuric acid 9 85 O 1 1

a 70 0C, 1,2-dichloroethane, 4 h.



Table 4.5 Cr-APO-5 catalysed oxidation of secondary alcohols with TBHP at
85 0C in chlorobenzene solvent

Conversion Selectivity on Selectivity on
Substrate Product (%) substrate (%) TBHP(Vo)

a-Ethylbenzyl alcohol Propiophenone 77 100 91
a-Methylbenzyl alcohol Acetophenone 77 96 89
Cyclohexanol Cyclohexanone 72 85 73
Carveol Carvone 62 94 66
1,2-Diphenylethane- a-Hydroxy 54 73 40

1,2-diol acetophenone

have prepared chromium-substituted AlPO4S in conjunction with TBHP for
alcohol oxidation.

The material synthesized by the group containing chromium in the +3
oxidation state, Cr-APO-5, was green; however, upon calcination in air at
5500C, the catalyst turned yellow, and the majority of the chromium was
converted to the +6 oxidation state. Table 4.5 summarizes some of Sheldon's
results. The alcohol oxidation selectivities were found to be good to excellent
with respect to both the substrate and TBHP. Carveol undergoes chemoselec-
tive oxidation of the alcohol group to give carvone, without any attack on the
double bonds. Diols containing secondary and primary alcohol groups can also
be selectively oxidized (Figure 4.10).

73 % Selectivity

Figure 4.10 Chemoselective oxidation of alcohols with Cr-AP0-5 in the presence of
TBHP.

94 % Selectivity



90 % Selectivity

Figure 4.11 Oxidation of hydrocarbons with Cr-APO-5 and TBHP.

Cr-APO-5 and TBHP systems have also been employed for the oxidation of
hydrocarbons. For example, ethylbenzene and tetralin have been selectively
oxidized under mild conditions employing this system (Figure 4.11).

Whilst the majority of the discussion thus far has been concerned with
metallo-substituted redox molecular sieves, it is important to note that proto-
nated zeolite forms can also be employed for selective oxidation with aqueous
hydrogen peroxide. An excellent example of this is the study conducted by the
Mobil Oil Corporation.52 Their work has shown that a number of protonated
zeolites such as H-ZSM-5 or zeolite-/? can be used with hydrogen peroxide to
catalyse the oxidation of cyclic ketones to lactones or the co-hydroxycarboxylic
acids (Figure 4.12).

3 Non-crystalline Heterogeneous Catalysts
The final section in this chapter will discuss several areas of current research,
which have attempted to use non-crystalline materials such as metallosilicates
or supported oxidation catalysts on high surface area solids. The definition of
non-crystalline employed here refers to the support system and not necessarily
the active catalytic centre.

The previous section discussed the use of crystalline metal silicalites as
catalysts for the liquid-phase oxidation of organic substrates with peroxygens.
The unfortunate feature of many of the crystalline catalysts is their relatively
difficult synthesis, requiring specialized expertise, equipment and the use of
proprietary knowledge. Also the small pores of the zeolite limit access to the
catalytic sites by large organic substrates, which are often more prevalent in the

85 % Selectivity



Figure 4.12 Oxidation of cyclic ketones with aqueous hydrogen peroxide in the presence
ofprotonated zeolites.

synthesis of fine chemicals. In response to such limitations, Neumann has
synthesized a range of amorphous metallosilicalite xerogels, MOx-SiO2,53 by
the application of the sol-gel method54 and used them as catalysts in oxidation
of various organic substrates (Figure 4.13). The required metallo-silicalites are
prepared by dissolving tetraethylorthosilicate in acidified aqueous ethanol. The
solution is heated at 60 0C for about 2 h. The appropriate metal isopropoxide is
then added, and the resultant gel is left in an open beaker allowing slow



Figure 4.13 Use of MOxSiO2 amorphous catalysts for the oxidation of organic sub-
strates with aqueous hydrogen peroxide.

evaporation of the solvent. The brittle MOx-SiO2 xerogel generated is ground
and dried at 10O0C. The catalysts are easily characterized by IR spectroscopy
which indicates a band at 940-960 cm"1, attributable to the M-O-Si
vibration.55

Whilst the metal containing xerogels show reasonable catalytic activity with
hydrogen peroxide, they are still inferior to the redox zeolites mentioned earlier.



One problem with them is their sensitivity to the medium they are employed in,
as regards metal oxide leaching. For example, in f-butanol, the catalysts are
relatively stable, but in co-ordinating solvents such as acetonitrile, considerable
leaching is detected. It is possible that if the leaching problem can be overcome,
the MOx-SiO2 xerogel catalysts could have a future on an industrial scale.

The use of heteropolyacids with hydrogen peroxide in homogeneous systems
is well documented.56'57 The heteropolyacids, phosphotungstic (H3PW12O40)
and phosphomolybdic (H3PMo12O40), possess the dual catalytic functions of
oxidizing ability and strong acidity, and can themselves be used for the
oxidation of organic substrates in acid-catalysed reactions.58 Generally, when
a heteropolyacid is used with hydrogen peroxide as the primary oxidant for the
epoxidation of alkenes, the product is often the trans-diol, as a result of
electrophilic attack on the epoxide ring by the strongly acidic heteropolyacid
anion.59 Heteropolyacids are also very soluble in both water and alcohol,
making catalyst separation difficult. The immobilization of heteropolyacid
catalysts would therefore bring numerous advantages. Phosphotungstic acid
supported on y-alumina has been employed with hydrogen peroxide in an
oxygenated polar solvent for the oxidation of a range of olefins.60 The heavy
metal was introduced into a separate and easily separable phase and thus
eliminated the problems identified above. The catalysts were introduced onto
the inorganic support via alcoholic impregnation, and then calcined at a
temperature greater than 30O0C. Organic polymers have also been used as
supports for heteropolyperoxometallates. The oxidation of cyclohexane-1,2-
diol with hydrogen peroxide was effectively catalysed by [PMo12O40]3" bound
to polyvinyl pyridines.61

The penicillin-G-potassium salt has been oxidized using supported polyoxo-
metallates.62 Specifically, the oxidation of the sulfide group to give the sulfoxide
was achieved, the product being an intermediate in the production of Cephalo-
sporin antibiotics.63 The selective oxidation of benzenethiol to benzenesulfonic
acid with hydrogen peroxide was effectively catalysed by phosphotungstic acid
on y-alumina.62 This was in contrast to the homogeneous oxidation where the
disulfide was produced in substantial yields.

Bregeault and co-workers have reported supporting [HPO4{WO(O2)2}2]
2~

species on resins and silica (Table 4.6).64 Amberlyst A26® was the macro-
reticular resin used. The 'PW2' species was supported onto dehydrated porous
silica. The catalysts were found to be highly selective for the epoxidation of
limonene by hydrogen peroxide.

A different strategy has been applied by Neumann and co-workers with
[PO4{WO(O2)2}4]3~ for use in the epoxidation of olefins with hydrogen
peroxide.65 Here they created insoluble, silicate-based particles capable of
selective adsoption of the olefin substrate and possessing catalytic centres at
the particle and adsorbed-substrate-water interface. Silicate xerogels with
covalently attached phenyl rings were prepared, and after connection of
quaternary ammonium cations to the xerogel the anionic heteropolyperoxome-
tallate was introduced as the catalytic centre. The catalytic particles were
reasonably effective in the oxidation of cyclooctene with hydrogen peroxide.



1 2

Substra te con version Yield of 1 Yield of 2
Catalyst (%) (%) (%)

PW2/A-26®a 95 94 Trace
PW2-silicab 100 95 0
Homogeneous 'PW2 'c 71 < 1 67

a[HPO4{WO(O2)2}2]
2-;b[HPO4{WO(02)2}2]

2-;c[Bu4N]2[HPO4{WO(O2)2}2].

Since the catalytic system does not require any other organic solvents, its future
development and its ecological benefits are of interest.

Gelbard has used peroxotungstates supported on polypyridine polymers in
the epoxidation of cyclohexene with hydrogen peroxide.66 Polypyridine poly-
mers were also used to support heteropolyperoxometallates for use in the
oxidation of alcohols with hydrogen peroxide.67 The tetranuclear complex
[cetylpyridinium chloride][PO4{WO(O2)2}4] supported on polypyridine was
found to be an effective catalyst for the oxidation of cyclohexanol to cyclohex-
anone, also with hydrogen peroxide.

Several heterogeneous catalysts have been developed for the hydroxylation of
alkanes under mild conditions.68'69 One of them is the bi-catalytic system, which
combines the ability of palladium to convert hydrogen and oxygen to hydrogen
peroxide, with the capability of the iron ions to activate the hydrogen peroxide
to hydroxylate hydrocarbons.70 Iron oxide and palladium supported on silica
have been used as efficient catalysts for the oxidation of cyclohexane to the
alcohol and ketone, via the in situ generation of hydrogen peroxide in an
acetone solvent.71

A series of iron(III) complexes, ds-[Fe(tetraamine)(OH)2]2 + , where tetra-
amine is a tetradentate amine such as A^,A^-bis(2-picolyl)ethylenediamine,
bound electrostatically to poly-L-glutamate or dextran sulfate, has been
studied as catalysts for the decomposition of hydrogen peroxide into water and
oxygen.72 The catalyst performance varies with the mode of binding and nature
of the support, thus demonstrating the importance of the local environment
around the catalytically active site.

Polystyrene-supported vanadyl acetate catalyses the oxidation of a range of
substrates, including dimethyl sulfide to the sulfone, di-n-butylthioether to the
sulfoxide, and cyclohexene to the epoxide.73 A series of trinuclear carboxylate
complexes [M3O(O2CR)6(H2O)3]

11 + (M = V, Cr, Mo, Mn, Ru, Co or Rh)

Table 4.6 Epoxidation oflimonene with supported heteropolyacid species



bound electrostatically to a cation-exchange resin catalyses the oxidation of
cyclohexene by cumene hydroperoxide.74 The activity depends on the metal
employed in the order Co < V < Rh < Ru < Cr < Mn < Mo.

Metalloporphyrin-type catalysts for alkane hydroxylation and alkene epox-
idation have been supported on a diverse range of materials, including organic
polymers and inorganic solids such as silica, alumina, magnesia, clays and
zeolites. Organic polymers have the disadvantage that they are susceptible to
oxidation, and can therefore act as competitive substrates leading to low yields
of the desired product.75 In contrast, the inorganic supports are inert to
oxidation and have rigid structures and frameworks which are of potential
benefit for metalloporphyrin-based oxidation catalysts. The most common
approach to preparing supported metalloporphyrins is to combine a pre-
formed porphyrin with a solid support. A second approach is to form a highly
cross-linked co-polymer of a metalloporphyrin and a suitable monomer, thus
rendering the catalyst insoluble.76 Taylor and Mansuy have polymerized a
fluorinated porphyrin by nucleophilic substitution of the para-fluorines by
sodium sulfide (Figure 4.14).77

In cytochrome P-450 mediated oxidations, substrate specificity is controlled
by the 'hand in glove' substrate binding pocket in the protein above the active
site of the enzyme. In theory, these features can be realized by inserting
metalloporphyrins between the layers of smectite clays, such as montmorillo-
nite, or by trapping them in zeolite cages (Figure 4.15). The clay or zeolite then
serves the dual function of supporting the metalloporphyrin and restricting
substrate access to the catalyst. Iron and manganese porphyrins have been
synthesized within a zeolite supercage.78 The catalysts were, however, found to
be poor for cyclohexane hydroxylation by hydrogen peroxide, probably due to
poor substrate access.

Ionic meso-tetraarylporphyrins can be bound to a range of charged supports
including cross-linked polystyrene based anions,78 cations,79 exchange resins,
cross-linked and quaternized poly(4-vinylpyridine)80 and the oxides of silica,
alumina and magnesia.81 Metalloporphyrins may be attached to supports by co-
ordination of a ligand on the support to the metal centre. Such catalysts mimic

Figure 4.14 Polymerization of a fluorinated porphyrin.



Figure 4.15 Encapsulatedporphyrins in clay and zeolite structures.

haemoproteins in which the axial ligand serves to anchor the iron porphyrin
prosthetic group and to mediate the activity of the metal ion. A few reports have
been published of non-polar metalloporphyrins adsorbed directly on silica
being used as oxidation catalysts, where it is assumed that bonding is by ligation
of the surface silanol groups to the metal centre.82'83 However, the more
common practice is to modify the silica surface with a suitable ligand such as
imidazole,84 pyridine or its TV-oxide,85 trialkylamines, thiols and carboxylate
groups.86

Covalent binding has also been used for attaching a metalloporphyrin to a
support. The strong bond formed eliminates the problem of leaching found with
co-ordinatively bound catalysts and immobilizes the porphyrin on the surface
preventing aggregation. The main advantage of covalent binding, however, is



the variable nature of the linker unit, allowing a greater variety of supports to be
used and the environment around the metalloporphyrin to be structurally
manipulated. The structural groups that have been used as linkages include
amine,87 amide,88 ester,89 ether,90 ketone90 and quaternized ammonium ions.91

The supports used include flexible organic polymers such as poly(methyl
methacrylate), polystyrene and polymerized isocyanide, as well as inorganic
solids such as silica and clays.

Groves has recently supported a polyfluorinated ruthenium porphyrin
catalyst for selective hydrocarbon oxidation.92 The oxidant employed was 2,6-
dichloropyridine N-oxide prepared via the oxidation of the parent pyridine with
peracetic acid. The catalyst was highly active showing turnover numbers of
greater than 2500. The use of such supported porphyrin systems with hydrogen
peroxide has to date been rather scant. However, because of the advantages that
could be gained from coupling supported porphyrins with hydrogen peroxide
for the selective oxidation of organic substrates, it is likely that a plethora of
active research will soon be reported.

Clearly, the major developments of the future will be the application of
heterogeneous catalysts used with aqueous hydrogen peroxide in fine chemical
and pharmaceutical manufacture. There are principally three main reasons for
employing such heterogeneous systems. Firstly, because the catalyst has high
activity and long life which implies no significant deactivation by either
poisons, or as a result of leaching. Secondly, because it gives rise to very high
selectivity. Finally, it produces both a cost and an environmental benefit to the
particular oxidation being performed. The high activity will be promoted by
having a thermally stable, mechanically durable support. Inorganic supports
that clearly merit further study include zeolites, clays and glasses. The
importance of high selectivity will lead to far more studies of the detailed
three-dimensional nature of the active site. Hence, the support will not merely
be an insoluble support but rather a material that contributes to the total
environment of the active site.

4 Conclusion
The future of hydrogen peroxide lies in its ability to be applied under zero
effluent conditions (not including water as a by-product). Therefore, the use of
hydrogen peroxide coupled with solid surfaces is crucial if the true potential of
the reagent is to be realized. The use of zeolite type materials such as TS-I has
made an important contribution in respect of zero effluent processes indust-
rially. However, further research is required, particularly in the area of
supported metal catalysts on inorganic surfaces for the activation of hydrogen
peroxide. It will also be important for researchers to seriously look at the
suppression of metal catalysts leaching from the surface of the support. The
future for heterogeneous catalysed hydrogen peroxide looks bright, and an area
worthy of further study.
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CHAPTER 5

Environmental Application of
Hydrogen Peroxide

1 Introduction
The unique properties of peroxygens make them particularly suited to provid-
ing environmental protection in all areas of everyday life, including industry
where noxious and environmentally hazardous effluents are routinely pro-
duced. From pollution prevention to abatement and cure, peroxygens can
provide an effective solution to environmental problems. This chapter provides
an introduction to the use of peroxygens in controlling pollution problems
arising in solid, aqueous and gaseous wastes. The types of peroxygens which
have been used for environmental applications include hydrogen peroxide,
peracetic acid, sodium percarbonate, calcium peroxide and Caro's acid. Table
5.1 illustrates the range of industries and pollutants in which peroxygens can
be applied for noxious control. Peroxygens offer environmentally acceptable
solutions to pollution control through chemical oxidations, oxygen supply and
disinfection.

