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This chemical composition and pore evolution of oil shale during oxidizing pyrolysis (OP) and their influences on
its thermophysical properties were investigated in this study. Various transformations of the minerals in oil shale
were detected, among which montmorillonite was noted to transform into illite during anaerobic retorting (AR),
and into kaolinite during OP. Variations in the quantities of residual carbon and organic matter during low-

temperature AR and OP were noted to be possibly responsible for the difference in pore volumes. Remarkable
increases in surface and volumes of mesopores and macropores through OP were observed even at low tem-
peratures. The pore volume was proven to significantly affect the thermophysical properties of semi-cokes at low
temperatures during OP. Higher thermal conductivity and thermal diffusivity were observed in semi-cokes ob-

tained via OP at 350 °C compared to those obtained via AR at 520 °C. These phenomena highlight the potential of
OP for application in in-situ oil shale exploitation.

1. Introduction

The increase in energy demand and low levels of oil resources have
necessitated urgent research on alternative energy [1,2]. Oil shale,a fine-
grained sedimentary rock containing organic matter (kerogen) that can
be converted into shale oil and gas, has attracted considerable attention
as an auxiliary energy source owing to its abundant reserves and wide
distribution [3-6]. Compared to directly burning oil shale as a power-
plant fuel to generate electricity, aboveground retorting and in- situ
pyrolysis of kerogen to yield oil and gas is currently more preva- lent
[6,7]. Among these extraction methods, in-situ retorting is the most
promising technology for extracting liquid or gaseous hydrocarbons from
wells by directly heating underground oil shale formations to avoid
adverse environmental effects [4,6-7].

Recent efforts have focused on demonstrating in-situ pyrolysis
technologies to develop an optimal strategy regarding heat input for the
oil shale formation. The utilization of the heat of exothermic reaction

between residual carbon (produced during pyrolysis) and injected oxy-
gen to facilitate underground kerogen pyrolysis has attracted attention
[7-9,36]. For instance, a self-heating retorting strategy was developed
to spontaneously increase the retorting temperature in the absence of
external heat supply by taking advantage of the reactions of residual
carbon and oxygen [7,10-11]. Co-current oxidizing pyrolysis is known
to enhance the chemical reactivity of organic matter in oil shale and
reduce the initial decomposition temperature of organic matter [8].A low
energy-consumption strategy denoted as the topochemical reaction
method was demonstrated by our group, in which heat is generated for
self-pyrolysis of kerogen by partially oxidizing kerogen in the presence of
small quantities of air [9,12]. These studies point to the importance of
introducing oxygen in kerogen pyrolysis to significantly reduce the en-
ergy input; this is likely to be the most promising strategy for in-situ
conversion and utilization of oil shale.

Another key issue regarding the in-situ exploitation of oil shale in-
volves the use of the heat input to rapidly heat the oil shale formation to
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Table 1
Proximate, ultimate and Fischer assay analysis results of the raw oil shale
(performed three times).

Proximate analysis (wt.%, ad) Sd Ultimate analysis (wt.%, d) Sd
Moisture 112 0.22 C 31.59 0.07
Volatile matter 43.24 0.26 H 3.99 0.03
Ash 54.26 0.14 N 0.30 0.02
Fixed carbon 1.38 0.21 S 0.79 0.01
Calorific value (M]/kg) 12.02 0.08 0] 9.06 0.02
Fischer assay analysis (wt.%, ad)

Shale oil 1831 0.18

Water 3.79 0.09

Semi-coke 67.39 0.18

Gases 10.51 0.15

Note: ad: air dried. d: dried. Sd: Standard deviation.

the pyrolysis temperature [13]. Therefore, the thermophysical proper-
ties of oil shale, such as thermal conductivity (A), thermal diffusivity (X),
and volumetric specific heat capacity (C,), are decisive factors for
realizing in-situ production of shale oil, and directly affect the heat
transfer process and thermal cracking of kerogen.

