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                           Abstract 

 

Novel Deep Eutectic Solvents (DESs) are being developed, which are non-flammable and 

biodegradable. These DESs are used in application for organic synthesis, metal processing, gas 

absorption, and removal of different undesired impurities in oil & gas industries. For instance, a 

combination of caprolactam (CPL) and tetrabutylammonium halides (1:1, mole ratio), as the DES, 

has indicated the highest efficiency for desulfurization of natural gas. We herein implement ab-

initio and molecular dynamic simulations to explore the formation of CPL based type III DESs. 

The simulations show ~15% decline in the ionic interactions of tetrabutylammonium halides and 

~92% decline in the hydrogen bonds between CPL, thereby explaining the rapid decline in the 

melting point as noted in experiments during the formation of DES. Moreover, ab-initio and 

molecular dynamic (MD) simulations of the caprolactam based DES with hydrogen sulfides and 

methane’s were conducted in order to mimic the industrial natural gas sweetening process. 

Efficient absorption of hydrogen sulfide from natural gas at various process parameters 

(5000/10000 ppm H2S, at 25/ 60 oC, and at 1/10 bar) can be highlighted from the molecular 

dynamic simulations. The results revealed strong intermolecular interactions between the anions 

of the caprolactam based DESs and hydrogen sulfide (H2S), with interaction energies ~10 folds 

higher than methane (CH4)/hydrogen sulfide (H2S), explaining the mechanism of desulfurization 

by these DESs. The ab-initio and molecular dynamics simulations were computed via the 

implementation of GAUSSIAN16, GROMACS software’s. The given work also illustrates that 

two DESs, namely a combination of choline chloride (ChCl) with urea, and monoethanolamine 

(MEA) with methyltriphenylphosphonium bromide (MTPPBr) were implemented to compare 

their capacity to absorb hydrogen sulfide (H2S), however we observed that the CPL based DESs 

are highly efficient, particularly at low fuel:DES mole ratios, low temperatures, and at low 

pressures.  
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Chapter 1 – Introduction 

 

1.1 Background 

 

           There are plenty of natural gas reserves available on the earth. Considering these, the global 

consumption of natural gas is predicted to exceed petroleum and coal in the future. Natural gas 

play critically important role in daily life as a clean energy source, especially in Kazakhstan. 

Therefore, in Kazakhstan, natural gas consumption has been increasing per capita from 0.444 

ft3/day to 1.880 ft3/day from 2004 to 2018 [1]. The chemical composition of natural gas is primarily 

methane (CH4), but it also includes other components such as ethane (C2H6), propane (C3H8), 

normal butane (C4H10), pentanes (C5H12), carbon dioxide (CO2), hydrogen sulfide (H2S), nitrogen 

(N2), and helium (He) [1]–[3]. While the H2S is in small amount (usually <1 % in volume), it needs 

to be removed due to environmental concerns and government regulations. H2S is a toxic and a 

corrosive gas which also creates various issues during the natural gas processing including 

corrosion of pipelines & tanks. Moreover, regulations of several governments and organizations 

demand the allowable limit of H2S in natural gas be reduced to 10 ppm [4], [5].   

 

           In over 95 % of all gas processing plants in the US, hydrogen sulfide is removed from 

natural gas by chemical absorption. Typical solvents that are generally used for chemical 

absorption are based on alkanolamine including monoethanolamine, diglycolamine, 

diethanolamine, diisopropanolamine, methyldiethanolamine and others [1]. These amine solvents 

have high volatility, are economically expensive as it consumes high energy for regeneration, leads 

to formation of unwanted by products and limited capture capacity during natural gas plant 

processing [4], [6], [7]. In this regard, various ionic liquids (ILs) have been expected as an 

alternative solvent for desulfurization of natural gas. Unfortunately, Ionic Liquids have not been 

applied in industry because of their poor biocompatibity, sustainability and high cost [4], [8], [9].  

Meanwhile, more recent attention has been on progress of several new Deep Eutectic Solvents 
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(DESs) for natural gas upgrading. DESs are considered as Ionic Liquid analogues. Deep Eutectic 

Solvents are a eutectic mixture of Lewis or Brønsted acids and bases that have several cationic and 

anionic species [3]. Moreover. DESs are non-flammable, biodegradable, environmentally benign, 

and are ease to manufacture in terms of cost and processes involved [4]. There are various 

applications of DESs such as gas adsorption, metal processing, organic synthesis, and removal of 

various unwanted impurities in oil & gas industry and others [5].  

 

1.2 Objective 

           More recently, DESs have been developed for absorption of H2S from natural gas. While 

experiments show effectiveness of these DESs, the mechanism of absorption and their functioning 

remains obscured. A key to our proposed work was simulation of the DES with CH4 and H2S that 

were explored to understand the natural gas upgrading process, as existing research works cover 

only experimental studies on absorption of pure H2S. Hence, our objective herein is to explore 

these new DESs and our main goals are (i) determine the molecular interactions leading to the 

formation of the caprolactam based DESs, (ii) determine the mechanism of absorption of H2S by 

these DESs, and (iii) analyze the effect of process parameters (temperature, pressure, and 

concentration) on natural gas sweetening process. 

 

           Combination of tetrabutylammonium halides with caprolactam at a ratio of 1:1 was 

considered as DES, while CH4 with H2S was applied to model natural gas. The simulations were 

performed with use of GAUSSIAN16, GROMACS tools.  The following work also studies that 

the applications of other DESs, namely a combination of choline chloride with urea, and 

monoethanolamine with methyltriphenyl phosphonium bromide in natural gas sweetening process. 

Furthermore, effect of different desulfurization process parameters including concentration, 

temperature, and pressure were studied in order to understand their effect on the removal 

efficiency. 
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Chapter 2 - Literature Review 
 

2.1 Natural Gas Sweetening 

 

            The natural gas upgrading is a removal of H2S and CO2 from gases in petrochemical plants, 

natural gas and other industries. H2S and CO2 can be removed selectively or simultaneously during 

the gas sweetening processes by depending on the quality and quantity of acid gases present in 

natural gas [3].       

 

Figure 2.1: Process flow diagram for natural gas sweetening [1] 

            The process flow diagram for natural gas upgrading varies little through different 

implemented aqueous amine solvents. However, the general process flow scheme for amine 

solvents is illustrated on Figure 2.1. The feed natural gas is scrubbed in an amine solvent contractor 

that consists of an absorber section and a water wash section. The absorber section removes H2S 

from the feed natural gas through chemical absorption of lean amine based solvent which leads to 

generation of treated gas and rich solvent. The water wash section recovers amine solvents from 

the treated gas and rich solvent. The water wash section recovers amine solvents from the treated 

gas to decrease amine make up requirements and reduce fouling in the molecular sieve unit [1]. 

Following that, rich amine is flashed in amine flash drum to remove dissolved gases. Then, the 

rich solution of amine form the flash drum passes by the amine heat exchanger to preheat rich 

solvent to the regenerator. The rich amine regenerated as lean amine through stripping of acid 

gases in presence of stream or other heating medium. Finally, the lean amine is pumped, cooled, 
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and recycled back to the amine absorption column [1]. 

            Amine solvents are classified into three groups including primary amines 

(monoethanolamine, diglycolamine), secondary amine (diisopropanolamine, diethanolamine) and 

tertiary amine (methyl diethanolamine, triethanolamine) [1], [10]. Primary amines are stronger 

bases in comparison with secondary amines and can chemically react with H2S and CO2 [10], [11]. 

In addition, different mixtures of amine solvents were studied to remove unwanted impurities from 

natural gas. For instance, Jou and his research team studied a mixture of tetramethylene sulfone 

with diisopropanol in the presence of water [12]. The authors also replaced the diisopropanolamine 

with methyldiethanolamine [10], [12].  

             

            The common problems in implementation of amine solvents are degradation and foaming 

during the acid gases removal process. The degradation of amine based solvents can be caused by 

carbon disulfide (CS2), oxygen (O2), carbonyl sulfide (COS), carbon dioxide (CO2), and other 

chemicals which lead to corrosion of the equipment [1], [10], [12]. Meanwhile, foaming of amine 

solvents could be explained by suspended solids, liquid hydrocarbons, and condensation of lean 

solvent, amine decomposition and by-product degradation and others. In addition, the 

vaporization, chemical losses and mechanical losses leads to amine solvent losses [1]. 

 

2.2 Deep Eutectic Solvents (DESs)  

 

            Deep Eutectic Solvents (DESs), alternatively, are recently proposed as novel solvents with 

potential applications in desulfurization [13], [14]. DESs are widely known as analogues of ILs 

because of similarities in their properties. However, despite their similarities in physical properties, 

they are, in fact, two different types of solvents. DESs are a eutectic mixture of Lewis or Brønsted 

acids and bases that have several cationic and anionic species, while ILs are basically solvents that 

are produced primarily of one discrete type of cation and anion [4], [6], [15]. Moreover, many 

DESs are biodegradable, non-flammable, have low vapor pressure, and also low cost, which makes 

them very promising, and additional advantage over ILs, in large scale applications [16]. The key 

property of DESs is low melting point, since DES itself is being formed at a eutectic composition, 

as shown in Figure 2.2. [17]  
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Figure 2.2: Formation of eutectic point in a phase diagram [18] 

            The Figure 2.2 illustrates a significant decrease in the melting point of the mixture, in 

comparison with melting points of either of the components. Thus, even though DES is being 

formed from solid components with very high melting points, mixture can be liquid at room 

temperature. DESs generally classified into 4 main categories depending on different combinations 

and types of components.  

