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H2S is very well known for its toxicity, corrosivity, flammability and explosiveness which 
in overall lead to operational difficulty. Hence, raising the need for H2S sweetening 
process. However, the current conventional sweetening process is very energy 
intensive besides suffer from catalyst deactivation issue. Therefore, raising the need for 
more environmentally and economical friendly approach such as utilizing green solvent 
like deep eutectic solvent. Thus, the objective of this research is to determine the best 
combination of HBD and HBA components for catalytic DESs to convert H2S at room 
temperature. The study utilized COSMO-RS computational to assist in selecting the 
appropriate components, synthesized and characterized the chosen catalytic DES, and 
performed oxidative absorption of H2S using the selected DES. Initially, the solubility 
and selectivity performance of various HBD and HBA were evaluated, and the 
components with the best performance were combined with CuCl2.2H2O to form 
catalytic DES. The synthesized catalytic DES was characterized using FTIR and tested for 
its oxidation absorption capability. Based on the COSMO-RS screening, 1-butyl-3-
methylimidazoilum chloride [bmim][Cl] and ethylene glycol [EG] were determined to 
be the best HBD and HBA, respectively. The catalytic DES formed from these 
components was homogeneous and brown in colour. The results of oxidative 
absorption showed that the catalytic DES rapidly produced a yellow precipitate, which 
was later confirmed to be sulphur. The study concludes that COSMO-RS computational 
can be used to formulate DESs for H2S oxidative absorption, and catalytic DES 
maintained its properties before and after H2S oxidation. The research also suggests 
that oxidative absorption of H2S to sulphur using catalytic DESs is a feasible and rapid. 
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1. Introduction 
 

In the coming years, it is anticipated that the usage of fossil fuels will vary significantly as more 
organizations adopt sustainable and environmentally friendly solutions [1]. Wang et al., [2] has 
reported that in the BRICS Energy Report as shown in Figure 1, that the use of fossil fuel particularly 
coal and oil, is expected to decrease overall [1]. However, natural gas is expected to grow due to its 
relatively smaller carbon footprint compared to other fossil fuels [3]. This trend has led to the 
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development of solutions that are both environmentally friendly and viable for industrial use. Despite 
the advantages of natural gas, its production still faces hurdles, particularly in the production of gas 
contaminant such as hydrogen sulphide (H2S). Natural gas is considered sour when the H2S gas is 
approximately more than 4 ppm by volume under standard temperature and pressure [4]. It presents 
major problem due to its high toxicity, flammability, explosivity and corrosivity [5-9]. Therefore, it is 
very important to remove H2S from the gas stream or alternatively, converting it into a lesser 
hazardous and more valuable material such as elemental sulfur. H2S conversion benefits not only for 
downstream operation but for environmental protection and human health. 
 

 
Fig. 1. Depicts the Energy Consumption Trends in The BRICS Energy Report 
For 2018 and the Predicted Trends For 2040 [1] 

 
Sweetening process is used to remove H2S gas to an allowable level [10,11]. The removed H2S gas 

is then sent to a processing plant or a Sulfur Recovery Unit (SRU) where it is converted into solid 
sulphur [12,13]. Recently, the sulphur extracted has a commercial value of approximately 240 USD/kg 
as of 2019 making it a profitable side business, as it has many applications ranging from water 
processing to the production of sulphur-based fertilizers [14]. Both processing plants and SRUs use 
the Claus process to convert H2S into sulphur which is the most popular method. The Claus process 
is a catalytic two-step process that is conducted at a very high temperatures for the reaction to occur 
[10]. Besides, this high temperature requirement is also to avoid sulfur condensation on the catalyst 
surface [15]. However, such temperature condition is not beneficial to the conversion of H2S since 
the reaction is highly exothermic. Besides, there are some other drawback associates with this 
technology, for instances, this technology suffers from intensive energy usage and SO2 gas released 
to the atmosphere during acid gas flaring which pollute the environment [16]. Hence, a more 
environmentally and economical friendly approach is required for H2S removal. 

