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Abstract: Wood adhesive is very important to the quality of wood-based panels in the forest product
industry. Researchers are currently focused on developing green and environmentally friendly
adhesives using biomass materials. Soybean meal (SM), a cheap and high-protein byproduct from
soybean processing, is considered a green biomaterial resource for adhesive production. In this
study, SM was modified using urea and sodium hydroxide as denaturants, and two cross-linking
agents were prepared to incorporate into the soybean meal adhesive for bonding reactions. Sodium
hydroxide added to soybean protein caused structural damage to the protein structure, which allowed
the peptide chains to unfold extensively, forming a low-molecular-weight peptide mixture with a
good size distribution and exposing numerous active functional groups for cross-linking with the
tannin—phenol-formaldehyde resin (TR) and wood. Adding the epoxy resin CA and TR enabled the
cross-linking agents to react with the active functional groups on proteins, forming a cross-linked
network structure. As a result, the adhesive’s strength, residual rate, and solid content were improved.

Keywords: forest product; tannin; soybean meal; forest wastes; biomass adhesive

1. Introduction

The production of wood-based panels is an important economic industry in forest
product processing. Wood adhesive is the key to the quality of wood-based panels. Urea
formaldehyde resin, melamine formaldehyde resin, and phenolic resin are still the main
adhesives used in the wood-based panel industry in China. However, the use of these
wood adhesives results in formaldehyde pollution. Therefore, the preparation of green and
environmentally friendly adhesives using biomass materials has become a hot topic among
researchers [1-3]. In recent years, many scholars have utilized renewable and biodegradable
materials, such as lignin [4], cellulose [5], starch [6], tannin [7], and proteins [8], to develop
various biomass adhesives. However, biomass adhesives still face challenges, such as low
bonding strength and poor water resistance [9,10], which restrict their application in the
wood manufacturing industry. Further enhancing the performance of biomass adhesives
remains a topic worth exploring.

Protein-based adhesives are considered effective in biomass adhesives, and, in recent
years, extensive research has been conducted on them. Many plant proteins, such as soy
protein, soybean meal, cottonseed protein, sesame protein, and leaf protein from Jatropha
curcas, have been utilized to develop wood adhesives [11-14]. Soybean meal is a byproduct
of soybean oil production, and for every 27 kg of soybeans processed for oil, approximately
21 kg of soybean meal is generated [15]. It is low-cost, rich in crude protein, and can be used
directly as animal feed or extracted for refined protein for human consumption. Common
soybean protein isolates (SPIs), soy protein concentrate (SPC), and defatted soy flour (DSF)
are all derived from soybean meal. The use of soybean meal as a protein-based adhesive
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has a history of nearly 100 years and can significantly reduce adhesive production costs.
However, soybean meal-based protein adhesives, like traditional protein adhesives, still
exhibit poor water resistance, low solid contents, and inferior bonding properties, requiring
modification to enhance their performance in wood adhesives.

Modifying methods, such as denaturants [16,17], cross-linking agents [18-21], graft
modifications [22,23], and biomimetics [24], are commonly added to modify protein
molecules to enhance the protein adhesive performance. As a denaturant [25], urea exposes
the hydrophobic groups of protein molecules, significantly improving the water resistance
of protein adhesives. However, urea denaturation alone may not meet the requirements
for indoor plywood, necessitating further treatment to enhance the bonding strength. The
addition of epoxy-based cross-linking agents can improve the bonding strength of adhe-
sives [26-28]. The involvement of epoxy groups in the adhesive reaction can increase the
resin network structure, improving the adhesive’s solid content and water resistance. As
a traditional adhesive, the phenol-formaldehyde resin has excellent water resistance and
bonding strength. Furthermore, it also has a good performance in the resistance to chemical
and atmospheric factors [29]. Tannins are a type of polyphenolic compound widely present
in the bark and fruits of forest plants and have a variety of uses. The molecular structure of
this natural polyphenol compound extracted from forest plants contains phenol, bisphenol
A, resorcinol, other polyphenol structural units, and several active sites. Forest wastes, such
as bark, pericarp, nutshell, fallen leaves, etc., contain large amounts of tannins that can be
extracted and utilized. Due to the structural characteristics of tannins, they can be used
to replace phenol in the preparation of phenolic resins. Previous studies have shown that
wood-based panels prepared with tannin-modified phenolic resin have good mechanical
strength and a good environmental protection performance. Li et al. [30] conducted in-
depth research on the curing characteristics of tannin-modified phenolic resin and studied
the thermosetting properties of TPF resin through DSC. Their findings indicated that the
curing rate of tannin-modified phenolic resin was faster than that of ordinary commercial
pure phenolic resin, shortening the hot-pressing time required for preparing plywood,
which can improve the production efficiency.

