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Abstract

The structural characterization of a set of kerogen concentrates belonging to the three well
differentiated conventional main types (I, II, III) has been undertaken by pyrolysis–gas
chromatography–mass spectrometry (Py–GC/MS) both in the absence and presence of
tetramethylammonium hydroxide (TMAH). The results obtained have been compared to the
structural features as discerned by chemical degradative methods (KMnO4 or RuO4 oxida-
tion, hydrolysis with phase transfer catalyst and transalkylation reactions) and solid state
13C-NMR spectroscopy. The compounds released upon conventional pyrolysis were mainly
saturated and olefinic hydrocarbons for the type I and II kerogen samples, whereas aromatic
compounds were predominant in the kerogen of type III, in agreement with KMnO4

oxidation data and the NMR spectra. Pyrolysis/TMAH released relatively high amounts of
saturated and unsaturated unbranched mono- and dicarboxylic acids (as their methyl esters)
from all the samples, as well as minor amounts of aromatic acids (as their methyl esters),
which indicates that considerable amounts of functionalized compounds are bound to the
macromolecular structure via ester or ether linkages. Overall, Py/TMAH and chemical
degradations give complementary results concerning the chemical nature of the released fatty
acid series identified. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

In spite of the great progress made in the last years, the determination of the
specific origin of the various conventional types of kerogens and their formation
pathways are still an important subject of organic geochemical research. For this
purpose, a detailed elucidation of the structural characteristics of kerogens, which
is far from being solved due to the inherent intractability and recalcitrant nature
of these complex polycondensed and polyfunctional materials is required.

Kerogens are known to correspond to cross-linked macromolecular systems
composed by the combination of resistant bio- and geomacromolecules and in-
corporated low-molecular-weight biomolecules. Their formation can be explained
by classical depolymerisation/recondesation and/or selective preservation models
[1–3]. They can be structurally viewed as three-dimensional macromolecules
formed by nuclei that are cross-linked by chain-like bridges. Both nuclei and
bridges may bear functional groups and lipids may be trapped within the struc-
ture. There are a variety of bridging structures between the nuclei, including
aliphatic chains (linear and branched), O- or S-containing functional groups, and
combinations of the two.

Structural studies of kerogen have been approached by a wide array of degra-
dative and non-degradative analytical techniques [4], and references therein. The
former include wet chemical degradation procedures and analytical pyrolysis,
which have been shown to produce lower-molecular-mass compounds that reflect
the composition of the original polymer. Due to the heterogeneity and the com-
plexity of kerogens, different methods must be used complementarily to assess
their structure. Such a strategy is needed to avoid controversial information and
misinterpretations, and to precise some mechanisms occurring on chemical or
thermal degradation.

Analytical pyrolysis (Py), in combination with gas chromatography (Py–GC),
mass spectrometry (Py–MS) and gas chromatography/mass spectrometry (Py–GC/
MS), has been one of the most widely used methods for routine molecular
characterization and qualitative typing of kerogens during the last two decades
[5–13]. In this paper we compare the structural information gained by applying
pyrolytic techniques to a set of kerogen samples from different sources, with that
previously obtained by the group of Prof. Amblès using different oxidative proce-
dures such as multistep alkaline permanganate degradation [14–17], transalkylation
with CF3SO3H/benzene [18–20], hydrolysis with a phase transfer catalyst — PTC
— [18,19,21] and ruthenium tetroxide oxidation [20]. The kerogen samples have
also been characterized by high-resolution 13C-NMR spectroscopy, a non-destruc-
tive approach which provides information on the kerogen structures as a whole.
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Py–GC/MS has been performed both in the presence and absence of tetramethy-
lammonium hydroxide (TMAH). The former pyrolytic approach, described as a
thermally assisted hydrolysis and alkylation and/or pyrolysis–methylation [22] has
been widely used in the last years for the characterization of bio- and geopolymers
[23,24] including kerogens from different origins [12,25,26]. The study by pyrolysis–
methylation will specifically provide information on the polar moieties bounded to
the macromolecular structure of kerogens through ester and ether linkages since it
yields derivatized products which are more amenable to GC than are their
underivatized analogs.

2. Experimental

The samples selected for this study were two kerogens of Type I (Irati and
Aleksinac), two of Type II (Mesnil/Vair and Donnemarie) and one of Type III
(Mannville shale). Details on their origin and geochemical characteristics were
published elsewhere [14–21].

