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Abstract:
The effects of impurity gases on interfacial characteristics of hydrogen-water-oil three-
phase systems are critical to underground H2 storage in depleted oil fields but have
not been investigated yet. The square gradient theory calculations with Perturbed-chain
statistical associating fluid theory equation of state are carried out to understand the effects
of impurity gases (N2, CH4, and CO2) on interfaces of the H2-H2O-n-decane three-phase
system under reservoir conditions. Our results obtained from the four-component three-
phase systems are compared to the corresponding system without impurity gases. It is found
that the all three interfaces (H2-H2O, H2O-C10H22, and H2-C10H22) are greatly influenced
by impurity gases. The impurity gases accumulate in all three interfacial regions and have
positive surface excesses, which leads to smaller interfacial tensions. The reduction of
interfacial tensions depends on the type of impurity gas following this order: CO2 ≥
CH4 > N2. In general, the adsorption of impurity gases weakens the adsorption of other
species. However, the adsorption of decane in the H2-H2O interface can be enhanced by
impurity gases, which also contributes to the decrease of interfacial tensions. Moreover,
the spreading coefficients are mostly negative over the studied temperature and pressure
conditions indicating the existence of three-phase contact in the N2/CH4/CO2-hydrogen-
water-oil three-phase systems.

1. Introduction
Currently, the predominant source of energy utilized world-

wide is from fossil fuels, including coal, petroleum, and
natural gas (Shafiee and Topal, 2009; Abas et al., 2015).
The carbon emissions resulting from the combustion of fossil
fuels have been recognized as the primary cause of global
warming, presenting a persistent obstacle in the pursuit of
the Paris Agreement objectives (Schleussner et al., 2016;
Lazarus and van Asselt, 2018). To address this predicament,
the utilization of hydrogen as a means of energy storage

from renewable sources has been proposed as a promising
remedy for delivering clean fuel and substituting conventional
fossil fuels to mitigate carbon emissions (Niaz et al., 2015;
Tarkowski, 2019).

Storage of hydrogen in geological formations has become
increasingly valued for its capacity to store H2 on a large scale
(Tarkowski, 2019; Zivar et al., 2021; Liu et al., 2022). Hitherto,
underground gas storage has been implemented using various
locations, such as depleted oil/gas fields, saline aquifers,
and salt caverns (Bachu, 2008; Plaat, 2009). Among these
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options, the depleted oil field is considered one of the most
suitable choices for large-scale H2 storage because of the well-
understood geological factors and the pre-existing facilities
(Kanaani et al., 2022).

The safe geological storage of H2 in depleted hydrocarbon
reservoirs requires an understanding of the interfacial tension
(IFT) since it is a crucial parameter that plays a significant role
in determining the capillary pressure required to seal the mi-
gration of H2 from the storage site through the caprock (Luboń
and Tarkowski, 2021; Pan et al., 2021; Hosseini et al., 2022).
As the H2 and oil are not miscible under most geological
conditions (Florusse et al., 2003), the H2-water-oil three-
phase fluid system is involved during H2 storage in depleted
hydrocarbon reservoirs and three types of fluid interfaces,
namely, H2-water, water-oil, and H2-oil interfaces are present.
It is important to note that the cushion gas (a non-hydrogen
gas) is generally needed to maintain the reservoir pressure
during H2 injection and withdrawal cycles (Heinemann et
al., 2022; Kanaani et al., 2022). The presence of cushion
gas within geological formations impacts the sealing capillary
pressure as a result of unavoidable mixing (Gbadamosi et
al., 2023). Therefore, it is imperative to comprehend the impact
of impurity gases on the IFT.

The investigations on the effects of impurity gases on the
IFT are focused on two-phase mixtures containing H2 and
water (Chow et al., 2018, 2020; Mirchi et al., 2022; Alanazi et
al., 2023; Doan et al., 2023; Isfehani et al., 2023; Muhammed
et al., 2023). In general, the interfacial tensions (IFTs) of
the impurity gas-H2-water two-phase systems under geological
conditions decreases with temperature and pressure consistent
with results in H2-water and impurity gas-water two-phase
systems (Chow et al., 2018; Mirchi et al., 2022). It is reported
that rising concentrations of N2 (Muhammed et al., 2023), CH4
(Mirchi et al., 2022; Alanazi et al., 2023; Doan et al., 2023),
or CO2 (Chow et al., 2018; Isfehani et al., 2023) as cushion
gases leads to decrements of IFTs in the H2-H2O interface.
However, increment of salinity enhances the IFT (Isfehani et
al., 2023; Muhammed et al., 2023).