In this study, soybean meal was pre-treated with a denaturant, and epoxy compounds
and tannin—-phenol-formaldehyde resin (TR) were used as cross-linking agents to pre-
pare a novel soybean meal (SM) adhesive. The adhesive’s structure, thermal properties,
and morphology were characterized and analyzed using FTIR, XRD, TG, and SEM. The
bonding strengths, solid contents, and residual rates of modified SM adhesives were also
investigated.

2. Materials and Methods
2.1. Experimental Materials

Soybean meal (protein content: 43%) was purchased from Shandong Yuwang Ecologi-
cal Food Industry Co., Ltd. (Heze, China), and Epichlorohydrin from the official website
of Macklin Reagent. Ammonia solution (25% w/w) was purchased from Tianjin Zhiyuan
Chemical Reagent Co., Ltd. (Tianjin, China). Urea was purchased from Xilong Scientific
Co., Ltd. (Shantou, China). All chemicals used were of analytical grade.

2.2. Experimental Method
2.2.1. Synthesis of Tannin-Phenol-Formaldehyde Resin

The TR was prepared according to the previous method [31]. First, tannin, molten
phenol, sodium hydroxide solution, and distilled water were added to four-neck flasks. The
weight ratio of tannin to phenol was 3:7. The mixture was mechanically stirred for 10 min
under a 60 °C water-bath condition, then heated to 85 °C with three times the addition
of formaldehyde solution three times. The mixture was allowed to react for 50 min after
adding the formaldehyde solution. The product was rapidly cooled to room temperature,
and the free formaldehyde was removed via vacuum distillation. The resulting TR had a
solid content of 36.2% and a pH value of 10.76.
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2.2.2. Preparation of Epoxy Cross-Linking Agent (CA)

The synthesis of the CA (epoxy cross-linking agent) was carried out following the
preparation process described by Li [17]. The synthesis steps were as follows:

Mixing and Reaction: Epoxy chloropropane and ammonia solutions were mixed in
a ratio of 3:1 (mol/mol). All the epoxy chloropropane was added to a four-neck flask
equipped with a magnetic stirrer. The ammonia solution was slowly added dropwise to
the flask using a pressure-equalizing dropping funnel over 4 h. The magnetic stirrer was
kept at high speed to ensure thorough mixing and reaction. The reaction temperature was
maintained between 50 °C and 55 °C; Continued Reaction: after the complete addition of
the ammonia solution, the reaction was continued for 2 h at 60 °C; Cooling and Purification:
The reaction mixture was then cooled to 20 °C, resulting in a colorless syrup-like mixture.
Vacuum distillation was performed to remove any remaining epoxy chloropropane and
ammonium hydroxide from the product, forming the epoxy compound CA. The resulting
CA had a solid content of 89% and a pH value of 8.4. The synthesis mechanism is shown in
Figure 1.

NHs + — I N-——  OH

o
OH

‘el

Figure 1. CA synthesis schematic.

2.2.3. Preparation of Soybean Meal Adhesive

In the first step, soybean meal powder was mixed with deionized water in a mass
ratio of 20:100 at room temperature. The mixture was mechanically stirred for 10 min
to obtain the first pure soybean meal protein adhesive (SM) batch. In the second step,
1 g of a denaturant (urea and sodium hydroxide) was added to the SM, and stirring was
continued for 5 min. Then, 24 g of tannin—-phenol-formaldehyde resin (TR) was added,
which accounted for 20% of the mass fraction of the SM adhesive. This resulted in the
second batch of soybean meal protein adhesive prepared with the synergistic treatment of
TR and denaturants. In the third step, 5 g of laboratory-made epoxy cross-linking agent (CA)
was added to the second batch of adhesive. The mixture was stirred thoroughly, resulting
in the third batch of soybean meal protein adhesive modified with TR, denaturants, and
the CA. The composition of the adhesive synthesis is shown in Table 1.
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Table 1. The raw-material ratios of soybean meal protein-based adhesives.

