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Natural gas is a cleaner energy source compared to other fossil-based energy sources owing to its low emissions.
However, natural gas contains acidic gases (including CO2 and H2S), which may cause equipment corrosion and
environmental damage. To date, amine-based absorption techniques have been used to remove acidic gases from
natural gas to reach regulated concentration limits. However, a tremendous amount of heating is required to
regenerate amine-based solvents, which remains a major issue with traditional absorption-based acid gas removal units. In this context, 1-butyl-3-methyimidazolium methyl sulfate (bmim)(CH3SO4) and 1-butyl-3-methylimidazolium hexafluorophosphate (bmim)(PF6) were adopted as potential solvents for reducing the heating
requirements in the solvent-regeneration step of absorption-based removal techniques. This study shows that by
using the imidazolium-based cationic IL, up to 99 wt% of acid gases can be removed while dramatically reducing
the heating load and the total annualized cost compared to conventional amine-based absorption units. Flashbased solvent regeneration was used to recover the solvent with a heating loading value of 3978 kW, which is
78.6% lower than that of conventional amine regeneration strippers. Use of only flash column instead of stripper
also makes the proposed ionic liquid-based absorption technique most economical with respect to capital investment.

1. Introduction

To date, several approaches including absorption, adsorption, and
membrane separation have been developed to capture acid gases from NG.
Absorption-based techniques are the most common and practical approaches for large-scale NG treatment to remove acid gases (Afkhamipour
and Mofarahi, 2014). Aqueous alkanolamine solvent-based absorption/
stripper schemes have been developed for acid gas removal, mainly because
of their high reliability. Among alkanolamine solvents, ethanolamine
(MEA)-based solvents (e.g., MEA and MDEA) are commonly used because of
their strong reactivity, high capacity, active kinetics, and widespread
availability with low cost (Lepaumier et al., 2009; Venkatraman and
Alsberg, 2017). However, a tremendous amount of thermal energy is required for the regeneration of MEA and MDEA, which accounts for around
80% of the total operating cost (Aaron and Tsouris, 2005; Mesbah et al.,
2018). Therefore, the heating load for amine solvent regeneration is a major

Global warming is a serious issue in present times. Large amount of
CO2, which contributes to global warming, is emitted from coal- and
oil-based power plants (Qyyum et al., 2018a). Considering the current
energy challenges associated with environment, natural gas (NG) has
been recognized as a cleaner energy source compared to conventional
coal and oil (Qadeer et al., 2018; Qyyum et al., 2019). Therefore, the
NG has become one of the most dominant global energy sources
(Qyyum et al., 2018b). However, NG contains a certain amount of acid
gases such as CO2 and H2S which deteriorate its cleanliness and desirable thermal properties. Furthermore, the presence of CO2 and H2S
increases the cost of green utilization of NG mainly because of their
corrosiveness towards equipment and toxicity.
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Nomenclature

IL
L/F ratio
MEA
MDEA
NG
NRTL-RK
PR
RTIL
SRK
TAC
VLE

(bmim)(CH3SO4) 1-Butyl-3-methyimidazolium methyl sulfate
(bmim)(PF6)
1-Butyl-3-methylimidazolium hexafluorophosphate
1-Butyl-3-methylimidazolium tetrafluoroborate
(bmim)(BF4)
(bmim)(TF2N)
1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(C6mim)(TCM)
1-Hexyl-3-methylimidazolium tricyanomethanide
(emim)(eFAP)
1-Ethyl-3-methylimidazolium tris(nonafluoroethyl)trifluorophosphate
EOS
Equation of state
issue with conventional amine-based absorption techniques. Besides high
thermal duty requirements, foaming has also been identified as another
issue inherent in amine-based absorption columns.
Ionic liquids (ILs) are generally characterized as salts with very low
melting points. Most ILs are liquids at room temperature and are sometimes
referred to as room temperature ILs (RTILs). Because of their large volume
and lattice flexibility, low entropy changes can be achieved (Zeng et al.,
2017). ILs typically consist of a large organic cation and an organic or inorganic anion and have received significant attention in the past few years.
They can be used as a substitute for traditional industrial solvents (amines)
and have been extensively used as absorbents for gas separation because of
relatively low foaming tendency (Privalova et al., 2012; Thaim, 2015) and
high thermal stability (Fredlake et al., 2004; Meindersma and De Haan,
2012) leading to significant reductions in thermal load with minimal capital
investment. For instance, Taheri et al. (2018) investigated the feasibility of
using IL (amim)(Tf2N) for CO2, CO, and H2 capture. The authors evaluated
the performance of select IL in comparison with methanol. Ma et al. (2017)
used Aspen Plus to develop a CO2 capture process using (bmim)(BF4) and
(bmim)(PF6) and concluded that (bmim)(BF4) was superior because of its
low thermal energy requirement for solvent regeneration. Shiflett et al.
(2010) proposed a CO2 capture process using 1-butyl-3-methylimidazolium
acetate (bmim)(Ac.) and analyzed the thermal energy and economic savings
achieved using IL. Zubeir et al. (2018) proposed novel pressure and temperature swing processes for CO2, CO, and H2 separation using 1-hexyl-3methylimidazolium tricyanomethanide (C6mim)(TCM). The authors concluded that (C6mim) (TCM) reduced the overall energy consumption by up
to 60%. de Riva et al., 2017 used imidazolium-based ILs for post combustion
CO2 capture, employing a COSMO-based process simulation approach to
incorporate the ILs in the Aspen Plus simulation environment. Liu et al.
(2016) proposed a method based on COSMO-RS to select appropriate ILs to
remove CO2 from shale gas. The authors used (bmim](Tf2N) as a solvent for

