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Abstract

Lac terpene acid (LTA) is frequently discarded as industrial waste due to the significant challenges associated with its high-
value utilization. In this work, the waste liquid from shellac saponification to obtain the LTA was investigated, and then the
thermal property of LTA was investigated, and its application was developed. It was confirmed that LTA hydroxyl groups oxidize
at 150 °C to form aldehydes/ketones, while its solidification at 225 °C primarily results from self-polymerization through
esterification, yielding polymeric materials. Therefore, LTA as a high-performance thermosetting adhesive, capable of bonding
a wide range of materials, is including metals, glass, wood, and paper. Notably, LTA achieves 12.25 MPa shear strength on
metal substrates and demonstrates exceptional stability in harsh environments after heat curing. The study offers a
theoretical and practical basis for the development and high-value utilization of LTA also provides a new reference for the

study of terpene compounds.
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1. Introduction

Shellac is a natural resin secreted by lac insects,!'-3] which is
commonly film-forming agent,*! adhesive,! and sustained-
release drug.”? At present, it is often saponified in sodium
hydroxide solution in industry, through salting out, filtration,
bleaching, acid out, centrifugation, purification, drying and
other processes to obtain high purity aleuritic acid
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(Ci6H3205).5% In recent years, due to the sharp increase in the
demand for aleuritic acid in the fields of flavors, fragrances
and medicine, the discharge of the waste liquid from shellac
saponification process (shellac waste liquid for short) after
shellac resin extraction of aleuritic acid is also increasing,
which raises environmental and recycling concerns that have
attracted great attention from researchers and industry.

The treatment of lac wastewater commonly employs
technologies such as sedimentation, thermal coagulation,
electrolytic flocculation, UV-Fenton oxidation, hydroxyl
radical oxidation, and biological methods. However, most of
these technological analyses remain at the theoretical level,
lacking support from specific experimental data, and there is
still room for improvement in their practical applicability.['")
At present, the shellac waste liquid in the industry is generally
dumped or incinerated, which not only seriously pollutes the
environment, but also causes great waste of resources and has
a negative impact on the economic benefits of shellac
processing enterprises. There is an urgent need for the industry
to find a suitable way to recycle shellac waste liquid and
achieve its high-value recycling. In the preliminary work,
researchers modified the waste liquid with chemical reagents
such as polyvinyl alcohol, polymerized rosin glycidyl ester,
epoxy, resulting in materials such as foam, hot melt adhesives,
and resins.!'"121 Suchandra et al. used shellac waste liquid and
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jute fiber to develop low-cost composite materials. However,
the temperature increase showed some instability, mechanical
tests indicate that the strength performance of this material
needs improvement. The resin matrix exhibits significant
thermal degradation at 80 °C, and the composite fabrication
process involves multiple complex processing steps, and the
mechanistic evidence provided was limited.®! The
aforementioned research provides a potential avenue for the
reuse of shellac waste liquid.I"* However, several challenges
remain, including the mechanism of the modification process
is not clear, the process is complicated, the cost is high, the
material properties are low, and so on. It is still a great
challenge to continuously explore the high-value utilization of
the waste liquid from shellac saponification. Compared with
raw materials such as lignin and tannic acid, lac terpenic acid
exhibits higher reactivity and self-polymerization capability,
superior water and chemical resistance, and lower process
complexity. These advantages, along with its enhanced
environmental friendliness, provide a unique pathway for the
high-value utilization of shellac waste liquor.

A large amount of lac terpene acid (LTA) can be obtained
from the shellac waste liquid by washing and refining.!'415]
After isolation and identification, LTA mainly contains about
70% by weight of jalaric acid and laccijalaric acid, laksholic
acid, laccishellolic acid, shellolic acid and laccilaksholic acid
are also present Fig. 1 (A).I'¢!'7l Their chemical structure
contains a large number of hydroxyl, carboxyl, aldehyde and
carbon-carbon double bonds, which provide active sites for
many chemical reactions and contribute to the formation of
structurally diverse LTA derivatives and the preparation of
novel functional materials. As for LTA itself, because its
structure contains a variety of active functional groups, even
without the addition of other substances, it has the potential to
undergo various reactions such as esterification, etherification,
oxidation under heating conditions.

