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In-situ combustion gasification (ISCG) is a technology in the field pilot stage used for hydrogen gener-
ation from oil reservoirs. ISCG is implemented by injecting an oxidant (pure oxygen, air, ...) into the
reservoir to trigger in-situ chemical reactions responsible for hydrogen generation. Pyrolysis reaction is
one of the significant reactions triggered by in-situ combustion (ISC). This study used a fixed-bed micro-
activity test (MAT) unit to investigate hydrogen generation from crude oil through pyrolysis. Crude oil
pyrolysis experiments were conducted in the MAT unit under different temperatures (300 °C, 400 °C,
500 °C, 600 °C), atmospheric pressure, and under a flow of a nitrogen gas. The results showed that the
threshold initiation temperature of hydrogen generation and coke formation was about 500 °C. The
experiments demonstrated that the introduced sandstone enhanced hydrogen generation and coke
formation at high temperatures. The maximum volume of hydrogen generated with sandstone effect
reached 8.15 mL at 600 °C, while that without sandstone was only 6.39 mL at 600 °C. The study provides
deep insights into the in-situ hydrogen generation from crude oil through pyrolysis. In addition, the
obtained data of various pyrolysis products provide a comprehensive representation of crude oil py-
rolysis that could promote the existing reaction models of in-situ hydrogen generation from the gasi-
fication of crude oil. The findings demonstrate the potential of adopting pyrolysis of crude oil for direct

hydrogen generation from reservoirs.
© 2025 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

through various reactions such as water gas shift reaction, partial
oxidation, and steam reforming [2,3]. Due to the considerable

The global energy scene is currently experiencing a noteworthy
transformation, driven by the global effort to address climate
change and improve energy security. Hydrogen (Hy) is hailed as a
clean energy carrier that contributes to sustainable energy devel-
opment and mitigation of climate change problems [1]. Various
renewable sources (such as solar and wind) and non-renewable
sources (like nuclear and fossil fuels) can be utilized for hydrogen
generation [2]. It has been demonstrated that fossil fuels, especially
natural gas are the most utilized source for generating hydrogen
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amount of carbon dioxide emitted from utilizing fossil fuels in
hydrogen generation [4], in-situ hydrogen generation from heavy
oil was proposed to exploit the considerable amount of unrecov-
erable oil in the reservoirs [5,6]. It has been reported that hydrogen
can be generated from in-situ hydrocarbon reservoirs by converting
unrecoverable oil into pure hydrogen gas using the in-situ com-
bustion gasification (ISCG) method that relies on a series of parallel
or separate reactions (pyrolysis, water-gas shift reaction, partial
oxidation, coke gasification) between crude oil, water, and reservoir
rocks at elevated temperatures [7]. ISCG involves heating the crude
oil in the reservoir by implementing in-situ combustion that initi-
ates a series of gasification reactions that result in the generation of
a hydrogen-rich gas mixture. A selective hydrogen membrane can
separate the generated hydrogen placed downhole while the
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unwanted gases (carbon dioxide) are left in the reservoir. In-situ
combustion (ISC) involves creating a combustion front by inject-
ing an oxidant into the reservoir and igniting part of the reservoir's
oil. The combustion front provides the desired heat for the gasifi-
cation process. Ahead of the combustion front the heat is trans-
ferred by conduction to the surrounding and fueling the
combustion front with the formed coke.

Pyrolysis is considered one of the reactions that take place in the
reservoir during the ISCG process. It is also known as thermolysis
and thermal cracking which is defined as the thermal decomposi-
tion of crude oil in a free-oxygen environment. In general, the py-
rolysis reaction can be divided into two stages. The first stage
comprises dehydrogenation, dehydration, and decarboxylation.
While the second stage involves cracking of the heavy components
to give gas products, liquid products, and coke as solid products. On
the other hand, pyrolysis reaction can be classified as flash, fast,
intermediate, or slow based on the heating rate and residence time
[8]. Liu et al. conducted a pyrolysis experiment of Indonesian oil
sand using a fixed bed reactor at temperatures from 400 to 600 °C.
They found that as the temperature increases, the gases and the
condensed liquid yield increase while the coke yield decreases.
However, the generated gases are composed mainly of Hy, CHy,
CyHg, C3Hg, and CyHy4, with approximately 50% of the total volume
being hydrogen gas [5,9—11]. Researchers conducted experimental
studies on the hydrogen production from crude oil using various
equipment, like a fixed-bed reactor, a thermogravimetric analyzer
coupled to a mass spectrometer (TGA-MS), and a kinetic cell. Pre-
vious studies conducted on heavy oil upgrading revealed that the
thermal cracking of crude oil under high temperatures and in the
absence of oxygen produces more gases [12,13].