Such approach can be obtained by utilizing green solvent which quite recently, green solvents like 
ionic liquid (ILs) and deep eutectic solvents (DESs) have gained the interest of researchers due to 
their versatile properties. ILs are highly polar, non-volatile, chemically inert, and have good solubility 
with organic and inorganic materials, and are well known for its task specific tuning properties making 
it an excellent fit for a green solvent for gas separation process [17-22]. Owing to its specific tuning 
properties that enable development of green solvents with unique combination of properties for 
targeted application, catalytic ILs which consist of transition metal coupled to either anion and/or 
cation, are introduced [23]. The presence of transition metal gives some advantages such as ILs can 
exist in many oxidations state due to the incomplete d-orbital. Therefore, making it suitable for 
oxidation and reduction processes. 
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Huang et al., [24] in their study found that [bmim][FeCl4] are highly efficient in capturing and 
converting H2S. Not only that, it also gives impressive one-stage conversion ratio of more than 99% 
[25]. Li et al., [26] in another study reported H2S oxidation efficiency of Et3NHCl · FeCl3 that reached 
up to 87.9%. Despite catalytic ILs proven massive performance in converting H2S to elemental sulfur, 
to our knowledge, study of catalytic DESs is still rare. Similar to ILs, DESs also has high thermal 
stability, low volatility and highly tuneable. The only difference from ILs is the structure of DESs which 
it is structured by hydrogen bonding between the hydrogen bond donor (HBD) and hydrogen bond 
acceptor (HBA). This result in lower melting point as they have lower anion and cation interaction 
[27]. This benefits DESs as it will have wider range of appearing in liquid form which favoured process 
which is design to operate at ambient condition. To date, only Lin et al., [28] reported H2S oxidized 
to sulfur rapidly by Fe-based DESs to be specific (ChCl)/glycol. Providing huge potential for 
exploration of catalytic DESs, just like ILs, there are also massive possible combination of hydrogen 
bond donor and hydrogen bond acceptor to form DESs. Exploring their potential via trial-and-error 
method would be waste of resources, time and cost. This study aims to provide insights into the 
optimal formulation of DESs for H2S conversion by selecting suitable HBD and HBA components. 
However, a comprehensive analysis of DESs ability to convert H2S compared to established methods 
is beyond the scope of this study and may be addressed in future research. The paper commences 
with an examination of the materials used and subsequently details the methodology employed to 
identify the ideal HBA and HBD components for DESs synthesis for H2S conversion. 
 
2. Methodology 
2.1 Materials 
 

1-butyl-3-methylimidazolium chloride [bmim][Cl], (98% purity) was purchased from 
AcrosOrganics. Copper (II) Chloride dihydrate (CuCl2.2H2O), ACS reagent (≥99% purity) was purchased 
from Sigma Aldrich. Ethylene glycol [EG] anhydrous, (99.8% purity) was purchased from Sigma 
Aldrich. All chemicals are used as received without further purification. Other chemical like sodium 
hydroxide (≥97%) pellets for analysis was purchase from Merck. 
 
2.2 Computational Modelling using COSMO-RS 
 

Mutalib et al., [29] suggest that in order for a reaction to be effective in a liquid medium, it is 
important for the solute to be sufficiently soluble in the solvent. This is because when solutes are 
well-dissolved in a solution, it allows for the free movement of reactants throughout the liquid, 
leading to a more homogeneous interaction of reactants [21]. Therefore, it can be inferred that 
solubility plays a critical role in conversion, and any parameters that affect solubility will also have a 
direct impact on conversion efficiency thus it is essential that the synthesize deep eutectic solvent 
(DESs) to have high solubility towards H2S gas. However, since DESs are composed of hydrogen bond 
donors (HBD) and acceptors (HBA), there are numerous possible combinations, which would be time-
consuming to investigate experimentally. To overcome this challenge, a computational platform, 
COSMO-RS, is being utilized to predict the solubility of H2S in HBD and HBA, so that the combination 
with the highest solubility can be selected to form a DES. 

