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Abstract

CO2 separation plays an important role in both biofuel production, and CO2 capture and 

storage (CCS) implementation to deal with global warming. The available CO2 separation 

technologies are either energy-intensive or require large-scale operations, and it is crucial to

develop novel CO2 separation technology in order to optimize the energy uses and the 

amounts of CO2-absorbents/adsorbents.

Recently, ionic liquids (ILs) have been proposed as potential liquid absorbents for CO2

separation with remarkable properties. A lot of ILs have been synthesized for this purpose.

The CO2 absorption capacity/selectivity and the energy use have been considered in 

screening ILs, while the amounts of ILs needed have seldom been considered in the 

screening process. Meanwhile, the high-cost, toxicity and poor biodegradability of the 

conventional ILs limit their applications in large-scale. Deep eutectic solvents (DESs) have 

emerged as a new type of ILs, and in particular, those based on choline salts (i.e.

choline-based DESs) show additional advantages in cost, environmental impact and 

synthesis. Choline-based DESs have been synthesized and the research work related to CO2

separation with this series of DESs and their aqueous solutions has been carried out.

However, it is still unclear which absorbent can achieve a better performance for CO2

separation.

The choice of absorbents for CO2 separation depends on gas streams, and the performances

of absorbents for CO2 separation relate to the energy uses and the amounts of absorbents 

needed. In this thesis work, four gas streams (i.e. flue gas and lime kiln gas from the 

combustion of fossil-fuels, biogas from the anaerobic digestion of biomass as well as 

bio-syngas from the gasification of biomass) with different temperature, pressure, CO2

concentration and gaseous components were considered, and CO2 separation from four gas 

streams was analyzed thermodynamically based on Gibbs free energy change. The analysis 

shows that biogas is the CO2 stream with the lowest theoretical energy penalty. Therefore, 

biogas was chosen as a specific CO2 stream for further evaluating the performances of CO2

absorbents.

In evaluation, the conventional ILs were first analyzed and screened for CO2 separation 
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from biogas with three options (i.e. option 1: the CO2 dissolution enthalpy and CO2

working capacity, option 2: the energy use, and option 3: the energy use and the amount of 

IL needed). The investigation shows that the screen of ILs is strongly related to the 

operational condition and the screening criteria. In the option of “the energy use and the 

amount of IL needed”, the operational condition was optimized based on the minimum 

Gibbs free energy change, and the energy use and the amount of IL needed were considered 

in screening. While in other screening options, the operational conditions were presumed

and the amounts of ILs needed were not considered. Therefore, the option of “the energy 

use and the amount of IL needed” is more reasonable compared to the other two options.

The performances of these screened conventional ILs were further compared with those of 

the commercial CO2 absorbents. It shows that the conventional ILs are promising CO2

absorbents due to lower energy uses or lower amounts of ILs needed combined with the 

advantage of non-volatility.

The research work on choline-based DESs and their aqueous solutions for CO2 separation

was surveyed and reviewed. Generally, the properties of choline-based DESs are similar to 

those of conventional ILs. Considering the additional advantages of low-cost, non-toxicity 

and biodegradability, choline-based DESs are more promising for CO2 separation. 

However, due to the limited available research work, further studies need to be carried out 

from experimental measurements to model developments.

The performances of choline-based-DESs for CO2 separation from biogas were analyzed.

Based on the option of “the energy use and the amount of absorbent needed”, the 

choline-based-DESs were screened and then compared with the conventional ILs and the 

commercial CO2 absorbents. The comparison results show that the choline-based-DESs are 

more promising for CO2 separation from biogas due to the non-volatility, lower energy uses

or lower amounts of absorbents needed. In addition, CO2 separation from other CO2

streams was further investigated. It shows that the physical absorbents are more suitable for 

the CO2 streams with high CO2 concentration (i.e. biogas, lime kiln gas and bio-syngas),

while the chemical CO2 absorbents are more suitable for that with low CO2 concentration

and high temperature (i.e. flue gas). Considering the high amounts of physical absorbents, 

further study needs to be carried out with techno-economic analysis.
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1 Introduction

1.1 Background 

Global warming is a critical issue facing human beings. The increasing greenhouse gas 

emissions, especially the anthropogenic CO2 emissions, are the main cause. CO2 emissions 

are mainly produced from the combustion of fossil fuels, transports and other industries

(e.g. lime industry) [1, 2]. Mitigating CO2 emissions from large point sources is an urgent 

and worldwide research topic.

Carbon capture and storage (CCS) [3] has been proposed as an important and effective 

option for mitigating CO2 emissions from the large points, e.g. the flue gas from 

fossil-fuelled power station and the lime kiln gas from lime industry. To reduce CO2

emissions from the transportation sector, biomass gasification offers a possibility to 

produce carbon-neutral transportation fuels (e.g. methanol, hydrogen and synthetic 

hydro-carbons) [4]. Meanwhile, using upgraded biogas as transportation fuels is another 

important option. A CO2 removal step is required either to upgrade raw biogas or to 

produce biofuel via biomass gasification in order to increase the production yield, enhance 

the process efficiency or purify products. The separated CO2 can further contribute to 

mitigating CO2 emissions. Therefore, CO2 separation plays an important role in both CCS 

and biofuel production.

CO2 separation is an energy-intensive process. Numerous CO2 separation technologies, 

such as aqueous amine-based technology, water scrubbing, membrane technology, organic 

solvent scrubbing and adsorption, have been developed [5]. The intensive energy-use,

volatility, degradation and corrosion are the drawbacks in using aqueous amine-based 

technology [6]. The high water use and low selectivity are deficiencies in water scrubbing 

[7]. Membrane processes are promising, but the selectivity and productivity are decreasing

in the presence of CO2 [8]. Organic solvent scrubbing and adsorption also suffer the 

deficiencies of intensive energy-use and large-scale operations [7]. Therefore, it is crucial 

to develop new technologies for CO2 separation.
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Recently, ionic liquids (ILs) have been proposed as “green” solvents for CO2 separation 

due to their unique properties, such as high CO2 solubility/selectivity, negligible vapor 

pressure and designable physicochemical properties [9, 10]. The properties of ILs and their 

applications in CO2 separation have been investigated intensively, and the groups that have 

made a great contribution are Brennecke’s group [11-15], Shiflett’s group [16-20] and 

Zhang’s group [21-24]. However, the the poor 

biodegradability of most synthesized ILs limit their application in CO2 separation.

As a new type of ILs, developing deep eutectic solvents (DESs) has becoming a hot topic 

attracting the attention of many researchers. Particularly, the DESs based on choline salts 

(i.e. choline-based DESs) show additional advantages in cost, environment impact and 

synthesis [25]. Numerous choline-based DESs have been developed, and their properties 

including CO2 solubility have been investigated. For example, the research groups of 

Abbott [26-30], Han [31-33], Wong and Li [34-45] have studied systematically the 

properties of choline-based DESs and their applications in CO2 separation. 

In summary, large quantities of ILs and choline-based DESs have been synthesized. How to 

choose a proper IL or choline-based DES for CO2 separation from a specific CO2 stream

and then evaluate their performances is of importance for industrial applications. 

1.2 Performance evaluation

To separate CO2 from different gas streams, e.g. flue gas [46, 47], syngas [48], biogas [49],

lime kiln gas [50] and natural gas [51], technologies, such as absorption, adsorption, 

membrane technology, cryogenic distillation, chemical looping combustion and hybrid 

technology, have been developed for CO2 separation in pre-combustion or post-combustion 

process [52-60]. Thermodynamics has been used as an effective tool to evaluate the process 

of separating CO2 from different gas mixtures. Wang et al. [61] analyzed the key problems 

of CO2 separation from shifted synthesis gas, flue gas, sour natural gas and biogas with the 

technology of clathrate hydrate based on the phase equilibria of CO2 and other gases, and 

they found that the high energy use was the barrier for separating CO2 from shifted 

synthesis gas and flue gas. Wilcox [62] compared the minimum thermodynamic work 

needed for CO2 separation in different coal-based processes and found that the minimum 

theoretical work highly depended on the CO2 concentration in gas mixtures.
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For a specific CO2 separation process from a specific CO2 stream, energy use has been 

studied [63-80]. For example, Warmuzinski et al. [77] studied experimentally the energy 

use for CO2 separation from flue gas using adsorption combined with membrane separation. 

Belaissaoui et al. [74, 76] studied the energy use of separating CO2 from flue gas with 

membrane technology and stated that a high CO2 concentration (15-30 %) led to a low 

energy use. Wu et al. [79] evaluated the energy use of biogas upgrading with pressure 

swing adsorption using novel adsorbents. Guo et al. [80] evaluated the power requirement 

for CO2 separation from crude synthetic natural gas via physical absorption.

For a specific CO2 stream, the energy use has been used as the criterion for evaluating ILs 

[81-83]. For example, Anthony et al. [82] estimated the energy uses of [Bmim][PF6] and 

[Bmim][BF4] for CO2 capture. Compared with 30 wt % MEA solutions, the energy use of

[Bmim][PF6] was much higher when the solvent was regenerated by increasing temperature.

Yang et al. [83] investigated the energy use of the mixture of [Bmim][BF4] and 30 wt % 

MEA and found the energy use of the mixture was 37.2 % lower than that of the aqueous 

MEA solution. With a large number of ILs synthesized, different criteria have been 

proposed for screening ILs as CO2 absorbents [84]. Gas absorption capacity and selectivity

have been used as the criteria for screening ILs to separate CO2 [84-86]. Privalova et al. [84]

found that the CO2 capture capacity was in a range of 50-60 LCO2/L absorbents for the 

most promising ILs. Huang et al. [86] found that the protic ILs showed both higher H2S

absorption capacity and higher gas selectivity compared to CO2 and these ILs were then 

suggested as promising solvents in H2S/CO2 separation. The screening of choline-based 

DESs has not yet been studied. While Hsu et al. [87] compared the CO2 absorption 

capacities of aqueous ChCl/urea (1:2) (i.e. reline) and MEA solutions, and they found that 

the blending reline with MEA greatly improved the CO2 absorption capacity of aqueous 

reline solutions.

However, the energy use depends on the operational condition. How to achieve an optimal 

operational condition for a specific absorbent was seldom considered in the previous work.

Meanwhile, the amount of absorbent needed for CO2 separation was rarely combined with 

the energy use in absorbents screening. More research work needs to be carried out.
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1.3 Objectives and outline

This thesis work aims at screening promising CO2 absorbents from the available

conventional ILs and choline-based-DESs for CO2 separation. In order to achieve the goal,

thermodynamic analysis has been used as a powerful tool to evaluate the CO2 separation 

process. The specific objectives are:

To conduct thermodynamic analysis to investigate the effect of CO2 streams (i.e. flue 

gas, lime kiln gas, bio-syngas and biogas) with different temperature, pressure, CO2

concentration and gaseous components on the theoretical energy penalty.

To screen conventional ILs based on different criteria such as thermodynamic 

properties, energy use and the amount of IL needed.

To review the research work on choline-based DESs and to screen and compare the 

performances of choline-based-DESs with conventional ILs and other commercial 

absorbents.

Chapter 2 described the framework on both theory and methodology for CO2 separation 

with/without CO2 absorbents and introduced the screening options. Chapter 3 analyzed the 

theoretical energy penalty for different CO2 streams in CO2 separation. In chapter 4, the 

physicochemical properties of conventional ILs were surveyed and three options were 

carried out to screen ILs for CO2 separation from biogas. In chapter 5, the molecular 

structures and the properties of choline-based DESs as well as the water effect were 

surveyed and reviewed, and thermodynamic analysis was conducted. The performances of 

the screened choline-based-DESs were compared with those of screened ILs and 

commercial CO2 absorbents, and the impact of CO2 streams on the choice of CO2

absorbents was discussed. Finally, the main conclusions were summarized in chapter 6 and 

future work was suggested in chapter 7.
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2 Theory and methodology

The theory and methodology used in all the appended papers (A-F) were summarized in 

this chapter. It should be mentioned that the expression of “energy consumption” in papers 

A, B and C was improper, and it was changed to “energy use” in the thesis.

Thermodynamic analysis plays an important role on theoretically evaluating a process, such 

as CO2 separation. Based on the first- and second-thermodynamic laws, the CO2 separation 

process was analyzed. The theoretical energy penalty for CO2 separation, the energy use

and the amount of absorbent needed were considered with Gibbs free energy change ( G).

Three screening options on the basis of thermodynamic properties, energy use and Gibbs 

free energy change, respectively, were introduced for screening CO2 absorbents.

2.1 Thermodynamic framework

To investigate the energy penalty theoretically, the thermodynamic framework for CO2

separation was designed as Figure 2-1.

Figure 2-1. The framework for thermodynamic analysis of CO2 separation with Gibbs free 

energy change ( G)
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The gas mixture of CO2 and other gases are separated into pure CO2 and other gases at a 

reference temperature and pressure (298.15 K, 1 bar) in System 1. Based on 

thermodynamics, the Gibbs free energy change of the separation process is positive ( G1 >

0). To make the System 3 spontaneous which comprises System 1 and Surrounding 2, 

Gibbs free energy change is used as the criterion of spontaneous system at a constant 

temperature and pressure with G3 0. Therefore, Surrounding 2 should provide an extra 

energy ( G2) which should be satisfied with 

0213 GGG (2.1)

|| 21 GG (2.2)

where G is the Gibbs free energy, and G1, G2 and G3 represent the Gibbs free energy 

changes of System 1, Surrounding 2 and System 3, respectively.

To separate the gas mixture with a minimum Gibbs free energy input, | G2| is equal to G1,

that is

12 GG (2.3)

2.2 Thermodynamic analysis of CO2 separation process

In this thesis work, thermodynamic analysis of CO2 separation was conducted to study the 

effect of the CO2 streams on the theoretical energy penalty ( G). Choosing the CO2

streams with the lowest theoretical energy penalty as an example for CO2 separation, 

thermodynamic analysis was further conducted to screen ILs and choline-based-DESs. The 

impact of CO2 streams on the choice of CO2-absorbents was further discussed. The theory 

and methodology were mainly described in this section.

2.2.1 CO2 streams and separation

The thermodynamic analysis studying the effect of CO2 streams on CO2 separation is 

shown in Figure 2-2. The extra supported G2 to the separation process is simply 

calculated by equaling G2 to G1.

22212112 )()( COwithoutgasCOgas GGGGGGG (2.4)

where subscripts 1 and 2 represent state 1 and state 2, respectively.
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The Gibbs free energy of a gas mixture at state j can be calculated by

i
N
i i

N
i

N
i iiiij ynRTyynRTGnyG lnln 00 0 (2.5)

where n is the number of moles in the inlet gas mixture, yi is the mole fraction of 

component i, i is the fugacity coefficient of component i and Gi is the Gibbs free energy of 

component i with

iii TSHG (2.6)

where Hi and Si are the enthalpy and entropy for component i, respectively. In this work, the 

values of Hi and Si for gas streams were taken from NIST standard reference data without 

further verification [88].

Figure 2-2. The thermodynamic analysis of CO2 separation process with G

The fugacity coefficient ( ) of the gaseous component was calculated by Redlich-Kwong

(RK) equation of state (EoS) preliminarily [89], and the values were about unity throughout 

the whole temeprature and pressure range for all gas streams. Thereore, i is assumed to be 

unity to simplify the calculation. Following this, the Gibbs free energy for a gas stream in 

eq. (2.5) is simplified as

N

i ii

N

iiij yynRTGnyG
0 0

ln (2.7)
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2.2.2 CO2 separation 

The CO2 separation process with CO2 absorbents generally consists of a compressor, 

absorption tower, heat exchanger, stripper and reboiler as illustrated in Figure 2-3. To study 

the performance of CO2 absorbent, the CO2 separation process can be assumed with six 

steps: (1) the gas mixture is compressed from (T, P) to (Ta, Pa); (2) a certain amount of 

absorbent at (Ta, Pa) absorbs CO2 to form absorbent-CO2 solution with the CO2 solubility of 

xa; (3) the absorbent-CO2 solution is changed from (Ta, Pa) to (Ts, Ps); (4) CO2 desorbs from 

the absorbent-CO2 solution at Ts; (5) the other gases expand from (Ta, (1-yCO2)Pa) to (T, P), 

and (6) the CO2 is changed from (Ts, Ps) to (T, P). Gibbs free energy change of each step is 

illustrated in Figure 2-4, and we have

'exp12 TdesTabscomp GGGGGGGG (2.8)

Figure 2-3. Flow diagram of CO2 separation with CO2 absorbents

The optimal operational condition can be iterated together with the minimum amount of 

absorbent needed as the minimum Gibbs free energy is supported combined with other two 

operational conditions. When the process is reversible, the corresponding heat and work 

supported represent their minimum values. In this thesis work, the analysis was carried out

by assuming that 1 mol CO2 gas was completely separated from the gas mixture with yCO2

(mole fraction of CO2) at the reference temperature and pressure (298.15 K and 1 bar). The 

absorption temperature and desorption pressure were assumed to be 298.15 K and 1 bar, 
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respectively. Therefore, the CO2 separation process was designed to include the following 

reversible processes corresponding to the six steps: (1) the isothermal reversible 

compression process of gas mixture, (2) the reversible absorption process of CO2 into 

absorbent, (3) the adiabatic reversible expansion process and the reversible temperature 

increasing process of absorbent-CO2 solution, (4) the reversible desorption process of CO2

from absorbent-CO2 solution, (5) the isothermal reversible expansion process of other

gas/gases, as well as (6) the adiabatic reversible expansion process and the isothermal 

reversible compression process of CO2 gas, as shown in Figure 2-4. Based the foregoing 

description, the CO2 separation process with the minimum energy use as well as the 

minimum amount of absorbent needed can be achieved, and the performances of different 

absorbents can be further evaluated under the optimal operational condition. The detailed 

information was described in papers D and F.

Figure 2-4. The process coupling thermodynamic analysis of CO2 separation with CO2

absorbents



10

2.2.2.1 G1, Gcomp Gexp GT’

The Gibbs free energy changes for: CO2 separation G1 2
-1), compressing gas 

mixture Gcomp 2
-1), expanding other gases Gexp 2

-1) and decreasing 

the temperature of CO2 gas GT 2
-1) can be calculated from the Gibbs free

energies after and before the corresponding process, i.e.

),(),( 00 iniini
N
i

g
iifinfin

N
i

g
ii PTGnyPTGnyG (2.9)

where Gg
i is the Gibbs free energy of gaseous component i, (Tini, Pini) and (Tfin, Pfin) are the 

temperature and pressure at the initial and final states of the process, respectively. Gg
i can 

be calculated by eq. (2.5).

2.2.2.2 Gabs Gdes

The CO2 absorption can be either physical or chemical absorption as described in the 

following equations.

)()( 22 lCOgCO (2.10)

)()()( 22 lnAbsorbentCOlnAbsorbentlCO (2.11)

(a) The case of physical absorption

For the CO2 absorbent with only physical absorption, the solubility of pure CO2 in the 

absorbent can be expressed as,

22CO222 COCOCOCO xHPy (2.12)

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

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

the mole fraction of CO2 in the liquid phase, and CO2 is the activity coefficient of CO2 in 

the liquid phase.

Assuming CO2 to be unity and the absorbent with negligible vapor pressure, the Henry’s

law constant of CO2 in the absorbent with negligible vapor pressure can be calculated by
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2

2

0
2

2

0
limlim

CO

CO

P
CO

CO

PCO2 x
P

x
fH (2.13)

where CO2 can be calculated by RK EoS.

The enthalpy of physical absorption Hphys 2
-1) of CO2 in the absorbent can be

calculated by,

)
)/1(

ln( 2

T
HRH CO

phys (2.14)

where R is universal gas constant, 8.314 J mol-1 K-1.

Neglecting the excess enthalpy, the overall enthalpy of CO2 desorption Hdes 2
-1)

is equal to the negative value of the enthalpy of physical absorption (the enthalpy of CO2

dissolution), i.e.

)
)/1(

ln( 2
dis T

HRHHH CO
physdes (2.15)

lnHCO2 can be correlated quadratically with the reciprocal of the temperature as

'//ln 2
2 bTbTaHCO (2.16)

where a, b and b’ are the correlation parameters.

(b) The case of physical and chemical absorptions

For the case with both physical and chemical absorptions, the equilibrium constant for the 

chemical reaction as described in eq. (2.5) can be written as,

n
absorbentCO

nabsorbentCO

nxx
xK

)(2

2
CO2 (2.17)

where KCO2 is the equilibrium constant, xabsorbent, xCO2 and xCO2 nabsorbent are the mole 

fractions of the absorbent, CO2 and CO2 nabsorbent in the liquid phase, respectively.

The reaction enthalpy Hchem 2
-1) in the liquid phase can be calculated by
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)
)/1(

ln( 2

T
KRH CO

chem (2.18)

Neglecting the excess enthalpy, the overall enthalpy of CO2 desorption Hdes 2
-1)

is the negative value of the summation of the enthalpy of physical absorption and the 

reaction enthalpy, i.e.

)
)/1(

ln()
)/1(

ln()( 22

T
KR

T
HRHHH COCO

chemphysdes (2.19)

where lnHCO2 can be correlated as eq. (2.16), lnKCO2 can be correlated lineally with the 

reciprocal of the temperature, and n can be correlated linearly with the temperature as

dTcKCO /ln 2 (2.20)

feTn (2.21)

where c, d, e and f are the correlation parameters.

For the absorbents of ILs and DESs studied in this thesis work, in the case of physical 

absorption, only HCO2 is needed. The values of HCO2 at different temperatures have been 

reported for some of them, and then the reported data is used directly to get the parameters 

of a, b and b’. For those with physical absorption of CO2 without HCO2 in references, the 

CO2 solubility data is used to obtain the HCO2 based on eq. (2.13) at each temperature.

In the case of physical and chemical absorptions, HCO2, KCO2 and n are needed. The 

measured CO2 solubilities in each absorbent are used to get the parameters a, b, b’, c, d, e

and f simultaneously based on the theory described in this chapter.

Therefore, the Gibbs free energy change of CO2 absorption at Ta Gabs 2
-1) and 

that of CO2 desorption at Ts Gdes 2
-1) are written as

]ln[ln 22222 COCOaCOchemCOphysCOabs KHRTnyGnyGnyG (2.22)

]ln[ln 22222 COCOsCOchemCOphysCOdes KHRTnyGnyGnyG (2.23)

Gphys and Gchem are the Gibbs free energy changes of CO2 dissolution in an 

absorbent and the CO2 reaction with the absorbent, respectively.
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2.2.2.3 GT

GT 2
-1) for changing absorbent-CO2 liquid 

solution from (Ta, Pa, xa) to (Ts, Ps, xs) is written as

),,(),,( 00 aaa
N
j

l
jjasss

N
j

l
jjaT xPTGxnxPTGxnG (2.24)

where na is the number of moles of absorbent-CO2 solution, xj is the mole fraction of 

component j in absorbent-CO2 solution, Gl
j(Ta, Pa, xa) and Gl

j(Ts, Ps, xs) are the Gibbs free 

energies of liquid component j at (Ta, Pa, xa) and (Ts, Ps, xs), respectively.

Gl
j is calculated from the standard enthalpy change of formation of liquid component j at 

298.15 K ( fHl
j, 298.15 K), the standard molar entropy of liquid component j at 298.15 K 

(Sl
j(298.15 K)) and the heat capacity in the liquid phase as described in detail in [90],

))15.298(()()( 15.298
,

15.298 ,15.298, dT
T

C
KSTdTCHTG T

K

l
jpl

j
T

K
l

jp
l

Kjf
l
j (2.25)

fHl
j, 298.15 K can be offset in calculating the Gibbs free energy change. Neglecting the effect 

of the dissolved CO2 on the standard molar entropy and the heat capacity of the absorbent,

Sl
j(298.15 K) of each absorbent is then needed for calculating Gl

j(T).

The effect of pressure on the Gibbs free energy is negligible, and the Gibbs free energy 

change for the expansion of the absorbent-CO2 solution is ignored. Based on this, the Gibbs 

free energy chang GT is simplified as

),(),( 00 aa
N
j

l
jjass

N
j

l
jjaT xTGxnxTGxnG (2.26)

Using the assumption that the effect of the dissolved CO2 on the properties of the absorbent

(G) is negligible, the Gibbs free energy of absorbent-CO2 solution is equal to that of pure 

absorbent. Thus, eq. (2.26) is further simplified as

)()( 00 a
N
j

l
absabsas

N
j

l
absabsaT TGxnTGxnG (2.27)

The calculation of Sl
j(298.15 K) is different for different absorbents. Glasser’s theory

[91-93] can be used to estimate Sl
j(298.15 K) of pure ILs or pure organic solvents,

5.295.1246)15.298( m
l
IL VKS (2.28)
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441133)15.298( m
l
org VKS (2.29)

where Vm is the molecular volume of the pure absorbent (nm3, sum of positive and negative 

ion volume for IL or nm3 per molecular for organic solvent) and can be calculated by

N
MVm (2.30)

where N is Avogadro constant, and is the density of IL or organic solvent at 298.15 K.

For aqueous solutions, the standard molar entropies of amine-based solutions were

calculated based on Aspen Databank [94], while that of aqueous choline-based DES was 

assumed to be the molar mean value of the standard molar entropies of choline-based DES 

and water. The standard molar entropy of water was directly taken from NIST [88] without 

further verification.

2.2.3 Energy use

The energy use of CO2 separation with absorbents is mainly composed of the compression 

work for compressing gas mixture (Wcomp, 2
-1), the sensible heat for increasing 

temperature of absorbent-CO2 solution (Qsens, 2
-1) and the desorption heat for 

desorbing CO2 from the absorbent-CO2 solution (Qdes, 2
-1). For volatile 

absorbents, the vaporization heat (Qdes, G 2
-1) is also considered. The detailed 

information was described in papers B, C and D.

The sensible heat of either irreversible or reversible process can be assumed as the 

summation of the sensible heats for all liquid components (j = 1, N).

)(,1sens as
l

jP
N
j ja TTCxnQ (2.31)

with 

hTTgC asl
jP 2, (2.32)

where g and h are the correlation constants.

The heat of desorption of either irreversible or reversible process can be evaluated by
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absCO HnQ 2des (2.33)

Neglecting the excess enthalpy, Habs is equal to the enthalpy of CO2 dissolution Hdis.

The compression process is assumed to be an isothermal compression. The values of 

theoretical compression work for non-ideal and ideal gas mixtures can be calculated by, 

P
P

Z
ZZ

y
RTn

P
P

Z
ZZ

Z
PVW a

CO

COaidealnon ln
2

ln
2 2

1

21

2

2

1

21

1
comp

(2.34)

P
P

y
RTnW a

CO

COideal ln
2

2
comp (2.35)

where P and Pa are the pressures of the inlet gas mixture and absorption tower, respectively, 

and Z1 and Z2 are the gas compressibilities at the inlet and outlet of the compressor, 

respectively, which are equal to 1 for ideal gas mixtures. In this thesis work, only in the 

case of the screening option based on energy use, the gas mixture was assumed to be 

non-ideal gas.

2
-1) for the absorbents with volatile components can be

calculated by [16].

vap
CO

CO

CO

val
vapvol H

M
m

P
PHnQ

2

2

2
vap (2.36)

where Pval and PCO2 are the partial pressures of volatile component and CO2 at the stripper 

outlet, respect Hvap is the enthalpy of evaporation of the volatile component.

In the thesis work, the volatile component include water and DEPG, and their

corresponding Hvap was taken from handbook [95].

2.2.4 Other thermodynamic properties

The CO2 working capacity and the amount of absorbent are also needed in evaluating the 

performances of CO2 absorbents. The detailed information was described in papers B, C 

and D.

The CO2 mCO2 = gram CO2/gram absorbent) in 1 mol absorbent can be 

calculated from the CO2 solubility as
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abs

CO

s

s

a

a
CO M

M
x

x
x

xm 2
2 )

11
( (2.37)

The amount of absorbent (mabs 2
-1) needed for separating 1 mol CO2 is written as

sa

as

CO

abs

CO

abs

xx
xx

M
Mn

M
Mm )1)(1(

2
abs

2
abs (2.38)

where Mabs and MCO2 are the molecular weights of the absorbent and CO2, respectively.

The CO2 solubility in the absorbent with only physical absorption is simplified as

2

2
CO2

CO

CO

H
Px (2.39)

The CO2 solubility in the absorbent with both physical and chemical absorptions is

obtained (via interpolation or extrapolation) based on the available experimental data. The 

CO2 solubility at a certain temperature is correlated with respect to PCO2, while the CO2

solubility at a certain CO2 partial pressure is correlated with respect to T. The CO2

solubilities under different conditions are then obtained based on the correlations.

2.3 Screening process

In this thesis, three options were used for screening CO2 absorbents as described in the 

following text,

Option 1: a two-step screening process based on CO2 dissolution enthalpy Hdis and CO2

working capacity mCO2;

Option 2: a screening process based on the energy use Qtot;

Option 3: a screening process based on both energy use Qtot and the amount of absorbent 

needed mabs.

2.3.1 Two-step screening process based on Hdis and mCO2

A two-step screening process was implemented to screen the promising conventional ILs 

for CO2 separation, and biogas was chosen as a specific CO2 stream. It was assumed that 
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the inlet biogas at 298 K and 1 bar with 0.4 mole fraction of CO2, the absorption tower was 

operated at 298 K and 50 bar, and the stripper was operated at 323 K and 1 bar.

(1) Preliminary screening: Based on the enthalpy of CO2 dissolution Hdis) and CO2

mH
CO2) calculated with the assumption that the CO2 solubility in ILs 

followed the Henry’s law; 

(2) Final screening: Based on CO2 mc
CO2) calculated from the 

correlated CO2 solubility (xCO2) on the basis of the experimental measurements.

After screening, the total energy use Qtot was estimated to further evaluate the performances

of the screened ILs.

2.3.2 Screening process based on Qtot

Three CO2 separation processes were considered as follows,

(1) Pressure swing process. 

(2) Temperature swing process. 

(3) Pressure and temperature swing process. 

For a same CO2 stream, the compression work was the same for different ILs for each 

process, and thus it was excluded from the calculation of the energy use. The energy uses

and the screened ILs from each separation process were compared with each other.

2.3.3 Screening process based on Qtot and mabs

Gibbs free energy change ( G), combining the energy use Qtot and the amount of absorbent 

needed mabs, was used to optimize the operational condition. It was assumed that the inlet 

biogas at 298.15 K and 1 bar with 0.4 mole fraction of CO2, the absorption temperature and 

desorption pressure were 298.15 K and 1 bar, respectively. Based on the assumption, the 

absorption pressure was iterated at each desorption temperature or vice versa, which

corresponded to the optimal operational condition. The amount of the absorbent needed

was obtained simultaneously. The total energy use was then estimated under each optimal 

operational condition. Conventional ILs, choline-based-DESs and commercial CO2

absorbents were considered in this screening option.
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These three options were used for screening conventional ILs, and the energy uses and the 

screened ILs from the option 3 were compared with those from the options 1 and 2 to 

further evaluate the criteria and the performances of the screened ILs. The most reasonable 

option (i.e. option 3) was used to screen choline-based-DESs. The performances of the 

screened ILs/DESs were compared with those of commercial CO2 absorbents. The 

screening criteria, the absorbents studied and the properties needed for screening are

summarized in Table 2-1.

Table 2-1. The screening criteria, the absorbents studied and the properties needed for these

three screening options

Screening criteria Absorbents studied Properties needed

Hdis and mCO2 76 ILs xCO2 and/or HCO2

Qtot 18 physical imidazolium-based ILs xCO2 or HCO2, Cp, IL

Qtot and mabs 31 ILs 

16 choline-based-DESs

4 commercial CO2 absorbents

xCO2 or HCO2, IL, Cp,IL

xCO2 or HCO2, abs, Cp,abs

xCO2 or HCO2/KCO2, S°abs, Cp,abs
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3 Thermodynamic analysis of CO2 streams

To study the effect of CO2 streams on theoretical energy penalty for CO2 separation, CO2

streams were surveyed and then investigated. The effects of temperature, pressure, CO2

concentration and gaseous components were studied to find the key factors that affected the 

theoretical energy penalty, and the total energy uses for CO2 separation from different CO2

streams were further estimated and analyzed. The trading fossil-fuel-based CO2 with

bio-CO2 was then discussed. The chapter linked with paper A.

3.1 CO2 streams 

After survey, four typical CO2 streams were chosen in this work with the temperature (T1),

pressure (P1), composition (y) as listed in Table 3-1. Among the chosen CO2 streams, two

were from the combustion of fossil fuels and the other two were from the anaerobic 

digestion and gasification of biomass, respectively.

Table 3-1. Temperature, pressure and composition of CO2 streams

Condition Biogas [96] Bio-syngas [97] Flue gas [98] Lime kiln gas [99]

T1/K 283.15~333.15 373.15~473.15 393.15~513.15 373.15~423.15

P1/bar 1~7 1~15 0.5~5 0.5~5

yCO2 0.15~0.5 0.25~0.35 0.03~0.15 0.2~0.42

yN2 - - 0.97~0.85 0.8~0.58

yCH4 0.85~0.5 - - -

yCO - 0.30~0.33 - -

yH2 - 0.45~0.35 - -

For the CO2 streams from the combustion of fossil-fuels, i.e. flue gas and lime kiln gas,

they consist of CO2 and N2 with high temperature and low pressure. Biogas from the 

anaerobic digestion of biomass is composed of CO2 and CH4 with low temperature and 

high CO2 concentration, while bio-syngas from the gasification of biomass is composed of 

CO2, CO and H2 with high temperature and relatively high pressure. The typical conditions 
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of four CO2 streams are listed in Table 3-2.

Table 3-2. Typical conditions and the corresponding G for separating CO2 from four

CO2 streams

CO2 streams T1/K P1/bar yCO2 yCO G/ 2
-1

Flue gas 423.15 1 0.12 - 4.71

Lime kiln gas 423.15 1 0.25 - 2.22

Bio-syngas 423.15 1 0.30 0.30 1.45

Biogas 313.15 1 0.40 - 0.51

3.2 Energy use analysis

Thermodynamic analysis was carried out based on the framework illustrated in Figure 2-2

with the conditions listed in Tables 3-1 and 3-2. The theoretical energy penalty of CO2

separation from different streams ( G) was calculated with the assumption that the 

separation was conducted at 298.15 K (T2) and 1 bar (P2). The calculation results under 

typical operational conditions are listed in Table 3-2 and those under all operational 

conditions are shown in Figure 3-1.

Figure 3-1. Theoretical energy penalty for separating CO2 from four CO2 streams

Under the typical conditions, the CO2 streams of flue gas, lime kiln gas and bio-syngas 

show the same temperature and pressure (423.15 K and 1 bar) with different CO2
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concentrations (0.12, 0.25 and 0.30), and the biogas shows relatively low temperature 

(313.15 K) and high CO2 concentration (0.40). The theoretical energy penalty of CO2

separation from the four gas streams follows Gflue gas > Glime kiln gas > Gbio-syngas > Gbiogas.

Gbiogas is much lower than those of other gas streams; Gflue gas is more than twice as high 

as Glime kiln gas. Glime kiln gas is higher than Gbio-syngas, while the difference is not as large as

that between flue gas and lime kiln gas or between bio-syngas and biogas.

Considering the wide range of temperature, pressure and CO2 concentration for different 

CO2 streams, the theoretical energy penalty is in a range for the same CO2 streams as 

shown in Figure 3-1. Although there is an overlap to separate CO2 from different CO2

streams, for example, Gbio-syngas can be higher than Gflue gas under certain operational

conditions, the theoretical energy penalty in average still follows Gflue gas > Glime kiln gas >

Gbio-syngas > Gbiogas. Therefore, the theoretical energy penalty of CO2 separation from 

biogas is the lowest, while that from flue gas is the highest.

The theoretical energy penalty depends on temperature, pressure, CO2 composition and 

other components of CO2 streams. The comparison between flue gas and lime kiln gas is 

used to explain the effect of CO2 concentration. As shown in Figure 3-2(a), with the same 

temperature and pressure, flue gas shows higher theoretical energy penalty than that of lime 

kiln gas due to the lower CO2 concentration of flue gas. With the increase of CO2

concentration, the theoretical energy penalty decreases and the reduction value is 15.05

2
-1 for yCO2 increasing from 0.03 to 0.15, and 1.54 2

-1 for yCO2 increasing 

from 0.20 to 0.42. The comparison between lime kiln gas and bio-syngas is used to explain 

the effect of pressure and other components. Lime kiln gas shows higher theoretical energy 

penalty than that of bio-syngas due to the low pressure and the type and number of gaseous 

components. As shown in Figure 3-2(b), with the same temperature and CO2 concentration,

the theoretical energy penalty decreases with the increase of pressure, For example, when P

increases from 1 to 15 bar and from 0.5 to 5 bar, the theoretical energy penalty decreases

0.72 2
-1 and 0.62 2

-1, respectively. As shown in Figure 3-2(c), with the 

same temperature and CO2 concentration, the theoretical energy penalty increases with the 

increase of the number of gaseous components and the molecular weights of the gas 

mixtures. For example, the theoretical energy penalty of CO2/H2/CO, CO2/N2/CO, CO2/H2

and CO2/N2 is 1.60, 1.91, 1.27, 1.83 2
-1 at 1 bar, and that of CO2/N2 is 0.23

2
-1 higher than that of CO2/H2/CO. The comparison between bio-syngas and 
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biogas was used to explain the effect of temperature as shown in Figure 3-2(d). With the 

same pressure and CO2 concentration, biogas shows lower theoretical energy penalty than 

that of bio-syngas due to the lower temperature of biogas. With the increase of temperature, 

the theoretical energy penalty increases by 1.01 2
-1 for T increasing from 373.15 

to 473.15 K. Therefore, among these four factors, CO2 concentration is the most effective 

one for determining theoretical energy penalty in the case of yCO2 < 0.15. It is mentioned 

that the “Syngas” in Figures 4 and 6 in paper A should be “Bio-syngas”.

Figure 3-2. The effects of different factors on the theoretical energy penalty of different 

CO2 streams (a) CO2 concentration, (b) pressure, (c) gaseous components, (d) temperature

The total cost for separating CO2 from the four CO2 streams also depends on the available

amount of CO2. Based on the total available amounts of different CO2 streams globally or 

locally (i.e. China) as listed in Table 3-3, the total energy use for each CO2 stream was 

calculated, in which the highest value of theoretical energy penalty was used. The 

calculation results are listed in Table 3-3.

Due to the high theoretical energy penalty for separating per ton of CO2 from flue gas, the 

total energy use for flue gas is extremely high with the value of 1060 EJ for the global, 
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corresponding to 36.2 Gtons of standard coal. The energy uses of CO2 separation from lime 

kiln gas for both China and the global are also considerable. The total energy use of CO2

separation from biogas is less than that from bio-syngas but it is still considerable. 

Therefore, it is important to consider the energy use for separating CO2 from biogas, 

bio-syngas and lime kiln gas, although their overall contributions to CO2 emissions of

China and the global are only 13.5 % and 8.7 %, respectively.

Table 3-3. The total energy uses of separating CO2 from four gas streams for the whole 

world and China

Energy use Biogas Bio-syngas Flue gas Lime kiln gas

Gmax
-1 1.62 2.30 34.96 3.08

CO2 amountChina/Gtons of CO2 6.42×10-3 5.08×10-2 8.00 1.2

CO2 amountGlobal/Gtons of CO2 2.47×10-2 1.79×10-1 3.03×10 2.69

GChina/EJ 1.04×10-2 1.33×10-1 2.80×102 3.70

GGlobal/EJ 4.00×10-2 4.12×10-1 1.06×103 8.28

GChina/Gtons of standard coal 3.55×10-4 4.54×10-3 9.55 0.13

GGlobal/Gtons of standard coal 1.37×10-3 1.41×10-2 3.62×10 0.28

Although the separated CO2 from biogas is excluded in CCS as it comes from 

carbon-neutral biofuels, the low theoretical energy penalty and the high CO2 concentration

as well as the considerable amount make it worth to separate CO2 from biogas and then 

contribute to mitigating CO2 emissions. Compared with the case of flue gas, if the total 

amount of CO2 from biogas is considered, 2.14×108 GJ can be saved for China ( 7.31 

Mtons of standard coal) and 8.23×108 GJ can be saved globally ( 28.13 Mtons of standard 

coal), assuming 1kg standard coal is equal to 29.27 MJ. According to the estimation of the 

Global Intelligence Alliance, biogas production will increase significantly, and China will 

be the largest biogas market by 2020. There will be about 0.46 Gtons CO2 obtained from 

biogas for China and 1.77 Gtons for the whole world by 2030. Based on this prediction,

15.3 EJ will be saved for China ( 0.52 Gtons of standard coal), and 59.0 EJ will be save 

globally ( 2.0 Gtons of standard coal) in 2030. Therefore, it is important to trade

fossil-fuel-based CO2 with bio-CO2.
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3.3 Sub-conclusion

In this chapter, the theoretical energy penalty of CO2 separation from four CO2 streams was 

analyzed based on thermodynamic analysis. Biogas was a CO2 stream with high CO2

concentration, relatively high pressure and low temperature, and then the corresponding 

theoretical energy penalty for separating CO2 was the lowest. In addition, CO2 concentration 

was the most effective factor for determining the theoretical energy penalty in the case of 

yCO2 < 0.15. The trading fossil-fuel-based CO2 with bio-CO2 will be remarkable for the 

whole world and China. 
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4 Screening of conventional ILs

Conventional ILs for CO2 separation were surveyed. Three options were used for screening 

conventional ILs with different criteria and compared with each other. The performances of 

the screened ILs were further compared with those of commercial CO2 absorbents. In this 

chapter, CO2 separation from biogas was chosen as a specific case. The chapter linked with

papers B, C and D.

4.1 Two-step screening process based on Hdis and mCO2

Conventional ILs with low magnitude of CO2 dissolution enthalpy and high CO2 working 

capacity usually show low desorption heat and low amount of IL needed, resulting in low 

energy use. Therefore, the CO2 dissolution enthalpy Hdis and CO2 working capacity

mCO2 were used as the criteria to screen conventional ILs for a specific CO2 separation

process. The detailed information can be referred to paper C.