Yang et al. [14] utilized TGA-MS to study the mechanisms
involved in the hydrogen generation from heavy oil pyrolysis and
they define two stages (physical and chemical stages) in which
weight loss occurred. They also stated that a higher percentage of
the hydrogen is generated from coke dehydrogenation, while
around 20% comes from pyrolysis reaction. Tang et al. studied
hydrogen generation for heavy and light oil using TGA-MS com-
bined with equivalent characteristic spectrum analysis (ECSA). It
was found that hydrogen was mainly generated during the pyrol-
ysis stage in the temperature range of 358—521 °C [15]. Zhao et al.
conducted experiments on heavy oil using a kinetic cell to inves-
tigate in-situ hydrogen generation. The results revealed that py-
rolysis and coke dehydrogenation reactions generated hydrogen
under a nitrogen environment, with 60% of the total hydrogen
generated by the coke dehydrogenation reaction in the tempera-
ture range of 500—650 °C [10]. He et al. experimentally mimics the
oxidation reaction of heavy oil, light oil, and carbon samples to
investigate hydrogen generation using a ramped temperature
oxidation device. The experimental design comprised sand fill and
reservoir core models. The results revealed that hydrogen genera-
tion was observed at a temperature range of 500—550 °C whereas
that of carbon fell in the range of 700—750 °C. The reservoir core
produced hydrogen with a maximum rate of 55—60 mol%, while
hydrogen production from sand-filling experiments reached only
5—10 mol% [16]. Yuan et al. investigated the hydrogen generation
from a mixture of crude oils, rock powders, catalysts, and water
using a quartz tube reactor and microwave generation system. The
results showed that the maximum hydrogen production was
197 mL, obtained from heating the mixture at 354 °C for a reaction
time of 47 minutes [17].

Implementation of in-situ combustion has been reported for
different crude oil reservoirs. The feasibility of upscaling the ISCG
laboratory experiments to field scale can be confirmed from the
temperature profiles reported in the literature for many in-situ
combustion field projects [18]. The Nacatoch sand reservoir with a
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thin column of heavy crude oil with 20.9 °API gravity was selected for
the thermal recovery process. Harrell Fee in-situ combustion project
was initiated in 1980. The project reported that the formation tem-
perature during ignition in the combustion zone reached 1000 °F
after 9 hours of ignition. In 1984, an O, combustion pilot test was
conducted in the Miocene I sand body at the Esperson Dome field.
The reservoir oil has a gravity of 21 °APL The results obtained from
the X-ray diffraction (XRD) indicated that the temperature in the
combustion zone was in the range between 930 °F and 1020 °F [19].
In 1970, Bayou State Oil Corp. (BSOC) initiated the ISC project in
Nacatoch formation in the Bellevue field in Louisiana, one of the
remaining active firefloods worldwide. The oil has a 19°API gravity.
The reported ignition temperature was approximately 500 °F. Tem-
perature surveys taken by wireline in the injection periodically
showed that the temperature exceeded 800 °F [20].

It can be inferred from the preceding reports show that various
thermochemical reactions, including pyrolysis play a crucial role in
the hydrogen generation process. However, each reaction's
contribution and importance, especially pyrolysis, are still not
adequately understood. In addition, there is a contradiction in these
reported studies regarding whether the saturate, aromatics, resin,
and asphaltene (SARA) fractions of crude oil contribute more to the
gases generated by cracking [21-23].

In this paper, a fixed-bed micro-activity test (MAT) unit was
used to study the quantitative and qualitative characteristics of
various pyrolysis products, especially the generated hydrogen gas.
Furthermore, the effect of sandstone mineralogy on the pyrolysis
reaction was studied by introducing crushed sandstone rock. The
direct collection of various pyrolysis products without post-
processing gives this work an advantage over existing experi-
mental studies in the literature. The detailed results of the pyrolysis
products provide powerful data for kinetic model development.
Furthermore, the results provide deep insights for future research
on in-situ hydrogen generation from crude oil.

2. Materials and method
2.1. Materials

2.1.1. Crude oil sample

The oil sample used in this study was obtained from an oil field
in Saudi Arabia. The results of density, viscosity and elemental
analysis, distillation cuts are shown in Table 1. SARA fractions were
measured for the original crude oil sample as shown in Fig. 1.

2.1.2. Sandstone rock samples

Dried, crushed sandstone was introduced during the pyrolysis
reaction to study the effect of sandstone mineralogy on both py-
rolysis reaction and hydrogen generation. Berea sandstone was

Table 1

Viscosity, density, distillation cuts, and elemental analysis of crude oil sample.
Parameter Value
Viscosity at 22.8 °C (cP) 91.6
Density at 21 °C (g/cm®) 0.907
API () 24.0
Elemental analysis (wt.%)
C 84.1
H 113
N 0
S 13
Distillation cuts (wt.%)
Gasoline (0—221 °C) 354
Light cycle oil (LCO: 221-343 °C) 25.1
Heavy cycle oil (HCO: >343 °C) 39.6
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Fig. 1. SARA fractions of crude oil sample.

procured from Kocurek Industries. The mineral composition of the
sandstone rock sample as analyzed by XRD is listed in Table 2.
About 5 g of dried, crushed sandstone was loaded on top of the
quartz wool placed at the bottom of the reactor of the MAT unit
during the experiments to investigate the effect of sandstone on the
pyrolysis reaction.

2.2. Pre and post-analytical measurements

Pyrolysis products were characterized using various analyzers
including thin layer chromatography coupled with a flame ioniza-
tion detector (TLC-FID) for SARA analysis of liquid products, gas
chromatography coupled with a flame ionization detector (GC-FID)
for simulated distillation analysis of liquid products according to
ASTM 2887, gas chromatography coupled with thermal conduc-
tivity detector (GC-TCD) for gas product analysis according to the
American Standard Society for Testing and Materials (ASTM)
UOP539-97 refinery gas analysis method, CHNS elemental analysis
for liquid products and coke, XRD for mineralogy of sandstone rock
and Scanning electron microscopy (SEM) for the coke product.