Recently, Yang et al., 2023c reported the behaviors of
IFT in the hydrogen-water-decane three-phase system under
reservoir conditions. Their observations show that the IFTs
of the H2-H2O interface in the three-phase mixture are lower
compared to the IFTs in the H2-H2O two-phase mixture. The
decrease in IFT is explained by the interfacial accumulation of
the C10H22. Additionally, there is strong adsorption of H2 in
the H2O-C10H22 interface in the three-phase system, resulting
in less significant increases in IFT as the pressure increases in
comparison to those in the H2O-C10H22 two-phase mixture.
These differences in interfacial properties between the two-
phase and the three-phase systems indicate dissimilar effects
of impurity gases in the three-phase system in contrast to
the above-mentioned results in two-phase systems. However,
information regarding the effects of impurity gas on the
interfacial behaviors of the hydrogen-water-oil three-phase
mixture has not been reported yet.

We utilized the square gradient theory (SGT) coupled to
the Perturbed-chain statistical associating fluid theory (PC-
SAFT) equation of state (EoS) to study the effects of impurity

gases on the interfacial properties of the H2-water-n-decane
three-phase mixture under geological conditions. N2, CH4,
and CO2 were selected as impurity components here as they
are typically used as cushion gases (Kanaani et al., 2022;
Muhammed et al., 2023). The mole fractions of impurity
gas and H2 were set to be the same to compare the effects
of different impurity gas types. The missing parameters for
the PC-SAFT SGT modeling of impurity gas-H2-H2O-n-
decane systems were fitted based on solubilities and IFTs
of two-component two-phase systems taken from previous
experimental studies. In section 2, we presented the details
of the methods for PC-SAFT SGT modeling and interfacial
property calculations. The results and discussion regarding the
effects of impurity gases on three different interfaces under
various pressure and temperature condition were presented in
Section 3. Finally, the important findings and conclusions were
summarized in section 4.

2. Method

2.1 Equation of state
The estimation of the fluid bulk was conducted using

the PC-SAFT equation of state. The equation can be rep-
resented through the compressibility factor Z (Gross and
Sadowski, 2001, 2002):

Z = 1+Zhc +Zdisp +Zassoc (1)
where Zhc refers to the hard-chain contribution, Zdisp refers
to the dispersive contribution, and Zassoc refers to the part
from hydrogen bonds. Z is dependent on the site number
mi, the site size σi, and the dispersion energy εi. To capture
the interactions resulting from hydrogen bonding between
associating molecules, two additional parameters, namely the
association energy ε* and association volume κ , were in-
troduced. The H2O was modeled with the 4C association
scheme and there is no self-association for other components.
However, CO2 can cross-associate with H2O (Tsivintzelis et
al., 2011). The modeling of H2O utilized a 4C association
scheme. There was no self-association for other components.
But CO2 can form cross-associations with H2O (Tsivintzelis
et al., 2011). The parameters for dissimilar sites were deter-
mined using the Lorentz-Berthelot combining rules (Gross and
Sadowski, 2001):

σi j =
1
2
(σi +σ j) (2)

εi j =
√

εiε j(1− ki j) (3)
where ki j represents the binary interaction parameter. The
values for the equation of state parameters were obtained from
previous studies (Gross and Sadowski, 2001; Diamantonis
and Economou, 2011; Mairhofer and Gross, 2018; Yang
et al., 2020, 2023c; Alanazi et al., 2022) or fitted using
experimental data (Chapoy et al., 2004). The corresponding
parameters are displayed in Tables 1 and 2.
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Table 1. PC-SAFT EoS parameters for different components.

Components m σ (Å) ε/k (K) ε∗/k (K) κ Reference

H2 0.6800 3.5400 31.57 / / Alanazi et al., 2022

N2 1.2053 3.3130 90.96 / / Gross and Sadowski, 2001

CH4 1.0000 3.7039 150.03 / / Gross and Sadowski, 2001

CO2 2.0729 2.7852 169.21 / / Gross and Sadowski, 2001

H2O 2.1945 2.2290 141.66 1804.17 0.2039 Diamantonis and Economou, 2011

C10H22 4.6627 3.8384 243.87 / / Gross and Sadowski, 2001

CO2-H2O / / / 902.09 0.5221 Yang et al., 2020

Table 2. EoS binary interaction parameters.

