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ABSTRACT

In this paper, experiments were carried out to investigate the retention of liquid hydrocarbons in
kerogen type 1. The study focuses on the mudstone from the Lucaogou Formation in the Junggar Basin of
China. To prepare samples of kerogen with varying degrees of maturity, artificial pyrolysis was used.
Swelling experiments with three different types of liquid hydrocarbons were then conducted. The re-
sults revealed that the peak swelling adsorption capacity of type I kerogen for liquid hydrocarbons
occurred at Easy%R, = 1.07. Additionally, the kerogen showed a selective ability to retain aromatic
hydrocarbons throughout the entire process compared to alkane. The order of hydrocarbon expulsion
from source rocks was established as follows: short-chain alkanes > cycloalkanes/long-chain
alkanes > aromatics with alkyl groups > polycyclic aromatic hydrocarbons. This study also developed a
model for evaluating the swelling capacity of kerogen. This model was capable of evaluating the total
swelling state of liquid hydrocarbons without considering the adsorption state, which was not possible
in previous experimental work. According to this model, the swelling ability of long-chain alkanes and
polycyclic aromatic hydrocarbons in type I kerogen was high, while the swelling ability of cycloalkanes
was weak, and most of them existed in the form of adsorption. This study suggests that paraffin and
asphaltenes may affect the expulsion of shale oil and heavy oil in the form of swelling state, particularly
in immature source rocks. This finding provides a new direction for research on hydrocarbon source
rock evaluation and unconventional oil exploration.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

2007). The chemical structure of type I kerogen comprises a sub-
stantial number of aliphatic chains and a minimal number of ar-

Kerogen is a substantial molecule organic substance commonly
discovered in sedimentary rocks and serves as a significant source
of organic carbon in the crust (Berger, 1960; Hunt, 1972; Durand
and Monin, 1980). Kerogen can be divided into three types, I, II,
and III, based on the parent material and composition. Type [
kerogen, also known as sapropelic kerogen, is derived from
lacustrine algae mainly. It has a high H/C ratio (usually greater than
1.5) and the O/C ratio varies between 0.03 and 0.1 (Fester and
Robinson, 1966; Mao et al., 2010; Vandenbroucke and Largeau,
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omatic ring structures, making it simple to break down into
hydrocarbons during pyrolysis. In contrast, type Il and III kerogen
possess lower H/C and higher O/C values, as well as a higher
proportion of aromatic carbon. Tissot et al. (1978) conducted the
first study on type I kerogen in the Unita Basin of the United States,
and subsequent researchers found that type I kerogen is wide-
spread in sedimentary basins around the world, including the
Autun black shale in Massif Central, France; the torbanite in the
Blue Mountains of the Sydney Basin, Australia; the Late Cretaceous
Yacoraite in the Salta Basin, Argentina and the kerogen of the
Lucaogou Formation in the Junggar Basin, Xinjiang Province, China
(Berlendis et al., 2014; Romero-Sarmiento et al., 2019; Zhang and
Volkman, 2020; Liang et al., 2023).

Based on the chemical structure and source of type I kerogen, it
exhibits the highest potential for hydrocarbon generation in
comparison to the other two types (Klemme and Ulmishek, 1991;
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Vandenbroucke and Largeau, 2007). According to Cao et al. (2021),
the hydrocarbon yield of type I kerogen from the Qingshankou
Formation in the Songliao Basin, NE China reached over 70% during
its peak stage (R, = 0.89%-1.34%). Lewan and Roy (2011) and Behar
et al. (2010) demonstrated that significant amounts of hydrocar-
bons can be produced through the pyrolysis of Green River
kerogen, whether there is water or not. However, current tech-
nology can only extract hydrocarbons in free and pore states from
source rocks, and cannot obtain swollen and adsorbed state hy-
drocarbons from kerogen and source rock (van Heek, 2000; Jarvie,
2012; Larter et al., 2012; Hu et al., 2021). The ability of kerogen to
swell and adsorb hydrocarbons has raised concerns among re-
searchers about evaluating the total amount of swollen hydro-
carbons (Li et al., 2016; Wei et al., 2012).

