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Abstract

Cardanol is a derivative of cashew nut shell liquid (CNSL) and has the potential to be
used when developing adhesives for wood boards. Adding nanostructures to adhesive can
increase its bonding and reduce formaldehyde emission. Therefore, this study aimed to
evaluate the different concentrations of nanolignin (1, 2, and 3%) added to the cardanol-
formaldehyde adhesive for gluing plywood, in comparison to the cardanol-formaldehyde
adhesive without nanolignin (0%). The plywood’s physical, mechanical, and formaldehyde
emission properties were assessed. Plywoods with nanolignin showed shear strength in-
creases of around 160% in the wet condition. With the addition of nanolignin, the modulus
of rupture and of elasticity increased by approximately 150% and up to 400% in the parallel
direction, respectively. The resistance to combustion also significantly improved. Physical
properties did not show statistically significant differences with the percentages of nano-
lignin. Despite the increase in formaldehyde emission with nanolignin, all treatments met
the marketing requirements (≤80 mg of formaldehyde/kg), demonstrating the adhesive
potential for indoor use in plywood industries. Natural adhesives using cardanol and
nanolignin are an innovative and ecological alternative, combining sustainability and high
potential to reduce environmental impacts, which is aligned with at least four sustainable
development goals (SDGs).

Keywords: wood boards; nanotechnology; free formaldehyde; natural adhesives

1. Introduction
Wood can be processed into different shapes and sizes and reconstituted to create

new products. To meet this objective, different adhesives and appropriate methods and
processes must be used for each product type, application, and end-use. Most adhesives
used in wood composites are formaldehyde-based, including phenol-formaldehyde (PF),
urea-formaldehyde (UF), and melamine-formaldehyde (MF), due to their excellent adhesion
properties [1]. Among polymeric adhesives, PF has been widely used to manufacture wood
composites, such as plywood, fiberboard, and particleboard [2,3].
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However, these adhesives have the disadvantage of undesirable effects, including
respiratory diseases and degradation of air quality, mainly due to free formaldehyde
emission [4]. Furthermore, exposure to formaldehyde through regular contact in indoor
environments negatively impacts human health, and formaldehyde is classified as a car-
cinogen by the World Health Organization (WHO) and the US Environmental Protection
Agency (EPA) [5,6].

Thus, formaldehyde emission, depletion of petroleum resources, and increasing at-
tention to environmental protection have increased the demand for adhesives made from
renewable biological resources [1,7]. In this context, cardanol, a renewable and harmless
organic byproduct of the cashew industry, is obtained from agricultural residues removed
from cashew nut shells by a commercially viable distillation method [8]. Compared to simi-
lar phenolic derivatives, cardanol has a rigid benzene ring and a long, flexible, hydrophobic
alkyl chain with multiple unsaturated bonds. Its low volatility and viscosity make it a
suitable choice for preparing reactive diluents for petroleum-based epoxy resin [9]. In
addition to its structural benefits and renewable nature, its low cost and toxicity make it an
attractive candidate over petroleum products [10].

Cardanol also stands out for having high electrical insulation and good thermal sta-
bility. Its structure has broad functionality with three reactive sites, phenolic hydroxyl,
aromatic ring, and unsaturation in the alzimyl side chain [11]. In addition, it can be
polymerized in several ways, with the most common being the production of alkyd
adhesives through side chain addition polymerization and the production of phenolic
adhesives through condensation polymerization with aldehydes [12,13]. In polymer-
ization with formaldehyde, cardanol presents greater reactivity due to the presence of
two hydroxyl groups in the aromatic ring favoring the selective polymerization of CNSL
phenolic monomers [14].

Several technological applications have used cardanol, such as in thermosetting ma-
trices in composites reinforced with buriti fibers [15], sugarcane bagasse [16,17], den-
sified laminated wood [18], bio-based polymers and additives [19], and adhesives for
particle panels [14,20].

Lignin has also emerged as an advantageous material for developing inexpensive,
biodegradable, and environmentally friendly products [21]. The phenolic nature and the
presence of several functional groups (OH, COOH, OCH3, and C=O) in lignin raise the
possibility of its value in several fields, such as wood adhesives [22]. In biomass, lignin
acts as a natural glue that holds the cellulose fibers within the plant structure, giving
it rigidity and strength while also providing water transport and protecting the plant
from environmental degradation [2]. Given the high structural similarity of lignin to
phenols, lignin is an ideal biological polyphenol to displace phenols in PF matrices and
cross-link formaldehyde from the free aromatic C3 and C5 positions, present mainly in the
hydroxyphenyl and guaiacyl units [23].

The presence of aromatic ring and robust molecular interactions makes lignin a promis-
ing bio-based candidate for reinforcement in polymeric materials [24].

