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Abstract: Petrochemical-based phenol–formaldehyde (PF) adhesives are widely used in plywood
production. To substitute phenol in the synthesis of PF adhesives, lignin can be added due to its
structural similarity to phenol. Moreover, micro-fibrillated cellulose (MFC) can further enhance the
bond performance, mechanical properties, and toughness of adhesive systems. Thus, the aim of
this study was to evaluate the adhesion performance of lignin–PF (LPF) adhesives reinforced with
MFC. In LPF formulations, three levels of MFC (0, 15, and 30 wt% based on the total solid content
of adhesives) were added to the homogenous adhesive mixture. Three-layer plywood panels from
birch (Betula pendula Roth.) veneers were assembled after hot pressing at 130 ◦C under two pressing
durations, e.g., 60 and 75 s/mm. Tensile shear strength was measured at dry (20 ◦C and 65% RH) and
wet conditions (water soaked at room temperature for 24 h). The results indicated that the addition of
lignin reduced the strength of LPF adhesives in both dry and wet conditions compared to the control
PF adhesive. However, MFC reinforcement enhanced the shear strength properties of the plywood.
Furthermore, a longer pressing time of 75 s/mm slightly increased the shear strength.

Keywords: bio-based adhesives; tensile shear strength; viscosity; adhesive penetration; birch veneer

1. Introduction

Phenol–formaldehyde (PF) adhesives are widely used as adhesives for exterior-grade
plywood panels, oriented strand board, and particleboards due to their high moisture
resistance, improved mechanical strength, and chemical stability that prevent wood pan-
els from delamination [1–3]. These features provide the wood panel products with im-
proved stability for exterior applications. PF adhesives are generally synthesized using
the petrochemicals phenol and formaldehyde with alkaline catalysts [4]. Concerns about
environmental and health issues on formaldehyde-based adhesives, including PF, have
promoted research efforts on bio-based adhesives from natural and renewable resources,
such as cellulose, lignin, tannin, proteins, starch, and other bio-based adhesives [5]. Lignin
is an abundant highly branched and three-dimensional polymer with a great variety
of functional groups that provide numerous active sites for chemical interactions [6,7].
It is available inexpensively as a by-product of pulping processes. Extensive research
work has been conducted to use lignin of different origins as a bio-based component in
various adhesives, such as kraft lignin [8], lignosulfonates [9] or organosolv lignin [10].
Lignin has been used as a phenol substitute for the synthesis of PF adhesives due to its
similar structure to phenol [11]. The bond quality of lignin–phenol–formaldehyde (LPF) is
comparable or even better than that of commercial PF adhesives depending on the molar
ratio of formaldehyde to lignin [8]. This is due to the higher degree of cross-linking formed
with the phenolic component of lignin structures. In addition, LPF adhesives spread much
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better than commercial PF adhesives, which ensures both cost and quality benefits [12].
Use of furfural as a cross-linking agent in LPF adhesives has been reported to increase
water resistance and induce high bond strength and good thermal stability [13].

Adhesive properties can be optimized in different ways depending on the application.
One of the obvious ways is the modification of their chemistry. However, another alternative
approach is the introduction of filler materials to the adhesive systems. Usually, fillers are
either organic or inorganic in nature [14]. The common properties of filler materials are that
they are non-volatile, non-gluing substances and insoluble in the adhesive. The purpose
of adding filler materials is to adjust the adhesives’ viscosity, improve bond strength,
reduce adhesive adsorption, limit formaldehyde emission, and lower the material costs [15].
Commonly used organic fillers are bark, wood, walnut, coconut, pecan shell, wheat and
soya bean flour, rice husk, tannin, etc., whereas inorganic fillers are in various form such as
powder (aluminum oxide and silica), fiber (glass fiber, mica), sheet-like materials (talc), and
cubic materials (chalk, barytes) [16–18]. Lignocellulosic/bio-based fillers can be used as
formaldehyde scavengers in wood panels’ production [17,18]. According to Liu et al. [14],
fillers play a crucial role in reducing formaldehyde emissions in wood adhesives, primarily
through two mechanisms. Firstly, they decrease the amount of free formaldehyde in the
adhesive by adding fillers. Secondly, these fillers can engage in chemical reactions or
physical absorption processes with formaldehyde. For instance, substances such as proteins
in wheat flour, or lignin and tannin in wood bark, may interact with formaldehyde via
various functional groups, ultimately leading to a reduction in formaldehyde emissions.
However, the type and the amount of filler greatly affect the performance of adhesives
for the manufacturing of wood panel products. The addition of fillers with a suitable
particle size has the potential to improve the bond strength of the adhesive. Moreover,
the active surface of these filler particles can serve as sites for cross-linking multiple long
molecular chains, thereby forming a network structure [19]. Fillers with relatively large
particle sizes make it difficult to obtain homogenous adhesive mixtures and hinder an even
spreading of the modified adhesive. On the other hand, nanoparticles or nanofibers from
high-strength materials can lead to high-performance adhesives [20,21]. The choice of the
filler material depends on the specific properties that the manufacturer is trying to achieve
in the wood adhesive.

