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Kinetics of thermal degradation 
of raw lacquer enhanced 
by formaldehyde urea prepolymer
Qiang Xiao 1,2, Yanjun Cao 1,2, Wenyu Zheng 1,2, Tianle Hou 1,2, Shuhang Gao 1,2, Jianhua Lyu 1,2, 
Hui Xiao 1,2, Yuzhu Chen 1,2* & Ming Chen 1,2*

In this study, formaldehyde-urea prepolymer (FUP) were synthesized, which were used to modify the 
raw lacquer (RL) and this composition named LF, while the basic properties of the RL were tested. 
Thermal gravimetric (TG) analysis and scanning electron microscopy (SEM) were used to analyze the 
degradative characteristics and the surface morphology of RL before and after modification. The 
result indicated that FUP can significantly improve the performance of RL. The drying time of the LF is 
significantly shortened, the gloss, the pencil hardness, and the impact performance are significantly 
enhanced at the same time. TG analysis and thermal decomposition kinetics analysis illustrated that 
the thermal stability and the activation energy of LF2 were stronger than that of RL. In addition, SEM 
analysis illustrated that the surface smoothness of RL were also improved.

Raw lacquer (RL) is an environmentally friendly and renewable material, which is collected from the lacquer 
tree, and can usually be made into lacquer craft as a lacquer material coated with ceramics, leather, wooden and 
metal on the surface. In addition, it has been used for thousands of years in history of the East Asia, especially in 
China1–3. It is still used now because of its durability, acid and alkali resistance and high ornamental performance 
after it cured4–6. The compositions of lacquer sap are urushiol (40–80%), water (20–30%), plant gum substance 
(~ 7%), polysaccharides (~ 5%), laccase (< 1%), and other substance (< 5%)7–10.

Urushiol, the main ingredient of lacquer, is a catechol derivative with three different side chain structures11–14. 
Urushiol obtained from Rhus vernicifera grown in China has 15 carbons branch chains at 3 positions of the cat-
echol ring15–17. Laccase is a phenoloxidase, a protein with four copper ions born in lacquer tree, which catalyzes 
the oxidation of urushiol through redox interactions between Cu (II) and Cu (I). It is vital that laccase catalyzes 
in the oxidize urushiol to its phenoxy radical. However, this reaction process needs a relatively hardly condition 
at the relative humidity about 80–90% and the temperature about 20–30 ℃14,18. This is the reason why the lacquer 
cannot be widely used in the market. The reaction of lacquer is self-oxidization reaction besides catalytic process. 
At the beginning, laccase as a catalyst is through redox reducing action causing the urushiol oxidized19,20. Then 
while the consistency of the monomer of urushiol is less than 30%, urushiol can react with the unsaturated side 
chain or senmiquinone radical by itself, as shown in Fig. 1 21.

Previously, in order to enhance these network structure, some materials were putted into lacquer, such as 
MWCNTs, nano-silica, organophilic montmorillonite nanocomposites22–24. These composites can form new 
chemical bond with urushiol to improve basic performance of RL. In earlier literatures, researchers found that 
formaldehyde or amino groups and RL could react to form the network structure, and the urushiol-formaldehyde 
polymer (UFP) of dry time and other basic performance was improved25–27. Inspired by the above research, 
formaldehyde-urea polymer (FUP) has abundant hydrophilic amino groups and methylol groups, which may 
have the same effect.

TGA was one of the most common methods for studying thermal degradation analysis. The logarithm of 
the weight loss rate at different heating rates was plotted against the reciprocal absolute temperature at a given 
weight loss to obtain the activation energy, and the mechanism was elucidated by the intercept plot28,29. Flynn-
Wall-Ozawa30, the extended Friedman31 and the Kissinger–Akahira–Sunose method32 are the three commonly 
used methods. All three methods are derived based on an equation, so these methods have broad applicability. 
According to this equation, a new equation about thermal degradation kinetics was deduced to research the deg-
radation of lacquer films. Hence, in this study, formaldehyde and urea were used to synthesize FUP, and different 
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amounts of FUP were used to modify the RL, and the basic properties of the RL were tested. TG and SEM were 
used to analyze the degradation characteristics, the change of activation energy and the surface morphology of 
RL before and after modification.

