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Tetramethylammonium hydroxide (TMAH) is one of the most popular methylation reagents that have
been increasingly used for the detection of organic compounds within a wide range of samples, such as
soil, coal, lacquer, lignin, polymers and for in situ analysis of solid samples by space experiments. The
analytical methods and instruments, experimental conditions, and the qualitative and quantitative
analysis of organic compounds using TMAH thermochemolysis for the last 10 years were reviewed;
additionally, the mechanism of TMAH thermochemolysis and TMAH degradation are overviewed herein.
The objective of this paper is to give a broad view of the TMAH thermochemolysis analysis, to
demonstrate how the technique can be used for the detection of organics on Mars and other planets, and
to promote cooperation between different disciplines which may use thermochemolysis.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction
1.1. What is thermochemolysis?

The analysis of organic compounds is an essential way to detect
and demonstrate if there are life signatures in space. Since the early
19th century, it has been hypothesized that there could be life-
derived organic matter surviving in the martian soil and
randomly distributed across the martian surface over geologic
timescales [1]. Extraterrestrial matter and the potential for it to
reach the surface of the Earth has been a topic of interest and
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debate for centuries. One of the oldest meteorites, which is still
preserved today, fell from the sky on November 7th, 1492 and is still
on display in the French region of Alsace. Since then, many mete-
orites have been found to contain soluble organic matter. Subse-
quent analyses explore how to distinguish a biotic from an abiotic
origin for this organic matter [2]. Therefore, the analysis of organics
plays a crucial role in the search for life beyond the Earth. Human
beings continue to make efforts to explore the universe and search
for other habitable planets, even within our own solar system.
Today, the Mars Organic Molecule Analyzer (MOMA), an experi-
ment onboard the 2022 ExoMars rover, will search for signs of past
or present life on Mars by analyzing the potential organic content in
samples collected from up to a two meter depth below the martian
surface [3].
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There are three main methods for analyzing complex and non-
volatile organic compounds. Pyrolysis is a traditional method for
analyzing the components of complex materials. Pyrolysis can be
performed as slow pyrolysis, which requires a temperature ramp,
and fast pyrolysis, in which the sample is heated at a different
heating rate at relatively high temperatures in the absence of ox-
ygen. The pyrolysis process, especially at high temperatures, can
degrade the main chemical structures of the analyzed materials.
Consequently, it is often very difficult to speculate about the initial
chemical composition of unknown samples during the analysis of
the pyrolysis products. For example, coal pyrolysis is the most
traditional way to study the structure and composition of coal and
the kinetic rates and mechanisms of coal pyrolysis [4]. Character-
ization of pyrolysis residues such as char [5] combined with gas
releasing properties provide a valuable and comprehensive un-
derstanding of coal structure [6]. However, the pyrolysis process is
always operated at temperatures higher than 200°C and up to
about 1800°C [7,8], which can destroy the original structure of the
sample and produce the char, tar and gas products that are released
during coal pyrolysis. Pyrolysis is generally not a good way to
conserve the main structure of samples.

Chemical derivatization is another analytical method which can
keep intact the main chemical structure of substances by adding a
derivatization reagent which reacts with the polar and labile
compounds at a relatively low temperature (below 200°C). The
derivatization reaction usually involves a substitution of a nonpolar
functional group in place of a polar functional group, where the
most common reactions are alkylation, acylation and silylation.
Alkylation reagents reduce the polarity of the compounds by
substituting labile hydrogens for an aliphatic or aliphatic—aromatic
(e.g., benzyl) group. Silylation is the most prevalent derivatization
technique, and common reagents are trimethylchlorosilane
(TMCS), trimiethylsilylimidazole (TMSI), N-methyl-trimethylsilyl-
trifluoroacetamide (MSTFA), N, O-bis-(trimethylsilyl)tri-
fluoroacetamide  (BSTFA) and  N-(t-butyldimethylsilyl)-N-
methyltrifluoroacetamide (MTBSTFA). BSTFA and MTBSTFA are
most frequently used, particularly when analyzing phenolic com-
pounds, sterols and sugars [9,10]. Derivatization methods can be
used to reduce the polarity of amino groups to improve their sep-
aration and detection by gas chromatography/mass spectrometry
(GC/MS). Derivatization reactions of amines by GC were reviewed
by Kataoka [11], with respect to reactivity, selectivity and sensi-
tivity, for the application of environmental analysis related to hu-
man health. Common derivatization reactions for the GC analysis of
amines were presented, including acylation, silylation, dini-
trophenylation, permethylation, Schiff base formation, carbamate
formation, sulphonamide formation and phosphonamide forma-
tion, and the derivatization reactions of different amines were
reviewed, including primary amine, secondary amine, tertiary
amine, ammonia, and nitrosamine. For volatile and polar com-
pounds, MTBSTFA/DMF is one of the most popular silylation re-
agents. For the MTBSTFA derivatization reaction, silylation is always
performed using mild experimental conditions at low tempera-
tures between 75°C and 300°C [12], which can result in the
replacement of the labile hydrogen atom in an —OH, —COOH, —SH,
—NH, —CONH, -POH, —SOH group or enolizable carbonyl with a silyl
group. This reduces the polarity of the analytes, increases their
stability, and improves the GC behavior without damaging the
main structure of the molecules. However, some refractory mate-
rials cannot be detected at low temperature; therefore, derivati-
zation combined with a high temperature environment is needed
to obtain important information of certain refractory materials.

Thermochemolysis, or thermally assisted hydrolysis and
methylation (THM) in most cases [13], is a type of analytical py-
rolysis for in situ characterization of complex samples with a wide

range of materials [14]. This method can be tracked back to at least
56 years ago when a study investigated the analysis of fatty acids by
GC in the presence of tetramethylammonium hydroxide (TMAH)
[15]. The thermochemolysis method is a combination of the
analytical techniques of pyrolysis and derivatization. Heat plays a
key role in the thermochemolysis process, which facilities the
cleavage of the bonds between the main structures at selected
chemical bonds of analytes. The reorganization of the analytes’
main part and the thermochemolysis functional groups produces
the less polar, smaller molecular weight compounds, with higher
stability and volatility, which are amenable to chromatographic
analysis.

1.2. Factors influencing thermochemolysis

1.2.1. Thermochemolysis reagents

The reagent plays a key role in the thermochemolysis process.
Therefore, thermochemolysis reagents that have been used for the
characterization of organic compounds since 2010 have been
reviewed, such as TMAH, trimethylsulfonium hydroxide (TMSH)
[16,17], tetramethylammonium acetate (TMAAc) [18—20], m-(tri-
fluoromethyl)phenyltrimethylammonium hydroxide (TFTMAH)
[21], tetraalkylammonium hydroxides (TAAH) [22] et al. Table 1 lists
some of the thermochemolysis reagents that have been used in the
detection of organic compounds, mainly fatty acids. TMAH is a
relatively strong thermochemolysis reagent with high efficiency in
methylation, which is capable of methylating all available active
hydrogens from various functional groups, including phenolic hy-
droxyl groups, carboxylic acids, amines etc. Compared with TMAH,
TMSH is a competitive reagent with strong alkaline and heat-
sensitive properties; however, TMSH requires lower temperature
for its alkylation while TMAH can be used at a relatively high
temperature up to 600°C. Therefore, TMAH is one of the most
popular thermochemolysis reagents. More than 90% of published
thermochemolysis applications have used TMAH [14], therefore we
mainly focus on the properties of TMAH thermochemolysis
hereafter.

1.2.2. TMAH thermochemolysis type (on-line and off-line)

There are mainly two types of thermochemolysis, off-line and
on-line thermochemolysis. In the off-line case, the sample is mixed
with a certain amount of TMAH inside some kind of sealed vessel
and derivatized for a certain amount of time followed by an analysis
by GC—MS. For example, Poerschmann [23] analyzed the organic
compounds in the effluent from phytoremediation systems at the
laboratory-scale using off-line TMAH-assisted thermochemolysis
GC/MS (TMAH-GC/MS). In this study, ~15 mg of lyophilized effluent
samples was mixed with 2.5 mL of a 25% w/w freshly prepared
TMAH solution in methanol (~40 x excess TMAH by weight) inside
glass ampoules. Next, the open glass ampoule was tightly closed
and placed in a steel autoclave, constructed in-house, which
allowed the thermochemolysis to take place at 240°C for 180 min.
Then the sample was analyzed by GC/MS. Carboxylic acids, phenols
and the lignin-derived breakdown products were detected, which
showed that TMAH thermochemolysis may serve to detect mono-
molecular organic compounds sorbed onto the root. Tadini [24]
studied humic substances extracted from river sediments of
northwestern Sao Paulo which had undergone different soil uses by
off-line TMAH-GC—MS and solid state '>C nuclear magnetic reso-
nance (NMR) spectroscopy characterization. In this study, about
100 mg of dried composted organic biomasses was placed in a
quartz boat and moistened with 1 mL of a TMAH (25% in methanol)
solution. The sample was introduced into a Pyrex tubular reactor
(50 cm x 3.5 cm i.d.) and heated at 400°C for 30 min in a furnace
(Barnstead Thermolyne 21100 furnace) after drying the mixture
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Table 1
Thermochemolysis reagents have been used in the detection of organic compounds.
Reagent Sample Functional groups Publications
Tetraethylammonium hydroxide (TEAH); Wood sample Fatty acids [294]
Tetrabutylammonium hydroxide (TBAH)
Trimethylsulfonium hydroxide (TMSH) Soils collected from three different ecosystems Phospholipid fatty acids (PLFAs) [295]
Primary sludge; Water and articulate; Thiol or polysulfidethiol [296]
Nexapa River basin samples
Tetraethylammonium acetate (TEAAC) Lignite Humic acids [297]
Phenyltrimethylammonium hydroxide (TMPAH) Milk Fatty acids [108]
m-(Trifluoromethyl) phenyltrimethylammonium Paint samples Fatty acids [21]

hydroxide (TFTMAH)

under a gentle stream of nitrogen for about 10 min. Organic com-
pounds related to the humic acid in the structure were detected by
off-line TMAH-GC/MS, including plant waxes, plant biopolyester
and a large amount of fatty acid methyl ester. The characterization
by NMR provided the carbon nuclei present in the structure, which
inferred that the humic acids from an area characterized by sugar
cane cultivation (41.9%) and a typical rural area (35.0%) showed the
highest aromaticity percentage.

Compared with off-line thermochemolysis, on-line or in-situ
thermochemolysis is a simpler process that involves mixing the
sample with a certain amount of TMAH immediately before injec-
tion of the sample into the GC instrument. This process avoids
laborious and time-consuming sample work-up steps and allows us
to conduct the reaction efficiently only by mixing the specimen and
reagents [25]. The on-line TMAH thermochemolysis technique is
able to control the reaction temperature easily and reaction time
with efficient transfer of volatiles to GC/MS analysis system. These
advantages ensure the high efficiency of TMAH thermochemolysis.
Therefore, on-line TMAH thermochemolysis has been widely used in
the characterization of a variety of natural and synthetic materials. It
showed a good performance during the analysis of methylated lignin
phenols and other from the rivers derived sediments [26], com-
pounds of asphaltene biodegradation [27], lacquer compositions
[28], model compounds guaiacyl palmitate and 2-nonyl palmitate
[29], etc. For example, Mason [30] studied the molecular composi-
tion of grassland soil with adjacent unforested and afforested
moorland ecosystems using on-line thermally assisted hydrolysis
and methylation in the presence of both unlabelled and '*C-labelled
TMAH. During the thermochemolysis experiment, an aqueous so-
lution of TMAH and '3C-labelled TMAH (25%, wjw) were added into a
quartz pyrolysis tube plugged with pre-extracted silica wool con-
taining approximately 2 mg of sample immediately prior to thermal
hydrolysis and methylation. The 3C-labelled TMAH thermoche-
molysis revealed the chemical composition of soil organic matter
(SOM) and reflected the different vegetation inputs in each of the
chemicals associated with a litter/fermentation (L/F) layer.

In addition, off-line thermochemolysis is able to detect more
compounds, because of the longer retention time compared with
on-line thermochemolysis, thus the recovery rate of off-line ther-
mochemolysis is better than on-line thermochemolysis in some
cases. However, the long reaction time such as 30 min could cause
the rearrangements and decompositions of amino acids [25]. The
off-line thermochemolysis requires several steps, including the
solvent derivatization, extraction and the evaporation of the sol-
vent. These processes are too technically complex to be fully
automated for the in situ analysis in space missions, especially in
the detection of organic compounds on Mars. Therefore, a simpler
“on-line” thermochemolysis method has been implemented for
SAM and MOMA [31], thanks to the advantage of being able to
control the reaction temperature and reaction time with efficient
transfer formed thermochemolyzates to GC/MS system.