Adhesives SM (g) ?:,;?;i?;;l Urea (g) NaOH (g) TR (g) CA (g) SOlid(oC/o(;ntent
SM 20 100 0 0 0 0 14.23 £ 0.32
SM/TR 20 100 0 0 9 0 20.16 £ 0.14
SM/Urea/TR 20 100 1 0 9 0 19.92 £ 0.43
SM/NaOH/TR 20 100 0 1 9 0 21.98 +0.33
SM/TR/CA 20 100 0 0 9 45 2432+ 0.31
SM/Urea/TR/CA 20 100 1 0 9 4.5 22.96 - 0.42
SM/NaOH/TR/CA 20 100 0 1 9 4.5 25.06 + 0.58

2.2.4. Solid Content

The solid content of the resin was tested as follows: The dry weight of a glass vessel
was measured and recorded as M;; 4~5 g of resin was weighed in the glass vessel and
recorded as M. The resin was placed in a 120 °C oven and weighed every half hour until
a constant weight (M3) was reached after three hours. The solid content of each resin
was measured three times, and the average value was calculated. The solid content was
calculated as follows:

M3 — M,

Solid content(%) = M, ~ M, x 100% 1)

2.2.5. Residual Rate

To characterize the water resistance of the adhesive, the residual rate was measured as
follows: The cured resin sample (M;) was weighed and immersed in water at 60 £ 3 °C for
12 h, then dried in a 100 °C oven until the constant weight (M;) was reached. The residual
rate was calculated using the following formula:

M; — M

Residual rate = 2 % 100% (2)

1

2.2.6. Fourier Transform Infrared (FTIR) Spectroscopy

The adhesive samples were subjected to infrared scanning using the potassium bro-
mide (KBr) pellet method. First, the six adhesive samples were freeze-dried and ground to
a powder with a particle size of 200 mesh. Pellets were prepared by mixing the adhesive
powder with potassium bromide in a mass ratio of 1:100. Subsequently, the pellets were
subjected to infrared scanning using the following parameters: 32 scans at a resolution of
4 cm™~!, covering a wavelength range of 400-4000 cm .

2.2.7. X-ray Diffraction (XRD)

The dried adhesive powder was tested using an X-ray diffractometer (Bruker D8
advance). The scanning angle range was set from 5° to 60°, with a 2°/min scanning speed.
The test was aimed at analyzing the crystal structure of the adhesive resin. The crystallinity
calculation is based on the ratio of the crystalline region area to the diffraction peak area of
the X-ray diffraction pattern.

2.2.8. Thermogravimetric (TG) Analysis

Under a nitrogen atmosphere, dried resin powder of approximately 8~10 mg was
subjected to thermogravimetric analysis (TGA 4000) with a heating rate of 10 °C/min. The
test was performed in the temperature range of 30~600 °C.
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2.2.9. Scanning Electron Microscope (SEM)

The cross section of the cured resin was observed using a scanning electron microscope
(5-3400N). Before the observation, a 10 nm Au/Pd thin film was coated on the surface of
the cured resin.

2.2.10. Preparation and Performance Testing of Plywood

A three-layer plywood was prepared using poplar veneers (0.1 x 40 x 40 cm) with a
single-sided adhesive application method and a staggered assembly, with adjacent veneers
perpendicular to each other. The amount of adhesive application was 150 g/m3. After
assembly, the plywood was pressed in a flat vulcanizing machine (BD-8820-BE) at 0.5 MPa
and room temperature for 15 min, followed by pressing at 1.2 MPa and 130 °C for 7 min.
After pressing, the plywood was allowed to stand for 24 h before testing its performance.

