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Abstract

The stability and persistence of organic matter (OM) in source rocks are of great significance for hydrocarbon generation
and the global carbon cycle. Clay-OM associations commonly occur in sedimentation and diagenesis processes and can influ-
ence the pyrolytic behaviors of OM. In this study, clay-OM complexes, i.e., interlayer clay-OM complexes and clay-OM mix-
ture, were prepared and exposed to high-pressure pyrolysis conditions in confined gold capsule reactors to assess variations in
OM pyrolysis products in the presence of clay minerals. Three model organic compounds, octadecanoic acid (OA), octadecy
trimethyl ammonium bromide (OTAB), and octadecylamine (ODA), were employed and montmorillonite (Mt) was selected
as the representative clay mineral. The solid acidity of Mt plays a key role in affecting the amount and composition of the
pyrolysis gases generated by the clay-OM complexes. The Brønsted acid sites significantly promote the cracking of hydrocar-
bons through a carbocation mechanism and the isomerization of normal hydrocarbons. The Lewis acid sites are primarily
involved in the decarboxylation reaction during pyrolysis and are responsible for CO2 generation. Mt exhibits either a catal-
ysis effect or pyrolysis-inhibiting during pyrolysis of a given OM depending on the nature of the model organic compound and
the nature of the clay-OM complexation. The amounts of C1–5 hydrocarbons and CO2 that are released from the Mt-OA and
Mt-ODA complexes were higher than those of the parent OA and ODA, respectively, indicating a catalysis effect of Mt. In
contrast, the amount of C1–5 hydrocarbons produced from the pyrolysis of Mt-OTAB complexes was lower than that of
OTAB, which we attribute to an inhibiting effect of Mt. This pyrolysis-inhibiting effect works through the Hoffmann elimi-
nation that is promoted by the catalysis of the Brønsted acid sites of Mt, therefore releasing smaller amounts of gas hydro-
carbons than the nucleophilic reaction that is induced by the halide ions in OTAB. In particular, the interlayer space of Mt
acts as an ‘amplifier’ that magnifies the above-mentioned catalysis or pyrolysis-inhibiting effect, due to the greater number of
Brønsted acid sites with high acidity in the interlayer space. These findings are potentially important for understanding the
storage and transfer mechanisms of natural OM in sedimentation and diagenesis processes.
� 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The associations between organic matters (OM) and
clay minerals in sediments or sedimentary rocks have been
attracting increasing research interest in past decades
(Ransom et al., 1998; Ingalls et al., 2004; Mayer, 2004;
Lopez-Sangil and Rovira, 2013; Zhu et al., 2016). Multiple
independent studies have shown the widespread existence of
clay-OM associations, for instance, OM in sediments or
source rocks is primarily associated with clay minerals
(Bergamaschi et al., 1997; Mayer, 1999), and separating
OM from clay minerals by physical methods (e.g., lateral
transport fractionation technology) is difficult (Keil et al.,
1994; Mayer, 1994). In particular, a direct proportionality
between the concentration of OM and the sediment mineral
surface area (MSA) was observed. This observation sup-
ports clay-OM association because the MSA of sediment
is actually controlled by the abundance of the clay minerals
with very high specific surface area (such as smectite),
which has two orders of magnitude greater MSA than
quartz or carbonate (Hedges and Keil, 1995). As proposed
by these studies, the mechanisms of OM preservation and
enrichment with clay minerals constitute a key factor that
affects the global carbon cycle processes such as
hydrocarbon-generation.

Several types of clay-OM associations have been pro-
posed including: (i) the physical sheltering (e.g., encapsula-
tion) of OM by clay mineral aggregates (Ransom et al.,
1998; Salmon et al., 2000); (ii) the sorption of OM by clay
minerals (Kell et al., 1994; Keil and Cowie, 1999; Satterberg
et al., 2003; Zimmerman et al., 2004); and (iii) the interca-
lation of OM within the interlayer space of swelling clay
minerals (e.g., smectite group minerals) (Kennedy et al.,
2002; Zhu et al., 2016), which is actually a kind of sorption
but only occurs in the interlayer space of clay. The resultant
from the third clay-OM association has been termed
‘‘organo-clay nanocomposite” because the intercalation
occurs at the nanometer or even angstrom scale (Theng
et al., 1986; Kennedy et al., 2002; Kennedy and Wagner,
2011).

The storage of OM within the interlayer space of clay
minerals has been investigated less often than the other
two types of clay-OM associations (physical sheltering
and sorption of OM by clay minerals). Because OM inter-
calation occurs at very small scales, characterizing the
resulting complexes of this clay-OM association (hereafter
denoted as ‘‘interlayer clay-OM complex”) is technically
challenging. A few previous studies had focused on the
occurrence and characteristic of natural interlayer clay-
OM complexes in some source rocks or sediments (Perez
Rodriguez et al., 1977; Theng et al., 1986; Schulten et al.,
1996; Lu et al., 1999; Zhu et al., 2016), in which the inter-
calation of natural organics was indicated by the expansion
of the interlayer distance of montmorillonite (Mt) or mixed-
layered Mt-Illite. The understanding of interlayer clay-OM
complexes got further improved by Kennedy, who con-
ducted a series of related studies on thermally immature
Cretaceous sediments from the western interior seaway of
North America (Kennedy et al., 2002) and the Deep Ivorian
Basin of the eastern Atlantic (Kennedy et al., 2002;
Kennedy and Wagner, 2011). The above-mentioned studies
clearly demonstrated that expandable smectite plays a key
role in the preservation of OM and the intercalation of
OM in swelling clay plays an important role in OM accu-
mulation in the geological record. Recently, Kennedy
et al. (2014) further characterized interlayer clay-OM com-
plexes by using high-resolution transmission electron
microscopy (HRTEM) and obtained direct HRTEM evi-
dences of occurrence of OM as nanometer-scale intercala-
tions in swelling clays.

However, the geochemical behavior of interlayer organ-
ics in interlayer clay-OM complexes currently remains
poorly understood, although this topic is actually of great
meaning not only for understanding the storage mechanism
of organic carbon in sedimentary records but also for
knowing the pathways of interlayer organics that are
involved in the global carbon cycle. Moreover, this topic
is beneficial to understanding the role and behavior of clay
minerals in organic geological processes. Among the most
urgent issues in this field, the thermal stability and the pyr-
olytic behaviors of interlayer organics are of particular
interest because they directly reflect the pathways and
mechanisms regarding how the interlayer organics enter
the geologic record or the hydrocarbon-generation process
by their thermal degradation to small organic molecules.

In fact, the pyrolysis of organics and hydrocarbon gen-
eration in the presence of clay minerals (e.g., Kuhl, 1942;
Jurg and Eisma, 1964; Faure et al., 2003; Li et al., 2003;
Berthonneau et al., 2016) have been explored since as early
as 1940s; however, interlayer clay-OM complexes had never
been taken into account, because the occurrence of inter-
layer clay-OM complexes had not even been recognized.
In most experimental studies on the pyrolysis of organics
in the presence of clay minerals, natural organics (such as
kerogen and bitumen) were simply mixed with clay minerals
to create clay-OM mixture (e.g., Galwey, 1972; Heller-
Kallai et al., 1984; Tannenbaum and Kaplan, 1985a; Pan
et al., 2010; Hu et al., 2014), and interlayer clay-OM com-
plexes had not been purposely prepared. Thus, how the
intercalation complexation between OM and clay minerals
could affect the pyrolytic behaviors of OM remains largely
unknown, so related investigations need to be conducted.