2.2.1. Viscosity measurement

The viscosity of the crude oil was measured using a Viscolab PVT
analyzer from Cambridge according to standard method ASTM
D445, ASTM D7483.

2.2.2. Density measurement

The density of the crude oil was measured using a DMA 53
Handheld density meter from Anton Paar. Crude oil was injected
into the measuring cell through a sampling tube. Direct reading was
recorded from the instrument's screen.

2.2.3. X-ray diffraction (XRD)

The mineralogy of the sandstone powder was analyzed using an
X-ray diffractometer (Miniflex, Rigaku). The diffraction pattern was
measured in the range of 5—70° 20 with Cu K-a as the radiation
source (A = 1.5418 A).

Table 2
Mineral composition of sandstone rock sample.

Content Concentration(wt.%)
Quartz 89.0
Calcite 0.08
Albite 1.47
Kaolinite 4.80
Mllite 2.29
Chlorite 1.02
Ankertite 0.38
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2.2.4. Scanning electron microscopy (SEM)

The coke samples were imaged using Zeiss Gemini 450 field-
emission electron microscope (FE-SEM). The samples were scan-
ned at a high resolution of up to 10 um. The samples were first
coated using a Leica EM AC 900. SEM images were acquired at an
acceleration voltage of 5 kV and beam currents of 98 pA.

2.2.5. CHNS elemental analysis

The elemental analysis of the coke and liquid samples was
conducted using EMA 502 elemental micro-analyzer from VELP
Scientifica.

2.2.6. SARA analysis

The liquid samples were analyzed using latroscan MK-7 TLC-FID,
according to the standard method IP 469/01. The SARA analysis was
carried out in three stages: (1) spotting 1 uL of the sample diluted in
dichloromethane in chromorode (quartz rod covered with silica),
(2) elution of the spotted samples using thin-layer chromatography
(TLC), and (3) detection of different groups along the chromarod
using a flame ionization detector (FID).

2.2.7. Simulated distillation (SimDist) analysis

The liquid samples were analyzed using Shimadzu GC 2010 Plus
coupled with a flame ionization detector according to the ASTM
2887.

2.2.8. Gas analysis

The gaseous products were analyzed using an Agilent 3000 A
micro-GC coupled with a thermal conductivity detector. The anal-
ysis was performed using the ASTM UOP539-97 Refinery Gas
Analysis (RGA) method. A standard gas mixture with a certain
volume concentration percentage (vol%) of H, and C;—Cg hydro-
carbon was used for the GC calibration.

2.3. Experimental setup and procedure

Pyrolysis experiments were conducted using a MAT unit, in
which pyrolyzed products (gas, liquid, and coke) were collected
directly and analyzed. The MAT unit consists of a feed syringe, feed
nozzle, nitrogen line, reactor, reactor furnace, glass receiver, and
water-filled graduated cylinder (Fig. 2). Before the pyrolysis
experiment, the pyrolysis temperature was set at a specific tem-
perature which was selected from four proposed temperatures 300,
400, 500 and 600 °C. The reactor was cleaned with solvent and
dried, and then about 1 g of quartz wool was inserted at the bottom
of the reactor. For the sandstone experiments, 5 g of crushed dried
sandstone was loaded on top of the quartz wool, then followed by
additional quartz wool. An automated syringe containing a known
amount of crude oil was mounted to the feed nozzle of the MAT
unit. The syringe was connected to the feed nozzle and nitrogen
line through a three-way valve. The unit was kept under the flow of
nitrogen before injecting the feed sample. The crude oil feed was
injected for 30 seconds, and immediately after the injection, the
three-way valve was switched to allow the flow of nitrogen into the
feed nozzle. The nitrogen carries the cracked products (liquid and
gas) down to the glass receiver, where the liquid products were
condensed in a 2 mL vial connected to the glass receiver, and the
gas products were collected in a water-filled graduated cylinder
and their volume was measured by the water displacement. Then,
the gas products were transferred to a Tedlar bag for injection into
the GC-TCD. A standard gas mixture with a certain percent volume
concentration (vol%) of H, and C;—Cg hydrocarbon was used for the
GC calibration. Based on the peak area of the individual gas prod-
ucts, the vol% of the gas products was calculated. The vol% is con-
verted to weight using the ideal gas equation. A total of eight
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Fig. 2. Micro-activity test (MAT) unit.

experiments were conducted to investigate the contribution of
pyrolysis reaction on the in-situ hydrogen generation from crude
oil. Four experiments were conducted with crude oil only (section
3.1), while the other four were run with the presence of sandstone
placed at the bottom of the reactor (Section 3.2). Uncertainty in the
measurement equipment, loose pieces of coke while retrieved from
the reactor, adhering of sticky heavy liquid to the reactor wall, and
uncareful filling the syringe may result in uncertainty in estimation
of feed weight.