Ionic liquid
Liquid to feed ratio
Ethanolamine
Methyl-di-ethanol-amine
Natural gas
Nonrandom two liquids-Redlich Kwong
Peng-Robinson
Room temperature ionic liquid
Soave Redlich Kwong
Total annualized cost
Vapor liquid equilibrium

absorption-based CO2 capture and reported that the thermal energy required for solvent regeneration was reduced by 66.04%. Most recently, Ma
et al. (2018) used the same ILs as Liu et al. (2016) and investigated the CO2
capture performance of (bmim](Tf2N) for use in power plants rather than
shale gas. Above mentioned works have designed the IL-based processes
mainly for CO2 capture from NG and power plant emission gases to reduce
the overall operating costs. However, for the NG processing industry, the
removal of acid gases (CO2 and H2S) is essential and CO2 removal is insufficient. To the best of our knowledge, designed processes for acid gas
removal from NG using ILs have not been reported to date.
Based on previous studies regarding the solubility of CO2, H2S, and CH4,
various classes of ILs have been utilized to study their solvent effects. The
potential IL should be chosen based on its structural compatibility, experimental solubility, selectivity of the cation and anion, and most importantly
its toxicity. The combination of all the factors listed above must be considered for a prospective IL solvent for the absorption of CO2 and H2S. The
cation and anion selection among the vast amount of possible combinations
is a key consideration of IL research. The solubility of the acid gas components has been studied in cations like pyridinium (Anderson et al., 2007),
pyrrolidinium (Song et al., 2010), phosphonium (Ramdin et al., 2013),
imidazolium (Anthony et al., 2005; Cadena et al., 2004), and ammonium
(Mattedi et al., 2011) with different anions. Among these ILs, imidazoliumbased cations have been studied more extensively and have been reported to
perform well with respect to CO2 solubility (Cadena et al., 2004). Further
attempts have been made to improve the CO2 solubility of imidazolium by
adding functionally philic groups by fluorination of the alkyl chain atoms
(ethyl, butyl, and hexyl) to good effect (Lee et al., 2010). The capability of
imidazolium cations is due to their ability to form hydrogen bonds with
solutes, which is significantly greater than other cations and increases its
solvation ability (Kazarian et al., 2000). Increasing the alkyl chain length
(ethyl > butyl > hexyl) results in a greater free volume, which can

Fig. 1. Structural depiction of [bmim][PF6] and [bmim][CH3SO4].
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(Kumełan et al., 2006; Lynnette A. Blanchard et al.,
2001; Shiflett et al., 2010)
up to 9.805
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(Safavi et al., 2013)
up to 7
303-353

(Ramdin et al., 2013)
up to 9
303-353

Up to 14.639
283.15-403.15

(Kumełan et al., 2006; Privalova et al., 2012)
up to 6
303-353

(bmim)(CH3SO4)

(HOemim)(BF4), (HOemim)(Tf2N),
(HOemim)(PF6)

(bmim)(Tf2N) (omim)(Tf2N)

(bmim)(PF6) (omim)(PF6)

