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Abstract 
Ionic liquids (ILs) have shown great potential to be used as liquid absorbents 
for CO2 capture because of its advantages, such as non-volatility, functionality, 
high CO2 solubility and lower energy requirements for regeneration. A 
significant amount of research has been carried out, but most of them are on 
the synthesis of novel ILs and the measurements of CO2 solubility in ILs. 
However, the application of IL-based technology for CO2 capture requires 
knowledge of gas solubility, the effect of other components on CO2 solubility, 
the thermo-physical properties, modeling as well as process simulation. 
Therefore, a tremendous gap exists between new technology development and 
implementation. 

The goal of this work is to perform a systematic study from experimental 
measurement, model development to process simulation in order to promote 
the development and application of IL-based technology for CO2 capture.  

In this work, the solubilities of CO2, CH4, H2, CO and N2 in choline chloride 
(ChCl)/urea (1:2 on a molar basis) were determined. The effect of water on the 
density, viscosity and CO2 solubility in ChCl/urea (1:2) were measured. The 
experimental gas solubility data was represented with the Non Random Two 
Liquid - Redlich Kwong (NRTL-RK) model. The results show that the addition 
of water significantly decreases the viscosity of ChCl/urea (1:2) while the 
effects on their density and CO2 solubility are much weaker. The excess molar 
volume and excess molar activation energy were calculated based on the 
experimental density and viscosity data. It was found that the intermolecular 
interaction between ChCl/urea and water is strong, and the hydrogen bond 
interaction is influenced by the temperature and water concentration. 

Meanwhile, the experimental data of CO2 solubility in imidazolium-based ILs 
at pressures below 10 MPa was surveyed and evaluated by NRTL-RK model. 
The CO2 absorption enthalpy and the energy consumption for a CO2 separation 
process using ILs by pressure swing and/or temperature swing were 
investigated. The results reveal that the temperature-dependent Henry’s 
constant is an important factor for energy consumption analysis in a pressure 
swing process, while the heat capacity of ILs plays a more important role in a 
temperature swing process. 
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1 Introduction 

1.1 The mitigation challenge 

Greenhouse-gases (GHG) emission has been recognized as an important 
contributing factor to global warming and climate change. It has been 
perceived that there may be a rise of 1.9-3.5 °C in the global temperature by 
the year 2100 and an increase in mean sea level of 18-30 cm [1], which 
accompany many anticipated distresses. Thus, the GHG emission has to be 
controlled and reduced. 

CO2, as a major GHG, is mostly emitted from the fossil fuel (i.e. petroleum, 
coal, and natural gas). As shown in Figure 1.1, the CO2 emissions are 
increasing during the past few decades. Carbon Capture and Sequestration 
(CCS) is considered as one of the most promising way of mitigating 
greenhouse emissions. It is reported that CO2 capture using the current 
state of the art technology consumes almost 30% of the energy that is needed 
to run a power plant [2]. Therefore, developing an economical and energy 
efficient CO2 capture technology is urgently needed. 

 

 
Figure 1.1. Carbon dioxide emissions from major fossil fuel sources over the past 6 

decades [2]. 

1.2 Bio-CCS 

Biomass has been recognized as a new renewable energy. As shown in Figure 
1.2, CO2 capture technology can be used in the large-scale electricity 
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generation and bio-fuel production [3]. CO2 capture is an important step in 
biomass gasification process in order to obtain products or improve efficiency 
of the subsequent processes. For example, CO2 is captured from the gases 
produced by the combustion-based power production, which is called as post-
combustion capture; CO2 is captured from the gases produced by gasification-
based power production, which is called as pre-combustion capture; In the 
production of synthetic hydrocarbons with Fischer-Tropsch technology, the 
inert CO2 is removed to increase the efficiency and selectivity of higher 
hydrocarbons (C5+); in methanol production, CO2 removal is made to obtain a 
favourable ratio of the gas mixture in order to increase the production yield; 
and in hydrogen production, CO2 is removed to purify hydrogen.  

 
 

Figure 1.2. steps in the bio-CCS routes [3]. 
 

In addition, CO2 removal is needed in biogas production. It was estimated that 
the biogas production reaches 39.5 Mtoe in 2020 in the EU, which corresponds 
to approximately 10% of EU natural gas consumption. In Sweden, 1.6 TWh 
biogas was produced from 230 production units in 2012 [4]. Biogas has been 
recognized as an alternative renewable energy source. The biogas from 
biomass fermentation contains 60–65% methane, 35–40% carbon dioxide. CO2 
in biogas needs to be removed in order to increase the operational range of 
vehicles and heating value, decrease transportation costs and avoid corrosion in 
pipelines. 
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1.3 Innovation of CO2 separation technology 

A number of CO2 separation technologies are already being investigated in 
recent decades [5-7]. The aqueous amine-based solvents are used to remove 
acid gas through acid-base reactions and reversible formation of soluble salt 
species, which has been used and apply in the chemical and oil industries for 
over 60 years. The amine technology has been achieved commercialization, for 
example, the BASF’s activated MDEA process and UOP’s Benfield process. 
However, this technology is energy intensive, especially for gas streams of 
high acid gas content, combined with deficiencies of volatility, degradation, 
and corrosion. The cost of CO2 separation using amine technology is in the 
range of $50 to $100 per ton carbon, which is much too high for most of 
applications.  

Besides chemical absorbents, the physical absorbents are also effective for CO2 
removal. The mostly used physical solvents for CO2 separation are cold 
methanol (rectisol), dimethyl ether of polyethelene glycol (selexol), and 
propylene carbonate (fluor). When the partial pressure of CO2 is high, the 
physical absorbents are chosen to removal CO2, and the regeneration of solvent 
can be performed by releasing the pressure, which results in lower energy 
consumption for CO2 separation. However, there are several drawbacks for 
physical solvents, such as absorption of hydrocarbon, low capacity of CO2 and 
the high capital and operating costs.   

Due to the drawbacks of current technologies, new technologies need to 
develop. Ionic liquids (ILs) have shown great potential to be used as liquid 
absorbents for CO2 separation. ILs are salts in liquid state with melting point at 
or close to room temperature. There are many advantages for choosing ILs as 
liquid absorbents for CO2 separation such as high CO2 solubility, non-volatile, 
environmentally benign and lower energy requirement for regeneration. The 
properties of ILs mostly depend on its chemical constitution, which makes it 
possible to design a particular IL to meet a specific application. It has been 
estimated that the IL technology could cut the cost of capturing CO2 from flue 
gas plant down to as low as $20 per ton carbon, which is much lower than that 
of amine technology. 

1.4 Challenge for ionic liquid technology 

Although lots of research work has been done to investigate ionic liquid 
technology, most of them are focusing on the synthesis of new ILs. The work 
on the measurements of gas solubility, physical property, transports property 
and water effect on the gas solubility and property of ILs are still limited. The 
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gas solubility, physical and transport properties are important knowledge for 
the process design. The viscosity of ILs is always high, which hinders the 
application of ILs. The impurity, such as water, affects the gas solubility. 
Meanwhile, water is a green and cheap solvent, and it can decrease the 
viscosity of ILs dramatically, which implies the importance to study the water 
effect on the gas solubility and property of ILs. 

Another challenge for IL technology is the high price for most of ILs and poor 
biodegradability limit. Recently, a new kind of ILs, choline chloride-based ILs, 
were developed and they are promising to be used as liquid absorbents for CO2 
separation, taking advantage of high acid gas solubility, easy synthesis, bio-
degradable and low price. There have been some reports on the choline 
chloride-based ILs, but the research work on the choline chloride/urea 
(ChCl/urea) is still limited. So in this work, the gas solubility and property of 
ChCl/urea as well as the water effect were investigated. 

1.5 Objectives 

The overall objective of this work is to perform a systematic study from 
experimental data measurement, model development to process simulation in 
order to promote the IL-based technology development and application. Firstly, 
plenty of experimental work should be done in order to provide fundamental 
knowledge for obtaining the parameters of thermodynamic models and 
verifying the reliability of the models. The development of thermodynamic 
model is also essential, because it can be used to describe and predict the 
property and the vapor-liquid equilibrium and then implemented into the 
commercial software Aspen for process simulation. The specific objectives of 
this thesis are: 

• To determine the thermo-physical properties of and the gas solubilities 
in ChCl/urea. 

• To develop thermodynamic models for representing the properties of 
ILs and the gas solubilities in ChCl/urea. 

• To analyse the energy consumption for the CO2 separation using ILs. 

 

Figure 1.3 illustrates the flow chart of this study: 
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Figure 1.3 Flow sheet of this study. 
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2 Methodology 

2.1 Experimental measurements 

ChCl/urea was chosen as a new type of IL in the experimental measurements. 
Due to the high viscosity of ILs, the addition of water in IL could decrease the 
viscosity. Meanwhile, water is one of main impurities of gas streams, which 
makes it crucial to study the water effect on the properties of ILs and gas 
solubility in ILs. In this work, the density, viscosity, and gas solubility in the 
system of ChCl/urea + water were investigated. 

2.1.1 Materials 

The mixture of choline chloride and urea used in this work was all based on the 
molar ratio of 1:2 (choline chloride:urea). The mixture was prepared by heating 
ChCl and urea with a molar ratio of 1:2 at 353.15 K until a homogeneous 
liquid was formed. Samples were dried under vacuum at 333.15 K for 72 h. 
The water content of the dried ChCl/urea (1:2) was determined by Karl Fischer 
titration analysis, which was 1200±100 ppm.  

2.1.2 Property and gas solubility 

The densities of solutions were measured by Anton Paar DMA 5000 vibrating-
tube densimeter. The viscosities of solutions were measured by the Anton Paar 
AMVn Measuring Assembly.  

The equipment to measure the gas solubility in a solvent was setup by 
ourselves and illustrated Figure 2.1. The moles of gas in the liquid phase can 
be determined from the pressure change of gas reservoir, the pressure of the 
equilibrium and the volume for the equilibrium cell. 
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Figure 2.1 Schematic diagram of experimental apparatus: a, gas supply; b, gas 
reservoir; c, equilibrium cell; d, magnetic stirrer; 1-5, valves. 

2.2 Thermodynamic modeling 

2.2.1 Property 

Based on the experimental density data, the excess molar volume (VE) of 
{ChCl/urea (1) + water (2)} was calculated as: 

 
                                      (1)  

 
where x is the mole fraction in the liquids phase, V is the liquid molar volume, 
� is the liquid density, M is the molecular weight, and the subscripts 1, 2 and m 
stand for ChCl/urea, water and their mixture, respectively.  

Based on the experimental viscosity data, the excess molar energy of activation 
(AE) was calculated as: 

 
                                          (2) 

 
where R is the gas constant, T is the absolute temperature, and η is the 
viscosity. 

Redlich–Kister equation was used to fit the excess properties (VE): 
 

                                                                       (3) 

                                                                                                (4)  
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where n is the number of the estimated parameters, and ai is the 
lineally/polynomial coefficient to represent Ai. 

2.2.2 Gas solubility 

For the system studied in this thesis, the vapor pressure of IL is negligible. It is 
assumed that only gas exists in the vapor phase, y=1.  

 

CO2 solubility in ILs 

The vapor-liquid equilibrium representing the CO2 solubility in ILs can be 
expressed as: 

 
                                                                                        (5)                

 
where P is the system pressure,  is the fugacity coefficient of CO2 in the 
vapor phase,  is the activity coefficient of CO2 in the liquid phase at the 
infinite dilution reference state.  is the mole fraction of CO2 in the liquid 
phase, H is the Henry’s constant of CO2.  

Redlich–Kwong (RK) equation of state was used to calculate the fugacity of 
gas in the vapor phase.  

 
                                    (6) 

 
where a, b, A, and B are parameters calculated from the critical temperature 
and pressure. The critical temperature and pressure of CO2 were obtained from 
NIST webbook with the values of 304.2 K and 7.38 MPa, respectively. 

The Henry’s constant of CO2 was calculated from the following equations: 
 

                                                                  (7) 

                                                                                    (8) 

 
where T is the temperature, HCO2(T, P) is the Henry’s constant of CO2 at 
system temperature and pressure, HCO2(T) is the Henry’s constant of CO2 at 
zero pressure, and  ∞  is the infinite dilution partial volume of CO2 in ILs. 

The non-random two liquids (NRTL) model was used to represent the activity 
coefficient of gas in the liquid phase.  
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                                                        (9) 

where      and       

α was assumed to be 0.2 in this work, and G12, G21, τ12 and τ21 are binary 
interaction parameters. 