In recent years, swelling experiments have been utilized to
assess the amount of liquid organic matter retained in kerogen,
with most studies employing solubility parameters to conduct this
test (Sandvik et al., 1992; Kelemen et al., 2006; Kilk et al., 2010;
Huang et al,, 2020; Liang et al., 2021). Li et al. (2016) employed
this method to quantify the relative oil retention capacities of clay
minerals, quartz, and carbonate in oil shale from the Dongying
Depression in the Bohai Bay Basin, reporting values of 18.0, 3.0,
and 1.8 mg/g, respectively. This study further identified the
optimal depths for shale oil exploration as ranging between 3400
and 3600 m (Li et al., 2016). In a separate investigation, Wei et al.
(2012) examined the retention of saturated hydrocarbons, aro-
matics, resins, and asphaltenes in source rocks obtained from the
Niuzhuang Sag in the Bohai Bay Basin. Liang et al. (2025) found
that when the centrifugal force exceeded 647.4 g, only liquid
organic matter in swollen and adsorbed states remained in
kerogen. However, using solubility parameters as the criterion has
led to a lack of systematic evaluation of the adsorption of series
hydrocarbons by kerogen, including saturated and aromatic hy-
drocarbons, and the mechanism of this process has not been fully
understood. On the other hand, the semi-quantitative distinction
between swollen and adsorbed liquid hydrocarbons in kerogen is
still not fully realized (Liang et al., 2025). Ballice (2003) high-
lighted the presence of anomalies in the swelling process of some
liquid organic compounds, such as ethanol, which may cause
discrepancies in the quantitative results of related studies that use
these compounds as solubility parameters.

Therefore, this study focused on type I kerogen and prepared
kerogen samples with different maturities through artificial py-
rolysis simulation experiments. Common hydrocarbon com-
pounds found in petroleum were selected as the liquid organic
matter for conducting swelling experiments. The objective of this
research was to investigate the influence of kerogen evolution
degree on the swelling and adsorption amount of hydrocarbons,
explore the competitive swelling and adsorption of different hy-
drocarbons in kerogen, and analyze the mechanism underlying
this process. To achieve these goals, the study established an
evaluation model for the swelling amount of liquid organic matter
after removing the adsorption part and systematically analyzed
the interaction process between type I kerogen and hydrocarbons.

2. Samples and methods
2.1. Samples

The rock sample was collected from the Lucaogou Formation
located in the Dalongkou area of Jimusaer Sag in Junggar Basin,
Xinjiang province, China. The source rocks of the Lucaogou For-
mation (LCG) are arranged in an anticline pattern. The oil shale of
this formation is the primary source rock in the Junggar petrolif-
erous basin and is a semi-deep to deep lacustrine deposit within
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the basin. According to the results of Rock-eval, the Lucaogou
kerogen has a high potential of hydrocarbon generation (HI is 704
and S2 is 464.82 mg/g TOC) and belongs to type I (Table 1). Table 2
showed the results of elemental analysis of kerogen, with the in-
crease of maturity, the relative proportion of hydrogen decreased
continuously, and the H/C atomic ratio showed the same trend.
This indicates that the increase of maturity causes the continuous
cracking of the original kerogen samples.

The rock sample was ground to 120 mesh and extracted with
the solvent mixture composed of dichloromethane and methanol
(93:7 v:v) to remove the soluble organic matter. Then, the hy-
drochloric acid (6 mol/L) and hydrofluoric acid (6-8 mol/L) were
added sequentially to decompose the inorganic minerals. The
sample was rinsed repeatedly with deionized water until the pH
reached 7. Finally, the sample was extracted with a solvent mixture
of dichloromethane and methanol (93:7 v:v) again to remove the
soluble organic matters adsorbed by minerals, and a pure kerogen
sample was obtained (GB/T19144-2010).