The thermal properties of most rocks are known to be dependent on
the bulk density, porosity, grain (crystal) size and shape, cementation,
formation pressure, temperature, anisotropy, mineral composition, and
the nature of saturating fluids [13-20]. The thermal conductivity of
consolidated rocks is known to be predominantly controlled by the
composition of rock solids and saturating fluid, and porosity [18].
Generally, an increase in temperature increases the porosity and de-
creases the thermal conductivity of shale [16], whereas larger grain sizes
lead to a decrease in thermal contact resistance and an increase in the
thermal conductivity [17]. The specific heat of rocks can be predicted
using the sum of the specific heats of the constituents weighted ac-
cording to their mass fractions [18]. Similarly, an increase in tempera-
ture leads to a decrease in thermal diffusivity, which is positively
correlated with rock crystallinity and inversely proportional to porosity
[19,20].

Although several studies have investigated the thermophysical
properties of rocks, those of oil shale during oxidizing pyrolysis (OP) have
not been thoroughly examined. Therefore, the composition and pore
evolution of oil shale during OP at different temperatures and their
influence on its thermophysical properties were systematically investi-
gated in this study. The superiority of thermophysical properties
resulting from the OP process for in-situ oil shale exploitation was
confirmed, which highlights the potential of in-situ OP for oil shale
production.

2. Materials and methods
2.1. Materials

The raw oil shale used in this study was obtained from Huadian, Jilin
province, China. The results of proximate, ultimate and Fischer assay
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analyses of raw oil shale used in this study are shown in Table 1. The raw
oil shale was crushed and screened to 0.4-1.7-mm-sized particles, and
subsequently dried in the oven at 80 °C for 10 h before initiating the
experiment.

2.2. Experiment

The experimental apparatus used in this study is shown in Fig. 1. The
OP procedure was conducted as follows: First, 20 g of raw oil shale was
placed on a wire mesh in a quartz retort (internal diameter, 50 mm;
height, 140 mm). The wire mesh was employed to ensure complete
contact between oil shale and oxygen during pyrolysis. The oil shale
samples were subsequently heated from ambient temperature (20 °C) to
temperatures of 350, 400, and 520 °C at a heating rate of 10 °C/min by
external heating in N2. When the target temperature was reached, N2
was switched to pure O: at ambient temperature. External heat was
subsequently employed to maintain samples at the target temperature
without any further heating for 2 h. During the experiment, the external
temperature of the sample was monitored and maintained using a
thermocouple, whereas the internal temperature of the sample varied
because of kerogen pyrolysis, the self-heating effect, and other reactions.
Semi-cokes were collected after the experiment when the setup naturally
cooled down. Semi-cokes pyrolyzed in Nz (anaerobic retorting; AR)
under similar temperature conditions were also prepared for compari-
son. During all experiments, the flow rates of nitrogen and oxygen were
maintained at 80 mL/min using a flow control device. Owing to the low
oxygen-flow-rate, oil shale could be stably oxidized and pyrolyzed
without the light and flame phenomena of the combustion reaction even

at 520 °C; a high oil yield could be obtained, which has been previously
demonstrated by our group [10].

The OP and AR processes at different temperatures are denoted as
02-350,02-400, 02-520, N2-350, N2-400, and N2-520, respectively;
the first part of the notation indicates the pyrolysis atmosphere and the
second part refers to the target temperature. The semi-cokes obtained
from the various pyrolysis processes are correspondingly denoted as
$0350,S0400,S0520, SN350, SN400, and SN520, respectively.
Moreover, the raw oil shale is denoted as Sraw.

2.3. Analytical methods

Thermogravimetric (TG) analysis was performed using an STA 449 F3
thermal analyser (Netzsch, Germany). The flow rates of protective gas
(nitrogen) and the carrier gas (air) are 20 mL/min and 60 mL/min,
respectively. 10 mg ( +0.5 mg) sample was used in all the tests to reduce
the influence of temperature gradients and heat and mass transfer ef-
fects. The samples were heated from 30 to 900 °C at a rate of 10 °C/min.
Duplicate experiments were performed to ensure reproducibility and the
error of mass loss and temperature was less than- 0.5 wt% andr 1 °C,
respectively. Fourier transform infrared (FTIR) spectra were recorded on
a Nicolet iS10 FTIR spectrometer (Thermo Nicolet, U. S. A). The samples
were finely grinded to the wright 4 mg and homogenized with 100 mg of
ground KBr (dried under an infrared lamp) and the spectra were

