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Abstract: The porous structure of oil shale plays a vital role in heat transfer and mass transport. In this
study, the pore evolution of oil shale samples during sub-critical water extraction was investigated
by scanning electron microscope (SEM), N2 adsorption/desorption, and low field nuclear magnetic
resonance (NMR). The following results were obtained: (1) With increased extraction time and
extraction temperature, the yield of bitumen increased, pores in spent samples obviously developed
and extended to the inner of the shale matrix, and their pore size gradually increased from the
nano to micron size; (2) Pore volume and surface area of mesopores increased with increasing yield,
indicating that the extraction of organic matter improves the development of organic matter pores
distributed in mesopores; (3) The formation of secondary organic matter pores primarily contributes
to the increment of pore volume in oil shale samples. The diameter of kerogen may range from 100 to
1600 nm; (4) Fractures probably propagated parallel to the bedding direction, and their evolution led
to an initial increase in the total pore volume followed by a decrease. This is likely because fractures
will be strongly compacted by pressure due to the weakening of inner support after more organic
matter is extracted.

Keywords: oil shale; sub-critical water extraction; SEM; N2 adsorption/desorption; NMR; pore size
distribution; porosity

1. Introduction

Oil shale is a natural, fine-grained, laminated black or brown combustible material, and it consists
of complex organic material of high molecular weight called kerogen, which is finely distributed
in an inorganic matrix [1–6]. Oil shale is structurally heterogeneous, porous, and amorphous [7,8].
As an important complementary and alternative energy source of oil, oil shale has been gaining wide
attention. Sub-critical water extraction technique is a promising method; its operating cost is low and
environmental pollution caused by organic solvents and catalysts can be avoided. Sub-critical water
as a new medium and good solvent can recover organic matter from oil shale owing to its solvent
properties similar to polar organic solvents [9–11]. During sub-critical water extraction, pore evolution
of oil shale influences the processes of conversion and hydrocarbon expulsion [12], especially for
organic matter. Therefore, the pore evolution of oil shale during sub-critical water extraction remains a
topic of interest to be explored, and findings related to it will serve as a guide towards the development
of in-situ conversion [13,14].

In the last few years, many researchers have paid increasing attention to the pore evolution of oil
shale during sub-critical water or the super critical water extraction [15–19]. Mastalerz et al. [16] used
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low-pressure nitrogen adsorption measurements to analyze to study the pore characteristics of two
shale samples with similar maturities but different total organic carbon (TOC) contents. Pour et al. [20]
used the mercury intrusion method on shales to determine two fractal dimensions, pore volume and
pore length. Some of the most widely used laboratory methods for measuring pore characteristic of oil
shale include scanning electron microscope (SEM), N2 adsorption/desorption, and mercury intrusion
porosimetry (MIP) [15–22]. However, these methods all have some limitations. For example, in MIP,
high-pressure intrusion by mercury may either distort the skeletal porous structure of samples [23]
or reduce the amount of large pores due to the shielding effect of smaller pores [24]. Therefore,
a nondestructive, accurate, and efficient method for measuring the pore characteristics of oil shale has
become an urgent requirement.

Recently, the low-field nuclear magnetic resonance (NMR) technique, a fast, convenient and
non-destructive detection method which has been widely used in porosity measurements and fine
reservoir descriptions of shale in both laboratory and well logging [25–29], is improved to investigate
and estimate the pore characteristics of reservoir rocks [30–34]. While, the application of the low-field
NMR in the research of the pore evolution of oil shale during sub-critical water extraction has rarely
been reported.

In this study, we simulated the in-situ mechanical state of oil shale samples using special grips
and aimed to clarify the pore evolution of the oil shale samples during sub-critical water extraction.
The samples were analyzed using SEM, N2 adsorption/desorption, and low-field NMR method.

2. Material and Methods

2.1. Samples

Huadian Basin is located along the Dunhua–Mishan fault zone in northeastern China, and it
is an important oil-shale and coal-bearing basin. According to Sun et al. [35], these correspond
to three 3rd order sequences. From bottom to top, the members (sequences) are: pyrite member
(Sequence I), oil shale member (Sequence II), and carbonaceous shale member (Sequence III). The oil
shale samples were collected from the 4th layer (within the depth of 70.0–60.0 m) of Dachengzi mine
located in Huadian, Jilin Province of China. All samples were carefully packed and immediately
sent to the laboratory. The fundamental characteristics of the oil shale samples are given in
Table 1. Before sub-critical water extraction, oil shale samples were prepared as cylinders of 25 mm
diameter and 30 mm height using a diamond wire saw machine (Taizhou Chenhong NC Equipment
Manufacturing Ltd., Taizhou, China).