Pair Binary interaction parameter Reference

H2-H2O -1.0158e-5·T 2 + 9.1742e-3 ·T−2.1375 Yang et al., 2023c

N2-H2O -6.6551e-6·T 2 + 5.9323e-3·T− 1.1707 Chapoy et al., 2004*

CH4-H2O -5.2019e-6·T 2 + 4.5590e-3·T− 8.1936e-1 Yang et al., 2020

CO2-H2O 3.8257e-4·T− 2.8007e-2 Yang et al., 2020

C10H22-H2O -3.5305e-6·T 2 + 2.9134e-3 ·T - 3.7739e-1 Yang et al., 2020

H2-C10H22 2.5037e-4·T - 1.9778e-2 Yang et al., 2023c

N2-C10H22 1.0360e-1 Mairhofer and Gross, 2018

CH4-C10H22 5.6000e-2 Gross and Sadowski, 2001

CO2-C10H22 1.2800e-1 Gross and Sadowski, 2001

N2-H2 0.0000 /

CH4-H2 0.0000 /

CO2-H2 0.0000 /

Notes: The temperature T is in unit of K, * denotes the reference of the experimental data
for fitting the parameter.

2.2 Square gradient theory
The three-phase fluid mixture contains three interfaces as

shown in Fig. 1(a). Note that the mole fraction of impurity
gas is set to be the same as H2 for all the calculations in
this study. The PC-SAFT EoS was combined with the SGT to
calculate interfacial properties of the gas-water,water-oil, and
gas-oil interfaces, separately. In the formulation of the SGT,
the Helmholtz free energy for a planar interface with an area
of A is expressed as (Davis and Scriven, 1982; Davis, 1996):

F = A
∫ +∞

−∞

[
f0(n)+

1
2 ∑

i
∑

j
ci j

dni(z)
dz

dn j(z)
dz

]
dz (4)

where f0 represents the Helmholtz free energy density of the
bulk fluid, n refers to the bulk density, and dni(z)/dz denotes
the gradient of the local density of the ith component. The cross
influence parameter, denoted as ci j, is defined as (Cornelisse
et al., 1993; Miqueu et al., 2011):

ci j = (1−βi j)
√

ciic j j (5)

where cii/c j j denote the influence parameters of pure species,
and βi j refers to the binary interaction coefficient. The above
parameters were taken from the literature (Mairhofer and
Gross, 2018; Yang et al., 2020, 2023b, 2023c) or fitted using
experimental data (Wiegand and Franck, 1994; Sachs and
Meyn, 1995; Linstrom and Mallard, 2001; Kashefi et al., 2016;
Pereira et al., 2016b). The parameters are presented in Tables
3 and 4. Here, non-zero βi j values for gas-oil and gas-gas pairs
are used to maintain the stability of the calculation.

To determine the equilibrium density profiles across the
interface, the Helmholtz free energy was minimized by solv-
ing the corresponding Euler-Lagrange equation (Davis and
Scriven, 1982; Davis, 1996):

∑
j

ci j
d2n j(z)

dz2 = µi(n1(z), ...,nNc(z))−µ
0
i for i, j = 1, ..,Nc (6)

where µ0
i refers to the chemical potential of the ith component

in the bulk phase. It is defined as the partial derivative of f0
with respect to ni, while keeping temperature, volume, and the
densities of other components constant. µi refers to the chem-



12 Yang, Y., et al. Capillarity, 2023, 9(1): 9-24

C10H22
+ 

Impurity

H2O
+

Impurity

H2
+

Impurity

H2O + Impurity

𝛾௪ 𝛾௪ 𝛾

𝛾௪ 𝛾௪𝛾

(a)

(b)

H2
+

Impurity

H2 + Impurity (N2, CH4, or CO2)

C10H22 + Impurity

x

y
z

x

y
z

Fig. 1. (a) Impurity gas-H2-H2O-C10H22 three-phase system
and (b) spreading of a cylindrical oil droplet.

Table 3. SGT influence parameters for different components.

Compon-
ent

Influence parameter
(10−20 J·m5·mol−2)

Reference

H2 0.0350 Yang et al., 2023b

N2 1.0615 Linstrom and Mallard, 2001*

CH4 1.6736 Yang et al., 2020

CO2 2.4280 Yang et al., 2020

H2O 1.4412 Mairhofer and Gross, 2018

C10H22 90.8954 Yang et al., 2020

Notes: * denotes the reference of the experimental data for
fitting the parameter.

ical potential of the ith component, and Nc represents the total
number of components. The finite difference method was em-
ployed to discretize the nonlinear equations, which were then
solved using the Newton-Raphson iteration method with an in-
house code (Yang et al., 2023a). A total of 200 evenly spaced
grid points were utilized for the computation. Initially, the
interfacial thickness (l) is assumed to be 15 Å. Subsequently, it
is progressively increased until the convergence of IFT (Davis
and Scriven, 1982; Davis, 1996).

The boundary conditions for SGT are calculated using
the 3-phase flash method with PC-SAFT EoS (Rachford and
Rice, 1952; Pan et al., 2019):

ni = nI
i at z = 0,

ni = nII
i at z = l

(7)

where nI
i and nII

i denote the densities of the bulk phase I and
II, separately.

