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ABSTRACT  
The solubilities of CO2, CH4, H2, CO and N2 in choline 

chloride/urea were determined at temperatures of 308.2, 
318.2 and 328.2 K and at pressures from 0.4 to 4.6 MPa. 
The density and viscosity of choline chloride/urea at 
temperatures from 298.2 to 333.2 K and at atmospheric 
pressure were measured. The experimental gas solubility 
data were represented with NRTL-RK model, in which the 
fugacity in the vapor phase was calculated with RK equation 
of state and the activity coefficient in the liquid phase was 
calculated with NRTL model. Furthermore, the Henry’s 
constant, standard enthalpy, standard Gibbs free energy 
and standard entropy for gases in choline chloride/urea 
were obtained.   
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NONMENCLATURE  
Abbreviation 
A. R.  Analytical reagent 
NRTL  Non-random two liquid model 
IL  Ionic liquid 
 
 
Symbols 
f  Fugacity 
KH  Henry’s constant 
R  Gas constant 
P  Pressure 
T  Absolute temperature 
x  Liquid-phase molar fraction 
y  Vapor-phase molar fraction 
∆solH  Solution enthalpy 

∆solG  Solution Gibbs energy 
∆solS  Solution entropy 
α  Parameter in NRTL model (= 0.2) 
G12, G21, τ12, τ21 Binary interaction parameters in NRTL     
  model 
ɸ  Fugacity coefficient 
ϒ  Activity coefficient in the liquid phase 
 
Subscript 
i, j  Component 
g  Gas 
 
Superscript 
o  Standard state 

1. INTRODUCTION  
  CO2 separation plays an important role in the development 
of renewable energy and mitigating of environmental effects 
[1-2], for example, CO2 capture from flue gases in power 
station to mitigate CO2 emission, CO2 removal from 
biosyngas after gasification in order to further synthesis of 
renewable fuels, biogas purification to be used as 
transportation fuels, as well as hydrogen purification [3-6]. 
Currently, amine-based technology is widely used, in which 
amines are corrosive and suffer high solvent loses as well as 
high energy penalty. Therefore, it is necessary to explore an 
energy effective and environmentally benign CO2 separation 
technology.  
  Ionic liquids (ILs) are widely anticipated as potentially 
environmentally benign solvents due to the very low vapor 
pressure. ILs have shown great potential to be used as liquid 
absorbents for CO2 separation. However, the complicated 
synthesis process leads to high price and then hinders their 
research progress and applications in practice. In recent 
years, eutectic deep solvent was proposed and considered as 
a new type of ILs. Among this type of ILs the solvent of 
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choline chloride/urea with cheap price, easy synthesis as 
well as bio-degradation has shown great potential to be 
used as liquid absorbents for CO2 separation [7-11]. Several 
research works have been done, for example, the study of 
CO2 solubility in choline chloride/urea, the density, as well 
as the heat capacity of choline chloride/urea. However, the 
available knowledge is very limited towards the application, 
and both new experimental data measurement and 
modeling are needed to be studied further, such as the  
solubility of gases including CO2, N2, CO, CH4, and H2, 
diffusivity, density, viscosity, etc.  
  The goal of this work is to perform a systematic research 
from experimental data measurements and model 
developments to process simulation for CO2 separation 
using ILs with respect to a specific process. In this work, the 
density and viscosity of choline chloride/urea at 
atmospheric pressure were measured at temperatures from 
298.2 to 333.2 K and correlated with an empirical model. 
The solubilities of gases in this IL were determined at 
isothermal conditions and at pressures from 0.4 to 4.6 MPa. 
The experimental gas solubility data were represented with 
NRTL-RK model, in which the fugacity in the vapor phase 
was calculated with RK equation of state and the activity 
coefficient in the liquid phase was calculated with NRTL 
model.  

2. EXPERIMENTAL SECTION  

2.1 MATERIALS 
  Choline chloride was produced by Sinopharm Chemical 
Reagent Co, Ltd, China. Urea was produced by Xilong 
Chemical Reagent Co, Ltd, China. The chemicals were A. R. 
grade and used as received. The mixtures were simply 
prepared by heating choline chloride and urea with a molar 
ratio of 1:2 at 353.2 K until a homogeneous liquid was 
formed. Samples were dried under a vacuum at 333.2 K for 
72 h. The water content was determined by Karl Fischer 
titration analysis, which was 1200±100 ppm. 

2.2 LIQUID DENSITY AND VISCOSITY MEASUREMENT 
  The densities of solutions were measured by Anton Paar 
DMA 5000 vibrating-tube densimeter with a precision of 10-

6 g·cm-3. The accuracy of the temperature is ±0.001 K, and 
the relative error is less than 0.3%. The viscosities of 
solutions were measured by the Anton Paar AMVn 
measuring assembly with a precision of 10-4 mPa·s. The 
temperature accuracy is ±0.01 K and the uncertainty of 
viscosity measurements was estimated to be ±0.0001.  

2.3 SOLUBILITY MEASUREMENT 
  The gas solubility experimental apparatus is shown in 
Figure 1. The apparatus consists of a gas reservoir, an 

equilibrium cell, a magnetic stirrer and two pressure 
transducers. The gas reservoir and equilibrium cell were 
placed in a water bath. The water bath was controlled at the 
desired temperature with a temperature uncertainty of ±
0.1 K. The pressure transducers (Rosemount 3051) were 
purchased from Beijing Lanyuhaitian Technology LTD, China, 
with a precision of 0.075%, ranging from 0-5 MPa. 
  In experiment, an accurate amount of solvent was loaded 
in the equilibrium cell. The volume of the solvent can be 
determined by the mass and density at the conditional 
temperature and pressure. The gas was introduced into the 
gas reservoir and the pressure was recorded with the 
pressure transducers, and then, the amount of gas was 
pressured into the equilibrium cell and dissolved in the 
solvent. It was considered to reach equilibrium if the 
pressure was kept as a constant for 2 h. The corresponding 
solubility pressure was measured with the pressure 
transducers. The moles of gas in the liquid phase can be 
determined from the pressure change of the gas reservoir, 
the pressure of the equilibrium and the volume of the 
equilibrium cell. 
 