 

The solubility of pure gas other than CO2 in ILs 

Because of the low solubilities of CH4, CO, N2 and H2 in ILs, the solvent was 
assumed to be an ideal solution, i.e. the activity coefficient of the gases in the 
liquid phase was assumed to be 1. The vapor-liquid equilibrium was 
represented by the Henry’s law and can be simplified as: 

 

                                                                                                    (10)                  
 
where  is the fugacity coefficient of gases (CH4, CO, N2 and H2) in the 

vapor phase and calculated by RK model,  is the mole fraction of CO2 in the 

liquid phase, and  is the Henry’s constant of the gases (CH4, CO, N2 and H2) 

in ILs.  

 

CO2 absorption enthalpy 

The enthalpy of CO2 absorption in (ChCl/urea + water) can be further 
calculated from the following equations: 

                                                                     (11) 

                                                                        (12) 

                                                                                 (13) 

where  is the absorption enthalpy,  is the enthalpy of gas 
dissolution,  is the excess enthalpy, and n is the moles of solution to 
absorb one mole of gas. 
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2.3 Energy consumption analysis 

The energy consumption for a CO2 separation process was estimated based on 
the CO2 absorption enthalpy and other thermodynamic properties. Figure 2.2 
shows the CO2 separation process. In the energy consumption analysis, for the 
convenience, it was assumed that 1 mol of CO2 is separated in the Desorber 
and only the energy consumption for solvent regeneration was accounted in 
this work.  

 
 
 

 
 
 
 
 
 
 
 

Figure 2.2. The schematic of CO2 separation process by ILs. 
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3 Results and Discussion 

3.1 Property of ChCl/urea 

The density of ChCl/urea and the effect of water on the density of ChCl/urea 
(1:2) were measured at temperatures from 298.15 to 333.15 K at atmospheric 
pressure. Figure 3.1 shows the density and excess molar volume of the mixture 
of ChCl/urea (1:2) and water. It is found that the densities decrease linearly 
with increasing temperature at certain water content. The excess molar volume 
is negative, which means that the intermolecular interactions between 
ChCl/urea and water are strong and cause a volume contraction. The minimum 
value of excess molar volume was found when the mole fraction of water is 
0.65. 

Figure 3.1 Density (a) and excess molar volume (b) of the mixture of ChCl/urea 
(1:2) and water. Symbols: experimental data  ■, 298.15 K; □, 303.15 K; ●, 308.15 
K; ○, 313.15 K; ▲, 318.15 K; , 323.15 K; ▼, 328.15 K; , 333.15 K. Curves: 
correlations. 

The viscosity of ChCl/urea and the effect of water on the viscosity of 
ChCl/urea (1:2) were measured at temperatures from 298.15 to 333.15 K at 
atmospheric pressure. Figure 3.2 shows the viscosity and excess molar 
activation energy of the mixture of ChCl/urea (1:2) and water. It is found that 
the viscosity significantly decreases with increasing temperature and water 
content. The values of excess molar activation energy are negative when the 
temperature is from 298.15 to 313.15 K in the whole range, and a minimum 
value was found when the mole fraction of water is 0.37. However, the values 
of excess molar activation energy change to positive when the temperature is 
from 318.15 to 333.15 K in water-rich region. The negative excess molar 
activation energy implies the strong interaction between ChCl/urea and water. 
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With increasing temperature and water content, the interaction becomes weak, 
hydrogen bonds break up and a new complex network is formed between 
ChCl/urea and water molecules. Therefore, the positive value was found in 
high temperature and water-rich region. 

 

Figure 3.2 Viscosity (a) and excess molar activation energy (b) of the mixture of 
ChCl/urea (1:2) and water. Symbols: experimental data  ■, 298.15 K; □, 303.15 K; 
●, 308.15 K; ○, 313.15 K; ▲, 318.15 K; , 323.15 K; ▼, 328.15 K; , 333.15 K. 
Curves: correlations. 

3.2 Gas solubility in ChCl/urea 

The solubilities of CO2, CH4, H2, CO and N2 in ChCl/urea were measured at 
temperatures from 308.2 K to 328.2 K and at pressures from 0.4 to 4.6 MPa. 
As shown in Figure 3.3, the solubility of CO2 is highest, follows by 
CO2˃CH4˃N2˃H2≈CO. It is indicated that ChCl/urea can be used for the 
separation of CO2 from other gases.   

 

 

 

 
 

 
 
 

 

Figure 3.3 Gas solubilities in ChCl/urea. Symbols: ■, CO2; □, CH4; ●, N2; ○, CO; 
▲, H2. Curve: correlations. 
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The effect of water on the CO2 solubility in ChCl/urea (1:2) was determined at 
308.2 to 328.2 K and at pressures up to 4.5 MPa. Figure 3.4 shows the 
experimental CO2 solubility and the fitting results at 318.2 K. The solubility of 
CO2 decreases with increasing temperature at temperatures and pressures of 
investigated. The increase of water content leads to the lower CO2 solubility, 
but the influence of water content on the CO2 solubility is not significant 
compared to its influence on the viscosity. 

 

 

 

 

 

 

 

 

Figure 3.4 Solubilities of CO2 in (ChCl/urea + water) Symbols: experimental data 
at different mole fractions of water ■, 0.0185; ●, 0.0910; ▲, 0.183. Curve: 
correlations.  

The CO2 absorption enthalpy was calculated based on the NRTL parameters 
and Henry’s constant. Figure 3.5 shows the CO2 absorption enthalpy in 
(ChCl/urea + water) at 308.2 K. When the mass fraction of water is 0.0910, the 
positive excess enthalpy indicates the positive deviation of ideal state. The CO2 
dissolution enthalpy is dominant to the overall absorption enthalpy 

 

 

 

 

 

 

 

 

Figure 3.5 The CO2 absorption enthalpy in (ChCl/urea + water) at 308.2 K. 
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3.3 Evaluation on CO2 solubility in imidazolium-based ILs  

The CO2 solubility in imidazolium-based ILs has been investigated 
extensively, but the evaluation has not been carried out. The reliable 
experimental data is important for model verification and development as well 
as the prediction of other properties. The data evaluation is the first step for the 
thermodynamic modeling and energy consumption analysis. Therefore, the 
experimental CO2 solubility in imidazolium-based ILs was surveyed and 
evaluated in this work.  

 
Table 3.1. Sources of CO2 solubility in imidazolium-based ILs measured 
experimentally up to 10 MPa. 

IL T,K Ref. Evaluated 
[emim][BF4] 298-343 [8-11] Y 
[bmim][BF4] 278-383 [12-19] Y 
[hmim][BF4] 293-373 [8, 11, 18, 20, 21] Y 
[omim][BF4] 303-363 [18, 22, 23] Y 
[emim][PF6] 308-366 [24] N 
[bmim][PF6] 283-413 [8, 13, 17, 22, 25-31] Y 
[hmim][PF6] 298-373 [8, 21, 32] Y 
[omim][PF6] 313-333 [22] N 
[emim][Tf2N] 293-450 [8, 14, 33-37] Y 
[bmim][Tf2N] 273-450 [13, 15, 33, 35, 38-41] Y 
[hmim][Tf2N] 282-413 [8, 12, 21, 35, 37, 42-46] Y 
[omim][Tf2N] 293-353 [13, 35] N 
[emim][FAP] 283-364 [47, 48] N 
[emim][TfO] 303-343 [49] N 

[emim][EtSO4] 303-353 [22, 50] N 
[emim][MeSO3] 298-343 [51, 52] N 

[emim][DEP] 298-333 [52] N 
[emim][SCN] 298-333 [52] N 
[emim][HSO4] 298-333 [52] N 
[bmim][DCA] 293-363 [40] N 
[bmim][TfO] 298-333 [13] N 
[bmim][NO3] 298-333 [13] N 

The Firstly, all the CO2 solubility data was represented by NRTL-RK model, 
the reliable data was removed because of the large discrepancies. Only the 
reliable data was refitted, the obtained model and parameters were used to 
calculate the CO2 absorption enthalpy and energy consumption for CO2 
separation process. Table 3.1 shows the collected experimental CO2 solubility 
data in different kinds of ILs. The ILs with evaluation were marked as “Y” and 
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those without evaluation were marked as “N”. It is found that only the data 
from three literatures are unreliable, they are ref. 11, 22, 33.   

3.4 Energy consumption for CO2 separation with ILs 

After the evaluation on CO2 solubility in imidazolium-based ILs and the 
absorption enthalpy calculations, the energy consumption on CO2 separation 
using imidazolium-based ILs was estimated. The pressure swing and 
temperature swing options for solvent regeneration were compared, the 
suggestions were provided for choosing a proper IL for a CO2 separation 
process from energy point of view. 

The energy consumption for separating 1 mol of CO2 using different ILs was 
calculated. As shown in Table 3.2, three kinds of ILs ([emim][EtSO4], 
[emim][PF6] and [bmim][Tf2N]) were chosen to be the lowest energy 
consumption solvent to separate CO2. It is found that the CO2 desorption 
enthalpy contributes mostly to the total energy consumption in the pressure 
swing process, while the sensible enthalpy has a significant influence on the 
total energy consumption in the temperature swing process. If the solvent is 
regenerated by both releasing pressure and increasing temperature, both the 
Henry’s constant of CO2 in ILs and the heat capacity of ILs are important 
factors for analyzing the energy consumption. 

Comparing the total energy consumption for the solvent regeneration, the 
pressure swing process is considered to be the best choice. However, the 
compression work needs to be considered if the gas is compressed before 
entering the column. Therefore, more research work still need to be done to 
investigate the energy consumption for the whole CO2 separation process. 

Table 3.2. Energy consumption for CO2 separation in different options  

Option Absorber Desorber ILs with the lowest 
energy consumption 

Qtotal 
(kJ/mol CO2) 

Pressure 
swing 

298 K, 
1 MPa 

298 K, 
0.1 MPa 

[emim][EtSO4] 9.840 

Temperature 
swing 

298 K, 
 0.1 MPa 

323 K,  
0.1 MPa 

[emim][PF6] 888.9 

P&T swing 298 K, 
1 MPa 

323 K,  
0.1 MPa 

[bmim][Tf2N] 57.71 
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4 Conclusions 
The density and viscosity of ChCl/urea with water were measured at different 
temperatures and atmospheric pressure. It was found that the density and 
viscosity decrease with increasing temperature and water content. The water 
content has a significant influence on the viscosity of (ChCl/urea + water). The 
calculated excess molar volumes and excess molar activation energy indicate 
that the intermolecular interaction between ChCl/urea and water is strong, and 
the hydrogen bond interaction is influenced by the temperature and water 
concentration. 

The gas solubility in ChCl/urea and the effect of water on the CO2 solubility in 
ChCl/urea were measured at temperatures from 308.2 K to 328.2 K and at 
pressures up to 4.6 MPa. The gas solubility follows CO2˃CH4˃N2˃H2≈CO. 
The CO2 solubility decreases with increasing temperature and water content, 
but the influence of water content on the CO2 solubility is not significant 
compared to its influence on the viscosity. All the experimental gas solubility 
was well fitted by NRTL-RK model.  

The energy consumption on the CO2 separation process using different kinds of 
ILs was calculated, the total energy demands for solvent regeneration in 
pressure swing and/or temperature swing were compared. Three different kinds 
of ILs are obtained to be the lowest energy consumption solvent in different 
solvent regeneration options. It is found that the Henry’s constant of CO2 in 
ILs is an important factor for energy consumption analysis in the pressure 
swing process, while the heat capacity of ILs plays a more important role in the 
energy consumption in the temperature swing process.  
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5 Future work 
Based on the new experimental measurements on the property and gas 
solubility in ChCl/urea, the energy consumption on CO2 separation using 
choline chloride-based ILs will be calculated and compared with imidazolium-
based ILs. 

New experimental work will focus on the property and gas solubility in the 
chemical-absorption-based ILs. And the energy consumption for CO2 
separation using chemical-absorption-based ILs will be investigated. 

The CO2 separation process with different kinds of ILs will be simulated with 
the commercial software Aspen with the implementation of models developed. 
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Effect of Water on the Density, Viscosity, and CO2 Solubility in
Choline Chloride/Urea
Yujiao Xie,*,† Haifeng Dong,‡ Suojiang Zhang,‡ Xiaohua Lu,§ and Xiaoyan Ji*,†

†Division of Energy Science/Energy Engineering, Lulea University of Technology, 971 87 Lulea, Sweden
‡Beijing Key Laboratory of Ionic Liquids Clean Process, State Key Laboratory of Multiphase Complex System, Institute of Process
Engineering, Chinese Academy of Sciences, Beijing 100190, China
§State Key Laboratory of Materials-Oriented Chemical Engineering, Nanjing Tech University, Nanjing 210009, China

ABSTRACT: To study the effect of water on the properties of choline chloride
(ChCl)/urea mixtures (1:2 on a molar basis), the density and viscosity of ChCl/
urea (1:2) with water were measured at temperatures from 298.15 K to 333.15 K
at atmospheric pressure, the CO2 solubility in ChCl/urea (1:2) with water was
determined at 308.2 K, 318.2 K, and 328.2 K and at pressures up to 4.5 MPa.
The results show that the addition of water significantly decreases the viscosity of
ChCl/urea (1:2), whereas the effects on their density and CO2 solubility are
much weaker. The CO2 solubility in ChCl/urea (1:2) with water was
represented with the Nonrandom-Two-Liquid Redlich−Kwong (NRTL-RK)
model. The excess molar volume and excess molar activation energy were further
determined. The CO2 absorption enthalpy was calculated and dominated by the
CO2 dissolution enthalpy, and the magnitude of the CO2 dissolution enthalpy
decreases with the increase of water content.

