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h i g h l i g h t s
 The pore evolution process of oil-shale was simulated by hydrous pyrolysis.
 The nitrogen quantity adsorbed increased with increasing pyrolysis temperature.
 The development of the pore structure was associated with organic matter evolution.
 The pyrolysis products in different thermal stages may be the basic factor to affect porosity.
 The pore evolution was roughly divided into the stages of reforming, formation and development.
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a b s t r a c t
To obtain information about the pore characterization during the evolution of sedimentary organic matter, the pore structures of residual samples from oil-shale hydrous pyrolysis experiments were analyzed
via low-pressure nitrogen adsorption measurements. These seven experiments were conducted at different temperatures, while other experiment factors, such as original samples, the heating time and rate, the
lithostatic pressure and the hydrodynamic pressure, were kept same. Nitrogen adsorption measurements
were performed on unheated samples and other solid residues after pyrolysis at different simulation
temperatures to analyze and characterize the nature of the pore structure. The results showed that
Type IV nitrogen adsorption isotherms with Type H3 hysteresis loops are present in these samples, so
mesopores may be predominant. With increasing pyrolysis temperature, the quantity of nitrogen
adsorbed generally presents an increasing trend at a relative P/P0 value of approximately 0.996 MPa.
The total pore volume and speciﬁc surface area were positively correlated with the pyrolysis temperature, and their correlation coefﬁcients (R2) were 0.91 and 0.83, respectively. The pore volume and surface
area of the micropores, mesopores and macropores all increased, as did the quantities of the corresponding pores. By combining the different scales of pore development with the pyrolysis products, a model for
the stages of porosity evolution was acquired. With the increasing simulation temperature, the changing
of porosity calculated roughly by the decreased amount of TOC present a same tendency with the measured values by N2 adsorption method. But the relative deviation between them was higher in lower
maturity, the opposite occurred in higher maturity. Therefore, the effect of TOC on the evolution of pore
structure may be related to the maturity. And the pore connectivity which resulted from the generation
and migration of pyrolysis products, can be seen as the important factor on the increased porosity. In further level, shale oil–gas were better preserved in lower maturity, but likely to migrate in higher thermal
evolution.
Ó 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
Kerogen-rich mudstones are important both as a traditional oil
shale resource [1–3] and as source rocks for conventional [4] and
unconventional oil and gas [5–7]. The Chang 7 member of the
Triassic Yanchang Formation in the Ordos Basin has all three attributes, having sourced traditional oil reservoirs [8,9], being considered as a target for production from the mature source rock by
hydraulic fracturing [10–12], and occurring near the surface with
organic carbon content greater than 10% by weight.
The evolution of the pore structure during kerogen maturation
is particularly important for retention of oil and gas in the mature
source rock, hence it has a large impact on a formation’s potential
importance as an unconventional source of oil and gas. The porosity comes from conversion of organic matter to oil and gas, and
much of the porosity is in small diameter pores that facilitate
adsorption and capillary condensation at reservoir conditions [13].
Scholars have already conducted studies on how the pore structures change with thermal evolution by different measurement
techniques
[14–24].
For
example,
small-angle
and
ultra-small-angle neutron scattering (SANS/USANS) and gas (N2
and CO2) adsorption techniques were used by Mastalerz et al.
[21] to study the porosity characteristics of two shale samples with
similar maturities (the vitrinite reﬂectance (Ro) was 0.55% and
0.62%) but different total organic carbon (TOC) contents (15.8%
and 5.8%). The results showed that the micropore networks were
affected by organic matter (OM). Tiwari et al. [19] used
three-dimensional X-ray micro-tomography (XMT) to analyze the
different pore network structure characteristics before and after
pyrolysis and found that a larger (the pores were 500 lm developed after pyrolysis) pore space was produced in sample with
higher maturity than that with lower maturity. Analyzing
Woodford shale samples with different Ro (from 0.51% to 6.36%)
by focused ion beam milling and scanning electron microscopy
(FIB–SEM), Curtis et al. [20] found that thermal maturity alone is
not enough to predict porosity in OM, but other factors, such as
OM composition, are also needed to be considered. Low-pressure
gas adsorption (N2, CO2 and CH4) has also been used to analyze
the porosity evolution during thermal maturation [14–18]. Kuila
et al. [17] used N2 adsorption to measure the pore structure before
and after removing OM from thermally mature mudrocks. The
results of the reduction of the pore volume indicated that the interior of the OM can be a host for pores. Romero-Sarmiento et al. [18]
proved that surface areas and mesopores have a positive relationship with maturity by N2 adsorption. Wei et al. [16] found that
thermal maturity plays an important role in controlling the total
porosity in organic-rich shales by the pore analysis of N2 and CO2
adsorption, but they obtained better predictions when combining
other factors (e.g., OM type, TOC and mineralogy). Chen and Xiao
[15] analyzed the evolution of the nanoporosity in shales during
an anhydrous pyrolysis experiment by N2 and CO2 adsorption
and concluded that nanoporosity has a positive linear correlation
with thermal maturity after the oil window stage, and they divided
the evolution into the three stages of formation (Ro from 0.6% to
2.0%), development (Ro from 2.0% to 3.5%) and conversion and
destruction (Ro > 3.5%) of OM-hosted nanopores. Hu et al. [14] used
N2, CO2 and CH4 adsorption methods to investigate the methane
adsorption of bitumen-free Woodford shales, which were artiﬁcially matured by hydrous pyrolysis, and found that the increasing
pore surface area and volume were mainly due to the abundant
content of mesopores in the OM during thermal treatment.
Therefore, although recent research on the development of pores
during thermal maturation has been conducted, there is no agreement thus far [14–24]. This may be caused by the different geological factors, such as mineral composition, TOC, OM type and

