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Preface

Synthetic adhesives are known for their toxic impact on the natural envi-
ronment. In the emerging scientific world, many challenges are arising
in the industrial sectors as a consequence of trying to meet the demands
posed by upgraded technologies. The development of green adhesives
based on renewable resources is the necessity of this age. Their importance
is growing gradually as the commercial market is motivated to emphasize
the benefits of green adhesives. Green adhesives, particularly those based
on polysaccharides, have a number of good features, like biodegradability,
biocompatibility, bio-inertness, antimicrobial activity, nontoxicity, and low
cost, that keep pace with synthetic adhesives.

This edition of Green Adhesives: Preparation, Properties and Applications
deals with the fabrication methods, characterization, and applications of
green adhesives. It also includes the collective properties of waterborne,
bio, and wound-healing green adhesives. Exclusive attention is devoted
to discussing the applications of green adhesives in biomedical coatings,
food, and industrial applications. This book will be useful for beginners
and experts from undergraduate students to industrial engineers work-
ing in the field of polymer chemistry, materials science, and engineering.
Based on thematic topics, this edition contains the following ten chapters:

Chapter 1 provides an overview of current research progress, major chal-
lenges, and future perspectives of the developed anti-adhesive coatings,
including hydrophilic polymers, zwitterionic polymers, superhydrophobic
polymers, slippery liquid-infused porous surfaces (SLIPS), and protein or
glycoprotein-based coatings. Three bifunctional coatings with anti-adhe-
sive and antibacterial activities are also discussed.

Chapter 2 focuses on adhesives that are synthesized with renewable lignin.

The structure and reactivity of various industrial lignins are introduced
in detail. The methods for modifying technical lignins to improve their

XV



xvi PREFACE

reactivity for the synthesis of bio-based adhesives and the performances of
resultant adhesives are discussed.

Chapter 3 describes the predominant role of green adhesives in various
industrial applications. It further enumerates various categories of green
adhesives by pointing out its vital material characterization concerning
robotics, microelectronics, and space applications. Moreover, its contribu-
tion to powder coating, leather tanning, fiberboard, and dental fields are
also discussed.

Chapter 4 highlights some green adhesives produced from polysaccharides
or biopolymers which are widely available and play an important role in
biomedical systems for various applications such as tissue engineering,
drug and gene delivery, and wound healing. Several physicochemical char-
acterizations of biopolymers and the main advantages and feasibility of
some procedures found in the literature also are discussed.

Chapter 5 describes the procedures for modifying polymer systems into
waterborne ones by the incorporation of hydrophilic segments by various
means. It also demonstrates the structure and properties of waterborne
epoxy and polyurethanes that could be used in adhesive applications.

Chapter 6 discusses the preparation of furfuryl alcohol-based adhesives. The
methods of preparing polyfurfuryl alcohol-based sealants without blistering
based on temperature, amount of the catalyst, as well as thickness of the end
products are discussed in detail and validated by mathematical model.

Chapter 7 deals with the overview of bioadhesives, their history, and clas-
sification. It also elaborates the mechanism of bioadhesion along with the
testing methods and application of bioadhesives. Focus is placed on bioad-
hesion mechanisms like sealants, adhesives, hemostatic proxies, etc. This
chapter may open doors for researchers working on metals, alloys, and
composite materials by introducing a better way of avoiding the failure of
the elements using bioadhesives.

Chapter 8 details the development of polysaccharide adhesives based on
renewable resources.

Chapter 9 describes the role of adhesives in the healing of wounds that
appear after surgical incisions, endoscopic processes, dental procedures,
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ocular surgeries of both cornea and retina, cataract, pancreatectomy, gas-
tric incisions, inguinal hernia repair, variceal bleeding, knee arthroplasty,
cardiac surgeries, diabetic foot ulcers, accidental lacerations, and burns.

Chapter 10 discusses synthetic or renewable adhesive systems that can
replace formaldehyde-based adhesives. In this chapter, recent research on
wood flooring adhesives is included.

Chapter 11 focuses on the basic characteristics, classification, production,
benefits, properties, application of synthetic adhesives and resins for bond-
ing glass, metals, ceramics, wood, rubber, foil, paper, leather, cloth, plastic
films, and some structural materials.

Editors

Inamuddin
Rajender Boddula
Mohd Imran Ahmed
Abdullah M. Asiri
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Anti-Adhesive Coatings: A Technique for
Prevention of Bacterial Surface Fouling

Xiaohong Sun'*, Songyuan Zhang', Hui Li* and Nandika Bandara®

!College of Food and Biological Engineering, Qigihar University, Qigihar, China
“Institute of Quality Standard & Testing Technology for Agro-Products,

Chinese Academy of Agricultural Sciences, Beijing, China

*Department of Plant, Food & Environmental Sciences, Faculty of Agriculture,
Dalhousie University, Truro, Canada

Abstract

Bacterial surface fouling (biofouling) causes many severe problems in a range
of applications, such as biomedical field and food industry, which can result in
enormous economic losses, pose threats to human health, and even lead to death.
Protein adsorption on surfaces often serves as a conditioning layer for initial bac-
terial adhesion that is considered as the first and prerequisite step for biofouling.
Therefore, anti-adhesive coatings have been designed as an effective approach to
prevent biofouling. This chapter provides an overview of the current research pro-
gresses, major challenges and future perspectives on the developed and generated
anti-adhesive coatings, including hydrophilic polymers, zwitterionic polymers,
super-hydrophobic polymers, slippery liquid infused porous surfaces (SLIPS), and
protein or glycoprotein-based coatings. Also, the working principles and efficacies
of three bifunctional coatings with anti-adhesive and antibacterial activities are
further discussed. Overall, anti-adhesive coatings show great potential to be used
to minimize the negative impacts of biofouling on different practical applications,
such as biosensors, biomedical implants, as well as pipes, equipment, and cooling
systems in food industry. However, it is still demanding to develop safe, simple,
economical, easily available, durable, and effective anti-adhesive coatings in future.

Keywords: Anti-adhesive coating, bacterial adhesion, protein adsorption,
biofouling, antibacterial property, bifunctional coating, biofilm

*Corresponding author: xs7@ualberta.ca; sunxiaohong55@hotmail.com

Inamuddin, Rajender Boddula, Mohd Imran Ahamed and Abdullah M. Asiri (eds.) Green Adhesives:
Preparation, Properties and Applications, (1-24) © 2020 Scrivener Publishing LLC



2  GREEN ADHESIVES

1.1 Bacterial Surface Fouling (Biofouling)

Biofouling is an undesired accumulation of biomacromolecules (e.g., pro-
teins) or organisms (e.g., bacteria) on material surfaces [1]. More than 99%
of bacteria on earth are surface-attached cells and can form biofouling [2,
3]. The process of bacterial surface fouling mainly includes conditioning
film development, initial adhesion, and subsequent biofilm formation. A
layer of organic molecules (e.g., proteins and polysaccharides) adsorption
on surfaces serves as a conditioning film for bacterial adhesion [1]. The
initial bacterial adhesion to the surfaces is partially reversible since it can
be more readily disrupted compared to the strongly adhering biofilms [4,
5]. Biofilms are defined as the communities of microorganisms embed-
ded in extracellular polymeric substances (EPS), which can increase the
resistance to host immune responses, mechanical removal, and antibiotic
treatments compared to planktonic cells [6, 7].

Initial bacteria-surface attachment and adhesion are considered as the
prerequisite step for biofilm formation, which involved several mechanisms,
including hydrophobic and electrostatic interactions [1, 3]. Environmental
conditions, such as pH, temperature, calcium ions, competing organisms
and nutrition levels, and bacterial sizes, shapes, and surface structures such
as pili, flagella, fimbriae, and adhesins, are demonstrated to significantly
impact on this initial adhesion [8, 9]. Besides, the material surface proper-
ties play a vital role in this initial adhesion as well, including surface chem-
istry (e.g., functional groups and coatings), charge, energy (mainly related
to the surface hydrophobicity), structure (size, spacing, aspect ratio, and
roughness), stiffness, and topography. Compared to other factors, the influ-
ences of surface stiffness and topography on the bacterial adhesion have not
been well studied [3, 4, 8, 10]. Overall, the process of bacterial adhesion is
complicated, which governed by all of the factors discussed above.

1.2 Negative Effects of Biofouling by Bacteria
on Practical Applications

Bacterial adhesion and formation of biofilm on medical implants (such
as prosthetic joints or catheters) cause device-related infections, which
has long been a significant problem in the biomedical field, both during
and after implant surgery [11, 12]. Implant-related infections may result
in a high occurrence rate of revision surgeries, and even fatality, placing
a greater financial burden on the healthcare system of many countries
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[12-14]. Taking the United States as an example, the direct medical costs
associated with such infections was estimated more than $3 billion annu-
ally about one decade ago, which is expected to increase nowadays [15].

In the food industry, biofouling formation, especially biofilm, in equip-
ment, pipes, and cooling systems causes enormous economic losses
through increasing maintenance costs and reducing equipment opera-
tional efficiencies [16, 17]. Biofilm can also be a source of microbial con-
tamination, causing food-borne infectious diseases and posing a threat to
human health. Food-borne diseases are still a global public health con-
cern nowadays, and new ones continue to emerge [18, 19]. Also, micro-
bial contamination negatively impacts on food storage, which results in
undesirable changes to the sensory and quality of food [20]. Currently, it
is estimated that 25% of the total food produced annually wasted due to
microbial contamination [20].

1.3 Anti-Adhesive Coatings for Preventing Bacterial
Surface Fouling

As discussed above, the initial bacteria adhesion to the surfaces is easier to
be interfered compared to the strongly adhering biofilms. Therefore, many
anti-fouling strategies were designed to prevent the initial bacterial adhe-
sion and biofilm formation on surfaces instead of removal of the mature
biofilms, for example, fabrication and identification of anti-adhesive
coatings. Different types of polymers have been applied to prepare anti-
adhesive coatings, such as hydrophilic polymers, zwitterionic polymers,
super-hydrophobic polymers, slippery liquid infused porous surfaces
(SLIPS), and protein or glycoprotein-based coatings. This chapter will pro-
vide an insight into the current research progresses, major drawbacks, and
future directions in the field of anti-adhesive coatings.

1.3.1 Hydrophilic Polymers

It is well accepted that the application of hydrophilic polymers as coatings
on surfaces could resist adhesion of proteins and bacteria due to the forma-
tion of a hydration layer in an aqueous environment as a physical barrier
[21]. Schematic diagram of anti-adhesive coatings based on hydrophilic
polymers was given in Figure 1.1a. Two widely studied hydrophilic poly-
mers will be introduced below, including polyethylene glycol (PEG) and
poly(2-methyl-2-oxazoline) (PMOXA).
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Figure 1.1 Schematic diagrams of five types of anti-adhesive coatings. (a) Hydrophilic
polymers as coatings on the substrate resist biofouling due to the formation of a hydration
layer in aqueous environment as a physical barrier and the surface hydration layer is
formed by weak hydrogen bonds; (b) Forming a hydration layer on the substrate by
strong electrostatic interactions is mainly responsible for the anti-biofouling property

of zwitterionic coatings; (c) The major characteristic of super-hydrophobic surface is
with a water contact angle of over 150°, which was inspired by the Lotus leaf in nature
[72]. Super-hydrophobicity can reduce the adhesive force between bacterial and the
surface; (d) Slippery liquid infused porous surfaces (SLIPS) were inspired by Nepenthes
pitcher plants, which are commonly composed of a highly porous solid surface and a low
surface energy lubricant; (e) Glycan moieties and critical surface density of mucins are
indispensable to achieve the anti-adhesive activity.
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Polyethylene glycol (PEG)-based coatings

PEG is one of the most well-documented anti-fouling polymers and
has been recognized as the gold standard for anti-fouling coatings [22].
Coatings-based on PEG has been used in a variety of applications, such as
biosensors and tissue engineering [23, 24]. The unique physical and bio-
chemical properties of PEG are critical for its anti-fouling applications, like
non-toxicity, non-immunogenesis, non-antigenicity, and good biocompat-
ibility [25, 26].

PEG showed good anti-fouling activity against platelet adhesion and
protein adsorption. For instance, Zhang et al. [27] modified the gold sur-
face by grafting of PEG polymer and further characterize this modified
surface by the techniques of X-ray spectroscopy, atomic force microscopy
(AFM), and water contact angle. It was demonstrated that at a surface
[C-O]/[Au] ratio above 50, PEG modified-gold surface could completely
prevent protein adsorption and platelet adhesion, and such surface can
be stable in water and protein solutions for more than 24 h. Likewise,
PEG-modified silicon surfaces exhibited potent activity to reduce protein
adsorption, including bovine serum albumin and fibrinogen [28]. Besides,
it was proved that polyethylene oxide (PEO) which is the same polymer
as PEG since they have the same repeating unit (-CH,CH,-O-) could effi-
ciently reduce platelet adhesion and fibrinogen adsorption as well [29-31].
It was postulated that steric barrier, chain length, surface density, refrac-
tive index, and hydrophilic nature of polymers are responsible for protein
resistance [32-34].

It was hypothesized that, since a layer of adsorbed protein can act as a
conditioning film for bacterial adhesion, surfaces with anti-fouling prop-
erty should prevent bacterial adhesion [35]. Therefore, much research
efforts have been devoted to examining this hypothesis and demonstrated
that PEG-based surfaces could resist bacterial adhesion [36-38]. It was
reported that a commercial multi-component cross-linked PEG-based
coating (OptiChems) significantly inhibited adhesion of all clinically
isolated strains tested in the study, including Staphylococcus epidermidis
(S. epidermidis) 3399, S. epidermidis HBH 276, S. salivarius GB 24/9,
Pseudomonas aeruginosa (P. aeruginosa) #3, except Escherichia coli O,K,,
and the inhibitory rates were all more than 80%. The authors concluded
that exposure of OptiChems coating into protein-rich fluids, such as saliva
and blood plasma, could dramatically decrease its anti-adhesive activity
although the coating integrity was not interfered by proteins [36]. The
anti-adhesive property of PEG-based coatings strongly relied on the PEG
immobilized strategy; namely, covalent immobilization was better than
physical adsorption [37].
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Further, the forces of interaction between bacteria and PEG-coated sur-
faces were measured by AFM to indicate the possible anti-fouling mecha-
nism. The data suggested that PEG chains not only interfered the long-range
attractive forces between bacteria and substrates but also exhibited large
steric repulsion forces [39]. Also, the steric repulsion and dynamic motion
of hydrated polymer chains as well as chain length are important factors in
preventing bacterial adhesion [22, 40, 41].

However, surfaces based on PEG cannot entirely prevent bacterial
adhesion/colonization. A recent study demonstrated that the polymer
brush coating of poly(L-lysine)-graft-PEG (PLL-g-PEG) on titanium did
not resist S. epidermidis colonization and biofilm formation. Because the
biofilm formed by S. epidermidis was rich in polysaccharides and extracel-
lular DNA, which could interact with PEG brushes and completely remove
the polymer from titanium surface. This drawback could be overcome by
increasing the polymer brush density [42]. Furthermore, PEG has several
obvious limitations: susceptible to oxidation in complex media, not suit-
able for long-term applications, not biodegradable, bioaccumulation in the
lysosomes of healthy cells, provoking an immune response in some cir-
cumstances [22, 43-45].

Many researchers have attempted to improve the characteristics and
anti-fouling activity of PEG polymer. PEG-grated polyurethane surfaces,
which were fabricated by combining chemical and physical approaches,
showed improved biocompatibility and increased activity to inhibit both
platelet adhesion and bacterial adhesion/biofilm formation [46]. A layer-
by-layer assembling technique has been used to generate the PEG con-
taining multilayer films which showed potent anti-adhesive activity. For
example, PEG grafted poly (L-lysin) (PLL) or poly (L-glutamic acid) (PGA)
possessed potent activity to notably suppressing both protein adsorption
and bacterial adhesion [47].

Poly(2-methyl-2-oxazoline) (PMOXA)

PMOXA is highly soluble in water and has attracted increasing interest as
an alternative to PEG. A direct comparison between PEG and PMOXA
with respect to protein adsorption, bacterial adhesion, and oxidative stabil-
ity was well-reviewed. Overall, PMOXA coatings showed equally excellent
anti-fouling activity as that of PEG and PMOXA is more stable in oxidative
environments [48].

Specifically, PEG and PMOXA-based polymers were equally effective
in inhibiting protein adsorption from whole human serum according to
a quantitative comparison [49]. The side-chain grafting densities of poly-
mers played an important role in the adsorbed masses of polymer and
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protein on surfaces. The optimum side-chain grafting density relies on the
side-chain molecular weight. In general, the higher the molecular weight,
the lower is the optimum grafting density [50]. As such, the optimum
grafting density of PMOXA-based polymer is approximately half the den-
sity of PEG-based polymer since the molecular weight of monomer unit
(N-acetylethyleneimine) of PMOXA is twice as compared with ethylene
glycol [49].

Like for the prevention of protein adsorption, both PEG and PMOXA-
based coatings had an equal potency in inhibition of bacterial adhesion
[49]. To measure the anti-adhesion, polymer coatings were exposed in a
bacterial suspension of Escherichia coli (E. coli) K12 at a concentration of
10° cfu/mL in physiological buffer at 37°C. The results showed that both
PEG and PMOXA-based coatings could reduce more than 3 log units of
bacterial adhesion [51].

Nevertheless, PMOXA revealed a significantly higher oxidative stability
over PEG. It was demonstrated that PEG monolayers were lost more than
50% of their initial thickness when exposed to the oxidative environment,
while the initial thickness of PMOXA monolayers was only degraded less
than 20%. Furthermore, the degraded PEG coatings largely lost the capac-
ity for prevention of protein adsorption, while PMOXA remained a good
activity to resist protein adsorption after oxidation [49].

1.3.2 Zwitterionic Polymers

Zwitterionic polymers are a class of materials that show overall electrical
neutrality since they have an equal number of negatively and positively
charged groups within a single molecule [29]. Zwitterions were inspired
by the non-thrombogenic property of zwitterionic lipid phosphatidyl-
cholines on the outer membrane of erythrocyte cells [52]. The general
preparation method of zwitterionic anti-biofouling polymers is incorpo-
rating cationic and anionic compounds into the backbone of polymeric
materials. The most well-investigated zwitterionic polymers are poly(car-
boxybetaine) (pCB) and poly(sulfobetaine) (pSB) grafted to methacrylate
or acrylamide backbones, which are stable and easy to deal with [21, 53].
Similar to hydrophilic polymers, forming a hydration layer on the surface
plays a major role in the anti-biofouling property of zwitterionic coatings.
However, in contrast to hydrophilic surfaces whose surface hydration layer
is formed by weak hydrogen bonds, charged zwitterionic polymers main-
tain the hydration layer through strong electrostatic interactions, as shown
in Figure 1.1b. It is believed that the more tightly possessed the hydration
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layer, the more potent the material is at resisting a disruption and biofoul-
ing adhesion [21, 29].

The features of overall charge neutrality, high hydrophilicity, strong
dipole pairs, and anti-polyelectrolyte effect endow zwitterionic polymers
with promising applications for fighting against biofouling problems [54].
Phospholipid polymers, poly (2-methacryloyloxyethyl phosphorylcholine)
(MPC)-co-n-butyl methacrylate (BMA), were the first zwitterionic mate-
rial to be proved for the anti-biofouling property, which was reported by
Ishihara et al. in 1991 [55]. However, this was only a preliminary research
and the poly(MPC-co-BMA) polymer only resisted protein adorption
from single protein solutions. Since then, more zwitterionic polymers
have been developed and demonstrated to possess potent anti-biofouling
capacity of suppressing nonspecific protein adsorption from complex
media. For example, gold surfaces coated by zwitterionic poly[2-(meth-
acryloyloxy)ethyl phosphorylcholine] have revealed an excellent protein-
resistant property which was comparable to that of PEG-based coatings
[56]. Moreover, Yang et al. [57] firstly demonstrated that poly(carboxy-
betaine acrylamide) (polyCBAA)-grafted surfaces with a film thickness
of ~21 nm that were prepared via atom-transfer radical polymerization
(ATRP) could achieve “zero” protein adsorption from complex undiluted
human blood serum and plasma.

The resistance to bacterial adhesion and biofilm formation of zwitter-
ionic polymers were further investigated. For instance, as compared to
the glass reference, long-chain zwitterionic poly(sulfobetaine methacry-
late) (pSBMA) surfaces not only significantly reduced short-term (3 h)
adhesion of S. epidermidis and P. aeruginosa, also notably impeded their
biofilm formation [58]. The effect of zwitterionic poly(carboxybetaine
methacrylate) (pCBMA)-grafted surfaces on long-term bacterial biofilm
formation was further investigated. Bare glass coverslips were selected
as a reference. Results showed that pCBMA coatings suppressed long-
term biofilm formation of P. aeruginosa up to 240 h by 95% at 25°C and
64 h by 93% at 37°C. For strain P. pudida, pPCBMA surfaces maintained
reducing the biofilm formation up to 192 h by 95% at 30°C [59]. Similarly,
zwitterionic micellar coatings and zwitterionic polymers with a biomimetic
adhesive group showed strong anti-adhesive activity against S. aureus and
P. aeruginosa, respectively [60, 61].

In addition to those mentioned above, zwitterionic polymer-grafted
surfaces and zwitterionic hydrogels also exhibited potent anti-biofouling
activity. The anti-adhesive activity of zwitterionic pPCBMA hydrogel has
been most widely explored. pPCBMA hydrogels retarded cell adhesion by
90% compared to control hydrogels (2-Hydroxyethyl methacrylate) and
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the pCBMA hydrogels can be stable in 100% human blood serum up to
12 days [62]. Meanwhile, antimicrobial agents, such as salicylic acid (SA),
were conjugated to zwitterionic hydrogels to achieve dual anti-biofouling
and antibacterial activities because SA can be released from hydrogel net-
work to inhibit bacterial growth on the surface and surrounding media
[63]. Zwitterionic hydrogels are believed to have promising applications in
biosensors, contact lenses, and biomedical implants [54].

Although zwitterionic polymers have been regarded as an attractive
alternative to PEG-based coatings, their hydration layers will be disrupted
over time, and surface biofouling can reoccur. To this end, more research
efforts are needed to develop more durable zwitterionic coatings in the
future.

1.3.3 Super-Hydrophobic Polymers

Inspired by the Lotus leaf in nature, the super-hydrophobic surface has
been designed and fabricated in the last two decades. The major char-
acteristic of the super-hydrophobic surface is with a water contact angle
(WCA) of over 150°, as illustrated in Figure 1.1c [64]. Super-hydrophobic
surfaces are conventionally generated mainly in two approaches. One is to
modify a hydrophobic surface (WCA > 90°) with a rough structure, and
the other is to establish a rough surface by materials with low surface free
energy. Overall, to prepare super-hydrophobic surfaces, coating with low-
surface-energy materials such as fluoroalkylsilane is commonly applied
(64, 65].

It has been well accepted that generally hydrophobic surfaces are inca-
pable of preventing protein adsorption; on the contrary, proteins tend to
adsorb on hydrophobic surfaces [66]. However, the super-hydrophobic
surface is an exception which has been demonstrated to have potent
activity to low protein adsorption and remove proteins [67, 68]. Since
protein layer is a conditional film for bacterial adhesion, it was hypoth-
esized that super-hydrophobic surfaces could prevent bacterial adhe-
sion. Many researchers have made great efforts to test this hypothesis.
Tang et al. [69] investigated the anti-adhesive activities of a TiO,-based
super-hydrophobic surface (with a WCA of 156°) and a hydrophobic sur-
face (with a WCA of 133°) against Staphylococcus aureus (S. aureus). The
results showed that although the super-hydrophobic surface did not com-
pletely inhibit S. aureus adhesion, while the number of adherent bacte-
ria on the super-hydrophobic surface were much less than those on the
hydrophobic surface. More importantly, adherent bacteria on the super-
hydrophobic surface could be easily removed. It was further demonstrated
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that the super-hydrophobic coating with a WCA of 167° fabricated from flu-
orinated silica colloids significantly reduced S. aureus and E. coli adhesion
[70]. In addition, super-hydrophobic coating that was prepared by anneal-
ing stainless steel plates with carbon nanotubes-polytetrafluoroethylene
significantly decreased E. coli K12 adhesion (approximately 80%)
compared to uncoated surface. The authors indicated that this super-
hydrophobic coating has great potential to be used in food industry to
limit the risk of cross-contamination [71]. Based on the current studies,
the anti-adhesive activity of super-hydrophobic coatings against bacteria is
mainly due to the reduced protein adsorption and the entrapped air layer
between the bacteria and the surface. The easy removal of bacteria on the
super-hydrophobic surface is because super-hydrophobicity can reduce
the adhesive force between bacterial and the surface [72].

However, there are some controversial findings. For example, it
was reported that both S. aureus and P. aeruginosa could adhere to the
super-hydrophobic poly(L-lactic acid) surface after 24-h incubation and
the adherent P. aeruginosa could even form biofilms on the surface. And
the adherent bacteria were not easily removed by water [73]. The contra-
dictory results may be due to different determination methods for bacterial
adhesion and distinct preparation methods for the super-hydrophobic sur-
faces. Also, super-hydrophobic coatings have many inherent limitations,
such as low mechanical stability, and failure under high pressure, tempera-
ture, and humidity [74]. Overall, application of super-hydrophobic sur-
faces to prevent bacterial adhesion is an emerging technique which needs
to be studied further in future.

1.3.4 Slippery Liquid Infused Porous Surfaces (SLIPS)

To address the aforementioned problems of super-hydrophobic surfaces,
SLIPS were designed in 2011, inspired by Nepenthes pitcher plants [75].
In pitcher plants, there are liquid films that can make insects slide from
the rim into the bottom digestive juices due to the oil-repellent property
when insects step on it [75]. Hence, SLIPS are commonly composed of a
highly porous solid surface and a low surface energy lubricant. The main
principle of SLIPS is a steady film of lubricant liquid forms and covers the
solid surface due to the special porous topography, thus blocking the con-
tact of other liquids with the underlying surface, which was indicated in
Figure 1.1d [76]. The SLIPS are expected to maintain a strong repellent
property within a broad range of temperatures, pressures, surface tensions
by exploiting the extremely stable liquid film [77].
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The anti-biofouling property of SLIPS was firstly confirmed by Epstein
et al. [77]. In this work, the SLIPS were manufactured by infiltrating a
porous fluorinated membrane with a fluorinated fluid, which exhibited
potent ability to prevent biofilm attachment of P. aeruginosa (99.6%),
S. aureus (97.2%), and E. coli (96%) over a 7-day period under both
static and physiologically realistic flow conditions. These results proved
that SLIPS showed much stronger anti-biofouling activity than that of
PEGylated coatings. The anti-biofouling property of SLIPS is resulting
from the exceptional mobility on the slippery interface rather than cyto-
toxicity. The authors further demonstrated that SLIPS are stable under
the conditions of submergence, extreme pH, salinity, and UV exposure.
Moreover, SLIPS are low-cost, passive, simple to prepare, and can be fab-
ricated on arbitrary surfaces, which indicated their potential applications
such as food and marine industries.

The potential utilization of SLIPS in the food industry was validated
by Rungraeng et al. [78]. Specifically, SLIPS were fabricated by infusion
of a low surface tension liquid lubricant (Krytox) to a superhydrophobic
multiwalled carbon nanotube and Teflon composite layer. The prepared
SLIPS were coated on the surface of a stainless steel plate for the deter-
mination of anti-adhesive activity against E. coli K12 and S. aureus. The
results showed that about 90% reduction in biofilm attachment on the
SLIPS compared to the control stainless steel. On the other hand, SLIPS
showed an exceptional anti-biofouling activity to inhibit Chlorella vul-
garis, a typical marine biofouling organism, settlement on surfaces in both
static and dynamic conditions [79]. This content will not be elaborated
since the main interest of this chapter is in the field of preventing bacterial
surface fouling.

Developing generalized methods to prepare SLIPS on the versatile
surface is a major challenge. A convenient and inexpensive approach for
preparing SLIPS was reported, namely, infusing a lubricating liquid into a
nanoparticle-polymer film. The established SLIPS showed various liquids-
repellent property, including water, oil, and ethanol [74]. To broaden the
potential applications of SLIPS, multi-functional SLIPS concept was intro-
duced by incorporating antimicrobial agents. Antimicrobial agents can be
controlled release to the surrounding media, which not only enhanced the
anti-biofouling activity of SLIPS, also endowed SLIPS with the ability to
kill non-adherent pathogens [80]. However, the research on SLIPS is still
at early stage, more well-designed researches on preparation of simple,
economical, potent, eco-friendly, and multi-functional SLIPS are highly
demanding in future.
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1.3.5 Protein and Glycoprotein-Based Coatings

It has been reported that coating of an aqueous fish muscle extract on
stainless steel surfaces can significantly inhibit bacterial adhesion [81].
Vejborg et al. [82] further identified and characterized the responsible
components associated with this anti-adhesive activity using E. coli K12
as model bacteria. The results suggested that fish tropomyosins which are
fibrous proteins, played an essential role in this activity due to the formation
of an anti-adhesive conditioning layer on surfaces. Therefore, fish tropo-
myosin showed potential to be a non-toxic and relatively inexpensive anti-
adhesive coating.

Lubricin is a glycoprotein that is present in articular joints. A recent
study demonstrated that lubricin exerted an effective anti-adhesive
activity over a wide range of pH, which was comparable to that of self-
assembled PEG coatings. Lubricin coatings were most potent on hydro-
phobic, anionic, and uncharged polar surfaces. Also, lubricin coatings
exhibited excellent long-term stability and maintained strong anti-adhesive
property at ambient temperatures under both vacuum and atmospheric
conditions. The anti-adhesive property of lubricin was possibly resulting
from its ordered polymer brush-like layer whereas the grafting density and
surface coverage of lubricin coatings were found to be less important.

The main function of the mucous layer that covers epithelial cells is to
act as a natural anti-fouling surface to resist undesirable adhesion from
hosting tissues [83]. Mucus layer is mainly composed of water and mucin
which is a member of heavily glycosylated glycoproteins with a high
molecular weight [84]. Therefore, many research efforts have been made to
explore the potential of mucin as anti-fouling surface to suppress cell and
bacterial adhesion, including bovine submaxillary mucin (BSM) and pig
gastric mucin (PGM).

Mammalian mucins, such as BSM and PGM, were reported to adsorb
on hydrophobic substrates and form a mucin layer that prevents the sur-
face adhesion to mammalian epithelial cells, fibroblasts, and myoblasts.
This cell-repellent effect of mucin coatings could help improve the biocom-
patibility of biomedical implants. The authors suggested that the glycan
moieties and critical surface density of mucins are indispensable to achieve
the cell-repulsion [85].

Mucin coatings have exhibited the activity to prevent bacterial adhesion
to polymeric material surfaces. In one study, BSM was coated on a surface
consisting of a poly(acrylic acid-b-methyl methacrylate) (PAA-b-PMMA)
diblock copolymer. BSM coating reduced the adhesion of S. epidermidis and
E. coli; increasing the mucin film thickness led to further decrease of the
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density of adhering S. epidermidis but not E. coli. BSM coating had affinity
to C. albicans but did not resist C. albicans adhesion [86]. In another study,
BSM was coated to four polymeric materials, including silicone, PMMA,
polystyrene, and polyurethane. S. aureus and S. epidermidis were applied
to contaminate the BSM coated surfaces and corresponding bare surfaces.
A correlation was established in all BSM-coated polymers: the more BSM
adsorption, the fewer bacteria adhesion. The inhibitory percentages of bac-
terial adherence on BSM-coated PMMA, polystyrene, polyurethane, and
silicone were about 97, 90, 92, and 70%, respectively [87]. Coatings of PGM
and BSM on polystyrene surfaces suppressed the adhesion of Streptococcus
pneumoniae and S. aureus. The authors further suggested that glycan
moieties of mucins are indispensable for bacterial repulsion possibly
because glycans are key contributors in the critical thickness and softness
of the mucin coatings which are associated with increasing bacterial repul-
sion [88]. Although mammalian mucin-based coatings showed prom-
ising anti-adhesive potential, their massive production is not practical due
to high cost and low availability.

Recently, Sun et al. [89] determined the protein-resistant property of
ovomucin, which is a mucin-type glycoprotein in egg white, to indicate
its anti-adhesive potential. Using bovine serum albumin (BSA) as a model
protein, ovomucin significantly decreased BSA adsorption on polystyrene
surface. To further understand the underlying mechanism, surface forces
apparatus, atomic force microscope imaging, zeta potential, and dynamic
light scattering were applied in this study. Finally, the authors concluded
the protein-resistant property of ovomucin was mainly attributed to the
strong steric hindrance and electrostatic repulsion between protein layers.
This work has indicated that ovomucin has anti-adhesive potential with
broad applications in the fields of biomedical implants and food process-
ing industry, which provided new solutions for developing easily available,
inexpensive, and effective anti-adhesive coatings.

1.4 Bifunctional Coatings With Anti-Adhesive
and Antibacterial Properties

To date, none of the developed anti-adhesive coatings can completely
inhibit the bacterial adhesion. Although anti-adhesive coatings can largely
prevent the initial bacterial attachment, it is a passive approach and gener-
ally transient since the coatings are not capable of killing bacteria and will
be deterioration, making it hard to prevent the ultimate biofouling [90].
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This drawback has driven much research in the area of development of
bifunctional coatings with both anti-adhesive and antibacterial activities
to enhance the anti-biofouling property further. The widely used method
to generate the bifunctional coating is to incorporate bactericides to
anti-fouling materials. According to different incorporating approaches,
three types of bifunctional coatings will be discussed below, and their
schematic illustrations were shown in Figures 1.2a-c accordingly.

The first method is to immobilization of bactericidal agents on the
surfaces of anti-fouling materials. As discussed above, PEG is deemed
as a gold standard of anti-fouling polymers. As such, several antibiotics,
including penicillin, ampicillin, and gentamicin, have been tethered on the
surfaces of PEG derivatives, such as (poly (tetrafluoroethylene) (ePTFE)
that is the NH /COOH-terminated PEG, to create bifunctional coatings
[91-93]. To achieve the attachment of antibiotics to the ePTFE surfaces,
taking ampicillin as an example, the reaction occurs between NH, groups
of ampicillin and COOH groups of ePTFE [91]. These established coatings
showed effective activity to prevent bacterial adhesion and microbial pro-
liferation, including both gram-positive (S. aureus, Bacillus thuringiensis,
and Enterococcus faecalis) and gram-negative bacteria (E. coli, Pseudomona
putida, and Salmonella enterica) [91-93]. However, antibiotic can easily
develop drug-resistant strains which are a substantial global threat to
human health. Hence, natural biocides, such as antimicrobial peptides,
lysozyme, and chitosan, have been utilized as antibiotic alternatives to pre-
pare the bifunctional coatings, which possessed potent anti-adhesive and
antibacterial effects as well [94-96]. In addition, since each grafted ePTFE
chain has only one active group at its free end for biocides, PEG-derived
polymers with comb-like structures, such as 2-hydroxyethylmethacrylate
polymer (PHEMA) and PEG monomethacrylate (PEGMA), were devel-
oped for increasing the available binding sites for the antibacterial biomol-
ecules (chitosan or lysozyme) [94, 96].

The second approach is to form a multilayer film using antibacterial
materials and anti-adhesive agents with opposite charges by layer-by-layer
deposition. This technique is simple, low-cost, and facile [90]. Typically,
the anti-adhesive and antibacterial multilayer films are constructed by chi-
tosan (an antibacterial compound with positive charges) and heparin (an
anti-adhesive agent with negative charges), which are alternately depos-
ited onto substrates [97, 98]. The formation of the multilayer films via
layer-by-layer assembly of heparin and chitosan was validated by infrared
spectroscopy (FTIR), atomic force microscopy (AFM), and scanning elec-
tron microscopy (SEM) techniques [97]. Results obtained from the anti-
adhesive and antibacterial assays using E. coli as model bacteria indicated
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Figure 1.2 Schematic illustrations of bifunctional coatings with anti-adhesive and
antibacterial properties, adapted from ref [90]. (a) Bactericidal agents are immobilized on
the surfaces of anti-fouling material (PEG), and comb-like polymers increase the available
binding sites for the bactericidal agents; (b) The anti-adhesive and antibacterial multilayer
films are typically constructed by chitosan (an antibacterial compound with positive
charges) and heparin (an anti-adhesive agent with negative charges), which are alternately
deposited onto substrates; (c) Salicylic acid, an anionic antibacterial agent, is integrated to
a zwitterionic hydrogel (carboxybetaine ester) to keep the overall charge neutrality. When
hydrolysis occurs, the released salicylate molecule is replaced by a carboxylate group to
maintain the zwitterionic property. The released salicylate kills planktonic bacteria in the
surrounding environment.

that the chitosan/heparin multilayer-based coatings significantly sup-
pressed bacterial adhesion and effectively killed the bacteria [97, 98].

Last but not least, antibacterial compounds can also be integrated to
zwitterionic hydrogels and subsequently released to prevent bacterial sur-
face fouling and inhibit the planktonic bacterial growth [90]. For instance,
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salicylic acid, an anionic antibacterial agent, was incorporated into a car-
boxybetaine ester hydrogel (pCBMA) as an anionic group to balance the
cationic quaternary ammonium group in hydrogels to keep the overall
charge neutrality [63, 99]. When hydrolysis occurred, the released salic-
ylate molecule was substituted by a carboxylate group to maintain the
zwitterionic and anti-biofouling properties. The released salicylate inhib-
ited the growth of planktonic bacteria in the surrounding environment.
After the salicylate was completely released, the hydrogel finally changed
to a stable zwitterionic form that can further prevent bacterial adhesion.
This established pCBMA-salicylate hydrogel inhibited the growth of both
gram-negative (E. coli K12) and gram-positive (S. epidermidis) by 99.9%
[99]. This bifunctional hydrogel holds promise to be applied as a wound
dressing and surface coatings for biomedical devices.

1.5 Concluding Remarks

Bacterial surface fouling (biofouling) causes many severe problems in
practical applications, such as biomedical field and food industry, which
can result in enormous economic losses, increase a large financial burden
on the healthcare system, pose serious threats to human health, and even
lead to death. Initial bacterial adhesion to surfaces is considered as the
first and prerequisite step for biofouling, and protein adsorption on sur-
faces usually acts as a conditioning film for bacterial adhesion. Therefore,
anti-adhesive coatings have been designed as an effective approach to
prevent biofouling. Hydrophilic polymers, zwitterionic polymers, super-
hydrophobic polymers, SLIPS, and protein or glycoprotein-based coat-
ings have exhibited potent anti-adhesive activities. To further improve
the anti-biofouling property, bifunctional coatings with anti-adhesive and
antibacterial properties have been developed. Anti-adhesive coatings hold
great promise to be utilized to prevent biofouling in various fields, whereas
they have obvious drawbacks, such as low stability, not suitable for long-
term applications, not biodegradable, provoking an immune response, and
high cost. Hence, it is still demanding to develop safe, simple, economical,
easily available, durable, and effective anti-adhesive coatings in future.
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Abstract

The increasing concerns about the depletion of fossil fuels and the environment
drive the efforts to search renewable alternative chemicals for sustainable mate-
rial synthesis. Woody biomass is the most abundant biomass on earth, of which
lignin is the second largest component after cellulose. As the most abundant nat-
ural phenolic polymer, lignin is a potential substitute of phenol for phenolic resin
adhesives synthesis. This chapter focuses on adhesives that were synthesized with
renewable lignin. We summarize the sources of industrial lignins and the effects of
separation processes on lignin structure and reactivity. The methods for pretreat-
ing or modifying technical lignins to improve the reactivity of technical lignins
for bio-based adhesives synthesis are discussed and the application performances
of adhesives synthesized from modified technical lignins are reviewed. Finally, we
present the challenges and prospects of developing adhesives with high lignin sub-
stitution ratios and high performances.

Keywords: Lignin, biomass, phenol, formaldehyde, resin, adhesive

2.1 Introduction

Adhesive is a group of polymer-based joint used to bind independently exist-
ing substances [1]. It can be simply categorized into fossil- and bio-based
adhesives. These adhesives, especially fossil-based adhesives, are mainly
used in construction, decoration, papermaking, tape, and stamp industries.
The physical properties and chemical composition of adhesives have signif-
icant impacts on their processing and application properties [2]. Compared
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to bio-based adhesives, fossil-based adhesives have superior properties, such
as low processing viscosity, high adhesive strength, good thermal stabil-
ity, and moisture resistance [3, 4]. As a result, most of the adhesives used
in our daily lives are fossil-based resins such as phenol-formaldehyde (PF),
urea-formaldehyde (UF), melamine-formaldehyde (MF), and polymeric
diphenylmethane diisocyanate (pMDI) resins [5].

Although fossil-based adhesives have good properties, their wide uses
have also caused many adverse effects [6]. The depletion of crude oil may
finally affect the stable supply of fossil-based chemicals required for syn-
thetic adhesives. Fossil-based adhesives that are hard to be degraded in
nature not only pose environmental issues but also significantly affect
the recycling of other recycable materials [7], e.g., wood in plywood and
cellulosic fibers in paperboard. The formaldehyde, which is widely used
in synthesizing adhesives, has been explicitly included in the list of car-
cinogens. Based on the material safety data sheet (MSDS) of science lab,
the acute oral toxicity (LD50) of formaldehyde has been identified as
100 mg/kg (Rat) [3]. Consequently, many governments worldwide have
gradually developed restrictive regulations (the California Air Resources
Board (CARB) and JAS formaldehyde Rating, etc.) to limit the production
and use of fossil-based adhesives [5], especially those containing formal-
dehyde, while the development of the renewable and environment-friendly
adhesives is encouraged [2, 3, 8-12]. It is expected that these challenges
could be solved or at least alleviated if bio-based materials can partly or
completely replace fossil-based ones to produce industrial adhesives with-
out compromising the processing and application performances.

At present, bio-based materials, such as lignin, starch, vegetable pro-
teins, and oils, have been used by researchers as substitutes for fossil-based
chemicals to synthesize bio-based adhesives [2, 3]. Woody biomass is the
most abundant biomass on earth, of which lignin is the second largest
component after cellulose [13]. In the biosynthesis of woody biomass, lig-
nin itself acts as a glue, which effectively binds cellulose and hemicellulose,
increasing the strength of cell wall and the stem of the plant [14, 15]. As the
most abundant natural phenolic polymer, lignin is a potential substitute of
phenol for phenolic resin adhesives synthesis [16-18]. Although carbohy-
drates or vegetable oils have their own advantages as raw materials for the
production of bio-based adhesives, their uses could harm food safety [11].
Therefore, this chapter mainly focuses on the adhesives that are synthe-
sized from renewable lignin materials. We firstly summarize the sources
of industrial lignins and the effects of separation processes on lignin struc-
ture and reactivity. The methods for pretreating or modifying technical lig-
nins to improve the reactivity of technical lignins for bio-based adhesives
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synthesis are further systematically discussed. Moreover, the production
methods and application performances of adhesives based on modified
technical lignins are also reviewed in detail. Finally, we present the chal-
lenges and prospects of developing lignin-based adhesives.

2.2 Native Lignin and Source of Technical Lignin

2.2.1 Native Lignin

About 170 years ago, researchers first isolated lignin from biomass [19,
20]. Subsequently, p-coumaryl alcohol, coniferyl alcohol, and sinapyl alco-
hol were identified as the precursors for lignin biosynthesis (Figure 2.1).
These precursors, also called monolignols, are incorporated into lignin
polymeric structure as p-hydroxyphenyl (H), guaiacyl (G), and syringyl
(S) units. Under the catalysis of various enzymes (laccase, peroxidase, and
other phenol oxidases) and the combined action of various external factors
(light, temperature, humidity, etc.), polymerization of these monolignols
occurs via the oxidative radicalization of phenolic hydroxyls followed by
the coupling of radicals formed from the delocalization of the phenolic
radicals by resonance [21]. Because the phenolic radical can be delocal-
ized through resonance to the positions of 3, 5 (the ortho positions), and/
or B positions (Figure 2.1, the structure of native lignin), the coupling of
these radicals will form different interunit linkages [22]. A phenolic radical
couple with the radical at p or 5 position to forms interunit C-O linkages,
i.e,, B-O-4 and 4-O-5 linkages, respectively (Figure 2.1). Radicals at the

Lignin precursors Native lignin
HO OMe OMe |
\\_QOH ,,,,,,, > Ei%ori
OMe Me
Sinapyl alcohol Syringyl (S) unit
HO oM OMe Enzymes mediated in situ
€ radical polymerization
_—
WOH ——————— > OH | Laccase, peroxidase and
other phenol oxidases
Coniferyl alcohol Guaiacyl (G) unit

p-coumaryl alcohol  p-hydroxyphenyl (H) unit

Figure 2.1 Enzymes-mediated in situ radical polymerization of monolignols to native
lignin.
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positions of 5 and P couple with each other form interunit C-C linkages
including 5-5, -5, and - linkages (Figure 2.1, the structure of native
lignin). In general, softwood lignin mainly consists of G units while hard-
wood and non-wood lignins are mainly composed of G and S units, and
G, S, and H units [23], respectively. The difference of these three units lies
in the substitution degree of ortho positions by methoxyls, which is highly
associated with the reactivity of lignins as phenol substitutes.

In the process of biological lignification, the interunit bonds formed by
the enzyme-mediated radical polymerization/coupling are mainly B-aryl
ether bonds [23], which account for 50%-60% of the total linkages in lig-
nin, and the left are mainly C-C linkages [24]. In the process of pulping
or biorefinery industries, f-O-4 linkage is typically cleaved to facilitate
the removal of lignin with the formation of free phenolic hydroxyls. The
amount of free phenolic hydroxyls is another key factor affecting the reac-
tivity of lignin for adhesive synthesis.

2.2.2 Technical Lignins

In the production of pulp or biofuels, the separation of lignin and car-
bohydrates can be categorized into acid and alkali processes (Figure 2.2).

Pulping: Sulfite
Acidic Organosolv L
Biorefinery: Acidic pretreatments Cleavage
] Ortho position | With/without
% Acetic of Ph-OH l HCHO

c—C R Condensation
Formation of lignin
fragments

Woody Extraction
Biomass

€-0-C Lignin fragments
Cleavage
Meta position [ With/without
Alkaline of Ph -OH HCHO

Pulping : Kraft, Soda Condensation

Alkaline Organosolv Formation of lignin
fragments

Biorefinery : Alkaline pretreatments

Papermaking |
Carbohydrate:

A 4

Cellulose

Less Hemicellulose

Biofuels or Chemicals |

Figure 2.2 Source of technical lignins and effects of extraction processes on its structure.
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In the pulping industry, the acidic separation process mainly includes acidic
sulfite and organosolv pulping, while the alkali separation process mainly
include Kraft, Soda, and alkaline organosolv pulping [25]. The lignins pro-
duced by sulfite, Kraft, Soda, and Organosolv pulping are termed as ligno-
sulfonate, Kraft lignin, Soda lignin, and Organosolv lignin, respectively. In
the pulping process, lignin is removed and dissolved in the corresponding
pulping waste liquor, so-called black liquor or red liquor, upon the cleavage
of B-aryl ether bonds. The black liquor or red liquor produced is concen-
trated by evaporation and burned to recover heat energy, which signifi-
cantly reduces the value of lignin. Many studies have attempted to separate
high-purity lignin from the black liquor and explored its utilization. In
the paper and pulping industry, about 50 million tons of lignin is sepa-
rated as waste every year while only 2% of the lignin waste is further devel-
oped as value-added products at present [26]. The successful applications
of these lignins include cement additives, dispersants, and surfactants [12].

Other than the above pulping processes, researchers have developed
a variety of acidic (such as dilute acid, acidic Organosolv, SPORL, acidic
ionic liquids, acidic DES, and acidic hydrotropic pretreatments) and alka-
line (such as dilute alkali, alkaline Organosolv, ammonia fiber explosion,
and alkaline ionic liquid pretreatments) biorefining methods to separate
the three main components (cellulose, hemicellulose, and lignin) in ligno-
cellulosic biomass [27]. In biorefining industry, lignin is mainly recovered
from the pretreatment liquor and the solid residue after enzymatic hydro-
lysis of carbohydrates.

