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Preface
In this thesis, the role of green novel solvents such as ionic liquids (ILs) and deep eutectic
solvents (DESs) for carbon dioxide capture has been investigated. The advantages of green
solvents, their limitations, motivation for further research along with a brief introduction of
the subsequent chapters have been discussed in chapter 1.
In chapter 2, two ionic liquids 1-butyl-3-methyl-imidazolium tetrafluoroborate
([Bmim]+[BF4]- and 1-butyl-3-methyl-imidazolium hexafluorophosphate ([Bmim]+[PF6]-)
were selected and compared with conventional amine (MEA and MDEA) solvents for CO 2
capture. Experimental results showed that conventional amines have larger CO 2 loadings
as compared to both the ILs because of the reactive nature of amines with CO 2. Therefore,
it was proposed to prepare the blends of IL-Amine to exploit the reactive nature of amine
combined with the non-volatile nature of the ILs. It was observed that the [Bmim] +[BF4]blends with an amine, has high CO2 loading as compared to pure IL as well as aqueous
amine solution. Further, it was found that maximum CO 2 loading results for 80 %
[Bmim]+[BF4]- - 20% MEA blend. Piperazine (PZ) was further added to the blend as the
promoter, and it significantly enhanced the CO2 loading. Finally, the kinetic studies of
various blends were performed, and the kinetic parameters were evaluated.
The CO2 solubility in a new class of solvents referred to as deep eutectic solvents has been
explored in chapter 3. In this chapter, different types of amine and glycol-based deep
eutectic solvents were synthesized and investigated for CO2 absorption. In general, aminebased solvents have shown higher CO2 absorption as compared to glycol-based solvents.
In particular, the highest CO2 absorption was observed for the tetrabutylammonium
bromide and methyldiethanol amine (TBAB/4MDEA) system. Experimental CO 2
solubility data were well fitted using NRTL and PENG-ROB thermodynamic models.
Kinetic modeling of CO2 absorption in DESs was also studied, and rate constants were
evaluated.
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Decarbonization of methane is essential in many applications, such as biogas and natural
gas. Solvents with high selectivity towards CO2 are required for the upgradation of biogas
and natural gas. Therefore, in chapter 4, we have synthesized four novel sterically hindered
amine-based DESs using quaternary ammonium salt as hydrogen bond acceptor. The CO 2
and CH4 uptake of the synthesized DESs were experimentally investigated. The viscosities
of DESs were also evaluated and correlated with the Vogel-Fulcher-Tammann (VFT) and
the Arrhenius equation. The modified Lydersen-Joback-Reid method was used for the
critical properties estimation of synthesized DESs. All the synthesized DESs have shown
high CO2 absorption and relatively deficient CH4 absorption indicating their high
selectivity towards CO2. The experimental DES-CO2 and DES-CH4 vapor-liquid equilibria
were successfully correlated with the NRTL model and the Peng-Rob equation of state.
In chapter 5, ternary hydrophobic deep eutectic solvents (H-DESs) were synthesized using
the binary mixture of fatty acids and tetrabutylammonium bromide. The formation of HDES was confirmed by the phase diagram, FTIR, and H-NMR analyses. The modified
“Lydersen−Joback−Reid” method was used to estimate the critical properties of H-DESs.
The viscosity and conductivity of H-DESs were experimentally calculated and modeled
using the Arrhenius equation. Further, the hydrophobic nature of H-DESs was confirmed
by the extractive dye removal from an aqueous solution. Finally, CO2 uptake of H-DESs
was experimentally investigated using the pressure drop method, and the obtained results
were correlated with the Peng-Robinson equation of state.
It should be noted that before industrial demonstration and scale-up, the techno-economic
feasibility of the process should be investigated using various computer-aided simulators
such as aspen plus. Therefore, Chapter 6 focuses on modeling and simulation of CO2
removal from model shale gas using two promising deep eutectic solvents (DESs), namely
reline and ethaline. The experimental CO2 and CH4 solubility in DESs, along with DESs
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physicochemical properties, were employed for modeling and simulation of the CO2
removal studies. The VLE data of CO2 in DESs and CH4 in DESs were modeled using the
Peng-Robinson equation of state, and the calculated values are in good agreement with the
experimental values. Furthermore, the process simulation was done to investigate the DESbased CO2 removal from a model shale gas. The simulated results were compared with the
conventional selexol process and MDEA CO2 capturing processes. The simulation results
show higher shale gas recovery from the DES process compared to the conventional MDEA
process. Also, the purity of shale gas was more in the DES-based CO2 capture process than
the MDEA process. This reflects why DESs can be potential solvents to replace existing
amine technology and can emerge as one of the leading CO2 absorbing solvents for the
future industries.
In chapter 7, the solubility of CO2 in three different phosphonium-based DESs with
ethylene glycol, diethylene glycol, and glycerol as hydrogen bond donors was investigated
experimentally. The experiments were conducted in temperature range 303.15-323.15 K
with 10 K intervals and pressure up to 10 bar. After determining the solubility, the
experimental data were correlated with the first-order rate kinetics and Peng-Rob EOS.
Followed by this, the flue gas decarbonization process was simulated using obtained
predicted properties data and experimental VLE data. Sensitivity analysis was employed in
the DESs-based process to obtain the optimal parameters. Heat integration was used to
lower the energy requirement further.

xviii

Chapter 1: Introduction

The content of this work is based on the book chapter,
Mohd Belal Haider, Mata Mani Tripathi, Zakir Hussain, Rakesh Kumar, “CO2 capture
in petroleum refineries using novel green solvents, Springer Nature (in press)
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1.1 Problem definition and motivation
Energy plays a crucial role in the growth and development of a country. Developing
countries, like India, China depends mostly on the combustion of fossil fuels for meeting
their energy needs that is increasing day by day. Nevertheless, economic development,
the gross domestic product of any country depends directly on the per capita energy
consumption. This is a matter of great concern because the increase in energy demand is
associated with carbon dioxide (CO2) emissions generated by the combustion of fossil
fuels. Which, in turn, is associated with the risk of climate change and is the cause of
significant concern. Figure 1.1 shows the total CO2 emission over time and the increase
in earth global temperature with time. From the graph, one observes that the total CO2
emission exponentially increased and rose to triple. The rise in CO 2 emission is directly
related to the earth's global temperature as shown.
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Figure 1.1 Rise in CO2 level and temperature over the years
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International energy agency in its report concluded that to limit the global temperature
increase to 20C, we have to cut down 50% of the global carbon dioxide emissions. The
cost of tackling the climate change issue without CO2 capture would be 70% higher than
with CO2 capture[1]. The IEA analysis in Energy Technology Perspectives (ETP) projects
that the CO2 emissions attributed to the energy sector will increase by 130% by 2050 due
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to the increased usage of fossil fuels. The power and industry sector contributes to
approximately 70% of the carbon dioxide emission [2,3]. With the growth and
development of India, CO2 emission is also increased from 1.14 emissions per capita in
2000 to 1.67 emission per capita in 2012[3–6]. This CO2 emission varies with the
distribution of energy consumption in the different sector [7].
Carbon dioxide capture and storage (CCS) is a vital technology to reduce greenhouse gas
(GHG) emissions from large-scale fossil fuel[2,6]. The fossil fuel-based power plants are
one of the significant sources of CO2 emissions and it is crucial to diminish these
emissions by employing proper carbon capture technology in these plants along with the
focus on increasing the shares of renewables and nuclear power[6]. Apart from power
plants, Fertilizer plants, cement manufacturing plant and natural gas processing terminal
contribute highly to total carbon dioxide emissions[6].
Currently, CO2 capture is mainly done by the absorption process using amine-based
solvents like MEA and MDEA. Since the capture by absorption is more economical than
adsorption or membrane techniques. There are several absorption processes used for CO 2
gas removal including physical and chemical solvents. However, carbon capture
technology with high efficiency and less energy consumption is yet to be discovered. To
date, only a few large-scale CCS projects are in operation [5]. In subsequent section, we
will discuss the method and current technology which researchers are trying to develop
for reducing the CO2 emissions.

1.2 Technology concept for CO2 capture
There are three ways of reducing the emissions depending on when CO 2 is captured
1. Post-combustion
2. Pre-combustion
3. Oxy-fuel combustion
3

1.2.1 Post-combustion CO2 capture
The post-combustion CO2 capture process involves the removal of CO2 from the flue gas
after combustion of fossil fuels. In other words, the post-combustion system is mainly
used to capture CO2, leaving with flue gas from coal-fired or natural gas-fired power
plants, where CO2 is produced in a significant amount by combustion. Since air is used
as the oxidant for the combustion and therefore contains significant amounts of NO 2.
Post-combustion offers flexibility in the operation; that is, if the capture plant shut down,
the power plant can still be operated. Post-combustion CO2 capture from the flue gas is
one of the key technology options to reduce greenhouse gases because this can be
potentially retrofitted to the existing industry[6,8].
Many processes can be suggested for the post-combustion of CO2. However, the
chemisorption by amine solvent is the most preferred method because of the excellent
selectivity of amines towards CO2 over other gases[9,10]. Besides these advantages, the
post-combustion process suffers from several disadvantages like high energy requirement
for regeneration.
1.2.2 Pre-combustion CO2 capture
It refers to the removal of CO2 before the combustion of fossil fuels is completed. This
process is mainly applicable to an IGCC (integrated gasification combined cycle) process
where coal is partially-oxidized in the presence of steam and oxygen under high pressure
and temperature condition to form synthesis gas [11]. Synthesis gas produced is then
converted into H2 and CO2 using a water gas shift reaction and subsequently, CO2 is
captured and stored. Pre-combustion CO2 removal is more efficient as compared to the
post-combustion because of a rich concentration of CO2 at higher pressure, which results
in easier removal [11,12].
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Pre-combustion technologies are not as mature as post-combustion capture
technologies[13]. These are only applicable to new power plants because the capture
process has to be an integrated part of the combustion process.
1.2.2 Oxy-fuel combustion
In the process of oxy-fuel combustion, combustion by the oxygen is used instead of air,
which is separated from the air before combustion, and the fuel is combusted in the
oxygen-diluted atmosphere. So the absence of N2 and the simultaneous oxygen-rich
atmosphere produces the flue gases consisting mainly of more concentrated CO2 stream
along with H2O that can be purified easily[13]. Elimination of NOx control equipment
and the CO2 separator along with the reduced size of the boiler and SO2 scrubber is the
advantage of this process. The main disadvantage associated with this technology is the
high capital investment compared to post-combustion technology [13].
Out of three technologies, post-combustion is the matured technique and commonly
employed in the industry because of flexibility in the operation [14]. The energy
requirement is less in pre-combustion process as compared to post-combustion CO2
capture however, the pre-combustion process can be employed for new industries only.
In order to attain sustainable development goal beside direct carbon dioxide capture a
more responsible way to produce and consume energy also have to be analysed within
the industry. In subsequent section, we will discuss the solvents which are investigated
for their capability for CO2 absorption.

1.3 Amine-based Solvents for CO2 Capture

The amine-based solvents is most widely used in the industry. Amines have been
extensively used for the CO2 absorption with the alkanolamines being the most popular
solvent. Depending on the degree of substitution of alkanol group to the nitrogen, amines
5

can be classified as primary, secondary or tertiary. The CO2 is absorbed in alkanolamines
by chemical absorption and the product after absorption largely depends on the nature of
amine solvents [15] . For example, CO2 rapidly react with primary and secondary amines
to form carbamate but tertiary alkanolamines are devoid of hydrogen atom and therefore
only facilitate the bicarbonate formation through hydrolysis. Further, the tertiary amine
can be easily regenerated because the heat of formation of carbamate is higher than the
heat of reaction to form bicarbonate [16].
1.3.1 Reaction Mechanism
The reaction mechanism for the primary and secondary amines occur through the
zwitterion formation resulting into the carbamate product [17]
Zwitterion formation:

(1.1)

Carbamate formation:

(1.2)

In the termolecular mechanism [18], reaction proceeds in single step by the formation of
the loosely bound complex as an intermediate in the presence of base(X) and
simultaneously reacts with CO2.
(1.3)
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Methyldiethanolamine (MDEA) being tertiary amine is believed not to participate in the
reaction due to absence of a proton attached to nitrogen. However, it was proposed that
they do behave as the base promoter for the reaction to occur [19].
Promoters such as piperazine is sometimes added to enhance the CO2 solubility since they
have high reaction rates and solubility with moderate regeneration energy [20] . The CO2
react with the piperazine to form intermediate as given below
(1.4)
The above reaction is rapid and will occur simultaneously as with the reaction of other
amine and CO2 as given in reaction scheme 1.1 to 1.3. Piperazine act as the activator and
its important contribution is to transfer CO2 from intermediate formed in scheme 1.4 to
the amine as shown in reaction scheme 1.5.
(1.5)

1.3.2 Industrial Process for CO2 Absorption
The process flow-diagram for the CO2 absorption using aqueous alkanolamine solution
(30 wt % of amine) is shown in Fig 1.2. The process mainly comprises of a stripper
column and an absorber column. The flue gas is contacted with the solvent counter
currently in the absorber column leaving the essential pure gas from the absorber column
and the CO2 rich solvent from the absorber column bottom. The CO 2 rich solvent is then
heated to a desired temperature and sent to the stripper column. The CO2 is removed from
the stripper column at the top and almost pure solvent is obtained at the stripper column
bottom. The regenerated solvent is recycled to the absorber column after cooling in a heat
exchanger.
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Figure 1.2: Process flow diagram for carbon capture using aqueous amine solvents
The monoethanolamine (MEA) is most celebrated solvent for CO2 absorption having CO2
uptake of ~0.5 mol of CO2 / mol of MEA [21]. Besides MEA, other amines such as
methyldiethanolamine (MDEA) [22–24] and sterically hindered amines such as 2-amino2-methyl-1-propanol have also been studied[25–27]. The sterically hindered amines have
been observed to perform better at higher CO2 partial pressure (8-15% CO2) [28].The
typical CO2 loadings in MDEA and AMP has been found to be ~1 and ~0.7 mol of
CO2/mol of amine, respectively. In order to take advantages of both primary and tertiary
amines, solvents are often mixed for CO2 capture[29–31]. The blended solvents have
high CO2 loading capacity with low absorption heat due to tertiary amines, and the fast
reaction rate due to primary amines. This helps in the reduction of solvent circulation rate
and stripper heat duty [24,32]. The pilot plant studies having been done using
MEA/MDEA and MEA/AMP blends [33–35]. The cyclic diamine additive such as
piperazine was also added to these blends to enhance the absorption rate.
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1.3.3 Need of Green Novel Solvents
In conventional CO2 capture process, aqueous alkanolamines solution such as MEA or
MDEA or mixture of these solvents are used as the sorbent medium. This method is
energy intensive because high energy is required in the regeneration or recovery of
solvent.

Also, amines being volatile in nature result in the solvent loss during

regeneration. Besides, the high energy consumption, corrosion of equipment and
degradation of the amine solvent are other major drawbacks associated with amine based
process.
In general, use of organic solvents is of great concern because of their higher volatility
and higher regeneration cost. The problem gets worse if the solvent is hazardous and
sometime can increase the carbon footprint. In Paris agreement 2015, India vows to
reduce the carbon footprint by 2030 [36]. It means there is a need to implement greener
and sustainable solutions for reduction of CO2 emissions.
To reduce the environmental hazards and to minimize the negative economic, social and
environmental impacts, Anastas and Warner put forward 12 principle of Green Chemistry
in the book ‘Green Chemistry: theory and practice’ [37]. Based on similar principle Gu
et.al. redefine the principle to attain sustainable green solvents [38]
(1) Availability: A green solvent should be constantly and readily available on a large
scale.
(2) Price: To ensure chemical process sustainability, the price of solvents should be
competitive.
(3) Recyclability: Solvents should be recyclable.
(4) Grade: to avoid complex purification step technical grade solvents are favoured.
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(5) Synthesis: Green solvents synthesis should have high atom-economy. It means the
waste produced during the synthesis should be minimum and the reactant used should be
completely converted into the product.
(6) Toxicity: The solvents should exhibit negligible toxicity.
(7) Biodegradability: Solvent should be biodegradable and also should not produce toxic
products or by products.
(8) Performance: A green solvent should have same or superior performances to replace
conventional solvents.
(9) Stability: A green solvent should have high thermal and chemical stability.
(10) Flammability: it should be inflammable.
(11) Storage: Easy to store and should fulfil all criteria for safe and easy transportation.
(12) Renewability: raw materials should be renewable for the green solvents production
to avoid carbon footprint.
Researchers are therefore focused on the development of environmental friendly novel
green solvents to replace the conventional solvents. In recent years, active research has
been performed on ionic liquids and deep eutectic solvents.

1.4 Ionic Liquids

These solvents are mainly composed of cations and anions and they exist in a liquid state
at room temperature and atmospheric pressure. Ionic liquid is also called the molten salts,
liquid organic salt, or fused salt because of their existence in the liquid form below the
room temperature [39] . The conventional salt remains in a solid state at normal room
temperature and having a high melting point which limits their use as solvent. In salts
there are large attractive forces between cation and anion which lock them together. These
attractive forces can be weakened by increasing temperature, making them into bulkier
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group or by enduring asymmetry. In case of ionic liquids attractive forces between anions
and cation are weak because of their irregular shapes. Paul Walden in 1914, first described
about the ionic liquid which was ethyl ammonium nitrate which is known as first room
temperature ionic liquid [40] . A comparison between the ionic liquids and common salts
has been given in Table 1.1.

Table 1.1: Comparison between the ionic liquids and salts
Ionic liquid

Salts

Vander walls force are prevalent

Ionic bonds are prevalent

Melting point is below 1000C

Melting point is usually above 5000 C

They are electrolytes and itself a solvent

They form electrolytes when mixed with solvents

Generally, liquid at room temperature

They are solid at room temperature

Ionic liquid has lower symmetry

Highly symmetrical in nature

The list of different cation and anion combination used to make ILs is shown in Fig 1.3.
Their physical as well as chemical properties can be controlled by the appropriate choice
of anion and cation. Therefore, these are also known as designer solvent. Ionic liquids
have found its application in different fields such as acid gas removal, catalysis, chemical
synthesis, electrochemistry etc. [41]. Till date the use of ionic liquid is limited to
laboratory scale only and efforts are made for its commercialization. ILs are commonly
referred as green solvents because of negligible vapor pressure and low flammability
which make them environmental friendly. However, in recent year the term “Green” for
ILs have become dubious since there synthesis results in by-product and waste generation
[42]. In addition, the synthesis of ILs requires complex purification steps which adds cost
to the solvent.
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1.4.1 Properties of Ionic Liquids
The understanding of thermo-physical properties of ILs is essential for their industrial
application greatly depend on the choice of cation and anion. Here the important ILs
characteristics are discussed.
Thermal Stability: ILs are thermally stable at high temperature range. This can be further
change depending on the choice of anion and cation. Generally, for same cation with
increase in the anion size the stability of ILs generally increase and decrease with increase
in the size of cation [43,44].
Melting Point: The ILs melting point is one of the most important characteristics. The
melting point of ILs are normally below 100 °C. Room temperature ILs have their melting
point below room temperature and hence the name. The low melting point of ILs arises
from the asymmetry of anion and cation which decrease the lattice energy and prevent
their crystallization.
Volatility: The most celebrated property is its negligible vapour pressure compared to
conventional organic solvents. According to Brennecke et.al., ionic liquids do not
evaporate [45]. Here, strong ionic bond between anion and cation reduce the volatility of
ILs.
Viscosity: Ionic liquids, in general, have more viscosity compared to conventional
organic solvents. There enhanced viscous nature arises from ionic bond between anion
and cation. This is one of the major factor affecting their use in the industry. Viscosity in
turn is strong function of the nature of anions and cation[45]. For example, higher alkyl
chain length ILs have more viscosity compared to lower alkyl chain length ILs [46].
Viscosity of ILs in general decreases with the increase in the temperature[47].
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Figure 1.3: Common type of cations and anion for ionic liquids.
Toxicity: Even though ILs are regarded as green solvent but are not actually eco-friendly
because of their eco-toxicity [48]. Researchers even have shown the acute toxicity of ILs
[49]. The toxicity of ILs depends on the type of anion and cation [50].
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Biodegradability: Another cause of concern is the biodegradability of ILs. The most of
ionic liquids are not biodegradable and can serious concern [51]. The biodegradability
depends mostly on the type of cation and the functional group attached[52].
1.4.2 CO2 capture with ionic liquids
The following properties of ILs make them advantageous for CO 2 capture as compared
to conventional solvents,


The lesser energy requirement for their regeneration compared to conventional
solvents due to the physical absorption mechanism.



Low vapor pressure provides little or no loss of solvent into the gas stream.



High thermal and chemical stability.



Favourable

physicochemical

properties

like

heat

capacities,

thermal

decomposition temperature, non-corrosiveness and non-toxicity make ionic
liquids as green solvent.
Room temperature ionic liquids
The ability of ionic liquids for CO2 uptake was first reported in 1-butyl-3methylimidazolium hexafluorophosphate ([bmim][PF6]). The [bmim][PF6]) has ability
to absorb the CO2 and at 8 MPa the mole fraction of CO2 solubility can reach up to 0.6
[53]. After this Blanchard et. al., investigated several ionic liquids 1-n-octyl-3methylimidazolium tetrafluoroborate ([C8mim][BF4]), 1-n-octyl-3-methylimidazolium
hexafluoro- phosphate([C8mim][PF6]), 1-ethyl-3-methylimidazolium ethyl sulfate
([C2mim][EtSO4]),

1-n-butyl-3-methylimidazolium

nitrate([C4mim][NO3]),and

N-

butylpyridinium tetrafluoroborate ([N-bupy][BF4] )at high-pressure and concluded that
these ionic liquids have varying degree of CO2 capture ability [54]. The maximum CO2
uptake (~0.3 mol of CO2/ mol of ILs) was found in bmim[PF6] among all the above listed
ILs. The CO2 absorption in different imidazolium-based ionic liquid was explored and it
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was observed that CO2 loadings increase by increasing the imidazolium alkyl side chain
length. Also, CO2 loadings in ionic liquid having Tf2N anion was higher compared to ILs
having PF6 anions. The impact of cation fluorination on the CO2 was also investigated
and it was deduced that the CO2 solubility increases as the number of fluorine atoms in
the alkyl chain increases [55]. The similar study was carried out by several other
researches and it was observed that with increasing fluorine atom number in the anion
increases the affinity for CO2. However, increasing the number of fluorine atoms on
cation does not significantly affect the CO2 solubility [56]. The CO2 absorption increases
due to strong columbic interaction suggesting that the effect of anion-IL interaction is
more dominant as compared to the cation-IL [57].
The 1-n-butyl-3-methylimidazolium acetate [bmim][Ac] has been found to be RTIL
which can absorb CO2 through chemical reaction. Similarly, Yokozeki et al. performed
experiments for CO2 solubility in 18 RTIL, eight of which showed chemisorption[58].
The imidazolium based ILs has been widely studied for CO2 solubility as well as for their
interaction. The most acidic protonic carbon atom of the imidazolium is considered to be
responsible for CO2-IL interaction [59]. Similar experiments by Kanakubo et al. asserted
that there is preferentially CO2 absorption in PF6 anion [60]. The selectivity of the
conventional ionic liquid (bmim[PF6]) was highest for CO2 compared to other gases. CO2
selectivity of the ionic liquids was further enhanced by using amine moieties such as
[MDEA][Cl]-ionic liquids [61–63]. IL consisting of guanidium lactate anion have shown
the higher CO2 solubility than [bmim][PF6][63]. Similar to lactate anion CO2 solubility
can also be increased by increasing number of potential sites for CO2-IL interaction[64] .
The CO2 capture abilities of various RTIL have been presented in Table 1.2.
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Table 1.2: CO2 absorption in RTIL
Ionic Liquid

P(bar)

T(K)

CO2 mole fraction

Reference

bmim[PF6]

15.17

313.15

0.231

58

C8 mim[PF6]

17.83

313.15

0.234

58

bmim[NO3]

15.47

313.15

0.196

58

C8mim[BF4]

17.26

313.15

0.197

58

n-bupy[BF4]

15.47

313.15

0.144

58

emim[EtSO4]

16.43

313.15

0.100

58

bmim[BF4]

12.74

313.15

0.137

62

bmim[dca]

14.16

313.15

0.158

62

bmim[TfO]

20.94

313.15

0.217

62

bmim[methide]

18.75

313.15

0.315

62

bmim[Tf2N]

17.21

313.15

0.269

62

hmmim[Tf2N]

15.37

313.15

0.298

62

omim[Tf2N]

18.33

313.15

0.292

62

emim[Tf2N]

12.12

312.10

0.212

63

[C6H4F9 mim][Tf2N]

17.30

313.15

0.394

68

[C8H4F13mim][Tf2N]

13.10

298.15

0.351

68

[Et3NBH2mim][Tf2N]

15.00

298.15

0.043

68

CO2 selectivity of ILs was are quite large as compared to other gases [65,66]. The CO2
solubility and selectivity can be further enhanced by proper selection of cation and anion
[67,68]. In general, it has been investigated that CO2 solubility in ionic liquids are still
low in comparison to conventional alkanolamines or polyethylene glycol of dimethyl
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ethers which therefore requires further research on ionic liquids for better CO 2 solubility
[69].
Task specific ionic liquids
The carbon dioxide solubility in the room temperature ionic liquids are very less therefore
further research has been focused to enhance the CO2 solubility in ILs by adding the
functional groups. The task specific ionic liquids (TSILs) also referred as functionalized
ionic liquids, are tailored made for specific task to be executed. The designer aspects of
the ionic liquids are utilized in a sense that various functional groups can be incorporated
to the ionic liquid. The first TSIL was synthesized by Bates et.al. in which imidazolium
was covalently bonded with the primary amine [70]. The synthesized TSIL showed 0.5
mol of CO2 solubility per mol of ionic liquid which is similar to the CO 2 solubility of
alkanolamine. Due to the presence of amine, CO2 reacts with ionic liquids as shown in
Fig 1.4.

Figure 1.4: CO2 reaction with functionalized ionic liquids [78]
Functionalized ionic liquids containing amino acid group were prepared by Gurkan et.
al.[71]. Amino acid based functional ILs have both amine and carboxyl functional groups.
The rate of CO2 absorption in TSIL was significantly higher than the RTIL such as
[bmim][BF4][72,73]. However, the chemical reaction increases the viscosity of ionic
liquid which can be controlled by reducing the number of hydrogen atoms from anion to
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prevent hydrogen bonding [73–75]. The solubility of CO2 in tetraethylammonium
prolinate ([N2222] [Pro]) and tetramethylammonium glycinate ((N1111] (Gly]) was
analyzed by 13C-NMR under wet conditions. In these ILs, anions are amine
functionalized which react with the CO2 to form carbamate. The ionic liquids with dual
functionalization i:e functionalizing both the cation and anion of the ILs by amino
phosphonium group were also synthesized for investigating there effect on CO 2 uptake
[73,76]. These ILs showed the chemical absorption of CO2 having loadings of 1 mol CO2/
mol IL. Higher viscosity due to hydrogen bonding of these functionalized ionic liquids is
the main problem which needs to be overcome by further research.
1.4.3 Ionic Liquid Blends
The viscosity of conventional ionic liquid is approximately forty times higher than that
of aqueous alkanol amine (30 wt% ) which causes huge difference in the CO2
solubility[77]. Amine functionalized ionic liquid showed better CO2 solubility than the
conventional ionic liquids. However, the functionalized ionic liquids synthesis requires
complex procedure and subsequent purification steps [78]. Therefore, in addition to
modifying the structural and functional group, mixing with other solvent is alternative
way to improve the CO2 absorption ability of these ionic liquids.
The water addition into ionic liquids greatly decreases the ionic liquid viscosity however,
it also affects the CO2 solubility. The presence of 1% water in the amino functionalized
ionic liquid could absorb equimolar amount of CO2 and the obtained product so formed
is different from the products obtained by pure ionic liquids [76]. Experiments conducted
by Ventura et al. suggest that though the viscosity of ionic liquid decreases with the
addition of water but at the same time CO2 absorption capacity also decreases[79]. The
CO2 absorption capacity of ILs-water blends largely vary with the choice of ionic liquid
and the amount of water present. Additionally, the energy required for regeneration of
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these blends is lesser than that required for the aqueous amine (30%) solution. The
enthalpy of CO2 absorption was measured for the ILs-water (60 wt % IL) system which
was found to be significantly lower (41.1±3.2 kJ/ mol IL) as compared to the aqueous
MEA-based solvent (82 kJ /mol MEA) [80]. This suggests that addition of water reduces
the regeneration energy of the ionic liquids.
Further improvement for the CO2 solubility can be achieved by addition of alkanolamine
to ionic liquid. Partly replacing the water from the aqueous alkanolamine solution by ionic
liquid can diminish the solvent regeneration energy and also limits the loss of
alkanolamine. Industrial CO2 capture process use solvents with 60 wt% water therefore a
large volume of water is also lost during solvent regeneration. Ionic liquid [C6 mim][Tf2N]
with MEA blend showed significant increase in CO2 absorption [81]. Four ionic liquids
with tetramethylammonium and tetraethylammonium as cation and glycinate and lysinate
as anion e:g ([N1111][Gly]), ([N2222][Gly]), ([N1111][Lys]), ([N2222][Lys]), were
blended with the MDEA aqueous solution to study the CO2 absorption capacity. All these
blends were found to have high CO2 solubility capacities than the conventional ILs [82].
The experimental results of amines-IL-H2O, Amines-H2O and IL-H2O blends in the
temperature range of 30 C to 70 C suggest that Amines-IL-H2O blends are better for
CO2 absorption as compared to IL-H2O, and Amines-H2O [83]. Baj et. al. reported that
CO2 absorption follows physisorption process in [EMIM][OcSO 4]-MEA-Water system
[84]. Whereas, pure ionic liquid like [bmim][OAc] absorbs the CO2 by chemical
absorption process. The experiments conducted by Murugesan et. al. showed that the CO2
uptake is more in [bmim][BF4] as compared to bis(2-hydroxyethyl) ammonium acetate
(bheaa),whereas, aqueous blend of bheaa-MEA showed higher CO2 solubility than the
aqueous mixture of MEA-[bmim][BF4] [85].
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The MEA based blend with three ILs [bmim][DCA], [Bpy](BF4]) and ([bmim][BF4] were
explored for CO2 absorption process. It was found that [Bpy][BF4]–MEA blends can
reduce energy consumption by 15% as compared to conventional amine process [86]. The
techno-economical aspect for the CO2 capture was also investigated for Water-MEA[bmim][BF4] blends. The results show that solvent regeneration for blended solution
requires 37.2% lower energy than aqueous amine solution[87].

