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Abstract: Shale oil stored in the shale system occurs mainly in adsorbed and free states, and ascertain-
ing the amount of adsorbed crude oil in shale is a method of ascertaining its free oil content, which
determines the accuracy of shale oil resource evaluation. Both inorganic minerals and kerogen have
the ability to adsorb crude oil, but there is controversy surrounding which plays the greatest part in
doing so; clarifying this would be of great significance to shale oil resource evaluation. Therefore,
in this study, the evolution states of inorganic minerals and kerogen in shale were changed using
pyrolysis, and the adsorbents were prepared for crude oil adsorption experiments, to explore the
effects of inorganic minerals and kerogen on the crude oil adsorption of shale. The results showed
that the differences in kerogen’s structural units and content in organic-rich shale (TOC = 1.60–4.52%)
had no obvious effects on its crude oil adsorption properties. On the contrary, inorganic minerals, as
the main body of shale, played a dominant role in the adsorption of crude oil. The composition and
evolution of the inorganic minerals controlled the surface properties of shale adsorbents, which is the
main reason for the different crude oil adsorption properties of the different types of adsorbents. The
results of this study are helpful in improving our understanding of the performance and mechanisms
of shale in adsorbing crude oil and promoting the development of shale oil resource evaluation.

Keywords: oil; adsorption experiment; inorganic minerals; kerogen; thermal simulation of adsorption

1. Introduction

Shale oil is a liquid petroleum resource that is retained and enriched in the shale
system after hydrocarbon generation and expulsion from source rocks, and it will be an
essential replacement resource in the future. Shale oil stored in the shale system occurs
mainly in its free and adsorption states; because the former is the main contributor to
productivity, the accurate evaluation of free shale oil content is an important prerequisite to
shale oil exploration and development [1,2]. However, there is usually some deviation in
the results upon directly quantifying the free oil content, so the indirect calculation of free
oil content through adsorbed and total oil content is attracting increasing attention [3–6].
Previous studies indicated that the liquid hydrocarbon adsorption properties of kerogen per
unit mass are much higher than those of inorganic minerals; thus, previous studies mainly
considered the adsorption of total organic carbon (TOC) on liquid hydrocarbons [7–11],
among which the most intuitive and widely accepted method for evaluating the potential
producibility of shale oil is the oil saturation index (OSI) (S1/TOC) [1,10–13]. However,
when evaluating the potential of continental shale oil resources in some areas of China,
the results of OSI do not precisely match the actual exploration results, which indicates
that it is not sufficient to consider only the adsorption of liquid hydrocarbons on organic
carbon [4,14,15].

Actually, the inorganic minerals (such as clay, quartz, feldspar, pyrite, carbonate, etc.)
in shale still have a certain effect on the adsorption of liquid hydrocarbon [16–18]. Despite
the adsorption properties of organic matter being much higher than those of inorganic
minerals, with inorganic minerals forming the main part of shale, their relative content is
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much higher than the content of kerogen; so, the liquid hydrocarbon adsorption capacity
of inorganic minerals cannot be ignored [19–21]. Meanwhile, the changes in the pore char-
acteristics and surface properties of shale will affect its hydrocarbon adsorption properties
because of the process of sedimentation and the evolution of inorganic minerals and kero-
gen in shale [22–24]; thus resulting in the capacity of shale to adsorb liquid hydrocarbons
not being equivalent to summing the capacity of purified kerogen and different types of
purified inorganic minerals to adsorb liquid hydrocarbons [21,25]. Therefore, to research
the overall crude oil adsorption capacity of organic-rich shale, the adsorption properties of
inorganic minerals and kerogen must be considered simultaneously. At present, there are
many reports of different types and maturities of purified kerogen adsorbing pure hydro-
carbon liquids [9,26,27], and the purified inorganic mineral (or mixed purified inorganic
mineral) adsorption of liquid hydrocarbons has also been explored [17,28,29]. However, at
present, the results of these studies cannot completely or effectively guide the exploration
of shale oil [25,30]. Therefore, using actual shale as an adsorbent and actual crude oil as an
adsorbate in crude oil adsorption experiments may have more practical significance and
facilitate guidance.

In order to clarify the influence of kerogen’s structural and inorganic mineral com-
position and evolution in shale on its crude oil adsorption properties, this experiment
used actual shale and crude oil from the same region. Under the condition of inorganic
minerals and kerogen existing simultaneously, the shale samples underwent pyrolysis, and
extracts were prepared of the shale adsorbents that contained different kerogen content and
structures and different transformation degrees of inorganic minerals. After performing
the crude oil adsorption experiments, according to the organic carbon content and the
composition characteristics of inorganic minerals in the shale adsorbents, we analyzed the
effects of inorganic minerals and kerogen on crude oil adsorption in shale.

