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Preface

Bioadhesives are the substitute of petroleum-based adhesives that have received
great attention from environmental concerns, academic researchers and industries.
They are available in both forms: thermosets and thermoplastics. Several
researchers have explored the easy way to synthesize more bioadhesives having
acceptable properties for industrial applications. Bioadhesives have some peculiar
advantages such as biodegradability, biocompostibility, involvement of non-
hazardous chemicals, good mechanical properties, handling, toughness, excellent
flame retardance, good heat resistance and good interfacial bonding. Several
bioadhesive-based products have been produced and are being used daily usage.

This book will explore the potentiality of the chemical structure, synthesis
process and derivatives of thermoset and thermoplastic bioadhesives. Several
synthesis processes of bioadhesives from biodegradable sources have been studied,
and their mechanical and thermal properties, flammability and rheological proper-
ties are tested. The obtained data helped in comparative studies with synthetic
polymers. Bioadhesives are very much equal to synthetic polymers in their prop-
erties but in some requirements, they performed better, e.g. Biodegradability. Due
to the versatile properties, they can be used for both outdoor and indoor applica-
tions. With this approach, Bioadhesives can easily enter eco-friendly market seg-
ments and can be a promising material for the automotive, marine, aerospace,
construction and building, wind energy and consumer goods, etc.

This book has clearly shown the syntheses, derivations and utilization of
bioadhesive which helps to understand this polymer and its application in the real
polymer world as per the need of markets. This book also coveres challenges,
advantages and future perspectives of bioadhesives as compared to the
polymers/composites industries, waste material-based bioadhesives, thermoplastic-
and thermoset-based bioadhesives, physical, mechanical, thermal and fire-retardant
properties of bioadhesives, natural fiber-based biocomposites, wood-based bio-
composites and nanocellulose biocomposites. This versatile version of bioadhesives
and their composites help to develop lightweight, durable and biodegradable
components which can be used for heavy duty.
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Introduction of Eco-Friendly Adhesives:
Source, Types, Chemistry
and Characterization

Anisah Sajidah Saud, Gaanty Pragas Maniam,
and Mohd Hasbi Ab. Rahim

Abstract Natural and wood-based fiber composites and adhesive industry have
shown remarkable progress during the last decades. Adhesives play a central role
in wood-based panel production. Knowledge about wood bonding is quite limited
although it is one of the ancient techniques. Wood structure having so many vari-
ability including; cell structures, complex morphology at all spatial scales that make
it hard tomodel the process. Themain driving forces today are to develop cheaper but
more complex structured adhesives. Despite these problems, many adhesives have
been commercialized that are stronger, more durable than the wood and allowing the
wood pieces to be glued together in economical manner. Adhesives play a central
role in wood-based panel production. The quality of bonding, and hence the prop-
erties of the wood-based panels, are determined mainly by the type and quality of
the adhesive. The development of the physical properties during the setting process
and the interaction of the adhesive with the wood need to be further investigated to
develop cost effective new adhesives. Development in wood-based panels, therefore,
is always linked to development in adhesives and resins.

Keywords Eco-friendly adhesives · Bio-based adhesives · Synthetic adhesives ·
Natural adhesives ·Wood composite adhesives
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1 Introduction

Manufactured wood composite panels commercially used to produce furniture such
as particleboard, plywood, fibreboard and other composites (Li et al. 2018; Valar-
mathi et al. 2020). The process typically involved adhesives with the aim to create
require bonding between the wooden elements or different materials. For centuries,
they were bonded using various fossil-derived polymers such as formaldehyde,
isocyanate, vinyl acetate-based adhesives in which, many wood-based materials are
solely prepared from formaldehyde-based adhesives (DeVito 2016; Ling et al. 2018;
Catto et al. 2017). These are likely to be cost-effective and a benign to bonding
performance, mechanical properties, thermal stability and water resistance (Jin et al.
2010; Zhang et al. 2013; Jivkov et al. 2013a, b; Yang et al. 2015). Adhesives comprise
formaldehyde have already been used industrially for many large-scale applications
due to their very highly reactive compound, making it well suited for use as a binder.

However, the US Environmental Protection Agency (EPA) has identified
formaldehyde as a “probable human carcinogen” (Marshall 1987) and in fact
numerous committee’s review addressing all aspects of formaldehyde toxicity and
potential for adverse health effects profile in the regulatory and other authorita-
tive bodies, including the National Toxicology Program (NTP), US Department
of Health and Human Services (Panel 2009) and the World Health Organization
(WHO) (Chemicals and Organization 2010). There is sufficient evidence that long-
term formaldehyde exposure can cause cancer of the nasopharynx, leukaemia and
sinonasal cancer (Cancer 2006). Thus, to reduce the free formaldehyde emissions
from wood composites, especially in indoor-related applications, along with the
more environmentally conscious, focus on the sustainability of raw materials and
final products, as well as more stringent environmental legislation, are the main
driving factors for shifting the scientific and industrial interest from the traditional
formaldehyde-based synthetic adhesives to the new bio-based adhesives for produc-
tion of eco-friendly wood composites and related materials (Dunky 2004; Frihart
2005; Kües 2007; Pizzi 2006; Navarrete et al. 2013; Valyova et al. 2017).

Increasing environmental reports and legislation about emission of formaldehyde
putting an adverse effect on production of these adhesives. Moreover, it is a move
forward to reduce dependency on fossil-derived resources that has spurred the wood
industry to develop the renewable eco-friendly adhesives. Nowadays there are only
a few bio-based adhesives for production of wood composites and they are highly
likely that these adhesives are not economically feasible through both niche and
mainstream production of wood composites. For these adhesives and for the ones
still in development, due to their low cost, a synthetic cross-linker are still more
commonly required (Hemmilä et al. 2017). Thus, on-going research in eco-friendly
and renewable based adhesives could partially-substitute and supplement synthetic
adhesives subsequently that make the wood-based adhesives are more sustainable,
green, and biodegradable (Pizzi 1991; Pang et al. 2020).

Tannin and lignin polymeric-based adhesives are found to be among eco-friendly
types of adhesives (Pizzi 1980; Nimz 1983). Both adhesives are extensively studied
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due to their applications as wood panel adhesives (Trosa and Pizzi 2001; Pizzi 2006;
Ballerini et al. 2005; Pichelin et al. 2006; Pizzi and Salvadó 2007; Mansouri et al.
2011). In addition to polymeric-based adhesives, several types of adhesives such
as plant protein adhesives (Khosravi et al. 2010; Xu et al. 2011; Jang et al. 2011),
crop-based, carbohydrate adhesives (Tondi et al. 2012; Sulaiman et al. 2013), wheat
gluten (Khosravi et al. 2011) and animal protein glue (Konnerth et al. 2009) have also
been developed. The adhesive properties provided by these materials are comparable
to conventional formaldehyde-based adhesive. As they are derived from renewable
raw materials, they can have favourable sustainability characteristics, like reduced
the rate of accumulation of CO2 in the atmosphere and reduced or no toxicity. Table
1 shows the lignocellulosic materials and adhesives reported in prior-art.

1.1 Source, Types, Chemistry, and Characterization of Wood
Composites Adhesives

The utilization of renewable raw materials for the production of wood adhesives
have taken much attention since the world’s oil crisis of the 1970s (Pizzi 2006). Bio-
based adhesives are indeed derived from natural materials requiring or using novel
technologies, formulations, and methods. Examples for adhesives include starch,
tannin, lignin, proteins, carbohydrates, and oil (Ferdosian et al. 2017b; Pizzi 2006).
They were found to be less petroleum dependent, sustainable sourcing and meet the
requirements for indoor applications compared to formaldehyde adhesives (He and
Wan 2017).

Economical and fast production of adhesives to fulfil industrial standards and
requirement initiate the early development of wood composite industry. For example,
early plywood were made by conventional hand method, with very slow adhesive
setting speed (Muller 1992). To increase the rate of production, protein adhesives
manufacture could be used. The curing time, final use of panel and the speed
at which the panel can made has become a generic point for manufacturing of
medium density fiberboard. As an example, in 1930s, for the development of wood-
based panel (particle board and medium density fibreboard, MDF), urea–formalde-
hyde, was found to be a cheap commodity adhesive. However, following advanced
performance criteria, melamine substituted the urea–formaldehyde due to its better
moisture resistance for manufacturing of more moisture resistant boards.

Moreover, in nineteenth century, phenol formaldehyde (PF) adhesive was orig-
inally developed while their commercialization begins in 1930s for the manufac-
turing of plywood and engineered wood products. PF adhesives got more attention
due to high moisture resistance in comparison to urea–formaldehyde adhesives. In
recent years, due to be overwhelmed environmental concerns changed the driving
force for adhesive development. For example, in the 1980s, the European Union
started to strict the limits on formaldehyde emission in panel products. In 1985,
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Table 1 Reported lignocellulosic materials and adhesives

Lignocellulosic materials Adhesives References

Pine, Spruce Wheat gluten (Khosravi et al. 2010)

Industrial wood Crop-based starch and sugar (Tondi et al. 2012)

Wood specimen Polyvinyl acetate/ cellulose
nanocrystals

(Mabrouk et al. 2020)

Poplar (Populus deltoides) Oxidized demethylated corn
lignin

(Chen et al. 2020)

Maple wood veneer Cottonseed protein-based (Cheng et al. 2019)

Poplar veneers,
Pine wood pencil sandwich
slats

Cottonseed meal-based (He et al. 2019)

Sweet sorghum bagasse Citric acid (Kusumah et al. 2017)

Bagasse, wood Urea–formaldehyde (Hazrati-Behnagh et al. 2015)

Recycled softwood particles Citric acid and sucrose (Umemura et al. 2014)

Oil Palm trunk Binderless (Baskaran et al. 2015)

Rubberwood Urea–formaldehyde (Hua et al. 2015)

Apple tree pruning, sunflower
stalk

Urea–formaldehyde (Ghofrani et al. 2015)

Rhizophora spp. Gum Arabic (Abuarra et al. 2014)

Date Palm Urea–formaldehyde and
Phenol formaldehyde adhesive

(Amirou et al. 2013)

Macadamia nut shells Castor oil derived adhesives (Wechsler et al. 2013)

Bagasse Binderless (Nonaka et al. 2013)

Tobacco stalks, Paraserianthes
falcataria

Urea–formaldehyde (Acda and Cabangon 2013)

Willow, Pine Urea–formaldehyde (Warmbier et al. 2013)

Pine Pine tannin (Valenzuela et al. 2012)

Reed, wood Urea–formaldehyde (Ghalehno et al. 2011)

Sugar cane bagasse, Pine Phenol–formaldehyde (Hein et al. 2011)

Rice husk Soybean protein
concentrate-based adhesive

(Ciannamea et al. 2010)

White birch Urea–formaldehyde adhesive (Pedieu et al. 2009)

Eucalyptus Urea–formaldehyde adhesive (Colak et al. 2009)

Austria, Denmark, Germany and Sweden started to regulate formaldehyde emis-
sions E1 (0.1 ppm boards) became obligatory. Likewise, in 2002, European standard
for wood-based panels (EN 13,986) became obligatory across the Europe. The EN
13,986 was classified into two classes E1 and E2. The E1 referred to panels with no
formaldehyde additions while E2 referred to rest of formaldehyde adhesives-based
panels. The existing E1 standard was further modified in 2006, by the European
panel federation (EPF7) and ‘Blue Angel’ (an additional environmental label) was
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Fig. 1 Classification of wood adhesives

specified a steady-state concentration less than 0.05 ppm formaldehyde. Other testing
method such as Japanese- F limits and the legislation of the state of California in the
USA are among the important methods and limit around the globe.

However, the only possible move away from commodity adhesives is to manu-
facture and commercialization of a niche premium product. In contrast to above
scenario, any product and process adaptation to new adhesive system is forbidden
and insignificant in manufacturing of panel prodcuts.

Figure 1 shows the classification of wood adhesives.

1.2 Synthetic Adhesives

The urea–formaldehyde (UF), melamine urea formaldehyde (MF), and phenolic
(PF) adhesives are common synthetic adhesives that have been using for current
composite technologies. The other currently used synthetic adhesives are including
poly vinyl acetate and isocyanate adhesives. Meanwhile, the future natural adhesives
for composites applications are carbohydrate, protein, and lignocellulosic extracts
adhesives.

1.2.1 Urea–formaldehyde Adhesives

In early nineteenth century, urea–formaldehyde (UF) adhesive was developed
(Dinwoodie 1979) and widely used in the composites industry (Fig. 2). Around
90% of the particleboard is produced using UF adhesive (Dinwoodie 1979; Pizzi
1994a; Pizzi 1994b; Xian-qing et al. 2020; Khan et al. 2020). The main features of
UF adhesives were summarised as follows:
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Fig. 2 Urea–formaldehyde
chemical structure

(a) Adhesive hardness.
(b) Low flammability.
(c) High thermal properties.
(d) The colour absence in the crude polymer.
(e) The curing conditions with variety adjustability.

Urea–formaldehyde adhesives are considered to be suitable for largeness and
low-priced production due to the initial water solubility. However, the presence of
moisture or acid opens up the hydrolytic degradation of adhesives. This is caused by
the hydrolysis process towards amino plastic and the methylene bridges.

The Production of Urea–formaldehyde (UF) Adhesive

Themost commonmethod for UF adhesive formation involved the addition of urea to
formaldehydewhile keeping the ratio of both reactants in between 1:2 and 1:2.2 along
withmethylation at temperatures between 90 and 95 °C under reflux. The completion
of adhesive formation is indicated when the exotherm has subsided followed by the
addition of acid to maintain the lower level of 5.0–5.3 which let the polymer to build.

To avoid the increase in polymer size, pH of the mixture is increased soon after
the correct viscosity is attained. Another urea is added to complete the repeating
chain of free formaldehyde until a ratio range from 1:1.1 to 1:1.7.

Finally, different structured polymers such as linear, branched and 3D matrix can
be found in cured adhesive due to different functionalities of urea and formaldehyde.
Typically, formaldehyde has a functionality of two while urea has four due to two
and four replaceable hydrogen respectively (Fig. 3).

The size and viscosity of the adhesive molecule has crucial importance towards
the commercial production of UF adhesives. The size of the molecules increases
during the change in viscosity, and the change of the properties of the adhesive can
be observed (Goulding et al. 1994). The condensation process propagated the random
splitting off the adhesive molecules due to water causing an increase in molecular
weight. However, aqueous conditions are suitable for the condensation reaction. The
quality of the adhesive based on the viscosity, pH, concentration and solubility of
the adhesive while preparation.

Therefore, it can be summarized that there are three main factors that affect the
properties of the finished urea–formaldehyde product;

(a) The relative molarities of the reactants.
(b) The reaction temperature.
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Fig. 3 Basic reactions of urea and formaldehyde

(c) The pH of the condensation reaction.

Urea–formaldehyde Curing Mechanism

Citric acid and formic acid that act as acid catalyst in the UF curing process is
performedunder ambient conditions.However, the process is a slowprocess. Toboost
up the speed or production rate at industrial level, heat is needed to the curing reaction.
Another possible of two condensation reactions of hot UF curing that resulted the
ridged three-dimensional structure, which are methylene and ether bridge. Methy-
lene bridges are formed during first step of reaction through condensation between
adjacent nitrogen from amide group and adjacent polymers. While ether bridges are
formed through condensation reaction between methylol groups. As a result of UF
curing process, it increases the viscosity of adhesives to form a gel until the process
is complete.

1.2.2 Melamine Urea–formaldehyde (MF) Adhesives

Due to high water solubility and less resistance of water attack to UF adhesives,
there is a need to find an alternatives material possessing high water resistance.
Among them, melamine formaldehyde adhesives taken over the market for domestic
use especially for outdoor project (exterior rated) and furniture panel. However,
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the cost of melamine formaldehyde is 2.5 times more expensive than that of urea–
formaldehyde and therefore a number of urea must be supplemented to adhesives
offering the best cost and performance.

The Production of Melamine Formaldehyde (MF) Adhesive

The formation MF adhesives initiated by the condensation reaction between
melamine and formaldehyde. In a typical reaction, formaldehyde attacks on the
amino group of melamine resulting formation of methylol compounds. This reaction
has similarity with UF adhesives synthesis. However, the MF adhesive formation
occurs relatively more freely and completely than the UF adhesive formation.

Goulding and Pizzi with their own co-researchers reported that complete methy-
lolation take place in case of MF adhesives while it is practically not occurred during
UF adhesive formation (Pizzi 1983; Goulding et al. 1994). The hydrophobic interme-
diaries appeared during early stage of MF adhesive formation reaction as compared
to UF formation mainly due to rapid proceeding of the hydrophilic stage of the reac-
tion. Goulding et al. (Goulding et al. 1994) investigated that the condensation and
curing of MF adhesive continued not only in acid conditions but also in neutral and
alkaline conditions.

The mechanism of reaction involved the similar steps involved in UF adhesive
formation including the urea–formaldehyde, and the bridges (methylene and ether)
formation along with a rapid increase in molecular weight of the adhesive. The final
desired insoluble, infusible adhesives are formed through amino andmethylol groups
reaction during transformation step of final curing process. Several researchers have
investigated the ether bridges besides un-reacted methylol groups and methylene
bridges (Koehler 1943; Frey 1935). It was also found that no considerable amounts
of formaldehyde are liberated for MF adhesive curing up to 100 °C temperature
whereas urea–formaldehyde is considerable.

In term of commercial production, the current process is almost equally approach
to the UF adhesive while the development of MF adhesive system relies mostly of
the intended applications. In certain cases, the compounds such as acetoguanamine
and E-caprolactam have been added at 3–5% (w/w) for desired application, which
is for the impregnation of paper and fibres (Goulding et al. 1994). The function is to
reduce the brittleness of MF adhesives when the degree of cross-linking is decrease
in the cured adhesive by adding the such modifying compounds acetoguanamine and
E-caprolactam.

Another important parameter in tuning the MF property is through viscosity
control. In order to prevent the adhesive penetration into wood substrate higher
viscosity of adhesives is use on the wood panel. The penetration may cause the
cell wall swells or components of the cell wall may be chemically modified. High
viscosity adhesives could produce by increase the level of condensation degree.

In case of lowviscosityMFadhesiveswhich theoretically having good penetration
power, it can be produce through few approaches including by increase the content
of methylol group and lowering the level of condensation. Another method is applied
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by adjusting the ratio of (melamine:formaldehyde) to (1:1.8 to 1:2) along with lower
level of condensation.

In term of economic perspectives with the aims to lessen the cost of the adhesive,
sugars have been used as modifiers. However, at the same time, it adversely affects
the life-time of adhesive typically indicated by colour change and cracking which
degrade to the adhesive’s properties for long periods of time.

Melamine Formaldehyde-Based Adhesives Curing Process

Typically, the curing methods for MF-derived adhesives are quite similar with UF-
derived adhesives. The only difference is the process is carried out without presence
of acid catalyst and perform curing under hot conditions (Marra 1992). The curing
process completed via formation of the methylene bridges.

The pureMF-derived adhesives have advantage overUF (andMUF) adhesives due
to that can be cured under 100 °C avoiding the release of formaldehyde. Moreover,
a small amount of formaldehyde release between 100 and 150 °C while curing MF-
derived adhesives-based panels which is lower than UF –derived adhesives under
similar conditions.

1.2.3 Phenolic Adhesives

The development of synthetic polymer of Phenolic adhesive (PF) is started at the
end of nineteenth century. However, these adhesives were not fully commercialised
until 1930s. Typically, PF adhesives are used in the wafer board and the plywood.

The Production of Phenolic Adhesives

There are two main manufacturing routes for Phenolic adhesives which is Novolac
andResol process. The later process is commonly used throughout the panel industry.
The Resol process involve the reaction of phenol with formaldehyde in excess form
catalysed by an acid catalyst and produced the quinine methide molecule. The ratio
of phenol and formaldehyde is crucial and it’s kept within the range of 1.6:1 to 2.5:1.
Linear structures could be produced by selecting the lower range while cross-linked
structures produced following the higher ratio for both the reactants (Ormondroyd
2015).

The condensation of quinone methide is occurred under alkaline conditions
intended to form themethylol bridges due toC–Cbondswhich ultimately strengthens
the phenolic adhesives. Marra et al. reported that the bridges are having the bonds
which are strong and durable (Marra 1992).

On heating, reactive methylol groups in Resol combine firstly to make larger
molecules, afterwards gel formation and finally transformed to solid state adhesives.
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During the whole manufacturing process an alkaline pH is maintained which ensures
the stability and shelf life of the adhesives.

The Curing of Phenolic Adhesives

The curing of PF adhesives undergoes three phases which are phase A, B, and C. In
initial phase (A) results in the formation of adhesives having low molecular weight
(<200) (Sellers 1985; Bliem et al. 2020). In this stage, the viscosity of adhesives
may be a low to high. The products would soluble in sodium hydroxide solution and
several polar solvents. The stage also makes the solid melts when being heated.

Phase B is the polymerization and methylol bridges are occurred in the presence
of heat. This indicated the formation of second stage adhesive called as Resitol. Due
to partial polymerization, Resitol adhesive is having the variance molecular weight
of molecules. The Resitol adhesive is insoluble in most of the solvents; however,
it become soft and rubbery on heating and can be in swollen state due to existing
crosslinking.

In third curing stage, the Resitol become soft and again start polymerisation on
heating where upon the process completed, Resitol is converted to Resite. After this
stage no further re-melting or dissolution of adhesive into any solvent occurs.

1.2.4 Polyvinyl Acetate Adhesives

Poly vinyl acetate (PVA) is a thermoforming adhesive. The applications are based
on wood DIY (Do it yourself) industries. The history of PVA begins from June 1920
when a German State patent office registered a patent for manufacturing of PVA
(Pizzi 1983). While research on free radical vinyl polymerisation is in between 1915
to 1930 highlighted the practical applications of PVA and commercial production
of PVA was begins since 1930 and onwards. The production of PVA has expanded
enormously since the Second World War due to widely application in DIY wood
work glue and also replacement of animal glue.

In comparison to conventional UF adhesives, PVA is much different in a sense, on
curing PVAbecomeflexible and converted to linear polymerwith aliphatic backbone.
PVA is characterized by its strong hydrogen bonding between acetates groups. This
leads to an adhesive interaction within wood cell wall with OH−1 group. According
to Rowell et al., a good adhesive should have the ability to maintain strength even
after there is a wood expand. The internal and applied energies may be dissipated at
the flexing in the bonded polymer (Rowell 2012). Their work further elaborated that
creep and moisture resistance is almost negligible for adhesives. However, by adding
cross linker can give them better improvement prior to the application of adhesive
which essentially modified the thermoforming adhesive into a thermosetting system.
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1.2.5 Isocyanate Adhesives

Isocyanate adhesiveswere discovered around 1884, but theywere not fully developed
as adhesives until Second World War (Pizzi 1983). Isocyanate adhesives found their
early applications in tyre manufacturing industry followed by wide applications in
wood industry (Ormondroyd 2015).

Wood panel industry utilised numerous types of Isocyanate adhesives, the most
commonly form isMDI (4, 4-diphenylmethanediisocyanate).MDIhas certain advan-
tages over other adhesive belonging to same category. Some of the feature of MDI
resins are summarised as below;

(a) Lower vapour pressure at ambient temperatures.
(b) Lower viscosity in comparison to other isocyanates.
(c) Lower cost in comparison to other isocyanates.
(d) High moisture tolerance (i.e. required less energy for fiber drying).
(e) High OH−1 bond making ability in wood comparative to other isocyanate

adhesives.

However, MDIs have their disadvantages as listed;

(a) Highly toxic when uncured especially in gas or droplet form.
(b) High risk of lung infections (for unprotected operators at plant due bonding of

gas with reactive sites in lungs).
(c) MDI composites exhibit low tack and fragile.

Based on aforementioned disadvantages, the usage of MDI is limited in wood
industry especially in Europe. However, MDI exhibit certain applications including
MDI adhesive without formaldehyde and outdoor applications of MDI adhesive
composites. Since MDI adhesives in oriented strand board (OSB) and strand
board; though, another modified form of MDI known as MDF is also successfully
manufactured.

The Manufacture of MDI Adhesives

The basic manufacturing ofMDI adhesives consisted of a chemical reaction between
1° amines and phosgene. In 1884, Hentschel, performed this reaction for the first time
while further improvement to this synthesis method continued over the years.

In a typical reaction, a non-aqueous (xylene) solution of 1° amine is mixed with
non-aqueous (xylene) solution of phosgene at a temperature > 60 °C. The mixture
is digested in multiple steps with an increment of 20 °C along with addition of
additional phosgene. Finally, to recover the excess phosgene and any impurities,
distillation process is performed.
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MDI Curing Process

MDI curing mechanism involved two main steps. The first step involves chemical
reaction between MDI and OH−1 groups containing compounds. While second step
involved direct reaction between MDI and water. A polyurethane formation take
place through reaction between MDI and water molecules which then proceeded
to setting of adhesives in a way similar to UF adhesive. The whole process of
polyurethane formation involved several reactions such as the production of carbamic
acid (unstable) in first step, which on decomposition produced an amine and CO2.
A substituted urea compound formed via direct reaction between released amines
and isocyanate molecules. Substituted urea molecule and carbon dioxide are the
final prodcuts produced by decomposition of carbamic acid aldehyde. In addition,
to aforementioned process, a very significant reaction takes place between MDI and
wood. The reaction involved the covalent bond formation between wood and MDI
whilst the MDI undergoing curing process (Ormondroyd 2015).

1.3 Natural Adhesives

1.3.1 Bio-Adhesives

Due to increasing industrialization and strict legislation for environment, protection
around the globe triggers the research on wood adhesives and adhesives from natural
and sustainable resources. However, after the world’s first oil crisis in the 1970s
the awareness and commercialization dramatically increased. It is worth mentioning
that the key factor for extensive research work on various types of adhesives in late
twenty first century was not only due to public perception, but also due to an rise in
national and international regulations (Pizzi 2006).

Bio-based adhesives include the adhesives derived from natural, non-mineral and
organic sources. A variety of renewablematerials such as tannins, carbohydrates, oils
and liquefied cellulosic can be utilized for production of adhesive products. A brief
discussion about synthesis, curing and application of important bio-based adhesives
is carried out in this book chapter.

Tannin-Based Adhesives

Hydrolysable tannins and condensed tannins are two main types of phenolic nature
tannins (Kües 2007; Péguy et al. 2020). The bark, wood, leaves and fruits of different
plant species are the main sources of tannins while a fewer number of plants can
provide enough concentration of extractable tannins. The plants, which can be used
to extract tannins, includes pine, oak, chestnut, wattle, eucalyptus, myrtle, maple,
birch, willow, etc. The adhesive properties of tannins are closely related to their
method of extraction such as powdered tannins are produced by plant extraction,



Introduction of Eco-Friendly Adhesives … 13

followed by purification and finally subjected to spray drying process (Pizzi 2003).
Other components of the extraction include sugars, pectins and other polymeric
carbohydrates, amino acids, as well as other substances (Antov et al. 2020).

Phenol–formaldehyde resins used upto 50%hydrolysable tannins as partial substi-
tutes (Kulvik 1976, 1977). However, lower macromolecular structure, the lower
degree of phenol substitution, limited the global production and being expensive
hinders their commercialization in comparison to condensed tannins (Pizzi 2003,
2006). Condensed tannins with an annual production of 200 000 tons covers around
90% of the global production (Pizzi 2003, 2006).

The adhesives application of tannins for wood-based panels depends mainly
on two factors: the content of reactive polyphenols, and the reactivity of these
components towards formaldehyde. Tannins can be used as adhesives alone (with
a formaldehyde component as cross linker) or in combination with aminoplastic or
phenolic resins. MDF produced with tannins replacing parts of phenol in phenol-
urea formaldehyde resins or even with 100% tannin resin can meet interior grade
requirements but still unable to fulfil exterior grade specifications (Roffael et al.
2000; López-Suevos and Riedl 2003). Characteristics of resulting boards remark-
ably effected by the tannin source and tannin addition time during production ofMDI
chain (Müller et al. 2007). Adhesive formulations for wood applications, prepared
using different hardeners and tannin powder from Turkish red pine bark, have been
developed and tested by (Gonultas 2018; Ucar et al. 2013). A thermosetting tannin-
based wood adhesive system from formaldehyde reaction with both condensed and
hydrolysable tannin has been studied (Özacar et al. 2006).

On the other hand, there are studies focused on formaldehyde free resins by combi-
nation of bio-based materials e.g. protein and tannins (Li et al. 2004; Brossard et al.
2020). The development of tannins based particleboard adhesives have been studied
by Santos et al. (Santos et al. 2017) following the complete removal of formaldehyde
from adhesive formulations. They typically extracted from raw industrial lignocel-
lulosic wastes, namely chestnut shell, chestnut bur and eucalyptus bark. Nath et al.
have studied the properties and possibilities for production of particleboard with
tannin-based adhesive from mangrove species (Nath et al. 2018). Cui et al. added
cellulose nanofibers into tannin-based adhesives for particleboard production and
reported significant increase of the mechanical properties of the produced panels
(Cui et al. 2015).

Countries such as Australia, Argentina, Brazil, Chile, NewZealand, South Africa,
and Zimbabwe used tannins as adhesives for production of wood-based panels (Li
and Maplesden 1998; Dunky and Pizzi 2002). The application in Europe is rather
limited, only for special products with specific properties.

Lignin-Based Adhesives

Lignin is the second most important component of plant biomass after cellulose.
Lignin has an estimated production of 300 billion total tons in the biosphere and about
20 billion tons as an annual resynthesis (Mandel 1988). Lignocellulosic present in
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plants including agricultural residues, wood, grass, and other plants (Fu et al. 2010;
Yousuf et al. 2020). Annually more than 50 million tons of lignin produced as by-
product of pulp production worldwide (Kües 2007). About 10% of the technical
lignin is commercially utilised. While the remaining amount is either combusted
or not utilized at all (Kharazipour et al. 1991; Gargulak and Lebo 2000; Chakar
and Ragauskas 2004; Gosselink et al. 2004). The possibilities for use of lignin in
adhesive applications have been extensively studied bymany authors (Hemmilä et al.
2017; Ferdosian et al. 2017a; Ghaffar and Fan 2014; Pizzi 2016; Nasir et al. 2019).
The main interest in lignin is due to its phenolic structure with several favourable
properties for formulation of wood adhesives such as high hydrophobicity and low
polydispersity. However, the reactivity of the resin lowered by chemical structure of
the lignin, which acts as disadvantage towards its applications, needed fast curing
time.

Adhesives based on lignin can be classified into two clusters - formaldehyde-free
lignin-based adhesives and lignin-basedphenol–formaldehyde adhesives. In different
studies, lignin is often combined with synthetic resins such as phenol–formaldehyde
(Cetin and Özmen 2002; Çetin and Özmen 2003; Ghaffar and Fan 2014; Olivares
et al. 1995; Guo et al. 2015; Pizzi 2016) or urea–formaldehyde resins (Podschun et al.
2016) to decrease the cost (Shimatani et al. 1994) or free formaldehyde emissions
(Yang et al. 2015). Certain interest in this field represent the laboratory studies for
manufacturingMDF by adding lignin as a binder (Zhou et al. 2011; Nasir et al. 2014)
which allow the production of ecological low-toxic panels. Another studies in the
MDF field considered addition of lignin activated by laccase enzyme to the fibers or
lignin activated by enzyme treatment to the fibers (Kharazipour et al. 1991, 1998;
Nasir et al. 2015). This method required the addition of 1% isocyanate to the panel
to press at acceptably short press times or significantly extending the pressing time
(Felby et al. 1997). There are also a number of successful attempts to produce MDF
in laboratory conditions on the basis of lignosulfonates (Yotov et al. 2017; SAVOV
and MIHAILOVA 2017a, 2017b; Savov et al. 2019; Antov et al. 2019).

The use of lignosulfonate as a replacement of phenol for phenolformaldehyde
resin synthesis (up to 50 wt. % replacement level) were studied by Akhtar et al.
(Akhtar et al. 2011). Phenol–formaldehyde resin contains 50% of lignosulfonate
showed improved strength than commercial adhesives. The highest values of shear
strength in both wet and dry conditions were attained at 20% substitution of phenol
by lignosulfonate.

Another study was focused on the application of Kraft lignin-based phenol–
formaldehyde resin (50 wt. % Kraft lignin) as an adhesive for production of oriented
strand board panels (Cavdar et al. 2008). Addition of 3 - 8% Kraft lignin in hard-
boards facilitates in reduction of swelling, (Westin et al. 2001). In another study,
water stability, inner bond strength, and mechanical properties were stated to be
enhanced in panels made from fibers of softwood residues defibrated in presence of
extra lignin (Anglès et al. 2001).

Jin et al. studied the application of enzymatic hydrolysis lignin for phenol–
formaldehyde resin synthesis (Jin et al. 2010; Qiao et al. 2015). The research data
reported on the production of formaldehyde-free lignin-based adhesives is relatively
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low. Geng and Li (2006) prepared a formaldehyde-free wood adhesive using Kraft
lignin and polyethylenimine. While the physical and mechanical properties of a
modified ammonium lignosulfonate/ polyethylenimine mixture as a green adhesive
for MDF production was studied by Yuan et al. (2014). In addition, a novel process
to substitute formaldehyde in wood adhesive for particleboard production developed
in 2007 by El Mansouri et al. (Pizzi and Salvadó 2007). The as prepared formula-
tion met the EN 312 standards 312 for exterior grade panels and proved equivalent
reactivity to formaldehyde-based adhesives.

Furthermore, a novel synthetic resin free bio-based adhesive prepared by Navar-
rete et al. (Navarrete et al. 2010) mainly derived from a low molecular mass lignin
and tannin. The as prepared adhesive proved to be zero formaldehyde emission based
on the desiccator method. A novel bio-adhesive for wood using kenaf core lignin and
glyoxal was developed and tested (Hussin et al. 2019).

Starch-Based Adhesives

Starch being a natural polymer found applications including food, papermaking,
additives, and adhesives, mainly because of its renewability, abundance, good adhe-
sion, and low price (Imam et al. 1999; Norström et al. 2018; Zhao et al. 2018;
Gu et al. 2019a; Lamaming et al. 2020). Starch is the combination of amylose and
amylopectin, two distinct polysaccharide composed of glucose with different sizes
and shapes (Tester et al. 2004). The proportion of amylose to amylopectin varies in
accordance with the botanical origin of the starch and affects the properties of the
wood adhesive (Norström et al. 2018).

The strength of Starch-based adhesives depends on degree of hydrogen bonding.
These adhesives can easily develop hydrogen bonds with water molecules, leading to
poor water resistance. Therefore, it is essential to modify starch in order to increase
its performance for adhesive applications. Higher bonding strength and better water
resistance can be achieved by combining starchwith another component, for example
polyvinyl alcohol, formaldehyde, isocyanates, and tannins (Qiao et al. 2016). There
are several studies about starch-based adhesives prepared by grafting vinyl acetate
onto starch using ammonium persulfate as the initiator (Wang et al. 2011, 2012).

Wang et al. demonstrated graft efficiency as an important parameter, which
directly related to bonding performance of the starch adhesive (Wang et al. 2015).
Esterification is a typical method for chemical modification of starch by converting
OH−1 groups into esters in order to improve the hydrophobic properties of starch is
esterification. Qiao et al. obtained esterified corn starch by reactingwithmaleic anhy-
dride and then crosslinkingwith a polyisocyanate pre-polymer (Qiao et al. 2016). The
optimal amount of pre-polymerwas determined to be 10wt%, resulting in the dry and
wet shear strengths of 12 and 4 MPa, respectively. In another study, Tan et al. modi-
fied the starch-based adhesive by addition of blocked isocyanate and auxiliary agent
(Tan et al. 2011). Gu et al. synthesized an environment friendly starch-based adhesive
for wood-based panels by grafting polymerization of vinyl acetate monomer onto
corn starch and crosslinking polymerization with N-methylol acrylamide (Gu et al.
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2019b). The water resistance of the obtained adhesive was significantly improved to
more than oneMPa. The enhancement in overall performance achievedmainly due to
increase in degree of crosslinking density and complex network structure formation.

Epoxy resins are another class of bio-based adhesives used as cross linker of starch.
They are tested in combination with polyvinyl acetate grafted starch adhesives for
veneer gluing. Epoxy resin provides good shear strength in both dry and humid
conditions due to three-dimensional networks (Nie et al. 2013).

Protein-starch composite (Anderson et al. 2015; Gadhave et al. 2017b) and tannin-
starch composite (Moubarik et al. 2010) could be used forwood andwood composites
adhesives being eco-friendly (zero formaldehyde emissions). A partial substitution
of phenol–formaldehydewith corn starch-quebarcho tannin-based resinwas reported
for the production of plywood (Moubarik et al. 2010). The optimal replacement value
was determined to be 20% (15% cornstarch and 5% quebracho tannin). The addition
of this resin enhanced the water-resistant properties and lowered the formaldehyde
emissions. The same authors developed a non-volatile and non-toxic corn starch-
tannin adhesive for interior plywsood (Moubarik et al. 2010). The mechanical prop-
erties of the produced plywood were greater in comparison with the conventional
phenol–formaldehyde resin along with less toxicity, more environment-friendly, and
having advantage of short reaction time.

The urea–formaldehyde resin was reactively blended with various concentration
of starch (Osemeahon et al. 2013), esterified starch (Gadhave et al. 2017a; Zhu
2014), and oxidized starch (Ni 2014; Sun et al. 2018) as wood and wood composite
adhesive. The modified system with urea starch blending has lower brittleness and
formaldehyde emission. The as prepared adhesive has good chemical stability, insu-
lating properties, temperature resistance, aging resistance, and oil resistance making
it suitable for application towards wood adhesion (Dunky 1998; Bloembergen et al.
2005).

The performance of starch-based adhesives can be improved by incorporating the
additives or fillers into the formulated adhesives (Wang et al. 2011). The addition of
silica nanoparticles was reported to enhance the adhesive properties such as thermal
stability, bonding strength, and water resistance. The shear strength improved by a
factor of 5.12 MPa and 2.98 MPa respectively on addition of 10% silica both in dry
and wet conditions.

Soy-Based Adhesives

A new type of adhesives using Soy as biomass raw materials commonly known as
Soy-based adhesives. These adhesives are synthesized by partial hydrolysis of soy
protein and their properties in accordance with panel standards (Xi et al. 2019; Xu
et al. 2020).

Soy-derived adhesives based on soy protein which could be available in three
different forms: At first, a non-effective adhesive based crude extract; at second a
protein rich concentrate; and at third; an effective adhesive base protein isolate.
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A number of factors are responsible for the efficient performance of soy-based
adhesive such as morphology, viscosity, particle size, and nature of bonding with
substrate. However, proteins in the adhesive could be altered to enhance the water
resistance and bond strength however, the applications of soy-based adhesives
composites are still limited in manufacturing industry. One of the method commonly
used to improve the bonding strength and water resistance includes the soy protein
modification with alkali, urea and guanidine hydrochloride (Graham and Krinski
1983).

Carbohydrate Adhesives

Carbohydrate adhesives are the class of adhesive where these sugars molecules are
utilised as modifiers for formaldehyde adhesives. Typically, the modification process
involved the formation of degradation compounds, which ultimately used as source
for adhesives formation. Certain carbohydrates compound is reduced under acid
environment, led to the formation of furfuraldehyde and furfuryl alcoholwhichfinally
used for manufacturing of panel adhesives (Brown 1952).

Extensive studies using variety of biomass have been done on direct liquefaction
of carbohydrate materials in adhesive industry. Among these, a large variety of ligno-
cellulosic biomass such aswood (Alma et al. 2003), wheat straw (Chen and Lu 2009),
corn bran and cornstalks gain a lot of interest for production of biopolyols (Alma et al.
2003; Chen and Lu 2009). However, consumption of high volumes of petroleum-
derived solvents as liquefaction agents considerably increase the production cost and
ultimately acts as barrier towards commercialization of these biopolyols. As a rough
estimate; approximately 100–125 g solvent is required for 20 g of lignocellulosic
biomass to obtain high-quality biopolyols (Hu et al. 2012).

Research efforts have been carried out to evaluate the usage of liquefied biomass as
a suitable adhesive panel product. Among them, Medved et al. (Medved et al. 2011)
investigated that liquefied wood addition to a MUF adhesive surge in properties upto
30% substitution rate and vice versa fall down.

Oil-Based Adhesives

Due to acceptable prices of unsaturated oils, their conversion into adhesives has
been the subject of research over the years. For example, linseed oil on epoxidation
and cross linking with cyclic polycarboxilic acid anhydride converted to oil-based
adhesive having appropriate molecular weight. In another examples, cardanol-based
adhesives utilised the cashew liquor as a precursor for themanufacture of (Tomkinson
2003; Wool et al. 1998). Cashew nut-based adhesive (CNSL) manufacturing process
in first step involved the ozonolysis of the cardanol followed by generation of
an alkenyl chain. In subsequent step, these groups undergo self-condensation to
forma-strengthened network. These CNSL adhesives showed good internal bond
(IB) strength at laboratory level under wet and dry condition to a level of 1.05 and
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0.58 MPa, respectively. Although a lot of research work has been completed on
these oil-based adhesives but still efforts are undertaken to advance the fabrication
of these adhesives and commercial utilization for panel production. Transformation
of commodity oils could be fruitful for production of oil-based adhesives while their
application is yet limited in the panel industry based on wood.

2 Future Aspects of Bio-Adhesive

Bio-based materials especially adhesives are getting more attention due to their
renewability, eco-friendly nature and due to their independence from petroleum
resources. This trend could be visualized via extended research work reported on
renewable materials. Research efforts are being carried out to develop the novel
molecular structures having advantages of vegetable oils such as reduced toxicity
(human and environmental), hydrophobicity, and better efficiency compared to their
petroleum counter parts.

2.1 Polysaccharides and Proteins

Constrains: Reduced vulnerability to hydrolytic degradation.
Future opportunities: Gu et al. developed an interesting approach for wood adhe-

sives based onKonjac glucomannan, polyvinyl alcohol (PVC) and chitosan (Gu et al.
2016). A Box-Behnken statistical design was developed to optimize the interactions
between aforementioned polymers based on their bonding strength. Adhesive with a
composition of 2.3% chitosan, 5% of a 10% PVC solution, and 2.3% Konjac gluco-
mannan showed an optimal bond strength of 3.4 MPa. Ruediger et al. developed
another approach having application for protein adhesives (Ruediger et al. 2016;
Rüdiger 2017). This approach involved the adsorption of an aspartic protease and
enzyme chymosin on a glass surfacemainly to destabilize the caseinmicelles causing
the deposition of casein layer at the surface. The two surfaces are placed at a distance
of 375 µm apart from each other, where casein adhesive layer developed between
them.

Marine plants are reported as a new source of polysaccharides, which can effec-
tively utilized for production of polysaccharide-based adhesives. In a same row, algae
could also serve as non-food competitive and abundant source for renewable mate-
rials. For example, Chhatbar et al. used marine-based polysaccharides for adhesive
applications. They grafted polyvinylpyrrolidone onto a sulphated seaweed polysac-
charide under microwave irradiation in weight ratio of 1–2.5 to 1(Chhatbar and
Siddhanta 2015). In another study by Lacoste et al. alginates were used as a binder
between recycled cottonfibres andwoodfibres for a compositematerial (Lacoste et al.
2018). The resulting composite showed good insulating properties having thermal
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conductivities in a range between 0.078 and 0.089 W m−1 K−1. It was further inves-
tigated that the bending Young modulus could be increased from 10 to 17 MPa upon
crosslinking of alginate binder with 8% glutaraldehyde. In addition, development of
bio-based adhesives for special application such as batteries, fuel cells and capac-
itors. Among them, lithium ion batteries containing silicon and carbon conductive
anodes (e.g. graphite) are one of the common examplewith respect to aforementioned
applications (Foyer et al. 2016; Li et al. 2016).

2.2 Lignin

Constrains: Condensation reaction increased reactivity, reproducibility and structure.
Future opportunities: Zhang et al. developed an interesting functionality to lignin

adhesives to explain the repartition and recyclability (Zhang et al. 2018). For
example, crosslinking between ozonated lignin compared to Kraft lignin using
an epoxy compound produced from sebacic acid and epochlorohydrin. Resulting
adhesive revealed a lap shear strength of 6.5 MPa for aluminium sheets bonding
which is comparable to epoxy adhesives revealing 4–8 MPa strength. The separated
aluminium could be rebounded by further treatment at 190 °C over a period of one
hour resulting a lap shear strength of 5 MPa.

2.3 Vegetable Oils and Small Molecule Renewable Monomers

Constrains: Non-food sources.
Future opportunities: Li et al. reported a bio-based pressure sensitive adhesive

by combining soyabean oil and lactic acid oligomers followed by copolymerization
of aforementioned oligomers with epoxidised soybean oil, coating on PET film and
finally curing under UV radiation (Li et al. 2015). A peel strength of 3.8 N cm−1 and
tack strength of 8 N cm−1 was reported by Li et al.

In a similar way, tensile strength of soyabean oil based adhesives was improved by
reduction of brittleness due to addition of castor oil nylon oligomer (Jian et al. 2017).
They resulting modified samples showed a tensile strength of 26 MPa as compared
to samples containing to nylon oligomer (0.4 MPa).

Another promising approach to enhance the functionality and value is to intro-
duce the renewable monomers into adhesives. For example, development of flame-
retardant adhesive tapes by Wang et al. which mainly based on soyabean oil and
vanillin making use of incorporation of phosphorous compounds into polymer based
on renewable monomer (Wang et al. 2017; Ci et al. 2017). In another recent example,
Ghosh et al. developed a self-healing polyurethane by combining dimer acid (bio-
based) and glycerol (Ghosh et al. 2013). An intrinsic self-healing of 100% was
reported under microwave irradiation.
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2.4 Non-Adhesive Bonding

In order to enhance the sustainability of adhesive for lignocellulosic prodcuts is
research in area of bonding without adhesives. This approach involved the surface
modification of wood in order to activate adhesive forces without involving any
polymeric resins. In a recent study, Nakaya et al. depolymerise some of wood surface
components (polysaccharides, lignin) using ionic liquid (imidazole hydrochloride:
83 g m−2), water & glucose in a ratio of 9/3/2 respectively and repolymerised them
to generate adhesion for applications in plywood (Nakaya et al. 2018). The process
involved the hot processing of both surfaces of plywood at 2.9 MPa for one hour. A
bond strength of 0.6 MPa was achieved so far which is quite low.

3 Conclusions

This chapter thoroughly emphasized on various types of synthetic and natural based
adhesives. The highlighted adhesives showed wide applications in many specific
areas of interest. There are three main factors controlling the overall production,
consumption and commercialization of these adhesives. These include legislation,
emission rates and cost.Daybyday, legislative process being tightendue to increasing
pollution and greenhouse gas (GHG) effect. Secondly, emission of toxic chemicals
such as formaldehyde and volatile organic compounds (VOCs) should be lowered
to make adhesive manufacturing a sustainable green process. Next, an initial cost
and market price should have a right balance for the adhesive’s commercializa-
tion. To address aforementioned concerns and commercialization targets, the develop
adhesives would have to be eco-friendly, cheap, efficient, and easy accessibility.
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Warmbier K, Wilczyński A, Danecki L (2013) Properties of one-layer experimental particleboards
from willow (Salix viminalis) and industrial wood particles. Eur J WoodWood Prod 71(1):25–28

Wechsler A, ZahariaM, CroskyA, Jones H, RamírezM, Ballerini A, NuñezM, Sahajwalla V (2013)
Macadamia (Macadamia integrifolia) shell and castor (Rícinos communis) oil based sustainable
particleboard: A comparison of its properties with conventional wood based particleboard. Mater
Des 50:117–123

Westin M, Simonson R, Ostman B (2001) Kraft lignin wood fiberboards-The effect of kraft lignin
addition to wood chips or board pulp prior to fiberboard production. Holz Als Roh-UndWerkstoff
58(6):393–400

WoolR,Kusefoglu S,Khot S, ZhaoR, PalmeseG,BoydA,WilliamsG, LaScala J (1998)Affordable
bio-derived plastics and binders for the composite industry. In: Proceedings 2nd European Panel
Products Symposium, Bangor, Wales

Xi X, Pizzi A, Gerardin C, Chen X, Amirou S (2019) Soy protein isolate-based polyamides as wood
adhesives. Wood Sci Technol, 1–14

Xian-qing X, Ying-ying Y, Yi-ting N, Liang-ting Z (2020) Development of a cornstarch adhesive
for laminated veneer lumber bonding for use in engineered wood flooring. Int J Adhes Adhes
98:102534

Xu H-N, Ma S, Lv W, Wang Z (2011) Soy protein adhesives improved by SiO2 nanoparticles for
plywoods. Pigm Resin Technol 40(3):191–195

Xu Y, Han Y, Shi SQ, Gao Q, Li J (2020) Preparation of a moderate viscosity, high performance
and adequately-stabilized soy protein-based adhesive via recombination of protein molecules. J
Clean Product 255:120303

Yang S, Zhang Y, Yuan TQ, Sun RC (2015) Lignin–phenol–formaldehyde resin adhesives prepared
with biorefinery technical lignins. J Appl Poly Sci 132(36)

YotovN, Valchev I, Petrin S, SavovV (2017) Lignosulphonate andwaste technical hydrolysis lignin
as adhesives for eco-friendly fiberboard. Bul Chem Commun 49:92–97

https://doi.org/10.1007/s10086-014-1437-8
https://doi.org/10.1016/j.carbpol.2015.05.044


28 A. S. Saud et al.

YousufA, PirozziD, Sannino F (2020) Fundamentals of lignocellulosic biomass. In: Lignocellulosic
Biomass to Liquid Biofuels. Elsevier, pp 1–15

Yuan Y, Guo MH, Liu FY (2014) Preparation and evaluation of green composites using modified
ammonium lignosulfonate and polyethylenimine as a binder. BioResources 9(1):836–848

Zhang S, Liu T, Hao C,Wang L, Han J, Liu H, Zhang J (2018) Preparation of a lignin-based vitrimer
material and its potential use for recoverable adhesives. Green Chem 20(13):2995–3000

Zhang W, Ma Y, Wang C, Li S, Zhang M, Chu F (2013) Preparation and properties of lignin–
phenol–formaldehyde resins based on different biorefinery residues of agricultural biomass. Ind
Crops Prod 43:326–333

Zhao XF, Peng LQ, Wang HL, Wang YB, Zhang H (2018) Environment-friendly urea-oxidized
starch adhesive with zero formaldehyde-emission. Carbohydr Polym 181:1112–1118. https://
doi.org/10.1016/j.carbpol.2017.11.035

Zhou X, Tang L, Zhang W, Lv C, Zheng F, Zhang R, Du G, Tang B, Liu X (2011) Enzymatic
hydrolysis lignin derive from corn stover as an intrinstic binder for bio-composites manufacture:
effect of fiber moisture content and pressing temperature on board’s properties. BioResources
6(1):253–264

Zhu L (2014) Preparation method for high-strength water-resistant starch adhesive for corrugated
paperboards. CN

https://doi.org/10.1016/j.carbpol.2017.11.035


Synthesis Process of Various Types
of Bio-adhesives

Muhamad Fareez Ismail, Muhammad Zaki Ramli, Ainil Hawa Jasni,
Wei Yun Chew, Mohamad Helmi Abd Mubin, and Li San Chan

Abstract Bioadhesives are gaining more and more interest in various biomedical
and drug delivery markets primarily due to the advancement of the synthesis tech-
nique and fabrication technology. The performance of bioadhesive systems, derived
from either synthetic and biological source, largely depends on the bioadhesion
bonding state of the biopolymers which may be varied by their cross-linking proper-
ties, chain length, and presence of various functional groups. Due to its biocompati-
bility, it can get in close contact with the biologic substrate or adhere to the biological
surface (mucoadhesion). Thus, bioadhesives, also often called mucoadhesive, can be
practically exploited in the various biomedical application (e.g. wound healing, blood
restrainer and surgical suture) as well as in drug delivery system (e.g. hydrogel, nano-
or microcapsules and membrane bioadhesive). Therefore, in this chapter, bioadhe-
sion mechanism was briefly discussed. We also presented various synthesis methods
and recent advances in bioadhesive technologies for abovementioned application.
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1 Introduction

Bioadhesive is defined as a glue that is synthetically and biologically produced and
designed to facilitate adherence of substances on the skin, mucin or epithelial tissue
via interfacial forces, for extended periods (Khanlari and Dubé 2013). Owing to its
biocompatibility, bioadhesive has now been recognized as a very promising unidi-
rectional transmucosal drug delivery system (Gong et al. 2017; Zhang et al. 2016)
and sutureless tissue sealants (Sani et al. 2019; Tavafoghi et al. 2020). The efficiency
of bioadhesive systems lies on the bioadhesion bonding state of the biopolymers
which may be varied by their cross-linking properties, chain length, and presence
of various functional groups (Kumar et al. 2017). Therefore, current research is
replacing the first-generation charged hydrophilic polymer networks tomore specific
second-generation polymers due to presence of thiol, lectin and other adhesive func-
tional groupswhich is proven to form stronger covalent bonds with themucus and the
underlying cell layers for improved therapeutic interactions (Andrews et al. 2009).
Bioadhesives are currently being used in various biomedical application [i.e. wound
healing, body fluid restrainer (e.g., blood) and suture development] and drug delivery
system (i.e. hydrogel, micro- or nanocapsules and membrane bioadhesive) among
others (Gong et al. 2017; Khurana et al. 2016; Lim et al. 2017; Mendonsa et al.
2017). However, the term has also been used to describe the natural-based polymeric
materials that act as adhesives as alternatives to petroleum-based synthetic adhe-
sives in various application including wood and environmental application (Monroy
et al. 2019; Zhang et al. 2020b). It is a completely different meaning of bioadhe-
sives highlighted in this chapter. Herein, we presented various synthesis methods and
recent advances in bioadhesive technologies for both biomedical and pharmaceutical
application. Bioadhesion mechanism was also briefly discussed.

2 Bioadhesion Mechanism

Fundamentally, bioadhesion is the adherence ofmolecules to biological surfaces.One
distinctive characteristic of bioadhesion is that it normally happens while water is
present. This approach avoids the unique categorisation of bioadhesion and allows for
appropriate mechanisms to be used to describe and interpret the molecular processes
that are involved in forming each type of interfacial bond. According to Park et al.
(1986), there are three different types of bioadhesion:

Type I: adhesion between two or more biological objects.
Type II: Biological substance adhesion to an artificial substrate.
Type III: Artificial component adhesion to a biological substrate.

For drug administration purpose, some pharmaceutical formulation with active
drugs are impregnated into bioadhesive molecules (Kumria et al. 2018). The formu-
lation will be the anchor on/at the biological surface and the drug will be released



Synthesis Process of Various Types of Bio-adhesives 31

Fig. 1 The process of
contact and consolidation

close to the absorptive membrane, with a consequent enhancement of bioavailability
(Morales et al. 2017). Amore specific term than bioadhesion is mucoadhesion which
is when the biological surface is the mucosal tissue. Nevertheless, the interaction
between polymers and the biological surface is still not well understood.

The mechanism of mucoadhesion is generally divided into two steps which are
the contact stage and the consolidation stage (Fig. 1). The contact stage explains
the contact between the mucoadhesive polymer and the mucus membrane, with
spreading and swelling of the formulation (Sudheer 2018). In the consolidation stage,
here mucoadhesive materials are activated by the presence of moisture, plasticizes
the system, allows the mucoadhesive molecules to break free and further bonded by
weak Vander Waals and hydrogen bonds (Tangri et al. 2017).

Mucoadhesion is a complex process and numerous theories have been proposed
to explain themechanisms involved. These theories includemechanical interlocking,
electrostatic, diffusion interpenetration, adsorption and fracture processes. Table 1
shows the theories involved in mechanisms of mucoadhesion.

3 Synthesis Process of Various Type of Bio-adhesives

3.1 Hydrogel Synthesis

Hydrogels can be synthesized via various techniques. Since a comprehensive discus-
sion on all available techniques is beyond the scope of this chapter, a brief overview
is included. Traditionally, physical crosslinking, chemical cross-linking, polymer-
ization grafting, and radiation cross-linking have been used for the preparation of
hydrogels (Mavila et al. 2016). In recent years, both physical and chemical methods
is actively employed.
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Table 1 The theories that involved in mechanisms of mucoadhesion

Theory Description References

Electronic theory The adhesion occurs by means of
electron transfer between the mucus
and the mucoadhesive happen
through their different electronic
structures. The electrical double layer
of charges at the mucus and
mucoadhesive surface will be
created. Electrostatic forces are
essential for bond adhesion rather
than high joint strength

Asati et al. (2019), Kaur and Singh
(2019)

Adsorption theory The adhesion occurs by
intermolecular forces (hydrogen
bonding) and Vander Waal’ forces

Brahmbhatt, (2017), Markov et al.
(2019)

Diffusion theory The adhesion occurs by
the interpenetration of both polymer
and mucin chains to a sufficient depth
to create a semi-permanent adhesive
bond. The adhesion force increases
with the degree of penetration of the
polymer chains

Bruschi et al. (2017)

Wetting theory The adhesion occurs by the surface
scattering property of liquid systems
measured by the contact angle. As a
general rule, the lower the contact
angle, the greater is the affinity. The
contact angle should be equal or
close to zero to provide adequate
spreadability

Akbari et al. (2016), Pandey et al.
(2020)

Mechanical theory The adhesion occurs by the diffusion
of the liquid adhesives into the
micro-cracks and irregularities
present on the substrate surface
thereby forming an interlocked
structure which gives rise to adhesion

Akbari et al. (2016)

Cohesive theory The adhesion occurs by the
intermolecular interactions amongst
like molecules

Tekade et al. (2019)

i. Physical cross-linking

In physical cross-linking hydrogels, dissolution is prevented by physical interac-
tions existing between polymeric chains (Xu et al. 2016). It is noteworthy to say
that systems synthesized through mild conditions of physical crosslinking methods
tend to be frailer in comparison with their counterparts fabricated via the cova-
lently crosslinking method (Mahinroosta et al. 2018). These systems become stable
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by relatively weak interactions between polymer chains such as hydrogen bonds,
hydrophobic or ionic interactions (Mahinroosta et al. 2018).

3.2 Chemical Cross-Linking

In chemically crosslinked hydrogels, covalent bonds are present between the poly-
meric chains. The well-known chemical methods include chemical cross-linking,
grafting of monomers, or applying a cross-linker to interconnect two polymer chains
are the well-known chemical method (Zhang and Khademhosseini 2017). Chem-
ical crosslinks require a mediator agent for the reaction to occur, but the formed
gels offer higher mechanical stability since covalent bonds are stronger (Shen et al.
2016). The most commonly used methods for the chemically cross-linked hydrogels
in fabrication are to employ heterogeneous polymerization reactions in the presence
of bifunctional or multifunctional cross-linkers (Shen et al. 2016). Cross-linking of
natural and synthetic polymers can be attained by the reaction of some functional
groups such as hydroxyl, carboxylic, and amine groups with cross-linkers such as
aldehydes (Hamedi et al. 2018). Grafting includes polymerization of a monomer.
Polymer chains are activated by chemical reagents or operation of high-energy radi-
ation (Pino-Ramos et al. 2017). Accordingly, the grafting is classified into either
chemical or radiation types.

3.3 Micro- and Nanosphere System

3.3.1 Solvent Evaporation

Solvent evaporation is frequently used to obtain controlled release formulations for
microencapsulation of various substance in the pharmaceutical industries (Iqbal et al.
2015). The choice of a process that will provide adequate drug encapsulation usually
depends on the hydrophilicity or hydrophobicity of the active molecules. There
are various ways of using solvent evaporation techniques for microencapsulation
which are single emulsion-solvent evaporation, double emulsion-solvent evapora-
tion and spontaneous emulsification (Li et al. 2008). The advantages and disad-
vantages of these bioadhesives production system are discussed in Table 2 whilst
some of the examples are highlighted in Table 3. In the bio-adhesive industry, the
utilization of traditional natural adhesive materials of polysaccharides and proteins
had been considered compared to the solvent to water-based or high solid adhesives
(Brynjelsen et al. 2014).
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Table 2 Pros and cons of various solvent evaporation techniques

Technique Pros Cons

Single emulsion-solvent
evaporation

It provides high lipophilic
agent entanglement
The particle size can be
modified by adjusting
homogenization, stability,
organic and aqueous phases
viscosity
(Hernández-Giottonini et al.
2020)

Hydrophilic drugs were badly
entrapped
It’s challenging to expand the
production scale unless
integrating with nanoemulsion
but it will consume more energy
(Hernández-Giottonini et al.
2020)
Require purification step

Double emulsion-solvent
evaporation

It offers an advantage for the
encapsulation of both
hydrophilic and hydrophobic
active ingredients
(Hernández-Giottonini et al.
2020)

Chunky particles (polydisperse)
and non-uniform particles
Two-step process
Leakage in the external aqueous
process of the hydrophilic active
layer
Scale-up is difficult
Thermodynamically unstable
Require high steering and
high-pressure homogenization
(Nguyen et al. 2013)

Spontaneous emulsification/
solvent diffusion

It allows thermosensitive
substances to be integrated
Decreases particle size mean
and distribution in a narrow
range
Strong reproducibility
batch-batch
No homogenizers
Higher lipophilic drug
entanglement
Non-toxic solvents are used
Ease of up-scale, rapid and
easy operation
Simple and cheap
High efficiency due to low
energy consumption
(Hernández-Giottonini et al.
2020)

Final formulation concentration
is important
In the final solution, potential
organic solvent residues
Ineffective hydrophilic
substance encapsulation
Longer time required for
emulsion agitation
Require a greater amount of
water for the formation of
nanoparticles (Chen et al. 2014)

3.3.2 Single Emulsion-Solvent Evaporation

Single emulsion technique involves 2 basic steps of emulsification into a volatile
solvent and secondly solvent evaporation. Alternatively, lyophilization which is a
patented process is used to completely remove the solvent and to produce submi-
cron particles of less than 500 nm (Kızılbey 2019). For instance, a study by Luo
et al., showed that bio-adhesive soybean meal-based’s (SM) mechanical properties
were improved by combination with the Acrylic Emulation (AE) via Interpenetrating
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Network (IPN) of the mixed plywood with triglycidylamine (TGA). The addition of
8%AE in the bio-adhesive resulted in a 24.6% improvement in water resistance, 44%
increase in shear strength to 1.80 MPa, and an increase in the wet shear strength of
47.9% to 1.05 MPa. The enhancements were due to the development of IPN which
increased the solid content and increased the adhesive’s toughness (Nguyen et al.
2013).