In this work, the high temperature-pressure pyrolytic
behavior of clay-OM complexes is studied. Three aliphatic
hydrocarbons, octadecanoic acid (CH3(CH2)16COOH,
abbreviated as OA), octadecy trimethyl ammonium bro-
mide (CH3(CH2)17N(CH3)3Br, OTAB), and octadecy-
lamine (CH3(CH2)16CH2NH2, ODA) were used as the
model organic compounds that were complexed with Mt.
Mt is a ubiquitously occurring swelling clay minerals in
source rocks and sediments, and it possesses expandable
interlayer space for hosting intercalations of organics. The
reason for selecting the above organics is as follows. Ali-
phatic hydrocarbons are an important lipid fraction in liv-
ing organisms and appear as a common organic constituent
of source rocks (Xiang et al., 1997; Thiel et al., 1999). In
particular, aliphatic hydrocarbon (such as fatty acids) rep-
resents one of the most commonly occurring natural organ-
ics during hydrocarbon generation of source rocks
(Vandenbroucke and Largeau, 2007), although a thorough
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understanding on the highly complex composition and
structure of kerogen and bitumen in source rocks has not
yet been achieved (Bousige et al., 2016). The decarboxyla-
tion and subsequent cracking of aliphatic hydrocarbons
are assumed to serve as key processes for petroleum gener-
ation (Jurg and Eisma, 1964; Shimoyama and Johns, 1971).
It is also found that aliphatic hydrocarbons exist in the
interlayer space of clay minerals in natural clay-OM com-
plexes in sediments (Schulten et al., 1996; Zhu et al.,
2016). Among the model organic compounds, OA is one
of the most abundant fatty acids in nature; OTAB and
ODA are selected for comparison purposes, because they
have the same alkyl chains as that of OA but with different
functional groups. Moreover, alkyl chains and ammonium
ions are typical groups of natural organics in source rocks
(Krooss et al., 1995; Vandenbroucke and Largeau, 2007).
A comparison based on the difference of functional groups
is expected to be useful in revealing the influences of the
characteristics of organics on the pyrolytic behaviors of
clay-OM complexes. In addition, based on the knowledge
of intercalation chemistry of clay minerals (Bergaya and
Lagaly, 2013), either OTAB or ODA can be readily cation-
ized and thus can be intercalated into the interlayer of Mt
via cation exchange to prepare interlayer clay-OM com-
plexes; in contrast, OA is non-ionic so that it cannot be
intercalated into the interlayer of Mt. With this compar-
ison, some information about the different roles of the
interlayer space and external surface of clay minerals in
the pyrolysis of OM can be obtained. Anhydrous condi-
tions (i.e., no extra water was added) was applied in the
pyrolysis experiments to exclude the effects of water as
much as possible, aiming at simplifying the possible factors
and thus only focus on the effects of clay-OM complexation
on the pyrolysis. A confined high temperature-pressure sys-
tem and its associated gas chromatograph were used to
quantitatively monitor the details of pyrolytic reactions.
The structural characteristics of the interlayer clay-OM
complexes were studied by using X-ray diffraction (XRD)
and Fourier transform infrared (FTIR) techniques to com-
prehensively investigate the clay-OM complexation and the
OM pyrolysis mechanisms.

2. MATERIALS AND METHODS

2.1. Materials and Mt-OM complexes preparation

OA (with a purity of 95 wt%), OTAB (98 wt%), and
ODA (99 wt%) were purchased by Sigma-Aldrich and were
used without further purification. The raw Mt sample
(sourced from Inner Mongolia, China) was purified by
repeated sedimentation to remove impurities, and a
<2 lm fraction was collected and used for the experiments.
The chemical compositions (wt%) of Mt are as follows:
SiO2, 63.0%; Al2O3, 16.2%; Fe2O3, 4.9%; CaO, 0.3%;
MgO, 4.6%; Na2O, 3.6%; K2O, 0.1%; TiO2, 0.4%; Ignition
Loss, 6.9%. The cation exchange capacity (CEC) of the Mt
is 110.5 mmol/100 g. According to X-ray diffraction (XRD)
analysis, the content of Mt in the specimen is high (>90%)
and a small amount of quartz impurity exists in Mt. Before
being used for clay-OM complexation, Mt was Na-
saturated by three Na-saturation/washing cycles. The pro-
cedure was as follows. The Mt powder was dispersed in
deionized water and treated with 0.5 M NaCl solution
under vigorous stirring at 80 �C for 24 h. The resultant
solid was separated by centrifugation and the product
was again sent for treating with NaCl solution, and the
above process was repeated three times. The product was
repeatedly washed with distilled water and then freeze-
dried for 48 h.

The interlayer Mt-OTAB complex was prepared by dis-
persing a known amount of organics (4.34 g) in distilled
water, stirring at 80 �C for 30 min, and slowly adding
20 g of Mt, with a mass ratio of water/Mt of 20:1. The mix-
ture was stirred for 12 h at 60 �C. The interlayer Mt-ODA
complex was prepared according to the following proce-
dure. 5.96 g of ODA was added to 200 mL of 0.14 M HCl
solution and kept at 80 �C by using a water bath. The
resulting solution was added to a dispersion that consisted
of 10 g of Mt and 1000 mL of distilled water. The mixture
was stirred at 80 �C for 30 min. The solids of the above-
mentioned mixtures were filtered and repeatedly washed
with distilled water to remove OTAB or ODA in excess
and then were dried and ground. The resulting interlayer
Mt-OTAB and Mt-ODA complexes are labeled as Mtinter-
OTAB and Mtinter-ODA, respectively. The contents of
organic matter in Mtinter-OTAB and Mtinter-ODA were
30.3 wt% and 36.4 wt%, respectively. The Mt-OM mixtures
were prepared by using previously reported methods
(Espitalie et al., 1980; Tannenbaum and Kaplan, 1985a;
Wei et al., 2006; Hu et al., 2014), in which the organics were
simply mixed with clay minerals by grinding, and the mass
ratio of clay/OM also refers to these previous studies. 5 g of
Mt and 1.25 g of model organics, OA, OTAB, and ODA,
were mixed and ground through ball milling for 20 min to
achieve a uniform and complete mixing by using a
Pulverisette-6 Planetary Mill. The products are denoted as
Mt-OA, Mt-OTAB and Mt-ODA, respectively. The con-
tent of organic matter in the Mt-OM mixture (Mt-OA,
Mt-OTAB or Mt-ODA) was 20.0 wt%.