The kerogen concentrates were prepared by treatment of the powdered shales
with hydrocloric acid (1:4) at 70°C and then with hydrofluoric/hydrocloric acids
(1:1), followed by a 60 h Soxhlet extraction of the washed (boric acid and water)
and dried residues with an azeotropic mixture of benzene and methanol.

2.1. 13C-NMR spectroscopy

Solid-state 13C-NMR spectra were acquired at 25.1 MHz with a Bruker MSL 100
spectrometer (2.3 Tesla) with the cross-polarization/magic angle spinning (CPMAS)
technique. For each spectrum, 1000 free induction decays were accumulated. The
pulse repetition rate was set to 5 s, and the contact time was 1 ms. The spectral
width was 37.5 kHz and the acquisition time was 0.016 s. The MAS was performed
at 4 kHz. The chemical shift range of the NMR spectra were referred to te-
tramethylsilane (=0 ppm). Under these conditions, the NMR technique provides
quantitative integration values in the different spectral regions [27].

2.2. Curie-point pyrolysis–gas chromatography–mass spectrometry (Py–GC/MS)

Py–GC/MS analyses were performed using a Horizon Instruments Curie-point
pyrolyser attached to a Varian Saturn 2000 Gas Chromatograph–Mass Spectrome-
ter. The samples were deposited on pure iron wires with a Curie temperature of
770°C. The interface temperature of the pyrolysis unit was set at 250°C and the
pyrolysis time was 5 s. For pyrolysis–methylation the samples were moistened with
10–20 ml of TMAH (25% methanol solution) and deposited on ferromagnetic wires
with a Curie temperature of 510°C. In both cases the GC oven was programmed
from 50 to 100°C at 32°C/min and them up to 320°C at a rate of 6°C/min. The
injector, equipped with a liquid carbon dioxide cryogenic unit, was temperature
programmed from −30°C (1 min) to 300 at 200°C/min, while the GC–MS
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interface was kept at 300°C. Separation was achieved using a fused-silica capillary
column (25 m×0.32 mm) coated with CPSil-5 (film thickness 0.4 m) and helium
was used as the carrier gas. Compound identification was based on mass spectral
data and relative retention times. Relative contents of the different pyrolysis
products were calculated on the basis on peak area. The total ion chromatograms
were normalized on a basis of total signal intensity to correct for differences in
sample size.

3. Results and discussion

The total ion chromatograms of the pyrolyzates obtained from the different
kerogens by conventional Curie-point flash Py–GC/MS are shown in Fig. 1. The
identities of the main pyrolysis compounds produced are marked on the peaks. The
lack of similarity among the patterns suggests that significant structural differences
are evident between kerogens of different or even the same conventional type.

In agreement with previous findings [5–10], the pyrolysates are progressively
enriched in aromatic compounds as the maturity of the samples increases. This
trend also closely resembles that depicted by the 13C-NMR spectra shown in Fig. 2.
The different Py–GC/MS patterns for the two Paris basin kerogens (Donnemarie
and Mesnil/Vair) seem to suggest that the differences are due to different maturity
as consequence of different burial. Both samples come from the same geological
age, Toarcian, but, Mesnil was sampled on an outcrop and Donnemarie at 2253 m
depth [28]. The different aromaticity of these kerogens is also clearly reflected in
their respective NMR spectra (Fig. 2).

It is apparent that significant differences exist among the different samples
regarding the relative pyrolysis product concentrations, which are related to the
maceral composition of the source rocks, and to a lesser extent the maturity degree
of the samples. For the kerogen Types I and II, the main pyrolysis products were
saturated and olefinic hydrocarbons, with minor amounts of aromatics, naph-
thoaromatics, organosulfur compounds, and alkylphenols, whereas aromatic com-
pounds (alkylbenzenes and C0–C2 alkylphenols) were predominant in the
Mannville kerogen (Type III).