4.1.1 Preliminary screening

To choose promising ILs with low energy use, the magnitudes of CO2 dissolution enthalpy 

of ILs should be lower than those of commercial CO2 absorbents, such as MEA and MDEA 

solutions in the aqueous amine-based process as well as DEPG in the SelexolTM process or 

Coastal AGR®. The CO2 desorption enthalpies of 30 wt % MEA, 30 wt % MDEA and 

DEPG are 80.0 [13], 55.2 [100] and 14.3 [9] CO2
1, respectively, at 323 K.

Therefore, the criterion for screening ILs was set that the magnitude of the CO2 dissolution

enthalpy was lower than 15 CO2
1 at 323 K.

With literature survey, 76 conventional ILs were chosen in screening because of the 

available properties including CO2 solubility or Henry’s law constant. Neglecting the 

excess enthalpy, the CO2 dissolution enthalpy was calculated at 323 K based on the 

Henry’s law constant of CO2 in these conventional ILs. It is noted that, in Tables 1-6 of 

paper C, Hdis,323 K/k mol 1 should be - Hdis,323 K/k molCO2
1 and the CO2 desorption 

enthalpies of [Bmim][Ac] and [Bmim][NO3] should be 42.9 and 15.4 kJ molCO2
-1,

respectively, at 323 K according to eqs. (2.15) and (2.19). 38 ILs were then preliminarily 
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screened on the basis of the criterion of CO2 dissolution enthalpy.

These 38 ILs were further screened with the CO2 working capacity. The Henry’s law 

constant was used to estimate the CO2 working capacities mH
CO2). Using the criterion 

that the CO2 working capacity was higher than 0.1 g CO2 g ILs 1, 17 ILs were then 

screened. These screened ILs together with their properties are listed in Table 4-1.

Table 4-1. - Hdis,323 K, mH
CO2 and mc

CO2 of 17 screened ILs for CO2 separation

ILs - Hdis,323 K/k molCO2
1 mH

CO2/gCO2 gIL 1 mc
CO2/gCO2 gIL 1

[Emmim][NTf2] 12.60 0.109 0.048

[Emim][NTf2] 14.64 0.145 0.068

[Bmim][PF6] 14.01 0.152 0.063

[Bmim][BF4] 14.22 0.103 0.072

[Bmim][NTf2] 14.07 0.194 0.077

[Bmim][Bu2PO4] 13.93 0.113 0.053

[Bmim][BuHPO3] 12.98 0.118 -

[Hmim][NTf2] 10.53 0.195 0.076

[BmPy][FAP] 12.42 0.143 0.051

[BmPy][NTf2] 13.47 0.120 0.056

[Hmpy][NTf2] 11.76 0.193 0.059

[Bpy][NTf2] 10.36 0.173 -

[Opy][NTf2] 7.33 0.209 -

[C12py][NTf2] 2.14 0.192 -

[NMPH][TFA] 12.94 0.185 -

[DMFH][TFA] 13.61 0.176 -

[DMAcH][TFA] 13.55 0.167 -

4.1.2 Final screening

The assumption that the CO2 solubility followed Henry’s law may be unreasonable when

the CO2 solubility in ILs is not low enough. To obtain more reasonable results, the CO2

working capacity was estimated according to the correlation of the CO2 solubility measured 

experimentally. Specifically, the CO2 solubility measured experimentally was used to 

estimate the CO2 solubilities under the operational conditions for both the absorption tower
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and the stripper, and the CO2 working cap mc
CO2) was then calculated.

The CO2 working capacities for the 17 screened ILs in the preliminary screening step were 

recalculated. The results are listed in Table 4-1 and illustrated in Figure 4-1. The results 

show that mc
CO2 is mH

CO2 mc
CO2 values are approximately half of 

mH
CO2 values, except for [Hmpy][NTf2 mH

CO2 mc
CO2

for [Hmpy][NTf2] is attributed to the large difference in CO2 molar fraction (0.48) between 

the CO2 solubility calculated from the Henry’s law constant and the correlated CO2

solubility under the absorption condition mc
CO2 cannot be obtained for the 

ILs without experimental CO2 solubility data, i.e. [Bmim][BuHPO4], [Bpy][NTf2], 

[Opy][NTf2], [C12py][NTf2], [NMPH][TFA], [DMFH][TFA], and [DMAcH][TFA].

7 ILs were further screened with mc
CO2 higher than 0.055 g CO2 g ILs 1. These ILs 

include [Emim][NTf2], [Bmim][BF4], [Bmim][PF6], [Bmim][NTf2], [Hmim][NTf2], 

[BmPy][NTf2] and [Hmpy][NTf2]. It is noted that the Figure 3 of paper C should be 

corrected as Figure 4-1 in this chapter.

Figure 4-1. CO2 working capacities of the ILs from the Henry’s law constant and the 

correlation of the CO2 solubility

4.1.3 Total Energy use

The energy uses of the 7 screened ILs for CO2 separation were calculated. It should be 

mentioned that the result of the compression work (0.408 GJ tonCO2
-1) based on Pa = 20

bar was incorrect in paper C. In calculation, the partial pressure of CO2 was 20 bar. As yCO2
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= 0.4, the corrected absorption pressure should be 50 bar. The corresponding results of the 

compression work and total energy use were recalculated as shown in Figure 4-2. Although 

the compression work is changed to 0.532 GJ tonCO2
-1, the conclusion is the same as

previous due to the same compression work for all ILs.

Figure 4-2. Energy uses of the 7 screened ILs for CO2 separation (T = 298 K, P = 1 bar, 

yCO2 = 0.4, Ta = 298 K, Pa = 50 bar, Ts = 323 K, and Ps = 1 bar)

As shown in Figure 4-2, the sensible heat contributes to the large part of the total energy 

use, except for [Hmpy][NTf2]. The desorption heat contributes to the least to the total 

energy use. As the sensible heat depends on the heat capacity and the CO2 solubility (CO2

working capacity), the heat capacity, the CO2 solubility and/or the Henry’s law constant are 

important to be considered for screening ILs. The energy uses of the screened ILs follow 

[Hmpy][NTf2] < [Hmim][NTf2] < [Bmim][NTf2] < [Emim][NTf2] < [Bmim][BF4] <

[Bmim][PF6] < [BmPy][NTf2], and [Hmpy][NTf2] with the lowest sensible heat and 

desorption heat shows the lowest total energy use.

For this screening option, the compression work is the same for all ILs and it does not 

affect the IL screening for a specific process, while the compression work influences the

choice of the CO2 separation process, for example temperature swing or pressure swing. 

Further discussion will be described later.

4.2 Screening process based on Qtot

As described in the forgoing text, in the case that the solvent is regenerated by increasing 

temperature, the heat capacity is also one important property. The calculation of energy use
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relates to the heat capacity, CO2 solubility (CO2 working capacity) and desorption heat. The 

energy use can be used as the criterion to screen conventional ILs. The detailed information 

can be referred to paper B.

4.2.1 Pressure swing process 

It was assumed that the operational conditions were Ta = 298 K, Pa = 10 bar, Ts = 298 K, 

and Ps = 1 bar. Following this, the energy use consisted of the CO2 desorption heat and the 

excess heat. 18 ILs with the available properties of CO2 solubility and/or Henry’s law 

constant were considered. The energy uses were calculated with the results shown in Figure 

4-3. It is illustrated that [Emim][EtSO4] shows the lowest energy use (0.224 GJ tonCO2
-1). 

The magnitude of excess heat is only 1-14% of the desorption heat, and thus the CO2

desorption enthalpy contributes most to the total energy use.

Figure 4-3. Energy uses of 18 ILs for pressure swing CO2 separation process

4.2.2 Temperature swing process

With increasing temperature for solvent regeneration, the sensible heat needs to be 

accounted. 10 ILs with the available properties of heat capacity, CO2 solubility and/or 

Henry’s law constant were investigated for temperature swing process under Ta = 298 K, Pa

= 1 bar, Ts = 323 K, and Ps = 1 bar. The energy uses of the 10 ILs were calculated with the 

results shown in Figure 4-4. Again, the contribution of excess enthalpy is extremely small.

Meanwhile, the contribution of the desorption heat is also negligible while the sensible heat 

is the only dominant part to the total energy use. Among the studied ILs, [Emim][PF6]

shows the lowest energy use (20.20 GJ tonCO2
-1). 
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Figure 4-4. Energy uses of 10 ILs for temperature swing CO2 separation process

4.2.3 Pressure and temperature swing process

To compare with the temperature and/or pressure swing process in the foregoing text, the 

10 ILs with the available properties were investigated for pressure and temperature swing 

processes under Ta = 298 K, Pa = 10 bar, Ts = 323 K, and Ps = 1 bar. The energy uses of the 

10 ILs are shown in Figure 4-5. It is illustrated that the sensible heat contributes the most to 

the energy use, and the desorption heat is also considerable. [Bmim][NTf2] shows the 

lowest energy use (1.335 GJ tonCO2
-1). Similar to the observation in pressure swing

process and temperature swing process, the contribution of excess enthalpy to the overall 

energy use is negligible. This verifies the reasonability of neglecting the excess heat in the 

option 1.

Figure 4-5. Energy uses for CO2 separation of the 10 ILs with pressure and temperature 

swing process 
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4.3 Screening process based on Qtot and mIL

In this section, the operational condition was optimized with thermodynamic analysis 

where the energy use Qtot and the amount of IL needed mIL were combined in Gibbs free 

energy change ( G). 31 conventional ILs (i.e. 28 physical ILs and 3 chemical ILs) with 

heat capacity, density, CO2 solubility and/or Henry’s law constant were chosen for 

screening. Based on the previous study, the contribution of excess enthalpy was small, and 

its consideration was omitted in this screening option. The detailed information can be 

referred to paper D.

4.3.1 Performances of ILs 

Based on the preliminary study, the desorption temperatures of the conventional ILs with 

chemical and physical absorptions were set to be in a range of 299.15-345.15 K, and those 

of the conventional ILs with physical absorption were set to be 299.15-323.15 K. The 

absorption pressure was then iterated combined with other two operational condition 

presumed.

For this screening option, the standard molar entropies of ILs also need to be determined. 

For physical ILs, the calculation of the standard molar entropy has been verified by 

molecular simulation [101], and the arrangement of ions is not disturbed by the additon of 

CO2 [102]. Therefore, it is feasible to estimate the Gibbs free energy change for increasing 

temperature of physical IL-CO2 solution reliably and then iterate the absorption pressure on 

the basis of Gibbs free energy change. The study shows that both the absorption pressure 

and the desorption temperature need to be changed to achieve an optimal operational 

conditions in separating CO2. Among the studied ILs, [Hmmim][NTf2] shows the highest 

absorption pressure with the values of 15.12-97.45 bar, while [Bmpy][FAP] shows the 

lowest absorption pressure with the values of 6.12-30.19 bar.

For the chemical ILs, the same method as the physical ILs was used to estimate the

standard molar entropies, and then the absorption pressure was iterated. The results show 

that the iterated absorption pressure of [Bmim][Ac] can also be high with the values of 

3.51-56.81 bar. Due to the limited research, the estimation of the standard molar entropy 

with the Glasser’s theory cannot be verified. Meanwhile, the relatively strong interaction 

between CO2 and chemical ILs might also bring an additional error in estimating the 
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entropies of chemical IL-CO2 solutions. Subsequently, the deviation in calculating the 

Gibbs free energy change for increasing temperature of the chemical IL-CO2 solution might 

lead to the deviation in the iterated operational condition in thermodynamic analysis, results 

in relatively high absorption pressure.

The amount of IL needed was calculated under the optimal operational condition. The 

lower the molecular weight of IL and the higher the CO2 solubility, the lower the amount of 

IL needed. The chemical IL [Bmim][Ac] with high CO2 solubility and low molecular 

weight shows the lowest amount of IL needed with the values of 6.13-100.86 gIL gCO2
-1,

while the physical IL [Hmmim][NTf2] with high molecular weight shows the highest 

amount of IL needed with the values of 15.79-186.43 gIL gCO2
-1.

The estimated energy use depends on the operational condition and the properties of ILs 

(the enthalpy of CO2 desorption, the heat capacity and CO2 solubility). The physical IL 

[Bmim][DCA] shows the lowest energy use with the values of 0.61-1.26 GJ tonCO2
-1 due 

to the lowest enthalpy of CO2 desorption. [Emim][Ac] shows the highest energy use with 

the values of 1.45-2.14 GJ tonCO2
-1due to the highest enthalpy of CO2 desorption.

4.3.2 Screening of ILs

ILs with low needed amount and low energy use are promising for developing IL-based 

CO2 separation technology. The physical ILs of [Emim][Et2PO4], [Bmim][DCA],

[Bmpy][OTf] and [Bmim][CH3SO4] were screened at the desorption temperatures of 

299.15-310.15 K, and [Bmim][CH3SO4], [Hmim][NTf2], [Hmpy][NTf2] and [Omim][BF4]

were screened at the desorption temperatures of 311.15-323.15. The physical IL 

[Bmim][CH3SO4] is the only one IL screened at the desorption temperatures of 

299.15-323.15 K. The chemical IL [Eeim][Ac] was screened at the desorption temperatures

of 299.15-338.15 K. The screened ILs as well as the corresponding amounts of ILs needed 

and the energy uses are shown in Figure 4-6.

4.4 Comparisons and discussions

Three options have been used to screen ILs. In the options 1 and 2, the operational 

conditions were assumed and the screening criteria were mainly related to the energy use.

In the option 3, the operational condition was optimized, and the energy use and the amount
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of IL needed were combined as the screening criteria.

Figure 4-6. The amounts of ILs needed and the energy uses of the screened ILs

The screening results are different. In the option 1, 7 physical ILs are screened and the 

sequence of the best 4 physical ILs is [Hmpy][NTf2] < [Hmim][NTf2] < [Bmim][NTf2] <

[Emim][NTf2] for the energy use. In the option 2, the screened physical ILs are 

[Emim][EtSO4], [Emim][PF6] and [Bmim][NTf2] with the lowest energy use for pressure 

swing process, temperature swing process as well as pressure and temperature swing 

process, respectively. In the option 3, the sequence of the best 4 physical ILs is 

[Omim][BF4] < [Hmpy][NTf2] < [Bmim][CH3SO4] < [Hmim][NTf2] for the energy use and 

the amount of IL needed with Ts = 323.15 K. Therefore, the screening of ILs depends on 

the screening criterion.

In addition, the values of CO2 desorption enthalpy in options 1 and 3 are slightly different 

with those in option 2, for example, the CO2 desorption enthalpy of [Bmim][BF4] in the 

options 1 and 3 is 14.2 kJ molCO2
-1 and that in options 2 is 17.2 kJ molCO2

-1. There are 

two reasons. One is the neglecting of the excess enthalpy in the options 1 and 3. The other 

is the value of Henry’s law constant. In the options 1 and 3, most of the Henry’s law 

constants of CO2 in ILs were directly taken from references, while those in the option 2

were obtained by an extrapolation of the new experimental CO2 solubility at low pressure 

range based on eq. (2.13). The reliable properties are of importance for screening.
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In the option 2, the screened ILs for the three processes are different, and their 

corresponding energy uses are also different. The energy use in the pressure and 

temperature swing process is much less than that in the temperature swing process, while 

the energy use for the pressure swing process is the lowest. This is because that the sensible 

heat for increasing temperature of the solvent with CO2 contributes significantly to the 

overall energy use for the CO2 separation with ILs. Ultimately, the difference of the

processes is the main reason for the difference of screened ILs and the corresponding 

energy uses in the option 2. The CO2 separation process is another factor influencing the 

screening of ILs and the corresponding energy uses.

In the option 1, the operational conditions were set, leading to a pressure and temperature 

swing process for CO2 separation. The screened results of the option 1 were further 

compared with that in the option 2 with the temperature and pressure swing process. The 

screened IL with the lowest energy use in the pressure and temperature swing process in the 

option 1 (i.e. [Bmim][NTf2]) is different from that in the pressure and temperature swing 

process in the option 2 (i.e. [Hmpy][NTf2]). The energy use in the option 1 is similar to that 

in the option 2 for the pressure and temperature swing process, but in the option 1, the part 

of compression work was included in the total energy use. To compare these two cases, the 

contribution of the compression work was deducted from the total energy use in the option 

1, and the remaining energy use was used to compare with the energy use of the pressure 

and temperature swing process in the option 2. The comparison shows that the energy uses

of the screened ILs in the option 1 are lower than that in the pressure and temperature 

swing process. Therefore, the screened ILs and their corresponding energy uses strongly 

depend on the operational condition.

The screened physical ILs in the option 3 under the optimal operational condition is partly 

different from those in the option 1 and totally different from those in the pressure and 

temperature swing process in the option 2. There are two reasons. One is the operational 

condition. The operational condition in the option 3 was iterated by thermodynamic 

analysis, while the operational conditions in the options 1 and 2 were assumed in advance. 

The other reason is the screening criterion. Both the amount of IL needed and the energy 

use are the screening criteria in the option 3, while the screening criteria in the options 1

and 2 are thermodynamic properties and energy use, respectively. Therefore, the option 3 is 

more reasonable for ILs screening. Because of the different operational conditions, the 
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energy uses of ILs in the option 3 are lower than those in the option 1, except for 

[Hmpy][NTf2] due to higher absorption pressure in the option 1 than that in the option 3. 

Although the compression work is neglected in the option 2, the screened IL in the pressure 

and temperature swing process in the option 2 show higher energy use than those in the 

option 3. 

Therefore, the option 3 based on Qtot and mIL is more reasonable.

4.5 Comparisons to commercial CO2 absorbents

The performances of the commercial CO2 absorbents (i.e. 30 wt % MEA, 30 wt % MDEA,

DEPG and water) were evaluated thermodynamically. It should be mentioned that the 

results of Gibbs free energy change for increasing temperatures of DEPG, 30 wt % MEA

and 30 wt % MDEA have been verified by Aspen Plus.

To compare the performances of the screened ILs with these commercial solvents, the 

amounts of CO2 absorbents needed and the energy uses were further estimated with Pa at 8

bar for the physical absorbents of [Emim][Et2PO4], [Bmim][DCA], [Bmpy][OTf], 

[Bmim][CH3SO4], DEPG and water; while for the chemical absorbents of [Eeim][Ac], 30

wt % MEA and 30 wt % MDEA, they were estimated with Ts at 338.15 , 393.15 and 393.15 

K, respectively. The results are shown in Figure 4-7.

Figure 4-7. The comparisons of the amounts of absorbents needed and the energy uses

As shown in Figure 4-7, the physical absorbents have higher amounts of CO2 absorbents 
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and lower energy uses compared to chemical absorbents. Among the physical absorbents, 

the energy use of DEPG is higher than those of [Emim][Et2PO4] and [Bmim][DCA], and 

slightly lower than those of [Bmpy][OTf] and [Bmim][CH3SO4]. The amount of DEPG is 

slightly higher than that of [Bmpy][OTf] and lower than those of other physical ILs. 

However, the volatility of DEPG under the desorption condition cannot be ignored for CO2

separation. Water has the higher amount and higher energy use than those of physical ILs. 

The high amount of water needed makes it difficult to implement at water-deficient area.

The chemical IL of [Eeim][Ac] has lower energy use and higher amount than those of 30

wt % MEA and 30 wt % MDEA. The comparison between the screened physical ILs and 

DEPG illustrates that the physical ILs have the advantage of non-volatility under the

desorption condition, lower amounts of ILs or lower energy uses. The comparison between 

the screened chemical IL with 30 wt % MEA and 30 wt % MDEA indicates that the 

chemical IL has lower energy use. All of these show that the screened ILs are promising 

CO2 absorbents. However, the problems of high price, degradability and toxicity of the 

conventional ILs limit the development of IL-based CO2 separation technology, and novel 

IL-based absorbents should be further developed for CO2 separation.

4.6 Sub-conclusion

Three screening options with different criteria were used to screen promising conventional 

ILs for CO2 separation and several ILs were screened for each option. The screened 

physical ILs and their performances in three screening options were compared with each 

other. The screened ILs related to the operational conditions and screening criteria, and the 

option based on the energy use and the amount of IL needed was considered as the most 

reasonable one. Comparing with the commercial CO2 absorbents, the screened physical ILs 

in the option based on the energy use and the amount of IL needed are promising with 

non-volatility, lower energy uses or lower amounts needed, and the screened chemical IL is 

promising with non-volatility and lower energy use. However, it still needs to further 

develop new IL-based absorbents for CO2 separation to achieve low-cost, low-toxicity and 

high biodegradability.
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5 Screening of choline-based-DESs

With advantages in cost, environment impact and synthesis, choline-based DESs were 

considered as a new type of promising CO2 absorbents. The molecular structures and the 

properties of choline-based DESs as well as the water effect were surveyed and compared 

with those of conventional ILs. Meanwhile, choline-based-DESs were screened with the 

combination of the energy use and the amount of absorbent needed for CO2 separation from 

biogas. The performances of choline-based-DESs were compared with those of screened 

conventional ILs and commercial CO2 absorbents. Furthermore, the performances of 

choline-based-DESs and chemical absorbents were discussed for CO2 separation from other 

gas streams. The chapter linked to papers E and F.

5.1 Choline-based-DES survey

The molecular structures and properties of choline-based DESs were summarized and 

compared with those of conventional ILs in order to further evaluate the performances for 

CO2 separation. The detailed information can be referred to papers F.

5.1.1 Review on Choline-based DESs

The molecular structures and properties of choline-based DESs were invesitigated 

experimentally and theoretically. Inter- and intra-molecular interactions exist in DESs, and 

hydrogen bond is the dominant interaction. The changes of the type of complexing agent

(CA), the ChCl/CA mole ratio, the water content, temperature and pressure alter the 

hydrogen bond in DESs and influence the properties of DESs.

The thermal stabilities of choline-based DESs were determined exmperimentally and 

theoretically. The freezing points of 52 DESs were measured and the values were 235-432 

K and the melting points of the components were ranging from 260 to 667 K. While for the 

decomposition temperature, only 8 choline-based-DESs were measured and the values were

398-474 K. It can be concluded that the temperature range of the thermal stabilities of 

DESs is from 235 to 474 K. 
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The solubilities of pure gases in choline-based DESs were investigated from the aspects of 

thermodynamics and kinetics. The solubility of CO2 in 29 DESs was measured and the 

values were 0.002-0.399 (mole fraction) at 298 K and 1 bar. The solubilities of other pure 

gases, i.e. CH4, H2, CO, N2, in 2 DESs with the values of 0.0002-0.002 (mole fraction) are

lower than that of CO2, while the solubility of SO2 in 4 DESs with the values of 

0.272-0.596 (mole fraction) is higher than that of CO2. The equilibrium time of CO2

absorption and desorption in 4 DESs with the values of 70-360 min is longer than that of 

SO2 with the value of 48 min. It can be summarized that the absorption/desorption 

performance of CO2 in DESs is better than those of CH4, H2, CO, N2 but inferior to that of 

SO2.

The densities of 63 choline-based DESs were measured intensively and the values were

1.0197-1.2420 g cm-3 at 298 K and 1 bar. While the research of the heat capacities of DESs

was limited with only 4 DESs ranging from 181 to 238 J mol-1 K-1 at 303 K and 1 bar. 

The dynamic properties of choline-based DESs were investigated. The viscosities of 29 

DESs were measured and the values were 4-75683 . The surface tensions of 29 DESs

were measured and the values were 41.9-75.0 -1. The electrical conductivities of 22

DESs were measured and the values were 0.01-3.7 mS cm-1.

The eco-toxicity and biodegradability of choline-based DESs were investigated with the 

values of EC50 larger than 10 mM for 14 DESs and 69-97 % degradation in 28 days for 20 

DESs, respectively. With the price of 0.09-0.55 -1 for ChCl and 0.22-2.2 -1

for CA (i.e. glycerol), the choline-based DESs are not expensive.

In summary, most of the properties of DESs can be altered in a wide range, which make it 

unique to design specific DESs for specific applications, and these solvents can also be 

deigned to be low-cost, low-toxicity and high-biodegradability.

5.1.2 Comparisons

The comparisons of the molecular structures and properties as well as the experimental and 

theoretical methods for obtaining the properties of choline-based DESs with those of 

conventional ILs are summarized in Table 5-1. It is obvious that most of the properties of 

choline-based DESs are similar to those of conventional ILs, except for the decomposition 

temperature, heat capacity, eco-toxicity and biodegradability of the DESs. The lower 
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decomposition temperatures of DESs illustrated that the CO2 desorption from DESs should 

be operated at lower temperature, and the lower heat capacities of DESs contributes to 

lower sensible heats by increasing temperature, leading to lower energy uses for CO2

separation. The better performances of the eco-toxicity and biodegradability and the much 

lower price of the DESs indicate that the DESs can be used as an alternative for developing

eco-efficient CO2 separation process. However, the research on the choline-based DESs is 

much less than that of conventional ILs from experimental measurements and theoretical

modelling. The limited data of the properties of choline-based DESs leads to the screening 

only covering 4 choline-based DESs and 12 aqueous choline-based DESs. 

Table 5-1. The comparisons between the choline-based DESs and conventional ILs

Structures/Properties Choline-based DESs Conventional ILs

Components Choline salt, CA Cation, anion

Interactions Hydrogen bond Hydrogen bond, Coulomb and dispersion 

force

Tf/K 52 (235-432) 133-453

Tm/K 52 (260-667) 218-365

Td/K 8 (398-474) > 523

Measurements

Prediction

FT-IR spectroscopy

DFT, MD simulation

NMR, Infrared- and Raman-

spectroscopy

DFT, ab initio, atomic and 

coarse-grained MD simulation

xCO2 at 298 K 29 (0.002-0.399) 0.009-0.600

xgas at 298 K 6 (0.0002-0.596)

CH4, H2, CO, N2, SO2

0.0001-0.649

CH4, H2, CO, N2, O2, N2O, SO2, Ar, Xe, 

alkanes, alkenes alkynes

Models PR EoS, DFT,

MD simulation

PR EoS, CPA EoS, GC EoS, PC-SAFT, 

RST, UNIFAC, DFT, COSMO-RS, ab

initio MD simulation

Gas 

Absorption/min 

Desorption/min

5 (CO, SO2)

18-180 min

25-180 min

CO, SO2, H2S

> 90 min

> 90 min

/g cm-3 63 (1.0197-1.2420) 0.87-2.40
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Models NN, GCM, modified 

Rackett equation

GCM, ANN, Riedel model,

COSMO-RS,

MD simulation

Cp/J mol-1 K-1 4 (181-238) 309-1368

Prediction Tait-type-, Redlich-

Kister type equation 

MCI, ANN, GCM, QSPR, SAFT, CPA 

EoS, COSMO-RS, MD simulation

/ 29 (4-75683) 50-10000

Models Hole theory, VFT, 

Arrhenius, Redlich-

Kister equation

Arrhenius, VFT equation, GCM, 

PC-SAFT EoS, SAFT EoS, Cubic EoS, 

MD simulation, QSPR/QSAR
-1 29 (41.9-75.0) 25.2-59.8

Models Hole theory, QSPR, 

Othmer equation

QSPR/QSAR, GMDH, GCM, RPM, 

CST, 

MD simulation

/mS cm-1 22 (0.01-3.7) 0.1-10

Models Hole theory,

Arrhenius equation,

ANN model

LSSVM-GC, VFT, Arrhenius, Litovitz, 

Redlich-Kister and Casteel-Amis 

equation, Hole theory, GCM, MD 

simulation

Eco-toxicity 

Biodegradability

14 (EC50 >10 mM)

20 (28 days for 69-97 %

degradation)

EC50: < 5.25 mM

28 days for 25-49 % degradation

Price/ -1 ChCl: 0.09-0.55

CA: 0.22-2.2

Imidazolium-based ILs: 

783-26120

5.2 Screening of choline-based-DESs based on Qtot and mabs

Based on the preliminary investigation, the desorption temperatures of physical 

choline-based DESs, i.e. ChCl/urea (1:2), ChCl/EG (1:2), ChCl/Gly (1:2), were set as 

299.15-323.15 K, for the chemical choline-based DESs, i.e. Ch[Pro]/PEG200 (1:2), it was 

set as 299.15-353.15 K, and the absorption pressures of aqueous choline-based DESs, i.e.

ChCl/urea (1:2) (mDES=0.2, 0.4, 0.6, 0.8), ChCl/EG (1:2) (mDES=0.2, 0.4, 0.6, 0.8), 

ChCl/Gly (1:2) (mDES=0.2, 0.4, 0.6, 0.8), were set as 3-20 bar. The absorption 
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pressure/desorption temperatures, the amounts of absorbents needed and the corresponding 

energy uses were calculated. The detailed information can be referred to papers E and F.

5.2.1 Performances of choline-based-DESs

4 pure choline-based DESs and 12 aqueous choline-based DESs were analyzed. Among the 

studied solvents, ChCl/Gly (1:2) shows the lowest absorption pressure in the 4 pure DESs. 

ChCl/Gly (1:2) (mDES=0.8) shows the lowest desorption temperature in the 12 aqueous 

DESs. 

ChCl/urea (1:2) shows the lowest needed amount due to the high CO2 solubility. ChCl/EG 

(1:2) (mDES=0.8) shows the lowest needed amount in the 12 aqueous DESs. In general, the 

amounts of pure DESs needed are much lower than those of aqueous DESs due to the low

CO2 solubility in aqueous DESs.

The energy uses of the 4 pure DESs increase rapidly at low desorption temperature range,

and that of ChCl/urea (1:2) is the lowest. For the aqueous DESs, ChCl/Gly (1:2) (mDES=0.8) 

presents the lowest energy use.

5.2.2 Screening of promising absorbents

Both the amount of absorbent needed and the energy use were used as the criteria in

screening. The physical absorbents (i.e. ChCl/urea (1:2), ChCl/EG (1:2) (mDES=0.8) and 

ChCl/Gly (1:2) (mDES=0.6)) and the chemical Ch[Pro]/PEG200 (1:2) were screened. The 

screened absorbents as well as their corresponding operational conditions, the needed 

amounts and the energy uses are listed in Table 5-2.

Table 5-2. The desorption temperatures, the absorption pressures, the amounts of 

absorbents needed and the energy uses of the screened choline-based-DESs

Choline-based-DESs Ts/K Pa/bar mabs/

g gCO2
-1

Qtot/

G tonCO2
-1

ChCl/urea (1:2) 299.15-323.15 5.4-34.9 125.6-9.4 0.92-1.38

Ch[Pro]/PEG200 (1:2) 299.15-353.15 4.7-58.7 132.8-4.6 1.61-2.18

ChCl/EG (1:2) (mDES=0.8) 298.20-301.09 3.0-20.0 1979.6-55.3 0.79-1.15

ChCl/Gly (1:2) (mDES=0.6) 298.19-300.52 3.0-20.0 3101.8-87.7 0.69-1.17
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5.3 Comparisons to conventional ILs and commercial CO2 absorbents

The performances of the screened DESs were compared with those of screened ILs and 

commercial CO2 absorbents. In comparison, the absorption pressures of physical DESs

were set to be 8 bar to compare with the screened physical ILs, DEPG and water.

The desorption temperatures of chemical absorbents of Ch[Pro]/PEG200 (1:2), [Eeim][Ac], 

30 wt % MEA and 30 wt % MDEA were estimated with Ts at 353.15, 338.15, 393.15 and 

393.15 K, respectively. The performance of Ch[Pro]/PEG200 (1:2) was compared with 

those of [Eeim][Ac], 30 wt % MEA and 30 wt % MDEA in chapter 4. The estimated

amounts of absorbents needed and the energy uses are depicted in Figure 5-1.

Figure 5-1. The comparisons of the amounts of CO2 absorbents needed and the energy uses

of CO2 absorbents

For the physical absorbents, ChCl/urea (1:2) shows lower amount of absorbent needed and 

higher energy use than those of the screened physical ILs and DEPG. The amounts of 

absorbents needed and the energy uses of ChCl/urea (1:2) and aqueous choline-based DESs 

are lower than those of water. It should be pointed out again that the volatility of DEPG 

under the desorption condition cannot be ignored. The additional advantages of low price, 

low environment impact and easy synthesis for physical choline-based-DESs make them

more promising than conventional ILs.
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Ch[Pro]/PEG200 (1:2) shows lower amount of absorbent needed compared to the physical 

absorbents and the conventional chemical [Eeim][Ac] as well as lower energy use and 

non-volatility compared to 30 wt % MEA and 30 wt % MDEA. 

As summarized in the part of review that the research work on choline-based DESs is still 

in its infancy. Currently more research work is on-going to induce functional group for 

enhancing CO2 absorption capacity and regulating other properties. Therefore, the 

choline-based DESs and their aqueous solutions are more promising for application in 

large-scale for CO2 separation from biogas.

In addition, it should be addressed also that the separation performance was investigated 

thermodynamically. The optimal operational condtion, the amount of absorbent needed and 

the energy use were obtained at thermodynamic equilibrium state. The analysis should be 

further extended with the consideration of rate and efficiency.

5.4 Further discussion on CO2 streams

As described in our previous work [103], the flue gas, lime kiln gas, bio-syngas or biogas 

shows a remarkable difference in CO2 concentration, pressure, temperature and gaseous 

components. The flue gas is with low CO2 concentration (0.03-0.15), low pressure (0.05-5

bar) and high temperature (393.15-513.15 K). While for biogas, it is with high CO2

concentration (0.15-0.50), low pressure (1-7 bar) and high temperature (283.15-333.15 K). 

Lime kiln gas and bio-syngas show the similar temperature (373.15-423.15 K and 

373.15-473.15 K, respectively) and similar CO2 concentration (0.2-0.42 and 0.25-0.35,

respectively) but different pressure and gaseous components, i.e. 0.05-5 bar for lime kiln 

gas (CO2 + N2) and 1-15 bar for bio-syngas (CO2 + H2 + CO). 

The choice of the types of CO2 absorbents is influenced by the condition of gas streams. To 

investigate this, ChCl/urea (1:2) and 30 wt % MEA were chosen as the typical 

representatives of physical and chemical absorbents, respectively. Assuming the 

temperature of gas streams at 298.15 K and the desorption pressure at 1 bar, the desorption 

temperatures of ChCl/urea (1:2) and 30 wt % MEA were set to be 299.15 and 393.15 K, 

respectively. The absorption pressures were iterated from the minimum Gibbs free energy 

change, and the corresponding energy uses and the amounts of absorbents needed were 

further estimated as listed in Table 5-3.
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Table 5-3. The energy uses and the amounts of absorbents needed of ChCl/urea (1:2) and 

30 wt % MEA for different gas streams

Q/ 2
-1

,

mabs/g gCO2
-1

ChCl/urea (1:2)

(Ts = 299.15 K)

30 wt % MEA 

(Ts = 393.15 K)

Wcomp Qsens Qdes mabs Wcomp Qsens Qdes Qvap mabs

Biogas

(298.15 K, 1 bar, yCO2=0.4)
0.24 0.26 0.42 126 0.45 1.13 2.27 0.19 2.43

Flue gas

(423.15 K, 1 bar, yCO2=0.04)
5.12 0.56 0.42 268 0.05 3.07 2.27 0.19 6.61

Lime kiln gas

(423.15 K, 1 bar, yCO2=0.25)
0.46 0.33 0.42 158 0.34 1.36 2.27 0.19 2.93

Bio-syngas

(423.15 K, 15 bar, yCO2=0.3)
0.36 0.27 0.42 132 0.37 1.27 2.27 0.19 2.74

The gas streams with the high CO2 concentration leads to low compression work, and vice 

versa. Biogas with yCO2=0.4 shows low compression work (0.24 G tonCO2
-1) and flue gas 

with yCO2=0.04 possesses the highest compression work (5.12 G tonCO2
-1) using 

ChCl/urea (1:2) as CO2 absorbents, while in the case of using 30 wt % MEA, the 

compression works for biogas and flue gas are slightly different with the difference of 0.40 

G tonCO2
-1. These indicate that the physical absorbents are more sensitive to the 

compression work. The low energy use for CO2 separation from biogas with ChCl/urea (1:2)

for biogas illustrates that the physical absorbents are more suitable for the gas streams with 

high CO2 concentration.

For the gas streams with high temperature, a large amount of waste energy can be used to 

make up the sensible heat and desorption heat in the solvent regeneration. For example, the 

waste heat is up to 2.11 GJ tonCO2
-1 when the temperature of flue gas changes from 423.15

to 298.15 K, which suggests that most part of energy use with chemical absorbents can be 

offset by the waste heat. In this case, the energy use of 30 wt % MEA reduces to 3.47

2
-1, which is less than that of ChCl/urea (1:2) with the value of 5.12 2

-1.

Furthermore, the amount of absorbent needed for 30 wt % MEA is much lower than that of 

ChCl/urea (1:2). Therefore, chemical absorbents are more suitable for CO2 separation from

the gas streams with low CO2 concentration and high temperature.
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For the gas streams with high CO2 concentration, high pressure and high temperature, the 

high pressure and high temperature can be used to make up the part of compression work 

and regeneration energy use. Taking bio-syngas with pressure at 15 bar and temperature at

423.15 K as an example, the saved compression work and heat are 0.51 and 2.11

2
-1, respectively. The energy use of ChCl/urea (1:2) is zero and that of 30 wt %

MEA reduces to 1.62 2
-1. Therefore, with the criterion of energy use, physical 

absorbents are more suitable for the gas streams with high CO2 concentration and high 

pressure.

For the gas streams with high temperature, high CO2 concentration and low pressure, i.e.

lime kiln gas, the energy uses of ChCl/urea (1:2) and 30 wt % MEA were analyzed 

considering the offset of waste heat. The energy uses of ChCl/urea (1:2) and 30 wt % MEA

decrease to 0.46 and 1.71 2
-1, respectively. Subsequently, the physical absorbents 

are more suitable for the gas streams with high CO2 concentration and high temperature if 

the energy use is used as the criterion. However, the amounts of physical absorbents needed 

are higher than those of chemical absorbents for the gas streams with high CO2

concentration, leading to high investment and operation costs. Therefore, further study 

needs to be carried out with techno-economic analysis.

5.5 Sub-conclusion

The comparisons show that the properties of choline-based DESs are similar to those of 

conventional ILs but the research is still limited. More research work needs to be carried 

out as described in the following: (1) the molecular structures and the water effect should 

be investigated further experimentally; (2) the properties of choline-based DESs should be 

studied further; (3) modelling the properties of choline-based DESs should be further 

developed.

16 choline-based-DESs were analyzed thermodynamically based on G and 4

choline-based-DESs were screened with the criteria of the energy use and the amount of 

absorbent for CO2 separation from biogas. The comparison with the conventional ILs and 

the commercial CO2 absorbents illustrates that the screened choline-based-DESs show 

lower amounts of absorbents or lower energy uses. Furthermore, the analysis of CO2

separation from different gas streams illustrates that the physical absorbents are more 

suitable for the gas streams with high CO2 concentration, i.e. biogas, bio-syngas and lime
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kiln gas, with the criterion of energy use; the chemical absorbents are more suitable for the

gas streams with low concentration and high temperature, i.e. flue gas. Considering the 

high amounts of physical absorbents, further study needs to be carried out with 

techno-economic analysis.
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6 Conclusions

In the thesis work, to screen promising CO2 absorbents from the available ILs and 

choline-based-DESs, analyses based on thermodynamic properties, energy use and Gibbs 

free energy change ( G) were conducted for the CO2 separation process from different gas 

streams with different CO2 absorbents. The thermodynamic framework based on Gibbs free 

energy change was designed and the CO2 separation process was analyzed with or without

CO2 absorbents. 

Four gas streams (i.e. flue gas, lime kiln gas, bio-syngas and biogas) with different 

temperature, pressure, CO2 concentration and gaseous components were analyzed 

thermodynamically based on G. Among the factors of temperature, pressure, CO2

concentration and gaseous components; the CO2 concentration is the most effective factor 

for determining the theoretical energy penalty in the case of yCO2 < 0.15. With high CO2

concentration, low temperature and relatively high pressure, biogas is the CO2 stream for 

CO2 separation with the lowest theoretical energy penalty. Subsequently, biogas was 

chosen as a specific CO2 stream for further evaluating the performances of CO2 absorbents.

In performance evaluation of CO2 absorbents, the conventional ILs were studied and then 

screened with three options, i.e. option 1: the CO2 dissolution enthalpy and CO2 working 

capacity, option 2: the energy use, and option 3: the energy use and the amount of IL

needed. The screening of ILs was strongly related to the operational conditions and the 

screening criteria. In the option 3, the operational condition was optimized based on the 

minimum Gibbs free energy change. The energy use and the amount of IL needed were 

considered in screening which make the option 3 more reasonable compared to the other 

two options without the consideration of the amount of IL needed. Based on the option 3,

the physical ILs of [Emim][Et2PO4], [Bmim][DCA], [Bmpy][OTf] and [Bmim][CH3SO4]

were screened at the desorption temperatures of 299.15-310.15 K. The physical ILs of

[Bmim][CH3SO4], [Hmim][NTf2], [Hmpy][NTf2] and [Omim][BF4] were also screened at

the desorption temperatures of 311.15-323.15. One chemical IL [Eeim][Ac] was screened. 

The comparison of the screened ILs and the commercial CO2 absorbents (30 wt % MEA,

30 wt % MDEA, DEPG and water) shows that the conventional ILs are promising for CO2
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separation from biogas due to the non-volatility, lower energy uses or lower amounts of ILs 

needed than those of commercial CO2 absorbents.

With similar properties to the conventional ILs and additional advantages of cost, 

environment impact and synthesis, choline-based-DESs can be used as substitutes for the 

conventional ILs in CO2 separation. However, the research work is still limited and more 

research work needs to be conducted from experimental measurements to model 

developments. The performances of the choline-based-DESs were further analyzed 

thermodynamically with the option 3 (the energy use and the amount of absorbent needed)

for CO2 separation from biogas. 4 choline-based-DESs (i.e. ChCl/urea (1:2),

Ch[Pro]/PEG200 (1:2), ChCl/EG (1:2) (mDES=0.8) and ChCl/Gly (1:2) (mDES=0.6)) were 

screened. The comparisons with the conventional ILs and the commercial CO2 absorbents 

show that the choline-based-DESs are more promising for CO2 separation from biogas due 

to the lower energy uses or lower amounts of absorbents needed.