Table 1. Fundamental Characteristics of Huadian Oil Shale Samples.

Fischer Assay Analysis Elemental Analysis Proximate Analysis

Component Content (wt %) Element Content (wt %) Component Content (wt %)

Oil 18.09 C 72.38 volatile matter 39.09
Water 9.58 N 0.74 fixed carbon 1.17

Semicoke 71.43 S 0.09 ash 56.43
Gas 0.90 H 9.66 moisture 3.31

2.2. Experimental Procedure

The in-situ mechanical state of raw sample was simulated by constraining the radial deformation
of raw sample prior to the sub-critical water extraction: firstly, the raw sample was circumferentially
warped by a strip of copper foil. Then, the raw sample was gripped by the clamps and banded by the
ring. The gripped sample is presented in Figure 1.
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Figure 1. Gripped oil shale sample.

Sub-critical water extraction was performed in a 500 mL stainless steel reactor. The design
temperature and pressure of the reactor were 400 ◦C and 30.0 MPa, respectively. Firstly, the gripped
raw sample and 250 mL water were placed in the reactor. Then, nitrogen was filled into the reactor
for displacing air. Finally, the reactor was quickly heated to the set temperature by an electric oven
and held for the specified period of time. After sub-critical water extraction, the gases, bitumen, spent
aqueous solution, and spent samples were subsequently collected when the reactor was cooled down
to the room temperature.

The pore characteristics of the spent samples were measured using SEM, N2 adsorption/desorption,
and NMR. In addition, the porosity of spent samples was measured by density measurement and NMR.

2.3. Experimental Methods

The surface micro-structure of oil shale samples was observed using an Hitachi S-4800 field
emission SEM with an acceleration voltage of 1.5 kV. Moreover, sections cut in the direction parallel to
the bedding plane of the oil shale samples were partially coated with gold conductive material for
SEM observation.

The XRD pattern of the finely ground sample (<75 µm) was recorded on a Rigaku D/MAX 2550
diffractometer with Cu Ka radiation.

The low temperature N2 isotherm adsorption/desorption analysis was performed by using a
SSA-7000 specific surface area and aperture analyzer (BIAODE Electronic Technology Ltd., Beijing,
China). Prior to the nitrogen adsorption measurement, samples underwent vacuum degassing at
180 ◦C for 3 h. The specific surface area was determined by the multipoint Brunauer–Emmett–Teller
(BET) method using adsorption data. The adsorption branch of the isotherm was used to calculate
pore size distribution (PSD) with the Barrett–Joyner–Halenda method.

The NMR tests were conducted by using the Niumag MesoMR23-060H-1 low field NMR
spectrometer. The spectrometer has a constant magnetic field strength of 0.55 T and a resonance
frequency of 23.51 MHz. The measurement parameters were set as follows: echo spacing, 0.2 ms;
waiting time, 2 s; echo numbers, 6000; numbers of scans, 32. Prior to sub-critical water extraction,
the raw samples were vacuumed for 8 h, and then saturated in 100% distilled water for 8 h for NMR
test, whereas spent samples could be tested without these preparations. The PSD of raw samples
and spent samples was measured using the NMR method and their porosity was measured using the
density measurement and NMR methods.

3. Results and Discussion

3.1. Effect of Extraction Condition on the Extract Yield

Figure 2a shows the yields (wt.ad) of bitumen extracted by sub-critical water at 350 ◦C. It can be
observed that the yield rises dramatically from 3.4 to 12.5 wt % as the extraction time is increased from
10 to 50 h. It then increases slowly from 12.5 to 17.0 wt % with the extraction time prolonged from 50
to 150 h, and finally reduced to 16.4 wt % at 200 h. The maximum extract yield is achieved at 150 h,
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indicating that the initial bitumen extraction is much more rapid. The decrease of extraction efficiency
later may be due to the decomposition of a large amount of weak-binding kerogen fragments [10].
The yield decreases with extraction time exceeding 150 h possibly due to the decomposition of more
extracted bitumen to gases [9–11].

