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ARTICLE INFO ABSTRACT

Handling Editor: Jinlong Gong To address the escalating demands for decarbonization in the petroleum industry, a carbon-zero technology,
known as in-situ hydrogen (Hj) production via electromagnetic (EM)-assisted catalytic heating, has recently been
proposed for generating and extracting clean Hj directly from petroleum reservoirs. Although preliminary
techno-economic analyses show significant potential of this emerging technology for clean and affordable
hydrogen, the fundamentals of natural gas conversion to Hy in the presence of reservoir rocks are poorly un-
derstood. In this study, we explore the synergy between sandstone and artificial iron-based catalysts in enhancing
in-situ Hy production from methane (CH4) cracking under EM irradiation. The dynamic behaviors of sandstone
under EM heating are comprehensively investigated, including its thermal behaviors, thermal runaway (TR)
phenomenon, gas generation during TR, and energy consumption. We found that sandstone demonstrates an
evident natural catalytic effect for promoting CH4 conversion to Hj, enabling Hy production starting at about
394 °C. The natural catalytic role of iron minerals in sandstone is elucidated using various advanced charac-
terization techniques. Remarkably, when adding iron catalysts into the sandstone, the highest H, concentration
and CH4 conversion reaches 91 mol.% and 80%, respectively, at a temperature of 666 °C, while they are 50 mol.
% and 35%, respectively, for the sample consisting of iron catalysts and quartz at the same level of temperature.
This result indicates a strong iron-sandstone synergy and a potential to stimulate Hy production by leveraging
this synergy. Throughout the experimental process, the generation of carbon oxides (CO and CO») is negligible.
These findings pave a pathway towards future pilot for carbon-zero in-situ Hy production from sandstone gas
reservoirs.

Keywords:

Catalytic effect of sandstone
Iron-sandstone synergy
In-situ hydrogen production
Natural gas conversion
Electromagnetic heating

1. Introduction gallons of fresh water/kg Hy [4], posing a significant burden for carbon

emissions and the regions with high levels of water stress [5]. It is

Greenhouse gas (GHG) emissions are recognized as a primary driver
of climate change, a pressing global issue necessitating immediate action
to mitigate its adverse impacts. To address this challenge, decarbon-
ization of industries such as the upstream petroleum industry is of
paramount importance as oil and gas operations account for approxi-
mately 15% of total energy-related GHG emissions worldwide [1].
Transforming the natural gas sector into a clean hydrogen (Hs) supplier
emerges as a pivotal solution to curtail GHG emissions in energy
transition.

Steam methane reforming (SMR) is the most established method for
producing hydrogen above ground, generating about 95% of industrial
hydrogen from natural gas and water in the United States [2]. However,
it also generates ~9-10 kg CO.e/kg Hy [3] and consumes 2.38-3.19
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difficult to further reduce its cost as SMR is a mature technology. When
integrated with carbon capture and storage (CCS), the cost is 55% higher
than that of SMR alone [6]. Additionally, there are always associated
GHG emissions in natural gas extraction, transportation,
methane-to-hydrogen conversion, and even CCS process.

In-situ hydrogen production is a new approach for generating and
extracting Hy directly from subsurface oil and gas reservoirs. The idea is
to initiate hydrocarbon cracking and hydrocarbon-water reactions for
hydrogen production in subsurface reservoirs using thermochemical
methods. It is potentially cost-effective as petroleum production,
transportation, and CCS can be completely avoided. This concept can be
used for various petroleum reservoirs [7-10]. Furthermore, millions of
abandoned wells in the US can be potentially re-purposed for in-situ
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hydrogen production, considering there is still 60-80% light oil or above
75% shale gas or 90% shale oil unrecovered in depleted reservoirs
[11-13]. Re-using the existing infrastructure in oil and gas fields will
further reduce the hydrogen cost.

