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Abstract. The spatial complexity of oil shale systems is manifested by
microstructure, pore space randommness and extensive heterogeneity. A
microwave pyrolysis device developed for this study was used to pyrolyze
oil shale, and the microstructure before and after pyrolysis was visually
examined and quantified. The internal structure of the rock and the extent
of pore and fracture expansion are more accurately determined in this way.
The microstructure of oil shale at different temperatures before and after
microwave pyrolysis is identified by X-ray microcomputed tomography
(uCT) with automatic ultra-high-resolution scanning electron microscopy
(SEM), to observe the heterogeneous state of oil shale on 2D and 3D scales
and define the distribution of internal pores and fractures by post-processing
UCT visualization. The study found that fractures sized from microns to
millimeters along with pore fractures were observed at increasing microwave
temperatures. The fractures gradually expanded with increasing temperature in
the direction of horizontal or vertical laminae and generated a more connected
pore network. The kerogen gradually decreased with a rise in temperature.
The porosity increased from 0.26% to 13.69% at the initial temperature. This
research is essential for the qualitative as well as quantitative analysis of the
internal structure of oil shales under microwave radiation.
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1. Introduction

Due to the significant increase in energy demand, countries are committed
to oil shale as an alternative source of petroleum. Oil shale is widely used
in electrical power generation and the petrochemical and construction
industries as an alternative to conventional oil and gas, thanks largely to the
accessibility of its huge reserves [1, 2]. Global shale oil resources are up to
450 billion tons, with the United States, China and Russia having the world’s
largest oil shale reserves [3]. In China, the vigorous development of the oil
shale industry guarantees the country’s national energy security. Oil shale is
a sedimentary rock with a mineral skeleton, and may contain the roots of
caseous species and small amounts of minerals. Shale oil is the product of
pyrolysis, which comprises a series of physical and chemical reactions, e.g.,
moisture volatilization, thermal rupture of laminae and pyrolysis of casein,
forming pores and fractures in the rock [4—6]. The latter thereafter play a
crucial role in the transport of the pyrolytic products.

Based on the method used, oil shale heating is classified into conduction
heating, convection heating and radiative heating [7-9]. Microwave radiation
has been proposed as a method for heating rocks [10] and coal [11] due to
its advantages of fast heating rate and high energy utilization. Many studies
have applied radiative heating to examine the evolution of fine structure and
permeability during the pyrolysis of oil shale. Microwaves heat the sample
volumetrically and overcome the problem of low thermal conductivity and
uneven heating. It has been found that dry distillation of oil shale by microwave
radiation produced shale oil that was compositionally superior to that obtained
by conventional dry distillation, with a higher proportion of light hydrocarbons
and lower sulfur and nitrogen content [12]. Measurement established that the
dielectric values of oil shale at different temperatures increase significantly
at 400-500 °C, and both the density and dielectric constant decrease with
increasing shale oil production [13]. Rapid microwave warming causes
distillation, viscosity reduction and fracturing reactions associated with
kerogen decomposition, as well as rock decomposition, beyond a certain
temperature. It was also demonstrated that although the dielectric constant of
oil shale is low, the addition of materials such as iron oxide or iron chloride
enhances microwave absorption [14].

In the process of oil shale reservoir evaluation, one of the core tasks of
quantitative characterization and analysis of pore structure is to study the
microscopic properties of dense reservoirs because of their profound impact
on oil and gas development in oil shale. Of these, the pore geometry, size
and distribution, and the distribution and relationship of fractures and
microfractures have a great effect on the physical properties of the reservoir
rocks. Many experiments have been conducted to evaluate the pore structure
of oil shale after conventional heating, using piezometric porosimetry
[15], nitrogen adsorption-desorption isotherms [16] and scanning electron
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microscopy (SEM) [17]. However, few studies have been reported describing
visualization of the pore network and the effect of fracture formation and
porosity quantification in oil shale after microwave radiation. The volume and
specific surface area of pores in oil shale have been calculated by nitrogen
adsorption/desorption [18, 19]. This method does not visually observe
individual or connected pores, however. Since pore fractures in oil shale
are the main transport pathways for oil and gas, observation of the location,
distribution and geometry of internal pores and fractures in three dimensions
after microwave pyrolysis are particularly useful [20].

