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ARTICLE INFO ABSTRACT

Oil expulsion is an important process for the evolution of shale, especially in the oil-generative window. Low oil
expulsion efficiency will cause the retention of oil and gas in mature source rock. This study used semi-closed
pyrolysis to simulate the hydrocarbon generation and expulsion process of the Xiamaling Formation marine
shale at various conditions. Low-pressure nitrogen (N5) and carbon dioxide (CO,) gas adsorption isotherms were
obtained for the original shale sample and its thermally evolved solid residues. The results showed that the
amount of residual bitumen first increased with increasing expulsion efficiency (EE < 13.43%) and then re-
mained constant with a further increase in EE. This finding implied that the saturation threshold for the source
rock must be reached before oil expulsion can proceed. Meanwhile, the evolution of pore volumes with EE can be
divided into two stages. The pore volumes decreased sharply in the first stage (EE < 13.43%), whereas they
decreased slowly in the second stage (EE > 13.43%). The evolution of volume for micropores and fine meso-
pores with EE is very similar to that of expelled hydrocarbons. This similar evolution trend was further con-
firmed by the abovementioned oil expulsion model. This study enhanced understanding of the generation and
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evolution of shale gas in the oil-generative window.

1. Introduction

Conventional oil and gas are the most important energy sources in
the world. Currently, however, unconventional gas is attracting much
attention due to the growing energy demand and the great success of
the North America shale gas revolution in recent decades (Curtis, 2002;
Montgomery et al., 2005; Jarvie et al., 2007; Pollastro, 2007; Dai et al.,
2017). Significant breakthroughs have also been obtained in recent
evaluations and explorations of shale gas in China (Chen et al., 2011;
Sun et al., 2012; Wang et al., 2013; Tan et al., 2014; Zou et al., 2015).
Compared to traditional natural gas reservoirs, shale is generally
characterized by low porosity and permeability. Additionally, shale gas
production depends on the ability of pore systems to store and release
hydrocarbon gas (Ross and Bustin, 2007, 2008; Wu et al., 2012; Cao
et al., 2015). Thus, pore characterization is very important for the
evaluation of shale gas.

The evolution of shale pore structure is very complicated, with a
great number of geological factors controlling such processes, such as
total organic carbon (TOC), thermal maturity, burial depth and mi-
neralogy (Mastalerz et al., 2008; Loucks et al., 2009; Modica and
Lapierre, 2012; Valenza et al., 2013; Sudrez-Ruiz et al., 2016). Thermal
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maturity is considered the main factor, at least to a large extent, that
controls the porosity in organic matter (Loucks et al., 2009; Modica and
Lapierre, 2012; Valenza et al., 2013). Many previous studies have fo-
cused on the thermal maturity of shale based on the results from both
natural maturity sequences (Mastalerz et al., 2013; Wei et al., 2014;
Mathia et al., 2016) and artificial thermal simulation experiments
(Chen and Xiao, 2014; Tang et al., 2015; Sun et al., 2015; Liu et al.,
2017). However, there is no agreement on the evolution of nanopores in
shale during thermal maturation. It is probably because of source rock
heterogeneity for many factors, such as mineral composition, TOC, the
type of organic matter, diagenesis and maturity (Sun et al., 2015).
Recently, Mathia et al. (2016) suggested that the evolution of nano-
porosity in natural shale is a comprehensive function of multiple factors
including (1) the primary shale composition; (2) carbonate diagenesis;
(3) compaction (pressure); and (4) the maturation (temperature),
micro-migration, local trapping and gasification of heterogeneous or-
ganic phases. Therefore, studies of the comprehensive effects of mul-
tiple factors may provide more reasonable explanations for the evolu-
tion of nanoporosity in natural shale.

Oil expulsion is considered the initial step in the release of gener-
ated petroleum compounds from kerogen into the adjacent reservoir or
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migration layer through capillaries and narrow pores of a fine-grain
source rock (Tissot and Welte, 1984). It is an important process for the
evolution of shale, especially in the oil-generative window in which the
endured temperature and pressure are not very high. The process of oil
expulsion is closely related to pore structure evolution during kerogen
maturation (Sun et al., 2015). Namely, high porosity occurring in the
mature source rock will promote oil expulsion, whereas low porosity
will prohibit oil expulsion. For most commercial shale gas plays, their
oil expulsion efficiency is very low due to the low porosity and per-
meability (Jarvie, 2012). The most pronounced changes in the physical
and chemical conditions during natural oil generation and expulsion
are the increase in temperature and pressure (Tissot and Welte, 1984).
This implies that the oil expulsion efficiency of shale is a comprehensive
result of the changes in temperature and pressure. Meanwhile, com-
paction (pressure) and maturation (temperature) are two important
factors for the evolution of nanoporosity in natural shale (Mathia et al.,
2016). Thus, studying the oil expulsion influence on nanopore evolu-
tion will enhance our understanding of the combined influences of
maturity and pressure on the evolution of nanoporosity in natural shale.