1. INTRODUCTION

CO2 separation plays an important role in the development of
renewable energy and the mitigation of CO2 emissions.1−3

However, CO2 separation using the current state-of-the-art
technology, the aqueous (water-based) amine technology, costs
in the range of $50 to $100 per ton,4 which is much too high
for most applications. In addition, this technology is environ-
mentally unacceptable because of the volatility of amine. It is
necessary to explore a cost-effective and environmentally
benign CO2 separation technology.
Ionic liquids (ILs) are environmentally benign solvents that

have shown great potential to be used as liquid absorbents for
CO2 separation.

5,6 However, the complicated synthesis process
leads to high prices for most ILs, which has hindered extensive
research and applications of ILs in practice. Recently, deep
eutectic solvents have received much more attention in
chemical and physical sciences and are considered as a new
type of IL.7−9 Among them, choline chloride-based ILs are
cheap, biodegradable, and easily synthesized. In addition, it is
also promising to use this kind of ILs for CO2 separation.

10,11

In order to develop and design a new CO2 separation process
based on choline chloride-based ILs, it is essential to obtain
thermophysical properties of pure ILs and their mixtures with
other solvents. Water, as an impurity of ILs and of CO2-
mixtures for separation, is also a green and cheap solvent that
can dramatically decrease the viscosity of some ILs. All of these
make it crucial to study the effect of water on the properties of
choline chloride-based ILs. The effects of water on the density,
viscosity, vapor pressure, and heat capacity of choline chloride/
glycerol and choline chloride/ethylene glycol have been

studied.12−15 For choline chloride/urea, the effect of water on
the Henry’s constant of CO2, vapor pressure, and heat capacity
have been studied. However, the effect of water on the CO2
solubility in choline chloride/urea up to high pressures has not
yet been investigated. Therefore, more research work is
required.
The goal of this work was to systematically study the effect of

water on some of the physical and thermodynamic properties of
choline chloride/urea. The density and viscosity of choline
chloride/urea with water were determined. Based on the
experimental data measured in this work, the excess molar
volume and excess molar activation energy were calculated to
reveal the intermolecular interactions between choline
chloride/urea and water. The CO2 solubilities in choline
chloride/urea with water were measured and represented with a
thermodynamic model, in which the fugacity coefficient of CO2
in the vapor phase was calculated with Redlich−Kwong (RK)
equation of state and the activity coefficient of CO2 in the
liquid phase was calculated with nonrandom two-liquid
(NRTL) model. In addition, the enthalpy of CO2 absorption
was estimated and analyzed based on the thermodynamic
model (NRTL-RK).

2. EXPERIMENTAL SECTION

2.1. Materials. Choline chloride (ChCl, mass fraction
≥99%) was produced by Sinopharm Chemical Reagent Co,
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Ltd., China. Urea (mass fraction ≥99%) was produced by
Xilong Chemical Reagent Co, Ltd., China. CO2 (mole fraction
≥99.9%) was received from Beijing Bei Temperature Gas
Factory. The chemicals were analytical reagent (A. R.) grade
and used as received. The mixture of choline chloride and urea
(ChCl/urea) used in this work was all based on the molar ratio
of 1:2 (choline chloride:urea) The mixture was prepared by
heating ChCl and urea with a molar ratio of 1:2 at 353.15 K
until a homogeneous liquid was formed. Samples were dried
under vacuum at 333.15 K for 72 h. The water content of the
dried ChCl/urea (1:2) was determined by Karl Fischer titration
analysis, which was 1200 ± 100 ppm.
2.2. Density and Viscosity Measurements. The densities

of solutions were measured by a high-precision vibrating tube
densimeter (Anton Paar DMA 5000, Anton Paar Co., Austria)
with the combined expanded uncertainties Uc (ρ) = 0.0001 g·
cm−3 (level of confidence = 0.95). The accuracy of temperature

measurements is ±0.01 K. The viscosities of solutions were
measured by the Anton Paar AMVn Automated Mircovisc-
ometer according to Hoeppler’s falling ball principle. The
combinations of capillary/ball with different diameters (1.6
mm, 1.8 mm, 3.0 mm, 4.0 mm, etc.) can be selected to measure
viscosities from 0.3 mPa·s to 2500 mPa·s. Calibration was
carried out using ultrapure water. The temperature accuracy is
±0.01 K and the relative expanded uncertainties for the
viscosities are Ur (η) = 0.005 (level of confidence = 0.95).

2.3. CO2 Solubility Measurements. The setup used to
measure the gas solubilities in a solvent was illustrated in
previous work.16 The apparatus consisted of a gas reservoir, an
equilibrium cell, a magnetic stirrer, and two pressure trans-
ducers. The gas reservoir and equilibrium cell were placed in a
water bath. During the experiment, an accurate amount of
solvent was loaded into the equilibrium cell. The volume of the
solvent was determined by the mass and density at the

Table 1. Experimental Density ρ and Calculated Excess Molar Volumes VE for the Mixture of ChCl/Urea (1) + Water (2) at
Pressure P = 0.1 MPaa

x2 298.15 K 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K

ρ/g·cm−3

0 1.1979 1.1952 1.1927 1.1901 1.1875 1.1849 1.1823 1.1797
0.1525 1.1907 1.1880 1.1854 1.1827 1.1801 1.1774 1.1748 1.1721
0.2566 1.1841 1.1815 1.1788 1.1761 1.1735 1.1708 1.1681 1.1655
0.3647 1.1759 1.1733 1.1707 1.1680 1.1653 1.1626 1.1600 1.1570
0.4670 1.1659 1.1632 1.1606 1.1579 1.1552 1.1525 1.1498 1.1471
0.5742 1.1527 1.1500 1.1475 1.1448 1.1421 1.1394 1.1367 1.1337
0.6880 1.1330 1.1304 1.1277 1.1251 1.1224 1.1196 1.1169 1.1141
0.8269 1.0951 1.0927 1.0901 1.0875 1.0849 1.0822 1.0794 1.0766
1 0.9971 0.9957 0.9941 0.9922 0.9898 0.9881 0.9857 0.9832

VE/cm3·mol−1

0 0 0 0 0 0 0 0 0
0.1525 −0.0800 −0.0731 −0.0652 −0.0618 −0.0591 −0.0544 −0.0514 −0.0493
0.2566 −0.1079 −0.1042 −0.0929 −0.0864 −0.0828 −0.0759 −0.0718 −0.0684
0.3647 −0.1443 −0.1377 −0.1292 −0.1218 −0.1181 −0.1096 −0.1051 −0.0896
0.4670 −0.1648 −0.1563 −0.1427 −0.1343 −0.1304 −0.1208 −0.1159 −0.1118
0.5742 −0.1934 −0.1828 −0.1721 −0.1623 −0.1583 −0.1468 −0.1413 −0.1285
0.6880 −0.1994 −0.1872 −0.1726 −0.1619 −0.1582 −0.1451 −0.1387 −0.1332
0.8269 −0.1639 −0.1510 −0.1379 −0.1274 −0.1249 −0.1106 −0.1038 −0.0968
1 0 0 0 0 0 0 0 0

ax2 is the mole fraction of water in the mixture of (ChCl/urea + water). Standard uncertainties u are u(T) = 0.01 K, u(P) = 10 kPa, u(x2) = 0.0001,
and the combined expanded uncertainties Uc are Uc(ρ) = 0.0001 g·cm−3 (level of confidence = 0.95).

Figure 1. Densities of {ChCl/urea (1) + water (2)}. (a) At different mole fraction of water. Symbols: □, 0, this work;▶, 0, Ciocirlan et al.;17 ■,
0.1525; ○, 0.2566; ●, 0.3647; △, 0.4670; ▲, 0.5742; ▽, 0.6880; ▼, 0.8269. (b) At two temperatures. Symbols: ◆, 303.15 K, this work; ◇, 303.15
K, Yadav et al.;18 × , 303.15 K, Su et al.;19 ○, 303.15 K, Leron et al;20 ★, 333.15 K, this work; ☆, 333.15 K, Yadav et al.18 +, 333.15 K, Su et al.19

Curves: correlations.

Journal of Chemical & Engineering Data Article

dx.doi.org/10.1021/je500320c | J. Chem. Eng. Data XXXX, XXX, XXX−XXXB



temperature and pressure of interest. The gas was introduced
into the gas reservoir and the pressure was recorded with the
pressure transducers. Then an amount of gas was introduced
into the equilibrium cell and dissolved in the solvent. It was
considered to have reached equilibrium if the pressure
remained a constant for 4 h, and the corresponding solubility
pressure was measured with the pressure transducers. The
moles of gas dissolved in the liquid phase were determined
from the pressure change in the gas reservoir, the equilibrium
pressure, and the volume of the equilibrium cell. This was based
on the assumption that the vapor pressures of the solvents were
negligible. For ChCl/urea, as a type of IL, the vapor pressure is
negligible. For ChCl/urea with water, it was also assumed that
the water content in the vapor phase is very low and can be
neglected, that is, only CO2 was assumed to exist in the vapor
phase. More discussions on this assumption were given in
section 3.3.
The uncertainties of the CO2 solubility measurement consist

of the system errors of pressure, temperature and the volumes
of gas reservoir, and equilibrium cell. The precision of pressure
transducers is 0.075%, the accuracy of temperature and volume
measurements is 0.1 K and 0.5 mL. The overall uncertainty for
the measured solubility of CO2 was estimated to be within
±1%.

3. RESULTS
3.1. Density of (ChCl/Urea + Water). The densities of

{ChCl/urea (1) + water (2)} were measured at temperatures
from 298.15 K to 333.15 K at atmospheric pressure. The
measured experimental densities are listed in Table 1. The
densities decrease linearly with increasing temperature at
certain water content as shown in Figure 1. With the increase
of mole fraction of water (x2), the densities illustrate a
polynomial decrease.
The densities of ChCl/urea (i.e., the mole fraction of water

x2 is zero) were measured by Clocirlan et al.17 and in this work.
The comparison shows that the experimental densities
measured in this work agree well with those in the literature17

as shown in Figure 1a, and the average relative deviation in
density is less than 0.16%. The effect of water on the densities
of ChCl/urea was also studied by Yadav et al.,18 Su et al.,19 and
Leron et al.20 The comparison at 303.15 K and 333.15 K is
illustrated in Figure 1b. Again, the experimental data measured
in this work agrees well with those from others’ work.
The excess molar volume (VE) of {ChCl/urea (1) + water

(2)} was calculated from the density data using the equation

= − −V V x V x VE
m 1 1 2 2 (1)

It can also be equivalently expressed as

ρ ρ ρ
= + − −

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥V

x M x M x M x M( )E 1 1 2 2

m

1 1

1

2 2

2 (2)

where x is the mole fraction in the liquids phase, V is the liquid
molar volume, ρ is the liquid density, M is the molecular
weight, and the subscripts 1, 2, and m stand for ChCl/urea,
water, and their mixture, respectively.
The calculated VE is also listed in Table 1. The variations of

VE at different temperatures over the entire mole fraction range
are shown in Figure 2. Similar distributions were found
compared to the VE of other solvents in the literature.21−26 The
values of the excess molar volume are negative and the
minimum value was found at x2 ≈ 0.65 within the studied

temperature range. The negative values indicate that the
intermolecular interactions between ChCl/urea and water are
strong and cause a volume contraction. The strong
intermolecular interactions lead to a lower vapor pressure of
{ChCl/urea (1) + water (2)} compared to pure water, which is
consistent with the data reported in the literature.12 It is also
observed that the VE increases with increasing temperature,
which means that the molecular bonding becomes weak with
increasing temperature.
Redlich−Kister equation27 was used to fit the excess

properties (VE)

∑= −
=

V x x A x x( )
n

n
nE

1 2
0

4

1 2
(3)

∑=
=

A a Tn
i

i
i

0

1

(4)

where n is the number of the estimated parameters, ai is the
lineally/polynomial coefficient to represent Ai, and T is the
absolute temperature. The fitted parameters are listed in Table
2 with the fitting error of 0.02%.