3.3.3 Double Emulsion-Solvent Evaporation

The double emulsion is a dynamic mechanism that involves even the smallest of
dispersed phases and is also known as the emulsion of emulsion. There are 2
categories of double emulsion which are water-oil-water (w/o/w) and oil-water-
oil (o/w/o) (Hernández-Giottonini et al. 2020). Unlike conventional emulsions with
an adequate emulsifier, double emulsions need at least two emulsifiers: the lipophilic
emulsifier is needed to stabilize internal water droplets, while the oil droplets have
hydrophilic emulsion to guard against coalescence (Iqbal et al. 2015). Double emula-
tions once formed are subjected to several phenomena of coalescence and diffusion
which ultimately affect product properties such as the performance of texture or
encapsulation. The analysis also indicates that texture changes or the encapsulated
active material is lost easily but it cannot indicate which mechanism is responsible
(coalescence and/or diffusion). As different emulsifiers adsorb each other on an
interface, they react. Changes in dual emulsion stability should be expected. The
emulsifier’s molecular structure and oil phase affect the distribution between the
phases of their emulsifiers. Therefore, to balance the capillary pressure between
the inner and outer water phases, the introduction of osmotic active substances to
the inner water phase to prevent ripening of Ostwald is normal. Over time, the
propagation of osmotic substances through diffusion or coalescence may also occur
(Sievens-Figueroa et al. 2012). The adhesive in lithium-ion batteries is one example
of this. To ensure a consistent distribution, the adhesive must be compatible with all
substances (Sutthapitaksakul and Sriamornsak 2019). Kim et al. (2005) engineered
a protein-inspired amphiphilic adhesive that includes both the hydrophobic back-
bone protein and hydrophilic oligosaccharides, inspired by mucin, an amphiphilic
macromolecular lubricant which had expedited the distribution of the electrodes.

3.3.4 Hot Melt Microencapsulation

In the field of drug supply systems, microencapsulation is among the most fasci-
nating fields (Devi et al. 2017). It is an interdisciplinary field that needs to know
the pure polymer science, to be familiar with emulsion technology and to have a
profound understanding of the stabilization of drugs and proteins (Sayes et al. 2017).
This field was considered more art than science in the early 1970s, as most of the
research was conducted in drug companies and very few information was discussed
in scientific meetings (Rach et al. 2020). In major pharmaceutical companies and
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universities, as well as research institutes, the topic of microencapsulation is now
widely studied. While scientists in the early 1970s primarily dealt with the encapsu-
lation of carbonless paper dyes, scientists today have mastered technology to such a
degree as to encapsulate cells aswell as delicate proteins and genes (Morales-Narváez
et al. 2017).

In one or more polymer coatings, microencapsulation is techniques for capturing
solids, liquids or gasses (Suganya andAnuradha 2017). There have been two evolved,
chemical and physical classes of encapsulation techniques. Polymerization during
preparation of the microcapsules is the first class of encapsulation (Lim 2019). For
instance, interface polymerization or in situ polymerization is usually known as this
class (Zoppe et al. 2017). The second form includes controlled precipitation of a
polymer solution where there are normal physical changes. The number of encap-
sulation processes is increasing and enormous. Therefore, several new inventions
grow only from new ways of generating microspheres. Most researchers are there-
fore trying to establish a systematic nomenclature for Classification of encoding. The
various system forms were listed by literature in Table 4. Encapsulation methods are
sometimes difficult to classify because certain methods can be hybrids of two or can

Table 4 Classification of
microencapsulation methods

Process Coating material Suspended medium

Interfacial
polymerization

Water-soluble and
insoluble monomers

Aqueous/organic
solvent

Complex
coacervation

Water-soluble
polyelectrolyte

Water

Coacervation Hydrophobic
polymers

Organic Solvent

Thermal
denaturation

Proteins Organic

Salting-out Water-soluble
polymer

Water

Solvent
evaporation

Hydrophilic or
hydrophobic
polymers

Organic or water

Hot Melt Hydrophilic or
hydrophobic
polymers

Aqueous/organic
solvent

Solvent removal Hydrophilic or
hydrophobic
polymers

Organic solvents

Spray-drying Hydrophilic or
hydrophobic
polymers

Air, nitrogen

Phase separation Hydrophilic or
hydrophobic
polymers

Aqueous/organic
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use different mechanisms concurrently, or more processes (Villemin et al. 2019).
Some terms have also changed over the years for an example, solvent evaporation is
called water drying and double emulsion, which may create confusion (Muschiolik
and Dickinson 2017).

To avoid using solvents during the entire process, hot melt encapsulation (Patil
et al. 2016) was created. As a modification of the solvent evaporation technique,
solvent removal (Subedi et al. 2016) was introduced by using organic solvents as
an extraction medium. In spray-drying, a special temperature-controlled cyclone is
used to vaporize the solvent. Finally, phase separation is a new process of developing
a double-walled microsphere by one-step precipitation of two or more polymers
(Zhang et al. 2020a). The process of hot melting is carried out by the extrusion of
hot melting or hot melting fusion. Hot melt extruder involves the pre-mixing and a
particular excipient, for example, wax or polymer, passed through an extruder at a
specified temperature, over or above a wax melting point, to allow the dispersing of
drug particles inside a soft or sticky excipient that usually results in a solid dispersion
(Jadav and Paradkar 2020). Hot melt or melt granulation is achieved by melting the
wax and dispersing the drug into the melt before cooling the mixture (Nart et al.
2017). Table 5 shows the drugs masked in the last three years with hot melting
techniques.

A solid dispersal is an inert hydrophilic carrier matrix device in which an active
component or more is molecularly dispersed. The formulation of an API in a solid
dispersion transforms the waterproof crystalline shape into the amorphous form,
thus increasing its solubility. Numerous methods, including melt fusion and solvent
evaporation methods, are widely used in preparation for solid dispersions. Hot melt
extrusion is a techniquewhich is extremely suitable to shape solid dispersions, and its
main advantages are that the method needs no solvent application. Consequently, the
related stability risks associatedwith solvents, since no residual solvent is present, are
eliminated during the shelf life of the product. The TSE emerges as the most viable

Table 5 List of drugs masked
by hot melting techniques

Drug Method Taste masking
material

Griseofulvin and
caffeine anhydrous

Hot-melt extrusion Maltodextrin

Mefenamic acid Hot-melt extrusion Eudragit E

Ondansetron HCl Hot-melt fusion Glycerol
monostearate

Cetirizine HCl and
verapamil HCl

Hot-melt extrusion Eudragit L

Caffeine citrate Hot-melt extrusion Ethylcellulose

Arbidol
hydrochloride

Hot-melt fusion Octadecanol

Paracetamol Hot-melt extrusion Eudragit EPO®, and
Kollidon VA64®
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option in the pharmaceutical industry for solid dispersion production, based on the
equipment’s configuration and processing temperature (Aleksovski et al. 2016).

The development of drug systems includes technological designs that maximize
the therapeutic effects of drugs by controlling their biodistribution profiles. To this
end, an ideal selectivity and specificities for the target tissues or cells are needed
for the delivery system (Vizovišek et al. 2018). Different strategies for targeted
drug delivery have been developed in recent years and researchers currently concen-
trate on hot-melt extrusion as a prospective and viable solution. A photosensitiser
was given to the colon through a formula developed using hot melt extrusion for
targeted drug delivery (Thakkar et al. 2020). Eudragit S 100 was used as a polymer
by the researchers, and TEC was extruded to formulation composed of medicine,
polymer, photosensitiser and plasticiser (Watts and Williams III 2016). The new
treatment choice for multi-medicine resistant species like Enterococcus faecalis and
Bacteroides fragilis, inhabiting a colon, photodynamic antimicrobial chemotherapy
(PACT). There was no release of drugs in the acidic medium in the results of this
study. For those formulations, the authors demonstrated that the release of photosen-
sitiserswould theoretically target the colon and that PACTcould destroy the pathogen
residing there (Dąbrowski et al. 2016).

The unpleasant bitter taste is present in several active ingredients used for medic-
inal products. If drugs dissolve in saliva, they interact in tongue with taste receptors
and create bitter, sweet, or other feelings of taste by signal transduction from the
organs of the taste receiver which are also known as taste buds. These taste buds
have highly sensitive nerve endings that produce and transmit electric pulses in the
areas of the brain devoted to tasting, via the seventh, the ninth and tenth cranial
nerves. Tasting masking is therefore necessary in order to improve the palatability
of bitter drugs. There are two ways to conquer foul tastes. Firstly, the solubility of
the product in the saliva would be reduced by transforming it from the amorphous
into the crystalline. Furthermore, the link between the drug and the gout receptors is
altered (Alqurshi et al. 2017). By formulating solid dissipations with a taste masking
polymer, hot-melt extrusion was used as a taste masking technique for bitter active
ingredients. These solid dispersions avoid bitter drug release in the saliva, thereby
avoiding the contact between medicine molecules and taste bud (Liu et al. 2017).
The hydrogen bonding between the active ingredient and the polymer matrix will
mask the taste through the processing of counter loaded compounds (Saifullah et al.
2019).

3.3.5 Spontaneous Emulsification/Solvent Diffusion

SpontaneousEmulsification refers to immisciblefluid emulsions that developwithout
external/mechanical support, such as low interfacial tension (Chen et al. 2014). This
technique is beneficial in creating micro-and nanodroplets with less energy. Poly-
meric nanoparticles and pharmaceutical nanosuspensions are often prepared by spon-
taneous nanoemulsion treatment with the method of solvent diffusion (Iqbal et al.
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2015). When immiscible liquids in non-equilibrium conditions are in contact, spon-
taneous emulsification is triggered by gradients of chemical potential between the
two phases, which under certain conditions lead to negative values of free energy of
emulsification. Spontaneous emulsification methods have been proposed in various
industries, includingheavyoil, high temperatures, high-salinity and low-permeability
oil tanks, as well as waste-to-water treatments from standard oil reservoirs to hard
oil tanks (Aldousary and Kovscek 2019). Lignin is usually used to produce less toxic
bio-adhesives (Date et al. 2010). While there is typically an empirical application
of lignin in the material synthetic application of chemical complexity and inherent
heterogeneity, Gioia et al. (2018) investigated the possibility for regulating lignin at
molecular levels for the first time to tailor the thermomechanical characteristics of
end materials especially with the integration of epoxy. Kraft lignin was standard-
ized to four distinctive fractions, characterized by low polydispersity and increased
molecular weight. The mechanical properties of the materials have shown a good
provision with higher fractions of molecular weight (Li et al. 2020).

In another case, the combination of alkylphenol ethoxylates (APEO) with lauryl
sulfate (LSS) was used to improve the strength of a high-starch wood adhesive
(HSWA) of dried corn starch. Due to the electric charge forces and space, steric
impediments induced on the surface of latex particles by the LSS/APEO adsorbed
mixture, the addition of LSS/APEO (Mixing Ratio 7:1) mix had prevented latex
particles and starch molecules from aggregating significantly. This study can resolve
the storage problem of starch-based adhesives efficiently, particularly for high-
starch samples which competitively reduce additional production costs and the
environmental performance of the wood adhesive industry (Trotta et al. 2001).

3.3.6 Emulsion Reverse Salting-Out

Emulsification Reverse Salting-out is a polymeric nanoparticles preparation method
first proposed by Allémann et al. (1992). It is a set of procedures based on preformed
polymers (Paliwal et al. 2014). Examples of polymeric nanoparticles formed by using
this method are listed in Table 6. Firstly, the emulsion formed by using conventional
o/w emulsification (Crucho and Barros 2017). Polymer and drug(s) are added into
the water-miscible organic solvent. A viscous solution is prepared separately by

Table 6 Chemicals used in emulsification reverse salting-out method

Polymer Organic solvent Salting out agent Surfactant References

PLA Acetone MgCl2 PVA Cirstoiu-Hapca et al.
(2009)

PLGA Acetone, DCM, and
DMSO

MgCl2 PVA Van de Ven et al.
(2012)

PLA Acetone CaCl2 PVA Vettor et al. (2010)

PLA, PLGA Acetone MgCl2 PVA Zweers et al. (2003)
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dissolving salting agent in water with added surfactant (Vettor et al. 2010). Some
of the common polymers used are poly(ethylene oxide) (PEO), poly(d, l-lactic acid)
(PLA), poly(trimethylene carbonate) (PTMC), and poly(lactic-co-glycolic acid)
(PLGA) (Lee et al. 2016; Mendoza-Muñoz et al. 2012; Rao and Geckeler 2011).
Acetone, tetrahydrofuran (THF) and acetonitrile are some of the common organic
solvent (Akbari et al. 2016; Konan et al. 2002; Mendoza-Muñoz et al. 2012; Rao and
Geckeler 2011). Combination of organic solvents is possible as shown byVan de Ven
et al. (2012) where they employed combined solvents of Acetone, dichloromethane
(DCM) and dimethyl sulfoxide (DMSO) as an organic solvent.

The polymer-solvent emulsified by adding an aqueous solution comprising of
salting-out agent and surfactant to form an o/w emulsion (Paliwal et al. 2014). The
presence of salting-out agent(s) in high concentration causing an alteration of the
miscibility properties between the water and the polymer-solvent. Based on this prin-
ciple, salt or sucrose with strong salting-out effect in the aqueous phase are recom-
mended as a salting-out agent (Rao and Geckeler 2011; Vauthier and Bouchemal
2009). Some of the well-known examples of salting-out agents are magnesium chlo-
ride, magnesium acetate, and calcium chloride (Mendoza-Muñoz et al. 2012; Rao
and Geckeler 2011). For the surfactant/colloidal stabiliser, the common examples
are Polyvinyl Alcohol (PVA) and Polyvinylpyrrolidone (Lee et al. 2016).

The o/w emulsion undergo the “reverse salting-out effect” by the added large
quantity of water to decrease the concentration of the salting-out agents (Zhuang
et al. 2017). The organic solvent diffused into the aqueous phase through this process.
The polymer encapsulated the drugswill then precipitate; nanoparticles are produced.
Next, cross-flowfiltration is employed to eliminate the organic solvent and salting-out
agent from the nanoparticles (Ibrahim et al. 1992).

The advantage of this preparation method is the o/w emulsion can be achieved
without using high shear forces due to an Ouzo-effect. Besides, the preparation
does not need to include toxic chlorinated solvents (Crucho and Barros 2017). This
preparation is also suitable for heat-sensitive substances because the preparation does
not involve heat. However, the intensive purification of the nanoparticles from the
solvent and salting-out agent is the drawback of this preparation (Lee et al. 2016).

As for the size of the nanoparticles produced, they can vary between 186 and
1130 nm. The key factors that can affect the size of the nanoparticles formed by this
employing this method are the selection of the combination of salting-out agents and
organic solvent, the concentration of polymer in the organic phase, stirring speed
during the preparation, the concentration of PVA and ratio of aqueous to the organic
phase.

3.3.7 Nanoprecipitation

Nanoprecipitation is a procedure based on the preformed polymers (Paliwal et al.
2014). It is a one-step process first developed by Fessi et al. (1989). Commonly, the
nanoparticles are formed by the addition of the organic phase into the anti-solvent
phase while mixing (Table 7). However, it also can be formed by adding an aqueous
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phase into the organic phase (Crucho and Barros 2017). The nanoparticles formed by
this procedure requires polymer, polymer-solvent and non-solvent as main compo-
nents. Addition of the surfactants in the anti-solvent is optional. Surfactant functioned
to stabilise the nanoparticles suspension for long storage (Rao and Geckeler 2011).

Formation of the nanoparticles utilised the ‘Ouzo effect’which is the rapidmixture
of organic and aqueous phases forming a milky emulsion (Crucho and Barros 2017;
Lee et al. 2016). The effect is due to the solvent (that is immisciblewithwater) rapidly
diffused into the aqueous phase inducing interfacial deposition of polymer (Rao and
Geckeler 2011). A combination of the correct ratio between solvent, aqueous phase,
polymer and drugs are required to achieve the effect (Lee et al. 2016).

Rate of injection of organic phase into the aqueous phase (or vice-versa), the
mixing rate of the organic phase and aqueous phase, the concentration of polymer,
the surfactant, and aqueous phase volume ratio are the important factors that can
influence the formation of nanoparticles (Lee et al. 2016). The technical complexity
of the preparation is considerably lower than other preparation methods. Hence, it
is practical to use this method for large scale production due to its low technical
complexity, fast completion, high consistency, and low energy input requirements
(Quérette et al. 2020; Rao and Geckeler 2011; Zhuang et al. 2017).

A study by Prabhuraj et al. (2020) successfully demonstrated that two drugs can
be loaded into the nanoparticles using this method. The study loaded curcumin and
niclosamide into the PLGA nanoparticles resulting in the uniform particle size of
80–120 nm. The study managed to the achieved high encapsulation efficiency of
the curcumin (58.09%) and niclosamide (85.36%). Further testing on the cancer cell
revealed that the drug release in higher amount in the acidic environment of the cancer
cells (pH 6.0) when compared to the normal cells environment (pH 7.4) (Prabhuraj
et al. 2020).

Quérette et al. (2020) employing factorial design in the study to identify 3
key parameters influencing the formation of nanoparticles in terms of particles
size and polydispersity index (PDI). The key factors identified were the concen-
tration of the polymer, non-solvent volume, and concentration of the surfac-
tant. Poly(hydroxy)urethane (PHU) were selected as polymer and sodium dodecyl
sulphate (SDS) as the surfactants in the study.

Surfactant also can prevent aggregation of the nanoparticles allowing nanoparti-
cles to have higher stability. Additionally, the presence of the surfactant can dras-
tically increase the effects of the water volume and concentration of the PHU on
the PDI. The lowest PDI achieved in the study was 0.10 with PHU concentration of
5 g/L, the water volume of 50 ml, and SDS concentration of 25 mM. Meanwhile, the
study also highlighted that at low concentration of the PHU (1 g/L) in the presence
of the SDS (25 mM), the water volume is the main factor of the particle size which
can result in a change from 55 to 179 nm (Quérette et al. 2020).
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3.4 Fabrication of Nanocomposite

Nanotechnology is applied in bioadhesive of drug delivery system. Nanoparticles are
incorporated into the polymer to form nanocomposite polymer that will be used to
build a drug delivery system (Soppimath et al. 2001; Vasir et al. 2003). The nanopar-
ticles are added to improve the mechanical properties, bioadhesive properties and
hydrophilicity of the polymers. A new function such as wound healing is intro-
duced to the polymers due to the presence of nanoparticles (Akhlaghi et al. 2013;
Chamundeeswari et al. 2010; Khanlari and Dubé 2013; Lee and Tsao 2006).

In terms of bioadhesive properties, the nanoparticles in the nanocomposite poly-
mers enhance the release of drugs as the polymers surface increases with the presence
of nanoparticles. Thus, the absorption of the drug into the organ improves with a drug
delivery system that is built by nanocomposite polymers. As for mechanical prop-
erties, it is proven that the nanocomposite polymers delivery system has a suitable
strength that is needed during the delivery of the drug to the organ. Nanoclays is
a suitable nanofiller in a drug delivery system as it will improve the mechanical
properties and the release of a drug (Luo et al. 2020).

In the further development of nanocomposite, Zinc Oxide Eudragit nanohybrids
is synthesized for intestinal drug delivery system. In this study, eudragit solution is
added to the ZnO nanoparticles to allow the particle to be coated with eudragit solu-
tion. Bridges are formed among every eudragit coated nano-ZnO particle and thus,
self-polymerization occurs. After the self-polymerization, many “spheres”. Each
“sphere” is formed with nano ZnO particles as the core while eudragit as the outer
layer. The nano-ZnO enhances the absorption of the drug in the intestine. The nano-
Zn particles have a characteristic of resisting gastric acid that makes Zinc Oxide
Eudragit nanohybrids to be a good drug delivery system for intestine (Luo et al.
2020). There is a wide room for the development of nanotechnology in bioadhesive
as the world is heading towards the nanoscale. Various nanocomposite polymers are
developed, and this will lead to new bioadhesives.

4 Conclusion and Future Perspective

New generations of bioadhesives are on the move due to a high level of concern
to minimize environmental and health impacts and our reliance on the petroleum-
based product. The future of bioadhesives development depends heavily depend on
the concerted focus of research effort to boost certain specific characteristics (i.e.
wet strength) and on how synthetic adhesives can be integrated into the system. A
new generation of bio-based adhesives called bio-inspired adhesives has emerged
as a comprehensive materials-based platform for the development of sustainable
bioadhesives. Bio-inspired adhesives are based on bioadhesives that can be found in
nature and it has great potential to replace the existing substrate. Among these bio-
inspired adhesives, the main effort was made to develop mussel-mimetic adhesives.
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These bio-inspired adhesives can be combined with synthetic compounds for feature
enhancements. It will provide a new and promising way to develop a new generation
of eco-friendly adhesives, particularly for biomedical and drug delivery applications
that partake the highest growing market for bioadhesives.
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Dąbrowski JM, Pucelik B, Regiel-Futyra A, Brindell M, Mazuryk O, Kyzioł A, Stochel G,
MacykW, Arnaut LG (2016) Engineering of relevant photodynamic processes through structural
modifications of metallotetrapyrrolic photosensitizers. Coord Chem Rev 325:67–101

Date AA, Desai N, Dixit R, Nagarsenker M (2010) Self-nanoemulsifying drug delivery systems:
formulation insights, applications and advances. Nanomedicine 5(10):1595–1616

Devi N, Sarmah M, Khatun B, Maji TK (2017) Encapsulation of active ingredients in polysaccha-
ride–protein complex coacervates. Adv Colloid Interface Sci 239:136–145

Fessi H, Puisieux F, Devissaguet JP, Ammoury N, Benita S (1989) Nanocapsule formation by
interfacial polymer deposition following solvent displacement. Int J Pharm 55(1):R1–R4

Gan Z, Huang C, Shen Y, Zhou Q, Han D, Ma J, Liu S, Zhang Y (2020) Preparation of carbon
nitride nanoparticles by nanoprecipitation method with high yield and enhanced photocatalytic
activity. Chin Chem Lett 31(2):513–516

Gioia C, Lo Re G, Lawoko M, Berglund L (2018) Tunable thermosetting epoxies based on
fractionated and well-characterized lignins. J Am Chem Soc 140(11):4054–4061

Gong C, Lu C, Li B, Shan M, Wu G (2017) Injectable dopamine-modified poly (α, β-aspartic
acid) nanocomposite hydrogel as bioadhesive drug delivery system. J Biomed Mater Res Part A
105(4):1000–1008

Hamedi H, Moradi S, Hudson SM, Tonelli AE (2018) Chitosan based hydrogels and their
applications for drug delivery in wound dressings: a review. Carbohydr Polym 199:445–460

Hernández-Giottonini KY, Rodríguez-Córdova RJ, Gutiérrez-Valenzuela CA, Peñuñuri-MirandaO,
Zavala-Rivera P, Guerrero-Germán P, Lucero-Acuña A (2020) PLGA nanoparticle preparations
by emulsification and nanoprecipitation techniques: effects of formulation parameters. RSC Adv
10(8):4218–4231

IbrahimH, Bindschaedler C, Doelker E, Buri P, Gurny R (1992) Aqueous nanodispersions prepared
by a salting-out process. Int J Pharm 87(1–3):239–246

Iqbal M, Zafar N, Fessi H, Elaissari A (2015) Double emulsion solvent evaporation techniques used
for drug encapsulation. Int J Pharm 496(2):173–190

Jadav N, Paradkar A (2020) Solid dispersions: technologies used and future outlook. In:
Nanopharmaceuticals. Elsevier, pp 91–120

Kaur L, Singh I (2019) Chitosan-Catechol conjugates—a novel class of bioadhesive polymers: a
critical review. Rev Adhes Adhes 7(1):51–67

Khanlari S, Dubé MA (2013) Bioadhesives: a review. Macromol React Eng 7(11):573–587
Khurana JV, Mali AM, Mali RS, Chaudhari AU (2016) Comparative evaluation of healing after
periodontal flap surgery using isoamyl 2-cyanoacrylate (bioadhesive material) and silk sutures:
a split-mouth clinical study. J Indian Soc Periodontol 20(4):417

Kim B-Y, Jeong JH, Park K, Kim J-D (2005) Bioadhesive interaction and hypoglycemic effect of
insulin-loaded lectin–microparticle conjugates in oral insulin delivery system. J Control Release
102(3):525–538

Kızılbey K (2019) Optimization of rutin-loaded PLGA nanoparticles synthesized by single-
emulsion solvent evaporation method. ACS Omega 4(1):555–562

KonanYN,GurnyR,AllémannE (2002) Preparation and characterization of sterile and freeze-dried
sub-200 nm nanoparticles. Int J Pharm 233(1–2):239–252

Kumar L, Verma S, Vaidya B, Gupta V (2017) Bioadhesive polymers for targeted drug delivery.
In: Nanotechnology-based approaches for targeting and delivery of drugs and genes. Elsevier, pp
322–362

Kumria R, Al-Dhubiab BE, Shah J, Nair AB (2018) Formulation and evaluation of chitosan-based
buccal bioadhesive films of zolmitriptan. J Pharm Innov 13(2):133–143

Lee BK, Yun Y, Park K (2016) PLA micro-and nano-particles. Adv Drug Deliv Rev 107:176–191
Lee WF, Tsao KT (2006) Preparation and properties of nanocomposite hydrogels containing silver
nanoparticles by ex situ polymerization. J Appl Polym Sci 100(5):3653–3661

Li M, Rouaud O, Poncelet D (2008) Microencapsulation by solvent evaporation: state of the art for
process engineering approaches. Int J Pharm 363(1–2):26–39



Synthesis Process of Various Types of Bio-adhesives 47

LiZ,XuD,YuanY,WuH,Hou J,KangW,BaiB (2020)Advances of spontaneous emulsification and
its important applications in enhanced oil recovery process. AdvColloid Interface Sci 277:102119

Lim F (2019) Biomedical applications of microencapsulation. CRC press.
Lim S, Nguyen MP, Choi Y, Kim J, Kim D (2017) Bioadhesive nanoaggregates based on
polyaspartamide-g-C18/DOPA for wound healing. Biomacromol 18(8):2402–2409

Liu M, Yin D, Fu H, Deng F, Peng G, Shu G, Yuan Z, Shi F, Lin J, Zhao L, Yin L, Fan
G (2017) Double-coated enrofloxacin microparticles with chitosan and alginate: preparation,
characterization and taste-masking effect study. Carbohydr Polym 170:247–253

Luo F, Wang M, Huang L, Wu Z, Wang W, Zafar A, Tian Y, Hasan M, Shu, X (2020) Synthesis of
zinc oxide eudragit FS30D nanohybrids: structure, characterization, and their application as an
intestinal drug delivery system. ACS Omega

Mahinroosta M, Farsangi ZJ, Allahverdi A, Shakoori Z (2018) Hydrogels as intelligent materials:
a brief review of synthesis, properties and applications. Mater Today Chem 8:42–55

Markov PA, Khramova DS, Shumikhin KV, Nikitina IR, Beloserov VS, Martinson EA, Litvinets
SG, Popov SV (2019) Mechanical properties of the pectin hydrogels and inflammation response
to their subcutaneous implantation. J Biomed Mater Res Part A 107(9):2088–2098

Mavila S, Eivgi O, Berkovich I, Lemcoff NG (2016) Intramolecular cross-linking methodologies
for the synthesis of polymer nanoparticles. Chem Rev 116(3):878–961

MendonsaNS, Thipsay P, KimDW,Martin ST, RepkaMA (2017) Bioadhesive drug delivery system
for enhancing the permeability of a BCS class III drug via hot-melt extrusion technology. AAPS
PharmSciTech 18(7):2639–2647

Mendoza-Muñoz N, Quintanar-Guerrero D, Allémann E (2012) The impact of the salting-out tech-
nique on the preparation of colloidal particulate systems for pharmaceutical applications. Recent
Pat Drug Deliv Formul 6(3):236–249

Monroy Y, Rivero S, GarcíaMA (2019) Sustainable panels design based on modified cassava starch
bioadhesives and wood processing byproducts. Ind Crops Prod 137:171–179

Morales-Narváez E, Sgobbi LF, Machado SAS, Merkoçi A (2017) Graphene-encapsulated
materials: synthesis, applications and trends. Prog Mater Sci 86:1–24

Morales JO, Fathe KR, Brunaugh A, Ferrati S, Li S, Montenegro-Nicolini M, Mousavikhamene Z,
McConville JT, PrausnitzMR, Smyth HD (2017) Challenges and future prospects for the delivery
of biologics: oral mucosal, pulmonary, and transdermal routes. AAPS J 19(3):652–668

MuschiolikG,DickinsonE (2017)Double emulsions relevant to food systems: preparation, stability,
and applications. Compr Rev Food Sci Food Saf 16(3):532–555

Nart V, Beringhs AOR, França MT, de Espíndola B, Pezzini BR, Stulzer HK (2017) Carnauba wax
as a promising excipient in melt granulation targeting the preparation of mini-tablets for sustained
release of highly soluble drugs. Mater Sci Eng: C 70:250–257

Nguyen TA, Liu B, Zhao J, Thomas DS, Hook JM (2013) An investigation into the supramolecular
structure, solubility, stability and antioxidant activity of rutin/cyclodextrin inclusion complex.
Food Chem 136(1):186–192

Paliwal R, Babu RJ, Palakurthi S (2014) Nanomedicine scale-up technologies: feasibilities and
challenges. AAPS PharmSciTech 15(6):1527–1534

Pandey N, Soto-Garcia L, Liao J, Zimmern P, Nguyen KT, Hong Y (2020) Mussel-inspired
bioadhesives in healthcare: design parameters, current trends, and future perspectives. Biomater
Sci

Park K, Cooper SL, Robinson JR (1986) Bioadhesive hydrogels. CRC Press, Danvers, MA
Patil H, Tiwari RV, Repka MA (2016) Encapsulation via hot-melt extrusion
Pino-RamosVH,Ramos-BallesterosA, López-Saucedo F, López-Barriguete JE,VarcaGH,Bucio E
(2017)Radiation grafting for the functionalization and development of smart polymericmaterials.
In:Applications of radiation chemistry in the fields of industry, biotechnology and environment.
Springer, pp 67–94

Prabhuraj R, BombK, Srivastava R, Bandyopadhyaya R (2020) Dual drug delivery of curcumin and
niclosamide using PLGA nanoparticles for improved therapeutic effect on breast cancer cells. J
Polym Res 27(5)



48 M. F. Ismail et al.

Quérette T, Bordes C, Sintes-Zydowicz N (2020) Non-isocyanate polyurethane nanoprecipitation:
toward an optimized preparation of poly (hydroxy) urethane nanoparticles. Colloids Surf A:
Physicochem Eng Asp 589:124371

Rach C, Lukas J, Müller R, Sendler M, Simon P, Salloch S (2020) Involving patient groups in drug
research: a systematic review of reasons. Patient Prefer Adherence 14:587

Rao JP, Geckeler KE (2011) Polymer nanoparticles: preparation techniques and size-control
parameters. Prog Polym Sci 36(7):887–913

Saifullah M, Shishir MRI, Ferdowsi R, RahmanMRT, Van Vuong Q (2019) Micro and nano encap-
sulation, retention and controlled release of flavor and aroma compounds: a critical review. Trends
Food Sci Technol 86:230–251

Sani ES,KheirkhahA,RanaD, SunZ, FoulshamW,SheikhiA,KhademhosseiniA,DanaR,Annabi,
N (2019) Sutureless repair of corneal injuries using naturally derived bioadhesive hydrogels. Sci
Adv 5(3):eaav1281

Sayes CM, Aquino GV, Hickey AJ (2017) Nanomaterial drug products: manufacturing and
analytical perspectives. AAPS J 19(1):18–25

Shen X, Shamshina JL, Berton P, Gurau G, Rogers RD (2016) Hydrogels based on cellulose and
chitin: fabrication, properties, and applications. Green Chem 18(1):53–75

Shkodra-Pula B, Grune C, Traeger A, Vollrath A, Schubert S, Fischer D, Schubert U (2019) Effect
of surfactant on the size and stability of PLGA nanoparticles encapsulating a protein kinase C
inhibitor. Int J Pharm 566:756–764

Sievens-Figueroa L, Bhakay A, Jerez-Rozo JI, Pandya N, Romañach RJ, Michniak-Kohn B, Iqbal
Z, Bilgili E, Davé RN (2012) Preparation and characterization of hydroxypropyl methyl cellulose
films containing stable BCS Class II drug nanoparticles for pharmaceutical applications. Int J
Pharm 423(2):496–508

Soppimath KS, Aminabhavi TM, Kulkarni AR, Rudzinski WE (2001) Biodegradable polymeric
nanoparticles as drug delivery devices. J Control Release 70(1–2):1–20

Subedi G, Shrestha AK, Shakya S (2016) Study of effect of different factors in formulation of micro
and nanospheres with solvent evaporation technique. Open Pharm Sci J 3(1)

Sudheer P (2018) Mucoadhesive polymers: a review. J Pharm Res 17(1):47–55
Suganya V, Anuradha V (2017) Microencapsulation and nanoencapsulation: a review. Int J Pharm
Clin Res 9(3):233–239

Sutthapitaksakul L, Sriamornsak P (2019) Influence of process parameters on the characteristics of
hydrophilic drug-loaded microparticles through double emulsion solvent evaporation technique.
Paper presented at the key engineering materials

Tangri P, Jawla S, Jakhmola V,Mishra R (2017) Highlights of mucoadhesive drug delivery systems:
a review. Indo Glob J Pharm 7(2):112–125

Tavafoghi M, Sheikhi A, Tutar R, Jahangiry J, Baidya A, Haghniaz R, Khademhosseini A (2020)
Engineering tough, injectable, naturally derived, bioadhesive composite hydrogels. Adv Healthc
Mater 9(10):1901722

Tekade M, Maheshwari N, Youngren-Ortiz SR, Pandey V, Chourasiya Y, Soni V, Deb PK, Sharma
MC (2019) Thiolated-Chitosan: a novel mucoadhesive polymer for better-targeted drug delivery
In: Biomaterials and bionanotechnology. Elsevier, pp 459–493

Thakkar R, Thakkar R, Pillai A, Ashour EA, Repka MA (2020) Systematic screening of phar-
maceutical polymers for hot melt extrusion processing: a comprehensive review. Int J Pharm
576:118989

Trotta M, Gallarate M, Pattarino F, Morel S (2001) Emulsions containing partially water-miscible
solvents for the preparation of drug nanosuspensions. J Control Release 76(1–2):119–128

Van de Ven H, Vermeersch M, Vandenbroucke R, Matheeussen A, Apers S, Weyenberg W, De
Smedt SC, Cos P, Maes L, Ludwig A (2012) Intracellular drug delivery in Leishmania-infected
macrophages: evaluation of saponin-loaded PLGA nanoparticles. J Drug Target 20(2):142–154

Vasir JK, Tambwekar K, Garg S (2003) Bioadhesive microspheres as a controlled drug delivery
system. Int J Pharm 255(1–2):13–32



Synthesis Process of Various Types of Bio-adhesives 49

Vauthier C, Bouchemal K (2009) Methods for the preparation and manufacture of polymeric
nanoparticles. Pharm Res 26(5):1025–1058

VettorM,Bourgeois S, Fessi H, Pelletier J, Perugini P, Pavanetto F, BolzingerM (2010) Skin absorp-
tion studies of octyl-methoxycinnamate loaded poly (D, L-lactide) nanoparticles: estimation of
the UV filter distribution and release behaviour in skin layers. J Microencapsul 27(3):253–262

Villemin E, OngYC, Thomas CM,Gasser G (2019) Polymer encapsulation of ruthenium complexes
for biological and medicinal applications. Nat Rev Chem 3(4):261–282
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Fiberboard Manufacturing from Laccase
Activated Lignin Based Bioadhesive

Mohammed Nasir, Mohammad Asim, and Kaushal Singh

Abstract The manufacturing of fiberboard from wood fiber with the help of adhe-
sive is highly developed and widely commercialized technique. However, with an
increasing concern over health issues and biomass conservation, the fiber boards from
agriculture residueswith orwithout using adhesives are under intensive investigation.
In last three decades, several researches have been done various methods and tech-
nique dealing the development of bioadhesive based fibre boards. This review article
also covered type of adhesives, natural firbes, comparative study of synthetic and
bioadhesive based fibreboards. Laccase based adhesive is one of the very promising
adhesive for particle boards as far as environment is concern. Chemical reaction of
laccase has been studied in detail and also the behavior with wood.

1 Introduction

Wood composite had emerged as an alternative ofwood in the early twentieth century,
where small logs, non-commercial timber or waste cellulosic materials can be trans-
formed to wood like structure (Isroi et al. 2011). With the ever increasing demand of
wood composite, it is sure that future ofwood industrieswill certainly dependon engi-
neered wood product. It exhibits many advantages over solid wood like, smoothness,
uniform structure, knots free surface, dimensionally stable, availability in different
sizes and thickness, resistance to corrosion and fire, with a good tensile strength and
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easier to work (Nasir et al. 2013). These composite wood products are made from
wood-basedmaterials bonded together with a synthetic adhesive using heat and pres-
sure (Nasir et al. 2015). The wood materials may include veneer, strands, particles,
chips and fibers whereas adhesives are the most commonly urea formaldehyde or
phenol formaldehyde. The construction and furniture market is the most important
end-user for plywood, followed by packaging. The furniture industry is the most
important user of particleboard and medium density fiberboard (MDF). Laminate
flooring is a booming market for MDF and now accounts for nearly more than 40%
of all applications (European Panels Federation 2004).

Wood adhesives are essential components in wood composites. As the demand
of wood composites are increasing, especially MDF market, there is greater demand
of adhesives to convert low value wood to high quality and useful products. At
present, formaldehyde-based synthetic adhesives such as phenol–formaldehyde (PF)
and urea- formaldehyde (UF) resins are predominantly used (Nasir et al. 2014).
These adhesives are synthetically produced from non-renewable resources such
as petroleum and natural gas (Moubarik et al. 2010). The major drawbacks of
formaldehyde-based resins are they emit formaldehyde which is harmful to human
health (Li et al. 2009). Agency for Research on Cancer has classified it as a carcino-
genic to human (IARC 2004). Furthermore, the decreasing petroleum resources and
increasing price of fossil fuel has been a concern to the future cost and continues
supply of synthetic adhesives. Number of research has been done to reduce or replace
formaldehyde contents in adhesive preparation but none of them is commercially
applicable till now (Mozaffar et al. 2004; Khan and Ashraf 2006).

The increasing health and environment concern, and to maintain continues supply
of adhesive, bio-based adhesives are a growing interest among researchers. Number
of natural products like tannin, lignin, andmore recently proteins based adhesives are
under intense study to produce a bio-based natural adhesive (Pizzi 2006; Mansouri
et al. 2010). Since tannin and lignin both are polymer of phenol compound, they are
primarily viewed as substituting option for synthetic phenolic resins. Tannin based
adhesives have received more improvement and it is being used commercially for
the last 20 years in southern hemisphere of the world (Pizzi 2003). However, a huge
availability of lignin as a byproduct of pulp and paper mills has made it an attractive
raw material for adhesives (Pizzi 2003). In the past few decades number of patents
has been done dealing with the application of pulp lignin as a wood adhesive, where
lignin is cross-linked by condensation reactions. The commercial use of lignin is still
growing but the progress is very slow (Pizzi 2006).

2 Medium Density Fiberboard (MDF) from Natural
Adhesive

MDF is manufactured by combining the wood fiber with a synthetic thermosetting
resin such as urea–formaldehyde (UF) or phenol- formaldehyde (PF) and hot pressed
into various shape and size (Huttermann et al. 2001). In this entire process, basically,
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only one foreign component is added which is not found in the natural wood, i.e.
the synthetic adhesive. The major drawback of these adhesives is that they contain
volatile organic compounds that are harmful to human health and the final products
are difficult to recycle (Nasir et al. 2014). Due to this reasons, many developed
countries fromEurope andNorthAmerica have already imposed regulations, limiting
the emission of formaldehyde from building materials (Kavvouras et al. 1998).

Therefore to fabricate a completely naturalMDF, it should be either prepared with
no synthetic adhesive or supplemented with a natural adhesive such as lignin based,
soy based adhesives etc. Fiber modification is also one of the approaches to prepare
MDFwithout formaldehyde based adhesive. It includes the enzyme treatment, steam
treatment, microwave treatment or direct pressing at high temperature to modifying
the thermoplastic behavior of cellulosic fiber and initiates the self-bonding (Nasir
et al. 2017). Being a semi-crystalline molecule, lignin is the principal component
which starts to plasticize at lower temperature (above 200 °C) than the cellulose
(Lora and Glasser 2002). To achieve strong bonding between the crystalline layers,
a semi-crystalline thermoplastic lignin matrix must have sufficient time to melt and
diffuse in between existing layers. Crystallization kinetics is a complex process and
plays an important role in determining the bonding strength of product made up of
consolidation of semi crystalline material (Tierney and Gillespie 2004). Felby et al.
(1997, 2002, 2004) and Kharazipour et al. (1997) have revealed that wood fibers can
be enzymatically activated in vitro by laccase enzyme, and this treated fiber can be
used to produce wood composites with enhanced self-bonding between fibers. Table
1, enlists the important developments in MDF preparation by self-bonding of fiber.
A fiber board prepared from laccase treatment shows an improved tensile strengths
but the biggest problem is lower water resistance (Huttermann and Haars 1981).
However, in order to meet the international standard, the final composite product is
supposed to be a water-proof.

3 Natural Fiber

Awoody plant can either be gymnosperms (softwoods) or angiosperms (hardwoods),
classified on the basis of their anatomical differences. But woody plants have many
anatomical differences in species and even within species based on growing condi-
tions. Gymnosperms are primarily composed of longitudinal tracheidwhich is simple
as compared to the structure of angiosperm and length ranges from 3 to 4 mm.
Angiosperms are composed of a complex structure made up of 4 major cells, longi-
tudinal parenchyma, ray parenchyma, vessel elements and fiber tracheids. The fiber
length of angiosperms is smaller than softwoods, at less than 1 mm (Haygreen and
Bowyer 1996).
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Table 1 Important development in MDF preparation by self-bonding of fiber

Treatment Method Advantage Limitation References

Ferric sulfate Treatment before
pressing

no adhesive Not resistant to
water

Linzell (1950)

No treatment High pressure
(100 g cm−3) and
high temperature
(200 °C) for
longer time

Water resistant Energy
consuming,
harsh condition

Klauditz and
Stegmann (1955)

Hydrocloric acid
+ ferrous sulfate

Chemical were
sprayed on the
wood fiber

High mechanical
strength

Corrosive nature Stofko and
Zavarin (1977)

Lignin
plasticizing

Heating above
glass transition
temperature (Tg)

Completely
eco-friendly

Required a high
temperature

Wagenführ
(1988)

Laccase
treatment

Enzyme activates
the lignin content
of fiber

Completely
eco-friendly

Not water
resistant

Felby et al.
(1997),
Huttermann et al.
(2001)

Laccase/HBT Laccase mediated
compound is used
to improve
self-bonding of
fiber (HBT =
1-hydroxyl
benzotriazole)

Improved wet
strength in paper

Not water
resistant

Wong et al.
(2000)

Improved milling Normal MDF
preparation
technique

Eco-friendly Not comparable
to commercial

Velasquez et al.
(2003)

Steam treatment Steam exploded
method
plasticizing native
lignin

ecofriendly energy
requirement, not
water resistance

Salvado et al.
(2003)

3.1 Physical Properties of Natural Fibers

The properties of MDF depend on natural fiber that may varies by species, shapes,
sizes, orientations, and thickness of the cell walls of individual fibers (Rafiqah,Abdan
et al. 2020). These fibers may differ, in coarseness, strength, stiffness and roughness
or smoothness of the fiber surface of cell walls (Siakeng, Jawaid et al. 2020). Thus
it is better to know the length, width type and source of the fibers which play an
important role to determine the properties of MDF. Being a cellulosic material,
wood fiber is a hygroscopic, dimensionally unstable and prone to biological attack.
When MDF prepared from such fiber comes into contact of water, it swells up and
sometime swelling is not recoverable. A thickness swelling markedly weakens panel
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products and reduces the appearance. Thus a MDF quality improves by improving
the dimensional stability of the panel product.

3.2 Chemical Composition of Fiber

Cell walls of both, gymnosperm and angiosperm are chemically composed of cellu-
lose, hemicellulose, lignin, and some amounts of extractives (5–10% by weight)
(Asim, Paridah et al. 2020). A simplified structure of a typical hardwood fiber and its
orientation in different layer is depicted in Fig. 1. A woody cell wall can be divided
into three distinct layers, i.e. middle lamella, primary cell wall and secondary cell
wall. The middle lamella contains a high proportion of amorphous material which
holds neighboring fibers together. The primary cell wall is approximately 0.03–
1.0 μm thick, and also contains a high percentage of lignin. The secondary cell wall
can be further divided into three layers, namely S1 S2 and S3 from outward to the
inward. The S2 layer is the most dominating layer and generally constitute 1–5 μm
whereas, S1 and S3 layers are thin and made up of 0.1–0.3 μm. S2 layer is primarily
responsible for the all themechanical properties of individual fibers. Themicro fibrils
of secondary cell wall are arranged in a set pattern and wound helically around the
fiber axis whereas it is oriented randomly in the primary walls.

Fig. 1 Typical structure of cell wall with its micro-fibril arrangement in different layer (Adopted
from Dinwoodie (1989))
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Fig. 2 Long cellulose chain depicting, a structural unit Glucose and a functional unit cellobiose
(Adopted from Sjostrom (1993)))

3.3 Cellulose

Cellulose is one of the most abundant natural polymer on this planet (Asim et al.
2015). It contributes 40–45% of the dry weight of wood and located primarily in
the secondary cell wall. Celluloses are long linear chains of D-glucose connected
with ß-1,4-glycosidic bonds (Fig. 2) (Lamaming et al. 2015; Osong et al 2016). The
degree of polymerization ranges from 1000 to 10, 000 or more in native wood. The
hydroxyl groups present in its basic structural unit link laterally by strong hydrogen
bonding networks giving rise to a crystalline structure (Gumuskaya et al. 2003).
Cellulose exists in four different crystalline forms (polymorphs) of cellulose: I, II,
III, and IV. Cellulose I is the native cellulose exist in natural state, and exhibits two
allomorphs, Iα(triclinic) and Iβ (mono clinic), rest all the polymorphs are the result
of some chemical modification (Lavoine et al. 2012).

A crystalline region cellulose chains are interrupted by some occasional folds or
links called defects and amorphous regions at every 60 nm which makes cellulose, a
semi-crystallinemolecule (Ioelovich 2008). The degree of crystallinity of cellulose is
one of the most important parameters to study the physical and mechanical behavior
of cellulose fiber. With the increase of crystallinity to amorphous ratio, rigidity of
cellulose fibers increases but at the same time flexibility decreases (Ishikawa et al.
1994; Mo et al. 1994). Furthermore, crystallinity of cellulose plays an important
role in accessibility and digestion (longevity) of cellulose fiber (Awadel-Karim et al.
1999).

3.4 Hemicellulose

Hemicelluloses are the second most abundant biopolymer, which lend support to
the cell wall and constitutes 20–30% of the dry weight of wood. It comprises the
backbone of differentmonosaccharides such as glucose, xylose, arabinose, galactose,
fructose, mannose, galacturonic acid, and glucuronic acid, linked by β (1 → 4) bond
(Ebringerova and Heinze 2000). Figure 3 showed the monomers of Hemicellulose. It
is branched, hetero-polysaccharides with lower molecular weights and lower degree
of polymerization (80–200) as compared to cellulose. It is an amorphous polymer
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Fig. 3 Structure of hemicellulose monosaccharides (Adopted from Sjostro (1993))

having monosaccharides as side chains. Due to these factors hemicelluloses are very
susceptible to chemical attack. It is usually found attached with various other cell-
wall components such as cellulose, lignin, and cell-wall proteins by covalent bonding,
hydrogen bonding, or by ionic interaction (Sun et al. 2000).

3.5 Lignin

Lignin is the third major polymeric components found in the cell walls of wood,
contributes 20–30% of total dry weight of the wood (Nasir et al. 2015). It acts as
an adhering material in the cell wall and binds up the cellulose and hemicellulose
component together, provide strength and rigidity to the plant stem necessary for
vertical growth (Feldman 2002). Higher lignin content in cell walls increases the
rigidity, improves compressive strength and lowers the porosity. Apart of providing
strength, it performs as a resistance against biological attack and makes the vessel
tissue, water proof and helps in water transport. The highest concentration of lignin is
found in the middle lamella and primary cell wall (Saka and Goering 1985), whereas
the highest amount is found in secondary cell wall as it contribute major portion of
the cell wall (Harris 1990).

A lignin molecule can be described as an amorphous, highly irregular, complex
polymer of phenyl propane monomers (Nasir et al. 2013). Figure 4 depicts the lignin
monomer units, based on methoxy group present in phenyl propane; it is divided into
types, namely p-coumaryl alcohol (p-hydroxy phenyl), coniferyl alcohol (Guaiacyl),
and synapyl alcohol (syringyl) (Dence and Lin 1992; Sjostrom 1993).

These three phenylpropane are found together in all plants but in different propor-
tions. Softwoods are composed of approximately p-coumaryl alcohol 14% coniferyl
alcohol 80%, and only 6% of sinapyl alcohols, whereas a hardwood are composed
of p-coumaryl 4%, coniferyl 56% and considerably large amount of sinapyl alco-
hols i.e. 40% (Jung and Fahey 1983). Phenylpropane monomers linked together by
radical coupling of carbon to carbon or ether reaction and make a network like struc-
ture (Glasser and Jain 1993). In native state, lignin shows various linkage pattern,
among them the most common linkage are β-O-4, α-O-4, β-5, 5-5, 4-O-5, β-1, and
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Fig. 4 A simplified structure of phenyl propane units of lignin (Adopted from Dence and Lin
(1992))

β-β (Dence and Lin 1992; Sjostrom 1993). Figure 5 show a simplified structure of
lignin units, depicting various bonding pattern of monolignols units.

Fig. 5 A simplified structure
of lignin polymer. p Hydroxy
phenyl (a), guaiacyl (b) and
syringyl (c) are linked
together by β-O-4, α-O-4,
β-5, 5-5 and 4-O-5 (Adopted
from Dence and Lin (1992))
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3.6 Extractive

These are the low molecular weight compound which often gives colour to wood. It
contributes 5–10%of the total dryweight of thewood and varies by species to species
and location within individual trees grows. Its role in the plant is very diverse such
as it may provide energy, improves resistance against microbial attack and changes
the hydrophobicity behavior. Some examples of extractives are terpenes, resin acid,
triglycerides and various phenolic compounds.

4 Synthetic Adhesive

Urea–formaldehyde (UF) adhesive is the most common adhesive used because of it
several positive aspects such as non-flammable, low cost, rapid curing rate, and a
light color. However, it has some strong negative aspects also such as, poor water-
resistant and formaldehyde emission form the product (IARC, 2004; WHO, 2004).
But still UF adhesive is commercially predominant adhesives used for interior grade
plywood, particleboard and MDF.

Phenol–Formaldehyde (PF) resins performs better than UF resin is a product
of addition and condensation reactions of phenol and formaldehyde either it is an
acidic or basic condition. Methylol from formaldehyde, has a very high tendency
of addition on Phenol and generally occurs at ortho and para position, and form 2,
4, 6 methylol-substituted phenols. This methylol-substituted phenols, further goes
under condensation reaction and forms a mixture of linear or branched polymers of
different size. Polymerization is the last reaction starts during the setting process
when it is heated to definite temperature (Koch 1987).

Resorcinol–Formaldehyde (RF) resins are prepared from same reaction mecha-
nism as PF resin i.e. addition and condensation reaction of resorcinol and formalde-
hyde in basic condition. Resorcinol contains one more hydroxyl group than phenol
(Asim, Saba et al. 2018), at meta-position which makes it more reactive towards
formaldehyde. Resorcinol is very reactive towards formaldehyde and starts poly-
merization reaction quickly even at room temperature (Gierenz and Karmann 2001).
In wood composites, RF resin exhibits a very strong bonding strength compared to
PF resin. However, still it is not preferred over PF resin because of its high cost, short
pot-life and dark colour.

Melamine contains three reactive amino groups which have an addition reac-
tion with formaldehyde and forms Melamine–Formaldehyde (MF) resins. Further-
more, theseMFmonomers undergo a condensation reaction and forms a cross linked
network structure. MF resin is resistant to moisture and generally preferred for exte-
rior grade of composite. However, MF resins are less popular than UF and PF resin
because of high cost of melamine.

Epoxy resins are chemical compound, contains epoxy functional groups that
starts polymerization in presence of catalyst and hardener (Gheith, Aziz et al. 2019).
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Bisphenol A diglycidyl ether (BADGE) is the most common and widely used epoxy
resin worldwide, it is a derivative of bisphenol A (a condensation product of phenol
and acetone). Epoxy resin exhibits an excellent physical and chemical property like
superior mechanical strength, good weather resistance, low cure shrinkage, excellent
chemical and corrosion resistance (Asim, Jawaid et al. 2019) (Ratna 2003). Epoxy
resin shows a wide range of application and forms a good bonding to various mate-
rials including wood, plastics, metals, concrete and ceramics. It is less popular in
wood working because of its high cost and durability limitation; in some cases its
cost become higher than the cost of wood itself (Karayannidou et al. 2006).

Polyvinyl Acetate (PVA) is prepared by emulsion polymerization of vinyl acetate.
It is generally of white colour and sold in aqueous emulsion form. It is the most
commonly used glue in wooden joints. PVA glue has excellent advantage to set up in
short time, at ambient temperature and gives a high strength. The only disadvantage
of PVA is, not resistant to water and heat. However, various cross linking monomers
such as N-(hydroxymethyl) have been introduced that can polymerase with PVA and
improve its water and heat resistance (Liu et al. 2005).

5 Natural Adhesive

They are obtained from renewable raw materials and could be origin from proteins,
natural rubber, starch, or cellulose etc. Based on their source of raw material it is
further divided as follows.

5.1 Animal Glues

Animal glues are prepared from the skin and bones of animal such as sheep cattle etc.
These glues are basically protein based adhesives formed by hydrolysis of collagen
protein. Since proteins are amphoteric compound it contains many free reactive sites
of carboxylic acid group (–COOH), amide group (–CONH–) and amino groups (–
NH–, –NH2) which interacts with each other within protein chains as well as with
wood also (Blomquiest et al. 1981). Animal glues were being used for wooden works
from very ancient time but now it has been replaced by synthetic polyvinyl acetate
because of their lowmoisture resistance, prone to biological attack and its high price.
Furthermore, proteins from different source have different structure and number of
functional group, thus the properties also differs significantly, and preparing uniform
glue from different source is difficult (Eckelman 1997).
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5.2 Casein-Based Adhesives

Casein is a milk protein, separated when milk is treated with acid. A casein protein
contains very high amounts of carboxylic acid groups thus have a high solubility
in an alkaline medium such as sodium hydroxide solution or lime solution. This
carboxylic acid of casein protein can react with polyvalent metal ions and forms a
crosslink network. It shows a better water resistance then animal glue and suitable
for interior grade panels (Sellers 2001). However, its high viscosity makes it difficult
to apply in wood furnishing industries (Yang et al. 2006). Another problem of casein
glue is the high amount of tannic acid gives a dark stains to wood.

6 Blood-Based Adhesives

Bloods a byproduct of slaughterhouse can be used as an adhesive. It contains high
amount of albumen of protein (Lina and Gunasekaran 2010). Bloods are given alkali
treatment to unfold the protein and formaldehyde or PF resins are used to improve
the water resistance property. Blood-based adhesives shows a better water resistance
as compare to casein adhesive but having a lower strength compared to casein based
adhesive. It can be used efficiently, in combination with PF resin or soy based resin
in panel industries. However, commercially it is not being used any more (Lina and
Gunasekaran 2010).

7 Soy-Based Adhesives

Soybean is an abundant, renewable, and inexpensive agricultural product readily
available to all over the world. The traditional soybean market as food and animal
feed has been saturated and nowadays, soybean meal is mainly used for livestock
and poultry. A non-food industrial market for oversupplied soybean is still need to
be developed. In the beginning of twentieth century, soy-based adhesive was being
used in the commercial production of composite, but replaced by urea formaldehyde
because of the superiority over soy-based adhesive (Liu 1997). However, soybean
can be an ideal rawmaterial for wood adhesives because of its advantage such as low
cost, easy handling, low pressing temperature. Although some inferior properties
such as low strength and low water-resistance of the resulting wood composite limits
the application of soy-based adhesive.

In recent years, there is an increasing interest of researchers can be seen to
develop a soy-based adhesive with improved strength and water resistance. A novel
method to modify soy-protein with urea, sodium dodecyl sulfate (SDS) and guani-
dine hydrochloride was observed to increase the strength and water- resistance in
plywood panels (Huang and Sun 2000). It is proven that the alkali treatment or
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protease enzymes pretreatment to soybean protein significantly improved the strength
and water- resistance of plywood samples bonded with modified soy proteins adhe-
sive (Nasir et al. 2014). Liu and Li (2004) demonstrated the chemical modifica-
tions of soybean like a mussel adhesive protein that can be used as a strong and
water- resistant wood adhesive. A resin prepared from soy protein treated with
polyamidoamine-epi-chlorohydrin (PAE) has been proven an excellent curing agent
(Li et al. 2004).

8 Lignin Based Adhesive

Lignin is considered as one of the potential and attractive substitutes of formaldehyde
based adhesive due to its phenolic based composition and abundance of availability.
Approximately 5× 106 million metric ton of lignin is produced as a byproduct annu-
ally from different processes such as soda kraft, hydrolysis, or enzymatic pulping
(Vishtal and Kraslawski 2011). Since lignin molecule is tightly attached to the holo-
cellulose, lignin solution contains impurities such as glucan, xylan,mannan, galactan,
and traces of ash when separated from cell wall (Mansouri et al. 2010). Such lignin
solution is called organosolv lignin (OSL) if obtained through organic solvent process
or enzymatic hydrolysis lignin (EHL) if obtained from enzyme hydrolysis. Most of
the lignin obtained from pulp mills is either burned or disposed wastefully and only
15–20% of total lignin is used for various purposes (Pizzi 2003).

An extensive work has been done on lignin for utilizing it as a wood adhesives but
none of them is being applied yet at commercial scale (Nasir et al. 2013). The most
success full attempt to utilize lignin in industrial application was done to replace
phenol partially from urea formaldehyde or phenol formaldehyde (Sulaiman et al.
2018) (Khan and Ashraf 2007). The lower reactivity of lignin with formaldehyde
was compensated by the addition of UF or PF adhesives up to some extent. Such
adhesives (lignin-UF or lignin-PF) can be utilized in plywood but not in MDF or
particle boards where rate of pressing is a critical parameter determines the cost and
profit of both process and product (Stephanou and Pizzi 1993).

Based on the concept of lignin biosynthesis in plant which is a free radical mech-
anism where destruction and chain oxidation takes place (Moldes et al. 2010). It
is hypothesized that enzyme activated lignin polymerisation may overcome the low
reactivity of problem of lignin (Suurnakki et al. 2010). The laccase enzyme reacts
with the lignin part of the cell component and generate free radicals of lignin, lignans,
and different lipophilic extractives (Moya et al. 2011) and allows a free radical reac-
tion, between carbon–carbon aswell as carbon–oxygen very quickly at low activation
energy (Pizzi 2003).
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9 LACCASE

Laccase (EC 1.10.3.2) enzyme is glycoproteins found in nature in white-rot fungi,
higher plants, insects and bacteria (Nasir et al. 2019). It is a well-studied oxido-
reductase enzyme act on lignin and its alliedmolecule (such as phenols, polyphenols,
anilines, aryldiamines, methoxy- substituted phenols, hydroxyindols, benzenethiols
etc.) (Kunamneni et al. 2007; Van de Pas et al. 2011). Further, it not only removes
the amorphous lignin content, but also changes the hemicellulose content and
ultimately the cellulose crystallinity (Kim and Holtzapple 2005, 2006). Although
several researchers have studied the enzymatic hydrolysis of lignocellulosic fiber,
the changes in physical and mechanical properties of fiber are not fully understood
(Setliff and Eudy 1980).

Laccase acts as an oxido-reductase agent; on one side it removes the lignin
molecule from cellulosic material and on other hand it helps in vivo polymeriza-
tion of lignin through free radical reactions (Dashtban et al. 2010). Laccase catalyze
one-electron substrate oxidation alongwith four-electron reduction of O2 (Zhou et al.
2009). It is believed that four moles of phenoxy hydroxyl groups are oxidized to four
moles of phenoxy radical and reduce oxygen to two molecules of water (Camarero
et al. 2007). This efficiency of the laccase enzyme to oxidize lignin is being exploited
commercially in pulp and paper industries for the eco-friendly removal of lignin from
pulp (Suurnakki et al. 2010). A diagrammatic representation of laccase activity is
presented in Fig. 6.