chemical composition, diagenesis and maturity [17,19,25], or
because the measurement techniques and experimental conditions
affect the pore evolution.
Therefore, it is necessary to study how porosity develops in
oil-shale samples during thermal treatment and how the development is affected by other factors (e.g., TOC, OM, diagenesis, and
water). Our current study focused on the characteristics of porosity
evolution in artiﬁcially matured samples by hydrous pyrolysis.
These hydrous pyrolysis experiments were conducted on the same
samples and at the same lithostatic pressure, hydrodynamic pressure, heating rate and time but at different temperatures. The pore
structures of the solid residual samples at every temperature were
analyzed by low pressure nitrogen adsorption. The goals were (1)
to understand the effect of thermal maturity on the pore evolution,
(2) to analyze the relationship between pore development and
pyrolysis products, (3) to investigate the pore size distribution during thermal treatment, and (4) to research the effect of TOC on
porosity. These results provide evidence to the characteristics of
pore structures during the evolution of OM.
2. Experiment
2.1. Sample
In this research, the oil-shale samples were collected from
Chang 7 Yanchang Formation, Triassic, in Tongchuan, Ordos
Basin, Shanxi Province, western China. The block samples were collected from an outcrop in a mining pit, and the depth was about
10 m. Before pyrolysis, the block sample were drilled into cylindrical samples with a diameter of 25 mm. The sample was
organic-rich, with a TOC of 13.75%, and the Rock–Eval pyrolysis
presented a hydrocarbon index (HI) of 483.49 mg/g TOC, an oxygen
index (OI) of 0.95 mg/g TOC and a T-max of 451 °C. The values of S1
peak (dissolved hydrocarbon), S2 peak (pyrolysed hydrocarbons)
and S3 peak (CO2) were 2.78 mg/g, 66.48 mg/g and 0.13 mg/g
respectively. Based on the values of HI and OI, what we concluded
that the type of kerogen was Type I–II. Then according to the classiﬁcation by the radio of S2/S3(Type I: >20; Type II1: 5  20; Type
II2: 2.5  5; Type III: <2.5), which was 511, so the kerogen of the
sample was Type I. The vitrinite reﬂectance (Ro) is about 0.7, and
the productivity index (PI) equaled to 0.04, which all indicated that
the thermal maturity of the OM in this oil-shale sample was immature to early mature.
2.2. Pyrolysis
2.2.1. Experimental apparatus
The pyrolysis experiments were conducted in a WYMN-3 HTHP
simulation instrument (Fig. 1), which generally contains a software
control system (computer) and a hardware performance system
(apparatus). It can be seen as a semi-open high-temperature,
high-pressure (HTHP) simulation system. The computer procedure
is used to set experimental conditions and collect data. The corresponding performance system includes the following subprime
systems: reaction (autoclave), heating, hydraulic control (control
of the lithostatic pressure), ﬂuid supplement (adding deionized
water and control of the hydrodynamic pressure) and collecting
(storing pyrolysis productions) systems. The opening degree of
the pyrolysis system can be controlled by a two-position
three-way solenoid valve and is achieved by the relationship
between the hydrocarbon expulsion pressure limit and the pressure threshold. In these experiments, the hydrodynamic pressure,
hydrocarbon expulsion pressure limit and pressure threshold were
50, 55 and 5 MPa, respectively, and were set on the computer.
When the hydrodynamic pressure in the sample cell reached the
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Fig. 1. Schematic diagram of the pyrolysis equipment. 1. Hydraulic control system; 2. Temperature transmitter; 3. Thermocouple; 4. Sample cell; 5. Autoclave; 6. Up middlepressure sheath; 7. Cold water set; 8. Oil cylinder A; 9. Stone; 10. Pressure transmitter; 11. High pressure pneumatic valve; 12. Two-position three-way solenoid valves; 13.
Cold trap; 14. Gas and liquid collector; 15. pressure probe; 16. Gas collecting pipe; 17. Vacuum pump; 18. Heating furnace; 19. Down middle-pressure sheath; 20. Oil cylinder
B; 21. Two-position three-way solenoid valves; 22. Reducing valve; 23. Air bottle; 24. Pistons container; 25. Air compression system; 26. High-pressure pump; 27.
Compression bar.

