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In this paper, thermogravimetric (TG) analysis was carried out to make clear the curing properties of soy flour-based adhesives
(SFAs) enhanced by waterborne polyurethane (WPU) with different addition levels. The kinetic parameters were evaluated by a
thermal dynamics method, including activation energy and preexponential factor. In addition, the structure characteristics of
both soy flour and modified soy flour-based adhesives were tested by Fourier transform infrared spectroscopy (FTIR). The
results revealed that the FTIR spectra of pristine soy flour-based adhesives were different from those of soy flour after alkali
treatment and waterborne polyurethane modification. Furthermore, there were four main degradation phases in the derivative
thermogravimetric (DTG) curves of modified soy-based adhesives while there were two phases of a defatted soy flour sample.
The kinetics analysis demonstrated that the curing process could be described as a consecutive first-order curing process.
Moreover, with the addition level of WPU growing, the apparent activation energy of each phase of the curing process was
increasing compared with that in pristine soy-based adhesives.

1. Introduction

Much work on wood adhesives in recent years has been
focused on the substitution of traditional petrochemical-
based resins such as urea formaldehyde resin, phenol formal-
dehyde resin, and melamine formaldehyde resin, which can
induce potential detriment of formaldehyde released from
plywood panels. In response to the concern on a new type
of formaldehyde-free adhesives, great attentions have been
paid to wood adhesives prepared from renewable and natural
materials without formaldehyde addition, including starch
and soy flour [1–3]. Most studies have been based on these
two materials, which are both abundant and effective in
the preparation of formaldehyde-free adhesives [4, 5]. How-
ever, starch is mainly derived from foodstuff such as rice,
wheat, and potato, threatening the normal food supply of
humans. Therefore, soy flour that is not edible directly as
the by-product of soy oil production is abundant, affordable,

and readily available for the preparation of wood adhesive
[6]. Although soy flour is prospective to be applied for
preparation of wood adhesive, the scope of its applications
is restricted for its poor water resistance compared with
traditional wood adhesives. Consequently, it is important
and necessary to employ various methods to prepare high
water-resistance SFAs. Soy flour is composed of polysaccha-
rides and soy protein; thereinto, soy protein mainly consisted
of twenty different kinds of amino acids, which contain func-
tional and active groups bonded in branched chains of poly-
peptide, comprising carboxyl (-COOH), hydroxyl (-OH),
amino (-NH2), etc. [7]. Various chemical reactions are
possible due to these functional and active groups. There-
fore, it is widely accepted to employ chemical methods to
prepare high-performance SFAs in order to broaden the
scope of its applications.

At first, researchers used alkali [8], urea [9], sodium
dodecyl sulfate (SDS) [4], and sodium dodecyl benzene
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sulfonate (SDBS) [10] to break down the structure of soy
protein to enhance bonding strength and water resistance
of SFAs. However, the wet shear strength of wood panels
adhered by these adhesives did not meet the requirements
of type II application (≥0.7MPa). As an alternative, graft-
ing modification was employed to enhance the water
resistance of SFAs. Much work mainly applied maleic
anhydride (MA) to graft soy protein in order to enhance its
reactivity during hot pressing [11]. Although the grafting
method was effective to prepare high-performance SFAs, it
was time-consuming and expensive for large-scale industrial
production. On the other hand, cross-linking modification
has attracted growing attentions in recent years. A large
number of cross-linking agents with high efficiency were
developed to improve the water resistance of SFAs, such
as itonic acid-based PAE [12], 2-octen-1-ylsuccinic anhy-
dride [13], undecylenic acid [14], isocyanate, and other resins
[15, 16], all of which were proven to be effective approaches
to develop high-water-resistance adhesives. However, little
attention has been paid to the curing kinetics of SFAs. In
our previous research, waterborne polyurethane (WPU)
was employed as a cross-linking agent and certified to be
effective to improve water resistance significantly [17].
For further study on curing kinetics, WPU was also used
as a cross-linking agent to modify soy-based adhesives.
In order to clearly understand the reaction mechanism,
the thermal degradation kinetics of the adhesive was
attempted to study. Through the analysis of the experimen-
tal data by the Coats-Redfern integral method, the mecha-
nism of the curing process and the kinetic model were
determined, and the kinetic parameters were also obtained.