An emerging approach for in-situ hydrogen production from petro-
leum reservoirs is the electromagnetic (EM)-assisted catalytic heating
technology, proposed by our group [10]. A tubular downhole dipole
antenna will be installed to deliver EM energy to the targeted formation.
With artificial catalysts pre-placed in the targeted zone as well as the
natural catalysts of reservoir rocks [14], the efficiency of hydrocarbon
conversion to Hy can be further improved. Once the required tempera-
ture is achieved in situ, Hy will be generated and extracted to the surface
with the assistance of downhole Hy membrane separators, enabling a
carbon-zero process [15]. This technology takes advantage of the
uniqueness of EM heating to significantly accelerate the reaction rate
and promote Hj selectivity [16]. Since the entire process is a
non-combustion approach, it can drastically suppress the generation of
CO». Additionally, it does not require the use of freshwater compared to
water electrolysis and SMR, thus saving substantial water resources.
Furthermore, renewable energy (i.e., wind and solar) and local negative
electricity prices [17] can be perfectly utilized for in-situ EM heating. All
these factors and existing resources can collectively contribute to a
clean, cost-effective, and promising Hy technology.

As an early-stage technology, no field pilot test has been performed
for the EM-assisted catalytic heating for Hy production from petroleum
reservoirs. However, the successful field test using EM heating for oil
recovery [18] and the lab-scale catalytic CH4 cracking, which generated
99.8% H, without rock [16], exhibit its easy scalability, technical
feasibility, and significant potential of this in-situ technology. The
first-of-the-kind experimental work has shown that a maximum of 66
mol.% Hj can be generated from crude oil in the presence of synthetic
catalysts [10]. Another research shows that CH4 conversion in both
shale powders and bulk shale is higher than that in quartz samples under
non-catalytic conditions, demonstrating the catalytic effect provided by
shale rocks in CHy cracking [19]. It is also reported that the highest Hy
concentration reaches 77.2 mol.% from shale oil cracking in shale rocks
without synthetic catalysts [20]. A numerical simulation based on the
Allen-Cahn phase field interface tracking method indicates that the Hy
generation can occur across the target formation with minimal defor-
mation of the hydrocarbon formation when this technology is applied at
a reservoir scale [21]. The preliminary techno-economic analyses show
that the hydrogen cost of this technology can be potentially as low as
$0.86/kg Ha [22,23].

Although recent research findings have highlighted the immense
potential of Hy generation from oil and gas cracking within reservoir
rocks, several critical knowledge gaps persist. First, the dynamic be-
haviors of sandstone rocks under EM irradiation remain unclear, i.e.,
thermal behaviors, energy consumption, and gas generation when
heating sandstone from ambient to high temperatures, etc. Second, the
fundamentals of the natural catalytic effect of sandstone for CH4
cracking are poorly understood. It is necessary to identify which min-
erals or elements contribute to catalyzing this process. Furthermore,
given the excellent catalytic effect of metal particles in hydrocarbon
pyrolysis [24], it is essential to investigate the synergy between
iron-based particles and sandstone rocks. This exploration aims to
enhance hydrogen production by introducing artificial catalysts into
petroleum reservoirs. Moreover, parameters governing Hy production
via EM heating—such as starting temperature of H, generation, con-
centrations, methane conversion, etc.—from methane conversion in
sandstone rocks remain largely unknown.

In field applications, lower EM frequency is generally used to achieve
a deeper penetration depth of the EM wave [25,26]. In this lab-scale
work, a microwave (relatively higher frequency) reactor is utilized to
perform EM-assisted CHy-to-Hy conversion. This approach is chosen for
its time efficiency as higher EM frequencies tend to achieve high tem-
peratures more quickly compared to lower frequencies. Dynamic
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behaviors of sandstone under EM irradiation are first investigated,
particularly focused on the thermal runaway (TR) process. The natural
catalytic effect for enhancing Hy generation enabled by iron minerals in
sandstone is further investigated by purpose-designed experiments and
advanced characterization techniques. Most importantly, the synergy
between artificial iron (III) oxide and natural sandstone for promoting
H, production is characterized and validated. This study endeavors to
elucidate the fundamentals for in-situ Hy production from natural gas in
the presence of sandstone using EM-assisted catalytic heating.

