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ABSTRACT: This study aims are to investigate the performance of various hybrid solvents of amine
and ionic liquids in the acid gas sweetening process. Two ionic liquids including [Hmim][NOs] and
[Bmim][Ac] were used with MDEA amine solvent to investigate the solubility of H,S, CO,, and
various hydrocarbons from a real natural gas. The solubility data were measured at a pressure range
of 2~44 bar, temperature range of 298.15, to 338.15K and ILs loading of 10~20(wt.%) in the hybrid
solvents. The experimental design was employed to obtain the optimum condition of hybrid solvents.
The results show that increasing ILs loading up to 10% in the hybrid solvent increased the CO,
solubility for both ILs up to 8.6%, and reduced the H,S solubility by up to 6% at the highest pressure
and lowest temperature tested. The effect of pressure is the dominating factor on the solubility of the
acid gases while the temperature and ILs loading percentage play a major role on the solubility of
acid gases. In addition, the hybrid solvent containing 10 (wt.%) of [Bmim][Ac] showed better
solubility towards CO; in comparison to the solvents containing [Hmim][NOs]. It was concluded that
this hybrid solvent is more suitable for CO, absorption from natural gases containing higher CO;

Vol. 43, No. 2, 2024

and lower H,S concentration.
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INTRODUCTION

Natural Gas is one of the main sources of energy in
domestic and industrial applications, which is inexpensive
and nearly non-contaminant. Petroleum-derived gases
contain hydrogen sulfide and carbon dioxide in different
amounts depending on the origin of the crude oil or natural
gas reservoir. H,S presented in natural gas, is a harmful
and dangerous gas that threaten health, increase corrosion
in gas pipeline and also, release SO; into the atmosphere
during combustion of natural gas. CO, presence in the
natural gas reduces the heating value of the gas, causing
severe corrosion and the formation of hydrate in gas

pipelines for gas transmission. Therefore, it is evident that
removal of these compounds (H.S and CO;) in gas
processing is a necessity[1].

Various processes for the separation of CO; and H,S
(acid gases) have been developed, such as adsorption by
solid adsorbents, absorption by solvents, membrane and
cryogenic separation [2-6]. However, the choice of
selecting various sweetening processes is governed by the
level of impurities that are presented in the sure gas.
Among various methods for acid gas sweetening,
absorption with physical and chemical solvents has

*To whom correspondence should be addressed.
+E-mail: a_sharif@mail.iau-tnb.ac.ir

1021-9986/2024/2/819-833 15/$/6.05

Research Article

819



Iran. J. Chem. Chem. Eng. (IJCCE)

widespread use at the industrial scale. This process
removes acid gas impurities such as H.S, CO. and various
mercaptans from natural gas. The temperature and
pressure of the process are usually in the range of 300~350
K and pressure of up to 80 bar, respectively[7].

In absorption separation technologies, the absorption
mechanism is classified based on the intermolecular bond
formation during the processes. Based on this classification, the
physical and chemical absorption process is introduced [8].
Where, in the physical process, weak intermolecular forces are
responsible for the absorption of the contaminant in the liquid
phase, and it’s highly affected by the partial pressure of the
contaminant in the gas phase. While, in chemical absorption,
strong intermolecular forces come into play, and a chemical
reaction occurs between contaminant acid gases and the solvent
molecules [9].

Many commercial physical and chemical solvents for
natural gas sweetening (removal of acid gases) are
available [10]. For example, Selexol (Polyethylene glycol
and dimethyl ether mixture) and Rectisol (methanol
solvent) are widely used physical solvents, while
monoethanolamine (MEA), diethanolamine (DEA),
diisopropanolamine (DIPA), and promoted methyl
diethanolamine (promoted MDEA with piperazine) are
common chemical solvents for gas sweetening[11].
Absorption by alkanol amine solutions is one of the oldest
and most widely used technology for the separation of H,S
and CO; from natural gas [12]. Primary amines (such as
MEA) have a high absorption rate but lower capacity
toward acid gas and secondary amines (such as DEA) have
a higher capacity but lower absorption rate compared to
primary amines. While tertiary amines such as MDEA
have higher capacity compared to the other two amine
types, their absorption rates are lower [13-15]. This
limitation is overcome by the addition of primary or
secondary amines (MEA, DEA, PZ) as an activator to
MDEA [16].