2.2. Characterization of Mt-OM complexes

The content of organic matter in the interlayer Mt-OM
complex was determined by elemental analyses, which were
performed by using an Elementar Vario EL III Universal
CHN elemental analyzer. Major element oxides were deter-
mined by using a Rigaku RIX 2000 X-ray fluorescence
spectrometer (XRF) on fused glass beads. The powder
XRD analysis was performed on a Bruker D8 Advance
diffractometer with a Ni filter and Cu Ka radiation
(40 kV and 40 mA). The diffraction patterns were collected
from 2� to 40� (2h) at a scanning rate of 3� min�1. The
FTIR spectra of the samples in the pressed KBr pellets were
recorded on a Bruker Vertex-70 FTIR spectrometer. The
spectra were collected over a range of 400–4000 cm�1 with
64 scans at a resolution of 4 cm�1. A thermogravimetric
(TG) analysis of the samples was performed using a Net-
zsch 449C instrument. Approximately 5–10 mg of samples
powder was heated at a heating rate of 10 �C/min under a
high-purity N2 atmosphere (60 cm3/min).
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The measurements on the solid acidity of Mt were per-
formed by using Hammett indicators method (Liu et al.,
2011). The types of solid acid sites were differentiated by
using diffuse reflectance Fourier transform infrared spec-
troscopy (DRIFT) in which pyridine was used as a probe
molecule. The detailed measurement procedures are
described in Part I of Supplementary Materials (SM).

2.3. Pyrolysis experiment

The high temperature-pressure pyrolysis experiment was
conducted in a flexible gold capsule (6 mm outside diame-
ter, 0.25 mm wall thickness and 6 cm length) that was con-
tained within a steel pressure vessel (autoclave). The vessel
was placed in a furnace with a fan at the bottom to main-
tain a stable temperature during the experiment. One end
of the gold capsule was welded before being loaded with
the sample. After the samples were loaded, the open end
of each capsule was squeezed in a vise under argon purging
to create an initial seal. The sealed capsule was then welded
under an argon atmosphere. During the welding, the previ-
ously welded end was submerged in cold water to prevent
the reactant from heating. The experimental system allowed
twelve pressure vessels to be placed in a single furnace, and
one gold capsule was placed into each vessel. The internal
pressure of the vessel was adjusted to 36 MPa by pumping
water into the vessels before heating. The error of the pres-
sure measurements was <±0.1 MPa. The internal pressure
was automatically maintained during the pyrolysis experi-
ment by pumping water into or out of the vessel. The pyrol-
ysis experiment was conducted at 350 �C, which was fixed
by a thermocouple placed in the furnace and attached to
one of the vessels. The error of the temperature measure-
ments was <±1 �C. The initial heating to 350 �C was
achieved in approximately 24 h, and the subsequent isother-
mal heating lasted for 48 h. The amount of the loaded OM
was approximately 100 mg, and that of the Mt-OM com-
plex was approximately 300 mg.

The volatile components generated from the pyrolysis
experiments were released by piercing the capsule and then
were collected and concentrated in a device connected to an
Agilent 6890N gas chromatograph (GC) that was modified
with Wasson-ECE Instrumentation. The modified GC was
equipped with three detectors: a flame ionization detector
(FID) was used to analyze gaseous hydrocarbons (carrier
gas: helium); a thermal conductivity detector (TCD) was
used to analyze H2 (carrier gas: nitrogen); and another
TCD was used to analyze other inorganic gases (using
helium as a carrier gas). The tests based on the external
standard gases indicated that the relative errors of this
device were less than 0.5%. The main operating steps were
as follows: First, the entire device was evacuated by a vac-
uum pump to reach an internal pressure (<1 � 10�2 Pa).
Then, the gold capsule was pierced with a needle to allow
the gases to escape into the device, and the modified GC
was opened to let the gases enter until the internal pressure
reached a stable value. Finally, the gas components were
analyzed in an automatically controlled procedure for the
GC device. The oven temperature for the hydrocarbon
gas analysis was initially held at 70 �C for 6 min, increased
from 70 to 130 �C at 15 �C/min, and increased again from
130 to 180 �C at 25 �C/min, and then held at 180 �C for
2 min. The temperature was held at 90 �C for the inorganic
gas analysis.

3. RESULTS

3.1. Structural characteristics of the Mt-OM complexes

The XRD patterns of the Mt and Mt-OM complexes are
shown in Fig. 1. The (001) characteristic diffraction of Mt
appears at approximately 7� (2h) with d001 value of 1.26 nm
(Fig. 1a). In the XRD patterns of the two interlayer Mt-
OM complexes, Mtinter-OTAB and Mtinter-ODA
(Fig. 1d and f), the d001 values are 2.36 nm and 3.34 nm,
respectively. These d001 values correspond to interlayer dis-
tances of approximately 1.40 nm and 2.38 nm, respectively.
The reason is that the height of a tetrahedron-octahedron-
tetrahedron (TOT) layer of montmorillonite is approxi-
mately 0.96 nm (Yariv et al., 2011; Bergaya and Lagaly,
2013), and the interlayer distance of Mt is obtained by sub-
tracting the thickness of TOT from the d001 value. The
interlayer distances of Mtinter-OTAB and Mtinter-ODA are
obviously larger than that of Mt (approximately 0.30 nm),
indicating the successful intercalation of OTAB and ODA
into the interlayer space of Mt. A diffraction peak at 5� with
a d spacing of 1.77 nm is shown for Mtinter-ODA (Fig. 1f).
It is assigned to (002) reflection, suggesting that the inter-
calation of OM occurred without the destruction of the lay-
ered structure of Mt. The positions of the (001) diffractions
of the Mt-OM mixtures (Mt-OA, Mt-OTAB and Mt-ODA)
do not obviously shift (Fig. 1b, c, and e), compared to that
of the (001) diffraction of Mt, which indicates the non-
intercalation states of the OMs in the Mt-OM mixtures.
It is noteworthy that a broadening of the (001) reflection
in the case of Mt-ODA (Fig. 1e) is observed. This broaden-
ing implies irregular basal spacing and therefore a low crys-
talline order of Mt. A possible reason of the broadening is
the very small-scale intercalation of ODA during sample
preparation, but such intercalation (if exists) is negligible
because the position of (001) reflection of Mt-ODA are
entirely close to that of Mt. In addition, for all Mt-OM
complexes, the intensities of the characteristic non-basal
(02,11) reflections (hk-band groups) of Mt at approximately
20� (2h) remain unchanged, reflecting that the layered struc-
ture of Mt was not disturbed during samples preparation.