2.3 Limitations of Technical Lignins

2.3.1 Heterogeneity of Technical Lignins

The proportion of the basic structural units of lignin (G, S, and H), and the
type and number of linkages vary with biomass types [23]. Even for the
same type of biomass, the physicochemical properties of lignin may vary
significantly with plantation locations [22]. Therefore, the physicochemi-
cal properties (such as molecular weight, thermal stability, and solubility)
of the synthesized lignin macromolecules may vary greatly with the source
of lignins.

Due to the different lignin depolymerization mechanisms and reaction
conditions, the physical properties of technical lignins obtained by typi-
cal pulping or biorefining methods are also quite different. For example,
the organosolv lignin has a number-average-molecular weight (Mn) of
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500-5,000 g/mol, while the molecular weight of lignosulfonates can reach
15,000-50,000 g/mol [28]. The polydispersity (PDI) of molecular weights
of different industrial lignins is also different in the corresponding molec-
ular weight range. The organosolv lignin has a PDI of 1.5-2.5, while the
PDI of Kraft lignin, lignosulfonate, and Soda lignin is much greater than
2.5 [29]. In addition, other physical properties such as glass transition tem-
perature, solubility in different solvents, and hydrophilicity are also highly
different. These variable factors greatly impact lignin quality stability and
thereby affect the processability (e.g., viscosity, curing temperature, and
time) of lignin-based adhesives.

2.3.2 Reactivity of Technical Lignins

Due to the structural similarities of lignin and phenol, numerous attempts
have been made to substitute phenol with lignin for LPF resin synthesis.
Unlike the commercialized lignin products (dispersants, surfactants, etc.)
that only take advantage of the amphiphilicity of lignin, the production
of lignin-based adhesives also requires an understanding of the detailed
structure of technical lignins. The incorporation of phenolic hydroxyls into
lignin polymer networks leaves a limited number of free phenolic hydrox-
yls for forming phenolate ions during LPF resin synthesis [30]. Besides,
most of the ortho and para positions on the lignin aromatic rings are
blocked [31]. Typically, the para position is blocked by the side chain for
all units, and some of the ortho positions are blocked by methoxyls as well
as 5-5 and (-5 linkages (Figure 2.3a). To initiate the synthesis of PF resins,
both free phenolic hydroxyls and free ortho positions are required [28].
In addition, during the removal of lignin, lignin undergoes condensation
reactions, which typically involve the consumption of the a-hydroxyls as
well as ortho and meta positions (Figure 2.3), causing the further decrease
of reactivity.

Technical lignins with a limited number of free phenolic hydroxyls and
free ortho positions, therefore, have very low reactivity towards formalde-
hyde addition and cross-linking [4]. Research work has shown that only an
average of 0.3 free ortho positions per lignin unit is available for methylola-
tion or condensation [32], which is only 1/10 of that of a phenol molecule.
The ortho and meta positions are further blocked by interunit C-C link-
ages caused by lignin condensation during biomass pretreatment or pulp-
ing under alkaline and acidic conditions (Figure 2.3), respectively. Lignin
condensation and lignin depolymerization are parallel reactions [31]. The
purpose of the pretreatment process and the pulping process is to partially
depolymerize lignin through hydrolyzing f-O-4 linkages and facilitate its
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Figure 2.3 Typical condensation reactions of lignin under (a) alkaline and (b) acidic
conditions.

removal and dissolution into the pretreatment or cooking solvent [33].
Meanwhile, the a-hydroxyl on the side chain of lignin units, similar to the
methylol group of PF resins, can react with the ortho position to form a
methylene linkage (Figure 2.3a); in a similar way, formaldehyde generated
from the scission of the side chain of lignin during pretreatment or cook-
ing can also lead to the formation of methylene linkages (Figure 2.3b) [31].
These condensation reactions not only lead to repolymerzation (or conden-
sation) of depolymerized fractions into larger molecules but also the con-
sumption of the ortho positions (Figure 2.3b). Besides, condensation may
trap some reactive sites in the three-dimensional condensed structure and
therefore limit their accessibility to formaldehyde or phenol. A condensed
lignin with a high molecular weight and a limited number of reactive sites
is not a suitable substitute for phenol or polyols because it may lead to high
viscosity, long curing time, and high curing temperature of the resultant
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lignin-based PF and UF resins as well as weak bonding with the surround-
ing resins matrix [34-36]. From this perspective, unmodified technical
lignin is more of a filler than a substitute for phenols or polyols due to its
low reactivity [29]. For example, Jin et al. [34] modified PF resin by par-
tially replacing phenol with lignin. The addition of enzymatic hydrolysis
lignin by 10 wt% resulted in the highest dry bonding strength of plywood.
A few studies [37, 38] could replace phenol with lignin up to 60% with-
out significantly compromising the bonding strength, while some studies
[39, 40] rebutted that such high replacement ratios not only deferred the
curing process but also harmed other important physical properties (such
as water-resistance and morphology) of plywood products.

Overall, lignin has low reactivity towards formaldehyde addition and
cross-linking, which could be caused by four reasons. First, during lignin
biosynthesis, the phenolic hydroxyl in monolignols is incorporated into
lignin to form interunit C-O linkages (etherified phenolic hydroxyls),
such as 3-O-4 and 4-O-5 linkages, with a limited number of free pheno-
lic hydroxyls available to form phenolate anions which are the activators
of FA addition reaction [21]. Second, the ortho positions are essential for
FA addition and cross-linking, but most of these positions are blocked by
methoxyls [41]. Third, during lignin extraction, lignin condensation will
consume some of the ortho positions, further reducing the reactivity of
lignin [31]. Fourth, lignin, especially condensed lignin has cross-linked
three-dimensional structures, and the accessibility of some of the free
ortho positions to phenol or FA could be affected by steric hindrance [24].
Substitution of phenol or polyols with low-reactivity lignin generally leads
to inferior mechanical properties, high curing temperatures, and long
curing times [2, 10]. Chemical modification of isolated lignins, develop-
ment of new methods to prevent condensation reaction in the separation
process, or a combinational method of the both are proven to be effective
ways to improve the utilization value of technical lignins and the quality of
lignin-based adhesives.

2.4 Lignin Pre-Treatment/Modification for Adhesive
Application

2.4.1 Physical Pre-Treatment

Different botanical sources and separation methods highly affect the phys-
icochemical properties and subsequent processability of technical lignins,
which necessitates the development of techniques to obtain the fraction
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with increased homogeneity, rich functional groups, as well as some other
properties. Without chemical input, physical fractionation may be an
effective method favored by industry. At present, the methods such as sol-
vent fractionation (organic solvents or anti-solvents), membrane-assisted
ultrafiltration, and micro-nano processing have been increasingly used to
improve the quality of technical lignins.

1. Solvent fractionation

Depending on the solubility, solvent fractionation can separate the frac-
tions with different physicochemical properties from technical lignins.
As early as 1952, Schuerch [42] had investigated the solubility of different
lignins (such as Indulin, ethanol organosolv lignin, and native lignins in
softwood and hardwood) in different solvents based on Hildebrand sol-
ubility parameter and hydrogen bonding theory. The lignin fraction of
low molecular weights could easily dissolve in solvents with a wide range
of solubility parameters and hydrogen bonding capacity. This pioneering
study establishes a solid theoretical foundation for the subsequent solvent
fractionation of lignin. Subsequently, researchers attempted to [43] frac-
tionate Alcell® lignin through the extraction of organic solvents of different
hydrogen-bonding capacities. Obvious differences between the fractions
and the starting lignin were observed in terms of the methoxyl content,
fractionation yields, molecular weight distribution, and alkaline nitro-
benzene oxidation. The results demonstrated that the fraction of a low
molecular weight (average Mw of 714 g/mol) had a lower PDI but a higher
content of guaiacyl structures than the fractions of higher molecular
weights, favoring the substitution of phenol with lignin for the synthesis of
formaldehyde-based resins due to higher content of ortho positions. Also,
a technical lignin fraction with high reactive free phenolic hydroxyl groups
was also separated through by aqueous acetone evaporation fractionation
method [44]. After the lignin cross-linking with polyethylene glycol (PEG)
and polymeric methyl-diisocyanate (MDI), the resultant lignin-derived
polyurethanes were synthesized from three fractions with distinct molecu-
lar weights and chemical functionality [45]. However, the maximum addi-
tion of the lignin fraction was limited to only 18 wt%, and beyond that
synthesized polyurethanes were too brittle and glassy [45].

To date, different solvent systems have been used to fractionate tech-
nical lignins originated from different extraction processes. For example,
Sun et al. [46] used organic solvents including dichloromethane, meth-
anol, and propanol to fractionate alkaline lignins into four fractions and
found that the ratio of non-condensed G to S units in fractions increased
considerably with the decrease of their molecular weights. Recently, other
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organic solvents (i.e., ether, ethyl acetate, acetone, and dioxane/water) were
successively developed by this group for overcoming the heterogeneous
nature of bamboo organosolv lignin [47]. Similar sequential organic sol-
vent fractionation of technical lignins and/or residual lignins from enzy-
matic hydrolysis was also explored by other researchers [48-55].

Unlike the sequential solvent extraction, single-step extraction pro-
cesses for the fractionation of industrial Kraft lignin were developed
based on typical (i.e., ethyl acetate, ethanol, methanol, and acetone) [56]
and non-typical (i.e., tetrahydrofuran and 2-butanone) [57] organic sol-
vents, resulting in the different Mns and PDIs of the soluble fractions.
Anti-solvent-induced precipitation method, e.g., the addition of hexane to
acetone-methanol or tetrahydrofuran-methanol co-solvent, was also con-
sidered for tuning lignin characteristics [58, 59]. In addition to organic
solvents, ionic liquids (ILs) such as 1-buthyl-3-methylimidazolium cation
with different anions of chloride ([Bmim]Cl), dimethylphosphate ([Bmim]
Me,PO,), acetate ([Bmim]OAc), and tosylate ([Bmim]OTs) were also used
to fractionate Soda lignin [60], and the purities of the resultant lignin frac-
tions were close to 98%—-99%, higher than those resulting from organic
solvents. Besides, one study reported that purifying lignin before resin syn-
thesis would be an effective method for improving the thermal stability of
lignin-based PF resin adhesive [39].

2. Ultrafiltration

Currently, membrane-assisted ultrafiltration was gradually involved in
the process of technical lignin fractionation. Membrane-assisted ultra-
filtration was effective to selectively control the molar mass distribution
of the isolated fractions and other corresponding properties depending
on the cuts of membranes [61]. With three membrane cut-offs of 5, 15,
and 50 kDa, Costa et al. [62] reported that the fraction passed through
5 kDa membrane possessed the highest content of uncondensed structures
according to nitrobenzene oxidation assays and "*C and *'P NMR charac-
terizations. The combination of organic solvent extraction and membrane
ultrafiltration was further verified as an effective method to selectively
control the molecular mass distribution and properties of lignin fractions
[63]. A comparative study using solvent fractionation, successive precip-
itation, and ultrafiltration demonstrated that the key properties (such as
molecular weight, PDI, and functional groups) of isolated lignin frac-
tions could be tailored for different end uses [64]. After the fractionation
of ammonium-based sulfite spent liquor by membrane ultrafiltration, a
high-quality wafer board could be produced with phenolic resin adhesive
synthesized from low-molecular-weight lignosulfonate, while the use of
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high-molecular-weight lignosulfonate resulted in poor mechanical prop-
erties [65].

3. Nano-processing

Processing lignin into nanoparticles can also improve its processability and
application properties. Nano-lignin particles with controllable sizes were
simply produced by diluting the hydrotropic pretreatment (p-toluenesulfonic
acid and water) liquor with water followed by centrifugation with different
centrifugal forces [66]. Lignin nanoparticles can significantly add value to
the applications of lignin from pulping or biorefinery industry [67]. The
adhesiveness and toughness of lignin-based hydrogel synthesized from lig-
nin nanoparticles was highly improved [68]. The nano-treatment exposed
more active functional groups to the surface of lignin and thereby reduced
the steric hindrance of technical lignin to small molecular compounds
(i.e., formaldehyde and phenol). Screw extrusion was found to change the
microstructure of sorghum lignin (SL) [69]. After the extrusion, the inten-
sity of FT-IR absorption peak for free hydroxyls was increased as compared
to that without pre-treatment, and the shear strength and water resistance
of wood veneer joints bonded by modified lignin-soy protein adhesives
were thus obviously improved [69].

2.4.2 Chemical Modification

In addition to the physical pretreatments, chemical modification methods
are also important for overcoming the structure-mediated low reactivity
of technical lignins caused by blocked ortho and para reactive sites on the
phenyl group [31] and the shortage of aliphatic and phenolic hydroxyl
groups [70]. Without modification, lignin is only added as a filler to adhe-
sives and other composite materials, which not only affects subsequent
processing efficiencies (such as curing temperature and time), but may also
sacrifice product performances [5]. Therefore, various chemical modifica-
tion methods (such as demethylation, phenolation, hydroxymethylation,
amination, nitration, etherification, and esterification) have been devel-
oped to introduce new reaction sites to lignin macromolecules to improve
their reactivity towards the synthesis of bio-based adhesives [28, 71].

(1) Demethylation

In the process of biosynthesis, the ortho positions in the lignin G or S unit
is usually substituted by one or two methoxy groups (Figure 2.1). In addi-
tion, the phenolic hydroxyl groups of the lignin units (G, S, or H) are ether-
ified (Figure 2.1). As a result, the reactivity of lignin is greatly suppressed



36 GREEN ADHESIVES

due to the absence of free phenolic hydroxyls [32]. Therefore, the removal
of the methyl group from lignin will facilitate the release of free phenolic
hydroxyl groups for synthesizing lignin-based bio-adhesives (such as UF
and MF) [10].

Under alkaline conditions, molten sulfur-mediated lignin demethyla-
tion (Figure 2.4a) has been industrialized by Gaylord Chemical Company
(US) [28, 71]. During this process, this method could be used to remove
methyls from Kraft and Soda lignins [72, 73], leading to a double or more
increase of the phenolic hydroxyl group. When 60% of the phenol was
replaced by the demethylated lignin, the performance of plywood made
with the synthesized lignin-phenol-formaldehyde (LPF) adhesive reached
Chinese national standard for first-class plywood. With the same
demethylation method, Liu and Li [74] developed another wood adhesive
based on the cross-linking between demethylated Kraft lignin (DKL) and
polyethylenimine (PEI). Lap-shear specimens using DKL-PEI adhesive
exhibited high shear strength and water resistance. With increased pheno-
lic hydroxyl groups, the curing mechanism of such new adhesive was sim-
ilar to that of quinone-tanning process in nature. Recent studies reported
that Na,SO, could release more phenolic hydroxyl groups from agricul-
tural crop lignin than other three reagents (S, NaSH, and n-dodecyl mer-
captan), resulting in improved bond strength (0.92 to 1.07 MPa) and lower
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Figure 2.4 Demethylation of lignin fragments by different reactants under (a) basic and
(b) acidic conditions.
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formaldehyde emissions (0.22 to 0.58 mg/L) of plywoods bonded with the
modified LPF [75, 76].

Under acidic conditions, demethylation of lignin can be effectively con-
ducted with other reagents such as 1-dodecanethiol, iodocyclohexane,
hexadecyltributylphosphonium bromide, hydroiodic, and hydrobromic
acid (Figure 2.4b). For example, softwood Kraft lignin (SKL) was demeth-
ylated by iodocyclohexane with dimethyl formamide (DMF) as a solvent
in a reflux reactor at 145°C for 3 h [77]. The total phenolic hydroxyl group
increased from 1.09 mmol/g for non-modification sample to 1.75 mmol/g
for modified SKL, while the molecular weight of this lignin decreased
after demethylation. Similarly, when iodocyclohexane was used as the
demethylation reagent, the PDI of the lignin molecular mass was signifi-
cantly reduced and the phenolic hydroxyl content was increased by three
times [78]. The wet and dry bonding strengths of resultant Lap-shear wood
samples were also highly stronger than that of the sample using unmod-
ified LPE Lignin-based epoxy resin was synthesized using demethylated
enzymatic hydrolysis lignin (DML) that used 1-dodecanethiol as a nuc-
leophilic reagent and sodium methoxide as a catalyst [79]. The modified
lignin-based epoxy resin possessed better elasticity than that of unmod-
ified lignin-based product upon curing. Sawamura et al. [80] confirmed
that iodocyclohexane or hydroiodic acid was more effective than 1-dodec-
anethiol for removing methyl from technical lignins. These results indicate
that demethylation could be a good method to enhance the reactivity of
lignin towards bio-adhesives synthesis. Despite the remarkable improve-
ments observed in the mechanical performances of synthesized resins, the
curing temperature and/or time of demethylated lignin-based adhesives
for engineered wood panels application is still inferior to conventional
phenolic adhesives due to the inherent disadvantages such as the low ortho
position availability and steric hindrance. Therefore, it is highly desirable
to develop more effective chemical modifications or other methods to
enhance the reactivity of lignin.

(2) Phenolation

The pre-reaction of lignin with phenol or its derivatives is commonly
referred as phenolation or phenololysis, which is one of the most widely
chemical modification methods for increasing the active reaction sites in
lignin, particularly phenyl ortho and/or para positions [81].

In acidic media, the electron of aromatic ring is dictated by pheno-
lic hydroxyl via resonance and/or inductive effects, resulting in higher
electron density at the ortho and para positions of phenolic hydroxyl
(Figure 2.5a) [31]. In addition, the benzylic cation can form in the lignin
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Figure 2.5 (a) Resonance structures of phenol and (b) phenolation at the side chain (Ca
position) of lignin with phenol through a nucleophilic reaction under acidic condition.

macromolecular structure through an acid-catalyzed dehydration reaction
(Figure 2.5b) [82]. Therefore, Funaoka et al. proposed that the ortho and
para positions of phenol could preferably react with lignin at Ca-positions
of side chains through a nucleophilic reaction (Figure 2.5b) [83]. This reac-
tion pathway was further confirmed with a lignin model compound (guaia-
cylglycerol-f-guaiacyl ether, GG) [84] and real lignin [85]. Besides, some
researchers also speculated that a phenolation reaction can also occur on
the aromatic nuclei of lignin other than the side chains [86, 87].
Subsequently, studies on the modification of lignin via phenolation in
acidic media were reported successively. By using oxalic acid as a catalyst,
a softwood lignosulfonate was successfully phenolated at 120°C for 160 min
[84]. 'TH NMR analysis indicated that the phenolation reaction preferred to
occur at the ortho position of phenol over its para position. Subsequently,
a PF resin was synthesized though partially replacing phenol with pheno-
lated rice hull lignin followed by a three-step polymerization method and
achieved better water and ultraviolet resistance as compared to unmod-
ified lignin [88]. For a technical alkali lignin, the number of phenolic
hydroxyls increased by nearly three times after phenolation [89]. With 10%
substitution of phenol with lignin, Lee et al. [90] found that phenolated
organosolv oak wood lignin-based PF (POLPF) resin had comparable
bond strength to conventional PF adhesives. However, they also pointed
out that the severe separation conditions of lignin were not conducive to
improving the performance of lignin-based adhesives through phenolation
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modification because of the adverse effect of condensation reactions on
the structure of lignin itself. For an enzymatic hydrolysis lignin (EHL), the
condensation of lignin during extraction process was not favorable to the
synthesis of bio-adhesives used for plywoods [85]. Podschun et al. [91]
reported that the free ortho and para positions (9.0 mmol/g) of phenolated
beech organosolv lignin was much higher than that of unmodified sample
(0.7 mmol/g) according to NMR analysis. They contended that organosolv
lignin with low MWs and PDIs benefited the properties of lignin-based
thermosetting resins. They further reported that hardwood organosolv and
softwood sulfite lignins were more reactive towards phenolation-induced
activation than those of grass Soda and softwood Kraft lignins due to the
presence of more aliphatic hydroxyl groups [92]. With a phenol substi-
tution level of 20% or 40%, organosolv and sulfite lignins were efficiently
incorporated into PF resins [93]. The wet and dry internal bond strengths
of the resulting particleboards met the European standards. Similar results
reported by other groups further verified these findings [86, 94].

Without fully understanding the reaction mechanism, Sun’s group
found that the phenolation of lignin could also be effectively processed
under alkaline conditions. The active reaction sites of four biorefinery lig-
nins from different feedstocks were effectively increased by phenolation
modification and could replace 50% of phenol for synthesizing LPF resin
adhesives [95]. The LPF-derived bonding strength and the emissions of
formaldehyde of three-layer plywood fully met Chinese National Standards
of the first grade plywood. However, the conditions required for the curing
process, especially the curing temperature, were harsher than those for the
traditional PF resin adhesives [35].

Besides, lignin-rich biorefinery residues had also been considered as
substitutes of phenol for adhesives preparation in acidic or alkaline media.
Lignocellulosic butanol residue (BR)-based PF resin was synthesized and
showed acceptable mechanical and thermal properties when the maximal
phenol substitution was 30% [96]. Another LPF resin adhesive was also
prepared based on phenolated steam explosion lignin (SEL) [97]. With
high phenol substitution, the resultant properties of plywoods reached
the standard of first class plywood in China. Recently, bio-crude obtained
from the liquefaction of Fir sawdust with phenol as a solvent under an
acidic condition at 135°C-165°C was modified by urea at high tempera-
ture (>130°C). A new thermosetting phenolic resin was synthesized with
phenol-urea-modified bio-crude and paraformaldehyde. The mechanical
performances and thermal stability of the resultant material were close or
even superior to those of conventional phenolic laminate but curing tem-
peratures as high as 185°C-220°C were needed. Wheat straw lignin residue
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after an autohydrolysis refining followed by enzymatic hydrolysis process
was phenolated to improve its reactivity and enabled a higher phenol sub-
stitution in adhesives application [87].

In addition to LPF resin, phenolated lignin or its derivatives can also
be used to prepare other adhesives under acidic or alkaline conditions.
Phenolated Kraft lignins (PKL) were used to synthesize UF resin for engi-
neered wood panels production [98]. When the substitution of urea with
PKL was lower than 20%, the internal bond strength of the panels bonded
with the PKL-based UF resin was comparable to that of the unmodified
UF resin while less formaldehyde emission was detected [98]. A bio-based
novolac resin cross-linked by hexamethylenetetramine (HMTA) was pre-
pared using phenolated enzymatic hydrolysis lignin and hydroxymethyl-
turfural (HMF) [99]. Although the thermal stability was improved, the
cured tensile strength (89 MPa) of this lignin-based novolac resin was
still lower than that of the fossil-based phenol-HMF resin (110 Mpa) by
about 10% [99]. Zhao et al. [100-101] recently prepared two renewable
epoxy thermosets through co-oligomerizing phenolated lignin and lignin-
derived monomer (dihydroeugenol or salicyl alcohol) and resulted in
thermomechanical properties comparable to those of the conventional
bisphenol A-based counterpart [101]. Another lignin-based epoxy resin
was also synthesized by reacting phenolated lignin with epichlorohydrin.
With 16% content of phenolated lignin in petroleum-based epoxy pre-
cursors, phenolated lignin-based epoxy resin showed better tensile and
heat-resistance properties as compared to unmodified lignin, but unfortu-
nately, the curing performance was not effectively improved [102].

Based on the modification of technical or biorefinery lignins via a phe-
nolation step, higher phenol substitution and better application properties
of modified lignin-based adhesives (such as PF, UF, and epoxy resins) were
achieved by different research groups. However, without compromising the
physicochemical properties of the resultant resins-based adhesives, there
are still two challenges that need to be further studied. On the one hand,
fossil-based phenol cannot be fully replaced, and the highest substitution
ratio reported so far is still less than 50%; on the other hand, because the
chemical modification cannot completely change the complex and hetero-
geneous structural characteristics of lignin, more severe curing conditions
are needed for plywood production if excessive lignin is incorporated into
the matrix of traditional thermoplastic adhesives.

(3) Methylolation
PF resins are synthesized through the reaction of formaldehyde with phenol.
Depending on the molar ratio of formaldehyde-to-phenol (F/P), two types of
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resins called Resole (Figure 2.6a, F/P ratio > 1, alkaline media) and novolac
(Figure 2.6b, F/P ratio < 1, acidic media) will form [4]. For these two PF res-
ins, formed methylols will directly participate in the curing process to form
methylene linkages. This structure is equally important if lignin is used in
place of phenol to synthesize LPE Although lignin can react with formalde-
hyde under alkaline or acidic conditions, formaldehyde is more prone to react
first with phenol if lignin is directly mixed in a lignin-phenol-formaldehyde
mixture due to the predominantly free ortho and para positions of phenol.
Therefore, methylolation modification is often adopted to pre-introduce
methylol groups into technical lignin prior to the synthesis of LPF resins.
Under alkali conditions, deprotonation of a lignin molecule forms
a phenolate anion which is delocalized to the ortho positions by reso-
nance, and these activated ortho positions can be attacked by FA mole-
cules to form methylol (or hydroxymethyl) groups (Figure 2.7b). Under

o HCHO OH
) HOH2C HOHZC CHZOH
OH 4—» etc. Et» Curing
F/P>1 CH,0OH CH,OH CHZOH
MMP DMP TMP Hydroxymethyl
(b) OH +CH2°H OH oH (methylo)
O Q1+ GO e
HO hardner
F/P<1 H,OH Methylene linkage
Figure 2.6 The synthetic mechanisms of (a) resole resin and (b) novola resin.
@) Lignin Lignin _ _OR RO Lignin
Condensatlon
HCHO
MeO OMe
Lignin OR
R=H or Lignin
MeO
R OR OR RO Lignin

Lignin Lignin
Condensatlon
HCHO
(b) MeO OMe

Figure 2.7 Methylolation modification of lignin under (a) acidic and (b) alkaline
conditions.
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acidic conditions, methylol groups form at the meta positions of pheno-
lic hydroxyl group (Figure 2.7a). The amount of ortho and meta positions
of real lignin is a key factor affecting the efficiency of lignin methylola-
tion modification. Moreover, two side reactions are often accompanied:
(1) methylol groups may also cause the condensation of lignin itself [31,
82]; (2) formaldehyde may also undergo self-condensation via well-known
Canizzaro reaction [28, 71]. Thus, the process conditions (F/P ratio, sol-
vent, the amount of catalysts (i.e., acid or base), temperature, time, etc.)
of methylolation modification as well as lignin structural characteristics
should be highly optimized.

By varying modification process conditions, different methylolated lignin-
based adhesives were successively produced. The ratio of formaldehyde to
methylolated Formacell eucalyptus lignin was important for resols syn-
thesis [103]. This group subsequently found that the molecular weight of
hydroxymethylated Organosolv lignins highly affected the apparent acti-
vation energies of LPF during curing process [104]. For a methylolated
softwood ammonium lignosulfonate, the optimal ratios of formaldehyde
to modified lignin (ML) and the substitution of phenol with ML were 2.5%
and 30%, respectively; the properties of plywood bonded with the synthe-
sized LPF resin could meet the requirements [105]. From the perspective
of the reaction mechanism, high syringyl-to-guaiacyl unit ratio and total
methoxy group content could be the most unfavorable factor leading to
the poor reactivity of bamboo alkaline lignin towards methylolation rather
than the molecular weight and PDI [106].

Moreover, based on methylolation modification, about 0.36 mole of the
—CH,OH/C, unit was introduced into a pine Kraft lignin [107]. Under the
same curing condition (210°C, 8 min, resin 5 wt%), a bonding strength
of about 65 psi was obtained by mixing hydroxymethylated Kraft lignin
(HMKL) and PF resin with a ratio of 1:1. However, the researchers fur-
ther mentioned that decreasing the addition of HMKL favored the bond-
ing strength. When the substitution of phenol with methylolated acetic
acid eucalyptus lignin was less than 40%, the quality of pine and euca-
lyptus plywood boards bonded by modified lignin-based PF resin adhe-
sive fulfilled the European Standard EN 314-1:1993 for wood-based panel
(WBP) production [108]. Recently, liquefied bio-oils from pine sawdust
was also methylolated with formaldehyde under alkaline conditions for the
production of resol resins [109]. With a phenol substitution up to 60%,
the mechanical strength of plywood specimen was comparable to that
using the conventional PF resol as an adhesive [110]. The advantages of
high homogeneity, low molecular weight, and more reactive sites of such
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bio-oils may contribute to this high phenol substitution as compared to
technical lignins.

(4) Other modification methods

In addition to above widely used modification methods, etherification,
pyrolysis, and hydrolysis had also been gradually developed to activate lig-
nin for synthesizing adhesives. The effects of these modification methods
on the properties of corresponding lignin-based adhesives were thereby
discussed as follows.

It is well known that polyurethane-based adhesives (PUAs) can be effec-
tively synthesized through the reaction between diisocyanates (Figure 2.8a)
and polyols [10]. Due to the presence of various hydroxyl groups, lignin can
react with diisocyanate to form PU-based adhesive (Figure 2.8b). In the PU
synthesis process, the researchers found that the reaction rate of aliphatic
alcohols (including primary and secondary alcohols) with diisocyanates
was much higher than that of phenolic hydroxyl groups [111]. However, in
the biosynthesis process, the lignin side chain hydroxyl groups are usually
linked by other functional groups in the form of aryl ether bonds (Figure
2.1) [14, 15, 23]; in addition, the residual side chain hydroxyl groups are
partially removed or trapped in condensed structure during the lignin sep-
aration process [13, 27, 31, 33]. Etherification would be a good method to
create new aliphatic hydroxyl and thereby improve the reactivity of lignin
for PU-based adhesives synthesis.

Propylene oxide- or propylene carbonate-based etherification has been
developed for transferring lignin phenolic hydroxyl group to a more
reactive aliphatic hydroxyl group (Figure 2.9) [10], which facilitates the
cross-link between diisocyanates and lignin as a polyol. Compared to the
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4,4-diphenylmethane-diisocyanate  2,6-Toluene diisocyanate  2,4-Toluene diisocyanate
(4,4"-pMDI) (2,6-TDI) (2,4-TDI)

o o]
(b)
HO -@®»—OH + OCN —Jlll-NCO —> {o —.—OJLH—-—H)T”

Lignin Isocyanates

Figure 2.8 (a) Common molecular structure of diisocyanates. (b) The cross-linking
reaction between lignin and diisocyanates.
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Figure 2.9 Etherification of lignin phenolic hydroxyl group with propylene oxide and
propylene carbonate.

unmodified lignin, the reactivity of etherified steam-explosion straw lignin
towards diisocyanate was improved [112]. With the etherified lignin, 4,4’
pMDI as polyol and diisocyanate, the resultant PU-based adhesive demon-
strated higher shear strength than that using the unmodified lignin [113].
When 30% of fossil-based polyols was replaced by hydroxypropylated
lignin, the bonding strength of Southern yellow pine particle board was
higher than that of the conventional PU-based adhesive. However, another
study claimed that the incorporation of more lignin into PU-based adhe-
sives would cause brittleness and phase separation phenomenon [114].

Pyrolysis has been widely investigated to convert biomass to bio-oils
which can be further fractionated and upgraded into fuels and chemicals
[115]. Pyrolysis of lignin generates a decent yield of lignin oils composed
of small lignin fragments, but the formation of unknown compounds and
coke is the major issue of this method. A typical weight distribution of lig-
nin pyrolysis products at 450°C-550°C is: 55% char, 35% liquids, and 12%
gases [116]. Further extraction and purification of useful phenolic com-
pounds from bio-oil for LPF resin synthesis are required [117].

Another way to enhance lignin reactivity is to hydrolyze lignin into
small fractions to generate more phenolic hydroxyl groups so that existing
free ortho positions can become reactive towards formaldehyde addition.
Similar to the hydrolysis of $-O-4 linkages occurring during biomass pre-
treatment or pulping cooking, the residual B-O-4 linkages in technical lig-
nin (referring to lignin separated from biomass with chemical treatments)
can be further disrupted to free additional phenolic hydroxyls under
acidic or alkali conditions. The number of phenolic hydroxyls increased
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after lignin hydrolysis [118]; however, lignin will further condense to form
more C-C linkages under acidic or alkali conditions, thereby consuming
the ortho positions and a-hydroxyls and reversely reducing the reactivity
of lignin [119]. Therefore, the efforts to increase the number of free phe-
nolic hydroxyls at the sacrifice of the free ortho positions will not increase
the reactivity of lignin because both the free phenolic hydroxyl and the free
ortho position are essential for formaldehyde addition and cross-linking.

2.5 Challenges and Prospects

Because of the increasing concerns about the depletion of fossil fuels and
the environment, searching for renewable alternative chemicals for sus-
tainable material synthesis has gained a lot of attention these years [120-
123]. Phenol and/or polyol as an important commodity chemicals are also
the targeted chemicals. In order to improve phenol or polyols substitution
without compromising the properties of resultant resin-based adhesives,
various chemical modifications mainly including demethylation (Figure
2.4), phenolation (Figure 2.5), methylolation (Figure 2.6), and etherifica-
tion (Figure 2.7) have been conducted to increase the reactivity of lignin.
However, the substitution ratio of fossil-derived platform chemicals such
as phenol with ML is still limited to a bottleneck value of 50% [39, 71].
Over 50% substitution of phenol or polyols compromises the properties of
resultant resins [34, 36]. This is due to the limited reactive sites and steric
hindrance of lignin macromolecules.

Studies have shown that for every lignin unit of Kraft lignin, only 0.3
free ortho positions are available for FA addition and cross-linking [32];
additionally, most of these positions are not activated due to the lack of
phenolic hydroxyls [124]. When lignin is consider as a filler which is added
to PF resin for reinforcement (Figure 2.4), methylolation and phenolation
modification should not be considered effective to increase the number
of reactive sites on the surface of lignin because their binding points with
the PF matrix have already been defined by its own structure, as depicted
in Figure 2.10a. From the structure point of view, there is no difference
between the resins synthesized with untreated and methylolation- and
phenolation-modified lignin. Specifically, phenolation increases the reac-
tive sites of lignin through grafting three-reactive-site phenol onto lignin,
but the number of grafted phenol molecules is limited by the number of
a-hydroxyls (or methylol-like moieties) available in a lignin molecule [91];
similarly, methylolation degree depends on the availability the free ortho
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Figure 2.10 Schematic representations of (a) chemical modification and (b) catalytic
activation of lignin for lignin-based PF (LPF) resin synthesis.

positions in lignin. The major advantage of methylolation and phenolation
modification is that lignin is pretreated with FA or phenol in advance in a
low-viscosity environment to ensure that all available reactive sites are fully
utilized. Without these pretreatment modifications, high-reactivity phenol
will compete with low-reactivity lignin towards FA addition and conden-
sation, which will harm the incorporation of lignin into the network of
resins. Pyrolysis of lignin generates unknown compounds and coke, which
decrease carbon efficiency and require purification steps to extract use-
tul lignin fragments [117]. Hydrolysis generates free phenolic hydroxyls
through partially breaking B-O-4 linkages, but the parallel condensation
reaction leads to the increase of lignin molecular weight and further con-
sumption of the ortho positions [119].

In summary, all of the present modification methods cannot create new
active sites at the ortho position. A potential strategy could be a combina-
tional method of depolymerizaiton and demethoxylation. In recent years,
hydrogenolytic depolymerization oflignin into monomers has been consid-
ered as a promising pathway to valorize lignin [125, 126]. Hydrogenolysis
will also remove functional groups, such as C = O and C = C bonds, which
cause the dark color of lignin, and generate light-colored lignin products
for synthesizing high-quality resins. This is a unique feature of hydrogeno-
lysis because existing modification methods cannot change the dark color
of lignin. Other than cleaving all f-O-4 linkages to generate free pheno-
lic hydroxyls, hydrogenolysis can simultaneously remove methoxyls from
the lignin aromatic ring [127]. Depolymerization and demethoxylation
will increase the number of free ortho positions per lignin units, therefore
increasing the binding of activated lignin products with PF matrix (Figure
2.10b). When lignin is further depolymerized to small molecules simi-
lar to phenol (this can be considered as the extreme case of Figure 2.10b,
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in which lignin and PF matrix become miscible and a homogenous phase),
the molecules are expected to be directly used to synthesize resins without
the addition of phenol.

2.6 Conclusions

From the perspective of circular economy, high value-added uses of lignin can
create profitable economy for the pulping and biorefinery industries. Because
of its aromatic and polyhydroxyl structure, lignin has the great potential as
a substitute of fossil-based phenol or polyol for the synthesis of adhesives,
which will reduce excessive dependence on fossil resources. However, the
heterogeneity of lignin itself and the adverse effects of the separation process
on its important structural functional groups limit the application properties
of the lignin-based adhesives. In the process of adhesive synthesis, although
researchers have developed many physical pre-treatments (such as solvent
fractionation and ultrafiltration) and chemical modification methods (such as
demethylation, phenolation, and methylolation) to improve the reactivity of
lignin, the application of modified lignin-based adhesives is still not compa-
rable to conventional fossil-based adhesives (such as PF and PU) due to the
limited reactive sites of lignin itself. In particular, the remaining defects of
modified lignin-based adhesives are mainly reflected in the following two
aspects: (1) the substitution ratio of fossil-based phenol or polyol with lignin is
still very limited; (2) high substitution ratios cause more severe curing condi-
tions and/or worsening properties of plywood. A potential strategy of solving
this issue is the depolymerization of lignin followed by demethoxylation to
increase the amount of both free phenolic hydroxyls and ortho positions for
lignin-phenol-formaldehyde resin synthesis.
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Abstract

In the emerging scientific world, many challenges emerge in the industrial sec-
tors to meet the demands possessed by upgraded technologies. Especially in the
research on material and composite field, analyzing and characterizing the prop-
erties using existing techniques is till marching towards to fit with exact industrial
prerequisites. Due to the concern with environment and energy conservation,
most of the bio-waste, natural fibers, and natural polymers are considered to serve
as green adhesive with enhanced mechanical properties of bonding. This chapter
clearly enumerates in detail about the green adhesive categories and their specific
properties with respect to their recent desired industrial applications.

Keywords: Green adhesive, bio-waste, natural fibers, polymers

3.1 Introduction

Creatures, for example, geckos, flies, arachnids, and creepy crawlies have
the capacity to quickly append and segregate from fluctuated surfaces under
exceptionally assorted conditions [1]. This one of a kind capacity has earned
the consideration of researchers and through present day imaging procedures,
point-by-point assessment of their connection cushions was completed and

*Corresponding author: priyankabhaskaran1993@gmail.com

Inamuddin, Rajender Boddula, Mohd Imran Ahamed and Abdullah M. Asiri (eds.) Green Adhesives:
Preparation, Properties and Applications, (57-84) © 2020 Scrivener Publishing LLC

57



58 GREEN ADHESIVES

uncovered progressive link structure. The regularly rising natural concerns in
regard to economically built wood items make the administration of fasteners
and glue a significant subject. The perpetual, oil-based nature of most engi-
neered cements accompanies concerns with respect to unpredictable natural
mixes potential wellbeing perils and non-degradability [2]. The change of sus-
tainable biomasses into nontoxic and eco-accommodating pitches is signifi-
cant for dodging the potential worries that go with oil determined under the
stage of green adhesives. Owing to numerous points of interest, for example,
minimal effort, high usefulness, and magnificent process ability, the mod-
ern scale use of fabrication and testing has a few constraints, including the
requirement for physical or potentially synthetic alterations of protein vitality
utilization, a surprising expense relieving process, poor water-obstruction,
and deficient bond exhibitions. The advancement of green composites-based
adhesive incorporating different scales of characteristic filaments as high-
effectiveness strengthening components is ordinarily sought after since it
offers a few preferences [3].

To start with, green adhesive is the most plenteous, supportable, and
degradable fiber material. Second, the physiological elements of green
adhesive manage the cost of plants mechanical quality, higher explicit sur-
face zone, and predominant natural bio-inspired adhesive crossing over
impacts, which speak to a portion of the alluring properties. Upgrading
the mechanical property has been practiced by consolidating different
green adhesive in various adhesion networks. Their poor interfacial coop-
eration and synthetic resin adhesive dispersity for filtering is the essen-
tial weakness to their across the board use [4]. In this regard, traditional
surface-functionalization systems are utilized to tailor the fiber surface to
improve the similarity with the bio-inspired network. Its inherent warm
protection makes it hard to shape proficient thermally conductive path-
ways in the green adhesives during the pitch thermo-restoring. They
require extra squeezing occasions or higher squeezing temperatures on the
grounds that of their moderate restoring rate, obstructing their appropria-
tion, as an elective answer for an eco-friendly green adhesive. In this way,
other than the improvement of filaments grid connections, the warmth
move effectiveness unavoidably turns into a significant factor inside the
successful bond execution of the enhanced green adhesives [5].

This chapter examines structure observed to be influential attributes
artificially created glue configurations; at present, accessible manufacture
techniques for delivering these cement structures, just as the different
testing strategies that have been utilized tentatively to portray grip exe-
cution. In the last area, current patterns and difficulties viewpoint of the
green adhesives are talked about [6]. A survey intending to condense the
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tremendous logical learning collected for intriguing perused for green
adhesive researchers, hypothetical physicists, and every single other ana-
lyst inspired by the field of bio-inspired bonding particles [7].

Fixing industry guidelines also, consistent help for green items have
supported bio-waste usage for green adhesive creation. Waste materi-
als are presently taken as fuel for little scale burning motors, while some
are channeled for the creation of inexhaustible and even biodegradable
things. Microbial anaerobic assimilation is currently being utilized in
changing over bio-waste furthermore, inexhaustible assets into an assort-
ment of crude materials, to be utilized for creation of polymers, sealants,
and cements. Acidogenic microorganisms convert natural polymers into
different synthetic concoctions or acids, including sugars, natural acids,
alkali, and carbon dioxide. Helpful waste materials, for example, poly
amino acetic rosin can likewise be gotten from the procedure [8]. Items,
for example, hot-dissolve glues from polylactic acid (PLA) are resultant
from shoddy also, promptly accessible materials for example, corn, rice,
sugar beets, wheat, sugar stick, sweet potatoes, and natural issue from bio-
reactor wastes. In contrast to PLA, rosin is gotten from pine trees coni-
fers for the generation of glues, inks, papers, waxes cleansers. Refining and
the kraft procedure are the two principle strategies for secluding rosin. An
enormous test in utilizing green adhesive lies on adjusting holding quality
with practical transfer [9]. Other potential competitors incorporate poly
capro lactone (PCL) as main substitution or else phenethylamine (PEA)
regard to sucrose acetic acid derivation iso butyrate (SAIB).

3.2 Advanced Green Adhesives Categories—
Industrial Applications

3.2.1 Keta Spire Poly Etherether Ketone Powder Coating

Solvay Specialty Polymers have propelled the new super ultra-fine struc-
tured powder evaluations of Keta Spire poly etherether ketone for water-
borne coatings, powder coatings, and sap preimpregnation of constant
fiber composites. The adhesive grades have an apparent middle molecule
size of 29 microns, while green adhesive evaluations give the best conceiv-
able molecule size with a perceived middle molecule size of 9 microns. The
new evaluations of Keta Spire PEEK powders convey enhance synthetic
opposition, solidness, and quality for requesting applications in compound
preparing, oil and gas, aviation, semiconductor, medicinal services, trans-
portation, and other modern employments [10].
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3.2.2 Bio-Inspired Adhesive in Robotics Field Application

The implementation of adhesive in the emerging field of robotics paved
the way to move towards the soft gripper with respect to soft manufactur-
ing with robust control. The new research is related to the development
of soft gripper to handle the surface structure having rugged and soft tex-
ture without any deviation in the stiffness of handling [11]. The degree of
freedom is maintained constant by adhesive property inspired by chame-
leon tongue to grasp the objects without disturbing the variation on the
hardness of the upholding structure. It is tested to enhance the adhesive
with respect to the cohesive force existing between the soft gripper and the
object. The experimenting adhesive gel is placed on the gripper containing
carboxylic acid and hydrogen double bond chain to lift the objects.

Figure 3.1 shows the chameleon tongue configuration of adhesive sticky
muscle supported during the movement of catching the materials irre-
spective of object surface with better stiffness. The modern soft manipula-
tor is designed on the basis of chameleon tongue alignment range. In the
traditional gripper design, the restriction arises to handle the object due
to improper adhesive force existence [12]. But in the experimention, bio
inspired adhesive soft gripper exhibits better adhesive force on the holding
object with very high young’s modulus to maintain the rigidity where AG
indicates adhesive gripper.

The designed soft gripper is tested and experimented on various
object having drastic surfaces with strong bonding without misloading.
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Figure 3.1 Soft gripper with bio inspired adhesive material analysis and testing [44].

(a-c) The gripper exhibits the same characterization of holding with more stiffness as like
compressed accelerator modifies its style during its elongations.



GREEN ADHESIVE FOR INDUSTRIAL APPLICATIONS 61

The carboxylic and amino acid cross link network chain function in the
adhesive glue exposes better cohesion force by expanding its cross link to
the maximum extent without break in the middle hydrogen bonds [13]. The
double bond structure of amino acid link carboxyl group tightly restricts
the deformation when it extends the threshold limits. The experimentation
is conducted up to 15 samples, but the attained results show the similar
adhesive strength for all the undertaken samples. When it is exposed to the
Teflon surface, the adhesive-based gripper can maintain the bonding grip
up to 30 minutes. However, the experimentation is done on the wet sur-
face for analyzing the cohesion force on the egg, it handles the egg without
any deformation but its fragile nature gets increased with reduction on the
bonding force [14]. Figure 3.2 clearly enumerates the entire experimentation
results with final photographic view of grasping, holding, and detaching the
object on the beaker by the adhesive oriented gripper obtained in the sim-
ulation platform. This bio-inspired adhesive is on the developing research
stage of robotics field; further, it needs real-time analysis to compensate the
carrying load and stay-tuned in the modern world circumstances [15].
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Figure 3.2 Various experimentation results of bio-inspired adhesive in soft gripper in robotics
field [44]. (a-i) It shows soft gripper cohesion force capability while manipulating egg on the
wet surface during grasp and detach to exemplify the nature of bio-inspired adhesives.
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3.2.3 Bio-Inspired Synthetic Adhesive in Space Application

Though bio-inspired adhesive plays a major challenging role in macro-
scale, synthetic dry adhesives are emerging as better solution when it is
analyzed in micro and nano-scale. Fibers direction regarding the surface
(tilt point) is a significant yet less examined plan on manufacture of green
adhesives. Analysis including lop-sided filaments of in height viewpoint
proportion showed shear attachment in anisotropic manner, intriguing
component to the manufactured dry adhesives abstaining from stripping
off when exposed to shear pressure [16]. Table 3.1 abridging the kinds of
material utilized, youngs modulus, manufacture techniques, structure,
measurements, grip testing strategies, attachment quality of distributed
writing from 2008 to 2019 is given in the holded application analysis.
Fiber pressing balance is another significant plan thought. Experimenting
geckos possess square exhibits course action to evade clustering of fibers
in setae [17].

The fiber arrangement course of action give greatest bond execution
because of strong bonding of filaments within grouping however could
prompt serious clustering of strands when between fiber separations
diminishes. Other than isotropic exhibit plans, materials with cross-link
complex anisotropic behavior are observed in common connection frame-
works and paved the way on increasingly refined grip orientations [18].
The preeminent case on auxiliary progression is exhibited on the gecko’s
foot on the milli-scale found in the lamellae, which are isolated for diverse
varieties on a sufficient tiny setae, 98 pm measure on stature and 3.7 pm
observation on breadth, and parting to spatulae in nano scale, 1.8 um mea-
sure on stature and 187 nm width is given in Figure 3.3.

