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ARTICLE INFO ABSTRACT

The ethylene glycol monoethyl ether (EGME) adsorption method is an essential and available technique for
measuring the total specific surface area (TSSA) of natural rock samples that usually contain an abundant
oM amount of clay-organic matter (clay-OM) complexes. Occurrence sites and types of OM are believed to influence
Clay-OM complex the EGME adsorption behaviors of clay-OM complexes. However, the influence of OM properties on the EGME
gggf adsorption adsorption mechanism remains unclear until now. In this study, interlayer montmorillonite (Mt)-OM complexes

were prepared using the intercalation of OM with various contents and different length of alkyl chains, such as
tetramethylammonium bromide (TMAB) and dodecyl trimethyl ammonium bromide (DTAB), based on the ca-
tion exchange. EGME adsorption experiments were performed on Mt, OM, and Mt-OM complexes. X-ray dif-
fraction (XRD) and Fourier transform infrared spectroscopy (FTIR) were used to characterize the structural
properties of the samples before and after EGME adsorption. The EGME adsorption capacities and the corre-
sponding TSSA decreased after OM intercalation into the interlayer space of Mt. The OM content and the
amounts of alkyl chains significantly affected the EGME adsorption behaviors of Mt-OM complexes. For short
alkyl chain OM (TMAB), TSSA values of the Mt-OM complexes decreased with the increase of the interlayer OM
content. However, for long alkyl chain OM (DTAB), the TSSA values showed a different variation tendency
where the smallest TSSA did not appear in the Mt-OM complex with the highest DTAB content. The initial
interlayer distance of Mt-OM complexes and the arrangement of interlayer OM are the primarily factors for
EGME adsorption behaviors of the Mt-OM complexes. The large initial interlayer distance favored for incre-
mental expansion of Mt. after EGME adsorption, which promoted EGME molecules entering into the interlayer
space. The influence of the arrangement of interlayer OM are primarily involved in some newly formed mi-
cropores preventing EGME molecules from entering and more adsorption sites were occupied by OM with a
higher ordered mode for the conformation of the alkyl chain and a higher packing density for the arrangement.

Keywords:
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1. Introduction

The ethylene glycol monoethyl ether (EGME) adsorption method is
an essential technique for measuring the specific surface area (SSA) of
natural samples. In contrast to the N, molecule, EGME molecules can
enter the internal surface of minerals, such as the interlayer surface of
swelling montmorillonite and detect the area of such an internal surface
(Carter et al., 1965; Pennell et al., 1995; Cerato and Lutenegger, 2002;
Yukselen and Kaya, 2006; Arnepalli et al., 2008; Bayat et al., 2015). The
obtained SSA based on the EGME adsorption method is thus believed to

be the total specific surface area (TSSA). The EGME adsorption method
has been used for the TSSA measurement of the various clay-based
natural samples, such as clay minerals (e.g., Srodofi and MacCarty, 2008;
Macht et al., 2011; Akin and Likos, 2014; Mukhopadhyay et al., 2017;
Meegoda and Martin, 2018; Zhang et al., 2019), soils (Quirk and
Murray, 1999; Ersahin et al., 2006; Pronk et al., 2013; Pentrdk et al.,
2018), and organic-rich clay rocks (Kennedy et al., 2002; Kennedy and
Wagner, 2011; Kennedy et al., 2014; Derkowski and Bristow, 2012;
Saidian et al., 2016). It is widely accepted as the most effective and
feasible method for TSSA analysis.
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However, the measurement of TSSA in soils and clay-rich rocks has
been demonstrated to be affected by the presence of organic matter
(OM). For instance, partitioning can occur between EGME and some
macromolecular compounds of soil OM, resulting in unreasonably high
TSSA values (Chiou et al., 1993; de Jonge and Mittelmeijer-Hazeleger,
1996; Heister, 2014). In addition, as reported by Derkowski and
Bristow (2012), detection of TSSA using the EGME adsorption method
became very difficult when the OM content was above 3% in shale
samples or in an even lower content in OM-bearing smectite. This was
due to a chemical reaction between the EGME and sedimentary OM.
OM in soil and rocks is usually combined with clay minerals to form a
clay-organic matter (clay-OM) complex. Clay-OM complexes are com-
plicated structures that include various occurrence modes of OM. The
TSSA detection of the clay-OM complexes may be affected by the oc-
currence mode of OM. As reported by Ugochukwu (2017), the TSSA of
clay-OM complexes were significantly lower than that of original clay
minerals. They speculated that this decrease was attributed to the oc-
currence of intercalated hydrophobic OM that hindered hydrophilic
EGME access to the interlayer surface. In our previous studies, the in-
fluence of OM occurrence sites on EGME adsorption behavior of clay-
OM complexes was investigated. OM in the interlayer space of mon-
tmorillonite showed significant interference in EGME adsorption be-
havior and decreased the EGME adsorption capacity of such a clay (Bu
et al.,, 2019). However, why and which feature of such an OM in in-
terlayer space of montmorillonite would elicit such a strong interrup-
tion of EGME adsorption remains unclear.