The FTIR spectra of Mt, OMs and Mt-OM complexes
are shown in Fig. 2. The assignments for the vibrations
are summarized in Table 1, and they are based on the pre-
vious reports (Madejova and Komadel, 2001; Andjelkovic
et al., 2006; Yuan et al., 2008; Pálková et al., 2010). The
FTIR spectra of the Mt-OM mixtures show a combination
of characteristic bands of Mt and of the OMs (OA, OTAB
and ODA) (Fig. 2a–c, e, g–i; Table 1). However, both
Mtinter-OTAB and Mtinter-ODA exhibit some vibrations
that are different from those of Mt (Fig. 2a, d, f). For exam-
ple, the broad band at 3440 cm�1 is attributed to OAH
stretching vibrations of the physically adsorbed water and
interlayer water, which are strongly affected by the OM
intercalation (He et al., 2004). For Mtinter-OTAB



Fig. 1. Powder X-ray diffraction patterns of the clay-OM complexes and the solid residues reclaimed from the pyrolysis. (a) Mt; (b) Mt-OA;
(c) Mt-OTAB; (d) Mtinter-OTAB; (e) Mt-ODA; (f) Mtinter-ODA; (g) the solid residue reclaimed from the pyrolysis of Mt-OTAB; (h) The solid
residue from Mtinter-OTAB pyrolysis; (i) the solid residue from Mt-ODA pyrolysis; (j) the solid residue from Mtinter-ODA pyrolysis.
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(Fig. 2d), the intensity of 3440 cm�1 band is obviously
reduced and the band position shifts to a lower wavenum-
ber, indicating the occurrence of OTAB intercalation. For
Mtinter-ODA (Fig. 2f), the 3440 cm�1 band almost disap-
pears, which implies that the ion-exchange in this case
was relatively complete. These observations indicate that
the interlayer water was largely removed through organics
intercalation (Ma et al., 2010; Karaca et al., 2013). The



Fig. 2. FTIR spectra of clay, model organics, and clay-OM complexes. (a) Mt; (b) Mt-OA; (c) Mt-OTAB; (d) Mtinter-OTAB; (e) Mt-ODA; (f)
Mtinter-ODA; (g) OA; (h) OTAB; (i) ODA.

Table 1
Band assignments of the FTIR spectra of the samples (Madejova
and Komadel, 2001; Andjelkovic et al., 2006; Yuan et al., 2008;
Pálková et al., 2010).

Wavenumber
(cm�1)

Band assignments

3613 OAH stretching of structural hydroxyl group
of Mt

3440 OAH stretching of water of Mt
3333 NAH stretching
3248/3182 NAH asymmetrical stretching
2921/2918 CH2 antisymmetric stretching
2852/2850 CH2 symmetric stretching
1703 C@O stretching
1642 HAOAH bending
1094 Perpendicular SiAO stretching
1031 SiAO stretching
519 SiAOAAl deformation
464 SiAOASi bending
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amounts of the remaining water in Mtinter-OTAB and
Mtinter-ODA, determined by the mass loss up to 200 �C in
the TG curves (not shown), are 2.88% and 0.55%, respec-
tively. In addition, for the interlayer Mt-OM complexes
(Fig. 2d and f), the SiAO stretching vibration of Mt at
approximately 1031 cm�1 splits into a sharp band at
1031 cm�1 with a shoulder around 1094 cm�1 (attributed
to perpendicular SiAO stretching; Slosiariková et al.,
1992). The above-mentioned phenomenon confirms the
intercalation of OTAB or ODA into the interlayer space
of Mt via cation exchange, which is in agreement with the
XRD results.

3.2. Gaseous components produced from the pyrolysis of Mt-

OM complexes

3.2.1. Methane and total gaseous hydrocarbon (RC1–5)

The amounts of gaseous hydrocarbon produced from
pyrolysis are shown in Fig. 3 (the detailed data is given as
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Table S3 in Part II of SM). The amount of methane gener-
ated from OTAB pyrolysis is 45.13 mg/g of OM, which is
almost two orders of magnitude higher than that from
OA pyrolysis (Fig. 3a). The methane amount for Mt-OA
is higher than that for OA, and the methane amounts for
Mt-ODA and Mtinter-ODA are close to that for ODA. Nev-
ertheless, the methane amounts for the Mt-OTAB com-
plexes are generally lower than that for OTAB alone;
especially, the methane amount for Mtinter-OTAB
(5.92 mg/g of OM) is significantly lower than that for
OTAB and that for Mt-OTAB (20.03 mg/g of OM). The
amount of methane released from OTAB pyrolysis is
approximately 7 times as large as that from Mtinter-OTAB
(Fig. 3a).

The amounts of total gaseous hydrocarbons (RC1–5)
produced from OM pyrolysis almost have the same trend
as the amounts of methane (Fig. 3a). The RC1–5 value of
OA is 0.99 mg/g of OM, which is lower than that of Mt-
OA. The RC1–5 value of ODA is 0.58 mg/g of OM, nearly
equivalent to that of Mt-ODA. The RC1–5 value of Mtinter-
ODA is approximately 10 times as large as that of ODA.
The RC1–5 value of OTAB is 60.43 mg/g of OM, which is
obviously higher than that of Mt-OTAB (24.14 mg/g of
OM) and is much higher than that of Mtinter-OTAB
(10.63 mg/g of OM).

3.2.2. Non-hydrocarbon gases

The amounts of H2 produced from the pyrolysis of OA,
Mt-OA, OTAB, and Mt-OTAB are all very low (Fig. 3b).
The H2 yield for ODA is much higher than that for OA
or OTAB, and is nearly equivalent to that for Mt-ODA;
Fig. 3. Variations of the amount and composition of the gaseous pyroly
gaseous hydrocarbons (RC1–5) and methane (C1); (b) amounts of H2; (c
alkenes/alkanes; (f) amounts of solid acid sites of Mt. QT: the amount
amount of Lewis acid sites; H0 denotes the solid acid strength determine
however, the H2 yield for Mtinter-ODA is almost negligible
(Fig. 3b).

The amount of CO2 that released from OA pyrolysis is
17.18 mg/g of OM (Fig. 3c), lower than that from Mt-OA
pyrolysis (21.94 mg/g of OM). For OTAB, the amount of
produced CO2 is low (1.27 mg/g of OM), whereas the
amount of CO2 released from Mt-OTAB is 18.83 mg/g of
OM, which is approximately 2 times greater than that from
Mtinter-OTAB (8.71 mg/g of OM). Almost no CO2 was
released from ODA, whereas the amount of CO2 produced
fromMt-ODA reaches 15.65 mg/g of OM, which is approx-
imately 8 times as large as that from Mtinter-ODA (1.85 mg/
g of OM) (Fig. 3c).

3.2.3. Ratios of iso-alkanes/n-alkanes and alkenes/alkanes

The isomerization in the pyrolysis of OA alone was very
limited, because the ratios of i-butane/n-butane (iC4/nC4)
and i-pentane/n-pentane (iC5/nC5) for OA are only 0.01
and 0.03, respectively. For Mt-OA, these two ratios signif-
icantly increased to 0.25 (iC4/nC4) and 0.57 (iC5/nC5)
(Fig. 3d). For OTAB, the ratios of iC4/nC4 and iC5/nC5

vary with the clay-OM associations. The variation trend
of the iC4/nC4 and iC5/nC5 ratios follows an order of
Mtinter-OTAB > OTAB > Mt-OTAB. For ODA, the iso-
merization was promoted in the pyrolysis of Mt-ODA com-
plexes, especially for Mtinter-ODA. The ratios of iC4/nC4

and iC5/nC5 are significantly higher than those of ODA
and of Mt-ODA (Fig. 3d).