3.2.3.1 Micro Structured Dry Adhesive Fabrication for Space
Application

The dry adhesive with required characterization of having fine-tuned micro
or nano structure for space requirement is prepared by micro fabrication.
Initially, soft molding involves pre-defined molds with natural polymers,
and then, the pattern with tight panel is subjected to porosity. The substrate
is wet etched with alkaline solution to remove patterned material from the
soft molds. The etched substrate is subjected to chemical vapor deposition
followed by photolithography processing steps [19]. The light-weight alu-
minium metal is put on the micro fabrication with potassium hydroxide
on the etching epoxide methane substrate by photo resist membrane.
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Figure 3.3 Geckos-Fiber clustering arrangement to make adhesion on the surface [46].
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Figure 3.4 Micro fabrication process utilized for making dry adhesive in the space
application [46].

A detailed micro fabrication schematic representation is given in Figure 3.4.
The final manufactured synthetic adhesives have micro structured fiber as
influenced by geckos’ foot arrangement for better stiffness with high young’s
modulus to exhibit strong adhesion on the metal contacts [20]. The micro
array adhesive is produced by exposing oxygen plasma to produce patterned
fiber having low aspect ratio. The bio-inspired adhesive fiber arrangement as
like geckos’ foot adhesive holding better improved mechanical strength as
compared to macro scale manufacturing related to space applications.

3.2.4 Natural Polymer Adhesive for Wood Panel Industry

Close to the issues and difficulties confronting the broad utilization of lignin-
based adhesive in the wood development industry, some positive
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components may urge in this industry to move to lignin-based cements [21].
In expansion to the issues referenced above (maintainability and consump-
tion of oil), another significant factor is wellbeing and natural concerns [3].
A few stringent natural and wellbeing guidelines have been concocted to
deal with the earth, wellbeing, and security of purchasers. Potential well-
being dangers have raised as of late identifying with particular kinds of
crude material (synthetic compounds) normally utilized in manufac-
tured natural polymer adhesive plans. The most usually utilized wood
cements utilized in the generation of composite wood boards have been
formaldehyde-based. Formaldehyde has been an imperative substance in
the blend of such polymer adhesive. Figure 3.5 shows the lignin prepara-
tion by rot fungi through demethylation process [22].

Unreasonable presentation of people and the condition to cancer-
causing formaldehyde is presently perceived as a serious issue. Saps in
manufactured polymer adhesive are frequently broken down in natural
solvents which fill in as transporters with the goal that the pitches can be
connected effectively. Such natural solvents can include up to 80% of the
last weight of the item and this is the fundamental issue [23]. Unpredictable
natural solvents that transmit hurtful gases are terrible for air quality. In
this manner, wood adhesive makers have gone under administrative strain
to change the detailing of engineered oil-based adhesive substrate to fol-
low those guidelines. Natural polymer resin-based adhesive utilized in
wooden items may turn into a snag for reusing after culmination of their
administration life expectancy. Resin adhesives are one of the considered
contaminants other than paint and wood additives which would hinder
the capacity to reuse, reuse or now and again diminish scope for vital-
ity recuperation from the recovered wood asset [24]. Whenever designed
wooden items are reinforced with bio-based adhesives, this could be an
appealing way where utilized wooden items could be sent for fertilizing the
soil, reuse or recuperation of vitality without settling natural, or wellbeing
and security issues.

OH H

HO
LIGNIN HO LIGNIN HO.

OH

LIGNIN
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Figure 3.5 Lignin formation through rot-fungi involved technique.
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A recent investigating engineered oil-based adhesives keep on being,
by far, the most significant wood panel comprising adhesive utilized by
makers in this industry, the variance of cost, limited and non-sustainable
wellsprings of oil and open familiarity with the wellbeing, security and
natural concerns are the significant components that may constrain the
use of such chemical based synthetic resin adhesive [25]. Henceforth, the
eventual fate of lignin-based polymer adhesive materials in this indus-
try by the broad investigations that have been led by numerous scientists
demonstrating the agreeable execution of lignin-based adhesive support-
ing substrate for composite wood boards. Be that as it may, a few notewor-
thy issues, particularly the greater expenses of utilizing lignins in wood
adhesive must be survived to energize the enormous scale commercializa-
tion of lignin-based copolymer.

3.2.5 Tannin Based Bio-Adhesive for Leather Tanning Industry

Tannins as home grown concentrates are a decent elective for green sci-
ence. They are found in abundance in some plant species and can be extri-
cated by straightforward strategies. The tannins fundamental component
and favorable position is their phenolic structure which is fundamentally
the same as engineered phenols [26]. Another key element of tannins is
their activities as cancer prevention agents. The utilization of tannins is
frequently associated with one of these highlights to get commercialized
in leather industry.

In spite of the fact that oil-sourced materials ended up far reaching
in the previous few decades, they are at present subject to bunches of
addressing due to the fluctuating oil cost, to issues of stores consumption,
to the contamination which stems from these, and so on. These days, prac-
tical materials (for example, polylactic corrosive, chitosan, lignin, tannins,
and so on) are increasing an expanding significance so as to decrease raw
petroleum utilization and to lessen human natural effect. Among them,
tannins are one of the most intriguing materials that can be acquired from
plants. They are common phenolic structures which are found richly in
the bark just as wood and in a lesser sum in leaves also, products of an
assortment of plant animal types. Tannins job in plants incorporate secu-
rity against light (UV beams and free radicals) and protection on account
of various organic dangers (creatures, creepy crawlies, parasites, and
microscopic organisms). They are otherwise called shielding operators of
certain plants from dryness, through sub-atomic systems, as on account
of the revival plants [27]. Tannins are commonly grouped into dense and
hydrolysable tannins. Hydrolysable tannins are blends of basic phenols,
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as the name shows hydrolysable tannins can be hydrolyzed by powerless
acids/bases to deliver sugar and phenolic acids. Some plant species con-
tain either gallo-tannins or ellagi-tannins and some others contain a wide
range of hydrolysable and consolidated tannins. For instance Acer, Acacia,
and Quercus species have been perceived as species which contain the two
sorts of tannins.

Tanning is one of the most significant stages in changing covers up to
leather and as its name proposes, it is traditionally done utilizing tannins
[28]. This procedure gives quality, delicateness, and obstruction against
synthetic compounds, warm strength, and antimicrobial properties to
calfskin. Chrome tanning is one of the basic mechanical tanning forms
since it gives delicate, light, and an adaptable leather with great warm
strength and without breaking a sweat of preparing which is difficult to
accomplish with other assembling techniques. Then again, chromium is
perceived as being conceivably cancer-causing and when it is released as
waste it causes soil defilement. A portion of different issues with chrome-
based tanning incorporates constrains in recuperation and reuse of dissi-
pates from leather production and constrained accessible sources, more
contamination, complexities in waste treatment, increment in request of
natural oxygen just as request on artificial oxygen (COD). Figure 3.6 gives
the industrial oriented preparation step for the tannin compounds [29].

One of the fundamental difficulties that this industry is associated with
is the contaminations which originate from chromium utilization. Because
of natural concerns and new guidelines, the leather business is turning
again toward utilizing greener and cleaner materials and procedures as

| Tannin rich plant part (Wood, bark, leaves) ‘

1

‘ Pretreatment (Drying, grinding, sieving) |

-

‘ Solution addtion (Acetone, Methanol, Hot) |

1 |

‘ Heat and Stirring |

| |

‘ Centrifuge or Vacuum filtration |

‘ Spray drying |

Figure 3.6 Preparation of tannin powder from the extracted compounds.
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opposed to utilizing chromium based tanning forms. Vegetable tannins
are great substitute for chromium and the blend of these two frameworks
has been considered as a satisfactory cleaner arrangement [30].

At that point, fundamental protein in creatures is collagen, which can
be found in bounty in skin. Chromium mixes are known to respond well
with collagen and results in lasting changes. These progressions produce
fantastic leather from biodegradable stows away. Tannin polyphenols can
make crosslinking with collagen by various hydrogen bonds. Moreover,
the response of tannins with collagen brings about a progressively steady
leather texture. Examinations have demonstrated that increasingly warm
stable leather is feasible with vegetable tannins and acrylic polymer [31].

3.2.6 Conductive Adhesives in Microelectronics Industry

Microelectronic innovations and businesses have progressed in signifi-
cant degree in the course of the most recent printed circuits on multi-layer
arrangement, dainty motion picture transistors, sun powered modules,
and straightforward electronic covering. In any case, the intrinsic poison-
ous quality of existing coating composites on wellbeing formulation and
condition have turned into defeat to afford powers numerous nations on
force severe enactments with confinements on quell the utilization of con-
ventional composites in electronic apparatuses [32].

Until towards the upgraded electronics industries, the bind combination
of synthetic resin adhesive with bio-inspired adhesive possess string tough-
ness on the printed board surfaces is implemented in hardware enterprises.
Electrically oriented conductive nature adhesives are developed from pen-
tagon linked poly-chain arrangement with metal fillers. The lattice plays
vital contribution which affords isolation property on diverse surface
existing between green adhesive. Based on the inter-connected filler con-
nection emerging on the surface printed on the circuit board provides
electrical connections to the nearby layer. The double usefulness accom-
plishment is by affixing dielectric resist deposition on the conductive elec-
trical substrate with same as metallic bind composites for empowering high
mechanical characterization and free mobility [33]. By and by, mechani-
cal progression of green adhesive seems conceivable for supplanting cus-
tomary patch composites with traditional industrial adhesives because of
reduced conductivity contrasted and customary bind junctions and mod-
erately lesser thermal characterization by raised surrounding temperature.

The most economically critical ACAs (Anisotropic Conductive Adhesive)
depend on the single-molecule crossing over idea. Interconnections
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with pitches beneath 48 mm have been shown with these materials. The
undertaken ACA is connected to the deposition layer, holding a variety of
cohesion bond force. On completing testimony, a segment is adjusted to
the deposition layer and subjected for conductive adhesive [34]. By tak-
ing weight in respect to heat is connected at the same time with the end
goal that abundance bonding force is dislodged and every mobility par-
ticles are caught between the etching layer and photo resist shaping have
bonded numerous conductivity interconnections. During fixing the adhe-
sive, shrinkage with respect to compression on cooling by vigorous attach-
ment keep up the metallization interface on the surface that is basic for
dependable electric-mobility contacts. Circular elements (perspective pro-
portion 0.82) are utilized to bring down the likelihood of electro-resistivity
on the X-Y plane as shown in Figure 3.7. The utilization of tight molecule
size conveyances additionally lessens the likelihood of permeation toward
this path on an oriented fixation [43].

Numerous adjustments carried on essential methodology created to
shape anisotropic conductive adhesive arrangement at (44 mm) well-
tuned pitches [35]. More often than not, these methodologies endeavor
to limit transference on the applied X-Y plane. In certain techniques,
adjusting particles having metallic nature in an attractive or power-
driven field upgrades anisotropic behavior and grants empowered mol-
ecule loadings.

Different techniques accumulate the metallic particles with a dainty
dielectric layer with polymer. The covering cracks over heads when it
is condensed between two roughing surfaces, rendering the coated sur-
face to be electrically conductive. An important way to deal with fine
scaled pitch configurations stores atoms just over contact bonded natural
bio-adhesive [36].

Contact
Component Metalization

Heat

Pressure

Substrate

Figure 3.7 Assembly process to attain conductive adhesive by heat and pressure
displacement.
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3.2.7 Bio-Resin Adhesive in Dental Industry

Adhesive therapeutic dentistry influences for all intents and purposes each
dental practice since it is fundamental to numerous methods, including
dental sealant position, holding of orthodontic sections, direct compos-
ites reclamations, intra radicular posts adhesion, or tooth-shaded recla-
mations, full-inclusion all-artistic crowns, reinforced extensions, and root
waterway shield bondage.

In general, attachment is achievable when coming up next are available:
clean dental surfaces, great surface wettability, dispersion of the cement
gum monomers inside lacquer and dentin, and sufficient pitch polymer-
ization. The cement frameworks comprise of a mix of methacrylate-based
sap monomers with either 2 (cross-connecting monomers) or 1 (practi-
cal monomers) poly merizable closures, natural solvents, a photo initi-
ator framework, also, frequently nano fillers [37]. The science of dental
cement gums must satisfy the prerequisites for bond to various dental
substrates: lacquer, dentin, and cementum. Figure 3.8 shows the low-
est to highest dental resin interfaces in practical oral-dental application
procedures.

Utilitarian hydrophilic pitch monomers encourage gum invasion
inside the demineralized and clammy dentin surface while hydrophobic
cross-connecting pitch monomers give the mechanical quality, security,
and similarity between the cement framework and the mass remedial pitch
or tar cement. Pitch monomers with at least 2 polymerizable gatherings
are important to shape an exceptionally cross-connected system to give
the quality and strength of the cement layer. Examples of cross-connecting
monomers with a progressively hydrophobic nature are bisphenol glycol
dymethacrylate. The distinction in sub-atomic load among the tar mono-
mers is significant, in light of the fact that low-atomic weight monomers
break up the high-atomic weight monomers, improving the wettability of
the gum mix [38]. Practical monomers as a rule have 1 useful gathering

Contemporary Dental Adhesive Systems Characteristics Longevity
System Mode Delivery Adhesion Steps . e Bond
Acidit; Hydrophilicit -
Etching  Primer Adhesive Y ydrop y Stability®
Stability
3-ste| % ++++ o
Etch-and-rinse P . - + + .
Degree of Conversion
2-step .% ++ ++ +++ Solvent Evaporation
Acidity
- Hydrophilici
Self-etch 2-step - i +++ ++ ++++ ydrophilicity
1-step . ++++ +++ + Degradation
- EE— |

Universal 1 0r 2 steps® "Q#, __M +++ ++ +(+) +

Figure 3.8 Practical implementation of dental resin interface regarding adhesives [39].
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(eg, hydroxyl gatherings) and a single polymerizable gathering to shape
straight polymer chains.

3.2.8 Green Adhesive in Fiberboard Industry

Fiberboard (additionally called boards) comprises of lignocellulosic strands
and normally a manufactured sap with reasonable holding framework for-
tified with heat and weight. On the basis of the thickness, fiberboards can
be characterized in medium and high thickness fiberboards. Generally,
on creating fiberboards from wood as predominant material, however
utilizing an elective wellspring of materials possessing lignocellulosic, for
example, agrarian deposits or then again non-wood filaments, because
predominantly formed from biomass of woody sources [39]. Requirement
of wood with fiber-based nature rather from prepared non-eco-friendly
complex synthetic polymer compounds. In recent sense, focused reason-
able necessity of creating fiber-oriented materials from agrarian buildups
or natural woody-waste paper. In the ongoing process, a wide assortment
of agrarian deposits such as filaments of non-wood fabricates fireboards
with green adhesives.

Lignin with fibers structure with closed network of cellulose possesses
various viscous force on the applied surface layer based on the friction with
high stress force. The roughness and erectness are directly superimposed on
the nano fibers having high cellulose content to form the fiberboard in large
scale. The extraction wastes obtained from different wood products have
great impact on the board fabrication utilizing bio-inspired fiber adhesive.
The heat restriction on the viscous force breaks gets condensed on analyzing
strong cohesion between fiber and deposition composite multi-layers [40].

Nonetheless, all things considered, CNF were most certainly not acting
just as cement, yet in addition as fortifying operator. Different bio-adhesives
could be soy protein by tannin comparison, starch with processing of glyc-
erol and lignin. In all scenario, it was exhibited that most of the ecologically
well-disposed petrochemical based, demonstrating main necessity of exe-
cuting the utilization of such strong cohesive adhesive materials.

Lignin contributes as sweet-smelling compound having polymer
natureas additionally an economical compound contrasted and other
manufactured saps about as a characteristic fastener for filaments [41].
Considering all these, lignin is displayed as a legitimate option for main-
taining a strategic distance from the utilization of urea formaldehyde.
The objective of investigation was to deliver fiberboards on basis of wheat
straw composite foundation including soft drink lignin with a character-
istic compression in the board-production method. The impact of lignin
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(went from 0% to 14.7% on the underlying dry load of the mash) due to
which polished physical and mechanical properties was additionally con-
templated [34].

From Figures 3.9 and 3.10, it is inferred that due to the thickness worth
increments as the lignin rate builds, it is intriguing stay away from the
impacts of mechanical characterization. Likewise, the fuse of lignin comes
to be recently answered to expand orientation dependability of wood
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Figure 3.10 Density characterization of fiberboard [34].
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dependent fiberboards in nearness of water or on the other hand sticki-
ness, which is a critical perspective when delivering fiberboard [26].

Wheat straw serves as an astounding elective crude substance to get
strands holding cellulose which is utilized for the assembling of fiber-
boards. The board developed uniquely by wheat straw filaments demon-
strated greater flexural strength quality worth including for the business
sheets. Furthermore, the utilization of such crude material for fiberboards
fabricating obviously conceals wood utilization, typically considered as
waste which could be submerged in the dumped field [42].

On the great concern with mechanical properties enhanced by expand-
ing lignin rate, it very well may be expecting lignin as an encouraging option
in contrast to manufactured cements on the generation of composites with
lignocellulosic content. The experimented lignin test conducted in a similar
procedure where cellulosic filaments, not representing fundamental of extra
cleaning venture to accomplish fascinating outcomes. As final to create the
examined environmentally based fiberboards advances a superior misuse
on biomass holding lignocellulosic specification utilized. Furthermore, the
utilization of lignin strands keeps away from auxiliary and extra forms,
making the entire procedure progressively productive [19].

3.3 Conclusions and Future Scope

Critical upgrades to the science and treatment of cement frameworks have
expanded the utilization of green adhesives in major industry applications.
This chapter gives brief outline about the green adhesive in the major
industries where the bio-adhesive serves better with its enhanced mechan-
ical characterization by modern fabrication technology. Each bio-inspired
and synthetic polymer adhesive exhibits key contributions in advanced
industrial applications by its strong adhesion and cohesion force to attain
high binding stiffness. Late endeavors have additionally observed the con-
solidation of cutting edge highlights, for example, micro and nano-molded
structures especially to improve contact pressure conveyance and attach-
ment directionality to encourage separation.
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Abstract

There is a consensus among societies worldwide that new biomaterials have
gained high significance over the last few decades because of their biocompati-
bility, bio-inertness, non-toxicity, and non-immunogenicity among other prop-
erties, which enable their varied applicability. Green adhesives produced from
polysaccharides or biopolymers are renewable materials that are readily available
and play an important role in the medical field for their several applications, for
instance, tissue engineering, drug and gene delivery, wound healing, among oth-
ers. However, for a wider, safe, and reliable application of these biomaterials, some
vital properties need to be analyzed. As a result, this study revisits chemical, phys-
ical, thermal, mechanical, and biological characteristics of four green adhesives:
alginate, chitosan, lignin, and PLA and their blends for biomedicine employment.
Our study also presents different characterization techniques to gather precise
information of the aforementioned adhesives, besides presenting the results of
other studies in this field. Finally, it describes new technologies, as well as possible
and future applications, for the green adhesives, in the biomedical and industrial
fields.
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4.1 Introduction

The use of adhesives in medical procedures dated way back to 1960, when
an adhesive was used for blood vessels [1]. Since 1960, the use of applica-
tions involving adhesives has been on the increase; few examples of appli-
cations are abdominal, orthopedic, and vascular surgeries that require soft
tissue adhesives [1]. These adhesives are important where sutures do not
hold wounds. Tissue adhesives are also used in laparoscopy and robotic sur-
gery [2]. Adhesives and sealants instead of sutures and staples can be used
to prevent air and liquid leakages during surgeries 3, 4]. Another important
application of adhesives in medicines includes drug delivery systems [5-8].

In general, to use an adhesive, material characteristics and proper-
ties are analyzed for favorable results in terms of device performance.
Adhesiveness is the most important property required for proper perfor-
mance. Such properties may be directly related to the mechanical behav-
iors, such as shear and traction, of the adhesive and in contact with the
region of the organism where it will act. According to Zhu et al. [9] and
Marshall et al. [10], bonding occurs in a bioadhesive as a result of adhe-
sive and cohesive forces. Adhesive forces occur between the adhesive and
the surface of the tissue or region that has bonding components, whereas
cohesive forces result from the internal molecular forces of the bioadhesive,
which are important to withstand any external forces that may arise [10].
A better adhesive result can be obtained when there is a balance between
adhesive and cohesive forces [1].

Factors such as material type, bond stability, roughness and porosity of
surfaces in contact, and environment may affect the behavior of bioadhesives
[11]. Owing to this, in terms of mechanical performance, properties such as
tensile stress and shear modulus are somewhat allied to describe the best per-
formance of adhesives [3, 5, 12, 13]. Besides that, the relation between body
fluids and adhesives can be explored through contact angle measurements,
which describe the hydrophilic behavior; this is important for optimal perfor-
mance as most clinical applications are used in a moist environment [14, 15].

The last important factor is biocompatibility, which predicts the response
of the body to the patch. An adhesive when inserted into a body should not
cause any inflammation in the body or should not be rejected by the body
[16, 17]. Owing to this, green adhesives have been studied and turned out
to be an important solution, because they originate from renewable natural
resources and thus have a lower tendency to be rejected by a body [5, 18].

Combinations of different materials had to be employed to biomedical
applications, and the properties sought are similar, regardless of location
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or type of adhesive. As a result, polymeric materials have been employed
because such materials can generate three-dimensional (3D) networks
that physically or chemically connect to target tissues and act as hemo-
stats, sealants, or adhesives [16]. Polymeric materials are not always safe
or environmentally friendly. Different raw materials may be employed
for the production of such materials which may occur by condensation
polymerization, polymerization of hydrocarbons or similar hydrocarbon
monomers [19]. The petrochemical origin makes these materials consid-
ered non-renewable and non-biodegradable. Over the past three decades,
there had been an increasing interest in the development of biopolymers to
find an alternative to the aforementioned polymers.

Biopolymers derive from living organisms or are synthesized from
renewable resources [20]. Biological origin and non-toxic property of
biopolymers for biomedical applications minimize the environmental
impacts regarding waste handling. Unlike the degradation processes
of conventional polymers, in biological polymers, the action of micro-
organisms occurs faster. Materials for their production include poly-
saccharides, proteins, and lipids [21]. In recent years, various ways of
using materials made from biopolymers have been developed, resulting
in the progressive development of sustainable biotechnology and bio-
economy [22].

The medical and biomedical use of polymers is essential and is con-
stantly growing in the industrial and research sectors. Biomedical engi-
neering uses techniques related to biology, engineering, medicine, physics,
and chemistry to develop therapies and technologies that repair or replace
damaged cells, tissues, and organs. Thus, a new generation of biodegrad-
able analog and synthetic natural polymers has emerged [23].

Different natural materials have been studied and applied to produce
green adhesives, also known as bioadhesives, for medical applications.
Being a new subject, in this chapter, we intend to present some raw mate-
rials that have been used in the preparation of bioadhesives, as well as the
most common characterization techniques. In addition, in the chapter, we
will discuss significant applications of bioadhesives in medicines.

4.2 Main Raw Materials of Green Adhesives:
Structure, Composition, and Properties

It is known that petrochemical industry is the main precursor of the
polymeric materials and these are considered as non-renewable and
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Figure 4.1 Classification of different film-forming biopolymers. Adapted from Garavand
etal [21].

non-biodegradable [19]. An alternative to these materials are polymers
developed from natural sources, which are environmentally friendly.

Based on its source, the biodegradable biopolymers are grouped into
three principal categories (Figure 4.1) [21, 24, 25] as follows:

1) chemically synthesized, applying monomers achieved from
natural feedstocks, e.g., polylactic acid;

2) originating from agroindustrial resources—polysaccharides
(starch), lignocellulosic materials (hocellulose, lignin, and
derivatives), proteins (whey and collagen), lipids (bee wax),
and free fatty acids;

3) obtainment by microbial fermentation: pullulan and
polyhydroxyalkanoates.

The following section will highlight the structures, compositions, and
properties of some raw materials that have the potential for biomedical
applications.

4.2.1 Chitosan

Biopolymers are used in the biomedical, food, chemical, and industrial
sectors [26-29]. One of the materials that have this ability is chitin polysac-
charide; their principal derivative, chitosan, is more significant and plenti-
ful marine polymer found worldwide. Its physical-chemical characteristics
depend on the origin and obtaining method [26].
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Chitin, mainly extracted from the exoskeleton of arthropods, is con-
sidered as the second most abundant polysaccharide found in nature. It
is obtained in a solid form, insoluble in water, organic solvents, and dilute
acid solutions. Chitin can be used as adsorbent and flocculant for water
treatment. However, its applicability is mainly in chitosan, a polysaccha-
ride obtained from the deacetylation of chitin (Figure 4.2) [30].

Chitosan, a de-N-acetylated analogue from chitin, is a heteropolysac-
charide composed of linear 3-1,4-linked units. It is noted that content and
sequence of these polymer units can determine their physical-chemical and
biological properties. During deacetylation for heterogeneous conditions, a
blockwise distribution is observed; however, for homogeneous conditions,
a random distribution of acetyl groups in chitosan is verified [31, 32].

The presence of hydroxyl and amino groups in chitosan makes it hydro-
philic in nature. Chitosan can be used as a biomaterial because of its
biocompatibility, biodegradability, non-toxicity, and mucoadhesive prop-
erties, essential for carrier systems of mucosal drugs [33].

Amino groups in chitosan are essential because besides producing
hydrophilic chitosan, unlike chitin, they can be used in membranes and
gels. These amino groups also allow for modification of chemicals in the
structure of chitosan, besides giving an ionic character to the compound,
increasing its applicability [34]. Thus, chitosan has affinity with various
classes of compounds, such as herbicides, pesticides, dyes, lipids, and pro-
teins. This enables its use in metal ion adsorption systems, bandages, and
gels in carriers of drugs among others.

Another important property of chitosan, which distinguishes it from
other polysaccharides, is its antimicrobial activity. Chitosan can inhibit the
growth of microorganisms such as Escherichia coli, Shigellady senteriae,
Salmonella typhimuruim, and Candida; this characteristic makes chitosan
a highly important source of research for pharmaceutical and biomedical
industries [35].

CH,0OH CH,OH
(0] 0 (0]
OH N - OH N
NHCOCH; NH,
Chitin Chitosan

Figure 4.2 Representation of acetylated chitin [poly(N-acetyl-3-D-glucosamine] and
deacetylated chitosan [poly(D-glucosamine]. Adapted from Casadidio et al. [26].
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Therefore, chitin and chitosan are produced on a large scale, and several
established companies are exploring their potential in water treatment,
cosmetics, food, health, agrochemicals, biotechnology, paper, and textiles,
among others.

4.2.2 Alginate

Among various natural polymers, sodium alginate is a polysaccharide
extracted from seaweed in the form of alginic acid, which reacts with a
strong base (sodium hydroxide) to form sodium alginate salt.

The alginate extraction and purification processes are based on the con-
version of an insoluble form, present in the cell wall of an alga, to a soluble
form, usually sodium alginate [36]. For decades and till now, the extraction
of algae has been studied for different applications. It is possible to obtain
alginate particles with different physicochemical properties depending on
gelation conditions and subsequent treatments. The use of an adsorbent
of dry alginate beads facilitates storage and transportation, in addition to
biodegradability, hydrophilicity, and stability in a wide pH range [37]. An
alternative is its use in blend-forming processes with other materials, e.g.,
sericin, chitosan, pectin, poly(lactic acid), and others [38-41].

The residue from the extraction is usually alginate-based to produce ani-
mal feed, as it has not been explored as a bioadsorbent yet. Even after the
extraction, it still contains much of the seaweed constituents. Economically,
this fact makes the use of the residue as bioadsorbent interesting, because it
reuses the wastes of the process.

Sodium alginate is a copolymer that has anionic chemical linear chain
consisting of monosaccharide units of 1,4-8-D-manuronic (M) and
1,4-a-L-guluronics (G), which are organized in the form of blocks [42, 43].
Residues can be organized into G (-G-)n, M (-M-)n, or alternate M and
G (-MG-)n sequences or chains. Figure 4.3 shows these monosaccharide
units in sodium alginate and how they organize themselves into alginate
chemical chains.

The ratio of 1,4-8-D-manuronic (M) and 1,4-a-L-guluronics (G) in the
alginate directly affects the resulting films and gels, i.e., when the amount
of 1,4-a-L-guluronic acid is more than that of 1,4-f3-D-manuronic acids,
the films or gels get more rigid. However, if 1,4-8-D-manuronic acid is
present in a greater quantity in the alginate, the resulting films and gels will
be more elastic [44].

The viscosity of the alginate is dependent on the sequential organization
of blocks M and G. Table 4.1 shows the characteristics of alginates obtained
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Figure 4.3 Structure of chemical chains alginate. Adapted from Hou and Wu [36].

from two main types of algae, one rich in group M and the other in group G.
Commercially, they are divided into three classes based on viscosity: low
viscosity (LV), medium viscosity (MV), and high viscosity (HV).

Alginate is commercially found in the form of salt, e.g., sodium algi-
nate, potassium, and ammonium. Owing to its heavy colloidal properties:
stabilizing and gelling agents; excellent biocompatibility, biodegradability,
and non-toxicity; and low cost, alginate is considered a biopolymer and is
largely employed in the food, pharmaceutical, textile printing, materials
science, and other industries [36, 45-47].

In the attendance of divalent cations (Ca?*), an aqueous solution of algi-
nate can transform smoothly into 3D hydrogels, which gets it appropri-
ate for drug delivery, scaffolds for tissue engineering, as well as models of
extracellular matrices for biological investigations [36], and applications
as a stabilizer agent for dental materials, regenerative medicine, and other
(44, 48, 49].

Alginate also has a mucoadhesive property and can be used in curative
membranes [50]. Momoh et al. [51] observed that alginate dressing is suit-
able as protein delivery system for wound healing. However, despite being
widely used as a dressing for wounds, coating, and additives in the medi-
cal and food sectors, the alginate does not have any antimicrobial activity,
acts as a selective barrier, which tracks humidity levels, and performs gas
exchange with the environment among others [52].
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4.2.3 Lignin

Lignin is a 3D macromolecule (aromatic) that is highly irregular in its con-
stitution and amorphous, found in vegetables, associated with cellulose in
the cell wall, adds rigidity and impermeability to water, and is resistant to
microbiological and mechanical attacks (impact, compression, and fold) to
plant tissues. This component, in general, because of its chemical structure,
is more resistant to biological decomposition than other major biopoly-
mers found in plant wastes (hemicellulose and cellulose) [53, 54].

Lignin is mainly distributed in combination with hemicellulose around
cellulose strands in primary and secondary cell walls, and it is covalently
bonded to the carbohydrate/cellulose structure (Figure 4.4a) [55, 56].

The chemical structure of lignin is on analysis for years but is not fully
explored yet because it undergoes drastic changes during the wood insu-
lation process. Moreover, lignin is a complex macromolecule formed by
linked phenylpropanoid units. Phenylpropanoids comprise an aromatic
ring attached to a propane group (three-carbon straight chain). These
structures (Figure 4.4b) produce special alcohol molecules known as
monolignols (p-cumarilic alcohols, p-coniferyl, and p-sinapilic), which
are modified and bound together by polymerization reactions, dehydroge-
nated, and initiated by enzymes from three major structural units of lignin,
namely, p-hydroxyphenyl, guaiacyl, and syringyl [57-59].

Depending on plant species and conditions under which it develops
(regions, climatic conditions, and development stages), the structure of
lignin can vary significantly. Basically, in hardwoods, such as eucalyptus,
there is a predominance of guaiacyl and syringyl units, whereas in conifers,
such as pinus, lignin is mainly composed of guaiacyl units, as grasses pos-
sess major proportions of p-hydroxyphenyl [58-60].

Several efforts have been made to evaluate the properties and applica-
bility of lignin, mainly in the form of waste generated from the pulp and

(b) OH OH OH

_CH;  CH3 _CHs

[0} (6}
OH OH OH

Lignin

p-coumaryl alcohol Coniferyl alcohol Sinapyl alcohol
p-hydroxyphenyl (H) Guaiacyl (G) Syringyl (S)

Figure 4.4 (a) Lignin distribution in lignocellulosic biomass and (b) lignin structure
units. Adapted from Calvo-Flores and Dobado [57] and Figueiredo et al. [58].
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paper industry. The polymer has a high stability, serving as an energy
storage medium. Thus, lignin is usually burned in the aforementioned
industry to reuse energy [61].

Lignin has a good ability to absorb heavy metal ions, given the phe-
nolic groups, and can be potentially used in the treatment of sewage.
Furthermore, it can be used to produce activated carbon because of its high
carbon content. Activated charcoal is a porous material, which is widely
used for adsorbing gases and effluent treatment [62].

The high carbon content makes lignin an important material to man-
ufacture carbon fibers. Carbon fibers are mainly hard and low-density
materials, which make them ideal to be used as reinforced materials in
composites [62]. Usually, such fibers are made of polyacrylonitrile (PAN),
which incurs a high cost of processing. The use of lignin can reduce cost,
making it more viable, although the ways of obtaining lignin do not pro-
duce a pure material for economic viability.

Lignin has antioxidant and antibiotic properties [57], which can be used
in feed for monogastric animals to aid in the development of intestinal
flora. Another interesting product that can be obtained from lignin is van-
illin, which is the primary component of vanilla extract.

Lignin can be used in many fields without changing its chemical struc-
ture, which not only makes the polymer more environmentally friendly
but also reduces processing cost. It can be used in phenolic resins, poly-
olefins, polyesters, and polyurethanes [63]. To improve the incorporation
of lignin polymer matrices, lignin’s chemical structure can be modified,
thus increasing the reactivity and solubility of it in organic solvents and
facilitating its processing method [64]. This modified lignin can be used as
cross-linking agent in epoxy resins and phenol-formaldehyde glues [57].

In most blends with thermoplastics, lignin becomes more brittle, affect-
ing its viscoelastic properties [64]. Duval and Lawoko [62] studied the
incorporation of Kraft-lignin, with other natural polymeric materials such
as starch, soybean protein, and wheat gluten. This process allowed obtain-
ing materials 100% bio-based, increasing hydrophylicity and rigidity.

4.2.4 Lactic Acid PLA

One of the less-complex acids is lactic acid (LA) (2-hydroxy propanoic
acid), being composed by 2 (two) hydroxyl groups and 1 (one) chiral car-
bon atom [65]. LA has been majorly considered because of their use in the
degradable bioplastics fabrication [66]. LA can be obtained by fermentation
using suitable bacteria or a chemical route. It is the building block of PLA.
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Poly (lactic acid) or polylactide (PLA) can be defined as a thermoplastic
aliphatic polyester, which is extracted from renewable sources, for instance,
cornstarch, sugarcane, and among other annually cultivated biomass prod-
ucts and wastes [67]. PLA is one of the most important polymers because
of its large-scale production and use in the production of disposables such
as cutlery, food jars, and packets. It is classified as a renewable synthetic as
it is used as a precursor to lactide and is derived from starch [68].

For synthesizing PLA, two polymerization forms have been employed:
(1) direct condensation polymerization of lactic acid monomers and
(2) ring-opening polymerization of cyclic lactide dimmers [67]. Figure 4.5
shows the techniques, lactic acid monomers, and the feedstock of the fab-
ricated PLA.

The PLA does not degrade readily in the soil, because of its rigidity at
room temperature, and is limited to composting conditions. PLA degrada-
tion begins with hydrolysis on the polymer surface, reducing the molecular
weight and release of CO,, water, and other small molecules. The decom-
position of the PLA compound can be enhanced by adding plasticizers
[69-71].

0]

H
0 o} “111CH;3
HO ¢
= HyC 1y o
H :
CH, OH H

0]
L-Lactic acid H,0 / L-Lactide
Direct condensation Ring-Opening
CH, CHs

OH

HO A

o CH; n ¢}

Figure 4.5 Synthesis of PLA using direct condensation and ring-opening polymerization
of lactic acid and lactide, respectively. Adapted from Nofar et al. [67].
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The authors investigated the decomposition shape of PLA bottles in a
natural composting ambient at 65°C for one month. It was verified that
under actual composting conditions, the bottles were fully decomposed
at 30 days. The decomposition procedure begun on the fourth day, and on
the fifteenth day, a greater partitioning was performed [72]. Nevertheless,
in other research, no decomposition of PLA films was noted in a gar-
den composting after 6 weeks [73]. The more important is its brittle-
ness characteristic, which minimize PLA from their widely mechanical
requirements [65].

The PLA biopolymer provides a good environment for cell growth. As
PLA is largely hydrophobic and has much less interaction with tissue cells
when applied in tissue engineering, its applications are limited in the bio-
medical area [74]. Although the hydrophobic part permits the imprison-
ment of drug-loaded nanoparticles employing the mononuclear phagocyte
process, the drug performance reduces when used in vivo [75]. Therefore,
the bulk and surface modifications of PLA are required for their use in
biomedical applications. An alternative is to mix with other polymers, for
instance, PEO, PEG, polysaccharides, and polypeptides.

4.3 Properties Characterization of Green Adhesives
for Biomedical Applications

In recent years, the biomedical industry and supporting researchers have
widely studied some polysaccharides and potential for their possible
application [48, 76]. In this study, a comprehensive overview of the gen-
eral properties of green adhesives, such as alginate, chitosan, lignin, and
polylactide, and their biomedical applications are presented, while novel
opportunities for future researches with these natural polymers and/or
polysaccharides are suggested.

Peltzer and co-workers [77] stated that in last years, the scientific com-
munity and civil society are concerned with the need for environmental
conservation and are looking for new sustainable and renewable sources
for developing biomaterials. Zhu et al. [78] proposed using advanced char-
acterization methods, for example, in situ technologies and analysis of the
physicochemical and structural changes of the active sites of lignocellu-
losic materials through spectroscopy.

In a study performed by Pulieri et al. [79], the effect of composition and
cross-linking on the physical-chemical properties of biomedical samples
were evaluated by scanning electron microscopy, thermogravimetry, con-
tact angle measurements, dissolution, and swelling tests. The authors also
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investigated the mechanical properties of the chitosan samples, which were
determined through stress-strain and creep-recovery tests. Carboxymethyl
chitosan and chitosan-derived samples, whose biological and physico-
chemical properties are more enhanced than those of in natura chitosan,
have emerged as promising candidates for different biomedical applications
[80]. Additionally, within the biomedical context, carboxymethyl-based
chitin and chitosan structures have been proposed as antimicrobial agents
(80, 81], oxidants [80-83], drug delivery [84-89], and tissue regeneration
platforms [80, 90, 91], owing to the exhibited biodegradability, biological
activity, and low toxicity.

With the increasing use of biomaterials or green adhesives for bio-
medical applications, major developments are necessary to achieve tis-
sue and disease specificity and even patient-oriented approaches [76].
Compared to other polymers, polysaccharides can undergo several
complex chemical reactions, because these present an inherent vari-
ability of functional groups to be exploited for each desired aim [76].
Therefore, active compound systems of a film-food biopolymer, which
presents a complex environment whose bioactivity is difficult to predict,
were observed [92].

Different materials for biomedical applications, including green adhe-
sives such as alginate hydrogels, have emerged owing to the ease of finely
tuning their biochemical and viscoelastic characteristics, as well as their
compliance with the cells’ encapsulation [76, 93]. Nevertheless, alginate
seems to be bioinert toward cells, because cells are apparently unable to
adhere onto naturally occurring alginate isoforms [76].

Zhu et al. [78] used modern characterization technologies, namely,
infrared spectroscopy, thermogravimetric analysis, scanning electron
microscopy, transmission electron microscope (TEM), nuclear magnetic
resonance (NMR), heteronuclear single quantum coherence techniques,
and gas chromatography mass spectrometry, to clearly and efficiently
analyze the precise structure of lignin and its derived compounds, which
are extremely important to biomedical applications.

A series of cross-linked biomaterials with different compositions was
produced and their physicochemical properties were investigated by
diffraction X-Ray, atomic force microscopy, scanning electron micros-
copy, wettability, Fourier transform infrared, inductively coupled-optical
emission spectrometry, and surface area-porosimetry analyzer; besides
mechanical (stress-strain) and thermal behavior (thermogravimetry anal-
ysis), which were compared to the corresponding uncross-linked samples
[77, 78]. For this reason, authors as Peltzer et al. [77] and Zhu et al. [78]
also performed a complete characterization of the biodegradable films



98 GREEN ADHESIVES

Green adhesives for
biomedical applications

Physical-chemical and

thermal characterization Mechanical properties

DRX, AFM, TG/ DTG/ DTA/ DSC Stiffness, tensile strength and
SEM/TEM curves sweelling
image,
CA, FTIR and
ICP-OES

Figure 4.6 Schematic representation of the main physical-chemical characterization,
thermal behavior, and mechanical properties applied to green adhesives for biomedical
applications.

based on physicochemical characterization, structural properties, tensile
properties, water vapor permeability, resistance to water, and thermal sta-
bility. The following sections presented the main characterization tech-
niques commonly used to measure the physical-chemical and mechanical
properties, and thermal behavior of the green adhesives, when these
biomaterials are applied in industry and/or in biomedical research
(Figure 4.6).

4.3.1 Diffraction X-Rays (DRX)

Diffraction X-Rays evaluated the main physical properties, i.e., amorphous
and crystalline regions of some green adhesives used in biomedical applica-
tions. For example, polylactides properties were related to the enantiomeric
purity of the lactic acid stereo copolymers [94]. Copolymers, such as poly-
(D-lactide) or poly-(L-lactide) and high D-lactide or L-lactidecopolymers,
presented significantly ordered structures and crystallized. However, large
molecular weight polylactides were either amorphous or semicrystalline
at ambient temperature, depending on the amounts of L-, D-, and meso-
lactides in the structure [94]. According to Tsuji and Ikada [95], PLA struc-
ture can be fully unstructured or exhibit until 40% crystallinity. Conversely,
PLA resins, which contain above 93% of L-lactic acid, are semi crystalline
while PLA, containing 50%-93% L-lactic acid, is narrowly amorphous.
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The occurrence of both meso- and D-lactide forms produces imperfec-
tions in the crystalline structure, decreasing the percentage crystallinity
[94]. Another green adhesive analyzed by X-Ray diftraction patterns was
chitosan, which exhibited a polymorphic nature, occurring in three differ-
ent crystalline forms named asa-, B-, and y-chitosan [96, 97]. Furthermore,
by X-Ray diffraction, the in natura lignin exhibited similar patterns to the
derived-lignin compounds. The results demonstrated high efficiency and
stability of lignin and affirmed presence of amorphous character [78].
Rinaudo [98] affirmed that in solid state, X-Ray analysis of the extended
biofibres suggested a helical conformation for the different types of blocks
and enabled the identification of the interaction with counter ions as well
as the change in this conformation. For the alginate green adhesives, the
X-Ray pattern displayed broad and sharp peaks, signifying the presence of
microcrystalline structures, due to intra-hydrogen bonding [99, 100].

4.3.2 Atomic Force Microscopy (AFM)

According to Markert et al. [101] and Chang et al. [102], the atomic force
microscope (AFM) is a powerful tool that characterizes localized mechan-
ical properties (mapping topographical and roughness) of both cell culture
substrates and biological samples. This analysis requires the selection of a
contact point (CP) and is often time consuming and subjective due to the
influence from intermolecular forces and low signal-to-noise ratios (SNR)
[101, 102].

For the green adhesives, inorganic nanoparticles, and/or biomedical
samples, the dimensions of the stabilizer layers can be estimated by the
difference in size of the nanoparticles obtained by the AFM images [103].
AFM analysis demonstrated that the biofilm surfaces appeared granular,
possibly due to the presence of the remaining cell walls [77].

In their study, Chen et al. [104] investigated the surface stiftness of
chitosan-based biofilms by AFM. More information on the surface mor-
phology of the bioadhesives were achieved by means of AFM topographic
pictures. The authors observed that fresh chitosan bioadhesives presented
a fairly low level of surface roughness, while the modified chitosan bio-
films showed rougher surfaces and contained some orifices (dark regions).
These hollows were possibly the result of the imperfections created in the
bioadhesives caused by cross-linking of the modified chitosan molecules.

For Raphey et al. [105], modifications in the tweezers whereas operat-
ing the AFM involved certain phases leading to different procedures. An
AFM figure was chosen for the tweezers closed and a particular voltage
was applied between the biofilm, when the adhesion between the biofilm
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and nanosubstance was larger than between the nanosubstance and sub-
strate, the material could be expelled by applying a potential difference
between the nanosubstance and the substrate. Additionally, chitosan-based
nanoparticles (NPs) of a mucoadhesive polymer for biomedical applica-
tions were produced and subjected to the AFM technique for evaluation
of their morphology and texture. The authors confirmed the size of the
prepared NPs, which exhibited a size range from 80 to 100 nm. From the
obtained images, it became clear that the prepared NPs presented spherical
morphology [106].

Another study conducted by Rao et al. [107], also using AFM, revealed
the morphological properties of biomedical samples, which presented the
surface morphology with smooth spherical shapes, nano-range sizes, parti-
cle size distribution, and stabilized multi-functional groups. It is important
to highlight that the greater size distribution can be attributed to the varia-
tions in the number of molecules being attached to nanoparticles [99, 107].

4.3.3 Scanning Electron Microscope (SEM Images)

Siqueira et al. [108] used SEM images to morphologically characterize
(surface structure) the alginate samples for biomedical applications. Such
a technique enabled the observation of the properties that may directly
affect the cell growth within such biomaterials, as the properties play an
important role on the transport of nutrients and other biological fluids. The
authors demonstrated the effect on the morphological properties of the
alginate-based gels caused by the addition of nanocelluloses into them.
The micrographs presented a typical morphology of freeze-dried biomate-
rials with a high porosity [109]. It was also observed through SEM images,
that addition of nanocelluloses apparently contributed to the formation
of pores with larger diameter than those of pure cross-linked alginate gels
[108]. However, for cross-linked and uncross-linked samples, phase sep-
aration could not be detected via the SEM analysis of fractured sections,
suggesting good biocompatibility of the chitosan or other green adhesives
in the compositions [79].

Another study, Lee and Mooney [48] used different microscopy types
and magnifications, such as optical, confocal, scanning electron, and trans-
mission, and revealed the more appealing characteristics of alginate bio-
films for some biomedical utilizations, including biocompatibility, mild
gelation conditions, adhesion and proliferation of myoblasts cultured
on alginate gels, formation of growth-plate-like structures, which could
potentially substitute dysfunctional epiphyses, and simple modifications
to prepare alginate derivatives with new biological properties.
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Park et al. [110] used SEM micrographics to investigate the morphol-
ogy of the PLA biofilms and their composites for biomedical applications.
These images revealed that the scale and form of the spherule depended on
the starch amount of the composite. As the starch quantity augmented, the
spherulite size reduced and became most irregular, suggesting that starch
can play a role as a nucleating factor in the PLA biofilms. The SEM images
showed good adhesion of the starch grains to the PLA matrix up to 5%
starch amount. As the starch quantity raised, holes caused by the separa-
tion of the starch in the matrix proceeded [110].

The SEM images of PLA biofilms for green adhesives exhibited a rel-
atively smooth surface, without significant defects and a homogeneous
morphology aspect, exhibiting uniform distribution and relatively good
interfacial adhesion, caused by relatively strong interaction between com-
ponents [111]. However, incorporating chitosan powder especially at high
concentrations led to significant changes in morphology whereby due to
the phase separation, the bio composites exhibited a non-homogeneous
morphology with some agglomeration areas, which was evident at high
magnifications, as well as the presence of the chitosan in the polymeric
matrix, causing an uneven surface [111].

Larrefieta et al. [112] also used SEM images to characterize lignin green
adhesives and verified that lignin-based hydrogels demonstrated more
important endurance to bacterial adherence in comparison with polyvinyl
chloride biofilms and resembling hydrogels that did not contain lignin.
Accordingly, lignin-based hydrogels presented encouraging features as
biomedical material coverings based on their resistance to contagion and
capacity to release drugs over several days.

