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Abstract
Bio-based nanomaterial is more attractive, due to its abundance, eco-friendliness
and sustainability, when compared to the non-renewable toxic petrochemicals used in the wood adhesive sector. Recent studies on the formaldehyde
emission by petrochemical binders in wood adhesives have attracted scientists
for the research in biomaterial-based binders. In this aspect nanocellulose
(NC) is one such material which has reinforcing ability and has natural binding properties. Conventional wood adhesive uses petrochemical-based binders and additives. Inclusion of nanocellulose in wood adhesive could drastically reduce the dependency on non-renewable petroleum sources. Even
though wood adhesive uses NC for improving mechanical properties of the
adhesive, usage is restricted because of its inability to enhance tackiness and
adhesion compared with petrochemicals. Availability of free hydroxyl groups
and feasibility for modification can be a potential way for functionalization of
this nanomaterial. To improve adhesion properties and to make nanocellulose act as a functional filler, the crosslinking approach can be a possible solution. Enhancement of thermal properties with improved thermal degradation,
water barrier properties of crosslinked films and enhanced mechanical properties especially in crosslinked poly (vinyl alcohol) (PVA) matrix, which is
one of the binders for wood adhesive discussed in this review paper proves
the potential applicability of crosslinked NC. Hence by inclusion of NC in
wood adhesive and crosslinking with the binder, both mechanical and performance properties are expected to enhance which will create a new world
and possibilities for the bio-based eco-friendly wood adhesives. In this review
paper, we have reviewed the crosslinking of nanocellulose to enhance the
performance of wood adhesives.
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1. Introduction
Wood adhesives have seen a lot of evolution in the point of application, performance properties, selection of base resin, distinct formulation and biomaterials
as functional additives, and introduction to nanotechnology. Regardless of specific applications in the manufacturing of wood products, the requirement of a
wood adhesive is its bondability. Type of adherent material, bond line geometry,
and loading conditions affect the adhesive strength. Hence addition of fillers
which could enhance bond strength has a huge potential. Concerns on environmental pollution by emission of volatile organic content by petrochemicals as
adhesives and additives in wood adhesive and studies on toxicity of conventional
formaldehyde-based adhesives, and the development for new materials are requisite. The cause of release of formaldehyde is mainly due to the unreacted formaldehyde and hydrolysis of formaldehyde-based adhesives under hot/humid conditions from the adhesive applied panels [1] [2]. This problem hence hinders in the
usage of conventional formaldehyde-based adhesives concerning its non-ecofriendly
aspect [3]. Studies on biopolymer-based wood adhesives have suggested an alternative to conventional adhesives and its potentiality to reduced formaldehyde
emission [4] [5] [6]. Biomaterial based wood adhesive has the advantage renewability and reduced formaldehyde release [7]. In this context, biomaterials as
both additives and adhesion promoters have a bright future in sustainable development [8]. Demand for bio-based adhesives and adhesion promoters, as an
eco-friendly material, without compromising the performance properties of adhesives has led considerable attention in the scientific community.
Various biomaterials have been a subject to researchers in adhesive field; these
include, starch [9] [10] [11] [12] [13], modified vegetable oils or lignin derivatives [14]-[20], soy protein [21] [22] [23] [24] [25], renewable rubber [26] [27]
[28] [29], and cellulosic materials [30]-[39]. Cellulosic materials are a wide class
of polysaccharide of glucosidic linkages. Commercial source of cellulose is soft
and hardwood from higher plants. Cellulose is a long-chain, high molecular
weight polysaccharide composed of repeat units of dimers or disaccharides of
the anhydro-D-glucopyranoseunit (AGU), known as cellobiose β-1,4glycosidic
linkage. It connects each anhydro-D glucopyranose unit, and every monomer is
rotated 180˚ concerning its neighboring unit [40]. The structure of cellulose is
shown in Figure 1. Nanocellulose (NC) is isolated cellulosic materials with one

