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ABSTRACT

In this study, different molar of methylolureas (MMU) were used to improve the properties and drying speed of
the raw lacquer (RL). The drying time, gloss, pencil hardness and impact resistance of the lacquer film were tested.
The thermal behaviors and chemical structures of the lacquer membrane were also discussed by thermal gravi-
metric analysis (TGA), fourier infrared spectrometer (FT-IR) and nuclear magnetic resonance (NMR) analysis,
respectively. The results demonstrated that lower molar ratio MMU can significantly improve the properties of
lacquer. The TGA analysis showed that the modified lacquer had high thermal stability than that of the control.
The FT-IR and 13C NMR analysis revealed that the structures of the modified lacquer were significantly
improved by cross-linking with the hydroxymethyl groups and methylene methyl ethers of MMU. In addition,
through scanning electron microscopy (SEM) characterization, it was found that the introduction of MMU
can effectively improve the surface smoothness of the lacquer film.
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1 Introduction

Raw lacquer (RL) is a natural environmentally friendly coating derived from lacquer tree with a long
history of use [1,2]. RL is a water in oil emulsion, whose component including urushiol (60%~80%),
water (20%~30%), plant gummy substance (5%~7%), glycoproteins (~2%) and laccase (<1%) [2,3]. The
main film-forming substance of RL is urushiol, which can be divided into three main kinds of catechol
derivatives depend on the different side chain structure on catechol ring. The first and second side chain
structures have a chain of 15 and 17 carbons at the no. 3 position of catechol ring, respectively, while the
third side chain structure has a chain of 17 carbons at the no. 4 position of catechol ring [1,4].

According to reports, during the polymerization process of lacquer sap, the quinone free radicals are
produced from the lipid components (mainly urushiol) by the catalyzed effect of laccase, which then
undergo radical transfer and coupling reactions [1,3,5,6]. When the monomer concentration is below
30%, the unsaturated side chain autooxidation reaction occurs, promoting urushiol curing [1,3].
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RL is widely used in many fields because of its water impermeability, high heat resistance, excellent
gloss, environmental friendliness, chemical resistance, strong durability, and corrosion resistance [2,7,8].
However, the widespread application of RL is restricted by the following three disadvantages. (i) The first
one is the slow drying speed. The curing process of urushiol involves laccase catalyzed and aerobic
oxidation polymerization, and both of which require a long drying time and special drying conditions
(relative humidity of 80%–90% and temperature of 20°C–30°C). As a polymerization accelerator of
urushiol, laccase plays a crucial role in this process and restricts the applications and development of
lacquer. What’s more, laccase will lose its activity during a long period of storage, resulting in the
inactivation of RL [4,8,9]. (ii) Hard coating. The lacquer solutions are water-oil emulsion which makes it
difficult to apply to the objects [10,11]. (iii) Hypersensitivity. Due to the existence of phenol hydroxyl
group in urushiol, people can easily cause allergies by touching or smelling RL [12].

The process of lacquer film formation is the polymerization of urushiol monomers to form polymers.
There are many substances that can increase its network structure, such as GO, MWCNTs, nano-silica,
nano-titania, etc. [13–15]. These nanomaterials can promote the formation of network structure of
urushiol. However, few inorganic substances can promote the network structure of urushiol, inspired by
urushiol-formaldehyde polymer (UFP), methylol urea (MMU) rich in hydrophilic amino groups and
methylol groups can promote urushiol formation of the network structure. In this paper, methylol urea
(MMU) was synthesized with different molar ratios (F/U) of formaldehyde and urea, and the molar ratio
and addition amount of MMU were optimized by combining the comprehensive properties and chemical
structure of the modified RL. The RL before and after modification were analyzed by FT-IR and NMR.

2 Experimental

2.1 Materials
Formaldehyde aqueous solution (37% concentration), urea (99%) and NaOH were purchased from

Chengdu Kelong Chemicals Co., Ltd. (China). RL was purchased from Chengdu Lacquer Craft Factory
Co., Ltd. (China). Its main structure was shown in Scheme 2. All chemicals were analytical reagent grade.