2.3 Interfacial properties
Once the equilibrium spatial distributions were obtained,

the interfacial tension (γ) can be estimated using the following
formula (Davis and Scriven, 1982; Davis, 1996):

γ =
∫ +∞

−∞
∑

i
∑

j
ci j

dni(z)
dz

dn j(z)
dz

dz (8)

In order to verify the modeling parameters, the IFTs from
PC-SAFT SGT predictions are compared to experimental
data of the gas-H2O (Wiegand and Franck, 1994; Sachs and
Meyn, 1995; Chow et al., 2016, 2018, 2020; Kashefi et
al., 2016; Pereira et al., 2016b), the H2O-decane (Georgiadis et
al., 2011), and the gas-decane (Stegemeier et al., 1962; Amin
and Smith, 1998; Linstrom and Mallard, 2001; Georgiadis et
al., 2010, 2016c; Pan and Trusler, 2023b) two-phase systems.
This comparison is illustrated in Figs. A1-A3. The predictions
derived from SGT align well with the experiment measure-
ments.

Enrichment can be used to gauge the non-monotonic char-
acteristics of component density profiles (Becker et al., 2016;
Stephan et al., 2023):

Ei =
max(ni(z))
max(nI

i ,n
II
i )

(9)

The behaviors of IFT are connected to the surface excesses
through the Gibbs adsorption equation (Miqueu et al., 2011;
Radke, 2015; Stephan and Hasse, 2020):

−dγ = ∑
i

Γi, jdµi (10)

where Γi, j refers to the surface excess of species i with the ref-
erence species j. The surface excesses are calculated by (Telo
da Gama and Evans, 1983; Wadewitz and Winkelmann, 1996):

Γi, j =−(nII
i −nI

i )
∫ +∞

−∞

[
n j(z)−nII

j

nII
j −nI

j
−

ni(z)−nII
i

nII
i −nI

i

]
dz (11)

where I represents the phase enriched with component i and
II represents the phase enriched with component j.

The spreading coefficient S can be utilized as a measure
to ascertain if the oil possesses the capability to create a
thin film that spreads between different phases (Harkins and
Feldman, 1922; Shaw, 1980):

S = γwg − γwo − γog (12)
where γwg, γwo, and γog denote the IFT of the water-gas inter-
face, the oil-water interface, the gas-oil interface, separately.
If S is positive, it suggests that the oil film has the capability
to spread, creating a new oil phase that separates the water-
rich and gas-rich phases due to the reduction in interfacial free
energy. However, if S is negative, it signifies the formation of
an oil lens instead (Bertrand et al., 2001; Bonn et al., 2009)
as shown in Fig. 1(b).
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Table 4. SGT binary interaction coefficients for pairs.

Pair Binary interaction coefficient Reference

H2-H2O 0.99 Yang et al., 2023c

N2-H2O 1.9523e-5·T 2 - 1.7855e-2·T + 4.4372 Wiegand and Franck, 1994*

CH4-H2O 2.4957e-5·T 2 - 2.0171e-2·T + 4.4999 Sachs and Meyn, 1995*;
Kashefi et al., 2016*

CO2-H2O -1.3849e-5·T 2 + 8.4506e-3·T - 7.5763e-1 Pereira et al., 2016b*

C10H22-H2O 7.5941e-6·T 2 - 6.4833e-3·T + 1.7825 Yang et al., 2023c

Gas-C10H22 0.20 /

Gas-gas 0.25 /

Notes: * denotes the reference of the experimental data for fitting the parameter.
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Fig. 2. Interfacial tensions of the H2-H2O interface. Dashed lines are from Yang et al. (2023c).

3. Results and discussion

3.1 Hydrogen-water interface
We first investigate the H2-H2O interface in the gas-H2-

H2O-C10H22 three-phase systems. The IFT results of the
interface are displayed in Fig. 2 for systems containing (a)
N2, (b) CH4, and (c) CO2. It is observed that the IFT
values reduce with rising temperature and pressure in line
with the corresponding trends from the three-phase system
without impurity gas plotted together as dashed lines (Yang
et al., 2023c). It can be known that the presence of impurity
gas weakens the IFT of the interface. Similar reductions of
IFT have been reported in the H2-H2O two-phase systems
in contact with N2, CH4, and/or CO2 (Chow et al., 2018;
Mirchi et al., 2022; Muhammed et al., 2023; Doan et al., 2023;
Isfehani et al., 2023). The results in systems with CH4 and
CO2 are also respectively consistent with observations in the
CH4-H2O-C10H22 (Bahramian et al., 2007; Pereira et al., 2014,
2016a; Yang et al., 2022) and the CO2-H2O-C10H22 (Yang et
al., 2023a) three-phase systems under much narrower pressure
ranges. Moreover, the decrement of IFT is pronounced at
elevated pressures. The amount of reduction depends on the