Fig. 1.Schematic diagram of the experimental apparatus (1: N : steel cylinder; 2: O: steel cylinder; 3: pressure gauge; 4: mass flowmeter; 5: flow controller; 6: flow

control system; 7: wire mesh; 8: specimen; 9: thermocouple; 10: temperature control panel; 11: quartz retort; 12: furnace; 13: conical flask; 14: condenser; 15: vent).
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Fig. 2.X-ray diffractogram of raw oil shale and various semi-cokes.

collected in the mid-IR region from 4000 to 400 em™L Low-temperature
nitrogen adsorption-desorption analysis was performed using a Kubo-
X1000 specific surface meter (Builder, China). 1000 mg of the sample was
used in each experiment, and sample was cooled by 196 “Citquid nitrogen
during the experiment. X-ray diffraction (XRD) patterns were

measured using a D2 PHASER diffractometer (Bruker, Germany) and Cu
K& radiation at a step length of 0.02°/s. Ultimate analysis was performed
using a vario MICRO cube elemental analyzer (Elementer, Germany).
The pressure of high purity oxygen is 0.20 MPa and the temperature of
combustion furnace is 960 ‘C. Thermophysical properties were inves-
tigated using a TPS 2500S thermal constants analyser (Hot disk, Swe-
den). Prior to the experiments, the raw oil shale or semi-coke was ground
into fine powder, and the fraction passing through a 200-mesh sieve (63
um) was used further. Subsequently, 5 g of the powder was compressed
into 6-mm-thick cylindrical blocks under pressures of 67, 100, and 134
MPa, respectively, for 10 min for the analysis of

thermophysical properties. The surface morphologies of the powder
samples were analysed using field-emission scanning electron micro-
scopy (FESEM; S-4800, Hitachi, Japan), with an acceleration voltage of
3. 0 kv.

Before conducting the analytical experiments, the prepared samples
were finely ground and subsequently passed through a 63-Um sieve. The
raw oil shale or semi-coke powder (0.1 g) was dissolved in 20 mL of
deionized water to measure the pH value.

3. Results and discussion
3.1. Composition of minerals in semi-cokes

3.1.1. XRD analysis

0il shale is known to be primarily composed of organic matter and an
inorganic mineral skeleton, typically consisting of quartz (silicates),
clay, different types of carbonates (CaCOs, MgCOs, and dolomite), and
pyrite. [21,22]. The XRD patterns (Fig. 2) show that clay, quartz, and
calcite are the primary minerals in used oil shale. As shown in Fig. 2,
semi-cokes obtained via OP show different X-ray characteristic peaks
from raw oil shale and semi-cokes obtained via AR. For instance, the
intense peak at 29.7°, which corresponds to calcite, exhibits a marked
decrease compared to the strong peak representing quartz at 26.8" in
semi-cokes obtained via OP. And a new peak appears at 25.7° in SO350,
$0400, and SO520, whereas the decline in peak intensity and appear-
ance of the 25.7° peak do not occur in SN350, SN400, and SN520.
Because quartz only undergoes phase transformation during the heating
and cooling processes and its content remains unchanged, a portion of
the calcite is decomposed or decrystallized, and new minerals (identified
as kaolinite in the mineral composition analysis) are generated during
OP.

3.1.2. Mineral composition analysis

The contents of the mineral components of semi-cokes were measured
to determine the changes revealed by the XRD patterns. Fig. 3 clearly
indicates that new mineral components, such as kaolinite and

Sraw 12% 3% 13% 234
SN3so| 1% 355, 26 2%
SXNA00 14% % % 2%
SN520 14% EL ’ S0%
S0350 4% 5% 15% 2% %
SO400 14% 18% 14% 6% 5%
80520 14% %% I 20% 3% 1
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Fig. 3.Contents of mineral components of raw oil shale and various semi-cokes.
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Fig. 4.FTIR spectra of oil shale and various semi-cokes.