2. Materials and Methods

2.1. Materials. The main material was soy flour and pro-
vided by Xianglin Food Co. Ltd., China, with 12% mois-
ture and around 52% protein content. WPU purchased
from Guanzhi New Material Technology Co. has a solid con-
tent of 38%, a pH of 7-9, and a viscosity of 100-200mPa·s. All
other chemical reagents were chemically pure and purchased
from Sinopharm Chemical Reagent Co. Ltd., China. Poplar
veneers with the dimensions of 600mm× 600mm× 1 8mm
(width × length × thickness) were supplied by Fusen Wood
Industry Co. Ltd., China. The moisture content of wood
veneers was 8-12%.

2.2. Preparation of SFAs. One 500ml flask with three necks
installed with a mechanic stirrer, a condenser, and a ther-
mometer was added with distilled water (190.5 g), sodium
hydroxide (7.5 g), and urea (3.0 g). All chemicals and mate-
rials were blended together, and then soy flour (99 g) was
slowly added to the flask with rapid stirring until complete
dissolution. Different amounts (5%, 10%, 15%, and 20%) of
WPU were added into the SFA slurry.

2.3. Fourier Transform Infrared Spectroscopy. FTIR spectra of
soy flour and SFAs were recorded with the NICOLET-is5
spectrometer (Thermo Fisher, USA). All adhesive samples
were first cured in the oven at 140°C for 2 h and ground into

powder over 200-mesh sieves. 16 scans were performed with
a 4 cm−1 resolution over the range of 650 to 4000 cm−1, using
an attenuated total reflectance (ATR) accessory.

2.4. Thermogravimetric Analysis. The adhesive samples were
first vacuum freeze-dried for 72 h and ground into powder
over 120-mesh sieves. Thermal analysis of the adhesive sam-
ples was implemented by using a Netzsch STA-449C thermo-
gravimetric analyzer at a heating speed of 10°C/min in the
range of 30-800°C under nitrogen flow with a constant speed
of 40ml/min.

2.5. Preparation of Plywood Samples. Three-layer plywood
samples (300 × 300 cm2) were fabricated with 320 g/m2 of
SFAs (wet weight basis) coated on each layer of the poplar
veneer. This adhesive-coated veneer was stacked between
two uncoated ones with the grain directions of two adjacent
veneers perpendicular to each other. Afterwards, these
assembled three-layer plywood samples were cold-pressed
at 1.0MPa for 30min under room temperature and next
hot-pressed at 1.2MPa and 85 s/mm at 130°C. After hot
pressing, the panels were stored at ambient temperature for
24 h before evaluation.

2.6. Shear Strength Test. Figure 1 provides the shape of
the test sample, which was prepared in accordance with
Chinese National Standard GB/T 9846.7-2004, and the shear
strength test complied with Chinese National Standard GB/T
17657-1999. The dry shear strength of the samples was inves-
tigated by a universal strength testing machine (Jinan Shijin
Co. Ltd., China) with a cross-head rate of 2.0mm/min.
The following method was how to measure the wet shear
strength of the samples: six parallel samples were soaked in
water at 63°C for 3 h, and next these samples were measured
using the same method of dry shear strength after cooling at
room temperature for 10min. All data was compared by
average value.

3. Results and Discussion

3.1. Analysis of Shear Strength. The shear strength of samples
bonded by SFAs is provided in Table 1. It could be concluded
that the wet shear strength was improving with the WPU
addition level increasing after treatment, and when the addi-
tion level of WPU was over 10wt.%, the samples met the
requirements of type II plywood application. It revealed that
adding WPU had a direct relationship with the properties of
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Figure 1: Sample size of the shear strength test.
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SFAs. Furthermore, the molecule of SFAs could react with
WPU and formed the network structure that water could
not penetrate the bonding layer. Therefore, the water resis-
tance and bonding strength of SFAs with WPU modification
could be enhanced significantly.