Cellulose is the most abundant, inexpensive, and readily available biopolymer found in
nature and the main constituent of wood. Micro-fibrillated cellulose (MFC) and
cellulose nanocrystals (CNC) produced thereof have been added to various adhesives
to improve bond performance and the mechanical properties of wood products [15,20].
In MFC, cellulosic objects are usually obtained by purely mechanical pulp processing,
while CNC production involves an additional acid hydrolysis step. MFC is character-
ized by its extended surface area with an increased number of functional hydroxyl (-OH)
groups. Several studies showed the mechanical improvement offered by MFC [22–25].
Therefore, it showed great potential to reinforce synthetic, petrochemical-based adhesives,
such as urea–formaldehyde (UF), melamine–urea–formaldehyde (MUF), polyvinyl acetate
(PVAc), and PF, for subsequent improvement in the mechanical properties of the wood
composites [20,26,27]. However, the effect of MFC in an LPF adhesive system has not
yet been explored. This study was conducted with the aim of increasing the content of
bio-polymers in the adhesive formula for manufacturing three-layer birch plywood panels
by reinforcing the LPF adhesives with MFC. Therefore, the current study hypothesizes that
the new LPF formulation containing MFC will provide good water resistance and a more
stable multi-dimensional network structure for plywood production.

2. Materials and Methods
2.1. Adhesives, Hardeners, and MFC

Commercial Bakelite® phenol–formaldehyde (PF) 128 and lignin–phenol–formaldehyde
(LPF) 1135 adhesives, and their respective hardeners Bakelite® PFH 676 and Bakelite® PFH
6055 were kindly provided by Hexion Oy, Puhos, Finland. The technical characteristics of
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PF128 and LPF 1135 adhesives are given in Table 1. Micro-fibrillated cellulose (MFC) with
a pH value of 8.0, fibre length of 311 µm, and solid content of 1.9% was kindly provided by
FiberLean MFC® (Par Moor Center, Par, UK).

Table 1. Properties of phenolic adhesives.

Adhesive Solid
Content (%)

Viscosity
(mPa·s)

Free
Formaldehyde (%)

Free
Phenol (%)

Specific
Gravity

PF 128 47.0–49.0 250–320 <0.1 <0.1 1.18
LPF 1135 42.5–43.5 300–350 <0.1 <0.1 1.21–1.22

PF: Phenol–formaldehyde; LPF: lignin–phenol–formaldehyde.

2.2. Adhesive Formulations

For lignin–phenol-based adhesives, the required amount of adhesive was mechanically
stirred for 5 min at 100 rpm, respective hardener was added and mixed at 800 rpm for
10 min, then 25–27 ◦C of water was added, and the adhesive was stirred for a further 5 min
at 800 rpm and then 2 h at 250 rpm until a homogenous mixture was achieved. Three levels
of MFC (0, 15%, and 30 wt% based on the total solid content of adhesives) was added to the
homogenous adhesive mixture and stirred for an additional 10 min. The solid content of
adhesive formulations was adjusted to 67.3% by regulating the water content. PF adhesive
with 0% MFC was used as a control or reference sample. Details on all experimental
adhesive formulations are given in Table 2.

Table 2. Experimental adhesives for plywood.