illite, are produced in the semi-cokes. Previous studies have revealed that
montmorillonite can be transformed into illite in alkaline envi- ronments
and kaolinite in acidic environments via heat treatment [23,24]. During
AR, the content of montmorillonite in semi-cokes de- creases, whereas the
content of the illite/montmorillonite mixed layer increases with
increasing temperatures; illite is noted to be present in SN400 and
SN520. The pH values indicate that all investigated semi- coke aqueous
solutions and water products are alkaline; therefore, a part of
montmorillonite in the oil shale possibly transforms into illite at high
temperatures in an alkaline environment during AR, and the degree of
transformation is directly proportional to the temperature.

On the other hand, montmorillonite is noted to simultaneously
transform into kaolinite and illite during OP, and the amounts of illite and
kaolinite decrease with the increasing temperatures. The pH values
indicate that the semi-cokes and water products obtained via OP are
alkaline; therefore, acidic products (nitrogen oxides, sulphur oxides, or
organic acids) are presumed to be produced via OP of oil shale at high
temperatures, which causes the transformation of montmorillonite to
kaolinite. However, the presence of acidic products was not detected,
which is possibly owing to the neutralisation of acidic products during
migration in an alkaline environment.

Fig. 3 shows that the content of calcite in S0520 is lower than that in
S0350 and SO0400, whereas the ratio of calcite to quartz in SO350 and
S0400 are higher than that in Sraw and SN400. Because the XRD pat-
terns (Fig. 2) indicate that a small amount of calcite was decomposed or
decrystallized during OP, some of the calcite in S0520 is presumed to
decompose, whereas the calcite in SO350 and S0400 undergoes phase
transformation and becomes amorphous. Because the decomposition
temperature of calcite is above 700 °C [9,25], the organic matter or
residual carbon in oil shale reacts exothermically with oxygen, which
ensures that the internal temperature of oil shale exceeds the external

temperature and temporarily reaches 700 °C; this facilitates decompo-
sition of a part of the calcite component during the 02-520 process. This

phenomenon of increasing temperature is consistent with that reported
in previous studies [7,11]. The miniscule increases in calcite and quartz
contents of SO350 and SO400 are possibly owing to the decrease in the
content of clay minerals caused by decomposition.

3.2. Organic residues and residual carbon in semi-cokes

3.2.1. FTIR analysis

The FTIR spectra of oil shale and the various semi-cokes are shown in
Fig. 4. The bands at 2920 and 2850 cm™! are attributed to the charac-
teristic peaks of C-H bonds of saturated aliphatic hydrocarbons, corre-
sponding to the kerogen in oil shale [12,26,27]. These two bands are
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Fig. 5.TG analysis of oil shale and the various semi-cokes.
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Fig. 6.Weight losses of oil shale and semi-cokes at different stages.

present in the SN350 and SN400 spectra but vanish in the SN520
spectrum. This indicates that the alkyl groups still exist at temperatures
above 400 °C; however, they completely decompose below 520 °C
during AR. These two peaks completely disappear in the SO350 spec-

trum, which suggests that the alkyl groups are entirely decomposed
below 350 °C during OP [10].

3.2.2. TG analysis

Fig. 5 shows the results of TG analysis of the oil shale and various semi-
cokes. Generally, kerogen in oil shale is converted into substantial
amounts of residual carbon, oil, and gas after heat treatment during AR,
which results in a large amount of residual carbon in the semi-cokes
[8,26].As shownin Fig. 5, all the TG curves can be divided into three stages
[12,27-30]. The first stage (I) (below 200 °C) is primarily attributed to
the evaporation of water, including that of some interlayer water from
minerals [30]. The second stage (1I) (200-600 °C) is domi- nated by the
oxidation of kerogen, organic residues, and residual carbon [29,30]. The
third stage (I1I) (greater than 600 °C) is ascribed to the decomposition of
calcite [27,28].

