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Abstract

Incorporating cellulose nanomaterials into wood adhesives has recently been considered for improving sustainability
within wood composite panels. The role of nanocellulose in such an application is mainly determined by nanocellulose
dimension, form, morphological and physicochemical properties, characteristics of an adhesive system, and chemical
interaction of nanocellulose and adhesive, as well as the dispersion and the orientation of nanomaterials in the polymeric
matrix of adhesive. Phenol formaldehyde (PF) adhesives have been extensively used in engineered wood products for
decades, and concerns about their brittleness led to continued research efforts for modifying the resin. Recently, the
developments in the bio-economy and the nanocellulose industry provided new possibilities for PF adhesive modification
and its structural reinforcement with a renewable, biodegradable, abundant, and mechanically strengthened resource. This
paper aims to review and demonstrate the available research on the development of nanocellulose-reinforced PF as an
adhesive matrix for engineered wood products, in particular, plywood, particleboard, and oriented strand board.

Engineered wood products are sustainable materials
created from the adhesive bonding of wooden elements
where the adhesive properties and its chemistry and physics
play important roles in the performance control of the prod-
ucts and govern the transfer of mechanical loads across the
adhesive bonds (Konnerth et al. 2007; Kurt et al. 2012;
Barbu et al. 2014; Divekar 2016; Hemmild et al. 2017;
Alawode et al. 2019, 2020; Musah et al. 2021). An adhesive
bond in engineered wood products consists of three zones:
pure adhesive, wood, and interface. An interface is where
the adhesive penetrates wood microstructure, as well as the
boundary between wood and adhesive (Konnerth et al.
2006b). The penetration of an adhesive into wood structure
significantly affects the distribution of strain across the
wood bond lines (Gindl et al. 2004). Recent advances and
innovations in wood adhesives technologies have allowed
their utilization even in load-bearing applications (Klemm
et al. 2005, Proller et al. 2018, Dugmore et al. 2019,
Wessels et al. 2020). Study of a wide variety of wood adhe-
sives theoretically and experimentally indicated a strong
correlation between the toughness of an adhesive, and the
mechanical strength of corresponding wood adhesive bonds
and the final wood product (Serrano 2004; Konnerth et al.
2006a, 2006b). Phenol formaldehyde (PF) is one of the
common adhesives used in the wood industry, especially for
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structural-based applications. It is made by reacting phenol
and formaldehyde to yield a strong three-dimensional cross-
linked network that is resistant to moisture and high temper-
ature exposure while providing superior bond strength and
dimensional stability (Joseph et al. 2002, Hunt et al. 2010,
Liu et al. 2014, Wang and Xing 2016). PF is, however,
reported to be a brittle resin, and its brittleness increases
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when it cures at the surface of wood because the curing
chemistry of PF resin is affected by its interactions with
wood (Li et al. 2021).