3.2. FTIR Analysis. FTIR spectra of soy flour and SFAs are
illustrated in Figure 2. During the curing process, WPU
as the cross-linking agent contained both the amide group
and hydroxide group and could react with proteins, polysac-
charide, and wood substrate [18]. Moreover, after curing
reactions, the network structure was formed in the bonding
layer with the decline in hydrophilic groups that could
enhance water resistance of SFAs significantly. The charac-
teristic absorption peaks of soy protein including amide I,
amide II, amide III occurred at 1648, 1520, 1221 cm-1,
corresponding to C=O stretching, C-N stretching, and
N-H bending vibration, respectively [19, 20]. Further-
more, the characteristic absorption bands of the carboxyl
group (COO-) and amide group (-C-NH2) were observed
at 1363 cm-1and 1036 cm-1. However, the key distinction
between the FTIR spectra of soy flour and all SFA samples
occurred at 1560 cm-1 and 1363cm-1. The absorption band
of amide II (1518 cm-1) was divided into two peaks, and one
of them was red-shifted to lower wavenumbers (1560 cm-1)
along with the addition level of WPU rising, indicating new
intermolecular interactions generated between the soy pro-
tein and WPU molecule. Moreover, the absorption band of
COO- stretching vibration occurred at 1363 cm-1 and was
also red-shifted to lower wavenumbers (1391 cm-1) along
with the addition level of WPU growing, which also revealed
new intermolecular bonds between the soy protein andWPU
molecule. The probable scheme of cross-linking reaction
between soy flour and WPU is illustrated in Figure 3. WPU
performed as the cross-linker in soy-based adhesives. During

the curing process, the macromolecule of WPU could
react with soy protein. Thus, soy protein could be con-
nected together by WPU to form an interpenetrating net-
work structure, which could enhance the water resistance
of modified SFAs.

3.3. Characterization of Curing Property. The TG and
DTG curves of SFAs are illustrated in Figure 4. Compared
with the DTG curve of pristine SFAs, the DTG curves of
SFAs with WPU modification experienced a four-phase pro-
cess, which were different from those of SFAs with only
two-phase process. For SFAs, the first phase from 30.0 to
148.2°C was mainly assigned to the volatilization of bonded
water and small organic matter including alcohols [21]. At
the second phase from 258 to 381°C, the protein chains and
polysaccharide of SFAs were degraded completely, accompa-
nied by emission of various gases such as CO, NH3, and CO2
[22]. Different from pristine SFAs, modified SFAs experi-
enced the similar bonded water loss and protein decomposi-
tion phase, and the cross-linking reaction was taking place in
the first phase for modified SFAs. However, with WPU mod-
ification, two more phases were observed at 186-220°C and
394-453°C separately. The second phase of SFAs with WPU
modification occurring at 186-220°C was mainly ascribed to
the degradation and volatilization of the small molecule part
of WPU. The fourth phase emerging at ~400°C was due to
the polyol decomposition [23]. Moreover, after modification
with WPU, the peak in the third phase was split into two
peaks, and the degradation process of modified SFAs was also
mainly taking place in this phase.

The main compositions of defatted soy flour are soy pro-
tein and polysaccharide. For pristine SFAs, in the degrada-
tion process, soy protein and polysaccharide were pyrolyzed
with temperature growing, accompanied by emission of

Table 1: Shear strength of SFAs.

SFA SFA+WPU5 SFA+WPU10 SFA+WPU15 SFA+WPU20

Dry shear strength (MPa) 0.85 0.87 0.90 1.04 1.12

Wet shear strength (MPa) — 0.65 0.71 0.84 0.90

Soy flour

SFA
SFA + 5%PWU

SFA + 10%PWU

SFA + 15%PWU

SFA + 20%PWU

4000 3500 3000 2500 2000
Wavenumbers (cm−1)