2. Samples

The shale samples were collected from the Cheng 2 well in the central deep sag area of
the Biyang Depression. A total of five shale samples ( 1©~ 5© in Figure 1) were selected from
the fifth shale layer of the third member of the Hetaoyuan formation (Eh3), at a vertical
depth of 2771−2797 m. This depression is a secondary structural unit of the Nanxiang
Basin, located in Tanghe County and Biyang County, Henan Province, China. Covering
an area of about 1000 km2, it is a Meso-Cenozoic (Cretaceous–Paleogene–Neogene) rift
depression [31]. According to the structure, the depression can be further divided into three
subunits, including the northern slope belt, central deep sag, and southern steep slope
belt. The central deep sag sedimented the thickness strata of the Paleogene (which is the
main enrichment area for lithologic and shale oil reservoirs [32]), includes the Dacangfang,
Yuhuangding, Hetaoyuan (Eh1, Eh2, Eh3) and Liaozhuang formations from the bottom to
the top. Moreover, the third member of the Hetaoyuan formation (Eh3) can be divided into
eight sand formations (Eh3

I~Eh3
VIII). There are six layers of organic-rich shale developed in

Eh3
III~Eh3

VI in the central deep depression [5,33]. Based on wireline logs and core sampling
analysis (Rock-Eval, GC-MS, etc.), the fifth shale layer was the thickest and most widely
distributed, was abundant in retained hydrocarbons, and was the main target layer of shale
oil exploration in this area [5,32].

Previous studies have shown that the third member of the Hetaoyuan formation (Eh3)
in the deep sag of the Biyang Depression is mainly composed of dark-gray and gray shale
interbedded with dolomite and sandstone [32]. The types of kerogen are mainly type I
and type II1, with little type II2 [34]. The maturity of organic matter is at the low stage
(Ro% ≈ 0.7%; average Tmax ≈ 446.35 ◦C) [5]. The crude oil samples used in the adsorption
experiment were from the same layer in the same area, and the characteristics of the crude
oil group were as follows: saturated hydrocarbon (Sat.): 60.7 wt%, aromatic hydrocarbon
(Aro.): 13.5 wt%, non-hydrocarbon and asphaltene (Res. + Asp.): 25.7 wt%; this is normal
crude oil.
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3. Methodology
3.1. Preparation of Adsorbents

Organic carbon in shale includes insoluble kerogen and soluble asphaltene. Kerogen
is the organic adsorptive carrier (adsorbent) for soluble asphaltene, and soluble asphaltene
is the adsorbed object (adsorbate); so, it is more scientific to determine the amount of oil
adsorbed by kerogen than by total organic matter [27,35,36]. According to the principle of
the hydrocarbon generation of kerogen and the theory of the kerogen structure model [37],
in the process of hydrocarbon generation, part of the reactive kerogen can be directly
converted into oil and gas (this is called effective carbon); meanwhile, the other part,
despite participating in the process of hydrocarbon generation, is not converted into
hydrocarbon but into residual carbon (RC). However, the inert kerogen neither participates
nor is affected by hydrocarbon generation, so it can be called dead carbon (in this paper,
the residual carbon and dead carbon are collectively called ineffective carbon, dividing the
organic carbon in kerogen into two parts: effective carbon and ineffective carbon) [10,38].
Because reactive kerogen and inert kerogen represent a theoretical model, we could not
obtain separate kerogen with these structural units, but we could measure the effective
carbon (TOC > RC) and ineffective carbon (TOC ≈ RC) in kerogen via pyrolysis to measure
the reactivity and inertia of kerogen. In this way, we could explore the oil adsorption
properties of different kerogen structural units for crude oil.

Before preparing the adsorbents, the carbonate minerals in shale needed to be removed
using hydrochloric acid (HCl). The main reason for this was that the upper layer of Eh3
in the Biyang Depression was formed in an alkaline environment, which limited the
dissolution of carbonate minerals in the early period of diagenesis and resulted in the
precipitation and cementation of carbonate minerals in the late period of diagenesis [39].
However, during the process of preparing the adsorbents via thermal treatment, carbonate



Energies 2023, 16, 2386 4 of 19

minerals tended to decompose after 650 ◦C. This will lead to a significant increase in
the specific surface area (SSA) of the samples, and the CO2 generated will affect the
measurement of TOC [40–42]. The former will seriously affect the adsorption performance
of shale adsorbents [19,21,25,29], while the latter will affect the evaluation of kerogen’s
adsorption properties in shale adsorbents. Therefore, in order to keep the inorganic mineral
composition of shale adsorbents obtained via pyrolysis treatment as consistent as possible,
it was necessary to remove carbonate minerals in shale via hydrochloric acid treatment
before pyrolysis treatment of the shale samples.

The temperature conditions for preparing the adsorbents were those of the Rock-Eval
analysis method. A shale sample treated with hydrochloric acid (abbreviated as THCl) was
heated in a N2 flow at 300 ◦C for 1 h to remove the pyrolytic hydrocarbon S1. Then, on
the pyrolysis products, we used DCM (dichloromethane) and MeOH (methanol) (93:7,
v/v) for extraction for 72 h; after that, extraction was conducted for 72 h using methanol,
acetone, and benzene (MAB) (2:5:5, v/v/v) to remove as much of the soluble organic
matter in the pyrolysis products of shale as possible. After finishing the above process, the
Type-A (abbreviated as TA) adsorbent that contained the effectiveness of carbon in kerogen
(containing available carbon+ and ineffective carbon+ inorganic minerals) was prepared.
To prepare the Type-B adsorbent (abbreviated as TB) that contained the carbon in kerogen
ineffective (containing ineffective carbon+ inorganic minerals), a fresh shale sample of
THCl was heated in a N2 flow at 650 ◦C for 1 h to remove the pyrolytic hydrocarbons S1
and S2; then, we treated the pyrolysis products with the same extraction process as the
extract for TA, removing as much of the soluble organic matter as possible. To prepare the
Type-C (represented by TC) adsorbent that removed kerogen (containing only inorganic
minerals), a fresh shale sample of THCl was heated in an O2 flow at 900 ◦C for 1 h to remove
all organic carbon; then, we treated the pyrolysis products with the same extraction process
as the extract for TA, removing the soluble organic matter. The adsorbents and THCl were
subsequently analyzed using XRD and Rock-Eval to verify the quality.