The weight losses of oil shale and semi-cokes at different stages of the
experiments are presented in Table S1 and Fig. 6. The weight loss in the
second stage in Sraw is 33.86%, which corresponds to the content of
kerogen [30,31]. The second-stage weight losses in SN350, SN400, and
SN520 are 32.84%, 22.23% and 13.14%, respectively, and indicate a
gradually decreasing trend. This is attributed to the increasing amount of
pyrolyzed kerogen with increasing temperatures. Only ~ 1.02% of the
kerogen is cracked in the N2-350 process, and more than 11.63% of
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Fig. 7.Carbon content of oil shale and the different semi-cokes.

kerogen is pyrolyzed in the N2-400 process. The FTIR results of the N2-
520 process indicate that almost all the kerogen is pyrolyzed in SN520,
which implies that ~ 13.14% of the residual carbon remains.

The second-stage weight loss in semi-cokes obtained via OP follows a
similar trend, with samples exhibiting values of 3.44% (S0350), 2.73%
(S0400), and 0.71% (S0520). This suggests that only ~ 3.44% of organic
residues remain in SO350, and kerogen has almost completely been
oxidized in S0520. Moreover, this indicates that only a small amount of
organic residues exists in the semi-coke obtained through OP even atlow
pyrolysis temperatures. This is consistent with observations made by Guo
etal. [10].

3.2.3. Carbon content analysis

Carbon (C) in oil shale is known to originate from organic matter and
carbonates [26,27]. Table S2 and Fig. 7 show the results of C content
analysis in the various semi-cokes. The TG and FTIR results were noted to
indicate the complete oxidation of kerogen in SO0520, which implies that
all of the C (nearly 3.33%) originates from carbonate. Therefore, the
carbonate (CaCO3) content in SO520 is estimated to be 27.75% (3.33%
%x100/12), which is similar to that obtained via mineral composition
analysis (29%). Conversely, the C content in carbonates can be calcu-
lated and the C in organic matter and residual carbon can be obtained
via subtraction and using the results of mineral composition analysis.
These results show that the semi-cokes obtained via AR contain large
amounts of C in the form of organic matter and residual carbon, which
decreases with increasing temperatures. However, with respect to OP,
S0350 contains only a small amount of C from organic matter and re-
sidual carbon owing to the effect of oxygen, and almost none of the C is
present in SO400 and S0520.

3.3. Pore evolution of semi-cokes

3.3.1. Nitrogen adsorption—desorption analysis

The nitrogen adsorption—desorption method is extensively used to
examine the pore shape and structure of fossil fuels [27]. Fig. 8 shows the
nitrogen adsorption—-desorption isotherms of the oil shale and various
semi-cokes. Type IV isotherms are obtained, according to the IUPAC
classification, which indicates the presence of numerous meso- pores in
the oil shale and semi-cokes [22,32,33]. Additionally, all the hysteresis
loops of the different curves in Fig. 8 are similar to the H3 hysteresis loop
based on IUPAC classification, which indicates that all investigated
samples contain slit-like pores [22].

The pore structure parameters of oil shale and the various semi-cokes
are presented in Table S3 and Fig. 9. The results indicate the presence of
only 2-50-nm-sized mesopores and macropores (greater than 50 nm) in
the semi-cokes [27]. During AR, the amount of mesopores decreases from
that in Sraw to that in SN350, and subsequently increases from
that in SN350 to that in SN520 (0.0164 to 0.0442 cm 3/g) with

increasing temperatures; the amount of macropores increases from that
in Sraw to that in SN520. These results indicate that the slight pyrolysis
of kerogen, softening and coking of organic matter, and evaporation of
interlayer water in clay minerals result in the disappearance of original
pores and inhibit the formation of new poresin the N 2-350 process. More
kerogen is subsequently converted into oil and gas with increasing
temperatures, leading to the substantial production of mesopores and
macropores. This result is consistent with that reported by Bai et al. [27]
and Liu etal. [32].