To address this issue, performance improvement of the PF
resin has been mostly implemented by either modifying the
resin chemistry (Dunky et al. 2002, Mirski et al. 2011, Tab-
arsa et al. 2011, Bekhta et al. 2014), or adding fillers in the
form of fiber, particle, or elastomer to decrease its brittleness
and cure shrinkage (Achary and Ramaswamy 1998). Cellu-
lose nanomaterials are one of the most important bio-based
and environmentally safe fillers and reinforcements for wood
adhesives (Vineeth et al. 2019) with which the phenolic res-
ins can chemically bond (Zheng et al. 2007). Cellulose nano-
crystals (CNCs) and cellulose nanofibrils (CNFs), shown in
Figure 1, are two of the most produced types of cellulosic
nanomaterials (Somvanshi and Gope 2021, Bello and Chim-
phango 2022). CNCs are small, rigid cellulose crystal whis-
kers, with a diameter of 3—35 nm and a length of 200500
nm, produced through acid treatment (Nechyporchuk et al.
2016). CNFs are tubular cellulose aggregates with amor-
phous regions, produced mainly by mechanical disintegration
(Faria et al. 2020). Having great mechanical properties, mod-
ulus of elasticity (MOE), tensile strength, specific rigidity,
and aspect ratio, CNFs are highly effective at transferring the
mechanical load from polymer matrix to the fiber phase
(Eichhorn et al. 2010, Dufresne 2012, Kim et al. 2015).
Based on reports in the literature, using CNFs to modify
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wood adhesives such as urea-formaldehyde (Veigel et al.
2011, 2012; Moslemi et al. 2020; Wibowo et al. 2021; Pinkl
et al. 2022), melamine-urea-formaldehyde (Veigel et al.
2012), and poly diphenylmethane diisocyanate (Chen et al.
2020, Hornus et al. 2021) significantly improved the bonding
strength in wood composite products. However, the improve-
ments greatly depend on the individual operational condi-
tions. Similarly, CNCs, which have a modulus of elasticity of
~138 GPa and a tensile strength of ~10 GPa, can have stron-
ger action than Kevlar fibers, and are another biodegradable
reinforcement resource for polymeric matrices (Zimmermann
et al. 2004, Lahiji et al. 2008, Kim et al. 2015). In addition,
CNCs have a high aspect ratio, low density, and a reactive
surface which is favorable for chemical interactions with
other materials. This reactive surface helps CNCs to tune the
surface properties (Orts et al. 2005, Lahiji et al. 2010) to the
desired application. According to the research by Zhang
et al. (2013), Mesquita et al. (2018), and Kawalerczyk et al.
(2020b, 2021a, 2021b, 2022b), CNC proved to have a posi-
tive impact on the bonding quality, mechanical properties,
and formaldehyde emission of formaldehyde-based wood
products.

Therefore, both CNC and CNF are promising reinforce-
ments to adjust the properties of polymers and wood adhe-
sives and improve their performance (Said Azizi Samir
et al. 2004, Dalmas et al. 2006, Noorani et al. 2007, Peters-
son et al. 2007, Cui et al. 2015, Moslemi et al. 2020). This
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Figure 1.—Schematic of cellulose nanofiber (CNF) and cellulose nanocrystal (CNC) production from fiber cell walls and penetration
of phenol formaldehyde (PF) resin into wood microstructure. Redrawn from the works of Salas et al. (2014) and Shirmohammadi

and Leggate (2021).

2

NAGHIZADEH ET AL.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2024-12-26



paper reviews the current developments in the modification
of PF adhesive with CNFs and CNCs, and the effect it has
on the performance of plywood, oriented strand board
(OSB), and particleboard.

Nanocellulose-Reinforced Phenolic
Adhesive: The Effect of Shear
Rate and Concentration

The biphasic CNC aqueous suspension mostly exhibits a
behavior intermediate between those shown by the isotropic
(Newtonian) and chiral-nematic (shear-thinning) materials
(Hong 2009). Based on the research by Orts et al. (1995,
1998) and de Souza Lima and Borsali (2004), a softwood-
derived CNC aqueous suspension of 280 nm length at a con-
centration of 5 percent by weight, and a cotton-derived CNC
suspension at a concentration of 2.7 percent by weight exhib-
ited shear-thinning behavior at low and high shear rates,
meaning that their viscosity decreased with increasing shear
rate. At intermediate shear rates, the suspension exhibited a
Newtonian plateau where the viscosity was independent of
shear rate.

However, PF resins are typically Newtonian liquids,
meaning that their viscosity is independent of the applied
shear rate (Hong 2009). The addition of nanocellulose to PF
adhesive can change its viscosity and rheological properties,
which limits its application for some engineered wood prod-
ucts. Hong (2009) investigated four CNC—PF resin mixtures
with CNC contents of up to 3 percent by weight. The results
showed that the neat resin exhibited Newtonian behavior
over the entire range of shear rates. In contrast, the resin
mixtures containing CNCs exhibited a shear-thinning region
at low shear rates, and at this shear rate range the viscosity
of the resin is considerably increased by incorporating
CNCs, shown in Figure 2. At a higher shear rate, the CNC-
reinforced PF indicated a Newtonian region the same as
neat PF resin (Hong 2009). At very high shear rates, the
shear-thinning behavior is, however, commonly reported
for CNCs due to the alignment of the rod-like CNC particles
with the shear direction. The shear-thinning at a low shear
rate, is the least understood (Habibi et al. 2010, Lahiji et al.
2010). It is commonly believed to occur due to a complex
supramolecular microstructure which is disrupted by shear
forces. The viscoelastic behavior at low shear rates has been

reported to strongly depend on the shear history of the sam-
ple, possibly explaining why it is only observed in some
studies and not in others.