2.2. Artificial pyrolysis

The initial kerogen powder was loaded into gold tubes which
were sealed at both ends after replacing the air inside with argon.
Each tube was subsequently placed in a separate autoclave, and
these autoclaves were placed in a common furnace. The pressure
inside the autoclaves was set to 50 MPa, and the temperature in
the furnace was elevated in three stages: first, the temperature
was increased from room temperature to 300 °Cin 8 h; second, the
temperature was maintained at 300 °C for 2 h; and third, the
temperature was increased to 480 °C at a rate of 20 °C/h. During
the whole experiment process, different temperature points cor-
responded to a defined maturity value of kerogen residues, which
were evaluated using Easy%R, (Sweeney and Burnham, 1990; He
et al., 2018, 2019). As the autoclaves were removed from the
furnace at different temperature points (Easy%R,), each gold tube
in the autoclaves represented a specific maturity level of the
kerogen. The autoclaves were cooled, the pressure was released,
and each gold tube was removed. Thereafter, the products were
collected and separated (gas, light hydrocarbons, soluble organic
matter, and kerogen residue). There were total nine kerogen resi-
dues with different maturity collected at corresponding temper-
ature point: 360 °C (Easy%R, = 0.68), 380 °C (Easy%R, = 0.77),
390 °C (Easy%R, = 0.83), 400 °C (Easy%R, = 0.89), 410 °C (Easy%
R, =0.98),420 °C (Easy%R, = 1.07), 440 °C (Easy%R, = 1.28), 460 °C
(Easy%R, = 1.52), and 480 °C (Easy%R, = 1.80).

Table 1
Basic geochemistry parameters of kerogen.
Sample S; mg/g S; mg/g S3 mg/g Tmax °C  HI Easy%R," Type
LCG 4,57 464.82 14.11 441 704 0.78 [
2 Easy%R, = Tmax x 0.018—7.16 (Sweeney and Burnham, 1990).
Table 2
Results of elemental analysis.
Sample (Easy%R,) N, % C% H, % S, % H/C
L1 (0.68) 291 77.64 7.13 2.29 1.10
L2 (0.77) 2.96 77.70 6.22 1.60 0.96
L3 (0.83) 3.02 76.91 5.69 1.68 0.89
L4 (0.89) 3.67 75.31 4.73 2.19 0.75
L5 (0.98) 3.71 75.71 4.12 2.51 0.65
L6 (1.07) 3.60 76.62 3.93 2.09 0.62
L7 (1.28) 3.63 77.30 3.70 1.95 0.57
L8 (1.52) 3.73 78.56 3.49 2.20 0.53
L9 (1.80) 4.03 81.04 3.57 3.35 0.53
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2.3. Swelling experiment

The swelling experiment was carried out by classical centrifu-
gation (Wei et al., 2012; Li et al., 2016; Liang et al., 2025). As shown
in Fig. 1, nine kerogen samples of varying maturities obtained
through artificial pyrolysis were ground into powder and placed in
a quartz tube with a small hole at the bottom, with the mass of the
kerogen recorded as My. The bottom of the quartz tube was
blocked with quartz wool to ensure normal liquid flow, and the top
was filled with quartz wool to prevent kerogen scattering during
the experiment. The total weight of the quartz tube was M;. The
quartz tube was then immersed in liquid organic matter for 72 h to
ensure full contact between the kerogen and the liquid, promoting
swelling. The liquid organic matters selected in this research,
including n-hexane, n-octane, n-undecane, n-hexadecane, cyclo-
pentane, cyclohexane, n-heptylbenzene, methylnaphthalene, and
toluene, represented satureted, cycloalkanes, and aromatic hy-
drocarbon compounds commonly found in petroleum. After
soaking, the quartz tube was wrapped in absorbent cotton and
placed in a centrifuge, where the liquid organic matter was dis-
charged at a speed of 3000 r/min, and the weight M of the quartz
tube was recorded. The amount of liquid organic matter adsorbed
by unit mass of kerogen swelling was calculated as (M;—M;)/M,
allowing for the evaluation of swelling capacity.

3. Results and discussions

The results of the swelling experiment for nine hydrocarbon
liquid organic matter by kerogen samples with different matu-
rities are presented in Table 3.

3.1. Swelling and adsorption of alkane

As shown in Fig. 2, the swelling adsorption capacity of kerogen
for saturated hydrocarbons have no obviously changes before Easy
%R, = 0.89, with all values being less than 0.25 g/g kerogen.
However, as the maturity increases beyond 0.89, the swelling
adsorption capacity increases significantly and is positively
correlated with the chain length of saturated hydrocarbons. This

7 mm

4— Class tube

- Kerogen

Quartz wool

/ e

Fig. 1. Schematic diagram of swelling experiment (Liang et al., 2025).
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suggests that kerogen is more likely to retain long-chain saturated
hydrocarbons and expel short-chain saturated hydrocarbons as
the maturity increases. The peak ability of kerogen to retain
saturated hydrocarbons occurs around maturity of 1.07 during the
entire thermal evolution.