Unlike in the AR process, the amounts of both mesopores and mac-
ropores considerably increase during OP even at low temperatures. The
mesopore volume almost reaches the maximum from 0.0397 cm3/g
(Sraw) to 0.5125 cm3/g (S0350); a slight subsequent increase from that
in SO350 to that in SO0400, and a decrease from thatin S0400 to SO520
can be observed. The macropore volume consistently increases from
0.0164 cm®/g (Sraw) to 1.6879 cm®/g (S0520). This is attributed to the
large decomposition of kerogen in an oxidizing atmosphere even at low
temperatures [10], which produces numerous mesopores and macro-
pores. The decomposition of calcite in the 02-520 process leads to pore
collapse and interconnection (visible in the SEM images), which results in
aslight decrease and significant increase in the number of mesopores and
macropores, respectively.

Fig. 10 shows the total specific surface area (SSA) and pore volume
(PV) of the oil shale and different semi-cokes. The SSA and PV are
evaluated using the Brunauer-Emmett-Teller (BET) model and the
Barrett-Joyner-Halenda (BJH) theory according to the desorption
branch, respectively [32]. The results show that SSA and PV exhibit
similar trends in the AR process. At the beginning, slight declines in SSA
from 2.7413 to 1.2785 mz/g and in PV from 0.0163 to 0.0159 cm3/g are
noted between the Sraw and SN350 samples. Subsequently, a sustained
increasing trend is observed, including a considerable increase from the
properties of SN400 to those of SN520; finally, an SSA of 29.2036 m?/g
and a PV of 0.1005 cm3/g are achieved. The reason behind this change
involves the same explanation presented for mesopores in the semi-
cokes of AR processes; this result is consistent with those reported by Bai
etal. [27].

However, SSA and PV exhibit different trends during OP. At the
beginning, a considerable increase in the SSA of Sraw to that of SO350
(2.7413 to 24.8694 mz/g] occurs. The SSA subsequently reaches a
maximum at 34.4628 mz/g in SO400, and slightly decreases to 31.3156
mz/g in SO0520. PV exhibits a continuously increasing trend from
0.0163 cm3/g (Sraw) to 0.1658 cm3/g (S0520). The change in SSA can
be explained in a manner similar to that presented for mesopores, and
that in PV follows a logic similar to that discussed for macropores in the
semi-cokes obtained via OP [27].

3.3.2. SEM analysis

Fig. 11 shows the SEM images of the raw oil shale and various semi-
cokes. As shown in Fig. 11, a small amount of mesopores are visible in
SN350 during AR, and softening phenomena occur on certain areas of the
surface. Obvious cracks and fractures can be seen in SN400, along with
certain macropores, which are attributed to the violent release of oil and
gas. In the SN520 sample, the pores are almost completely open, the
surface lamellar structure is developed, and the number of irregular
macropores significantly increases. This is consistent with the results
reported by Bai etal. [27].

With respect to OP, numerous fractures are visible in S0350, and a
large number of mesopores and macropores appear owing to the
transformation of large amounts of kerogen into oil and gas and pre-
cipitation at low temperatures [7,10]. The further development of this
phenomenon in SO400 indicates that the transformation of kerogen
further intensifies. In SO520, numerous adjacent pores collapse and
merge, and the degree of irregularity of the surface structure further
increases, which is related to the decomposition of carbonate. The SEM
results are consistent with those obtained from nitrogen adsorption
analysis.
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3.4. Thermophysical properties of semi-cokes

Various heat and mass transfer processes occur in oil shale with
different particle sizes upon heating. For instance, small oil shale par-
ticles exhibit rapid heating rates and low product-transfer resistance,
leading to thorough pyrolysis in a short duration, which impedes the
secondary reaction of pyrolysis products [34]. However, regardless of the
size of semi-cokes, they have almost identical chemical compositions and
pore structures after sufficient pyrolysis at identical temperatures,
because particle sizes have a negligible effect on the final degree of
pyrolysis of Huadian oil shale [34,35]. Therefore, the study of thermo-
physical properties and the influence of small oil shale and semi-coke
particles is crucial for the in-situ exploitation of oil shale.

