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Abstract: Hydrogen sulfide (H2S) is considered a toxic and corrosive gas, commonly found in natural
gas, crude oil, and other fossil fuels. This corrosive gas may lead to stress corrosion cracking (SCC).
This phenomenon is caused by the combined influence of tensile stress and a corrosive environment.
This may lead to the sudden failure of normally ductile metal alloys, especially at an elevated
temperature. Desulfurization is the process of removing H2S from these fuels to reduce their harmful
environmental and health impacts. Ionic liquids (ILs) have shown great potential for application as
liquid absorbents for H2S extraction because of their advantages such as non-volatility, functionality,
high carbon solubility and low energy requirements for regeneration. The proposed hydrogen sulfide
extraction system consists of a tube, membrane and shell. 1-ethyl-3-methylimidazolium (emim)-
based ionic liquids with bis-(trifluoromethyl) sulfonylimide (NTf2) anion has been selected due
to its high H2S diffusion coefficient. Functionalized graphene oxide (GO) advanced membranes
have been employed in this design. In this research, H2S extraction with ionic liquids has been
numerically studied. The COMSOL finite element and multi-physics code has been employed to
solve the continuity, turbulent fluid flow (k-ε model), and transient diffusion equations. For small
time periods, there is sharp gradient in H2S concentration profile inside the shell section. This is
because the diffusion coefficient of H2S in the ionic liquid is very small and the shell section is much
thicker than the membrane. It has been determined that H2S is absorbed almost completely by ionic
liquids after a time period of 30,000 s.

Keywords: hydrogen sulfide; desulfurization; ionic liquid; COMSOL multiphysics code; Reynolds
average Navier–Stokes (RANS); diffusion equation; continuity equation

1. Introduction

Hydrogen sulfide (H2S) is considered toxic and is commonly found in natural gas,
crude oil, and other fossil fuels. This corrosive gas may also lead to stress corrosion
cracking (SCC). This phenomenon is caused by the combined influence of tensile stress and
a corrosive environment. This may lead to the sudden failure of normally ductile metal
alloys, especially at an elevated temperature [1]. Desulfurization is the process of removing
H2S from these fuels to reduce their harmful environmental and health impacts.

1.1. Literature Review of Conventional Desulfurization Methods

The most common method of H2S desulfurization is the Claus process, which involves
the following steps [2,3]:

(1) The raw gas containing H2S is burned with oxygen to produce sulfur dioxide (SO2).
(2) The SO2 is then reacted with more H2S in the presence of a catalyst to produce

elemental sulfur (S) and water (H2O).
(3) The sulfur is then removed and the gas is purified.

Another method of H2S desulfurization is through the use of biological processes,
such as bio-desulfurization, which uses microorganisms to metabolize H2S into sulfur. H2S
desulfurization is an important process in the oil and gas industry, as it helps to reduce the
environmental and health impacts of fossil fuel production and use.
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Yu et al. reviewed the current literature studies on the H2S extraction processes by
using zeolite catalysts. Their review includes experimental and simulation studies [4].
Valesco et al. implemented an iron-redox biological process in order to remove hydrogen
sulfide (H2S) from biogas emitted from a closed landfill [5]. Almenglo et al. installed a pilot
bio-trickling filter (BTF) in a wastewater treatment plant in order to treat real biogas [6].
Tayar et al. studied different types of low-cost packing materials in columns in order to
reduce the initial and operational costs of biogas bio-desulfurization [7]. There are several
available methods for hydrogen sulfide removal, depending on the specific application and
the desired level of removal. Some commonly used techniques are presented as follows:

Chemical oxidation: Hydrogen sulfide can be oxidized to elemental sulfur or sulfate
using chemical oxidants such as chlorine, hydrogen peroxide, or ozone. This process
converts H2S into less harmful substances that can be easily separated or further treated.

Biological desulfurization: Biological processes employ specialized bacteria to me-
tabolize hydrogen sulfide and convert it into elemental sulfur or sulfate. This method is
often used in wastewater treatment plants and other biological treatment systems.

Adsorption: Adsorption involves the use of solid materials, such as activated carbon
or specialized adsorbents, to capture and remove hydrogen sulfide. The gas molecules
adhere to the surface of the adsorbent material, effectively removing them from the sur-
rounding air or water.

