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Underground hydrogen storage (UHS) in saline aquifers is a promising solution for large-scale, long-
duration energy storage in a low-carbon energy system. Cushion gases, such as N, CO,, and CHg, are
commonly used to regulate reservoir pressure and enhance storage efficiency. However, despite recent
advancements in understanding the interfacial tension (IFT) behavior of H,—gas mixtures in contact with
brine under reservoir conditions, key gaps persist in systematic data for Hy—cushion gas mixtures (e.g.,
with Ny, CO,, and CHy4) across specific thermophysical ranges, despite its influence on capillary sealing,
gas mobility, and recovery. This study presents systematic experimental measurements of IFT and
density for H,-N,, H»—CO,, and Hy—CHy4 gas mixtures (70:30 mol%) with both distilled water and brine
(30,000 ppm NaCl) at different temperatures (25, 50, and 70 °C) and pressures (1, 5, and 10 MPa). The IFT
was measured using a high-pressure, high-temperature drop tensiometer, and density was obtained via
an Anton Paar DMA 4500 densitometer. Results show a consistent decrease in IFT with rising temper-
ature and pressure across all systems. Notably, the H,~CH4 mixture exhibited an IFT of 69.4 mN/m in
distilled water at 25 °C and 1 MPa, decreasing to 57.3 mN/m at 70 °C; in contrast, the same mixture in
30,000 ppm brine showed a larger reduction from 61.3 mN/m to 47.8 mN/m under identical conditions,
highlighting the amplifying effect of salinity on IFT decline. Among the gas mixtures, CHy yielded the
approximately lowest overall IFT values, favoring injectivity, whereas N, maintained the highest IFT,
supporting enhanced capillary retention. These findings address a critical data gap for realistic cushion

gas performance and provide foundational insight for modeling UHS in saline aquifers.
© 2025 Chinese Petroleum Society. 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

and subsurface storage have gained attention as a viable pathway
to address rising energy needs, providing a cleaner and more

In recent decades, global energy consumption has surged in
response to rapid population growth, prompting the development
of cleaner and more sustainable energy technologies to combat
climate change (Akbari et al., 2025; Ali et al., 2022; Burke and
Stephens, 2018; Dawood et al., 2020). Projections suggest that
renewable energy sources could contribute 25%-35% of the world’s
energy needs by 2040 (Gernaat et al., 2021). Hydrogen production
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sustainable option compared to traditional fossil fuels (Al-Yaseri
and Jha, 2021; Anaya et al., 2023; Tarkowski and Uliasz-Misiak,
2022). Due to its versatility and lower environmental footprint,
hydrogen is viewed as a key driver in the shift toward a low-carbon
future. It can be generated through various processes, including
the conversion of renewable energy (Bechara et al., 2022; Mansir,
2024; Nemmour et al., 2023). To ensure long-term viability,
hydrogen must be integrated into existing energy infrastructures,
with geo-storage in subsurface formations gaining attention for its
practical benefits and scalability (Amirthan and Perera, 2022;
Taiwo et al., 2024). As the push for renewable energy intensifies,
the successful implementation of H, geo-storage will require a
thorough understanding of the geological, chemical, and

2096-2495/© 2025 Chinese Petroleum Society. 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/).



F. Daraii, P. Moradi, S.A. Bahreini et al.

mechanical interactions involved (Aftab et al., 2022; Kumar et al.,
2023).

Subsurface formations like depleted hydrocarbon reservoirs,
deep saline aquifers, and shale layers are considered promising
candidates for large-scale underground hydrogen storage (UHS)
due to their substantial capacity and geological integrity. Within
these porous media, injected hydrogen displaces the existing
fluids, typically water or residual hydrocarbons and accumulates
beneath impermeable cap rocks, driven by hydrogen’s relatively
low density (Ebrahimi et al., 2025; Safari et al., 2023; Zeng et al.,
2023). The UHS is generally aligned with the operational princi-
ples of underground gas storage (UGS) (Oldenburg, 2003). In real-
world scenarios, maintaining adequate pressure within the storage
formation during hydrogen withdrawal typically necessitates the
injection of a cushion gas, such as CO3, Ny, or CH4. This cushion gas
not only helps sustain reservoir pressure but also minimizes the
risk of water encroachment (Kanaani et al., 2022; Muhammed
et al., 2023a; Rasool and Hashmi, 2025; Zivar et al., 2021), as
illustrated in Fig. 1. In this process, cushion gases are initially
introduced into the subsurface formation to establish the neces-
sary pressure conditions prior to hydrogen injection. As hydrogen
is subsequently injected, it interacts with the pre-existing cushion
gases, resulting in the development of a transitional mixing zone
between the two gas phases (Alanazi et al., 2023; Gbadamosi et al.,
2023). Despite the critical role of cushion gases in UHS, the extent
of their mixing with injected hydrogen, their interactions with
formation fluids, and the influence of subsurface flow dynamics
remain insufficiently understood (Gbadamosi et al., 2023). To date,
limited research has been conducted on how different cushion
gases affect the performance and behavior of hydrogen storage
systems in geological formations.