The mass chromatograms of the n-alkene/n-alkane series (ions at m/z 55+57)
released from the different kerogens (Fig. 3) show similar chain length distributions,
which contrasts with the traditional view that decreasing chain length of alkanes is
related to increasing maturity [9]. However, the relative concentrations of the
alkane/alkene series do not follow the expected order of I\II\III. Thus, in the
Irati (I) and Mesnil (II) samples they were less abundant than in Aleksinac (I) and
Donnemarie (II) samples. The dominance of the n-alkene/n-alkane series with a
carbon preference index value close to unity in the Type I kerogen samples
(Aleksinac and Irati) is consistent with the view that such hydrocarbons are
concentrated in extremely aliphatic macerals. In the Mannville kerogen (Type III)
the n-alkene/n-alkane pairs are present in lower concentrations and with different
distribution, as an indication of a lower aliphatic character of this kerogen. This
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observation is consistent with the chemical oxidation data, since only 14% of
aliphatic acids were obtained on KMnO4 degradation for the Mannville shale,
compared to 75.3% for Irati and 83.6% for Aleksinac [14,16].

Fig. 1. Gas chromatograms of the pyrolysates (Curie-temperature 770°C) of the different kerogen
samples (the symbol 	 denotes the n-alkene/n-alkane doublets).
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Fig. 2. CPMAS 13C-NMR spectra of the kerogen samples.

The distributions of the alkane/alkene pairs might indicate the presence of
kerogen fractions derived from resistant non-saponifiable polyalkyl components
similar to some biopolymers identified in extant and fossil plants or microbial
materials [2,29,30], which could be selectively preserved during diagenesis. Ether-
linked alkyl chains present in kerogen could also contribute to alkene/alkane
doublets on pyrolysis. At least for the Aleksinac and Irati kerogens, their contribu-
tion is low: ether-linked alkyl chains studied using a hydrogen iodide/caesium
propionate treatment revealed the presence of C14–C30 chains with dominant C16

(major) and C18 members for Aleksinac, and C12–C25 chains with dominant C16

and C18 components for Irati [31], differing significantly from the distributions
given in Fig. 3.

Decarboxylation of fatty acids during pyrolysis may also be considered as
another source of alkanes/alkenes [32]. Finally, linear hydrocarbons could be also
released from physicochemical entrapment within the kerogen matrix by simple
volatilization. This possibility was considered to explain the release of n-alkanes in
the range C17–C33 by PTC- hydrolysis of the Aleksinac kerogen [21].
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Fig. 3. m/z 55+57 mass chromatograms showing the distribution of the n-alkane/n-alkene pairs
released from the different kerogen pyrolysates (the symbol " denotes a series tentatively identified as
linear and/or branched alkylthiophenes).
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The most prominent peaks in the pyrolysis trace of the Mannville shale kerogen
in Fig. 3 correspond to a series of alkylthiophenes, exhibing a distribution similar
to those of the n-alkanes and n-alkenes. The same thiophene series was also present
in the pyrolyzate of Mesnil/Vair kerogen in minor amount. Alkylthiophenes were
previously reported as typical pyrolysis products from various sulfur-rich kerogens
[33–38], including immature Type II kerogen from the lower Toarcian of the Paris
Basin [39].

The aromatic series detected in the different conventional pyrolyzates by moni-
toring characteristic fragment ions are listed in Table 1, together with a semi-quan-
titative assessment of concentration. The relatively different proportions of
aromatic products would reflect the different contributions of aromatic rich macer-
als to the kerogens. The data in Table 1 are in good agreement with the yields of
aromatic acids released by KMnO4 degradation (Aleksinac: 7.9%; Irati: 11.1%;
Toarcian shale, Paris Basin equivalent to Donnemarie: 27%; Mannville: 86%).
These acids were dominantly benzenecarboxylic acids accompanied with hydroxy-
lated benzenecarboxylic acids, and naphthalenecarboxylic acids. Various aromatic
acids were also released on PTC-hydrolysis of the Irati and the Donnemarie
kerogens [20,21].

Hopanoid hydrocarbons were also identified among the pyrolysis products of
Irati kerogen (Table 1) and confirmed the results of the RuO4 oxidation of this
kerogen, which yielded several hopanoic acids. Because these acids were not found
in the hydrolysis products, we conclude that hopanoids were probably ether-linked
to the kerogen matrix [20].

