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ARTICLE INFO ABSTRACT

Keywords: Hydrogen (Hy) storage in geological formations offers a potential large-scale solution suitable for an industrial-
Hydrogen scale hydrogen economy. However, the presence of organic residuals can significantly influence the Hy storage
Carbon dioxide efficiency, as well as cushion gas performance, such as CO, and CHj, injected to maintain healthy reservoir
r;ilra;?m pressure. Thus, the Hj storage efficiency and cushion gas selectivity were thoroughly investigated in this work

based on Hy, CO3, and CH4 adsorption measurements using, for the first time, actual organic-rich carbonate-rich
Jordanian source rock samples (TOC = 13 % to 18 %), measured at 60 °C temperature and a wide range of
pressure (0.1 — 10.0 MPa). Initially, the samples were characterized using various analytical methods. Results
demonstrated that Hy adsorption capacities reached up to 0.47 mol/kg at 9.0 MPa. The measured adsorption of
CO,, was four times higher than Hj. An increase in TOC significantly decreased Hy adsorption compared to COy
and CHy4. Additionally, CO, demonstrated preferential behavior as a cushion gas compared to CHy, attributed
mainly to the calcite content and presence of carboxyl and sulfonyl groups. This study provides fundamental data
for understanding Hy potential storage issues in an organic-rich rock formation and thus aids in the industrial

Underground storage
Organic-rich

implementation of an Hy supply chain.

1. Introduction

Hydrogen is a clean fuel recognized as a promising alternative to
fossil fuels in support of the global decarbonization plans to effectively
reduce the negative impact of carbon emissions on the climate [1-4].
Hydrogen supports alternative sources of clean energy production, such
as wind turbines and solar systems, while helping to overcome their
intermittency problem and the off-seasonal supply nature [5,6]. How-
ever, an industrial-scale expansion of a hydrogen-based economy re-
quires the existence of a vast storage medium, which is still the foremost
hurdle to achieve [2,7-13]. Therefore, several solutions for hydrogen
storage have been proposed, including underground hydrogen storage
(UHS) in geological formations, such as salt caverns, saline aquifers, and
depleted oil and gas reservoirs [3,9-12,14-21].

Geological formations represent natural structures that can provide
vast storage capacities for future strategic energy demands [9,22,23].

* Corresponding author.
E-mail address: Amer.alanazi@kaust.edu.sa (A. Alanazi).

https://doi.org/10.1016/j.fuel.2023.128362

Among them are those depleted hydrocarbon-prone conventional and
unconventional reservoirs structurally deeper than the other salt caverns
and saline aquifers and characterized by formations with tight pore
networks (i.e., nano to mesopore) [24]. These reservoirs are potentially
regarded as a suitable option since they represent pressurized natural
containers for gas storage and can adsorb large amounts of hydrogen
(Hy), carbon dioxide (CO,), and methane (CH4), with a low risk of
leakage [25-27]. Higher reservoir pressure implies that the gas can be
readily withdrawn [28]. Typically, underground H, storage requires a
volume of a secondary gas to be maintained in the reservoir before the
injection of Hy for storage, which is referred to as “cushion gas” [29].
Notably, the cushion gas manages the reservoir pressure and provides
the required energy for the Hy extraction. The cushion gas can be either
the same gas or preferably a denser gas than Hj, such as CO; and CHy
[17,30-36]. The maximum extracted gas volume from a reservoir rep-
resents the storage capacity, also known as the “working gas” [19,37].
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The main trapping mechanisms that govern the immobilization of
the buoyant Hy during UHS are the residual capillary trapping within a
reservoir rock and structural trapping caused by an impermeable sealing
caprock [38-41]. These trapping mechanisms are highly influenced by
the Hy adsorption capacity inside a rock pore structure. Recent studies
have depicted the significant role of Hy adsorption on the surface of coal
seam and clay-rich rock samples[26,42-46]. The concept of adsorption
trapping is to store Ho, which is adsorbed on the rock surface during the
storage process and extracted by reducing the pressure during the
retrieval process. In standard experimental procedures, the adsorbed gas
is also referred to as “absorbed”, “sorbed”, and “dissolved” gas [47].
Thus, the adsorption isotherms used here denote any state of the gas
determined by measuring the gas uptake by a solid, compared to a
reference “non-adsorbing” gas (i.e., helium) at different pressure and
temperature conditions.