4.3.4 Wettability or Contact Angle (CA)

Surfaces hydrophobic or hydrophilic modifications are commonly
required, when green adhesives are applied in several biomedical treat-
ments, which can be evaluated by wettability or contact angle. For
instance, introducing hydrophobic units to chitosan enhanced its bind-
ing to cell surfaces, facilitated the DNA dissociation inside the cell, pro-
tected the treatment from enzymatic degradation, and alleviated serum
inhibition leading to favorable gene transfection [113]. Kalantari et al.
[114] revised novel progresses in the biomedicine industry of ecologi-
cally correct (green adhesives) chitosan and chitosan-mixture electro-
spun nanofibers. Results of this technique publicized that manufactured
scaffolds can potentially be used in clinical exercise for wound treat-
ment. Based on their discoveries, the incorporation of insulin containing
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chitosan particles improved the hydrophilicity, water-uptake, and blood
biocompatibility.

In hydrophobic matrices, the better compound compatibility leads to
polymer plasticization, reducing both stiffness and strength, but enhanc-
ing the biofilm extensibility [92]. For Wei et al. [93], the different lignocel-
lulosic materials, especially lignin, are often investigated by wettability or
contact angle to predict the existence of hydrophilic (absorbed water) and
hydrophobic (repulsed water) groups. These are the main characteristics
responsible for biocompatibility, biodegradability, low thermal conductiv-
ity, thermal insulation, and some mechanical properties, such as adhesion
phenomenon, viscosity, and surface recovery [14, 115, 116].

For Pulieri et al. [79] and Saltzman [117], several parameters can con-
tribute for the cell adhesion and this can be enhanced on surfaces with
the help of intermediary wettability. Analyzed samples exhibited a lightly
hydrophilic performance with contact angles ranging between 78° and 90°.
Dehydrothermal (DHT) cross-linking only slightly reduced the wettabil-
ity of gelatin and the blend samples, possibly because of the formation of
amide and ester bonds, decreasing the content of the most hydrophilic
free carboxyl, amine, and hydroxyl portions [79]. Conversely, chitosan
hydrophilicity slightly increased because of DHT treatment, indicating a
macromolecular reorganization, leading to the preferential orientation of
the more hydrophilic portions on the surroundings [79]. Nevertheless, the
authors observed that contact angles of cross-linked and uncross-linked
samples did not change considerably for studied samples, while differ-
ences in surface wettability were evidenced for the other cross-linked and
uncross-linked mixture samples [79].

4.3.5 Fourier Transform Infrared Spectroscopy (FTIR)

Another important technique used in the characterization of green adhe-
sives for biomedical applications is the Fourier transform infrared (FTIR),
which shows the principal absorption bands in the infrared region. Infrared
(IR) radiation broadly refers to the portion of the electromagnetic spectrum
between the visible and the microwave region (i.e., 2,500 and 15,000 nm,
respectively) [94]. For PLA biopolymers, it was possible to observe max-
imum absorbance, which can be attributed to the ester group present in
the helical backbone of several marine species [94, 118]. Kister et al. [118]
identified some IR regions for PLA biofilms. For example, the strong bands
at 2,997, 2,946, and 2,877 cm™" were assigned to the CH stretching region,
and the CH, and CH modes. A large band of the C-O stretching region
was observed at 1,748 cm™. The region between 1,500 and 1,360 cm™ was
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characterized by the CH, band. The CH deformation and asymmetric
bands appeared at 1,382 cm™ and 1,365 cm™, respectively. The bands that
appeared at 1,315 and 1,300 cm ™' were due to the CH bending modes. In
the region from 1,300 to 1,000 cm ™, one could observe the C-O stretching
modes of the ester groups at 1,225 cm™ and the O-C asymmetric mode
at 1,090 cm™'. Between 1,000 and 800 cm™, peaks could be observed at
956 and 921 cm™, attributed to the characteristic vibrations of the helical
backbone with CH, rocking modes. Two bands relating to the crystalline
and amorphous phases of PLA were observed at 871 and 756 cm™'. The
peak at 871 cm™! could be assigned to the amorphous phase and the peak
at 756 cm™ to the crystalline phase. The peaks below 300 cm™ mainly cor-
responded to the CH, torsion modes and the skeletal C-C torsions [94].

4.3.6 Inductively Coupled Plasma—Optical Emission
Spectrometry (ICP-OES)

Over current years, reinforced polylactic acid (PLA) composites and
other green adhesives have been investigated as possible biocompatible
and bioabsorbable materials for biomedical applications [111, 119]. In a
recent study conducted by Ferrandez-Montero et al. [119], inductively
coupled plasma-optical emission spectrometry (ICP-OES) was employed
as a new characterization technique to measure the ion concentration
(inorganic and/or metallic compounds) released into the biological
ambient. The authors demonstrated that microparticles added to a bio-
degradable polymer could solve the absence of bioactivity and the few
mechanical properties presented by the polymers [111]. Additionally,
they could neutralize the harmful effects related with the high degrada-
tion rate of chemical elements, such as alkalinization and prominent H,
release [119]. They also observed that the successful dispersion of micro-
particles was achieved by introducing a colloidal phase in the processing,
where organic additives were introduced to change the particle surface
and further a chemically stable suspension [119]. The resulting colloidal
suspension was then used as raw material to achieve composite biofilms
by melting process. The biofilms exhibited advantageous in vitro behav-
ior in terms of degradation, hydrogen release, and oxygen permeabil-
ity [111]. Moreover, the viability with fibroblast cells opens a window
of opportunity for these composite biofilms as bioabsorbable materi-
als for tissue engineering and wound dressing applications [119]. It is
also worth commending this specific technique that characterizes green
adhesives for biomedical applications, because few studies reporting its
applications exist in the literature [111, 119].
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4.3.7 Thermal Analysis (TG/DTG/DTA and DSC Curves)

In Pulieri et al. [79], TG/DTG, DTA, and DSC curves were used to ver-
ify the main steps of thermal degradation that samples of green adhesives
had undergone when employed in biomedical applications. For example,
Siqueira et al. [108] performed thermogravimetric analyses of the algi-
nate gels to obtain information about the thermal stability of the materials
based on their compositions (with and without nanocelluloses). Based on
the thermogravimetric curves, it was possible to compare different behav-
iors of the gels and analyze as the effects of treatments as the cross-linking
density or oxidation of nanocelluloses influenced the final properties of the
gels, which determined the following as the three major mass loss events:
(1) loss of moisture and other volatile components; (2) complex degra-
dation of glycoside chains, for example, depolymerization, dehydration,
and thermal decomposition of glycosidic units; and (3) degradation of
carbon-based residues, and formation of volatile products with low molar
weight [108]. According to Han et al. [120], the residue from the thermal
decomposition can be assigned to the electrostatic interaction between
the alginate and nanocellulose with calcium ions. This results in strong
thermal stability that is predominantly detected in biocomposite samples
[120]. The influence of nanocellulose amounts on the thermal stability of
alginate gels was analyzed, and it was observed that a lower nanocellulose
concentration in the alginate gels has few influences on its final proper-
ties. This event is fewer evident for gels containing cellulose nanofibers,
depending on the lower dispersion of the modifications of these in the algi-
nate matrix [108].

Ferrandez-Montero et al. [119] studied the thermal behavior of as-
received PLA pellets and biofilms by TGA analysis conducted from room
temperature to 500°C in an argon atmosphere. The TG/DTG measure-
ments primarily provided information about PLA modification due to the
addition of magnesium and real inorganic portion of the composites. In
addition, this method proved that there are no identifiable solvent traces or
impurities in the samples of composites. The TG/DTA curves illustrate the
initial degradation, maximum, and burnout temperatures, also mass loss
at the first peak and the percentage of magnesium for the pure biopolymer
and its composites.

Furthermore, PLA biofilms have lower melting point and glass transi-
tion temperatures when compared with polyethylene terephthalate (PET)
and polystyrene (PS) films. The glass transition temperature of PLA under-
goes variations over time [94]. Moreover, moisture content between 10%
and 95% and storage temperatures from 5°C to 40°C do not present an
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effect on the transition temperature of PLA biofilms [94]. This may be
described by its little water sorption values. PLA seals well at temperatures
below the melting point; however, a considerable shrinking of the films has
been verified when the biomaterial is close its melting point [94].

4.3.8 Surface Area and Porosimetry Analyzer (ASAP)

Koo et al. [121] affirmed that lignocellulosic materials showed pores, which
can be generated due to the biological, chemical, and mechanical treat-
ments. They evaluated that generation of pores increased both the spe-
cific surface area and enzymatic access into the interstices of the different
bio-substrates [115]. The surface area and porosimetry analysis was also
applied by several researchers to evaluate green adhesives for biomedical
applications. Raphey et al. [105] related that with advances in nanotech-
nology, the applications of nanomaterial are increasing rapidly. The large
surface area of green biofilms and the ability to handle their surfaces and
dimensions has increased their potential application. Bioadhesives possess
a larger potential for applications in biomedicine due to their electrical
characteristics, biological, chemical, thermal behavior, and mechanical
properties [105]. The main reason referent to the toxicity of carbon nano-
tubes is their minimum size, which causes an increase in their total surface
area. Moreover, this suggests either that the contact area with the cellular
membranes has been raised or that the absorption/transportation of toxins
has been substantially improved [122, 123]. The increased surface area of
bioadhesives makes them a major vehicle for the detection of biological
species. The enzymatic and electrochemical response of biological sensors
has enhanced after the incorporation of the surfactant-modified biofilms
because of its high surface area networks [105].

Zhu et al. [78] revised various works that deal with physical-chemical
properties from the extraction of in natura lignin and the several ther-
mal pretreatment processes of this lignocellulosic material for biomedi-
cal and industrial applications. In this investigation, the authors identified
the developments of porosity (e.g., low, moderate, and high), specific sur-
face area (low, intermediate, and high), pore formation (start, nucleation,
and active sites), pore volume (size and distribution), and pore diameter
(micro, meso, and macropores).

4.3.9 Mechanical Properties of Green Adhesives

The design and production of new biopolymers or green adhesives for bio-
medical applications with superior mechanical properties can potentially
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be achieved using genetic engineering techniques that control bacterial
synthesis [48]. For Chen et al. [104], biofilms manufactured from raw
chitosan tend to be more strong, hard, and brittle. Therefore, plasticizers
are needed to reduce the frictional forces between the polymer chains and
thereby better their mechanical properties. Other hydrogels such as algi-
nate gels have low mechanical stiffness and more general physical prop-
erties [48]. However, matching the physical properties of alginate gels to
the particular needs of an application is a continuing challenge. Gels suit-
able for each application can be produced by considering a range of differ-
ent cross-linking strategies, molecules with several chemistry structures,
molecular weights, and cross-linking functionality [48].

It was found that the tensile properties of the PLA-based biocomposites
vary depending on the amount of chitosan added. It is clear that an increase
in the quantity of chitosan in the plasticized PLA increases Young’s modu-
lus and decreases both tensile strength and elongation at break [124]. These
improvements can be attributed to well-dispersed chitosan and attractive
interactions between the components of the biocomposites. Bijarimi et al.
[125] highlighted that tensile and flexural strength, stiffness and notched
Izod impact strength decreased significantly when the PEG (polyethylene
glycol) concentrations were added to the PLA matrix. It was found that
the PLA/chitosan composite material showed the appropriate porosity and
structure that enabled it to retain certain shapes and mechanical properties
[126]. The processing morphological, structural, thermal, and mechani-
cal performance of electrospun biocomposites based on PLA blended
with chitosan or other microparticles have been studied by Arrieta et al.
[126]. Chitosan creates point defects in the fibers, which causes a reduc-
tion in the mechanical behavior of biocomposites. On the other hand,
antioxidants improve the thermal stability of biocomposites and produce
irregularities-free fibers with better mechanical performance [126].

Finally, nature-based biocomposites can be used to engineer new classes
of biofilms or green adhesives with precisely controlled biological, chem-
ical, physical, and mechanical characteristics, unlike the limited selection
available from natural sources. This could revolutionize the use of these
materials for different biomedical applications.

4.4 Biomedical Applications of Natural Polymers
The medical and biomedical use of polymers is a very important and con-

tinually growing area of research. Of the available natural resources, bio-
polymers sourced from the ocean have been widely used because they are
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Figure 4.7 Schematic representation of the biomedical applications using alginate,
chitosan, lignin, and PLA (polylactic acid).

free of communicable diseases in addition to allowing high production at
low cost [127, 128].

Among the natural polymers, alginate, chitosan, lignin, and PLA (poly-
lactic acid) have several biomedical applications (Figure 4.7).

4.4.1 Alginate

Alginate is a polysaccharide derived from brown algal metabolism [108]. It
is a linear polysaccharide copolymer with anionic carboxylic groups which
are easily substituted by monovalent sodium cations [129]. Its bioactivity
and physicochemical adaptability have been studied and applied in various
biomedical fields such as regenerative medicine, tissue engineering, and
pharmaceuticals [128].

4.4.1.1 Biomedical Applications of Alginate

Alginate is known for its mucoadhesive properties that can be used to pro-
long drug delivery time on mucosal surfaces and thereby improve drug
absorption [130]. Some alginate hydrogels are electrostatically interactive in
situ and can be used in drug delivery systems to treat certain diseases [129].

Hydrogels have the properties of 3D polymer networks and a natu-
ral extracellular matrix (NECM) and have been widely studied. Calcium
alginate polysaccharide hydrogel has a wide range of functionalities as
well as features suitable for cell envelopment and tissue regeneration
(108, 128, 131].

Both synthetic and naturally occurring hydrogels have facilitated the
control of some physical properties such as mechanical strength, swelling,
degradation, and stiffness in order to stimulate cells to form functional
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tissues. Bioactive polymers extracted from natural sources have shown
superior biofunctionality compared to synthetic polymers. In addition,
they have prompted low immune response and optimum biocompatibility
in biomedical applications [128].

Three-dimensional bioprinting is widely used in tissue engineering and
regenerative medicine to develop complex organic and artificial structures
that mimic native organs and tissues [132]. Moreover, the US Food and
Drug Administration (FDA) approved alginate for human use in healing
wounds [131]. Therefore, alginates are used as dressing materials, mainly
sodium alginate in the form of a hydrogel [127].

Alginates can be used in bead, capsule, and hydrogel forms for the
immobilization of enzymes primarily through encapsulation. They are bio-
compatible, water soluble, less toxic, and relatively inexpensive compared
to commercially available products [129].

4.4.2 Chitosan

Chitosan is a biopolymer used in biomedical applications. It is a favor-
able material for current pharmaceutical formulations due to its ability
to improve the solubility and stability of bioactive molecules. It also has
mucoadhesive, antioxidant, analgesic, hemostatic, non-immunogenic, and
antimicrobial effects [111, 133].

4.4.2.1 Biomedical Applications of Chitosan

Chitosan-based nanoparticles can inhibit tumor cell growth by inducing
apoptosis and presenting high permeability. Particles up to 100-200 nm in
size can be absorbed by receptor-mediated endocytosis, while larger parti-
cles should be upbrought in by phagocytosis. Chitosan, in its pure form or
mixed with other polymers, active agents, and metallic nanocomposites,
has been widely used in many biomedical applications. This includes drug
delivery, where it is used as a nanometric vehicle for inhibiting tumor tis-
sue growth while minimally affecting normal tissue sites [134].

Chitosan has antioxidant properties that correspond to its ability to
eliminate different species of oxygen radicals such as superoxide, hydroxyl,
DPPH (2,2-diphenyl-1-picrylhydrazyl) alkyl [26].

Chitosan is an excellent choice as a healing material because it has
intrinsic antimicrobial properties and provides extrinsic antimicrobial
agents to the infected area. Hydrogels are characterized by their ability to
store high volumes of water within their structure. Therefore, they can be
used to moisten the infected area [134].
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Chitosan has the ability to inhibit reactive oxygen species (ROS) by
donating a hydrogen or electron pair. The following mechanisms explain
the antibacterial and antifungal properties of chitosan: 1) positively
charged chitosan interacts with the negatively charged groups on the sur-
face of microbial cell membranes, which in turn alters their permeability
and results in osmotic imbalance; 2) chitosan binds with cellular DNA, and
inhibits microbial RNA synthesis; and 3) caused by spore element suppres-
sion, and metal chelation and binding to nutrients essential for microbial
growth [111].

Chitosan is known as an active agent that improves the efficiency of
antibiotics. Furthermore, recent pharmaceutical formulations report the
use of this biopolymer in fighting resistant microorganisms [133].

Also, chitosan shows expressive osteoconductivity and minimal oste-
oinductivity. Its causes in vivo osteoblast proliferation and neovasculariza-
tion [23].

4.4.3 Lignin

Lignin has been reported as a biomacromolecule with antioxidant and
antimicrobial properties. Therefore, it has potential to be used in biomed-
ical applications [112].

4.4.3.1 Biomedical Applications of Lignin

Hydrogels are mainly composed of homopolymers or copolymers because
of chemical or physical cross-linking. Furthermore, they are commonly
used in a variety of applications including scaffolding in tissue engineering,
drug release carriers, cartilage repair, 3D cell culture, and smart devices
[135].

Because of the antimicrobial characteristics of lignin, the hydrogels of
this polymer have been evaluated and shown to be potential solutions for
fighting biofilms on medical devices because they can be manufactured as
antimicrobial coatings [112].

Both lignin and chitin have important properties such as antioxidant
and antimicrobial activity, providing mechanical strength, stiffness, and
protection against ultraviolet radiation. In addition to their important
properties in plants and animals (crustaceans, mollusks, and insects),
their sustainable nature has inspired researchers, as both lignin deriv-
atives are used in tissue engineering, antioxidant absorption, antimi-
crobial activity, diabetes treatments, dressings, and other biomedical
applications [96].
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4.4.4 Polylactide (PLA)

Polylactide (PLA) and polylactic-co-glycolic acid (PLGA) are biodegrad-
able synthetic polymers that are of potential biomedical interest due to
properties such as biocompatibility, biodegradability, nontoxicity, safe
elimination, and tunable mechanical and physicochemical characteristics.
In addition, there is the possibility of obtaining novel polymeric materials
from their chemical properties [136, 137]. The main biomedical applica-
tion of PLA and PLGA is as scaffold materials in tissue engineering [137],
for the development of drug delivery systems, and for the synthesis of poly-
meric nanofibers (NFs) using the electrospun technique, which can poten-
tially improve therapy or diagnostic of cancer, for example [138].

4.4.4.1 Biomedical Applications of PLA

Doxorubicin (Dox) is a hydrophilic chemotherapeutic agent used to treat
liver, breast, ovarian, and lung cancer, but, its usage decreases the white
blood cell count and causes alopecia and cardiopaties. In this context,
doxorubicin encapsulated through polylactic acid (PLA) has specific
potential applications such as moving to a desired location and triggering
drug delivery [139].

PLA nanofibers and gold (Au) nanoparticles as well as PLA/Au nano-
composites can potentially be used as drug carriers for efficient drug
delivery to the target cancer cell. Moreover, the PLA/Au nanocomposites
conjugated with daunorubicin have shown a synergistic effect on both sen-
sitive and drug-resistant leukemia cells by facilitating either the cellular
absorption of the chemotherapeutic agent into drug-resistant leukemia
cells or inhibition of the multiplication of cancer cells [140].

The targeted nanomedicine uses macrophages as theranostic nanopar-
ticles (NPs) from the polymer biodegradable photoluminescent poly
(lactic acid) (BPLP-PLA). Moreover, it can be used to reduce the toxicity
of chemotherapy to human cells. These nanoparticles that were internal-
ized within macrophages showed strong fluorescence, biodegradability,
and cytocompatibility. The immune cell mediated drug delivery sys-
tem enables self-powered, effective, targeted, and traceable cancer drug
delivery [141].

Electrospun nanofibers prepared with Poly (D,L-lactide-co-glycolide)
(PLGA) are important in mediating many biological actions, such as
adhesion to osteoblasts. They assist the survival and proliferation of
human mesenchymal stem cells in osteoblasts and chondrocytes. In
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addition, this formulation promotes adhesion of interstitial and endo-
thelial substances [142].

Poly (lactic acid) (PLA)-based biomaterials may be used for many
orthopedic regenerative engineering applications by regenerating vari-
ous orthopedic tissues, including bones, ligaments, cartilage, and menisci
[143]. Graphene-PLA nanocomposites with higher-order 3D geometry
can be used for surgical reconstruction and drug delivery [144].

4.5 Final Considerations

The use of biomaterials obtained from different renewable sources is both
innovative and promising, with a growing demand in both biomedical
research and in industry. In this chapter, the use of green adhesives for
biomedical applications was presented and discussed as a viable alterna-
tive to new synthetic bioadhesives. Further, four possible biomaterials,
namely, alginate, chitosan, lignin, and PLA, and their blends that were
extracted from renewable sources were presented. Moreover, their com-
position, structure, and the different characterization techniques that are
currently employed to evaluate and obtain their chemical, physical, bio-
logical, and thermal behavior and mechanical properties were discussed.
Furthermore, by referencing several studies, it was shown that there
are wide applications in medicine for bioadhesives obtained from these
renewable sources.

Some research on the performance of green adhesives for different
applications within the biomedical field has shown that the use of natural
polysaccharides and polymers as a feedstock for bioadhesives is feasible
because the performance observed for the different applications is satis-
factory. Therefore, it can be said that the use of green adhesives to replace
non-renewable polymers with natural-resource polymers as feedstock for
bioadhesives is a vital milestone for the sustainable progress of these mod-
ern biomaterials.
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Abstract

There are alarming concerns over the materials of conventional solvent-based
adhesives which are not considered environmentally benign. The utilization and
promotion of water-based adhesives has become a new trend in order to min-
imize the environmental concerns. Green materials are gaining more attention
in all fields owing to their improved environmental footprint and due to the null
dependence from petroleum resources. This holds true in the field of waterborne
adhesives, where the motive is to check VOC emission and waste water creation
by using water as solvent/co-solvent. However, their sustainability has not been
proved enough for the commercial use as replacement of conventional adhesives.
The aim of this chapter is therefore to highlight the performance characteristics of
waterborne adhesive and its impact on the environment.

Keywords: Waterborne, adhesive, VOC, polyurethane, epoxy

5.1 Introduction

Adhesives are those materials which are capable of holding different sub-
strates that meets the demands of various applications ranging from industry
to medical use [1, 2]. The environmental protection as well as high cost of oil
derivatives and legislative pressure have attracted the scientific community
to conduct research on the development of sustainable adhesives with no
use of solvents. The emergence of renewable natural resources-based water-
borne adhesive has replaced or reduced the production of synthetic adhe-
sive by reducing VOC emission. Waterborne materials can be fabricated
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into coatings and adhesives, containing less or no co-solvent, that form
films at ambient temperature. The hydrophilicity of these polymeric mate-
rials is modified into water soluble adhesives by the incorporation of polar
or hydrophilic segments into the polymer backbone [3]. These materials
exhibit excellent adhesion to many substrates ranging from glass to poly-
meric fibers. These eco-friendly polymers are non-toxic, non-flammable,
and they do not possess any negative impact on environment [4].

5.1.1 Motivation for the Use of Waterborne Adhesives

This section presents following incentives that have encouraged the pro-
duction of waterborne adhesive system.

5.1.1.1 Sustainability and Environment Regulations

In the present scenario, there has been a tremendous demand in the utili-
zation of renewable resources in order to improve the sustainability of the
polymeric products. This positive drive towards sustainability is due to the
public awareness about the environment and the stringent regulations as
well as the threat associated with the petroleum price volatility. Additionally,
this has also forced the adhesive industry to produce waterborne adhesives
with high solid content as substitutes for solvent-based adhesives [5].

5.1.1.2  Circular Economy

The formation of circular economy can be induced by producing adhesives
derived from renewable resources. Under this technique, the bioderived
materials will definitely reduces the carbon footprints with high biodegrad-
ability and less or no toxicity characteristics as compared to petro-based
solventborne adhesives [6].

5.1.1.3 Avoid Harmful Emissions

This is the primary factor that has accelerated the use of water as solvent
instead of destructive substitutes in order to check the harmful emissions
during its processing as well as during the service life [7].

5.1.1.4 Development of Novel and Sustainable End Products

Another incentive for the production of waterborne adhesives is the
investment in the adhesive and coatings market for the development of
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novel and sustainable products. This highly competitive market demands
the generation of customized products with desirable characteristics to
enable distinction and increase loyalty [8, 9].

5.1.2 Environmental Effects and Mankind Toxicity Analysis

The completely cured adhesives are considered to be non-toxic and safe
[8]. However, they may produce hazardous emissions during processing
that imposes negative impact on the environment as well as to the man-
kind. It also releases volatile organic compounds and other waste materials
depending on the type of solvents used. For example, toluene which is used
as diluent in conventional thermal-melt adhesives emits VOCs and hence
considered as environmental damaging solvent [10]. Figure 5.1 represents
the legally permissible exposure limits (PEL). Various researchers have
proved that for the entire life cycle, the solventborne adhesives have greater
negative environmental impact than the waterborne adhesives [9, 11, 12].

The solventborne adhesives also possess risk of skin irritation, eye
sight damage due to the exposure of the volatile components emitted by
the solvent. Additionally, this category of adhesive systems also indirectly
affects the central nervous system by penetration through the skin. The
above discussed shortcomings of solvent-based adhesives can be overcome
by the utilization of water as solvent. In a report, bacterial polysaccharide
FucoPol derived from the bacterium Enterobacter A47 was synthesized
and its solution with the assistance of water has been proved to be a great
potential adhesive for wood-wood, glass-glass, cellulose acetate-cellulose
acetate, and cardboard-cardboard joints with excellent shear strength value
for wood bonding [13]. However, its use is restricted to limited applications
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but its low quantity requirement and the fact of using water as a solvent sig-
nifies its greatest compatible characteristics with the environment.

5.2 Performance of Waterborne Adhesives:
An Overview

5.2.1 Waterborne Polyurethane (WBPU) Adhesives

Polyurethanes are composed of organic units combined together by ure-
thane linkages and these macromolecules are obtained as a product by
the reaction of monomeric diisocyanate or polymeric isocyanate with the
assistance of a hydroxyl functionalities containing monomer in presence
of appropriate catalyst and certain additives [14]. Polyurethanes are gen-
erally hydrophobic in nature and hence not compatible with water. There
are certain modifications such as incorporation of ionic groups (quater-
nary ammonium, carboxylate, or sulfonate groups), polar groups or non-
ionic hydrophilic segments into the polymeric backbone to lower down
the hydrophobicity thereby making it water soluble [15]. The first aqueous
polyurethane dispersion was introduced in the late 1960s from which the
idea of producing water-based polyurethanes with more hydrophilicity is
being inherited [16]. Waterborne polyurethane finds applications in a wide
range such as as coatings and adhesives, ink binding, dyes for textile indus-
try, glass fibers, paper, films packaging, additives, sealants, thickeners, etc.

5.2.1.1 Chemical Structure of Waterborne PU

WBPU consists of two segments—the primary polymeric backbone and the
emulsifier which are hydrophillic in nature. This emulsifier helps in the for-
mation of WBPU dispersions in which the PU particles forms the discon-
tinuous phase and the liquid in which it is dispersed hold the continuous
phase [17]. The colloidal WBPU dispersion is stable in a wide range of pH
levels and it depends upon the coalescence and total surface area reduction.
The three types of hydrophilic groups which are employed for the syn-
thesis of ionomers are cationic, anionic, and non-ionic WBPU dispersions.

5.2.1.2  Performances of WBPU Adhesives

The use of WBPU methodology is dominated in both academic and
industrial realm. Various researchers have been reported the successful
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synthesis of biobased monomers to formulate WBPU dispersions. The
overall performance characteristics could be further improved by the
incorporation of renewable resource fillers, for instance, tannins and lig-
nins. The rigid structural units of lignin permits its use as a cheap rein-
forcement as fillers. However, exploring of lignin in WBPU coating and
adhesive materials is very rare. The major shortcoming of WBPU/lignin
dispersion is its poor stability and storage stability period. This has been
overcome by a study by Liu et al. [18] in which modified lignin by the
addition of diethylenetriamine through mannic reaction is being used.

Several efforts have been taken to prepare formaldehyde free adhesives
from soybean flour due to its wide availability and cost-effective nature as
an alternative to formaldehyde-based adhesives [19-21]. But, due to its
poor water resistance performance, it is limited to certain specific appli-
cations. Many research works have been performed to increase the water
resistance by undergoing certain modifications such as exposing hydro-
phobic subunits and then employing methods such as enzymatic mod-
ification, blending, and crosslinking, etc. [22, 23]. In a study, soybean
flour-based adhesive with excellent water resistance has been reported
which has exhibited a significant wet shear strength by the incorporation
of WBPU [24].

5.2.2 Waterborne Epoxy Adhesive

During the last several decades, formaldehyde resins such as urea-
formaldehyde (UF) and phenol-formaldehyde (PF) have dominated the
adhesive industry owing to its low cost, low viscosity, and aqueous nature.
But, the major drawback lies with its carcinogenic characteristics. Epoxy
adhesives have come out to fulfill all the desired requirements of the adhe-
sive industry. Besides its excellent wettability characteristics on cellulosic
substrates, they could not be used as wood composite adhesive due to
highly expensive, use of organic solvents, and highly viscous properties
[25]. These drawbacks were supposed to be overcome by the emergence
of waterborne epoxy adhesives as they possess low viscosity and good
wetting and penetration properties which are comparable to that of UF
and PF resins. However, it could not be proved as a potential candidate for
UF and MF alternatives due to the usage of petroleum-based waterborne
polyamidoamine or aromatic polycarboxylic acids which in turn increases
the overall costs [26]. Hence, the utilization of renewable resource-based
waterborne epoxy and curing agent has become a great interest for the sci-
entific community for the synthesis of waterborne epoxy.
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5.3 Conclusions

In the current scenario, waterborne adhesives derived from bioresources
with water as solvent have been highlighted due to greener approach, cost
effective, wide availability, biodegradability, and a better potential can-
didate as end use applications. The rapid hike in solvent price, increased
environmental concerns, and ease of cleaning up the reactor system are
some of the issues that have driven the use of water as solvent during the
synthesis of waterborne adhesive systems. It is worth mentioning that the
waterborne adhesives possess poor mechanical, thermal instability, and
weak hydrolytic strength in wet conditions which can be resolved by the
incorporation of nanoparticles in the near future.

References

1. Orgilés-Calpena, E., Aran-Ais, E, Torro-Palau, A.M., Montiel-Parrefio, E.,
Orgilés-Barceld, C., Synthesis of polyurethanes from CO2-based polyols: A
challenge for sustainable adhesives. Int. . Adhes. Adhes., 67, 63-68, 2016.

2. Cornille, A., Michaud, G., Simon, E, Fouquay, S., Auvergne, R., Boutevin, B.,
Caillol, S., Promising mechanical and adhesive properties of isocyanate-free
poly (hydroxyurethane). Eur. Polym. J., 84, 404-420, 2016.

3. Pradhan, S., Mohanty, S., Nayak, S.K., Waterborne epoxy adhesive derived
from epoxidized soybean oil and dextrin: Synthesis and characterization. Int.
J. Polym. Anal. Charact., 22, 4, 318-329, 2017.

4. Khanlari, S. and Dubé, M. A., Bioadhesives: A review. Macromol. React. Eng.,
7,11, 573-587, 2013.

5. Heinrich, L.A., Future opportunities for bio-based adhesives—advantages
beyond renewability. Green Chem., 21, 8, 1866-1888, 2019.

6. Gomez, E.F and Michel, EC., Jr., Biodegradability of conventional and bio-based
plastics and natural fiber composites during composting, anaerobic digestion
and long-term soil incubation. Polym. Degrad. Stab., 98, 12, 2583-2591, 2013.

7. Viisanen, A.J., Hyttinen, M., Ylonen, S., Alonen, L., Occupational exposure
to gaseous and particulate contaminants originating from additive man-
ufacturing of liquid, powdered, and filament plastic materials and related
post-processes. J. Occup. Environ. Hyg., 16, 3, 258-271, 2019.

8. Gadhave, R.V,, Mahanwar, PA., Gadekar, PT., Bio-renewable sources for
synthesis of eco-friendly polyurethane adhesives, Open Journal of Polymer
Chemistry, 7, 57-75, 2017.

9. Yang, M. and Rosentrater, K., Environmental effects and economic analysis
of adhesives: A review of life cycle assessment (LCA) and techno-economic



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

WATERBORNE ADHESIVES 127

analysis (TEA), in: 2015 ASABE Annual International Meeting, American
Society of Agricultural and Biological Engineers, p. 1, 2015.

De Gray, D., PUR adhesives offer solutions for assembly challenges. Adhes.
Age, 41, 5, 23-24, 1998.

Noreen, A., Zia, K.M., Zuber, M., Tabasum, S., Zahoor, A.E,, Bio-based poly-
urethane: An efficient and environment friendly coating systems: A review.
Prog. Org. Coat., 91, 25-32, 2016.

Ionescu, M., Petrovi¢, Z.S., Wan, X., Ethoxylated soybean polyols for poly-
urethanes. J. Polym. Environ., 15, 4, 237-243, 2007.

Aratjo, D., Alves, V.D., Campos, J., Coelhoso, L., Sevrin, C., Grandfils, C.,
Reis, M.A., Assessment of the adhesive properties of the bacterial polysac-
charide FucoPol. Int. J. Biol. Macromol., 92, 383-389, 2016.

Panda, S.S., Panda, B.P, Nayak, S.K., Mohanty, S., A review on waterborne
thermosetting polyurethane coatings based on castor oil: Synthesis, charac-
terization, and application. Polym.-Plast. Technol. Eng., 57, 6, 500-522, 2018.
Honarkar, H., Waterborne polyurethanes: A review. J. Dispersion Sci. Technol.,
39, 4, 507-516, 2018.

Tao, C.,, Bao, J., Cheng, Q., Huang, Y., Xu, G., Preparation of waterborne
polyurethane adhesives based on macromolecular-diols containing different
diisocyanate. J. Adhes., 95, 9, 814-833, 2019.

Minnath, M.A. and Purushothaman, E., Blends and Interpenetrating Polymer
Networks Based on Polyurethane Polymers With Natural and Synthetic
Rubbers, in: Polyurethane Polymers, pp. 17-44, Elsevier, Amsterdam,
Netherland, 2017.

Liu, J.,, Liu, H.E, Deng, L., Liao, B., Guo, Q.X., Improving aging resistance
and mechanical properties of waterborne polyurethanes modified by lignin
amines. J. Appl. Polym. Sci., 130, 3, 1736-1742, 2013.

Mai, C., Kiies, U, Militz, H., Biotechnology in the wood industry. Appl.
Microbiol. Biotechnol., 63, 5, 477-494, 2004.

Mancera, C., El Mansouri, N.E., Pelach, M.A., Francesc, F, Salvado, J.,
Feasibility of incorporating treated lignins in fiberboards made from agri-
cultural waste. Waste Manage., 32, 10, 1962-1967, 2012.

Rahman, M., Zahir, M., Kim, H., Synthesis and properties of waterborne
polyurethane (wbpu)/modified lignin amine (mla) adhesive: A promising
adhesive material. Polymers, 8, 9, 318, 2016.

Kim, B.S. and Kim, B.K., Enhancement of hydrolytic stability and adhesion
of waterborne polyurethanes. J. Appl. Polym. Sci., 97, 5, 1961-1969, 2005.
Zhang, B.H., Fan, B, Li, M., Zhang, Y.H., Gao, Z.H., Effects of thermal treat-
ment on the properties of defatted soya bean flour and its adhesion to ply-
wood. R. Soc. Open Sci., 5, 5, 180015, 2018.

Wang, Y., Deng, L., Fan, Y., Preparation of Soy-Based Adhesive Enhanced by
Waterborne Polyurethane: Optimization by Response Surface Methodology.
Adyv. Mater. Sci. Eng., 2018, 1-8, 2018.



128 GREEN ADHESIVES

25. Badr, M.M., Amer, A.A.,, Shehat, A.S., Synthesis and characterization of
waterborne epoxy resins for coating application. Aust. J. Basic Appl. Sci., 4, 6,
1376-1382, 2010.

26. Liu, X., Wang, Y., Cao, Y., Yadama, V., Xian, M., Zhang, J., Study of
dextrin-derived curing agent for waterborne epoxy adhesive. Carbohydr.
Polym., 83, 3, 1180-1184, 2011.



6

Using Polyfurfuryl Alcohol as
Thermoset Adhesive/Sealant

Rakesh Kumar™ and Rajnish Kumar?

'Department of Biotechnology, Central University of South Bihar, Gaya, India
“Department of Mathematics, Birla Institute of Technology Mesra,
Patna Campus, India

Abstract

Furfuryl alcohol (FA) can be used as an adhesive and sealant through tem-
perature dependent controlled polymerization in presence of an acid catalyst.
The difficulties are encountered in the conversion of FA into polyfurfuryl
alcohol (PFA) leading to the exothermic reaction often leading to dangerous
explosion. The commercial development of this processes/technology requires
a specification of the conditions for the curing of biopolymer sealant with
definite thickness and surface area and also to monitor blistering phenom-
ena during curing reactions to get PFA sealant. In this book chapter, we have
explored FA as an adhesive and PFA as a sealant. Also, a small experiment
has been performed to depict the challenges being faced while curing of PFA
sealant with respect to thickness (5 to 10mm), temperature (50°C to 60°C) and
the concentration of acid catalyst (0.3 to 0.5 phr). Experimental data were val-
idated with the curve fitting models with help of MATLAB software package.
The best fitted model was reported for each of the parameters studied in this
book chapter.
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6.1 Introduction

Sealants are commonly used to minimize unwanted gaps during construc-
tion process, which may results in seepage or may not look ethical. Sealants
and adhesives are interrelated because sealants have also adhesive prop-
erties. These days, thermoset-based synthetic sealants and adhesives such
as expoxies and phenolics are widely used for bonding as well as in dental
application [1, 2].

Epoxy-based sealants posses” high strength, high toughness, and once
applied it ensures effective bonding. In addition, epoxy-based sealants are
chemically inert due to which it can easily resist environmental or chem-
ical changes during application. Similar behavior, as observed for epoxy-
based sealants, is shown by phenolic-based sealants that is composed of
phenol and formaldehyde resin. Both epoxy and phenolic-based sealants
cure at room temperature or even at elevated temperature [3]. Phenolic
sealants can be available in powder, liquid, and film form. Thermoset poly-
mers such as epoxies and phenolics exist as adhesives in the different form
such as paste, liquid, film, and tape. Epoxy-based adhesives fall in the cate-
gory of structural adhesives and can carry significant stresses that make it
feasible in structural applications.

Thermosetting structural adhesives or sealants are normally available
in two-part forms. They are mixed through carefully under controlled
stoichiometric ratio. The product can be cured within the desired time
window. Thermosetting structural adhesives or sealants are also available
as one-part forms. In this category, the resin and hardener (cross-linking
agent) are already mixed together. The challenge for one-part form-based
sealants or adhesives is that it must be kept at sufficiently low temperature
so that the reaction does not occur prematurely. Also, thermosetting seal-
ants and adhesives falling in this category have limited shelf life and often
must be stored at low temperatures.

The mechanism of working of thermoset-based adhesives and sealants
are related to

(i) Temperature and curing time—The phenolic or epoxy-
based sealants can be applied on the unwanted gaps. If
the curing takes places at room/elevated temperature then
the applied sealants are left undisturbed for desired time
at room/elevated temperature. The presence of moisture
in the air is responsible for curing of thermoset-based
sealants.
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(ii) Agents used for curing—Thermoset-based sealants are
supplied in different packs. One pack contains resin and
another pack contains hardner. Both the components are
mixed together in specified compositions and are applied
on the unwanted gaps. Dicyandiamide and polyamido-
amine can be used as curing agent for epoxy bonded steel
joints [4].

The above discussion relates to synthetic-based thermoset polymers as
adhesive and sealant. Bio-based polymers can be biodegradable [e.g., poly-
lactic acid (PLA), soy protein isolate (SPI) or starch] or non-degradable
[e.g., polyfurfuryl alcohol (PFA)]. Biodegradable polymers with repro-
ducible resource, good biocompatibility, and processabilty have a signifi-
cant potential in food industry, agriculture, bioscience, and biotechnology
[5, 6]. The limitations in using biopolymers such as PLA, SPI, and PFA as
plastics have been explored by several authors [7-10]. Bio-based polymers
are attracting increased attention as adhesives and sealants due to environ-
mental concerns and the realization that global petroleum resources are
finite [11]. Soy protein and lignin biopolymer have been explored exten-
sively as a bioadhesives [12, 13]. Photo polymerized gelatin falling in the
category of biopolymer has been used as elastic tissue dental sealant [14].

Furfuryl alcohol (FA) is obtained from renewable resources, i.e., sug-
arcane bagasse and is stated as potential green thermoset resin [15-17].
However, there are very few reports available for virgin polyfurfuryl alcohol
(PFA)-based biopolymer sheet [8-10]. It has been well established that the
presence of conjugated sequences in PFA give black colored cured material
[9]. Researchers have encountered the difficulties in the conversion of FA
as monomer into PFA. This is attributed to the exothermic reaction often
leading to dangerous explosion, which can be overcome by the approaches
presented in the South African Patent and World Patent filed by Kumar
et al., [18, 19]. The processes provided herein can be used to prepare var-
ious shapes and sizes of reinforced or unreinforced molded products that
can also be used as a replacement for existing plastic sheets and composites
in several sectors. It is important to monitor the curing reaction in the
formation of PFA-based materials due to explosive nature of the reactions.
Sometimes, slight change in parameter leads to blistering which can be
also counted as explosion but at very low magnitude. So, monitoring cur-
ing reaction is one of the important aspects for studying PFA-based ther-
mosetting resins as sealants or adhesives. Recently, there has been report
showing the possible adhesion of aluminium wire with PFA [20].
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Cure sensor research was initiated in early 1990s for thermoset resins
[21]. Ultrasonic Dynamic Mechanical Analysis (UDMA) has been used
for monitoring the physical changes taking place during curing and the
potential for online monitoring during thermoset polymer [22].

To develop cost-effective polymer sheet, scientists have used numeri-
cal process modeling. It is an important tool in the manufacturing sector
that can provide optimum temperature and other related parameters that
are helpful during the curing of the polymeric materials [23, 24]. Kinetics
models relating to curing behavior epoxy thermoset resin incorporated
with soy protein has been reported [25]. In one research article, the vali-
dation of processing model was done by using experimental data from the
bench scale unit [26].

6.2 Furfuryl Alcohol as Adhesives

Structurally furfural is an aldehyde of furan. In 2005, a global production of
about 250 x 10’ t/a was reported [27]. FA can be polymerized by the addi-
tion of a strong acid such as sulphuric acid, para-toulene sulphonic acid
(PTSA), an alkane sulphonic acid having 2 to 14 carbon atoms [28]. FA
is used as a foundry sand binder [29]. The polymerization of FA has been
investigated in presence of spent-liquor and tannin extracts. FA-phenolic
resins can be explored as combination of bio-synthetic polymer-based
adhesive. At present in wood industry, formaldehyde-based adhesives,
which are completely synthetic in nature, are widely used [30].

The furfuryl alcohol-spent liquor (FA-SL) resins have been explored as
bioadhesives and it has been used to glue solid wood. The properties of
bioadhesives were dependent on the composition of FA-SL formulations
[31]. In the formulated FA-SL bioadhesives, the content of FA and SL were
20% and 80%, respectively. The FA-SL composition in presence of less than
2% sulphuric acid catalyst was exposed to 120°C that resulted in very weak
bonding. On the other hand, strong bonding was observed when the FA
and SL were mixed in equal proportion, i.e., 50% and 50%, respectively, and
the solid woods were glued at 180°C instead of 120°C. The result obtained
was comparable to that obtained for commercial polyvinylacetate adhesive
used to glue solid wood.

FA-SL and FA-Taninin (FA-T) adhesives have been used to glue wood
to produce solid panels. The appearance of FA-SL and FA-T boards are
reported in Figure 6.1. The FA-T glue unlike FA-SL panels showed black
adhesive spots and unglued wood chips. It has been reported that the lower
reactivity between FA and SL helps the glue to distribute evenly over the
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Figure 6.1 Photograph of fabricated particle board using bioadhesives (Reproduced From
Reference 31, Open Access).

panel (Figure 6.1). Lower content (10%) of FA-SL and FA-T adhesives
impart lower mechanical properties as compared to higher content (15%)
of FA-SL and FA-T adhesives as well as FA-SL-T adhesives (mixed formu-
lations). The mixed formulations showed internal bonds of ~0.5 MPa and
elastic modulus of ~10 MPa. It has been reported by Abdullah and Pizza
that FA-T-based bioadhesive has been used to prepare particleboard [32].
The particle board prepared from FA-SL compositions were not resistant to
water because it showed a thickness swelling of around 100%.

Wang et al. have reported the oxidation of FA to furaldehyde over
monolayer tiatanate nanosheet under visible light irradiation. Not only
monomer of FA but oligomers of FA can also be prepared using tungsten
oxide catalysts.

6.3 Polyfurfuryl Alcohol as Sealants

FA and PTSA monohydrate were purchased from Sigma-Aldrich and were
used as received to explore PFA as sealants. The density of FA as mentioned
in the manufacturer’s data sheet is 1.135 gm/ml. Circular silicon-based
mold of 10 cm diameter was used for studying PFA as sealants. The area of
the silicon mold was 78.5 cm®.

About 0.015 g of PTSA monohydrate was dissolved in 5 ml water to
prepare catalyst solution. The catalyst solution was added in dropwise
manner in FA at room temperature. Here, FA is a monomer from which
PFA can be polymerized in presence of PTSA as an acid catalyst. Since
the surface finish of the PFA-based material after polymerization is
dependent of time of curing, thickness of the cured material, and the
content of the catalyst so we have changed these three variables during
curing of PFA.

In the first case, temperature and catalyst concentration were kept con-
stant at 50+2°C and 0.3 parts per hundred (phr), respectively. The thick-
ness of PFA sealants was varied in order to optimize the thickness. In
the second case, temperature and thickness of PFA-based sealants were
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kept constant as 50°C and 5 mm and the contents of catalyst were varied.
Lastly, at optimized thickness and catalyst concentration, temperature to
cure PFA-based sealants was varied.

We have used curve fitting Toolbox in MATLAB software package to
calculate the correlation coefficients for each of three different parameters
and selected the best fitted curve for each of the data obtained from the
experimental work. Best fitted curve was reported for each of the three
different parameters.

6.3.1 Effect of Different Parameters on the Curing
of PFA-Based Sealants

Here, a report is given on the optimized temperature, thickness, and cata-
lyst concentration above which blistering during curing of PFA takes places.
The result is expressed in terms of percentage difference in weight. If the
blistering in the cured PFA takes place then there will be more increase in
percentage difference in weight which is attributed to early setting-in of the
exothermic reactions resulting in loss of less volatile compounds.

(a) Effect of thickness on the curing characteristics at constant tem-
perature and constant amount of PTSA
Table 6.1 shows the effect of thickness on the curing characteristics of PFA
sealants. The thickness was varied from 5 to 10 mm. The amount of catalyst
concentration of 0.3 phr was kept constant in all the cases. As the thick-
ness increased, the differences in the theoretical weight, i.e., weight of FA
taken for polymerization and weight of PFA sealants after polymerization
increased.

Figure 6.2 shows the photograph of PFA sealants. At lower thick-
ness (5 mm), PFA sealants possess smooth surface but with the increase

Table 6.1 Effect of thickness on the curing characteristics at 50+2°C of
furfuryl alcohol by incorporating constant amount of PTSA.

Furfuryl Theoretical weight | Experimental
Thickness alcohol | PTSA (gm) of FA weight (gm) of | Difference in
(mm) (ml) (phr) before curing FA after curing weight (%)
5 50 0.3 56.75 47.79 15.7
7.5 70 79.45 62.06 21.8
10 90 102.15 78.6 23.05
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Figure 6.2 Photograph of PFA sealants at thickeness of 5 mm (a), 7.5 mm (b), and
10 mm (c) showing blistered and non blistered products.

in thickness from 5 to 10 mm, blistering in PFA sealants was clearly
observed. This means that if the thickness of the PFA sealants increase to
10 mm, the curing reaction tends towards explosion and hence blistering
takes place.