pressure limit (55 MPa), the solenoid valves opened to discharge
hydrocarbon into the gas and liquid collector. When the degree
of pressure exceeded the pressure threshold, i.e., when the hydrodynamic pressure was reduced to 45 MPa, the solenoid valves
automatically closed. Thus, this pyrolysis system was in a dynamic
evolution process when transforming between an open and closed
system. Generally, the pyrolysis system can be divided into open,
semi-open and closed systems. Open pyrolysis system (e.g.
Rock–Eval), can be used to determine the quantity of hydrocarbon
generation, which only has the primary reaction, but not with
the experimental conditions of pressure and water [26,27]. While
the closed system (e.g. autoclave, sealed gold tubes and microscale
sealed vessel) can simulate the quantity of gaseous hydrocarbon,
the cracking of liquid hydrocarbon in higher temperature is also
one part. Namely the overlap of primary and secondary reactions
lie in the closed system [28–30]. Therefore, either open or closed
system based experiments were limits to describe natural systems.
While relatively speaking, the semi-open system used in this text
provided experimental conditions closer to natural geology.
To retain the original pore size, the sample was drilled to core
columns with a diameter of 25 mm and a height of 5–6 cm, which
was a suitable size for the sample cell. The sample cell with the
core column samples was placed in an autoclave and other ﬁttings
were instilled. A leak test was then conducted, and the experimental apparatus was vacuumized. At the same time, the corresponding experimental conditions were set on the computer.
2.2.2. Experiment process
The experimental conditions, such as the temperature, time,
lithostatic pressure, hydrodynamic pressure and original pore
structure (core column samples), were investigated in this hydrous
pyrolysis. Among them, the lithostatic pressure results from the
role of the compression bar and is used to simulate the pressure
of overlying rock underground, which can be seen as a contributor
to diagenesis. Hydrodynamic pressure is produced by the action of
hydrous pyrolysis in the conﬁned space of the sample cell. To
ensure comparable results for the role of the temperature, seven
temperature points were used for the oil-shale sample experiments. The experiments used the same time, lithostatic pressure
(100 MPa), hydrodynamic pressure (50 MPa) and the same sample,
and involved isothermal heating of the sample for 48 h at 250 °C,

300 °C, 350 °C, 375 °C, 400 °C, 450 °C and 500 °C. Once the experiment was over, the generated gas were collected. Then, the hydrocarbon expulsion pipeline was carefully cleaned with
dichloromethane and was expelled to the gas and liquid collector,
which contained oil, dichloromethane and water. The separated
part of the liquid oil is expelled oil. The separated part of the
wash-out from the sample cell and the residues with dichloromethane are the wash-out oil. The part extracted from the solid
residues is the residual oil. The total content of the expelled,
wash-out and residual oil is the total oil.
2.3. Analysis of pore structure
Nitrogen adsorption measurements on the solid residues at different simulation temperatures were conducted on an ASAP 2020
HD88 surface area analyzer. Before the experiment, the samples
are crushed to 80 mesh and extracted with chloroform for 72 h.
The experimental conditions are as follows. To remove all of the
gaseous impurities, each sample was degassed at 150 °C for 6 h
in a vacuum chamber. By connecting a Dewar ﬂask with liquid
nitrogen to the analysis system, the N2 adsorption–desorption isotherm measurements were conducted at the temperature of liquid
nitrogen (77.3 K) with a relative pressure P/P0 range of 0.01–0.998
(P represents the balance pressure and P0 is the saturation pressure). We then obtained the data of the adsorption–desorption isotherm curves and the average pore diameters.
The evolution of the speciﬁc surface area of the solids from the
nitrogen sorption isotherms were determined by multi-point the
Brunauer–Emmett–Teller (BET) equation [31]:

1
1
C1 P
¼
þ
:
VðPo=P  1Þ CVm CVm Po

ð1Þ

where V is the volume of the sorbed gas at equilibrium pressure
(cm3/g, STP (Standard Temperature and Pressure)), P represents
the balance pressure (Pa), P0 is the saturation pressure (Pa), Vm is
the volume of the monolayer (cm3/g, STP) and C is the BET constant.
The micro-, meso- and macropore volumes and pore size distributions were calculated from the nitrogen adsorption isotherms by
the Barrett–Joyner–Halenda (BJH) theory [32], which is based on
the Kelvin equation assuming cylindrical non-connecting pores
and corrected for multilayer adsorption [14,15].
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3. Results and discussion
3.1. Pyrolysis products
The yields of the expelled oil, wash-out oil and residual oil are
shown in Fig. 2. However, the quantiﬁcation of gaseous hydrocarbon yields may not be successful, so we only put them as some references. The expelled oil yields reached a maximum and then
declined, which is consistent with the results of previous studies
[33–35]. We can divide the evolution of the expelled oil into three
stages. First, from 250 °C to 300 °C (immature-low mature stage),
there is little liquid oil and more gas is generated. Second, the temperature range of 350–375 °C can be seen as the generation of petroleum followed by quantities of gases stage. The starting point of
the oil window was approximately 350 °C, and the maximum yield
of expelled oil was 182.20 mg/g TOC at 375 °C. This can be interpreted as being due to the thermal degradation of kerogen with
increasing temperature. Third, from 400 °C to 500 °C, thermal
cracking from oil to gas resulted in decreased expelled oil yields.
In this stage, the yields of gas increased ﬁrst and then decreased;
the decreasing yields of gas were affected by the decreasing content of OM [34,35]. The evolution curve of the residual oil yields
was almost opposite to that of the expelled oil, and its peak value
was 191.13 mg/g TOC at the starting point of the oil window
(350 °C). Therefore, there is a relationship of waxing and waning
between the residual and expelled oil during the evolvement process on limited quantities of OM, which conforms to the law of the
conservation of mass. The portion of wash-out oil may be affected
by the expelled oil. The yields of wash-out oil were correlative to
the expelled oil, and its maximum also occurred at 350–375 °C.
3.2. Nitrogen adsorption isotherms
Fig. 3 shows the nitrogen adsorption isotherms at different simulation temperatures. According to the classiﬁcation of gas adsorption isotherms made by IUPAC [36] (International Union of Pure
and Applied Chemistry), Type IV isotherms are characterized by
the appearance of hysteresis loops. Because capillary condensation
and capillary evaporation often do not occur at the same pressure
[37,38], there is a detached portion between the corresponding
desorption and adsorption isotherm branch. The detached parts
form the hysteresis loops. The recommendations of IUPAC [36]
classify hysteresis loops into four types. Among them, isotherms
with Type H3 hysteresis loops are usually materials comprised of
aggregates (loose assemblages) of plate-like particles forming
slit-like pores and do not level off at relative pressures close to
the saturation vapor pressure [38]. Type IV isotherms and Type
H3 hysteresis loops correspond to the experimental samples, indicating that the pore size distributions are close to mesopores in
general and the pore shape of these samples may be slit-like
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Fig. 2. The yields of liquid hydrocarbons in the pyrolysis.
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[36]. A greater content of corresponding pores at a relative pressure often results in larger detachment between the desorption
and adsorption isotherm branch [39]. As the simulation temperature increased, the nitrogen quantity adsorbed increased compared
to the unheated sample up to 500 °C at a relative P/P0 of 0.996 MPa,
except for at 300 °C. The quantities adsorbed were 2.25, 5.56, 3.02,
15.65, 24.11, 30.39, 33.24 and 43.76 cm3/g, which have a linear
relationship with the temperature with a correlation coefﬁcient
(R2) of 0.92 (Fig. 4). Therefore, the temperature, which can be seen
as an index of maturity in pyrolysis, plays a positive role in the
pore content.
3.3. Response of the pore structure to temperature
Fig. 5 shows the relationships of the cumulative pore volume
and speciﬁc surface area with the average diameter at different
ﬁnal simulation temperatures. Within Fig. 5a and b, there are
two small ﬁgures showing the linear relationships of the total pore
volume and the speciﬁc surface area with temperature (Fig. 5a0 and
