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Abstract: Examination of thermal degradation of natural and synthetic lacquer films by 

pyrolysis-gas chromatography with mass spectrometry (Py-GC/MS) is reviewed. Due to the 

instantaneous heating decomposition, side reactions of internal or intermediate samples 

hardly occur, and the pyrolysis products can be retrieved without any change. Py-GC/MS 

has been used to analyze the composition of insoluble polymers and investigate degradation 

of resin materials. Lacquer film is a cross-linked polymer that is insoluble in any solvent. 

The aim of this review is to describe the application of Py-GC/MS to the analysis of lacquer, 

including natural lacquer saps, synthetic lacquer derivatives, and their films. After analyzing 

the chemical structures of the specific pyrolysis products by mass spectrometry, the lacquer 

tree species and growing region can be determined. These results have great significance for 

the protection and restoration of lacquer-coated cultural treasures. 
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1. Introduction 

The Asian lacquer known as Shengqi, in China, and Urushi, in Japan, is sap collected from  

Rhus vernicifera lacquer trees, and the main lipid component is urushiol. Vietnamese and Chinese 

Taiwan lacquer is sap from Rhus succedanea trees, and the main lipid component is laccol. Myanmar, 

Laos, Cambodia, and Thailand lacquer is sap from Melanorrhonea (Gluta) usitata trees, and the main 
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lipid component is thitsiol. All three lipid components are composed mainly of substituted catechols in 

the 3- or 4-position that have long unsaturated side chains with 1–3 olefins. These saps have been 

utilized for coating materials because of their particular beauty and high durability. 

Lacquer wares have been used and valued highly due to their toughness and beauty for a long time.  

In recent years, interest in the use of renewable resources in the production of various industrial 

materials has been revived because of environmental concerns. Lacquer is dried in natural conditions: 

first, the lipid component is oxidized by laccase, and subsequent autoxidation of the unsaturated side 

chains occurs in the open air. Research on lacquer chemistry can be traced back to 1878 [1], and the 

combination of pyrolysis with gas chromatography (Py-GC) and/or mass spectrometry also has been 

reported for nearly 60 years. In 1983, Burmester [2] first reported a classification of far eastern lacquer 

by using pyrolysis combined with mass spectrometry (Py-MS). In 1989, Shedrinsky [3] reported the 

application of Py-GC to art and archaeology. 

However, due to the complex chemical and physical features of the polymeric lacquer film, the 

analyses were not satisfactory. After doing a full literature review, we believe that the first successful use 

of pyrolysis-gas chromatography with mass spectrometry (Py-GC/MS) to analyze lacquer films was 

reported by Niimura et al. in 1995 [4]. They used urushiol, plant gum, and glycoproteins isolated from 

the same lacquer sap as a control to study the pyrolytic behavior of lacquer film. Although the pyrolysis 

produced a very complex pyrogram, almost all peaks were assigned according to the mass spectrometry 

analysis. Subsequently, the authors reported the characterization of laccol [5] and thitsiol [6]  

lacquer films by Py-GC/MS, and alkenes, alkanes, alkenylphenols, alkylphenols, alkenylbenzenes, and 

alkylbenzenes were detected. In order to clearly distinguish the characteristic pyrolysis products of 

lacquer film, urushiol, laccol, and thitsiol derivatives were synthesized, and the synthesized lacquer 

films were compared with the natural lacquer. In addition, we will discuss the application of Py-GC/MS 

to the important traditional lacquer wares, our experiences using this method, as well as how to 

effectively use and improve this method in studies of lacquer chemistry. 

2. Pyrolysis-Gas Chromatography/Mass Spectrometry 

Py-GC/MS is a method of chemical analysis that first thermally degrades the sample to produce 

smaller and more analytically useful fragments that can be separated on a GC column and detected in an 

MS instrument (Figure 1). As Py-GC/MS decomposes instantly, aggregates of pyrolysates and other side 

products rarely occur. Thus, chemically unchanged pyrolysates can be examined. Py-GC/MS can be 

used to examine the composition of polymer materials that are difficult to dissolve in a solvent, 

investigate resin deterioration, and analyze volatile additives. It is useful for polymers, polymer blends, 

and copolymers that are difficult to analyze by other methods. However, as many specimens cannot be 

fitted into the sample tube, it is difficult to analyze trace components. The history and scope of Py-GC 

and Py-MS have been reviewed by Wampler [7], Sobeih [8], and Tsuge [9]. This review is mainly 

focused on its use in lacquer chemistry. 
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Figure 1. Configuration of Py-GC/MS system. 