Chemical scrubbing: In chemical scrubbing, a liquid scrubbing agent is used to
absorb hydrogen sulfide gas. Common scrubbing agents include alkaline solutions, such as
sodium hydroxide or sodium carbonate. The hydrogen sulfide reacts with the scrubbing
agent to form a non-volatile compound that can be easily separated.

Catalytic conversion: Catalytic converters are used in some industrial processes to
convert hydrogen sulfide into elemental sulfur. These converters contain catalysts that
facilitate the chemical reaction, resulting in the formation of solid sulfur that can be collected
and removed.

It is important to select the appropriate hydrogen sulfide removal method based
on factors such as the concentration of H2S, the volume of gas or liquid to be treated,
the desired level of removal, and the specific environmental and safety considerations of
the application.

1.2. Literature Review of the Employment of Ionic Liquid for Extractive Desulfurization

At present, hydro-desulfurization (HDS) technology is widely applied in industry,
in which sulfur compounds in fuel oils react with hydrogen in presence of catalysts [8]
to produce hydrogen sulfide (H2S) and H2S is removed from fuel oils [9]. However, this
advanced technology is facing some challenges, with more countries limiting the sulfur
content in fuel oils to lower levels, even to zero [9]. It should be noted that alternative
methods such as extraction, oxidation, adsorption and bio-desulfurization have been
studied, among which extractive desulfurization (EDS) is one of the preferable methods
because it can be carried out under mild and simple conditions, does not alter the chemical
structure of the compounds in fuel oils and the extracted sulfur compounds can be re-used
as raw materials. Ionic liquids (ILs) provide a new option for EDS. Different from traditional
molecular solvents, ILs are entirely composed of cation and anion. They are not volatile. In
addition to this, they have high thermal/chemical stability, tunable dissolving or extracting
capabilities for inorganic or organic compounds, non-flammability, and recyclability [10].
Ionic liquids have been recognized as novel designable solvents, i.e., their properties can
be tuned by altering their ionic structures to meet specific demands. Their cationic and
anionic structures can be tailored to optimize their physico–chemical properties [11]. These
desirable properties make them suitable for extraction in EDS.

Ionic liquids are a class of salts that are liquid at or near room temperature. They have
unique properties such as low volatility, high thermal stability, and tunable physicochemical
properties, which make them attractive for various applications, including hydrogen
sulfide removal. Ionic liquids can be used as solvents or absorbents to capture and remove
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hydrogen sulfide from gas streams or liquid solutions. A few examples of ionic liquids
applied for hydrogen sulfide removal are presented here:

Ammonium-based ionic liquids: Ionic liquids containing ammonium cations, such
as tetraalkylammonium or alkylammonium, have been studied for hydrogen sulfide re-
moval. These ionic liquids can chemically react with hydrogen sulfide, forming non-volatile
ammonium sulfide compounds that can be separated from the gas or liquid phase.

Phosphonium-based ionic liquids: Ionic liquids containing phosphonium cations,
such as trialkylphosphonium, have also shown potential for hydrogen sulfide removal.
They can chemically react with hydrogen sulfide, leading to the formation of non-volatile
phosphonium sulfide compounds that can be easily separated.

Imidazolium-based ionic liquids: Imidazolium-based ionic liquids are a widely stud-
ied class of ionic liquids. They have been investigated for hydrogen sulfide removal due to
their high solubility for H2S and ability to form hydrogen bonds with sulfur-containing
compounds. These interactions facilitate the capture and removal of hydrogen sulfide from
gas or liquid streams.

Pyridinium-based ionic liquids: Pyridinium-based ionic liquids have shown promise
for hydrogen sulfide removal, particularly in liquid–liquid extraction processes. They
can selectively extract hydrogen sulfide from liquid solutions, enabling its separation
and removal.

The choice of an appropriate ionic liquid for hydrogen sulfide removal depends on
factors such as its specific application, the gas or liquid matrix, the desired level of removal,
and economic and environmental considerations. Further research and development are
ongoing to optimize the performance and efficiency of ionic liquids in hydrogen sulfide
removal processes.