In addition to solubility, selectivity is also a significant parameter to consider. This is particularly 
relevant because gas mixtures often consist of multiple components. For instance, acid gases are 
typically composed of higher concentrations of CO2 than H2S. As such, it is essential to predict the 
selectivity value of HBD and HBA towards H2S relative to CO2 in this study, given its practical 
implications. 
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2.2.1 Screening of HBDs and HBAs 
 

In this study, the selection of HBD was limited to imidazolium-based compounds for several 
reasons. Firstly, their synthesis route is straightforward, and they are readily available at a reasonable 
cost [30]. Secondly, they have been found to possess high thermal stability [31]. The chosen HBDs 
were selected from the available COSMOtherm database and were analysed at a single conformer 
with the least ground-state energy, using the TZVP basis set for computation purposes. 

Using COSMO-RS, the solubility of the HBDs was subsequently forecasted at a pressure of 1 bar, 
and this was achieved by utilizing the following Eq. (1) as calculated by COSMO-RS [32]. 
 

            (1) 
 

The solubility calculations involved taking into account the partial pressure of H2S (𝑝!"#), as well 
as the vapor pressure of pure H2S (𝑝!"#$ ), alongside the mole fraction, (𝑥!"#) and activity coefficient 
(𝛾!"#) of H2S [32]. The resulting solubility values were then reported in terms of the H2S mole fraction 
present in the liquid phase. 

In the meantime, selectivity was determined through the computation of the activity coefficient 
at infinite dilution, using the following Eq. (2) [33]: 
 

              (2) 

 
where 𝛾%&"'  and 𝛾!"#'  are the activity coefficients for CO2 and H2S at infinite dilution, respectively. The 
process of screening the HBA was akin to the aforementioned approach. The HBAs examined in this 
study consisted of ethylene glycol, glycerol, and urea. 

In order to gain a deeper understanding of the investigated molecules behaviour, the sigma 
profile and sigma potential were analysed. A thorough understanding of the behaviour and 
interaction of molecules is essential for the effective selection of task specific DESs. The equations 
utilized for the calculation of both the sigma profile and sigma potential are presented in Eq. (3) and 
Eq. (4), respectively [32]: 
 

             (3) 

 

       (4) 

 
For Eq. (3), 𝑝()(𝜎) is the sigma profile of any molecule X, 𝑛)(𝜎) is the number of distributed 

segments that has surface charge density σ, 𝑛)  is the total number of distributed segments, 𝐴)(𝜎) is 
the segment surface area that has surface charge density σ, 𝐴)  is the area of the whole surface cavity 
rooted in the medium and 𝜎 is the polarity of the surface. Meanwhile, for Eq. (4), 𝜇*(𝜎) is the 
chemical potential of a surface segment, 𝑅 is the universal gas constant, T is the temperature at which 
the vapor pressure is estimated, 𝛼+,, is the chemical potential of an effective surface segment of 
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area, 𝑝*(𝜎-) is the sigma profile of the whole system and 𝜇*(𝜎-) is the chemical potential of a surface 
segment. 

In general, to select the most suitable HBA and HBD, the solubility and selectivity values were 
considered. Furthermore, the sigma profile and sigma potential were utilized to examine and 
elucidate the characteristics of the HBA and HBD molecules. 
 
2.3 Synthesize of DES-CuCl.2H2O 
 

An equimolar amount of EG was mixed with [bmim]Cl and stirred continuously at 180 rpm for 24 
hours. After that, CuCl2.H2O was added to the resulting DES solution and stirred continuously at 180 
rpm for another 24 hours. The DES-CuCl2.H2O solutions were synthesized equimolar amount of 
CuCl2.H2O to DES solution. 
 
2.4 Fourier Transform Infrared Spectroscopy (FTIR) Analysis for DES-CuCl.2H2O 
 

[bmim][Cl], EG and [bmim][Cl]-EG solution (DES) were first evaluated by using FTIR. This was to 
confirm that the [bmim][Cl] and EG only physically mixed and not chemically react in order to form 
the DES [bmim][Cl]-EG. Next, the CuCl2.2H2O and the mixture of DES- CuCl2.2H2O were evaluated. 
The evaluation was done by mean of Attenuated Total Reflection (ATR) method using on Thermo 
Scientific FTIR- model Nicolet iS5 at room temperature and interpreted by using OMNIC software. 
 