Therefore, the existence of hydrogen with varying proportions
of cushion gases under different geological storage conditions can
significantly affect hydrogen flow behavior during injection/
withdrawal cycles. This interplay warrants detailed investigation
to better understand and optimize storage performance. Reliable
estimation of hydrogen storage capacity in subsurface formations
is inherently complex. One of the key challenges is the potential
for gas leakage if the injection pressure exceeds the capillary
entry pressure of the caprock, leading to possible migration
through sealing layers. As a result, the integrity and effective
storage capacity of a geological formation are closely governed by
capillary pressure (Iglauer, 2011; Iglauer et al., 2015; Li et al,,
2006). This pressure is influenced by interfacial tension, contact

$ Surface
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Residual trapping

Injection well

Working Gas (H,)
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Fig. 1. Schematic of underground hydrogen storage in aquifers and the interaction
between hydrogen and cushion gases (CO,, N,, and CHy) (Alanazi et al., 2023).
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angle, and pore throat radius, as defined by the Young-Laplace
equation (1):

206 cos 0

Pe=Pg — Py ===

(1)
where P is the capillary pressure, Pg is the pressure of the gas
phase, Py, is the pressure of water, ¢ is the interfacial tension be-
tween water and gas, 0 is the contact angle, and r is the effective
radius of the pore.

Thus, equation (1) shows that surface tension (o) is a critical
parameter in the diffusion and control of hydrogen storage ca-
pacity in subsurface formations (Al-Khdheeawi et al., 2017; Doan
et al, 2024). Moreover, evaluating the interfacial tension of
hydrogen in contact with subsurface fluids is essential for under-
standing its fluid dynamics under reservoir conditions. This in-
formation plays a critical role in optimizing gas storage efficiency
and in designing effective injection/withdrawal strategies
(Gbadamosi et al., 2023).

Existing literature reveals that only a limited number of studies
have examined the surface tension of hydrogen in contact with
pure water or brine. Moreover, experimental data on hydrogen’s
interfacial behavior in the presence of cushion gases under varying
conditions of temperature, pressure, and salinity remain scarce
(Chow et al., 2018; Hosseini et al., 2022; Kvamme et al., 2007;
Massoudi and King Jr, 1974; Yang et al., 2023). Table 1 provides a
comprehensive overview of prior investigations into the IFT be-
tween H; and aqueous systems under varying thermophysical
conditions and cushion gas compositions. The majority of these
studies have concentrated on binary systems involving H, and
either pure water or brine, exploring temperature ranges from
275.15 to 423 K and pressures up to 70 MPa through both exper-
imental and simulation approaches (Kvamme et al, 2007;
Massoudi and King Jr, 1974). While these studies have signifi-
cantly advanced our understanding of H,-brine interactions, there
remains a notable gap in the literature concerning the behavior of
H, in conjunction with other gases commonly used as cushion
gases, such as Ny, CO,, and CHa. This gap is particularly evident
under conditions that closely mimic those found in subsurface
geological formations, where temperature, pressure, and salinity
can vary widely. However, until now, there is limited published
data exploring how temperature, pressure, and salinity IFT in
systems involving hydrogen with cushion gases (CO3, N, and CHy)
in brine. Existing studies on H,—CH4-H>0 and Hy—CO»-H,0 sys-
tems have shown that increasing the ratio of cushion gas tends to
reduce interfacial tension compared to the binary H/H,0 system.
This reduction could potentially enhance hydrogen mobility,
raising concerns about diffusion through the caprock and
increased leakage risks, particularly in the context of hydrogen
storage within saline aquifers (Alshammari et al., 2024; Chang
et al., 2024b). Alanazi et al. (2023) investigated the interfacial
tension of hydrogen in the H,-CHy/brine system at pressures of
0.1-1600 psi and temperatures of 323 K. Their results showed that
the interfacial tension of H,—-CHy/brine changed by 53.22 mN/m
and 51.17 mN/m with increasing pressure from 0.1 psi to 1600 psi,
respectively (Alanazi et al., 2023). Mirchi et al. (2022) investigated
IFTs of brine/hydrogen-methane mixtures. Their results showed
that the IFT values of H,—CH4 mixture/brine diminished with
increasing temperature and decreasing hydrogen fraction (Mirchi
et al., 2022). Also, Muhammed et al. (2023a) investigated the
feasibility of using CH,4 as a cushion gas alongside CO, and N, for
large-scale H, storage in depleted natural gas reservoirs, they
performed extensive contact angle and surface tension measure-
ments across varying pressures, temperatures, salinities, and gas-
mixture compositions to evaluate rock/brine/gas interactions,
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Table 1
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Summary of previous IFT studies between gas mixtures with brine/distilled water in the presence of hydrogen.