X-ray diffraction (XRD) analysis of the adsorbents was performed using a German
Bruker AXS D8 Advance, with a Cu target; a ceramic X-ray tube; operation at 40 kV and
40 mA; a focal spot size of 0.4 × 12 mm; a LynxEye XE detector; test mode: wide angle of
5◦−90◦; and a rate of 5◦/min. XRD analysis was completed in the Analysis and Test Center
of the School of Materials and Chemistry, China University of Geosciences (Wuhan).

Rock-Eval analysis of the adsorbents was performed according to Lafargue et al.
(1998) [6]. The powder samples (20 g and about 80 mesh, ≤178 µm in grain size) were
analyzed using Rock-Eval 6 (manufactured by Vinci Technologies in France). Rock-Eval
analysis and data processing were performed by the Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences (GIG, Guangzhou, China). Subsequently, we obtained the
pyrolysis data of S1, S2, total organic carbon (TOC), residual organic carbon (RC), mineral
carbon (MinC), Tmax (◦C), and the hydrogen index (HI) of the adsorbents.

3.2. Adsorption Experimental Method

Generally, an adsorbate solution with a low or high concentration can reach ad-
sorption equilibrium with the adsorbent within a certain period of time (many liquid
adsorption experiments measure the concentration of the adsorbate solution in the adsorp-
tion equilibrium stage by spectrophotometry to estimate the adsorption capacity of the
adsorbent [17,43]. Therefore, there is still fluidity of the unadsorbed adsorbate molecules
in the adsorbate solution at the adsorption equilibrium state); when the concentration
of adsorbate reaches a certain level at which the adsorbent reaches saturated adsorption
equilibrium, the adsorbent will no longer receive adsorbate. Even if the concentration of the
adsorbate increases further, it will not affect the adsorption capacity of the adsorbent [21,28].
In other words, the crude oil (adsorbate) in the formation fluid (such as the oil–water so-
lution containing salt and other soluble substances), under geological conditions, does
not need to satisfy saturated adsorption by inorganic minerals and kerogen (adsorbents).
After the crude oil in the formation fluid and the inorganic minerals and kerogen reach
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adsorption equilibrium, the unadsorbed crude oil still has mobility. This principle is often
used to reduce the adsorption equilibrium concentration of crude oil and improve its
mobility by injecting hot water, gas, and other polymer solutions to enhance oil recovery
(EOR) in the secondary and tertiary oil recovery stages of the oilfield [44,45]. Therefore, the
setting of the adsorbate content (crude oil) in the experiment should be close to the content
of chloroform bitumen A in geological samples. At the same time, in many studies on the
organic matter adsorption properties of inorganic minerals, most choose single or mixed
standard samples as adsorbates or adsorbents [17,20,46,47]. However, when crude oil is
adsorbing on shale, different types of compounds and multifunctional carbon compounds
in crude oil compete for the chemical bonds of the adsorbent for adsorption, so using crude
oil as an adsorbate could more effectively reflect practical geological problems.

Ertas et al. [8] tested kerogen swelling under high-pressure and closed conditions,
and found that the average swelling ratio at 150 ◦C was slightly higher than that at
30 ◦C and 90 ◦C, indicating that temperature affects kerogen swelling [26]. Therefore,
the simulated temperature of this adsorption experiment was set at 90 ◦C, which was
close to the actual formation temperature of the sample. Pernyeszi et al. conducted the
adsorption of asphaltenes on clay and reservoir rocks by shaking them at 298 K for 24 h, and
adsorption equilibrium was reached after the reaction [17]. Daughney [28] reported that
adsorption equilibration was achieved within 24 h for the sorption of oil onto powdered
quartz in both the presence and absence of an aqueous phase. Ertas et al. (2006) also verified
that an adsorbate solution could reach adsorption equilibrium within 24 h at 30 ◦C, 90 ◦C,
and 150 ◦C [8]. In fact, in many reports, it was found that the adsorption equilibrium time
of organic matter on inorganic minerals only took tens to hundreds of minutes [43,48,49].
Furthermore, previous studies have shown that an increase in temperature reduced the
time taken to reach adsorption equilibrium [50,51]. Therefore, because the simulated
temperature of this experiment was close to the temperature of the formation where the
shale sample was located (90 ◦C), combined with the above experience, continuing the
experiment at 90 ◦C for 24 h was enough to reach adsorption equilibrium.

The conditions for each adsorption experiment are shown in Table 1. To ensure the
adsorbate was evenly distributed in the adsorbents, it was necessary to dilute the crude oil
with DCM and fully mix it with the adsorbent in the lining of the autoclave (25 mL), and
then, wait for the DCM to evaporate completely. The adsorption experiment continued at
90 ◦C for 24 h, and then, the unadsorbed hydrocarbons were recovered via extraction.