Apart from the shear rate, the concentration of nanomate-
rial in an adhesive matrix is another key parameter for the
performance control of the adhesive. It has been found that
the flow index decreased with increasing CNC content, indi-
cating a more pronounced deviation from Newtonian behav-
ior at higher CNC contents. At a shear rate of 0.01 per
second, the viscosity of 3 percent CNC—PF exceeded that of
neat PF by almost two orders of magnitude (Hong 2009).
However, sometimes higher CNC concentrations result in
lower viscosity. For example, the viscosity of 1 percent
CNC-PF is higher than that of the 10 percent by weight
CNC at a low shear rate (Hong 2009). Therefore, there is the
possibility of using the shear rate and nanomaterial concen-
tration information to obtain a suitable viscosity for the adhe-
sive mixture for engineered wood products. It is well
understood that the CNCs aggregate in resin mixtures at
higher concentrations, shown in Figure 1. The CNC aggre-
gates manifested themselves in the form of gel beads, which
are visible in thin layers of the resin under low-shear condi-
tions. A short ultrasonic pulse can disaggregate the beads
(Hong 2009). However, there are some cases where high
CNC concentrations in PF resin do not show any aggrega-
tions (Hong 2009).

Application of Nanocellulose-Reinforced
PF in Wood Composite

In the production process of wood-based composites,
covalent bonding between PF resins and wood is negligible
because covalent bonding occurs at significantly higher tem-
peratures and longer cure times than generally used in wood-
based composites manufacturing (Pizzi et al. 1994). The
bonding is believed to be in the forms of the hydrogen bonds,
van der Waals forces, and secondary intermolecular interac-
tions (Pizzi and Eaton 1987, He and Riedl 2004). By pene-
trating the cell wall, PF resin develops primary bonds with
cell wall polymers (Gindl et al. 2004, Liang et al. 2011, Jakes
et al. 2015), degrades some of them, and at the same time
bonds with some polymers, especially the guaiacyl units of
lignin. These chemical reactions result in a high number of
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Figure 2—Viscosity and shear stress of phenol formaldehyde (PF): 0% and 1.55 percent by weight cellulose nanocrystal (CNC)-
reinforced PF, as a function of shear rate. This figure was redrawn from Hong (2009).
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ortho—para and para—para bonds in latewood and ortho—para
bonds in the earlywood cell wall (Yelle and Ralph 2016).

Other studies have indicated that wood carbohydrates,
such as cellulose and hemicellulose, are responsible for the
decrease in activation energy caused by wood, provided
that the resin has molecular contact with the wood substrate
(Pizzi et al. 1994). Hydrogen bonding and van der Waals
forces have been proposed to be responsible for the catalytic
activity of wood in contact with PF resin; therefore, the
number of hydroxyl groups on the surface of the wood is an
important parameter for its adhesion with PF resin. As such,
cellulosic nanomaterials having high surface area followed
by a large number of the hydroxyl groups can react with
methylol groups of PF resin and change its curing behavior
extensively (Singha and Thakur 2008, Hong 2009). In addi-
tion, the materials with phenolic end-groups can also react
with other phenols and hydroxy methylated phenols (Ekman
1965) present in phenolic adhesives. Unbleached CNF can
be one of these materials; however, there is no literature
available about its application in a mixture with PF adhe-
sive. In the following, the effect of nanocellulose-reinforced
PF resin on different properties of wood engineered panel
products (plywood, OSB, and particleboard) is reviewed
briefly. While a considerable amount of research can be
found regarding the reinforcement of urea-formaldehyde
resins with nanocellulose, publications on PF-reinforced
nanocellulose are scarce.