Pyrolysis in the presence of TMAH can help in the detection and identification
of functionalized components, providing additional/complementary data for the
structural and compositional elucidation of the kerogens. The Py/TMAH pyro-
grams show the presence of a series of saturated unbranched monocarboxylic acids
methyl esters, as well as minor amounts of a series of hydroxy fatty acids,

Table 1
Semi-quantitative approach to the nature and relative concentrations of aromatic series detected in the
pyrolyzates of the kerogen isolates

MAIRAromatic series (Characteristic fragment ions) ALa MEDO

+++++ +++++bC2–C4 alkylated benzenes (106+120+134)
+ +++C0–C2 alkyl phenols (94+108+122) + + ++

+ ++ + +C1–C3 alkyl naphthalenes (142+156+170) +
+ +C0–C2 alkylnaphthols (144+158+172) + + +

C0–C2 alkylanthracenes (178+ +++++
+++ +++C0–C1 alkyl-indenes/indanes (116+118+130+132)

– – – –Bicyclic alkanes (167) ++
+ +Steranes (a, b, 4Me-) (217+218+231) – – +

Hopanes/benzohopanes (191) ++ ––– –
C0–C2 alkylpyrenes/benzopyrene +++ – – ––

a AL: Aleksinac, IR: Irati, DO: Donnemarie, ME: Mésnil/Vair, MA: Mannville.
b +, ++, +++: low, moderate and high abundances; –: non detected.
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Fig. 4. Total ion chromatograms of the Py/TMAH pyrolysates. Cn correspond to the series of fatty acid
methyl esters. Numbers refer to the compounds listed in Table 2.

a,v-dicarboxylic acids and benzenecarboxylic acids, as methyl esters (Fig. 4). Table
2 shows the aromatic compounds (benzenecarboxylic acids and lignin-derived
fragments) released upon Py/TMAH, which were not previously detected upon
conventional pyrolysis. Benzenecarboxylic acids were also identified in substantial
amounts after chemical degradations of the studied kerogens [16,20,21].

The aliphatic acid series might derive from acids linked to the macromolecular
network via sterically protected, and hence, non-hydrolyzable ester bonds [26] and
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may be inherited directly from living organisms into kerogens at an early stage of
sedimentation [40]. Although fatty acids have been often detected in kerogen
pyrolysates [41], their probably high contribution to the structure of kerogens has
been underestimated, because upon conventional pyrolysis they undergo decarboxy-
lation and are not observed as acids. Some authors [42,43] noticed that, in
conventional pyrolysis, fatty acids and aliphatic dicarboxylic acid moieties present
in the structure of humic substances decarboxylate, producing various series of
alkanes, alkenes and alkylbenzenes. The use of pyrolysis in the presence of TMAH
avoids decarboxylation by protecting the carboxyl groups and releases them as
methyl esters. Large quantities of fatty acids (as methyl esters) have also been
released from other kerogens [12,26] and humic substances [44–46] by this proce-
dure. Therefore, the use of pyrolysis–methylation seems to corroborate the pres-
ence of fatty acid moieties in the kerogen structure. It is obvious that
pyrolysis-methylation provides complementary information to that obtained by
conventional pyrolysis about the structure of these materials.

The distribution of the series of monocarboxylic acids methyl esters (FAMES)
(m/z 74 mass chromatograms) released from the different kerogens by Py/TMAH
is shown in Fig. 5. An even carbon number predominance in the range C6–C26 and
maxima at C16 and C18 were observed in all cases. Iso- and anteiso-C15 and C17

Table 2
Aromatic compounds identified in the different samples after Py(TMAH)–GC/MS

CompoundNo.

1 3-methoxybenzenecarboxylic acid, methyl ester
2 4-methoxybenzenecarboxylic acid, methyl ester
3 1,3,5-trimethoxybenzene

3,4,5-trimethoxytoluene4
5 4-methoxybenzeneacetic acid, methyl ester
6 benzenedicarboxylic acid, dimethyl ester

methoxybenzeneacetic acid, methyl ester7
8 trimethoxytoluene
9 benzenedicarboxylic acid, dimethyl ester
10 benzenedicarboxylic acid, dimethyl ester

cis-1-(3,4-dimethoxyphenyl)-3-methoxyprop-1-ene11
12 3,4-dimethoxybenzenecarboxylic acid, methyl ester
13 trans-1-(3,4-dimethoxyphenyl)-3-methoxyprop-1-ene