Experiment
Materials.  The lacquer sap was pursued from Chengdu Lacquerware Craft Factory Co., Ltd (Sichuan, 
China). Formaldehyde solution was 37% aqueous solution, and the concentration of sodium hydroxide (NaOH) 
solution is 40%. They (including urea) were all analytical grade.

The preparation of formaldehyde‑urea prepolymer (FUP).  The formaldehyde solution and urea 
placed in a three-necked flask with a thermometer and rotor (the mass ratio of formaldehyde solution to urea 
was 0.30) and heated in a water bath at 30 ℃. Next adjusted the acid–base with 40% NaOH to make the pH = 8.5. 
It was heated to 90 °C in less than 40 min, then cooled after 30 min. The FUP sap was obtained.

The preparation of lacquer film.  The lacquer-FUP polymer (LF) was prepared by adding 0%, 1%, 3%, 5% 
and 7% FUP liquid into the lacquer liquid, and named as RL, LF1, LF2, LF3 and LF4, respectively. Then the LF 
was put into a beaker and rotated at 40 ℃ for 3 h. Next, the stirred lacquer was coated on tinplate with thickness 
of 75 μm through the applicator. Finally, the tinplate was put in the humidity chamber (HSP-50B) to dry at 30 ℃ 
and 80%RH. Then the cured films were put in room environment for a week for subsequent testing.

Figure 1.   Oxidation mechanism of urushiol catalyzed by laccase.
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Methods.  The drying time test.  The drying time of lacquer was depending on Chinese standard GB/T 1728-
2020. The tough-drying meant that when blowing the cotton ball that on the lacquer film gently, if the lacquer 
didn’t appear cotton silk or can be blown away gently, the time was tough-drying (TD)33.

Gloss test.  The dried lacquer film was tested by the WGG-Y4 glossmeter (Fujian, China) according to Chinese 
standard GB/T 9754-2007. The principle was to test the reflectance of 60° light on the surface, and the unit of 
gloss was gloss unit (GU) or gloss (GS).

Impact resistance test.  The cured lacquer was placed under the CQJ-II instrument (Fujian, China) and tested 
according to Chinese standard GB/T 1732-2020. The unit of impact resistance was centimeter (cm).

Pencil hardness test.  Pencil hardness was tested according to Chinese standard GB/T 6739-2006. Gradually 
increase the hardness of the pencil until there are more than three scratches on the film and record the hardness 
level of the pencil.

Thermal gravimetric analysis.  The samples test by Non-isothermal measurements were performed with ther-
mogravimetric (TG) instrument (TG 209F3, Netzsch) at heating rates of 5 ℃/min, 10 ℃/min, 20 ℃/min, 40 ℃/
min from 30 to 800 ℃ under nitrogen atmosphere.

Scanning electron microscopy (SEM).  The surface morphology of RL and LF were discovered by SEM (Zeiss 
Sigma 300, Germany).

Fourier Transform Infrared Spectrometer (FT‑IR) analysis.  The FUP, RL and LF2 were tested at room tempera-
ture by a spectrometer (Thermo Scientific Nicolet is5, Thermo Fisher). And the prepared samples were tested by 
KBr compressed into flakes. The wavenumber range is from 400 to 4000 cm−1.

Kinetic analysis.  In the kinetic analysis of solid-state thermal decomposition of polymer materials, the decom-
position rate under non isothermal conditions can be expressed as follows:

where C is the conversion rate ( C =
W0−Wt
W0−W

∞

× 100% ), W0 is the initial weight of the sample, Wt is the weight 
of the sample at time t, W∞ is the weight of undecomposable residue.

In Eq. (1), K is the Arrhenius velocity constant, the expression is as follows:

where E is the apparent activation energy, A is the frequency factor, R is the gas constant and T is the absolute 
temperature.

In Eq. (1), the functional form of f(C) depends on the reaction mechanism. Generally, it can be assumed 
that f (C) depends only on the reaction degree C, and is independent of temperature T and time t, f (C) can be 
expressed as follows:

In Eq. (3), n is the order of reaction. According to Eqs. (1)–(3), it can be concluded that:

Considering the constant heating rate β , Eq. (4) can be expressed as:

According to Ozawa’s method, Eq. (5) can be deduced as follows34:

Results and discussions
Basic performance analysis.  The basic performance of RL and LF was shown in Table 1. With the load-
ing level increased, the TD decreased at first and then increased. Furthermore, the gloss and pencil hardness 
increased at first and then decreased. The reason of this phenomenon was the presence of some hydrophilicity 
amino groups in LF, which could change the conditions of lacquer curing. Under low humidity conditions, the 
water in the lacquer sap evaporated under low vapor pressure, making the lacquer difficult to dry. However, the 
laccase required a high humidity environment during the redox process.
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Due to the diffusion and penetration of oxygen, the reduced energy of Cu (En-Cu (I)) in the laccase was not 
oxidized to En-Cu (II), which caused between the Cu (I) and Cu (II) being difficult to converted. However, FUP 
can improve the work environment of laccase, prompting reactive activity of laccase, accelerating the change 
between the Cu (I) and Cu (II)35,36. In addition, urushiol will complete polymerization in acidic or neutral envi-
ronment under natural conditions37. Therefore, when the additional amount of FUP is small, the amino groups 
play a crucial role. It can undergo alcoholysis reaction with urushiol groups33. With the loading level of FUP 
increasing, the influence of pH value in the solution was greater than that of the amino group on account of the 
FUP solution was alkaline. Therefore, the tendency of comprehensive performance of LF appeared a phenomenon 
of originally becoming better and then becoming worse.

FT‑IR analysis.  The FT-IR spectra curves of RL, LF2 and FUP were shown in Fig. 2. In FUP curve, there 
were mainly three function structures, such as O–H or N–H, C=O and C–N, whose corresponding absorption 
peaks were at 3200–3700, 1650 and 1000–1200 cm−1, respectively. In RL and LF2 curves, there were several 
absorption peaks as follows. The absorption peaks at 3700–3200, 1360 and 734 cm−1 all were O–H tensile vibra-
tion. The absorption peaks at 2800–2975, 1475 and 1070–1110 cm−1 were caused by the stretching motion of 
C–H, which were derived from the stretching vibration of C–H on side chain and on catechol ring38,39. The peak 
at 3010 cm−1 was the stretching vibration of the C=C bond in the side chain remained.

The peak was assigned to C–O–C vibration at 990 cm−1. And according to the peaks were approximately at 
1200 cm−1 and 1820 cm−1, it can be speculated that LF and RL was synthesized C–N bond during the polym-
erization process and this C–N bond substituted the H on the catechol ring. From the above, it can be inferred 
that LF can form the single substitution of a C–N bond on the catechol ring, as shown in Fig. 340,41. This C-N 
bonds in LF2 could enhance network structure when the urushiol was aggregated, thereby enhance the basic 
performance of LF.

Table 1.   The basic performance of RL and LF.

Sample Loading level Touch drying (TD)/min Gloss/GU Pencil hardness Impact resistance/cm

RL – 180 110.3 3H 15

LF1 1% 170 137.6 4H 50

LF2 3% 140 147.3 5H 40

LF3 5% 185 146.6 3H 50

LF4 7% 320 136.5 B 50

Figure 2.   The FT-IR spectra curves of RL, LF2 and FUP.
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TG analysis.  The TG curves of RL and LF2 at different heating rates were shown in Fig. 4. And the TG-DTG 
curves of RL and LF2 with 10 K/min were shown in Fig. 5. Apparently, the degradation of RL and LF had the 
same tendency. They all had four stages.

The first stage temperature was between 0 and 200 ℃. The mass loss at this stage is mainly the evaporation of 
water and the moisture content of RL and LF2 were almost the same. The second stage temperature was between 
201 and 350 ℃. In this stage, the mass loss is mainly due to the degradation of small molecules. The peak deg-
radation temperature was about 285 ℃35. The temperature range for the next stage was from 351 to 500 ℃ and 
501–800℃. In this stage, the mass loss was mainly the degradation of glycoprotein, lacquer polysaccharide and 
lacquer monomer42,43.

Thermal parameters of RL and LF2 obtained from TG–DTA curves were shown in the Table 2. It can be 
found that the mass loss of LF between 201 and  350 ℃ was slightly more than RL. This phenomenon showed that 
whether it is RL or LF2 in the process of film formation, the urushiol monomer continuously forms dimers and 
polymers, which led to a decrease in the number of urushiol monomers after curing and film formation. So that 
in the process of thermal degradation, the difference in film quality loss was very small. It can also be known that 
most FUP existed in the film in the form of urushiol polymer, and the temperature will not degrade at 350 °C. 
The degradation of urushiol polymer was mainly in the two stages of 351–500 ℃ and 501–800 ℃, and most of 
the urushiol polymer in the lacquer film will degrade in these two stages. From the degradation rates of the DTG 
curves in Table 2 and Fig. 5 at 420 °C, it can be found that the degradation rate of RL was significantly higher 
than that of LF2, resulting in the degradation of LF2 at this stage was smaller than that of RL. This result led to 

Figure 3.   Reaction mechanism of LF.