2. Experimental
2.1. Sample preparation

The materials utilized in this work include San Saba sandstone,
quartz, silicon carbide (SiC, Sicat Catalyst), and FeoO3 particles (size 50
nm, Sigma-Aldrich Inc.). The sandstone samples are crushed into par-
ticles with diameters ranging from 38 to 100 pm to mimic the natural
grain size of sandstone rocks and minimize the influence of particle size.
Because of its excellent microwave absorbing ability, SiC is added to the
samples to easily control the temperature profiles during microwave
irradiation. Fe,O3 particles are used to explore the enhanced role of iron
minerals in sandstone and the iron-sandstone synergy in promoting
hydrogen production. Quartz powder serves as a reference for compar-
ison. All the samples are thoroughly mixed using a pestle and mortar for
15 min. To minimize the impact of free water presenting in the rock, the
samples are subjected to a drying process in an oven at a temperature of
80 °C for 24 h.

2.2. Methods and techniques

The experimental setup deployed in this study has been clearly
demonstrated in previous work [20,27]. After sample preparation, the
samples are carefully loaded into the reactor tube held by a quartz wool
plug. Then the reactor tube is placed into the microwave cavity followed
by the examination of hermetic sealing to the system. To eliminate the
residual air existing in the samples, argon gas (Ar) is first purged at a
flow rate of 60 standard cubic centimeters per minute (sccm) for 15 min
to create an inert environment. Subsequently, both CH4 and Ar are
introduced into the reactor at a flow rate of 30 sccm. Once the gas flow
stabilizes, the experiments start with the activation of microwave
irradiation.

To simplify, pure CHy is used as the feedstock for Hy while Ar is
employed as a carrier gas. As an inert gas, Ar cannot react with other
reactants even at high temperatures, therefore its constant flow rate will
provide a reference to calculate the variations of flow rates of the
generated gases during the experiments. The methane conversion (M,) is
calculated using Eq. (1), where Q;, and Qo represent the flow rates of
CH,4 at the inlet and outlet of the system respectively.
w X 100%

n

M, (0/0) = (@)

To delve into the fundamentals and conduct detailed characteriza-
tions throughout the experiments, advanced techniques including X-ray
Diffraction (XRD), X-ray Fluorescence (XRF), Scanning Electron Micro-
scope (SEM), Energy Dispersive X-ray Spectroscopy (EDS), Transmission
Electron Microscope (TEM), and Temperature-Programmed Reduction
(TPR) are employed to examine the samples before and after reactions.

3. Results and discussions
3.1. Dynamic behaviors of sandstone under microwave irradiation
Previous work demonstrates that reservoir rocks can be heated to

over 700 °C under microwave irradiation, exhibiting a TR phenomen-
on—a rapid increase in temperature during the EM heating process [20,
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28]. However, the dynamic behaviors of sandstone samples such as
heating performance and gas generation during TR are still unknown.

Understanding the dynamic behaviors of sandstone rocks is a key to
optimizing in-situ Hy production from gas reservoirs. For one thing,
heating the rock samples to the required temperature for hydrocarbon
cracking reactions is essential for CH4 conversion to Hy. Second, energy
consumption during the heating process is crucial to evaluate the eco-
nomic feasibility of the proposed technology. Other than that, knowing
the gas generation in sandstone rocks at high temperatures without CHy4
involved is necessary to identify its contribution to the total in-situ Hy
production from reservoirs.

In this section, sandstone samples consisting of 80 wt% sandstone
and 20 wt% SiC are subjected to microwave heating in a pure Ar gas
environment. To prevent interference from other gases, no CHy is
flowing into the reactor throughout the heating, only a flow of Ar is
introduced as an inert & carrier gas at a flowrate of 60 sccm. The vari-
ations of temperatures, input microwave power, and gas production
during the experiments are depicted in Fig. 1.