However, these mixtures of amines have a high
tendency to degrade in the regeneration process where the
absorbed acid gas is removed from the solvent, and also is
highly corrosive in presence of water. To reduce these
drawbacks, the hybrid solvent concept has been introduced
recently, where ionic liquids as green solvents are
combined with amine solvents to enhance the absorption
rate and reduce the energy requirement of the regeneration
at the same time [17].
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lonic liquids are a new class of solvents with unique
features such as low vapor pressure, thermally stable, and
high physical solubility of acid gases [18]. Currently, lonic
liquids are more expensive than conventional solvents.
Therefore, they are not economically affordable. Despite
higher cost of ionic solvents, they are promising solvents
for gas sweetening process [19].

Various studies can be found in the literature regarding
hybrid solvents, including amines and different ionic
liquids, for gas sweetening or CO; capture processes [20—
22]. Research shows that a mixture of IL and aqueous
amine solution can reach up to 90% of its capacity in less
than 15 min, and complete chemisorption achieved after
25 min. Therefore, it is a viable option to blend ILs with
other amines to achieve maximum acid gas absorption
capacity, faster absorption rates and reduce the overall
energy requirement of the process [10,21,23,24].

From many ILs that was investigated for acid gas
treatment, imidazolium based ionic liquids showed
higher affinity toward CO; which is miscible in water
and MDEA [25-27].

So many research have been conducted to evaluate
hybrid solvents of amines and ILs performance [21].
However, finding the best hybrid solvents that can be
utilized commercially, requires more investigation in this
field. To the best of our knowledge, all the studies that
employed ILs as hybrid solvents with amines used pure
acid gases, which has higher partial pressure compared to
real natural gas. The higher partial pressure of acid gas in
the absorption process leads to higher solubility value
compared to the real case due to the elimination of mass
transfer resistance. Therefore, it is necessary to measure
the solubility of acid gases by any solvent in the real
natural gas. In this way, the performance of a solvent can
be evaluated based on actual conditions.

This work aims to investigate the aqueous solutions of
methyldiethanolamine ~ + [Bmim][Acetate] and
methyldiethanolamine + [Hmim][NOs] hybrid mixtures
for absorption of acid gases, including (H.S and COy) in
real natural gas. In a well-designed experimental setup, the
solubility of acid gases was measured experimentally at
different temperatures and pressures. The effects of
temperature and loading percentage of ionic liquids in an
aqueous hybrid mixture was investigated. An experimental
design procedure was employed to obtain the optimum
conditions for formulated hybrid solvents.
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MATERIAL AND METHODS
Materials

The chemicals wused in this study include:
methyldiethanolamine (MDEA), which is purchased from
ACROS Co., 1-butyl-3-methylimidazolium acetate
([Bmim][Ac]) provided from sigma, 1-Hexyl-3-
methylimidazolium  Nitrate  (JHmim][NO3])  was
purchased from a local chemical company called ATLAS
SHIMI SABZ in Iran and deionized water provided from
RAMIN power plant in Ahvaz, Iran. In order to remove
water and other volatile compounds from ionic liquids, all
ILs was stirred at a high temperature (70 °C for 20h) under
high vacuum.

The gas sample used in this study was a real natural gas
from the Bidboland gas refinery in Khozestan province in
Iran. The received gas samples from the refinery was
analyzed by three different gas chromatograph devices
with different columns installed on them. The composition
of the gas measured with accuracy of £0.1 mol.%. The
natural gas sample contains methane (86.59%), ethane
(5.83%), propane (2.57%), i-butane (0.45%), n-butane
(0.81%), i-pentane (0.31%), n-pentane (0.32%), i-hexane
(0.18%), n-hexane (0.12%), i-heptane (0.036%), n-
heptane (0.03%), H,S (0.025%), N2 (0.21%) .CO, (2.52%).
The details of all utilized chemicals and gas mixture are
presented in Table 1.

The water content of the ILs was measured by the Karl
Fischer device (Mettler DL38 Volumetric KF Titrator).
The HPLC analysis of heated ILs under high vacuum
shows that the impurities from solvents were removed. The
density of the [Bmim][Ac], [Hmim][NOs] and amine
solvent was reported as 1.0526 [29] and 1.1175 g/cm? [30]
and 1.038 g/cm?, respectively. Both of these ILs have good
miscibility in water and various physical properties of
these materials reported in the literature.