Figure 4.   The TG and DTG curves of RL and LF2 four different heating rates.
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the fact that the carbon residue of LF2 was greater than RL at 800 °C. The more carbon residues, the stronger the 
impact resistance of the lacquer film. It can also be confirmed in Table 1.

Calculation of activation energy.  Plots of ln β vs 1/T at different conversion rates by Ozawa method were 
shown in Fig. 6. The activation energy (E) obtained by Ozawa method were shown in Table 338,44.

The conversion rate in Table 3 intercepted the E data between 0.25 and 0.65, because when the conversion 
rate was before 0.25, it was mainly the degradation of water rather than the degradation of urushiol polymer, so 
the data cannot be used for reference. After 0.65, the temperature was just at the turning point of 500 °C. After 
500 °C, the C–O double bond on the urushiol side chain was mainly thermally degrading. The main products 
are alkylphenols and alkenylphenols10. It was also possible that the C–O double bond in FUP was degrading, 
resulting in that some of the values cannot be used in the activation energy of thermal degradation of urushiol. 
When conversion rates are less than 0.25 and greater than 0.65, the correlation coefficient (R2) is very low, which 
cannot be used to calculate E. With the increase of conversion rate, the E value of RL decreases gradually, while 
the E value of LF2 increases, as shown in Fig. 7. The average E value of RL and LF2 was 165.066 and 176.040 kJ/
mol, respectively. When the conversion rate is 0.4, the E of LF and RL are basically the same, the corresponding 
temperature is about 350 °C, which was just the turning point of the thermal degradation rate. The thermally 
degradable substances were urushiol monomer or urushiol small molecules when the temperature is below 
350 ℃. In this range, the E of RL was significantly larger than that of LF2, indicating that the small molecules 
of urushiol in LF2 are more easily degraded at this stage. When the temperature is higher than 350 ℃, the deg-
radation of urushiol polymer was the main factor, and the E of LF2 was greater than that of RL in this stage. 

Figure 5.   The TG-DTG curves of RL and LF2 with 10 K/min.

Table 2.   Thermal parameters of RL and LF obtained from TG–DTA curves.

Sample Loading level

Corresponding Mass loss %

Char residual at 800 ℃

Temperature ℃

0–200 201–350 351–500 501–800

RL – 1.499 14.929 55.683 19.900 7.989

LF2 3 2.033 15.076 53.505 20.859 8.527
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Figure 6.   Plots of ln β vs 1/T at different conversion rates by Ozawa method (a) RL and (b) LF2.

Table 3.   E values of RL and LF2 calculated by the Ozawa method at different conversion rates.

Conversion rates

RL LF2

E (kJ/mol) R2 E (kJ/mol) R2

0.25 184.713 0.970 164.213 0.961

0.3 183.678 0.992 171.340 0.986

0.35 180.074 0.996 173.703 0.947

0.4 176.667 0.997 173.158 0.998

0.45 161.896 0.977 173.751 0.999

0.5 158.300 0.970 174.723 0.999

0.55 153.439 0.952 176.857 0.999

0.6 144.034 0.905 181.813 0.999

0.65 142.792 0.989 194.798 0.999

Average 165.066 176.040

Figure 7.   E of RL and LF2 calculated by the Ozawa method at different conversion rates.
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This was because FUP reacted with urushiol to form aniline analogs and the amino group formed more stable 
carbon–nitrogen bond with the side chain.

SEM analysis.  The SEM images of cured RL and LF were as shown in Fig. 8. It was noticed that there were 
some caves on the films, which are caused by the evaporation of waterdrops during the drying process45,46. In 
Fig. 8a, the caves on RL is the largest, with a diameter of about 0.5 μm. Compared with RL, LF has smaller caves 
diameter and smoother surface. As shown in Fig. 8d and e, when the additional amount of FUP was 3%, the 
surface morphology of LF2 was the smoothest, the diameter of the caves was smaller, and the number was also 
decreased compared with that of RL. Furthermore, the diameter of caves in Fig. 8h was bigger than RL. This 
result analysis was basically consistent with the performance of the basic performance in Table 1.