Based on the polyphenol structure of lignin, lignin can be integrated into the polymer-
ization of phenolic adhesive as an alternative to petroleum-derived monomer [25,26]. Most
research focuses on the development of thermosetting incorporated phenolic adhesives,
which are prepared under alkaline catalysis with formaldehyde/phenol and are generally
used as adhesives or foaming precursors. Thermoplastic phenolic resin (novolak resin) is
another type of adhesive used in powder, fiber and adhesive molding applications, but
lignin-novolak resin attracts less research interest [27–29]. This type of adhesive is prepared
under acid catalysis with F/P and thus forms a basically linear molecular structure. As
expected, lignin is less reactive than phenol as it has fewer reactive sites available to react
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with formaldehyde, limiting the amount of lignin that can be incorporated to achieve the
desired curing and mechanical properties [30].

That way, the direct use of Kraft lignin in commercial adhesives, such as PF, requires
high pressing time and temperature due to its low reactivity, which can harm the strength
of the panels, as in the work of Luckman et al. [31], which showed that the gradual
percentage addition of lignins to UF impaired the dimensional stability and strength and
stiffness properties of the panels. Therefore, using lignin without modification is not
commercially advantageous for this application. Thus, a new approach is seen in obtaining
lignin nanostructures since they have a high surface area. When mixed with polymers,
they interact closely with the polymer matrix. They can significantly increase the final
composite’s physical–mechanical performance, thermal stability, and barrier properties
compared to lignin without nanoparticularization [32].

Compared to lignin, lignin nanoparticles offer advantages such as regular geometry,
controllable size, larger specific surface area, improved dispersion, enhanced compatibility,
and better reducibility to metal ions [33]. In addition to chemical interactions, lignin
physically incorporated into the adhesive matrix in nanometric form promotes increased
structural rigidity, due to its high surface area and dense aromatic nature. Studies such as
those by Gong et al. [34] and Liu et al. [30] demonstrate the viability of these interactions
and their positive impact on adhesive performance.

Some studies have already demonstrated the use of nanolignin in adhesive formula-
tions. Younesi-Kordkheili et al. [35] developed a cold plywood adhesive based on polyvinyl
alcohol (PVOH), maleated nanolignin, and hexamine. Zhu et al. [36] used alkali amine-
amplified lignin nanoparticles in wood adhesive.

Considering the above and highlighting the importance of studies on the use of
natural products in adhesive formulations, this study aims to analyze the influence of three
different concentrations of nanolignin in cardanol-formaldehyde-based adhesives on the
physical–mechanical characteristics of boards, as well as intending to reduce formaldehyde
emissions. The dynamics of natural adhesives with cardanol and nanolignin are aligned
with at least four Sustainable Development Goals (SDGs), including SDG 9—Industry,
Innovation and Infrastructure, SDG 12—Responsible Consumption and Production, SDG
13—Climate Action and SDG 15—Life on Land.

2. Materials and Methods
2.1. Preparation of Materials

The species used for plywood production was Pinus oocarpa, 18 years old, collected in
an experimental plantation located in Lavras, a southern region of Minas Gerais (Brazil),
coordinates 21◦14′45′′ S, 44◦59′59′′ W and altitude of 920 m. Three trees were cut with a
chainsaw and a disc was removed at 1.30 m from the ground for chemical characterization
and basic density.

The trees were sectioned into 58 cm logs and heated at 70 ◦C for 24 h in water to
facilitate the lamination. After heating, 2 mm veneers were obtained using a rotary lathe
and dried at approximately 105 ± 2 ◦C for 24 h until reaching 3% (dry basis). Cardanol
was supplied by Resibras Cashol, located in Fortaleza (Brazil). The material is liquid
and dark brown in color. Kraft lignin was obtained (powder) from Eucalyptus sp. from
a pulp and paper company. Using a top-down approach, a solution of 300 g of lignin in
3 L of water was prepared and homogenized for 40 min at 500 rpm with a High Torque
Mechanical Agitator—NT 134, with adaptations described in Lopes et al. [37]. The lignin
nanostructures were obtained by a mechanical process using a Super Masscolloider Masuko
Sangyo MKCA6-2 mill with 10 passes at 1500 rpm. The distance between the mill discs was
set at 120 µm. The total energy consumption of the process was 4366.39 kWh/t.
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2.2. Characterization of the Wood

The basic density of Pinus oocarpa was determined following the guidelines of the
standard NBR 11941 [38]. The chemical constituents were determined after grinding the
raw material in a knife mill, using the fraction that passed through the 40 mesh (0.420 mm),
retained in the 60 mesh (0.250 mm) according to the following standards: total extractive
content [39]; insoluble lignin content [40]; ash content [41]; and holocellulose content
(cellulose + hemicelluloses) obtained according to [42].

Fourier transform infrared spectroscopy (FTIR) was carried out on a Shimadzu
IRAffinity-1 spectrophotometer, with samples dried at 60 ◦C for 3 h. Pellets contain-
ing KBr and 5% (w/w) of the sample powder were prepared. For the reference spectrum,
a pellet of pure KBr was analyzed. Each spectrum was recorded with 32 scans, using a
resolution of 4 cm−1, in the spectral range from 4000 to 400 cm−1.