1.2.3. Sample pre-treatment methods

Direct thermochemolysis is the simplest way to derivative
samples; it does not need any cumbersome sample pretreatment,
only mixing the sample with derivatization regent immediately
followed by the analysis process. In our previous study, the nucle-
obases standard samples were characterized by TMAH direct
thermochemolysis [31], without any pretreatment. Though without
any tedious pretreatment, direct thermochemolysis could have a
sufficient accuracy and efficiency. Baidurah's team [32,33]
compared the effect of direct thermochemolysis with conventional
method with extraction pretreatment of bacterial samples.
Through analyzing the yield of characteristic peaks of polymers
from bacteria, direct thermochemolysis showed a good perfor-
mance as the conventional method with sample pretreatment
process. However, in addition to the direct thermochemolysis, two
pre-treatment processes prior to thermochemolysis could be used
in the laboratory: extraction and mineralization, especially for solid
matrix such as soils, kerogens, meteorites etc.

Extraction: Extraction is a separation process in which sub-
stances are separated from a solid or liquid matrix. This type of
separation process mainly includes liquid-liquid extraction and
solid-liquid extraction, and the solid-phase extraction. The first
experimental application of solid-phase extraction started 50 years
ago and is the most frequently used procedure for extraction of a
wide range of organic analytes across many fields [34]; such as the
extraction of fatty acids in bilayer oil paint models [35], of carbo-
hydrates, lignin and lipids from peat bog or soil [36—39], of sputum
specimen [40,41], of organic mercury species in petroleum [42], of
the amino, carboxylic, and nucleic acids from martian analog
samples [43—45], of iodine from environmental samples [46,47], of
trace elements from soil environmental matrices [48], of free small
molecules from coal [49—51], of humic substances from lignocel-
lulose waste [52], etc. Solid-phase extraction is faster and less labor
intensive than the liquid-liquid extraction and only requires
smaller volumes of reagents, generating less toxic waste and pro-
ducing better analyte enrichment factors [34]; because of these
advantages of the solid-phase extraction, it has been widely used
for the analysis of soot from the combustion of fossil fuels and
synthetic biofuels [53], drugs in waste water [54], etc.; isolate
bisphenol A in urine [55], food analysis such as the extraction of
ochratoxin A from red wines [56], botanic and marine applications,
etc. For the in situ analysis of organic compounds that could
possibly be detected in other surface environments such as that of
Mars, solid-phase extraction is the optimal method for the char-
acterization of that soil.

Recently, in order to comprehensively analyze the organics in
solid samples such as soil, fossils [57], coal, and wood, some pre-
treatments were used. Extraction has been one of the most popu-
lar pre-treatment techniques for solid sample analysis, which could
include a sequential extraction of samples by different extraction
solvents. For example, Allard [58] characterized the organic matter
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from a forest soil using sequential microwave assisted acid and
TMAH hydrolysis at 190°C. The solvent extraction included
hydrogen chloride/acetonitrile (HCI/MeCN), H,0, and ethyl acetate
(EtOAC) extraction. The different extracts were also derivatized by
different reagents. Organic or aqueous extracts were analyzed by
GC/MS; the residue was characterized by the solid state '>C nuclear
magnetic resonance (NMR) spectroscopy. Aromatic compounds are
the main component of the organic extractions. Microwave-
assisted acid hydrolysis provided information about hydrophilic
constituents and unaltered lignin-derived constituents of SOM.
Microwave-assisted TMAH hydrolysis released predominantly
aliphatic compounds from cutin and suberin.

Demineralization: Demineralization is a process in which
different acids are used to remove the mineral that is tightly
associated with organics in the solid matrix. For example, demin-
eralization processes have been used to improve the efficiency of
extraction and characterization of organic matter from soil/kerogen
[59,60]. The solvent varies depending on the mineral that will be
removed; normally water can remove the alkali and alkaline earth
metals, while HCl and hydrogen fluoride (HF) can be used to
remove the inherent minerals from coal [61]. HF media for
demineralization treatment of soil samples were also used for
organic analysis. This technique allows the demineralization of
three kinds of agricultural soils followed by TMAH-GC/MS [62].
Results showed that the clay removal provided by HF pretreatment
can improve the capacity of TMAH thermochemolysis. Doskocil
[50] obtained a similar result when they studied the pyrolysis
process of South Moravian lignite in its natural and treated forms,
including extraction with chloroform, demineralization, and the
remineralization or sorption of calcium ions on the demineralized
lignite. TMAH thermochemolysis was also used to analyze the
component of lignite. Results demonstrated that the highest yields
of the aliphatic molecules were obtained in the case of deminer-
alized lignite, which could be caused by the cracking of carboxylic
groups between calcium bridges and functional groups during the
demineralization process. Additionally, the Fourier transform
infrared spectroscopy (FTIR) and TG-FTIR were also used to analyze
the pyrolysis products in solid and gaseous states, respectively.

Extraction could increase the concentration of target com-
pounds in a sample and improve the efficiency of sample analysis;
therefore, when the organic compounds are in low abundance or
the individual compounds need to be analyzed separately, the
sequential extraction technique should be used; when the minerals
in the sample could affect the detection of organic compounds, the
demineralization process should be used to remove different
minerals by using different reagents.

1.2.4. Experimental conditions

Experimental conditions such as the temperature of thermo-
chemolysis, the pH of the sample, and the amount of solvent in-
fluence the efficiency of TMAH thermochemolysis. The optimal
temperature varies with the sample and the compounds that need
to be derivatized. Decq [63] analyzed European lacquer and opti-
mized the thermochemolysis temperature (350, 480, 550, 650°C) of
natural resins, including Sandarac, Mastic, Colophony, Manila copla,
and Congo copal. Results showed that 350°C is the optimal ther-
mochemolysis temperature for natural resins and that 550°C is the
second most optimal temperature. Polycommunic acid markers
“b1” and “b4”, Pimaric acid, and the poly-ozic marker were used as
the markers of Sandarac, Colophony, and Congo copal, respectively.
For nucleobases, we found 600°C is the optimal temperature for
TMAH thermochemolysis combined with Pyrolysis-gas chroma-
tography and mass spectrometry (TMAH-Py-GC/MS) [31]. The
amount of TMAH could also influence the thermochemolysis result
[31,64]. For example, TMAH concentration or pH values can cause

the conversion of aliphatic model compounds [65], such as succinic,
adipic, and azelaic acid, into diesters. At a sample pH of 7—8, the
ester yield is the highest around 90%; however, at a higher pH value
(>10), the methylation process can be negatively affected. TMAH is
a strong thermochemolysis reagent which remains fully functional
after exposure to a total ionizing dose (TID) up to 300 krad, with a
post-exposure, GC/MS analysis showing no or few degradation
products of the chemicals [12]. This result is very important for in
situ space analyses where reagents can be exposed to high radiation
doses. In addition, the minerals such as perchlorate and other
oxyanion salts of soils and meteorites could possibly influence the
type and numbers of organic compounds [66], though few re-
searchers studied the influence of minerals on TMAH thermoche-
molysis. Therefore, plenty of experimental conditions of SAM and
MOMA need to be studied in the future.

1.3. Set-ups for thermochemolysis and complementary technologies

Py-GC/MS is the main device used for TMAH thermochemolysis,
or namely reactive Pyrolysis-GC/MS [18,67—69], because the tech-
nique can provide precise information about the molecular formula
and the structures of compounds. Commercial pyrolysis devices
have been used in studies conducted over the past 10 years, such as
a Curie-point [70—77], a CDS type pyrolyzer [78—81], a micro-
furnace pyrolyzer [17,19,31,82—87], and a tubular oven
[50,51,62,88—91]. Commercial GC/MS is used for the separation-
detection of samples after thermochemolysis. The GC column
plays a key role in the separation of volatiles, so different kinds of
columns have been used, including fused silica capillary columns
[70,75,88], HP-5 columns [79,92—96], Rtx-5Sil MS columns
[62,72,89—-91,97,98], and SLB 5MS capillary columns [82,83,99]. The
type of column is the first and one of the most important steps to
obtaining the optimal conditions in the analysis of organic com-
pounds by using GC/MS. Selecting the column depends on four
factors, including the stationary phase, the column inner diameter,
the membrane thickness, and the column length, with the sta-
tionary phase being the most important factor. Because TMAH is
aggressive, the resistance of the stationary phase toward the TMAH
is another factor that we have to take in account. SLB 5MS capillary
columns with a 5% phenyl equivalent phase provide a boiling point
elution order with a slight increase in selectivity, especially for
aromatic compounds. The low bleed characteristics and durable
nature make it the column of choice for any experiment in which a
low bleed non-polar column is required. The Rtx-5Sil MS column, a
low polar column, is appropriate for the analysis of amines, anes-
thesia analysis, Crossbond™, organochlorine pesticides, phenols,
and phthalates. The HP-5 column has a wide range of applications
since it is a high-performing non-polar column available in a vari-
ety of configurations, especially for active compounds including
acidic and basic compounds.

Sawicka [100] investigated the removal of visually disturbing
lead soap efflorescence with ethylenediaminetetraacetic acid
(EDTA), and optimized conditions such as pH, concentration of
EDTA solution and application. The result showed that it is feasible
to thin the superficial material significantly. A combined method of
ATR-FTIR and SEM-EDX analysis coupled to TMAH thermoche-
molysis were used. In this study, the TMAH was used as a kind of
derivatized solvent and two kinds of internal standards (Cy3 and Cy3
fatty acids) were used. The lead stearate, lead palmitate and
mineralized lead soap are the predominant components. Barden
[101] studied a tadpole from the Oligocene Enspel Formation in
Germany using the Py-GC/MS technique combined with TMAH
thermal methylation of the fossil tadpole matrix, in addition to
FTIR. Results showed that the organic remains of the tadpole are
original and are not the result of external contamination. The Py-
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GC/MS analyses indicate the presence of bacterial biomarkers in the
matrix but not the tadpole. SRS-XRF also has been used to analyze
the levels of zinc. Table 2 lists all of the devices that have been used
as a complementary method with TMAH thermochemolysis.

2. Applications

Since TMAH is one of the most popular thermochemolysis re-
agents [14], the studies about TMAH thermochemolysis have been
reviewed for its application on the analyses of humic acids
[52,84,90,102,103], humic-like substances [104—107], fatty acids
[82,88,102,108], phenolic compounds [16,19,81,109], amino acids
[64,110], aromatic and aliphatic compounds [29,111], and carba-
mates [112]. In addition, TMAH is not only a thermochemolysis
reagent but is also used as an effective silicon etching solvent
[113—115], for dissolution of E. crypticus [116], as a strong base
catalyst for transesterification [117], as an extraction solvent for
mercury [42,118—121], and Sulfur atom detection [17,122], as a
dispersant [123], as a balance-fluid in the fabrication of
functionalized-porosity layered-ceramics processes [124], as a
digestion solvent for biological samples [125,126], for pH adjust-
ment of solutions [127,128], and for extraction of different halogen
elements in soils, such as fluorine [129], chloride [130,131],
bromine [132,133], and iodine [134—137]. The detection of iodine
can be useful for two main types of applications; the first, mea-
surements of the concentration and distribution of iodine in soils

Table 2
Combined analyses methods with TMAH-thermochemolysis.

[138—140], and the transference of iodine in different forms be-
tween soils and plants [141—146], as well as foods [147,148], have
been combined with characterization by inductively coupled
plasma mass spectrometry (ICP-MS). The second main application
is to detect the concentration of iodine and related compounds in a
contaminated environment [149—152]. For example, Yang [46]
studied rapid iodine release from soil, sediments, and rock samples
through mild TMAH extraction. The 2 concentration was
analyzed by the triple-quadrupole inductively coupled plasma-
mass spectrometry (ICP-QQQ) single MS mode and the 12%/1%7]
ratio was analyzed by the ICP-QQQ MS/MS mode. TMAH is also a
major problem for wastewater [153], and could be degraded by
biological treatment in an up-flow anaerobic sludge blanket
(UASB), mainly the methanogens involved in methanogenic
degradation of TMAH [153—155]. Hereafter we mainly focus on the
application of TMAH thermochemolysis.