1.5 Deep Eutectic Solvents:

Abbott and co-workers synthesized a new kind of solvents known as deep eutectic
solvents (DESs) which are believed as an substitute to ILs. These are formed by mixing
suitable molar ratio of hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA)
[88,89]. Due to hydrogen bonding these mixtures are homogeneous liquids as room
temperature. DESs contain large asymmetric ions having low lattice energy resulting into
the lower melting point. Charge delocalization through hydrogen bonding produces lower
melting point of these mixtures. Common type of the hydrogen bond donor (HBD) and
hydrogen bond acceptor (HBA) used for deep eutectic mixtures are shown in Figure 1.5.
The first DES was synthesized by Abbot et al. using choline chloride (ChCl) as HBA and
urea as HBD [88]. The DES formed at HBA/HBD molar ratio of 1:2 showed significantly
lower melting point (12°C) than the pure HBA and pure HBD. It should be interesting to
note that mixing of HBD and HBA does not always produce lower melting point, but
instead a glass transition temperature may be observed [90]. These kind of solvents are
regarded as low transition temperature mixtures[90,91]. DESs are easy to synthesize and
do not require complex purification steps.
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Hydrogen Bond Acceptor

Hydrogen Bond Donor

Figure 1.5: Common hydrogen bond acceptor and hydrogen bond donor
Even though DESs are considered to be ILs analogues sharing similar physicochemical
properties. It should be noted that DESs are fundamentally different from the ILs. DESs
are formed by simple mixing of the HBDs and HBAs in fixed molar ratio whereas ionic
liquids are synthesized by combination of protonation and complexation reaction.
Therefore, ILs require purification step which make ILs costly.
Abbott et al described the DESs by a general formula AP+B-zC, where AP+ is in principle
any phosphonium or ammonium-based salt having Lewis base (commonly halide) ‘B’
[92,93]. The z number of Lewis or Bronsted acid C molecule forms the complex anionic
species with B−. Most of the current research concerning DES is based on quaternary
ammonium salts.
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1.5.1 Physicochemical Properties of DESs
Deep eutectic solvents have physicochemical properties similar to that of ionic liquids
(ILs). These solvents are non-volatile in nature having high thermal stability [92,94].
Their properties can be further altered based on the proper selection of the HBA and HBD.
DESs have find their application in various fields including gas separation because of
their green physio-chemical properties [95,96]. Garcia et al. presented a comprehensive
review on the DESs application in gas separation highlighting the properties which need
to be focused while selecting the solvent [97].
Like ionic liquids, one of the most important aspects of DESs is their ability to be tailored
for the particular application. However, DESs have edge over ILs when compared in
terms of stoichiometry. This means different HBD/ HBA molar ratio can be used for the
synthesis of DESs. However, reaction in a fixed stoichiometry is done for the synthesis
of ILs. Combination of various HBD and HBA as well as different HBD / HBA molar
ratio help in designing a desired DES for a particular application. Therefore, DESs have
found their application in many fields such as extractive desulfurization, gas separation,
extraction of target compounds, biodiesel production, bio-catalysis, polysaccrides
processing, nanotechnology and others [93,97–104]. Some of the important
physicochemical properties of DESs have been discussed here.
Phase Behaviour:
Phase diagram of DESs is important to identify the physical state of the mixture under
different pressure and temperature conditions. Generally, these DESs formed at different
HBD/HBA molar ratios having lower melting point than the individual compounds.
Higher the interaction among compounds more is the depression in the melting point. At
a particular HBD/HBA molar ratio, the melting point of DES may approach to the lowest
value which is called as the eutectic point. According to Kroon et.al., DESs are not ionic
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and most of the DESs properties arise from hydrogen bonding and Van der Waals
interaction [90].
Density:
Density is important property for the chemical processing. DESs have density more than
water but less than ILs. Density usually changes with type of HBD and HBA and their
molar ratio. In general, density significantly affects by the HBA/HBD molar ratio and
decreases with increase in temperature. Like ionic liquids, the density effects in DESs are
explained based on the hole theory or free volume [105]. The density (𝜌) of DESs can be
modelled using a quadratic equation as given below;
𝜌 = 𝜌0 + 𝑎𝑇 + 𝑏𝑇 2

(1.1)

Where “a” ,“b” and 𝜌0 are constant and temperature T is in K.
Viscosity:
The viscosity represents the resistance to flow which indirectly indicates the strength of
intermolecular interaction among the DESs precursor compounds. Most of the DESs
show high viscosity at room temperature which is due to extensive hydrogen bond
network between the DESs precursors [104]. Viscosity of DESs depends on the nature of
precursor compounds, water content and temperature. The viscosity behaviour of DESs
can be also explained through hole theory. The viscosity of DES is high if the empty
vacancies are less due to higher structuring effect. At higher temperature the empty
vacancies in DESs increase and therefore viscosity decreases. The effect of temperature
(T) on the viscosity (𝜇) of DESs can be described using Arrhenius equation as given
below;
𝑙𝑛(𝜇/𝜇∞ ) =

𝐸𝜇
𝑅𝑇

(1.2)

Where 𝜇∞ is empirical constant, 𝐸𝜇 the activation energy for viscous flow and R is the gas
constant.
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Volatility:
In the synthesis of DESs one of the precursors is a salt and other is volatile compounds.
This makes DESs partially volatile as compared to non-volatile ILs. Moreover, volatility
of the DESs depends on the individual precursor. For example, DESs formed by mixing
two solid have low volatility compared to DESs formed by mixing of one volatile and
one solid compound[97] . However, all the DESs have sufficiently low volatility to
categorise them under green solvent.
Thermal Stability:
Thermal stability of DESs largely depends on the type of precursor compounds and their
molar ratio. Strong intermolecular interaction among precursor compounds results in high
thermal stability of DESs. Some of the DESs are having higher thermal stability than
those of hydrogen bond donors and ionic liquids [106].
Toxicity:
Hayyan et.al. investigated the toxicity of various DESs[107,108] and found that DESs are
more toxic as compared to their individual compounds. The toxicity of DESs varies with
the type of salt and hydrogen bond donor. Natural DESs are less toxic compared to the
DESs precursors[109,110]. Therefore, the toxicity of the DESs can be tailored based on
the choice of hydrogen bond donor and acceptor.
1.5.2 DESs for CO2 Capture:
Along the line of ILs, DESs have been considered to be a green solvent having
advantageous properties owing to biodegradability, non-flammability, simple synthesis
and high chemical as well as thermal stability. Li et al, first studied the CO2 uptake in the
DESs synthesized from urea and choline chloride having molar ratio of 1.5:1, 2:1 and
2.5:1 in the temperature range from 40 to 60 C up to a pressure of 13 MPa [111]. Their
results revealed that for a fixed pressure and temperature, CO 2 solubility depends upon
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the DESs molar ratio and the highest CO2 solubility was observed for 1:2 molar ratio of
choline chloride and urea. Much of the later work was focused on CO2 solubility in DESs,
however, some studies were also done for other gases such as CO, N 2, CH4, SO2.
Since the first synthesized DES by Abbott et al was based on ammonium salt therefore
much of the later work was focused on the ammonium based salt only. An extensive study
was done for investigation of CO2 solubility in DESs having ammonium salts. The most
common used ammonium salt was choline chloride and later work extended to tetrabutyl
ammonium bromide, tetrabutyl ammonium chloride and other ammonium salts.
Solubility of CO2 in ethaline (ChCl: 2Ethylene Glycol) and glycine(ChCl:2Glycrol) DESs
were investigated by Leron et.al[112,113]. Their results suggest that CO2 capture in the
ethaline DESs were comparable to the ionic liquids; [BMIM][PF6] and [BMIM][BF4]
[54,55]. Li et al. compared the CO2 dissolution in the ChCl:Diethylene Glycol and
ChCl:Triethylene Glycol DESs having molar ratios of 1:3 and 1:4, respectively[114]. It
was observed that increase in the ChCl:glycol molar ratio there was only little increment
in the CO2 solubility. The effect of molar ratio was more pronounced in ChCl:TEG based
DESs. Further, CO2 solubility in the glycine(ChCl:2Glycerol) DES was found to be
higher than glycol based DESs.
Lu et. al. used levulinic acid and furfuryl alcohol as HBAs and ChCl as HBD for CO 2
capture[115]. The ChCl:Levulinic based DESs showed maximum CO2 solubility which
increases with increase in the molar ratio of HBD/HBA. The solubility of CO 2 in
ChCl:Levulinic based DESs was comparable to ChCl:Triethylene glycol based DESs but
lower than the glycine. The CO2 absorption in DESs composed of ChCl and dihydric
alcohol was measured by Chen et al[116]. In their study, highest CO2 solubility was
shown by the ChCl:3(1,4-Butanediol) based DES and the lowest CO2 solubility was
observed in ChCl:4 (1,2-Propanediol). This suggest that the chain length of HBDs affects
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the CO2 solubility and longer chain length produces higher CO2 solubility. However, as
compared to ethaline (ChCl:2Ethylene Glycol), dihydric alcohol based DESs show lesser
CO2 capture ability.
The CO2 uptake in different type guaicol (GC) based DESs were investigated by the Liu
et. al. [117]. The DES composed of diethylamine hydrochloride as HBA and GC as HBD
(1:5) has the highest CO2 loading capacity. However, the observed CO2 solubility was
lesser than the glycine DES. The results show that changing the HBDs have significant
effect on the CO2 uptake of DESs. Haider et.al. have synthesized 15 different DESs using
ChCl and TBAB as HBA for investigating CO2 solubility [118]. The results show that
increase in the chain length of HBA increases CO2 solubility. The DESs containing
tetrabutyl ammonium bromide (TBAB) have higher CO2 capture ability than the other
HBDs.
Further studies were focused on DESs consisting of HBDs with -NH moieties. ChCl:Urea
(reline) DESs having molar ratios of 1:1.5, 1:2, and 1:2.5 were synthesized by Li et. al.
and Leron et. al. [114,119]. Highest CO2 uptake was observed in the DES having
ChCl:Urea molar ratio of 1:2. The amount of CO2 absorb was comparable to imidazoliumbased ILs and found to be higher than ethaline and glycine. Effect of water addition in
the DESs was also explored for CO2 capture. The results demonstrate that presence of
water in reline reduces the CO2 solubility[120]. Similar findings were also described by
Maheswari et. al. for alkanolamines based DESs [121]. Ali et. al. synthesized 17 different
DESs and found that amine based DESs have higher CO2 solubility as compared to glycol
based DESs [122].
The task specific DESs were also explored for CO2 capture and first task specific DES
was synthesized by Sze et. al. by combining deep eutectic solvents (ChCl: Glycerol) with
the superbases [123]. The increased CO2 absorption was observed due to formation of
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alkycarbonate in the presence of superbase. Similarly, Bhawna et. al. investigated the CO2
uptake in ethaline and reline in presence and absence of three superbases 1,5,7triazabicyclo[4.4.0]-dec-5-ene,

1,5-diazabicyclo[4.3.0]-non-5-ene,

and

1,8-

diazabicyclo[5.4.0]undec-7-ene, [124]. It was observed that CO2 uptake of the ethaline
and reline significantly enhances due to addition of superbase.
Very few research has been conducted on the CO2 solubility of phosphonium-based
DESs. Ghaedi et al first studied CO2 absorption in different phosphonium-based deep
eutectic solvents. Their results show that phosphonium-based DESs have significantly
higher CO2 solubility as shown in Fig 1.6 [125,126] . It is evident from the figure that for
same HBDs, DESs with phosphonium as HBAs have significantly higher CO2 uptake.
Also, DESs with higher HBD chain length show higher CO2 solubility.
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Figure 1.6: CO2 solubility in phosphonium based DESs at 303.15 K
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The solubility in the hydrophobic solvents were also investigated. Zubeir et al.
synthesized six different DESs and investigated the CO2 solubility from 298 K to 323 K
[127,128]. Their results indicate that the CO2 absorption in the prepared DESs were
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similar to renowned fluorinated ILs. These solvents could be helpful where the water
content is more and can affect the CO2 solubility of hydrophilic solvents.

1.6 Research objective
Though, alkanolamines have some serious drawbacks for CO 2 solubility but are the
currently considered to be most mature technology for the CO 2 absorption. Ionic liquid
and deep eutectic solvents have shown the potential to absorb CO2 and are considered to
be designer solvent with such unique characteristics that researchers believed it to be a
green solvent. Based on the literature survey, and the problem background it was decided
to search for the potential green solvent for the post combustion CO 2 absorption by
utilizing the properties of alkanolamine, ionic liquid and piperazine as the promoter. In
addition, novel deep eutectic solvents were synthesized which do not requires complex
purification step and have lower cost compared to ionic liquids. The main objectives of
the thesis are as follows:
1- Replacement of conventional alkanolamine solvents: The foremost objective
of thesis is to develop a solvent with high CO2 loading which will replace the
current conventional amine solvent. To explore this, combination of ionic liquid
and the alkanolamine is used which will not only enhance the CO2 solubility but
also help in the higher rate of attainment of equilibrium.
2- Development of green novel solvent: Developed solvent should have low
regeneration energy along with high CO2 loading to overcome major drawback of
conventional amine solvent. To exploit the reactivity of aqueous amine with CO 2
for higher loading; and negligible vapor pressure of ILs and DESs; for easier
regeneration, various novel solvents were synthesized and their potential for CO 2
capture was investigated. Moreover, the novel solvents are also believed to negate
the corrosion problem of the system.
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3- Modelling and Simulation: Detailed flowsheet model in ASPEN PLUS would
be developed for CO2 capture. Energy analysis of the process based on the
synthesized solvents would be carried out to compare with the conventional
process. Simulation will be done to optimize the various process parameters.

1.7 Scope of the thesis
In this thesis, the role of green novel solvents such as ionic liquids (ILs) and deep eutectic
solvents (DESs) for carbon dioxide capture has been investigated.
In chapter 2, two ionic liquids 1-butyl-3-methyl-imidazolium tetrafluoroborate
([Bmim]+[BF4]- and 1-butyl-3-methyl-imidazolium hexafluorophosphate ([Bmim]+[PF6]) were selected and compared with conventional amine (MEA and MDEA) solvents for
CO2 capture. Experimental results showed that conventional amines have larger CO 2
loadings as compared to both the ILs because of the reactive nature of amines with CO 2.
Therefore, it was proposed to prepare the blends of IL-Amine to exploit the reactive
nature of amine combined with the non-volatile nature of the ILs. It was observed that the
[Bmim]+[BF4]- blends with an amine, have high CO2 loading as compared to pure IL as
well as aqueous amine solution. Further, it was found that maximum CO2 loading results
for 80 % [Bmim]+[BF4]- - 20% MEA blend. Piperazine (PZ) was further added to the
blend as the promoter, and it significantly enhanced the CO 2 loading. Finally, the kinetic
studies of various blends were performed, and the kinetic parameters were evaluated.
The CO2 solubility in a new class of solvents referred as deep eutectic solvents has been
explored in chapter 3. In this chapter, different types of amine and glycol-based deep
eutectic solvents were synthesized and investigated for CO2 absorption. In general,
amine-based solvents have shown higher CO2 absorption as compared to glycol-based
solvents. In particular, the highest CO2 absorption was observed for the
tetrabutylammonium bromide and methyldiethanol amine (TBAB/4MDEA) system.
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Decarbonization of methane is essential in many applications, such as biogas and natural
gas. Solvents with high selectivity towards CO2 are required for the upgradation of biogas
and natural gas. Therefore, in chapter 4, we have synthesized four novel sterically
hindered amine-based DESs using quaternary ammonium salt as hydrogen bond acceptor.
The CO2 and CH4 uptake of the synthesized DESs were experimentally investigated. The
viscosities of DESs were also evaluated and correlated with the Vogel-Fulcher-Tammann
(VFT) and the Arrhenius equation. The modified Lydersen-Joback-Reid method was used
for the critical properties estimation of synthesized DESs. All the synthesized DESs have
shown high CO2 absorption and relatively deficient CH4 absorption indicating their high
selectivity towards CO2. The experimental DES-CO2 and DES-CH4 vapor-liquid
equilibria were successfully correlated with the NRTL model and the Peng-Rob equation
of state.
In chapter 5, ternary hydrophobic deep eutectic solvents (H-DESs) were synthesized
using the binary mixture of fatty acids and tetrabutylammonium bromide. The formation
of H-DES was confirmed by the phase diagram, FTIR and H-NMR analyses. The critical
properties of H-DESs were then determined using the modified “Lydersen−Joback−Reid”
method. The viscosity and conductivity of H-DESs were experimentally calculated and
modeled using the Arrhenius equation. Further, the hydrophobic nature of H-DESs was
confirmed by the extractive dye removal from an aqueous solution. Finally, CO 2 uptake
of H-DESs was experimentally investigated using the pressure drop method, and the
obtained results were correlated with the Peng-Robinson equation of state.
It should be noted that before industrial demonstration and scale-up, the techno-economic
feasibility of the process should be investigated using various computer-aided simulators
such as aspen plus. Therefore, in chapter 6, the solubility of CO 2 in three different
phosphonium-based DESs with ethylene glycol, diethylene glycol, and glycerol as
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hydrogen bond donors was investigated experimentally. The experiments were conducted
in temperature range 303.15-323.15 K with 10 K intervals and pressure up to 10 bar. After
determining the solubility, the experimental data were correlated with the first-order rate
kinetics and Peng-Rob EOS. Followed by this, the flue gas decarbonization process was
simulated using obtained predicted properties data and experimental VLE data.
Sensitivity analysis was employed in the DESs-based process to obtain the optimal
parameters. Heat integration was used to lower the energy requirement further.
Chapter 7 focuses on modeling and simulation of CO2 removal from model shale gas
using two promising deep eutectic solvents (DESs), namely reline and ethaline. The
experimentally calculated solubility results of CO2, as well as CH4 in the reline and
ethaline along with the physicochemical properties of DESs, were employed for the
modeling and simulation of CO2 removal studies. The VLE data of CO2 in DESs and CH4
in DESs were modeled using the Peng-Robinson equation of state, and the calculated
values are in good agreement with the experimental values. Furthermore, the process
simulation was done to investigate the DES-based CO2 removal from a model shale gas.
The simulated results were compared with the conventional selexol process and MDEA
CO2 capturing processes. The simulation results show higher shale gas recovery from the
DES process compared to the conventional MDEA process. Also, the purity of shale gas
was more in the DES-based CO2 capture process than the MDEA process. Finally, a
conclusion and future recommendations are given at the end. This reflects why DESs can
be potential solvents to replace existing amine technology and can emerge as one of the
leading CO2 absorbing solvents for the future industries.
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Chapter 2: CO2 absorption in ionic liquid-amine blends

MEA- [Bmim]+[BF4]-blends (A) before and (B) after the CO2 absorption

The content of this chapter is published in
Mohd Belal Haider, Zakir Hussain, Rakesh Kumar, “CO2 absorption and kinetic study in
ionic liquid amine blends”, Journal of molecular liquids, 10 (2016), 1025.
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2.1 Introduction
Anthropogenic carbon dioxide emission has been increasing at an alarming rate [2,129].
Large emissions and stability of carbon dioxide lead to global warming and climatic
change [130]. Fossil fuel combustion is the major source of carbon dioxide emissions,
and it is predicted to be 40.2 Gt (gigatonnes) by 2030 [131]. Therefore, it is very important
to develop efficient and economical technologies for CO 2 capture. CO2 capture can be
categorized into post-combustion, pre-combustion, and oxyfuel combustion[132].
Among these, post-combustion is the preferable choice because it requires minimum
retrofit [133].
Chemical absorption using the amine solvent is the current technology for carbon dioxide
capture. However, the amine-based process suffers from the problem, such as high
equipment corrosion rate, amine degradation, and high energy consumption during
solvent regeneration [134]. Recently, ionic liquids with negligible volatility and the
physical nature of carbon dioxide absorption have gained attention. Though these solvents
have shown the potential to absorb the carbon dioxide, the CO2 absorption capacity of the
ionic liquid is less than the conventional amine solvents [135]. The high viscosities of
ionic liquids limit the rate of carbon dioxide absorption and capacity[136]. Therefore, in
order to increase the rate of carbon dioxide as well as the capacities of ILs, hybrid solvents
of ILs and amines have been proposed [137].
The ionic liquids blends with amine have shown enhanced carbon dioxide absorption
capacities. The addition of amine into ILs, not only enhances the rate of CO 2 absorption
but also reduces the solvent regeneration energy [68,138]. Camper et al. demonstrated
that IL-amine blends instantly absorb the CO2 and require increased temperature and
partial vacuum to desorb CO2 [81]. Feng et al. shows that the tertiary amine blends with
the four different functional ionic liquid enhance the CO2 solubility, and the maximum
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CO2 solubility was observed in 15 (wt%) MDEA+15 (wt%) ILs [82]. Jubao et al.
investigated that addition of [Bmim][BF4] into the MDEA/PZ results in the highest CO2
cyclic capacity, and average enthalpy of CO2 dissolution reduces by 30% [139]. A similar
study by other researchers leads to the conclusion that the addition of amines into ionic
liquid not only increases the CO2 absorption rate but also suppresses the corrosion rate
[86,140–143].
In this work, carbon dioxide absorption capacities in ionic liquid-amine blends were
investigated. The blending ratio was optimized based on the CO 2 absorption capacity of
ILs. Also, the effect of piperazine in the hybrid solvents was investigated to enhance the
carbon dioxide absorption capacity further. Finally, the rate kinetics of each solvent was
correlated well with the first-order rate equation, and kinetic parameters were evaluated.

2.2 Experimental section
2.2.1 Materials
Ionic liquid [Bmim]+[BF4] (1-butyl-3-methyl-imidiazolium tetrafluoroborate) and
[Bmim]+[PF6]- (1-butyl-3-methyl-imidiazolium hexafluorophosphate) were purchased
from Sigma-Aldrich with the purity >99% and >98%, respectively. Both the ionic liquids
were used for the CO2 absorption study without further purification. The alkanolamines
and piperazine were purchased from Sigma-Aldrich with purity greater than 99%.
Piperazine (PZ) as a white solid in pellet form. Both methyl diethanolamine (MDEA) and
monoethanolamine (MEA) were colourless liquids having an unpleasant ammonia odor.
All chemicals were used without any further purifications. CO 2 (99.99% purity) was
purchased from Sigma gases & services, New Delhi.
Physical properties of ionic liquids and alkanol amines are given in Table 2.1. Viscosities
of both the ILs are quite high as compared to the amines. A high precision weighing
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balance (Mettler Toledo with the accuracy of 0.0001 gm.) was used to measure the
amount of ionic liquid used in the experiments.
Table 2.1: Physical properties of ionic liquids and alkanolamines
1-butyl-3methylIonic liquid

Abbreviation

imidiazolium

1-butyl-3-methylMethyl

Monoethanol

diethanolamine

amine

imidiazolium

tetrafluoroborate

hexafluorophosphate

[Bmim]+[BF4]-

[Bmim]+[PF6]-

MDEA

MEA

226.03

284.18

119.16

61.08

233.00

312.00

77.85

19.34

Structure

Molecular weight
Viscosity[32-34]
(cP) @293K

2.2.2 Experimental procedure
The overall idea was to investigate two ionic liquids having the same cations but different
anions to observe the effect of anions on the CO2 absorption. Further, to enhance the CO2
absorption, monoethanolamine and methyldiethanol amine were separately added to ionic
liquids. Finally, the piperazine was added into the IL-Amine blends, which acts as the
promoter.
A high-pressure equilibrium cell (25 mL) made up of stainless steel was used to carry out
the experiments. The volume of the equilibrium cell and gas reservoir was measured by
filling it with the distilled water at room temperature (uncertainty ±0.2 mL). The
equilibrium cell was attached with a pressure gauge and temperature controller, having
ranges from 0-100 bar and room temperature-200oC, respectively. The schematic of the
experimental setup has been shown in Figure 2.1. The photo of the actual setup is shown
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in the appendix A1. To ensure uniform diffusivity of gas in the solvent, constant stirring
was provided to the equilibrium cell by a magnetic stirrer. The temperature inside the
equilibrium cell was maintained by IKA chiller (accuracy ≥ 0.1oC). A pressure transducer
(DiGi gauge TX-430, 0-65 bar, accuracy = 0.25%) was used to measure the pressure
inside the equilibrium cell.

P

P

P

P
T

Equilibrium
Cell

Gas
Reservoir

Chiller

CO2 Cylinder

T

Magnetic
Stirrer

Figure 2.1: The schematic diagram of the experimental setup: P and T represent pressure
and temperature sensors, respectively.
During the experiment, a known quantity of ionic liquid (uncertainty ±0.0006 g) was
loaded into the equilibrium cell. A vacuum pump degassed the equilibrium cell and the
desired temperature inside the cell was maintained using a chiller. CO2 gas was then
introduced into the reservoir of known volume and brought to a constant temperature in
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order to calculate the initial number of moles of CO2 before sending it to the equilibrium
cell. The initial pressure of the reservoir was measured, and an initial number of moles of
CO2 was calculated by using eq. 2.1.
𝒏𝒊𝑪𝑶𝟐 =

𝑷𝒊 (𝑽𝒓𝒆𝒔 )
𝒁𝒊𝑪𝑶𝟐 𝑹 𝑻𝒆𝒒

(2.1)

𝑖
𝑖
𝑛𝐶𝑂
is the initial number of moles of CO2 charged into equilibrium cell, 𝑍𝐶𝑂
is the
2
2

compressibility factor at initial temperature and pressure condition, and R is the universal
gas constant. The uncertainty of the temperature u(T) measurements is estimated to be
within ±0.1 C and the uncertainty of the pressure measurements u(p) is within ± 0.15 bar
Carbon dioxide was then introduced into the equilibrium cell using a valve connecting
the reservoir and the equilibrium cell. As the absorption of CO2 in ionic liquid starts, the
pressure inside the cell reduces in a continuous manner, which was recorded periodically.
A constant stirring (300 rpm) of the ionic liquid and CO 2 mixture was done during the
experiment, and the whole system was allowed for sufficient time to reach the
equilibrium. At the equilibrium condition, the pressure was measured, and the moles of
CO2 left in the cell were calculated by following eq.2.2
𝒆𝒒

𝒏𝑪𝑶𝟐 =

𝑷𝒆𝒒 (𝑽𝒕𝒐𝒕 − 𝑽𝑰𝑳 )

(2.2)

𝒇

𝒁𝑪𝑶𝟐 𝑹 𝑻𝒆𝒒

𝑒𝑞

𝑓

Where the 𝑛𝐶𝑂2 is the number of moles of CO2 left in the system at equilibrium, 𝑍𝐶𝑂2
compressibility factor at equilibrium temperature and pressure conditions. The number of
moles of CO2 absorbed by ionic liquid is given in eq.2.3
𝒆𝒒

𝒊
𝒏𝒂𝒃𝒔
𝑪𝑶𝟐 = 𝒏𝑪𝑶𝟐 − 𝒏𝑪𝑶𝟐

(2.3)

For the calculation of concentrations of CO2 absorbed, the mol of solvents is calculated
as,
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𝑛𝐼𝐿 =

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐼𝐿𝑠
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐼𝐿𝑠

(2.4)

The average molecular weight of ILs (Mavg) is given by
𝑚

(2.5)

𝑀𝑎𝑣𝑔 = ∑ 𝑥𝑖 𝑀𝑖
𝑖

Where xi and Mi is mole fraction and molecular weight of ith compound, respectively.

2.3 Results & Discussion
2.3.1 CO2 absorption in pure ionic liquid
First of all, we conducted the experiments with two ionic liquids [Bmim] +[BF4]-, and
[Bmim]+[PF6]- for the absorption of CO2. The reason for selecting these ionic liquids as
our starting solvent is because both ionic liquids have fluorinated anions, and from the
literature survey, it was found that fluoroalkyl anions have great potential to absorb the
CO2[144]. The amount of CO2 absorbed at various pressures in ionic liquids was
calculated using equation 2.1 to 2.3 as shown in appendix A. Figure 2.2 shows the CO2
solubility in [Bmim]+[BF4]- and [Bmim]+[PF6]-. Since our focus was to use ionic liquids
in the post-combustion CO2 absorption, therefore, all the experiments were conducted at
a fixed temperature of 303.15 K. The uncertainty in the CO2 loading is ±0.0012. It can
be seen from the Figure 2.2 that [Bmim]+[PF6]- has little higher CO2 absorption than
[Bmim]+[BF4]-. The relatively high absorption of CO2 in [Bmim]+[PF6]- can be explained
as a result of its large quadrupole moment, which facilitates CO2 to organize around
[PF6]- anion[145]. The absorption of CO2 in both the ionic liquids was observed to follow
approximately linear behaviour with respect to pressure, which in turn indicates the
physical absorption of CO2 in both the ionic liquids.
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Figure 2.2: CO2 solubility in the ionic liquids at 303.15 K [Bmim]+[BF4]- ,
[Bmim]+[PF6]2.3.2 CO2 absorption in amine-[Bmim]+[BF4]- blends
The experiments were also conducted with conventional alkanol amines (MEA and
MDEA) with 40% concentrations in the water for comparison purpose. The CO 2
absorption in aqueous amine solutions was high compared to the ionic liquids, as shown
in Figure 2.3. The reason for the higher CO2 loading in conventional amines is due to the
chemical reaction between the CO2 and the amine. In the case of amines, concentration
vs pressure profile is not linear, which indicates the reactive absorption of CO2 in amines.
Further, it can be observed that MDEA has large CO2 loadings as compared to MEA
because the former being proton acceptor, which provides the sink for protons produced
for hydrolysis of CO2 [146]. Whereas MEA (proton donor) already has proton which
actively participates in the deprotonation reaction of CO2 to form a carbamate.
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Figure 2.3: CO2 solubility in aqueous amine solutions at 303.15 K

15

It was observed that the addition of alkanolamines increases the CO2 solubility
significantly as compared to pure [Bmim]+[BF4]-. As shown in Figure 2.4, the addition
of 10% MEA in the [Bmim]+[BF4]- increases the CO2 absorption by approximately two
folds. The CO2 absorption trend in the 90%[Bmim]+[BF4]- - 10% MEA, is linear whereas,
it becomes non-linear in the case of 80%[Bmim]+[BF4]--20% MEA. It suggests that with
increasing concentration of MEA in the blends, the chemisorption dominates over the
physical absorption of CO2. Further, the addition of 10% MDEA in [Bmim]+[BF4]- also
results in the increased CO2 absorption (~1.2 times) compared to pure [Bmim] +[BF4]- as
shown in Figure 2.5.
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of MEA addition in [Bmim]+[BF4]-on CO2 loading
10% MEA-90% [Bmim]+[BF4]- (c) 20% MEA-80%

Figure 2.6 compares the CO2 solubility in [Bmim]+[BF4]—MDEA and [Bmim]+[BF4]—
MEA blends. It can be seen that CO2 absorption is higher in [Bmim]+[BF4]--MEA blend
as compared to [Bmim]+[BF4]—MDEA. The reason for the higher solubility of CO2 in
MEA- [Bmim]+[BF4]- blends were due to chemical reaction between MEA and CO2,
which was also confirmed by the turbidness of the sample as shown in Figure 2.7. In the
case of [Bmim]+[BF4]--MDEA blends, no turbidity was observed after CO2 absorption.
This is due to the absence of any proton in the MDEA and therefore, it is not participating
in the reaction [146].
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Figure 2.5: Effect of MDEA addition in Bmim]+[BF4]-on CO2 loading
[Bmim]+[BF4]- (b) 10% MDEA-90% [Bmim]+[BF4]- (c) 20% MDEA-80%
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2.3.3 CO2 absorption in amine-[Bmim]+[BF4]- promoted by PZ
Piperazine (PZ) is regarded as the most effective accelerator for the conventional alkanol
amines by promoting the deprotonation reaction[147]. Therefore, piperazine was used as
the promoter for [Bmim]+[BF4]- and amine blends. Since, 80%[Bmim]+[BF4]—20%MEA,
blend has shown the highest capacity for the CO2 absorption, therefore, further study was
focused on 80%[Bmim]+[BF4]-- 20%MEA and 80%[Bmim]+[BF4]- -20%MDEA blends.
Due to the limited solubility of PZ in the [Bmim]+[BF4]- and alkanol amines blends, the
effect of PZ was seen only at two compositions (5% and 10%) as shown in Figure 2.8.
The addition of PZ increases the CO2 absorption capacity in both [Bmim]+[BF4]- blends.
The relative CO2 solubility of the PZ-MDEA-[Bmim]+[BF4]- was quite large compared
to MDEA-[Bmim]+[BF4]-. Which is due to the chemical reaction occurring between PZ
and CO2. It is also evident from Figure 2.9, where the salting effect was seen in the PZ–
MDEA-[Bmim]+[BF4]- blends due to chemisorption of CO2.
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Figure 2.6: Comparison of MEA and MDEA blends with [Bmim] +[BF4]- (a) 20%
MDEA-80% [Bmim]+[BF4]- (b) 20% MEA-80% [Bmim]+[BF4](c) [Bmim]+[BF4]-)

Figure 2.7: MEA- [Bmim]+[BF4]-blends before and after the CO2 absorption (A)
[Bmim]+[BF4]--20% MEA before CO2 absorption, (B) [Bmim]+[BF4]--20% MEA after
CO2 absorption
The addition of PZ in the MEA-[Bmim]+[BF4]- blends also enhances CO2 solubility due
to the chemisorption process, as shown in Figure 2.10. The CO2 absorption in the MEA[Bmim]+[BF4]- blends promoted by PZ is higher as compared to MDEA-[Bmim]+[BF4]blends promoted by PZ. This may be due to PZ being the active promoter in the reaction,
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the MEA-[Bmim]+[BF4]- blends promoted by PZ actively participated in the reaction and
therefore, significantly enhancing the CO2 solubility. Also, it was observed that the
addition of PZ in MDEA-[Bmim]+[BF4]- results the higher CO2 absorption than the
MEA- [Bmim]+[BF4]- blends (Figure 2.8 & 2.10).
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Figure 2.8: MDEA-[Bmim]+[BF4]- -PZ blends (a) 20% MDEA-80% [Bmim]+[BF4](b) 5% PZ-20% MDEA-75% [Bmim]+[BF4]- (c) 10% PZ-20% MDEA-70%
[Bmim]+[BF4]-

Figure 2.9: (A) 70% [Bmim]+[BF4]- -20% MDEA-10% PZ before CO2 absorption; (B)
&(C) both represent 70% [Bmim]+[BF4]-- 20% MDEA-10% PZ after CO2 absorption
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2.3.4 Determination of Henry’s constant
Further, we also calculated the density and average molecular weight of the pure ionic
liquid as well as ionic liquid blends along with Henry’s constant as given in Table 2.2.
The densities were calculated by the gravimetric method using a weighing balance
(Mettler Toledo with the accuracy of 0.0001 gm.). The Henry’s constant was calculated
by eq. 4 as given below[59]
𝐻 ≡ 𝑙𝑖𝑚 (𝑓2𝑙 /𝑥2 ) ≈ 𝑃2 /𝑥2

(2.4)

𝑥2→0

Where H is Henry’s law constant, x2 is mole fraction of dissolved gas, fl2 is the fugacity
of vapor in the liquid phase, and P2 is the pressure of the gas.
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Figure 2.10: MEA-[Bmim]+[BF4]- - PZ blends (A) 10% PZ+20% MEA-70%
[Bmim]+[BF4]- (b) 5% PZ-20% MEA-75% [Bmim]+[BF4]- (C) 20% MEA-80%
[Bmim]+[BF4]-)
Pressure vs mole fraction data of CO2 in various ionic liquids was fitted to a second-order
polynomial, and Henry’s constants were determined by calculating the initial slope of the
curve. The smaller the value of Henry’s constant larger will be the solubility of CO 2 in
the solvents.
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Table 2.2: Calculated density, Henry’s constant and apparent rate constant (k) at 303 K.
Average
k (sec-1)

molecular
3

Solvent

Density (g/cm )

H (bar)

weight

(10 bar)

(g/mol)
[Bmim]+[PF6]-

284.20

1.340

65.59

3.56E-3

[Bmim]+[BF4]-

226.03

1.206

71.21

4.90E-3

206.10

1.203

52.10

7.90E-3

191.50

1.189

39.20

1.02E-2

90% [Bmim]+[BF4]-10% MDEA
80% [Bmim]+[BF4]-20% MDEA

[Bmim]+[BF4]--MDEA blends have significantly lower values of Henry’s constant when
compared to pure ionic liquids. This suggests the addition of MDEA increases the CO2
solubility in the [Bmim]+[BF4]-.
2.3.5 CO2 absorption kinetics
The FTIR spectra of [Bmim]+[BF4]—MDEA-PZ blends before and after the CO2
absorption has been shown in Figure 2.11. The band observed at 1447 cm-1 was assigned
to C=O vibration of the carbamate species[148]. It is assumed that CO2 reacts with
MDEA in the presence of piperazine to form the carbamate, which confirms the
chemisorption behaviour of CO2 in [Bmim]+[BF4]--MDEA-PZ blend. The FTIR spectra
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Figure 2.11: FTIR spectra of [Bmim]+[BF4]--MDEA-PZ blends (a) before the CO2
absorption (b) after the CO2 absorption

Figure 2.12: FTIR spectra of [Bmim]+[BF4]--MEA-PZ blends (a) after the CO2
absorption (b) before the CO2 absorption
of [Bmim]+[BF4]—MEA-PZ blends before and after the CO2 absorption is given in Figure
2.12. A sharp band was observed at 2340 cm-1 after CO2 absorption, which is assigned to
the asymmetric O=C=O stretching[149]. This is due to the strong interaction between the
CO2 and [Bmim]+[BF4]- -MEA-PZ blend. The reaction mechanism of amine with CO2
can be presented as defined in the chapter 1, scheme 1.1 and 1.2. The piperazine acts as
an activator and helps in transferring the CO2 to amines as shown in the chapter 1,scheme
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1.4 and 1.5. It is important to note that the ionic liquid [Bmim]+[BF4]- is not involved in
any kind of chemical reaction either with the CO2 or with the amine and piperazine [150].
Therefore only amines and piperazine reacted with the CO 2 according to pseudo-first
order [151,152]. The rate of absorption in terms of moles can be written as [152–154]
𝒅𝒏
= 𝒌(𝒏𝒆 − 𝒏𝒕 )
𝒅𝒕

(2.5)

here nt is the number of moles of gas at any time t, no is the number of moles of gas
initially charged, ne number of moles of gas at equilibrium, and k is the apparent
absorption rate constant.
On the integration of the eq. 2.5, we have
𝐥𝐧 (

𝒏𝒕 − 𝒏𝒆
) = −𝒌𝒕
𝒏𝒐 − 𝒏𝒆

(2.6)

The addition of MDEA to the [Bmim]+[BF4]- increases the apparent rate constant and
hence the faster rate of CO2 absorption compared to [Bmim]+[BF4]. This enhancement
may be attributed to further lowering down the viscosity of [Bmim] +[BF4]- by the addition
of MDEA.
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Figure 2.13: First order rate kinetics (a) [Bmim]+[PF6]- (b) [Bmim]+[BF4]- (c) 90%
[Bmim]+[BF4]--10% MDEA (d) 80% [Bmim]+[BF4]- - 20% MDEA
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2.3.6 Empirical model for CO2 solubility
To corelate the solubility of CO2 in IL-amine blends an empirical CO2 solubility
correlation was proposed. The CO2 solubility will depends upon the type of amine,
concentration of amine, concentration of piperazine and pressure and is given by
2
2
αCO2 = A1 + A2p + A3p2 + A4xamine + A5xamine
+ A6xPZ + A7xPZ

(2.7)

Where, p is CO2 partial pressure in bar, xamine and xpz is concentration (weight fraction)
of amine (MEA or MDEA) and piperazine in the total IL-amine blends and αCO2 is the
CO2 loading (mol of CO2/ mol of IL. A1,A2,A3,A4,A5,A6,A7 are the empirical model
coefficients for IL-amine systems.
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Figure 2.14: Experimental and calculated CO2 loading using empirical model
% Absolute relative deviation (ARD) and % AARD between experimental (α exp) and
estimated values (αest) of CO2 loading were measured by following equation
%ARD = 100

|αexp − αest |
αexp
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(2.8)

n

(2.9)

|αexp − αest |
100
%AARD =
∗ ∑
n
αexp
i

where, n is the number of experimental data points, αexp is the experimentally measured
CO2 loading at equilibrium, and α est is estimated CO2 loading at equilibrium using
empirical model.
It can be observed from the Figure 2.14 that the estimated value using empirical model
correlated well with the experimental values as indicated by the high R 2 values. The
estimate %AARD value for IL-MEA and IL-MDEA is 3.7 and 3.4, respectively which is
indicate the reliability of the data within the operating range. The obtained coefficients
are given in the Table 2.3.
Table 2.4: Coefficients of empirical model obtained and % AARD

Coefficients IL-MEA

IL-MDEA

A1

-0.0715

-0.0168

A2

0.0319

0.0197

A3

-0.0007

-0.0001

A4

0.3770

0.2947

A5

4.1549

0.4762

A6

3.9867

3.1695

A7

-19.0591

-8.3878

%AARD

%AARD

IL-MEA

IL-MDEA

3.6690

3.4750

2.4 Conclusions
The experimental results have shown high CO2 absorption in all ionic liquid amine blends
studied in this work. [Bmim]+[BF4]--MEA blends have shown a greater tendency(~1.5
times) to absorb CO2 than [Bmim]+[BF4]—MDEA blends. Henry’s constants were
determined, and the lowest value was observed for 80% [Bmim] +[BF4]—20%MDEA
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blends (39.2 bar). Kinetic studies of various blends have shown that the addition of
MDEA to the [Bmim]+[BF4]—significantly increases the rate of CO2 uptake. The highest
rate of absorption was found in 80% [Bmim] +[BF4]--20% MDEA blend with an apparent
rate constant of 1.02E-2 sec-1. The addition of piperazine has a positive effect on the CO2
absorption rate, and the maximum absorption was found in 80%[Bmim]+[BF4]- -20%
MEA-10%PZ blend.

