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A B S T R A C T

Organic matter (OM)-clay mineral complexes, especially OM-clay interlayer complexes, exist widely in soil,
sediment, and source rock. These associations can influence the pyrolytic behaviors of OM. In addition, the
nature of OM may also affect pyrolysis due to the variety and complexity of the structure and chemical com-
position of natural organics. In this study, to investigate the influences of the nature of OM as well as the
interface association between OM and clay minerals on the pyrolysis of OM, interlayer clay-OM complexes and
clay-OM mixtures were prepared and thermogravimetry coupled with Fourier transform infrared spectroscopy
(TG-FTIR) was adapted to monitor the pyrolytic temperatures and products of these complexes. A series of OM
with the same alkyl main chain but different functional groups, i.e., Lauric acid (LA), Dodecylamine (DA), 12-
Aminolauric acid (ALA) and Dodecyl trimethyl ammonium bromide (DTAB), was used, and montmorillonite
(Mt) was selected as the representative clay mineral. The results showed that Mt decreased the decomposition
temperature of the carboxyl groups that contained OM (LA and ALA), promoted the generation of CO2 via the
catalysis of the Lewis acid sites of Mt, and delayed the decomposition of DA and DTAB. The interlayer Brønsted
acid sites allowed the nitrogen-containing organics to undergo Hoffmann elimination. The pyrolytic behaviors of
OM within the interlayers of Mt were more strongly affected than those on the external surface of Mt The
pyrolytic performance of OM was closely related to the association ways between OM and clay minerals, the
nature of clay minerals, and the nature of OM. The interlayer space was shown to be particularly important for
the preservation and catalysis of organics.

1. Introduction

The catalytic functions of clay minerals for natural hydrocarbon
generation have been well demonstrated in numerous studies (Jurg and
Eisma, 1964; Shimoyama and Johns, 1971; Heller-Kallai et al., 1984).
The clay minerals of the smectite group, such as montmorillonite (Mt),
have received particular attention because of their known catalytic
activities and their ubiquity in low-maturity source rocks and sedi-
ments. Traditionally, model organic matter (OM), such as kerogen and
bitumen that were separated from source rocks, and synthetic organics,
such as fatty acids and fatty acid esters, were mixed with clay minerals,
and these mixtures were used in pyrolysis experiments to explore the
pyrolytic behaviors of organics in the presence of clay minerals (Jurg
and Eisma, 1964; Shimoyama and Johns, 1971; Faure et al., 2003; Li
et al., 2003; Zhang et al., 2005; Faure et al., 2006). Under this scenario,

OM and clay were assumed to exist separately and the catalytic effects
of clay minerals were believed to occur merely on the external surface
of clay minerals.

However, in the past several decades, this knowledge has been re-
vised based on the findings of the wide existence of clay-OM associa-
tions in sedimentary rocks, which have been demonstrated by a variety
of independent studies (Bergamaschi et al., 1997; Ransom et al., 1998;
Mayer, 1999; Ingalls et al., 2004; Mayer, 2004; Lopez-Sangil and
Rovira, 2013; Zhu et al., 2016). These mentioned studies have verified
that in many cases, OM in sediments is primarily associated with clay
minerals rather than existing alone. This is indicated by observations
that it is difficult to separate organic material from clay minerals using
physical methods, as well as the direct proportionality between the
concentration of organic matter and the sediment surface area (Keil
et al., 1994; Mayer, 1994).
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Particularly, a special clay-OM association in natural sedimentary
environments, i.e., the storage of OM within the interlayer space of
layered silicates, has been proposed as early as the 1970s (Theng, 1974)
and confirmed by a series of following studies (Perezrodriguez et al.,
1977; Theng et al., 1986; Kennedy et al., 2002; Cai et al., 2007). From
the perspective of surface chemistry properties of swelling clay mi-
nerals, there are a variety of natural polar or charged organics, in-
cluding ammonium ions, that are chemically similar to the model or-
ganics used in this study (He et al., 2005; Xi et al., 2007; Zhu et al.,
2009), humic acid (Wang and Huang, 1986), and proteins (Yu et al.,
2013), which could be intercalated into the interlayer of swelling clay
minerals through cation-exchange reactions. Particularly, once the in-
terlayer space is opened through the intercalation of the above-
mentioned organics, more types of organics, including neutral or non-
polar molecules that initially cannot enter pristine interlayer sites
through cation-exchange, could also be intercalated into interlayer
space through interactions, such as hydrophobic interactions with pre-
intercalated organics (Lagaly et al., 2013).

The existence of naturally occurring interlayer clay-OM complexes
has been demonstrated in a variety of studies in which the interlayer
distance of Mt or mixed-layered Mt-illite in source rocks or sediments
was found to be expanded due to the intercalation of natural organics
(Perezrodriguez et al., 1977; Theng et al., 1986; Schulten et al., 1996;
Lu et al., 1999; Kennedy et al., 2002; Cai et al., 2007; Zhu et al., 2016).
Theng et al. (1986) reported the occurrence of interlayer clay-organic
complexes in the clay fraction of soil samples from Maungatua, New
Zealand; the interlayer organics, as revealed by 13C NMR spectroscopic
analyses, comprised polymethylene chains containing carboxyl and
hydroxyl groups (Theng et al., 1986). Schulten et al. (1996) char-
acterized the organic matter in the interlayer clay-organic complexes
from the Maungatua soil using pyrolysis methylation-mass spectro-
metry (Schulten et al., 1996). Lu et al. (1999) investigated the OM-clay
associations in immature source rocks from the Dongying depression of
the Bohai Bay Basin, China, and found that the content of the interlayer
organics accounted for approximately 25%–50% (mass%) of the total
extracted organics (Lu et al., 1999). Kennedy and Wagner (2011)
identified the occurrence of OM-clay complexes in Late Cretaceous
black shales from the Ocean Drilling Program site 959 of the Deep
Ivorian Basin, where OM was located within the interlayer sites of the
mixed layer illite-smectite (Kennedy and Wagner, 2011). Recently,
Kennedy et al. (2014) further obtained direct high-resolution trans-
mission electron microscopy (HRTEM) evidences of occurrence of OM
as nanometer-scale intercalations in swelling clays.