1500 1000

Figure 2: FTIR spectra of soy flour and SFAs.
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Figure 3: Ideal scheme of curing reaction between soy flour and
WPU.
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various gases [24]. For modified SFAs, the polyols of WPU
were decomposed to various small molecule compounds
including CO2, CO, alcohols, and aldehydes, and the cleavage
of ester bonds and amino methyl ester bonds also took place
simultaneously when the temperature was over 380°C in
the degradation process [25, 26]. When the temperature
was low (<240°C), WPU could react with soy protein
and come into being polymers which made the degrada-
tion temperature higher and acquire better thermal stability.
It could be seen from Figure 4(b) that compared with SFAs,
there were two peaks of maximum weight loss rate for the
modified SFAs in the third phase. The first peak decreased
with WPU addition level rising while the second peak was
shifted to the high-temperature area. These results verified
that there was the formation of the polymers between the
soy protein and WPU molecule after cross-linking reaction
and these polymers mainly decomposed beyond 320°C in
the degradation process, indicating better thermal stability
of modified SFAs [27].

The maximum weight loss speed of the fourth phase
(from 394 to 453°C) was augmented significantly with
WPU addition level increasing, which implied that the
polyol content was increasing, and with the temperature
ascending, the degradation of polyols intensified resulting
in the growth of the maximum weight loss rate. What is
more, this discovery was in line with the results published
by Somani et al. [22]. Table 2 provides the maximum weight
loss speeds and the characteristic temperatures. The charac-
teristic temperatures of the first two phases were decreasing

with varying degrees, and the corresponding maximum
weight loss rate decreased significantly. Moreover, in the
third phase of SFAs with WPU modification, the character-
istic temperature was growing dramatically, indicating the
enhancement of polymers generated by the cross-linking
reactions between the WPU and soy protein molecule. After
cross-linking reactions, modified SFAs obtained better ther-
mal stability than did pristine SFAs, and the degradation
process was shifting to a higher-temperature area. This was
verified by the decline in the maximum weight loss rates
described above.

3.4. Analysis of Curing Kinetics. Through analyzing TG-DTG
curves of the curing process of soy-based adhesives, it could
be divided into 2 to 4 phases, assuming that these phases were
in line with the first-order reaction process. Then, the curing
kinetics equation under a constant heating rate calculated by
the Coats-Redfern integral method was given by equation
(2), and the adhesive conversion ratio was calculated by
equation (1).

x = m0 −mt

m0 −m
× 100%, 1

dx
di

= A exp −
E
RT

1 − x , 2

where x (%) is the adhesive conversion ratio, m0 (mg) is
the initial sample weight, mt is the sample weight of the
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Figure 4: TG and DTG curves of different adhesive samples.

Table 2: Characteristic temperatures and maximum weight loss speeds of SFAs.

Samples
Characteristic temperatures dWi/dt max (%·min-1) Residue ratio (%)

T1 (
°C) T2 (

°C) T3 (
°C) T4 (

°C) dW1/dt max dW2/dt max dW3/dt max dW4/dt max TG (800°C)

SFA 87.9 / 316.7 / -1.44 / -8.33 / 1.2

SFA-WPU5 86.8 210.2 298.3 393.3 -0.62 -1.57 -5.54 -1.75 2.3

SFA-WPU10 84.8 207.8 301.1 405.4 -0.71 -1.72 -5.36 -3.22 3.5

SFA-WPU15 78.6 196.1 301.2/332.1 421 -0.68 -1.74 -5.82/-5.71 -5.99 4.4

SFA-WPU20 76.2 195.7 299.7/328.6 420 -0.69 -1.27 -5/-5.15 -5.96 4.2

Note: dWi/dt max is the value of the maximum weight loss ratio.
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corresponding curing time, m is the sample weight of ter-
mination temperature, E (J/mol) is the activation energy,
A (s·mol/l2) is the preexponential factor; and T (K) is
the temperature.

For a constant heating rate, assuming H = dT/dt, equa-
tion (3) can be calculated from the integral of equation (2).

ln −ln 1 − x

T2 = ln AR
HE

1 − 2RT
E

−
E
RT

3

As illustrated in equation (3), ln AR/HE 1 − 2RT/E
is almost constant. When the reaction order is 1, the graph
plotted by ln −ln 1 − x2 /T2 and 1/T is a straight line. Con-
sequently, based on the slope and intercept of the straight
line, the preexponential factor and the activation energy
can be calculated.