type of impurity gas following this order: CO2 > CH4 > N2.
The species density distributions in the hydrogen-water

interface in the gas-H2-H2O-C10H22 three-phase systems at
various conditions are presented in Fig. 3. The density profiles
of H2, H2O, and C10H22 in the presence of impurity gas
show resemblance to the density profiles observed in the
corresponding three-phase system without the impurity gas (as
depicted in Fig. A4) (Yang et al., 2023c). An anticipated trend
is observed where the H2O density gradually decreases from
the water-rich phase to the gas-rich phase. In the interfacial
region, there are peaks in the densities of H2 and C10H22.
Importantly, strong adsorptions of N2, CH4, and CO2 are
observed in the interfacial region in contrast to those of
H2. The adsorption of gases in the H2O-gas interface has
been reported in previous studies on other multiphase fluid
systems (Miqueu et al., 2011; Yang et al., 2023a; Doan et
al., 2023). Further, this adsorption tends to decrease with
elevated temperatures.

The solubility of species in the bulk region of the aqueous
and the H2-rich phases are given in Figs. A5 and A6. It is seen
that the presence of impurity gases decreases the solubilities
of H2 and decane in the aqueous phase, especially under high
pressure and temperature conditions. On the other hand, the



14 Yang, Y., et al. Capillarity, 2023, 9(1): 9-24

0 10 20 30 40
z (Å)

(a) 298 K

0

0.2

0.4

0.6

0.8

1

H
2O

/C
10

H
22

 d
en

si
ty

 (g
/c

m
3 )

0

0.05

0.1

0.15

0.2

0.25

0.3

H
2/N

2 d
en

si
ty

 (g
/c

m
3 )

H2O 5 MPa

C10H22 5 MPa
H2 5 MPa
Impurity 5 MPa
H2O 70 MPa
C10H22 70 MPa
H2 70 MPa
Impurity 70 MPa

0 10 20 30 40
z (Å)

(d) 373 K

0

0.2

0.4

0.6

0.8

1

H
2O

/C
10

H
22

 d
en

si
ty

 (g
/c

m
3 )

0

0.05

0.1

0.15

0.2

0.25

0.3

H
2/N

2 d
en

si
ty

 (g
/c

m
3 )

0 10 20 30 40
z (Å)

(b) 298 K

0

0.2

0.4

0.6

0.8

1

H
2O

/C
10

H
22

 d
en

si
ty

 (g
/c

m
3 )

0

0.05

0.1

0.15

H
2/C

H
4 d

en
si

ty
 (g

/c
m

3 )

0 10 20 30 40
z (Å)

(e) 373 K

0

0.2

0.4

0.6

0.8

1

H
2O

/C
10

H
22

 d
en

si
ty

 (g
/c

m
3 )

0

0.05

0.1

0.15

H
2/C

H
4 d

en
si

ty
 (g

/c
m

3 )

0 10 20 30 40
z (Å)

(c) 298 K

0

0.2

0.4

0.6

0.8

1

H
2O

/C
10

H
22

 d
en

si
ty

 (g
/c

m
3 )

0

0.1

0.2

0.3

0.4

0.5

0.6

H
2/C

O
2 d

en
si

ty
 (g

/c
m

3 )

0 10 20 30 40
z (Å)

(f) 373 K

0

0.2

0.4

0.6

0.8

1

H
2O

/C
10

H
22

 d
en

si
ty

 (g
/c

m
3 )

0

0.1

0.2

0.3

0.4

0.5

0.6

H
2/C

O
2 d

en
si

ty
 (g

/c
m

3 )
Fig. 3. Component density distributions of the H2-H2O interface.

presence of impurity gases enhances the solubilities of decane
in the H2-rich phase at elevated pressures, while the H2O
solubilities are hardly influenced by the impurity gases.