The treatments usually involve the application of laccase enzymes to activate
lignin on fibers (one-component system) or the addition of another component with
laccase to act as a potential cross-linking agent (two component system) (Gochev
and Krastanov 2007). Since the laccase enzymes are too large to penetrate fibers (50–
100 kDa) treatments result only in a surface modification (Kunamneni et al. 2007).
Therefore, the treatments helps in increasing the board strength and free phenolic
groups on the fiber surface create potential reactive sites as phenoxy radicals. Based
on this theory, there is a growing interest that laccase can be employed to generate

Fig. 6 A hypothetical diagrammatic of laccase reactivity
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reactive quinonoid structures in lignin-rich fibers that could be reacted with amino
acids to generate, enhanced fiber charge. A chronological development in laccase
application in fiber treatment is listed in Table 2.

10 Laccase: Reaction Mechanism

Laccase is specific to the phenolic compounds leading to the Cα oxidation, Cα-Cβ

cleavage and aryl–alkyl cleavage. A simplified laccase enzyme reaction mechanism
is drawn in Fig. 7 without mediator. The laccase catalysis mechanism involves three
major steps of reaction. Initially the Cu I, is reduced by a reducing substrate and
oxidized itself. The electron generated at Cu I is transferred to Cu II internally and
finally to Cu III which is arranged in a triangular structure of each other (Fig. 7)
(Kunamneni et al. 2008).

Laccase utilize oxygen as the electron acceptor and remove protons from the
phenolic hydroxyl groups. Thus the free radicals at phenolic compounds are formed
that can spontaneously rearrange, and lead to fission at C–C or C–O bonds of
the alkyl side chains, or causes cleavage to aromatic rings. In this whole process
oxygen molecule is reduced to water at the tri-nuclear cluster. It is observed that
the O2 molecule binds to the tri-nuclear cluster of Cu for asymmetric activation
and it is assumed that this O2–bond pocket restricts the entrée any other oxidizing
agents except O2 (Petri and Laine 2002).Thus a laccase can reduce one molecule of
oxygen to twomolecules of water through one electron oxidation of various aromatic
compounds,such as phenols, polyphenols, anilines, aryl diamines, methoxy- substi-
tuted phenols, hydroxyindols, benzenethiols etc. (Bourbonnais et al. 1997, 1995).
This oxidation reaction generates an oxygen-centered free radical, which can then
be transformed in a second enzyme-catalyzed reaction to quinine (Moilanen et al.
2011).

A laccase can extend its substrate range from phenolic to non-phenolic organic
substrate if a mediator supplemented with laccase (Gochev and Krastanov 2007).
A mediator is a group of organic compounds (generally low molecular-weight) that
can be oxidized by laccase and form a highly active cation radicals. These radi-
calsreacts to various chemicals compounds including non-phenolic that a laccase
alone cannot oxidase. Figure 8 present the simplified reaction mechanism of laccase
reaction under the presence of Mediator. Some of the common mediators are
2,2′-azinobis 3-ethylthiazoline-6-sulfonat (ABTS), N-hydro-xyphthalimide (NHPI),
1-hydro- xybenzotriazole (HOBT) (Gochev and Krastanov, 2007).
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Table 2 Chronological development of laccase application fiber treatment and lignin modification

References Contribution/Application/Novelty

Yoshida (1883) Credited to discover laccase first time in latex from the
Japanese lacquer tree (Rhus vernicifera) hardened in the
presence of air

Huttermann and Haars (1981) In-vitro treatment of lignin, generates quinonoid
intermediates, and subsequently lignin polymerization

Kawai et al. (1988) Laccase polymerized lignin by radical coupling,
alkyl–aryl cleavage or Ca oxidation

Vaheri et al. (1991) Patented first the pretreatment for fiber pulping, it reduces
energy consumption during mechanical pulping

Bao et al. (1993) Reported laccase in plants, and its role in lignin
biosynthesis

Heinzkill and Messner (1997) Isolated laccase from many sources such as plants,
bacteria, and insects

Bourbonnais et al. (1997) Studied laccase alone is not so effective oxidizing agent
but needs some mediator to enhance its activity

Murphy et al. (1997) studied the structural comparison all these laccase

Xu et al. (1998) Studied the reaction mechanism and various parameters
of enzyme reaction in pulp,

Ikeda et al. (1998) Laccase induced radical polymerization of phenoxy
redical of lignin with or without mediator

Gianfreda et al. (1999) Explained laccase is a glycoprotein with average
molecular mass of 60–70 kDa

Bajpai (1999) Explained it as a nonspecific enzyme, can be utilized in
various application such as delignification, bioleaching
etc.

De Souza and Peralta (2003) Explained, that majority of fungal laccase are a
extracellular having molecular size 60–70 kDa with
isoelectric point (pI) around pH 4.0

Felby et al. (2004) Treated wood fiber for MDF manufacturing, it was
concluded that Laccase treatment causes a significant
fiber surface modification by enriching with lignin and
extractives precipitation on to the surface

Xu (2005), Nyanhongo et al. (2002) Studied the nonspecific nature of laccase, its substrate has
wide range such as: phenols, polyphenols, anilines, aryl
diamines, methoxysubstituted phenols, hydroxyindols,
benzenethiols and many inorganic/ organic metal
compounds

Alcalde (2007) Studied laccases molecules are monomeric extracellular
enzymes contains four copper atoms bound to 3 redox
sites. Also studied the laccase-mediator system (LMS)
such as 2,2′-azino-bis-(3-ethylbenzothiazoline-
6-sulphonic acid) (ABTS) and 1-hydroxybenzotriazole
(HBT)

(continued)
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Table 2 (continued)

References Contribution/Application/Novelty

Suurnakki et al. (2010) Laccase is highly reactive towards fiber containing more
accessible and reactive surface lignin. Also observed that
a small amount of enzyme is more relevant in larger scale
activation of pulp fiber

Fig. 7 Laccase reaction specific to substrate (Adopted from Gochev and Krastanov (2007))

Fig. 8 Laccase reaction under mediator system increase the substrate range (Adopted fromGochev
and Krastanov (2007))

11 Factor Affecting Laccase Activity

11.1 Influence of pH on Laccase Activity and Stability

Laccase activity is highly dependable to the pH of substrate or medium of reac-
tion (Kim and Nicell 2006). The mediator such as ABTS also can change the pH
optima of the reaction and it is observed from the range 3.0–5.0 (Kunamneni et al.
2007). Laccase exhibits a bell shaped trend of enzyme activity against pH and varies
considerably (Slomezynski et al. 1995). Laccase obtained from Trametes modesta
was observed the best activity at pH 4.5 and decreased to great extent when pH was
brought to 3.0 (Edens et al. 1999). It is found that at high pH value a redox potential
deference is created that can increase the oxidation of substrate at Cu I clusterbut the
OH− binding at Cu II and Cu IIIcauses an inhibition of the laccase activity because
of the interference of the internal electron transfer between the Cu I and Cu II/III
centers. These two reasons play an important role in deciding the optimal pH of the
bi-phasic laccase enzymes (Slomezynski et al. 1995).
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11.2 Temperature on Laccase Activity and Stability

The optimal temperature of laccase varies to a wide range and depends on the source
of origin. The stability of the enzyme can be increased by immobilizing the enzyme
on glass powder by air drying. Laccase obtained fromMyceliophtera thermophila can
perform up to 50 °C (Felby et al. 2002), whereas the laccase obtained from Trametes
villosa had a standard temperature 30 ± 5 °C (Felby et al. 2004). In general, a high
temperature (>65 °C) or a moderately high temperature (47–50 °C) for a duration
of 24 h causes the inactivation of laccase enzyme (Snajdr and Baldrian 2007). In
general the optimum temperature of laccase activity is observed between 25 and 35
°C which is best suited for the cultivation and production of enzyme also (Pointing
and Vrijmoed 2000).

11.3 Influence of Inhibitors on Enzyme Activity

Many ions such as halides, azide, thiocyanide, cyanide, hydroxide and fluoride bind
to the Cu II and Cu III, of laccase causes the interruption of internal electron transfer,
therefore check of activity. Some other inhibitors include fatty acids, metal ions
(e.g. Hg + 2), hydroxyglycine, sulfhydryl reagents, desferal, cationic quaternary
ammonium detergents, and kojic acid, alsocauses inhibition to amino acid residue
modifications, or Cu chelation (Kiiskinen et al. 2004). Enzymatic oxidation is highly
depend on configuration of the Cu atoms, any change in configuration may leads to
the loss of activity (Kunamneni et al. 2007).

11.4 Fiber Modification

Fiber modification can be discussed in two aspects, first as a physical modification
and second as chemical modification.

11.4.1 Physical Modification of Fiber

A close observation of MDF revels that an adhesive alone is not only responsible
for fiber bonding but a mechanical entanglement also plays major role. A catalyst
or enzyme that initiate an oxido-reductas reaction in the fiber can be used for cross-
linking or self-bonding of wood fibers to prepared aMDFwithout using any external
adhesive (Nasir et al. 2013). An enzymemodified fiber can improve the inter-bonding
strength of fiber in MDF by many ways such as mechanical interlocking, adsorption
behaviour, chemical bonding or combination of all (Siakeng, Jawaid et al. 2019).
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Mechanical interlocking is a type of physical force in which two component of
distinct interface are held together. It is a like a dovetail joints where the surface
of one component is embedded into another. In a laccase hydrolysis process with
breakdown of lignin, precipitation and adsorption of lignin is also occurred at same
time (Maximova et al. 2004). A lignin adsorbed surface can change the sorption
characteristics, dimensional stability and intermolecular adhesion of the fiber. Since
Laccase are too large to penetrate fibers (55–100 kDa), it modify the amorphous
extracellular component only (Kunamneni et al. 2007). Hence, due to a size exclusion
reasons, laccase treatment is only a surface modification and it alters extracellular
lignin only without affecting the cellulose fiber.

11.4.2 Chemical Modification of Fiber

A chemical modification involves a direct chemical reaction of components at the
interface. It can be free radical reaction, ionic reaction, hydrogen bonding or carbonyl
bonding (Asim, Jawaid et al. 2018) (Hill and Ceti 2000). Figure 9 showed, some of
the possible self-bonding reactions may occur at the time of hot pressing. Laccase
is a well-established approach to initiate the phenoxy radicals from lignin by oxido-
reduction process (Mai et al. 2004; Huttermann et al. 2001). Tomodify thewood fiber

Fig. 9 Auto adhesion between the two modified fiber (Adopted from Widsten (2002))
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surface it is crucial to understand all the major components i.e. cellulose, hemicellu-
lose and lignin of the fiber (Asim et al. 2019). In order to improve the self-bonding
of fibers many hypothetical ideas are under investigation such as: (1) How to enrich
a lignin component at the surface wood fiber, (2) How to plasticized the fiber matrix
(lignin and hemicellulose) in-situ and utilized as an adhesive for fiber bonding, And
(3) How to activate the native lignin to start the free radical polymerization within
and between the fibers.

The first approach to modify wood fiber is based on the hypothesis that laccase
enzyme can generate a free radicals by an oxido-reductase reaction into phenoxy
radicals of lignin molecule (Gradwell 2004). These free radicals further undergoes
to polymerization reaction and form network of polymer by coupling (like thermoset
adhesives). In recent study, it is well established that laccase enzyme obtained from
fungi is a best suited for activation of native lignin and accelerate oxido-reductase
coupling of fiber (Felby et al 2004; Nasir et al. 2014, 2015).

Another approach to improve the self-bonding of the fiber is to bring out the
copolymer matrix (lignin and hemicellulose) onto the surface of the fiber that will
take part in auto adhesion of fiber when the fiber will be pressed at high tempera-
ture. Laccase enzyme is a specific enzyme to a wide range of substrate (Phenolic
compound) (Felby et al. 1997). It can oxidize the number of organic compounds
present in plant cell wall such as lignin, ortho and para diphenols, aminophenols,
polyphenols, aryl diamines polyamines, and some inorganic ions (Yaropolov et al.
1994). These copolymer of the cell wall exhibits an amphiphilic nature and serves
as both adsorbing surface and adsorbable amphiphiles (Akiyoshi et al. 1995). It is
evident that a ligno-cellulosic composite can be formed successfully if the wood
surface is coated with the thermoplastic cell matrix such as lignin and hemicellulose
(Akiyoshi et al. 1992). Thus enzymatic treatment to wood fibers has been emerged
as a potential tool to solving multi-direction problem.

11.5 Lignin Modification

Being a polyphenol compound, lignin structure has a very close similarity with
phenol–formaldehyde (PF) resins. To transform a lignin into insoluble adhesive, it
should have to be additionally cross-linked. The lower number of free position in
aromatic nuclei and lower rate of reactivity limits the utility as an adhesive. Further-
more, the presences of methoxy or methoxy-equivalent groups on the aromatic ring
of lignin are considerably less reactive toward hydroxybenzyl alcohol groups than
the hydroxyl group found in phenol (Pizzi 2003). Because of these reasons, lignin
cannot be effectively utilized as a potential adhesive as synthetic PF resins.

Therefore, the potential cross-linking agents such as polyisocyanates epoxides,
polyols, polyethyleneimine, polyacrylamides,maleic anhydride, aldehydes, proteins,
amines, hydrazine or melamine are required to achieve desire result. So far, all these
procedures, for different reasons, have not led to anymajor practical application. The
laccase treatment to activate lignin molecule is relatively new technique and a new
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hope of success (Wu et al. 2011; Huttermann et al. 2001. Laccase activity to initiate
cross-linking, is same as the reaction mechanism of hydrogen peroxideas reported
by Nimz (1986) but it is little milder.

11.6 Lignin: Chemistry

Lignin is an amorphous polphenolic material formed by the polymerization of three
types of phenyl-propanoid monomers, therefore, the chemical structure cannot be
drawn specifically (Sakakibara 1980; Hwang et al. 1989). It is chemically bonded
to polysaccharides of cell wall, hence its isolation and purification is also a difficult
(Koshijima and Watanabe 2003).

The chemistry of lignin is complicated compared to other biopolymers like
proteins or carbohydrates that are linear chains or at the most branch polymers.
Lignin is composed of a three dimensional network, lacking the regular and ordered
repeating units like other biopolymers such as cellulose (Gonzalez et al. 2005). There
are very few information is available about the crosslinking between lignin and cell
wall carbohydrates. Ester and ether linkages have been reported for ferulic acid and
saccharide molecules (Ralph et al. 2008).

The most accepted theory on lignin polymerization, is radicals coupling reactions
of three basic monolignols, p-coumaryl, coniferyl and sinapyl alcohols (Fig. 10).
The process of lignin polymerization is known as lignifications in which phenolic
monomers, produces radicals, and couples together with other monomer radicals and
forms oligomers and ultimately a phenyl-propanoid polymer (Brunow 1998). The
majority (approximately two-third) of chemical bonds in the native lignin polymeric
network are of the C–O–C ether linkage type between the phenylpropane units. Such
bonding can be, β-O-4, β-5, 5-5, 5-3 or α-4, among these β-O-4 and 5-5 are the most
common and contribute two-third of the total bonding (Fig. 11).

Fig. 10 Structural formula of lignin unit.Where (1) represents the p-hydroxyphenyl (H) (2) guaiacyl
(G) and (3) syringyl (S) (Adopted from Ralph et al. (1999))
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Fig. 11 Type of bonding formed during polymerization (Glasser et al. 2000)

Table 3 Type of linkage in
percent found in lignin
polymer, separately in soft
wood and hardwood plant
(Adopted from Sjostrom
(1993))

Linkage types Percent total linkage

Softwood Lignin Hardwood Lignin

β-O-4 50 60

β-5 9–12 6

5-5 10–11 5

α-O-4 2–8 7

4-O-5 4 7

β-1 7 7

β-β 2 3

Table 3. exhibits various linkages in lignin chain with percent distribution in soft
wood and hard wood species. Furthermore lignin includes branched and cross-linked
structures also. The more the lignin is condensed the more difficult it is to degrade
and to get it dissolved in the pulping or fractionation processes.

11.7 Lignin Polymerization

Number of theories has been proposed to explain the lignin polymerization. Dean
and Eriksson (1994), Higuchi (2000) studied the lignin polymerization by using
chemicals and observed that phenolic monomers are polymerized by the catalytic
action of phenol oxidases or peroxidases. A similar reaction was observed when
lignin was oxidized by laccase enzyme. The enzymatic oxidation of lignin with an
oxido-reductases laccase and peroxidase has been shown to increase the bonding
strength of fibers in MDF (Felby et al. 1997 and Kharazipour et al. 1997). Laccase
catalyzes a one-electron oxidation and transformed four phenolic hydroxyl groups
in to four phenoxy radicals while reduces oxygen molecule, in to two molecule of



72 M. Nasir et al.

water. The reaction can be expressed as follows (Widsten 2002):

4PhOH + O2
Laccase
� 4PhO + 2H2O

The idea of utilizing laccase as oxidizing enzymes for lignin bonding applications
is based on the reactivity of phenoxy radicals in the plant cell wall. In native plant
in-situ oxido-reductases catalysis activity initiates the polymerization through cross-
linking of phenoxy radicals, and thus the same technique can be applied for bonding
of lingo-cellulosic materials in vitro. The laccase activity of delignification can be
improved by adding a redox mediator which increases the range of substrate from
phenolic to non-phenolic compound (Bourbonnais et al. 1997). Furthermore, the
laccase mediated oxidation reaction mechanisms; to generate the oxidized radical in
the substrate is different from laccase alone. It enables the oxidative transformation at
high redox potential of substrates which is not possible with laccase enzyme carry a
low redox potential (Bourbonnais et al. 1997). Thus the substrate range and ultimately
industrial applicability of laccase can be improved to a great extent by the use of
a laccase-mediator system (LMS). But in the fiber treatment for MDF fabrication
needs a mild and short term treatment just to improve the quality of fiber and activate
the lignin molecule, thus this technique is not applied in this research. Furthermore
using a mediator in enzyme reaction may increase the chances of laccase reaction
with some non-phenolic compound also which may leads to reduce the fiber quality.

Lignin polymerization is begun with oxidation of the phenyl-propane phenolic
hydroxyl groups (Kuzina et al. 2011). The lignin precursors undergo dimerization
through enzymatic dehydrogenation, which is initiated by an electron transfer and
yields resonance-stabilized phenoxy radicals. Figure 12 exhibits the phenoxy radical
formed from lacaase oxidations and different form of resonance. Through, in the
resonance process radicals changes many position to stabilize the oxidised phenolic
compound, it forms different coupling reaction with another radical in any of the
positions of the unpaired electron. Suchmono-lignol, having free radical can undergo
radical coupling reactions and producing number of dimers, called as di-lignols (van

Fig. 12 Generation of resonating phenoxyl radicals by enzymatic dehydrogenation of coniferyl
alcohol (Adopted from Freudenberg and Neish (1968))
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Parijs et al. 2010). The bonding type β-O-4 and β-5 leads to the linear polymer.
However, a branched polymer may form when a nucleophilic compound such as
alcohols or phenolic hydroxyl groups, water attacks on the benzyl carbon of the
quinone methide intermediate.

In one-electron transfer reaction, ligninmolecules are converted into small precur-
sors of lignin called lignols. These lignols react further with additional lignol radicals
in a typical chain reaction to form the bilignols. The dilignols then undergo further
endwise polymerization, instead of combining with one another. Figure 13 present
the polymerization reaction of lignin units. Goring 1989 studied, these additions of
more monomers to the already-existing lignin molecule, by a simple radical reaction
catalyzed by either laccase or peroxidase, finally leads to the very complex structure
of lignin, which forms an infinite random three-dimensional network in the middle
lamella of woody plants.

Fig. 13 Lignin polymerization reaction under free radical reaction (Adopted fromWindsten (2002))
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12 Development in Lignin Based Adhesive

The idea of using natural products in adhesives is not new. Animal blood and casein
adhesives are one of the oldestmaterials used aswood adhesives. Theywere displaced
by higher performance synthetic polymers in the 1950s. However, due to cost, envi-
ronmental and concerns, the natural products are now regaining a prominent posi-
tion. The natural adhesive/bio-adhesive could be any material develops from natural
resources as a starting point which will provide similar or improved properties to
their petroleum-based counterparts. Number of patent has been filed on natural adhe-
sive such as protein based tannin based, soy based, lignin based like Organosolve
ligin (OSL) and Enzyme hydrolysis lignin (EHL) etc. The research is going but none
of them is claiming to be a better replacement of commercially available adhesive
(Moubarik et al. 2010; Kim 2009). One of the naturally occurring polymers that
are achieving significant attention is lignin—a waste product of the pulp and paper
industry. Over the years, lignin has been one of the most intensely researched raw
materials for wood adhesives, mainly because of its very low cost and vast avail-
ability. In fact, paper mills and pulp producers treat lignin as a waste and pay for
its disposal. The annual sales of lignin as specialty chemicals in 1998 amounted to
only 1% of the total lignin production. The remaining 99% is burned in an energy
recovery step or disposed of in waste streams. Lignin production is expected to rise
significantly with the current shift toward biorefineries, in which lignin is also a
byproduct.

Lignin provides biomass based resins with a phenolic-like molecular structure.
It is unusual as a biopolymer and more difficult to adapt to adhesives than starch,
cellulose or soy because of its heterogeneity and imprecise composition (Tejado et al.
2007). Native lignin is a cross-linked polymer, but the delignified lignin is partially
degraded to allow them to be separated from the cellulosics. For adhesive purposes,
these degraded lignin resins need to be further polymerized to obtain long polymeric
chain.

Lignin from the pulping process does not lead to a useful product because of the
cost of separating the lignin from the pulping chemicals and the variability of the
product. However, lignin sulfonates, contained in the spent sulfate liquids from sulfite
pulping of wood have been found to be more useful feedstock for the production of
reactive lignin. Table 4, shows the previous works done to utilized lignin as an
adhesive.

Lignin based wood adhesives have been prepared with formaldehyde or other
aldehydes (Jin et al. 2010). Although they have been claimed to provide properties
competitive with conventional phenol formaldehyde binders, the quality of lignin-
based resins varies significantly depending on wood source, the pulping operation,
and various other factors. The major disadvantages of lignin are that they have lower
reactivity towards formaldehyde than the other phenolic compound, long curing
times at elevated temperatures, and highly corrosive to processing equipment (Wang
et al. 2009). The lignin based resins also have a high degree of variability and dark
in color. For reactive lignin to be used in the production of adhesives, they need to
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Table 4 Development in lignin based adhesiveto prepare a composite

Method and application Limitation References

Lignin polymerisation by
oxidizing with H2O2

Lignin more reactive towards H2O2 Nguyen et al. (1981)

Lignin was applied as a
cementing material when
polymerized

Low degree of polymerization Sjostrom et al. (1993)

50 wt.% phenol of PF was
substituted from organosolv
lignin obtained from GNSL

Low reactivity of phenol obtained
from lignin

Khan and Ashraf (2006)

Kraft lignin and soda lignin
were used to prepared a
phenol formaldehyde

Less number of hydroxyl group Mansouri et al. (2010)

be modified in some manner. This has met with little significant commercial success
principally due to the disadvantages noted above.

With the advancement of laccase based fiber treatment and subsequent removal
of lignin are under intensive investigation. The laccase treated fibers get modified
as discussed and can be utilized in MDF making in many ways (Fig. 14a). Laccase
treated fiber will have a modified fiber with smooth surface as the lignin is deposited
on fiber surface Crystallinity index of fiber is improved (Nasir et al. 2017). The
obtained lignin solution contains mainly a physiologically active fraction of lignin
that can be directly utilized or modified to some lignin based adhesive (Huttermann
et al. 2001). In the previous study it was observed that a laccase treated fiber alone is
not enough to prepared MDF comparable to commercial (Nasir et al. 2014). There-
fore, a cumulative approach will have to develop where amodified fiber is addedwith
enzyme activated lignin solution or with lignin based natural adhesive. It is assumed
that a fiber surface enriched with lignin on treatment with laccase generated phenoxy

Wrinkled and uneven distribution of lignin Smooth and uniform layer of lignin

(a) (b)

Fig. 14 SEM picture of untreated (a) and treated fiber (b) at 2k magnification (Nasir et al. 2014)
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radicals. These phenoxy radicals are highly reactive and forms a network by coupling
reaction (like thermoset adhesives).

When the fiber is treated with laccase enzyme, in addition of removing lignin
it also breaks down the aliphatic and aromatic ring molecules and makes the fiber
surface smooth (Fig. 14b) (Bledzki et al. 2010). Unlike the native fiber lignin, the
fragmented lignin molecules are soluble in water solution. As the reaction proceeds,
the dissolved fragmented ligninmolecules precipitate back on to the fiber surface and
form a uniform smooth layer around the fiber surface (Hansson and Hartler 1969).
That layer of lignin deposition on the fiber surface is anticipated to be helping in
fiber bonding (Maximova et al. 2001; Koljonen et al. 2004). Thus, it is concluded
that an untreated fiber has a high lignin-content but with uneven distribution and
rough surface. However, a laccase treated fiber gives a smooth surface with a thin
layer of lignin deposition.

TheMDF board prepared from 10%Con-EHL exhibited an improvedmechanical
strength when compared to binderless boards meet the ASTM D 1037 standard
(Fig. 15). The FESEM of MDF reveals that Con-EHL boards are having many voids
which provide more free surfaces to the water molecule to adhere that leads to the
water absorption and thickness swelling. It was expected that if the solid content (or
viscosity) of the Con-EHL would increase, its voids among the fibers will reduce.
This can be achieved by either further concentrating the EHL or by adding of some
foreign additive into EHL.

(a) Close interfacial bonding. (b) Circle shows the presence of voids in

interfacial bondings. 

Fig. 15 FE-SEM of MDF boards at 5 k magnification. a Prepared from UF 10%, b Prepared from
laccase treated fiber and Con-EHL 10%
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13 Conclusion and Recommendation

Laccase oxidizes the lignin into a stable phenoxy radical that act as a potential cross-
linking agent. It was assumed that a thin uniform layer of lignin on wood fiber
surface was plasticized at high temperature and free radicals of lignin form cross-
linked joints between the phenoxy molecules. From the literature it is concluded
that the binderless board prepared from laccase treatments are not strong enough
to meet the required minimum ASTM standard. Therefore, the technique can be
used in combination with some other synthetic/natural adhesive, to reduce the total
amount of adhesive required for board making. The obtained enzyme hydrolysis
lignin (EHL) can also be modified to concentrated-EHL and used as an adhesive to
prepare MDF board. The board prepared from modified EHL showed the improved
mechanical strength as compared to binderless boards and pass the requiredminimum
ASTM standard. It was also observed that the laccase treated fibers were having
the higher crystallinity index as compared to the untreated fibre that also helps in
increasing the mechanical strength of the boards. The enzyme reaction parameters
(like temperature, enzyme amount, pH and time etc.)when optimized is given the best
results. The maximum crystallinity index was observed maximum up to ≈76%, at
optimum reaction condition. Fiber treated at optimumcondition exhibited superiority
in thermal stability, physical properties and mechanical properties over untreated
fibers. Further, an optimum manufacturing process of wood composite boards may
further improve the fiberboard strength.

A wood composite prepared from-lignin based natural adhesive will have no
formaldehyde emission, as it does not contain any formaldehyde based compound.
In-depth study on laccase treated enzyme hydrolysis lignin (EHL) as an adhesive
will lead the way to utilize the waste product of pulp industries such as sulfite lignin
and kraft lignin can also be utilized.

References

AkiyoshiK,Deguchi S, TajimaH,NishikawaT, Sunamoto J (1995) Self-assembly of hydrophobized
polysaccharides. Proc Jpn Acad, Ser B 71:15–19

Akiyoshi K, Nagai K, Nishikawa T, Sunamoto J (1992) Self-aggregates of hydrophobized
polysaccharide as a host for macromolecular guests. Chem Lett 9:1727–1730

AlcaldeM (2007) Laccase: biological functions, molecular structure and industrial applications. In:
Polaina J, MacCabe AP (eds) Industrial enzymes: structure, function and applications. Springer,
New York, pp. 461–476

Asim M, Abdan K, Jawaid M, Nasir M, Dashtizadeh Z, Ishak MR, Hoque ME (2015). A review on
pineapple leaves fibre and its composites. Int J Polym Sci 950567

AsimM, JawaidM,AbdanK,NasirM (2018)Effect ofAlkali treatments on physical andmechanical
strength of pineapple leaf fibres. IOP Conf Ser: Mater Sci Eng 290:1

Asim M, Nasir M, Jawaid M, Tahir PM (2019) Thermo-gravimetric analysis of various ratio of
blended phenolic and epoxy composites. Int J Innovative Technol Explor Eng 9:5435–5439

Asim M, Saba N, Jawaid M, Nasir M, Pervaiz M, Alothman YO (2018) A review on phenolic resin
and its composites. Curr Anal Chem 14(3):185–197



78 M. Nasir et al.

Asim M, Tahir PM, Chandrasekar M, Shahroze Rao M, Jawaid M, Nasir M, Riakeng S (2020)
Thermal stability of natural fibers and their polymer composites. Iran Polym J 174:175

Awadel-Karim S, Nazhad MM, Pazsner L (1999) Factors affecting crystalline structure of cellulose
during solvent purification treatment. Holzforschung 53(1):1–8

Bajpai P (1999)Application of enzymes in the pulp and paper industry. Biotechnol Prog 15:147–157
Bao W, O’Malley DM, Whetten R, Sederoff RR (1993) A laccase associated with lignification in
loblolly pine xylem. Science 260:672–674

Bledzki AK, Mamun AA, Jaszkiewicz A, Erdmann K (2010) Polypropylene composites with
enzyme modified abaca fiber. Compos Sci Technol 70:854–860

Blomquiest RF, Christiansen AW, Gillespie RH, Myers GE (1981) Adhesive bonding of wood and
other structural materials. Pennsylvania State University, Madison WI

Bourbonnais R, Paice MG, Freiermuth B, Bodie E, Borneman S (1997) Reactivities of various
mediators and laccases with kraft pulp and lignin model compounds. Appl Environ Microbiol
63:4627–4632

Bourbonnais R, Paice MG, Reid ID, Lanthier P, Yaguchi M (1995) Lignin oxidation by
laccase isozymes from Trametes versicolorand role of the mediator ABTS in kraft lignin
depolymerization. Appl Environ Microbiol 61:1876–1880

Brunow G (1998) Oxidative coupling of phenols and the biosynthesis of lignin. In: Lewis NG,
Sarkanen S (eds) Lignin and lignan biosynthesis. American Chemical Society, Washington, DC,
pp 131–147

Camarero S, Ibarra D, Martinez AT, Romero J, Gutierrez A, Del Rio JC (2007) Paper pulp
delignification using laccase and natural mediators. Enzym Microb Technol 40:1264–1271

DashtbanM, Schraft H, Syed TA, QinW (2010) Fungal biodegradation and enzymatic modification
of lignin. Int J Biochem Mol Biol 1:36–50

De Souza CGM, Peralta RM (2003) Purification and characterization of the main laccase produced
by the white-rot fungus Pleurotus pulmonarius on wheat bran solid state medium. J Basic
Microbiol 43:278–286

Dean JFD, Eriksson KEL (1994) Laccase and the deposition of lignin in vascular plants.
Holzforschung 48(S1):21–33

Dence CW, Lin SY (1992) Methods in Lignin Chemistry. In: Lin SY, Dence CW. Springer, Berlin,
pp 3–19

Dinwoodie JM (1989) Wood: nature’s cellular, polymeric fibre-composite, vol 420. The Institute
of Metals, p 13

Ebringerova A, Heinze T (2000) Xylan and xylan derivatives-biopolymers with valuable properties,
1. Naturally occurring xylans structures, isolation procedures and properties. Macromol Rapid
Commun 21:542–556

Eckelman CA (1997) A brief survey of wood adhesives. Forest Nat Resour 154:10
Edens WA, Goins TQ, Dooley D, Henson JM (1999) Purification and characterization of a secreted
laccase of Gaemannomyces graminis var. tritici. Appl Environ Microbiol 65:3071–3074

European Panels Federation (2004) Annual Report 2003–2004
Felby C, Hassingboe J, Lund M (2002) Pilot-scale production of fiberboards made by laccase
oxidized wood fibers: board properties and evidence for cross-linking of lignin. Enzyme Microb
Technol 31:736–741

Felby C, Nielsen BR, Olesen PO (1997) Identification and quantification of radical reaction inter-
mediates by electron spin resonance spectrometry of laccase-catalyzed oxidation of wood fibers
from beech (Fagus sylvatica ). Appl Microbiol Biotechnol 48:459–464

Felby C, Thygesen LG, Sanadi A, Barsberg S (2004) Native lignin for bonding of fiber boards—
evaluation of bonding mechanisms in boards made from laccase-treated fibers of beech (Fagus
sylvatica). Ind Crops Prod 20:181–189

Feldman D (2002) Lignin and its polyblends-a review. In: Hu TQ (ed) Chemical modification,
properties, and usage of lignin. Springer, New York, pp 81–100

Freudenberg K, Neish AC (1968) Constitution and biosynthesis of lignin. In: Norman AG (ed)
Molecular biology, biochemistry, and biophysiscs. Springer, New York



Fiberboard Manufacturing from Laccase Activated Lignin … 79

Gheith MH, Aziz AM, Ghori W, Saba N, Asim M, Jawaid M, Alothman OY (2019) Flexural,
thermal and dynamic mechanical properties of date palm fibres reinforced epoxy composites. J
Mater Res Technol 8(1):853–860

GianfredaL,XuF,Bollag JM (1999)Laccases: a useful group of oxidoreductive enzymes. Bioremed
J 3:1–25

Gierenz G, Karmann W (2001) Adhesives and adhesive tapes. Wiley-VCH Verlag Gmb. H
Glasser WG, Jain RK (1993) Lignin derivatives. I. Alkanoate. Holzforschung 47:225–233
Glasser WG, Northey RA, Schultz TP (2000) Classification of lignin according to chemical and
molecular structure. In: Lignin: historical, biological, andmaterials perspectives.ACSsymposium
series No. 742. American Chemical Society, Washington, D.C., pp 216–238

Gochev VK, Krastanov AI (2007) Fungal laccases (review). Bul J Agr Sci 13:75–83
Gonzalez K, Arias E, Carnicero A, Perestelo F, Falcon M (2005) Improvements in an industrial
lignin (Indulin at) with laccase and laccase-mediator systems evaluated by spectroscopic and
chromatographic techniques. In: ITALIC3Woodderivatives and agroindustrialwaste valorisation
23–24 June

GoringDAI (1989)The lignin paradigm. In:GlasserWG,SarkanenS (eds)Newpolymericmaterials
from lignin. ACS Symposium Series, no. 397. American Chemical Society, Washington, DC, pp
2–10

Gradwell S (2004) Surface modification of cellulose fibers: towards wood composites by
biomimetics. CR Biol 327:945–953

Gumuskaya E, Usta M, Kirci H (2003) The effects of various pulping conditions on crystalline
structure of cellulose in cotton linters. Polym Degrad Stab 81:559–564

Hansson JA, Hartler N (1969) Sorption of hemicellulose on cellulose fibers. Svensk Papperstid.
17:521–530

Harris JH (1990) Plant cell wall structure and development. In: Akin DE, Ljungdahl LG, Wilson
JR (eds) Microbial and plant opportunities to improve lignocellulose utilization by ruminants.
Harris PJ, London, pp 71–90

Haygreen JG, Bowyer JL (1996) Forest products and wood science: an introduction, 3rd edn. Lowa
State University Press, Ames, p 484

Heinzkill M, Messner K (1997) The ligninolytic system of fungi. In: Anke T (ed) Fungal
biotechnology. Chapman & Hall, Weinheim, pp 213–226

Higuchi T (2000) The present state and problems in lignin biosynthesis. Cellul Chem Technol
34(1–2):79–100

Hill C, Cetin N (2000) Surface activation of wood for graft polymerization. Int J Adhes Adhes
20:71–76

Huang W, Sun XM (2000) Adhesive properties of soy proteins modified by sodium dodecyl sulfate
and sodium dodecylbenzene sulfonate. J Am Chem Soc 77:705–708

HuttermannA,HaarsA (1981) InDerWald als Rohstoflquelle. In: HiittermannA (ed) Sauerllnder’s,
Frankfurt, pp 184–194

Huttermann A, Mai C, Kharazipour A (2001) Modification of lignin for the production of new
compounded materials. Appl Microbiol Biotechnol 55:387–384

Hwang, RH. Kennedy, JF. Melo, EHM. and White, CA. 1989. A probable lignin structure by
conformation analysis. Carbohyd Polym 10:15–30

IARC (2004) Press release #153. International Agency for Research on Cancer
IkedaR, TanakaH,UyamaH,Kobayashi S (1998) Laccase-catalyzed polymerization of acrylamide.
Macromol Rapid Commun 19:423–425

Ioelovich M (2008) Cellulose as a nanostructured polymer: a short review. BioResources 3:1403–
1418

Ishikawa A, Sugiyama J, Okano T (1994) Fine structure and tensile properties of ramie fibers in
the crystalline form of cellulose I, II and III1. Wood Res 81:16–18

Ria Millati I, Syamsiah S, Niklasson C, Nur Cahyanto M, Lundquist K, Taherzadeh MJ (2011)
Biological pretreatment of lignocelluloses with white-rot fungi and its applications: a review.
Bioresources 6:1–36



80 M. Nasir et al.

JinY, ChengX, Zheng Z (2010) Preparation and characterization of phenol-formaldehyde adhesives
modified with enzymatic hydrolysis lignin. Biores Technol 101:2046–2048

Jung HG, Fahey GC (1983) Nutritional implications of phenolic monomers and lignin: a review. J
Anim Sci 57:206–219

Karayannidou EG, Achilias DS, Sideridou ID (2006) Cure kinetics of epoxy–amine resins used in
the restoration of works of art from glass or ceramic. Eur Polymer J 42:3311–3323

Kavvouras PK, Koniditsiotis D, Petinarakis J (1998) Resistance of cured urea–formaldehyde resins
to hydrolysis: a method of evaluation. Horzforschung. 52:105–110

Kawai S, Umezawa T, Higuchi T (1988) Degradation mechanisms of phenolic beta-1 lignin
substructure model compounds by laccase of Coriolus versicolor. Arch Biochem Biophys
262:99–110

KhanMA, Ashraf SM (2006) Development and characterization of groundnut shell lignin modified
phenol formaldehyde wood adhesive. Indian J Chem Technol 13:347–352

Khan MA, Ashraf SM (2007) Studies on thermal characterization of lignin substituted phenol
formaldehyde resin as wood adhesives. J Therm Anal 89:993–1000

Kharazipour A, Hüttermann A, Lüdemann HD (1997) Enzymatic activation of wood fibers as a
means for the production of wood composites. J Adhes Sci Technol 11(3):419–427

Kiiskinen LL, Kruus K, Bailey M, Ylosmaki E, Siika-aho M, Saloheimo M (2004) Expression
of Melanocarpus albomyces laccase in Trichoderma reesei and characterization of the purified
enzyme. Microbiology 150:3065–3074

Kim S (2009) Environment-friendly adhesives for surface bonding of wood-based flooring using
natural tannin to reduce formaldehyde and TVOC emission. Bioresour Technol 100:744–748

Kim S, Holtzapple MT (2005) Lime pretreatment and enzymatic hydrolysis of corn stover. Biores
Technol 96:1994–2006

Kim Y-J, Nicell JA (2006) Impact of reaction conditions on the laccase-catalyzed conversion of
bisphenol A. Bioresour Technol 97(12):1431–1442

Kim S, Holtzapple MT (2006) Effect of structural features on enzyme digestibility of corn stover.
Biores Technol 97:583–591

Klauditz W, Stegmann G (1955) Beiträge zur Kenntnis des Ablaufes und der Wirkung thermischer
Reaktionen bei der Bildung von Holzwerkstoffen. Holz Roh-Werkstoff 13:434–440

Koch GS (1987) Adhesives for the composite wood panel industry. Park Ridge, NJ, Noyes Data
Corp

Koljonen K, Osterberg M, Kleen M, Fuhrmann A, Stenius P (2004) Precipitation of lignin and
extractives on kraft pulp: effect on surface chemistry, surface morphology and aper strength.
Cellulose 11:209–224

Koshijima T, Watanabe T (2003) Association between lignin and carbohydrates in wood and other
plant tissues. Springer series in wood science

Kunamneni A, Ballesteros A, Plou FJ, Alcalde M (2007) Fungal laccase—a versatile enzyme for
biotechnological applications. In: Mendez-Vilas A (ed) Communicating current research and
educational topics and trends in applied microbiology, pp 233–245

KunamneniA,Camarero S,García-BurgosC, PlouFJ, BallesterosA,AlcaldeM (2008)Engineering
and applications of fungal laccases for organic synthesis. Microb Cell Fact 7:32

Kuzina SI, Shilova IA, Mikhailov AI (2011) Chemical and radiation-chemical radical reactions in
lignocellulose materials. Radiat Phys Chem 80:937–946

Lamaming J, Hashim R, Peng C, Sulaiman O, Sugimoto T, Nasir M (2015) Isolation and character-
ization of cellulose nanocrystals from parenchyma and vascular bundle of oil palm trunk (Elaeis
guineensis ). Carbohydr Polym 134:534–540

Lavoine N, Desloges I, Dufresne A, Bras J (2012) Microfibrillated cellulose—its barrier properties
and applications in cellulosic materials: a review. Carbohyd Polym 90:735–764

Li K, Peshkova S, Geng X (2004) Investigation of soy proteinKymene adhesive systems for wood
composites. J Oil Chem Soc 81:487–491



Fiberboard Manufacturing from Laccase Activated Lignin … 81

Li X, Li Y, Zhong Z, Wang D, Ratto JA, Sheng K, Sun XS (2009) Mechanical and water soaking
properties of medium density fiberboard with wood fiber and soybean protein adhesive. Bioresour
Technol 100:3556–3562

Lina H, Gunasekaran S (2010) Cow blood adhesive: characterization of physicochemical and
adhesion properties. Int J Adhes Adhes 30:139–144

Linzell HK (1950) The Insulite Wallboard Mill at Kymi Finland. Paper Trade J 131:10
Liu K (1997) Soybeans–chemistry, technology, and utilization. International Thomson Publishing,
New York

Liu Y, Li K (2004) Modification of soy protein for wood adhesives using mussel protein as a model:
the influence of a mercapto group. Macromol Rapid Commun 25:1835–1838

Liu YM, Zong CZ, Xu Y (2005) Manufacture of the self-crosslinking PVAc emulsion under room
temperature. Zhongguo Jiaonianji. 14:9–11

Lora JH, Glasser WG (2002) Recent industrial applications of lignin : a sustainable alternative to
nonrenewable materials. J Polym Environ 10:39–48

Mai C, Kues U, Militz H (2004) Biotechnology in the wood industry. Appl Microbiol Biotechnol
63:477–494

Mansouri HR, Navarrete P, Pizzi A, Tapin-Lingua S, Benjelloun-Mlayah B, Pasch H, Rigolet S
(2010) Synthetic-resin-free wood panel adhesives from mixed low molecular mass lignin and
tannin. Eur J Wood Wood Prod 69:221–229

Maximova N, Osterberg M, Koljonen K, Stenius P (2001) Lignin adsorption on cellulose fiber
surfaces: effect on surface chemistry, surface morphology, and paper strength. Cellulose 8:113–
125

Maximova N, Osterberg M, Laine K, Stenius P (2004) The wetting properties and morphology of
lignin adsorbed on cellulose fibers and mica. Colloids Surf A 239:65–75

Mo Z, Yang B, Zhang H (1994) The degree of crystallinity of multi- component polymers by waxd.
Chin J Polym Sci 12:296–301

Moilanen U, Kellock M, Galkin S, Viikari L (2011) The laccase-catalyzed modification of lignin
for enzymatic hydrolysis. Enzym Microb Technol 49:492–498

Moldes D, Cadena EM, Vidal T (2010) Biobleaching of eucalypt kraft pulp with a two laccase-
mediator stages sequence. Biores Technol 101(18):6924–6949

Morozova O, Shumakovich G, Shleev S, Yaropolov Y (2007) Laccase-mediator
MoubarikA,Allal A, Pizzi A, Charrier F, Charrier B (2010)Characterization of a formaldehyde-free
cornstarch-tannin wood adhesive for interior plywood. Eur J Wood Wood Prod 68:427–433

Moya R, Saastamoinen P, Hernandez M, Suurnakki A, Arias E, Mattinen ML (2011) Reactivity of
bacterial and fungal laccaseswith lignin under alkaline conditions.BioresourTechnol 102:10006–
10012

Mozaffar AK, Sayed Marghoob A, Ved Prakash M (2004) Development and characterization of a
wood adhesive using bagasse lignin. Int J Adhes Adhes 24:485–493

MurphyMEP, Lindley PF,AdmanET (1997) Structural comparison of cupredoxin domains: domain
recycling to construct proteins with novel functions. Protein Sci 6:761–770

Nasir M, Gupta A, Beg MDH, Chua GK, Kumar A (2014) Physical and mechanical properties of
medium-density fibreboards using soy—lignin adhesives. J Trop For Sci 26, 41–49

NasirM, Gupta A, BegMDH, ChuaGK, Kumar A (2013) Fabrication of medium density fibreboard
from enzyme treated rubber wood (Hevea brasiliensis) fibre and modified organosolv lignin. Int
J Adhes Adhes 44

Nasir M, Hashim R, Sulaiman O, Gupta A, Khan TA, Jawaid M, Asim M (2017) Natural fiber
improvement by laccase; optimization, characterization and application in medium density
fiberboard. J Nat Fibers 14

Nasir M, Hashim R, Sulaiman O, Nordin NA, Lamaming J, Asim M (2015) Laccase, an emerging
tool to fabricate green composites: a review. BioResources 10

Nasir M, Khali DP, JawaidM, Tahir PM, Siakeng R, AsimM, Khan TA (2019) Recent development
in binderless fiber-board fabrication from agricultural residues: a review. Constr Build Mater
211:502–516



82 M. Nasir et al.

Nasir M, Gupta A, Beg MDH, Chua GK, Jawaid M, Kumar A, Khan TA (2013) Fabricating eco-
friendly binderless fiberboard from laccase-treated rubberwoodfiber. BioResources 8:3599–3608

Nasir M, Gupta A, Hossen Beg MD, Chua GK, Asim M (2014) Laccase application in medium
density fibreboard to prepare a bio-composite. RSC Adv 4

Nguyen T, Zavarin E, Barrell EMII (1981) Thermal analysis of lignocellulosic materialas. Part I
Unmodified materials. J Macromol Sci Chem 20:1–65

Nimz HH (1983) Lignin-based adhesives. In: Pizzi A (ed) Wood adhesives: chemistry and
technology, vol 1. Marcel Dekker Inc., New York, USA

Nyanhongo GS, Gomes J, Gubitz G, Zvauya R, Read JS, Steiner W (2002) Production of laccase
by a newly isolated strain of Trametes modesta. Biores Technol 84:259

Osong SH, Norgren S, Engstrand P (2016) Processing of wood-based microfibrillated cellulose and
nanofibrillated cellulose, and applications relating to papermaking: a review. Cellulose 23:93–123

Pizzi A (2003) Natural phenolic adhesives II: Lignin. In: Pizzi A, Mittal KL (eds) Handbook of
adhesive technology, 2d edn. Marcel Dekker Inc., New York, USA

Pizzi A (2006) Recent developments in eco-efficient bio-based adhesives for wood bonding:
opportunities and issues. J Adhes Sci Technol 20:829–846

Pointing SB, Vrijmoed LLP (2000) Decolourisation of azo and triphenylmethane dyes by Pycno-
porus sanguineus producing laccase as the sole phenoloxidase. World J Microbiol Biotechnol
16:317–318

Rafiqah A, Abdan K, Nasir M, AsimM (2020) Effect of extraction on the mechanical, physical and
biological properties of pineapple leaf fibres. Springer, Pineapple Leaf Fibers, pp 41–54

Ralph J (1999) Lignin structure: recent developments. US Dairy Forage Research Center, USDA-
Agricultural Research Service, pp 1–16

Ralph J, KimH, Lu F, Grabber JH, Leple JC, Berrio-Sierra J, DerikvandMM, Jouanin L, BoerjanW,
Lapierre C (2008) Identification of the structure and origin of thioacidolysismarker compound for
ferulic acid incorporation into angiosperm lignin (and an indicator for cinnamoyl CoA reductase
deficiency). Plant J 53:368–379

Ratna D (2003) Modification of epoxy resins for improvement of adhesion: a critical review. J
Adhes Sci Technol 17:1655–1668

Saka, S. andGoering, D.A.I. 1985. Localization of lignins in wood cell walls. In:Higuchi T, Orlando
FL (eds) Biosynthesis and Biodegradation of wood components. Academic Press, pp 51–62

Sakakibara A (1980) Structural model of softwood lignin. Wood Sci Technol 14:89–100
Salvado J, Velasquez JA, Ferrando F (2003) Binderless fiberboard from steam explodedMiscanthus
sinensis: optimization pressing and pretreatment conditions. Wood Sci Technol 37:279–286

Sellers T Jr (2001) Wood adhesive innovations and applications in North America. For Prod J
51:12–22

Setliff, E.D. and Eudy, W.W. 1980. Screening white-rot fungi for their capacity to delignify wood.
Lignin Biodegradation: Microbiology, Chemistry, and Potential Application, Vol. I, T. K Kirk,
H.-M. Chang, and T. Higuchi (eds.), CRC Press, Boca Raton, FL, USA. 135–149.

Siakeng R, Jawaid M, Ariffin H, Sapuan SM, Asim M, Saba N (2019) Natural fiber reinforced
polylactic acid composites: a review. Polym Compos 40(2):446–463

Siakeng R, JawaidM, Tahir PM, Siengchin S, AsimM (2020) Improving the properties of pineapple
leaf fibres by chemical treatments. Springer, Pineapple Leaf Fibers, pp 55–71

Sjostrom, E. 1993. Wood chemistry: fundamentals and applications. 2nd ed. San Diego. CA:
Academic Press Inc.

Slomezynski D, Nakas JP, Tanenbaum SW (1995) Production and characterization of laccase from
Botrytis cinerea 61–34. App Enviro Microbiol 61:907–912

Snajdr J, Baldrian P (2007) Temperature affects the production, activity and stability of ligninolytic
enzymes in Pleurotus ostreatus and Trametes versicolor. Folia Microbiol 52:498–502

Stephanou A, Pizzi A (1993) Rapid Curing Lignin-Based Exterior Wood Adhesives. Part
I. Diisocyanates Reaction Mechanisms and Application to Panel Products. Holzforschung
47:439–445

Stofko, J. and Zavarin. 1977. U.S. Patent 4,007,312.



Fiberboard Manufacturing from Laccase Activated Lignin … 83

Sulaiman NS, Hashim R, Sulaiman O, Nasir M, Amini MHM, Hiziroglu S (2018) Partial
replacement of urea-formaldehyde with modified oil palm starch based adhesive to fabricate
particleboard. Int J Adhes Adhes 84:1–8

Sun RC, Fang JM, Tomkinson J (2000) Characterization and esterification of hemicelluloses from
rye straw. J Agric Food Chem 18:1247–1252

Suurnakki A, Oksanen T, Orlandi M, Zoia L, Canevali C, Viikari L (2010) Factors affecting the
activation of pulps with laccase. Enzyme Microb Technol 46:153–158

Tejado A, Pena C, Labidi J, Echeverria JM, Mondragon I (2007) Physico-chemical characterization
of lignins from different sources for use in phenol-formaldehyde resin synthesis. Biores Technol
98:1655–1663

Tierney JJ, Gillespie JW Jr (2004) Crystallization kinetics behavior of PEEK based composites
exposed to high heating and cooling rates. Compos Appl Sci Manuf 35:547–558

Vaheri M, Salama N, Ruohoniemi KM (1991) Procedure for the production of pulp. European
Patent, EP: 429422

Van de Pas D, Hickson A, Donaldson L, Lloyd-Jones G, Tamminen T, Fernyhough A, MattinenML
(2011) Characterization of fractionated lignins polymerized by fungal laccases. BioResources
6:1105–1121

Van Parijs FRD, Morreel K, Ralph J, Boerjan W, Merks RMH (2010) Modeling lignin polymeriza-
tion. I. Simulation model of dehydrogenation polymers. Plant Physiol 153:1332–1344

Velasquez JA, Ferrando F, Salvado J (2003) Effects of kraft lignin addition in the production of
binderless fiberboard from steam exploded Miscanthus sinensis. Ind Crop Prod 18:17–23

Vishtal A, Kraslawski A (2011) Challenges in industrial applications of technical lignins.
BioResources 6:3547–3568

Wagenführ A (1988) Praxisrelevante Untersuchungen zur Nutzung biotechnologischer
Wirkprinzipien bei der Holzwerkstoffherstellung. Dissertation, Technsiche University, Dresden

Wang M, Leitch M, Xu C (2009) Synthesis of phenol–formaldehyde resol resins using organosolv
pine lignins. Eur Polymer J 45:3380–3388

Widsten P (2002) Radical formation on laccase treatment of wood. Nord Pulp Pap Res J 17:2
Wong KKY, Richardson JD, Mansfield SD (2000) Enzymatic Treatment of Mechanical Pulp Fibers
for Improving Papermaking Properties. Biotechnol Prog 16(6):1025–1029

World Health Organisation (WHO), 2004 Annual report.
Wu J, Zhang X, Wan J, Ma F, Tang Y, Zhang X (2011) Production of fiberboard using corn
stalk pretreated with white-rot fungus Trametes hirsute by hot pressing without adhesive. Biores
Technol 102:11258–11261

Xu F (2005) Applications of oxidoreductases: recent progress. Industrial Biotechnol. 1:38–50
Xu F, Berka RM, Wahleithner JA, Nelson BA, Shuster JR, Brown SH, Palmer AE, Solomon EI
(1998) Site-directedmutations in fungal laccase: effect on redox potential, activity and pH profile.
Biochem J 334:63–70

Yang I, Kuo M, Myers DJ, Pu A (2006) Comparison of protein-based adhesive resins for wood
composites. J Wood Sci 52:503–508

Yaropolov AI, Skorobogatko OV, Vartanov SS, Varfolomeyev SD (1994) Laccase properties,
catalytic mechanism and applicability. Appl Biochem Biotechnol 49:57–79

Yoshida H (1883) Chemistry of lacquer (urushi). Part I. J Chem Soc 43:472–486
Zhou G, Li J, Chen Y, Zhao B, Cao Y, Duan X, Cao Y (2009) Determination of reactive oxygen
species generated in laccase catalyzed oxidation of wood fibers from Chinese fir (Cunninghamia
lanceolata) by electron spin resonance spectrometry. Biores Technol 100:505–508



Biobased Thermoplastic Polyurethanes
and Their Capability to Biodegradation

Atika Alhanish and Mustafa Abu Ghalia

Abstract Extensively used petrochemical polymers possess harmful influence on
the ecosystem, therefore the utilizing of bio-based materials should be essentially
important to employ in wide range of applications, due to positive affect to the
environment. The advantage of these materials significantly enhances the carbon
footprint and has a helpful impact on the life cycle assessment (LCA) of plastic
products; consequently, the development of biobased thermoplastic polyurethane
(bio-TPU) from renewable resources is gain much interested from various polymers
industries. In addition, recent advances in biotechnology dedicate toward produce
a new class of TPU to be developed from plant-based biomass. Thus, this review
focuses on recent advances of bio-TPU formulations. Factors effecting the TPU
formulation are presented in view of the potential applications in various fields.
Biodegradation of TPU and some aspects accelerating their biodegradability are
also described.

Keywords Thermoplastic polyurethane · Biodegradation · Bio-based · Natural
materials · Automotive · Elastomer

1 Introduction

Polymers identified as eco-friendly materials assistance to enhance the environment
by at least one property that reduces environmental issues. Ecofriendly polymers
are evaluated not only by their origin from biobased sources, nonetheless also by
simple way to disposal them, recycling such as reuse of waste, biodegradation or
composting, health-safe and reducing impact on human health, light weightiness,
energy efficiency, reduction of pollution, and material usage (Nguyen et al. 2010).
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Recently, much attention is dedicated to the concept of sustainable development.
Therefore, it is essential to integrate social, economic, and ecological aspects and
make several changes. Substantial advances havebeen achieved in the development of
alternative resources of rawmaterials. Theuse of biobased rawmaterials considerably
enhance the carbon footprint and thus has a positive influence on the LCA of final
products (Rydz et al. 2015).

For decades, thermoplastic polyurethanes (TPUs) have been extensively explored.
They exhibit outstanding properties. They have good hydrolytic stability, abra-
sion properties, suitable mechanical properties with superior chemical resistance,
dimensional stability, stiffness, high impact resistance, high strength, and good
process ability. TPUs are one of the most important synthetic polymers produced in
large quantities for high-performance engineering thermoplastics, which expected
a growth of ~3.5% (CAGR) by 2024 in the global market (Khalifa et al. 2020).
In this context, the progress of TPU from renewable resources becomes vital in
medical field and modern industry. Furthermore, the biobased monomers and their
polymerization process is becoming progressively significant form the economic and
ecological prospective. Consequently, the development of environmentally friendly
and sustainable production from biomass-based TPU is highly requested (Rydz et al.
2015). Currently, amajor part of bio-based rawmaterials obtained from plant oils and
natural fats is devoted to polyurethane industry. Nevertheless, most of the reported
bio-TPU are chemically cross-linked networks (thermosets), except for the very
recent renewable-sourced TPUPearlthane® ECO fromMerquinsa (Rusu et al. 2011).

Fully biodegradation rate of TPU still being challenge as the hard segment
(isocyanate) is not degradable in various environment conditions. Based on that,
incorporate biobased materials into the isocyanate chemistry will help to accel-
erate biodegradation process. Recent studied by Zhang et al. (2017), developed a
novel polyurethane (PU) derived from lignin and poly(caprolactone) (PCL), PCL
was incorporated as a biodegradable soft segment to the lignin by the bridge of
hexamethylene diisocyanate (HDI) with long flexible aliphatic chains. The degra-
dation rate of PU was conducted in soil from 0 to 48 weeks were the degree of.
The weight loss vs degradation time was represented the degradation rate, which
was up to 89.99 wt% after 48 weeks. This is explained that the PU have ester bonds
which were vulnerable to hydrolysis because of microbial attack, consequently, the
degradation was basically occurs from the break-down of ester bonds.

In this chapter, the recent researches and expansion the applications of bio-TPUs
are outlined. Environmental impact of TPU is described in prospective applications
in various fields. Biodegradable TPU growth much attention in sustainable polymer
development. Thus, microbial and enzymatic biodegradation of TPU and some other
factors that affect their biodegradability are also discussed.
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2 Sustainable Thermoplastic Polyurethane

TPU is a potentially versatile elastomer with exceptional properties that offer both
superior performance and processing flexibility. The synthesis of TPU classified into
soft and hard segments, the soft part is usually bio-based polyether or polyester
while the hard part is a composed of a diisocyanate and chain extenders (Datta and
Kasprzyk 2018). Therefore, the manufacture of a TPU is mainly based on petroleum
feedstock chemicals like ethylene and propylene. In addition, the automotive industry
is presently facing challenges to reduce the environmental impact from the current
TPU. Meanwhile, recent advances in biotechnology dedicate toward produce a new
class of TPU to be developed from plant-based biomass. This is good news for
prospective automotive and footwear regarding sustainability and lightweights (Zhao
et al. 2020).

The TPU market size was estimated at 53.94 USD billion in 2015 and in general
has prospered over the last 5 years. Growth is estimated at 6–7% CGAR by 2025.
The market is competitive, oligopolistic and dependent on product development and
innovation for applications. 60% of market share is dominated by key top players
including Covestro, BASF and The Dow Chemical Company. Market player contri-
bution is expected to grow as the industry grows and as many major internationals
form strategic alliances with smaller regional players (Globe Newswire 2020).

Recent industries plans are to synthesis, develop, produce, and commercialize bio-
TPU that’s made from natural resources and end-product formulations for various
verticals and product line categories whereas still maintaining mechanical specifi-
cations comparable to chemicals-based products currently used. Likewise, the TPU
were synthesized using novel formulations synthesis whereby incorporate bio-based
ingredients (Zhao et al. 2020).

3 Thermoplastic Polyurethane: Biobased Synthesis,
Properties, and Applications

A TPU is a binary system from soft and hard segment which formulated of three raw
ingredients that combined in a specific way: (1) polyol or long-chain diol, (2) chain
extender or short-chain diol, and (3) diisocyanate.

Figure represented the fundamental chemistry of TPU (Fig. 1). The soft phase
or soft segment (SS), built out of a polyol, is dedicated to the flexibility and elas-
tomeric character of the TPU. The hard phase or hard segment (HS), built up from an
isocyanate and chain extender, provided a TPU its stiffness and overall mechanical
performance.

One of the unique privileges of TPU that is combines the processability of thermo-
plastic and the elasticity and softness of rubber (Wang et al. 2019). Figure 2 highlight
the cross-linking network of a thermoplastic elastomer against a thermoset rubber. It
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Fig. 1 Basic chemistry of TPU

Fig. 2 Cross-linkers structures of thermoplastic elastomer versus thermoset rubber

demonstrates that there are absent of chemical cross-links in TPUs, which is different
in thermoset rubbers or casted polyurethane systems.