Experimental Apparatus and Procedure

In this study, the same experimental apparatus that
employed by Shaahmadi et.al [31] was used in order to
measure the gas solubility in hybrid solvents of ILs +
amines. All tests were conducted at three temperatures,
including 298.15, 318.15 and 338.15 K in pressure range
of 2 to 44 bars. In summary, the experimental setup
consists of a vessel as a gas feeder, a series of opening and
closing valves, an absorption cell with a circulating water
jacket to control temperature, a water bath to set the

Research Article

Real Acid Natural Gas Solubility ...

Vol. 43, No. 2, 2024

circulating water temperature, a series of pressure
transmitter for recording the pressure change in both gas
feed vessel and in the absorption cell, a data logger which
collects and log all relevant data and finally a gas
chromatograph device for measuring gaseous components.
The schematic of the experimental setup is presented in our
previous work [32]. In order to validate the setup accuracy,
the data from Shaahmadi et al. was reproduced in this setup
and the uncertainty of three different runs for the mole
fraction of a pure CO; gas was about £0.0001. Three standard
gases were used to calibrate the GC device and the pooled
standard deviation was calculated for each component. For
CO, mole fraction, the pooled standard deviation was
+0.00019 and for methane, it was measured +0.00112.

In a typical test, a known mass of hybrid solvent was
placed into the equilibrium cell, and then the entire system
was evacuated by a vacuum pump. The cell temperature is
set to the desired value by a circulator. Afterwards, a
known amount of gas was introduced into the equilibrium
cell (the volume of each section of the setup is known).
The amount of gas injected into the cell was calculates as
follow:

S O
Mow = RT [zi zfj @

where, V is the volume of the gas container, T is the
temperature of the gas and R is the universal gas constant.
Piand Prare the initial and final pressures. Z; and Zs are the
compressibility factors for the initial and final pressures
and temperature of the gas container, respectively. After
contacting hybrid solvent with natural gas, the equilibrium
condition achieved when the pressure change in the system
becomes constant over time (Pequit). The moles of acid
gases, including CO, and H,S, remained in the gas
phase was obtained by using an appropriate equation of
state at Pequii, T Of the cell, and volume of the system.
The moles of acid gases in the liquid phase nj gas will be
determined from:

nI,gas :ngas _ng,gas 2

The gas chromatograph used for gas analysis was an
Agilent 7890 device, which was equipped with a FPD, a
TCD and a FID detector for analysis of H2S, CO2, and
hydrocarbon concentrations, respectively. Three standard
gas were used for calibration of each detector and
respective column. The GC column for the FPD was

a Silica PLOT capillary column 30m x 0.32mm, film
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Table 1: The Detailes of Materials and Gas Mixture Used in this Study

. . Purit Wat tent Molecul .
é Chemical Name Chemical formula CAS No. urity (as ater con er-1 0 e.cu ar Purification meth@
purchased) |(after dehydration) Weight
1-Butyl-3-methylimidazolium >96.0% .
-75- < .
acetate (BMIM)(AC) C1oH1sN20, 284049-75-8 HPLC 50 ppm 198.26 Supplier data
1-Hexyl-3-methylimidazolium >96.0% .
CioH19N30 203389-26-8 50 229.28 Supplier dat
Nitrate (HMIM)(NO3) 101oNaDs HPLC <>Uppm upplier Gata
Methyl diethanolamine(MDEA) CsH1sNO, 105-59-9 >99% (m) <50 ppm 119.16 Supplier data
\ Natural gas Filled pressure= 120 bar GC analyzed Analyzed by GCj

thickness 4 um. The channel of FPD detector on GC for
H>S measurement was calibrated for two ranges of low
level and high level.

Experimental Design

In this study, two different ILs were used with a single
amine solution. The percent of ILs in the mixture solvent,
temperature and pressure was considered effective
parameters on the solubility. In a separate work, the
authors investigated the effect of pressure and temperature
on natural gas solubility in ILs[32]. The aim of this study
is to find an optimum IL percent in a hybrid mixture in
order to maximize the solubility of CO2/H.S in comparison
to amine solvent alone. Therefore, an experimental design
procedure was employed to reduce the experimental
efforts. The response surface methodology was used with
three numerical parameters (pressure, temperature and IL
concentration in hybrid solvent) and one categorical
parameter (type of IL). The D-optimal (custom design) as
a flexible design structure to accommodate custom
models, categoric factors, and irregular (constrained)
regions was used for the design matrix. The design matrix
included 40 experiments. The results are presented in the
following section.