Assessing the amounts of adsorbed gas and adsorption capacity of a
rock pore system is challenging and requires a detailed investigation of
various controlling parameters [42,48]. The gas adsorption capacity on
a rock surface is typically influenced by the operating pressure, tem-
perature, rock elemental and mineral composition, rock pore structure,
surface area, and total organic content (TOC) [42,49]. Some publica-
tions have linked the decrease in the gas adsorption capacity to the in-
crease in the pore size [50-53]. While, other researchers have reported
that gas adsorption-desorption capacities in calcareous and argillaceous
shale rocks are mostly influenced by their total organic content (TOC)
and thermal maturity [47,49,54-57]. Moreover, Hy adsorption on syn-
thesized eagle-ford shales saturated with humic acid showed an
increased adsorption capacity with pressure [46]. The findings showed
that the organic presence can enhance the H; geological storage through
improving its adsorption on reservoir rock surface, which in turn affects
the rock wettability characteristics [58-60].

On the other hand, high organic content is undesirable in caprocks as
they negatively affect structural trapping [61]. They can significantly
affect the rock wettability in becoming less hydrophilic, which reduces
the caprock’s ability to prevent Hy plume migration by reducing
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capillary entry pressure exerted by the fluids within a caprock against
the buoyant Hp [15,58,62,63]. Thus, it is crucial to study the impact of
organics that actually exist in reservoir/cap rocks and evaluate their
influence on the rock-wetting characteristics, Hy trapping mechanisms,
sealing efficiency, and storage security in the context of UHS [39,64].

In the literature, the Hy adsorption behaviour on actual organic-rich
rocks has been scarcely reported [49,65,66]. In this work, the different
adsorption behaviors of Hy, CO5, and CH4 were measured on immature
organic-rich carbonate-rich (i.e., calcareous) source rocks from Jordan,
known as Jordanian oil shale. The Jordanian oil shale have been typi-
cally used to study several maturity characteristics of the source rock
and many other geological, economic, geochemical, and environmental
aspects [67-74]. However, we used the Jordanian carbonate-rich sam-
ples which are naturally rich with organics, to study for the first time the
influence of actual organics on Hy underground storage and cushion gas
selectivity between CO2 and CH4 demonstrated at moderate pressures
and varying TOC. Therefore, this work provides a fundamental concept
and technical insight on UHS concerning organic matter to aid a large-
scale implementation of a Hy economy.

2. Jordanian oil shale

The Jordanian source rocks correspond to the Muwaqqgar Chalk-Marl
(MCM) formation, deposited during the Late Cretaceous to Early
Paleocene time [75], as displayed in Fig. 1. During this time, Jordan was
located at the southern margin of the NeoTethys Ocean. The global sea-
level rise led to the progression of the NeoTethys Ocean over the south
and east of the Arabian plate [76]. This progression led to the formation
of carbonate platform sequences, including thick limestone, marl, and
chalk deposits in the central and southern parts of Jordan [77], Fig. 1b.
During the Late Eocene time, the Arabian plate moved northward
against the Eurasian plate, resulting in the closure of the NeoTethys
ocean and the termination of the shallow marine platform sequence
deposition [76].

The MCM formation consists of marl, chalk, and marly to phosphatic
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Fig. 1. Information on Jordan source rocks — a) geological map of Jordan showing the drilled well location and b) Generalized stratigraphic column showing
significant occurrences from Late Cretaceous to Early Paleogene (modified after Powell and Moh’d, 2011 and Abu-Mahfouz et al., 2019).
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limestone and chert beds interbedded with bituminous mudrocks. The
organic-rich carbonate mudrock interval was deposited in reducing
conditions from the sedimentation of algal organic matter produced in
near-surface marine waters [67,77,78].

The Jordanian source rocks, characterized as type II/IIS kerogen, are
amongst the richest source rocks globally, with TOC as high as 30 %.
However, the Jordanian source rocks generally are thermally immature
and have not been reported to produce hydrocarbons on an economic
scale. For this study, four samples were selected at different depths from
a well drilled in the North-west of Jordan at the location depicted in
Fig. la.