52

Chapter 3: CO2 Capture by Glycol and Amine based Deep Eutectic Solvents
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3.1 Introduction
Ionic liquids (ILs) have shown great potential for replacing the aqueous amine
solutions[56,138,155,156]. High thermal, low-vapour pressure, chemical stability, make
ILs greener solvents [70,138,156–158]. However, the CO2 solubility in ILs were quite
low compared to aqueous amine solutions. Therefore, we proposed in previous chapter to
make IL reactive by blending it with amines. Even though we have achieved significant
high CO2 absorption but ILs requires complicated preparative technology, which adds
cost to ionic liquids and have poor biodegradability [52,157,159]. Recently, deep eutectic
solvents (DESs) sharing physicochemical properties of ILs but with lower cost, have been
developed[88,92,97,160,161]. DESs can be prepared by mixing a suitable molar ratio of
hydrogen bond acceptor(HBA) with hydrogen bond donor(HBD)[92,161]. The formed
mixture will have a melting point lower than the individual component due to the
hydrogen bond network. DESs are an economical and promising alternative to ILs
because of their ease of synthesis.
Abbott et al. synthesized first DES using choline chloride (ChCl) and urea with the molar
ratio of 1:2, both of the components are less toxic and biodegradable[88]. The most
popular choice for the HBA is quaternary salts that are readily available and are
inexpensive, as well as non-toxic. The properties of DESs can be tuned depending upon
the application by changing the choice of HBD and HBA[92,161]. Therefore, like ILs,
these DESs can be treated as the designer solvents. DESs have been investigated in many
different areas of applications like organic synthesis, nanotechnology, separation process,
and many others[90,92,95,96,161–163]. Li et al. first explored the possibility of DESs for
the application of CO2 capture. They used the eutectic mixtures of Choline
chloride(ChCl) and urea with the molar ratio of (1:1.5), (1:2) and (1:2.5) at different
temperature and pressure[111]. Their study showed that CO2 solubility in DESs varies
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with change in the molar composition of HBA-to-HBD. Leron et al. studied the CO2
solubility in different combinations of ChCl with urea, glycerol, and ethylene glycol and
suggested that the nature of HBDs has a key role in the CO2 solubility in
DESs[112,113,119]. Ali et al. developed and studied CO2 solubility at 298.15 K and 10
bar in 17 different ammonium and phosphonium based DESs[122]. The first task-specific
DES system composed of ChCl, glycerol, and a superbase was reported by Sze et al.
[164]. The superbase was used for the formation of active alkoxide anions by
deprotonation of the OH groups in glycerol and ChCl. The effect of water present in the
DESs on CO2 solubility was studied by Su et al. [120]. They observed that the solubility
of CO2 in the ChCl-Urea (molar ratio 1:2) system decreases with an increase in the water
content. Sarmad et al. investigated the CO2 solubility in series of ammonium and
phosphonium DESs at 298.15 K and pressured up to 20 bar[165]. They reported that 15
synthesized DESs have higher CO2 solubility than the conventional ILs, and therefore
DESs are one of the potential candidates for CO2 capture. Liu et al. studied CO2 solubility
in Guaiacol-based DESs at various temperatures ranging from 293.15 to 323.15 K and
pressures below 6 bar[117]. Their results showed that CO2 absorption in DESs follows
physical behavior. Chen et al. studied CO2 solubility in DESs composed of ChCl as HBA
and dihydric alcohols as HBD[114]. The highest CO2 solubility (~0.15 mol/kg at 293.15
K and 5.11 bar) was shown by ChCl/4(2,3butanediol) DES[114] among different dihydric
alcohol-based DESs. Recently, Bhawna et al. studied the role of superbase in DESs for
the CO2 capture ability[124]. They found that the addition of superbases not only enhance
the CO2 solubility due to lower steric hindrance but also help in attaining the equilibrium
faster due to covalent association. According to Sarmad et al., [166], DESs have huge
potential to replace conventional solvents for CO2 capture.
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In this chapter, we have investigated the CO2 solubility in series of ammonium-based
DESs experimentally and effect of different HBDs and HBAs on CO2 solubility was
determined. The CO2 solubility was measured at a fixed temperature (303.15 K) and
varying pressure (up to 12 bar). In order to understand and predict the vapor-liquid
equilibrium of the CO2-DES system, the experimentally measured CO2 solubility was
correlated using the Peng-Robinson equation of state and Non-Random Two liquids
(NRTL) thermodynamic model. Also, the kinetics of CO2 absorption for in-house
synthesized DESs was studied, and rate constants were evaluated.

3.2 Experimental Section
3.2.1 Materials: Choline chloride (≥98%), Tetrabutylammonium bromide (>99%),
ethylene glycol (99%) and diethylene glycol (99.8%) were purchased from S D FineChem Limited. Methyldiethanol amine (>99%) was purchased from Sigma-Aldrich Pvt.
Ltd. Sigma Gases Pvt.Ltd supplied carbon dioxide (purities >99.99 wt%). All materials
were used for the preparation of DESs without further purification. The list of chemicals
used, along with their purities, are listed in Table 3.1.
3.2.2 Synthesis of DESs: The procedure for the synthesis of DESs was similar, as
described by Abbott et.al.[88]. In general, DESs were synthesized by combining the fixed
molar ratios of hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA). The
mixture was heated at 348.15 K for three hours under constant agitation of 500 rpm until
a homogenous colorless liquid was formed. The moisture present in DESs was removed
by drying DES overnight at 333.15 K under vacuum. The molar composition and
abbreviation used for the synthesized DESs are shown in Table 3.2.
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Table 3.1: List of chemicals used for DESs synthesis
Chemical Name

Source

Purity

Water

(%)

content
(%)

Choline Chloride

SD Fine Chem Ltd

≥99

N/A

Tetrabutylammonium Bromide

SD Fine Chem Ltd

≥99

N/A

Ethylene Glycol

Merck

≥99

≤0.30

Diethylene Glycol

SPECTROCHEM

≥99

≤0.10

Diethanol Amine

SD Fine Chem Ltd

≥98

≤0.20

Methyl diethanolamine

Sigma Aldrich

≥99

≤0.30

3.2.3 Characterization: Metller Toledo (NewClassic MS) balance was used to measure
the mass and density of all the samples. The water contents of all DESs were measured
using Metrohm Karl Fisher Titrator (852 titrando) and were found ≤ 0.003 (mass
fraction). Differential Scanning Calorimetry (DSC 4000 Perkin Elmer) was used to
measure the freezing point of the DES. FTIR analysis of the synthesized DES was done
using PerkinElmer Spectrum two spectrometer. All samples were scanned over a
wavenumber range of 450-4000 cm-1. The quality of the background signal was checked
before each measurement.
3.2.4 CO2 Solubility Measurements: The details of the experimental setup has been
reported in chapter 2[167].CO2 solubility apparatus consists of a gas reservoir attached to
stainless steel make high-pressure equilibrium cell of capacity 25 ml. Pressure transducers
(DiGi gauge TX- 430, 0–65 bar, accuracy=0.25%) were attached to measure the pressure
inside the equilibrium cell and gas reservoir. Constant stirring of 300 rpm was provided
to the equilibrium cell using a magnetic stirrer to ensure the uniformity of gas in the
solvent. The entire system was maintained at a constant temperature of 303.15 K using
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an IKA –make chiller. In a typical experiment, the gas reservoir was degassed using a
vacuum pump. CO2 gas was then introduced into a known volume of the reservoir, and
initial pressure was recorded using a pressure gauge. The initial number of moles of CO2
was calculated by following PVT relation;
𝒏𝒊𝑪𝑶𝟐 =

𝑷𝒊 𝑽𝒓𝒆𝒔
𝒁𝒊𝑪𝑶𝟐 𝑹 𝑻𝒊

(3.1)

Where Pi and Ti represent initial pressure and temperature respectively, and V res, ZCO2
represent the volume of the reservoir, compressibility factor of CO2 at Pi,Ti.
After that, a known volume of DES was loaded into the equilibrium cell, and the system
was degassed using a vacuum pump. Then CO2 was fed to the equilibrium cell using a
valve, which connects the reservoir, and equilibrium cell. The pressure of the equilibrium
cell was recorded periodically, which gradually reduces due to CO2 dissolution in the
DES. Constant stirring of the mixture was done using a magnetic stirrer during the CO 2
absorption, and the system was allowed to reach equilibrium condition (~6 hrs). The
equilibrium point was observed when the pressure of the system becomes stable. The
pressure was measured at the equilibrium condition, and the moles ofCO2 left in the gas
phase were calculated by the following equation;
𝒆𝒒𝒖𝒊𝒍

𝒏𝑪𝑶𝟐 =

𝑷𝒇 (𝑽𝒕 − 𝑽𝑫𝑬𝑺 )
𝒇
𝒁𝑪𝑶𝟐 𝑹

(3.2)

𝑻𝒊

Vt here is the total volume of the system, VDES represent volume of deep eutectic solvent
fed to equilibrium cell, P f represents the equilibrium pressure reached, and ZfCO2
represents the compressibility factor of CO2 at Pf and Ti.
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Table 3.2: Deep Eutectic Solvents synthesized in this work
Hydrogen Bond
Hydrogen Bond Donor

Molar Composition

Acceptor

Name
Ethylene glycol (EG)

ChCl / 2EG

DES1

Diethylene glycol

ChCl / 3DEG

DES2

(DEG)

ChCl / 4DEG

DES3

Methyldiethanol amine

ChCl / 6 MDEA

DES4

(MDEA)

ChCl / 7 MDEA

DES5

ChCl / 6DEA

DES6

TBAB / 2EG

DES7

TBAB / 3EG

DES8

TBAB / 4EG

DES9

TBAB / 2DEG

DES10

Choline Chloride

Diethanol Amine

(ChCl)

(DEA)

Ethylene glycol (EG)
Tetrabutyl
Ammonium Bromide

Diethylene glycol

TBAB / 3DEG

DES11

(TBAB)

(DEG)

TBAB / 4DEG

DES12

TBAB / 3MDEA

DES13

TBAB / 4MDEA

DES14

TBAB / 6DEA

DES15

Methyldiethanol amine
(MDEA)
Diethanol Amine
(DEA)

The difference between CO2mole values corresponds to the amount of gas absorbed in
the DES. The number of moles CO2 absorbed in the DESs is calculated by;
𝒆𝒒𝒖𝒊𝒍

𝒊
𝒏𝒂𝒃𝒔
𝑪𝑶𝟐 = 𝒏𝑪𝑶𝟐 − 𝒏𝑪𝑶 𝟐
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(3.3)

3.3 Modeling of CO2 Absorption
3.3.1 Kinetic Modeling: Kinetics of the CO2 absorption process in DESs was studied.
For absorption process, the rate of absorption at any time t can be written as;[168]
𝒅𝒏𝒕
= 𝒌(𝒏𝒆 − 𝒏𝒕 )
𝒅𝒕

(3.4)

Where ne & nt represent the number of moles of CO2 absorbed at equilibrium and at time
t respectively, and ‘k’ represents rate constant, respectively.
Integration of the above equation reduces to the following expression;
𝐥𝐧 (

𝒏𝒕 − 𝒏𝒆
) = 𝒌𝒕
𝒏𝟎 − 𝒏𝒆

(3.5)

3.3.2 Thermodynamic Model
Critical Properties Estimation
In order to calculate the thermodynamic properties, critical properties of the DESs were
first estimated. DESs comprise HBD and HBA; therefore, individual properties of DESs
precursors were evaluated using the “modified Lydersen−Joback−Reid” (LJR)
method[169]. Modified LJR method was developed by Valderrama et al. [169–171] by
combining the Lydersen[172] and Joback−Reid[173] methods. THE modified LJR
method is specifically defined for high molecular weight compounds and was used to
evaluate the critical properties of ionic liquids[169,171]. Following equations were used
to estimate the critical properties of HBD and HBA;
𝑻𝒃 = 𝟏𝟗𝟖. 𝟐 + ∑ 𝒏𝒊 ∆𝑻𝒃𝑴𝒊
𝑻𝒄 =

(3.6)

𝑻𝒃
𝟎. 𝟓𝟕𝟎𝟑 + 𝟏. 𝟎𝟏𝟐𝟏 ∑ 𝒏𝒊 ∆𝑻𝑴𝒊 − (∑ 𝒏𝒊 ∆𝑻𝑴𝒊 )𝟐

(3.7)

𝑴
𝟎. 𝟐𝟓𝟕𝟑 + (∑ 𝒏𝒊 ∆𝑷𝑴𝒊 )𝟐

(3.8)

𝑷𝒄 =

𝑽𝒄 = 𝟔. 𝟕𝟓 + ∑ 𝒏𝒊 ∆𝑽𝑴𝒊
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(3.9)

Where M is the molar mass (g/mol) of the molecule, and ni represents the number of the
appearance of ith group in the molecule. ΔTbM, ΔTM, ΔPC, ΔVM represent the contribution
of a group of atoms in the molecule to their boiling point(K), critical temperature(K),
critical pressure(bar), critical molar volume(cm3/mol), respectively. After the prediction
of the critical properties of HBD and HBA, Lee-Kesler [174] mixing rule was used to
estimate the critical properties of DESs. The equations used are as follows;
𝑻𝑪𝑴 =

𝟏

𝟏/𝟒

𝟏/𝟒
𝑽𝑪𝑴

∑ ∑ 𝒙𝒊 𝒙𝒋 𝑽𝑪𝒊𝒋 𝑻𝑪𝒊𝒋
𝒊

(3.10)

𝒋

Where
𝑻𝑪𝒊𝒋 = 𝒌𝒊𝒋 ∗ (𝑻𝑪𝒊 ∗ 𝑻𝑪𝒋 )
𝑽𝑪𝒊𝒋 =

𝟏/𝟐

𝟑
𝟏 𝟏/𝟑
𝟏/𝟑
(𝑽𝑪𝒊 + 𝑽𝑪𝒋 )
𝟖

𝑽𝑪𝑴 = ∑ ∑ 𝒙𝒊 𝒙𝒋 𝑽𝑪𝒊𝒋
𝒊

(3.11)
(3.12)

(3.13)

𝒋

And
𝑷𝑪𝑴 =

(𝟎. 𝟐𝟗𝟎𝟓−. 𝟎𝟖𝟓 𝝎𝑪𝑴 )𝑹𝑻𝑪𝑴
𝑽𝑪𝑴

(3.14)

where
𝝎𝑴 = ∑ 𝒙𝒊 𝝎𝒊

(3.15)

𝑰

TCM(K), PCM(bar), VCM (cm3/mol) represent the critical temperature pressure and volume
of DESs, respectively.𝜔𝑀 and 𝑘𝑖𝑗 represent the acentric factor and binary interaction
parameter of DESs. The value of 𝑘𝑖𝑗 range from 1.0 to 1.3 for a mixture of non-polar
substances, and polar substances value ranges from 0.95 to 1.06[174]. In the present
study, because of the absence of any experimental data,𝑘𝑖𝑗 value is assumed to be unity
for all calculations.
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Thermodynamic Models
The CO2 solubility in DESs was modeled by the Peng-Robinson equation of state and
Non-Random Two Liquid (NRTL) method. The Peng-Robinson equation[175] of
state(PR-EOS) is given by
𝑷=

𝑹𝑻
𝒂
−
𝒗 − 𝒃 𝒗(𝒗 + 𝒃) + 𝒃(𝒗 − 𝒃)

(3.16)

Where a and b are the binary interaction parameters and are the functions of critical
properties
𝟎. 𝟒𝟓𝟕𝟐𝟒(𝑹𝑻𝑪 )𝟐
𝟐
[𝟏 + 𝒎(𝟏 − 𝑻𝟎.𝟓
𝒂=
𝒓 )]
𝑷𝑪
𝒃 = 𝟎. 𝟎𝟕𝟕𝟖

𝑹𝑻𝑪
𝑷𝑪

𝒎 = 𝟎. 𝟑𝟕𝟒𝟔𝟒 + 𝟏. 𝟓𝟒𝟐𝟐𝝎 − 𝟎. 𝟐𝟔𝟗𝟗𝝎𝟐

(3.17)

(3.18)

(3.19)

The equation for the NRTL model is given by,
𝒍𝒏𝜸𝒊 =

∑𝒋 𝒙𝒋 𝝉𝒋𝒊 𝑮𝒋𝒊
∑𝒎 𝒙𝒎 𝝉𝒎𝒋 𝑮𝒎𝒋
𝒙𝒋 𝑮𝒋𝒊
+ ∑
(𝝉𝒊𝒋 −
)
∑𝒌 𝒙𝒌 𝑮𝒌𝒊
∑𝒌 𝒙𝒌 𝑮𝒌𝒊
∑𝒌 𝒙𝒌 𝑮𝒌𝒋

(3.20)

𝒋

where
𝑮𝒊𝒋 = 𝐞𝐱𝐩(−𝜶𝒊𝒋 𝝉𝒋𝒊 )
𝝉𝒋𝒊 = 𝒂𝒊𝒋 +

𝒃𝒊𝒋
+ 𝒆𝒊𝒋 𝐥𝐧(𝑻) + 𝒇𝒊𝒋 𝑻
𝑻

(3.21)
(3.22)

𝜶𝒊𝒋 = 𝒄𝒊𝒋 + 𝒅𝒊𝒋 (𝑻 − 𝟐𝟕𝟑. 𝟏𝟓)

(3.23)

𝝉𝒊𝒊 = 𝟎

(3.24)

𝑮𝒊𝒊 = 𝟏

(3.25)

Whereaij,bij,eij and fijare interaction parameter.
Henry’s Law Constant
The physical absorption of CO2 in DESs can be correlated using Henry’s law as given by
the following expression;
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𝒇𝒍𝒊𝒒 (𝒑, 𝑻, 𝒙)
𝒙→𝟎
𝒙

𝑯 = 𝐥𝐢𝐦

(3.26)

Where H is Henry’s law constant x is mole fraction of CO2 dissolved in DESs and fliq is
the fugacityCO2 absorbed in the DESs.

3.4 Result and Discussion
3.4.1 Phase Diagram of DES
Mixing of the substituent according to the molar ratios listed in Table 3.1, result in the
formation of clear homogeneous liquid with a decrease in freezing point due to hydrogen
bonding. The images of all synthesized DES have been shown in supplementary
information as Table S3.1. Phase diagrams of choline chloride with ethylene glycol and
choline chloride with diethanolamine were established by measuring the freezing points
(the temperature at which liquid begins to solidify) of mixtures using Differential
Scanning Calorimetry (DSC 4000 Perkin Elmer) as shown in the Figure 3.1. A eutectic
point could be observed for DES1and DES6 at molar ratios of 2 and 6, respectively. The
freezing points of eutectic solvents are considerably lower than either of their constituents
(mp choline chloride=575.15 K, ethylene glycol=260.25 K, & diethanolamine=301.15
K). This depression in the melting point arises due to the interaction between choline
chloride and HBD (ethylene glycol and diethanolamine) group[89].
3.4.2 FTIR Spectra of Synthesized DESs
The FTIR spectra of ethylene glycol and synthesized DES1& DES7 are shown in Figure
3.2. The absorption band of ethylene glycol at 3275 cm−1, which is attributed to the
stretching of -OH group, moved towards the higher wavenumber region of 3345 cm−1.
This could be ascribed to the formation of hydrogen bonds and which confirms the
formation of DES[92]. Similar behaviour was observed in the case of TBAB/EG where
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the -OH stretching shifted from 3275 to 3382 cm−1 confirming the formation of the
hydrogen bond. The FTIR spectra of other synthesized DESs are shown in the appendix
as Figure S3.1 to S3.5.
3.4.3 CO2 Solubility in DES
All the CO2 absorption experiments were conducted at a constant temperature of 303.15
K, and the pressure range from 1 to 20 bar. First of all, CO2 solubility was measured in
DES1compared with reported literature [112], as shown in Figure 3.3. The experimentally
measured solubility of CO2in DES1 was found in good agreement with the reported one.
Further, experiments were conducted for our own synthesized DESs.
3.4.3.1 CO2 solubility in Glycol based DESs
ChCl/Glycol based DESs
The CO2 solubility of DES1, DES2, and DES3 are shown in Figure 3.4. It was observed
that CO2 solubility decreases by changing the HBD from ethylene glycol to diethylene
glycol. The lower CO2 solubility in DES2 and 3 could be due to the over-saturation of the
hydrogen bond donor group in the ChCl/DEG system. Strong hydrogen bond donor selfinteractions are responsible for the decrease in the free volume[165,176].
The decrease in the free volume causes the lower CO2 solubility in the ChCl/DEG based
DESs[57]. A slight enhancement in CO2 solubility was observed on increasing the mole
ratio of DEG from 2 to 3.It was found that the increase in HBD/HBA molar ratio increases
the CO2 solubility in DES due to the strength of hydrogen bond decreases in DES[90,165].
CO2 solubility follows a linear trend with the pressure in DES1,2 & 3. Therefore, ChCl
based DES of ethylene glycol and diethylene glycol can be considered as the potential
physical solvents.
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Figure 3.1: Freezing point of choline chloride with (a) ethylene glycol and (b)
diethanolamine.
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Figure 3.2: FTIR spectra of ethylene glycol and DESs
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Figure 3.3: Solubility of CO2 in DES 1 (ChCl:2EG)
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Figure 3.4: Solubility of CO2 in ChCl:3DEG and ChCl:4DEG
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Figure 3.5: Solubility of CO2 in TBAB / xEG
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Figure 3. 6: Solubility of CO2 in TBAB / xDEG
TBAB/Glycol based DESs
Further, CO2 solubilities in TBAB/EG and TBAB/DEG based DESs were investigated,
as shown in Figure 3.5 and Figure 3.6, respectively. An increase in the molar ratio of
HBD in DESs considerably increases the CO2 solubility, as shown in Figure 3.5 and 3.6,
which means CO2 solubility depends on the type of HBD and salt: HBD ratio. On
changing the TBAB/DEG molar ratio from 1:2 to 1:4, CO2 solubility increases by 1.3
times. Furthermore, it was observed that for the same TBAB/4HBD molar ratio, DEG
based HBD has higher (~2.2 times) CO2 solubility as compared to EG based HBD.
3.4.3.2 CO2 solubility in amine-based DESs
ChCl/amine-based DESs
The solubility of CO2 in ChCl/amine-based DESs has been shown in the Figure 3.7 and
3.8. It was found that ChCl/amine-based DESs have more CO2 uptake as compared to
ChCl/glycol-based DESs (Figure 3.4). Higher CO2 solubility in ChCl/amine-based DESs
is due to amine affinity towards CO2. This is also evident from the fact that aqueous
MDEA has significantly higher CO2 solubility as compared to pure DEG, as shown in the
supplementary information, Figure S3.6. On increasing molar ratio of ChCl/MDEA from
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1:6 to 1:7 does not show a significant effect on CO2 solubility. A similar trend was also
observed for CO2 solubility in the DEA based DESs, as shown in Figure 3.8. The FTIR
spectra of DES4 and DES6 before and after CO2 absorption are shown in Figure 3.9 and
Figure 3.10, respectively. The CO2 solubility in MDEA based DESs show physical
absorption behaviour as evident from their FTIR spectra. As evident from Figure 3.9,
after the absorption of CO2, a band at 2340 cm-1 can be observed, which is attributed to
asymmetric O=C=O stretching[167]. The remaining spectra in case of DES4 remained
unaltered which meant the
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0.15
0.1
ChCl:6MDEA

0.05

ChCl:7MDEA

0
4

6

8
Pressure(bar)

10

12

Figure 3.7: Solubility of CO2 in ChCl / xMDEA
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Figure 3.8: Solubility of CO2 in DES6 and DES15.

Figure 3.9: FTIR Spectra of DES4 (a) before CO2 absorption (b) after CO2 absorption
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Figure 3.10: FTIR Spectra of DES6 (a) after CO2 absorption (b) before CO2 absorption
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Figure 3.11: solubility of CO2 in TBAB / xMDEA

12

absorption of CO2 in DES4 is physical. However, in the case of DES6 new peaks in the
fingerprint region, specifically at 1441 cm-1 can be observed, which is attributed to C=O
vibration of carbamate species and thus confirming the reactive nature of CO2 absorption
in DES6[177,178]. This can be explained based on the molecular structure of MDEA and
DEA. MDEA is a tri-substituted amine and hence does not form carbamates since there
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is no hydrogen, which can be replaced by the CO2. However, DEA being secondary
amines, absorbs CO2 by the formation of carbamic acids[178].
TBAB/amine-based DESs
CO2 solubility in TBAB//DEA and TBAB/MDEA based DESs are shown in Figure 3.8
and 3.11, respectively. CO2 uptake in TBAB/amine-based DESs increases almost to three
folds compared to TBAB/glycol-based DESs due to greater amine affinity towards CO2
molecules. Also, increasing the molar ratio of MDEA increases the CO2 solubility, as
shown in Figure 3.11. The increased solubility on increasing the MDEA molar ratio was
reflected due to amine affinity towards CO2. Like ChCl/MDEA based DESs,
TBAB/MDEA based DESs also show physical absorption, whereas TBAB/DEA based
DESs show chemisorption behaviour as explained earlier. The FTIR spectra of other
DESs are given in the supporting information.
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Figure 3.12: solubility of CO2 in TBAB / xDEG
Effect of nature of HBAs
The nature of hydrogen bond acceptor (ChCl and TBAB) was also studied, as shown in
Figure 3.12. The increased CO2 solubility in TBAB based DESs can be explained due to
the increase in free volume. The increase in alkyl chain length in TBAB based DESs
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consequently increases free volume resulting in enhanced CO2 solubility as compared to
ChCl[57]. Similar behaviour can also be seen in Figure 3.8, where DES15 has more CO2
solubility compared to DES6.
3.4.4 Thermodynamic modeling
The calculated critical temperature, pressure, volume, and acentric factor are shown in
Table 3.3. The Standard uncertainty of temperature is u(T) = 0.1°C, and the uncertainty
in the measurement of density is ±5×10 -3 g/ml. The densities of DESs were also calculated
and found to be in good agreement with the experimentally measured densities.
The highest deviation was shown by the diethanolamine based DESs, DES6, and DES15,
with a percentage error of ~6% in both cases. The estimation of critical properties is
required for the calculation of binary interaction parameters in the Peng-Robinson
equation of state.
The Vapour-Liquid Equilibrium behaviour of the CO2-DESs system was modelled using
both the Peng-Robinson equation of state and NRTL model. The DESs were assumed to
be a non-dissociating compound with negligible vapor pressure. The experimental data
with the goodness of fit for PR-EOS and NRTL has been shown in the supplementary
information Figure S3.7. Both property methods (NRTL as well as PR-EOS) well
correlate the experimental solubility data of CO2. However, the NRTL model was found
better compared to PR-EOS, showing lower standard deviations. The binary interaction
parameters obtained after fitting the experimental data for the NRTL model are tabulated
in Table 3.4. The tabulated binary interaction parameters for the Peng-Robinson model
are given in Table S3.2.
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Table 3.3: Estimated critical properties and density of DESs measured at 25 °C
temperature and atmospheric pressure
DESs

ω

TC

VC

PC

(K)

(cc/mol)

(bar)

Density

Density

Absolute

calculated

experimental

percentage

(g/ml)