2.5 Raman Spectroscopy 
 

uRaman Microscopy Module model uRaman-532TEC-LV (532nm) was used with the assistance of 
uSOFT software. The amplification of objective lens is 20 times. The acquisition time was set to 1000 
ms and average of 10. Also, the laser power was kept at 75 W. The spectrum was then collected and 
compared with the data available in the literature. 
 
2.6 H2S Oxidative Absorption 
 

The apparatus set-up for the absorption and oxidation of H2S DES-CuCl2.2H2O was shown in Figure 
2. H2S from the tank was first bubbled through a predetermined amount of DES (3.5 ml) loaded in 
the reactor cell at a flow rate of 16 mL/min. At 20 minutes, the reactor tube was weighed using a 
balance to obtain the mass of sulphur produced, which was equivalent to the mass of H2S oxidized. 
The off H2S gas was treated with a scrubber containing a 1M NaOH solution to reduce it to a safer 
level below 3ppm. 
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Fig. 2. Oxidative absorption experimental setup 

 
 
3. Results  
3.1 COSMO-RS Hydrogen Bond Donor Screening and Selection 
 

The solubility values of H2S in the HBD were presented in the table below. According to the Table 
1, the solubility followed the order [emim][Cl] > [bmim][Cl] > [hmim][Cl]. This trend contradicts the 
claim made by Aki et al., [34] in their study, where they suggested that the solubility increases with 
longer alkyl chain length due to a decrease in molar density, as found by Fredlake et al., [35]. This 
finding was also supported by Gu and Brennecke [36] who found that compounds with longer alkyl 
chain lengths have a larger molar volume. However, the results of this study revealed that considering 
molar volume alone is not sufficient to explain the overall behaviour of H2S solubility. This claim was 
further supported by Sakhaeinia et al., [37] who found that the molar volume of [emim][EtSO4] was 
higher than [emim][Tf2N] and [HOemim][Tf2N] and lower than [HOemim][PF6], [HOemim][BF4], 
[emim][PF6] and [emim][BF4]. However, the H2S solubility in [emim][EtSO4] was the lowest. 
Therefore, important to note that the anion plays a crucial role in H2S solubility in the HBD, primarily 
due to its good hydrogen bond acceptor character. The solubility result can be further explained by 
analysing the sigma profile and sigma potential of H2S in the HBD, as shown in Figure 3 and Figure 4, 
respectively. 
 

Table 1 
COSMO-RS predicted H2S solubility and selectivity value of the HBDs 
Hydrogen Bond Donor Solubility (mol H2S/mol HBD) Selectivity 
[emim][Cl] 0.6530 0.7433 
[bmim][Cl] 0.6457 1.1761 
[hmim][Cl] 0.6411 1.3554 

 
The sigma profile of H2S and imidazole based HBD was presented in Figure 3 and was categorized 

into three regions: the hydrogen bond donor region, which covers a polarity range of α < -0.0082 
e/Å2, the hydrogen bond acceptor region, which covers a polarity range of α > +0.0082 e/Å2, and the 
non-polar region, which covers a polarity range of -0.0082 e/Å2 < α < 0.0082 e/Å2 [38]. The profile of 
H2S shows two distinct peaks in the range of +0.005 to -0.01 e/Å2, indicating that it has both non-
polar and hydrogen bond donor properties. However, the non-polar properties appear to be more 
dominant due to the stronger peak in the non-polar region, meaning H2S better interact with HBD 
with non-polar properties. 
 

H2S Tank 

Reactor Tube 
Series of Scrubber 
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Fig. 3. Sigma potential of the H2S and HBDs 

 
Furthermore, it was observed that all three cations have similar trends, the only difference is their 

degree of spread. The difference in spreading talks about the polarity strength meaning the more 
spread out, the more polar is the cation. However, since our H2S is dominated by non-polar 
properties, meaning it will react better with HBD that has good non-polar properties which in this 
case, HBD with cation that is more centered (less spread out). Therefore, from the profile, it says that 
[emim][Cl] is the best HBD followed by [bmim][Cl] and [hmim][Cl]. This finding was in an agreement 
with the sigma potential in Figure 4 where [emim][Cl] has the most negative value in the hydrogen 
bond donor and non-polar region meaning it has the highest affinity towards H2S which is both 
hydrogen bond donor and non-polar. However, from Table 1, even though [emim][Cl] has the highest 
H2S solubility, its selectivity towards H2S is the lowest. From a practical point of view, this is 
concerning because this tells that [emim][Cl] has higher tendency of absorbing other gases like CO2 
instead of H2S. Therefore, considering both solubility and selectivity element, [bmim][Cl] was decided 
as the best HBD. 
 