The further investigation of different CO2 streams on the choice of the types of CO2

absorbents shows that the physical absorbents are more suitable for CO2 separation from 

the CO2 streams with high CO2 concentration (i.e. biogas, lime kiln gas and bio-syngas)

due to the lower energy uses and the chemical CO2 absorbents are more suitable for CO2

separation from the CO2 streams with low CO2 concentration and high temperature (i.e.

flue gas) due to the lower energy uses and the lower amounts of absorbents needed.

Considering the high amounts of physical absorbents, further study needs to be carried out 

with techno-economic analysis.
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7 Future work

The properties of choline-based-DESs such as heat capacity, the solubility of gas mixtures, 

gas selectivity and the gas absorption-desorption rate as well as the water effect need to be 

further studied. Currently, due to the lack of heat capacity, most of synthesized 

choline-based-DESs cannot be evaluated thermodynamically. Meanwhile, the evaluation 

was based on pure CO2, and the effect of other gaseous components in gas streams on their 

performances of CO2 separation has not yet been considered, and such study needs the 

solubility of gas mixtures. The gas absorption/desorption rate is essential for further 

investigating their kinetic performances.

Choline-based-DESs show promising performances in the energy uses and the amounts of 

absorbents needed. More research work needs to be carried out to study the water effect on

the properties of choline-based-DESs. This is because that water is an important impurity in 

gas streams, and the addition of water can decrease the viscosities of choline-based-DESs

significantly, leading to a faster process.

Furthermore, the thermodynamic and kinetic performances of choline-based-DESs should 

be investigated simultaneously to make these novel absorbents from lab-research to 

practical applications for CO2 separation. 
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a b s t r a c t

CO2 separation is an energy intensive process, which plays an important role in both energy saving and
CO2 capture and storage (CCS) implementation to deal with global warming. To quantitatively investigate
the energy consumption of CO2 separation from different CO2 streams and analyze the effect of temper-
ature, pressure and composition on energy consumption, in this work, the theoretical energy consump-
tion of CO2 separation from flue gas, lime kiln gas, biogas and bio-syngas was calculated. The results show
that the energy consumption of CO2 separation from flue gas is the highest and that from biogas is the
lowest, and the concentration of CO2 is the most important factor affecting the energy consumption when
the CO2 concentration is lower than 0.15 in mole fraction. Furthermore, if the CO2 captured from flue
gases in CCS was replaced with that from biogases, i.e. bio-CO2, the energy saving would be equivalent
to 7.31 million ton standard coal for China and 28.13 million ton standard coal globally, which corre-
sponds to 0.30 billion US$ that can be saved for China and 1.36 billion US$ saved globally. This observa-
tion reveals the importance of trading fossil fuel-based CO2 with bio-CO2.

� 2014 Published by Elsevier Ltd.

1. Introduction

Global warming is now widely recognized as being the biggest
global issue facing human beings, and the increased greenhouse
gas (GHG) concentrations in the atmosphere are believed to be
the main cause of the global warming. The most significant anthro-
pogenic GHG is CO2, which accounts for about 80% of all GHG [1].
CO2 is produced mainly from the combustion of fossil fuels (41%)
and transports (22%) [2]. Mitigating CO2 emission from fossil-
fuelled plants as well as from transports has become an urgent
and worldwide research topic. In addition, the lime industry is also
a significant CO2 emitter with the production of 2.69 Gton CO2 [3].

CO2 capture and storage (CCS) is an important option for miti-
gating CO2 emission from fossil-fuelled plants or lime kilns, and
the CO2 separation from gas mixtures (i.e. flue gas or lime kiln

gas) is the main part of the cost of CCS. To mitigate CO2 emission
in the transportation sector, more biofuels produced via biomass
gasification or anaerobic digestion are proposed as substitutes,
and CO2 separation from bio-syngas in gasification or from biogas
in anaerobic digestion is needed in order to increase the produc-
tion yield, enhance the process efficiency and purify products.
Meanwhile, the separated CO2 can be further stored. This can con-
tribute to bio-CCS, i.e. a greenhouse gas mitigation technology
which produces negative carbon dioxide emissions by combining
biomass utilization with geologic carbon capture and storage.
Therefore, CO2 separation plays an important role in both CCS
and biofuel production (or bio-CCS).

CO2 separation is an energy intensive process, and the energy
consumption depends on temperature, pressure, CO2 concentra-
tion, the separation technologies, etc. A lot of research work has
been carried out with the focus on evaluating different CO2 separa-
tion technologies [4–13]. In addition, based on hydrate technology
for CO2 capture, Wang et al. [14] studied the energy consumption

http://dx.doi.org/10.1016/j.apenergy.2014.05.057
0306-2619/� 2014 Published by Elsevier Ltd.
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for CO2 separation from synthesis gas, flue gas, biogas and natural
gas. While it is well-known that the inherent thermodynamic state
of CO2 streams will determine the energy consumption, which is
termed as theoretical energy consumption and independent of
technologies used for separation. For example, the CO2 from fos-
sil-fuelled plants is at low CO2 partial pressure and high tempera-
ture, and theoretically a lot of energy needs to be consumed to
separate CO2 from these flue gases. On the contrary, the CO2 from
the bio-fuel generation process is in general in high partial pres-
sure and sometimes the temperature is also low, which is more
suitable for CO2 separation in principle. Therefore, the quantitative
study of the theoretical energy consumption of CO2 separation
from different streams is crucial for choosing which and how the
CO2 stream is suitable for CO2 separation.

To quantitatively study the theoretical energy consumption for
a process, Wilcox [15] studied the minimum thermodynamic work
for various kinds of coal or gas-to-electricity conversion process at
298 K and 338 K. Matuszewski et al. [16] estimated the minimum
work of CO2 separation from flue gas with a recovery rate of 90% at
308 K and the minimum compression work from 1.01 bar to
151.5 bar. However, the theoretical energy consumption of CO2

separation from different CO2 streams with different temperature,
pressure and CO2 concentration has not been studied.

Therefore, in this work, the theoretical CO2-separation energy
consumption will be calculated for CO2 separation in which flue
gas, lime kiln gas, biogas and bio-syngas (syngas from biomass gas-
ification) was chosen as four typical CO2 streams. The effects of
temperature, pressure, CO2 concentration and other gas
components on energy consumption will be analyzed, and the ben-
efits of trading fossil-fuelled CO2 with bio-CO2 will be further
discussed.

2. Theoretical energy consumption

2.1. Theory

Following our previous work [17], the minimum energy con-
sumption for the separation process by physical methods (i.e. the
theoretical energy consumption of CO2 separation) is equal to

DG2 as shown in Fig. 1a. The theoretical energy consumption of
CO2 separation (DG2) includes the difference of the Gibbs free
energy (G) due to the variation of temperature and pressure as well
as Wmin (= DGiso at constant temperature and pressure). For a sep-
aration process at a constant temperature and pressure, the theo-
retical energy consumption of separation (DG2 =DGiso) is equal to
Wmin which has been described and studied by Wilcox [15], Matu-
szewski et al. [16] and Ji et al. [17]. The model is described in this
section. In this work, in order to use the model to calculate the the-
oretical CO2-separation energy consumption, it was assumed that
the CO2 stream was a mixture of CO2 and other gases, and the pro-
cess was a separation of this mixture at a certain temperature and
pressure into pure CO2 and other gases at a reference temperature
and pressure (state 2 in Figs. 1a and b).

On the basis of thermodynamics, the separation process is non-
spontaneous, and then DG1 is larger than zero (DG1 > 0), as shown
in Fig. 1a. To separate CO2 from the mixture, the extra energy DG2

should be supplied, and the theoretical energy that is supplied
should be satisfied with DG1 + DG2 6 0, i.e. |DG2|P DG1. The min-
imum theoretical CO2-separation energy consumption that is sup-
plied is equal to DG1, which composes the minimum work (Wmin)
for isothermal, isobaric and reversible process, and the energy con-
sumption needed in changing temperature and pressure of Gibbs
free energy.

As shown in Fig. 1b, the calculation of DG can be written as:

DG ¼ DG1 ¼ DG2 ¼ G2 � G1 ¼ ðGCO2 þ Ggaswithout CO2
Þ2 � ðGgasÞ1 ð1Þ

where G is the Gibbs free energy for a pure gas or gas mixture, and
subscripts 1 and 2 represent state 1 and state 2, respectively, as
shown in Fig. 1b.

The Gibbs free energy of a gas mixture at state j can be calcu-
lated by Eq. (2):

Gj ¼
XN

i¼0
nyiGi þ nRT

XN

i¼0
yi ln yi

h i
þ nRT

XN

i¼0
yi ln/i ð2Þ

where n is the mole number of the inlet gas mixture, i is the number
of components, and Gi is the free energy of component i and calcu-
lated with the following equation:

Gi ¼ Hi � TSi ð3Þ

Fig. 1a. Thermodynamic analysis of the theoretical energy consumption for a CO2

separation process.

Fig. 1b. Thermodynamic analysis of the theoretical energy consumption for a CO2

separation process. Thermodynamic analysis of the theoretical energy consumption
for the CO2 separation process, (a) the process coupling design framework for CO2

separation process, and (b) the schematic diagram of the CO2 separation process.

Nomenclature

DG the difference of Gibbs free energy (J/mol K)
yi molar fraction of component i in a gas mixture, dimen-

sionless
/i fugacity coefficient of component i in a gas mixture,

dimensionless

T temperature (K)
P pressure (bar)
Gi molar Gibbs free energy (J/mol K)
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where Hi and Si are the enthalpy and entropy for component i. And
the formulas for calculating Gi in the two states can be described as
Eqs. (4)–(6),

ðGCO2 Þ2 ¼
XN

i¼0
nyCO2

GCO2ðT2;P2Þ ð4Þ

ðGgaswithout CO2 Þ2 ¼
XN�1

i¼0
ny0iGiðT2;P2Þ þ nRT2

XN�1

i¼0
y0i ln y0i

þ nRT
XN

i¼0
y0i ln/iðT2;P2Þ ð5Þ

ðGgasÞ1 ¼
XN

i¼0
nyiGiðT1;P1Þ þ nRT1

XN

i¼0
yi ln yi

j k
þ nRT1

XN

i¼0
yi

� ln/iðT1;P1Þ ð6Þ

where y0i is the molar content of component i in the gas without
CO2.

The Gibbs free energy is calculated from enthalpy and entropy
which were taken from NIST [18]. The result from NIST has been
verified without further verification.

2.2. CO2 streams and conditions

In this work, we assumed that state 2 was to be 298.15 K and
1 bar. The CO2 stream (state 1) was assumed to be a gas mixture
of flue gas (CO2 + N2), lime kiln gas (CO2 + N2), biogas (CO2 + CH4)
or bio-syngas (CO2 + H2–CO). The biogas can be at a temperature
from 273.15 to 333.15 K and pressures from 1 to 7 bar [19] with
15–50% CO2 (volume%) [20]. As it is common that the biogas is
produced over 283.15 K, and in this work, 283.15–333.15 K
was chosen as the temperature range for biogas. The condition of
bio-syngas was chosen as 373.15–473.15 K, 1–15 bar with
25–35% CO2, 30–33% CO as well as 35–45% H2 [21]. For flue gas,
the condition was chosen as 393.15–513.15 K and 0.5–5 bar [22]
with 3–15% CO2 [23]. Based on the suggestion from references
[24,25], the condition of lime kiln gas was chosen as
373.15–423.15 K and 0.5–5 bar with 20–42% CO2. The correspond-
ing temperature, pressure and composition for these four gas
sources are listed in Table 1.

2.3. Fugacity coefficient

As shown in Eq. (2), the fugacity coefficient is needed in order to
calculate the minimum theoretical CO2-separation energy con-
sumption. For the gas under the considered conditions, the fugacity
coefficient of each component in states 1 and 2 was calculated
from the Redlich–Kwong equation of state [26]. The fugacity coef-
ficients of each component in CO2 streams under the conditions
listed in Table 1 (state 1) and of CO2, H2, CO, N2, CH4 in state 2
(298.15 K and 1 bar) were calculated and listed in Table 2, which
shows that the values of the fugacity coefficients are about unity.
Therefore, to simplify the calculation in this work, the fugacity
coefficient was assumed to be unity, i.e. Eq. (2) was simplified as
Eq. (7):

Gj ¼
XN

i¼0
nyiGi þ nRT

XN

i¼0
yi ln yi

� �
ð7Þ

3. Results and discussions

3.1. The total energy consumption

The minimum theoretical energy consumption of CO2 separa-
tion from different streams (DG) was calculated based on the
model and conditions described in the foregoing section. Typically,
the temperature of flue gas is 423.15 K and the pressure is around
1 bar. At these typical conditions of temperature and pressure, the
theoretical energy consumption of CO2 separation is 4.71 GJ/ton
CO2 if the CO2 concentration (yCO2) is 0.12. Using the same method,
i.e. under typical conditions, the theoretical energy consumption of
CO2 separation from lime kiln gas is 2.22 GJ/ton CO2 at (423.15 K,
1 bar and yCO2 = 0.25). For bio-syngas, the theoretical energy con-
sumption of CO2 separation is 1.45 GJ/ton CO2 at (423.15 K, 1 bar,
yCO2 = 0.3, and yCO = 0.3), while the theoretical energy consumption
of CO2 separation from biogas is 0.51 GJ/ton CO2 at (313.15 K, 1 bar
and yCO2 = 0.4). Therefore, the theoretical energy consumption of
CO2 separation (DG) for the four gas sources is DGflue gas > DGlime kiln

gas > DGbio-syngas > DGbiogas. DGbiogas is much lower than those for
other gas sources, and DGflue gas is more than twice higher than
DGlime kiln gas. DGlime kiln gas is higher than DGbio-syngas, while the dif-
ference is not as large as those between flue gas and lime kiln gas
or between syngas and biogas.

The CO2 streams from different sources can be at different tem-
peratures, pressures and compositions, and then the theoretical
energy consumption is in a range for the same CO2 source as illus-
trated in Fig. 2. For example, the CO2 from flue gas can be at tem-
peratures from 393.15 to 513.15 K, at pressures from 0.5 to 5 bar,
and yCO2 can be from 0.03 to 0.15 as listed in Table 1. The energy
consumption of CO2 separation from flue gas can be from 2.08 to
34.96 GJ/ton CO2. The minimum 2.08 GJ/ton CO2 corresponds to
393.15 K, 5 bar and yCO2 = 0.15, while the maximum 34.96 GJ/ton
CO2 corresponds to 513.15 K, 0.75 bar and yCO2 = 0.03. This infor-
mation is listed in Table 3.

Table 1
Temperature, pressure and composition of CO2 streams from four gas sources for CO2-separation.

Condition Biogas [19,20] Bio-syngas [21] Flue gas [22,23] Lime kiln gas [24,25]

T1/K 283.15–333.15 373.15–473.15 393.15–513.15 373.15–423.15
P1/bar 1–7 1–15 0.5–5 0.5–5
T2/K 298.15 298.15 298.15 298.15
P2/bar 1 1 1 1
yCO2 0.15–0.5 0.25–0.35 0.03–0.15 0.2–0.42
yN2 – – 0.97–0.85 0.8–0.58
yCH4 0.85–0.5 – – –
yCO – 0.30–0.33 – –
yH2 – 0.45–0.35 – –

Table 2
Fugacity coefficient of component i in states 1 and 2.

/ Pure gas Biogas Bio-syngas Flue gas Lime kiln gas

State 2 State 1

/CO2 0.995 0.960–0.997 0.975–
0.988

0.992–
1.000

0.998–0.998

/N2 1.000 – – 1.000–1.001 1.000–1.000
/CH4 0.998 0.983–

0.999
– – –

/CO 0.999 – 0.999–1.003 – –
/H2 1.001 – 1.015–

1.011
– –
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As listed in Table 1, the CO2 from lime kiln gas can be at temper-
atures from 373.15 to 423.15 K, at pressures from 0.5 to 5 bar and
yCO2 from 0.2 to 0.42, and the corresponding energy consumption
is in the range of 0.52 to 3.08 GJ/ton CO2, as listed in Table 3. The
cases for bio-syngas and biogas are also listed in Table 3, in which
the energy consumption of CO2 separation from bio-syngas is from
0.30 to 2.30 GJ/ton CO2 while it is from 0.05 to 1.62 GJ/ton CO2 for
separating CO2 from biogas.

As shown in Fig. 2 and listed in Table 3, there is an overlap for
separating CO2 from different gas sources. For example, DGbio-syngas

can be higher than DGflue gas at certain operation conditions due to
the wide range of temperature, pressure and composition studied.
As we mentioned in the foregoing text, under typical conditions,
the energy consumption for separating CO2 from flue gas is higher
than CO2 from other sources, and in average, the energy consump-
tion follows DGflue gas > DGlime kiln gas > DGbio-syngas > DGbiogas. For
these four CO2 streams, the theoretical energy consumption of
CO2 separation from biogas is the lowest, while that from flue
gas is the highest.

3.2. Sensitive analysis

As mentioned in the forgoing text, the theoretical energy con-
sumption of CO2 separation depends on temperature, pressure,
components as well as composition. For example, the CO2 from flue
gas and that from lime kiln gas are much different in composition.
Compared to flue gas, the CO2 concentration in biogas is much
higher, the temperature is much lower, and the other component
is CH4 instead of N2. For bio-syngas, the CO2 concentration is
around one-third and mixed with CO and CH4, and the pressure
can be up to 15 bar. The theoretical energy consumption shows
much difference, as shown in the foregoing section, but it is still
unclear which of them is the main factor dominating the energy
consumption for CO2 separation. In this section, the effects of

temperature, pressure, CO2 composition and components on theo-
retical energy consumption of CO2 separation were further
investigated.

3.2.1. Effect of CO2 concentration
Although the temperatures, pressures and components of flue

gas and of lime kiln gas are similar, the theoretical energy con-
sumptions are significantly different with the values of 2.08–
34.96 GJ/ton and 0.52–3.08 GJ/ton, respectively. Therefore, the dif-
ference of the energy consumptions is mainly due to yCO2. To spe-
cifically investigate the CO2 concentration on CO2-separation
energy consumption, we set 423.15 K and 1 bar as temperature
and pressure and calculated the energy consumption for both flue
gas and lime kiln gas. The calculation results are shown in Fig. 3.

As shown in Fig. 3, at the set temperature and pressure, the the-
oretical energy consumptions for flue gas and lime kiln gas
decrease with increasing yCO2, and the lower the yCO2, the more
sensitive the effect of yCO2 on the energy consumption. For exam-
ple, the CO2 concentration for flue gas is in the range of 0.03–
0.15, and the theoretical energy consumption decreases obviously
with increasing yCO2 with the value from 18.81 to 3.76 GJ/ton CO2.
For lime kiln gas, yCO2 can be in the range of 0.20–0.42, which is
much wider range than that for flue gas. However, the theoretical
energy consumption varies gradually with the value from 2.80 to
1.26 GJ/ton CO2, which is much narrower than that for flue gas.

3.2.2. Effect of pressure and gas components
The temperature and CO2 composition are similar for both bio-

syngas and lime kiln gas, while the pressure and constituent com-
ponents are different. For bio-syngas, the main components are
CO2, H2 and CO, and the pressure can go up to 15 bar. For lime kiln
gas, the main components are CO2 and N2, and the maximum pres-
sure is only 5 bar. To further study the effects of pressure and com-
ponents on theoretical CO2-separation energy consumption, the
temperature (T1) was set to be 423.15 K and yCO2 was set to be
0.3 in the calculation of energy consumption for both bio-syngas
and lime kiln gas. The calculation results are illustrated in Fig. 4.

As shown in Fig. 4, the theoretical energy consumption
decreases with increasing pressure. When the pressure is down
to 1 bar for bio-syngas, the theoretical energy consumption
reaches a maximum value of 1.45 GJ/ton CO2. With increasing
pressure, i.e. at 15 bar for bio-syngas, the theoretical energy con-
sumption reaches 0.73 GJ/ton CO2, which is 0.72 GJ/ton CO2 in
energy reduction. The energy consumption of CO2 separation from
lime kiln gas at pressures from 0.5 to 5 bar is 2.02 to 1.40 GJ/ton
CO2 with the energy reduction of 0.62 GJ/ton CO2. This should be
compared to the energy reduction for flue gas in different CO2 com-
positions in Section 3.2.1 with the reduction value of 15.05 GJ/ton

Fig. 2. Theoretical energy consumption for separating CO2 from four gas sources
with detailed information listed in Table 3.

Table 3
DGmin/DGmax and the corresponding conditions for separating CO2 from four sources.

Gas sources DG/GJ ton CO2
�1 T/K P/bar yCO2

Flue gas DGmin 2.08 393.15 5 0.15
DGmax 34.96 513.15 0.5 0.03

Lime kiln gas DGmin 0.52 373.15 5 0.42
DGmax 3.08 423.15 0.5 0.2

Bio-syngas DGmin 0.30 373.15 15 0.35
DGmax 2.30 473.15 1 0.25

Biogas DGmin 0.05 283.15 7 0.45
DGmax 1.62 333.15 1 0.15

Fig. 3. The theoretical energy consumption for CO2 separation from flue gas and
from lime kiln gas at 423.15 K and 1 bar.
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CO2, which implies that composition is a more important factor to
control the energy consumption.

The theoretical energy consumption for bio-syngas is lower
than that for lime kiln gas at the same pressure, which is from
the type and number of the gas components. To further study this
point, we chose four ‘‘example’’ gases, i.e. CO2/N2/CO, CO2/N2, CO2/
H2/CO and CO2/H2, and the theoretical CO2-separation energy con-
sumption was then calculated with yCO2 of 0.30. As shown in Fig. 5,
the theoretical CO2-separation energy consumption for a gas mix-
ture with three gas components of CO2/H2/CO, CO2/N2/CO, CO2/H2

and CO2/N2, is 1.60, 1.91, 1.27, 1.83 GJ/ton CO2 at 1 bar. The theo-
retical CO2-separation energy consumption for the gas mixture
with N2 is higher than those of gas mixtures with H2 due to the dif-
ference in molecular weight. For example, the theoretical CO2-sep-
aration energy consumption for CO2/N2/CO with molecular weight
of 28.84 g/mol is 0.32 GJ/ton CO2 higher than that of CO2/H2/CO
with molecular weight of 22.4 g/mol, and the theoretical CO2-sep-
aration energy consumption for CO2/N2 with molecular weight of
28.84 g/mol is 0.56 GJ/ton CO2 higher than that of CO2/H2 with
molecular weight of 10.64 g/mol. In addition, with the same
molecular weight of 28.84 g/mol, the theoretical CO2-separation
energy consumption for CO2/N2/CO is 0.08 GJ/ton CO2 higher than
that of CO2/N2. The gas type and gas number are another two fac-
tors for the difference of the theoretical CO2-separation energy
consumption.

3.2.3. Effect of temperature
The temperature of bio-syngas is much higher than that of

biogas in general and yCO2 is higher in both gas sources compared
to flue gas. To investigate the effect of temperature on energy

consumptions for bio-syngas and biogas, the pressure (P1) was
set to be 1 bar and yCO2 was set to be 0.30 in the calculation of
energy consumption, and the results are shown in Fig. 6.

As illustrated in Fig. 6, the theoretical energy consumption
increases considerably with increasing temperature. When the
temperature is down to 283.15 K for biogas, the theoretical energy
consumption is 0.41 GJ/ton CO2. When the temperature goes up to
333.15 K, the theoretical energy consumption is 0.85 GJ/ton CO2.
For bio-syngas, at the temperature of interest (373.15–473.15 K),
the theoretical energy consumption increases from 0.95 to
1.96 GJ/ton CO2. Compared to the energy reduction for flue gas
due to yCO2, the energy reduction due to the temperature decrease
is much smaller, which implies again that yCO2 is a more important
factor.

Decreasing temperature is an efficient way to lower the theoret-
ical energy consumption. To generate biogas from biomass, there
are two methods of digestion, which are mesophilic digestion
(303.15–311.15 K) with more stable and lower reaction rate and
thermophilic digestion (322.15–330.15 K) with faster reaction rate
[27]. From the energy point of view, it is more economical to digest
the biomass with mesophilic digestion, which can lower the energy
for both digestion heating and the CO2 separation process, and the
process is more stable to control.

In summary, temperature, pressure, gas component and gas
concentration will affect the energy consumption. When yCO2 is
low (<0.15), yCO2 is the most important factor that mainly domi-
nates the energy consumption, while for the gas mixture with high
yCO2, both temperature and pressure will affect the energy con-
sumption, and the CO2 streams with low temperature and high
pressure are more suitable for CO2 separation. However, the
high-pressure CO2 separation process will increase the require-
ments and cost of equipment, and how to get an optimal process
with low cost for CO2-separation needs consideration of both oper-
ation conditions and equipment cost.

4. CCS and bio-CO2

The purpose of CCS is to mitigate CO2 emissions, and the CO2

can emanate from the utilization of both bio-resources and fossil
fuels. It has been shown that the most cost-effective method is if
CO2 is captured from biogas, especially compared to that from flue
gas. To accumulate all CO2, the total cost for CO2 separation will
also depend on the total amount of CO2 emission from different
sectors. The total amount of CO2 emission from biogas, bio-syngas,
flue gas and lime kiln gas was surveyed from the available
resources [28–34], and the results are listed in Table 4. The CO2

from flue gas is the main part, which contributes 91% of total
CO2 emissions in the gas sources of interest. 8.1% of CO2 emission

Fig. 4. The theoretical energy consumption for CO2 separation from bio-syngas and
lime kiln gas at 423.15 K with yCO2 of 0.30.

Fig. 5. Theoretical energy consumption for CO2 separation from gas mixtures at
423.15 K with yCO2 of 0.30.

Fig. 6. Theoretical energy consumption of bio-syngas and biogas at 1 bar with yCO2
of 0.30.
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is from lime kiln gas, only 0.07% is from biogas and 0.54% is from
bio-syngas. However, due to the fermentation via anaerobic diges-
tion playing an important role in both organic waste treatment and
bio-fuel (bio-methane) production, it is expected that biogas pro-
duction will increase significantly, and it has been estimated that
by the year 2020 biogas could deliver more than a third of Europe’s
natural gas production or around 10% of the European consump-
tion [35].

As China has become the world’s largest contributor to CO2

emissions since 2007, the total amount of CO2 emission from these
four sources in China was also specially listed in Table 4. The CO2

from flue gas is still the main contributor, which amounts to 86%
of the total CO2 emission, and CO2 from lime kiln gas is much
higher (13%) compared to the global level (8%) due to the intensive
base constructions. The CO2 from biogas and bio-syngas is a very
small part, which is almost the same as the global level.

Based on the energy consumption and the total CO2 emissions,
the total energy consumption for the four gas sources was calcu-
lated. The calculation results are listed in Table 4, in which the
highest value of theoretical energy consumption was used. The
total energy consumption is considerable for all gas sources, and
the lowest annual consumption is for CO2 separation from biogas
with 3.55 � 10�4 Gton standard coal for China and 1.37 � 10�3 -
Gton standard coal globally. Due to the high energy consumption
for separating one ton of CO2 from flue gas, the total energy con-
sumption is very high, which corresponds to 36.2 Gton standard
coal. The energy consumption of CO2 separation from lime kiln
gas for both China and the whole world is also considerable. The
total energy consumption of CO2 separation from biogas is less
than that from bio-syngas but the energy consumption is still con-
siderable. Therefore, it is of importance to consider the energy con-
sumption for separating CO2 from biogas, bio-syngas and lime kiln
gas, although their contribution of CO2 emissions is only 13.5% and
8.7% for China and the whole world, respectively.

Biogas and bio-syngas are from carbon neutral biofuels, and
then the emitted CO2 can be termed as bio-CO2. Currently, the
bio-CO2 is excluded in CCS. However, due to the low energy con-
sumption for CO2 separation from biogas as well as the increasing
CO2 amount from biogas, it will be interesting to see how much
money can be saved, if the CO2 from biogas is captured for CCS
to replace CO2 from flue gas. In this work, the total amount of
CO2 from biogas (6.42 � 10�3 Gton for China and 2.47 � 10�2 Gton
for the whole world) was considered. Based on this, 2.14 � 108 GJ
can be saved for China, which is equivalent to 7.31 million ton
standard coal, and 8.23 � 108 GJ can be saved globally, which is
equivalent to 28.13 million ton standard coal (1 kg standard
coal = 29.27 MJ). According to the estimation of the Global Intelli-
gence Alliance, biogas production will increase significantly, and
China will be the largest biogas market by 2020 [36]. By using
the anaerobic digestion process as the main waste-treatment
option, by 2030 about 0.46 Gton CO2 will be obtained from biogas
for China and 1.77 Gton for the whole world [37]. Based on this
estimation, 15.3 EJ will be saved for China, which is equivalent to
0.52 Gton standard coal, and 59.0 EJ will be save globally, which
is equivalent to 2.0 Gton standard coal .

Considering that the cost of CO2 capture ranges widely from 40
to 70 US$/tonCO2-net-captured [38], we choose 55 US$/tonCO2-
net-captured, and that biogas from carbon neutral biofuels is tax-
free, there will be 0.30 billion US$ that can be saved for China
and 1.36 billion US$ for the whole world. In the future, for example
in 2030, it will be expected that 28.6 billion US$ can be saved for
China and 110 billion US$ can be saved for the whole world. All this
implies that it is important to trade fossil-fuel-based CO2 with bio-
CO2.

5. Conclusion

The theoretical energy consumption of CO2 separation from dif-
ferent CO2 streams such as biogas, bio-syngas, flue gas and lime
kiln gas was calculated, and the effect of temperatures, pressures,
CO2 concentrations and components on the theoretical CO2 separa-
tion energy consumption was analyzed. The results show that in
general the energy consumption of CO2 separation from flue gas
is the highest and that from biogas is the lowest, and the concen-
tration of CO2 is the most important factor to affect the energy con-
sumption when CO2 concentrations are low. Temperature and
pressure are more important when the CO2 concentration is high.
In addition, the total energy consumption is considerable for all
gas sources, and the lowest consumption is from biogas, which is
7.31 million ton standard coal for China and 28.13 million ton stan-
dard coal globally. Furthermore, if the CO2 from flue gases in CCS is
replaced with that from biogases, the energy saving would be
equivalent to 0.52 Gton standard coal for China and 2.0 Gton stan-
dard coal globally, and subsequently 28.6 billion US$ can be saved
for China and 120 billion US$ can be saved globally in 2030. This
observation shows the importance of trading fossil-fuel-based
CO2 with bio-CO2.
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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

http://dx.doi.org/10.1016/j.apenergy.2014.09.046
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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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a b s t r a c t

CO2 capture and storage could efficiently mitigate CO2 emissions, wherein CO2 capture is a crucial
energy-intensive process. Ionic liquids (ILs) have been proposed as potential liquid absorbents for CO2

separation. The CO2 absorption capacity and selectivity of ILs have also been investigated extensively.
Although ILs have been screened for CO2 separation, only specific ILs have been examined in terms of
energy consumption. In this study, 76 conventional ILs were collected and screened in terms of energy
consumption to establish potential ILs for CO2 separation. Seventeen ILs were screened according to
the CO2 dissolution enthalpy and CO2 working capacity criteria obtained from the Henry’s law constant
in the preliminary screening. Seven ILs were then screened from the 17 ILs according to the CO2 working
capacity from the measured CO2 solubility in the final screening. The energy consumptions of the seven
screened ILs (i.e., [Emim][NTf2], [Bmim][BF4], [Bmim][PF6], [Bmim][NTf2], [Hmim][NTf2], [Bmpy][NTf2],
and [Hmpy][NTf2]) were calculated, and the corresponding gas solubility selectivities were discussed.
The energy consumptions and properties of the seven screened ILs were compared with those of the
commercial CO2 absorbents of 30 wt% MEA, 30 wt% MDEA, and dimethyl ethers of polyethylene glycol
(Selexol™ or Coastal AGR�). The results showed that the energy consumptions of the seven screened ILs
were lower than those of the commercial CO2 absorbents. [Hmpy][NTf2] showed the lowest energy
consumption among the seven screened ILs under the operating conditions set in this study.

� 2015 Published by Elsevier Ltd.

1. Introduction

Global warming is a critical issue because of the greenhouse gas
(GHG) emissions. CO2 is the most anthropogenic GHG, and
accounts for approximately 80% of all GHG emitted [1]. Carbon
capture and storage (CCS) has been proposed to be the most effec-
tive method to mitigate CO2 emissions. In general, CCS includes the

capture of CO2 from large point sources, transporting the captured
CO2 to storage sites, and normal deposition of CO2 in underground
geological formations.

CO2 separation is an energy-intensive process. Numerous CO2

separation technologies and processes have been developed. For
example, aqueous amine-based solvents have been used for com-
mercial separation of CO2; however, this technology is energy
intensive with deficiencies of volatility, degradation, and corrosion
[2]. Membrane processes are promising, but the selectivity, as well
as productivity, is lost in the presence of CO2 [3]. Other methods
(such as organic solvent scrubbing, and adsorption) are also energy
consuming and usually require large-scale operations. Thus, devel-
oping new technologies for CO2 separation is crucial to reduce
energy consumption.
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Recent studies have suggested that energy consumption reduc-
tion for CO2 separation could be achieved by exploring suitable
solvents that could treat large amounts of CO2 and require less
energy for solvent regeneration [4,5]. Ionic liquids (ILs) have been
proposed as green solvents for CO2 capture/separation because of
their remarkable properties, such as negligible vapor pressure,
thermal stability, and tunable physicochemical character [4,6,7].
ILs are continuously being examined, although numerous ILs have
already been developed [6,7]. However, the performance of
synthesized ILs for CO2 separation has not been evaluated, which
hampers the selection of appropriate ILs for specific applications
and recommendations for further synthesis of a new generation
of ILs.

The criteria for solvent selection to separate CO2 have been pro-
posed, in which high working capacity, low regeneration tempera-
ture, low viscosity, low absorption heat, and low vaporization heat
are the most important parameters [8]. At present, studies on ILs
for CO2 separation have focused on absorption capacity and selec-
tivity [2,8–12], whereas studies on solvent regeneration and other
thermodynamic properties are still limited. Yang et al. [13] inves-
tigated the energy consumption for solvent regeneration, in which
amine was mixed with IL and operated with a polypropylene hol-
low fiber membrane contactor to separate CO2. Anthony et al. [14]
estimated the energy consumption for CO2 capture using
[Bmim][PF6] and [Bmim][BF4]. Compared with the process that
uses 30 wt% MEA solution as solvent, the energy consumption
using [Bmim][PF6] is much higher when the solvent is regenerated
by increasing temperature. An IL could be a physical or chemical
absorbent, and solvent regeneration could be achieved by reducing
pressure and/or increasing temperature, depending on the IL prop-
erties. Selection of the appropriate ILs combined with the proper
process would be beneficial for further implementation of IL-based
technology for CO2 separation into practical applications.

In this study, 76 synthesized ILs were screened to determine the
appropriate ILs to be used to separate CO2 from gas mixtures. The
two-step screening process, which involved preliminary and final
screenings, was based on different criteria. The energy consump-
tions of the screened ILs were further calculated and compared
with those of the commercial CO2 absorbents of 30 wt% MEA,
30 wt% MDEA, and dimethyl ethers of polyethylene glycol (DEPG
for Selexol™ or Coastal AGR�).

2. Theory

ILs with low CO2 dissolution enthalpy, high CO2 working capac-
ity, and high gas solubility selectivity should be considered in
screening potential ILs for CO2 separation with low energy con-
sumption. The energy consumption for CO2 separation using differ-
ent ILs is mainly attributed to IL regeneration. The energy
consumption for IL regeneration is related to the CO2 dissolution
enthalpy and the heat capacity of the ILs. Heat capacity can be
determined from the experimental data; however, the CO2 dis-
solution enthalpy has not been measured experimentally. In this
study, the CO2 dissolution enthalpy was estimated theoretically.

2.1. Thermodynamic properties

The CO2 dissolution enthalpy is related to the CO2 absorption
enthalpy and excess enthalpy. We showed in our previous study
that the contribution of excess enthalpy to the CO2 desorption
enthalpy was generally less than 5% at pressures up to 1 MPa
[15]. Therefore, in this study, the contribution of excess enthalpy
was neglected, and the CO2 dissolution enthalpy in the ILs was sim-
plified to be the CO2 absorption enthalpy and estimated based on
Eq. (1) [16].

DHdis � DHabs ¼ �RT2 @ lnHCO2ðTÞ
@ðTÞ

� �
ð1Þ

where DHdis is the CO2 dissolution enthalpy, R is the gas constant
(8.314 J mol�1 K�1), and HCO2 is the Henry’s law constant of CO2.

HCO2(T) can be expressed as a quadratic function of T as follows
[17]:

lnHCO2ðTÞ ¼ aT�2 þ bT�1 þ c ð2Þ
where a, b, and c are the correlation parameters for HCO2(T).

Substituting Eqs. (1) and (2), the dissolution enthalpy for 1 mol
of CO2 can be calculated by Eq. (3):

DHdis ¼ �R
ð2a=T þ bÞ

P0

� �
ð3Þ

where P0 is the standard pressure, and a and b are the correlation
parameters for HCO2(T).

The CO2 working capacity (DmCO2 = gram absorbed CO2/gram
absorbent) can be calculated from the CO2 loading under the
absorption tower and stripper operating conditions.

DmCO2 ¼ x1
1� x1

� x2
1� x2

� �
MCO2

MIL
ð4Þ

where x1 and x2 are the mole fractions of CO2 in IL in the absorption
tower and stripper, respectively, and MCO2 and MIL are the molecu-
lar weights of CO2 and IL, respectively.

The heat capacities of ILs and CO2 generally increase linearly
with temperature [18]. In this study, the temperature-dependent
heat capacities of ILs and CO2 were fitted to Eq. (5),

CP ¼ dþ eT ð5Þ
where Cp is the heat capacity, and d and e are the correlation
constants.

The selectivity of gas solubility in ILs is an important factor for
choosing ILs. In this study, the ideal solubility selectivity at certain
temperature (T) and pressure (P) was estimated from the CO2 solu-
bility [xCO2 (T,P)] and the solubility of other pure gases [xgas (T,P)]
in the same IL.

SCO2=gasðT; PÞ ¼ xCO2ðT; PÞ
xgasðT; PÞ ð6Þ

where SCO2/gas (T,P) is the ideal solubility selectivity for CO2 over
other gases.

2.2. Energy consumption analysis

The CO2 separation system generally consists of the absorption
tower, stripper, compressor, heat exchanger, and reboiler (Fig. 1).
The raw gas mixture with CO2 mole fraction of yCO2 is first com-
pressed from P to P1 before injecting into the bottom of the absorp-
tion tower. The CO2-lean-IL solution from the stripper is added to
the top of the absorption tower. The CO2-rich-IL solution leaves
the bottom of the absorption tower with CO2 solubility of x1. The
solution is then pumped to the top of the stripper through the heat
exchanger. CO2 is released from the stripper, and the CO2-lean-IL
solution leaves the bottom of the stripper with CO2 solubility of
x2. The bottom of the stripper is equipped with a reboiler, at which
heat is added to the solution [19]. The heat duty of the heat
exchanger is assumed to be zero, and the vapor pressure of the
ILs is negligible. Thus, the energy consumption for CO2 separation
using ILs is composed of sensible heat for increasing the tempera-
ture of the IL-CO2 solution from T1 to T2 (Qsens), the desorption heat
for desorbing CO2 out of the IL-CO2 solution (Qdes), and the com-
pression work for compressing the inlet gas mixtures from P to
P1 (Wcomp). The work for pumping IL solutions is neglected in this
study.
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The operating conditions included the temperatures and pres-
sures of the absorption tower (T1 and P1) and stripper (T2 and
P2). To estimate the energy consumption, the amount of CO2 des-
orbed from the top of the stripper was set to be 1 mol.

Using an aqueous solvent other than ILs, and considering
30 wt% MEA and 30 wt% MDEA, H2O was desorbed from the top
of stripper, and the vaporization heat for H2O (Qvap) was also
considered.

The sensible heat was assumed to be the summation of the sen-
sible heats for pure ILs and CO2. Based on Eq. (5), the sensible heat
(GJ�tonCO2

�1) was determined using Eq. (7).

Q sens ¼ nILCP;ILDT þ nCO2CP;CO2DT

¼ mCO2

MCO2

ð1� x2Þð1� x1Þ
x1 � x2

dIL
T1 þ T2

2
þ eIL

� ��

þ ð1� x2Þx1
x1 � x2

dCO2
T1 þ T2

2
þ eCO2

� ��
ðT2 � T1Þ ð7Þ

where dIL and eIL are the constants related to the heat capacity of IL,
dCO2 and eCO2 are the constants related to the heat capacity of CO2,
and Cp,IL and Cp,CO2 are the heat capacities of IL and CO2,
respectively.

The heat of desorption (GJ�tonCO2
�1) was evaluated by Eq. (8).

Qdes ¼ �nCO2DHdis ¼ R
mCO2

MCO2

ð2a=T þ bÞ
P0

� �
ð8Þ

The heat of evaporation (GJ tonCO2
�1) for water was calculated

by Eq. (9) [16].

Qvap ¼ nH2ODHvap ¼ PH2O

PCO2

mCO2

MCO2
DHvap ð9Þ

where PH2O and PCO2 are the partial pressures of H2O and CO2 at the
stripper outlet, respectively, and DHvap is the evaporation enthalpy
of H2O.