The crystalline rigid blocks are formed by the aggregation of portions of the long
polar HS through hydrogen bonding, which separated from SSs. Other long portion
of the HS is mixed with the SSs. Furthermore, short HSs are amorphous dissolved in
the SSs. This structure is common among segmented copolymers (Liu et al. 2017).

Due to the crystallization and thermodynamic incompatibility of the HS and SS, a
microphase separation morphology is obtained (Xiang et al. 2020). This morphology
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is a good indicate for understand the processing and maintain mechanical properties
(Christenson et al. 2007). It was reported that TPU with low HS (30–40 Vol.%) will
display microphase separation, were the HS form isolated domains dispersed within
the SS (Datta and Kasprzyk 2018). However, the covalent bond between the two
segments prevent the microphase separation as might exist in polyol and isocyanate
blends (Yilgör et al. 2015). It worth to mention that a proper choice of the type
and symmetry of diisocyanate allow the synthesizing of TPU without the use of
chain extender, where a high homogenous accomplished with improved mechanical
properties (Marcano et al. 2019).

Although, other factors play vital role in the formation of TPU morphology such
as the ratio of HS and SS, synthesis approach, processing method, molecular weight
of polyol, chemical structure of basic raw materials i.e. polyol, isocyanate and chain
extender (Kasprzyk and Datta 2019; Xiang et al. 2020).

Commonly, TPU can be synthesized via two routes: one step method were all
reactants at desired ratios are mixed and the polymerization reaction take place
spontaneously; or through two steps method (prepolymer method). In this route,
isocyanate terminated prepolymer is obtained by the reaction of polyol with small
quantity of isocyanate. Then, the TPU is produced via the reaction of the prepolymer
with chain extender (Whelan 2017). The two steps route is more common than one
step route due to several merits. In instance, two step polymerization produces less
random block distribution of the SS and HS in the polymer compared to the one
produced through single step (Yilgör et al. 2015). Also, through two steps approach
a processible polymer with high molecular weight and low polydispersity can be
obtained (Ojha et al. 2009). It was reported also that TPU produced by two steps
route has better mechanical properties compared to the one produced by one step
(Table 1).

In addition to the polymerization approach, processing method also has a vital
influence on themorphology of TPU, consequently, affects themechanical properties
(Xiang et al. 2020). In industry, TPUs are produced in bulk using extrusion and
injection processes through one and two steps approaches. Generally, TPUs are
produced through (Yamasaki et al. 2007):

(1) A batch process technique were all the raw materials are mixed vigorously in
an open container for several seconds. Then, the mixture is poured into casting
trays and polymerized in ovens under static conditions.

Table 1 Properties of TPUs
produced via one and two
steps methods (Whelan 2017)

Property One step Two steps

Elongation at break (%) 550 559

Hardness shore A 80 82

Modulus at 100% (MPa) 5.6 6.6

Tensile strength at break (MPa) 14.0 11.9

Tg (°C) −35 −34
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(2) Continuous procedure or band casting technique were the raw materials fed
individually to a mixing head, where the raw materials mixed in stream onto
plastic heated conveyor belt. Then, under static condition TPU is polymerized.

(3) Reactive extrusion which is another continues technique, were the rawmaterials
through one or two steps are fed into twin screw extruder and then the reaction
take place under dynamic conditions at high temperature. Finally, the TPU is
pelletized at die face.

Furthermore, a third polymerization process called quasi-prepolymer method was
reported. In this approach, two similar volumetric flow ratios are prepared frompolyol
+ chain extender mixture (curative) and isocyanate terminated prepolymer before
being pumped into the extruder or reactor (Yilgör et al. 2015).

The current trend is producingTPUs by using bio-based precursors via the conven-
tional routs, which offers various merits from economic and ecological prospectives,
such as low cost, low pollutions, and biodegradability (Wang et al. 2019). According
to the literature, bio-based polyol: polyether (Kasprzyk and Datta 2019; Kasprzyk
et al. 2020), polyester (Tuan Ismail et al. 2019; Parcheta et al. 2020; Pattamaprom
et al. 2020); andpoly carbonate (Kimet al. 2017;Ohet al. 2015); bio-based isocyanate
(Li et al. 2014); and bio-based chain extenders (Rashmi et al. 2013; Oh et al. 2015;
Puszka 2018) derived fromdifferent renewable resources had been used to obtain bio-
TPU with even better performance in some cases compared to their fossil analogues.
It worth to mention that Covestro Company developed a bio-TPU under trade name
of Desmopan 37385A® that have mechanical properties at the level of the tradi-
tional TPUs with similar hardness and even exceed some of them. They declare that
Desmopan 37385A® had tensile strength of 36 MPa and elongation at break almost
660%, APILON®52 Bio grades from TRINSEO are other bio-TPUs which offers
similar performance of traditional TPUs and covers a wide range of applications
(Donato and Miji 2020).

Moreover, successful synthesizing of non-isocyanate based TPU with enhanced
properties had been reported (Unverferth et al. 2013; Poussard et al. 2016). For
more details on bio-based substrates employed in synthesis of bio-TPU, the authors
suggest to read the notable review (Datta and Kasprzyk 2018). A bio-TPUwith good
performance was synthesized successfully with no solvent involved (Pattamaprom
et al. 2020) and in other work without catalyst (Oh et al. 2015).

TPU behave as thermoplastic in molten state and as elastomer in wide range of
use temperatures due to their segmented structure (Rusu et al. 2011). Fundamentally,
the unique structure of TPU manifest itself in diverse and special properties which
can be easily tuned into rubber behavior under certain conditions, the elongation at
break and Young’s modulus for example can be varied fromMPa to GPa (Kojio et al.
2020). On one hand, the SSs describe to softness, elasticity, elongation, water absorp-
tion, and biodegradability. On the other hand, the HSs contribute to tensile strength,
hardness, impact resistance, modulus and stiffness (Krasowska et al. 2015). Further-
more, TPUs Young’s modulus which is between plastics and rubber provide TPUs
with properties such as resistance to oxidation, wear and to solvents, excellent tough-
ness, high elongation and tear strength (Puszka 2018). Recently, bio-TPUs exhibit
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shape memory characteristic (Alagi et al. 2017), electrical/dielectric conductivity
(Xie et al. 2019) and self-healing (Kim et al. 2017) have been well developed.

Another important aspect is introducing different functional groups into TPU
structure to enhance different properties. According to the literature (Puszka 2018),
introducing sulfur atom into the polymers improved their anti-bacterial properties,
refractive index and adhesive strength, while introducing carboxylic and sulfonic
enhanced the polymer biocompatibility. In recent study, Rougulska et al. (2020) used
a chain extender containing sulfur “4,4′-(ethane-1,2-diyl)bis(benzenethiohexanol)”
in synthesizing TPU. It was found that incorporating the sulfur atom had enhanced
the adhesive properties to copper compared to TPU based on butane-1,4-diol chain
extender.

In addition to the unique structure, the diversity of TPUs properties relays on other
different factors such as the synthesis route, processingmethod, characteristics of the
basic raw materials used, among others. Altering the ratio, type and the molecular
weight of the SS and HS permit the production of versatile TPU. In instance, the
amount of HS i.e. isocyanate and chain extender controlling the physical crosslinking
in the polymer backbone were increasing the amount of HS leads to increasing of
hardness, tensile strength, and decreasing of elongation at break (Datta andKasprzyk
2018). In the other hand, elastomeric behavior controlled by chain mobility of the
polyol used, which is dependent on their nature and the length of SSs. A more
flexible TPU could be obtained by increasing the molar mass of the SS, furthermore
enhancing resilience and elongation to break (Ionescu 2005). The degree of phase
separation and the packing density of the hard segments have vital role in self-healing
efficiency of TPUs (Kim et al. 2017).

The thermal properties of TPUs are determined by the two segments. The SS affect
the low temperature properties, while the HS affect the high temperature properties
(Xiang et al. 2020). Thus, the key for modulating the properties of TPU for a desired
application is adjusting the raw materials employed.

It well known that sustainable PU generally derived from bio-based polyols and
chain extenders are more common. Here we will address briefly through the chapter
some recent efforts utilizing bio-based polyols and chain extenders in synthesizing
TPU and their effect on the properties obtained.

Fully bio-based polyols are not widely used in polyurethane (PU) production,
although various studies investigated applying it. In recent work, Parcheta et al.
(2020) employed a fully bio-based polyester, namely, poly(propylene succinate)
which synthesized at different temperatures. These bio-based polyols were used
to synthesize bio-TPU with two different chain extenders from a natural origin. The
study established that by using this fully bio-polyol, TPU can be produced without
the usage of catalyst. Also, the study showed that the type of chain extender had a
major influence on the properties of TPU more than the synthesizing conditions of
polyols.

Utilizing carbon dioxide (CO2) in the production of many chemicals and poly-
mers has attracted considerable attention. CO2 based polyol has also been reported
for producing bio-TPUs. LCA studies showed that CO2 based polyols reduced the
global warming impact to 11–19% lesser than the traditional polyether-based polyol
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and can be achieved in lower production cost than polyether-based polyols. CO2

based polyols are now commercialized by various companies such as Sumitomo,
China Blue, and Covestro (Alagi et al. 2017). Recently, a non-isocyanate route to
synthesis a biodegradable TPU using CO2 based polyol was developed by Ye and his
team (2020). The product showed a remarkable performance including mechanical
properties and biodegradability compared to commercial poly(butylene adipate-co-
terephthalate) (PBAT). In other study, Alagi and his co-authors (2017) employed
CO2 based polyol to synthesized TPU with superior shape memory characteristic
(100% shape recovery) and anticorrosion characteristic regardless of the environ-
ment. According to the literature, bio-TPUs demonstrate an excellent performance
as a component in blends (Rashmi et al. 2017; Tan et al. 2015) and in composites
(Taha 2017; Khalifa et al. 2020).

These tunable properties of TPU made it useful for wide spectrum of fields such
as food packing, automotive, medical applications, furniture, electronic devices, and
so on. In recent years, TPU in general attracted attentions in emerging and high
performance applications such as FDM 3D printing (Donato and Mija 2020).

Commercially, bio-TPUs had been employed in wide range of applications as
replacement of their traditional analogues (Fig. 3). In instance, bio-TPUs® products
by Lubrizol (bio-content ranging from 30 to 70%) had been used in textile coatings,
3D printing, consumer electronics, and automotive.

Fig. 3 Some of bio-TPU’s commercial applications
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4 Thermoplastic Polyurethane for Automotive Industries

For many years, TPUs with their excellent performance and processability were used
in automotive industry. The exceptional combination of aging and scratch properties
makes it a good choice for automotive industries.

The superior physical properties of TPU such as flexibility, toughness, resistance
to abrasion, ozone, weather, oil, solvents and gasoline, allowed the use of TPU in
elastomeric wheels and tires, cushions, hard plastic parts, electric potting compounds
and flexible foam seating (Ghosh et al. 2020). The mechanical properties of TPUs
also satisfied the design specification of car parts such as automotive anti-roll bar
(Mastura et al. 2018).

The recent ecological and economical challenges such as sustained depletion of
fossil resources and their prices, together with the recent regulations for controlling
gas emissions and management of vehicles end life, has encouraged the automotive
manufactures to adapt and develop eco-friendly plastics in general for their modern
cars. Nowadays, big chemical companies such as BASF, Covestro, and Lubrizol
produces different products of bio-TPUs that employed in synthesizing different
automotive components (Fig. 4).

Currently, automobile manufacturer implemented eco-friendly routes in order
to mitigate major issues, which are: huge and heavy material usage, higher fuel
consumption, durability and environmental solution (Ghosh et al. 2020). As bio-
TPU have comparable properties to the traditional TPU, they were employed in
automotive industry to address some or even all the above-mentioned challenges.
Yet, there are many commercial bio-TPU available for automotive applications, such
as Pearlbond® Eco and Pearlthane® Eco (fromMerquinsa) with bio-content ranging

Fig. 4 Commercial bio-TPU used in automotive applications
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from 40 to 95% based on polyols derived from fatty acids and vegetable oils. In addi-
tion, their unique biocomposites and alloys with styrene-ethylene/butylene-styrene
triblock copolymers (SEBS) were promising in several automotive application such
as interior trim, covers, skins, and soft-touch applications (Rusu et al. 2011).

Also, the type of raw materials used in synthesizing bio-TPU determine the
prospective use in automotive application. A studymade by Ismail and his co-authors
(Tuan Ismail et al. 2019) suggest that bio-TPU based on crystalline azelate polyol
is good candidate for dynamic applications such as wheels and roller due to the low
heat up build up, while bio-TPU based on amorphous azelate polyol is suitable for
adhesives and coatings applications.

Regardless of the promising that bio-TPU show in this industry, other criteria
should be considered in automobile design. As an example, controlling degradation
either photochemical or thermal is vital for using TPUs as elastomers or coating for
automotive applications. During processing the colour of TPU should not change
(Bueno-Ferrer et al. 2012). In the other hand, evaluating the biodegradation of bio-
TPU used in this industry, helps to control the massive wastes that generates from
it.

5 Biodegradation

Biodegradation of polymers can be induced by thermal, photo and biological influ-
ences, which result in changing in the properties such as discoloration, surface
erosion, phase separation, cracking, and crystallinity changes (Goodby 2014). The
disruption of polymer chain accelerate the initial aging, and then external aspects
such as chemicals compositions and temperature enhance the rate of degradation
(Pathak and Navneet 2017).

As any other organic polymers, TPU is not stable under all conditions. When
using TPU in manufacturing devices; degradation rates in specific environment for
a certain application must be known, where the major outcome of degradation to
be considered the most is to reduce the service lifetime of TPU material. Further-
more, the degradation may cause a serious problems in certain circumstances, for
example biodegradation of TPU in a body involves chemical degradation, hydrol-
ysis, enzymatic degradations, calcification and oxidation where toxic compounds
may generated (Xie et al. 2019).

The first step in biological degradation is the initial break down of the polymer
chain which may cause by: (1) physical forces such as cooling, heating, drying,
thawing and wetting which will cause different mechanical damages, and (2) biolog-
ical forces by the growth of microorganism that will break the polymer to smaller
compounds and even release gases such as methane (Krasowska et al. 2015).

Generally, TPU is known to be susceptible to biodegradation by natural microor-
ganisms (Howard 2011). Based on the published literature, there are three types of
TPUbiodegradation, namely bacterial biodegradation, degradation byTPUenzymes,
and fungal biodegradation (Xie et al. 2019). Since 1980s, biodegradation of TPUs
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by fungi and bacteria has been studies, and different enzymatic activities have
been acknowledged, although the underlying mechanisms of biodegradation are still
unknow (Álvarez-Barragán et al. 2016).

It was demonstrated that degradation of TPU with fungi is high effective than
with bacteria because of the remarkable enzymatic arsenals (Magnin et al. 2019).
However, the activities of fungi and bacteria against PUs has been established under
laboratory conditions with certain identified microbial strains, and not in natural
conditions (Xie et al. 2019).

The synergistic action of different factors in the natural environmental increase the
polymers degradation. Each environment contains variousmicroorganisms, microor-
ganisms, and enzymes, also different chemical and physical parameters which have
impact on rates of microbial activity, subsequently affect the rate of degradation.
Thus, it is crucial to estimate the degradability of TPU under natural environmental
conditions. Nevertheless, the natural environment is sophisticated for investigating
the degradation such as sea and compost because variety of microorganisms, wide
population of living organisms, salt, animals, sunlight, rain, fluctuation of water, etc.,
all play a part in the process of degradation (Krasowska et al. 2015).

Generally, there are two types of TPU; degradable and un-degradable TPUs.
Both of them can be synthesized through a proper selection of the raw materials
(Krasowska et al. 2015). In spite of their mechanical, biocompatible and physico-
chemical properties, TPU is reported to degrade under various conditions such as
oxidation, hydrolysis, environmental stress cracking, enzymatic degradation, etc.
in vivo (Tatai et al. 2007). However, most of TPUs are not biodegradable. Thus,
enhancing the biodegradability of TPU and minimize the reliability on fossil based
materials have become urgent in the field of polymer engineering (Wang et al. 2019).

Improving the biodegradation of TPU have been well developed by introducing
a biodegradable raw material. Table 2 shows the common raw materials used to
synthesis partially degradable and biodegradable TPU.

The abovementioned materials show different degradation behavior in different
conditions and based on the target application the raw material is selected. For wide
range of applications, aliphatic polyesters have been used to prepare biodegradable
TPUs due to their good biodegradability and can be synthesized by fully biobased
polyester based on raw materials such as bio-succinic acid, sebacic acid and 1,3
propanediol, 1,4 butanediol. Despite, the hydrolytic biodegradation it is likely to
occur but with low rate than the desired rates for biomedical applications. By using
polar, hydrolytically labile aliphatic polyester in TPUs the hydrolytic degradation of
the designed material is accelerated. In the meantime, additives have hydrophobic
character such as poly carbodiimide, silica and amide group can significantly control
hydrolytic stability (Tang 2011).

The TPUs based on polyester were found to be susceptible to microbial attack
under aerobic environments, while those based on polyether are resistant tomicrobial
attack, with negligible biodegradations in aerobic and anaerobic conditions (Xie et al.
2019). Also, TPUs based on polyester are highly susceptible to fungal degradation
such as Chaetomium, Pullularia, Penicillium, and Trichoderma species, whereas
TPUsbasedonpolyether reveals higher resistance (Schmidt et al. 2017).Nonetheless,
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further fungal strains isolated from environmental samples reveals the ability to
degrade PU produced by both polyesters and polyether (Álvarez-Barragán et al.
2016). Subsequently, the nature of the basic raw material considered the key to
determining the ability to degrade in a certain environment. Petrović et al. (2010)
studied the biodegradation of two different bio-based polyesters in compost. It was
reported that polyricinoleic acid based polyester TPU and castor oil-based polyester
TPU biodegrade up to 30% and 42%, respectively in 60 days (composting).

It was also reported that the presence of ester linkage in TPUmakes them degrad-
able in water (hydrolysis) as ester bonds are sensitive to hydrolysis, while polyether
based TPU possess excellent hydrolytic stability (Christenson et al. 2007). In the
other hand, the presence of ether make TPU susceptible to oxidative degradation
(Rodriguez et al. 2013). These demerits can be overcome when using hydrolyti-
cally and oxidatively stable polycarbonate instead of polyester and polyether as soft
segments (Rogulska et al. 2020).

Researchers investigated using block copolymers as the SSs to regulate the
biodegradability and the elasticity of TPU (Mi et al. 2017). It has been reported
that copolymerizing polyethylene glycol (PEG) with PCL and/or PLA accelerated
the degradation of TPU due to the high hydrophilicity and PEG act as plasticizer
(Rodriguez et al. 2013).

Degradation rate can be amended basically by altering the compositions and
component of the raw materials. The most used SS in synthesizing bio-TPU is PCL,
although it has a low degradation rate (Mi et al. 2017). In instance, PU based on
PCL(polyester) as SS showed a slow degradation rate (15%weight loss in 11 weeks)
(Rodriguez et al. 2013).

Hence, the raw materials are not the only factors controlling the degradation rate.
In essence, many factors had an influence on the biodegradation of TPU, which will
be discussed in the next section.

5.1 Factors Affecting the TPU Biodegradation

Degradation of bio-TPUs is determined by various factors; and the main factor is
the nature of the raw materials used and the type of the environment is also impor-
tant. Incorporation of biodegradable polyols, chain extenders, and isocyanate is well
known as the main factor to determine the ability to degrade, specifically polyols. A
wide range of different bio-polyols were investigated as SS for synthesizing bio-TPU
which showed an enhancement in degradation. For example, TPU based on lignin
polyols showed a high fungal degradation, also improve tear strength and hardness
(Krasowska et al. 2015). Also, a novel bio-TPU was synthesized through the addi-
tion of chitin i.e. an amino polysaccharide to the SS (hydroxy terminated polybu-
tadiene) in the prepolymer first step, beside the use of combination of curcumin
and 1,4-butanediol as chain extender. The results revealed the synthesized of TPU
with enhanced antibacterial, antioxidant, and biocompatibility with good thermal
properties (Amjed et al. 2020). In other study (Wang et al. 2019), a combination of
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five bio-based aliphatic monomers (fumaric acid, succinic acid, sebacic acid, 1,4-
butanediol, and 1,3-propanediol), were used as soft segment in order to synthesize
bio-TPU. Various contents of the biodegradable polyester diol (SS) were used. The
results revealed that the degradation rate enhanced as the SS content increased, and
the sample with 80% SS exhibit the highest weight loss of 36.7% after 14 days in
lipase solution, compared with some conventional TPU which do not show a signifi-
cant degradation in lipase solution. The authors attributed this result to the structure
of the polyol, which consist of carbon–carbon double bond and six kinds of polyester
repeat units, so the main chain was simply attacked and decomposed by lipase. Also,
as the SS content increased, the HS decreased, resulting the flexibility and subse-
quently decreasing the physical crosslinking allowing the lipase to penetrate easily
into molecule interior.

The modification of the HS by altering the diisocyanate and chain extender also
has been explored to influence the degradation of TPU. Tatai et al. (2007) studied
the effect of introducing degradable chain extenders containing hydrolysable ester
linkage (DL-lactic acid and ethylene glycol) into the HS of TPU in the in-vitro
degradation (phosphate buffered saline) during one year. The study found that the
presence of degradable chain extender showed a sustainable weight loss (samples
with 100% hard segment showed 100% mass loss in 180 days), also the samples
containing chain extender showed high weight loss compared with other samples
were no chain extender included. The LDI was used as degradable diisocyanate
where the type of the diisocyanate also had an impact on biodegradations rate. It
was demonstrated that TPU based on polyester and aliphatic diisocyanate show
higher biodegradation rate than those composed of aromatic diisocyanate, and the
rate growing in this order: 4,4′-MDI < 4,4′-H12MDI < HDI (Xie et al. 2019).

Another important factor is the content of the HS and SS. As biodegradation
is mainly proceeds though the SSs and it is well known that HSs degrade slower
than the SSs. Thus, a higher SS displays a higher biodegradation. Furthermore, TPU
with dispersed morphology (the HSs domains dispersed in the soft matrix) shows a
faster biodegradation than those of co-continues morphology (Petrović et al. 2010).
In contrast, the morphology has opposite influence on degradation rate in case of
TPU blends. In instance, a study found that co-continues morphology in PLA/TPU
blend revealed higher degradation than blends with dispersed (droplet) morphology.
In addition, it was demonstrated that the addition of TPU to the blend decreases the
degradation rate while improving stability (Jašo et al. 2015).

In the other hand, hydrophilicity has been shown to influence the biodegradability
of TPU, where using hydrophilic polyols such as PEG has been proved to enhance
the hydrophilicity and the degradation rate of TPU (Goodby 2014). Incorporating
of bio-fillers is also reported to alter the biodegradation behavior. The addition of
antimicrobial bio-fillers such as chitosan to TPU had enhanced the antimicrobial
properties which are preferred in the certain applications (Javaid et al. 2018). Despite
the privileges of using renewable materials, there is no assurance that bio-TPU will
be fully biodegrade, this attributed to the alteration of crosslink density, functional
groups, and incompatibility with non-renewable co-monomers (Khalifa et al. 2020).
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6 Future of Biobased-Thermoplastic Polyurethane

Bo-TPU is consider as a bio-based polymer that’s produced with renewable material
(content ranging from 30 to 70%). This material had found a way to wide range of
applications with high demand in the field of medical, automobile, footwear, and
aerospace applications, due to their unique structure and the superior properties.
However, bio-TPUs transcend the traditional TPUs by being sustainable, relatively
cheaper and had tendency to biodegradation. Nowadays, bio-TPUs are produced
from partially bio-based raw materials for commercially with various trademarks
and grades. Yet, efforts are sustained to investigate new precursors and improving
their biodegradability is the most concerns. However, in many cases a good degra-
dation rate companied a poor property which dependent on the raw materials used.
Introducing polyether as SS conveys high resistance to hydrolysis but imparts low
bio-based content in contrast with PUusing polyester.While crosslinked agent linked
to polyester is similar thermally stable to polyether, although showingminimal phys-
ical or chemical degradation with adequate mechanical and heat resistance (Asensio
et al. 2019). Thus, more investigations of the structure–property relationship for
different bio-based raw materials it will be a valuable addition to this field.

7 Conclusion

TPU is one of the distinguished PUs classes which is versatile with good process-
ability. As the most industries in the world are forwarding to use more sustainable
materials, bio-TPUs were extensively investigated. Nowadays, TPUs synthesized
from bio-based with low cost, low carbon footprint, eco-friendly and with compa-
rable properties to their fossil analogies. However, 100% bio-TPU has not achieved
yet at least at industrial scale. Commercial bio-TPUs are available in the global
market, many companies produce various grads of bio-TPUs derived from different
renewable materials with various contents. Despite the huge production of PUs,
their disposal still a challenge as PU degrades slowly and the recycling processes are
limited. Enhancing the biodegradation of TPU to satisfy the LCA through employing
bio-based materials which possess the characteristic of biodegradation was a proper
solution to reduce the negative affect not only of the slow degradation but also
the depending on fossil resources. However, detailed studies on the use of new
bio-materials as raw materials or fillers are needed to exploited their potential to
biodegrade in different environment.
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Eco-Friendly Wood Fibre Composites
with High Bonding Strength and Water
Resistance

G. Rajeshkumar, S. Arvindh Seshadri, M. Bilal Mohammed, K. Srijith,
B. Brahatheesh Vikram, and A. Sailesh

Abstract In recent years wood has received an ample attention as the reinforcing
filler for producing polymeric composites because these wood fillers have various
advantages like biodegradable, renewable, less cost, light weight, less abrasive to
equipment and available in abundance. However, challenges are there in replacing
the synthetic fibre compositeswithwoodfibre composites because of its poor bonding
strength and high moisture absorption and considerable variation in properties with
respect to growing conditions. This chapter presents the comprehensive review of
bonding strength and water resistance capability of wood fibre composites which
will be useful to select appropriate wood fiber composites for various applications.

Keywords Wood fibre · Biodegradable · Bonding strength · Water resistance ·
Eco-friendly

1 Introduction

The composites are the advanced materials made from two or more materials which
offer excellent properties due to the synergistic effect. The fibre/filler reinforced
polymer composites are the widely used composite materials in various industrial
sectors due to its noteworthy features like biodegradable, renewable, less cost, light
weight, less abrasive to equipment and available in abundance (Nagaraja et al.
2020; Rajeshkumar et al. 2020; Kumar et al. 2019). Among various biodegrad-
able fiber/filler composites wood fibre polymer composites (WFPCs) are burgeoning
globally in the recent years and it is estimated that the WFPCs market reach US$5.8
billion worth internationally by 2021 with a growth rate of 12.2% per year from 2016
(Chan et al. 2018).

These wood fibers are dimensionally unstable, hygroscopic and susceptible to
biological attacks and also these wood fibers have poor interfacial bonding with
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hydrophobic polymer matrices (Nasir et al. 2015). Therefore, it is very difficult to
use theseWFPCs in themoist environments and for other structural applications. This
can be overcome through modifying the fibre surface and adding suitable coupling
agents to polymers. These techniques enhance the bonding strength between the
reinforcement and matrix thereby better properties and low water absorption rate
could be achieved. In this view, this chapter presents the comprehensive review of
bonding strength and water resistance capability of different WFPCs which will be
useful to select appropriate WFPCs for various applications.

2 Wood Fibre

Wood fibres, by themselves are a complex, naturally occuring, three-dimensional
whose major constituents are cellulose, hemi-cellulose and lignin (Fig. 1). Wood
fibres are generally classified into two types: hardwood and softwood, based on their
anatomical and botanical characteristics. Softwoods are found in trees that reproduce
by seeds (gymnosperms) while hardwoods are produced in flower-reproducing trees
(angiosperms). Some of the softwood species are cedars, spruces, pines, firs etc.,
whereas certain hardwood species include ashes, oaks, beech, birch, eucalyptus,
maples etc. (Clemons 2008).

Wood is generally composed of elongated hollow cells known as tracheids at a
macroscopic level and properties such as strength and stiffness are due to the thick
lignified wall of these tracheids. These cells are arranged parallel to the axis of the
tree (Miller 1999). The growth of wood happens at a thin layer situated below the
bark known as the cambiumwhich further leads to the formation of growth rings. The
bark contains dead tissues and its function is to safeguard the inner structure. The

Fig. 1 Structure of wood fibre
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structure of wood is complicated andmulti-layered. The outer layers of the wood cell
wall are called middle lamellar and it is comprised of lignin. The secondary cell wall
has two parts namely cellulose microfibrils and a lignin-hemi-cellulose matrix (Chan
et al. 2018). The microfibrils are bonded by hydrogen bonds and they are wound in
a helix form along the fibre axis. The angle between the fibre axes and the cellulose
microfibrils is known as microfibril helix angle (Commonly 5–20%) (Parham and
Gray 1984).

As aforementioned, wood fibres have three primary components: cellulose (40–
45% by dry weight), hemi-cellulose (25–35%) and liginin (20–30%). In addition to
these, there are also some extractives (3–10%) like waxes, resins, gums and proteins
(Stokke et al. 2013). Cellulose is crystalline in nature and it provides the structural
stability to the wood fibres and also dictates the mechanical properties of wood.
Hemi-cellulose is a branched polymer and it has lesser molecular weight than cellu-
lose. However, it also contributes to the structural strength of wood. Lignin is an
amorphous, cross-linked polymer networkwhich bonds cellulose and hemi-cellulose
together (Pettersen 1984).

Wood can be processed by two methods: pulping and grinding. In pulping, wood
fibres are separated from solid wood. The chemical composition and properties of
the wood pulp varies with the pulping process utilized (Fardim and Duran 2002).
On the other hand, wood fibres are crushed into smaller parts in grinding process.
The chemical composition of the fibres remain constant in grinding process but
the aspect ratio of the produced wood particles are lower than those obtained from
pulping (Schell and Harwood 1994).

The use of wood fibres as reinforcements in polymer matrix composites has been
seen as a promising option as it has considerable merits over synthetic fibres. Wood
fibres are cheap, available in nature in large amounts, renewable, bio-degradable, and
cause minimum abrasion to the processing equipments (Chan et al. 2018).

3 Wood Fibre Polymer Composites

Environmental conservation and sustainable development have become the most
important priority for researchers and engineers across the globe. The WFPCs offer
a way to achieve this goal and it is produced by reinforcing the wood into the polymer
matrix in the form of wood flour, fibres or wood veneers. Predominantly, polymers
like polyvinyl-chloride (PVC), polypropylene (PP), polystyrene (PS), polyethylene
(PE) and formaldehyde resins are used asmatrixmaterials forwoodpolymer compos-
ites (Perisic et al. 2018). The WFPCs formed combines the characteristics of both
polymer andwood fibre and the polymermatrix protects the wood fibre from external
agents like moisture, fungal attack etc. (Yue et al. 2019). These composites are light
weight, low cost and durable, and have been used in different applications like auto-
mobile interiors, furniture, packaging and other nonstructural applications (Chan
et al. 2018).
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The manufacturing methods used for fabricating WFPCs can be divided into two
classes: forming and compounding. In the case of compounding, there are normally
two steps involved: (i) melt compounding of wood fibre, matrix, and/ or other
substances like coupling agent, compatibilizers etc., and (ii) subsequent processing
of the product to obtain the desired output. The compounding of fibre and matrix
is generally performed using an extruder and further, the composite specimens for
various testing purpose are produced using methods like injection moulding, hot
pressing etc. The difficulties involved in the production of WFPCs are low thermal
stability of wood fibres, hydrophilic nature of wood fibres, agglomeration of the
fibres and tendency to entangle during the process. Certain additives like plasti-
cizers, compatibilizers etc. can be added to the WFPCs during the fabrication stage,
to solve some of the above issues (Olakanmi and Strydom 2016).

In WFPCs, the wood fibre is instrumental in providing the required strength and
stiffness to the composites whereas the function of polymer is to transfer the load
acting on the composite to the reinforcements (Olakanmi and Strydom 2016). The
tensilemodulus, tensile strength and elongation at break ofWFPCs are in the range of
0.8–5.6GPa, 12–47MPa and 1.4–5.4% respectively (Chan et al. 2018). The reduction
inmechanical and physical properties ofWFPCs is due to the poor interfacial bonding
between the hydrophilic wood fibre and the hydrophobic polymermatrix. This can be
enhanced through surfacemodification of fibre, alteration of polymer resin, inclusion
of additives etc. (Rajeshkumar 2020; Wu et al. 2000).

4 Wood Composites with High Bonding Strength

The bonding strength between the wood fibre and matrix materials are influenced by
various factors such as type of matrix materials (adhesives), filler material added to
the resin, coupling agents added to thematrix, concentration andmolecular weight of
these coupling agent, surface treatment of fibre, processing and testing temperatures
(Li et al. 2018; Bledzki and Gassan 1999; Summerscales and Grove 2014; Luedtke
et al. 2019).

The influence of the coupling agents like maleated polyethylene (MAPE),
oxidized polyethylene (OPE) and pure polyethylene (PPE) on themechanical proper-
ties and the interfacial bonding strength ofHDPE/wood compositeswere investigated
(Lu et al. 2005). Factors like molecular weight and concentration of the coupling
agents were found to have a major effect on the bonding strength, in addition to the
type of coupling agent utilized. It was observed that MAPE provided better interfa-
cial bonding strength when compared to OPE and PPE. Themaleic anhydride groups
in MAPE gets converted to double carboxylic groups easily and these groups were
found to be more reactive for esterification than the monocarboxylic groups of OPE
and PPE. Furthermore, the succinic structure in MAPE tends to form a stable ester
bridge between the matrix and the fibre, thus enhancing the interfacial strength (Lu
et al. 2007). The effect of molecular weight of coupling agents was linear at low
molecular weights (<10,000), however at larger molecular weights (>30,000), there
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was not much change in the interfacial adhesion. Finally, the coupling agents with
<3 wt.% provided better interfacial bonding and found to be declined for >5 wt.%.

Bio-based composite market has been increasing in the recent years. In line with
this the bonding strength ofwoodfibre composites based on chitosan-based adhesives
were studied for different mass ratios of solid content in adhesive and dry wood
fibres (Ji et al. 2018). The performance of these composites was also compared with
a commercially available urea–formaldehyde/wood composite (control group). It
was observed that the bonding strength increased for the mass ratio range of 0–3
wt.% and decreased for the range 3–5 wt.%. The bonding strength was found to
be the highest at a mass ratio of 3 wt.%. The high interfacial bonding performance
is attributed to factors such as amide linkages between carbonyl groups of wood
fibres and amine groups of chitosan adhesive, hydrogen bonding, interlocking and
low molecular weight organics.

The effect of processing and testing temperature on the interfacial strength of PLA-
wood veneer sandwich composites was studied (Luedtke et al. 2019). The matrices
employed were amorphous and semi-crystalline PLA while the reinforcements were
maple and beech wood veneers. The specimens were prepared and tested using an
automatic bond evaluation machine (ABES) (Gaugler et al. 2019). The specimens
were produced at three different pressing temperatures and were tested under four
different temperatures. The bond line shear strength of the specimens under different
conditions is listed in Table 1.

Thehigher bond strength at higher processing temperature is attributed to the lower
viscosity of PLA at greater temperatures that enables better interlocking between the
matrix and fibre due to the greater flow of PLA into the wood fibres. It was also
concluded that the bonding strength of these composites were larger than that of
wood composites produced with polyolefin or polyurethane as matrices (Gaugler
et al. 2019).

In another work, the influence of fibre surface treatment on the interfacial bonding
characteristics of wood fibre—PP composites were studied (Wu et al. 2000). The
wood fibres in the form of saw dust were treated with acid-silane (vinyl-trimethoxy-
silane) solution. The fibre-matrix bondingwas enhanced due to the fibre pretreatment
and this was confirmed using rheology studies and scanning electron microscope
(SEM) analysis. The composites with treated fibres had high complex viscosity and
this means that the interfacial bond between the fibre and matrix is strong (Han
1980). Additionally, the fracture surface of wood/PP composites was analyzed using
SEM. The microscopic data indicated that the polypropylene particles were strongly
attached to the wood fibres and also the fracture was brittle in nature. These two
results affirm the existence of strong interfacial bonding.

The fibre-matrix bonding of wood fibre composites can also be improved using a
combination of surface treatments methods. The bonding performance of Polyimide
(PI)-wood composites was enhanced by the application of silane (3-methacryloxy
propyltrimethoxy silane) andplasma treatment onto the black sprucewoodfibres. The
improvement in interfacial strength was determined using the measurement of inter
laminar shear strength (ILSS) through short beam shear test. The ILSS of specimens
with 3min exposure to plasma treatmentwas 29.7%greater than the ILSSof untreated
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Table 1 Bond line tensile shear strength of different PLA-wood veneer composites (Luedtke et al.
2019)

Matrix Processing
temperature (°C)

Testing temperature
(°C)

Bonding strength (N/mm2)

Beech Maple

Amorphous PLA 140 45 7.95 5.78

60 – 6.42

80 2.26 2.02

100 – 1.16

200 45 9.03 6.89

60 – 7.84

80 3.03 2.55

100 – 1.48

Semi-crystalline
PLA

140 45 6.7 5.66

60 – 5.70

80 2.26 2.32

100 – 1.35

160 45 – 7.02

60 – 7.76

80 – 2.47

100 – 1.64

200 45 9.56 8.23

60 – 8.69

80 3.27 3.14

100 – 1.82

specimen and also, the ILSS of specimens exposed to silane and plasma treatment
(1 min) was more than the untreated specimens by 48.7%. These results revealed the
increase in the interfacial strength upon fibre treatment and this is attributed to the
plasma treatment that enhances wettability and mechanical interlocking of fibres and
matrix and the silane treatment that strengthens the fibre-matrix bonding through an
interpenetrating polymer network (Ying et al. 2017).

In order to enhance the bonding in wood fibre composites, laminated wood plastic
composites (LWPCs) were fabricated using poplar wood veneer and thermoplastic
sheets comprising PP and PE (1:1 weight ratio) with the aid of hot pressing process
(Haq and Srivastava 2017). The wood veneer was treated with maleic anhydride
(MAH). Two types of composites: the cross three-layered LWPC and parallel multi-
layered LWPCwere fabricated at pressing temperatures of 140, 160 and 180 °C with
wood to plastic ratios of 3:1, 3:2 and 3:3. The bonding performance was evaluated
using longitudinal tensile shear strength method and the bonding strength of the
composites is computed by using the following Eq. (1).
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Table 2 Bonding characteristics of wood fibre composites (Yue et al. 2019)

Pressing
temperature
(°C)

Wood to
plastic ratio

MAH
concentration
(%)

Bonding characteristics

Bonding
strength (MPa)

% of wood
failure

Mode of failure

140 3:3 0 – 0 Delamination

160 3:1 0 1.09 0 Delamination

160 3:2 0 0.69 0 Delamination

160 3:3 0 0.69 0 Delamination

180 3:3 0 0.95 0 Delamination

160 3:3 4 0.8 100 Tensile failure
of wood

160 3:3 8 0.7 100 Tensile failure
of wood

180 3:3 4 1.12 100 Tensile failure
of wood

Bonding strength (Xc) =
Pmax

b
× l (1)

where Pmax is the ultimate bearing capacity (N), and l and b are length and width
of the specimen respectively. The bonding characteristics of the laminated wood
composites are summarized in Table 2.

Different wood polymer composites were produced with virgin (v) and recy-
cled (r) Polypropylene (PP) reinforced with sawdust from mango wood. In addi-
tion to these, specimens of rPP composites were also added with maleic anhydride
grafted polypropylene (MAPP). Various experiments like tensile, flexural and melt
flow index tests were conducted. The specimens with rPP as matrix exhibited better
tensile and flexural properties as compared to those with vPP as matrix. This result
was because the wood flours filled the voids in rPP matrix, thus leading to a better
interfacial bonding when compared to vPP based composites. Also, the composites
that contained MAPP showed superior mechanical properties (Haq and Srivastava
2017). This is because ester bonds are formed between the hydroxyl groups of wood
and anhydride groups of MAPP (Kazayawoko et al. 1999). The polyolefin chains get
linked with the PP chains during processing and this leads to a stronger fibre-matrix
interface.

A novel method of high voltage electrostatic field (HVEF) has also been used
to optimize the bonding of urea formaldehyde composites reinforced with Masson
pine veneers (He et al. 2019a, b). The composite specimens were subjected to various
HVEF treatment times (2, 4, 6 and 8min) and intensities or voltages (5, 10, 15, 20 kV).
The composite preparation (using hot pressing) andHVEF treatment occurred simul-
taneously. The bonding strength of the specimens was measured with the aid of
a universal testing machine. A considerable improvement in the bonding strength
was noticed upon rising the treatment time. Maximum enhancement in the bonding
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strength was obtained at 8 min, 20 kV and the bonding strength was 85% more than
that of the untreated specimen at this condition. These positive enhancements in
bonding performance were because of the considerably higher resin concentration at
the interphase, lower resin penetration and better cross-linking of the matrix material
(Frihart 2005).

Similar to the above study, bonding characteristics of HVEF treated Phenol
formaldehyde (PF) composites reinforced with laminated veneer lumber (LVL) and
Masson pine plywood were investigated (He et al. 2019a, b). The voltage applied
during the treatment was 60 kV, treatment time was 20 min and the hot-pressing was
done at 145 °C. The bonding strength was measured using universal testing machine
and fluorescence microscopy was also conducted to observe the adhesion penetra-
tion depth. The bonding strength of untreated specimens was low for both LVL
and plywood. On the other hand, the bonding strength of plywood-based composite
was greater than LVL composites after the HVEF treatment. The bonding strength
of treated plywood and LVL composites were increased by 108.86% and 98.53%
respectively on comparing with the untreated specimens. This positive improvement
is because of the reduced adhesive penetration depth at the bonding interphase and
increased density of bonding interphase.

Another work comprised of the addition of poplar wood fibres to Lithium chloride
(LiCl) and 2,2′- (1,4-phenylene) bis (2-oxazoline) (PBO) to polyamide 6 (PA6) resin
for producing composites. The primary function of LiCl and PBO was to reduce the
melting point of PA6 and increase its molecular weight respectively. The flexural and
impact properties of the composites were measured and suggested that the addition
of LiCl leads to improved bonding between PA6 and wood fibres. Additionally,
the impact strength, flexural strength, modulus of the PBO composites was 43, 30
and 37% more than the specimens without PBO. PBO causes extension of PA6
chains at high temperature and as wood fibres are added, hydrogen bonds are formed
between wood and PA6. Further, the N or/and O of PBO also aids the hydroxyl
groups, thereby improving the adhesion between PA6 and wood fibres. From the
morphology analysis, it was found that as PBO was added, there was a rise in O
and N atoms and this led to the reduction of voids in the composite, thus implying
enhanced interfacial bonding between PA6 and wood fibres (Xu et al. 2018).

Some studies reported the addition of fillers to improve the interfacial bonding
between thewood fibre and thematrix. Different concentrations of activated charcoal
were added to urea–formaldehyde resin andmediumdensityfibre boards (MDF)were
prepared using the modified resin and mats produced from hardwood fibres with the
help of hot-pressing process (Kumar et al. 2013). The average bonding strength was
calculated by testing the samples using universal testing machine. The results of the
experiment are shown in Table 3.

The bonding strength is related to the cross-linking density of the urea formalde-
hyde resin and the addition of activated charcoal has led to an increase in the cross-
linking density. Also, the resin cured at a faster rate at the core of the mat during
the processing of the composite resulted in the better interfacial bonding in the
composites.
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Table 3 Mean Bonding strength of MDF for different activated charcoal concentrations (Kumar
et al. 2013)

Resin Percentage of activated charcoal
added (%)

Internal bonding strength (MPa)

Urea–Formaldehyde 0 0.54

0.2 0.60

0.52 0.61

1.04 0.58

Another work reported the inclusion of carbon fibres to urea formaldehyde resin
and preparing MDF utilizing the modified resin and a mat made from rubber wood
fibres. Three distinct weight concentrations: 0.1, 0.25, 0.5%, of carbon fibre was
added to the matrix. The experimental results disclosed that the internal bonding
strengthwas highest for specimenswith 0.1wt.%of carbonfibre and thiswas 38.46%,
16.13% and 30.91% greater than for specimens with 0 wt.%, 0.25 wt.% and 0.5 wt.%
of carbon fibre respectively. The strong interfacial bonding at 0.1 wt.% of carbon
fibre addition was also viewed in the SEM micrographs and it was attributed to the
confinement of the fibres to the resin by the filler material. On the contrary, the
decline in bonding strength beyond a certain concentration was due to the presence
of agglomeration which causes stress concentrations that require lower energy for
crack propagation (Khan et al. 2013).

The addition of carbon nano-fibres to Polyacrylamide (PAM)—EFPCs have also
caused an increase in the bonding strength (Dang et al. 2018). Various mass fractions
of carbon nano-fibres (0, 2.5, 5, 7.5 and 10%) were added to PAM and composites
were manufactured using hot-pressing method. The test results are given in Table 4.

The poly (methyl methaacrylate)—wood composites were added with Poly
(ethylene terephthalate) (PET) fibres. Additionally, two cross-linking bonding
agents: Toulene-2, 4-diiscocynate (TDI) and (3-mercaptopropyl) trimethoxysilane
(MPTMS) were included to modify the wood fibres. The wood fibres were treated
with TDI and MPTMS separately and the composites were added with 3 types of
PET fibres namely virgin PET (VPET), waste PET (WPET) and mixed PET (MPET)
with 1:1 weight ratio of VPET and WPET, using hot pressing and investigated its

Table 4 Bonding strength of carbon nano-fibre/PAM/wood composites (Dang et al. 2018)

Matrix Mass fraction of carbon nano fibre
addition (%)

Internal bonding strength (MPa)

Polyacrylamide 0 0.66

2.5 0.73

5 0.81

7.5 0.89

10 0.87
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tensile, impact and flexural properties. Specimens with bothMPTMS and TDI exhib-
ited better bonding; however the coverage of fibres was stronger when MPTMS was
added. Thiswas also confirmed by the enhancement in themechanical propertieswith
the inclusion of TDI and MPTMS, which suggests improved fibre-matrix bonding.
Also, addition of PET fibres resulted in the increase in adhesion between PMMA
and wood fibres. Maximum increase was obtained when MPET was added followed
by WPET and VPET (Perisic et al. 2018).

5 Improved Water Resistance Behaviour of Wood
Composites

In wood polymer composites, the water absorption is because of mechanical inter-
locking and the presence of forces such as dispersion, dipole–dipole, hydrogen
bonding etc., between the matrix and the hydrophilic surface of the wood reinforce-
ment (Turku and Kärki 2013).

The water resistance behaviour of wood composites can be enhanced by adding
nano-fillers to the composite, performing surface treatment of wood fibres, using
appropriate fabrication method, controlling the fibre aspect ratio etc. (Li et al. 2020;
Gwon et al. 2010; Migneault et al. 2009).

The use of nano clay (NC) andmaleic anhydride polypropylene (MAPP) coupling
agent to enhance the waster resistance of wood-polypropylene composites was
studied. The reinforcement used was waste poplar sawdust and composite speci-
mens with different amounts of nano clay (0 and 3 wt.%) and MAPP (2.5 and 5
wt.%) were prepared (Tabari et al. 2011). The water absorption test was conducted
by immersing the composites in distilled water for a day and then computed the
amount of water absorbed by using the following Eq. (2).

% of water absorption =

(
W2 − W1

W1

)
×100 (2)

whereW1 andW2 areweights of the samples before and after immersion respectively.
The results showed that composites that contained 5 wt.% MAPP had lower

water absorption that those with 2.5 wt.%. In the absence of NC, water absorption
decreased by 35.3% for 5wt.%MAPP specimenswhen compared to 2.5wt.%MAPP
specimens. This can be due to the reduction in velocity of diffusion process because
of the presence of few gaps at the fibre-matrix interface, hindering of the hydrophilic
groups as a result of surface modification and improved bonding between wood
fibres and polypropylene. The addition of NC has also decreased the water uptake of
wood composites. The water molecules occupy the voids present in the composite
and saturate the fibre cell wall. When nanoclay is added, they fill the voids thereby
preventing the penetration of water into the composite (Das et al. 2000). In addition,
another reason for the reduction in water uptake is that the hydrophilicity of the clay
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surface immobilizes certain amount of moisture and hinders the diffusion of water
into the matrix (Ghasemi and Kord 2009).

Another work was concerned with the influence of construction and demo-
lition waste (CDW) addition on the water resistance properties of WFPCs. A
wood-polypropylene (WF-PP) composite was used as reference and three different
wood composite specimens were fabricated with recycled high-density polyethylene
(rHDPE) as matrix (Hyvärinen et al. 2019). The compositions of the samples are
shown in Table 5. The water absorption test was carried out for 28 days and the
results are provided in Table 6.

Hybrid epoxy composites containing different proportions of teak and sal wood
flour were prepared and their water absorption characteristics were estimated. Five
different samples with a total reinforcement content of 33% and varying amounts
of sal and teak flour (0–100%) were fabricated. The water absorption test was
carried out by immersing the specimens in deionized water for one day. The
samples comprising of 50% sal and 50% teak had the least water absorption (3.38%)
followed by the sample with 25% teak and 75% sal (4.1%). The sample with 100%
teak had the maximum water uptake (5.79%) and this was because teak has high
percentage of hemi-cellulose which determines the percentage of water absorbed in

Table 5 Compositions (wt%) of differentwood plastic compositeswithCDWadditions (Hyvärinen
et al. 2019)

Constituent WF-PP WF-rHDPE-CDW1 WF-rHDPE-CDW2 WF-rHDPE-CDW2

Wood fibre 64 44 44 –

Resin 30 30 30 30

Coupling and
lubricating agent

6 6 6 6

CDW – 20 20 64

Wood – 8 2 6

Plastic film – 4 6 18

Cardboard – 2 11 35

Mineral wool – 6 2 5

Table 6 Water absorption of wood plastic composites (Hyvärinen et al. 2019)

Days Water absorption (%)

WF-PP WF-rHDPE-CDW1 WF-rHDPE-CDW2 WF-rHDPE-CDW2

0 0 0 0 0

1 3.35 3.54 2.92 3.52

7 9.13 10.59 8.52 8.26

14 14.86 14.37 12.18 11.81

28 19.18 18.17 14.17 15.20
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bio-composites. It was concluded that hybridization has led to an enhancement in
the water absorption of wood fibre composites (Jain and Gupta 2018).

The effect of manufacturing method on the water absorption of WFPCs was
investigated (Hoque et al. 2014). The reinforcement used was Meranti light red
sapwood and the composites were prepared using solution casting where epoxy was
the matrix and in-situ polymerization in which methyl methaacrylate (MMA) was
utilized. For the water absorption test, the samples were immersed in distilled water
for 2 h and then measurements were taken. The water uptake of pure wood samples
was the highest followed by in-situWFPCs, solution castedWFPCs (20% of wood as
reinforcement) and solution castedWFPCs (5% of wood reinforcement). This shows
that as amount of wood content raises the –OH groups in the samples increases and
hence, water uptake also increases (Islam et al. 2012).Water absorption in the case of
in-situWFPCs have declined as the MMA occupies the porous structure of the wood
fibres. On the contrary, epoxy-based composites exhibited superior water resistance
because epoxy is highly resistant to moisture due to its low porosity and hydrophobic
nature.

Wood polymer composites with high density polyethylene (HDPE) matrix were
manufactured using injection moulding and extrusion process and the influence of
fibre size and fabricationmethod on the water absorption resistance was investigated.
The wood fibres with three different L/D ratios were utilized and maleated polyethy-
lene (MAPE) was added as the coupling agents to all specimens. From the water
absorption test, it was found that specimens that were injection moulded absorbed
13% less water than those that were extruded. In extruded composites, the fibre ends
are exposed to water and this result in higher water absorption whereas in injection
moulded composites the wood surfaces are covered by hydrophobic polymer surface.
It was also found that the usage of short fibres resulted in enhanced water absorption
resistance as compared to long fibres. On an average (for both processes combined),
the water absorption of specimens with shorter fibres (L/D = 8.3) was 51% lesser
than those with longer fibres (L/D = 21.3). It was suggested that the utilization of
longer fibres results in greater probability of voids that act as water sites (Migneault
et al. 2009).

The water absorption of poly (methyl methaacrylate) (PMMA) - wood compos-
ites in presence of two bonding agents Toulene-2,4-diiscocynate (TDI) and (3-
mercaptopropyl) trimethoxysilane (MPTMS) were analyzed. Three samples namely
PMMA-wood, PMMA- wood/TDI and PMMA-wood/MPMTS were subjected to
water absorption test where the specimens were immersed in distilled water at 20 °C
for 28 h. The water resistance of PMMA-wood/MPMTS was maximum followed by
PMMA-wood/TDI and PMMA-wood. When bonding agents are added, the surfaces
of wood fibres are completely covered by PMMA and this leads to enhanced water
resistance. Also, the presence of voids has been significantly reduced by the addition
of TDI and MPMTS which in turn reduces water uptake (Perisic et al. 2018).

The effect of fibre surface treatment on the water resistance of rubber wood flour
(RWF)—recycled polypropylene (rPP) composites were studied (Khamtree et al.
2020). The wood flour was subjected to alkaline treatment, silane treatment and a
combination of these two and specimens were prepared using the modified RWF and
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rPP by extrusion compression moulding. The silane treatment time was either 2 or
24 h. The specimens were submerged in deionized water for 10 weeks and then the
amount of water absorbed was estimated. Surface modification of fibre results in the
removal of impurities and hemi-cellulose and due to this, the specimens with treated
fibre had less water absorption than samples with untreated RWF (Kaewkuk et al.
2013). Also, the water resistance of samples that had a combination of alkaline-silane
treatmentwas higher than those treated by silane or alkalinemethods alone.Minimum
voids was witnessed in composites with alkaline treatment of RWF followed by 5%
silane treatment for 2 h, as a result of which the water absorption was also the least
(5.6%) on comparing with other specimens.

Wood fibres were subjected to treatment with acetate, proionate or benzoate and
the effect of these treatments on the water absorption resistance of modified wood-
HDPE composites were studied. The specimens weremanufactured by extrusion and
the water absorption test was carried out by immersing the samples for 61 days. The
water absorption was least for composites with benzoylated fibre and the order is
as follows: benzoylated fibre WPC (1.37%) < Propionylated fibre WPC (2.46%) <
Acetylated fibre WPC (6.15%) < Control fibre WPC (15.19%). On chemical treat-
ment, the hygroscopic nature of wood fibres and the available water sites reduces
significantly, thus leading to improved water absorption resistance (Wei et al. 2013).

Another work concentrated on the consequence of hemicellulose and lignin
removal on the water absorption properties of HDPE/wood composites (Ou et al.
2014). Different kinds of wood particles namely, wood flour (WF), holocellulose
(HC), α-cellulose (αC) and hemicellulose-removed wood flour (HR) were mixed
with HDPE and specimens were produced using injection moulding technique. In
addition, the specimens were either made with or without the inclusion of maleated
polyethylene (MAPE). The water absorption test was conducted by immersing the
samples in distilled water for 2 months and then weighing the samples. The experi-
ment was performed five times and average values were taken. At the end of the test,
the water absorption resistance of the composites was in the following order: HR
> WF > αC > HC. The water absorption of hemicellulose-removed specimens with
and without the addition of MAPE was 2.13% and 3.37% respectively. In absence
of MAPE, the water absorption of HR/HDPE was lower than WF/HDPE, αC/HDPE
and HC/HDPE by 85.75%, 132.65% and 160.53%, respectively. In natural fibres,
hemicellulose has the maximum capability to absorb moisture followed by cellu-
lose and lignin. As hemicellulose is removed, the number of accessible hydroxyl
groups is reduced and as a consequence, the HR must be properly wetted by the
matrix. This leads to a reduction in the penetration of water into the composites
(Pelaez-Samaniego et al. 2013).

Similar to the above study, another research work investigated the removal or
extraction of hemicellulose at different temperatures on the water absorption charac-
teristics of isotactic polypropylene/wood composites. Hemicellulose was extracted
at 140, 155 or 170 °C and specimens were fabricated with and without the addition
of coupling agent (MAPP). The control specimen (with and without MAPP) was
the one in which hemicellulose was not removed. The composites were immersed
in water for 4728 h and then their weights were measured. The specimens in which
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hemicellulose was extracted at 170 °C (Maximum hemicellulose removed) had the
highest water absorption resistance. These composites had absorbed 10.7% (without
MAPP) and 7.47% (with MAPP) of water respectively. Some of the reasons for
improved water absorption resistance are; better fibre-matrix interfacial bonding at
higher extraction temperatures, removal of hemicellulose that decreases the amount
of hydroxyl groups and presence of higher proportion of lignin (hydrophobic in
nature) on the wood surface after hemicellulose removal (Hosseinaei et al. 2012).

In order to produce eco-friendlier composites, some portions (up to 40%) of urea
and formaldehyde were substitute by cottonseed meal (CM) in urea formaldehyde
(UF) resin and specimens with this modified matrix and hard maple wood veneers
were produced. The samples were immersed in water for 4 h and then their water
soaked bonding strength was measured. The water-soaked strength of pure UF resin
was 1.35MPawhile itwas 2.85, 3.25, 3.27 and 3.39MPa for specimenswith 10%CM,
20%CM, 30%CM and 40%CM respectively. This indicates that the replacement of
UF resin with cottonseed meal had led to an improvement in the water resistance of
wood polymer composites. This enhancement might be attributed to the hydrophobic
property of cottonseed meal and its strong linkage with UF resins (Liu et al. 2018).

Polymer composites with linear low-density polyethylene (LLDPE) as matrix and
various wood varieties like oak, pine, acacia and eucalyptus as reinforcements were
fabricated and the effect of the different types of wood on the water absorption resis-
tance was studied. During processing, EVOH was added as the compatibilizer. The
water absorption was estimated by soaking the specimens in water for 11, 20, 29,
34, 43 and 52 days. After 43 days, the water absorption in all the specimens attained
saturated state. The water absorption was minimum for composites with pine as
reinforcement, followed by eucalyptus, acacia and oak. The high absorption resis-
tance of pine-based composites was due to the presence of lesser available hydroxyl
groups compared to other specimens. The low number of available hydroxyl groups
is because of less cellulose content in pine (Shebani et al. 2009).

Wood fibre composites exhibiting superior water absorption resistance
were manufactured on a nano-interface assembly with the help of cationic
polyethyleneimine-nano-ZNO (PEI-ZnO) and anionic sodium polyacrylate-wood
(PAAS-wood). The wood fibres were suspended in PAAS solution while nano-ZnO
particles were suspended in PEI solution. The wood fibres were then coated with
nano-ZnO at concentrations 1 wt.%, 2 wt.%, 3 wt.%, 4 wt.% or 5 wt.% and the
modified fibres were reinforced in polypropylene matrix. The water absorption was
estimated by immersing the specimens in water for 6, 12, 24 and 60 h. The water
absorption of specimens with 3 wt.% nano-ZnO coating exhibited maximum water
absorption resistance. At 6 h of soaking, the water absorption of pure composite was
5.2% whereas, the water absorption of composite with 3 wt.% nano-ZnO coating
was 1.83%. Likewise, at 60 h of soaking, the water absorption of pure composite
and composite with 3 wt.% nano-ZnO coating were around 22% and 3% respec-
tively. The surface of wood fibre after modification comprised of three distinct layers:
PAAS-PEI-nano-ZnO. The assembling of the composites on a nano-interface reduces
the surface activity of the fibres and shields the composites against moisture. The
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shielding can be due to: a) a firm 3-D nano-network that prevents wetting, b) charge-
grafting lowers wood surface activity and enhances the mechanical interlocking
between the matrix and the surface of wood fibre (Ye et al. 2016).

6 Conclusions and Future Perspective

The wood has received an ample attention as the reinforcing filler for producing
polymeric composites for various industrial applications because of its noteworthy
features and properties. These fillers have poor bonding with the polymer matrices
because of its hydrophilic nature which is responsible for lower strength of compos-
ites and higher water absorption rate. The surface modification of filler is one of
the best solutions to overcome this problem. Some research works reported that the
woodfibre composites have improved bonding strength and reducedwater absorption
rate of the after the surface modification using different chemicals. Such compos-
ites satisfy the requirements in the various industrial sectors. Though huge varieties
of wood fibres are available the studies on various characterizations of wood fibre
composites are relatively less when compared to the lignocellulose fibres extracted
from other parts of the plants and synthetics fibers. This created a research gap for
the future researchers to explore the properties of different raw and surface modified
wood fibre based composites.
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Use of Innovative High-Density
Polyethylene (HDPE) Environmentally
Friendly Adhesives for Wood Composites

M. Chandrasekar, K. Senthilkumar, T. Senthil Muthu Kumar, M. R. Ishak,
N. Rajini, and Suchart Siengchin

Abstract The plywood laminate-based composites derived from the wood, natural
fibres and other agricultural residues provide sustainable solutions to the structural
and non-structural applications. However, formaldehyde adhesives used for bonding
the lamina together seems to have impact on the production personnel and end user
due to their carcinogenic nature. Hence, the alternative resins for bonding plies
in wood composite to substitute the conventional formaldehyde resin has been in
focus.. This review addresses the published research works on use of high-density
polyethylene (HDPE) as the bonding adhesive for wood-based composites.. Various
factors were found to influence the bonding characteristics, physical and mechanical
properties as follows: (i) curing parameters (ii) coupling agents and treatments such
asmaleic-anhydride graftedHDPE, vinyltrimethoxysilane, dicumyl peroxide (DCP),
silane treatment, thermal treatment, etc., (iii) density of HDPE (iv) HDPE dosage and
(v) aging. Studies also highlight that HDPE adhesive satisfies the minimum bonding
strength requirements for their use in commercial grade plywood based laminates.
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The prospect of commercializing HDPE-adhesives for bonding the plywood based
laminates in place of conventional formaldehyde resin is not far.