Adhesive Type Hardener Adhesive (%) Hardener (%) MFC (%)

PF 0% PFH 676 67.3% 14.7% 0%
PF 15% PFH 676 67.3% 14.7% 15%
PF 30% PFH 676 67.3% 14.7% 30%
LPF 0% PFH 6055 67.3% 10.7% 0%

LPF 15% PFH 6055 67.3% 10.7% 15%
LPF 30% PFH 6055 67.3% 10.7% 30%

PF: Phenol–formaldehyde; LPF: lignin–phenol–formaldehyde; PFH: hardener; MFC: micro-fibrillated cellulose.
MFC was added based on the total solid content of adhesives.

2.3. Plywood Manufacturing

Defect- and knot-free commercial birch (Betula pendula Roth.) veneers from a tangential
surface measuring 400 × 400 × 1.5 mm3 were purchased from a local producer (DecorPanel
AB, Landsbro, Sweden). The veneers were conditioned at room temperature and were used
for manufacturing 3-layer plywood. Adhesives were spread evenly on the veneer with
an amount of 150 g/m2. Assemblies were cold pressed first with a hydraulic press (AKE,
Mariannelund, Sweden) for 5 min at 8 bar/cm2 and then directly hot pressed at 17 bar/cm2

with platens temperature of 130 ◦C for two different press factors, i.e., 60 and 75 s/mm.
After pressing, the plywood panels were stored in a climate chamber for mass constancy
under a climate of 20 ◦C and 65% RH. Two plywood assemblies were prepared for each
adhesive formulation (PF and LPF) and pressing parameters (n = 24).

2.4. Adhesive Evaluation and Plywood Testing

Adhesive formulations were analyzed by means of their pH, viscosity, and gelation
time. The pH value of the adhesives was measured using a VWR pH Enomenal IS2100l
(Stockholm, Sweden). The viscosity was measured at room temperature using a TQC
rotational portable viscometer (DV1400, Capelle aan den IJssel, The Netherlands) with
a spindle SC3-5. The gelation time of the adhesives was determined by IMAL gel timer
(IMALPAL Group, San Damaso, MO, Italy).

The plywood samples were evaluated at tensile shear mode according to the standard
EN 314-1 [28], under dry and wet state conditions. For wet state, plywood samples
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were water soaked at room temperature for 24 h and then wiped with a paper cloth to
remove excess water from the surfaces. Then, tensile shear strength was measured using a
universal testing machine (MTS 810, MTS System Corporation, Eden Prairie, MN, USA)
with a constant load where the rupture occurred within 30 ± 10 s. Dry state samples were
tested after acclimatization in a climate chamber at 20 ◦C and 65% RH for three weeks.
A total of ten (10) replicates were used for every adhesive system, pressing time, and
test condition.

2.5. Adhesive Penetration

Cross-sections 15 µm thick from plywood samples were prepared using a sledge
microtome (WSL, Birmensdorf, Switzerland). Samples were fixed on glass slides with a few
drops of glycerin, covered with cover slips, and then observed under a motorized Olympus
BX63F light microscope (Olympus, Tokyo, Japan) equipped with the DP73 color CCD
cooled camera (max. 17.28 megapixel) using the software program OLYMPUS cellSens
Dimension, version 1.18 (Olympus, Tokyo, Japan). The maximum penetration of the
adhesive was measured according to the equation below [29]:

MP =
∑5

i (yi + ri−y0)

5
(1)

where MP = maximum depth of penetration (µm), yi = centroid of adhesive object with i
representing the deepest penetration (µm), ri = mean radius of adhesive object i (µm), and
y0 = reference y-coordinate of the adhesive line interface (µm).

In total, 25 measurements were performed for each adhesive type on a randomly
selected projection area of 1100 × 600 µm2. To gain a better understanding of adhesive
flow, the penetration and localization of adhesives into the wood structure was performed
on optical microscopic photographs for each case.

2.6. Statistical Analysis

For statistical evaluation, the IBM SPSS Statistics software package, version 29.0.1.0
(IBM Corporation, Armonk, NY, USA) was used to determine differences of tensile shear
strength affected by different parameters, i.e., adhesive type, level of MFC reinforcement,
pressing time, and test conditions. Univariate analysis of variance at a 0.05 significance
level was applied to tests of treatment effects.

3. Results and Discussion
3.1. Adhesive Properties

Viscosity and gel time of adhesives are two important properties that can significantly
affect their performance. Both viscosity and gel time can be influenced by factors such as
temperature, pressure, and the chemical composition of the adhesive [30,31]. Table 3 shows
some physical properties of the experimental adhesives.