The compression process was assumed to be an isothermal
compression, and the compression work (GJ�tonCO2

�1) was calcu-
lated by Eq. (10) [20],

Wcomp ¼ PV ln r
Z1

Z1 þ Z2

2Z1
¼ mCO2RT

MCO2yCO2

ln r
Z1

Z1 þ Z2

2Z1
ð10Þ

where r is the compression ratio, P is the total pressure of the inlet
gas mixture, and Z1 and Z2 are the gas compressibilities at the inlet
and outlets of the compressor, respectively.

3. Survey of the synthesized ILs

Thousands of ILs have been developed, and their properties
have been investigated experimentally. To screen potential ILs for
CO2 separation with low energy consumption, the CO2 solubility

in ILs and the heat capacity of ILs were surveyed and collected from
Ionic Liquids Database [21] and published articles [22,23]. Based
on the literature survey, 76 ILs were chosen as potential liquid
absorbents for CO2 separation and listed in Tables 1–6 together
with the references for CO2 solubility and heat capacity. The full
names of the ILs are summarized in the Appendix A.

4. Results and discussions

A two-step screening process was performed to determine the
suitable ILs for CO2 separation:

(1) Preliminary screening: ILs were selected on the basis of CO2

dissolution enthalpy (DHdis) and CO2 working capacity
(DmH

CO2). DHdis and DmH
CO2 were calculated based on the

assumption that CO2 solubility in ILs follows Henry’s law.
(2) Final screening: ILs were selected on the basis of CO2 work-

ing capacity (Dmc
CO2). To calculate for Dmc

CO2, the CO2 solu-
bility (xCO2) in Eq. (4) was obtained from the correlation of
the experimental CO2 solubility data.

Meanwhile, as mentioned previously, the solvent can be regen-
erated by increasing temperature and/or decreasing pressure. For
the case of temperature increasing, the heat capacity of ILs should
be determined to calculate for sensible heat. The energy consump-
tion was estimated to further evaluate the performance of the
screened ILs for CO2 separation. The separation performance is also
related to the CO2 solubility selectivity; thus, the CO2 solubility
selectivity of the screened ILs is discussed in this section.

The properties and energy consumption of ILs depend on the
operating conditions. The effects of temperature and pressure on
the properties and energy consumption were considered in the
screening process. In this study, the operating condition for CO2

separation from biogas under anaerobic digestion was considered
[19]. The inlet gas mixtures were assumed to be at 298 K and
1 bar with 0.4 mole fraction of CO2. The absorption tower and
stripper conditions were chosen according to temperature swing
and pressure swing processes for CO2 separation. The operating
conditions for the absorption tower were 298 K and 20 bar, while
those for the stripper were 323 K and 1 bar. Thus, the operating
conditions were T = 298 K, P = 1 bar, yCO2 = 0.4, T1 = 298 K,
P1 = 20 bar, T2 = 323 K, and P2 = 1 bar.

4.1. Preliminary screening

According to the operating conditions for the absorption tower
and stripper set in this work, the CO2 dissolution enthalpy under
stripper operating conditions (at 323 K and 1 bar) was calculated
from Eq. (1) on the basis of Henry’s law constant of CO2 in ILs.

Fig. 1. Simplified process flow diagram of CO2 separation using IL or amine solution.
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This process was selected because the constants of all 76 selected
ILs are available either from references or this study and correlated
with the CO2 solubility data in ILs as listed in Tables 1–6. The
calculated results of the CO2 dissolution enthalpy are listed in
Tables 1–6, with values within the range of 1.31 � 105–2.77 �
105 kJ mol�1.

To choose the potential ILs with lower energy consumption, the
CO2 dissolution enthalpy of ILs should be lower compared with
that of the commercial CO2 absorbents, such as MEA and MDEA
solutions in the aqueous amine-based process as well as DEPG in
the Selexol™ process or Coastal AGR�. At 323 K, the CO2 dissolution
enthalpies for 30 wt% MEA and 30 wt% MDEA solutions were
approximately 80.0 [45] and 55.2 kJ mol�1 [83], respectively, while

that of DEPG was around 14.3 kJ mol�1 [11]. Therefore, the criter-
ion for screening ILs on the basis of CO2 dissolution enthalpy was
set to be lower than 15.0 kJ mol�1. The 38 ILs were then screened
using the CO2 dissolution enthalpy of 1.31–15.0 kJ mol�1 at
323 K, as shown in Tables 1–6.

To reduce the number of ILs, the CO2 working capacity from
Henry’s law constant was used for IL screening. The CO2 work
capacities of the 38 screened ILs were calculated based on
Henry’s law constant, and the range was found to be within
0.020–0.209 g CO2�g ILs�1. The 17 ILs were then further screened
with a CO2 working capacity higher than 0.1 g CO2�g ILs�1. These
ILs included [Emmim][NTf2], [Emim][NTf2], [Bmim][PF6], [Bmim]
[BF4], [Bmim][NTf2], [Bmim][Bu2PO4], [Bmim][BuHPO3], [Hmim]

Table 2
References of xCO2, Cp,IL, and HCO2, as well as DHdis,323K and DmH

CO2, for [Bmim]- and [BDmim]-based ILs.

ILs Ref. for xCO2 Ref. for Cp,IL Ref. for HCO2 DHdis,323K/kJ mol�1 DmH
CO2/gCO2 gILs�1

[Bmim][PF6] [44–47] [48] [49] 14.01 0.152
[Bmim][BF4] [31,44,50] [17] [51] 14.22 0.103
[Bmim][NTf2] [44,52,53] [30] [43] 14.07 0.194
[Bmim][Me] [44] – This work 4.60 0.029
[Bmim][Bu2PO4] [22] – [22] 13.93 0.113
[Bmim][OcSO4] [39] [54] This work 18.61 –
[Bmim][DCA] [44] [42] This work 18.85 –
[Bmim][TFA] [55] [56] This work 15.13 –
[Bmim][Ac] [57] [56] This work 21.41 –
[Bmim][MeSO4] [58] [59] This work 12.04 0.056
[Bmim][NO3] [44] [60] This work 45.05 –
[Bmim][OTf] [44] [42] This work 22.69 –
[Bmim][BuHPO3] [22] – [22] 12.98 0.118
[Bmim][MeHPO3] [22] – [22] 11.38 0.083
[BDmim][PF6] [31] [32] [31] 10.91 0.069
[BDmim][BF4] [31] [32] [31] 13.07 0.087

Table 3
References of xCO2, Cp,IL, and HCO2, as well as DHdis,323K and DmH

CO2, for [Cnmim]-based ILs with n = 6, 8,12.

ILs Ref. for xCO2 Ref. for Cp,IL Ref. for HCO2 DHdis,323K/kJ mol�1 DmH
CO2/gCO2 gILs�1

[Hmim][BF4] [31,44,50,52] [18,61] This work 13.79 0.041
[Hmim][PF6] [31,45] [18] This work 15.96 –
[Hmim][OTf] [62] [28] This work 18.99 –
[Hmim][MeSO4] [62] – This work 21.50 –
[Hmim][NTf2] [44,55,63,64] [65] [63] 10.53 0.195
[Hmmim][NTf2] [44] [66] This work 8.87 0.024
[C6H4F9mim] [NTf2] [55] – This work 17.89 –
[Hemim][BF4] [67] – [26] 11.00 0.038
[Omim][BF4] [24,65] – [43] 22.48 –
[Omim][NTf2] [33,46,68] [69] This work 10.24 0.087
[C12mim][NTf2] [64] [70] This work 15.60 –

Table 1
References of xCO2, Cp,IL, and HCO2, as well as DHdis,323K and DmH

CO2, for [Cnmim]-based ILs with n = 2, 3.

ILs Ref. for xCO2 Ref. for Cp,IL Ref. for HCO2 DHdis,323K/kJ mol�1 DmH
CO2/gCO2 gILs�1

[Emim][BF4] [24] [25] This work 20.60 –
[C2OHmim][BF4] [26] – [26] 12.95 0.051
[Emim][OTf] [27] [28] [27] 18.63 –
[Emim][PF6] [29] [30] This work 17.72 –
[Emmim][NTf2] [31] [32] [31] 12.60 0.109
[Emim][NTf2] [27,33,34] [35] [31] and this work 14.64 0.145
[Emim][DCA] [36,37] [38] [36,37] 16.17 –
[Emim] [Et2PO4] [22] – [22] 14.12 0.099
[Emim][EtSO4] [39,40] [41,42] [39] 14.70 0.052
[Emim][EtHPO3] [22] – [22] 12.88 0.082
[Dmim][Me2PO4] [22] – [22] 15.56 –
[Dmim][MeHPO3] [22] – [22] 15.40 –
[Cpmim][DCA] [43] – [43] 18.69 –
[Cpmmim][DCA] [43] – [43] 4.59 0.044
[Cpmim][NTf2] [43] – [43] 7.18 0.028
[Cpmmim][NTf2] [43] – [43] 1.31 0.020
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[NTf2], [Bmpy][FAP], [BmPy][NTf2], [Hmpy][NTf2], [Bpy][NTf2],
[Opy][NTf2], [C12py][NTf2], [NMPH][TFA], [DMFH][TFA], and
[DMAcH][TFA]. The 17 screened ILs had CO2 dissolution enthalpies
lower than 15 kJ mol�1 at 323 K and CO2 working capacities larger
than 0.1 g CO2�g ILs�1 (Fig. 2).

4.2. Final screening

In the preliminary screening, the CO2 working capacity was
estimated by assuming that the CO2 solubility followed Henry’s
law. This assumption may be unreasonable because the CO2 solu-
bility in ILs was not low enough. To obtain more reasonable results,
the CO2 working capacity was estimated according to the corre-
lated CO2 solubility measured experimentally. Specifically, the
CO2 solubility measured experimentally was used to estimate the
CO2 solubilities at the operating temperatures and pressures for
both the absorption tower and stripper, and the CO2 working
capacity (Dmc

CO2) was then further calculated.
The CO2 working capacities for the 17 screened ILs in the pre-

liminary screening step were recalculated. These ILs, together with
their DmH

CO2 and Dmc
CO2, are illustrated in Fig. 3. The results show

that the working capacities calculated from the correlated CO2

solubility (Dmc
CO2) were lower than those calculated from the

CO2 solubility according to Henry’s law (DmH
CO2). The Dmc

CO2 val-
ues were approximately half of those of DmH

CO2, except for
[Hmpy][NTf2]. The differences between DmH

CO2 and Dmc
CO2

resulted from the estimation of the CO2 solubility from Henry’s
law constant. The large deviations between DmH

CO2 and Dmc
CO2

of [Hmpy][NTf2] were attributed to the measurement of the avail-
able CO2 solubility in this IL at low pressure (61 bar). In addition,
no experimental CO2 solubility data are available for [Bmim]
[BuHPO4], [Bpy][NTf2], [Opy][NTf2], [C12py][NTf2], [NMPH][TFA],
[DMFH][TFA], and [DMAcH][TFA]; the corresponding Dmc

CO2 can-
not be obtained. Therefore, seven ILs were further screened on
the basis of the recalculated CO2 working capacity Dmc

CO2. These
ILs included Emim][NTf2], [Bmim][BF4], [Bmim][PF6], [Bmim]
[NTf2], [Hmim][NTf2], [BmPy][NTf2], and [Hmpy][NTf2] with
Dmc

CO2 values larger than 0.055 g CO2�g ILs�1.
The values of DmH

CO2 and Dmc
CO2 differed, but their trends

were similar (Fig. 3). This finding implies that screening ILs
on the basis of DmH

CO2 in the preliminary screening step is
reliable.

Table 4
References of xCO2, Cp,IL, and HCO2, as well as DHdis,323K and DmH

CO2, for [Cnmpy]- and [Cnpy]-based ILs.

ILs Ref. for xCO2 Ref. for Cp,IL Ref. for HCO2 DHdis,323K/kJ mol�1 DmH
CO2/gCO2 gILs�1

[BmPy][FAP] [71] [72] [71] 12.42 0.143
[BmPy][NTf2] [52] [42] [52] 13.47 0.120
[Bmpy][OTf] [73] – This work 23.69 –
[Hmpy][NTf2] [55] [66] This work 11.76 0.193
[Bpy][ NTf2] [74] – [74] 10.36 0.173
[Opy][ NTf2] [74] – [74] 7.33 0.209
[C12py][ NTf2] [74] – [74] 2.14 0.192

Table 5
References of xCO2, Cp,IL, and HCO2, as well as DHdis,323K and DmH

CO2, for [Nmmmn]- and [Pmmmn]-based ILs.

ILs Ref. for xCO2 Ref. for Cp,IL Ref. for HCO2 DHdis,323K/kJ mol�1 DmH
CO2/gCO2 gILs�1

[N4111][NTf2] [34,55] [42] This work 20.85 –
[N4441][MeSO4] [75] – [75] 9.83 � 102 –
[N8881][NTf2] [76] – This work 7.67 0.022
[P4441][MeSO4] [75] – [75] 40.19 –
[P66614]Cl [77] [78] [77] 18.15 –
[P66614][FAP] [71] – [71] 7.45 0.052
[P66614][NTf2] [77] [35] [77] 8.49 0.035

Table 6
References of xCO2, Cp,IL, and HCO2, as well as DHdis,323K and DmH

CO2, of amide-based Brønsted acidic and ammonium ILs.

ILs Ref. for xCO2 Ref. for Cp,IL Ref. for HCO2 DHdis,323K/kJ mol�1 DmH
CO2/gCO2 gILs�1

[NMPH][TFA] [79] – [79] 12.94 0.185
[NMPH][BF4] [79] – [79] 12.96 0.070
[DMFH][TFA] [79] – [79] 13.61 0.176
[DMFH][BF4] [79] – [79] 10.45 0.024
[DMAcH][TFA] [79] – [79] 13.55 0.167
m-2-HEAF [80] – [80] 18.11 –
m-2-HEAA [80] – [80] 29.05 –
HEF [81] – [81] 3.86 � 103 –
HEA [81,82] – [81,82] 9.48 � 102 –
HEL [81,82] – [81,82] 2.77 � 105 –
THEAA [81] – [81] 3.76 � 103 –
THEAL [81] – [81] 2.00 � 103 –
HEAF [81] – [81] 7.58 � 103 –
HEAA [81] – [81] 1.52 � 103 –
HEAL [81] – [81] 3.70 � 103 –
HHEMEA [82] – [82] 2.24 � 104 –
HHEMEL [82] – [82] 1.94 � 104 –
BHEAA [82] [82] 4.88 � 103 –
BHEAL [82] [82] 1.51 � 104 –
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4.3. Energy consumption

4.3.1. Heat capacity and the sensible heat
As mentioned previously, the heat capacity of IL is also needed.

The heat capacities of the seven screened ILs at the average tem-
perature of 310.5 K were used to calculate for the sensible heat.
The heat capacities at 310.5 K, the CO2 working capacities, and
the sensible heats for the seven screened ILs are shown in Fig. 4.

The sensible heat does not absolutely follow the variation in the
heat capacity of ILs, and depends on both the heat capacity of IL
and the CO2 working capacity (Fig. 4). High CO2 working capacity
and low heat capacity lead to a low sensible heat for ILs. For exam-
ple, [Bmpy][NTf2], with heat capacity of 641 J mol�1 K�1 and CO2

working capacity of 0.056 g CO2�g ILs�1, displayed sensible heat
of 0.641 GJ�tonCO2

�1. By contrast, [Hmpy][NTf2], with low heat
capacity of 335 J mol�1 K�1 and CO2 working capacity of 0.059 g
CO2�g ILs�1, showed the lowest sensible heat (0.316 GJ�tonCO2

�1)
among the seven screened ILs.

Among the seven screened ILs, the sensible heats of the ILs with
[NTf2] as anion were generally lower than those of the ILs with
other anions. For [NTf2]-based ILs, the sensible heats of the ILs with
imidazolium as cation were lower than those of the ILs with pyri-
dinium as cation. The sensible heats of the seven screened ILs were
within the range of 0.316–0.641 GJ�tonCO2

�1.

4.3.2. The desorption heat
The CO2 desorption heat for the seven screened ILs were further

calculated at 323 K and analyzed. The values of CO2 desorption
heat decreased with increasing chain length in cation. For example,
the values of CO2 desorption heat of [Emim][NTf2], [Bmim][NTf2]
and [Hmim][NTf2] were 0.333, 0.320, and 0.306 GJ�tonCO2

�1,
respectively. The values of CO2 desorption heat of [Cnmpy]-based
ILs were lower than those of [Cnmim]-based ILs. For example, the
CO2 desorption heat of [Bmpy][NTf2] (0.306 GJ�tonCO2

�1) was lower
than that of [Bmim][NTf2] (0.320 GJ�tonCO2

�1). The results of the
desorption heat are shown in Fig. 5.

4.3.3. Compression work
A compressor is needed to compress inlet gas mixtures to a cer-

tain pressure before entering the absorber tower. In this study, the
pressure ratio of the reciprocating compressor was assumed to be
20, and the compression ratio was set to 4:1 [84]. We used three-
stage air compressors to compress the inlet gas mixtures to the
desired pressure. Given that the CO2 desorbed from the top of
the stripper was set to 1 mol, the total amount of CO2 in the absor-
ber tower would be 1 mol according to the material balance. The
total amount of gas mixture in the absorber tower for the seven
screened ILs would be 2.5 mol. Using Eq. (14), the compression
work was calculated to be 0.408 GJ tonCO2

�1.

4.3.4. The heat of vaporization of H2O
The vaporization heat of H2O for the 30 wt% MEA and 30 wt%

MDEA should also be accounted; this value depends on the partial

Fig. 2. Preliminary screened ILs using CO2 dissolution enthalpy and CO2 working
capacity on the basis of Henry’s law constant.

Fig. 3. CO2 working capacities of the 17 ILs from Henry’s law and correlated CO2

solubility.

Fig. 4. Heat capacities at 310.5 K, CO2 working capacities, and sensible heats for
seven screened ILs.

Fig. 5. The desorption heat of the seven screened ILs at 323 K.
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pressures of H2O and CO2. The partial pressures of CO2 and H2O and
the corresponding heats of vaporization of 30 wt% MEA and 30 wt%
MDEA calculated by Eq. (9) at 323 K and 1 bar are listed in Table 7.

4.3.5. Energy consumption
The results of the total energy consumption, sensible heats, and

desorption heats are listed in Table 8. For all screened ILs, sensible
heat contributes the largest proportion of the energy consumption.
Among the seven screened ILs, [BmPy][NTf2] had the largest energy
consumption of 1.355 GJ�tonCO2

�1, while [Hmpy][NTf2] had the
lowest value of 0.991 GJ�tonCO2

�1.

4.4. Gas solubility selectivity

In the foregoing parts, only CO2 was assumed to be absorbed,
while the solubilities of other gases, such as CH4, N2, H2, and H2S,
were not considered. A gas other than CO2 in the CO2 streams
can be relatively absorbed in ILs, which would influence the perfor-
mance of the CO2 absorbents. In this work, the ideal solubility
selectivity was used to evaluate the CO2 solubility selectivity,
which depended on the solubility of CO2 and the solubility of other
pure gases in the same ILs at a certain temperature. The sources for
the solubility of CO2 in ILs are summarized in Tables 1–6, and the
solubilities of the other pure gases (CH4, N2, H2, and H2S) in ILs
were derived from other studies [31,44,55,87–94]. The solubilities
of the pure gases in the screened ILs are shown in Fig. 6.

In Fig. 6, the ideal gas solubilities in the screened ILs are dis-
tributed in different regions. The solubilities of CH4, N2, H2, and
O2 in selected ILs were distributed in the low solubility region
(region 1); the CO2 solubility data were distributed in the medium
solubility region (region 2); and the H2S solubility was distributed
in the high solubility region (region 3). The gas solubility followed
the sequence of H2S > CO2 > CH4 > O2 > N2 � H2, similar to the
results obtained by Ramdin et al. [7].

The ideal gas solubility selectivities for CO2/CH4, H2S/CO2, H2S/
CH4, CO2/N2, CO2/O2, and CO2/H2 were calculated according to
the pure gas solubility in ILs (Fig. 7). The ideal gas solubility selec-
tivities of CO2/N2, CO2/H2, and CO2/O2 were all higher than 40,
whereas those of H2S/CO2 and CO2/CH4 were only 1.3–4 and 6.5–
19, respectively. Mortazavi-Manesh et al. [2] screened more than
400 types of ILs with anions of [BF4]�, [NO3]�, [MeSO4]�, and
cations of [N4111]+, pmg, and tmg using COSMO-RS. The gas solubil-
ity selectivities of H2S/CO2 and CO2/CH4 for the ILs screened in
their work were 1.8–3 and 10–15, respectively. Therefore, our
results are consistent with those of Mortazavi-Manesh et al.

A high CO2 solubility selectivity for the screened ILs is expected
to improve CO2 capture efficiency for a certain CO2 separation pro-
cess. Fig. 7 shows that the ideal CO2 solubility selectivities of
[Emim][NTf2], [Bmim][PF6], and [Bmim][NTf2] were better than
those of [Hmim][NTf2], [Bmpy][NTf2], and [Hmpy][NTf2]. For CO2

separation for biogas (40% CO2 and 60% CH4), the CO2 capture effi-
ciency could be predicted as 95% with [Bmim][NTf2] as CO2 absor-
bent according to the ideal gas solubility selectivity (19) of CO2/
CH4 in [Bmim][NTf2].

4.5. Comparison with commercial CO2 absorbents

To further evaluate the performance of IL-based technology, the
absorption behavior of the screened ILs was compared with com-
mercial CO2 absorbents. The properties and the energy consump-
tions of the commercial CO2 absorbents with chemical
absorption (30 wt% MEA, 30 wt% MDEA) and physical absorption
(DEPG) are listed in Table 9.

Table 9 shows that the high dissolution enthalpies of 30 wt%
MEA and 30 wt% MDEA resulted in higher desorption heat com-
pared with those of the screened ILs and DEPG. Moreover, the high
heat capacity of DEPG led to higher sensible heat compared with
30 wt% MEA and 30 wt% MDEA. Although the vaporization
enthalpy of DEPG was larger than those of 30 wt% MEA and
30 wt% MDEA, the low vapor pressure of DEPG resulted in low
energy consumption for DEPG. Most of the gas solubility selectivi-
ties of the chemical absorbents were unavailable, which hindered
the comparison of the CO2 capture efficiencies.

Table 8
Energy consumption of the seven screened ILs for CO2 streams under the following
conditions: T = 298 K, P = 1 bar, yCO2 = 0.4, T1 = 298 K, P1 = 20 bar, T2 = 323 K, and
P2 = 1 bar.

ILs Qsens/GJ tonCO2
�1 Qdes/GJ tonCO2

�1 Qtot/GJ tonCO2
�1

[Emim][NTf2] 0.501 0.333 1.241
[Bmim][BF4] 0.535 0.323 1.266
[Bmim][PF6] 0.563 0.318 1.289
[Bmim][NTf2] 0.466 0.320 1.194
[Hmim][NTf2] 0.519 0.239 1.166
[BmPy][NTf2] 0.641 0.306 1.355
[Hmpy][NTf2] 0.316 0.267 0.991

Fig. 6. Solubilities of pure gases in the seven screened ILs.

Table 7
Partial pressures of CO2 and H2O and the heat of vaporization at 323 K and 1 bar.

CO2 absorbents PCO2/bar PH2O/bar Qvap/GJ tonCO2
�1

30 wt% MEA 0.0770 [85] 0.1107 � 10�1[86] 2.230
30 wt% MDEA 0.1000[86] 0.1151[86] 1.276

Fig. 7. Gas solubility selectivity of the seven screened ILs.
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The energy consumptions, sensible heats, dissolution heats,
heats of vaporization, and the compression work of the seven
screened ILs and three commercial CO2 absorbents (30 wt% MEA,
30 wt% MDEA, and DEPG) were calculated and compared (Fig. 8).
The 30 wt% MEA displayed the largest energy consumption of
4.195 GJ�tonCO2

�1, whereas [Hmpy][NTf2] IL showed the lowest
value at 0.991 GJ tonCO2

�1, which was approximately 24% that of
30 wt% MEA and 55% that of DEPG. Considering that
24.7 M tonCO2 is emitted globally from biogas [99], 79.1 and

20.3 EJ energy are saved, respectively, when [Hmpy][NTf2] is used
to separate CO2 compared with those using 30 wt% MEA and DEPG.

The results of energy consumption listed in Table 8 and shown
in Fig. 8 are related to the operating condition of the absorption
tower (T1 = 298 K and P1 = 20 bar) and stripper (T2 = 323 K and
P2 = 1 bar). The energy consumptions of the screened ILs decreased
with the increase in T1 or P1, and increased with the increase in T2
or P2. The energy consumption of the seven screened ILs decreased
by 3–6% or 3–9% as T1 increased by 5 K or P1 increased by 5 bar,
respectively. The results show that the energy consumption
increased by 6–10% or 5–8% as T2 increased by 5 K or P2 increased
by 5 bar, respectively. With the varying absorption tower and
stripper conditions, [Hmpy][NTf2] always showed the lowest
energy consumption among the seven screened ILs. Moreover,
the energy consumptions of the seven screened ILs were always
lower than those of commercial CO2 absorbents.

5. Conclusions

A two-step screening process was performed to explore the
potential ILs for CO2 separation. The CO2 dissolution enthalpy
and CO2 working capacity from Henry’s law constant were used
as criteria in the preliminary screening, and 17 ILs were screened.
The CO2 working capacity correlated with CO2 solubility was used
as criterion in the final screening, and seven ILs were chosen.

The energy consumptions for CO2 separation using the seven
screened ILs, 30 wt% MEA, 30 wt% MDEA, and DEPG were calcu-
lated. [Hmpy][NTf2] showed the lowest energy consumption in
the screened ILs with the value of 0.991 GJ�tonCO2

�1, which was
approximately 24% that of 30% MEA and 55% that of DEPG, and
the corresponding saved energy were 79.1 and 20.3 EJ, respec-
tively. Thus, the screened ILs can be potentially used as absorbent
for CO2 separation in terms of energy consumption.
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Appendix A

The abbreviation and the name of ILs investigated in this work
are listed as following:

Table 9
Properties and energy consumptions of commercial CO2 absorbents for CO2

separation.

Properties 30 wt% MEA 30 wt% MDEA DEPG for Selexol

xCO2/m3CO2 m3solvents�1 50–85[7] 30–40[11] 3.63[11]
DHdis/kJ mol�1 80.0[85] 55.2[83] 14.3[7]
Cp/J mol�1 K�1 121.9[95] 134.4[95] 517.5[96]
DHvap/kJ mol�1 68.24[85] 48.8[97] 76.16[11]
SCO2/CH4 – – 15[11]
SCO2/N2 13.18[98] 50[11]
SCO2/H2 – – 77[11]
SH2O/CO2 – – 9[11]
SH2S/CO2 – – 730[11]
Qsens/GJ tonCO2

�1 0.639 1.276 1.300
Qdes/GJ tonCO2

�1 1.818 1.255 0.325
Qvap/GJ tonCO2

�1 1.551 1.109 0
Wcomp/GJ tonCO2

�1 0.187 0.187 0.187
Qtot/GJ tonCO2

�1 4.195 3.826 1.812

Fig. 8. Comparison of the energy consumptions of the different liquid CO2

absorbents for CO2 streams under the following conditions: T = 298 K, P = 1 bar,
yCO2 = 0.4, T1 = 298 K, P1 = 20 bar and T2 = 323 K, P2 = 1 bar.

No. ILs Name

1 [Emim][BF4] 1-ethyl-3-methylimidazolium tetrafluoroborate
2 [C2OHmim][BF4] 1-(2-hydroxyethyl)-3-methylimidazolium tetrafluoroborate
3 [Emim][OTf] 1-ethyl-3-methylimidazolium trifluoromethanesulfonate
4 [Emim][PF6] 1-ethyl-3-methylimidazolium hexafluorophosphate
5 [Emmim][NTf2] 1-ethyl-2,3-dimethylimidazolium bis[(trifluoromethyl)sulfonyl]imide
6 [Emim][NTf2] 1-ethyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide
7 [Emim][DCA] 1-ethyl-3-methylimidazolium dicyanamide
8 [Emim] [Et2PO4] 1-ethyl-3-methylimidazolium diethylphosphate
9 [Emim][EtSO4] 1-ethyl-3-methylimidazolium ethyl sulfate

(continued on next page)
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(continued)

No. ILs Name

10 [Emim][EtHPO3] 1-ethyl-3-methylimidazolium ethylphosphite
11 [Dmim][Me2PO4] 1,3-dimethylimidazolium dimethylphosphate
12 [Dmim][MeHPO3] 1,3-dimethylimidazolium methylphosphite
13 [Cpmim][DCA] 1-butyronitrile-3-methylimidazolium dicyanamide
14 [Cpmmim][DCA] 1-butyronitrile-2,3-dimethylimidazolium dicyanamide
15 [Cpmim][NTf2] 1-butyronitrile-3-methylimidazolium bis(trifluoromethylsulfonyl) imidate
16 [Cpmmim][NTf2] 1-butyronitrile-2,3-dimethylimidazolium bis(trifluoromethylsulfonyl) imidate
17 [Bmim][PF6] 1-butyl-3-methylimidazolium hexafluorophosphate
18 [Bmim][BF4] 1-butyl-3-methylimidazolium tetrafluoroborate
19 [Bmim][NTf2] 1-butyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide
20 [Bmim][Me] 1-butyl-3-methylimidazolium tris[(trifluoromethyl)sulfonyl]methide
21 [Bmim][Bu2PO4] 1-butyl-3-methylimidazolium dibutylphosphate
22 [Bmim][OcSO4] 1-butyl-3-methylimidazolium octyl sulfate
23 [Bmim][DCA] 1-butyl-3-methylimidazolium dicyanamide
24 [Bmim][TFA] 1-butyl-3-methylimidazolium trifluoroacetate
25 [Bmim][Ac] 1-butyl-3-methylimidazolium acetate
26 [Bmim][MeSO4] 1-butyl-3-methylimidazolium methylsulfate
27 [Bmim][NO3] 1-butyl-3-methylimidazolium nitrate
28 [Bmim][OTf] 1-butyl-3-methylimidazolium trifluoromethanesulfonate
29 [Bmim][BuHPO3] 1-butyl-3-methylimidazolium butylphosphite
30 [Bmim][MeHPO3] 1-butyl-3-methylimidazolium methylphosphite
31 [BDmim][PF6] 1-butyl-2,3-dimethylimidazolium hexafluorophosphate
32 [BDmim][BF4] 1-butyl-2,3-dimethylimidazolium tetrafluoroborate
33 [Hmim][BF4] 1-hexyl-3-methylimidazolium tetrafluoroborate
34 [Hmim][PF6] 1-hexyl-3-methylimidazolium hexafluorophosphate
35 [Hmim][OTf] 1-hexyl-3-methylimidazolium trifluoromethanesulfonate
36 [Hmim][MeSO4] 1-hexyl-3-methylimidazolium methylsulfate
37 [Hmim][NTf2] 1-hexyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide
38 [Hmmim][NTf2] 1-hexyl-2,3-dimethylimidazolium bis[(trifluoromethyl)sulfonyl]imide
39 [C6H4F9mim]

[NTf2]
1-methyl-3-(3,3,4,4,5,5,6,6,6-nonafluorohexyl)-1H-imidazolium 1,1,1-trifluoro-N-
[(trifluoromethyl)sulfonyl]methanesulfonamide

40 [Hemim][BF4] 1-(2-hydroxyethyl)-3-methylimidazolium tetrafluoroborate
41 [Omim][BF4] 1-methyl-3-octylimidazolium tetrafluoroborate
42 [Omim][NTf2] 1-octyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide
43 [C12mim][NTf2] 1-decyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
44 [BmPy][FAP] 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl)trifluorophosphate
45 [BmPy][NTf2] 1-butyl-1-methylpyrrolidinium bis[(trifluoromethyl)sulfonyl]imide
46 [Bmpy][OTf] 1-butyl-1-methylpyrrolidinium trifluoromethanesulfonate
47 [Hmpy][NTf2] 1-hexyl-3-methylpyridinium bis(trifluoromethylsulfonyl)imide
48 [Bpy][NTf2] 1-butylpyridinium bis(trifluoromethylsulfonyl)imide
49 [Opy][NTf2] 1-octylpyridinium bis(trifluoromethylsulfonyl)imide
50 [C12py][NTf2] 1-dodecylpyridinium bis(trifluoromethylsulfonyl)imide
51 [N4111][NTf2] Butyltrimethylammonium bis(trifluoromethylsulfonyl)imide
52 [N4441][MeSO4] Tributylmethylammonium methylsulfate
53 [N8881][NTf2] Butyltrimethylammonium bis(trifluoromethylsulfonyl)imide
54 [P4441][MeSO4] Tributyl(methyl)-phosphonium methylsulphate
55 [P66614]Cl Trihexyltetradecylphosphonium chloride
56 [P66614][FAP] Trihexyltetradecylphosphonium tris(pentafluoroethyl)trifluorophosphate
57 [P66614][NTf2] Trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)imide
58 [NMPH][TFA] N-methylpyrrolidone trifluoroacetate
59 [NMPH][BF4] N-methylpyrrolidone tetrafluoroborate
60 [DMFH][TFA] N,N-dimethylformamide trifluoroacetate
61 [DMFH][BF4] N,N-dimethylformamide tetrafluoroborate
62 [DMAcH][TFA] N,N-dimethylacetamide trifluoroacetate
63 m-2-HEAF N-methyl-2-hydroxyethylammonium formate
64 m-2-HEAA N-methyl-2-hydroxyethylammonium acetate
65 HEF 2-hydroxy ethylammonium formate
66 HEA 2-hydroxy ethylammonium acetate
67 HEL 2-hydroxy ethylammonium lactate
68 THEAA Tri-(2-hydroxy ethyl)-ammonium acetate
69 THEAL Tri-(2-hydroxy ethyl)-ammonium lactate

1168 Y. Zhang et al. / Applied Energy 162 (2016) 1160–1170



References

[1] Hussain A. A single stage membrane process for CO2 capture from flue gas by a
facilitated transport membrane. Sep Sci Technol 2012;47:1857–65.

[2] Mortazavi-Manesh S, Satyro MA, Marriott RA. Screening ionic liquids as
candidates for separation of acid gases: solubility of hydrogen sulfide,
methane, and ethane. AIChE J 2013;59:2993–3005.

[3] Achoundong CSK, Bhuwania N, Burgess SK, Karvan O, Johnson JR, Koros WJ.
Silane modification of cellulose acetate dense films as materials for acid gas
removal. Macromolecules 2013;46:5584–94.

[4] MacDowell N, Florin N, Buchard A, Hallett J, Galindo A, Jackson G, et al. An
overview of CO2 capture technologies. Energy Environ Sci 2010;3:1645–69.

[5] Pellegrini G, Strube R, Manfrida G. Comparative study of chemical absorbents
in postcombustion CO2 capture. Energy 2010;35:851–7.

[6] Bates ED, Mayton RD, Ntai I, Davis JH. CO2 capture by a task-specific ionic
liquid. J Am Chem Soc 2002;124:926–7.

[7] Ramdin M, de Loos TW, Vlugt TJH. State-of-the-art of CO2 capture with ionic
liquids. Ind Eng Chem Res 2012;51:8149–77.

[8] Privalova E, Rasi S, Maki-Arvela P, Eranen K, Rintala J, Murzin DY, et al. CO2

capture from biogas: absorbent selection. Rsc Adv 2013;3:2979–94.
[9] Chen Y, Cao YY, Sun XF, Yan CY, Mu TC. New criteria combined of efficiency,

greenness, and economy for screening ionic liquids for CO2 capture. Int J
Greenhouse Gas Control 2013;16:13–20.

[10] Maiti A. Theoretical screening of ionic liquid solvents for carbon capture.
Chemsuschem 2009;2:628–31.

[11] Wappel D, Gronald G, Kalb R, Draxler J. Ionic liquids for post-combustion CO2

absorption. Int J Greenhouse Gas Control 2010;4:486–94.
[12] Zhang XC, Liu ZP, Wang WC. Screening of ionic liquids to capture CO2 by

COSMO-RS and experiments. AIChE J 2008;54:2717–28.
[13] Yang J, Yu XH, Yan JY, Tu ST. CO2 capture using amine solution mixed with

ionic liquid. Ind Eng Chem Res 2014;53:2790–9.
[14] Anthony JL, Aki SNVK, Maginn EJ, Brennecke JF. Feasibility of using ionic

liquids for carbon dioxide capture. Int J Environ Technol Manage
2004;4:105–15.

[15] Xie Y, Zhang Y, Lu X, Ji X. Energy consumption analysis for CO2 separation
using imidazolium-based ionic liquids. Appl Energy 2014;136:325–35.

[16] Oexmann J, Kather A. Minimising the regeneration heat duty of post-
combustion CO2 capture by wet chemical absorption: the misguided focus
on low heat of absorption solvents. Int J Greenhouse Gas Control
2010;4:36–43.

[17] Yan Y, Chen CC. Thermodynamic modeling of CO2 solubility in aqueous
solutions of NaCl and Na2SO4. J Supercrit Fluids 2010;55:623–34.

[18] Paulechka YU. Heat capacity of room-temperature ionic liquids: a critical
review. J Phys Chem Ref Data 2010;39.

[19] Bauer F, Persson T, Hulteberg C, Tamm D. Biogas upgrading – technology
overview, comparison and perspectives for the future. Biofuels, Bioprod
Biorefin 2013;7:499–511.

[20] Wilcox J. Introduction to carbon capture. In: Wilcox J, editor. Carbon Capture
2012.

[21] Kazakov A, Magee JW, Chirico RD, Diky V, Muzny CD, Kroenlein K, et al. In:
‘‘NIST standard reference database 147: NIST ionic liquids database –
(ILThermo)’’, Version 2.0, National Institute of Standards and Technology,
Gaithersburg MD, 20899, <http://ilthermo.boulder.nist.gov>.

[22] Palgunadi J, Kang JE, Nguyen DQ, Kim JH, Min BK, Lee SD, et al. Solubility of CO2

in dialkylimidazolium dialkylphosphate ionic liquids. Thermochim Acta
2009;494:94–8.

[23] Kuhlmann E, Himmler S, Giebelhaus H, Wasserscheid P. Imidazolium
dialkylphosphates-a class of versatile, halogen-free and hydrolytically stable
ionic liquids. Green Chem 2007;9:233–42.

[24] Soriano AN, Doma BT, Li MH. Solubility of carbon dioxide in 1-ethyl-3-
methylimidazolium tetrafluoroborate. J Chem Eng Data 2008;53:2550–5.

[25] Van Valkenburg ME, Vaughn RL, Williams M, Wilkes JS. Thermochemistry of
ionic liquid heat-transfer fluids. Thermochim Acta 2005;425:181–8.

[26] Shokouhi M, Adibi M, Jalili AH, Hosseini-Jenab M, Mehdizadeh A. Solubility
and diffusion of H2S and CO2 in the ionic liquid 1-(2-hydroxyethyl)-3-
methylimidazolium tetrafluoroborate. J Chem Eng Data 2010;55:1663–8.

[27] Soriano AN, Doma BT, Li MH. Carbon dioxide solubility in 1-ethyl-3-
methylimidazolium trifluoromethanesulfonate. J Chem Thermodyn
2009;41:525–9.

[28] Diedrichs A, Gmehling J. Measurement of heat capacities of ionic liquids by
differential scanning calorimetry. Fluid Phase Equilib 2006;244:68–77.

[29] Shariati A, Peters CJ. High-pressure phase behavior of systems with ionic
liquids: II. The binary system carbon dioxide + 1-ethyl-3-methylimidazolium
hexafluorophosphate. J Supercrit Fluids 2004;29:43–8.

[30] Holbrey JD, Reichert WM, Reddy RG, Rogers RD. Heat capacities of ionic liquids
and their applications as thermal fluids. In: Rodgers RD, Seddon KR, editors.
Ionic liquids as green solvents: Progress and prospects 2003:121–33.

[31] Cadena C, Anthony JL, Shah JK, Morrow TI, Brennecke JF, Maginn EJ. Why is CO2

so soluble in imidazolium-based ionic liquids? J Am Chem Soc
2004;126:5300–8.

[32] Fredlake CP, Crosthwaite JM, Hert DG, Aki S, Brennecke JF. Thermophysical
properties of imidazolium-based ionic liquids. J Chem Eng Data
2004;49:954–64.

[33] Shin EK, Lee BC, Lim JS. High-pressure solubilities of carbon dioxide in ionic
liquids: 1-alkyl-3-methylimidazolium bis (trifluoromethylsulfonyl)imide. J
Supercrit Fluids 2008;45:282–92.

[34] Jacquemin J, Husson P, Majer V, Costa Gomes M. Influence of the cation on the
solubility of CO2 and H2 in ionic liquids based on the
bis(trifluoromethylsulfonyl)imide anion. J Solution Chem 2007;36:967–79.

[35] Ge R, Hardacre C, Jacquemin J, Nancarrow P, Rooney DW. Heat capacities of
ionic liquids as a function of temperature at 0.1 MPa. Measurement and
prediction. J Chem Eng Data 2008;53:2148–53.

[36] Camper D, Becker C, Koval C, Noble R. Low pressure hydrocarbon solubility in
room temperature ionic liquids containing imidazolium rings interpreted
using regular solution theory. Ind Eng Chem Res 2005;44:1928–33.

[37] Camper D, Scovazzo P, Koval C, Noble R. Gas solubilities in room-temperature
ionic liquids. Ind Eng Chem Res 2004;43:3049–54.

[38] Freire MG, Teles ARR, Rocha MAA, Schroder B, Neves C, Carvalho PJ, et al.
Thermophysical characterization of ionic liquids able to dissolve biomass. J
Chem Eng Data 2011;56:4813–22.

[39] Jacquemin J, Husson P, Majer V, Padua AAH, Gomes MFC. Thermophysical
properties, low pressure solubilities and thermodynamics of solvation of
carbon dioxide and hydrogen in two ionic liquids based on the alkylsulfate
anion. Green Chem 2008;10:944–50.

[40] Bermejo MD, Fieback TM, Martin A. Solubility of gases in 1-alkyl-
3methylimidazolium alkyl sulfate ionic liquids: experimental determination
and modeling. J Chem Thermodyn 2013;58:237–44.