Keywords HDPE · Adhesive ·Wood based composite · Bonding characteristics ·
Aging

1 Introduction

Wood based composites have been commonly used in structural applications such
as windows, door frames, floors, false ceiling panels, cabin deck separation and
interior decorations while it is also frequently used in non-structural applications
like tables, furniture, and support boards for writing, vegetable chopping, etc. Wood
based composites exist in different forms: (1) wood plastic composite which consists
of wood flour and polymer matrix with thermosetting and thermoplastic resins, (2)
Plywood laminate with thin layers of plywood lamina bonded with the thermoset-
ting and thermoplastic based adhesives and (3) Lumber veneer laminate (LVL)which
consists of plywood sheets in the inner layers and veneer board on the top bonded alto-
getherwith the adhesives.Adhesives used in bondingLVLand plywood laminates are
conventional formaldehyde based thermosetting resins such as phenol–formaldehyde
(PF), urea–formaldehyde (UF) andmelamine urea–formaldehyde (MUF)mixedwith
polyvinyl acetate (Chang et al. 2017;Wu et al. 2019). Despite of the successful use of
formaldehyde based resin as bonding adhesives, disadvantages such as high produc-
tion cost, carcinogenic nature of formaldehyde and their impact on environment
since it is derived from the fossil based resources (Lustosa et al. 2015; Chang et al.
2018). Thus, research has been focused on the development of formaldehyde-free
and environment friendly high-density polyethylene (HDPE) as the adhesive.

1.1 HDPE Film as Adhesive

The idea of using HDPE film for bonding wood plies or veneer was first attempted by
Han in 1990 through the flat pressing technique (Han 1990). The characteristics of
HDPE such as dimensional stability, non-aqueous, resistance to moisture, lower cost
and formaldehyde-free make them a highly suitable alternative for adhesive bonding
in plywood and wood veneer laminates.

1.2 Fabrication Method

In the recent studies, LVL or wood boards with the HDPE film as binder was fabri-
cated through the hotpress molding subsequently followed by coldpress. Initially,
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Fig. 1 LVL composite
laminate with HDPE film as
binder (Lustosa et al. 2015)

HDPE films of thickness ranging from 0.5 to 15 mm were placed in between the
plies of the LVL or wood boards. The stacked layers with HDPE film was then
heated to curing temperature under pressure for a definite period of time followed by
subjecting the cured samples in coldpress for few minutes. The cured samples were
found to have good bonding with the plies as shown in Fig. 1 (Lustosa et al. 2015).

2 Factors Influencing Adhesion Properties of HDPE Film
with Wood-Based Composites

2.1 Curing Parameters

Tensile shear strength of the Veneer/wood fibre-HDPE/veneer composite panels
bonded with HDPE film was found to be between 0.91 and 1.45 MPa at a curing
temperature of 70–90 °C between 10 and 20 min. This was above the 0.4 MPa
threshold value of GB/T15104-2006 (Sun et al. 2019). However, Lustosa et al. (2015)
reported that curing temperature of 100 °C and 120 °C at 10 and 15 min under a
pressure of 1 MPa was not sufficient to melt the HDPE and hence, bonding was not
achieved as shown in Fig. 2. At 140 °C, HDPEmelts and can penetrate the vessels of
thewood substrate. Hence, the bonding between thewood substrate at curing temper-
ature greater than 140 °C was due to the mechanical interlocking effect between the
HDPE and porous wood substrate. Similar findings were reported by Fang et al.
(2013) on the poplar veneer//HDPE laminate. They also showed that tensile shear
strength achieved for laminate bonded with HDPE films as adhesive was greater than
0.7 MPa and could match the strength requirements for type II grade plywood of
GB/T 9846.3-2004.



126 M. Chandrasekar et al.

Fig. 2 Influence of curing temperature of HDPE on the bonding characteristics with plywood and
veneer

In their work, Liang chang et al. (2017) showed that viscosity of the HDPE film
decreased from 4.019× 104/Pa.s at 140 °C to 1.525× 104/Pa.s at 180 °C. Decrease
in viscosity with the increasing curing temperature led to better penetration of the
HDPE into thewood cells of the laminate ply, thus highermaximumpenetration depth
(in transverse direction of the plies) and effective penetration depth (in longitudinal
direction of the plies) at the interface between the adjacent LVL plies. Tensile shear
strength was found to increase in magnitude until 160 °C and continued to decline
further. Despite of the increase in penetration depth beyond 160 °C, decrease in
tensile shear strength was attributed to the homogeneity of the bond line. Uneven
penetration of the HDPE into the wood cells or lumen of the adjacent plies had an
impact on the tensile shear strength.

Bekhta and Sedliačik (2019) fabricated alder veneer/HDPE laminate through the
hotpress technique. Specimens were cured at a temperature from 140 to 180 °C
between 1 to 5 min of the curing time as shown in Fig. 3.

Grı̄nbergs et al. (2010) fabricated the birch wood veneer/HDPE laminate with
curing temperature of 140 ºC for 2 min under pressure ranging from 2 to 8 MPa.
Shear strength was found to be approximately 6.8 MPa at a pressure of 2 MPa to
7.61 MPa as the curing pressure was increased to 6 MPa. Shear strength was found
to decline by 5.8 MPa with further increase in the hotpress pressure to 8 MPa.
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Fig. 3 Influence of hot pressing time on the shear strength of 3 layered alder wood veneer laminate
bonded with the HDPE film (Bekhta and Sedliačik 2019)

2.2 Use of Coupling Agents and Treatments

As perWu et al. (2019), decrease in tensile shear strength beyond curing temperature
of 160 ºC can be rectified by the use of maleic-anhydride grafted HDPE (MAPE) in
place of conventional HDPE. Maleic anhydride in MAPE acts as coupling agent and
forms a covalent bond between the carbonyl group of MAPE and hydroxyl group of
wood veneer which led to increase in tensile shear strength at curing temperatures
beyond 160 ºC.

Fang et al. (2014) treated thewood veneerwith the 2wt%of vinyltrimethoxysilane
and 0.05 wt% dicumyl peroxide (DCP). Their results indicate that silane treated
poplar veneer laminate showed tensile shear strength of 1.7 to 1.9 MPa when 1–3
layers of HDPE film was used. The reason for significant improvement in the tensile
shear strength for the silane treated poplar veneer with HDPE film is due to the
following reasons: a) formation of covalent bonds between the silanol groups and
hydroxyl group of wood veneer and b) oxy radicals of DCP reacts with the HDPE
at curing temperature and releases vinyl radicals which further forms covalent bond
with the poplar veneer and HDPE film. In another study, Fang et al. (2017) used
two methods to improve interfacial bonding between poplar veneer and HDPE film:
(a) 2wt% silane and 0.05wt% DCP and (b) conditioning of veneer boards in the
oven at 200 ºC for 30 min. Both the silane treatment and thermal treatment yielded
considerable increase in tensile shear strength, modulus of elasticity and modulus of
rigidity. Furthermore, water contact angle on the poplar wood surface also increased
form 28º to 119º and 97º for the thermal and silane treatments respectively. Thermal
treatment of poplar veneer reduces their hygroscopic nature and cause reduction in
polarity which in turn enhances the bonding between the veneer and hydrophobic
HDPE film. Similar trend on water contact angle was reported by Liu et al. (2019)
on poplar wood veneer laminate treated with r-aminopropyl triethoxy silane and
trimethoxy vinyl silane. A significant finding from their study is that water contact
angle decreased for the untreated wood veneer while it remain unchanged for silane
treated wood veneer after 30 s due to the fact that hydroxyl groups of wood veneer
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formed a covalent bond with silanol groups of silane. Among the silane treatments,
trimethoxy vinyl silane treatment yielded better surface bonding strength and water
resistance than the former.

2.3 HDPE Dosage

HDPE dosage or density of HDPE films was another important parameter that influ-
enced the physical properties such as water absorption % (WA), thickness swelling
(TS) and mechanical properties such as modulus of rigidity, modulus of elasticity
and tensile shear strength. According to Fang et al. (2013), both WA and TS were
lower for LV with HDPE film than LVL with conventional UF resin. In addition to
the non-aqueous and hydrophobic characteristic of the HDPE, it also penetrates into
the micro-pores of the wood veneer blocking the moisture diffusion into the laminate
along the bonded interface. According to Lustosa et al. (2015), tensile shear strength
increased from 2.05 to 2.51 MPa, flexural modulus from 88.5 to 98.8 MPa, 9.641 to
10.520 GPa as the HDPE dosage was increased from 150 to 250 g/m2. Similar trend
on the tensile shear strength was reported by Chang et al. (2017) in poplar veneer
wood laminates where there was significant increment in bonding strength with the
addition of HDPE film layers.

2.4 Fibre Weight to HDPE Ratio

Guo et al. (2018) fabricated sandwich panels with aspen wood fibre board (WFB) as
core bonded on the top and bottom surface with poplar veneers through the HDPE
film. WFB:HDPE was varied between 60:40, 70:30 and 80:20 in terms of weight %.
They observed decline in bonding strength with the greater WF content in the order:
60:40> 70:30> 80:20 while use of MAPE (which involves small addition of maleic
anhydride) resulted in similar bonding strength at all wt%. A similar observation was
made on WF/poplar veneer laminate bonded with HDPE film by Liu et al. (2019).
They reported that the bonding strength declined with the higher WF: lower HDPE
ratio and at 80:20 ratios, maximum delamination between the WF and poplar veneer
was observed.

2.5 Aging

Water resistance of the wood veneer laminate bonded with HDPE film were studied
by exposing the specimens to the following conditions: (a) 4 h immersion in boiling
water, dried for 16 h followed by subsequent boiling for 4 h and (b) 72 h of boiling
water. It can be observed from their study that single lap joint shear strength decreased
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from 7.62 MPa for dry specimens to 2.34 and 2.10 MPa for the exposed specimens.
However, the shear strength was still greater than the threshold value of 1.8 MPa for
the Class-1 plywood and 1 MPa for the Class-3 plywood and hence, they recom-
mended HDPE as adhesive suitable for the outdoor applications (Kajaks et al. 2012).
Tang et al. (2012) exposed red pine veneer/HDPE laminate to 2 thermal cycles by
immersing the specimens in boiling water for 4 h, followed by drying at 63 ± 3 °C
for 20 h. The exposed specimens did not delaminate after exposure and possessed
tensile shear strength of 1.09 MPa which is above the threshold value of 0.4 MPa as
per the plywood GB/T15104-2006 requirements.

3 Future Perspective

HDPE bonded wood laminates were found to have met the minimum tensile shear
strength required as per the plywoodGB/T15104-2006 requirements before and after
theweathering trials. Studies also showed that bonding between the plywood laminas
in the wood based laminate can be achieved by optimizing the HDPE film thickness,
curing temperature and pressure. Due to these features, HDPE can be an efficient
and environmental friendly alternative for the traditional phenol formaldehyde resin
in their use as adhesive for bonding the wood based laminates. Since the morpho-
logical features vary from one wood to the other, determination of the film thickness
for optimum bonding and assessment of the interfacial bonding characteristics on a
microscopic level can be helpful in identifying the effectiveness of bonding between
the particular species of wood laminas. On the other hand, adhesively bonded wood
laminates have application in the indoor andoutdoor structureswhere they are suscep-
tible to degradation from the environmental factors such as humidity, moisture and
temperature. Thus, future studies can be extended in assessing the degradation char-
acteristics and ability of the HDPE based wood laminates to retain strength under
various aging conditions.

4 Conclusion

This article highlights the use of HDPE as adhesive for bonding the plywood laminas
in the wood based composites. Following is the observation from the reported works.

• Mechanical properties of the wood based composites were found to increase by
increasing the curing temperature. Bonding strength, viscosity, and penetration
of HDPE into the woods were also influenced by the curing temperature.

• The usage of coupling agents such as silane treatments and maleic anhydride
grafting of HDPE have shown promising results in enhancing the properties of
the wood based composites. For example, the water contact angle of the poplar
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wood surface was improved from 28° to 119° and 97°. It was ascribed to the
thermal and silane treatments, respectively.

• Bonding strength declined with the reduction in HDPE dosage.
• There was a reduction in the tensile shear strength due to aging. However, the

strength was still above the threshold values required for the commercial grade
plywood laminates. Hence, it was suggested that the wood composites bonded
with HDPE adhesives could be employed in the outdoor applications.
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Utilization of Renewable Biomass
and Waste Materials for Production
of Environmentally-Friendly, Bio-based
Composites

Carlo Santulli

Abstract The introduction of renewable biomass into a polymer matrix is an option
competing with other possibilities, such as energy recovery and/or re-use in the
carbonized state, or production of chemicals, such as, in the case of ligno-cellulosic
waste, concentrates on the production of simple sugars, then possibly leading to the
development of biopolymers. These competitive applications have also some interest
and market, however with a considerable energy, water and materials consumption,
due also to the not always high yielding. Other possibilities for renewable biomass
are therefore being used as fillers to increase mechanical performance of polymers or
to allow e.g., the absorption of toxic chemicals. This review concentrates on the use
of biomass as close as possible to the “as received” state, therefore avoiding when-
ever suitable any thermal treatment. More specifically, it focuses on its introduction
into the three categories of oil-based (or bio-based replacement) of engineered poly-
mers, into industrial biopolymers, such as poly(lactic acid) (PLA) and self-developed
biopolymers, such as thermoplastic starch (TPS).

Keywords Renewable biomass · Biocomposites · Thermoplastic starches

1 Introduction

1.1 Definition of Renewable Biomass

The production of more sustainable materials suggests as a possible option the use
of renewable biomass, in particular derived from the waste fraction that is normally
disposed by energy recovery or landfilled, since re-using them in newmaterialswould
result in the reduction of waste production, which is the best strategy proposed by
recent environmental regulations, such as EC98/2008 Directive. This will have also
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the additional benefit of allowing a smaller fraction of materials to derive from
non-renewable sources, such as hydrocarbons and various chemicals obtained from
cracking of extracted oil.

Although in general terms it could appear straightforward to identify what
“biomass” is, being correlated to forest management, a harmonized definition has
been reached in recent years, according to which biomass includes all aboveground
biomass compartments of living trees and plants, namely” the aboveground part
of the stump, the stem from stump to top, dead and living branches, and foliage”
(Avitabile and Camia 2018). In Fig. 1, an estimate is offered of the harmonized pres-
ence of biomass, according to EFDAC (European Forest Data Center), derived by the
26 participating National Forest Inventories (NFIs) organizations EFDAC biomass
dataset.

This term is competitive with “agrowaste”, which is more restrictive, in that it has
been often considered in connection with some potential in carrying out production

Fig. 1 Spatial distribution of the harmonized EFDAC biomass plots for the 26 countries included
in the EFDAC dataset (Avitabile and Camia 2018)
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of chemicals for the synthesis of bio-based materials, a possibility which is going to
be treated further down, yet in general terms puts emphasis on the derivation from
the agricultural sector. It can also be suggested that a part of biomass can also be a
residue from agrowaste, but in common language mentioning “biomass” has become
an indication of the possibility to dispose of the material by combustion and energy
recovery (Zhang and Long 2010).

In itself, this does not indicate that all the various waste materials originated from
biomass would possibly offer a sufficient calorific power into combustion. However,
regardless including the prefix “bio”, it is not sure that the whole of biomass would
have sufficient biological action i.e., bio-deterioration followed by bio-degradation in
the presence e.g., of micro-organisms. In practical terms, other definition of biomass
are still operational,which arrive even to include a part of construction and demolition
waste. This for example includes in some countries a significant amount of wood,
although not derived directly from forests, yet passed from a phase of waste disposal,
for which an energy recovery path is well traced (Fig. 2), from which it may not be
easy to subtract material for other uses (Nuss et al. 2013). The elected destination
for the obtained materials is often related with the use as combustible material,
therefore for the production of briquettes, pellets, etc., In this sense, concern for
particle emissions for this kind of use has been often been raised (Johansson et al.
2013).On the other side, this leaves unresolved the issue of how touse ashes generated

Fig. 2 “Energy recovery” path for biomass from construction and demolition waste (CDW) (Nuss
et al. 2013)
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from combustion: a frequently explored option concerned their introduction into
cementitious matrices (Ukrainczyk et al. 2016; Martirena and Monzó, 2018). The
biomass can also play the role to absorb some chemicals, such as it is the case
for 2,4.6-trichlorophenol inserted in kaolinite clay matrix, used to decontaminate
effluents from water treatment plants: in the specific case (Olu-Owolabi et al. 2017),
Carica papaya and pine-cone seeds were used.

However, the specification as “renewable” suggests also the fact that this biomass
derives from plants, hence increases the likeliness of it being shifted from energy
recovery at end-of-life to more sustainable scenarios. These would include recycling
in other materials, therefore possibly resulting in a mitigation of the impact of global
warming, especially in the case that the use of renewable biomass is considered
with limited processing, therefore possibly without any prior combustion process.
The renewability characteristics allow consequently the biomass playing different
possible roles, among which also the manufacturing of materials and products can
also be considered (Dhillon and von Wuehlisch 2013).

Since the main option still considered for biomass is still energy recovery from
combustion and of course generation of ashes, in some cases its introduction in
materials was performed only after its transformation into carbon. In particular, this
is interesting because it may involve the transformation into active carbons or in
any case in materials that will increase the porosity of the hosting materials, may
be also according to a hierarchical structure (Pan et al. 2014). This is particularly
suitable when carried out starting from secondary raw materials derived from very
large productive systems: an example is suggested from the use for the purpose
of cotton stalks, where active carbons obtained proved adapted for dye absorption
(Fathy et al. 2010). A number of proposals have been raised also for the waste of
other crops, diffused in a large portion of theworld, namely rice husk biomass, among
which the fabrication of biocomposites is also considered though (Pode 2016). In
particular, carbon black obtained from combustion of biomass, normally referred
to as “biochar”, has been introduced e.g., in a petrochemical matrix, such as it has
been the case for bamboo stem, coconut shells and oil palm empty fiber, which
were first heated to 700 °C, and then used as the filler in epoxy resin: this led to an
improvement in thermal stability and also in flexural properties of the composites
(Abdul Khalil et al. 2010). In contrast, the introduction in a vinylester resin of 10
wt.% of carbon black produced from combustion at 600 °C of jatropha seeds shells
led to some increase into tensile strength, not so for flexural strength, and also a
general increase of thermal stability, although resulting ultimately in a decrease
of degradation temperature (Aprilia et al. 2014). Another study on oil palm ashes
clarified that in an epoxy resin tensile and flexural performance of the resin do not
decrease until the introduction of ashes result in their agglomeration, which is the
case when their amount reaches 30% by weight (Rizal et al. 2019).

A further possibility, which is also widely investigated in the agro-food and forest
sector, is the extraction of one specific component for other possible production,
possibly including materials for further use. In particular, cellulose can be extracted
from food waste rich in polysaccharides with the idea to produce bio-hydrogen
(Yasin et al. 2013), or lignin reprocessed for the production of materials, chemicals
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and fuels, in the still new yet already diffused concept of “biorefineries” (Stafford
et al. 2020). A possibility to apply lignin, more relevant for the use in material, is
the possibility to use it as a curing agent for thermosetting polymers, such as epoxy
(Abdul Khalil et al. 2011). Crosslinking agents for epoxies are also been proposed to
be extracted from biomass in the form of unspecified protein hydrolizates (Mekonnen
et al. 2013). Among other chemicals obtainable from agrowaste is ethanol, which
can also possibly lead to the production of bio-based polymers, structurally similar
to the ones obtained from oil, such as bio-polyolefins (polyethylene, polypropylene,
etc.) (Bhatia et al. 2012).

1.2 Other Possibilities for Reprocessing Biomass Waste

There are more complex ways, also in chemical terms, to deal with the matter, for
example the production of biopolymers from glucose-based raw materials obtained
from biomass. In particular, some types of agricultural and forestry waste showed a
significant yielding in providing sufficient amounts of polysaccharides, in particular
gluten, starch and proteins, to be potentially able to carry out the production of
biopolymers (Santulli et al. 2015). A possibility in this regard is offered by fungal
enzymes, where in particular the lignocellulosic biomass can be reprocessed to lead
to glucose and xylose (Fig. 3) and then possibly re-polymerize the polysaccharide
based polymers, such as poly(lactic acid) from glucose, or poly(hydroxybutirate)
(PHB) from specific bacterial strains from xylose (Garcez Lopes et al. 2009).

A comprehensive review of studies performed from algal biomass is for example
reported in Noreen et al. 2016, where emphasis is put on the production of bio-based
polyesters, not only for structural applications, also e.g., for drug release and as
biomedical scaffolds. Also, lipids from food waste and algal biomass hydrolizates
proved suitable for application as surfactants and plasticizers by the transesterifi-
cation with glycerol (Pleissner et al. 2015). In other cases, developed materials are
intended for absorption of toxic chemicals, such as heavy metals, both by fungal
biomass (Rashid et al. 2014) or algal biomass (He and Chen 2014). In this case,
biomass, especially when porous or sponge-like, can be used as the ideal environ-
ment for the development of fungal mass, in view of the removal also of chlorinated
compounds (Iqbal et al. 2005). Other possibilities are in absorbing dyes, such as
Crystal Violet using peanut hulls (Tahir et al. 2017) and methylene blue using orange
peel strips (Jain et al. 2010) from water.

To try to summarize all the aforementioned approaches in a concept, the above
studies concern the use of biomass, in some cases also for production of materials
for specific uses. However, the materials obtained most frequently do involve neither
the requirement of durability, nor a particularly interesting structural performance
as the replacement of conventional polymer reinforced composites. Rather, they are
manufactured with the idea to control biodegradability to occur in a rather short
time. In this way, the specific type of biomass waste used, and its production system
can also be unknown, or else these solutions are suitable whenever there is no real
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Fig. 3 Enzymatic degradation path of ligno-cellulose biomass down to simple sugars (Gupta et al.
2016)

separation between the different waste inflows that contribute to biomass waste, such
as it is normally the case in fields like forest management.

The objective of the present chapter is focusing exclusively on the use of as-
received biomass waste, ligno-cellulosic, protein-based or ceramic, from agro-food
and forestry industries, with minimal modifications for its introduction into biopoly-
mers, hence not involving combustion before prospected use. The idea of the produc-
tion of these biocomposites would be disposing of waste into a new material, instead
of using it in energy recovery or for specific application. In the case of introduc-
tion of ligno-cellulosic biomass waste, this may present some similarities with what
has been done over the last three decades using plant fibers, to fabricate materials
that have been defined as “natural fiber composites” (NFCs) or “plant fiber compos-
ites” (PFCs). On these, a number of recent and comprehensive reviews also avail-
able, in view of the use of natural fibers as the replacement of glass fibers or wood
fibers, such as proposed by Madsen and Gamstedt (2013), and Ahmad et al. (2015).
Other review papers have also been published, which otherwise concentrates onmore
specific aspects of natural fiber composites, for example on their mechanical proper-
ties (Elanchezhian et al. 2018), dynamical properties (Saba et al. 2016), or on liquid
molding (Francucci and Rodriguez 2016).
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However, the use of waste biomass discussed in this chapter does not involve the
manufacturing of textile products, yet the use of the material as random fibers, or
particles, in order to minimize the preparation of waste for introduction into biocom-
posites. It is quite obvious that thismode of application presents some critical aspects,
themain being the possibility to behave as filler rather as a proper reinforcement in the
biocomposite and in some cases the risk that only a limited amount of it is introduced
in the material. On the other side, using it as much as possible as-received reduces
mechanical energy consumption and the use of chemicals. Moreover, it preserves
the characteristics of waste, which may include for example lightweight, proneness
to water absorption, etc.

1.3 Biomass Waste for Introduction into Polymers

The sections of the chapter are organized according to the type of matrix used: a
first possibility can be to use a non-biodegradable matrix (Sect. 2), such as the ones
based on petrochemical polymers. This usually only serve to a first orientation in
the possible re-use of the waste biomass in new materials, and it is often aimed at
evolving into studies with the use of more sustainable matrices.

Among the latter, the chapter distinguishes between those that are of industrial
origin, such as poly(lactic acid) (PLA), to which Sect. 3 is devoted, or expressly
formulated, such as the category of thermoplastics starches (TPS), dealt with in
Sect. 4. This will result in a more sustainable end-of-life, given the fact that often
the introduction of waste into traditional oil-based polymers does not result in their
easy recyclability, if not directly hindering it. Plus, the scope for the materials will
not be disposal as combustible and not either chemicals removal, but the production
of materials for further and possibly durable use. A particular emphasis will also be
given to those composites that allow offering value, also in economical terms, and
visibility to the agricultural waste introduced, resulting therefore in a real upcycling
process of thematerial itself. The cases inwhich specific agro-foodwaste is used,with
particular interest, are related in Sect. 5: in this situation, waste biomass is not only
introduced in the material, yet also communicated in the way of offering particular
situations, aimed atmakinguse for the composite into the sameproductive system that
generated that particular type of waste. This generates other complexities, such as it
for application in food system, linked to hygienic if not anti-bacterial characteristics,
which on the other side represent challenges for further use of this type of waste in
more added-value materials.

2 Studies on Non-biodegradable Matrices

The introduction of biomass waste in a thermosetting matrix, in most cases epoxy,
would result into a better appreciation of the potential for biomass waste material
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for its use in composites. It can be suggested that the final aim might be evolving
towards the use of biopolymers. On the other side, the performance of these is not
matching, at least at the moment, the one of conventional thermosetting resins, and
biodegradability may for some applications (furniture, automotive, boatbuilding,
etc.) be detrimental rather that advisable. The consequence is that applying epoxy or
other thermosetting resins as the matrix for these composites does not only serve as a
reference, but can potentially indicate also a mode for further use, which reduces the
environmental impact in any case. In particular, it is worth noting that more recently
bio-based epoxy resins, as well as curing agents, have also been developed, in which
part of the carbon derives from plant sources (Baroncini et al. 2016).

A number of studies performed in this sense are reported in Table 1.

Table 1 Some studies on introduction of biomass in non biodegradable matrix composites

Biomass waste Matrix Main results References

Sea shells Bio-based epoxy Up to 30 wt.% sea
shells produces
increase of flexural
modulus

Fombuena et al.
(2014)

Banana,
sugarcane,
wheat husk,
coir, groundnut

Styrenated-methacrylate-epoxy Problems due to
random orientation of
the biomass

Patel et al. (2015)

Date palm seeds Epoxy with polyamidic hardener Homogeneous
distribution,
yet not full
impregnation

Ruggiero et al.
(2016)

Waste hemp
fibers

Diamine-benzoxazine With 30 wt.% waste
increased mechanical
and impact
performance and
reduced curing
temperature

Dayo et al. (2017)

Sunflower husk,
hazelnut shell,
walnut shell

Conventional epoxy Complex in prediction
of mechanical
properties depending
on the filler
characteristics,
plasticization resulting
from sunflower husk

Barczewski et al.
(2019)

Bagasse, oil
palm, coconut,
cornhusk,
groundnut shell
and rice husk
fibers

Vinylester Decrease of tensile
strength, increase of
hardness up to 10
wt.% fibers

Ogah and James
(2018)
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In contrast, the introduction into thermoplastic non-biodegradable polymers, such
as polypropylene (PP), revealed that their thermal stability is increased by the pres-
ence of biomass: this has been studied using Eucalyptuys globulus, Norway spruce,
energy grass, Brassica rapa, pine cones, and grape seeds (Parparita et al. 2014).
This can be attributed from the combined effect of the physical barrier created by
PP matrix, which prevents at low temperatures the transport of volatile products
from biomass out of the composites, and to the consumption of the radicals resulting
fromPP degradation through reactionswith structures containing oxygen atoms from
lignin degradation. In this case, widely available biomass, such as rice husk, has also
been used in combinationwith recycled thermoplastic polymers, such as high density
polyethylene (HDPE), basically for a considerable reduction in price and the possi-
bility to enhance the profile of application of recycled polymer. Materials obtained
from this kind of operations are often referred to as biomass-filled plastic composites.
In some cases they have been subjected to more moderate thermal treatment than
total combustion, hence e.g., torrefaction, which was applied on polyamide compos-
ites filled with sunflower hulls and flax shives, leading to a reduced variability of
the mechanical performance of the final composite (Vold et al. 2015). In accordance
to the higher mechanical performance required with respect to what expected by a
recycled polymer, have also been investigated e.g., on the interaction between creep
and low cycle fatigue during their service (Guo et al. 2018).

3 Studies on Industrial Biopolymers

Among the industrial biopolymers, poly(lactic acid) (PLA) proved particularly suit-
able for the introduction of fillers with limited treatment. Of course, passing from
thermosetting resins to biopolymers, it can be easily suggested that some criticalities
in the reduction of performance, especially above a given level of introduced waste,
can be revealed. This occurs in particular because PLA presents a thermal behavior
that is e.g., substantially limited by the occurrence of a not very high glass transition
temperature. This can be solved e.g., by restricting the movement of the chains at Tg

by adding a crosslinker, or lowering it below ambient temperature by the addition of
a plasticizer (Jin et al. 2019). As the result, it is logical to suppose that the influence
of adding waste biomass in a non-carbonized state over the thermal properties of
PLA may not be negligible. In practical terms, a number of different types of food
waste have been attempted for introduction into PLA, with the idea to establish the
maximum amount of polymer than can effectively bond the different types of food
waste, dried and mashed with simple cutting devices. The data are reported in Fig. 4.

The flexibility of PLA has been proven in multifold situations, for example
in the comparison carried out by Spiridon et al. (2016), using different fibers,
from celery root (Apium graveolens), grape pomace (Vitis vinifera Chambourcin),
poplar (Populus Alba sp.) seed hair and Asclepias syriaca. This, depending on the
fibers, created a difference in prevalent damage phenomena between pull-out and
debonding, the decrease of transparency and water contact angle: in the case of grape
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Fig. 4 Maximum amounts for introduction of different types of food waste and other biomass
waste, such as hemp shives, taking poly(lactic acid) amounts as equal to 100 (Cecchi et al. 2019)

pomace, some anti-microbial activity against Escherichia coli and Staphylococcus
aureus after 24 h incubation time was also encountered.

A possibility that has been explored for the introduction of biomass waste into
biopolymers is the extraction of highly crystalline fractions in the form of cellulose
nanowhiskers (CNW-S). In the case of this operation, themain concern remains, apart
from the intensive chemical treatment needed, also the possibility of a low yielding
at the end of the process. This has been performed on oil palm biomass, resulting in
a higher tensile strength of the nanocomposites after adding 3 vol.% of CNW-S in a
poly(lactic acid) (PLA) matrix, with also an increase of glass transition temperature
(Tg), cold crystallization temperature (Tcc) andmelting temperature (Tm), as revealed
by DCS analysis (Haafiz et al. 2016).

In terms of cost reduction, though, the availability of local biomass can repre-
sent another interesting option for introduction as filler in PLA. An example of this
procedure is reported by Salak et al. (2015), using Kudzu (Pueraria lobata) biomass,
obtained in the form of char after thermal pyrolysis.

Interesting results were also obtained on the improvement of the tensile perfor-
mance of poly(caprolactone) (PCL) by the addition of biomass from agricultural
waste, such as date palm sheath fibers (Dhakal et al. 2018). This was to be attributed
though in particular to the filler geometry, since in another case, dealing with harder
and less elongated ones, such as olive stones, date seeds, and even wheat bran, tensile
strength was reduced instead and especially in the case of wheat bran, water uptake



Utilization of Renewable Biomass and Waste Materials … 141

was even doubled. On the other side, no thermal decomposition was revealed, which
is promising in terms of material processing (Hejna et al. 2020).

4 Studies on Self-produced Polymers

Instead of using industrially produced biopolymers, it is also possible to develop
starch-based polymers for example by modifying starch particles with various
processes. In particular, this involves the production of a thermoplastic starch
(TPS), being based on the plasticization of starch with e.g., glycerol, which results,
depending on their respective content into the lowering of glass transition temper-
ature (Tg) at temperatures below ambient temperature, so that in common use the
material would be in a rubbery state. It has been proved that a glycerol/starch over
2 is normally sufficient for the purpose, of course yielding a material with lower
stiffness yet more ductile with respect to the ones with lower amount of glycerol
(Mali et al. 2005). TPS can be further crosslinked, on the example of industrial
biopolymers, such as PLA, by the addition of acids, such as acetic acid and lactic
acid (Majzoobi and Beparva 2014), or citric acid (Reddy and Yang 2010). Another
possibility for crosslinking and altering the characteristics of starch granules, so to
make themmore suitable for the possible production of biopolymers, able eventually
to allocate waste biomass, is their plasma treatment: on this aspect, a comprehensive
review is available (Zhu 2017).

The combination of starch-plasticizer-acid has facilitated the accommodation of
biomass waste of different kinds, for example in a self-produced milk-starch matrix
treated with glycerol (Troiano et al. 2018), which was able to effectively include
peanut hull fragments, improving hardness of the composite: the effect is clearly
visible in the micrograph in Fig. 5. Also the combined presence of different waste
types of various origins, namely hemp shives andwaste clay from pottery production,
has been considered for introduction in self-produced TPS (Santulli et al. 2019). In

Fig. 5 Introduction of
peanut hull fragments into a
starch-milk matrix (Troiano
et al. 2018)
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particular, an option frequently considered is the extraction of cellulose whiskers,
especially for fibers not available or suitable for the production of yarns or fabrics,
for their geometrical variability: this has been summarized into a specific review
by Pérez-Pacheco et al. (2016). The number of ligno-cellulosic materials used is
very large, however, up to waste from garden pruning, such as for example Opuntia
fibers fromgardenwaste (Scognamiglio et al. 2019) or the respectivemucilage,which
offered a considerable plasticization potential added to the one of TPS (Scognamiglio
et al. 2020). A study onmalic acidmodification of starch particles allowed comparing
the results from the introduction of microcrystalline cellulose with two types of
cellulose-based biomass, namely Asclepias syriaca L. and Populus alba L. seed hair
(Bodirlau et al. 2014). The outcome of this study indicated a slight increase in water
resistance and tensile strength by cellulose-based biomass, although conversely the
stiffness was somehow reduced.

5 Conclusions and Future Perspectives

The introduction of waste biomass for the production of biocomposites represents a
very important challenge, which may have interest for the creation of more sustain-
able materials, although this can only be discussed from case to case due to a number
of specific aspects. First of all, waste biomass is supposed to be subtracted from the
environmental balance to materials that are disposed by landfilling, but are normally
not compostable and often biodegradable with a very low rate over time, or that
could be disposed by combustion and energy recovery, therefore leaving carbon-rich
residues. In some cases, these materials have been used after combustion in combi-
nation with polymers, and this offers interesting possibilities, such as exploiting the
inherent presence of porosity in carbon. However, a less energy consuming approach
would probably appear using the biomass as much as possibly as-received. Here, a
number of distinctions need to be made between the types of biomass used (botanical
species and type of waste used e.g., seeds, leaves, branches, etc.) and the family of
polymers in which this is introduced. It is of course possible to tend only to the incor-
poration into a traditional oil-based polymer resin, such as epoxy, this is interesting
in terms of assessing the potential of the biomass for use. However, most environ-
mentally friendly options are in its inclusion in biopolymers of industrial develop-
ment, such as poly(lactic acid) and polycaprolactone, or in, mainly starch-based,
self-developed polymer matrices.

The future perspective is likely to involve either a more effective disposal of
biomass into materials, without affecting biodegradation at end-of-life, either due to
further developments in sustainable biopolymers or to progresses into the synthesis
of oil-based polymers (or bio-based substitute of these) able to be disintegrated and
mineralized by specific bacterial strains.
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Current and Future Challenges
of Bio-Based Adhesives for Wood
Composite Industries

Haisong Wang, Xiaoyu Gong, and Jingwei Gong

Abstract Traditional trialdehyde adhesives are the most prominent adhesives in
wood industry, aswell as they are also themain reason for the release of formaldehyde
during the use of wood glue products such as wood-based panels. There is a growing
demand for adhesives prepared with environment-friendly from biomass materials
to transition toward a more sustainable society. The development and application
of new promising adhesives not only involve resource reasonable utilization and
environmental protection, but also have great significance to the profound develop-
ment of adhesive industry. In this chapter, the characteristics, preparation technology,
modification methods and current research progress of several bio-based adhesives
(lignin, tannin, soybean protein and starch) are reviewed, the application status and
the existing problems of bio-based wood adhesive are analyzed, and the development
direction of bio-based wood adhesives is prospected.

Keywords Bio-based adhesives · Wood composite · Lignin-based adhesives ·
Tannin-based adhesives · Soybean protein adhesives · Starch-based adhesives

1 Market and Performance Requirements of Adhesives
for Wood Composite Industries

1.1 Adhesives for Wood-Based Panels

Asone of the largest green economies in recent years, the progress ofwood composite
industries in the national sustainable development would bring forward a new
impetus, particularly the wood-based panel development in industry. Given the envi-
ronmentally friendly development of forestry, the wood composite is a beneficial
method to improve the utilization of wood resources effectively. In 2014, China and
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Indonesia were recognized as the world’s most important suppliers of wood-based
panels, accounting for more than 55% of total exports. In 2018, the total output
of China’s wood-based panels reached up 299 million m3, among which plywood
accounted for 60%, and China remained the largest producer of wood-based panels
in the world. It also shows that the global wood-based panel market is expected to
grow at a compound annual growth rate (CAGR) of more than 3%, exceeding 35
billion dollars by 2023. Due to the continued economic growth in Asia, the recovery
of theNorthAmericanmarket, and the expansion of bioenergy targets, the production
shows great potential to be further explored in the future. With the rapid develop-
ment of the international wood composite industries, the emergence of adhesives has
attracted enormous attention in saving raw materials and simplifying the processing
technologies of wood products.

Based on incomplete data, the production ofwood adhesives in theworld accounts
for 50–60% of the total production of adhesives, meanwhile the production of wood-
based panel adhesives accounts for more than 80% of the production of wood adhe-
sives. Thereby, it is of advantage to some extent to develop the wood-based adhesives
from the perspective of a steady growth of the world economy.

More high requisitions for curing speed, curing temperature and viscidity have
been brought forward.

Currently, a variety of adhesives have been developed. Trialdehyde adhesives,
accounting for more than 90%, have been widely used in the market. However, envi-
ronmental pollution, chemical raw materials prices rising and the urgent demand
of energy conservation and emission reduction have become a pressing need to
explore adhesives with high performance, functionalization green cleaning and non-
toxic broadening wood related research to the functional materials. Therefore, bio-
based adhesives have become new requirements for wood-based panel manufac-
turing industries. At present, the main bio-based adhesives for wood-based panel
include lignin-based adhesives, tannin-based adhesives, soybean protein adhesives
and starch-based adhesives. From theviewof a sustainable improvement for synthesis
technology, bio-based adhesives are widely used for its remarkable and promising
applications in the field of bioscience.

1.2 Wood Adhesives for Decorative

Plywood in the market of decoration industry is not as good as that in the wood
composite industry, but its development potential is not underestimated. Currently,
the number of populations has increased significantly, and land resources are more
and more tight, leading to the buildings have begun to multi-story and high-rise
development, so people have higher and higher requirements for building decoration
materialswith the lightness and high strength characteristics. In today’s societywhere
new materials are constantly emerging, the reason why wood materials still play an
extremely important role in building decoration is that it has incomparable advantages
over other materials, such as irreplaceable natural properties, typical green materials
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and excellent physical and mechanical properties. Moreover, in order to take the
sustainable development path, building decoration materials has been considered
a trend, with green, energy saving, low-carbon and environmentally friendly and
the market of building decoration materials is absolutely inseparable from these
standards in the future. Only in this way can people’s living standard be effectively
improved and it is not difficult to foresee that the decoration industry in the world is
also a “sustainable resources, evergreen format” industry, and green wood furniture
and wood decoration will inevitably become a trend of decoration professions, and
the proportion of wood adhesive for decoration will also increase.

Adhesives used in furniture and the secondary processing of wood-based panels
have certain requirements on bond strength, endurance and cold resistance. Now the
products used in the market are mainly polyvinyl acetate emulsion (PVAc), acrylate
emulsion, hot melt adhesive and other adhesives. PVAc could be widely used in the
adhesion of porous materials, especially wood composite products because it has
fascinating advantages, such as, non-toxicity, safety, and no environmental pollu-
tion. However, drawbacks such as poor water resistance, heat resistance and frost
resistance still remain. The advantages of acrylate emulsion lie in its wide sources,
pollution-free, and simplicity of synthesis. However, how to improvewater resistance
is attractive but remains challenging. Some scholars have applied the polymer emul-
sifier to the synthesis of acrylate copolymer emulsion adhesive to improve the water
resistance. Hot melt adhesive as a synthetic adhesive, which has accounted for more
than 20% of the total production of synthetic adhesives in developed countries, has
emerged for the purpose of artificial board surface decoration andwood sealing due to
its excellent properties, including pollution-free, large bonding surface, fast bonding
speed, suitable for continuous production, easy to storage and transportation, and
has contributed to successful development of environmentally friendly adhesives.
Natural, ecological, green, healthy and recyclable manufacturing are still the main
trends of decorative adhesives in the current world.

2 Recent Developments of Bio-Based Adhesives for Wood
Composite Industries

In recent years, petroleum-based products have innumerous uses in various industries
for its cheap availability, but it eventually decreases the availability of fossil fuel
which will raise the prices of petroleum-based raw materials. To address the issues
regarding environmental pollution, we suggest to use natural adhesives for industrial
applications. Bio-based adhesives, as a kind of environmentally friendly adhesive
with renewable, have given rise to a whole new and green range of uses.

The development of formaldehyde free environment-friendly adhesives by using
cheap renewable resources is the research direction of global wood composite
industry adhesives. Overall, the materials of adhesives from biomass alternatives
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have attracted attention and converting lignin into bio-based adhesives may pave a
promising way to substitute petroleum-derived products.

Great potential has been gained in research for past few years, however, bio-
based adhesives still have somemajor disadvantages like high viscosity, low bonding
strength and poor water resistance. In this chapter, the research status of lignin-
based adhesives, tannin-based adhesives, soybean protein adhesives and starch-based
adhesives are discussed.

2.1 Lignin-Based Adhesives

Lignin is the second largest renewable natural resource after cellulose and the only
non-petroleum resource of renewable aryl compounds in nature. The annual yield
of 6 × 1014 t worldwide makes lignin the largest natural polyhydroxy aromatic
compound. Besides, lignin is also the primary byproduct of pulp and paper indus-
tries. Of these, cookingwaste liquor is comprised of up to 50million tons of technical
lignin worldwide annually. Structural unit consists of phenylpropane linked together
through carbon–carbon bonds and ether bonds forming a three-dimensional network
polymer and has been also made into other materials such as emulsifiers, dispersants
and polyvalent chelating agents as well as other fields. Meanwhile, as compared to
the phenolic resin, lignin has relatively good self-adhesive properties (Fig. 1) and
can become the substitute raw material of the phenolic resin adhesives prepared
to be extensively applied to the adhesive industries. To some extent, the amount
of formaldehyde can be decreased. However, the lignin cannot meet the demands
modern society for high performancematerials due to high steric hindrance, complex
structure, small number of active groups and large resistance of aromatic ring struc-
ture. In order to increase the reactivity of lignin, activation modification is often used
to increase the content of existing active groups or introduce new active groups, and
the molecular weight is reduced to a certain extent, which can be used to fabricate
different types of adhesives with high performances.

Because the side chain of lignin macromolecules has hydroxyl groups, ether
bonds, double bonds and other groups, the α position of the side chain is an active
center. Therefore, phenol and its derivatives can be used to modify lignin, which
introduces phenol group in order to improve the content of phenolic hydroxyl. the
reactivity of lignin could be improved effectively by the introduction of phenolic
hydroxyl group, because of the small size and high activity of phenolic hydroxyl
group. A ternary gradual copolymerization approachwas reported for the preparation
of steamexplosion lignin phenol formaldehyde adhesiveswith excellent performance
(Zhao et al. 2016), meanwhile the maximum substitution rate of phenol reached 70
wt% and phenolic hydroxyl content of lignin increased by 130%. Raj et al. (2020)
reported that 100% phenolic lignin was utilized for the synthesis of LF resin and
evaluated the effect of isolation method on the physicochemical properties of lignin
through three different approaches-Alkaline hydrolysis, mild acidolysis and organo-
solv. The results showed that lignin has unique features and unique properties, such
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Fig. 1 a Three monomers of lignin; b Representative connection type of lignin (Naseem et al.
2016)

as a number of G type units of alkali and organic solvent lignin, free ortho-position
(C5) and appropriate molecular weight. These features make lignin suitable in the
preparation of adhesives.

With the condition of alkali, the free phenolic hydroxyl group on the benzene
ring of lignin reacts with formaldehyde to produce hydroxy methylated lignin by
introducing hydroxymethyl groups. Although the active site of lignin might not be
increased by hydroxy methylated modification, the introduced hydroxymethyl could
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not only copolymerize with phenol or C5 of lignin structure, but also copolymer-
ized with hydroxymethyl phenol or hydroxy methylated lignin to make the reac-
tion activity easier for improvement. Yang et al. (2015a; b, c) modified lignin by
bio-refining technology, hydrothermal degradation, hydroxymethylation and phenol
reaction to make it have higher activity and prepare lignin-based adhesive with better
performance. Additionally, lignin-based adhesive was demonstrated to be efficient
to reduce the emission of formaldehyde (0.11–0.24 mg/L), but bonding strength of
plywood was not significantly decreased (1.35MPa). In addition, in order to circum-
vent the delamination, plywoodwas chosen for adhesion because of its high strength,
extremely moisture resistance, and excellent temperature stability. Yang et al. (2019)
first put forward to add nanosized lignin (LNP) and microlignin (LMP) to phenol–
formaldehyde resin adhesive. Given plentiful phenylpropane units and the higher
specific surface area, nanolignin has potential to contribute to the cure reaction, and
the shear strength of plywood could be enhanced by LNP. Results showed that the
shear strength could be increased positively with 5 wt% of LNP, which ranging
from 8.7 to 10.9 MPa. It is safer to the environment and can generally lead to the
crosslinking of traditional phenol wood adhesives by introducing nanoscale lignin,
and resulting in adhesives with favorable adhesion ability (Fig. 2).

Because of the different kinds of wood fiber raw materials, the active C3/C5 of
the aromatic ring is occupied by the methyl oxygen groups which limits the reaction
activity of lignin. Therefore, the demethylation reaction could enhance the reaction

Fig. 2 Reaction diagram of lignin-based adhesives (Yang et al. 2019)



Current and Future Challenges of Bio-Based Adhesives … 153

activity of lignin, since the methoxy may be partially or completely converted into
phenolic hydroxyl. At present, sulfide demethylation is themost commonmethod for
modification of lignin. According to the basic conditions, the process of dismethyla-
tion of lignin was used by sulfur, and the results showed that the content of phenolic
hydroxyl increased from 3 to 5.6%, the content of methoxide decreased from 12
to 7.6%, and the molecular weight also decreased significantly. In conclusion, the
lignin reactivity was significantly improved after modification. Song et al. (2016)
used an in-situ generated Lewis acid to demethylate wheat straw alkali lignin. The
results showed that the relative content of the phenolic hydroxyl group increased
from 5.2 to 16.0%, while the relative value of methoxy group decreased significantly
from 0.82 to 0.17% after the demethylation process. Therefore, the demethylated
wheat straw alkali lignin was then used to prepare lignin-based phenol formalde-
hyde adhesives with replacing 60 wt % of phenol, which could open up a new area
of applications in the phenol formaldehyde adhesives. Wang et al. (2019) reported
that alkali lignin was demethylated with HI and HBr to improve the content of
hydroxyl and its reactivity for the phenolic resins preparation. Prepared by copoly-
merization, lignin-containing resins conformed to the bonding strength standard of
external plywood. The demethoxide process not only increased the hydroxyl content
but also imparted faster cure times and lower formaldehyde emission of lignin-
containing resins. Venkatesagowda and Dekker (2019) studied The dehydrogenation
ofKraft lignin (KL) bywood-rot fungi. TheO-methyl/methoxyl groups of ligninwere
removed by demethylation of the action of O-demethylases liberating methanol, and
a demethylated KL enriched in vicinal-hydroxyl groups was produced with poten-
tial to serve as lignin-based phenol–formaldehyde polymers. Their study clearly
revealed the mechanism of lignin demethylation, and it was possible to manifest
that the O-methyl/ methoxyl groups had reported similar demethylase activities as
model lignin compounds via enzyme activity usually shown byO-demethylases, thus
providing critical evidence for the presence of specific fungal enzymes that catalyze
such reactions.

In recent years, ionic liquid comprised of anions and cations as a new solvent
system can completely dissolve lignin fiber raw materials, greatly promoting the
basic researches of lignin conversion and application. In the process of dissolution,
lignin can be activated and modified in the state of dissolution of ionic liquid due to
its high coordination capacity. Furthermore, lignin could be an excellent candidate
for chemical modification material because of its great functionality, low molec-
ular weight and high activity for the development of bio-based materials. Different
from other modification methods, it is more advantageous to use lignin modified by
ionic liquid to prepare phenolic resin adhesive instead of phenol. The ionic liquid
interacts with lignin mainly through hydrogen bond, which is stronger than the inter-
action between lignin molecules, resulting in lignin dissolves in the ionic liquid.
The result suggests that the addition of reverse phase solvent can lead to lignin
regeneration (water, ethanol, etc.) (Ji et al. 2012). Younesi-Kordkheili and Pizzi
(2017) investigated the physical and mechanical properties of ionic liquid modified
lignin-phenol–formaldehyde (LPF) resin, soda bagasse lignin modified by 1-ethyl-
3-methylimidazolium acetate ionic liquid plywood, and then, various contents of
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modified lignin were added as an alternative for phenol in phenolic-formaldehyde
resin (PF). The research results showed that the viscosity and solid content of the
synthesized resins increase, while the gel time and density by addition of treated
lignin decrease. With the increase of lignin content percentage varying from 0 to 20
wt%., the mechanical properties of the sheet could be significantly improved.

Microwave reaction technology provides unique advantages such as fast heating
rate, high heat transformation efficiency and uniform heating, to reduce the activation
energy needed for the reaction and vividly improve the reaction rate. Microwave-
assisted biomass hydrothermal liquefaction is a thermal decomposition process in
the presence of water, where heat can be transferred from the biomass interior to
the surface by microwave irradiation. This process of preparing liquid fuels and high
value-added chemicals has attracted worldwide attention due to its low cost and short
reaction time. These characteristics indicate that microwave-assisted hydrothermal
liquefaction may be beneficial to the preparation of lignin-PF products. Li et al.
(2017) extracted lignin from bagasse with 93% acetic acid solution and rapidly
degraded by microwave in hot compressed water with oxalic acid as catalyst to
produce phenolic formaldehyde (PF) adhesives and the molecular weight, viscosity,
and adhesive strength of the adhesives were found to be lower than those of pure PF
adhesives.

2.2 Tannin-Based Adhesives

Theword tannin has been used extensively to define twodifferent types of compounds
which are primarily phenolic in nature: hydrolysable tannins and condensed tannins.
The former correlated with mixtures of simple phenols, like pyrogallol and ellagic
acid, and esters of a sugar, mainly glucose, with gallic and digallic acids. Contrary to
it, condensed tannins, accounts for more than 90% of the world’s total commercial
tannins (200,000 tons per year) and are chemically and economically more suitable
for the preparation of adhesives and resins. Tannin is one of the most successful
forest resources to be used as wood adhesive consisting of condensed tannin as the
main raw material and curing agent, which has fast curing speed, low price and good
sizing performance. It has been proven that selecting appropriate curing agent in
preparation of wood adhesive is useful for enhancing the time of cold curing and
release of free formaldehyde. Tannin molecules are generally composed of 5–11
sulfonanol units. The two phenolic rings (A and B) in the molecule are held together
by a heterocyclic ring. As a polyphenolic compound, tannins have a high nucleophilic
property of their sulfonanol unit A ring and can react with formaldehyde and finally
form insoluble polymers under the action of alkali catalyst, whose principle is the
same as that of phenol and formaldehyde reaction to prepare phenolic resin and
also has similar adhesive properties and aging resistance to phenolic resin adhesives.
Although considerable efforts are still being devoted to extending other applications
to tannin adhesives, high molecular weight, high viscosity, low crosslinking degree,
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short applicable period and poor physical and mechanical properties are also its main
setbacks.

Pizzi team (2006) has had in-depth research on the synthesis and preparation of
classic tannin adhesives and beenwidely used inmany countries. The technologies of
interest here are the new ones according to the use of hardeners which are either non-
emitting or manifestly non-toxic. Two lines of investigation were pursued and their
function well as hardeners for a variety of tannin-based adhesives while affording
considerable side advantages to the adhesive and to the bonded wood joint. Tannin-
modified phenolic resin has some unique features such as high molecular weight,
high viscosity, high space resistance, and short production circle. Therefore, it is
still very difficult to use concentrated tannins without pretreatment. To address this
issue, Liu et al. (2020) carried out the depolymerization of condensed tannins in a
mixed aqueous solution of sodium hydroxide and urea. Macromolecular condensed
tannins were pretreated with sodium hydroxide/urea solution and depolymerized
into small molecule tannins solution. The results showed that the water solution with
NaOH/urea = 0.2/0.175 (mol/mol, every 100 g of treatment solution) had a better
depolymerization effect on Acacia mangium tannin. With the aim of have a good
contribution in innovation of green chemistry, notably, this cheap and environmen-
tally friendly catalyst has been demonstrated to be of great for the synthesis process
as a feedstock can be used as a feedstock for the synthesis process; Degradation
products do not need to be recovered and purified, which avoids the dehydration and
purification of waste liquid and makes it safer for the environment (Fig. 3).

In the wood composite industry, the combination of tannin adhesives and other
adhesives may have unexpected effects. Eghtedarnejad and Reza (2015) investigated
the possibility of combination of tannin adhesive and natural and renewable adhesive

Fig. 3 Degradation mechanism diagram (Liu et al. 2020)
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of syrysh and the prepared adhesives were measured to be 35 kg/cm2 at 210 °C.
When the tannin content was 6 + 4%, the level of adhesive resistance was the
highest, at 0.89 Mpa. The amount of water absorption and thickness swelling were
decreased and reached standard level by increasing the percentage of the dry weight
of the syrysh adhesive. For the sake of finding partial substitution for bisphenol
A-based commercial epoxy resin (CE), a bio-based epoxy resin was prepared by
Shnawa (2020) from eucalyptus tannins via a typical glycidylation reaction with
epichlorohydrin. Tannins used here are extracted from the barker of eucalyptus tree
and consist mainly of condensed tannins. The tannin-based epoxy resin (TE) can be
used as curing accelerator, which has an unsatisfactory effect on curing performance
of CE resin, such as curing enthalpy. And up to 20 wt/wt% of CE could be replaced
by TE without any significant reduction in the curing behavior of CE. For TE used
at 20% loading in the CE, the maximum curing peak is at 116.7 °C and curing
enthalpy equals to 127.4 J g−1 closed to that of pure CE. In future, the study of
chemically modified tannins as unconventional organic fillers prepared by bio-based
composites will be a promising perspective. The exploration of mechanical and
physical properties of the composites produced has been a subject of environmental
interest because of its attractive advantages. Chen et al. (2020) developed a bio-based
adhesive from soybean meal and larch tannin that was designed for exterior use. The
addition of Phenol hydroxymethylated tannin oligomer (PHTO) in soybean meal-
based adhesive decreased the moisture absorption rate of the resultant adhesives,
and effectively increased the wet shear strength of the resultant plywood. The wet
shear strength and formaldehyde emission of the resultant plywood were 1.04 MPa
and 0.08 mg/L, respectively, which both satisfiedthe bonding strength requirements
of outdoor plywood and E0 level. The improvement of adhesion performance was
mainly due to the cross-linking structure among PHTO and proteins, as well as the
cross-linking of PHTO itself.

2.3 Soybean Protein Adhesives

Protein-based adhesive is a kind of adhesive with protein or its hydrolyzed products,
denatured products and plant protein-based adhesives as the main processing by-
products of agricultural products. It has abundant sources and good reproducibility,
and mainly consists of soybean protein. Soybean with abundant, renewable, inex-
pensive and easy to obtain have emerged as critical component for the purpose of
exploring new composite applications. In the preparation of soy-based adhesives,
soybean products are modified by appropriate means to make them have the prop-
erties of natural polymer synthetic resins. Finally, a kind of adhesives prepared by
adding a series of additives can be directly used in the wood composite industry.
Soybean protein is a compound mainly comprised of soybean globulin and soybean
whey protein, 90% of which is soybean globulin. Soy globulin has a special spher-
ical structure, so that most of the hydrophobic groups are wrapped in it. Meanwhile,
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the impact of exposed hydrophilic groups of soybean protein adhesive on water
resistance is considerable.

The modification of soybean protein adhesives is generally modified to improve
the mechanical properties of soybean protein adhesives, and it uses biochemical
and physical factors to alter amino acid residues and polypeptide chains. Due to the
destruction of hydrogen bonds and other chemical bonds, the secondary, tertiary, and
quater-level structures are destroyed, which leads to the original irregular bending,
folding, and spiral shapes are gradually extended to form a loose linear peptide
bond structure, so as to improve the viscosity of the modified adhesive of soybean
protein and increase the contact area for adhesive. Meanwhile, the formed soybean
protein adhesive should be special structure with the hydrophobic structure inward
and hydrophilic outward. The hydrophobic group inside themodified soybean protein
will be exposed, which prevents the soybean protein from forming hydrogen bond
with water, and then hinder the damage of water to the binding body of the soybean
protein adhesive, thus improving the water-resistant property of the soybean protein
adhesive.With a small amount of uniformdistributed chemical bonds as the backbone
core, the resultant force formed togetherwith a large number of hydrogen bonds could
be the glue relay source of modified soybean adhesive, which not only guarantees
the dry bond strength but also improves the water resistance.

Physicalmodification to high-level structure and intermolecular aggregationmode
of proteins are beneficial under the conditions of high temperature, ultraviolet light,
and ultrasonic waves. In thewater phasemedium, the strong pressure, shear force and
high temperature of the protein molecules, the hydrogen bond fracture between the
protein molecules, the amino acid is exposed, the soybean protein is trans-modified,
the original biological activity is lost, and the solubility of the protein and the strength
of the glue are significantly improved. Yang et al. (2010) investigated effects of ultra-
sonic wave on properties of modified soybean protein adhesives for duplex paper and
obtained the optimum conditions by orthogonal experiment as follows. The results
showed that treatment temperature had the greatest impact on adhesive strength of soy
protein adhesive, followed by urea concentration, protein concentration, treatment
time, and ultrasonic time. Apart from ultrasonic, high-pressure homogenization is
also a commonmethod of physical modification. Soybeanmeal (SM), a byproduct of
bean oil production, had been alternative formaldehyde-based wood to develop bio-
adhesive. However, SM adhesives suffer from drawbacks such as uneven particle
size distribution, and hydrophilic hydrogen bonds which result in SM adhesives’
low adhesion stability and poor water resistance. To overcome these problems, a
stable high-performance bio-based adhesive was developed using a simple, clean
and physical high-pressure homogenization (HPH) technology in conjunction with
eco-friendly cross-linking by Zhang et al. (2020). Results showed that HPH treat-
ment reduced the SM’s particle size by 62%, improved the particle size distribution
uniformity, and significantly enhanced bonding stability of the adhesives. Further-
more, many active functional groups within the soy protein were exposed simultane-
ously during HPH, which increased their reactivity with the cross-linker. Moreover,
the method has been successfully applied to industrial production on a pilot scale
and has a broad practical application prospect.
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Fig. 4 Possible diagram of soy protein adhesive with high strength and mildew resistance (Xu et al.
2020)

In view of the factors of affecting the chemicalmodification, the reactivity of func-
tional groups and modifier will be interesting. We mainly modified the side chain
groups of soybean protein. Eslah et al. (2016) investigated the potential of chemically
modified soybeanflour (SF) as a strongwater-resistant adhesive for plywood compos-
ites and revealed that SFwithNaOH,AA, andPEI had the best adhesion performance.
In addition, cross-linking agent with high reactivity was added to soybean protein
adhesive (As shown in Fig. 4), and its bonding strength and water resistance were
significantly improved. Soluble copper, chromium, zinc salts, aliphatic epoxides and
epoxides can be used as active curing agents for basic soybean protein adhesives.
Under the same technological conditions, the soybean protein adhesives obtained in
the presence of epoxides have higher bonding strength. With the aim to modify soy
protein-based adhesive, Pang et al. (2020) reported that a waterborne epoxy emul-
sion (WEU) was prepared by grafting hydrophilic groups onto bisphenol-A (E44)
followed for the oil-in-water emulsion by a phase-transformation process. It is an
effective way to improve the water resistance and bonding performance of soybean
protein adhesives that introducing epoxy crosslinking agent. The results showed
that triethylamine neutral agent could increase the wet shear strength of soybean
protein adhesive by 20% compared with N, N-dimethyl ethanolamine. In compar-
ison with pure soybean protein adhesive, the prepared adhesive reached 1.14Mpa,
192.5% higher. These properties meet the requirements for interior-use plywood
(≥0.7 mpa). The prepared soybean protein/WEU adhesive provides a new approach
for the development of high-performance engineered wood products.