This study chose semi-open pyrolysis at temperatures of 300 °C to
370 °C for 72h (Easy %Ro: 0.7%-1.3%) to investigate the oil expulsion
process and evolution of nanopores during the oil-generative window.
Most of the shale gas strata in the Sichuan Basin experienced a deep
burial of 3-5km (Liu et al., 2009; Ma et al., 2008; Zhang et al., 2008;
Xiao et al., 2013), with a high pressure coefficient of 1.3-2.1 (Zou et al.,
2015). Given a normal hydrostatic pressure increase of 10 MPa/km,
most of the shale gas strata in the Sichuan Basin experienced a hy-
drostatic pressure of approximately 40-100 MPa. Thus, a pressure of
50-100 MPa was used in this study, because this range covered most of
the conditions of the evolution of shale in Sichuan Basin. Subsequently,
the evolution of nanopores in the simulated sequence was analyzed
through gas adsorption methods, which have the advantages of con-
venient operation, maintaining the natural pore characteristics, and the
ability to assess the complete nanopore size range (Zhang et al., 2017).
The aim of this study is to reveal the oil expulsion process of shale and
its influence on the evolution of nanopore systems.

2. Samples and methods
2.1. Samples

The investigated oil shale was sampled from the outcrop of the
Xiamaling Formation in the Xiahuanyuan area of Jixian in Tianjing,
China. The sample is immature, with a Ro value of 0.6%. The basic
petrological and geochemical parameters are presented in Table 1. The
sample is organic-rich, with a total organic carbon (TOC) content of
5.39%. Rock-Eval analysis revealed this oil shale to have a Tmax of
434°C and a HI value of 564 mg/g TOC. The kerogen is type II (Liu
et al., 1990; Xie et al., 2013). Minerals in the oil shale include quartz
(51.4%), illite (26.4%), albite (10.3%), magnesian calcite (2.6%), and
amorphous stuff (9.3%).

2.2. Pyrolysis experiment

This study used semi-closed pyrolysis, which was used to study oil
generation (Lu, 1990), to artificially simulate the hydrocarbon gen-
eration and expulsion process. A schematic diagram of a high pressure,
semi-closed pyrolysis system was shown by Liu et al. (2017). First, the
oil shale sample was crushed into <80 mesh (180 um) powder. Then,
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the crushed oil shale powder was loaded into a stainless steel cylinder
(5cm o.d. (outer diameter) 3 cm i.d. (inner diameter)) and sealed on
both sides. The sealed cylinders were then compacted by a jack under
vertical pressures of 50, 75, and 100 MPa, respectively. The cylinders
were heated in an oven to 300 °C, 343 °C, and 370 °C and then held for
72 h, respectively. The calculated vitrinite reflectances from the Easy %
Ro method (Sweeney and Burnham, 1990) for the kerogen heated to
300°C, 343°C, and 370°C for 72h were 0.7%, 1.0%, and 1.3%, re-
spectively (in the oil-generative window). After cooling, the sealed
cylinders were removed to collect the pyrolyzed products (expelled li-
quid oil and gas). The expelled oil and gas during the pyrolysis ex-
periment were collected and analyzed. Finally, the pyrolyzed sample
was Soxhlet extracted with dichloromethane: methanol (93,7 v:v) for
72 h to obtain the retained hydrocarbon (residual bitumen).

2.3. Methods

2.3.1. Gas composition analysis

The generated hydrocarbon gas was directly injected by a gas-tight
syringe from the collecting tube into a customized vacuum line con-
nected to an Agilent 6890 N capillary gas chromatograph modified by
Wasson ECE Instrumentation for determination of molecular composi-
tion. A Poraplot Q capillary column (30 m X 0.25mm X 0.25 pm) was
used with helium as a carrier gas. The GC oven was held isothermally at
70 °C for 6 mins, programmed to increase to 180 °C at a rate of 15 °C/
min and held for 4 min. Gaseous hydrocarbons (C;_s) were quantified
by using an external standard. The sum of the expelled hydrocarbon
gases for each pyrolysis is shown in Table 2. The relative error
is < 0.5% for this method (Pan et al., 2012; Jin et al., 2013).