It is very less effective than (omim)(Tf2N) and (bmim)(PF6) for the separation of CO2 and H2S
gases from each other in gaseous streams, but more effective for the removal of these two acid
gases from natural gas.
It shows that solubility of both gases increases by increasing the number of carbon atom of
the alkyl substituent of the methylimidazolium cation ring and increasing the fluorination on
anions would increase the ability of IL for removal of gases.
It has been concluded that the solubility of CO2 is greater in ILs with anions having − CF3
groups such as (Tf2N)− and also that the solubility increases by increasing the alkyl group
chain.
solubility of hydrogen sulfide in (HOemim)-based ILs, especially in (HOemim)(BF4) and
(HOemim)(PF6), is much greater than that of carbon dioxide, indicating that these ILs are
efficient solvents for separation of H2S from CO2.
The choice of (bmim)(CH3SO4) led to a significant increase in the CO2/H2S selectivity
compared with (bmim)(PF6).
(emim)(eFAP)

The basic approach used for designing the H2S and CO2 removal
process from the NG stream using ILs is shown in Fig. 2. The modeling

Solubility of H2S and CO2

2. Proposed process: Regression, simulation, and description

Ionic liquid

Table 1
Solubility of ILs for acid gas removal.

Conditions of temp
(K)

Conditions of pressure
(MPa)

References

accommodate more CO2 molecules (Zeng et al., 2017), but also increases IL
viscosity (Xiao et al., 2009). Thus, based on the structural aspects of the
imidazolium-based butyl chain cations, it is likely that retention would be
improved owing to their lower hydrophobicity and comparatively low
biodegradability (Ranke et al., 2007).
It has been reported that the overall alkyl chain length and alkyl substitution on ionic liquid cation do not have a significant effect on CO2 solubility and anion seems to dominate the interaction (Wang et al., 2017). In
the PF6− anion, Phosphorous atom is at center and all the fluorine atoms
are arranged in octahedral structure around it as shown in Fig. 1. Due to the
high electro negativity of fluorine, all six fluorine atoms having most of the
electron density. Pringle et al. (Pringle et al., 2003) also suggested that
anion is playing the dominant role in the CO2 absorption. Fluorination on
the anion is a common method associated with ionic liquid anions for enhancing the CO2 solubility as compare to the non-fluorinated anions
(Raveendran and Wallen*, 2003). Increase in fluorination on the anion
enhance the free volume of the IL which contains more CO2 molecules in its
voids. In case of H2S interaction mechanism with IL hydrogen bonding is the
dominating force where hydrogen atom act as bond donor and sulfur atom
act as bond acceptor as shown in Fig. 1. Sánchez-Badillo et al. (2015) further
described the interaction of H2S with IL using radial distribution function
and showed that hydrogen atoms of H2S are more inclined towards anion
part of ionic liquid while cation surrounds the sulfur atom of H2S. H2S
molecule consists of dynamic hydrogen bonding system having smaller dipole moment in comparison to H2O (i.e. 0.9 and 1.8) and therefore it results
in greater solubility in organic solvents. Wang et al. (2017) also observed
that H2S has a rapid rate of solubility in IL generally due to its strong acidic
nature and polarity.
Selectivity for CO2/H2S, CO2/CH4 and solubility are also important
factors while considering structural aspects for the selection of an IL
(Table 1) (Jalili et al., 2013). Among the shortlisted candidates, (eFAP)–based anions exhibited high solubility for the absorption of CO2 (Althuluth
et al., 2012). ILs with methyl sulfate (CH3SO4) anions have high polarity
and great affinity toward CO2. Selectivity calculated from experimental
results shows that (PF6) –−based ILs would have the greater solubility
(Table 2). In addition, an important factor in cation and anion selection is
the availability of experimental data and physiochemical properties of ILs
with the relevant components of NG. Therefore, based on these criteria, all
possible candidates for acid gas removal are shown in Table 1. Considering
the factors stated above, (PF6)– and (CH3SO4)– with 1-butyl-3-methylimidazolium (bmim)+ cations were selected as the potential ILs for the removal
of acid gases from NG. In addition, the toxicity of the IL should be considered as in the study by Liu et al. (Liu et al., 2016) who determined EC50
values; higher values indicate less toxic effects on the environment in terms
of biodegradability.
In this work, we have sought to investigate the low-viscosity imidazolium cation-based (bmim)(CH3SO4) and (bmim)(PF6) ILs to simultaneously remove CO2 and H2S from NG. The selected ILs have good thermal
stability, low viscosity, high selectivity for acid gases, and lower toxicity
than other available ILs as described previously. To analyze the technical
and commercial feasibility of the designed process, the Aspen Plus v10
simulator was used for process analysis followed by rigorous regression
and experimental validation of the ILs. Rigorous regression of the binary
interaction parameters was performed by incorporating the experimental
data in ASPEN Plus and the equation of state model of Peng Robinson and
SRK (Soave Redlich Kwong) was utilized to calculate the binary interaction parameters. To evaluate the commercial feasibility of the proposed
process, the amine-based acid gas removal process was also modeled for
economic comparison with the proposed IL-based process. Finally, detailed technical sensitivity analyses and process optimization corresponding to minimal total annualized cost (TAC) were performed.