Peroxygen species, with their active oxygen content, are powerful oxidizing
agents capable of oxidatively destroying many of the most commonly occurring
pollutants in solid, aqueous and gaseous wastes to give innocuous or easily
biodegradable products. The oxidative power of hydrogen peroxide in particu-
lar can be further increased by application in conjunction with specific metal
catalysts, UV irradiation or ozonation. Such conditions are known as advanced
oxidation processes (AOPs), which are very powerful and can be used to reduce
toxicity or chemical oxygen demand (COD) arising from recalcitrant organic
species. Thus through oxidation, peroxygens and AOPs can be used to improve
the biodegradability of a waste stream.

The active oxygen content of peroxygens can also be utilized as a source of
oxygen to enhance microbial degradation of polluting species. Hydrogen
peroxide and other peroxygens are used in the treatment of overloaded
biological treatment units, in storm water discharges and in remediation of
contaminated soil. Hydrogen peroxide is applied to foul sewers to prevent the
release of toxic hydrogen sulfide gas by the maintenance of aerobic conditions.



Anaerobicity
Chlorine
Chromate
COD
Colour
Cyanide
Formaldehyde
Hydrocarbons
Hydrogen sulfide
Hypochlorite
Microbial
Nitrogen oxides
Nitrite
Odour
Organo-cyanides
Organo-halogens
Phenolics
Sulfite
Sulfur dioxide
Thiocyanate
Thiols
Thiosulfate

Table 5.1 Range of industries employing per oxygens for pollutant control

0 = Hydrogen peroxide. • = Other peroxygens. V = Advanced oxidation processes.



The mild antimicrobial activity of hydrogen peroxide is applied in curing the
problem of sludge bulking and controlling algae in lakes and reservoirs. Per-
carboxylic acid compounds are extremely powerful biocides used for disinfection
of raw or partially treated sewage effluents and sewage sludge. Percarboxylic
acids can also be used for pre- and post-treatment of industrial cooling and waste
water and for microbial control of industrial circuit and process waters.

The following areas will be covered in this chapter:

• Advanced oxidation processes (AOPs)
• Fenton's treatment
• Control of cyanide and NOx effluent streams
• Control of reduced sulfur
• Contaminated site remediation
• Waste water treatment

2 Advanced Oxidation Processes
AOPs, which involve the in situ generation of highly potent chemical oxidants
such as the hydroxyl radical (OH-), have emerged as an important class of
technologies for accelerating the oxidation and hence destruction of a wide
range of organic contaminants in pollution solids, water and air.1 The
processes include UV irradiation [either direct irradiation of the contaminant
or photolytic oxidation mediated by hydrogen peroxide (UV/H2O2) and/or
ozone (UV/O3)],2 heterogeneous photocatalysis using semiconductor catalysts
(UV/TiO2),3 electron beam irradiation,4 X-rays, y-ray radiolysis, non-thermal
electrical discharge,5 supercritical water6 and ultrasonic irradiation.7 These
technologies involve widely different methods of activation as well as oxidant
generation, and can potentially utilize a number of different mechanisms for
organic destruction. All of these processes, however, are electrically driven,
and share the common denominator for hydroxyl radical chemistry (at least in
part). Of the above AOPs we shall concentrate on the ones which employ
peroxygens as an integral part of their make-up.

Bolton and co-workers have derived rate expressions for the majority of
AOPs.8 Most AOPs can be modelled by the following simple equations:

A-+Z # Rate! = cP/V
Z' + C -> Products Rate2 = kc[Z'][C]
Z' + S1 -• Products Rate3 = A:Si [Z

-][S J
Z* + S2 -> Products Ratey = kS2lZ'][S2]

1Z* + S1 -> Products Rate3i = ^Si[Z-][SJ

where

c = constant which depends on the system and the technology;
P = electrical power input (kW);
V = treated volume (dm3);



A = initiating compound, e.g. hydrogen peroxide;
Z = reactive intermediate (OH*);
C = organic contaminant;
Si, S2, Si = scavengers for the Z* radical;
Rate! = rate of formation of Z";
Rate2 = rate of reaction of Z* with C;
Rate3, Rate3', Rate3i = Rate of reaction of Z* with scavengers.

The application of steady analysis by Bolton and co-workers yielded an overall
rate law of:

Rate= cPk*WV

^c[C] + £ MSi]

The uncomplicated mechanism means that simple overall kinetics are observed,
which are either zero or first order in contaminant. For example, if [C] is high
then zero-order kinetics are observed, whereas if [C] is low, then first-order
kinetics are followed. The demarcation between high and low concentration of
pollutant is often very dependent upon the AOP employed.

The work described in Bolton's paper was seminal because it allowed widely
different AOP technologies to be compared by comparison of their electrical
energy consumption within the two rate regimes. This work allows potential
users to have a standardized base for comparison of AOPs. Of course there are
economic factors (chemicals operation/maintenance, capital, etc.) that go in to a
cost analysis, however the Bolton paper allows a more complete picture to be
drawn.

Several different peroxygen-based systems exist, all of which are compatible
with biological treatment. The peroxygen treatment can be used up- or down-
stream of the biotreatment unit, either as a pre-treatment to reduce toxicity and
improve biodegradability or as a post/polishing treatment to remove remaining
biorecalcitrant species from the effluent. All the peroxygen-based treatments
can also be used as stand-alone processes for the total treatment of a waste
stream. The most common AOPs are:

• Fenton's treatment (see Section 3)
• UV/H2O2

• O3/H2O2

• UV/O3/H2O2 combinations

Hydroxyl radicals are produced from hydrogen peroxide via different pathways
and to different efficiencies depending on the nature of the catalyst (AOP
system) involved. Figure 5.1 demonstrates hydroxyl radical production efficien-
cies for the three most commonly applied technologies: Fenton's treatment,
UV/H2O2 and O3/H2O2.

Whilst all of the above systems are capable of breaking down biorecalcitrant



Figure 5.1 Hydroxyl radical production via Fenton's treatment, UV/hydrogen peroxide
and ozone I hydrogen peroxide.

species to innocuous products, the best system for a particular application will
be dependent upon several factors including:

• nature of the polluted medium (solid, aqueous or gaseous);
• total load of oxidizable species;
• existing and target pollutant levels;
• availability of secondary treatment or pre-treatments, e.g. biotreatment;
• effluent characteristics, including flow rate, flow regularity, temperature

and pH;
• discharge constraints.

The number of treatment options available ensures that almost all toxic,
environmentally persistent or otherwise undesirable pollutant species can be
destroyed over a wide range of contaminant concentrations and pH ranges in
solid, liquid and gaseous phases.

UV/H2O2 involves the use of ultraviolet wavelength energy, emitted from
specially developed UV lamps, to catalyse production of high powered hydroxyl
radicals from cleavage of the hydrogen peroxide molecule. Oxidation of organic
species can be via formation of different intermediates to those involved in
Fenton's treatment (see Section 3), a result of differences in the reaction
pathways, e.g. direct photocatalysis of organic species by short wavelength UV
light. Unlike Fenton's treatment, which is normally carried out under acidic
conditions, UV/H2O2 treatment can be carried out over a wide pH range. The
optimum pH for the treatment will, however, be dependent upon the nature of
organic and inorganic compounds present.

The quantity of hydrogen peroxide needed to achieve the desired pollutant
removal and degree of oxidation is affected by the presence of other oxidizable
organics, hence the hydrogen peroxide requirement is effluent specific. UV/
H2O2 can be used to treat water-, air- and solid-borne pollutants. In the latter
two cases, the medium is washed with water to abstract the pollutant and the
wash waters are passed through the UV/H2O2. UV/H2O2 systems must be
designed to suit the needs of a particular effluent and the specific requirements
of each manufacturer. Systems can be designed to cope with both dilute and
more concentrated waste waters (CODs of over several thousand) over a range



of flow rates up to tens of cubic metres per hour. A typical UV/H2O2

treatment requires storage and design facilities for chemicals (hydrogen
peroxide and alkalis for any pH adjustment), a UV lamp system, including
power source and control box, a reservoir tank to allow constant flows of
effluent through the UV reaction chamber at consistent quality and an
upstream suspended solids removal unit (depending upon water quality). As
the economics of UV/H2O2 systems are reliant upon the efficiency and the
spectral output of the lamp, it is important to discuss proposed treatments
with a UV system supplier.

Ozone reacts with hydrogen peroxide in solution to form highly oxidizing
radicals and ionic species including hydroxyl radical. The exact nature of the
reactions which occur and the levels and nature of the resultant intermediate
oxidizing species formed, e.g. HO2, O

2~, O3, HO3, HO2", O2", O2, O3 and OH*,
are dependent upon the effluent characteristics (types and concentrations of
organic and inorganic species, pH, temperature), the concentration of ozone in
solution and the concentration ratio of hydrogen peroxide to ozone applied.
The nature of the final oxidation products will also be effluent/condition
dependent, hence even for the same pollutant, the optimum treatment condi-
tions in terms of, for example, O3 concentration, H2O2/O3 mole ratio, etc., will
vary for each case.

The production of hydroxyl radicals is generally in the order of two radicals
per three molecules of oxidant consumed. In terms of overall oxidant
consumption per mole of hydroxyl radicals produced, ozone peroxide combi-
nations are therefore not as efficient as UV/H2O2. Since O3/H2O2 does not
rely upon transmission of UV light through the effluent for hydrogen peroxide
activation, it does have advantages over UV/H2O2 in applications where the
effluent is particularly turbid and pre-filtration is not an option. O3/H2O2 is
normally applied to treatment of water-borne pollutants but can be used, like
UV/H2O2, for treating soil- or air-borne pollutants, where the pollutants are
first transferred to the aqueous phase. O3/H2O2 is particularly well established
in the USA as a technology for reducing contamination from organo-
chlorines in potable water, and its popularity is growing throughout Europe
as demand for high quality water increases. It has also been applied to
treatment of turbid and highly coloured leachates from waste tips and other
contaminated sites. O3/H2O2 is most economical when applied to water with
low pollutant and oxidizable substance loading and is particularly suited to
coping with very high flow rates such as those encountered in potable water
treatment works.

Ozone generation can be from air or liquid oxygen; the latter can be
manufactured off-site or brought in as required. When air is used, it must first
be thoroughly dried to allow efficient ozone production by the electrical
discharge system. A typical O3/H2O2 treatment requires storage and dosing
facilities for chemicals (hydrogen peroxide, acids/alkalis required for pH
adjustments, and liquid oxygen if required), the ozone manufacturing system,
including power sourcing (possibly air dryers and control units), reaction
chambers, an off-gas treatment unit for residual ozone destruction, reservoir



tanks or lagoon areas to allow constant feed quality or recirculation facilities as
necessary and an upstream suspended solids removal system, depending upon
the water quality. The reactor chambers consist of contactor towers for the
incorporation of ozone gas into the liquid phase. Ozone gas is introduced at the
bottom of the tower via a sparge pipe; water flow may be co- or counter-current
in relation to gas flow. Hydrogen peroxide is injected into the water flow via a
static mixer as it enters the contactor. As the economics of O3/H2O2 systems are
reliant upon the efficiency of the ozone production unit and the gas/liquid mass
transfer system, it is important to discuss proposed treatments directly with an
ozone system supplier.

Combined treatments involving the use of O3/H2O2 and UV radiation find
applications similar to the well established parent technologies. There are,
however, advantages to such systems, for example in the treatment of waste
water with highly variable quality. The UV lamps which tend to be used in such
systems are known as low pressure lamps and emit single wavelength radiation
rather than the broad spectrum higher energy radiation emitted from medium
pressure sources. In cases where the target pollutant oxidation is enhanced by
exposure to short wavelength UV radiation, standard medium-pressure UV/
H2O2 treatment is generally more efficient.

UV/H2O2 has been used in the remediation of ground water from several
contaminated sites in North America and Europe. For example, a US food
processing plant, whose well water contained trichloroethylene (TCE),
installed a UV/H2O2 treatment process. TCE levels were reduced from
around 4000 fig/\ to less than 0.83 ûg/1 on a 14 m3/h flow rate, using a H2O2

concentration of 50 ppm and a 30 kW UV lamp. O3/H2O2 has been widely
used for the removal of trace contaminants, e.g. solvents, pesticides, herbi-
cides, from potable water. In 1991, the Los Angeles Department of Water and
Power installed a full scale O3/H2O2 treatment plant to reduce TCE and PCE
(perchloroethylene) levels in water supplied to the city of Los Angeles.9 In
bench-scale tests, the combination of H2O2 and O3 reduced by between 56%
and 64% the amount of O3 required to reduce the TCE and PCE levels by
95%. Similar results were found in scale-up studies.10 Since the successful
installation of the plant in Los Angeles, several other existing potable water
ozonation plants in the USA and Europe have been converted to O3/H2O2

facilities.

3 Fenton's Treatment
The technology behind Fenton's treatment dates back over a hundred years to
1894 when M.J.H. Fenton reported that ferrous ion promoted the oxidation of
tartaric acid with aqueous hydrogen peroxide.11 Ferrous-catalysed hydrogen
peroxide at acidic pH has since come to be known as Fenton's reagent and is
widely used in both oxidative treatment of industrial effluents and in the
manufacture of several types of polymers and polyelectrolytes. Subsequently,



it was shown that the hydroxyl radical is the oxidizing species in this system,12

and is formed according to:

Fe(II) + H2O2 -» Fe(III) + OH" + OH*

k = 76.5M-1S"1.
The use of Fenton's reagent for waste water treatment is relatively new

compared to its use in mechanistic investigations in organic chemistry.13"15

Fenton's reagent is able to destroy phenols (Figure 5.2), chlorinated phenols
and herbicides in water media, as well as reducing chemical oxygen demand in
municipal waste.

The use of Fenton's reagent as an oxidant has been applied to the removal of
soil contamination.16'17 It has been shown that pentachlorophenol and tri-
fluoralin are extensively degraded18 while hexadecane and dieldrin are only
partially transformed in a soil suspension at an acidic pH.19

The application of Fenton's reagent as an oxidant for waste water treatment
is attractive due to the fact that iron is a highly abundant and non-toxic element,

Figure 5.2 Oxidation of phenol in the presence of Fenton 's reagent.



Figure 5.3 Fenton's mechanism with iron(II) salts.

and hydrogen peroxide is easy to handle and breaks down to environmentally
benign products. It does, however, require a stoichiometric amount of Fe(II).
Hydrogen peroxide decomposes catalytically in the presence of Fe(II) and
generates hydroxyl radicals in the process.12 Thus Fe(II) in Fenton's reagent
can be replaced by Fe(III).20 The mechanism proposed for free Fe(II) ion
involves the hydroxyl ("OH) and hydroperoxyl radicals (HO2*) (Figure 5.3).

The rate constant for the reaction of Fe(II) with hydrogen peroxide is high
and Fe(II) is oxidized to Fe(III) in a few seconds in the presence of excess
hydrogen peroxide. For this reason, it is believed that the majority of the waste
destruction catalysed by Fenton's reagent is simply a Fe(III)-H2O2-CaIaIySCd
destruction processes.

The Fe(II)/Fe(III)-H2O2 system has its maximum catalytic activity at a pH
of 2.8-3.0. Any increase or decrease in the pH sharply reduces the catalytic
activity of the metal ion. At high pH, the ferric ion precipitates as ferric
hydroxide, whilst at low pH, the complexation of Fe(III) with hydrogen
peroxide is inhibited. To overcome this problem, Sun and co-workers have
used Fe(III) chelates in place of Fe(II)/Fe(III).21 Sun has shown that a variety
of herbicides and pesticides can be transformed and practically mineralized by
Fe(II) chelates at neutral pH.

The rate of degradation of organic pollutants with Fenton reagents is
accelerated strongly by irradiation with UV-VIS radiation.22 If desired,
organic pollutants can be mineralized completely by a Fe(II)/Fe(III)/H2O2

system. The increased efficiency of Fenton's systems is believed to be attributed
to the following:

• Photoreduction of ferric ion. Lunck and co-workers observed the
enhanced rate of photo-oxidation of salicyclic acid by hydrogen peroxide
in the presence of Fe(III) as well as the increased rate of photodecompo-
sition of hydrogen peroxide in the presence of transition metal ions.23 The
ferrous ion reacts with hydrogen peroxide, generating a second hydroxyl
radical and ferric ion, and the cycle continues.