Table 1. Conditions used in the adsorption experiments.

Sample No.
Chloroform
Bitumen C

(wt.%)

Temperature of
Adsorbent

Preparation (◦C)
Adsorbent No.

Weight of Adsorbent/Adsorbate (g)

Adsorbent
Content

Calculate
Adsorbate

Content

Adsorbate
Content

1 0.597

300 1-TA 10.0534 0.0601 0.0603

650 1-TB 10.0457 0.0600 0.0601

900 1-TC 10.0285 0.0599 0.0600

2 0.589

300 2-TA 10.1000 0.0595 0.0591

650 2-TB 10.3014 0.0607 0.0606

900 2-TC 10.3354 0.0609 0.0606

3 0.479

300 3-TA 10.0139 0.0480 0.0478

650 3-TB 10.2368 0.0490 0.0490

900 3-TC 10.3310 0.0495 0.0498
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Table 1. Cont.

Sample No.
Chloroform
Bitumen C

(wt.%)

Temperature of
Adsorbent

Preparation (◦C)
Adsorbent No.

Weight of Adsorbent/Adsorbate (g)

Adsorbent
Content

Calculate
Adsorbate

Content

Adsorbate
Content

4 0.986

300 4-TA 9.6927 0.0956 0.0989

650 4-TB 10.0054 0.0987 0.0975

900 4-TC 10.0219 0.0988 0.0989

5 0.575

300 5-TA 9.9344 0.0571 0.0574

650 5-TB 10.1426 0.0583 0.0582

900 5-TC 10.3579 0.0596 0.0601

Here, in Table 1, 1-TA represents the Type-A adsorbent of sample 1 that was treated
with hydrochloric acid to remove the pyrolytic hydrocarbon S1 (heated in a N2 flow at
300 ◦C for 1 h) and the soluble organic matter; 1-TB represents the Type-B adsorbent of
sample 1 that was treated with hydrochloric acid to remove the pyrolytic hydrocarbons
S1 and S2, (heated in a N2 flow at 650 ◦C for 1 h) and the soluble organic matter; 1-TC
represents the Type-C adsorbent of sample 1 that was treated with hydrochloric acid to
remove all of the organic matter (heated in an O2 flow at 900 ◦C for 1 h). Furthermore, 2-TA,
2-TB and 2-TC represent shale adsorbents prepared by the same thermal decomposition
and extraction process as 1-TA, 1-TB and 1-TC, respectively, for shale powder samples after
hydrochloric acid treatment. The other adsorbent codes also represent the corresponding
treatment procedures for the corresponding samples.

4. Results
4.1. Adsorbent Properties

The quality of the adsorbent is the key to a successful adsorption experiment; so, it
was necessary to test the quality of the adsorbent before the adsorption experiment. For the
detection of adsorbent properties, we mainly used XRD analysis to detect the composition
and content of inorganic minerals, and Rock-Eval analysis to detect various indicators of
organic matter.

THCl and the adsorbents of TA (heated in a N2 flow at 300 ◦C), TB (heated in a N2 flow
at 650 ◦C), and TC (heated in an O2 flow at 900 ◦C) were analyzed via XRD (Figure 2), and
the relative contents of the main inorganic minerals were statistically analyzed (Figure 3).
The result showed that THCl and the adsorbents mainly contained quartz (Q), orthoclase
(Or), plagioclase (Pl), illite (I), illite/smectite (I/S), and a little chlorite (Ch), among which
quartz had the highest relative content. Pyrolysis treatment under different conditions had
a great influence on the composition and content of inorganic minerals in shale.

With the increased temperature in the adsorbent preparation, the illite diffraction
peak intensity increased significantly (Figure 2), which was due to the transformation
of illite/smectite to illite [52–54]. At the same time, the diffraction peak intensity of pla-
gioclase also increased. This was due to the consumption of K+ in the transformation
of illite/smectite to illite; as long as the conversion exists, the dissolution of orthoclase
will continue until exhausted [55]. Moreover, plagioclase will be difficult to dissolve,
even when precipitated, because of the buffering of Na+ produced by the transformation
of illite/smectite to illite [55,56]. Subsequently, when the temperature of the adsorbent
preparation reaches about 650 ◦C, the illite/smectite is completely transformed, and the
plagioclase gradually decomposes and its diffraction peak intensity is reduced [57]. Mean-
while, the dehydroxylation reaction of illite will also reduce its diffraction peak intensity.
When the temperature of the adsorbent preparation reaches about 900 ◦C, the diffraction
peak intensity of illite decreases further due to the high degree of the dehydroxylation
reaction and a certain degree of amorphous transformation (sintering phenomenon) [58–63].
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Figure 2. XRD pattern of THCl and adsorbents. The identified minerals are Q: quartz; Or: orthoclase;
Pl: plagioclase; Py: pyrite; H: hematite; I: illite; S: smectite; I/S: illite/smectite; and Ch: chlorite.
* THCl represents sample treated with hydrochloric acid.