Table 2.1: Classification of Deep Eutectic solvents [17] 

 

Type I DESs are mixtures of quaternary ammonium salts and metal chlorides; Type II are mixtures 

of quaternary ammonium salts and metal chloride hydrates; Type III are mixtures of quaternary 

ammonium salts and hydrogen bond donors; and lastly Type IV are mixtures of metal chloride 

hydrates and hydrogen bond donors (Table 2.1) [18]. Similar to ILs, the components of DESs can 

be tailored as desired for the application. The first report of DES came in 2004, wherein Abbott et 

al. report a mixture of choline chloride and urea at 1:2 molar ratio, and the resultant mixture 

showed depression in melting point of more than 200 0C [17]. Since then many DESs have been 

reported, with a combination of salt and hydrogen bond donor (HBD). In addition, type I, II and 

IV DESs contain metal salts which are toxic, while only type III eutectics have low inherited 

toxicity. 
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Figure 2.3: HBDs and salts used in the literature for production of DESs [18] 

Gracia et al. (2015) have compiled a comprehensive list of such salts and HBDs (Figure 2.3) [18]. 

Some of the commonly used salts are choline chloride, choline nitrate, ethylammonium chloride, 

tetrabutylammonium chloride, tetrabutylammonium bromide, benzyltriphenylphosphonium 

chloride, methyltriphenylphosphonium bromide, 1-butyl-3-methylimidazolium chloride, etc., and 

the commonly used HBDs are urea, ethylene glycol, glycerol, PEGs, glucose, xylitol, malonic 

acid, arginine, lactic acid, phenol, monoethanolamine, FeCl3, ZnCl2, etc. While the lists are broad 

and too many combinations are possible, DES based on choline chloride are used more often than 

others.  

 

2.3 Formation of DESs 

 

            Abbot with his research group suggested a hole theory to understand the intmolecular 

formation mechanism of DES. The hole theory explains movement of ions within DES and 

measures various physical properties including viscosity, surface tension, density, and 

conductivity.  Hole theory assumes that vacant places are created during melting process due to 
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fluctuations that are generated thermally in local density and have constant flux in those holes. 

Consequently, it is much easier to move into a space for an ion with a smaller size [19]. DES will 

have a hole-size distribution at any time and an ion will travel to it if there is a hole with an 

appropriate dimension. It ensures that only some parts of the ions can move and the viscosity of 

DES can be decreased insignificantly as a consequence. It was noted, however, that the hole sizes 

were larger with higher temperature, leading to lower viscosities. Generally, knowing the 

probability of hole formation in the liquid, it is easy to understand DES formation and also design 

new DESs with low viscosities.  

 

            In addition to the hole theory and its implementation in DESs tailoring, it is worth to 

mentioning the presence of hydrogen bond interactions in DES between hydrogen bond acceptor 

and hydrogen bond donor [20]. Molar ratio between hydrogen bond donor (HBD) and hydrogen 

bond acceptor (HBA) plays critical role in determination of eutectic point. From the Table 2.2, it 

is clearly seen that the difference in melting points depends on the molar ratio of HBD and HBA 

[20]. 

Table 2.2: Freezing points for DES at 101.3 kPa [20] 

mol %BTEAC  Freezing point (K) 

DES A DES B DES C 

30 275 308 301 

40 279 301 284 

50 289 299 278 

60 293 300 306 

70 314 330 335 

 

 

            In Table 2.2, DES A is a mixture of p-toluene sulfonic acid (PTSA) and benzyl 

triethylammonium chloride (BTEAC), DES B is triethylammonium chloride (TEAC) with citric 

acid (CA), DES C is benzyl triethylammonium chloride (BTEAC) with oxalic acid (OX). As can 

be seen clearly, the molar ratio of hydrogen bond donor (BTEAC) affects the melting point of the 

formed DESs. Several research works have been showed to correlate the strong depression in the 

melting point in DES with the number of hydrogen bonds present in the system. For instance, in 
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previous works of Shah and Mjalli, they have used molecular dynamics simulations to count in the 

number of hydrogen bonds in the choline chloride (ChCl) based DESs and their aqueous solutions 

[21]. Interestingly the mixtures with less number of hydrogen bonds indeed had low melting 

points. However, not all Deep Eutectic Solvents have hydrogen bonds and in such cases, 

depression in the freezing point is associated with exchange of ions between compounds and the 

complex structure formed. For instance, Abbott et al. in their research work studied the formation 

of choline chloride: zinc chloride DES (ChCl:ZnCl2), where ions pass the following equilibrium 

exchange reaction [22]. 

ZnCl2 + ChCl ↔ Ch+ + ZnCl3
- 

            Chloride anion is a strong base and it shifts the reaction to the right resulting in formation 

of ZnCl3
-. Furthermore, Mjalli and Shah, (CET, 2015), observed similar exchange of ions in 

tetrabutylphosphonium bromide (TBPBr) and FeCl3 based DES [21]. 

 
 

 

2.4 Application of DESs  

 

            Due to their interesting properties, DESs have seen a wide range of applications in various 

industries, such as metal processing, gas adsorption, organic synthesis, and in the oil & gas 

industry. The major advantages of DESs are that they are biodegradable, liquid at the ambient 

temperature, have low volatility, high conductivity, and have good solubility of metal salts, and 

are thus reasonable choice for solvents in several processes [23].  

 

 2.4.1 Metal processing 

 

            One of the current applications of DESs are in metal processing is electroplating, 

considering their high solubility for metal salts, oxides and hydroxides. DES can avoid the 

passivation issues which occur because of formation of non-soluble compounds ate the electrodes 

surface [23]. The use of DES does not require the consumption of hazardous complexing agents, 

for example, cyanide which is toxic and has high disposal cost. In additionally to that, water, which 

is currently used, is not necessarily a sustainable solvent, despite the fact that it is non-toxic, since 

it needs treatment steps before being disposed to the water courses [16].  Another application is 
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metal electropolishing, wherein Deep Eutectic Solvents are being employed over conventional 

aqueous acid based solutions, because of the high current efficiency. One of examples of DESs 

that has been commercially applied for electroplating are choline chloride with ethylene glycol 

[23].  

 

 2.4.2 Synthesis of organic compounds 

 

            With its “green” behavior and ability to be selectively towards a particular reaction, DESs 

have also been employed in several organic synthesis processes. Shankarling with his research 

team applied a combination of choline chloride and urea mixture as the DES for Perkin reaction, 

bromination and reduction of epoxides [24]. The detailed mechanism of those reactions  illustrated 

in Figure 2.4. 

 

 

Figure 2.4: A) Bromination, B) Perkin reaction, and C) reduction of epoxides via DES [25] 

            Commonly, the synthesis of those products requires use of toxic solvents, strong acids, and 

elevated temperatures and therefore application of DESs could be a good alternative to avoid those 

issues. Additionally, DESs were used in the N-alkylation of aromatic amines for selectivity 

purposes [25]. In the other works, Fischer indole annulations was performed with a combination 

of choline chloride and zinc chloride in 1:2 molar ratio, as the DES in the presence of hot 
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polyphosphoric acid which is followed by addition of water to complete filtration of desired 

product. Acid residue disposal can have a negative impact to the environment. Although, 

implementation of DES could help to avoid this issue and additionally, can give high yield of 

desirable products[26].  

 

2.4.3 Gas absorption 

 

            Every year, fossil fuel consumption rises with growing demand for energy and with this 

emission of carbon dioxide also increases. In addition, the cheap and abundant sources of energy 

found naturally in liquid oil and gaseous hydrocarbons have been used by humans for well over a 

century, with the primary use serving as fuel for transportation needs. The full oxidation of 

hydrocarbons, however, produces carbon dioxide and water as the ultimate chemical products, in 

addition to the energy produced. 

 

            Each 4 liters of burned gasoline releases to the atmosphere about 10 kilograms of carbon 

dioxide. Considering these, the rates of the known greenhouse gas carbon dioxide in the 

atmosphere critically rise [27]. On the other hand, the traditional solvents such as ethanolamine, 

monoethanolamine, zeolite, activated carbon and polymer adsorbents is the current methods which 

is implemented for post  combustion carbon dioxide capture and storage [27]. In addition, since 

some traditional solvents could not be easily synthesized because of their toxicity and high process 

cost, DESs have been proposed as an alternative. For instance, the mixture of activated carbon 

with choline chloride/glycerol in 1:2 molar ratios illustrated a high carbon dioxide adsorption 

capacity [28].  

 

Figure 2.5: Cyclic carbonate synthesis from epoxides with CO2 in the DES [28] 

            Zhu et al. reported another interesting work in which the synthesis of cyclic carbonates 

from epoxides in the presence of carbon dioxide was successfully performed via using choline 

chloride/urea (DES) as a catalyst (Figure 2.5) [29]. In addition, a combination of 
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tetramethylammonium chloride and lactic acid at molar ratio 1:2, as the environmentally benign 

and biodegradable DES has shown the high adsorption capacity for post combustion carbon 

dioxide capture and storage [30].    

 

2.4.4 Oil and gas industry 

 

            The presence of organic sulfides in the fuel is one of the reasons for this ecological issue. 