Figure 2. Yield of bitumen extracted by sub-critical water at (a) 350 ◦C and (b) 150 h.

Figure 2b describes the yields of bitumen extracted by sub-critical water for 150 h at different
temperatures. It is obvious that the increase of temperature improves the extraction of bitumen by
sub-critical water. The yield of bitumen increases almost linearly from 5.5 to 21.1 wt % as the extraction
temperature is increased from 310 to 365 ◦C. Thus, the extraction efficiency of subcritical water is
significantly improved with increasing temperature.

3.2. SEM Analysis

The comparison of the surface morphology of raw oil shale and spent shale can directly reveal
the pore evolution of oil shale during sub-critical water extraction. Figure 3 shows the SEM images
of raw Huadian and five spent shale samples extracted by sub-critical water at 350 ◦C. As shown in
Figure 3a, few pores are observed on the surface of the raw oil shale. The number of pores in the
spent sample extracted for 10 h slightly increased (Figure 3b). In contrast, with the extension of the
extraction, pores in spent samples obviously developed and extended to the inner part of the shale
matrix, and their pore size gradually increased from the nano- to micron-scale as shown in Figure 3.
The evolution of yields with time (Figure 2a) is similar to that of pore size.

Figure 4 shows SEM images of the spent shale samples after 150 h extraction by sub-critical water
at 310 ◦C to 365 ◦C. Compared with the pore distribution of the raw sample (Figure 3a), only few pores
were generated after 310 ◦C sub-critical water extraction (Figure 4a). Pores in spent samples obviously
developed and extended to the inner part of the shale matrix, and their pore size gradually increased
from the nano- to micron-size with increasing extraction temperature (Figure 4b–d). This correlates
with results obtained by Bai et al. [8]. The evolution of yields with temperature (Figure 2b) were similar
to those of pore size.

Figure 3. Cont.
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Figure 3. SEM images of (a) raw sample and spent shale samples extracted by sub-critical water at
350 ◦C for (b) 10 h; (c) 50 h; (d) 100 h; (e) 150 h; and (f) 200 h extraction, respectively.

Figure 4. SEM images of spent shale samples extracted by sub-critical water for 150 h, at: (a) 310 ◦C;
(b) 330 ◦C; (c) 350 ◦C; and (d) 365 ◦C extraction, respectively.

The evolution of the pores in oil shale after sub-critical water extraction is probably due to the
release of kerogen matter and some inorganic minerals. Figure 5 and Table 2 shows XRD analyses
of raw oil shale and spent shale extracted by sub-critical water at 350 ◦C for 150 h. The dominant
mineral components of oil shale were silicates, quartz, kaolinite, and calcite. Comparing curves in
Figure 5 and data in Table 2, the contents of the carbonate minerals of the raw sample and the spent
sample obtained after the sub-critical water extraction at 350 ◦C for 150 h were similar. This implies
that, with increased extraction time or extraction temperature, the extract yield increases, number of
pores in spent samples increases, and their pore size gradually increases from nano- to micron-sized,
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whereas the contents of the carbonate minerals do not significantly change. Therefore, the increment
in the number of pores is probably caused by the release of organic matter.

Figure 5. XRD patterns of raw sample and spent sample extracted by sub-critical water at 350 ◦C for 150 h.

Table 2. Mineral content of raw oil shale and spent shale sample.

Sample
Content (wt %)

Quartz Silicates Kaolinite Calcite

Raw oil shale sample 50.1 14.3 31.3 4.4
Spent shale sample 47.4 17.5 32.8 2.3

3.3. Analysis of N2 Adsorption/Desorption

The SEM analysis mainly reveals the surface pore morphology evolution of shale samples, while
it contributes little to the specific surface area and PSD. The N2 adsorption/desorption method is
widely used to explore the pore shape and structure, particularly for mesopores (2–50 nm), according
to the IUPAC classification. Typical nitrogen adsorption/desorption isotherms of the raw and spent
shale samples extracted by sub-critical water at 350 ◦C for different time are shown in Figure 6,
which correspond to a composite of Types II defined by IUPAC and indicate multi-layer adsorption.
The adsorption branches of the isotherms gradually rise below P/P0 ≈ 0.8. When P/P0 > 0.9,
the adsorption quantity sharply increases because of capillary condensation [36]. At relative pressures
below 0.7, the adsorption isotherm is essentially coincident with the desorption isotherm, indicating
that small pores are accessible via a single pore throat. As the relative pressure rises, a hysteresis
loop occurs, which is attributed to the difference between the adsorption and desorption mechanisms.
The hysteresis loops of the spent samples are similar to type H3 under the IUPAC classification [37],
indicative of a slit pore shape.