Plywood

Plywood is a laminated engineered wood product whose
structural application has considerably increased in recent
years. PF adhesive, mostly resole (which has more formal-
dehyde than phenol), is one of the resins that has being used
for exterior-grade plywood (Moubarik et al. 2009). The vis-
cosity of the adhesive mixture plays an important role in the
performance of this engineered wood product. Suitable
resin viscosity helps achieve optimal spreading of the resin,
desired penetration depth, and improved mechanical and
physical performances of the bond line (Hong and Park
2017). According to the GB/T2794-1995 standard, the
allowable viscosity range for plywood adhesives can vary
from 5 to 25 Pa's (Zhang et al. 2019). If its viscosity is
more than the allowable range, it is difficult to spread the
adhesive uniformly on the veneer surface and it also does
not wet and penetrate the veneer structure to create physical
interlocking. Therefore, the resulting thick glue line lowers
the mechanical strength of the plywood (Kurt and Cil
2012). However, if the viscosity of the adhesive mixture is
lower than the permissible range, it may lead to difficulties
for the application of the adhesive and pressing of the ply-
wood. The overpenetration of the low viscosity adhesive
into the wood structure results in a starved bond line and a
thin layer of adhesive with low adhesion strength (Frihart
2005). In the manufacture of plywood, organic (walnut shell
flour, wood flour, bark powder, soybean powder, and corn
cob residue) or inorganic (calcium carbonate, clay, talcum
powder) fillers are usually used to adjust the resin viscosity,
prevent excessive penetration of adhesive into the veneer,
reduce the adhesive consumption, shorten the assembly
time, and increase the bond-line strength (Najafi and Doos-
thoseini 2000, Yang and Frazier 2016, Cao et al. 2020, Ben-
hamou et al. 2021). Nanocellulose is another bio-based
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filler that has been considered for this application recently
and research has shown that incorporating nanocellulose
into PF is beneficial for various aspects of plywood produc-
tion such as increasing the resin viscosity, lowering the
pressing time and temperature, lowering resin spread rate,
and improving the mechanical performance of the panels,
which means promoting a more efficient use of phenolic
resins (Liu et all. 2015, 2018; Kawalerczyk et al. 2020a,
2020c, 2022a; Lengowski et al. 2021). Table 1 summarizes
the available research articles on the application of nanocel-
lulose in plywood panel production with PF resin.
According to Kawalerczyk et al. (2020c), incorporating
3, 5, and 7 percent by weight of CNC powder increases the
viscosity of PF resin by 9, 10, and 14 percent immediately
after mixing and by 18, 20, and 23 percent after 1 hour,
respectively. Adding 3—5 percent CNC to PF resin improves
the MOE and shear and bending strengths of plywood,
while 7 percent CNC addition results in agglomeration of
the nanoparticles and consequently, deteriorates the mechani-
cal properties (Kawalerczyk et al. 2020c). Three percent by
weight CNC improved the shear strength, both after 24 hours
soaking in water and after 4 hours boiling, by 19 and 16 per-
cent, respectively. Despite a great number of hydroxyl groups
and interaction sites, CNC did not show any chemical inter-
actions with PF resin; however, introducing it into PF resin
improved the fracture mechanism and plasticity of the glue
line in plywood, and produced a glue line with lower poros-
ity, which limits the occurrence of microcracks in the glue
line. As shown in Figure 1, it is believed that PF resin can
penetrate the wood cell wall along with CNC particles and
develop a strong mechanical interlocking with the wood
which can improve the mechanical properties of a glue joint
(Liu et al. 2014). In a different study, Liu et al. (2015) found
that CNC did not change the activation energy of the curing
reaction of the lignin-based phenol-formaldehyde (LPF) resin
as the differential scanning calorimetry curves of the resins,
with and without CNC, were the same, which may indicate
no reaction between CNC and LPF resin. However, in other
research with the same experiments on PF resin, higher con-
densation rates for methylolureas in the presence of CNCs
were reported, which led to a greater number of thermally
labile methylene ether linkages (Hong 2009). This translates
to the significant effect of CNC on accelerating the first stage
of PF resin curing, yet a very small or no effect on the second
stage of the resin curing. Liu et al. (2015) also found that
using CNC in the range of up to 1.0 percent based on the lig-
uid weight of the resin increases the viscosity of lignin-based
PF slightly. At higher percentages of CNC addition, the vis-
cosity increases excessively. For 1.5 percent CNC-reinforced
phenolic resin, the viscosity increased 10 times compared to
the neat resin. Based on their results, adding 0.25 percent
CNC content was suitable for inducing a good wet shear
strength in plywood, both after 48 hours of soaking and 1
hour of boiling, and with further increase of CNC content,
the strength decreased. The wet shear strength for a 1.5 per-
cent addition of CNC was still a bit higher than that of the
pure resin. Samples with higher CNC content showed a
higher wood failure percentage, which is not in agreement
with the shear test data (Liu et al. 2015). When mixing CNC
with PF resin, because of the high surface area of CNC, the
resin cannot cover the whole surface area of the nanoparti-
cles, especially in high CNC concentration (=0.5%).
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amounts of CNFs, 0.026, 0.038, and 0.064 percent by
weight, to the PF resin mixture, the viscosity of PF resin
increased by 45, 50, and 58 percent, and gel time decreased
by 26, 32, and 33 percent, respectively. Decrease in the gel
time can translate to shorter working and pressing times.
From that, 0.038 percent CNF-reinforced plywood showed
the best mechanical properties. However, incorporating
0.064 percent CNF deteriorated the properties of the ply-
wood. The authors used the adhesive spread rate of 380 g/
cm? in this research, which is quite high and according to
Vick (1999), PF resin is not capable of forming strong
bonds in the thick and variable thickness of the adhesive
layers.

