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ABSTRACT: The pore structure and occurrence state of 20 I rGremgereng Formaton

hydroca‘rbons in §hale reservoirs are significant factors affecting § :i I Ot Formuin Zhustal, 201) o
shale oil production. However, how pore structure affects the 2 o) | =
occurrence of shale oil remains unclear. This paper aims at S" 4 o o 12
analyzing the major distribution space of shale oil with various x 2 | o e &
physical states in shale pores using experimental approaches. 2 10 - o ®

Therefore, the original samples and solvent-extracted samples of = 2 i ~ Mobility threshold=6 mg/g N
lacustrine shale from the Permian Fengcheng Formation in Junggar % o Q00 &
Basin were investigated using X-ray diffraction (XRD), field £ 4 [ © ° O © ]
emission scanning electron microscopy (FE-SEM), Rock-Eval - 2 _69 ° ) &> 2z
pyrolysis, and N, adsorption/desorption methods. The findings 0 0 10 20 30 40
demonstrate that the Fengcheng shale has high oil content, with Pore volume (10~°cm’/g)

free oil accounting for 57.17% of the total oil yield. The pore size

distribution characteristics of original and solvent-extracted shale samples indicate that shale oil is mainly stored in mesopore pores
with diameters between S and 40 nm. The threshold limit of pore diameter for the movable oil in shale reservoirs is between 3.5 and
19 nm. Also, by comparing shale oil mobility in various basins, it is found that petroleum mobility occurs when the total oil yield in
the shale reaches 6 mg HC/g Rock. Meanwhile, the threshold value of petroleum mobility in different basins is related to the pore
shape. Parallel plate pores within shales are more favorable for petroleum mobility. This research presents the mobility of the shale
oil threshold, which is critical for shale oil exploration and exploitation.

1. INTRODUCTION methods.'*'®"” However, there is a scarcity of quantitative
Shale oil is becoming more important in the global energy studies on the distribution of shale oil in various physical states

. 16,18-23 o A
; . . and pore sizes. To overcome this issue, it is vital to
landscape as conventional petroleum production declines and ; ) - R
. . ) 1-5 . precisely characterize the pore size distribution (PSD),
unconventional resource production rises fast. Unlike

conventional petroleum, shale oil refers to the in-situ and/or dete.rnnne the petroleum occurrence state, and link them
. ) . o . spatially.
migrated oil resources in organic-rich shale and adjacent low-

total organic carbon (TOC) reservoirs.”” Meanwhile, shale is a CO_2 and N, adsorption/desorption, mercury 1ntru.s10n
. . . . . porosimetry (MIP), and other approaches have been widely
complex mixture of inorganic minerals and organic matter

(OM).*® Thus, the composition of inorganic minerals and the employed to assess the pore structure of unconventional shale
. ) 17,24-30 : .

characteristic of OM are important for the development of system-s. . Previous s-tudles have Sh_OWH that N,
pore and fracture in shale systems.'~2 The organic-rich shale adsorption is a good technique for evaluating mesopores

does not generate oil and gas until it reaches thermal maturity. with 2-50 nm diameter. In contrast, CO, adsorption is much

As the amount of hydrocarbons produced becomes sufficient morle 1;21213,2}6 mn c'h.aracterlzmg r'm'croP ores with lower than ,2
nm. Additionally, the injection pressure of MIP is

for kerogen adsorption and fills the OM pores, the hydro- I b hich o
carbons start to migrate to other pore spaces in the shale generally much higher (>200 MPa). Higher pressure may

reservoir.'>'* In addition to the external geological factors such

as temperature and pressure, the physical properties of liquid Received: July 3, 2022
hydrocarbons are determined by both OM and inorganic Revised:  August 21, 2022
minerals."> Meanwhile, the thermal maturity of OM and the Published: September 2, 2022

formation of hydrocarbons in shale reservoirs will inevitably
change the pore structure of shale, thus affecting the
measurement results of pores by traditional experiment

© 2022 American Chemical Society https://doi.org/10.1021/acs.energyfuels.2c02222
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Figure 1. (A) Structural setting of the Mahu Sag, Junggar Basin; (B) stratigraphic section in the Mahu Sag (modified after Xia et al>).

cause the residual hydrocarbons in the samples to move,*”

and

it is also possible to produce microcracks. The tough challenge
is that performing two independent MIP on the same shale
sample is impossible. Furthermore, statistical study reveals that
the pore size of shale is greater than 5 nm in favorable shale oil-
producing areas around the world, and the distribution space
of shale oil is fewer than 300 nm, accounting for more than
90% of the shale oil occurrence space.””** Thus, the N,
adsorption/desorption measurement may be the most suitable
experimental method to investigate the oil distribution space in

shales.