2.3. Adhesive Formulation and Characterization

The cardanol-formaldehyde adhesive was synthesized according to the study by Faria
et al. [14]. Paraformaldehyde with a pH of 8.5 and a solid content of approximately 95%
to 99% was used. The pH of cardanol was 7.94, with a solid content of 96.91%. Cardanol
was heated in a water bath at 90 ◦C and formaldehyde was added in a ratio of 1:5 (200 g
formaldehyde: 40 g cardanol). After 60 min, the catalyst (4.62 g) of NaOH (2.0 M) was
added. Once the endpoint was reached, at which the adhesive reaches the desired viscosity,
the nanolignin was gradually incorporated into the adhesive, under vigorous stirring with
a ballerina, to ensure the homogenization. The application of lignin nanostructures in the
adhesive was carried out according to Lopes et al. [37]. The authors applied the mixture of
lignin nanoparticle suspension to the adhesive at room temperature at concentrations of 1,
2 and 3%, by mass, based on the total mass of the adhesive.

The adhesives were characterized according to the following properties: solids content
ASTM D 1490-01 [43], viscosity ASTM D1200-10 [44] and pH, determined by direct readings
on a Tecnal Tec-3mp pH meter. Three samples were evaluated for all tests. The resistance
of the adhesive to thermal degradation was evaluated by thermogravimetric analysis
(TG), using the Shimadzu DTG-60AH equipment. For each test, 2 mg samples were used,
subjected to a heating rate of 25 ◦C/min, from 30 ◦C to 600 ◦C, under a continuous nitrogen
flow of 50 mL/min. The curves obtained were analyzed using the software Origin Pro
version 8.5.

2.4. Adhesion Performance

Five-layer plywood with dimensions of 300 × 300 × 15 mm was produced. The
cardanol-formaldehyde adhesive formulations modified with lignin nanostructures were
applied to the wood veneers with a spatula (Figure 1), with a grammage of 280 g/m2, with
pressing cycle parameters of 1.0 MPa, for 10 min at 160 ◦C using an automatic hydraulic
press. After pressing, the boards were acclimatized at 20 ± 2 ◦C and relative humidity of
65 ± 5%, stored until constant mass. Four types of plywood were produced with different
levels of nanolignin (0, 1, 2, and 3%). For each composition, three replicates were produced,
totaling 12 plywoods.

To assess the physical and mechanical properties, the panels were subjected to the
sawing process to remove the edges, and subsequently to a circular saw to obtain the
samples. Table 1 indicates the tests performed and the established standards.
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Figure 1. Production of plywood.

Table 1. Physical and mechanical properties of the plywood.

Property Total Samples Dimensions (cm) Standard

Apparent density (g/cm3) 6 8 × 2.5 NBR 9485 [45]
Moisture (dry basis) (%) 6 8 × 2.5 NBR 9484 [46]

Total water absorption (%) 6 8 × 2.5 NBR 9486 [47]
Shear strength (dry, wet and post-boil) (MPa) 9 10 × 2.5 NBR 12466-1 [48]
Static bending with evaluation of modulus of

elasticity (MOE) and modulus of rupture (MOR)
(MPa)

9 25 × 5 NBR 9533 [49]

2.5. Microstructural Analysis

After the static bending test, micrographs of the fractured surface regions of the ply-
wood were obtained. The images were acquired using a Zeiss EVO 40 scanning electron
microscope (SEM), operating at 15 kV and a probe current of 2 nA. The samples analyzed
were previously metallized with gold to ensure electrical conductivity. The micrographs
were captured using secondary electron and backscattered electron detectors, with a work-
ing distance of 8.5 mm and no sample tilt.

2.6. Formaldehyde Emission

The plywood’s free formaldehyde emission was analyzed using the (static) flask
method according to European standard 717-3 [50]. The panel samples were suspended
in a special device with over 50 mL of distilled water in polyethylene bottles (500 mL).
The fully sealed bottles were oven-dried for 3 h at 40 ◦C. They were then placed at room
temperature to achieve complete formaldehyde absorption. Quantification was performed
by UV/VIS spectroscopy at 412 nm using the acetylacetone method.

2.7. Thermal Evaluation of Plywood

Thermal evaluation of the boards was performed using the methodology of Setter
et al. [51], and Faria et al. [52]. Four samples (2.5 × 2.5 cm) were sectioned per board. The
method consists of a device composed of a combustor made of galvanized iron sheet, an
aluminum and wood base, a temperature controller, a scale with a precision of 5 mg, and
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an aluminum screen that surrounds the combustor to protect it from wind interference
during combustion. Mass loss and temperature data were recorded every minute during
the test and processed to construct mass × time and temperature × time curves.

2.8. Experimental Design and Data Statistical Analysis

A completely randomized design was adopted to evaluate the treatments with
cardanol-formaldehyde adhesives with lignin nanostructures of 1, 2 and 3% for all tests
and compared with samples without lignin addition (0%). Analysis of Variance (ANOVA)
and Scott–Knott test at 5% significance were performed for all tests.