Conventional optical microscopy and SEM are used to watch the
superficial distribution of organic matter (OM) and minerals, but do not reveal
the internal microstructure or the pore network [21]. The development of
pores and microfractures during pyrolysis of oil shale is due to the uneven
heating of its internal structure caused by the strong heterogeneity of the rock
during heating. X-ray microcomputed tomography (LCT) imaging effectively
analyzes the distribution of internal pores and fractures in the rock, and is
a powerful tool for visualizing and quantifying the internal structure of
geological materials, particularly in the study of pore structure [22, 23]. These
non-destructive scans provide three-dimensional imaging at the micrometer
or nanometer scale, as required. In the context of the present study, digital
core reconstruction after uCT scanning produces information about the spatial
distribution of organic and inorganic minerals, and enables observation of
the changes in pore space after pyrolysis. Quantitative analysis of basic pore
geometry properties of oil shale (e.g., pore size, shape, tortuosity and fractal
dimensions) provide insight into the pore network space and the distribution
of fractures, as well as the transport behavior of oil and gas during pyrolysis.
A study using high-temperature water vapor to pyrolyze oil shale, followed by
its three-dimensional volume reconstruction, found that increased temperature
resulted in a more obvious cracking along the laminae surfaces, and that the
number and length of cracks increased rapidly [24]. Another study showed
through micro-CT scans that inorganic minerals within the oil shale break
down under the action of microwave radiation, reconstituting them into new
minerals while increasing the surface area and volume of oil shale. In addition,
the fracture extension evolution of oil shale during uniaxial compression was
also discovered using the micro-CT technique, which proved that the fracture
network of oil shale is one of the critical factors for enhanced oil and gas
recovery.

The present study investigated the effect of different temperatures (350,
400, 500 and 600 °C) at a microwave power of 800 W, followed by SEM
description of the surface and mineral morphology of oil shale. The study
ascertained that 350 °C is the critical temperature of pyrolysis at which oil
shale starts to pyrolyze and the phase change of internal kerogen occurs. 600 °C
was established to be the final temperature of oil shale pyrolysis at which
the internal kerogen reacts completely and produces a relatively large amount
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of oil and gas. The degree of porosity and anisotropy of the microwave-
heated oil shale was quantified by uCT scanning. Since fractures determine
the source/sink of oil and gas diffusion in the oil shale matrix, fractures and
microfractures were identified from grayscale pCT images, and the direction
of oil and gas diffusion obtained from the 3D fracture framework followed
by the use of digital core technology. The visualization of pores and fractures
enabled the fractures and microfractures to be examined separately. The
experimental results provide a reference for both the microstructural changes
in oil shale and the transformation of organic matter when subjected to
microwave radiation.

2. Experiment

2.1. Sample preparation

In this study, oil shale from the Fushun area in China was used for testing.
Industrial and Fischer oil content analyses indicate an oil content of 2—13%
(average 5.5%). Table shows the oil content to be 6.02%, while the high
content of OM implies its high research value. The Fushun oil shale originates
from Eocene lake deposits. The Fushun mine is an open-pit mine; oil shale
samples were extracted from the surface of the mine and immediately sealed.
To minimize the influence of non-homogeneity in the rock and differences
between individual samples, holes were drilled on the vertical bedding of the
same oil shale to obtain cylindrical samples 20 mm in diameter and 20 mm
height. The oil shale samples at different temperatures (25, 350, 400, 500,
600 °C) were then scanned by SEM and uCT to investigate the influence of
temperature on the samples’ surface morphology and internal structure.

Table. Industrial and Fischer analyses of Fushun oil shale

Industrial analysis Fischer analysis
Parameter
. . . N
analysis Moisture | Ash Volatile | Fixed Oil yield Water Residue Gas
matter | carbon yield loss
Yield, % 2.88 77.19 | 17.76 2.17 6.02 4.44 85.60 3.94

Microwave heating, as an unconventional technical means, has the
characteristics of fast heating speed, volume heating, selective heating, low
energy loss, etc. So the experiments were carried out using a purpose-built
microwave pyrolysis device (Fig. 1) to apply different microwave parameters,
including heating time, output power and reaction temperature. Oil shale was
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Fig. 1. Experimental microwave heating system.

subjected to microwave irradiation. The semi-coke prepared at the laboratory
was added to improve the heating efficiency. For each sample, 2.5 g of semi-
coke and oil shale was placed in a sealed device containing ceramic fibers.