2.3.2. Pore structure distributions (PSD)

Low-pressure nitrogen (N,) and carbon dioxide (CO,) gas adsorp-
tion isotherms were conducted on a Micromeritics ASAP-2460
Accelerated Surface Area and Porosimetry System. The pyrolyzed
samples were all analyzed before and after Soxhlet extraction using
dichloroform (DCM) for 72h. The samples were crushed to
60-120 mesh size (250-125um) and degassed at 110°C for 12h in a
vacuum chamber prior to analysis to remove the residual volatile ma-
terial and free water. Nitrogen isotherms at 77 K were collected within a
relative pressure (p/p°) range of 0.005-0.998 (p is the balance pressure,
and p° is the saturation pressure). Carbon dioxide isotherms were col-
lected at 273.15K at relative pressures of 0.00006-0.03.

The pore size distributions (PSDs) of the investigated samples were
obtained using the composited N, and CO5 non-local-density functional
theory (NLDFT) method based on adsorption isotherms (Wei et al.,
2016). This method enables the most suitable detection range
(0.33-100 nm) and has high reliability and accuracy. As the maximum
pore diameter calculated by NLDFT is 100 nm, the NLDFT analysis
based on N, and CO, composited adsorption isotherms is used here to
investigate the characteristics of pores with diameters (D) up to
100nm. To better understand their evolution, the nanopores were
subdivided into micropores (D < 2nm), fine mesopores
(2 < D < 10nm), medium mesopores (10 < D < 25nm), coarse
mesopores (25 < D < 50nm), and macropores (D > 50nm), ac-
cording to the IUPAC classification (Thommes et al., 2015) and pre-
vious work (Chalmers et al., 2012).

Table 1

The basic geochemical parameters of the investigated sample.
Sample Lithology Kerogen TOC (%) S1 (mg/g source rock) S2 (mg/g source rock) Tmax (°C) HI Ro (%) 813G (%0)
XML Calcareous shale 11, sapropelic 5.39 1.84 42.56 434 564 0.6 —30.97
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Table 2
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The TOC normalized yields of residual bitumen, expelled hydrocarbons, total generated hydrocarbons and the expulsion efficiency for semi-closed pyrolysis runs at

various conditions.

Temperature (°C) Pressure (MPa) Total yield (mg/gTOC)

Residual bitumen (mg/g TOC)

Expelled hydrocarbon (mg/gTOC) Expulsion efficiency (%)

Liquid Gas Total

300 50 38.94 35.24 3.01 0.70 3.71 9.52
75 34.64 32.05 2.33 0.26 2.59 7.47
100 37.69 35.1 2.56 0.04 2.60 6.89

343 50 75.76 65.59 6.91 3.26 10.17 13.43
75 60.29 56.01 3.30 0.97 4.27 7.09
100 59.47 56.16 3.05 0.26 3.31 5.57

370 50 110.01 67.85 37.35 4.82 42.17 38.33
75 90.58 70.59 18.68 1.31 19.99 22.07
100 84.34 65.31 18.36 0.66 19.02 22.56

Note: expulsion efficiency was calculated by the amount of expelled hydrocarbon divided by the total yield.

3. Results
3.1. The yield of semi-closed pyrolysis

The TOC normalized amounts of total generated liquid hydro-
carbons, total generated gas, and the retained liquid hydrocarbons
within shales were all determined and are shown in Table 2. The
amount of total yield for a certain pyrolysis was obtained by the sum of
its residual hydrocarbon and its expelled hydrocarbons (including both
liquid and gas products). Meanwhile, expulsion efficiency was calcu-
lated by the amount of expelled hydrocarbon divided by the total yield.
At the same temperature, increasing pressure seemed to inhibit the
generation and expulsion of oil (Michels and Landais, 1994). For ex-
ample, when the temperature was 370 °C, the total hydrocarbon yield
was reduced from 110.01 mg/g TOC at 50 MPa to 84.34 mg/g TOC at
100 MPa, and the expelled hydrocarbons were reduced from 37.35 mg/
g TOC at 50 MPa to 18.36 mg/g TOC at 100 MPa. However, the residual
bitumen seemed to be relatively constant with increasing pressure
when the temperature exceeded 343°C. Conversely, an increasing
temperature seemed to promote the generation and expulsion of oil
(Table 2). When the pressure was 50 MPa, the total hydrocarbon yield
increased gradually from 38.94 mg/g TOC at 300 °C to 110.01 mg/g
TOC at 370 °C.