Two independent runs are conducted to ensure the repeatability by
using two samples consisting of the same content of sandstone and SiC as
described in Fig. 1(a). It is clear there is a rapid temperature rise when
the temperature of the samples reaches approximately 570-590 °C,
which is the indication of TR occurrence for sandstone under EM heat-
ing. This result further confirms the findings in previous papers [28,29].
Before TR occurs, there is no doubt that higher microwave power results
in higher temperature of the sandstone sample. Interestingly, when
examining the maximum temperatures achieved over various micro-
wave powers as shown in Fig. 1(b), it becomes very contrastive when
comparing the samples before and after the TR phenomenon. For the
non-TR sample (samples before TR or without TR occurrence), a
maximum temperature of 582 °C is achieved at a power of 1.2 kW.
However, for the post-TR sample (sample after TR occurrence), the same
temperature can be easily achieved under a much lower power at 0.17
kW. This means substantial input energy can be saved when heating
post-TR rock samples compared to non-TR samples. It indicates that the
heating efficiency of post-TR samples has been much improved by TR,
which may be caused by crystalline changes of rock minerals during TR
and subsequent alterations in its thermal properties after TR [28,30,31].

Strikingly, a certain number of gases are also generated along with
the TR occurrence as shown from the 5™ to the 6™ minute in Fig. 1(c).
The transient flow rate of the generated H; peaks at 2.2 sccm, while the
highest transient flow rate of generated carbon monoxide (CO) reaches
14.0 sccm. Notably, the gas generation during the TR process is very
limited because it disappears as TR goes to an end. No more gas is
produced after TR even if the temperature goes higher. There are two
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reasons for the production of these gases: 1) the reactions between the
ubiquitous carbonaceous substance and the residual & lattice oxygen in
the samples can produce significant CO at high temperatures; 2) the
mass loss caused by the crystalline changes of minerals may also
contribute to the CO and Hj production, which might be related to the
dihydroxylation reactions under the high temperatures when TR occurs
[32,33].

These findings reveal the evolution of temperatures and gas gener-
ations of the sandstone under EM irradiation, providing a foundation for
better understanding CH4 conversion to Hy in the following experi-
ments. Not only does the TR phenomenon exist in the sandstone rock
under EM irradiation, but also it can be leveraged to reduce energy
consumption significantly during the heating process. Furthermore,
minor gases such as CO and Hy are generated concurrently with the
occurrence of TR. This underscores a deeper understanding of the TR
phenomenon and establishes a robust groundwork for forthcoming
experimental outcomes.

3.2. Investigation of the natural catalytic effect of sandstone

To gain insights into the Hy production resulting from CH4 conver-
sion in the presence of sandstone rocks, a sample consisting of 80 wt%
quartz and 20 wt% SiC is used as a reference case, in comparison to that
with the same ratio of sandstone and SiC. From this section, a flow rate
of 30 sccm CHy is used to provide the feedstock for the reactions while
the same flow rate of Ar is deployed as carrier gas in the experiments.
Note that the rock samples here are preheated to be post-TR samples to
abate the influence of the temperature fluctuations and the gas gener-
ation caused by TR.

Fig. 2 illustrates the real-time concentration of gases produced from
CH4 cracking in the two samples. For the quartz sample, a 1.0 mol.% Hj
starts to be generated at a measured temperature of 562 °C. The Hy
concentration declines rapidly with the highest value of 32.7 mol.% at
around 650 °C as shown in Fig. 2(a). In contrast, Hj starts to be gener-
ated at a much lower temperature of 394 °C for the sandstone sample in
Fig. 2(b). The average Hy concentration reaches over 60.0 mol.% with a
peak at 80.0 mol.% when the temperature approaches 650 °C. The
apparent difference in results between the two samples implies that
there is a clear catalytic effect in the sandstone, which both lowers the
reaction temperature and enhances Hy production from CH4 cracking.
Another notable point is the minor generation of CO from the sandstone
sample, which can be attributed to the incomplete TR, indicated by a
temperature rise as the dotted black square shown in Fig. 2(b). After
that, there is almost no CO generated anymore.