(Ä lvaro Pé rez-Salado Kamps et al., 2003; Hossein Jalili
et al., 2009; Jalili et al., 2013; Kumełan et al., 2006)
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Table 2
Selectivity for CO2 and H2S of ILs.
Ionic liquid

Name

Selectivity (CO2/CH4)

Toxicity EC50

Selectivity (CO2/H2S)

(bmim)(PF6)
(bmim)(TF2N)
(bmim)(CH3SO4)
(emim)(eFAP)
(bmim)(BF4)

1-butyl-3-methylimidazolium hexafluorophosphate
1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
1-butyl-3-methylimidazolium methyl sulfate
1-ethyl-3-methylimidazolium tris(nonafluoroethyl)trifluorophosphate
1-butyl-3-methylimidazolium tetrafluoroborate

38.24
20.98
35.00
11.58
11.86

2.15
3.41
3.21
NA
3.3

1.2-3.7
3.03
7.4-12.4
1.9-1.50
NA

*All values of selectivity are taken from reference (Wang et al., 2017), NA = not available.

process of ILs using process simulators is complicated. Firstly, ILs are
not conventionally included in the databases of the available commercial simulators such as Aspen Plus, Hysys, UniSim, and Pro-II.
Secondly, regression of the binary interaction parameters using thermodynamic models in property modeling is severely limited by the lack
of experimental data. Therefore, calculation of these parameters using
equilibrium data of ILs was performed and was determined using a
rigorous regression system.

Fig. 3 shows the estimated solubility of CO2, H2S, and CH4 in
(bmim)(CH3SO4) and (bmim)(PF6) as a function of the experimental
and estimated pressure. The predictions are in good agreement with the
experimental data (reported by different investigations, as given in
Table 1) used to develop the thermodynamic models. It is clear that
(bmim)(PF6) is a better candidate for the removal of the acid gas, while
absorbing a smaller amount of CH4.
2.1. Thermodynamic model
The Soave-Redlich-Kwong (SRK) and Peng Robinson (PR) state
equations form the basis of the process model used as the calculating
procedure for determining binary interactions between the ILs (bmim)
(CH3SO4) and (bmim)(PF6) and CH4, CO2, and H2S. However, the SRK
differs from the PR equation as follows:

• The concept of molar volume proposed by Peneloux and Rauzy was
•
•

further enhanced to increase the liquid volume translation equation
from the cubic equation of state.
Computational response for the SRK equation was enhanced using
independent compositional fugacity.
Phase equilibrium was improved over mixing rules using the
method proposed by Kabadi-Danner to improve water-hydrocarbon
system calculations.

The standard PR and SRK thermodynamic equations originate from
the equation of state (EOS) with the standard alpha function, which has
also been used for gas processing, refineries, petrochemical processes,
and other related applications. These EOS models may be used with
hydrocarbon components including H2S, CO2, and N2. The Physical
Property System of Aspen has default (kij) values for a many organic
components and pairs. These parameters were utilized in conjunction
with the PR and SRK property method. The parameters in the databank
differed from those used with other models and this can produce different results. To obtain better results, the binary parameter (kij) must
be determined from a regression of the phase equilibrium using experimental vapor liquid equilibrium (VLE) data.
The form of the EOS for the thermodynamic model is:

p=

RT
VM b

a
Vm (Vm + b)

(1)

where:
(2)

a = a 0 + a1

For SRK and Peng-Robinson:
a0 is the standard quadratic mixing term and a1 is an additional,
asymmetric (polar) term where
n

n

ao =

x i xj ai aj (1

k ij )

(3)

i=1 j=1
n

a1 =

n

xi
i=1

b=

Fig. 2. Systematic approach towards optimizing the final design.
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i

xj
j=1

x i bi

(

1

( a i aj ) 2 l j , i

)