3. Results and discussions

In these experiments, the products (gas, liquid, coke) of the
crude oil pyrolysis were evaluated quantitively and qualitatively.
The effect of pyrolysis temperature as well as the effect of dried
crushed sandstone on the products was studied. This research in-
vestigates comprehensively the products of crude oil pyrolysis in
general and specifically the hydrogen generated within the gas
mixture.

3.1. Effect of pyrolysis temperature

Four different temperatures (600, 500, 400, and 300 °C) were
applied during the pyrolysis experiment at atmospheric pressure.
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Each temperature represents a separate experiment conducted by
injecting approximately 1 g of crude oil into the reactor. The types
of pyrolysis products yield at each pyrolysis temperature are shown
in Fig. 3. It was observed that at low temperatures, sticky heavy
liquid product stuck to the surface of the quartz wool after the
pyrolysis reaction. Specifically, at pyrolysis temperatures 300 °C
and 400 °C, the yields of heavy liquid that stuck on the quartz wool
were calculated as 49.7% and 34.6% of the total product yield,
respectively. Similarly, the yields of condensed liquid products at
temperatures of 300 °C and 400 °C are 49.6% and 64.5%, respec-
tively, while the gaseous products were relatively minimal at both
temperatures. It was also observed that no coke was produced at
pyrolysis temperature below 500 °C. It is suspected that at these
temperatures below 500 °C, the process resembles the visbreaking
process. It is well known that the composition of crude oil intrin-
sically affects its thermal stability [24]. Hence, the distillation of the
low boiling point components majorly contributes to the
condensed liquid yield whilst the heavy components (resin and
asphaltene) are suspected to be deposited as a sticky heavy liquid
on the quartz wool. According to Fig. 3, the increase in temperature
from 300 °C to 400 °C leads to an increase in the yields of the
condensed liquid and a decrease in the yields of the sticky heavy
liquid. This may be attributed to an enhancement of the thermal
cracking process which is responsible for reducing the presence of
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Fig. 3. Pyrolytic products yield at different pyrolysis temperatures.

heavy components and aiding in the further formation of low
boiling point components that are present in the original sample.
For high temperatures, the yield of gaseous products that was
calculated as 3.62% at 500 °C increased to 8.94% at 600 °C. Addi-
tionally, about 4.94% coke was observed at 500 °C which increased
consistently with increasing temperature to 18.8% at 600 °C. These
observations imply that pyrolysis of crude oil at high temperatures
of 500 and 600 °C is characterized by the formation of gaseous
products and coke. High temperatures cause the decomposition of
heavy components and larger hydrocarbons to generate more low
molecular weight gaseous hydrocarbons. However, the formation
of coke at higher temperatures is induced mainly by asphaltene
since it is known as a direct precursor of coke due to its structural
similarity [25].

It is seen from the results that a pyrolysis temperature of 500 °C
is considered as the initiation threshold temperature of coking and
hydrogen generation under atmospheric pressure and nitrogen
environment. It is necessary to state that the heavy liquid stuck to
the quartz wool cannot be retrieved so it was difficult to be sampled
for further characterization while the coke was easily sampled and
characterized.

3.1.1. Pyrolytic gas product

Fig. 4 shows the effect of pyrolysis temperature on the total
volume of gas products produced at each experiment. The total
volume of the gases included the sum of Hy, CHg, CoH4, CO5, CO,
H,S, and a sum of (C; — C4) combination. It is clearly illustrated in
(Fig. 4) that the volume of the gas produced increased exponen-
tially with temperature from 1.92 mL/g at 300 °C to a maximum
value of 74.04 mL/g at 600 °C. It was also observed that at low

o]
fe=
1

74.04

y= 0.03160,012@(
R?=0.9523

\1
S O O
T

S O

of sample/(mL/g)

—_— N W AN
S

[}

(=}

Gas production per unit mass

400
Pyrolysis temperature/°C

600

Fig. 4. Gas yield per unit mass of the crude oil sample.
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temperatures a small amount of gas was produced due to the
evolution of low volatile components and potential mild cracking of
the heavy molecules in the crude oil during the pyrolysis. Whereas
the noticeable increase in the total volume of gas at high temper-
atures was attributed mainly to the decomposition of the heavy
components into gaseous hydrocarbons. Kapadia et al. [26] pro-
posed a reaction scheme where asphaltenes as a pseudo-
component can react and get converted into gases and other
different components. In comparison with Kapadia's assumptions,
it is suspected that the conversion of resins and asphaltene is
affected by the pyrolysis temperature mainly and this is reflected in
the observed enhancement in the total volume of gaseous products.
On the other hand, the disappearance of the sticky heavy liquid
accompanied by the appearance of the coke product and the in-
crease in the generated gases at temperatures above 400 °C can be
referred to as the conversion of heavy components, especially
asphaltene.