3. Experimental methods
3.1. Pyrolysis measurements

The four samples were grounded to powders of a particle size be-
tween 40 um and 120 pm. About 50 mg of each sample was analyzed for
detailed pyrolysis using RockEval 7S (©Vinci Technologies from Nan-
terre, France) to measure the organic matter’s richness and maturity.
The methodological and assessment criteria are already described in [79
and 80]. The obtained parameters from this analysis include S1, S2, S3,
Tmax, and Sulfur content. S1 (mgHC/gRock) signifies the amount of free
hydrocarbons present without thermal cracking of the kerogen at about
300 °C. S2 (mgHC/gRock) shows the amount of hydrocarbons released
due to thermal cracking from 300 to 600 °C, whereas S3 (mgCOy/gRock)
indicates the amount of CO; released during the programmed pyrolysis.
Tmax (°C) refers to the temperature for the maximum peak of S2 and
represents the maturity of the source sample. The sulfur content was
measured during pyrolysis and oxidation with temperatures up to
1200 °C. The TOC of the rock was determined by oxidation under air, in
a second oven, of the residual organic carbon after pyrolysis. Other
valuable parameters were also calculated from the obtained parameters,
including the Hy index (HI = S2/TOC), the oxygen index (OI = S3/TOC),
the production index (PI = S1/(S1 + S2)) and the hydrocarbon potential
(S1 + S2). All the results were checked and calibrated by using an IFP
Energies Nouvelles (IFPEN) standards.

3.2. Mineralogy, elemental compositions, and thermal decomposition

The Jordanian source rock samples’ elemental composition was
characterized via Energy-Dispersive X-ray (EDX) mapping and Scanning
Electron Microscopy (SEM) measurements using a Hitachi SU3500
Scanning Electron Microscope. In addition, the corresponding mineral-
ogical compositions were assessed through a RAYONS X-ray powder
diffraction (XRD) instrument equipped with a cobalt Ka radiation source
at 40 kV and 40 mA. The powder diffraction patterns and Rietveld
refinement were measured with a Rietveld X-ray diffractometer,
whereas the amount of each phase was identified semi-quantitatively
with High Score Plus software. A thermo-gravimetric analysis (TGA)
was also conducted to measure the decomposition temperature of the
analyzed samples using the PerkinElmer-Thermo-gravimetric 4000
Analyzer-TGA system.

3.3. Surface functional groups, specific surface area, and pore size

Fourier-Transformed infrared spectroscopy (FTIR) for the wave-
number range of 650 to 4000 cm ™' with a PerkinElmer-Spectrometer
100-FT-IR instrument was conducted to characterize the chemical
active functional groups on the rock surface. In addition, the surface zeta
potential of the samples was measured using a surface zeta potential
analyzer by Malvern instruments. The samples were grounded with a
blade grinder (700G high speed chinses electric medicine crusher) and
sieved to homogeneous particle sizes between 45 pm and 125 ym. Low-
pressure nitrogen (N2, 99.999 vol%) adsorption-desorption isotherm
measurements were also carried out at 77 K to measure specific surface
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area BET (after Brunauer, Emmett, and Teller), pore volume and average
pore size of the samples using a Tristar II (3020) instrument.

3.4. Adsorption measurement

The adsorption profiles of CO; (purity = 99.99 mol%), CH4 (purity =
99.99 mol%), and Hy (purity = 99.995 mol%) were measured at an
elevated temperature value of 60 °C and a wide range of pressures
(0.1-10.0 MPa) using a PCTpro-2000 adsorption analyzer (Setaram
Instrumentation from Hong Kong). The testing temperature was set to
60 °C to represent the average temperature of oil and gas reservoirs in
the region [81,82]. The influence of temperature on gas adsorption
potential on a formation rock surface has been previously reported [42].
The higher the temperature, the lower is the gas adsorption due to the
increase in the kinetic energy of the gas molecules that will attempt to
escape from the adsorbed layer to the gas-free phase [83]. The instru-
ment is fully automated and operates based on Sievert’s method for
measuring the gas adsorption properties of porous materials [44]. Before
the experiment, each sieved and ground sample was heated and dried in
the oven at 80 °C for 48 hrs, then heated under vacuum at 60 °C for
approximately 12 hrs. Experimentally, the measurements in the instru-
ment rely on the pressure variation, which is composed of two parts.
More specifically, the fast pressure variation is due to gas expansion in a
more extensive volume reservoir. The slower pressure variation can be
ascribed to gas adsorption in a sample. Helium (purity = 99.99 mol%, at
4-5 bar) was also used for calibrating the instrument before the
adsorption measurements. Helium is considered an inert gas and can
reach all the permeable pores of the sample without being adsorbed
[84,85]. A specific mass of dry samples (ranging from 0.5 to 1 g),
powdered to a particle size between 40 um and 120 pm, was poured into
the sample cell, and the cell was evacuated for at least two hours at the
temperature value of 60 °C. Details of the sample preparation procedure
have been provided by a previous study [86]. Several tests were
repeated thrice, and the average standard deviation was estimated as +
3 % based on replicate measurements.