3. Results and Discussion
3.1. Characterization of Materials

The average basic density of Pinus oocarpa was 0.52 g/cm3 (Figure 2). The basic
density may vary according to age and environmental factors. The value found in the
study was similar to that observed by Matos et al. [53], who reported a value of 0.53 g/cm3.
Brito et al. [54] found a value of 0.55 g/cm3 for the same material in their study. The
great acceptance of the Pinus species is due, in particular, to their medium to low density.
However, the chemical composition, anatomical structure, and adhesive content must
be considered. According to Iwakiri et al. [55], greater adhesive penetration occurs in
low-density woods due to their greater porosity. The adhesive viscosity must be increased
to avoid the formation of the “hungry glue line”. On the other hand, high-density wood can
result in more remarkable dimensional changes, causing greater tension in the glue line.

Figure 2. Chemical composition and basic density of Pinus oocarpa.

In the chemical analyses, the average content of total extractives obtained for Pinus
oocarpa was 7.12 ± 0.98%, a value close to that reported by Lourenço et al. [56] and Furtini
et al. [57], who obtained 6.80% and 7.38%, respectively. According to Santiago et al. [58], the
extractive content is one of the most critical parameters for bonding. When found at high
levels, it can negatively contribute to the adhesive’s curing and polymerization, reducing
the board’s quality and final performance. Thus, the value found in the present study is
acceptable for plywood production.

A value of 29.49 ± 0.13% was obtained for insoluble lignin, relatively similar to those
found by Brito et al. [54] at 29.34% and Furtini et al. [20] at 29.20% for the same species.
Higher lignin contents in lignocellulosic materials are desirable for reconstituted wood
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materials. Despite being considered a natural adhesive, lignin can provide a higher quality
of panel adhesion [2]. Due to its aromatic structure, lignin is more hydrophobic than
the holocellulose fraction. The average holocellulose value was 63.32%, similar to that
obtained by Villarruel et al. [59] (63.29%). Holocellulose has hydroxyl groups that increase
the capacity of the wood concerning water adsorption [60].

The value for the ash content obtained in this study was 0.31 ± 0.09%. This property
is directly related to the varieties of the material, type of fertilization, cultivation conditions,
growth site, age, and several other factors [54]. The presence of high ash concentration can
block the reactive sites for adhesion with polar adhesives, affecting the bonding quality
and mechanical performance [61]. Thus, the chemical composition of Pinus oocarpa wood
shows that this material does not limit the production and veneer quality.

In Figure 3, transmittance curves by wavenumber resulting from the FTIR analyses
are plotted. It was possible to observe similar chemical bonds present in the cardanol and
the cardanol-formaldehyde adhesive, represented by different transmittance intensities
(Figure 3a,b).

 

Figure 3. FTIR spectra with significant variations between 500 and 4000 cm−1: (a) cardanol;
(b) cardanol-formaldehyde adhesive; and (c) nanolignin.

The absorption band at 3333 cm−1 typically corresponds to O–H (hydroxyl) chemical
bonds, which are present both in the phenolic structure of cardanol and in the guaia-
cyl and syringyl aromatic rings of lignin. This band was more prominent in the nano-
lignins at 3330 cm−1 (Figure 3c), indicating that the production of lignin nanoparticles
using the top-down approach promoted greater reactivity, forming a higher number of
hydrogen bonds [62].



Fibers 2025, 13, 95 8 of 20

The characteristic absorption bands at 2920 and 2850 cm−1 are related to the C–H
stretching vibration of the aliphatic side chain present in cardanol. The peaks around
1592–1632 cm−1 indicate the presence of C=C bonds in the aromatic ring, while the peaks
around 1452–1458 cm−1 correspond to C–H deformation vibration [63].

The peaks around 1220–1265 cm−1 correspond to C–O stretching vibrations in phenol,
while the peaks around 1149 cm−1 are attributed to C–C skeletal vibrations. The bands
around 988 cm−1 indicate C–H bonds in aromatic rings, whereas the peaks near 691 and
717 cm−1 suggest the presence of aliphatic chains. Similar results have been reported in
Faria et al. [14], Balaji et al. [16] and Mestry et al. [63].

3.2. Adhesive Characterization

The viscosity of the cardanol-formaldehyde adhesives with nanolignin was lower than
the control and did not differ statistically between 2 and 3% nanolignin (Table 2). Similar
results were found by Faria et al. [14] with 1.55 Pa·s and by Furtini et al. [20], who found
viscosity ranging from 1.81 to 0.11 Pa·s for urea-formaldehyde adhesive with cardanol in
the composition. The high viscosity of adhesives (>1.5 Pa·s) tends to decrease their fluidity,
which may result in low operability due to the difficulty of applying the adhesive. On the
other hand, very low viscosity may result in exacerbated absorption by the panel, called a
“hungry glue line”, and impair the final product quality [55].

Table 2. Characterization of the cardanol-formaldehyde adhesive with different proportions of
nanolignin.