Using the curve fitting Toolbox in MATLAB software package, the val-
ues of the constants in the exponential model equation for curing of PFA
with respect to thickness is given below.

f(x) = a*exp(b*x) + c*exp(d*x) ----------- (6.1)
a= 19.68;b= 0.01592
c= -1256;d = -1.082

The obtained values of a, b, ¢, and d were substituted into Equation
(6.1). From the data, the percentage difference in weight wrt thickness
was predicted. The predicted profile using the exponential is shown in
Figure 6.3.

As can be seen in Figure 6.3, the exponential model equation gives
relatively accurate percentage difference in weight at high thickness. The
result in the following 2-by-2 matrix of correlation coeflicient as obtained
is given below.

1.0000 0.9042

0.9042 1.0000

From the above data, all correlation coefficients are close to 1. This
means that there is a strong positive correlation between each pair of data
in the columns as shown in the count matrix. From Figure 6.3, the profile
validates the experimental data.
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Figure 6.3 Comparison of predicted and experimental percentage difference in weight
wrt thickness of the cured PFA-based sealants.

(b) Effect of catalyst content on the curing characteristics at constant
temperature and constant thickness
Table 6.2 shows the effect of concentration of catalyst on the curing char-
acteristics of PFA sealants. The concentration of catalyst was varied from
0.3 to 0.5 phr. The thickness of PFA sealants was kept constant in all the
cases. As the concentration of the catalyst increases, there were no differ-
ences in the theoretical weight, i.e., weight of FA taken for polymerization
and weight of PFA sealants after polymerization increased. The weight of
cured PFA sealants, with different contents of PTSA, was in the range of

155 mg.

Table 6.2 Effect of concentration of catalyst on the curing characteristics at

50+2°C of furfuryl alcohol at constant thickness.

Furfuryl Theoretical weight | Experimental
alcohol | PTSA Thickness (gm) of FA weight (gm) of | Difference in
(ml) (phr) (mm) before curing FA after curing weight (%)
50 0.3 5 56.75 47.79 15.7
0.4 56.75 47.14 15.7
0.45 56.75 47.25 14.9
0.5 56.75 47.51 14.5
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Figure 6.4 shows the photograph of PFA sealants at different contents
of PTSA. At lower concentration of catalyst, i.e., 0.3 phr, PFA sealants
possess smooth surface but with the increase in concentration of cata-
lyst from 0.4 to 0.5 phr, blistering in PFA sealants was clearly observed.
This means that if the concentration of catalyst increases to 0.5 phr, the
curing reaction tends towards explosion and hence blistering takes place
[33]. Interestingly, in the experimental data there is percentage decrease in
weight which is attributed to the fact that at low concentration of catalyst
more time is needed for exothermic reaction to set in and hence more loss
of volatiles.

Using the curve fitting Toolbox in MATLAB software package, the val-
ues of the constants in the Fourier model equation for curing of PFA with
respect to amount of acid catalyst are given below.

f(x) = a0 + al*cos(x*W) + b1*sin(x*w)----------- 6.2)
a0=  10.79al=  6.359
bl= -678w= 4254

Equation (6.2) represents the best approximation to predict the percent-
age difference in weight as a function of content of acid catalyst. The pre-
dicted profile is shown in Figure 6.5.

The Fourier model equation in Figure 6.5 gives almost accurate per-
centage difference in weight at high content of acid catalyst. The result
in the following 2-by-2 matrix of correlation coefficient as obtained is
given below.

1.0000 -0.7121

-0.7121 1.0000

Figure 6.4 Photograph of PFA sealants at 0.3 phr (a), 0.4 phr (b), 0.45 phr (c), and 0.5
phr (d) of PTSA.
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Figure 6.5 Comparison of predicted and experimental percentage difference in weight
wrt amount acid catalyst.

From the above data, all correlation coefficients are not positive. This
means that there is a negative correlation between each pair of data in the
columns as shown in the count matrix. From Figure 6.5, the profile does

not completely validate the experimental data except at high content of
acid catalyst.

(c) Effect of temperature on the curing characteristics at constant thick-

ness and constant amount of PTSA

Table 6.3 shows the effect of temperature on the curing characteristics of
PFA sealants. The temperature was varied from 50°C to 60°C. The thick-
ness of PFA sealants and concentration of catalyst was kept constant in all
the cases. As the temperature increases, the weight of PFA sealant after
polymerization decreased. This may be due to loss of PFA due to blistering.

Table 6.3 Effect of temperature on the curing characteristics of furfuryl alcohol
at constant thickness and constant catalyst concentration.

Furfuryl Theoretical weight | Experimental
alcohol | Temperature | Thickness (gm) of FA weight (gm) of | Difference in
(ml) (°C) (mm) before curing FA after curing weight (%)
50 50+2 5 56.75 47.79 15.7
55+2 56.75 47.05 17.10
6012 56.75 46.40 18.14
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Figure 6.6 shows the photograph of PFA sealants. At lower temperature,
i.e., 50°C, PFA sealants possess smooth surface but with the increase in
temperature to 60°C, blistering in PFA sealants was clearly observed. This
means that if the temperature of curing increases to 60°C in the first step,
the curing reaction tends towards explosion and hence blistering takes
place [33].

Using the curve fitting Toolbox in MATLAB software package, the val-
ues of the constants in the linear model polynomial equation for curing of
PFA with respect to temperature is given below.

f(x) = pI*x® + p2*x* + p3*x + p4----------- (6.3)
pl = -0.002905;p2=  0.4793
p3= —-26.04;p4= 4828

The obtained values of p1, p2, p3, and p4 were substituted into Equation
(6.3). From the data, the percentage difference in weight wrt temperature

was predicted. The predicted profile is shown in Figure 6.7.
As can be seen in Figure 6.7, the linear model polynomial model equa-
tion gives relatively accurate percentage difference in weight at almost

given range of temperatures. The result in the following 2-by-2 matrix of
correlation coeflicient as obtained is given below.

1.0000 0.9864
0.9864 1.0000

From the above data, all correlation coefficients are close to 1. This
means that there is a strong positive correlation between each pair of data

Figure 6.6 Photograph of PFA sealants at 50°C (a) and at 60°C (b).
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Figure 6.7 Comparison of predicted and experimental percentage difference in weight
wrt temperature maintained during curing of PFA-based sealants.

in the columns as shown in the count matrix. From Figure 6.7, the profile
validates the experimental data.

For this parameter, exponential fit, as given below, was also explored.

f(x) = a*exp(b*x)----------- (6.4)
a= 8.865
b= 0.01171

The values of a and b were substituted into Equation (6.4) to predict the
percentage difference in weight wrt temperature. However, it was not the
best fitted curve.

6.4 Applications

Synthetic polymer-based adhesives in liquid form are widely used to fab-
ricate particleboard and medium density fiber board (MDF). Synthetic
polymer-based sealants are widely used in several sectors such as aviation,
household, and automobile to provide structural integrity. Since synthetic
polymer sealants are non-conductive in nature so in electronic industries,
there are ample uses of these sealants. Synthetic polymer sealants provide
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effective bonding and are stable at high temperature. Polymer-based seal-
ants are also used to seal concrete joints and metal joints. FA-based adhe-
sives and sealants are cross-linked polymeric resins that are cured using
heat and/or heat and pressure. FA-based adhesives can be available as one-
or two-component systems. For one component systems, FA should be
kept at low temperature to increase the shelf life. If FA adhesive is used as
two component systems, then it must be mixed and applied within a set
time frame, ranging from a few minutes to hours. FA behaves as a liquid, at
some time in the course of bond formation, in order to flow over and wet
the adherends. They must work with other components of the assembly to
provide a durable product. After some time in presence of acid catalyst and
at appropriate temperature, it hardens to carry sometimes continuous and
variable load throughout the shelf-life. FA in polymerized form as PFA can
fill gaps, cavities, and spaces.

In this book chapter, the model predictions were validated with the pri-
mary measurements of temperature profiles and cure. So, a validated process
model can be used as an effective tool for process optimization. Appropriate
parameter setting for curing reaction will eventually improve the biopoly-
mer sealant quality, i.e., free from blistering. The application of PFA-based
final products can be fruitful before blistering in the polymer sets in.
After blistering, there may be chances of voids in the biopolymer sealants.

6.5 Conclusions

FA-based adhesive can be prepared in presence and absence of spent liquor
and tannin. The resulting adhesive can be used to prepare particle board
and to bond solid wood at 180°C. From FA one can easily prepare PFA-
based sealants in presence of acid catalyst. But, the challenge is to prepare
PFA-based sealants without blistering. PFA-based sealants without blister-
ing can be fabricated provided one controls temperature of curing as well
as thickness of PFA-based sealants. The optimum temperature for the first
stage of curing was found to be 50+2°C and the optimum thickness was
found to be 5 mm. Even at high concentration of acid catalyst (more than
0.3 phr), one can see blistering in PFA-based sealants.

Our studies on mathematical model validation of the curing process
with respect to difference in percentage weight demonstrate the ability of
models to follow the Exponential, Fourier, and Linear Polynomial equa-
tions for thickness, amount of catalyst and temperatures, respectively. Best
fit curve was observed for Exponential and Linear Polynomial equations.
The book chapter presented here provides insights into the curing process
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with respect to temperature, amount of the catalyst, as well as thickness of
the end products.
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Abstract

Bioadhesion is a process occurring in natural and synthetic materials with the bio-
logical surfaces. In order to develop technologies like biosensors and some other
novel materials and process, new age researchers focus keenly to develop a famil-
iarity over the governing mechanism of bioadhesives. Mechanism of bioadhe-
sion is used by various organisms for applications like defense, construction, etc.
Meanwhile, medical operations increase their focus on bioadhesion mechanisms
like sealants, adhesives, and haemostatic proxies. During the past decades protein
bioadhesives are considered to be highly suitable biocompatible alternatives for
synthetic bioadhesives. In technical applications, protein-based bioadhesives are
widely used by combining biochemical and mechanical principles. For such appli-
cations knowledge on design, composition and surface interaction of adhesives are
required. Even in after-surgical injuries and normal tissue rehabilitation functions
bio-based adhesives and glues were used traditionally. It is believed normally that
the use of bioadhesives in current trend not only increases the environment sus-
tainability but also the reliability of adhesion when compared with the synthetic
adhesion. This chapter deals with the overview of bioadhesives, their history, and
classification. Light has also been thrown upon the mechanism of bioadhesion
along with the testing methods and application of bioadhesives.
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7.1 Introduction

Any substance that can undergo polymerization can be termed as an adhe-
sive or glue. This polymerization may function in cross-linking two sur-
faces together or seal the blocks at all possible locations where they are
employed [1]. Wood, glass, and papers can readily be termed as adherents
since they are directly associated with the adhesives. If any of the above
adherents are in combination with the some natural materials, then they
may be termed as bioadhesives [2]. Bioadhesion can be defined as the
phenomenon of holding two materials together for a prolonged period of
time by means of interface tailoring. Biocompatibility, biodegradability,
and large molecular weight are the humongous merits of the bioadhesives.
Apart from the specific characteristics of the bio-organisms, bioadhesion
is mostly similar phenomenon like traditional adhesion [3]. Bioadhesion
covers the adhesion properties that bonds two surfaces together and many
applications like dental, surgery, and drug delivery systems utilize these
principles.

Considering many facets of bioadhesion, ecological point of view is to
focus mainly in order to achieve resource efficiency, mainly for which the
bioadhesives are used these days. As bioadhesives contain constituents
either form natural or synthetic origin, they are widely used as adherent
materials in variety of applications that involves surgery time reduction,
strengthening of seals, less requirements for removal materials, application
easiness, sealing air leaks with enhanced quality, and so on. A bioadhesive
should be characterized by non-immunogenity, bio-degradability, non-
toxicity, better strength with effectiveness in physiological conditions [4].

Application of bioadhesives earned much popularity in clinical oper-
ations like sealants, haemostats, and glues which gained success in these
fields. Its objective is to hold the tissues during healing of injuries and avoid
the inclusion of foreign bodies at the damaged surfaces [5]. Meanwhile,
bioadhesives should act at specific locations and progress with healing pro-
cess with utmost safety. Bioadhesion in wet surfaces, which is considered
to be challenging task in adverse environment, was easily solved by marine
organisms like mussels, fungi, and other bacterium [6]. Marine mussels are
the natural organisms possessing inherent ability to adhere to other sur-
faces by using their natural adhesive proteins. The bonding plaques, which
are called Mussel Foot Prints (MFP), created by these mussels at the inter-
face are tough, durable, and strong. The primary ingredient of MFP is 3, 4
Dihydroxyphenylalanine (Dopa) which is the derivative of tyrocine. MFP
obtains the property of binding and solidifying with substrates through



BroaDHESIVES 147

catechol side chain of Dopa by means of cross-linking and chemical reac-
tions. Novel adhesive materials were currently developed based on the
MEP to cater the needs of wet adhesions by reaping the benefits of using
adhesive proteins [7].

Aristotle rightly pointed out that “If there is a better solution, then it
would be available with the nature itself”. Likewise, naturally flora and
fauna possess the ability of adhesion to substrates and tissues which serves
as the motivation behind development of sustainable bioadhesives [8].
Such bioadhesives are utilized in numerous applications and to develop
technologies to obtain high performance that are on par with the nature.

Blood coagulation process can also be replicated by the bioadhesives
using proteinaceous and polysaccharide materials. Fibrin sealants, gelatin,
and collagen are the protein-based adhesives, while alginate, chondroitin,
and chitosan sealants fall under polysaccharide types [9]. Bioadhesion
concept can also be used for drug delivery system (DDS) through drug
carriers to particular locations. Bioadhesion can take place between two
surfaces upon which the substrate may be a mucous or epithelial tissue.
If the bioadhesion is with the former, then it is termed as mucoadhesion.
Mucoadhesion linings may include locations like oesophageal, vaginal,
oral, nasal, rectal, or ocular cavities [10].

Inspite of the numerous advantages of the bioadhesion, it may also
cause negative effects such as biofouling. If the formation of biofilm hap-
pens on solid surfaces like the body of animals or human, due to clustering
of micro-organisms or other biomaterials, then it is called disease. Diseases

Figure 7.1 Biofilm formation in polyurethane stent [13].
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like cystic fibrosis and endocarditis is believed to be caused by bacterial
biofilm which usually have greater resistance towards antibiotics [11]. It
is believed that the dental biofilm formed over teeth and gums may have
over 500 type of bacterium [12]. A biofilm formation over the medicated
polyurethane stent placed in the human body is shown in Figure 7.1 [13].
Current chapter deals with the overview of concepts like bioadhesives and
bioadhesion, history of the bioadhesives and their classification, mecha-
nism of bioadhesion, and the testing methods for the strength of bioadhe-
sive formation between various substrates.

7.2 History of Bioadhesives

Creating bonding between numerous layers or tissues is the traditional
technique of adhesion or gluing mechanism. If one of the adhering ele-
ments is natural, then the binding is called bioadhesion. Bioadhesives may
contain lipids, carbohydrates, protein, or any one among them in vary-
ing proportion. Neanderthals recorded the most primitive application of
bioadhesives before 2000 centuries. Archaeologists also cited this use of
bioadhesive during the middle and towards the end of Palaeolithic era.
Considering the most practical aspect, ochre was the first natural bioadhe-
sive employed during the above mentioned period. Post this usage, at war
times, that obtained from the birch bark was used to join the stones to the
sword blades [14]. Over 1,000 years, Greeks, Romans, and the Egyptians
used various adhesives like semiliquid balsams, wet lime, tree resins, and
collagen to join materials like ceramics, marquetry, and wooden plies.
Hence, it could be directly quoted that the technology of using adhesives
in marquetry and joining wooden plies were invented by Greeks and
Romans. Apart from the above natural plant elements, fishes, and animal-
based glues also originated from the mother nature. But the advent of plas-
tic adhesives was very high during twentieth century particularly at the
period of industrial revolution [15]. Figure 7.2 depicts the usage of bio-
adhesives for various purposes like protection, movement, defense, and
attachment.

Fibrin-based bioadhesives were the topics of study since 1940 in terms
of extraction of fibrinogen from plasma of human blood. Its utilization
mostly was adhesive for peripheral nerves. In order to fully enjoy the bene-
fits of fibrin glue, commercialization and approval of fibrin-based sealants
were done by Europe in 1972 and Food and Drug Administration of US
in 1990 respectively. During recent times, fibrin sealants are at an advance
stage of study and at the fullest utilization as bioadhesives [16].
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Figure 7.2 Bioadhesives used for different purposes [19].

When compared with other joining techniques, bonding by using syn-
thetic adhesives is very cheaper and economic, due to which the produc-
tion of those adhesives is very high in current days. Usage of adhesives is
very common in fields like artistic, engineering, building, and construction
applications like wall covering and flooring. One promising area where
adhesives are used is the timber building where many layers of timber plies
can be bound by adhesives to produce customized products. This is very
predominantly happening in USA and some other countries. Additionally,
the timber construction market is equally rowing with the petrochem-
ical industries, but the latter is depleting gradually due to the increased
public awareness [17]. Interests by researchers grow rapidly in developing
bioadhesives for research and industry. This is evident from the following
data: A total of 30 research articles were published in the year 1990 while it
has increased to a huge count of 1,200 numbers in the year 2012. This can
be directly correlated with the increasing awareness for building health-
friendly bioadhesives [18]. Recently, biomimetic and bioinspired materials
are being developed and are now reaching a new height of advancements.

7.3 Classification of Bioadhesives

Bioadhesives are classified as external and internal bioadhesives based on
their function and compatibility. For a bioadhesive to be tagged as inter-
nal, it has to satisfy two basic criteria: primarily, it should be soluble in
aqueous solution without addition of any organic solvent to the primary
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constituents. Secondly, the primary adhesive constituents must be able
to undergo cross linkage. These conditions are formulated due to the fact
that aqueous solutions contain minimum toxic content and internal bio-
adhesives will frequently be in contact with internal organs and fluids [20].
Internal bioadhesives are believed to be highly compatible with intra-
corporal environment when compared acetic acids which are non-
aqueous nature. It is also a fact that bioadhesives can establish their adhe-
sive function only when it is cross-linkable in wet conditions as the internal
organs would have fluid circulation with rich supply of blood. Long-term
toxicities and side effects may occur in the recipient’s body;, if the bioadhe-
sives fed inside are incapable of dissolving and degrading in bodily fluids
which are sent out by excretion [21]. When any of the above said condi-
tions could not be satisfied, then they can be classified and used as external
bioadhesives. If any of the bioadhesive is proven, by any means, that it is
not compatible in intra-corporal conditions, then it fails to be eligible for
usage as internal bioadhesives, but can be used as an external bioadhesives
in direct contact with the external atmosphere [22].

Most widely used type of external bioadhesive is the cyanoacrylate-
based tissue adhesive which goes a long way back in history. Some of
those adhesives like Trufill n-BCA and Dermabond are utilized in variety
of applications like plastic surgeries, wound dressings and treatment, and
skin transplantations. All these adhesives are approved by Food and Drug
Association (FDA), USA. Cyanoacrylates are characterized by advantages
like short time for adhesion and better bonding strength. Nevertheless,
cyanoacrylates end up in poisonous elements after degradation such as
formaldehyde and their respective alkyl compounds due to which their
usage is limited to the tropical zones. Apart from the regular complica-
tions like necrosis, thrombo-embolic, and septic complications, these
toxic elements may also act as carcinogenic agents. If the brittleness
caused by the shorter length of alkyl groups after the adhesion process and
if the decrease in adhesive strength due to longer chains of alkyl group
is addressed properly, cyanoacrylates may find expansion in terms of
applications [23].

7.4 Mechanism of Bioadhesion

Phenomenon of adhesion through bioadhesives differs from the tradi-
tional adhesives as per the requirements of the substrate properties and
interfacial characteristics. When a contact is established strongly between
a liquid or solid phases with respect to molecular adhesion, then it can be
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termed as adhesion [24]. This can be also termed as chemical mechanism
when the adhesion follows electrostatic theory and adsorption theory
or as physical mechanism when it follows diffusion and interpenetration
[25]. When the adhesive wets the entire surface and if a physio-chemical
intermolecular force develops between the substrates and adhesive, it may
also be termed as adhesion. As far as both the surfaces joined by adhesive
are concerned, the surface energy is vital as the adhesion mechanism fol-
lows wetting theory which utilizes the interfacial tensile forces to forecast
the bioadhesive’s ability [26].

Bioadhesion is basically divided into two types: specific and nonspecific
adhesions. Nonspecific adhesion involves binding of the adhesives to the
surface irrespective of the surface properties. For example, polymers that
adhere to most of the surfaces exhibit these properties. Specific adhesion
involves binding of the adhesive by recognition of the specific target groups
on the cell surface. Another example is tomato lectin that binds specifically
to the surface via linkage with N-acetyl glucosamine [27].

7.4.1 Mechanical Interlocking

Figure 7.3a shows the process of infiltration of bioadhesives into the sur-
face anomalies and pores of the substrate material. If the adhesive fills and
intertwines mechanically with the surfaces at micro level then binding

. Secondary bonding

Primary bonding
(c) (d)

Figure 7.3 Mechanisms of bioadhesion [29].
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of the surfaces takes place. In order to ensure better surface bonding,
pre-treatment may be necessary in some cases. But this mechanism has
a lower probability of working out when compared with smooth surface
interlocking which has also been reported in earlier studies. Naturally,
smooth surface interlocking happen between the tooth surface and amal-
gams by means of mechanical intertwining and even the tooth surface is
considered to be pre-treated [28].

7.4.2 Chain Entanglement

Any adhesion happening between two different polymers, either similar
or dissimilar in nature, with respect to molecular mobility is termed as
chain entanglement. Due to impossible molecular mobility in large-scale,
it is clear that the phenomenon has no possibility to take place in a highly
amorphous or highly crystalline polymers or in cross-linked polymers
particularly beneath the temperature of glass transition. A layer of entan-
gled polymer chain arises due to rambling of macromolecular polymers
conjointly within the existing polymer molecules and its contact sur-
face with the substrate. This is depicted in Figure 7.3b [30]. For instance,
the entanglement and interweaving of mucus glycoproteins and muco-
adhesive layers in a mucoadhesive DDS is the primary causal factor of
adhesion [31].

7.4.3 Intermolecular Bonding

As a result of binding of bioadhesives and substrate elements intermo-
lecular bonding arises. This is the predominant mechanism of adhesion
between various materials. Intermolecular bonding comprises of two
major forces involves: one is the primary force due to chemisorption and
the other is the secondary forces. This is illustrated in Figure 7.3c. Primary
forces are liable to produce tough adhesion and high energy due to some
major bonds including metallic, ionic, and covalent ones. But, the second-
ary forces, unlike primary forces, result in lower energy levels which can be
increased by increasing the number of interfacial locations of substrate and
the adhesive. This in turn increases the bond strength also. These forces
contain some forces like dipole interaction, hydrogen bond, London dis-
persion, and Van der Waals forces. With respect to bioadhesion, establish-
ment of chemical bond has to be predominant to bind the molecules of
tissue surface with the adhesives and this bonding may arise from primary
or secondary forces or due to both [32].
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7.4.4 Electrostatic Bonding

When the surface of the substrate molecules and adhesives are brought
closer to each other, then exchange of electrons between them generates
electrostatic forces. This results in formation of twofold layer of electrons
at the interface due to stability achieved in Fermi levels. This phenomenon
is shown in Figure 7.3d [33]. Formation of electrostatic charge is the basic
concept of bioadhesion. However, in insulating materials substrates, the
time for charge build-up is high since the available number of electrons for
exchange is a major constraint. For such materials the charge concentra-
tion in the interface is very minimum as observed in between the adhesion
of mucus glycoprotein and bioadhesive material used [34].

7.5 Testing of Bioadhesives

Usually two types of tests were carried out to evaluate the properties and
characteristics of bioadhesives, namely, in vitro and ex vitro methods. The
detailed description of these methods is given below.

7.5.1 In Vitro Methods
7.5.1.1 Shear Stress Measurements

Conventional mechanical characterization methods including shear test,
peel test, and crack growth assessment can be used to assess the strength
of bioadhesion. Shear stress measurements are normally used to measure
the sliding force in the mucus layer which slides, in a parallel direction to
contact plane, on the mucoadhesive. Flow channel method is usually used
to measure the shear strength of the mucoadhesive. It measures the shear
strength by measuring the force required to isolate an adhesive particle
from the mucin gel surface by means of forced humid air via flow cell [35].

In dental-based bioadhesion mechanisms, bending tests were conducted
to evaluate the growth of crack originating from the dental implant. This
is due to the shrinkage of the composite materials used in the implant as
a result of polymerization. Griffith’s energy balance model is used for the
characterization and interpretation of the bending test results. This bal-
ancing model tries to establish a balance between two energy levels such
as the teeth elastic energy (usually the average elastic energy of tooth and
the dental implant material) and the crack surface energy. Strain energy
release rate or the stress intensity can be determined from the experimental
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crack growth evaluation and the fracture energy can be calculated from the
Poisson’s ration and modulus of the implant material [36].

7.5.1.2  Peel Strength Evaluation

In order to assess the quality of the dental implants-surface, after making
them to undergo tensile tests, these are usually characterized by frac-
tographic techniques like transmission electron microscopy (TEM) or
scanning electron microscopy (SEM). Various tests that are conducted
on the interface of adhesion and the substrates along with the American
Standards for Testing and Materials (ASTM) are listed in Table 7.1 [37].
Normally, pressure-sensitive adhesives (PSA) is formed as a composite
material by adding it with montmorillonite, an organo-clay based ele-
ment, for obtaining better shear strength, peel strength, and adhesion
failure temperature [38].

7.5.1.3  Flow Through Experiment and Plate Method

Mucoadhesion of DDS is usually measured by the flow through channel
method which is the macroscale measure of flow rate which can result in
the depletion of bioadhesive coated over the substrate sphere. An analyt-
ical centrifuge measures the fluctuation in sedimentation coefficient that
arises due to the molecular weight change which is continuously observed
by a biophysical assessment method. Yet another macroscale bioadhesion
assessment method is Wilhelm plate method which utilizes natural or syn-
thetic mucus instead of a conventional water medium for surface tension
evaluation. This is done over a plate which is coated with any polymer
material and the results would be the interfacial properties and the bioad-
hesion property changes with respect to time [39]. Figure 7.4 schematically
represents various macro level testing methods of bioadhesives.

Table 7.1 Tests and their corresponding ASTM standards.

S.no. | Test description ASTM standards
1 Tensile test ASTM D368

2 Shear strength ASTM D3654

3 Peel test ASTM D903

4 Shear adhesion failure temperature (SAFT) ASTM D4498
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Figure 7.4 Macrolevel testing of bioadhesives [39].

7.5.2 Ex Vitro Methods
7.5.2.1 Adhesion Weight Method

A specific test method which determines the weight of adherent particles
that arose due to the ion exchange in the interior mucous layers of guinea
pig intestine was developed. This method was capable of determining
the particle size effect and adhesion charge after 5 min of time with the
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pig’s intestine. Results, with larger sieve size ranging between 63 pm and
178 pm, suggested that the weight of the intestine increased due to bioad-
hesion. But, the major limitation of this method is that it posed a reduced
reproducibility of the data when a larger change in the biological tissue
arose due to regeneration or degeneration of the intestinal tissues [40].

7.5.2.2  Fluorescent Probe Methods

Relationship between the polymer molecules and epithelial cell mem-
branes were analyzed through fluorescent probe methods. Prime focus of
the study was to develop an improved formulation of orally used bioad-
hesive polymer by knowing the structural requirements. Proteins and the
lipid bilayer membranes were tagged with the bioadhesive under evalua-
tion and the variations in fluorescent spectrum are noted. Pyrene bands
of these materials exhibited two different bands, namely, excimer and
monomer bands while the ratio of these bands was governed by the envi-
ronmental viscosity. Hence, it is sufficient if the viscosity changes were
noted by assessing the bands ratio. From this result, it was assumed that
the viscosity change can be directly related with the strength of adhesion.
Fluorescence depolarization was a quantitative method that was used to
observe the bond between polymer and protein membrane wherein the
interactions of soluble polymers can be compared with that of peel of the
cell [39, 41].

7.5.2.3 Falling Liquid Film Method

Figure 7.5 shows the falling liquid film method which used micro sized
particles and excised segments. For this method 1% of polymer particles
were added into 5 x 10® particles/ml of clean latex particles, mixing them
up in water by stirring for at least 2 h. In order to enhance the effectiveness
of coating by varying the ionic strength using buffer solutions, the pre-
pared mixture was transferred to the target buffer solution to end up with
5 x 10° particles/ml. This suspended mixture was sonicated for 30 s and
used after a delay of 15 min.

Then, the small intestine of Sprague-Dawley rats was taken, cut into
pieces along their length using surgical scissors, cleansed using saline
water and spread over 1” internal diametric Tygon tubes. These tubes were
placed over plastic foam bed and their angle of inclination was set to 78°.
Loose mucus was removed from the intestine by using a perfusion pump
after the cut intestines were spread over the Tygon plates. Then, after 2 min
delay of coating the intestines with the prepared buffer solution, sample
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Figure 7.5 Schematic of falling liquid film system [42].

solutions were collected from the field to commence the counting of parti-
cles. It was noted that an extraneous substance was present on the surface
of the intestine which may be mucus. For measuring the bioadhesion phe-
nomenon over the particle coated intestinal surface, 0.5 ml of samples were
recovered and using an Coulter particle counter the number of particles
was assessed [42].

7.6 Application of Bioadhesives

7.6.1 Bioadhesives as Drug Delivery Systems

For targeted delivery system, bioadhesive polymers that interact with spe-
cific targets are the key factor. If they lack specificity, then the targeted DDS
may not reach the targets, say gastro intestinal (GI) tract. This lacuna may
end the oral drug in the first mucosal layer which may result in local tis-
sue damage due to wrong drug administration [43]. Another major prob-
lem is that, if specificity is absent for the delivery material, then the drug
would be coated with the loose mucus present around and passes through
the actual mucosal membrane without getting absorbed. Molecules that
possess specific adhesion are invasions, lectins, and fibrins. Various cells
are characterized by matching amino acids in mucosal surfaces and may
enhance the bond with surface glycoproteins when connected with micro
particles [44]. Thus, by using those matching amino acids in DDS, the
changes in surface glycoproteins at the time of diseases can be embattled.
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For chronic diseases like tumors, these high specific DDS may be attached
with antibodies or designed with location specific mucoadhesives.

7.6.2 Bioadhesives as Fibrin Sealants

Any design of fibrin sealant formulations may contain only two constitu-
ents, namely, thrombin and fibrinogen. When these sealants are exposed
to the bleeding locations, they render a better interaction and establish
an unstable clot of fibrin that possesses better cohesive strength due to
hydrogen bonding. This unstable layer may further cross-link with the
target tissues and enhances the adhesive strength. Some of the common
areas of application of fibrin sealants are in skin grafting, haemostatics,
and colonic sealing which are labeled by FDA. Clinical operation like
cardiovascular surgeries, hernia repair, and seroma prevention are using
fibrin sealants and are under experimental analysis. Biotin and avidin
are vitamins and proteins, respectively, and the systems which have rich
biotin-avidin interaction are predominantly used due to advantages like
specific binding. Biotin is available in mammary gland, kidney, and liver
tissues of all mammals and avidin is available in egg whites. Application
of biotin-avidin systems includes B, T-cell antigen detection, membrane
ultra-structural staining, quantitative enzyme-immunoassay, and gene
mapping and enrichment. Bioadhesives derived from the biotin-avidin
interactions are majorly used as surface coating to enhance the specificity
of cell adhesion and substrates [45].

Fibrin glue was experimented as a scaffold for myocardial infarc-
tion (MI) by employing it as a support to the vessel wall of a rat. Results
indicated that wall contraction could be avoided by using fibrin glue at
the time of MI. Another experiment proved that the usage of fibrin glue
minimized the infraction by enhancing the flow of blood to myocardium
thereby increasing the neovascularization of the rat. It could also be used
to maintain proper cardiac functioning after MI by using adipose-derived
stem cells. Advantages of the combined use of fibrin glue and stem cells
are enhanced heart functioning, increased arteriole density, enlargement
of the graft size, and better cell retention [1].

7.6.3 Bioadhesives as Protein-Based Adhesives

Proteins comprise of amino acids which diverge in their filtrates. Depending
on their composition, they can be tailored for different purposes ranging
from movement (actin), catalysis (enzymes), fixation of nitrogen (nodule
bacteria), structuring (collagens), protection (immunoglobulins), transport
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(ionic channels, hemoglobins), and communication (hormones) [46].
Gluten from wheat is a combination of gliadin (56%) and glutenin (44%)
is a storage elastic protein with excellent adhesive strength and character-
istics. Seitan consists of gluten as second major constituent next to water.
It is mostly used in fields like additive to mortar and concrete, paper indus-
try, and in adhesives. Another protein termed as casein is also widely used
in painting the caves, painting sausage bottles, label printing, kindergarten
paints, interior paints, and also as an adhesive. It is obtained by minimizing
the pH value of the milk and is a thermoset. It can also be called as gala-
lith when treated with formaldehyde. Casein paints can be converted to be
resistant against water by incorporating chalk milk to it. Due to the high
demand for food products, casein is least utilized nowadays [7].

7.6.4 Bioadhesives in Tissue Engineering

Application of bioadhesives currently in tissue regeneration and engineer-
ing has gained prominence, apart from its usage in wound healing and
haemostatics. When the biomaterials are applied for tissue regeneration,
then the interfacial gaps between the tissues cannot be filled by the bioad-
hesives properly, which isolates the subsequent tissues from binding with
the bioadhesives. This is a major drawback noted in employing the tissue
rebuilding. Yet this could be eradicated by the proper suturing mechanism
and effective usage of bioadhesives. Need of bioadhesives may vary from
tissue to tissue since the properties and functional requirement of the tis-
sues vary. Hence, tailored tissue adhesives that focus on specific tissues
were developed and employed to avoid the failure mishaps. In a recent
research an attempt has been made to examine the possibility of employing
the adhesive in cartilage tissue rebuilding for integration of the graft. This
was made possible by crosslinking the chondroitin sulfate (CS), a cartilage
polysaccharide, with aldehyde groups and methyl acrylates [47].

CS can be also used in cartilage tissue treatment as they are injected
into the nearby tissues and are applied as biodegradable scaffold adhe-
sive. Methylacrylate group of CS establishes bond with PEG diacrylate
by means of photo linking and the aldehyde group establishes a chemi-
cal bond. Hence, cartilage rehabilitation could happen by establishing
a bond between cartuilage tissue and the bioadhesive by means of graft
integration. This is depicted in Figure 7.6. From the studies, it could be
concluded that the cartilage rehabilitation takes place effectively by using
bioadhesives coupled with hydrogels [48]. Fibrin glue is a widely tested and
used bioadhesive in tissue engineering. Such use of fibrin glue may pro-
mote reduced mechanical inflammation, improved regeneration of tissues,
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\ Step 1 m Step 2

Figure 7.6 Bioadhesive tissue engineering [50].

and minimum irritation. Even fibrin glue is used in cardiac rehabilitation
scaffold in integration with grafts [49].

7.7 Conclusion

In industrial applications, bioadhesives contain larger potentials to
explore. In recent times, focus has been given in developing bioadhesives
which are expected to result in products with high reliability and biocom-
patibility. In this view, some natural adhesives like mussels are becom-
ing popular topics of research as far as the mechanism are concerned.
Likewise, tissue adhesives are having potential to be used as key adhe-
sives in haemostatic and wound healing applications while they are cur-
rently used as a standby adhesive. Even protein-based adhesives render
better mechanical properties and biocompatibility when compared with
all other adhesives and glues. They are currently under research along
with the traditional polymeric materials for exploring the effectiveness
in numerous applications. Fields like packaging, construction, food, and
health need sustainability which could be easily achieved by the use of
bioadhesives. Especially in medical field combination of bioadhesives
with medicated internally used metallic elements are growing and widely
used by surgeons, doctors, and patients. In technical, legal, medical, and
other industrial applications achieving biocompatibility along with the
performance of the adhesives with higher adhesion properties is a greater
challenge. Considering all the facts development of bioadhesives, not only
for bio-related applications but also for metallic applications are inevita-
ble. This may open doors for the researchers working on metals, alloys,
and composite materials to have a better view upon avoiding the failure of
the elements using bioadhesives.
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Abstract

Synthetic adhesives are known for their toxic and unhealthy impact on natural
environment. The development of natural adhesives based on renewable resources
is dire necessity of this age. Their importance is growing gradually as the commer-
cial market is motivated to emphasis on the benefits of green adhesives. Natural
adhesives particularly emerged from polysaccharides have number of good fea-
tures like biodegradability, biocompatibility, antimicrobial activity, non-toxicity,
and low cost to keep a good pace with synthetic adhesives. In this regard, chitosan
has recognized as a potential bioadhesive used in tissue engineering and muco-
adhesive drug delivery system. Similarly, the bioadhesives have also been marked
effective for the treatment of optic and surgical wounds in area of ophthalmology.
In addition, the adhesive nature of polysaccharides increases the holding capacity
of foliage to accumulate active substances. Herbicide and pesticide sprays, xanthan
gum, etc., help to wet the leaves so that adhesion may establish and active ingre-
dients may be able to perform their activity. Moreover, they have demonstrated
themselves as a potential excipient in pharmaceutical field. By the same token,
Cigarette making industries are also utilizing starch-based adhesives for manu-
facturing rod and plug of a cigarette. Interestingly, their role as a skin cleanser has
also been reported. Last but not least, they have also found their extensive applica-
tions in food industry. This particular review explains different natural resources
of adhesives, their biotechnological development methods, current applications,
and a brief tale of different mechanical tests to evaluate their efficiency.
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8.1 Introduction

Polysaccharides are composed of polymeric carbohydrates. They are com-
posed of repeating units of monosaccharides connected with glycosidic
linkage with numerous hydroxyl groups [1]. They are abundantly found in
all plants [2], outer shell of aquatic animals [3], and few microbes [4]. It is
interesting to know that minimum 90% of carbohydrates occurred in nature
are polysaccharides. They include 70% of dry weight of total biomass [5].
Therefore, they are easily available at cheapest prices [6]. Polysaccharides
especially from plants are playing their integral role in daily life of a man
by providing essential nutrients to health and benefitting textile, paper,
petrochemical, and pharmaceutical industry. Moreover, their role as bio-
adhesive enjoys supreme place in commercial market nowadays because
of their biocompatibility, biodegradability, non-toxicity, antimicrobial
activity, and low cost. As the polysaccharides have natural and renewable
bioresources so they have replaced a number of non-renewable adhesives
for instance poly (vinylacetate), epoxy, phenol-formaldehyde, and poly-
urethane. Furthermore, the toxic chemical substances of synthetic adhe-
sives are not only a serious threat to health but also a big challenge to
environmental protection agencies of world. The development of green
bioadhesives is the prime goal of these agencies. They are also encourag-
ing synthetic industry to resolve these environmental and health safety
related issues and manufacture environmental-friendly biological adhe-
sives. According to Adhesives and Sealants Market Size, Share & Trends
Analysis Report (2019-2024), the adhesives and salants market size is
forecasted to be USD 58.9 billion in 2019 and expected to reach USD
73.8 billion by 2024, at a compound annual growth rate (CAGR) of 4.6%,
from 2019 to 2024. Moreover, The Adhesives and Sealants (ASC) council
is also financially supporting to manufacturing companies for developing
bio-based alternatives to tackle environmental hazards [7]. Bioadhesives
based on their structures are classified into proteins, polyphenols, poly-
thioesters, polysaccharides, polyisoprenoids polyoxoesters, nucleic acids,
and polyesters. Among them, polysaccharides being involved in bio-film
formation and natural mediator between surfaces are termed as potential
bioadhesive. Water-based, foamed polysaccharides are used for bonding
of such substances having fiber materials such as paper, paper board, card
board, etc. [8].
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8.2 Cellulose-Derived Adhesive

Cellulose is present in cell wall of all plants as a main structural compo-
nent. It is also a main participant in cell wall composition of microbes and
few animals like tunicates. In addition, annual production of cellulose is
estimated about 10 tons to make it one of the most striking renewable
resources [9]. The repeating units of cellulose are termed as cellobiose.
A number of hydroxyl groups present on cellulose molecule allow it to
form variety of derivatives. Amazingly, these derivatives give significant
adhesive property to cellulose. On the other hand, hydrogen bonds present
on cellulose don’t break easily so the cellulose molecules are not readily
soluble in many solvents. Hence, the role of cellulose itself as an adhesive
comes to an end. To overcome this problem, the hydroxyl ends of cellulose
undergo esterification and etherification reactions to produce such deriva-
tives that can easily soluble in many common solvents. Cellulose modified
adhesives developed through esterification and etherificaion are being dis-
cussed in following lines.

8.2.1 Esterification

Esterification is a chemical reaction in which alcohols and acids are main
reactants that are known for the synthesis of esters. Common starch
derived esters which play their role as potential adhesives includes, cellu-
lose acetate, cellulose nitrate, and cellulose acetate butyrate.

8.2.1.1 Cellulose Nitrate

The procedure of esterification, for the first time, was found by a scientist
named as Schonbein. He produced cellulose nitrate by setting up a mix
reaction among cellulose, sulfuric acid, and nitric acid. Cellulose nitrate
obtained from this reaction was flammable and have higher degree of sub-
stitution (DS). Being flammable, its main use was restricted to smokeless
gunpowder. Afterwards, the efforts were made to reduce DS to make its
application in other fields as well. The preparation of cellulose nitrate is
depicted in (Figure 8.1a) where there is a chemical reaction between cel-
lulose and nitric acid catalyzed by sulfuric acid giving cellulose nitrate and
excess of water. Finally, boiling is carried out to take away sulfate groups to
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Figure 8.1 Major reaction of cellulose: (a) nitration by nitric acid; (b) esterification

by acetic anhydride; (c) hydrolysis of tertiary cellulose acetate by hydrochloric acid;

(d) deprotonation of cellulose, the first step in etherification; (e) etherification of sodium
cellulose by an alkyl halide; (f) etherification of sodium cellulose by an epoxide. Adopted
from (Baumann et al., 1994).

maintain stability of cellulose nitrate. Cellulose nitrate commonly used as
household cement to form durable, wet-resistant, and clear films. It gives
paint films when a suitable plasticizer, pigment, or resin is added to cellu-
lose nitrate [10].
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8.2.1.2 Cellulose Acetate

Its use as an adhesive is not much prominent. Being more heat resistant
and less water resistant as compare to cellulose nitrate it becomes brittle
within time. It is produced by a chemical reaction of acetic anhydride and
cellulose, catalyzed by sulfuric acid (Figure 8.1b). Cellulose acetate pro-
duced has greater DS, not suitable, to act as a potential bioadhesive. So, the
cellulose acetate is further hydrolyzed by hydrochloric acid to reduce its
DS (Figure 8.1¢).

8.2.1.3 Cellulose Acetate Butyrate

Cellulose acetate butyrate is more water proof and greatly soluble in many
solvents as compare to cellulose acetate. It is used in paper industry to
avoid paper from staining. There are two common reactions reported for
preparation of cellulose acetate butyrate. In first reaction, cellulose nitrate
is obtained by anhydrides with suitable proportions in the presence of sul-
furic acid. In 2™ reaction, it is produced in a chemical reaction between
propionic acid or butyric acid and acetic anhydride, catalyzed by sulfuric
acid.

8.2.2 Etherification

This is a process in which cellulose is treated with sodium hydroxide
(Figure 8.1d) to obtain sodium cellulose. Then, the chemical reaction
between alkyl halide and sodium cellulose gives sodium halide along with
cellulose ether (Figure 8.1e). Similarly, sodium cellulose is also etherified
with epoxide (Figure 8.1f).

8.2.2.1 Methyl Cellulose

A chemical substance named as methyl chloride reacts with cellulose to
give methyl cellulose. Methyl cellulose is used as lining adhesive in a tech-
nique named as remoistenable backing. The development of its films is
contraction and distortion free. The restoring feature of films after expos-
ing with moisture makes them superior to films of starch paste. Their aging
feature is applied in conservation treatments like sizing, consolidation, and
supporting paper objects [11]. It is also used for paper coating and sizing
to impart grease resistance in ceramics as a binder, as a non-staining paste
for wallpaper, and as an adhesives for leather drying [12].
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8.2.2.2 Ethyl Cellulose

Biofilms produced by ethyl cellulose in wet conditions do not absorb
moisture and show more resistance to chemical break down. Its synthe-
sis is very simple as methyl cellulose. It is obtained by chemical reaction
between cellulose and ethyl chloride. Ethyl cellulose and chitosan both
combined together may be used as an adhesive in mucoadhesive drug
delivery system. It has also become clear in finding its application in new
mucoadhesive bilayered devices made of chitosan as adhesive and ethyl
cellulose as an impermeable backing material [13].

8.2.2.3 Carboxymethyl Cellulose

Sodium salt of carboxymethyl cellulose is water soluble used as deter-
gents to remove stains. It is widely used as thickener and being non toxic
has great importance in food industry. Novel modification of starch/
carboxymethyl cellulose produces composite films by using casting
method. The addition of carboxymethyl cellulose gives blend films with
optimum tensile strength. The resultant films don’t break easily as compare
to pure starch films [14].

8.3 Starch-Derived Adhesives

Starch is a storage polysaccharide comprising repeating units of glu-
cose. Amylose as linear and amylopectin as branched is the simplest
form of starch. Its application as material binder in 1985 counts more
than 1.6 billion kilograms that shows its extensive use. Similarly, there
were almost a half-billion pounds of pressure sensitive adhesives sold
in the same year [15]. So far, the commercial market is getting enlarged
and making starch the most striking adhesive. Additionally, dextrins are
obtained by the hydrolysis of dry-roasted starch. Dextrins are classified
into three groups. These are white dextrin, canary, or yellow dextrin and
British gums. They are different from one another on the basis of roasting
time, temperature and the quantity of catalyst used. Besides, generally,
some additives are added to starch derivatives for increasing the viscosity
and thickness of suspensions. They are also used to avoid from brittleness
of the glue line. Additives like plasticizers (urea, sodium nitrate, salicylic
acid, and formaldehyde), colloid stabilizer (soaps and sodium chloride),
and fillers (clay and bentonite) are widely used. Some preservatives (form-
aldehyde), defoamers, bleaches (sodium bisulfite), and organic solvents
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are also used to kill microbes, stop foaming, remove discoloration of
glue, and increase bonding tendency, respectively. Water resistance and
bonding strength was increased remarkably when additives and isocya-
natess were mixed with starch adhesives [16]. Starch and dextrin are used
in paper and textile industry as binders and sizing materials. Moreover,
they have won special attention in manufacturing paper bags and sacks,
laminating boards, and walls and carton sealing. Starch itself is unable to
act as adhesive because of branched and chain alignment of amylose and
amylopectin. The branches must be opened to make starch a suitable can-
didate as an adhesive after applying some methods like alkali treatment,
acid treatment, heating, and oxidation. These are being explained briefly
in following headings.

8.3.1 Alkali Treatment

Gelation occurs at room temperature when sufficient amount of alkali
is added. When coir fibers were mixed in starch/ethylene vinyl alcohol
copolymers (EVOH) blends after mercerized with alkali. The resultant
fibers had tensile strength increased by 53% approximately as compare to
untreated fibers [17].

8.3.2 Acid Treatment

The starches are heated at 49°C to 54°C with sufficient amount of min-
eral acid followed by suitable base is added for neutralization. In addition,
a stable adhesive with high viscosity and thickness is synthesized firstly
by treating starch with acid or alpha-amylase followed by further reac-
tions with beta-amylase. Resultant product gives good characteristics like
better adhesion, bond strength, and stability [18].