3.2. Viscosity of (ChCl/Urea + Water). The viscosities of
{ChCl/urea (1) + water (2)} were measured at temperatures
from 298.15 K to 333.15 K and at atmospheric pressure. The
results are listed in Table 3 and illustrated in Figure 3. The
temperature effect on the viscosity of ChCl/urea is significant,
which is also similar to other pure ILs,28−30 that is, the viscosity
significantly decreases with increasing temperature. The
viscosity is very high at low temperatures. For example, at
298.15 K, the viscosity of ChCl/urea is 1571 mPa·s. When the
temperature increases up to 333.15 K, the viscosity of ChCl/
urea decreases to 107.7 mPa·s.
The viscosity of {ChCl/urea (1) + water (2)} decreases

dramatically with increasing water content. Figure 3a shows
that the increase of temperature decreases the viscosity, but it is
not as notable as those with lower water contents. For example,
at 298.15 K, when the mole fraction of water increases to
0.1525 (the mass fraction of water is 3.61%), the viscosity
decreases to 323.9 mPa·s that is only one-fifth of the viscosity
compared to pure ChCl/urea (1571 mPa·s). With further
increase in water content, the viscosity keeps decreasing, but
not as notable as those at higher ChCl/urea concentrations.

Figure 2. Excess molar volume VE of {ChCl/urea (1) + water (2)}.
Symbols: ■, 298.15 K; □, 303.15 K; ●, 308.15 K; ○, 313.15 K; ▲,
318.15 K; △, 323.15 K; ▼, 328.15 K; ▽, 333.15 K. Curves:
correlations.
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Abbott et al.9 measured the viscosities of ChCl/urea at
293.15 K, 303.15 K, 313.15 K, and 323.15 K. Ciocirlan et al.17

measured the viscosities of ChCl/urea at temperatures from
308 K to 348 K. Yadav et al.18 measured the viscosities of
ChCl/urea at temperatures from 293.15 K to 363.15 K. The
viscosities measured in this work were compared with those in

the literatures.9,17,18 It was found that discrepancies exist as
shown in Figure 3a. At 313.2 K, the viscosity of ChCl/urea is
403.2 mPa·s from this work, whereas the viscosities are 209.3
mPa·s from the work of Abbott et al.,9 338.7 ± 0.4 mPa·s from
the work of Ciocirlan et al.17 and 238.1 mPa·s from the work of
Yadav et al.,18 respectively. The relative deviations in viscosity

Table 2. Redlich−Kister Coefficients of the Excess Molar Volume VE and Excess Molar Active Energy AE for the Mixture of
ChCl/Urea (1) + Water (2)

VE AE

cm3·mol−1 J·mol−1

a0 a1 a0 a1 a2

A0 −2.636 6.475 × 10−3 −2.149 × 105 1.167 × 103 −1.561
A1 1.186 −2.513 × 10−3 1.321 × 105 −8.095 × 102 1.278
A2 −2.589 7.659 × 10−3 7.299 × 104 −5.769 × 102 1.110
A3 1.394 −4.791 × 10−3 −6.984 × 105 4.431 × 103 −7.045
A4 −0.3618 8.714 × 10−4 3.929 × 105 −2.212 3.054

Table 3. Experimental Viscosity η and Calculated Excess Molar Activation Energy AE for the Mixture of ChCl/Urea (1) + Water
(2) at Pressure P = 0.1 MPaa

x2 298.15 K 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K 328.15 K 333.15 K

η/mPa·s

0 1571 953.7 608.4 403.2 277.2 195.9 143.6 107.7
0.1525 323.9 222.5 152.8 112.7 83.68 66.36 52.13 42.52
0.2566 113.8 83.87 64.34 50.38 40.31 32.84 27.03 22.72
0.3647 45.06 35.51 28.57 23.37 19.38 16.32 13.94 12.03
0.4670 21.10 17.37 14.54 12.36 10.60 9.191 8.030 7.078
0.5742 10.22 8.743 7.578 6.620 5.845 5.221 4.699 4.165
0.6880 5.076 4.448 3.951 3.521 3.226 2.897 2.645 2.389
0.8269 2.261 2.027 1.843 1.621 1.513 1.388 1.277 1.182
1 0.894 0.801 0.723 0.656 0.599 0.549 0.506 0.469

AE/J·mol−1

0 0 0 0 0 0 0 0 0
0.1525 −867.3 −717.2 −676.5 −533.4 −459.6 −256.4 −167.9 −48.52
0.2566 −1403 −1188 −963.8 −755.0 −564.9 −363.7 −214.3 −70.24
0.3647 −1588 −1313 −1065 −832.6 −629.2 −416.1 −234.9 −78.80
0.4670 −1499 −1213 −951.4 −701.5 −483.9 −262.5 −80.23 79.91
0.5742 −1269 −988.4 −729.7 −491.1 −274.6 −45.12 154.7 273.9
0.6880 −907.7 −671.6 −445.7 −245.9 −11.77 157.4 327.5 438.2
0.8269 −462.7 −298.2 −129.4 −72.29 108.8 239.1 345.1 446.5
1 0 0 0 0 0 0 0 0

ax2 is the mole fraction of water in the mixture of (ChCl/urea + water). Standard uncertainties u are u(T) = 0.01 K, u(P) = 10 kPa, u(x2) = 0.0001,
and the relative expanded uncertainties for the viscosities Ur(η) = 0.005 (level of confidence = 0.95).

Figure 3. Viscosities of {ChCl/urea (1) + water (2)}. (a) At different mole fractions of water. Symbols: ■, 0, this work;▶, 0, Ciocirlan et al.;17 × ,
0, Abbott et al.;9 +, 0, Yadav et al.;18 □, 0.1525; ●, 0.2566; ○, 0.3647; ▲, 0.4670; △, 0.5742; ▼, 0.6880; ▽, 0.8269. (b) At two temperatures.
Symbols: ◆, 303.15 K, this work; ◇, 303.15 K, Yadav et al;18 ★, 333.15 K, this work; ☆, 333.15 K, Yadav et al.18 Curves: correlations.
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at this temperature are 48%, 16%, and 41%, respectively. In the
current work, it was found that the water content has a
significant effect on the viscosity of ChCl/urea, but there is no
information about the water content in these literatures.9,17,18

Therefore, we may suggest that the discrepancies are due to
trace water contents in ChCl/urea.
Yadav et al.18 measured the viscosity of (ChCl/urea + water)

at temperatures from 293.15 K to 363.15 K. The measured
viscosity of (ChCl/urea + water) at 303.15 K and 333.15 K in
this work was compared with that reported by Yadav et al.18

The comparison is shown in Figure 3b. It was found that the
viscosity measured in this work is higher than that measured by
Yadav et al.18 at lower water concentrations, but the
experimental data agrees well with each other at higher water
concentrations.
The excess molar energy of activation (AE) was calculated

from the measured viscosities on the basis of Eyring’s absolute
reaction rate theory,31 that is

η η η= − −A RT V x V x V[ln( ) ln( ) ln( )]E
m m 1 1 1 2 2 2 (5)

where R is the gas constant and η is the viscosity.
The calculated excess molar energy of activation is listed in

Table 3. The calculated excess molar energies of activation were
also correlated with the Redlich−Kister equation (eqs 3 and 4)
by replacing VE with AE. The fitted temperature-dependent
Redlich−Kister coefficients are listed in Table 2 with the fitting
error of 2.7%.
Figure 4 shows the excess molar activation energies at

different temperatures over the entire mole fraction. At low

temperatures, with increasing water content, the excess molar
activation energy decreases to a minimum value at x2 ≈ 0.37
and then increases. At high temperatures, it shows an S-shape
curve, that is, with increasing water content, the excess molar
activation energy decreases to a minimum value at x2 ≈ 0.37
and then increases to a maximum value at 0.7 < x2 < 0.8. The
values are negative in the whole region at low temperatures
(298.15 K to 313.15 K), but they change to positive at high
temperatures (318.15 K to 333.15 K) in the water-rich region.
This tendency was also observed by Yadav et al.18 The negative
excess molar activation energy implies the strong interaction
between ChCl/urea and water. With increasing temperature,
the interaction becomes weak. The positive excess molar
activation energy at high temperatures and in the water-rich

region is caused by the intensive hydrogen bonding network
formed within the mixture as proposed by Yadav et al.18

3.3. CO2 Solubility in (ChCl/Urea + Water). Before the
measurements of the CO2 solubility in (ChCl/urea + water),
the CO2 solubility in water at 308.2 K was measured to
calibrate the accuracy of the solubility equipment. The
measured CO2 solubility in water was compared with the
data reported by Valtz et al.32 as shown in Figure 5. The

solubility data measured in this work and that from the
literature32 are in good agreement, which implies that it is
reasonable to neglect the vapor pressure of water and the
measurements are reliable.
The solubilities of CO2 in (ChCl/urea + water) were further

measured at pressures up to 4.5 MPa and temperatures of 308.2
K, 318.2 K, and 328.2 K. The experimental results are listed in
Table 4 and illustrated in Figure 6. Within the temperature and
pressure ranges investigated in this work, the solubility of CO2
decreases with increasing water content. When the water
content is high, the influence of water on the CO2 solubility is

Figure 4. Excess molar activation energy of {ChCl/urea (1) + water
(2)}. Symbols: ■, 298.15 K; □, 303.15 K; ●, 308.15 K; ○, 313.15 K;
▲, 318.15 K; △, 323.15 K; ▼, 328.15 K; ▽, 333.15 K. Curves:
correlations.

Figure 5. Solubilities of CO2 in water at 308.2 K: ■, this work; ○,
Valtz et al.32

Table 4. Solubilities of CO2 (xCO2
) in the Mixture of ChCl/

Urea (1) + Water (2)a

308.2 K 318.2 K 328.2 K

wH2O P xCO2
P xCO2

P xCO2

MPa MPa MPa

0.0185 0.651 0.043 0.726 0.040 0.673 0.040
1.527 0.083 1.592 0.075 1.530 0.073
2.453 0.120 2.499 0.105 2.482 0.103
3.455 0.152 3.454 0.129 3.468 0.126
4.376 0.169 4.352 0.147 4.480 0.139

0.0910 0.706 0.038 0.669 0.030 0.702 0.032
1.661 0.081 1.540 0.064 1.551 0.059
2.618 0.11 2.504 0.094 2.472 0.089
3.527 0.136 3.478 0.121 3.436 0.111
4.504 0.151 4.356 0.139 4.457 0.129

0.183 0.692 0.036 0.781 0.030 0.659 0.025
1.591 0.078 1.616 0.061 1.551 0.054
2.544 0.097 2.511 0.091 2.498 0.079
3.577 0.127 3.460 0.115 3.480 0.098
4.499 0.143 4.396 0.130 4.486 0.110

awH2O is the mass fraction of water in the (ChCl/urea + water). xCO2
is

the mole fraction of CO2 in the (ChCl/urea + water). Standard
uncertainties u are u(P) = 10 kPa and u(x) = 0.002.
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not notable, for example, at 308.2 K and 3.5 MPa, the solubility
of CO2 is 0.152 when the mass fraction of water (wH2O) is

0.0185, and it decreases to 0.127 when wH2O = 0.183. With
increasing temperature, the solubility of CO2 decreases, but the
influence is small, for example, at 3.4 MPa and wH2O = 0.0185,
the solubilities of CO2 are 0.152, 0.129, and 0.126 when the
temperatures are 308.2 K, 318.2 K, and 328.2 K, respectively.
The addition of water has an effect on the CO2 solubility in

ChCl/urea but it decreases the viscosity of ChCl/urea
significantly. The decrease of viscosity will enhance the heat
and mass transfer and decrease the size of equipment, whereas
the decrease of CO2 solubility will decrease the capacity and
then increase the energy consumption in the CO2 separation
process. Thus, a balance between viscosity and CO2 solubility
should be considered in order to capture CO2 with a high
efficiency.
The CO2 solubility measured in this work can be represented

with the following equation:

φ γ= *νPy H xCO CO CO CO CO2 2 2 2 2 (6a)

where P is the pressure, yCO2
is the mole fraction of CO2 in the

vapor phase, φCO2

ν is the fugacity coefficient of CO2 in the vapor

phase, HCO2
is the Henry’s law constant, xCO2

is the CO2 mole

fraction in the liquid phase, and γCO2
* is the activity coefficient of

CO2 in the liquid phase at the infinite dilution reference state.
For the system studied in this work, the vapor pressure of