The volume of various components of the gas products is
tabulated in Table 3. At higher temperatures, the volume of the
hydrogen gas ranked as the fifth most generated gas at 600 °C with
volume of 6.39 mL. The generation of hydrogen is linked to the
decomposition of heavier components into lighter unsaturated
components, inferring the C—C, C—H, and H—H bond scissoring
reactions. Moreover, the dehydrogenation of naphthenic rings
present in the asphaltene can generate more hydrogen [27]. Simi-
larly, CHa, C2H4, C3Hg, and C;Hg volumes rose dramatically reaching
the highest values of 20.47, 15.24, 12, and 9.47 mL, respectively. The
release of the high amount of methane is attributed to the C—C
cleavages of cycloalkanes and alkyl side chains [28]. However, at
lower temperatures of 300 and 400 °C only propane and n-butane
show high volume compared to the other gas components. Ac-
cording to Wakui et al. [29], the propane is generated at the initial
step of cracking and thus limits the generation of light ethylene and
propylene. Also, they stated that cracking of dehydrogenated n-
butane would increase the generation of ethylene. Here we can
state that the efficiency of hydrogen generation through heavy
components pyrolysis is affected by the formation of light-
saturated hydrocarbons such as methane, ethane, and propane. In
contrast, more efficient generation favored the formation of light
unsaturated hydrocarbons ethylene and propylene.

3.1.2. Pyrolytic liquid product
The condensed liquid products were collected in a 2 mL vial
after each experiment as shown in Fig. 5. It was observed that as the

Table 3
Volume of different components of the gas products.

Gas components Gas volume (mL)

300 °C 400 °C 500 °C 600 °C
Hydrogen 0.01 0.06 0.54 6.39
Hydrogen sulfide 0.01 0.01 0.01 0.01
Methane 0.02 0.14 3.68 20.47
Ethane 0.11 0.14 1.86 947
Ethylene 0.02 0.10 1.36 15.24
Propane 0.56 0.55 1.14 2.93
Propylene 0.06 0.17 1.41 12.00
Iso-butane 0.19 0.18 0.14 0.26
N-butane 0.94 0.98 0.76 1.30
T-2-butene 0.01 0.02 0.14 2.47
1-butene 0.01 0.04 0.36 0.00
Isobutylene 0.02 0.03 0.25 1.83
C-2-butene 0.01 0.01 0.10 0.88
1,3-butadiene 0.00 0.00 0.05 0.00
Carbon monoxide 0.00 0.19 0.13 0.68
Carbon dioxide 0.17 0.50 4.80 1.22




M.A. Hanfi, 0.S. Alade, A. Tanimu et al.

temperature increases, the liquid product color changes from
amber to dark brown color. This implies that the liquid product at
low cracking temperature may be attributed to the light naphtha
component of the feed that got distilled at the low temperature,
leaving behind the sticky heavy liquid that stuck to the quartz wool.
Consequently, the liquid product at low temperature will not
contain heavy hydrocarbon since the temperature is not high
enough to induce thermal cracking of the large molecular weight
hydrocarbon (resin and asphaltene) and on the other hand, these
heavy hydrocarbons could not be distilled as a liquid product. The
observation agrees with the photograph and description of the
SARA fractions reported in other studies [30,31]. However, the
condensed liquid collected at temperatures above 400 °C seems to
contain relatively large molecular weight hydrocarbons while at
400 °C and 300 °C the product's color reflects the absence of resin
and asphaltene in their content.

SARA analysis was conducted for all collected condensed liquid
products obtained under different pyrolysis temperatures to eval-
uate the distribution of saturates, aromatics, resins, and asphaltene.
According to Fig. 6, the proportion of the saturates fractions ex-
hibits a general trend of gradual decrease with increasing pyrolysis
temperature but contrarily, increasing temperature induces
gradual increase of aromatics fractions. However, a sudden
decrease in aromatics fractions at 500 °C was observed before it
resumed increasing above 500 °C. Referring to various studies, the
saturate/aromatics ratio of crude oil is usually reported as a
maturity indicator that reflects the relative thermal stability of
saturates to aromatics [32]. This decreasing trend indicates the
lower thermal stability of saturates to aromatics. In agreement with
the results of this study, some researchers found that saturate and
aromatics are more stable than asphaltene and resin [33]. At higher

600 °C 500 °C

Fig. 5. Condensed liquid products at different pyrolysis temperatures.
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Fig. 6. SARA fractions of condensed liquid at different pyrolysis temperatures.
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temperatures, the appearance of resin fractions in the pyrolyzed
condensed liquid indicates that the boiling point of the resin is
above 400 °C. Moreover, the increase in the resin proportions is
attributed to more decomposition of asphaltene.

The elemental analysis was performed for condensed liquid
products obtained at different pyrolysis temperatures. Results
indicate the distribution of carbon and hydrogen among collected
fractions of liquid. From Table 4 for pyrolysis temperature of 300 °C,
we could see a negligible amount of nitrogen mostly captured at
low temperatures from purging gas. Results also inferred a rich
liquid hydrocarbon environment represented by carbon and
hydrogen with a proportional molar ratio of 1:2, respectively. Our
conclusions reveal that the liquid hydrocarbon environment
collected at 300 °C consists of almost equal fractions of saturates
and aromatics indicated by molar rations and further confirmed by
SARA analysis. Increasing the pyrolysis temperature to 400 °C is
appreciably increasing the amount of carbon with almost constant
hydrogen content. This can be explained by an increase of unsat-
urated fractions as more carbon becomes hydrogen deficient and
this is achieved through an increase of aromatics fraction. Consis-
tent increment observed in carbon and hydrogen content with
increasing temperatures up to 600 °C is due to the presence of the
previously mentioned liquid hydrocarbon environment. At the
same time, the slight increase in carbon content over hydrogen
content is mainly due to an increase in unsaturated fractions and
hydrogen-deficient carbon.