The adsorption behaviors of guest molecules on OM primarily de-
pend on the content and the type of functional groups of the OM, such
as the chain length of the OM molecules. Moreover, the presence of OM
with different amounts of alkyl chain and different contents in the in-
terlayer space of montmorillonite will lead to changes in the micro-
structure and surface properties (i.e., hydrophilic/hydrophobic) of
complexes (Wang et al., 2004; He et al., 2006; Lagaly et al., 2006; Zhou
et al., 2007; Frost et al., 2008). This may result in some changes in the
EGME adsorption behavior. In this case, content and alkyl chain length
of interlayer OM may play a key role in the further evaluation of TSSA.

Therefore, the purpose of the present research is to investigate the
influence of OM content and alkyl chain length of interlayer OM on the
EGME adsorption behaviors of clay-OM complexes and to identify the
possible factors that affect the TSSA evaluation of some organic-rich
clay rocks. The expandable clay mineral montmorillonite was chosen
along with model organic molecules with various chain lengths, such as
the short alkyl chain OM tetramethylammonium bromide (TMAB,
(CH3)4N(Br)) and the long alkyl chain OM dodecyl trimethylammonium
bromide (DTAB, CH5(CH,);1N(CH3)3Br). These were used to prepare
the interlayer clay-OM complexes. An EGME adsorption experiment
was then conducted on Mt, OM, and clay-OM complexes. The structural
characteristics of the Mt-OM complexes were studied before and after
EGME adsorption using X-ray diffraction (XRD) and Fourier transform
infrared spectroscopy to comprehensively investigate the EGME ad-
sorption mechanisms of clay-OM complexes. A nitrogen (N,) adsorp-
tion-desorption analysis was used to characterize the specific external
surface area and the corresponding pore structure of the Mt-OM com-
plexes.

2. Experiment
2.1. Materials

Raw montmorillonite (Mt) (with a cationic exchange capacity (CEC)
=110.50 mmol/100 g, measured with hexamminecobalt trichloride)
with a purity of 97% was obtained from Inner Mongolia, China. Prior to
preparation of the Mt-OM complexes, the Mt. was sodium modified
using a repeated treatment with 0.5 mol/L NaCl. Then it was washed
with distilled water, freeze-dried and ground into a powder. The che-
mical compositions (wt%) of the Mt. is showed in Table 1.
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Table 1
The chemical compositions of Mt.

Sample  Chemical compositions (% mass)
Si0, Al,O3 Fey03 CaO MgO Nay0O KO TiO, L.O.L
Mt 63.0 16.2 4.9 0.3 4.6 3.6 0.1 0.4 6.9

L.O.I. denotes loss on ignition.

TMAB (with a purity of 99.0 wt%) and DTAB (99.0 wt%) were
purchased from the Sigma-Aldrich, Co. LLC. These chemical reagents
were used without further purification. The organics of TMAB and
DTAB were selected based on the following considerations. They have
similar structures and functional groups (i.e., alkyl chains and ammo-
nium ions), which is conducive to comparative study. In addition, some
of functional groups are the important components of soluble organics
in organic-rich clay rocks or soils (Li et al., 2015; Zhu et al., 2016).
Based on the knowledge of the intercalation chemistry of clay minerals
(Lagaly et al., 2013), both TMAB and DTAB can be readily intercalated
into the interlayer of Mt. via cation exchange (Xi et al., 2007), allowing
the preparation of interlayer Mt-OM complexes. The procedure of the
preparation of interlayer Mt-OM complexes was as follows. A desired
amount of the organic reagent was dissolved into distilled water, and
the solution was stirred at 60 °C for 30 min. Then, 20 g of Mt. was added
into the solution and the mixture was stirred at 60 °C for 12 h. Solids in
the mixture were filtered, repeatedly washed with distilled water, and
then dried and ground into a powder. The amounts of the added or-
ganics were 0.5, 1.0 and 2.0 times those of the CEC of the Mt. The
resultant Mt-OM complexes were identified and labelled using the types
of the organics and the amount of the added organics relative to the
CEC of the Mt. (e.g., Mt-TMAB 3 o) referred to as the complex of Mt. and
TMAB, where the amount of added TMAB was 2.0 times that of the CEC
of the Mt).