ChCl/urea is negligible. Based on previous investigation,33 for
H2O−CO2 system, the maximum water content in the vapor
phase is less than 0.004 (mole fraction) at 323.15 K and 4.51
MPa. The effect of ChCl/urea upon is a “salt-in effect”, that is,
the water content in the vapor phase decreases with increasing
content of ChCl/urea in the liquid phase. Therefore, it is
reasonable to assume that only CO2 exists in the vapor phase,
that is, yCO2

= 1. During the experimental measurements, it was
assumed that the water in the vapor phase was very low and was
neglected. This discussion confirms the reliability of the
measurements. Following this, the CO2 solubility in (ChCl/
urea + water) can be simplified as

φ γ= *νP H xCO CO CO CO2 2 2 2 (6b)

The Henry’s law constant of CO2 was expressed by

=
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(T,P) is the Henry’s law constant of CO2 at system

temperature and pressure, HCO2
(T) is the Henry’s law constant

of CO2 at zero pressure, and VCO2

∞ is the infinite dilution partial
volume of CO2 in solvent.
The Redlich −Kwong (RK) equation of state was used to

calculate the fugacity of CO2 in the vapor phase34

=
−

−
+

= =

= =

=
−

−
+

=

= =

⎧

⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪

⎩

⎪⎪⎪⎪⎪⎪⎪⎪⎪

P
RT

V b
a

T V V b

A
a

R T
T

PT

B
b
RT

T
PT

Z
h

A B h
h

Z
PV
RT

h
BP
Z

b
V

( ) ( )

0.4278

0.0867

1
(1 )

( / )
(1 )

1/2

2
2 2.5

c
2.5

c
2.5

c

c

2

(9)

where a, b, A, and B are parameters calculated from the critical
temperature and pressure. The critical temperature and
pressure of CO2 were obtained from NIST webbook35 with
the values of 304.2 K and 7.38 MPa, respectively.
The fugacity coefficient of CO2 was calculated with

φ = − − − − +Z Z BP A B BP Zln 1 ln( ) ( / )ln(1 / )2

(10)

Figure 6. Solubilities of CO2 in (ChCl/urea + water). Symbols are
experimental data at different mole fractions of water: ■, 0.0185; ●,
0.0910; ▲, 0.183. Curve: results of NRTL-RK model.
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The NRTL model was used to represent the activity
coefficient of CO2 in the liquid phase. The CO2 solubility
was measured at a certain fixed molar ratio of water to ChCl/
urea. It was assumed that the solution with a fixed molar ratio
of water to ChCl/urea was one pseudocomponent in the liquid
phase. Based on this assumption, there are two components,
that is, CO2 (1) and solvent (2), the mixture of ChCl/urea and
water, in the liquid phase, and the activity coefficient of CO2 in
the liquid phase can be calculated by the following equations:

γ τ τ=
+

+
+

⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦
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ln
( )1 2
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21
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1 2 21

2
12 12

2 1 12
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(11)

ατ ατ= − = −G Gexp( )and exp( )12 12 21 21

In this work, α was assumed to be 0.2, and the binary
interaction parameters τ12 and τ21 were dependent on the
temperature and water content and modeled by

τ τ τ τ
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In modeling, HCO2
(T) was obtained by an extrapolation of

the measured CO2 solubility data (eq 8) with the
corresponding fugacity coefficient of CO2 calculated with RK
equation of state. The obtained HCO2

(T) at different temper-

atures are listed in Table 5. HCO2
(T) changes slightly with water

content due to the slight decreases in CO2 solubility with
increasing water content. For example, at 308.2 K, HCO2

(T)
varies from 14.2 MPa to 18.0 MPa when the mass fraction of
water changes from 0.0185 to 0.183.
In the work of Su et al.,19 the CO2 solubility in (ChCl/urea +

water) was measured at atmospheric pressure (0.1 MPa) and
the Henry’s constant was obtained based on very limited gas
solubility data. The Henry’s constants reported by Su et al.19

vary from (31.8 to 55) MPa when the mass fractions of water
change from 0.0106 to 0.183 at 308 K, which is much higher
than those from this work. As no original solubility data was
reported in the work of Su et al.,19 we could not draw more
comparisons and analyses. In this work, the solubility data were
measured systematically, the calibration has shown that the

measured data are reliable, and we think that the data obtained
in this work are reliable.
Based on the obtained Henry’s constant, τ12

(i), τ21
(i), and VCO2

∞

were set as adjustable parameters and obtained from the fitting
of the CO2 solubility in ChCl/urea with water measured in this
work. The fitted parameters are listed in Tables 5 and 6. The

comparison of the model results with the experimental data
measured at 308.2 K, 318.2 K, and 328.2 K is shown in Figure
6, which shows that NRTL-RK model can be used to represent
the CO2 solubility in ChCl/urea with water accurately.
The enthalpy of CO2 absorption in (ChCl/urea + water) can

be further calculated from the following equations:

Δ = Δ + + ΔH H n H(1 )abs dis
ex

(14)

Δ = −
∂
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H T P
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2 CO2

(15)

∑ γ
Δ = −

∂
∂

H RT x
T

ln
i

iex 2
(16)

where ΔHabs is the enthalpy of CO2 absorption, ΔHdis is the
enthalpy of CO2 dissolution, ΔHex is the excess enthalpy, and n
is the moles of solution to absorb one mole of CO2.
The enthalpy of CO2 absorption in (ChCl/urea + water) at

308.2 K with different water contents is illustrated in Figure 7.
The excess enthalpy is positive when the mass fractions of
water is 0.0185 are 0.0910, which means a positive deviation of
ideal state. When the mass fraction of water is 0.183, the excess
enthalpy is negative. The magnitude of the CO2 dissolution
enthalpy decreases with increasing water content. Compared to
the excess enthalpy, the CO2 dissolution enthalpy is dominant,
and the contribution to the overall absorption enthalpy of CO2
in (ChCl/urea + water) is around 78% to 97%. Thus, the
overall absorption enthalpy of CO2 in (ChCl/urea + water) is
dominated by the enthalpy of CO2 dissolution. The enthalpy of
CO2 absorption in (ChCl/urea + water) at other temperatures
shows similar tendency to that at 308.2 K.

4. CONCLUSION
The effect of water on the density, viscosity and CO2 solubility
in ChCl/urea was studied. The density and viscosity of ChCl/
urea with water were measured at different temperatures and
atmospheric pressure, it was found that both density and
viscosity decrease with increasing temperature and water
content. The water content has a significant influence on the
viscosity of (ChCl/urea + water). The solubilities of CO2 in
(ChCl/urea + water) were measured at temperatures of 308.2
K, 318.2 K, and 328.2 K and pressures from 0.6 MPa to 4.5
MPa. The CO2 solubility decreases with increasing water
content, but the influence of the water content on the CO2

Table 5. Henry’s Law Constants (HCO2
) and Infinite Dilution

Partial Volume (VCO2

∞ ) of CO2 in the Mixture of ChCl/Urea
(1) + Water (2)a

wH2O HCO2
VCO2

∞

MPa cm−3·mol

308.2 K 318.2 K 328.2 K

0.0185 14.2 16.2 20.3 83.9
0.0910 16.6 20.9 22.3 84.0
0.183 18.0 22.1 23.8 84.1

awH2O is the mass fraction of water in the mixture of (ChCl/urea +

water). VCO2

∞ is the infinite dilution partial volume of CO2 in solvent.

Table 6. Parameters for NRTL-RK Model

parameters parameters

τ12 τ12
(0) −14.6147 τ21 τ21

(0) −357.036
τ12
(1) 175.847 τ21

(1) 489.858
τ12
(2) −176.112 τ21

(2) −104.946
τ12
(3) −16401.9 τ21

(3) 155484
τ12
(4) −10229.3 τ21

(4) −248619
τ12
(5) 30128.6 τ21

(5) 86311.6
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solubility is not significant compared to its influence on the
viscosity.
The excess molar volumes and excess molar activation energy

were further calculated from the experimental density and
viscosity. NRTL-RK was used to represent the CO2 solubility in
ChCl/urea with water, and the CO2 absorption enthalpy was
further calculated and analyzed. The CO2 absorption enthalpy
in ChCl/urea + water is dominated by the enthalpy of CO2
dissolution, and the magnitude of enthalpy for CO2 dissolution
decreases with increasing water content.
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h i g h l i g h t s

� CO2 solubility in imidazolium-based ionic liquids was surveyed and evaluated.
� CO2 absorption enthalpy was calculated based on thermodynamic model.
� The effects of cation and anion on CO2 absorption enthalpy were discussed.
� Energy consumption for a CO2 separation process was investigated.
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a b s t r a c t

CO2 solubility in ionic liquids has been measured extensively in order to develop ionic liquid-based
technology for CO2 separation. However, the energy consumption analysis has not been investigated well
for such technology. In order to carry out the energy consumption analysis for CO2 separation using ionic
liquids based on available experimental data, in this work, the experimental data of the CO2 solubility in
imidazolium-based ionic liquids at pressures below 10 MPa was surveyed and evaluated by a semi-
empirical thermodynamic model firstly. Based on the reliable experimental solubility data, the enthalpy
of CO2 absorption was further calculated by the thermodynamic model. The results show that the CO2

absorption enthalpy in the studied ionic liquids is dominated by the enthalpy of CO2 dissolution and
the contribution of excess enthalpy increases with increasing CO2 solubility in ionic liquids. The magni-
tude of the CO2 absorption enthalpy decreases with increasing chain length in cation and strongly
depends on the anion of ionic liquids. Furthermore, the energy consumption for a CO2 separation process
by pressure swing and/or temperature swing was investigated. For the pressure swing process, the
Henry’s constant of CO2 in ionic liquids is an important factor for energy consumption analysis; If CO2

is absorbed at 298 K and 1 MPa and ionic liquid is regenerated by decreasing the pressure to 0.1 MPa
at the same temperature, among the studied ionic liquids, [emim][EtSO4] is the solvent with the lowest
energy consumption of 9.840 kJ/mol CO2. For the temperature swing process, the heat capacity of ionic
liquids plays a more important role; If CO2 is absorbed at 298 K and desorbed at 323 K and 0.1 MPa,
[emim][PF6] is the solvent with the lowest energy demand of 888.9 kJ/mol CO2. If the solvent is regener-
ated by releasing pressure and increasing temperature, both the Henry’s constant of CO2 in ionic liquids
and the heat capacity of ionic liquids are important for analyzing the energy consumption; If CO2 is
absorbed at 298 K and 1 MPa and ionic liquid is regenerated at 323 K and 0.1 MPa, [bmim][Tf2N] is the
solvent with the lowest energy consumption of 57.71 kJ/mol CO2.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

CO2 capture and separation play an important role in the devel-
opment of renewable energy and the mitigating of environmental

effects [1–3]. Currently, amine-based technology is still a commer-
cial technology, in which amines are corrosive and suffer high
solvent loses as well as high energy penalty when used with aque-
ous solutions [4,5]. Therefore, it is necessary to explore an energy
effective and environmentally benign technology for CO2 separa-
tion. A lot of research work is on-going to develop new technolo-
gies [6–8]. Recently, ionic liquids (ILs) have shown great
potential to be used as liquid absorbents for CO2 separation
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because of its advantages, such as non-volatility, functionality,
high CO2 solubility and lower energy requirements for regenera-
tion [9–12].

In order to develop IL technology for CO2 separation, a signifi-
cant amount of research work has been carried out. The thermo-
physical properties of ILs (density, viscosity and surface tension)
as well as the effects of cation and anion of ILs on CO2 solubility
and their properties have been extensively studied. With respect
to energy consumption and process simulation for a CO2 separa-
tion process using ILs as liquid absorbent, Shiflett et al. [13,14]
evaluated the performance of [bmim][Ac] and compared with the
MEA technology. It was found that the energy consumption of
[bmim][Ac]-based technology was reduced by 16% compared to
the MEA-based technology. Basha et al. [15,16] developed a con-
ceptual process for CO2 capture from the fuel gas streams produced
in a 400 MWe IGCC power plant, in which [hmim][Tf2N] and two
TEGO ILs were used as liquid absorbents. Their results showed that
the studied ILs can be used as a physical solvent for CO2 capture.
Huang et al. [17] compared the IL-MEA and MEA processes and
found that the IL-MEA process saves 15% regeneration heat duty
compared to the MEA process. However, the research work on
energy consumption is rare and with the focus only on several spe-
cific ILs.

Meanwhile, in order to analyze the energy consumption for a
CO2 separation process, enthalpy is one of the most important
properties [18–20]. Due to the low heat release for the absorption
of CO2 in ILs, it is difficult to measure the CO2 absorption enthalpy.
Therefore, it is desirable to estimate the CO2 absorption enthalpy
with a proper thermodynamic model based on CO2 solubility data
which has been measured extensively. Meanwhile, although a lot
of ILs have been developed and proposed as potential liquid absor-
bents for CO2 separation, to the best of our knowledge, the energy
consumption of a CO2 separation process using different ILs has not
yet been carried out well, which makes it difficult for users to
choose a proper IL for a specific application.