2.1. Lignin and plants

Lignin, the second most abundant terrestrial polymer on Earth
after cellulose, and the only large-volume renewable feedstock
composed of aromatics, is an essential raw materials for the poly-
saccharides, renewable source of fuels, functional polymers, ma-
terials, and aromatic chemicals such a phenol, vanillin, and ferulic
acid [156,157]. Lignin is a complex heterogeneous biopolymer
mainly constructed out of three oxidative p-hydroxycinnamyl
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alcohol monolignols differing in their degree of methoxylation,
such as p-coumaryl, coniferyl, and sinapyl alcohols. Each of them
gives rise to a different type of lignin unit named p-hydroxyphenyl
(H), guaiacyl (G) and syringyl (S) units, respectively [ 158]. Lignin is a
highly aromatic cell-wall polymer typical of vascular plants that is
of importance during the growth and development of the plant and
for pathogen protection, meaning lignin provides structural sup-
port to woody and vascular plants and is believed to account for ca.
20% of the organic matter input to the biosphere [159,160]. On the
other hand, lignocellulosic biomass is a sustainable source of
organic carbon that is a valuable feedstock for the production of
biofuels and materials [160]. Because of its availability and the
variety of potential modifications offered by its chemical nature,
lignin has long been attractive for many scientists. However, the
recalcitrance of lignocelluoses associated with lignin is an obstacle
for the utilization of lignin. Therefore, pretreatment and delignifi-
cation is very important. There are two types of lignin depoly-
merization, chemical and biological delignification, which can be
used to analyze degradation products of lignin as a way to char-
acterize the depolymerization process. Examples include the
analysis of lignin degradation products from white-rot basidiomy-
cete fungi [80], rown rot fungi Gloeophyllum trabeum and Postia
placenta [161], beetles [162], and termites [163].

Py-GC/MS and TMAH thermochemolysis is often used to analyze
organic compounds released from the degradation of lignocellu-
losic biomass. The process of pyrolysis in the presence of TMAH
avoids decarboxylation and releases intact methylated phenolic
compounds [158]. Therefore, this method has been widely used for
the analysis of the structure of lignin in various plants. For example,
Kaal [164] analyzed the main compositions of plant organs of
P. oceanica and the coarse organic matter from a mat core spanning
750 yrs using Py—GC/MS and TMAH (25% in water) combined with
THM—GC/MS in order to improve our understanding of the mo-
lecular properties and their preservation during mat development.
Results showed that constituents based on p-hydroxybenzoic acid
(p-HBA) are the main component of leaf sheaths, roots and the
outer parts of rhizomes. The inner rhizome and leaf blades are
mainly composed of carbohydrates. Additionally, the changes in
molecular composition of Posidonia australis sheaths (SH) and
roots plus rhizomes (RR) along a sediment core were studied by
using 3C NMR, TMAH-Py-GC/MS [165]. Marques [166] studied the
structure of lignin and suberin and ferulic acid in cork from Quercus
suber L. The polymer structure in cork, corksap, and milled-cork
lignins (MCL) was studied by TMAH-Py-GC/MS and heteronuclear
single quantum coherence spectroscopy (2D-HSQC-NMR). Results
showed that the suberin contained 94.4% aliphatics and 3.2% phe-
nolics with 90% w-hydroxyacids and a,w-diacids. There is about 3%
and 6% of ferulic acid in cork and cork lignin. The cork lignin is
essentially a G-lignin with more than 96% G units, the structure of
which is largely dominated by f—0—4' alkyl-aryl ether linkages.

Through the Py-GC/MS method combined with TMAH ther-
mochemolysis, lignin is decomposed into different fragments. The
main structures present in different plants are summarized in Fig. 1.
Based on these structures present in lignin, TMAH thermoche-
molysis could be used for the detection of byproducts coming from
the degradation of lignin [80,158,167,168]. Lignin degradation can
occur in leaves, needles, roots, the extracts from wood, sporollenin
[39,169—173], and leaf and needle litter. Some of these byproducts,
such as the phenolic compounds and fatty acids coming from lignin
degradation [37,174—178], have been quantified by using '3C-
labelled TMAH thermochemolysis [39,169,179]. For example, in situ
TMAH-Py-GC/MS was used to study the lignocellulosic unlocking
mechanism for carbohydrate hydrolysis in termites [163], which is
able to characterize the product distribution between the control
and the termite feces, and results indicated dehydroxylation and

modification of selective inter-monomer side-chain linkages in the
lignin in the termite feces. Later, the wood metabolites in each gut
segment were tentatively analyzed using TMAH-Py-GC/MS [180],
which showed a selectivity of B-0O-4’ linkages and subsequent
methylation of all ring hydroxyls that were represented by the
generation of abundant new pyrolyzates. This study helps to pro-
vide more information about the absolute structure change of
lignin compared with a normal pyrolysis analysis. On the other
hand, the stepwise lignin unlocking mechanism in termites was
elucidated. The changes in lignin composition or structure could
provide information to understand the reaction in nature; for
example, the analysis of compositional changes of lignin in river
samples could help to increase understanding of the responses of
terrestrial vegetation in central Japan to global climate changes
[77]. The study of lignin fractions isolated previously by sequential
enzymatic hydrolyses using Py-GC/MS, with and without TMAH
thermochemolysis, could help to well understand the behavior of
the polymeric part of lignin exposed to fecal microbiota [181] and
the molecular changes of corn stover lignin in the laccase system by
comparing the methylated fractions of lignin [182].

For plants, suberin and suberan are the important natural bio-
polymers. Their role is to provide a protective barrier between the
plant and the environment [183]. The structure of this hydrolysable
polyester is proposed to be comprised of long chain (C;1—Cy4)
polymethylenic domains with carboxylic acids held together by
aromatic rings and esters [184]. Olivella [183,185] analyzed the
suberin monomers isolated from cork by TMAH-Py-GC/MS. Their
study showed that the major compounds of suberin from back and
cork layers were octadec-9-enedioic acid, docosanedioic acid, and
9,10-epoxyocta-decanedioic acid with mean values of 17.0%, 14.5%,
and 11.0%, respectively. These isolated monomers were used to
study the sorption of three pesticides (isoproturon, methomyl and
oxamyl), and modeling calculations was used to study the inter-
action between the suberin monomers. Results showed that, in
addition to the van der Waals interactions with the apolar region of
sorbent and isoproturon, hydrogen bonds were also formed be-
tween the isoproturon NH group and a carboxylic oxygen atom of a
suberin monomer.

We showed here that TMAH thermochemolysis was mainly
used to analyze phenolic, ester, ether bonds and carboxyl functional
groups of lignin, as well as their related degradation compounds,
which demonstrates its suitability for the determination of the
composition of large polymers. Soil is the necessary condition for
plant, leaves, stem, roots or other organs of plants that are con-
tained in soils, therefore TMAH thermochemolysis could also be
used to analyze the degradation compounds of lignin or com-
pounds derived from lignin in soil.

2.2. Coal

Coal is a kind of flammable sedimentary rock in black or brown-
black color, which is predominantly of vegetal origin. Lignin is
possibly the most important vegetal precursor of vitrinite in coal in
terms of quantity; monocyclic aromatic units are condensed with
the aliphatic lignin forming polycyclic aromatic units, such as
naphthalene, anthracene, or phenanthrene through the coalifica-
tion process [186]. Fig. 2 shows the structural model of high-volatile
bituminous coal. Coal has a macromolecular three-dimensional
cross-linked network (immobile phase) with a multitude of rela-
tively small molecules with varying structures embedded therein
(mobile phase). Coal has been widely used in many fields. For
example, coal has been the main energy source for power gener-
ation in China. Coal char is used in the metallurgical industry, while
coal tar is used to refine oil to different quality grades, such as the
heavy oil used for aircraft oil and the light oil used in chemical
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Fig. 1. The structures of lignin that react with TMAH thermochemolysis, adapted from Ref. [158,160,166,362,363]. (A) B—O—4’ alkyl-aryl ethers; (A’) y-acylated f—0—4' alkyl-aryl
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Fig. 2. The structure of bituminous structure, adapted from [194].

products. Light oils include the light aromatic compounds, such as
benzene, toluene, ethylbenzene, xylene and naphthalene. All these
light aromatic compounds are important raw materials for chem-
ical products, such as fibers, plastics, pharmaceuticals, dyes, and
other chemicals [187]. Coal gasification is a means to covert fossil
fuels into a combustible gas or a synthesis gas, and this process
plays an important role in the green energy conversion of coal into
natural gas. Therefore, coal is one of the most important energy
sources except for petroleum.

The conversion rate of coal into “clean” energy depends on the
utilization methods and the properties of coal. In fact, the structure
of coal determines the conversion and utilization method, and
plays an important role in the utilization of coal. Coal structure and
the main organic matters of coal have been studied using XRD, C
NMR, Raman, and FTIR spectroscopy. Organic matters, such as low
molecular weight compounds, can be extracted from coal by
organic solvents [49,188]. Pyrolysis GC/MS combined with extrac-
tion methods can result in the formation of light aromatics
[189,190]. Although these are the traditional methods, TMAH
thermochemolysis has become an increasingly popular method for
characterization of organic matter in coal. For example, TMAH-GC/
MS was used to analyze the composition of filtrate coal after coal
depolymerization [191]; identified compounds included fatty acids

and derivatives, benzene related O-containing compounds, alco-
hols, heteroatom containing compounds, hydrocarbons, aromatics,
and dicarboxylic acids.

Coal is composed of some macromolecular structures as shown
in Fig. 2. Humic acids, complex compounds containing hydroxyl
and phenolic hydroxyl functional groups, are one of the important
components of coal, and TMAH thermochemolysis has been used
for the analysis of humic acids. For example, Grasset [192] char-
acterized the lignin monomers in low rank coal humic acids using
TMAH thermochemolysis followed by reductive cleavage. Results
showed that the lignite (low rank coal) from the Czech Republic
contains intact lignin monomers with a dominance of coniferyl
units, which is in accordance with the gymnosperm origin of the
lignite. The major methylated lignin derivatives included 3,4-
dimethoxybenzaldehyde, 3,4-dime-thoxyacetophenone and a 3,4-
dimethoxybenzoic acid methyl ester. Nasir [193] also studied the
structure of humic acids and nitrohumic acids (NHA) extracted
from Pakistani lignite as well as the standard leonardite humic
acids (LHA) using Py-GC/MS with and without TMAH thermoche-
molysis and with a flash pyrolysis temperature of 721°C. In addi-
tion, the FTIR and NMR techniques were used to elucidate the
influence of coal rank on the regeneration and nitration processes
related to the chemical composition of coal and derived materials.
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The most abundant aromatic derivatives were a 4-
benzenedicarboxylic acid dimethyl ester and 1,6,7-trimethyl
naphthalene. A high proportion of long-chain fatty acid methyl
esters, nitrogen compounds and furan compounds were detected.

Extraction of organic matter from coal is a crucial method to first
separate the free small molecules, including the aliphatics, and
ether bridges within the skeleton structure of coal [49,194]. The
organic compounds in coal extracts and extraction residues can
then be studied combined with TMAH thermochemolysis. Stefa-
nova [195] analyzed the components of CHCl; extraction residues
of bitumen coal by using off-line TMAH-Py-GC/MS where the
sample was pyrolysed at 400°C. Diterpenoids, n-Fatty acids, phe-
nols and its alkylated homologues were detected. The long-chain
homologues of nCy4 and nCyg were maximal in the bitumen coal
used herein; their results demonstrated that the predominance of
conifers in the Bobov dol palaeomire was the biomarker assem-
blage of the “free” extractable bitumen [195]. The extracted
component of the coal sample was influenced by the extraction
solvent. Doskocil [51] studied the water-extractable fractions from
South Moravian lignite, and results showed that the main contents
of the off-line TMAH thermochemolysis of lignite were aromatic
compounds (77% of the total identified molecules), such as benzene
carboxylic acids and their derivatives, especially methoxybenzoic
acids, and to a lesser extent, methoxybenzenes. The identified
aliphatic compounds consisted of short-chain diacids, fatty acids
and polyols and were 23% of the identified compounds. Py-GC/MS
can provide more insights into the chemistry of the resin-derived
material, while THM-GC/MS is more informative about poly-
methylene compounds. The two methods are complementary for
detecting the aryl—O macromolecular backbone of kerogen. On the
other side, the maturity of coal also influences the content and the
type of its organic matter. The effect of coal rank on coal molecular
properties has been investigated using 27 coal samples from lignite
to high volatile bituminous rank using Py-GC/MS and THM-GC/MS
methods [196]. Polyphenolic, polymethylenic and resin-derived
constituents were detected. Lignin-derived material and long-
chain (>C24) ester-bound polymethylene chains are the main
components of immature coal, whereas the mature coals are
enriched in short (C10—C25) free and/or trapped (isoprenoid) hy-
drocarbons, alkylated phenols and resinite aromatic derivatives.