Only trace amounts of C2H4 and C3H6 were produced
during the pyrolysis of OA, OTAB and ODA (Fig. 3e).
However, for all OM, both the C2H4/C2H6 and C3H6/
sis products of different clay-OM complexes. (a) Amounts of total
) amounts of CO2; (d) ratios of iso-alkanes/n-alkanes; (e) ratios of
of total acid sites; QB: the amount of Brønsted acid sites; QL: the
d by Hammett indicators method.
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C3H8 ratios are higher for the Mt-OM complexes than for
OM alone. The C2H4/C2H6 and C3H6/C3H8 ratios of
Mtinter-OTAB are close to those of Mt-OTAB (Fig. 3e).
However, the C2H4/C2H6 and C3H6/C3H8 ratios for the
Mt-ODA are higher than those of Mtinter-ODA. In addi-
tion, both ratios for ODA are very low, similar to the case
of Mtinter-ODA (Fig. 3e).

4. DISCUSSION

4.1. Influence of Mt-OM complexation on yield of

hydrocarbons

The much higher yield of C1–5 hydrocarbons from Mt-
OA than from OA indicates that OA complexation with
Mt obviously affected the pyrolysis of OA, especially pro-
moted the production of low-molecular-mass hydrocar-
bons. As demonstrated by previous studies, clay minerals
with inherent solid acidity may participate in the pyrolysis
reactions of organics (Singh et al., 2007; Bergaya and
Lagaly, 2013; Liu et al., 2013). Some studies that focused
on hydrocarbon generation from natural kerogen also indi-
cated that the hydrocarbon proportions of gas in the pyrol-
ysis products increased as kerogen was mixed with Mt
(Tannenbaum and Kaplan, 1985a; Huizinga et al., 1987a;
Kumar et al., 1995; Pan et al., 2010). The present experi-
mental results of Mt-OA are in agreement with the previous
findings.

Mtinter-ODA represents a case that is different from
those of Mt-OA and of previous studies, in which only
the external surface of Mt was considered (Huizinga
et al., 1987a, 1987b; Pan et al., 2010). Much higher yield
of C1–5 hydrocarbons from Mtinter-ODA than that from
Mt-ODA is shown. This result is due to the different occur-
rence of solid acidity in the interlayer space and in the exter-
nal surface of Mt, and it implies that the catalytic sites for
the pyrolysis mainly arose from the interlayer space of Mt.

These interlayer catalytic sites likely source from the
interlayer hydrated cations, which is one of the primary
Brønsted acidity (i.e., proton-donating capability; shorted
as B acidity hereafter) of Mt (Frenkel, 1974; Newman,
1987; Tyagi et al., 2006). According to the XRF analysis
result (Table S4 in part III of SM), the Na2O contents in
Mtinter–OTAB and Mtinter–ODA are 0.2 wt% and 0.5 wt
%, respectively; and they are obviously lower than that of
Mt (3.6 wt%). This result indicates that a small quantity
of Na+ remained in the interlayer space of Mtinter–OTAB
and Mtinter–ODA, although most interlayer Na+ of Mt
had been exchanged by the organics. The water molecules
associated with the remaining interlayer Na+ very likely
acted as B acid sites because they were strongly dissociated
and capable of providing protons. Theng (1971) indicated
that as smectite was expanded with more than a single
molecular layer of water, the polarization effect of the inter-
layer cation would be distributed among a large number of
water molecules, and the effective acidity in such a system
would approach that of water in an aqueous solution. In
contrast, at low water contents, the polarization forces
would become more concentrated on the few residual water
molecules, significantly increasing their dissociation and
proton-donating ability. The dissociation constant of the
residual water may be on the order of 106 times higher than
that of normal water (Fripiat and Cruz-Cumplido, 1974).
Therefore, the water molecules associated with the remain-
ing interlayer Na+ ions of Mt acted as the B acid sites,
which initiated the hydrocarbon cracking of ODA through
a carbocation pathway (Tannenbaum and Kaplan, 1985b;
Kissin, 1987).

From the perspective of the surface chemistry of clay
minerals, there are several possible sources of solid acid
sites (schematically represented in Fig. 4) of Mt. Besides
the interlayer dissociated water described above, the silanol
(SiAOH) and aluminol (AlAOH2OH) groups at the edge
surface of Mt are also intrinsic B acid sites due to their high
pKa values. A detailed subdivision on these types of B acid
sites have been achieved by Liu et al. (2013, 2014, 2015a,
2015b) and Tournassat et al. (2016), who used the first prin-
ciples molecular dynamics (FPMD) model to simulate the
surface acidity of clay minerals. In addition, possible B acid
sites also include the H3O

+ ions electrostatically captured
by the negatively charged basal surface, in which the nega-
tive charge are sourced from element substitution (e.g.,
SiAAl substitution in SiAO tetrahedron) (Newman, 1987;
Rupert et al., 1987). The Lewis (L) acid sites mainly arise
from the octahedrally coordinated Al3+ and/or Fe3+ ions
exposed at the edges of Mt crystallites (Newman, 1987;
Rupert et al., 1987). According to the solid acidity measure-
ment results (Fig. 3f), the amounts of B and L acid sites of
Mt at the pyrolysis temperature (350 �C) are 0.07 mmol/g
and 0.18 mmol/g, respectively. This result indicates that
the solid acidity of Mt still works for the pyrolysis of OM
under high-temperature pyrolysis conditions. For Mt-OA
and Mt-ODA, the organics were not intercalated into the
interlayer so that they were mostly catalyzed by the acid
sites at the external surface, which resulted in a relatively
low yield of C1–5 hydrocarbons. However, the amount of
C1–5 hydrocarbons produced from Mtinter-ODA is approx-
imately 8 times greater than that from Mt-ODA, indicating
the more significant catalytic effect of the interlayer B acid
sites than of the B acid sites at the external surface for the
yield of gaseous hydrocarbons. This result could be due to
two possible reasons: (i) one is that the interlayer B acid
sites are with high acidity, as proposed in previous reports
aforementioned; (ii) the other is, because of the low propor-
tion of the edge surface relative to the interlayer inner sur-
face (Macht et al., 2011), the number of interlayer B acid
sites is much larger than that of B acid sites at the external
surface.

Contrary to the case of the Mt-ODA complexes, the
yield of C1–5 hydrocarbons from the Mt-OTAB complexes
is much lower than that from OTAB alone. In particular,
Mtinter-OTAB produced the lowest amount of gaseous
hydrocarbons. It appears that the aforementioned catalytic
effect of Mt applicable to the case of Mt-ODA complexa-
tion was inhibited or counteracted in the case of Mt-
OTAB complexation. This result is due to the nature of
OTAB and the catalysis of the B acid sites. The main com-
positional difference of OTAB compared to OA and ODA
is the presence of halide anions in OTAB structure. During
the pyrolysis of quaternary ammonium, halide anions are



Fig. 4. Schematic representation of the possible sources of solid acid sites of Mt. B site denotes the Brønsted acid site; L site denotes the Lewis
acid site.
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susceptible to attack methyl at elevated temperatures (Cui
et al., 2008). For the pyrolysis of molecular OTAB (pure
OTAB or OTAB in Mt-OTAB), nucleophilic substitution
on the R4N