Table 3. Physical properties of the experimental adhesives.

Adhesive Type Viscosity (mPa·s) Gel Time at 120 ◦C (s) pH

PF 0% 940 361 11.9
PF 15% 2530 708 11.8
PF 30% 2040 309 11.8
LPF 0% 470 1898 13.2

LPF 15% 620 514 13.2
LPF 30% 1010 238 13.2

PF: Phenol–formaldehyde; LPF: lignin–phenol–formaldehyde.

The introduction of MFC into the adhesive mixture brought about a notable change in
physical characteristics. One of the most prominent changes was the increase in viscosity,
accompanied by a decrease in gel time. This trend was consistent across various adhesive
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mixtures except for PF 15% (Table 3). The exact cause behind this anomaly remains
somewhat unclear and warrants further exploration. Moreover, a change in viscosity was
noted when lignin was introduced as a partial substitute for phenol. This substitution
resulted in a significant 50% reduction in viscosity. This finding bears particular significance,
particularly in its potential influence on the depth of adhesive penetration. Section 3.3
provides a more in-depth exploration of the implications of this lowered viscosity on
adhesive penetration in wood substrate.

Viscosity, which is one of the adhesive parameters, depends on the size and shape
of the adhesive prepolymer, the solid content of the adhesive solution, and the quantity
of additives, such as fillers or extenders [32]. The viscosity of an adhesive mixture is a
crucial parameter that plays a pivotal role in determining the applicability of the substance
as a filler or modifier in plywood production. Recent studies by Kawalerczyk et al. [15]
demonstrated that the addition of nanocrystalline cellulose to the adhesive mixture leads
to a significant increase in viscosity compared to the mixtures containing only PF adhesive.
The rise in viscosity values can be attributed to the progressive polycondensation reactions
of PF and LPF adhesives, which generate temporary bonds between the fibrils due to
the presence of hydroxyl groups on the surface of the MFC [33]. However, the viscosity
of the MFC-modified mixtures remained at a level that allowed an even distribution of
the adhesives on the surface of veneers without causing difficulties during application.
Excessively low viscosity can lead to problems during both the application and pressing
processes, such as excessive penetration into the veneer surface, resulting in an inadequate
layer that does not ensure good properties of the adhesive joint. Adjusting the viscosity level
is crucial, as Younesi-Kordkheili and Pizzi [34] confirm in their research, where they found
that it significantly affects the strength properties of the bond. Furthermore, the surface
of cellulose nanoparticles is rich in hydroxyl groups, and their location on the equatorial
positions of glucopyranose rings makes them highly hydrophilic [35]. Interfacial bonding of
nanocellulose with a phenolic adhesive can be attributed to the reaction between hydroxyl
groups of cellulose and the methylol groups of the adhesive [36]. Thus, the hydrophilic
nature of the cellulose nanoparticles’ surface and the presence of hydroxyl groups play
a crucial role in enhancing the adhesion properties of the adhesive mixture, making them
suitable for use in plywood production as fillers or modifiers.

A comparison between the reference PF adhesive with the MFC-reinforced ones,
showed a shorter gel time for the former, indicating higher reactivity. However, this in-
creased reactivity could lead to premature adhesive curing reactions, causing complications
during application. Conversely, the MFC-reinforced PF adhesives exhibited higher vis-
cosity due to MFC’s ability to act as a thickener, which can prevent the overpenetration
of the adhesive into the wood substrate [26]. Moreover, the reference PF adhesive had
a shorter gel time, indicating higher reactivity that could cause premature adhesive curing
reactions. Comparing the reference PF adhesive with the LPF ones showed a notably
shorter gel time (higher reactivity) for the reference adhesive, indicating an increase in
cross-linking density upon incorporating lignin. Pizzi and Stephanou [37] showed that
gel time is inversely proportional to the rate of polycondensation and cross-linking of
the adhesive. MFC reinforcement reduced the gel time considerably for both PF and LPF
adhesives. These findings highlight the crucial role of MFC in enhancing the adhesive
properties of PF and LPF adhesives, making them suitable for use in plywood production
as fillers or modifiers.