 

The analysis method involves putting the sample in the inactivated sample holder of the 

microfurnace, dropping the sample holder into the reactor core, which is wrapped with high frequency 

coils, and filled with helium as the carrier gas using a switch, and then pyrolyzing it. The pyrolysis 

results are rather stable due to the comparatively low dispersion temperature changes due to the sample 

holder’s small capacity [10]. 

2.1. Single-Shot Py-GC/MS 

The simplest Py-GC/MS, called single shot, is a method in which only one heating accomplishes the 

thermal decomposition. The range of temperatures for thermal decomposition is 50–1000 °C. After 

thermal decomposition, the sample is vaporized and introduced into a gas chromatograph. The gas is 

separated by GC and measured by MS. The advantage of this technique is being able to analyze all 

components in the original sample in one measurement. This means that the ratio of components in the 

original solid can be determined. In the case of lacquer, the decomposition temperature is 500 °C and 

dimethyl polysiloxane or phenyl methylpolysiloxane type GC column was employed. As lacquer film 

has a catechol configuration, its polarity is very high. Therefore, if a very polar column is used, detection 

will decrease. Moreover, setting the temperature of the oven high enough and using a heat-resistant 

column are also important because urushiol is undetectable at temperatures lower than 280 °C. 

2.2. Evolved Gas Analysis 

Evolved gas analysis (EGA) is a method used to analyze the gas emitted while the heated sample 

undergoes decomposition or desorption [11–14]. The mechanical configuration characteristically uses a 

short column and evolved gas detection (EGD). As many organic macromolecules are decomposed at 
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less than 1000 °C, a restricted set of temperatures in the range of 50–1000 °C is used. In the research on 

lacquer films, the temperature range is always set at 50–650 °C, and the gas chromatograph oven was 

programmed to provide a constant temperature increase of 10 °C per min, from 50 to 650 °C.  

EGA analysis decomposes a lacquer film in three steps: low (100–200 °C), medium (200–300 °C), and 

high (300–500 °C) temperature from our results as shown in Figure 2. The first peak of m/z = 60 at the 

low temperature (100–200 °C) was short carboxylic acid with various carbon chains. The second peak at 

the medium (200–300 °C) was considered to be due to the decomposition of sugars. The other two peaks 

of m/z = 108 and m/z = 123 appeared at high temperature (300–500 °C) were considered to be the 

original thermal decomposition peak of urushiol. Acetone powder, which is the acetone insoluble 

material during extracted urushiol with acetone, also was analyzed by EGA, and the peak position of 

acetone powder was mostly in agreement with the second EGA peak, that is, there are many sugars 

contain in the acetone powder. 

Figure 2. EGA charts of lacquer. 

 

2.3. Double-Shot Pyrolysis 

Double-shot pyrolysis can be performed using the results of EGA. As volatile and non-volatile 

compounds can be analyzed separately, simple chromatograms are obtained. Double-shot pyrolysis 

applies heat to the sample gradually and analyzes the gas generated in only a certain range. This method 

is very useful for characterization of plastics and rubber. There are two types of Py-GC/MS 

measurement, direct and derivative methods. As highly polar materials, such as urushiol, tend to adhere 

to a GC column and decrease the analytical sensitivity, using thermal desorption additives such as 

tetramethyl-ammonium hydroxide (TMAH), which can be analyzed separately and pyrolyzed with the 

polymer, can be useful [15–17]. This technique is convenient to remove a plasticizer previously added 

to a sample or to remove a solvent that remains in very small quantity and is very effective for 

components with clearly different heat decomposition points. However, this method cannot be used 

when a sample reacts with the energy of heating. In the case of lacquer sap, various additive admixtures 
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such as tung oil, rosin, and tar may be present. The methylation of hydroxyl groups of urushiol is  

shown in Figure 3. The lacquer film and TMAH were combined in the sample cup and then pyrolyzed  

at 500 °C. 

Figure 3. Methylation reaction of urushiol hydroxyl group with TMAH. 

 

3. Mechanism of Lacquer Drying 

Lacquer is a natural polymer tapped from lacquer trees and used for coating and adhesive materials. 