Previous studies have shown that the oil mainly occurs in
two states in shale: free and adsorbed.”**™%” Therefore,
characterizing the quantity of shale oil accurately and
quantitatively in different physical states has always been a
divergent scientific issue. At present, solvent extraction and
pyrolysis methods are widely used to predict the physical state
and the amount of hydrocarbons in liquid-rich unconventional

7,38—43
systems.

Compared with solvent extraction, pyrolysis is

an efficient and fast screening tool to evaluate the in-situ

hydrocarbon characteristics in shale plays.

1,41,44—46

However,

because of the carry-over effect, the standard pyrolysis S, value
cannot be directly regarded as an indicator of shale oil
7,45,47 C
content. Its use may lead to an erroneous estimation of
the quantities of hydrocarbons.***® Therefore, the article that
cites Jarvie's method proposed the two-step pyrolysis method,
which can distinguish and evaluate oil in different physical
states and has been widely cited in subsequent stud-

. 40,46,48—51
1es.

This study takes lacustrine shale samples from Fengcheng
Formation (P,f) in Mahu Sag, Junggar Basin, as research
objects. First, the mineral composition of shale is investigated.
After that, the shale oil content and physical state were

Low-

2. MATERIALS AND METHODS

The Junggar Basin is one of the important petroliferous basins in
northwestern China (Figure 1A). Pfis developed in the Mahu Sag on
the northwest margin of the basin and is globally considered the
oldest alkali-lacustrine source rock.”>™>* It is a semi-deep to deep
lacustrine fine-grained sedimentary rock distributed over a broader
area, with a maximum thickness of 1800 m (Figure 1B). 59,56
Moreover, the source rocks contain special biological types, which
make the or%anic—rich shales have great potential for hydrocarbon
generation. 37

This study selected 18 shale samples of the P,f at a depth of 4000—
5000 m from an important well (MY1) located in the Mahu sag. Each
shale sample is divided equally into two parts. The first part is retained
as the original sample for measurement. The second part is extracted
with an organic solvent (dichloromethane) in a Soxhlet apparatus for
7 days and then measured. X-ray diffraction (XRD), total organic
carbon (TOC), Rock-Eval pyrolysis, and low-temperature N,
adsorption/desorption procedures were used on all samples.

2.1. XRD Analysis. XRD was performed on a D2 Phaser
diffractometer. About S g of the sample was taken, ground to 300
mesh, and smeared on a glass slide for preparation. The experimental
device setting conditions were electric voltage (30 kV), electric
current (10 mA), measurement range of 26 (4.5°—50°), and sampling
step width 26 (0.02°), and each step takes 0.5 s.

2.2. TOC Determination and Rock-Eval Pyrolysis. After
surface cleaning, samples were powdered to 200 meshes before for
TOC and Rock-Eval pyrolysis analysis. About 0.10 g of powdered
sample was used for TOC analysis. Initially, carbonate minerals were
removed with 5% diluted hydrochloric acid. Then, it was washed with
deionized water every half an hour, and the whole process lasted for 3
days. After drying in an oven at 110 °C, the residual organic carbon in
the rock was measured by the Leco CS-230 apparatus. Pyrolysis was
carried out with Rock-Eval II instrument. In the beginning, the oven
was isothermally heated at 300 °C for 3 min, and the free
hydrocarbon (S;) was obtained. Then, the pyrolysis temperature
was increased to 600 °C at the rate of 25 °C/min, determining the
cracking hydrocarbons of kerogen (S,) and the thermal maturity

quantitatively characterized by two-step pyrolysis.
temperature N, adsorption/desorption methods are used to
investigate the variation in the shale pore size before and after
solvent extraction to correlate the physical state of shale oil
with its distribution space. Finally, the occurrence space of

parameter (T,

2.3. N, Adsorption Isotherms. N, adsorption is an effective

method to reveal the pore structure in a shale reservoir.”®

All samples

were ground to a 60—80 mesh powder, and the experiments were
carried out for both original and extracted samples. Before the test,

petroleum and the threshold limit of the pore diameter for the
movable oil are revealed, providing a foundation for unconven-

tional petroleum exploration.