Table 4
Elemental analysis of liquid products of crude oil pyrolysis at different pyrolysis
temperatures.

Pyrolysis temperature Elemental composition (wt%)

C H N S
300°C 67.69 10.34 0.26 0
400 °C 76.57 10.46 0.09 0.30
500°C 79.78 12.51 0 0.13
600 °C 82.02 12.02 0 0.43

Sticky heavy liquid

Fig. 7. Sticky heavy liquid deposited on top of quartz wool at low pyrolysis
temperatures.
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Table 5

SimDist for condensed liquid of crude oil pyrolysis at different pyrolysis temperatures.
Distillation products Boiling points (°C) Chemical composition [34] wt%

300 °C 400 °C 500 °C 600 °C

Naphtha 0-221 Normal and iso-paraffins 453 39.2 42.0 37.1
Light cycle oil 221-343 Aromatics 37.0 32.6 304 34.5
Heavy cycle oil >343 Heavy aromatics and NSO compounds 17.7 28.2 27.6 284
Aromatics? >221 Aromatics and heavy aromatics 54.7 60.8 58.0 62.9

2 Aromatics represents an introduced category calculated by the summation of light and heavy cycle oil percentages.

Fig. 7 depicts the sticky heavy liquid observed at low pyrolysis
temperatures. The difficulty of sampling the sticky heavy liquid
hindered further characterization. However, it is expected that the
composition of the sticky heavy liquid mainly comprises the heavy
fractions of oil. This expectation can be supported by their disap-
pearance at high temperatures accompanied by coke appearance.

SimDist analysis has been employed for further classification of
collected condensed liquid products. The components in collected
liquid are measured and categorized according to their boiling

e

Fig. 8. Photograph of coke on the top of quartz wool observed at high pyrolysis
temperatures.

points into naphtha, light cycle oil, and heavy cycle oil class. As
shown in Table 5, the naphtha components percentage showed
strong agreement with saturates measured in SARA analysis at low
temperatures of 300 and 400 °C. While at high temperatures of 500
and 600 °C, SimDist results for saturates showed a higher per-
centage than that obtained in SARA analysis. This increase in sat-
urates above 500 °C is due to the conversion of resins to light
hydrocarbons. Aromatics were obtained in two classes; light and
heavy cycle oil and the summation of their total percentage shows
strong agreement with SARA results.

3.1.3. Pyrolytic coke product

Pyrolytic coke product was observed in the crude oil pyrolysis at
temperatures higher than 400 °C, and the yield reached the
maximum at a pyrolysis temperature of 600 °C. Fig. 8 depicts the
coke products on quartz wool.

It was observed that as the temperature increased the coking
process increased and it reached the maximum at 600 °C whereas
no coke deposition was observed at 400 °C and below. The for-
mation of coke is attributed to the decomposition of asphaltene and
resin. van der Waals attractive force induces the deposition of the
aggregated asphaltene whereas during the process the hydrocar-
bon bonds break and form unsaturated hydrocarbons that later
condense into coke [35]. Coke plays an important role in in-situ
combustion gasification since it is considered the main fuel for
the combustion front movement. Subsequently, the evaluation of
the coke products formed by pyrolysis can help in improving field
implementation of ISCG to enhance hydrogen generation. Fig. 9
illustrates the morphological characteristics of the pyrolyzed coke

o ~ J
e\ \ZQ win

Fig. 9. SEM images of the deposited pyrolyzed coke.
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Table 6
Elemental analysis of coke product at 600 °C.
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Table 7
Effect of the sandstone on the volume of the gas products.

Pyrolysis temperature Elemental composition (wt%)

Gas components Gas volume (mL)

C H N S 300 °C 400 °C 500 °C 600 °C
600 °C 78.79 221 0 9.4 Hydrogen 0.01 0.02 1.71 8.15
Hydrogen sulfide 0.01 0.01 0.01 0.01
Methane 0.02 0.12 4.84 25.65
product on top of the q.ua.rtz wool. The mgrphological features of EEE;E:M 8:(])(2) g:(])g ﬁg }38?
the pyrolyzed coke are similar to the transitional coke type that was Propane 0.56 0.60 119 3.79
reported by Chen et al. [36]. Propylene 0.05 0.13 1.42 13.79
Fig. 9(a)—(c) shows the deposited coke on the quartz wool, the Iso-butane 0.00 0.19 0.11 0.28
coke deposition is shown as a sheet of coke that covered the net- N-butane 0.97 1.02 0.60 1.51
like morphology of the quartz wool rods. The images show that T-2-butene 0.00 002 000 098
1-Butene 0.01 0.03 0.10 3.55
the surface of the coke is almost flat with few pores. The micro- Isobutylene 0.00 0.03 0.23 1.86
crystalline structure of the coke has a wave-like structure as shown C-2-butene 0.01 0.01 0.07 0.69
in Fig. 9(d)—(f). Also, in Fig. 9(c)—(f), white pellets with a coral-like éjrb‘itgﬁfr?: " 8~88 g~?g g-gg 8~‘5)(3’
X1 R . .. B
morphology were generated on the top of the coke surface. Some Carbon dioxide 018 0.44 612 182

studies reported the white pellets as secondary coke formed by
volatiles [37], while other studies consider it as carbon aggregation
caused by the condensation and dehydrogenation of heavy oil [38].
It can be concluded that the depicted coke with a flat surface and
absence of pores inferred a worse combustion reactivity.