[41] Zhang ZH, Tan ZC, Sun LX, Yang JZ, Lv XC, Shi Q. Thermodynamic investigation
of room temperature ionic liquid: the heat capacity and standard enthalpy of
formation of EMIES. Thermochim Acta 2006;447:141–6.

[42] Paulechka YU, Kabo AG, Blokhin AV, Kabo GJ, Shevelyova MP. Heat capacity of
ionic liquids: experimental determination and correlations with molar
volume. J Chem Eng Data 2010;55:2719–24.

[43] Zhang J, Zhang Q, Qiao B, Deng Y. Solubilities of the gaseous and liquid solutes
and their thermodynamics of solubilization in the novel room-temperature
ionic liquids at infinite dilution by gas chromatography. J Chem Eng Data
2007;52:2277–83.

[44] Aki SNVK, Mellein BR, Saurer EM, Brennecke JF. High-pressure phase behavior
of carbon dioxide with imidazolium-based ionic liquids. J Phys Chem B
2004;108:20355–65.

[45] Anthony JL, Maginn EJ, Brennecke JF. Solubilities and thermodynamic
properties of gases in the ionic liquid 1-n-butyl-3-methylimidazolium
hexafluorophosphate. J Phys Chem B 2002;106:7315–20.

[46] Shiflett MB, Yokozeki A. Solubilities and diffusivities of carbon dioxide in ionic
liquids: [bmim][PF6] and [bmim][BF4]. Ind Eng Chem Res 2005;44:4453–64.

[47] Liu Z, Wu W, Han B, Dong Z, Zhao G, Wang J, et al. Study on the phase
behaviors, viscosities, and thermodynamic properties of CO2/[C4mim][PF6]/
methanol system at elevated pressures. Chem – A Eur J 2003;9:3897–903.

[48] Paulechka YU. Heat capacity of room-temperature ionic liquids: a critical
review. J Phys Chem Ref Data 2010;39(3):1–23.

[49] Jacquemin J, Husson P, Majer V, Gomes MFC. Low-pressure solubilities and
thermodynamics of solvation of eight gases in 1-butyl-3-methylimidazolium
hexafluorophosphate. Fluid Phase Equilib 2006;240:87–95.

[50] Chen Y, Zhang S, Yuan X, Zhang Y, Zhang X, Dai W, et al. Solubility of CO2 in
imidazolium-based tetrafluoroborate ionic liquids. Thermochim Acta
2006;441:42–4.

[51] Jacquemin J, Costa Gomes MF, Husson P, Majer V. Solubility of carbon dioxide,
ethane, methane, oxygen, nitrogen, hydrogen, argon, and carbon monoxide in

(continued)

No. ILs Name

70 HEAF 2-(2-hydroxy ethoxy)-ammonium formate
71 HEAA 2-(2-hydroxy ethoxy)-ammonium acetate
72 HEAL 2-(2-hydroxy ethoxy)-ammonium lactate
73 HHEMEA 2-hydroxy-N-(2-hydroxyethyl)-N-methylethanaminium acetate
74 HHEMEL 2-hydroxy-N-(2-hydroxyethyl)-N-methylethanaminium lactate
75 BHEAA Bis(2-hydroxyethyl)ammonium acetate
76 BHEAL Bis(2-hydroxyethyl)ammonium lactate

Y. Zhang et al. / Applied Energy 162 (2016) 1160–1170 1169



1-butyl-3-methylimidazolium tetrafluoroborate between temperatures 283 K
and 343 K and at pressures close to atmospheric. J Chem Thermodyn
2006;38:490–502.

[52] Anthony JL, Anderson JL, Maginn EJ, Brennecke JF. Anion effects on gas
solubility in ionic liquids. J Phys Chem B 2005;109:6366–74.

[53] Lee BC, Outcalt SL. Solubilities of gases in the ionic liquid 1-n-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide. J Chem Eng Data
2006;51:892–7.

[54] Davila MJ, Aparicio S, Alcalde R, Garcia B, Leal JM. On the properties of
1-butyl-3-methylimidazolium octylsulfate ionic liquid. Green Chem
2007;9:221–32.

[55] Muldoon MJ, Aki SNVK, Anderson JL, Dixon JK, Brennecke JF. Improving carbon
dioxide solubility in ionic liquids. J Phys Chem B 2007;111:9001–9.

[56] Strechan AA, Paulechka YU, Blokhin AV, Kabo GJ. Low-temperature heat
capacity of hydrophilic ionic liquids [bmim][CF3COO] and [bmim][CH3COO]
and a correlation scheme for estimation of heat capacity of ionic liquids. J
Chem Thermodyn 2008;40:632–9.

[57] Shiflett MB, Kasprzak DJ, Junk CP, Yokozeki A. Phase behavior of carbon dioxide
+ [bmim][Ac] mixtures. J Chem Thermodyn 2008;40:25–31.

[58] Kumelan J, Kamps APS, Tuma D, Maurer G. Solubility of CO2 in the ionic liquids
[bmim][CH3SO4] and [bmim][PF6]. J Chem Eng Data 2006;51:1802–7.

[59] Yu YH, Soriano AN, Li MH. Heat capacities and electrical conductivities of 1-n-
butyl-3-methylimidazolium-based ionic liquids. Thermochim Acta
2009;482:42–8.

[60] Strechan AA, Kabo AG, Paulechka YU, Blokhin AV, Kabo GJ, Shaplov AS, et al.
Thermochemical properties of 1-butyl-3-methylimidazolium nitrate.
Thermochim Acta 2008;474:25–31.
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Abstract

CO2 separation plays an important role in both energy saving and CO2 emission 

reduction to deal with global warming. Ionic liquids (ILs) have been proposed as 

potential absorbents for CO2 separation, and a lot of ILs have been synthesized to 

achieve this purpose. To screen ILs for CO2 separation, the CO2 absorption 

capacity/selectivity and the energy use have been considered, while the required 

amount of IL was seldom involved. In this work, the CO2 separation from biogas with 

31 conventional ILs was analyzed theoretically based on the Gibbs free energy change 

combined the amount of IL needed and the energy use. The desorption temperature 

was estimated from the absorption pressure, and then the amount of IL needed and the 

energy use were calculated. The thermodynamic analysis shows that to achieve an 

optimal separation, both the absorption pressure and the desorption temperature need 

to be changed. Several ILs were screened with the criteria of the amount of IL needed 

and energy use. The performances of the screened ILs were further compared with

those of commercial CO2 absorbents (30 wt % MEA, 30 wt % MDEA, DEPG and 

water). The comparison with DEPG and water shows that the screened physical ILs 

are promising for IL-based technologies due to the advantages of non-volatility, lower

amounts of absorbents needed and lower energy uses. The comparison with 30 wt %

MEA and 30 wt % MDEA indicates that the chemical IL has non-volatility and lower

energy use. All of these show that the screened ILs are promising for CO2 separation 

from biogas.

Keywords: CO2 separation; Ionic liquids; Thermodynamic analysis; Gibbs free 

energy change; IL needed; Energy use
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1 Introduction

Greenhouse gas (GHG) emissions are considered as the main cause of global 

warming, which is one of the critical issues confronting the human beings. As the 

most anthropogenic greenhouse gas, carbon dioxide (CO2) accounts for 80% of all 

GHG emitted [1]. Carbon capture and storage (CCS) has been proposed to be an 

effective method to mitigate CO2 emissions [2]. 

CO2 separation is an essential part of CCS and it is also an energy-intensive process. 

Numerous CO2 separation technologies, such as aqueous amine-based technology, 

water scrubbing, organic solvent scrubbing and adsorption [3], have been developed.

The intensive energy-use, volatility, degradation and corrosion are deficiencies of

aqueous amine-based technology [4]. The water scrubbing is facing the challenges of 

high water use and low selectivity [5]. The intensive energy-use and large-scale 

operations are needed in organic solvent scrubbing and adsorption [5]. Therefore, new 

CO2 separation technologies need to be developed to optimize the energy use and the 

amounts of CO2-absorbents/adsorbents [6].

Ionic liquids (ILs) were proposed as “green” solvents for CO2 separation because of 

the advantages of negligible vapor pressure, remarkable CO2 solubility and tunable 

physicochemical characteristics, etc. [2]. The energy use for CO2 separation using ILs 

has been studied, reducing the energy losses by 16% compared to the commercial 

MEA process [7-13], however, the amount of IL needed has not been combined with 

the energy use in order to screen ILs. Thermodynamics plays an important role with 

the consideration of heat, energy, work, and particularly the material involved, which 

makes it feasible to combine the amount of IL with the energy use in evaluating the 

performances of ILs for CO2 separation. 

In this work, a thermodynamic analysis was conducted based on the Gibbs free 

energy change for CO2 separation with ILs. The biogas stream was chosen as a case 

study due to the conditions (i.e. high CO2 concentration, high pressure and low 

temperature) and low theoretical energy penalty based on our previous work [14], and 

conventional ILs were chosen as the focus in the analysis. The operational condition, 

the amount of IL needed and the energy use were investigated theoretically for the 

case of minimum Gibbs free energy change in a reversible process. Using the amount 

of IL needed and the energy use as criteria, ILs were screened and further compared 

with other commercial CO2 absorbents.
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2 Thermodynamic analysis

2.1 Thermodynamic framework

The framework designed for conducting thermodynamic analysis for CO2

separation with IL is shown in Figure 1. The overall System 3 can be designed to 

occur reversibly at constant temperature and pressure by including System 1 and 

Surrounding 2, and the Gibbs free ener G) can be used as the criterion to 

minimize the work input. In System 1, the separation process represents that the gas 

mixture of CO2 and CH4 is completely separated to pure CO2 and pure CH4 at 

constant temperature and pressure. The separation process is proceed 

non- G1 > 0.

Figure 1. Framework for thermodynamic analysis on the basis of the Gibbs free 

energy change for CO2 separation from biogas with ILs
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To make the CO2 separation occurs, Surrounding 2 should provide a negative 

G2 G2 < 0) to System 1. To separate the gas mixture with a minimum 

Gibbs free energy input, the following equation should be followed: 

0213 GGG (1)

Then, we can obtain 

12 GG (2)

To accomplish eq. (2), a certain amount of IL, heat and work should be provided. 

Based on this, we can assume a process with 6 steps: (1) the gas mixture is 

compressed from (T, P) to (Ta, Pa); (2) a certain amount of IL at (Ta, Pa) absorbs CO2

to form IL-CO2 solution with the CO2 solubility of xa; (3) the IL-CO2 solution is 

changed from (Ta, Pa) to (Ts, Ps); (4) CO2 desorbs from the IL-CO2 solution at Ts; (5) 

the CH4 expands from (Ta, yCH4Pa) to (T, P), and (6) the CO2 is changed from (Ts, Ps)

to (T, P). For each step, Gibbs free energy is changed and illustrated in Figure 2. 

Based on this, we have:

1exp2 ' GGGGGGGG TdesTabscomp (3)

With the minimum Gibbs free energy supported, one optimal operational condition

can be determined theoretically combined with a minimum amount of IL needed.

When the process is reversible, the work and heat supported have their minimum 

values. In this work, we can assume 1 mol CO2 gas is completely separated from a gas 

mixture of CO2 and CH4 (i.e. biogas) with the mole fraction of 0.4 for CO2 in the gas 

mixture at 298.15 K and 1 bar. Assuming the absorption temperature and desorption 

pressure are 298.15 K and 1 bar, respectively, the CO2 separation process can be

designed to include the following reversible steps: (1) the isothermal reversible 

compression process of gas mixture, (2) the reversible absorption process of CO2 into 

ILs, (3) the adiabatic reversible expansion process and the reversible temperature 

increasing process of IL-CO2 solution, (4) the reversible desorption process of CO2

from IL-CO2 solution, (5) the isothermal reversible expansion process of CH4 gas, as 

well as (6) the adiabatic reversible expansion process and the isothermal reversible 

compression process of CO2 gas as shown in Figure 2. Based on this, a process with 

minimum work and heat input as well as minimum amount of IL will be achieved for 

each IL, and then the performances of different ILs can be further evaluated under the 

optimal operational conditions. 
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Figure 2. The process coupling thermodynamic analysis of CO2 separation from 

biogas with ILs

2.2 Thermodynamic properties

2.2.1 Enthalpy of CO2 desorption

The CO2 absorption in ILs can be either physical or chemical absorption as written 

in eqs. (4-5).

)()( 22 lCOgCO (4)

)()()( 22 lnILCOlnILlCO (5)

(a) The case of physical absorption

The solubility of pure CO2 in ILs can be expressed as eq. (6) as ILs are molten salts

with negligible vapor pressure.

222 COCOCO2CO xHP (6)
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where P is the system pressure, CO2 is the fugacity coefficient of CO2 in the vapor 

phase, HCO2 is the Henry’s law constant CO2 in ILs, xCO2 is the mole fraction of CO2

in the liquid phase, and CO2 is the activity coefficient of CO2 in the liquid phase.

In this work, CO2 was predicted by Redlich-Kwong (RK) equation of state, and 

CO2 was assumed to be unity. HCO2 can be calculated by eq. (7)

2

2

0
2

2

0CO2 limlim
CO

CO

P
CO

CO

P x
P

x
fH (7)

The enthalpy of physical absorption Hphys 2
-1) of CO2 in ILs can be

calculated by eq. (8),

)
)/1(

ln( 2

T
HRH CO

phys            (8)

where R is the universal gas constant -1 K-1.

Neglecting the excess enthalpy, the overall enthalpy of CO2 desorption Hdes,

2
-1) is equal to the enthalpy of physical absorption as eq. (9)

)
)/1(

ln( 2

T
HRHH CO

physdes           (9)

(b) The case of physical and chemical absorptions

For the case with both physical and chemical absorptions, the chemical-reaction 

equilibrium constant (eq. (5)) can be written as eq. (10),

n
ILCO

nILCO

nxx
xK

)(2

2
CO2 (10)

where KCO2 is the equilibrium constant, xIL, xCO2 and xCO2 nIL are the mole fractions of 

IL, CO2 and CO2 nIL in the liquid phase, respectively. 

The reaction enthalpy Hchem 2
-1) in the liquid phase can be calculated 

by eq. (11) 

)
)/1(

ln( 2

T
KRH CO

chem              (11) 

Neglecting the excess enthalpy, the overall enthalpy of CO2 desorption Hdes,

kJ molCO2
-1) is the summation of the enthalpy of physical absorption and the reaction 

enthalpy as eq. (12)

)
)/1(

ln()
)/1(

ln()( 22

T
KR

T
HRHHH COCO

chemphysdes      (12)

(c) Temperature-dependent HCO2, KCO2 and n



7 

 

Based on the preliminary investigation, lnHCO2 and lnKCO2 are linearly dependent

on the reciprocal of the temperature as eqs. (13-14), and n linearly depends on the 

temperature as eq. (15)

'//ln 2
2 bTbTaHCO (13)

dTcKCO /ln 2 (14)

feTn (15)

where a, b, b’, c, d, e and f are the correlation parameters.

For the ILs studied in this work, in the case of physical absorption, only HCO2 is 

needed. The HCO2 at different temperatures has been reported for some ILs, and then 

the reported data is used directly to get the parameters of a, b and b’. For other ILs 

with physical absorption of CO2 but without HCO2 in references, the CO2 solubility 

data is used to obtain the HCO2 based on eq. (7) at each temperature.

In the case of physical and chemical absorptions, HCO2, KCO2 and n are needed. The 

measured CO2 solubility in each IL are used to get the parameters a, b, b’, c, d, e and f

simultaneously based on the theory described in this work.

2.2.2 The amount of IL needed

Setting 1 mol CO2 as a reference, the amount of IL (mIL, gIL gCO2
-1) needed for 

separating 1 mol CO2 is written in eq. (16)

sa

as

CO

IL

CO

IL

xx
xx

M
Mn

M
Mm )1)(1(

2
IL

2
IL (16)

where MIL and MCO2 are the molecular weights of IL and CO2, respectively.

The CO2 solubility in ILs with physical absorption is simplified as eq. (17).

2

2
CO2

CO

CO

H
Px (17)

The CO2 solubility in ILs with both physical and chemical absorptions can be

obtained (via interpolation or extrapolation) based on the available experimental data. 

Specifically, in this work, the CO2 solubility is needed at (298.15 K, Pa) and (Ts, 1 

bar). Based on the available experimental data, the CO2 solubility in the studied ILs at 

298.15 K is correlated with respect to PCO2, while the CO2 solubility in the studied ILs 

at 1 bar is correlated with respect to Ts. The CO2 solubilities at (298.15 K, Pa) and (Ts,

1 bar) are then obtained based on the correlations.

2.2.3 Heat capacity
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Generally, the heat capacities of ILs increase linearly with increasing temperature, 

and the temperature-dependent heat capacities of ILs can be fitted to eq. (18)

hTgCP (18)

where Cp is the heat capacity, and g and h are the correlation parameters.

The heat capacities of ILs at different temperatures were reported, and the reported 

data was used directly to get the parameters of g and h.

G)

2.3.1 Gibbs free energy for pure component

The Gibbs free energy of gaseous component i (Gg
i) can be calculated from the 

enthalpy and entropy as written in eq. (19),
g
i

g
i

g
i

TSHG (19)

where Hg
i and Sg

i are the enthalpy and entropy of gaseous component i, respectively. 

In this work, the values of these properties for CO2 and CH4 were taken from NIST 

standard reference data without further verification [15].

The Gibbs free energy of liquid component j (Gl
j (T)) can be calculated from the 

standard enthalpy change of formation of liquid component j at 298.15 K fHl
j, 298.15

K), the standard molar entropy of liquid component j at 298.15 K (Sl
j (298.15 K)) and 

the heat capacity in the liquid phase (Cl
p,j) as shown in eq. (20).

))15.298(()()( 15.298
,

15.298 ,15.298, dT
T

C
KSTdTCHTG T

K

l
jpl

j
T

K
l

jp
l

Kjf
l
j (20)

fHl
j, 298.15 K can be offset in calculating the Gibbs free energy change. Neglecting the 

effect of the dissolved CO2 on the standard molar entropy and the heat capacity of IL, 

Sl
j(298.15 K) of each IL is then also needed for calculating Gl

j(T). In this work, 

Sl
j(298.15 K) of IL can be predicted from the Glasser’s theory [16, 17] as eq. (21)

5.295.1246)15.298( m
l
IL VKS (21)

where Vm is the molecular volume (nm3, sum of positive and negative ion volume)

and can be calculated by eq. (22)

N
MV IL

m (22)

where N is Avogadro constant, and is the density of IL at 298.15 K.

G1

G1 2
-1) for separating the gas mixture to 

pure CO2 and pure CH4 [14] at T and P is written as eq. (23), 
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where n is the number of moles of gas mixture, yi is the mole fraction of gaseous 

component i in the gas mixture, and i is the fugacity coefficient of gaseous 

component i.

Assuming the fugacity coefficient of gaseous component to be unity [14] G1 is

written as eq. (24).
N
i ii yynRTG 01 ln (24)

Gcomp Gexp GT’

The Gibbs free energy changes for: compressing gas mixture Gcomp 2
-1), 

expanding CH4 gas Gexp 2
-1) and decreasing the temperature of CO2 gas 

GT 2
-1) can be calculated from the Gibbs free energies after and before 

the process as eq. (25)

),(),( 00 iniini
N
i

g
iifinfin

N
i

g
ii PTGnyPTGnyG (25)

where (Tini, Pini) and (Tfin, Pfin) are the temperature and pressure at the initial and final 

states of the process, respectively.

Gabs Gdes

The Gibbs free energy changes of CO2 absorption at Ta Gabs 2
-1) and 

CO2 desorption at Ts Gdes 2
-1) are written as eqs. (26-27)

]ln[ln 22222 COCOaCOchemCOphysCOabs KHRTnyGnyGnyG (26)

]ln[ln 22222 COCOsCOchemCOphysCOdes KHRTnyGnyGnyG (27)

Gphys and Gchem are the Gibbs free energy changes of the CO2 dissolution in 

an absorbent and the CO2 reaction with the absorbent, respectively.

GT

GT 2
-1) for changing IL-CO2 liquid 

solution from (Ta, Pa, xa) to (Ts, Ps, xs) is written as eq. (28)

),,(),,( 00 aaa
N
j

l
jjasss

N
j

l
jjaT xPTGxnxPTGxnG (28)

where na is the number of moles of the IL-CO2 solution, xj is the mole fraction of 

component j in IL-CO2 solution, Gl
j (Ta, Pa, xa) and Gl

j (Ts, Ps, xs) are the Gibbs free 

energies of liquid component j at (Ta, Pa, xa) and (Ts, Ps, xs), respectively.

In this work, the effect of pressure on the Gibbs free energy is negligible, and the 

Gibbs free energy change for the expansion of the IL-CO2 solution is ignored. Based 

on this, the Gibbs free energy c GT is simplified as eq. (29),
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),(),( 00 aa
N
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N
j
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jjaT xTGxnxTGxnG (29)

Using the assumption that the effect of the dissolved CO2 on the properties of IL (G)

is negligible, the Gibbs free energy of IL-CO2 solution is equal to that of the 

corresponding pure IL. Thus, eq. (29) is further simplified as eq. (30).

)()( 00 a
N
j

l
ILILas

N
j

l
ILILaT TGxnTGxnG (30)

2.4 Energy use 

The energy use in CO2 separation with ILs is mainly composed of the compression 

work for reversible compression process of gas mixture (Wcomp), the sensible heat for 

increasing temperature of the IL-CO2 solution with a reversible process (Qsens) and the 

desorption heat for the reversible desorption of CO2 from the IL-CO2 solution (Qdes)

[7].

Wcomp 2
-1 can be calculated by eq. (31).

)ln(
12

comp P
P

M
nRTW a

CO

(31)

Qsens 2
-1 can be calculated by eq. (32)

)'(1
,

2
sens ssILPIL

CO

TTCn
M

Q (32)

where Ts’ is the temperature of solution after the adiabatic reversible compression

process, and Cp,IL is the heat capacities of IL in the liquid phase. In this work, the 

temperature Ts’ was assumed to be Ta as the volumetric expansion of the solution was 

ignored.

Qdes 2
-1 at Ts can be evaluated by eq. (33).

des
CO

CO
des H

M
nQ

2

2 (33)

3 IL survey 

The properties of CO2 solubilities in ILs, reaction-equilibrium-constants, Henry’s

law constants, heat capacities and the standard molar entropies of ILs are needed in 

the calculation of Gibbs free energy change. Since the standard molar entropy of IL 

can be predicted from the molecular weight and the density of IL according to 

Glasser’s theory for ILs, and the Henry’s law constants and reaction-equilibrium 
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constants can be obtained from the CO2 solubilities in ILs, the ILs with the properties 

of CO2 solubilities, densities and heat capacities can be evaluated in this work. 

After literature survey, the ILs with sufficient available experimental data are listed 

in Table 1. In total, 31 conventional ILs including 28 physical ILs and 3 chemical ILs 

are available for conducting thermodynamic analysis in order to be used as the liquid 

absorbents for CO2 separation. The full names of the ILs are summarized in Appendix. 

For the ILs with the Henry’s law constants, the references are listed. While for those 

without either Henry’s law constants or reaction-equilibrium constants, these 

constants were correlated in this work based on the theory described in section 2.2.1.

Table 1. The molecular weights as well as the sources of CO2 solubility,

reaction-equilibrium-constant, Henry’s law constant, density and heat capacity of 31

conventional ILs

ILs MIL/g mol-1 xCO2 HCO2 KCO2 Cp

ILs with only physical absorption of CO2

[Emim][BF4] 198 [18] [18] - [19] [20]

[C2OHmim][BF4] 214 [21] [21] - [21] [22]

[Emim][PF6] 256 [23] This work - [24] [25]

[Emim][NTf2] 391 [26] [21, 27] - [19] [28]

[Emmim][NTf2] 405 [29] [29] - [30] [30]

[Emim][OTf] 260 [31] This work - [32] [33]

[Emim][EtSO4] 236 [34] This work - [35] [28]

[Emim][Et2PO4] 264 [36] [37] - [38] [39]

[Bmim][BF4] 226 [40] [27, 29] - [41] [20]

[Bmim][PF6] 284 [42] [18] - [43] [44]

[Bmim][NTf2] 419 [45] [45] - [46] [44]

[Bmim][DCA] 205 [47] This work - [48] [49]

[Bmim][TFA] 252 [50] This work - [51] [52]

[Bmim][CH3SO4] 250 [53] This work - [54] [55]

[Bmim][OcSO4] 349 [34] This work - [34] [56]

[Hmim][BF4] 254 [57] [58] - [59] [60]

[Hmim][PF6] 312 [58] This work - [61] [62]

[Hmim][NTf2] 447 [63] [64] - [65] [28]
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[Hmmim][NTf2] 461 [47] This work - [66] [67]

[Omim][BF4] 282 [18] [45] - [59] [60]

[Omim][NTf2] 475 [68] This work - [69] [22]

[C12mim][NTf2] 504 [70] This work - [71] [72]

[BmPy][FAP] 587 [73] This work - [74] [28]

[BmPy][NTf2] 422 [75] This work - [76] [22]

[Bmpy][OTf] 291 [77] This work - [74] [78]

[Bpy][NTf2] 416 [79] [79] - [80] [33]

[Hmpy][NTf2] 458 [50] This work - [81] [67]

[N4111][NTf2] 396 [82] This work - [83] [84]

ILs with both physical and chemical absorptions of CO2

[Emim][Ac] 170 [85] This work This work [86] [22]

[Eeim][Ac] 182 [87] This work This work [87] [22]

[Bmim][Ac] 198 [88] This work This work [86] [52]

4 Results and discussion

As mentioned in the forgoing section that, in evaluation, the absorption temperature 

and the desorption pressure were set as 298.15 K and 1 bar, respectively. Based on 

Gibbs free energy change, the absorption pressure can be determined at each 

desorption temperature or vice versa. Meanwhile, the amounts of ILs needed were

also determined based on the operational conditions of absorption and desorption. 

These correspond to the optimal operational conditions. Based on these operational 

conditions, the energy uses can be further determined. 

The analysis was based on the Gibbs free energy with a link of enthalpy and 

entropy. For the gaseous components, these properties were available and taken from 

references. For ILs, the standard molar entropies were estimated theoretically in this 

work. Furthermore, two typical ILs were chosen preliminarily for detailed 

investigation on how the desorption temperatures affect the absorption pressures, the 

amounts of ILs needed and the energy uses. Based on the preliminary study, the 

performances of other ILs were further evaluated for ILs screening, and the 

performances of the screened ILs were compared with those of other commercial CO2

absorbents.

4.1 Estimation of the entropy of IL-CO2 solutions
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For the physical ILs, the estimation of standard molar entropies with the Glasser’s 

theory has been verified by the results based on the molecular simulation [89].

Meanwhile, for the physical ILs, the rigid network of cations and anions in ILs 

potentially includes a large amount of free volume, and these free spaces can be 

occupied by the CO2 molecules. The molecular dynamics simulations carried out by 

Cadena et al. [29] also showed that the arrangement of ions was not disturbed by the 

addition of CO2 into IL solutions. Based on this, it is reasonable to estimate the 

entropies of the CO2-IL solutions by neglecting the effect of the dissolved CO2 on the 

enthalpies of the physical ILs. Subsequently, the estimation of the Gibbs free energy 

change for increasing the temperatures of the physical IL-CO2 solutions should be 

reliable, leading to a reliable iteration of the operational conditions on the basis of 

Gibbs free energy changes. 

For the chemical ILs, to the best of our knowledge, molecular simulation has not 

been conducted to predict their standard molar entropies, and the estimation of the 

standard molar entropies with the Glasser’s theory cannot be verified. Meanwhile, the 

relatively strong interaction between CO2 and chemical ILs might bring an additional 

error in estimating the entropies of chemical IL-CO2 solutions by neglecting the effect 

of the dissolved CO2 on the entropies of ILs. Subsequently, the deviation in 

calculating the Gibbs free energy changes for increasing temperatures of the chemical 

IL-CO2 solutions might lead to the deviation in the iterated operational conditions in 

thermodynamic analysis.

4.2 Preliminarily analysis for two typical ILs

[Hmmim][NTf2] and [Bmim][Ac] were chosen as the typical examples for those 

with only physical absorption and with both chemical and physical absorptions,

respectively. The desorption temperature of [Bmim][Ac] was suggested to be 344 K 

to desorb CO2 from [Bmim][Ac]-CO2 solution [12], and the desorption temperature 

was assumed to be up to 345.15 K in this preliminary study.

Based on the Gibbs free energy change, the absorption pressure was iterated by 

“goal seeking” for each desorption temperature combined with the fixed absorption 

temperature and desorption pressure, meanwhile, the amount of IL needed was also 

determined. Based on the operational conditions, the energy uses of these two ILs 

were further calculated.
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It should be mentioned here that when the desorption temperature is set to be

298.15 K, the absorption pressure is not available. This is because that the Gibbs free 

energy change for compressing the gas mixture cannot equal that for the expansion of 

single CH4, and the Gibbs free energy change of the CO2 separation system ( G3)

cannot be zero for the isothermal CO2 absorption/desorption process. Therefore, in 

calculation, the desorption temperature was set in a range of 299.15-345.15 K. Based 

on the conditions presumed, the calculation results of the absorption pressures, the 

amounts of ILs needed and the energy uses of these two ILs are illustrated in Figure 3.

Figure 3. The absorption pressures, the amounts of ILs needed and the energy uses of 

two typical ILs (a) [Hmmim][NTf2] and (b) [Bmim][Ac]

As shown in Figure 3, to achieve an optimal CO2 separation, the desorption should 

be a combination of increasing temperature and decreasing pressure based on the 

thermodynamic analysis for both the physical and the chemical ILs.

Within the studied temperature range of desorption, the absorption pressure of 

[Hmmim][NTf2] is ranging from 15.12 to 97.45 bar; the amount of [Hmmim][NTf2]

needed is with the values of 10.59-186.43 gIL gCO2
-1; the energy use of 

[Hmmim][NTf2] is with the values of 1.17-1.44 GJ tonCO2
-1. With the increase of the 

desorption temperature, the changes of the absorption pressure, the energy use and the 

amount of IL needed are not significant. Meanwhile, in practice, for physical 

absorbents, it is more common to regenerate solvents via decreasing pressure instead 

of increasing temperature. Therefore, the desorption temperature is set to be 

299.15-323.15 K for further studies of other physical ILs.

For the chemical ILs, the results show that the iterated absorption pressure of 

[Bmim][Ac] can also be high with the values of 3.51-56.81 bar. Based on the
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discussion in the forgoing section, the high absorption pressure might be the deviation 

in estimating the entropies of chemical IL-CO2 solutions. The amount of [Bmim][Ac]

needed is ranging from 6.13 to 100.86 gIL gCO2
-1, and the energy use of [Bmim][Ac]

is ranging from 1.28 to 2.23 GJ tonCO2
-1. The energy use keeps increasing with 

increasing the desorption temperature. Meanwhile, in practice, the desorption 

temperature should be increased for chemical ILs. For most of chemical ILs, the 

temperature can be around 345 K. Therefore, the desorption temperature is set to be 

299.15-345.15 K.

4.3 Analysis for the ILs other than [Hmmim][NTf2] and [Bmim][Ac]

Other 29 ILs with 27 physical ILs and 2 chemical ILs were analyzed and the results 

were discussed in this section.

4.3.1 Absorption pressure

The iterated absorption pressure is the optimal operational condition for CO2

separation. Based on the presumed desorption temperature range, the absorption 

pressure can be obtained for most of ILs. 

The absorption pressure is always higher than 1 bar. For example, the absorption 

pressure is 25.64 bar when the desorption temperature is 310.15 K for [Hmim][NTf2];

That illustrates again that both the absorption pressure and the desorption temperature 

need to be changed to achieve an optimal operational condition in separating CO2

with physical ILs.

As shown in Figure 4, for all ILs, the absorption pressure increases with increasing 

the desorption temperature. For all the physical ILs, the absorption pressure increases 

with increasing the desorption temperature, and the trend is similar. However, for the 

three chemical ILs, the trend is very different, and the reason can be the experimental 

data themselves or the deviation from the entropies of IL-CO2 solutions. Due to the 

limited experimental data, further investigation is impossible. Among the studied ILs, 

[Hmmim][NTf2] shows the highest absorption pressure, while [Bmpy][FAP] shows 

the lowest absorption pressure with the values of 6.12-30.19 bar.
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Figure 4. The absorption pressures of (a) 28 physical ILs and (b) 3 chemical ILs

4.3.2 Amount of IL needed

The amount of IL calculated in this work is the minimum value needed for CO2

separation. As shown in Figure 5, the amounts of ILs needed decrease with increasing 

the desorption temperature. In the range of lower desorption temperatures, the effect 

of desorption temperatures on the amounts of ILs needed is more obvious. For 

example, the amounts of [Hmpy][NTf2] and [Bmim][Ac] decrease by 45 % and 43%

from 299.15 K to 300.15 K, respectively, while they decrease by only 3 % from 

319.15 K to 320.15 K.

Generally, the amount of IL needed for CO2 separation depends on the molecular 

weight of IL and the CO2 solubility. The lower the molecular weight of IL and the 

higher the CO2 solubility, the lower the amount of IL needed. With the similar

molecular weight, the IL with higher solubility shows lower needed amount. For 

example, with the same molecular weight -1, the amount of physical IL 

[Emim][BF4] with low CO2 solubility is higher than that of chemical IL [Bmim][Ac]

with high CO2 solubility at the desorption temperatures of 299.15-323.15 K,

specifically, the amount of [Emim][BF4] is 10.9-148.2 gIL gCO2
-1, while for 

[Bmim][Ac], it is only 6.1-100.9 gIL gCO2
-1. With the similar solubility, the IL with 

higher molecular weight leads to higher amount of IL needed. For example, for 

[C2OHmim][BF4] and [Hmmim][NTf2], their CO2 solubilities in mole fraction are

similar. The molecular weights are 214 -1 -1 for [C2OHmim][BF4]

and [Hmmim][NTf2], respectively. The amount of [C2OHmim][BF4] is 10.9-155.6

gIL gCO2
-1, while it is 15.8-186.4 gIL gCO2

-1 for [Hmmim][NTf2] at the desorption 

temperatures of 299.15-323.15 K. The chemical IL [Bmim][Ac] with high CO2
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solubility and low molecular weight shows the lowest amount of IL needed with the 

values of 6.13- 2
-1, while [Hmmim][NTf2] with high molecular weight 

shows the highest amount of IL needed with the values of 15.79- 2
-1.

Figure 5. The amounts of ILs needed for (a) 28 physical ILs and (b) 3 chemical ILs

4.3.3 Energy use

The energy use estimated in this work is the lowest value supported to the CO2

separation system, and it depends on the separation condition, such as the absorption 

pressure, the desorption temperature, and the properties of ILs (the enthalpy of CO2

desorption, the heat capacity and CO2 solubility).

Generally, the enthalpy of CO2 desorption is a significant part in energy use. For 

example, at the desorption temperatures of 299.15-323.15 K, the chemical IL 

[Emim][Ac] with the highest enthalpy of CO2 desorption of 44.1-47.3 2
-1

shows the highest energy use with the values of 1.4-2.1 G tonCO2
-1; while 

[Bmim][DCA] with the lowest desorption enthalpy of CO2 desorption of 3.6-12.3

2
-1 shows the lowest energy use with the values of 0.6-1.3 G tonCO2

-1.

Furthermore, the absorption pressure also affects the energy use. The IL with high 

absorption pressure shows high energy use. For example, the energy use of 

[Hmmim][NTf2] is 1.2-1.4 G tonCO2
-1 with the values of 15.1-97.4 bar for the 

absorption pressures at the desorption temperatures of 299.15-323.15 K.

As shown in Figure 6, the energy uses of physical ILs increase obviously only in 

the beginning of desorption-temperature-increasing for most of physical ILs. For 

[Emim][Et2PO4], [Bmim][DCA], [Bmim][TFA], [Bmim][OcSO4], [Bmpy][OTf], the 

energy uses keep increasing although not as obvious as at the beginning. That is due 

to the limited solubility data of CO2 in these ILs at high pressures. Since the ILs with 
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low energy uses are preferred, and the results with high values will not affect the 

IL-screen. Based on this, we can conclude that the desorption temperatures of 

299.15-323.15 K presumed in this section are reasonable for investigating the physical 

ILs. 

Figure 6. The energy uses of (a) 28 physical ILs and (b) 3 chemical ILs

4.4 Screening ILs 

Both the amount of IL needed and the energy use should be considered in screening

the potential ILs. ILs with low needed amount and low energy use are promising for 

developing IL-based CO2 separation technology. As described in the foregoing text, 

the amount of IL and the energy use depend on separation condition. At the 

desorption temperatures of 299.15-310.15 K, the physical ILs of [Emim][Et2PO4],

[Bmim][DCA], [Bmpy][OTf] and [Bmim][CH3SO4] were screened with low amounts

of ILs (< 138 gIL gCO2
-1) and low energy uses ( 1.08 GJ tonCO2

-1). The sequences 

of both the amounts of ILs and the energy uses of these physical ILs are [Bmim][DCA]

< [Emim][Et2PO4] < [Bmpy][OTf] < [Bmim][CH3SO4]. The screened physical ILs of 

[Emim][Et2PO4], [Bmim][DCA] and [Bmpy][OTf] were also reasonable as the 

solubility data of CO2 in these ILs are available at low pressures. At the desorption 

temperatures of 311.15-323.15 K, the physical ILs of [Bmim][CH3SO4],

[Hmim][NTf2], [Hmpy][NTf2] and [Omim][BF4] were screened with low amounts of 

ILs ( 18.8 gIL gCO2
-1) and low energy uses ( 1.2 GJ tonCO2

-1). The sequence of the 

amounts of these physical ILs is [Omim][BF4] < [Bmim][CH3SO4] < [Hmim][NTf2] < 

[Hmpy][NTf2], while the sequence of the energy uses is different at different 

desorption temperatures. For example, the sequence of the energy uses is

[Hmpy][NTf2] < [Bmim][CH3SO4] < [Hmim][NTf2] < [Omim][BF4] at the desorption 
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temperature of 313.15 K, but [Hmpy][NTf2] < [Omim][BF4] < [Bmim][CH3SO4] <

[Hmim][NTf2] at 323.15 K. The physical IL [Bmim][CH3SO4] is the only one IL 

screened at the desorption temperatures of 299.15-323.15 K. The chemical IL 

[Eeim][Ac] shows lower energy use (< 1.68 GJ tonCO2
-1) and lower amount of IL (< 

110 gIL gCO2
-1). The screened ILs as well as their corresponding separation 

conditions, the amounts of ILs and the energy uses are listed in Table 2.

Table 2. The desorption temperatures, the absorption pressures, the amounts of ILs 

needed and the energy uses of the screened ILs

ILs Ts/K Pa/bar mIL/

gIL gCO2
-1

Qtot/

G tonCO2
-1

[Bmim][DCA] 299.15-310.15 9.17-45.75 125.68-15.49 0.61-1.04

[Emim][Et2PO4] 299.15-310.15 7.62-34.33 130.90-16.16 0.66-1.07

[Bmpy][OTf] 299.15-310.15 6.10-24.57 137.32-17.06 0.68-1.07

[Bmim][CH3SO4] 299.15-323.15 7.66-51.03 137.72-9.74 0.71-1.20

[Hmpy][NTf2] 311.15-323.15 26.29-35.00 18.77-11.32 1.08-1.17

[Hmim][NTf2] 311.15-323.15 26.64-35.05 17.92-10.81 1.11-1.20

[Omim][BF4] 311.15-323.15 37.32-51.04 15.17-9.13 1.19-1.19

[Eeim][Ac] 299.15-338.15 4.21-48.42 109.64-7.64 0.81-1.68

4.5 Further discussion

In our previous work [7], by setting Ts = 323 K, seven physical ILs are screened, 

and they are [Emim][NTf2], [Bmim][BF4], [Bmim][PF6], [Bmim][NTf2], 

[Hmim][NTf2], [BmPy][NTf2] and [Hmpy][NTf2]. The best four physical ILs are 

[Emim][NTf2], [Bmim][NTf2], [Hmim][NTf2] and [Hmpy][NTf2] with the sequence 

of [Hmpy][NTf2]< [Hmim][NTf2] < [Bmim][NTf2] < [Emim][NTf2] for the energy 

uses.

In this work, with Ts = 323.15 K, the four screened physical ILs are [Omim][BF4],

[Hmpy][NTf2], [Hmim][NTf2] and [Bmim][CH3SO4] with the sequence of

[Omim][BF4] < [Hmpy][NTf2] < [Bmim][CH3SO4] < [Hmim][NTf2] based on the 

criteria of the amount of IL and the energy use. Not all of the screened four ILs from 

this work at 323.15 K are the same as the screened ILs with the screening criterion of 

energy use at the similar temperature. There are two reasons. One reason is the 
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separation condition. The separation condition in this work was iterated by 

thermodynamic analysis, i.e. optimal operational conditions. For example, the 

absorption pressures of [Hmim][NTf2] and [Hmpy][NTf2] are 35 bar, respectively, at 

the desorption temperature of 323.15 K. While the absorption pressure in the previous 

work was set to be 50 bar. The other reason is the screening criterion. Both the 

amount of IL needed and the energy use are the screening criteria in this work, which 

is more reasonable. For example, for [Hmpy][NTf2], the amount of IL needed is 11.32 

gIL gCO2
-1 and energy use is 1.17 G tonCO2

-1. While the screening criterion in the

previous work is only the energy use, i.e., [Hmpy][NTf2] with the energy use of 0.99 

G tonCO2
-1.

4.6 Comparisons to the commercial CO2 absorbents

To further evaluate the performance of IL-based technology, we compared the 

performances of the screened ILs with those of the commercial CO2 absorbents. The 

molecular weights and the references of the needed properties for the commercial CO2

absorbents with physical absorption (DEPG and water) are listed in Table 3.