3.2. Shear Strength

The tensile shear strength test is a widely used method for evaluating adhesive be-
havior in plywood [38]. Figure 1 shows the shear strength of plywood samples both after
conditioning at 20 ◦C and 65% RH and soaking in water for 24 h. The addition of MFC to
the PF adhesive at elevated levels resulted in an improved shear strength, while the water
resistance of the boards did not appear to be considerably affected. In terms of relative
differences, the control PF adhesive showed higher strength values than the lignin-based
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adhesives LPF: 16% higher at a 60 s/mm pressing time and 6% higher when pressing
time was increased to 75 s/mm. The measured time-dependent shear strength provides
insights regarding the cohesive bonding strength of thermosetting adhesives. Conversely,
the addition of MFC at 30 wt% to LPF adhesives resulted in a significant increase in the
shear strength of the plywood samples, especially under dry conditions. Adding 15 wt% of
MFC to the PF and LPF adhesives increased the bonding strength by 10% for both blends
at a pressing time of 60 s/mm. When the MFC addition was further increased to 30 wt%,
these strength values were found to be 11% and 16% higher, respectively. Tests in wet
conditions showed that adding MFC to the PF adhesive reduced shear strength, while
it increased in LPF blends. Even though there was an improvement in water resistance
(shear strength in wet condition) with a higher MFC content, the difference between 15 and
30 wt% MFC addition was found to be statistically similar. Increasing the pressing time
from 60 to 75 s/mm increased the shear strength (tested in both dry and wet conditions) in
some formulations, but these differences were insignificant.
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Figure 1. Tensile shear strength of 3-layer plywood in dry and wet conditions with pressing time of
60 s/mm (above) and 75 s/mm (below). PF and LPF denote phenol–formaldehyde and lignin–PF
adhesives, respectively. Reinforcements are indicated by 0, 15, and 30 wt% of MFC based on the
total solid content of adhesives. Mean values followed by different letters within bars (capital letter
for dry and small letter for wet conditions comparison) indicate that there is a significant difference
(p ≤ 0.05) as determined by ANOVA and Duncan’s multiple range test. The error bars indicate the
standard deviations.

Findings from Solt et al. [39] indicate that PF adhesives with additions of lignin require
a higher press temperature or a longer pressing time in order to develop full adhesive joint
strength. However, in this study, it was not obvious that the tensile shear strength increased
for all adhesives both in dry and wet conditions when the pressing time was extended.
Even though an expected increase in bond strength was observed with longer pressing
times, these differences were not found to be notable. A previous study showed that
nanocellulose enforcement can reduce the pressing time and maintain the same bonding
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quality with the reference plywood panels [40]. Overall, the current experiment proved that
when MFC is admixed with phenolic adhesives up to a specific level (15 wt%), it allows
plywood properties to be equal to or even slightly better than those obtained with the
reference PF formulation.

The quality of the adhesive and bonding are directly related to the shear strength,
including factors such as homogeneity and fluidity [41]. LPF adhesives appeared to be
homogeneous and exhibited excellent fluidity, which allowed them to be spread well on
the wood surface. Good spreading of the adhesive on the wood surface is a critical factor in
achieving good adhesion [42]. Therefore, the comparable dry bond strength of the plywood
panels bonded with LPF adhesives can be related to the reactivity of the lignin and the
level of cross-linking between different components (phenol, lignin, and formaldehyde).
When MFC was added to the PF and LPF adhesive at 15 and 30 wt%, it helped to improve
or retain the shear strength compared to the reference plywood panels with PF adhesive
only. Lower adhesive reactivity and higher viscosity may have contributed to the improved
shear strength of the panels with the MFC-reinforced formulations. Similar results were
observed by Karagiannidis et al. [26], where MFC addition improved the rheology of
adhesive mixtures allowing for a smoother and more even spreading than the reference
and preventing early penetration of the adhesive mixtures into the wood substrate.

The tensile shear strength in plywood samples varied greatly, and therefore,
an ANOVA was carried out to evaluate the interaction of different variables (Table 4).
The results indicated that MFC reinforcement had a significant positive impact on the
strength. However, the introduction of lignin to the PF adhesive resulted in a significant
decrease in the strength values of the plywood samples. Additionally, the strength values
of the wet samples showed an obvious reduction. Table 4 also suggests that there is no
specific combination of parameters that could produce a significant difference in the subject
group, which affects the strength values.