2.2 Methods

2.2.1 Synthesis of MMU
MMU was produced by formaldehyde and urea with molar ratio of 0.30, 0.50, 0.70, and 1.00,

respectively. Formaldehyde and urea were placed in a tri-neck flask equipped with agitator, thermometer,
and reflux condenser. Subsequently, the pH value was adjusted to 8.0–9.0 with NaOH (50% aqueous
solutions). Then the mixture was heated to 90°C within 40 min and maintain it for 30 min, and then
cooled to room temperature.

2.2.2 Preparation of MMU Modified RL
Different molar ratios of MMU were added to RL at 40°C and stirred for 3 h [16–18]. RL modified by

MMU with mole ratios of 0.30, 0.50, 0.70 and 1.00 were named LMU1, LMU2, LMU3, and LMU4,
respectively.

2.2.3 Determination of Drying Time
The drying time were tested according to the Chinese national standard GB/T 1727-1992. The lacquers

were dried under the conditions of 30°C and 80% relative humidity, and of the lacquer film was tested every
five minutes half an hour later. The filter paper was putted on the tinplate with lacquer film, the filter paper
didn’t flop when the tinplate flipped 180° after 30 s, then this time was HD [19]. The process was
shown in Fig. 1.
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2.2.4 Performance Test
The completely dried lacquer film was placed at room temperature for seven days before performance

test. Hardness, impact resistance and glossiness of lacquer film were tested by pencil hardness tester (QHQ-
A), lacquer film impactor (CQJ-II) and glossmeter (WGG60-Y4), according to the Chinese national standard
GB/T 6739-2006, GB/T 1732-2020 and GB/T 9754-2007, respectively.

2.2.5 Thermal Gravimetric Analysis
LMU1 with addition amount of 1 wt%, 3 wt%, 5 wt% and 7 wt% were used to thermogravimetric

analysis. All samples were stirred at 40°C for 3 h before testing. Non-isothermal measurements were
performed with thermogravimetric (TG) instrument (TG 209F3, Netzsch) at heating rates of 10 °C/min
from 30°C to 800°C under nitrogen environment.

2.2.6 FT-IR Spectra and Nuclear Magnetic Resonance Spectrum Analysis
The optimized LMU1-3%, RL and MMUwere subjected to infrared measurement and nuclear magnetic

measurement. All samples were stirred at 40°C for 3 h before testing. The infrared spectrum (IR) were tested
by a spectrometer (Thermo Scientific Nicolet is5, Thermo Fisher) and tested in a dry environment at room
temperature. The wavenumber range is from 400 cm−1 to 4000 cm−1.

13C NMR spectra were recorded by Bruker 600 M. The spectrum of the samples runs a scanning
frequency of 600 M Hz. Tetramethylsilane was used as the internal standard. The sap of RL and LMU
were extracted with tetrahydrofuran and first then removed the tetrahydrofuran below 40°C, and then
dissolved the sample by CDCl3.

2.2.7 SEM
The scanning electron microscope test of LMU1 series lacquer films was carried out by scanning

electron microscope (SEM) (Zeiss Sigma 300, Germany) and the surface morphologies of lacquer films
and mixed paint films were characterized.

2.2.8 Chemical Resistance Test
The RL and LMU1 were placed in 10% H2SO4, 10% NaOH, 10% NaCl and 95% C2H5OH. After

7 days, the lacquer film was observed for wrinkling and peeling.

Figure 1: The preparation process of LMU
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3 Results and Discussion

3.1 Effect of MMU Molar Ratio on the Performance RL
Effect of MMU molar ratio on the properties of RL were shown in Table 1. It can be observed that with

the MMUmolar ratio increasing, the gloss and pencil hardness decrease. The comprehensive performance of
LMU increase with decrease of molar ratio of MMU.