2.2. Characterization methods

The OM content in the interlayer Mt-OM complexes was determined
using an elemental analysis, that was performed using an Elementar
Vario EL III Universal CHNOS elemental analyzer.

The X-ray diffraction (XRD) patterns of samples were recorded on a
Bruker D8 Advance diffractometer with a Ni filter and CuKa radiation
(A = 0.154nm) using a generator voltage of 40kV and a generator
current of 40 mA, with a scan rate of 1° (20)/min.

The FTIR spectra of the samples were recorded on a Bruker Vertex-
70 FTIR spectrometer. The KBr pressed pellet method was used for the
FTIR analysis, whereby KBr pellets were prepared by pressing mixtures
of 0.9 mg of the sample powder and 80 mg of KBr. The spectra were
collected over a range of 400-4000 cm ~ ! with 64 scans at a resolution
of 4cm ™. The diffuse reflectance infrared Fourier transform was used
for the EGME.

N, adsorption-desorption isotherms were measured using a
Micromeritics ASAP2020 system at liquid-nitrogen temperature. The
samples were outgassed at 60 °C for 12h prior to the measurements.
The specific surface area (Sggr) of the samples were calculated from the
nitrogen adsorption data using the multiple-point Brunauer-Emmett-
Teller (BET) method (Brunauer et al., 1938). The pore size distribution
(PSD) was obtained using the density function theory (DFT) method
(Lowell et al., 2012).

The EGME adsorption experiment was conducted according to the
following procedure: Approximately 1.0g of oven-dried (110°C for
12h) sample was soaked in the weighing bottles with 3 mL of liquid
EGME, and the slurries were allowed to stand in a dry atmosphere for
30 min. The slurries were then placed in desiccators to equilibrate
under conditions already specified (in the presence of a CaCl,-EGME
solvate, prepared by adding 20 mL of EGME to 100 g of CaCl, (dried at
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Fig. 1. The XRD patterns of the Mt. and Mt-OM complexes.

80 °C for 12 h in an oven). The desiccator was continually evacuated for
45 min at room temperature and allowed to stand sealed for another
hour before air drying. Then, the desiccator was evacuated each day,
and the sample was allowed to come to equilibrium. Afterward, the
EGME-treated samples were weighed every day, returned to the de-
siccators and re-equilibrated for further periods until the weight sta-
bilized. The stabilized weight was used to calculate the amount of
EGME adsorbed and converted to the SSA of the sample using a con-
version factor of 2.86 x 10~ *g/m? (Dyal and Hendricks, 1950; Carter
et al., 1965; Cerato and Lutenegger, 2002; Yukselen and Kaya, 2006).
The resulting EGME-adsorbed samples were differentiated by fixing the
sample names with “/EGME”. For example, the sample obtained after
the TMAB adsorbed the EGME was named TMAB/EGME.

3. Results
3.1. XRD analysis

The XRD patterns of the Mt. and Mt-OM complexes are shown in
Fig. 1. The basal spacing (dyo; values) of each sample obtained from the
XRD patterns is listed in Table 1. The dgyo; values of all the Mt-OM
complexes are larger than that of the Mt. (1.26 nm (Fig. 1a)). The in-
crease in the dyp; values represents the enlargement of the interlayer
distances of the Mt, which resulted from the replacement of the original
interlayer hydrated sodium ions in the Mt. by the intercalated organics
(Yuan et al., 2013; Bu et al., 2017). Moreover, the dyo; values increased
with the increasing content of the interlayer OM, which agrees with the
results reported by previous studies (Xi et al., 2007; He et al., 2010; Zhu
et al., 2017).

For the Mt-TMAB complexes, the value of dyo; of the Mt-TMABq s,
was approximately 1.40nm (Fig. 1b) corresponding to an interlayer
distance of approximately 0.44 nm, which was obtained by subtracting
the thickness of the structural layer unit
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Table 2
The total organic carbon content (TOC) of Mt. and its derivatives and their doo;
values before and after EGME adsorption.