The plywood was tested for wet shearing strength. Firstly, the pressed plywood was
cutinto 100 mm x 25 mm X 3 mm specimens, as shown in Figure 2. Then, the specimens
were soaked in 63 °C hot water for 3 h, and then were removed and allowed to stand
for 10 min before being tested for bonding strength using an electronic universal testing
machine (WDW-20). The formula for calculating the bonding strength is as follows:

Bonding strength (MPa) = 5":"; 3)

where Py, is the maximum failure load (N); b is the width of the cross section (mm); [ is the
length of the cross section (mm). The final strength value is the average of eight specimens.

100+0.5 mm

Figure 2. Plywood test specimen.

The wood failure ratio of the specimen was calculated as follows:

M= % x 100% @)

where M is the wood breaking rate (maximum 100) (%); A is the wood destruction area
(mm?); S is the area of the glued surface (mm?).

3. Results and Discussion
3.1. Effect of Solid Content

The solid contents of different modified soybean protein adhesives are shown in
Table 1. The pure soybean protein adhesive had the lowest solid content at 14.71%. The
solid content of an adhesive plays a crucial role in the performance and stability of the
plywood. Due to the absorption of water and swelling of proteins, simply adjusting the
formulation ratio cannot effectively increase the solid content of protein-based adhesives.
Therefore, it is necessary to introduce additives with a high solid content to improve the
solid content of the adhesive.

TR has a high solid content, and its introduction increased the dry weight of the
adhesive, resulting in an increase in the solid content of the SM/TR adhesive to 20.13%.
However, when 1 g of urea denaturant was added to the SM/TR adhesive, the solid
content decreased to 19.93%. Therefore, adding urea to the SM /TR adhesive leads to the
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excessive degradation of peptide chains in soybean protein, decreasing the solid content.
When the CA was added, the solid contents of the SM/TR/CA, SM/Urea/TR/CA, and
SM/NaOH/TR/CA adhesives increased to 24.29%, 22.99%, and 25.02%, respectively. The
CA has a very high solid content (89%); hence, its addition significantly improved the solid
content of the adhesive. Increasing the solid content results in a denser and more uniform
adhesive layer, reducing internal stress on the plywood and improving its performance
and dimensional stability. The epoxy group on the CA undergoes a ring-opening reaction
with the amino group and carboxyl group on the protein in SM to form a new functional
group, whereas the hydroxymethylphenol in TR undergoes a condensation reaction with
soybean protein molecules, affecting the solid content of the modified SM adhesive.

3.2. FTIR Spectroscopic Analysis of Adhesives

In this study, TR, urea, and a CA were used to modify the SM adhesive. The FTIR
spectra of the different modified soy protein adhesives are shown in Figure 3. The char-
acteristic amide peaks in the soy protein structure appeared at 1656 cm~!, 1520 cm ™!,
and 1234 cm~!, corresponding to the amide I band (C=O stretching vibration), amide
II band (N-H bending vibration), and amide III bands (C-N stretching and N-H bend-
ing vibration), respectively [32,33]. With the addition of the TR, the absorption peak at
1392 cm~! (-COOH) in the SM/ TR adhesive absorption spectrum decreased, indicating that
the hydroxymethyl phenol and hydroxymethyl tannin of the TR underwent a condensation
reaction with the carboxyl group in the molecular chain of the soybean protein, forming
methylene bonds [34]. When a modifier was added to the SM/TR adhesive, the amide
peaks at 1656 cm 1, 1520 em ™!, and 1234 cm ! still existed, with decreased intensities
and position shift, indicating that the modifiers (urea, sodium hydroxide) did not cause
severe damage to the primary structure of the protein but caused certain disruptions to
its higher-order structure. The absorption peak from the C-O stretching vibration of the
phenolic ring structure shifted from 1234 to 1236 cm ™. The shift was caused by the reaction
between the TR and SM. In addition, a new peak appeared near 1745 cm~! when the epoxy
cross-linking agent (CA) was added, which was related to the carbonyl group in the ester
bond. This occurred because the epoxy groups on the CA can react with the carboxyl
groups on the soy protein—peptide chains to form ester bonds [35]. Soybean meal has a
high carbohydrate content, resulting in a large amount of hydroxyl groups. Therefore,
we can observe that all the SM adhesives had broad absorption peaks at 3333 cm ™! [36].
Tannin is structurally similar to phenol and can be regarded as a phenolic formaldehyde
resin in structure. Therefore, the reaction between TR and protein can be understood as
a condensation reaction between the hydroxymethyl phenol and amino groups. The H
and O atoms in urea can interact with the hydroxyl groups on soybean protein molecules,
thereby breaking the hydrogen bonds within the protein molecules, partially unfolding the
protein macromolecules, exposing the hydrophobic groups inside the protein molecules,
and producing some active sites. Epoxide (CA) is an active curing agent for soybean
protein adhesive, which mainly undergoes a ring-opening reaction with the amino group
of the protein. The active groups in soybean meal react with the TR and CA, increasing the
cross-linking density of the adhesive and ultimately increasing the water resistance and
bonding strength of the modified soybean meal adhesive.