• Efficient use of light quanta. The absorption spectrum of hydrogen
peroxide does not extend beyond 300 nm and has a low molar absorption
coefficient beyond 250 nm. The absorption spectrum of ferric ion,



however, extends to the neat UV-VIS region and has a relatively large
molar absorption coefficient, thus making more efficient use of the lamp
output when polychromatic light is employed. Consequently, photo-
oxidation and mineralization can even proceed by irradiation with visible
light.

• Photolysis of Fe(III) organo-intermediate chelates. The initial oxidation
of organic pollutants generates oxygenated intermediates which can react
with Fe(III) to form complexes. These complexes are also photo-reactive
and produce CO2, organic radicals and ferrous ions on irradiation. This
results in an increased rate of destruction of organic pollutants as the
reaction progresses.

The photo-reactivity of Fe(III) carboxylates has long been recognized and
photo-decarboxylation24 and deamination25 of amino acid complexes have been
known for some time. Ferrioxylate is the best known photo-active example of a
Fe(III) polycarboxylate complex. Irradiation of ferrioxalate in acidic solution
generates Fe(II) and CO2 (Figure 5.4).

Safarzadeh-Amiri and co-workers have shown that hv/ferrioxalate/H2O2 is a
highly efficient and powerful oxidant for organic pollutants in contaminated
ground water.26 The high efficiency of the process, as compared with other UV-
driven processes, is attributed to ferrioxalate absorbing in the UV-VIS region
over 250-480 nm (resulting in a more efficient use of the lamp output) and the
quantum yield of Fe(II) formation being high and independent of irradiation
wavelength in the range 250-480 nm. Thus the yield of the hydroxyl radical is
expected to be high. The photo-oxidation of organic pollutants in water,
mediated by iron and iron chelates, is initiated by the hydroxyl radical which,
with dissolved oxygen, eventually converts organic pollutants to CO2, H2O and
mineral acids. The detailed mechanism of the complex reaction pathways have,
however, not yet been elucidated.

A typical Fenton's treatment installation requires facilities for storing and
dosing chemicals (hydrogen peroxide, ferrous catalyst, acid and alkali for pH
adjustment), a reaction tank, a settlement tank or centrifugal pump for solids
removal and a UV-VIS lamp if photo-Fenton's is to be employed. The use of
Fenton's and photo-Fenton's systems are likely to grow in use over the next
decade as environmental legislation becomes more widespread, and as the
systems become more efficient.

Figure 5.4 Breakdown of ferrioxalate species under irradiation.



Figure 5.5 Oxidative destruction of cyanide wastes in the presence of hydrogen peroxide.

4 Cyanide and NOx Control
Peroxygens are used widely throughout industry for the safe and effective
treatment of cyanide in process and waste waters. Under alkaline conditions,
cyanide is efficiently oxidized to the much less toxic cyanate by peroxygens such
as hydrogen peroxide, Caro's acid and sodium percarbonate.27 The cyanate
slowly hydrolyses to ammonia and bicarbonate (Figure 5.5).

Peroxygen-treated water can usually be safely discharged following ammonia
removal, if necessary via ammonia recovery or biological nitrification. The use
of hydrogen peroxide for the treatment of highly concentrated cyanide wastes is
very effective (several thousand ppm to below 100 ppm). The rate of cyanide
removal with hydrogen peroxide varies from hours down to minutes depending
on the nature of the cyanide (whether complexed or free), the treatment
conditions (pH and temperature) and the presence of other components in the
waste water. In most cases, reaction rate and extent of cyanide removal can be
enhanced by the addition of soluble metal catalysts, such as copper (5-10 ppm
Cu). It is advantageous to work at pH 9-10, just above the pKa of HCN. This is
in contrast to chloride oxidation which, although more rapid, must be run at pH
11-12 in order to prevent the build up of and possible release of cyanogen
chloride.

Caro's acid is an alternative to metal-catalysed hydrogen peroxide for
the treatment of low level cyanide waste or metal-complexed cyanides. As
peroxymonosulfuric acid is more stable than hydrogen peroxide in the
presence of certain transition metals, and under conditions of elevated
temperature, it is the preferred peroxygen for the treatment of metal plating
waste waters. To prevent emission of toxic hydrogen cyanide, Caro's acid
treatment is carried out in conjunction with addition of alkali to maintain a
high pH. Caro's acid is usually prepared on-site as required. Sodium
percarbonate can also be employed in cyanide detoxification. This is particu-
larly useful for emergency treatment, e.g. for spillage in natural waters when
solid oxidants can provide storage and handling advantages over liquid
alternatives.

Cyanides occur widely in industrial effluents, both from organic processes,
such as the cyanohydrin route to methyl methacrylate28 and the manufacture of
acrylonitrile,29 and from inorganic processes, such as gold mining, electro-
plating, case hardening, and coking.30 The coking effluents contain a cocktail of
noxious chemicals including phenols, sulfides and thiocyanates. Thiocyanates
under alkaline conditions are oxidized to cyanate and sulfate by hydrogen
peroxide.



In many cases, particularly in effluent from hardening shops, electro-plating
plants, etc., nitrite and cyanide co-exist in effluents. Nitrite is an undesirable
component of waste water since it is an easily oxidizable chemical and adds
to the biological oxygen demand (BOD) of the waste water, causing oxygen
depletion downstream of the discharge. In most circumstances, nitrite
discharge above 20 ppm is prohibited. Peroxygens readily oxidize nitrite to
nitrate under acidic conditions, Le pH < 5, for example, with hydrogen
peroxide:

HNO2 + H2O2 -> HNO3 + H2O

Under mildly acidic conditions, e.g. pH 3-4, the reaction can take minutes to
hours to complete, whereas under highly acidic conditions (pH < 1), the
reaction is complete in seconds. Where the effluent is to be treated under
conditions of elevated temperature or the effluent contains significant levels of
transition metals, Caro's acid is the preferred oxidant.

In the case of a mixed cyanide/nitrite waste stream, it is advisable to treat the
effluent first at alkaline pH to remove cyanide before reducing the pH to the acid
range for nitrite treatment. This reduces the risk of toxic hydrogen cyanide laden
waste streams.

Nitrogen oxides (NOx) can be treated with hydrogen peroxide, and options exist
for both its cure and prevention. Gas streams containing NOx arise from
organic nitration processes and from metal pickling, notably stainless steel,
copper, and brass. Such streams can be treated using alkali, but this has three
drawbacks. Firstly, the nitric oxide component is poorly absorbed compared to
nitrogen dioxide. Secondly, the alkali can absorb the carbon dioxide, thus
reducing the amount of alkali available for reaction. Finally, the mixed sodium
nitrite/nitrate/carbonate solution produced may itself require treatment for
disposal as an effluent if recovery of the solid salts are not appropriate to the
manufacturing operation. A cleaner alternative is the use of hydrogen peroxide
in nitric acid as a scrubbing solution. Not only does this absorb nitric oxide
more efficiently, but the sole product which is recovered, nitric acid, is usually
recycled (Figure 5.6).31 The scrubbing reactions have been successfully mod-
elled using computer software to allow scrubber design to be readily and reliably
specified.

The prevention of NOx can sometimes be achieved by the addition of
hydrogen peroxide directly to the process. Clearly, such addition is not always
possible, especially in organic reactions, and safety rules must be rigorously
observed (see Chapter 1). However, a salient example of its success is in stainless
steel pickling. This is carried out using mixtures of nitric and hydrofluoric acids,
where the nitric acid is reduced to NOx as the steel surface is removed. Direct
injection of hydrogen peroxide into the pickling bath oxidizes the NOx in
solution, thus preventing gaseous emissions and substantially reducing the net
consumption rate of the nitric acid.32



Figure 5.6 Reactions taking place during NOx scrubbing.

5 Control of Reduced Sulfur Species
In solution, sulfides and polysulfides exist in an equilibrium between their basic
and protonated forms. Since the equilibrium position is dependent upon the pH
of the solution (Figure 5.7), this nature of the reaction with hydrogen peroxide is
also influenced by pH.33 Under acidic to neutral conditions, sulfidic species are
oxidized predominantly to sulfates. The key reactions that occur are outlined in
Figure 5.8.

The pH at which the oxidation occurs therefore affects the quantity of
hydrogen peroxide required. For example, under neutral conditions a mass
ratio of between 1.1:1 and 1.3:1 (H2O2/S) is required, whereas, at alkaline pH
this ratio is increased to 4.25:1. Polysulfides react with hydrogen peroxide in a
similar way to sulfides, i.e. forming sulfate or elemental sulfur, depending on the
pH of the oxidation.

%
 S

ulp
hu

r s
pe

cie
s

Figure 5.7 Effect ofpH on hydrogen sulfide equilibrium.



Figure 5.8 Reactions of hydrogen sulfide with hydrogen peroxide at various pH values.

Absorption and oxidation in alkaline hydrogen peroxide is an efficient and
cost-effective way of removing hydrogen sulfide down to very low levels from
gas streams. The hydrogen sulfide is removed from the gaseous phase into the
liquid phase by dissolution in alkali at pH 10-12, and is then oxidized to the
sulfate form by hydrogen peroxide. The pH operating range is narrow due to the
necessity to ensure fast absorption of the hydrogen sulfide by acid-base
neutralization, whilst keeping the catalysed decomposition of the hydrogen
peroxide to a minimum. The presence of hydrogen peroxide ensures that the
dynamic equilibrium established between the sulfide in the gas and the liquid
phases is moved towards the latter, enabling much lower gaseous sulfide levels
to be achieved compared with using the same quantities of alkali alone. The
sulfate produced can safely be discharged as it is stable and has no oxygen
demand.

In cases where the gas to be treated contains sufficiently high levels of a
flammable component, e.g. a digester gas (which can contain high levels of
methane) which can cause hazardous operating problems, particularly if
oxygenated, a two-stage process can be used to eliminate the risk. Here, the
hydrogen sulfide is absorbed into the alkali alone and then oxidized in a remote
reactor away from the flammable gas. Occasionally the gas may contain
elevated levels of carbon dioxide or other acidic species which consume alkali
and thus increase the treatment costs. Precipitation of salts may also be a
problem in such circumstances. In these cases, absorption and oxidation of
sulfide under neutral conditions to give sulfur can be employed. Since the
absorption of hydrogen sulfide under these conditions is less efficient than under
alkali conditions, the absorption columns are inevitably larger. The hydrogen
peroxide stoichiometric requirement is, however, only one quarter of that under
alkali conditions.

Apart from specific chemical production, sulfide effluents arise from the
processing of natural materials. For example, sulfide is used for the de-hairing
of hides in leather manufacture and arises from the xanthate process for
cellophane or rayon production from cellulose. Edible oil refining with
activated earth gives rise to a spent earth containing sulfides among other
contaminants. Biological sources of sulfide which can be oxidized by hydrogen
peroxide include tip (landfill) leachate,34 animal carcass rendering,35 municipal
effluent (e.g. rising drains),36 or sewage sludge under anaerobic conditions.37

The oxidation of thiosulfates by hydrogen peroxide proceeds through a series
of reactions (Figure 5.9) forming first tetrathionates, then trithionates, then
sulfites, and finally sulfates.



Figure 5.9 Oxidation of thiosulfates by hydrogen peroxide.

In direct oxidation with hydrogen peroxide, the extent of oxidation is pH
dependent. The quantity of hydrogen peroxide consumed, and the extent to
which the COD of the waste water is lowered, is therefore also pH dependent.
Under acidic to neutral oxidation with hydrogen peroxide, only the tetrathio-
nate stage is reached, whereas under alkaline conditions, oxidation proceeds to
the sulfate. If it is desired, metal catalysts can be applied with hydrogen peroxide
under acid to neutral conditions to allow complete oxidation to sulfate. Most
thiosulfate waste streams from refinery sources are alkaline. In such systems, the
reaction would normally proceed through to sulfate requiring a minimum
hydrogen peroxide dose of 1.21:1 mass ratio for H2O2/S2O3~. Copper salts
have been employed with hydrogen peroxide for the removal of thiosulfate at an
enhanced rate with a reduced hydrogen peroxide requirement.38 Polythionates
are intermediate species in the oxidation of thiosulfate, e.g. trithionate. As
indicated above, oxidation with hydrogen peroxide proceeds rapidly to sulfate
under alkaline conditions. However, under acidic to neutral conditions, oxida-
tion only occurs in the presence of certain metal catalysts. Regardless of pH,
sulfites react with hydrogen peroxide to form sulfates. The reaction is very fast,
and requires no catalyst.

Thiols (or mercaptans) are the sulfur analogues of alcohols, containing an SH
group. They are toxic, volatile, and flammable, and have a disagreeable odour
that increases with relative molecular mass. They react with hydrogen peroxide
in alkaline conditions to form disulfides. Disulfides, particularly high relative
molecular mass species, are considerably less soluble in water than their parent
thiols, and may separate from treated liquor as an oily layer. In some cases, the
oil layer formed may be separated via skimming and disposed of separately. For
safety reasons, it is often preferable to prevent formation of this second phase.
In some cases, a soluble metal catalyst can be added,39 which enhances
oxidation through to the water soluble sulfonic acid (Figure 5.10).

Figure 5.10 Oxidation of thiols to sulfonic acid salts using metal activated hydrogen
peroxide.



Using a molar ratio of 5:1 peroxide to pollutant is generally enough to control
toxic odours. The soluble metal catalyst can be copper or iron used in
conjunction with a chelating agent to prevent the catalyst precipitating out of
solution. A tungstate catalyst with hydrogen peroxide at alkaline pH has been
employed for thiol oxidation without the necessity of employing a chelating
agent.40 Dialkyl sulfides can also be oxidized with hydrogen peroxide and an
iron catalyst at pH 2. Offensive smelling dialkyl sulfides are deodorized to their
corresponding practically odourless sulfoxides (R2SO) and sulfones (R2SO2).
As with hydrogen sulfide, volatile organic sulfides can be removed from gas
streams by absorption in alkali and concurrent or subsequent oxidation with
hydrogen peroxide, possibly using a homogeneous catalyst to increase the
oxidation rate where necessary.

6 Contaminated Site Remediation
Remediation of contaminated sites and groundwater requires technologies
which can safely destroy persistent and problem pollutants in an environmen-
tally and economically acceptable way. Peroxygen-based technologies can very
often answer this need, providing highly effective solutions to pollution
problems. In contaminated land remediation, peroxygens are applied as both
chemical oxidants, to break down toxic, hazardous or ecologically persistent
pollutants to biodegradable components, and as a source of molecular oxygen,
to enhance the natural aerobic break down of pollutants by micro-organisms in
the soil.

A number of treatment technologies are applied in contaminated site
remediation:

• Pump and treat
• Direct oxidation in situ or ex situ
• Biological treatment in situ or ex situ

In pump and treat technology, contaminated ground waters or artificially
introduced wash waters are pumped to the surface for treatment. The surface
treatment system can consist of a variety of technologies, including bio-reactors,
filtration and oxidation methodologies. The clean ground/wash water is then re-
introduced into the soil. The transfer of the pollutant from the soil matrix to the
surface treatment system, and the time required for site remediation is therefore
governed by the solubility of the pollutant in the ground/wash water. Speed of
remediation can be improved in some cases by the use of surfactants to improve
the pollutant mass-transfer rate. Hydrogen peroxide is used in a number of
pump and treat systems, as a chemical or a supplier of molecular oxygen, for the
surface treatment system.

Direct oxidation of organic contaminants in the soil can be performed either
in situ or ex situ with hydrogen peroxide alone or with the addition of iron salts
to increase the oxidation power of the treatment (Fenton's reagent). Direct



oxidation is normally applied in order to partially oxidize the contaminants
present, thus improving their natural biodegredation in the soil. Once this is
accomplished, in situ bioremediation occurs at a greatly enhanced rate and
reduced cost. Direct oxidation can allow for shorter treatment times than pump
and treat or simple bioremediation treatments.

Biological treatment can take a number of different forms including land-
forming, pump and treat bioreactors, and in situ bioremediation. In order for
bioremediation to be effective, the contaminant must be biodegradable. Equally
important is the fact that the levels of contaminants should not be so high as to
be toxic to the micro-organisms. If toxicity exists, direct oxidation may be used
to reduce the toxicity prior to biological treatment. Both hydrogen peroxide as a
liquid peroxygen, and calcium peroxide as a solid peroxygen, are applied to
enhance biological treatment via the supply of oxygen to aerobic micro-
organisms.