Both CNF and CNC are proven to remarkably improve the
viscoelasticity and creep properties of the wood—PF resin
interface. They have synergistic effects on PF resin and act
as a foundation for the PF particles. As pointed out by Liu
et al. (2018), CNF-reinforced PF resin deforms less than the
CNC-incorporated one at the same loading condition, and its
permanent deformation after unloading is also lower (Liu
et al. 2018). This could be attributed to the different strength-
ening effects of the nanoparticles. PF resin can probably pen-
etrate the wood microstructure with accompanied CNF
fibrils. The high aspect ratio of CNFs enhanced the stiffness
of the bonding interface as a load carrier (Liu et al. 2018). PF
resin can also penetrate the CNF’s structure, then the nanofi-
brils entangle and form an interconnected and strong network
(Xing et al. 2016) which can significantly improve the visco-
elastic properties of a wooden joint. CNCs are smaller than
CNFs, and they can be transferred with the PF resin into the
wood microstructure. However, the CNC particles have a
limited reinforcement effect (Liu et al. 2018). Accordingly,
the deformation-resistance capability of CNC is lower than
that of CNF and microfibrillated cellulose (MFC) on the
wood-resin interface (Liu et al. 2018). Adding nanocellulose
particles to PF resin reduced its brittleness and improved the
wood sample flexibility, promising vast potential in many
applications (Liu et al. 2018).

In CNF, molecules regularly arrange along the cellulose
chain, giving rise to amorphous and crystalline regions. The
amorphous regions buffer against stress-reduced deforma-
tion on the wood—resin interface. CNC is a crystalline mate-
rial with no amorphous regions. Therefore, in viscoelastic
deformation, the cellulose chain of CNC has a poor curling
and stretching performance compared with CNF. CNF is a
single fibril with a higher permanent deformation due to
lower elasticity. The CNC-incorporated PF has the lowest
deformation tendency, while the CNF-incorporated PF has
a slightly higher deformation tendency. In addition, MFC-
reinforced PF showed lower initial deformation, while
CNC- and CNF-reinforced PF resins perform better with
time (Liu et al. 2018). In contrast, Fu et al. (2016) pointed
out that the CNF-PF morphology showed very high
deformability (up to 85%—90% strain) but failed to recover
their shape after being highly compressed.

OSB and particleboard

Particleboard and OSB are engineered wood products
manufactured utilizing wood particles or strands bonded
together with different wood resins. PF is one of the resins
that has been used for these applications and the amount of
its consumption is 5—15 percent wt/wt in typical commercial
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applications. Cellulose nanomaterials proved to be promising
resources for partially replacement of synthetic resins in the
wood industry to increase the adhesive viscosity, shorten the
assembly time, reduce adhesive consumption, and increase
the panels’ performance while making it lighter in weight.
For particleboard or OSB production, the adhesive is con-
verted into small resin drops (4060 pm in diameter) and
sprayed onto the wood particles or strands. In this case, the
amount of resin used is small compared to plywood, and a
continuous glue line is not formed. The bigger the grain size
of the fillers, the larger resin droplets that will be produced.
This results in poor distribution of the resin on the surface of
wood particles or strands. Table 2 lists the available literature
on the application of nanocellulose in PF resin as a bonding
agent in either particleboard, OSB, or two wood flakes.