10921

the sample was dried at 110 °C for 24 h and degassed for more than 6
h. A Micromeritics ASAP 2460 instrument was used to collect data at
77 K with a relative pressure ranging from 0.00S to 0.995. According
to the Brunauer—Emmett—Teller (BET) model,*® the specific surface

https://doi.org/10.1021/acs.energyfuels.2c02222
Energy Fuels 2022, 36, 10920—10933
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Table 1. Mineral Characteristics of the Studied Samples

mineralogy (wt %)

sample no. quartz K-feldspar plagioclase calcite dolomite pyrite total clay
1 9.59 6.79 11.79 28.87 28.87 6.19 7.79
2 46.95 11.39 12.79 2.60 0.00 0.00 9.39
3 17.78 11.09 2348 3.10 21.28 3.00 5.99
4 17.18 2.30 12.39 27.97 30.07 4.50 0.00
S 11.70 4.50 10.90 33.10 31.60 8.20 0.00
6 11.19 11.39 12.79 3.00 30.57 8.39 14.59
7 16.88 4.90 8.49 0.00 48.25 5.59 15.88
8 31.47 13.19 17.28 7.69 16.88 8.19 0.00
9 10.79 11.29 10.19 42.16 10.69 7.59 0.00
10 2.90 2.00 14.09 3147 41.56 4.40 0.00
11 0.00 0.00 6.59 62.94 30.37 0.00 0.00
12 0.70 4.90 34.27 12.99 20.48 0.00 12.09
13 26.67 5.19 5.69 24.68 29.57 7.99 0.00
14 24.98 2.60 14.79 0.00 42.86 2.00 12.69
15 33.97 4.30 8.49 0.00 31.87 3.80 17.48
16 15.88 4.50 25.67 14.29 13.99 5.59 15.78
17 0.00 7.39 3.90 41.16 6.39 0.00 0.00
18 0.00 7.89 4.60 44.96 12.39 17.48 0.00
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Figure 2. Mineral compositions (A) and constituents (B) of shales.
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area (SSA) of the shale sample was obtained. The pore volume and
pore size were obtained from the Barrett—Joyner—Halenda (BJH)
model.* Density functional theory (DFT) was used to calculate the
PSD of the sample.”’

2.4. Field Emission Scanning Electron Microscopy. Sigma
500 SEM was used to study the microscopic pore structure of shale.
The acceleration voltage of the experimental equipment was 20 keV,
the magnification was up to 200,000 times, and the resolution was up
to 0.8 nm. The dimension of the sample for FE-SEM imaging was a
width of 10 mm, a height of 5 mm, and a length of 1.5 mm. Samples
were initially polished with silicon carbide paper and then with an EM
TIC 3X argon ion milling device. Before testing, the sample surfaces
were gold-coated (10 nm) to improve conductivity.®' Subsequently,
the microscope is used to observe the polished surface.

3. RESULTS

3.1. Mineralogy of the Fengcheng Shale. XRD results
show the studied shale samples mainly comprise the
heterogenic mineral composition, that is, quartz, feldspar,
dolomite, and calcite (Table 1, Figure 2A). The average quartz
content is 15.48 wt %. Plagioclase and potassium feldspar
account for 6.42 and 13.23 wt % of feldspar, respectively. The
average content of dolomite is 24.87 wt % and that of calcite is
21.16 wt %. The clay mineral content of the samples is
generally low, averaging 6.20 wt %. Pyrite is present in most of
the samples, with a mean of 5.16 wt %. According to the

10922

ternary diagram, the main mineral components are carbonate
(calcite + dolomite) with an average content of over S0 wt %.
The other two components are clastic minerals (quartz +
feldspar) and clay minerals. That is, the lithofacies of shale is
mainly carbonate shale, followed by mixed shale and felsic
shale (Figure 2B).

FE-SEM provides detailed mineral information on the shale
samples and exhibits a variety of pore types (Figure 3). Under
the electron microscope, the carbonate lamina is well
developed, and the corresponding element combination reveals
that it is calcite-rich laminae (Figure 3a,b). The elements such
as Mg, Si, K, and Fe can be used to reflect the distributions of
dolomite, felsic minerals, and pyrite (Figure 3c,d). Figure 3e
shows the calcite dissolved pores, which represent intra-
granular dissolved pores. Clay minerals mainly develop
intercrystalline micropores with an irregular morphology
(Figure 3f). Cluster pyrite is often associated with OM and
is easy to form abundant intercrystalline pores (Figure 3f). OM
pore development is influenced by kerogen type and thermal
maturation.'#®> The organic pores in the shale are bubble-
shaped or elliptic, with nanometer and micron sizes (Figure
3h). Additionally, microfractures can be observed that might
be formed by compression or tectonic activity (Figure 3i),
which is often used as hydrocarbon migration channels.

https://doi.org/10.1021/acs.energyfuels.2c02222
Energy Fuels 2022, 36, 10920—10933
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Figure 3. Representative minerals and pore types in the shale. (a) Distribution of calcite-rich lithological units; (b) major elements Mg, Ca, Al, Si,
and K in image a; (c) Distribution of dolomite-rich lithological units; (d) major elements Mg, Si, and K in the image c. Element’s characteristic
generally indicates the dolomite; (e) dissolved pores in carbonate mineral grains; (f) intercrystalline pores within clay mineral; (g) pyrite pores; (h)

organic-matter pores; (i) microfracture.