(g/ml)

error

DES1

601.99

259.70

41.56

0.9155

1.219

1.182

3.16

DES2

658.57

342.457

33.75

0.9684

1.208

1.216

0.66

DES3

661.21

336.21

34.32

0.9822

1.213

1.194

1.58

DES4

671.11

396.67

28.83

1.0396

1.115

1.114

0.08

DES5

672.15

395.77

28.87

1.0453

1.114

1.186

0.39

DES6

693.44

384.11

30.08

1.0925

1.048

1.119

6.43

DES7

655.36

420.90

27.52

0.9518

1.192

1.171

1.78

DES8

637.84

356.01

31.53

0.9620

1.209

1.205

0.36

DES9

628.05

318.72

34.59

0.9681

1.220

1.219

0.09

DES10

712.32

528.73

23.52

0.9816

1.172

1.136

3.18

DES11

700.81

471.33

25.81

0.9956

1.187

1.141

4.06

DES12

694.28

437.89

27.43

1.0039

1.196

1.162

2.96

DES13

709.25

537.05

22.58

1.0319

1.096

1.095

0.11

DES14

702.84

506.43

23.62

1.0427

1.099

1.084

1.36

DES15

717.72

458.85

25.89

1.1080

1.035

1.101

5.97

Table 3.4: Calculated NRTL parameters for the DES-CO2 system.
Component i

DES1

DES2

DES3

DES4

DES5

DES6

DES7

DES8

DES9

DES10

DES11

DES12

DES13

DES14

DES15

Component j

CO2

CO2

CO2

CO2

CO2

CO2

CO2

CO2

CO2

CO2

CO2

CO2

CO2

CO2

CO2

aij

0.21

0.63

2.27

1.14

-1.46

3.54

0.80

1.83

-0.01

2.98

2.67

1.86

363

-0.65

2.49

aji

4.81

0.36

-0.49

-0.61

1.28

-1.40

0.38

-0.48

5.04

-1.19

-1.16

-0.98

-0.64

-0.21

8.03

bij

-14.32

-24.32

-18

-24.45

-24.36

-27

-11.21

-17.32

-30.45

-12.31

-21.54

-14.23

20.45

-17.54

23.37

bji

21.52

-28.45

-18

-29.78

-30.23

-27

-17.23

12.12

21.36

-16.24

-12.34

-16.32

-16.54

-12.32

-288.41

cij

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3
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3.4.5 Kinetic modeling
The kinetic behaviour of some DESs is shown in Figure 3.13. The calculated value of
the apparent rate constant is tabulated in Table 3.5. It can be observed from the figure
that glycol-based DESs normally have a lower apparent rate constant as compared to
amine-based DESs. The lower apparent rate constant in glycol implies that the rate of
CO2 absorption in glycol-based DESs is slow as compared to amines based DESs. The
CO2 absorption rate was found to be highest in DES4 (~ 6.35E-3) and lowest in DES6
(2.43E-3) among the ChCl-based DESs. Similarly, in TBAB-based DESs, the highest
apparent rate constant was found in the DES14(~4.56E-3) and the lowest in the
DES15(~2.70E-3). Furthermore, with an increase in HBA/HBD molar ratio, the apparent
rate constant also increases for the same HBA and HBD. The notable exception was DES6
and DES7, where an increase in the HBD molar ratio decreases the apparent rate constant.
The rate kinetics depends upon the density, viscosity, reactivity, and equilibrium
solubility. Therefore, an in-depth study of these parameters is important to understand the
behaviour of apparent rate constant in various DESs.
In order to determine Henry’s law constant, equation 3.26 was fitted to first-order
polynomials as shown in the Figure 3.14. Henry’s law constant obtained for various
synthesized DESs has been given in Table 3.5. Lower the value of Henry’s law constant
greater will be the solubility of CO2. It was observed that amine-based DESs have a lower
value of Henry’s law constant compared to glycol-based DESs, which results in higher
CO2absorption in amine-based DESs compared to glycol-based DESs. Also, TBAB based
DESs have higher solubility compared ChCl based DESs. The lowest Henry’s law
constant was found to be 43.42 bar for DES14 and highest for DES2 (~292.5 bar).
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Figure 3.13: Kinetics of CO2 solubility in DESs
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Figure 3.14: Fugacity vs mole fraction of CO2 dissolve in DESs
Therefore, the highest CO2 uptake is for DES14 and lowest for DES2. Furthermore,
Henry’s law constant decreases with increased HBD concentrations in DESs, which
suggests that increasing HBD concentration would enhance the CO2 uptake of the DESs.
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Figure 3.15: Comparison of CO2 solubility in synthesized DESs with previously reported
DESs at 303 K and 5 bar (solid and partially shaded line show CO2 solubility in the
present work and previously reported work, respectively)
The DES synthesized in the current work has been compared with the DES reported in
the literature, as shown in Figure 3.15 [114–116,164]. The result obtained for CO2
solubility for choline based DESs is comparable to the previously reported data.
3.4.6 Empirical modelling of CO2 solubility
To corelate the solubility of CO2 in DESs an empirical CO2 solubility correlation was
proposed. The CO2 solubility will depends upon the type of HBAs, HBDs, their molar
composition, and pressure and is given by
2
𝛼𝐶𝑂2 = 𝐴1 + 𝐴2𝑝 + 𝐴3𝑝2 + 𝐴4𝑥𝐻𝐵𝐷𝑠 + 𝐴5𝑥𝐻𝐵𝐷𝑠

(3.27)

Where, p is CO2 partial pressure in bar, xHBD concentration (mole fraction) of HBDs in
DESs and 𝛼𝐶𝑂2 is the CO2 loading (mol of CO2/ mol of DESs). A1,A2,A3,A4,and A5 are
the empirical model coefficients for the DESs. It is important to note that DESs comprises
of HBDs and HBAs, and therefore keeping one constant will fix the concentration of
other constant.
% Absolute relative deviation (ARD) and % AARD between experimental (α exp) and
estimated values (αest) of CO2 loading were measured by following equation
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Table 3.5: Calculated rate and Henry’s constants
DESs

Molecular weight (g/mol)

Henry’s Law constant

Rate constant (sec-1)

(bar)
DES1

87.921

212.78

3.49E-03

DES2

114.496

292.46

3.54E-03

DES3

112.821

284.35

3.64E-03

DES4

122.086

103.24

6.35E-03

DES5

121.720

61.62

4.90E-03

DES6

110.066

71.55

2.43E-03

DES7

148.845

205.49

2.97E-03

DES8

127.242

212.36

3.31E-03

DES9

114.145

230.02

3.81E-03

DES10

178.204

89.47

2.87E-03

DES11

156.024

95.79

3.23E-03

DES12

149.370

93.79

3.79E-03

DES13

169.965

44.56

4.24E-03

DES14

159.804

43.42

4.56E-03

DES15

136.173

62.99

2.70E-03

%𝑨𝑹𝑫 = 𝟏𝟎𝟎

|𝜶𝒆𝒙𝒑 − 𝜶𝒆𝒔𝒕 |
𝜶𝒆𝒙𝒑

𝒏

|𝜶𝒆𝒙𝒑 − 𝜶𝒆𝒔𝒕 |
𝟏𝟎𝟎
%𝑨𝑨𝑹𝑫 =
∗ ∑
𝒏
𝜶𝒆𝒙𝒑
𝒊
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(3.28)

(3.29)

where, n is the number of experimental data points, αexp is the experimentally measured
CO2 loading at equilibrium, and αest is estimated CO2 loading at equilibrium using
empirical model.
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Figure 3.16: Empirical modelled CO2 solubility in TBAB based DESs.
Table 3.6: Estimated empirical model coefficients and %AARD
TBAB/DEG TBAB/EG TBAB/MDEA CHCL/DEG CHCL/MDEA
A1

0.849

-0.257

0.823

-0.281

-0.205

A2

0.008

0.005

0.018

0.003

0.017

A3

0.000

0.000

0.001

0.000

0.000

A4

-2.579

0.718

-2.578

0.715

0.769

A5

1.889

-0.510

1.967

-0.456

-0.568

%AARD

1.622

3.470

2.390

2.190

4.210

It can be observed from the Figure 3.16 that the estimated value using empirical model
correlated well with the experimental values as indicated by high R2 values in TBAB
based DESs. Similar results were also shown by the ChCl based DESs as given in the

79

supporting information. The estimate %AARD value is less than 5%, which indicate the
reliability of the data within the operating range. The obtained coefficients are given in
the Table 3.6.

3.5 Conclusions
In the present study, we investigated the CO2 absorption capacity in 15 different types of
DESs at 30oC and varying pressure. In general, it was found that CO2 solubility in aminebased DESs is more compared to glycol-based DESs. Moreover, the highest CO2
solubility (0.29 mol CO2/mol solvent) was shown by DES14 at 10 bar, and 303.15 K.
Experimental CO2 solubility data was well fitted using NRTL and PENG-ROB
thermodynamic models. Henry’s constant was calculated for all DESs and the lowest
value (43.42 bar) was obtained for DES14. However, the apparent rate constant was found
to be highest in DES4.
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Chapter 4: Solubility of CO2 and CH4 in sterically hindered Amine-Based Deep
Eutectic Solvents

The content of this chapter is published in
Mohd Belal Haider, Rakesh Kumar, “Solubility of CO2 and CH4 in Sterically Hindered
Amine-based Deep Eutectic Solvents”, Separation and Purification Technology,248
(2020), 117055
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4.1 Introduction
Biogas and natural gas are considered to be clean fuel due to the high concentration of
methane. However, biogas and natural gas contain a considerable amount of CO2, which
should be removed in order to be transported in pipelines [179]. For the safe transportation
of these gases through pipelines, CO2 must be below 2% [180]. Also, the presence of the
CO2 lowers the calorific value of biogas and natural gas. Therefore, the CO2 content of
these gases needs to be reduced for vehicle fuel [181]. Conventionally, amine scrubbing
is used for biogas and natural gas treatment[182,183]. The high regeneration energy,
corrosiveness, low selectivity for CO2, and the volatility are the main drawbacks of these
solvents[183]. Therefore, efforts have been made to search the potential solvents for
biogas and natural gas treatment having high CO2 selectivity compared to CH4.
Ionic liquids (ILs) and deep eutectic solvents have been widely regarded as green solvents
with the ability of CO2 absorption. CO2 uptake in DESs follows trends as that of ILs i:e
solubility increases with pressure and decreases with temperature. The alkyl chain length
of HBAs and HBDs, the symmetry of salt, moisture present in the salt also has a
significant effect on CO2 absorption[114,117,120,165]. Recently, a group led by M.C.
Kroon synthesized six decanoic acid-based hydrophobic DESs and showed that CO2
absorption in the synthesized DESs is comparable to fluorinated ILs[184]. In our
previous chapter, we have showed that different factors such as the molar ratio of
HBA/HBD, and the nature of HBA and HBD significantly affects the CO2 absorption.
However, it should be noted that besides CO2 solubility, the selectivity of CO2 over other
gases is also an important parameter for designing a suitable solvent for biogas
upgradation [97,166,185]. Previous studies have shown that sterically hindered secondary
alkanolamines such as ethylaminoethanol possess very high CO 2 solubility compared to
conventional monoethanolamine solvents [27,186–188]. Also, our previous work showed
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that amine based DESs have significantly higher CO2 solubility. Therefore, CO2 and CH4
absorption in the sterically hindered secondary amine-based DESs were investigated in
this work. The CO2 and CH4 solubility were measured in the temperature range of 303.15323.15 K and at different pressure (up to 12 bar). The viscosities and densities of all
synthesized DESs were also measured. Further, the Peng-Robinson equation of state and
Non-Random Two liquids (NRTL) thermodynamic model was used to correlate the
experimentally determined DES/CO2 and DES/CH4 vapour-liquid equilibrium.

4.2 Experiment
4.2.1 Materials: The list of chemicals used in this study with their purity is given in
Table 4.1. The structures of chemicals are shown in Figure 4.1.

2-methylamino Ethanol

2-methylamino Ethanol

Hydrogen Bond Donor

Tetrabutylammonium Bromide

Benzyltriethylammonium Chloride

Hydrogen Bond Acceptor
Figure 4.1: Structures of HBA and HBD
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Table 4.2: List of chemicals used for DESs synthesis
Chemical Name

Source

CAS

Purity

Water

Registry

(%)

content

Number

(%)

Choline Chloride

SD Fine Chem Ltd

67-48-1

≥98

N/A

Tetrabutylammonium

SD Fine Chem Ltd

1643-19-2

≥99

N/A

Spectrochem

75-57-0

≥98

N/A

SD Fine Chem Ltd

56-37-1

≥98

N/A

2-Methylaminoethanol

Sigma Aldrich

109-83-1

≥98

≤0.20

Carbon Dioxide

Sigma Gases

124-38-9

≥99.9

N/A

Bromide
Tetramethyl ammonium
Chloride
Benzyltriethyl ammonium
Chloride

4.2.2 Synthesis of DESs: The DESs were synthesized using the method as described by
Abbott et.al.[88]. In general, DESs were synthesized by taking accurate weights of HBAs
and HBDs in the fixed molar ratios. The starting materials were thoroughly mixed and
heated at 353.15 K temperature and atmospheric pressure. The experiment was continued
until a homogenous colorless liquid was formed. Various HBAs to HBDs molar ratios
were used for the synthesis of DESs, as given in the appendix Table S4.1. A fixed
HBA/HBD ratio (i:e 1:4) was used for the formation of all DESs, which remained as a
stable liquid at 303.15 K. The list of synthesized DESs and their molecular weight has
been shown in Table 4.2.
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Table 4.3: Deep eutectic solvents synthesized in this worka
Hydrogen Bond

Hydrogen Bond

Molecular weight

Donor

Acceptor

(g/mol)

Tetrabutyl Ammonium

124.56

Density(g/ml)
Name
0.9697

Bromide
(TBAB)

DES 1

Benzyltriethyl
2-Methylaminoethanol

ammonium

(MAE)

Chloride(BTEACl)

105.64

0.9682

DES 2

Tetrabutyl Ammonium

135.78

0.9588

Bromide
(TBAB)
2-Ethylaminoethanol

Benzyltriethyl

(EAE)

ammonium Chloride

DES 3
116.87

0.9542

(BTEACl)
a

DES 4

standard uncertainty u in compositions (x) in moles of DES mixtures of u(x) = 0.005.

4.2.3 Characterization: The sample weight was measured by the Metller Toledo balance
(NewClassic MS). PerkinElmer Spectrum two spectrometer was used for recording the
FTIR spectra of the samples (wavenumber range: 450-4000 cm-1), before each
measurement background signal quality was checked.
Brucker Avance (FT-NMR) spectrometer was used to record 1HNMR spectra at 400
MHz. CDCl3 was used as an internal reference in 1HNMR.
4.2.4 Viscosity Measurement: The viscosities of DESs were measured using Antor Paar
make rheometer (MCR-52, Physica). The rheometer was equipped with a thermal jacket
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that was connected to the heating circulation pump to control the temperature with an
accuracy of ±0.01 K. In a typical rheological experiment, DESs were placed in the
thermally insulated measuring cylinder for sufficient time to maintain inside temperature,
and viscosity was then measured.
4.2.5 Gas-Solubility Measurements: The solubility of CO2 and CH4 was measured by
the pressure drop method, as reported in the previous chapter. In general, the apparatus
consists of a high-pressure equilibrium cell (capacity 25 ml) attached to a gas reservoir.
The inside pressure of both the equilibrium cell and gas reservoir was measured using
pressure transducers. The temperature of the system was maintained constant using IKA–
make chiller and homogeneity of gas in the solvent was maintained using constant stirring
of 300 rpm. In a typical experiment, both gas reservoir and equilibrium cell were
degassed, and a fixed amount of DESs was charged into the equilibrium cell. DESs having
negligible vapor pressure and therefore will not present in the vapor phase. Gas (either
CO2 or CH4) was then introduced into the reservoir, and the initial number of moles of
gas fed was determined. Gas was then transferred to the equilibrium cell using a valve
attached between the equilibrium cell and reservoir. The system pressure was then
recorded at a regular interval of time, which reduces gradually due to CO2 solubility in
the DES and until an equilibrium condition is reached (~6 hrs). At equilibrium, system
pressure was measured, and the moles of CO2 dissolved was calculated.

4.3 CO2 Absorption Modelling
Critical Properties Estimation
DESs are composed of two precursors i:e HBD and HBA, and therefore critical properties
of precursor molecules were first estimated using “Modified Lydersen−Joback−Reid”
(LJR) method[169]. Modified LJR method was proposed by Valderrama et al. [169–171]
by combining Lydersen[172] and Joback−Reid[173] methods. The details about the
86

critical properties estimation method have been given in our previous work[118]. Further,
the mixture properties of DESs were predicted by the Lee-Kesler mixing rule[174].
Thermodynamic Models
Peng-Robinson equation of state and Non-Random Two Liquid (NRTL) thermodynamic
model were used for correlating vapor-liquid equilibria of CO2-DESs system and CH4DESs system. The details of equations used for Peng-Robinson and NRTL model are
given in chapter 3.

4.4 Result and Discussion:
4.4.1 Viscosity
Solvent transport properties are essential for mass and heat flow. It is important to
measure the solvent viscosity that affects the design, operation, and economy of the CO 2
capture unit. The viscosity dependence on the temperature of synthesized DESs has been
shown in Figure 4.2. It can be observed from the figure that viscosity decreases
exponentially with an increase in temperature. This can be explained due to the
weakening of HBD and HBA interaction that promote molecular movement at elevated
temperature, and therefore viscosity decreases [97].
Vogel-Fulcher-Tammann (VFT) equation was used to model the viscosity dependence
on temperature[189,190]. The VFT Equation is given by
𝒍𝒏(𝝁/𝝁𝟎 ) =

𝑨
𝑻 − 𝑻𝟎

(4.1)

Where 𝜇viscosity in m.PaS and temperature T is in Kelvin. 𝜇0 , A and T0 are empirical
constant. As shown in Figure 4.2, the VFT model correlates well with the experimental
value. The calculated parameters of the VFT model are given in Table 4.3.
The Arrhenius equation as given by eq.4.2 was also used for correlating the viscosity
dependence on temperature;
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𝒍𝒏(𝝁/𝝁∞ ) =

𝑬𝝁
𝑹𝑻

(4.2)

Where R is gas constant, 𝐸𝜇 is the activation energy for viscous flow, and 𝜇∞ is an
empirical constant. Figure 4.3 shows the goodness of fit for lnµ vs 1/T, and the
parameters obtained are given in Table 4.3.
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Figure 4.2: Viscosity of DESs at different temperatures
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Figure 4.3:ln(viscosity) vs 1/T plot for Arrhenius equation

88

Table 4.4: Arrhenius and VFT correlated parameters of DESs
VFT Equation

Arrhenius Equation

𝜇0

A

T0

105𝜇∞

𝐸𝜇

(m.PaS)

(k)

(k)

(m.PaS)

(kJ/mol)

DES 1

0.0091

1476.51

120.91

9.45

31.92

DES 2

0.0024

1877.94

106.91

3.08

35.12

DES 3

2.4943

108.21

261.85

5.47

40.40

DES 4

3.2924

81.17

270.31

3.73

48.76

DES

4.4.2 Gas Solubility
CO2 Solubility in DESs
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Figure 4.4: CO2 solubility in DES 1 at different temperatures
The CO2 uptake in DESs 1,2,3 and 4 is shown in Figure 4.4,4.5, 4.6, and 4.7,
respectively. Experimental results show that DES1 has the highest CO2 solubility, and
DES4 has the lowest CO2 solubility. This can be explained due to the higher symmetry
of HBA (i:e TBAB) and lower steric hindrance caused by the lower alkyl chain length of
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HBD[165,191,192]. It can be observed that for all solvent, CO2 uptake decreases with
increasing temperature.
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Figure 4.5: CO2 solubility in DES 2 at different temperatures
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Figure 4.6: CO2 solubility in DES 3 at different temperatures
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Figure 4.7: CO2 solubility in DES 4 at different temperatures
For instance, CO2 uptake decreases from 0.22 mol CO2/mole DES 1 at 303.15 K to 0.18
mol CO2/mole DES at 323.15 K. Similarly, for DES 2 CO2 absorption capacity decreases
from 0.25 mol CO2/mole DES 2 at 303.15 K to 0.21 mol CO2/mole DES 2 at 323.15 K.
This suggests that solvent can be regenerated at a higher temperature and recycled back.
The solubility in all the solvents increases with an increase in CO2 partial pressure. Also,
it was observed that the viscosity of the solvent after CO 2 absorption increases
significantly, which can be attributed to the chemisorption of CO2 in DESs. To confirm
the chemisorption behaviour of CO2 absorption, FTIR and HNMR experiments were
conducted before and after CO2 absorption. As shown in Figure 4.8 and 4.9, the wide
peak with weak intensity at 3330 cm-1 is attributed to hydrogen bond in DESs, which
changes to high intensity and narrow peak after CO2 absorption. This can be attributed to
the weakening of the hydrogen bond due to CO2 absorption. Also, new peaks in the range
of 1500-1600 and 1300-1350 cm-1 can be ascribed to the asymmetric and symmetric
stretches of –COO-, respectively. This was further confirmed by the HNMR, as shown in
Figure 4.10. It can be observed from the HNMR result that singlet present at 2.94 in DES
1 disappeared after CO2 absorption. This is due to the formation of the N-COO bond in
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the solvent and therefore confirming the carbamate formation[187]. Similar behaviour
was also observed for other DESs as given in appendix Figure S4.1 and S4.2. Based on
stoichiometry, FTIR, and HNMR analysis, a reaction mechanism was proposed, as shown
in Figure 4.11.
CH4 Solubility in DESs
Similar to CO2 solubility experiments, CH4 solubility in all the DESs was also measured,
as shown in Figure 4.12, 4.13,4.14, and 4.15, respectively. From industrial prospects, to
treat the biogas and natural gas, a solvent should have high

Figure 4.8: FTIR Spectra of DES 1 (a) before CO2 absorption (b) after CO2 absorption

CO2 solubility and low methane solubility. Compared to CO2 uptake, CH4 solubility was
very low in all the DESs. The CH4 solubility decreases with an increase in the
temperature; for example, CH4 uptake decreases from 0.01 mol CH4/mole DES at 303.15
K to 0.009 at 323.15 K for DES 1. Similar behaviour can also be observed for other DESs.
The CH4 solubility in the DESs increases linearly with an increase in the pressure. This
suggests the physisorption behaviour of CH4 in DESs. This may be the reason for the
lower solubility of CH4 in the DESs compared to CO2.
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Figure 4.9: FTIR Spectra of DES 2 (a) before CO2 absorption (b) after CO2 absorption

(a)

(b
)

Figure 4.10: HNMR Spectra of DES 1 (a) before CO2 absorption (b) after CO2 absorption

O
O=C=O +2 R-NH-CH2-CH2-OH

O-

H
R-N-CH2-CH2-OH + CH3-N+-CH2-CH2-OH
H

Figure 4.11: Proposed reaction mechanism between DESs and CO2
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Figure 4.12: CH4 solubility in DES 1 at different temperatures
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Figure 4.13: CH4 solubility in DES 2 at different temperatures

94

0.06
303 K

Mole of CH4/mol of DES

0.05

313 K
323 K

0.04
0.03
0.02
0.01
0
0

2

4
6
8
Pressure(bar)
Figure 4.14: CH4 solubility in DES 3 at different temperatures
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Figure 4.15: CH4 solubility in DES 4 at different temperatures
4.4.3 Modelling
Aspen Plus V8.6 was used for vapor-liquid equilibrium (VLE) modeling of the gas
solubility in the DESs. The input property parameters required, such as critical
temperature, pressure, the volume is calculated as discussed in section 3.3. The critical
properties obtained for both the DESs are listed in Table 4.4. For the modelling of DESs,
it was assumed that DESs have a negligible vapor pressure. For vapor-liquid modelling,
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the Peng-Robinson equation and NRTL method were used as given in appendix Figures
S4.3-S4.9. The figures show that the NRTL model has a better fit compared to the PengRobinson method. This depicts higher non-ideal behaviour of CO2-DES and CH4-DES
systems, which could be due to hydrogen bonding present in the DESs. The calculated
Peng-Rob and NRTL binary parameters are given in Table 4.5 and 4.6, respectively.
Heat of absorption represents the intermolecular interactions and the strength between
CO2 and the solvent. This is determined (through the enthalpy of CO2 dissolution which
is calculated from the solubility data at a fixed composition (xCO2) [111],
(4.3)

𝝏𝒍𝒏(𝑷)
)
∆𝑯 = 𝑹 (
𝟏
𝝏 (𝑻)
𝒙𝑪𝑶

𝟐

The calculated value of heat of absorption in CO2 and CH4 in the prepared DESs is shown
in the Table 4.7.
Table 4.5: Critical properties of DESs.
DESs

Vc (cm3/mol)

DES 1

424.94

DES 2

Tc

(K)

Pc (bar)

omega

629.74

28.51

0.7328

379.61

623.09

32.11

0.6880

DES 3

475.62

649.88

26.13

0.7491

DES 4

428.62

642.66

29.15

0.7044

Table 4.6: Peng-Rob predicted binary parameters of DESs.
Component i

CH4

CO2

CH4

CH4

CO2

CO2

CH4

DES 2

Component j

DES 1

DES 3

DES 3

DES 2

DES 1

DES 4

DES 4

CO2

Kaij

-9.90

-63.32

-57.28

-59.08

6.01

-3.07

4.09

-107.15

Kbij

0.02

0.1

0.1

0.09

-0.01

0.04

0.00

0.17

-836.35

16845.10

Kcij

1476.08 10000

8345.1

9107.55 -1064.50
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509.33

Table 4.7: NRTL predicted binary parameters of DESs.
Component i

DES 1

DES 2

CO2

CH4

CO2

CH4

DES 4

CO2

Component j

CH4

CH4

DES 1

DES 3

DES 3

DES 4

CO2

DES 2

aij

9.44

0.69

720.00

-0.15

-0.84

13.05

80.00

-45.43

aji

-3.81

90000

50.29

-92.25

80.00

33.52

-1.08

-18.24

bij

-1257.89

-1.15

-1099.44

-17160.32

0.00

3675.78

10010

8329.65

bji

463.47

-880.00

-16135.80

37096.38

10010

-2158.20

0.00

6353.01

αij

0.30

0.30

0.30

0.3

0.3

0.3

0.3

0.30

Table 4.8: enthalpy of CO2 and CH4 absorption (kJ/mol) in the prepared DESs
DES

CO2

CH4

DES 1

-17.28

-03.13

DES 2

-20.19

-04.34

DES 3

-13.93

-02.73

DES 4

-24.22

-02.92

Empirical modelling of CO2 solubility in DESs
To corelate the solubility of CO2 in DESs an empirical CO2 solubility correlation was
proposed. The CO2 solubility will depends upon the temperature and CO2 partial pressure
and is given by
𝛼𝐶𝑂2 = 𝐴1 + 𝐴2𝑝 + 𝐴3𝑝2 + 𝐴4𝑇 + 𝐴5𝑇 2

(4.4)

Where, p is CO2 partial pressure in bar, T is temperature in Kelvin, and 𝛼𝐶𝑂2 is the CO2
loading (mol of CO2/ mol of DESs). A1,A2,A3,A4,and A5 are the empirical model
coefficients for the DESs.
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% Absolute relative deviation (ARD) and % AARD between experimental (α exp) and
estimated values (αest) of CO2 loading were measured by following equation
%𝑨𝑹𝑫 = 𝟏𝟎𝟎

|𝜶𝒆𝒙𝒑 − 𝜶𝒆𝒔𝒕 |
𝜶𝒆𝒙𝒑

(4.5)

𝒏

(4.6)

|𝜶𝒆𝒙𝒑 − 𝜶𝒆𝒔𝒕 |
𝟏𝟎𝟎
%𝑨𝑨𝑹𝑫 =
∗ ∑
𝒏
𝜶𝒆𝒙𝒑
𝒊

where, n is the number of experimental data points, αexp is the experimentally measured
CO2 loading at equilibrium, and αest is estimated CO2 loading at equilibrium using
empirical model.
Table 4.8: Estimated empirical model coefficients and %AARD for CO2 solubility

A1
A2
A3
A4
A5
%AARD

DES1
3.327628

DES2
0.133845

DES3
0.129159

DES4
-4.206882

0.021467

0.001674

0.010582

0.011014

-0.000612
-0.018628
0.000026
4.734

-0.000005
0.007822
0.000027
1.317

0.000032
0.001632
-0.000006
2.412

-0.000001
0.029460
-0.000050
2.070

Table 4.9: Estimated empirical model coefficients and %AARD for CH 4 solubility
DES1
DES2
DES3
DES4
0.11814
-0.02020
-0.00852
0.42879
A1
0.00099
0.00113
0.00305
0.00342
A2
0.00009
0.00002
0.00002
-0.00009
A3
-0.00071
0.00017
0.00031
-0.00255
A4
0.00004
0.00006
0.00005
0.00007
A5
It can be observed from the Table 4.8 that the estimated value using empirical model
correlated well with the experimental values as indicated by the low %AARD values. The
estimate %AARD value is less than 5%, which is indicate the reliability of the data within
the operating range. The obtained coefficients for CO2 and methane solubility are given
in the Table 4.8 and 4.9, respectively.
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4.4.4 Comparison with previous literature
The viscosities of synthesized DESs were compared with DESs previously reported, as
given in Table 4.10. The observed viscosities of all synthesized DESs are comparable to
DESs reported in the literature. A comparison of CO2 uptake in DESs synthesized in this
work with previous work has been shown in Table 4.11. As given in the Table, all the
synthesized DESs have more CO2 uptake compared to other amine-based DESs reported
in the literature. For instance, the DES 1 synthesized in the current work has CO 2 uptake
of 0.301 at 303 K and 10 bar, which is much higher than TBAB/6DEA (0.114),
TBAB/6EA (0.117).
Table 4.10: Comparison of the viscosity of DESs synthesized in this work with previous
work
DES

Viscosity

Temperature

Reference

DES 1

45.00

298.15

This work

DES 2

37.60

298.15

This work

GUA/2EA

78.32

298.15

35

TPAC/4EA

55.31

298.15

35

MTPPhBr/4EG

109.80

298.15

10

MTPPhBr/8TFA

136.15

298.15

10

ChCl/2urea

447.00

298.15

4.5 Conclusions
In this work, we report the synthesis of secondary amine-based DESs with methylamino
ethanol and ethylaminoethanol as HBD. All the synthesized DESs have significantly low
viscosity. The carbon dioxide solubility in the DESs was high, whereas the methane
solubility was low, indicating higher selectivity of DESs towards CO2. The highest CO2
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solubility, as shown by the DES 1 (0.301 mol of CO2/mol of DES) and the lowest methane
solubility, was observed in DES 2(0.008 mol of CH4/ mole of DES). Kinetic modelling
reveals that both the DESs follow first-order rate kinetic. Also, thermodynamic modelling
shows that the NRTL method best fits the VLE of the CO2-DES system.
Table 4.11: Comparison of CO2 uptake in this work with the previous amine synthesized
DESs work
DES

Temperature

Pressure

CO2 uptake

Reference

(mol/mol DES)
DES 1

303.15

10.46

0.30

This work

DES 2

303.15

10.07

0.24

This work

TBAB/2EG

303.15

10.61

0.04

43

TBAB/6DEA

303.15

10.11

0.11

43

ChCL/6DEA

303.15

09.71

0.09

43

TBAB/3TEA

298.15

10.00

0.08

32

TBAB/6EA

298.15

10.00

0.12

32

MTPPhBr/6EA

298.15

10.00

0.14

32

TPAC/4EA

298.15

10.57

0.94(mol/kg)

35

GUA/2EA

298.15

11.29

1.36(mol/kg)

35
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Chapter 5: Ternary Hydrophobic Deep Eutectic Solvents for Carbon Dioxide
Absorption

The content of this chapter has been published in
Mohd Belal Haider, Divyam Jha, Rakesh Kumar, M.S Balathanigaimani, “Ternary
Hydrophobic Deep Eutectic Solvents for CO2 capture”, International Journal of
Greenhouse Gas Control, 92 (2019),102839
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5.1 Introduction
Deep eutectic solvents are tuneable, depending on the choice of hydrogen bond donor and
acceptor. This property of DESs helps them in finding a variety of application. The first
hydrophobic DES (H-DES) was prepared by mixing the different combinations of HBDs
and quaternary ammonium salts, which acts as the HBA[193]. Later the hydrophobic
DESs were prepared using quaternary ammonium salts and fatty acid for the removal of
metal ion from non-buffered water[193,194]. Hydrophobic DESs were also synthesized
using glycolic acid and choline chloride[195]. Recently, two-phase systems were
developed using hydrophilic deep eutectic solvents (DESs) and hydrophobic DESs[196].
Xu et.al. Synthesized four different types of hydrophobic DESs based on choline
chloride[197]and used for the extraction of protein from an aqueous two-phase system
(ATPSs). Similarly, Li et al. developed six betaine-based H-DESs for the extraction of
protein using ATPSs[198]. The Zhao’s group produced 20 choline chloride-based
hydrophobic DESs[199]and employed the same for the extraction of flavonoids from the
flower buds. Later, DES-DES two-phase systems were developed using hydrophilic deep
eutectic solvents (DESs) and hydrophobic DESs by Cao et al. [200]. Till the publication
of this chapter, only Zubeir et al. studied the use of hydrophobic DESs for CO 2 solubility
as the best of our knowledge. Their result showed that hydrophobic DESs have the
capability to absorb CO2. Our previous work showed the CO2 solubility in the hydrophilic
DESs, however, it should be noted that hydrophobic solvents have been very less
explored in area of carbon capture and could be very beneficial for decreasing volatility
of aqueous solvents during solvent regeneration. Therefore, in this chapter, we report the
synthesis of H-DESs based on tetrabutylammonium bromide (TBAB), which will act as
a hydrogen bond acceptor, and combination of binary fatty acids which act as a hydrogen
bond donor. The quaternary ammonium salt TBAB was mixed with capric, lauric, and
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oleic acid in the pair combinations, which itself are at their eutectic points for DESs
synthesis. The physical properties of synthesized H-DESs were evaluated, and their
hydrophobic nature was confirmed through a liquid-liquid extraction removal studies of
dye aqueous solution. CO2 extracting capabilities of H-DESs were investigated
experimentally as well as theoretically.

5.2 Experimental
5.2.1 Materials
Tetrabutylammonium bromide (TBAB) (purity > 99%) was purchased from SD fine
chemicals India. Oleic, Lauric, and Capric acids all having purity more than 99% were
purchased from Molychem. Analytical grades of two dyes, namely methyl orange (MO)
and crystal violet (CV) were purchased from Fisher Scientific and used as received in the
experiments. Deionized and distilled water were used in this work. All the chemicals were
used as received without any purification. The structures of the chemicals used are shown
in Figure 5.1. Carbon Dioxide was supplied from Sigma Gases Pvt. Ltd. Having purity
≥99.9%.
5.2.2 Methods
Preparation of H-DESs and Dye Solution
The fatty acids such as capric, lauric, and oleic acids with more than 99% purity were
used in this study. In a typical experiment, the known quantity of binary fatty acids (capric
and lauric acids and capric and oleic acids) were taken in different Erlenmeyer flasks.
The binary fatty acids mixtures heated up to 70 °C for 3 hours with constant stirring for
complete mixing. The binary fatty acid mixture formed a eutectic point at a certain
composition. The eutectic points (i:e composition at which melting point is lowest) for
the binary acids (L and C and O and C) were determined using the phase diagram. The
eutectic points formed by binary fatty acids mixture were named as L-C and O-C. Further,
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the different molar ratios of TBAB and L-C and O-C binary acid mixtures were taken.
The mixtures of TBAB and L-C and TBAB and O-C were then heated at a constant
temperature of 80 °C for 3 hours. The composition of the binary fatty acid mixture was
chosen such that it will have the lowest melting point and thus forming a new eutectic
point. The newly obtained products were labelled as TBAB/L-C and TBAB/O-C.
Further, the stock solutions of 100 ppm of MO and CV dyes were prepared by dissolving
the appropriate amount of the MO and CV dyes in double-distilled water. Working
solutions were then prepared by appropriate dilution of the dye stock solution.
Characterization
The temperature history method was employed to measure the melting point and solidliquid transition of binary fatty acid mixtures (L-C and O-C) and hydrophobic eutectic
solvents (H-DESs). The experiments were conducted in the temperature range of -15 °C
to 30 °C. The temperature was maintained using Heidolph Rota-chill with an accuracy of
±0.1 °C. The Fourier transformed infrared (FTIR) spectra of the prepared H-DESs using
spectrum spectrometer (PerkinElmer).