Landforming consists of ploughing the appropriate micro-organisms, nutri-
ents, and sometimes additional waters into the soil to form a compost.41 The
mixture provides the appropriate environment for the micro-organisms to
degrade the contaminants. A number of factors impact on the success of this
type of treatment including type and extent of contamination, moisture level,
pH of the soil, and nitrogen and phosphate content. Weekly tilling or disking
can be used to introduce oxygen into the system, although calcium peroxide can
be used to replace the need for tilling or disking. The calcium peroxide works by
slowly releasing oxygen into the composting soil.

Bioreactor systems, used in pump and treat methods, can experience limita-
tions in oxygen transfer which can slow the rate of degradation of pollutants.
Hydrogen peroxide or sodium percarbonate can be applied as a supplemental
oxygen source for bioreactor systems, improving the bioreactor efficiency when
dealing with situations of limited oxygen supply.

In nature, bioremediation occurs slowly because of the low population of
micro-organisms with degradation ability. Degradation is also hindered
because of environmental conditions such as nutrient levels or available
oxygen. For bioremediation to be commercially viable, site managers must
stimulate the natural biodegradation of hazardous compounds to yield practical
remediation rates. By assisting nature through the supply of nutrients and
hydrogen peroxide as an oxygen source, the remediation time frame can be
drastically shortened. In situ bioremediation offers the advantage of being used
where other technologies will not work, such as at sites that cannot be
evacuated. In situ treatment avoids the cost of excavation as well as freight for
off-site treatment. An added advantage is that the soil and ground water can be
treated in a one-step process with minimal equipment. Additionally, the
treatment can easily follow the contamination plume in the groundwater. For
in situ bio-remediation to be effective, the components must also degrade
readily. Several factors are important, including contaminant characteristics,
hydro-geology, soil microbiology, and soil and groundwater chemistry.42

Where contaminants are not readily biodegradable, direct oxidation may be
useful in reducing the toxicity of various contaminants prior to biodegradation.



There are several examples of soil remediation technologies which have been
applied to real situations, some of which are discussed below.

Creosote and pentachlorophenol contamination. The Champion Superfund site in
Montana, USA, chose in situ bioremediation to treat the upper aquifer.
Hydrogen peroxide was used to directly oxidize contaminants to more bio-
degradable components and to improve the dissolved oxygen levels resulting in
a 50% saving in clean-up time.43'44 A pilot plant window containing creosote
and copper, chromium and arsenic contaminated wood preservative was
composted at Ilmayoki, Finland.45 Hydrogen peroxide was employed, and the
level of total hydrocarbon pollutant was reduced by 76% from 10000 ppm to
2000ppmin 163 days.

Treatment of an underground gasoline pipeline spill in the USA. A collection
system recovered most of the gasoline from an area of impermeable soil on top
of fractured limestone. Hydrogen peroxide assisted bioremediation was chosen
to treat the remainder of the gasoline to improve the rate of remediation.
Treatment of a gasoline station in the Netherlands was also successfully
achieved with minimal disruption to the activities of the filling station.46

Treatment of chlorinated solvent contamination. An industrial firm in the USA,
treating groundwater contaminated with trichloroethene, vinyl chloride
and other solvents, was concerned with emissions from its current process. A
UV/H2O2 system was installed which made the existing process redundant.

7 Waste Water Treatment
Peroxygens are used in a variety of applications in waste water treatment:

• Industrial effluent pre-treatment
• Odour and corrosion control
• Enhancement of biological treatment and prevention of biological upsets
• Sludge bulking control
• Tertiary effluent treatment
• Storm water overflows and emergency treatments for receiving waters

Oxidative pre-treatment of industrial effluents with hydrogen peroxide can
reduce toxicity and COD, thereby improving the biodegradability of waste
water. Hydrogen peroxide reacts with many commonly occurring inorganic and
organic pollutants, e.g. chlorine, cyanide, formaldehyde, nitrite, sulfide, sulfite
and thiosulfate. Such pollutants are oxidized to less noxious products, thus
reducing their contribution to the oxygen demand of the effluent (Table 5.2).

Applied in conjunction with a catalyst, hydrogen peroxide will also oxidize a
range of the more robust organic pollutants, such as phenols, polyaromatics,
halogenated aliphatics and alkenes. Powerful oxidative hydrogen peroxide



Table 5.2 Per oxygen treatments and products of treatment for commonly occurring pollutants

ProductsPer oxygen treatmentPollutant or condition

Dissolved oxygen
Chloride
Biodegradable products and inorganic salts

Cyanate (which hydrolyses to ammonia and
carbonate)

Dissolved oxygen
Formate and carbon dioxide
Acetic acid and dissolved oxygen
Nitrate
Pollutant dependent

Sulfate and sulfur (pH dependent)
Sulfate
Sulfate and tetrathionate (pH dependent)

Hydrogen peroxide
Alkaline hydrogen peroxide
Catalysed hydrogen peroxide

Alkaline hydrogen peroxide

Hydrogen peroxide
Alkaline hydrogen peroxide
Peracetic acid
Acidic hydrogen peroxide
Pollutant dependent-acidic or alkaline

hydrogen peroxide
Hydrogen peroxide
Hydrogen peroxide
Hydrogen peroxide

Anaerobiosis
Chlorine
COD from organic species, including dye

colour, organohalogens, organosulfur,
phenolics and surfactants

Cyanide

Filamentous bacteria
Formaldehyde
Microbial contamination
Nitrite
Odour

Sulfide
Sulfite
Thiosulfate



systems, including iron-catalysed H2O2 (Fenton's system), ozone-catalysed
H2O2 and UV-catalysed H2O2, are known as advanced oxidation processes
(AOPs; see Section 2). Whilst all AOPs are capable of breaking down bio-
recalcitrant species, the best system for a particular application will be
dependent upon several factors:

• Nature of the polluted medium
• Total load of oxidizable species
• Existing and target pollutant levels
• Effluent characteristics
• Discharge constraints

Treating the pollutant when it is at its highest strength in the waste water
reduces consumption of hydrogen peroxide. Arsenic from contaminated waste
waters has been successfully removed using a Fenton's system (Figure 5.11).47

The effluent from a photographic process containing reduced sulfur species
has been treated using hydrogen peroxide in the presence of an ion-exchange
resin containing ammonium molybdate.48 The resulting water can be safely
discharged to drain.

Reduced sulfur compounds plague many industrial and municipal facilities,
e.g. refineries, chemical plants, tanneries, pulp and paper mills, and waste water
treatment plants. These compounds, e.g. hydrogen sulfide, can cause serious
problems to plant and personnel through formation of noxious, odorous,
poisonous and flammable atmospheres and corrosion of equipment. Treatment
with hydrogen peroxide provides a cost-effective way of removing these
compounds from waste streams. Hydrogen peroxide is often added as a
preventative measure. As an oxygen supplier, its addition helps to maintain
aerobic conditions in waste waters, and prevents the production of reduced
sulfur species by anaerobic micro-organisms.

For best performance aerobic biological waste water treatment plants must
be maintained at a constant dissolved oxygen (DO) level. Under certain
conditions, e.g. adverse weather conditions or under biological oxygen demand
(BOD) overloaded conditions, DO levels drop and treatment effectiveness can
be seriously reduced. Continuous running under lower than optimum DO levels
leads to biological upsets such as proliferation of anaerobic or filimentous

Figure 5.11 Removal of arsenic from waste waters using a Fenton 's system.



organisms. The production of anaerobic species leads to odorous emissions
whilst filamentous bacteria contribute to sludge bulking (see below).

Hydrogen peroxide can be used as a supplemental source of oxygen to
prevent or cure biological upsets under low DO conditions. It is also used as
an oxygen supply for long term use to intensify or enhance biological
treatment in plants facing constant overload conditions. Hydrogen peroxide
applied to waste water treatment plants, lagoons or ponds assists in reducing
the BOD load at the plant outfall, and can prevent growth of sewage fungi in
receiving waters. Hydrogen peroxide is usually dosed into the waste water inlet
at the entrance to an activated sludge plant or into the waste water transport
line for a trickle bed filter plant, waste water pond or lagoon. The oxygen gas
bubbles formed from the dismutation of the hydrogen peroxide are extremely
small, allowing fast dissolution to DO and efficient oxygen transfer to bio-
mass. As the active biomass is constantly taking up oxygen, an excess of
hydrogen peroxide is required to maintain a measurable DO. To allow for
changes in the DO uptake rate by the active biomass, the hydrogen peroxide
feed rate is adjusted during dosing periods to maintain a constant DO level.
Periodic monitoring of the effluent for residual hydrogen peroxide is also
normally performed.

Electrolytic processes using hydrogen peroxide have been used for waste
water treatment, particularly in destroying disease-carrying bacteria in drinking
water, pools, spas, etc.49 Hydrogen peroxide is fed from a peristaltic pump into
an electrolytic cell containing copper and silver electrodes. The waste water
flows through the cell and is purified.

Low DO levels, nutrient imbalance, shock loading, overloading and extremes
of temperature can all contribute to proliferation of filamentous bacteria in
biological treatment plants. Filamentous bacteria cause a condition called
sludge bulking, where poor sludge settlement leads to the carryover of bio-
mass into the final effluent, reducing the effectiveness of the biological treatment
process and increasing the suspended solids in the outflow. Hydrogen peroxide
normally applied to the activated sludge line can cure sludge bulking by
weakening the sheath in which filamentous bacteria grow, causing micro-
scopically observable fractures in the sheath which ultimately prevent the
bacteria reproducing.

Peracetic acid is a particularly powerful biocide used for disinfection of raw
or partially treated sewage effluents and sewage sludge. Peracetic acid can also
be successfully used for the disinfection of drinking water.50

For problematic waste waters, secondary biological treatment is insufficient
to meet the increasingly strict legislative standards on COD, colour and priority
pollutants such as pesticide and herbicide residues. Whilst pollution prevention
will always be the environmentally preferable option, this is not always
practical, and in such cases tertiary treatment with catalysed hydrogen peroxide
can present an economical and effective way to achieve compliance.

Photo-Fenton's can be used to treat a number of surface waters containing
fluoresence whitening agents.51 Tinopal CBS-X is degraded rapidly using the
photo-Fenton's system which causes de-aromatization of the molecule and



rapid hydroxylation prior to complete mineralization. Contaminated water can
be pre-treated with ozone followed by an ozone/hydrogen peroxide treatment
under pressure to remove toxic organic compounds prior to discharge.52

Chlorinated phenols and polynuclear hydrocarbons are efficiently removed
from water in a wood preservation facility using Fe(III)/H2O2.53 The process
shows a COD reduction of 88% and no chlorinated dioxins of furans are
produced. Pesticides have been decomposed under irradiation of waste waters
containing hydrogen peroxide.54

Following periods of heavy rain, storm water build-up in waste treatment
plants can present serious problems. Sewage-contaminated storm water rapidly
becomes oxygen depleted, emitting noxious odours and presenting a biological
and toxicological threat to receiving waters. Even relatively clean storm water
presents a BOD overload threat to receiving waters. To prevent anaerobicity
developing in storm or receiving waters, hydrogen peroxide can be applied as an
oxygen source delivered directly into the storm water overflow. In cases where
significant contamination with sewage has occurred, peracetic acid can be
applied to disinfect storm waters prior to discharge. Hydrogen peroxide can
also be applied to receiving waters to remediate water courses following
accidental adverse releases or spillage. Hydrogen peroxide can be used to treat
spillages of toxic or potentially polluting chemicals by directly oxidizing the
polluting substance. For example, chlorine, cyanide, sulfide and thiosulfate
spills can all be effectively handled with hydrogen peroxide. Hydrogen peroxide
is also applied in cases of natural substances such as molasses, animal slurry and
silage effluent to prevent development of anerobicity due to natural breakdown
of the substance by biological activity in the water course.

Rapid treatment with hydrogen peroxide can therefore reduce fish kills
following storm water discharge or accidental spillage of polluting substances
into water courses. Whilst storm water overflows are regular events occurring at
known and accessible outfalls, accidental spillage of polluting substances may
occur from more inaccessible outfalls in open water, or may not even be
detected until they have passed through a length of water course. In such cases,
a solid peroxygen such as sodium percarbonate can provide advantages in ease
of transport and handling. Sodium percarbonate can be added in its powder
form from a boat, convenient bridge or jetty.

8 Conclusion
The application of hydrogen peroxide for environmental clean-up has a pivotal
role to play within the chemical industry. Indeed, such treatments have breathed
new life into industries which have been classed as damaging to the environ-
ment, thus extending their lifetime. Whilst it will always be desirable to aim for
zero effluent processes, it is only realistic to have in the armoury the ability to
treat waste products 'end of pipe'. Such 4end of pipe' applications for peroxy-
gens will enable more economic routes to industrially important products to be
developed.
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CHAPTER 6

Miscellaneous Uses for Hydrogen
Peroxide Technology

1 Introduction
This chapter will focus on three important industries where peroxygens have had
a significant impact, particularly with respect to environmental issues: chemical
purification, pulp and paper bleaching and hydrometallurgy and metal finishing.

2 Chemical Purification
The range of chemicals which require some form of purification is extremely
diverse. The need for chemical purification is very much a function of what the
manufacturer perceives is necessary for their product, and normally reflects the
wishes of the customer, product grade, application, etc. Typical improvements
made include the removal of colour, and the chemical removal of minor by-
products, since the chemical manufacturer generally requires a product which
has good colour, odour and purity.

Adsorptive materials have been used for many years for the purification of
chemicals. These materials include carbons, clays, and synthetic alumino-
silicates. The disposal or regeneration of spent adsorbent is usually expensive,
and generally viewed as a costly inconvenience.

Hydrogen peroxide is by far the most widely used peroxygen reagent for
chemical purification. Several methods exist for adding hydrogen peroxide to
the chemical, either directly or in the presence of a solvent. The purification
process can be carried out under acid, neutral or alkaline conditions. Hydrogen
peroxide can also be used as part of other purification processes, e.g. in
conjunction with decolorizing charcoal, or as a secondary oxidizing agent to
other chemicals. Chemical purification by peroxygens can be carried out when
the chemical cannot easily be purified by other methods, such as distillation or
recrystallization, and the chemical itself is inert to peroxygens, i.e. the main
reactions that occur should be with the impurities.

The various types of compounds which have been purified with peroxygens
and which will be discussed here are petroleum products, miscellaneous organic
chemicals, surfactants, natural oils, waxes and gums, natural sugars and
starches, synthetic polymers, inorganic acids and salts, clays, talc and minerals.



Hydrogen peroxide can also be used to purify starting materials as well as
products and this has the added benefit of reducing the amount of effluent
associated with the product.

Chemical purification processes of petroleum products have been known for
many years. The resulting products need to be colourless with no bad odours
and chemically pure. The main contaminants are either those derived from
chemicals present in the crude oil or chemicals added during processing.

The isolated products derived from crude oil can contain contaminants which
allow, after a period of time, some discoloration, usually phenols, alicyclic
unsaturated or heterocyclic nitrogen compounds. This process can be prevented
by treatment with hydrogen peroxide (0.01-1.0% m/m of petroleum product)1

used in conjunction with alkali metals, alloys and salts,2 as the colouring
components in the oil undergo selective oxidation. Clarification of petroleum
hydrocarbon distillates after atmospheric pressure distillation can also be
achieved using hydrogen peroxide.3 The colour of phenolic products, which
deteriorates over time, can be maintained for longer periods by treatment with a
hydrogen peroxide/alkali metal hydroxide system.4 The reduction in the odour
of petroleum products has been achieved by chemical purification; the major
contaminants are reduced sulfur compounds which can be treated with peroxy-
gens to give oxidized compounds.5

Various hydrocarbon 'sweetening' processes have been devised based on
hydrogen peroxide with various additives, e.g. alkali metal hydroxides,6'7

alkali nitrites,8 surfactants,9 acetic acid,10 and cationic exchange resins.11 In
addition, peroxysulfates have been used for the purification of sulfolane.12 The
deodorization of phenol obtained from coal tar can be achieved using
hydrogen peroxide, although other reagents such as alkaline earth peroxides,
percarbonates, and perborates13 have been used. By contrast, acidified hydro-
gen peroxide is used to remove phenols, indoles, quinolines, linolenes and
nitriles from naphthalenes.14'15 Hydrogen peroxide is also used for the
desulfurization of coal and coke when used in domestic or industrial applica-
tions.16'17 Solvay Interox has developed a method to deodorize organic
mixtures, employing hydrogen peroxide catalysed by a transition metal, e.g.
tungsten optionally supported on an inert material.18 The reduced sulfur
compounds are oxidized to sulfones or sulfonic acids, amines to hydroxyla-
mines or amine oxides. The oxidized products may be removed by water
washing or fractional distillation.