Although the components of LTA have been isolated,
purified and characterized, few studies have been reported on
their chemical properties, especially their changes under
heating conditions. In this work, shellac waste liquid was
initially refined to obtain the LTA, and then thermal properties
of the LTA were investigated at different temperatures, and its
application in the field of hot melt adhesive or thermosetting
adhesive was developed. A schematic diagram of the LTA
reaction is shown in Fig. 1(B). Without the addition of any
solvents or crosslinkers, an adhesive with superior properties
can be synthesized by thermal self-polymerization using only
LTA raw material. The prepared adhesive shows significant
promise for applications in extreme conditions and maintains
robust adhesive properties on various substrate materials, such
as metallic, glass, wood, and paper. This research approach
significantly reduces the cost of adhesive preparation,
simplifies the production process, and provides clear
mechanistic evidence and explanation, providing theoretical
and practical basis for the development and utilization of high
value LTA, and also provides a new reference for the research
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of terpene compounds.

2. Materials and methods

2.1 Materials

Sodium hydroxide, sodium chloride, petroleum ether,
dichloromethane, tetrahydrofuran, imidazole, pyridine, 1,4-
dioxane, and hydroxylamine hydrochloride were purchased
from Guangdong Guanghua Technology Co. (Guangdong,
China). Methanol, anhydrous ethanol, 95% ethanol, dimethyl
sulfoxide, ethyl acetate, formic acid, potassium hydroxide,
hydrochloric acid, and N,N-dimethylformamide were
purchased from Tianjin Windship Chemical Reagent
Technology Co. Acetone was purchased from Sichuan Xilong
Science Co. (Tianjin, China). Ether was purchased from
Chengdu Cologne Chemical Co. (Chengdu, China). All the
reagents were chemically pure. The adhesives used in this
study included: Item 1 is JL-6103C one-component high-
temperature-resistant epoxy adhesive (Dong Hana Juli
Adhesive Products Co., Ltd.); Item 2 is Seymour 8171 heat-
curing adhesive (Shenzhen Seymour New Material Co., Ltd.).
Shellac waste liquid was provided by Mojiang Senyuan
Technology Co., Ltd. (Yunnan, China). The water used in this
study was deionized water.

2.2 Refining of LTA

200 g of shellac waste liquid was placed in 2 L beater, and
sulfuric acid at 18% by mass was added to adjust the pH of the
solution to about 3 to precipitate the solid, then the precipitate
was ultrasonicated with 0.8 L water for 20 min and left for 10
min, the upper liquid was poured off, and the solid was stirred
repeatedly and washed for 5 times, the obtained solids were
freeze-dried for 48 h and dried under vacuum conditions at
60 °C for 48 h to obtain the refined LTA, with a yield of about
48%.

2.3 Acid value measurement

The acid value of LTA was determined according to GB/T
8143-2008 of the Shellac Product Testing Standard. Weigh 0.3
g of the sample and put it into a 100 mL beaker, add 50 mL of
95% ethanol for ultrasonic dissolution and titrate with 0.1
mol-L"! potassium hydroxide (KOH)-ethanol standard
solution using a potentiometric titrator. The standard solution
was prepared by dissolving 8 g of potassium hydroxide in a
polyethylene container using 5 mL of deionized water. The
solution was then diluted with 95% ethanol to a final volume
of 1000 mL. After sealing, the solution was allowed to stand
for 24 h, and the supernatant was carefully collected for later
use. The endpoint of the titration was determined using a pH
electrode, and the procedure was performed in triplicate to
ensure accuracy and reproducibility. The blank control
experiment was performed using 95% ethanol as the reference
system. Without the addition of LTA samples, potentiometric
titration was conducted with a 0.1 mol-L"' KOH-ethanol
standard solution to determine the background acid value of
the solvent system. The acid value is calculated by the mass
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Fig. 1: (A) LTA production process and chemical structure of shellac resin and LTA, (B) Schematic diagram of LTA reaction under
solvent-free heating and working principle of action under various substrates.