Figure 7 shows the pore size distribution and specific surface area of spent samples extracted at
350 ◦C for different times.
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Figure 6. Nitrogen adsorption/desorption isotherms of the raw sample and spent samples extracted
by sub-critical water at 350 ◦C for different times.

Figure 7. (a) Pore size distribution and (b) specific surface area of raw sample and spent samples
extracted by sub-critical water at 350 ◦C for different times.

Most of the pore volumes recorded by nitrogen adsorption were found to correspond to mesopores.
As the extraction time increases, the volume of mesopores increases, especially in the range of 2–10 nm
(Figure 7a). Based on the descriptive classification for pores developed by Loucks et al. four major
shale pore types have been defined as organic matter pores, interparticle pores, intraparticle pores,
and fractures [38,39]. It should be noted the pore system in shale consists of organic and mineral matrix
pores, but only the former might be significantly impacted by thermal maturation [40,41]. Therefore,
according to the pore classification and corresponding size [38,39,42], the main part of mesopores in
spent samples probably corresponds to organic matter pores. The development of organic matter
pores distributed in the mesopores of spent samples is closely related to the increment of extract yield,
and the generation of mesopores (<10 nm) at high maturity probably resulted from the secondary
cracking of bitumen [43]. The evolution of the specific surface area distribution with temperature
(Figure 7b) is similar to that of the pore size.

Figure 8 displays a typical nitrogen adsorption/desorption isotherm of the spent shale samples
extracted by sub-critical water for 150 h at different temperature. They are assigned to type II, and the
four hysteresis loops are similar to type H3. The adsorption branches of the isotherms gradually rise
below P/P0 ≈ 0.8. When P/P0 > 0.9, the adsorption quantity sharply increases because of capillary
condensation. At relative pressures below 0.7, the adsorption isotherm is essentially coincident with
the desorption isotherm, indicating that small pores are accessible via a single pore throat. As the
relative pressure rises, a hysteresis loop occurs, which is attributed to the difference between the
adsorption and desorption mechanisms.
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Figure 8. Nitrogen adsorption isotherms for spent samples extracted by sub-critical water for 150 h at
different temperatures.

Figure 9 shows the pore size distribution and specific surface area of spent samples extracted for
150 h at different temperatures.

Figure 9. (a) Pore size distribution and (b) specific surface area of spent samples extracted by sub-critical
water for 150 h at different temperature.

As the extraction temperature increases from 310 to 330 ◦C, the volume of the mesopores and the
specific surface areas decrease. Furthermore, as the extraction temperature is increased from 330 to
365 ◦C, the volume of the mesopores and the specific surface areas increases, especially mesopores
ranging from 2 to 10 nm. This is probably because pyrobitumen, which is not soluble and fills
some of the pores created during oil and gas generation, is not extracted by sub-critical water at low
temperature. We therefore attribute the decreasing pore volume in extracted samples to the bitumen
infilling effect on the pore measurement of shale samples. This is similar with results obtained by
Sun et al. [19].

3.4. Analysis of NMR Pore Size Distribution

N2 adsorption/desorption can provide information only on the mesopores of spent shale samples.
When detected by NMR, the samples need not be dried and thus pore structural damage can be
avoided. The low field NMR method can truly reflect the effect of sub-critical water extraction on the
PSD evolution of spent shale samples, especially macropores. Figure 10 shows the NMR PSD of the
raw sample and spent samples extracted by sub-critical water at 350 ◦C for different times. The PSD of
the raw sample displays two peaks (left peak area > right peak area). Every peak in the NMR PSD
corresponds to a type of pores. According to the pore classification and corresponding size, the left
peak (ranging from 8 to 340 nm) of the raw sample PSD curve probably corresponds to interparticle
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pores and organic matter pores, and the right peak (ranging from 3 to 80 µm) probably corresponds
to fractures.