Figure 1. Structure of cellulose.
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dimension in the nanometer range [41]. They may be cellulose nanocrystals
(NCC or CNC), nano fibrillated celluloses (CNF) and bacterial nanocellulose.
Mechanical or chemical treatments are employed in extraction of nanocellulose
[42] and compared to its bulk, nanocellulose shows unique properties [43]. Nanocellulose has its potentiality both as biomaterial and sustainable nanomaterials. The added advantage includes large abundance, cheap and economical to
adhesive industry, easy to process and compatibility with various adhesive systems. Nanocellulose have high surface to volume ratio and primary hydroxyl
groups which can be modified [44]. In wood adhesives, hence by addition of
very small amount of nanocellulose, enhancement of properties is observed [45]
[46] [47] [48].
To furthermore enhance the properties of biomaterials-based wood adhesives,
the interphasial chemistry of biomaterial and binder resin should be improved.
Various possibilities are exploited in enhancing properties of wood adhesives
such as, silane modification of starch-based wood adhesives [49], esterification
of starch for wood adhesives, addition of acrylic ester as co-monomer to starch
[12] and crosslinking. Many studies on crosslinking of wide range of biomaterials for improvement in properties of wood adhesives have been reported [6],
[49] [50] [51] [52]. Crosslinking is one of the promising techniques which could
be carried for various biomaterial-based adhesive systems. Even though most of
the studies on nanocellulose as a nano reinforcing agent in adhesives are investigated [53] [54], if functionalization could be made especially crosslinks then
properties of nanocellulose based wood adhesives could be again enhanced.
This review paper discusses the modification of the bio-based material, nanocellulose for application in adhesives so to put a step forward to reduce the dependency on petroleum sources. Studies on nanocellulose as a reinforcing agent by
enhancing adhesive performance are discussed initially. Crosslinkers for nanocellulose and property enhancements in Polyvinyl alcohol (PVA)—nanocellulose
crosslinker nanocomposites are discussed since it can be helpful in establishing
PVA-crosslinked nanocellulose based wood adhesives. The main focus of this
review paper is on modification of nanocellulose by crosslinking and applicability in PVA based wood adhesive sector. This strategy will aim to increase the
number and scale of biomaterial in adhesive applications.

2. Modification of Wood Adhesives with Nanocellulose
The potential use of nanocellulose in wood adhesive has been intensely studied
because of its inherent binding properties [55], the reinforcing properties of this
nanomaterial due to high surface to volume ratio [56], and enhancing the performance properties of the adhesive. For the optimization of mechanical and
performance characteristics, the possibilities offered by adding filler or fibrous
particles to alter the properties have attracted researchers. In general, physicochemical properties of the adhesives get affected by the addition of nanocellulose. Increase in the addition of nanocellulose causes an increase in viscosity and
DOI: 10.4236/ojpchem.2019.94008
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the solid content in the adhesive system. To replace Carcinogenic chemical adhesives, CNF as a reinforcement in wood flour (WF) board and binding effect of
CNF in this system were investigated by Kojima et al. [57]. For the improvement
of the mechanical board properties by urea-formaldehyde (UF) and melamine-urea-formaldehyde (MUF), a study on the addition of cellulose nanofibers
(CNFs) in various concentrations as reinforcement was investigated by Veigel et

al. [48]. Aqueous CNF suspension was mixed with UF and MUF adhesives.
Fracture energy and fracture toughness enhanced on addition of CNF, and
best results were at CNF content of 1 wt%. Similar work on toughening UF
adhesives, CNF was reinforced with the system [33]. To separate individual fibril, oxidation by (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) followed by
high-pressure homogenization were done on CNF. But UF bonds filled with untreated nanofibrils showed the highest fracture energy values. With 2% CNF,
toughening effect up to 45% was observed. The work concluded that optimum
content of CNF and its type are one factor influencing the properties of adhesive.
For the performance enhancement of tannin-based particleboards, CNF was
reinforced [58]. Increase in viscosity on the addition of CNF was recorded, due
to strong hydrogen bond network between CNF and with tannin molecules. Enhancement in the mechanical properties of the panels and improvement in internal bonding strength (IB) even with 2% of CNF, without affecting the water-resistance was observed in work. A similar work investigated on sole binding
properties of CNF in particleboard (PB) panels [59]. Modulus of rupture (MOR),
modulus of elasticity (MOE), internal bond (IB), water absorption (WA), and
thickness swelling (TS) properties were tested with varying amounts of CNF
binder. With increased density levels, the MOR, MOE of the produced panels
increased. With the increase in density of the panels the WA decreased but increase in the TS of the panels was observed in work. A recent study on improving the adhesive performance of ecofriendly cottonseed protein-based wood adhesives, CNF, and CNC at varying concentrations was investigated by Cheng et