fraction of potassium hydroxide X; (mg KOH-g"), and the
acid value is calculated by Eq. (1).
_ (V1—V)C1#56.11

mq

X (1)

where X; is the acid value of the sample material LTA (mg
KOH-g"), Vi is the volume of potassium hydroxide (KOH)-
ethanol standard solution consumed by the sample (mL), Vy is
the volume of KOH-ethanol standard solution consumed by
the blank group (mL), C; is the concentration of KOH-ethanol
standard solution (mol-L), 56.11 is the molar mass of KOH
(g'mol™), and m; is the mass of the sample material LTA (g).
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2.4 Measurement of hydroxyl value

According to the literature method,!'® 2 g of sample was
weighed into a 250 mL round-bottomed flask, 50 mL of
pyridine was added to dissolve, then 0.1 g of imidazole and 25
mL of acylating agent (V pyridine: V acetic anhydride = 4:1)
were added to the system and placed in a water bath at 90 °C
for 1 h. After cooling the system to room temperature, 50 mL
of hydrolysate (V pyridine: V water = 2:1) was added to
completely hydrolyze the unreacted acetic anhydride, then
transferred to a beater for titration with 2 mol-L™! potassium
hydroxide-ethanol standard solution using a potentiometric
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titrator. The titration endpoint was determined using a pH
electrode, when the end point was reached, the volume of
titration solution consumed was recorded. The blank control
was prepared without the addition of the raw material LTA,
while all other experimental procedures and conditions
remained the same as those of the sample tests. The hydroxyl
value of the sample was calculated according to Eq. (2).

_ (V2-13)Cpx56.11

my

X, +X; 2)

where X, is the hydroxyl value of the sample material LTA,
the unit being mg KOH-g'!; V, is the volume of KOH-ethanol
standard solution consumed after complete hydrolysis of
acetic anhydride in the blank sample, the unit being mL; V>'is
the volume of KOH-ethanol standard solution consumed after
complete hydrolysis of the sample after acetylation, the unit
being mL; C; is the KOH-ethanol standard solution, the unit
being mol-L!; 56.11 is the molar mass of KOH, the unit being
g-mol!; my is the mass of the sample material LTA, the unit
being g; X is the acid value of the sample material LTA, the
unit being mg KOH-g™!.

2.5 Determination of the aldehyde value
Using the hydroxylamine hydrochloride method, the 0.3 g
sample was accurately weighed and dissolved in 20 mL of N,

N-dimethylformamide solution and then added to 10 mL of 2%

(w/v) hydroxylamine hydrochloride aqueous solution. The
mixed solution was allowed to react for 0.5 h at room
temperature and then titrated with potassium hydroxide
solution at a concentration of 0.2 mol-L!. The volume of
solution consumed is recorded at the end of the titration.
Meanwhile, the titration endpoint was determined using a pH
electrode, the blank control was prepared without the addition
of the raw material LTA, while all other experimental
procedures and conditions remained consistent with those of
the sample tests. The aldehyde group value is calculated
according to Eq. (3): ")

_ (Vs-15)cs*5611

msz

X3 X1 (€))

where X3 is the aldehyde group value of the sample material
LTA (KOH-g), V3 is the volume of the KOH-ethanol standard
solution consumed by the sample (mL), V3' is the volume of
the KOH-ethanol standard solution consumed by the sample
(mL), Cs is the concentration of the KOH-ethanol standard
solution (mol-L"), 56.11 is the molar mass of KOH (g-mol™),
m3 is the mass of the sample material LTA (g), and X is the
acid value of the sample material LTA (mg KOH-g™).

2.6 Characterization methods

Fourier transform infrared spectroscopy (FTIR): The
structural characterization of LTA raw materials and samples,
processed at different thermosetting temperatures and
durations, was performed using a Tensor-27 Fourier
Transform Infrared Spectroscopy (Netzsch, Germany).
Functional group analysis was performed by using the
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potassium bromide pressed tablet method, with the FTIR
spectra recorded over a wave number range from 4000 cm™ to
400 cm™, ensuring a comprehensive study of the molecular
structure.

X-ray photoelectron spectroscopy (XPS): The surface
elemental composition of the raw material LTA, as well as LTA
products heated at 150 °C for 60 min and 225 °C for 60 min,
was qualitatively and quantitatively analyzed using a PHI
5000 VersaProbe 11 X-ray photoelectron spectrometer (Japan).
The analysis was performed under the operating conditions of
15 kV and 50 W, ensuring accurate characterization of the
elemental distribution and chemical states on the material
surfaces. The PHIS000 VersaProbe II X-ray photoelectron
spectrometer (Japan) was used for the analysis of the surface
elements of the sample under the operating conditions of 15
kV and 50 W.