1
3

3

(4)
(5)
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Fig. 3. Solubility of acid gases and methane in ILs based on experimental and estimated values. (a) Absorption of CO2 in (bmim)(PF6); (b) absorption of H2Sin
(bmim)(PF6); (c) absorption of CH4 in (bmim)(PF6); (d) absorption of CO2 in (bmim)(CH3SO4); (e) absorption of H2Sin (bmim)(CH3SO4); and (f) absorption of CH4 in
(bmim)(CH3SO4).
Table 3
Regression results for (bmim)(PF6).
PR

RK(Redlich-Kwong)

SRK

(bmim)(PF6)

kAij

kBij

kCij

Standard deviation

kAij

kBij

kCij

Standard deviation

kAij

kBij

kCij

Standard deviation

(bmim)(PF6)/CH4
(bmim)(PF6)/H2S
(bmim)(PF6)/CO2
CH4/H2S
Average deviation

0.6071
−0.0731
−0.0202
0.0879
0.0157

0
0
0
0

0
0
0
0

0.0330
0.0202
0.0079
0.0014

0.6374
−0.0728
−0.0258
0.0837
0.0176

0
0
0
0

0
0
0
0

0.0377
0.0222
0.0088
0.0015

0.6357
−0.0787
−0.0355
0.0886
0.0175

0
0
0
0

0
0
0
0

0.0377
0.0227
0.0084
0.0013

k ij = k ij(1) + k ij(2) T + k ij(3)/ T ; Kij=Kji

2.3.1. Traditional amine-based acid gas removal unit (base case)
Various technologies have been adopted at the laboratory and industrial scale to remove acid gas components from NG (Abotaleb et al.,
2018; Haghtalab and Shojaeian, 2010). Currently, the most commonly
utilized method for NG sweetening is an amine-based process (Stewart
and Arnold, 2011). Methods based on alkanolamines such as methyldiethanolamine (MDEA) are used as conventional solvents for removing
acid gases (Afkhamipour and Mofarahi, 2014; Muhammad and
GadelHak, 2015).
An amine-based process was developed for technical evaluation and
comparison with the IL-based acid gas-removal design configurations
based on the design methodology shown in Fig. 4 (Abdulrahman and
Sebastine, 2013). The feed composition and process constraints are
listed in Table 5.
The process consists of an absorber, where a 50% solution of MDEA
separates CH4 from the acid gases. The stream from the top of the absorber contains mainly methane but requires further purification to

(6)

2.2. Data regression and correlation
Regression is a powerful tool to correlate the experimental data for
obtaining binary interaction parameters. The experimental data for
(bmim)(PF6) and (bmim)(CH3SO4) were correlated, and the results are
shown in Tables 3 and 4.
2.3. Process simulation
Process simulations help to reduce the experimental work required
for the development of new processes and products involving ILs. The
operating conditions, equipment sizes, operating and capital costs,
performance, and even the feasibility of a process can be analyzed by
process simulation.
Table 4
Regression-based results for (bmim)(CH3SO4).
PR

RK

SRK

(bmim)(CH3SO4)

kAij

kBij

kCij

Standard deviation

kAij

kBij

kCij

Standard deviation

kAij

kBij

kCij

Standard deviation

(bmim)(CH3SO4)/CH4
(bmim)(CH3SO4)/H2S
(bmim)(CH3SO4)/CO2
CH4/H2S
Average deviation

0.1966
−0.324
0.0134
0.0879
0.0606

0
0
0
0

0
0
0
0

0.0701
0.1398
0.0315
0.0013

0.1747
−0.3472
−0.0106
0.08371
0.0678

0
0
0
0

0
0
0
0

0.0807
0.1510
0.0381
0.0015

0.1721
−0.3464
−0.0021
0.0885
0.0670

0
0
0
0

0
0
0
0

0.0806
0.1504
0.0358
0.0013
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Fig. 4. Amine-based process for the removal of acid gases from NG.

satisfy the process constraints (99 wt%). The rich solvent stream from
the bottom of the absorber is sent to the flash drum, where the pressure
is reduced from 68 to 5.15 bar to remove the remaining impurities in
the methane gas together with acid gases. The liquid stream from the
bottom flows into the regenerator column, where the amines are regenerated and recycled back into the process. The corresponding process details are listed in Table 6.
However, commercial use of these solutions suffers from certain
disadvantages; e.g., a high circulation of amines is required during the
process to meet the process specification of > 99% CH4 purity (Sarker,
2016). Amines have a relatively low CO2 loading capacity, causing high
pressure in the absorber column (Belmabkhout et al., 2010; McCrellis
et al., 2016). In addition, during amine recovery, the regeneration
column consumes a large amount of energy for a single process unit
compared to the entire amine unit (Mokhatab, 2006).
Other issues associated with this technology occur during the desorption stage where water can leak into the gas stream, affecting its
purity. Degradation of the amine is also a serious concern since it results
in the formation of organic acids, causing corrosion of the process
vessels. Amines are not environmentally friendly because of their volatility (Eide-Haugmo et al., 2009; Hosseinian et al., 2018), necessitating additional steps to overcome these issues. Thus, the introduction
of an environmentally friendly and energy-efficient solvent is urgently
needed (Øi et al., 2014).