Table 2. Geochemical Characteristics of the Samples

original sample

extracted sample

sample no. depth (m) TOC (wt %) S, (mg/g)
1 4594.63 2.33 4.03
2 4910.63 1.36 8.39
3 4911.77 1.00 6.91
4 4710.99 0.94 0.60
N 4694.31 143 11§
6 4772.01 193 0.57
7 4605.54 0.92 0.99
8 4340.00 2.31 0.39
9 4362.88 0.81 0.83
10 4527.95 0.31 0.53
11 4147.50 2.00 1.70
12 3955.58 1.02 2.48
13 4041.80 2.95 091
14 4082.50 229 1.29
15 4109.30 1.83 0.98
16 4933.50 0.41 0.74
17 5666.00 0.41 0.73
18 5667.80 0.41 0.67

S, (mg/g) Trax (°C) S (mg/g) S, (mg/g) Trnax (°C)
9.01 435 0.10 4.00 443
5.40 421 0.02 025 442
3.65 414 0.02 041 441
248 436 0.05 1.95 440
372 436 0.03 277 442
12.43 445 0.04 12.31 447
1.69 438 0.05 0.94 439
14.69 439 0.07 1428 442
3.07 432 0.06 2.02 440
0.56 418 0.05 026 426
3.89 432 0.03 1.17 436
2.55 410 0.03 041 430
19.90 441 0.05 18.86 444
4.00 434 0.04 1.15 441
420 437 0.05 1.43 437
047 351 0.05 0.15 429
047 399 0.02 024 422
0.52 401 0.04 031 479

3.2. Organic Geochemistry of the Original and
Extracted Shale Samples. Table 2 shows the organic
geochemical data of the original and solvent extracted samples.
TOC in the original samples ranges from 0.31 to 2.95 wt %,
averaging 1.37 wt %. S, varies from 0.39 to 8.39 mg/g with a
mean of 1.93 mg/g. S, fluctuates from 0.47 to 19.90 mg/g,
typically 5.15 mg/g. After extraction, S; and S, range from 0.02
to 0.10 mg/g and 0.15 to 18.96 mg/g, with an average of 0.05
mg/g and 3.54 mg/g, respectively (Figure 4A,B). The average

10923

loss rate of S, and S, is 97.4 and 32.3%, respectively (Figure
4C). For the extracted samples, the T, value generally
increases (Figure 4D). This is due to the carry-over effect
phenomenon disappearing after solvent extraction.*** The S,
peak contains some hydrocarbons and nonhydrocarbons,
resulting in lower pyrolysis peak temperatures when the S,
peak occurs. "0

3.3. N, Adsorption of the Original and Extracted
Shale Samples. 3.3.1. N, Adsorption and Desorption

https://doi.org/10.1021/acs.energyfuels.2c02222
Energy Fuels 2022, 36, 10920—10933
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Figure 5. Representative N, adsorption/desorption isotherms of the

original and extracted samples.

Isotherms. Figure S depicts the low-temperature N,
adsorption/desorption isotherms of typical samples in this
study. The combined morphology of N, adsorption/
desorption isotherms can reflect different pore types and
pore size characteristics.””* The adsorption isotherms before
and after solvent extraction showed an obvious hysteresis loop
(P/P, > 0.5), and there is no platform under relatively high
pressure (P/P, > 0.95). Moreover, the adsorption isotherm is
almost parallel to the desorption isotherm and only increases
fast when the pressure is closed to the saturated vapor pressure.
It is very similar to type H3 in the IUPAC classification of the
hysteresis loop, indicating that these shale samples’ pores are
primarily parallel plate pores.”®°® Compared with the
isotherm’s characteristics of original and extracted samples,
the hysteresis loop morphology of samples has no obvious

change, indicating that the extraction does not affect the
characteristics of the shale pore type. However, the
adsorption/desorption isotherms of the extracted samples
show significant uplift except for the few samples (Figure S). In
other words, under the same balance pressure, the quantity
adsorbed of the extracted sample increases markedly. The
adsorption capacity is closely related to the pore volume and
SSA. When the pore volume and SSA increase, the adsorption
capacity increases signiﬁcantly.19‘65‘67 When the sample is
extracted by an organic solvent, the pore space originally
occupied by petroleum is empty, increasing the pore volume
and SSA, and thus, the quantity adsorbed.