Table 4. Analysis of variance (ANOVA) for tensile shear strength of plywood.

Source SS df MS F-Value Sig.

Adhesive (PF, LPF) 3.959 1 3.959 23.322 <0.001
MFC 1.646 2 0.823 4.850 0.009

Pressing time 0.104 1 0.104 0.613 0.434
Condition (dry, wet) 24.692 1 24.692 145.466 <0.001

Adhesive (PF, LPF) × MFC 0.100 2 0.050 0.296 0.744
Adhesive (PF, LPF) × Pressing time 0.001 1 0.001 0.004 0.947

Adhesive (PF, LPF) × Condition (dry. wet) 0.125 1 0.125 0.735 0.392
MFC × Pressing time 0.644 2 0.322 1.897 0.152

MFC × Condition (dry, wet) 1.088 2 0.544 3.206 0.043
Pressing time × Condition (dry, wet) 0.001 1 0.001 0.007 0.932

Adhesive (PF, LPF) × MFC × Pressing time 1.453 2 0.726 4.280 0.015
Adhesive (PF, LPF) × MFC × Condition (dry, wet) 0.006 2 0.003 0.019 0.981

Adhesive (PF, LPF) × Pressing time × Condition (dry, wet) 0.024 1 0.024 0.142 0.707
MFC × Pressing time × Condition (dry, wet) 0.162 2 0.081 0.478 0.621

Adhesive (PF, LPF) × MFC × Pressing time × Condition (dry, wet) 1.212 2 0.606 3.570 0.030

SS: sum of squares; df: degrees of freedom; MS: mean of the squares; Sig.: at 5% level of significance;
PF: phenol–formaldehyde; LPF: lignin–phenol–formaldehyde; and MFC: micro-fibrillated cellulose.

The wet shear strength of plywood panels is an important factor to consider when
evaluating their quality and durability. This particular strength is affected by a number of
factors, including the addition of lignin to the adhesive used in the panels. It was observed
that the wet strength of the panels decreased compared to their dry strength, which can be
attributed to the amphiphilic structure of lignin. Lignin contains both polar and non-polar
parts, and some of the free parts of lignin that do not contribute to cross-linking with phenol
and formaldehyde can be degraded by water absorption, thus leading to a decreased wet
strength [41]. However, the addition of lignin to a PF adhesive, which is commonly used as
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the adhesive in plywood panels, does not necessarily result in a decrease in wet strength. In
fact, the findings of this research work indicate that the plywood panels with added lignin
still exhibit approximately equal wet strength compared to standard panels, regardless of
the pressing times used during manufacturing. This suggests that lignin can be a viable
option for improving the strength of plywood panels, even in wet conditions.

3.3. Adhesive Penetration

The process of adhesive application to wood products involves a complex interplay
between the adhesive and the cellular structure of the wood. As the adhesive flows into
the wood, it infiltrates the cell walls and creates what is known as the wood adhesive
interphase, as shown in Figure 2. This interphase is the region where the wood and
adhesive materials are combined, forming a zone of penetration. Adhesive penetration
was observed in all cells near the bondline, including vessels, fibers, and ray parenchyma.
Without the addition of MFC, deeper penetration was observed in the PF compared to the
LPF adhesive; however, this difference was found to be statistically similar. The addition of
MFC to the adhesive blend decreased penetration depth. All LPF blends exhibited lower
viscosity than PF blends, resulting in better penetrability into the wood substrate. The
addition of MFC increased viscosity, thereby restricting penetration depth. This effect was
also observed for PF adhesives with 15 wt% MFC compared to those with 0 and 30 wt%
MFC (Figure 3).
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Figure 3. Maximum penetration of the different adhesive types in plywood samples. PF and LPF
denote phenol formaldehyde and lignin–PF adhesive, respectively. Reinforcements are indicated
by 0, 15, and 30 wt% of MFC based on the total solid content of adhesives. Pressing time 60 s/mm.
Mean values followed by different letters within bars indicate that there is a significant difference
(p ≤ 0.05) as determined by ANOVA and Duncan’s multiple range test. The error bars within the
columns indicate the standard deviations.
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The introduction of lignin into the adhesive mixture, substituting a fraction of the
phenol content, could have the effect of lowering viscosity and enhancing penetration
depth. This outcome is clearly depicted in Figure 3. Adhesive penetration is a crucial
factor in bond performance, but it can be challenging to evaluate bond performance based
solely on penetration depth. Other factors, such as cohesive strength, covalent bonding,
and secondary chemical bonding, which can vary depending on the formulation, may
have a more significant impact. Greater penetration results in increased surface contact
between the adhesive and the wood, which raises the potential for secondary bonding
forces and covalent bonding and ultimately strengthens the bond by increasing the surface
area of contact between the adhesive and the wood fibers. However, excessive penetration
can result in weakened bonds due to inadequate adhesive coverage, leaving insufficient
adhesive at the interface, known as a ‘starved’ bondline [43]. In addition, the degree of
penetration is influenced by various factors, including wood species, anatomical orienta-
tion, surface roughness, adhesive type, viscosity, applied pressure, and temperature [44].
Optical micrographs illustrate the varying degrees of penetration achieved by the different
experimental adhesives (Figure 2). A higher viscosity corresponds to a narrower interphase
represented by the brown-colored adhesive. Therefore, while increased penetration depth
can result in stronger bonds by increasing the surface area of contact between the adhesive
and wood fibers, other factors such as adhesive coverage and chemistry must also be taken
into account to achieve optimal bond performance. As long as the adhesive fills out the
topmost surface forming a cell layer, there is no correlation between the bonding quality
and the penetration depth [45].