Research by Kojima et al. (2018) showed that particle-
board bonded with 20 percent CNF develops the same prop-
erties as particleboard with 1 percent by weight neat PF
resin. CNF can attach to the surface of wood particles and
creates hydrogen bonding between them.

It is reported that adding 3 percent MFC (based on the
dry weight of resin) significantly improved the elastic mod-
ulus and strength of PF resin by 31.6 and 24.1 percent,
respectively (Wang and Xing 2016). The mechanical prop-
erties of OSB panels produced with this reinforced resin
also significantly increased. The flexural MOE increased by
~22.5 percent and the flexural modulus of rupture (MOR)
increased by ~18-23.5 percent compared to the panels con-
taining neat PF resin and similar density. Internal bond (IB)
strength was found to increase and the thickness swelling
decreased. More significantly, adding a 3 percent mixture of
microcellulose and nanocellulose fibers (which was blended
with nano-clay) to the PF resin increases the MOE, MOR,
and IB of OSB panels by 23, 29.1, and 23.2 percent, respec-
tively. The thickness swelling was also reduced by 9.9 per-
cent. The blend of micro- and nanocellulose with nano-clay
easily was dispersed into PF resin via a simple mechanical
mixer and improved the performance of OSB panels (Wang
and Xing 2016). Due to the small size of cellulosic nanoma-
terials, better interlocking and bonding between the web-
like structure of nanocellulose and PF resin can occur. The
hydrophilicity of CNF and PF increases their compatibility,
making CNF swell prior to PF polymerization. This gener-
ates a molecular cell wall-PF composite in the outer layer
of CNFs, creating a robust fiber-matrix interface (Neela-
mana et al. 2013). Although it is believed that a chemical
interaction is another cause for the improvement of the
mechanical performance of PF resin with the addition of
nanocellulose, there are conflicting data available in this
regard. For example, CH, and CH groups are produced dur-
ing the curing process of the PF resin as well as from the
interaction between PF and nanocellulose. As the two phe-
nomena occur simultaneously, there is a doubt whether these
two products are due to the chemical interaction between
nanocellulose and PF resin or due to the standard curing of
PF resin (He and Riedl 2004, Poljansek and Krajnc 2005).
Joseph (2006) reported that the cellulosic hydroxyl groups
could easily create hydrogen bonds with phenolic hydroxyl
groups of the resole at 50°C. These groups can experience
cross-condensation reactions at higher temperatures to form
the cellulosic fiber—PF three-dimensional network, increasing