The results of cyclopentane and cyclohexane are shown in
Fig. 3. The swelling adsorption amount of cyclohexane in
kerogen is more than that of cyclopentane throughout the artificial
pyrolysis process. This indicates that kerogen molecules have a
stronger ability to retain cycloalkanes compounds with more
carbon atoms (Liang et al., 2023). When the carbon number is the
same, the swelling adsorption capacity of cyclohexane is greater
than that of n-hexane. Therefore, the swelling adsorption capacity
of kerogen for liquid alkane compounds is: multi-carbon number
cycloalkane > long-chain saturated hydrocarbon/low-carbon
number cycloalkane > short-chain saturated hydrocarbon. Short-
chain saturated hydrocarbon compounds are most easily
expelled from the source rock.

3.2. Swelling and adsorption of aromatic hydrocarbon

The swelling adsorption results for n-heptylbenzene, methyl-
naphthalene, and toluene are depicted in Fig. 4. It is notable that
methylnaphthalene exhibits a higher amount than n-heptylben-
zene and toluene in nine kerogen samples. The molecular struc-
ture of methylnaphthalene contains more aromatic rings and
hydrogen atoms than toluene, enabling it to form more = bonds
and hydrogen bonds with aromatic ring clusters and electroneg-
ative atoms like oxygen or nitrogen in kerogen. In contrast, n-
heptylbenzene has a greater number of hydrogen atoms and fewer
aromatic rings, resulting in the formation of more hydrogen bonds
but fewer = bonds with kerogen molecules. These findings suggest
that the interaction force between = bonds is stronger than that of
hydrogen bonds during the interaction between liquid organic
matter and kerogen. This phenomenon is further proved by the
results of n-heptylbenzene and toluene. The molecular structure of
n-heptylbenzene and toluene consists of only one aromatic ring,
but n-heptylbenzene has twice as many hydrogen atoms as
methylnaphthalene. However, in Fig. 4, the swelling adsorption of
n-heptylbenzene and toluene is roughly equal, confirming that the
= bonds are the primary energy in the interaction between aro-
matic compounds and kerogen, while hydrogen bonds are less
significant.

3.3. Relationship between swelling adsorption and maturity of
kerogen

The capacity of kerogen to swell and absorb liquid hydrocar-
bons is clearly divided into three stages with increasing maturity,
as shown in Fig. 5 and Table 4.

In the first stage (Easy%R, = 0.68-0.89), the adsorption capacity
is low and shows no significant changes (Table 3). Taking n-hexane
as an example, the swelling adsorption capacity at this stage is
0.17, 0.17, and 0.18 g/g kerogen, respectively. This stage corre-
sponds to the weak cracking of type I kerogen in the low maturity
range, as noted by Gao et al. (2017). When the maturity is below
0.90, the hydrocarbon yield of LCG kerogen is less than 10%, in
addition, a large amount of organic carbon is converted into
asphaltenes (Table 4). Therefore, during this stage, the chemical
structure of kerogen remains largely unchanged, resulting in no
significant changes in swelling adsorption capacity.

In the second stage (Easy%R, 0.89-1.07), the retention
amount of saturated hydrocarbons, naphthenes, and aromatic
hydrocarbons increases significantly, and the swelling adsorption
capacity of kerogen to liquid hydrocarbons rises rapidly, reaching
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Table 3
Results of swelling experiment and density of each solvent.
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Sample (%R,)