Treatment (Nanolignin Content %) Viscosity (Pa·s) Solids Content (%) pH

0 2.32 ± 0.50 * c 95.82 ± 0.64 d 9.73 ± 0.07 c
1 1.49 ± 0.10 b 81.30 ± 0.69 c 9.57 ± 0.05 b
2 1.11 ± 0.10 a 75.23 ± 2.40 b 9.51 ± 0.10 b
3 0.74 ± 0.45 a 71.05 ± 0.18 a 9.39 ± 0.08 a

* Standard deviation; averages followed by the same letter in the same column do not differ significantly from
each other by the Scott–Knott test at the 95% probability level.

The solids content showed statistical differences, contributing to the reduction in val-
ues as different proportions of nanolignin were added. According to Galdino et al. [64], the
solids content indicates the percentage of reactive sites with the binder, with higher values
resulting in more consistent and viscous adhesives. Faria et al. [14] found a solid content
of 73.57% for the cardanol-formaldehyde adhesive, close to the treatments with 2 and
3% nanolignin. In the study carried out by Furtini et al. [20], as the cardanol concentrations
increased, the solids content varied from 70.04 to 86.93%, while Parameswaran et al. [65]
observed a solids content of 78% for the phenol-cardanol-formaldehyde adhesive and 81%
for cardanol-formaldehyde, values close to this study.

The pH of the treatments with 1 and 2% nanolignin were statistically equal, and
different from the control and 3% nanolignin. Furtini et al. [20] found pH ranging from 6.86
to 5.86, results lower than this study. Adhesives with relatively low pH can contribute to the
degradation of lignocellulosic materials, while adhesives with high pH can provide foam
in the glue line [14]. Nevertheless, the pH values of the present study did not impair the
plywood production. These reductions in the solids content and pH values when adding
nanolignin may be associated with the differences in crosslinking these adhesives [64].
Evaporation of unreacted formaldehyde may have occurred for resins with lower solids
content and the water formed in the reaction since nanolignin suspension contains more
than 90% water. Solt et al. [66] reported that resins with Kraft lignin have a longer gel time
due to a lower value of free formaldehyde, compared to synthetic polymers.
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Thermogravimetric analysis (Figure 4) presents the degradation process of the adhe-
sives. The first stage occurred from 25 ◦C to approximately 100 ◦C, when all the adhesives
lost mass due to the evaporation of water and other low-molecular-weight chemical com-
pounds (e.g., formaldehyde) [67].

 

Figure 4. Thermal degradation of the adhesive. (a) Mass loss with increasing temperature; (b) first
derivative of TGA (DTG).

Between 100 and 280 ◦C, all treatments show similar and apparently more stable
decomposition performance. However, adhesives containing nanolignin progressively
lose mass (4–18%) within this temperature range (Figure 4a). Nanolignin degrades at
temperatures between 280 and 500 ◦C, with the greatest weight loss observed in the treat-
ment containing 2% nanolignin. Between 400 and 500 ◦C, the mass loss of the adhesives
was faster. This significant loss is attributed to the thermal decomposition of the pheno-
lic/aromatic polymeric structure of lignin [68]. After approximately 500 ◦C, all adhesives
are relatively stable up to around 600 ◦C.

The DTG curves indicate the temperature when the degradation rate was the maxi-
mum (Figure 4b). The highest peaks appear between 400 and 500 ◦C for all the samples.
The pyrolytic degradation in this region for the adhesives with lignin nanostructures in-
volves the fragmentation of bonds between lignin units, releasing monomeric phenols into
the vapor phase. Only after 500 ◦C did all adhesives show highlighted similarities, with
condensation reactions and the decomposition of aromatic rings in the lignin structures
also occurring [22].

3.3. Physical–Mechanical and Microstructural Properties of Plywood

The average apparent density of the panels ranged from 0.75 to 0.79 g/cm3, with no
statistical difference between the treatments (Figure 5a). The apparent density of plywood
depends on the wood species, the moisture content of the veneers, the temperature, and
the pressing pressure used in manufacturing.

For moisture in the dry base of the plywood, there was no significant effect of any
treatments (Figure 5b). The values were lower than those found in Pipíška et al. [69],
when evaluating the moisture of plywood from Picea abies wood glued with phenol-urea-
formaldehyde, under different pressures in adjacent layers, obtaining values ranging from
8.1 to 8.7% moisture. This result of the present study may indicate that the acclimatization
period of the plywood before the tests was suitable, homogenizing their moisture contents.

The average water absorption after 2 and 24 h did not show statistical differences
between treatments (Figure 6). This was probably due to cardanol, which presents hy-
drophobic characteristics, providing reduced water absorption [70]. In addition, the high
specific surface area and porous structure of nanolignin may also contribute to increased
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contact with the cardanol-formaldehyde adhesive, resulting in improved nanolignin reac-
tivity and maintaining low water absorption of the plywood.