The goal of this work is to perform energy consumption analysis
for a CO2 separation process with ILs as liquid absorbents. To
achieve this goal, in this work, the imidazolium-based ILs were
studied because sufficient experimental data is available for such
ILs. In order to get reliable results, the experimental CO2 solubili-
ties in imidazolium-based ILs were firstly surveyed and evaluated
with non-random two liquids (NRTL)-Redlich–Kwong (RK) model.
Based on the reliable experimental data, the model of NRTL-RK
was used to represent the gas solubility, and the enthalpy of CO2

absorption was then predicted by NRTL-RK model. The effects of
anion and chain length in cation on the CO2 absorption enthalpy
were studied. Furthermore, the energy consumption for a CO2 sep-
aration process using imidazolium-based ILs as liquid absorbents
was analyzed and compared for both pressure swing and temper-
ature swing options for solvent regeneration, and suggestions were
provided for choosing a proper IL for a CO2 separation process from
the energy point of view.

2. Theory

2.1. Thermodynamic modeling

The vapor-liquid equilibrium representing the CO2 solubility in
ILs can be expressed as:

PyCO2
um

CO2
¼ HCO2xCO2c

�
CO2

ð1aÞ

where P is the system pressure, yCO2
is the mole fraction of CO2 in

the vapor phase, um
CO2

is the fugacity coefficient of CO2 in the vapor
phase, HCO2 is the Henry’s constant, xCO2 is the CO2 mole fraction in

the liquid phase, and c�CO2
is the activity coefficient of CO2 in the

liquid phase at the infinite dilution reference state.
Due to the negligible vapor pressure of ILs, in this work, it was

assumed that only CO2 exists in the vapor phase (yCO2
¼ 1), i.e.:

Pum
CO2

¼ HCO2xCO2c
�
CO2

ð1bÞ
In this work, Redlich–Kwong (RK) equation of state [21] was

used to calculate the fugacity of pure CO2 in the vapor phase, in
which the critical temperature and pressure of CO2 were taken
from NIST webbook with the values of 304.2 K and 7.38 MPa
[22], respectively. Following RK equation of state, the expression
of the fugacity coefficient of CO2 was calculated as:

lnu ¼ Z � 1� lnðZ � BPÞ � ðA2
=BÞ lnð1þ BP=ZÞ ð2Þ

P ¼ RT=ðV � bÞ � a=T1=2VðV þ bÞ
A2 ¼ a=R2T2:5 ¼ 0:4278T2:5

c =PcT
2:5

B ¼ b=RT ¼ 0:0867Tc=PcT

Z ¼ 1=ð1� hÞ � ðA2
=BÞh=ð1þ hÞ

Z ¼ PV=RT

h ¼ BP=Z ¼ b=V

8>>>>>>>>><
>>>>>>>>>:

ð3Þ

The Henry’s constant of CO2 was calculated from the following
equations:

HCO2 ðT; PÞ ¼ HCO2 ðTÞ exp
V1

CO2
P

RT

� �
ð4Þ

lnHCO2 ðTÞ ¼ c1 þ c2=T ð5Þ
where T is the temperature, HCO2 ðT; PÞ is the Henry’s constant of CO2

at system temperature and pressure, HCO2 ðTÞ is the Henry’s constant
of CO2 at zero pressure, and V1

CO2
is the infinite dilution partial vol-

ume of CO2 in ILs.
The non-random two liquids (NRTL) model [23] was used to

represent the activity coefficient of CO2 in the liquid phase that
can be calculated by the following equations:

ln c1 ¼ x22 s21
G21

x1 þ x2G21

� �2

þ s12G12

ðx2 þ x1G12Þ2
" #

ð6Þ

where

G12 ¼ expð�as12Þ and G21 ¼ expð�as21Þ
awas assumed to be 0.2 in this work, G12, G21, s12 and s21 are binary
interaction parameters. s12 and s21 are temperature-dependent, i.e.:

s12 ¼ sð0Þ12 þ sð1Þ12 =T

s21 ¼ sð0Þ21 þ sð1Þ21 =T

(
ð7Þ

In this work, the temperature-dependent V1
CO2

was expressed as
Eq. (8). V1

CO2
was obtained from the fitting of the CO2 solubility in

ILs by setting the binary interaction parameters of s12 and s21 to
be zero. With the fitted V1

CO2
, the binary interaction parameters of

s12 and s21 were further obtained from the fitting of the CO2 solu-
bility in ILs.

V1
CO2

¼ c3 þ c4T ð8Þ
The enthalpy for absorbing 1 mol of CO2 (CO2 absorption

enthalpy per mol CO2) can be calculated from the following equa-
tions [20]:

DHabs ¼ Hdis þ ð1þmÞHex ð9Þ

Hdis ¼ �RT2 @ lnHCO2 ðT; PÞ
@T

� �
ð10Þ

Hex ¼ �RT2
X

xi
@ ln ci
@T

ð11Þ
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where DHabs is the CO2 absorption enthalpy per mol CO2, Hdis is the
enthalpy of CO2 dissolution and depends on the Henry’s constant as
shown in Eq. (10), Hex is the excess enthalpy for a solution with
1 mol of CO2 andmmol of ILs at saturation state (equilibrium state).
m depends on temperature, pressure and the type of ILs. Hex can be
calculated from the activity coefficient in the liquids phase as
shown in Eq. (11).

2.2. Energy consumption for a CO2 separation process

The CO2 separation process generally consists of the absorber,
desorber and heat exchanger as shown in Fig. 1. Most of the energy
consumption required in a separation process is from the solvent
regeneration, therefore, only the energy consumed for the solvent
regeneration was accounted in this work. Depending on the type of
solvents, the regeneration can be a pressure swing (solvent regen-
eration by pressure decrease) or temperature swing (solvent
regeneration by temperature increase) process. As the imidazoli-
um-based ILs studied in this work belong to physical absorbents,
both options can be operated.

Based on the CO2 absorption enthalpy and other thermody-
namic properties, the energy consumption for a CO2 separation
process can be estimated. In the energy consumption analysis,
for the convenience, in this work, it was assumed that 1 mol of
CO2 is separated and out of the desorber at temperature of T2
and pressure of P2, and n mol of CO2 is left in the solvent (ILs). In
the absorber, it was assumed that (1 + n) mol of CO2 is absorbed
by mmol of ILs at temperature of T1 and pressure of P1. The energy
consumption Q for the solvent regeneration can be calculated as:

Q ¼ DH2 � DH1 ð12Þ
where

DH2¼mHaq
IL ðT2;P2ÞþnHaq

CO2
ðT2;P2ÞþðnþmÞHex

2 ðT2;P2ÞþHg
CO2

ðT2;P2Þ
DH1¼mHaq

IL ðT1;P1Þþð1þnÞHaq
CO2

ðT1;P1Þþð1þnþmÞHex
1 ðT1;P1Þ

For the pressure swing process, the temperature is a constant
(T1 = T2), and the energy consumption was simplified as:

Q ¼ Qdes þ Qex ð13Þ
where

Qdes ¼ �HdisðT2; P2Þ ¼ Hg
CO2

� Haq
CO2

Qex ¼ DHex ¼ ðnþmÞHex
2 ðT2; P2Þ � ð1þ nþmÞHex

1 ðT1; P1Þ

Qdes is the energy consumption in order to vaporize CO2 from liquid
to vapor phase, which is termed as the desorption enthalpy. Hex

1 is
the excess enthalpy of the solution at T1 and P1, H

ex
2 is the excess

enthalpy of the solution at T2 and P2, and Qex is the energy consump-
tion due to the difference of excess enthalpy between the streams.

For the temperature swing process, it was assumed that the
heat duty of heat exchanger is zero, and the energy consumption
reaches the maximum that can be calculated as:

Q ¼ Qsen þ Qdes þ Qex ð14Þ
where

Qsen ¼ mCP;ILðT2 � T1Þ þ nCP;CO2 ;gðT2 � T1Þ

Qsen is the sensible heat due to the increase of temperature, and Cp is
the heat capacity. The heat capacity of gaseous CO2 is temperature-
dependent and described as the following equation:

CP;CO2 ;g ¼ 0:0416T þ 25:048 ð15Þ
In this work, it was assumed that the pressure effect on the

sensible heat was negligible due to the limited knowledge of the
pressure effect on the enthalpy of ILs.

3. Results and discussions

3.1. Evaluation of CO2 solubility in imidazolium-based ILs

To develop IL technology for CO2 separation, the CO2 solubility
in ILs is an important knowledge. The CO2 solubility in imidazoli-
um-based ILs has been measured extensively by different research
groups with different methods. The experimental data has been
surveyed, but the experimental data evaluation has not been car-
ried out. Meanwhile, the CO2 absorption enthalpy and excess
enthalpy have not been studied well experimentally, and the
energy consumption analysis for a CO2 separation process can only
be estimated based on the thermodynamic model with the param-
eters obtained from the fitting of the CO2 solubility in ILs. Our
preliminary research shows that the CO2 absorption enthalpy is
very sensitive to the experimental solubility data, which makes it
crucial to evaluate the experimental CO2 solubility data and choose
the reliable data to obtain the parameters of the thermodynamic
model. Therefore, the experimental data evaluation was the first
step in energy consumption analysis. In general, CO2 separation
process is operated at pressures less than 5 MPa [24], therefore,

Fig. 1. The schematic of CO2 separation process by ILs.
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the CO2 solubility data up to 10 MPa was surveyed and evaluated
in this work.

The available sources of the experimental CO2 solubility data in
imidazolium-based ILs were listed in Table 1. As shown in Table 1,
the CO2 solubility in [BF4]-, [PF6]- and [Tf2N]-series of ILs has been
measured extensively in a wide temperature range, while the CO2

solubility data in ILs with other anions is still scare, for example,
[DCA]- and [TfO]-based ILs. For [BF4]- and [PF6]-based ILs,
[bmim][BF4] and [bmim][PF6] are the mostly investigated ILs at
both low and high pressures. For [Tf2N]-based ILs, [emim][Tf2N],
[bmim][Tf2N] and [hmim][Tf2N] were all investigated extensively.

The available experimental CO2 solubility data at different tem-
peratures and at pressures up to 10 MPa was evaluated by NRTL-
RK model. Firstly, all the experimental CO2 solubility in one IL from
different sources was fitted by NRTL-RK model, and the data which
shows large discrepancies from others was considered unreliable.
Then only the reliable data was fitted by the model to obtain the
model parameters for the further prediction of enthalpy and
energy consumption analysis. As the evaluation depends on the
number of groups of available experimental data, not all the ILs
listed in Table 1 can be evaluated. The ILs with evaluation were
marked as ‘‘Y’’ and those without evaluation were marked as ‘‘N’’
in Table 1.

The evaluation shows that most of the available experimental
results are reliable, and only 3 groups of data are unreliable as
listed in Table 2. The inconsistency of the experimental data from
different sources is shown in Figs. 2–4. Fig. 2 illustrates the CO2 sol-
ubility in [emim][BF4] from three sources. It can be seen that the
data measured by Hwang et al. [28] is lower than those by others
at 298 K and shows a different tendency at 313 K. Fig. 3 depicts the
comparison of the experimental CO2 solubility in [bmim][PF6] at
313 and 333 K. As shown in Fig. 3, the data measured by Blanchard
et al. [39] is higher compared to the data from other sources, while
the data from other sources agrees well with each other. The com-
parison of the CO2 solubility in [bmim][Tf2N] at 313 and 333–334 K
is shown in Fig. 4. Jacquemin et al. [50] measured the CO2 solubility
in [bmim][Tf2N] at low pressures, but their data is much lower
compared to the data measured by others.

It is found that the Henry’s constant of CO2 in an IL is sensitive
to the experimental CO2 solubility data, and the data from different

sources may result in different Henry’s constant. In case that the
Henry’s constant of CO2 in ILs is unreliable, the ILs will be excluded
in the following calculation of the CO2 absorption enthalpy. For
example, the Henry’s constant of CO2 in [omim][PF6] [39]
decreases with increasing temperature, which is considered
unreliable. In addition, the Henry’s constants of CO2 in ILs are
temperature-dependent. In case that the experimental data is mea-
sured at one or two temperatures, the ILs will also be excluded. For
example, Mejía et al. [69] measured the CO2 solubility in
[emim][SCN] and [emim][HSO4] at two temperatures, and the tem-
perature-dependent Henry’s constant is unreliable. Therefore,
these three ILs are excluded thereafter.