Authors Method System Temperature (°k) Pressure (MPa)
Doan et al. (2024) Simulation H,/CHy4/distilled water 300 1-70
Alanazi et al. (2023) Experiment Hy/CHy4/brine 323 0-11
Mirchi et al. (2022) Experiment H,/CHy/brine 295,313 6.9
Isfehani et al. (2023) Experiment H,/CO,/distilled water 323 3-20
Chow et al. (2018) Experiment H,/CO,/distilled water 298-448 0.5-45
Naeiji et al. (2020) Simulation Distilled water/CH4 275-323 1.4-10
Chow et al. (2016) Experiment N3/CO,/distilled water 298-448 2-40
Yan et al. (2001) Experiment N,/CO,/distilled water 298-373 1-30
Silvestri et al. (2019) Simulation CO,/distilled water 308-323 1-50
Kvamme et al. (2007) Experiment CO,/distilled water 278-335 0.1-20
Georgiadis et al. (2010) Experiment CO,/distilled water 298-374 1-60
Doan et al. (2023) Simulation Hy/distilled water 298-323 1-70
Shang et al. (2025) Simulation H,/distilled water 298-523 1-160
Massoudi and King Jr (1974) Experiment H,/distilled water 298 7.6
Chow et al. (2018) Experiment Hy/distilled water 298-448 0.5-45
Hosseini et al. (2022) Experiment Hy/brine 298-423 1-35
Chang et al. (2024a) Simulation H,/CO,/distilled water 300-343 1-70

Hy/N,/distilled water

H,/CHy4/distilled water
Muhammed et al. (2023b) Experiment H3/N,/CO,/CH4/brine 303-343 3-20

their results showed stable wettability across mixtures, surface
tension decreasing with temperature and CHy4 fraction, and iden-
tified 50-60% H, with 30-40% CHy4 as the optimal gas blends for
storage applications. In another study, (Muhammed et al., 2023b),
examined the effect of using N, as a cushion gas (with constant
CH4 and CO; proportions) for H, storage in depleted natural gas
reservoirs, their findings indicated that surface tension decreased
with increasing pressure, temperature, and N fraction, identifying
mixtures containing 40-60% H, and 30-50% N, as optimal for
storage.

Unlike previous studies that predominantly examined binary
Ho-water or Hy-brine systems, or multicomponent mixtures in
depleted gas reservoirs, this work specifically investigates the
interfacial properties of binary Hy—-gas mixtures (H>-N,, H,-CO»,
and H,—CHy4) in both distilled water and salinity brine (30,000 ppm
NaCl). While earlier studies (e.g., Muhammed et al. (2023a)) re-
ported contact angle and surface tension data for multicomponent
H,-CH4-CO,-N, mixtures in reservoir rocks (Muhammed et al.,
2023a), systematic interfacial tension (IFT) and density measure-
ments for binary Hp-gas systems under varying temperature,
pressure, and salinity have not been experimentally reported.
Here, we extend the analysis by simultaneously measuring IFT and
density across a wide range of reservoir-relevant conditions. This
approach enables a more accurate application of the
Young-Laplace framework and provides the first direct experi-
mental evidence that salinity amplifies IFT reduction in Hy-gas
systems. These insights fill a critical gap in the literature by of-
fering reference data for cushion gas selection and capillary-based
storage modeling in underground hydrogen storage. Thus, this
study provides experimental IFT data for H,-Nj;, H»-CO,, and
H,—CH4 systems under controlled thermophysical conditions,
contributing to a more comprehensive understanding of gas-brine
interactions essential for predicting containment, optimizing
storage design, and ensuring the long-term stability of UHS in
saline aquifers.

2. Materials and methods
2.1. Materials
In this study, sodium chloride (NaCl) with a purity of 99.5%,

supplied by Merck, was used to prepare the brine solutions. Ni-
trogen, carbon dioxide, and methane gases, each with a purity
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greater than 99.99%, were used in the experiments. Hy gas with
99.999% purity was obtained from Coregas, Australia. The gases
were mixed in molar ratios of 70:30 to create H,-N», H,—CO,, and
H,-CH4 gas mixtures (Doan et al., 2024).

2.2. Interfacial tension measurements

To study how temperature, pressure, and salinity affect the IFT of
hydrogen and hydrogen-based gas mixtures in brine, a high-
pressure, high-temperature drop tensiometer system was used, as
shown in Fig. 2. This setup included two syringe pumps for con-
trolling the injection rate and pressure, an LED light source, stain-
less steel tubing (316 grade), storage accumulators for gas and
liquid phases, a PVT (pressure-volume-temperature) cell, and
controllers to regulate temperature and pressure. A fine needle
(0.4 mm) was used to create the liquid drop, and IFT was measured
using online drop analysis software. Before conducting IFT mea-
surements, the gas mixture was transferred from the mixing cyl-
inder to a syringe pump, which was then used to pressurize the
measurement cell. In parallel, the brine solution was loaded into a
separate syringe pump and injected at a controlled rate of 0.1 cc/
min. IFT tests were conducted at a range of pressures (1-10 MPa)
and temperatures (25, 50, and 70 °C). All experiments were
managed and recorded using the ADVANCE software developed by
Kriiss. Measurements were performed using both deionized water
and a brine solution with 30,000 ppm NaCl. The IFT (y) between the
gas and liquid phases was calculated using the Young-Laplace
equation, which relates fluid interface curvature to surface tension:

Apg
(ﬁkapex) 2

in Equation (2), g represents the gravitational acceleration, Ap
refers to the density difference between the gas mixture and brine,
Kapex describes the interfacial curvature at the drop’s apex, and § is
a dimensionless parameter characterizing the drop’s shape
(Navaid et al., 2023). To ensure the reliability and reproducibility of
the IFT measurements for each gas-brine system, droplets of fixed
volume were formed at a controlled rate of 0.1 cc/min and
measured three times. The standard deviation of the results
remained below 0.5%, confirming consistency across trials. For
validation purposes, the IFT of water against air was also measured
under ambient temperature and pressure conditions, yielding a

(2)

Ymixture gas—brine =
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Fig. 2. Experimental setup for measuring IFT under high-temperature and high-pressure conditions.

value of 70.88 mN/m, which closely aligns with previously re-
ported values of 71.6 mN/m and 71.99 mN/m in the literature
(Hosseini et al., 2022; Pallas and Harrison, 1990).

2.3. Measurements of density

Measurements of density of solutions were carried out using a
high-pressure/high-temperature DMA HP densitometer. To simu-
late reservoir conditions, measurements were performed at a
range of pressures (1, 5, and 10 MPa) and temperatures (25, 50, and
70 °C) for each prepared brine solution. Prior to each test, the
measurement tube was carefully rinsed with deionized water to
ensure cleanliness, and the brine samples were introduced under
controlled temperature and pressure settings to ensure accurate
readings.

The density of gas mixtures (H—N,, H—CO,, and H,-CHy4 at 70-
30 vol%) was calculated using the van der Waals equation of state
(vdW EOS), which accounts for non-ideal gas behavior by incor-
porating intermolecular attractions (parameter a) and finite mo-
lecular volume (parameter b) (Cheng et al., 2019; Owuna et al.,
2024):

Armix
<P+ V,% )(Vm_bmix):RT (3)
2
o~ (S0 @
i1
bmix =Y _Xibj (5)

i=1

where P is pressure (atm of pa), V is molar volume (L/mol or m>/
mol), R is universal gas constant (0.08314 L bar/K-mol), T is tem-
perature (°K), a,,;x van der Waals constant for intermolecular at-
tractions (L2.atm/mol?), and b,y is finite volume of gas molecules
(L/mol). To determine the density of a gas mixture, the laws of
mixing must be considered to calculate the effective parameters a
and b. The molar mass of each mixture was calculated as a volume-
fraction-weighted average of the pure components. The vdW EOS
was adapted for mixture density calculations as shown in
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Equations (3) and (5), using volume-fraction-weighted mixing
rules to obtain effective a and b values and the average molar mass
of each mixture. This approach improves upon the ideal gas law by
partially correcting for molecular interactions, making it suitable
for qualitative trend analysis under moderate pressures
(1-10 MPa) and temperatures (25-70 °C). Although the vdW EOS
accounts for non-ideal effects via attraction (a) and co-volume (b)
parameters, its accuracy for gas mixtures, especially at elevated
pressures and for CO,-rich compositions, is limited compared to
modern real-gas models (Manuel et al., 2024; Vestfalova and
Safaiik, 2018). Recent work by Mohammad Behnamnia et al.
(2025) developed an Al-based framework trained on more than

Table 2
Density of brine solutions at different temperature and pressure.