3.3.2. SSA, Pore Volume, and Average Pore Diameter. All
shale samples are statistically analyzed (Table 3 and Figure 6).
The results show that the SSA of N,-BET in the original

10924 https://doi.org/10.1021/acs.energyfuels.2c02222
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Table 3. BET SSA, Pore Volume, and Average Pore Size of the Original and Extracted Samples

original sample

extracted sample

sample no.  surface area (m?/g) pore volume (cm’/g)  average pore size (nm)  surface area (m*/g)  pore volume (cm’/g)  average pore size (nm)
1 0.2778 0.002352 44.7994 0.6419 0.002996 22.4092
2 0.3182 0.00074 12.7294 0.7426 0.003288 19.283
3 0.3753 0.002172 22.7549 0.5512 0.00244 24.6781
4 1.876 0.006383 16.2154 2.0661 0.007771 15.829
S 0.2046 0.001507 38.0263 0.411S 0.002134 21.0471
6 0.1574 0.001137 41.877 0.2845 0.000951 14.238
7 4.8072 0.017777 15.6004 7.4491 0.019516 13.5472
8 0.885 0.004684 24.9432 1.9776 0.007514 16.4643
9 1.8828 0.006979 16.9216 3.2536 0.009304 12.5391
10 2.314 0.009705 18.4348 29163 0.009536 14.1806
11 2.0907 0.011195 21.2397 3.5678 0.011049 12.3313
12 0.72 0.00351 19.1783 1.563 0.006838 17.9075
13 1.1674 0.003532 13.0747 1.5888 0.004543 12.6107
14 4.3079 0.01925 18.9563 9.2133 0.02293 12.7138
15 4.492 0.01721 14.9664 13.5494 0.029241 10.5576
16 4.194 0.02101 18.7548 5.0006 0.018992 18.0335
17 4.9223 0.020926 16.5758 6.5708 0.018178 13.014
18 2.3222 0.009323 14.7163 4.1369 0.010607 12.3878

samples ranges from 0.16 to 4.92 m?/g, averaging 2.07 m?*/g.
After extraction, it varies from 0.28 to 13.55 mz/g, averaging
3.64 m*/g. It suggests that shale SSA is increased by solvent
extraction. The BJH model shows that the nonextracted
sample’s pore volume spans from 0.0007 to 0.0210 cm?/g, with
a mean of 0.0089 cm?/g. The average pore diameter is 21.65
nm, with a range of 12.73 to 44.80 nm. After extraction, the
pore volume ranges between 0.0010 and 0.0292 cm®/g,
averaging 0.0104 cm’/ g. The average pore diameter is 15.77
nm, with a range of 10.56 to 24.68 nm. Although the average
pore diameter of extracted samples becomes smaller, the pore
volume typically increases. It explains why the adsorption
capacity of the sample increases after extraction. Moreover,
smaller particle sizes generally provide more surface area.'' In
the original state, petroleum occupied part of the tiny pore-
throat space, and part of the pores and throats became empty
after a long time of solvent extraction. It enlarges the pore
volume of the sample and allows smaller pore sizes to be
detected.

4. DISCUSSION

4.1. Implications of the Changes in the N, Isotherm
after Solvent Extraction. Generally, shale reservoirs keep
very small pores, mainly nanopores, and a small number of
micropores.'>*”% N, adsorption/desorption isotherms can
better characterize the PSD in shale.”>”® Organic solvent
extraction can remove the retained hydrocarbons within shales
and restore the real pore system of shale.'””***%” The SSA and
pore size, in addition to pore volume, are important limits on
shale adsorption capabilities.”” The larger surface area and
smaller pore diameter enhance petroleum molecules’ adsorp-
tion and increase the hydrocarbon adsorption potential in the
shale systems."" Because petroleum occupies the pore surface
and pores of shale, it is obvious that larger SSA and pore
volume can be released after extraction.

However, the increase or decrease of SSA and pore volume
after extraction is mainly controlled by the quantity of
hydrocarbons.'®"? The change in the pore volume and SSA
after extraction is minimal when the analyzed sample contains
little liquid hydrocarbons. However, when a large amount of

petroleum is removed during the extraction process, the
increase in pore volume and SSA is even more pro-
nounced.'”'®'® Nevertheless, the SSA and pore volume of
N, adsorption increased for most of the samples after
petroleum removal, while a few samples still showed a small
decrease (Figure 6A,B). The decrease could be due to the
constraints of the N, adsorption measurement, which is limited
to pore measurements in a specific size range (2~200 nm).”>”°
Some of the recovery spaces after petroleum removal, such as
expanded open pore space, maybe outside the measuring
range,' "' ”%*! resulting in a decrease in the pore volume and
an increase in SSA. After extraction, except for samples 2 and 3,
the average pore diameter of shale decreases significantly
(Figure 6C). Solvent extraction causes variations in the average
pore size because porosity occurs because of the removal of
retained oil.”” Thus, nanoscale pore throats are released when
the petroleum is removed by organic solvents, reducing the
shale’s average pore size.