NAGHIZADEH ET AL.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2024-12-26



6 the chemical interlocking strength at the hydrophilic centers
12 of the PF resin.
§ 8 When CNF or CNC is added to the PF resin and the mix-
s, | 2 ture is used as a joint for two pieces of wood flakes, the
‘é % = g mechanical properties at different distances from the bond
=18 g 2 line change (Liu et al. 2014). For instance, the bond line
E E é shows a higher elastic modulus than the locations close and
far from the bond line. This is because PF resin can pene-
3 trate the wood microstructure (Gindl et al. 2004, Liu et al.
ENE 2018). It is highly probable that the filling of pores with PF
§ 285 | | resin would increase the shear rigidity of the cell wall,
1 B2 - o which should, in turn, reduce shear deformation during
b3 ﬁ = loading. Nevertheless, Liu et al. (2018) reported no increase
% in indentation modulus in PF-infiltrated wood cell walls.
g = During PF penetration, the CNF or CNC can also partly
£ Ele | v penetrate the wood microstructure. However, accumulates
g 2|7 2 g in the glue line. In the case of being exposed to a mechani-
% 2 s cal load, CNF or CNC uniformly disperses the stress into
) the adhesive matrix and increases the load-bearing capacity
3 o of engineered wood products. Liu et al. (2014) found that in
%” % fg’ - the samples containing CNF, the modulus at 0.4 mm away
‘% £ g s lgs from the bond line was 76 percent lower than the one at the
g glg|—- —¢« bond line. Apart from the distance from the bond line, dif-
. 3 § ferent parts of the wood cell wall (middle lamella, second-
2 & ary cell wall S2 layer, and lumen) can also be affected
% = differently by the addition of nanocellulose to the PF resin
5 S (Liu et al. 2014). This can be attributed to the partial pene-
E N Nl tration of nanocellulose in the wood microstructure. The
< 2 CNF and CNC significantly increase the indentation modu-
§ & lus of the S2 layer, followed by the lumen and middle
3 lamella. Close to the glue line, the modulus of the S2 layer
§ . = increased by 67.1 and 79.0 percent for CNC and CNF,
S é S 8 respectively. Cellulose nanomaterials mostly accumulate at
_g zl2 g the bond line and have a positive impact on interlocking
S - formation between the wood substrates. Additionally, close
° 2|z Lz) 8 g and far from the glue line, the hardness of the S2 layer
3 Co=e increased by 8.92 and 49.6 percent for CNC, and by 47.7
S - and 70.3 percent for CNF. The cellulose nanomaterial—rein-
§ o 2‘ = forced PF resin improves the modulus but not the hardness
2 e = in the compound corner-middle lamellae (Liu et al. 2014).
2 - However, there is contradictory information regarding the
.§ _ effect of nanocellulose on mechanical properties of the bond
o ] X line in wood products; some results showed that by increas-
g 5 E . ing the CNC content in PF resin, a weak boundary layer is
§ = £ RS é created, and the fracture energy of the composite decreases
<Q E < S drastically (Hong 2009). The curing process of resin and
g = 3 % more cross-linking with CNC can cause shrinkage and inter-
5 E 2 nal stress in the bond line, which can be a reason for the
-.g‘ = = % lower fracture energy of PF resins with higher levels of
® £ I CNC. Additionally, the higher the degree of resin vitrifica-
% 2 T2 s tion, the higher the number of voids that appeared in the
% S| S C bond line, and the less symmetric resin penetration into the
T = g wood in CNC-containing PF adhesive. A higher number of
2‘ g voids can result from the substantial increase in resin viscos-
% & % ity at low shear rates after adding CNC, leading to difficulty
3 Q| 3 in spreading the adhesive on the wood particles and trapping
n% § 5 ) Ed % air bubbles inside the adhesive which further act as glue-line
| § S8 = s e defects and stress points (Fig. 3). It should be noted that at
cg 2= % % L”) low and high shear rates, CNC suspensions show shear thin-
§ § %"% 2 Z ning behavior, and at the intermediate shear rates, they
~ OEME | behave as Newtonian suspensions (Orts et al. 1995).
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Figure 3—Transverse image of the glue line for a mixture of
1.55 percent by weight cellulose nanocrystal and phenol form-
aldehyde resin with the red arrows showing voids. (Scale bar:
0.5 mm). This figure was adapted from Hong (2009).

Conclusion

Nanocellulose (CNC and CNF) performance as a rein-
forcement for PF adhesive is primarily dependent on the
morphology and chemistry of nano-cellulosic materials, the
adhesive properties, and the extent of dispersion and orien-
tation of nanocellulose in the adhesive matrix, as well as the
extent of penetration of the PF resin and nanocellulose into
the wood structure. Although research on the applications
of nanocellulose for the reinforcement of PF wood adhesive
is scarce, the information presented in this paper is promising
for the engineered wood panels industry in terms of advanc-
ing the physical and mechanical properties of wooden prod-
ucts, adjusting the resin viscosity, and reducing the adhesive
spread rate, curing time, and hot press time and temperature.
Nevertheless, more research is still needed to answer the
questions regarding (1) the chemical interaction between PF
resin and different cellulosic nanomaterials such as bleached
and unbleached materials, (2) the penetration mechanism of
nanocellulose into the wood cell wall and the distribution of
the nanomaterials in the bond line and adjacent wood, (3) the
effect of nanocellulose on water resistance of PF-glued wood
panels, and (4) the failure mechanisms and microscopy of the
wood bond line with nanocellulose-reinforced PF resin.
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