3.2. Adsorption isotherms

The pore size distributions of the original shale and its thermally
evolved solid residues (residue from the artificial thermal evolution)
after extraction were characterized using the combination of low-
pressure N, and CO, adsorption methods. The nitrogen isotherms at
77.35K for the original kerogen and its thermally evolved solid residues
are presented in Fig. 1. All the isotherms show a hysteresis pattern
without a plateau at higher pressures, mainly corresponding to Type IV,
as defined by the IUPAC (Thommes et al., 2015). This result implies
that the samples contain both mesopores and macropores (Sing et al.,
1985). The large adsorption amount at low relative pressure (p/
p° < 0.01) in the original sample indicates the presence of micropores.
However, the adsorption amount at a low relative pressure (p/
p° < 0.01) in the thermally evolved solid residue is sharply reduced
because of the pressure and temperature increase. The isotherms also
show forced closure of the desorption branch at p/p° = 0.45, which
was referred to as the “Tensile Strength Effect” (Groen et al., 2003). The
phenomenon of the “Tensile Strength Effect” was also identified by
Suéarez-Ruiz et al. (2016) in Cretaceous shale oil. According to a study
of porosity in carbon materials, Groen et al. (2003) believe the “Tensile
Strength Effect” is a result of hemispherical meniscus instability during
desorption in pores with critical diameters of approximately 4 nm.
Additionally, all the adsorption amounts increased without limit when
p/p° = 1, which is an indicator of macropores. The Type IV isotherm is

characterized by a hysteresis loop associated with capillary condensa-
tion in the mesopore structure. The loop was close to type H2 for the
original kerogen, implying the presence of ink bottle pores. In contrast,
the loop was close to type H4 for the thermal simulated residue, in-
dicating material composed of narrow slots (Thommes et al., 2015). It
seemed the ink bottle pores in the original kerogen were compacted
into narrow slots.

Fig. 2 gives an overview of the carbon dioxide isotherms for the
original sample and its pyrolytic residues, and it corresponds to a Type I
isotherm given by microporous solids (Thommes et al., 2015). The
adsorbed amounts at maximum relative pressure (p/p° of 0.03) for all
samples range from 1.10 cm®/g to 1.88 cm®/g (Fig. 2). However, such
maximum adsorption amounts cannot be directly used to represent the
real micropore volume because the maximum equilibrium pressure
used in this study (1 bar) was far lower than the CO, saturation pressure
(34.5bar) at 273 K (Tian et al., 2015). The above N, and CO,, isotherms
indicate that the original shale and its thermally simulated residues
possess complex pore structures, with pore sizes ranging from micro-
pores to macropores.

3.3. Pore size distribution

The combination N, and CO, adsorption data based on the NLDFT
theory was used to reflect the pore size distribution (PSD) of the in-
vestigated samples (Wei et al., 2016). The PSD of the non-extracted
shale simulation series is shown in Fig. 3. It is clear that temperature is
an important factor that controls the PSD of the non-extracted shale
samples. The non-extracted shale simulation series exhibit a bimodal
PSD, with the dominant pores being micropores and mesopores. At the
same pressure, the nanopores with diameters of 0-10 nm were gradu-
ally reduced with rising temperature (Fig. 3). Fig. 4 shows the PSD of
the artificially evolved shales after extraction. The extracted sample
(Fig. 4) appeared to show a similar PSD to the corresponding non-ex-
tracted original sample (Fig. 3). However, the Syiprr and Vyippr for the
extracted pyrolytic shales increased obviously compared to those of
corresponding non-extracted samples (Table 3). The Vyiprr was in the
range of 12.32m?/g to 18.13 m?/g for non-extracted samples, whereas
it was in the range of 12.53 m?/g to 24.68 m?/g for extracted samples
(Table 3).

4. Discussion
4.1. The process of oil expulsion

Fig. 5 shows the varying trends of the total hydrocarbon yield, the
amount of residual bitumen, and the amount of expelled hydrocarbons
with increasing EE. The expulsion efficiencies (EE) for all the pyrolysis
runs were calculated using the amount of expelled hydrocarbons (liquid
hydrocarbons plus gas) divided by the total hydrocarbon yield



L. Wu et al.

20 +
= —=e=original
% [}
S 15
E
2
2 10
Fg J;‘M‘/
2
T s PO
E
=3
© o |

0 0.2 0.4 0.6 0.8 1
Relative Pressure (p/p°)

20 +
=
=
\ ——{75-300
215
g —o—{75-343
E 75-370
s 10
z
2
: y s sasae
<
g WW

0 0. 0-0-0-0-0-0000 04
0 +— | ‘
0 0.2 0.4 0.6 0.8 1

Relative Pressure (p/p°)

Quantity Adsorbed (cm*/g STP)

Quantity Adsorbed (cm*/g STP)

International Journal of Coal Geology 191 (2018) 125-134

20 +
—a—50-300
15
—a—50-343
50-370 ﬁ
10 1
4
5 A
e ﬁ
A _,.‘—,.E-..—n—n—n"‘“
0 ] T % |
0 0.2 0.4 0.6 0.8 1
Relative Pressure (p/p°®)
20 +
—=—100-300
15
—m—[100-343
100-370 |
10 /f
5
0

Relative Pressure (p/p°)

Fig. 1. N, gas adsorption and desorption isotherms at 77 K for the original shale and its thermally evolved solid residues at various conditions.