Biodegradation or bioconversion of coal is a valuable form of
clean energy conversion. In one study, asphaltenes were separated
from a series of Liaohe biodegraded bitumens and the asphaltenes
were analyzed using on-line flash pyrolysis-GC assisted by TMAH
thermal hydrolysis and methylation [27]. Results showed that the
alkyl moieties bonded to asphaltene macromolecules are domi-
nated by C—C and ether (thioether) bonds but less so through ester
and hydrogen bonds. Furthermore, the linear alkyl moieties bonded
to the asphaltene structure by hydrogen and ester bonds are more
susceptible to biodegradation than those bonded to the asphaltene
core through stronger covalent bonds such as C—C and ether (thi-
oether) bonds. On the other side, the TMAH-thermochemolysis
method was also used to study the coal bioconversion activity of
nonmycorrhizal fungi in the C. dactylon/coal rhizosphere [197]. The
methylation compounds obtained from TMAH thermochemolysis
were pyrolysed at 700°C for 15 s and analyzed by GC/MS. Poly(tert-
butylstyrene) (0.05 mg/mL in hexane) was used as an internal
standard and benzeneamine, diazine, dimethylpyranone, furfural,
hexadecanoic acid, methylaminophenol, and propanenitrile were
semi-quantified. Results showed that low molecular weight or-
ganics can facilitate the bioconversion of coal and that the phyto-
bioconversion of hard coal involving plants and microbes which
occurs in the rhizosphere promotes the growth of C. dactylon.

In summary, TMAH has been mainly used for the characteriza-
tion of coal or components extracted from coal through Py-GC/MS

with or without an extraction method. Most of the studies focused
on the qualification of coal composition, while few studies have
focused on the quantitative analysis of coal composition. Therefore,
the composition of coal or coal-related components needs to be
studied in the future. Low molecular weight compounds in coal
play an important role in coal pyrolysis [49,188]. O-bearing com-
pounds such as —OH, carbonyl group, phenols, alcohols, acids and
esters have been detected in the extractions of a brown coal by FTIR
characterization. While the abundance of each compound has not
been quantified, TMAH thermochemolysis could be used to meth-
ylate these organic compounds and quantify the concentrations of
the free organic compounds in coal samples.

2.3. Lacquer and heritage

Lacquer is a glossy and durable coating material that has been
used as an adhesive or painting material for crafts, weapons,
wooden products, coffins, and daily necessities, since ancient times
all over the world. Some examples of lacquer materials include
natural lacquer sap, synthetic lacquer derivatives, and their films.
The natural lacquer is made with the sap from lacquer trees, such as
the Rhus vernicifera lacquer trees. They are also known as Asian
lacquer trees or Shenggqi in China and Urushi in Japan, with urushiol
being the main lipid component. From the Rhus succedanea trees,
which are used as Vietnamese and Chinese Taiwan lacquer, the
main lipid component is laccol. Whereas thitsiol is the main lipid
compound in the sap from the Melanorrhonea (Gluta) usitata trees;
their sap has been used in lacquer from Myanmar, Laos, Cambodia,
and Thailand [198]. The Toxicodendron vernicifluum trees grow
naturally in Korea and various artifacts coated in the natural lac-
quer produced from their sap have been excavated there. European
lacquers are complex decorative finishes imitating the appearance
of Asian lacquer but made from locally available materials and
techniques [199].

The sap was used alone or with additives such as flour or clay
for the ground layers and they can be colored with pigments or
metal fillers. The refined sap was applied on the surface of the
relics for protection and/or decoration, and with multiple very
thin layers on the top of the artwork. The multiple layers of
lacquers can consist of a mixture of oils such as perilla oil, tung
oil, tallow tree oil, linseed oil, sesame oil, tee seed oil, and Canola
oil or Rapa oil [200]; resinous materials include waxes or syn-
thetic resins; colorants and pigments; proteins such as pig's
blood, animal glue, and egg; carbohydrates such as starchy ma-
terials (e.g., flour); miscellaneous materials such as the pig gall or
bile; and the products of their interaction and degradation. Lac-
quer is dried under the specific conditions of over 70% relative
humidity (RH) at room temperature overnight, which results in
mainly the oxidation and polymerization of main lipid com-
pounds, including the urushiol, laccol, and thitsiol by laccase
[201—203]. The unsaturated side-chain autoxidation process oc-
curs after the concentration of lipid monomers decreases to less
than 30%. Subsequently, a very sturdy and dense lacquer film is
formed and its properties are of extreme hardness (approxi-
mately 6H pencil hardness) and insolubility due to accelerating
nucleus-side chains (C—C, C—0—C) and side chain-side chain
(C—C) cross-linkages [204]. These properties make it difficult to
analyze the consistency of lacquers, especially the organic com-
pounds that have been used in lacquers.

Lacquer is a glossy and durable coating material that has been
used for thousands of years. The investigation of the composition
of lacquer, with the aim of further enriching scholarship and
contributing to our understanding of history, helps the archae-
ologist to understand global historical trade practices and heri-
tage of the coating skills. Therefore, several analytical
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instruments have been used to characterize the composition of
different lacquers, such as FTIR [205,206], which is commonly
applied to the characterization of the organic functional groups
in ancient artworks and ancient buildings because it is a non-
destructive method. For example, it was shown that the utiliza-
tion of natural organic compounds such as rice soup, the juice
from vegetable leaves, egg whites, tung oil, fish oil, or even ani-
mal blood can greatly improve the performance of lime mortars
[207]. Infrared spectroscopy in the range of 4000—600 cm!
(middle IR) is one of the most widely used techniques for the
detection of organic materials [207], such as the CO stretching
vibrations at around 1228, 1164, and 1087 cm™!, the ester
carbonyl stretching band at around 1740 cm~!, NH bending vi-
brations at around 1584 cm~!, etc. [206]. However, FTIR was
found to be unable to differentiate the organic structures of
similar lacquers and the various organic and inorganic materials
that were mixed with different lacquer saps [208], to differen-
tiate the original lacquer tree of a given lacquer, and to distin-
guish macromolecular peptides and proteins. The peaks from the
solid state nuclear magnetic resonance (NMR) spectroscopy could
demonstrate the main carbon structures of the organic com-
pounds; however, this technique cannot give precise information
because it is difficult to analyze the peaks and obtain clear results
[198]. Therefore, Py-GC/MS is widely used as the best method to
characterize the components of the different organics. A macro-
molecular compound is heated at different temperatures and
volatiles are formed. These volatiles are carried by a carrier gas
into the GC for separation and the MS for detection. This method
requires lower sample amounts and simple manipulation and
pre-treatment of the sample. Though Py-GC/MS is an efficient
instrument to acquire the fingerprint information of organic
matter in lacquers, varnishes, and paintings, there are some re-
fractory materials for which it is difficult to form volatiles with
the pyrolysis process and thus it is difficult to detect these
molecules directly by GC/MS. Therefore, wet chemistry, mainly
derivatization reactions, is combined with Py-GC/MS to elucidate
the composition and structure of the target materials at the
molecular level. Among various derivatization methods, as
described in section 1.2, TMAH-Py-GC/MS has been shown to
dramatically improve the sensitivity and specificity of organic
analysis, such as in a study of the composition of Chinese lac-
quers [200,209—214]. These methods have been widely used for
the analysis of artwork from many countries, including artwork
from China, Korea and Japan, as well as some European countries
such as Italy [215], the Netherlands [216], Spain [185] and
Portugal [217].

TMAH-Py-GC/MS is a practical method for the characteriza-
tion of ancient art works, especially the composition of lacquer,
such as the black lacquers of 19th-century furniture [218], Eu-
ropean lacquer [199], wooden chips [219], varnish [206,220,221],
the paints of antiques, historical coatings on objects of art [222]
and the organic matters of archaeological scenarios [79,223,224].
Lists of markers generated in this process could be added into a
database to improve the interpretation of complex mixtures in
lacquers and combined with other complementary techniques for
the compositional analysis of coatings, lacquers, pigments and
binders in different antique and ancient architecture. For
example, Cauzzi [225] studied the chemical compositions of
sculptural polychromy of employed materials and pigments of
the Buddha in the Zhongshan Grottoes (R.P-C.) using Raman
analysis, Fourier-transform infrared analysis, analysis through
energy-dispersive X-ray spectrometry coupled to scanning elec-
tron microscopy and Py-GC/MS. TMAH was used to analyze the
compositions of the pigments with Py-GC/MS [226]. Resinous
constituents of varnishes on 19th and early 20th century tintypes

were analyzed by TMAH-Py-GC/MS and the resinous materials of
the collection tintypes were analyzed. This was the first large-
scale analysis of tintype manufacturing and provided unique
information on the working habits of photographers during the
19th and early 20th centuries. A summary of the applications of
TMAH-Py-GC/MS and the main analyzed compositions of ancient
art-objects are listed in Table 3.

TMAH-Py-GC/MS can be used to analyze the organic compo-
nents of different relics, other organic substances, and sap mix-
tures of urushiol, laccol, and thistsiol with two phenolic
hydroxyls. Fatty acids reveal the presence of oils, which can be
further identified according to the ratio of certain fatty acids. For
example, drying oils can be identified by a ratio of azeleic acid to
palmitic acid methyl esters (the so-called A/P ratio); the ratios of
palmitic to stearic acid methyl esters (P/S ratios) at 1.0—1.2 show
the presence of tung oil.

TMAH thermochemolysis is mainly the methylation of hydrox-
ides of phenolic compounds, alcohols, saturated and unsaturated
long-chain fatty acids, etc. [227,228]. Fig. 3 shows the mechanism of
TMAH thermochemolysis of different species, in which methylation
plays a key role. Indeed, these compounds can be used as bio-
markers to determine the origin of the lacquers or the trade among
countries. TMAH thermochemolysis methods are not only used to
study specific questions surrounding a material's composition, but
also for elucidating aging/deterioration mechanisms and restora-
tion treatments for long-term preservation of art-objects. For
example, Katsibiri [229] characterized the properties, function and
chemical composition of mordants and the deterioration that
occurred during aging of the mordants. In this study, the TMAH was
used as a methanolic solution for the samples to give comple-
mentary information combined with the EI-DTMS method. By
comparing the differences and similarities of wall paintings across
three churches, a common painter was identified. The composi-
tional evolution of different ancient artworks is its own field of
study since the natural aging or man-made decay problems of
paintings is one of the most important problems in the hermitage
science field.

Some researchers simulated the aging process and studied the
effect of environmental conditions on the aging process of selected
artworks [35,230,231]. For example, Ploeger [232] characterized
the artists’ alkyd paints and paint stability issues using character-
ization methods such as Fourier transform infrared spectroscopy
attenuated total reflectance (FTIR-ATR) to analyze different func-
tional groups. Py-GC/MS combined thermal hydrolysis and
methylation methods to disclose the monomers used to manufac-
ture an alkyd resin. Results showed that the aged films were brittle
and difficult to handle, because of the high molecular weight of the
alkyd polymer and faster stiffening from the excessive cross-linking
and subsequent degradation reactions. The conclusion was that
they should be preserved in conditions similar to those used for oil
paintings.

The amount of recorded literature on the application of TMAH
thermochemolysis in archeology over the last 10 years is about 5
times higher than that during the ten-year period before 2010. A
wide range of organic compounds were detected, including natural
resins and fatty acids, which demonstrated that the TMAH-Py-GC/
MS is an efficient method to analyze the organic compounds in
coatings or paint layers of ancient artworks. This method could
determine the compositions and the origin of lacquers, varnishes,
and paints of relics, which played a key role in the conservation and
restoration of ancient artworks. In addition, some advanced char-
acterization technologies were used to characterize ancient art-
works comprehensively, such as light microscopy (LM), optical
microscopy (OM), direct temperature resolved mass spectrometry
(DTMS), scanning electron microscopy—energy dispersive X-ray
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The organic compounds detected in ancient samples with TMAH-Py-GC/MS in previous studies.