1

HNMR spectra were recorded at 400 MHz on

Brucker Avance (FT-NMR) spectrometer using tetramethylsilane (TMS) as internal
standard and acetone as solvent.
Liquid-Liquid Extraction Procedure
In order to study the hydrophobicity of the solvents, further experiments were conducted
for dye removal using liquid extraction. The batch liquid-liquid dye extraction
experiments were carried out in Erlenmeyer flasks using Orbital Incubator Shaker (BR
Biochem make). The initial concentration of dye in the aqueous solution was taken 100
ppm. All experiments were carried out by taking different volume ratios of aqueous dye
solution (ADS) and H-DESs.
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Lauric Acid

Tetra butyl ammonium bromide

Oleic acid

Capric acid

Methyl Orange
Crystal Violet
Figure 5.1: Fatty acids, quaternary ammonium salts and dyes used for the preparation of
DESs and Extractive Removal
The whole apparatus was maintained at constant temperature (30° C) and constant stirring
speed (250 rpm) for 30 minutes. The sample was allowed to settle for 10 min to separate
the two-phase system, and then the lighter phase was removed and centrifuged at 6000
rpm for 2 minutes using Centrifuge (Neuation iFuge M08). The concentration of the dyes
in the raffinate phase was measured by analyzing the absorbance of the raffinate phase
using UV-Spectroscopy (Labindia 1600).
The extraction efficiencies (E %) was calculated by using
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%𝑬 =

(𝑪𝒊 − 𝑪𝒇 )
× 𝟏𝟎𝟎%
𝑪𝒊

(5.1)

Where Ci and Cf represent the initial and final concentrations (mol‚L -1), respectively.
Gas-Solubility Measurements
The solubility of CO2 is measured by the pressure drop method, as reported in our
previous work [167]. The system consists of a gas reservoir, and a high-pressure
equilibrium cell, and both have thermocouples and pressure transducers for real-time
measurements. During the experiment, a known amount of DES was charged into the
equilibrium cell and degassed. CO2 was then transferred into the reservoir and brought to
a constant temperature. The initial reading of pressure is measured, and by using the PVT
relation number of moles of gas fed was calculated assuming that DESs have negligible
vapor pressure. Gas was then transferred to the equilibrium cell containing H-DES, and
pressure drop is recorded when the pressure inside the equilibrium cell is stable
(equilibrium point). The difference between the initial number of moles of gas fed to the
moles of gas at equilibrium corresponds to the amount of gas absorbed in the H-DES.

5.3 Result and Discussion
5.3.1 Characterization of H-DESs
Figure 5.2 shows the phase behaviour of various mixture as a function of their
composition. As shown in Figure 5.2(a) O-C binary mixture forms a distinguishable
eutectic point at 2:5 mole fraction of capric acid with melting point 273 K. Similarly, LC binary mixture forms a eutectic point at 3:4 mole fraction of capric acid having a
melting point 293.75 K. Oleic acid being unsaturated fatty acids have lower melting
points than saturated fatty acids (lauric acid) because double bonds cause the hydrocarbon
chain to bend. This cause oleic acid to have reduce van der Waals interaction and
therefore lower melting point compared to lauric acids. Furthermore, the eutectic point
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composition of O-C and L-C were mixed with TBAB to form H-DESs mixture. The
depression in freezing point of H-DESs so formed is shown in Figure 5.2(b). It is evident
from Figure 5.2 (b) that TBAB/O-C forms a eutectic point at 1:2 molar ratios of TBAB
(melting point 265.25 K) whereas TBAB/L-C (melting point 264.95 K) forms a eutectic
point at 4:5 molar ratio of TBAB. This also provides a comparison between the relative
component interactions between the TBAB/L-C and TBAB/O-C. The FTIR spectra of HDESs and the binary fatty mixture is shown in Figure 5.3 and Figure 5.4, respectively.
As shown in Figure 5.3(a) and Figure 5.4(a), there is little or no change in the binary
fatty acid mixtures before and after mixing. This suggests that slight or no new interaction
has been developed among the binary mixtures. However, in Figure 5.3(b) stretching
arising due to C=O at 1707 and C-O at 1275 cm-1 in the binary fatty acid mixture, O-C
shifted towards 1727 and 1376 cm-1, respectively, in the TBAB/O-C H-DESs. Similarly,
as evident from Figure 5.4(b), in L-C, the stretching arising due to C=O and C-O at 1712
and 1285 cm-1 respectively shifted towards 1732 and 1376 cm-1 in TBAB/LC DESs. This
can be explained due to hydrogen bond formation[88,92]. Moreover, further evidence of
the interaction between TBAB and binary fatty acids is provided by 1H NMR spectra of
L-C, TBAB/L-C, and O-C, TBAB/O-C is shown in Figure 5.5 and 5.6, respectively. The
multiple peak .35 ppm were ascribed to the –OH group in LC mixture and is shifted to
2.42, indicating the formation of the hydrogen bond. The reason for this is the hydrogen
bond formation due to TBAB and the –OH group present in the LC. Beside new peak
appeared around 1.84 and 3.41 after the addition of TBAB is ascribed to the –N(CH2)
group of TBAB.
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(a)
320

Temperature(K)

310
300
290
L-C

280

O-C

270

0

0.2
0.4
0.6
0.8
Mole fraction of capric acid

1

(b)
390

Temperature (K)

370
350
330
310
290
TBAB-LC

270

TBAB-OC

250
0

0.2

0.4
0.6
0.8
1
Mole fraction of TBAB
Figure 5.2: Melting point of different composition (a) Binary fatty acid mixture (b)
Hydrophobic eutectic solvents
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(A)

(B)
1732cm

1712cm

-1

-1

1376cm

-1

1285 cm

-1

Figure 5.3: FTIR spectra of (A) binary L-C mixture with its starting materials and (B)
DES with its starting materials.
Similarly, in Figure 5.6 longer and the broader peak of -CH2 at 1.26 ppm shifts and
changes to shorter peak (1.25 ppm) and the peaks around 2.29 ppm is shifted to downfield
to 2.31, indicating the formation of hydrogen bond in the TBAB/OC mixture. The new
multiple peaks appearing at 3.37 and 1.67 were ascribed to the –N (CH2) group of the
TBAB.
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(A)

(B)

1727cm

1707cm

-1

-1

1376cm

-1

1275cm

-1

Figure 5.4: FTIR spectra of (A) binary L-C mixture with its starting materials and (B)
DES with its starting materials

110

0

1.23
0.87

2.35

L-C
1.63

A

TBAB/L-C

1.31
0.90

1.54
2.42

B

7.0

6.0

5.0

4.0

3.0

2.0

1.0

0

Figure 5.5: HNMR spectra of (a) L-C (b)TBAB/L-C
5.3.2 Properties of synthesized H-DESs
Critical Properties Estimation
The thermodynamic properties of H-DESs depend on the critical properties, and
therefore critical properties of the H-DESs were calculated using modified
Lydersen−Joback−Reid” (LJR) method [169,170,201]. The method is found to be
suitable for ionic liquids, and DESs having the high molecular weight and is developed
by Valderrama et al. by combining the Lydersen [172] and Joback−Reid methods (Joback
And Reid, 1987) [169–171]. The proposed equation to estimate the critical properties are
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-1.0

-2

𝑻𝒃 = 𝟏𝟗𝟖. 𝟐 + ∑ 𝒏𝒊 ∆𝑻𝒃𝑴𝒊
(5.2)
𝑻𝒄 =

𝑻𝒃
𝟎. 𝟓𝟕𝟎𝟑 + 𝟏. 𝟎𝟏𝟐𝟏 ∑ 𝒏𝒊 ∆𝑻𝑴𝒊 − (∑ 𝒏𝒊 ∆𝑻𝑴𝒊 )𝟐

𝑷𝒄 =

𝑴
𝟎. 𝟐𝟓𝟕𝟑 + (∑ 𝒏𝒊 ∆𝑷𝑴𝒊 )𝟐

(5.3)

(5.4)

𝑽𝒄 = 𝟔. 𝟕𝟓 + ∑ 𝒏𝒊 ∆𝑽𝑴𝒊
(5.5)
Where ΔVM ΔTbM, ΔPC, ΔTM, represent the atoms contribution in molecule to their critical
molar volume(cm3/mol), boiling point(K), critical pressure(bar), critical temperature(K),
respectively. M is the molar mass(g/mol) of the molecule, and ni represents the number
of time ith group appears in the molecule.
Once the critical properties of HBDs and HBAs are estimated, critical properties of HDESs are predicted using the Lee-Kesler mixing rule [174]. The equation used are as
under
𝑻𝑪𝑴 =

𝟏
𝟏/𝟒
𝑽𝑪𝑴

𝟏/𝟒

(5.6)

𝟏/𝟐

(5.7)

∑ ∑ 𝒙𝒊 𝒙𝒋 𝑽𝑪𝒊𝒋 𝑻𝑪𝒊𝒋
𝒊

𝒋

Where
𝑻𝑪𝒊𝒋 = 𝒌𝒊𝒋 ∗ (𝑻𝑪𝒊 ∗ 𝑻𝑪𝒋 )
𝑽𝑪𝒊𝒋 =

𝟑
𝟏
𝟏/𝟑
𝟏/𝟑
(𝑽𝑪𝒊 + 𝑽𝑪𝒋 )
𝟖

𝑽𝑪𝑴 = ∑ ∑ 𝒙𝒊 𝒙𝒋 𝑽𝑪𝒊𝒋
𝒊

(5.8)

(5.9)

𝒋

And
𝑷𝑪𝑴 =

(𝟎. 𝟐𝟗𝟎𝟓−. 𝟎𝟖𝟓 𝝎𝑪𝑴 )𝑹𝑻𝑪𝑴
𝑽𝑪𝑴
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(5.10)

Where
(5.11)

𝝎𝑴 = ∑ 𝒙𝒊 𝝎𝒊
𝑰

The acentric factor and binary interaction parameter of H-DESs are represented by 𝜔𝑀
and 𝑘𝑖𝑗 . It should be noted that 𝑘𝑖𝑗 value range from 1.0 to 1.3 for non-polar substances
and 0.95 to 1.06 for polar substances [174]. In this study the value of 𝑘𝑖𝑗 is assumed to
be unity for all calculations. The estimated properties of synthesized H-DESs along with
the binary fatty acids are shown in Table 5.1. As shown from the table, the experimental
density matches well with the predicted density.

1.26

O-C

0.87

2.29

5.36

A

1.25

TBAB/O-C

0.89

2.31
5.37

8.0

7.0

6.0

B

5.0

4.0

3.0

2.0

Figure 5.6: HNMR spectra of (a) O-C (b)TBAB/O-C
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Table 5.1: Property of Hydrophobic eutectic solvents measured at 303.15 K.
density
Vc

Tc

Pc

(cm3/mol)

(K)

(bar)

O-C

875.04

866.58

17.26

L-C

652.63

772.44

TBAB/O-C

948.61

TBAB/L-C

890.65

Zc

density

calculated experimental

Standard
Deviation

Error%

(g/mL)

(g/mL)

0.2096

0.964

0.903

0.002

6.79

21.96

0.2232

0.995

0.898

0.004

10.79

846.87

15.85

0.2136

0.999

0.963

0.004

3.73

799.02

16.49

0.2210

1.029

0.984

0.007

4.57

Viscosity of synthesized H-DESs
The resistance of a fluid to flow is described as the viscosity. Like ILs, H-DESs have a
relatively higher viscosity compared to organic solvents. This causes problems in
handling, filtering or stirring and pumping of solvents. Investigation of H-DESs viscosity,
therefore, is a very important subject. The temperature dependence of the viscosity of
synthesized H-DESs is shown in Figure 5.7. Both H-DESs show significantly higher
viscosities, for example, the viscosity of TBAB/L-C and TBAB/O-C is 628.5 cP and
211.3 cP, respectively at 303.15 K. The higher viscosities dictate the presence of
extensive hydrogen bonding between the starting materials. Also, the viscosity of both
the H-DESs depends significantly on the temperature and decreases exponentially with
an increase in the temperature. As shown, the viscosity depends significantly on the
temperature and decreases exponentially with an increase in the temperature. This could
be attributed to the weakening of the hydrogen bond between HBD and HBA with an
increase in the temperature. As shown in Figure 5.7, TBAB/L-C has more viscosity
compared to TBAB/O-C, and the viscosity decrease with temperature as expected. This
could be due to the weakening of attractive forces between molecules at higher
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temperatures, which promote molecular movement and kinetic energy, thus and
contribute to decreasing viscosity. The viscosity is further modelled using Vogel-FulcherTamman (VFT) equation[202].
𝐥𝐧 (

𝜼
𝑩
)=
𝜼𝟎
𝑻 − 𝑻𝟎

(5.12)

Where 𝜂 is viscosity in m.PaS and T is the temperature in Kelvin. 𝜂0 , B, and T0 are
empirical constant. The corresponding value of empirical constant for their best fit is
shown in Table 5.2.
The Arrhenius equation used for correlating viscosity dependence on temperature is given
by
𝐥𝐧 (

𝑬𝜼
𝜼
)=
𝜼∞
𝑹𝑻

(5.13)

Where Eη is the activation energy for viscous flow, R is gas constant, and η∞ is empirical
constant. Fitting of lnη with 1/T is shown in Figure 5.7, and the constant empirical value
is also listed in Table 5.2. As shown in the Figure, both methods fitted well with the
experimental data. The activation energy of TBAB/L-C is more than TBAB/O-C, which
means that the viscous nature of TBAB/OC is less sensitive to the temperature compared
to the TBAB/L-C[203].
Conductivity of synthesized H-DESs
As shown above, H-DESs have relatively high viscosity, and therefore the electrical
conductivity of DESs is relatively low due to lower mobility [92]. Similar to the viscosity
data, the conductivity of H-DESs was fitted according to the equation[88]
𝐥𝐧 (

𝝈𝟎
𝑬۸
)=
𝝈
𝑹𝑻

(5.14)

Where 𝐸۸ is the activation energy for conduction, and 𝜎 is conductivity in µS.cm-1. The
fitting of data with equation 14 is shown in Figure 5.8. It can be observed that with an
increase in temperature conductivity is increased. This could be ascribed to the decrease
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in viscosity, which results in increased mobility of holes with an increase in the
temperature [161,204]. The constant empirical value obtained by fitting the data with
equation 5.14 is shown in Table 5.3.
Table 5.2: Values of viscosity η0, B, T0, η∞, and Eη after fitting according to the VFT and
Arrhenius equations.
VFT Equation

Arrhenius Equation

Standard
Deviation

η0

B

T0

105η∞

Eη

(m.PaS)

(k)

(k)

(m.PaS)

(kj/mol)

TBAB/O-C

0.0282

1453.26

140.23

4.31

38.79

1.48

TBAB/L-C

0.0009

3318.85

57.45

2.59

42.91

1.72

DES

Table 5.3: Values of σ0, and E۸ after fitting according to the Arrhenius equations.
10-5 σ0

E۸

DES

(µS.cm-1)

(kj/mol)

R2

TBAB/O-C

356.7

19.76

0.995

TBAB/L-C

1.28

34.68

0.997
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Figure 5.7: Plot of viscosity vs temperature by VFT equation (a) and by Arrhenius
equation (b)
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Figure 5.8: plot of conductivity vs temperature by Arrhenius equation
5.3.3 Confirmatory test for hydrophobicity of synthesized DESs
In order to check the immiscibility of synthesized H-DESs, the mixture of H-DESs and
water was stirred and allowed to settle to see the solubility of H-DES in water. As shown
in Figure 5.9, two distinct, separate phases formed, the top layer was of TBAB/O-C, and
the bottom layer was of water. This also confirms the insolubility of H-DESs in water and
validates the hydrophobic nature of the solvent so synthesized. Similar experiments were
conducted with TBAB/L-C to confirm the hydrophobicity of H-DESs.

Figure 5.9: TBAB/O-C before and after mixing with water
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Figure 5.10: Dye removal using hydrophobic deep eutectic solvents
Further to confirm the dye removal capabilities of synthesized H-DESs, one anionic
(methyl orange) and one cationic dye (crystal violet) were taken and used. From Figure
5.10, we can observe that all H-DESs shows more than 85% dye removal efficiency. The
maximum amount of dyes can be extracted at a lower concentration of the H-DESs.
TBAB/O-C H-DES has more affinity for dyes removal compared to that of TBAB/L-C.
The reason might be the increasing chain length of oleic acid as compared to Lauric acid.
The saturation of the H-DESs can be observed at 3:7 ratio of DESs/ADS, and there is
very little effect on further increasing the concentration of H-DESs from 0.3 to 0.4. Both
the H-DESs, TBAB/O-C as well as TBAB/L-C shows higher extraction efficiency for the
removal of anionic dye methyl orange then cationic dye crystal violet. The higher
extraction efficiency can be described based on the hydrogen bond between the H-DESs
and the Dyes. Both dyes molecules contain –NH groups, and the hydrogen bonding
between the –NH group and the –OH groups of H-DESs could be a probable reason for
higher extraction efficiency.
Moreover, the extraction efficiency is higher using TBAB/O-C, which is reflected due to
the lower viscosity of TBAB/O-C. The lower viscosity of TBAB/O-C help in greater
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interaction between the Dye and DES and, therefore, more extraction [200]. Further, the
extraction of methyl orange is more compared to crystal violet. This phenomenon is
attributed to hydrogen bond controlled extraction. Methyl orange forms a low pH solution
(~pKa= 3.4), resulting in the hydrogen bond interaction between protonated hydrogen
and the hydroxyl group between methyl orange and DESs. However, in the case of crystal
violet, pH value is high (~pKa=8.64) due to which availability of protonated hydrogen is
less and therefore lowered interaction. A schematic diagram for dye removal is shown in
Figure 5.11. The maximum removal efficiency was noted more than 97% for methyl
orange using TBAB/O-C H-DESs. The hydrophobic DESs prepared in this work is
compared with the previous work as given in Table 5.4.

High Hydrogen Bonding

TBAB/O-C
TBAB/L-C

Dye
Dye+

High Extraction
Efficiency
Low Extraction
Efficiency

Low Hydrogen Bonding

Figure 5.11: Mechanism of dye extraction from aqueous solution.

The reusability results of H-DESs for dye removal are shown in Figure 5.12. Here, HDESs from one cycle was used in the consecutive cycle without any treatment. It is
evident from the figure that H-DESs show more than 85% dye removal efficiency up to
4 cycles, which indicates the superior quality of these solvents.
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Table 5.4: Comparison of hydrophobic deep eutectic solvents synthesized in this work
with previously reported work
HBA

HBD

Molar Ratio

Tm(°C)

Reference

Tetrabutylammonium chloride

Decanoic acid

2:1

-11.95

[27]

Methyltrioctylammonium

Decanoic acid

2:1

-0.05

[27]

Tetraheptylammonium chloride

Decanoic acid

2:1

-16.65

[27]

Lidocaine

Decanoic acid

2:1

-----

[28]

Lidocaine

Decanoic acid

3:1

-----

[28]

Lidocaine

Decanoic acid

4:1

-----

[28]

Methyltrioctyl ammonium

Ethylene glycol

1:2

Dodecyl alcohol

1:2

-----

[30]

L-C

4:5

-8.2

This Work

O-C

1:2

-7.9

This Work

chloride

[30]

chloride
Methyltrioctyl ammonium
chloride

TBAB

5.3.4 Gas Solubility
CO2 Solubility in H-DESs
The CO2 solubility in TBAB/O-C and TBAB/L-C is shown in Figures 5.13 and 5.14,
respectively. It can be observed that for both solvent, CO 2 uptake decreases with
increasing temperature. For instance, CO2 uptake decreases from 0.18 mol CO2/mole
TBAB/O-C at 298.15 K to 0.12 mol CO2/mole TBAB/O-C at 318.15 K. Similar
behaviour is also observed for the TBAB/L-C DES. This suggests the solvent can be
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regenerated at a higher temperature and recycled back. The effect of CO 2 pressure was
also studied, as shown in Figure 5.13 and 5.14.
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Figure 5.12: The reusability of H-DESs for the extraction of dye from aqueous solution
First-order rate kinetics was used for gas dissolution rate at any time t as;[168]
𝐥𝐧 (

𝒏𝒕 − 𝒏𝒆
) = 𝒌𝒕
𝒏𝟎 − 𝒏𝒆

(5.15)

Where nt and ne is moles of CO2 at time t and equilibrium, respectively. n0 is the
initial moles of CO2 charged. The CO2 solubility in both the H-DESs was fitted according
to equation 5.15, as shown in Figure 5.15. The first-order rate kinetics correlated well
with the experimental data, and the rate constants obtained are given in Table 5.5. The
high regression parameters for the kinetic curve fitting show CO 2 solubility in both the
DESs follows first-order rate kinetics.
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Figure 5.12: Experimental and Peng-Rob predicted CO2 solubility in the TBAB/O-C
eutectic solvents at different temperatures.
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Figure 5.13: CO2 solubility in the TBAB/L-C eutectic solvents at different temperature
The Peng-Robinson equation of state thermodynamic model was used for modeling
vapour-liquid equilibria of the CO2-H-DES system. For modeling, it was assumed that
H-DESs have negligible vapor pressure and are a non-dissociative component.
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Figure 5.14: Kinetics of CO2 solubility in the both the DESs
Table 5.5: Binary interaction parameters and rate constant and enthalpy of absorption
calculated for DESs (DES1-TBAB/OCA; DES2-TBAB/LCA)

Component i

CO2

CO2

Component j

DES1

DES2

kAij

-28.37

48.45

kBij

0.05

-0.08

kCij

4157.89

-7494.60

Tlower

-273.15

-273.15

Tupper

726.85

726.85

Rate constant

∆𝑯

“k”(Sec-1)

kJ/mol

DES1

DES2

DES1

DES2

0.2256

0.3372

-14.69

-15.70

The Peng-Robinson EOS is given by
𝑷=

𝑹𝑻
𝒂
−
𝒗 − 𝒃 𝒗(𝒗 + 𝒃) + 𝒃(𝒗 − 𝒃)
(5.16)

Where a and b are parameters for attractive interaction and excluded volume of
molecules, respectively and are the functions of critical properties
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𝟎.𝟓

𝒂 = ∑ ∑ 𝒙𝒊 𝒙𝒋 (𝒂𝒊 𝒂𝒋 )
𝒊

(5.17)

(𝟏 − 𝒌𝒊𝒋 )

𝒋

Where kij is the binary interaction parameter given by
𝒌𝒊𝒋 = 𝒌𝑨𝒊𝒋 + 𝒌𝑩𝒊𝒋 + 𝒌𝑪𝒊𝒋

(5.18)

𝒃 = ∑ 𝒙𝒊 𝒃𝒊

(5.19)

𝒊

Aspen Plus V8.6 is used for vapor-liquid equilibrium (VLE) modeling of the gas
solubility in the DESs. The input parameters required, such as critical temperature,
pressure, and volume, are calculated as discussed in section 3.2.1. As shown in Figure
5.13 and 5.14, the Peng-Rob model correlated well with the experimental data, which
suggest the cohesive force is responsible for CO2 absorption in H-DESs. The obtained
binary interaction parameters are shown in Table 5.5. The CO2 uptake increases linearly
with an increase in the pressure suggesting CO2 absorption is physical.
Following the method mention in chapter 4, heat of absorption is calculated for the CO 2
solubility in the hydrophobic DESs as shown in Figure 5.15.
2.6

2.5

ln(P)/bar

2.4
2.3

DES1

2.2

DES2

2.1

Linear y = -1766.1x + 8.0436
(DES1)
Linear
(DES2) y = -1889.7x + 8.484

2
0.0031

0.0032

0.0033

0.0034

1/T(K)
Figure 5.15: Plot of ln(p) vs 1/T for heat of absorption calculation
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Empirical modelling of CO2 in Hydrophobic DESs
To corelate the solubility of CO2 in DESs an empirical CO2 solubility correlation was
proposed. The CO2 solubility will depends upon the temperature and CO2 partial pressure
and is given by
𝛼𝐶𝑂2 = 𝐴1 + 𝐴2𝑝 + 𝐴3𝑝2 + 𝐴4𝑇 + 𝐴5𝑇 2

(5.20)

Where, p is CO2 partial pressure in bar, T is temperature in Kelvin, and 𝛼𝐶𝑂2 is the CO2
loading (mol of CO2/ mol of DESs). A1,A2,A3,A4,and A5 are the empirical model
coefficients for the DESs.
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Figure 5.16: Estimated and experimental CO2 solubility using empirical model
% Absolute relative deviation (ARD) and % AARD between experimental (α exp) and
estimated values (αest) of CO2 loading were measured by following equation
%𝑨𝑹𝑫 = 𝟏𝟎𝟎

|𝜶𝒆𝒙𝒑 − 𝜶𝒆𝒔𝒕 |
𝜶𝒆𝒙𝒑

𝒏

|𝜶𝒆𝒙𝒑 − 𝜶𝒆𝒔𝒕 |
𝟏𝟎𝟎
%𝑨𝑨𝑹𝑫 =
∗ ∑
𝒏
𝜶𝒆𝒙𝒑
𝒊
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(5.21)

(5.22)

where, n is the number of experimental data points, αexp is the experimentally measured
CO2 loading at equilibrium, and αest is estimated CO2 loading at equilibrium using
empirical model.
Table 5.6: Estimated empirical model coefficients and %AARD
TBAB/OCA TBAB/LCA %AARD
A1
A2
A3
A4
A5

0.50674
0.01341
0.00010
-0.00021
0.00004

0.41878
0.00996
0.00010
-0.00022
0.00007

5.35

%AARD

6.64

It can be observed from the Figure 5.16 that the estimated value using empirical model
correlated well with the experimental values as indicated by the high R2 values. The
estimate %AARD value is less than 7%, which is indicate the reliability of the data within
the operating range. The obtained coefficients are given in the Table 5.6.

5.4 Conclusion
Hydrophobic DESs were successfully prepared using TBAB and binary fatty acids. The
critical properties of H-DESs were successfully evaluated using the modified
“Lydersen−Joback−Reid” method. The viscosity and conductivity data of both H-DESs
fitted well with the Arrhenius equation with the highest activation energy was shown by
TBAB/LC. Further, synthesized H-DESs was used as an extraction solvent for the
removal of cationic and anionic from aqueous solutions to confirm their hydrophobicities.
The results indicated not only the hydrophobic nature of H-DESs and also showed their
excellent dye removal capacities. Besides, synthesized H-DESs have shown high CO2
uptake. Peng-Robinson equation of states models well with the VLE of CO2 solubility in
H-DESs.
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Chapter 6: Simulation of CO2 Removal from Shale Gas Using Deep Eutectic
Solvents
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The content of this work has been published in
Mohd Belal Haider, Divyam Jha, M.S Balathanigaimani, Rakesh Kumar, “Modelling and
simulation of CO2 removal from shale gas using deep eutectic solvents”, Journal of
Environmental Chemical Engineering, 2019, 102747.
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6.1 Introduction
Natural gas is believed to be one of the potential alternatives to replace coal for energy
production. Compared with other fossil fuels, natural gas composed mainly of methane
and hence refer to as clean fuel[205,206]. However, natural gas exists in the deep
underground reservoir as shale gas along with nonhydrocarbon components such as CO2.
The presence of CO2 in natural gas is undesired pertaining to corrosion problems and low
heating value [56,207]. Therefore, CO2 needs to be removed from natural gas.
The conventional chemical solvents, for example, aqueous alkanolamine solution and
physical solvents such as selexol and NMP, are used for the natural gas purification.
These solvents have been at a lower cost and can be easily retrofitted in existing
plant[183]. However, high solvent regeneration energy, high corrosion rate, and high
vapor pressure limit their applications [208,209].
DESs are one of the potential candidates for CO2 capture sharing the property of ILs but
with lower cost, as discussed in the previous paper. Aspen plus has been seen as a versatile
process simulation and modeling tool to study the solvent-based CO2 capture. Shiflett et
al. used Aspen plus to simulate and model the CO2 capture using pure [bmim][Ac]. Their
results showed that [bmim][Ac] reduces energy consumption by 16% compared to the
conventional MEA process[210]. Similarly, based on their simulation results Khonkaen
et al. and Anthony et al. reported that the IL-based CO2 capture process requires lesser
energy compared to the amine-based CO2 capture process from flue gas [211,212].
However, it should be noted here that a study on CH4 solubility in a solvent is equally
important to determine the selectivity of the solvent for CO 2 over CH4. Recently, Liu et
al. simulated shale gas decarbonization using [bmim][NTf2] and compared it with the
conventional MDEA process[213]. The results showed that the energy required in
[bmim][NTf2] is 42.8% lesser compared to the conventional MDEA process. In our
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previous chapters, we have experimentally determined the CO2 solubility in different
types of DESs. However, very little has been known on the industrial feasibility of the
DESs for CO2 absorption. Therefore, we have investigated the CO2 removal from shale
gas using aspen plus simulator and compared the results with the conventional solvents.
Selection of DESs
Choline chloride (ChCl) based DESs have been shown as a versatile alternative to ILs
sharing physicochemical properties of ILs [88,90]. Therefore, most of the work was
inspired by choline chloride-based DESs for CO2 capture [166]. Li et.al. reported
solubility of CO2 in DESs formed from ChCl and urea with molar ratio of 1:1.5,1:2,1:2.5
[111]. Their studies revealed that CO2 solubility is highest in the DES formed in the molar
ratio 1:2 and were in the order of ammonium (C4 MIM) based ILs. Similarly, Ethaline
formed from the ChCl as HBD and Ethylene Glycol as HBA has shown significant CO 2
uptake with lower viscosity[112,113,214]. Therefore, in this work two DESs reline
(ChCl:Urea in the molar ratio 1:2) and ethaline (ChCl:ethylene glycol in the molar ratio
1:2 ) were chosen for further study.
Methodology
In the present work, aspen plus simulator was used to model and simulate CO 2 capture
from shale gas using DESs. DESs are defined as pseudo-components in the Aspen Plus;
therefore, the critical properties were calculated exclusively for the current study. The
experimental thermophysical properties of DESs such as density, viscosity, molar heat
capacity, and surface tension were taken from the literature [215–219]. Further, the
experimental results of CO2 solubility in DESs were taken from our recently published
work to model VLE of the CO2-DESs system. Since there is no CH4 solubility data
reported, therefore, experiments were conducted for CH4 solubility in DESs, and obtained
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data was used for modeling. The DESs based decarbonization results were also compared
with the conventional solvents MDEA and selexol.