(Table 2). The amount of generated hydrocarbon was lower than
60 mg/g TOC when EE was < 10%, and it increased from 59.47 mg/g
TOC at EE of 5.57% to 110.01 mg/g TOC at EE of 38.33%. This result
implies that hydrocarbon generation promotes oil expulsion. However,
the amount of residual bitumen showed a quite different evolution
trend compared to those of the total hydrocarbon yield and the amount
of expelled hydrocarbons. It first increased with increasing EE (EE <
13.43%), and then remained constant with a further increase in EE
(EE > 13.43%). It was suggested that the expulsion of oil after its
generation from the cracking of kerogen is controlled by absorption
(physical) or adsorption (chemical) of the hydrocarbon products onto
the kerogen surface and/or diffusion through the kerogen (Stainforth
and Reinders, 1990; Thomas and Clouse, 1990a, 1990b, 1990c; Sandvik
et al.,, 1992; Pepper and Corvi, 1995; Ritter, 2003). Such expulsion
models suggest that the generated oil first absorbed or adsorbed into
the macrostructure of kerogen and was then expelled from the source
rock to the reservoir when the amount exceeded the maximum

1.5

hydrocarbon sorption capacity (saturation threshold). The data in this
study indeed confirmed the above expulsion models (Fig. 5 and
Table 2). In this study, the amount of expelled hydrocarbon was very
small at first, and it significantly increased when the total yield of
generated hydrocarbon exceeds the value of 65mg/g TOC (Fig. 5).
Thus, it seems the saturation threshold for the investigated shale was
about 65 mg/g TOC.

4.2. The distribution of retained hydrocarbon occupied places in shale

Generally, the oil expulsion efficiency in geological conditions
cannot reach 100%. Namely, the existence of retained hydrocarbon in
the source rock is inevitable. Recently, the effect of pore clogging in
geological samples (shale or coal) by retained hydrocarbon (oil/bi-
tumen) was reported by many researchers through comparisons of shale
or coal pores before and after solvent extraction (e.g., Furmann et al.,
2013; Valenza et al., 2013; Wei et al., 2014; Zargari et al., 2015; Zhang
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Fig. 2. CO, gas adsorption isotherms at 273 K for the original shale and its thermally evolved solid residues at various conditions.
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Table 3

The pore structure parameters (surface areas, pore volumes) for original shale and its thermally evolved solid residues at various conditions.

TOC (%) Ny CO, N + CO,
Sger (m?/g) Ve (10~% em®/g) Dggr (nm) Sp-r (m?/g) Vp.a (10~%em®/g) Snorr (M*/g) Vaeorr (10 7% em®/g)

Original 5.39 16.42 26.89 6.58 11.96 6.97 21.27 26.88
50-300 5.74 3.74 17.86 15.72 14.01 12.11 7.92 14.86
50-343 5.51 2.75 18.23 22.09 11.20 9.19 9.45 16.83
50-370 4.96 2.21 14.70 22.03 11.96 7.87 9.10 18.13
75-300 4.93 2.81 18.28 22.19 12.28 11.49 6.46 14.97
75-343 5.05 2.69 16.12 20.98 13.28 14.02 6.15 14.30
75-370 4.93 2.81 18.28 22.19 12.28 11.49 6.46 14.97
100-300 5.53 4.96 18.74 13.59 17.08 15.87 6.20 15.32
100-343 5.03 2.86 17.17 20.67 13.25 13.66 6.04 13.42
100-370 4.7 2.55 16.38 20.88 11.92 9.68 6.32 15.82
EX-original 5.08 17.60 20.74 5.06 11.96 7.87 23.04 21.97
EX-50-300 5.52 5.92 20.27 11.98 15.52 17.74 10.95 21.07
EX-50-343 4.94 3.63 16.20 16.13 14.31 12.02 14.81 14.69
EX-50-370 4.82 2.90 14.18 17.01 12.88 9.04 14.25 12.50
EX-75-300 5.21 9.31 21.51 8.43 18.84 18.46 7.87 21.64
EX-75-343 4.85 4.58 16.39 12.72 16.01 13.96 9.27 14.71
EX-75-370 4.71 4.13 19.27 16.31 14.78 12.28 9.56 17.09
EX-100-300 5.23 8.93 24.05 9.76 19.08 18.09 6.87 19.56
EX-100-343 4.81 4.75 18.11 13.03 16.15 14.14 8.10 15.62
EX-100-370 4.51 3.79 19.10 17.36 15.93 17.50 8.47 16.63