Hydrogen peroxide is used in conjunction with an alkyl phosphate or acetone
(caution), in order to improve phase contact,19"21 to chemically purify crude
heavy oils. Microbiological contamination of hydrocarbon oils, particularly jet
fuels, can be eliminated by treatment with hydrogen peroxide, particularly in the
presence OfFeCl3 or CuCl2.

22

The chemical purification of a range of organic chemicals using peroxides has
been known since the 1950s. Formerly, these applications have been confined to
bulk organic chemicals, however, more applications have now been found,
particularly in the treatment of intermediate products or reaction streams
during chemical processing and in cleaning up re-cycle streams.



There are many organic chemicals that have been purified using peroxygens,
and Tables 6.1 to 6.6 are a summary to illustrate the range of substrates treated,
and their associated application.

Table 6.1 Purification ofcarboxylic acids and derivatives

Material Reagent Comments

Acetic acid23 Peracetic acid Recycle stream in the
preparation of
e-caprolactone

Dilute acetic acid24 Hydrogen peroxide or Glycerine production plant
peracetic acid and a gives a widely usable acetic
phosphoric acid catalyst acid

Acetic acid/acetic anhydride Peracetic acid25 Carbonylation reaction,
mixture Hydrogen peroxide/ liquors containing iodine

Pd systems^6 effluent
Acetic anhydride Hydrogen peroxide, Purification for use in the

peracetic acid,27 sodium pharmaceutical industry
perborate28

Fatty acids Organic peroxides (methyl Improved colour stability to
ethyl ketone peroxide) heat and oxidation

Ellagic acid30 Acetyl peroxide, aqueous Reacidify to generate the
alkaline hydrogen peroxide acid

Monochloroacetic acid31 Hydrogen peroxide —
Acrylic acid esters32 Hydrogen peroxide —

Table 6.2 Purification of polycarboxylates and derivatives

Material Reagent Comments

Phthalic acid esters Alkaline hydrogen Used in addition to other
peroxide33 purification methods

Phthalic acid esters Peracetic acid,34 UV radi- Bleaching
ation with peracetic acid35

Pyromelitic anhydride36 Hydrogen peroxide Use aromatic hydrocarbon
solution and a lower
aliphatic ketone
(CAUTION)

Maleic anhydride37 Hydrogen peroxide/sulfuric Colour improvement
acid

Maleic anhydride38 Hydrogen peroxide/ Removal of resinous
formaldehyde materials

Citric acid39 Hydrogen peroxide Purification from
fermentation, suitable for
food industry applications

Sodium citrate liquors40 Hydrogen peroxide Recovery from waste liquors
Folic acid41 Alkaline hydrogen peroxide —
Aliphatic carboxylic acids42 Hydrogen peroxide Dodecanoic acid43

Terephthalic acid44 Hydrogen peroxide/sodium Polymer production
hypochlorite



Table 6.3 Purification of alcohols and phenols

Material Reagent Comments

Isopropanol45 Hydrogen peroxide plus Produced by catalytic
exchange resin hydration of propene and

contains odorous non-ionic
impurities

2,2,2-Trifluoroethanol46 Hydrogen peroxide Removal of sulfur-containing
impurities

Ethylene glycol47 Hydrogen peroxide Polyethylene terephthalate
plant-recycle stream

Polyethylene glycol48 Hydrogen peroxide Followed by an activated
charcoal treatment

Glycerin49 Hydrogen peroxide/low Glycerin is distilled from the
boiling solvent with V, Mo, liquors
W, Ru or Cr catalyst

Phenol50 Hydrogen peroxide Removal of sulfur
contaminants from benzene
sulfonic acid hydroxylation

Phenol51 Alkaline hydrogen peroxide From cumene hydroperoxide
process

Ethanol52 Hydrogen peroxide Aldehyde removal

Table 6.4 Purification of other oxygen-containing organic compounds

Material Reagent Comments

Acetone53 (CAUTION) Alkaline hydrogen peroxide Large volume, purify before
distillation

Tetrahydrofuran54 Alkaline hydrogen peroxide Removal of methacrolein
impurity

Polyvinyl pyrrolidone55 Alkaline hydrogen peroxide Aldehyde removal
Aspartame Acidic hydrogen peroxide Major sugar replacement

(formic acid/hydrogen product
chloride)

Oxo aldehydes57 Hydrogen peroxide and Reducing iron carbonyls-
Co(II) Co(III) is the purifying

reagent regenerated with
hydrogen peroxide



Table 6.5 Purification of sulfur- and nitrogen-containing organic compounds

Material Reagent Comments

2-Mercaptobenzothiazole58 Alkaline hydrogen peroxide Starting material for a range
of rubber chemicals

Sulfolene59 Peroxymonosulfate Takes out sulfur dioxide
and speeds up subsequent
catalytic hydrogenation

4,4'-Hydroxydiphenyl Alkaline solution of an Metal blocking agent added
sulfone60 inorganic peroxide to improve purification
Benzonitrile61 Hydrogen peroxide Removes hydrogen cyanide
Acetonitrile62 Hydrogen peroxide plus a Purified, suitable for

base processing solvent
Amine products;63 amines, Hydrogen peroxide Decoloration of pink
oxides, betaines, quaternary coloured products
ammonium compounds,
etc.
Amine oxides64 Hydrogen peroxide Prior discoloration with

carbon dioxide and light
Formamide65 Acidic hydrogen peroxide Removes nitriles and sulfur

compounds
Lactams66 Hydrogen peroxide/ Followed by cation and an

orthophosphoric acid anion-exchange resin
Alkyl amides67 Hydrogen peroxide Colour improvement in

fibres

Table 6.6 Purification of miscellaneous organic chemicals

Material Reagent Comments

Tertiary phosphites from Hydrogen peroxide Oxidation to phosphine oxide
olefins6®
Arylsulfonyl halides69 Hydrogen peroxide Dark product purified to give

light coloured one
Benzoyl chloride70 Hydrogen peroxide —
Commercial carbon blacks71 Urea/hydrogen peroxide For printing inks, plastics,

paints, etc.
Activated carbon Hydrogen peroxide Regeneration



Surfactant product bleaching is probably the largest area for peroxygen
chemical purification. The surfactant products require a chemical bleaching
step in order to give a material of acceptable odour and colour to the customer.
The main sources of odour are from the substrates and/or the processing
required to generate the product, e.g. sulfonation of aromatics used in the
manufacture of many anionic surfactants and hydrotropes. Sulfonated surfac-
tants are generally made by sulfonation of a substrate using oleum or sulfur
trioxide. The substrate is either derived from natural sources or chemically
produced. The products are, in general, unacceptably coloured or odorous
owing to the nature of the starting material and impurities produced from the
vigorous sulfonation reaction (charring, polycondensation). There are several
types of sulfonated surfactant, and the chemical bleaching methods for each
are reviewed.

a-Sulfo fatty acid esters have the following general formula:

H3C

R CH SO3H R = Up to C 2 0

These compounds are made via the sulfonation of modified natural oils, e.g.
methyl ester of beef tallow fatty acid,73'74 ethyl ester of hardened palm oil acid,75

methyl ester of palm oil fatty acid76 and other oils including coconut oil and
palm oil products.77'78 The main chemical bleaching agent is hydrogen per-
oxide.79"81 Other additional reagents used are low relative molecular mass
alcohols82 or, in the case of dialkyl sulfosuccinates, alcoholic hydrogen peroxide
and peracetic acid.83

Hydrogen peroxide bleaching has been incorporated into the process for
producing pastes of the a-sulfo fatty acid ester salt.84"86 During processing, the
neutralization and bleaching steps are done simultaneously. No loss of the a-
sulfo fatty acid ester salt is observed. In general, chemical bleaching of these
compounds can be achieved using up to 2% mjm hydrogen peroxide to oil at
temperatures up to 80 0C.

Alkyl aryl sulfonates have the following general formula:

They are prepared by sulfonation of an alkyl aryl compound under vigorous
conditions. This reaction leads to coloured products. Peroxygens are used to
chemically bleach these compounds to give lightly coloured materials.87"91 To



The reduction in colour to give a more acceptable product is addressed by
additional processing using hydrogen peroxide.98 However, colourless products
have been obtained using hydrogen peroxide in conjunction with UV-VIS
irradiation," phosphate salts,100 or alkaline conditions.101

Alkyl glycosides are produced by the esterification between a glycoside and
an alcohol. The product is treated with an acid salt, activated carbon and a
complexing agent, and finally bleached using hydrogen peroxide.102"104 The
level of hydrogen peroxide is 0.5-5% m/m of surfactant at 80-140 0C for 0.5-4
hours. Hydrogen peroxide bleaching under alkaline conditions105'106 gives pale
products with good storage stability with respect to colour107 and microbial
attack.108 Chemical bleaching can be improved by treatment of the alkyl
glycoside with hydrogen peroxide followed by sulfur dioxide at levels of 500 to
2500 ppm. The source of the sulfur dioxide can be sulfite salts.109

Fatty acid esters or amides derived from rape seed oil110 and coconut oil111

can also be bleached using hydrogen peroxide. Synthetic carboxylic acid esters
can also be decolorized using hydrogen peroxide,112'113 although improvements
can be made by incorporation of UV radiation,114 using alkaline conditions,115

or using peracetic acid.116 Hydrogen peroxide has also been used to decolorize
betaine amphoteric117 and quaternary ammonium surfactants.118

The oils, fats and waxes are extracted from vegetable and animal sources. To
produce acceptable, soluble and usable products with respect to colour, odour
and impurities, they require chemical purification. The coloured and odorous
materials result from polyunsaturates and aerial oxidation products. Hydrogen
peroxide has been used successfully for many years. Tables 6.7 and 6.8
summarizes the current methods used to chemically bleach oils, fats and waxes.

Other methods employed to refine natural oils involve the use of ion-
exchange resins135 and bleached earths.136 Hydrogen peroxide is, however,
employed to regenerate these materials for further use.

Sugar is a high volume product that is isolated from natural sources and used
in the food industry. Colour is generated as a result of caramelized sugar and
polycondensation of sugar with proteins. Since the final product has to be
colourless, a bleaching/deodorization process is incorporated into the sugar

obtain better quality products, a result of superior chemical bleaching, hydro-
gen peroxide has been used in conjunction with other reagents, e.g.
sodium hypochlorite,92'93 the sodium salt of ethylene diamine tetraacetic
acid,94 and with alcohols.95 Several other peroxygen reagents have also been
used for bleaching, e.g. sodium peroxide,96 persulfates, percarbonates and
perborates.97

Olefin sulfonates are made via sulfonation of an olefln, producing highly
coloured products. Their general formula is:



Table 6.7 Purification of oils

Oil Reagent Comments

Soya bean Catalytic hydrogen peroxide Methods devised in the 1940s
Potassium permanganate and 1950s
Sodium chlorate

Rice122 Hydrogen peroxide Using up to 2% m/m at
Tung123 temperatures of 130 0C
Cottonseed124'125

Allium vegetable126

Peppermint127 Acidified hydrogen peroxide Clear mellow odour
Palm128 Hydrogen peroxide Chlorine and boron residue
Coconut Peracids
Rice bran Peracids
Bay leaf Hypochlorites
Sal Dithionites
Tallow Borohydrides
Tall129 Iron catalysed hydrogen peroxide Best system found; large

at 70 0C transmittance increase
Crude sulfated Iron catalysed hydrogen peroxide Sulfur level falls dramatically
turpentine130 at 70 0C
Pine131 Hydrogen peroxide plus tungsten Increased efficiency

catalyst
Rice132 Hydrogen peroxide plus acetone Solvent increases contact
Olive husk] 33 (CAUTION) between oil and hydrogen
Dehulled oats134 Hydrogen peroxide plus alcohols peroxide

Table 6.8 Purification of fats and waxes

Fat or wax Reagent Comments

Animal fat Peroxygens137'138 —
Wool fat Hydrogen peroxide in the Product for food or therapeutic

presence of phosphoric use142; fats can be bleached
acid139"141 before being extracted

Lanolin purification Hydrogen peroxide and steam Decolorizing wool wax
at 1100C14^
Alkaline hydrogen
peroxide144'145

Crude Japan wax Acidified hydrogen —
peroxide146-147; oxalic acid148

Raw wax from haze Hydrogen peroxide, ozone, and Similar wax obtained to Japan
a phase-transfer agent149 wax

Yellow beeswax Neutral or alkaline hydrogen Gives white beeswax
peroxide at 700C150 '151

Rice wax Hydrogen peroxide, and methyl Ketones can form hazardous
ethyl ketone152'153 (CAUTION) hydroperoxides which are

explosive
Carnauba wax Hydrogen peroxide154 Initial separation of impurities

using a cyclone then bleaching
with hydrogen peroxide



extraction stage, normally at the aqueous syrup or molasses stage. Hydrogen
peroxide is used to decolorize and purify sugar juices and syrup at alkaline
pH.155"158 Active carbon159 or zinc chloride can be used as a post treatment.160

Quaternary ammonium exchange resins are also used to chemically purify sugar
solutions. Regeneration of these resins is via treatment with hydrogen per-
oxide,161 which oxidizes the extracted coloured sugar contaminants. The use of
hydrogen peroxide in conjunction with other reagents has resulted in better
discoloration performance. Deep red-brown sugar solution obtained by the
alkaline treatment of dextrose is neutralized and decolorized using hydrogen
peroxide with ascorbic acid.162 Other additives reported are active carbon in
conjunction with ion-exchange resins,163 zeolites,164 surfactants, polyamides,
phosphates, ureas, etc.165 Hydrogen peroxide has also been used to decolorize
sugar solutions from other sources, e.g. sugar beet,166"168 polydextroses169 and
glycosides.170

Hydrogen peroxide has been used to bleach soya beans,171 lechitan and
phosphatides.172 The alkali metal peroxides are alternative reagents.173 It is also
used to decolorize fatty acid sarcosides,174 whilst xanthines require sodium
perborate or percarbonate175 and starches require some irradiation.176

The chemical purification of polymers is carried out to decrease colour and
odour, and to increase the long-term stability. Hydrogen peroxide is used to
obtain colourless, transparent polyfluorinated olefins,177 poly vinyl alcohols178

and to improve the colour of polymaleic acid179 and polybutadienes.180 In
addition, peracetic acid has been used with thermoplastic polymers to reduce
colour, e.g. bisphenol-A polyacrylate.181 Hydrogen peroxide in conjunction
with UV radiation improves the decoloration of a-hydroxy acrylic acid.182

Acrylonitrile polymers are stabilized to heat183 and colour184 by treatment with
hydrogen peroxide during processing. Hydrogen peroxide is used to chemically
purify polymers that contain trace metal ions185 or sulfur residues186 to give
more acceptable products. Treatments involving hydrogen peroxide improve
the colour stability of polysulfide-based adhesives and sealants.187

Anionic and cationic exchange resins have found a wide variety of applica-
tions in processing industries for chemical purification. Hydrogen peroxide is
used to regenerate these resins.188"190 Synthetic resins used in optical lenses must
be transparent to light. Decolorization is achieved using sodium perborate or
percarbonate.191

Inorganic salts and acids are purified either to produce products meeting
customer specifications or to 'clean-up' reaction streams on a plant. Salt
solutions are treated with hydrogen peroxide to produce a decolorized product
on crystallization. This has been used in the production of fluorosilicic acid.192

zirconium oxide,193 sodium tripolyphosphate,194 boric acid,195 calcium phos-
phate,196 etc. Decolorized products can also be produced with sodium sulfate, a
by-product of methionine processing.197 On the plant, metals can be removed
from sludges. Arsenic and fluorine have been removed from ammonium
phosphate using hydrogen peroxide and inorganic salts such as aluminium
sulfate and ferric sulfate as flocculants.198 Much work has been done on two
acids in particular, phosphoric acid and sulfuric acid; purification is normally



carried out either as part of the manufacturing process or via the re-cycle
stream.