Lacquer is dried under specific conditions: over 70% relative humidity (RH) at room temperature 

overnight. The mechanism of drying by oxidizing the main lipid component, such as urushiol, laccol, 

and thitsiol, by laccase has been revealed [18–20]. When the concentration of the lipid monomer is 

decreased to less than 30%, the unsaturated side-chain autoxidation occurs, and then a very dense 

network lacquer film is formed [21–23]. Once lacquer sap dries to form a lacquer film, this film is very 

sturdy and cannot be dissolved in any solvent, as shown in Figure 4. This is a wonderful property for 

paint, but it has severely impacted its scientific analysis because scientific analysis usually requires 

dissolution in a solvent. 

Figure 4. Image (a) and chemical structure (b) of lacquer polymerization. 
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4. Identification of Lacquer Species by Py-GC/MS 

Lacquer film has approximately 6H pencil hardness, and analysis of such a hard material is difficult. 

Fourier transform infrared (FT-IR) and solid state nuclear magnetic resonance (NMR) spectroscopy 

have been employed to analyze it. However, FT-IR cannot distinguish structures similar to that of the 

lacquer, and also cannot identify various organic and/or inorganic materials that are blended with the 

lacquer sap [24,25]. Of course, FT-IR also cannot distinguish the species of lacquer tree. The peaks 

appearing in a solid state NMR are very complex to analyze, and it is difficult to obtain clear results [26]. 

Therefore, Py-GC/MS is employed to analyze lacquer samples. After being heated to a high temperature, 

the sample becomes vaporized, the gas products are analyzed, and the sample structure can be inferred. 

There are three steps in the process. The first is thermal decomposition of the lacquer film, the second is 

separating the vaporized components of the lacquer, and the third is identified by mass spectrometry. 

Based on the mass results, the lacquer film structure and the original liquid component are identified. 

In order to identify different lacquer tree species and reveal chemical changes during the 

polymerization process, we have synthesized three kinds of lacquer liquid component derivatives and 

made films of them. The synthesized and natural lacquer films were analyzed by Py-GC/MS, and the 

respective characteristics of pyrolysis products were summarized. After assigning each mass 

chromatogram peak and each mass spectrum, the results showed that the peak at m/z = 108 is a 

characteristic fragment obtained from fragmentation of 3-heptylphenol (C7) for urushiol; 

3-nonylphenol (C9) for laccol; 3-heptylphenol (C7), 2-(10-phenyldecyl)phenol (C16), and 

3-(10-phenyldecyl)phenol (C16) for thitsiol; while those at m/z = 123 are 3-heptylcatechol (C7)  

for urushiol; 3-nonylcatechol (C9) for laccol; 3-heptylcatechol (C7), 4-heptylcatechol (C7), 

3-(10-phenyldecyl)catechol, and 4-(10-phenyldecyl)catechol for thitsiol, respectively [27,28]. Because 

the liquid component (urushiol, laccol, and thitsiol) is a catechol structure with two hydroxyl groups 

(–OH) on a benzene ring, a phenol structure with one hydroxyl group on the benzene ring is usually 

detected in the Py-GC/MS products (Figure 5a). This is because when lacquer hardens, the hydroxyl 

group is involved in the polymerization reaction (Figure 4), and the –OH bond is easily broken during 

pyrolysis. In general, the thermal decomposition reaction progresses more easily on the phenol structure 

(Figure 5a) than on the catechol structure (Figure 5b) [29]. 

The results from the synthesized lacquer films showed that during the laccase-catalyzed 

polymerization process, nucleus-nucleus (C–C) and nucleus-side chain (C–C, C–O–C) coupling 

occurred first in urushiol derivatives, and subsequently autoxidation of side chain-side chain (C–C) 

occurred, like the natural urushiol lacquer [30]. These results were confirmed by Niimura et al. using 

two-stage Py-GC/MS and X-ray photoelectron spectroscopy [31]. Laccol derivatives showed a 

polymerization mechanism similar to that of natural laccol lacquer [29,32]. However, in the 

3-(10-phenyldecyl)catechol of a thitsiol derivative, the quinone produced by laccase formed an ether 

bond not with the phenyl group but with a catechol ring, and 3-(10-phenyldecyl)catechol was only 

polymerized by the laccase catalyst without autoxidation, unlike the natural thitsiol lacquer [33].  

In addition, it was also confirmed that neither ω-phenylalkylcatechol nor ω-phenylalkylphenol was 

present in the natural urushiol or laccol lacquer saps [28,34]. 
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Figure 5. Phenol (a) and catechol (b) structures produced by thermal decomposition. 