Thermogravimetric (TG): TG analysis of the raw material
LTA was performed using a STA 2500 synchronous thermal
analyzer (Netzsch, Germany). This instrument was used to
evaluate the thermal stability and decomposition behavior of
the material under controlled temperature conditions. During
the test, 5-8 mg samples were placed in a special alumina
ceramic crucible, and high-purity nitrogen with a purity of >
99.99% was used as the protective atmosphere and purge gas.
The gas flow rate was 50 mL-min™!, the purge gas flow rate
was 20 mL-min!, and the heating rate was 10 °C-min’'. The
measurement temperature range was 25-600 °C, and the
cooling method adopted was automatic cooling.

Dynamic Mechanical Analysis (DMA): The DMA test for
LTA was conducted using the Q800 instrument (TA,
American). The test used a three-point bending mode with a
selected frequency of 5 Hz. The temperature range for the test
was from 25-250 °C, with a heating rate of 5 °C-min"'. The
specimen dimensions were 40 mm x 10 mm x 1.5 mm, made
of poplar wood.

Differential Scanning Calorimetry (DSC): Thermal
transitions were analyzed using a STA2500 Thermal Analyzer
(Netzsch, Germany). Samples weighing approximately 10 mg
were sealed in the aluminum crucible and subjected to a
temperature range of -30 °C to 300 °C at a heating rate of
10 °C'min™! under a high-purity nitrogen atmosphere. The
protective and purge gas flow rates were set at 50 mL-min’!
and 80 mL-min’!, respectively.

2.7 Rheological tests

The raw material LTA was formed into a circular sample with
a diameter of 25 mm and a thickness of 1 mm, which was then
placed on a plate mold. The rheological properties of LTA
were evaluated using a TA Discovery HR-2 rheometer (TA
Instruments, USA). This instrument was used to characterize
the flow and deformation behavior of the material under
controlled conditions. The flow temperature ramp mode was
selected to test the viscosity change with temperature. The pre-
test stability time was 2 min, the gap height of the sample on
the mold during the test was 1000 pum, the gap height does not
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affect the results, the heating rate was 5 °C-min’!, according to
the method specified in GB/T 33061.10, the shear rate was set
at 10 s! and the test temperature was 25-300 °C. The
oscillation temperature ramp mode was selected to test the
variation of the energy storage modulus with temperature. The
oscillation temperature ramp mode shows that the oscillation
time is 2 min, the gap height of the sample on the mold during
the test was 1000 pm, the heating rate was 5 °C-min’!, the
pressure is 8.5 Pa, and the shear rate is 10 s

2.8 Determination of the shear strength of the LTA
adhesive

The heating process of the adhesive consists of four main steps:

preheating, coating, heat curing, and cooling. To evaluate the
influence of temperature and time on the bonding properties,
the experiments were conducted according to the national
standard GB/T 7124-2008 (Adhesives-determination of
tensile lap-shear strength of rigid-to-rigid bonded assemblies)
and ASTM D1002 (Apparent shear strength of single-lap-Joint
adhesively bonded metal specimens by tension loading).
Specifically, 3 g of LTA was preheated on a constant
temperature hot plate with a digital readout at 110 °C for 5 min
until it became liquid. The liquid LTA was then applied to
substrates such as stainless steel, aluminum sheet, and
tempered glass, with a coating area of 12.5 mm x 25 mm and
an adhesive layer thickness of 0.2 mm. A pressure of 1.38 MPa
per unit area was applied to the metal substrate within the bond
area. The bonded substrates were then placed in an oven and
cured at various temperatures for specified periods of time.
After curing, the samples were removed from the oven and
allowed to cool to room temperature for further analysis. An
AGX-V-5 kN universal testing machine was used to measure
the shear strength.?"! The distance between the test specimens
was 90 mm and the speed was 10 mm-min’!. The shear
strength (MPa) is calculated by dividing the ultimate load (N)
by the shear area (mm?).