Sample

Compounds

TMAH volume

Derivatization
method

prrolysis

Year

Publication

Bronze vessels
Orange glaze
Harpsichord

Crucifix panel

Sculptural polychromy
Cartonnage masks

Tintypes

Wooden screen

Rectangular trays

Gloss paints

European scale armor

Wall paintings at Caere

Part of wall paintings

Tie luo
Folding doors in foyer at
Herlev Hospital

Wooden panel of the
Nongso offin

Furniture in black lacquer

Hillebrand Desk

Four resins

“Tixi” carved lacquer

Cabinet on stand
Bartolomeu Dias table

Lamp panel, fuel residue

Glycero lipids of animals or

animal + plant origin; PAHs
p-coumaric acid, linseed oil, colophony
and sandarac

Cupressaceae or Araucariaceae resins,
Pinaceae resin

Hexadecanoic acid; nonanedioic acid;
the methyl ester of 7-oxo-
dehydroabietic (7-oxo-DHA) acid;
poly(n-butylmethacrylate) and
diterpenoid Pinaceae resin; acrylic
copolymer poly(ethylmethacrylate-
methylacrylate)

Saccharidic derivative; Fatty acids
Permethylated and partially
methylated 3-deoxyaldonic acids
Camphor, dammar, Pinaceae, sandarac,
and shellac

Pine resin (colophony) and shellac,
urushiol and different oils; blood (most
likely pigs' blood).

Laccol (arlenic acid, C17), and drying
oils, such as perilla oil, protein, soot;
blood, pine resin, beeswax.

Drying oil; such as palmitic, stearic,
azelaic acid, suberic, sebacic acid,
dehydroabietic acid, 7-oxo-
dehydroabietic acid, 15-hy- droxy-7-
oxo-DHA.

Wax and lipids, with fatty acids possibly
from multiple sources (oils, fat, wax,
soil)

No organic binding medium was
detected.

Fatty acid (especially high content of
azelaic acid); rosin resin; protein; the
binding medium includes animal glue;
bovine (or yak) glue; Tung oil and rosin
resin

Animal glue, drying oils, beeswax
Phthalic acids, monocarboxylic acids
caproic (C6:0), capric (C10:0), palmitic
(C16:0), oleic (C18:1), stearic (C18:0),
dicarboxylic acids suberic (2C8), azelaic
(2€9), dehydroabietic acid (DHA), 7-oxo
DHA, 7-methoxy-tetradehydroabietic
acid.

Markers of drying oil like azelaic acid
and palmitic acid existed in large
quantities.

Copal oil and Pinaceae resin

Qils, pine resin, larch turpentine,
sandarac, shellac, gum benzoin.

Resins

Pigment (soot, black layer), orpiment
(yellow layer), cinnabar (red layer),
lacquer sap, heat-bodied tung oil and
tannins (partial layer); catechols, acid
catechols, phenols, alkyl benzenes, and
hydrocarbons of a maximum side chain
length of 17 carbons; alcohols.

Shellac, pine resin

The binder is a mixture of proteins
(primarily animal glue and blood) and
drying oil; laccol was detected for the
bottom lacquer layer and a mixture of
laccol and urushi for the top lacquer
layers

Long-chain fatty acids, fatty alcohols
and hydrocarbons, beeswax

5 ul, 25% w/w in water
2-3.5 pl, 25% in methanol
0.5 pl, 25% in methanol

3 pl, 25% in water

5 ul, at 25% w/w in water
5 ul, 25% in water

3 pl, 25% in methanol

3 ul, 25% in water

3 ul, 25% in methanol

2 ul, 25% in methanol

3 pl, 25% in methanol

1.6 pl, 25% in methanol

3l 25%

5 ul of 10% methanol
15 pl, 2.5% in methanol

3 ul, 25% in methanol

4 ul, 2.5% TMAH in
methanol

5 ul, 25% TMAH in
methanol, diluted to 5%
with methanol

2 pL 2.5 wt % in methanol
from 25 wt % in methanol
2 ul, 25 wt % in methanol

5%
3 pl, 25% in methanol

3 ul of 25% in water

On-line
On-line
On-line

On-line

On-line
Off-line (30min)

Off-line (3min)

Off-line (3min)
Off-line (3min)

On-line
On-line
On-line

Off-line (60 min)

On-line
On-line

On-line

On-line

On-line

On-line

Off-line(1 min)

On-line

600°C,
10s
550°C
610°C,10s

600°C

750°C, 10s
300°C-700°C

550°C,6's

550°C6 s

550°C6 s

550°C

550°C

50°C—450°C (3 min)

600°C, 10 s

600°C, 0.2 min
550°Cfor 12 s

550°C

480°C

360°C—660°C at
500°C min "

480°C

550°C,6's

350°C-700°C
600°C, 12's

550°C

2011

2011

2012

2013

2013
2014

2014

2016

2016

2016

2017

2017

2018

2018
2018

2018

2019

2019

2019

2019

2019
2019

2019

[342]
[343]
[344]

[310]

[225]
[345]

[226]

[346]

[347]

[348]

[349]

[350]

[351]

[352]
[353]

[354]

[218]

[199]

[222]

[210]

[216]
[205]

[355]
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Fig. 3. TMAH thermochemolysis with different organic compounds.

spectroscopy (SEM—EDX), etc. However, few studies have focused
on the quantitation of lacquer.

24. Soil

The importance of organic matter within soil cannot be over-
emphasized because this organic matter plays a vital role for life, as
a nutrient source, an energy and cation reservoir or source, a pH,
temperature, and water storage buffer, an absorber of toxic organic
compounds and inorganic ions, an enzyme activity controller, and
finally, a major role player in greenhouse gas regulation [233]. The
organic matter in soil is primarily responsible for the soil properties
that control the productive capacity of soil and the sustainability of
a productive soil system [234]. Therefore, it is of great importance
to gain as much insight as possible into organic compounds within
soils on the Earth. TMAH-Py-GC/MS is one of the most used
methods for the characterization of organic compounds within soil
samples. This method has been widely used in the analysis of forest
soil [235], farmland [97], cattle husbandry soil [236], coastal
Wetland soils [78], permafrost sediments [237], archaeological
settings [79], peat soil [36,96,238], forensic soil [239],

archaeological scenarios [79], and river sediments [24,240—243].
The organic compounds that have been detected in different soil
samples are summarized and listed in Table 4.

The organic matter in soil can be classified into four categories:
i) particulate organic matter, ii) humus, iii) resistant soil organic
matter and iv) dissolved organic compounds [234,244]. The par-
ticulate organic matter, or particulate organic carbon (POC), is
composed of decomposing plant residues, fungal hyphae, fine plant
roots and associated biomasses, which are unstable and have a
short turnover time less than 1—2 years. Lignin and its derivatives
are the main decomposition products of plants and their organs.
TMAH thermochemolysis has been widely used to characterize the
decomposition products of plants and their organs in forest soil,
farmland and Wetland soil. Lignin is also considered to be a major
component of soil organic matter (SOM) [245], which mainly comes
from the organs of plants such as leaves, roots, and grass litters
[73,93,95]. The main structure of lignin and its derivatized com-
pounds can be seen in Fig. 1 in section 2.1 lignin and plants.

The humus part of the soil has a longer turnover time, around
2—25 years, and includes partially stabilized organic materials and
microbial metabolites. The resistant soil organic matter is strongly
stable either chemically or physically and may be part of the humus
fraction. Its turnover time is about 250—2500 years [234,244]. The
humic substances represent approximately 40—60% of the soil
organic matter, including humin, humic acid, and fulvic acid.
Humin (C-based macromolecular compounds) is the insoluble
fraction of humic substances. Humic acids are soluble under alka-
line conditions and fulvic acid is the fraction that is soluble under
both alkaline and acidic conditions. Humic substances can influ-
ence the soil buffering capacity, increase moisture retention, and
supply plants with available micronutrients. These compounds can
also interact with complex metals which alleviates both heavy
metal toxicity and metal deficiency in soils [246]. Therefore, it's
important to characterize the structure of humic substances in soil.
Branched-chain fatty acids and methyl esters are related to a large
amount of humic acid structures in the soil, and can be used as
biomarkers in humic substances from matured compost samples. A
higher level of branched-chain fatty acids indicates a higher
aromaticity and lower molecular weight of humic substances and
provides information on the history of microbial activities during
the composting process [102]. The structures of humic substances
are related to the soil function [24]. For example, humic substances
from sugar cane cultivation areas were found to contain com-
pounds rich in lipids and fatty acids [24,105]. The salinity of the soil
can also affect the compositional formation of humic acids, with
one study suggesting an increasing recalcitrance of humic acids
along the salinity gradient. The same study observed a higher
percentage of aromatics in humic acid compounds in soil with
higher clay content [78]. Steel slag-compost fertilizer was shown to
alter the steel slag during the fertilization period, mainly involving
a decrease in phenolic moieties and a significant increase in the
sulfur-containing pyrolysate compounds [84].

The dissolved organic compounds, mainly including sugars,
amino acids, soluble P-containing compounds, and low molecular
organic acids, make up a small but essential proportion of the soil
organic compounds and serve a wide range of functions, most
notably nutrient cycling [24]. Polysaccharides were used as an in-
dicator and proxies have been proposed for the reconstruction of
past peatland vegetation [247]. TMAH thermochemolysis has been
proven to be able to analyze amino acids which consequently
represent one of the most important components in the organic N
cycle [64]. On the other side, microbial communities also play an
important role for soil and drive the transformation of organic
components in soil [172,236], TMAH thermochemolysis was used
for the characterization of changes in soil microbial communities
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Table 4
The organic compounds detected in soil samples with TMAH-Py-GC/MS in previous studies.
Soil location Organic compounds TMAH volume Derivatization T pyrolysis Year Publications
mode
Mediterranean forest soil Fatty acids, n-alkanols, a,w-diacids, 2 mL 50% (w/w) in Off-line 400°C 2009 [88]
hydroxyacids, ligneous subunits, methanol
carbohydrates
Weerterbergen in The Netherlands. Lignin, polysaccharides, phenols A droplet, 25% in water - 600°C,5 s 2010 [70]
diketodipyrrole, n-alkenes/n-alkanes
(C10—C33), 2-methylketone; alkanoic
acid
Acer pseudoplatanus on Petrin hill in litters Excess, 25% in water Off-line 550°C, 10 s 2011 [92,93]
Prague in May 2010. 2014
Loire and the Gartempe rivers Heterocyclic compounds, N-containing ~ 25% (w/v) in methanol - 650°C, 10s 2012 [72]
compounds
Coastal Wetland soils Aliphatic compounds, lignin-derived — 620°C, 20 s 2012 [78]
compounds, N-containing compounds,
Polysaccharide-derived compounds, S-
containing compounds
A wet tropical forest on the island of Aromatic, lipid, polysaccharide, N- 5uL Off-line (24 h)  590°C 2012 [71]
Hawaii in the Kohala Mountains. bearing, lignin, phenol
Koroglu Mountain in Turkey Amber extract, fossil resin — On-line 480°C, 20 s 2014 [356]
Kervidy-Naizin catchment, in central Lignin and tannin markers, Excess, solid TMAH On-line 400°C, 1 min 2014 [82]
Brittany, western France carbohydrates, and fatty acids.
Mega Rice Project area in Kalampangan Humic acids 25 ul Off-line 550°C,4 min 2015 [238]
village and Sebangau National Park
in Central Kalimantan Province,
Indonesia. Mega
Soil cores from Shark to Taylor Sloughs, Kaurenes, cyclic diterpenoids; branched 100 mg of reagent Off-line — 2015 [357]
the primary flowpaths of the isoprenoids (C20HBIs) and Bot-
southern Everglades ryococcenes; lignin phenols.
Soil from the permanent grassland in Leaves and roots (aliphatic compounds, A few drops, at 25%) in On-line 650°C, 10 s 2016 [73]
the south of France aromatics) methanol
Four forest sites situated in the Italian ~ Aromatic compounds, polysaccharides, Excess On-line 550°C, 10°s 2017 [94]
Alps fatty acids, N-containing compounds.
Sokolov brown-coal mining district, Litter (aliphatic and aromatic Excess, in water Off-line 550°C, 10 s 2017 [95]
Czech Republic. compounds and a decrease of
carbohydrates)
Abbaretz (BABZ"), Mioche (BMCH") and  Products originated from proteins, 15 ul On-line 400°C 2017 [99]
La Petite Faye (BLPF"), France carbohydrate, lignite, fatty acids, sterols
and lipids fractions.
Wetland soil, in Brittany (France). Lignin and tannin markers, Excess, solid TMAH On-line 400°C, 1 min 2018 [83]
carbohydrates and fatty acids.
Chateau de Versalilles in Versailles; Aromatic compounds, lignin-derived A few drops, 25% (w/w) in  On-line 650°C, 10 s 2018 [74]
Rothamsted Research, United compounds and phenolic compounds, methanol
Kingdom; the Swedish University of  aliphatic compounds, carbohydrates
Agricultural Sciences, Sweden; Askov and N-containing compounds
Experimental Station, Denmark
Araguds catchment (Central Spanish Lignin (0—0.74 ug mg in soil) 20 pL, 25% (w/w) in water  Off-line(2 min) 600°C, 5 s 2019 [75]
Pyrenees)
Archaeological Sites, the NW of the Monocyclic aromatic hydrocarbons, 25% in water - 750°C, 20s 2019 [79]

Iberian Peninsula methylene chain compounds; N-
compounds; short-chain FAMEs

(C16,C18); lignin

by analyzing the changes in the inner composition of soil organics
such as ligninocellulose or lignin [74,236].