Fluid Pressure (MPa)  Density (kg/m?)
T, =25°C T;=50°C T;=70°C
Deionized water 1 997 +2 989 +5 980 + 2
999 £ 2 989 £ 2 982 £ 4
10 1000 + 3 995 + 2 989 + 3
30,000 ppm NaCl 1 1021 +£ 2 1012 +£ 3 1001 + 3
1038 + 4 1029 + 4 1018 +£ 5
10 1045 + 4 1038 +3 1031 +£2
Table 3
Density of gas mixture (H,—N,, H—CO,, and H,—CHy4 at 70:30 vol%).
Mixture Pressure (MPa) Density (kg/m?)
T, =25°C T, =50°C T, =70°C
Ha:N» 1 0.40 0.36 0.34
1.98 1.82 1.71
10 3.95 3.64 343
H,:CO, 1 0.59 0.54 0.51
2.95 2.72 2.56
10 5.90 5.44 512
H,:CH4 1 0.25 0.23 0.21
1.25 1.15 1.09
10 2.50 2.30 2.17
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Table 4
IFT values of H,-N,, H,-CO,, and H,-CH,4 in the presence of distilled water and brine in different conditions of temperature, pressure and salinity.
Fluid Pressure (MPa) Temperature (°C) IFT (mN/m)
H>-N, H,-CO, Hy-CHy
Distilled water 1 20 69.25 + 3 68.19 + 2 6935+ 3
20 67.28 + 1 67.47 + 2 6538 + 2
10 20 64.58 + 3 61.81 +1 62.18 + 4
50 68.52 + 2 69.61 &+ 2 67.89 + 3
50 59.91 + 1 6235+ 2 60.74 + 2
10 50 57.28 + 2 59.69 + 2 58.46 + 4
70 60.37 £+ 2 59.68 + 3 57.28 £ 1
70 56.49 + 3 55.82 + 1 5418 +3
10 70 51.89 + 2 5338 +2 5219+ 1
30,000 ppm NacCl 20 65.28 + 3 66.71 + 2 66.38 + 2
20 60.61 + 3 58.23 +3 59.78 +£ 1
10 20 5841+ 1 56.12 + 2 56.89 + 2
50 61.28 +3 6231+ 1 63.51 +2
50 54.28 + 2 5213+ 4 50.76 + 2
10 50 5031 +3 49.89 + 3 5143 +1
70 56.86 + 3 55.74 + 2 5524 + 4
70 48.64 + 1 49.68 + 2 4927 +1
10 70 4721+ 3 4957 +4 4782 +2
Hx-N, mixture H,-CO, mixture
—&— 1 MP:
@ —e—1MPa ®) a
70 —m—5MPa 70 —m—5MPa
—a— 10 MPa —&— 10 MPa
66 66
= £
€ P-4
s et E 62t
£ =
- w
L
58 58
54 | 54 |
50 H H H i i i 50 H L H H A H
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
Temperature (°C) Temperature (°C)
H,-CH, mixture
c —&— 1 MPa 64 ) m1 MPa
70 + © =5 MPa m5MPa
——10 MPa 62 I ‘60.37 59.68 =10 Mpa
60 |
66 1 57.28
—_ = 58 F
£ 2
Z 62} B 56
3 =
E o 54 }
58 5 b
50 F
54 |
48 |
50 : : : : : : 46
10 20 30 40 50 60 70 80 H2-N2 H2-CO2 H2-CH4
Temperature (°C) Gas mixture

Fig. 3. Pressure and temperature dependence of H,-gas mixture IFT in distilled water: (a) H>-N, mixture, (b) H,-CO, mixture, (c) H,~CH4 mixture, and (d) IFT of gas mixtures at

70 °C.

3300 experimental data points covering H, and its mixtures with
CH4, CO,, and N, achieving high accuracy (R? 0.9956,
NRMSE = 1.41 %). Incorporating such data-driven or advanced
cubic EOS models (e.g., Peng-Robinson equation of state or NIST
REFPROP) could further improve the reliability of density esti-
mates (Behnamnia et al., 2025). As this study focuses on compar-
ative trends under controlled conditions, our reported values will
serve as a baseline dataset, and future work will validate these
results against the reference data provided by Behnamnia et al.
(2025).
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3. Results and discussion
3.1. Measurements of gas and brine solutions density

The density of brine solutions was determined at different
temperatures (25-70 °C) and pressures (1-10 MPa). Density mea-
surements were used in the Young-Laplace equation to calculate
IFT. Table 2 shows the density of brine solutions at different
temperature and pressure conditions. Each measurement was
performed five times and then averaged, and the uncertainty was
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expressed as the standard deviation. As shown in Table 2, the
density of the solutions varies with both temperature and pres-
sure. An increase in pressure leads to higher solution density,
whereas a rise in temperature results in a slight decrease in
density.

Table 3 presents the measured densities of the Hy—N,, Hy—CO»,
and H,-CH4 gas mixtures (70:30 vol%) at different pressures and
temperatures, calculated using the van der Waals equation of state.
The results show that, for all mixtures, density increases markedly
with increasing pressure at a constant temperature due to gas
phase compression, while it decreases with increasing tempera-
ture at a constant pressure because of thermal expansion and
reduced gas density. Among the three systems, H,-CO, consis-
tently exhibits the highest densities and H,-CH4 the lowest,
reflecting the effect of component molar masses and intermolec-
ular interactions on mixture compressibility (Owuna et al., 2024).

3.2. IFT measurements as a function of pressure, temperature, and
salinity

Table 4 illustrates the IFT values for the Hy-N», H,—CO,, and
H,-CH4 systems in different conditions of temperature of 25, 50,