Table 3. The molecular weights and the sources of the CO2 solubility, Henry’s law 

constant, reaction-equilibrium-constant, standard molar entropy, density and heat 

capacity of the commercial CO2 absorbents

CO2 absorbents Mabs/g mol-1 xCO2 HCO2 KCO2 S298.15 K 298.15 K Cp

30 wt % MEA - [90] [91] [91] [92] - -

30 wt % MDEA - [93, 94] [91] [91] [92] - -

DEPG for Selexol 280 [95] [95] - - [96] [96]

Water 18 [97] [97] - [15] - -

The Gibbs free energy change of CO2 separation system with the commercial CO2

absorbents was calculated with the same method with physical ILs. The Gibbs free 

energy change of DEPG was calculated based on the Glasser’s theory for organic 

liquids [98]. The standard molar entropies of 30 wt % MEA and 30 wt % MDEA were 

calculated based on Aspen Databank [92], while for that of water, it was directly 

taken from NIST [15] without further verification. The desorption temperature of 

DEPG can be assumed to be the same as those of physical ILs (299.15-323.15 K) as 

DEPG in SelexolTM process can be operated at temperatures of 255-448 K [96]. The 
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absorption pressure of water was assumed to be 3-8 bar based on the practical values

[5]. Therefore, the absorption pressure of DEPG and the desorption temperature of

water were iterated. As the desorption of 30 wt % MEA and 30 wt % MDEA occurred

at 373.15-393.15 K, the desorption temperatures of them was assumed to be 

373.15-393.15 K, and the Gibbs free energy change and the energy use of 

vaporization of water were considered [99]. The results of absorption 

pressures/desorption temperatures, the amounts of CO2 absorbents needed and the 

energy uses of the commercial CO2 absorbents are listed in Table 4.

Table 4. The absorption pressures/desorption temperatures, the amounts of CO2

absorbents needed and the energy uses of the commercial CO2 absorbents

CO2 absorbents Ts/K Pa/bar mabs/g gCO2
-1 Qtot/G tonCO2

-1

30 wt % MEA 373.15-393.15 6.50-23.73 3.51-2.43 3.80-3.84

30 wt % MDEA 373.15-393.15 0.96-2.64 5.70-3.66 2.66-2.50

DEPG for Selexol 299.15-323.15 6.38-36.11 128.45-9.40 0.69-0.88

Water 298.24-298.69 3.00-8.00 3707.89-312.58 1.43-2.05

Because of the low molecular weights and the chemical absorption with high CO2

solubility, 30 wt % MEA and 30 wt % MDEA have low absorption pressures and low 

amounts of CO2 absorbents needed. The energy uses for 30 wt % MEA and 30 wt %

MDEA are high due to the high enthalpy of CO2 desorption with the values of

95.7-99.9 2
-1 and 42.9-48.7 2

-1, respectively. DEPG has the lowest

energy use with the values of 0.69-0.88 G tonCO2
-1 because its enthalpy of CO2

desorption (18.7-16.7 2
-1) is low and decreases with increasing the 

desorption temperature. The physical absorbent of water has the low desorption 

temperature, low absorption pressure, but the highest amount with the values of 

312.58-3707.89 g gCO2
-1 due to the low solubility of CO2 in water and relative high 

energy use with the values of 1.43-2.05 G tonCO2
-1 due to the highest amount of 

water needed.

To compare the performances of the screened ILs with these solvents, the amounts

of CO2 absorbents needed and the energy uses were further estimated with Pa at 8.00 

bar for the physical absorbents of [Emim][Et2PO4], [Bmim][DCA], [Bmpy][OTf], 

[Bmim][CH3SO4], DEPG and water, while for the chemical absorbents of 30 wt %
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MEA and 30 wt % MDEA, they were estimated with Ts at 338.15, 393.15 and 393.15 

K, respectively. The estimated results are illustrated in Figure 7.

Figure 7. The comparisons of the amounts of CO2 absorbents needed and the energy 

uses

As shown in Figure 7, the physical absorbents have higher amounts of CO2

absorbents and lower energy uses compared to the chemical absorbents. Among the 

physical absorbents, the energy use for DEPG is higher than those of [Emim][Et2PO4]

and [Bmim][DCA] and slightly lower than those of [Bmpy][OTf] and 

[Bmim][CH3SO4]. Furthermore, the volatility of DEPG at desorption condition cannot 

be ignored for CO2 separation. Water has the higher amount and higher energy use 

than those of physical ILs and DEPG. The high amount of water needed makes it 

difficult to implement at water-deficient area. The chemical IL [Eeim][Ac] has the 

lower energy use and higher amount than those of 30 wt % MEA and 30 wt % MDEA.

The non-volatility is another advantage for the chemical IL. The comparison between 

the screened physical ILs and the commercial physical CO2 absorbents (DEPG and 

water) illustrates that the physical ILs have the advantage of non-volatility under the 

desorption condition, lower amount of ILs or lower energy use. The comparison with 

the chemical CO2 absorbents (30 wt % MEA and 30 wt % MDEA) shows that the 

screened ILs have the advantage of non-volatility and lower energy use under the 

desorption condition. All of these show that the screened ILs are promising CO2

absorbents.
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5 Conclusions

31 conventional ILs (28 physical ILs and 3 chemical ILs) were studied with 

thermodynamic analysis in order to screen ILs for CO2 separation, in which the Gibbs 

free energy change of the CO2 separation from biogas was analyzed. At the optimal 

separation condition, both the absorption pressure and the desorption temperature 

needs to be changed for ILs. IL with low molecular weight and high CO2 solubility

shows low amount of IL needed. IL with low enthalpy of CO2 desorption generally 

shows the low energy use with the minimum energy input for CO2 separation. With 

the amount of IL needed and the energy use as criteria, four physical ILs were 

screened at the desorption temperatures of 299.15-310.15 K and 311.15-323.15 K,

respectively. One chemical IL was screened. The comparisons of the screened ILs to

the commercial CO2 absorbents show that the physical ILs have the advantages of 

lower amount, lower energy use and non-volatility compared to water and DEPG 

under the desorption condition; the chemical IL have the advantages of lower energy 

use and non-volatility in comparing with 30 wt % MEA and 30 wt % MDEA. The 

screened ILs are promising for CO2 separation from biogas.
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Appendix 

The abbreviation and the name of ILs investigated in this work

No. ILs Name

1 [Emim][BF4] 1-ethyl-3-methylimidazolium tetrafluoroborate
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2 [C2OHmim][BF4]
1-(2-hydroxyethyl)-3-methylimidazolium 
tetrafluoroborate

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

4 [Emim][NTf2]
1-ethyl-3-methylimidazolium 
bis[(trifluoromethyl)sulfonyl]imide

5 [Emmim][NTf2]
1-ethyl-2,3-dimethylimidazolium 
bis[(trifluoromethyl)sulfonyl]imide

6 [Emim][OTf] 1-ethyl-3-methylimidazolium trifluoromethanesulfonate

7 [Emim][EtSO4] 1-ethyl-3-methylimidazolium ethyl sulfate

8 [Emim][Et2PO4] 1-ethyl-3-methylimidazolium diethylphosphate

9 [Bmim][BF4] 1-butyl-3-methylimidazolium tetrafluoroborate

10 [Bmim][PF6] 1-butyl-3-methylimidazolium hexafluorophosphate

11 [Bmim][NTf2]
1-butyl-3-methylimidazolium 
bis[(trifluoromethyl)sulfonyl]imide

12 [Bmim][DCA] 1-butyl-3-methylimidazolium dicyanamide

13 [Bmim][TFA] 1-butyl-3-methylimidazolium trifluoroacetate

14 [Bmim][CH3SO4] 1-butyl-3-methylimidazolium methylsulfate

15 [Bmim][OcSO4] 1-butyl-3-methylimidazolium octyl sulfate

16 [Hmim][BF4] 1-hexyl-3-methylimidazolium tetrafluoroborate

17 [Hmim][PF6] 1-hexyl-3-methylimidazolium hexafluorophosphate

18 [Hmim][NTf2]
1-hexyl-3-methylimidazolium
bis[(trifluoromethyl)sulfonyl]imide

19 [Hmmim][NTf2]
1-hexyl-2,3-dimethylimidazolium 
bis[(trifluoromethyl)sulfonyl]imide

20 [Omim][BF4] 1-methyl-3-octylimidazolium tetrafluoroborate

21 [Omim][NTf2]
1-octyl-3-methylimidazolium 
bis[(trifluoromethyl)sulfonyl]imide

22 [C12mim][NTf2]
1-decyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide
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23 [BmPy][FAP]
1-butyl-1-methylpyrrolidinium 
tris(pentafluoroethyl)trifluorophosphate

24 [BmPy][NTf2]
1-butyl-1-methylpyrrolidinium 
bis[(trifluoromethyl)sulfonyl]imide

25 [Bmpy][OTf] 1-butyl-1-methylpyrrolidinium trifluoromethanesulfonate

26 [Hmpy][NTf2]
1-hexyl-3-methylpyridinium 
bis(trifluoromethylsulfonyl)imide

27 [Bpy][NTf2]
1- butyl-3-methyl pyridinium 
bis(trifluoromethylsulfonyl)imide

28 [N4111][NTf2]
butyltrimethylammonium 
bis(trifluoromethylsulfonyl)imide

29 [Emim][Ac] 1-ethyl-3-methylimidazolium acetate

30 [Eeim][Ac] 1-ethyl-3-ethylimidazolium acetate

31 [Bmim][Ac] 1-butyl-3-methylimidazolium acetate
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Abstract
The solubilities of pure CO2, CH4 and N2 in the mixture of 

(2-hydroxyethyl)-trimethyl-ammonium(S)-2-pyrrolidine-carboxylic acid salt 

([Cho][Pro]) and polyethylene glycol (PEG200) were measured experimentally at 

temperatures from 308.15 to 338.15 K and pressures from 1 to 30 bar. It was found 

that [Cho][Pro]/PEG200 showed a good selectivity for CO2/CH4 and CO2/N2

separation. The measured experimental data from this work and others was further 

used to estimate the thermodynamic properties including the Henry’s law constants

for the gases in [Cho][Pro]/PEG200, the equilibrium constant for the reaction between 

CO2 and [Cho][Pro], the CO2 absorption enthalpy in [Cho][Pro]/PEG200, etc. The 

consistent results of the CO2 absorption enthalpy at infinite dilution prove the 

reliability of the thermodynamic properties obtained in this work. The thermodynamic 

properties of [Cho][Pro]/PEG200 were further compared with other three typical 

absorbents. The comparison shows that [Cho][Pro]/PEG200 is a promising absorbent, 

for example, the CO2 absorption enthalpy in [Cho][Pro]/PEG200 is nearly half of that 

for 30 wt % MEA aqueous solution, and the theoretical amount of absorbent needed 

for [Cho][Pro]/PEG200 is much lower than that of water scrubbing.
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1. Introduction
CO2 capture and separation play an important role in the development of 

renewable energy and the mitigation of CO2 emissions1-3. However, the amine-based 

technology which is commonly used for CO2 capture is deemed to highly energy 

demand owing to water vaporization and high desorption enthalpy4. Volatility and 

corrosion are other deficiencies for amine-based absorbents5. Therefore, a 

cost-effective and environmentally benign technology needs to be developed. 

Ionic liquids (ILs) have been proposed as a prospective CO2 absorbent due to their

special properties, such as immeasurably low vapor pressure, high thermal stability

and tunable properties6,7. It overcomes the drawback of volatility for the traditional 

absorbents, avoiding contaminations into the gas stream8. Additionally, the CO2

solubility and selectivity are also more promising compared with other absorbents.

In order to develop a new CO2 separation technology based on ILs, extensive 

research has been carried out to investigate the physicochemical properties of ILs 

(density, viscosity and surface tension) as well as the CO2 solubility in ILs including 

imidazolium-based9,10, pyrrolidinium-based11 and amino-based ILs12-14. Based on the 

CO2 solubility in ILs, other thermodynamic properties related to CO2 absorption and 

desorption can be calculated, for example, the CO2 absorption enthalpy with a strong 

link to energy use15,16. This requires very accurate data of CO2 solubility. Generally, 

the accuracy of CO2 solubility data is verified by comparing the data with those 

measured by others within a certain experimental uncertainty8. However, this is 

neither enough nor a rigorous methodology to ensure that the CO2 solubility is

accurate enough, and, in fact, the data measured experimentally should be 

thermodynamically consistent.

Meanwhile, the choice of ILs is another key issue for this new technology 

development. Choline-based ILs (belongs to deep eutectic solvents) are a new type of 

ILs and derive from cost-effective, nontoxic and biodegradable materials. For 

example, choline chloride/urea (ChCl/Urea)17,18, choline chloride/carboxylic acids19

and choline chloride/ethylene glycol20,21 can be prepared by mixing two compounds at 

a specific temperature, and these prepared absorbents show a good performance in 

electrochemistry, tribology, CO2 absorption and extraction process. Among these ILs,

ChCl/Urea is a promising candidate for CO2 separation, and it absorbs CO2 physically. 

Their properties and the gas solubility have been studied in our previous work22 and 
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by others17,18. Recently, another kind of absorbent was synthesized by mixing the 

choline-based IL [Cho][Pro] with polyethylene glycol (PEG200)14,23,24. The high CO2

solubility due to the chemical absorption and the characterization of green absorbent

make it promising for CO2 separation. The CO2 solubility in this absorbent up to 1.1 

bar was measured experimentally, and the enthalpy and entropy of CO2 solution were 

further estimated from the CO2 solubility data14. However, the CO2 solubility at 

pressures high than 1.1 bar are needed. For example, in biogas upgrading or 

bio-syngas purification, CO2 separation is operated with pressure up to 30 bar25.

Besides, the selectivity is also needed to evaluate the separation performance. All of 

these call for a further study in order to use this absorbent for CO2 separation. 

In addition, in CO2 separation, the absorbents can be physically or chemically 

absorption of CO2. [Cho][Pro]/PEG200 is a typical chemical absorbent, and  

ChCl/Urea is a typical physical absorbent. It will be interesting to conduct the 

comparison of their performance. Meanwhile, amine has been widely used for CO2

separation as a traditional chemical absorbent26,27, while water scrubbing is a 

technology widely used for biogas upgrading where water works as a typical physical 

absorbent28,29. The comparison of these two new absorbents with these two widely 

used absorbents will be meaningful for the further investigation.

In this work, the solubilities of pure CO2, CH4 and N2 in [Cho][Pro]/PEG200 were 

measured experimentally at temperatures ranging from 308.15 to 338.15 K and 

pressures up to 30 bar. A set of reliable thermodynamic properties were estimated 

systematically based on the measured gas solubility. The properties and the energy use

of [Cho][Pro]/PEG200 were compared with those of water, ChCl/Urea and aqueous 

solution of 30 wt % MEA, and further discussion was provided.

2. Experiment and Methods
2.1. Material preparation

Choline hydroxide solution (45% in methanol) was supplied by ALDRICH. 

L-proline (99%) was produced by Chinese National Medicine Corporation. PEG200 

(average molecular weight of 200 g/mol) is analytical grade supplied by Guangdong 

Guanghua Sci-Tech Corporation. CO2, CH4 and N2 were obtained from Nanjing 

Tianhong gas factory. The purity for each gas is higher than 99.99 % (mass %).

[Cho][Pro] was synthesized by neutralization of choline hydroxide and L-proline 

(mole ratio = 1:1.05) with a further addition of ethyl acetate in order to remove the 
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excessive amino acid14. The [Cho][Pro] and PEG200 were dried under vacuum at 343

K for 48 h before use, and the absorbent was prepared by mixing [Cho][Pro] with 

PEG200 at a weight ratio of 1:2.

2.2. Solubility measurement for CO2, N2 and CH4

The experimental apparatus for measuring the gas solubility is similar to that used 

by Zhang et al30. The set-up consists of a gas storage tank, an equilibrium cell, a 

magnetic stirrer, two pressure sensors and a water bath with a temperature control 

system. The volumes of the gas reservoir (487.6 ml) and equilibrium cell (53.01 ml) 

were determined by filling water.

The experiment procedure was operated as follows: water in the water bath was 

heated to the set temperature and maintained one more hour; an accurate amount of 

solvent (8 ml) was added into the equilibrium cell, a vacuum pump was used to 

remove the dissolved gas; and a certain amount of pure gas was pumped into

equilibrium cell for experimental measurements. It was considered that equilibrium 

was reached after the pressure of the system maintained as a constant for 4 h. For CO2,

the were 

used to obtain the amount of absorbed CO2 in the absorbent. For CH4 and N2, the 

amount of absorbed gas was calculated on the basis of the pressure change of the 

equilibrium cell because of the low gas solubility. The calculation of the absorbed gas 

was based on the assumption that the vapor pressures of IL and PEG200 were 

negligible. The measurements in this work were repeated at least three times, and the 

average value was reported.

The uncertainties of the gas solubility measurement consist of the errors from 

pressure, temperature as well as the volumes of equilibrium cell and gas reservoir. The 

precision of the pressure sensors is 0.075 %, and the accuracies of temperature and

volume are 0.1 K and 0.1 ml, respectively. The overall uncertainty of the measured 

gas solubility was estimated to be within ±1 %.

2.3 Henry's law constant and chemical equilibrium constant

For the system studied, the vapor pressure of [Cho][Pro] is negligible, and 

PEG200 can also be considered as a nonvolatile absorbent because of its low vapor 

pressure. Therefore, in this work, it was assumed that [Cho][Pro]/PEG200 in the 

vapor phase was negligible, and only pure gas exists in the vapor phase. 

For the studied three gases, [Cho][Pro]/PEG200 absorbs N2 or CH4 physically, 
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and it was assumed that the solubilities of N2 and CH4 followed Henry’s law. Henry’s 

law constants of gases in [Cho][Pro]/PEG200 were estimated with Eq. (1): 
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where Hm(T) is the Henry’s law constant of gas (i.e. N2 and CH4) based on molality. P

is the pressure, g
v is the fugacity coefficient in the vapor phase, and mg is the molality

of the gas in the liquid phase. m0 is the standard molality (1 mol·kg-1).

The Redlich–Kwong (RK)31 equation of state was used to calculate the fugacity of 

pure gas in the vapor phase with the expression:
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In Eq. (3), a, b, A and B are the parameters calculated from the critical 

temperature and pressure. The critical temperatures and pressures for N2 and CH4 are 

listed in Table 132.

Table 1 The critical properties of N2 and CH4

Tc(K) Pc(MPa)

N2 126.2 3.394

CH4 190.6 4.600
For CO2, it is a combination of physical and chemical absorptions. [Cho][Pro]

was considered as the absorbent absorbing CO2 chemically. PEG200 acts as a co-

absorbent with the main purpose to reduce the viscosity of the absorbent. In this work, 

the Henry’s law constant (HCO2(T)) and the reaction equilibrium constant (K1) of CO2

absorption in [Cho][Pro] were used to account the contributions from physical and 

chemical absorptions, respectively. Meanwhile, K is the equilibrium constant of the 

overall reaction (6), which can be considered as an apparent value with the 

contributions from both physical and chemical absorptions.

The reaction mechanism between CO2 and [Cho][Pro]/PEG200 was assumed that

one mole IL (i.e. [Cho][Pro]) absorbed 0.5 mole CO2
14. Based on this assumption and 

reaction equilibrium thermodynamic model33,34, we obtained the following equations:
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)()( 22 lCOgCO (HCO2 (T, P)) (4)

)()()(2)( 222 lILCOlILlCO (K1) (5)

The overall reaction could be expressed as the following equation:

)()()(2)( 222 lILCOlILgCO (K) (6)

The Henry’s law, reaction equilibrium and mass balance were expressed with the

following equations:

The Henry’s law: 0
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Material balance for equation 1:
22 )(0, 2 ILCOILIL mmm (9)

Material balance for equation 2:
2222 )(, ILCOlCOtCO mmm (10)

where HCO2(T, P) is the Henry’s law constant in bar, and K1 is the equilibrium 

constant of reaction (5). mCO2(l), mIL and mCO2(IL)2 are molalities of free CO2, free IL, 

and complex CO2(IL)2 in mol·kg-1 in the liquid phase, respectively. CO2(IL)2 and IL are 

the activity coefficients of the species. P0 is the standard pressure (1bar), mIL,0 is the 

initial molality of ILs in the liquid phase in mol·kg-1, and mCO2,t is the total solubility 

of CO2 in the absorbent ([Cho][Pro]/PEG200) .

Assuming that activity coefficients of all species in the liquid phase are all unity

and combining Eqs. (7), (8), (9) and (10) results in Eq. (11):
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In this work, the Henry’s law constant of CO2 in [Cho][Pro]/PEG200 (HCO2(T))

and the reaction equilibrium constant of Eq. (5) (K1) and Eq. (6) (K) were obtained 

from the tting of the CO2 absorption isotherms using Eqs. (11), (12) and (13). 

2.4 Ideal gas selectivity

In fact, not only the solubility but also the selectivity is the key factors for 
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evaluating the performance of a separation process. The ideal gas selectivity of CO2 to

CH4 (SCO2/CH4) can be obtained by use the liquid-phase mole fractions of the 

individual gases at the same temperature and pressure35:

PTCH

CO
CHCO x

x
S

,

/
4

2

42
(14)

Based on the solubility of pure gas measured in this work, SCO2/N2 can be 

calculated accordingly.

2.5 Enthalpy and Entropy of CO2 in [Cho][Pro]/PEG200  

The enthalpy ( Habs) and entropy ( Sabs) of CO2 in [Cho][Pro]/PEG200 can be 

evaluated from the following well-known equations8:

2
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where xCO2 is the mole fraction of CO2 in ILs.

As shown in Eq. (15) and (16) Habs and Sabs depend on the mole fraction 

of CO2. Based on the experimental data of CO2 solubility in [Cho][Pro]/PEG200, 

Habs and Sabs can be estimated. Their values at infinite dilution can be extrapolated

from the estimated Habs and Sabs.

Meanwhile, based on the HCO2 and K1 described in the forgoing section, the

enthalpy of CO2 absorption in [Cho][Pro]/PEG200 at infinite dilution can also be 

calculated with the following equation33,36:
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Therefore, Habs can be estimated with two different ways based on the measured 

experimental CO2 solubility in [Cho][Pro]/PEG200. If the measured experimental 

data is accurate enough, these two estimated values for Habs should be consistent 

with each other. Based on this, the accuracy of the experimental data can be 

confirmed thermodynamically.  

3. Results and Discussion
3.1 Solubilities of pure CO2, N2 and CH4

In this work, the solubilities of the pure gases (i.e. CO2, N2 and CH4) in 
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[Cho][Pro]/PEG200 were measured at four temperatures ranging from 308.15 to 

338.15 K with 10 K intervals and at pressures up to 30 bar. The measured 

experimental data is listed in Table 2, where x1 represents the mole fraction of the pure 

gas in the liquid phase, and ml is the molality of the pure gas dissolved in the liquid in 

mol·kg-1 absorbent.
Table 2 Solubilities of pure gases in [Cho][Pro]/PEG200

CO2 CH4 N2
T(K) P(bar) x1 m1 P(bar) x1 m1 P(bar) x1 m1

308.15 0.44 0.1433 0.8135 5.61 0.0088 0.0432 5.89 0.0008 0.0034
2.49 0.1957 1.1833 10.26 0.0256 0.1277 9.98 0.0017 0.0083
5.01 0.2371 1.5109 15.49 0.0470 0.2398 15.01 0.0031 0.0151
10.00 0.2980 2.0638 19.95 0.0601 0.3109 20.01 0.0044 0.0215
15.00 0.347 2.5842 27.58 0.0799 0.4222 27.57 0.0064 0.0313
23.86 0.417 3.4712 - - - - - -

318.15 0.27 0.1217 0.6741 5.38 0.0018 0.00877 5.83 0.0006 0.0029
2.82 0.1868 1.1167 10.79 0.0059 0.0289 9.89 0.0015 0.0073
5.00 0.2218 1.3859 15.97 0.0092 0.0451 14.94 0.0028 0.0137
10.00 0.2820 1.9100 20.18 0.0132 0.0650 19.97 0.0044 0.0215
15.00 0.3316 2.4126 28.15 0.0224 0.1114 27.47 0.0060 0.0294
23.73 0.4005 3.2479 - - - - - -

328.15 0.28 0.1083 0.5905 5.34 0.0014 0.0068 5.43 0.0003 0.0015
3.35 0.1897 1.1380 10.24 0.0041 0.0200 10.04 0.0012 0.0058
4.98 0.2111 1.3015 15.23 0.0091 0.0447 14.89 0.0023 0.0112
10.02 0.2709 1.8062 20.24 0.0121 0.0596 19.96 0.0037 0.0181
15.01 0.3192 2.2793 27.84 0.0185 0.0916 27.39 0.0053 0.0259
24.00 0.3909 3.1199 - - - - - -

338.15 0.40 0.1110 0.6074 5.45 0.0011 0.0054 5.70 0.0003 0.0015
3.11 0.1707 1.0009 10.97 0.0059 0.0289 10.04 0.0010 0.0049
4.98 0.2020 1.23049 15.91 0.0088 0.0432 15.01 0.0019 0.0093
9.98 0.2607 1.71469 20.29 0.0114 0.0561 19.97 0.0033 0.0161
15.01 0.3081 2.1652 28.3 0.0171 0.0846 27.40 0.0052 0.0254
23.67 0.3745 2.9106 - - - - - -
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Figure 1. CO2 solubility in [Cho][Pro]/PEG200 at different temperatures: , 308.15 K; ,

318.15 K; , 328.15 K; , 338.15 K. Curves: correlation with Eq. (11) in this work
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Figure 2. CH4 solubility in [Cho][Pro]/PEG200 at different temperatures: , 308.15 K; , 318.15

K; , 328.15 K; , 338.15 K. Curves: correlation based on the Henry’s law
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Figure 3. N2 solubility in [Cho][Pro]/PEG200 at different temperatures: , 308.15 K; , 318.15

K; , 328.15 K; , 338.15 K. Curves: correlation based on the Henry’s law

Figures 1-3 illustrate the effects of temperature and pressure on the gas solubility.

The solubilities of CO2, CH4 and N2 in the [Cho][Pro]/PEG200 increase with 

increasing pressure, and the solubilities of CH4 and N2 in the liquid phase increase

almost linearly with increasing pressure. Meanwhile, it can be seen that the 

solubilities of gases in the [Cho][Pro]/PEG200 decrease with increasing temperature,

which indicates that the absorption of CO2, CH4 and N2 in the [Cho][Pro]/PEG200 is 

an exothermic process.

The solubility of CO2 in the [Cho][Pro]/PEG200 is much higher than those of CH4

and N2. The CO2 solubility is not very sensitive to the changes of temperature and 

pressure. While the solubility of CH4 decreases dramatically when the temperature 

increases from 308.15 to 318.15 K. At the pressure of 20 bar, the molality of CH4

in the absorbent is enhanced from 0.0649 to 0.311 mol·kg-1 with 10 K temperature 
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decreases. When the temperature increases up to 318.15 K, CH4 molality changes 

slightly with the changes of temperature and pressure. Therefore, for biogas (CO2/CH4)

separation, in order to decrease the CH4 loss, the temperature should be higher than 

318.15 K.
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Figure 4. Solubilities of gases in [Cho][Pro]/PEG200 at 308.15 K: , CH4, this work; , N2, this 

work; , CO2, Han et al, 2008; , CO2, this work. Curve, correlation

The experimental measurements show that within the studied temperature and 

pressure range, CO2 has the highest solubility due to the chemical absorption in the

absorbent, and the solubilities for CH4 and N2 is much lower. A comparison of the 

solubilities of CO2, CH4 and N2 in [Cho][Pro]/PEG200 at 308.15 K is shown in Figure

4 as an example. At 20 bar, the molality of CO2, CH4 and N2 are 3.0124, 0.3102, 

0.0215 mol·kg-1, respectively. It is obviously that CO2 has the absolute predominance

in solubility.

Previously, Han’s group14 measured the CO2 solubility in [Cho][Pro]/PEG200 at

temperatures from 308.15 to 353.15 K under atmospheric pressure (1 bar). The 

experimental data measured in this work was compared with those measured by Han’s 

group14. The comparison shows a very good consistence. To illustrate the comparison, 

Figure 4 shows the comparison of the CO2 solubility in [Cho][Pro]/PEG200 at 308.15

K, and the experimental results at low pressures measured by Han’s group14 and in 

this work are consistent with each other. 

    It should be mentioned that the experimental data measured by Han’s group14 is 

only up to 1.1 bar. However, for the process of biogas upgrading, the operation 

pressure is usually higher than 8 bar37. As shown in Figure 4, the CO2 solubility in 

[Cho][Pro]/PEG200 is not increased linearly, which makes it crucial to measure the 

experimental data at the pressure higher than 1.1 bar. Furthermore, the solubility of 
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CH4 is lower than that for CO2, but the value is not so low, especially at low 

temperatures. This also implies that it is important to measure the solubility of the gas 

other than CO2 in order to further study the separation process.

3.2 Henry’s law constant (H) and chemical equilibrium constant (K)

Based on the measured solubilities of N2 and CH4 in [Cho][Pro]/PEG200, their 

Henry’s law constants at different temperatures (HCH4 and HN2) were obtained from 

Eq. (1) based on molality. As described in the forgoing section that the solubility for 

either CH4 or N2 increases linearly with increasing pressure, and thus all of the data 

measured in this work was used to obtained HCH4 and HN2. The fitting results are 

listed in Table 3. The correlation curves are illustrated in Figures 2-3, which shows a

reasonable agreement with the experimental data.

For CO2 in [Cho][Pro]/PEG200, HCO2, K1 and V CO2 were fitted simultaneously 

to the CO2 solubility in the absorbent at each temperature. The correlation was based 

on the CO2 solubility in molality (mol·kg-1 absorbent). The CO2 solubility was 

measured by Han’s group14 at 308.15, 323.15, 338.15 and 353.15 K and at pressures

up to 1.1 bar. In this work, the CO2 solubility was determined at 308.15, 318.15, 

328.15 and 338.15 K, and most of data points were detected at the pressure higher 

than 1 bar. Considering the data at 323.15 and 353.15 K were limited at low pressures, 

in this work, HCO2, K1 and V CO2 were obtained from the fitting of the data measured 

by Han’s group and those in this work at 308.15, 318.15, 328.15 and 338.15 K,

respectively. The constant (K) was obtained from the reaction constant (K1) and 

Henry’s law constant (HCO2) based on equation (12). The fitted parameters are listed 

in Table 3 and the corresponding R2 is higher than 0.99. To further illustrate the 

performance of fitting, the correlation curves are illustrated in Figure 1. The 

correlation agrees well with the experimental data throughout the whole temperature 

and pressure ranges. 
Table 3 Henry law constants of gases and chemical equilibrium constants of CO2 in 

[Cho][Pro]/PEG200

Temperature 
(K)

Hm(bar·kg·mol-1) K1 K V CO2 (cm-3·mol-1)

CH4 N2 CO2 CO2 CO2 CO2
308.15 60.92 843.77 6.30 228.28 36.26 37.24
318.15 244.51 867.39 7.34 168.91 23.02 29.98
328.15 285.93 971.88 8.14 80.15 9.85 25.53
338.15 318.36 994.30 9.08 59.30 6.53 22.00

As shown in Table 3, HN2, HCH4 and HCO2 increase with increasing temperature, 

especially for CH4. When the temperature increases from 308.15 to 338.15 K, HCH4 is 
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enhanced nearly five times. This also indicates that the solubility of CH4 in 

[Cho][Pro]/PEG200 is sensitive to the temperature. Meanwhile, HCO2 is much lower 

than HCH4 and HN2, which implies the absorbent also selectively absorbs CO2

physically. Compared to the Henry law constant, K1 exhibits inverse trend with 

increasing temperature, and K1 value decreases from 228.28 to 59.30 when the 

temperature increases from 308.15 to 338.15 K. Besides, for V CO2, the value 

decreases with increasing temperature.
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Figure 5. Dependence of lnHCO2 and lnK1 on 1/T

To further study the temperature effect on the HCO2 and K1, Figure 5 was shown. 

With increasing 1/T, lnHCO2 decreases linearly, while lnK1 increases linearly. The 

linear fitting of lnHCO2 and lnK1 with respect to 1/T can reach a fitting error with R2 >

0.97.

3.3 Ideal selectivity (S)
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Figure 6. Selectivity of CO2 to CH4 at different temperatures and pressures
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Based on the solubilities for pure gases of CO2, N2 and CH4, the ideal gas 

selectivities of CO2 to CH4 (SCO2/CH4) and CO2 to N2 (SCO2/N2) were calculated based 

on Eq. (14) at different temperatures and pressures, which were illustrated in Figures 

6-7 for SCO2/CH4 and SCO2/N2, respectively. Both SCO2/CH4 and SCO2/N2 decrease 

dramatically with increasing pressure, especially at high temperatures. At temperature 

of 338.15 K, as the pressures increase from 5.6 to 10 bar, SCO2/CH4 and SCO2/N2 decline

30 and 90, respectively. It is obvious that SCO2/CH4 is very sensitive to the temperature

between 308.15 and 318.15 K. The value of SCO2/CH4 enhances more than 3 times with 

a 10 K change. For SCO2/N2, it is insensitive to the temperature, and the highest value is 

obtained at 318.15 K. Meanwhile, SCO2/N2 is always higher than SCO2/CH4, which 

indicates that the solvent is more suitable for flue gas separation. Combining with the 

CO2 solubility, an appropriate condition for CO2/N2 gas separation may be at high

pressure and relatively low temperature.

3.4 CO2 absorption enthalpy and entropy at infinite dilution

Although Figure 4 shows a good consistence of the experimental data at low 

pressure between Han’s group14 and this work, it is not enough to make sure that the

accuracy of the CO2 solubility data in the absorbent is high enough to estimate other 

thermodynamic properties. To verify this, thermodynamic consistence of the data was 

checked in this section. As mentioned in the forgoing text, for CO2 dissolution in 

[Cho][Pro]/PEG200, it is a combination of both physical and chemical contributions, 

and the enthalpy of CO2 absorption in [Cho][Pro]/PEG200 at infinite dilution depends 

on both HCO2 and K1 as shown in Eq. (17). Based on the values of HCO2 and K1 listed 

in Table 3, the enthalpy of CO2 absorption ( Habs) at infinite dilution was obtained

with the value of -51.89 kJ·molCO2
-1 and presented in Table 4. It is clearly that the 
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physical uptake enthalpy occupied 20% of the enthalpy of CO2 absorption, and the

value of -10.42 kJ·molCO2
-1 is consistent with other observed physical ILs38.

Table 4 The enthalpy ( Habs) contributed by physical and chemical absorptions

R2 Slope - Habs(kJ·molCO2
-1)

lnH 0.9926 -1253.9 10.42
lnK1 0.9711 6241.2 41.47

51.89
At the same time, the Habs at different mole fraction of CO2 can also be 

calculated by Eq. (15) based on the data detected in this work. The calculated values

are listed in Table 5. The Habs values are all negative, which indicates that a large 

amount of heat will be released during the absorption process. With the increase of 

CO2 mole fraction in [Cho][Pro]/PEG200, the heat released is decreasing due to an

increase in physical absorption of CO2 by [Cho][Pro]/PEG200. When the mole 

fraction of CO2 in [Cho][Pro]/PEG200 increases from 0.173 to 0.368, the Habs value 

decreases about two-thirds, up to -7.22 kJ·molCO2
-1.

Table 5 The enthalpy ( Habs) and entropy ( Sabs) at different CO2 mole fraction

x1 0.173 0.2 0.25 0.3 0.368

- Habs(kJ·molCO2
-1) 20.29 15.90 11.90 9.47 7.22

- Sabs(J·mol-1·K-1) 62.75 49.22 35.54 29.30 22.37

The entropy of CO2 in [Cho][Pro]/PEG200 is calculated from Eq. (16), and it also 

increases with the increase of CO2 mole fraction, and the value is negative, which 

means that a higher ordering degree occurs when CO2 is dissolved in the absorbent.

In Han’s work14, the enthalpy and entropy of CO2 absorption were calculated at 

the CO2 mole fraction of 0.073, 0.085, 0.100 and 0.115, respectively, which are

presented in Figures 8-9 together with those obtained in this work. It is obvious that 

the logarithms of both enthalpy and entropy at different mole fractions are almost 

linear curves.
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Based on the relationship of the enthalpy and entropy of CO2 absorption with CO2

mole fraction (x1), the enthalpy ( Habs) and entropy ( Sabs) at infinite dilution can be 

obtained. A linear correlation between ln(- Habs) and x1 was derived from the data 

points of Han’s group14 and this work. The enthalpy of CO2 absorption ( Habs) at 

infinite dilution was obtained with the value of -49.85 kJ·molCO2
-1 as listed in Table 

6.

It should be mentioned that it is feasible to get the enthalpy of CO2 absorption

( Habs) at infinite dilution with the values of Habs under the lower CO2 fraction, i.e. 

based on the experimental results from Han’s group14. The study shows that the 

extrapolating value of enthalpy at infinite dilution is nearly -8000 kJ·molCO2
-1 with 

the values from Han’s group14 only. Obviously, this extrapolating value is too high 

and unreasonable, and this further confirm that it is essential to obtain more values at 

high CO2 solubility (i.e. at high pressures) in order to provide a reliable extrapolation 

Habs at infinite dilution. 

Habs (49.85 kJ molCO2
-1) at infinite dilution with 

that obtained from the HCO2 and K1 with the value of 51.89 kJ molCO2
-1, the 

discrepancy is only 4%. This shows that the accuracy of the measured CO2 solubility 

is high enough to estimate other thermodynamic properties.
Table 6 The enthalpy ( Habs) and entropy ( Sabs) of CO2 absorption at infinite dilution

R2 Value
- Habs(kJ·molCO2

-1) 0.9704 49.85
- Sabs(J·mol-1·K-1) 0.9700 150.43

The entropy ( Sabs) of CO2 in [Cho][Pro]/PEG200 at infinite dilution can also be 

calculated similar to the enthalpy ( Habs) in the Figure 8, and the value is 150.43 

J·mol-1·K-1. Therefore, a set of reliable thermodynamic properties, the enthalpy ( Habs)
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and entropy ( Sabs) at infinite dilution, HCO2, K1, etc. were obtained.

3.5 Comparisons with other absorbents

The mechanism of high CO2 absorption capacity of [Cho][Pro]/PEG200 comes 

from the chemical absorption, and the chemical absorption is always viewed as an 

energy-intensive process. ChCl/Urea is a typical physical absorbent for CO2

absorption. Considering [Cho][Pro]/PEG200 and ChCl/Urea are choline-based ILs, 

their performances on CO2 separation were further analyzed in this section. 

Meanwhile, water and aqueous solution of 30 wt % MEA are typical physical and

chemical absorbents for CO2 separation, therefore, these two absorbents were also 

chosen for further comparison.

298.15 K and 8 bar were chosen as operational conditions for CO2 absorption

considering the operational conditions for biogas upgrading with water-scrubbing28,29.

Table 7 lists the comparison of these four absorbents on the CO2 absorption capacity, 

viscosity, CO2/CH4 selectivity, enthalpy and desorption temperature. 30 wt % MEA 

solution is predominant on CO2 absorption capacity but with the highest desorption

enthalpy among these four solvents. Meanwhile, the desorption temperature for 30

wt % MEA solution is up to 393.15 K, leading to water evaporation and high energy 

input. On the contrary, [Cho][Pro]/PEG200 is a promising candidate for CO2

separation in biogas with high selectivity and relatively low desorption enthalpy

( Habs). The desorption enthalpy ( Habs) of [Cho][Pro]/PEG200 is only 3 times of that 

for water, and much lower than that of 30 wt % MEA solution. For ChCl/Urea, the 

desorption enthalpy is the lowest, but the highest viscosity (1571 mPa·s at 298.15K) is 

the bottleneck for its practical application.
Table 7 Comparisons of properties between four absorbents

Absorbent C (gCO2·g-1

absorbent) (mPa·s)
SCO2/CH4 - Habs

(kJ·molCO2
-1)

Td (K)

Water 0.007 22 0.89422 - 17.3439 -

[Cho][Pro]/PEG200 0.067 200 14 50.87 353.1514

ChCl/Urea 0.020340 157122 440 7.2140 -
30 wt % MEA 0.12441 2.10942 - 8443 393.155

, , At 298.15 K and 8 bar, At 298.15 K, Measured in this work, Average value by two methods
Furthermore, the energy use (Qt) and the amount of the absorbent needed are two

key factors to evaluate the performances of solvents. Based on the thermodynamic 

analysis conducted in our research group, the energy use and the amount of the 

absorbent needed for the CO2 removal from biogas (40 vol% CO2 + 60 vol% CH4)

with four absorbents were estimated. The description on the thermodynamic analysis 
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can be referred in the references44-52.

Assuming that the absorption temperature was 298.15 K and the desorption 

pressure was 1 bar, the absorption pressure (Pa) and the desorption temperature (Td)

were two variables. Based on the thermodynamic analysis, there will be a trade-off 

between Pa and Td, and the energy use and the amount of the absorbent needed can be 

estimated. In estimation, the absorption pressure was set to be 8 bar for the physical 

absorbents (water and ChCl/Urea), while for the chemical absorbents 

([Cho][Pro]/PEG200 and 30 wt % MEA), the desorption temperature was set as that 

listed in Table 8. Based on the set operational conditions, the amounts of the 

absorbents needed and the energy uses were estimated with the values listed in Table 

8.
Table 8 Operational conditions, the amounts of absorbents needed and the energy uses based on 

the thermodynamic analysis

Absorbent Td
(K)

Pa
(bar)

nabsorbent
(mol·mol-1CO2)

Qt
(kJ·molCO2

-1)

Water 298.69 8.00* 764.07 63

ChCl/Urea 299.39 8.00* 33.03 44

[Cho][Pro]/PEG200 353.15* 58.75 0.9 96
30 wt % MEA 393.15* 8.96 5.43 171

*Setting values

According to the results listed in Table 8, for the physical absorbents, with 8.0 

bar as the absorption pressure in biogas upgrading, the values of Td for water and 

ChCl/Urea are 298.69 and 299.39 K, respectively, which are close to the practical 

operation values. For the chemical absorbents, with the Td listed in Table 8 as input, 

the values of Pa for [Cho][Pro]/PEG200 and 30 wt % MEA are 58.75 and 8.96 bar,

respectively, which are much higher than the practical operation values (around 1 bar).