n-hexane, g/g n-octane, g/g n-undecane, g/g n-hexadecane, g/g Cyclopentane,

Cyclohexane, n-heptylbenzene, Methylnaphthalene, Toluene,

g/g g/g g/g g/g g/g

L1 (0.68) 0.17 0.25 0.16 0.19 0.27 0.35 0.45 0.75 0.54
L2 (0.77) 0.17 0.20 0.13 0.17 0.24 0.27 0.61 0.65 0.49
L3 (0.83) 0.18 0.24 0.22 0.24 0.22 0.32 0.48 0.70 0.57
L4 (0.89) 0.53 0.54 0.59 0.67 0.36 0.68 0.81 145 0.95
L5 (0.98) 0.75 0.91 0.95 1.11 0.63 1.15 143 1.96 1.26
L6 (1.07) 1.02 0.96 1.04 1.36 0.84 1.36 1.59 2.06 1.41
L7 (1.28) 0.83 0.99 1.00 1.30 0.76 1.19 1.51 1.97 144
L8 (1.52) 0.71 0.87 0.98 1.28 0.56 111 1.34 1.88 1.23
L9 (1.80) 0.61 0.78 0.86 1.20 0.52 0.95 1.11 1.57 1.13

1.6

® n-hexane First stage
124 ™ n-octane %R, < 0.89
) n-undecane

n-hexadecane
0.8 A

0.4

Amount of swelling
adsorption (g/g kerogen)

L1 (0.68) L2 (0.77) L3 (0.83) L4 (0.89) L5 (0.98) L6 (1.07) L7 (1.28) L8 (1.52) L9 (1.80)

Sample ID (maturity)

Fig. 2. Results of swelling experiment of saturated hydrocarbon.

m Cyclopentane
u n-hexane
Cyclohexane

0.4 -

Amount of swelling
adsorption, g/g kerogen
o
(=

L1 (0.68) L2 (0.77) L3 (0.83) L4 (0.89) L5 (0.98) L6 (1.07) L7 (1.28) L8 (1.52) L9 (1.80)

Sample ID (maturity)

Fig. 3. Results of swelling experiment of cycloalkane hydrocarbon.

24

m n-heptylbenzene
B Methylnaphthalene
16 4 Toluene

2.0 A

0.8

Amount of swelling
adsorption, g/g kerogen
S

0.4 -

L1 (0.68) L2 (0.77) L3 (0.83) L4 (0.89) L5 (0.98) L6 (1.07) L7 (1.28) L8 (1.52) L9 (1.80)

Sample ID (maturity)

Fig. 4. Results of swelling experiment of aromatic hydrocarbon.

its peak. Taking n-hexane as an example, the swelling adsorption
amount at this stage reaches a peak value of 1.02 g/g kerogen. As
noted by Gao et al. (2017), after the maturity of 0.90, the ability of
hydrocarbon generation of LCG kerogen increases significantly
with the first structural jump occurring (Table 4). The pyrolysis of
aliphatic chains and small aromatic rings in kerogen leads to an
increase in organic pores, which can effectively swell and adsorb
hydrocarbon compounds. This results in a rapid increase of the
swelling adsorption capacity of the three types of liquid
hydrocarbon.

Ability of hydrocarbon
generation and retention
increase

Secong stage

Max: %R, = 0.95 %R. =089 107
bR, = U.. =1.

Max: %R, = 1.07

Ability of hydrocarbon
generation and retention
decrease

Third stage
%R, >1.07

Fig. 5. Division of hydrocarbon expulsion stages of kerogen varying with maturity.

In the third stage (Easy%R, > 1.07), the swelling adsorption
capacity of kerogen to liquid hydrocarbons decreases continu-
ously. Taking n-hexane as an example, the amount of swelling
dropped from the peak of 1.02 to 0.61 g/g kerogen during this
period. Kerogen has passed the peak of hydrocarbon generation,
and although the organic pores in kerogen structure are larger, but
the aliphatic carbon has greatly reduced (Table 4). As noted by
Liang et al. (2020), liquid hydrocarbon compounds mainly occur
in the aliphatic carbon structure of kerogen. This leads to a
continuous decrease in the adsorption ability of kerogen to liquid
hydrocarbons in this stage.

The division of stages demonstrates that the swelling absorp-
tion capacity of type I kerogen for liquid hydrocarbons signifi-
cantly increases after reaching a maturity level of 0.90 (Easy%R,),
with a maximum at 1.07 (Easy%R,). Thereafter, the retention
gradually decreases with increasing maturity.