Interestingly, one similarity shows up between the two samples: Hj
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Fig. 1. Sandstone sample under microwave irradiation. (a) Temperature vs. heating time for sample with 80 wt% sandstone and 20 wt% SiC; (b) Maximum tem-
perature vs. input powers for samples before and after TR; (c) Gas generation during TR.
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Fig. 2. Real-time gas concentration from CHy4 cracking in different samples. (a) 80 wt% Quartz + 20 wt% SiC; (b) 80 wt% Sandstone + 20 wt% SiC.

production has a strongly proportional relationship with temperature;
each time the temperature starts to increase rapidly as marked in the
dotted red circle on both the temperature profiles, the Hy concentration
exhibits an evident rise accordingly. Another noteworthy fact is that
there is no CO, generated during the experiments, suggesting the great
potential for an even cleaner pathway.

To better understand the natural catalytic effects offered by the
sandstone, a series of analyses including XRD, XRF, and SEM-EDS are
conducted on sandstone particles. XRD tests are conducted using an
Olympus BTX II instrument to quantitatively analyze the mineralogy of
the sandstone samples. This analysis employs Co Ka radiation with a step
size of 0.05. The quantitative elemental analysis of the sandstone is done
by X-ray fluorescence (XRF) technology. Specifically, a Thermo Scien-
tific ARL PERFORM’X instrument is utilized, operating at voltages
ranging from 30 to 60 kV and currents from 60 to 120 mA. The analyses
of SEM-EDS are performed by a Hitachi S-4700 Field Emission Scanning
Electron Microscope (FE-SEM) equipped with EDAX Energy Dispersive
X-ray Spectrometer (EDS). Images of morphology are obtained using a 2
kV accelerating voltage at a 3 mm working distance. Whereas EDS is
conducted by the secondary electron of the setup at a 12 mm working
distance.

Table 1 provides a summary of the primary mineral components and
major elemental compounds found in the sandstone rock. While quartz
predominates as the main mineral, notable metal minerals such as
Aly03, Fex03, and K30 are also present in varying quantities. The EDS
results in Fig. 3(a) indicate that apart from Si and O, there are also metal
elements such as Al, Fe, K, and Mg presented on the surface of the rock
samples. These identified metal elements demonstrate strong catalytic
effects in methane cracking, hydroamination, and hydrogenation re-
actions under surface conditions [34-36]. Therefore, their presence in
sandstone may play a pivotal role in facilitating natural catalytic effects
for natural gas cracking.

Fig. 3(b)-(c) depict images of the sandstone particles before CH4-
cracking experiments (fresh sample). It is apparent that the edges of the
sandstone particles are distinct and uniform, while the particle surfaces

Table 1
Mineralogy and elemental analysis of the sandstone.

appear clean, with a minimal amount of adhered tiny particles. More-
over, some particles exhibit a notable large surface area, as illustrated in
Fig. 3(c), which proves advantageous for catalyzing the reactions. Upon
examining the sample after experiments (spent sample) as shown in
Fig. 3(d), we observed a large amount of spherical carbon fibers and a
scattering of carbon nanotubes deposited on the surface of the
sandstone.

These observations may provide a plausible explanation for the
natural catalytic effect facilitated by sandstone particles: 1) catalytic
metal minerals dispersed randomly within the natural sandstone rocks
serve as catalysts; 2) active energy of reactions will be lower down in the
presence of these natural catalysts once the required temperatures are
attained under microwave heating. Consequently, CH4 undergoes
cracking, yielding solid carbon and H,. The solid carbon as well as some
carbon nanotubes then precipitate in the places around these catalytic
minerals in the sandstone particles; 3) the large surface area of some
sandstone particles also can accelerate the CHy cracking. Therefore, a
natural catalytic effect is contributed by sandstone under microwave
irradiation.