RESULT AND DISCUSSION
The Solubility of CO2 in Hybrid Solvents

The experimental solubility of CO, in the hybrid
mixtures of [Bmim][Ac] and [Hmin][NOs] with
MDEA amine at different mixture percentages are
presented in Fig. 1.

In this study, the MDEA solution was selected as a
benchmark. As can be seen from Fig. 1, the solubility of
CO: is directly affected by pressure and temperature, as
with increasing the pressure, the solubility is also increased
in all pure and hybrid solvents, while with increasing the
temperature, the solubility is reduced in all solvents as

822

expected. However, increasing the ILs percentage up to
10% in the hybrid solvent, the CO; solubility increased
from 0.23 for MDEA solvent at 43.9 bar to 0.247 at 43.7
bar for [Hmim][NOgs] ,which is about 6.3% increase in the
solubility. As for [Bmim][Ac], the solubility for CO; at
10% ILs+ MDEA increased to 0.254 at the same pressure,
which is about 8.7% increment. By increasing the IL
loading percentage from 10% to 20%, the solubility of CO>
for both ILs decreased. The results indicate that lower 1L
loading favors the absorption of CO,. This finding is in
agreement with the results that were previously reported
by Hailegiorgis et al.[33]. Comparing these findings with
the results of pure solubility of ILs, including our previous
work [32], it can be seen that the hybrid solvent is only
effective at low IL loading in the MDEA in the case of
[Bmim][Ac] for CO; absorption [34-36]. Increasing IL
loading in the hybrid solvent reduced the amount of
solubility by up to 25%. It was expected that when ILs are
added to the MDEA, the solubility would not reduce
because of the high affinity of ILs towards CO; absorption.
One reason for this reduction in the solubility can be
attributed to the difference in the nature of absorption by
amine and ILs. The absorption of CO; by amine is of a
chemical nature, which highly depends on the kinetic
parameters of the system. While, the CO; absorption by
ILs, is mainly physisorption and it is a slower mechanism.
Also, the new findings suggest that CO, can go under a
chemical reaction in [Bmim][Ac] as it was shown by Cui
et al. [37]. But probably the kinetic of CO; absorption by
amine is faster than the IL reaction and it is the dominant
step in the whole absorption process.

On the other hand, increasing the amount of ILs in the
hybrid solvent can increase mass transfer resistance on the
interface and within the solvent phase, which can reduce
the amount of absorption. Another reason for the reduction
in the solubility is that during CO, absorption by hybrid
solvent, absorption of CO- in the solvent phase by either
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Fig. 1: The CO2 Solubility in Amine Solution and Hybrid ILs+ Amine Solution
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MDEA or IL absorption can saturate the solvent at lower
CO; concentration, which can reduce the loading capacity
of the solvent [25,38].

Another noteworthy finding of the Fig. 1 is that
increasing temperature of the hybrid solvents, can cause
more reduction in the solubility of acid gas, where by
increasing temperature from 298.15 to 338.15K at 44 bar,
the solubility for MDEA solvent reduced by up to 0.056
and 0.061 for 10% ILs hybrid solvent.

The Solubility of H2S in Hybrid Solvents

The experimental solubility of H,S in a hybrid mixture of
[Bmim][Ac] and [HmIn][NOs] at different mixture
percentages are presented in Fig. 2.