Burning the fuel a with high sulfur content results in the release of toxic gaseous sulfur oxides 

(SOx) into the atmosphere, resulting in acid rain, catalysts degradation, and corrosion of 

constructions [31]. Considering these, the concentration of aromatic sulfur compounds in fuels is 

always under constant control by government. Currently, the solvents such as sulfone, ethylene 

glycol are implemented in the desulfurization process of fuel. DESs are becoming cheap, 

environmentally benign and effective solvents to remove organic sulfur containing compounds 

from fuels.   

 

            One of the earliest researches was performed in 2013 on desulfurization of fuel through 

DESs [31]. Namely, all of the DES samples contained coordinated metal ions, which improved 

the efficiency of extracting organic sulfur compounds from fuels. Experimentally, the researchers 

concluded that the efficiency of the desulfurization process depends on various factors such as 

concentration of organic sulfur compounds, composition of DES to fuel, operating temperature 

and pressure. It was observed that increasing the DES mass ratio to the fuel improves the 

desulfurization efficiency and demonstrated successful recyclability [32]. In general, it was 

proposed that the mechanism of the desulfurization through DES is depending on hydrogen 

bonding interactions and coordination of metal ions [32]. In addition, DES could be implemented 

for extraction of glycerol from biodiesel which is environmentally friendly biofuel made from 

animal fats or vegetable oils. The chemical composition of biofuel is long chain alkyl esters which 

are obtained by transesterification. The glycerol is an unwanted by-product of this process and it 

raises the viscosity which can cause damages in the injection parts of diesel engines. Nowadays, 

water is implemented to remove the glycerol from the fuel; however, it leads to loss of product 

and additionally, this water requires treatment procedures before disposing into waste. 

Consequently, a combination of ammonium salt and glycerol at molar ratio 1:2, as the DES has 
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shown 99% efficiency for extraction of glycerol from the fuel [33]. Finally, DESs have been also 

implemented in absorption of acid gases such as CO2 and H2S from natural gas. The Chapter I 

discussed the current desulfurization methods and this chapter will now focus more on the removal 

of H2S from natural gas using several new DES.  

 

            Since 2010, several research papers have been written on the use of DESs in desulfurization 

of natural gas. Most of these research articles concentrate on the implementation of chemical 

absorption method for deep desulfurization of natural gas and depending on the Deep Eutectic 

Solvents chosen; the solubility H2S in natural gas can reach 1.58 mol H2S/kg DES. Some DESs 

have been experimentally shown efficient in absorbing H2S. Guo et al., for example, showed that 

a DES made from carpolactam and tetrabutylammonium halides can readily absorb and desorb 

H2S as can be seen from the Figure 2.6 [34].  

 

Figure 2.6: Solubility of hydrogen sulfide in different ratios of CPL:TBABr: ■, 1:1; ●, 2:1; ▲, 

3:1; ▼, 4:1; ◆, 5:1; o, 6:1; □, 7:1. [34] 

 

Figure 2.7: Color changes of systems a) DES, b) DES+H2S, and c) DES+Air [34] 

            Particularly, the authors determined that solubility of H2S in DES (caprolactam + 

tetrabutylammonium bromide) was 1.58 H2S/kg DES at room condition (298K, 1 atm). Further 

from Figure 2.7, it can be seen that the DES was colorless initially, and it becomes bluish-green 

after absorption of H2S. After that, when bubbled with air, the color changes to yellow green [34]. 
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More recently, Liu et al., studied DES composed of choline chloride and urea, for absorption of 

H2S, CO2, CH4 and found that the DES at 1:1.5 molar ratio of the constituent components have 

solubility of 0.39 H2S/kg DES for hydrogen sulfide, 1.5 % for carbon dioxide, and 0.1 % for 

methane at 298 K, 1 atm [35]. The effect on solubility of H2S in DES composed of choline chloride 

and urea is illustrated in Figure 2.8 [35].  

 

Figure 2.8: Solubility of hydrogen sulfide in the choline chloride based DES [35]. 

 

            In addition, the absorption of pure hydrogen sulfide through a combination of choline 

chloride and urea, as the DES is governed by the hydrogen bond interaction between chlorine of 

choline chloride and hydrogen of hydrogen sulfide. In general, the DES composed of choline 

chloride and urea demonstrated high selectivity and easy regeneration for absorption of pure 

hydrogen sulfide [35]. Further, Wu et al. synthesized carboxylic acid based DESs, for example, 

Pro/TBABr (1:1), Ac/TBABr (1:1), For/TBABr (1:1), ChCl/Pro (1:2), ChCl/Ac (1:2), ChCl/For 

(1:2) to absorb pure hydrogen sulfide at 298-318 K and 0.1-0.6 MPa.  So, from various carboxylic 

acid based DESs, Ac/TBABr (1:1) and For/TBABr (1:1) showed good solubility for hydrogen 

sulfide around 1.25 mol H2S/kg DES and 1.25 mol H2S/kg DES respectively (Table A.1) [36]. In 

contrast, ChCl/Urea (1:1.5) showed relatively low capacity of H2S, some carboxylic acid based 

DESs such as For/TBABr(1:1), ChCl/For(1:2), ChCl/Ac(1:2), and ChCl/Pro(1:2) illustrates 

moderate capacity for H2S. But the solubility’s of H2S in CPL/TBABr (1:1), Pro/TBABr(1:1), and 

Ac/TBABr(1:1) were impressively high with 1.58 mol H2S/kg DES, 1.66 mol H2S/kg DES, 1.25 

mol H2S/kg DES respectively [36]. Consequently, it is clear that the DESs such as CPL/TBABr 

(1:1), Pro/TBABr(1:1), and Ac/TBABr(1:1) are preferable over many other DESs listed in Table 

A1, since they exhibited higher solubility values. Also, it means that DESs can be suitable 
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alternatives for absorption of H2S. In summary, we observe from all of the above mentioned studies 

that DESs have great potential in absorption of H2S and that different parameters such as operating 

temperature, pressure, DES composition had an effect on solubility efficiency. Certain reports 

show that with an increase of temperature, the solubility efficiency decreases, however, the low 

pressure is suitable for the absorption of H2S process.  

    

            Shah, Mansurov, and Mjalli earlier research work studied the mixture of reline (ChCl:Urea, 

1:2 molar ratio) with dimethylsulfoxide (DMSO) via the MD simulations [14]. The authors 

reported that the DMSO have a very limited effect on choline-urea, chlorine-urea, and urea-urea 

interaction energies in terms of hydrogen bonding [7], [14]. Moreover, Liu and his research team 

performed DFT study and MD simulations for ChCl:Urea (1:2 molar ratio) in the presence of H2S, 

and then noted that the chlorine is major site for interaction with  H2S [35]. 

 

           The H2S solubility in the DESs is compared with ILs as shown in Table A.1. Namely, 

phenolic protic ILs and hydrophobic protic ILs illustrated high absorption capacity for H2S, while 

other ILs showed the same H2S absorption capacity as DESs. However, the DESs are preferable 

over ILs, since DESs are biodegradable, non-flammable, have low vapor pressure, and also low 

cost, which makes them very promising, and additional advantage over ILs, in large scale 

applications [16]. While experiments highlight effectiveness of these DESs, however, the 

mechanism of absorption and their functioning remains obscured. Moreover, the previous studies 

are based on pure H2S and not in the competing environment of natural gas. Alongside, the existing 

literature covers only experimental studies on absorption of pure H2S using DES and does not 

explore modeling and simulations of the topic. Considering these, we herein perform ab-initio and 

molecular simulations, for first time, to 1) explore the mechanism of formation of these novel 

DESs, 2) analyze the process of absorption at molecular level, 3) determine the effect of process 

parameter on the absorption capacity, and 4) determine the performance of these DESs in 

competitive environment of natural gas. The target of this work is also to provide rational 

guidelines, based on the understanding the desulfurization mechanism by analyzing the results of 

ab-initio and molecular dynamic simulation for the various systems DES with H2S and CH4, for 

better design of DESs.   
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Chapter 3 – Materials and Methods 

 

3.1 Ab-initio calculations 

 

             The computational chemistry software’s are primarily based on various quantum methods 

to solve the Schrodinger equation. The Schrodinger equation is the basis of quantum mechanics 

(QM) to calculate the ground state geometry (equation 1).  

 = EH             (1) 

            In the above equation, H is the Hamiltonian operator, ψ is the wave function, E is the 

energy. Critically important point of QM is that in classical systems, Hamiltonian operator behaves 

quite differently than an equivalent function. The exact solution of Schrodinger equation produces 

yields energy and wave function which is giving complete explanation of the electronic properties. 

However, it is impossible to solve Schrodinger equation exactly except for simple problems. 

Considering these, there are different quantum-chemistry methods to solve Schrodinger equations.  

 

            Density Functional Theory (DFT) methods are generally implemented in computational 

chemistry and primarily based on approximate solutions of the Schrodinger equation.  In DFT, 

probability of finding electron is implemented to solve Schrodinger equation rather than a mere 

wave function which was introduced by P Hohenberg and W Kohn in 1964. Further next, it is 

sufficient to know the electrons density which greatly reduced the degree of freedom and lead to 

simple computational study of large molecular systems. Hohenberg and Kohn (HK) reported that 

the total energy of a system of electrons in an external potential is known exactly as a function of 

the electronic density. Basically, Hohenberg and Kohn (HK) showed that the ground-state density 

is a density that minimizes total energy. Kohn-Sham method is the fundamental of most Density 

Functional Theory calculations. 