The microwave heating system mainly consists of a magnetron and a
waveguide with a maximum frequency of 2450 MHz and a maximum output
power of 1200 W, respectively. Ceramic fibers were wrapped around the
sample and the sample chamber was filled with nitrogen to ensure that no
oxygen entered the device. While nitrogen is injected into the microwave unit,
oil shale begins to pyrolyze and the resulting oil and gas can only be discharged
from the rear heat sink by mixing with nitrogen due to the limitations of the
unit. The thermocouple is inserted into the upper part of the device, and the
thermocouple is fixed to the microwave unit housing by using metal bolts, to
ensure that the thermocouple forms an integral part of the microwave metal
housing, thus increasing the accuracy of the measurement. It is also possible
to measure temperatures from 350 to 600 °C in real time. The oil shale
samples were subjected to microwave radiation for different times, while one
oil shale specimen was placed under each temperature band, and the oil shale
temperature gradually increased with increasing microwave radiation time.
Thermocouples are installed in the upper part of the microwave oven. The
thermocouple is secured using nuts so that this device forms an integral part of
the microwave oven, ensuring the integrity of the system and avoiding it from
heating when the temperature rises to a specific level to ensure that oil shale is
pyrolyzed at a required temperature.
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In the laboratory procedure, nitrogen was injected and a specific power
was set at 800 W to heat the sample for the required period of time, observing
at the same time the change of temperature. When the required temperature
was reached, it was held for 1 hour to allow full pyrolysis. At the end of each
experiment, the equipment was turned off and allowed to cool naturally to
room temperature, and the sample was then removed (Fig. 2). Subsequently
the SEM and pCT scans of the sample were produced, to observe the pore
fracture and fracture alterations, as well as spatial structural changes inside the
oil shale. This is important from the viewpoint of oil and gas transport within
the oil shale sample.

(a) (b) (©) (d)

Fig. 2. Images of pyrolyzed oil shale samples at different temperatures: (a) 25 °C;
(b) 350 °C; (c) 400 °C; (d) 500 °C; (e) 600°C.

2.2. Scanning electron microscopy

Scanning electron microscopy is commonly used as a direct method for
distinguishing pore type, morphology and radius of the sample, it also quickly
and visually characterizes the distribution of kerogen therein [25]. SEM scans
were used to watch the distribution of organic matter and minerals in the oil
shale sample to examine the decomposition of kerogen on its surface at different
temperatures at specific power. The surface morphology and distribution of
minerals were obtained as two-dimensional images of the oil shale sample.
The surface morphology and distribution of OM were shown more clearly by
electron beam sputtering and gold plating, and the induced pores, fractures
and directions after microwave irradiation were ascertained by digital image
analysis. The working voltage of SEM was set to 10 kV; in general, better
image resolution is obtained at higher voltages. High acceleration voltage may
be used when the sample has good conductivity and will not be damaged by
the electron beam.

The magnification of the sample was 1000x, with the working distance
set to 12.8 mm. These were found after several trials to be the optimal
experimental parameters. When the working distance is increased, the beam
spot on the surface of the sample becomes larger and resolution decreases, the
aperture angle decreases and the depth of the field increases. SEM was used
to obtain high-precision images of the surface morphology to determine the
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location and distribution of pore fractures and organic matter in the samples
subjected to different temperatures. In conducting SEM experiments, beam
electron polishing is performed and the location of the oil shale samples to
be subjected to these experiments for repeated positioning is marked. SEM
enables the specimens to be heated at each temperature point to find the right
position in the experiments, to ensure that they can be irradiated on the same
oil shale surface.

2.3. nCT scan and core reconstruction
2.3.1. uCT scanning and processing

Considering its rapid development, uCT is increasingly used in various
industries [26, 27]. It is the method commonly used to determine the internal
conditions of oil shale in a non-destructive way, and shows the interior of
the sample microscopically without destroying its shape or size, revealing the
number and distribution of pores and fractures. Experiments were performed
using the nCT255kvFCB micro-scanning system at Taiyuan University of
Technology. The volumetric reconstruction of oil shale in the original state
as well as after pyrolysis was performed at 180 kV and 150 pA, and internal
microspatial structures such as pores and fractures were analyzed.

The scan data was then transformed into 1500 two-dimensional gray-scale
slice images. For volume reconstruction after CT scanning, a voxel (volumetric
pixel) size of 8 um was selected. Figure 3 shows the location and distribution
of and color difference between the mineral matrix and fractures in the slice
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Fig. 3. CT processing flow chart.
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images. Pore fractures appear to be black; the white color represents high-
density mineral grains. The gray areas represent lower-density clay minerals
and caseous roots. However, as the said minerals and roots are extremely
similar in color, it is difficult to make any distinction between them.

In the pCT-aided volume reconstruction, the energy spectral rays
continuously pass through the sample, the lower-energy rays are absorbed and
the higher-energy rays pass through. For any given material, the attenuation
coefficient decreases with increasing photon energy, so that a higher-energy
beam penetrates further. As the beam passes through the attenuating material,
the significantly lower energy is absorbed. This reduces the amount of
low energy in the overall beam spectrum (“hardened” beam), causing less
attenuation of the beam as it penetrates further into the material. This effect is
seen as a white aperture around the image, which can be eliminated using beam
hardening correction [28] to iteratively optimize the agreement between re-
projections by reconstructing the data for the actual object and its projection.