2.4 Starch-Based Adhesives

Starch molecules formed by glucose units that remove a water molecule and hold
it together via glycosidic bonds. Therefore, development of starch-based adhesive
with numerous the advantages such as easy workup, cost-effectiveness, non-toxic,
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biodegradability and environmentally friendliness. However, because there are too
many hydrophilic hydroxyl groups in the main chain of starch molecules, the adhe-
sive strength is not ideal and it is difficult to meet the requirements of wood bonding
strength. The water resistance of starch-based adhesive can be increased by chemical
modification, which modification mechanism is that in the process of synthesizing
starch-based adhesive, active groups such as aldehyde group, carboxyl group, amide
group and isocyanate group are introduced into the liquid system of starch adhesive
through oxidation, condensation, cross-linking and other reactions to change the
structure of starch adhesive, so as to enhance the activity of the adhesive. After the
introduction of these groups, during the curing process of the adhesive, the conden-
sation reaction of these active groups will occur due to the change of temperature and
pressure, and stable methylene bonds, urea bonds, ammonia ester bonds and other
water-resistant chemical bonds will be further generated. After the cross-linking,
the reticular skeleton structure will be formed, which can effectively prevent water
molecules from wedging in and avoid the deterioration of adhesive performance
caused by oxygen bond damage. The modified starch-based adhesive is improved by
the combination of force of the newly inserted water-resistant chemical bond and a
large amount of hydrogen bonds. Moreover, the structure of starch was strengthened,
which improved the water resistance dramatically.

The application of starch for the development of adhesive is mainly limited to its
formation naturally, which is not suitable. Therefore, it is inevitable to use various
technologies and modification processes to modify starch in order to improve the
performance and bonding strength of the derived adhesive. Zhou used epichlorohy-
drin to cross-link the oxidized starch, and then used butyl acrylate to graft copoly-
merize the cross-linked modified starch emulsion, to prepare the cross-linked-graft
modified starch adhesive, whose properties have been greatly improved compared
with the unmodified starch adhesive and with all the indicators of plywood hot-
pressed dehydrated urea–formaldehyde resin, which was shown that the starch-based
adhesive can adapt well to the existing production process. The most popular starch
adhesive synthesis process is shown in Fig. 5. Du et al. reported that with starch
as main raw material, H2O2 as oxidant, FeSO4 as catalyst, borax as crosslinker,
and sodium thiosulfate as stabilizer, the synthesis conditions of starch adhesive were
preferred by orthogonal experiment, and then the optimal process conditions of adhe-
sive for biochar compound fertilizer granulation were preferred. The results showed
that excessive NaOH would decrease the initial viscosity of adhesive during high
temperature gelatinization and in low temperature gelatinization, increasement of
NaOH content can improve the initial viscosity of adhesive. At a volume of 2 or 4mL
NaOH solution was added into the oxidation stage for improving initial viscosity of
prepared adhesive, thereby starch oxidation reaction was completed. When 6 mL
NaOHwas added in the oxidation stage, the initial viscosity of the prepared adhesive
was relatively low due to excessive oxidation. The 30 wt% concentration of citric
acid–starch-based adhesive with paraserienthes falcataria veneer was prepared by
Kusumah et al. (2020) and citric acid–starch were applied in the manufacturing
of plywood. The variations of compositions ratio (citric acid: starch) were 90:10,
80:20, 70:30, 60:40, 50:50 respectively. The results showed that the lamination rate
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Fig. 5 The Stein Hall process (Nasiri et al. 2020)

and shear strength of plywood were the lowest when the starch content was 50 wt%.
The shear strength of plywood for general utilization satisfied Standard National
Indonesia (SNI).

2.5 Other Bio-Based Adhesives

The woody biomass liquefaction adhesives. Lignocellulosic biomass liquefaction
refers to the thermochemical process of converting lignocellulosic biomass into
liquid in the presence of some organic compounds. The liquid products of ligno-
cellulosic biomass liquefaction in the presence of phenol can be treated as raw
materials for the production of adhesives. Gao et al. prepared water-resistant wood
adhesives with phenolated soy flours. Liquefaction of soybean meal in the pres-
ence of phenol degradation, not only destroyed the spherical molecules that were
linked together by hydrogen bonds inside the soy protein, tightened up the spherical
structure and released the spherical protein in polar group, also of the peptide chain
rupture and peptides and the reaction of phenol, the activity of liquefaction reaction
with formaldehyde in the flour group increase in the number, which could be used in
the preparation of weather-resistant plywood. The production of adhesives by lique-
faction of woody biomass has a promising prospect, but the process is not mature at
present. Lignocellulosic biomass liquefaction is carried out in the presence of certain
organics, which can decrease the reaction temperature to a certain extent and achieve
the purpose of energy saving, but the use of liquefier increases the complexity of the
process.

The pyrolytic bio-oil adhesive. The pyrolytic bio-oil adhesive uses pyrolytic bio-
oil and phenol as raw materials for the synthesis of PF resin adhesives. Pyrolytic
bio-oil is made from agricultural and forestry residues, which are cheap and easy to
be obtained. Under the condition of isolated or limited oxygen, the organic polymer
molecules in the materials can be quickly broken into short chain molecules to obtain
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liquid products. The pyrolysis bio-oil of plant raw materials being rich in lignin and
tannin is mainly composed of phenolic substances, which can partially replace the
polymerization of phenol and formaldehyde in phenolic resin to form viscose. At
present, the research on the production and applications of pyrolytic bio-oil mostly
focuses on the application of pyrolytic bio-oil in energy, and the main objective of
the present study is to prepare a series of adhesives for pyrolytic bio-oil.

However, the components of lignocellulosic biomass liquefaction products and
the process of pyrolysis bio-oil are complex, the physical and chemical properties
are relatively unstable and phase separation and precipitation may occur in long-
term storage. Moreover, there are distinctive differences between the properties of
different liquefaction products and pyrolytic bio-oil, so in terms of performance,
the bio-oil-phenolic resin adhesive prepared by partially phenol cannot completely
replace pure phenolic resin adhesive.

In addition, the phenolic hydroxyl on lignin inwood is oxidized to phenolic oxygen
free radical via catalyzing of laccase, and the free radical generated is coupled to
produce high polymer mass and amorphous dehydrogenation polymer. By using
this reaction, the binding force of wood itself can be improved, and it is demon-
strated that the use of a simple and economical approach for preparation of fiber-
board and particleboardwithout any synthetic adhesives. The products obtained from
biological engineering can be used as adhesive materials to completely get rid of the
tension of chemical raw materials, which has the characteristics of self-breeding,
self-fermentation, self-synthesis and self-use when manufactured.

Acetonitrile extracting lignin-based adhesive. Cui et al. (2018) reported that a
lignin rigid oligomer was obtained by directly extracting lignin from pulp manufac-
turers with acetonitrile, which is highly polar with significantly increased carboxylic
acid and reduced methoxy compared with the as-received lignin and makes the
acetonitrile extracting lignin (AEL) more reactive for the preparation of adhesives.
For example, Gong et al. (2020) prepared a lignin-based wood adhesive with no
formaldehyde in which the AEL was used as raw material, phenolated and mixed
with aqueous of polyvinylpyrrolidone. The shear strength of the adhesive could reach
up to 1.70 MPa and it was still as high as 1.02 MPa after soaking for 24 h in water,
meeting the National Primary Standard of plywood and according with Chinese
national standard.

3 Future Challenges of Bio-Based Adhesives for Wood
Composite Industries

At present, the industrial application of tannin and lignin-based adhesives is rare.
Due to the high molecular weight of tannin, the prepared adhesive has high viscosity
and the short application period, which limits its development and application to
some extent. Lignin has also large molecular weight, complex structure, low reac-
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tion activity, and requires longer hot-pressing time and higher temperature for plate
making. Therefore, more lignin was used in the modification of resin and less lignin-
based adhesive was prepared directly. And lignin-based adhesive also needs special
processing after hot pressing. The product is black with lower physical and mechan-
ical properties and lower water resistance. Therefore, how to reduce the molecular
weight of tannin and lignin, improve the reactivity and increase the proportion of its
application in viscose will be the main development trend.

Currently, soybean protein adhesives are relativelywidely used inwood composite
industries. Therefore, isolating soybean flour or soybean protein can be used as raw
materials. The former is cheap, but the water resistance and bonding strength of the
prepared adhesives are not as good as the latter. Nevertheless, the challenges such as
exploring the processing technology of soybean protein separation, improving the
water resistance and bonding strength of soybean protein adhesive and reducing cost,
still remain, restricting its popularization application.

Starch-based adhesive has the advantages of renewable, environmental protection
and low cost, but it also has disadvantages such as poorwater resistance and corrosion
resistance, which limits its development and application in wood composite indus-
tries. Therefore, the preparation of starch-based adhesive usually requires modifica-
tion of starch first and the modified starch-based adhesive is non-toxic and environ-
mental friendly, with good film-forming performance and adhesion performance. In
addition to the mentioned above problems, the glue viscosity, low adhesive strength,
short application period and dark color defects of bio-based adhesives also seriously
restrict its development, becoming the main research topic in the future.

At the same time, because bio-based adhesives are bonded to other objects mainly
through intermolecular forces, the strong bonding strength between wood materials
and adhesives depends on many factors, including the wettability, the roughness the
permeability, moisture content, the presence of wood surface extract, and the mois-
ture absorption, the chemical composition and the pH of thewood. The bio-based raw
materials can be improved by chemical methods and become wood adhesive to meet
the needs of industrial production. In addition, the combination of bio-based adhe-
sives and petrochemical adhesives, replacing some of the petrochemical adhesives,
will be a good development direction. Bio-based adhesives are a kind of renewable
resources with environmental protection characteristics that petrochemical adhesives
cannot match, which can effectively realize sustainable development, but compared
with petrochemical adhesives, corrosion resistance and drying rate need to be further
improved. At present, the research and development of all kinds of biological adhe-
sives in the world are still at the infancy stage and increasing the research intensity
of biological adhesives and improving its performance are of positive significance
for developing a new adhesive market and protecting the environment.
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Various Types of Natural Fibers
Reinforced Poly-Lactic Acid Composites

Moussaoui Nafissa, Benhamadouche Lamia, Mohammad Jawaid,
and Mohammad Asim

Abstract Advance composites are considered as the substitute of solid waste wood.
By utilizing these waste materials with different type of polymers enhance the prop-
erties of material and also make efficient to use as product. Advance composites are
also fulfilling the requirement of environment concerns. Polylactic acid (PLA) is one
of the biopolymer, have been studied extensively, the basic studies such as structural
and extraction process have been discussed. Many different type natural fibres and
biopolymers are being used to prepare biodegradable materials. The properties of
natural fibre have been studied on the basis of the chemical compositions that decide
the properties of single fibre. There are several test have been conducted such as
mechanical, thermal, physical, and weathering test on natural fibre reinforced PLA
composites. In this chapter, PLA based natural fibre composites have been studied
and their properties have been elaborated.

Keywords Polylactic acid · Natural fibre · Biocomposites · Thermal properties ·
Mechanical properties · Weathering properties

1 Introduction

The evolution of civilization has generally been influenced by man’s need to find out
newmaterials, enabling him to introduce the necessary properties to the increasingly
more sophisticated tools of destruction. Companies that have gained experience in
exploiting newmaterials, however, have enjoyed distinct advantages over their neigh-
bors (Oksman et al. 2003). This has been widely illustrated in terms of key materials
in which humankind has passed from the Stone Age to that of Bronze, the Iron Age,
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and steel. Bio composites are among the most popular materials of contemporary
life or modern times which have transformed our lifestyle.

Nowadays, conception with a view to reconstruction or in a slightly broader
perspective, eco-design is increasingly a philosophy that applies to products and
materials. With the recent increase in environmental awareness, the use of natural
fibers has become a major focus and important (Gassan and Bledzki 1999; Kalia
et al. 2009). Natural fibers own many benefit, such as lightness, small density, avail-
ability and relatively lofty mechanical properties, like that as specific module and
specific resistance (Asim et al. 2018; Gassan and Bledzki 1999; Omrani et al. 2016).
Recently, natural cellulosic fibers are increasingly attractive to scientists as an alter-
native reinforcement in polymer composites (Begum and Islam 2013; Mohammed
et al. 2015; Sepe et al. 2018; Thakur et al. 2014;Wambua et al. 2003). They are obtain-
able in large quantities and provide a new generation of reinforcements in polymeric
materials. These eco-friendly fibers have been used as replacements for fiberglass,
carbon, Kevlar, and other plastic polymer fibers in a variety of applications (Atiqah
et al. 2014; Begum and Islam 2013; Wambua et al. 2003). Natural fiber composites
aid in the conservation of non-renewable resources, which are the primary source of
most materials used in today’s applications.

Reinforcing building materials (concrete, mortar, and composite) with fibers is an
increasingly popular technique. The introduction of nanocellulose and micro cellu-
lose as reinforcements in polymermatrices (biodegradable or not) used in composites
(such as glass fibers and carbons) (Chen et al. 2009; Frone et al. 2011; Liu et al. 2010;
Lu et al. 2008; Sanjay et al. 2018).

Vegetable fibers can be associated with matrices of different natures. The use of
plant fibers in a thermoplastic or thermosetting matrix (polypropylene polyethylene,
epoxy or phenol–formaldehyde resins, polystyrene, and styrene) was the subject of
many studies in the last few years (Frone et al. 2011; Liu et al. 2010; Lu et al.
2008; Nakagaito and Yano 2008). It is a technique already used and industrialized
especially in the automobile (interior panels, floors of trucks, etc.), the construction
(coating, profiles of doors and windows, closure) where is still domestic equipment
(furniture of the garden) (Edhirej et al. 2017). They can replace glass fibers because
of their mechanical performance.

The use of vegetable fibers (straw, flax, abaca, jute, banana, date palm, bamboo
…), as a reinforcement of material, has aroused a keen interest during the last decade
(Edhirej et al. 2017; Thakur 2013). Strengthening materials with these fibers reduces
disposal problems because they are easier to recycle or burn than mineral fiber mate-
rials. When biodegradable materials are reinforced with plant fibers, these materials
remain biodegradable and can be used in situations where they are subjected to loads.
In recent decades, a great deal of works has been done to investigate the possibility
of using natural fibers as a reinforcing element of thermoplastic and thermosetting
materials, due to their environmental benefits and low cost (Thakur 2013). They
offer further perspectives in waste collection because they are of biological origin
and can hence give rise to vastly functional composite materials used in association
with thermoplastic polymers (Wollerdorfer and Bader 1998).
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The substitution of non-decomposablematrices bydecomposablematerialsmakes
it possible to obtain entirely degradable and renewable composites (Atiqah et al.
2014; Begum and Islam 2013; Mohammed et al. 2015; Sepe et al. 2018; Thakur et al.
2014). Materials derived from renewable resources are receiving increasing interest
from the academic and industrial worlds. They are very varied in nature and often
have interesting characteristics. In the bioplastics market, there is a wide variety of
polymers from renewable resources, including polyesters such as polylactide (PLA).
The latter is without a doubt one of the most prospective competitor for future
advancement as it is not only biodegradable but also made from renewable resources
like corn starch (Garlotta 2001; Hartmann 1998; Jonoobi et al. 2010; Oksman et al.
2003). Poly-lactic acid have a high potential to replacement petroleum-based plastic
due to its elevated mechanical properties and its process ability in comparison of
other bio polymers, making it suitable with a variety applications such as automotive,
medical and agriculture (Dorgan et al. 2005;Haafiz et al. 2013; Lim et al. 2008;Najafi
et al. 2012; Oliveira et al. 2016). Poly lactic acid is a versatile polymer, completely
degradable, produced from pure substances regenerative that ferment in acid. The
ratio of the two acid molecules (D-lactic and L-lactic), that are composed of an
amorphous to semi-crystalline or crystalline material, could alter the characteristic
of PLA (Shen et al. 2009).

2 Natural Fibers

Natural cellulosic fibers have been utilized for 3000 years in composites, for example
in antique Egypt, where clay and straw were blended to build walls. In the latest
decade, natural fiber-reinforced polymer have attracted the attention from both
academia and industry because of the advantages they over offer synthetic rein-
forcing fibers such as carbon and glass. The development of natural fibre composites
has therefore been the subject of research over the last ten years. These natural cellu-
losic fibers are economical, very eco-friendly with specific properties, for example,
they are non-abrasive and biodegradable (Li et al. 2007; Saheb and Jog 1999).

2.1 Natural Fibers Types’

Natural fibers, which are often cellulose fibers, are sorted according to their origin;
they come from different areas of the plant: leaves (palm, banana, Alfa, pineapple,
etc.), Seeds (Kapok, cotton, milkweed, etc.), Bast or stem (Kenaf, hemp, jute, ramie,
bamboo, etc.), Fruit (coconut fiber, etc.) (Van Rijswijk et al. 2001).

As with all natural products, the mechanical and physical properties of natural
fibers change significantly. These properties are governed by structure, chemical
composition and depend on fiber types, age, plant organs and growing conditions.
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Table 1 Classification and examples of natural fibers (Bismarck et al. 2005)

Origin Provenance Examples

Vegetal Seeds Cotton, kapok, milkweed

Fruits Coconut

Bastor stem Hemp, jute, ramie, kenaf

Leaves Sisal, henequen, abaca, pineapple

Wood Wheat, corn, barley, rye, oats, rice

Stalk Bamboo, bagasse, Alfa, reed

Canes and reeds

Animal Wool/hair Wool, hair, cashmere

Silkworms Mulberry silk, tussah silk

Mineral Asbestos, Wollastonite

Table 2 Commercially important fiber sources(Salit et al. 2015)

Fibre source Species World production
(103 tonnes)

Origin

Wood (>10,000 species) 1,750,000 Stem

Bamboo (>1250 species) 10,000 Stem

Cotton lint Gossypiumsp 18,450 Stem

Jute Corchorussp 2,300 Stem

Kenaf Hibiscus cannabinus 970 Stem

Flax Linumusitatissimum 830 Stem

Sisal Agave sisilana 378 Stem

Roselle Hibiscus sabdariffa 250 Stem

Hemp Cannabis sativa 214 Stem

Coir Cocos nucifera 100 Stem

Ramie Boehmerianivea 100 Stem

Abaca Musa textiles 70 Stem

Sunn hemp Crorolariajuncea 70 Stem

Themain component of all plant fibers is cellulose; it varies from one fiber to another
(Tables 1 and 2).

2.2 Chemical Composition of Natural Fibers

Cellulosic fiber is a composite in itself. The reinforcement is constituted by layers
of partially crystalline cellulose microfibrils. The latter is coated with an amorphous
polysaccharidematrix (hemicelluloses and pectin)which is associatedwith hydrogen
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Fig. 1 Model for describing the structure of a plant fiber cell (Salit et al. 2015)

bonding and covalent lignin (Fig. 1) shows that the cellulosemicrofibrils are helically
rolled up along the axis of the core fiber.

The orientation of the micro-fibril about the axis of the cell plays a large role on
the mechanical properties of the fiber walls, more angle of the micro-fibril increases,
the Young module decreases, while the extensibility of the walls increases (Dicker
et al. 2014). The moreover, hemicellulose has a key role in the humidity absorption,
bio decomposition, and thermal degradation of natural fibers. However, Lignin is
responsible for the rigidity and hardness of wood and of plants. The proportions of
theses constituents vary greatly according to the fibers and cellulose is the major
constituent element. In general, natural fibre contains other organic components,
in addition to cellulose, hemicelluloses and lignin. It contains about 2–6% starch,
2% deoxidized saccharine, 2–4% materials grasses, and 0.8–6% protein (Saheb and
Jog 1999). The quantity of each constituent of a fiber depends in particular on the
quality of the soil where the plant was grown, its level of maturity, the quality of the
retting process, the conditions for measuring properties (humidity, temperature), etc.
All these parameters explain the great differences between the values found in the
literature (Beg 2007).

Cellulose is a natural polymer whosemolecules, formed by long chains, consist of
D-anhydro-glucopyranoses bound by β-(1,4)-glycosides bonds in positions C1 and
C4 (Fig. 2). The degree of polymerization (DP) is about 10,000, it varies according
to the plant species. The hydroxyl groups play a large role in the crystalline (Beg
2007; John and Anandjiwala 2008).

Unlike other fiber components that have an amorphous structure, cellulose has
a large crystalline structure. Crystalline cellulose is one of the polymers with the
highest modulus of elasticity, about 136 GPa compared to 75GPa of fiberglass (Beg
2007; John and Thomas 2010).
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Fig. 2 Structure of the cellulose microfibrillar (Siqueira et al. 2010)

Lignin’s an extremely heterogeneousmacromolecule composed of aromatic poly-
mers. It represents, after polysaccharides, the more abundant natural polymer in
nature. It helps protect plants against the attack of pathogenic organisms and struc-
tural rigidity of cell walls. Lignin ismade up of three-dimensional phenolic polymers,
amorphous with three different penylopropane-type units: p-coumaryl, coniferyl,
and sinapyl alcohols (Fig. 3). In the process of lignification, plant phenoloxidases as
laccases are implicated and permit of the different elementary units to polymerize.
After synthesis, lignin combines with various polysaccharides to form a matrix that
forms the plant wall (Klyosov 2007).

Hemicellulose consists of a selection of polysaccharides (Dxylopyranose, D-
glocopyranose, D-galactopyranose, etc.) which occur in short and highly branched
chains. The degree of polymerization in this polymer is 20–300 times lower than

Fig. 3 Schematic representation of lignin (Klyosov 2007)
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Fig. 4 Structure of a type of xyloglucan (Thygesen 2006)

in cellulose (Thygesen 2006). Hemicelluloses are different from celluloses by their
multiple varieties of saccharides constituting the polymer that is different from one
plant to another. Unlike cellulose, which is a linear polymer, hemicelluloses have
a considerable degree of chain branching. Also, hemicellulose is rarely crystalline
and is responsible for the sensitivity of the fibers to water through the interface
(hydroxyl groups). This increases the risk of degradation due to external agents
(bacteria, acids, etc.). One of the most studied hemicellulose classes corresponds to
xyloglucans (Fig. 4).

A pectin is a group of complex heteropolysaccharides that typically represent
about 35% of the primary walls in dicotyledons and 2–10% in monocotyledons.
The structure of the pectin depends on the plant species and the proportions of the
different types vary according to their position in the cell walls (Sakakibara 1980).
Pectin’s also themore hydrophilic compounds in plant fibers because of the existence
of carboxylic acid groups.

3 Polylactic Acid

Polylactic acid (PLA) is aliphatic polyester; generally, it is based on α-hydroxy acids.
These include polymandelic acid or polyglycolic acid. These acids are compostable
and biodegradable. PLA is a thermoplastic polymer, with high mechanical char-
acteristics (strength and modulus). Annually, it may be produced from renewable
resources (Garlotta 2001).

Consequently, it has generated a lot of interest in potentially replacing petroleum-
based polymers. Special qualities of PLA have been improved for biomedical uses
even before its introduction as a packaging and base material. The commercial
launch of biobased PLA in 2003 paved the way for more common applications. Its
biocompatibility and bioresorbability made it an appropriate choice for applications
including blood vessels, drug delivery systems, sutures etc.
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In particular, PLA has found a significant number of applications in the packaging
industry thanks to its excellent mechanical properties, transparency, and composta-
bility (Saeidlou et al. 2012). The reinforcement of PLA with natural fibers appears
to be an ideal choice to increase their mechanical characteristics and preserve the
ecological character of the final product (Girones et al. 2012). In the majority of
cases, the direct polycondensation method (Fig. 5) was used to prepare PLA from
lactic acid. The resulting PLA had low molecular weight and poor mechanical prop-
erties. The performance of PLA has increased considerably following the evolution
of production with open ring polymerization. This method requires a secondary
substance such as lactide. Lactide is the periodic dimer of lactic acid, and it can be
in the form of L-lactide, L, D-lactide (meso-lactide), and D-lactide stereo complex
(Fig. 6). Currently, PLA synthesis rarely starts with chemically synthesized lactic
acid. The lactic acid that is used is resulting from the transformation of carbohydrates
like starch and cellulose. The majority of it comes from corn and cassava harvests.
Fermentation created on microorganisms gives principally L-lactic acid (Ebnesajjad
2012).

For PLA to be produced on large-scale production lines in applications such as
blow molding, injection molding, extrusion, and thermoforming, the polymer must
have appropriate thermal stability to avoiddegradation and retain itsmolecularweight
and qualities. PLA is thermally degraded at temperatures exceeding 200 °C (392 °F)
(Iwata 2015) by hydrolysis, lactide regeneration, dissociation of the main chain by
oxidation, and by intra- or intermolecular transesterification processes.

Fig. 5 D-Lactide stereo complex

Fig. 6 General route of PLA production
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The main reasons for PLA degradation are low molecular weight impurities,
catalyst concentration, temperature, and time (Iwata 2015). Oligomers and catalysts
increase the degree of degradation and reduce the degradation temperature of PLA.
Theycan also cause changes in viscosity and rheology, fumes in the treatment process,
and low mechanical characteristics.

Poly (lactic acid) homopolymers have a glass transition and melting temperature
of approximately 175 °C and 55 °C respectively. They need processing temperatures
between 185 and 190 °C (Spinu et al. 1996). At this stage, chain splitting and decom-
pression reactions are known to occur, leading to a decrease in molecular weight and
thermal degradation. Therefore, PLA homopolymers have a very short treatment
period. The most common method to improve the transformability of PLA is based
on the reduction of themelting point by random incorporation of small doses of lactic
enantiomers of opposite form in the polymer (i.e. the addition of a small amount of
D-lactide to L-lactide to get PDLLA). Unfortunately, the reduction in melting point
leads to a significant decrease in crystallinity and crystallization rates (Spinu et al.
1996).

3.1 Synthesis of Polylactic Acid

The elemental component of PLA is lactic acid, which was first isolated in 1780 from
sourmilk by theSwedish chemist Scheele and produced for thefirst time in commerce
in 1881 (Hartmann 1998). Food-related uses represent the main exploitation of lactic
acid in the United States and account for approximately 85% of the product’s market
it is present in many processed foods as a buffer, acid flavoring agent, acidulant,
and bacterial inhibitor. Lactic acid is formed either by chemical synthesis or by
carbohydrate fermentation, which is the most predominant method (Benninga 1990;
Frant 1981; Kharas et al. 1994).

Lactic acid (2-hydroxy propionic acid) is the most elemental of the hydroxy acids
that have an asymmetric carbon atom and can be in two visually active compositions.

The L(+) isomer is produced in mammals including humans, while the D(−)
and L(+) enantiomers are both derived from bacterial systems. Most of the lactic
acid marketed worldwide is obtained by carbohydrates bacterial fermentation, from
homolactic organisms such as various optimized or modified strains of the genus
Lactobacilli, which constitute only lactic acid (Hartmann 1998). The Organisms
producing mainly the L(+) isomer are L. bavaricus, Lactobacilli amylophilus, L.
maltaromicus, L. casei, and L. salivarius. While isomer D or mixtures of both are
given by strains such as L. delbrueckii, L. jensenii, or L. acidophilus (Hartmann
1998). The bacteria considered homofermentative produce lactic acid via Embden-
Meyerhof and convert up to 1.8 mol of lactic acid per mole of hexose (i.e. more than
90% produce glucose-based lactic acid). From feedstocks, these strains produce
high carbon conversions for animals under standard fermentation conditions, such
as temperatures around 40 °C, relatively small to neutral pH, and low oxygen
concentrations (Enomoto et al. 1994).
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The different types of carbohydrates that can be used in fermentation processing
are due to the specific strain of Lactobacillus. In principle, the majority of simple
sugars extracted from agricultural by-products can be used. These sugars contain
(1) sucrose from cane or beet sugar; (2) glucose, maltose, and dextrose from corn
or potato starch; and (3) lactose from cheese whey. In addition to carbohydrates,
organisms also require protein and other complex nutrients such as B vitamins,
amino acids, and nucleotides, whichmust be obtained from corn liquor, yeast extract,
cottonseed meal, or soy flour. These needs are highly dependent on the different
species and it is common to create strains around existing nutrients, which can lead
to considerable additional costs (Benninga 1990; Enomoto et al. 1994; Kharas et al.
1994).

Fiber reinforcement is a possibility to improve thermal stability. Polylactide poly-
mers are rigid and brittle materials, so plasticizers are needed to improve stretching
and impact resistance properties. The polylactide is completely biodegradable.
Degradation is by hydrolysis to lactic acid, which is metabolized by microorganisms
to water and carbonmonoxide. By composting with other biomasses, biodegradation
occurs in 15 days, and thematerial has completely disappeared in three or four weeks
(Oksman et al. 2003).

4 The Properties of Natural Fiber/PLA Composites

4.1 Thermal Properties

Knowledge of the thermal properties of composites natural fiber/PLA is essential to
develop the best methods for transforming these materials into useful products and
to predict performance throughout the life of the products. It also provides essential
information for troubleshooting when the material is not functioning as intended
or when a product or process element needs to be modified, such as raw materials.
The determination of principal characteristics of polymer systems, such as thermo-
gravimetric analysis (TGA), glass-to-rubber transition temperature (Tg), andmelting
point (Tm), is essential using differential scanning calorimetry (DSC) experiments.
In the latter case, Tg is usually determined as the inflection point of the specific heat
increment at the glass–rubber transition. Dynamic mechanical analyses (DMA) can
also be utilized to evaluate the Tg. However, a relaxation mechanism is demonstrated
in the Tg temperature range by DMA analyses. Today, PLA is considered the most
credible alternative to replace conventional polymers in composites, their thermal
properties investigated for the potential use in load-bearing applications such as body-
in-white and body structures in the automotive sector. The Tg of PLA depends on the
molecular weight, optical purity (enantiomer), and thermal history of the polymer
(Sarasua et al. 1998). The degree of crystalline is based on many parameters such as
molar mass, temperature and annealing time, as well as on many key properties of a
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semi-crystalline polymer, including stiffness, fragility, toughness, etc. (Ahmed et al.
2009).

For example, Pan et al. (2007) observed that the addition of Kenaf (KF) consid-
erably increased the crystallization rate and the tensile and storage modulus. The
PLLA crystallization can be completed from the melt at 5 °C/min with the addition
of 10% by weight of Kenaf during the cooling process. Also found that the size
of the spherulite decreases in isothermal crystallization and the nucleation density
increases considerably with the presence of Kenaf. Furthermore, with the addition
of 30% by weight of Kenaf, the half times of isothermal crystallization were lowered
to 46.5% and 28.1% of pure PLLA at 120 °C and 140 °C, respectively. Tawakkal
et al. (2014) noted that thermo gravimetric analysis of the incorporation of 5% and
10% (w/w) thymol in pure PLA and PLA/kenaf composites shows that there is no
significant change in decomposition temperature, while analysis by differential scan-
ning calorimeter indicate a decrease in all key thermal transitions (Tg, Tcc, Tm and
Hm). The test results for thermal properties suggest that thymol in these composite
functions as a plasticizing agent. Tokoro et al. (2008) have incorporated three vari-
eties of bamboo fibers into a PLA matrix to improve its impact strength and heat
resistance. Their studies have led to the creation of good quality composite mate-
rials. The presence of bamboofibers considerably increases the impact resistance
and thermal properties. Qin et al. (2011) confirmed that PLA/RSF (rice straw fiber)
composites with PBA increased thermal stability. DSC data showed that RSF acted
as a nucleating agent and that PBA made crystallization of PLA more difficult and
incomplete. The available literature shows that thermo-mechanical analysis (TMA)
should be performed in the future to improve the understanding of the influence of
the addition of natural fibers in PLA composites.

4.2 Mechanical Properties

Recent research has indicated that PLA is a very suitable polymer matrix for natural
fiber-filled composites. For example, Tokoro et al. (2008) have reinforced a PLA
matrix with 3 kinds of bamboo fibers to increase its impact. Their studies are caused
in good quality composite materials, with the presence of bamboo fibers signifi-
cantly increasing impact performance. Ochi (2008) studied kenaf/PLA composites
with diverse ratios of fibers. He showed that Young’s modulus, tensile, and bending
strength increased linearly up to 50% wt of the fiber content in the composite. The
study found that unidirectional biodegradable composites made from emulsion-type
PLA resin and kenaf fiber at 70% byweight had high bending and tensile strengths of
respectively 254 MPa and 223 MPa. Shibata et al. (2004) have developed materials
with PLA/lyocell fabric by compression molding. The tensile strength and modulus
of the lyocell/PLA composites have been upgraded by increasing the fiber content.
The impact resistance was significantly greater than that of pure PLA. Pan et al.
(2007) as well developed PLA/kenaf composites by injection molding with kenaf
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fiber contents between 0 and 30%. At 30%, a 30% improvement in tensile strength
was noted.

The extensive use of biocomposites in the manufacture of vehicle components
would greatly benefit the industry, but to date, their low mechanical characteristics,
associated mostly with thermal stability and the interactions between the matrix
and the fibers, limit their usage. While studies mention the properties and potential
improvements of biocomposites, the general mechanical behavior from a structural
point of view is not fully understood and the mechanical performance is under target.
Biocomposites are not yet adopted in mass-produced products in the automotive
transport industry because their mechanical properties and performance in different
environments and their effect under different loading conditions are not sufficiently
taken into account. Biocomposites are not yet adopted in mass production in the
automotive industry because theirmechanical properties andperformance in different
environments and their effect under different loading conditions are not sufficiently
taken into account (Nassiopoulos and Njuguna 2015).

The mechanical properties of fiber-reinforced composites are influenced by the
length of fibers, the degree of filling, the aspect ratio of fibers or fiber bundles, the
morphology of the fibers and the orientation of the fibers or bundles of fibers, and
the degree of polymerization of the cellulose in the fiber. The mechanical character-
istics of PLA-based composites also probably depend on the specific properties of
the polylactide (e.g. residual lactide content, molar mass) as well as the processing
conditions (e.g. catalyst, pre-drying, and processing temperatures) (Mohanty et al.
2005). Lanzillotta et al. (2002) found that the tensile strength of injection-molded
PLA was not upgraded by adding 20–40% w/w of flax fiber. The authors justified
this to poor adhesion between flax and PLA. The significant reduction in fiber length
observed by these researchers may also partly justify the absence of an increase
in the tensile strength of composites. Though, with increasing flax content, Young’s
modulus of these biocomposites increases linearly.After studying the chemicalmodi-
fication of fibers (for example, etherification, esterification) and reactive extrusion
to modify PLA during treatment, the authors also concluded that improvements to
the composite properties derived from the composite did not justify the associated
costs.

The research group of the StructuralMechanics Institute of theGermanAerospace
Centre has developed and controlled PLA biocomposites reinforced with natural
fiber mats. A composite Young’s modulus of about 10 GPa and tensile strength of
about 90 MPa were the results of their work (Riedel and Nickel 1999). The same
authors cited in a later report that the bending modulus for PLA biocomposites was
comparable to that for glass fiber reinforced polymers (Nickel and Riedel 2001).

Themain objective of incorporating fibers into a polymermatrix is to significantly
improve the modulus of the material, but this effect depends on the type and content
of fiberin the matrix. It has been shown that the modulus of elasticity measured for
PLA reinforced with 30% flax or cotton increases by 1.5–2.5 times that of crude
PLA, depending on the type of fiber modification (Thakur and Thakur 2016).
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4.3 Weathering Properties

It was found that the mechanical characteristics of PLA can be similar to those of
traditional petroleum-based polymers. For this reason, PLA will be considered as an
alternative polymer that can be exploited in other fields, particularly in the automotive
sector. In this context, it is necessary to study the external properties of PLA, i.e. its
resistance to weathering. In particular, the influences of UV and moisture exposure
on the mechanical and other characteristics of PLA become critical (Kaynak and
Kaygusuz 2016).

However, in the literature, there are not many studies (Copinet et al. 2004; Ikada
1997; Janorkar et al. 2007; Ndazi and Karlsson 2011; Shinzawa et al. 2012) on the
consequences of weathering and their degradation processes. In general, the prin-
cipal degradation process of ultraviolet (UV) irradiation observed is the random
“main chain separation” in the chemical bonds of the PLA backbone by the absorp-
tion of a photon (Ikada 1997; Janorkar et al. 2007). The molecular weight of PLA is
significantly reduced via “photolysis” of the C–O and C–C bonds, and/or the main
“photo-oxidation” to produce carboxylic acid and ketones. Themost important mois-
ture degradation process described in the bibliography (Copinet et al. 2004; Ndazi
and Karlsson 2011) after a decrease in molecular weight is the “hydrolysis” of the C–
O bonds in the ester bonds of the PLA structure, which can also produce carboxylic
acid and ketones.We have found other several works based on the study of the natural
weathering and accelerated aging properties of composites PLA reinforced such as
keratin (Spiridon et al. 2013), montmorillonite (Jandas et al. 2013; Zaidi et al. 2010),
hempfiber(Islam et al. 2010), epoxy natural rubber and rice starch (Yew et al. 2009),
cellulose whiskers (Grigsby et al. 2013) and condensed tannin (Bolio-López et al.
2013). In general, these studies have shown that the added fillers most often increase
the level of deterioration without having an important influence on the processes.
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Nanocellulose Reinforced Polylactic Acid
Bionanocomposites

Amina Hachaichi, Mohammad Jawaid, Mohammad Asim, and B. Kouini

Abstract Nanocellulose, is a bio-filler that can be extracted from several plant
sources such as sisal, date palm, cotton, kenaf and bamboo, according to the method
of extraction, size and experimental conditions. Nanocellulose is classified into
three types: nanocrystals cellulose (CNC), nanofibers cellulose (CNF) and bacterial
cellulose (BC), Nanocellulose can be used in wide applications such as packaging,
medicine and pharmaceutical, due to its properties such as biodegradability, compat-
ibility and high mechanical properties. This is the reason why most researchers in
these recent years have focused on studying bionanocomposites based on nanocellu-
lose and especially with polylactic acid (PLA) as a matrix, PLA is the most attractive
biopolymer due to its properties that improve when enhanced with nanocellulose
which qualify it to use in environmentally friend applications. In this chapter, a
detailed study is made about the type of natural fibers that can be used to isolate
nanocellulose, the isolation techniques of nanocellulose and their classifications,
and some pre-studies on nanocellulose/PLA bionanocomposite.
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1 Introduction

Bionanocomposite is one of the most advanced researches in nanotechnology field
that has attracted the attention of industrialists and academics to produce it, as
advanced environmental friendlymaterials that replace traditional non-biodegradable
petroleum plastics (Bitinis et al. 2013). These compounds can be defined as a combi-
nation of polymer (Biopolymer) and organic or inorganic nanofillers (Size < 100 nm),
it can be used for various applications, such as packaging, building construction,
agriculture sector, aerospace, automotive parts, and sports materials (Arora 2018;
Shchipunov 2012).

Nanocellulose particles can be obtained from macromolecule cellulose derived
from natural fibers such as roselle fibers (Kianl et al. 2018), bamboo (Rasheed et al.
2020) and kenaf bast fibers (Kargarzadehl et al. 2012), by using different methods:
Mechanical, Chemical and Biological treatment. Nanocellulose fibers characterized
by low density, biodegradability, biocompatibility, low cost and ease of processing
(Santosl et al. 2016), which qualify it to be used as reinforcing filler for biopolymer
like polylactic acid (PLA), polyethylene glycol (PEG), polyglycolic acid (PGA).
Among the biopolymer, PLA is widely used in different fields of application, because
of its remarkable properties such as biodegradability, biocompatibility, ease of use,
processability and renewability (Kianl et al. 2019; Scaffaro et al. 2017).

Nanocellulose particles can be classified to three types and that according to the
extraction technique used: Cellulose Nano Crystals (CNC), Cellulose nanofibers
(NFC) and Bacterial Cellulose (BC). The addition of these nanoparticles into PLA
matrix can improve barrier, thermal and mechanical proprieties of bionanocompos-
ites material. Thus, in order to use it in specific applications (Kianl et al. 2019; Nasir
2017). The aim of this chapter is to study the different techniques used for nanocel-
lulose extraction from various natural fibers and their using as a reinforcing material
for polylactic acid bionanocomposites.

2 Natural Fiber

Natural fibers can be extracted from different parts of plant, and it can be classified
as stems fibers or trunks (bamboo, jute, flax, and date palm etc.), leaves (Sisal,
pineapple leaf fiber, Abaca, ALF, sisal, banana etc.), fruit (OPEFB, Coconut etc.)
and seeds (Cotton, kapok etc.) (Jawaid 2016). Figure 1, shows the commonly natural
fibers used as reinforcing materials in polymers for preparation of composites and
nanocomposites materials, and their origin plants.

Natural fibers consist three basic components, cellulose, hemicellulose, lignin
and minor components such as pectic and waxes substances (Bitinis et al. 2013). The
chemical composition of natural fibers depends on their origin, the type of extraction
method used and the experimental conditions (Kabirl et al. 2012). The Table 1 shows
some natural fibers and their chemical compositions. The selection of natural fibers
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Fig. 1 Different types of plants (a) and their extracted fibers (b) (Shridhar 2019; Kıasıf 2018;
Hakeeml et al. 2014; Ferreira et al. 2017; Suzuki and Arai 2015; Gondal et al. 2018; Goudenhooft
et al. 2019; Gondall et al. 2018; Abdul Ajeez 2017)

depends mainly on its applications according to the requirements of different uses
(Jawaid 2016). Natural fibers have mechanical properties that are depended on the
amount of cellulose, which is defines strength and rigidity of fibers by its bonds as
hydrogen bonds (Mishral et al. 2018), also, it depended to microfibril angle, their
elongation and Young’s modulus (Jawaid 2016; Goda and Cao 2007). Table 2 listed
the physical and mechanical proprieties of several natural fibers.
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Table 1 Chemical compositions of some natural fibers (Siakengl et al. 2019; Mwaikambo 2006)

Fibers Cellulose Hemicellulose Lignin Pectin Wax

Bamboo 73.83 12.49 10.15 0.37 –

Cotton 82.7 5.7 – – 1

Date palm 35–45.1 9.75–27.7 11.45-29.48 – –

Oil palm 65 – 29 – –

Jute 61–71 14–20 12–13 – 0.5

Kenaf 45–57 21.5 8–13 3–5 –

Flax 71 18.6-20.6 2.2 2.3 1.7

Pineapple 70–80 18.8 12.7 1.1–1.2 3.2–4.2

Ramie 68.6–76.2 13-16 0.6-0.7 1.9 0.3

Sisal 65 12 9.9 10 2

Table 2 Physical and mechanical proprieties of several natural fibers (Asim 2015)

Fibers Density (g/cm3) Elongation (%) Tensile strength
(MPa)

Moisture
absorption (%)

Young’s
modulus (GPa)

Cotton 1.5–1.6 3–10 287–597 8–25 5.5–12.6

Jute 1.3–1.46 1.5–1.8 393–800 12 10–30

Flax 1.4–1.5 1.2–3.2 345–1500 7 27.6–80

Ramie 1.5 2–3.8 220–938 12–17 44–128

Sisal 1.33–1.5 2–14 400–700 11 9–38

3 Chemistry of Cellulose

Cellulose is one of the most abundant and sustainable natural polymers on earth
(Wang and Sain 2007), it can be extracted from plant biomass, such as wood, cotton,
jute, ramie and sisal, cellulose is a semi-crystalline material formed from linear
polysaccharide of –d glucopyranose units (C6H11O5) n linked together by β (1,4)
linkages, the repetitive unit is cellobiose (Abdul Khalil et al. 2014). Cellulose has
several properties, such as low cost, low density, biodegradability, and renewability
(Kianl et al. 2017), which especially qualifies it for use in several fields, as food and
pharmaceutical industries (Kargarzadeh et al. 2017).

The physico-chemical properties of cellulose are depended on hydroxyl groups,
which are capable to form two hydrogen bonds (Inter and Intramolecular bonds) as
represents in Fig. 2 (Lin and Dufresne 2014), this relates to the location of glucose
unit. Also, the properties of cellulose are affected by their degree of polymerization
which is estimated mostly between 1500 and 3500 depending on the cellulose origin
and the method of its extraction (Bhat 2017).
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Fig. 2 Chemical structure of cellulose with inter and intramolecular hydrogen bonds (Dasanl et al.
2017)

4 Nanocellulose

Nanocellulose material, has received increasing attention in recent years due to
its unique physical and mechanical properties which made it a good material for
several applications, for instance, food, pharmaceutical and biomedical, Nanocellu-
lose can be isolated from cellulose which is extracted from plant, it can be divided
into three main types that related to the type of isolation technique, dimensions
and shapes, cellulose nanocrystals (CNC), cellulose nanofibers (CNFs) and bacte-
rial cellulose (BC) (Abdul Khalil et al. 2014; Kargarzadeh et al. 2018; Zinge and
Kandasubramanian 2020).

4.1 Cellulose Nano Crystals (CNC)

CNCcanbe isolated fromplants or from lignocellulosefibers byusing acid hydrolysis
process, generally, sulfuric acid (H2SO4) is the most acid used in this process, also
there is other strong acids can be use it like phosphoric acid (H3PO4), and formic acid
(CH2O2).The concentration of acid, time reaction and temperature, are considered
as control factors on the degree of CNC crystallinity, Typical diameter of CNC is
in the range of 4 to 55 nm and their range length is between 90 to 400 nm (Abdul
Khalil et al. 2014; Zinge and Kandasubramanian 2020).

4.2 Cellulose Nanofibers (CNF)

CNF can be isolated by a mechanical process, also, it can be combined with an enzy-
matic and/or chemical treatment to obtain a high yield (AbdulKhalil et al. 2014).CNF
fibers contain a crystalline and amorphous domain in contrast to CNCwhich contains
90% of crystalline domain. CNF fibers are characterized by a diameter ranging
between 6 to 100 nm and length of (200–1800 nm) (Zinge and Kandasubramanian
2020).
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4.3 Bacterial Cellulose (BC)

In addition to the abundant sources of cellulose in the biomass plant. Also, bacte-
rial cellulose can be produced from bacteria such as Acetobacter, Agrobacterium,
Pseudomonas (Lin et al. 2013).

The production of BC does not require any additional treatments to remove the
non-cellulosic compounds, it can synthesis by biosynthesis process. The combina-
tion of the fibers with the gel membrane resulting from biosynthesis leads to the
formation of bundles of fibers (Lin and Dufresne 2014; Jiang and Lo Hsieh 2013),
with a three-dimensional structure ranging in length from 20 to 100 nm (Zinge
and Kandasubramanian 2020). These bacteria exhibit very distinctive properties
such as biocompatibility, high purity, high degree of crystallization (80–90%) and
high mechanical properties, BC can be used in a variety of applications, medicine,
cosmetics and food industry. high cost of BC production is the reason for its low
production (Mishra 2018).

5 Isolation Techniques of Nanocellulose

5.1 Mechanical Process

5.1.1 High Pressure Homogenization (HPH)

HPH is an effective mechanical technique, used to isolate the cellulose nanofib-
rils (CNF) by treating them with a high-pressure homogenization method (150–
200 MPa), without using to any organic solvents (Zinge and Kandasubramanian
2020), nanocellulose particles characterized by their insolubility in water and most
solvents, this is what leads to clogging problems; therefore, Pretreatment process is
necessary before HPH to reduce cellulose fiber size (Bhat 2017).

5.1.2 Microfluidizer

Micro-fluidization is a similar technique to HPH, the difference between them is that
the micro fluidization works by the principle of a static shear while HPH works at
constant pressure (Zinge and Kandasubramanian 2020). In addition, microfluidizer
has unique proprieties, especially fast mixing, this what leads to a fast-chemical
reaction, it also used to improve the reinforcement proprieties (deMoura et al. 2012).
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5.1.3 Grinding

The simplicity of the grinding process, its low cost and low energy consumption,
are among the main factors that made it a widely used process (Jossetl et al. 2014),
grinding process works to break up cellulose to nanoscale, through breaking down of
hydrogen bond. This process can be followed by chemical treatments to remove non-
cellulosic compounds such as lignin, pectin and wax which improves the mechanical
properties of nanocellulose (Iwamotol et al. 2007; Zhao et al. 2014).

5.1.4 Cryocrushing

Cryocrushing is another technique can be used to isolate nanocellulose by immersing
them cellulose fiber in liquid nitrogen and then crushing by using a mortar and pestle
(Chakraborty et al. 2005), the frozen cellulose fibers are affected by the pressure
forces applied to them by the ice crystals, which leads to their rupture and thus
transforming them into nanocellulose (Kalia 2011, 2011).

5.2 Chemical Hydrolysis

Hydrolysis acid is one of the most effective techniques used to isolate CNC by using
strong concentrated acid such as sulfuric acid (H2SO4), hydrochloric acid (HCl),
phosphoric acid (H3PO4) or nitric acid (HNO3) (Bhat 2017). H2SO4 is the most
widely acid used in this process, it works to break down amorphous regions and
segregates the crystalline regions (Luzi et al. 2019).

H2SO4 reactswith hydroxyl groups (OH)on the surface of cellulose to formsulfate
ester groups, that help the dispersion ofCNC inwater (Börjesson andWestman2015).
Acid concentration, reaction time and temperature are important factors for governing
the yield percentage of CNC (Zinge and Kandasubramanian 2020) (Fig. 3).

5.3 Biological Treatments

Biological treatment is ecotechnique that can be used to extract BC by usingmicroor-
ganisms such as bacteria and enzymes. in addition to the advantages of this process
like high yield, low consummation of energy and higher selectivity, there are disad-
vantages like high cost and the long time it will take limits its use (Kargarzadeh et al.
2018).
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Fig. 3 Acid hydrolysis of cellulose into nanocrystals cellulose by using H2SO4 (M. Rajinipriya
et all Importance of Agricultural and Industrial Waste in the Field of Nanocellulose and Recent
Industrial Developments of Wood Based Nanocellulose: A Review ACS Sustain. Chem. Eng. 6
2807)

6 Poly Lactic Acid (PLA)

Biopolymers, are good alternatives to petroleum polymers due to their numerous
characteristics of being environmentally friendly, renewable and biodegradable with
exceptional processing capacity (Siakengl et al. 2019; Kalia 2011). Which qualifies
it for use in a variety of fields such as packaging, pharmaceutical and medicine
(Lasprillal et al. 2012).

PLA (2-Hydroxy propionic acid, CH3–CHOHCOOH) is one of the most studied
and researched biopolymers. It also occupies an important place in the biopolymers
market in terms of their using (Saba 2017). PLA can be derived from renewable
plant resources such as cornstarch and potato (Kianl et al. 2017), also it can be
synthesized fromLactic acidmonomers (LorD-lactic isomers) by using twodifferent
methods. Ring opening polymerization or direct polycondensation (Ahmed et al.
2011). The chirality of lactic acid monomer makes PLA an interesting polymer with
physicochemical properties represented in Table 3.

7 Nanocellulose Reinforced PLA Bionanocomposite

Bionanocomposite based on PLA as a matrix and nanocellulose as biofiller is among
the most sought-after compounds, due to its typical properties that combined the
proprieties of nanocellulose and PLA, which will be higher than pure PLA or
pure nanocellulose it used in three major areas Medicine, automobile industry and
packaging applications (Saba 2017). Some research works on various forms of
Nanocellulose reinforcing PLA bionanocomposites are tabulated in Table 4.
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Table 3 Physicochemical properties of PLA (Jawaid 2016)

Proprieties PDLLA Poly (D,
L-lactic acid)

PDLA Poly (D-lactic
acid)

PLLA Poly (L-lactic
acid)

Structure Amorphous crystalline Hemicrystalline

Melting temperature
Tm/°C

120–170 120–150 173–178

Glass transition
temperature (Tg)/°C

43–56 40–60 55–80

Density(g/cm3) 1.25 1.248 1.290

Decomposition
temperature/°C

185–200 200 200

Elongation at break/% Variable 20–30 20–30

Breaking
strength/(g/d)

Variable 4–5 5–6

Half-life in 37 °C
normal saline

2–3 months 4–6 months 4–6 months

Solubility PLLA solvents and acetone, ethyl lactate,
tetrahydrofuran, ethyl
Acetate, dimethyl sulfoxide, N, N xylene and
dimethylformamide

Chloroform, Furan,
Dioxaneanddioxolane

8 Conclusion and Future Perspectives

Natural fibers can be derived from deferent parts of plants such as trunks, leaves, fruit
or seeds. Its selection depends on their proprieties and applications, it composed of
three principal constituents: cellulose, hemicellulose and lignin, nanocellulose can
be extracted from natural fiber by different methods like chemical treatment which
mostly used to isolate CNC, mechanical which generally used for CNF extraction
and biological for BC, it’s possible to use both techniques to obtain a good propriety
of nanocellulose. The type of nanocellulose depended on isolation technique, dimen-
sions and shapes. Most of the previous studies focused on CNC/PLA Bionanocom-
posites, because the CNC extracting method by hydrolyzed acid is easy, and it has a
good surface compatibility with PLA matrix, contrary to CNF that was extracted by
mechanical method that consumes High energy, and also the high cost of BC is the
reason behind its low production. Scientific studies are developing and research is
continuing, so the future prospects for Nanocellulose/PLA compound may take new
field based on the use of simple and effective techniques, that, can be open a new
application for these bionanocomposites.
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The Challenge of Environment-Friendly
Adhesives for Bio-Composites

Saman Ghahri, Ehsan Bari, and Antonio A. Pizzi

Abstract Different resins are used for compositesmanufacturing, withmost of them
being based on oil. Synthetic resins are the most commonly used oil-based products
in theworld. Synthetic resins arewidely used to bondwood-based panels. The typical
adhesives for this application are oil-based. Most of the constituents of these adhe-
sives present a high risks due to their environmental and human impact. Some of the
compounds used are even now classed as carcinogenic. For example, urea–formalde-
hyde (UF) resins, which are widely used as adhesive, provide emission of carcino-
genic formaldehyde gas. But, today, eco-friendly materials are increasingly applied
as awareness increases in recent years of the consequences of using oil-based prod-
ucts. Thus, this chapter tries to introduce the environment-friendly adhesives both
suitable as well as accessible to use for bio-composites manufacturing by exposing
their advantages and disadvantages.

Keywords Environment-friendly adhesives · Bio-composites manufacturing ·
Synthetic resins

1 Introduction

By using eco-friendly materials, it is possible to decrease the drastic exploitation
of oil and petrochemical resources, reduce the amount of carbon dioxide emission
and take a responsible approach to the environment and human health. This strategy
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implies the improvement of air quality as well as improving sustainable resources
management. Nowadays, the wood industry makes efforts and is also willing to use
natural-based and environmental friendly wood adhesives instead of their synthetics
counterparts (Ghahri et al. 2016a, 2016b;Ghahri andPizzi 2018).Urea–formaldehyde
adhesives are the dominant ones by volume of all these (Whitfield et al. 2007). They
are relatively inexpensive, they are colourless, present excellent cohesive strength
once cured and they harden fast allowing fast hot press times for wood panels such
as interior wood panel products. (Zeppenfeld and Grunwald 2005). When the final
bonded products are used under higher humidity conditions, UF resins are usually
modified with significantly more expensive compounds such as melamine, phenol
or resorcinol (Pizzi 2014).

Formaldehyde emission from wood panel products has become a hot topic
of concern since the early 1970s. For ever stricter emission regulations has
caused formaldehyde emission to be continuously decreased and strictly regu-
lated. Formaldehyde is now classified as an oncogenic material of category 1B
(Solt et al. 2019). Today, world demand for safe products and its sustainability
has led to an increase in research efforts to replace oil-based resins with eco-
friendly adhesives. Well-known research centers and organizations in the world
like the US Environmental Protection Agency (EPA) in 2017, the California Air
Research Board (CARB), the International Agency for Research on Cancer (IARC)
in 2006 and the European Union (EU) in 2015 reclassified Formaldehyde as a human
carcinogen (Commission Regulation (EU) 2015/491, EPA 2017). In future decades,
by increasing wood based composites consumption and production in the world,
the challenges of the availability of fossil resources for producing oil-based resins
and restrictions on formaldehyde emissions of wood based composites will be even
more critical for the wood industry (Salthammer et al. 2010; Hemmilä et al. 2019).
Recently, one of the most severe limits implemented against formaldehyde emission
is the new emission test method proposed in Germany. The German Federal Ministry
for the Environment, Natural Conservation and Nuclear Safety decided to decrease
the legal limits for formaldehyde emissions (from the European emission level E1
of 0.10 to 0.05 ppm) from the 1st of January 2020 (BUM 2018).

2 Eco-Friendly Wood Adhesives: Adhesion Mechanism
and Properties

The world adhesives market is dominated in volume by the adhesives used for wood
andwood panels. They constitute about one third by volumeof all theworld adhesives
production (Pizzi 2016). The volumes per year of synthetic wood adhesives used are
simply staggering, i.e. urea–formaldehyde (UF) adhesives top eleven million tons of
resin solids (Pizzi 2016). At such huge levels it becomes hard to find a way to substi-
tute synthetic with renewable-sourced bioadhesives (Pizzi 2016). The low-cost and
the adjustable properties of these adhesives have made it difficult for new bio-based
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alternatives (e.g. lignin, tannin, starch, protein) to enter thismarket. Sustainable adhe-
sives should not only be available at low costs, be readily and abundantly available,
but also need to be easily distributable, fast reacting, and have a long pot life (Dunky
2003). Themechanical strength ofmanufactured panels and especially their moisture
tolerance are additional crucial parameters the new, bio-based adhesives have yet to
fulfil completely satisfactorily (Zhao et al. 2011). Two main factors which cause
the wood panels industry to move away from using formaldehyde-based resins are
formaldehyde emissions problems, and restrictions and sustainability of raw mate-
rials and final products. In the panel industry, sustainability and petroleum indepen-
dence cannot, as yet, justify the increase in cost due to new bio-based adhesives.
Thus, concern about formaldehyde emissions from wood based panels, especially in
indoor applications, is currently the most important driving factor (Navarrete et al.
2013). Any knowledge about environment friendly adhesives and their properties as
well as adhesion mechanisms will help scientists and industry to find proper methods
in adhesive preparation and to produce bonded products of acceptable specifications.

2.1 Tannin Based Adhesives

Tannin adhesives present per se a very low level of formaldehyde emission. Nonethe-
less, research is still, continuously going on to further decrease emission or even
eliminate formaldehyde from them. This to ensure that the emission is at its lowest
possible in the bonded wood panels (Pizzi 2016). The word tannin has been used
loosely to represent two different classes of chemical compounds of mainly phenolic
nature: hydrolysable tannins and condensed tannins. The former are mixtures of
simple phenols such as gallic acid and ellagic acid and of esters of a sugar, mainly
glucose, with gallic and digallic acids (Pizzi 2003).

Condensed tannins, on the other hand, constituting more than 90% of the total
world production of commercial tannins (220,000 tons per year), are both chemi-
cally and economically more attractive for the preparation of adhesives and resins
(Pizzi 2013). Condensed tannins are polyhydroxyphenols, polyflavonoids, which are
soluble in water, alcohols and acetone and can coagulate proteins. They are mainly
obtained commercially by water extraction from wood and bark. The other main
components of the extracts, called non-tannins, are simple sugars and polymeric
carbohydrates. The non-tannins can reduce the performance and water resistance of
tannin-bonded joints. The polymeric carbohydrates also increase the viscosity of the
extracts. (Pizzi 2013). Many companies, mainly in the southern hemisphere, have
long-time used or they still use large amounts of these adhesives. Among them CSR
Wood Panels, Australia, Bisonboard and Novobord, South Africa; Sekisui Chemical
Co., Japan; Masisa, Chile; and Zimbord, Zimbabwe. Particularly in Chile pine bark
tannins have been used for 10 years. This is of a main interest as procyanidin type
tannins such as these can be obtained from many tree and other sources anywhere
in the world. This is promising for further expansion of their production and use
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(Pizzi 2016). One of the most acceptable hardeners now for tannin based adhe-
sive is hexamine (hexamethylenetetramine). Hexamethylenetetramine has been used
industrially already as a tannin adhesive hardener. Hexamine used as a hardener
for a fast reacting species is not at all a formaldehyde-yielding compound, yielding
only extremely low formaldehyde emissions in bonded wood joints (Pizzi 1994,
2013) because it does not decompose down to formaldehyde. 13C NMR analysis has
confirmed this mechanism (Pichelin et al. 1999; Kamoun and Pizzi 2000a, 2000b;
Pizzi 2013). In presence of chemical species with very reactive nucleophilic sites,
such as melamine, resorcinol and condensed flavonoid tannins, hexamine decompo-
sition does not proceed up to formaldehyde and ammonia. It rather proceeds through
reactive intermediates, hence mainly through the formation of reactive imines and
iminoaminomethylene bases. Figure 1 shows the mechanism of Tannin based adhe-
sive hardening by hexamine. The use of hexamine as a hardener of a tannin, hence a
tannin-hexamine adhesive, is thus, a more environmentally friendly proposition than
to use formaldehyde (Pizzi 2016, 2018).

Formaldehyde emission by UF resins is now the main concern for the produc-
tion of industrial scale wood panels. That tannin based adhesives have already been

Fig. 1 Tannin based adhesive condensation by hexamine (Pizzi 2018)
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successfully used in industrial scale is good news. Experimental results have shown
their excellent performance as environment friendly materials and especially as non-
formaldehyde-emitting adhesives. Several industrial applications of tannin adhesives
are on record: for example, from the early 1970s until the middle 1990s two particle-
board companies inSouthAfrica usedmimosa tannin adhesives. From the early 1970s
to the present the same have been and are used by a company in Australia, mainly for
housing suspended flooring (Pizzi, private communication); Since 1993 up to 2002
pine bark tannin adhesives (Pizzi et al. 1993) were continuously used for manufac-
turing industrially excellent quality exterior particleboard by a Chilean company,
withMDF trials also giving good results (Valenzuela et al. 2012). The results of such
a manufacturing production confirmed that pine bark tannin adhesives are usable
industrially, at a reasonably low cost, for good wood panel production, satisfying
both mechanical and emission requirements of world standards (Valenzuela et al.
2012).