Samples “ToC "doo1before) “doo1 (after)
(%) (nm) (nm)
Mt - 1.26 1.48
Mt-TMABs,) 3.22 1.40 1.36
Mt-TMAB 1.0, 3.98 1.41 1.37
Mt-TMAB(2.0) 4.74 1.41 1.38
Mt-DTABos,) 9.84 1.41 1.42
Mt-DTAB, o) 16.61 1.89 2.44
Mt-DTAB ., 20.43 217 272

@ The total organic carbon content of Mt-OM complexes;
> The dyo; values of samples before EGME adsorption;
¢ The dgo; values of samples after EGME adsorption.

(tetrahedron-octahedron-tetrahedron, TOT, approximately 0.96 nm).
However, the dyo; values of Mt-TMAB(; 5y and Mt-TMAB(,, only
slightly increased with increased OM contents (TOC%, Table 2, Fig. 1c
and d). For the Mt-DTAB complexes with a low content of OM (Mt-
DTAB(os)), the doo1 value was 1.41 nm. In addition, it was similar to
those of the Mt-TMAB complexes (Fig. 1e). At a high OM content, the
doo1 values of Mt-DTAB( o) and Mt-DTAB, ), 1.89 and 2.17 nm, re-
spectively, were much higher than those of Mt. and all of the Mt-DTAB
samples (Fig. 1f and g).

The basal spacings of the sample after EGME adsorption obtained
from XRD patterns (Fig. 2a) are summarized in Table 2. The dyo; value
of the Mt. increased after EGME adsorption, showing the entrance of the
EGME into the interlayer space of the Mt. In the Mt-TMAB complexes,
there were no significant changes in the dyy; values after EGME ad-
sorption (Fig. 2a), as reported by previous studies that found that there
was no significant increase of the dgo; values after the tetra-
methylammonium cations exchanged clays with adsorbed EGME
(Chiou and Rutherford, 1997). However, in contrast with the Mt-TMAB
complexes and Mt-DTAB complex with low content of OM (Mt-
DTAB o 5)), the dgo; values of the Mt-DTAB complexes with high content
of OM, Mt-DTAB; gy and Mt-DTAB(, ), significantly increased after
EGME adsorption (Fig. 2b, Table 2).

3.2. Infrared spectroscopy analysis

The assignments of bands of the samples before and after EGME
adsorption are summarized in Table 3. These are based on the previous
reports of Mt. and alkylammonium organics (Katti et al., 2006; Li et al.,
2010; Yuan et al., 2008, 2013). The FTIR spectra of the complexes
exhibit vibrations that result from the combination of characteristic
bands of Mt. and OM (i.e., DTAB and TMAB) (Fig. 3 and Fig. S1
(Supplementary data)). The weak absorption bands for the Mt-TMAB
complexes can be seen at 2962 and 2928 cm ~ !, and these arise from the
asymmetrical stretching of -CH; and —CH,, respectively. The asym-
metric bending mode of the head [(CH3);N'-] methyl group at
1488 cm ™! appears in the spectra of TMAB and the Mt-TMAB com-
plexes (Fig. 3a and Fig. Sla). Combined with the XRD analysis, the
results demonstrate that TMAB molecules were present in the interlayer
space of the Mt, as reported by Wang et al. (2004). For DTAB, the
characteristic bands at 2918 and 2851 cm™' are —CH, asymmetrical
and symmetric stretching bands, respectively, and the positions of the
bands are sensitive to the conformational characteristics and packing
density of the alkyl chains of quaternary ammonium cations (Vaia et al.,
1994; Barman et al., 2003; Li and Ishida, 2003; De Paiva et al., 2008).
In the Mt-DTAB(; o, they are located at 2926 and 2854 cm ™" (Fig. 3b),
compared to 2930 and 2857 cm ™' for Mt-DTABs) and 2923 and
2852 cm ™ for Mt-DTAB(, oy (Fig. S1b).

The characteristic bands of the Mt-OM complexes before and after
EGME adsorption were slightly different. In the spectrum of Mt-
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Fig. 2. The XRD patterns of the Mt-OM complexes after treatment with the EGME (a) Mt-TMAB complexes and (b) Mt-DTAB complexes.