Image noise may create large errors in segmentation; therefore, the direct
application of the threshold value may well lead to poor segmentation. There
are three ways to solve this problem: a) reducing the noise of grayscale data
before segmentation; b) reducing the morphological noise of binarized data
after segmentation; c¢) using a noise-resistant segmentation method, which
allows more flexibility than filtering the data upon filtering grayscale images
after threshold segmentation. For better fracture detection, median filtering
by non-local mean filtering reduces impulse noise, and fracture images are
reduced to a linear shape using a kernel smoother. This technique is more
suitable for segmenting fractures and maintaining their width in 2D images.

As hydrocarbons diffuse from the rock matrix into the fractures, in
experiments, the spatial location of the fractures had to be identified prior to
identifying the latter themselves. Traditional fracture identification methods,
e.g., watershed segmentation, do not identify microfractures effectively [29].
However, microfractures are the pathways for hydrocarbon diffusion in the
rock matrix [30]. To more accurately identify them, a new image processing
method is needed. Multi-threshold segmentation [31] and the top-hat transform
[32] were applied to each slice image to completely segment fractures,
including pore fractures, and obtain a 3D digital model that reflects the real
situation within the rock.

In multi-threshold segmentation, an image histogram shows the number
of times each voxel value occurs, as well as the current partition of the gray
value range. Two peaks are identified and the corresponding threshold or
segmentation boundary is set at the minimum between consecutive peaks,
which is then the left-hand peak to the lowest point.

In the top-hat thresholding algorithm, different combinations of open
and closed operations constitute the open and closed top-hat operator. The
principle of the open top-hat operator is that it eliminates brightest details in
the grayscale image by subtracting the open operation result from the original
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image, thus increasing the brightness of the target region. The closed top-
hat operator principle consists in that it eliminates the darkest details in the
grayscale image by subtracting the original image from the result of the closed
operation, thus reducing the brightness outside the target area. The closed
operation was used in this study to extract the pore fissures and microfissures
that could not be extracted during multi-threshold segmentation.

2.3.2. Microscopic observation and analysis

The internal three-dimensional pore space in oil shale is the main seepage
channel for oil and gas transport. In order to study the true distribution of
three-dimensional pore space and pore volume after pyrolysis, a three-
dimensional digital core was now constructed from the pCT scans, which is
an important aspect of in situ production of oil shale by microwave heating.
The oil shale samples were subjected to CT scanning, and a total of 1500
slices were scanned out of each oil shale sample. Due to insufficient computer
capacity, a sample of a size of 445 x 445 x 445 voxels was selected as a
representative basic volume (REV) size when the uCT data volume cut was
performed on the sample. The features of pore fractures, microfractures and
cracks were extracted from the threshold-segmented samples. The results are
shown in Figure 4. For the preprocessed grayscale slices of oil shale the fast
Fourier transform (FFT) filtering and non-local median filtering were used,
in which the slices were continuously cut perpendicular to the laminae [33].
The grayscale images of the oil shale samples of interest were selected using
a region-of-interest (ROI) approach to ensure that the computer hardware
could properly operate while guaranteeing the accuracy of the pore fracture
microstructure calculations.

Due to the structure and irregularities of pores in oil shale samples, no
uniform standard is used for their statistical analysis; the porosity and
permeability in different directions in the samples are established to analyze
the distribution of fractures, including pore fractures.

The surface porosity and total porosity can be given by Equations (1) and

(2):
Vi
) =7, (D)

where ¢ is the surface porosity; V, is the pore volume at voxel i distance; V'is
the volume at voxel i distance.

¢=—= 2

where ¢ is the total porosity, %; ¥, is the volume of pore space, wm?; Vis the
total volume, um?’.
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2.3.3. Equivalent pore-network modeling

For the geometric system of pore space shown in Figure 6, the share of
pore fracture and throat size was calculated at different temperatures using
a maximum searching algorithm. The use of a two-step finding algorithm to
determine the maximum sphere corresponding to each pore voxel has been
reported to greatly improve computational efficiency [34], as did a tree-like
structure and clustering algorithm to determine the pore and throat channels in
the digital core space based on the radius and volume of the maximum sphere.
As shown in Figure 5, for a digital core, the radius of the hole is defined as
the maximum inner tangent sphere radius; the length of the throat channel is
defined as the maximum length at the connection of two chains sphere inside
it. The inner tangent sphere and throat corresponding to each pore voxel in the
pore space is obtained, and after determining the precise location of the pore
and fracture space, a small sphere is positioned at the center of each and their
volumes are continually increased until they are in contact with and tangential
to the wall of the hole. Therefore, it relies on the maximum possible size of
each sphere; the largest spheres formed by the numerous pore fissures and
fractures are then correlated. The algorithm thereafter distinguishes between
the major and minor spheres. The spatial regions corresponding to the pore
cavity and the throat channel are identified and distinguished in accordance
with the topology of the pore fissure or fracture, and the pore topology
parameters are precisely quantified.