 

Figure 5. (a) Apparent density and (b) moisture content of plywood; averages followed by the same
letter do not differ significantly by the Scott–Knott test at the 95% probability level.

Figure 6. Water absorption after 2 and 24 h as a function of nanolignin concentration to the cardanol-
formaldehyde adhesive; averages followed by the same letter do not differ significantly by the
Scott–Knott test at the 95% probability level.

The present study obtained lower water absorption than that found by Setter et al. [71]
working with Schizolobium amazonicum and Pinus oocarpa plywood glued with urea-
formaldehyde (UF) and phenol-formaldehyde (PF), finding 82.84 and 67.36% with UF,
and 71.93% and 62.76% with PF, respectively, of total water absorption in 24 h. Matos
et al. [53] found 69.75% water absorption in Pinus oocarpa panels glued with PF. In the study
by Younesi-Kordkheili et al. [72], nanolignin was used as a raw material to replace phenol,
and combined with glyoxal, partially obtaining a reduction in water absorption. The same
authors report that it may also be attributed to the difference in the number of bonds
formed between the reactive sites. A different situation occurred in the study by Kordkheili
et al. [73], in which phenol was replaced by modified lignin in phenol-formaldehyde resins,
increasing the water absorption of the plywood. The authors explain that this may be
related to the difference in the bonds formed in the lignin-phenol-formaldehyde adhesives



Fibers 2025, 13, 95 11 of 20

during the synthesis and due to the presence of absorbent sulfonic acid groups that are
very sensitive to water in the lignin.

The shear strength in the glue line was influenced by the concentration of nanolignin
(Figure 7). The boards glued only with cardanol-formaldehyde had the lowest shear
strength value and differed statistically from the other treatments.

 

Figure 7. (a) Shear strength test results and (b) percentage of failure in dry, wet and post-boil
conditions; averages followed by the same letter do not differ significantly from each other by the
Scott–Knott test at the 95% probability level.

The values of this study were similar to those of Kordkheili et al. [74], increasing the
percentage of phenol replacement by lignin from 10 to 20% by weight; the dry strength
of the adhesives was increased from 2 to 2.4 MPa, while only the phenol-formaldehyde
adhesive presented 1.7 MPa. In the study by Lengowski et al. [75], when nanocellulose
was added to the phenol-formaldehyde adhesive, similar values for shear strength were
obtained in dry tests. The first glue line varied from 1.09 MPa (with 0.064% nanocellulose) to
1.95 MPa (with 0.038% nanocellulose). The second glue line varied between 1.32 MPa (with
phenol-formaldehyde adhesive) and 2.45 MPa (with 0.038% nanocellulose). Adhesives
modified with nanostructures generally have more binding sites on their surface. Therefore,
the surface properties can overlap the material’s properties in its standard size, improving
the mechanical properties of these adhesives.

In wet shear, Feng et al. [76] used Betula alleghaniensis three-layer plywood with phenol
formaldehyde adhesive, exhibiting a wet bond strength of 2.09 MPa. The results of the
present work were superior to those found by the same authors when they studied phenol-
formaldehyde adhesives with an aqueous lignin solution in a weight ratio of 25/75 and
found reduced wet bond strengths of 1.74 MPa. In addition, for the phenol-formaldehyde
adhesive with methylated lignin solution (50/50), the wet shear strength was 1.43 MPa.
In post-boiling shear (boiling for 6 h), Lengowski et al. [75] found average values ranging
from 0.58 MPa (with 0.064% nanocellulose) to 0.75 MPa (phenol-formaldehyde adhesive)
for the first glue line, and between 1.20 MPa (phenol-formaldehyde adhesive) and 1.55 MPa
(with 0.064% nanocellulose) for the second glue line. Nanofibrillated cellulose improved
the interaction of the adhesive with the wood, presenting greater resistance compared
to the control sample. However, the boards met the requirements of EN—European
Committee for Standardization [77], which specifies a minimum value of 1.0 MPa for tests
under wood failure conditions, except for the post-boiling treatment without nanolignin
concentration. Furthermore, the cardanol-formaldehyde adhesive with nanolignin has
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a primary characteristic of high moisture resistance and can be indicated for indoor and
outdoor use.

Figure 8 shows the results obtained from the static bending test in the parallel and
perpendicular fiber directions.

 

Figure 8. (a) Modulus of elasticity and (b) rupture with static bending in the parallel and perpen-
dicular direction of the grain; averages followed by the same letter do not differ significantly by the
Scott–Knott test at the 95% probability level.

In the modulus of elasticity in the parallel direction (Figure 8a), only the treatment
with 2% nanolignin in the cardanol-formaldehyde adhesive met the requirements of the
NBR 9531 [78] standard for plywood. In the perpendicular direction, all treatments with
the addition of nanolignin were by the requirements. The standard establishes a mini-
mum value of 5223 and 1485 MPa in parallel and perpendicular directions for external
structural use.