To elucidate the role of metal elements as natural catalyst, TPR tests
are performed at ambient pressure by a Micromeritics AutoChem II 2920
analyzer equipped with a temperature conductivity detector (TCD).
Before test, the sample is pretreated under a flow of He (50 mL/min) to
800 °C to remove the unstable content in the sample. Then the sample is
cooled to room temperature. TPR tests are thereafter started by changing
the gas atmosphere to 10% Hay/Ar, saturating the sample for 10 min,
subsequently heating to 800 °C at a rate of 10 °C/min. There are two
samples used in the tests: one comprises 95 wt% quartz and 5 wt%
Fe,03, while the other consists of 100 wt% sandstone.

Fig. 4 shows peaks centered around 430 °C for both samples, indi-
cating the presence of Fe;O3 [37,38]. This observation provides evi-
dence for the reduction ability and the catalytic performance of
sandstone. The wide reduction stage at 630-800 °C of the pure sand-
stone sample may correspond to the presence of Fe3O4, and iron alu-
minates (FeAlpO4) due to the presence of Al in the sandstone rock [39,

Mineralogy analysis by XRD

Components Quartz Microcline Albite Kaolinite Illite
wt. % 92.4 2.4 2.8 1.5 0.9
Elemental analysis by XRF

Compounds SiOy Al,03 Fe;03 MgO CaO NayO K20 TiO, P,05 MnO
wt. % 90.57 4.65 1.52 0.76 0.11 0.11 1.25 0.35 0.05 0.01
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Fig. 3. Characterization results of sandstone samples: (a) EDS results of fresh sandstone; (b) & (c) SEM images of fresh sandstone; (d) SEM image of spent sandstone.
Note: The C peak shown in EDS may be attributed to 1) the carbon tape used on the sample holder, and 2) ubiquitous carbonaceous substances.
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Fig. 4. Temperature-programmed reduction (TPR) profiles of the samples.

40], as shown in Table 1. These metal compounds also play a catalytic
effect in CHy4 cracking as illustrated in some research [41,42]. These
results underscore that although the iron content is low in the sandstone,
it still plays a significant role in catalyzing the conversion of CH, to Ha.
Furthermore, other elements such as K, Mg, and Al in sandstone might
also exhibit catalytic synergy in CH4 cracking. However, this aspect
could not be conclusively demonstrated in this study, necessitating
further investigation in future works.

3.3. Enhancing role of iron-catalyst for hydrogen production

To further verify the catalytic effect contributed by iron minerals,
experiments are carried out by using two quartz samples under different
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catalytic conditions with iron (III) oxide. The results of a reference
sample consisting of 80 wt% quartz and 20 wt% SiC are presented in
Fig. 5(a)-(b). The data of the other sample consists of 80 wt% quartz, 15
wt% SiC, and 5 wt% Fe,Os is illustrated in Fig. 5(c)-(d). While Fig. 5(a)
and (c) demonstrate the real-time concentration of gases generated from
CH4 cracking over temperatures for the two samples, Fig. 5(b) and (d)
reveal the total gas production after a 15-min CH4 cracking reaction for
the two samples.

The quartz sample with Fe;O3 nanoparticles exhibits a peak of Hj
concentration at 50.4 mol % when the temperature reaches approxi-
mately 650 °C. In contrast, the quartz sample without iron catalyst only
achieves a maximum Hj concentration of 13.1 mol % at the same tem-
perature level. Notably, there are no carbon oxides (i.e., CO and CO5)
produced for both samples throughout the process. After Hy concen-
tration reaches 1%, the cumulative Hy production for the quartz sample
with Fe;O3 reaches 216 cubic centimeters (cc) in 15 minutes, which is
four times higher than that of the sample without Fe;O3 (53 cc).
Consequently, the total amount of unreacted CHy for the quartz sample
with Fe,O3 (61 %) is lower compared to the sample without Fe,O3 (89
%), meaning more CH,4 converted to H; for the sample with iron catalyst.