For the samples treated with hydrochloric acid (THCl) and the adsorbents of TA (heated
in a N2 flow at 300 ◦C), TB (heated in a N2 flow at 650 ◦C), and TC (heated in an O2 flow at
900 ◦C), after being analyzed via Rock-Eval (Table 2), it was found that the mineral carbon
(MinC%) content was very low (0−0.23 wt.%, average of 0.1 wt.%), which indicated that
the measurements of TOC, S2, and RC were little affected by the thermal decomposition
of carbonate minerals. The TOC content in TA (containing effective carbon) was high
(2.01−4.84 wt%), and S1 almost disappeared, indicating that pyrolysis and solvent extrac-
tion substantially removed free hydrocarbons from TA. TB (including ineffective carbon)
contained almost no S1 and S2, and the TOC was close to the RC, which indicated that
the free hydrocarbons and effective carbon in TB were substantially removed by pyrolysis
and solvent extraction. While TB had a higher content of RC (1.60−3.29 wt%) than of TA,
indicating that part of the reactive kerogen was converted into inert kerogen through hy-
drocarbon generation, TC contained no organic carbon (TOC ≈ RC ≈ MinC ≈ 0), indicating
that all organic carbon was removed by oxidation at 900 ◦C, and only inorganic minerals
remained. The results of the pyrolysis data show that the three types of adsorbents satisfied
the requirements of the adsorption experiment and eliminated the interference factors of
the experiment.



Energies 2023, 16, 2386 8 of 19

Energies 2023, 16, x FOR PEER REVIEW 7 of 19 
 

 

 

Figure 2. XRD pattern of THCl and adsorbents. The identified minerals are Q: quartz; Or: orthoclase; 

Pl: plagioclase; Py: pyrite; H: hematite; I: illite; S: smectite; I/S: illite/smectite; and Ch: chlorite. * THCl 

represents sample treated with hydrochloric acid. 

 

Figure 3. Relative contents of main inorganic minerals in THCl and adsorbents. I + S: illite + smectite
+ illite/smectite.

Table 2. Rock-Eval analysis data of THCl and adsorbents.

No. S1
(mg/g)

S2
(mg/g) TOC (wt.%) RC (wt.%) MinC (wt.%) Tmax (◦C) HI

(mg/g)

1-THCl 2.58 21.18 4.81 2.83 0.15 446 440
1-TA 0.04 18.44 4.49 2.94 0.15 445 411
1-TB 0.01 0 3.29 3.28 0.07 486 0
1-TC 0 0 0 0 0 486 0

2-THCl 0.06 6.55 2.41 1.84 0.16 440 272
2-TA 0.08 4.45 2.03 1.64 0.09 440 219
2-TB 0.06 0.01 1.76 1.75 0.12 297 1
2-TC 0 0 0.01 0.01 0.01 399 0

3-THCl 0.26 22.42 4.82 2.92 0.07 444 465
3-TA 0.04 20.44 4.52 2.8 0.14 445 452
3-TB 0.07 0.06 3.03 3.01 0.13 305 2
3-TC 0.03 0 0.01 0 0.01 327 0

4-THCl 0.47 14.19 3.98 2.75 0.23 443 357
4-TA 0.06 10.52 3.51 2.62 0.14 443 300
4-TB 0.06 0.01 2.71 2.7 0.17 293 0
4-TC 0.01 0 0 0 0.01 392 0

5-THCl 0.2 4.89 2.01 1.57 0.16 439 243
5-TA 0.04 1.91 1.72 1.54 0.07 440 111
5-TB 0.06 0.01 1.6 1.59 0.05 290 0
5-TC 0.01 0 0 0 0 376 0

4.2. Results of Adsorption Experiment

After the adsorption experiment, we referred to the calculation method of adsorbed
hydrocarbon by Zhang et al. [25] and took the volatility of crude oil into account. The
product of the adsorption experiment was extracted with a mixed solvent of DCM and
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MeOH (93:7, v/v) for 72 h, and the unadsorbed hydrocarbons (adsorbate) were recovered.
After weighing it, we performed a calculation using the following formula:

q = [moil × (1 − Koil) − mext]/ma (1)

Q = [1 − mext/(moil − moil × Koil)] × 100% (2)

Here, q (mg/g) is the crude oil adsorption capacity; moil (mg) is the weight of the
adsorbate (crude oil); Koil (%) is the volatilization ratio of the adsorbate (crude oil) during
the process of the adsorption experiment, which was 14.27% (the date is the average value
that measured multiple times in under the experimental conditions of continued the crude
oil comparison group at 90 ◦C for 24 h); mext (mg) is the unadsorbed hydrocarbons that
were extracted in the adsorption experiment; ma (g) is the wight of adsorbent; and Q (wt.%)
is the crude oil adsorption ratio. Then, we obtained the adsorption capacity (Equation (1))
and the crude oil adsorption ratio (Equation (2)) of different types of adsorbents (Table 3).

Table 3. The date of adsorption capacity and adsorption ratio.