The replacement of lignin with phenol in the LPF adhesive showed similar water
resistance compared to the conventional PF adhesive. Other studies showed even better
moisture resistance [46,47]. The addition of MFC further increased the bonding strength
for the dry conditioned samples; however, such an effect was not evident for all types of
wet plywood samples (Figure 1). This could be related to the increase in viscosity and less
penetration into the wood substrate. There was no significant positive effect on the shear
strength of plywood panels when the MFC addition levels increased from 15 to 30 wt%. It
was observed that the addition of 15 wt% MFC was enough to increase the shear strength
both in dry and wet conditions. This effect was clear from the increase in viscosity and the
penetration depth of adhesives (Table 3 and Figure 3). The tensile shear strength is related
to both the viscosity and penetration depth of the adhesive. An optimal balance between
viscosity and penetration depth is necessary to achieve strong adhesive bonds. Therefore, it
is important to carefully consider the specific adhesive system being used and the potential
benefits and drawbacks of applying MFC reinforcement. Overall, these findings highlight
the complexity of factors that can affect the strength and durability of plywood panels, and
the importance of carefully selecting and evaluating the materials and methods used in
their manufacture.

The quality of the bond between the wood and adhesive is crucial for the overall
strength of the final product. However, the variation in tensile strength cannot be solely
explained by the depth of adhesive penetration, as the interactions between the wood and
adhesive are complex and influenced by processing parameters, adhesive formulation, and
the characteristics of the wood itself. Even though a higher amount of MFC reinforcement
resulted in thin interphases that prevented overpenetration, it still enabled a comparable
shear strength of the plywood panels to be maintained.

4. Conclusions

Petrochemical PF adhesives could partially incorporate lignin and the performance of
plywood panels could be enhanced by the introduction of MFC in the adhesive mixture.
The viscosity of adhesive mixtures is a critical factor in plywood production. Adding MFC
to the mixture generally increased viscosity without causing difficulties during application
or pressing. Except for the adhesive 15%, the MFC reinforcement reduced the gel time
for PF and LPF adhesives and improved their properties for plywood production. PF had
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higher strength than LPF adhesives, but LPF had better fluidity and homogeneity, leading
to good penetration and adhesion. The wet strength of PF plywood decreased with the
substitution of phenol with lignin. A longer press time of 75 s/mm had no significant
effect on shear strength but adding MFC to plywood adhesives improved bonding strength
without affecting water resistance. Increasing the addition levels of MFC at 30 wt% in
LPF did not significantly improve shear strength compared to the lower level of 15 wt%.
Nevertheless, MFC can be added as a thickener in LPF adhesive mixtures for plywood
production while maintaining the panel performance. Overall, these findings emphasize
the potential of replacing phenol with lignin and incorporating it in adhesives for the
manufacture of high-quality and durable plywood panels. Further research on the curing
mechanism of LPF-MFC adhesives and the biological resistance of final products needs to
be conducted.
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