These findings clearly demonstrate that Fe;O3 nanoparticles have a
catalytic role in enhancing CH4 cracking for Hy production, thereby
further confirming the conclusion that the natural catalytic effect is
partially contributed by iron minerals in sandstone.

3.4. Promoting hydrogen production through iron-sandstone synergy

In this section, a sample consisting of 80 wt% Sandstone, 15 wt% SiC,
and 5 wt% FeOs is utilized to investigate the synergy between iron and
sandstone for promoting Hy from CHy4 cracking. The results of gas con-
centration over temperature are illustrated in Fig. 6(a), while the cu-
mulative Hy production and the real-time CH,4 conversion are displayed
in Fig. 6(b).

Since there is no CO; generated in the experiment, the concentration
of CO; is not shown in Fig. 6(a). As we can see, hydrogen starts to be
produced from 430 °C, then its concentration peaks at 91 mol. % at
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Fig. 5. Experimental results of quartz samples with and without Fe-catalyst. (a) & (b) Gas production for the sample of 80 wt% Quartz + 20 wt% SiC; (c) & (d) Gas

production for the sample of 80 wt% Quartz + 15 wt% SiC + 5 wt% Fe,Os.
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around 666 °C, which is obviously higher than that of the sandstone
without iron catalyst (Fig. 2b). A low concentration of CO is also
generated when the temperature approaches 580 °C, which may result
from the gas generation during TR occurrence as discussed in section
3.1. The CH4 conversion depicted in Fig. 6(b) exhibits a similar trend
with the Hy concentration in Fig. 6(a), reaching a peak value at 80%
where the Hy concentration is 91 mol. %. The cumulative Hy volume
indicates that nearly 1560 cc of Hj is produced by adding iron nano-
particles into the sandstone sample. These results indicate that iron-
sandstone synergy shows a better effect on enhancing Hy production
than the sandstone without iron catalyst.

Furthermore, we also compare the production data following a 15-
min CH4 cracking reaction for the two sandstone samples, the one
with iron that is represented in Fig. 6 and the other without iron which is
represented in Fig. 2(b). The comprehensive results are shown in Fig. 7.

under iron-sandstone synergy. (a) Real-time gas concentration vs. temperature; (b) cumulative
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The concentration of Hy produced in the sample with iron reaches 83.9
mol.%, marking a notable increase of 13.1 mol % compared to the
sample without iron. Meanwhile, the CH4 conversion of the iron-
containing sample is 22.0% higher than that of the other sample. This
further confirms the effect of iron-sandstone synergy for boosting Hp
production. It indicates the potential for enhancing hydrogen produc-
tion by introducing artificial iron catalysts into petroleum reservoirs to
initiate iron-sandstone synergy. This can make the approach more effi-
cient and cost-effective. It is noteworthy again that there is almost no
CO; produced throughout the experiments, and the generation of CO is
also negligible over the 15-min dimension.

Theoretically, Hy will be generated through CH4 cracking once the
temperature reaches the required reaction threshold; higher tempera-
tures result in more Hy production. However, it is evident that the
percentage of produced H; decreases from 90 mol.% to 67 mol.% as the
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Fig. 7. Experimental data after a 15-min CH4 cracking for sandstone samples
with and without Fe-catalyst. Note: 1) The hollow bars represent the data of the
sandstone sample consisting of 80 wt% sandstone and 20 wt% SiC, whereas
solid bars represent that of the sample consisting of 80 wt% sandstone, 15 wt%
SiC, and 5 wt% Fe;O3; 2) The maximum temperature in the experiment is
controlled within the range of 650-680 °C for both samples; 3) The 15-min
timing starts when the H, concentration reaches 1%; 4) Gas percentages are
calculated based on the cumulative gases produced over the 15-min period; 5)
For comparison, CH, conversion (Mc) is also listed in the chart.

temperature rises from 677 °C to 697 °C, as depicted in the Hy con-
centration from the 20™ to the 40™ minute in Fig. 6(a). This phenom-
enon is attributable to the formation of solid carbon resulting from the
methane cracking (CH4 — C + 2Hj3). The carbon deposited during the
reactions may obstruct the activated sites of the catalytic minerals in
sandstone, thereby deactivating the reactions and reducing the Hy pro-
duction [43,44].