4.2. Occurrence State and Space of Shale Oil.
4.2.1. Occurrence Space of Shale Qil. Pore networks in
organic—inorganic components of organic-rich shales play an
essential role in hydrocarbon storage.n"?""72 Furthermore, the
large molecular size of shale oil is not present in all of the shale
matrix’s pores.'>*" Thus, it is imperative to determine the main
occurrence space of shale oil.'”**®”7*7* Previous studies have
mostly concentrated on the pore structure of shale
20222528 However, a few studies have focused on
the physical state of shale oil,"®'*** leaving the relationship
between the pore structure and fluid properties unclear. One of
the crucial reasons is that the physical state of shale oil is
complicated and is difficult to observe and describe directly.
For example, traditional FE-SEM or FIB-SEM methods can
destroy the sample during specimen preparation or polishing.®!
Therefore, several molecular simulation approaches have been
recently proposed to study the occurrence characteristics of
hydrocarbons in shale.””~”” However, because of the complex
petroleum molecules and shale composition,”®”” only
simplified petroleum molecules and shale components can be
used for modeling, resulting in limited findings. Additionally,
NMR technology has been widely applied to study shale pore

reservoirs.
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diameters and pore volume differences in original and extracted samples.

structure and fluid characteristics.””~* Pore distribution
characteristics of the shale matrix obtained by 1D-
NMR®*"**** and the occurrence characteristics of various
hydrogen components in shale such as kerogen, asphalt, oil,
and water can be obtained by 2D-NMR.*****¢ However,
hydrogen components in oil-rich shale may overlap and have
similar distribution positions.80 Therefore, it is still debatable
how to correctly identify shale oil in various physical states.
Additionally, the linkage of oil content with the pore volume
and pore size can be used to establish the major pore diameter
range of shale oil storage.’"*

In this study, the distribution spaces of shale oil are inferred
by the pore size change before and after solvent extraction.
However, it is difficult to detect when the pore space of the
original shale is filled with petroleum, but it can be detected
after extraction using organic solvents. Therefore, the
occurrence space of shale oil can be determined by comparing
the changes in the pore diameter distribution before and after
extraction.”” To begin, we must precisely measure the shale’s
PSD features. Generally, the PSD can be expressed as the
distribution of pore volume with average pore diameter,
including incremental pore volume versus diameter (dV),
differential pore volume versus diameter (dV/dD), and the lo
differential pore volume versus diameter (dV/dlog D).>***
The choice of the PSD expression form can affect the
understanding of the reservoir pore structure. The results show
that the dV/dD is better for describing the pore diameter
distribution through the N, adsorption method because the
curve can reflect more pore information within smaller pore
ranges.”’ Additionally, the difference in pore volume
distribution (6 dV/dD) is utilized to investigate the occurrence
space of shale oil in different diameter pores.

Figure 7 shows the dV/dD curves of eight representative
samples. The extracted samples have a much greater PSD than
the original samples, suggesting that extraction causes the
release of petroleum. The two curves are bimodal or
multimodal, reflecting the complexity of the shale pore
structure.””’® Meanwhile, the pore size variation in the
micropore curve disorderedly changes before and after
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extraction, but the PSD’s peak remains unaltered. It implies
that micropores are not the primary shale oil reservoir space.
After extraction, both the mesopore and macropore volumes
increase. However, the increase in the mesopore volume is
more prominent, indicating that shale oil is largely produced
from the mesopore. It seems to be inconsistent with the
previous studies, which indicated that the mesopore and the
macropore are the main shale oil occurrence space.”™*” It
might be due to the larger amount of retained hydrocarbons in
the pore space than the pore size range. However, they have
not been detected due to evaporation loss during sampling and
experiment. The pore volume distribution curve (§ dV/dD)
reveals that shale oil in the Fengcheng shale mainly occurs in
5—40 nm pore size (Figure 7). The research indicates that
shale oil may be recovered from pores as small as 3 nm in
diameter. However, it is very difficult to fully obtain shale oil
smaller than this pore size. The molecular diameters of n-
alkanes, cyclohexane, complex ring structures, and micro-
granular bitumen, according to earlier investigations, are 0.48,
0.54, 1-3, and 2.1—-2.4 nm, respectively.87‘88 Thus, this part of
petroleum is almost impossible to movable during exploitation.
The pore distribution of some samples does not change after
extraction, indicating a stable pore size, which could be due to
the low content of residual oil or the error of the N, adsorption
experiment.