In the modulus of rupture, the treatments with nanolignin in the cardanol-formaldehyde
adhesive increased the rupture resistance in the parallel and perpendicular directions
(Figure 8b). All treatments were by the NBR 9531 [78] standard, which allows the min-
imum required 30.9 MPa for parallel MOR and 14.0 MPa for perpendicular MOR. Reis
et al. [79] analyzed Pinus oocarpa plywood glued with phenol-formaldehyde grammage
of 320 g/m2, with the same number of veneers, and found lower MOR values compared
to the nanolignin treatments in the present study, with parallel MOR of 56.8 MPa and per-
pendicular of 31.5 MPa. They obtained similar results with parallel MOE of 4912 MPa and
perpendicular MOE of 1808 MPa. Bilik et al. [80] found similar values to those previously
mentioned when compared to the nanolignin treatments. They evaluated plywood panels
glued with phenol-formaldehyde formulated with the addition of wheat flour and coconut
shell, with parallel MOR of 45.36 MPa and perpendicular MOR of 32.05 MPa, while parallel
MOE was 5139.78 MPa and perpendicular MOE 2590.96 MPa.

When analyzing plywood bonded with lignin-phenol-formaldehyde adhesives, Mag-
alhães et al. [81] obtained parallel MOR of 10.29 MPa and perpendicular MOE of 38.42 MPa,
as well as parallel MOE of 232.42 MPa and perpendicular MOE of 1804.41 MPa. These
results diverge from the present study, where the addition of nanoscale lignin in the
phenol-formaldehyde adhesive formulation improved mechanical properties.

SEM was used to observe the fractured surfaces of the plywood after the bending
test. The micrographs show that the adhesive distribution on the particle surfaces was not
uniform (Figure 9a,c). However, the wood veneers exhibited a complex porous structure,
with the adhesive penetrating the pores to some extent, enabling mechanical interlocking,
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as shown in Figure 9b,d. In particular, the tracheids in the wood veneer appear to have been
partially filled with cardanol-formaldehyde adhesive with nanolignin. This penetration
facilitated mechanical interlocking, thereby enhancing the mechanical properties.

 

Figure 9. SEM micrographs of the fractured surface of plywood: (a) 0% nanolignin; (b) 1% nanolignin;
(c) 2% nanolignin; (d) 3% nanolignin.

3.4. Thermal Properties of Plywood

In the combustion test of the plywood, the results are shown as a mass variation
according to time (Figure 10). The panels produced with different proportions of nano-
lignin were more resistant to combustion (Figure 10a). This can be explained by the higher
thermal resistance of lignin compared with the carbohydrates of wood (cellulose and hemi-
celluloses). Thus, its thermal degradation is between 225 ◦C and 450 ◦C, with exothermic
reactions. At around 200 ◦C, dehydration reactions occur. Between 150 ◦C and 300 ◦C,
the carbon bonds break, and, finally, at around 300 ◦C, the aliphatic lateral bonds begin to
break outside the aromatic ring [14,82].

The temperature variations according to the combustion time (Figure 10b) show
that the highest peak (450 ◦C) was obtained for the 1 and 2% nanolignin. The control
treatment showed the lowest peak (415 ◦C). This peak appears after an initial heating when
the volatile combustion gases are in sufficient quantity to allow ignition by an external
spark igniter to support the ignition. The heat generated by the combustion sustains the
thermal degradation process of the wood, thus releasing more volatiles. Therefore, the
nanolignin may have influenced the reduction in the plywood degradation since the higher
the combustion temperature in the first minutes, the faster the degradation of the cell
wall [14,83]. The thermogravimetric analysis of the adhesives revealed greater thermal
degradation of the cardanol-formaldehyde with nanolignin (see Figure 4). However, the
additive may have acted as a combustion retardant in the plywood, contributing to lower
thermal degradation of the composite material.
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Figure 10. (a) Relationship between mass and combustion time; (b) temperature variation of plywood
produced with cardanol-formaldehyde modified nanolignin.

The wood chemical characteristics mainly influence the panel combustibility. Up to
200 ◦C, the degradation of low-molar-mass compounds, such as extractives (greases, fatty
acids, phenols, terpenes, steroids, acid resins, resins, and waxes), occurs first. Between 200
and 315 ◦C, hemicelluloses are degraded, cellulose between 300 and 400 ◦C, and then lignin
between 300 and 600 ◦C [84–86].

In studies with cardanol-formaldehyde adhesive, Furtini et al. [20] observed that
increases of up to 60% in cardanol efficiently delayed the combustion of the panels due
to the chemical composition of cardanol, mainly due to the presence of the aromatic ring
and the position of the double bonds, thus requiring more energy for thermal degradation.
Similar results were found in Faria et al. [14], who observed that although the cardanol-
formaldehyde adhesive was more resistant to combustion, adding bean residue reduced
the thermal stability of the particleboard. This reduction was attributed to the chemical
composition of the bean residue, which contained more extractives and less lignin.

Because of the results obtained, plywood glued with cardanol-formaldehyde mod-
ified with nanolignin may be attractive in the furniture and construction sectors. These
panels may also contribute to reducing their combustibility or delaying combustion, thus
demonstrating the benefits of these materials focused on environmental and security issues.