2.9 Stability test of LTA thermoset products

The LTA bonded stainless steel substrates were subjected to
hot curing in an oven at different temperatures and durations.
After curing, the samples were immersed in 0.5 L of various

3. Results and discussion

3.1 Basic physicochemical properties of the LTA

The solubility test results showed that LTA has a solubility
greater than 100 mg-mL' in N, N-dimethylformamide,
pyridine, methanol, ethanol, and 0.1 mol-L! sodium
hydroxide solution. It was soluble in tetrahydrofuran, dimethyl
sulfoxide and 1,4-dioxane with a solubility greater than 60
mg-mL!. But the LTA was insoluble in water, 0.1 mol-L"!
hydrochloric acid solution, ethyl acetate, methylene chloride,
acetone, ether, and other solvents. As shown in Table 1, the
acid value of LTA was 99.72 mg KOH-g"!, the hydroxyl group
value was 274.23 mg KOH-g™!, the aldehyde value was 13.58
mg KOH-g”!, the ratio of carboxyl group, hydroxyl group and
aldehyde group was about 7.3: 20.2: 1, and the LTA pH value
of 0.1 mol-L! was 5.69. The structure of LTA is basically
consistent with that reported in the literature, and it is a
mixture of different lac terpene acid.

3.2 Thermal properties of the LTA

Initially, the rheological properties of LTA were systematically
investigated under temperature-dependent conditions using
two distinct measurement modes. The temperature-viscosity
test results in Fig. 2(A) shows that the viscosity of LTA
generally changes in two stages with increasing temperature.
In the first stage, the viscosity of LTA decreased sharply with
increasing temperature. When the temperature reached about
200 °C, the viscosity of LTA remained at about 0.04 Pa-s,
indicating that the substance was liquid.?'?? In the second
stage, as the temperature continued to increase from 200 °C to
300 °C, the viscosity of the substance in this temperature range
gradually increased progressively to about 5.81 Pa-s,
indicating that the chemical reaction of LTA produces a
substance with higher viscosity.”**¥ In addition, the
temperature-modulus test results were shown in Fig. 2(B). As
the temperature increased from room temperature to 132 °C,
the loss modulus and energy storage modulus continued to
decrease, and the loss modulus was always larger than the
energy storage modulus, indicating that LTA was liquid and
that mainly viscous deformation occurred in this temperature
range,> the energy storage modulus shows an increasing
trend in the temperature range of 105-132 °C, indicating that

solutions, including 0.1 mol-L" HCI, 0.1 mol-L"! NaOH, 1 wt%polymerization of carbon-carbon double bonds may have

NaCl, petroleum ether, deionized water, and 95 °C water for
24 h. After immersion, the samples were removed, thoroughly
rinsed with deionized water, and dried at room temperature.
The shear strength of the samples was then measured
according to the procedure described in Section 2.8.

2.10 Statistical Analysis

All experiments were conducted in triplicate unless otherwise
specified, with data expressed as mean + standard deviation.
Statistical analyses were performed using SPSS Statistics 17.0
software, employing Duncan's multiple-range test for post-hoc
comparisons. * is p value <0.05, **is p value <0.01, *** is p
value <0.001.
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occurred within the LTA molecules.?*?"l In the temperature
range of 132-225 °C, the energy storage modulus and the loss
modulus of LTA were the same, indicating that the structure of
the raw material collapsed and a phase transition occurred, at
which time LTA was a gel-like semi-solid.?®! When the
temperature was higher than 225 °C, the energy storage
modulus of LTA was larger than the loss modulus, indicating
that the chemical reaction of LTA was completed and a solid
substance was formed.!”!

The weight loss behavior of LTA as temperature increased
was largely consistent with the findings from the rheological
tests. As shown in Fig. 2(C), LTA started to lose weight from
about 230 °C, and the weight loss rate reached the maximum
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Fig. 2: (A) Temperature-viscosity test diagram of LTA, (B) Temperature-modulus test diagram of LTA, (C) TG and DTG Diagrams
of LTA, (D) FTIR Diagram of LTA heating products at different temperatures in 60 min, (E) at 150 °C with different time, (F) at
225 °C with different time, (G) The DMA curves of LTA illustrate the variation of modulus with temperature at different reaction

temperatures, and (H) Temperature-DSC test diagram of LTA.

Table 1: Basic physicochemical properties of the LTA.