Fig. 6 depicts the swelling adsorption proportion of saturated,
naphthenic, and aromatic hydrocarbons in type I kerogen. The
amount of each hydrocarbon is the average value of the same
compound type in this study. As maturity increases, the propor-
tion of saturated hydrocarbons increases from 17.70% to 30.17%,
while the ratio of aromatic hydrocarbons decreases from 53.51% to
44.29%. Throughout the thermal evolution process, the proportion
of cycloalkane remains relatively stable. This suggests that type I
kerogen has the strongest capacity for retaining aromatic hydro-
carbons. In the field of hydrocarbon expulsion, this phenomenon
indicates that at the early stage of low maturity, a significant
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Table 4
Composition of pyrolysis products from Lucaogou Formation.

Petroleum Science 22 (2025) 3960-3966

Sample Easy%R, Hydrocarbon, mg Resin + asphaltene, mg Residual kerogen, mg
M9K-1 0.6 339 160.4 976.5
MO9K-2 0.7 81.7 3274 693.7
MO9K-3 0.8 144.2 456.7 462
M9K-5 09 247.7 576.7 176.3
MO9K-6 0.95 281.65 589.2 77.2
MOK-7 1 310.1 535.9 151.1
MOK-8 1.05 338.65 364.1 302.5
M9K-9 1.1 368.6 329.9 3193
MO9K-10 1.15 389.35 334.1 297.1
MIK-11 1.2 413.8 248.8 368
M9K-12 1.25 467.05 202 363.4
MO9K-13 13 461.6 181.3 387.5
M9IK-14 14 450.4 97 508.6
M9K-15 15 475.6 98.2 488.7
M9K-16 1.6 493.1 114.8 438.2

All of parameters are from Gao et al. (2017).

Aromatic hydrocarbon B Cycloalkane hydrocarbon B Saturated hydrocarbon

100.00%
90.00% -
80.00% -
70.00% -
60.00% -
50.00%
40.00% -
30.00% -
20.00% -

10.00% o

0%
L1(0.68) L2 (0.77) L3 (0.83) L4 (0.89) L5 (0.98) L6 (1.07) L7 (1.28) L8 (1.52) L9 (1.80)

Sample ID (maturity)

Fig. 6. Percentage of swelling capacity of different hydrocarbon compounds.

amount of saturated hydrocarbons are expelled from the source
rock. As maturity increases, the expulsion of aromatic hydrocar-
bons also increases. The products of the entire process of hydro-
carbon expulsion gradually transform from saturated to aromatic
hydrocarbons.

3.4. Model for evaluating the swelling capacity of hydrocarbon in
kerogen

Determining whether hydrocarbons in kerogen are in a swollen
or adsorbed state has been a long-standing challenge in petroleum
geochemistry research. Both states are often referred to as swelling
adsorption for quantitative evaluation (Wei et al., 2012; Li et al,,
2016). However, the mechanisms of the two states are distinct.
Adsorbed hydrocarbons interact with the surface of kerogen
through Van der Waals and Coulomb forces (Curtis, 2002), while
swelling hydrocarbons are shale oil that is “embedded” in the
kerogen structure through swelling, which is a hydrocarbon com-
pound surrounded by kerogen molecules in a solid solution state
(van Heek, 2000; Li et al., 2016). To assess the quantitative amount
of swelling hydrocarbons in the kerogen structure (excluding
adsorption), a model was developed in this study to preliminarily
evaluate the swelling of different hydrocarbon compounds.

The same kerogen sample was used for the swelling experi-
ments in this study, allowing for the average particle size and
composition to be considered consistent. As a result, the surface
area of the sample (S) is only relevant to maturity. The mass of
adsorbed hydrocarbons is influenced by the volume and density,

while the adsorption volume is determined by the adsorption area
S. The ks value can be employed to represent the relative volume
change, with k being the assumed proportionality constant. Given
these factors, the mass of hydrocarbons in the swollen state (M)
within the kerogen structure can be evaluated as:

M:afpks (1)

And the amount of swollen state hydrocarbon can be calculated
by:

My —M; = (a1 — az) + (p1 — p2) ks (2)

where M1 and M, represent the amount of swollen state of the two
hydrocarbons at the same maturity, and when M1—Mj is positive,
it indicates that the swelling capacity of reagent 1 is greater than
that of reagent 2; a; and a; represent the amount of hydrocarbon
compounds swelling adsorption per gram of kerogen according to
the swelling experiment; p1 and p; represent the densities of the
two reagents. Since ks is a constant positive value, the sign of
M1—M> depends on the result of (a;—a3) and (p1—p2). When both
values are positive, the content of hydrocarbons in the swollen
state of the 1 reagent must be greater than that of the 1 reagent.
Fig. 7 illustrates the density and swelling adsorption of various
liquid hydrocarbons, allowing for a comparison of the relative
content of each solvent's swollen state (the density of nine solvent
is shown in Table 5). Alkanes, for instance, exhibit a direct corre-
lation between the number of carbon atoms and the amount of
swollen state. However, cyclopentane, despite having a higher
density than n-undecane, has a lower swelling adsorption weight.
This suggests that the interaction parameter a;—a; is negative, and

2.5 1
Sample ID (maturity)
- ® L1(0.68) © L4(0.89) o L7(1.28)
58 204 °L2(077) ©L5(098) e L8(1.52) ‘
£90 L3(0.83) © L6(1.07) ® L9(1.80)
g < 15 1 e
»2 ° ! o
5O § °
P 8 ° LJ
co 104 © ! °
=1
ge ! ! $ P’
[e} v
] °
gl 0.5 ' . °
- 2 [ ] )
“ ] L4 Increase of density
0 »
2 2 S o} 2, 2, K
s, %, 2 Yo, K3 %, % <,
po) )
+‘90@ Ve Oé% s, K %, A % %
% , % % P,
© Q’)@ %

Fig. 7. Quantitative evaluation model for swollen state hydrocarbon compound.



T. Liang, Y.-R. Zou, Z.-W. Zhan et al.

Table 5
Density of solvent.

Solvent Density, g/cm?
n-hexane 0.66

n-octane 0.703
n-undecane 0.74
Cyclopentane 0.751
n-hexadecane 0.7734
Cyclohexane 0.791
n-heptylbenzene 0.861

Toluene 0.872
Methylnaphthalene 1.025

cyclopentane's swelling capacity is likely lower than that of n-
undecane. A similar trend is observed in the comparisons of
cyclohexane—n-hexadecane and toluene—n-heptylbenzene
groups. This indicates that kerogen has limited ability to swell
cyclic compounds, whether cycloalkanes or monocyclic aromatics.
It is possible that more of these compounds' retained hydrocar-
bons are in the adsorbed state. Nevertheless, long-chain alkanes
and polycyclic aromatic hydrocarbons are more likely to form a
solid solution state (swelling state) within the molecular structure
of kerogen. Consequently, in this study, n-hexadecane and meth-
ylnaphthalene exhibit the strongest swelling ability in kerogen.
Therefore, it is plausible that longer alkanes and compounds with
more aromatic rings are more likely to remain in solid solution
within kerogen. Long-chain alkanes and polycyclic aromatic hy-
drocarbons are preserved in the structure of solid organic matter
in the form of swelling and adsorption, and it is more difficult to
expel hydrocarbons than other small-molecule compounds. In
particular, compounds in the swollen state may play an important
role in secondary cleavage.

4. Conclusion

The ability of type I kerogen to retain aromatic compounds is
stronger than that of saturated hydrocarbons, and with the
increasing of maturity, alkanes show a trend of decreasing, while
aromatics increase. The ability of liquid hydrocarbons to swell and
adsorb reaches its peak at Easy%R, = 1.07. The order of hydrocar-
bon expulsion from source rocks is: short-chain
alkanes > cycloalkanes/long-chain alkanes > aromatics with
alkyl groups > polycyclic aromatic hydrocarbons. As a result,
short-chain alkanes, cycloalkanes, and benzene series are more
likely to complete hydrocarbon expulsion firstly.

The swelling state evaluation model indicates that long-chain
alkanes and polycyclic aromatic hydrocarbons have the highest
potential for swelling state occurrence in type I kerogen. There-
fore, paraffin and asphaltenes based on these two compounds are
more likely to be stable in the kerogen and less likely to be quickly
excluded. In the exploration and exploitation of conventional oil,
shale oil and heavy oil, paraffin and asphaltene may be the focus of
research, particularly in immature source rocks.
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