b0 ). From the unheated sample to 500 °C, the total cumulative pore
volumes and speciﬁc surface areas presented an increasing tendency (Fig. 5a and b). In addition, both the total pore volumes
and the surface areas noticeably increase with temperature, and
their correlation coefﬁcients (R2) are 0.91 (Fig. 5a0 ) and 0.83
(Fig. 5b0 ), respectively. Therefore, the pyrolysis temperature plays
a positive role in the development of the pore structure.
In these samples, the pore size distributions ranged from
1.60 nm to 812.70 nm. According to IUPAC classiﬁcation [36], the
pores are subdivided into three scales: micropores (pore diameter:
<2 nm), mesopores (pore diameter: 2–50 nm) and macropores
(pore diameter: >50 nm). With increasing temperature, the averaged pore size distributions at the scales of micropores, mesopores
and macropores were 1.80–1.89 nm, 8.38–11.64 nm and 98.57–
165.12 nm, respectively (Fig. 6a). The pore volume and special surface area for the micro-, meso- and macropores all presented an
increasing tendency with increasing temperature (Fig. 6b and c).
The pore volume generally has a positive relationship with the
pore diameter, whereas there is a negative correlation between
the surface area and the pore diameter for a given pore volume
[40]. Therefore, from the unheated sample to 500 °C, the decreasing average pore diameters of the macro- and mesopores, as well
as the increasing pore volume and surface area, indicated increasing quantities of corresponding pores. The average sizes of the
micropores were nearly invariable; the gradually increase of volume and surface area provided evidence of an increase in the number of micropores.
3.4. Response of the porosity evolution to the pyrolysis process
The distributions of pore volume and speciﬁc surface areas at
different temperature are shown in Fig. 7. We can divide the temperature into three stages roughly. (1) From unheated sample to
300 °C, the pore volume and surface area underwent almost no
change for the micropores, mesopores and macropores.
Macropores (>150 nm) were still present in comparison with other
simulation temperatures (>300 °C) (Fig. 5). In this stage, the residual oil was the major contributor to the yields of the total liquid
hydrocarbon in pyrolysis. The content of residual oil was
30.07 mg/g TOC, which almost equals to the contents at 250 °C
(33.22 mg/g TOC) and 300 °C (37.52 mg/g TOC). Thus, visible difference between unheated and pyrolysis samples (250 °C and 300 °C)
is that the latter was accompanied by the generation of gas.
Therefore, we put forward the following two possibilities. One possibility is that there are few primary pores in the original sample,
and the yields of products (expelled oil, washed out oil, residual
oil, gaseous hydrocarbon and non-hydrocarbon) generated via
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Fig. 3. Nitrogen adsorption isotherms for samples with different simulation temperatures. CT-0 represents the original sample; CT-250, 300, 350, 375, 400, 450 and 500
represent the different simulation temperature samples.

Fig. 4. The relationship between the nitrogen quantity adsorbed and the pyrolysis
temperature.

pyrolysis may be preserved in these unspoiled primary porosities.
Another possibility is that the OM are completely blocked in the

primary porosities. The primary pores may be clogged by remobilized OM in this low temperature evolution stage [17]. (2) From
350 °C to 375 °C, the micro- and mesopore volumes increased
gradually, especially the pores of approximately 2–3 nm, as did
the surface area. The macropores of diameter >150 nm almost disappeared (Fig. 5). The yields of the oils and gases increased gradually to maximums in this stage. These results lend weight to the
argument that the increased micro- and mesopores resulted from
the decreased macropores (diameter >150 nm). Previous work on
the evolution of immature OM indicated that kerogen softens to
a rubber-like material prior to the generation of hydrocarbons in
an intermediate stage [41,42]. Therefore, the decreasing macropores may be interpreted as blockage by the deformation and softening of kerogen in this thermostage [43]. Conversely, primary
porosities may not be enough to provide reservoirs for pyrolysis
production, which leads to the formation of secondary porosity.
(3) From 400 °C to 500 °C (the last simulation temperature in this
experiment) was characterized by more rapid increase of the
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Fig. 5. Cumulative pore volume (a) and cumulative speciﬁc surface area (b) for samples at different temperature. Inside are the plots of the total pore volume (a0 ) and total
surface area (b0 ) via pyrolysis temperature.