The corresponding component enrichments are displayed
in Fig. 4. The enrichments of different species are weakened
with rising pressure and temperature and generally converge
to one at high pressure and temperature conditions. The
enrichments of H2 and decane show similar trends as those in
the three-phase system without impurity gas (see dashed lines)
(Yang et al., 2023c). The presence of impurity gases weakens
the enrichments of other species. The enrichments of impurity
gases follow this sequence: CO2 > CH4 > N2. This sequence
is likely associated with the interaction energies between gases
and water. The strongest CO2-H2O interaction arises from
the quadrupole-dipole interactions. Remarkably, it has been
shown from a molecular simulation study that carbon dioxide
can bond to water forming stable “T-shaped” structure in the
interfacial region, which enhances the enrichment of CO2
(Makimura et al., 2013). The weaker CH4/N2-H2O interactions

are due to the relatively small van der Waals interactions.
The surface excesses are presented in Fig. 5. Consistent

with results without impurity gases (dashed lines) (Yang et
al., 2023c), the H2 surface excesses are mostly negative
and generally decrease with pressure and temperature. The
presence of N2 enhances H2 surface excesses, particularly
at high temperatures. However, CH4 and CO2 reduce the
H2 surface excesses. Meanwhile, the decane surface excess
is generally positive and increases with rising pressure and
temperature similar to the case without impurity gases (Yang
et al., 2023c). The increased decane surface excess is likely
associated with the greater decane solubility in the H2-rich
phase at higher temperatures and pressures (see Fig. A6).
Impurity gases generally rise the surface excess of decane.
However, in the CO2 case, reductions of decane surface
excesses are seen at relatively low pressures and temperatures.
Moreover, surface excesses of N2 and CH4 increase with
pressure at low pressures and then decrease with pressure at
high pressures. However, CO2 surface excesses increase with
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Fig. 4. Component enrichments of the H2-H2O interface. Top, middle, and bottom panels show enrichments in systems
containing N2, CH4, and CO2, respectively. Dashed lines are taken from Yang et al. (2023c).

pressure and then reach plateaus at relatively high pressures.
Nevertheless, the surface excesses of impurity gas decline with
rising temperature.

The behaviors of component surface excesses are usually
used to explain the trends of IFT values (Miqueu et al., 2011;
Li and Jin, 2019). According to the Gibbs adsorption equation
(i.e., Eq. (10)), the reductions of IFT with pressure are
associated with positive surface excesses of components, while
the increments of IFT are linked to negative surface excesses.
Hence, the reductions of IFTs in contrast to the system without
impurity gases can be mainly explained by the combined
effects of positive surface excesses of impurity gases (only at
low-pressure regions for N2 and CH4 systems) and enhanced
surface excesses of decane (only at high temperatures for the
CO2 system), while the negative surface excesses contribute
negatively to the reductions of IFT.

3.2 Water-decane interface
We then study the H2O-C10H22 interface in the gas-H2-

H2O-C10H22 three-phase systems. The IFT results of the

interface are displayed in Fig. 6. The corresponding IFTs
weaken at elevated temperatures in all cases. In the system
with N2, the IFTs change moderately with pressure. Never-
theless, IFTs decrease with pressure at 298 K, while opposite
pressure effects are seen at higher temperatures. Meanwhile,
in systems with CH4 and CO2, the IFT values reduce greatly
with rising pressure. The results without impurity gases are
plotted together as dashed lines (Yang et al., 2023c). By
comparing solid and dashed lines, it is known that the presence
of impurity gases also weakens the IFTs in the H2O-C10H22
interfaces, and the amount of reduction follows this order: CO2
> CH4 > N2. The IFT values are consistent with the IFT data
for the H2O-C10H22 interface containing CH4 or CO2 in the
absence of H2 in two-phase systems under miscible conditions
(Jennings Jr and Newman, 1971; Georgiadis et al., 2011;
Yang et al., 2020), and three-phase systems under immiscible
conditions (Bahramian et al., 2007; Pereira et al., 2014, 2016a;
Yang et al., 2022, 2023a; Pan and Trusler, 2023a).

The species density distributions in the water-oil interface
in the gas-H2-H2O-C10H22 three-phase systems at various
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Fig. 5. Component surface excesses of the H2-H2O interface. Top, middle, and bottom panels show surface excesses in systems
containing N2, CH4, and CO2, respectively. Dashed lines are taken from Yang et al. (2023c).
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Fig. 7. Component density distributions of the H2O-C10H22 interface.

conditions are presented in Fig. 7. The density distributions
of H2, H2O, and C10H22 in the presence of impurity gas
exhibit similarity to those observed in the corresponding three-
phase system without the impurity gas (as depicted in Fig.
A7) (Yang et al., 2023c). As expected, the density profiles of
H2O and decane monotonically vary from one phase to the
other phase. In the interfacial region, there are peaks in the
densities of gases and the adsorptions of N2, CH4, and CO2
in the interfacial region are much larger than those of H2. The
adsorption of gases in the H2O-oil interface has been reported
in simulation studies on other multiphase fluid systems (Yang
et al., 2020, 2022, 2023a).