Table 3
Vibrations assignments of the FTIR spectra of the samples.
Wavenumber Vibrations
(em™)
~3627 O—H stretching vibrations
~3619 O—H stretching vibrations of structural hydroxyl groups
~3431/3421 Combination of O—H stretching of water of Mt. and the
stretching vibration of the O—H group of the adsorbed
EGME hydrogen bonded to the clay surface
~3280 N-H stretching
2985/2962 —CHj; asymmetric stretching
2962 —CHj3 asymmetric stretching
2888 —CHj3; and —CH, symmetric stretching
~2928/2949 —CH, asymmetric stretching
~2854 —CH, symmetric stretching
~1636 O—H bending vibration
1487/1488 Asymmetric bending mode of the head [(CH3)sN*-]
methyl group
~1035 Si—0—Si stretching

TMAB( 0y (Fig. 3a), the OH stretching (~3445 cm™ 1) shifted to
3431 cm ™ ?, showing a broaden band in the spectrum of Mt-TMAB(; o)/
EGME. The band was assigned to a combination of the -OH group
stretching of water in Mt. and the stretching vibration of the -OH of
EGME that was adsorbed on the clay surface by hydrogen bonds
(Dowdy and Mortland, 1968; Nguyen et al., 1987). Moreover, the
bending (~1636 cm™Y) and stretching (3440 cm ™ 1) vibrations of the
interlayer water were significantly weakened, which is attributed to the
replacement of the interlayer water by EGME. This result confirms that
EGME adsorption occurred in the Mt-TMAB interlayer space. Further-
more, no new-formed bands occurred in the FTIR spectra of TMAB
before and after EGME adsorption (Fig. 3a), indicating physical rather
than chemical adsorption between the EGME and TMAB molecules.
This phenomenon has also been found in other Mt-TMAB complexes
(Fig. S2a). Similar to the Mt-TMAB complexes, the spectra of Mt-DTAB
before and after EGME adsorption exhibited slight changes (Fig. 3b and
Fig. S2b). Therefore, only physical adsorption is believed to have oc-
curred between the EGME and Mt-DTAB complexes.

3.3. Pore structure analysis

The H3-type hysteresis loops appear in all the N, adsorption iso-
therms of the Mt. and Mt-OM complexes, indicating the existence of
narrow and slit-like mesopores. These mesopores result from the
stacking of the plate-like clay minerals (Thommes et al., 2015; Wang
et al., 2016). For the Mt-TMAB complexes, the high N, adsorption
quantity at a relative pressure near to zero (Fig. 4a and Fig. S3) implies
the existence of abundant micropores. This high N, adsorption quantity
did not occur in the Mt. and Mt-DTAB complexes. This result indicates
that the occurrence of interlayer TMAB induced the formation of mi-
cropores and these micropores were attributed to the arrangement of
TMAB molecules. With an increasing content of TMAB, the micropore
size decreased from 0.74 to 0.70 nm (Fig. 4b), but the micropore vo-
lumes increased. These features suggest the coexistence of micropores
and mesopores in the Mt-TMAB complexes. For the Mt-DTAB com-
plexes, N, adsorption began at a higher p/py than that of Mt-TMAB
complexes, and N, adsorption was primarily present in mesopores.
With the increase of the interlayer DTAB content, the N, adsorption
began at high relative pressure (Fig. 4a), and then the N, adsorption
capacity decreases, accordingly.

As is well known, N, molecules are prevented in the interlayer space
and only very a few ones can enter the space by adsorbed water mo-
lecules (Liu et al., 2013; Heister et al., 2014), and therefore the Sggt of
Mt. was only 76.0 mz/g (Table 4). The Sggr values followed the order of
Mt-TMAB > Mt. > Mt-DTAB. For the Mt-TMAB complexes, interlayer
TMAB molecules with a short alkyl chain supplied more spaces for N,
molecules when TMAB replaced Na™ and the content of the interlayer
water decreased, as reported in previous studies. For the Mt-DTAB
complexes, interlayer DTAB molecules with long alkyl chains seemed to
block the interlayer space and less N, molecules could enter the space
(Wang et al., 2004; He et al., 2006). With the increase in DTAB, Sggr
decreased to 4.4 m?/g for Mt-DTAB, ).

The TSSA (Sggme) values of all the samples were much higher than
the respective Sggr (Table 4), showing the detection of the interlayer
space in Mt. Sggug values were calculated using the EGME adsorption
capacity. The highest value for Mt. was 817.5 m?/g among the Mt. and
Mt-OM complexes. For the Mt-TMAB complexes, the following order of
values was obtained: Mt. > Mt-TMAB(y 5, > Mt-TMAB( o) > Mt-
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Fig. 3. The IR spectra of the EGME, OM, and Mt-OM complexes before and after EGME adsorption (a) TMAB, Mt-TMAB; ¢), and (b) DTAB, Mt-DTAB; ¢).