3.5. Formaldehyde Emission

The treatments presented statistical differences regarding free formaldehyde emis-
sion (Figure 11). When nanolignin was added to cardanol-formaldehyde, formaldehyde
emission increased by 30.63, 72.63, and 85.76%, respectively, compared to the control.

Several researchers have indicated that the addition of nanolignin can effectively
control formaldehyde emissions from wood-based panels [87–89]. However, in the present
study, cardanol hindered free formaldehyde by reacting with the active sites of nanolignin
after the synthesis, resulting in higher formaldehyde emissions. In adhesive production,
the reaction between formaldehyde and nanolignin may have occurred only partially,
and some unreacted formaldehyde may have led to higher emissions [7]. Despite the
increase in formaldehyde emissions, all treatments comply with the standard EN 13986 [90],
which establishes a value ≤ 80 mg/kg (class E1) for wood-based panels for construction.
Faria et al. [14] reported an emission of 10.9 mg/kg for particleboard using cardanol-
formaldehyde adhesive, higher than the value found in the present study.
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Figure 11. Free formaldehyde emission from plywood bonded with cardanol adhesive with nano-
lignin; averages followed by the same letter do not differ significantly by the Scott–Knott test at the
95% probability level.

Taghiyari et al. [91] investigated the formaldehyde emissions in three-layer plywood
produced with urea-formaldehyde adhesive with substitutions of 5, 10, 15, and 20%
of soybean flour in the UF adhesive. The lowest emission value was 88.6 mg/kg for
20% substitution. On the other hand, Kawalerczyk et al. [92], when studying birch ply-
wood, observed a slight reduction in formaldehyde emissions for 5% of cellulosic particles
added to 100 g of solid UF, reaching 2 mg/kg. The methylene bonds (CH2) that fully
or partially surround the phenolic fractions are responsible for reducing formaldehyde
emissions from the samples. Cardanol-formaldehyde as adhesive has potential in the
wood-based panel industry. In addition to complying with structural standards regarding
physical–mechanical properties, it also reduces formaldehyde emissions, which is the
primary health benefit for the consumer [14].

The life cycle of cardanol as an adhesive for panels is marked by environmental
benefits, especially when compared to conventional adhesives. It can offer renewable and
biodegradable alternatives aligned with sustainability trends in the materials industry.
The process of cashew cultivation can be optimized from the initial to the final use of the
product to reduce environmental impacts. Nonetheless, there are still challenges in terms of
recycling and disposal at the end of the useful life of the reconstituted panels. Modification
with nanolignin and cardanol can result in a stronger and more flexible material with
greater resistance to adverse environmental conditions. Cardanol can act as an agent that
improves the chemical properties of nanolignin, while nanolignin can provide the necessary
structure to create lighter and more environmentally friendly materials.

4. Conclusions
This study developed a cardanol-based adhesive enhanced with nanolignin, with the

goal of improving plywood bonding and potentially reducing formaldehyde emissions.
The combination of cardanol and nanolignin, both natural compounds, was explored
as a sustainable alternative with lower environmental impact for use in the wood panel
adhesive industry.
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Due to the adhesive characteristics and the larger surface area of nanolignin, the
technological properties of the plywood were affected. The plywood showed better val-
ues of shear at the glue line compared to the control (0% nanolignin) (e.g., 1.45 MPa for
2% nanolignin versus 1.18 MPa in the control), MOR (38.2 MPa versus 32.6 MPa) and MOE
(5100 MPa versus 4400 MPa), with greater resistance to combustion. Despite the increase
in formaldehyde emissions with nanolignin (from 0.274 mg/kg to 0.509 mg/kg), all treat-
ments met the commercialization requirements (≤80 mg formaldehyde/kg), demonstrating
the adhesive potential for use in indoor environments. Thus, mechanical tests showed
variations in strength parameters, indicating that this improvement strongly depends on
the nanolignin concentration used. Therefore, the combination of cardanol and nanolignin
in plywood offers a promising alternative for the production of more environmentally
friendly and higher-performance construction materials, meeting the demand for more
sustainable solutions in the wood industry.

For future research, it is recommended to develop more comprehensive characteriza-
tion techniques for nanolignin and investigate the application of other agents or methods
for the functionalization of the nanostructure. Furthermore, exploring different lignin
sources with varying concentrations and different modification techniques for nanostruc-
tures can improve compatibility and achieve the desired effects on the final performance
of the adhesive. Since in this study the nanolignin was not chemically modified, this may
have resulted in agglomeration or poor interaction with the adhesive matrix. Furthermore,
a limitation of this study was the high moisture during nanolignin dispersion, which may
have contributed to the reduction in solids content and increased formaldehyde release.
Therefore, it is recommended to conduct future studies exploring the use of modified nano-
lignin, more efficient drying techniques, and a more in-depth characterization of nanolignin
dispersion in the adhesive matrix.
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