4. Results and discussion
4.1. Jordan carbonate source rock properties

The Jordan source rock samples showed varying TOC content
ranging from 13 % to 18 %. The obtained parameters from RockEval 7S
are presented in Table 1. The samples are numbered descending from
the highest TOC (Carbonate-1) to the lowest TOC (Carbonate-4),
whereas the Hydrogen Index (HI) shows a slight increase with the
decrease in the TOC. A modified Van Krevelen diagram is plotted against
HI and Oxygen Index (OI) of the analyzed samples, which suggests a
Type II kerogen with high Sulfur content (Fig. 2a). Such kerogen type
represents organic matter deposition in marine environments under
euxinic conditions. A cross-plot between TOC and hydrocarbon poten-
tial yield (S1 + S2) characterized the studied source rocks samples as
excellent quality (Fig. 2b) was demonstrated. However, the corre-
sponding Tp,ax values for these samples are low (approximately average
of 419 °C). The low Tp,ax values suggest the studied source rock has not
reached the optimum thermal maturity window to generate hydrocar-
bons and is therefore characterized as an immature source rock interval
(Fig. 2¢). The complex pyrolysis plots for each sample are displayed in
Figures S1 to S4 in the supplementary information file.

4.2. Characterization of organic-rich source rock samples

The analyzed Jordan source rock samples were characterized based
on the Dunham classification [87]. The samples showed a fine-grain
texture with intra-particle porosities. These samples are poorly sorted,
ranging from packstone (Carbonate-1, 2, and 3) to wackestone (Car-
bonate-4), as depicted in SEM in Fig. 3. The acquired SEM images of the
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Table 1

RockEval parameters of the selected samples from Jordan source rock.

Fuel 346 (2023) 128362

Sample Name S1 (mg/g) S2 (mg/g) S3 (mg/g) Tmax (°C) HI 01 PI TOC (%) Total Sulfur (%)
Carbonate-1 4.96 147.52 1.35 420 822 8 0.03 17.94 3.68
Carbonate-2 4.17 136.69 1.5 419 847 9 0.03 16.15 2.94
Carbonate-3 4.01 127.78 1.22 420 858 8 0.03 14.89 3.09
Carbonate-4 4.41 111.37 1.14 418 861 9 0.04 12.93 3.06
(a) Kerogen type (b) Source rock quality (c) Source rock maturity
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Fig. 2. Analyzed carbonate source rock parameters as derived from RockEval pyrolysis — a) Kerogen type, b) Source rock quality, and c) Source rock maturity.

samples also showed moldic porosities filled with bio-micritized clasts of
peloids, plankton foraminifers, bryozoans, and echinoderms which
shows the heterogeneity of the packed carbonate source rock.

Additionally, the pore system among all the samples was mainly
reduced by syntaxial calcite cement and bio-micrite volume. The pack-
ing impact of the different calcified components on the pore system,
shown by the SEM images (Fig. 3), is reflected in the pore distribution
from the Ny adsorption/desorption isotherms, as observed in Fig. 4. The
average pore size distribution measured from N, adsorption—-desorption
isotherms of all the analyzed samples ranged from 15 to 42 nm (Table 2),
indicating a mesoporous system (below 50 nm) with the negligible
presence of micropores according to the IUPAC nomenclature [88].
Furthermore, the total volume was measured at relative pressure
approaching one, based on the N3 adsorption-desorption isotherms, as
demonstrated in Table 2.

The N, adsorption—desorption isotherms indicate the manifestation
of Type V isotherm following [89], which can be attributed to the ex-
istence of the mesopores with weak interaction of N5 on the pore surface
[90]. The hysteresis in the N, desorption isotherms for the four analyzed
samples was relatively marginal at lower pressures, as shown in Fig. 5.
The hysteresis mainly depends on the mesoporous content and ink-
bottle pores so a difference between condensation and evaporation is
more likely to happen. More specifically, Ny molecules were adsorbed on
the necks’ mesopores’ walls. Then, a film of the condensed adsorbed Ny
is made in the mesopores due to the depression impact of the saturated
vapor pressure of confined N3 [89,91]. Among all the analyzed samples,
Carbonate-4 showed the most significant hysteresis because of the
smaller neck diameter of the mesopores, near the critical diameter N; at
77 K (around 4 nm) [26]. Also, TOC content significantly impacted the
pore size and pore volume. That is attributed to the fact that the light
TOC might work as a template; therefore, porosity was enhanced after
evacuating process. Accordingly, the pore volume and pore diameter
were significantly increased with increasing the content of TOC while
the specific surface area was slightly changed.