 

 

 

  

3.2. Molecular Dynamics simulations 
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            Molecular Dynamics (MD) simulation is a computational method implemented to 

implement molecular interaction and movements.  

Table 3.1: Equations for MD simulation 

# Equations: 

3.1 𝑓𝑖 =  − ∇𝑛 × 𝑈(𝑟) =  𝑚𝑖 ×
𝑑2(𝑟𝑖 )

𝑑𝑡2  

3.2 𝐻 = 𝐾 + 𝑈(𝑟) 

3.3 

𝐾 =  ∑
𝑚𝑖 × 𝑣𝑖

2

2

𝑁

𝑖=1

 

3.4 𝑈(𝑟) = 𝑈𝑏𝑜𝑛𝑑 + 𝑈𝑎𝑛𝑔𝑙𝑒 + 𝑈𝑈𝐵 + 𝑈𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙 + 𝑈𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟 + 𝑈𝐿𝐽 + 𝑈𝐶  

3.5 𝑈𝑏𝑜𝑛𝑑𝑠 = ∑ 𝐾𝑏(𝑏 − 𝑏0)2
𝑏𝑜𝑛𝑑𝑠  

3.6 𝑈𝑎𝑛𝑔𝑙𝑒 =  ∑ 𝐾𝜃(𝜃 − 𝜃0)2

𝑎𝑛𝑔𝑙𝑒𝑠
 

3.7 𝑈𝑈𝐵 =  ∑ 𝐾𝑠(𝑠 − 𝑠0)2

𝑈𝐵𝑠
 

3.8 𝑈𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠 =  𝐾𝜑(1 + cos(𝑛𝜑 − 𝛿)) 

3.9 𝑈𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟 =  ∑ 𝐾𝜔(𝜔 − 𝜔0)2

𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟𝑠
 

3.10 
𝑈𝐿𝐽 =  ∑ 𝜖𝑖𝑗((

𝑟𝑖𝑗
𝑚𝑖𝑛

𝑟𝑖𝑗
)12 − 2(

𝑟𝑖𝑗
𝑚𝑖𝑛

𝑟𝑖𝑗
)6)

𝑛𝑜𝑛𝑏𝑜𝑛𝑑𝑒𝑑 𝑝𝑎𝑖𝑟𝑠
 

3.11 𝑈𝐶 =  ∑
𝑞𝑖𝑞𝑗

4𝜋𝜖0𝜖𝑟𝑟𝑖𝑗𝑛𝑜𝑛𝑏𝑜𝑛𝑑𝑒𝑑 𝑝𝑎𝑖𝑟𝑠
 

 

     

            Namely, the molecular dynamics obeys the Newton’s laws of motion due to potential 

energy (U(r)), which derive from intermolecular interaction as can be seen from equation 3.1. The 

total energy (H) of the designed system containing N molecules is comprised of potential energies 

(U(r)) and kinetic energies (equation 3.2, 3.3 and 3.4). Meanwhile, Ubond is the energy which stored 

in covalent bonds in the system. Every bond is characterized by a harmonic spring with specific 

actual bond length (b), force constant (Kb), and the equilibrium length bond b0 as illustrated on 

equation 3.5. In addition, Uangle is valence angle energy which is characterized by the angle 



                                                                             25 
 

between two covalent bonds (θ, θ0)and angle force constant (𝐾𝜃) (equation 3.6). The next term 

UUB (Urey-Bradley component, equation 3.7) is a cross-term account for atoms experiencing 

nonbonding interactions, where s0 is the distance of equilibrium, s is the distance between separate 

atoms, Ks is the force constant. The following term Udihedral is the energy of the dihedral interaction 

which is consists of multiplicity factor of the variable n, angle of the dihedral φ, dihedral force 

constant Kφ, and phase δ as shown on figure 3.8. Another term Uimproper is the improper energy for 

out of plane torsions, where the out of plane angle is ω-ω0, and force constant is Kω as shown on 

equation 3.9. The remaining terms ULJ is Lennard-Jones potential which is modeling Van der 

Waals interactions, and Uc is Coulombic potential, which is responsible for electrostatic 

interactions as shown on the equations 3.10 and 3.11.    

 

3.2 Computational details 
 

             GROMACS with Visualization Molecular Dynamics (VMD), was implemented for 

molecular dynamics simulation to calculate interaction energies, hydrogen bonding, radial 

distribution function and other properties of modeled system (Figure 3.1 a). A mixture of hydrogen 

sulfide (H2S) and methane (CH4) was taken as representative model of natural gas. The optimized 

forcefield and coordinate parameters (dihedrals, bond, angle, partial charges) for 

tetrabutylammonium ion (TBA), bromide ion, chloride ion, caprolactam (CPL), urea, choline ion, 

monoethanolamine (MEA), methyltriphenylphosphonium bromide (MTPPBr), methane (CH4), 

and hydrogen sulfide (H2S) was taken from ATB (Automated Topology Builder) database and LJ 

(Lennard-Jones) parameters was obtained from the standard gromos forcefield [21]. 

 

            MD simulations were started through creating a low density box with the 10 × 10 × 10 nm3 

dimensions and inserting number of molecules according to Table 3.2. The gromos54a7 force field 

was implemented in this study. To be more specific, energy minimization was performed with a 

maximum force constraint of less than 1000 kJ/mol/nm on any atom to optimize the initial box 

configuration. After minimization of energy, NVT and NPT were simulated at 298 K temperature 

and 1 bar pressure for 0.1 ns each. Eventually, MD run was performed for 10 ns. LINCS constraint 

algorithm was used for all bonds during the simulation. 1.5 nm cut-off was used for LJ and 

Coulombic interactions. Long-range interactions were computed with 0.16 nm grid spacing and 

fourth-order interpolation [8], [13]. V-rescale method was used to maintain temperature and 
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Parrinello-Rahman coupling was implemented to maintain system pressure [4], [37], [38]. 

Additionally, MD simulations were performed by using periodic boundary conditions in all 

directions.  

 

Figure 3.1: Designed system DES (CPL:TBACl)+H2S+CH4 in (a) Gromacs, and (b) 

Gaussian16. Color key: white: hydrogen; grey: carbon; blue: nitrogen; yellow: sulfur; green: 

chloride. 

            Initially, MD simulations were performed on the individual components of the DES; pure 

TBABr and pure CPL for reference. Further next, the desulfurization of natural gas was studied 

by mixing modeled natural gas and DES at different temperature and pressure. Then, a 

combination of CPL and TBABr (see table 3.2; system 1, 1:1 mole ratio) was simulated to explore 

intermolecular interactions within the DES (Figure 3.1a). Next, a mixture of hydrogen sulfide 

(H2S) and methane (CH4) was taken as representative model of natural gas and was simulated (see 

table 3.2; system 2 and 3). Mainly, 5000 ppm H2S was selected, using 1 molecule of H2S and 200 

of CH4 (see table 3.2; system 2). Moreover, as highlighted in footnote a, system 2 was also 

simulated at 10000 ppm of H2S to explore the effect of H2S concentration on natural gas 

sweetening. Moreover, in table 3.2; system 3 with more number of H2S and CH4 molecules was 

created to later explore the effect of model fuel:DES mole ratio on desulfurization of natural gas. 

Next, systems 4 and 5 were simulated to investigate natural gas sweetening implementing 

CPL:TBABr based DES.  

 

            Secondly, a mixture of CPL:TBACl, (see table 3.2; system 7) at 1:1 molar ratio, as the 
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DESs, was simulated to study the intermolecular interactions within the DES. Meanwhile, 

CPL:TBABr is investigated in the experiments, as mentioned in Chapter 2, simulations with 

CPL:TBACl were also studied to compare, as TBACl has been commonly used earlier, in several 

experiments and simulations [11], [21], [22]. Next, system 7 and 8 were simulated next, i) to 

investigate natural gas sweetening by the CPL:TBACl based DES, ii) to explore the effect of H2S 

concentrations on desulfurization efficiency (5000/10000 ppm, as noted in the footnote a), iii) 

study the effect on fuel:DES ratio and iv) to understand the effect of process parameters ( 

temperature and pressure) on the process (see footnote b). Finally, system 9 and 10 were simulated 

to compare H2S absorption efficiency of two other DESs, namely ChCl:Urea, and MTPPBr:MEA. 

These DESs were used based on their common usage in the literature [25], [29], [30].   

Table 3.2: The designed systems details along with the number of molecules that will be used 

to explore natural gas sweetening by the DESs at 298 K and 1 bar. 

# CPL TBABr H2S CH4 

1 400 400 - - 

2 - - 1 200 

3 - - 5 1000 

4 400 400 1 200 

5 400 400 5 1000 

 CPL TBACl H2S CH4 

6 400 400 - - 

7 400 400 1 200 

8 400 400 5 1000 

 ChCl Urea H2S CH4 

9 500 1000 5 1000 

 MTPPBr MEA H2S CH4 

10 400 2400 5 1000 

aSystem 2 and 7 were also simulated with 2 H2S & 200 CH4, while system 3 and 8 were created with 10 H2S with 

1000 CH4 molecules (10000 ppm). bSystem 8 with 5 H2S was also simulated at 1 bar 333 K, and 10 bar 298 K to 

investigate the effect of temperature and pressure on desulfurization of natural gas.  
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             GAUSSIAN16 with GaussView (v 6.0), was implemented for ab-initio simulation to 

optimize the ground state geometries. The optimized geometries of CPL and TBACl was obtained 

from the Automated Topology Builder (ATB) server and implemented in our study [39]. 