The solubility of species in the decane-rich phases is
given in Fig. A8. In general, the solubilities of impurity
gases generally increase pressure. However, in the CO2 case
under high pressures (> around 30 MPa), the CO2 solubility
declines with pressure. Meanwhile, high temperature increases
the N2 solubility and decreases the CO2 solubility (Hemmati-
Sarapardeh et al., 2014; Karkevandi-Talkhooncheh et al., 2018;

Peng et al., 2018). And the effect of temperature on CH4
solubility is moderate. On the other hand, it is seen that
the presence of impurity gases decreases the solubilities of
H2 in the decane-rich phase, especially under high-pressure
conditions. Interestingly, impurity gases have the effect of
increasing water solubility in systems containing CO2, while
reducing water solubility in systems containing N2 and CH4.

The component enrichment results are shown in Fig. 8.
The enrichments of impurity gases decline with pressure. In
general, high temperature enhances the enrichment of N2 and
declines the enrichment of CO2. In the CH4 case, there is a
transition point located at around 65 MPa for the pressure
effect on the enrichment. At pressure lower than 65 MPa,
CH4 enrichments increase with temperature while an opposite
temperature effect is observed at higher pressures. The H2
enrichments decrease with pressure and temperature. The
presence of impurity gas reduces the enrichments of H2 in
contrast to cases without impurity gas (see dashed lines (Yang
et al., 2023c). The effects of CH4 and CO2 on H2 enrichment
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Fig. 8. Component enrichments of the H2O-C10H22 interface. Top, middle, and bottom panels show enrichments in systems
containing N2, CH4, and CO2, respectively. Dashed lines are taken from Yang et al. (2023c).

are greater than that of N2. Moreover, the decane enrichments
are close to one in all cases.

The corresponding surface excesses are given in Fig. 9. The
surface excesses of impurity gases are all positive, and their
values follow this sequence: CO2 > CH4 > N2. Further, the
surface excess values decrease with temperature. High pressure
generally enhances the surface excesses of N2 and CO2. In the
CH4 case, maximum values of enrichments are observed at
relatively high temperatures. Consistent with results without
impurity gases (dashed lines) for this interface (Yang et
al., 2023c), the H2 surface excesses are mostly positive and
generally decrease with temperature. The positive surface ex-
cess of H2 can be explained by the strong energetic interaction
between water and hydrogen leading to the adsorption of H2 in
the interfacial region. The presence of impurity gases reduces
the H2 surface excess, and the reductions are stronger at higher
pressures. Meanwhile, the surface excesses of decane are all
negative. Impurity gases generally move the decane surface
excess curves downwards. However, at high temperature and
pressure conditions, the decane surface excesses become larger

when CH4 is added to the system. Based on the above findings,
the reduction of IFTs of the water-decane interface in contact
with impurity gases can be mainly explained by the strong
surface excesses of impurity gases in the interfacial regions.

3.3 Hydrogen-decane interface
The IFT results for the hydrogen-decane interface are

demonstrated in Fig. 10, which are also compared to those in
system without impurity gases (Yang et al., 2023c). The values
of IFT drop significantly after adding the impurity gases into
the system. The reduction of IFT enhances with pressure and
changes moderately with temperature. The decrements of IFT
caused by the impurity gases follow this order: CO2 ≈ CH4
> N2. Remarkably, the minimum miscibility pressure (MMP)
can be obtained as the pressure at which the IFT reaches zero
(Ayirala et al., 2006). Our results show that the MMP for the
decane-rich and hydrogen-rich phases are beyond 100 MPa in
the studied systems. As the IFT reduces with impurity gases,
the MMP value also reduces, which is consistent with the
reported small MMP values in the CH4/CO2-oil two-phase
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Fig. 9. Component surface excesses of the H2O-C10H22 interface. Top, middle, and bottom panels show surface excesses in
systems containing N2, CH4, and CO2, respectively. Dashed lines are taken from Yang et al. (2023c).
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Fig. 10. Interfacial tensions of the H2-C10H22 interface. Dashed lines are from Yang et al. (2023c).
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Fig. 11. Component density distributions of the H2-C10H22 interface.

0 20 40 60 80 100

Pressure (MPa)
(a) N

2

-12

-10

-8

-6

-4

-2

0

Sp
re

ad
in

g 
co

ef
fi

ci
en

t (
m

N
/m

)

0 20 40 60 80 100

Pressure (MPa)
(b) CH

4

-12

-10

-8

-6

-4

-2

0

Sp
re

ad
in

g 
co

ef
fi

ci
en

t (
m

N
/m

)

0 20 40 60 80 100

Pressure (MPa)
(c) CO

2

-12

-10

-8

-6

-4

-2

0

Sp
re

ad
in

g 
co

ef
fi

ci
en

t (
m

N
/m

)