Conclusion
FUP can significantly improve the performance of RL. When the additional amount of FUP is 3%, the drying time 
of LF2 is significantly shortened and the gloss, pencil hardness, and impact performance are also significantly 
enhanced. At the same time, the surface morphology of LF2 was the smoothest, the diameter of the caves was 
smaller, and the number was also decreased compared with that of RL. This is due to the amino group in FUP can 
underwent an alcoholic reaction with urushiol. With the increase of conversion rate, the E value of RL decreases 
gradually, while the E value of LF2 increases. The average activation energy of LF2 is significantly greater than 
that of RL. These results demonstrated LF had higher thermal stability and smoother.

Data availability
All data generated or analyzed during this study are included in this article (and there are no supplementary 
materials).

Received: 19 September 2022; Accepted: 24 January 2023

References
	 1.	 Xia, J., Xu, Y., Hu, B. & Lin, J. A rapid approach to urushiol–copper(I) coordination polymer under Uv irradiation. Prog. Org. Coat. 

65, 510–513 (2009).
	 2.	 Wei, S., Pintus, V., Pitthard, V., Schreiner, M. & Song, G. Analytical characterization of lacquer objects excavated from a chu tomb 

in China. J. Archaeol. Sci. 2011, 256 (2011).
	 3.	 Ma, X. M., Lu, R. & Miyakoshi, T. Recent advances in research on lacquer allergy. Allergol. Int. 61, 45–50 (2012).
	 4.	 Tamburini, D., Bonaduce, I., Ribechini, E., Gallego, C. & Pérez-Arantegui, J. Challenges in the data analysis of Asian lacquers from 

museum objects by pyrolysis gas chromatography/mass spectrometry. J. Anal. Appl. Pyrolysis 151, 104905 (2020).

Figure 8.   SEM images of membrane of appearance of RL and LF: (a) RL; (b) and (c) LF1; (d) and (e) LF2; (f) 
and (g) LF3; (h) and (i) LF4.



9

Vol.:(0123456789)

Scientific Reports |         (2023) 13:1649  | https://doi.org/10.1038/s41598-023-28787-7

www.nature.com/scientificreports/

	 5.	 Oh, H. et al. Nano-emulsification of oriental lacquer sap by ultrasonic wave propagation: Improvement of thin-film characteristics 
as a natural resin. Ultrason. Sonochem. 73, 105545 (2021).

	 6.	 Chen, Y., Zhang, G., Zhang, G. & Ma, C. Rapid curing and self-stratifying lacquer coating with antifouling and anticorrosive 
properties. Chem. Eng. J. 421, 129755 (2021).

	 7.	 Wang, N. et al. Characterization of Chinese Lacquer in historical artwork by on-line methylation pyrolysis-gas chromatography/
mass spectrometry. Anal. Lett. 47, 2488–2507 (2014).

	 8.	 Yang, J., Du, Y., Huang, R., Wan, Y. & Li, T. Chemical modification, characterization and structure-anticoagulant activity relation-
ships of chinese lacquer polysaccharides. Int. J. Biol. Macromol. 31, 55–62 (2002).

	 9.	 Zhang, F. L. Molecular mechanism of lacquer film forming. J. Chin. Lacquer 31, 13–20 (2012).
	10.	 Niimura, N. & Miyakoshi, T. Structural study of oriental lacquer films during the hardening process. Talanta 70, 146–152 (2006).
	11.	 Yang, J. et al. Effects of polysaccharides on the properties of chinese lacquer sap. Prog. Org. Coat. 78, 176–182 (2015).
	12.	 Ishimura, T., Lu, R., Yamasaki, K. & Miyakoshi, T. Effects of hybridization of lacquer sap with organic silane on drying properties. 

Prog. Org. Coat. 62, 193–198 (2008).
	13.	 Yang, J. et al. Polymerization mechanism of natural lacquer sap with special phase structure. Sci. Rep. 10, 1 (2020).
	14.	 Ikenaga, M., Tachibana, Y. & Kitajima, S. Curing of urushi under basic Ph conditions by a dual enzyme system. Prog. Org. Coat. 