In building the equivalent sphere, the largest sphere when the equivalent
sphere is in contact with the solid skeleton is selected for calculation:

R=dist(C, V)= (x,~x ) +(y,~y) +(z,-z), V,€S,CES, (3)

where R is the maximum ball radius, um; C is the center of the pore, um; Vg
is the skeleton of the rock; x v z are the locations of pore centers, um; x y, z,
are the rock skeleton locations, um; S, is the rock skeleton voxel point; S is the
pore space voxel point.

When establishing the equivalent howl length, the howl length is defined
as the total howl length minus the length of the two pores:

L=1-1-1, @)

where [, is the throat length, um; l,-,- is the total throat length, um; [, l/. are the
lengths of two pore spaces, um. '

L=l(1-a’), 6
V.

1

i r 6
lj=lj(1—a':), (6)

J
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where /', I' are the distances from the center of the pore sphere i, j to the center
of the throat sphere, respectively; r,rr, are the radiuses of pore 7, j and throat;
o is the pore-throat partition coefficient of the pore-throat interface and is
taken as 0.6.

(b)

Fig. 4. Pores and fractures at different microwave temperatures: (a) 25 °C; (b) 350 °C;
(c) 400 °C; (d) 500 °C; (e) 600 °C.

» ]

Fig. 5. Schematic diagram of the pore-throat channel construction.
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(a) (b) (©

Fig. 6. The equivalent ball and stick model at different temperatures: (a) 25 °C;
(b) 350 °C; (c) 400 °C; (d) 500 °C; (e) 600 °C. The colors of the balls (pore cavities)
and rod (fractures) denote their equivalent volume.

3. Results and discussion

3.1. Rock thermal fracture analysis

Figures 2a and 2b show that in the first stage of heating from ambient to 350 °C,
oil shale gradually undergoes thermal cracking due to thermal radiation.
The volumetric heating advantage of microwave radiation, heat transfer and
heat exchange start in the OM-rich area inside the oil shale sample. Water
contained within the rock has highly dielectric properties, and is rapidly
heated by the microwaves, generating steam inside oil shale, which leads to
the separation of the layers that form its structure. The effect of the thermal
expansion of particles of different density becomes obvious, as stress tends
to be concentrated around hard mineral particles, developing fractures and
cracks along the laminae. Although this alone increases permeability, at these
temperatures the pyrolysis of kerogen is incomplete and the hydrocarbon
content increases only slowly.

In the second stage (400500 °C), a large number of cracks appear on the
surface of oil shale and a large amount of oil and gas seeps out. This occurs
for the following three main reasons.
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First, as the microwave radiation time increases, the heat transfer efficiency
within the rock also increases and the number and length of surface cracks
increase significantly. The organic matter between the oil shale particles
becomes an oil-like liquid, which, because of its higher microwave absorption
potential, leads to a significant separation of the oil shale laminae. At 400 °C,
due to the microwave irradiation resulting in the thermal expansion within
oil shale and inorganic minerals (such as pyrite), which are very sensitive
to the thermal response to temperature, thermal stress is often generated at
the interface between different mineral components, resulting in a further
expansion of the fracture, providing a larger channel for the transport of oil
and gas (Fig. 2¢e). The low internal water content of oil shale has a significant
impact on microwave heating, accelerating the process. At the stage from room
temperature to the start of heating and desorption, the adsorbed water in oil
shale and the interlayer water in the clay minerals are heated and evaporated
by microwave radiation.

Second, as seen in Figure 2d, when the temperature reaches 500 °C, oil
and gas start to accumulate on the sample surface; kerogen starts to pyrolyze
in large quantities and generate liquid hydrocarbons, in addition to gases such
as hydrogen and carbon dioxide, leading to the creation of pores and fractures
inside oil shale. Moreover, during the process of shale oil and gas expulsion
from the sample interior to its surface, a significant microfracture expansion
occurs and the range of oil and gas seepage is enhanced.

Third, kerogen undergoes complex physical changes and chemical
reactions at high temperatures. This demonstrates that seepage channels
increase rapidly due to the combined effect of thermal fracture of the rock and
pyrolysis of kerogen [35].

At 600 °C, the amount of released gas decreases, and oil and gas are
completely expelled at this temperature. The color of the rock has changed
from black at room temperature to earthy yellow (Fig. 2e). When the sample is
volumetrically heated to this temperature, the oil shale sample is converted into
shale oil and gas. The vapors and volatiles generate a high jet pressure within
the rock matrix, causing the rapid fracture expansion and interconnection of
mutually parallel fractures. Meanwhile, some water-bearing clay minerals are
mainly present inside the oil shale sample. In this temperature range its internal
crystalline water produces high temperature water loss at high temperatures.