TMAB(50). The smallest value of 380.8 m?/g was observed in Mt-
TMAB (5 oy, which contained the highest TOC (4.74%), one-half that of
Mt. (817.5m?/g). For the Mt-DTAB complexes, the EGME adsorption
capacity order was as follows: Mt > Mt-DTAB( ) > Mt-
DTAB(z0) > Mt-DTAB(ys5). Mt-DTAB(ys) had the lowest EGME ad-
sorption capacity and thus Sggyg value. It must be pointed out that the
largest Sggme value was not observed in the Mt-DTABys) or Mt-
DTAB(5.0y, which contained the least and the highest OM content, re-
spectively. The largest Sggue value was in the Mt-DTAB( oy, with a
value of 668.2 m?/g.

4. Discussion
4.1. Influence of interlayer OM on the EGME adsorption behaviors

All dgo; values of Mt-OM complexes increased after TMAB and
DTAB intercalation. However, two types of Mt-OM complexes displayed
different dyy; variation tendencies based on the content of TMAB and
DTAB. For three Mt-TMAB complex samples, their interlayer distances
were all approximately 0.44 nm. Due to the molecular size of TMAB
(Fig. S4a, the height of alkyl-chain is approximately 0.46 nm and the
“nailhead” of the alkylammonium cations is 0.51 nm (Zhu et al.,

1207 ——wmt-DTAB,,,
~ Mt-DTAB,, , lal
—— Mt-DTAB,, ,

904 Mt-TMAB,,
—— Mt-TMAB,

Mt-TMAB,,,,
—— Mt

Quantity adsorbed (cm®/g)

0.6
Relative Pressure (P/P,)

Table 4
Mass of the retained EGME, TSSA (Sggme), and No-BET SSA (Sggr) of the sam-
ples.

Sample Adsorption capacity of EGME SEGME SgET
(8/8) (m?/g) (m?/g)

Mt 0.23 817.5 76.0
Mt-TMAB s, 0.13 465.3 147.8
Mt-TMAB; o) 0.12 411.2 176.2
Mt-TMAB,,0) 0.11 380.8 214.9
Mt-DTAB 5, 0.13 456.2 23.4
Mt-DTAB; o) 0.19 668.2 15.2
Mt-DTAB(z,0) 0.15 514.3 4.4

2008)), the distance allowed TMAB molecules to adopt an arrangement
of a horizontal monolayer in the interlayer space (Lagaly et al., 2006)
(refer to Fig. 5 b-d for a schematic representation of the possible ar-
rangement). For the Mt-DTAB complexes, according to the molecular
size of DTAB (Fig. S4b), Mt-DTAB o 5, followed a monolayer arrange-
ment, because its dypp; value is approximately 1.41 nm. However, the
interlayer distances showed great increases with the increasing content
of interlayer DTAB. Therefore, DTAB might adopt an arrangement of a

0.8 0.70 — Mt 6]
/\ —— Mt-TMAB,
—— Mt-TMAB
0.6+ A0.74 0

Differential pore volume (cm®/g)
o o
b &
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Fig. 4. (a) N, adsorption-desorption isotherms of the Mt, Mt-TMAB complexes, and Mt-DTAB complexes; (b) the micro PSD curves of the Mt. and Mt-TMAB

complexes.
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lateral bilayer in the interlayer space for Mt-DTAB o, (Fig. 5f) based on
the size of DTAB and the stereochemical calculations (for calculation
methods, see Lagaly et al. (2006). DTAB might adopt a tilted monolayer
arrangement with a tilting angle of 36° for Mt-DTAB 5 ¢y (Vaia et al.,
1994; Lagaly et al., 2006) (Fig. 5g).

Based on the XRD results, the possible arrangements of the EGME
molecules in the interlayer space of Mt. are proposed here, as shown in
Fig. 5a. According to our previous analysis, the EGME molecules can
penetrate into the interlayer space of Mt. by interacting directly with
Na™ ions (Bu et al., 2019). EGME molecules that possess bigger mole-
cular sizes but a lower polar content per unit mass than water replace
the interlayer adsorbed water and the dyo; values of Mt. thus increases.
The solvation effect of Na™ results in a significant lattice expansion of
Mt. (Chiou et al., 1993; Chiou and Rutherford, 1997; Quirk and Murray,
1999). As reported by previous studies, doo; values after EGME ad-
sorption and the EGME adsorption capacity of montmorillonite and its
derivatives, such as Mt-OM complexes are influenced by solvation of
interlayer ions and the primary interlayer distances (Chiou and
Rutherford, 1997). Solvation of OM is weaker than a metal cation, such
as Ca®* and Na*, and thus, very slight changes in dyo; values for Mt-
TMAB(O.S), Mt-TMAB(l.O), Mt-TMAB(z_O), and Mt-DTAB(O_S) (Table 4).
For Mt-DTAB(; oy and Mt-DTAB.¢), doo1 values increased significantly
after EGME adsorption and the corresponding EGME adsorption capa-
city increase due to the latter factor of their large initial interlayer
distance, even though the solvation of DTAB was very weak (Table 4).
This is because the large initial interlayer distance favors for incre-
mental expansion of Mt. after EGME adsorption, which promote EGME
molecules entering into the interlayer space.