Given the understandings of the OM-clay associations revealed by
the abovementioned studies, it is obvious that the roles of clay minerals,
especially the swelling clay minerals whose interlayers are able to host
OM, in the pyrolysis of OM must be reevaluated. Meanwhile, natural
organics with various structures and chemical compositions exhibited
different evolutions. For example, three main types of kerogen were
identified, from I, starting at low maturity with high H/C and low O/C,
to III, starting at low maturity with low H/C and high O/C. It was
widely accepted that the type of kerogen largely influenced both the
amount and chemical composition of the products generated upon
burial (Vandenbroucke and Largeau, 2007). Thus, the nature of OM
deserves extra attention in assessing their pyrolytic behaviors in the
presence of clay minerals.

In this work, a series of OM-clay complexes were prepared for their
use in the pyrolysis experiments of OM. Montmorillonite (Mt) was used
as a model clay mineral because of its ubiquity in the source rock and its
high expanding capacity. Lauric acid (CH3(CH2)10COOH, hereafter
denoted as LA), Dodecyl amine (CH3(CH2)11NH2, DA), 12-Aminolauric
acid (NH2(CH2)11COOH, ALA), and Dodecyl trimethyl ammonium
bromide(CH3(CH2)10CH2N(CH3)3Br, DTAB) were selected to represent
the natural OM. The selection of the model organics was mainly based
on two considerations: the nature of the organics and different me-
chanisms of OM-clay associations, namely, both interlayer OM-clay

complexes synthesized by cation-exchanging (Xi et al., 2007) and OM-
clay complexes made by traditional simple mixing (Tannenbaum et al.,
1986) were used. These aliphatic organics have similar structures and
compounds as some important precursors of oil and gas, such as fatty
acids, amino acid, and alkane (Jurg and Eisma, 1964; Liu et al., 1997).
In addition, they contain equal lengths of straight‑carbon chains but
different representative functional groups, which is desirable for the
purpose of comparing the pyrolysis mechanisms of these organics.
Furthermore, based on the knowledge of intercalation chemistry of clay
minerals (Lagaly et al., 2013), both DTAB and DA can be readily ca-
tionized and thus can be intercalated into the interlayer of Mt via cation
exchange to prepare interlayer clay-OM complexes; ALA is also easily
transformed to a protonated amino group (eNH3

+) in acidic solution
(Liu et al., 2013); in contrast, intercalation of LA into Mt cannot occur
because LA is non-ionic, which allows to compare the interlayer asso-
ciations and the associations occurring at external surface of Mt.

Thermogravimetry coupled with Fourier transform infrared spec-
troscopy (TG-FTIR) was used to investigate the pyrolytic behaviors of
OM, which is an effective on-line technique to continuously monitor the
mass loss of samples during heating and to simultaneously capture
compositional information about the corresponding gaseous products in
order to highly efficiently detect the mechanisms of pyrolysis.

2. Experiments

2.1. Materials

LA and ALA were supplied by Tokyo Chemical Industry Co., Ltd.,
DTAB and DA was purchased from Sigma-Aldrich, Co. LLC. These
chemical reagents were used without further purification. The raw
montmorillonite with the purity of 97% was obtained from Inner
Mongolia, China. Before contacted with OM, montmorillonite was so-
dium modified to get a better swelling property (hereafter labeled as
Mt). The chemical compositions (wt%) of Mt are as follows: SiO2

56.24%, Al2O3 14.96%, Fe2O3 4.23%, CaO 0.35%, MgO 4.11%, Na2O
3.13%, K2O 0.14%, MnO 0.02%, TiO2 0.31%, P2O5 0.03%, and the
ignition loss 16.49%. The cationic exchange capacity (CEC) of Mt is
110.50 mmol/100 g.

Two preparation methods, for the complexes where OM exists at the
external surface of Mt and for the interlayer complexes, were used. For
the former complex, a total of 10 g of Mt sample and 2.5 g of OM were
simply mixed and the mixture was ground by ball milling for 20 min
using a Pulverisette-6 Planetary Mill. These products were denoted as
LA-Mt, DA-Mt, DTAB-Mt, and ALA-Mt, corresponding to the used or-
ganics, respectively. The preparation of interlayer OM-Mt complex was
performed according to the following procedure. At first, 22.1 mmol
ALA were added into 200 mL of 0.14 M HCl solution and kept at 80 °C
water bath; then the resultant solution was added into the dispersion
composing of 10 g Mt and 1000 mL distilled water to form a mixture;
after stirring at 80 °C for 30 min, the solid in the mixture was filtered
and repeatedly washed (8 times) with large amounts of hot distilled
water, then freeze-dried and ground to powder. The product was la-
beled as ALAinter-Mt. The preparation of DAinter-Mt and DTABinter-Mt
was similar to the above procedure, except the omission of protonation.
LA was not used to prepare interlayer OM-Mt complex because it could
not be intercalated into the interlayer space of Mt through cation-ex-
change. All of the above final products were passed through 200 mesh
screen for further use except DA-Mt (Because DA melts after grounding,
DA-Mt is easy to bind).

2.2. Instruments and methods

The X-ray diffraction (XRD) patterns of samples were recorded on a
Bruker D8 Advance diffractometer with Ni filter and CuKα radiation
(λ = 0.154 nm) using a generator voltage of 40 kV and a generator
current of 40 mA, with a scan rate of 3° (2θ)/min.
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The organic content of the interlayer OM-Mt complexes were de-
termined by elemental analysis, which was performed using an
Elementar Vario EL III Universal CHNOS elemental analyzer.