Note: Sger = BET surface area; Sp.gr = Micropore surface area by D-R method; Sniprr = Total surface area (0.33-100 nm) by NLDFT method; Vgyy = BJH adsorption
cumulative volume; Vp_ = Limited micropore volume by D-A method; Vyniprr = Total pore volume (0.33-100 nm) by NLDFT method; Dggr = BET adsorption

average pore diameter.
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et al., 2017). They all found that the pore volume in extracted shale
increased compared to the corresponding original shale (before ex-
traction) in the range of pore diameters from 0 to over 100 nm. How-
ever, for most of the investigated samples, only the nanopores with
diameters in the range of 1-10 nm increased from solvent extraction
(Fig. 6). It was probably because the high pressure pushed the retained
hydrocarbon into the nanopores with narrow pore diameters (1-10 nm
in this study). Here, all of the shale samples were subjected to high
pressures of 50 MPa-100 MPa and were then analyzed for PSD im-
mediately. In comparison, the samples investigated in most of the
previous studies were outcrop shale samples (e.g., Mastalerz et al.,
2013; Valenza et al., 2013; Wei et al., 2014; Zargari et al., 2015; Zhang
et al., 2017). For such samples, the retained hydrocarbons may gra-
dually return to the nanopores with diameters larger than 10 nm be-
cause the lithostatic pressure from the overlying strata is released when
they are uplifted to the surface. This implies that for natural shale gas
plays that are very deep below the surface, most of the retained hy-
drocarbons probably occupied pores with very narrow diameters due to
high pressure.

Meanwhile, it seems from Fig. 6 that Soxhlet extraction does not

130

always increase the volume of nanopore. A decline in mesopore vo-
lumes was also found in some experiments, such as at 300°C and
75 MPa (Fig. 6B) and at 343 °C and 100 MPa (Fig. 6F). A similar change
was also reported by Wei et al. (2014), who did not observe an increase
in mesopore volumes of four unextracted New Albany shale samples
(60 mesh fractions) from Indiana and Illinois with Ro from 0.55% to
1.41% compared to those observed after extraction with different sol-
vents (DCM, toluene). Since only the pore diameters of 0.33-100 nm
are discussed in this study, the decline in mesopore volumes of un-
extracted samples compared to extracted samples was probably because
the mesopore space was enlarged to the macropore range by the ex-
traction of clogged oil/bitumen (Wei et al., 2014). Furmann et al.
(2013) also reported the decline of BET surface areas and mesopore
volumes for an unextracted high volatile bituminous coal (Ro = 0.69%)
compared to the corresponding DCM extracted coal. They also suggest
the decline of BET surface areas and mesopore volumes was due to
progressive opening of larger pores.

Fig. 7 shows the evolution of pore volume (0-10 nm) in relation to
the expulsion efficiency and the variation in residual bitumen content
in relation to the expulsion efficiency. The volumes of retained hy-
drocarbons were calculated by assuming that the density of generated
hydrocarbon is 0.9 g/cm®. When EE was lower than 13.43%, the vo-
lumes of micropores plus fine mesopores were reduced, but the volume
of retained hydrocarbons increased with increasing EE. Meanwhile, the
volume of micropores plus fine mesopores was sufficiently large for the
storage of retained hydrocarbons with EE < 13.43% (Fig. 7. and
Table 4). However, when EE was higher than 13.43%, the volumes for
both retained hydrocarbons and micropores plus fine mesopores were
stable with a further increase in EE, and the volume of retained hy-
drocarbons was in excess of the volume of micropores plus fine meso-
pores (Fig. 7. and Table 4). The extra retained hydrocarbons probably
stayed in nanopores with diameters > 10 nm and/or absorbed into the
macrostructure of the residual kerogen.