Acid Hydroxyl Aldehyde 0
(mg KOH g) (mg KOH g!) (mg KOH g) P
Index 99.72+4.51 274.234+2.10 13.58+3.03 5.69+0.14

value at 411 °C. After that, the thermogravimetric rate started
about 230 °C, and the weight loss rate reached the maximum
value at 411 °C. After that, the thermogravimetric rate started
to slow down and finally kept its mass unchanged after about
490 °C, at which time the weight loss of LTA was about
86.89%.

To study the structure of LTA heating products at different
temperatures, LTA was heated at 75 °C, 100 °C, 125 °C, 150 °C,
175 °C, 200 °Cand 225 °C for 60 min, respectively, and then
the products were characterized by infrared spectroscopy. As
shown in Fig. 2(D), the LTA mainly had stretching vibration
absorption peaks caused by -OH at 3415 cm™ and stretching
vibration absorption peaks caused by -C=0 and -C-O-C in
carboxyl or ester groups at 1709 cm™ and 1160 cm’,
respectively. And the stretching vibration absorption peak
caused by the -C-O bond in the hydroxyl group at 1017 cm”
11330311 When LTA was reacted at 75 °C, 100 °C, and 125 °C
for 60 min, the absorption profile was similar to the raw
material, indicating that there was no obvious chemical
reaction in LTA at relatively low temperatures. When LTA was

6 | Eng. Sci., 2025, 35, 1568

reacted at 150 °C, 175 °C and 200 °C for 60 min, the
absorption peaks of the products at 3415 cm™ and 1017 cm’!
disappeared or became weaker, while the absorption peaks at
1709 cm™! increased in intensity and broadened, indicating that
the hydroxyl group of LTA may be oxidized to aldehydes or
ketones. The absorption peak of the product of LTA heated at
225 °C increased in intensity at 1738 c¢m™, a prominent
absorption peak was observed of the C-O-C stretching
vibration at 1168 cm™', indicating that a large number of ester
groups were formed at this time.

To explore LTA alterations under high temperature, the
fixed heating temperatures were 150 °C and 225 °C
respectively, and the influence of heating time on LTA was
investigated. As shown in Fig. 2(E), compared with LTA raw
materials, the absorption peaks of LTA products remained
unchanged after heating at 150 °C for 10 min, while the
infrared absorption peaks of LTA products were basically the
same after extending the heating time to 30 min and 60 min.
their absorption peaks at 3415 ¢cm™ and 1017 cm™ were
weakened. However, the absorption peak at 1709 cm’!
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increased in intensity and broadened, indicating that part of the
hydroxyl group of LTA may be oxidized to aldehydes or
ketones at this time. However, Fig. 2(F) shows that when LTA
was heated at 225 °C for 10 min, the absorption peak at 1738
cm™' and 1605 cm™ increased in sharper and more intense,
while a C-O-C stretching vibration absorption peaks appeared
at 1168 cm™. These results clearly show the formation of an
ester absorption peaks, indicating that the increase in
temperature is conducive to shortening the self-
polymerization time of LTA. B2

Fig. 2(G) In the DMA analysis of LTA at different
temperatures, the Tan & curve showed a peak at 126 °C,
indicating molecular relaxation at this temperature. This
relaxation is likely due to the polymerization of carbon-carbon
double bonds and changes in the degree of cross-linking
within the LTA molecules, which is consistent with the upward
trend in the energy storage modulus observed in the
temperature range of 105-132 °C in the rheological tests. In
addition, a peak at 224 °C indicates a phase transition, likely
caused by an esterification reaction within the LTA molecules,
leading to an increased degree of cross-linking and a transition
from a gel state to a solid state. This finding was consistent

rich hydroxyl functional groups in its molecular structure, it is
highly prone to oxidation reactions, the oxidation of hydroxyl
group to aldehydes or ketones mainly occurrs, while the
esterification reaction mainly occurrs at 225 °C, resulting in
self-polymerization to produce new polymer products.3+33]