Electronic ground state geometries for CPL, TBACl, their mixture as the DES, and the DES + H2S 

+ CH4 in the gas phase were optimized via the implementation of B3LYP DFT methods, and 6-

311++G(d,p) basis set (Figure 3.1b). Meanwhile, B3LYP DFT method and 6-311++G(d,p) basis 

set was selected considering its well performances for a broad range of various ILs and DESs 

according to the previous computational studies [40]–[44]. By analytical calculation of the second 

energy derivatives, all stationary points were confirmed to be true minima on their respective 

potential energy surfaces.   The thermal corrections at 298 K and 1 atm were computed in order to 

obtain the Gibbs free energy and enthalpy values. The total electronic energies (ΔE), the total 

electronic energies corrected with zero-point energies (Δ(E+ZPE)), enthalpies (ΔH), and Gibbs 

free energies (ΔG) were calculated on the bases of obtained results from electronic ground state 

geometry optimizations in gas phase.  

 

3.3 Validation of forcefield parameters 

 

            The densities and diffusion coefficients of gases and liquids will be computed through 

molecular dynamics simulations and then compared with experimental values. The good 

agreement between theoretically computed and experimental value validates that our molecular 

dynamic simulation model is correct. The choice of force-field parameters effects on the results of 

molecular dynamic simulation and hence validation is essential to compare results with the 

experiments. In this regard, gromos54a7 force field was applied in our study. Consequently, 

densities and diffusion coefficients of liquids and gases were simulated and compared with 

experimental values. Initially, MD simulations were performed on the individual components of 

the model natural gas; pure hydrogen sulfide and pure methane for obtaining its density and self-

diffusion coefficient to compare with experimental values. In this regard, computed and literature 

densities of methane, and hydrogen sulfide are in good agreement as shown on Table 3.3. In 

addition, the self-diffusion coefficients of methane and hydrogen were observed from the 

simulations to be 0.119 cm2/s and 0.110 cm2/s, in comparison to 0.24 cm2/s and 0.200 cm2/s, as 

noted in the literature [45], [46]. Moreover, densities of the two DESs including ChCl:Urea and 

MTPPBr:MEA were in close agreement with the experimental value (see table 3.3) [14], [47]. 
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Moreover, we obtained the density of CPL:TBABr and CPL:TBACl to be 1096 kg/m3 and 1067 

kg/m3 from the simulations, however, it could not be verified from the literature, as no experiments 

have been reported. Taken together, it can be concluded that densities from literature and gromacs 

simulation are in good agreement which validate model by supports choice of force-field 

parameters.  

Table 3.3: Theoretically computed and literature values of densities.

 

Components Density (kg/m3) 

Computed Literature 

CH4 0.84 0.65 [45] 

H2S 1.48 1.39 [46] 

ChCl:Urea (1:2) 1180 1194 [14] 

MTPPBr:MEA (1:6) 1164 1107 [47] 

 

 

 

 

 

 

 

 

 

Chapter 4 – Results and Discussion 
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4.1 Deep Eutectic Solvents formation 

  

            The molecular mechanism of the Deep Eutectic Solvent formation is studied for a 

combination of caprolactam and tetrabutyl ammonium halides. The primary aim of this work is to 

investigate the formation of caprolactam based DESs, to understand the observed strong 

depression in the melting point through molecular dynamic simulations. 

 

            Considering this, we investigated CPL:TBABr and CPL:TBACl designed systems in terms 

of their intermolecular interaction energies, radial distribution functions (rdfs), and number of 

hydrogen bonds using molecular dynamic simulations. The interaction energies were calculated 

by summing short-range Lennar-Jones and short-range Coulomb potential for various pair of 

molecules. Next, we firstly explored CPL:TBABr system, as the caprolactam based DES. The 

interaction energy between TBA ion and Br ion (pure TBABr, 400 molecules) was reached to be 

−21286.0 kJ/mol, highlighting strong ionic interactions (see figure 4.1A). However, the ionic 

interaction energy between the TBA ion and Br ion declined to −18311.41 kJ/mol after mixing the 

pure TBABr with pure CPL (see table 3.2; system 1).  The simulation results reveal weakening of 

ionic interactions between the TBA and Br ions, which explains the strong depression in the 

melting point as noted during the formation of the caprolactam based DES through molecular 

dynamic simulations. 

 

Figure 4.1: A) Interaction energy between TBA ion and Br ion for pure TBABr and system 1 

(DES), B) Rdfs between TBA ion and Br ion in pure TBABr and in system 1 (DES).    

            In the next analysis, we start with comparing simulation of pure TBABr with the system 
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containing CPL:TBABr (1:1 molar ratio), as the DES (system 1) using rdfs. The radial distribution 

functions (rdfs) between TBA ion and Br ion were shown on Figure 4.1B. The rdfs illustrate the 

measure of probability for an atom being at the distance r from the reference atom. Central nitrogen 

atom of the TBA ion was chosen as reference to determine the rdfs.  

 

            The rdfs between the nitrogen atom of the TBA ion with bromide ion before and after 

mixing with CPL (system 1) are shown on Figure 4.1B. From this figure, it can be clear that in 

pure TBABr, the first peak appears at distance of 4.35 Å with peak value of rdfs is 16.7. Although, 

in the DES (system 1), the interaction between TBA and bromide ion decreased significantly as 

shown in rdfs with peak value of ~9. Interestingly, this could be explained through the fact that 

TBA ion started to interact with CPL molecule, as also highlighted from the next Figure 4.2A. 

 

Figure 4.2: A) Number of H-bonding between CPL molecules before and after mixing with 

TBABr, B) Rdfs between TBA, CPL, and Br in DES. 

            In general, the formation of DESs is explained through the presence of hydrogen bond 

interactions in DES between hydrogen bond acceptor and hydrogen bond donor [20]. Hence, as 

shown in Figure 4.2 A, the number of H-bonding between CPL molecules was 638±7 in pure 

caprolactam. However, the number of hydrogen bonding between CPL molecules drops 

significantly to 52±3 (CPL:TBABr), after mixing with TBABr, implying a further weakening in 

the intermolecular interactions between CPL molecules. Interestingly, there were observed strong 

interactions between CPL molecules and Br ions in the caprolactam based DES, as the number of 

H-bonds between CPL molecule and Br ion was 103±8 (CPL:TBABr). Meanwhile, few numbers 

of hydrogen bonds were noted between CPL molecule and TBA ion, revealing weakening on 

intermolecular interactions between them. Further next, rdfs between the constituent components 



                                                                             32 
 

(CPL, TBA, and Br) of the DES were illustrated in Figure 4.2B. CPL might have interacted with 

Br ion using its nitrogen or oxygen atom and hence rdfs were plotted with respect to both atoms. 

The first peak for nitrogen atom of CPL molecule and Br ion had a peak value of 8.2 in the 

CPL:TBABr, as the DES (system 1), meanwhile, the peak value is 2.1 in the rdfs between oxygen 

atom of CPL molecule and Br ion, suggesting N atom of CPL plays critically important role to 

hydrogen bonding with Br ion. Next, rdfs between TBA/Br showed the highest peak value of ~9. 

However the peak between TBA/Br was higher than CPL/Br. The low peak value was observed 

for rdfs between CPL(N)/TBA(N), and CPL(N)/TBA(N), meaning that the CPL molecule does 

not interact with TBA ion. To sum up, a sharp decrease noted in the number of H-bonds between 

CPL leads to the formation of DES by hydrogen bonding of CPL with bromide ion (CPL:TBABr), 

while weakly interacting with TBA ion.    

 

Figure 4.3: A) Interaction energy between TBA ion and Cl ion, B) Rdfs between TBA ion and 

Cl ion for in pure TBACl and in system 1 (DES).    

            After that, the mixture of CPL:TBACl (1:1 molar ratio), as the DES was investigated 

(system 6).  The results reveal that interaction energy between TBA and Cl ion before mixing (pure 

TBACl, −37271.95 kJ/mol) is greater than the after mixing with CPL (in the DES, −32839.05 

kJ/mol), which show the weakening of interactions (Figure 4.3A). While the decline in the case of 

Br ion was ~15%, in the case with Cl ion was ~12%. In addition, the rdfs between the nitrogen 

atom of the TBA ion with chloride ion before and after mixing with CPL (system 6) are shown on 

Figure 4.3B. From this figure, it can be clear that in pure TBACl, the first Cl ions appears at 

distance of 4.35 Å from the nitrogen atom of the TBA ion and the peak value of rdfs is 24.68. 

Although, in DES (system 6), the interaction between TBA and chloride ion decreased 
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significantly, as the peak value of 18.    

 

Figure 4.4: A) Number of H-bonding between CPL molecules before and after mixing with 

TBACl, B) Rdfs between TBA, CPL, and Cl in DES. 