al. [60]. With 2% addition of CNF showed 22% improvement in dry adhesive
strength, while for CNC 10% concentration improved adhesive performance by
about 16%. Addition of CNF showed the hot water resistance, but the improvement was observed in adhesive with CNC. Investigations were done on reinforcing effect of lingo-cellulose nanofiber (LCNF) in fiberboards made from
softwood and hardwood fiber [61]. Compared with the control fiberboard, IB for
LCNF-mixed fiberboard was higher. The TS and weight change (WC) with WA
for fiberboards containing LCNF were lower than those for control fiberboards.
Due to the binding between LCNF and wood fibers, addition of LCNF enhanced
physical and mechanical properties of fiberboards, especially for softwood fiberboards. A recent study on gap-filling properties of lignin-containing CNF (LCNF)
on polymeric diphenylmethane diisocyanate (pMDI) as a wood adhesive was
investigated [62]. With small amount of LCNF into pMDI, enhancements in dry
strength and wet strength in the lap-shear tests were shown. The formation of
DOI: 10.4236/ojpchem.2019.94008
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urethane linkages by Fourier transform infrared (FTIR) spectroscopy result
shows the reaction of hydroxyl groups in LCNF with isocyanate groups in pMDI.
Morphology of cured adhesives shows good dispersion of nano-sized fibrils. Improved the adhesive gap-filling properties shown by the inclusion of LCNF help
in the formation of a continuous bond line.
Addition of CNF to Polyvinyl Acetate (PVAc)-starch adhesives was evaluated
[47]. CNF in this study were made by nano fibrillation of dicarboxylic acid cellulose. With the addition of CNF increase in the lap-joint strength by 6.5% to
74.5% were estimated and the highest bond strength at 0.96% CNF. Performance
of the adhesive failed at lower and higher concentrations of CNF. López-Suevos

et al. investigated PVAc latex wood adhesive with increasing contents of the different types of nanofibrils [35]. CNF for the study were refined beech pulp
(RBP), mechanically disintegrated RBP (MD-RBP), chemically modified RBP
(CM-RBP) and chemical modified followed by mechanical disintegrated RBP
(CM-MD-RBP). By mixing commercial PVAc latex with different concentrations of the untreated or the processed RBP fibrils resulting nanocomposite
was prepared and dynamic mechanical analysis (DMA) was done for studying
viscoelastic properties and fibril/PVAc interactions. High reinforcement in the
high-temperature region was shown by carboxymethylated and subsequently
mechanically disintegrated CNFs. Superior heat resistance with durability was
observed on CM-RBP reinforced PVAc adhesives even though they performed
worse in dry and wet conditions. To investigate the change in performance of
PVAc wood adhesives by incorporation of Nanocrystalline cellulose (NCC), a
study was conducted by Kaboorani et al. [34]. The bonding strength of wood
joints and mechanical, thermal properties were studied with 1%, 2% and 3% of
NCC. The morphological study by atomic force microscopy (AFM) showed poor
dispersion and aggregation on PVAc matrix. Increasing concentration of NCC
improved hardness, thermal stability, modulus of elasticity (MOE) and creep of
PVAc films. Incorporation also improved the bonding strength of PVAc showed
by block shear tests in all conditions such as dry and wet conditions also at the
elevated temperature (100˚C). Wood adhesive formulated based on soybean
meal showed enhancement in the performance by the addition of cellulose nano-whiskers (CNW) [63]. The formulation used sodium hydroxide (NaOH),
and polyethylene glycol (PEG) as ingredients. Enhancement in water-resistance
of a plywood specimen by 20% was observed by incorporating CNW in the adhesive. Morphological studies, by scanning electron microscopy (SEM), on cured
adhesive incorporated with CNW, showed smooth surface with few holes and
cracks which helped in improving the water-resistance of the adhesive meeting
the interior plywood requirement.
Increase in viscosity was shown as the concentration of cellulose nanocrystals
(NCC) to urea-formaldehyde (UF) adhesive increased for sugarcane bagasse
particle boards [64]. The adhesive dispersion in the particleboard was prevented
as NCC loading reached 5% due to the increase in viscosity. NCC forms hydroDOI: 10.4236/ojpchem.2019.94008
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gen bonding during the polymerization of UF adhesive and makes the chains
stiff, hence contributes to increase in viscosity of the system. Sample with 1%
NCC showed better mechanical performance with increase in the liquid suspension viscosity. The study showed the mechanism of UF adhesive polymerization
and the possible interaction of NCC with UF resin, shown in Figure 2.

3. Nanocellulose—PVA Crosslinking
Effects on various properties by reinforcing Poly(vinyl alcohol) (PVA) hydrogels
with varying concentration of cellulose nanocrystals (CNC) and crosslinking the
system with glutaraldehyde were studied by Tanpichai et al . [65]. The
cross-linker, glutaraldehyde was added in acidic condition to the CNC-PVA
suspension for the reaction to initiate and a blank sample without CNC was also
prepared with PVA and glutaraldehyde. The crosslinking reaction of glutaraldehyde with nanocellulose (NC)—PVA is shown in Figure 3. Thermal stability,
swelling ratio and mechanical, and viscoelastic properties of cross-linked
CNC-PVA hydrogels were investigated in the study. Increase in compressive
strength of 303% with 1 wt% addition of CNCs at 60% strain compared to neat
hydrogels was observed. Strain recovery after the removal of the load on CNC

Figure 2. The mechanism of UF adhesive polymerization and interaction with NCC.
DOI: 10.4236/ojpchem.2019.94008
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Figure 3. Crosslinking glutaraldehyde with poly vinyl alcohol (PVA) and nanocellulose
(NC).