+ moiety by a bromine ion led to the formation
of RABr and tertiary amine (Fig. 5a). In contrast, for the
pyrolysis of ionic OTAB (i.e., OTA+ in Mtinter-OTAB),
bromine ions were absent, so the Hoffmann elimination
reaction was promoted through the breaking of CAN bond
by the catalysis of the B acid sites of Mt (Rajagopal et al.,
1992; Liu et al., 2013), producing an olefin and a tertiary
amine (such as trimethylamine) (Fig. 5b) (Xie et al., 2001;
Davis et al., 2004; Bellucci et al., 2007; Cui et al., 2008).
It is noteworthy that, the configuration of OTA+ in the
interlayer of Mt could also affect the pathways of pyrolysis;
however, understanding the interlayer OTA+ configuration
needs a detailed computational simulation (e.g., molecular
dynamics simulation; Liu et al., 2007) and is beyond the
scope of this work. According to the aforementioned exper-
imental results, the nucleophilic substitution reaction
released greater amounts of low-molecular-mass hydrocar-
bons than the Hoffmann elimination reaction. OTAB pro-
duced the highest amount of C1–5 hydrocarbons, among
the three OTAB-involved samples, due to that its pyrolysis
followed the nucleophilic substitution reaction pathway;
Mtinter-OTAB produced the lowest amount of C1–5 hydro-
carbons, due to that the OTAB pyrolysis in it mainly
decomposed through a Hoffmann elimination reaction by
the catalysis of B acid sites in the interlayer space of Mt.
The C1–5 hydrocarbons production of Mt-OTAB exhibited
as an intermediate state between OTAB and Mtinter-OTAB,
because both nucleophilic substitution and Hoffmann elim-
ination happened in this case. This result implies that Mt
played as an inhibiter for the hydrocarbon production in
the pyrolysis of halide-bearing OM; this pyrolysis-
inhibiting effect was realized through the Hoffmann elimi-
nation that was promoted by the catalysis of the B acid sites
of Mt.

The XRD patterns of the solid residues reclaimed from
the pyrolysis experiments confirm the difference of the Mt-
OM complexes. As shown in Fig. 1(g–j), a broad diffraction
with a d spacing of approximately 0.67 nm is shown in the
XRD patterns of all solid residues. It is ascribed to the non-
gaseous amorphous products generated from the pyrolysis
of Mt-OM complexes, and its appearance clearly indicates
the occurrence the pyrolysis of OM. The d001 values of
the solid residues of both Mt-OTAB (Fig. 1g) and Mt-
ODA (Fig. 1i) are close to the d001 value of Mt, indicating
the interlayer space did not undergo obvious disturbance
during pyrolysis. However, Mtinter-ODA and Mtinter-
OTAB show obvious difference in their XRD patterns of
the solid pyrolysis residues. The solid residue of Mtinter-
ODA exhibits a weak (001) diffraction with a d spacing
of 1.17 nm (Fig. 1j), indicating that most interlayer organics
had been decomposed into gaseous hydrocarbon or solid
products that had left the interlayer space, thus largely
reducing the interlayer distance. In contrast, the solid resi-
due of Mtinter-OTAB exhibits a distinct (001) diffraction
with a d spacing of 1.32 nm (Fig. 1h), indicating the survival
of some interlayer organics after the pyrolysis of interlayer
OTAB. These results are in good agreement with the pyrol-
ysis results and provide additional evidences for the cataly-
sis effect (i.e., pyrolysis-promoting effect) of Mt in the case
of the Mt-ODA complexes and the pyrolysis-inhibiting
effect of Mt in the case of the Mt-OTAB complexes.

4.2. Influence of Mt-OM complexation on isomerization,

alkene–alkane conversion and decarboxylation

Isomerization, alkene–alkane conversion and decar-
boxylation are among the most important reactions in pet-
roleum generation. Isomerization represents a process that
affects the branched and normal hydrocarbons in source
rocks, which has been investigated extensively. Several pos-
sible factors may affect the relative concentration of
branched and normal hydrocarbons in natural environ-
ments (Tannenbaum and Kaplan, 1985b), such as the type
of OM and catalysis in clay-rich rocks. In this study, the
larger i-alkanes/n-alkanes ratios for the interlayer Mt-OM



Fig. 5. Schematic representation of the processes of: (a) Nucleophilic substitution reaction in the pyrolysis of OTAB alone; (b) Hoffmann
elimination reaction in the pyrolysis of Mtinter-OTAB. TOT denotes tetrahedron-octahedron-tetrahedron. B or B sites denotes the Brønsted
acid site.
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complexes (i.e., Mtinter-OTAB and Mtinter-ODA) than for
OM alone (Fig. 3d) indicates that isomerization in the ther-
mally induced cracking of OM was promoted as OM
occurred in the interlayer of Mt. This phenomenon is
attributed to the promotion of isomerization via the carbo-
cation mechanism, which is associated with the B acid sites
in the interlayer of Mt. For OM alone, its cracking follows
the free radical mechanism (Johns, 1979); however, in the
presence of B acid catalyst (such as Mt), the cracking of
OM adopts a carbonium ion pathway, since B acid sites
provide protons to initiate the formation of carbocations
(Greensfelder et al., 1949; Johns, 1979; Kissin, 1987). As
mentioned earlier, the residual water in the interlayer of
Mt acted as B acid sites with strong acidity, so it catalyzed
the carbocation reaction and significantly enhanced isomer-
ization as well as the yield of i-alkanes. This catalytic effect
is much less obvious for the Mt-OM mixtures (Mt-OTAB
and Mt-ODA) than for the interlayer Mt-OM complexes
(Fig. 3d). The reason is that the primarily B acid sites for
Mt-OMmixture came from the silanol and aluminol groups
at the external surface of Mt particles (Liu et al., 2013;
Tournassat et al., 2016), and the amounts of these B acid
sites were lower than that of interlayer B acid sites. More-
over, the isomerization in the case of Mt-OA is much more
distinct than the cases of Mt-ODA and slightly weaker than
the case of Mt-OTAB (Fig. 3d), which implies that the iso-
merization in the pyrolysis of Mt-OM mixture is also highly
relevant to the characteristics of the OM itself.

The alkene–alkane conversion is indicated by the alke-
nes/alkanes ratios. A low yield of ethylene and propene
may occur if the produced gas olefins are unstable and
are readily transformed to saturated hydrocarbons during
the pyrolysis of aliphatic hydrocarbons. For the pyrolysis
products of the Mt-OM mixtures, the C2H4/C2H6 and
C3H6/C3H8 ratios are higher than those of OM alone
(Fig. 3e). Similar observation was reported by Pan et al.
(2010), whose study shown higher C2H4/C2H6 and C3H6/
C3H8 ratios for oil plus Mt than for oil alone. However,
lower olefins/alkanes ratios for kerogen plus Mt than kero-
gen alone or kerogen plus calcite (or dolomite) were also
observed in some previous studies (Tannenbaum and
Kaplan, 1985a, 1985b; Pan et al., 2008), suggesting the
complexity of the nature clay-OM reactions. For the inter-
layer Mt-OM complexes, the OM characteristics appeared
as an important factor affecting the alkenes/alkanes ratio.
In the case of Mt-OTAB complexes, the amount of pro-
duced alkenes is slightly higher for Mtinter-OTAB than that
for Mt-OTAB (Fig. 3e), which might result from the afore-
mentioned effect of interlayer B acid sites for the promotion
of the cleavage of CAN bonds and the Hoffmann elimina-
tion (Rajagopal et al., 1992; Scaffaro et al., 2009). However,
in the case of Mt-ODA complexes, much higher C2H4/
C2H6 and C3H6/C3H8 ratios for Mt-ODA than those for
Mtinter-ODA is shown (Fig. 3e). Meanwhile, the amount
of produced H2 for Mtinter-ODA is largely lower than those
for ODA or Mt-ODA (Fig. 3b). The H2 production seems
to be independent on Mt because considerable amount of
H2 was released from the pyrolysis of ODA regardless of
the presence or absence of Mt (Fig. 3b), whereas the H2