Due to the moisture shows a vital role during the curing process of the lacquer membrane, the higher
humidity environment was beneficial to active the laccase which was indispensable to promote the
oxidation of the urushiol under its catalyzed effect [10]. First of all, the PH value of MMU was alkaline,
which reduced the concentration of hydrogen ion in the lacquer solution and promoted the function of
laccase to accelerate the drying of film [7,20]. MMU is rich in hydrophilic amino and hydroxymethyl
groups. On one side, amino groups are very hydrophilic, which can make the urushiol molecules disperse
evenly and cross-link rapidly, and effectively speed up the drying time and improve impact resistance. On
the other side, the auto-condensation among the hydroxymethyls would produce more ether linkages,
whose dendritic structure or cross-linkage structure would restrict the movement or evaporation of the
free water leading to more water remained in the system and prolonged the drying time [21]. The groups
of amino and hydroxymethyls showed constraint effect on drying time with each other in the LMU
system. The lower the molar ratio of MMU, the higher the ratio of amino groups. When the molar ratio
of MMU is 0.30, the HD of LUM1 is shorter than that of RL. However, with the increase of MMU molar
ratio, the increase of water in the system leads to the decrease of gloss and hardness of the film.

3.2 Effect of MMU Loading Level on the Performance of RL
Comprehensive performance of LMU1 with different loading level were shown in Table 2. It could be

seen that the optimal addition amount of MMU was 3.0%, and the HD, gloss, pencil hardness and impact
resistance of which were significantly better than those of RL. This was due to the combined effect of
hydrogen ion concentration, hydroxymethyl and amino groups. When the loading level of MMU is less
than 3.0%, the amino groups and the value of PH play a major role in the performance of the RL film.
However, because the self-oxidation of urushiol is restricted by hydroxylmethyl, the content of
hydroxylmethyl plays a dominant role in affecting the performance of the RL film with the increase of
the MMU addition amount.

The chemical medium resistance of LMU1 with different ratio were shown in Table 3. The permittivity
conditions were summarized in Table 3. The lacquer film without wrinkling and peeling was indicated by
“+”, the lacquer film with wrinkling and peeling was indicated by “-”, and the lacquer film with slight
wrinkling and peeling was indicated by “±”. The results showed that both RL and LMU1 had strong
corrosion resistance in 10% H2SO4 and 10% NaCl. In terms of alkali resistance, after adding MMU, the
alkali resistance of RL was significantly improved. The RL showed obvious peeling and wrinkling after

Table 1: The properties of RL modified by different molar ratio of MMU with 3 wt% loading level

Loading level Sample Molar ratio
(F and U)

HD (minute) Gloss (GU) Hardness Impact
resistance (cm)

3.0 wt% RL – 190 110.3 3H 15

LMU1 0.30 165 147.3 5H 40

LMU2 0.50 200 112.2 3H 40

LMU3 0.70 200 108.2 4B 50

LMU4 1.00 185 84.3 2B 50
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soaking in alkaline solution. When the loading level of MMU is 3.0%, the wrinkling and peeling phenomena
disappeared completely. This was due to the dendritic structure of the MMU molecules providing many
polyions, thereby improving the alkali resistance of the film. However, when the amount of MMU was
7.0%, the modified lacquer was wrinkled and peeled. This was due to the excessive addition of MMU,
resulting in a certain amount of methylol not participating in the reaction, and the increase in hydroxyl
content, reducing the alkali resistance of the lacquer film. In terms of resistance to ethanol solutions, the
load-bearing capacity of the lacquer film was obviously improved after adding MMU. Although the
lacquer film had cured, there were still small molecules such as urushiol dimer. This small molecule was
easily soluble in ethanol, so it will wrinkle and peel, but the ether bond in MMU made urushiol form a
tight network structure, reducing the content of urushiol dimer, making the modified lacquer film had a
certain resistance ethanol solution property.

3.3 Thermogravimetric Analysis
The TG-DTG curves of LMU1 with different loading level were exhibited in Fig. 2. The peak

temperature, the relative mass loss rate during the different temperatures ranges, and char residuals at
800°C were shown in Table 4.