            Furthermore, as shown in Figure 4.4A, the number of H-bonding between CPL molecules 

was 638±7 in pure caprolactam. However, the number of hydrogen bonding between CPL 

molecules drops significantly to 11 (CPL:TBACl), after mixing TBACl. In addition, the number 

of H-bonds between the chloride ion and CPL molecule was 210±5 (CPL:TBACl). In addition, no 

hydrogen bonds between CPL/TBA were noted in the DES (system 6). The rdfs between TBA, 

CPL and chloride ions are shown on Figure 4.4B. The results reveal that the CPL ion started 

strongly to interact with chloride ion. It is also crucial to highlight that the weakening in the 

strength of interactions between the TBA and Cl ions causes the strong depression the melting 

point of the DES. The same results were obtained for the formation of DES from CPL:TBABr (at 

a mole ratio 1:1).  

 

            Further next, ab-initio calculations were performed on CPL:TBACl to analyze the 

formation mechanism of DES. Each constituents of DES (CPL and TBACl) were optimized 

separately as an initial step of the DFT study. After geometry optimizing each CPL and TBACl 

structures, a combination of CPL and TBACl (1:1, mole ratio) as the DES structure was proposed 

and optimized. For this purpose, the theoretically stable conformers of CPL, TBACl, and DES 

geometries were optimized by applying density functional theory (DFT), B3LYP 6-331++G(d,p) 

level of theory in the gas phase. This level of theory has been selected based on previous studies, 

which was proven successfully for ILs, natural-DES, and DES. The analysis of the excess energies, 
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optimized geometries, molecular electrostatic maps, and molecular orbital’s were determined to 

study the formation of the caprolactam based DES. 

 

            The quantum chemical relative energy calculations for optimized conformers of CPL, 

TBACl, and DES in the gas phase are shown in Table 4.1. The “Excess energy” (ΔEexcess) was 

defined using the difference between the total energy values of DES and constituent components 

(equation 1).  

ΔEexcess = EDES – (Epure CPL + Epure TBACl)    (1) 

            A low value of ΔEexcess, as observed in table 4.1, suggests low melting point of the DES. 

The calculated total energies of the caprolactam based DES system is lower by -64.84 kJ/mol in 

comparison to the sum of the total energies of individual optimized geometries of caprolactam and 

tetrabutyl ammonium chloride. That indicates that there are contributions of non-covalent 

interactions to the caprolactam based DES stability as can be seen from Table 4.1. The same trends 

were observed for the electronic energy (− kJ/mol), electronic energy+ZPE, electronic 

energy (− kJ/mol), ΔH (−), ΔG (−22.57kJ/mol).  

 

Table 4.1: Thermochemistry for electronic ground state of CPL, TBACl and DES 

at DFT B3LYP 6-311++G(d,p) level 

Energy (kJ/mol) CPL TBACl DES ΔEexcess 

Total Energy − − − − 

Electronic Energy  − − − − 

Electronic energy + ZPE  − − − − 

ΔH   − − − − 

ΔG  − − − − 

 

            To understand further insights into the interactions between the constituent components of 

the DES, the most stable gas phase geometries of the CPL, TBACl and DES (CPL:TBACl at 1:1 

mole ratio) were illustrated in Figure 4.5A. As given, the chloride is hydrogen bonded to the central 

nitrogen atom of the amide functional group by 2.224 Å. The central oxygen atom of caprolactam 

is closer to the tetrabutyl ammonium ion by 2.273 Å. The trend is in agreement with the results 
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obtained from the MD simulations. Molecular electrostatic maps reveal an effective visualization 

of polarity and charge distribution of the investigated CPL, TBACl, and DES structures. The plots 

were shown in Figure 4.5B. Close view of these isosurfaces provide that the chloride ion of 

tetrabutylammonium chloride and oxygen atom of caprolactam before and after mixing is covered 

with red or negatively charged isosurfaces corresponding to aggregation of electron density. As 

observed in the DES case, the chlorine ion of tetrabutylammonium chloride can be more delocalize 

by amine group, and form intermolecular hydrogen bonding which results in less negative charge 

on chloride ion.   

 

Figure 4.5: A) Optimized structures and B) Molecular electrostatic maps for CPL, TBACl and 

DES in the gas phase. 

 

Figure 4.6: Representations (isovalue=0.02, isodensity=0.0004) of H-1, H, L, L+1 MOs density 

for optimized electronic ground state geometries of CPL, TBACl, and DES.  

            The L+1, L, H, H-1 molecular orbital densities representations for CPL, TBACl, and DES 

were provided in Figure 4.6. In general, it can be seen that LUMO is always formed around the 
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TBACl and HOMO formed around the chloride ion. HOMO-LUMO gap is related to the stability 

and the reactivity of the studied CPL, TBACl, and DES. In this regard, it could be highlighted that 

higher molecular stability and lower chemical reactivity for larger value of computed HOMO-

LUMO gap (−4.6 eV) for the DES.   

 

4.2 Desulfurization of Natural Gas 

 

            After studying formation of the caprolactam based DESs, we performed molecular 

dynamics simulations along with model natural gas. We began to investigate the interaction 

energies between H2S and CH4 in the modeled natural gas.  

 

Figure 4.7: Interaction energy between CH4/H2S before and after with DES and H2S/DES.    

            Running systems 2 and 3, it was observed that the interaction between CH4/H2S is 

significantly high (−0.99 kJ/mol for system 2, and −1.54 kJ/mol for system 3), which means that 

efficient natural gas sweetening must be able to absorb H2S from the natural gas (Figure 4.7). 

However, the interaction energy between H2S/CH4 after mixing with DES (CPL:TBABr) was 

−0.21 kJ/mol, and −6.24 kJ/mol for system 4 and 5, respectively as shown on Figure 4.7. The 

obtained results reveal that the molecular interactions between H2S and CH4 were weakening in 

the presence of DESs (CPL:TBABr). In addition, the interaction energy between H2S and CH4 

declined by ~five-fold for 1:2 fuel:DES mole ratio, however, it increases by ~four-fold for 2.5:1 
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fuel:DES ratio. While, high interaction energies between H2S/DES were noted at both (1:2 and 

1.25:1) the fuel:DES ratios (−42.39 kJ/mol for system 4 and −243.22 kJ/mol for system 5), 

suggesting that the DES captures H2S molecules from the natural gas. However, the CPL:TBABr, 

as the DES is more efficient at low natural gas amounts.  

 
Figure 4.8: Interaction energies between A) H2S-DES, H2S-Methane, B) H2S-DES 

components. 

            Analyzing Figure 4.8A and B, it can be highlighted that interaction energy between H2S 

and CH4 was −6.24 kJ/mol in the presence of DES (CPL:TBABr, 1:1, mole ratio) indicating a 

weakening of intermolecular interactions between H2S and CH4 molecules. On the other hand, 

strong molecular interactions between DES and H2S were observed with energy of −243.22 

kJ/mol. Particularly for CPL:TBABr (1:1, mole ratio) DES system, the interaction energy between 

Br ion and H2S molecule (−99.45 kJ/mol) was higher in comparison with the interaction energies 

of CPL/H2S (−70.13 kJ/mol) and H2S/TBA ion (−73.65 kJ/mol) as shown in Figure 4.8B. 

Consequently, it can be concluded that molecular interactions between H2S and Br ion are the 

stronger in CPL:TBABr, as the DES. 

 

            Next, rdfs between H2S and the components of the DES were calculated and compared 

with H2S/CH4 for system 5 (Figure 4.9A). The sulfur (S) atom of H2S, nitrogen (N) atom of TBA 

ion and CPL molecule were implemented. The results reveal that the rdf between H2S/Br has the 

highest peak value of 9.6, at a distance of 3.9 Å, indicating a strong hydrogen bond interaction. 

Furthermore, rdfs of H2S/TBA and H2S/CPL have the peak marginally higher than for H2S/CH4, 

thereby favoring removal of H2S from CH4.    
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Figure 4.9: A) Rdfs between H2S-CH4 and other components of the DES in system 5, B) rdfs 

between the DES’s components before (system 1) and after mixing with the natural gas (system 

5). 

 

            One of the key-indicative of a good solvent is its regenerability after absorption. Mainly, 

molecular structure of DES should not change during absorption process for efficient regeneration. 

To this end, we further compare the rdfs of TBA/Br, CPL (O1)/Br, and CPL (N1)/Br before and 

after mixing of DES with model natural gas as shown in Figure 4.9B. The results reveal 

consistency of these rdfs which means stability of DES structure. Overall, the analysis indicates 

that molecular interactions between CPL:TBABr based DES largely remain the same after 

absorption of H2S in the presence of CH4 suggesting that the desulfurization does not noticeably 

affect the structure of these DES.  

 

            After studying desulfurization of natural gas using CPL:TBABr, as the DES, the molecular 

dynamics simulations were performed on mixture DES (CPL:TBACl) and natural gas as shown 

on systems 7 and 8. Figure 4.10A and B show the interaction energies for H2S/CH4, H2S/DES, and 

H2S/DES components before and after mixing DES with natural gas. The obtained results reveal 

that the molecular interactions between H2S and CH4 were weakening to be −10.77 kJ/mol in the 

presence of DESs (CPL:TBACl). Moreover, the DES captures H2S molecules as the interaction 

energy of DES/H2S was closer to −252.84 kJ/mol (CPL:TBACl). On the other hand, as shown in 

Figure 4.10A and B, the interaction energies of H2S/DES components illustrates that chloride ions 

(−154.05 kJ/mol) are the critically important, while caprolactam (−51.89 kJ/mol) and 
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tetrabutylammonium ions (−49.90 kJ/mol) are second important DES components for 

desulfurization of natural gas.    