4.3. The effect of oil expulsion on pore size distribution (PSD)

The evolution of nanopores in shale is very important for evaluating
reservoir quality and hydrocarbon potential (Loucks et al., 2009; Jarvie,
2012; Curtis et al., 2012). Here, the influence of oil expulsion on pore
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Fig. 6. Plot of dV/dlog(D) versus D for the difference of pore size distribution between the pyrolyzed shale after Soxhlet extraction and that before Soxhlet extraction

at various conditions.
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Fig. 7. Plots showing the evolution of volume of residual bitumen and pore
with diameter of 0-10 nm with increasing expulsion efficiency.

structure distribution was discussed.
Fig. 8 shows the relationship between the pore volume of nanopore
with different pore diameters and the increasing EE. A negative

Table 4

correlation was observed between EE and the pore volumes for micro-
and fine mesopores (Fig. 8A and B). However, there was no obvious
correlation between the EE and the pore volumes for medium meso-
pores, coarse mesopores and macropores (Fig. 8C-F). Meanwhile, it
seemed that the varying trend of pore volumes for micropores and fine
mesopores with EE can be divided into two stages. The pore volumes for
micropores and fine mesopores decreased sharply in the first stage
(EE < 13.43%), whereas they decreased slowly in the second stage
(EE > 13.43%). Interestingly, the EE of 13.43% was also the critical
point for the amount of hydrocarbon retention (Fig. 5), implying that
the evolution of pore volumes for micropores and fine mesopores
(D < 10nm) is related to hydrocarbon retention. It also further con-
firmed the above conclusion that most of the retained hydrocarbons in
the investigated samples probably occupied pores with very narrow
diameters (1-10 nm).

To further discuss the influence of oil expulsion on the evolution of
micropore and fine mesopore volumes, the relationships among the
expelled hydrocarbon, residual bitumen, total generated hydrocarbon
and the micropore and fine mesopore volume were correlated in Fig. 9.
It seems the amount of expelled hydrocarbon, residual bitumen, and
total generated hydrocarbon all show negative correlation with the
micropore and fine mesopore volume. That means that the reduction of
micropores and fine mesopores in shale may be related to the increase
of expelled hydrocarbon, residual bitumen, or total generated

The pore volumes for different range of pore and the volume of residual bitumen in the pyrolyzed shales at various conditions.

Temperature ("C) Pressure Vmicropore Vfine mesopore Vimedium mesopore Veoarse mesopore Vmacropore Viesidual bitumen
(MPa) (103 cm®/g) (10~ 3cm®/g) (10~ 3cm®/g) (10~ 3cm®/g) (10~ 3cm®/g) (103 cem®/g)
300 50 1.70 4.02 6.60 5.09 3.66 211
75 2.03 5.45 5.93 4.76 3.47 1.92
100 2.20 5.38 4.72 4.04 3.22 2.10
343 50 1.25 1.26 5.09 4.08 3.01 3.93
75 1.48 2.16 4.56 3.65 2.86 3.35
100 1.52 2.21 4.69 3.99 3.21 3.36
370 50 1.12 0.51 4.46 3.62 2.79 4.06
75 1.32 1.59 5.52 4.74 3.92 4.23
100 1.28 1.15 5.41 4.83 3.96 3.91
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Fig. 8. Plots showing the relationships of expulsion efficiency with pore volume of micropore (A), fine mesopore (B), medium mesopore (C), coarse mesopore (D),

macropore (E), and nanopore with diameter of 0-100 nm (F).

hydrocarbon. However, the relationship of the micropore and fine
mesopore volumes with expelled hydrocarbon (Fig. 9 Aa and Ab) is
most similar to the relationship of the micropore and fine mesopore
volumes with EE (Fig. 8 A and B). This indicates that the increase of
expelled hydrocarbon (rather than residual bitumen or total generated
hydrocarbon) is the dominating factor controlling the reduction of
micropores and fine mesopores in shale. Meanwhile, the hydrocarbon
was expelled from occupied sites in source rocks (micropores and

mesopores in this study) by the force of pressure. Additionally, sedi-
ments progressively lose their porosity due to the loading pressure
(compaction effect). Thus, the reduction of micropores and fine meso-
pores was probably because their compaction was associated with the
expulsion of hydrocarbon within shale.

The micropore and fine mesopore volumes also decreased with in-
creasing residual bitumen (Fig. 9 Ba and Bb), implying that the pore
volumes were much larger than the volumes of retained bitumen
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Fig. 9. Plots showing the relationships of pore volume of micropore, fine mesopore with expulsion efficiency (Aa, Ab), the amount of residual bitumen (Ba, Bb), the

amount of total generated hydrocarbons (Ca, Cb).
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(Fig. 7). However, when the amount of retained hydrocarbon reached
the saturation threshold yield of 65 mg/g TOC, the micropore and fine
mesopore volumes did not decline. It seems the maintenance effect of
retained oil resists further pore volume reduction from compaction.
Additionally, the pore volume decline rates for micropores versus re-
sidual bitumen and total yield were much lower than those for the fine
mesopore volume (Fig. 9 Ba, Bb, Ca, Cb), indicating that fine mesopores
are easier to reduce than micropores which is consistent with the results
of previous studies (Mastalerz et al., 2013; Liu et al., 2017).