absorber column which interacts counter-currently with the IL stream
entering from the top stage of the absorber. The stream from the top
contains the purified NG with while bottom stream is rich in IL. The
bottom stream is then moved through the flash columns which are
connected in series using the pressure swing phenomena. The IL is regenerated in the flash zone to maintain continuity and the overall
process flow diagrams of the IL-based acid gas removal unit are shown
in Figs. 5 and 6.
3. Results and discussion
Thermal energy required for the regeneration of the absorbent is the
main consideration for process optimization, while the absorber behaves similar to conventional amines. Nevertheless, reducing the
thermal load and increasing the absorbent recovery depend on the
technology adopted and the properties of the liquid to be regenerated.
The major difference in the base case is the regeneration process involves a highly energy intensive distillation operation to obtain highpurity amines for recycling purposes. Furthermore, complete regeneration is complex because of the catch-up of water in the gas
stream owing to the requirement of equal proportions of water in
Table 6
Process details of the amine-based acid gas removal.
Process design parameters

2.3.2. IL-based acid gas removal unit
A process was developed to remove the acid gas from NG for further
processing following liquefaction. The gas feed enters the bottom of the

MDEA stream
Temperature (°C)
Pressure (bar)
Mole flow (kmol/h)
Mass Fraction
H2O
MDEA
Absorber
Stages
Temperature (°C)
Pressure (bar)
CH4 recovery (%)
CH4 purity (%)
Make–up water (kmol/h)
Regenerator
Stages
Reflux ratio (molar)
Reboiler duty (kW)
Pump power for recycling (kW)

Table 5
Feed composition and process constraints for the amine processing unit.
Feed Composition at 60,000 Kg/h Flow rate
Components
CH4
CO2
H2S
Feed Conditions
Temperature (°C)
Pressure (bar)
Natural gas specification and Constraints
Recovery (Mass Fractions)
Purity (wt%)

Mass Fraction
0.80
0.15
0.05
30
68
> 0.9
≥99

94

65.53
83.41
7928
0.5
0.5
20
30
68
> 99.5
97.5
67.42
18
1.65
18611
740.2
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Fig. 5. The (bmim)(PF6) based acid gas removal unit.

amine-based absorption. Correspondingly, for the IL, recovery is easy
because of the low vapor pressure and high boiling point of the IL. The
regeneration process only requires flash columns for the easy and
complete recovery of IL with very low thermal load (Table 7).
The absorber is the key process unit of the configurations, and its
efficiency mainly depends on the liquid flow rate corresponding to the
absorption stages. An inverse relation exists between the liquid to feed
ratio (L/F) and absorption stages at the required composition. Higher
recovery can be achieved by increasing the liquid flow rate, as shown in
Fig. 7.
ILs are expensive; therefore, the L/F ratio was optimized for a fixed
number of stages (14) and was found to be 1.04 with a > 95% recovery
of CH4 for (bmim)(PF6) at a column pressure of 68 bar. Similarly for
(bmim)(CH3SO4), 13 stages are required for the maximum recovery

Table 7
Packed column specifications for (bmim)(CH3SO4) and (bmim)(PF6).
Absorption and Regeneration

(bmim)(CH3SO4)

(bmim)(PF6)

MDEA

Absorber stages
Absorbent Flow (kmol/h)
Make-up flow (kg/h)
Distillation Column required
No. of flash drums
Column diameter
Stages/trays
Regeneration thermal duty (kW)
Pump power (kW)