3.3 Adhesive properties of the LTA

According to the thermal properties of LTA, six temperature
nodes such as 150 °C, 175 °C, 195 °C, 215 °C, 225 °C and
235 °C were selected as representative to investigate the
influence of LTA thermosetting at different temperatures for
10 min, 30 min and 60 min on the adhesion to stainless steel
substrate. As shown in Fig. 4, when the thermosetting
temperature was 150 °C and the curing time was 10 min and
30 min, the shear strength of the product was maintained at
1.89 MPa and 1.98 MPa, and when the time was extended to
60 min, the shear strength was increased to 5.56 MPa. LTA can
be used as an adhesive in different temperature ranges and can
be used to bond paper, wood, glass, and metal. When the
thermosetting temperature was 175 °C and 195 °C and the
curing time was 10 min, the shear strength of the obtained
product was only 1.93 MPa and 1.95 MPa, but when the time

with the experimental thermal cur temperature of LTA at 225 °Gwvas extended to 30 min, the shear strength was increased to

and the rheological test results, which showed that the energy
storage modulus exceeded the energy dissipation modulus at
225 °C. In Fig. 2(H), the DSC analysis revealed that the glass
transition temperature (Tg) of LTA was 22 °C. The material
exhibited distinct endothermic peaks at 150 °C and 225 °C,
further confirming the occurrence of oxidation and
esterification reactions during the heating process. Taken
together, these observations highlight the thermal and
structural evolution of LTA during the curing process.

To further characterize the products of LTA at different
temperatures, we performed XPS characterization of the
reaction products of LTA heated at 150 °C and 225 °C for 60
min respectively. It can be seen from Fig. 3 that LTA and the
products at the two heating temperatures were mainly
composed of carbon and oxygen elements. The content of
carbon and oxygen elements in the crude LTA was basically
the same as that in the products at 150 °C, but the content of
C=0 group in the products at 150 °C increased by about 9%,
indicating that the oxidation reaction is mainly caused by the
hydroxyl group in LTA at this temperature.3 The carbon and
oxygen contents of the products heated at 225 °C were
comparable to those of the raw LTA and the products heated at
150 °C. However, a significant increase was observed in the
C=0 group content, which increased from 42.31% to 49.21%
compared to the raw LTA, and in the C-O group content, which
increased from 48.37% to 50.79% compared to the 150 °C
product. In addition, the C-O:C=0 ratio increased from 0.93
to 1.03 compared to the 150 °C product. These results indicate

the formation of a substantial number of ester groups at 225 °C.

The analysis results of XPS were basically consistent with the
characterization results of FTIR, indicating that when LTA was
heated at 150 °C for 60 min, there is air around it. Due to the
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9.37 MPa and 10.24 MPa, respectively, and did not change
with time. The high shear strength of 8.87 MPa, 10.38 MPa
and 10.71 MPa was obtained after heating for only 10 min at
the high thermosetting temperature of 215 °C, 225 °C and
235 °C, and the adhesive performance was strong and reliable.

As shown in Fig. 4(E) and (F), the adhesion strength of
LTA was evaluated on different substrates and commercial
adhesives. The results showed that LTA exhibited strong
adhesion strength on various substrates such as stainless steel,
aluminum, tempered glass, PP, bamboo, wood and paper, with
adhesion strengths of 12.25 MPa, 7.46 MPa, 6.81 MPa, 2.42
MPa, 2.49 MPa, 2.35 MPa, and 0.25 MPa, respectively. The
enhanced bonding effect of LTA on metals may be due to metal
coordination or electrostatic action between LTA and the metal
surface. In order to prevent thermal degradation of non-
temperature-resistant substrates at 225 °C, a lower heat curing
temperature was chosen, and its adhesion strength was
selected. LTA adhesive and commercial adhesives item 1 and
item 2 selected stainless steel substrate adhesion performance
control shows that the shear strength of LTA exceeds the
commercially available adhesives, LTA in the metal substrate
shows superior adhesion performance, its shear strength
shows a statistically significant difference from that of other
substrates, which may be due to the LTA adhesives contain a
large number of hydroxyl carboxyl and other functional
groups in the high temperature highly esterified cross-linking
to form a network structure at high temperature and the metal
coordination or chelation with the metal surface.36-38

In practical applications, adhesives are frequently required
to endure extreme environmental conditions, including
exposure to water, seawater, acids, alkalis, and organic
solvents. To assess the bonding properties of LTA with
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Fig. 3: (A) XPS Survey spectrum, (B) High-resolution spectra of C 1s and (C) High-resolution spectra of O 1s of the LTA, (D) XPS
Survey spectrum, (E) High-resolution spectra of C 1s and (F) High-resolution spectra of O s of the reaction product of LTA was

heated at 150 °C for 60 min, (G) XPS Survey spectrum, (H) High-

of the reaction product of LTA was heated at 225 °C for 60 min.