As with ammonium phosphate above, hydrogen peroxide is used in conjunc-
tion with a flocculant to purify phosphoric acid.199201 An ultra-pure grade,
suitable for semi-conductor use, can be prepared with a combination of
hydrogen peroxide and hydrogen sulfide.202 Organic compounds can also be
removed using hydrogen peroxide and an organic solvent,203"206 to remove the
oxidized contaminant.207

The decolorization and purification of both concentrated and dilute sulfuric
acid has been known for many years.208"210 Spent acids from nitration processes
are purified using hydrogen peroxide in the presence of an inert solvent to
extract organic by-products.211

Hydrogen peroxide is used to purify clays, talcs and minerals to afford a
white, bright product or to remove organic and inorganic contaminants.
Kaolin used for coatings, in the paper industry and as a catalyst support has
been chemically purified in this way. Aqueous kaolin slurries are bleached with
hydrogen peroxide, at elevated temperatures under alkaline or acidic condi-
tions.212'213 Organic contaminants can also be removed using hydrogen
peroxide alone214 or in combination with ozone.215 Further improvements can
be made by post-treatment with cation or anion exchange resins.216 As
alternatives to hydrogen peroxide, sodium perborate or percarbonate can be
employed as alkaline treatments.217'218 Peroxide is also being used to bleach
other minerals, such as silicates,219 natural chalk,220 holmite type clays221 and
rutile.222

In conclusion, purification finds applications in a wide range of natural
products, organic and inorganic chemicals. In the future, customers of chemical
producers will demand more chemically pure products to satisfy the demands of
their customers. As the environmental lobby gathers momentum, re-cycle of
chemical reagents, re-cycle streams, etc., will become more widespread resulting
in significant efforts being made to chemically purify these items. Unwanted
contaminants will be extracted, chemically purified and passed onto customers
for use in other industries, not just disposed to waste. Consequently, chemical
purification technology involving hydrogen peroxide has the potential for major
expansion in the years ahead.

3 Pulp and Paper
The production of paper is the largest and fastest growing single application of
hydrogen peroxide. This growth has fundamentally been driven by environ-
mental issues, and a large quantity of new and improved technology has now
been devised in response to this demand.

There are broadly three types of operation carried out to produce paper and
board products: mechanical pulping, chemical pulping and re-cycled paper
pulping. For mechanical pulping, the fibre source, commonly wood chips, is
sheared at a temperature and pressure above the glass transition temperature of



the lignin (Figure 6.1), resulting in the separation of the cellulose fibres (Figure
6.2).223 A substantial fraction of the lignin and the non-crystalline carbo-
hydrates are left in the pulp, thus driving yields of pulp on dry fibre to over
95%. These pulps are often referred to as high-yield pulps.

Chemical pulps are produced by an initial 'cooking' process involving
chemical digestion of the lignin fragments with sulfur nucleophiles, followed
by a series of further steps to remove lignin and increase pulp brightness.224 The
removal of some of the lignin and non-crystalline carbohydrates lowers the yield

The interunit linkages of the /?-O-4 type (enclosed in the dashed box to the left) are predominant.
Interunit linkage enclosed in the dashed box to the right is representative of the /M type linkage.

Figure 6.1 Representative structure of coniferous lignin.



Figure 6.2 Representative structure of cellulose.

on dry fibre to about 50%. The pulps are, however, bleachable to high
brightness and have a high strength, and are thus used in high quality papers.
The 'cooking' chemicals and energy are recovered and recycled. A number of
hybrid chemical and mechanical processes also exist with intermediate char-
acteristics. Re-cycled paper is produced by re-pulping unwanted paper in alkali.
For post-consumer waste, a de-inking and cleaning of the pulp is required
before re-use.225 For all classes of pulp, bleaching is required to obtain white or
near-white products.226'227 Table 6.9 contains some of the terms commonly used
in pulp and paper technology.

Mechanical pulp contains approximately 20% m/m lignin, a coloured,
random polyaromatic polymer. The objective of the bleaching operation is to
destroy the chromophoric groups without substantial removal of the lignin.
Mechanical pulp products are currently used for newsprint and packaging.

The main bleaching agents used are hydrogen peroxide (oxidative) and
sodium dithionite (Na2S2O4). The chemical costs of the two products are
similar, but dithionite is more tolerant to process control variations, whereas
hydrogen peroxide gives higher brightness. In addition, oxidative bleaching
gives a product less prone to yellowing and, naturally, an effluent lower in
oxygen demand.226 Peracetic acid and hydrogen peroxide have also been
employed for the improved brightness of mechanical pulp.228

The bulk of recent process research and innovation has been in chemical pulp,
and dramatic strides have been taken in the understanding and optimization of
the 'cooking' process. This knowledge has led to the installation of extended
'cooking' capabilities, and oxygen delignification prior to bleaching. Both of
these technologies have a low running cost, and reduce the lignin going in to the
final bleaching, thus reducing the bleaching chemical requirements and efflu-
ents. The capital cost for these improvements are high not only for the required
equipment, but also for the capacity up-grades necessary in the recovery plant.

Traditionally, the lignin content of chemical pulps has been reduced with
chlorine treatment, followed by an alkaline extraction, and a number of
bleaching steps with hypochlorite, and chlorine dioxide.226 Hypochlorite is
now rarely used for pulp bleaching, as it gives a pulp with lower strength and a
greater propensity for yellowing after bleaching. Since the discovery of dioxins
in bleach plant effluents in 1986,229 there has been constant regulatory and
market pressure to reduce the emission of organo-chlorine compounds from



Table 6.9 Glossary of terms used in the pulp and paper industry

Basic terms
Stock: the pulp stream within the manufacturing process
Consistency: the % dry matter in the stock

Mechanical and high yield pulp
SGW: stone ground wood
TMP: thermomechanical pulp
CMP: chemomechanical pulp
CTMP: chemothermomechanical pulp
APMP: alkaline peroxide mechanical pulp

Chemical or Kraft pulp
C: chlorine stage
O: oxygen (alkaline) stage
E: extraction stage
D: chlorine dioxide stage
P: hydrogen peroxide stage
Z: ozone stage
Q: metal sequestration stage
E0: extraction plus oxygen
Ep: extraction with hydrogen peroxide
P*: hydrogen peroxide stage at high temperature
A: acidic oxidizing stage (peracetic acid or Caro's acid)
ECF: elemental chlorine free process
TCF: totally chlorine free process
TEF: totally effluent free process
C, O, E, D, P, Z: any subscripted numbers after these letters refer to % of chlorine
equivalent used

Recycled pulp
Generally, the recycle is similar to mechanical pulping operations but product can be
higher quality. De-inking and adhesive ('stickies') removal are peculiar to recycled pulp.

bleach plants. This can be achieved by reducing the lignin content of the pulp
going into the bleach plant (extended 'cooking', oxygen delignification) and by a
reduction or elimination of the use of elemental chlorine. The latter can be
entirely replaced by chlorine dioxide, if there is sufficient generation capacity on
the mill site, a process referred to as elemental chlorine free (ECF) bleaching.
The addition of oxygen to the first extraction stage, and of hydrogen peroxide to
the first and second extraction stages not only reduces the chlorine dioxide
required for complete elimination of the chlorine, but also improves the pulp
cleanliness and bleachability.

Totally chlorine free (TCF) bleaching has also been developed in recent years
because of regulatory and market pressure in German-speaking and Scandina-
vian countries. TCF bleaching started with sulfite pulps, as the pulps are
brighter and easier to bleach than Kraft pulps (they are however somewhat
weaker). All German chemical pulp mills are sulfite mills, and all bleach with
O P sequences.230 For Kraft mills, the lower initial brightness and the more



residual resistant lignins make it more difficult to bleach the pulp. Scandinavian
pulp mills started to produce TCF pulps with a Q P P P P sequence in their
existing bleach plants. The first pulps had lower brightness, and required very
large quantities of hydrogen peroxide. With experience and the use of more
optimized bleaching conditions, obtained brightness can be almost the same as
those produced by chlorine bleaching.231

The traditional conditions for alkaline hydrogen peroxide bleaching have
called for modest temperatures in the region of 70-80 0C, but temperatures as
high as 1200C can give superior brightening without detriment to the pulp
properties.232

Alkaline hydrogen peroxide is not very effective at eliminating the last traces
of lignin from the pulp. Acidic, electrophilic oxidizing agents, such as ozone and
peracids, are more effective. Ozone has been installed in a number of mills in
Scandinavia in sequences such as O Z E0 P O Z E D. The capital investment for
the ozone reactor and generation equipment is high; gas/pulp mixing is critical
to the operation, and the gas is both toxic and corrosive, and thus residuals have
to be destroyed. Despite these difficulties, ozone can be used industrially for
pulp delignification.233 A lower capital alternative is to use peracids, the most
common being Caro's acid234 and peracetic acid.235 For efficient and selective
delignification, the peracid stages are operated within the pH range of 2-4.5,
with stabilization to ensure no hydroxyl radicals are generated from any
residual hydrogen peroxide.232 A number of mills world-wide have used
peracids within their existing mill configuration in the sequences based on the
Q P A P concept.236

A number of other technologies have been proposed for TCF bleaching.
Dimethyldioxirane has also been found to be a very selective oxidant in pulp
bleaching,237 and technology for in situ generation of this reagent has been
disclosed.238 Polyoxometallates have been suggested as oxidation catalysts
suitable for pulp delignification239 and biodelignification continues to be a
subject of academic interest. The relative merits of TCF and ECF bleaching
have been vigorously debated in recent years. These developments are now
increasingly seen as a step towards 'totally effluent free' (TEF) processes, which
aim to prevent all emissions from bleach plants. It is currently believed that the
prevention of mill closures could be achieved with TCF and ECF bleaching
technologies; in practice, the former is likely to be cheaper and easier to
implement.230

A number of experimental chemical wood bleaching technologies have
recently been disclosed: hydrogen peroxide and tetraacetyl ethylene
diamine,240 anthracene derivatives with hydrogen peroxide241 and in situ
produced performic acid242 are but a few.

Not all re-cycled papers are de-inked and bleached, but those which are often
need hydrogen peroxide to reach the target brightness and cleanliness of the
pulps. For wood-containing papers, hydrogen peroxide is required in the
pulping operation to prevent yellowing of the pulp. The pulp can also be
bleached with hydrogen peroxide or dithionite after the de-inking and cleaning
processes. As for virgin fibre, the bleaching effect of dithionite is limited.



4 Hydrometallurgy and Metal Finishing
The chemistry of hydrogen peroxide and Caro's acid can be used in many
applications involving metals: metal extraction and separation from ores or
waste, hydrometallurgy, and surface treatment of metals and alloys. Compared
to alternative treatments, the direct chemical costs are sometimes higher, but the
difference is often outweighed by advantages in simplicity of operation (cost
savings on equipment), and in lower overall effluent production.

Hydrogen peroxide can act as an oxidant or reductant towards elements in
various oxidation states. In some cases (e.g. iron, copper, selenium, tellurium),
no net reductive behaviour is exhibited at any pH. Where either net reduction or
oxidation is observed (e.g. vanadium, chromium, manganese, cerium), reductive
behaviour is usually shown at acid pH and oxidative behaviour at alkaline pH.
This can be useful in precipitating or separating metal from solution, since
higher oxidation states are often less soluble or form anionic species (i.e.
opposite charge to other components). Where it is required to oxidize these
metals at acidic pH, Caro's acid (H2O2 + H2SO4 <-> H2SO5 4- H2O) is a useful
alternative to hydrogen peroxide, from which it can be generated on site.

Two types of indirect oxidation using hydrogen peroxide are used. The first
involves re-oxidation of an intermediate, or 'relay' metal, which in turn acts as
an oxidant in the recovery process; examples include iron(III) oxidation of
uranium(IV) and of thiourea in gold production. The second involves oxidation
to assist acid dissolution of metals, chiefly in finishing of stainless steel, brass or
copper. Several metals form peroxo complexes in their highest oxidation states
when treated with hydrogen peroxide (e.g. vanadium, molybdenum, tungsten)
and these are much more water soluble than the corresponding oxides. This,
therefore, provides a more efficient means of extracting these metals selectively
into solution in, for example, scrap re-cycling (e.g. tungsten carbide), and also as
a potential method of purifying crude metal oxides (zirconium oxide).

Gold extraction is mainly practised by leaching finely ground ore with
alkaline, aerated cyanide solution for up to 24 hours (Figure 6.3). The reaction
may involve intermediate formation of hydrogen peroxide, but the mechanism
has not yet been fully established. Per oxygens such as hydrogen peroxide243 and
calcium peroxide244 can be added to improve the recovery. In some cases,
aeration is difficult owing to the viscosity of the ore slurry, and this may require
use of a peroxygen as the sole oxidant.245 Some ores are more refractory, and
require a more vigorous treatment, for which oxygen under pressure (expensive
equipment) or gaseous chlorine (corrosive, difficult to handle) are conventional
solutions. Caro's acid, generated on site, is a useful alternative, as it attacks
sulfur and other oxidizable materials surrounding the gold particles, making
the latter more accessible.246 Although Caro's acid is itself corrosive, it is

Figure 6.3 Extraction of gold using aerated cyanide solution.



Figure 6.4 Oxidation of chromium with alkaline hydrogen peroxide.

compatible with several stainless steel grades, unlike chlorine which requires
more expensive metals such as titanium or tantalum for plant construction.

Cyanide disposal from gold mining is commonly via a tailings pond in which
the cyanide is gradually broken down by air and sunlight. Treatment with
hydrogen peroxide or Caro's acid can be used either to moderate the level of
cyanide entering the lagoon or to treat any residues in the overflow, which may
arise from insufficient residence time (pond too small, rainfall, etc.).

Redox chemistry with hydrogen peroxide is pH dependent; for example,
cerium(IV) is reduced to cerium(III) in acid, whereas cerium(III) is oxidized to
cerium(IV) in alkali. The reductive step may be used to solubilize cerium in
extraction from ores.

The two main oxidation states of chromium usually display opposite charges
in their compounds. Chromium(VI) is particularly toxic and all operations are
subject to stringent legislation in most countries with significant process
industries. Chromium(III) is oxidized by hydrogen peroxide to chromium(VI)
in neutral or alkaline conditions, but reduced from chromium (IV) to (III) in
acid (Figure 6.4).

Oxidation in acidic solution can be achieved by Caro's acid, for example at
850C.247 This chemistry is employed in the extraction of chromium from
superalloy scrap.248 It can also be used to detoxify, recover or re-cycle effluents
from chromic acid oxidation or pickling liquors. Detoxification and recovery
of chromic acid solutions is by the addition of hydrogen peroxide which
reduces the chromium(III) salts, followed by alkali to precipitate and separate
chromium hydroxide.249 Re-cycle can be by direct re-oxidation with Caro's
acid, or by first raising the pH to alkaline levels, oxidation with hydrogen
peroxide and re-acidification with subsequent salt by-product production.

In the nuclear industry, actinide elements are extracted with a solution of tri-
n-butyl phosphate in kerosene. In order to completely remove these metals
before disposal of the organic solvent, the tri-n-butyl phosphate must be
decomposed. It has been found that this can be done with hydrogen peroxide
and a chromate catalyst at near-neutral pH under reflux, in a two-phase
system.250 This application links environmental protection and metal recovery.

Extraction of copper from ores is enhanced (both rate and yield) by the
addition of hydrogen peroxide or Caro's acid (Figure 6.5).251

Figure 6.5 Extraction of copper using hydrogen peroxide or Caro 's acid.



At higher pH, the sulfur is oxidized to sulfate; this is also true for the
extraction of copper from chalcopyrite (CuFeS2) in the presence of iron and is
effective for other mixed sulfidic ores.252 Copper metal can be dissolved by non-
oxidizing acids if hydrogen peroxide is added.253 This is used in the secondary
recovery of copper from anode slimes arising from copper refining; copper is
dissolved, leaving a residue rich in selenium, tellurium and precious metals.254

Recently, a ferric leaching process, applicable to secondary copper sulfides, has
been developed,255 which is economically attractive due to low hydrogen
peroxide consumption.