6.2 Experimental Section
6.2.1 Materials: Choline chloride (≥98%), ethylene glycol (99%), and urea (99.8%) were
purchased from S D Fine-Chem Limited. Sigma Gases Pvt. Ltd supplied carbon Dioxide
and Methane (purities >99.99 wt%). All materials were used for the preparation of DESs
without further purification.
Table 6.1: Deep Eutectic Solvents with their structure, molar composition, and
abbreviations
Molar
Hydrogen Bond Acceptor

Hydrogen Bond Donor
Composition

Name

Ethylene glycol (EG)

ChCl / 2EG

Ethaline

Urea(U)

ChCl / 2U

Reline

Choline Chloride (ChCl)

6.2.2 Synthesis of DESs
The procedure for the synthesis of DESs was similar, as described by Abbott et.al.[88,92].
In general, fixed molar ratios of hydrogen bond donor (HBD) and hydrogen bond acceptor
(HBA) were mixed for synthesized DESs. The mixture was heated at 348.15 K for five
hours under constant agitation of 800 rpm. The obtained DESs were used for CO2 and
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CH4 absorption without further purification. The molar composition, structure and the
abbreviation used for the synthesized DESs are shown in Table 6.1.
6.2.3 Gas Solubility Measurements
The details of the experimental setup for gas solubility measurements have been reported
in our previous work[167]-[118]. In general pressure, the drop method was used, in which
the known volume of solvent was loaded into high-pressure equilibrium cell, and the
system was degassed using a vacuum pump. Gas was then fed to the equilibrium cell
using a valve, which connects the reservoir. The pressure of the equilibrium cell was
recorded periodically which gradually reduces due to gas dissolution in the DES. The
system was allowed to reach equilibrium condition (~6 hrs). The amount of gas dissolved
in the solvent is the difference of the initial moles of gas charged into the system and the
moles of the gas present in the system at equilibrium.
6.2.4 Properties Estimation
The critical properties were first evaluated for modeling of thermo-physical properties
and vapor-liquid equilibria. The detailed discussion for the estimation of critical
properties has been reported in our previous work [38]. In general, the “modified
Lydersen−Joback−Reid” (LJR) method was first used to evaluate the individual critical
properties of DESs precursor [169–171,201]. Further, the Lee-Kesler mixing rule was
used to estimate the critical properties of DESs [174].
Like ionic liquids, deep eutectic solvents are believed to be non-volatile and have a
negligible vapour pressure. Properties such as heat capacities, viscosity, density, and
surface tension are important for carrying out the process modeling and simulation in the
aspen plus. Table 6.2 depicts the expressions used to co-relate and predict the
temperature-dependent properties[86,220,221]. To account for the negligible vapor
pressure exhibited by the DESs, the first parameter (C1i) of the extended Antoine’s
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equation (Eq. 6.1) was assigned an imaginary value of -1016 and the other parameters (C2i,
C3i, C5i) were specified to be zero.
𝑪𝟐𝒊
+ 𝑪𝟒𝒊 + 𝑪𝟓𝒊
𝑻 + 𝑪𝟑𝒊

𝐥𝐧 𝑷𝒊 = 𝑪𝟏𝒊 +

(6.1)

6.2.5 Thermodynamic Modelling
The Peng-Robinson equation of state was used to modelled the CO2 and CH4 solubility
in DESs. The Peng-Robinson equation[175] of state (PR-EOS) is given by
𝑷=

𝑹𝑻
𝒂
−
𝒗 − 𝒃 𝒗(𝒗 + 𝒃) + 𝒃(𝒗 − 𝒃)

(6.2)

Where a and b are parameters for attractive interaction and excluded volume of
molecules, respectively and are the functions of critical properties
𝟎.𝟓

𝒂 = ∑ ∑ 𝒙𝒊 𝒙𝒋 (𝒂𝒊 𝒂𝒋 )
𝒊

(𝟏 − 𝒌𝒊𝒋 )

(6.3)

𝒋

Where kij is the binary interaction parameter given by
𝒌𝒊𝒋 = 𝒌𝑨𝒊𝒋 + 𝒌𝑩𝒊𝒋 + 𝒌𝑪𝒊𝒋

(6.4)

𝒃 = ∑ 𝒙𝒊 𝒃𝒊

(6.5)

𝒊

6.2.6 Process modeling and simulation
The CO2 capture process was simulated in Aspen Plus® (v.8.6) of Aspen Technology Inc.
Cambridge. A base case was defined to assess the capability of DESs for CO2 separation
from shale gas. The composition of the shale gas feed stream was selected in such a way
so that it resembles a real shale gas stream, as given in Table 6.3 [213,222]. CO2 removal
from the shale gas was studied using physical solvents as well as chemical solvents. As
depicted in Figure 6.1, the conventional process consists of an absorber column for CO2
removal from shale gas followed by a stripper column for the solvent regeneration. Both
absorber and stripper units were modelled as RADFRAC subroutine of the Aspen Plus.
A heat exchanger was also employed between rich and lean solvent for heat integration.
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The process flow sheet for CO2 removal from shale gas is shown in Figure 6.1 for
conventional MDEA solvent.
Table 6.2: Equations used for estimation of thermo-physical properties
Property

Equation

Description

No

Cp is liquid molar heat
Molar Heat

𝐶𝑃 = 𝑤 + 𝑥 ∗ 𝑇 + 𝑦 ∗ 𝑇 2

capacity (J·kmol-1·K-1) and w, (6.6)

Capacity
Density

x, y are equation coefficients
𝜌 = 𝑘1 + 𝑘2 𝜏 .35 + 𝑘3 𝜏 2/3

𝜌 is density(g/ml) and k1-k4

+ 𝑘4 𝜏 1
where
Surface
Tension
Viscosity

are coefficients
𝑇

𝜏 =1−𝑇

𝐶
2

𝜎 = 𝑞1 (1 − 𝑇𝑟 )𝑞2 +𝑞3 𝑇𝑟 +𝑞4 𝑇𝑟
where
𝑙𝑛𝜂 = 𝐴 +

(6.7)

𝑇

𝑇𝑟 = 𝑇

𝜎 is surface tension (mN/m)
and q1-q4 are coefficients

(6.8)

η is viscosity (mPa.S) and A,

(6.9)

𝐶

𝐵
+ 𝐶𝑙𝑛𝑇
𝑇

B, C are coefficients

The process flowsheet of DESs based CO2 removal is shown in Figure 6.2. It mainly
consists of an absorber column modeled as RADFRAC subroutine and three flash drums
(regeneration unit) modeled as FLASH2 subroutine. DESs were used in their pure forms.
The solvent make-up unit was used to compensate for any loss of the solvent in the
process. Shale gas containing CO2 was contacted in a counter-current manner with DESs
in an absorber column. The rich solvent (containing CO2) exits the absorber from the
bottom and entered into the first flash and subsequently to the second flash at lower
pressure to recover the hydrocarbon. CO2 is finally released from the third flash, which
operates at 1 atm.
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Table 6.3: Shale gas specification
Component

Flow rate (kmol hr-1)

CH4

800

C2H6

70

C3H8

18

CO2

100

N2

12

Figure 6.1: Process flow diagram for shale gas decarbonization using MDEA.
Since DESs have a negligible vapor pressure, therefore, depressurization of the rich DESs
releases the CO2 gas from the top and lean solvent from the bottom, which is essentially
pure DESs. Finally, the regenerated DESs were pressurized by a pump and recycled back
into the absorber column. CO2 was recovered from the top of the flash drum, and
subsequently, it was compressed and stored for further processing.
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Figure 6.2: Process flow diagram for shale gas decarbonization using DESs
Gas recovery for the process is calculated as
𝑪𝑶𝟐 𝒓𝒆𝒄𝒐𝒗𝒆𝒓𝒚 =

𝑸𝒑𝒖𝒓𝒆 𝑪𝑶𝟐
𝑸𝑭𝑪𝑶

(6.10)

𝑸𝒑𝒖𝒓𝒆 𝑪𝑯𝟒
𝑸𝑭𝑪𝑯

(6.11)

𝟐

𝑪𝑯𝟒 𝒓𝒆𝒄𝒐𝒗𝒆𝒓𝒚 =

𝟒

Where 𝑄𝐹𝐶𝑂2 and 𝑄𝐹𝐶𝐻4 are the flow rate of CO2 and CH4 in the feed gas stream,
respectively. 𝑄𝑝𝑢𝑟𝑒 𝐶𝑂2 and 𝑄𝑝𝑢𝑟𝑒 𝐶𝐻4 are the flow rate of CO2 and CH4 in the pure CO2
and CH4 streams, respectively.

6.3 Results and Discussion
6.3.1 Critical Properties Estimation and Thermodynamic Modelling
The estimated critical properties of reline and ethaline were found consistent with the
literature[223], as listed in Table 6.4. The molar heat capacity data for reline as well as
ethaline obtained from the literature [215] and then subsequently were correlated well
with the eq. 6.6 (Table 6.2), as shown in Figure 6.3.
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Table 6.4: Estimated critical properties of DESs

Units
TCM

K

VCM

cc mol-1

PCM

bar

𝜔𝑀

Ethaline
Previous
work[223]
This work
602.00
601.99
259.67
259.70
40.39
40.40
0.952
0.92

Reline
Previous
work[223]
This work
644.40
644.45
254.37
254.37
49.35
50.23
0.66
0.65

87.92

86.58

207.15

285.15

ZC

0.21

0.24

SG

1.13

1.08

MW
TFP

K

Similarly, density and surface tension data obtained from the literature were correlated
well with the eq. 6.7 and 6.8, respectively as listed in Table 6.2 [97,217–219,224]. It
can be observed from Figure 6.4 that the density of DESs decreases with increasing
temperature due to the thermal expansion of DESs. Similarly, the surface tension of DESs
decreases with increasing temperature, as shown in Figure 6.5, due to a reduction in
cohesive forces between the surface molecules. Surface tension values are important for
flooding consideration and pressure head calculation in the aspen plus. As shown in the
Figures 6.4 and 6.5, the calculated density and surface tension match well with
experiments for both ethaline and reline. The obtained fitting parameters of the density
and surface tension are listed in Tables 6.5 and 6.6.
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Molar Heat Capacity(J mol-1K-1)

210

200

190
Reline-Expt
Reline-Est
Ethaline-Exp
Ethaline-Est

180

170
300

320
340
Temperature(K)

360

Figure 6.3: Experimental and calculated molar heat capacity of reline and ethaline.
1.25

Reline-Exp
Reline-Est
Ethanline-Exp
Ethaline-Est

Density(g mL-1)

1.2

1.15

1.1

1.05

290

310

330
350
Temperature(K)

370

Figure 6.4: Experimental and calculated density of reline and ethaline.
The temperature variation of the viscosity for ethaline and reline are extracted from the
Carmine et al. and Anita et al., respectively [216,224]. The regressed data for ethaline and
reline are shown in Figure 6.6. It could be observed that reline is more viscous than
ethaline, and the viscosity of reline decreases exponentially with an increase in
temperature. Viscosity data are essential for the calculation of tray-to-tray calculation
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such as liquid film resistance and determining the tray efficiency. As shown in Figure
6.6, both DESs were fitted well according to the MULAND eq. 6.9 (refer to Table 6.2)
and obtain coefficients are given in Table 6.5.
Table 6.5: Calculated density and viscosity parameters of ethaline and reline
Density (g ml-1)

Property
parameter

k1

k2

k3

Viscosity(mPa.S)
Standard

A

B

C

Deviation

Standard
Deviation

Reline

0.61

0.73

0.00

0.02

-904.39

48184.4

131.5

0.31

ethaline

0.71

0.39

0.16

0.03

267.21

-11071.3

-39.7

0.42

Surface Tension(mN m-1)

60

55

50
Reline-Exp
Reline-Est
Ethaline-Exp
Ethaline-Est

45

40
290

300

310
320
330
Temperature(K)
Figure 6.5: Experimental and calculated surface tension of reline and ethaline.
6.3.2 Modeling of Gas Solubility in DESs
The details of the experimental setup and methodology have already been reported in our
previous work[167]-[118]. All the gas solubility experiments were conducted at a
temperature range between 30 and 50°C.
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Table 6.6: Calculated Surface tension and molar heat capacity parameters of ethaline and
reline
Property

Molar Heat Capacity (Jmol-1 K-1)

Surface Tension
(mN m-1)

Parameter

q1

q2

q3

q4

Standard

w

x

y

Deviation

Standard
Deviation

Reline

78.74

0

0

2.48

0.81

155.22

0

2.82E-4

0.57

Ethaline

59.27

0.069

0.027

0.33

0.24

150.29

0

4.41E-4

0.48

1000

Viscosity(cP)

800

600
Reline-Exp
Reline-Est

400

Ethaline-Exp
ethaline est

200
0
290

300

310
320
330
Temperature(K)
Figure 6.6: Experimental and calculated viscosity of reline and ethaline
In previous work, CO2 solubility in ethaline and reline were used here for the process
modelling and simulation[20,38,52]. Vapor-liquid equilibria of CO2-DESs [112,113,119]
and CH4-DESs were modelled using Peng-Robinson EOS. The experimental and modelpredicted CO2 solubility in ethaline and reline at various temperatures are shown in
Figure 6.7 and 6.8, respectively. Peng-Robinson's method correlates the experimental
data very well, as shown in the figures.

141

The experimental solubilities of CH4 in reline as well as in ethaline are shown in Figures
6.9 and 6.10. It can be observed that CH4 solubility decreases with increasing temperature
for both DESs. Moreover, the solubility of methane in ethaline is less compared to that
of reline. The model predicted CH4 solubility in ethaline and reline match well with the
experimental solubility, as shown in Figure 6.9 and 6.10, respectively. The obtained
binary interaction parameters for CO2 and CH4 in ethaline and reline are listed in Table
6.7.

Mole fraction of CO2

0.2

0.16
0.12
0.08
303.15 K
313.15 K
323.15 K
Peng-Rob predicted

0.04
0
0

20
40
Pressure(bar)

60

Figure 6.7: Experimental and model predicted CO2 solubility in ethaline
6.3.3 Simulation of CO2 Capture from Shale Gas
The key parameters for CO2 capture are the solvent circulation rate and also the energy
requirement for the regeneration of solvents. Therefore, the DESs flow rate required to
get the desired purity of the shale gas was determined first. It may be noted here that the
mole fraction of CO2 in the commercial natural gas should be less than 3%[225]. For this
purpose, the sensitivity analysis was performed, and the solvent flow rate was varied in
the range of 2000-7000 kmol hr-1 for targeting the CO2 mole fraction less than 3% in the
clean gas for a constant feed gas flow rate of 1000 kmol hr-1.
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0.3

Mole fraction of CO2

0.25
0.2

0.15
303.15 K

0.1

313.15 K
323.15 K

0.05

Peng-Rob predicted

0

0

20

40
60
80
Pressure(bar)
Figure 6.8: Experimental and model predicted CO2 solubility in reline

Table 6.7: Estimated Peng-Robinson binary parameters
Component i

Reline

Reline

Ethaline

Ethaline

Component j

CH4

CO2

CH4

CO2

kAij

0.849

-10.631

-73.312

-7.767

kBij

-0.001

0.017

0.123

0.014

kCij

-173.412

1701.646

Tlower(K)

-273.15

-273.15

-273.15

-273.15

Tupper(K)

726.85

726.85

726.85

726.85

10940.080 1147.599

Effect of Solvent Flow rate
The effect of the solvent flow rate on CH4 and CO2 mole fraction in clean shale gas
coming out from an absorber column is shown in Figure 6.11. It was observed that mole
fraction of CH4 increases, and CO2 mole fraction decreases on increasing the DESs
solvent flow rate. For the same flow rate of ethaline and reline, higher purity of shale gas
was achieved by the ethaline. Ethaline showed a steep increase in the absorption rate of
CO2 compared to reline.
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313.15 K
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Figure 6.9: Experimental and model predicted CH4 solubility in ethaline
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313.15 K
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Figure 6.10: Experimental and model predicted CH4 solubility in reline
CO2 and CH4 Gas recovery on increasing the solvent flow rate is shown in Figure 6.12.
It could be observed that with increasing ethaline flow rate, there is no significant effect
on the CH4 gas recovery. However, in the case of reline CH4 gas recovery decreases with
increasing reline solvent flow rate, and ~94% of CH4 gas recovery is achieved at reline
flow rate of 7500 kmol hr-1. As shown in Figure 6.12 (b), CO2 recovery for both ethaline
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and reline increases with an increase in the solvent flow rate, and higher CO2 recovery
using reline could also be noted. In general, the right solvent for CO2 removal from shale
gas is one which takes up large quantities of CO2 with minimal loss of CH4.
Effect of Flash Pressure
The CO2 rich solvent leaving an absorber column is sent to three successive flash drum
operating at high, medium, and low-pressure conditions in order to regenerate the solvent
with high purity. The solvent rich stream was sent to the first and second flash drum with
a slight increase in the temperature (ΔT=20 K and 10 K in a first and second flash,
respectively). The effect of flash drum pressure on heat duty and mole fraction of methane
from the top of the flash drums using ethaline and reline are shown in Figures 6.13 and
6.14, respectively.
In the case of ethaline solvent, when the flash drum pressure is increased, the heat duty
decreases and attains a minimum heat duty at 18 and 10 bar for first and second flash
drums, respectively. However, the mole fraction of methane increases linearly in both the
flash drums as the flash drum pressure increases. Similarly, when the flash drum pressure
is increased in the case of reline mole fraction of methane from the flash top increases.
Further, the heat duty in case of first flash drum decreases continuously with increasing
pressure whereas in the second flash drum a minimum heat duty could be observed at 28
bar, as shown in Figure 6.14.
Comparison with different solvents
In order to compare the DESs with the conventional solvents, CO 2 removal from shale
gas was also simulated using the selexol process (physical solvent) and 50 wt % MDEA
process (chemical solvents). Aspen plus inbuilt property method was used to simulate
selexol and MDEA processes. The process flowsheet used for MDEA and selexol are
similar to Figures 6.1 and 6.2, respectively.
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(b)

0.96

0.08

0.92

0.06

0.88
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0.84

CH4
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Figure 6.11: Effect of solvent flow rate (a) Ethaline (b) Reline on the mole fraction of
methane and carbon dioxide in the clean shale gas
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0
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Figure 6.12: Effect of solvent flow rate on the recovery of (a) CH4 (b) CO2
These processes are simulated to purify the shale gas with maximum recovery of CO 2.
The optimized results obtained from the simulations were compared with the ethaline and
reline as shown in Table 6.8. It can be observed from the table that the conventional
process requires lesser solvent compared to both DESs. The solvent requirement in the
MDEA is the least (1600 kmol hr-1) followed by the selexol process (3500 kmol hr-1).
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Figure 6.13: Effect of pressure on heat duty in a) First Flash and (b) the second Flash
using Ethaline
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0.55

2000
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(b)
0.84

740

CH4

0.8

Heat Duty (Kw)

720
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0.76
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0.72
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Heat Duty

0.68
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20
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30
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35

Figure 6.14: Effect of pressure on heat duty and mole fraction of methane in (a) First
Flash and (b) second Flash using Reline

Among DESs, the solvent requirement in reline (7350 kmol hr-1) is more compared to
ethaline solvent (6800 kmol hr-1). The reline solvent has shown the highest carbon dioxide
recovery compared to other solvents. The highest recovery for methane was shown by
MDEA (99.93), followed by ethaline (99.91). An energy analysis of the overall process
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was also done, and the energy required in each unit was calculated as given in Table 6.8.
Although DESs based shale gas decarbonization requires more solvents, these solvents
may be utilized because of their non-corrosive nature, negligible vapour pressure and high
thermal stability.
Table 6.8: Comparison of DESs with conventional solvents
Reline

Ethaline

Selexol

MDEA

FLASH1 (kW)

2583.01

2788.34

3930.59

318

FLASH2 (kW)

674.44

911.91

3508.45

-

FLASH3 (kW)

1177.87

1153.78

984.45

-

Stripper (kW)

-

-

-

5894

(kW)

-

-

-

644

Pump (kW)

608.74

471.23

217.52

88

Compressor (kW)

305.32

191.04

687.00

-

CH4 recovery

93.89

99.91

97.84

99.93

CO2 recovery

82.98

79.26

80.59

81.45

7350

6800

3500

Heat Exchanger

Solvent Flow Rate
(kmol/hr)

1600

6.4 Conclusions
The performance of deep eutectic solvents (reline and ethaline) for CO2 capture was
successfully modeled and simulated using ASPEN Plus. The experimental viscosity,
density, molar heat capacity, and surface tension of DESs were regressed to calculate
their equations fitting parameters. The VLE of CO2 and CH4 in DESs was modelled using
the Peng-Robinson equation of state, and model binary interaction parameters were
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estimated. Both DESs have shown potential for shale gas decarbonization with significant
removal of CO2. It was found from the simulation results that the recovery of
decarbonized shale gas from the DES process is more than the conventional MDEA
process. In summary, the DES-based process could be energy-efficient and environmental
friendly carbon capture technology.
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Chapter 7: Phosphonium-based Deep for Flue Gas Decarbonization

The content of this work has been published in
Mohd. Belal Haider, Rakesh Kumar, “Phosphonium-based Deep Eutectic Solvents for
CO2 Capture from Flue Gas, Journal of molecular liquids, (under review)
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7.1 Introduction
Researchers have shown that the CO2 solubility in the phosphonium-based DESs is higher
than the CO2 solubility in ammonium-based DESs [125,126,226]. Also, phosphonium
based-DESs have higher thermal stability compared to ammonium-based DESs [227].
Therefore, in this work, CO2 uptake in phosphonium-based DESs having diethylene
glycol, ethylene glycol, and glycerol as HBDs was investigated experimentally. The
experiments were conducted at different temperatures with 10 K intervals and pressure
up to 10 bar. After determining solubility, the data derived from experiments were
modelled using Peng-Robinson EOS. Further, the flue gas decarbonization process was
simulated using obtained experimental VLE data. The conventional MEA based process
was also simulated to compare with the phosphonium-based DESs solvents.

7.2 Experiments
7.2.1 Materials: Sigma Gases Pvt supplied carbon dioxide with purity >99%. In this
work, diethylene glycol, ethylene glycol, and glycerol are HBDs, and methyl
triphenylphosphonium Bromide is HBA. The detailed information of the other chemicals
used in this work is mentioned in Table 7.1, and their structures are given in Figure 7.1.
7.2.2 DESs Preparation
The DESs were synthesized as reported by Abbott et.al.[88]. In general, a fixed molar
ratio of HBAs and HBDs was thoroughly mixed at a constant temperature of 353.15 K.
The experiment was continued until a single phase of colorless liquid was formed. DESs
were then dried overnight at 323.15 K under vacuum. Table 7.2 shows the DESs studied
in this work. The HNMR spectra of DESs prepared in this work is given in appendix,
Figure S7.1 to S7.3.

154

Diethylene glycol

Ethylene glycol

glycerol

Hydrogen Bond Donors

Methyltriphenylphosphonium Bromide
Hydrogen Bond Acceptor
Figure 7.1: structure of compounds used in this work

7.2.3 Characterization
The Mettler Toledo balance (NewClassic MS) with an accuracy of ±10-4 was used to
weigh the samples. The DESs FTIR spectra were measured in the wavenumber range of
450-4000 cm-1 using the PerkinElmer Spectrum two spectrometer.
7.2.4 Gas Solubility Measurements
The methodology adapted for gas uptake has been discussed in our previous
work[167,228]. In brief, for measuring gas solubility known volume of equilibrium cell
was charged with a fixed quantity of DES. The entire setup was thermostated to maintain
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a constant temperature. The setup was then vacuumed, and CO2 was injected to the
equilibrium cell, and inside pressure was recorded at a regular interval of time.
Table 7.1: List of chemicals used for DESs synthesis
Chemical Name

Source

CAS

Purity

Water

Registry

(%)

content

Number

(%)

1779-49-3

≥98

N/A

Merck

107-21-1

≥99

≤0.30

Diethylene Glycol

Spectrochem

111-46-6

≥99

≤0.10

Glycerol

Fisher Scientific

56-81-5

≥99

N/A

Carbon Dioxide

Sigma Gases

124-38-9

≥99.9

N/A

Methyltriphenylphosphonium

Avra Synthesis

Bromide

Pvt Ltd

Ethylene Glycol

Table 7.2: Deep Eutectic Solvents synthesized in this work a
Hydrogen Bond

Freezing

weight

point(K)

Molar

Hydrogen Bond Acceptor
Donor

Molecular

Composition
Name

Methyltriphenylphosphonium

Ethylene glycol

MTPPhBr /

Bromide

(EG)

4EG

(MTPPhBr)

Diethylene glycol

MTPPhBr /

(DEG)

4DEG

Glycerol

MTPPhBr /

(GLY)

3GLY
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(g/mol)
121.11

223.80

158.80

248.39

158.38

248.82

DES1

DES2

DES3

The CO2 pressure gradually decreases as CO2 dissolves in the DES until equilibrium is
reached. The difference between initial and final moles was taken to calculate the quantity
of CO2 dissolved in the synthesized DESs.
7.2.5 Properties Estimation and VLE Modelling
Group contribution method was employed for determining the DESs critical properties.
The “Modified Lydersen−Joback−Reid” (LJR) method was used to first determine the
individual properties of DESs precursors[170,171]. The critical properties of higher
molecular weight compounds such as ionic liquid have shown good predictability using
modified LJR[169–171,201]. Lee-Kesler rule was further used to predict the DESs
critical properties[174]. The detail equation and methods are given in our previous
work[228].
Table 7.3: Equations used for estimation of thermo-physical properties
Property

Density
Surface
Tension

Equation

Description

No

𝜌 = 𝑘1 + 𝑘2 𝜏 .35 + 𝑘3 𝜏 2/3 + 𝑘4 𝜏 1

𝜌 is density(g/ml) and k1-

(7.2)

where

𝑇

𝜏 =1−𝑇

k4 are coefficients

𝐶
2

𝜎 = 𝑞1 (1 − 𝑇𝑟 )𝑞2 +𝑞3 𝑇𝑟+𝑞4 𝑇𝑟
where

𝑇

𝑇𝑟 = 𝑇

𝜎 is surface tension

(7.3)

(mN/m) and q1-q4 are

𝐶

coefficients
Viscosity

𝑙𝑛𝜂 = 𝐴 +

𝐵
+ 𝐶𝑙𝑛𝑇
𝑇

η is viscosity (mPa.S) and

(7.4)

A, B, C are coefficients

Deep Eutectic Solvents are assumed to have negligible volatility. The equations used to
find out the thermo-physical properties of DESs are given in Table 7.3[157,203,229].

157

The imaginary value of -1016 is assigned in the extended Antoine’s equation to first
parameter (C1i in Eq. 7.1) and the other parameters are assumed to be zero to satisfy the
negligible vapour pressure behaviour of DESs.
𝐥𝐧 𝑷𝒊 = 𝑪𝟏𝒊 +

𝑪𝟐𝒊
+ 𝑪𝟒𝒊 + 𝑪𝟓𝒊
𝑻 + 𝑪𝟑𝒊

(7.1)

The vapor-liquid equilibri of CO2 solubility in DESs is modeled using Peng-Robinson
equation of state. The details of Peng-Robinson's equation[175] of state (PR-EOS) are
given in our previous work[228].

7.3 Process Modeling and simulation
7.3.1 Process Description
Figure 7.2 represents the flue gas decarbonization through the process flow sheet. It
mainly has an absorber column where DESs were used in pure form to contact countercurrently with flue gas to absorb CO2. The solvent enriched with CO2 leaves from the
absorber bottom and was then fed to the first flash unit, which essentially consists of flash
drum operating at low pressure for recovery of N2. This is followed by a series of a flash
drum (or regeneration units) operating at lower pressure. Since DESs are non-volatile,
therefore lowering pressure results in releasing carbon dioxide from the top and DES from
the bottom. The regenerated DESs were then recycled back to the absorber column. Also,
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to lower the heat consumption and increase the recovery, the process has been modified
by using the two-stage process, as shown in Figure 7.3.

Figure 7.2: Process flow diagram for double stage CO2 capture from flue gas using DESs

Figure 7.3: Process flow diagram for triple stage CO2 capture from flue gas using DESs
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Figure 7.4: Flow chart of the process development for flue gas decarbonization
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7.3.2 Process Modeling
Aspen Plus ® (v.8.6) simulator is used for CO2 capture process development. The absorber
column and stripper unit were modelled as RADFRAC, and the flash drum was modelled
using FLASH2 subroutine of the Aspen Plus. At each tray of the absorber column,
thermodynamic equilibrium was assumed.
7.3.3 Problem Statement
Table 7.4 represents the typical composition of the feed stream resembling a flue gas[21].
In the absorber, the solvent was fed at stage 1, and feed gas was introduced on stage 10.
Figure 7.4 shows the step used to optimize and develop the process for flue gas
decarbonization.
Table 7.4: Flue gas composition
Temperature(k)

321.2

Pressure(kPa)

101.6

Flow rate(kmol/hr)

1000.0

Composition

Mole fraction

H2O

0.1125

CO2

0.133

N2

0.7164

O2

0.0381

7.4 Result and Discussion
7.4.1 CO2 Solubility
The CO2 uptake in DES1, DES2, and DES3 are depicted in Figures 7.5, 7.6, and 7.7,
respectively. The CO2 uptake was measured in temperature range 303-323K and pressure
up to 12 bar. From figures, it can be seen that CO2 uptake varies inversely with the
temperature. This is also evident from the decrease in the slope with increasing
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temperature. This suggests that at high temperatures DESs can be reproduced and
recycled again. Also, with an increase in pressure, the CO2 solubility increases linearly.
Such trends are typically found in the ILs and DESs absorbing CO2 by physical
absorption. To confirm the physical absorption behaviour of CO2 FTIR analysis of the
sample before and after CO2 uptake was conducted. As depicted in Figure 7.8, there are
negligible changes in the FTIR; this suggests that CO2 is immediately released after
coming to atmospheric pressure. However, as shown in Figure 7.9, a sharp band at 2340
cm-1 assigned to asymmetric O=C=O bond was observed for DES2 [167]. This reflects
that DES2 does not fully desorb CO2 when pressure is released. The FTIR spectra of DES3
is shown in the supplementary information.
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Figure 7.5: CO2 solubility in DES1 at different temperature
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Figure 7.6: CO2 solubility in DES2 at different temperature
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Figure 7.7: CO2 solubility in DES3 at different temperature
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Figure 7.8: FTIR Spectra of DES1 (a) before CO2 absorption (b) after CO2 absorption

Figure 7.9: FTIR Spectra of DES2 (a) before CO2 absorption (b) after CO2 absorption
7.4.2 Modeling
Thermodynamic modelling
The critical properties of DESs were estimated using the equation as defined in previous
section, and the values are shown in Table 7.5. Using critical properties density was
calculated, which matches well with the experimental density with very low standard
deviations.
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Figure 7.10: Experimental and calculated density of DESs.
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Figure 7.11: Experimental and calculated surface tension of DESs.

As shown in Figure 7.10, the density data for DESs obtained from the literature were
well correlated with equation 7.8. Similarly, surface tension data correlated well with
equation 7.9, as shown in Figure 7.11. The obtained parameters are listed in Tables S7.1
and S7.2.
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Table 7.5: Estimated critical properties and density of DESs measured at 298.15 K
temperature and p=0.1 MPa a
DESs

TC

VC

PC

(K)

(cc/mol)

(bar)

ω

Density

Density

Absolute

calculated

experimental

percentage

(kg/m3)

(kg/m3)

error

DES1

684.70

303.078

40.42

0.9210

1265.7

1232.6

2.68

DES2

750.24

420.62

31.45

0.9569

1242.0

1208.7

2.75

DES3

801.65

403.44

30.84

1.2518

1299.1

1297.8

0.09

a

Standard uncertainty of temperature is u(T) = 0.2 K, u(p) = 10 kPa and relative standard

uncertainty ur are ur(ρ) = 0.01.
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Figure 7.12: Experimental and calculated viscosity of DESs.
The dependence of viscosity on temperature was correlated using eq.7.10, as shown in
Figure 7.12, and obtained parameters are given in Table S7.1.
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Figure 7.13: Experimental and Peng-Robinson predicted CO2 solubility in DES1

Table 7.6: Estimated Peng-Robinson binary parameters
Component i

DES1

DES2

DES3

Component j

CO2

CO2

CO2

kAij

-28.36

-24.87

-68.92

kBij

00.05

00.04

00.12

kCij

4137.49

3794.77

10000.00

Tlower(K)

-273.15

-273.15

-273.15

Tupper(K)

726.85

726.85

726.85

Vapour-Liquid-Equilibria (VLE) Validation
Peng-Robinson EOS was used to modelled CO2-DESs VLE. Since the PR-EOS model is
the equation of state model, therefore critical properties estimated above were used for
VLE modeling. Figure 7.13 shows the experimental data of CO2 solubility and PR-EOS
predicted carbon dioxide solubility in DES1. Peng-Robinson's method correlates well
with experimental VLE data, and the regressed binary interaction parameters are
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tabulated in Table 7.6. The VLE modelling of PR-EOS for DES2 and DES3 is given in
appendix Figure S7.4 and S7.5, respectively.
7.4.3 Simulation
7.4.3.1 Simulation of DESs-based decarbonization process
Effect of absorber pressure
DESs absorb CO2 using physisorption; therefore, the absorber pressure is a key operating
parameter. The absorber pressure effect on carbon dioxide mole fraction in outlet gas
stream from the top is shown in Figure 7.14. At high absorber pressure, the concentration
of carbon dioxide in the treated top gas stream is less compared to CO2 concentration at
lower pressure. This could be regarded for the physical absorption behaviour of the DESs.
Also, for the same absorber pressure, DES2 has shown more CO 2 uptake, followed by
DES1 and DES3. This can be easily related to the higher CO2 uptake of DES2 compared
to DES1 and DES3, as shown in Figure 7.9.
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Figure 7.14: Effect of absorber column pressure on the CO2 mole fraction of clean gas
Effect of flash pressure
The enriched stream of solvent is then pumped to the first flash drum to recover the loss
N2 and to increase the percentage purity of carbon dioxide in the final stream. The effect
168

of pressure on the first flash drum is shown in Figures 7.15, 7.16, and 7.17 for DES1,
DES2 and DES3, respectively. It can be stated that with increasing pressure, CO2
concentration in the outlet stream decreases, but the concentration of N2 is increasing.
Also, with increasing flash drum pressure, the first flash drum heat duty decreases and
attains minima at 35, 25, and 10 bar for DES1, DES2, and DES3, respectively. Therefore,
the first flash was operated at respective consecutive pressure for DESs. Similar
behaviour was also observed with varying temperature as shown in Figure S7.6, S7.7 and
S7.8, and the corresponding temperature value was used for the flash drum. The bottom
stream leaving from the first flash is subsequently fed to the next flash functioning at 1
bar to recover the CO2 in pure form, as shown in Figure 7.2.
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Figure 7.15: Effect of first flash pressure on CO2 and N2 mole fraction and flash duty
using DES1
In order to further enhance the CO2 purity and increase the N2 recovery, the double-stage
flash process is further modified by introducing a third flash drum in between the first
and last flash, as shown in Figure 7.3. Figure 7.18 depicts the effect of second flash
pressure on the DES1 on CO2, N2 mole fraction, and heat duty. It is observed that the N2
recovery increases from top of the absorber column on increasing the pressure of second
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flash drum. In addition, it was observed that on increasing the flash drum heat duty will
decrease and attain a minimum value. The pressure for which the heat duty is minimum
was selected as the operating pressure for the flash drum. Similar behaviour was also
observed for the DES2. However, there is no effect observed on the CO2, and N2 recovery
on increasing the flash drum pressure using DES3, as shown in Figure 7.19. Also, heat
duty of flash drum increases with an increase in the pressure of the flash drum. Therefore,
the three-stage flash process is not used for the DES3.
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Figure 7.16: Effect of first flash pressure on CO2 and N2 mole fraction and flash duty
using DES2

170

0.8

800

0.7

Duty(kW)

Mole Fraction

700

0.6
0.5

600
CO2
N2

0.4

DUTY

500

0.3
0.2

400
0

20
40
Pressure(bar)

60

Figure 7.17: Effect of first flash pressure on CO2 and N2 mole fraction and flash duty
using DES3
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Figure 7.18: Effect of second flash pressure on CO2 and N2 mole fraction and flash duty
using DES1
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Figure 7.19: Effect of second flash pressure on CO2 and N2 mole fraction and flash duty
using DES3
Effect of heat integration
For both processes, two-stage, as well as three-stage flue gas decarbonization process heat
integration, was used to decrease the energy requirement, as shown in Figures 7.20 and
7.21, respectively. For achieving this heat coming from treater and heater is integrated
with both flash drums, as shown in the figure. The obtained heat duty before and after
heat integration is shown in Tables 7.7 and 7.8, respectively. As evident from the Table
heat integration results in a net decrease in the heat duty of flash drums.
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Figure 7.20: Two-stage decarbonization process with heat integration

Table 7.7: Heat duty of double and triple stage process without heat integration
Unit

double stage

triple stage

(kW)

DES1

DES2

DES3

DES1

DES2

FLASH1

44.2

44.22

61.91

44.22

44.22

TREATER

-348.26

-348.26

-365.71

-348.26

-348.26

COMPRESSOR

3535.17

3159.90

3590.00

3535.17

3159.90

COOLER

-6.10

-38.25

-29.72

-30.09

-119.11

HEATX

25.83

19.32

169.55

334.15

285.46

B12

26.00

44.00

177.00

303.00

327.27

FLA1

582.62

634.87

513.82

1999.83

535.02

FLA2

669.17

1765.27

1201.20

345.75

1864.57

826.41

1025.85

B6
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Figure 7.21: Three-stage decarbonization process with heat integration
7.5 Conclusion
Solubility results for carbon dioxide in the phosphonium-based DESs were
experimentally determined at different pressure and temperatures. The “Modified
Lyderson-Joback-Reid” equations were used to obtain the critical properties of
synthesized DESs. The experimental readings were co-related well with the PengRobinson equation of state thermodynamic model. The evaluation of synthesized DESs
for flue gas decarbonization from model flue gas. DES-based decarbonization process
does not suffer from issues such as corrosion and loss of solvents, which are commonly
occurred in the MEA-based process. The simulation results in DESs-based flue gas
decarbonization has the potential to replace the conventional solvent.
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Table 7.8: Heat duty of double and triple stage process after heat integration
Unit

double-stage

triple stage

(kW)

DES1

DES2

DES3

DES1

DES2

FLASH1

44.22

44.22

44.24

44.22

44.22

TREATER

-348.26

-348.26

-365.71

-348.26

-348.26

COMPRESSOR

3535.17

3159.90

3590.00

3535.17

3159.90

COOLER

-4.41

-30.22

-29.72

-5.22

-30.69

HEATX

17.25

11.40

169.55

10.39

169.69

B12

303.00

36.00

177.00

303.00

216.00

FLA1

0.00

30.22

28.38

5.22

74.83

FLA2

19.00

348.26

365.20

348.50

348.26

826.41

992.67

B6
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Conclusions and Future Recommendations

The role of green novel solvents such as ionic liquids (ILs) and deep eutectic solvents
(DESs) for carbon dioxide capture has been investigated. The results showed that both
ILs as well as DESs have potential to replace the conventional alkanolamines solution for
carbon capture.
The ionic liquid amine blends have higher CO2 loading compared to the pure ILs owing
to the reacting nature of amines. The CO2 uptake in IL-amine blends depend upon the
type of amine and IL used. For example, [Bmim]+[BF4]- - MEA blend have superior CO2
solubility compared to [Bmim]+[BF4]- - MDEA. The CO2 uptake in IL-amine blends can
be further enhanced by the addition of piperazine.
The CO2 solubility in deep eutectic solvents depend on the type of hydrogen bond donor
and hydrogen bond acceptor. In general, amine-based deep eutectic solvents have higher
CO2 solubility compared to glycol-based deep eutectic solvents. The CO2 uptake in
general increases with the chain length as observed in the case of tetrabutyl ammonium
bromide based deep eutectic solvents. The VLE modelling CO 2 solubility in DESs
follows the NRTL thermodynamic model.
The sterically hindered amine further showed superior CO2 solubility compared to
previously reported DESs. In addition, these DESs have lower CH 4 uptake. This shows
that these DESs have high CO2 absorption and relatively deficient CH4 absorption
indicating their high selectivity towards CO2. The experimental DES-CO2 and DES-CH4
vapor-liquid equilibria were successfully correlated with the NRTL model and the PengRob equation of state.
Ternary hydrophobic deep eutectic solvents were prepared using tetrabutyl ammonium
bromide and binary fatty acids. The hydrophobic nature of H-DESs was confirmed by the
extractive dye removal from an aqueous solution. The CO2 solubility in these type of
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solvents depends on the nature of fatty acids use. These DESs shows physical absorption
and correlated well with the Peng-Rob equation of state.
The modeling and simulation of CO2 removal from model shale gas using reline and
ethaline was further invetigated. The CO2 and CH4 solubility in DESs follows physical
absorbption and were modeled using the Peng-Robinson equation of state. Furthermore,
the process simulation was done to investigate the DES-based CO2 removal from a model
shale gas. The simulation results show higher shale gas recovery from the DES process
compared to the conventional MDEA process. Also, the purity of shale gas was more in
the DES-based CO2 capture process than the MDEA process.
The solubility of CO2 in three different phosphonium-based DESs with ethylene glycol,
diethylene glycol, and glycerol as hydrogen bond donors was investigated in chapter 7.
The CO2 uptake in phosphonium based DESs is higher compared to ammonium based
DESs. The experimental data were correlated well with the Peng-Rob EOS. The
simulation results showed that DESs have potential for flue gas decarbonization. In
addition, the highest CO2 recovery was observed for the diglycol based DESs.
Future recommendation
Till date the use of ionic liquids and deep eutectic solvents is limited to laboratory scale
only and efforts are made for its commercialization. These solvents have shown CO2
capture ability along with faster rate of absorption. Therefore, a lot is to be investigated
for these systems to make them economically feasible for CO2 absorption. The limited
CO2 solubility and high viscosity of these solvents are the major issues for their
commercial applications.