Mimosa tannin adhesive were successfully used to produce eucalyptus particle
board in industrial scale. The boards were produced on a Bison line Dieffenbacher
single daylight press. The resultants boards were found to have excellent weather
resistance properties and excellent durability compared to phenol-melamine-urea–
formaldehyde bonded particle board (Van Niekerk and Pizzi 1994). Field tests of
these tannin bonded particleboards for 15 years demonstrated the high performance
of these board against unprotected exposure to the weather, even in the harsh,
high altitude UV radiation of South Africa high plains (Van Niekerk and Pizzi
1994). Pine tannin based adhesives prepared by the reaction of polymeric MDI
(4.4′-diphenylmethane diisocyanate) with sulphited pine tannin extract were used to
produce industrial particleboard (Pizzi et al 1993). The reaction mechanism between
tannin and MDI was demonstrated (Fig. 2). The results showed that internal bond
(IB) strength and final properties as well as swelling parameters were improved
compared to melamine formaldehyde control resins.

The use of tannins for industrial production has a long history. Thus, the use
of tannin based fast-setting adhesive systems for exterior grade finger joints and
glulam were developed and used industrially since 1973 to the present. Traditional
adhesives for finger jointing are melamine-urea–formaldehyde (MUF) and phenol-
resorcinol–formaldehyde (PRF). The results showed that tannin as an environment
friendly material has a great potential for replacing synthetic resins in this case.
The main advantages obtained from this research were considerable decrease in the
adhesive cost and decreasing in time delay by improving the production flow (Pizzi
et al. 1980; Mansouri et al. 2009). The industrial suitability of phenolic honeymoon
fast-setting adhesives surface-grain gluing were proved by Pizzi et al. (1983) and the
results showed that by using tannin in adhesive formulation acceptable results from
delamination test and block shear test for glulam were achieved.
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Fig. 2 Pine tannin and MDI reaction (Pizzi et al. 1993)

2.2 Protein Based Adhesives

Among bio-based raw materials, proteins are interesting alternatives due to their
ubiquitous supply, abundance in nature, and high functionality (Raqueza et al.
2010). Different types of protein based adhesives like marine proteins adhesives
containing high amounts of 3,4-dihydroxyphenylalanine (DOPA) (Rzepecki and
Waite 1991), Casein based adhesives (Kehr and Sirch 1998; Krug and Tobisch 2010;
van Herwijnen et al. 2016), marama protein adhesive (Amonsou et al. 2013), bone
glue (Konnerth et al. 2009), Spent hen protein glue (Wang and Wu 2012) wheat
protein (gluten) cold set adhesives (Amirou et al. 2019) and Dry blood glue (Lin and
Gunasekaran 2010; Gunasekaran and Lin 2012; Garcia et al. 2013) have been used
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successfully to produce different bio-composites. For example, pure and cross-linked
casein as binders for wood particleboard were investigated by some researchers. The
results showed that achieving good internal bond (IB) strength, between 0.64 and
0.85 N/mm2 (based on EN standard) is possible but, compared to traditional UF
resin, press time is too long and unacceptable for industrial production (Kehr and
Sirch 1998; Krug and Tobisch 2010; van Herwijnen et al. 2016) Also, bone glue as
an animal protein was used as adhesive to produce wood particleboard. The results
from this study indicated a 0.56 N/mm2 IB strength in the particleboard prepared by
using 10 to 20 percent of adhesive (Konnerth et al. 2009).

Industrial concerns for production speed and pressing factor seem to show that
these adhesives appear not yet to be to the level of industrially acceptable hot press
times and speed of production. However, to achieve faster press times appears to
still be possible (Krug and Tobisch 2010). However, the high price of some bio
proteins like pure casein and theneed for replacing themwith less expensive vegetable
proteins has led to use soy protein as a priority for bio-adhesives. The by-product
of the soybean oil extraction has a great potential to be used as a binder in the
wood industry. Soy flour as well as soy protein based adhesives seem to have a
great advantage over other bio-based ones because of their low price and availability
at different quality levels, from cheap soy flour to the more expensive soy protein
isolate. In 2018, the Food and Agriculture organization (FAO) of the United Nations
reported the world production of soybeans to be approximately 312 million tons for
the American continent, and 27 million tons for Asia with the clear soybean ability
to be used as an eco-friendly adhesive in the world’s wood industry.

Soy protein is composed of several amino acids, some of them beingmore reactive
than others (Basso et al. 2015). Some technologies are able to cross-link proteins
effectively. For example, thermostable networks have been obtained by reaction of
protein skeletal amino groups, and also some amino and amido groups of casein
reacted with formaldehyde or other aldehydes (Schwarzkopf et al. 2010). In such a
process, methylene bridges are formed mainly by cross-linking with formaldehyde,
whereas imine covalent bonds can be formed by reactingwith glyoxal and glutaralde-
hyde (GA) (Schwarzkopf et al. 2010). According to previous research, soybean has a
good potential for the preparation of bio-adhesives for industrial applications (Frihart
andSatori 2013;Wescott et al. 2006). The technologies for soy adhesives use different
crosslinking agents to provide potentials for adhesives to be used in plywood and
particleboard and medium-density fiber board (MDFB) as well as other engineered
wood products (Wolf 1970). Any knowledge about soybean flour composition and
its protein structure as well as adhesion mechanisms will help scientists and industry
to find proper methods in adhesive production and manufacture products with good
specifications. Soybeans contain about 20% oil, 34% carbohydrates, 40% protein,
and 4.9% ash (Wolf 1970). Soybean oil is mainly composed of saturated and unsat-
urated triglycerides (Kinsella 1979). Soybean carbohydrates consist of the complex
polysaccharides including cellulose, hemicelluloses, and pectin. Based on protein
content, the soybean products are classified as flour and grits (40–55 w/w% protein)
and protein concentrate (70 w/w% protein) and soybean protein isolate (>90 w/w%
protein) (Lundblad 2014). The composition of all three soybean products is given
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Table 1 Composition of
different defatted soybean
products

Products (g/100 g) SF SPC ISP

Protein 48 64 92

Carbohydrate 31–32 14–15 −
Fat 0.3 0.3 0.5

Fiber 3 4.5 <1

Ash 7 7 4

Moisture 10 10 <5

Adopted from Functional properties of soybean proteins [10]. SF:
Soy flour; SPC: Soy protein concentrate; ISP: Soy protein isolate

in Table 1. Soybean-based adhesives, commonly called soy-based adhesives, have
widely been used in the production of wood composites since the 1930s to 1960s
(Frihart et al. 2010). Soy-based adhesives have many advantages such as low cost,
easy handling, and low hot press temperature (Ken 1990).

Soybean protein is a storage protein. It has usually a very compact structure.
Inside the compact structure, protein chains are held together by disulfide bonds,
hydrogen bonds, electrostatic attraction between oppositely charged groups, and
hydrophobic interactions (Ken 1990). Figure 3 shows a model for compact protein
structure formation.

Several works have suggested that unfolding the soy protein structure significantly
improves the strength and the water-resistance of wood composite panels bonded

Fig. 3 Protein structure formation (Mo et al. 2003)
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with the modified soy protein (Hettiarachchy et al. 1995a, 1995b). The mechanisms
proposed for such an improvement were as follows: when the compact protein struc-
ture is unfolded, the protein chains can spread well on the wood surfaces and can
easily penetrate into the wood (Huang and Sun 2000a). Figure 4 shows schematically
the denaturation and unfolding of the protein structure.

All the functional groups; such as amino groups, carboxylic acid groups, as well
as hydroxyl groups in the unfolded soybean protein structures which can react with
the wood components and also other cross-linking agents will result in strong bonds.
Soybean proteinmodification and unfolding is necessary for achieving good adhesion
as well as good properties in the products bonded with soybean based adhesive.
Different chemicals can be used to unfold soybean proteins.Alkalis, organic solvents,
surfactants, urea, guanidine, and protease enzymes are usually used tomodify/unfold
soy proteins (Hettiarachchy et al. 1995a, 1995b; Hettiarachchy and Kalapathy 1998;
Huang and Sun 2000b). Many researchers have already tried to prepare acceptable
soy-based resin, but most of them have shown some drawbacks of same kind or other.
For example, some of these adhesives, e.g., soybean flour and soy protein adhesive,
are not sufficiently resistant against moisture absorption even to withstand indoor
application. The higher viscosity of soy based adhesives is also another limitation for
industrial application to producefiber board andparticleboard.The improvemet of the
humidity resistance of these adhesives has been singled out for additional research
efforts (Hettiarachchy et al. 1995a, 1995b; Sun and Bian 1999; Gu and Li 2011;
Zhu and Damodaran 2014). From previous work, Polyamidoamine-epichlorohydrin

Fig. 4 Protein denaturation (Mo et al. 2003)
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(PAE) is an excellent cross-linker for soy protein, while other protein cross-linkers
include polyamides, polyethyleneimines (PEI), pMDI, and ketones (Li et al. 2004;
Li 2007a, 2007b, 2007c; Hamarneh et al. 2010a, 2010b; Gu and Li 2011). Figure 5
shows the interaction and proposed adhesion mechanism of PAE and soy protein. In
competition with the other bio-adhesives, there are several commercial PAE cross-
linked soyproteins adhesive systems (Kymene®,SOYBABY®,OZERO®,Soyad™,
Prolia™) in the world, although all these have the defect of relatively slow hot press
times.

Thus, to decrease the humidity susceptibility of panels glued with these adhe-
sives, several chemical treatments have been tried. Among these polyamidoamine-
epichlorohydrin (PAE), sodiumdodecyl sulfate (SDS) and even phenol formaldehyde
(PF) (Huang et al. 2000a; Wescott et al. 2006; Allen et al. 2010a, 2010b). Because
of the problems about environment pollution, there is great interest instead in substi-
tuting syntheticmaterials in adhesives to obtain a very highbio-based content. For this
reason, using natural modifiers like vegetable tannins (chestnut and mimosa tannins)
were considered (Ghahri et al. 2017; Ghahri and Pizzi 2018). The results showed

Fig. 5 Proposed reaction of PAE with soy protein and wood (Frihart et al. 2010)
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Fig. 6 TMA curves of the mean Young’s modulus(MOE) variation as a function of the temperature
for a beech joint bonded with soyflour/tannin adhesives during this latter hardening. a Soy flour.
b Soy flour/tannin adhesives at 95:5; 90:10; 85:15 soy:tannin weight ratios, at 10°c/min rate of
temperature rise. Soy flour = SF; Chestnut tannin = Chest; Mimosa tannin = Mimo (Ghahri and
Pizzi 2018)

that natural tannins increased moisture resistance and mechanical strength of manu-
factured soy adhesives bonded bio composites, successfully. MALDI-TOF analysis
has confirmed the reactions between soy amino acids and tannins components by
ionic and covalent bonds. Thermo-mechanical analysis (TMA) also confirmed good
reaction between soy flour and soy isolated protein and mimosa and chestnut tannins
by the higher MOEs achieved.

A hydrolysable tannin, namely chestnut wood tannin extract, and a flavonoid
tannin, namely wattle bark (Acacia mearnsii de Wildt) extract have been added to
soy as modifiers to constitute the improved adhesives to bond particleboards. The
TMA analysis (Fig. 6) proved that the improvement appeared to be due to a facile
reaction occurring between the hydrolysable tannin and soy flour. Gel time and gel
temperature were shortened by the addition of any of the two tannins (Ghahri and
Pizzi 2018).

Soy based adhesive were successfully used to produce plywood with higher
mechanical properties like dry and wet shear resistance and excellent water resis-
tance (Fig. 7). Comparative delamination cyclic tests were performed on tannin
modified soy based adhesive bonded poplar plywood versus urea formaldehyde
bonded plywood. This showed that boards of excellent durability can be produced
by modified soy adhesive (Ghahri et al. 2017).

Soy adhesive have excellent characteristics. Be it in the form of either soy flour or
soy protein and its hydrolysate it bonds well, it is environment friendly, it is prepared
with ease, it has no toxic emissions, it is easily available and abundant, and it is
relatively inexpensive. It recommends soybean as suitable biomaterial for replacing
synthetic and carcinogenic chemicals. However, besides these notable advantages,
there are also some problems such as poor water-repellent properties, high viscosity,
and low solids, and longer press times which are required to be improved. Several
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Fig. 7 Manufactured plywood by Soy based adhesive (Ghahri et al. 2017)

methods and chemicals as cross-linking agents already exist for soybean-adhesive
improvement. Recent studies have shown that modified soybean-based adhesives
have the same properties as traditional applied synthetic resins in industry. The main
future challenges for soybean-based adhesives will be to avoid their low solids and
to try to decrease their modifiers dependency from petrochemicals.

Nowadays, commercial soy-based adhesives are used in the wood product
industry. Soy protein-Kymene® adhesive system has become widely used for inte-
rior plywood and engineered wood flooring with some limited acceptance in parti-
cleboard (Li 2007a, 2007b, 2007c; Li et al. 2004; Allen et al. 2009; Wescott et al.
2006). The adhesive consist of soy flour (SF) and PAE resin. The bonded wood
composites have shear strengths comparable to or higher than those bonded with
commercial UF resins. The original studies on the soy-PAE adhesives used purified
soy protein isolate (SPI), but the SF with much lower cost is now used commer-
cially (Vnucec et al. 2016). In the USA it is since 2008 that the seven hardwood
plywood factories of Columbia Forest Products, for the production of “PureBond®”
interior-grade plywood (Malin 2005), have substituted UF resins with “SoyAd™”
(Anonymous 2012), a soy-based adhesive developed andmanufactured byAshland in
which 15%polyamide has been added toSPI (soyprotein isolate) (Malin 2005).Other
commercial soy based adhesive like SOYBABY® and OZERO® are successfully
used industrially, and to a great extent, in China to bond MDF, HDF and laminated
flooring (Gui et al. 2013; Yang et al. 2011; Vnucec et al. 2016). SOYBABY® has
much better moisture resistance than UF resins. Cargill’s Prolia™ industry which
produce different type of wood panels like plywood and wood particleboard are
using Soyad™ adhesives (Cargill 2015). Soyad™ adhesive is a kind of soy-PAE
adhesive prepared with soybean flour and PAE resin (Solenis 2015). When SF and
PAE blended together, the PAE reacts with the protein amino acids in the SF to form a
durable and water resistant thermosetting adhesive that is comparable in strength and
performance to that of UF-based resins. Soyad™ adhesives are used for hardwood
plywood, particleboard, MDF and engineered wood flooring (Solenis 2015).

Soy protein isolate (SPI) and insoluble soy flour polymeric carbohydrates have
been reacted with sodium periodate for specific oxidation of vicinal –OH groups
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to investigate the reactions involved in this approach to soy flour adhesives. The
reactions have been shown to generate carbohydrate oligomer fractions presenting
one, two or multiple aldehyde groups. With the exception of the small molecular
weight heptanedial, the smaller molecular weight aldehydes generated from mono-
and disaccharides by the same reaction do not appear to form from the insoluble soy
flour carbohydrates, or have already reacted. Reaction of periodate with soy protein
isolate has been shown to generate some aldehydes too (Fig. 8). When the mix of SPI
and soy insoluble carbohydrates is treated with periodate the majority of the alde-
hyde carrying species observed appear to be higher molecular weight carbohydrate
oligomer fractions (Frihart and Lorenz 2019). This approach has been shown to be
well adaptable to soy flour to yield excellent plywood panels by the non-volatile
non-toxic and higher molecular weight aldehydes produced by a small proportion of
periodate specific oxidation of the carbohydrates in soy flour reacting with the soy
protein in the soy flour itself (Frihart et al. 2019). Moreover, this approach has been
successfully applied to tannin adhesives by generating the same aldehydes from the
carbohydrate fractions in tannin extract or from added mono and disaccharides, as
well as to lignin, with excellent results (Xi et al. 2020; Chen et al. 2020).

Wheat gluten protein hydrolysate has also been used as a biomass feedstock to
prepare environmentally friendly protein-based adhesives. Glutaraldehyde was used
to modify it to obtain a glutaradehyde-wheat protein (GP) adhesive (Xi et al. 2019).
Polyethylenimine (PEI) was also used as a crosslinking agent. Plywood has been
prepared and tested giving excellent performance. The results shows that modifica-
tion by glutaraldehyde can effectively improve the bonding performance of wheat
protein adhesives, the plywoodbonded strength having been improvedby its addition.
The effect of PEI as a crosslinking agent became also evident.

Fig. 8 Reaction of periodate with soy protein isolate (Frihart et al. 2019)
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2.3 Lignin Based Adhesives

The term “lignin” for the first time was used by the Swiss botanist A. P. Candolle.
Lignin, comes from the word “lignum”, which in Latin means “wood”. Lignin, after
cellulose, is the second most abundant bio-polymer on earth and it is one of the
main polymers of the secondary cell walls of woody plants (Kirk-Othmer 2006).
Moreover, it is a material that has a main role in the carbon cycle because it is an
excellent source of non-fossil carbon (Whetten and Sederoff 1995; Boerjan et al.
2003). Depending on its origin, it has a more or less complex structure. The most
complete structural model of lignin was suggested by Adler in 1977 (Fig. 9) (Alder
1997).

There are three monolignols which enter in the constitution of all kinds of lignin
in plants.: p-coumaryl alcohol (M1H), coniferyl alcohol (M1G), and sinapyl alcohol
(M1S) are the three main monolignols which produce p-hydroxyphenyl, guaiacyl,
and syringyl residues in the polymer (Vanholme et al. 2008). Figure 10 shows repeat
units of lignin and its derivatives.

Lignin, due to its simil-phenolic nature, is reputed to be the most intensely
researched biopolymer for wood adhesives. It is the second most abundant
biopolymer on earth and is inexpensive, but it is also relatively unreactive towards
aldehydes, formaldehyde included. Nimz (1983), Newman and Glasser (1985),
Gardner and Sellers (1986), Shimatani et al. (1994), Calvé (1999), Viikari et al.
(1999), Blanchet et al. (2000), Kim andKim (2003), Lopez-Suevos and Riedl (2003),
Pizzi (2016) and Chen et al. (2020) have written detailed reviews on lignin adhesives
that merit to be consulted for further information.

Earlier on in the history of wood adhesives lignin or lignosulphonates have been
added to synthetic phenolic adhesives, and even to aminoplastic thermoset adhe-
sives. The aim of this was first of all to render the synthetic resin less expensive.
Unfortunately, such a practice misfired as the more was the lignin added, the longer
became the panels hot press times, with the lower cost advantage consequently being
lost (Pizzi 2016). Moreover, none of the wood adhesives based on just lignin alone
has been capable as yet to be industrially successful. Many researchers already have
tried to modify lignin to produce bio-based adhesive for bio composites (Ghahri
et al. 2016b; Ghahri and Pizzi 2018). The reaction of a desulphurized kraft lignin
with hexamethylene diamine as a model of a polyamine has been investigated by
Santiago-Medina et al. (2017). Solid state CP-MAS 13C NMR, FTIR and MALDI-
TOF spectroscopy studies revealed that polycondensation compounds leading to
resins were obtained by the reaction of the amines with the phenolic and aliphatic
hydroxyl groups of lignin. The results of these research showed that covalent bonds
are formed by reaction between the amine and the aromatic rings of lignin by substitu-
tion of the lignin phenolic –OH groups and same bonds appears by reaction between
the amine and the aliphatic side chain of lignin by substitution of the lignin alcohol
–OH groups of the lignin side chain (Santiago-Medina et al. 2017).

Generally, two different types of lignins, namely Kraft lignin and Lignosulfonate,
have been used to prepare lignin-based adhesives for bondingwood panels. However,
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Fig. 9 Adler’s structural model of lignin (Adler 1997)

their use has always led to adhesives with some serious problem or unacceptable
limitations to meet industrial production requirements. Consequently, most research
has been aimed to improving their performance. Thus, the addition of chemicals has
been researched to improve the performance of lignin adhesives-bondedwood panels
such as glyoxal, pMDI, furfuryl alcohol, polyethylenimine (PEI), polyamidoamine-
epichlorohydrin (PAE), soy protein, tannin, synthetic phenolic resins, and even others
(Philippou et al. 1982;Li andGeng2004;Liu andLi 2006;ElMansouri et al. 2007a, b;
Lei et al. 2008;Xiao et al. 2013;Hunt et al. 2017). ElMansouri et al. (2007a, b)within
their research reached up to 0.81 N/mm2 IB strength of wood particleboard prepared
by cross-linking with polymeric diphenylmethane isocyanate a 10% total adhesive
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Fig. 10 Structure of repeat units of lignin and its derivatives (Calvo-Flores et al. 2010)

load on drywood of glyoxalated calcium lignosulphonate of lowermolecular weight.
The pressing factor was 32 s/mm. The results showed by decreasing the press factor
down to 15 s/mm decreased to 0.67 N/mm2 the internal bond strength. Based on EN
standards (EN 312-2 1996) 0.35 N/mm2 IB strength is the minimum requirement for
wood particleboard. From previous work it is clear that lignin-based adhesives do
not work for wood based composite without some additional modifiers as without
it manufactured panel performance decreases drastically. Applying PEI and PAE
as a crosslinking agents were investigated by some researchers. Using PEI as a
crosslinking agent for demethylated kraft lignin was studied by Liu and Li (2006).
The results showed high dry tensile shear strength (TSS) and excellent resistance
after boiling test as well. Also, Li and Geng (2004) used PAE as a modifier together
with kraft lignin for preparing lignin-PAE adhesive. The results showed acceptable
reduction of press time, high water resistance and acceptable TSS at even lower
PAE/lignin ratio. But, the main drawbacks of these adhesives are their lower solid
content (16–20% wt/wt) which cause a high adhesive consumption and long press
time in wood particle composites produced in industrial scale.

One of the bio materials already used as a cross-linking agent for lignin is soy
protein. Soy protein because of the several functional groups used with sorghum
lignin by Xiao et al. (2013). The results of this study also showed high TSS (6.2–
6.6 N/mm2) for lap joint of 3 mm thick veneers. But the press time was again too
long. For the first time, low molecular mass lignin was modified by natural phenolic
compound to produce wood adhesive by Navarrete et al. (2010). They were used
mimosa tannin extract (origin: Tanzania. Supplied by: Silva, S. Michele Mondovi’,
Italy) and hexamine as tannin hardener to cross-link glyoxalated lignin. This adhesive
was used to produce particleboards (adhesive usage 10% based on drywood) and two
types of plywoods (adhesive usage 380 g/m2 double glueline) and the results showed
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that all types of prepared composites met interior standards (Navarrete et al. 2010).
The Schematic representation of the series of reactions occurring in the formation
of the tannin-lignin hardened network were shown at Fig. 11.

Notwithstanding themajor drawbacks of lignin adhesives, some industrial compa-
nies attempt tomodify lignin and to use this adhesive to producewood based compos-
ites. Because of its natural abundance, extremely low cost and phenolic structure,
lignin does appear to be one of the best candidates for adhesives preparation. Lignin
as a natural phenolic adhesive and as a byproduct of the wood pulping and paper
industry is an attractive raw material. Forss (1976) described new lignin based adhe-
sive, namely Karatex, for plywood, particleboard and fiberboard. According to Forss
(1976) the amount of lignin in lignin-PF adhesives for particleboard, plywood and
fiberboard can be increased to 40 to 70% if a high molecular weight fraction (molec-
ular weight > 5000) of either lignosulfonate or black liquor, obtained from alkaline
pulping of wood, is applied. Fractionation of spent sulfite liquor (SSL), black liquor,
can be achieved by ultrafiltration (Pizzi 2003). According to the authors the higher
effectiveness of high-molecular-weight lignin molecules is due to their higher level
of cross-linking, which requires less pH for the formation of an insoluble copolymer
than do low-molecular-weight lignin molecules. However, from previous research,
the low-molecular-weight ammonium based SSL is more effective. Forss (1976)
appear not to have checked the influence of inorganic salts in SSL or black liquor
that are separated off during ultrafiltration. They assume that condensates between
smaller ligninmolecules aremore reactive than are highmolecular-weight molecules
(Pizzi 2003). In themanufacture of particleboard, either high-frequency (HF) heating
or combined contact/HF heating has been tried. In the latter case, the press platen
temperaturewas 180 °C.German standard requirements for weather resistant particle
boards to bemet need pressing times between 10 and 12 s /mmand 8 to 12% lignin-PF
adhesive, based on dry wood particles. One advantage inherent in the fractionation
by ultrafiltration is that the lignin becomes more uniform and less dependent on
variations in pulping conditions and of wood source, which sometimes cause serious
problems in the application of technical lignins. Full-scale plywood mill tests, some
of them running continuously for several weeks, appear to have been performed in

Fig. 11 Series of reactions occurring in the formation of the tannin/lignin adhesive (Navarrete et al.
2010)
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two Finnish plywood mills. Again, this does not appear to be in operation anymore
(Pizzi 2003).

Lignin, a completely bio-based, non-toxic, non-hazardous raw material is avail-
able, in industrial quantities, at constant and controlled quality. One of the most used
synthetic resins to cross-link lignin are PF resins. Figure 12 shows the possible
schematics of cross-linking reactions between lignin and PF resins. In recent
decades, Commercial plywood adhesive based on PF-lignin have been developed by
UPM biochemical (Helsinki, Finland). Also, UPM is the largest plywood producer
company in Europe with approximately 1 million cubic meter production per year.
UPM BioPiva™ claims that they have prepared and commercialized a plywood
adhesive composed of 50% phenol and 50% lignin coreacted with formaldehyde.
The recent achievement of UPM BioPiva™ is replacing 75% PF resin by lignin to
produce lignin based phenolic resin. Also, the UPM Plywood company is producing

Fig. 12 a Reactive sites of phenol towards formaldehyde; b Representative structure of lignin with
possible reactive sites (Parajuli et al. 2005); c Mechanism of the phenol–formaldehyde reaction
under alkaline conditions (Pizzi and Mittal 2003; Wu et al. 2005); d Proposed mechanism of the
phenol-lignin-formaldehyde reaction (Grishechko et al. 2013)
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industrial birch plywood with panel thickness from 6.5 to 30 mm with 155 g/m2

sgl glue factor and 0.75 min/mm press factor with their 50/50 lignin-PF adhesive.
The results from shear test (based on EN 314–1 standard) after soaking in cold and
boiling water showed higher quality of boards with acceptable formaldehyde release
based on EN 717-2 and the ability to be used under outdoor conditions (Hunt et al.
2017).

2.4 Carbohydrate Based Adhesives

Carbohydrate-based adhesives have long been known and used with all sorts of raw
materials, such as monosaccharides, gums and polysaccharides of all sorts. There are
three known approaches in using these materials for wood adhesives: (i) directly as
wood adhesives, (ii) as additives to synthetic thermosetting resins, (iii) by degrading
them to elementary chemical building blocks to be used to build-up the adhesive,
(Pizzi 2016). The approach (ii) above consists in preparing, under acid treatment
conditions of carbohydrates, furfural and furfuryl alcohol as the building blocks of
furan resinswhich classify themas bioresins too.They are alreadyused for a long time
indeed as foundry sand binders, and in wood preservation. For more detailed reviews
on them cf. Belgacem and Gandini (2003). However, although extensively used for
much more value added industrial processes such as in foundries, and the good
performance as wood adhesives of furan resins, the two building blocks mentioned
above are rather costly and almost black in color, both of these being real disquali-
fiers for their use as wood panel adhesives (Pizzi 2016). Carbohydrates-based wood
adhesives can also be prepared by dissolving carbohydrates in strong alkali, this
being to-day also an area of particular research interest. This is so because all sorts
of lignocellulosic materials, even agriculture waste, can be dissolved and used as
an adhesive with such an approach, and more detailed reviews on the subject do
exist (Chen 1996; Pizzi 2016). Different types of Carbohydrate based adhesives like
starch based adhesives (Eriksson et al. 2011; Amini et al. 2013; Selamat et al. 2014),
corn flour based adhesives (Moubarik et al. 2009, 2013a), glucose based adhesives
(Jackson et al. 2008, 2010; ECOSE 2017; Insulation 2017), sucrose based adhesives
(Umemura et al. 2013; Widyorini et al. 2016a, 2016b) and chitosan (Umemura et al.
2003; 2010) are used successfully to produce different bio-composites.

Starch is themajor carbohydrate reserve in plant tubers and seed endospermwhere
it is found in each as granules. Typically, it contains several million amylopectin
molecules accompanied by a much larger number of smaller amylose molecules. By
far the largest source of starch is corn (maize) with other commonly used sources
beingwheat, potato, tapioca and rice (Bodyfelt et al. 1988). Starch is a biopolymer and
consists of two major components: amylose and amylopectin. Amylose that builds
up to 15–35% of the granules in most plants, is a primarily linear polysaccharide
with a-(1–4)-linked D-glucose units. Some amylose molecules, particularly those
of large molecular weight may have up to ten or more branches (Hizukuri et al.
1981). Amylopectin, is a highly branched molecule, with a-(1–4)- linked D-glucose
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Fig. 13 Basic structural of a D-glucose, b amylose and c amylopectin (Pérez and Bertoft 2010)

backbones and exhibits about 5% of a-(1–6)-linked branches, which have a profound
effect on its physical and biological properties (Pérez and Bertoft 2010) (Fig. 13).

Starch is rather inexpensive and easily available everywhere. Starch gelatinizes
when heated in water. Thus, it forms a viscous but still fluid gel by cleaving
amylopectins and amylose. The viscous fluid gel then “retrogrades” on cooling to
an effective, not fluid gel due mainly to amylose internal rearrangements (Slot et al.
2019). According to research reports, it was indicated that the chemical treatment is
very useful way to achieve good adhesion properties in the starch-based adhesives.
Different methods and chemicals were used for starch adhesivemodification. Several
chemical modification strategies; such as using carboxymethylation (Selamat et al.
2014), glutaraldehyde (Amini et al. 2013), tannins (Moubarik et al. 2013a), urea
formaldehyde (Moubarik et al. 2013b), phenol formaldehyde (Moubarik et al. 2009)
polyvinyl amine (Eriksson et al. 2011) for starch were done to improve the adhe-
sion properties of starch based adhesives. Both native and carboxymethylated starch
in powder form, obtained from the trunk of an oil palm, were used by Selamat
et al. (2014) to try to prepare adhesives. This adhesive was used to produce parti-
cleboard and the results showed excellent IB strength between 1 to 1.3 N/mm2 but
the major problems are the very long press time (240 s/mm) and high thickness
swelling (Selamat et al. 2014). In other research, corn starch slurry was modified by
glutaraldehyde and was used to produce particleboard. Notwithstanding the longer
press times (240 s/mm), good IB strengths (0.6–0.9N/mm2)were obtained but, thick-
ness swelling was relatively higher (30–35% for 2 h immersion) than EN standards
requirements (Amini et al. 2013).

Moubarik et al. (2013a) used corn flour (73% starch) based adhesives to produce
interior gradewoodparticleboard. Theyusedmimosa tannin tomodify cornflour. The
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laboratory results showed that the optimized IB strength of the particleboards were in
the 0.48–0.50 N/mm2 range. Moreover, the formaldehyde emission levels obtained
from boards bonded with the corn flour-tannin modified adhesive were 0.4 mg/100 g,
thus considerably lower than boards bonded with the control urea formaldehyde
adhesive (3.7 mg/100 g). Based on the relevant EN standard, the IB strength must be
0.35 N/mm2 or higher, and the formaldehyde emission must be 6.5 mg average with
no value higher than 8 mg as perforator value for emission class E1 resins (Moubarik
et al. 2013a). Moubarik et al. (2009) used cornstarch and quebracho tannin together
with phenol–formaldehyde (PF) resins to manufacture plywood. The results showed
that excellent shear strength and adhesion properties were obtained for plywood
panels when bonded with resins with up to 20% substitution of PF by cornstarch and
quebracho tannin. Moreover, small joint proportions of corn starch and quebracho
tannin improved the PF resin boiling water resistance and decreased formaldehyde
emission compared to the panels bonded with the control PF resin (Moubarik et al.
2009).

The use of starch based adhesive to produce industrial wood panels was investi-
gated byMoubarik et al. (2013b). A corn flour–urea formaldehyde adhesive was used
to produce wood particleboard. Industrial particleboard panels of dimension 8.2 m×
1.85 m × 19 mm were manufactured at the EGGER-ROL (France) Group. 9% (w/w
based on dry particles) of adhesive resin solid was loaded, at a total pressing time
of 2.6 min and pressing temperature of 220 °C. According to the results, physical
and mechanical properties of industrial particleboard panels increased by using corn
flour in the UF resin, and the particleboard panels formaldehyde emission decreased
(Moubarik et al. 2013b). Other attempts to produce industrial corn starch based adhe-
sive for wood particleboard were tried, again byMoubarik et al. (2013c). Laboratory
cornstarch-mimosa tannin-based resins were introduced in a UF classic adhesive
formulation to substitute part of the UF resin. Based on the results obtained, indus-
trial PB panels bonded with optimal cornstarch-mimosa tannin-UF (10:4:86; mass
ratio) resins showed comparable mechanical properties to those of boards bonded
with commercial UF resins. Introducing corn starch-tannin into the UF resin causes
a decrease in formaldehyde emission and improves water resistance of the panels.
This research clearly showed the cornstarch and tannin potential to replace part of
the UF resin (Moubarik et al. 2013c).

2.5 Sugar-Based Adhesive

In 2004, new carbohydrate based adhesive were prepared by Capps (2004) bymixing
corn syrup, isocyanate, polyols and water. This resin was used to produce laboratory
particleboard of IB strength of 0.8 N/mm2. Two patents were lodged in 2008 and
2014 for new carbohydrate based adhesives by Jackson et al. In these patents they
claimed new adhesive based on using citric acid, glucose and a nitrogen source. These
adhesives are available as the ECOSE® commercial brand. These adhesives were
successfully used to produce PB, MDF and oriented strand board (OSB) (Jackson
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et al. 2008, 2010; ECOSE 2017; Insulation 2017). Combination of 75% sucrose
and 25% citric acid as an aqueous solution as an adhesive was used to produce
particleboards. Umemura et al. (2013) produced high density (800 kg/m3) wood
particleboard with 66 s/mm press factor and 5 to 40% resin content. The results
showed that 30% resin content yielded the highest IB strength and the lowest water
swelling (12%). Kusumah et al. (2017) prepared sorghum bagasse particle boards in
which the relative proportions of citric acid and sucrose used to prepare the adhesive
differed. Namely, 90:10 and 85:15 ratios of citric acid to sucrose were used. These
boards presented a higher IB strength (1.17 N/mm2). But the main problem was
the long press time (67 s/mm) and the higher moisture content of the wood particles
after gluing. Based on the good crosslinking properties of condensed tannins,mimosa
tannin was used as amodifier for sucrose-based adhesive. Zhao andUmemura (2014)
used 10 to 40% mimosa tannin-sucrose adhesive to manufacturing PB. The results
showed that 1 to 1.2 N/mm2 IB strength were achieved for thin high density boards.
However, the too long press time for the boards preparation are the main weakness
of this adhesive for industrial application, this being due to the adhesive low solid
content. Citric acid, was also found to be able to bond alone plywood and LVL
veneers by the formation of cross-links directly with the wood veneers carbohydrates
and even its lignin (del Menezzi et al. 2018) as well as improving sensibly by the
same mechanism the water resistance of wood joints welded by mechanical friction
(Amirou et al. 2017).

2.6 Eco-Friendly Adhesives Industrial Challenges
and Opportunities in Future

Different types of adhesives are currently used in the woodworking industry.
Synthetic resin based on the reaction with formaldehyde, especially UF resins, repre-
sent a huge volume of the adhesives for wood (Solt et al. 2019). These resins are
prepared by the reaction of carcinogenic formaldehyde with various chemicals such
as urea, melamine and phenol. The main impetus for today’s renewed interest in
bio-based adhesives is the acute sensitivity of the general public to anything that has
to do with the environment and its protection. It is not even this concern per se that
motivates such an interest. There are rather very strict, for some synthetic adhesives,
almost crippling, government regulations which are just starting to be implemented
to allay the environmental concerns of the public (Pizzi 2013).

Because of theworld human health problems and legislation restriction laws about
formaldehyde gas emission, environment friendly adhesives have a good opportu-
nity for being used in industry. Generally, environment friendly adhesives do not
have any toxic and carcinogenic gas emissions, their raw materials are abundant in
nature and they can present good adhesion properties by little modification. These
parameters cause such adhesives to become good candidates to replace common
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synthetic resins like UFs. However, all this notwithstanding, by scanning the litera-
ture mentioned above, these adhesives have great challenges to overcome to be used
as industrial binders. Too long hot press times, high viscosity and low solid contents
limit somewhat their application in some wood industry sectors such as fiberboard
and particleboard.

2.6.1 Overview of Requirements Concerning Eco-Friendly Adhesives
for the Woodworking Industry

For all industry everywhere the most important issue is the cost–benefit equation.
Generally, this equation relates to the cost of energy, rawmaterials, production instru-
ments, employees salaries etc. Industry, because of constant cost and benefit pressure
to achieve high benefits needs to increase the products prices and improve production
yields. Thus, price setting in the normal economy is related to the supply–demand
chain. Consequently, industrial companies want to increase their benefits by reducing
their production costs. The first and best solution to keep production costs low is by
using a high rate of production hence increasing production yield. Besides manage-
ment issues, different parameters are involved in the rate of production, like instru-
ments version, operator proficiency and raw materials quality. However, adhesives
as one of the main raw materials in the wood industry, play a significant role with
industry decision makers for costs and performance. Apart other effective parame-
ters in wood based composites production (especially fiberboard and particleboard
production lines) such as hot press actual pressure, press temperature, press speed,
raw board thickness, moisture content, raw material quality and other forming line
parameters, a fast curing resinwith a fast gel time significantly increases both produc-
tion rate and production yield. Thus, it is paramount for industry to use fast curing
and low cost resins. Resin curing depends on some resin parameters like resin molar
ratio, free-formaldehyde content and its solid content. If environment-friendly adhe-
sives want to take synthetic resin position in the wood industry the markets should
prepare themselves.

2.7 Eco-Friendly Adhesives Operational Limitation
for Industrial Scale Production

2.7.1 Glue and Gluing Parameters

To achieve good adhesion in wood products, especially wood-based composites,
several parameters have an important role. Some of them are related to glue properties
such as glue solids content, viscosity and gel time as well as curing in the hot press.
One of the important issue for applying eco-friendly adhesives at industrial scale
is their solids content. For example, UF resins curing during fiberboard formation
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in a continuous Conti-Roll hot press strongly depend on resin solids. Higher solids
content leads to high adhesion and cohesion values as well as high IB strengths. But
applying higher solid content resin depends on two main factors: adhesive viscosity
and gluing equipment capability. Thus, adhesive solids content should be considered
with its viscosity and the gluing equipment which will be used in the production line.
Some of the equipment like blow line systems strongly depend on glue viscosity and
water content in the glue-mix. In some cases, the glue-mix high viscosity results in
high solid contents increasing the spraying pressure in the nozzles, risking to block
them and so stopping the production. Thus, considering the issues about applying
synthetic adhesives in the production especially when blowline systems are used,
solids content and viscosity are the most important parameters for environment-
friendly adhesives.

Most of environment-friendly adhesives are water based and they have low solids
content and high viscosity as well. Indeed, such adhesives are a mix of different
component with high hydrophilic nature like carbohydrates and which cause a high
viscosity of their solutions. Thus, the major problem of applying an environment-
friendly adhesive through a blow line system is a high nozzle blocking risk during
production. To avoid such a blocking risk, the adhesive viscosity should be adjusted
carefully.

Another challenges for the industrial use of environment-friendly adhesives
applied by a blow line system at an industrial scale are spraying and storage ability
because of its molecular particle size and the suspension form of the final adhesive.
In other words, the major drawback of these adhesives is their high precipitation risk
in the adhesive tank and in the blow line equipment. This can cause big problems
in continuous production like fiberboard especially if suddenly the production stops.
Compared to bio-adhesives, UF resins, because they are in more homogenous solu-
tion and equal molecular size have a much lower precipitation risk in the adhesive
storage tanks and nozzles. Another issue that needs considering is the use of other
chemicals like fire retardants, fungicides and paraffin in the dosing station. Good
results, should be achieved by preventing any undesirable interaction between the
adhesive and other chemicals. Any unwanted reactions between chemicals causes the
reduction of physical andmechanical strength especially of the IB strength of boards.
There are a lot of factors about using adhesive in the production such as adhesive
degree of polymerization, adhesive tack, transparency and color, water compatibility,
pH, buffering capacity and glue hardening that need to be controlled before using a
bio adhesive at industrial level.
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3 Operational Limitation in Industrial Scale Production

3.1 Adhesives Limitation

Marine proteins give adhesives of high strength and good water resistance. However,
they are scarcely available and expensive. DOPA (dihydroxy phenylalanine) is the
main constituent of interest in these proteins (Rzepecki and Waite 1991).

3.1.1 Soy Based Adhesives Limitation

However, SOYBABY® has a disadvantage of high hot pressing temperature (higher
than 170 °C), while OZERO® has the disadvantage of high adhesive viscosity (more
than 50,000 mPas) (Yang et al. 2011; Gui et al. 2013). Their acceptance for parti-
cleboards is limited, while the high amount of moisture introduced during adhesive
application is considered a serious issue (Solt et al. 2019). The high viscosity of
these adhesives is their most severe limiting factor for being sprayed for particle-
board manufacturing. Vnučec et al. (2016) have reviewed the use of these adhesives
for particleboards. Other reviews are also present in the literature. Thus two soy
adhesive, namely OZERO® (Gui et al. 2016) and SOYBABY® (2011) are reputed to
be used in China for particleboard and MDF, respectively; but results and technical
data are not reported. Columbia Forest Products soy-bonded PureBond® plywood is
the largest user of formaldehyde-free soy-basedwood panel adhesives. However, this
“SoyAd™” adhesive still contains determinant and essential compounds obtained
from oil (Anonymous 2012). The most developed crosslinker for soy protein is
polyamidoamine-epichlorohydrin (PAE), while other protein crosslinkers include
polyamides, polyethyleneimines (PEI), pMDI, and ketones (Li et al. 2004; Li
2007a, 2007b, 2007c; Hamarneh et al. 2010a, 2010b; Gu and Li 2011). Unlike
the other biopolymers, there are several commercial adhesive systems (Kymene®,
SOYBABY®, OZERO®, Soyad™, Prolia™) based on soy proteins, and they are
usedmainly for interior plywood and engineered wood flooring (Vnučec et al. 2016).
Their acceptance for particleboards is limited, while the high amount of moisture
introduced during adhesive application is considered a serious issue (Solt et al. 2019).

3.1.2 Soybean Adhesives Challenges and Opportunities in Future

Nowadays, there is some interest for industry to replace with soy adhesives the more
currently used synthetic thermosetting wood panel adhesives, due to their easy avail-
ability, no formaldehyde, large quantity, and low cost. Between all protein sources
available in the nature, it seems that soybean flour is the most likely future protein
resource for wood adhesives. Very large quantities of the soybean flour are available
with a reasonable degree of consistency, at low cost and with little impact on human
food supplies (Frihart 2015). It should also be taken into accounts that with the small
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proportion of cross-linking agent, water-resistant wood bonds can be achieved by
soybean protein. Although, there are commercial products using soy flour and cross-
linking agents, more research is needed to make this an economically acceptable
approach at higher solids contents and for a greater range of products (Frihart 2015).

3.1.3 Lignin Based Adhesives Limitation

Some were tried industrially but for one reason or another, too long a pressing
time, high corrosiveness for the equipment, etc., they did not meet with commercial
success (Pizzi 2016). High molecular weight of lignin is the main drawback for
adhesive preparation.

3.1.4 Carbohydrate Based Adhesives Limitation

Furfural, furfuryl alcohol and even the more recently interesting hydroxymethyl
furfural, all derived from carbohydrates acid hydrolysis are too dark coloured and
rather too costly to be used alone as furan resins for wood panel adhesives. Their
niche is in adhesives for higher value added products, such as binders for foundry
sands. Although they can be used very successfully for panel adhesives, for such an
application they will remain limited to be used as reinforcing, reactive additives for
more economical synthetic and bio adhesives.

3.1.5 Starch Limitations

Two approaches have been used. Eriksson et al. (2011) describe the addition of a
synthetic polymer to starch deeming this necessary, but this was not able to upgrade
its adhesive performance. This approach only succeeded in obtaining a reasonable
internal bond strength of the panels by adding polyvinyl amine but at the expenses
of a very long hot press time of 30 s per mm thickness. The reported IB strength of
0.6 MPa is sufficiently high to possibly allow for a shorter press time, but the work
does not seem to have reported such shortening. Unfortunately, the internal bond
strength of the board decreased of 80% if the small proportions of polyvinyl amine
are not added to starch. Moreover, when the load on dry wood of starch alone was
increased this did not alter the dismal results obtained.

The second approach, envisaging the addition of up to 30% sugar solution also
yielded poor results when starch was used alone (Tondi et al. 2012). Addition of
tannin and of NaOH improved the starch adhesive performance, but the performance
appeared to be somewhat substandard anyway with only overall panel density higher
than the average appearing to improve internal bond strengths somewhat. The contri-
bution of reactive furan derivatives was hypothesized but without any scientific veri-
fication. However, such furan derivatives will mainly be generated at temperatures
higher than 200 °C (Zhao and Umemura 2014) (cf. → 6.8). This type of conditions
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would exclusively occur for long press times of thin boards as for thermoplastic poly-
mers (→6.12). Other approaches (Amini et al. 2013; Selamat et al. 2014) also suffer
of the same drawback, namely too long hot press times, and thus irrelevant for indus-
trial board manufacturing. Starch-PVAc latex-bonded (Nie et al. 2012) (→4.6.1)
and maize starch-epoxies-modified resins-bonded veneer lap joints (→2.7) yielded
good TSS values between 4.5 and 6 MPa, but at the very long press time of 25 min
at 80–90 °C. However, under wet test conditions, the joints still presented TSSs of
2.5 MPa. Wang et al. (2011, 2012, 2013), Zhang et al. (2015) and Li et al. (2015)
used maize starch to bod panels pressed instead at ambient temperature for a very
long time of 24 h, but obtained sometime in this way a good performance 5–10MPa).
Equally, long press time were necessary for casein-based resins (Sauer and Hagen-
müller 1938) and water-carried whey protein isolates/isocyanate wood adhesives
(Gao et al. 2011).

4 Other New Bio-Adhesive Systems

Xylan dispersions cross-linked among otherswith trimethylolpropane triacetoacetate
(AATMP) and as dispersing agents dissolved polyvinylamine (→2.6.3) or diluted
polyvinylamine were used to bond veneer lap joints. TSS of 5.5–7.6 MPa were
obtained by hot pressg at 120 °C and a fast press time of 2.5 min, this decreasing to
4.5 MPa under wet testing. Norström et al. (2014), under identical conditions, but
at 10 min press time, used vegetable gum dispersions to obtain TSSs values up to
7.5MPa. The gums usedwere locust bean gum, guar gum, xanthan gum and tamarind
gum. Although the drawback of this system was the high viscosity of the adhesives,
that limited their solids content to just 6% by weight, the results satisfied the interior
grade, non-structural requirements of European Norm EN.

4.1 Polysaccharide Adhesives of Animal Origin (Chitosans)

The literature describes plywood bonded with chitosans as adhesives (Umemura
et al. 2003. Three layers plywood was prepared by dissolving in 1% acetic acid
either chitosan powder or the same added of glucose (Umemura et al. 2010). The
Maillard-reacted chitosans presented a progressively increasing bond strengths as a
function of the increase in glucose addition. There was, however, a marked depen-
dence on the type of chitosan used.Miller and Shonfeld (2002), Pizzi (2006) prepared
wood particleboards and lap joints by using an adhesive based on cashew nut shell
liquid (CNSL) reduced by ozonolysis (→4.2.3), reporting internal bond strengths
of 1.05 MPa. Preactivation of wood particles by hydrogen peroxide was used by
Philippou et al. (1982) before bonding them at 7% resin load with just furfuryl
alcohol (→2.4.4) obtaining an internal bond strength of 0.71 MPa, and a26% 24 h
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cold water swelling. Amini et al. (2017) used cellulose nanofibrils to produce parti-
cleboards in a wet process, at a binder load of 17.5% on total panel weight, pressing
for 85 s/mm, and obtaining internal bond strengths of 0.45. A further addition of a 3%
PAE crosslinker markedly improved the panels mechanical performance. Kowaluk
and Fuczek (2009) used PVAc (→4.6.1), in water to reach a 26% solids content, to
bond particleboards obtaining an internal bond strength of 0.27 MPa. Unfortunately,
no detailed conditions under which this result was obtained were described although
they reported they were similar to industrial ones. PVAc has two main drawbacks in
being used as a binder for particleboard: a technical one, namely its high viscosity
and its high cost. The former may cause process problems, for spraying the resin on
the wood chips, and for the high amount of water added that can cause steam blisters.

Citric acid is a fairly recent and unusual newcomer to the field of binders for
wood panel adhesives. Sorghum bagasse particleboards bonded with 20% of it,
pressed at 67 s/mm yielded 0.9 MPa of internal bond strength (Kusumah et al.
2017, 2016). Equally, Widyorini et al. (2016a, 2016b, 2017) bonded with 15 and
30% citric acid some bamboo based particleboards. The press time was 85 s /mm
obtaining IBs between 0.35 and 0.6 MPa, and cold water swelling between 2 and
9%, depending on particle type and resin content. No-adhesives particleboard might
well be another interesting approach. In this respect, Suhasman et al. (2017a, 2017b)
premodified wood particles by oxidizing them with hydrogen peroxide and iron (II)
sulfate. The drawbackwas again the too long press time at 100 s/mm, notwithstanding
the 0.49 MPa IB obtained. Polyketone adhesives with proteins (Jatropha curcas L.)
and soy as reactive components were also used (Hamarneh et al. 2010a, 2010b).
4 mm thick veneers were coated with a chemically modified thermosetting aliphatic
polyketone. water emulsions. They yielded at 200 °C, 5 min press time, a rather low
TSS between 2.7 and 3.4 MPa. According to the protein used, with the panels hot
pressed for 5 min at 200 °C they yielded a rather low TSS of 2.7–3.4 MPa. Poly-
lactic acid prepared wood fiber composites. Hu and Guo (2015) prepared bonded
wood fiber boards using polylactic acid (PLA) fibers. They also added ammonium
lignosulfonate, with the optimized conditions in relation to the long pressing time of
84 s/mm at 170 °C resulting in IB values of up to 1.7 N/mm2 when 70% wood fiber,
30% PLA and addition of a further 10% ammonium lignosulfonate was used.

5 Conclusion and Future Perspective

The field of wood composite binders is a huge field of research of vast economic
importance, fast moving in the conception and development of newer and sometimes
even revolutionary types of binders. While the wood composite industry, mainly for
reason of supply, is still dominated by traditional oil-derived adhesives, both in these
fields as well as in the strongly upcoming field of bio-based adhesives, there has
been almost incredible progress as well as developments dictated by the intellectual
ferment induced by a number of outside constraints. These are the stricter government
regulations to reduce and even eliminate formaldehyde and other materials that are to
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some extent toxic, consumer awareness and the consequent drive of industry to favor
more environment-friendly materials. Finally the drive of industry to decrease or
even eliminate their dependence on petrochemicals, due to the real or imagined future
decrease of oil reserves with its consequent increase in the price of raw materials
for purely traditionally manufactured wood binders, as equally contributed to the
trend. As it stands, what presented in this review is only an overview of what has
happened and is happening in this field, with possibly lesser or more difficult to
implement approaches not being mentioned or not mentioned enough, or not yet
appeared. Progress in this fascinating field of primary economic importance has
been accelerating, and the number of new ideas, approaches, and new proposed
binder systems is continuously increasing, providing a glimpse of an exciting and
interesting research future.
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Investigating the Recent Development
of Bio-based Polyurethane Foam
Produced from Renewable Resources

Atika Alhanish and Mustafa Abu Ghalia

Abstract The development of biobased polyurethane foam (PUF) from renew-
able resources of polyol against traditional PUF has attracted many researchers
and investors. The reduction or elimination of petrochemical material has had an
increased contribution to producing more sustainable PUF. This chapter aims to
present an overview of the work accomplished to synthesize green chemistries
from plant-based biomass by using the green polyol to produce a renewable foam.
The effect of different bio-polyol grades, catalysts, chain extenders, surfactants,
and blowing agents were discussed. However, despite their advantages, degradable
polyesters have lack of optimum properties and fail to meet the desired mechanical
and physical properties. Therefore, bio-additives require to modify and compensate
in mechanical properties with increase environmentally friendly foam. Moreover,
reinforced bio-additives have several key advantages over other synthesis methods,
such as reduced fossil-based feedstock reliance, decreased CO2 emissions, renew-
able foam, and high productivity. Recent advances in chemistry and technology of
sustainable routes for the synthesis of NIPUs were also described.

Keywords Polyurethane foam · Renewable resources · Bio-based polyol ·
Bio-based plasticizer · natural materials · Non-isocyanate

1 Introduction

Nowadays, polyurethane foams (PUFs) have become an essential material in modern
life with a favorable cost-performance balance. They have been used in almost every
sector of manufacturing, including automotive, infrastructure, aerospace, medical
device, consumer products, etc. The demand on PUFs has been superbly growing
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over the past years (Gama et al. 2018). In 2017, the latest report of plastic market
revealed that the demand for polyurethane were 7.5% of the total demand of plastics
(3.78MTn),were 70% is in the formof foam (Gómez-Rojo et al. 2019).Nevertheless,
they are still produced from petrochemicals, raising concerns about their negative
influence on the ecosystem and human health (Gama et al. 2018).

Isocyanate and polyol, which are the main constituents in formulated PUFs have
been subjected to intensive research due to their potential threat to environment and
human health as they are basically derived from petroleum. Thus, continuous efforts
on a global scale to replace petroleum-based PUFs counterparts by eco-friendly
alternatives i.e. renewable materials is an attractive solution (Vollmer 2010).

Several attempts to produce high percentage of PU based on renewable materials
were reported since the last decade (Ionescu 2005). It was found that using renewable
materials results in less greenhouse gas emission as well as increased economic
feasibility. In addition, the disposal of those materials is less toxic compared to
products based on petrochemicals.

Currently, many countries focus their researches on utilizing the bio-based addi-
tives and special emphasis on bio-based polyols, from renewable materials. Several
reports carried out using different renewable materials in formulating PUFs such as
palm oil (Ng et al. 2017), rapeseed oil (Prociak et al. 2018), soybean oil (Herrán
et al. 2019), liquefied wheat straw (Li et al. 2018), polymeric wastes (Paruzel et al.
2017), cottonseed oil (Pawar et al. 2016b), waste cooking oil (Salleh et al. 2018);
and different types of hybrid renewable materials as the mixture of castor oil, kraft
lignin, and residual glycerol (Carriço et al. 2016) and virgin castor oil with crude
glycerol (Carriço et al. 2017). Some of these studies confirmed that the mechanical
and thermal properties were comparable to those obtained by materials from fossil
resources.

1.1 Fundamental Concepts in the Synthesis of Polyurethane
Foam

In general, PUFs are obtained by the reaction of polyols with poly-isocyanates
(usually two functional groups interacted to each other) producing repeating units of
urethane group (gelling reaction) with an exothermic reaction (Fig. 1).

This process is followed by the expansion reaction (blowing reaction) of
isocyanate andwater to produce carbamic acid,which decomposes to form amine and

Fig. 1 Production of urethane linkage (Ionescu 2005)
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Fig. 2 Reactions involved in PUFs production (Li et al. 2015)

CO2 bubbles (Fig. 2a). Furthermore, amine reacts with another isocyanate to produce
urea (Fig. 2b). In addition, other side reactions may occur; due to the presence of
other additives in the synthesis process in order to manipulate the physio-mechanical
properties.

To control the foam properties, other chemicals are required such as blowing
agents, surfactants beside other additives (Gama et al. 2018). By adjusting the chem-
icals contents and the type of those ingredients, different bio-based materials with
various properties of PUFs can be achieved. For example, the preparation of the
main types of PUFs (flexible and rigid foams), chemically follow the same manner
and the difference of their properties comes from altering the content of the basic
components (polyols and the isocyanates with additives). The basic reaction form
two phases: soft and hard segment, connected through urethane group. A higher
amount of isocyanate produces a rigid and hard segment, whereas flexible foam can
be obtained via increasing the soft segments of polyols or by using plasticizers with
manipulating iso-index.

Generally, additives play a crucial role in controlling the desired properties of
the final PUF. The most used additives are blowing agents that are used to cause
foaming, while surfactants can be added to improve miscibility between nonho-
mogeneous reactants. Catalysts are always needed to accelerate the speed of the
reaction. Chain extenders (crosslinkers) are mainly used to modify the polymer
structure by enhancing hardness. In addition to other additives such as bio-based
fillers, plasticizers and pigments may be required to tailor the mechanical properties.

1.2 Structure Properties Relations in Polyurethane Foam

To exhibit a specific property, a specific molecular weight of polyol is needed. The
nature of the chemical structures defines the properties of the final PUFs. For instance,
using two functional groups (diols/diisocyanates) produces a linear polyurethane,
while using higher functionality of polyol produce crosslinked or branched structure
(Szycher 2013). Moreover, several properties can be adjusted by using certain type
of isocyanate reactivities. Using aliphatic isocyanate, such as Hexane Diisocyanate
(HDI) and Methylene Dicyclohexyl Diisocyanate (MDI) in the production of PUF
slightly decreases the mechanical properties including modulus, tensile strength,
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and hardness, but present lower impact resistance and elongation at break in the
PUF. On the other hand, PUFs produced by using aromatic isocyanates such as
Toluene Diisocyanate (TDI) boost mechanical properties; tensile strength and higher
elongation at break, besides being a rubbery (Gama et al. 2018).

In addition, the effect of varying polyols functionality such as molecular weight
and hydroxyl groups have significant impact as well. Raising the molecular weight
up to 3000 (Mwt) with equivalent the OH/ISO (1:1) functionality increases the elon-
gation and tensile strength with improved resiliency. In turn, reducing the molecular
weight while increasing polyols functionality (hydroxyl group) led to an increase in
tear and tensile strength with slight decline in elongation and hardness in the foam
(Gama et al. 2018).

2 Polyol Based Renewable Resources

Polyols compounds comprise of polyfunctional alcohols (two or more −OH group),
usually along with other functionalities. There are different types of polyols used
in the synthesis of PUFs; mainly derived from petroleum-based materials such as
polyether and polyesters. Recently, the demand for polyols are globally heightened,
especially in China, North America and the Europe, as well as growing concerns
over the environment, price and scarcity of petroleum has motivated the researches
in the field to develop sustainable polyols from renewable resources as represented
in Fig. 3.

Fig. 3 Number of publication (%) by Web of Science related to the use of renewable resources in
the synthesis of PUFs (Gama et al. 2018)
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Today, bio-based polyols are commercialized by companies like BASF and Dow
Chemical, Panolam and the global market is expected to reach 4.7 billion USD in
the near future as reported by Markets and Markets™ (Gama et al. 2018).

2.1 Synthesis Polyol Based Renewable Resources

Synthesizing polyols from renewable materials has been more successful than that
of isocyanates; and several production pathway are currently used at industrial scale
(Herrán et al. 2019).

Many types of natural resources have been employed in synthesizing bio-polyols
by different manufacture routes. Depending on the nature of the feedstock, the
synthetic technique used; different derived polyols with various structures and
properties could be achieved (Li et al. 2015). Vegetable oils, biomass, wastes and
protein-based feedstock have been extensively studied for developing bio-polyols.

Vegetable oils are heterogeneous compounds comprising of tri-esters of glycerol
and different fatty acids; the diversity of these materials depends on the type and the
origin of the fatty acids. In general, the absence of hydroxyl group in all vegetable
oils structure (except of lesquerella and castor oils) requires a chemical manipulation
to introduce hydroxyl group before being used as a feedstock for synthesis of bio-
polyols (Petrovic 2008).

There are many approaches utilized to derive polyols from vegetable oils. These
methods work in functionalizing either the reactive sites as an example; double
bonds between carbon atoms or ester linkage. Thus, the preparation methods could
be classified into two categories: (i) reaction through double bonds and (ii) reaction
through ester linkage (Fig. 4).

The properties of bio-polyols derived from vegetable oils depending on several
factors including the type of vegetable oil used and the production process. For
instance, the polyols produced from epoxidation followed by ring opening route
contain a mixture of primary and secondary hydroxyl group, whereas hydro-
formylated polyols contain only primary hydroxyl group; furthermore, ozonol-
ysis based polyols possess a terminal primary hydroxyl functions (Li et al. 2015).
Meanwhile, polycondensation with combination of hydroformylation produces a
hyperbranched polyols with high molecular weight (Petrović et al. 2012).