As can be seen from Fig. 2(a-g), the MDEA solvent
added as the benchmark for the hybrid solvent
comparison. The effect of pressure and temperature on
the solubility is the same as for CO,. However, the results
indicate that adding ILs to the amine solution at all
percentages reduced the solubility of H,S in the hybrid
solvent. Increasing [Hmim][NOg3] loading from 10% to
20% reduced H-S solubility from 0.01954 to 0.01835
which is about 6% reduction at pressure of 44 bar and
temperature of 298.15K. Also, increasing [Bmim][Ac] to
10% reduced H,S solubility by about 3% at pressure of
44 bar and temperature of 298.15 K. The same trend was
observed for other pressures and temperatures.
Comparing the performance of two ILs in this study,
shows that the [Bmim][Ac] has a lower negative effect
on the H,S solubility compared to [HMim][NOg]. It is
evident that, addition of ILs to the amine solvent at lower
percentage loading can increase the solubility of acid
gases. One can argue that the addition of ILs to amine
solvents had adverse effects on acid gas absorption
capacity, but the reasons that many literatures tried to
combine ionic liquids with amine solvent is other benefits
as stated above. Therefore, it can be said that at low ILs
percentage loading in hybrid solvent, one can use the
benefits of ILs in the hybrid solvent without sacrificing
acid gas loading of the solvent. Another reason for
reduction in the H,S solubility can be attributed to the
fact that the absorption of CO; in the solvent can change
the acidity of the solution, which can reduce the amount
of H,S solubility. On the other hand, the physical nature
of ILs absorption of acid gases is slower in comparison
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to the chemical mechanism of amine solvent absorption.
The reduction in amine percentage, which is replaced by
ILs, cause a reduction in the H2S solubility. Because the
ILs that replaced the amine can not make up the amount
of absorption that would happen with the corresponding
amine. The value of solubility of H,S in the hybrid
solvent indicates that the amount of ILs must be tuned to
obtain the best results in term of solubility and
advantages of ILs in the chemical absorption process.

It is also worth noting that the effect of pressure on
solubility reduction of H2S is less pronounced than that of
pure MDEA solvent, where the solubility reduction from
298.15 to 338.15K for MDEA is about 35% and for
[Hmim][NOs3] is less than 30% at 10% ILs loading. In
contrast for [Bmim][Ac], the solubility reduction at 10%
IL loading is more than 41%. It can be concluded that the
effect of temperature on the H,S solubility of [Bmim][Ac]
is more pronounced compared to [Hmim][NO3], but
still, the H.S loading of [Bmim][Ac] stays above the
solubility of [Hmim][NO3] at the same pressure and
temperature condition.

Hydrocarbon Solubility in Hybrid Solvents

In this study, the natural gas mixture used for the
solubility data measurement. The experimental solubility
was measured for all hydrocarbons, but due to the high
number of experimental data, only the solubility of
methane presented here. The solubility of other
hydrocarbons are reported in the supporting information
table (TS-1). The experimental solubility of methane in
amine and hybrid solvent is shown in Fig. 3(a-9).

The results in Fig. 3 show different solubility of
hydrocarbons (methane in this case) in solvent phase by
the addition of ionic liquids to the amine solvent. For
[Hmim][NOs], by increasing the ILs percentage from 10
to 20%, the solubility of methane decreased in the hybrid
solvent. As for [Bmim][Ac] the solubility of methane at
10% IL+amine solvent is near the pure MDEA solubility,
but as increasing the ILs loading in the hybrid solvent, the
solubility of methane slightly increased. From these
experiments, one can conclude that low loading of
[Bmim][Ac] required for the hybrid solvent. However,
other parameters of the absorption process, including
temperature and pressure must be investigated as well.
Finding an optimum value for the ILs loading, pressure
and temperature is the next step in this study.
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Fig. 1: The H2S Solubility in Amine Solution and Hybrid ILs+ Amine Solution

Research Article

825



Iran. J. Chem. Chem. Eng. (IJCCE)

826

C1-MDEA 40%

Ramesh R. et al.

Vol. 43, No. 2, 2024

Fig. 2: The Methane Solubility in Amine and Hybrid ILs+ Amine Solvent
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Experimental Design Results

The results indicate that increasing IL percentage in
the hybrid solvent hurts its performance. On the other
hand, the temperature and the pressure of the absorption
process is critical to maximize the process efficiency
toward higher acid gas loading. The experimental
design employed to find the optimum amount of ILs
percentage to maximize the CO; and H,S loading in the
solvent as well as optimum temperature and pressure
conditions for different hybrid solvents. The design
matrix consists of four factors, including three
numerical factors plus one categorical factor, and two
responses, including H,S and CO, concentration in the
solvent phase. The design matrix with response
variables are presented in Table 2.

As it is shown in Table 2, the solubility measured for
CO; and H,S was reported as response variables. The
design matrix was analyzed and a quadratic model was
suggested. The results of ANOVA for CO; presented in
Table 3. It should be noted that no transformation function
for the data was used for CO..