methoxybenzenedicarboxylic acid, dimethyl ester14
15 trimethoxybenzencarboxylic acid, methyl ester
16 methoxybenzenedicarboxylic acid, dimethyl ester
17 3,4,5-trimethoxybenzenecarboxylic acid, methyl ester
18 methoxybenzenedicarboxylic acid, dimethyl ester

methoxybenzenedicarboxylic acid, dimethyl ester19
20 1-(3,4-dimethoxyphenyl)-1,3-dimethoxyprop-1-ene
21 benzenetricarboxylic acid, trimethyl ester
22 benzenetricarboxylic acid, trimethyl ester

benzenetricarboxylic acid, trimethyl ester23
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Fig. 5. m/z 74 mass chromatograms showing the distribution of fatty acid series (as methyl esters)
released after the pyrolysis–methylation of the different kerogens.

fatty acids, characteristic of bacterial contributions, were also detected among the
released compounds. Small amounts of unsaturated C18:1 and C16:1 fatty acids were
also released from all the kerogens studied here. These unsaturated moieties may
have been incorporated and preserved into the kerogen network. It appears,
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therefore, that an important preservation due to the occurrence of esterified
monocarboxylic acids occurred not only in the immature kerogens but also in more
mature kerogen concentrates. Similar distributions were observed by Py/TMAH of
other kerogens [26,47], but also somewhat different. Kralert et al. [12] reported the
release of fatty acids in the range C6–C32, with the lower homologues (BC20)
presumed to be algal in origin, whereas, for the C24–C30 acids, a higher plant source
has been postulated [48]. In the case of the Irati shale the result is consistent with
its assignments as algal/microbial kerogen [49].

These series of aliphatic acids could also arise from the higher plant cutin and
perhaps suberin residues, which could be chemically bound to the kerogen macro-
molecule through ester linkages. These biopolyesters are relatively stable against
geochemical transformations and may be selectively preserved in the macromolecu-
lar matrix of the kerogen. These ester-bound fatty acids seem to be protected in the
most refractory part of the macromolecular network, and hence would survive
diagenetic degradation [26].

Although differences in mass spectral response factors (typical for ion trap mass
analyzers) discriminate against the high molecular species, the distribution of
FAMES compares well with that reported for long-chain carboxylic acids produced
by KMnO4 degradation of Irati, Alksinac, and Mannville kerogens [14,15,17]. On
RuO4 oxidation of Irati kerogen, the distribution of C9–C32 aliphatic monocar-
boxylic acids was highly dominated by the C16 component [20]. The same distribu-
tion of fatty acids given in Fig. 5 was found after PTC-hydrolysis of Irati and
Aleksinac kerogens [19,20], which afforded linear C12–C20 monocarboxylic acids
with major C16 and C18 members accompanied with short C7, C9 and C10 compo-
nents. In the Donnemarie kerogen, esterified linear monocarboxylic acids are
present in the range C14–C31 with major C16 and C18 components.

4. Conclusions

From the results obtained two main conclusions can be drawn: (a) the different
proportions and distributions of the main pyrolysis products released from the
different kerogens (dominated by saturated and olefinic hydrocarbons, aromatics
and naphthoaromatics, alkyl phenols, organosulfur compounds and carboxylic
acids) enable structural differentiation among the samples; (b) Py/TMAH allowed
additional/complementary identification of functionalized pyrolysis products which
reflect structural and compositional characteristics of the parent material. In
general, the data demonstrate that Py/TMAH provides relatively good preservation
of the original carboxylic moieties present in the macromolecular structure of
kerogens owing to protection of the functional groups from thermal reactions. The
chemical structures of the released products (mainly saturated and unsaturated
unbranched mono- and dicarboxylic acids were identified as their methyl esters in
all the samples) were similar to those found by PTC-hydrolysis of the studied
kerogens. Therefore both Py/TMAH and PTC-hydrolysis data indicate that consid-
erable amounts of functionalized compounds are bound to the macromolecular
structure via ester and ether linkages.
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The pyrolytic and oxidative approaches seem to be, up to now, complementary.
Py/TMAH is a good analytical tool to study functionalized moieties in the kerogen
structure. As many possibilities of molecular arrangements often exist to explain the
results, more detailed structural information about the complex forms of organic
matter requires, at the moment, the use of selective chemical degradation.
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