(a) (b) 

5. Application of Py-GC/MS to Ancient Lacquer Wares 

Lacquer has been used as a sophisticated coating material in Asian countries for thousands of years, 

and it is still used in modern daily life in furniture, decorative objects, architecture, and so on. A red 

lacquer vertical comb dating to 5500 years ago has been excavated from an early Jomon period in Japan. 

A Hemudu vermilion lacquered wooden bowl manufactured 7000 years ago was found in China in 1977. 

Lacquer is inextricably linked with human life, but how ancient people obtained natural lacquer sap and 

produced lacquer wares is not still clear. Addressing these questions requires scientific analysis. 

Chiavari and Mazzeo analyzed the paint layers in Chinese archaeological relics by Py-GC/MS in 1999. 

The results showed that Py-GC/MS offers a rapid means of differentiating between wax and 

proteinacious binders [35]. Niimura et al. also reported identification of ancient lacquer film by 

two-stage Py-GC/MS in 1999 [36]. The first pyrolysis at 400 °C detected fatty acids, and then raising  

the temperature to 500 °C detected alkenes, alkanes, alkenylphenols, alkylphenols, alkenylcatechols,  

and alkylcatechols. 

TMAH was usually used as a derivatizing agent in the early pyrolysis method for elucidation of  

the structure of alkyd, unsaturated polyester, epoxy, and phenol formaldehyde resins [37]. However,  

as pyrolysis technology advanced, lacquer could be analyzed by Py-GC/MS directly without any 

derivatization. Due to these advances, Py-GC/MS is widely used to identify the lacquer species of 

ancient lacquer wares, and the results are very important for conservation and restoration of lacquer 

wares for historical and cultural purposes. In 2005, Raffaelly et al. reported the analysis of lacquer flakes 

excavated in an early era necropolis in Mongolia by SEM, FT-IR, X-ray, GC/MS, and Py-GC/MS 

measurements [38]. The results showed that the Mongolian lacquer wares coating was sap tapped from a 

Rhus vernicifera lacquer tree. 

In order to improve the performance of lacquer or prepare colored lacquer, a binding medium, such as 

tung oil, linseed oil, animal glue, colophon, plant gum, or inorganic minerals, is usually mixed into 
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lacquer sap during the lacquer production process. Py-GC/MS is one of the best methods to identify 

these additives [39–41]; for example, cinnabar, which is usually used as a red pigment, showed a sharp 

peak at m/z = 202 for Hg in mass spectrometry (Figure 6a, [42]). In the Py-GC/MS measurement,  

HgS was broken down into Hg and S by heating, and Hg was detected. Like HgS, As2S3 is usually used 

as a yellow-green pigment and elementary As was detected at m/z = 74.9 for 1 × As,  

m/z = 149.8 for 2 × As, m/z = 224.7 for 3 × As, and m/z = 299.6 for 4 × As in the mass spectrometry of  

a piece of ancient green lacquerware (Figure 6b [42]). 

Figure 6. Mass spectrometry of (a) Hg and (b) As elements from vermilion and green 

lacquer wares, respectively. 

 
(a) 

 
(b) 

As described in the introduction section, there are three kinds of lacquer trees in the world, and the 

main lipid components are different. Py-GC/MS is also used to identify the species of lacquer tree. In 

general, Chinese lacquer trees belong to the Rhus vernicifera family; however, lacquer trees in the 

Donglan area of Guangxi Province in China were identified as Rhus succedanea species by analyzing 

their characteristic pyrolysis products [43]. In the identification of lacquer trees, pyrolysis is an 

alternative and efficient technique [44]. Furthermore, we applied Py-GC/MS in analysis of an ancient 

lacquer film that was obtained from the surface of a wooden dish excavated from a site that dates back to 

the 17−18th century A.D. at Kinenkanmae Iseki (the ruins in the front of the museum) on the  

Meiji University campus in Tokyo, Japan, a Nanban lacquer film from the 17th century A.D., an old 

lacquer film obtained from the surface of wooden crafts imported from an Asian country during the 

17th−18th century A.D., and Baroque and Rococo lacquer films obtained from the wood surfaces of the 

Rococo church St. Alto in Altomunster, Munich, Germany. After comparing the results with the 

characteristic pyrolysis products of urushiol, laccol, and thitsiol, the ancient lacquer film and  
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Nanban lacquer film were assigned to Rhus vernicifera, the old lacquerware imported from an  

Asian country was assigned to Melanorrhoea (Gluta) usitata. However, although they were also called 

“lacquer,” the Baroque and Rococo lacquer films were identified as being made from a natural  

resin [45]. Meanwhile, the pyrolysis results of the six pieces of lacquer that were obtained from a 

Ryukyu lacquerware collection belonging to the Urasoe Art Museum of Japan showed that some pieces 

were made from Rhus vernicifera sap and some were made from Rhus succedanea sap [46]. 