The solid acidity of Mt was measured following the methods pre-
viously described (Liu et al., 2013). The total amount of solid acid sites
of Mt was determined by n-butylamine titration using Hammett in-
dicator. The types of solid acid sites (Brønsted acid sites and Lewis acid
sites) were differentiated by diffuse reflectance Fourier transform in-
frared spectroscopy (DRIFT) using pyridine as a probe molecule. The
amounts of Brønsted acid sites and Lewis acid sites were also calculated
using the method mentioned by Liu et al. (Liu et al., 2011). The detailed
detection process and the corresponding results were listed in supple-
mentary material.

The TG-FTIR analysis was conducted on a NETZSCH STA 449C
thermal analyzer coupled with a Bruker Vertex-70 Fourier-transform
infrared spectrometer. Approximately 10 mg of sample was heated from
room temperature to 900 °C at a rate of 20 °C/min in an ultrahigh
purity argon flow (40 cm3/min). After the evolved gases of samples
from TG passing through the FTIR cell, absorbance information was
obtained at different wavenumber as a function of temperature. The
FTIR spectrometer recorded spectra every 13.6 s.

3. Results

3.1. Structural and compositional characteristics of Mt and OM-Mt
complexes

The basal reflection of each sample obtained from XRD patterns is
listed in Table 1. Compared with Mt (d001 = 1.22 nm), no obvious
changes of d001 values were observed in the (001) reflections of LA-Mt,
DA-Mt, and ALA-Mt. This results indicated that intercalation of the
related organics did not occur as expected during the preparation, and
the organics existed outside of interlayer space of Mt. However, for
DTAB-Mt, which showed a d001 value of 1.40 nm, implying a small
amount of DTAB entered the interlayer of Mt during preparation pro-
cess. The d001 values of DAinter-Mt, ALAinter-Mt, and DTABinter-Mt were
1.74, 1.70, and 1.90 nm, respectively, which indicated a successful in-
tercalation of these OM into the interlayer space of Mt. The content of
intercalated DA, ALA, and DTAB in the corresponding interlayer com-
plexes was listed in Table 1.

3.2. TG-FTIR characterization of the pyrolysis of OM-clay complexes

3.2.1. Pyrolytic process of Mt
Two decomposition steps can be observed in the TG curve of Mt

(Fig. 1a). The first step occurred below 200 °C with a sharp DTG peak at
114 °C and showed an obvious mass loss of approximately 12.64%,
which was attributed to the elimination of external surface-absorbed
water (free water) and interlayer water (Bergaya et al., 2006). This
attribution was strongly confirmed by the intense signal associated with
gaseous water (1300–2000 cm−1 and 3500–4000 cm−1) occurred at
114 °C (Fig. 1b and Fig. 1c). The second step in the temperature range
of 500 to 700 °C corresponded to the dehydroxylation of the Mt sheets,
in which a broad DTG peak was resolved at 628 °C.

3.2.2. Pyrolytic behaviors of OM-clay complexes
Because the OM chosen in this study had the same carbon chain, a

summary of the gaseous FTIR characteristic adsorption bands of CeH
and their corresponding contributions are listed in Table 2, and aren't
described in detail in the following text.

3.2.3. LA and LA-Mt complexes
LA remained stable below 150 °C but decomposed quickly and

completely at temperatures ranging from 150 to 300 °C, exhibiting its
maximum decomposition rate at 264 °C (Fig. 2a). The corresponding
evolved gases of the overall process and the specific temperature at the
maximum release rate (264 °C) are shown in Fig. 2b and Fig. 2c, re-
spectively. The occurrence of strong bands at 2934 and 2866 cm−1, as
well as bands at 1462 and 1384 cm−1, indicated that the main gaseous
products resulting from LA decomposition were aliphatic hydrocarbons.
Meanwhile, a considerable amount of carboxylic acid was also identi-
fied by the presence of high–intensity bands at 1778 and 3577 cm−1

(Pitkänen et al., 1999), and weak bands at 2361 and 2323 cm−1 in-
dicated the production of trace amounts of CO2.

The TG and DTG curves of LA-Mt exhibited the combined char-
acteristics of Mt and LA (Fig. 2d). Two mass loss steps could be iden-
tified in the TG curve. The one below 150 °C was ascribed to the
elimination of the adsorbed water and interlayer water of Mt, and the
corresponding product information was also found in the 3D–FTIR
spectrum (Fig. 2e). The mass loss that occurred in the temperature
range of 150 to 300 °C was related to the decomposition of LA. The
maximum decomposition temperature of LA-Mt was 226 °C, which was
approximately 40° C lower than that of LA. This indicated that Mt
strongly promoted the thermal degradation of LA. The types of gaseous
products of LA-Mt were similar to that of LA, but the ratios of CO2 to
carboxylic acid in these two samples were different (Fig. 2e and
Fig. 2c). The carboxyl group of LA mainly decomposed into CO2 and/or
small carboxylic acid molecules. To quantitatively compare the dec-
arboxylation effects of LA in the presence and absence of Mt, the re-
lative areas of the FTIR bands at 2361 and 1778 cm−1 of LA and LA-Mt
in Fig. 2c were used to evaluate the ratios of CO2 to carboxylic acid in
their gaseous products. This ratio was 0.040 for LA and 0.235 for LA-
Mt, which implied that Mt significantly promoted the decarboxylation
of LA.

3.2.4. ALA and ALA-Mt complexes
ALA began to decompose after heating at> 200 °C. The major

thermal event of ALA occurred in the range of 400 to 550 °C and re-
sulted in a sharp DTG peak at 467 °C (Fig. 3a). The gaseous products at
the first step (200–300 °C) were mainly water (Fig. 3b). ALA is similar
in terms of structure and functional groups to an amino acid. Inter-
molecular condensation reactions of amino acids occurs readily and
forms water as a product (Li et al., 2008). Thus, it is reasonable to
assign the detected water as the product of the condensation reaction of
ALA. The major gaseous products at the second step (400–500 °C) were
aliphatic hydrocarbon fragments (2930, 2858, 1502, 1459, and
1364 cm−1) (Fig. 3b and Fig. 3c). Minor products, such as CO2

(2361 cm−1), N–containing compounds (3336 cm−1), and carboxylic
acid (3578 and 1777 cm−1), were also identified. The presence of low-
intensity bands at 3086 and 912 cm−1 indicated the existence of trace

Table 1
The d001 values and the total organic content (TOC) of samples.