4.3. Mineralogy, elemental analysis, and surface functional groups

The mineralogy based on XRD analysis revealed that the samples are
mainly composed of calcite and quartz with very few traces of phosphate
minerals (i.e., berlinite and apatite) (Table 3). Nevertheless, some var-
iations in the mineral abundance between the analyzed samples were
detected, as illustrated in Figure S5 in the supplementary informa-
tion file. The highest calcite abundance was found in the Carbonate-2
sample, with 92 % calcite, and the lowest was found in Carbonate-4,
with 44 % calcite. Carbonate-1 and —3 also showed high calcite abun-
dance with 85 % and 73 %, respectively. The XRD also demonstrated a
varying amount of quartz in the Jordan source rock samples with
Carbonate-1, —2, and —3 possessing a low abundance of quartz (4 to 14
%), whereas Carbonate-4 contains 54 % quartz. The quartz here can be
interpreted as biogenic quartz present in the fine matrix of the samples
(Fig. 6). The dominant mineralogical composition is calcite except for
the Carbonate-4 sample, which has a higher amount of biogenic quartz.

The relative elemental content was observed through EDX mapping
of the Jordan source rock samples (Fig. 6). Five points were analyzed for
each sample to overcome the heterogeneity of the sample. The acquired
results consistently correlate with the XRD results with higher calcium
content in the first three carbonate samples, whereas higher silica in the
Carbonate-4 sample. The quantitative analysis of the EDX also indicated
the carbon (C) concentration following the increase in TOC from
RockEval, Fig. 7.

The tested samples were also analyzed with a Thermo-gravimetric
analyzer (TGA) to determine their thermal stability and analyze
decomposed materials. Four stages with corresponding weight loss
(Fig. 8 and Figures S6 to S9 in the supplementary information file)
were extracted using a heating rate of 20 °C/min. The first stage is the
physical stage, which includes light fraction evaporation from 50 °C to
85 °C. During this stage, the samples lost weight due to releasing
moisture content and light-weight hydrocarbons. The second, third, and
fourth stages are called the chemical stage, starting beyond 350 °C. This
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Fig. 3. Scanning Electron Microscopy (SEM) micrographs of the Jordan carbonate mudrock samples — a) Carbonate-1, b) Carbonate-2, ¢) Carbonate-3, and d)
Carbonate-4. Red circles indicate moldic porosity, and the yellow arrows indicate biota. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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Fig. 4. Pore size distribution of the four analyzed carbonaceous rock samples.

weight loss is due to the pyrolysis of the remaining kerogen, where the
heavy components start cracking and generate gaseous light hydrocar-
bons. As far as the last stage of weight loss is concerned, it corresponds to
the degradation of the carbonates. Considering that the Carbonate-1,
—2, and —3 had more calcite content, these samples showed more
weight loss than the Carbonate-4 sample, which had relatively lower

Table 2
Textural properties of the examined samples (Summary of N, BET).
Sample Name Carbonate- Carbonate- Carbonate- Carbonate-
1 2 3 4
Specific Surface area, 3.08 3.68 3.53 3.19
m%/g
Pore volume, crn3/g 0.032 0.031 0.024 0.011
Average pore size 41.42 34.60 27.24 14.73
diameter, nm
Type of pores (2-50 Mesopores Mesopores Mesopores Mesopores
nm)
Micropores size None None None None

calcite content.

The FTIR spectra of the carbonate samples are displayed in Fig. 9,
which demonstrates a series of peak patterns showing diversified func-
tional groups (refer to Table S1 in the supplementary information file
for a detailed description). The spectra primarily characterize band se-
ries of the vibrations of calcium carbonate (CO'32) ions at the band from
690 to 874 cm ™! and at the peaks of 2,853 and 2,927 cm ™ [92,93]. The
highest sharp stretching characteristics of hydrocarbons were demon-
strated at 1,420 cm™ ", which most likely represents the C—H bonding
and refers to the presence of hydrocarbon film on the surface of the rock
samples. Additionally, other peaks of CH functional groups might be
observed at 2,853 and 2,927 cm L. There is a broad mountain centered
at about 3,622 and 3,699 cm’l, a characteristic of the hydroxyl O—H
stretching mode of alcohols. The breadth of this signal stems from the Hy
bonding between molecules. Furthermore, bands of free electron
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Fig. 5. Nitrogen adsorption—desorption isotherm curves — a) Carbonate-1, b) Carbonate-2, c¢) Carbonate-3, and d) Carbonate-4.