The FTIR analysis showed that only physical adsorption was be-
lieved to occur between the EGME and Mt-OM complexes when the
EGME adsorption reached a equilibrium. EGME adsorption on the Mt-
OM complexes possibly consists of the surface adsorption, the filling of
pores (including initially accessible pores and interlayer voids created
by expansion), and interlayer cation solvation. The pore structure of the

Mt-OM complexes with different OM contents and types was distinctly
different from each other (Wang et al., 2004; He et al., 2006). Thus, the
EGME adsorption capacity and occurrence of EMGE in the interlayer
space were affected by the content and arrangement of OM molecules.

In addition to the solvation of interlayer cations and the initial in-
terlayer distance, it is proposed that the arrangement of interlayer OM
influenced the dgyo; values. For the Mt-TMAB complexes, some inter-
layer EGME molecules were speculated to occur in the space that
formed between the TMAB molecules (Fig. 5b-d), resulting in nearly
constant dyo; values before and after EGME adsorption (Table 2). As
shown in Fig. 4b, abundant micropores with a pore size of approxi-
mately 0.74nm that resulted from interparticle pores of interlayer
TMAB provided space for EGME. Thus, the layers were not stretched by
the EGME molecules. With the increase of the TMAB content in the
narrow interlayer space, the micropores that resulted from the inter-
molecular spaces of TMAB increased, but the sizes of the newly formed
micropores decreased. These micropores allowed N, molecules to enter,
but some small-sized micropores may prevent EGME molecules from
entering, thus increasing the Sgrr and lowering the adsorption capacity
of EGME and Sggme (Table 4). Therefore, although the interlayer dis-
tance of each Mt-TMAB sample was similar before and after EGME
adsorption, the Sgrr and Sggme showed some significant variations due
to the different arrangements of TMAB with various contents.

Similar to the Mt-TMAB complexes, the arrangement of DTAB in the
interlayer space in Mt-DTAB(gs, displayed a horizontal monolayer
based on the XRD results (Table 1). In addition, the EGME molecules
seemed to occur in the pores of the intermolecular spaces of DTAB
based on the undifferentiated dyo; values before and after EMGE ad-
sorption (Fig. 5e). This result may be because the intercalated DTAB
with a long alkyl chain decreased some preexisting micropores because
their Sger values are lower than that of Mt. and are negatively related to
the TOC of the complexes (Wang et al., 2004; He et al., 2006) (Table 3).
However, Mt-DTAB(; gy and Mt-DTAB(, o) possessed a higher DTAB
content and larger interlayer distances than Mt-DTAB(s), and the
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occurrence sites of the EGME molecules were varied, showing a dif-
ferent expansion behaviors of the initial Mt-DTAB complexes (Table 1).
For Mt-DTAB(, o), the EGME molecules showed a lateral bilayer and
stacking with the interlayer DTAB layer along the (001) direction
(Fig. 5f) based on the XRD result (Table 2). However, the EGME ca-
pacity in Mt-DTAB(; o) was less than that of Mt, although the EGME
arrangement was similar in these two samples (Fig. 5a and f). This re-
sult may be attributed to the presence of -(CH3);N*. Interlayer EGME
molecules were adsorbed on the surface of the montmorillonite layer by
hydrogen bonds; however, the (CH3)sN™- groups after DTAB inter-
calation also occupied some adsorbed sites by hydrogen bonds.
Therefore, the adsorption capacity of EGME for Mt. decreased when the
interlayer DTAB appeared. In addition, more adsorption sites were
occupied by DTAB when its arrangement of the tilted monolayer in Mt-
DTAB(5,0y occurred. This is because the DTAB molecules that possessed
the long alkyl chains in the interlayer space showed a higher ordered
mode for the conformation of the alkyl chain and a higher packing
density for the arrangement of DTAB with the increase of DTAB content
(Li et al., 2010). Thus, the adsorption capacity of Mt-DTAB(; oy further
decreased compared with that of Mt-DTAB(; o). Therefore, arrange-
ments of the interlayer OM were controlled by the content and alkyl
chains, which further influenced EGME adsorption behaviors. The
above results indicated that the interlayer OM not only affacted the
entry of EGME molecules but also restricted the distribution of EGME
between layers.