Samples LA-Mt DAinter-Mt DA-Mt ALAinter-Mt ALA-Mt DTAB-Mt DTABinter-Mt

d001 (nm) 1.29 1.74 1.23 1.70 1.22 1.40 1.90
aTOC (wt% sample) 20.00 16.88 20.00 19.00 20.00 20.00 28.38
bTOC (mmol/g clay) 1.25 1.10 1.35 1.09 1.16 0.81 1.29

a Mass percent content of organic content in sample.
b Loading amount of model organic matter of per gram Mt.
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amounts of alkene (Huang and Wang, 2009).
As shown in Fig. 3d and Fig. 3g, the thermal events of ALA-Mt and

ALAinter-Mt that occurred below 200 °C were attributed to the dehy-
dration of the adsorbed water and residual interlayer water of Mt, and
the mass loss that occurred at the temperature range of 200–500 °C was
related to the decomposition of ALA.

For ALA-Mt, most ALA evolved rapidly in the temperature range of
350 to 450 °C, in which a sharp DTG peak was resolved at 402 °C
(Fig. 5d). Aliphatic hydrocarbon was the main product, which exhibited
strong bands at 2936, 2867, and 1457 cm−1 (Fig. 3e and Fig. 3f), ac-
companied by the formation of a small quantity of NH3 (965 and
931 cm−1) (Li et al., 2008; Wang et al., 2009). Trace amounts of al-
kene, CO2, and carboxylic acids were also released due to the appear-
ance of weak bands at 3018, 2361, and 1779 cm−1, respectively
(Marcilla et al., 2005). Small DTG peaks at 235 and 471 °C, which also
appeared in the DTG curve of ALA, were attributed to the mass loss of a
small amount of ALA, which was unaffected by Mt and decomposed
spontaneously.

Two overlapping mass-loss peaks sourced from the degradation of
organic matter can be observed at 342 and 372 °C for ALAinter-Mt
(Fig. 3g), which were significantly lower than the corresponding tem-
peratures of ALA (by approximately 120 °C). In the temperature range
of 200 to 300 °C, the signals of water and CO2 were detected, indicating
that ALA underwent dehydration and decarboxylation processes. Con-
siderable amounts of aliphatic hydrocarbons and NH3 were formed
when the temperature rose from 270 to 500 °C, based on the new

Fig. 1. The TG-FTIR results of Mt: (a) TG-DTG curves; (b) 3D-FTIR spectrum; and (c) FTIR spectrum obtained at the maximum evolution rate.

Table 2
FTIR characteristic adsorption bands of CeH and their corresponding contributions.

Wavenumber (cm−1) Contributions

~3080 ]CeH stretching of alkene
~3020 CH4

~2968 CH3 stretching
~2934 CH2 antisymmetrical stretching
~2866 CH2 symmetrical stretching
~2824 CeH antisymmetrical stretching
~2775 CeH symmetrical stretching
~1462 CeH antisymmetrical bending
~1384 CeH symmetrical bending
~1280 CH3 rocking

Fig. 2. The TG-FTIR results of LA and LA-Mt: (a and d) TG-DTG curves; (b and e) 3D-FTIR spectra; and (c) FTIR spectra obtained at the maximum evolution rate.

H. Liu et al. Applied Clay Science 153 (2018) 205–216

208



appearance bands of aliphatic hydrocarbons (2966–2876, 1460, and
1382 cm−1) and NH3 (1625, 966, and 929 cm−1) (Fig. 3h and Fig. 3i).
The maximum release rates of hydrocarbons and NH3 were reached at
347 and 372 °C, respectively. Therefore, the primary reactions that
occurred during the decomposition process of ALAinter-Mt were carbon-
carbon bond scission and deamination.

3.2.5. DA and DA-Mt complexes
DA decomposed completely below 250 °C, with a strong and sharp

DTG peak at 219 °C (Fig. 4a). The main gaseous products of DA were
aliphatic hydrocarbons, which showed characteristic bands at 2933,
2865, and 1463 cm−1 (Fig. 4b and Fig. 4c). The deviation vibration of
NeH (1623 cm−1) and the out-plane bending stretching of NeH
(766 cm−1) suggested the presence of a small amount of an uni-
dentified N–containing product. The appearance of these products in-
dicated that DA primarily decomposed via CeC cleavage.

The main decomposition temperature and products of DA-Mt were
similar to that of DA (Fig. 4d, Fig. 4e, and Fig. 4c), implying that Mt had
almost no effect on the thermal decomposition of DA on the external
surface of Mt.

For DAinter-Mt, due to the replacement of interlayer water by DA,

the distinct mass loss of the TG curve during the temperature range of
200 to 500 °C was attributed to the pyrolysis of DA. The main DTG peak
of DAinter-Mt appeared at 414 °C with a shoulder peak at 315 °C
(Fig. 4f), which were both remarkably higher than that of DA (219 °C),
indicating that the interlayer space of Mt delayed the thermal decom-
position of the DA within it. In other words, the interlayer DA was
protected by the sheet of Mt from heating. The main gaseous products
released at 315 °C were aliphatic hydrocarbons (2968, 2933, 2870, and
1459 cm−1), accompanied by NH3 (965 and 931 cm−1) and N–con-
taining compounds (760 cm−1), which were similar to DA and DA-Mt,
except for the new appearance of NH3. As shown in the FTIR spectrum
obtained at 409 °C, the band at 760 cm−1 disappeared and the signal of
HCN at 715 cm−1 (Madarász et al., 2004) was detected. Different N-
related products indicated that various deamination mechanisms co-
existed during the pyrolysis of DAinter-Mt.