Cobalt can be separated from solutions containing nickel, zinc and manga-
nese by selective oxidation to Co(III) with Caro's acid, leading to precipitation
as the hydroxide, with efficiencies > 99% and leaving only ppm levels of cobalt
in solution (Figure 6.6).256 The hydroxide is readily filtered, the process
comparing well with product prepared using chlorine as the oxidant. The
preferred pH range is 3-4.8, alkali being added to maintain this level. The
cobalt(III) hydroxide produced can be redissolved as a cobalt(II) salt under
acidic conditions by using the corresponding acid with hydrogen peroxide as a
reducing agent (Figure 6.7).249 The process is stoichiometric at ambient
temperature and hence simpler and cleaner than alternatives using methanol in
formaldehyde.

Cobalt can also be separated from nickel in alkaline conditions by first adding
ammonia and hydrogen peroxide to form cobalt(III) pentamine complex, and
then crystallizing the bulk of the nickel as the sparingly soluble nickel
ammonium sulfate (Figure 6.8). The separation of nickel from cobalt can be
achieved by precipitation via oxidation to nickel(III) hydroxide with Caro's acid
at near-neutral pH (Figure 6.9).257

Figure 6.6 Selective oxidation of cobalt with alkaline Caro's acid.

Figure 6.7 Dissolution of cobalt (III) hydroxide in the presence of acidic hydrogen
peroxide.

Figure 6.8 Separation of cobalt from nickel solutions using hydrogen peroxide in the
presence of ammonia.

Figure 6.9 Separation of nickel from cobalt using Caro's acid under near-neutral pH.



Figure 6.10 Separation of manganese in the presence ofCaro's acid.

The pH is controlled by addition of base. If sodium carbonate is used, a basic
carbonate is precipitated. Caro's acid can also be used to extract nickel
preferentially from mixed sulfide ores such as pentlandite (Ni.Fe)9S9.

258

Extraction of manganese, like other redox metals, with hydrogen peroxide is
pH dependent. Hydrogen peroxide acts as a reductant in acid but oxidant in
alkali, whereas Caro's acid shows oxidizing behaviour throughout the pH range
(Figure 6.10).

By control of pH, sequential recovery of cobalt and manganese from mixed
solutions can be achieved.256 Manganese dioxide, as the mineral pyrolusite or
from separations as above, is a major source of manganese compounds. It can
be converted readily to manganese(II) salts using the respective acid and
hydrogen peroxide as a reducing agent (Figure 6.11).258

The cost of iron compounds is insufficient to support the stoichiometric use of
peroxygens to recover them. However, hydrogen peroxide has a role in
removing iron compounds from mixtures with more valuable metals, and also
in the re-oxidation of iron used as a relay oxidant in recovery of other metals. It
is also used as an oxidant in steel pickling. For example, solutions containing
50 ppm each of iron, nickel and copper can be purified by addition of hydrogen
peroxide at 900C; filterable iron oxide hydrates are precipitated. Clearly, the
decomposition of hydrogen peroxide is strangely favoured under such condi-
tions and carefully controlled addition is required to obtain near-stoichiometric
oxidation.

Zinc exhibits no solution redox chemistry under normal conditions, and
peroxygens can only be used to remove impurities from zinc solutions prior to
electrolytic formulation of metallic zinc. For example, ferrous iron can be
clearly oxidized and precipitated from zinc solutions using hydrogen peroxide at
95 0C and pH 1.5 without addition of foreign ions. Manganese(II) can also be
oxidized and precipitated from zinc solutions as high quality manganese dioxide
using Caro's acid.

Arsenic is a frequent contaminant in metal ores (especially sulfides) and
therefore appears in hydrometallurgical processes applied to these ores. Because
of its toxicity, it must be efficiently removed from aqueous process streams
before discharge. Traditionally this has been done with lime, but a large excess is
required and the product (calcium arsenite and arsenate) can re-release some
arsenic under the influence of atmospheric carbon dioxide. A more reliable
process is co-precipitation with iron salts under near-neutral conditions. This
requires both element ores to be in their higher oxidation states and hydrogen

Figure 6.11 Conversion of manganese(IV) oxide to manganese(II) sulfate in the pres-
ence of acidic hydrogen peroxide.



peroxide can achieve this efficiently in dilute solution. Ferric ion can be added or
generated in situ after arsenic oxidation (Figure 6.12).

The solubility product of ferric arsenate is so low that residual levels of 50 ppb
arsenic in solution can be achieved.259 Hydrogen peroxide is also used to
produce arsenic acid from arsenious oxide,260 where the cleanliness of the
reaction offers advantages over other oxidants (Figure 6.13).

Selenium and tellurium can be dissolved and separated using hydrogen
peroxide.261 In copper-refining anode slimes, Se and Te are dissolved at 95-
100% recovery using hydrogen peroxide at natural pH forming tetravalent
acids (Figure 6.14).261 The same chemistry is used to refurbish photocopier
drums containing selenium; under alkaline conditions, Se(IV) is oxidized to
Se(VI) by hydrogen peroxide.

Because of the extreme toxicity of cyanide, a number of alternative leaching
processes have been devised for gold ore. The only one of those to be
commercialized involves thiourea, which uses ferric sulfate as an oxidant
(Figure 6.15). The iron(III) oxidizes thiourea to formamidine disulfide, which
in turn oxidizes the gold to its thiourea complex. A number of oxidants can be
used to regenerate the iron(III), of which hydrogen peroxide is among the
cleanest and most convenient.262 The use of oxygen or ozone requires gas/slurry
mixing equipment, whilst the use of permanganate or hypochlorite results in the
introduction of foreign ions.

Leaching uranium ores requires an acid and an oxidant in order to convert
the insoluble uranium(IV) oxide to a soluble uranium(VI) salt. Iron(III) is the
usual oxidant (Figure 6.16).

Figure 6.12 Removal of arsenic salts from mixed ores using hydrogen peroxide.

Figure 6.13 Preparation of arsenic acid using hydrogen peroxide.

Figure 6.14 Recovery of selenium from anodic slimes.

Figure 6.15 Extraction of gold using a hydrogen per oxide I thiourea system.



Figure 6.16 Extraction of uranium via the oxidation of uranium (IV) to uranium(VI).

The ferrous ion is traditionally re-oxidized with manganese dioxide or sodium
chlorate, but Caro's acid has also been introduced for this application.263 Under
these conditions, Caro's acid is more efficient than hydrogen peroxide.

Tungsten can be removed from mixed metal wastes by solubilization with
acidified hydrogen peroxide (Figure 6.17). In the case of tungsten carbide, the
reaction takes place at 30-350C, often in the presence of a promoter.264

Tungsten can be subsequently precipitated as hydrated tungstic oxide (by
heating to decompose the peroxygen complex), or as calcium tungstate by lime
treatment. In the case of tungsten, copper and nickel scrap, acidic hydrogen
peroxide preferentially dissolves the other metals, allowing tungsten powder to
be recovered directly.265

The chemistry of molybdenum is similar to that of tungsten and it can be
recovered by dissolution of metallic or oxide scrap in acidic hydrogen per-
oxide.266 High purity molybdic oxide can be precipitated by heating solutions to
decompose the peroxide complexes. Peroxo complexes of tungsten and molyb-
denum can be separated by mixing with tri-octylphosphine oxide in kerosene,
which extracts molybdenum selectively.267 Molybdenum occurring in uranium
ores is brought into solution during acid extraction of the uranium, but is partly
in the (V) oxidation state. Caro's acid treatment completes oxidation to
molybdenum(VI) to facilitate recovery.268

Recovery of vanadium with peroxygens involves both oxidation and com-
plexation. In solution, conversion of lower oxidation states into vanadium(V)
allows separation by solvent extraction (Figure 6.18).269 This chemistry can be
used for vanadium by-products in uranium extractions. With hydrogen per-
oxide, vanadium(IV) is not oxidized in acidic solution, but rather in alkaline
conditions, e.g. 60 0C at pH 9 (Figure 6.19).270 Use of excess hydrogen peroxide
readily forms peroxo complexes and this is of value in selective dissolution of
vanadium from secondary sources.

Figure 6.17 Removal of tungsten from mixed metal wastes using acidic hydrogen
peroxide.

Figure 6.18 Oxidation of vanadium to vanadium(V) using Caro's acid.

Figure 6.19 Extraction of vanadium by-products from uranium ores using alkaline
hydrogen peroxide.



Zirconium has no significant redox chemistry in solution. Formation of
soluble peroxy complexes in dilute aqueous acid can be used to purify zirconium
compounds by extraction in organic media. Subsequent decomposition of the
complex yields ultra-pure zirconia ZrO2, which is of interest as a high
performance ceramic material.271

5 Conclusion
Hydrogen peroxide has diverse uses throughout a range of applications; three
important areas have been briefly discussed in this chapter. The use of
hydrogen peroxide in pulp and paper bleaching has increased significantly
over the last decade due to environmental legislation. The versatility of
hydrogen peroxide as a reducing agent has also been highlighted for the
extraction of metals from their ores. The purification of industrially important
chemicals has been known for many years, and is likely to remain a strength of
the reagent into the future.
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A 
Acetophenones 123 

Acidic hydrogen peroxide 100 

Acid-labile epoxides 87 

Acinetobacter 156 

Activation of hydrogen peroxide, 
at low pH 39 
metal-redox 39 46 
radiolysis 39 46 
rose diagram 38 
with α,/β-unsaturated ketones 39 
with halogen acid 59 
with heterogeneous catalysts 179 
with inorganics 39 
with one-electron metals 39 46 
with organic compounds 61 
with organometallics 40 
with organonitriles 39 
with photolysis 39 65 
with two-electron species 48 

Active oxygen 23 25 

Adam 107 

Addition of hydrogen peroxide 98 

Advanced oxidation processes 207 226 

Alcohol, 
oxidation 55 62 108 
purification 234 



258 
Index terms Links 

 This page has been reformatted by Knovel to provide easier navigation.  

Aldehyde oxidation 114 

Aliquat® 336 110 152 

Alkaline hydrogen peroxide 90 104 121 129 162 
 164 220 231 244 

Alkane, 
activation 185 187 
hydroxylation 62 199 

Alkene epoxidation 48 54 58 62 67 
 80 182 186 199 

Alkoxy radicals 79 

Alkoxysulfuranes 71 

Alkyl hydroperoxides 65 79 103 

Alkylanthrahydroquinone 3 

Alkylanthraquinone complex 3 4 

Alkylaryl sulfonates 236 

Alkylhydroanthraquinone alkylammonium salt 12 

Allied Colloids 8 

Allylic alcohol 51 101 

Aluminium oxide 9 

Aluminophosphates 180 193 

Aluminosilicates 29 

Ames test 33 

Amine oxidation 48 56 

Ammonium acetate 49 

Ammonium formate 6 

Ammonium peroxodisulfate 2 

Ammoximation 189 

2-tert-Amylanthraquinone 3 

2-iso-sec-Amylanthraquinone 3 

Anilines 158 
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Anthraquinone process (AO process) 3 14 
counter flow 8 
emulsion formation 9 
epoxide of alkylhydroanthraquinone 4 
hydrogenation catalyst 4 6 
hydrogenator 6 7 
hydroxyanthrone formation 4 
loss of quinone 4 
methylbenzyl alcohol 11 
oxidizer 8 
propan-2-ol 10 14 
schematic 4 
side reactions 4 10 

Aralkyl sulfides 154 

Arco               11 

Aromatic acyloxylation 166 

Aromatic aldehydes 114 116 

Aromatic hydroxylation 162 

Aromatic nuclei reactions 162 

Aromatic oxidation 57 

Aromatic side chain oxidation 128 

Arsenic removal 226 239 249 

Arsenic(III) 56 

Arylmethyl sulfoxides 156 

Aspergillis niger 29 

Atochem 143 

Autoxidation 2 
base-catalyzed 2 
hydrazobenzenes 2 
hydroquinones 2 

Azelaic acid 108 
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Azobenzene 2 

Azoxy derivatives 141 

B 
Baeyer-Villiger 61 66 68 109 119 

 125 127 

Barium peroxide 1 

Bartlett ‘butterfly’ mechanism 81 

BASF 4 188 

Bayer Ketazine process 142 

BEA                 181 

Benzal bromides 138 

Benzaldehydes 129 

Benzyl alcohol 130 

Benzyl bromides 129 

Berthelot 2 

Bio-delignification 244 

Biological oxygen demand (BOD) 218 226 

Biological treatment enhancement 224 

Bio-oxidation 97 

Bioreactors 223 

Bioremediation 223 

Bis(trimethylsilyl)peroxide 127 

Bleaching 37 62 141 236 242 

Bolton 209 

Bordiga 188 

Boron trifluoride etherate 123 

Boron(III) 56 93 

Bregeault 198 
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Bromine, 
formation 130 134 157 
recovery 157 162 

Buffered peracids 87 

Bulk chemicals 79 232 

4-t-Butylbenzaldehyde 131 138 

t-Butyl hydroperoxide (TBHP) 51 98 113 118 153 
 155 193 

4-t-Butyltoluene 130 

Butyrolactone 121 

C 
CAB/hydrogen peroxide system 130 132 134 

CAB/PBS system 132 

Calcium peroxide 223 245 

Caldariomyces fumago 156 

Candida Antarctica 85 

Candida cylindracea 85 

Cannizarro reaction 115 

Caprolactam 188 

Caprolactone 9 121 

Carboxylic acid purification 233 

Caro’s acid 48 59 68 92 117 
 123 129 143 207 217 
 245 246 

Carveol 194 

Carvone 90 

Catalase 31 

Catechol 13 162 164 

CeAB/hydrogen peroxide system 130 131 134 

Cellulose 242 
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Cephalosporin antibiotics 198 

Cerium(III) 130 

Cerium(III) acetate 129 

Cerium(IV) 47 130 

Chemical oxygen demand (COD) 207 211 214 221 224 
 227 

Chemical pulping 240 

Chemical purification, see Miscellaneous uses of 
peroxygens 

Chemical torches 71 

Chemiluminesence 70 

Chiral templates 98 

Chloramines 147 149 

Chloranil 158 

Chlorinated solvent removal 224 

Chlormethiazol 149 

4-Chloro-3-xylenol 158 

Chlorohydrins 161 

3-Chloroperbenzoic acid 62 82 90 97 109 
 116 151 154 

Chloroperoxidase 156 

Chromium extraction 246 

Chromium oxide catalysts 164 

Chromium trioxide 104 

Chromium(II) 47 

Chromium(III) 107 

Chromium(IV) silicalite 192 

Clarification 232 

Cleavage, see Oxidative cleavage 

Cobalt extraction 247 
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Cobalt(II) 47 

Cobalt(II) acetate 129 

Co-catalyst 48 

Codeine halohydrates 157 

Colloidal tin 29 72 

Colour removal 231 

Coniferous lignin 241 

Cope elimination 139 

Copper extraction 246 

Copper(I) 47 151 

Copper(II) 47 151 158 164 

Corylone 90 

Coupling, of thiols 147 

Cr-APO-5 194 

Creosote removal 224 

Criegee 119 125 

Crude oil 232 

Cyanide detoxification 209 217 

Cyanohydrin route 217 

Cyanopyridines 143 

Cyclic lactones 56 119 

Cyclododecane oxide 94 

Cyclohexanone 9 

Cyclohexan6ne monooxygenase 156 

Cyclohexanone oxime 188 

Cyclohexene oxide 93 95 

Cyclooctene oxide 94 

Cytochrome P-450 48 97 200 
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D 
d8 complexes 56 

Dakin reaction 114 117 

Davis 185 

Decomposition 21 28 30 

Degussa 6 

Deinking 242 244 

Deodorization 232 239 

Destruction, flow sheet 30 

Desulfurization 149 

Detergent industry 41 

Diacyl peroxides 28 62 64 85 

Dialkyl dithiocarbamates 147 

Diazo compounds 141 

Dibenzoyl peroxide 167 

2,6-Dichloropyridine-N-oxide 202 

Dichromate 47 

Diels-Alder reaction 151 

Diethyl tartrate 49 51 98 

4,4’-Difluorobenzophenone 123 

Dihydroxyarenes 164 

Dihydroxypentanones 102 

Dimethyl dioxirane 92 94 145 244 

Dimethyl ketazine 142 

Dioxiranes 61 68 71 92 94 
 125 154 

Disinfection 39 

Dissociation, of hydrogen peroxide 39 

Dissolved oxygen 226 

Disulfides 147 149 153 221 
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Dodecatungstophosphate anion 54 