178

References:
[1]
[2]
[3]

[4]

[5]
[6]

[7]
[8]

[9]

[10]

[11]
[12]
[13]

[14]

[15]

[16]

[17]

T. N, Energy technology perspectives Scenarios & strategies to 2050, IEA
Publication, IEA Publication, 2010.
R.A. Pachauri R.K, Climate Change 2007 : An Assessment of the
Intergovernmental Panel on Climate Change, 2007.
A. Mackay, Climate Change 2007: Impacts, Adaptation and Vulnerability.
Contribution of Working Group II to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change, J. Environ. Qual. 37 (2008) 2407–
2407.
H.C. Parry, O.F. Canziani, J.P. Palutik, P.J. Van der Linden, Climate change 2007:
Impacts, adaptation and vulnerability; contribution of working group II to the
fourth assessment report of the IPCC, 2007.
Washignton W.M, “ NRC. Advancing the science of climate change. The national
academies press, Washington, DC, USA, 2010., (2010) 2010.
L. Raynal, P.A. Bouillon, A. Gomez, P. Broutin, From MEA to demixing solvents
and future steps, a roadmap for lowering the cost of post-combustion carbon
capture, Chem. Eng. J. 171 (2011) 742–752.
P. Mhaske, S.K. Sharma, Growth of electricity sector in india from 1947-2019,
Central Electricity Authority, New Delhi, 2019.
A. Samanta, A. Zhao, G.K.H. Shimizu, P. Sarkar, R. Gupta, Post-combustion CO2
capture using solid sorbents: A review, Ind. Eng. Chem. Res. 51 (2012) 1438–
1463.
K. Damen, A. Faaij, W. Turkenburg, Pathways towards large-scale
implementation of CO2 capture and storage: A case study for the Netherlands, Int.
J. Greenh. Gas Control. 3 (2009) 217–236.
Abhoyjit S. Bhown and Brice C. Freeman, “Analysis and Status of PostCombustion Carbon Dioxide Capture Technologies, Environ. Sci. Technol. 45
(2011) 8624–8632.
Robert Pardemann and Bernd Meyer, Pre-Combustion Carbon Capture,Handbook
of Clean Energy Systems, John Wiley & Sons, 2015.
J. Gibbins, H. Chalmers, Carbon capture and storage, Energy Policy, 36 (2008)
4317-4322.
B.J.P. Buhre, L.K. Elliott, C.D. Sheng, R.P. Gupta, T.F. Wall, Oxy-fuel
combustion technology for coal-fired power generation, Prog. Energy Combust.
Sci. 31 (2005) 283–307.
M. Kanniche, R. Gros-Bonnivard, P. Jaud, J. Valle-Marcos, J.M. Amann, C.
Bouallou, Pre-combustion, post-combustion and oxy-combustion in thermal power
plant for CO2 capture, Appl. Therm. Eng. 30 (2010) 53–62.
M. Wang, A. Lawal, P. Stephenson, J. Sidders, C. Ramshaw, Post-combustion CO2
capture with chemical absorption: A state-of-the-art review, Chem. Eng. Res. Des.
89 (2011) 1609–1624.
S.A. Mazari, B. Si Ali, B.M. Jan, I.M. Saeed, S. Nizamuddin, An overview of
solvent management and emissions of amine-based CO2 capture technology, Int.
J. Greenh. Gas Control. 34 (2015) 129–140.
G.F. Versteeg, W.P.M. van Swaaij, On the kinetics between CO 2 and
alkanolamines both in aqueous and non-aqueous solutions-I. Primary and
179

secondary amines, Chem. Eng. Sci. 43 (1988) 573–585.
[18] J.E. Crooks, J.P. Donnellan, Kinetics and mechanism of the reaction between
carbon dioxide and amines in aqueous solution, J. Chem. Soc. Perkin Trans. 2. 2
(1989) 331–333.
[19] G.F. Versteeg, W.P.M. van Swaaij, On the kinetics between CO2 and
alkanolamines both in aqueous and non-aqueous solutions-II. Tertiary amines,
Chem. Eng. Sci. 43 (1988) 587–591.
[20] G. Xu, C. Zhang, S. Qin, W. Gao, H. Liu, Gas - Liquid Equilibrium in a CO 2 MDEA - H2O System and the Effect of Piperazine on It, 5885 (1998) 1473–1477.
[21] M.R.M. Abu-Zahra, L.H.J. Schneiders, J.P.M. Niederer, P.H.M. Feron, G.F.
Versteeg, CO2 capture from power plants. Part I. A parametric study of the
technical performance based on monoethanolamine, Int. J. Greenh. Gas Control. 1
(2007) 37–46.
[22] J. Lu, L. Wang, X. Sun, J. Li, X. Liu, Absorption of CO2 into aqueous solutions of
methyldiethanolamine and activated methyldiethanolamine from a gas mixture in
a hollow fiber contactor, Ind. Eng. Chem. Res. 44 (2005) 9230–9238. h
[23] N. McCann, M. Maeder, M. Attalla, Simulation of enthalpy and capacity of CO 2
absorption by aqueous amine systems, Ind. Eng. Chem. Res. 47 (2008) 2002–2009.
[24] R. Idem, M. Wilson, P. Tontiwachwuthikul, A. Chakma, A. Veawab, A.
Aroonwilas, D. Gelowitz, Pilot plant studies of the CO 2 capture performance of
aqueous MEA and mixed MEA/MDEA solvents at the University of Regina CO2
capture technology development plant and the boundary dam CO 2 capture
demonstration plant, Ind. Eng. Chem. Res. 45 (2006) 2414–2420.
[25] G. and D. W.savage, Sterically Hindered Amines for CO2 removal from Gases,
(1987) 239–249.
[26] H. Bosch, G.F. Versteeg, W.P.M. Van Swaaij, Kinetics of the reaction of CO2 with
the sterically hindered amine 2-Amino-2-methylpropanol at 298 K, Chem. Eng.
Sci. 45 (1990) 1167–1173.
[27] H.A.M. Haider, R. Yusoff, M.K. Aroua, Equilibrium solubility of carbon dioxide
in 2(methylamino)ethanol, Fluid Phase Equilib. 303 (2011) 162–167.
[28] R.J. Hook, An Investigation of Some Sterically Hindered Amines as Potential
Carbon Dioxide Scrubbing Compounds, Ind. Eng. Chem. Res. 36 (1997) 1779–
1790.
[29] W. Conway, Y. Beyad, P. Feron, G. Richner, G. Puxty, CO2 absorption into
aqueous amine blends containing benzylamine (BZA), monoethanolamine (MEA),
and sterically hindered / tertiary amines, Energy Procedia. 63 (2014) 1835–1841.
[30] L. Dubois, D. Thomas, CO2 absorption into aqueous solutions of
monoethanolamine, methyldiethanolamine, piperazine and their blends, Chem.
Eng. Technol. 32 (2009) 710–718.
[31] D.P. Hagewiesche, S.S. Ashour, H.A. Al-Ghawas, O.C. Sandall, Absorption of
carbon dioxide into aqueous blends of monoethanolamine and Nmethyldiethanolamine, Chem. Eng. Sci. 50 (1995) 1071–1079.
[32] A. Aroonwilas, A. Veawab, Characterization and Comparison of the CO 2
Absorption Column, Ind. Eng. Chem. Res. 43 (2004) 2228–2237.
[33] C. Nwaoha, R. Idem, T. Supap, C. Saiwan, P. Tontiwachwuthikul, W. Rongwong,
M.J. Al-Marri, A. Benamor, Heat duty, heat of absorption, sensible heat and heat
of vaporization of 2–Amino–2–Methyl–1–Propanol (AMP), Piperazine (PZ) and
Monoethanolamine (MEA) tri–solvent blend for carbon dioxide capture, Chem.
Eng. Sci. 170 (2017) 26–35.
[34] C. Nwaoha, C. Saiwan, P. Tontiwachwuthikul, T. Supap, W. Rongwong, R. Idem,
180

[35]

[36]

[37]
[38]

[39]
[40]
[41]
[42]
[43]

[44]

[45]
[46]

[47]
[48]
[49]

[50]

[51]
[52]
[53]
[54]

M.J. AL-Marri, A. Benamor, Carbon dioxide capture: Absorption-desorption
capabilities of 2-amino-2-methyl-1-propanol (AMP), piperazine (PZ) and
monoethanolamine (MEA) tri-solvent blends, J. Nat. Gas Sci. Eng. 33 (2016) 742–
750.
B. Lv, B. Guo, Z. Zhou, G. Jing, Mechanisms of CO2 Capture into
Monoethanolamine Solution with Different CO2 Loading during the
Absorption/Desorption Processes, Environ. Sci. Technol. 49 (2015) 10728–10735.
UNFCCC(United Nations Framework Convention on Climate, Change), The Paris
Agreement. Climate Focus Summary; Briefing Note on the Paris Agreement III 28
December, (2015) 27.
P.T. Anastas and J. C. Warner, Green Analytical Chemistry, Oxford University
press, 1998.
Y. Gu, F. Jérôme, Bio-based solvents: An emerging generation of fluids for the
design of eco-efficient processes in catalysis and organic chemistry, Chem. Soc.
Rev. 42 (2013) 9550–9570.
J.S. Wilkes, A short history of ionic liquids - From molten salts to neoteric
solvents, Green Chem. 4 (2002) 73–80.
N. V. Plechkova, K.R. Seddon, Applications of ionic liquids in the chemical
industry, Chem. Soc. Rev. 37 (2008) 123–150.
A. Kokorin, Ionic Liquids: Applications and Perspectives, Intech Open, 2012.
Z. Lei, B. Chen, Y.M. Koo, D.R. Macfarlane, Introduction: Ionic Liquids, Chem.
Rev. 117 (2017) 6633–6635.
C. Maton, N. De Vos, C. V. Stevens, Ionic liquid thermal stabilities:
Decomposition mechanisms and analysis tools, Chem. Soc. Rev. 42 (2013) 5963–
5977.
M. Villanueva, A. Coronas, J. García, J. Salgado, Thermal stability of ionic liquids
for their application as new absorbents, Ind. Eng. Chem. Res. 52 (2013) 15718–
15727.
J.F. Brennecke, E.J. Maginn, Ionic liquids: Innovative fluids for chemical
processing, AIChE J. 47 (2001) 2384–2389.
V. V. Singh, A.K. Nigam, A. Batra, M. Boopathi, B. Singh, R. Vijayaraghavan,
Applications of Ionic Liquids in Electrochemical Sensors and Biosensors, Int. J.
Electrochem. (2012) 1–19.
O.O. Okoturo, T.J. VanderNoot, Temperature dependence of viscosity for room
temperature ionic liquids, J. Electroanal. Chem. 568 (2004) 167–181.
D. Zhao, Y. Liao, Z.D. Zhang, Toxicity of ionic liquids, Clean - Soil, Air, Water.
35 (2007) 42–48.
C. Pretti, C. Chiappe, D. Pieraccini, M. Gregori, F. Abramo, G. Monni, L. Intorre,
Acute toxicity of ionic liquids to the zebrafish (Danio rerio), Green Chem. 8 (2006)
238–240.
S. Stolte, M. Matzke, J. Arning, A. Böschen, W.R. Pitner, U. Welz-Biermann, B.
Jastorff, J. Ranke, Effects of different head groups and functionalised side chains
on the aquatic toxicity of ionic liquids, Green Chem. 9 (2007) 1170–1179.
M.T. Garcia, N. Gathergood, P.J. Scammells, Biodegradable ionic liquids Part II.
Effect of the anion and toxicology, Green Chem. 7 (2005) 9–14.
A. Romero, A. Santos, J. Tojo, A. Rodríguez, Toxicity and biodegradability of
imidazolium ionic liquids, J. Hazard. Mater. 151 (2008) 268–273.
L. a Blanchard, D. Hancu, Green processing using ionic liquids and CO 2, Nature.
399 (1999) 28–29.
L.A. Blanchard, Z. Gu, J.F. Brennecke, High-pressure phase behavior of ionic
181

liquid/CO2 systems, J. Phys. Chem. B. 105 (2001) 2437–2444.
[55] S. Zhang, X. Yuan, Y. Chen, X. Zhang, Solubilities of CO 2 in 1-butyl-3methylimidazolium hexafluorophosphate and 1,1,3,3-tetramethylguanidium
lactate at elevated pressures, J. Chem. Eng. Data. 50 (2005) 1582–1585.
[56] F. Karadas, M. Atilhan, S. Aparicio, Review on the use of ionic liquids (ILs) as
alternative fluids for CO2 capture and natural gas sweetening, Energy and Fuels.
24 (2010) 5817–5828.
[57] S. n. v. k. S.N.V.K. Aki, B.R. Mellein, E.M. Saurer, J.F. Brennecke, High-pressure
phase behavior of carbon dioxide with imidazolium-based ionic liquids, J, J. Phys.
Chem. B. 108 (2004) 20355–20365.
[58] A. Yokozeki, M.B. Shiflett, C.P. Junk, L.M. Grieco, T. Foo, Physical and chemical
absorptions of carbon dioxide in room-temperature ionic liquids, J. Phys. Chem.
B. 112 (2008) 16654–16663.
[59] J.L. Anthony, E.J. Maginn, J.F. Brennecke, Solubilities and thermodynamic
properties of gases in the ionic liquid 1-n-butyl-3-methylimidazolium
hexafluorophosphate, J. Phys. Chem. B. 106 (2002) 7315–7320.
[60] M. Kanakubo, T. Umecky, Y. Hiejima, T. Aizawa, H. Nanjo, Y. Kameda, Solution
structures of 1-butyl-3-methylimidazolium hexafluorophosphate ionic liquid
saturated with CO2: Experimental evidence of specific anion-CO2 interaction, J.
Phys. Chem. B. 109 (2005) 13847–13850.
[61] J.E. Bara, C.J. Gabriel, T.K. Carlisle, D.E. Camper, A. Finotello, D.L. Gin, R.D.
Noble, Gas separations in fluoroalkyl-functionalized room-temperature ionic
liquids using supported liquid membranes, Chem. Eng. J. 147 (2009) 43–50.
[62] M.J. Muldoon, S.N.V.K. Aki, J.L. Anderson, J.K. Dixon, J.F. Brennecke,
Improving carbon dioxide solubility in ionic liquids, J. Phys. Chem. B. 111 (2007)
9001–9009.
[63] S. Aparicio, M. Atilhan, Computational study of hexamethylguanidinium lactate
ionic liquid: A candidate for natural gas sweetening, Energy and Fuels. 24 (2010)
4989–5001.
[64] X. Yuan, S. Zhang, J. Liu, X. Lu, Solubilities of CO2 in hydroxyl ammonium ionic
liquids at elevated pressures, Fluid Phase Equilib. 257 (2007) 195–200.
[65] J. Palgunadi, J.E. Kang, D.Q. Nguyen, J.H. Kim, B.K. Min, S.D. Lee, H. Kim, H.S.
Kim, Solubility of CO2 in dialkylimidazolium dialkylphosphate ionic liquids,
Thermochim. Acta. 494 (2009) 94–98.
[66] A.L. Revelli, F. Mutelet, J.N. Jaubert, High carbon dioxide solubilities in
imidazolium-based ionic liquids and in poly(ethylene glycol) dimethyl ether, J.
Phys. Chem. B. 114 (2010) 12908–12913.
[67] K.A. Kurnia, F. Harris, C.D. Wilfred, M.I. Abdul Mutalib, T. Murugesan,
Thermodynamic properties of CO2 absorption in hydroxyl ammonium ionic liquids
at pressures of (100-1600) kPa, J. Chem. Thermodyn. 41 (2009) 1069–1073.
[68] D. Camper, P. Scovazzo, C. Koval, R. Noble, Gas solubilities in room-temperature
ionic liquids, Ind. Eng. Chem. Res. 43 (2004) 3049–3054.
[69] Akanksha, K.K. Pant, V.K. Srivastava, Mass transport correlation for CO 2
absorption in aqueous monoethanolamine in a continuous film contactor, Chem.
Eng. Process. Process Intensif. 47 (2008) 920–928.
[70] E.D. Bates, R.D. Mayton, I. Ntai, J.H. Davis Jr, K.H. Tong, K.Y. Wong, T.H.
Chan, CO2 capture by a task specific ionic liquid, J. Am. Chem. Soc. 124 (2002)
3423–3425.
[71] B.E. Gurkan, J.C. De Fuente, E.M. Mindrup, L.E. Ficke, B.F. Goodrich, E.A.
Price, W.F. Schneider, J.F. Brennecke, Equimolar CO2 Absorption by Anion182

Functionalized Ionic Liquids, J. Am. Chem. Soc. 132 (2010) 2116–2117.
[72] B.F. Goodrich, J.C. De La Fuente, B.E. Gurkan, D.J. Zadigian, E.A. Price, Y.
Huang, J.F. Brennecke, Experimental measurements of amine-functionalized
anion-tethered ionic liquids with carbon dioxide, Ind. Eng. Chem. Res. 50 (2011)
111–118.
[73] K.E. Gutowski, E.J. Maginn, Amine-functionalized task-specific ionic liquids: A
mechanistic explanation for the dramatic increase in viscosity upon complexation
with CO2 from molecular simulation, J. Am. Chem. Soc. 130 (2008) 14690–14704.
[74] J.L. McDonald, R.E. Sykora, P. Hixon, A. Mirjafari, J.H. Davis, Impact of water
on CO2 capture by amino acid ionic liquids, Environ. Chem. Lett. 12 (2014) 201–
208.
[75] B.F. Goodrich, J.C. De Fuente, B.E. Gurkan, Z.K. Lopez, E. a Price, Y. Huang,
J.F. Brennecke, Effect of Water and Temperature on Absorption of CO2 by AmineFunctionalized Anion-Tethered Ionic Liquids, J. Phys. Chem. B. 115 (2011) 9140–
9150.
[76] Y. Zhang, S. Zhang, X. Lu, Q. Zhou, W. Fan, X.P. Zhang, Dual aminofunctionalised phosphonium ionic liquids for CO2 capture, Chem. - A Eur. J. 15
(2009) 3003–3011.
[77] Z. Zhao, H. Dong, X. Zhang, The research progress of CO 2 capture with ionic
liquids, Chinese J. Chem. Eng. 20 (2012) 120–129.
[78] C. Wang, X. Luo, H. Luo, D. Jiang, H. Li, S. Dai, Tuning the Basicity of Ionic
Liquids for Equimolar CO2 Capture, Angwad. Chemi., 50 (2011) 4918–4922.
[79] S.P.M. Ventura, J. Pauly, J.L. Daridon, J.A. Lopes da Silva, I.M. Marrucho,
A.M.A. Dias, J.A.P. Coutinho, High pressure solubility data of carbon dioxide in
(tri-iso-butyl(methyl)phosphonium tosylate + water) systems, J. Chem.
Thermodyn. 40 (2008) 1187–1192.
[80] D. Wappel, G. Gronald, R. Kalb, J. Draxler, Ionic liquids for post-combustion CO2
absorption, Int. J. Greenh. Gas Control. 4 (2010) 486–494.
[81] R.D. Camper, Dean; Bara,Jason E.; Gin, Douglas L.; Noble, RTIL−Amine
Solutions Tunable Solvents for Efficient and Reversible Capture of CO2, Ind. Eng.
Chem. Res. 47 (2008) 8496–8498.
[82] Z. Feng, F. Cheng-Gang, W. You-Ting, W. Yuan-Tao, L. Ai-Min, Z. Zhi-Bing,
Absorption of CO2 in the aqueous solutions of functionalized ionic liquids and
MDEA, Chem. Eng. J. 160 (2010) 691–697.
[83] Y. Zhao, X. Zhang, S. Zeng, Q. Zhou, H. Dong, X. Tian, S. Zhang, Density,
viscosity, and performances of carbon dioxide capture in 16 absorbents of amine
+ ionic liquid + H2O, ionic liquid + H2O, and Amine + H2O systems, J. Chem. Eng.
Data. 55 (2010) 3513–3519.
[84] S. Baj, A. Siewniak, A. Chrobok, T. Krawczyk, A. Sobolewski,
Monoethanolamine and ionic liquid aqueous solutions as effective systems for CO2
capture, J. Chem. Technol. Biotechnol. 88 (2013) 1220–1227.
[85] M.M. Taib, T. Murugesan, Solubilities of CO2 in aqueous solutions of ionic liquids
(ILs) and monoethanolamine (MEA) at pressures from 100 to 1600kPa, Chem.
Eng. J. 181–182 (2012) 56–62.
[86] Y. Huang, X. Zhang, X. Zhang, H. Dong, S. Zhang, J. Accepted, Thermodynamic
Modeling and Assessment of Ionic Liquid-based CO2 Capture Processes, Ind. Eng.
Chem. Res. 53 (2014) 11805–11817.
[87] J. Yang, X. Yu, J. Yan, S.T. Tu, CO2 capture using amine solution mixed with
ionic liquid, Ind. Eng. Chem. Res. 53 (2014) 2790–2799.
[88] A.P. Abbott, D. Boothby, G. Capper, D.L. Davies, R.K. Rasheed, Deep Eutectic
183

[89]
[90]

[91]

[92]
[93]
[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]
[102]
[103]
[104]

[105]
[106]

Solvents Formed Between Choline Chloride and Carboxylic Acids, J. Am. Chem.
Soc. 126 (2004) 9142.
A.P. Abbott, G. Capper, D.L. Davies, R.K. Rasheed, V. Tambyrajah, Novel solvent
properties of choline chloride/urea mixtures, Chem. Commun. (2003) 70–71.
M. Francisco, A. Van Den Bruinhorst, M.C. Kroon, Low-transition-temperature
mixtures (LTTMs): A new generation of designer solvents, Angew. Chemie - Int.
Ed. 52 (2013) 3074–3085.
N.R. Rodríguez, A.S.B. González, P.M.A. Tijssen, M.C. Kroon, Low transition
temperature mixtures (LTTMs) as novel entrainers in extractive distillation, Fluid
Phase Equilib. 385 (2015) 72–78.
E.L. Smith, A.P. Abbott, K.S. Ryder, Deep Eutectic Solvents (DESs) and Their
Applications, Chem. Rev. 114 (2014) 11060–11082.
B. Tang, K.H. Row, Recent developments in deep eutectic solvents in chemical
sciences, Monatshefte Fur Chemie. 144 (2013) 1427–1454.
A. Paiva, R. Craveiro, I. Aroso, M. Martins, R.L. Reis, A.R.C. Duarte, Natural
deep eutectic solvents - Solvents for the 21st century, ACS Sustain. Chem. Eng. 2
(2014) 1063–1071.
A. Abo-hamad, M. Hayyan, M. Abdulhakim, M. Ali, X. Cui, S. Zhang, F. Shi, Q.
Zhang, X. Ma, L. Lu, Y. Deng, M.J. Earle, K.R. Seddon, U. Medycznego, A.
Maria, Z.A.S. Cieczy, J.O. Nowych, S.G. Zlotin, N.N. Makhova, Potential
applications of deep eutectic solvents in nanotechnology, Chem. Eng. J. 273 (2010)
551–567.
P. Liu, J.-W. Hao, L.-P. Mo, Z.-H. Zhang, Recent advances in the application of
deep eutectic solvents as sustainable media as well as catalysts in organic reactions,
RSC Adv. 5 (2015) 48675–48704.
G. Garcia, S. Aparicio, R. Ullah, M. Atilhan, Deep Eutectic Solvents:
Physicochemical Properties and Gas Separation Applications, Energy & Fuels. 29
(2015) 2616–2644.
D. Chandran, M. Khalid, R. Walvekar, N.M. Mubarak, S. Dharaskar, W.Y. Wong,
T.C.S.M. Gupta, Deep eutectic solvents for extraction-desulphurization: A review,
J. Mol. Liq. 275 (2019) 312–322.
B. Tang, H. Zhang, K.H. Row, Application of deep eutectic solvents in the
extraction and separation of target compounds from various samples, J. Sep. Sci.
38 (2015) 1053–1064.
D.Z. Troter, Z.B. Todorović, D.R. Dokić-Stojanović, O.S. Stamenković, V.B.
Veljković, Application of ionic liquids and deep eutectic solvents in biodiesel
production: A review, Renew. Sustain. Energy Rev. 61 (2016) 473–500.
I. Wazeer, M.K. Hadj-kali, Deep eutectic solvents : designer fluids for chemical
process, J. Chem. Technol. Biotechnol. 93 (2017) 945-958.
P. Xu, G.W. Zheng, M.H. Zong, N. Li, W.Y. Lou, Recent progress on deep eutectic
solvents in biocatalysis, Bioresour. Bioprocess. 4 (2017).
M. Zdanowicz, K. Wilpiszewska, T. Spychaj, Deep eutectic solvents for
polysaccharides processing. A review, Carbohydr. Polym. 200 (2018) 361–380.
Q. Zhang, K. De Oliveira Vigier, S. Royer, F. Jèrôme, F. Jérôme, Deep eutectic
solvents: syntheses, properties and applications, Chem. Soc. Rev. 41 (2012) 7108–
7146.
A.P. Abbott, Application of hole theory to the viscosity of ionic and molecular
liquids, ChemPhysChem. 5 (2004) 1242–1246.
D. Rengstl, V. Fischer, W. Kunz, Low-melting mixtures based on choline ionic
liquids, Phys. Chem. Chem. Phys. 16 (2014) 22815–22822.
184

[107] M. Hayyan, M.A. Hashim, M.A. Al-Saadi, A. Hayyan, I.M. AlNashef, M.E.S.
Mirghani, Assessment of cytotoxicity and toxicity for phosphonium-based deep
eutectic solvents, Chemosphere. 93 (2013) 455–459.
[108] M. Hayyan, M.A. Hashim, A. Hayyan, M.A. Al-Saadi, I.M. AlNashef, M.E.S.
Mirghani, O.K. Saheed, Are deep eutectic solvents benign or toxic?, Chemosphere.
90 (2013) 2193–2195.
[109] I. Juneidi, M. Hayyan, O. Mohd Ali, Toxicity profile of choline chloride-based
deep eutectic solvents for fungi and Cyprinus carpio fish, Environ. Sci. Pollut. Res.
23 (2016) 7648–7659.
[110] Y.P. Mbous, M. Hayyan, A. Hayyan, W.F. Wong, M.A. Hashim, C.Y. Looi,
Applications of deep eutectic solvents in biotechnology and bioengineering—
Promises and challenges, Biotechnol. Adv. 35 (2017) 105–134.
[111] X. Li, M. Hou, B. Han, X. Wang, L. Zou, Solubility of CO 2 in a choline chloride
+ urea eutectic mixture, J. Chem. Eng. Data. 53 (2008) 548–550.
[112] R.B. Leron, M.H. Li, Solubility of carbon dioxide in a choline chloride-ethylene
glycol based deep eutectic solvent, Thermochim. Acta. 551 (2013) 14–19.
[113] R.B. Leron, M.H. Li, Solubility of carbon dioxide in a eutectic mixture of choline
chloride and glycerol at moderate pressures, J. Chem. Thermodyn. 57 (2013) 131–
136.
[114] G. Li, D. Deng, Y. Chen, H. Shan, N. Ai, Solubilities and thermodynamic
properties of CO2 in choline-chloride based deep eutectic solvents, J. Chem.
Thermodyn. 75 (2014) 58–62.
[115] M. Lu, G. Han, Y. Jiang, X. Zhang, D. Deng, N. Ai, Solubilities of carbon dioxide
in the eutectic mixture of levulinic acid (or furfuryl alcohol) and choline chloride,
J. Chem. Thermodyn. 88 (2015) 72–77.
[116] Y. Chen, N. Ai, G. Li, H. Shan, Y. Cui, D. Deng, Solubilities of carbon dioxide in
eutectic mixtures of choline chloride and dihydric alcohols, J. Chem. Eng. Data.
59 (2014) 1247–1253.
[117] X. Liu, B. Gao, Y. Jiang, D. Deng, Solubilities and Thermodynamic Properties of
Carbon Dioxide in Guaiacol-based deep eutectic solvents, J. Chem. Eng. Data. 62
(2017) 1448–1455.
[118] M.B. Haider, D. Jha, B.M. Sivagnanam, R. Kumar, Thermodynamic and Kinetic
Studies of CO2 Capture by Glycol and Amine-Based Deep Eutectic Solvents, 63
(2018) 2671–2680.
[119] R.B. Leron, A. Caparanga, M.H. Li, Carbon dioxide solubility in a deep eutectic
solvent based on choline chloride and urea at T = 303.15-343.15 K and moderate
pressures, J. Taiwan Inst. Chem. Eng. 44 (2013) 879–885.
[120] W.C. Su, D.S.H. Wong, M.H. Li, Effect of Water on Solubility of Carbon Dioxide
in (Aminomethanamide + 2-Hydroxy- N,N,N-trimethylethanaminium Chloride),
J. Chem. Eng. Data. 54 (2009) 1951–1955.
[121] A. Uma Maheswari, K. Palanivelu, Carbon Dioxide Capture and Utilization by
Alkanolamines in Deep Eutectic Solvent Medium, Ind. Eng. Chem. Res. 54 (2015)
11383–11392.
[122] E. Ali, M.K. Hadj-Kali, S. Mulyono, I. Alnashef, A. Fakeeha, F. Mjalli, A. Hayyan,
Solubility of CO2 in deep eutectic solvents: Experiments and modelling using the
Peng-Robinson equation of state, Chem. Eng. Res. Des. 92 (2014) 1898–1906.
[123] L.L. Sze, S.S. Pandey, S. Ravula, S.S. Pandey, H. Zhao, G.A. Baker, S.N. Baker,
Ternary Deep Eutectic Solvents Tasked for Carbon Dioxide Capture, ACS Sustain.
Chem. Eng. 2 (2014) 2117–2123.
[124] Bhawna, A. Pandey, S. Pandey, Superbase-Added Choline Chloride-Based Deep
185

[125]

[126]

[127]

[128]

[129]

[130]
[131]
[132]
[133]
[134]
[135]
[136]

[137]

[138]
[139]