3.2.6. DTAB and DTAB-Mt complexes
As shown in Fig. 5, the main DTG peaks of organics in DTAB and

DTAB-Mt occurred at similar temperature, i.e., 287 and 292 °C (Fig. 5a
and d), respectively, which indicated that the external surface of Mt had
little effect on the main pyrolysis temperature of DTAB. The weak DTG

Fig. 3. The TG-FTIR results of ALA, ALA-Mt, and ALAinter-Mt: (a, d, and g) TG-DTG curves; (b, e, and h) 3D-FTIR spectra; and (c, f, and i) FTIR spectra obtained at the maximum evolution
rate.
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peak of DTAB-Mt at 402 °C indicated that a small amount of DTAB had
entered the interlayer space of Mt, which was consistent with the XRD
data. The DTG peaks at 307 and 444 °C in DTABinter-Mt, implied that
interlayer space greatly delayed the pyrolysis process of DTAB. The
gaseous products that evolved from DTAB were mainly aliphatic hy-
drocarbons. In addition, the bands of CH-stretching (2824 and
2775 cm−1), CH3-bending (1463 cm−1), CH3-rocking (1280 cm−1),
and CN-stretching (1043 cm−1) confirmed the generation of (CH3)3N
(trimethylamine) (Suuronen et al., 2002). Similar products were also
found in DTAB-Mt and DTABinter-Mt.

4. Discussion

In the absence of Mt, the main pyrolytic processes of OM were rapid,
and all gaseous products were released almost simultaneously. As in-
dicated by their products, these OM decomposed mainly via cleavage of
CeC bonds. However, for the OM-clay interlayer complexes, the pyr-
olysis temperature decreased or increased, original single-step reactions
became multi-step processes, and the products were also distinct from
that of neat OM. In contrast, OM located on the external surface of Mt
was mainly affected in terms of its pyrolysis temperature, rather than its
products.

4.1. Pyrolysis temperatures of OM in the OM-clay complexes

Mt had contrasting effects on the pyrolysis of different OM, even
though all of them were located within the interlayer space of Mt; for
example, it promoted ALA and inhibited DA and DTAB (Table 3). To
further investigate the pyrolysis process of OM-clay interlayer com-
plexes, three characteristic bands of the main gaseous products of
ALAinter-Mt and DAinter-Mt, CO2 (2359 cm−1), hydrocarbons
(2937 cm−1), and NH3 (965 cm−1), which corresponded to the pyr-
olysis of –COOH, carbon chain, and –NH2, respectively, were tracked
with respect to temperature.

For ALAinter-Mt, the temperatures at which the aforementioned
products occurred followed the order: CO2 (200 °C) < hydrocarbons
(250 °C) < NH3 (270 °C) (Fig. 6a). A similar trend was also found in
the maximum release temperatures of these products: CO2

(268 °C) < hydrocarbons (347 °C) < NH3 (372 °C), all of which were
lower than that of ALA decomposed alone (467 °C). Therefore, the
pyrolysis of the eCOOH, carbon chain, and eNH2 of ALA within the
interlayer space of Mt were catalyzed by Mt, and the first decomposi-
tion step was decarboxylation, followed by carbon chain cleavage and
deamination. For DAinter-Mt, the main production temperature range
(250–450 °C) and the maximum release temperature (414 °C) of hy-
drocarbons and NH3 were almost the same and higher than that of neat
DA, respectively. Meanwhile, the generation of hydrocarbons started at

Fig. 4. The TG-FTIR results of DA, DA-Mt, and DAinter-Mt: (a, d, and f) TG-DTG curves; (b, e, and g) 3D-FTIR spectra; and (c and i) FTIR spectra obtained at the maximum evolution rate.
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200 °C, which was 50 °C lower than that of NH3 (Fig. 6b). Thus, Mt
delayed the pyrolysis of the carbon chain and eNH2 of the DA located
in the interlayer, and the carbon chain decomposed earlier than eNH2.

The cases of LA-Mt, ALA-Mt, and ALAinter-Mt, clearly indicate that
Mt showed a pronounced effect in promoting the pyrolysis of organics
with carboxyl groups. Considering the fact that the same functional

groups (carbon chain and eNH2) of different interlayer OM (DA and
ALA) decomposed at different pyrolysis temperatures and that the
carboxyl group was the only structural difference between ALA and DA,
it is reasonable to consider that the decarboxylation catalyzed by Mt
was the main reason for the acceleration of ALA decomposition, which
subsequently induced the occurrence of carbon chain cleavage and
deamination in advance.

The pyrolysis temperature of DA and DTAB within the interlayer of
Mt was mainly affected by the following factors: 1) The association
between OM and clay. The positive charge groups (NH3

+ and
(CH3)3N+) of intercalated OM cations adhered tightly to the negative
charge-bearing surface site of Mt via electrostatic interaction (Xi et al.,
2004), causing the difficulty of decomposition because additional en-
ergy was needed to overcome this electrostatic interaction. Thus, their
corresponding pyrolysis temperatures were remarkably higher than
that of neat OM. 2) The anions associated with the ammonium cations
of OM. Ionically bound surfactants (intercalated via cation exchange)
were demonstrated to be more thermally stable than unbound free
surfactants (which were physically adsorbed by van der Waals forces)
with its associated haloid anions (Cui et al., 2008). In essence, haloid
anions, such as Br− and Cl−, were found to decrease the thermal sta-
bility of Quaternary alkyl ammonium-modified clay (Davis et al., 2004;

Fig. 5. The TG-FTIR results of DTAB, DTAB-Mt, and DTABinter-Mt: (a, d, and g) TG-DTG curves; (b, e, and h) 3D-FTIR spectra; and (c, f, and i) FTIR spectra obtained at the maximum
evolution rate.

Table 3
The main pyrolysis temperature of organics in OM/OM-clay complexes.