Moreover, at high temperatures the number of oil and gas diffusion reactions
increases, and oil and gas products are generated faster than they can diffuse
out of pores and fractures. The coking of clay minerals due to the transport of
hydrocarbons and secondary reactions of oil and gas reaches its maximum, in
addition, the microwave radiation extends along the mechanically weak surface
and generates a large number of fractures. Secondary coking involves reactions
within the liquid oil and the fusion of two or more molecules to form the
main carbonaceous products. For these reasons, microwave heating at 600 °C
has the most effective outcome.



104 Longfei Zhao et al.

3.2. SEM experimental analysis

Figures 7a—e depict SEM images of shale oil at different temperatures and
800 W microwave power. The oil shale samples after microwave pyrolysis
show oil and gas to have been completely discharged at 600 °C, and the gradual
pyrolysis of cheese roots within the samples at high temperatures produces new
pore fissures and clay minerals are chemically altered at such temperatures. So,
600 °C is the optimum temperature for oil and gas extraction, as discussed
above. The SEM scans of the samples show the produced two-dimensional
images of their surface morphology and the distribution of minerals. Electron
beam sputtering plating displays the surface morphology of the oil shale
samples in more detail, including the distribution of organic matter and the
induced pores and fractures and their directions after microwave irradiation.
SEM at 1000x magnification reveals clay minerals to be the most common
minerals in oil shale. These minerals play an important role in the enrichment
of organic matter and have a good linear correlation with it [36]. Therefore,
the higher clay mineral content indicates a greater abundance of OM in oil
shale. Clay minerals mainly contain kaolinite, montmorillonite, illite, etc. The
reaction mechanism is more complicated at high temperatures, for example,
kaolinite becomes metakaolinite at 600 °C when the internal hydroxyl group
starts to be removed to bring about a crystalline transformation. This leads to
the reduction in the internal strength of the rock, resulting in the loosening and
disintegration of the matrix rock particles inside the rock.

In the microwave heating experiment, organic matter is gradually pyrolyzed
with rising temperature. Figure 7 shows the organic matter in the rock to be
of higher abundance at room temperature. The electron micrographs of oil
shale reveal the presence of organic matter at room temperature, at the same
time, pores and fissures cannot be observed, which indicates that oil shale
is very dense at this temperature. As microwave heating time increases and
temperature gradually rises, the OM content gradually decreases. At 350 °C,
because the organic matter in various minerals is randomly dispersed,
different minerals have different temperatures. When heated to 400 or 500 °C,
pyrolysis of OM gradually begins (Fig. 7c—d). At these temperatures, it is
mainly the physical properties of OM that undergo changes. The thermal
decomposition process of organic matter in oil shale takes place in either
one or two stages, depending on the type of the rock. In Fushun oil shale,
kerogen decomposes into hot bitumen, which in turn decomposes into the
final product. The randomly dispersed organic matter on the surface gradually
begins to be pyrolyzed and the formerly OM-rich areas gradually become a
smooth rock matrix. By 600 °C, the organic matter on the surface of the oil
shale sample has been completely decomposed, as discussed above, and large
pores and fissures have formed due to the jet effect of the ejected oil and gas
(Fig. 7e). Meanwhile, the decomposition of carbonate minerals such as calcite
and dolomite also promotes the generation of pore-fracture. In addition, the
pyrite contained inside the oil shale sample is a strong microwave absorber
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Fig. 7. SEM images of shale oil at different temperatures and 800 W microwave
power: (a) 25 °C; (b) 350 °C; (c) 400 °C; (d) 500 °C; (e) 600 °C.

and can absorb heat rapidly under microwave radiation. Phase transformation
occurs and with increasing temperature, pyrite will transform into hematite
and magnetite. However, the content of pyrite in oil shale is relatively low
and has a little effect on its heating. The distribution of the mineral fraction
and kerogen is not uniform. This may affect the formation of the pore network
inside the oil shale sample under microwave radiation [37].

3.3. Pore structure evolution visualization of oil shale pyrolysis process
using pCT

In Figure 4 different colors are used to indicate pores, microfractures and
fractures. Their random distribution throughout the rock mass has been
caused by the uneven distribution of minerals, which leads to heterogeneous
deformation during heating due to the differences in thermal expansion
between the minerals present in various proportions. During pyrolysis,
thermal cracking occurs to different extents in the rocks near different mineral
fractions.