Overall, TMAH thermochemolysis combined with Py-GC/MS
or GC/MS has been used to analyze various organic compounds
such as humic acids, fatty acids, lignin, N-containing com-
pounds, and aliphatic and aromatic compounds in soil samples
GC/MS.

2.5. Polymers

To expand the applications of Py-GC/MS and THM, induced by
the most widely applied thermochemolysis reagent, TMAH, we will
cover the wide usage of this method for the structural character-
ization of various polymer samples [18,248—251]. During the py-
rolysis and THM method, specific chemical bonds including ester,
ether, and carbonate linkages of different polymers can be
decomposed forming smaller methylated fragments which are
amenable to GC/MS analysis. However, the products of polymers

without ether, ester, and carboxylic bonds (polar compounds) are
unaffected by TMAH thermochemolysis, such as polyethylene (PE),
polypropylene (PP), polystyrene (PS), and polyvinyl chloride (PVC).
However, TMAH thermochemolysis shows a good performance on
the analysis of polyethylene terephthalate (PET), polycarbonate
(PC), poly(methyl methacrylate) (PMMA), poly(alkyl methacrylate),
polyamide 6 (PA6), and nylon. For those compounds the thermo-
chemolytic transmethylation is the main mechanism of the TMAH
reaction [76,251]. Though TMAH thermochemolysis did not show
good performance on the analysis of polyethene, it can be used to
predict the lifetime of artificial aging problems. By aging the
unstablized polyethylene in water at elevated temperature and
under a high pressure of oxygen, the TMAH thermochemolysis
method can be applied to assess the degree of oxidation. In this
study, a,w-diacids are the valuable indicators to determine the
degree of oxidation of PE aging, which is caused by the attraction of
hydroxyl to the carbonyl group and cleavage of the C—C backbone
to yield carboxylic acids [252].
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Poly (butylene succinate-co-butylene adipate) (PBSA) is one of
the popular commercial packaging and container materials that can
be biodegraded, because its physical properties are similar to those
of commodity plastics with a good biodegradability. TMAH ther-
mochemolysis was applied to characterize its structure and the
degradation byproducts of it. Baidurah [253,254] evaluated the
biodegradability of PBSA based on its copolymer composition using
THM-GC method. The butylene succinate (BS) and the butylene
adipate (BA) units are the original components of PBSA. The
copolymer composition of butylene adipate (BA) units decreases
with soil burial degradation time. Butanediol dimethyl ether (BD),
butanediol monomethyl ether (BM), dimethyl succinate (SD), and
dimethyl adipate (AD) were the characteristic peaks of PBSA
degradation in the presence of TMAH, and they were used to
calculate the content of BS and BA units in PBSA. Later, they clarified
the cause of the changes of BS and BA units in copolymer compo-
sition, and studied the biodegradation behavior of PBSA with
lowered crystallinity using the TMAH-GC method. Results showed
that the butylene adipate (BA)-rich moieties in the copolymer
chains could show relatively lower crystallinity than the butylene
succinate (BS)-rich moieties and that they were preferentially
biodegraded during soil burial tests, leading to the decrease in the
BA content as the biodegradation proceeded.

Poly (3-hydroxybutyrate-co-3-hydroxyhexanoate) [P(3HB-co-
3HHXx)] is one of the biodegradable co-polyesters, which can be
produced by several types of bacteria such as Cupriavidus necator
and Aeromonas caviae and serve as their energy storage com-
pounds. In order to control the biodegradability of the [P(3HB-co-
3HHX)], it is of importance to analyze the structure of [P(3HB-co-
3HHXx)]. Baidurah [255,256] studied the composition of [P(3HB-
co-3HHx)] accumulated in whole bacterial cells using TMAH
THM-GC method. Characteristic compounds of 3HB and 3HHx
units were determined. Methyl 3-butenoate, methyl cis-2-
butenoate, methyl trans-2-butenoate, and methyl 3-
methoxybutanoate originated from 3HB. Methyl cis-2-
hexenoate, methyl trans-3-hexenoate, methyl cis-3-hexenoate,
methyl trans-2-hexenoate, and methyl 3-methoxyhexanoate are
products of 3HHx. They also studied the soil burial biodegrada-
tion of [P(3HB-co-3HHX)]. The chemical composition of 3HB units
increased while 3HHx units decreased with the soil burial time.
In addition, THM-GC was also applied to direct analysis of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate)  [P(3HB-co-3HV)] in
Cupriavidus necator cells, without any appreciable pretreatment
of the bacterial matrix [32]. Through analyzing the yield of the
characteristic peaks 3HB and 3HV, results from THM-GC in the
presence of TMAH were demonstrated in good agreement with
those obtained from conventional technique, which is in align-
ment with the result obtained from study of polyhydroxybutyrate
(PHB) film with TMAH-GC without any cumbersome sample
pretreatment [33].

Tetramethylammonium acetate (TMAAc) was also used to
analyze styrene/butyl acrylate/methacrylic acid terpolymer by a
two-step reactive Py-GC process [ 18]. TMAAc was applied to control
the undesirable transesterification. A solid ammonium Y zeolite
was used as a thermochemolysis reagent for identification of pol-
yethers and polyesters [249]. TMAH is the main thermochemolysis
reagent used in the characterizations of various polymers. The main
structure of polymers can be seen in Fig. 4. Aldehyde, carboxyl,
ether, and ester functional groups are the main structures that react
with TMAH and on which the methylation occurs.

2.6. Thermochemolysis for space exploration

TMAH is used in space experimentation devoted to in situ
characterization of the chemical composition of martian soils with

automatized analytical laboratories. The SAM (Sample Analysis at
Mars) experiment onboard the Curiosity rover of the Mars Science
Laboratory mission, and MOMA (Mars Organic Molecule Analyzer),
onboard the Rosalind Franklin rover of the Exomars mission, are
able to implement TMAH thermochemolysis through an experi-
mental set-up developed to meet the technical requirements for
use on Mars. TMAH thermochemolysis will also be implemented in
the future DraMS instrument onboard the Dragonfly drone that will
explore the surface of Titan starting from 2034. However, only rare
studies have been focused on the application of thermochemolysis
in space. David [257] tested a pilot laboratory model for validation
of the on-line preatreatment for analyses of organics by GC/MS,
including the derivatization solvents MTBSTFA as a silylating re-
agent, and N, N-dimethylformamide dimethylacetal (DMF-DMA)
and TMAH as methylating agents.

2.6.1. Thermochemolysis in the Sample Analysis at Mars (SAM)
experiment

SAM is a complete in situ chemistry laboratory which is part of
the Mars Science Laboratory mission and operates onboard the
Curiosity rover. SAM includes a Gas Chromatograph (GC) and a
Quadrupole Mass Spectrometer (QMS) which are coupled together
to detect the organic molecules potentially present in the solid
samples collected by the rover [258]. With this aim, a sample
preparation and gas processing system is used to vaporize the
molecules, and it includes three different techniques adapted to
different organic molecules of interest: (i) a pyrolysis system
heating the sample up to ~850°C, (ii) derivatization using silylation
process with MTBSTFA/DMF (400 pL/100 pL), (iii) TMAH (25% in
methanol) thermochemolysis.

Derivatization and thermochemolysis have been developed and
adapted for in-situ space applications by several authors
[259—261]. For SAM, 500 pl of each derivatization reagent
(MTBSTFA/DMF and TMAH) is placed in the bottom of nine (7 for
MTBSTFA/DMF and 2 for TMAH) of the 74 metal ovens. The bottom
(outer volume) of each cup which contains the derivatization re-
agent is closed with an aluminum foil which is punctured when the
sample is delivered into the oven [38]. The inner volume of the cup
contains a standard compound (nonanoic acid for TMAH and 3-
fluoro-pL-valine for MTBSTFA). This internal standard is reactive
with the reagent and it is used as a control compound to check the
reaction worked well (Fig. 5).

Up today, only pyrolysis and wet chemistry based on
MTBSTFA/DMF have been used to extract and analyze organic
molecules present in the martian samples collected. The instru-
ment allowed to detect chlorinated (chlorobenzene, dichloro-
benzene, etc.) and sulfur-bearing compounds [262—264]
(thiophene and thiophene derivatives) proving for the time that
organic matter is present at the Mars surface despite the harsh
environmental conditions. Chlorinated compounds are most
certainly the result of a reaction of martian perchlorate with
endogenous martian organic compounds [265]. Because sulfur-
bearing compounds have been detected at high temperature,
two hypotheses have been proposed to explain their origin: i)
they are refractory compounds endogenous to the martian sam-
ple, and ii) they are compounds released after reaction with
sulfur-bearing compounds.

The strengths of TMAH thermochemolysis on SAM include
desorption of organic compounds from the soil, a decrease in
the polarity of the released products (through the methylation
reaction) and a limitation of secondary reactions, resulting in
improved chromatographic performance. Moreover, it is then
easier to determine the analyte's parent molecular structure.
Several authors showed that under SAM conditions TMAH
thermochemolysis enabled the analysis of carboxylic acids (fatty
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Fig. 4. The structures of polymers that react with TMAH during thermochemolysis, adapted from Ref. [18,32,33,248—-256].

Foil cap

Outer volume (0.79 cc)
TMAH/MeOH (1/3) +

Foil cap 1-fluoronaphtalene +
pyrene
Inner volume
(0.09 cc)
Nonanoic acid Std
TMAH/MeOH (2 cups)
Carousel (total 74 cups, 9 wet chemistry) | MTBSTFA/DMF (7 cups)
TMAH cup Calibration (6 cups)

Fig. 5. Sample Monitoring System (SMS) and close up of the SAM oven. Adapted from [268].

acids), amino acids, and nucleobases [31,266,267] from standard analysis of fatty acid methyl esters (FAMEs) from martian analog
samples but also from natural and analog samples [268]. samples.

Indeed, authors showed that under SAM-like pyrolysis condi-

Because one (or more) of the SAM cups containing MTBSTFA/

tions [268] TMAH thermochemolysis allows the extraction and DMF leaks, it is possible that TMAH may be put in contact with
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MTBSTFA/DMF when it will be used for the first time. Williams
[268] studied the recovery of fatty acids from mineralogical Mars
analogs by TMAH-Py-GC/MS. The experimental parameters were
analyzed, including the sample exposure time to TMAH, possible
TMAH reactions with MTBSTFA, and loss of the TMAH solvent
methanol prior to sample pyrolysis. Results showed that the
MTBSTFA vapor could react with TMAH in some ways that the
evaporation of methanol will not have a significant effect on the
TMAH thermochemolysis, and that TMAH shows a good perfor-
mance on the methylation of FAMEs. However, iron sulfide presents
a challenge for thermochemolysis. Further studies need to be
conducted in the future such as the recovery of TMAH thermo-
chemolysis on other organics, such as carbolic acids and complex
organics such as DNA or RNA.