In summary, the evaluation of the experimental CO2 solubility
data is important in order to get reliable knowledge of the CO2

absorption enthalpy and energy consumption analysis. After the
evaluation, three groups of data are unreliable and were excluded
in parameter fitting for further energy consumption analysis. In
addition, [omim][PF6], [emim][SCN] and [emim][HSO4] were fur-
ther excluded from energy consumption analysis due to the unre-
liable Henry’s constant.

3.2. CO2 absorption enthalpy

After the evaluation, the reliable experimental data was re-
fitted by NRTL-RK model. The NRTL-RK model with the fitted
parameters was used to calculate the CO2 absorption enthalpy.
As the vapor pressure of ILs is negligible, the vaporization enthalpy
of ILs was set to be zero in this work. The CO2 absorption enthalpy
consists of the CO2 dissolution enthalpy and excess enthalpy. The
CO2 dissolution enthalpy was calculated from the Henry’s constant
according to Eq. (10), and the excess enthalpy was calculated from
the activity coefficient of each component in the liquid phase
according to Eq. (11). The CO2 absorption enthalpy for all ILs was
calculated and compared. The parameters used in calculation are
listed in Table 3.

For the studied ILs, the magnitude of CO2 dissolution enthalpy is
much larger than the excess enthalpy. The contribution of excess
enthalpy is extremely small at low pressures due to the low CO2

solubility, but it increases with increasing pressure. Fig. 5 illus-
trates the CO2 dissolution enthalpy and excess enthalpy in
[bmim][BF4], [hmim][BF4] and [omim][BF4], respectively, at 298 K
as an example. The magnitude of excess enthalpy is 0.2–20% of
the CO2 dissolution enthalpy when the pressure is lower than
6 MPa. For these three ILs, the contribution of excess enthalpy is
less than 5% to the CO2 absorption enthalpy at pressures lower
than 1 MPa. This observation implies that for imidazolium-based
ILs, it is reasonable to neglect the excess enthalpy as the CO2 sep-
aration process is often operated at pressures lower than 1 MPa
(CO2 partial pressure).

The effects of the chain length in cation and the type of anion on
the CO2 solubility in imidazolium-based ILs have been studied
[30,32,64]. However, the influences of cation and anion on the
CO2 absorption enthalpy have not yet been studied. In this section,
it was studied systematically.

3.2.1. Influence of chain length in cation
The available experimental CO2 solubility data reveals that for

the studied ILs the CO2 solubility increases with increasing chain

Table 1
Sources of CO2 solubility in imidazolium-based ILs measured experimentally up to
10 MPa.

IL T, K Ref. Evaluated

[emim][BF4] 298–343 [25–28] Y
[bmim][BF4] 278–383 [29–36] Y
[hmim][BF4] 293–373 [25,28,35,37,38] Y
[omim][BF4] 303–363 [35,39,40] Y
[emim][PF6] 308–366 [41] N
[bmim][PF6] 283–413 [25,30,34,39,42–48] Y
[hmim][PF6] 298–373 [25,38,49] Y
[omim][PF6] 313–333 [39] N
[emim][Tf2N] 293–450 [25,31,50–54] Y
[bmim][Tf2N] 273–450 [30,32,50,52,55–58] Y
[hmim][Tf2N] 282–413 [25,29,38,52,54,59–63] Y
[omim][Tf2N] 293–353 [30,52] N
[emim][FAP] 283–364 [64,65] N
[emim][TfO] 303–343 [66] N
[emim][EtSO4] 303–353 [39,67] N
[emim][MeSO3] 298–343 [68,69] N
[emim][DEP] 298–333 [69] N
[emim][SCN] 298–333 [69] N
[emim][HSO4] 298–333 [69] N
[bmim][DCA] 293–363 [57] N
[bmim][TfO] 298–333 [30] N
[bmim][NO3] 298–333 [30] N

Table 2
Unreliable sources of CO2 solubility in imidazolium-based ILs.

IL T, K P, MPa Year Ref. First author

[emim][BF4] 293.2–323.2 2.62–9.25 2011 [28] Hwang
[bmim][PF6] 313.15–333.15 0.1–10 2001 [39] Blanchard
[bmim][Tf2N] 283–343 0–0.1 2007 [50] Jacquemin
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length in cation. The investigation of CO2 absorption enthalpy in
this work shows that the magnitude of CO2 absorption enthalpy
decreases with increasing chain length in cation.

The CO2 absorption enthalpy in [bmim][BF4], [hmim][BF4] and
[omim][BF4] at 298 K was illustrated in Fig. 6 as an example. The
corresponding CO2 loading is also depicted in order to check the
capacity (loading) and the corresponding enthalpy simultaneously.
As shown in Fig. 6, with increasing chain length in cation, the CO2

loading in ILs increases with the chain length in cation (Fig. 6a),
while the magnitude of CO2 absorption enthalpy decreases

(Fig. 6b). The same tendency is also observed for [PF6]- and
[Tf2N]-series of ILs throughout the whole studied temperature
range and for [BF4]-series of ILs at other temperatures.

3.2.2. Influence of anion
The anion is a more important factor to affect the CO2 solubility

in ILs compared to the chain length in cation [30,32]. The effect of
anion on the CO2 absorption enthalpy in different imidazolium-
based ILs was investigated in this work. Figs. 7 and 8 illustrate
the CO2 loading and CO2 absorption enthalpies in [emim]-based

Fig. 2. CO2 solubility in [emim][BF4]. Symbols: experimental data. s Soriano [26], h Kim [25], 4 Lei [27], r Huang [28]. Curve: correlations with NRTL-RK.

Fig. 3. CO2 solubility in [bmim][PF6]. Symbols: experimental data. j Blanchard [39], d Aki [30], N Kumełan [47], . zhang [46], h Liu [43], s Kamps [44], 4 Shariati [45], r
Kim JE [48]. Curve: correlations with NRTL-RK model.

Fig. 4. CO2 solubility in [bmim][Tf2N]. Symbols: experimental data. j Aki [30], . shin [52], h Raeissi [56], s Carvalho [53], 4 Oh [55], r Jacquemin [50], I Safarov [58].
Curve: correlations with NRTL-RK model.
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and [bmim]-based ILs at 298 K and at pressures up to 6 MPa. It can
be seen that both the CO2 loading and the CO2 absorption enthal-
pies strongly depend on the anion of ILs, the CO2 loadings are from
0 to 2.5 mol CO2/mol ILs, and the CO2 absorption enthalpies are in
the range of �21 � �8 kJ/mol.

As shown in Fig. 7(a), the CO2 loading in [emim]-based
ILs increases in the order of [EtSO4] < [MeSO3] < [BF4] < [PF6]

< [TfO] < [DEP] < [Tf2N] < [FAP] at 298.15 K. The magnitude of CO2

absorption enthalpies in [emim]-based ILs shows different orders
at different pressures as shown in Fig. 7(b). For example, when
the pressure is 0.1 MPa, the magnitude of CO2 absorption enthalpy
in [emim]-based ILs decreases in the order of [BF4] > [MeSO3] >
[TfO] > [PF6] > [DEP] > [Tf2N] > [FAP] > [EtSO4]. While at 3 MPa, the
magnitude of CO2 absorption enthalpy in [emim]-based ILs
decreases in the order of [MeSO3] > [BF4] > [TfO] > [DEP] > [PF6] >
[Tf2N] > [FAP] > [EtSO4]. For [emim]-based ILs, the CO2 loading in
[emim][FAP] and [emim][Tf2N] have the higher values than those
in other ILs, while the magnitude of CO2 absorption enthalpy in
[emim][FAP] and [emim][Tf2N] is small. For [emim][EtSO4], the
CO2 loading is the lowest, while the magnitude of CO2 absorption
enthalpy is the smallest.

For [bmim]-based ILs, the CO2 loading increases in the order of
[NO3] < [DCA] � [BF4] < [PF6] < [TfO] < [Tf2N], as shown in Fig. 8(a).
As shown in Fig. 8(b), the magnitude of CO2 absorption enthalpy in
[bmim]-based ILs at 1 MPa decreases in the order of
[TfO] > [BF4] > [NO3] > [PF6] > [DCA] > [Tf2N]. In the investigated
ILs, the CO2 loading in [bmim][Tf2N] have the highest value but
with the lowest magnitude of CO2 absorption enthalpy.

As discussed previously that with increasing chain length in
cation, the CO2 loading increases and the magnitude of CO2 absorp-
tion enthalpy decreases. Therefore, the effect of the chain length on

Table 3
Parameters used in the calculation of CO2 absorption enthalpy in imidazolium-based ILs.

ILs sð0Þ12 sð1Þ12 sð0Þ21 sð1Þ21
c1 c2 c3 c4

[emim][BF4] �25.91 9819.5 1.048 �756.11 10.1 �2479.0 123.7 0.0163
[bmim][BF4] �29.01 14,134 �66.10 11,758 8.63 �2049.3 42.55 0.0079
[hmim][BF4] 3.570 �634.02 �0.075 �331.20 7.28 �1659.6 53.58 0.0983
[omim][BF4] 3.829 �272.20 0.548 �649.05 6.69 �1537.7 52.19 0.217
[emim][PF6] 0.819 1214.9 4.353 �1842.2 8.84 �2131.2 3.080 0.290
[bmim][PF6] �0.665 982.75 3.342 �1506.55 8.32 �2001.8 8.079 0.277
[hmim][PF6] 12.93 �3513.6 �0.704 �156.56 8.03 �1920.3 73.51 0.0528
[emim][Tf2N] 3.344 �234.66 1.505 �923.12 7.41 �1822.6 123.2 0.141
[bmim][Tf2N] 4.503 �640.52 0.822 �715.34 6.83 �1695.1 220.5 �0.0735
[hmim][Tf2N] 0.510 �253.82 1.581 �433.01 6.52 �1617.9 17.19 0.556
[emim][FAP] 1.831 �31.608 1.407 �857.48 6.43 �1589.9 0.996 1.607
[emim][TfO] �3.067 669.89 6.802 �1792.0 9.39 �2301.7 1.294 0.351
[emim][DEP] 3.429 �574.46 0.286 �429.27 8.60 �2097.0 1.681 0.303
[emim][MeSO3] 2.782 981.29 6.586 �2410.6 10.1 �2422.0 0.045 0.215
[emim][EtSO4] �6.135 4317.3 3.493 �1362.7 6.45 �1258.3 5.199 0.103
[bmim][NO3] 3.203 �181.04 2.842 �1317.3 8.56 �1873.8 0.769 �0.0662
[bmim][DCA] 4.016 �447.43 1.015 �742.24 7.40 �1668.8 12.73 0.279
[bmim][TfO] �2.884 487.43 6.306 �1432.4 10.1 �2541.9 9.932 0.250

Fig. 5. CO2 dissolution enthalpy and excess enthalpy at 298 K in -j- [bmim][BF4],
-d- [hmim][BF4], -N- [omim][BF4].

Fig. 6. CO2 loading (a) and absorption enthalpy (b) at 298 K in -j- [bmim][BF4], -d- [hmim][BF4], -N- [omim][BF4].
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the CO2 absorption enthalpy in ILs can be predicted based on its
effect on the CO2 loading. Compared to the effect of the chain
length in cation, the effect of anion on the CO2 absorption enthalpy
is much more complicated. Both the CO2 loading and the magni-
tude of CO2 absorption enthalpy strongly depend on the anion of
ILs, but from the knowledge of the effect of anion on the CO2 solu-
bility, the effect of anion on the CO2 absorption enthalpy cannot be
estimated, which makes it crucial to compare the energy consump-
tion for a CO2 separation process using an IL.

3.3. Energy consumption for CO2 separation processes

In order to suggest a proper IL for a CO2 separation process,
energy consumption was analyzed in this section by considering
pressure swing or/and temperature swing processes.

3.3.1. Pressure swing process
It was assumed that CO2 was absorbed at 298 K and 1 MPa, IL

was regenerated by decreasing the pressure to 0.1 MPa at the same
temperature in the desorber, and only CO2 exist in the gas stream.
The energy consumption consists of CO2 desorption enthalpy and
the difference of the excess enthalpy between two streams accord-
ing to Eq. (13). The energy consumption for all ILs as well as the
contributions of CO2 desorption enthalpy (Qdes) and excess
enthalpy (Qex) are listed in Table 4. It can be observed that the mag-
nitude of Qex is 1–14% of Qdes and the CO2 desorption enthalpy con-
tributes most to the total energy consumption.