Because of the anisotropy of oil shale, high-density minerals differ in
number and location in each sample. As discussed, inorganic minerals are
shown to be white in the scan image; pores and fractures are black. Figures
4a—e illustrate the randomness, which reflects the material properties of the
oil shale itself. When microwave heating is carried out, there is a discrepancy
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between the coefficient of thermal expansion of the minerals and of the
matrix material of the shale; fractures are therefore extremely likely to occur
where mineral particles are present. When fractures propagate parallel to
the bedding, internal fracturing also tends to develop in a direction roughly
parallel to the bedding. Since the oil shale specimen is no longer constrained
by surrounding stresses in the rock mass, fracturing due to microwave heating
is more obvious. Microfractures occur in large numbers and tend to increase
in size while large fractures are propagating. During heating, the coefficients
of thermal expansion of inorganic mineral particles in the rock differ greatly
from those of adjacent materials. Fractures are therefore highly likely to form
at the edges of mineral grains during pyrolysis and mostly propagate in the
laminae direction, while very few cracks form in the perpendicular direction.
This is mainly due to the anisotropic strength of shale and its significantly
higher resistance to the fracturing normal to the bedding.

Microwave heating produces temperature gradients in the oil shale sample
and thermocouples determine its temperature only within a specific interval.
The porosity at different temperatures is directly determined by a standardized
image processing process. Due to the pyrolysis of dry caseous roots at high
temperatures, the generation of shale oil and gas enlarges the pores during
phase changes and the internal fractures gradually widen with temperature
increasing. As seen from Figure 4b, at 350 °C the laminae gradually undergo
thermal rupture at high temperatures. Organic matter absorbs the radiant
energy along the fracture laminae inside the rock and many parallel fractures
are scattered throughout the oil shale sample to form a more complete seepage
channel. When the temperature reaches 400 °C, thermal cracking becomes
more obvious and the number of internal microfractures increases. The
microfractures produced by further heating bring more organic matter into
contact with the external medium, thus increasing the production of shale oil.

At 500 °C, the thermal cracking and pyrolysis of organic matter display
synergistic effects, resulting in the formation of a large number of pores inside
the rock and increasing the fracturing gradually. The number of individual pores
step-by-step increases with accelerating OM pyrolysis, while the fracturing of
the rock increases significantly. Fractures continued to propagate and increase
the permeability, but did not reach the peak value at this temperature.

By 600 °C, as noted above, many fractures had intersected to form a
complete seepage channel and the appearance of connected pores was
observed.

Because of the highly heterogeneous nature of oil shale, the connectivity
is poor perpendicular to the laminae and strong parallel to the laminae. In
order to visualize the porosity variation and connectivity of the laminae in oil
shale, the porosity of the slice images was analyzed to reflect the change of
porosity parallel and perpendicular to the laminae. Three-dimensional X-ray
uCT was used to investigate the change of porosity of bituminous coal during
the fracturing process. The original laminae were interconnected with isolated
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pores after pressure had been applied, and the fractures were generated mainly
from the laminae surface, thus enhancing the connectivity and permeability of
coal [38].

The pores, microfractures and fractures were extracted from the sections,
their spatial locations were ascertained and the porosity of each section was
analyzed. Obvious penetration fractures were seen in the samples, while a
large number of pore fractures formed a pore network and the highly connected
seepage channels were present inside the samples.

Figure 8 shows the variation of porosity in the XY, XZ and YZ slice
directions and total porosity. At 350 °C, the overall distribution of porosity
was reasonably uniform, but larger pores are evident in the centre, appearing
as a large peak (Fig. 8b). In the figure, the maximum slice porosity appears
only parallel to the laminae direction, indicating a higher ratio of oil shale
fractures as well as microfractures.

The maximum slice porosity at 25 °C was 1.47% (Fig. 8a). The maximum
slice porosity at 350 °C was 11.77% (Fig. 8b), 8 times the value at 25 °C.
At 400 °C, the maximum slice porosity was 14.29% (Fig. 8c), or 9.7 times
the value at 25 °C. At the same time, at 500 °C, the maximum slice porosity
reached 17.49% (Fig. 8d), which was 11.89 times the maximum slice porosity
at 25 °C. At 600 °C, the slice porosity increased only slightly to 19.32%
(Fig. 8e), which was 13.14 times the maximum slice porosity at 25 °C.
The total porosity increased by a factor of 52.65, from the initial 0.26% to
13.69% at 600 °C (Fig. 8f). These results indicate that the caseous roots
within the oil shale sample were all pyrolyzed at 500—600 °C and significantly
increased porosity. The distribution of porosity is mainly affected by the
transport of hydrocarbons, dehydration and decomposition of clay minerals
and decomposition of small amounts of carbonates and silicates. In this
temperature range, carbonates decompose carbon dioxide as well as water
vapor due to the chemical reactions taking place at these temperatures owing
to the excessive temperatures. Silicates promote the extension of fractures
within the oil shale sample due to the hydration reactions, thus reducing the
strength of the rock. These phenomena inevitably lead to a decrease in the
density, thermal conductivity and mechanical properties of the rock, while
at the same time its percolation properties are enhanced and the porosity and
permeability increase significantly [39]. The degree of pyrolysis within the
rock due to microwave heating was higher than that on the surface, indicating
the advantage of volumetric heating by microwaves. The heating path of
the shale was consistent with the direction of oil and gas discharge after
volumetric heating, which facilitated their discharge. The other microfractures
were joined with connecting pores to form an effective seepage channel.
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3.4. Pore-scale network model analysis