Table 2: The properties of LMU1 with different ratio

Sample name Molar ratio
(F and U)

Loading level HD (minute) Gloss (GU) Hardness Impact
resistance (cm)

RL – 190 110.3 3H 15

LMU1 0.30 1.0% 180 137.6 4H 50

3.0% 165 147.3 5H 40

5.0% 195 146.6 3H 50

7.0% 340 136.5 B 50

Table 3: The chemical medium resistance of LMU1 with different ratio

Contents (%) 0 1 3 5 7

10% H2SO4 + + + ± –

10% NaOH – ± + ± –

95% C2H5OH – – + + +

10% NaCl + + + + +

Figure 2: The TG-DTG curves of LMU1 with different loading level
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The mass loss trend of all samples is basically the same, the biggest difference is that RL has a significant
mass loss when the temperature is higher than 500°C, while the modified RL basically has no mass loss.
From the TG and DTG curves, the pyrolysis process of RL and LMU can be divided into four stages.
The first stage temperature was between room temperature and 200°C. In this stage, the mass loss is
mainly due to evaporation of water. The highest degradation rate was at 100°C. The second stage
temperature was between 200°C and 370°C, the peak degradation occurs at 272°C, which mainly due to
the linkages of the polysaccharides and glycoproteins were broken down at this stage [2]. The
temperature of the third stage was 370°C to 500°C. The degradation of the oligomer and polymer in
urushiol was the main reaction in this stage. The peak temperature of degradation was about 440°C. The
last stage was 500°C to 800°C. the modified RL basically has no mass loss while RL has a significant
mass loss in this stage [17].

In the first stage, the mass loss of the RL was 30% due to the evaporation of water. The mass loss of the
LMU were lower than that of the control. In addition, the complex polycondensation would happen in this
stage. One kind was the self-condensation reaction among the methylolureas or between the methylolureas
and aminos would happen between 80°C and 100°C, leading to the production of the ether bond. And the
other kind was the addition reaction between hydroxymethyls and benzene ring of the urushiol, and the
co-condensation between the hydroxymethyphenols and the methylolureas at 170°C~176°C, self-
condensation of hydroxymethyphenols at 140°C~145°C. The ether groups would break down into the di-
methylene bonds and free formaldehyde with the increased temperature [22].

At second stage, the mass loss of the RL was about 27%. However, the ingredient of plant gummy
substance and glycoproteins in lacquer was about 10% [2,3]. In Table 4, it can be indicated that the
corresponding mass loss of LMU between 200°C to 370°C was about 30%–35%. Therefore, apart from
the polysaccharides and glycoproteins, the monomer and oligomer of lacquer were also degraded in this
stage. In addition, the mass loss of the LMU was higher than that of the control, the reason for this
variation was that the branching structure of the MMU may react with many long aliphatic isomers or
other minor phenolic liquids in the urushiol, such as 3-substitued catechols with n = 15 carbon chains and
conjugated triene, resulting in the higher branching degree of the LMU, the higher sensitivity to
temperature and the higher thermal stability of the film [10]. When the length of alkyl chain was longer,
or the content of alkyl substituted phenol contained was higher in polymer, the significant sharp decline
in weight would be easier happen.

In the third stage, there is no obvious difference between the mass loss of modified RL and unmodified
RL. In the last stage, the mass loss of RL is close to 12%, while the mass loss of modified raw lacquer is less
than 3.3%. However, when the MMU added into the RL, the loss rate of urushiol was obviously reduced
[23,24]. When the temperature reached 800°C, the char residual rate of modified raw lacquer was much

Table 4: The relationship analysis between temperature and mass loss from TG-DTA curves of RL, LMU1

Sample Loading
level

Peak temperature °C Corresponding mass loss % Char residual
at 800°C

I II III Temperature °C

RT-200 200–370 370–500 500–800

RL – 93 274 440 31.188 27.489 27.589 11.975 1.759

LMU1 1 96 274 442 23.785 34.111 28.715 1.351 12.074

3 126 274 440 15.382 32.182 27.788 0.413 24.230

5 95 270 442 28.383 35.076 28.198 1.259 7.016

7 95 270 440 24.912 32.213 27.452 1.230 14.119
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higher than that of RL, the char residual of RL and LMU1-3% were 2% and 24%, respectively. These results
were identical with the analysis of comprehensive performance.

The TG-DTG curves of lacquer film of RL and LMU1-3% were shown in Fig. 3. The peak degradation
rate of LUM1 was lower than that of RL indicating that LUM had better thermal stability than RL, which
might be due to the addition of MMU promoting the cross-linking reaction of RL.