[140]

[141]

[142]

[143]

Eutectic Solvents for CO2 Capture and Sequestration, ChemistrySelect. 2 (2017)
11422–11430.
H. Ghaedi, M. Ayoub, S. Sufian, A.M. Shariff, S.M. Hailegiorgis, S.N. Khan, CO 2
capture with the help of Phosphonium-based deep eutectic solvents, J. Mol. Liq.
243 (2017) 564–571.
H. Ghaedi, M. Ayoub, S. Sufian, G. Murshid, S. Farrukh, A.M. Shariff,
Investigation of various process parameters on the solubility of carbon dioxide in
phosphonium-based deep eutectic solvents and their aqueous mixtures:
Experimental and modeling, Int. J. Greenh. Gas Control. 66 (2017) 147–158.
M.B. Haider, D. Jha, R. Kumar, B. Marriyappan Sivagnanam, Ternary
hydrophobic deep eutectic solvents for carbon dioxide absorption, Int. J. Greenh.
Gas Control. 92 (2020) 102839.
L.F. Zubeir, D.J.G.P. Van Osch, M.A.A. Rocha, F. Banat, M.C. Kroon, Carbon
Dioxide Solubilities in Decanoic Acid-Based Hydrophobic Deep Eutectic
Solvents, J. Chem. Eng. Data. 63 (2018) 913–919.
S. Solomon, G.-K. Plattner, R. Knutti, P. Friedlingstein, Irreversible climate
change due to carbon dioxide emissions., Proc. Natl. Acad. Sci. U. S. A. 106 (2009)
1704–9.
K.M. Cuffey, F. Vimeux, Covariation of carbon dioxide and temperature from the
Vostok ice core after deuterium-excess correction, Nature. 412 (2001) 523–527.
M. Van der Hoeven, CO2 Emissions from Fuel Combustion Highlights, Int. Energy
Agency. (2011) 1–134.
E. Torralba-Calleja, J. Skinner, D. Gutiérrez-Tauste, CO2 capture in ionic liquids:
A review of solubilities and experimental methods, J. Chem. 2013 (2013).
G.T. Rochelle, Amine Scrubbing for CO2 Capture, Science, 325 (2009) 1652-1654.
C.H. Yu, C.H. Huang, C.S. Tan, A review of CO2 capture by absorption and
adsorption, Aerosol Air Qual. Res. 12 (2012) 745–769.
Z. Zhao, H. Dong, X. Zhang, The Research Progress of CO2 Capture with Ionic
Liquids, Chinese J. Chem. Eng. 20 (2012) 120–129.
A. M. Wolsky, E. J. Daniels, B. J. Jody, CO2 Capture from the flue gas of
conventional fossil‐fuel‐fired power plants, Enviormental Progress, 13 (1994) 214219.
S. Kumar, J.H. Cho, I. Moon, Ionic liquid-amine blends and CO2BOLs:
Prospective solvents for natural gas sweetening and CO2 capture technology-A
review, Int. J. Greenh. Gas Control. 20 (2014) 87–116.
X.X. Zhang, X.X. Zhang, H. Dong, Z. Zhao, S. Zhang, Y. Huang, Carbon capture
with ionic liquids: overview and progress, Energy Environ. Sci. 5 (2012) 6668.
J. Gao, L. Cao, H. Dong, X. Zhang, S. Zhang, Ionic liquids tailored amine aqueous
solution for pre-combustion CO2 capture: Role of imidazolium-based ionic liquids,
Appl. Energy. 154 (2015) 771–780.
H. Yang, Z. Xu, M. Fan, R. Gupta, R.B. Slimane, A.E. Bland, I. Wright, Progress
in carbon dioxide separation and capture: A review, J. Environ. Sci. 20 (2008) 14–
27.
A. Ahmady, M.A. Hashim, M.K. Aroua, Kinetics of Carbon Dioxide absorption
into aqueous MDEA+[bmim][BF4] solutions from 303 to 333K, Chem. Eng. J.
200–202 (2012) 317–328.
M. Hasib-Ur-Rahman, F. Larachi, CO2 capture in alkanolamine-RTIL blends via
carbamate crystallization: Route to efficient regeneration, Environ. Sci. Technol.
46 (2012) 11443–11450.
B. Lu, X. Wang, Y. Xia, N. Liu, S. Li, W. Li, Kinetics of carbon dioxide absorption
186

[144]

[145]

[146]

[147]

[148]
[149]
[150]

[151]
[152]

[153]

[154]

[155]

[156]
[157]

[158]
[159]

[160]

into mixed aqueous solutions of MEA + [Bmim]BF4 using a double stirred cell,
Energy and Fuels. 27 (2013) 6002–6009.
S.N.V.K. Aki, B.R. Mellein, E.M. Saurer, J.F. Brennecke, High-Pressure Phase
Behavior of Carbon Dioxide with Imidazolium-Based Ionic Liquids, J. Phys.
Chem. B. 108 (2004) 20355–20365.
J.L. Anthony, E.J. Maginn, J.F. Brennecke, Solubilities and Thermodynamic
Properties of Gases in the Ionic Liquid 1-n-Butyl-3-methylimidazolium
Hexafluorophosphate, J Phys Chem B 106 (2002) 7315–7320.
G.F.Versteegw.P.M.Van Swaaij, On the kinetics between CO2 and alkanolamines
both in aqueous and non-aqueous primary and secondary solutions-i. amines,
Chem. Eng. Sci., 43 (1988) 587-591
H. Liu, C. Zhang, G. Xu, E. Section, A Study on Equilibrium Solubility for Carbon
Dioxide in Methyldiethanolamine - Piperazine - Water Solution, (1999) 4032–
4036.
A. Danon, P.C. Stair, E. Weitz, FTIR Study of CO2 Adsorption on Amine-Grafted
SBA-15 : Elucidation of Adsorbed Species, (2011) 11540–11549.
B.M. Mitzner, E.T. Theimer, S.K. Freeman, The Infrared Spectra of Monoterpenes
and Related Compounds, Appl. Spectrosc. 19 (1965) 169–185.
I. Iliuta, M. Hasib-ur-Rahman, F. Larachi, CO2 absorption in diethanolamine/ionic
liquid emulsions - Chemical kinetics and mass transfer study, Chem. Eng. J. 240
(2014) 16–23.
J.J. Ko, M.H. Li, Kinetics of absorption of carbon dioxide into solutions of Nmethyldiethanolamine + water, Chem. Eng. Sci. 55 (2000) 4139–4147.
P.W.J. Derks, T. Kleingeld, C. van Aken, J.A. Hogendoorn, G.F. Versteeg,
Kinetics of absorption of carbon dioxide in aqueous piperazine solutions, Chem.
Eng. Sci. 61 (2006) 6837–6854.
R. Cadours, C. Bouallou, A. Gaunand, D. Richon, Kinetics of CO 2 Desorption
from Highly Concentrated and CO2-Loaded Methyldiethanolamine Aqueous
Solutions in the Range 312-383 K, Ind. Eng. Chem. Res. 36 (1997) 5384–5391.
S.N. Khan, S.M. Hailegiorgis, Z. Man, S. Garg, A.M. Shariff, S. Farrukh, M.
Ayoub, H. Ghaedi, High-pressure absorption study of CO2 in aqueous Nmethyldiethanolamine (MDEA) and MDEA-piperazine (PZ)-1-butyl-3methylimidazolium trifluoromethanesulfonate [bmim][OTf] hybrid solvents, J.
Mol. Liq. 249 (2018) 1236–1244.
B. Dutcher, M. Fan, A.G. Russell, Amine-based CO2 capture technology
development from the beginning of 2013-A review, ACS Appl. Mater. Interfaces.
7 (2015) 2137–2148.
J.F. Brennecke, B.E. Gurkan, Ionic liquids for CO2 capture and emission reduction,
J. Phys. Chem. Lett. 1 (2010) 3459–3464.
M.A. Kareem, F.S. Mjalli, M.A. Hashim, I.M. Alnashef, Phosphonium-based ionic
liquids analogues and their physical properties, J. Chem. Eng. Data. 55 (2010)
4632–4637.
M. Ramdin, T.W. De Loos, T.J.H. Vlugt, State-of-the-art of CO2 capture with ionic
liquids, Ind. Eng. Chem. Res. 51 (2012) 8149–8177.
A.S. Wells, V.T. Coombe, On the freshwater ecotoxicity and biodegradation
properties of some common ionic liquids, Org. Process Res. Dev. 10 (2006) 794–
798.
A. Paiva, R. Craveiro, I. Aroso, M. Martins, R.L. Reis, A.R.C. Duarte, Natural
deep eutectic solvents–solvents for the 21st century, ACS Sustain. Chem. Eng. 2
(2014) 1063–1071.
187

[161] Q. Zhang, K. De Oliveira Vigier, S. Royer, F. Jèrôme, Deep eutectic solvents:
syntheses, properties and applications, Chem. Soc. Rev. 41 (2012) 7108–7146.
[162] D. V. Wagle, H. Zhao, G.A. Baker, Deep eutectic solvents: Sustainable media for
nanoscale and functional materials, Acc. Chem. Res. 47 (2014) 2299–2308.
[163] M.H. Chakrabarti, F.S. Mjalli, I.M. Alnashef, M.A. Hashim, M.A. Hussain, L.
Bahadori, C.T.J. Low, Prospects of applying ionic liquids and deep eutectic
solvents for renewable energy storage by means of redox flow batteries, Renew.
Sustain. Energy Rev. 30 (2014) 254–270.
[164] L.L. Sze, S.S.S. Pandey, S. Ravula, S.S.S. Pandey, H. Zhao, G.A. Baker, S.N.
Baker, Ternary deep eutectic solvents tasked for carbon dioxide capture, ACS
Sustain. Chem. Eng. 2 (2014) 2117–2123.
[165] S. Sarmad, Y. Xie, J.-P. Mikkola, X. Ji, Screening of deep eutectic solvents (DESs)
as green CO2 sorbents: from solubility to viscosity, New J. Chem. 41 (2017) 290–
301.
[166] S. Sarmad, J.-P. Mikkola, X. Ji, Carbon Dioxide Capture with Ionic Liquids and
Deep Eutectic Solvents: A New Generation of Sorbents, ChemSusChem. 10 (2017)
324–352.
[167] M.B. Haider, Z. Hussain, R. Kumar, CO2 absorption and kinetic study in ionic
liquid amine blends, J. Mol. Liq. 224 (2016) 1025–1031.
[168] R.E. Treybal, M.W.P., Mass-Transfer Operations, 1980.
[169] J.O. Valderrama, R.E. Rojas, Critical Properties of Ionic Liquids. Revisited, Ind.
& Eng. Chem. Res. 48 (2009) 6890–6900.
[170] J.O. Valderrama, W.W. Sanga, J.A. Lazzús, Critical properties, normal boiling
temperatures and acentric factors of another 200 ionic liquids, Ind. Eng. Chem.
Res. 47 (2008) 1318–1330.
[171] J.O. Valderrama, L.A. Forero, R.E. Rojas, Critical properties and normal boiling
temperature of ionic liquids. Update and a new consistency test, Ind. Eng. Chem.
Res. 51 (2012) 7838–7844.
[172] A.L. Lydersen, Estimation of Critical Properties of Organic Compounds; Report
3; University of Wisconsin, College of Engineering, Engineering Experimental
Station, 1955.
[173] K.G. Joback, R.C. Reid, Estimation of Pure-Component Properties From GroupContributions, Chem. Eng. Commun. 57 (1987) 233–243.
[174] S.D. Labinov, J.R. Sand, An analytical method of predicting Lee-Kesler-Ploecker
equation-of-state binary interaction coefficients, Int. J. Thermophys. 16 (1995)
1393–1411.
[175] D.-Y. Peng, D.B. Robinson, A New Two-Constant Equation of State, Ind. Eng.
Chem. Fundam. 15 (1976) 59–64.
[176] R. Stefanovic, M. Ludwig, G.B. Webber, R. Atkin, A.J. Page, Nanostructure,
hydrogen bonding and rheology in choline chloride deep eutectic solvents as a
function of the hydrogen bond donor, Phys. Chem. Chem. Phys. 19 (2017) 3297–
3306.
[177] K. Robinson , A. McCluskey, M.I. Attalla, An ATR-FTIR Study on the Effect of
Molecular Structural Variations on the CO2 Absorption Characteristics of
Heterocyclic Amines, Part II, ChemPhysChem. 13 (2012) 2331–2341.
[178] P. V. Danckwerts, The reaction of CO2 with ethanolamines, Chem. Eng. Sci. 34
(1979) 443–446.
[179] Y.S. Bae, K.L. Mulfort, H. Frost, P. Ryan, S. Punnathanam, L.J. Broadbelt, J.T.
Hupp, R.Q. Snurr, Separation of CO2 from CH4 using mixed-ligand metal-organic
frameworks, Langmuir. 24 (2008) 8592–8598.
188

[180] B. Yuan, X. Wu, Y. Chen, J. Huang, H. Luo, S. Deng, Adsorption of CO 2, CH4,
and N2 on ordered mesoporous carbon: Approach for greenhouse gases capture and
biogas upgrading, Environ. Sci. Technol. 47 (2013) 5474–5480.
[181] R. Faiz, M. Al-Marzouqi, Insights on natural gas purification: Simultaneous
absorption of CO2 and H2S using membrane contactors, Sep. Purif. Technol. 76
(2011) 351–361.
[182] M. Shimekit, Biruh ; Hilmi, Natural Gas Purification Technologies – Major
Advances for CO2 Separation and Future Directions, Adv. Nat. Gas Technol. i
(2012) 235–270.
[183] A. L. Kohl, R.Nielsen gas purification, 1997.
[184] L.F. Zubeir, D.J.G.P. Van Osch, M.A.A. Rocha, F. Banat, M.C. Kroon, Carbon
Dioxide Solubilities in Decanoic Acid-Based Hydrophobic Deep Eutectic
Solvents, J. Chem. Eng. Data. 63 (2018) 913–919.
[185] T. Aissaoui, I.M. AlNashef, U.A. Qureshi, Y. Benguerba, Potential applications of
deep eutectic solvents in natural gas sweetening for CO2 capture, Rev. Chem. Eng.
0 (2017) 523–550.
[186] S. Chen, G. Hu, K.H. Smith, K.A. Mumford, Y. Zhang, G.W. Stevens, Kinetics of
CO2 Absorption in an Ethylethanolamine Based Solution, Ind. Eng. Chem. Res. 56
(2017) 12305–12315.
[187] I. Folgueira, I. Teijido, A. García-Abuín, D. Gómez-Díaz, A. Rumbo, 2(Methylamino)ethanol for CO2 absorption in a bubble reactor, Energy and Fuels.
28 (2014) 4737–4745.
[188] I. Folgueira, I. Teijido, A. García-Abuín, D. Gómez-Díaz, A. Rumbo, Carbon
dioxide absorption behavior in 2-(ethylamino)ethanol aqueous solutions, Fuel
Process. Technol. 131 (2015) 14–20.
[189] C.A. Angell, Perspectives on the Glass Transition, J. Phys. Chem. Solids. 49
(1988) 863–871.
[190] M.D. Ediger, C.A. Angell, S.R. Nagel, Supercooled liquids and glasses, J. Phys.
Chem. 100 (1996) 13200–13212.
[191] S.J. Hwang, J. Kim, H. Kim, K.S. Lee, Solubility of Carbon Dioxide in Aqueous
Solutions of Three Secondary Amines: 2-(Butylamino)ethanol, 2(Isopropylamino)ethanol, and 2-(Ethylamino)ethanol Secondary Alkanolamine
Solutions, J. Chem. Eng. Data. 62 (2017) 2428–2435.
[192] J. Narku-Tetteh, P. Muchan, C. Saiwan, T. Supap, R. Idem, Effect of Side Chain
Structure and Number of Hydroxyl Groups of Primary, Secondary and Tertiary
Amines on their Post-Combustion CO2 Capture Performance, Energy Procedia.
114 (2017) 1811–1827.
[193] D.J.G.P. van Osch, L.F. Zubeir, A. van den Bruinhorst, M.A.A. Rocha, M.C.
Kroon, Hydrophobic deep eutectic solvents as water-immiscible extractants, Green
Chem. 17 (2015) 4518–4521.
[194] D.J.G.P. van Osch, D. Parmentier, C.H.J.T. Dietz, A. van den Bruinhorst, R.
Tuinier, M.C. Kroon, Removal of alkali and transition metal ions from water with
hydrophobic deep eutectic solvents, Chem. Commun. 52 (2016) 11987–11990.
[195] P. Kaur, N. Rajani, P. Kumawat, N. Singh, J.P. Kushwaha, Performance and
mechanism of dye extraction from aqueous solution using synthesized deep
eutectic solvents, Colloids Surfaces A Physicochem. Eng. Asp. 539 (2018) 85–91.
[196] J. Cao, L. Chen, M. Li, F. Cao, L.-G. Zhao, E. Su, Two-phase systems developed
with hydrophilic and hydrophobic deep eutectic solvents for simultaneously
extracting various bioactive compounds with different polarities, Green Chem. 20
(2018) 1879-1886
189

[197] K. Xu, Y. Wang, Y. Huang, N. Li, Q. Wen, Analytica Chimica Acta A green deep
eutectic solvent-based aqueous two-phase system for protein extracting, Anal.
Chim. Act., 864 (2015) 9-20.
[198] N. Li, Y. Wang, K. Xu, Y. Huang, Q. Wen, X. Ding, Y. Wang, K. Xu, Y. Huang,
Q. Wen, X. Ding, Development of green betaine-based deep eutectic solvent
aqueous two-phase system for the extraction of protein, Talanta., 152 (2016) 2332.
[199] B. Zhao, P. Xu, F. Yang, H. Wu, M. Zong, W. Lou, Biocompatible Deep Eutectic
Solvents Based on Choline Chloride: Characterization and Application to the
Extraction of Rutin from Sophora japonica, ACS Sustainable Chem. Eng., 3 (2015)
2746–2755
[200] J. Cao, M. Yang, F. Cao, J. Wang, E. Su, Well-Designed Hydrophobic Deep
Eutectic Solvents As Green and Efficient Media for the Extraction of Artemisinin
from Artemisia annua Leaves, ACS Sustain. Chem. Eng. 5 (2017) 3270–3278.
[201] J.O. Valderrama, P.A. Robles, Reply to “Comment on ‘critical properties, normal
boiling temperature, and acentric factor of fifty ionic liquids,’”Ind. Eng. Chem.
Res. 46 (2007) 6063–6064.
[202] X. Wang, Y. Chi, T. Mu, A review on the transport properties of ionic liquids, J.
Mol. Liq. 193 (2014) 262–266.
[203] M.K. Alomar, M. Hayyan, M.A. Alsaadi, S. Akib, A. Hayyan, M.A. Hashim,
Glycerol-based deep eutectic solvents: Physical properties, J. Mol. Liq. 215 (2016)
98–103.
[204] A.P. Abbott, R.C. Harris, K.S. Ryder, Application of hole theory to define ionic
liquids by their transport properties, J. Phys. Chem. B. 111 (2007) 4910–4913.
[205] S. Di Pascoli, A. Femia, T. Luzzati, Natural gas, cars and the environment. A
(relatively) ‘clean’ and cheap fuel looking for users, Ecol. Econ. 38 (2001) 179–
189.
[206] C.S. Weaver, Natural Gas Vehicles — A Review of the State of the Art, (2013).
[207] L. Peters, A. Hussain, M. Follmann, T. Melin, M.B. Hägg, CO2 removal from
natural gas by employing amine absorption and membrane technology-A technical
and economical analysis, Chem. Eng. J. 172 (2011) 952–960.
[208] P. Reig, T. Luo, J.N. Proctor, Global shale gas development: Water availability
and busines risks, World Resour. Inst. (2014) 1–80.
[209] J. Kittel, E. Fleury, B. Vuillemin, S. Gonzalez, F. Ropital, R. Oltra, Corrosion in
alkanolamine used for acid gas removal: From natural gas processing to CO 2
capture, Mater. Corros. 63 (2012) 223–230.
[210] M.B. Shiflett, D.W. Drew, R.A. Cantini, A. Yokozeki, Carbon Dioxide Capture
Using Ionic Liquid 1-Butyl-3-methylimidazolium Acetate, Energy & Fuels. 24
(2010) 5781–5789.
[211] K. Khonkaen, K. Siemanond, A. Henni, Simulation of carbon dioxide capture
using ionic liquid 1-Ethyl-3-methylimidazolium Acetate, Comput. Aided Chem.
Eng. 33 (2014) 1045-1050.
[212] J.L. Anthony, S.N.V.K. Aki, E.J. Maginn, J.F. Brennecke, Feasibility of using
ionic liquids for carbon dioxide capture, Int. J. Environ. Technol. Manag. 4 (2004)
105–115.
[213] X. Liu, Y. Huang, Y. Zhao, R. Gani, X. Zhang, S. Zhang, Ionic Liquid Design and
Process Simulation for Decarbonization of Shale Gas, Ind. Eng. Chem. Res. 55
(2016) 5931–5944.
[214] N.R. Mirza, N.J. Nicholas, Y. Wu, K.A. Mumford, S.E. Kentish, G.W. Stevens,
Experiments and Thermodynamic Modeling of the Solubility of Carbon Dioxide
190

[215]

[216]

[217]

[218]

[219]
[220]
[221]

[222]

[223]

[224]

[225]
[226]

[227]

[228]

[229]

in Three Different Deep Eutectic Solvents (DESs), J. Chem. Eng. Data. 60 (2015)
3246–3252.
R.B. Leron, M.H. Li, Molar heat capacities of choline chloride-based deep eutectic
solvents and their binary mixtures with water, Thermochim. Acta. 530 (2012) 52–
57.
A. Yadav, J.R. Kar, M. Verma, S. Naqvi, S. Pandey, Densities of aqueous mixtures
of (choline chloride + ethylene glycol) and (choline chloride + malonic acid) deep
eutectic solvents in temperature range 283.15–363.15 K, Thermochim. Acta. 600
(2015) 95-101.
A. Yadav, S. Pandey, Densities and viscosities of (choline chloride + urea) deep
eutectic solvent and its aqueous mixtures in the temperature range 293.15 K to
363.15 K, J. Chem. Eng. Data. 59 (2014) 2221–2229.
H. Shekaari, M.T. Zafarani-Moattar, B. Mohammadi, Thermophysical
characterization of aqueous deep eutectic solvent (choline chloride/urea) solutions
in full ranges of concentration at T = (293.15–323.15) K, J. Mol. Liq. 243 (2017)
451–461.
K. Shahbaz, F.S. Mjalli, M.A. Hashim, I.M. Alnashef, Prediction of the surface
tension of deep eutectic solvents, Fluid Phase Equilib. 319 (2012) 48–54.
L. Duan, M. Zhao, Y. Yang, Integration and optimization study on the coal-fired
power plant with CO2 capture using MEA, Energy. 45 (2012) 107–116.
I. Kim, Heat of absorption of carbon dioxide (CO2) in monoethanolamine (MEA)
and 2-(aminoethyl) ethanolamine (AEEA) solutions, Ind. &amp; Eng. Chem.
(2007) 5803–5809.
R.J. Hill, D.M. Jarvie, J. Zumberge, M. Henry, R.M. Pollastro, Oil and gas
geochemistry and petroleum systems of the Fort Worth Basin, Am. Assoc. Pet.
Geol. Bull. 91 (2007) 445–473.
N.R. Mirza, N.J. Nicholas, Y. Wu, S. Kentish, G.W. Stevens, Estimation of
Normal Boiling Temperatures, Critical Properties, and Acentric Factors of Deep
Eutectic Solvents, J. Chem. Eng. Data. 60 (2015) 1844–1854.
C. D’Agostino, R.C. Harris, A.P. Abbott, L.F. Gladden, M.D. Mantle, Molecular
motion and ion diffusion in choline chloride based deep eutectic solvents studied
by 1H pulsed field gradient NMR spectroscopy, Phys. Chem. Chem. Phys. 13
(2011) 21383.
Y. Wang, Natural Gas Treatment Principle and Technology, Beijing, 2007.
J. Wang, H. Cheng, Z. Song, L. Chen, L. Deng, Z. Qi, Carbon Dioxide Solubility
in Phosphonium-Based Deep Eutectic Solvents: An Experimental and Molecular
Dynamics Study, Ind. Eng. Chem. Res. 58 (2019) 17514–17523.
P.K. Naik, S. Paul, T. Banerjee, Physiochemical Properties and Molecular
Dynamics Simulations of Phosphonium and Ammonium Based Deep Eutectic
Solvents, J. Solution Chem. 48 (2019) 1046–1065.
M.B. Haider, D. Jha, B. Marriyappan Sivagnanam, R. Kumar, Thermodynamic and
Kinetic Studies of CO2 Capture by Glycol and Amine-Based Deep Eutectic
Solvents, J. Chem. Eng. Data. 63 (2018) 2671-2680.
R.K. Ibrahim, M. Hayyan, M.A. Alsaadi, S. Ibrahim, A. Hayyan, M.A. Hashim,
Diethylene glycol based deep eutectic solvents and their physical properties, Stud.
Univ. Babeș-Bolyai Chem. 62 (2017) 433–450.

191

Appendix-A: Experimental Setup and Sample calculation for CO2 solubility

Fig A1: Experimental setup for the CO2 capture where, A-gas reservoir; B-equilibrium
cell; C-magnetic stirrer; D-chiller; E-gas cylinder
Average Molecular Weight calculation (Mav):
𝑛

𝑀𝑎𝑣 = ∑ 𝑀𝑊𝑖 ∗ 𝑥𝑖
𝑖

Where MWi and xi is molecular weight and mole fraction of ith component.
For example; for the IL-amine blends having 30% monoethanol amine(MEA) and 70%
1-Butyl-3-methylimidazolium tetrafluoroborate (IL)
Molecular weight of IL= 226.003
Molecular weight of MEA=61.08
𝑀𝑎𝑣 = 226.03 ∗ 0.7 + 61.08 ∗ 0.3
𝑀𝑎𝑣 = 176.545
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Calculation of CO2 solubility in solvents
The schematic diagram for the CO2 solubility is given in chapter 2, Figure 2.1.
The initial number of moles of CO2 (ni) is given by
𝒏𝒊𝑪𝑶𝟐 =

𝑷𝒊 (𝑽𝒓𝒆𝒔 )
𝒁𝒊𝑪𝑶𝟐 𝑹 𝑻𝒊

𝑖
𝑛𝐶𝑂
is the initial number of moles of CO2 charged into reservoir of known volume 𝑉𝑟𝑒𝑠 ,
2
𝑖
𝑍𝐶𝑂
is the compressibility factor at initial temperature(T i) and pressure condition(Pi), and
2

R is the universal gas constant.
For initial pressure of =2.8 bar at 301.15 K the 𝒁𝒊𝑪𝑶𝟐 = 𝟎. 𝟗𝟖𝟓
𝒏𝒊𝑪𝑶𝟐 =

2.8 𝑏𝑎𝑟 ∗ 22𝑚𝐿
0.985 ∗ 8.314 ∗ 301.15 𝐾

𝒏𝒊𝑪𝑶𝟐 = 0.00249776
After CO2 is charged to equilibrium cell, and equilibrium achieved

𝒆𝒒

𝒏𝑪𝑶𝟐 =

𝒏𝒊𝑪𝑶𝟐 =

𝑷𝒆𝒒 (𝑽𝒆𝒒𝒖𝒊𝒍𝒊𝒃𝒓𝒊𝒖𝒎𝒄𝒆𝒍𝒍 )
𝒇

𝒁𝑪𝑶𝟐 𝑹 𝑻𝒆𝒒

1.1 𝑏𝑎𝑟 ∗ 22𝑚𝐿
0.994 ∗ 83.14 ∗ 301.15 𝐾

𝒏𝒊𝑪𝑶𝟐 = 0.00097238
𝑒𝑞

𝑖
𝒏𝒂𝒃𝒔
𝑪𝑶𝟐 = 𝑛𝐶𝑂2 − 𝑛𝐶𝑂2

𝒏𝒂𝒃𝒔
𝑪𝑶𝟐 = 0.00249776 − 0.00097238
𝒏𝒂𝒃𝒔
𝑪𝑶𝟐 = 0.00152538
Calculation of weight required for DESs preparation
Molecular weight of Choline Chloride (ChCl)= 139.623
Molecular weight of ethylene glycol (EG)= 62.07
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For making DESs having molar ratio 1:2 ChCl/EG,
𝑥𝐶ℎ𝐶𝑙 =

1
1+2

𝑥𝐶ℎ𝐶𝑙 = 0.333

For 1 mole of ChCl, weight required
𝑛

𝐶ℎ𝐶𝑙=

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐶ℎ𝐶𝑙(𝑊𝐶ℎ𝐶𝑙 )
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐶ℎ𝐶𝑙(𝑀𝑊𝐶ℎ𝐶𝑙 )

𝑊𝐶ℎ𝐶𝑙 = 𝑛𝐶ℎ𝐶𝑙 ∗ 𝑀𝑊𝐶ℎ𝐶𝑙
𝑊𝐶ℎ𝐶𝑙 = 1 ∗ 139.623
𝑊𝐶ℎ𝐶𝑙 = 139.623 𝑔𝑟𝑎𝑚
Similarly,
𝑊𝐸𝐺 = 𝑛𝐸𝐺 ∗ 𝑀𝑊𝐸𝐺
𝑊𝐸𝐺 = 124.14 𝑔𝑟𝑎𝑚
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Appendix-B: Supplementary information for Chapter 3

Figure S3.1: FTIR Spectra of ChCl: DEG (a) before CO2 absorption (b) after CO2
absorption

Figure S3.2: FTIR Spectra of TBAB:EG (a) before CO2 absorption (b) after CO2
absorption
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Figure S3.3: FTIR Spectra of TBAB: DEG (a) before CO2 absorption (b) after CO2
absorption

Figure S3.4: FTIR Spectra of TBAB: MDEA (a) before CO2 absorption (b) after CO2
absorption
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Figure S3.5: FTIR Spectra of TBAB: DEA (a) beforeCO2 absorption (b) after CO2
absorption
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Figure S3.6: CO2 solubility in aqueous MDEA (40wt%) and pure diethylene glycol.
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Figure S3.7: CO2 solubility in synthesized DESs fitted with NRTL model and Peng-Rob
EOS.
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Figure S3.8: Estimated and experimental CO2 solubility in the ChCl based DESs
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Table S3.1: Images of synthesized DESs

DES1 (ChCl/2EG)

DES2(ChCl/3DEG)

DES3(ChCl/4DEG)

DES4(ChCl/6MDEA)

DES5(ChCl/7MDEA)
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DES6(ChCl/6DEA)

DES7(TBAB / 2EG)

DES8(TBAB/3EG)

DES9(TBAB/4EG)

DES10(TBAB/2DEG)
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DES11(TBAB/3DEG)

DES12(TBAB/4DEG)

DES13(TBAB/3MDEA)

DES 14(TBAB/4MDEA)

DES15(TBAB/6DEA)

201

Table S3.2: Calculated PR-EOS binary interaction parameter for DES-CO2 system
i

CO2

DES2

DES3

DES4

DES5

DES6

DES7

DES8

CO2

j

DES1

CO2

CO2

CO2

CO2

CO2

CO2

CO2

DES9

DES10 DES11
CO2

Kaij -1991.87 -1258.17 -1718.94 39.86 -3330.52 39.91 -2407.85 5.591 -1362.34 39.95

CO2

CO2

CO2

CO2

CO2

DES12 DES13 DES14 DES15

39.92 -2198.63 -10.63 -150.864

0.83

Kbij

6.67

6.01

5.77

-0.13

11.09

-0.13

8.05

-0.012

4.60

-0.13

-0.13

7.36

0.01

0.54

0.01

Kcij

-89.23

-17.23

-100.1

12.1

-85.2

12.4

-10

1.1

-45.32

-13.1

21.3

-104.23

14.13

-43.41

-962.1

202

Appendix-C: Supplementary information for Chapter 4

Figure S4.1: FTIR Spectra of DES3 (a) before CO2 absorption (b) after CO2 absorption

Figure S4.2: FTIR Spectra of DES4 (a) before CO2 absorption (b) after CO2 absorption
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Figure S4.3: Experimental and predicted CO2 solubility in DES 1
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Figure S4.4: Experimental and predicted CH4 solubility in DES 1
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Figure S4.5: Experimental and predicted CO2 solubility in DES2

Mole fraction of CO2 absorbed

0.25

0.2

0.15
0.1

303 K
313 K
323 K
PengRob Predicted
NRTL Predicted

0.05
0

0

5
10
Pressure(bar)

15

Figure S4.6: Experimental and predicted CO2 solubility in DES3
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Figure S4.7: Experimental and predicted CH4 solubility in DES3
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Figure S4.8: Experimental and predicted CO2 solubility in DES4
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Figure S4.9: Experimental and predicted CH4 solubility in DES4
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Figure S4.10: lnP vs 1/T plot for the heat of absorption calculation
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Table S4.1:List of DESs synthesized in this work
HBD
2-methylamino
ethanol

2-Ethylamino ethanol

HBA
ChCl

Image

REMARK
Does not form DES

TMAC

Does not form DES

BTEACl

Liquid phase observed

TBAB

Liquid phase observed

MTPPhBr

Does not form DES

ChCl

Does not form DES

TMAC

Does not form DES

BTEACl

Liquid phase observed

TBAB

Liquid phase observed

MTPPhBr

Does not form DES
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Figure S7.4: Experimental and PR-EOS predicted CO2 solubility in DES2
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Table S7.1: Calculated density and viscosity parameters of DESs
property
parameter
DES1
DES2
DES3

k1
6.3E-4
3.0E-4
5.9E-4

Density
(mol/cc)
k2
k3
0.23 1014.82
0.20
500.35
0.26
577.19

k4
0.31
0.07
0.11

A
350.86
-107.43
-651.94

Viscosity
(mPa.S)
B
-10000.00
8724.52
37582.30

Table S7.2: Calculated Surface tension of DESs
Property
Parameter
DES1
DES2
DES3

Surface Tension
(mN/m)
q1
q2
q3
77.51
00.89
-00.26
1.0E-2
-52.10
76.06
308.93
06.63
-07.83
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