In summary, adding modifiers can disrupt the higher-order structure of proteins and
expose more active functional groups. TR and the epoxy cross-linking agent (CA) can then
react with the active functional groups on the amino acid side chains of proteins, forming a
cross-linked network structure.
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Figure 3. FTIR spectra of different modified SM adhesives.

3.3. XRD Spectroscopic Analysis of Adhesives

The XRD patterns and crystallinities of the modified adhesives are shown in Figure 4
and Table 2, respectively. The pure soybean meal protein adhesive exhibited two diffraction
peaks around 20 = 9° and 19°, which corresponded to the x-helix and 3-folded molecular
structures of the protein [14]. After the addition of the TR, the diffraction peak at 26 = 9° in
the SM/TR adhesive decreased, and the 3-folded peak shifted to the right (19.8°), indicating
that the TR caused some disruption to the secondary structure of the protein and underwent
chemical reactions with it. In the SM /TR adhesive with the addition of urea as a modifier,
the «-helix and -folded peaks of the protein were still present with reduced intensity
and peak shift (19.6°), indicating further disruption to the protein structure. However, the
peak at 26 = 9° in the SM/NaOH/TR adhesive disappeared, and the 3-folded peak shifted
to 20.6°, indicating an increased degree of protein denaturation. Therefore, the modifier
addition increased the disruption of the x-helix and (3-folded structures in the protein’s
secondary structure, leading to an imbalance in the protein’s higher-order structure. This
phenomenon is consistent with the characterization analysis via FTIR.

14,000 - 19.4° —SM
19.6° A 0F ——SM/TR
12’000 i Eise —— SM/Urea/TR

SM/NaOH/TR

Intensity (counts)

10 20 30 40 50 60
20 (©)

Figure 4. XRD spectra of different modified SM adhesives.
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Table 2. Crystallinities of different modified SM adhesives.

Adhesive SM SM/TR SM/Urea/TR SM/NaOH/TR
Crystallinity (%) 16.76 13.34 12.91 10.73

Table 2 presents the crystallinities of the four adhesives, with the SM and SM/TR
adhesives having crystallinities of 16.76% and 13.34%, respectively. Curing pure soybean
meal protein adhesive does not involve chemical reactions; hence, its molecular chains
are entangled and aggregated together through hydrogen bonding, forming a limited
crystalline region. The addition of the TR disrupted the protein-peptide-chain structure,
and the active groups on the peptide chains reacted with the TR to form a cross-linked
structure. This cross-linked network structure restricts the extension and arrangement
motion of the molecular protein chains, leading to a reduction in the crystalline region [36].
In addition, the high carbohydrate content of the SM adhesives results in a higher number
of hydrophilic hydroxyl groups. As a result, a broad hydroxyl absorption peak can be
observed at 3333 cm~!. This phenomenon could cause urea to reduce the solubility of
protein and have a certain impact on the viscosity, water resistance, and storage time of
adhesives. Subsequently, the chemical structure and crystallinity of the soybean meal
adhesive were affected during the curing stage, as observed from the XRD data. The crys-
tallinity of the modified adhesive SM/Urea/TR decreased from 16.76% (SM adhesive) to
12.91%. Urea can cause the excessive degradation of the peptide chains in the soybean meal
protein structure, reducing the cross-linking density of the adhesive. Moreover, urea has a
crystalline structure, and the reaction between urea and protein can partially or completely
eliminate the crystallinity [37]. Therefore, the decrease in crystallinity of the SM/Urea/TR
adhesive was not due to an increase in the cross-linking density but rather to the excessive
degradation of the protein—peptide chains. The crystallinity of the SM/NaOH/TR adhesive
decreased to 10.73% because the NaOH modifier disrupted the chemical bonds within the
protein molecules, such as hydrogen and disulfide bonds, exposing some nonpolar and
polar groups on the amino acid side chains. The increased reactive site in the adhesive
system enhances the reaction intensity with the TR, further increasing the cross-linking
density in the adhesive system, thereby reducing the crystallinity.