3.4 FT-IR Spectra Analysis
The FT-IR spectra of RL, LMU1-3% were shown in Fig. 4. Based on these absorption peaks, there were

mainly five functional groups. They were O-H, C-H on side chain, C=O, aromatic hydrocarbon and
conjugated triplex respectively. In Fig. 3, the absorption peaks at 3300–3400, 1360, 1281, 1195 and
734 cm−1 come from the α-oxyhydrogen tensile vibration, β-oxyhydrogen vibration, aromatic amines,
carbon oxygen Tensile vibration and hydrogen oxygen out of plane deformation vibration of urushiol,
respectively [3,25]. The next absorption peaks at 3021, 2800–2975, 1475 and 1070–1110 cm−1 were
caused by the stretching motion of C-H, which were respectively derived from the stretching vibration of
C-H on urushiol, the stretching vibration of C-H on branched chain, the shear deformation vibration of
CH2 and the in-plane deformation vibration of monosubstituted C-H. The absorption peak at 1621 cm−1

and 1500–1600 cm−1 were mainly from the stretching motion of C=O and stretching vibration of benzene
ring. The absorption peak at 988 cm−1 was derived from conjugated triplex [26,27]. In Fig. 4B, there
were mainly three function structures. The absorption peaks at 3200–3500, 1650 and 1000–1200 cm−1

were from O-H and N-H stretching vibrations, carbonyl stretching and hydroxymethyl vibrations and
alcohol stretching vibrations, respectively.

In Fig. 4A, the absorption peaks at 3400, 2975 and 734 cm−1 of LMU1-3% were significantly enhanced,
it seemed that the enzymatic polymerization had occurred, and the oligomers were formed. The side chains in
urushiol and phenolic hydroxyl had converged to be oligomer [28]. And then, the absorption peaks at 1070–
1110 cm−1 and 988 cm−1 of LMU1-3% were slightly reduced, which illustrated the structure of the
conjugated alkatriene was decreased. This phenomenon further illustrated that the opening of the carbon-
carbon double bond and the hydroxyl group on urushiol had combined. In addition, the intensity of the
absorption peak at 1281 cm−1 increases, indicating that the amino group reacted with the phenol ring of
urushiol [29]. It also can be seen that the O-H and C=O absorption areas of LMU1 were slightly larger
than that of RL, which mainly due to the hydroxyl group in MMU and urushiol was oxidized to urushiol
quinone, respectively [30]. Another possible reason was the combine of the hydroxyl groups on the
phenyl ring and the C=C bonds in side chain [31].

Figure 3: The TG-DTG curves of lacquer film of RL and LMU1-3%
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By observing the curves of Fig. 4A, the absorption peak of films at 2800–2975 cm−1 was obviously
stronger than that of sap, and the peak of 988 cm−1 disappeared. It illustrated that the curing of the RL
was mainly due to the urushiol free radical attacking the double bond to form polymer. It can be seen
from Figs. 4c and 4d, a new peak at 900–1100 cm−1 was assigned to C-C vibration, and the peak
intensity of LMU1-3% is greater than that of RL. This can be explained that urushiol can react with N-H
in MMU to form C-N. Another new peak at 727 cm−1 was seen in Fig. 4d, which was due to the
formation of a benzene ring linger between MMU and urushiol, as shown in Scheme 1 [32].