Figure 10. Pore size distribution (PSD) of the raw sample and spent samples extracted by sub-critical
water at 350 ◦C for different times. The inset figure is the local enlarged drawing of curves in the
red rectangle.

All PSD curves of the spent samples extracted by sub-critical water at 350 ◦C exhibited two peaks
from left to right (Figure 10). According to the pore classification and corresponding size, the left
peak (100–1600 nm) and the right peak (8–40 µm) of the spent samples PSD curve can be attributed
to secondary organic matter pores and fractures, respectively. After the extraction, the left peak of
the raw sample PSD curve moved to right. This may be because interparticle pores always occur
between organic matter and different mineral grains [18,42]; after the organic matter is extracted,
both of interparticle and organic matter pores become larger and connect together. The peak value
and the area of the left peak in the PSD curve of the spent samples increase whereas the peak width
decreases with prolonged extraction time. This may be because, with the extension of extraction
time, the number of mutually connective organic matter pores increase with the release of organics,
and secondary organic matter pores tend to distribute in largely centralized areas. The right peak
area increases firstly, then decreases with the increase of extraction time. The appearance of these
fractures is considered to be due to the tensile stress generated by expansion associated with kerogen
conversion to bitumen [44]; thus fracture propagation occurs as the extraction time increases from 0 to
50 h. After more organic matter is extracted by sub-critical water, without inner support from organic
matter, the fractures probably have been strongly compacted by the pressure of sub-critical water [36].

Figure 11 shows the PSD of the raw and spent samples extracted by sub-critical water for 150 h
at different temperatures. All the PSD curves of spent samples have two peaks. The left peak
(100–1600 nm) and the right peak (10–45 µm) of the PSD curve of the spent samples can be attributed
to organic matter pores and fractures according to the pore classification and corresponding size,
respectively. The peak value and the area of the left peak increased, whereas the range of the left
peak decreased with increasing extraction temperature. This may be because more organic matter
is extracted by sub-critical water with increased extraction temperature, and secondary organic
matter pores tend to distribute in largely centralized areas. The right peak moves to right, and
its area and peak value firstly increase and then decrease with increasing extraction temperature.
This implies that the pore size and volume of fractures in these spent samples increase and decrease,
respectively, as the extraction temperature is increased. The expansion of fracture is preferentially
accommodated perpendicular to the bedding plane because of the horizontal layering of organic
matter and clay minerals [45]. Nevertheless, the radial deformation of raw sample is constrained
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in this study. Therefore, the fracture propagation probably occurred parallel to the bedding plane
as the extraction temperature increased from 0 to 310 ◦C. After more organic matter was extracted,
the fractures may have been strongly compacted by pressure. The decrease of the area and the peak
value of the right peak may become significant when the pressure of sub-critical water increases with
the extraction temperature.

Figure 11. PSD of the raw and spent samples extracted by sub-critical water for 150 h at different
temperatures. The inset figure is the local enlarged drawing of curves in the red rectangle.

The evolution of NMR PSD reveals that during the sub-critical water extraction, the increment
of pore volume in oil shale samples was caused by the formation of secondary organic matter pores.
Furthermore, the diameter of kerogen aggregates distributed in Huadian oil shale may range from 100
to 1600 nm. The evolution of fractures of oil shale under a confining pressure is different from that
in normal extraction by sub-critical water [10]. After a certain amount of organic matter is released,
the weakening of inner support from organic matter would result in fractures strongly compacted by
pressure from sub-critical water, and it might become more significant when the pressure is increased.

3.5. Analysis of NMR Porosity

Because the NMR PSD of samples and the hydrogen content in fluids have a strong positive
correlation, NMR can also be used in analyzing porosity. Figure 12 shows a comparison between the
porosity of the above spent samples extracted by sub-critical water measured by density measurement
(DM) [46] and the NMR method. The x-axis and y-axis data of points in this figure correspond to the
DM porosity and the NMR porosity of spent shale samples, respectively. The blue curve in Figure 12 is
the DM porosity-NMR porosity parity line and all points are close to it revealing porosity measured
using NMR has a good correlation with that measured using DM. Consequently, the NMR method can
truly reveal the porosity of oil shale samples, and the NMR method is suitable for determining the
porosity of shale.
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Figure 12. Comparison between the porosity of spent shale samples after sub-critical water extraction
determined using the density measurement (DM) and nuclear magnetic resonance (NMR) methods.