13
5242
–
–
3
–
1
3982
2190

14
2864
3
–
3
–
1
2678
1397

20
7928
1211
1
1
2.44
18
18,619
740.2

Fig. 6. The (bmim)(CH3SO4) based acid gas removal unit.
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the gases can be separated. The flash drum was assessed to maximize
the removal of gases. It should be noted that some solvent waste is
generated using (bmim)(PF6), but for (bmim)(CH3SO4), there is no
certain solvent loss encountered during the process modelling, as
shown in Fig. 8. Since the IL is very expensive, maximum solvent recovery is required.
After passing through the second flash column, most of the IL was
recovered, but it still contained acid gas contaminants. Thus, the removal of the acid gas contents is necessary prior to recycling and another flash column was used to completely remove the acid gas. A
significant tradeoff exists between product purity and solvent recovery.
From Fig. 9(a), when the column operated at 0.1 bar and higher temperatures, some solvent appears in the top stream. Thus, at 70 °C, the
solvent in the vapor stream is minimal and almost all gases are removed
from the IL with a reboiler thermal load of 2678 kW. According to
Fig. 9(b), no waste IL was generated when the column is operated at
0.1 bar. At the elevated temperatures, duty increases rapidly to satisfy
the process requirements, i.e., complete removal of the acid gases from
the IL stream. At 90 °C, almost complete removal of the acid gas was
achieved with a duty of 3981 kW.

Fig. 7. Effect of absorption column stages on the L/F ratio corresponding to
methane recovery; (a) (bmim)(PF6) and (b) (bmim)(CH3SO4).

(> 92%) of CH4 with an L/F ratio of 1.846. The increased flow rate of
(bmim)(CH3SO4) did not affect the separation because of its lower selectivity than (bmim)(PF6). Greater than 99% of CO2 was removed from
the bottom stream of the absorption column. The solvent stream was
allowed to enter the flash drum, where pressure of the IL-rich stream
was reduced to 10 bar to recover the remaining methane in the following stream. The IL-stream was then discharged to a second drum for
stripping the acid gases from the IL at reduced pressures as low as
0.8 bar. In the final flash drum, the temperature was increased to remove the remaining gas from the IL, which was subsequently recycled
back to the absorption column by increasing the pressure to 68 bar.
Sensitivity analysis of the flash drum was performed at various
pressures and temperatures to reduce the energy requirements of the
system. Fig. 8 shows the effects of pressure on the removal of gases
based on the FD-2 liquid stream. Despite the higher boiling range of the
IL, under vacuum conditions some contents are lost, which must be
considered during process evaluation. However, the flash column is
operated at 0.8 bar to maximize the solvent regeneration and most of

Fig. 9. Temperature selection based on minimum reboiler duty corresponding
to acid gas removal from the IL; a) (bmim)(PF6) and b) (bmim)(CH3SO4).

Fig. 8. Effect of pressure reduction on acid gas removal; (a) (bmim)(PF6) and (b) (bmim)(CH3SO4).
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proposed configurations. For all process configurations, the TAC was
minimized by increasing the number of absorption stages until an optimal number was obtained. Cost relations of the selected equipment
based on sizing were obtained from Turton et al., 2008 and cost relations from Zacchello et al. (2018). For a fair comparison, a payback
period of 3 years was selected for each configuration, as presented in
Eq. (7).

Table 8
Comparison between the base case and proposed cases.
Cost

Amines

(bmim)(PF6)

(bmim)(CH3SO4)

Recovery (wt %)
Purity (wt %)
Thermal energy (kW)
Capital cost (106 $)
Operating cost(106 $/y)
TAC (106 $/y)
Thermal load savings (%)
TAC savings (%)

> 95
99
18,619
1.42
5.319
5.79
–
–

> 95
99.2
2678
0.938
2.442
2.75
85.6
52.5

> 92
99
3981
1.125
1.95
2.325
78.6
59.8

TAC =

Capital cost
+ Operating cost
Payback period

(7)

Table 8 shows the economic comparison of the proposed designs
with the base case scenario. The high operating cost of the base case
was caused by the high load on the reboiler and high make-up required
for amine recirculation, accounting for approximately $5.319 × 106.
Alternatively, for the ILs, the pumping cost of the recovered liquids was
slightly higher, but the overall cost remained lower than the base case.
Consequently, the operating cost using (bmim)(PF6) is the sum of the
cost of the make-up solvent required on an annual basis and flash duty
($2.442 × 106), which is slightly higher than the (bmim)(CH3SO4)
process at $1.95 × 106. Though the TAC of (bmim)(CH3SO4) is lower
than that of (bmim)(PF6), the latter candidate absorbs acid gases more
effectively with high recovery > 95% and purity of the NG product.
Despite the economic feasibility, the key concerns regarding the
physical solvents must be considered including the selectivity towards
acid gases, viscosity, evaporation rate at higher temperatures, noncorrosivity, and eco-friendliness. The properties of the aforementioned
candidates exhibited satisfactory agreement with the desired values.
Hence, the proposed study has presented the acid gas removal from
NG using (bmim)(PF6) and (bmim)(CH3SO4) with minimal total annualized cost, primarily due to significant heating load depreciation in
the solvent-regeneration step. Nevertheless, the H2S and CO2 are obtained as a mixture which needs further separation considering the
practical implementation of the proposed acid-gas removal scheme. In
this context, there are several studies carried to propose a process design for the separation of H2S and CO2 such as pressure swing adsorption (Tomadakis et al., 2011), absorption (Handy et al., 2014), simultaneous separation of H2S and conversion to elemental sulfur by
adsorption using metal-organic framework (Huang and Wang, 2019),
etc. The high purity of both H2S and CO2 gases is mandatory to use
them for different profitable industries. For instance, CO2 is used as the
main source for the fire extinguishers, carrier to pull out the oil from the
well at high pressure in order to enhance the oil recovery, pH controller