The thermophysical properties of oil shale and semi-cokes, such as
thermal conductivity (A), thermal diffusivity (K), and volumetric specific
heat capacity (C,), are listed in Table S4; these were measured by pressing
the synthesized powder into cylindrical blocks to reduce the
inhomogeneity of samples. These three parameters are related by the
following equation [13,14]:

A:KC Vv

To ensure that the chemical composition and pore volume are the only
two significant factors that affect the thermophysical properties, sample
preparation methods such as particle size control, drying, and block
pressing under identical pressures were employed to eliminate the

influence of grain (crystal) size and shape, cementation, formation
pressure, anisotropy, saturating fluids, and other factors on the ther-
mophysical properties [16]. Table S5 shows the thermophysical prop-
erties of certain materials in relation to the components of oil shale and
semi-cokes. Table S5 indicates that larger pore volumes, which imply the
presence of drier air, result in a lower conductivity and specific heat
capacity, whereas higher amounts of residual carbon leads to a higher
conductivity [16,18]. Additionally, the pyrolysis of kerogen leads to a
decrease in the content of organic matter, which increases the specific
gravity of other components such as quartz and carbonate in oil shale,
resulting in higher thermal conductivity [16].

3.4.1. Thermal conductivity

The thermal conductivity results in Fig. 12 indicate that from Sraw to
SN350, thermal conductivity slightly changes owing to small changes in
organic matter content and pore volume. The thermal conductivity of
samples under different pressures all exhibit a trend that first increases
and then decreases from SN350 to SN520. These results indicate that the
pyrolysis of kerogen and generation of residual carbon are the pri- mary
factors that increase the thermal conductivity, whereas the decrease is
primarily caused by the considerable increase in pore volume owing to
the pyrolysis of kerogen [16,18].

The thermal conductivity of samples obtained via the OP process
exhibits a trend similar to that of the AR process. The PV and SSA
significantly increase while the organic matter content considerably
decreases from those in Sraw to S0350. The results indicate that the
thermal conductivity changes slightly, which implies that the effects of
organic matter content and pore volume variation in the semi-coke offset
each other. Subsequently, the amount of cracked or oxidized kerogen and
pore volume both slightly increase from those in SO350 to those in
$0400, and thermal conductivity slightly increases as well, indicating the
significant effect of the decrease in organic matter con- tent. Finally, PV
and SSA considerably increase with respect to the S0400 to SO520
samples owing to the decomposition of partial calcite. The results indicate
that thermal conductivity dramatically decreases, which suggests that the
large increase in pore volume is the primary factor behind this decrease
[16]. The semi-coke blocks obtained via AR and OP processes under
different pressures all exhibit a similar variation in thermal conductivity,
which proves the reliability of the aforemen- tioned analysis.

3.4.2. Volumetric specific heat capacity

Fig. 13 shows the variations in volumetric specific heat capacity of
samples obtained via OP and AR processes. From the results of ther-
mophysical properties of pressed samples, the thermophysical proper-
ties of pressed samples are closer to the natural block samples with the
increase of pressing pressure. The results reveal that the variation in
volumetric specific heat capacity of the block pressed at 67 MPa is slightly
different from that of the other two blocks, which is possibly caused by
the influence of intergranular pores formed during pressing owing to the
lower pressing pressure.

Except for the semi-coke block pressed at 67 MPa, the other two semi-
coke blocks exhibit similar variation in volume specific heat ca- pacity. The
volumetric specific heat capacity slightly decreases from that in Sraw to
that in SN350 in AR owing to the precipitation of interlayer water in clay
[18,30]. Subsequently, from SN350 to SN400, a portion of kerogen is
pyrolyzed and a large amount of residual carbon is generated; however,
the pore volume slightly increases, resulting in a slight in- crease in
volumetric specific heat capacity. Finally, a significant decline from SN400
to SN520 is noted, which is primarily caused by the large increase in pore
volume owing to the complete pyrolysis of kerogen [18,27].