This implies that the absorption at normal pressure for the chemical absorbents needs 

to be adjusted in order to achieve an optimal pressure based on the theoretical 

calculation.

Under the optimal operational conditions, the energy uses Qt for the four 

absorbents are 63, 44, 96 and 179 kJ·molCO2
-1, respectively. [Cho][Pro]/PEG200 is 

very promising for CO2 removal from biogas due to the low energy use and low 

amount of absorbent needed compared to 30 wt % MEA.

In practical application, thermodynamic properties, vapor–liquid equilibrium and 

absorption/desorption rate are key factors. Besides, stability is also a critical factor. 

More research work will be conducted.
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4. Conclusions
Solubilities of CO2, CH4 and N2 in [Cho][Pro]/PEG200 were studied at 

temperatures from 308.15 to 338.15 K and pressures up to 30 bar. [Cho][Pro]/PEG200 

shows a good selectivity to CO2 in both CO2/CH4 and CO2/N2 mixture. The accuracy 

of measured data was confirmed with thermodynamic consistent test, and a set of 

reliable thermodynamic properties were reported for CO2 in [Cho][Pro]/PEG200. The 

absorption of CO2 in [Cho][Pro]/PEG200 is a combination of chemical and physical 

contributions, and the physical part contributes 20% to the overall enthalpy of CO2

absorption. The comparisons with water, ChCl/Urea and 30 wt % MEA on the 

thermodynamic properties and the energy use analysis conducted in this work show 

that [Cho][Pro]/PEG200 is a promising absorbent for CO2 separation.
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Abstract

CO2 separation plays an important role in both energy saving and CO2 emission 

reduction to deal with global warming. Ionic liquids (ILs) have been proposed as 

“green” solvents for CO2 separation. While the high cost, toxicity and poor 

biodegradability limit their large-scale application. Recently, deep eutectic solvents 

(DESs) have been considered as a new type of ILs with additional advantages in cost, 

environmental impact and synthesis, and among them those based on choline salts (i.e.

choline-based DESs) are promising candidates. In this work, the research work on the 

microstructures and physicochemical properties of choline-based DESs as well as the 

water effect was surveyed and compared with those of conventional ILs. The 

properties of choline-based DESs are similar to those of conventional ILs but the 

research work is still limited. Further study on the microstructures, properties, and 

separation performances considering dynamic factors needs to be carried out from 

experimental measurements to model developments for choline-based DESs.

Meanwhile, thermodynamic analysis based on Gibbs free energy change was 

conducted to investigate the performances of choline-based-DESs in CO2 separation

from biogas. Choline-based-DESs were screened on the basis of energy use and the 

amount of absorbent needed. The performances of the screened choline-based-DESs

were further compared with those of conventional ILs screened in our previous work 

and commercial CO2 absorbents. The comparison illustrates that the screened 

DES-based absorbents are promising due to the non-volatility, lower energy uses or

lower amount of absorbents needed compared to the commercial absorbents. The 

performances of physical choline-based-DES and 30 wt % MEA for the CO2
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separation from other gas streams (flue gas, lime kiln gas and bio-syngas) was 

discussed, which showed that physical absorbents were more suitable for CO2

separation from biogas, lime kiln gas and bio-syngas, and chemical absorbents were 

more suitable for CO2 separation from flue gas. Considering the high amounts of 

physical absorbents, further study needs to be carried out with techno-economic 

analysis.

Key words: CO2 separation; Choline; Deep eutectic solvents; Ionic liquids; 

Thermodynamic analysis; Separation performance

1 Introduction

Global warming is a critical issue facing human beings. Increasing concentration of 

greenhouse gas especially the anthropogenic CO2 is considered as the main cause of 

the global warming [1]. The CO2 emissions are mainly produced from the combustion

of fossil fuels, transports and other industries (e.g. lime industry). To mitigate

anthropogenic CO2 emissions from the large points (e.g. flue gas from fossil-fuelled 

power station and lime kiln gas from lime industry), carbon capture and storage (CCS) 

is proposed to be an effective way to prevent the release of large quantities of CO2

into the atmosphere. Furthermore, the carbon-neutral transportation fuels (e.g. 

methanol, hydrogen and synthetic hydro-carbons) produced from biomass gasification

as well as the biogas generated from the biomass fermentation are the options to

reduce CO2 emissions from transportation sectors. A CO2 removal step is generally 

required to produce these biofuels in order to increase the production yield, enhance 

the process efficiency and purify products, and the separated CO2 can further 

contribute to mitigating CO2 emissions. CO2 separation plays an important role in 

both CCS and biofuel production.

CO2 separation is an energy-intensive process. Technologies have been developed 

and commercialized for CO2 separation, such as amine scrubbing, organic solvent 

scrubbing, water scrubbing, adsorption and membrane technologies [2]. Intensive 

energy-use, volatility, corrosion and degradation are deficiencies of amine scrubbing; 

volatility and large-scale operations are the drawbacks of organic solvent scrubbing;

high water use and low selectivity are the challenges of water scrubbing; intensive

energy-use is the obstacle of adsorption; low selectivity and low CO2 productivity 
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restrict the application of membrane technology. New technologies need to be 

developed for CO2 separation to optimize the energy use and the amounts of CO2

absorbents/adsorbents.

Ionic liquids (ILs) have been proposed as potential ‘green solvents’ for CO2

separation due to their unique characteristics such as negligible vapor pressure, 

non-flammability, thermal stability, tunable physicochemical character, etc. [3]. The 

properties and applications of ILs for CCS have been reviewed [4-8]. Anderson et al. 

[4] investigated the solubilities of different gases in [Hmim][NTf2] and compared the 

properties with those of commercial CO2 absorbents. Bates et al. [6] reviewed the 

application of task-specific ILs in CO2 capture. Ramdin et al. [8] reviewed the 

properties of ILs, such as the CO2 solubility, gas selectivity and diffusivity as well as

the effect of ions and functional groups on the CO2 solubility. Meanwhile, the 

degradability and toxicity of ILs have been studied, and the toxicity (LC50:
-1), poor biodegradability and high price (e.g. -1 of 

imidazolium-based or pyridinium-based ILs) limit the large-scale application of ILs

for CO2 capture and separation [9].

Recently, deep eutectic solvents (DESs) have emerged as a new type of ILs. The 

increasing number of publications on DESs shows that DESs are becoming a hot topic 

[10]. In particular, the DESs based on choline salt (i.e. choline-based DESs) have 

been studied intensively. For example, Abbott’s group [11-17] developed a series of 

DESs and investigated systematically their properties and applications on 

electrochemistry, extraction and lubrication. Wong’s group and Li’s group [18-25]

studied the properties and applications of choline-based DESs as well as their aqueous 

solutions in CO2 separation and catalysis. Han’s group [26-28] investigated the 

properties of choline-based DESs as CO2 absorbents. Several reviews have been 

published for DESs. Smith et al. [29] reviewed the properties of DESs and their 

applications in metal processing and synthesis. Zhang et al. [30] reviewed the 

syntheses, properties and applications of DESs considering the dissolution, separation, 

catalysis, organic synthesis and material preparation. García et al. [31] discussed the 

physicochemical properties and the application of DESs in gas separation with the 

focus on the gas solubility. Tang et al. [32] reviewed the recent development of DESs 

in chemical sciences. Other reviews [33-51] are mainly focused on a specific property 

or application of DESs. However, a systematic comparison of the molecular structures
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and properties between the choline-based DESs and conventional ILs from 

experimental measurements to model developments as well as the water effect has not 

been conducted. Meanwhile, the available research work is mainly on the CO2

solubility/selectivity of choline-based DESs and their aqueous solutions, whereas the 

performances of these absorbents for CO2 separation regarding the operational 

conditions, the amounts of absorbents needed and the energy uses have not been 

evaluated. It is still difficult to judge which absorbent is preferred for CO2 separation. 

In this work, the molecular structures and the physicochemical properties of 

choline-based DESs as well as the effect of water content on their structures and 

properties were surveyed and compared with those of conventional ILs.

Thermodynamic analysis was further conducted to evaluate the performances of 

choline-based-DESs for CO2 separation and compared with those of conventional ILs

and commercial CO2 absorbents.

2 Review of choline-based-DESs

2.1 Choline-based DESs

As a unique type of ILs, DESs are eutectic mixtures of a salt (R1R2R3R4N+ X) and a

complexing agent (CA) with a certain stoichiometric ratio. Similar to conventional 

ILs, most DESs are in liquid state at or near room temperature. Metal salts, metal 

oxides and hydrogen bond donors (HBDs, e.g. amides, amines, alcohols, carboxylic

acid) can be as the CA [15, 16, 29, 52]. Choline-based DESs are those based on 

choline salts with a formula of ((CH3)3CH2CH2OHN+ X-).

The development of DESs has a short history, especially for choline-based DESs. 

In 2001, Abbott et al. [52] reported a range of moisture-stable, lewis-acidic ILs by 

mixing appropriate mole ratios of quaternary ammonium salts [Me3NC2H4Y]Cl (Y = 

OH, Cl, OC(O)Me, OC(O)Ph) and MCl2 (M = Zn and/or Sn). In 2003, Abbott et al.

[16] synthesized the eutectic mixtures of a quaternary ammonium salt 

(R1R2R3R4N+ X-, X- = F-, Cl-, Br-, I-) and urea. The synthesized solutions are liquids at 

room temperature and present unusual solvent properties. After that, choline-based 

DESs were intensively studied as potential solvents in electrochemistry, CO2

absorption, nanotechnology and catalysis.

The components of choline-based DESs are mostly natural compounds, avoiding 

additional environmental impact. Among the widely used choline salt, choline 



5 

 

chloride (ChCl) is a cheap, biodegradable and non-toxic material either extracted from 

biomass or synthesized from fossil fuel [30]. HBDs can be urea, glycerol, ethylene 

glycol, amino acid, etc. In addition, the low price makes choline-based DESs 

acceptable for industrialization. For example, the costs for ChCl (50-100 wt %) and 

HBD (i.e. glycerol) are 0.09-0.55 -1 [53] and 0.22-2.2 -1 [54],

respectively.

2.2 Molecular structure

The molecular structures of choline-based DESs are different from those of 

conventional ILs. Choline-based DES consists of a choline salt and electroneutral CA,

in which the CA forms a complex with X- and the complex is considered as a whole 

anion [30, 55]. The formation of choline-based DESs can be written as:

[choline]+ + X- + [choline]+ + complex agent X- (1)

Inter- and intra-molecular interactions exist in the choline-based DESs. Among the

interactions, the hydrogen bond formed between X- and HBD dominates the 

properties of choline-based DESs [56, 57]. Abbott et al. [16] proved the existence of 

the hydrogen bond in ChCl/urea (1:2) using NMR spectroscopy. Other techniques 

were also used to explore the molecular structures of choline-based DESs, such as

Crystallographic data, FAB-MS and FT-IR [58-60]. The molecular structure of the 

choline-based DES with mole ratio of choline salt to HBD as 1:2 is illustrated in 

Figure 1.

Figure 1. Molecular structure of choline-based DES (choline salt: HBD = 1:2)

However, only asymmetric organic cations and anions exist in the conventional ILs 

without any neutral molecules. The cations can be imidazolium, pyridinium, 

ammonium and phosphonium cations, and the anions can be simple halides (F-, Cl-,

Br-, I-) or inorganic anions (BF4
-, PF6

-). The interactions between the constituent ions

include Coulomb forces, hydrogen bonds and dispersion forces [61]. The available
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experimental and theoretical work [62-66] shows that for the conventional ILs (1) 

Coulomb forces are the dominant interactions, (2) the hydrogen bond network induces 

the structural directionality, and (3) the local and directional interactions, i.e.

hydrogen bond, have a significant influence on the molecular structures and 

properties. 

The molecular structures of choline-based DESs are adjustable by varying the type 

of CA, ChCl/CA mole ratio and water content. Jing’s group [67, 68] investigated the 

molecular structures of a serious of choline-based DESs with hydrated salt mixtures 

(i.e. MgCl2 6H2O, NiCl2 6H2O) as CA using FT-IR spectroscopy and Density 

Functional Theory (DFT). Sun et al. [69] investigated the molecular structures of

ChCl/urea with mole fraction of urea ranging from 0 to 100% using Molecular 

Dynamics (MD) simulation and found that the hydrogen bond interactions between 

choline cations and Cl- decreased, while those among urea molecules obviously 

increased. Due to the hydroscopic HBDs, the water often exists in choline-based 

DESs [70]. Shah et al. [71] investigated the effect of water content on the molecular 

structure of ChCl/urea (1:2). They found that the Cl- was preferentially hydrated 

compared to urea and the choline cation, and the water effect was classified to 

different regimes by simulation. The urea–urea interactions are enhanced at low water 

fractions (< 5 %), and the components of ChCl/urea (1:2) are individually hydrated 

and have high diffusivity beyond 25 % water fractions.

For conventional ILs, the molecular structures can be tunable by changing the types

of cation and anion as well as water content [72, 73]. The effects of cation, anion and 

water content on the molecular structures of conventional ILs have been studied from 

experimental measurements (e.g. NMR, Infrared spectroscopy and Raman 

spectroscopy) to simulation (e.g. ab initio, atomic and coarse-grained MD simulations,

DFT) as summarized in [62, 66, 74-86].

2.3 Properties

The properties of choline-based DESs are needed to evaluate their performance in

CO2 separation. In this part, the properties of choline-based DESs as well as the effect 

of water content on their properties were surveyed and compared with those of 

conventional ILs.

2.3.1 Freezing point, melting point and decomposition temperature
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As a eutectic mixture, the thermal stability of choline-based DES is subject to the 

freezing point (Tf) and decomposition temperature (Td). The thermal stability range is 

much narrower compared to the range from the melting point to the decomposition 

temperature [87].

Although choline-based DESs with different freezing points (235-432 K) have been 

reported, only those with freezing points close to ambient temperature are suitable for 

further study. The choline-based DESs with freezing point lower than 323 K are more 

attractive [30], and these DESs are listed in Table 1 together with their corresponding 

freezing points and the melting points of their components. The freezing point is

lower than the melting points of the components, and the depression of freezing point 

strongly depends on the interaction between the anion of choline salts (X-) and the CA. 

The stronger the interaction between X- and CA, the lower the freezing point.

Table 1. Melting points, freezing points and decomposition temperatures of 

choline-based DESs and their aqueous solutions

Salt
Complexing 

Agent (CA)

Salt:CA Tm,ChCl

/K

Tm,CA

/K

Tf

/K

Td

/K
ref

ChCl ZnBr2 1:2 576 667 311 - [88]

ChCl ZnCl2 1:2 576 443 297 - [89]

ChCl SnCl2 1:2 576 519 310 - [88]

ChCl CrCl3 6H2O 1:3 576 356 287 - [90]

ChCl CaCl2 6H2O 1:2 576 303 278 - [91]

ChCl MgCl2 6H2O 1:2 576 390 283 - [91]

ChCl CoCl2 6H2O 1:2 576 359 289 - [91]

ChCl LaCl3 6H2O 1:2 576 364 279 - [89]

ChCl CuCl2 2H2O 1:2 576 373 321 - [91]

ChCl Urea 1:2 576 407 285 398 [92]

ChNO3 Urea 1:2 - 407 277 - [92]

ChF Urea 1:2 - 407 274 - [92]

ChCl Allyl urea 1:2 576 358 282 - [13]

ChCl 1-Methyl urea 1:2 576 366 302 - [16]

ChCl Acetamide 1:2 576 355.3 300.6 - [93]

ChCl 2,2,2- 1:2.5 576 340 228 - [94]
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Trifluoroacetamide

ChCl Triethanolamine 1:2 576 295 249 - [13]

ChCl Ethanediol 1:2 576 260 253 - [13]

ChCl 1,4-butanediol 1:3 576 293 241 - [95]

ChCl Phenol 1:3 576 313 243 - [96]

ChCl 2, 3-xylenol 1:3 576 348 290 - [96]

ChCl o-cresol 1:3 576 304 249 - [96]

ChCl Vanillin 1:2 576 355 290 - [13]

ChCl
p-

Hydroxybenzaldehyde
1:2 576 387 302 - [13]

ChCl p-Methyl Phenol 1:2 576 308.5 263 - [13]

ChCl o-Methyl Phenol 1:2 576 303 265 - [13]

ChCl m-Methyl Phenol 1:2 576 282 < 308 - [13]

ChCl p-Chloro Phenol 1:2 576 315 < 308 - [13]

ChCl Ethylene glycol(EG) 1:2 576 260 207 - [97]

ChCl Glycerol (Gly) 1:2 576 293 238 - [98]

ChCl Triethylene glycol (TeG) 1:4 576 268.7 251.5 - [93]

ChCl Xylitol 1:1 576 367 215.9 - [93]

ChCl D-Sorbitol 1:1 576 368 229.7 - [93]

ChCl D-Fructose 1:2 576 393 278 - [13]

ChCl D-Glucose 1:2 576 424 287 - [99]

ChCl Malonic acid (MA) 1:1 576 406 283 - [15]

ChCl Mandelic acid 1:1 576 405 306 - [13]

ChCl Malic acid 1:1 576 405 329.5 - [100]

ChCl Citric acid 1:1 576 426 233.4 - [93]

ChCl Levulinic acid (LeA) 1:2 576 310.2 - - [93]

ChCl Oxalic acid 1:1 576 462.5 307 - [15]

ChCl Succinic acid 1:1 576 458 344 - [15]

ChCl Glycolic acid 1:1 576 350 257.08 - [101]

ChCl Glutaric acid 1:1 576 369 256.37 - [101]

ChCl Phenyl acetic acid 1:2 576 350 298 - [15]

ChCl Phenylpropionic acid 1:1 576 303 293 - [15]

ChCl m-Aminobenzoic acid 1:2 576 452 312 - [13]
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ChCl Trifluocoacetic acid 1:2 576 - < 233 - [13]

ChCl Glutamic acid 1:2 576 - 286 - [13]

ChCl p-toluenesulfonic acid 1:1 576 376.5 275.7 - [93]

ChCl Tartaric acid 2:1 576 445.5 224.5 - [93]

Aqueous choline-based DESs

Salt CA Salt:CA mH2O% - - Td/K ref

ChCl Malic acid 1:1 11.6 - - 474 [59]

ChCl Glycerol 1:2 5.3 - - 460 [59]

ChCl Fructose 5:2 7.8 - - 433 [59]

ChCl Xylose 2:1 7.7 - - 451 [59]

ChCl Sucrose 4:1 7.4 - - >473 [59]

ChCl Glucose 5:2 7.8 - - 443 [59]

ChCl 1,2-Propanediol 1:1 7.7 - - 435 [59]

The anion in choline salts (X-), CA and the mole ratio of [choline]X/CA influence 

the freezing point. With the same HBD (i.e. urea), the freezing points of choline-based 

DESs with ChCl, ChNO3 and ChF as choline salts follow ChCl/urea (1:2) >

ChNO3/urea (1:2) > ChF/urea (1:2), which suggests that the strength of hydrogen 

bond follows F- > NO3
- > Cl-. While with the same choline salt but different HBDs 

and ChCl/HBD mole ratios, the freezing point of ChCl/urea (1:2), ChCl/Gly (1:2), 

ChCl/EG (1:2) and ChCl/MA (1:1) are 285, 238, 207 and 283 K, respectively. The 

formation of hydrogen bonds between HBDs and Cl- contributes to the depression of 

the freezing points with the values of 178, 149, 158 and 208 K, respectively, which 

suggests that the strength of hydrogen bond follows ChCl/Gly (1:2) < ChCl/EG (1:2) 

< ChCl/urea (1:2) < ChCl/MA (1:1). The study based on MD simulation and FT-IR

from Perkins et al. [102] verified the existence of hydrogen bond interaction and the 

strength of ChCl/Gly (1:2) < ChCl/EG (1:2) < ChCl/MA (1:1). Meanwhile, the 

freezing points of ChCl/urea, ChCl/phenol and ChCl/MA reach their lowest values 

(i.e. 285, 253 and 283 K) when ChCl/HBD mole ratios are 1:2, 1:3 and 1:1, 

respectively, which suggests a most strength of Cl--HBD hydrogen bond interaction at 

these ratios [71]. The freezing points of choline-based DESs with different choline 

salt/CA mole ratios are shown in Figure 2. Generally, the sequence of the freezing 
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points of the choline-based DESs is ChCl/MClx > ChCl/MClx yH2O > ChCl/amides > 

ChCl/acids > ChCl/alcohols. 

Figure 2. The freezing points of choline-based DESs as mole ratio of choline salt to

CA at (a) 1:1, (b) 1:2 and (c) 1:3

The research on the decomposition temperatures of choline-based DESs is limited 

as listed in Table 1. Generally, the decomposition temperature is determined by the

interaction in choline-based DESs. For the choline-based DESs with HBDs, the 

dominant force is the relative weak hydrogen bond, leading to a low decomposition

temperature. Morrison et al. [103] found that the decomposition temperature of 

ChCl/urea (1:2) was only 398 K. The existence of impurity reduces the decomposition

temperatures of choline-based DESs. Liao et al. [104] found that the urea in 

ChCl/urea (1:2) started partially decomposing at 353 K with the existence of 

transactional metal ions and water. Dai et al. [59] also reported that the decomposition

temperatures of choline-based DESs were generally lower than 475 K at the presence 

of water (5.3-11.6 wt %). It can be concluded that the temperature range of the 

thermal stability of DESs is from 235 K to 474 K.

For conventional ILs, the freezing point [105-107], melting point [92, 105, 108-112]

and decomposition temperature [113-115] have been reviewed. The large molecular 

sizes for both cation and anion as well as the high anisotropy in the polarizability of 

either/both anion or/and cation contribute to the freezing point [116] ranging from 133

to 453 K [8], while the interaction among ions (i.e. hydrogen bond), the lattice energy

and the packing of ions [117] contribute to the melting points 218-365 K [118]. The 

high decomposition temperatures (> 523 K) of conventional ILs also relate to the 

strong interaction between cation and anion [8]. The effect of water contaminants 

depends on either the concentration or the characteristics of cation/anion. For example, 

the hydrolytic formation of HF and borates in [BF4]-based ILs could lead to a 

decrease in the decomposition temperature [87].
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It can be concluded that the research work on choline-based DESs is much less, 

especially on the decomposition temperature. Meanwhile, the temperature ranges of 

the thermal stability for choline-based DESs are narrower than those of conventional 

ILs. More studies on the thermal stability, in particular, the decomposition 

temperatures of choline-based DESs and their aqueous solutions should be carried out 

further to determine their thermal stabilities.

2.3.2 Gas Solubility

A lot of work has been conducted to study the solubilities of gases in either 

conventional ILs or choline-based DESs as well as the properties related to the gas 

solubility, such as Henry’s law constant and gas selectivity. In this section, the gas 

solubility, selectivity and the Henry’s law constant in choline-based DESs were 

summarized and compared with those of the conventional ILs screened in our 

previous work [119]. In addition, the equilibrium times of CO2 absorption and 

desorption in choline-based DESs were investigated. 

2.3.2.1 CO2 solubility

CO2 solubility is one of the most important properties for CO2 separation. CO2

solubility depends on the water content in DESs. The CO2 solubility and the Henry’s

law constant of CO2 in choline-based DESs and their aqueous solutions were 

surveyed and summarized in Table 2. The solubility of CO2 in 29 DESs was measured 

and the values were 0.002-0.399 (mole fraction) at 298 K and 1 bar. For comparison, 

these properties of the screened conventional ILs are also listed in Table 2.

Results based on MD simulation and DFT [120-122] show that the inter-molecular 

hydrogen bond dominates the CO2 absorption capacity in choline-based DESs. The 

type of HBD, the ChCl/HBD mole ratio and the water content have significant 

influences on the CO2 solubility. The CO2 absorption in choline-based DESs can be 

either physical absorption (i.e. ChCl/urea (1:2)) or the combination of physical and 

chemical absorptions (i.e. Ch[Pro]/PEG200 (1:2)). The CO2 solubility in the 

choline-based DESs with chemical absorption is higher than those with only physical 

absorption. For the DESs with only physical absorption, the HBD type influences the 

CO2 solubility, e.g. ChCl/urea (1:2) > ChCl/Gly (1:2) > ChCl/EG (1:2) > ChCl/LaA

(1:2). For the same choline-based DESs, the ChCl/HBD mole ratio affects the CO2

solubility. For example, the CO2 solubility in ChCl/LeA follows ChCl/LeA (1:5) > 

ChCl/LeA (1:4) > ChCl/LeA (1:3). The CO2 solubility decreases with the increase of 
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water content in choline-based DESs based on the values of the Henry’s law constants.

For example, the Henry’s law constant of CO2 in ChCl/urea (1:2) increases from 123 

to 1160 bar with the water content changing from 0 to 51.74 wt %. The CO2 solubility 

in choline-based DESs has been predicted and correlated with thermodynamic 

modeling (e.g. DFT [120, 122] and modified Peng-Robinson (PR) EoS [123, 124])

and MD simulation [120, 121] with good agreement with experimental results.

The CO2 solubility in conventional ILs has been reviewed [4, 5, 8, 125-131] with 

the values of 0.009-0.600 in mole fraction. The high free volume and the strong 

interactions between CO2 and the functional groups contribute to the CO2 solubility in 

conventional ILs as Beckman [132] proposed. The CO2 solubility in conventional ILs

is influenced by the types of cation and anion as well as the water content [133].

Generally, the CO2 solubility in conventional ILs with both physical and chemical 

absorptions (e.g. [Bmim][Ac]) is higher than those with only physical absorption (e.g.

[Bmim][BF4]), which is similar to choline-based DESs [134-137]. For the 

conventional ILs with only physical absorption, the CO2 solubility mainly depends on 

the type of anion instead of cation. For example, the CO2 solubility in [NTf2]-based 

ILs are higher than that in [PF6]-based ILs with the same cation [136]. The water 

content decreases the CO2 solubility in conventional ILs according to the investigation 

of Chinn et al. [138]. The modeling of CO2 solubility in conventional ILs covered 

thermodynamic modeling [139] (e.g. RK EoS, [140-143], UNIQUAC [143],

NRTL[143], PR EoS [144], SRK EoS [144], SWCF EoS [145], CPA EoS [146], GC 

EoS [147], perturbed-hard-sphere theory [148], tPC-SAFT EoS [149], ePC-SAFT 

EoS [150], soft-SAFT EoS [151], hetero-SAFT EoS [152], RST [153-156], DFT 

[157], COSMO-RS [158] and UNIFAC [159]) and molecular simulation (e.g. MD 

simulation [136, 156, 160-169], ab initio simulation [170], Monte Carlo simulation

[171, 172]).

Based on the comparison summarized in Table 2, the CO2 solubility in solvents

follows: screened conventional ILs > choline-based DESs > aqueous choline-based 

DESs. According to the Henry’s law constants of CO2 in physical absorbents and CO2

solubilities in chemical absorbents, the CO2 solubility (mole fraction) in choline-based 

DESs is the half of that in the screened conventional ILs and 10 times of that in 

aqueous choline-based DESs.
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Table 2. CO2 solubility and the Henry’s law constant of CO2 in CO2 absorbents

Choline-based DESs T/K P/bar xCO2/10-2 HCO2/bar ref

Choline-based DESs with only physical absorption

ChCl/urea (1:1.5) 313-333 8.5-125.2 3.3-20.1 185-287 [26]

ChCl/urea (1:2) 313-333 10.0-127.3 5.1-30.9 123-182 [26]

ChCl/urea (1:2.5) 313-333 10.6-125.5 3.2-20.3 224-290 [26]

ChCl/EG (1:2) 303-343 2.4-63.2 0.6-21.6 244-601 [173]

ChCl/Gly (1:2) 303-343 1.9-63.5 0.6-39.9 120-345 [20]

ChCl/LeA (1:3) 303-333 0.7-5.8 0.4-3.0 185-315 [174]

ChCl/LeA (1:4) 303-333 0.6-5.9 0.2-3.2 178-309 [174]

ChCl/LeA (1:5) 303-333 0.8-5.8 0.3-3.3 166-285 [174]

ChCl/furfuryl alcohol (1:3) 303-333 0.7-5.9 0.2-2.0 285-446 [174]

ChCl/furfuryl alcohol (1:4) 303-333 0.7-5.8 0.2-2.3 247-395 [174]

ChCl/furfuryl alcohol (1:5) 303-333 0.7-5.8 0.2-2.3 243-368 [174]

ChCl/1,4-butanediol (1:3) 293-323 1.1-5.3 0.3-1.6 305-498 [175]

ChCl/1,4-butanediol (1:4) 293-323 1.1-5.2 0.3-1.5 328-513 [175]

ChCl/2,3-butanediol (1:3) 293-323 1.1-5.3 0.3-1.5 332-443 [175]

ChCl/2,3-butanediol (1:4) 293-323 1.1-5.1 0.3-1.9 268-392 [175]

ChCl/1,2-propanediol (1:3) 293-323 1.1-5.2 0.2-1.7 307-551 [175]

ChCl/1,2-propanediol (1:4) 293-323 1.0-5.2 0.2-1.7 306-594 [175]

ChCl/Phenol (1:2) 293-323 1.0-5.2 0.2-2.1 241-458 [176]

ChCl/Phenol (1:3) 293-323 1.0-5.1 0.3-2.1 242-393 [176]

ChCl/Phenol (1:4) 293-323 1.1-5.3 0.3-2.1 245-401 [176]

ChCl/Diethylene glycol(1:3) 293-323 1.1-5.2 0.3-1.9 277-456 [176]

ChCl/Diethylene glycol(1:4) 293-323 1.1-5.3 0.2-2.1 252-445 [176]

ChCl/TeG (1:3) 293-323 1.1-5.2 0.4-2.7 188-323 [176]

ChCl/TeG (1:4) 293-323 1.1-5.2 0.3-2.8 186-318 [176]

ChCl/Ethanol amine (1:6) 298 10.0 11.0 - [124]

ChCl/LaA(1:2) 303-348 8.3-93.8 2.5-9.9 323-717 [177]

Choline-based DESs with the combination of physical and chemical absorptions

Cho[Pro]/PEG200 (1:1) 308-353 0.05-1.07 5.2-22.6 - [28]

Cho[Pro]/PEG200 (1:2) 308-353 0.05-1.08 5.3-16.2 - [28]

Cho[Pro]/PEG200 (1:3) 308-353 0.04-1.07 1.3-12.5 - [28]
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2.3.2.2 The solubilities of other pure gases

The research on the solubilities of the gases other than CO2 in choline-based DESs

is limited. Xie et al. [184] studied the solubilities of CH4, H2, CO and N2 in ChCl/urea 

(1:2) at 308-328 K and 4-46 bar. Chen et al. [185] investigated the solubilities of CH4

and N2 in Cho[Pro]/PEG200(1:2) and obtained a good selectivity for CO2/CH4 and 

CO2/N2. Yang et al. [186] investigated the solubility of SO2 in ChCl/Gly (1:1 to 1:4)

at 293-353 K and 1.01 bar, and they found that the Henry’s law constant of SO2 in 

ChCl/Gly (1:1 to 1:4) was from 0.3 to 1.3 bar at 293 K. The physical absorption 

between SO2 and ChCl/Gly (1:1) was confirmed by NMR analysis. The solubilities of 

other pure gases, i.e. CH4, H2, CO and N2, in 2 choline-based DESs are low with the 

values of 0.0002-0.002 (mole fraction), while the solubility of SO2 in 4 choline-based

DESs is high with the values of 0.272-0.596 (mole fraction). All of these illustrate that 

the gas solubilities in choline-based DESs generally follow SO2 > CO2 > CH4 > N2 >

CO > H2.

For conventional ILs, the solubilities of other pure gases (e.g. CH4, H2, CO, N2, O2,

N2O, SO2, Ar, Xe and short-chain alkanes, alkenes alkynes) have been studied

intensively from experimental measurements to model developments [158, 187-210],

and the research work has been reviewed [4, 5, 12, 98, 139, 168, 211, 212] with the 

values of 0.0001-0.649 (mole fraction). Afzal et al. [203] measured the solubilities of 

CO2, Kr, O2 and H2 in four imidazolium-based ionic liquids. Sumon et al. [158]

estimated the Henry’s law constants of CO2, CH4 and N2 in 2701 conventional ILs

Aqueous choline-based DESs

ChCl/2urea (mDES=0-0.994) 303-313 1.01 4.0-33.0 290-2300 [23]

ChCl/2urea (mDES=0.5-0.7) 313-353 0.3-9.2 2.9-11.1 - [178]

ChCl/2EG (mDES=0.2-0.8) 303-313 - - 2805-3965 [179]

ChCl/2Gly (mDES=0.2-0.8) 303-313 - - 3185-3819 [179]

ChCl/2MA (mDES=0.2-0.8) 303-313 - - 2946-4022 [179]

Conventional ILs

[Bmim][DCA] 298-333 12.7-115.3 15.4-56.4 76.9-116.5 [180]

[Emim][Et2PO4] 313-333 0.2-2.0 30.7-266.6 69.9-96.6 [181]

[Bmpy][OTf] 303-373 23.5-702 25.8-70.6 - [182]

[Bmim][CH3SO4] 293-413 9.1-98.0 3.3-82.7 54.8-133.2 [183]
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using COSMO-RS. The solubility of CO2 is higher than those of CH4, N2, O2 and H2

but lower than those of H2S and SO2. Anderson et al. [4] reviewed the solubilities of 

CO2, CH4, C2H6, C2H4, O2 and N2 in [Hmim][NTf2] and compared with those in other 

ILs. Bara et al. [5] reviewed the solubilities of gases, particularly CO2, CH4 and N2 in 

imidazolium-based ILs. Lei et al. [139] reviewed the predictive thermodynamic 

models and experimental methods on the gas solubility in conventional ILs. The gas 

selectivity was also studied in our previous work [213] and it was found that the 

selectivities of CO2/N2, CO2/H2 and CO2/O2 were higher than 40, while those of 

H2S/CO2 and CO2/CH4 were only 1.3-4 and 6.5-19, respectively. The solubilities of 

different gases in conventional ILs follow the similar sequence with choline-based 

DESs. 

2.3.2.3 The absorption and desorption 

For CO2 separation, the absorption capacity/selectivity and absorption/desorption 

rate are equally important. The absorption and desorption of CO2 in ChCl/urea (1:2),

ChCl/Gly (1:1) and Ch[Pro]/PEG200 (2:1, 1:1, 1:3) have been investigated at 

different temperatures, as listed in Table 3. Generally, gas absorption and desorption

in choline-based DESs are affected by temperature, the type of HBD and ChCl/HBD 

mole ratio. Based on the results of Han’s group [27, 28, 186], compared to 

Ch[Pro]/PEG200 (2:1), Ch[Pro]/PEG200 (1:1, 1:3) represent shorter 

absorption/desorption time and higher absorption capacity at 308 K. Although the 

absorption of CO2 in ChCl/urea (1:2) and SO2 in ChCl/Gly (1:1) have been studied at 

different temperatures, it still can be concluded that the absorption of SO2 in

ChCl/Gly (1:1) is faster than that of CO2 in ChCl/urea (1:2). The absorption and 

desorption of gas in choline-based aqueous solutions have not been reported, and 

more research needs to be performed.

The absorption and desorption of gases (i.e. CO2, H2S and SO2) in conventional ILs 

have been investigated intensively which are influenced by the interaction between 

the gas and IL [214-226]. Yang et al. [215] evaluated the absorption and desorption of 

SO2 in [Et2NEMim][Tf2N] and [Et2NEMim][Tetz]. Handy et al. [214] studied the 

absorption/desorption of H2S and CO2 in [Bmim]Br. Zhang et al. [224] evaluated the 

efficient SO2 capture using [E1mim2][Tf2N], [E2mim2][Tf2N] and [E3mim2][Tf2N].

They found that the SO2 absorption took about 10 min and SO2 desorption consumed 

about 5 min at 313 K, while it was not easy to desorb SO2 for [TMG][lactate] due to 
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the strong chemical interaction between SO2 and [TMG][lactate]. The research work 

on the absorption/desorption of CO2 in conventional ILs [211] has been reviewed, 

illustrating that the equilibrium time of CO2 absorption in RTILs is larger than 90 min 

and that for TSILs is larger than 180 min. These observations are similar to those for

choline-based DESs. 

Table 3. The absorption and desorption of gases in choline-based DESs

Chline-based DESs gas tabs

/min

T

/K

mgas

/ -1

tdes

/min

T

/K

mgas

/ -1

ref

ChCl/urea (1:2) CO2 45 298 - 25 333 - [27]

ChCl/Gly (1:1) SO2 18 293 0.678 30 323 0.001 [186]

Ch[Pro]/PEG200 (2:1) CO2 180 308 0.117 180 308 0.001 [28]

Ch[Pro]/PEG200 (1:1) CO2 60 308 0.119 120 308 0.001 [28]

Ch[Pro]/PEG200 (1:3) CO2 60 308 0.119 120 308 0.001 [28]

2.3.3 Density

Density is one of the most important physical properties required in process design

[227, 228]. The densities of choline-based DESs are influenced by temperature, 

pressure, the type of HBD, the ChCl/HBD mole ratio and the water content with the 

values of 1.0197-1.2420 g cm-3 at 298 K and 1 bar. The available research work is

summarized in Table 4. Taking ChCl/EG (1:2) [21] as an example, the density

linearly increases with the decrease of temperature due to the thermal expansion and 

increases slightly with the increase of pressure due to the volume compression. With a

same choline salt (ChCl, 1.10 -3, 293 K), the density of ChCl/urea (1:2) is higher

than that of ChCl/Gly (1:2) as the density of urea (1.32 -3, 293 K) is higher than 

that of glycerol (1.26 -3, 293 K). With a same HBD (i.e. glycerol), the densities

follow ChCl/Gly (1:3) > ChCl/Gly (1:2) > ChCl/Gly (1:1) due to the relatively high 

density of glycerol. The addition of water decreases the densities of choline-based

DESs. For example, the density of ChCl/EG (1:2) decreases from 1.0466 to 1.0087
-3 as water content increases from 60 to 90 wt % at 303 K [229].

Modeling the densities of choline-based DESs is mainly empirical or 

semi-empirical. Popescu et al. [228], Ciocirlan et al. [230] and Su et al. [23] used a

linear equation to correlate the densities of ChCl/urea (1:2) and its aqueous solutions.
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Shahbaz et al. [97, 231] used three different methods (i.e. modified Rackett equation, 

the neural network (NN) and Group Contribution Method (GCM)) to estimate the 

densities of ChCl/Gly (1:1, 1:2 and 1:3). A tait-type and Redlich-Kister type equations

were used by Leron et al. [18] to represent the densities of aqueous ChCl/urea (1:2) 

and ChCl/Gly (1:2). 

The densities of conventional ILs have been reviewed with the values ranging from 

0.87 to 2.40 g cm-3 [8, 232-237]. The density can be tailored by varying the types of 

cation and anion [18]. Water content also decreases the density. The effect of the 

cation on the density is linked to the kind of atomic associations that a given cation 

exerts on the anion. For the ILs with 1-alkyl-3-methylimidazolium as cation, the 

densities increase with the increasing of alkyl chain length. With the same cation, the 

densities of ILs follow [NTf2]- > [PF6]- > [OTf]- > [MeSO4]- > [BF4]- > [Ac]- [238]. 

The densities of conventional ILs can be theoretically studied via MD simulation [62, 

239-242], GCM [227, 243, 244], extended Riedel model [245], ANN model [245],

SAFT EoS [150, 246-248] and COSMO-RS [249].

Table 4. Densities of choline-based DESs and their aqueous solutions

Chline-based DESs T/K P/bar -3 ref

ChCl/urea(1:2) 298-373 1.01 1.195-1.163 [228, 230]

ChCl/Gly(1:1-3) 298-368 1.01 1.203-1.119 [231]

ChCl/Gly(1:2-1:19) 293-298 1.01 1.260-1.180 [11, 250]

ChCl/EG(1:2) 298-323 1-500 1.103-1.132 [21]

ChCl/EG(1:2-1:19) 293 1.01 1.114-1.120 [250]

ChCl/LaA (1:1.3-1:15) 298-353 1.01 1.128-1.211 [177]

ChCl/LeA(1:3-5) 303-333 1.01 1.113-1.135 [174]

ChCl/furfuryl alcohol(1:3-1:5) 303-333 1.01 1.109-1.132 [174]

ChCl/1,4-butanediol(1:3-1:4) 293-323 1.01 1.031-1.052 [175]

ChCl/1,4-butanediol(1:3-1:19) 293 1.01 1.021-1.052 [250]

ChCl/2,3-butanediol(1:3-1:4) 293-323 1.01 1.020-1.047 [175]

ChCl/1,2-propanediol(1:3-1:4) 293-323 1.01 1.048-1.067 [175]

ChCl/Phenol(1:2-1:4) 293-323 1.01 1.076-1.097 [176]

ChCl/Phenol(1:2-1:6) 293-318 1.01 1.072-1.099 [96]

ChCl/o-Cresol(1:2-1:6) 293 1.01 1.061-1.078 [96]
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2.3.4 Heat capacity and standard molar entropy

Research work on heat capacities of choline-based DESs is relatively limited as

summarized in Table 5 with the values ranging from 181 to 238 -1 K-1 at 303 K 

and 1 bar. With ChCl as choline salts, the heat capacities follow ChCl/Gly (1:2) > 

ChCl/MA (1:2) > ChCl/EG (1:2) > ChCl/urea (1:2). The heat capacity increases with 

the increase of temperature, and the temperature-dependence can be represented with

the first- or second-order empirical equation [11]. Water content also influences the 

heat capacity, and the increase of water content decreases the heat capacity. For 

example, the heat capacity of ChCl/urea -1 K-1

when the water content increases from 0 to 90 wt % [22].