secondary nanoporosity in this stage from the oil to the gas window [20,44,45]. In addition, the increasing micro- and mesoporosity may be caused by the residues that were left behind by the
migration of oils in the shales and resulted in a post-oil bitumen
network [20].
3.5. Response of the measured porosity to the calculated values

Fig. 6. Pore diameter (a), pore volume (b) and speciﬁc surface area (c) for micro-,
meso- and macropores at different pore scales and pyrolysis temperatures.

micro- and mesopores relative to the second stage. Although the
yields of the oils had a decreasing tendency, the gaseous yields ﬁrst
increased and then decreased with the increase of the simulation
temperature, which can be considered as the evolution stage of
oil cracking to gas. Thus, there may be a further development of

Within these experiments, there are not only the generated
porosities but also the destroyed ones. The generated porosities,
produced by a few reasons, but now we only calculated the porosities caused by the decreased TOC. The destroyed porosities, which
could be resulted from the following effects: the compression of
lithostatic and hydrodynamic pressures, and the weight loss of
samples after pyrolysis. However, as the lithostatic pressures and
the hydrodynamic pressures are the same in all the experiments,
so we just ignored the loss porosities by compression during calculating the increased values relative to the original sample. For the
weight loss of samples, which could be resulted from the consumed TOC, the adhesion of uncollected parts on sample cell, and
the missed parts during unloading the samples. But as we calculated the porosities in unit samples, so the weight loss would not
affect the calculated values. Thus, we would just calculate the
reduced porosities by the decreased TOC.
According to the Results Express (The foundation of oil shales
and their associated gas–oil from the region of Tongchuan, Ordos
Basin) reported by China Geological Survey On March 5, 2015,
the average density of oil shale is 2.14 g/cm3. Now we roughly calculated the increased porosity relative to the original values caused
by the decrease of TOC. First, we offered a hypothesis of the source
rock is homogenic, and its average density is 2.14 g/cm3. Then
assume that the density of organic matter is 1.18 g/cm3 [46].
First, we should calculate the values of decreased TOC. The value
of consumed TOC (TOCL) is equal to TOCO  TOCT, where TOCO
and TOCT represent the TOC of original sample and residual sample
after pyrolysis at different temperature point respectively. Thus,
based on the decreased amount of TOC, we can calculate the
increased pore volume roughly (Table 1). Then as the density of
organic matter is 1.18 g/cm3, so the volume per TOC is about
0.847 cm3. Thus the DV-TOC (the increased volume of porosity
by the decreased TOC) = 0.847 ⁄ TOCL.
By comparing the increased porosity between calculated and
measured values (by N2 adsorption method) (Table 1 and Fig. 8),
what we found are listed as below. With the increasing temperature, the calculated increased porosity present an increasing tendency, which agree well with the measured values. While the
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Fig. 7. The distributions of the pore volume (a) and speciﬁc surface area (b) at different pyrolysis temperature.

Table 1
Comparison of estimated increased porosity based on decreased TOC with the measured value by N2 adsorption method.
Temperature (°C)

TOCoa (wt.%)

TOCTb (wt.%)

TOCc (wt.%)

VOMd (cm3/g)

DV-TOCe (cm3/g)

DV-N2f (cm3/g)

RDg (%)