4.2.2. Occurrence State of Shale Oil. The phzsical state of
shale oil mainly includes free and adsorbed oil.”***””* Free oil
exists in both inorganic and organic pores,”' "’ while
adsorbed oil is mainly found on the surface of inorganic
minerals and OM.”*”*” Although the adsorption capacity of
different minerals varies, they have a very low adsorption
capacity compared to OM.** The mobility of shale oil is
significantly reduced because of the strong affinity between
adsorbed oil and the pore surface.'””**° Theoretically, free oil
is the actual amount of available shale oil, and the free oil in
this research designates the movable oil. In previous studies,
soluble OM content and pyrolysis S, in shale were effective
characterization parameters of the oil content.”*®*%3%%!
However, the adsorbed/free oil was removed simultaneously

https://doi.org/10.1021/acs.energyfuels.2c02222
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in the extraction process because the soluble OM could not
distinguish the physical state of the oil.'®”* Therefore, this
study does not consider the soluble OM content but directly
uses rock pyrolysis parameters to evaluate the shale oil content.
Previous scholars also characterized free oil in shale through
pyrolysis methods."””"**® Jarvie”** proposed a new method to
eliminate the influence of the carryover effect. According to
that method, the total oil in shale could be expressed as total
oil yield (TOY) = (81 = Sikxtracted) + (S2 = Sakxumactea)s and the
adsorbed oil yield can be expressed as AOY = S, — Sypracted —
SiExtracted- Therefore, the movable oil yield (MOY) can be
quantitatively characterized by TOY-AOY.

Figure 8 shows the fluctuation of TOY, MOY, and AOY in
the Fengcheng shale samples before and after extraction. MOY
and TOY have significant positive association, indicating that
the overall amount of MOY in the shale oil-rich area is quite
large. The TOY of the Fengcheng shale ranges from 0.65 mg
HC/g Rock to 13.52 mg HC/g Rock, averaging 3.49 mg HC/g
Rock. The AOY varies from 0.08 mg HC/g Rock to 5.13 mg
HC/g Rock, averaging 1.61 mg HC/g Rock. MOY ranges from
0.57 to 8.39 mg HC/g Rock, with a typical value of 1.88 mg
HC/g. Through pyrolysis methods, Li et al>° calculated the
shale resource amount of Shahejie Formation in Dongying Sag
(Bohai Bay Basin) and obtained the proportion of free oil that
varies between 44.70 and 55.80%. Guo et al.*’ used similar
methods to evaluate shale oil in Chang 7 member of Ordos
Basin and obtained that the ratio of MOY to TOY is 37.00%.

10928

In this study, the average proportion of free oil in the
Fengcheng shale of the Junggar Basin is high (57.17%),
indicating that shale oil has great exploitation potential.

The correlations of total oil with the N,-BET SSA and pore
volume after solvent extraction (Figure 9A,B) appear to have
two stages. It is simple to comprehend when considering it in
terms of the generation process of hydrocarbons. The
evolution of hydrocarbon from organic-rich shale starts with
the conversion of kerogen to hydrocarbons.®” At the early stage
of hydrocarbon generation, the molecular structural differences
between hydrocarbons and kerogen are minor, and their
adsorption affinity is strong. In this case, petroleum is mainly
adsorbed on the surface of kerogen and the microfracture
surface of kerogen.lS’32 Furthermore, the inorganic pores of
clay minerals with a high SSA can still be the shale oil
adsorption sites.”””® As hydrocarbon production increases, the
amount of petroleum produced may exceed the maximal
adsorption and storage capacity of organic-matter pores. As a
result, shale oil begins to migrate into smaller inorganic pores
and microfractures.”* Moreover, it gradually covers inorganic
minerals’” surface and pore space until it saturates the shale
pores.'® At this stage, both free and adsorbed hydrocarbons are
present in shale systems. Based on the above hypothesis, the
free oil occurs when the generated petroleum is sufficient to
meet kerogen and inorganic minerals adsorption, and it
continuously enriches and saturates the shale pores. As a

https://doi.org/10.1021/acs.energyfuels.2c02222
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result, free oil content increases in tandem with the SSA and
pore volume.