Furthermore, analysis of a “four-eared” pottery container that was designated an important  

National Cultural Property from the 16th−17th century A.D. ruins in Kyoto, Japan, by Py-GC/MS 

showed that the lacquer fragment was Melanorrhoea (Gluta) usitata [47]. 

The successful application of Py-GC/MS to lacquer and lacquer film makes it possible to analyze and 

identify, many important cultural heritage lacquer wares that are scattered in museums around the world. 

The resin and oil components of period lacquer pieces from both Asian and European sources  

now belonging to the J. Paul Getty Museum were analyzed, and a database is being assembled [48]. 

Frade et al. analyzed two lacquer shields exported to Portugal from Asia in the 16th century; the results 

showed that the sample in the Soares dos Reis National Museum was coated with Rhus succedanea 

lacquer sap and that oil was used as the binding medium, and another sample in a private collection 

showed characteristic pyrolysis products of Melanorrhoea (Gluta) usitata [49]. A lacquered wooden 

dish from the Ryukyu Kingdom [50], a lacquer cabinet belonging to the Hofmobiliendepot Möbel 

Museum Wien in Austria [51], and lacquer objects excavated from a Chu tomb in China [52]  

were analyzed by pyrolysis. The results showed that both lacquer wares are coated with lacquer sap 

tapped from Rhus vernicifera lacquer trees, and linseed oil was found to be the binding medium for 

drying. Recently, Le Ho et al. reported lacquer wares of 18th−19th century Japanese Buddhist altar 

(Musée Georges-Labit, Toulouse, France) and a Mongolian coated wooden sample from a chariot 

provided by the Mission archeologique francaise en Mongolie (MAFM) which dated between the  

1st century B.C. and the 1st century A.D. [53]. After it was compared with the standard characteristic 

pyrolysis products, the results showed that the MAFM chariot was coated with lacquer sap from a  

Rhus vernicifera lacquer tree. We were surprised that the Japanese Buddhist altar was coated with 

Melanorrhoea (Gluta) usitata lacquer sap, because it implies a commercial relationship between Japan 

and Southwest Asia. This result also agrees with the material of the “four-eared” pottery container from 

Kyoto City in Japan [47]. 

The enzyme-catalyzed polymerization of lacquer sap is also called the lacquer drying and hardening 

process. As it is very important to investigate the process of functional expression in coating material 

science, Niimura and Miyakoshi examined the functional expression of Asian lacquer film by 

Py-GC/MS during the hardening process and found that Asian lacquer develops an extreme hardness and 

insolubility by accelerating nucleus-side chain (C–C, C–O–C) and side chain-side chain (C–C) 

cross-linkages [54]. Py-GC/MS also was used to confirm the structure of a laccase-catalyzed  

reaction [55,56]. Recently, on-line micro-ultraviolet pyrolysis GC/MS [57], evolved gas analysis-ion [58], 

and thermogravimetry-linked scan mass spectrometry [59] were used to analyze ancient lacquer wares, 

and then the results were compared with standard lacquer films. These improved methods give useful 

results during the analysis process and demonstrate that Py-GC/MS is a most effective method to 

characterize natural lacquer films and identify the organic coatings of ancient lacquer wares. 
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6. Conclusions 

Lacquer is a natural coating polymer catalyzed by laccase during drying. Because lacquer sap 

contains laccase, lacquer is considered self-drying. The special drying mechanism and dihydroxyphenol 

structure of the lacquer lipid component (urushiol, laccol, or thitsiol) make the lacquer film form a dense 

network structure that is insoluble in any solvent. Although many existing methods of analysis, such as 

FT-IR, NMR, and XPS have been used in lacquer film studies, the results were not satisfactory.  

With progress of the technology, Py-GC/MS became an effective method for analyzing lacquer sap and 

lacquer film because there are characteristic pyrolysis products that discriminate a lacquer sample and 

that of other natural resins. After analyzing the structure of the specific pyrolysis products obtained from 

mass spectrometry, the lacquer tree species and indigenous region can be determined. These results can 

be used to guide the conservation and restoration of important ancient lacquer wares. 
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