E 
Effluent pre-treatment 224 

Elbs reaction 165 

Electrostatically bound catalysts 200 

Elemental chlorine free (ECF) 243 

Emergency water treatment 224 

Enantioselectivity 51 67 90 98 103 
 144 151 154 156 

Encapsulated porphyrin 201 

End-of-pipe treatment 228 

Engle 104 

Enichem 52 181 186 189 

Environmental application 207 

Enzymes 48 156 

Epichlorohydrin 62 83 

Epoxidation, see also Alkene epoxidation 48 56 61 69 

Epoxides 80 

Epoxidized linseed oil 84 

Epoxidized soya bean oil (ESBO) 62 84 

Epoxy-α-damascone 90 

EPR                45 

Equivalence point 30 

Ethylanthraquinone 3 

EUO              181 

EXAFS 188 

F 
Fat purification 238 

FAU                  181 
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Fenton, M.J.H. 213 216 

Fenton reaction 44 46 48 129 

Fenton’s reagent 37 46 214 222 

Fenton’s treatment 209 213 226 

Ferric ion 215 

Ferrioxylate 216 

Ferrous ion 44 213 

Ferryl ion 45 

Filson 2 

Finishina 102 

Flavanols 158 

Fluorinated porphyrin 200 

FMC               7 

Four-membered peroxides 70 

G 
Gasoline removal 224 

Gelbard 199 

Glycidylaldehyde diethylacetal 90 

Glyphosate 141 146 

Gold, 
mining 217 
recovery 245 249 

Griffith 111 

Groves 202 

Guanine 47 

H 
Haber and Weiss 44 

Halide oxidation 57 59 113 

Halogenation 59 157 
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HBr/hydrogen peroxide system 131 135 137 

Heidebreck 3 

Herbicide destruction 214 

Hermann 95 

Heterogeneous catalyst 59 97 107 111 164 
 179 

Heterogeneous decomposition 29 

Heteropolyacids 198 

Heteropolyperoxometallates 54 101 111 153 198 

Homogeneous decomposition 29 

Hydrazine hydrate 13 142 

Hydrogen carrier 3 

Hydrogen peroxide, 
acute toxicity 33 
AO process 3 
boiling point 14 

range 15 
commercial manufacture 1 
conductance 18 
critical pressure 14 
critical temperature 14 
crude 9 13 
density 14 16 
destruction 6 20 
dielectric strength 17 
dismutation 7 21 
electrolytic production 2 11 
explosive mixtures 21 
extraction 3 
fine chemical manufacture 13 
freezing point range 15 
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Hydrogen peroxide (Continued) 
gas phase molecular dimensions 19 
heat of formation 20 
heat of melting 14 
heat of vaporization 14 
in situ formation 12 
integrated process 12 14 
melting point 14 
partial pressure 19 
pH                18 21 
physical properties 14 
purification 3 9 11 
refractive index 14 16 
safe handling 20 
specific heat 14 
vapour pressure 19 
vapour-liquid equilibrium 20 
viscosity 14 17 

Hydrogen sulfide removal 220 

Hydrogenation 4 

Hydrometallurgy, see Miscellaneous uses of 
peroxygens 

Hydroperoxy complexes 53 

Hydroperoxyl radicals 215 

Hydroquinone 13 162 

Hydroquinone monoacetate (HQMA) 123 

Hydroxybenzoic acids 13 

Hydroxy ketals 108 

Hydroxycarboxylic acids 195 

Hydroxyformate 100 

Hydroxyhydroperoxides 163 



269 
Index terms Links 

 This page has been reformatted by Knovel to provide easier navigation.  

Hydroxyl radical 44 46 130 163 209 

Hydroxylamines 140 188 

Hydroxylation 48 
of olefins 98 

Hydroxyperoxy-2-phenylpropan-1-ol 107 

Hydroxyperoxyhexafluoropropan-2-ol 118 

Hydroxyquinones 162 

Hypohalous acid 157 

I 
Imidazole 48 

Imines 144 

Immobilization 48 51 56 62 64 
 85 94 98 125 153 
 201 

Iodination 158 

Iron porphyrins 97 

Iron(II) 127 160 163 

Iron(III) 129 199 

Isomorphous substitution 180 

Isothiocyanate 149 

Isothionic acid 153 

J 
Jacobson complexes 51 

Jasmine lactone 128 

Jones 132 

K 
Katada reaction 140 

Katsuki complexes 51 
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Katsuki-Sharpless system 49 

Keggin unit 54 

Ketazines 13 

Ketone oxidation 119 

Ketones 13 24 56 

Kraft pulps 243 

Kymmene AB 2 

L 
Lactone esters 113 

Lanthanide heteropolyacid 111 

Laporte chemicals 6 

Laporte hydrogenator 7 

Lead tetraoxide 104 

Lewis acid catalysts 120 158 162 

Lignin, see Coniferous lignin 

Lipase catalysis 62 85 

Lunck 215 

M 
M41S 184 

Magnesium monoperoxyphthalate 62 90 144 151 

Manchot 2 

Manganese extraction 248 

Manganese porphyrins 49 97 

Manganese(salen) complexes 154 

Mansuy 97 

MCM-41 181 184 

MCM-48 184 

Mechanical pulping 240 242 
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Meidinger 2 

Meissenheimer rearrangement 139 

MEL                    181 

2-Mercaptobenzothiazole 149 

Mesoporous titanosilicates 184 

Metaboric acid 94 

Metal finishing 245 

Metal oxenes 48 

Metal silicalites 102 

Metalloporphyrins 48 97 154 200 

Metallosilicates 195 

3-Methyl-2-epoxycyclopentanone 90 

N-Methylmorpholine oxide (NMMO) 141 

Methyltrioxorhenium(VII) 57 95 

MFI                     181 190 

Microbial degradation 207 

Microbiological contamination 232 

Micro-environment 181 

Milas reagent 102 107 

Mimoun 53 95 

Mineral purification 240 

Minisci reaction 163 

Minoxidil 143 

Miscellaneous uses of peroxygens 231 

Mobil Oil 195 

Molybdate 54 110 144 151 226 

Molybdenum 54 56 92 98 106 
 153 

Molybdenum extraction 250 

Molybdenum oxobromide 102 
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Monoalkyldithio carbamates 147 149 

Mono-oxygenases 97 

Monoperoxyphthalic acid 90 

MoO3-SiO2 197 

MOR 181 

Mordenite 181 

MTO 57 95 

MTT                   181 

MTW 181 190 

Mugden and Young 95 

Murray and Jeyaraman 68 

Muzart 110 

N 
Naphthols 158 

NASA 18 

NCL-1 181 192 

Neumann 196 

Ni-Ag catalyst 6 

Nickel extraction 247 

Nitrogen oxidation 61 

Nitrones 140 

Nitroso compounds 144 

Nitroxides 140 

Non-crystalline carbohydrates 241 

Non-crystalline heterogeneous catalysts 189 195 

Norbornene oxide 95 

Norco 10 

NOX removal 209 217 

NOX scrubbing 218 
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Noxious effluent 207 

O 
Odour control 224 

Oil purification 238 

Organic pollutants 13 

Organo-chlorine destruction 212 242 

Organo-nitrogen 54 

Organo-nitrogen oxidation 139 

Organo-nitrogen purification 235 

Organo-selenium compounds 117 

Organo-sulfur 54 

Organo-sulfur oxidation 146 

Organo-sulfur purification 235 

Orthoboric acid 94 

Osmium 102 

Österreichische Chemische Werke 2 

Oxaziridines 140 

Oxenes 49 51 

Oxidative cleavage, of olefins 103 192 

N-Oxides 49 73 139 142 

Oximes 144 

Oxiranes 80 83 

Oxo complex 54 

Oxygen insertion 53 81 

Oxygen transfer 53 58 65 68 80 
 82 

Ozone 11 212 

Ozone/hydrogen peroxide 210 226 

Ozonolysis 108 207 
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P 
Palladium black 6 

Palladium complexes 56 97 102 139 199 

Payne’s reagent 66 90 92 143 

PEM reactor 11 

Penicillin-G-potassium salt 153 198 

Pentaacetyl glucose 62 

Pentane-1,2-diol 101 

Peracetals 39 

Peracetic acid 61 83 88 100 104 
 109 149 164 202 207 
 236 

Percarbonyl ring 83 

Percarboximidic acid 61 67 90 

Perchloric acid 162 

Perdisulfate 113 

Peresters 61 64 

Performic acid 61 67 82 89 100 
 121 244 

Perhydroxyl anion 32 39 

Perhydroxyl radicals 45 

Periodic acid 104 

Perketals 39 

Permaleic acid 90 144 

Permanganate 47 

Peroxidase 48 97 161 

Peroxo complex 53 105 110 151 

Peroxometal complex 53 93 96 

Peroxodisulfuric acid 2 

Peroxotungsatates 199 

Peroxy anion 150 
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Peroxycarboxylic acid 23 28 48 59 61 
 65 81 116 

Peroxydisulfates 165 

Peroxymonophosphoric acid 127 

Peroxymonosulfate 45 92 217 

Peroxymonosulfuric acid 59 68 

Peroxytitanates 182 

Peroxytrifluoroacetic acid 90 123 

Perpropionic acid 62 

Perselenous acid 56 

Pesticide destruction 213 215 

Pharmacosiderite 185 

Phase transfer agents 48 53 55 96 161 

Phenol hydroxylation 39 163 192 

Phenol purification 234 

Phenols 158 

Phenyl acetate 123 

1-Phenylcyclohexene oxide 95 

Phosphines 28 

Phosphomolybdis acid 198 

Phosphotungstate species 97 

Phosphotungstic acid 198 
on alumina 112 127 

Photocatalysis 161 209 216 

Photochemical bromination 136 

Photodecomposition 215 

Photo-Fenton's system 216 227 

Photo-oxidation 216 

Photoreduction 215 

Pietzsch-Adolph process 2 
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Pilezhaev 81 

α-Pinene 87 

Piperonal 114 

Platinum complexes 56 97 127 

Polarization of hydrogen peroxide 39 

Polycarboxylate purification 233 

Polycarboxylic acids 44 150 

Polymer purification 239 

Polyoxometallates 48 54 96 198 244 

Polysulfides 219 

Potassium monopersulfate 156 

Potassium peroxodisulfate 2 

Propulsion 18 

Propylene oxide 62 93 

Protonation 39 

Pulp and paper 240 

Pump and treat 222 

Pyridine-MTO complex 58 95 

Pyrimidine oxidation 144 

Pyrrole 160 

Q 
Quaternary ammonium fluorides 90 

Quaternary ammonium resins 239 

Quaternary ammonium surfactants 237 

Quinolines 159 164 

Quinolinic acid 164 

Quinones 164 
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R 
Radical scavengers 72 

Radzizsiewski reaction 67 

Ramaswamy 190 192 

Raney nickel 6 

Raschig process 142 188 

Raymond and Chen 92 

Reaction carrier 3 

Recylced paper pulping 240 242 

Redox potential 37 

Redox zeolites 180 197 

Reducing agents 28 

Regioselectivity 48 

Reidel-Lowenstein process 2 

Restricted dimensionality 179 

Rhenium(VII) 57 

Ring contraction 126 

Ru-Bi complexes 106 

Ruthenium 104 

Ruthenium porphyrin 202 

S 
Safarzadeh-Amiri 216 

Safe use of peroxygens 20 

Schiff-base complexes 49 

Sebacicacid 127 

Selenium extraction 249 

Selenium(IV) 56 93 117 125 

Shape-selective catalysis 181 

Sharpless 57 
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Sheldon R.A. 181 192 

Shell Chemicals 10 

Single electron transfer (SET) 69 

Singlet oxygen 72 

Site isolation 180 

Sludge bulking 224 227 

Smectite clays 200 

Sodium hypochlorite 147 

Sodium perborate 40 108 118 146 154 
 166 232 

Sodium percarbonate 40 156 207 217 228 
 232 

Sodium peroxide 2 

Soil remediation 207 209 214 222 

Solvay Interox 8 106 121 232 

Spin trapping 47 

Stabilization, of hydrogen peroxide 72 

Stainless steel pickling 218 

Stamicarbon 188 

Storm water treatment 224 

Story synthesis 120 

Strukel catalyst 57 

Sugar purification 237 239 

Sulfates 219 

Sulfenamides 147 

Sulfide coupling 147 198 

Sulfides 146 151 154 156 198 
 219 

Sulfinic acid 149 

α-Sulfo fatty acid esters 236 
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Sulfones 150 153 

Sulfonic acid 147 150 153 198 221 

Sulfoxides 146 149 152 156 198 

Sulfur dioxide 28 

Sulfur oxidation 62 

Sulfur removal 209 219 

Sun                         215 

Supercage 200 

Surfactant bleaching 236 

Sweeting process 232 

T 
Telluric acid 98 

Templating agents 52 190 

Tensil® 142 

Tetraacetylethylenediamine (TAED) 62 

Tetraalkylthiuram disulfides 147 

Tetrabromobisphenol-A 158 

Tetrahydroalkylanthrahydroquinone 4 

2,2,6,6-Tetramethylpiperidine hydrochloride 108 

Thenard, L.J. 1 14 

Thioacetic acid 151 

Thioanisole 156 

Thioethers 150 

Thiols 147 150 221 

Thiuram disulfide 149 

Thiuranes 150 

Thomas 130 

Tin silicalite 190 

Tinopal CBS-X 227 
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Titanium alkoxide 182 

Titanium silicalite 12 98 112 164 

Titanium(III) 47 

Titanium(IV) complexes 162 186 

Titanium(IV) isopropoxide 49 154 188 

Titanium(IV) peroxide 161 

Titanium-aluminium-β 185 

Titanium-β 183 

Totally chlorine free (TCP) 243 

Totally effluent free (TEF) 244 

Toxicity of hydrogen peroxide 32 

Triangular safety diagram 25 

Trifluoroacetic acid 61 82 163 

Trifluoroacetyl peroxide 166 

Trifluoroperacetic acid 41 

Trimethyl-1,4-benzoquinone 158 

2,3,6-Trimethylphenol 158 

Triple salt 59 68 

Triplet oxygen 51 

TS-1                 181 185 189 202 

Tungstate salts 53 56 93 95 110 
 144 151 153 158 222 

Tungsten extraction 250 

U 
UHP/acid anhydride systems 85 118 

Ultrasound 127 156 209 

Unsaturated aldehydes 39 

Unsaturated ketones 39 

Urea hydrogen peroxide (UHP) 40 117 154 
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UV irradiation 207 209 237 

UV/hydrogen peroxide system 209 224 

UV/ozone system 209 

UV/ozone/hydrogen peroxide system 210 

UV/titanium(IV) oxide system 209 

V 
V2O5-SiO2 197 

Vanadate catalyst 157 

Vanadium extraction 250 

Vanadium heteropolyacids 164 

Vanadium silicalite 192 

Vanadium(IV) 47 154 

Vanadium(V) 47 106 

Vanadyl acetate 199 

Venturello complex 54 

Vicinal diol 98 101 103 107 

Vitamin K1 165 

W 
Waldenberg 3 

Walton 2 

Waste water treatment 209 214 216 224 

Wax purification 238 

Weissenstein process 2 

WO3-SiO2 197 

Working material 3 

Working solution 3 8 
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X 
Xerogels 196 

X-zeolite 181 

Y 
Y-zeolite 181 

Z 
Zeolite-β 195 

Zeolites 29 51 107 127 202 

Zeolon-H 196 

Zinc purification 248 

Zinc pyrithione 145 

Zirconium purification 251 

ZSM-5 51 102 164 190 195 

ZSM-11 181 

ZSM-12 181 190 

ZSM-22 181 

ZSM-23 181 

ZSM-35 181 

ZSM-48 181 

ZSM-50 181 