138, 105429 (2020).
	15.	 Lu, R., Yoshida, T. & Miyakoshi, T. Oriental lacquer: A natural polymer. Polym. Rev. 53, 153–191 (2013).
	16.	 Ma, X., Lu, R. & Miyakoshi, T. Application of pyrolysis gas chromatography/mass spectrometry in lacquer research: A review. 

Polymers 6, 132–144 (2014).
	17.	 Szczepanowska, H. & Ploeger, R. The Chemical analysis of southeast asian lacquers collected from forests and workshops in 

Vietnam, Cambodia, and Myanmar. J. Cult. Herit. 40, 215–225 (2019).
	18.	 Lu, R., Kamiya, Y., Kumamoto, T., Honda, T. & Miyakoshi, T. Deterioration of surface structure of lacquer films due to ultraviolet 

irradiation. Surf. Interface Anal. 38, 1311–1315 (2006).
	19.	 Lee, H. et al. Mixed urushiol and laccol compositions in natural lacquers: Convenient evaluation method and its effect on the 

physicochemical properties of lacquer coatings. Prog. Org. Coat. 154, 106195 (2021).
	20.	 Honda, T., Ma, X., Lu, R., Kanamori, D. & Miyakoshi, T. Preparation and characterization of a new lacquer based on blending 

urushiol with thitsiol. J. Appl. Polym. Sci. 121, 2734–2742 (2011).
	21.	 Niimura, N. Structural study of a japanese lacquer film with thermogravimetry-linked scan mass spectrometry. Int. J. Polym. Anal. 

Charact. 17, 540–546 (2012).
	22.	 Nagai, Y., Sato, F., Okamoto, S., Kamiya, Y. & Honda, T. Pyrolysis behavior of asian lacquer film in the presence of carbon nanotubes 

with potential application as a new sampling method. J. Anal. Appl. Pyrolysis. 142, 104637 (2019).
	23.	 Xu, Y., Chen, Q., Bai, W. & Lin, J. Preparation and properties of raw lacquer/multihydroxyl polyacrylate/organophilic montmoril-

lonite nanocomposites. Polym. Bull. 68, 983–992 (2012).
	24.	 Zhou, J. et al. Synthesis of novel urushiol-like compounds from tung oil using silica-supported phosphotungstic heteropoly acid 

catalyst. Ind. Crop. Prod. 94, 424–430 (2016).
	25.	 Xiao, Q. et al. Preparation and properties of chinese lacquer modified by methylolureas. J. Renew. Mater. 11, 14 (2023).
	26.	 Xu, Y., Tong, Z., Xia, J., Hu, B. & Lin, J. Urushiol-formaldehyde polymer microporous films with acid-alkali resistance property: 

Effects of formation conditions on surface morphologies. Prog. Org. Coat. 72, 586–591 (2011).
	27.	 Barminas, J. T. & Osemeahon, S. A. Preparation and characterization of a low-formaldehyde-emission methylol urea/triethanola-

mine copolymer composite. J. Appl. Polym. Sci. (2009).
	28.	 Hu, B., Chen, R., Lin, J. & Chen, W. Study on thermal decomposition kinetics of urushiol metal chelate polymers. Chin. J. Polym. 

Sci. 1994, 358–365 (1994).
	29.	 Ozawa, T. Applicability of Friedman plot. J. Therm. Anal. 31, 547–551 (1986).
	30.	 White, J. E., Catallo, W. J. & Legendre, B. L. Biomass pyrolysis kinetics: A comparative critical review with relevant agricultural 

residue case studies. J. Anal. Appl. Pyrolysis. 91, 1–33 (2011).
	31.	 Budrugeac, P. & Segal, E. Some problems concerning the evaluation of non-isothermal kinetic parameters. J. Therm. Anal. Calorim. 