No. Adsorption Capacity (mg/g) Adsorption Ratio (wt.%)

1-TA 1.14 19.02
1-TB 1.96 32.76
1-TC 0.97 16.23

2-TA 1.32 22.34
2-TB 1.86 31.55
2-TC 1.00 17.02

3-TA 0.84 17.55
3-TB 1.27 26.48
3-TC 0.54 11.36

4-TA 2.23 22.64
4-TB 3.31 33.51
4-TC 1.15 11.67

5-TA 1.47 25.52
5-TB 2.24 38.98
5-TC 0.93 16.23

The date of the adsorption capacity and adsorption ratio (Table 3) showed that the
different samples of three types of adsorbents had the same trend of adsorption ratio for
crude oil, among which TB had the highest crude oil adsorption ratio and adsorption
capacity per unit mass, followed by TA, and then, TC. This indicated that the evolution
state of the adsorbent had a great influence on its own adsorption performance of crude oil.
Meanwhile, the crude oil adsorption ratio of the same types of adsorbent were obviously
different; it was evident that the difference of the samples had an influence on the adsorption
properties of the same type of adsorbent. So, it was necessary to analyze the influence of
kerogen and inorganic minerals on the crude oil adsorption properties.

Based on Table 3, the adsorbate content with the adsorption capacity (Figure 4a) and
the adsorbents with the adsorption ratio (Figure 4b) were drawn. Upon combining Figure 4
with Figure 2, it was found that although TC contained only inorganic minerals and lost
more clay minerals than TA and TB, the crude oil adsorption ratio of TC was not much
lower than that of TA and TB, which implies that the more clay minerals contained in TA
and TB is more important for its adsorption properties. Meanwhile, after the pyrolysis
treatment, the changes in the kerogen content and structure, inorganic mineral content,
and surface properties of TB were much greater than those of TA, which may be the main
reason that TB had the highest crude oil adsorption capacity. Therefore, further analysis of
the crude oil adsorption capacity of TB is needed.
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Figure 4a shows that, with an adsorbate content increase, the adsorption capacity
gradually approached saturation. In this process, and with the adsorbents in an unsatu-
rated adsorption equilibrium state, the adsorbate content (corresponding to the chloroform
bitumen C content of THCl) determined the adsorption capacity in the adsorption equilib-
rium stage. This result conformed to the original intention of this experiment’s design: to
observe the adsorption properties of the different shale adsorbents of crude oil under the
condition of the content of adsorbate being close to the oil content of geological samples.
Figure 4b shows that when the TA of samples 1, 2, and 4, the TB of samples 2 and 4, and the
TC of samples 3 and 4 had different adsorbate contents, the adsorption ratio of crude oil
was basically the same, indicating that adsorbate content cannot determine the crude oil
adsorption ratio of shale.

The adsorbents prepared from different shale samples had obvious differences in
their crude oil adsorption ratios. For example, the different types of adsorbents in sample
3 had the lowest crude oil adsorption ratios. As shown in Figure 2, among the same types
of adsorbent, sample 3 had the lowest levels of clay and feldspar mineral content. Other
adsorbents with higher contents of clay and feldspar minerals generally had higher crude
oil adsorption ratios, indicating that the content of inorganic minerals in shale adsorbents
had a significant effect on crude oil adsorption performance in shale. However, compared
with TA, TB lost more clay minerals, but its crude oil adsorption ratio was higher than that
of TA. The reasons for this phenomenon also need to be analyzed.

5. Discussion
5.1. Crude Oil Adsorption Ratio of Kerogen

As TC does not contain organic carbon, only the organic carbon content of TA and
TB needs to be compared with the crude oil adsorption ratio. By comparing the organic
carbon content of the same types of adsorbents with the crude oil adsorption ratio, it was
found that there was a negative correlation between the crude oil adsorption ratio and the
TOC of the adsorbents. The crude oil adsorption ratio generally increased with decreasing
TOC (Figure 5a,b). This phenomenon is contrary to previous adsorption experiments
using purified kerogen that showed that the kerogen content was the main controlling
factor in the adsorption of crude oil, but similar to some studies that demonstrated that
kerogen in shale was not the main adsorbent of hydrocarbon [26,64,65]. As can be seen
from Figures 2 and 5b, the adsorbent prepared from sample 5 had the highest crude oil
adsorption ratio and the highest I + S content among the same types of adsorbent. The
adsorbent prepared from sample 3 had the lowest crude oil adsorption ratio and the lowest
I + S content among the same types of adsorbent. Both of these results indicate that in
actual shale, an increase in organic carbon (TOC = 1.60–4.52%) content cannot improve
the crude oil adsorption ratio in shale and cannot dominate crude oil adsorption in shale.
However, the crude oil adsorption ratio may be more affected by clay minerals.
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Meanwhile, only RC was retained in TB after pyrolysis (TOC ≈ RC), and the TOC
was decreased compared with that of TA. The ineffective carbon in kerogen in TB had a
stable molecular structure and fewer side chains; however, the effective carbon in kerogen
in TA was more similar to that in crude oil in terms of its molecular structure and side
chains. According to the chemical principle of “like attracts like”, the crude oil adsorption
properties of ineffective carbon in kerogen in TB may be lower than those of the effective
carbon in kerogen in TA. However, the crude oil adsorption ratio of TB was in fact higher
than that of TA (Figure 5a). Considering the conditions of preparing for TA and TB, there
were obvious differences in the composition and content of inorganic minerals (Figure 2).
Therefore, in determining the reasons for the increase in the crude oil adsorption ratio in
TB, we need to consider the impact of inorganic minerals.