The elemental analysis of the pyrolyzed coke is listed in Table 6.
The results show a high sulfur content as compared to that obtained
in the condensed liquid products. This indicates that the coking
process desulfurized the crude oil and absorbed most of the sulfur
present in the original sample.

Il Coke
# Condensed liquid

M Total gas
%' Sticky heavy liquid

100

Yields/wt%
— D W B N 0 O
c oS35S 8ES
1 T T 1T 1T T 71T 1

(=)
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Pyrolysis temperature/°C

Fig. 10. Effect of sandstone on the pyrolytic products yield at different temperatures.
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Fig. 11. Effect of sandstone on the gas yield per unit mass of the sample.
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3.2. Effect of the presence of sandstone

The effect of sandstone on the generated gases during pyrolysis
is suspected to be attributed to the clay minerals present in the
rock. Researchers have investigated the effect of heat on clay
minerals in sandstone, and they found that some clay minerals
experienced conversion to other clay minerals while others
collapsed and disappeared [39]. However, the transformation of o-
quartz to B-quartz was observed at temperatures of 580—595 °C.
Another observation is the complete collapse of kaolinite at 550 °C,
while, illite loses structural water at 553 °C.

In this study, the effect of sandstone mineralogy was investi-
gated by placing 5 g of dried crushed sandstone on top of the quartz
wool at the bottom of the reactor. The experiments were conducted
in a temperature range of (300—600 °C) for a residence time of
8 min. Fig. 10 shows the product yield in each experiment where
the sandstone mineralogy influences the products. At a tempera-
ture of 300 and 400 °C, no noticeable change is observed in the
product yields as compared with the results for crude oil pyrolysis
without sandstone. This inferred that the adsorptive and catalytic
effect of the clay minerals is pronounced at higher temperatures. It
is believed that clays catalyze the pyrolysis reaction either by
donating hydrogen cation (Brensted) or by accepting an electron
pair (Lewis acid sites). At 500 °C, slight thermal alteration occurred,
except that there is a slight increase in the total gas yield (1.04 wt%
instead of 0.59 wt% without sandstone). The increase in the gas
yields is attributed to the catalytic effect of the clay minerals, which
causes enhancement in hydrocarbon cyclization and isomerization
that leads to light hydrocarbon generation. With the increase in

Fig. 12. Effect of sandstone on condensed liquid at different pyrolysis temperatures.
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Fig. 13. Effect of sandstone SARA fractions of condensed liquid at different pyrolysis
temperatures.

Table 8
Elemental analysis of liquid products of crude oil pyrolysis in the presence of
sandstone at different pyrolysis temperatures.

Pyrolysis Temperature Elemental composition (wt%)

C H N S
300°C 67.33 1033 0.55 0
400 °C 69.49 10.42 0.02 0.15
500 °C 77.84 11.19 0.02 0.77
600 °C 86.66 12.34 0 0.24

temperature up to 600 °C, the crude oil pyrolysis rate increases,
resulting in enhancement in gas yields and reduction in coke yield.

3.2.1. Effect of sandstone on the pyrolytic gas product

Fig. 11 shows the total gas produced at each experiment. It was
observed that the sandstone addition enhanced the total volume of
the gases produced at each temperature and the volume increased
with the increase in temperature. It was observed that the catalytic
effect of clay minerals is more active at higher temperatures.

An exponential increase in the total volume of gaseous products
was observed with increasing temperature starting from 1.75 mL/g
at 300 °C to a maximum value of 84.06 mL/g at 600 °C. Several
studies [40,41] have investigated the effect of clay minerals on the
various products formed during oil pyrolysis.

The change in volume of the generated gas components as a
function of the pyrolysis temperature and the addition of dried
crushed sandstone is detailed in Table 7. It can be observed that the
effect of the sandstone occurred at temperatures above 400 °C. The
clear enhancement in the methane, ethylene, propylene, ethane,
and hydrogen percentages compared to their percentages in the
experiments conducted without sandstone infer the catalytic ef-
fects of clay minerals on the enhancement of light hydrocarbons at
high temperatures.

Petroleum 11 (2025) 366—376

Fig. 14. Photograph of coke on the top of quartz wool.

3.2.2. Effect of sandstone on the pyrolytic liquid product

Fig. 12 shows the effect of sandstone on the condensed liquid
products at pyrolysis temperatures in the range of 300—600 °C. The
color of condensed liquid products was not affected by the presence
of the sandstone, whereas a similar color-changing trend with
temperature was observed.

The SARA analysis of condensed liquid products of the crude oil
pyrolysis in the presence of sandstone is shown in Fig. 13. This trend
has similarities to that of crude oil pyrolysis without sandstone,
except that at high temperatures, a clear increase in aromatic
fractions and a decrease in resin fractions is observed. This is
attributed to the catalytic activity of clays at high temperatures. It
has been reported that the high adsorption capacity of kaolinite and
illite improves the decomposition of heavy unstable hydrocarbons
and causes the formation of light stable aromatic compounds [42].