Petroleum Research 11 (2026) 545-555

and 70 °C, pressure 1-10 MPa and two salinity levels (distilled
water and 30,000 ppm NaCl). As mentioned earlier, each mea-
surement was performed three times, and the average was then
calculated. The uncertainty is shown as the standard deviation in
Fig. 3 and Table 4. Due to the lack of direct experimental IFT data
for Hy—cushion gas-solution systems, available experimental re-
sults for Hy-H,O (Chow et al.,, 2018; Doan et al., 2023) and
CO,-N-H;0 systems (Chow et al., 2016; Yan et al., 2001), as well
as simulated data for H,—CO»-H,0, H»—-N>-H>0, and Hy—CH4-H>0
mixtures (Doan et al., 2024), were used as reference points for
comparison. According to Fig. 3, all three Ho—cushion gas mixtures
in distilled water exhibit a pronounced decrease in IFT with rising
temperature and a smaller reduction with increasing pressure.
Fig. 4 illustrates the pendant drop profiles of the distilled water
in gas mixtures environment at 70 °C. In the H,-N; system
(Fig. 3a), IFT falls by approximately 8-9 mN/m as temperature
increases from 20 °C to 70 °C, and by about 3 mN/m between 1 bar
and 10 bar at a given temperature. The H,—CO, mixture (Fig. 3b)
shows a similar overall decline around 8 mN/m over the temper-
ature range and 5 mN/m with pressure, although a slight peak near
50 °C at 1 bar reflects CO3’s solubility behavior. CH4 produces the
highest IFT (Fig. 3c), yet still drops by roughly 12 mN/m with

(a) '

1 Mpa, 60.87 mN/m

IFT=60.87 mN/m
Small Diameter=1.09 mm
Large Diameter=1.91 mm

IFT=56.87 mN/m

5 Mpa, 56.87 mN/m

Small Diameter=0.89 mm
Large Diameter=1.68 mm

10 Mpa, 51.00 mN/m

IFT=51.00 mN/m
Small Diameter=0.93 mm
Large Diameter=1.68 mm

(b)

1 Mpa, 59.03 mN/m

IFT=59.03 mN/m
Small Diameter=0.88 mm
Large Diameter=1.68 mm

IFT=55.34 mN/m

5 Mpa, 55.34 mN/m

Small Diameter=1.05 mm
Large Diameter=1.83 mm

10 Mpa, 53.23 mN/m

IFT=53.23 mN/m
Small Diameter=1.14 mm
Large Diameter=1.90 mm

(©) i

1 Mpa, 57.98 mN/m
IFT=57.98 mN/m IFT=54.81 mN/m
Small Diameter=0.88 mm
Large Diameter=1.67 mm

5 Mpa, 54.81 mN/m

Small Diameter=1.13 mm
Large Diameter=1.90 mm

10 Mpa, 52.37 mN/m

IFT=54.81 mN/m
Small Diameter=1.13 mm
Large Diameter=1.90 mm

Fig. 4. Pendant drop profiles of distilled water in gas mixtures environment at different pressure (1-10 MPa) and 70 °C: a) H,-N, mixture, b) H,—CO, mixture, and c) H,—CHy4

mixture.
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temperature and 4 mN/m with pressure. These trends align with
literature on gas—water interfaces: temperature weakens interfa-
cial cohesion, and higher pressure increases gas density, both of
which lower IFT (Al-Yaseri and Jha, 2021; Mirchi et al., 2022;
Muhammed et al., 2023b).

According to Fig. 3d, at 70 °C, all three Hy-gas mixtures show a
steady decline in IFT as pressure increases from 1 to 10 MPa. For
the H,-N; mixture, IFT decreases from about 60 mN/m to 52 mN/
m; for Hy—CO», from approximately 60 mN/m to 54 mN/m; and for
H,—CH4, from around 57 mN/m to 52 mN/m. This pressure-
induced reduction reflects the classical gas-water interfacial
phenomenon, where increasing pressure enhances gas adsorption
at the interface, thereby lowering interfacial energy (Massoudi and
King Jr, 1974). Unlike typical behavior observed at lower temper-
atures, at 70 °C the H,-CO, mixture exhibits a slightly higher IFT
than the H,—CH4 mixture. This is primarily due to the substantial
reduction in CO; solubility at elevated temperatures, diminishing
its ability to lower interfacial tension relative to CH4 (Alshammari
et al., 2024).

CHy, with its naturally low solubility and weaker temperature
dependence (Guo and Rodger, 2013), achieves a lower final IFT
despite a smaller relative change. N; lies between the two, offering
moderate interfacial properties and a balanced IFT profile. For Hy
storage in aquifers, selecting a cushion gas involves optimizing
between gas mobility and storage security (Amiri et al., 2024). CHg,
exhibiting lower IFT under these conditions, may facilitate better
injectivity and retrieval efficiency, although at the cost of slightly
reduced capillary trapping (Amiri et al., 2024). However, N, re-
mains an effective intermediate choice, providing a favorable
balance between mobility and containment, without the pro-
nounced breakthrough risks associated with highly mobile gases
like CO; (Lu et al., 2025). The IFTs between gas mixtures and brine
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at different pressures and temperatures are presented in Fig. 5,
whereas the pendant drop profiles of brine in gas mixtures envi-
ronment at 70 °C are shown in Fig. 6.