stainless steel substrate under various conditions, this study
bonded LTA to stainless steel at temperatures of 150 °C,
195 °C, and 225 °C for 60 min. Subsequently, the bonded
specimens were immersed in hydrochloric acid, sodium

hydroxide, saline solution, petroleum ether, water, and 95 °C

water for 24 h. The bonding stability was then evaluated
through shear strength testing.

As shown in Fig. 5, the experimental findings reveal that
the shear strength of the LTA-bonded steel substrate
significantly decreases after 24 h of immersion in various
solvents at 150 °C, particularly in alkaline environments. This
suggests that the polymerization products formed at this
temperature exhibit poor stability under extreme conditions.
When bonded at 195 °C, the LTA showed minimal strength
reduction after 24 h in water but experienced slight decreases
in strength when exposed to acid, alkali, saline solution, and
petroleum ether. In contrast, the LTA bonded at 225 °C
maintained a stable shear strength of approximately 12.25
MPa after 24 h in various solvents. The adhesion strength
showed no significant change after immersion in various
solvents, with no statistically significant difference observed
(p>0.05). This indicates that the polymerization products
formed at this temperature possess superior stability.[20:3%40]
This enhanced stability was likely due to the higher
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resolution spectra of C 1s, and (I) High-resolution spectra of O 1s

temperature promoting the formation of additional ester
groups in the LTA, resulting in a cross-linked polymer
structure that improves the material's hydrophobicity and
chemical resistance. These properties make LTA adhesive
highly promising for applications in harsh environments, such
as those involving strong acids, strong alkalis, and marine
conditions. For instance, in marine engineering, chemical
processing equipment, and industrial machinery that require
long-term exposure to aggressive media, LTA adhesives can
serve as high-performance bonding materials, offering
exceptional durability and reliability.[*!-+

4. Conclusion
The effluent generated from shellac deep-processing varies
widely in composition and pollutant content due to differences
in production batches and factory processes. Currently, this
pollutant-rich effluent is underutilized as a resource, and
research on shellac effluent remains limited. In this study, the
waste liquid was first purified to remove impurities, resulting
in refined LTA raw material. Analysis of its physical properties
and chemical structure revealed that LTA contains active
functional groups such as hydroxyl, aldehyde, and carboxyl,
highlighting its potential for high-value utilization.

LTA exhibits temperature-sensitive behavior. Rheological
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Fig. 5: Adhesion curves by the lap-shear test of LTA adhesive to stainless steel at (A) 150 °C, (B) 195 °C and (C) 225 °C for 60 min
and soaked in different solutions for 24 h; Summary of adhesion strength of LTA adhesive to stainless steel at (D) 150 °C, (E) 195 °C
and (F) 225 °C for 60 min and soaked in different solutions for 24 h.
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and DMA tests indicate that cross-linking of carbon-carbon
double bonds occurs at about 126 °C, while curing reactions
occur at about 225 °C. Infrared and XPS analyses further show
that the oxidation of hydroxyl groups to aldehyde groups
occurs at about 150 °C, and esterification cross-linking
reactions at about 225 °C to produce polymers that were
insoluble in most solvents. After heat curing, LTA exhibits
excellent adhesive properties, allowing it to bond to various
substrates, including metals, glass, wood, and paper, at
temperatures tailored to the specific requirements of each
material. With a remarkable bond strength to metal exceeding
12.25 MPa, LTA shows promise for industrial adhesive
applications.

LTA adhesives exhibit exceptional stability in harsh
environments only after thermal curing, while showing some
instability below the thermal curing temperature. In addition,
the variability of production batches of shellac waste liquid
and the high cost of recovery pose challenges to its widespread
use. However, in applications where stringent adhesive
performance and stability were not required, LTA shows
promise for industrial adhesive applications as a solvent-free,
heat-curable, waterproof, and tough adhesive. Its advantages
in industrial manufacturing and environmental sustainability
underscore its potential for wider adoption and high-value
utilization.
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