8.3.3 Heating

Firstly, the starch granules are heated until the thickening of suspension.
For starches in pure water, gelation occurs between 57°C and 72°C. And
the temperature at which gelation occurs is called as gelation temperature.
Finally, this gelation disrupts the crystalline nature of starch. Moreover,
starch-based adhesives are prepared by hydrolyzing starch with poly-
vinyl alcohol under alkaline and acidic conditions at different tempera-
tures. The bond strength of starch reached to maximum and compatibility
between starch and poly(vinyl acetate) also increased as the temperature
increases [19].
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8.3.4 Oxidation

Starch is oxidized by treating starch suspension at pH 8 to 10 with hypo-
chlorite solution until the thickening occurs. The peak viscosities of oxi-
dized rice and corn starches are more viscous than unoxidized starch and
corn at 0.8% NaOCI [20]. Oxidized starch is more stable, viscous, and
has high degree of adhesion. Hypochlorite is considered one of the most
efficacious oxidant.

8.4 Natural Gums Derived-Adhesives

When gums are added in aqueous medium, they produce viscous suspen-
sions. Natural gums include varieties like guar gum, locust bean gum, xan-
than gum, gum tragacanth, tamarind gum, gum arabic, gellan gum, gum
karaya, gum ghatti, algal gums (gum agar and alginates). Terminalia beller-
ica (Bahera), a natural gum, when used as an additive in water-based natu-
ral rubber adhesive formulations, the lap shear strength of joints with wood
substrates increased with the increase of natural gum concentration up to
80% loading. Similarly, the peel strength was also increased with addition
of the gum [21]. Natural gums have found vast application in paper, textile,
food, pharmaceutical industry, heavy ion separations, laundry, and house-
hold products because of their potential to make gel and also having sta-
bilizing character. Despite of many limitations, these adhesives are used to
bind wood-wood and many common interfaces. Moreover, Natural gums
are not only marked as environment friendly but also used as adsorbent to
separate heavy metal ion from industrial sewage [22].

8.5 Fermentation-Based Adhesives

One of the studies reveal that the fermentation of alfalfa (Medicago
sativa L.) gives comprising fibers, fermented residues (FR), and glycocalyx
in the presence of ruminococcus albus or clostridium thermocellum. Then,
these microbial-fermented plant fibers are replaced with synthetic part of
adhesives. These fermented biomass co-adhesives work well under wet
conditions and exhibit good shear strength. The presence of glycocalyces
further improves adhesion and binding ability. In addition, cassava is a
tropical crop that is serving about 700 million people by providing 200-
1000 calories in a day. For achieving a high quality and stable adhesive, cas-
sava was kept under fermentation process. Amazingly, cassava starch with
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high HCN (hydrocyanic acid) content and low pH gave high quality and
stable adhesives. But such fermented cassava was only confined to indus-
tries being toxic in nature. However, if adhesive for domestic application is
required, then low HCN starch with salts and non-toxic oxidizing agents
such as ferrous sulphate, aluminum chloride, sodium hypochlorite, and
acetic acid are mixed to extend the shelf life [23].

8.6 Enzyme Cross-Linked-Based Adhesives

This is special adhesive system in which chitosan, phenolic compounds,
and enzyme laccase are main three participants. Here, there is formation
of covalent bonding between the amino group of chitosan and the qui-
nine group of phenolic compound by Schiff base mechanism. Laccase
plays a role as oxidizing the phenolic compounds. Resultantly, such bio
adhesives are produced having durable binding strength. Similarly, a
lignin-based adhesive was also produced by replacing the synthetic latex
in wool floor covering by a laccase-enhanser system followed by a phe-
nolation step where natural phenolic compounds were copolymerized
with lignin in order to improve its content of quinone structures reactive
towards wool. The synthesized adhesive was flexible, having increased
bonding strength [24].

8.7 Micro-Biopolysaccharide-Based Adhesives

Extracellular polysaccharides produced by microorganisms are also con-
sidered good candidate as bio adhesives. Although, these types of adhesives
do not work well as compare to wood adhesives present in the market, but
nowadays, they have proved themselves as a good competitor for bond-
ing applications. Besides, microbial fermentation process was applied on
a non-petrochemical feedstock to synthesize a stable and more resistant
adhesive. In this study, even though, resultant adhesive was susceptible to
water but proved as strongly resistant to many solvents. The mean value
of shear strength was 819 psi by using anodized aluminum [25].

8.8 Mechanism of Adhesion

How an adhesive works to bind two surfaces is very interesting and involves
number of theories to describe adhesion phenomenon. In this effort,
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modern adsorption and mechanical theories of adhesion were introduced
by McBain and Hopkins in 1925 [26]. According to them, the adhesion is
governed by binding of adhesive in cavities or pores of the surface. Wet
ability factor is considered favorable in this regard. Van der Leeden and
Frens proposed that binding of adhesive was based on the shape of the sur-
faces and rheological properties [27]. Whenever the adhesive could not be
able to penetrate into cavities or rough surfaces it tends to form air bubbles
weakening the penetration between adhesive and adherend. The mechan-
ical interlocking theory explains not only the porous or rough substrates
such as wood and paper but also informs about some metallic substrates
such as anodized aluminum [28]. John Venables, an eminent scientist who
developed scanning electron microscope to observe isomeric drawings
showing all characteristics of oxidized metal surfaces. Actually, his work
emphasizes on anodized layer of aluminum and titanium. In this spell,
Keller, Hunter, and Robinson concluded the structure of porous oxide
films on aluminum. But, according to Venables, porous surfaces of these
anodized layers are micromechanical keying of the adhesives [29]. The
adsorption theory also explains the mechanism of adhesion. According to
this theory there are intermolecular forces present between the molecules
of adhesive and adherend [30]. In addition, the electrostatic theory tells
about the possible mutual electron sharing between adhesive and adher-
end. The diffusion or inter diffusion theory explained by Voyutskii deals
with those polymers which are mutually miscible and compatible [31].
Fick’s law of diffusion gains attention here. The thermodynamic theory
also emphasizes on the direct measure of forces involved in making con-
tact angle between the adhesive and the adherend at the thermodynamical
equilibrium. Current theories of adhesion have been reviewed with par-
ticular regard to the problems of adhesive dentistry. Although, Adhesive
material is currently available to be applied at etched enamel yet suitable
adhesive for tooth substances is demanding attention [32].

8.9 Tests for Adhesion Strength

There is a plethora of tests available to determine the strength of adhe-
sives but only a few are capable of providing quantitative data that can
readily be used in design calculations. These test methods are specially
made to place loads creating stresses on adhesive joints. The test methods
to determine the strength of an adhesive include tension, shear, cleav-
age, compression, peel, and stresses as shown in (Figure 8.2a). Their main
function is to generate shear stress for evaluating strength of an adhesive.
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Figure 8.2 (a) Various modes of mechanical testing. (b) Single lap an double lap joints.
Adopted from (Patel et al., 2013).

Mechanical tests are necessary for determining significant properties like
deformability, tensile and strength, and brittleness [33]. Mechanical tests
include some of the most familiar adhesive joint tests such as the thin lap
shear, the double lap shear, strap joint, and thick adherend shear tests.
These lap joints are extensively used to determine the performance ability
of an adhesive because they offer more reliable strength measurement as
shown in (Figure 8.2b). Thin lap shear or single lap joint tests have been
identified for some limitations for the accurate results as the stresses are
loaded at the ends of the overlap. This eccentric loading produces bend-
ing of adherends and rotation of bonding region [34]. This problem was
resolved by developing a new mechanical test known as double-lap joints
as shown in (Figure 8.3) that represents a scheme of symmetrical double
lap joint where the central adherend is twice the thickness of the outer
adherends. Moreover, single-lap tests are replaced by double tap tests as
the former produces coupling effects. While double-lap tests measure the
shear capacity of adhesives with less peel effects. In addition to this, thin
adhesive films are used in packaging, coating or for advertising. Once a
film is adhered to a substrate, flaps can be detached by tearing and peeling.
This triangular shape of the tear determines the mechanical characteriza-
tion of thin adhesive films, nanofilms deposited on substrates or fruit skin
[35]. So, tearing is a good tool to evaluate mechanical characterization of
thin adhesive films.



176 GREEN ADHESIVES

adherend spacer

Figure 8.3 Scheme of lap joint test. Adopted from Duncan and Crocker 2001.

8.10 Applications

8.10.1 Biomedical Applications

This is generally said that polysaccharide adhesives are only confined to
binding adherends. But, recent studies have reported that chitosan-based
bio adhesives have got significant attention in pharmaceutical and bio-
medical field. They have found their application in tissue engineering and
wound dressing [36]. Their mucoadhesive property along with water resis-
tance and release characteristics has made them attractive for mucoadhe-
sive drug delivery system. In addition to this, poly glycolic acid-chistosan
glue has been synthesizes by the deacetylation of chitosan. Interestingly, this
new modified glue works better than fibrin glue. Biochemical studies have
revealed its clinical application because of its outstanding biocompatibil-
ity [37]. Furthermore, polysaccharides cross-linked with dextrans are also
drawing attention in wound treatment. Cationic polysaccharides have their
extensive use in biomedical field as well. They are equally important in inter-
nal surgical practices and have shown antibacterial activity. Bioadhesive
polymers like sodium carboxymethylcellulose (Na-CMC), hydroxypropyl
methylcellulose (HPMC), levan, xanthan is being used in drug delivery
systems. Moreover, mucoadhesive drug delivery system also increases bio-
availability and local therapeutic effect of drugs by improving the residence
time at the site of application [38]. By the same token, polysaccharide-based
adhesives have also drawn attention for surgical and optic wounds in the
field of ophthalmology. Modern adhesives emerged from protein tissue sol-
der and hydrogels are being used nowadays. These new adhesive systems
are more effective than already available sutures in market [39].

8.10.2 Food Stuffs Applications

Dextrin-based food grade adhesives with little amount of carboxymethyl-
cellulose, xanthan, or its combinations are used to keep spiced and flavored
coatings intact in manufacturing process of oil roasting of nut meat products.
The coatings of dextrin-based food grade adhesives having no xanthan, car-
boxy methyl cellulose, or its combinations are vulnerable to oil roasting [40].
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The dried sap of gum arabic with immense commercial value is considered
now a global commodity having good features like emulsifier, stabilizer, binder,
and shelf-life enhancer. Hence, it is extensively used in many foods [41].

8.10.3 Pharmaceutical Applications

Polysaccharides including starch and its derivatives have found their
applications as binders, diluents, glidants, fillers, and disintegrants. Starch
being low compatible and enzymatically degradeable was unable to tackle
structural integrity and controlled release issues. To overcome this prob-
lem, various physical, chemical, and enzymatic hydrolysis methods were
applied to produce such derivatives which are sufficient to make starch a
good pharmaceutical excipient. Starch modifiers like retrograded starch,
carboxymethyl starch, grafted starch, pregelatinized starch, starch acetate,
cross-linked starch are used in oral tablets to control dug release [42].

8.10.4 Agricultural Applications

Moreover, their application to agricultural field can’t be underestimated.
The adhesive properties of polysaccharides provide holding capacity to foli-
age so that active substances remain stick to foliage surface. Herbicide and
pesticide sprays, starch, scleroglucan, xanthan gum, and carboxymethyl-
cellulose help to wet the leaves so that adhesion may establish and active
ingredients may be able to perform their activity in an effective way [9].

8.10.5 Cigarette Manufacturing

Starches prepared at high temperature and pressure is used in the man-
ufacturing of cigarettes. Cigarettes are composed of a cigarette rod and a
filter or plug. A cigarette formation is incomplete without use of adhesives.
Side seam and lap seal adhesives are attached to paper tube of cigarette rod.
Centerline adhesive is attached to center of paper embedded in filter or
filter plug and overlap adhesive forms filter plug. The filter or plug is then
attached to the cigarette rod by wrapping another paper (tipping paper)
which contains an adhesive (tipping adhesive) around the plug and over-
lapping it with an aligned rod [43].

8.10.6 Skin Cleansing Applications

Adhesives are also reported for cleansing of skin. Keratotic plugs and dead
epidermal cells are known for pluging the skin pores. Keratotic plugs and
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dirt from skin pores cannot be removed by traditional cleansers and deter-
gents. The only way to remove this debris is the application of cleansing
adhesives. Additionally, the use of synthetic cationic polymers containing
salt forming groups can remove these plugs but natural products are dire
necessity now. The problem may arise for skin if adhesives are not properly
removed from skin [44].

8.11 Conclusion

Polysaccharides are present in large amount in nature. That’s why they are
easily available at cheapest price. Their natural and renewable resources
have made them attractive for commercial market in whole world. In near
future, the scarcity of petrochemical resources will magnify their impor-
tance and divert the attention of industries towards renewable resources.
To this day, their role as bioadhesive enjoys supreme position because of
their biocompatibility, biodegradability, non-toxicity, antimicrobial activ-
ity, and low cost. The manufacturing of green adhesives will safeguard this
earth from polluted and toxic chemicals. Although bioadhesives are fulfill-
ing the demand of commercial market to some degree but the need of hour
is to develop such structural modified polysaccharides which can improve
wet strength of bonds and thermal properties. In this regard, cross-linking
of polysaccharides with organic or inorganic modifiers, recombinant tech-
nology, and combination of superior additives with an actual adhesive may
produce constructive results.
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Abstract

Wound healing adhesives have gained amassed interest for wound healing after
surgical incisions, endoscopic processes, dental procedures, ocular surgeries in
both corneal and retinal, cataract, pancreatectomy, gastric incisions, inguinal
hernia repair, variceal bleeding, knee arthroplasty, cardiac surgeries, diabetic foot
ulcers, accidental lacerations, and burns. Use of wound healing adhesives is of
clinical interest due to improved patient comfort, cost effectiveness, less skill
required for its application, no need of local anesthetic, ease in application, and
less tissue damage during sealing wounds. There is great need of searching wound
healing adhesives having properties of biocompatibility, biodegradability, no
toxicity, and provision of moist environment for normal wound healing.

Keywords: Tissue adhesives, wound closures, fibrin sealants, cyanoacrylate
adhesives

9.1 Introduction

Wound is externally induced injury to the skin or any tissue inside the body
that results in breaks and damage to the body organs, cells, blood vessels,
extracellular matrices, and membranes. Skin being outer covering acts as
a shield to prevent body from injurious effects of environment. Successful
wound healing process occurs in three overlapping stages inflammation
and hemostasis, cell proliferation, and tissue remodeling [1], failure at any
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phase of wound healing process leads to serious complications. Wound
healing and restoration of tissue functions is mandatory to avoid infection
and bring the body to its original healthy condition [2]. Currently, research
and interventions in wound closing devices lead to the development of
wound healing adhesives to accelerate wound closure, and healing by act-
ing as skin substitute, induce tissue growth, and reduce scar formation [3].
Wound scaffolds, dry gauzes, and bandages are commonly used [4] for
wound closing but have demerits such as re-injury of tissues after their
removal. Antibiotics containing wound dressings have chances of causing
bacterial resistance and increase wound infections. To avoid such compli-
cations, nowadays, wounds are closed with staples, sutures, adhesive tapes,
or wound adhesives according to their need as summarized in Table 9.1
[5, 6]. As low hydration requires more healing time, thus need of wound
healing adhesives and their use in internal medicines with low toxicity
profile, easy handling, cost effectiveness, prevention of fluid leakage from
the sutures or incisions, provide moist healing (in case of hydrogels), and
prevent undue tissue damage during removal [7] is of great interest for
surgeons in clinical practices. Currently, scientists are searching alternative
methods of wound closures without side effects for diabetic foot ulcer [8],
endoscopic totally extraperitoneal (TEP) inguinal hernia repair [9], and
incisions of hernia [10], surgical incisions [11], in ocular conditions like
corneal incisions [12, 13], in retina [14], in children for facial laceration in
emergency department [5], for oral wounds during dental surgeries [15],
for gastrointestinal tract wound healing [16], for skin grafts in burns [17],
as tissue adhesives in endoscopic bleeding [18], for total knee arthroplasty
[19], and cardiac surgeries [20]. In literature, wound healing adhesives
based upon their chemical nature such as albumin/glutaraldehyde seal-
ant [20], gelatin-based adhesives [14], xylose-based semisynthetic poly-
urethane tissue adhesives [21], starch-based scaffolds [22], Poly(ethylene
glycol) (PEG) dextran hydrogels [13, 23], PEG-based hydrogels [24],
injectable self-healing hydrogels [3], polysaccharides-based wound adhe-
sives [12], cyanoacrylates [5, 15, 25, 26], and fibrin sealants [17, 19] have
been reported.

9.2 Wound

Wound is externally induced injury to the skin or any tissue inside the
body that results in breaks and damage to the body organs, cells, blood
vessels, extracellular matrices, and membranes. Wounds are classified as
abrasion, avulsion, incision, laceration, and punctures (Figure 9.1).
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Chronic wound 4 Acute wound

Figure 9.1 Acute and choric wounds.

9.2.1 Types of Wounds
9.2.1.1  Acute Wounds

Acute wounds are referred to those wounds that heal timely such as burns,
traumatic injuries, and surgical incisions. Most acute wounds heal by nat-
ural healing mechanisms after proper wound closure.

9.2.1.2 Chronic Wounds

Chronic wounds are developed due to an abnormality in orderly and
timely healing of wounds to redeem structural and functional integrity of
tissues. Chronic wounds are often infected and exhibit a persistent anom-
alous inflammatory profile. Any skin lesion has the potential of becoming
chronig, if not treated timely and properly. These wounds are named on the
basis of their underlying cause. Common examples of chronic wounds are
diabetic foot ulcers, pressure ulcers, and venous leg ulcers.

9.3 Structure and Function of the Skin

To understand the nature, treatment, and healing of external wounds,
it is necessary to know about the structure and function of the skin. As
an outer covering skin protect the body from physical damages, invading
pathogens, fluid loss, hurtful substances in the environment (e.g., dust and
microbial flora), and maintain the balance of body homeostasis. The skin
is frequently damaged by external stress factors but it has the ability to
restore itself without resulting in septicemia. Epidermis and the dermis are
two layers of skin. The epidermis comprises of melanocytes, dendritic cells,
keratinocytes, sensory axons, Langerhans cells, and basement membrane.
The dermal layer contains skin appendages, fibroblasts, mast cells, immune
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cells, antigen containing dermal cells, and extra cellular matrix complex.
Extra cellular matrix complex regulates functions of cytokine and growth
factors and provides framework for intercellular connections, and allow
cellular movement. Sensory autonomic nerve fibers form intercellular tight
junctions with keratinocytes for transmission of pressure, pain, tempera-
ture, and itch sensations. Tonic adrenergic vasodilator and vasoconstrictor
nerves control the arterial-venous thermoregulatory shunt circulation from
which capillary network originates. Lymphatic vessels network is found
under the epidermis. Pre-collector vessels is located in deeper layers of the
dermis and lymph collecting vessels in the subcutaneous fat layer [1].

9.4 Mechanism of Wound Healing

Wound healing and restoration of tissue functions is a necessary process
to bring the body to its original healthy condition. Wound healing pro-
cess occurs in three sequential overlapping steps, inflammatory phase
and hemostasis, proliferative phase, and tissue remodeling. For immedi-
ate stoppage of bleeding primary sensory, neurons sense the occurrence
signs of injuries and send signals to the brain during inflammatory phase.
Elimination of pathogens and wound cleaning by peripheral mononuclear
blood cells is the preliminary target during inflammatory phase. After
inflammatory phase and hemostasis proliferative phase starts, wounds
repair and begin tissue remodeling. During this phase of wound repair,
fibroplasia, angiogenesis, re-epithelialization, and peripheral nerve repair

» Injury
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Figure 9.2 Mechanism of wound healing in skin adopted from Luis Cailedo-Dorantes
and Mara Canedo-Ayala [1].



WouND HEALING ADHESIVES 187

occur. Completion of tissue remodeling and restoration of tissue integrity
[1] are the main objectives of the final phase (Figure 9.2).

9.5 Wound Closing Techniques

After every surgical process, there is need of wound closing techniques
to avoid infection and achieve proper wound approximation and wound
healing. Since long time, wound closing is done by using sutures. Surgeons
are looking for non-suture technique that maximizes tissue repair and
minimizes infections by microbial flora. Every surgery leaves behind a
scar of sutures that may have functional, cosmetic, or psychological con-
sequences. Principle of wound closure should be ease in handling, precise
wound approximation, and low infection rates. The ever-striving search for
an alternative procedure to heal a wound with minimal scar, save time, and
handle wound closing material easily lead to the discovery and develop-
ment of synthetic sutures, staples, skin closure strips, clips, adhesive tapes,
and tissue adhesives. Every patient wants a method that heals wound with
better cosmetic appearance and minimal scar formation. The final decision
of using appropriate wound closing technique rests on the surgeon. The
surgeon must evaluate each case individually and choose wound closing
technique which will maximize the opportunity of healing and minimize
the likelihood of infection. Use of wound closing techniques, sutures, sta-
ples, tapes, and tissue adhesives depends upon the choice of surgeons as
depicted in Table 9.1.

9.6 'Wound Healing Adhesives

Wounds need to be closed to prevent infection and ensure proper healing
and prevent infection [27]. Wound healing adhesives are materials that can
stick to a wound tissue (e.g., connective, neural, epithelial, or muscular).
These adhesives bind with injured tissues to stop bleeding, prevent fluid
or gas leakages, and allow proper healing. Tissue adhesives were invented
in 1949 and tried clinically for the first time in 1959. Since then, a num-
ber of wound healing adhesives have been developed by natural, derived,
semisynthetic, or synthetic processes. This technique is used to close
wound without using local anesthesia and allow normal wound healing
by prohibiting entry of foreign material [28]. “Plaster of Paris” has been
used around for centuries as tissue and bone adhesive. Wound closure
and healing with adhesives remained a method of clinical interest that
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can replace the conventional wound closing techniques such as staples,
taps, and sutures in the repair of wounds.

The tissue adhesives have been used in general surgery to heal wounds
related to eyes, kidney, liver, abdomen, and vascular surgeries in both
pediatric and adults. Tissue adhesives are superior to conventional
wound closing techniques bearing properties of easy to use as no tech-
nical skill required, comparable long-term cosmetic effects, decreased
repair time, excellent bacteriostatic property, and elimination of recall
visits. Adhesives carry no risk of sharps injury and prohibit the chance
of infection and promote healing in topical lacerations and tension free
small incisions. Sajid et al. in 2009 reviewed and compared skin adhe-
sives versus sutures for closure of laparoscopic port-site wounds. Their
statistical data has shown no difference between these two wound clos-
ing methods in terms of wound dehiscence, infection, and patient satis-
faction. Wound healing adhesives were easy to use for closing port-site
wound closure as compared with sutures [29]. Selection of wound closing
technique depends upon the nature of wounds. Adhesives are not suitable
for following wounds:

o Contaminated wounds from human or animal bites

o Infected or crushed wounds

o  Wounds which cross muco-cutaneous borders

o  Wounds over 12-hour old

« High friction areas such as buttocks

« Approximation of skin edges in wounds of deep layers
require sutures

« Skin wounds over high tension areas such as joints

« Wounds at high moisture areas that allow poor adhesion [30]

Marketed products and role of wound healing adhesives are summa-
rized in Table 9.2.

9.7 Types of Wound Healing Adhesives Based Upon
Site of Application

Based upon biocompatibility and adhesive strength, tissue adhesives can
be classified into two categories, namely, external use adhesives and inter-
nal use adhesives.
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9.7.1 External Use Wound Adhesives

External use tissue adhesives are preferred over adhesive tapes, sutures,
and staples and preferably used for sealing topical or local surgical inci-
sions on or close to body surfaces due to their adhesive strength. During
skin grafting, surgeons usually prefer external used adhesives for adhesion
of artificial skin. Due to issue of biocompatibility, externally used tissue
adhesives are not employed internally unless until no proven biocompati-
bility established, especially in those conditions that require direct contact
of adhesives with the organs inside the body. Cyanoacrylate class of wound
healing adhesives is employed externally and possesses the features of
short gluing time, high adhesive strength, and ease in preparation. Due to
production of heat during bonding process and formation of toxic degra-
dation products such as formaldehyde and cyanoacetates, these adhesives
are prohibited inside the body.

9.7.1.1 Steps for Applying External Wound Healing Adhesives
on Skin [30]

1. Selection of wound to check suitability of adhesives accord-
ing to the nature of wound

2. Clean wound with antiseptic solution

. Connect skin edges by slight pulling on both ends

. Apply adhesives to the wound in a way that it covers
5-10 mm either sides

. 'Three coats should be applied

. Allow 30-45 seconds for polymerization

. Wound adhesive will peel of in 5-8 days

. Do not speed up polymerization by fanning

= W
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9.7.2 Internal Use Wound Adhesives

Internal use tissue adhesives are used inside the body for fistulas occlu-
sion, hemostasis during surgical processes, and adhesion sub-skin tissues,
organs, and membranes. Use of internally used adhesives is comparatively
less due to small displacement of organs and chances of toxic effects of
cyanoacrylate glues. Biological compatibility is an important parameter for
internally used tissue adhesives to be checked as per following criteria.

o Tissue adhesive and its degradation products should have no
toxicity for human body.
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« Adhesives should not be carcinogenic or inflammatory.

« Tissue adhesive should be irritation free and harmless to
normal wound healing process.

« Material of tissue adhesives should be able to be degraded by
hydrolysis and body enzymes.

o Metabolic products of tissue adhesives should be cleared
from body by excretion.

9.8 Types of Wound Healing Adhesives Based Upon
Chemistry

Schematic representation of wound healing adhesives based on chemistry
is summarized in Figure 9.3.

9.8.1 Natural Wound Healing Adhesives
9.8.1.1 Fibrin Sealants/Fibrin-Based Tissue Adhesives

Fibrn sealant are biological glue widely used in dural closue and prevent
from dural leakage, treatment of bronchopleural fistulas, prevention of air
leakage during lungs procedures, cardiovascular surgery for hemostasis,
to control bleeding from burns, avoid cerebrospinal fluid (CSF) leaks by
providing water tight closure, and lacerations in spleen or liver. Use of
fibrin-based adhesives in macular holes repairing, LASIK and scleral flaps,
catract incisions, corneal ulcers, and transplants is of prime importance.

Wound healing adhesives

- Semaynietc

Polysaccharides E
StarCh Chltosan DeXtran i T i

Figure 9.3 Classification of wound healing adhesives based upon chemistry.
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Sealants are preferred over sutures and staples in surgeries where there is
need of sealing air and gas leakages with minimal scarring. Esposito et al.
in 2016 reviewed and summarized the literature to describe safety and effi-
cacy of fibrin-based wound healing adhesives for sealing dura and prevent/
treat cerebrospinal fluid leakages [31]. Due to their biologically safe nature,
fibrin sealants have been used to decrease bleeding in knee replacements,
radical neck dissections to treat lymphatic leaks. Physical and biological
properties with better adhesive strength make tissue adhesives attractive
for surgeons to use them in clinical practice for neurosurgery, periodontal,
orthopaedic, endoscopic, ophthalmic, gastrointestinal, pneumothoracic,
cardiovascular, plastic, and reconstructive surgeries. Due to moderate
mechanical strength and good adhesive properties, fibrin sealants are
mostly used with sutures. Hemostatic property and no heat generation
enabled fibrin adhesives to be used in surgeries as shown by diagrammatic
representation in Figure 9.4 adopted from [32].

Fibrinogen combination with thrombins started in 1944 as for using as
an adhesive in skin grafts. Fibrin sealants are containing two components
in double injector: fibrinogen with factor XIII and thrombin with Ca2+.
Thrombin is helpful in clot formation by conversion of fibrinogen to fibrin
monomer as it splits fibrinopeptide from o and P chains. Blood plasma
fibrinogen plays an important role in blood clot formation. Thrombin acti-
vates fibrinogen and converts it into fibrin monomer when it is applied on

\,' ) l!l

Lung tissue sealing

Ulna

Achilles tendon repair Wound healing

Figure 9.4 Use of surgical glues in surgical processes a diagrammatic representation
adopted from [32].
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wounds. While factor XIII, blood derived clotting proteins, enables fibrin
monomers to crosslink and form insoluble clots. Formation of amide
bonds between glutamine and lysine residues resulting in formation of an
insoluble clot which is resistant to proteolytic cleavage. Calcium ion pro-
motes these biological processes as shown in Figure 9.5 [11].

Thrombin and fibrin glues (or sealants) have not been approved for
endoscopic procedures but are in use for blood clot. Al-Khazraji and Curry
reviewed and highlighted clinical applications of tissue adhesives for acute
variceal bleeding. They suggested that hemostasis can be achieved in vari-
ceal bleeding by direct injection of sclerosant and tissue adhesive into the
varix during endoscopic ultrasound with low risk of hitches [18]. Mesh
fixation to avoid recurrence of inguinal hernia after laparoscopic repara-
tion is mostly done by staples, resulting in chronic inguinal pain. Choi
et al. used fibrin glues for mesh fixation and observed its effect in reduc-
tion of acute or chronic postoperative pain in single-port laparoscopic
totally extra peritoneal inguinal hernia repair patients. Daily living activi-
ties were resumed earlier and less anesthesia required in group of patients
with mesh fixation by using fibrin glue as compared with mesh fixation
by staples. No significant difference was observed between both groups
in the incidence of chronic pain [33]. Fibrin sealants are familiarized to
be used by some surgeons for the reduction of postoperative pancreatic
fistula following major surgeries for cancer or inflammation of the pan-
creas. As the use of fibrin sealants following pancreatic surgery is contro-
versial, Gong et al. used fibrin sealants in pancreatic surgery to assess the
effectiveness, safety, and possible adverse effects of fibrin sealants for the

v v

Figure 9.5 Diagrammatic representation of clot formation in fibrin glue adopted from [11].
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prevention of postoperative pancreatic fistula. They reported little or no
effect on pancreatic fistula after distal pancreatectomy [34]. Berney and
Descallar performed an experiment for over a 10-year period and con-
firmed advantages and safety of fibrin glues as a substituent of staples. In
their study, 703 patients underwent 1,000 elective totally extraperitoneal
inguinal hernia repairs and fibrin glue mesh fixation was found extremely
safe and reliable method, with a very high patient’s satisfaction with limited
risk of developing chronic pain [9]. Hovanesian suggested use of fibrin tis-
sue adhesives in routine cataract surgeries to create a watertight seal with
7 days of adhesive strength more than enough for cataract surgery [35].
There was risk of hepatitis infection in fibrin treated patients but purifica-
tion and sterilization techniques has expressively decreased the risk. The
fibrin glue components are subjected to dry heat treatment, pasteurization,
solvent-detergent cleansing, two step vapor heat treatment, precipitation,
pH treatment, nanofiltration, and some chromatographic steps or com-
bination of these processes for virus screening, inactivation or reduction,
and make it useful in medical treatments [36].

9.8.1.2 Albumin-Based Adhesives

Albumin, globular protein naturally found in blood, used as hemostat in
vascular and cardiac surgeries in combination with adhesion compound
like glutaraldehyde. In combination form glutaraldehyde and bovine
albumin adhesives are available in market in double chambered syringe
approved is in the United States for assisting in the repair of aortic dissec-
tion. Glutaraldehyde covalently binds with proteins of wound and albumin
molecules to form mechanical seal without affecting normal blood coag-
ulation process. Upon adherence, Bioglu form interlocking within wound
spaces [20]. Taguchi et al. in 2009 in their experiment combined organic
acid-based crosslinkers disuccinimidyl tartarate, disuccinimidyl malate,
and trisuccinimidyl citrate with human serum albumin to produce bio-
degradable, biocompatibility, and solid-liquid-type tissue adhesives with
bonding time 5, 10, and 15min, respectively. It was found that bonding
strength was dependent on the concentration and nature of crosslinker, as
tissue adhesive having trisuccinimidyl citrate had shown 3.2-fold greater
bonding strength than aldehyde-based tissue adhesives and 6-fold greater
than fibrin-based adhesive [37]. Zhu et al. in 2017 prepared DOPA-
albumin tissue adhesive for internal medical applications in which bovine
serum albumin was acting as backbone, citric acid, and dopamine as addi-
tional components. DOPA albumin-based adhesive had 10-fold greater
adhesion strength then commercially accessible fibrin-based glues in wet
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environment and fine in vivo biocompatibility, better in vitro gelation
kinetics, swelling trends, degradation rates, and cytocompatibility [38].

In another study, Taguchi et al. combined human serum albumin with
crosslinker citric acid derivative and prepared wound adhesives having
bonding strength slightly low as compared to cyanoacrylates and 9 times
greater than fibrin glues. Citric acid derived albumin adhesives has shown
excellent wound closing property and biocompatibility similar to that of
cyanoacrylate-based adhesives when used on mouse skin [39]. Nowadays,
formaldehyde-based adhesives have not been approved by the FDA as
formaldehyde is excluded from the Bioglu due to toxic properties.

9.8.1.3 Collagen and Gelatin-Based Wound Healing Adhesives

Collagen and gelatin-based adhesives are used in ocular applications
[14] due to their excellent biocompatibility, ease of processing, effective
crosslinking properties, and low cost. Gelatin scaffolds with other poly-
mers have widely used as bio-artificial grafts, bio-adhesives, and cell-sheet
carriers during last decade [40]. In situ forming sprayable and injectable
gelatin-based hydrogels have been emerged as an substitute to conven-
tional wound tissue adhesives [41]. The collagen-based adhesives may
have beneficial effects in medical treatments as a sealant film, for bonding
soft tissues, tendon wraps for preventing adhesion following surgery, and
wound closures [42]. Collagen-based adhesives Floseal (Sulzer Spine-tech,
Anaheim, California) are used for vascular surgeries and Proceed (Fusion
Medical Technologies, Mountain View, California) used for prevention
and treatment of CSF leakage, Costasis (Cohesion Technologies, Inc.),
used to control bleeding in of hepatic, orthopedic, and cardiovascular sur-
geries. All three adhesives are made by combining bovine and thrombin
bovine collagen.

9.8.1.4 Starch

Starch is mostly used in the formation of scaffolds, tissue engineering,
bone replacement implants, and different kinds of wound dressings.
Salgado et al. evaluated the in vivo response of starch-based scaffolds when
implanted in rats and concluded these scaffolds have remarkable effects
in very early form of bone formation [43]. Different starch-based wound
dressings are prepared by its modifications and reviewed in literature [44].
Marques et al. in 2002 reported the cytocompatibility of starch-based poly-
mers as potential biomaterials. The biocompatibility of different blends of
corn-starch, starch/cellulose acetate, and starch/ethylene vinyl alcohol
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were assessed. Both types of starch-based polymers exhibit a cytocompati-
bility that might allow for their use as biomaterials [45].

9.8.1.5 Chitosan

Chitosan form bonding with tissue collagen due to presence of amine
group through electrostatic attractions. Chitosan-based wound healing
adhesives besides increasing blood coagulation process can also releases
transforming and platelet-derived growth factors which play an essen-
tial role in the wound healing process [46]. Polysaccharide-based bio-
compatible and biodegradable polymer chitosan, composed of N-Acetyl
glucosamine, have emerged as wound adhesives without the production
of harmful byproducts and undergoes enzymatic degradation in biolog-
ical environment. These chitosan/pluronic-based hydrogels have proved
its usefulness in tissue engineering by injectable drug delivery and act as
antibleeding ingredients [47]. Chitosan has not been commercialized and
marketed on larger extent due to its poor water solubility but it can lead to
the discovery of non-toxic biodegradable and biocompatible wound heal-
ing adhesives [48]. Chitosan-PEG-tyramine (CPT) hydrogels were pre-
pared by using hydrogen peroxide and horseradish peroxidase to explore
their tissue adhesives characteristics. PEG was grafted on chitosan back-
bone to crosslink in three-dimensional network and enhance its solubility.
CPT gels had shown best results in healing when compared with fibrin
glue, cyanoacrylates, and suture. They suggested that the formation of in
situ remediable chitosan hydrogels can lead to the invention of very inter-
esting and promising wound healing adhesives [49]. Hydrophobic nature
of chitosan makes it able to form cluster of blood cells by connecting them
in wounds and stop bleeding and can be used as sprayable foam-based
sealants. The hemostasis with chitosan-based adhesives can be achieved
within minutes after its application on wounds and blood loss can be 90%
reduced [50].

9.8.1.6 Dextran

Bhatia et al. in 2007 used a combination of dextran aldehyde with star poly-
ethylene amines for sealing corneal incision in rabbit eyes. These wound
healing adhesives were found efficacious for sealing corneal incisions
without cytotoxic effect on corneal endothelial cells [12]. Matsumura et al.
prepared oxidized dextran and Poly-L-lysine hydrogel. They have reported
well-controlled degradation rate, low toxicity, and potential clinical appli-
cations of above mentioned bioadhesives [51]. Wang et al. in 2012 prepared
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photocrosslinkable gels from bio-degradable and biocompatible polymers,
gelatin, and oxidized urethane dextran. They suggested that gelatin and
dextran (double crosslinker)-based gels can be used as a novel wound heal-
ing adhesives for better cell attachment in such a way that gelatin com-
ponent can decrease the swelling ratio and increase the adhesive strength
[52]. Chenault et al. reported tissue adhesive properties of combination
of 8-armed star poly(ethylene glycol) with (MW 10,000), bearing primary
amine groups on each arm and 50% oxidized dextran aldehyde (MW
10,000). They found that dextran aldehyde in combination with 8-armed
star poly(ethylene glycol) and tissue adhesives cures spontaneously with-
out cytotoxicity and have strong bond forming capability that only 1-2
microliter is enough for clear corneal incision sealing within first 5 days
[13]. Artzi et al. in 2009 reported biocompatible PEG/dextran-based adhe-
sives with amine groups are superior to cyanoacrylates wound adhesives
having comparatively better adhesive properties than fibrin-based wound
adhesives [23].

9.8.2 Synthetic Wound Healing Adhesives
9.8.2.1 Cyanoacrylate

Cyanoacrylates commonly known as glue or superglue were used for
wound treatment despite of disapproval from FDA until 1998. They tend
to get polymerized when make contact with skin by forming mighty bio
films due to strong bonding with wound and endergonic reactions as well.
At last, their use came to end for their weak tensile strength and brittle-
ness. Now, their use for the treatment of oral wounds due to dental surgery
has also been demonstrated [15]. This class of wound healing adhesives
is employed externally and possesses the features of short gluing time,
high adhesive strength, and ease in preparation. Toxic degradation prod-
ucts such as formaldehyde and cyanoacetates and heat production during
bonding lemmatized their use inside the body. To minimize the toxic
effects and improve acceptability derivatives of cyanoacrylates has been
developed. Methyl 2-cyanoacrylate, Ethyl-2-cyanoacrylate, 2-butyl cyano-
acrylate, and 2-octyl cyanoacrylate are important derivatives of this class of
wound adhesives (Figure 9.6). Singh et al. in 2019 evaluated effectiveness
of n-butyl cyanoacrylates wound healing adhesives in maxillofacial and
oral laceration after surgical incisions [53] and reported that adhesives are
cost effective and easy to apply. Singer et al. in 2008 reviewed topical appli-
cations of cyanoacrylates [26]. Soni et al. in 2013 studied the effectiveness
of 2-octyl cyanoacrylates tissue adhesive in maxillofacial lacerations and
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Figure 9.6 Structures of cyanoacrylates.

reported that these adhesives can be used for fast, effective, reliable skin
closure in maxillofacial incisions [54].

9.8.2.2  Poly Ethylene Glycol-Based Wound Adhesives (PEG)

Due to large weight and hydrophilic properties of PEG-based wound
adhesives especially when PEG form back bone with macromers, these
adhesives possess high swelling characteristics and exert pressure on sur-
rounding tissues. Strehin et al. in 2009 synthesized PEG-based wound
adhesives to apply on corneal incisions in combination chondroitin sulfate
and characterized in vivo and in vitro biological and physical properties to
restore intra ocular pressure. These wound adhesives were biocompatible
with corneal tissues. These adhesives had no adverse effects in live swine
model [55]. Focalseal-L is an FDA approved marketed adhesive belonging
to this group, its activation and polymerization is done by light source and
give better adhesion. Degradation time of focalseal-L is almost 3 months
makes it suitable for use in thoracic surgery to decrease air leaks and but
these adhesives are not suitable in hemorrhages.

9.8.2.3 Hpydrogels

Hydrogels are mostly used as extra cellular matrix to close LASKI flaps,
corneal incisions, and perforations. Grinstaff in 2007 prepared in situ
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polymerizing hydrogel-based adhesives with dendrimers by peptide
ligation reaction that has corneal wound adhesive property after photo-
crosslinking reaction. There are chances of retinal damage due to light
during photocrosslinking [56]. Self-gelling hydrogels having crosslinking
property by peptide ligation do not require light. Biocompatible, highly
branched dendritic macromolecules (with multiple ends) can be used to
form hydrogels with wounds. Xu et al. prepared polysacharides-based
hydrogels that crosslinked through reversible covalent/noncovalent reac-
tions having stress relaxation and self-healing properties. They changed
their properties by incorporating electroconductive polymers exhibit-
ing reliable wound adhesive strength comparable with fibrin glue. These
cytocompatibil adhesives were soft and had characteristics of increasing
myogenic differentiation in myoblast cells. These hydrogel adhesives when
comprising of heparin could be used as injectable drug delivery in cardio-
vascular diseases and wound closing [57]. Hydrogels exhibit tissue adhe-
sive properties by interactions of incorporating functional groups with the
surrounding tissues and formation of interpenetrating networks to close
the injured sites as shown in Figure 9.7. Designing of hydrogels depends
upon the nature and location of the wound and its neighboring tissues
and fluids. Characterization is done by measuring mechanical, chemical,
physical, and adhesive properties. Hydrogels have the properties to adhere
in moist condition without affecting normal healing mechanism that make
it acceptable in the field of wound healing adhesives.

The hydrogel components must be safe and compatible with the biologi-
cal system to allow proper wound healing. Thus, the utilization of biocom-
patible and biodegradable polymer structures is of utmost importance in
the design of hydrogel adhesives. Hydrogel must adhere to wound sites and
completely seal it to prevent fluid leakages and infection by bacterial pene-
tration. There should be no heat generation. Hydrogels should have proper-
ties of biodegradability and safe degradation products and can be eliminated
from body after wound healing. Potential toxic effects can be minimized by
formulating hydrogels at physiological pH having buffer capacity.

Michael hydrogen
imine amide nitro addition  urea  bonding
& e w0

% éb % HN O:\(/ZI O\e\«\?\
/ (- / \ I OH 7 N\
Tissue

Figure 9.7 Diagramatic representation of chemical/physical linkages between tissues and
hydrogels adopted from [60].
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9.8.2.4 Polyurethane

During 1960s, biostable polyurethanes (PURs) have emerged to be incorpo-
rated in biomedical devices. Currently, biodegradable polyurethanes have
been investigated for their use in regenerative medicines. Their degrada-
tion to non-toxic decomposition products, in vivo biostability and ability to
promote growth of tissues and cells in vivo and in vitro is of keen interest.
Biological, mechanical, and physicochemical properties enable the biode-
gradable polyurethanes to be used as scaffolds for regeneration of tissue
in future [58]. Wound healing process was improved in animal tissues by
applying tough but elastic coating of a mixture of polyether polyurethane
resin pellets in tetrahydrofuran [59]. Balchioglu et al. in 2016 performed
an experiment and synthesized semisynthetic xylose-based polyurethane
(NPU-PEG-X) bioadhesives to study protein adsorption, adhesion proper-
ties, in vitro/in vivo biocompatibility and in vitro biodegradation, properties
of these newly formed bio adhesives. They reported that these bio adhesives
could play a significant role as supporting materials in medical field to pre-
vent fluid leakage after wound closure and abdominal surgeries [21].

9.9 Summary

Review of wound healing adhesives may lead to the discovery of bio-
degradable, biocompatible, non-toxic wound closing techniques to be
applied both inside and outside the body. Diabetes, a metabolic disorder,
may increase the complications of wound healing process leads to the for-
mation of chronic wounds such as diabetic foot ulcer, pressure ulcers, and
venous leg ulcers. There is great need of wound healing adhesives that may
heal and seal wounds without technical skill, tissue re-injury, and, in less
time, and cost.
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Abstract

The protection of human health and nature is becoming increasingly important in
interior architecture. Because of this reason, the non-toxic adhesives used for wood
flooring became more important. Green adhesives used in wood flooring based on
green building, eco-design, and sustainability principles are examined in this book
chapter. Green buildings can provide a superior indoor environment. Adhesives
used in wood flooring must have low or zero volatile organic compounds (VOCs)
in order to improve indoor air quality in architecture. Today, most of the adhesives
are prepared from petroleum-based polymers; however, these adhesives forms
release formaldehyde and VOC emission. Increased environmental awareness led
to the search for healthy adhesive alternatives with low emission values. Research
centers have therefore sought to discover healthy adhesives by working on mostly
bio-based adhesives. This book chapter discusses synthetic or renewable adhe-
sive systems that can replace formaldehyde-based adhesives. In this book chapter,
recent researches about wood flooring adhesive made in recent years are included.

Keywords: Wood flooring, green adhesives, green building, eco-design,
interior architecture

10.1 Introduction

Healthy living space is possible with green buildings. Healthy interiors
have a positive effect on living comfort and working performance. To
improve indoor air quality, wood flooring adhesives with zero or low vol-
atile compounds (VOC) must be used. Not only adhesives but also other
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building materials and cleaning and maintenance products can cause toxic
gas release [1]. The life cycle of the materials and building are important
for ecological design. The ecological design includes a life cycle assessment
(LCA). In case of excessive efforts, LCA is considered among the effec-
tive methods for determining environmental impacts. The United Nations
environmental program also has views on environmental impacts [2].
Materials used indoors must have a vision throughout their lifetime. When
designing, it must ensure that environmental impacts are identified as well
as serious prevention of these impacts [3]. Ecological designs cannot be
made with a focus on environmental impacts only. However, LCA focuses
on the environmental impacts of the building system. With eco-design,
multiple tools are handled. Eco-design is a lifecycle and incorporates eco-
nomic performance, technical feasibility, and social practices and sustain-
ability. The life-cycle assessment uses well-known tools to determine the
environmental profile of the product [4].

Adhesives have an indispensable role in the forest products industry
and in flooring. The development of adhesives will also help the develop-
ment of the forest products industry [5, 6]. Different pieces of wood are
used in furniture and flooring. Adhesives combine these parts to produce
modern and functional products [7, 8]. For centuries, organic adhesives
have been used in floor coverings. However, with the development of the
industry, thermosetting adhesives have begun to be used because of their
advantages [5].

Wood adhesives from polymers of petroleum derivatives have been
widely used. However, the increased sensitivity to the environment and
human health allowed the development of new alternative adhesives made
from biological sources. New adhesives produced from biological sources
must have high adhesion and bonding properties in order to compete with
thermosetting adhesives. It should be resistant to water and heat and should
be low cost [9]. Today, most phenolic resins and amino-based isocyanates
are used as thermoset adhesives. Such adhesives are used in wood flooring
as reactive and more economical adhesives due to their curing properties.
Such adhesives have been widely used in the wood composite industry for
decades [10]. The urea-formaldehyde adhesive is widely used in the pro-
duction of medium-density fiberboard (MDF) and particleboards. This is
mainly due to the high adhesion resistance and colorlessness of this adhe-
sive [11].

Twenty million cubic meters of formaldehyde-based adhesive is used
in the world in 2010. The threat of formaldehyde emissions has been
known since the 1970s and was under constant pressure to reduce it. It
was recently classified as a category 1B carcinogenic compound by Europe



GREEN-Wo0OD FLOORING ADHESIVES 207

in 2016. Increased pressure due to the harmful effects of formaldehyde
makes it necessary to find new alternatives [12]. Urea Formaldehyde adhe-
sives are the most commonly used adhesive [13]. The reason for the use of
urea-formaldehyde adhesive is its low cost.

Debates on emissions of wood-based compounds began in the 20th
century as reviewed by Roffael et al. [14, 15]. Problems with formaldehyde
emissions are also more common in interior spaces. These problems have
been discussed by some authors according to Salthammer et al. [16].

The emissions within the polymer network vary depending on the type
of formaldehyde bond [17]. In the 1970s, formaldehyde emissions were
found to have carcinogenic effects on mice. In the late 1980s, ecology-
oriented construction institutes began to limit emissions from formalde-
hyde [18].