EDS using ILs has been studied intensively. Wang and Zhang used an altered
acidity and iron (III) concentration by varying molar ratios of FeCl3·6H2O to 1-butyl-
3-methylimidazolium chloride ([bmim] Cl) in the synthesis of iron (III)-containing ionic liq-
uids. It was found that 1-butyl-3-methylimidazolium tetrachloroferrate ([bmim] Fe(III)Cl4)
is highly reactive toward H2S [12]. Abdullah et al. [13] have shown that the absorption
capacity of sulfur compounds in ILs is strongly dependent on the chemical structures,
physical properties and compactness between the cation and the anion of the ILs [14].

1.3. Scope and Novelty of This Paper

In this research, hydrogen sulfide extraction based on ionic liquids has been calculated.
This paper includes the simulation of the hydrogen sulfide extraction system. COMSOL
software was applied in order to solve the continuity, turbulent fluid flow (by applying k-ε
model), and diffusion equations. This work is probably the first coupled CFD simulation of
H2S extraction based on ionic liquid system and the graphene oxide (GO) membrane. This
system is shown in Figure 1.

In an oil refinery, hydrogen sulfide (H2S) can be generated from various sources during
the processing of crude oil. Some of the major sources of H2S in an oil refinery include:

Crude oil: Hydrogen sulfide can naturally occur in crude oil deposits, and its concen-
tration varies depending on the oil source. As crude oil is processed in the refinery, H2S
can be released from the oil stream.

Hydro-treating units: Hydro-treatment is a refining process that involves the use of
hydrogen to remove impurities, such as sulfur compounds, from various refinery products,
such as gasoline, diesel, and jet fuel. The removal of sulfur compounds results in the release
of hydrogen sulfide gas.

Hydrocracking units: Hydrocracking is a process that converts heavy hydrocarbons
into lighter products using hydrogen as a catalyst. During this process, sulfur-containing
compounds are broken down, releasing H2S.

Coking units: Coking units convert residual heavy oils into lighter products and
petroleum coke. Sulfur compounds in the residual oils can decompose during coking,
leading to the release of H2S.
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Sour water strippers: Sour water is generated in various refinery units that contain
hydrogen sulfide and ammonia. Sour water strippers are used to remove H2S from this
water stream, and the stripped gas contains H2S.

Delayed coker units (DCU): Delayed coking is a process that converts residual heavy
oils into petroleum coke. As in coking units, sulfur compounds in the residual oils can
decompose, generating H2S.

Desulfurization units: Refineries may have desulfurization units that remove sulfur
compounds from specific refinery streams. During this process, H2S can be produced as
a byproduct.
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Figure 1. Schematics of the hydrogen sulfide extraction system.

As can be seen from Figure 1, the hydrogen sulfide is diffused inside the GO mem-
brane absorbed by 1-ethyl-3-methylimidazolium (emim)-based ionic liquids with bis-
(trifluoromethyl) sulfonylimide (NTf2) ionic liquid.

2. Materials and Methods
2.1. Diffusion Coefficients of Hydrogen Sulfide inside the Tube, Membrane and Shell Sections

1-ethyl-3-methylimidazolium (emim)-based ionic liquids with bis-(trifluoromethyl)
sulfonylimide (NTf2) anion were selected due to their high H2S diffusion coefficient. The
diffusion coefficients of the H2S inside the water (DH2S-water), ionic liquid and the function-
alized graphene oxide (GO) membrane (DH2S-GO) and ionic liquid (DH2S-IL) are shown in
Table 1 [14–16]. It should be noted that the H2S diffusion coefficient inside graphene oxide
(GO) is much higher than the H2S diffusion coefficient inside Nafion112 [17].

Table 1. Diffusion coefficients of hydrogen sulfide in the water (DH2S-water), in the functionalized
graphene oxide (GO) membrane (DH2S-GO) and the ionic liquid (DH2S-IL) [14–16].

Material Property Value Reference

DH2S-water 17·10−10 (m2/s) [16]
DH2S-GO 20·10−10 (m2/s) [15]
DH2S-IL 8·10−10 (m2/s) [14]
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The GO membrane offers several advantages such as:

(a) Graphene oxide membrane has an exceptionally high permeability to various gases
and liquids. Its structure allows for the faster diffusion and transport of molecules
compared to conventional membranes.