4.2.3. Thresholds of Movable Oil. The threshold of
petroleum mobility is the key to unconventional resource
exploration. Compared to adsorbed oil, free oil contributes
more to the overall shale oil production.>”’ Some researchers
have long struggled with determining the lowest limit of the
pore diameter of movable oil. Through physical simulation
experiments, Zou et al.>* proposed that oil in pores with pore
sizes above 20 nm can flow freely. Wang et al.** determined
that the threshold pore size of movable oil is about 30 nm
through the relationship between free oil obtained from
multistep 6pyrolysis and the pore throat size. Zhu et al."® and
Bai et al.' established the movable oil thresholds by changing
the pore size before and after extraction to be 12.1 and 10 nm,
respectively. These disparate conclusions reveal a divergence of
views on the scientific issue.

In this study, both free and adsorbed oil were washed away
during the extraction process with the organic solvent.'*"**
Therefore, the relationship between the distribution of
movable oil (free oil) and pore distribution cannot be
determined from the difference in pores before and after
extraction. Hence, this research analyzes the experimental data
of shale in three different lacustrine basins (Junggar, Bohai Bay,
and Songliao Basins) to determine the minimum oil content
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when movable oil occurs and the threshold of pore size
corresponding to movable oil (Figure 9A,B). However, the
significant inflection point arises when the total oil yield in the
shale reaches about 6 mg HC/g Rock, which represents the
transition between the two stages of the oil charging process.
When the petroleum content of shale oil exceeds this
threshold, it can exist in huge amounts as free oil, resulting
in the phenomenon of oil being moveable. In addition to the
percentage of retained hydrocarbon, the pore size threshold of
movable oil is intimately related to the pore properties of shale.
The reason is that the physical state of shale oil has a strong
pore dependence.”””® Different pores will produce different
adsorption effects, for example, cylindrical pores compared
with slit pores will increase the proportion of oil
adsorption.”*”* According to the theory of adsorbed oil film
thickness, the ratio of adsorbed/free oil in cylindrical pores and
parallel plate pores under different pore sizes was calculated
using the volume calculation formula’” (Figure 10A).
Moreover, it can be used to evaluate the pore size range of
movable shale oil in different basins (Figure 10B). Based on
the proportion of free/adsorbed oil in shales from different
basins, the threshold of movable oil in the two pore types can
be inferred. According to the results of theoretical calculation,
the pore size threshold of movable oil in the Shahejie
Formation (Bohai Bay Basin) is about 7 nm, while in the

https://doi.org/10.1021/acs.energyfuels.2c02222
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Qingshankou Formation (Songliao Basin) is between 2 and 10
nm. In contrast, the pore size threshold of the P.f in Junggar
Basin is about 3.5—19 nm. The Fengcheng shale is dominated
by slit pores, which provides good spatial foundation for the
favorable occurrence of shale oil (i.e., high free oil/adsorbed oil
ratio). The lower limit of the petroleum pore diameter
obtained via solvent extraction is shown in Figure 11, which is
much higher than the theoretically calculated pore size of
movable oil. The following are possible explanations. First, the
data of N, adsorption before and after extraction calculate the
change in the average pore size, but the threshold limit of
movable oil may be lower for a specific pore. Second, the
solvent extraction process contains both free oil and some
adsorbed oil. Third, the oil-rock interaction in shale is
substantially more complicated, making it impossible to
accurately estimate adsorbed oil film thickness. Despite these
disparities, we prefer to use the upper limit of the movable oil
range as the threshold of movable oil. When the pore diameter
exceeds this threshold, the shale pores are mostly occupied by
movable oil, which can be effectively utilized in the exploitation
process.

5. CONCLUSIONS

(1) Based on the analysis of shale oil content in various
occurrence states, evaluation parameters are obtained by
two-step rock pyrolysis to calculate the resource
potential of different types of shale oil. The total oil
content of the Fengcheng shale is 3.49 mg HC/g Rock,
with free oil accounting for 57.17%. It indicates the
Fengcheng Formation’s significant shale oil exploitation
prospects.

(2) The distribution features of retained hydrocarbons are
systematically evaluated. According to the statistics of oil
content and pore volume of shale with various pore sizes
in the Fengcheng shale, shale oil is primarily distributed
in mesopore pores with diameters of 5—40 nm. The
threshold limit of the pore diameter for the movable oil
in the shale is between 3.5 and 19 nm.

(3) Statistical analysis of data from different basins shows
that petroleum mobility occurs when the total oil yield
in shale reaches 6 mg HC/g Rock. The lower limit of the
pore size of movable oil is different in different basins,
which is related to the pore structure of shale. The
threshold limit of the pore diameter for movable oil is
low when parallel plate pores dominate the shale, while
it is higher when cylindrical pores dominate the shale.
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