4.2. Implications for TSSA evaluation of Mt-based samples

The above results seem to describe the possible effect of the oc-
currence of OM on evaluation of TSSA for some clay-rich samples,
especially for some samples with clay-OM nanocomposite. These in-
terlayer organics in expanding clay minerals (i.e., smectite) occupied
the interlayer sites, preventing the entering of EGME, which resulted in
lower TSSA values. However, the increase of the interlayer OM content
did not always decrease the EGME adsorption capacity and TSSA of the
samples. These results seem to explain why there was no significant
general trend in TSSA values before and after OM removal (e.g.,
Cihacek and Bremner, 1979; Kennedy et al., 2002; Yukselen-Aksoy and
Kaya, 2010). Except for the type of clay minerals (i.e., swelling or non-
swelling) (Heister, 2014), these variations have been generally ascribed
to the fact that swelling clay minerals tend to form clay-OM nano-
composite (especially the interlayer clay-OM complex) with OM in
natural environments. In this case, the types of OM and its association
with clay minerals are important factors on evaluation of TSSA of a
sample. Different types of OM (i.e., type I or type II kerogen) mean
different kinds of functional groups, and so it has been suggested that
OM might react with EGME to differing degrees (de Jonge and
Mittelmeijer-Hazeleger, 1996; Cornelissen et al., 2005; Derkowski and
Bristow, 2012). These current results indicate that the occurrence and
arrangement of the interlayer OM could restrict the distribution of
EGME molecules and decrease the EGME adsorption capacity. The ef-
fects totally depend on the amounts of alkyl chains and contents of the
interlayer OM. In addition to the interlayer OM, the OM at the external
surface of clay minerals could affect EGME molecules access to the
interlayer surface, resulting in lower adsorption capability. Never-
theless, some functional groups showed a high affinity for EGME mo-
lecules, resulting in excess uptake of EGME (Bu et al., 2019). Accord-
ingly, the phenomenon seems to indicate that the TSSA of those
organic-rich rocks or soils is possibly related to the properties of OM
and the arrangement of the interlayer OM. Therefore, bearing in mind
the complexity of natural systems, the EGME adsorption method for
evaluating the TSSA of rocks that have various swelling clays and so-
luble organics requires careful use, especially for immature or low
maturity source rocks.
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5. Conclusions

In this study, the EGME adsorption of OM with different lengths of
alkyl chains occurring in the Mt. interlayer space was studied. EGME
adsorption capacities and the corresponding TSSA decreased after OM
intercalation into interlayer space of Mt, which depends on the OM
content and the amounts of alkyl chains. For short alkyl chain OM
(TMAB), TSSA values of the Mt-TMAB complexes decreased with the
increase of interlayer OM content. However, for long alkyl chain OM
(DTAB), TSSA values showed a different variation tendency where the
smallest TSSA was not found in the Mt-DTAB complex with the highest
DTAB content. The initial interlayer distance and the arrangement of
interlayer OM are the primarily factors for EGME adsorption behaviors
of the Mt-OM complexes. The large initial interlayer distance favored
for incremental expansion of Mt. after EGME adsorption, which pro-
moted EGME molecules entering into the interlayer space. Small initial
interlayer distance of Mt-TMAB complexes had low incremental ex-
pansion after EGME adsorption and some newly formed micropores in
Mt-TMAB complex with high OM content also prevented the EGME
molecules from entering, thus lowering the EGME adsorption capacity
and TSSA. For Mt-DTAB complexes, although a large initial interlayer
distance facilitated the entry of EGME into the interlayer space, more
adsorption sites were occupied by the (CHs)sN*- groups after DTAB
intercalation by hydrogen bonds. The occupation became more sig-
nificantly when DTAB molecules possessed a higher ordered mode for
the conformation of the alkyl chain and a higher packing density for the
arrangement of DTAB with the increase of DTAB content. These results
demonstrate that EGME adsorption behavior tends to depend on the
initial interlayer distance of Mt-OM complexes and the arrangement of
interlayer OM. The content and length of the alkyl chains of the in-
terlayer OM could play a significant role in the TSSA evaluation of Mt-
based samples. The occurrence of swelling clay minerals deserves more
attention when the TSSA of rocks is determined using the EGME ad-
sorption methods in future studies.
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