 

Figure 4.10: Interaction energies between A) H2S-DES (CPL:TBACl), H2S-Methane, B) H2S-

DES (CPL:TBACl) components.    

 

            To understand the DES (CPL:TBACl) + natural gas system, radial distribution functions 

were illustrated for H2S molecules with DES components and methane as shown on Figure 4.11. 

It is clear that the results indicate that the H2S weakly interacts with CH4, but H2S has strong 

interactions with Cl ions of CPL:TBACl, followed with caprolactam and tetrabutylammonium 

ions, which supports previous results. The radial distribution function results implies that (i) 

caprolactam molecules and tetrabutyl ammonium ions do not have direct interactions with H2S, 

and are closer to H2S because of DES structure, (ii) chloride ion was crucial component of DES 

for interaction with H2S.    

 



                                                                             40 
 

Figure 4.11: Rdfs for A) Hydrogen sulfide with methane and DES (CPL:TBACl) components 

B) DES (CPL:TBACl) before and after mixing with model natural gas. 

            In addition, coordination of DES components did not change after mixing with model 

natural gas as shown on Figure 4.12A and B, which means stability of DES structure. For instance, 

the number of H-bonding between CPL molecules and Cl ion was closer to 210±6 in CPL:TBACl. 

After mixing with natural gas, the number of hydrogen bonding between CPL molecules and 

chloride ions remained constant to 220±8. In addition, the number of H-bonds between the chloride 

ion and CPL molecule were also constant after mixing with natural gas. A consistence in the 

number of H-bonds between DES components before and after mixing with DES means their 

stability and reusability. The Figure 4.12B illustrates the visual representation of natural gas 

sweetening process, where after molecular dynamic simulation, hydrogen sulfide molecules was 

absorbed by DES.  

   

 

Figure 4.12: A) Hydrogen bonds between   CPL-Cl, and CPL- TBA before and after mixing of 

DES with natural gas, B) Hydrogen sulfide molecules (reddish) surrounded by methane (blue) 

and DES (red & pink) 

 

            After investigating the DES formation, ab-initio and molecular dynamic simulations of the 

DES with hydrogen sulfides and methane’s were performed to mimic the industrial natural gas 

sweetening process. Initially, DFT calculations were performed using B3LYP 6-311++G(d,p) 

level for geometry optimization of DES, H2S, CH4, and  DES+H2S+CH4 in the gas phase. Next, 
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the most stable geometries of DES, H2S, CH4, and DES+H2S+CH4 in the gas phase were illustrated 

on Figure 4.13A. The results reveal that the hydrogen sulfide started to interact with chloride ion 

by hydrogen bonding (2.27 Å). Moreover, there were no interactions of methane with DES and 

H2S as shown on Figure 4.13A. Interestingly, as shown in Figure 4.13B, the molecular electrostatic 

maps indicate that the negative charge (red) is localized between hydrogen sulfide and chloride 

ion due to delocolization of chlorine ion through hydrogen bonding with hydrogen sulfide. 

 

Figure 4.13: A) Optimized structures for H2S, CH4, DES, DES+H2S+CH4 and B) Molecular 

electrostatic maps for DES+H2S+CH4 systems in the gas phase 

 

            Moreover, H-1, H, L, L+1 molecular orbital density illustration for DES+H2S+CH4 system 

is shown in Figure 4.14. In general, LUMO is formed around the TBACl and HOMO formed 

around the Cl ion and hydrogen sulfide. In addition, the higher molecular stability and lower 

chemical reactivity were observed for larger value of computed HOMO-LUMO gap (−4.99 eV). 

 

Figure 4.14: Representations (isovalue=0.02, isodensity=0.0004) of H-1, H, L, L+1 molecular 
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orbitals density for optimized electronic ground state geometries of DES + H2S + CH4. 

 

4.3 Effect of process parameters on desulfurization 

 

            In this part concentration of hydrogen sulfide, effect of temperature and pressure on the 

process was investigated in detail.  

 

 4.3.1 Increasing hydrogen sulfide concentration 

 

            The next section of this thesis was performing molecular dynamics simulations to 

investigate how H2S concentration affects the desulfurization process. Interestingly, in this work 

we performed molecular dynamics simulation with 5000/1000 ppm (system 7) concentrations of 

H2S (high concentrations) to (i) conduct simulation within reasonable time, (ii) to study the 

effectiveness of these DES at high H2S concentrations. The interaction energies of H2S with 

methane, and DES were analyzed as shown on Figure 4.15. The results reveal that the increased 

of H2S concentration before mixing contribute to rise of the interaction energy between H2S and 

CH4 from −0.99 kJ/mol (5000 ppm) to −4.98 kJ/mol (10000 ppm). Moreover, after mixing of H2S 

and CH4 with DES as shown on system 7, the desulfurization of natural gas at higher concentration 

of H2S in CH4 was evaluated. The results indicate that the interaction strength between H2S and 

CH4 were −0.12 kJ/mol (5000 ppm), −0.56 kJ/mol (10000 ppm) for system 7, while the interaction 

energies between H2S and DES were −67.98 kJ/mol (5000 ppm), −124.66 kJ/mol (10000 ppm) for 

system 7. Basically, this means that after mixing H2S and CH4 with DES (CPL:TBACl), the  

H2S/CH4 interaction strength decreases which is leading to summary that the DES is able to absorb 

H2S from the model natural gas. The results also imply that with an increasing H2S concentration, 

the desulfurization efficiency comes down. Moreover, these DESs are highly effectively at low 

fuel (natural gas) ratio. For higher fuel and lower DES ratio, ~seven and three-fold increase in 

H2S/CH4 interaction energies were observed, which means lower extraction efficiency (Figure 15A 

and B). 
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Figure 4.15: A) Interaction energies of H2S/CH4 before and after mixing, H2S-DES after 

mixing, for systems B) Interaction energies of H2S/CH4 before and after mixing, H2S-DES 

after mixing, for systems. 

 

4.3.2 Increasing temperature and pressure 

 

            This part was completed successfully to explore how increase of T (K) and pressure (bar) 

could affect the desulfurization process. Consequently, the system 8 was selected for the 

simulation at 250C, 1 bar; 600C, 1 bar and 250C, 10 bar. The results imply that the desulfurization 

of natural gas was achieved, as the molecular interaction energies between H2S and DES is higher 

than H2S and CH4 in all cases. For instance, H2S-CH4 interaction energies were −10.77 kJ/mol (25 

0C), −15.31 kJ/mol (60 0C), and −2.87 kJ/mol, while H2S-DES interaction energies are −252.84 

kJ/mol (25 0C), −269.59 kJ/mol (60 0C) and −254.23 kJ/mol (10 bar). Moreover, there is 

insignificant difference for H2S/CH4 and H2S/DES interaction energies between system simulated 

at different pressure and temperature, which proves that DES could be effective at the room 

temperature resulting in the less energy consumption during the natural gas sweetening process.   

 

4.3.3 Comparison of various DESs on the absorption process 

 

            The Figure 4.16 illustrates the desulfurization of hydrogen sulfide from methane through 

four different DES; DES1 (CPL:TBABr), DES2 (CPL:TBACl), DES3 (ChCl:Urea), DES4 

(MEA:MTPPBr). The results indicate that there is also insignificant difference for H2S/DES 
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interaction energies between systems simulated. In addition, the results indicate that ChCl:Urea 

had  strong H2S/CH4 interactions as compared to other DESs; however, the energy between H2S 

and the DES were also strongest. MEA:MTPPBr, on the other hand, had ~two-fold increase in 

H2S/CH4 and had similar H2S/DES as for CPL based DESs. In all the cases, H2S was strongly 

interacting with the anion present in the DESs.  

 

Figure 4.16: The interaction energies for various DESs
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Chapter 5 – Conclusion and future work 

 

            Considering potential commercial applications of the CPL:TBABr, CPL:TBACl, as the 

DES were examined at molar ratio of 1:1, using molecular dynamics simulation and ab-initio 

calculation. The objective of this investigation was to understand intermolecular interactions 

within the formation of DES and also to study the desulfurization of natural gas by these DESs. 

Regarding the formation mechanism of the caprolactam DES, the results reveal weakening of 

interactions between CPL molecules. On the contrary, strong intermolecular interactions were 

observed between CPL/Br, and CPL/Cl respectively. We further observe a high number of 

hydrogen bonds between CPL/Br, and CPL/Cl. To explore desulfurization of natural gas, 

simulations were successfully performed on the mixtures of H2S+CH4+DES at different fuel to the 

DES mole ratio, at different temperatures and pressures.  Furthermore, the absorption process of 

H2S molecules by deep eutectic solvents (DESs) composed of CPL:TBABr (1:1), CPL:TBACl 

(1:1), ChCl:Urea (1:1), and MTPPBr:MEA (1:6) were studied using molecular dynamics and ab-

initio simulation to understand the natural gas upgrading process, as the existing literature covers 

only experiments on the removal of pure hydrogen sulfide via the DESs. In particular, analyzed 

results indicate that H2S/CH4 interactions decreased significantly in the presence of DES. On the 

contrary H2S/Br ion, and H2S/Cl ion interactions strengthened. Comparing with different 

temperatures, pressures, we examined the absorption of H2S by DES showed insignificant changes. 