production was decreased to almost zero in the case of
Mtinter-ODA. This result suggests that H2 was very likely
engaged in the hydrogenation reaction in the case of
Mtinter-ODA, and the alkenes were mostly transformed to
saturated hydrocarbons so that much lower alkene/alkane
ratios for Mtinter-ODA than for Mt-ODA were obtained.
Previous studies have also reported the influence of H2 pro-
duction on hydrogenation and the alkene/alkane ratios
(Qader and Hill, 1969; Mango, 1996), although why a large
amount of H2 was produced from pure ODA remains
unclear.

The decarboxylation reaction is particularly important
for fatty acids, because it results in the removal of the car-
boxyl group and the release of CO2 and gaseous hydrocar-
bons. The amounts of CO2 produced from OA and Mt-OA
are highly relevant to the decarboxylation reaction. The
lower CO2 yield from OA than that from Mt-OA indicates
that Mt promoted the decarboxylation of OA. And this
effect was realized by the L acid sites that resulted from
the Al3+ and/or Fe3+ ions exposed along the edges of smec-
tite particles (Alomon and Johns, 1975; Newman, 1987).
The role of L acid site in catalyzing decarboxylation has
been well documented, and they were found to be able to
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extract electrons from the acylate ions to form acylate rad-
ical intermediates, which then promoted the formation of
alkyl radicals through rearrangement and gave rise to the
loss of CO2 (Solomon, 1968; Galwey, 1970; Johns and
Shimoyama, 1972). As shown in Fig. 3c, a small amount
of CO2 was released from the pyrolysis of OTAB and
ODA, although either of them does not contain carboxyl
group. This result is attributed to the reaction between
water and organics in high-temperature pyrolysis condi-
tions, which could produce CO2 and gaseous hydrocarbon
such as CH4 (Hoering, 1984; Lewan, 1997; Seewald et al.,
1998; Seewald, 2003; Pan et al., 2010). For OTAB or
ODA alone, the amount of the physically adsorbed water
at the surface of organics is small, so the produced CO2 is
minor. In contrast, in the case of Mt-OTAB or Mt-ODA,
considerable amount of physically adsorbed water existed
at the external surface of Mt because of the hydrophilic nat-
ure of clay. The introduction of these water molecules into
the high-temperature pyrolysis systems significantly
enhanced the above-mentioned water-organics reaction
and thus led to much higher CO2 yield than that in the case
of OM pyrolysis in the absence of clay. Similarly, the CO2

yields from Mtinter-OTAB and Mtinter-ODA are substan-
tially higher than OTAB and ODA, respectively, and this
result is due to the existence of interlayer water of Mt.
However, this effect is not as distinct as the case of Mt-
OM mixtures, since the amount of interlayer water is smal-
ler than that of the physically adsorbed water at the exter-
nal surface of Mt.

The above-mentioned results demonstrate that isomer-
ization, alkene–alkane conversion and decarboxylation
reactions during the pyrolysis of OM are closely related
to the presence of clay minerals. The solid acid sites of clay
minerals play an important role in these reactions. B acid
sites can provide protons to initiate hydrocarbon cracking
through a carbocation mechanism for the pyrolysis of
long-chain aliphatic hydrocarbons and promote alkene–
alkane conversion through hydrogenation. L acid sites
from the edges of clay minerals mainly contribute to the
decarboxylation and therefore the generation of CO2 dur-
ing the pyrolysis of fatty acids. Other factors, such as the
characteristics of OM, the physically adsorbed water and
the produced gases (e.g., H2), also influence the amounts
and composition of the gaseous hydrocarbons products.
All factors should be taken into account for given pyrolysis
systems in assessing the actual hydrocarbon-generation
mechanisms.

4.3. Implication of clay-OM complexation for hydrocarbon

generation in natural systems

The present pyrolysis experiments demonstrate that the
way of clay-OM complexation and the nature of OM or
clay minerals are the key factors that determine the hydro-
carbon generation of clay-OM complexes. Of particular
interest is that, the pyrolysis-inhibiting effect of clay for
some clay-OM complexes (e.g., Mt-OTAB and Mtinter-
OTAB) was observed. This phenomenon is contrary to
the pyrolysis-promoting of organics in the presence of clay
minerals, which had been generally reported since as early
as 1940s (Kuhl, 1942; Faure et al., 2003; Li et al., 2003;
Berthonneau et al., 2016) and was also observed in this
work (for the Mt-ODA complexes). Therefore, the occur-
rence of the pyrolysis-inhibiting effect by clay implies the
complexity of OM pyrolysis in argillaceous source rocks
is even higher than that was already known. It can be antic-
ipated that, in natural pyrolysis systems, the actual perfor-
mance (e.g., pyrolysis-inhibiting or pyrolysis-promoting) of
clay minerals should be integratedly influenced by the
above-mentioned factors.

Our results also indicate the importance of clay-OM
complexation on affecting not only the quantity of hydro-
carbons generation, but also the types and composition of
the produced hydrocarbons by controlling the isomeriza-
tion, alkene–alkane conversion and decarboxylation reac-
tions. For example, some studies have reported different
concentrations of branched hydrocarbons in various crude
oils and considerable variations in the ratio of branched to
normal hydrocarbons with the depth and the maturation of
the associated source rocks (Thompson, 1979, 2016; Hunt,
1984; Mango, 2000), and these variations have been gener-
ally ascribed to several factors, including the type of OM,
the characteristics of the branched hydrocarbons and the
properties of the sedimentary environment (e.g., buried
depth and lithology) (Tannenbaum and Kaplan, 1985a;
Craddock et al., 2015; Sessions, 2016). This work suggests
that clay-OM complexation is also an important factor
affecting the concentrations of the generated branched
hydrocarbons, in term of the observation that the iC4/nC4

and iC5/nC5 ratios for the pyrolysis of OMs are very low
whereas those for the Mt-OM complexes are increased sig-
nificantly. Moreover, the diverse pyrolytic behaviors of dif-
ferent organics reflects the high complexity of the pyrolysis
of natural OM. In future work, it would be very meaningful
to extract asphaltenes from crude oils from different sources
(e.g., different basins and varying thermal maturities) and
to use the typical components of the asphaltenes to prepare
clay-OM complexes for OM pyrolysis study. The basic
information obtained from the pyrolysis behaviors of the
different organics with various functional groups would
be beneficial to conducting such a study and thereby for
understanding the detailed mechanisms of hydrocarbon
generation induced by pyrolysis of natural organics. In par-
ticular, the finding about the pyrolysis-inhibiting effect of
clay, occurred in the case halide-containing organics, exhi-
bits a novel clay-OM reaction, compared to the promoted
pyrolysis of organics in the presence of clay that had been
generally investigated. This pyrolysis-inhibiting effect works
through the promotion of Hoffmann elimination of the
halide-containing organics by the catalysis of B acid sites
of Mt. In view of that halide-containing organics are widely
occurring in some marine-deposited rocks and sediments
(Fuge, 1988; Muramatsu et al., 2007), the pyrolysis of the
related organics in such rocks deserves extra attention
because of the possible pyrolysis-inhibiting effect.