The elemental analysis of the condensed liquid products
measured at different pyrolysis temperatures is listed in Table 8. At
low temperatures, the elemental composition of condensed liquid
from crude oil pyrolysis in the absence of sandstone and the presence
of sandstone is nearly the same, signaling less effect of sandstone.
However, as the temperature increases changes in the percentage of
carbon and hydrogen were observed. This observation can be linked
with the increase in aromatics measured by SARA analysis.

The percentages of the three categories of distillation products
analyzed at different temperatures are listed in Table 9. There is an
agreement between the SimDist results and SARA results measured
at low temperatures, while variations are observed at high tem-
peratures. This difference in results at high temperatures is
attributed to the appearance of resin.

3.2.3. Effect of sandstone on the pyrolytic coke product

Fig. 14 shows the pyrolytic coke product deposited on the quartz
wool in the experiment conducted with the presence of sandstone.

Similar to the coke produced in the experiment without sand-
stone, the coking process observed with the presence of sandstone
also increased as the temperature increased, and it reached the
maximum at 600 °C, whereas no coke was deposited at 400 °C and
below. The coke deposited on the quartz wool during the crude oil
pyrolysis in the presence of sandstone looks denser than the coke
deposited in the absence of the sandstone. Also, it was observed

Table 9

Effect of sandstone on SimDist for condensed liquid of crude oil pyrolysis at different pyrolysis temperatures.
Distillation products Boiling points (°C) Chemical composition [34] wt%

300 °C 400 °C 500 °C 600 °C

Naphtha 0—-221 Normal and iso-paraffins 47 42.5 39.8 452
Light cycle oil 221-343 Aromatics 36.5 329 29.8 29.1
Heavy cycle oil >343 Heavy aromatics and NSO compounds 16.5 24.6 304 25.7
Aromatics? >221 Aromatics and heavy aromatics 53 57.5 60.2 54.8

2 Aromatics represents an introduced category calculated by the summation of light and heavy cycle oil percentages.
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10 um

Fig. 15. SEM images of deposited pyrolyzed coke.

Table 10
Elemental analysis of coke product for crude oil pyrolysis in the presence of sand-
stone at 600 °C.

Pyrolysis Temperature Elemental composition (wt%)

C H

N S

600 °C 75.03 2.66 0 791

that coke deposition was within a confined area and not dispersed
as observed during crude oil pyrolysis without sandstone. The
morphological characteristics of the deposited pyrolyzed coke on
top of the quartz wool are illustrated in Fig. 15.

The morphology of the pyrolyzed coke is similar to the transi-
tional coke type reported by Chen et al. [36]. As seen in Fig. 15(a),
the surface of the coke has the form of a flat surface with wrinkles
and pores of different sizes disseminated in the coke surface. Also,
some pores are interconnected. Various sizes of pores that covered
the whole coke area with the presence of the white pellets on the
coke surface are shown in Fig. 15(b) and 15(c). Microcrystalline
structure of threadlike morphology was observed in Fig. 15(d)—(f).
It was concluded that the evolution of gases from the pyrolyzed
sandstone due to alteration or vaporization of some components of
clay at high temperatures led to pores creation on the coke surface.
The observations indicate that coke has better combustion reac-
tivity due to the existence of interconnected pores.

The elemental analysis of the pyrolyzed coke is listed in Table 10.
Compared to the elemental analysis of coke produced by the
experiment without sandstone, the result shows a reduction in all
elements. This can be attributed to the released gases that create
pores in the coke surface and thus decrease the specific surface area
of the coke. The reduction of surface area reduces the adsorption
capacity of the coke.

4. Conclusions

This study demonstrates the potential for direct hydrogen pro-
duction from oil reservoirs. The role of pyrolysis in in-situ hydrogen
generation from crude oil was investigated using a fixed-bed mi-
cro-activity test (MAT) unit. Pyrolysis experiments were conducted
in the temperature range of 300—600 °C and under atmospheric
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pressure. The primary conclusions drawn from the study are as
follows:

(1) The distribution of the products from crude oil pyrolysis
depends mainly on the temperature.

(2) In the absence of sandstone, the volume of hydrogen
generated was 6.39 mL at a pyrolysis temperature of 600 °C,
whereas the presence of sandstone enhanced the hydrogen
generation, reaching a maximum volume of 8.15 ml at 600 °C.

(3) Coke deposition was first observed at a pyrolysis tempera-
ture of 500 °C, with the yield increasing to a maximum at
600 °C.

(4) The deposition of sticky heavy liquid was observed at lower
temperatures, while higher temperatures led to the forma-
tion of coke and the disappearance of sticky heavy liquid.
This may indicate that the sticky heavy liquid partially or
completely converts to coke at higher temperatures.

(5) This study demonstrated the contribution of the pyrolysis
reaction to in-situ hydrogen generation and quantitatively
and qualitatively assessed the pyrolysis products. Addition-
ally, it confirmed the catalytic effect of sandstone in
enhancing hydrogen generation. The results provide valuable
insights that could be useful for the development of kinetic
models. Future work could explore various gasification re-
actions, such as aqua-thermolysis and partial oxidation, to
provide comprehensive information for core flooding ex-
periments under various reservoir conditions.
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