Using theoretical calculation, Tian et al. [66] considered that the oil adsorption ca-
pacity of type I and II1 kerogen was 130−150 mg/g. Using adsorption experiments,
Zhang et al. [25] found that the crude oil adsorption capacity of the purified kerogen in
two shale samples was 123.07 mg/g and 142.29 mg/g. If the TOC (2.78% and 1.89%, re-
spectively) of the two shale samples was taken into consideration, the crude oil adsorption
capacity of kerogen in shale is calculated, respectively, to be 3.42 mg/g and 2.69 mg/g.
However, the crude oil adsorption capacity on the residues of the two shale samples after
ternary extraction, respectively, was 3.03 mg/g and 3.74 mg/g, among which the crude oil
adsorption capacity of inorganic minerals was between 2.72 and 3.13 mg/g. The weighted
sum of the crude oil adsorption capacities of kerogen and inorganic minerals were much
higher than in reality. We can see that the close combination of kerogen and inorganic min-
erals in shale may limit the crude oil adsorption of kerogen [67], so the crude oil adsorption
capacity of inorganic minerals needs further consideration.

5.2. Adsorption Ratio of Inorganic Minerals to Crude Oil

There was a correlation between the crude oil adsorption ratio and the relative content
of the main inorganic minerals in the adsorbent (Figure 6). Among them, the relative
content of different inorganic minerals in TA and TB had a positive correlation with the
adsorption ratio of crude oil, but had a negative correlation with the relative content of
quartz (Figure 6a,c,e). The correlation between the relative content of different inorganic
minerals in TA and the adsorption ratio of crude oil was poor, which suggests that the type
of inorganic minerals was not the only factor affecting the adsorption capacity of shale
adsorbents for crude oil, which may also be related to the evolution state of shale. In the
adsorbent prepared from the same shale sample, the change in the content of different
inorganic minerals also had an obvious response to the crude oil adsorption ratio of shale
(Figure 6b,d,f). When the relative content of clay minerals and feldspar decreased, the crude
oil adsorption ratio also generally decreased, but the change in relative quartz content
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and the crude oil adsorption ratio was the opposite. It follows that the differences in the
composition and evolution state of inorganic minerals in different shale samples may have
been the main reason for the differences in the crude oil adsorption properties of the same
type of adsorbent.
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Therefore, it is necessary to analyze the ability of inorganic minerals to adsorb liquid
hydrocarbon. Daughney [28] experimentally demonstrated that the maximum crude oil
adsorption capacity of powdered quartz was close to 2 mg/g. Clay minerals have a wide
crude oil adsorption range due to their complex structure and surface properties [68,69]; for
example, Pernyeszi et al. [17] indicated that the amount of bitumen adsorbed on kaolin and
illite was 33.9 mg/g and 17.1 mg/g, respectively. Li et al. [21] indicated that the maximum
crude oil adsorption capacity of purified clay and quartz was 18.0 mg/g and 3.0 mg/g,
respectively. In this experiment, more than 40% of the minerals in TA were quartz, and
about 10–40% were clay minerals. Compared with TA, the content of clay minerals in TB
decreased and the content of quartz increased slightly. The average mineral composition of
TC was more than 70% quartz and about 10% clay minerals (Figure 3). According to this,
we estimated that the crude oil adsorption capacity of inorganic minerals in TA and TB
should be between the adsorption capacity of quartz and clay minerals, and the adsorption
capacity of inorganic minerals in TC should be slightly higher than the adsorption capacity
of quartz, which is close to the experimental values.

However, the crude oil adsorption capacity of inorganic minerals in the actual shale
is not equal to the weighted sum of the adsorption capacity of all inorganic minerals.
The change in the pore characteristics of shale also need to be considered because of the
evolution of inorganic minerals. For example, the content of I + S in TB is less than that in
TA, and according to the weighted sum of the mineral crude oil adsorption capacity, the
crude oil adsorption ratio of TA is higher than that of TB. However, the crude oil adsorption
capacity of TB is in fact significantly higher than that of TA and TB. Therefore, it is necessary
to further discuss the mechanism of shale’s adsorption of crude oil.

5.3. Discussion of the Adsorption Mechanism

Previous adsorption experiments have shown that the specific surface area (SSA) of
adsorbents significantly affected their adsorption properties [70,71]. Moreover, based on
the theoretical adsorption model, the SSA of the adsorbent is calculated using the amount
of gas adsorption. Many scholars have studied the SSA of common minerals (Table 4), and
the statistical results showed that for smectite > illite/smectite > illite > feldspar > quartz,
the SSA of feldspar was slightly higher than that of quartz and much lower than that of
clay minerals; this sequence is consistent with the sequence of the adsorption properties of
inorganic minerals to hydrocarbons [17,19,21,29,72–76].

Table 4. Specific surface area (SSA) of common minerals in petroliferous basins.