Table 3
Mineralogy from X-ray powder diffraction (XRD) analysis and TOC from Rock-
Eval Pyrolysis for the analyzed samples.

Sample No. Mineral composition from XRD
Mineral phase Chemical Formula Abundance %
Carbonate-1 Calcite CaCOs3 85
Quartz SiOy 14
Berlinite Al(PO,) 1
Carbonate-2 Calcite CaCOs3 92
Quartz SiO, 4
Apatite Cas[PO4]3(OH,F,Cl) 4
Carbonate-3 Calcite CaCO3 73
Quartz Si0, 14
Apatite Cas[P0O4]3(OH,F,Cl) 12
Langite Cuy(SO4)(OH)e-2HL0 1
Carbonate-4 Calcite CaCO3 44
Quartz SiO, 54
Apatite Cas[P04]3(OH,F,Cl) 1.4
Berlinite Al(POy) 0.5

functional groups were recognized in conjunction with a weak carbonyl
peak C = O at 1,798 cm ™! and a middle peak of sulfonyl groups S = O at

1,030 em ™.

The distribution of the peaks varies among the analyzed samples. The
carbonate ion (COF) signals descend from the highest peak in
Carbonate-1, followed by Carbonate-2 and 3, to the lowest in Carbonate-
4. These results matched the mineralogy results from XRD. Similarly, the
C —H bond stretching at 1,420 and 2,853 cm™Y; and bond bending at

2,927 ecm ™! follows the same trend, which corresponds to the variation
in TOC contents from the highest (Carbonate-1) to the lowest (Carbon-
ate- 4). In addition, the carboxyl group (COOH) stretching vibrations
observed at 1,798 cm ! demonstrated a similar signal trend between the
samples. Only the stretching frequencies of sulfonyl functional groups at
1,030 cm ! and the hydroxyl functional groups at 3,622 and 3,699 cm !
showed some variations. The S = O bond demonstrated is more firmly in

Carbonate-1 (the highest TOC) than Carbonate-4; Carbonate-1 > Car-
bonate-4 > Carbonate-3 > Carbonate-2. While the peaks of the O —H
bond stretching were observed as follows; Carbonate-3 > Carbonate-1 >
Carbonate-4 > Carbonate-2.

4.4. Hydrogen, methane, and carbon dioxide adsorption capacities

Determining the adsorption capacity of Hy, CHy, and CO; at a rock
formation is crucial for understanding H, storage and withdrawal pro-
cesses, including adsorption-desorption cycles [94]. The adsorption
phenomenon occurs when the gas molecules are attached to the surface
of the solid and held in its pores via physical or chemical mechanisms
[65]. Van der Waals and electrostatic forces can theoretically cause
physical adsorption, while chemical adsorption is driven by strong
chemical bonds between the gas molecules and the rock surface [95].
Adsorption is also proportional to the applied pressure; therefore,
desorption occurs when the pressure is reduced [89,96].

In general, adsorption measurements of Hy, CO2, and CH4 mono-
tonically increased with increasing pressure at a constant temperature of
60 °C, as depicted in Fig. 10. Gas adsorption increases drastically under
low pressures than high pressures due to its higher diffusion rate at the
beginning of the adsorption process. For the Hy adsorption, the increase
initially was steep, from 0.1 to 2 MPa, and it continued to increase
slightly until it reached the maximum adsorption capacity at around 9
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Fig. 6. Maps of the sum spectrum of dominant elements from Energy-dispersive X-ray (EDX) spectrographic on — a) Carbonate-1, b) Carbonate-2, c¢) Carbonate-3, and

d) Carbonate-4.

MPa. Thus, only a small amount of Hy was adsorbed at low pressure
(0.001-0.008 mol of Hy/kg of rock at 0.1 MPa). The highest adsorption
of 0.5 mol/kg was observed at 9 MPa for Carbonate-4 (the one with the
lowest TOC), while the lowest adsorption of 0.18 mol/kg was detected
for Carbonate-1 (the one with the highest TOC). Unlike N, adsorption
that showed Type V isotherms (Fig. 5), the Hy adsorption profiles indi-
cate Type I isotherms and mono-layer adsorption of Hy [26,48,97]. In
addition, a marginal increase in Hy adsorption can occur by decreasing
the temperature, indicating a slight influence of the changing temper-
ature [45,48]. Thus, Hy adsorption was significantly increased in the
studied organic-rich carbonaceous rocks (i.e., Carbonate-4) under rela-
tively high reservoir temperature (60 °C) and high pressures (0.1 — 10.0
MPa).