Hemicellulose, lignin, and cellulose, one of the constituents of wood,
naturally emit formaldehyde emissions [19] in addition to its extracts [20].
Efforts are underway to reduce the emissions of adhesives used in floor
coverings in Japan and America, which are among the developed countries
in the world. Different authorities carry out studies on this subject [21],
risks on this issue have been discussed in different studies [22]. In a study,
the “International Agency for Research on Cancer” (IARC) reported that
formaldehyde was categorized as a category 1 carcinogenic substance [22].

Low formaldehyde emissions are defined in the “JIS A 5905 Japanese or
JAS SE 9” standards [23-25].

Another way to reduce formaldehyde emissions may be to increase the
number of proteins added to the resins. These kinds of resins are available
in Germany [26-28]. The hydrolytically stable phenol bonds are formed
by the addition of proteins to the thermoset glue. Therefore, lower formal-
dehyde emissions occur [18, 26]. Formaldehyde emission can be released
in different ways from the wood flooring materials [29].

Formaldehyde will be banned in Europe for many health-threatening
reasons, mainly because it is carcinogenic and allergic. Environmental
awareness in the world is gradually increasing, and as a result, the produc-
tion of adhesives that do not threaten human health is inevitable. Before
the introduction of petroleum-based adhesives, biopolymers such as starch
were used. The most important feature of synthetic adhesives is that they
are water-resistant. Green wood-flooring adhesive can be produced from
renewable sources, especially agricultural and forest resources. R & D stud-
ies on this subject have started [30].

Formaldehyde-free adhesives and adhesives with low formaldehyde
release are available. Formaldehyde-free adhesives are characterized by the
absence of formaldehyde incorporated into the network. The difference
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between phenolic resins and aminoplast adhesives is that they are hydro-
lytically stable, but urea-formaldehyde resins have much formaldehyde
release compared to phenol-formaldehyde resins [31].

The main reason for the use of fossil-based adhesives in wood flooring is
its high bond strength and water resistance. In addition, their low cost has
played an important role in choosing fossil-based adhesives [32]. Protein-
based adhesives should be economical because fossil-based adhesives are
harmful to human health. In addition, adhesion resistance and water resis-
tance should be improved, so extensive research is underway [33-35]. The
main reason why soy proteins are shown as an alternative to fossil-based
adhesives is that they are cost-effective, easy to process, and readily avail-
able. However, soy proteins are also a source of nutrients, although adhe-
sives made from soy proteins have been proposed for use in wood flooring
[33, 36]. Protein-based adhesives were added to phenolic adhesives and
polyvinyl acetate (PVAc) glue to reduce formaldehyde emissions [34, 37].
A green route has been demonstrated to prepare a soy protein-based adhe-
sive. Proteins and polysaccharides are first separated to form intertwined
bonds. The vial is then cross-linked with sodium hexametaphosphate with
polysaccharides, a cross-linker, and the final proteins are mixed together.
This adhesive is a stable thermosetting adhesive that can be used in Wood
flooring [38]. Lignin can be added to soy protein-based adhesives to
increase the water-resistance [39]. Wood flooring adhesive water resistance
can be increased by small particle size lignin. Therefore, on the bonding
performance of the adhesive, protein lignin ratio, and lignin particle size
have a great effect [40]. In a study before reductive amination lignin amine,
fenton oxidation was reported to be prepared [41]. Cottonseed protein
isolates and soy protein were mixed in different proportions to produce
wood glue. However, increasing the fraction of soy protein had a negative
effect on adhesion properties. Cellulose, starch, and xylan were added to
the formulation to increase the adhesion strength to hot water. It is also
known that the lignin amine enhances the binding performance and water-
resistance of the soy protein [42]. Soybean crops cannot be produced all
over the world due to climatic conditions. Therefore, wheat gluten, which
is one of the by-products of wheat starch and bioethanol production, is an
alternative wood adhesive [43-53].

Polysaccharides are an interesting polymeric wood binder alternative
with binding properties [54]. A high molar mass means high viscosity, but
a high molar mass polysaccharide provides high adhesion. The hydrogen
bonds between in the polysaccharide and the substrate provide high bond-
ing strength. Hydroxyl groups are not water-resistant. The resistance to
water needs to be increased [30].
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Among the polysaccharides, the polysaccharide has the potential to be
the largest wood adhesive [34, 35, 55]. Starch is one of the natural adhesive
sources and consists of amylopectin and amylose, and the ratio of amy-
lopectin and amylose affects the adhesion properties of the starch-based
adhesive. It is one of the most important features of being a renewable sub-
stance and being widely available and being a cheap raw material. Starch
is an alternative to a good adhesive, but its resistance to water needs to be
increased so that it is tried to increase its resistance to water with the help
of polyvinyl acetate and polyvinyl alcohol [56, 57].

Naturally found only in Mucoraceae mushrooms, chitosan is also found
in crustaceans. Shrimp and crab are the examples. Chitosan and chitin are
thought to be synthesized in related organisms at a rate of 10 billion tons
per year [58]. Important properties of chitosan: non-toxic, biodegradable,
and reactive amino groups characterized by a high molar mass allowing
for antimicrobial and chemical modification. Deacetylation and molecular
weight have a significant effect on the adhesion of chitosan. Although the
protonation of chitosan amino groups is dissolved at acidic pH, it is insol-
uble in most organic solvents. For the reasons mentioned above, chitosan
may be an alternative green adhesive [59]. The chemical structure of chi-
tosan is demonstrated in Figure 10.1.

Biomasses such as wood, grass, and grains contain hemicellulose, cel-
lulose, and lignin. Types vary according to chemical composition and

CH; CH3
0=< OH O=<
NH o NH
«--—OH\O%?\OHO O%O
NH
OH O=< OH
CH;

l Chitin-Deacetylase

CH,
OH O=<
NH, NH
HO 0 0 HO o~
._-—O%\ @0\%\ Chitosan
NH,
OH OH

Figure 10.1 Chemical structure of chitosan [60].
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structure [54, 61]. Hemicellulose, cellulose microfibril, and pectin are
shown in Figure 10.2.

Among the most common forest products in nature are hemicelluloses
and gums. Therefore, forestry products and agricultural wastes are used as
a natural source of cellulose. Hemicelluloses can take an alternative green
adhesive but have problems with water resistance as in starch. However, it
is more advantageous than starch since it does not have any food proper-
ties. Carob gum (LBG), one of the agricultural wastes, shows high adhe-
sion resistance, water and heat resistance as wood glue [63]. The chemical
and dimensional structures of cellulose are displayed in Figure 10.3 and
Figure 10.4, respectively [64, 65].

Lignin, one of the most abundant macromolecules, is found in the hard
and complex structures of lignocelluloses [32, 66, 67]. Because of this, lig-
nin has recently been investigated [34, 35, 68, 69]. The chemical structure
of lignin [70] is demonstrated in Figure 10.5 and 10.6.

Middle ¢ . Pectin
Lamella { = - ey ’

- S ; Cellulose
Microfibril
Primary
Cell Wall

Plasma { — Hemicellulose
Membrane

= Soluble

Protein

Figure 10.2 Plant cell wall diagram [62].

OH

OH

HO
HO

Figure 10.3 Chemical structure of cellulose [64].
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O‘

Figure 10.4 Dimensional structure of cellulose [65].

HO PH
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Figure 10.6 Chemical structure of tannin [75].

Since lignin is structurally similar to phenol-formaldehyde, scientists
believe that lignin can be used instead of phenol-formaldehyde resin [71].

The polyphenols found naturally in the bark of some trees are called
tannins. Examples of these tree species are mimosa and quebracho and
pine [72-74].
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Similar to lignin [76], because tannins are like water-soluble phenolic
compounds. Phenolic resins react with formaldehyde [77].

This book contains critical assessments of green wood flooring
adhesives that do not contain formaldehyde and other volatile organic
compounds. This section discusses renewable and synthetic adhe-
sives. There are not enough cheap raw materials as an alternative to
fossil-based thermosetting wood-flooring adhesives. However, the eco-
nomic, healthy adhesion strength, and water-resistant green adhesive
alternatives required by the wood flooring adhesive industry are eval-
uated in this section. In addition to the lack of alternative raw mate-
rials, toxicological investigations are still not sufficient. Wood, which
is an organic material, is known to have formaldehyde emission due
to its nature. Serious investigations should be made on the toxicity of
adhesives developed as an alternative to formaldehyde resins. Many
problems are encountered in the production of green wood flooring
adhesive. However, intensive researches in recent years have led to
some progress. The most recent developments in this subject will be
included in this book chapter. However, due to copyright and other
known reasons, formulations of green wood flooring adhesives will not
be included in this section.

10.2 Wood Flooring

The wooden floor is any product made of wood that is designed to be used
as a floor, whether aesthetic or structural. Wood can come in various styles,
cuts, colors, and species because of these reasons wood is a common mate-
rial for wood flooring. Wooden flooring has aesthetic, hygienic, technolog-
ical, and economic advantages over alternative materials. There is no other
natural upholstery material that can offer aesthetically beautiful possibili-
ties such as wood. Wood flooring makes you feel the closeness and warmth
of a raw material that grows naturally aesthetically and gives a relaxation
effect to people. Wood flooring can be classified as follows.

10.2.1 Softwood Flooring

Pine, spruce, cedar, fir, juniper, redwood, these tree timbers are used for
softwood flooring. An example of pinewood softwood flooring is shown
in Figure 10.7.
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o

Figure 10.7 Pinewood flooring.

10.2.2 Hardwood Flooring

As a result of the increasing use of concrete in the construction sector in
the world, the wooden floorings used in the interior have gained impor-
tance. Oak, walnut (Figure 10.8), beech, mahogany, maple, hickory, balsa,
and teak are among the most popular hardwoods used for hardwood floor-
ing. However, hardwood floors are still common and popular. Hardwood
floors have a thicker wear surface and can be sanded more times than an
engineered wood floor because of its natural structure.

10.2.3 Engineered Wood Flooring

Engineering wood floors consist of two or more veneers of wood bonded
together to form aboard to cover indoor surfaces. Engineered wood floor-
ing types are available with different production methods. One of them
is wood flooring material which is obtained by adhering lamellas having
good surface properties to the upper layer. There are also engineered wood
flooring types with different densities. Different compounds are used to
increase the fire resistance of wood flooring materials where fibers are
bonded with thermosetting adhesives. High fire resistance and non-toxic
wood flooring materials are preferred.

10.2.4 Laminate Flooring

The laminate floor is a merged multilayer synthetic floor product together
with a lamination process. Laminate floors simulate wood with a layer of
photographic sconce under a transparent protective layer.
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Figure 10.8 Walnut wood flooring.

10.2.5 Vinyl Flooring

Vinyl floors are widely used today. The development of digital printing
technology is one of the most important reasons for this. Thanks to digital
technologies on vinyl, the appearance of wood and other natural materials
can be given. In vinyl materials, they are fixed to the floor by means of an
adhesive. These adhesives may release VOC and formaldehyde emission.

10.2.6 Agricultural Residue Wood Flooring Panels

Eco-design and sustainability principles in the construction sector required
the recycling of the materials. In addition, wood flooring factories need
raw materials. As a result of the researches conducted to meet the needs of
the sector, agricultural wastes have been widely used in plate production
in recent years. Barriers to incineration of agricultural wastes are among
the most important reasons for the utilization of these wastes. Agricultural
waste fibers are compressed using fossil-based or green adhesives and par-
ticleboard, medium density fiberboard, or oriented strand boards are pro-
duced Agricultural waste boards are made from residues such as poppy
husk, corn, and sunflower [1, 78]. The panels produced from agricultural
wastes have superior aesthetic properties. The use of agricultural waste
in wood flooring can help to preserve the forest presence and our future.
In order to produce sustainable structures and adhere to the principles of
eco-design, agricultural wastes must be bond with green wood flooring
adhesives [78].
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The adhesives used in the production of composite panels should not
harm human health as well as provide the physical and mechanical require-
ments of the material. In this regard, the principles of green building and
eco-design have been adopted in recent years and regulations have been
taken into consideration. The manufacturing stages of poppy husk com-
posite panels are shown in Figure 10.9. Wastes brought to appropriate fiber
length and moisture ratio are put into the cold press after being glued. Thin
fibers are used in the outer layers to make the surfaces of the composite
plate smooth. However, thin fibers may cause a decrease in the mechani-
cal values of the panels. The panel blank is then pressed at a temperature
of 160°C-180°C. Produced panels are sized and used as wood flooring by
covering or without covering with vinyl or other materials.

10.3 Recent Advances About Green Wood-Flooring
Adhesives

The protection of human health and nature is becoming increasingly
important. Because of this circumstance, the non-toxic adhesives used for
wood flooring became more important. Scientists have made great efforts
recently to meet manufacturers’ demand for healthy adhesives. The most
recent scientific studies for the production of green adhesive are men-
tioned in this section.

Figure 10.9 Poppy husk based composite panel manufacturing process: (a) cold press,
(b) panel blank, (c) hot press, (d) composite panels.
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10.3.1 Xylan

Xylan was used in a study to use hemicelluloses as green binders in beech
wood adhesives. Commercial hemicellulose was used to minimize nat-
ural variations between the research groups. Because such differences
can make evaluation difficult by producing ambiguous results. There
may be different properties between the purchased beech xylan and the
xylan, a byproduct of the pulp. In this study, bonding resistance, heat
and water resistance of xylan were investigated. In addition, the disper-
sion of xylan in water was studied. In this study, trimethylolpropane
triacetoacetate, hexa (methoxymethyl) melamine, glycocoll, butanetra-
carboxylic acid, and citric acid were used as cross-linkers. The compar-
ison of the test results for the dispersions was performed with PVAc, a
wood adhesive commonly used in wood flooring. The biggest obstacle
to the use of xylan as a wood adhesive is its low waterproofing and low
bonding performance. The addition of the above-mentioned dispersing
agents or cross-linkers such as hexa (methoxymethyl) melamine to the
adhesive yielded good results. Wood flooring coatings bound with xylan
adhesive exhibited good water resistance and adhesion strength. Some
xylan dispersions exhibited heat and bond strength in accordance with
the European Norms EN 14257 and EN 204. The xylan dispersed in the
polyvinyl amine adhesive gave results in accordance with the D2 criteria
according to EN 204 [9].

10.3.2 Modified Cassava Starch Bioadhesives

In one study, cassava starch was modified with polycarboxylic acid to pro-
duce green adhesive. ATR-FTIR studies were conducted to investigate
the interaction between green adhesive and substrate. Cassava starch sus-
pensions have been modified with green adhesives. Polycarboxylic acid,
citric acid, butane-tetracarboxylic acid, and natural starch were used in
this modification. Medium-density fiberboard (MDF) production param-
eters were determined under laboratory conditions. The developed adhe-
sives showed pseudoplastic behavior. BTCA concentration showed better
cross-linking capacity compared to CA. Stress values were 19 and 11 MPA
at 80% BTCA and CA concentration, respectively. In this study, it was seen
that polycarboxylic acid increased water and adhesion resistance in the
panels produced. These results show that green adhesives may replace syn-
thetic adhesives in the near future [79].
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10.3.3 High-Efficiency Bioadhesive

Protein-based adhesives do not have sufficient performance due to their
poor adhesion and late curing. In this study, it has been tried to develop
a green adhesive that can provide energy efficiency by using soy proteins
in the laboratory environment. For this purpose, the mineralized adhesive
was produced by using soy protein and kenaf fibers. Thermal conductive
networks increased the thermal curing rate of SPA-LBN and KF resins.
Using this formulation, energy consumption can be reduced by 23%-27%
when large scale production is performed. Multifunctional reinforcing
additives added to thermoset resin increased the adhesion resistance of
adhesives. With this result, a new alternative can be used in the field of
wood flooring [80].

10.3.4 Bioadhesive Made From Soy Protein
and Polysaccharide

This study was conducted to produce a healthy green adhesive from soy
flour. In this study, polysaccharide, which is a water-soluble and cheap
material, is combined with the soy protein to produce a new green adhe-
sive. SPI adhesive has good results in terms of thermal and mechanical
properties. There is also a decrease in water absorption values. The pro-
duced plywood has reached the water-resistance values (0.99 MPa) that
can be used indoors. The green adhesive produced in this study can be
used in wood flooring. With the current research, a low cost, environmen-
tally friendly adhesive with good water resistance was produced. With the
technology used in this study, it is possible to produce green composites by
using soybean flour and carbohydrates [38].

10.3.5 Green Cross-Linked Soy Protein Wood Flooring
Adhesive

A lot of research is being done on producing adhesive from soy flour. The
aim of this study was to produce a two-component soy protein adhesive
without adding toxic substances. Polysaccharide used in this study to pro-
duce soy protein; obtained from a plant-based, water-soluble soybean.
Three kinds of plywood were produced with the adhesive produced. Then,
the shear strength of these plywoods was tested. The shear strength results
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of the produced plywoods were measured as 0.99 MPa. In addition, the
water resistance values of the produced samples reached sufficient values
for indoor use.

The reason for this development is explained below. Cross-linked soy-
bean soluble polysaccharide and soy protein have formed a network. This
web structure is a nested web structure that improves the thermal stability
and water resistance of the studied adhesive. The viscosity of the binder
was reduced by the addition of CL-SSPS. The adhesive produced thus pen-
etrated the surface of the wood flooring wood thoroughly and provided
more adhesion [38].

10.3.6 “Green” Bio-Thermoset Resins Derived From Soy
Protein Isolate and Condensed Tannins

Mussel protein has high water resistance. Condensed tannins (CT) have
a catechol structure similar to the water-resistance of mussel protein. In
this study, CTs were therefore combined with soy protein isolate (SPI) to
develop thermoset resin. SPI and CT reactions were catalyzed at different
pH values. The chemical structure, thermal decomposition behavior, mor-
phology, and physical properties of the thermosetting resins produced in
this study were tested. The resin produced for this purpose was used in
the production of plywood. Condensed tannins (CT) have high reactivity
and a similar catechol structure. It has been found that the cross-linked
structure formed by SPI and CT has improved thermal stability. It was
observed that the resin formed a homogeneous fracture surface. Therefore,
the water-resistance of the resin increases [81].

10.3.7 Development of Green Adhesives Using Tannins
and Lignin for Fiberboard Manufacturing

Today, it is aimed to use natural phenolic tannin and lignin polymers
in the production of adhesives instead of petroleum-based adhesives
that emit formaldehyde emissions. In this study, tannin extractions and
adhesive properties which are an industrial waste of paper mills were
evaluated. Liquid extractions in the barks of five different wood species
were investigated in the laboratory. Aleppo pine, spruce, fir, sea pine,
and eucalyptus are among the tree species used. Aleppo pine was 15%
more productive than other tree bark. Sulfide and urea, which are used
as liquid additives, were effective in obtaining the tannins in the barks
of fir and spruce. Eucalyptus barks were the least tannins obtained. In
general, phenol and catechol tannins were found in the bark extracts
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of Aleppo pine and fir. Adhesion properties of the obtained tannins
were also investigated. Liquids from pulp mills are very rich in lignin.
Lignin was obtained by precipitating black liquors after acidification.
The resulting lignin exhibits interesting adhesion properties after gly-
cosylation. In this study, the adhesion strength of the panels produced
with 60% tannin and 40% lignin meets the requirements of European
standards [82].

10.3.8 Cottonseed Protein as Wood Adhesives

Recently, soy protein has been commercially used as wood flooring adhe-
sive. In an earlier study, soy protein and cottonseed isolates were used for
bonding maple wood coatings. As a result of the research, it was found that
cotton seed protein isolate had higher adhesion strength and hot water
resistance. This study tested the effects of several acids (amino acids, fatty
acids) and several protein modifiers on adhesion, including other mole-
cules with cationic and anionic charges. When acetic acid, butyric acid,
glutamic acid, and aspartic acid were added to the cottonseed isolate as
particulate acid, it was found to improve adhesion performance. It was
found that these acids had no effect on soy protein isolate [83].

10.3.9 Chitosan as an Adhesive

After chitosan alkaline deacetylation, they are obtained from non-plant
organisms, crustaceans, and fungi. It is a well-known polysaccharide that
has undergone much research in recent years. This is a polysaccharide
obtained from unique polycyclic biological sources and soluble in acidic
pH. Chitosan is a unique option that can be used in a variety of indus-
trial areas, particularly those requiring biocompatibility. As a result, espe-
cially in the medical world, chitosan has become a popular biopolymer.
Developments in mechanical properties have also attracted the attention of
the industry. This means that chitosan can compete with fossil borne ther-
mosetting adhesives due to its performance as binders. However, studies
on the development of biopolymers should be continued [59].

10.3.10 PE-cg-MAH Green Wood Flooring Adhesive

In this study, an adhesive without formaldehyde emission was produced
for use in plywood production. This adhesive is produced from in situ
chlorinating graft copolymerization. The main component of this binder
is high-density polyethylene (HDPE) and maleic anhydride (MAH).
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MAH is bonded with HDPE (PE-cg-MAH). The best adhesion resis-
tance and hot press temperature of the adhesive in plywood produc-
tion were investigated. The boiling water test was performed to measure
water resistance. Experimental results showed that plywoods applied at
160-165 C and 5 minutes of hot press meet Type I plywood characteris-
tics. The highest shear strength was obtained after the boiling water test
when the amount of chlorine was 3% in the glued plates with PE-cg-
MAH [84].
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Abstract

Synthetic binders are special adhering materials manufactured from pure poly-
mers, polymeric blends, resins, and oils. The chapter focuses on the basic charac-
teristics, classification, production, benefits, properties, application of synthetic
adhesives, and resins for bonding glass, metals, ceramics, wood, rubber, foil, paper,
leather, cloth, plastic films, and some structural materials. Most synthetic poly-
meric binders such as thermosets, thermoplastics and elastomers or combination
of these types are dissolvable-based scatterings or unadulterated solids to have a
decent blend of properties and are commonly more grounded over more exten-
sive temperature ranges compared to natural binders. The survey has been riveted
on the synthetic binders such as polyesters, epoxy, acrylic, phenol formaldehyde,
melamine, polyimides, phenolic neoprene, silicones, furan, polyurethane, poly-
olefins, etc. Attention has been provided on the technical aspects such as chemical
properties, thermal properties, and mechanical properties like impact strength,
creep strength, shear strength, toughness, elongation, peel strength, etc., that make
the binders deserved for bonding applications. Appropriate assortment of differ-
ent fillers, hardeners, modifiers, and resins are the primary factors that lead to
desired properties of the synthetic binders for a suitable application. It is observed
that synthetic binders have steady change in their structure, binding characteris-
tics, mechanical strength, chemical resistance, and thermal properties compared
to nature born binders. These few advantages of synthetic polymers with desirable
properties find applications superior to natural binders.
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List of Abbreviations

uv ultraviolet

PI polyimides

PBI polybenzimidazoles

wt.% weight percentage

°C degree celsius

°F degree Fahrenheit

ASTM American Society for Testing and Materials
HCl hydrochloric

CO carbon monoxide

PPO polyphenylene oxide

KOH/g potassium hydroxide per gram

mg milligram

g/cc gram per cubic centimeter

m’/g meter square per gram

mm millimeter

cm’/g cubic centimeter per gram

PET polyethylene terephthalate

TEM transmission electron microscopy
HBP hyper spread polymers

DGEBA diglycidyl ether of bisphenol A
TGDDM tetraglycidyl-4,4'-diaminodiphenylmethane
LC liquid crystals

CTBN carboxy-ended butadiene/acrylonitrile
NBR nitrile rubber

PMMA poly (methyl methacrylate)

F-PEK fluorinated poly (aryl ether ketone)
PEG polyethylene glycol

TEOS tetraethoxysilane

PEEK poly (ether ether ketone)

DMA dynamic mechanical analysis

FTIR Fourier transform infra-red spectroscopy
SEM scanning electron microscopy

HON high ortho novolak resins

GPN general-purpose novolak resins
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HPN high para novolak resins

CHP cumenehydroperoxide

MPa megapascal

g/ml gram per milliliter

g/mol gram per mol

nm nanometer

PF phenol based formaldehyde
VOCs volatile organic compounds
CIBA Chemische Industrie Basel

FA furfuryl alcohol

HMF hydroxymethylfurfural

DA Diels-Alder response

THF tetrahydrofuran

C-NMR carbon-13 nuclear magnetic resonance
HEC 2-hydroxy-ethyl-cellulose

MA methacrylamide

ST styrene

DVB divinylbenzene

TBA tetrabutylammonium perchlorate
Hep heptane

Tol toluene

MLAU methacrylated lauric acid
MOA oleic acid glycidyl methacrylate

11.1 Introduction

The early development of binders was more empirical than technical,
cause effect analysis, and understanding. An increasing cause of spread
and combination of glues, gums, resins, high polymers, and many special
additives are being used as adhesives with emerging emphasis in their effi-
cient manufacture and effective formulations. Adhesion science aims in
understanding the materials and properties related with formation of the
interfaces, variations in the interfaces with time and events allied with fail-
ure of the interfaces. Two similar or dissimilar surfaces, which are placed
together through surface forces of attraction and mechanical interlocking
is generally described as adhesion. It comprises an adherent, organic resin
or polymer adhesive, and intervening interface. Polymer adhesive joints
may include one or more interfaces. Polymers mainly called as macromol-
ecules joined by a chain of monomers and the process are called as polym-
erization. The internal structure of molecular chains defines the specific
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properties of polymers. Polymer adhesives are mainly available in liquid
state, semi-liquid state, and/or viscoelastic phase, and the three techniques
to harden the adhesives from liquid to solid state are:

» Dissolved in water or solvents and allow it to dry, i.e., drying
adhesives

» Melted and allow it to solidify upon cooling, i.e., hot melts

» Use of cure precursors for phase transformation

The common curing processes of polymer adhesive are (i) mix-
ing, (ii) heating, (iii) adhesives for curing, (iv) moisture detection, and
(v) kept in absence of oxygen. All the above mentioned process can also
be combined depending on their application [1]. Low viscous adhesives
got evaporated during the process or at the initial stage, which is a best
suited solvent for thermosetting materials. The various optical and ultra-
violet (UV) properties of synthetic polymer adhesives were extensively
studied in detail [2-5]. They concluded that curing process initiated
through UV light and continues even after removing the source. The
pressure sensitive adhesives were also analyzed for optical applications.
High viscous polymers generally deform and flow slowly to provide low
bonding strength finds its application in pressure sensitive adhesives. In
industries, thermal curing, UV curing, solvents drying through thermal
or UV source, and two-component curing are the majorly used harden-
ing methods for polymeric adhesives [6].

11.2 Classification of Adhesives Based
on Its Chemical Properties

Thermoset, thermoplastic, and elastomeric are the three major classifica-
tions of synthetic adhesives.

11.2.1 Thermoset Adhesives

The thermoset adhesives can’t be warmed and softened after the under-
lying fix. Relieving happens by synthetic responses at elevated tem-
perature based upon the kind of glues. Some adhesives need significant
weight, whereas others involve just pressure. Solvents are in some cases
supplementary to encourage its usage. These adhesives are generally
accessible as dissolvable free fluids, glues, and solids. Thermoset cements
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are distinguished as one and two section frameworks. The one-section
frameworks generally require curing at higher temperature and have a
restricted timeframe of realistic usability. The two-section frameworks
have longer timeframes of realistic usability and can be relieved gradually
at room temperature or to some degree quicker at decently elevated tem-
peratures. An impediment is that the requirement for cautious metering
and blending to ensure that the endorsed extents is mixed and the resul-
tant blend is homogeneous. When the adhesives are blended, the service
life is restricted.

Thermoset glues, when relieved are thickly cross-connected, their pro-
tection from warmth and solvents is great and they show minimal adapt-
able disfigurement under raised temperatures. Generally, temperatures of
93°C-260°C is the withstanding capacity for cross-linked bonds which
possess fair peel strength, which finds its application in stressed joints at
elevated temperatures. Some of the thermoset adhesives bonded materi-
als have its own structural applications because of usage in elevated load
assemblies and harsh service circumstances. Thermoset adhesives set an
outcome for developing atomic chains to deliver an inflexible cross-linked
structure. Additionally, more epoxy gums are included, which are probably
the most broadly utilized adhesives. Polyesters, polyimides, epoxy-based
resins, polysulfide, furan, polysulphides, acrylics, redux adhesive, fluo-
ropolymer, and silicones are the commonly used few diverse thermoset
adhesives.

11.2.2 Thermoplastic Adhesives

Thermoplastic materials generally avoid cross-linking at the time of cur-
ing process and they can be dissolved without any change in their prop-
erties. It is a solitary segment framework that solidifies after cooling from
a liquefy state or by dissipation of a dissolvable. Wood pastes are usually
utilized thermoplastic emulsions in household applications, which solidi-
fies through emulsion process, i.e., dissipation of water. These are not nor-
mally prescribed for use at a temperature over 66°C, in spite of the fact
that they can be utilized around 90°C in certain prescribed applications.
These resources have reduced jerk opposition and reasonable strip qual-
ity. It finds own application in stressed joints, overlaps, stiffeners, and in
cap design. The most common non-metallic materials bonded using ther-
moplastic adhesives are paper, wood, cowhide, and plastics. Inspite of a
few hot-liquefy adhesives, these are not commonly utilized for auxiliary
purposes.
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11.2.3 Adhesive Blends

These adhesives were formulated by combination (blends) of two distinc-
tive compounds, i.e., thermoset, thermoplastic, or else elastomeric gath-
ering. The thermoset adhesives were picked because of its huge strength
which makes the mix harder, progressively impervious to effect, and
increasingly adaptable. The blends exploit the most significant properties
of every component. It is usually accessible as dissolvable-based arrange-
ments and as upheld/unsupported films. Aside from a few epoxy blends,
thermal heat and stress are normally essential for curing. Nearly all blend
adhesives are dissolvable related scatterings or normally 100% solids. It has
decent mix characteristics and is commonly more grounded over more
extensive temperature series compared to many different adhesives. These
are likewise called basic adhesives utilized for the most military applica-
tions. The holding materials incorporate metals, earthenware production,
and glass which discovers essentially for elevated power and temperatures.

11.3 Adhesives Characteristics

The general classifications of adhesives are mixes, sweet-smelling poly-
mer, deferred tack, conductive, rubber-based, and hot-soften adhesives,
tape adhesives, film and inorganic pastes, adhesives based on water and
microencapsulated materials, dissolvable frameworks, thermoplastic, and
thermosetting resin adhesives. For all intents, generally, these are produced
from plant or creature material proceeding from the decade. The funda-
mental modules incorporate paste through creature bones, paste obtained
from fish, and adhesives developed by vegetables. The advancement within
natural science and expansion sought prompted improvements in engi-
neered mixes starting with phenol formaldehyde. The progress in polym-
erization and glue science continued in a close parallel manner.
Numerous quantities of acrylic resins are utilized for holding calfskin,
material, plastics, metal foils, now and again. The acrylic monomers for the
most part utilized in adhesives are acrylamide, methyl acrylate, methac-
rylic corrosive, acrylonitrile, acrylic corrosive, and ethyl acrylate. Mainly,
these are dissolvable inside the natural solutions which provided in a simi-
lar way as other dissolvable based frameworks. Polymers generally dissolve
in monomers. Exactly at the time of impetus addition, monomers that tend
to polymerize gives great clinging to plastic and to glass surfaces of compar-
ative structure. An assortment of acrylic copolymers is set up by emulsion
polymerization [7]. Various acrylic adhesives called “modified acrylics,”



SYNTHETIC BINDERS FOR POLYMER Di1visioN 233

“receptive adhesives,” “responsive fluid adhesives”, and “second-age acryl-
ics” are accessible throughout the years. Basically, polymerization occurred
in the paste line and turns out to be a vital piece of a cement compounds.
Major classifications of adhesives are epoxy-polysulfide adhesives, poly-
urethane adhesives, acrylic-based adhesives, epoxy adhesives, polyolefin
adhesives and silicone adhesives, epoxy-phenolic adhesives and cyano-
acrylate adhesives. The method of production, desired physical, chemical
and mechanical properties, advantages, and their end applications vary
based on their material characteristics.

11.4 Adhesives Classification Based on Its Function

11.4.1 Permanent Adhesives

Generally, these adhesives are ordinarily determined for general purpose
applications, which normally employs improved holding qualities and
withstand most natural circumstances. The execution mainly relies upon
the connected surface. Some of the permanent adhesives based on their
characteristics are as follows:

o Permanent, Acrylic: It has excellent bonding to painted
metal, paper and high surface vitality plastics, glass, not for
wax containers, permeable surfaces, and finished layers.

o Permanent, Aggressive: Elastic based lasting or altered acrylic
cement is forceful and is hard to expel. They execute fit on
folded, painted metal, paper, glass, and additionally trouble-
some substrates or testing conditions.

o Permanent, Block Out: High tack perpetual glue with an
uncommon misty obstruction which hindrance coated
layers.

o Permanent, All Temperature: Uncommon glue applied to
surfaces at temperatures of —20°F, which renders great start-
ing tack and elevated extreme bonding. It acts healthy on
minimum surface vitality plastics which generally have great
permanency with temperature ranges from —65°F to 160°E.

o Permanent, Oblique Food Contact: Cement intended towards
following new products of the soil with palatable skins,
which provides better tack and grip.

o Permanent, High Heat Resistance: Superior and acrylic-based
glue exhibit high extreme strip strengths with 300°F-350°F
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as service temperature. The mixes by means of polyimide
along with polyvinyl fluoride film utilized within the devel-
oping printed circuit boards.

o Permanent, Repulpable: Dispersible resin provides superb
attach and grip to folded and paper substrates, whereas
non-polar substrates have moderate grip.

o Permanent, Rubber Based: It has high introductory tack and
high extreme grip with +25°F as application temperature
and —65°F to +220°F as operating ranges. It performs well
on bended surfaces, paper, painted metal, glass, and bun-
dling film.

o Permanent, Textile: Developed explicitly meant for sock
band in addition to other textile (excluding silk fabrics) label
applications.

o Permanent, Tire: Perpetual glue structured explicitly for
name applications with high beginning tack, shear in addi-
tion to extreme bonding to provide incredible execution on
hard to label substrates like wood as well as floor cover.

o Permanent, Water-Dissolvable: It is permanent glue, remov-
able in around 100°F of water which has great starting tack,
extreme bonding which enables customers to expel the label
utilizing warm water. It is additionally powerful, when labels
were twisted to compartments.

o Semi-Permanent/Temporary, Freezer: Cement with great
beginning tack and extreme grip at temperatures as min-
imum as —20°F applied on the majority at nominal room
temperature or more.

11.4.2 Removable Adhesives

Whenever evacuated, the label resolves to disconnect in one piece parting
practically no cement buildup on it. Each detachable application involves
exhaustive testing that the cement and surface are very good in compati-
bility. Normally, removable glue is prescribed just a momentary life is con-
nected to a surface.

o Removable, Frozen Temperature: It is a general use remov-
able acrylic cement containing great tack and grip execution
by means of prevalent removability even in lesser tempera-
tures, which is around +5°F.
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» Removable, Elevated Initial Tack: It is also removable cement
with maximum initial tack, inward potential and steady
bonding expels from the layers.

o Removable, Laser-based: Extraordinary cements readily
comprising great tack and grip properties with unrivaled
removability and compatible to laser printer.

« Removable, Long Term: Removable cement developed with
specific highlights like moderate tack, removability, etc. It is
additionally accessible in ultra-removable evaluation.

o Removable, Special: Glue with special-less tack, grip, and
shear characteristics have —20°F to +250°F as an operating
temperature.

11.4.3 Repositionable Adhesives

Like removable adhesives, this enables a mark to be expelled from a sur-
face and connected to the equivalent or diverse layers without trailing its
adequacy or parting residue. Generally, this element is attractive in cir-
cumstances where labels have been twisted. More adhesion is alluring and
it should be evacuated and reapplied. Adhesives in the midst of low or
moderate introductory tack fill this function. Presently, there are various
removable adhesives which have moderate starting tack and great bond
to meet all requirements for this reason. Adhesive testing is extremely
suggested.

11.4.4 Blended Adhesives

Mixed adhesives are significant as like structural adhesives particularly during
metal attachment. So, they include a thermoset and thermoplastic polymer,
i.e., rubbers. Insignificantly, every segment has adhesive properties with-
out any input, as a whole the conjoint framework shapes a more grounded
and increasingly adaptable adhesive. Hence, the two-polymer frameworks
were especially fruitful as like film in addition to tape-based adhesives.

The characteristics of every segment polymer are altered with adding
together, perhaps expanding thermal conflict and lessening of other. So,
strength of one might be expanded via sacrificing other’s flexibility. In this
manner, these are conceivable to detail an assortment of gums by means of
a wide scope of attributes by essentially unreliable proportion of polymers.
In majorly utilized two-polymer-based adhesives, thermoset segment is a
phenolic compound. These are commonly good, in spite of the fact that
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not effectively miscible with various thermoplastic polymers. Especially
great similarity is exhibited between ordinary liquor dissolvable pheno-
lic saps, acetals, and polyvinyl esters. However, epoxies are always sig-
nificant in two-polymer-based adhesive frameworks. Hence, the mainly
significant thermoplastic segments are polyvinyl acetals and manufac-
tured elastic, especially nitrile elastic dissolvable nylons were additionally
a significant class. However, five of the mainly significant two-polymer-
based adhesives utilized in application of films and tapes incorporate
nylon-epoxies, vinyl-phenolics, nitrile-phenolics, elastomer-epoxies, and
epoxy-phenolics.

11.4.5 Anaerobic Adhesives

The adhesive utilized is acrylate corrosive diesters (polyester-acrylic) addi-
tionally been advanced for use as a sealant. It is basically monomeric mea-
ger liquids which polymerize to shape an extreme plastic bond between
intently fitting metal joints. Therefore, metal surfaces quicken the polym-
erization process without air. So, these materials will bond every single
normal metal, glass, earthenware production and thermoset plastics to
one another. However, polymerization process is basically a radical free
expansion process. Thus, the most significant use of anaerobic gums as
liquid locks washers mainly for screws and fasteners. In view of solid infil-
trating capacity, they are capable to connect previously or after gathering.
The overall torque for the most grounded evaluations is ordinarily more
prominent compared to locknuts in addition to lock screws. Somehow,
speed of the cure is expanded to a great extent reliant on parts joined. So,
there are basically three fundamental cure-speed categories like quick,
medium, and moderate at normal temperature devoid of groundwork.
Normally, expansion of temperature will accelerate the hardening pro-
cess. The anaerobic adhesives filled every surface inconsistency, resistance
holes, and adequately sticks clearances upto 0.76 mm. These are capable
to be connected by rapid installations in moving generation wires. So, the
hardened film will have great compound protection from most liquids and
gases inside a working temperature scope of —54°C to 232°C. Anaerobic
auxiliary gums consolidating urethane-modified acrylic innovation were
created in favor of all the demanding applications. Hence, anaerobic-based
sealants in addition to string locking items were intended to restrict ordi-
nary malleable and shear stacking. The utilization of these items frequently
subjects to shear stacking. So, anaerobic gums would be able to hold out
ceaseless maturing at a temperature of 232°C. Protection from salt-splash
is additionally amazing.
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11.4.6 Aromatic Polymer Adhesives

Significant advancement is observed in enhancing the warm and oxi-
dative dependable qualities of natural tars at elevated temperatures.
However, thermal-safe pitches and polymers were created like adhesives
in the direction of addressing issues of air ship industry, rockets, and sat-
ellites, in which protection from heat moving toward 316°C is requisite
for duration of the life of fortified congregations dependent on top of
metals and strengthened plastic based composites. So, the oxidative solid-
ness of natural polymers was enhanced by means of joining the fragrant
and heterocyclic-based rings into the particles of polymer. Hence, the
mainly significant pitches accessible in favor to utilize adhesives in ele-
vated temperature for basic applications are (i) polyimides (PIs) and (ii)
polybenzimidazoles (PBIs). These pitches were provided as prepolymers
consisting of open heterocyclic rings, normally solvent, and fusible type.
Finally, at raised temperatures, prepolymers experience buildup responses
prompting ring conclusion and the development of insoluble in addition
to infusible cured gums [8].

The temperature-based adhesives are accessible in structure of film and
tape. They illustrate improved bond qualities over 260°C within air com-
pared to epoxy-phenolic, despite the fact that the last gives better quality
maintenance after presentation to water at lower temperatures. The signif-
icant burdens are their surprising expense, for the most part at least mul-
tiple times epoxy-based adhesives, whereas difficulty in dealing with or
curing and the issues associated with end of volatiles amid cure so as to
acquire a sans void bond. So, a long and cautious arrangement of curing
ventures at continuously expanding temperature range of 316°C -371°C
combined with discontinuous application and arrival of high-bracing pres-
sure is requisite to acquire ideal outcomes. Presently, no one but PIs was
utilized in temperature of about 260°C -427°C.

11.4.7 Asphalt

Asphalt is an ease thermoplastic material of profoundly temperature sub-
ordinate. The thermoplastic elastic expansion at 1-5 wt.% extraordinarily
lessens the thickness reliance on heat. The expansion of thermoplastic elas-
tic, for example, butyl elastic or polyisobutylene by 10-30 wt.% delivers
really thermoplastic item with versatility, flexibility, and maximum firm
quality. So, such blends are helpful as use of sealants. Black-top emulsions
were utilized to build strong substance, get better water opposition, and
inferior the expense on overlaying adhesives. Thus, adhesives were utilized
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within covering paper and supplementary pressing materials in which a
water-obstruction layer was required. Therefore, one more significant
usage is mainly adhesives for roofing and flooring.

11.4.8 Adhesives Based on Butyl Rubber

Rubber-based polymer utilized generally on adhesives, tackifiers, seal-
ants, essential fasteners, and modifiers. General copolymer of isobutylene
means a little measure of isoprene. So, these adhesives have moderately
minimum quality and will in general display creep under burden, which
are helpful in applications of bundling where their minimum penetrability
to vapors, gases, and dampness were misused. It is additionally utilized as
a suitable adhesive for sealant applications. However, these are commonly
connected on dissolvable related arrangements.

11.4.9 Cellulose Ester Adhesives

Cellulose ester adhesives incorporate cellulose acetic acid-based derivation
butyrate, cellulose nitrate, and cellulose top rate. Hence, these esters were
utilized in holding wood cowhide and paper. Cellulose esters not by and
large utilized with metals, non-permeable substrates, for example, cello-
phane (recovered cellulose) and glass are in some cases reinforced with
cellulose nitrate esters connected from arrangement.

Derivation from cellulose acetic acid and their corresponding butyrate
were clear as like water and extra heat safe, however lesser water safer com-
pared to cellulose nitrate. It has preferred thermal and water obstruction
over obtained acetic acid derivation in addition to wide scope of plasti-
cizers. Therefore, cellulose nitrate is extreme and creates quality quickly,
water safe, securities to numerous surfaces, and stains in daylight.

11.4.10 Adhesives Based on Cellulose Ether

It incorporates ethyl cellulose, sodium carboxy methyl cellulose hydroxy
ethyl cellulose, benzyl cellulose, and methyl cellulose. Ethyl and benzyl-
based cellulose were utilized as hot-soften adhesives. However, methyl-
based cellulose are an extreme material; totally un-harmful, dull, and
scentless build it an appropriate adhesive for nourishment bundles. So, it is
fit for shaping high-consistency arrangements at low focuses as thickening
operator in water-dissolvable adhesives. Therefore, hydroxy ethyl-based
cellulose and sodium-based carboxy methyl cellulose likewise be utilized
as thickening agent. Generally, the cellulose based ethers have reasonable
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for high-quality protection from high temperature. Thus, water opposition
fluctuates from astounding for benzyl-based cellulose to poor for methyl
based cellulose.

11.4.11 Conductive Adhesives

Fitting fillers were utilized towards delivering adhesives with maximum
warm or electrical conductivity in specific applications. However, funda-
mental saps utilized incorporate urethanes, epoxies, polysulfones, and sili-
cones. So, epoxies are the mainly broadly utilized resins.

11.4.12 Electrically Conductive Adhesive Materials

Electrically conductive synthetic resins were made by the development of
metallic fillers and conductive carbons. Thus, carbons were utilized as finely
partitioned silver flake in electrically conductive epoxies or their respective
coatings. Moreover, silver has upside of having salts and oxides as conduc-
tive material, so minor oxidation and discoloring are able to endure. The
resistivity procedures give much inferior esteems than strategies including
slim paste lines, for example, ASTM D2739, where interfacial obstruction
assumes a significant job [9]. Silver is desirable over gold as filler on the
grounds that it is lesser exorbitant which has inferior resistivity. However,
under states of elevated moistness and voltage, it is accounted to experi-
ence electrolytic movement towards adhesive. So, microspheres of sil-
ver-covered copper don't relocate, nor does gold. Hence, most astounding
silver stacking conceivable is 85 wt.%. Carbon, i.e., graphite offers genu-
inely stumpy conductivities.

Similarly, other normal metallic-based fillers incorporates nickel, alumi-
num, and copper, which generally have specific aggravating issues. Silver is
frequently utilized in flake structure building it further difficult to accomplish
molecule-to-molecule contact compared with round metal based particles.
So, stearate covering is connected to silver flake for improvement in dispers-
ibility. It is likely be outgases on raised temperatures. Hence, the out-gassing
might debase basic element, for example, microelectronic devices. Likewise,
a few silver items remains uncoated which don’t advance out items in gas-
sing. Finally, structure of copper and aluminum oxide-based films decreases
electrical conductivity via hampering molecule-to-molecule contact [10].
These are always utilized in microelectronic congregations [11]. These appli-
cations incorporate holding parts to plated through gaps on printed cir-
cuits, connection to fine lead wires to printed circuits, metallization on fired
substrates, establishing metal undercarriage, electroplating puts together,
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holding wire prompts header pins, wave-manage tuning, and gap fixing.
These adhesives were connected like replacements in spot welding and their
corresponding temperatures to develop overabundance opposition at the
weld in light of oxide arrangement. Likewise, an additional application is in
ferroelectric gadgets utilize to attach anode terminals to the precious stones
in stacks. So, these adhesives supplant binds and welds in which precious
stones will in general be kept by patching and welding temperatures.

11.4.13 Thermally Conductive Adhesives

In these applications, temperature ascends because of development of heat
from cylinders, resistors, transformers, and so forth, in high-thickness
circuits are regularly basic and a reason for concern. Plan contemplations
must incorporate thermally conductive divisions for expelling thermal heat
from the hardware included. Inside the confined hardware, printed-circuit
board and non-typified thermal sinks reinforced set up is a basic arrange-
ment. For this situation, aluminum was normally favored as thermal-sink
material as a result of less weight and maximum warm conductivity. In the
event that great dielectric characteristics are necessary, an elevated cen-
tralization of inorganic fillers is able to utilize. Thermal conductive-based
epoxy framework utilized as part of adhesive, just like dissimilar purposes
have warm conductivity and volume resistivity. However, fillers incorpo-
rate silica, alumina (aluminum oxide), boron nitride, beryllia (beryllium
oxide), and other unspecified inorganic oxides. Thus, boron nitride, a fan-
tastic decision as thermally conductive inorganic filler with the exception
of that its substance achieves a most extreme of 40 wt.% mainly in epoxy
saps. The resulting items were dependably thixotropic glues. Hence, beryl-
lia powder having brilliant warm conductivity independent blended with
a sap cover to drops its conductivity radically. So, it is likewise exceedingly
poisonous and lifted in expense.

11.5 Resin

11.5.1 Unsaturated Polyester Resin

In general, this includes chain linked polyester encasing twofold securities
and a vinyl assisted monomer. Copolymerization results revealed the pres-
ence of vinyl monomer along with twofold reinforced polyester. Unsaturated
polyester resins have a place with the gathering thermosets. Unsaturated
polyesters are created from the buildup bowl, which are weak at surrounding
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temperature and hard to deal with. Polyester is fabricated from a plant and
blended with the vinyl monomer of fluid state which are generally thick at
encompassing temperature and contain 60% of styrene substance. Therefore,
a blend comprising of unsaturated polyester and vinyl polymer named as
unsaturated polyester resin [12]. The parameters for copolymer synthesis
and resin qualities like swelling and obvious thickness for various polymers
are recorded in Tables 11.1 and 11.2 [13].