As it can be seen, the model F-value of 99.07
implies that the model is significant. There is only a
0.01% chance that an F-value this large could occur
due to noise. P-values less than 0.0500 indicate that
model terms are significant. In this case, A, B, C, D,
AB, AC, AD, and Az are significant model terms. P-
values greater than 0.05 indicate that the model
terms are not significant. However, the effect of
pressure on the results is more pronounced as its F-
value is greater than that of other terms in this study.
The significant terms in the models are slightly
different for H,S and CO,. For the H.S solubility
model, the square of temperature is a significant
term, while for the CO,, the square of pressure is a
significant term in the fitted model.

Fit statistics show that the R? value for the model is
0.9951 and the predicted R2 is 0.9881, while the Adeq
precision is equal to 57.707. The Adeq precision measures
the signal-to-noise ratio. A ratio greater than 4 is desirable.
In this study, a ratio of 57.707 indicates an adequate signal.
This model can be used to navigate the design space.
Therefore, for CO; solubility prediction, this model can be
used. The lack of fit is also not significant, which is an
indication of good model fit.
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The normal plot of residuals for the fitted model to the
experimental data is presented in Fig. 4. As can be seen,
the model can predicts the experimental data considering
the value of R-square.

For HS, the ratio of minimum and maximum response
value was 18950, which is four orders of magnitude
difference; therefore, a transformation of the response
values is required. In this study, the root square function in
the form of y' =,y+05 was used for data
transformation. The ANOVA results for H,S response is
shown in Table 4.

Fit statistics show that the R? value for the model is
0.9914 and the predicted R2 is 0.9793, while Adeq
precision is equal to 46.01. In this study, a ratio of 46.01
indicates an adequate signal. This model can be used to
navigate the design space. Therefore, this model can be
used for the H,S solubility prediction.

The model F-value of 230.72 implies that the model is
significant. There is only a 0.01% chance that an F-value this
large could occur due to noise. P-values less than 0.0500
indicate that the model terms are significant. In this case, A,
B, C, AB, and AC are significant model terms. P-values
greater than 0.050 indicate that the model terms are not
significant. The Lack of Fit F-value of 0.0628 implies that
the Lack of Fit is insignificant relative to the pure error. There
is a 6.28% chance that a Lack of Fit F-value this large could
occur due to noise. Not-significant lack of fit is good and
shows that the model is fitted properly to the experimental
data. The normal plot of residue shown in Fig. 5.

The final equation for the model for both H2S and CO-
solubility in the mixture of amine+ ILs solvent, is
presented in Table 5.

As can be seen from the Table 5, the pressure, temperature
and ionic liquid loading in the solvent have a significant
effects and contribute to most of solubility on acid gases in
the solvent. However, based on Table 5, the [Bmim][Ac]
yield better results in term of CO, and H.S solubility.