The findings of this work further verify the important
role of swelling clay minerals, such as montmorillonite,
for OM storage and pyrolysis. As described earlier, the var-
ious catalytic sites of clay play multiple roles in OM pyrol-
ysis, which dramatically change the yield and composition



12 H. Bu et al. /Geochimica et Cosmochimica Acta 212 (2017) 1–15
of the produced gaseous hydrocarbons. Particularly, the
function of the interlayer space of swelling clay is high-
lighted. Mt exhibited either a pyrolysis-promoting effect
(for the cases of OA and ODA) or a pyrolysis-inhibiting
effect (for OTAB). Both effects became much more distinct
for the OM existed in the interlayer space of Mt, in another
word, the interlayer space of Mt acted like an ‘amplifier’
that obviously magnified the effect of swelling clay, which
is due to the interlayer B acid sites with high acidity.
Another reason making the interlayer space of swelling clay
be of particular importance is that the interlayer space
accounts for the large inner surface area of swelling clay,
which are tens of times greater than those of non-swelling
clays such as illite (Macht et al., 2011). This feature of swel-
ling clay allows the accommodation of the organics in the
interlayer space and thereby the interlayer clay-OM com-
plexation. Due to the ubiquitous occurrence of swelling
clays (such as montmorillonite) in source rocks and sedi-
mentary environments, and the wide co-existence of swel-
ling clays and OM in the processes of geological
evolution and the carbon cycle (Schmidt et al., 2011;
Arndt et al., 2013), future studies need to pay much more
attention on the roles of swelling clay minerals in the
related geological events.

Mixed-layer illite-smectite (I-S) clay, especially for those
with low I/S ratio (high proportion of smectite layers), can
be considered a special example of swelling clay, because I-
S clay contain smectite layers. I-S clay exists widely in sed-
imentary rocks and in many cases is more ubiquitous than
smectite group minerals or illite (Srodon, 1999). For the
interlayer clay-OM complexation, it can be anticipated that
the smectite layer of I-S clay might behave like swelling clay
minerals, for example, it is also capable of accommodating
the organics through ion exchange (Li et al., 2010). How-
ever, since the knowledge on the solid acidity of I-S clay
(especially about the distribution of solid acidity at smectite
or illite layers) is rare up to now, how the complexation
between I-S clay and OM affects the OM pyrolysis still
remains unknown, and it merits further investigation.

It is noteworthy that, the illitization of smectite occurs
commonly during diagenesis and hydrocarbon generation
in petroleum basin. The smectite illitization is accompanied
by the changes of mineral phases and thereby the minerals
microstructure and surface properties. Such an evolution
would have several possible impacts on the pyrolysis of
OM: (i) the loss of interlayer space during smectite illitiza-
tion might result in the removal of interlayer OM; (ii) the
surface acidity might change. For example, the interlayer
B acid sites no longer exist, and the B acidity at the external
surface might also dramatically change. According to previ-
ous studies (Newman, 1987), the higher SiAAl substitution
in SiO4 tetrahedron of illite than that of smectite might
make the basal surface of illite be more negatively charged,
which might electrostatically capture H3O

+ ions that act as
B acid sites; (iii) the illitization of smectite might be accom-
panied with large amounts of intermediate mineral phases,
and the related microstructure and properties changes
would also strongly affect the forms of clay-OM association
and the OM pyrolysis. Ahn et al. (1999) reported a special
case of clay-OM complex, in which an interstratified car-
bonaceous material was formed within a natural illite. This
unique clay-OM complex was believed to occur during the
illitization of smectite, which had adsorbed organic mole-
cules in its interlayers and eventually evolved toward illite.
This observation exemplifies the complexity of the illitiza-
tion of interlayer clay-OM complexes.

Recently, Li et al. (2016) reported a distinct effect of
clay-OM complexation on the illitization occurred in a dark
mudstones from the Dongying Depression, China. They
found that the smectite illitization in the dark mudstones
was delayed due to the pillaring effect of the interlayer
OM of smectite above a certain depth (3100 m), whereas
the interlayer OM was desorbed and organic acid was
formed below 3100 m, which led to the dissolution of smec-
tite layers and the acceleration of illitization. This observa-
tion implies that some features of the argillaceous source
rocks in petroleum basin, such as the time and space differ-
ence (or accordance) and the mutual interactions of differ-
ent processes above-described, should be taken into
account upon applying the present simulation experiment
results.

5. CONCLUSIONS

The findings of this work clearly demonstrate that the
complexation between OM and clay minerals significantly
influences the pyrolysis of OM. The solid acidity of clay
minerals and the nature of the OM are the two key factors
that strongly affect the yield and composition of the gaseous
hydrocarbons produced from the pyrolysis of OM in the
clay-OM complexes. B acid sites in the clay mainly promote
the cracking of hydrocarbons through a carbocation mech-
anism and boost the isomerization of normal hydrocar-
bons. L acid sites promote the decarboxylation of OM
that contains carboxyl groups. For the pyrolysis of fatty
acids (i.e., OA) and fatty amines (i.e., ODA), clay-OM com-
plexation increases the production of low-molecular-mass
gaseous hydrocarbons and CO2, for which clay minerals
primarily act as a catalyst to initiate the hydrocarbon crack-
ing of the OM (i.e., OA and ODA) through the carbocation
mechanism. In contrast, clay minerals inhibit the pyrolysis
of OM for alkyl quaternary ammonium organic (i.e.,
OTAB) because of the presence of halide ions in alkyl qua-
ternary ammonium, which reduces the total amount of C1–5

hydrocarbons that are produced from pyrolysis. This
pyrolysis-inhibiting effect works through the promotion of
Hoffmann elimination in the presence of B acid sites in
Mt, which releases lower amounts of gas hydrocarbons
than the nucleophilic reaction from halide ions in OM. In
particular, our results indicated that the interlayer space
of swelling clays acts as an ‘amplifier’ by magnifying the
above-mentioned pyrolysis-promoting or pyrolysis-
inhibiting effect, because of the B acid sites with high acidity
in the interlayer space of Mt. In summary, our findings
demonstrate the high dependence of the thermal stability
of OM in clay-OM complexes on the surface reactivity of
clay minerals and the nature of the OM, which should be
taken into account during the investigation on the geo-
chemical processes (e.g., hydrocarbon generation and car-
bon cycle) in which clay-OM complexes are involved.
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