In all three gas mixtures in 30,000 ppm NacCl, the IFT remains in
a similar numerical range (~45-63 mN/m) but shows a consis-
tently larger drop with rising temperature and pressure than in
distilled water, as shown in the drop profile in Fig. 6. At 20-70 °C
and 1-10 MPa, IFT falls by approximately 11-13 mN/m in brine
compared to 8-12 mN/m in distilled water, reflecting the addi-
tional salinity-induced strengthening of the gas-liquid interface.
The salting-out effect raises baseline IFT, but elevated temperature
and pressure accelerate ion screening and gas adsorption at the
interface, yielding an IFT decline compared to distilled water
(Moradi et al., 2024). Among gas mixtures, the rank order of IFT
(highest to lowest) remains N > CO, > CHy, but all three see a
greater percent reduction in brine (~20-25 %) than in pure water
(~15-20 %) over the same conditions. For H, storage in saline
aquifers, this means cushion-gas selection must account not only
for absolute IFT but for its enhanced sensitivity to temperature and
pressure.

To evaluate the reliability of the measured IFT values, our re-
sults were benchmarked against recent literature for similar sys-
tems (Fig. 7). For the H,-N; system, the IFT values measured in this
study (69.3 — 64.6 mN/m at 25 °C and 1-10 MPa; 68.5 — 57.3 mN/
m at 50 °C and 1-10 MPa) closely match the range reported by
Doan et al. (2024) (64 — 62 mN/m at 25 °C and 60.3 —57.3 mN/
m at 50 °C) (Doan et al., 2024). Both datasets show a clear decrease
in IFT with increasing pressure and temperature, while our addi-
tional data in 30,000 ppm NaCl brine confirm a further IFT
reduction compared to distilled water, illustrating the salinity-
induced interfacial weakening effect. For the H,-CO, system, our
values at 50 °C (62.3 and 59.7 mN/m at 5 and 10 MPa in distilled

H,-CO, mixture

72 —e— 1 MPa
(b) #—5MPa
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64 |
§ 60 | e
E
= 56 [
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52
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44
40 i i i i i i
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Fig. 5. Pressure and temperature dependence of H,-gas mixture IFT in brine solution: (a) H,-N, mixture, (b) H,—CO, mixture, (c) H,—~CH4 mixture, and (d) IFT of gas mixtures at

70 °C.
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1 Mpa, 56.47 mN/m

IFT=56.47 mN/m
Small Diameter=1.12 mm
Large Diameter=1.91 mm

5 Mpa, 48.75 mN/m

IFT=48.75 mN/m
Small Diameter=1.09 mm
Large Diameter=1.82 mm

10 Mpa, 46.50 mN/m

IFT=46.50 mN/m
Small Diameter=1.10 mm
Large Diameter=1.81 mm

(b)

1 Mpa, 55.34 mN/m

IFT=55.34 mN/m
Small Diameter=1.05 mm
Large Diameter=1.83 mm

5 Mpa, 48.01 mN/m

IFT=48.01 mN/m
Small Diameter=1.00 mm
Large Diameter=1.82 mm

10 Mpa, 46.22 mN/m

IFT=46.22 mN/m
Small Diameter=1.15 mm
Large Diameter=1.86 mm

(©) i

1 Mpa, 54.81 mN/m

IFT=54.81 mN/m
Small Diameter=1.13 mm
Large Diameter=1.90 mm

IFT=47.36 mN/m

5 Mpa, 47.36 mN/m

Small Diameter=1.18 mm
Large Diameter=1.89 mm

10 Mpa, 45.11 mN/m

IFT=45.11 mN/m
Small Diameter=0.97 mm
Large Diameter=1.67 mm

Fig. 6. Pendant drop profiles of brine in gas mixtures environment at different pressure (1-10 MPa) and 70 °C: a) H,-N, mixture, b) H,-CO, mixture, and c) H,-CH4 mixture.

water; 53.7 and 49.6 mN/m in 30,000 ppm NaCl brine) are in good
agreement with those reported by Isfehani et al. (2023) (62.5 and
571 mN/m in distilled water; 64.7-60 mN/m at 1.5 M and
67.3-63.3 mN/m at 3.5 M brine), again showing consistent pres-
sure- and temperature-driven IFT reductions and confirming the
salinity-dependent increase reported previously (Isfehani et al.,
2023). Similarly, for the H,—CH4 system, our data at 50 °C and
30,000 ppm NacCl brine (63.5, 50.8, 51.4 mN/m at 1, 5, 10 MPa) are
comparable to the 54.1, 52.5, 50.6 mN/m measured by Alanazi et al.
(2023) at 10 % NaCl (Alanazi et al., 2023). Overall, these compari-
sons demonstrate that our measured IFT values are consistent with
the ranges and trends reported in the literature while extending
the experimental database to salinity (30,000 ppm NaCl) and a
broader pressure-temperature envelope, providing new reference
data for modeling gas-brine interfacial behavior under under-
ground hydrogen storage conditions.