4. Technical and economic aspects of the process
Following the process analysis and comparison to the amine unit,
the IL showed improved acid gas removal from the NG because the
regeneration of the amines is suboptimal. The regeneration requires a
large amount of energy and generates a considerable amount of waste.
Further, amines alone are unfavorable because of their high viscosity,
which can cause corrosion; thus, they must be mixed with water in
equal volumes or greater. The regeneration of the amine requires distillation to remove acid gases, corresponding to a reboiler duty of
18,619 kW with minimum of 18 column stages. In addition, consistency
of the amine to water ratio and a high make-up of 67.24 kmol/h must
be maintained to ensure process continuity. In comparison, ILs can be
easily regenerated.
Two flash drums are required to completely regenerate the IL and
solvent waste is negligible compared to the amine process. The results
show that the ILs are competitive candidates for acid gas removal, reducing energy requirements by up to 3981 kW for (bmim)(CH3SO4) and
2678 kW for (bmim)(PF6).
Economic evaluation of each proposed solvent based configuration
was performed to evaluate the viability of the proposed processes. All
configurations studied were optimized using the process optimization
tool in Aspen Plus through a sequential approach based on a sequential
quadratic programming (SQP) algorithm to solve nonlinear constrained
optimization issues. As described in the process simulation section, the
limitations and design goal utilized in the optimization were: (1) NG
recovery of > 90 wt%, and (2) NG purity of 99 wt% in the product. The
objective function used was the TAC of the proposed configuration. The
TAC, which includes both the total energy and equipment purchase
(capital) costs, was used to evaluate the economic performance of the

Fig. 10. Acid gas removal unit integrated with H2S and CO2 separation process.
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in water treatment process, soldering agent to enhance the metal
hardness in metal industry, productive agent in inorganic process industries (in the urea manufacturing). On the contrary, H2S is used as a
main source in the production of H2SO4 and elemental sulfur. It is also
considered as an important component in manufacturing of various
inorganic sulfides, pesticides, dyes and in various pharmaceuticals.
Hydrogen sulfide is considered as a beneficial reagent for the preparation of reduced sulfur compounds. Some native farmers also utilize
H2S as an agricultural disinfectant. Therefore, as per overall productivity of the system, we are not only making one system sustainable
for the environmental conditions but the obtained acid gas (CO2 and
H2S) can be a beneficial byproduct which could provide the revenue to
the gas processing plant. In this context, the authors would like to extend this study by integrating the acid-gas removal process with CO2
and H2S separation (see encircled region in Fig. 10) as a future work.
The tentative structure of the future work is shown in Fig. 10.
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5. Conclusions
Imidazolium-cation based ILs (bmim)(CH3SO4) and (bmim)(PF6)
were examined as potential solvents to remove acid gases from NG to
reduce the heating load requirements during solvent regeneration of an
absorption-based technique. Using the imidazolium-based cationic ILs,
up to 99 wt% of the acid gases can be removed, while dramatically
reducing the heating load at minimal total annualized cost compared to
conventional amine-based absorption units. The overall thermal energy
requirement was reduced by up to 78.6% when compared with amine
(MDEA)-based regeneration strippers. Furthermore, the regeneration of
the proposed ILs only requires a flash column instead of a stripper,
which significantly reduces the total annualized costs.
Further improvement in acid gas absorption may be possible by
introducing an ecologically friendly IL with higher selectivity towards
acid gases. This could be achieved by studying the toxicity of various
ILs and examining their biodegradability. Since ILs are expensive, a
blend of amine-based ILs may present a possible solution to balance the
excessive costs.
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