Types of OM Functional
groups

OM/OM-clay
complex

Main pyrolysis
temperature

Fatty acid eCOOH LA 264
LA-Mt 226

Amino acid eNH2

eCOOH
ALA 467
ALA-Mt 402
ALAinter-Mt 342, 372

Alkylamine eNH2 DA 219
DA-Mt 214
DAinter-Mt 315, 414

Quaternary
ammonium salt

e(CH3)3N+

Br
DTAB 287
DTAB-Mt 292
DTABinter-Mt 307, 444
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Cui et al., 2008).In this study, the loading DTAB within the interlayer
space was 1.29 mmol/g, which clearly exceeded the CEC of Mt
(1.10 mmol/g), thus reflecting the existence of a considerable amount
of unbound DTAB and bromide. Thus, the thermal stability of DTA-
Binter-Mt was inevitably influenced by the residual bromide of these
excess unconfined DTAB molecules. 3) The barrier effect of clay mineral
sheet. The initial pyrolysis products of interlayer organics were trapped
within the confined interlayer spaces and underwent further reactions
to produce small-molecular-weight species that were released at a
higher temperature (Xie et al., 2001; Bellucci et al., 2007). Thus, the
broadness of the temperature range in which the thermal decomposi-
tion of intercalated DA occurred and the maximum rate temperature
occurred at a higher temperature.

4.2. Pyrolysis mechanism of OM in OM-clay complexes

4.2.1. Fatty acid, amino acid, and alkylamine
4.2.1.1. Decarboxylation mechanism. Decarboxylation was one of the

most important reactions of OM with carboxyl groups that occurred in
the presence of Mt. Early works agreed that decarboxylation reactions
in clay environments involved the transfer of electrons (Almon and
Johns, 1975). That is, the Lewis acid sites of clay minerals (the acceptor
of electrons pair) catalyzed this decarboxylation. In this study, the
amount of Lewis acid sites in Mt reached up to 0.21 mmol/g, which
mainly resulted from the octahedral-coordinated Al3+ and/or Fe3+

cations exposed at the edges of Mt crystallites. In addition, several
studies reported that the hydrated cations will become Lewis acid sites
after undergoing dehydration (Shimizu et al., 2008). Thus, the residual
interlayer cations also exhibited Lewis acidity in high-temperature
environments and promoted the generation of CO2. This part of Lewis
acid sites within interlayer space were proposed to account for the
distinctly higher yields of CO2 evolved from ALAinter-Mt than evolved
from ALA-Mt.

Although Lewis acid sites are considered to be responsible for dec-
arboxylation, researchers have different opinions on the reaction
pathway. Almon and Johns, who investigated the influence of a variety

Fig. 6. Distributions of the main gaseous products of ALAinter–Mt
and DAinter–Mt with respect to temperature.

H. Liu et al. Applied Clay Science 153 (2018) 205–216

212



of layer silicates on the degradation of docosanoic acid, evidenced that
Lewis acid sites promoted decarboxylation via a free radical mechanism
with the generation of acylate radical intermediates (Almon and Johns,
1975). However, recent theoretical calculation by Geatches et al.
(2011) demonstrated the existence of a transition state in the forms of
alcohol and CO during the catalytic decarboxylation process of fatty
acid to crude oil involving clay minerals. These resulting alcohol in-
termediates subsequently transformed into hydrocarbons, accompanied
by the generation of CO2 (Geatches et al., 2011). In this study, as the
radical intermediates were unstable and hard to detect, and no evidence
showed the existence of transition-state products, the decarboxylation
pathway might represent one (or both) of the above-mentioned pro-
cesses.

4.2.1.2. Deamination mechanism. The aliphatic hydrocarbons and NH3

released during the pyrolysis of ALAinter-Mt, ALA-Mt, and DAinter-Mt
suggested the occurrence of Hofmann elimination. Rajagopal et al.
previously suggested that the deamination reaction was strongly
dependent on the Brønsted acid sites via the Hofmann elimination
pathway (Rajagopal et al., 1992). Mt contains abundant Brønsted acid
sites, as much as 0.09 mmol/g. These acid sites protonated alkyl amines
and initiated the decomposition of them following Hoffmann
elimination after heating (Kresnawahjuesa et al., 2002), which
produced alkane and NH3, leaving acidic protons on the surface of Mt
caused by β-carbon scission (Leite et al., 2010). A similar phenomenon
was also observed in the thermal decomposition of alkylammonium-
modified montmorillonite (Xie et al., 2001; Bellucci et al., 2007).

According to the definition of Hoffmann elimination, α-olefins (al-
kene) was one of the major products. However, unsaturated alkyl
products were not found during the pyrolysis of ALAinter-Mt and DAinter-
Mt, as they were only detected in the case of ALA-Mt. Reaction sites
(i.e., inside or outside interlayers) played a leading role in this conflict.
For OM located on the external surface of Mt, its evolved products were
transported to the FTIR detector in real time. Nevertheless, for the in-
terlayer OM, its primary products, such as alkene, were confined and
had difficulty diffusing due to the steric hindrance of the Mt sheet. With
increasing of temperature, the interlayer Brønsted acid sites of Mt
catalyzed the hydrogenation reaction of alkene to produce alkane.
Protons generated from Hoffmann elimination provided a sufficient H
source for this reaction (Fig. 7). Previous pyrolysis studies of kerogen
also supported a carbonium ion reaction mechanism involving Brønsted
acid sites for the transformation of α-olefins with protons into branched
isoalkanes (Pan et al., 2010).

Of particular interest was that the Hoffmann elimination reaction
mainly occurred within the interlayer space of Mt, rather than on the
external surface. This was related to the source of Brønsted acid sites in
Mt. Generally, Brønsted acid sites in Mt result from the polarized water
in the interlayer, H3O+ adsorbed by the tetrahedral sheet, and the
water adsorbed by unsaturated Al3+ cations on the edge of the layer
(Rupert et al., 1987). In this study, after experiencing high-temperature
heating (≥300 °C), the surface-adsorbed water of Mt was gone, thus
indicating the loss of Brønsted acid sites located on the external surface.
However, some of the interlayer water coordinated to cations still ex-
isted and exhibited stronger acidity (Frenkel, 1974). Meanwhile, the
H3O+ that was, adsorbed onto the silicon‑oxygen tetrahedral sheet due
to electrostatic force, started to produce H+ and generate new Brønsted

acid sites at this temperature (Rupert et al., 1987). That is, in a high-
temperature environment, most of the Brønsted acid sites of Mt were
sourced from interlayer space, which provided a good opportunity for
the OM within interlayers to be catalyzed by these acid sites. Moreover,
the protons produced by Hofmann elimination can also act as Brønsted
acid sites.