The amount of ILs and corresponding energy consumption to
separate 1 mol of CO2 using different ILs were illustrated in
Fig. 9. For [emim][FAP], the amount of ILs is the least and the cor-
responding energy consumption is not so high. From the energy
point of view, [emim][EtSO4] is the solvent with the lowest energy
consumption, but the amount is much more than other ILs in order
to separate 1 mol of CO2 with the investigated ILs.

Fig. 7. CO2 loading (a) and absorption enthalpy (b) in [emim]-based ILs. -j- [emim][BF4], -h- [emim][PF6], -d- [emim][Tf2N], -s- [emim][FAP], -N- [emim][TfO], -4-
[emim][DEP], -.- [emim][MeSO3], -r- [emim][EtSO4].

Fig. 8. CO2 loading (a) and absorption enthalpy (b) in [bmim]-based ILs. -j- [bmim][BF4], -h- [bmim][PF6], -d- [bmim][Tf2N], -s- [bmim][NO3], -N- [bmim][DCA], -4-
[bmim][TfO].

Table 4
Energy consumption for a pressure swing CO2 separation process.

ILs Qdes/kJ Qex/kJ Qtotal/kJ

[emim][BF4] 20.60 �1.88 18.72
[bmim][BF4] 17.03 �0.50 16.53
[hmim][BF4] 13.79 �0.56 13.23
[omim][BF4] 12.78 �0.57 12.21
[emim][PF6] 17.72 �1.43 16.29
[bmim][PF6] 16.64 �0.75 15.89
[hmim][PF6] 15.96 �0.25 15.71
[emim][Tf2N] 15.14 �1.08 14.06
[bmim][Tf2N] 14.07 �1.06 13.01
[hmim][Tf2N] 13.45 �1.84 11.61
[emim][FAP] 13.22 �1.28 11.93
[emim][TfO] 19.14 �1.67 17.47
[emim][DEP] 17.43 �0.73 16.70
[emim][MeSO3] 20.14 �1.50 18.64
[emim][EtSO4] 10.46 �0.62 9.840
[bmim][NO3] 15.58 �0.60 14.97
[bmim][DCA] 13.87 �0.57 13.31
[bmim][TfO] 21.13 �1.79 19.34
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For pressure swing process, if the gas is compressed before
entering the column, the compression work needs to be considered
[70]. Assuming 1 mol of CO2 is compressed from atmospheric pres-
sure to 1 MPa at 298 K, the compression work is 6.8 kJ. If CO2 is
separated from the flue gas (CO2 + N2) and the concentration of
CO2 is around 0.15 (mole fraction), the compression work will
reach up to 45.3 kJ. If CO2 is separated from the biogas (CO2 + CH4)
and the concentration of CO2 is around 0.3, the compression work
will be 22.7 kJ. For the CO2 in the synthesis gas generated from bio-
mass gasification, the partial pressure of CO2 can be up to 1 MPa,
and no compression work is needed in the CO2 separation process.
Therefore, the energy demand for compression work depends on
the sources of CO2.

3.3.2. Temperature swing process
If the solvent is regenerated by increasing temperature, sensible

enthalpy needs to be accounted. The sensible enthalpy relates to
the heat capacities of ILs and CO2. The temperature-dependent
heat capacities of imidazolium-based ILs were surveyed, and the
available ones were fitted to the following equation:

CP ¼ C5 þ C6T ð16Þ
where Cp is the heat capacity of pure ILs, C5 and C6 are parameters as
listed in Table 5.

The literature survey reveals that the study on the heat capacity
of ILs is much less compared to the studies of other properties of

ILs, such as gas solubility, density, viscosity and surface tension.
The heat capacity of BF4-, FP6-, and Tf2N-based ILs were collected
and studied in this work, which are illustrated in Fig. 10. The values
of Cp change from 250 to 700 J/mol/K and increase with increasing
temperature. It can be seen that the magnitude of Cp of ILs
increases in the order of [emim][PF6] < [emim][BF4] < [bmim]
[BF4] < [bmim][PF6] < [hmim][PF6] < [hmim][BF4] < [omim][BF4] <
[emim][Tf2N] < [bmim][Tf2N] < [hmim][Tf2N] < [omim][Tf2N]. The
values of Cp increase with increasing chain-length, and the Cp of
[Tf2N]-based ILs is higher than those of [BF4]-based and [PF6]-
based ILs.

The energy consumption for a temperature swing process to
separate 1 mol of CO2 was calculated. It was assumed that CO2

was absorbed at 298 K and desorbed at 323 K and 0.1 MPa. The
CO2 desorption enthalpy, the difference of excess enthalpy and
sensible enthalpy are all included in the total energy consumption
according to Eq. (14). Due to the available heat capacities of ILs,
only 10 ILs were studied in this section.

The calculated energy consumptions together with the contri-
butions from each part are listed in Table 6. It can be seen that
due to the high heat capacity of ILs, the sensible enthalpy has a
significant influence on the total energy consumption for the CO2

separation process. Therefore, it is expected that the IL with low

Fig. 9. The amount of ILs and energy consumption for a pressure swing CO2 separation process.

Table 5
Coefficients in Eq. (16) for calculating the heat capacity of imidazolium-based ILs
[71–78].

ILs C5 C6 Ref. 
[emim][BF4] 203.66 0.34 

[71] [bmim][BF4] 225.68 0.47 
[hmim][BF4] 277.26 0.51 
[omim][BF4] 316.06 0.61 
[emim][PF6] 84.93 0.58 [72] 
[bmim][PF6] 243.16 0.56 [73] 
[hmim][PF6] 169.78 0.84 [74] 

[emim][Tf2N] 364.59 0.47 [75] 
[bmim][Tf2N] 400.92 0.55 [76] 
[hmim][Tf2N] 418.24 0.76 [77]
[omim][Tf2N] 437.43 0.74 [78]

Fig. 10. Heat capacity of imidazolium-based ILs at different temperatures. -j-
[emim][BF4], -h- [bmim][BF4], -d- [hmim][BF4], -s- [omim][BF4], -N- [emim][PF6],
-4- [bmim][PF6], -.- [hmim][PF6], -r- [emim][Tf2N], -�- [bmim][Tf2N], -}-
[hmim][Tf2N], -H- [omim][Tf2N].
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heat capacity should be chosen as the liquid absorbent for CO2 sep-
aration from the energy point of view.

The amount of ILs and the corresponding energy consumption
for CO2 separation were calculated. The results were summarized
in Fig. 11. As shown in Fig. 11, [emim][PF6] has the lowest energy
consumption when it is used as a liquid absorbent to separate CO2.
The overall energy consumption is mostly from the sensible
enthalpy, which directly depends on the heat capacity of IL. For
the studied ILs, the heat capacity of [emim][PF6] is the lowest,
which leads to the lowest energy consumption. Therefore, we
can conclude that the heat capacity of ILs is the key factor to deter-
mine the overall energy consumption. To develop a novel IL for CO2

separation with the temperature swing for solvent regeneration,
the heat capacity of ILs is more important than the Henry’s con-
stant of CO2 in ILs.

As shown in Fig. 11, the amount of ILs used in the process is
very large for the temperature swing option. For example, the
amount of [hmim][Tf2N] is the least in the investigated ILs and it
reaches up to 87 mol in order to separate 1 mol of CO2. This is
because that all these ILs are physical absorbents and the absorp-
tion capacity is extremely low at low pressures. Therefore, the
pressured operation should be considered for such kind of ILs.

3.3.3. Pressure and temperature swing process
It was assumed that CO2 was absorbed at 298 K and 1 MPa, and

IL was regenerated at 0.1 MPa and 323 K in the desorber in order to
compare with the temperature or pressure swing process studied
in the forgoing section. The results were listed in Table 7. The
sensible heat contributes 71–83% to the total energy consumption,

and the values of sensible heat are smaller than those in the tem-
perature swing process. As shown in Fig. 12, [bmim][Tf2N] is found
to be the solvent with the lowest energy consumption compared to
other investigated ILs. Neither the desorption enthalpy nor the sen-
sible heat of [bmim][Tf2N] are the lowest as listed in Table 7. Thus,
it can be concluded that both the Henry’s constant of CO2 in ILs and
the heat capacity of ILs are important factors to analyze the energy
consumption for pressure and temperature swing process.

The amount of ILs in this option is less than those in the pres-
sure swing process and much less than those in the temperature
swing process. But from the energy point of view, the energy con-
sumption in this process is much higher than that in pressure
swing process because of the high values of Qsen in order to
increase the temperature for solvent regeneration.

In this work, only the physical-absorption-based ILs such as
imidazolium-based ILs were studied. However, for the new devel-
oped ILs with chemical absorption of CO2, for example [bmim][Ac],
the temperature needs to be increased up to a certain level in order
to regenerate solvents, and the energy consumption will increase
significantly. While the CO2 absorption capacity is much higher
for the chemical-absorption-based ILs compared to the physical-
absorption-based IL, which means a lower amount of ILs will be
used in process and then smaller size of equipment will be
expected. Further work needs to be carried out. In addition, if a
new physical-absorption-based ILs is synthesized, the results from
this work will provide useful information to evaluate the synthe-
sized ILs from the energy point of view.

Table 6
Energy consumption for a temperature swing CO2 separation process.

ILs Qdes/kJ Qex/kJ Qsen/kJ Qtotal/kJ

[emim][BF4] 20.60 �0.29 1006 1027
[bmim][BF4] 17.03 �0.06 1293 1310
[hmim][BF4] 13.79 �0.09 1707 1721
[omim][BF4] 12.78 �0.08 1769 1782
[emim][PF6] 17.72 �0.21 871.4 888.9
[bmim][PF6] 16.64 �1.21 1487 1503
[hmim][PF6] 15.96 0.09 1355 1371
[emim][Tf2N] 15.14 �0.15 1235 1250
[bmim][Tf2N] 14.07 �0.16 1258 1272
[hmim][Tf2N] 13.45 �0.35 1422 1435

Fig. 11. The amount of ILs and energy consumption for a temperature swing CO2 separation process.

Table 7
Energy consumption for pressure- and temperature-swing process.

ILs Qdes/kJ Qex/kJ Qsen/kJ Qtotal/kJ

[emim][BF4] 20.60 �1.79 55.60 74.41
[bmim][BF4] 17.03 �0.49 53.90 70.45
[hmim][BF4] 13.79 �0.54 61.04 74.29
[omim][BF4] 12.78 �0.55 61.54 73.77
[emim][PF6] 17.72 �1.37 41.63 57.98
[bmim][PF6] 16.64 �1.21 57.14 72.57
[hmim][PF6] 15.96 �0.24 54.82 70.54
[emim][Tf2N] 15.14 �1.05 47.20 61.30
[bmim][Tf2N] 14.07 �1.03 44.67 57.71
[hmim][Tf2N] 13.45 �1.79 48.67 60.33
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4. Conclusion

In this work, in order to carry out the energy consumption for a
CO2 separation process using ILs as liquid absorbents based on the
available experimental data, the experimental CO2 solubility in
imidazolium-based ILs at pressures below 10 MPa was evaluated
by NRTL-RK model firstly. It is found that most of the data is reli-
able, and the data from three sources is inconsistent with those
from other sources. The reliable CO2 solubilities were further rep-
resented by the NRTL-RK model, and the CO2 absorption enthalpy
was then calculated based on the thermodynamic model. The
results show that the CO2 absorption enthalpy in ILs is dominated
by the CO2 dissolution enthalpy. The magnitude of CO2 absorption
enthalpy decreases with increasing chain length in cation and
strongly depends on the anion of ILs.

The energy consumption of a CO2 separation process was esti-
mated. The energy consumption for separating 1 mol of CO2 using
different ILs was calculated and compared. If the solvent is regen-
erated by releasing pressure, the CO2 desorption enthalpy contrib-
utes mostly to the total energy consumption; If CO2 is absorbed at
298 K and 1 MPa and IL is regenerated by decreasing the pressure
to 0.1 MPa at the same temperature, among the studied ILs,
[emim][EtSO4] is the solvent with the lowest energy consumption
of 9.840 kJ/mol CO2. If the solvent is regenerated by increasing
temperature, the sensible enthalpy has a significant influence on
the total energy consumption for a CO2 separation process because
of the high heat capacity of ILs; If CO2 is absorbed at (298 K,
0.1 MPa) and desorbed at (323 K, 0.1 MPa), [emim][PF6] is the
solvent with the lowest energy demand of 888.9 kJ/mol CO2. If
the solvent is regenerated by both releasing pressure and increas-
ing temperature, both the Henry’s constant of CO2 in ILs and the
heat capacity of ILs are important factors for analyzing the energy
consumption; If CO2 is absorbed at 298 K and 1 MPa and IL is
regenerated at 0.1 MPa and 323 K, [bmim][Tf2N] is the solvent with
the lowest energy consumption of 57.71 kJ/mol CO2.
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