47, 123–134 (1996).
	32.	 Starink, M. J. A new method for the derivation of activation energies from experiments performed at constant heating rate. Ther‑

mochim. Acta 288, 97–104 (1996).
	33.	 Lu, R., Honda, T., Ishimura, T. & Miyakoshi, T. Study of a naturally drying lacquer hybridized with organic silane. Polym. J. 37, 

309–315 (2005).
	34.	 Xiao, H. et al. Kinetics and thermodynamic analysis of recent and ancient buried phoebe zhennan wood. ACS Omega 5, 20943–

20952 (2020).
	35.	 Yang, J., Zhu, J., Shen, F., Cai, J. & Zhou, M. Promotion by copper (Ii)-modified montmorillonite of the drying property of oriental 

lacquer sap. Prog. Org. Coat. 118, 72–81 (2018).
	36.	 Lu, R., Ishimura, T., Tsutida, K., Honda, T. & Miyakoshi, T. Development of a fast drying hybrid lacquer in a low-relative-humidity 

environment based onkurome lacquer sap. J. Appl. Polym. Sci. 98, 1055–1061 (2005).
	37.	 Lu, R., Ebata, N., Zhang, F. & Miyakoshi, T. Development of a new type lacquer based on rhus vernicifera sap with chitosan. Prog. 

Org. Coat. 77, 439–443 (2014).
	38.	 He, J. et al. Development of novel anisotropic janus composite particles based on urushiol-iron/polystyrene polymer. Prog. Org. 

Coat. 85, 15–21 (2015).
	39.	 Lee, B. & Kim, H. Curing behaviors of Korean dendropanax lacquer determined by chemical and physical measures. J. Appl. Polym. 

Sci. 92, 625–630 (2004).
	40.	 Ishimura, T., Lu, R., Yamasaki, K. & Miyakoshi, T. Development of an eco-friendly hybrid lacquer based on kurome lacquer sap. 

Prog. Org. Coat. 69, 12–15 (2010).
	41.	 Rong, L. M. T. Modification of Lacquer. Lacquer Chem. Appl. 2015, 171–214 (2015).
	42.	 Kim, H. S., Yeum, J. H., Choi, S. W., Lee, J. Y. & Cheong, I. W. Urushiol/polyurethane–urea dispersions and their film properties. 

Prog. Org. Coat. 65, 341–347 (2009).
	43.	 Bai, W. et al. Resurrection of dead lacquer—cupric potassium chloride dihydrate (K2Cucl4·2H2O) used as the mimic laccase. Prog. 

Org. Coat. 77, 431–438 (2014).
	44.	 Ozawa, T. Non-isothermal kinetics and generalized time. Thermochim. Acta. 100, 109–118 (1986).
	45.	 Yang, J., Zhu, J., Liu, W., Deng, J. & Ding, Y. Prepolymerization of lacquer sap under pure oxygen atmosphere and its effects on the 

properties of lacquer film. Int. J. Polym. Sci. 2015, 1–8 (2015).
	46.	 Lu, R., Harigaya, S., Ishimura, T., Nagase, K. & Miyakoshi, T. Development of a fast drying lacquer based on raw lacquer sap. Prog. 

Org. Coat. 51, 238–243 (2004).

Acknowledgements
This work was supported by Key Research and Development Project of Sichuan Science and Technology Plan 
Projects (Grant No. 2023YFS0462, Grant No. 2020YFS0357), Ministry of Education Humanities and Social 
Sciences Research Project of China (Grant No. 19YJC760009), Research Program of Science and Technology 



10

Vol:.(1234567890)

Scientific Reports |         (2023) 13:1649  | https://doi.org/10.1038/s41598-023-28787-7

www.nature.com/scientificreports/

Agency of Sichuan of China (Project No. 2012129068) and Research Interest in Training Program of Sichuan 
Agricultural University (Project No. 2021182).

Author contributions
Q.X. did all the experiments, conceived and designed the study with Y.C. and H.X., interpreted the findings and 
wrote the manuscript. M.C. and L.J. provided lacquer expertise; Y.C. helped with some experiments. S. G., W.Z. 
and T.H. assisted in interpreting the findings and writing the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.C. or M.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Kinetics of thermal degradation of raw lacquer enhanced by formaldehyde urea prepolymer
	Experiment
	Materials. 
	The preparation of formaldehyde-urea prepolymer (FUP). 
	The preparation of lacquer film. 
	Methods. 
	The drying time test. 
	Gloss test. 
	Impact resistance test. 
	Pencil hardness test. 
	Thermal gravimetric analysis. 
	Scanning electron microscopy (SEM). 
	Fourier Transform Infrared Spectrometer (FT-IR) analysis. 
	Kinetic analysis. 


	Results and discussions
	Basic performance analysis. 
	FT-IR analysis. 
	TG analysis. 
	Calculation of activation energy. 
	SEM analysis. 

	Conclusion
	References
	Acknowledgements