Figure 13 shows the porosity of spent samples extracted by sub-critical water determined using
NMR. In Figure 13a, porosity increases dramatically, and then increases slowly with prolonged
extraction time. In Figure 13b, porosity rises dramatically with increased extraction temperature.
With increased extraction time, increments in the yield of bitumen and the evolution of porosity
showed a similar tendency (Figures 2a and 13a). There is a similar situation that as the temperature
increases, increments in the yield of bitumen and the evolution of porosity showed a similar tendency
(Figures 2b and 13b).

Figure 13. Porosity of spent shale samples after (a) 350 ◦C and (b) 150 h sub-critical water extraction
determined using NMR.

Remarkably, the maximum extract yield is achieved at 150 h (Figure 2a) while the porosity raises
with the increase of extraction time (Figure 13a). The decrease of extract yield after 150 h result from
the secondary decomposition of the extracted bitumen to gases. Meanwhile, the release of the residual
bitumen inside of the shale matrix to sub-critical water leads to a sustained increase of the porosity of
oil shale.

Figure 14 shows the fitting results of extract yield and NMR porosity. The x-axis and y-axis
data of points in this figure correspond to the extract yield and the NMR porosity of spent shale
samples, respectively. The red curve in Figure 14 is the fitted line and it reveals a positive correlation
was found between extract yield and NMR porosity (R2 = 0.9). As mentioned in the discussion of
Figures 9 and 13, the bitumen infilling effect attributes to the decrease of porosity, the extract yield
decreases with increasing extraction time after the maximum extract yield has been gotten, and these
two phenomena lead to the fitting error of curves in Figure 14. A previous study reported that the
porosity of spent shale samples increase with decreasing TOC content due to kerogen conversion [15].
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The porosity evolution is in agreement with the evolution of NMR PSD. Therefore, during sub-critical
water extraction, the porosity evolution of spent samples is caused by the formation of secondary
organic matter pores.

Figure 14. Correlation between yield and NMR porosity after sub-critical water extraction.

4. Conclusions

The yields of bitumen extracted by sub-critical water increased with increasing extraction time
and temperature. The maximum extract yield reached 21.1% when the sample was extracted by
sub-critical water at 365 ◦C for 150 h. However, the extraction efficiency decreased under the effect of
secondary cracking with prolonged extraction time.

With increased extraction time and temperature, surface pore morphology of spent samples
obviously developed. Pores in spent samples extended to the inner part of the shale matrix, and their
size gradually increased from the nano- to micron-scale, probably due to the release of organic matter.

Type II nitrogen adsorption isotherms with Type H3 hysteresis loops were observed in these
samples. The increase of pore volume and surface area of mesopores in spent samples are closely
related to the increment of extract yield, indicating that the extraction of organic matter improves the
development of organic matter pores distributed in mesopores.

From the experimental results, only few pores were found to be distributed in the raw shale
sample. The macropores (especially pores ranging from 100 to 1600 nm) remarkably developed with
the increasing extraction time and temperature. The evolution of NMR PSD reveals that during the
sub-critical water extraction, the increment of pore volume in oil shale samples is caused by the
formation of secondary organic matter pores. This is in agreement with the micro-structural evolution
and porosity evolution of oil shale samples. It is also suggested that the diameter of kerogen aggregates
distributed in Huadian oil shale may range from 100 to 1600 nm.

The fractures probably propagated parallel to the bedding plane in this study. The evolution of
fractures in oil shale under simulated in-situ mechanical state is different from that under normal
extraction by sub-critical water. After a certain amount of organic matter is released, inner support from
organic matter is weakened, resulting in fractures strongly compacted by pressure from sub-critical
water. This effect might become more significant when the pressure is increased.

A positive correlation was found between the extract yield and porosity (R2 = 0.9). Considering
results of NMR PSD, it is suggested that during sub-critical water extraction, the porosity evolution of
spent samples is caused by the formation of secondary organic matter pores.

The evolution was observed for these factors in the simulated in-situ mechanical state of oil shale
samples using special grips with sub-critical water extraction. The findings of this study are expected
to contribute to the advancement of research on in-situ heat injection in oil shale, especially in-situ
sub-critical water extraction.
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