2.6.2. Thermochemolysis in the Mars Organic Molecule Analyzer
(MOMA)

The Mars Organic Molecule Analyzer (MOMA) experiment
aboard the future ExoMars 2020 mission will continue the effort to
search for organic compounds at the martian surface [3,269].
Compared to previous missions, samples will be collected as deep
as 2 m below the martian surface where organic materials are ex-
pected to be preserved from the effects of radiation and oxidation
occurring at the surface. This will significantly improve the capacity
for the instruments to detect traces of organic molecules indige-
nous to Mars. In order to analyze a wide range of potential organic
compounds (volatile and non-volatile compounds) present in the
martian soil, the MOMA instrument utilizes both UV laser
desorption/ionization (LDI) and pyrolysis GC ion trap mass spec-
trometry (Py-GC-ITMS).

In order to analyze refractory organic compounds, and charac-
terize the enantiomeric ratio for chiral species, the sample can be
submitted to different sample preparation processes including
derivatization. With this aim, MTBSTFA [259], DMF-DMA [265],
TMAH [267] were selected as the derivatization agents in MOMA.
To perform derivatization and thermochemolysis on MOMA, cap-
sules have been designed to store 15 pl of each corrosive reagent
dedicated to the derivatization and thermochemolysis processes.
Moreover, each liquid is released at a temperature corresponding to
the melting temperature of different eutectics for each wet chem-
istry reaction. The temperature of each eutectic was chosen to
optimize the chemical reaction during the sample treatment: DMF-
DMA is released at 145°C, MTBSTFA at 200°C, and TMAH at 309°C.
Six capsules have been filled with MTBSTFA, six with DMF-DMA,
and six with TMAH. Thermochemolysis and derivatization will be
performed in an oven which is a part of the taping station [3]
(Fig. 6). TMAH thermochemolysis will occur in three steps:

i) Oven is heated with a ramp of 135°C min~! up to 309°C

ii) At 309°C derivatization capsule releases TMAH

iii) Oven is heated up to 600°C

iv) Thermochemolysis occurs during 30 s

v) Oven valve is opened and volatile compounds are trapped at
0°C on the Tenax® trap

vi) Trap is heated and volatile compounds are injected into the
gas chromatographic column

The chromatographic column dedicated to the analysis of the
apolar and semi-polar compounds from the thermochemolysis
reaction is an MXT5 metallic column (30m x 0.25mm x 0.25 pm),
its stationary phase is filled with diphenyl dimethyl polysiloxane,
with a low-polarity. This is a column suitable for a broad range of
applications, such as the analysis of hydrocarbons, polychlorinated
biphenyl (PCB) congeners, drugs, solvent impurities, pesticides,
essential oils and semi-volatiles. These advantages make it possible

Fig. 6. Tapping station with its oven (left) and derivatization capsule (right).

to reach the target of SAM and MOMA, characterizing organic
compounds at a wide range of mass weight [3].

In order to prepare future thermochemolysis experiments on
Mars, authors studied the thermal degradation byproducts of
Tenax® in the presence of the derivatization reagent MTBSTFA/
DMF and calcium perchlorate under SAM-like experimental con-
ditions [270]. TMAH thermochemolysis experiments were also
performed using chemical standards of seven kinds of nucleobases,
important components of DNA and RNA, based on experimental
conditions of the MOMA instrument [63]. In this study, properties
of the TMAH thermochemolysis method were characterized and
optimized for the detection of nucleobases under MOMA and SAM-
like experimental conditions, as shown in Fig. 7 (adenine, thymine,
uracil, cytosine, guanine, xanthine, hypoxanthine, and fatty acids).
Results showed that 600°C is the optimal thermochemolysis tem-
perature for all seven nucleobases. The methylated compounds and
the methylation mechanisms of these seven nucleobases were
analyzed and there was no overlap among these seven nucleobases
in the chromatographs. In addition, the limits of detection of these
seven nucleobases were investigated and quantified, showing that
adenine is the most probable nucleobase to be detected on Mars if
its abundance is higher than the detection limit of the device.

2.7. Others

In addition to the application of TMAH for the analysis of soil,
coal, lacquer, lignin and plants, polymers, and in space experi-
mentation, TMAH has been used in other fields. It can be used as a
strong base catalyst for increasing the transesterification of cotton
seed oil and used frying oil [117] for biodiesel production. It can be
used to analyze the biotransformation of organic matter during
composting of solid waste from traditional tanneries, which in-
volves the discrimination between four main families of com-
pounds, including aromatic compounds, lipids, polysaccharides
and nitrogen-containing substances, as well as the degradation of
these compounds during the composting [111]. TMAH thermo-
chemolysis has been used to characterize a rare tiny residue in a
historic 18th century pharmaceutical vessel labelled MUMIA. The
residue was microscopically subsampled and analyzed by Curie
point Py-GC/MS (CP-Py-GC—MS) and GC/MS. Results demonstrated
that the historic 18th century MUMIA vessel contained authentic
mummy material [271].

Recently, TMAH has been used by the medical community. For
example, TMAH was used to liberate and purify nanoparticles from
tissues and showed a good performance compared with other
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Fig. 7. The structure of nucleobases and fatty acids, adapted from Ref. [31,268].

alkaline compounds such as KOH and NaOH [272]. In this process,
TMAH was used to dilute the blood sample and sonicated at 135W
for 1 h to liberate the nanoparticles and avoid nanoparticle aggre-
gation. Researchers also studied the component of triglycerides and
cholesterol in serum samples [273], preserved bone tissue [274],
and the mycocerosic acid components of the phthiocerol dimyco-
cerosate (PDIM) family of lipids [41] by using TMAH-GC/MS
method. Additionally, TMAH methylation was used for the classi-
fication of bacteria based on an analysis of fatty acid methyl ester
profiles [275]. TMAH-GC/MS was used to differentiate Mycobacte-
rium tuberculosis complex (MTB) from non-tuberculous mycobac-
teria (NTM), tuberculostearic acid (TBSA) was used to check the
sensitivity of the MS detector [276]. Results showed that the TMAH-
GC/MS method provided a fast and reliable method for the differ-
entiation of MTB and NTM bacteria after culture with an accuracy of
greater than 95%; it was also used to analyze the degradation
products of phthiocerol dimycocerosate waxes found in Mycobac-
terium tuberculosis [277].

3. Quantitative analysis

The TMAH-thermochemolysis method has been mainly used to
qualify the organic compounds of different samples. Only a few
studies have focused on the quantitation of organics. There are
mainly two types of quantitative analytical methods: the external
standard quantitation and internal standard quantitation. External
standard quantitation is one of the most common approaches for
calibration. The standard or known material is separated or
external to the unknown material. The advantages of external
standard calibration are that it is simple to perform this type of
calibration and it can be applied to a wide variety of methods.
However, it is greatly affected by the stability of the chromato-
graphic detector system and the presence of chromatographic in-
terferences in a sample or sample extract [278]. Table 5 shows the
studies about external standard quantitative analysis of different
compounds over the past 10 years. Py-GC/MS is the main instru-
ment used for quantitative analysis of samples, including soil
components, lignin analysis, and humic acid analysis. The pyrolysis
experiment is mainly operated between 350 and 600°C. However,
the external standard quantitative method is not as popular as the
internal standard quantitative method.

For the internal standard quantitative analysis, an internal
standard calibration involves the comparison of the instrument

responses from the target compounds in the sample to the re-
sponses of other standards added to the sample or sample extract
before injection. It can be used to account for routine variation in
the response of the chromatographic system as well as variations in
the exact volume of sample or sample extract introduced into the
chromatographic system; however, the internal standard should
not be the compounds that could be found in the samples or its
related degradation products. Compared to external standard
quantitative analysis, the internal standard quantitative method
demonstrates better capabilities. For example, Seddon [279] stud-
ied the quantification method of UV-B absorbing compounds in
Pinus sylvestris L. pollen. The study found that the quantification
method can be improved using normalization by sporopollenin-
based components, including external standards (para-coumaric
acid stock solution), and internal standards (Vanillic acid (4-
hydroxy-3-methoxybenzoic acid) and nonadecanoic acid in meth-
anol). The THM—GC/MS method was used in order to identify the
best analytical procedure to enable robust determination of UV-B
absorbing compounds for future applications. Results showed
that the internal standard methodology, using vanillic acid ensures
more precise quantitative determination of UV-B absorbing com-
pounds in P. sylvestris pollen, because the vanillic acid has a similar
structure with para-coumaric (both include the combination of a
carboxylic group and a phenolic hydroxyl group which react with
TMAH). The similarity in chemical structure and in the reactions
ensures comparable reactivities and transfer efficiencies during the
analysis. The internal standard quantitative analysis that have been
used in TMAH-thermochemolysis experiments are listed in Table 6.
Only 14 kinds of internal standards were used to quantify organic
compounds, including nonadecanoic acid, n-eicosane, 5a-andros-
tane, n-nonadecane, 3,5-dimethoxyphenol, n-decylbenzene, hep-
tylbenzoic acid, and heneicosanoic acid, heptadecanoic acid,
polymethylstyrene, linolenic acid methyl ester, n-methyl non-
adecanoate, tridecanoic acid (C;3), and Naphthalene-D8. Among
these, the 5a-androstane, nonadecanoic acid and n-eicosane are
the most popular internal standards. Dichloromethane, methanol,
TMAH and hexane are the solvents of these internal standards. Py-
GC/MS or GC/MS is widely used for the quantitative analysis of
TMAH thermochemolysis products, and the pyrolysis temperatures
varied from 300°C up to 900°C according to the sample type, which
included humic acids, nucleobases, lipids, and fatty acids.
However, more qualitative or semi-quantitative methods [280],
rather than quantitative analysis of samples, were reported since
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Table 5
Quantification using Py-GC/MS with the external calibration curves.

Sample Chromatographic column GC temperature program Thyrolysis Year Publications

Paddy soil from Wujiang Municipality, Restek Rtx-5 MS fused silica capillary 1 min at 80°C, from 80 to 180°C at 4°C  — 2010 [97]
Suzhou City, Jiangsu Province, China  column (30 m x 0.25 mm x i.d., 0.25 min~!, 180—320°C at 10°C min~', hold

wm film thickness) 10 min.

Humic samples Fused-silica capillary column (Restek From 100°C to 300°C at 4°C min~'and ~ 600°C 2012 [98]
Rtx©-5MS, 30 m length x 0.25 mm [.D.  hold 20 min.
x 0.25 pm film thickness)

Lignin standards, lipid standards and BPX-5 column (60 m x 0.25 mm, film 5 min at 40°C, 5°C min~! to 270°C and 590°C 2012 [71]
alkane standards thickness 0.25 pm) 30°C min~! to a 300°C (hold 10 min).

Heptadecane, tridecanoic acid, RTX-5MS WCOT capillary column 1 min at 60°C raise at 7°C min~"' to 400°C 2012  [62,89]
cinnamic acid, octadecanol, 16- (Restek, 30 m x 0.25 mm i.d.; film 100°C and then at 4°C min~' to 320°C 2013
hydroxy hexadecanoic acid, thickness = 0.25 um) (hold 5min).
docosandioic acid, and beta-
sitosterol.

Bisphenol A and bisphenol S A DB5 fused silica capillary column (30 100°C—250°C at 10°C min~ ', and then 400°C, 2013 [17]

m x 0.25 mm id., 0.25 pm film to 275°C at 5°C/min then at 15°C min~'  0.5s
thickness) to 320°C (hold for 5 min).
Gallic acid A metal capillary column (Frontier Lab.,,  50°C—300°C at a rate of 5 or 10°C 350°C 2015 [19]
Ultra ALLOY-5", 30 m x 0.25 mm ID) min~
coated with poly(5%-diphenyl—95%-
dimethyl) siloxane (0.25 pm film
thickness)

Polymer standards DB5 (Jand W); 30 m x 0.25 mm D, film  50°C (1 min) to 310°C (10 min) at 3°C 590°C 2017 [76]

thickness 0.25 pm min~!

Tridecanoic acid, octadecanol, 16- Rtx-5MS WCOT (30 m x 0.25 mm id, 60°C (1 min) to 100°Cat 7°C min~'and  400°C,30 min 2013  [90,91]
hydroxyhexadecanoic acid, 0.25 pm) then at 4°C min~" to 320°C (hold 10 2014
docosanoic acid, B-sitosterol, and min)
cinnamic

Table 6
Quantification using internal standards.