However, the results show that the volumetric specific heat capacity
significantly decreases from that in Sraw to that in SO350 in the OP
processes, primarily owing to the large amount of pore volume formed
by the decomposition of kerogen at low temperatures. Subsequently, the
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pore volume increases from that in SO350 to that in SO400, and the the pore volume of SO400 considerably increases to that in SO520
organic matter content slightly decreases. These results suggest that the owing to the decomposition of partial calcite, leading a decrease in
volumetric specific heat capacity exhibits a slight increase, indicating that volumetric specific heat capacity [18].

the decrease in organic matter content has a greater impact. Finally,
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3.4.3. Thermal diffusivity

The measured thermal diffusivity values are shownin Fig. 14. Because
thermal diffusivity can be obtained by dividing the thermal conductivity
by volumetric specific heat capacity at a constant pressure [13,14], Fig.
14 data can be also be obtained by dividing the values in Fig. 12 by the
corresponding values in Fig. 13.

The results indicate only a few changes in thermal diffusivity from
that of Sraw to that of SN350, and a trend that first increases and then
decreases is subsequently noted with respect to SN350 and SN520.
Because the thermal conductivity and volumetric specific heat capacity
exhibit similar variations in the AR process, the ratios of changes in
thermal conductivity and volumetric specific heat capacity from those of
Sraw to those of SN350 are almost identical. Subsequently, the increase
in the ratio of thermal conductivity is greater than that of volumetric
specific heat capacity with respect to SN350 and SN400, and the
decrease in the ratio of thermal conductivity is greater than that of
volumetric specific heat capacity with respect to SN400 and SN520.

In the OP process, the results indicate that the thermal diffusivity
significantly increases from that in Sraw to thatin S0350, and subse-
quently exhibits a continuously decreasing trend from SO0350 to S0520,
except for the semi-coke block pressed at 67 MPa. The thermal con-
ductivity slightly changes from that in Sraw to that in S0350, whereas
the volumetric specific heat capacity decreases, resulting in a decrease in
the thermal diffusivity. The thermal conductivity and volume specific
heat capacity both exhibit an increasing—decreasing trend from SO350
to SO520. Therefore, the increase in the ratio of thermal conductivity is
less than that of the volumetric specific heat capacity with respect to
S0350 to SO400, and the decrease in ratio of thermal conductivity is
greater than that of volumetric specific heat capacity with respect to
S0400 to SO520.

3.4.4. Comparison of AR and OP processes

Composition and pore evolution are noted to exhibit different in-
fluences on the thermophysical properties of semi-cokes obtained via AR
and OP. As shown in Fig. 15, the content of organic matter in semi-cokes
obtained via AR processes gradually decreases with increasing pyrolysis
temperatures, whereas the residual carbon content and pore volumes
gradually increase [8]. Therefore, a high porosity and residual carbon
content can only be obtained at extremely high temperatures, which
indicates that the pore volume has a more obvious influence on the
thermophysical properties of semi-cokes obtained from AR processes at

10

high temperatures. The semi-cokes obtained from OP processes could
possess a low content of organic residues and large pore volume at low
temperatures [7,10], indicating that pore volume can significantly affect
the thermophysical properties of semi-cokes at low temperatures in the

OP process.

Generally, oil shale must be heated to more than 500 °C to obtain a
higher oil yield in AR, whereas only ~ 350 °C is required in OP [6-9]. As
shown in Figs. 12, 13, and 14, SO350 exhibits a higher thermal con-

ductivity, higher thermal diffusivity, and lower volumetric specific heat
capacity than those of SN520. Therefore, OP offers more advantages in
terms of heat transfer performance than those of the AR process.

4. Conclusion

Semi-cokes obtained via oxidizing pyrolysis (OP) exhibit different
performances in terms of composition, pore evolution, and thermo-
physical properties compared to those obtained via anaerobic retorting
(AR); the effects of composition and pore evolution on thermophysical
properties of shale oil were analysed. The important conclusions are as
follows: (1) Montmorillonite transforms into kaolinite and illite in OP, and
into illite to form an illite/montmorillonite mixed layer in AR. (2) The
specific surface area and pore volume of semi-cokes are extremely low at
low temperatures in AR, whereas numerous mesopores and macropores
can be formed in OP, leading to significant increases in the specific surface
area and pore volume even at low temperatures. (3) Variations in
chemical composition and pore evolution of semi-cokes obtained via AR
and OP affected their thermophysical properties. The thermophysical
properties of semi-cokes obtained via OP are expected to favour the in-
situ exploitation of oil shale.
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