4.4. The oil expulsion model and its implications for evaluating shale gas
plays

There are many models to explain the physical and chemical pro-
cesses of oil expulsion within source rocks. Some believe that oil ex-
pulsion occurs when the generated hydrocarbons exceed a saturation
threshold due to the absorption (physical) and adsorption (chemical)
properties of organic matter in the source rocks (e.g., Durand, 1988;
Lafargue et al., 1994; Ritter, 2003). Other researchers have suggested
that the pressure buildup from generation, compaction and the frame-
work collapse of the rock fabric microstructure are key factors in oil
expulsion (e.g., Barker, 1972; Hunt, 1990). However, for the in-
vestigated shale, oil expulsion seemed to be controlled by both the
pressure-driving and the absorption-adsorption mechanisms. The oil
expulsion process for the investigated shale can be divided into two
stages. In the first stage (Easy %Ro < 1.0, EE < 13.43%), though the
amounts of total generated hydrocarbon (32.05-56.16 mg/g TOC in
Table 2) are lower than the saturation threshold value (65 mg/g TOQC),
expelled hydrocarbons (2.59-4.27 mg/g TOC) can still be observed.
Such expelled hydrocarbons were probably driven by the compaction of
micropores and fine mesopores. However, when the amount of gener-
ated hydrocarbons was over the saturation threshold (Easy %Ro:
1.0%-1.3%, EE > 13.43% in this study), the absorption-adsorption
mechanism will dominantly controlled oil expulsion.

Meanwhile, oil expulsion has a different influence on the evolution
of nanopores in the abovementioned two evolution stages. In the early
stage of oil expulsion (EE < 13.43%), the volume of micropores and
fine mesopores will gradually reduce with increasing pressure and
temperature, because the nanopore volume is sufficiently large to store
retained hydrocarbon at the beginning of oil expulsion. Meanwhile, the
amount of retained oil increases gradually with increasing pressure and
temperature. For the investigated shale, the volume of retained oil fi-
nally surpassed the sum of micropore and fine mesopore volumes when
the saturation threshold was reached (EE = 13.43%). When the volume
of retained oil is over the sum of micropore and fine mesopore volumes
(EE = 13.43%), the reduction rate of micropores and fine mesopores
versus EE decreases sharply, because the maintenance effect of the re-
tained oil will resist the compaction effect of pressure.

The retention of hydrocarbon in shale has a very important role in
shale oil and gas potential. Generally, low oil expulsion efficiency will
cause a high amount of retarded hydrocarbon in shale. Thus, low oil
expulsion efficiency will benefit the formation of shale oil and gas. In
fact, most of the commercial shale gas plays have low oil expulsion
efficiency (Jarvie, 2012). Based on this study, it seems the maximum
amount of retained hydrocarbon within shale was mostly controlled by
the threshold of saturation absorption. It indicated that source rocks
with high total organic carbon (TOC) are beneficial for oil retention and
the formation of shale gas. It was also confirmed by previous research
on natural maturity sequences (Tian et al., 2015; Zargari et al., 2015;
Han et al., 2015), which suggested that the TOC content exerts a major
control on hydrocarbon retention. Meanwhile, although clays also have
sorptive properties for oil, the adsorption on clay appears to be of less
importance for hydrocarbon retention (Espitalie et al., 1980; Schettler
and Parmely, 1991), probably because of clay mineral dehydration and
framework collapse during thermal maturation (Bray et al., 1998; Bala
et al., 2000; Neanman et al., 2003; Noyan et al., 2006).
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5. Conclusions

In this study, semi-closed pyrolysis was conducted on a shale sample
to simulate its generation and expulsion processes of shale oil or gas.
The results revealed that oil expulsion of shale can be divided into two
stages. In the first stage (Easy %Ro < 1.0% and EE < 13.43%), the
primary driving force for oil expulsion was compaction from overlying
lithostatic pressure. Meanwhile, most of the generated oil will be pu-
shed into nanopores with diameters < 10 nm by pressure. Thus, during
the initial period, the expulsion of oil will lead to the reduction of
micropore and fine mesopore volumes (D < 10nm). With a further
increasing pressure and temperature (Easy %Ro: 1.0%-1.3% and
EE > 13.43%), most of the micropores and fine mesopores will finally
be compacted, and the amount of generated hydrocarbon will be over
the maximum absorbed value of kerogen. At this stage (EE > 13.43%
in this study), the influence of oil expulsion on the micropores and fine
mesopores was sharply reduced due to the maintenance effect of re-
tained hydrocarbons on the pore system. This study also confirmed that
the amount of retained hydrocarbon within shale is controlled by the
threshold of saturation absorption rather than pressure in the oil-gen-
erative window.
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