Another interesting phenomenon was that the obviously higher
yield but lower maximum release temperature of NH3 was detected in
the case of ALAinter-Mt than that of DAinter-Mt. The eNH3

+ groups of
interlayer ALA were attracted by the electrostatic force of the negative-
charged surface of Mt. Nevertheless, this positively charged group was
also H bonding with a carboxyl group of the other ALA molecules
(Huang, 2004). As a result, the CeN bond of ALA was weakened by
these two attractive forces from different directions and it was easier to
break than that of DAinter-Mt. The observations of ALA-Mt and DA-Mt
also supported this inference: a small amount of NH3 was detected in
ALA-Mt, while, this product was absent in the case of DA-Mt. This
phenomenon indicated that the coexistence of opposite-charged func-
tional OM groups could affect the pyrolytic behaviors of OM.

4.2.2. Quaternary ammonium salt
The decomposition of ammonium salts has been reported to occur

following either a Hoffmann elimination reaction or an SN2 nucleo-
philic substitution reaction (Xie et al., 2001). In the former, a Qua-
ternary ammonium salt is decomposed into an olefin, a tertiary amine,
and hydrogen chloride or hydrogen bromide in a basic environment
(Bellucci et al., 2007; Cope and Trumbull, 2004). In the latter, the
nucleophilic attack of neat surfactants by chloride/bromide anions
leads to the formation of the free amine and chloromethane/bromo-
methane (Davis et al., 2004; Cui et al., 2008).

To investigate the pyrolysis mechanism of DTAB and its complexes,
a supplementary TG-MS analysis was conducted to monitor the main
products related to the above decomposition pathway (see
Supplementary material). For neat DTAB, a significantly higher yield of
CH3Br than that of HBr was detected and much more alkane than al-
kene was also observed (Fig. s1), suggesting that DTAB underwent
pyrolysis mainly through SN2 nucleophilic substitution. Meanwhile, a
considerable amount of trimethyl amine was produced slightly later
than CH3Br and HBr. The production of trimethyl amine may result
from the second decomposition of the products of bromide-involved
elimination or nucleophilic degradation (Davis et al., 2004).

After mixing with Mt, nucleophilic substitution was still the primary
pathway for DTAB pyrolysis; however, the elimination reaction was
also remarkably enhanced, which was confirmed by the increase of
alkene and the increase in the HBr/CH3Br yield ratio compared to that
of neat DTAB (Fig. s2). This enhancement was attributed to the struc-
ture and solid acidity of Mt. The Lewis base sites and basic aluminosi-
licate surface of Mt were conductive to promoting the Hoffmann
elimination reaction of the proximal DTAB molecules. Because the ex-
ternal oxygen atoms on the siloxane surface of Mt, which exhibited
Lewis basicity (electron donors) (Schoonheydt and Johnston, 2013),
can abstract hydrogen from a β-carbon, resulting in the CeN cleavage
(Rajagopal et al., 1992). Additionally, as observed in the case of DA and
ALA, the Brønsted acid sites of Mt could also catalyze the Hoffmann
elimination of DTAB.

For DTABinter-Mt, a strong signal of trimethyl amine was observed

Fig. 7. Proposed Hoffmann elimination and hydrogenation
in the pyrolysis of ALA and DA within the interlayer space
of Mt.
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before the occurrence of HBr and CH3Br (Fig. s3). Obviously, in contrast
to neat DTAB, there was another mechanism for the generation of tri-
methyl amine. It is probable that the DTAB cations, which entered the
interlayer space through cation-exchange and subsequently adhered to
the negatively charged surface sites of Mt via electrostatic interaction,
underwent Hoffmann elimination via the catalysis of the Brønsted acid
sites of Mt and produced trimethyl amine, similar to that which oc-
curred in DA and ALA within the Mt interlayer. The higher yield of HBr
than CH3Br, as well as the higher production of alkene than alkane,
further demonstrated that elimination was the main pyrolysis way of
DTABinter-Mt. This results agreed well with previous researches (Xie
et al., 2001; Davis et al., 2004). Compared with DTAB–Mt, this reverse
result was largely attributed to the fact that most Brønsted acid sites
were sourced from interlayer space when the temperature exceeded
100 °C (Liu et al., 2011; Liu et al., 2013). Thus, the Brønsted acid sites
of Mt were capable of promoting the pyrolysis of DTAB cations and
DTAB molecules through Hoffmann elimination.

The above data indicate that the pyrolysis process of OM was sig-
nificantly affected by the nature of the OM and the association ways
between OM and swelling clay minerals (i.e., inside or outside inter-
layer space). The mechanism by which OM and clay were associated
largely depended on the function groups of OM. These groups strongly
affected the hydrophobicity, hydrophility, and cation-exchange ability
of organics, and they eventually determined whether or not organics
could enter the interlayer space of swelling clay minerals. In addition,
these functional groups played an important role in determining the
thermal stability of OM-clay complexes, such as carboxyl groups and
halide anions. The effects of these associations on the pyrolytic beha-
vior of OM were closely related to the properties and structures of clay
minerals. For example, attractive forces arose from clay mineral sheet
with negative charges and the steric effects of clay mineral sheet af-
fected the onset and maximum release temperature of pyrolytic pro-
ducts. Additionally, the solid acidity, including the structural source
(interlayer or external), types (Brønsted acid sites or Lewis acid sites),
and the amount of solid acid sites, influenced the pyrolysis pathway and
reaction intensity of OM.