In order to find the optimum condition for the highest
solubility of H,S and CO. from fitted models, the
optimization of the model is conducted in the design expert
software, and the results indicate that the optimum
condition for the ILs that used in this study is as follows:
The optimum pressure is 44 bar, the optimum temperature
of absorption is 25 °C, the ILs percentage loading for
[Bmim][Ac] is 10 (wt.%). In this optimum condition, the
solubility of H,S and CO; is 0.262 and 0.019, respectively,
and desirability of these conditions is equal to unity.
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/ Factor 1 Factor 2 Factor 3 Factor 4 Response 1 Response 2 \
Run AP B:T C:.C D:IL type CO; solubility H,S solubility
[Bar] [°C] [%] - Mol frac. Mol frac.
1 44 45 10 [Bmim][Ac] 0.24488 0.01486
2 44 65 10 [Hmim][NO3] 0.18598 0.013
3 21 65 20 [Hmim][NO3] 0.0281 0.00214
4 2 65 10 [Hmim][NO3] 5.29E-05 2.00E-05
5 2 25 10 [Bmim][Ac] 0.00419 1.00E-05
6 21 65 10 [Bmim][Ac] 0.05967 0.00455
7 30.5 45 15 [Bmim][Ac] 0.13278 0.00963
8 2 45 10 [Hmim][NOs] 0.00186 3.00E-05
9 44 65 10 [Hmim][NO3] 0.16548 0.01491
10 2 65 20 [Hmim][NOs] 3.21E-05 1.00E-06
11 44 65 20 [Hmim][NOs] 0.12087 0.00619
12 2 65 10 [Bmim][Ac] 5.25E-05 2.00E-05
13 44 25 15 [Hmim][NOs] 0.22156 0.0136
14 2 25 15 [Bmim][Ac] 0.00307 1.46E-05
15 2 45 20 [Bmim][Ac] 0.00164 1.00E-05
16 44 65 20 [Bmim][Ac] 0.14513 0.0087
17 2 65 20 [Bmim][Ac] 1.98E-05 1.00E-06
18 11.5 45 10 [Bmim][Ac] 0.0245 0.00241
19 21 25 20 [Bmim][Ac] 0.08142 0.0079
20 44 65 15 [Bmim][Ac] 0.18823 0.0124
21 11.5 45 20 [Hmim][NO3] 0.0145 0.00101
22 2 65 10 [Bmim][Ac] 5.25E-05 2.00E-05
23 2 25 20 [Hmim][NOs] 0.00269 1.00E-05
24 44 25 10 [Bmim][Ac] 0.25411 0.01889
25 115 65 15 [Bmim][Ac] 0.0155 0.00074
26 305 45 10 [Hmim][NOs] 0.12929 0.00958
27 2 25 20 [Hmim][NO3] 0.00271 1.00E-05
28 44 25 10 [Bmim][Ac] 0.25405 0.01895
29 21 25 10 [Hmim][NO3] 0.09412 0.00823
30 2 65 20 [Bmim][Ac] 2.09E-05 1.00E-06
31 2 25 10 [Hmim][NOs] 0.00408 7.00E-05
32 44 25 20 [Bmim][Ac] 0.21055 0.0134
33 44 65 20 [Bmim][Ac] 0.14419 0.0087
34 21 45 15 [Hmim][NOs] 0.05693 0.0047
35 44 25 20 [Bmim][Ac] 0.20073 0.0134
36 44 25 20 [Hmim][NOs] 0.16351 0.01021
37 44 45 20 [Hmim][NOs] 0.1386 0.00738
38 2 25 10 [Bmim][Ac] 0.00473 7.00E-05
39 44 25 10 [Hmim][NO3] 0.24696 0.01835
\___ 40 2 65 15 [Hmim][NO3] 4.48E-05 1.00E-06 J
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4 Source Sum of df Mean F-value p-value h
Model 0.3260 13 0.0251 404.46 < 0.0001
A-P 0.2729 1 0.2729 4400.53 <0.0001
B-T 0.0082 1 0.0082 133.00 < 0.0001
Cc-C 0.0075 1 0.0075 121.27 <0.0001
D-IL type 0.0017 1 0.0017 27.17 <0.0001
AB 0.0043 1 0.0043 69.56 < 0.0001
AC 0.0063 1 0.0063 101.37 <0.0001
AD 0.0015 1 0.0015 2412 < 0.0001
BC 8.398E-06 1 8.398E-06 0.1354 0.7158
BD 9.986E-06 1 9.986E-06 0.1610 0.6915
CD 0.0002 1 0.0002 3.95 0.0575
A 0.0028 1 0.0028 45.26 < 0.0001
B 3.300E-07 1 3.300E-07 0.0053 0.9424
o] 0.0002 1 0.0002 2.52 0.1241
Residual 0.0016 26 0.0001
Lack of Fit 0.0014 18 0.0001 2.32 0.1126
Pure Error 0.0003 8 0.0000
\_ Cor Total 0.3276 39 )
Table 3: The ANOVA Results for H2S Solubility Response
/ Source Sum of df Mean F-value p-value \
Model 0.0008 13 0.0001 230.72 < 0.0001
A-P 0.0006 1 0.0006 2344.88 < 0.0001
B-T 0.0000 1 0.0000 91.08 < 0.0001
c-C 0.0000 1 0.0000 139.98 < 0.0001
D-IL type 4.255E-06 1 4.255E-06 16.44 0.0004
AB 0.0000 1 0.0000 41.39 < 0.0001
AC 0.0000 1 0.0000 135.52 < 0.0001
AD 2.913E-06 1 2.913E-06 11.26 0.0024
BC 1.609E-07 1 1.609E-07 0.6216 0.4376
BD 6.850E-07 1 6.850E-07 2.65 0.1158
CD 4.333E-06 1 4.333E-06 16.74 0.0004
A 1.265E-07 1 1.265E-07 0.4888 0.4907
B 1.519E-06 1 1.519E-06 5.87 0.0227
(o2 9.278E-09 1 9.278E-09 0.0358 0.8513
Residual 6.729E-06 26 2.588E-07
Lack of Fit 5.840E-06 18 3.245E-07 2.92 0.0628
Pure Error 8.890E-07 8 1.111E-07
\_ Cor Total 0.0008 39 J
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Fig. 3: Residual Plot of The Fitted Model to the Design Matrix Data for CO2
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Fig. 4: Residual Plot of Fitted Model to the Design Matrix Data