3.4. Thermal Property Analysis of Different SM Adhesives

Figure 5 shows the TG and DTG curves of the different modified soybean meal protein
adhesives. As shown in Figure 6, the thermal degradation process of the different modified
soybean meal protein adhesives can be divided into three stages. The first stage of thermal
degradation occurred within the temperature range of 60240 °C, and the mass loss was
mainly attributed to the decomposition of the quaternary structure of the proteins and the
evaporation of residual moisture in the adhesive. In addition, the first highest weight loss
occurred at 60 °C, which tended to come mostly from water. This was consistent with the
previous infrared analysis. The second stage of thermal degradation occurred within the
temperature range of 240-330 °C. The mass loss in this stage was due to the breaking of
hydrogen bonds and electrostatic bonds between protein—peptide chains, as well as the
degradation of small molecules. The third stage of thermal degradation occurred within the
temperature range of 330-430 °C, attributable to the degradation of the peptide backbone,
resulting in the volatilization of gases such as CO, CO,, NH3, and H,S.
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Figure 5. TG (A) and DTG (B) curves of different modified SM adhesives.

Table 3 lists the temperatures (Tmax) corresponding to the maximum degradation
rates of all the adhesives at different stages. As can be seen in Figure 5, all the adhesives
exhibited peak degradation in the second stage. Compared to the SM adhesive, all the
modified SM adhesives decreased in degradation peaks during this stage, indicating im-
proved thermal stability due to a higher cross-linking density and compact structure. In
the third degradation stage, the peak value of the SM/TR adhesive with denaturants de-
creased and shifted towards higher temperatures. The Tax values for the SM/NaOH/TR
and SM/Urea/TR adhesives were 344.34 °C and 350.24 °C, respectively, indicating en-
hanced thermal stability. The total weight loss rates for the SM/TR, SM/NaOH/TR, and
SM/Urea/TR adhesives decreased to 64.47%, 54.41%, and 57.85%, respectively. When the
epoxy cross-linking agent (CA) was introduced into the adhesive system, the Tax values
of the SM/TR/CA, SM/Urea/TR/CA, and SM/NaOH/TR/CA adhesives further shifted
towards higher temperatures, measuring 420.06 °C, 390.3 °C, and 370.74 °C, respectively.
This indicates a chemical cross-linking reaction between the CA and the adhesive system,
thereby improving the thermal stability of the adhesive. The total weight loss rates for the
SM/TR/CA,SM/Urea/TR/CA, and SM/NaOH/TR/CA adhesives were 52.39%, 53.68%,
and 53.92%, respectively. In addition, the total weight loss rate of the SM/TR/CA adhesive
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was the lowest, indicating superior thermal stability. The benzene ring structure in the TR
and the reaction between the CA resin ring opening and the active group of soybean protein
molecules improved the thermal stability of the SM adhesive modified with the TR and CA
resin. Urea can interact with the hydroxyl groups on soybean protein molecules, thereby
breaking the hydrogen bonds inside the protein molecules, and partially unfolding the
protein macromolecules, which can also affect the thermal stability of the modified resin.

100
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- 80.62 82.23 82.16
=] i
X 80 7343 .
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Figure 6. Residual rates of different modified SM adhesives.

Table 3. Thermal properties of the different modified SM adhesives.