(b) It is chemically stable and resistant to many corrosive substances, making it suitable
for use in harsh environments.

(c) It can be engineered to be selective for specific molecules or ions. By controlling
the size and functional groups on the surface of the graphene oxide sheets, it can be
tailored for different applications, such as water purification or gas separation.

2.2. Multiphysics Analyses of the Hydrogen Sulfide Extraction System

This subsection provides a numerical analysis of the hydrogen sulfide extraction
system. Figure 2 shows the geometry of this system.
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The tube radius is 5 mm, and its length is 40 mm. The membrane thickness is 0.5 mm.
The shell thickness is 4 mm. COMSOL software was applied in this work. It solves the
following governing equations:

(a) Reynolds-averaged Navier–Stokes (RANS) and continuity equations. Wilcox (k-ε)
turbulence model was applied in the tube domain.

(b) Convective mass transport equation in the tube domain.
(c) Diffusion transport equations in the three domains (tube, membrane and the shell).
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Reynolds-averaged Navier–Stokes (RANS) equations are a set of equations used in
fluid dynamics to model the behavior of turbulent flows. They are derived from the Navier–
Stokes equations, which describe the motion of fluid in terms of velocity, pressure, and
other properties. The RANS equations incorporate the concept of turbulence by introducing
additional terms that represent the effects of turbulence on the flow. Turbulence is charac-
terized by chaotic, random fluctuations in velocity and pressure, which can significantly
influence the overall flow behavior. However, directly solving the turbulent flow equations
is computationally expensive and impractical for many engineering applications. In RANS,
the equations are averaged over time, resulting in equations that represent the mean flow
behavior with additional terms that account for the turbulent fluctuations. These additional
terms are often modeled using turbulence models, which are mathematical models that
provide closure for the turbulent terms in the equations. The choice of turbulence model
depends on the specific flow conditions and the level of accuracy required.

2.2.1. Continuity and Fluid Flow Equations

The characteristic of a flow is often described by Reynolds number, which is defined as:

Re =
ρUd

η

where U is the velocity inside the tube and d is the tube diameter. The temperature of the
water is 25 ◦C. ρ is the fluid density and η is the fluid viscosity. The inlet velocity, U, is
0.5 m/s. The pipe diameter, d, is 0.01 m. It has been assumed that a mixture of water and
hydrogen sulfide is flowing inside the tube. Then, using standard values for water density
and viscosity, the equation gives an approximate Reynolds number of 5000.

Since the Reynolds number of the flow inside the tube is greater than 2100 [18,19],
this Reynolds is high enough to warrant the use of a turbulence. The k-ε model is often
used in turbulence models for industrial applications. The COMSOL multiphysics code
includes the standard k-ε model. This model introduces two additional transport equations
and two dependent variables: the turbulent kinetic energy, k, and the dissipation rate of
turbulence energy, ε. The turbulent viscosity is modeled by [20,21]:

ηT = ρCµ
k2

ε
(1)

Cµ is a model constant. The transport equation for k is [20]:

ρ
∂k
∂t
−∇ ·

[(
η +

ηT
σk

)
∇k

]
+ ρU · ∇k =

1
2

ηT

(
∇U + (∇U)T

)2
− ρε (2)

The transport equation for ε is [20,21]:

ρ
∂ε

∂t
−∇ ·

[(
η +

ηT
σε

)
∇ε

]
+ ρU · ∇ε =

1
2

Cε1
ε

k
ηT

(
∇U + (∇U)T

)2
− ρCε2

ε2

k
(3)

The turbulent model constants in the above equations are determined from experi-
mental data [20]. Their values are listed in Table 2.

Table 2. Turbulent model constants [20].