These reactions usually require at least two-step reactions. For example, the func-
tionality of bio-polyols synthesized by hydroformylation is similar to the virgin
vegetable oil where one hydroxyl group exists per double bond. Thus, a structural
modification is applied. In contrast, castor oil can be employed directly in formulating
PUFs with semi-rigid and semi-flexible properties due to the presence of secondary
hydroxyl group in the structure. Despite, this secondary hydroxyl group the reactivity
and functionality of castor oil for the production of rigid PUFs (Ionescu et al. 2016).
To functionalize castor oil as a precursor in polyols production; two methods were
applied widely through the ester moieties using transesterification; and the other is
through the hydroxyl group via alkoxylation (Li et al. 2015). Table 1 summarize the
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Vegetebale oils

Functionlization 
of double bonds

ozonolysis

Microbal conversion

Epoxidation/ 
openeing ring 

Hydroformylation

Metathesis

Thio-ene coupling

Formation of ester 
bonds

Amidation

Transesterification

Fig. 4 Common methods for converting vegetable oils to bio-polyols

Table 1 Some basic properties of bio-polyols based vegetable oils (Furtwengler andAvérous 2018)

Feedstock Chemical
modification

OH value range (mg
KOH/g)

Viscosity range (mPa.s,
25 °C)

Rapeseed Oil Epoxidation,
transamidation,
transesterfication

77–390 150–650

Soybean oil Epoxidation 150–333 550–8900

Epoxidation,
glycolysis,
ethoxylated

71–260 6000–16,000

Castor Oil Transesterfication,
Michael thiol-ene

220–465 480–19,000

Palm oil Cross-metathesis,
transesterfication

136–460 260–35,000

Epoxidation,
polycondensation

98–116 320–5000

Epoxidation 110 1470

Tung oil Tung oil blend with
short diol

223 n/a

Alkaline
transesterfication

163 n/a

Cottonseed oil Epoxidation 365–370 200–210

Linseed oil Hydroxylation 216 n/a

Coconut oil Transesterfication 270–333 3500–9500
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properties of various bio-polyols derived from different vegetable oils by different
approaches.

For developing polyol with high functionality, several authors are dedicated to
combine different methods based on the aforementioned methods; in order to utilize
themerits offered by double bondmodification and themerits offered bymodification
of ester linkage (Zhang et al. 2014). For instance, by using transesterification of
triglycerides and ring opening of epoxidized vegetable oils, Kong et al. (Kong et al.
2013) obtained polyols with hydroxyl group higher than 200 mg KOH/g; while
in other work high functional polyols with hydroxyl group in the range of (355–
434 mg KOH/g) were obtained from vegetable oils by using epoxidation followed
by reduction (Zhang et al. 2014).

At industrial scale, bio-based polyol is widely synthesized by ring opening poly-
merization as themost economical route to producepolyols fromcorn, soybean, olive,
rapeseed, linseed, safflower,melon seed, karanja, and cotton seed (Karak2012a). This
method is simple and economically favorable; and the hydroxyl value of the polyol
produced usually above 250 mg KOH/g which could be used to produce rigid PUFs
(Prociak et al. 2018). All the aforementioned synthetic approaches are conventionally
used in batch reactor; where some drawbacks could be considered such as oligomer-
ization, unavoidable side reaction, long reaction time, and polyols with high viscosity
could be achieved due to the consumption of newly formed hydroxyl groups, which
will eventually effect on the performance of PUFs produced (Ji et al. 2015).

Using micro-flow system is another way gaining attention via microreactors. In
comparative study, He et al. (He et al. 2013) investigated epoxidation of soybean
in microreactor and in batch reactor. The results revealed promising findings in a
short time by using a microreactor compared to the batch. A polyol produced with
hydroxyl number of 300 mg KOH/g, acid value of 1.5 mg KOH/g and viscosity
of 7550 mPa.s. Later on, a similar study has been conducted with a treatment step
of soybean by allylic oxidation processed by epoxidation (Fang et al. 2016). The
properties of polyol were hydroxyl group of 378 mgKOH/g and acid value of 0.6 mg
KOH/g and viscosity of 8825. The alteration of hydroxyl group and viscosity had
been interpreted as a result from oligmers due to the increase of hydroxyl groups as
the authors confirmed (Fang et al. 2016).

On the other hand, in order to synthesis polyols with different architectures, thiol-
ene click reaction seems to be a feasible choice. This reaction is well known for
high yield, short time reaction, selectivity and simple conditions (Desroches et al.
2012). Recently, the development of new synthetic paths for bio-polyols production
using thiol-ene click reaction is gaining attention (Yang et al. 2017). Ionescu and
his co-workers (Ionescu et al. 2016) prepared high functional polyols from three
samples of castor oils using thiol-ene click reaction with different initiators. In other
study, Alagi et al. (2016) investigated using photoinduced thiol-ene click reaction
to functionalize castor oil and soybean oil. Interestingly, about 99% of the double
bonds converted to hydroxyl group. However, the research in this area is still limited
(Furtwengler and Avérous 2018).

Many attempts for producing 100% PUFs were reported. In instance, an eco-
friendly approach using catalytic/solvent free method via epoxidation technique
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successfully produced bio-polyols from both castor oil and soybean oil (Zhang et al.
2013). Another sustainable approach is using thiol−ene photo-click reaction with
no solvent to produce polyol from soybean oil (Yang et al. 2017). The performance
results of PUFs for both studies were superior.

Another interesting study used unmodified corn oil to synthesis bio-polyol via
thiol-ene reaction in one step with no solvent (Ramanujam et al. 2019). Polyol with
hydroxyl number of 176 mg KOH/g, acid value of 1.77 mg KOH/g and 99% yield
was obtained.

Vegetable derivatives i.e. fatty acids and fatty acid esters are another renewable
source of bio-polyols. Beside, using the same methods of converting vegetable oils;
bio-polyol could be synthesized by dimerization of fatty acids and hydrosiylation of
fatty acid esters (Li et al. 2015).Although,most of polyols derived fromvegetable oils
were synthesis using a massive amount of solvents, which raises concerns regarding
the economic and environmental aspect (Zhang et al. 2013).

In addition, crude glycerol (CG) is economically a promising renewable source
of bio-polyols. A short polyol with high OH value could be obtained as by product
from a lot of reactions such as hydrolysis of triglycerides, and saponification (Tan
et al. 2013). It was reported that CG had been used in PUFs production either as a
sole polyols (Gama et al. 2018) neither in combination with polyols derived from
petroleum (Hu et al. 2012). Also, it could be added into blends to increase the OH
value of bio-polyols with low OH values such as castor oil (Carriço et al. 2017).

Generally, CG has impurities like water, fatty acids, inorganic salts, among others
(Tan et al. 2013). However, it was utilized directly in PUFs production (Muller et al.
2018) and indirectly by going through treatment process prior to the synthesis process
of PUFs (Gama et al. 2018).

Also, a self-reaction of CG has been reported through catalyzed reaction and un-
catalyzed reaction producing polyols with high OH values (350 and 550 mg KOH/g)
(Furtwengler and Avérous 2018). In other work, polyol with OH (230.30mgKOH/g)
has been obtained through converting CG to microbial oil by fermentation followed
by chemical transformation to produce polyol (Uprety et al. 2017).

From an economical perspective, a simple, one-pot thermochemical process is
favorable for producing polyol from CG; where the results obtained are efficient.
One such study were conducted by Cui et al. (2017), a bio-polyols were produced
by conversion CG through one-pot thermochemical approach. The properties of the
product under the optimized conditions (temperature at 220 °C, molar ratio RCG/FA
of 1.5, and reaction time of 5 h) were a hydroxyl number of 322 mg KOH/g, acid
number of 1.7 mg KOH/g, and viscosity of 25 Pas. In earlier work, CG based polyols
produced also by one-pot thermochemical process with hydroxyl number of 481 mg
KOH/g and an acid number of about 5 mg KOH/g under specified conditions (Guo
et al. 2000).

There has also been a focus on using biomass such as forestry and agricultural
residues for deriving bio-polyols. These materials are rich with different valuable
ingredients such as starch, cellulose, hemicellulose, rosin, and terpenes, among
others. The most ubiquitous biomass source is lignocellulosic, such as crop residues
and forest waste, which is rich in hydroxyl groups (Li et al. 2015). Using these
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materials as a partial or totally replacement of petroleum derived polyols in PUFs
production demonstrated comparable properties to petroleum based analogues (Niu
et al. 2011; Aniceto et al. 2012).

Oxypropylation (Aniceto et al. 2012) and acid liquefaction method (Niu et al.
2011) are the most widely processes applied to produce bio-polyols from biomass
materials for PU production (Gama et al. 2018).

Oxypropylation has been employed to synthesismany biomass based polyols such
as chitosan (Fernandes et al. 2008), corn starch (de Menezes et al. 2007), rapeseed
cake (Serrano et al. 2010), data seeds (Briones et al. 2011), olive stones (Matos et al.
2010), sugar beet pulp (Pavier and Gandini 2000), cork residues (Evtiouguina et al.
2000), cashew nut shell (Ionescu et al. 2012) and lignin (Nadji et al. 2005). This
method conveys the privilege of extracting the hydroxyl group wrapped inside the
substrate (Gandini and Belgacem 2002). Also, it was demonstrated that oxypropy-
lation process increases hydroxyl functionality, however it does not increase the
number of hydroxyl groups (Belgacem and Gandini 2008).

This technique could be carried out through two reaction patterns: in one step
and two-step processes (Gama et al. 2018). The product from both approaches
comprise of oxyproplyted biomass, polypropylene oxide and unreacted biomass;
and their concentration in the product depend on biomass/catalyst ratio, biomass
source, biomass/propylene oxide, temperature, pressure and functionalization condi-
tion (Gandini and Belgacem 2002). It was also reported that a few highly acidic
polyols could be derived from oxypropylation process; and through a total oxypropy-
lation liquid polyols produced, which mainly used to prepare rigid PUF (Li et al.
2015).

Depending on the nature of biomass and certain oxypropylation factors; the
produced bio-polyols could contain hydroxyl numbers ranging from about 82 to
610 mg KOH/g, residue contents ranging from 0 to 41%, viscosities in the range
of 2.3–2860 Pa.s, and poly(propylene oxide) homopolymer contents (2–83%) (Li
et al. 2015). Table 2 presents the properties of some lignocellulosic biomass based
bi-polyols.

Table 2 General properties of polyols derived from lignocellulosic biomass (Li et al. 2015)

Polyol properties

Lignocellulosic
biomass

Homopolymer
content (wt.%)

Solid residue
content (wt.%)

Hydroxyl number
(mg KOH/g)

Viscosity (Pa.s)

Kraft Lignin 75–83 33–41 148–180 2.3–4.2

Organosolv
Lignin

2–42 0 198–305 5.2–2860

Soda lignin 18–30 0 82–120 15.2–165

Sugar beet pulp Not available 0–10 260–418 49–710

Rapeseed cake Not available Not available 610 84.2

Cork 68.7–75.8 0.2–4.9 ~131 2.9–13.0
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Liquefaction is another main technique to produce biomass based polyols; by
using a specific liquefaction solvent and under specific conditions of time, tempera-
ture and catalyst (Hu et al. 2012). However, this method depends highly on petroleum
solvents and excess amount of solvent is required to overcome the viscosity of
biomass material which raises the cost of production (Furtwengler and Avérous
2018). From economical aspect, CG has been used as un-expensive substitution.
In the work of (Wang et al. l), CG was used as liquefier in the production of polyol
derived from corn stover. A polyol contains hydroxyl number of 270–310mgKOH/g
was obtained. Also, an increase of viscosity and decrease in the acid number of the
product was observed.

Generally, biomass liquefaction is considered as a sophisticated process in which
numerous reactions occur (Hu et al. 2014). Commonly, the bio-polyols derived via
liquefaction have some residues depending on the efficiency of the process.Although,
the polyol derived from this process is rich in hydroxyl group and could be used
directly in PUFs production (Li et al. 2015). General properties of polyols derived
from different biomass via liquefaction are represented in Table 3.

Theproperties reported in the abovementioned table are for polyols produced from
acid-catalyzed liquefaction using petroleum based polyhydric alcohols as solvents
(Li et al. 2015). Acid liquefaction is an effective procedure to derive bio-polyols
from biomass because the reaction could be carried out in moderate temperature
and low pressure. Moreover, the product from this route possess higher hydroxyl
group than the one produced from oxypropylation. However, many reactions occur
in the acid liquefaction of biomass such as dehydration, degradation, hydrolysis,
decarboxylation, deoxygenation, dehydrogenation; which leads to formation of new
compounds (Li and Sun 2010).

It is worth tomention that polyols derived from acid catalyzed liquefaction contain
high acid numbers up to 40 mg KOH/g. Thus, it is not a preferred route to derive bio-
poly for PUFs production (Li et al. 2015). On the other hand, feedstocks with high
protein content have been reported in synthesizing bio-polyols for PUFs production,
where many functional groups such as carboxyl, amino and hydroxyl exist in these
materials, which can react with other functional groups to produce different types of
PU (Li et al. 2015). Typically, there are two methods to derive polyols from protein:
(1) liquefaction of protein feedstock; and (2) modification of protein. Many studies
investigated the synthesis of various protein based bio-polyols; one example is the
use of soy proteins by functionalizing the protein with glycerol propylene oxide
polyether (Park and Hettiarachchy 1999).

Other sources to derive bio-polyols are biomass derivatives. One such study is
carried out by Pawar et al. (2016a). An algae oil extracted from microalgae was
used to prepare bio-polyols for rigid PUF production via epoxidation /opening ring
reactions. Exploring more sustainable pathways, a promising study investigated the
use of new non- edible vegetable oils. In instance, an A C. salicifolia (CS) and C.
integerrima (CI) extracted from flowering plants were used as bio-feedstock through
one step approach using modified method of the one proposed by Monteavaro et al.
(2005). A bio-polyols were obtained with properties from CI and CS as following:
the hydroxyl value were 225.0 and 240.8 mg KOH/g, molecular weight of 1122.4
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Table 3 General properties of biomass based bio-polyols via liquefaction (Li et al. 2015)

Polyol properties

Lignocellulosic
biomass

Liquefaction
efficiency (%)

Acid value (mg
KOH/g)

Hydroxyl
number (mg
KOH/g)

Viscosity (Pa.s)

Enzymatic
hydrolysis lignin

98 Not available 249 Not available

Cellulose or waste
paper

55–99 19–30 360–396 2.6–3.9

Agriculture crop
waste
such as wheat straw,
rice straw, corn
stover, cotton stalks,
corn cobs, etc

60–95 15–30 109–430 1.0–1.7

Biorefinery residue
such as including
bagasse, dried
distillers grains
(DDG), corn bran,
date seeds, rapeseed
cake residue, apple
pomace, olive stone,
etc

84–98 28–34 137–586 0.4–3.0

Wood
such as including
both softwood and
hardwood species

80–98 12–38 200–435 0.3–31.6

Birch wood
such as
base-catalyzed
liquefaction using
petroleum-derived
polyhydric alcohols
as liquefaction
solvent

>99 24–41 112–204 Not available

Soybean strew
such as
base-catalyzed
liquefaction using
biodiesel-derived
crude glycerol as
liquefaction solvent

65–75 <5 440–540 16–45
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and 1166.1 g/mol and functionality of 4.50 and 5.00, respectively (Abril-Milán et al.
2018).

In recent years, waste cooking oil was investigated as a source to derive polyols
through different approaches such as epoxidation and hydroxylation reaction. In
one such study, the properties of produced polyol were hydroxyl value of 184 mg
KOH/g and acid value of 0.68 mg KOH/g which is comparable with commercial
polyols (Salleh et al. 2018). The earlier study investigated converting waste cooking
oil via transesterification reaction to bio-polyol, and the product properties were 46.3
hydroxyl value and 2.985 mg KOH/g acid value (Enderus and Tahir 2017).

Polymeric waste is also considered as a good source for deriving bio-polyols
for PUFs production. A lot of work had been done to recycle polymer wastes
using different chemical recycling methods to obtain polyols; several of these
works uses these polyols for the synthesis of PUFs with a promising result. As
an example, Paruzel and his coworkers prepared a rigid PUF by converting a scraps
of polyurethane and polycarbonate from automotivewaste using glycerides extracted
from coconut oil to liquid polyols with hydroxyl number of 300 mg KOH/g (Paruzel
et al. 2017). Obviously, considerable efforts have been devoted for synthesizing of
bio-polyols from renewable materials and the work still sustained in this area. Many
attractive solutions were proposed and some of them had been covered in this chapter
and some were not.

2.2 The Effect of Different Polyol on the Polyurethane Foam
Properties

The properties of PUF are greatly tied to the properties of the polyols used (Sawpan
2018). Table 4 highlights the relationship between polyols properties and the behavior
of PUFs.

In addition to the aforementioned table, PUFs derived from polyols with hydroxyl
number greater than 150 mg of KOH/g were glassy, whereas those derived from
polyols with hydroxyl number less than 150 were rubbery (Wang et al. 2009a).
High functional polyols could be produced from vegetable oils with high degree of
unsaturation by using different chemical reactions to convert double bond to hydroxyl
group (Ionescu 2005), subsequently PUFs with good properties such as high glass
transition and tensile strength are produced (Li et al. 2015).

Table 4 Relationship
between polyols properties
and PUFs behaviour
(Furtwengler and Avérous
2018)

Polyol properties

PUF behavior OH value (mg
KOH/g)

Functionality Mn (g mol−1)

Rigid 350–800 3–8 300–1000

Semi-rigid 100–200 3–3.5 500–2000

Flexible 5–10 2–3 3000–6000
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On the other hand, polyol based on the synthesized method have different effects
on PUF properties. For instance, it was reported that vegetable oil-based polyols
obtained via hydroformylation or epoxidation have molecular weight of 40% higher
than the one obtained by ozonolysis processes. However, the PUF synthesized by
polyols derived from ozonolysis show excellent mechanical properties (Petrovic
2008). Also, a rigid PUFwith very high specific compressive strength were produced
from polyol with functionality of 12.4 that was synthesized by ring-opening reaction
of epoxidized soybean oil using lactic acid as non-toxic agent (Herrán et al. 2019).

Rojek and Prociak (Rojek and Prociak 2012) also investigated the effect of two
bi-polyols (I and II) that differed in hydroxyl values (114 and 196 mg KOH/g)
and functionality (2.5 and 5.2), respectively, derived from rapeseed oil via epoxida-
tion/ring opening reaction on the mechanical properties of flexible PUF. They found
that foams prepared by polyol with low hydroxyl and functionality had higher elon-
gation at break and resilience, while foams derived from polyol with higher hydroxyl
value and functionality possessed higher strength, tensile, compression and excellent
cell structure.

Also, rigid PUFwith good physic-mechanical properties have been obtained from
lignin based polyols, but with limited applications due to its tendency to sinterisa-
tion and being very dark in color (Ionescu 2005). In turn, it was used in hybrid
polyols (lignin, castor oil and crude glycerol) to synthesize semi-rigid PUF and it
was observed that foams with 17.5% lignin showed the best thermal and dimensional
properties (Carriço et al. 2016). Furthermore, it was demonstrated that increasing the
lignin content increases the Young’s moduli, compression strength, and tear strength
of lignin based PUF (Xu and Ferdosian 2017). However, beyond 3% lignin, the
tensile and elongation at break dramatically decreased.

In recent study,microbial oil produced fromCGwere converted to polyol and used
to synthesize rigid and semi-rigid PUF successfully, but the study did not represent
any properties of the products (Uprety et al. 2017). CG based polyol were also
used to produce PUF for wood adhesives applications with properties comparable to
petroleum based analogies (Cui et al. 2017). Additionally, CG were used as liquefier
solvent to synthesis PUFs and compared to pure glycerol; the performance of CG
were remarkably better and the produced PUF possessed a density of 0.034 g/cm3

and a compressive strength of 150 kPa (Hu et al. 2012).
Pawar and his team investigated the thermal properties of rigid PUF produced

from bio-polyols derived from algae oil, and the results prevailed that the thermal
properties obtained were similar to the properties of PUFs obtained from petroleum
analogue (Pawar et al. 2016a). In addition, PUFs with good properties were prepared
successfully from polyols derived from wastes. In the work of Paruzel and his team
(Paruzel et al. 2017) low density rigid PUFs were prepared using recycled polyols
derived from automotive waste which replaced 50% of the petroleum analogue used
in the production process. The results showed foam with high compressive strength
(>350 kPa), water absorption (∼0.35 vol %), high content of closed cells (>91 vol
%) and thermally stable up to 220 °C. Also, rigid PUF were successfully produced
from waste cooking oil with maximum stress and load of 0.03 MPa and 0.09 kN
(Enderus and Tahir 2017).
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Sustainability proves to be a good choice not only from an economical perspective
but also from an environmental and industrial prospective. Many studies reveal the
excellent properties provided by high purity, high functional bio- polyols obtained by
using more sustainable routes. Polyols produced via thiol-ene click used to synthe-
size PUF with excellent performance. Unmodified corn oil were converted to bio-
polyols with 99% yield, without using solvent and in one step; a higher closed
cell content (>95%), uniform cellular structure, appropriate density (~35 kg/m3),
moderate compression strength (120–81kPa) andwith highflame retardant PUFwere
obtained (Ramanujam et al. 2019). Additionally, a hyperbranched thermoplastic PUF
with high toughness, excellent transparency, and good elastomeric properties were
obtained by converting vegetable oils via thiol-ene click reaction (Alagi et al. 2016).
Furthermore, synthetic route with no solvent nor catalyst of a hybrid castor- soybean
based polyols via epoxidation /ring opening reaction, produced PUF exhibiting high
glass transition temperatures, thermal stability,Young’smodulus, and tensile strength
(Zhang et al. 2013).

These attempts will pave the way toward a promising green PUFwith great poten-
tials. However, many areas such as using microreactors require further investigation.
Attempts for exploring renewable alternatives for other constitutes that participating
in synthesizing PUFs are reported. This chapter briefly covers the efforts of using
renewable materials for deriving the main constitutes used in fabrication of PUFs.

3 Chain Extender and Plasticizer Based Renewable
Resources

For improving PUFs properties, chain extenders are one of the essential materials
that are used mainly for this purpose. They are a low molecular weight (up to
300 g/gmole), aliphatic or aromatic compound with terminated hydroxyls or termi-
nated amines and short chain lengths compared to polyol. The vital roles of chain
extender are increasing the molecular weight and extending the chain of the hard
segment, where aromatic chain extenders offer harder material than aliphatic chain
extender (Karak 2012b).

Bio based chain extenders such as 1,4-butanediol, 1,9-nonanediol,1,3-propanediol
and 2,3-propanediol were derived from different biomasses successfully by fermen-
tation (Furtwengler and Avérous 2018). Based on the available literature, petroleum-
based chain extenders could be replaced by bio-based chain extenders without sacri-
ficing PUFs properties. For instance, Rashmi et al. (2013) used 1,3-propanediol
derived from corn as bio chain extender in order to synthesis thermoplastic PUFs. The
properties of glass transition temperature, compression strength, modulus, and cell
size of the product were unaltered in the case of using bio chain extender compared
to petroleum-based chain extender.

In more sustainable work, Pawar et al. (2016b) explored the usage of ethylene
glycol and lactic acid as bio based chain extenders and bio-polyol for synthesizing
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PUFs and different blowing agents (water and cyclopentane) were also employed.
Comparable results of decomposition behavior and thermal stability under the same
condition were obtained, whereas glass transition temperature was higher in lactic
acid and ethylene glycol samples with water as blowing agent compared to the
samples used cyclopentane blowing agent and petroleum analogous.

Plasticizer is another functional additive widely used in the synthesis of PUFs
in order to improve flexibility, processability, plasticity, and elongation. There
are different bio based plasticizers derived successfully from various renewable
resources such as vegetable oils and agriculture wastes (Bocqué et al. 2016). Based
on the literature, ideal bio based plasticizer should satisfy certain points: (1) being
nontoxic, (2) good miscibility with polymer, (3) the performance is comparable to
the conventional plasticizers, (4) resistance to leaching from polymer and (5) low
cost (Bocqué et al. 2016).

Table 5 summarize some important industrial bio-based plasticizers derived from
different vegetable oils.

Table 5 Industrial bio based plasticizers (Bocqué et al. 2016)

Plasticizer trade name Manufacturer Feedstock Bio based
content
(%)

Chemical name

Grinsted® SOFT-N-SAFE Danisco Castor oil 80 Acetylated castor
oil

Kalflex® 14A Varterco Soybean
oil

98 ESBO

Nexo® EO1 Nexoleum Soybean
oil

95 Methyl epoxy
soyate

Resiflex® K50 Resypar Soybean
oil

100 Amyl epoxy
soyate

PLS GreeV® 9 Petrom Soybean
oil

66 Nonyl epoxy
soyate

DCS® Jayant-Agro-Organics Castor oil 100 Di-caprylsebacate

Radia®7295 Novance/Oleon Rapeseed
oil

78 Acetylated ester

Lankroflex® ED6 Akcros Chemicals Soybean
oil

68 Octyl epoxy
stearate

—
Gerflor Tall oil

Sunflower
oil

—
Tall-oil fatty
esters
Epoxidized

Virkoflex® 7010 Arkema Soybean
oil —

Epoxidized
soybean oil fatty
esters

Hallgreen® Hallstar Linseed,
soybean,
castor oil

38–100 Fatty ester
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Based on the aforementioned facts, PUFs can be synthesized in amore sustainable
manner without scarifying the conventional properties of PUF based on petroleum
analogues. Thus, further investigations for bio-based additives is a promising research
area.

4 The Effect of Catalysis and Blowing Agent
on the Polyurethane Foam Properties

Catalysts play fundamental role in precisely controlling the basic reactions i.e. gelling
and blowing reactions in PUFs production, where the imbalance between those
reactions produces foam with inappropriate cells (Dworakowska et al. 2014).

Generally, each catalyst has different catalytic activity toward gelling and
blowing reactions. Two kinds of catalysts are widely used in synthesizing PU i.e.
organometallics and amine catalysts. It was reported that amines catalyze blowing
reactions better than gelation reaction, whereas organometallics are mainly used as
gel catalysts although they influence blowing reactions (Dworakowska et al. 2014).

In PU production, tertiary amines are used widely to catalyze both basic reactions,
where different types of tertiary amines are employed in synthesizing flexible and
rigid PUFs such as 1, 4-diazobicyclo [2, 2, 2] octane (DABCO), dibutyltindilaurate
(DBTDL), 1,2-dimethylimidazole 70% in EG (DM70), triethylenediamine (TEDA),
tetra-metylethylenediamine (TE), bis(2-dimethylaminoethyl) ether (ETS), among
others. The catalytic activity balances between both reactions for typical catalysts
employed in PUFs applications are illustrated in Fig. 5.

Although, it was reported that amine catalysts are highly volatile, create toxic
vapor and possess offensive odor (Dworakowska et al. 2014). On the other hand,
the content of the catalyst has major effect on the properties of the final foam. It
was found that using higher amount of organometallic catalyst dibutyl tin dilaurate
(DBTDL) causes a slight increase of compressive strength, Young modules, and
thermal conductivity in bio based rigid PUFs, whereas a small decrease in density
was obtained in different samples with various types of blowing agents (Carriço et al.
2017).

DBTDL     DM70      TEDA    TE      D60   DMCHA TR20        RX5          ETS

F22       DMEA     TRC      MR      PMA    NP            RX3         DT

0.1                                 1                                      10                                           100 

Gelling     log [blowing activity/gelling activity]
Blowing 

Fig. 5 Blowing/gelling catalytic activity ratio
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In essence, the cellular structure of PUFs is produced by employing blowing
agent through the foaming process. They are either externally added into reaction or
produced in situ (Dutta 2018). Chlorofluorocarbons (CFCs)were used for a long time
as typical blowing agent in production of PUFs, especially trichlorofluoromethane
(CFC-11). Employing of CFC-11 produced PUF with incomparable properties that
other plastic foam could not possess, such as low-density, closed cells, and good
mechanical properties.However, itwas reported thatCFC-11have negative impact on
ozone depletion, which restricted their usage according toMontreal protocol. Subse-
quently, various types of chemical and physical blowing agents were developed as
replacement to CFCs compounds. The most common blowing agents used are water
and hydrocarbons, such as liquid carbon dioxide (CO2), n-pentane, cyclopentane,
and isopentane (Creazzo et al. 1995). Each blowing agent is used for synthesizing a
specific type of PUFs, although it was reported that CO2 and pentane could be used
in synthesizing all types of foams (International 2012). Also, using different types of
blowing agents may alter the final foam properties. For instance, a study investigated
the impact of different physical and chemical agents (n-pentane, cyclopentane and
water) in bio based rigid PUFs. It was observed that employing physical blowing
agents (n-pentane and cyclopentane) produced foams with smaller cells and higher
densities in comparison with the foams obtained with water (Carriço et al. 2017). The
study also revealed that the type of blowing agent had significant effect on decreasing
the density. In addition, the study found that increasing water level causes a decrease
in compressive strength, Young’s modulus, and tear strength.

5 Bio-additives

Despite the notable properties of PUFs, it is common to add bio-additives to
enhance the properties for expanding their applications with increase PUF bio-based
percentage. Numerous types of additives were investigated but will not be covered
in this chapter, while using bio-based additives will be briefly demonstrated.

Different types of bio based additives such as egg shell wastes, walnut, cellulose,
lignocellulosic fibers, textile wastes, hazelnut shells, and glass wool, just to mention
a few were used in formulating PUFs to improve particular mechanical properties
(Gama et al. 2018). Besides being eco-friendly, most of those materials are naturally
available with low cost and unique properties. For instance, cellulose and walnut
shells have a high surface area, low weight and low thermal conductivity as well as
bearing –OH group (De Luca Bossa et al. 2020). In a recent study, cellulose and
walnut shells as well as diatomite were used as natural additives for the synthesis of
sustainable PUFs. The presence of cellulose and walnut shell enhanced the thermal
stability and mechanical properties of the PUFs produced, where the stiffness in
case of walnut shell was similar to flexible PUFs behavior. Meanwhile, diatomite
showed reduction in thermal conductivity compared to other additives used, while
an increase in stiffness was obtained (De Luca Bossa et al. 2020).
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Fig. 6 Applications of TPU in footwear

Bio-additives are used in outsole footwear applications, where the material
requires particular hardness and abrasion properties. Meanwhile, the PU foam is
mainly dedicated to employ in flexible and semi-rigid materials. Adjusting parame-
ters such as water, catalyst, and iso index are vital key to achieve specific properties
for insole, semi-rigid. However, for outsole, the formulation is different as the chain
extender, and polyol, isocyanate, catalyst, and additives are the main ingredients to
tailor the mechanical properties. Figure 6 represented different hardness values for
insole, midsole, and outsole.

6 Non-isocyanate

Safety and health concerns are associated with the use of isocyanate and so, there is
a growing demand for synthesizing non-isocyanate PUs (NIPUs). Generally, there
are three main approaches that have been investigated for this purpose: transuretha-
nization, A–B type azide condensation, and aminolysis. (Furtwengler and Avérous
2018). NIPUs can be classified according to the original composition of materials to:
renewable NIPUs, a hybrid NIPUs network, and chemically modified NIPUs (Gama
et al. 2018).

To achieve 100% bio-based PU, a lot of attention towards the development of
bio-based isocyanates with renewable resources will need to be investigated. For
this purpose, two main routes that are explored include: (1) a self-condensation
route of A-B type monomers, possess –OH with in situ formed isocyanate by Curtis
rearrangement, and (2) ring opening of bi-functional cyclic carbonates, frequently
via reaction of CO2 with oxiranges such as limonene or epoxidized soybean with
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diamines (Sawpan 2018). It was reported that these materials possess a low perme-
ability and an increased chemical resistance as well as improved thermal stability
and waster absorption compared to conventional PUs (Gama et al. 2018).

Based on the literature, studies describing the synthesis of NIPU foams (NIPUFs)
is still limited were three foaming processes described based on aminolysis reaction,
and the main drawback of foaming NIPU is the absence of gas generation during
the chemical process compared to conventional PUFs (Furtwengler and Avérous
2018). Also, it was reported that foam kinetic in NIPUFs requires long curing time
compared to conventional PUFs. However, a study revealed that renewable self-
blowingNIPUFs fromsorbitol and lysine are used to produce rigidPUFs.The product
proved to have low toxicity, was 100% bio-based and inexpensive with potential
applications in packing and insulation as shown on Fig. 6 (Clark et al. 2018). The
properties ofNIPUFs is presented briefly in Table 6. In addition, PUFs cover different
types of applications based on hardness andmechanical properties (Fig. 7). Adjusting
demold time is an important part to use in mould technique.

There are several ways to replace chemical isocyanate by using NIPU (Fig. 8),
and four synthetic pathways are designed, including (1) step growth polymerization
(SGP) of bis(cyclic carbonates) and bis(cyclic amines), (2) (SGP) of linear activated
decarbonates and diamines, (3) (SGP) of dicarbamates and diols, (4) ring opening
polymerization of cyclic carbamates (Sardon et al. 2015).

Table 6 NIPUFs properties (Furtwengler and Avérous 2018)

Blowing agent
nature

Foaming
temperature (oC)

Foams’ density
(kg/m3)

Foams’ cell size
(µm)

Foams’ thermal
conductivity
(mW/m. K)

Chemical 80–120 197–295 Not available Not available

Chemical Room temperature 271–303 140–1300 100.4–115.5

Physical 50–80 142–219 135–171 Not available

Physical 80–100 110–176 2.6–10.8 50.1–64.7

Fig. 7 Applications of different types of PUFs
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Fig. 8 Main synthetic routes toward non-isocyanate polyurethanes (NIPUs) adapted from (Sardon
et al. 2015)

However, the synthesis of hybrid coating containing NIPU based on aliphatic
amines and multicyclic carbonates with trade name Green Polyurethane® was
reported, which is isocyanate and phosgene free (Rokicki et al. 2015). For
further readings in this subject, the authors would like to suggest a review that
comprehensively covers this topic (Rokicki et al. 2015).

7 Conclusion and Future Perspectives

Polymer engineering society is focusing these days in finding sustainable approaches
for designing renewable, eco-friendly and biodegradable polymerswith similar prop-
erties of their analogues. Currently, PUFs are considered to be one of the most used
polymers in a wide range of applications and as other polymers it is based on mate-
rials derived frompetroleum for their production. Following the current trend, several
routes have been demonstrated for synthesizing PUFs from renewable resources and
based on the results all of them are strongly encouraged. Two major approaches are
widely investigated: (1) partial or total replacement of petroleum polyol with bio-
based polyol, and (2) elimination of isocyanate and replaced with chemical systems
(NIPUFs). However, the work with NIPUFs is still limited compared to bio-based
polyol approaches. Currently, bio-based polyols are used at industrial scale as partial
replacement, which derived from different types of renewable materials by various
approaches. Also, in order to achieve greener PUFs other constituents participating
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in the production process such as chain extender, plasticizers, and additives were
subjected for exploring bio replacements with encouraged results.

For the near future and for the benefit for mankind and the eco-system, all toxic
and harmful chemicals will be banned similar to CFCs blowing agents. Thus, finding
renewable alternatives with comparable properties is considered a crucial priority in
PUFs industry and the efforts in this area is sustained.
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Effect of Biodegradable Adhesive
on Bleached Agave Americana Fibre
Reinforced Epoxy Composites

Nadendla Srinivasababu

Abstract The environment can be best conserved through the effective utilization
of the naturally available renewable-based materials like plant fibres whose cells
were surrounded by the rigid cell wall. The mechanical performance of the compos-
ites can be enhanced through different methods of fibre treatment like physical and
chemical means. So, in this work, the author had taken efforts in treating the agave
Americana fibres with sodium hypochlorite and this bleaching process makes the
fibres impurities free and better adhesion with the matrix. A biodegradable adhesive
i.e. white dextrin was coated over the reinforcements i.e. agave Americana, bleached
agave Americana manually. Ambient dried, uncoated, coated fibres were dried in
an oven for the removal of moisture in the reinforcements completely. These fibres
were reinforced into aerospace epoxy resin for the fabrication of the composites
as per ASTM D 790-03 and ASTM D 6110-08 standards for flexural and impact
specimens respectively. Load-elongation/deflection curves describe the role of white
dextrin on the flexural performance of the composites. Based on the properties deter-
mined, comparisons made from the flexural and impact tests the impact of different
types of reinforcements was understood. Based on the experimental results, it was
noticed that there is a clear role of white dextrin in the enhancement of the flexural
strength, modulus. Further, bleaching chemical treatment of the agave Americana
fibres enhanced the bonding of the white dextrin to them and more performance
under three-point bending was achieved. However, the impact performance of the
uncoated composites was superior to other types experimentally studied in this work.
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1 Introduction

In earlier days several hundreds of natural fibres were collected and examined
for fabricating clothes. One of the important classes of the natural fibres i.e.
vegetable fibres originated from nature (Gordon Cook 1984). Renewability and bio-
degradability, low density are the important factors perceived by the researchers
in utilizing them in different sectors like automotive, construction. Fibre type,
variability with its chemical composition, damage during processing and testing
equipment/procedure adopted are some of the key influencing factors which caused
variability in the reported results (Hughes 2012).

Commercial full potential applications of natural fibres (Jochen et al. 2000) were
drawn after modification of their surface or development of new matrix system(s).
Some of the investigators (Luner and Sandell 1969) have regenerated cellulose
films from viscose and cellulose acetate for testing cellulose. The wettability of
the films/samples was influenced by the cellulose sources and their method of
preparation, physical state.

Adhesion and compatibility between sisal fibres and matrix (Viviana Cyras et al.
2004) were enhanced with alkaline and acetylation treatments. They observed that
elastic modulus, yield stress and elongation at break were increased and with alkali,
acetylation treatment respectively. Rough surface topography was generated after
sisal fibres were treated with 10% NaOH along with the increase in aspect ratio by
the reduction in fibre diameter (Kuruvilla et al. 1996). The hydrophilic property of
the fibre surface (Stefan et al. 2008) prevents the adhesion to hydrophobic synthetic
polymers.

Moisture absorption (Ramadevi et al. 2012) of natural fibres was high due to the
presence of hydroxyl and polar groups which retard the compatibility with matrices.
Dewaxed abaca fibres (ethanaol:benzene, 1:2) are subjected to alkaline and acetyla-
tion treatment. Moisture absorption studies of them indicate that 67% resistance was
noticed when compared with untreated fibre. Cellulose content (Sreekala et al. 1997)
plays a predominant role in themechanical performance of the composites alongwith
the micro-fibrillar angle, crystallinity index. Alkali treatment on fibres results in the
enhancement of amorphous cellulose at the expense of amorphous cellulose through
an irreversible mercerization effect. Several numbers of micropores of 0.2 µm were
observed on oil-palm EFB after silane treatment.

Sodium bicarbonate (NaHCO3) 10 wt% solution was used to treat sisal fibres
(Fiore et al. 2016). Carbonic acid and hydroxide ion formation during chemical
reactions of the solution was slightly alkaline. The presence of OH groups in fibres
corresponds to weak acids/alcoholic hydroxyls which was similar to mercerization
treatment. Removal of hemicellulose, lignin results in good bonding between fibre
and matrix and was observed after the chemical treatment of 120 h.

Researchers have done physical treatments like corona, plasma, electron beam
irradiation on natural fibres for changing their surface properties without altering the
chemical composition and enhances the bonding between reinforcement and matrix.
High alpha, hardwood fibres were subjected to corona treatment at different current
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(mA) (Belgacem et al. 1994). Modification of cellulose fibre alone increases 24%
yield stress when compared with untreated fibre composites.

The surface of the sisal fibres was modified by argon, air—plasma treatments
(Yuan et al. 2002). An in interfacial shear strength was increased by about 20%
under an air-plasma treatment for 30 s. For improving the compatibility between
the sisal fibres and polypropylene matrix, fibres were subjected to argon, air plasma
treatments usingmodified plasma cleaner PDC-32 tomodify their surface (Yuan et al.
2004). They concluded that most of the air plasma treated fibre polymer composites
had shown superior performance than argon plasma treated fibre polymer compos-
ites. Tensile, flexural strength of air plasma treated polypropylene composites was
increased by 21%, 19% respectively. Different compositions of polypropylene and
natural fibres—kenaf, hemp, flax, sisal were subjected to the doses ranges from 0 to
20 kGy by electron beam irradiation (Kim et al. 2007) at a speed of 300 mm/s and
electron energy of 0.5 meV was employed. The tensile strength of the composites
was increased with an increase in the dose of the beam and reaches to the minimum
at a dose of 10 kGy and then the value was increased and reaches a maximum at
15 kGydue increase in the degree of adherence of natural fibrewith the polypropylene
matrix.

The researchers have struggled in enhancing the adherence of the natural
fibres with various matrices through chemical, physical treatments which ulti-
mately produce good mechanical properties. But there is a research gap exits in
the utilization of adhesive(s) on the natural fibres and make them compatible with
the resins/polymers. So, in this work, the author has introduced a biodegradable
adhesive namely white dextrin and attempted to coat it on agave Americana fibres. A
predetermined, measured quantity of dextrin and water wasmixed and a solution was
prepared. This adhesive solution was coated on the agave Americana natural fibres
manually through sequential steps of wetting, soaking and pressing under mild pres-
sure in a tub. Agave Americana fibres were also subjected to bleaching treatment and
adhesive coating one after another. All these uncoated, adhesive coated, chemically
treated and chemically treated cum adhesive coated fibres were air, oven-dried. The
detailed procedures of each case is readable from sections to come in this chapter.
All the dried reinforcements were utilized in the fabrication of the epoxy composites
and tested under flexural and impact loadings.

2 Materials and Methods

2.1 Fibre, Matrix and Chemicals

Agave Americana (Bezazi et al. 2014) is weather-resistant when compared with the
group of agave plants. Leaves of the plant are about 2.3 m long and 250 m wide
and were grey-blue, 130 mm thick with sharp spines (more than 25 mm long) on the
edges. Tough and rigid leaves yield fibres and were used to produce ropes, matting
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Fig. 1 Agave Americana fibre after oven drying, cutting

cloth, and embroidery of leather. Fibres were extracted by mechanical, chemical, or
water (running/sea/distilled) immersion methods. Agave Americana fibres extracted
through earth buried procedure have 0 mm gauge length, 310 ± 93 µm diameter had
shown the tensile strength, modulus of 132 ± 69 MPa, 1.81 ± 0.55 GPa respectively
during a tensile test done at a crosshead speed of 1 mm/min. So, based on the good
fibre properties reported in the literature, the author in this work has considered agave
Americana fibre as the reinforcement and was purchased from the local market. The
fibres used in this work were properly arranged as shown in Fig. 1.

Aerospace-grade epoxy resin LY 5052 and Aradur 5052 hardener was employed
as matrix received from Sree Industrial Composite Products, Hyderabad, Telangana,
India. The resin can be processed easily for making composites by hand lay-up
method. Some of the important properties of these materials are low viscosity and
easy impregnation of reinforcements, long pot life, good mechanical properties as
given in the datasheet of Huntsman epoxy resin/hardener.

In 1774 Swedish chemist Carl Wilhelm Scheele (Ponzano 2007) discovered a gas
namely ‘dephlogisticated salt spirit’ and thereafter French chemist Claude-Louis
Bertholet in 1787 obtained bleaching solutions after dissolving the gas in water. An
Englishman Davy renamed this gas ‘Chlorine’. Gaseous chlorine was dissolved in
water to produce a bleaching solution on an industrial scale. Sodium hypochlorite is
the salt of ‘hypochlorous acid’ and the hypochlorite ion is the active bleaching agent.
The reactions of NaOCl are given below (Khan and Ahmad 1996).

NaOCl + H2O → NaOH + HOCl

HOCl → H+ + OCl

HOCl + H+ + Cl− → Cl2 + H2O
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The Paper industry uses NaOCl treatment as one of the very common bleaching
process aimed to enhance the brightness of the pulp and removes impurities from the
natural fibres. Sodiumhypochloritewas procured fromDeluxe Scientific&Chemical
Company, Vijayawada, Andhra Pradesh, India and used in this work for bleaching
of the agave Americana fibres.

2.2 Dextrin Adhesive

Starchwas heated in presence of little amounts ofmoisture and acid to obtain different
products which were called ‘dextrin’ in generic (BeMiller 2003, pg. 1773). By using
any starch dextrin can be made and are classified as white dextrin, yellow/canary
dextrin and British gum. Dextrins are soluble in cold water and produce less viscous
solutions when compared with their parent raw material i.e. starch and after drying
they form a film. The combination of depolymerization/hydrolysis and transglyco-
sylation i.e. molecular rearrangement results in the production of dextrins. Dextrins
were normally used as adhesives for paper products. Heating a dried acidified starch
result in the formation of white dextrin and they were used in food in little amount.

In the presence of a high concentration catalyst (Melissa and Conner 1994), at
low temperatures generally, 120–130 °C, 3–7 h of roasting time white dextrins are
produced due to the primary reaction i.e. hydrolysis of starch molecules. Small and
highly branched dextrins are formed due to very small repolymerizaton occurs and
forms white/buff powder with the degree of polymerization about 20. The solubility
of white dextrin’s in the water ranges from 1 to 95%.

In this experimentation white dextrin was purchased from Stardex Pvt. Ltd.,
Hyderabad, Telangana, India and used as a biodegradable adhesive coating over
the agave Americana fibres and the procedure as detailed in the subsequent section.

2.3 Reinforcement—Adhesive Coating, Bleaching

Agave Americana fibres in as-is condition were kept in an oven, heated at 70 °C up to
2 h for removal of moisture and labeled as ‘Type 1’ reinforcement. A predetermined
amount of white dextrin was added slowly to the premeasured quantity of water
in a tub. Using a steel stirring rod, the dextrin and water were thoroughly mixed
and ensured that there was no agglomeration visually. Type 1 reinforcement was
placed in a tub contains white dextrin solution of 0.2 wt/vol%. The fibres were kept
longitudinally and tilted several times till they were completely wet with the dextrin
solution up to 6 days 18 h 30 min. Then the fibres were squeezed manually and kept
in an oven at an average temperature of 120 °C up to 4 h. The moisture content of
the fibres was checked through touch for every 45 min during they were in the oven.
Because the fibres overheating leads to a twist of fibres which creates the difficulty
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during composites fabrication. Dried, adhesive coated agave Americana fibres were
named as ‘Type 2’ reinforcement.

To remove the impurities from the fibres bleaching treatment was performed on
agaveAmericana fibres. Sodiumhypochlorite (NaClO) of research-gradewas poured
into the water as per calculations and a solution of 0.1% was prepared. Then the
fibres were completely dipped in the solution and allowed to soak in it up to 3 days.
However, care was taken for complete wet of the fibres by tilting themmany times in
a solution. After bleaching the fibres were washed with a huge quantity of water till
they were free from the chemical solution and was called ‘Type 3’ reinforcement.
Here the fibres were divided into two bunches and the first bunch was allowed to
dry in the ambient atmosphere up to 6 h and then kept in an oven up to 4 h. The
second bunch of agave Americana fibres was kept in a white dextrin solution of 0.2
wt/vol% in concentration. These fibres were allowed to soak up to 1 day 20 h 55 min
and ensured their wetness completely through moving them in a dextrin solution
manually. Again the second bunch fibres were squeezed and kept in a heating oven
at an average temperature of 140 °C up to 3 h. Dried fibres were taken out from the
oven and labeled as ‘Type 4’ reinforcement.

2.4 Preparation and Testing of Composites

Type 1, 2, 3 and 4 agave Americana fibres were taken at different weight contents
and were straightened by mild application of the load. Then the mold releasing wax
purchased from Carbon Black Composites, Waliv Phata, Vasai East, Maharashtra,
India was applied twice. Then the fibres were kept in a prepared mold and the resin
and hardener mixture (100:50) was poured on them. Air bubbles were removed by
rolling action on the fibres that exist in the mold. Then a polyester sheet was placed
over the mold and an additional matrix present in the mold was spilled out after about
200 N load was placed on the mold. The mold was allowed to cure up to 24 h and
the specimens were taken out. Using belt grinding machines sides of the specimens
were finished and straight edges were obtained.

Though care was taken in the preparation of the composites there was a little
variation in the thickness, width of the composites along the length of the specimens.
So, based on the measurements taken at three different locations of the specimen
i.e. (i) at a distance from one end; (ii) centre; (iii) at a distance from the other end
as shown in Fig. 2a, b. The dimensions, average width and thickness of type 1 to
4 composites considered for flexural and impact test was given in Tables 1 and 2
respectively.

Fabricated composites specimens of type 1 to 4 were kept in a three-point-bend
test attachment and tested at a crosshead speed of 2.3 mm/min according to ASTMD
790-03 standard. In this test, a support span of 80 mm distance was maintained with
the radius of the supporter 5 mm. The test results were noted for further calculation
of the flexural properties of the agave Americana fibre reinforced epoxy composites.
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(a)

(b)

Fig. 2 Measurement of specimen dimensions at different sections, a flexural; b impact

Notch was cut up to a depth of 2.5 mm as per ASTM D 6110-08 on Type 1 to 4
agave Americana fibre reinforced epoxy composites using a notch cutter. Then the
composite specimens were tested for knowing their impact energy performance on
the Computerized Izod/Charpy impact tester. Care was taken to place the composite
specimen on the simply supported beam. The pendulum was released according to
the procedure for the Charpy impact test. The value of impact energy noted from
the test was used for the calculation of the impact strength of the agave Americana
epoxy composites.

3 Results and Discussion

Plain epoxy, type 1, 2, 3 and 4 reinforced epoxy composites were tested under a 3-
point bending load and their flexural strength, modulus was calculated. Composites
were also examined for determining their impact strength. Each mechanical property
was elaborately discussed at each weight fraction of the composites hereafter.

3.1 Flexural Performance of the Composites

Plain epoxy and type 1, 2 3 and 4 epoxy composites were carefully analyzed for the
load–deflection data to understand the impact of white dextrin coating on the rein-
forcements. AgaveAmericana fibre reinforced epoxy compositeswere flexural tested
and load–deflection/elongation curves of a sample in each composition was drawn
along with the no reinforcement as reference specimen i.e. plain epoxy. Plain epoxy
specimen followed linear manner and reaches to the maximum load (Fig. 3) and fails
from that load with no further displacement. At 5.87 wt% of type 1 reinforced epoxy
composite’s outer surface was broken at the maximum load of 178.49 N and then
the load decreased drastically to 111.8 N (Fig. 4a) with a very minor increase in the
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Fig. 3 Load–deflection curve of plain epoxy specimen

elongation from 4.79 to 4.83 mm. This lowest weight fraction composite had shown
a gradual decrease in load with an increase in deflection during the test.

With an increase in elongation, the load was linearly increased in the case of type
1 epoxy composite at 13.9 wt% as observed in Fig. 4b. But after failure was initiated
the composite’s load-bearing ability was decreased rapidly with minor loading i.e.
displacement changed from 6.43 to 7.42 mm. But at maximum content of the fibre
the load–deflection curve was linear up to 9.966 mm deflection and load were more
or less uniform up to 15.118 mm, the constant curve was visualized from Fig. 4c and
a further increase in deflection lead to the sudden drop in the load till 17.394 mm
deflection. Thence, the load was decreased gradually with an increase in elongation.

With the beginning of type 2 reinforcement linear (from 0 to 6.978 mm elonga-
tion) and non-linear (from 7.037 to 11.32 mm elongation) and constant curve (from
11.33 to 12.72 mm elongation) was shown in Fig. 5a and was failed with no reason-
able indication of elongation. Though the reinforcement was about more than the
doubled the load was increased linearly up to 5.925 mm deflection, Fig. 5b. Type 2
composites peak load was decreased slightly up to 10.721 mm deflection and then
the specimen failed with no reasonable elongation. At maximum type 2 reinforce-
ment, the composites had shown a gradual decrease in load (after the peak load,
Fig. 5c) from 11.423 to 18.014 mm elongation before the complete failure. Type 3
reinforcement of 5.76% resulted in a linear increase in load with the deflection and
the peak load of 193.2 N was shown at 5.25 mm, Fig. 6a. From the deflection of
5.483 mm, the curve was non-linear till maximum deflection was reached in the test.
Figure 6b, shows that the specimen had shown a sudden decrease in the load after
9.838 mm deflection. The maximum reinforcement of type 3 composite had shown
a clear decrease in the load from 7.869 to 10.883 mm deflection as noticed from
Fig. 6c.

With minimum type 4 reinforcement, the composites had shown the sudden
failure after 12.487 mm deflection, Fig. 7a. Beyond the peak deflection of 7.937 mm
(Fig. 7b), the load was decreased gradually and reaches to the minimum before the
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(a)

(b)

(c)

Fig. 4 Load–deflection curve of type 1 a composition 1; b composition 2; c composition 3 epoxy
composite specimen
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(a)

(b)

(c)

Fig. 5 Load–deflection curve of type 2 a composition 1; b composition 2; c composition 3 epoxy
composite specimen
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(a)

(b)

(c)

Fig. 6 Load–deflection curve of type 3 a composition 1; b composition 2; c composition 3 epoxy
composite specimen
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(a)

(b)

(c)

Fig. 7 Load–deflection curve of type 4 a composition 1; b composition 2; c composition 3 epoxy
composite specimen
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next type 4 level reinforced composite specimen test was stopped and the expected
phenomenon. From 14.040 mm to 17.623 mm the type 4 composite specimen had
exhibited a gradual decrease in load with the increased deflection, Fig. 7c.

From the load–deflection data analysis of type 1, composite specimens load at
middle and maximum reinforcement was 1.46, 1.87 times more than the lowest rein-
forcement composites. With dextrin coating on the reinforcement, type 2 reinforced
composite specimen load was 1.49 times more than the uncoated composites at the
lowest weight fraction. But, within the type 2 composites, the second level of rein-
forcement resulted in a decrease in load and thereafter the load was increased at the
maximum fibre content. This load was lower than that of the peak load obtained
at 6.46% weight fraction of type 2 reinforcement. White dextrin coating increased
elongation of the composite specimen when type 1, 2 reinforcements were compared
at the lowest reinforcement content. Even then the dextrin coating of maximum level
reinforcement i.e. type 2 had made the composites exhibit an indication of the load
decrease with increased deflection.

The load bear by type 3 and 4 reinforced composites was increased and then
decreased, and decreased and then increased respectively. Second, the lowest level
of type 3, 4 reinforced composites had exhibited a maximum load of 288.3, 313.8 N
respectively. Bleaching treatment on the agave Americana fibre i.e. type 4 created
maximum impact on the elongation of the composites when compared with uncoated
reinforced composites.White dextrin-coated reinforcement i.e. type 4 epoxy compos-
ites elongationwas 2.39, 2.87 and 1.62 timesmorewhen comparedwith type 3 epoxy
composites at lowest, second level and maximum reinforcements respectively.

With an increase in type 1 reinforcement, the flexural strength was increased
up to the maximum content of the fibre. Whereas type 2 reinforcement of 6.46%
epoxy composites flexural strength was 61.47%more than type 1 epoxy composites.
This result indicates that the white dextrin may act as an interface between the
reinforcements has improved the composite strength under bending load. With an
increase in reinforcement to the next level of each type 1, 2 epoxy composites had
shown more or less similar flexural strength, Fig. 8.

But at maximum reinforcement level type 1 epoxy composites flexural strength
was 25.18% more than type 2 epoxy composites. At this junction of the type 2
reinforcement in the composites, the white dextrin coating may be insufficient or
irregularly coated and resulted in inferior performance when compared with type
1 composites at the maximum fibre content. The flexural modulus of type 1 epoxy
composites was increased from 2.518 to 3.847 GPa with an increase in fibre content
from 0 to 20.78%.

At the lowest reinforcement content, type 2 epoxy composites flexural modulus
was slightly more than that of the type 1 epoxy composites, Fig. 9. The flexural
modulus of the type 2 composites at the second and third level of reinforcement was
less by little amount when compared with type 1 composites. White dextrin had not
much influenced the flexural modulus of the type 2 composites.

The flexural strength of type 3 epoxy compositeswas increased and then decreased
with an increase in fibre content and the maximum flexural strength of 88.46 MPa
was exhibited at 14.88% of the fibre as observed from Fig. 10. Bleaching has made
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Fig. 8 Flexural strength of type 1, 2 epoxy composites with error bars

Fig. 9 Flexural modulus of type 1, 2 epoxy composites with error bars

the white dextrin to influence much on the flexural strength of the type 4 epoxy
composites. At 5.58% of type 4 reinforced epoxy composites, flexural strength was
65.68%morewhen comparedwith the type 3 epoxy composites. Theflexural strength
of the type 4 composites was decreased and then increased with an increase in fibre
content. Though the bleaching treatment has not much influenced the second level
of reinforcement in terms of flexural strength at 22.67% maximum fibre content of
type 4 reinforcement the flexural strength of the composites was 12.04% more when
compared with type 3 epoxy composites.

Bleaching treatment on agave Americana fibres had enhanced the bond between
the reinforcement and epoxy matrix. The flexural modulus of the composites was
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Fig. 10 Flexural strength of type 3, 4 epoxy composites with error bars

increased from 2.518 to 3.238 GPa when the type 3 reinforcement increased from 0
to 22.25 weight percentage as taken from Fig. 11. White dextrin coating on bleached
fibresmade the type 4 epoxy composites exhibit 28.63%more flexuralmoduluswhen
compared with type 3 epoxy composites at the lowest weight fraction of the rein-
forcement. Flexural modulus of type 3, 4 composites at maximum weight content of

Fig. 11 Flexural modulus of type 3, 4 epoxy composites with error bars
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reinforcement exhibited 7.75%, 12.01% more than that of the type 2 epoxy compos-
ites. However, type 4 epoxy composites flexural modulus was any extent more than
that of the type 3 epoxy composites. This indicates that white dextrin improved in
the flexural modulus of the type 4 epoxy composites.

Belched type 3 epoxy composites flexural strength was 24.98% less when
compared with the raw agave Americana type 1 composites. This may due to the
holes formed over the surface of the fibres and ultimately reduce their strength during
loading in flexure (Al-Kaabi et al. 2005).

3.2 Impact Performance of the Composites

The Charpy impact strength of type 1 epoxy composites was drastically increased
from 7.42 to 65.55 kJ/m2 when the fibre content increased from 0 to 22.78%. White
dextrin coating created an impact on the composites at 14.92 wt%. Here the impact
strength of type 2 composites was 41.19%morewhen comparedwith type 1 compos-
ites. Except for this result, the remaining contents of the type 1 composites impact
performance was better and more than that of the type 2 epoxy composites as
recognized from Fig. 12.

The Charpy impact strength was increased with type 3, 4 fibre content in the
epoxy matrix and was shown in Fig. 13. But the impact strength of type 3 epoxy
composites wasmore than that of the type 4 epoxy composites.White dextrin coating

Fig. 12 Impact strength of type 1, 2 epoxy composites with error bars
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Fig. 13 Impact strength of type 3, 4 epoxy composites with error bars

on the reinforcement has not made any impact on the impact performance of the
epoxy composites in a positive trend direction. Instead, it has decreased the impact
performance of the composites.

The Charpy impact strength was decreased in the decreasing order of type 1, 2,
3 and 4 epoxy composites. White dextrin adhesive coating, bleaching, bleached-
adhesive coating resulted in good enhancement of bonding between the reinforce-
ments andmatrix. This condition requires relatively low impact energywhichmay be
varied depending on the bond strength between reinforcement andmatrix (Sreekumar
et al. 2009).

3.3 Flexural and Impact Specimens’ Failure Surfaces

The tested specimen was randomly picked and physically seen and measured for
its failure in thickness direction during flexural loading conditions using a steel
rule. Plain epoxy showed brittle failure surface, Fig. 14. Type 1, composition 1
to 3 specimen failed and varied along with thickness based on the reinforcement,
Fig. 15a–c. No fibre pull-out was observed in type 3, composition 1 (Fig. 16a)
whereas composition 2 (Fig. 16b) little fibres were pulled out of the matrix. Type 2,
composition 3 specimen failed up to a certain extent in thickness and fibres came out
at fractured surfaces, Fig. 16c.
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Fig. 14 Flexural fractured
specimen of plain epoxy

(a)

(b) (c)

Fig. 15 Flexural fractured type 1 a composition 1; b composition 2; c composition 3 epoxy
composite specimen

Fibres were not at all came out from the matrix and clear failure surface see in
type 3, composition 1 specimen, Fig. 17a. Whereas composition 2 and 3 specimen
(Fig. 17b, c) failed with little pull out of the fibres due to good interlocking with the
matrix created by bleaching treatment on reinforcements. A similar trend was seen
in type 4, composition 1 to 3 specimen, Fig. 18a–c.
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Fig. 16 Flexural fractured
type 2 a composition 1;
b composition 2;
c composition 3 epoxy
composite specimen

(a)

(b)

(c)

All the impact specimens (except type one composition) failed with ‘complete
break type’ as per ASTM D6110-08, Fig. 19. Type 1, composition 1 specimen has
shown ‘hinge break’ and was shown in Fig. 20a–c.
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Fig. 17 Flexural fractured
type 3 a composition 1;
b composition 2;
c composition 3 epoxy
composite specimen

(a)

(b)

(c)
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Fig. 18 Flexural fractured
type 4 a composition 1;
b composition 2;
c composition 3 epoxy
composite specimen

(a)

(b)

(c)
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Fig. 19 Impact fractured
type 1, 2, 3 and 4 and
composition 1, 2, and 3
epoxy composite specimens

(a) (b)

(c)

Fig. 20 Impact fractured type 1 composition 1 a specimen; b fibres pull out from one end; c no
fibre pull out at other end
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4 Conclusions

White dextrin coating was done on the agave Americana fibres manually with ease
and composite specimens of type 1, 2, 3 and 4 were fabricated by wet lay-up success-
fully. White dextrin coated type 2 epoxy composites enhanced the flexural strength
at the lowest weight fraction of the reinforcement in comparison to type 1 epoxy
composites. There was a consistent increase in the flexural modulus of type 2 epoxy
composites. The flexural modulus of bleached type 3 epoxy composites was slightly
more when compared with type 2 epoxy composites where their reinforcement
was dextrin coated. Dextrin based type 4 epoxy composites showed better flex-
ural modulus than type 3 and 2 epoxy composites. Bleach treatment of the agave
Americana fibres had resulted in better adhesion of the white dextrin and was result
in more flexural modulus. Bleach treatment results in good bonding and the impact
failure was ‘clear break’ type as per the standard. Nevertheless, there was an impact
of white dextrin on the reinforcements used in this work and thereby the performance
of the composites wasvaried in flexural and impact loading.
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