. First-Stage Tmax Second-Stage Third-Stage Total Weight

Adhesive Q) Tmax (°C) Tmax (°C) Loss Rate (%)
SM - 302.53 - 66.21
SM/TR - 298.6 340.26 64.47
SM/Urea/TR - 293.29 350.24 57.85
SM/NaOH/TR - 288.47 344.34 54.41
SM/TR/CA - 320.33 420.06 52.39
SM/Urea/TR/CA - 315.04 390.3 53.68
SM/NaOH/TR/CA - 310.16 370.74 53.92

In conclusion, introducing denaturants into the soybean meal protein adhesive system
can disrupt the protein structure, exposing active and hydrophobic groups on the peptide
chains, thereby enabling the denatured soybean meal to react with the TR and epoxy
cross-linking agent (CA), forming a cross-linked interlocking structure and increasing the
cross-linking density in the system, thereby enhancing the thermal stability of the soybean
meal protein adhesive.

3.5. Residual Analysis of Adhesives

The residual rates of the different modified soybean meal protein adhesives are shown
in Figure 6. The water resistance of an adhesive can reflect its cross-linking density. As can
be seen in Figure 6, the residual rates of all the modified soybean meal protein adhesives
were improved compared to the pure soybean meal protein adhesives (70.28%). However,
the addition of urea to the SM/TR adhesive decreased the residual rate from 80.62 to
78.43%. Based on the FTIR and XRD analyses, urea causes the significant degradation
of the protein structure and peptide chains, resulting in a decrease in the internal cross-
linking density and water resistance of the adhesive. In contrast, the residual rate of the
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SM/NaOH/TR adhesive increased because sodium hydroxide enhances the denaturation
degree of the protein, allowing the peptide chains to expand and expose more active groups
to react with the TR, thereby increasing the cross-linking density and effectively resisting
moisture intrusion. When the epoxy cross-linking agent (CA) was added, the residual
rates of the SM/TR/CA, SM/Urea/TR/CA, and SM/NaOH/TR/CA adhesives further
increased to 87.13%, 82.16%, and 88.81%, respectively. This is because the epoxy groups
on the CA reacted with the active groups (amino, carboxyl, etc.) on the protein—peptide
chains, forming a cross-linked network structure, thereby improving the water resistance
of the adhesive.

3.6. Analysis of the Performance of Plywood Prepared with Adhesives

The water-resistance bond strengths of the different modified soybean meal protein
adhesives are shown in Figure 7. The water-resistance bond strength of the modified
soybean meal protein adhesives significantly improved compared to the pure soybean meal
protein adhesives, which met the requirements of the national indoor use Class II plywood
standard (>0.7 MPa). As stated above, the addition of the TR disrupted the hydrogen
bonds between the protein—peptide chains, allowing the peptide chains to expand and
expose more active groups to react and cross-link with the TR, thereby improving the
water-resistance strength of the SM/TR adhesive (0.97 MPa). However, introducing the
urea modifier into the SM/TR adhesive decreased the bond strength to 0.85 MPa due
to the excessive degradation of the protein—peptide chains and the decreased internal
cross-linking density. In contrast, the addition of sodium hydroxide to the SM/TR adhesive
increased the bond strength to 1.14 MPa, which might be a result of the partial or complete
transformation of L-amino acids in the protein into racemic D-amino acids under strongly
alkaline conditions. Moreover, the presence of sodium hydroxide can widely expand the
protein—peptide chains, forming a low-molecular-weight peptide mixture with a good size
distribution and exposing a large number of active groups to cross-link with the TR and
wood, thereby improving the water-resistance bond performance of the adhesive. With
the addition of the epoxy cross-linking agent (CA), the bond strengths of the SM/TR/CA,
SM/Urea/TR/CA, and SM/NaOH/TR/CA adhesives increased to 1.16, 1.01, and 1.17 MPa,
respectively. This is because the CA reacted with the active groups on the protein—peptide
chains to form a cross-linked structure, thereby enhancing the water-resistance bond
strength of the adhesive. This phenomenon is consistent with previous studies on the
effects of epoxy cross-linking agents on protein-based adhesives [38—40]. In addition, the
wood failure rate of all the wet-shearing-strength specimens tested was 0, and the failure of
all specimens was interface failure.