The observed IFT trends can be explained by fundamental
thermophysical mechanisms at the gas-brine interface. Increasing
temperature reduces IFT primarily by weakening the cohesive
hydrogen-bond network within the water phase and enhancing
the thermal motion of surface molecules, which disrupts interfa-
cial ordering. Increasing pressure compresses the gas phase, raises
its density, and promotes molecular adsorption at the interface,
thereby lowering the free energy cost of interface formation.
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Salinity exerts a dual and non-linear effect: at low to moderate
concentrations (<1-2 M), dissolved ions screen water-water
hydrogen bonding and slightly reduce IFT, but beyond a
threshold concentration (typically >2-3 M), strong ion hydration
shells and electrostatic ordering in the interfacial region cause
“salting-out” of gas molecules and increase the cohesive energy of
the interface, thereby raising IFT (Chiquet et al., 2007). This ex-
plains why our 30,000 ppm (~0.5 mol) NaCl results show lower IFT
than distilled water, while the 1.5 M and 3.5 M data reported by
I[sfehani et al. (2023) exhibit higher IFT (Fig. 6¢). The consistently
lower IFT observed for CH4 mixtures stems from its weak polarity
and low aqueous solubility, which limit disruption of water
structure and facilitate gas accumulation at the interface. In
contrast, N, and CO, maintain higher IFT due to their greater
interfacial free energy, linked to stronger interfacial cohesion, and,
in the case of CO,, partial hydration reactions at the interface
(Espinoza and Santamarina, 2010). These mechanisms clarify how
temperature, pressure, and salinity jointly govern interfacial
cohesion and provide a physical basis for predicting cushion gas
behavior during underground hydrogen storage.

Regarded as a clean energy carrier with significant potential to
replace fossil fuels, H, plays a key role in supporting decarbon-
ization and advancing future energy systems. Among the many
technical challenges facing the hydrogen economy, the safe and
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Fig. 7. Comparison of the IFT values from this study with literature data as a function
of pressure, temperature, and salinity: (a) H,-N; (this study vs Doan et al., 2024), (b)
H,-CO,, (this study vs Isfehani et al., 2023), and (c) H,—CHy4 (this study vs Alanazi et al.,
2023).

efficient storage of H, remains a major hurdle due to its low
density, high diffusivity, and reactive behavior. The IFT trends
observed in this study provide critical guidance for selecting
cushion gases and designing UHS operations. In capillary-
dominated porous media, higher IFT values enhance capillary
entry pressure and residual trapping, thereby reducing leakage
risk and improving storage security, whereas lower IFT promotes
faster gas displacement and higher injectivity but at the expense of
containment (Mouallem et al., 2024; Scanziani et al., 2020). The
present data show that N, consistently exhibits the highest IFT
across all tested conditions, indicating its strong potential as a
cushion gas for long-term containment-oriented UHS projects,

553

Petroleum Research 11 (2026) 545-555

which aligns with previous recommendations of (Behnamnia
et al., 2025). CHy, with the lowest IFT, would favor higher injec-
tivity and operational flexibility but would require stricter seal
integrity monitoring to mitigate leakage risk. CO, shows inter-
mediate IFT values but is less suitable as a cushion gas because of
its known reactivity with reservoir rocks and formation brines,
which can induce mineral dissolution, porosity changes, and
geochemical alteration (Isfehani et al., 2023). Thus, this study fills
that gap by systematically measuring the IFT of H,-N,, H,—CO», and
H,—CH4 mixtures in contact with brine (30,000 ppm NaCl and
distilled water) in different temperatures (25, 50, 70 °C) and
pressures (1, 5,10 MPa). The findings provide new insight into how
thermophysical and compositional factors influence interfacial
properties under reservoir conditions, offering valuable input for
reservoir simulation models and the strategic design of future UHS
operations.

4. Conclusion

This study systematically investigated the IFT of hydrogen-
cushion gas mixtures (H,-N;, H»—CO;, and Hy-CH4) in both
distilled water and brine (30,000 ppm NaCl) under reservoir-
relevant conditions. The key findings are summarized as follows.

e Increasing temperature (20 °C-70 °C) and pressure
(1 MPa-10 MPa) consistently reduced IFT across all gas mix-
tures. For example, in distilled water, the IFT of Hy-CHg4
decreased from 69.35 mN/m (1 MPa, 20 °C) to 52.19 mN/m
(10 MPa, 70 °C), demonstrating the strongest sensitivity to
thermophysical changes.

e Similar trends were observed in brine, though with higher
baseline IFT values. The Hy-Nj system in brine showed a
decline from 65.28 mN/m (1 MPa, 20 °C) to 47.21 mN/m
(10 MPa, 70 °C).

e In the brine system, the IFT values of the gas mixtures were
lower at all temperature and pressure conditions than in the
distilled water system. For instance, H,-CO5 in brine at 70 °C
and 10 MPa reached 49.57 mN/m, whereas in distilled water, it
was 53.38 mN/m under the same conditions.

e CHy consistently yielded approximately lowest IFT values,
particularly at elevated temperatures and pressures, suggesting
enhanced hydrogen mobility but potential leakage risks.

e N3 and CO; showed intermediate behavior, with CO, exhibiting
unique  solubility-driven IFT  fluctuations at higher
temperatures.

These results emphasise the critical role of cushion gas selec-
tion and reservoir conditions in optimizing hydrogen storage ef-
ficiency and security. Future work should explore dynamic fluid-
rock interactions in porous media to upgrade these findings into
practical UHS applications.
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