Material Property Value

Cµ 0.09
Cε1 1.44
Cε2 1.92
σk 1.0
σε 1.3
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Solving these equations involves discretizing them into a computational domain and
employing numerical methods to obtain approximate solutions. Computational fluid
dynamics (CFD) simulations are commonly used to solve RANS equations. It is worth
noting that while RANS equations are widely used, they have limitations. They assume
that turbulence can be characterized by its mean properties and neglect the effects of small-
scale turbulent fluctuations. For flows with complex turbulence behavior or flows near
walls, more advanced turbulence models or approaches such as large-eddy simulation
(LES) or direct numerical simulation (DNS) may be required to accurately capture the flow
phenomena. The mass conservation transport equation is [20]:

∇ · u = 0 (4)

2.2.2. Mass Transfer Equations of the H2S in the Tube, Membrane and the Shell Sections

The transient mass transfer equation for the tube section is shown in Equation (5) [18,20]:

∂c1/∂t +∇ ·
(
−DH2S−water∇c1 + c1u

)
= 0 (5)

The transient mass transfer equation for the membrane is shown in Equation (6) [18,20]:

∂c2/∂t +∇ ·
(
−DH2S−GO∇c2

)
= 0 (6)

The transient mass transfer equation (it is assumed that the ionic velocity inside the
shell can be neglected) for the shell section is shown in Equation (7) [18,20]:

∂c3/∂t +∇ ·
(
−DH2S−IL∇c3

)
= 0 (7)

2.2.3. Boundary Conditions

The boundary conditions at the interface of the tube section and the membrane are
provided by the following Equation [18,20]:(

−DH2S−water∇c1 + c1u
)
· n = −DH2S−GO∇c2 (8)

The boundary conditions at the interface at the membrane/shell section are pro-
vided by Equation (9) [18,20]. The H2S concentration incoming to the extraction system is
1000 mol/m3 (see Equation (10)). The flow velocity inside the tube section is 0.5 m/s (see
Equation (11)). (

−DH2S−IL∇c3
)
· n = −DH2S−GO∇c2 (9)

c1(0 < r < rin, z = 0, t) = cin (10)

u(0 < r < rin, z = 0, t) = vin (11)

3. Results
3.1. CFD Results Obtained Using GO Membrane

The segregated solver was applied in order to solve the turbulent flow equation.
The convergence plot is shown in Figure 3.
According to Figure 3, the numerical errors decreased from 1 to 1·10−3. Figure 4

provides the velocity profile inside the tube section.
Figure 4 shows that the flow inside the tube section is a fully developed turbulent

velocity profile [22]. Figure 5 provides a two-dimensional (2D) plot of the hydrogen sulfide
concentration profile at t = 3000 s.
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Figure 5 shows that the hydrogen sulfide concentration decays along the radial axis.
This is because the hydrogen sulfide is diffused into the membrane and the shell sections.
Figure 6 provides a 3D plot of the hydrogen sulfide concentration profile at t = 3000 s.

Figure 6 shows that, for small time periods, there is sharp gradient in H2S concentration
profile inside the shell section. This is because the diffusion coefficient of H2S in the ionic
liquid is very small, and the shell section is much thicker than the membrane. Two CFD
simulations with different elements (3708 and 14,832 elements) were performed using
COMSOL Multiphysics. Figure 7 shows the instantaneous H2S concentrations at the
tube/membrane interface, at the membrane/IL interface and at the edge of the shell section
(3708 elements).
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It can be seen from Figure 7 that the H2S is almost completely absorbed by the 1-ethyl-
3-methylimidazolium (emim)-based ionic liquids with a bis-(trifluoromethyl) sulfonylimide
(NTf2) anion after a time period of 30,000 s. This is a function of the diffusion coefficients
of the H2S inside the membrane and the shell sections. Figure 8 provides the instantaneous
H2S concentrations at the tube/GO membrane interface, at the membrane/shell interface
and at the edge of the shell section inside the extraction system (14,832 elements).
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The H2S concentration profiles obtained by the two CFD numerical simulations for
3708 and 14,832 elements are almost the same.