Conversely, the adsorption of CH4 and CO; can reach a factor of 5
and 23 times, respectively, higher than Hy adsorption, as illustrated in
Fig. 10. Below the pressure value of 2.0 MPa, the adsorption reached a
very low capacity (i.e., 0.008 mol of Hy/kg at 0.1 MPa). The amount of
adsorbed CO5 at 5 MPa and 60 °C was 4.5 mol of COy/kg compared to
0.37 mol of Hy/kg at Carbonate-4 and 4.8 mol of CO5/kg compared to
0.18 mol of Hy/kg at Carbonate-1. CO5 adsorption was higher than CHy4
and Hj because CO; is a Lewis acid with a higher quadrupole moment
than other gases [98]. Consequently, CO, strongly favors calcite as it is,

a Lewis base that enormously enhances the electrostatic attraction be-
tween the CO, molecules and calcite [65,99,100]. Carbonates have
various active functional groups, such as hydroxyl, carboxyl, and sul-
fonyl, which can strongly attract a guest molecule of high quadrupole
moment, such as CO9 [48]. Furthermore, the hydroxyl functional groups
are more effective in enhancing CO, adsorption and CH4 adsorption
[45,46]. The physisorption between CO5 and limestone was previously
reported by [101], indicating very stable adsorption of CO, molecules
on calcite at low-pressure values [43,100,102].

Additionally, TGA results in Fig. 8 confirmed that calcite content was
a prime factor affecting all gases’ adsorption capacity. Specifically, the
decomposition of calcite refers to the content of CaO. Therefore, the
deeper weight loss steps between 600 and 800 °C interpreted more
enhancement in the Hy adsorption in Carbonate-4, however higher CO,
and CH4 adsorption was seen in Carbonate-1 and —2 with shallow
weight loss steps. Moreover, rock’s surface charges can significantly
influence gas adsorption [48]. Therefore, the zeta potential was
measured for all the samples. The results showed relatively low zeta
potential values ranging from —6.4 mV (Carbonate-4) to 0.0035 mV
(Carbonate-1). All zeta potential samples were prepared using deionized
water of 9.0 pH at 298 K. A low zeta potential strongly interacts with a
molecule of a high quadrupole moment, such as the CO, quadrupole
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moment of — 4.3 x 10~2° esu.cm? [98]. The variation in the zeta po-
tential is directly related to the calcite concentration in the carbonate
samples [103,104]. On the other hand, Hy has a smaller molecular size
but a smaller positive quadrupole moment (+0.651 x 1072% esu.cm?)
[98]. Thus, Hy adsorption can be strongly enhanced when the pores are
small, enriched with cavities and free from electron functional groups,
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Fig. 9. FTIR spectrum measurements for the four carbonate rock samples at
different depths and varying TOC from 18% Carbonate-1 to 13% Carbonate-4.

such as C=0 and S = O. In the presence of these functional groups,

hydrogen molecules can behave as a weak Lewis acid (transfer electron
from the functional groups of carbonate to the 6*(Hg) orbital) and a
weak Lewis base (transfer electron from the o(H-) orbital to the func-
tional group of carbonate), which is strongly enhanced by calcite, which
played a prime role as a polarizing factor enhancing the Lewis acid-base
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interactions [45]. In addition, Hy adsorption is likely driven by disper-
sive Van der Waals forces, which are substantially weaker interactions
[105,106].

The FTIR spectra of the used samples were measured after each gas
adsorption experiment and plotted against the FTIR of the raw samples,
depicted in Fig. 11. Almost all peaks in the spectra of the samples were
maintained after each gas adsorption, which was acquired at high
pressure; thus, slight changes in the intensities were observed.

4.5. Gas adsorption versus total organic content (TOC)

The adsorption capacity of gas on a rock surface is highly influenced
by the TOC and the thermal maturity level of the organic matter
[47,49,54-57]. Hence, TOC was a critical parameter studied here by
selecting varying TOC carbonate samples (i.e., from 13 % to 18 %TOC).
The adsorption capacities of Hy, CO, and CH4, depicted in Fig. 12,
demonstrate an overall declining behavior with increasing TOC in the
carbonate samples. A decline in the adsorption capacities became more
significant at higher pressures, while a slight decrease was observed at
lower pressures, particularly in Hy and CH4 at a constant temperature of
60 °C. The highest variation in adsorption (12 mol/kg) was observed for
CO4 at 5.7 MPa, indicating that lower TOC in a rock might boost the
adsorption capacity.