Almon et al. (1981) [72] Zhao et al. (1995) [74] Zhang et al. (2020) [75]

Minerals Specific Surface
Area (SSA) (m2/g) Minerals Specific Surface

Area (SSA) (m2/g) Minerals Specific Surface
Area (SSA) (m2/g)

smectite 820 smectite 470 orthoclase 5.745
illite 113 illite-smectite 220~297 plagioclase 3.380

chlorite 42 illite 78.66
kaolinite 23 chlorite 65
quartz 0.15 kaolinite 32

Figure 7 shows a compilation of data from other authors collected by Li et al. (2016),
which demonstrates a positive relationship between the specific surface area and the adsorp-
tion capacity of minerals in reservoir [21]. Meanwhile, conditions of 300~650 ◦C during the
preparation of TA and TB, accompanied by organic hydrocarbon generation and inorganic
mineral transformation (especially the transformation of I + S) [52–54,63], led to a decrease
in the relative content of I + S in TB; however, with the formation of organic and inorganic
pores, the SSA of shale adsorbents gradually increased [22,77,78]. This also resulted in the
adsorption properties of TB being higher than those of TA. When prepared for TC (900 ◦C),
the SSA of the adsorbents were greatly reduced due to the high degree of the dehydrox-
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ylation reaction and the amorphous transformation (sintering phenomenon) of illite and
other minerals [61,79,80]; this resulted in the adsorption properties of TC being higher than
those of TB. Some collected data show that the SSA changes during the pyrolysis of shale
samples (before carbonate decomposition) and during the high-temperature calcination of
clay minerals (Figure 8) were consistent with the above argument [42,80]. Therefore, the
relative content of clay minerals in TB is reduced because of the transformation, but more
inorganic pores are generated, which leads to the SSA of TB being higher than that of TC
and TA. This should be the main reason that the content of clay minerals in TB is decreased
while the crude oil adsorption ratio is highest.
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Meanwhile, the statistical results of the relative contents of feldspar (Pl + Or) in
adsorbents varied slightly (Figures 2 and 3), so the crude oil adsorption properties of
feldspar minerals were small and stable. However, the K+ provided by the dissolution of
orthoclase will promote the transformation of illite/smectite to illite, and the inorganic
pores formed in this process will change the SSA of the adsorbent to a certain extent; so,
the existence of orthoclase will indirectly affect the crude oil adsorption properties of shale
by affecting the transformation of illite/smectite to illite.

In conclusion, it was seen that the contribution of kerogen to the overall adsorption
properties of shale was smaller. Meanwhile, the relative content of kerogen in the adsor-
bents was increased because of the removal of carbonate minerals via hydrochloric acid
treatment, which meant that the relative content of kerogen in the actual shale sample
was lower, and the impact of kerogen on shales to adsorption of crude oil was further
reduced. Combining these two factors and the above analysis, we can conclude that in
the selected general organic-rich shale (TOC = 1.60–4.52%), because the relative content of
inorganic minerals is much higher than that of kerogen, and the combination of kerogen
with inorganic minerals limits the contact between kerogen and crude oil, the change in
kerogen’s structural unit and content cannot dominate the crude oil adsorption of actual
shale. On the contrary, the composition and evolution of inorganic minerals dominate the
crude oil adsorption of actual shale samples.
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Figure 8. Effect of temperature on the specific surface area of shale samples and clay minerals. Left:
Four groups of data on shale samples, referenced and adapted with permission from Ref. [42], marked
with “a”. These shale samples were not treated with hydrochloric acid, and the carbonate minerals
were largely decomposed when the temperature was higher than 600 ◦C, which increased the SSA
of the shale samples. Therefore, only data for temperatures lower than 600 ◦C can represent the
pyrolysis characteristics of TA and TB in this experiment. Right: Five groups of data on clay minerals,
referenced from Dabare and Svinka [80], marked with “b”. The changes in SSA in several clay
minerals (calcination at 700−1050 ◦C) were not affected by the thermal decomposition of carbonate.
Moreover, the composition of the main inorganic minerals was basically consistent with that of THCl,
so this study can approximately reflect the changes in the SSA of TC in this experiment.

6. Conclusions

(1) Under the condition of the adsorbate content being close to the oil content of geo-
logical shale samples, the crude oil adsorption capacity of TA (containing kerogen
effective carbon) ranged from 1.39 to 3.66 mg/g, and the adsorption ratio ranged from
17.56 to 25.52%. The crude oil adsorption capacity of TB (containing kerogen ineffec-
tive carbon) ranged from 1.77 to 4.12 mg/g, and the adsorption ratio ranged from
26.48 to 38.98%. The crude oil adsorption capacity of TC (only inorganic minerals)
ranged from 1.18 to 2.40 mg/g, and the adsorption ratio ranged from 11.36 to 17.02%.
The change in the surface properties of shale adsorbents during thermal evolution
was the main reason for the different crude oil adsorption properties of different types
of adsorbent.

(2) In the adsorbents prepared from general organic-rich shale samples (TOC = 1.60−4.52%),
because of the wide content difference between kerogen and inorganic minerals,
resulting in a change in kerogen’s structural units and content, it cannot dominate
the crude oil adsorption of shale. On the contrary, the composition and evolution
of inorganic minerals are closely related to the crude oil adsorption properties of
shale, and they play a dominant role in shale’s adsorption of crude oil. Among them,
the content and evolution characteristics of illite + smectite in shale had the most
significant effect on the adsorption of crude oil, and orthoclase can indirectly affect
the crude oil adsorption properties of shale by affecting the conversion process of
illite/smectite to illite.
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