250
300
350
375
400
450
500

13.75
13.75
13.75
13.75
13.75
13.75
13.75

9.43
11.7
6.88
4.72
6.96
7.29
5.54

4.32
2.05
6.87
9.03
6.79
6.46
8.21

0.847
0.847
0.847
0.847
0.847
0.847
0.847

0.037
0.017
0.058
0.076
0.058
0.055
0.070

0.005
0.001
0.015
0.024
0.035
0.042
0.049

631.81
1636.35
287.93
218.68
64.32
30.28
41.92

TOCL = TOCO  TOCT; VOM = 1/qOM = 1 g/1.18 g1 cm3 = 0.847cm3; DV-TOC = 0.847 ⁄ TOCL; RD = [(DV-TOC  DV-N2)/DV-N2] ⁄ 100%.
a
TOCo: the TOC of the original sample.
b
TOCT: the TOC of sample after pyrolysis at every temperature point.
c
TOCL: the loss of the TOC.
d
VOM: the volume of organic matter per TOC.
e
DV-TOC: the increased porosity caused by decreased TOC.
f
DV-N2: the increased porosity (relative to original value) measured by the method of N2 adsorption method.
g
RD: relative deviation between measured and calculated values.

values of calculated are higher than measured all the time, but the
relative deviations between them are smaller in higher temperature relative to lower temperature. The relatively small deviation
between measured and calculated values may be associated with
the pore connectivity, which is better in higher maturity. Thus,
we may obtain some inferences: (1) TOC may be the main reason
for the changing of porosity. (2) The effect of TOC on the pore evolution is associated with thermal maturity or may be interpreted
by the different pyrolysis products at different thermal stages. (3)
In lower maturity phase, compared to the calculated porosity, the
higher relative deviation indicated that the porosity formed by the

consumed TOC cannot be measured by N2 adsorption method.
Namely, these pore spaces from consumed TOC may be either
blocked or closed. So the block among pore spaces by the preferential generation of resin and asphaltene may be one possibility. And
another possibility, the pore connectivity is worse and the primary
migration of pyrolysis products may not occur. (4) The smaller relative deviation in higher maturity phase, which indicated that the
more pores are measured. So the pore connectivity is better, which
may be connected with the heavy hydrocarbons cracking to light
hydrocarbons. The expulsion of hydrocarbons were likely to make
a contribution to the connection between closed and open pores,
which resulted in the increase of porosity. (5) In further, in geology,
the better pore connectivity in lower maturity is more conducive
to preservation of reservoirs, but migration in higher maturity.
4. Conclusions
Low-pressure nitrogen adsorption measurements were used to
analyze the pore structures of artiﬁcially matured oil-shale samples from hydrous pyrolysis. As this method was mostly used to
characterize mesopores, so we only got the roughly measured
information about micropores and macropores. Then, the conclusions obtained from this research are as follows:

Fig. 8. The comparison of calculated porosity and measured values.

(1) From unheated to 500 °C, the samples presented Type IV
nitrogen adsorption isotherms, which indicated that their
pore size distributions are close to mesopores.
(2) The nitrogen quantity adsorbed at the relative P/P0 of
0.996 MPa ranged from 2.25 to 43.76 cm3/g with increasing
temperature. There was a good linear relationship between
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(3)

(4)

(5)

(6)
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the nitrogen quantity adsorbed and the temperature, with a
correlation coefﬁcient of 0.92. Therefore temperature promoted the evolution of the pore structure.
In these nonhomogeneous samples, the pore size was distributed from 1.60 nm to 812.70 nm. From the unheated
samples to the pyrolysis samples, the pore volume and special surface area in the micro-, meso- and macropores
increased gradually, whereas their corresponding average
pore sizes had a decreasing tendency. We inferred that there
were further quantities of micro-, meso- and macropores
generated during OM evolution.
The formation and development of the pore structure can be
roughly divided into three stages corresponding to OM evolution. In the ﬁrst stage (250–300 °C), primary pores were
ﬁlled by the generated gas during the early stage of pyrolysis. The second stage (350–375 °C) involved the formation of
secondary porosity, which was caused by the abundant liquid hydrocarbon generated. In the third stage (400–
500 °C), a further secondary porosity developed due to large
quantities of gas generated from oil cracking.
By comparing the roughly increased porosity by calculating
to the measured values, the effect of TOC on pore evolution
may be related to maturity or on a deeper level depend on
the pyrolysis products in different thermal evolution stages.
So the pyrolysis products of resin and asphaltene in lower
maturity may block the pores, while the generation of light
hydrocarbons may be the contributor for the connection
between open and closed pores in higher maturity.
The possible worse pore connectivity in lower temperature
may provide a better shale oil–gas preservation condition,
but the possible better connections in pores at higher thermal evolution stage may be more conducive to the migration
of oil–gas.
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