Based on the results obtained in this work, considering a
large-scale sweet gas processing plant that operates with
MDEA amine at pressure and temperature range tested in this
work, it can be concluded that a hybrid solvent of
30%MDEA and 10% [Bmim][Ac] has higher
performance than amine solvent alone for removal of CO-
and H,S from a real natural gas. However, it must be noted
that based on the H,S solubility results, lower H,S loading
can be expected from such a hybrid solvent. It is safe to say
that a hybrid solvent of 10% [Bmim][Ac] and 30% MDEA is
more suitable for natural gas feeds that have lower H,S and
higher CO; impuirities.

CONCLUSION

In this work, the solubility of a real sour natural gas mixture
was investigated in conventional amine solvent and hybrid
solvents of amine with two different ionic liquids solvents
at different percentages of ILs. The pressure and
temperature range were selected based on a large-scale acid
gas sweetening process. The loading percentage of ILs
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changed from 10 to 20% in the MDEA amine. The results
indicate that the addition of 10% ILs to the amine solvent
can increase the solubility of CO; but reduce the solubility
of HS. The higher ILs loading to the amine solvent have a
diverse effect on the solubility of acid gas and hydrocarbons.
Increasing pressure increased the solubility of the acid gases
in both MDEA and hybrid solvents. In addition, increasing
the temperature caused a reduction in solubility of acid gas
in the solvents. However, the effect of temperature on
solubility reduction is more pronounced for the hybrid
solvents in comparison to the MDEA alone. The effect of
temperature on the H»S solubility is more pronounced on
the [Bmim][Ac] solvent compared to [HmMim][NOs]. This
finding indicate that formulating of a proper amine and
IL solvent has an optimum value for amine and ILs in the
mixture solvent. An experimental design approach was
employed to obtain a proper formulation for synthesizing
the optimum hybrid solvent. The results imply that the
pressure, temperature and ILs loading in the hybrid
solvent have a pronounced effect on the solubility of real
natural gas mixture, and [Bmim][Ac] ionic liquid is
better solvent for synthesizing a hybrid solvent for acid
gas sweetening process. Also, it was concluded that
hybrid solvent that introduced in this study, has more
affinity toward CO, absorption, therefore, it is more
suitable for natural gases with higher CO, and lower
H.S concentrations. However, more work is required
to investigate this matter before use it in an industrial-
scale application.

Abbreviations

ANOVA Analysis of variance
A Coded variable in experimental design
represent Pressure

B Coded variable in experimental design
represent Temperature

C Coded variable in experimental design
represent Concentration

D Coded variable in experimental design
represent type of ionic liquid

DEA Diethanolamine
DIPA Di-iso-propanolamine
IL lonic liquid
MEA Monoethanolamine
P Pressure [bar]
T Temperature [K]
X Solubility []
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Table 5: Final Model for H>S and CO2 Concentration Prediction

Vol. 43, No. 2, 2024

4 Sqrt(H,S + 0.50) = o, = N\
IL type [Bmim][Ac] IL type [Bmim][Ac]
+0.707636 -0.053986
+0.000448 P +0.006047 P
-0.000117 T -0.000123 T
+0.000103 C +0.007024 C
-1.54276E-06 P*T -0.000031 P*T
-0.000011 P*C -0.000149 P*C
-7.97276E-07 T*C +5.76011E-06 T*C
+3.56474E-07 p2 +0.000053 p2
+1.24664E-06 T2 -5.81093E-07 T?
+1.63660E-06 C2 -0.000213 C2
IL type [Hmim][NOg] IL type [Hmim][NOg]
+0.709177 -0.032611
+0.000418 P +0.005377 P
-0.000102 T -0.000181 T
-0.000044 C +0.005918 C
-1.54276E-06 P*T -0.000031 P*T
-0.000011 p*C -0.000149 P*C
-7.97276E-07 T*C +5.76011E-06 T*C
+3.56474E-07 p2 +0.000053 p2
+1.24664E-06 T? -5.81093E-07 T?
K +1.63660E-06 c2 -0.000213 c2 /
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