The pore-scale network model (PNM) was used to analyze the pores distribution
in the oil shale sample. Inside the sample, the pore space consists both of
connected and isolated pores. The volume of the connected pore space using
the connectivity algorithm has been proposed earlier [40]. The ball and stick
model depicted in Figure 6 is an example of a cross-linkage model consisting
of pores and fractures calculated from the maximum sphere algorithm. The
algorithm can effectively characterize the pore space and also retains the pore
space distribution characteristics of the original core images. The “balls”
and “throats” in the pore network model are determined by finding the local
maximum as well as minimum ball between the maximum balls in a two-
dimensional space. The density of pores and fractures determines the oil and
gas transport paths within the oil shale sample, and also its output efficiency.
At normal temperature, there are only a few pores inside the sample, which
cannot form a complete seepage channel, and there are only isolated pores
inside it without connecting pores, which cannot form a complete equivalent
sphere or channel in the equivalent spherical stick model. With increasing
temperature, the corresponding connecting pores and penetrating fractures
are produced inside, which provides favorable conditions for the pyrolysis
of cheese roots and the transport of oil and gas. The pattern of that model
is similar to the microstructure morphology structure proposed by Blunt et
al. earlier [41]. Qualitatively, the connectivity of this equivalent model is
significantly enhanced by microwave radiation. The number and connectivity
of cross-linked micropores and fissures increase substantially, facilitating the
accumulation of hydrocarbons.

The histograms in Figure 9 and Figure 10 show the equivalent pore and
throat length dimensions determined by the pore network model at 350-600 °C
to be mainly between 10 and 20 pum. It is clear from these figures that the
pores became more completely connected at higher temperatures, and larger
equivalent spheres were formed. At 500 °C the percentage of pores with a
diameter smaller than 10 pm peaked and the percentage of pores in the 10-20 pm
diameter range slightly decreased. At 600 °C the percentage of pores with
< 10 um diameter suddenly dropped, pores with a diameter > 50 um appeared
and the connectivity of the pore space increased. The lower percentage of
smaller pores indicates a greater overall pore volume.

Last but not least, the microscopic morphology to be addressed is the
throat structure. The distribution and number of channels connecting the pores
determine the ease of fluid transport within the microstructure. The number
of channels with diameters up to 100 pm increased significantly with rising
temperature, and new channels formed in previously impermeable areas,
along with the transport of oil and gas. The percentage of channel lengths did
not increase significantly from 500 °C to 600 °C. With increasing average
pore radius and number of throat channels, the pore network is gradually
developed to completeness. The increase of connected pores directly leads
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to the increase of equivalent pores, the pore space becomes more complete
in the whole network and the interconnected pores form more interconnected
throats. To this extent, PNM reflected actual pore space changes in the oil
shale sample pyrolyzed by microwave radiation.
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Fig. 9. Histogram of equivalent pore and fracture diameters at different temperatures.
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Fig. 10. Histogram of equivalent throat lengths at different temperatures.
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4. Conclusions

In this study, the effects of different pyrolytic temperatures on the heating
behavior, surface morphology and internal spatial structure of pores and
fractures in Fushun oil shale were investigated at a microwave power of
800 W. The pore and fracture structure and distribution in oil shale were
investigated by microwave pyrolysis experiments, scanning electron
microsopy and microcomputed tomography scans, and computed tomography
post-processing. The following conclusions were drawn.

Oil shale is dense at room temperature, while its non-homogeneity
gradually increases with rising pyrolysis temperature. Oil shale produces a
large number of internal pore fractures and gradually its non-homogeneity
becomes significant. These observations show that the increase of reaction
temperature resulted in the increase of internal pressure generated by water
vapor and volatiles as well as the thermal stress caused by microwave radiation,
induced the generation of pore fractures and formed a network of oil and gas
seepage channels inside the matrix of the rock.

Microwave radiation, which causes mainly volumetric heating, gradually
decreased the kerogen content with increasing temperature. Porosity increased
from 0.26% at room temperature to 13.69% at 600 °C, increase being 52.65
times the initial porosity. A 19.32% peak value of surface porosity (13.14 times
the maximum porosity at room temperature) was observed at 600 °C. It is
proved that oil shale is sufficiently pyrolyzed at 600 °C, which is the optimal
choice in the microwave pyrolysis state.

The above analysis has implications for the application of microwave
heating in oil shale development. However, due to the inability to observe at
a nanoscale or even from a sub-micron microscopic perspective, this paper
lacks an assessment of the accuracy of the multi-scale studies described. This
factor should be fully considered in future studies.
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