Table 4 compares the wet bonding strengths of various modified SM adhesives and two
kinds of commercial SM adhesives (SM/PMDI and SM/ER), with most of them obtained
after soaking at 63 °C. In Table 4, it can be seen that the bonding strengths of the adhesives
prepared in this study were superior to those of most soybean meal adhesives. Mean-
while, compared with the wet shearing strengths of the commercial adhesives SM/PMDI
(1.21 MPa) and SM/ER (1.19 MPa), the SM/TR/CA and SM/NaOH/TR/CA adhesives
exhibited similar high bonding strengths (1.16 and 1.19 MPa, respectively). This shows that
by using tannin-modified phenolic resin and the CA as a cross-linking agent, the low-cost
soybean meal adhesive still has good water resistance and gluing strength and can be put
into commercial applications, further reducing production costs and chemical pollution.
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Figure 7. Wet shearing strengths of plywood prepared with different modified SM adhesives.

Table 4. Shear strength of SM/NaOH/TR/CA adhesive compared with those of other adhesives.

Wet Shear Strength (MPa)

Adhesive 63 + 3 °C) References
SM/EPL 1.02 [41]
SM/CFF-LDH-TA2 1.60 [42]
SM/BEP-10 0.89 [43]
SM/BD/5%HPFC 1.05 [44]
SMPT-2 1.03 [45]
SM@BDAB-HDE-6 1.25 [46]
SM/NaOH/TR/CA 1.17 Our study
SM/NaOH/TR 1.16 Our study
SM/TR/CA 1.14 Our study
SM/PMDI * 1.21 Commercial
SM/ER * 1.19 Commercial

*: The plywood samples prepared with the SM/PMDI and SM/ER adhesives were provided by Qiannianzhou
New Materials Technology Group Co., Ltd. (Hangzhou, China); PMDI: polyisocyanate; ER: epoxy resin.

3.7. Electron Microscopy Observation of Adhesives

The cured cross-section morphologies of the different modified adhesives are shown
in Figure 8. The fracture surface of the soybean meal protein adhesive with added urea
denaturant appears loose and rough. Compared to the SM/Urea/TR adhesive, the fracture
surface of the SM/Urea/TR/CA adhesive was smooth and more compact, and few crystals
were observed. This is because the CA can react with some degraded small molecules in the
adhesive system, resulting in aggregation. Hence, CA addition forms a dense and smooth
fracture surface, demonstrating the effective enhancement of the adhesive’s cross-linking
density and water resistance.
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Figure 8. SEM images of different modified SM adhesives.

4. Conclusions

This study utilized TR, UREA, NaOH, and the CA as modifiers to improve the water
resistance and bonding strength of SM adhesives. As a result, the performance of the
SM/Urea/TR adhesive in terms of the solid content (19.93%), residue rate (78.43%), and
bonding strength (0.85 MPa) was inferior to that of the SM/TR adhesive (20.13%, 80.62%,
0.97 MPa, respectively). When sodium hydroxide was added as a denaturant to soybean
meal protein, the FTIR and XRD results indicated the disruption of the higher-order
structure of the protein. This phenomenon caused the protein—peptide chains to unfold
extensively, forming a well-defined size distribution of low-molecular-weight peptides
and exposing many active groups to cross-link with the TR and wood. Therefore, the
performance of the SM/NaOH/TR adhesive in terms of the solid content (21.98%), residue
rate (82.23%), and bonding strength (1.14 MPa) was superior to that of the SM /TR adhesive.
FTIR analysis showed new peaks near 1745 cm~! for the SM/TR/CA, SM/Urea/TR/CA,
and SM/NaOH/TR/CA adhesives due to the formation of ester bonds from the reaction
of epoxy groups in the CA and the carboxyl groups on the protein. Therefore, the epoxy
cross-linking agent (CA) underwent cross-linking reactions with the soy protein adhesives,
consistent with the SEM observations, where adhesives with the CA exhibited denser and
smoother fracture surfaces. The SM/TR/CA and SM/NaOH/TR/CA adhesives exhibited
water resistances and high bonding strengths (1.16 and 1.19 MPa, respectively) that were
similar to those of the commercial SM/PMDI (1.21 PMa) and SM/ER (1.19 MPa) adhesives.
Using tannin-modified phenolic resin and the CA as a cross-linking agent, the low-cost
soybean meal adhesive still has good water resistance and gluing strength and can be put
into commercial applications, further reducing production costs and chemical pollution.
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