11.5.2 Monomers

In light of its compositions, cluster of monomers are existing in two mod-
ules, one as polyester segments and other as vinyl monomer segments.

11.5.2.1 Unsaturated Polyester

Soaked alcohols like trimethylolpropane, neopentyl, glycerol, propylene,
diethylene, tetrabromobisphenol A, trifunctional alcohol, trimethylolpro-
pane mono alkyl ether, ethylene glycol, trifunctional alcohol, and immersed
anhydrides/acids that include tetrabromophthalic anhydride, terephthalic
acid, chlorendic acid, tetrabromophthalic anhydride, ohthalic anhydride,
and isophthalic acid are commonly utilized as monomers for delivering
unsaturated polyester resins [14].

11.5.2.2  Alcohol Constituents

1,2-propylene glycol along with ethylene glycol is the regular alcohol
ingredients. Air drying properties of ether including alcohols are rela-
tively superior to other elements. Polyesters dependent on diols has been
delivered via the transesterification reaction of diethyl adipate by means of
unsaturated diols like 4-diol, 2-butyne-1, 4-diol, and cis-2-butene-1. This
process possesses most appropriate technique of developing polyesters in
unsaturated mode as opposed to the direct poly-condensation reaction.
The most existing aliphatic unsaturated diol like 4-diol, 2-butyne-1, 4-diol,
and cis-2-butene-1 has been utilized to deliver a portion of the significant
polymers for medicinal and other related applications.

11.5.2.3  Constituents Like Anhydride and Acid

Wide-ranging mechanical unsaturated polyester normally developed
through phthalic anhydride, 1,2-propylene glycol, and maleic anhydride.
So, styrene is mainly utilized as vinyl assisted monomer. The anhydride
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Table 11.2 Swelling and density characteristics of unsaturated polyester
resin [13]. (With kind permission obtained from RightsLink, Elsevier
License).

Swelling (%)
Polymer* | Apparent density (g/ml) | Toluene | Methanol | Water
1. 0.46 80 10 10
2 0.45 85 10 10
3. 0.25 60 55 50
4 0.26 28 40 25
5. 0.29 25 35 20
6. 0.33 35 35 20
7. 0.31 35 28 15
8. 0.30 38 13 13
9. 0.39 55 25 15
10. 0.29 43 15 15
11. 0.36 40 20 15
12. 0.44 43 30 20
13. 0.63 115 30 20
14. 0.34 33 37 27

*The polymers are the same described in Table 11.1.

exclusive of phthalic anhydride delivers polyester with thickness of two-
fold attachment along with cluster of polyester chains. The unsaturated
corrosive segment is constantly weakened with acid and non-polymeriz-
able twofold securities. Generally, aromatic twofold bonds likewise won't
polymerize with vinyl segments. Fumaric corrosive copolymerizes with
styrene, yet fumaric corrosive is costlier compared to maleic anhydride.
An additional significant perspective focused that condensation duration
of those acids expelled water. Anhydrides, which are favored for acids
resulted in superior reactivity, whereas acids can't structure like an anhy-
dride. These mixes don't consolidate as quickly as anhydrides. Resting on
the opposite side, polyesters obtained from those acids are progressively
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steady contrasted with segments produced using phthalic anhydride and
also utilized within forceful situations, top paint, and gel coats. At that
point, the glass fiber fortified overlays are connected sequentially and the
top coat is at long last painted [15].

11.5.3 Vinyl Monomers of Unsaturated Polyester Resins

The vinyl monomer fills in as a decent dissolvable solution for the polyester
and decreases its thickness. It is likewise an operator of copolymerization
throughout restoring. The vinyl assisted monomers for polyester resins like
methyl acrylate, triallylcyanurate, p-vinyl toluene, etc., present in unsatu-
rated resins are mainly utilized alongside polyester monomer to deliver
polyester based resin.

11.5.4 Styrenes

This is the mainly utilized vinyl assisted monomer designed for creating
unsaturated polyesters. It contains oncogenic potential, so substituting sty-
rene via several additional monomers for a long time. Increment in styrene
expanded the unbending nature of the material. Whereas, a-methyl sty-
rene shapes less responsive radicals and in this manner hinders the reliev-
ing response. Hence, a-methyl styrene is best appropriate for lessening the
pinnacle temperature during the curing process. Characteristics of unsatu-
rated fat and styrene related vinyl monomers at normal room temperature
and post-relieved temperature are recorded in Table 11.3 [16]. Polar vinyl
monomers like vinyl pyridine improved the attachment of the polyester
to glass strands, which is helpful in deciding delamination in composites.

11.5.5 Acrylates and Methacrylates

Acrylate improves outside strength, whereas methyl methacrylate improves
the optical properties. Also, authors considered the polymerization of
methacrylate by utilizing light as a source. The refractive indicator is capa-
ble of altered through styrene and methyl methacrylate blends which is
closely related to glass [17].

11.5.6 Vinyl Ethers

Distinctive vinyl ethers mainly utilized like exchanges in favor of styrene.
The unsaturated polyesters utilized broadly in emission treatable pieces
and especially in coatings [18]. Exceptional plans containing zero styrene
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and existing triethylene glycol di-vinyl ether be able to utilize in support
of pertaining gel coats. Mainly, propenyl ethers earn a lot simpler towards
getting ready contrasted with gathering of vinyl ethers. However, these are
created through isomerization reaction of allyl ethers. Because of antago-
nistic impact of methyl bunches in propenyl ether atoms, they get antici-
pated considerably fewer responsive than the vinyl ether analogs.

11.5.7 Fillers

The couple of instances of fillers incorporate powder of calcium carbonate,
alumina, silica, glass, and earth minerals, silica sand talc, white marble,
marble scraps, glass dabs, mica, yarn, silica sand, cellulose, waterway, and
squashed stone. On account of some of the fillers, translucency is revealed
during curing process. Normal fillers are wood flour dirt, bentonite, elas-
tic particles, calcium carbonate, glass dabs, fly fiery remains, and nano-
composites. Generally, fillers decline the expense and interchange various
mechanical characteristics of the relieved resources.

Bentonite and ca-based bentonite is utilized during production of com-
posites based on unsaturated polyesters. Expanding the quantity of filler
in reins by a consistent proportion of styrene and polyester improved
their mechanical characteristics. Most extreme estimations of hardness,
compressive quality and heat conductivity are nearly around 22.7% for
styrene [19].

11.6 Polyurethanes

An isocyanate segment and a diol segment are the two major parts of
polyurethanes. The diol segment may comprise of a polyether or polyester
end topped diol. Their corresponding structure of urethane might exist as
esters of acids. Their development is finished by means of the expansion
in amines and organometallic composites. Polyurethanes additionally dis-
cover use in numerous therapeutic applications. They are also utilized as
adhesives and as coatings to an enormous degree.

11.6.1 Monomers

Monomers associated to create polyurethanes comprise two kinds, namely,
(i) diisocyanates and (ii) polyols.
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11.6.1.1 Diisocyanates

The preparation process begins by means of an amine, phosgene, and ali-
phatic. Similarly, isocyanate will be generated as a result of the expulsion of
hydrochloric (HCI) acid.

11.6.1.2  Phosgene Route

The amalgamation course by means of phosgene was created in 1884 by
Hentschel, despite the fact that Wurtz in 1848 uncovered isocyanates. The
synthesis keeps running by two essential advances, namely,

1. Arrangement of carbamic chloride
2. Removal of HCI

11.6.1.3 Phosgene-Free Route

Synthesis procedure of phosgene free process was created in view of the
risks in taking care of phosgene. The combination begins with nitroben-
zene and consecutively the ethyl urethane straightforwardly delivered with
carbon monoxide (CO) and ethanol. However, the presence of urethane
dimerized by means of a carbonylation response. Through temperature
expansion, the urethane decayed onto isocyanate and alcohol. The incred-
ibly unpredictable isocyanates are increasingly poisonous. At the time of
hardening, there is additionally an arrival of the unreacted isocyanate.
The discharge likewise relies upon the isocyanate reactivity, which is dis-
tinguished within blends. On account of very high reactivity along with
dampness, investigation needs uncommon systems [20].

11.6.1.4  Polyols

The second fundamental monomer next to diisocyanates is polyols, which
is of two types as follows:

1. Polyether polyols: This is one of the most generally utilized
monomers. Utilized monomers are ethylene oxide, buty-
lene oxide, propylene oxide, tetrahydrofuran, and propylene
oxide [21].

2. Grafted polyols: Interchanging styrene or acrylonitrile into
polyphenylene oxide (PPO) results in developing copolymer
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polyols. At first, unadulterated acrylo-nitrile be utilized in
favor of uniting, yet so created copolymer polyols causes
staining issues in adaptable foams. Consequently, styrene/
acrylonitrile copolymer polyols were created [22].

11.6.1.5  Vinyl Functionalized Polyols

Vinyl moiety is an additional significant technique to functionalize the
polyols, which accomplished by response of the polyols with maleic anhy-
dride. Clearly, the usefulness of the polyols must be more noteworthy than
the hydroxyl gathering, since hydroxyl gatherings are evaporated. On the
off chance that the vinyl functionalized polyols polymerizing by including
vinyl monomer blend, the swinging vinyl bunch polyols have an influence
in the polymerization process. Compare with the vinyl assisted polymer,
brush resembling structure is developed and teeth of “brush” creature
the polyols. Styrene is generally hydrophobic and in the sight of cutting
edge transformation, foundation of brush might breakdown to capitulate
a round shape.

11.6.1.6  Polyols Based on Modified Polyurea

Polyols based in urea and adjusted polyurea are a suitable alternate, which
normally blended as a two phase reaction. In the initial period, amine-
based alcohol is permitted towards responding by means of a surplus
of diisocyanate to develop urethane assembly. Overabundance of isocy-
anate creates arrangement of an end-topped prepolymer. On account of
this, they obtained as solely urea isocyanates bunch in spines. Similarly,
in amino based alcoholic isocyanates, the observance of urea and ure-
thane are framed as spines. In general, appropriate diamines are hydra-
zine, ethylene diamine, and so forth. During next stage, polyols in molar
overabundance as for the unreacted isocyanate gatherings was included.
The pending isocyanate gatherings respond with the hydroxy gatherings to
frame chain-broadened polymeric polyols. Obtained response with isocy-
anates continues quicker and contrast with response of polyols [23].

11.6.1.7  Polyols Based on Polyester

Monomeric blends for this polyols are glycerol, 1,2-propylene glycol, adipic
and phthalic acid, diethylene glycol, oleic acid, 1,1,1-trimethylolpropane,
and 1,1,1-trimethylol propane adipic acid.
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11.6.1.8 Acid and Alcohols-Based Polyesters

Generally, these are created by preheating diol at 90°C followed by
including harmful acids onto it, which finish the process at the elevated
heat range upto 200°C. The water was removed after the process by pass-
ing inert gas or vacuum. The buildup is a harmony process and Schulz-
Flory appropriations of atomic weights are acquired. However, chemical
buildup process is carried out through acids, bases along with progress
metal mixes. The increment in hydroxyl numbers of adaptable to inflexi-
ble foams from 60 to 400 mg of potassium hydroxide per gram (KOH/g).
Acids for delicate foams are aliphatic based which expands the unbend-
ing nature.

Isophthalic acids are utilized in hard coatings and bindings. Such foams
demonstrated upgrade in fire safe properties. However, polyesters are fab-
ricated by transesterification reaction of dimethyl terephthalate. Likewise,
polyethylene terephthalate (PET) dissipates resources like polyester-based
filaments and or soda containers which are reused by glycolysis process to
acquire proper polyols.

11.6.2 Rectorite Nanocomposites

Dirt mineral, rectorite, is an ordinary interstratification reaction between
dioctahedral mica and a dioctahedralsmectite. It is mainly utilized to
obtain intercalated thermoplastic polyurethane elastic nanocompos-
ites through melt processing method. The researchers obviously eluci-
date those composites comprising lesser measures of earth minerals are
mainly intercalated or part shedded by utilizing X-ray beam diffraction
and transmission electron microscopy (TEM). Finally, the result shows
upgraded mechanical characteristics of the composites [24].

11.6.3 Zeolite

These are utilized to design for adjusting the polyurethane layer structures
to advance their corresponding characteristics. Layers with these sub-
stances somewhere in the range of 10% to 70% have been readied. The
planning technique initiates anisotropy in the films. The layers have a
hilter kilter structure comprising of the top skin, which incorporates the
dynamic layer, the substructure, and the base skin.
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11.7 Epoxy Resins

These are mainly developed from oligomer having atleast two parts of
epoxide gatherings and a single curing operator, more often than not con-
tain any amine compound. Numerous monographs are accessible in the
market based on epoxy resins.

11.7.1 Monomers
11.7.1.1  Epoxides

Epichlorohydrin, a monomer, is utilized in favor of developing glycidyl
ethers and esters. This suitable monomer is produced through propene by
means of allyl chloride. However, a generally available epoxide portions are
poly (butadiene) epoxides, epoxide, glycerol diglycidyl ether, epichlorohy-
drin, glycerol diglycidyl ether, butadiene diepoxide, and 1,4-butanediol
diglycidyl ether. The relieving of cycloaliphatic epoxides continues effec-
tively with anhydrides however is excessively moderate with amines.

11.7.1.2  Hyper Branched Polymers

Hyper branched polymers are exceedingly spreaded macromolecules
which can set up by means of a solitary advance polymerization reaction.
Numerous polymers of the same kind are otherwise called dendrimers.
Additionally, star-like or brush structured polymers have a place with the
class of hyper branched polymers. However, hyper branched polymers
are developed from dendritic, direct, and terminal units [25]. They can be
combined by means of three courses:

1. Step-development poly condensation process of ABx based
monomers

2. Self-gathering vinyl assisted polymerization reaction on
ABx based monomers

3. Multi-spreading ring-opening process for idle ABx based
monomers

General techniques for blend manufacturing permit a broad range
in types of polymer. Extraordinary properties can be bestowed through
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reasonable end topping responses. These kinds of polymers have spe-
cial characteristics for trademark for dendritic macromolecules like low
down consistency, great dissolvability, and usefulness. These are utilized in
restorative fields because of transporters in natural mixes. Hyper extended
polymers are simpler to combine in huge amounts and are utilized as anti-
plasticizers, tougheners, curing reagents, and plasticizers. Hyper spread
polymers (HBP) along with hydroxyl gatherings are able to start relieving
via a proton contributor complex. While relieving tetra utilitarian epoxy
resins, actuation vitality is lesser than epoxy framework in the midst of
direct polymers. HBP firmly upgrade the relieving rate because of the reac-
tant impact of hydroxy gatherings.

The prolonged gel time with expanding usefulness commencing diglyc-
idyl ether of bisphenol A (DGEBA) to tetraglycidyl-4,4'-diaminodiphenyl-
methane (TGDDM). Similarly, hydroxyl-functionalized HBP decreased
the gelling duration of mixes on account of quickening impact of hydroxyl
gatherings toward the epoxy relieving response. Star-like structured epoxy
polymers were developed by means of polymers with epoxy monomer.
The expansion of little measures of HBP towards an epoxy framework
upgraded their durability. However, the basic damage vitality discharge rate
of DGEBA resin is capable of expanded as a result of 6 factors by including
5% HBP. At higher focuses, a stage division is shown by dual glass change
temperature ranges. Inside composite materials, HBP changed resins per-
mit superior volume divisions of filaments for delivering void-free overlays
during contrast with unmodified resins.

11.7.2 Epoxide Resins Based on Liquid Crystalline Structure

At first, couples of specialized conditions relating to fluid gems were
reviewed. Fluid precious stones were found by Austrian physicist and bot-
anist Friedrich Reinitzer, who already found that cholesterol benzoate, will
not dissolve onto a reasonable fluid. On advance heat, turbid fluid twisted
all of a sudden clear. So, this change point is known as the clearing point.
Notwithstanding the basic conditions of conglomeration, the fluid crystal-
line state was set up.

11.7.3 Liquid Crystal

Rod-like molecules are used for generating liquid crystals (LC), which is
generally dealt with mesomorphic phases. In which the materials with the
intention of framing those stages are called mesogens. Isotropic, a stan-
dard liquid, has its properties for free of bearing. Similarly, fluid gem be
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orientated like an anisotropic fluid, which implies that atoms were sit-
uated ideally during a specific course. Such an anisotropic liquid be a
pneumatic fluid gem. The particles set up inside the layers however the
atom does not have any fixed positions. Fluid crystalline polymers show
various improved properties in correlation with customary plastics and
expanded the flexible moduli at high temperatures, detoriates beginning
temperatures, diminished the coeflicients of thermal development and
dissolvable ingestion. Appropriate epoxide monomer mainly depends
on biphenyl moieties. However, Micro-Brownian movement of polymer
chain improved by expanding the convergence of mesogens. This impact
causes an increment in the warm disintegration beginning temperature
ranges, reducing in coefficient of warm development and abatement on
water ingestion. During the curing process, cross-connected systems were
achieved through fluid crystalline properties.

Additionally sulfanilamide and diglycidyl ether blend of bisphenol A do
not demonstrate LC characteristics [26]. An isotropic fluid is shaped over
the softening point. Exactly, during the process among amine and epoxy
continues, this surfaces were created to secure the cross connected system
through the nematic course of action.

11.7.4 Liquid-Based Rubbers

The expansion of rubbers onto epoxy adhesives improved the crack
obstruction, attachment to slick surfaces, flexibility, and strip quality.
Fluid rubbers are utilized as some of the toughening operators. Fluid
elastic modifiers were fundamentally miscible with the epoxy. At cur-
ing stage, a partition happens in the process. Carboxy-ended butadiene/
acrylonitrile copolymers (CTBN) are dominatingly reasonable as a result
of miscibility within a few epoxy resins. On the off chance that a CTBN
isn’t pre responded, the carboxylic acid gatherings be able to respond at
hardening stage. Nitrile rubber (NBR) specifically with maximum acrylo-
nitrile substance is additionally fit for tougheners; however, adding high
quantity in the rubber gives great similarity among NBR and the epoxy
resin material [27].

11.7.5 Silicone-Based Elastomers

Silicone-based elastomers dropped the ideal mechanical characteristics
in the elevated temperature and low temperature locale. These are prev-
alent in their qualities. So, these rubbers are totally immiscible by means
of epoxy resins and can’t exist thereof. The expansion of silicone added
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poly(methyl methacrylate) (PMMA) is compelling towards balance out
the boundary of silicone elastic and epoxy resin which assist to break down
silicone-based rubber in epoxide complexes. The sub-atomic load of the
silicone fragment influences the adequacy of the compatibilizer. While
expanding molecule measurement of the silicone, the break durability
diminishes and dips under the unmodified gum.

11.7.6 Rubbery Epoxy Compounds

Rather than elastic fluid, rubbery-based epoxy particles developed from
aliphatic epoxy resin are mixed by means of another epoxy gum towards
toughening operators. The impediments of epoxy-CTBN have maximum
consistency. In any case, there are likewise low-thickness types accessible.
In car, aeronautics and the related enterprises, this utilizes metallic mate-
rials along with polymeric-based materials. In some parts of such applica-
tions, great tribological characteristics are essential. The incorporation of
fluorinated poly(aryl ether ketone) (F-PEK) improved the same. This kind
of fluorinated polymers are always recognized as low grating resources,
which generally emerges because of their stumpy surface energies.

11.7.7 Adhesion Improvers

Hybrid resins of epoxy polyurethane are utilized for adhesives of high
quality. Also, elastomeric altered resin solutions are utilized as glues.

11.7.8 Unsaturated Polyesters

In epoxy blend, curing by means of differential filtering calorimetry
showed a superior rate consistent compared to unadulterated epoxide
materials. Also, it is trusted that the hydroxyl assembly in the mix gives an
ideal synergist condition to the epoxide relieving. The understanding of
the consistency improvement recommends that an interlock between the
two developing systems exists to expand the thickness. The presentation
of unsaturated polyester into epoxy gum improved the strength however
decreased the glass transition temperature.

11.7.9 Functional Peroxides

The anhydride’s condensation reaction along with polyethylene glycol
(PEG) and tertbutyl hydroperoxide developed peroxy ester oligomers as
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a result [28]. The subsequent esters include carboxylic and peroxy groups,
which can mix and utilize like curing operators [29].

11.7.10  Acrylics

The polymer systems with profoundly polymerizable segment act as
appropriate restoring specialists. The temperature of around 65°C and
80°C are mainly accomplished as curing range. However, the energy for
restoring epoxide happens due to a blend with uncatalyzed bimolecular
and catalyzed atomic response. Within the blend, lower rate constants were
observed compared to different frameworks, whereas the higher actuation
energies were also depicted. The chain entanglements sandwiched between
two systems root a steric obstacle on behalf of the relieving procedure.
Finally, the vitrification process limits chain portability which is reflected
to diminish rate constants.

11.7.11 Bismaleimide Based on Modified Urethane

This is acquainted plus joined halfway with epoxy oligomers through
polyurethane blending operators. Meanwhile, a mass polymerization
strategy can be utilized to get ready interpenetrating systems [30]. The
rigidity expanded to a most extreme incentive with expanding the poly-
mer content, which diminishes with further expanding the same. Infrared
spectral investigation was utilized to affirm the blending of polyurethane
into the epoxy skeleton [31]. The created frameworks were described by
heat, morphological, and mechanical examinations.

11.7.12 Hybrid Materials Comprising Organic and Inorganic
Compounds

Natural inorganic mixture interpenetrating systems were created from an
epoxide-based amine framework and tetraethoxysilane (TEOS). However,
the energy of silica structure development on the natural grid and its last
structure and morphology rely upon the strategy for generation of the
interpenetrating system. During sol gel, hydrolysis and polymerization
reaction of TEOS were performed at nominal room temperature in iso-
propyl liquor. The crossover systems know how to set up by two strategies.
The strategies for arrangement of hybrid system were also examined [32].
In the one-advance methodology, all response parts are changed all the
while. During two-advance strategy, it is hydrolyzed within the initial step,
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blended through the natural epoxy segments and polymerized beneath the
development of silica/epoxide systems. Huge smaller silica totals around
100 to 300 nm widths were shaped through the one-arrange procedure
of polymerization reaction. Also, TEOS fractional hydrolysis impacts
a speeding up of the gelation. The expansions in modulus through two
requests of extent were accomplished at 10% of silica content.

11.7.13 Poly (Ether Ether Ketone)

Poly Ether Ether Ketone (PEEK) is an intense, superior, semi-crystalline
thermoplastic polymer along with great heat and mechanical character-
istics. Due to crystalline nature, the polymer is hard to mix with epoxy
resins. A few strategies consisting of dynamic mechanical analysis (DMA),
Fourier transform infra-red (FTIR) spectroscopy, and scanning electron
microscopy (SEM) show that the relieved mixes are homogeneous [33].
With expanding PEEK-C content, the ductile properties and break tough-
ness factor of the mixes diminished somewhat.

11.7.14 Epoxy Systems Comprising of Vinyl-Based Polymers

Other than unadulterated frameworks, blended frameworks, for exam-
ple, epoxy acrylates, are being used, which can cure with radical photo
initiators.

11.7.15 Characteristics

Mechanical abilities of this resin are related to follow back the formation of
monomers. It mainly relies upon adaptability and the crosslinking thick-
ness. Normally, epoxy resins recoil at the season of restoring not as much
as vinyl resins. Although, it is critical toward separating the shrinkage hap-
pens ahead of gelling and in the wake of gelling. Researchers examined
temperature coefficient of polymeric materials and found that impact of
curing process. So, elevated temperature impacts the curing process fur-
ther [34].

These resins normally have very low viscosity, even after curing; it dis-
plays high transition temperature, low elongation at break and toughness
due to its high crosslinking density. Epoxy resins depict great electrical
characteristics, which normally influence by means of the moisture con-
tent. Similarly, addition of metal particles, namely, silver and copper, makes
the resins electrically conductive for developing strong bonds within the
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surfaces and owing its usage mainly in adhesives. Normally, this also has
exceptional opposition to organic and inorganic solvents, acids, salts,
bases, and chemical agents.

11.7.16 Hybrid- and Mixed-Bases Polymers

Normally, hybrid and or blended polymers incorporate epoxy based sili-
cone, maleimide, and urethane hybrid polymers.

11.7.17 Copolymers-Based on Epoxy-Siloxane

Epoxy-siloxane polymer blended by means of diglycidyl bisphenol A ether
and jointed tightly will expand the portability of the cross connected sys-
tem and the thermal solidness [35]. Joining the copolymers by pendant
epoxide rings mainly incorporates the hydrosilylation reaction of poly
(methylhydrosiloxane) through allyl glycidyl ether. Amino propyl-ended
polymer mixed within an epoxy resin demonstrates extraordinary oil as
well as water repellency properties in coatings. Further, the strip quality
of weight delicate cement appended in the direction of the altered epoxy
based resin additionally diminished. The obtained copolymers included
measures of 5 ca. phr, proficiently decrease the stationary grinding coeffi-
cient of cured mixes.

11.8 Phenol Formaldehyde Resin

The most seasoned thermosetting polymers are phenolic resins. Regardless,
they have numerous mechanical applications in parts, for example, auto-
mobiles, computing, aviation, and construction. Generally, these resins are
prepared using condensation process of a phenol, in which water is created
as a result. Ordinarily, phenol and formaldehyde have been utilized to cre-
ate phenolic resins with explicit characteristics, for example, adaptability
and reactivity. Cardanol formaldehyde resin is broadly utilized alongside
phenol and cardanol. The physico-chemical characteristics of the same are
also classified in Table 11.4 [36]. The various assortments of phenolic res-
ins existing are very huge because of the proportion of phenol and alde-
hyde; however, response temperature and catalyst selection procedure can
be differed. The two broad classifications of phenolic resins are (i) novalak
and (ii) resol. A resol resin, which is of single stage, is regularly delivered
with overabundance of a phenol, formaldehyde, and alkaline compound.



258 GREEN ADHESIVES

Table 11.4 Physico-chemical properties of cardanol and cardanol formaldehyde
resin [36]. (With kind permission obtained from RightsLink, Springer Nature
License).

Cardanol
formaldehyde

Properties Cardanol resin
Color Dark brown | Dark brown
Odour Phenolic Phenolic
Specific gravity (g/cc at 30°C) 0.9285 0.9333
Viscosity (intrinsic) 3.13 x 1072 3.28 x 1072
Hydroxyl value 181.5 157.2
Iodine value 223.2 221.8
Molecular weight 302 1550
Number of hydroxyl groups 1 5
Thin layer chromatography: R, values

(a) Petroleum ether: diethyl ether (7:3) | 0.82 0.78

(b) 100% benzene 0.77 0.75

(c) Benzene: chloroform (1:1) 0.81 0.76

The response is proscribed en route for making a non-crosslinked resin
with the purpose of relieving the heat lacking extra catalysts to shape a
3-dimensional cross-linked insoluble, infusible polymer. Interestingly,
novolak-based resins created by formaldehyde incorporate the solid min-
eral acids like phosphoric corrosive, sulfuric corrosive, and hydrochloric
corrosive alongside natural corrosive catalysts, for example, oxalic corro-
sive, p-toluene sulfonic acid, and inorganic salts. It creates a thermoplas-
tic polymer which can liquefy yet won’t crosslink lead the utilization of
thermal treatment alone. Subsequent novolak-based thermoplastic resin
be crosslinked through the expansion of novolak relieving specialist.
There are different kinds of novolak-based resins through various ortho-
to-para proportions of methylene relationship like high ortho and high
para novolak based resins (HON and HPN) and general purpose novolak
based resins (GPN) [37]. No extra curing operators will be required for
resol resins, which can only healed by heat receptive, and it has a very low
timeframe of realistic usability.
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11.8.1 Monomers

Bisphenol A, cresols, xylenols, and bisphenol B are the appropriate phenol
subsidiaries for utilization in phenol formaldehyde resins. Likewise, para-
formaldehyde, acetaldehyde, propionaldehyde, butyraldehyde, furfural,
turfurol, and glyoxaltrioxane are the suitable formaldehyde derivatives for
phenol formaldehyde resins.

11.8.2 Phenol

The cumene peroxidation is the favored course to phenol, representing
over 3/4th of world creation. Additionally, cumox process generally com-
prises of

1. Fluid stage cumene oxidation to cumenehydroperoxide
(CHP)

2. Disintegration of the obtained product to phenol and
acetone

Phenolic resins, caprolactam, and bisphenol A are mainly utilized in
production of phenol. It is likewise utilized in the assembling of numerous
items comprise protection equipment, adhesives, elastic, polishes, ink, toys
colors, scents, cleansers, paint, and enlightening gases.

11.8.3 O-Cresol

O-Cresol is utilized generally in the middle for the generation of epoxy
resins, pharmaceuticals colors and pesticides, yet in addition as a part of
cleaning specialists and disinfectants. It is promptly recyclable and has a
little bioaccumulation. Around, O-Cresol of 60% is gotten from coal-tar
and unrefined petroleum by utilizing established systems, for example,
stripping, refining, and fluid extraction. The staying 40% is gotten artifi-
cially through the alkylation reaction of phenol with methanol.

11.8.4 Formaldehyde

It is a most fundamental modern industrial chemical utilized for the
planning of an assortment of many synthetic chemicals. Normally, it is
color-less and very combustible gas for commercial applications. Formal-
dehyde is utilized for the most part inside the amalgamation of resins along
with phenolic-formaldehyde, urea formaldehyde, pentaerythritol, and dif-
ferent resins. However, only 6% employments be identified with compost
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generation. Formaldehyde discover application in an assortment of busi-
nesses, including the cleanser, sustenance, restorative, elastic, metal, wood,
medicinal, cowhide, oil, manure, and rural ventures.

11.8.5 Multihydroxymethylketone

Multihydroxymethylketone be the reaction results of ketones among a
huge abundance of formaldehyde, which are utilized as reactive solvents
and other different applications. Phenol blend in a multihydroxymethyl-
ketone generates an uncommon sort of an altered phenol/formaldehyde
resin.

11.8.6 Basic Resin Types
11.8.6.1 Novolak Resins

A novolak resin comprising of atleast one phenol subordinates in addi-
tion to aldehyde. These are utilized during elastic arrangements to provide
the creation of belts, cylinders, and tires, which be capable of fortify the
elastic arrangements. The reinforcement is clarified by the development of
a three-dimensional system inside the elastic components after relieving
them [38].

11.8.6.2 Resol Resins

Generally, these are regularly ended up through buildup polymerization
within the sight of a medium at various temperatures ranges between 40°C
and 100°C. Thus, alkaline medium is fundamental, a corrosive component
would be utilized and an uncontrolled relieving during the readiness of
the prepolymer would happen. Then again, restoring of the resol prepoly-
mer possibly will be accomplished by fermentation. Because of little yield
containing free monomers, buildup under the ordinary response condi-
tions holds a high level of free monomers. These are unpredictable and
profoundly very harmful. Diminishing the dimension of free monomers
in such resins, in this manner decreasing their outflows into the earth-
based application procedures has been a standout among the most vigor-
ously investigated regions by both phenolic resin makers for a long time.
Resol alludes to phenolic resins that hold valuable reactivity rather than
the relieved resins. At this juncture, the item is completely dissolvable and
fusible at less than 150°C in at least one basic solvent, for example, alcohols
and ketones [38].
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11.8.7 Fillers

Numerous kinds of fillers are referred to for phenol-based formaldehyde
(PF) resins, for example, natural fiber materials, glass strands, and ceramic
material.

11.8.8 Reinforcement Based on Jute Fibers

This material is capable of reused into compound utilizing PF resin of
12% to 30%. So, the dimensional dependability of created composites was
enhanced by acetylating or through steam treatment of jute material. Thus,
the jute material is better than acetylation in enhancing the dimensional
steadiness. This material displays considerably fewer irreversible and
reversible enlargements compared to untreated jute material.

11.8.9 Applications and Uses

These are utilized on the way to build an assortment of items consist of
desired wood items, for example, pressed wood, designed timber, hard
board, fiber board, and arranged strand board. Different items incorporate
covers, fiberglass protection, grating coatings, foundry covers, oil recuper-
ation froths, and grinding fasteners. They are utilized at the same time as
paper soaking resins in favor of overlay, oil channels, paint roller tubes, and
so on. These resins utilized to compose open or closed foams, which are basi-
cally utilized to construct botanical foam, bolsters used for holding bloom
stems in fluid water. These foams are able to drench up water ordinarily and
estimated its unique load to give water to the blossoms. These froths are
principally open cell. Different uses for phenol formaldehyde froths are thick
froths to hold adornments in addition to build molds in favor of foot pros-
thetics. Shut cell froths discover applications in boundary and protection
materials. Additional employments of resins incorporate grinding covers,
grating folios, and phenol formaldehyde covered foundry sand covers [39].

11.8.10 Binders for Glass Fibers

Bulk fiber for protection and partnered purpose and continuous fiber or
strengthening strands are the two major types for developing glass fila-
ments. In either structure, the crude fiberglass is rough and delicate. Harm
to the single glass strands can happen because of the self-grating move-
ment of lone fiber disregarding or communicating by means of an addi-
tional fiber. However, the subsequent exterior deformities root to decrease
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in the general mechanical properties of fiberglass. So, these were created to
avert the above issues. A trademark folio may avert the damaging impacts
of self-scraped area without repressing the general adaptability of the com-
pleted glass fiber item. Great opposition and versatility to extraordinary
states of raised stickiness and heat are gainful in perspective on the wide
assortment of utilizations of glass fiber fastener arrangements. The measure
of folio available in a fiberglass item is reliant on a few elements together
with the sort of administration required, the item shape, foreseen natural
factors like temperature and compressive quality prerequisites.

11.8.11 Phenolic Binders

Customarily, the exhibition constraint essential for protection filaments
were fulfilled uniquely by phenol formaldehyde resins. In this manner, glass
fiber fasteners were solely founded on top of phenol formaldehyde resins.
It commonly incorporates aminoplast resins like silicone mixes, solvent
oils, melamine and urea, stabilizers, and wetting specialists. Commonly,
phenolic folios contain a lot of low atomic weight group together with phe-
nol, formaldehyde, and combination of both, i.e., phenol formaldehyde.

During curing, unstable less sub-atomic weight segments are discharged
onto the air in considerable capacity as unpredictable natural mixes, i.e.,
volatile organic compounds (VOCs). The way toward assembling fiberglass
normally includes showering huge amount of PF fasteners into elevated
capacity of air streams and restoring the item in convection broilers that
include huge quantity of air. However, fiberglass makers enclose a critical
call for diminishing their VOC emanations as to formaldehyde. Endeavors
to change over free formaldehyde into less disagreeable and hazardous
synthetics have included the expansion of urea or smelling salts. These
increments were expected to change over free formaldehyde to hexameth-
ylenetetramine. Nitrogen include mixes be able to deteriorate yield smell-
ing salts and extra conceivably unsafe unstable mixes. These resins require
cautious dealing with measures. The cooked resin should be refrigerated
awaiting the utilization of holding tanks and refrigerated trucks are man-
datory. Indeed, even through refrigeration, the capacity duration of a phe-
nolic gum is regularly 15 days.

11.9 Melamine Resins

This depends mainly on formaldehyde and 1,3,5-triazine-2, 4,6-triamine,
which is as like urea-based formaldehyde polymers. Thus, mechanical
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utilization of this gum began in 1930, the point at which the Swiss organi-
zation - Chemische Industrie Basel (CIBA) started the shifting from dicy-
andiamide to melamine. In olden days, the utilization was constrained due
to its maximum cost. Presently, this can be delivered less expensive from
urea-based polymers, and so the financial circumstance is enhanced.

11.9.1 Monomers

Melamine might be in part or completely supplanted with other reason-
able amine containing mixes. Options in contrast to melamine incorporate
ammelide, urea, substituted melamines, melem, melon, ammeline, guan-
amines, and thiourea. These mixes are likewise utilized as fire retardants.
This substituted melamine incorporates mainly alkyl and aryl melamines.
Delegate instances indicate that some alkyl-substituted melamines incor-
porate 1-methyl-3-propyl-5-butylmelamine, methylmelamine, ethyl
melamine, trimethylmelamine, and dimethylmelamine. Foams and fil-
aments show expanded flexibility, when a segment of melamine is sup-
planted by alternative melamine. In view of contemplations of expense and
opportunity, normal melamine is commonly liked.

11.9.2 Other Modifiers

Ethylene urea, ethylene diamine, essential/auxiliary/tertiary amines, and mela-
mine are the reasonable resin modifiers. Dicyandiamide will likewise fuse
onto the resin. Therefore, the modifiers groupings in the reactive blend might
change ordinarily between 0.05 and 5.00%. Every modifiers advance hydroly-
sis obstruction, lower formaldehyde discharges and polymer adaptability.

11.9.3 Synthesis

Like urea, this responds in the midst of formaldehyde in pitifully solu-
ble fluid medium to frame methylol mixes. The further buildup contin-
ues under impartial and acidic conditions, along these lines producing
methylene-based ether bonds. An unadulterated melamine-based resin was
developed in a couple of existence at normal temperature range. In light of
those undesired characteristics, these resins are mixed by urea resins.

11.9.4 Etherified Resins

These are set up via the response of melamine through formaldehyde under-
neath the states of pH about 6 and reflux temperature within the sight of
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a lot of butanol. Therefore, xylene cycles releases out the water framed by
means of the buildup response utilizing azeotropic refining and quickened
the etherification along these lines.

11.9.5 Properties

These resins are normally utilized for a few products which rely upon their
ideal properties. Generally, these resins are solid, strong, and moderately
shabby, yet are commonly shaded resins. However, melamine-based resins are
water clear and are increasingly costly. They are commonly utilized for items,
where the shading or example of the substrate is held with a straightforward
melamine defensive covering or fastener. The emanation of formaldehyde in
melamine resins is diminished by expanding the content of it. This is disclosed
because of the solid holding between triazine carbons of melamine contrasted
with urea carbons. These sulfonated resins show great dissolvability in water.

11.9.6 Applications and Uses

Resins based on melamine are broadly utilized as adhesives for wood,
varnish, for enhancing the characteristics of paper and cellulosic materi-
als, moldings, and as resins for ornamental covers. In contrast with urea
formaldehyde, melamine-based gums have superior obstruction against
warmth and dampness. So, etherified melamine resins are regularly uti-
lized in blend by means of alkyd resins used for creation of brightening
overlays. Change of materials via melamine is utilized toward bestow wrin-
kle opposition and shrinkage. However, the wet quality of paper is signifi-
cantly enhanced by means of utilizing melamine resins as wet end added
substances. Roof tiles were back covered by means of melamine resins so
as to build them progressively inflexible and stickiness safe. Melamine res-
ins are additionally utilized for the course of action of brightening paper
covers. This function is because of their fantastic shading, chemical oppo-
sition, hardness, dissolvable and heat obstruction, and dampness opposi-
tion. Shaped articles like dinnerware are set up with a mix of urea and
melamine formaldehyde resins. The resins are consolidated on account of
the high costly melamine formaldehyde compound.

11.10 Furan Resins

The condensation reaction of furfuryl alcohol (FA) and obtained byprod-
ucts of that process are generally called furan resins. These resins are
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produced from vegetable cellulose and an inexhaustible asset. The major
constituents present in the furans are also reviewed in detail. The modern-
ization of furfural began in the year 1922 and the principal furan-based
resins have come into sight.

11.10.1 Monomers

Furan, 5-methylfurfural, bis-2, 5-hydroxymethylfuran, furfuryl liquor,
5-hydroxymethylfurfural (HMF), 2-furfurylmethacrylate, and furfural
are the most opted monomers for furan resins. The real favorable circum-
stances in this resins come along the way which resulted from vegetable
based cellulose. Appropriate base of vegetable-based cellulose are oat bod-
ies, corn cobs, sugar stick bagasse, biomass processing plant eluents, paper
factory wastes, cottonseed structures, rice bodies, and some nourishment
stuffs, i.e., saccharides and starch.

11.10.2 Furfural

As a whole, this type of aldehyde is a side-effect based on sugar stick
bagasse, which generates resins by means of developing for a brilliant resis-
tance to chemicals and low swelling. Furfural is produced using farming
materials utilizing hydrolysis process. Generally, it is light yellow to golden
hued straightforward fluid and turns dark browned colored. It is chiefly
utilized in grease refinement, furfuryl liquor creation and pharmaceuti-
cal generation and used as central reagent to deliver materials, which con-
tain monomers to deliver different furans in the midst of wide assortment
substituents.

11.10.3 Furfuryl Alcohol

Furfuryl liquor is produced by means of reduction process with hydrogen.
Generally, it is a dreary straightforward fluid and turns out to be light yel-
low or dark red or darker shading when uncovered noticeable all around. It
varies with water and numerous natural solvents like liquor, ether, acetone,
and so on, however not in hydrocarbon items.

11.10.4 Specialties, i.e., Polyimides Based on Furan

Polyimides dependent of poly (2-furanmethanol-formaldehyde) are capa-
ble to set up Diels-Alder response (DA) from separate furan through imides
based on bismale. However, process continues inside tetrahydrofuran
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(THF) otherwise in mass. THF intermediates and aromatize within sight
of acidic anhydride. Therefore, these are dependent on top of this resin
which displays great thermal dependability.

11.10.5 Special Additives as Reinforcing Materials

Aramid strands were utilized as fortifying substance for phenol gum and
furan resin. Similar investigation of mechanical presentation of resources
demonstrated that the resin is progressively reasonable as a grid contrasted
with phenolic gum. The most significant mechanical furan resins depend
on 2-furfuryl alcohol. So, the biggest makers of this resin are China and
Dominican Republic. Around 30% of this resin usage is utilized to create
alcohol, which is for the most part devoured via generation of furan-based
resins.

11.10.6 Curing

Furan resins consist of inorganic and natural acids for curing. Instances
of reasonable natural and inorganic acids consist of phosphoric, nitric,
hydrochloric, tartaric, sulphuric, and maleic acids. Friedel-Crafts impe-
tuses incorporate boron fluoride, aluminum trichloride, aluminum bro-
mide, and zinc chloride. Resins along with enhanced imperviousness to
flames are relieved by a blend of boric anhydride, trimethylborate, and
p-toluene sulfonic acids. Both inorganic and natural acids with salts may
likewise be utilized. Cyclic anhydrides like maleic anhydride were utilized
as impetuses, which is trusted that co-polymers are framed among the
anhydride and free hydroxylated species. Maleic acid advances the polym-
erization reactivity, which in turn specially diminish the outflow during
curing process.

11.10.7 Recycling Properties

Extensive research led to bring swinging bunches into suitable polymers,
for example, styrene by means of copolymerization with an appropriate
co-monomer. Some authors talked about the impact of attractive nanopar-
ticles that would improve the procedure capacity of reusing. The swinging
furan is crosslinked by means of a bismaleimide to accomplish polymers
through better execution. So as to reuse these crosslinked resources, heat-
ing trials through an overabundance of 2-methyl-furan have been per-
formed to actuate the old age DA response of the system. Accordingly, the
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presentation of this resin component is a possible way of reusing crosslinked
polymers through heat treatment by way of diene in abundance [40]. The
DA response sandwiched with styrene-furfuryl methacrylate co-polymer
tests and bismaleimide observed bright absorbance of maleimide bunch
at 320 nm by utilizing through carbon-13 nuclear magnetic resonance
(C-NMR) spectroscopy. This in turn explains the recycling properties of
furan based resins.

11.10.8 Applications and Uses

Generally, these are utilized mostly in foundry business at the same time
as sand fasteners used for throwing molds and centers. These are fre-
quently utilized into mix through different resins, which are profoundly
erosion safe. They have discovered to utilize in mortars and also in con-
cretes with enhanced mechanical characteristics by fortifying through
glass filaments.

11.10.8.1 Carbons

Permeable carbon like resins frames permeable carbon through pyrolysis
process at a temperature of 450°C. However, glass-like structured carbon
is distinguished as a brilliant carbon ancient rarity because of its attri-
butes like hardness and shape strength. The non-graphitic arrangements
of hexagonal sheets were found in the microstructure of glass like carbon.
It has extraordinary properties like incredible hardness than other carbon
materials and gases impermeability [41]. Glass carbon is set up via heat-
treatment on thermosetting resins during idle climate. It has enthusiasm
for the battery and semiconductor ventures.

11.10.8.2 Composite Carbon Fiber Materials

Carbon impregnation strands based on resulting pyrolysis process at
1,000°C enhance quality of carbon filaments. The utilization of an inactive
impetus permits the use of a low thickness answer for the fiber by means
of resulting polymerization at elevated temperatures. On the off chance
that the forerunners were to polymerize fundamentally before its usage,
the treating shower would be thick to the point which permits just a cov-
ering to be framed. In superior composite, carbonaceous material fortified
with carbon fiber strengthened their strands. The parameters of permeable
structure of this polymer are recorded in Table 11.5 [13].
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Table 11.5 Parameters of porous structure of copolymers [13]. (With kind
permission obtained from RightsLink, Elsevier License).

Surface area Average pore Specific pore

Polymer* (m?*/g) diameter (mm) volume (cm®/g)
1. 70 160 0.12

2. 75 90 0.05

3. 130 178 0.1

4. 30 260 0.28

5. 11 nd nd

6. 89 nd nd

7. 68 nd nd

8. 30 290 0.27

9. 20 250 0.14

*The polymers are the same described in Table 11.1, nd - no diameter.

11.10.8.3 Foundry Binders

Furans are expanded to some degree costlier than different covers; however,
the likelihood of sand recovery is favorable. A standout among the most
economically effective no-heat folios is the phenolic-urethane no-prepare
fastener. This folio runs shape and centers with magnificent qualities that
are created in an exceptionally profitable way. These have lesser VOC, low
formaldehyde, free phenol level which generally generate a lesser amount
of smell and burn acid center creation and castings. Conversely, restoring
execution is greatly slower compared to curing of phenolic urethane fas-
teners. This can also altered to expand the reactivity by defining with suit-
able resins. All things considered, these changed fasteners don’t give the
fix speed required inside the foundries which require high profitability. An
activator advances furfuryl liquor polymerization process was included.
The restoring procedures of urea-based furan resins within sands were
examined through infrared spectroscopy analysis.

11.10.8.4 Binders Based on Glass Fiber

In contrast, a suitable alternative is furan-based fasteners. Furan folios give
a significant number of the benefits of phenolic fasteners while bringing
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about considerably diminished VOC discharges. Water as a remarkable
part and emulsified furan resins can be utilized. Formaldehyde is certainly
not a noteworthy restoring or disintegration side-effect and the furan res-
ins structure exceptionally unbending thermosets. The furan related glass
fiber restricting organizations are favorable because they permit the uti-
lization of the same in having high sub-atomic loads or the expansion of
different resources that would offer ascent to the arrangement of two-stage
frameworks. An appropriate surfactant further to furan cover organiza-
tions is sodium dodecyl benzene sulfonate.

11.10.8.5 Oil Fields

Sandy wells and arrangement in oil-bearing were often hard to work on the
grounds that the sand during development be ineffectively solidified and
will in general stream onto the well along with the oil. However, generation
of sand is a major issue, the sand results in disintegration, and untimely tir-
ing out of siphoning gear. Normally, this is a disturbance towards expelling
oil at a later stage as per the activity plan. This gum details are also utilized
for in situ concoction sand solidification.

11.10.8.6  Substrates for Plant Growth

Customary mineral fleece plant development substrates depend mainly on
sound network of mineral fleece in which the strands are commonly asso-
ciated through a restored folio. There is also a need towards decreasing the
phytotoxicity of synthetics utilized. This may resulted through the phenolic
cover materials. On the off chance that a phenolic resin is utilized as fas-
tener, a wetting operator is obliged to include request to bestow the hydro-
phobic mineral fleece framework with hydrophilic characteristics. In any
case, the utilization of this resin permits the surrender utilization of par-
ticular wetting specialist. The main drawback is nearly of high cost. Hence,
the conventional PF gum replaced by a furan resin is adequate towards
accomplishing the ideal properties.
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