 
Fig. 4. Sigma potential of the H2S and HBDs 

 
3.2 COSMO-RS Hydrogen Bond Acceptor Screening and Selection 

 
The following Table 2 provides information on the solubility and selectivity values of the HBAs. 

Generally, it can be observed that ethylene glycol has the highest solubility followed by glycerol and 
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then urea. On the other hand, the order of selectivity is ethylene glycol > urea > glycerol. These 
results, like in the previous sub-section, can also be analysed through the sigma profile and sigma 
potential. 
 

Table 2 
COSMO-RS predicted H2S solubility and selectivity value of the HBAs 
Hydrogen Bond Acceptor Solubility (mol H2S/mol HBA) Selectivity 
Ethylene Glycol [EG] 0.2400 1.3350 
Glycerol 0.1782 0.7560 
Urea 0.1162 0.7610 

 
The sigma potential graph shown in the Figure 5(a) below illustrates that both ethylene glycol 

(EG) and glycerol have a distinctive peak in the non-polar region, indicating that they are both non-
polar. However, EG is more non-polar than glycerol in terms of intensity as it displays a more 
prominent peak than glycerol. This is why EG interacts more effectively with H2S, following the 
principle of "like dissolves like." Meanwhile, urea displays a distinct peak in the hydrogen bond donor 
region, implying that it can interact with H2S since H2S also possesses hydrogen bond donor 
properties. Nonetheless, its interaction with H2S is not as robust as that of EG and glycerol because 
the H2S hydrogen bond donor properties are weaker compared to its non-polar properties. This 
outcome is supported by the sigma potential graph in Figure 5(b), which reveals that EG has the 
lowest negative value in the non-polar region, followed by glycerol and urea. This suggests that EG 
has a stronger inclination towards non-polar compounds such as H2S. 
 

  
(a) (b) 

Fig. 5. (a) Left: Sigma profile of the H2S and HBAs (b) Right: Sigma potential of the H2S and HBAs 
 
3.3 Formation of Catalytic DESs [bmim][Cl]/EG - CuCl2.2H2O 
 

According to the results obtained in the previous section, DES is formed by combining [bmim][Cl] 
and EG. This DES is then mixed with CuCl2.2H2O to create a catalytic DES. CuCl2.2H2O is chosen 
because, like FeCl3, it is inexpensive and easily accessible [39]. Additionally, it is a highly effective 
Lewis acid catalyst [40]. 

Figure 6 shown below depicts the visual characteristics of the DES and the catalytic DES. Both the 
DES and catalytic DES have a homogeneous appearance. The color of the homogeneous DES changes 
from light yellow to brown upon the addition of CuCl2.2H2O. The homogeneous state provides 
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significant benefits in terms of mass transfer, making it more suitable for milder conditions such as 
ambient conditions [14]. 
 

 
Fig. 6. Formation of Catalytic DESs [bmim][Cl]/EG - CuCl2.2H2O 

 
 
 
 
3.4 FTIR Identification 
 

The Figure 7(i) presented below shows the FTIR spectrum of [bmim][Cl], EG, and DES 
[bmim][Cl]/EG. Figure 7(i)(c) indicates that the DES spectrum is an overlap of the [bmim][Cl] and EG 
spectra, suggesting that the DES is formed through physical mixing only. In Figure 7(i)(a), the 
appearance of the -OH band at ~3774 cm-1 is evident, and the peaks within ~2873 and ~2960 cm-1 
are attributed to the stretching vibrational behaviour of (-C-H), (-CH2), and (-CH3) of the alkyl 
functional groups that are connected to the nitrogen atoms in the imidazolium ring of the HBD 
[41,42]. Peaks between ~2960 and ~3147 cm-1 are assigned to the stretching behaviour of the (-CH) 
bond belonging to [bmim]+. The peaks observed within ~1563 and ~1462 cm-1 are attributed to the 
complete structural behaviour of the imidazolium ring [42]. 