added hydrogel was 97% while the crosslinked sample without CNC showed only 92% recovery. With the addition of CNCs the molecular chain restriction occurred and contributed to the decreased the creep elasticity. Improvements in
the compressive stress, viscoelastic response and relaxation behavior with the
addition of CNC on hydrogels were shown. The lower thermal stability of CNC
contributed to decreasing in onset of degradation temperatures with increasing
CNC content in crosslinked hydrogels. Decrease in the swelling ratio with increase in CNC content on crosslinked hydrogels was observed in the study.
From the same group, there is a study on mechanical and thermal properties
of crosslinked poly (vinyl alcohol) composite films with cellulose nanocrystals
[66]. Crosslinker for the system was sodium tetraborate decahydrate (borax),
and different weight % of CNCs was added to the PVA matrix. For comparing
and as a reference, the neat PVA films without borax and CNC were also prepared in the study. The possible reaction is shown in Figure 4. Crosslinked
PVA-CNC films showed increase in glass transition temperature (Tg) and decomposition temperature and mechanical properties while moisture uptake,
melting temperature, and degree of crystallization decreased in comparison to
neat PVA samples. Increase in crystallization temperature with the addition of
CNCs in the crosslinked PVA nanocomposites was observed.
Acetal-bonding cross-linked polyvinyl alcohol (PVA) films were reinforced
with different concentrations of cellulose nanocrystals(CNC) having carboxyl
and aldehyde functionalities and its effects on mechanical, thermal, and barrier
properties of the film were investigated by a study [67]. Carboxyl and aldehyde
functionalities on CNC were given by mechanical treatment with partially
DOI: 10.4236/ojpchem.2019.94008
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Figure 4. Crosslinking reaction of nanocellulose (NC), Poly vinyl alcohol (PVA) with
Borax.

carboxylated dialdehyde cellulose, and for the comparative study, CNC without
reactive aldehydes was also prepared. Spoljaric et al. conducted a study in which
nano fibrillated cellulose or cellulose nanofibers (CNF) based hydrogel physically blended with PVA and the system crosslinked with borax [68]. Increasing borax content increases the compact structure with enhancement in mechanical
properties due to higher crosslink density. The reaction is shown in Figure 4.
The effect of the addition of nanocellulose (both CNC and CNF) on PVA xerogels for biomedical applications was investigated by Pramanik et al. [69]. Hydrochloric acid was used as a catalyst and glutaraldehyde (GA) as a crosslinker
for PVA-CNC, and PVA-CNF xerogels. By the addition of nanocellulose, creep
strain and stress relaxation of the system reduced and thermal degradation observed at a lower temperature. A study on the reinforcement of cellulose nanocrystals (CNCs) prepared with formaldehyde as a crosslinking agent for PVA
forms by Song, Tanpichai and Oksman [70]. With the introduction of CNCs to
PVA, decrease in water uptake and an increase of the density were observed because of the reduction in pore size.

4. Conclusion
Introduction of nanocellulose in wood adhesives shows enhancement in both
mechanical properties of adhesives and also improvements in performance
properties. To further enhance the properties establishment of chemical bonds
DOI: 10.4236/ojpchem.2019.94008
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in the adhesive system is a must. Crosslinking of nanocellulose is one such approach which significantly improves various properties. The advantage with the
crosslinking of nanocellulose is to facilitate the interconnected network formation without any phase separation and to provide synergetic property of the adhesive and nanocellulose in the wood adhesive system. Hence enhancement of
various properties such as improved water resistance, enhanced film formation,
and enhancement of thermal property with crosslinking could be advantageous
in wood adhesives. Glutaraldehyde crosslinked nanocellulose showed formation
of compact structure with decrease in creep elasticity and lower water uptake,
and swelling ratio, and enhancement of mechanical properties. Borax crosslinked nanocellulose showed increase in glass transition temperature (Tg) and
decomposition temperature and mechanical properties. Studies reported in the
incorporation of nanocellulose materials (NCC and CNF) with various adhesive
system show enhancement of mechanical properties, and performance properties of adhesives even with the incorporation of minimal quantities of these nanomaterials. Since it is established the feasibility of modification of nanocellulose and its advantages, mainly two aspects need to be further studied. First is
the need to find the mechanism of nanocellulose modification in wood adhesive
system even though nanocellulose does not phase separates in the adhesive nanocomposite. Second is to optimize the crosslinking of nanocellulose with the
help of various crosslinkers such as borax and aldehyde with adhesive system so
to make it work as a functional nanofiller additive. Hence by these fundamental
investigations, effective addition of bio-based functional nanofiller can be one of
the competitors for conventional petroleum-based material, thereby reducing
the dependency of petrochemicals in wood adhesive field.
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