4.3. Implications for the transformation of OM-clay complexes in natural
environments

The present results indicate that montmorillonite successively ac-
celerated the decarboxylation, CeC bond cleavage, and deamination of
fatty acid and amino acid with moderate carbon-chains. The degrada-
tion mechanism of these OM complexed with clay was in good agree-
ment with field observations. On the one hand, during progressive se-
dimentary burial, the O/C ratios decreased with the maturation of
organic matter (Vandenbroucke and Largeau, 2007), and the maximum
release peak of CO2 was shallower than the “oil window” (Seewald,
2003). On the other hand, abundant nitrogen was released in the form
of NH3 accompanied by the thermal evolution process of organics
(Cooper and Abedin, 1981; Cooper and Raabe, 1982; Williams and
Ferrell Jr, 1991; Williams et al., 1992). Thus, our study provided one of
the deoxidation and deamination pathways involving clay minerals
during the evolution of oxygen- and nitrogen-containing organics.

The decarboxylation of fatty acid and subsequent cracking were
proposed to be two important reactions during petroleum generation
(Jurg and Eisma, 1964; Shimoyama and Johns, 1971), and amino acids
were considered to be potential hydrocarbon sources after deamination
and decarboxylation. Thus, fatty acids and amino acids were regarded
as two kinds of important sedimentary organic matter for immaturate/
low-maturity source rock with a shallow burial depth (Shi et al., 1995;
Liu et al., 1997; Shi and Xiang, 2001; Li et al., 2003). Thus, given that
most swelling clay minerals (mainly montmorillonite and illite/mon-
tmorillonite) are distributed at the shallow depth (Merriman, 2005), the
present pyrolysis mechanism of fatty acid and amino acid in the pre-
sence of clay was particularly applicable to the study of formation

mechanism of bio-thermocatalytic transitional-zone gas involving the
catalysis of swelling clay. This proposal was supported by the analysis
of the catalysis of clay minerals on the pyrolysis of kerogen extracted
from the transitional zone source, in which montmorillonite was found
to be the major catalyst in the formation of the transitional-zone gas,
because it increased the gas production of organic matter and reduced
the thermo-degraded temperature by 50 °C (Lei et al., 1997).

In addition to the aforementioned catalysis effect, the delaying or
protecting effect of clay for some clay-OM complexes (e.g., DA/DTAB-
Mt interlayer complexes) was also observed. This phenomenon not only
implied the complexity of OM pyrolysis in clay-rich source rock but also
demonstrated the importance of microstructures of clay and the nature
of OM in the preservation and pyrolysis of OM. Abundant studies have
indicated that swelling clay minerals act as excellent natural adsorbents
for OM in sediments due to their active structural sites, such as ex-
changeable cations, hydrophobic surfaces and Si-OH (Cornejo et al.,
2008). Soluble organics can interact with these active sites to form
organic-clay external/interlayer complexes (Lagaly et al., 2013). These
associations are not only conducive to the accumulation of OM but also
protect them from bio-degradation. In this study, the analysis of halide-
containing organics also implied that the thermal stability of related
organics was affected by halide anions and that the primary pyrolysis
mechanism mostly depended on the relative amounts of halide anions
and Brønsted acid sites of the clay minerals of the microenvironment.
Recent research also found that Mt had an inhibiting effect on the
pyrolysis of halide-containing organics in a confined gold capsule
system (Bu et al., 2017). Therefore, the nature of OM, the structure and
solid acidity of clay minerals, and the complexation mechanism be-
tween OM and clay minerals must be considered together when eval-
uating the hydrocarbon-generation potential of natural organics in ar-
gillaceous source rocks.

The present experiment further verified the significance of swelling
clay minerals in the storage and pyrolysis of OM. Swelling clay mineral
has a large inner surface area due to its interlayer space, which provides
considerable space for the storage of organics. Rich organic resources
are the physical basis of oil and gas reservoirs. Thus, abundant swelling
clay minerals in sediment can be considered to be a good precondition
for great oil and gas potential. Furthermore, as described earlier, Mt
exhibited much more distinct catalysis or delaying effects for OM ex-
isting in interlayer space rather than that in external sites, which was
primarily attributed to the abundance of interlayer solid acid sites,
especially Brønsted acid sites. Due to the extensive existence of swelling
clays and the wide occurrence of OM-clay (swelling clay) complexes in
geological environments, the role of swelling clay minerals during di-
agenesis deserves more attention.

5. Conclusions

In this work, the pyrolysis of organic matter with different func-
tional groups occurring in and out of Mt interlayer was studied. Mt had
significant effects on the pyrolytic temperature and products of OM.
Different effects of Mt on the pyrolytic temperature were observed in
different OM, i.e., it accelerated LA and ALA pyrolysis but delayed DA
and DTAB pyrolysis. Mt also changed the products of pyrolysis, by
promoting the decarboxylation and Hoffmann elimination of these OM.
The evolution of carboxyl groups under the catalysis of Mt accounted
for the decrease in the decomposition temperature of carboxyl group-
containing OM.

All of these results indicated that interlayer space might be a more
important than external surface of Mt for promoting or delaying the
pyrolysis of organic matter due to the abundance of interlayer solid acid
sites and the negative charge and steric hindrance of clay layers. The
Lewis acid sites of Mt were responsible for the decarboxylation of or-
ganics. The Brønsted acid sites of Mt were capable of promoting the
pyrolysis of nitrogen-containing organics through Hoffmann elimina-
tion. Brønsted acid sites of clay minerals and halide anions were crucial
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factors in determining the thermal stability and pyrolysis pathway of
the halide-containing organic-clay complexes. The case of ALA implied
that the coexistence of opposite-charged functional groups of OM could
affect the pyrolytic behaviors of OM.

The findings of this work clearly demonstrated that the pyrolysis
process of OM in the presence of clay minerals strongly depended on
the nature of OM, the nature of clay minerals, and the association ways
between organics and clay minerals.
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