Moreover, examination of ChCl:Urea (1:2), and MTPPBr:MEA (1:6), reveal that all these DES 

are capable of absorption H2S, however; among all, CPL:TBACl is preferable.  

 

            Taken together, our proposed suggestion is that the experimental study on absorption of 

hydrogen sulfide by various DESs in the presence of methane is required. In addition, the process 

simulation of natural gas sweetening is required for these DESs via the implementation of Aspen 

Plus commercial chemical process simulator. The future works will be important to explore the 
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absorption of hydrogen sulfide and carbon dioxide simultaneously from natural gas using the DES. 

The results presented herein, lay a foundation to our understanding of the molecular interactions 

within the DESs and their interactions with hydrogen sulfide. 
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Appendix A: 
 

Table A.1: Solubility of H2S in ILs and DESs 

Solventsa T/K P/kPa Solubility (mol H2S/kg DES) Ref. 

[bmim][Cl] 298 1400 35.71 [48] 

[bmim][BF4] 298 1400 20.33 [48] 

[bmim][PF6] 298 1400 9.15 [48] 

[bmim][PF6] 298 1700 10.08 [49] 

[bmim][TfO] 298 1400 13.33 [48] 

[emmim][Tf2N] 298 1400 11.33 [48] 

[4mbnpy][Tf2N] 298 1400 13.18 [48] 

[bnpy] [Tf2N] 298 1400 11.67 [48] 

[bpy] [Tf2N] 298 1400 19.45 [48] 

[bmmim] [Tf2N] 298 1400 8.75 [48] 

[eetamine] [Tf2N] 298 1400 7.15 [48] 

[betamine] [Tf2N] 298 1400 6.35 [48] 

[mbpy] [Tf2N] 298 1400 19.74 [48] 

[emim] [Tf2N] 298 1400 10.88 [48] 

[bmim][BF4] 303 124 0.48 [50] 

[bmim][PF6] 303 165 0.29 [50] 

[bmim][Tf2N] 303 94 0.18 [50] 

[hmim][BF4] 303 111 0.36 [36] 

[hmim][PF6] 303 138 0.23 [36] 

[hmim][Tf2N] 303 97 0.10 [36] 

[emim][PF6] 333 144 0.15 [51] 
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[emim][Tf2N] 303 107 0.19 [51] 

DMEAH[For] 303 100 1.13 [52] 

DMEAH[AC] 303 100 1.85 [52] 

MDEAH[For] 303 100 0.15 [52] 

MDEAH[AC] 303 100 1.26 [52] 

[N2224][DMG] 333 100 3.35 [53] 

[N2224][IMA] 333 100 1.37 [53] 

[emim][Lac] 303 100 2.03 [54] 

[emim][Ace] 303 100 3.01 [54] 

[emim][Pro] 303 100 3.17 [54] 

[HOemim][PF6] 303 133 0.14 [51] 

[HOemim][Tf2N] 303 156 0.28 [51] 

[HOemim][TfO] 303 105 0.22 [51] 

[emim][EtSO4] 303 113 0.09 [55] 

[bmim][MeSO4] 298 100 0.65 [55] 

[hemim][BF4] 303 136 0.17 [56] 

[C8mim][Tf2N] 303 93 0.19 [57] 

[C6mim][Tf2N] 303 146 0.28 [57] 

[C8mim][PF6] 303 128 0.029 [58] 

[C2mim][eFAP] 313 100 0.053 [57] 

[P4444][PhO] 313 100 2.52 [59] 

[TMGH][PhO] 313 100 1.47 [59] 

[hmim][PhO] 313 100 3.28 [59] 

[DBUH][PhO] 313 100 3.19 [59] 

[TMHDA][ Tf2N] 313 100 1.47 [11] 

[BDMAEE][Tf2N] 298 100 1.22 [11] 

[TMPDA][Tf2N] 298 100 0.40 [11] 

BmimBr 298 100 0.15 [60] 

C2mim[Otf] 303 346 1.10 [61] 

CPL/TBABr (1:1) 303 101 1.58 [34] 
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ChCl/Urea (1:1.5) 313 200 0.39 [35] 

Pro/TBABr(1:1) 298 245 1.66 [36] 

Ac/TBABr(1:1) 298 225 1.25 [36] 

For/TBABr(1:1) 298 178 0.72 [36] 

ChCl/Pro(1:2) 298 184 0.70 [36] 

ChCl/Ac(1:2) 298 249 0.95 [36] 

ChCl/For(1:2) 298 262 0.75 [36] 

 

aAbbreviations of solvents were listed below: 

[bmim][Cl] - 1-butyl-3-methylimidazolium chloride  

[bmim][BF4] - 1-butyl-3-methylimidazolium tetrafluoroborate  

[bmim][BF6] - 1-butyl-3-methylimidazolium hexafluorophosphate   

[bmim][TfO] - 1-butyl-3-methylimidazolium trifluoromethanesulfonate  

[emmim][Tf2N] - 1-ethyl-2,3-dimethylimidazolium bis(trifluoromethyl sulfonyl)imide  

[4mbnpy][Tf2N] - N-butyl-4-methylpyridinium bis(trifluoromethylsulfonyl)imide  

[bnpy] [Tf2N] - (N-butylpiridinium bis(trifluoromethylsulfonyl)imide  

[bmmim] [Tf2N] - 2-methyl-N-methyl-N-butylimidazolium bis(trifluoromethylsulfonyl)imide  

[eetamine] [Tf2N] - N-ethyl-N,N-dimethyl-N-(2-hydroxyethyl)ammonium 

bis(trifluoromethylsulfonyl) imide  

[betamine] [Tf2N] - N-butyl-N,N-dimethyl-N-(2-hydroxyethyl) ammonium bis(trifluoro 

methylsulfonyl) imide  

[mbpy] [Tf2N] - N-benzyl-N-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide  

[emim] [Tf2N] - (1-ethyl-3-methyl imidazolium bis(trifluoromethylsulfonyl)imide  

[bmim][BF4] - 1-butyl-3-methylimidazolium tetrafluoroborate  

[bmim][PF6] - 1-butyl-3-methylimidazolium hexafluorophosphate  

[bmim][ Tf2N] - 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide  

[hmim][ BF4] - 1-hexyl-3-methylimidazolium tetrafluoroborate  

[hmim][PF6] - 1-hexyl-3-methylimidazolium hexafluorophosphate  

[hmim][Tf2N] - 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide  

[emim][ PF6] - 1-ethyl-3-methylimidazolium hexafluorophosphate  

[emim][Tf2N] - 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide  
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DMEAH[AC] - dimethylethanol ammonium acetate dimethylethanolammonium acetate 

DMEAH[For] - dimethylethanol ammonium acetate dimethylethanolammonium formate 

MDEAH[For] -  methyldiethanolammonium formate 

MDEAH[AC] - methyldiethanolammonium acetate 

[N2224][DMG] - triethylbutylammonium N,N-dimethylglycinate 

[N2224][IMA] - triethylbutylammonium imidazolylacetate  

[emim][Lac] - 1-ethyl-3-methylimidazolium lactate 

[emim][Ace] - 1-ethyl-3-methylimidazolium acetate  

[emim][Pro] - 1-ethyl-3-methylimidazolium propionate 

[HOemim][PF6] - 1-(2-hydroxyethyl)-3-methylimidazolium hexafluorophosphate  

[HOemim][Tf2N] - 1-(2-hydroxyethyl)-3-methylimidazolium bis(trifluoromethyl sulfonyl)imide 

[HOemim][TfO] - 1-(2-hydroxyethyl)-3-methylimidazolium trifluoromethanesulfonate  

[emim][EtSO4] - 1-ethyl-3-methylimidazolium ethyl sulfate 

[bmim][MeSO4] - 1-butyl-3-methylimidazolium methyl sulfate  

[hemim][BF4] - 1-(2-hydroxyethyl)-3-methylimidazolium tetrafluoroborate 

[C8mim][Tf2N] - 1-octyl-3-methylimidazolium bis(trifluoromethyl)sulfonylimide  

[C6mim][Tf2N] - 1-hexyl-3-methylimidazolium bis(trifluoromethyl)sulfonylimide 

[C8mim][PF6] - 1-octyl-3-methylimidazolium hexafluorophosphate 

[C2mim][eFAP] -1-ethyl-3-methylimidazolium tris(pentafluoroethyl)trifluorophosphate  

[P4444][PhO] - tetraburylphosphonium phenolate 

[TMGH][PhO] - tetramethylguanidinium phenolate 

[hmim][PhO] - 1-hexyl-3-methylimidazolium phenolate  

[DBUH][PhO] - 1,8-diazabicyclo[5.4.0]undec-7-ene-1-ium phenolate  

[TMHDA][Tf2N] - N,N,N,N-tetramethyl-1,6-hexanediamine bis(trifluoromethylsulfonyl)imide  

[BDMAEE][Tf2N] - bis(2-dimethylaminoethyl)ether bis(trifluoromethylsulfonyl)imide 

[TMPDA][Tf2N] - N,N,N,N-tetramethyl-1,3-propanediamine bis(trifluoromethylsulfonyl)imide 

BmimBr - 1-butyl-3-methylimidazolium bromide 

C2mim[Otf] - 1-ethyl-3-methylimidazolium trifluoromethanesulfonate  