3.5 NMR Analysis
The 13C NMR of RL, LMU1-3% were presented in Fig. 5. In the spectrum of the RL, the signal 110–

140 ppm was corresponding to the aromatic carbon on the benzene ring [33–35]. The signal of 130–135 ppm
was assigned to the olefins in the side chain. It can be seen from the figure that there were mainly three
olefins, all of which were conjugated alkatriene, which was consistent with the results of FT-IR analysis.
Consult the literature to know that the basic structure of urushiol was shown in Scheme 2. In Fig. 5, the
spectra of the RL shifted to the low field, and the abundance of the peaks was also reduced. The small
amount peaks at 71–73 ppm were assigned to the dendritic methylol groups in methylolurea [36]. In Fig. 5,
the chemical peak at 77 ppm was shifted to the high filed and the abundance of the peak increased. This peak
was originally assigned to the chemical shift of CDCl3, while this location related to the methylene methyl
ethers in MMU, which indicated that the main methylol groups in MMU were successfully transformed into
methylene methyl ethers by the self-condensation or the co-polycondensation reaction with the increase of the
temperature, as shown in Tables 5 and 6. Therefore, the chemical shift of methylene methyl ethers and CDCl3
overlapped leading to the increase of this peak [37]. In the LMU1-3% curve, the abundance of the peak at
110–140 ppm was significantly less than that of RL, indicating that the olefins on the urushiol side chain in
LMU1-3% were reduced, while the abundance of the peak at 10–40 ppm was significantly increased. This
phenomenon can be speculated that the olefin on the urushiol side chain was reduced to form a C-C bond.
The chemical shift of the ether bond did not appear in the curve, indicating that the ether bond was not
generated, and FT-IR analysis speculated that the C-N bond could not be detected in NMR analysis. From
Fig. 5, it can be seen that the peaks at 18–35 ppm and 125–150 ppm of LMU1-3% are obviously shifted to
the high field, which is due to the presence of 6 π electrons on the benzene ring, forming an external the
magnetic field, where the C atoms attached to the benzene ring are out of alignment with the external
magnetic field, has a shielding effect, resulting in high field displacements.

Figure 4: FT-IR spectra curves of RL, LMU1-3 wt% andMMU. (a) RL sap, (b) LMU1-3% sap, (c) RL film,
(d) LMU1-3% film, (B) MMU
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Scheme 1: The reaction of urushiol with MMU

3.6 SEM Analysis
The SEM images of RL and LMU films with different loading level were shown in Fig. 6. It was noticed

that there were some “caves” on all films, mainly due to the evaporation of waterdrops during the drying
process. The diameter of the pores on the RL film is 2–4 um [2,3,10]. When the amount of MMU is less
than 3%, the number of caves on the modified film is less and the diameter is smaller, and the surface is
smoother. When the addition amount of MMU is 3%, the surface shape of the film is the best. However,
when addition amount of MMU are 5 wt% and 7 wt%, the diameter of “caves” on the LMU were bigger
than that of the RL. This result was basically consistent with the performance of the basic performance.
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Figure 5: 13C NMR spectra of original and modified lacquer

Scheme 2: The structure of urushiol
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Table 5: The chemical shifts of main urushiol of lacquer

The chemical structure of lacquer Chemical shifts (ppm)

1 144.5

2 143.04

3 129.61

4 121.43

5 120.25

6 113.34

R -CH2- 29–32

-C=C- 127–137

Table 6: The chemical shifts of urea formaldehyde resin [38,39]

The chemical structure of resin Chemical shifts

Methylene linkages HNCH2NH 44~47

HNCH2N(CH2) 51~55

N(CH2)CH2N(CH2) 60~62

Methylol groups HNCH2OH 63.5~65

N(CH2)CH2OH 71~73

N(CH2OH)2
Methylene methyl ethers HNCH2OCH3 73~75.2

N(CH2)CH2OCH3 77.7~78.2

Uron-CH2OCH3 77.2~77.5

Dimethylene ether linkages HNCH2OCH2NH 69~70.2

HNCH2OCH2N(CH2)

Hemiformal of methylol groups NHCH2OCH2OH 66~69

NHCH2OCH2OH 86~87

N(CH2)CH2OCH2OH

Free formaldehyede 82
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4 Conclusion

In this study, MMU was synthesized with different molar ratio of formaldehyde and urea (F/U), the
molar ratio and addition amount of MMU were optimized by the comprehensive properties of the
modified RL. And the chemical structure of the RL before and after modification was analyzed by FT-IR
and NMR. The results indicated the comprehensive performance of LMU increase with the decrease of
molar ratio of MMU. The optimal addition amount of LMU1 is 3.0%, the hardened dry time, gloss,
pencil hardness and impact resistance of which were significantly better than those of RL. The TG, FT-IR
and 13C NMR analysis revealed that the improvement of comprehensive properties of RL film was
mainly due to the structures of the RL were significantly improved by cross-linking with the
hydroxymethyl groups and methylene methyl ethers of MMU and the surface smoothness of the lacquer
film had also been improved. This modified lacquer facilitates the use on ceramics, artwork and exterior
architecture.
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