Peaks between ~2960 and ~3147 cm-1 are assigned to the stretching behaviour of the (-CH) bond 
belonging to [bmim]+. The peaks observed within ~1563 and ~1462 cm-1 are attributed to the 
complete structural behaviour of the imidazolium ring [42]. In Figure 7(i)(b), the peak at 3284.55 cm-

1 indicates the O-H bond, while the peaks at 1082 cm-1 and 1031 cm-1 indicate the O-H bond and C-
O-H bond present in EG. The peaks observed at the wavenumber of 3340 cm-1 and 1575 cm-1 in Figure 
7(ii)(a) indicate the O-H bond, and the characteristic peak for Cu-Cl bond is observed at 1129 cm-1. 
The catalytic DES in Figure 7(ii)(b) also consists of overlapping peaks between CuCl2.2H2O and DES 
only, with no new peaks formation or peaks disappearance observed in the resulting DES-CuCl2.2H2O 
mixture FTIR spectra, confirming the successful synthesis of the DES-CuCl2.2H2O mixture. 
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(i) (ii) 

Fig. 7. (i) FTIR spectra of [bmim][Cl], EG and DES (ii) FTIR spectra of CuCl2.2H2O and DES- CuCl2.2H2O 
 
3.5 Oxidative Oxidation 
 

The aim of this study was to investigate the use of catalytic DES for the oxidative absorption of 
H2S into elemental sulphur. Figure 8(b) shows that the colour of the sample remained unchanged 
throughout the oxidation process and yellow solid precipitates formed rapidly. The yellow precipitate 
was analysed using Raman spectra (refer Figure 8(a)) and significant peaks were observed at 153 cm-

1, 220 cm-1 and 473 cm-1, while the remaining peaks at around 433, 245, and 191 cm-1 were minor 
peaks. The peak obtained from the solid precipitate was compared with the peak produced by 
octasulphur (S8), and it was confirmed that the solid precipitate formed was sulphur [3,8,17]. The 
other peaks were attributed to the catalytic DES used in the process. 
 

 

 

(a) (b) 
Fig. 8. (a) Raman spectra of spent DES- CuCl2.2H2O (b) Spent 
DES- CuCl2.2H2O 
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The catalytic DES did not show any new peaks or disappearing peaks in the spent DES-CuCl2.2H2O 

mixture (refer Figure 9), indicating that the mixture's structure remained unchanged even after the 
conversion reaction took place. This suggests that the DES solution itself was not directly involved in 
the reaction, but instead acted as a medium for H2S absorption and dissolution to enable the 
conversion to occur. The characterization findings support the pre-conclusion that the oxidative 
absorption of H2S to elemental sulphur follows the reaction shown below: 
 
2[bmim][Cl]/[EG].CuCl2.2H2O + H2S à 2[bmim][Cl]/EG.CuCl2H + 2H2O + S 
 

 
Fig. 9. FTIR of (a) pure DES- CuCl2.2H2O (b) spent DES- 
CuCl2.2H2O 

 
4. Conclusions 
 

To summarize, this study aimed to determine the optimal formulation of DESs for H2S conversion 
by screening various HBD and HBA components using COSMO-RS to assess their solubility. The results 
showed that [bmim][Cl] as the HBD and EG as the HBA had the best solubility and selectivity values. 
This was supported by the sigma potential and sigma profile analysis which demonstrated their 
excellent non-polar properties. These components were then combined with CuCl2.2H2O to produce 
a brown homogenous catalytic DES through physical mixing. The study showed that H2S was rapidly 
converted to sulphur when absorbed into the catalytic DES. Further research is needed to optimize 
parameters and conduct a more comprehensive qualitative and quantitative analysis to fully explore 
the potential of catalytic DES. 
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