No. Internal standard Solvent Sample Analysis Tpyrolysis Year Publications

method

1.  Nonadecanoic acid A mixture of acetone Fertilizer samples, humic Py-GC/MS  550°C, 0.4 or 1 min 2009 [84-87]

and methanol (v/v = 3/2) acid 2011
2012
2016
Nonadecanoic acid Hexane Sediment sample (lignin Py-GC/MS 590°C, 20 s 2014 [77]
analysis)
Nonadecanoic acid Acetone Humic acid and fulvic acid  Py-GC/MS 550°C, 0.4 min 2018 [102]
samples
Nonadecanoic-ds7 acid Ethyl acetate Sterols and stanols GC/MS 300°C 2017 [240,243]
2018
2. n-Eicosane TMAH Freshly fallen litter and Py-GC/MS 350°C 2011 [39,169]
litter from litter bags
n-Eicosane 25% (wt%) TMAH methanol Phenolic compounds GC/MS 250 + 2°C for 30 min 2012 [358]
n-Eicosane(Cyo) EtOAc Suberan Py-GC/MS 610°C, 15 s 2013 [184]
n-Eicosane Hexane Lipid extraction of soil GC/MS 280°C 2015 [357]
3.  5o-Androstane TMAH Peat litter and litterbag Py-GC/MS 450°C 2010 [178]
5a-Androstane Dichloromethane Wheat straw Py-GC/MS  600°C 2012 [80]
50-Androstane TMAH (25%; w/w) Living plant tissues and Py-GC/MS 610°C, 10 s 2013 [81]
litters
5o-Androstane TMAH (25%, w/w) Eight peat cores, sphagnum Py-GC/MS 610°C, 10 s 2013 [96]
acid
5a-Androstane Cyclohexane Soil samples Py-GC/MS 600°C, 5 s. 2019 [75]
4.  n-Nonadecane Dichloromethane Methylated lignin Py, GC/MS — 1996 [9]
derivatives
n-Nonadecane — Lignite Py-GC/MS 400°C 2017 [50,51]
5.  3,5-dimethoxyphenol — Softwood lignin Py-GC/MS 210°C(3 min), 2011 [163]
610°C(1 min), and hold
56 min

6. n-Decylbenzene TMAH Winery wastewaters Py-GC/MS Pretreatment 340°C then 2012 [359]

flash to 720°C

7.  Heptylbenzoic acid Methanol Fatty acids GC/MS - 2012, [360,361]

2010
Heptylbenzoic acid — Components of the “free” Py-GC/MS 300°C (S1), 600°C (S2), 2013 [195]
bitumen 390°C (S3)

8.  Heneicosanoic acid Methanol or dichloromethane Guaiacyl palmitate and 2-  Py-GC/MS 600°C, 2 s 2013 [29]

nonyl palmitate

9.  Heptadecanoic acid TMAH in methanol Outer surfaces of Py-GC/MS  480°C 2017 [223]

archaeological pottery

10. Polymethylstyrene Dichloromethane asphaltene powders Py-GC/MS 650°C 2015 [27]

11. Linolenic acid methyl ester ~ Ethyl acetate Lignin Py-GC/MS — 2017 [179]
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Table 6 (continued )

No. Internal standard Solvent Sample Analysis Thyrolysis Year Publications
method
12. n-Methyl- nonadecanoate  Dichloromethane Lignin, carbohydrates, and ~ GC/MS 250°C 2018 [36]
lipids
13. Tridecanoic acid (C13) 5% methanolic solution of TMAH saturated fatty acid (SFA) Py-GC/MS 360°C—700°C (3 min) 2019 [35]
14. Naphthalene-D8 Dichloromethane Nucleobases Py-GC/MS 600°C, flash pyrolysis 2019 [31]
15 - - Amino acids Py-GC/MS 400, 500, 700, and 900°C 2010, 2011 [64,110]

2010; only about 14% of these studies did quantitative analysis.
Therefore, more efforts need to be put forward to develop a robust
quantitative analysis method in the future.

4. The reactional mechanisms involved in TMAH
thermochemolysis

4.1. The mechanism of TMAH thermochemolysis

TMAH works as a methylation agent boosting the cleavage of
macromolecules during the TMAH thermochemolysis process. The
TMAH thermochemolysis mechanism of using a certain compound
with an acidic functional group was proposed by Kossa et al., in
1979 [281]. Trimethylamine was formed by the nucleonic attack by
OH or methoxide ion. The methyl functional group can replace the
active hydrogen of target compounds, such as the replacement of
labile hydrogen in nucleobases [31]. A hydrolysis step was added by
Challinor [282] where the OH- from the TMAH could cause a
cleavage of ester or ether bonds. The Kossa methylation theory has
been widely accepted, as shown in Fig. 8. For example, Templier
[283] studied the pyrolysis of 16 kinds of dipeptides with TMAH by
GC/MS, in order to evaluate the effect of the peptide bond on the
pyrolysis products released from proteinaceous materials. Results
show that the direct methylation of peptide is the main pathway
due to the presence of TMAH, along with the formation of pipera-
zine-2,5-diones (DKPs) previously observed from single amino
acids. In addition, the C- or N-terminal position of the amino acids
is of importance for the formation of different products, such as
imidazolidinedione. However, rarely new theories about the
mechanism of TMAH thermochemolysis have been developed.
There are mainly two methods to do TMAH thermochemolysis,
including off-line and on-line thermochemolysis, TMAH has to be
mixed with samples in both processes, which means that the
methylation process happens when a sample is mixed with TMAH.
However, it should be studied if TMAH could methylate a functional
group such as —NH; in the gas phase. If the methyl functional group
from TMAH in the gas phase could methylate samples, we could try
to do further research in utilizing the derivatization reagent in
gaseous form. New derivatization reagents need to be developed,
such as derivatization substances in the solid or gas phase, which
could increase the ease of delivery.

CHs CHs

+ - -H,0O
R—OH (aq) + Hsc_’i‘_CHs HO  —2> H3C—TLCH3 + R—O

(aq)
CHs CHs

4.2. The mechanism of TMAH degradation

During the thermochemolysis process, TMAH undergoes two
different pathways of degradation, the SN, pathway and the ylide
pathway. The SN, pathway is the nucleophilic attack by OH™ on the
CHj3 group that produces trimethylamine and dimethyl ether [284].
For example, Macomber [285] studied the thermal decomposition
pathways of TMAH using DSC, TG, and evolved gas analysis (EGA),
finding that trimethylamine, methanol and dimethyl ether were
the main byproducts. The methoxide formed in this way then reacts
with [Me4N]" via an SN, process to generate dimethyl ester. The
ylide pathway is the decomposition of TMAH to give trimethyl-
amine and dimethyl ether, caused by the initial removal of the
proton from the quaternary ammonium salt followed by the
decomposition of ylides [286]. The abstraction of the a-proton to
generate a nitrogen ylide is a very important degradation mecha-
nism for methyl ammonium species. Deprotonation of the tetra-
methyl ammonium ion by hydroxide establishes a rapid
equilibrium between tetramethylammonium ions and the nitrogen
ylide species and water that scrambles the deuterium with the
proton in the methyl groups.

However, some researchers think that the ylide pathway is more
reasonable than the SN, pathway [287]. The stability of tetrame-
thylammonium ([N(CH3)4"]) under aqueous conditions in the
presence of the OH ion was studied. Results showed that the ylide
mechanism plays a crucial role in the decomposition of TMAH
demonstrated by the TG-MS experiments which verified the H-D
exchange. On the other side, the activation barrier for the ylide
reaction is lower than for the SN, pathway based on the calcula-
tions of the density functional theory. Also, the ylide pathway can
give rise to unstable intermediates with side reactions including
the Stevens rearrangement reaction [288], Sommelet-Hauser
rearrangement, and Hofmann elimination [289]. Hofmann elimi-
nation is a vulnerable pathway for degradation of n-alkyl TMA*
cations [290]; the barrier is dependent on the carbon chain length
because of steric interference and the number of hydrogens sus-
ceptible to Hofmann elimination [290]. On the other side, the
Hofmann elimination is the preferred decomposition pathway for
ammonium cations bearing p—hydrogens, and ylide formation
scrambles protons from water into trimethylamine which is formed
with a low activation barrier [291].

CHj

[
——=R—0O—CH; + N
(aq) & R—O—CHs ,

~N
Hee”  CHa(g)

HO + A-B(ag) —= A'(aq) * B-OH(ag) or—= B+ A-OH (A-B reperesents the hydrolysable analyte molecule)

Fig. 8. The mechanism of TMAH thermochemolysis, adapted from Ref. [14,281,282].
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However, the degradation mechanism of TMAH has been stud-
ied at low temperatures (about 200°C) and TMAH has been used
extensively at high temperatures such as 600°C. At this high tem-
perature the degradation of TMAH could be different and the
radical mechanisms that commonly occur at high pyrolysis tem-
peratures should be studied. Moreover, TMAH biodegradation and
the degradation under ultraviolet (UV) light have been investi-
gated. For example, Wang [292] studied the oxidative degradation
of a TMAH solution with UV light activated persulfate (S;052~). The
effect of conditions such as the pH, dosages of persulfate, UV in-
tensities and system temperatures has been studied. Results
showed that the TMAH decay increased with the increasing per-
sulfate dosage; when the persulfate concentration was 50 mM, the
highest degradation was observed. Higher reaction temperatures
and strong UV irradiation increased the degradation of TMAH. Ni-
trate and ammonium are the degradation products of TMAH, which
means that the demethylation mechanism is the main degradation
pathway. The biodegradation of TMAH has a similar mechanism.
The most proposed metabolic pathway for TMAH is that TMAH is
first degraded into trimethylamine and methanol. In biological and
chemical oxidative decompositions, it is proposed that TMAH will
be decomposed into formaldehyde and ammonium. Finally, the
TMAH will be decomposed to N, H,0, and CO, by microorganism
strains or thermal decomposition and oxidation catalysts [293],
processes which could help to understand the TMAH degradation
process during pyrolysis. However, the mechanism of TMAH
degradation at high temperature as well as the byproducts of TMAH
degradation still needs to be studied.

5. Conclusions and future trends

TMAH thermochemolysis has been widely used in various fields
in recent years, especially for the analysis of organic compounds
present in soils, lacquers, lignin and other related samples. TMAH
thermochemolysis has become more and more popular for the
study of artwork during the last ten years. The organic substances
that could be analyzed by TMAH thermochemolysis include satu-
rated and unsaturated long-chain fatty acids, humic acids, phenolic
structures, alcohols, polymers containing aldehyde, carboxy], ether,
and ester functional groups, such as lignin, lignocelluse, and resins,
and unnatural polymers such as polyethylene terephthalate (PET),
polycarbonate (PC), poly(methyl methacrylate) (PMMA), poly(alkyl
methacrylate), polyamide 6(PA6), and nylon, etc. These are the
potential compounds that could be detected if related compounds
exist on Mars.

This review gives an overview of the studies about TMAH
thermochemolysis; however, most of the studies focus on the
qualitative analysis of organic compounds, while the quantitative
analysis of organic compounds and the use of internal or external
standards require more study. For example, the quantitative anal-
ysis of lacquers in ancient artwork is useful for the repair and in-
heritance of these relics. On the other hand, the quantitative
method needs to be developed, especially new internal standards.
TMAH thermochemolysis has been used for the characterization of
organics in soil samples. There is also ongoing development of the
TMAH thermochemolysis technique for the analysis of organic
compounds by space experiments. Therefore, more studies need to
be done under space conditions. It is useful to combine chemical
and biological data on organic compounds in order to understand
the properties of life on Earth or potentially on other planets; for
example, TMAH studies can investigate if pretreatment of the
TMAH chemical reagent will have an effect on microorganisms in a
soil sample or the genetic information fundamental to life. An un-
derstanding of the relationship between organic matter, the
parentage of that organic matter, and the environment across

geological timescales can be constructed in order to improve our
understanding of the origin of life. To achieve this goal, analytical
methods and instrumentation must be developed which combine
chemical and biological characterization methods. For example,
most of the mass spectrometry used in previous studies targets
compounds in a mass range below 500 u. An effective separation
and detection device could be developed in the future which sur-
passes this range. Finally, the mechanism of TMAH
thermochemolysis—as a methylation process—is well known;
however, the degradation products of TMAH reagents at high
temperatures and the effect of minerals on TMAH degradation or
TMAH thermochemolysis should be studied, in order to optimize
the experimental conditions of SAM and MOMA. In parallel, in situ
technologies based on TMAH thermochemolysis and analysis are
under development, and the application of TMAH thermochemol-
ysis on the detection of organic compounds for space exploration is
a new trend.
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