A Hitachi H-9500 TEM is employed here to examine more internal
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details of the deposited carbon, including crystallinity, amorphousness,
and grain size, etc. The TEM grid size utilized is 3 mm in diameter, with
the accelerating voltage set at 300 kV. Before the test, the sample is
uniformly dispersed in ethanol and subsequently drop-cast onto a TEM
carbon grid placed on filter paper. Evaporation is then allowed to pro-
ceed until the sample is ready for analysis.

By combining the results obtained from both the SEM and TEM an-
alyses of the spent sandstone samples, some insights regarding the
generated carbon can be drawn: 1) most of the carbon is deposited in the
form of spheres and tubes, with sizes ranging from nanometer to
micrometer as shown in Fig. 8(a) and (c); 2) carbon nanotubes are also
found on the surface of sandstone particles (Fig. 8b), which can be
attributed to the catalysis of metal elements containing in the rock [16];
3) it seems carbon prefers to deposit around rock grains (see Fig. 8a and
b); and 4) well-ordered crystalline carbon sheets are found covering the
solid particle surface when observed at the nano-scale, as demonstrated
in Fig. 8(d), leading to deactivation of the natural catalysis.

Although carbon deposition can diminish catalytic effectiveness, it
also offers certain advantages. First, carbon can serve as an exceptional
microwave absorber [45], easily facilitating the attainment of high
temperatures under EM heating. This can significantly reduce the
heating power and energy input, thereby lowering the overall cost of
in-situ hydrogen production. Secondly, carbon deposition may enhance
Hy production through the water-carbon reactions in the presence of
reservoir water. Further elaboration and in-depth discussions on these
aspects will be provided in forthcoming investigations.

4. Conclusions

Lab-scale CH4 cracking experiments are conducted under microwave
irradiation with the aim to promote H; production from natural gas in
the presence of sandstone and iron catalyst. The natural catalytic effect
contributed by iron minerals in sandstone is comprehensively investi-
gated. The key findings are summarized below:

Thermal runaway (TR) phenomenon occurs in the rock sample with
80 wt% sandstone and 20 wt% SiC at a temperature range of 560-590 °C
under EM heating. Once TR occurs, the sandstone samples can be easily

(c)

Fig. 8. Characterization of generated solid carbon: (a) & (b) SEM images; (c) & (d) TEM images.
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heated up to 700 °C with a much lower input power, which can be
leveraged to significantly reduce the energy cost for in-situ Hy genera-
tion from gas reservoirs.

Iron (III) oxide demonstrates a noticeable ability to enhance Hjy
production under EM heating, indicating the iron minerals in sandstone
act as a natural catalyst to promote CH,4 conversion to Ho. Consequently,
H, starts to be generated from CHy in sandstone samples at a measured
temperature of 394 °C.

The synergy between iron catalyst and sandstone is identified for
boosting H production. With this synergy, the highest H, concentration
and CH4 conversion obtained are 91 mol.% and 80% at 666 °C,
respectively. Thus, introducing artificial iron-based catalysts into
reservoir rocks may provide an efficent way to enhance in-situ hydrogen
production in future pilots.

The generation of carbon oxides (CO and COj) is negligible
throughout the experiments, suggesting the potential for a carbon-zero
and cost-effective technology for in-situ Hy production from both new
and depleted gas reservoirs.

The catalytic effects for CH4 conversion to H deactivate by the solid
carbon deposited in the reactions. Additionally, the role of water in the
process can be further investigated as there is always formation water
present in reservoirs. More research will be conducted to unravel the
role of water in hydrogen production and removal of solid carbon in situ.
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