Table 3 provides the curing kinetic parameters of
soy-based adhesives obtained by linear regression according
to the relationship diagram at different phases. It could be
concluded from Table 3 that the kinetic parameters of this
experiment had a high correlation coefficient, which illus-
trated that the first-order reaction kinetic model was feasible.
In addition, compared with SFAs, with the rising addition
level of WPU, the activation energy of the corresponding
phases increased to varying degrees, and the activation
energy of the third phase of SFAs modified with different
addition levels of WPU was increased by 63%, 54%, 61%,

and 44%, respectively, corresponding to the second phase
of pristine SFAs. It was revealed that the reactivity of SFAs
with WPU modification was weakened and the reason of
the growth of the characteristic temperature was confirmed.
In addition, the curing temperatures of modified SFAs were
higher than those of pristine SFAs.

4. Conclusions

The pristine SFAs during the hot curing process can be
divided into two phases. The first phase was mainly the evap-
oration of small molecule and organic compounds (from 30
to 148°C), and the second phase was the decomposition of
carbohydrates and protein (from 258 to 380°C). However,
the curing process of SFAs with WPU modification was
totally different from that of pristine SFAs which can be split
into four phases. The first phase was from 30 to 138°C, which
was mainly attributed to the evaporation of small molecule
and organic compounds, and the cross-linking reaction
between soy protein andWPU was taking place in this phase.
The second phase, mainly from 186 to 220°C, was attributed
to the evaporation and curing of a small molecule polymer of
WPU. The third phase occurred at 286 to 342°C, which was
mainly ascribed to the decomposition of polysaccharides,
soy protein, and polymers formed between WPU and soy
protein. And the fourth phase occurred at 394 to 453°C,
which contributed to the decomposition of polyols of
WPU. Due to the addition of WPU, the curing property of

Table 3: Parameters of reaction kinetics of different adhesive samples.

Samples
Temperature

(°C)
Fitting equation

Activation energy
(kJ·mol-1)

Preexponential factor
(s·mol·l-2)

Correlation
coefficient

SFA
52~147 y = −3391 9x − 5 6499 46.98 1 61 × 104 0.9848

147~387 y = −5708x − 3 6775 30.58 1 45 × 103 0.9311

SFA-WPU5

57~146 y = −5708x − 3 6775 82.98 2 15 × 106 0.9723

146~257 y = −1912 2x − 10 595 88.09 4 23 × 106 0.9921

257~357 y = −4419 7x − 6 0021 49.9 2 42 × 104 0.983

357~417 y = −514 82x − 12 459 54.11 3 2 × 107 0.9866

SFA-WPU10

54~149 y = −2187 1x − 9 4573 78.63 1 21 × 106 0.9647

149~267 y = −2374 8x − 9 6585 80.31 1 51 × 106 0.922

267~347 y = −4672 1x − 5 6689 47.13 1 64 × 104 0.9919

347~450 y = −1676 3x − 10 658 78.62 4 53 × 106 0.9743

SFA-WPU15

50~135 y = −2059 4x − 9 7389 80.97 1 65 × 106 0.9816

135~242 y = −2428 1x − 9 65 80.23 1 5 × 106 0.9746

242~380 y = −5226 3x − 4 7039 49.11 5 19 × 103 0.9911

380~481 y = −6029 2x − 3 9818 89.11 2 13 × 103 0.991

SFA-WPU20

55~134 y = −2417 5x − 8 7553 72.8 5 55 × 105 0.9603

134~253 y = −2158 1x − 10 312 85.74 1 7 × 106 0.961

253~385 y = −4989 7x − 5 2923 44 1 05 × 104 0.9519

385~488 y = −5377 1x − 5 1457 100.78 8 83 × 103 0.9723
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SFAs had a significant difference. In addition, the kinetics
calculation results demonstrated that the curing procedures
were in accordance with the first-order reaction process.
Moreover, the analysis by the curing process indicated that
the addition of WPU improved the stability of SFAs that
can make the activation energy at different phases improve
to varying degrees.
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