The heat capacities of conventional ILs and the effect of water content have been 

investigated both experimentally [252-254] and theoretically [255]. Similarly, the heat 

capacities of conventional ILs are temperature-dependent. The heat capacities of 

conventional ILs with the values of 309-1368 -1 K-1 [256] are higher than those

of choline-based DESs [22] at 303 K.

Glasser et al. [257, 258] reported that the standard molar entropy of conventional IL

(Sl
IL(298.15 K)) could be predicted with the Glasser’s theory from the density at 

ChCl/DeG (1:3-1:4) 293-323 1.01 1.103-1.122 [176]

ChCl/TeG (1:3-1:4) 293-323 1.01 1.103-1.133 [176]

ChCl/Glucose(2:1) 298-358 1.01 1.278-1.242 [251]

ChCl/Fructose(2:1) 298-358 1.01 1.242-1.212 [251]

Aqueous choline-based DESs

ChCl/urea (1:2) (xDES=0.1-1) 298-323 1-500 1.211-1.051 [21]

ChCl/urea (1:2) (mDES=0-0.99) 293-353 1.01 1.202-0.998 [23]

ChCl/Gly (1:2) (xDES=0.1-0.9) 298-323 1-500 1.202-1.062 [18]

ChCl/EG(1:2) (mDES=0.1-0.4) 303-323 1.01 0.999-1.047 [229]

ChCl/EG (1:2) (xDES=0-1) 298-333 1.01 0.983-1.117 [19]

ChCl/EG (1:2) (xDES=0.1-0.9) 298-323 1-500 1.031-1.131 [21]

ChCl/EG (1:2) (mDES=0.2-0.8) 303-313 1.01 0.993-1.007 [179]

ChCl/MA (1:1) (mDES=0.1-0.4) 303-323 1.01 1.006-1.070 [229]

ChCl/MA (1:2) (mDES=0.5-1) 303-323 1.01 1.080-1.190 [179]

ChCl/LaA (1:2) (mDES=0.91-0.99) 298-358 1.01 1.127-1.179 [177]
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298.15 K and the molecular weight. Su et al. [259] used the same theory to calculate

the standard molar entropies of choline-based DESs. 

In summary, the research work is limited for choline-based DESs and their aqueous 

solutions. The theoretical estimation of standard molar entropies of choline-based 

DESs needs to be verified further. 

Table 5. Heat capacities of choline-based DESs and their aqueous solutions

2.3.5 Viscosity

The viscosities of choline-based DESs is an important issue for industrial 

application, especially for CO2 separation. The viscosities of choline-based DESs are

in a wide range of 4-75683 as listed in Table 6, and they are influenced by 

temperature, CA type, ChCl/CA mole ratio and the water content. The temperature 

has a significant influence on the viscosities of choline-based DESs. For example, the 

viscosity of ChCl/urea (1:2) decreases from 1068 to 115 with a temperature 

increasing from 293 to 323 K. Arrhenius equation [11, 15, 250, 261] and 

[19, 96, 262, 263] can be used to represent the 

temperature-dependent viscosity.

As listed in Table 6, the viscosities of choline-based DESs generally follow 

ChCl/MClx yH2O > ChCl/sugar > ChCl/acid > ChCl/alcohol > ChCl/amide. With the 

increase of the mole ratio of ChCl/HBD, the viscosities of choline-based DESs

slightly increase. The addition of water in choline-based DESs decreases the viscosity,

Choline-based DESs T/K P/bar Cp / -1 K-1 ref

ChCl/urea (1:2) 303-353 1.01 181.4-190.8 [22]

ChCl/EG (1:2) 303-353 1.01 190.8-205.6 [22]

ChCl/Gly (1:2) 303-353 1.01 237.7-254.3 [22]

ChCl/Gly (1:2) 298 1.01 184.6 [260]

ChCl/MA (1:1) 303-318 1.01 222.6-229.3 [102]

Aqueous choline-based DESs

ChCl/urea (1:2) (xDES=0.1-0.8926) 303-353 1.01 81.5-177.8 [22]

ChCl/EG (1:2) (xDES=0.01-0.89) 303-353 1.01 84.3-189.8 [22]

ChCl/Gly (1:2) (xDES=0.1-0.898) 303-353 1.01 88.9-234.8 [22]
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for example, the viscosity of ChCl/urea (1:2) decreases from 527.3 to 1.3 with 

the water content increasing from 0 to 90 %.

Abbott et al. used the hole theory [11, 15, 250, 261] to describe the viscosities of 

choline-based DESs. According to this theory, choline-based DESs are made of 

large-size ions with very small void volume. The presence of extensive hydrogen 

bond networks between anion and HBD results in low mobility of free species within 

the choline-based DESs thus leads to high viscosity. Other prediction methods (e.g.

Arrhenius law, VFT equation and Redlich-Kister-type equation) [264, 265] can be

used to describe the viscosities of choline-based DESs.

The viscosities of conventional ILs have been reviewed [42, 105, 111, 232, 244,

266-269] with the values ranging from 50 to 10000 [4]. In general, the 

viscosities of conventional ILs relate to the chemical structures of constituent ions and 

the charge location [270]. Theoretical models (e.g. simple correlation [271],

Arrhenius law [272, 273], VFT equation [273], GCM [274, 275], PC-SAFT EoS [276],

SAFT EoS [277], Cubic EoS [277], MD simulation [278], QSPR/QSAR [279-281])

have been used to describe the viscosities of conventional ILs. 

In summary, the values of the viscosities of choline-based DESs are similar to those

of conventional ILs but the theoretical studies on the viscosities of DESs should be 

carried out further.

Table 6. Viscosities of choline-based DESs and their aqueous solutions

Choline-based DESs T/K P/bar ref

ChCl/urea (1:2) 293-393 1.01 1372-11.2 [262, 282]

ChCl/urea (1:1.5-1:2.5) 293-363 1.01 663.0-24.8 [264]

ChCl/Acetamide (1:2) 303 1.01 127 [93]

ChCl/EG (1:2) 298-328 1.01 39.9-8.6 [228]

ChCl/EG (1:2-1:19) 293 1.01 10-36 [250]

ChCl/EG (1:2-1:5) 298-358 1.01 41.2-5.2 [264]

ChCl/TeG (1:3-1:6) 298-358 1.01 68.0-6.5 [264]

ChCl/Gly (1:2-1:19) 293-328 1.01 998.7-52.4 [11, 250]

ChCl/Gly (1:2) 283-363 1.01 1003.9-19.6 [283]

ChCl/Phenol (1:2-1:6) 273-318 1.01 120.8-9.5 [96]

ChCl/o-Cresol (1:2-1:6) 298 1.01 207.4-24.8 [96]
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ChCl/Glycolic acid (1:2) 293-353 1.01 779.4-38.9 [101]

ChCl/MA (1:1) 313-353 1.01 478.6-68.6 [179]

ChCl/MA (1:1) 313-353 1.01 2016-96.7 [264]

ChCl/MA (1:0.5-1:2) 303-353 1.01 1460.3-30.0 [101]

ChCl/LaA (1:1.3-1:15) 298-353 1.01 722.5-10.2 [177]

ChCl/Succinic acid (1:1) 313-343 1.01 3401-306 [15]

ChCl/Oxalic acid (1:1) 313-353 1.01 1829-158 [15]

ChCl/Oxalic acid (1:1) 293-348 1.01 15678-208.3 [101]

ChCl/Citric acid (1:1) 338-353 1.01 3700-1334 [15]

ChCl/LeA (1:1) 293-348 1.01 320.6-22.2 [101]

ChCl/Phenylacetic acid (1:2) 308-318 1.01 177-95 [15]

ChCl/p-toluenesulfonic acid (1:1) 303 1.01 183 [93]

ChCl/Glutaric acid (1:1) 293-353 1.01 2968-105.8 [101]

ChCl/Tartaric acid (2:1) 303 1.01 66441 [93]

ChCl/Propanediol (1:2) 298-328 1.01 442-112 [15]

ChCl/1,4-Butanediol (1:3-1:19) 293-311 1.01 140-29 [98, 250]

ChCl/1,2-Butanediol (1:4-1:19) 295-311 1.01 17-70 [98]

ChCl/Trifluoroacet amide (1:2) 273-333 1.01 86-46 [15]

ChCl/Imidazole (3:7) 333-403 1.01 22.5-4.0 [284]

ChCl/Xylitol (1:1) 303-343 1.01 5230-250 [285]

ChCl/D-Sorbitol (1:1) 303-343 1.01 12730-480 [285]

ChCl/Grucose (2.5:1) 298-358 1.01 10910-72 [99]

ChCl/ZnCl2 6H2O (1:2) 273-343 1.01 4677-168 [15]

ChCl/CrCl3 6H2O (1:1) 273-363 1.01 75683-3219 [15]

ChCl/CrCl3 6H2O (1:1-1:2.45) 293-347.5 1.01 13085-118 [90]

Aqueous choline-based DESs  

ChCl/urea (1:2) (xDES=0.1-0.9) 293-363 1.01 0.6-436.1 [262]

ChCl/EG (1:2) (mDES=0.1-0.4) 303-323 1.01 1.3-1.9 [229]

ChCl/Gly (1:2) (xDES=0.02-0.9) 283-363 1.01 0.4-669.9 [283]

ChCl/Gly (1:2) (xDES=0.9474) 313 1.01 51.3 [59]

ChCl/MA (1:1)(mDES=0.1-0.4) 303-323 1.01 0.7-0.8 [229]

ChCl/MA (1:1) (mDES=0.8838) 313 1.01 445.9 [59]

ChCl/LaA (1:2) (mDES=0.914-0.995) 298-358 1.01 8.8-537.9 [177]
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2.3.6 Surface tension

Surface tension is one of the most important interfacial properties for mass transfer 

although the research work is still limited. The available research summarized in 

Table 7 shows that the surface tensions of choline-based DESs are ranging from 41.9

to -1.

The surface tension can be tailored by the type of HBD, ChCl/HBD mole ratio and 

temperature. As listed in Table 7, the surface tensions of ChCl/sugar (i.e. Glucose, 

Fructose) are higher than those of ChCl/MA and other choline-based DESs at 298 K. 

The surface tensions of DESs generally reach a minimum at a certain ChCl/HBD 

mole ratio. These observations come from the weakening of hydrogen bond network 

during mixing. With the increase of temperature, the surface tension increases [11],

except for ChCl/LaA (1:2).

Hole theory, QSPR and Othmer equation have been used to describe the surface 

tensions of choline-based DESs. Abbott et al. [11, 250, 261] calculated the available 

holes in DESs with the hole theory in order to analyze the surface tension. Shahbaz et 

al. [286] used QSPR and Othmer equation to predict the surface tensions of 

choline-based DESs with average errors of 6.4 % and 2.57 %, respectively. 

The surface tensions of conventional ILs have been reviewed [233, 287-289] with 

the values of 25.2-59.8 mN m-1 at 298 K, which are lower than those of choline-based 

DESs. Generally, the cation/anion nature and the alkyl chain length of cation affect 

the surface tensions of conventional ILs. With the increase of alkyl chain length, the 

surface tension decreases. Models such as QSPR/QSAR [280, 290-293], group 

method of data handling (GMDH) [294], GCM [287, 295, 296], restrictive primitive 

ChCl/Fructose (5:2) (mDES=0.922) 313 1.01 280.8 [59]

ChCl/Xylose (5:2) (mDES=0.922) 313 1.01 308.3 [59]

ChCl/Sucrose (4:1) (mDES=0.926) 313 1.01 581.0 [59]

ChCl/Maltose (5:2) (mDES=0.905) 303 1.01 3122 [93]

ChCl/Glucose

(5:2) (mDES=0.922-0.672)

313 1.01 397.4-7.2 [59]

ChCl/1,2-Propanediol (5:2)

(mDES=0.923-0.672)

313 1.01 33.0-6.1 [59]
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model (RPM) [297], corresponding states theory (CST) [295] and MD simulation 

[298] have been used to study of the surface tension of conventional ILs.

It can be seen that the surface tensions of choline-based DESs are higher than those 

of conventional ILs, and the research work on the surface tensions of choline-based 

DESs remains scarce from both experimentation and modeling. More studies are 

needed.

Table 7. Surface tensions of choline-based DESs

2.3.7 Electrical conductivity

Electrical conductivity strongly relates to viscosity. The type and strength of the 

interactions between anion and HBD contribute to the electronic conductivities of 

choline-based DESs. The electronic conductivities of DESs have been measured and

the values are 0.01-3.7 -1 at 298 K [15, 30].

As listed in Table 8, the electrical conductivity can be regulated by the type of CA,

ChCl/CA mole ratio, temperature and water content. The electronic conductivity

roughly follows ChCl/MClx yH2O < ChCl/sugar < ChCl/acid < ChCl/alcohol <

ChCl/amide, corresponding to the sequence of viscosity. At a specific ChCl/CA mole 

ratio, the electrical conductivity reaches the maximum. The electrical conductivity 

increases with the increase of temperature. The increase of water content leads to an 

Choline-based DESs T/K P/bar -1 ref

ChCl/urea (1:2) 298-303 1.01 52-66 [15, 299]

ChCl/EG (1:2) 298 1.01 48.9 [286]

ChCl/EG (1:2-19) 293 1.01 45.3-49 [250]

ChCl/Gly (1:2-19) 293-335 1.01 45.6-64.1 [11, 15, 250, 286]

ChCl/MA (1:1) 298 1.01 65.7 [15]

ChCl/LaA (1:2) 298-338 1.01 48.0-45.7 [177]

ChCl/Phenylacetic acid (1:2) 298 1.01 41.9 [15]

ChCl/1,4-butanediol (1:3-19) 293-298 1.01 46.4-47.6 [250]

ChCl/Glucose (2.5-1:1) 298-358 1.01 75.0-68.6 [99]

ChCl/Fructose (2:1) 298-358 1.01 74.0-62.0 [251]
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increase of the electrical conductivities of choline-based DESs due to the increase of 

free volume. 

Hole theory was used to get insight into the cause of electrical conductivity by

Abbott et al. [11, 250, 261] with the explanation of availability of holes and ion 

mobility. Arrhenius equation was used to describe the temperature effect. Bagh et al.

[300] predicted the electrical conductivities of choline-based DESs with ANN model 

reliably.

The electronic conductivities of conventional ILs has been investigated intensively 

from experimental measurements [301-311] to theoretical modeling [244, 301, 306,

310, 312-320] with the values ranging from 0.1 to 10 mS cm-1 [321]. The natures of 

anions and cations as well as the number and mobility of the charge carriers influence 

the electronic conductivity. The addition of water enhances the mobility of ions or 

charge carriers [322] and then increases the electrical conductivities of conventional 

ILs.

The values of electrical conductivities of choline-based DESs are lower than those 

of conventional ILs, and the research on the theoretical modeling of the electrical 

conductivities of choline-based DESs is still limited.

Table 8. The electronic conductivities of choline-based DESs and their aqueous 

solutions

Choline-based DESs T/K P/bar /mS cm-1 ref

ChCl/urea (1:2) 298 373 1.01 0.65-12.3 [16, 91, 261]

ChCl/acetamide (1:2) 303 1.01 2.71 [93]

ChCl/trifluoroacet amide (1:1) 313-343 1.01 0.29-0.54 [228, 261]

ChCl/EG (1:1.8-1:19) 293-353 1.01
3.7-28.7

[93, 250,

300]

ChCl/Gly (1:2-1:19) 293-328 1.01 0.10-3.56 [11, 93, 250]

ChCl/Gly (1:1-1:3) 298-353 1.01 1.5-13.0 [300]

ChCl/phenol (1:2-1:6) 293-318 1.01 1.4-6.7 [96]

ChCl/o-cresol (1:2-1:6) 298 1.01 0.83-1.38 [96]

ChCl/1,4-butanediol (1:3-1:19) 303 1.01 0.6-2.43 [93, 250]

ChCl/TeG (1:4) 303 1.01 1.86 [93]

ChCl/TeG (1:3) 298-353 1.01 1.4-8.8 [323]
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2.3.8 Eco-toxicity and biodegradability

ChCl/xylitol (1:1) 303 1.01 0.17 [93]

ChCl/D-sorbitol (1:1) 303 1.01 0.06 [93]

ChCl/p-toluenesulfonic acid (1:1) 303 1.01 1.14 [93]

ChCl/oxalic acid (1:1) 303 1.01 2.35 [93]

ChCl/LeA(1:2) 303 1.01 1.42 [93]

ChCl/MA (1:1) 298-353 1.01 0.37-2.21 [93, 228]

ChCl/malic acid (1:1) 303 1.01 0.04 [93]

ChCl/citric acid (1:1 303-383 1.01 0.02-0.50 [93, 228]

ChCl/tartaric acid (2:1) 303 1.01 0.01 [93]

ChCl/imidazole (7:3) 333-403 1.01 1.2-5.2 [283]

ChCl/ZnCl2 (1:2) 315-369 1.01 0.05-0.60 [91]

ChCl/CrCl3.6H2O (1:2) 293-370 1.01 0.12-8.28 [91]

ChCl/MgCl2.6H2O (1:2) 343-373 1.01 3.04-14.39 [324]

Aqueous choline-based DESs

ChCl/urea (1:2) (mDES=0.348-1) 303 1.01 2.3-59.7 [71]

ChCl/xylose (1:1) (mDES=0.901) 303 1.01 1.09 [93]

ChCl/Xylose (2:1) (mDES=0.969) 300 1.01 3.15 [60]

ChCl/sucrose (5:2) (mDES=0.946) 303 1.01 0.15 [93]

ChCl/fructose (5:2)

(mDES=0.906-0.969)

300-303 1.01
1.40-3.10

[60, 93]

ChCl/glucose (5:2)

(mDES=0.906-0.932)

300-303 1.01
2.82-6.81

[60, 93]

ChCl/maltose (5:2) (mDES=0.905) 303 1.01 0.42 [93]

ChCl/Sucrose (4:1) (mDES=0.926) 300 1.01 3.39 [60]

ChCl/Malic acid (1:1) (mDES=0.941) 300 1.01 5.91 [60]

ChCl/Lactic acid (1:1) (mDES=0.932) 300 1.01 6.76 [60]

ChCl/Sorbitol (5:2) (mDES=0.932) 300 1.01 6.77 [60]

ChCl/Xylitol (5:2) (mDES=0.864) 300 1.01 13.55 [60]

ChCl/1,2-Propanediol (5:2)

(mDES=0.879)

300 1.01 12.09 [60]

ChCl/Gly (5:2) (mDES=0.862) 300 1.01 13.78 [60]



26 

 

Assessing the biodegradability and the toxicity of the degradation intermediates as 

well as performing the eco-toxicity and biodegradation tests have been carried out

[325]. Morrison et al. [103] investigated the toxicity of ChCl/urea (1:2) and ChCl/MA

(1:1). Hayyan et al. [326] studied the toxicity and cytotoxicity of choline-based DESs 

with glycerine, ethylene glycol, triethylene glycol and urea as HBDs. Paiva et al. [10]

tested the cytotoxicity of 8 choline-based DESs and compared with conventional ILs.

Zhao et al. [93] investigated the biocompatibility (i.e. bacteria Inhibition and toxicity)

and biodegradability of 20 choline-based DESs. et al. [327] also evaluated 

the toxicity and biodegradability of choline-based DESs with glucose, glycerol and 

oxalic acid as HBDs. All the research supports non-toxic effect and “readily 

biodegradability” of choline-based DESs. 

The eco-toxicity and biodegradability of ILs have been reviewed [328-339], and the

toxicity and poor biodegradability for most conventional ILs limit their further 

application.

2.3.9 Summary

The comparisons of the properties of choline-based DESs with those of 

conventional ILs are summarized in Table 9. It is obvious that the properties of 

choline-based DESs are similar to those of conventional ILs, except for the 

decomposition temperature, heat capacity, eco-toxicity, biodegradability and price. 

The lower decomposition temperatures of choline-based DESs illustrate that the CO2

desorption from choline-based DESs can be operated at lower temperature, and the 

lower heat capacities of choline-based DESs contribute to lower sensible heats by 

increasing temperature, leading to lower energy uses for CO2 separation. The better 

performances of the eco-toxicity and biodegradability and the much lower price of the

choline-based DESs indicate that the choline-based DESs can be used as an 

alternative for developing eco-efficient CO2 separation process. However, the 

research on the choline-based DESs is much less than that of conventional ILs from 

experimental measurements to theoretical modeling.

For the sake of using choline-based DESs in CO2 separation, the high viscosity 

leads to high pumping cost and poor heat and mass transfer. Therefore, low viscosity 

is required. Adding water is an efficient way to reduce the viscosity, but the 

accompanied decrease of CO2 solubility is another problem. Systematic study on the 

addition of water is required in order to balance the viscosity decrease and CO2
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solubility decrease to achieve an optimal performance for CO2 separation.

Furthermore, increasing temperature is of benefit to decrease viscosity. However, 

more research needs to be further carried out to evaluate their performance for CO2

separation.

Table 9. The comparisons between the choline-based DESs and conventional ILs

Structures/Properties Choline-based DESs Conventional ILs

Components Choline salt, CA Cation, anion

Interactions Hydrogen bond Hydrogen bond, Coulomb and 

dispersion force 

Tf/K 52 (235-432) 133-453

Tm/K 52 (260-667) 218-365

Td/K 8 (398-474) > 523

Measurements

Prediction

FT-IR spectroscopy

DFT, MD simulation

NMR, Infrared- and Raman-

spectroscopy 

DFT, ab initio, atomic and 

coarse-grained MD simulation

xCO2 at 298 K 29 (0.002-0.399) 0.009-0.600

xgas at 298 K 6 (0.0002-0.596)

CH4, H2, CO, N2, SO2

0.0001-0.649

CH4, H2, CO, N2, O2, N2O, SO2, Ar, 

Xe, alkanes, alkenes alkynes

Models PR EoS, DFT,

MD simulation

PR EoS, CPA EoS, GC EoS, 

PC-SAFT, RST, UNIFAC, DFT, 

COSMO-RS, ab initio MD 

simulation

Gas 

Absorption/min 

Desorption/min

5 (CO, SO2)

18-180 min

25-180 min

CO, SO2, H2S

> 90 min

> 90 min
-3 63 (1.0197-1.2420) 0.87-2.40

Models NN, GCM, modified 

Rackett equation

GCM, ANN, Riedel model, 

COSMO-RS, 

MD simulation

Cp
-1 K-1 4 (181-238) 309-1368
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Prediction Tait-type-, Redlich-

Kister type equation 

MCI, ANN, GCM, QSPR, SAFT, 

CPA EoS, COSMO-RS, MD 

simulation

29 (4-75683) 50-10000

Models Hole theory, VFT, 

Arrhenius, Redlich-

Kister equation

Arrhenius, VFT equation, GCM, 

PC-SAFT EoS, SAFT EoS, Cubic 

EoS, MD simulation, QSPR/QSAR
-1 29 (41.9-75.0) 25.2-59.8

Models Hole theory, QSPR, 

Othmer equation

QSPR/QSAR, GMDH, GCM, RPM, 

CST, 

MD simulation
-1 22 (0.01-3.7) 0.1-10

Models Hole theory,

Arrhenius equation,

ANN model

LSSVM-GC, VFT, Arrhenius, 

Litovitz, Redlich-Kister and 

Casteel-Amis equation, Hole theory, 

GCM, MD simulation

Eco-toxicity 

Biodegradability

14 (EC50 > 10 mM)

20 (28 days for 

69-97 % degradation)

EC50 < 5.25 mM

28 days for 25-49 % degradation

-1 ChCl: 0.09-0.55

CA: 0.22-2.2

Imidazolium-based ILs: 

783-26120

3 Performance evaluations for CO2 separation 

The properties of choline-based DESs make them promising to be used as liquid 

solvents for CO2 separation. To further evaluate their performances on CO2 separation,

thermodynamic analysis was conducted in this part where the operational conditions,

the amounts of choline-based-DESs needed and the energy uses were considered. 

3.1 CO2 separation process

CO2 separation using liquid absorbents generally consists of compressor,

absorption tower, stripper, heat exchanger and reboiler as shown in Figure 3. With the 

operational conditions of absorption tower (Ta, Pa) and stripper (Ts, Ps), a certain 

amount of liquid absorbent (mabs) is needed. To desorb CO2 from absorbent-CO2

solution, energy is required to regenerate the solvent, and the energy use (Qtot) is 
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composed of the sensible heat for temperature increasing of the solvent with CO2

from Ta to Ts (Qsens), the desorption heat for desorbing CO2 out of the solvent (Qdes)

and the compression work for compressing the inlet gas mixtures from P to Pa

(Wcomp).

Figure 3. Simplified process flow diagram of CO2 separation using solvents

3.2 Thermodynamic analysis for CO2 separation from biogas

The amount of absorbent needed and the energy use are determined by the 

operational condition. Following the methodology proposed in our previous work

[119], Gibbs free energy change was used to conduct thermodynamic analysis. The

optimal operational condition was obtained from the minimum Gibbs free energy 

change in a reversible CO2 separation process, and the amount of absorbent needed 

and the energy use were then estimated under the optimal operational condition with 

the minimum value.

In analysis, biogas was chosen as a specific case for CO2 separation, one mole of 

CO2 was used as the reference, the mole fraction of CO2 was 0.4 in the raw biogas, 

the absorption temperature was 298.15 K and the desorption pressure was 1 bar. The 

absorption pressure could be determined at each desorption temperature or vice versa

based on Gibbs free energy change.

The properties of CO2 solubility, reaction-equilibrium-constant, Henry’s law 

constant, heat capacity and standard entropy are needed in thermodynamic analysis. 

The standard entropy of choline-based DES was predicted according to the Glasser’s 

theory from their molecular weight and density. The equilibrium-constants and 

Henry’s law constants were either directly taken from references or correlated from 
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the CO2 solubility. Based on the available experimental data, only 4 choline-based 

DESs and 12 aqueous choline-based DESs can be taken for evaluation.

3.2.1 Determination of the range of operational conditions

ChCl/urea (1:2), Ch[Pro]/PEG200 (1:2) and ChCl/urea (1:2) (mDES=0.8) were 

chosen as the typical examples for the DESs with physical absorption and with both 

physical and chemical absorptions as well as the aqueous DES solutions, respectively. 

The desorption temperature of Ch[Pro]/PEG200 (1:2) was suggested up to 353 K to 

desorb CO2 from Ch[Pro]/PEG200-CO2 solution, and thus the desorption temperature

was assumed to be up to 353.15 K in this preliminary study for pure DESs. For 

ChCl/urea (1:2) (mDES=0.8), although the mass fraction of water was only 0.2, the 

molar fraction of water was 0.78, which is similar to water. Therefore, the absorption 

pressure was assumed up to 20 bar for aqueous DESs. 

For the pure DESs, when the desorption temperature was set to be 298.15 K, the 

absorption pressure was not a Gcomp cannot be equal to 

Gexp G3 cannot be zero for the isothermal CO2 absorption/desorption process.

Therefore, the desorption temperature was set to be 299.15-353.15 K. For the aqueous 

DESs, when the absorption pressure of ChCl/urea (1:2) (mDES=0.8) was set to be 1-2

bar, the CO2 solubility was too low to absorb sufficient CO2 for desorption and the 

desorption temperature was not available. Therefore, the absorption pressure of 

ChCl/urea (1:2) (mDES=0.8) was assumed to be 3-20 bar. Based on these conditions,

the calculation results of the absorption pressures/desorption temperatures, the 

amounts of ILs needed and the energy uses for these three choline-based-DESs were

calculated with the results illustrated in Figure 4.

Figure 4. The absorption pressures/desorption temperatures, the amounts of 

absorbents needed and the energy uses of three typical choline-based-DESs.

(a) ChCl/urea (1:2), (b) Ch[Pro]/PEG200 (1:2) and (c) ChCl/urea (1:2) (mDES=0.8)
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As shown in Figure 4, with the increase of the desorption temperature, the changes 

of both the energy use and the amount of absorbent needed are not significant for the 

physical choline-based DES. Meanwhile, in practice, for physical absorbents, it is 

more common to regenerate solvents via decreasing pressure instead of increasing 

temperature. Therefore, the desorption temperature was set to be 299.15-323.15 K for 

further study of other physical choline-based DESs.

For chemical absorbent, Ch[Pro]/PEG200 (1:2) shows high absorption pressure at 

low desorption temperature range and then remains unchanged basically after 320.15 

K. Meanwhile, in practice, it is more common to regenerate solvent via increasing 

temperature instead of decreasing pressure. Therefore, the desorption temperature was 

set to be 299.15-353.15 K for further study of other chemical choline-based DESs.

For aqueous choline-based DESs, with the increase of absorption pressure, the 

desorption temperature shows a slightly increase from 298.15 K, and the absorption 

pressures are much higher than those of pure choline-based DESs. This observation 

verifies that the pressurized operation is suitable for aqueous choline-based DESs.

Therefore, according to the practical application, the absorption pressure was set to be 

3-20 bar for further studies of other aqueous choline-based DESs.

3.2.2 Performance of other choline-based-DESs

Based on the desorption temperature/absorption pressure set, the absorption 

pressure/desorption temperature, the amounts of absorbents needed and the 

corresponding energy uses were calculated for other choline-based DESs.

As shown in Figure 5, the absorption pressures of the pure DESs are higher than 1 

bar and the desorption temperatures of the aqueous DESs are higher than 298.15 K. It 

illustrates that both the absorption pressure and desorption temperature need to be 

changed to achieve an optimal operational condition in separating CO2. This 

observation agrees with those of conventional ILs.

Among the studied solvents, ChCl/Gly (1:2) shows the lowest absorption pressure 

with the values of 5.4-34.9 bar in the 4 pure DESs. ChCl/Gly (1:2) (mDES=0.8) shows 

the lowest desorption temperature with the values of 298.18-299.64 K in the 12

aqueous DESs. 
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Figure 5. The absorption pressures of (a) 4 choline-based DESs and the desorption 

temperature of (b) 12 aqueous choline-based DESs

The amounts of choline-based-DESs are depicted in Figure 6. The amounts of

choline-based DESs needed decrease with increasing desorption temperature/

absorption pressure. Similar to conventional ILs, the amounts of absorbents needed 

decrease obvious at the range of low desorption temperature/absorption pressure. 

The amounts of choline-based-DESs needed are influenced by the CO2 solubility 

and the molecular weight of the absorbents. ChCl/urea (1:2) shows the lowest amount 

needed with the values of 125.6-9.4 g gCO2
-1 due to the high CO2 solubility. ChCl/EG 

(1:2) (mDES=0.8) shows the lowest amount of needed with the values of 1979.6-55.3 

g gCO2
-1 in the 12 aqueous DESs. In general, the amounts of pure DESs needed are

much lower than those of aqueous DESs due to the high CO2 solubility.

Figure 6. The amounts of absorbents needed for (a) 4 choline-based DESs and (b) 12 

aqueous choline-based DESs

Figure 7 illustrates the energy uses. The energy uses of the three pure DESs 
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increase rapidly at low desorption temperature range, and that of ChCl/urea (1:2) is 

the lowest with the values of 0.92-1.38 G tonCO2
-1. For the aqueous DESs, ChCl/Gly 

(1:2) (mDES=0.8) presents the lowest energy use with the values of 0.39-0.78 

G tonCO2
-1.

Figure 7. The energy uses of (a) 4 choline-based DESs and (b) 12 aqueous 

choline-based DESs

3.2.3 Screening choline-based-DES absorbents

Both the amount of absorbent needed and the energy use were used as the criteria in

screening. Physical ChCl/urea (1:2) was screened at the desorption temperature of 

299.15-323.15 K. Chemical Ch[Pro]/PEG200 (1:2) was screened at the desorption 

temperature of 299.15-353.15 K. ChCl/EG (1:2) (mDES=0.8) and ChCl/Gly (1:2) 

(mDES=0.6) were screened at the absorption pressure of 3-20 bar. The screened 

absorbents as well as their corresponding operational conditions, the amounts and the 

energy uses are listed in Table 10.

Table 10. The desorption temperatures, the absorption pressures, the amounts of

absorbents needed and the energy uses of the screened choline-based-DESs

Choline-based-DESs Ts/K Pa/bar mabs/

g gCO2
-1

Qtot/

G tonCO2
-1

ChCl/urea (1:2) 299.15-323.15 5.4-34.9 125.6-9.4 0.92-1.38

Ch[Pro]/PEG200 (1:2) 299.15-353.15 4.7-58.7 132.8-4.6 1.61-2.18

ChCl/EG (1:2) (mDES=0.8) 298.20-301.09 3.0-20.0 1979.6-55.3 0.79-1.15

ChCl/Gly (1:2) (mDES=0.6) 298.19-300.52 3.0-20.0 3101.8-87.7 0.69-1.17
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3.2.4 Comparisons with conventional ILs and commercial CO2 absorbents

In comparison, the absorption pressures of physical absorbents (screened physical 

ILs, DEPG and water) were set to be 8 bar [119] according to the practical application.

The desorption temperatures of chemical absorbents of Ch[Pro]/PEG200 (1:2), 

[Eeim][Ac], 30 wt % MEA and 30 wt % MDEA were estimated with Ts at 353.15, 

338.15, 393.15 and 393.15 K, respectively. The performance of Ch[Pro]/PEG200 (1:2) 

was compared with those of [Eeim][Ac], 30 wt % MEA and 30 wt % MDEA. The 

estimated amounts of absorbents needed and energy uses are depicted in Figure 8. 

For the physical absorbents, ChCl/urea (1:2) shows lower amount of absorbent 

needed and higher energy use than those of the screened physical ILs and DEPG. The 

amounts of absorbents needed and the energy uses of ChCl/urea (1:2) and aqueous 

choline-based DESs are lower than those of water. It should be pointed out that the 

volatility of DEPG under desorption condition cannot be ignored. The additional 

advantages of low price, low environment impact and easily synthesis for physical 

choline-based-DESs make them more promising than conventional ILs. 

Ch[Pro]/PEG200 (1:2) shows lower amount of absorbent needed compared to 

physical absorbents and the conventional chemical [Eeim][Ac] as well as lower

energy use and non-volatility compared to 30 wt % MEA and 30 wt % MDEA.

Figure 8. The comparisons of the amounts of CO2 absorbents needed and the energy 

uses of CO2 absorbents
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As summarized in the part of review, the research works on choline-based DESs 

are still in its infancy and underdeveloped. Currently more research work is on-going 

to induce functional group for enhancing CO2 absorption capacity and regulating 

other properties. Therefore, the choline-based DESs and their aqueous solutions are 

more promising for large-scale application for CO2 separation from biogas.

In addition, it should be addressed also that the separation performance was 

investigated thermodynamically. The optimal operational condtion, the amount of

absorbent needed and the energy use were obtained at thermodynamic equilibrium 

state. The analysis should be further extended with the consideration of rate and 

efficiency.

3.3 Further discussion

As described in our previous work [340], the flue gas, lime kiln gas, bio-syngas or 

biogas shows a remarkable difference in CO2 concentration, pressure, temperature and 

gaseous components. The flue gas is with low CO2 concentration (0.03-0.15), low 

pressure (0.05-5 bar) and high temperature (393.15-513.15 K). While for biogas, it is 

with high CO2 concentration (0.15-0.50), low pressure (1-7 bar) and high temperature 

(283.15-333.15 K). Lime kiln gas and bio-syngas show the similar temperatures

which are 373.15-423.15 K and 373.15-473.15 K, respectively, and similar CO2

concentrations which are 0.2-0.42 and 0.25-0.35, respectively, but different pressures

and gaseous components, i.e. 0.05-5 bar for lime kiln gas (CO2 + N2) and 1-15 bar for 

bio-syngas (CO2 + H2 + CO). 

The energy use for the solvent regeneration and the amount of absorbent needed are 

influenced by the conditions of gas streams. ChCl/urea (1:2) and MEA 30 wt % were 

chosen as the typical representatives of physical and chemical absorbents, respectively.

Assuming the temperature of gas streams at 298.15 K and the desorption pressure at 1 

bar, the desorption temperatures of ChCl/urea (1:2) and 30 wt % MEA were set to be 

299.15 and 393.15 K, respectively, and the corresponding energy uses and the 

amounts of absorbents needed were further estimated as listed in Table 11.

The gas streams with high CO2 concentration lead to low compression work, and 

vice versa. Biogas with yCO2=0.4 shows low compression work (0.24 G tonCO2
-1)

and flue gas with yCO2=0.04 possesses the highest compression work (5.12

G tonCO2
-1) using ChCl/urea (1:2) as CO2 absorbents, while in the case of using 30 

wt % MEA, the compression works for biogas and flue gas are slightly different with 
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the difference of 0.40 G tonCO2
-1, respectively. These suggest that the physical 

absorbents are more sensitive to the compression work. The low energy use of 

ChCl/urea (1:2) with the value of 0.92 G tonCO2
-1 and the high energy use of 30 

wt % MEA with the value of 4.04 G tonCO2
-1 for biogas illustrates that the physical 

absorbents are more suitable for CO2 separation from biogas with high CO2

concentration due to the low energy uses.

Table 11. The energy uses and the amounts of absorbents needed of ChCl/urea (1:2)

and 30 wt % MEA for different gas streams

Q/ 2
-1

/

mabs/g gCO2
-1

ChCl/urea (1:2)

(Ts = 299.15 K)

30 wt % MEA 

(Ts = 393.15 K)

Wcomp Qsens Qdes mabs Wcomp Qsens Qdes Qvap mabs

Biogas (298.15 K, 1 

bar, yCO2=0.4)
0.24 0.26 0.42 126 0.45 1.13 2.27 0.19 2.43

Flue gas (423.15 K, 1 

bar, yCO2=0.04)
5.12 0.56 0.42 268 0.05 3.07 2.27 0.19 6.61

Lime kiln gas (423.15 

K, 1 bar, yCO2=0.25)
0.46 0.33 0.42 158 0.34 1.36 2.27 0.19 2.93

Bio-syngas (423.15 K, 

15 bar, yCO2=0.3)
0.36 0.27 0.42 132 0.37 1.27 2.27 0.19 2.74

For gas streams with high temperature, a large amount of waste energy can be used 

to make up the sensible heat and desorption heat in the solvent regeneration. For 

example, the waste heat is up to 2.11 2
-1 when the temperature of flue gas 

changes from 423.15 to 298.15 K, which suggests that most part of energy use with 

the chemical absorbents can be offset by the waste heat. In this case, the energy use 

using 30 wt % MEA reduces to 3.47 2
-1, which is less than that of ChCl/urea

(1:2) with the value of 5.12 2
-1. Furthermore, the amount of absorbent 

needed for 30 wt % MEA with the value of 6.61 g gCO2
-1 is much lower than that of 

physical one with the value of 268 g gCO2
-1. Therefore, chemical absorbents are more 

suitable for CO2 separation from flue gas with low CO2 concentration and high 

temperature due to the low energy uses and low amounts of absorbents needed.
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For gas streams with high pressure and temperature, the high pressure and 

temperature can be used to make up part of compression work and regeneration 

energy use. Taking bio-syngas with pressure at 15 bar and temperature at 423.15 K as 

an example, the saved compression work and the waste heat are 0.51 and 2.11

2
-1, respectively. The energy use using ChCl/urea (1:2) is zero and that of 30

wt % MEA reduces to 1.62 2
-1. However, the amount of absorbent needed 

for ChCl/urea (1:2) with the value of 132 g gCO2
-1 is much higher than that of 30 

wt % MEA with the value of 2.74 g gCO2
-1. Therefore, with the criterion of the

energy use, physical absorbents are more suitable for CO2 separation from bio-syngas

with high CO2 concentration and high pressure.

For the gas streams with high temperature, high CO2 concentration and low 

pressure, i.e. lime kiln gas, the energy uses using ChCl/urea (1:2) and 30 wt % MEA

were analyzed considering the offset of waste heat. The energy uses of ChCl/urea (1:2)

and 30 wt % MEA decrease to 0.46 and 1.71 2
-1, respectively. Physical 

absorbents are thus more suitable for CO2 separation from lime kiln gas with high 

CO2 concentration if the energy use is used as the criterion.

In summary, the physical absorbents are more suitable for CO2 separation from gas 

streams with high CO2 concentration, i.e. biogas, bio-syngas and lime kiln gas, while

the chemical ones are more suitable for CO2 separation from gas streams with low 

CO2 concentration and high temperature, i.e. flue gas. Considering the high amounts

of physical absorbents, further study needs to be carried out with techno-economic 

analysis.

4 Conclusions and prospects

Choline-based DESs are considered as greener and more benign solvents for CO2

separation especially compared to the conventional ILs due to their biodegradablility,

non-toxicity and low price. The molecular structures and properties of choline-based 

DESs and the water effect were reviewed and compared with those of conventional 

ILs. The comparisons show that the properties of choline-based DESs are similar to 

those of conventional ILs but the research is still limited. More research work needs to 

be carried out as described in the following: (1) the molecular structures and the water 

effect should be experimentally investigated further; (2) the properties of

choline-based DESs, such as decomposition temperature, heat capacity, eco-toxicity, 
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biodegradability and price, should be studied further; (3) modelling the properties of 

choline-based DESs should be further developed.

Sixteen choline-based-DESs were analyzed thermodynamically based on Gibbs 

free energy change. Four choline-based-DESs were screened with the criteria of 

amount of absorbent and the energy use for CO2 separation from biogas. The 

comparisons with the conventional ILs and DEPG illustrate that the screened 

choline-based DESs show lower amounts of absorbents; the screened aqueous 

choline-based DESs also show lower amount of absorbents and lower energy use

compared to water.

In addition, the analysis of CO2 separation from different gas streams illustrates that 

the physical choline-based-DESs are more suitable for the gas streams with high CO2

concentration, i.e. biogas, bio-syngas and lime kiln gas, with the criterion of energy 

use; the chemical absorbents are more suitable for the gas streams with low 

concentration and high temperature, i.e. flue gas. Considering the high amounts of 

physical absorbents, further study needs to be carried out with techno-economic 

analysis.
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