3.2. Validation of the CFD Result

The CFD results obtained using COMSOL software were validated against the ana-
lytical results. A closed-form solution was obtained for a constant surface concentration
for semi-infinite mediums (this is valid for very short time periods). The analytical solu-
tion for this case may be obtained by applying a similarity variable, through which the
diffusion equation may be transformed from a partial differential equation, involving two
independent variables (x and t), to an ordinary differential equation expressed in terms
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of the single similarity variable [23]. Figure 9 shows the analytical and numerical H2S
concentration results.
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As can be seen from Figure 9, the analytical results are similar to the numerical results
for short time periods. It should be noted that experimental results for this hydrogen sulfide
extraction system have not been found. However, a similar model was recently developed
for carbon-capture purposes [24]. The numerical results obtained for this similar system
were favorably compared with the research work written by Sohaib et al. [25].

4. Conclusions

In this research, a hydrogen sulfide extraction system based on ionic liquids was
calculated. The COMSOL finite element code solved the continuity, turbulent fluid flow
(by applying a k-ε model), and mass transfer equations. This work is the first coupled CFD
simulation of a H2S extraction system based on an ionic liquid system and graphene oxide
(GO) membrane.

The proposed hydrogen sulfide extraction system contains a tube, membrane and
shell. 1-ethyl-3-methylimidazolium (emim)-based ionic liquids with bis-(trifluoromethyl)
sulfonylimide (NTf2) anion were selected due to their high H2S diffusion coefficient. A func-
tionalized graphene oxide (GO) membrane was employed in this design. This membrane
offers several advantages such as:

(a) The graphene oxide membrane has exceptionally high permeability to various gases
and liquids.

(b) It is chemically stable and resistant to many corrosive substances. It is suitable for use
in harsh environments.

(c) It can be engineered to be selective for specific molecules or ions.

It was determined that the H2S is absorbed almost completely by the 1-ethyl-3-
methylimidazolium (emim)-based ionic liquids with bis-(trifluoromethyl) sulfonylimide
(NTf2) anion after a time period of 30,000 s. This time period is a function of the diffusion



Fuels 2023, 4 374

coefficients of the H2S in the membrane and the ionic liquid. Two CFD simulations with
different meshes (3708 and 14,832 elements) were carried out using the COMSOL multi-
physics finite element code. It was found that the H2S concentration profiles obtained from
these two CFD simulations are almost the same. The CFD results obtained using COMSOL
software were validated against the analytical results. A closed-form solution was obtained
for a constant surface concentration for a semi-infinite medium (it is valid for very short
time). The analytical solution for this case could be obtained by recognizing the existence
of a similarity variable, through which the diffusion equation may be transformed from a
partial differential equation involving two independent variables (x and t) to an ordinary
differential equation expressed in terms of the single similarity variable. It was found
that the analytical results are similar to the numerical results. This extraction system has
several advantages:

(a) Hydrogen sulfide (H2S) is considered toxic. This system reduces hydrogen sulfide pollution.
(b) It prevents stress corrosion cracking (SCC) to refine the piping system. H2S SCC

typically occurs when a metal is under tensile stress, which is stress that tends to
stretch or elongate the material. The combination of tensile stress and exposure
to H2S can initiate and accelerate the cracking process. This phenomenon begins
with the absorption of hydrogen atoms into the metal lattice. This can lead to the
formation of hydrogen gas at specific locations, creating internal pressure that causes
cracks to initiate and grow in the material. These cracks can ultimately lead to
catastrophic failure of the component or structure if left unchecked. The severity
of SCC is influenced by environmental factors, such as the concentration of H2S,
temperature, pressure, and the presence of other corrosive substances.

This extraction system can be further extended and can also include a spectral hydro-
gen sulfide infrared (IR) detection system.
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Abbreviations
CFD Computational fluid dynamics
EDS Extractive desulfurization
GO Graphene oxide
HDS Hydro-desulfurization
IL Ionic liquid
RANS Reynolds average Navier–Stokes
SCC Stress corrosion cracking

Nomenclature
C Concentration in [mole/m3]
D Diffusion coefficient in [m2/s]
P Pressure in [Pa]
patm Atmospheric Pressure in [Pa]
R Gas constant (8.3143 J/(mole·K))
rin Inner radius of the tube [m]
rout Outer radius of the tube [m]
t Time in [s]
u(u, v, w) Velocity vector in [m/s]
V Velocity of the entering/leaving stream in [m/s]
Greek letters
ρ Density in [kg/m3]
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