298 K with impurity
333 K with impurity
373 K with impurity

298 K without impurity
333 K without impurity
373 K without impurity

Fig. 12. Spreading coefficients in the gas-H2-H2O-C10H22 3-phase systems. Dashed lines are taken from Yang et al. (2023c).
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systems (Yellig and Metcalfe, 1980; Rao and Lee, 2003).
The species density distributions in the hydrogen-oil inter-

face in the gas-H2-H2O-C10H22 three-phase systems at various
conditions are presented in Fig. 11. The density distributions
of H2, H2O, and C10H22 in the presence of impurity gas are
similar to those in the corresponding three-phase system with-
out the impurity gas (see Fig. A9) (Yang et al., 2023c). The
densities of water are small in contrast to other components
due to its low solubilities in the decane-rich and hydrogen-
rich phases (see Figs. A6 and A8). The density profiles of
decane monotonically decrease from the decane-rich phase to
the hydrogen-rich phase, while density peaks in the interfacial
densities of gases are observed in line with previous studies on
gas-oil interfaces (Pereira et al., 2016c; Choudhary et al., 2019;
Yang et al., 2022, 2023a). Furthermore, the adsorptions of
impurity gases are greater than that of H2.

The component enrichment data for the hydrogen-decane
interface are shown in Fig. A10. For all species in this
interface, the enrichments weaken with rising temperature and
pressure. The enrichments of impurity gases are greater than
those of H2, and have similar magnitude to those of water.
It is observed that the presence of impurity gases generally
reduces the enrichments of H2 and H2O in contrast to cases
without impurity gases (see dashed lines) (Yang et al., 2023c).
However, the H2O enrichments are enhanced by CO2 (see Fig.
A10(f)).

The results for surface excesses are presented in Fig. A11.
The surface excesses of impurity gases are all positive and
reduce with rising temperature. As pressure rises, the surface
excesses values incline first and then decline, and peak at
around 40 MPa. The magnitudes also follow this order: CO2
> CH4 > N2. Meanwhile, adding the impurity gases into the
systems leads to significant reductions in H2 surface excesses,
and these reductions change the sign of H2 from positive to
negative by comparing the solid lines with results in the system
without impurity gases (dashed lines) (Yang et al., 2023c).
The H2O surface excesses are reduced by N2 and CH4 but
enhanced by CO2. Nevertheless, the H2O surface excesses
are generally two orders of magnitude lower than those of
impurity gases. Therefore, the decrements of IFTs for the
hydrogen-decane interface can primarily be attributed to the
strong surface excesses of impurity gases according to the
Gibbs adsorption equation (i.e., Eq. (10)).

3.4 Spreading Coefficient
The spreading coefficients of the impurity gas-H2-H2O-

decane systems for different impurity gas types are given in
Fig. 12. The spreading coefficients are mostly negative over
the studied temperature and pressure conditions indicating the
existence of three-phase contact. The spreading coefficients
are larger at higher temperatures and pressures. By comparing
the spreading coefficients with those from the system without
impurity gases (Yang et al., 2023c), we found that the presence
of impurity gases enhances the spreading coefficient and the
increments are stronger at elevated temperatures and pressures.
This increase of the spreading coefficient (from negative to
around zero) suggests the spreading of oil lens in contact with

impurity gases.

4. Conclusion
We have conducted the square gradient theory calculations

with PC-SAFT EoS to study the effects of the impurity gas
(nitrogen, methane, and carbon dioxide) on the interfacial
properties of the H2-H2O-n-C10H22 three-phase systems with
same mole fraction of hydrogen and impurity gas at various
temperatures (298, 333, and 373 K) and pressures (up to 110
MPa). Our results in the four-component three-phase systems
were compared to the corresponding system without impurity
gases (Yang et al., 2023c). We found that the presence of
impurity gases has a significant impact on all three interfaces
(H2-H2O, H2O-C10H22, and H2-C10H22). These impurity gases
accumulate in the interfacial regions and result in positive
surface excesses, weakening IFT values. The extent of IFT re-
duction depends on the type of impurity gas, with CO2 having
the greatest effect, followed by CH4, and then N2. Typically,
the presence of impurity gases reduces the adsorption of other
substances. However, in the H2-H2O interface, the impurity
gases can enhance the surface excesses of decane, contributing
to the decreases in IFT. Furthermore, under the temperature
and pressure conditions examined, the majority of spreading
coefficients are found to be negative, indicating the presence
of a three-phase contact. The presence of impurity gases
enhances the spreading coefficient, and this effect is more
pronounced at higher temperatures and pressures. This study
contributes to the fundamental understanding of the interfacial
properties of the H2-water-oil 3-phase systems in the presence
of impurity gases. It could have potential applications in large-
scale storage of hydrogen in depleted oil reservoirs.
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