Additionally, H, showed higher sensitivity to TOC than CO3 and CHy.
A gradual decrease in Hy adsorption with increasing TOC was also
observed, consistent with the literature [13,17,36,58,59,61,107]. That
is generally linked to the Hydrogen Index of the organic matter in a rock
sample [108]. Moreover, the TOC in each analyzed sample corresponds
to the decomposition results shown by TGA in Fig. 8 between 350 °C and
600 °C. The weight loss step of TOC (between 350 and 600 °C) confirms
that the TOC is a major influencer in gas adsorption. The CO5 and CHy4
adsorptions were higher when the step of TOC weight loss was higher,
particularly in Carbonate-1 and —2; whereas the Hy adsorption was
lower, Fig. 12. Since Carbonate-2 and —3 have almost the same TOC,
their degradation rates are pretty similar.

4.6. Selectivity for cushion gas and hydrogen withdrawal

Underground Hp storage is a cyclic process of injection and
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withdrawal of Hy [109], where a cushion gas is utilized to maintain the
pressure and provides adequate pressurization for Hy extraction [9]. The
utilization of a gas with a heavier density as a cushion gas, such as
carbon dioxide or methane, has been suggested by several works in the
literature [14,19,34,37]. Therefore, the selection of the cushion gas
from an adsorption perspective was evaluated by measuring the
adsorption of COy and CHy, as shown in Fig. 13. Both selectivities of
CO2/Hy and CH4/H; plots show nonlinear responses against pressure.
The samples at low-pressure values (below 2 MPa) showed higher
adsorption affinity to CH4 than CO». At higher pressure values (above 2
MPa), CO, depicted higher adsorption capacities and consequently
higher COy/H; selectivity, mainly attributed to the higher polarizability
of CO, (29.1x 10%° cm®) and due to the interactions between the CO5
molecules with each other [110] compared to that of CHy4 (25.9 x 1025
cm3) and H, (8 x1072% cm3) [111]. It is also well-established that high
pressures characterize underground reservoirs. Thus, selectivity at
higher pressure values is more significant [17,36,112]. By comparing
the adsorption selectivity above 2 MPa pressure, CO,/H; showed a sharp
increase, rising from 5 to 22 times compared to Hy adsorption, while the
CH4 adsorption ranged only from 2 to 6 times that of Hy adsorption.
Higher cushion gas adsorption was preferred during the cyclic injection
and withdrawal of Hy to ensure that the gas resides within the reservoir
rock and exerts the required pressure. Hence, according to our adsorp-
tion selectivity analysis, CO gas is the preferred candidate as cushion
gas.
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5. Conclusion

Underground hydrogen storage (UHS) is essential for its significant
storage capacity, low operational cost, and firm natural security
[16,113,114]. However, the presence of organic residuals can signifi-
cantly influence the Hy storage process and cushion gas efficiency
[41,115,116]. Therefore, this work systematically studied the adsorp-
tion capacities of Hy, CO2, and CH4 using actual organic-rich source
rocks (with high carbonate content) for the first time and investigated
the influence of different TOC on H, geo-storage and retrieval.

Initially, various analytical methods (energy-dispersive X-ray map-
ping, scanning electron microscopy, X-ray diffraction, Fourier-
transformed infrared spectroscopy, zeta-potential, thermo-gravimetric
and BET analysis) were used to determine the elemental composition,
bulk mineralogy, surface functional groups, surface charge, thermal
decomposition, and pore size distribution. After that, Hy, CO2, and CH4
adsorption isotherms were measured at the reservoir’s temperature
(60 °C) and wide range of pressures (0.1 — 10.0 MPa).

The retrieval of the stored Hy was investigated in this work, where
the selectivity of CO, and CH4 over Hy were also examined. Over the
studied range of pressures, H, adsorption showed a significantly
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decreasing trend with increasing TOC. The lowest TOC (Carbonate-4)
demonstrated the highest Hy adsorption and the highest selectivity for
CO4 over Hj. The calcite, carboxyl, and sulfonyl functional groups were
the affective factors in enhancing Hy adsorption in carbonate samples. In
addition, the calcite with hydroxyl groups significantly improved CO4
adsorption. Based on the adsorption criterion, CO2 was considered a
superior cushion gas to CH4 for its higher adsorption capacity. More-
over, it was also indicated that carbonate rocks are feasible options for
storing and extracting Hy for high seasonal demands. This study pro-
vides essential data for Hy storage issues in high TOC carbonate for-
mations and thus aids in the industrial implementation of a hydrogen
supply chain.
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