 
Figure 1 Schematic diagram of experimental apparatus: a, 

gas cylinder; b, gas reservoir; c, equilibrium cell; d, magnetic 
stirrer; P, pressure transducers; 1-5, valves 

3. THERMODAYNAMIC MODELING 
Due to the low solubility of pure gas in solutions, the 

vapor-liquid equilibrium can be represented with Henry’s 
law: 

         
 i

v
iiii yPxH ϕγ =*                (1) 

 
where xi is the liquid-phase mole fraction, iy  is the vapor-
phase mole fraction, *

iγ  is the activity coefficient in the 
liquid phase, v

iϕ  is the fugacity coefficient in the vapor 
phase, iH  is the Henry’s law constant, and P is the system 
pressure. 

For the system studied in this work, the vapor pressure of 
ChCl/Urea is negligible, and it is reasonable to assume that 
only one component exists in the vapor phase. Therefore, 
the vapor-liquid equilibrium can be simplified to the flowing 
equation: 
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v
iiii PxH ϕγ =*                    (2)                                                                             

                                                            
where i refers to a pure gas (CO2, N2, CO, CH4 or H2). 

Redlich–Kwong equation of state (RK-EOS) [22] was used 
to calculate the fugacity in the vapor phase: 
 
















==
=

+−−=

==
==

+−−=

VbZBPh
RTPVZ

hhBAhZ
TPTRTbB

TPTTRaA
bVVTabVRTP

cc

cc

//
/

)1/()/()1/(1

/0867.0/
/4278.0/

)(/)/(

2

5.25.25.222

2/1

     (3) 

 
where a, b, A, and B are parameters calculated from the 
critical temperature and pressure. The critical temperature 
and pressure of the gases were obtained from NIST 
webbook [23] and listed in Table 1. 
 

Table 1 Tc and Pc of the gases 

 H2 N2 CO CH4 CO2 
Tc / K 33.18 126.2 134.45 190.6 304.2 
Pc / MPa 1.3 3.4 3.5 4.61 7.28 
 
The fugacity coefficient of gas was calculated with  
 

 )/1ln()/()ln(1ln 2 ZBPBABPZZ +−−−−=ϕ  (4) 
 
The Henry’s law constants were calculated from the 
solubilities data according to equation: 
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The activity coefficient *

iγ  is based on the infinite dilution 
reference state with the definition: 
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where γ is the activity coefficient of gas in the liquid phase 
and γ∞ is the activity coefficient when the composition of 
gas approaches zero.  

In this work, the non-random two liquids (NRTL) model 
was used to represent the activity coefficient of component 
i in the liquid phase. It is assumed that ChCl/Urea was one 
pseudo-component (solvent), and then there are two 
components, i.e. gas (1) and solvent (2) & x1+x2 = 1, in the 

liquid phase, and the activity coefficient of gas in the liquid 
phase can be calculated with   
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In this work, α was assumed to be 0.2, τ12 and τ21 are 

adjustable parameters that were obtained from the fitting of 
the experimental data. The binary interaction parameters τ12 

and τ21 are temperature-dependent and represented with 
following equation  
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  From Henry’s constant, the other thermodynamic 
properties of pure gases in choline chloride/urea can be 
calculated as follows [15-18]:    
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( ) /o o o

sol sol solS H G T∆ = ∆ −∆          (12) 
 

where o
solG∆ , o

sol H∆ , o
sol S∆  is the standard Gibbs free 

energy, standard enthalpy and standard entropy, 
respectively, where the standard state represents the state 
of P =0.1 MPa and T=298.15 K.  

4. RESULTS 

4.1 DENSITY AND VISCOSITY 
The densities of choline chloride/urea at temperatures 

from 298.2 K to 333.2 K were measured. The results are 
listed in Table 2. The data obtained in our experiment were 
compared with those in the literature as shown in Figure 1. 
The densities of choline chloride/urea measured in this work 
are in good agreement with those in the work of Clocirlan et 
al. [19], and the average relative deviation in density is less 
than 0.161 %.  
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The measured densities (ρ) at atmospheric pressure both 
in this work and those from literature [19] were fitted to 
equation (13) which has been implemented into the 
commercial software Aspen.  

 
 

 3/ ( / )g cm A B T Kρ −⋅ = +             (13) 
 
where A and B are regression parameters.  

The values of A, B and the corresponding R-squared are 
listed in Table 3. The fitting results are illustrated as solid 
curve in Figure 1. The densities decrease slightly with 
increasing temperature. 

The viscosities of choline chloride/urea measured in this 
work are listed in Table 2. The data were compared with 
those in the literature [7, 19]. It was found that the 
viscosities of choline chloride/urea in this work show 
discrepancies from those in literatures as shown in Figure 2. 
At 313.2 K, the viscosity is 403.2 mPa·s from this work, 
while, their values are 209.3 mPa·s in literature [7] and 
338.7±0.4 mPa·s in literature [19]. The average relative 
deviations in viscosity at this temperature are 21.25% and 
48.56%, respectively, compared to literatures. In our 
research work, it was found that the water content in ionic 
liquid has significantly effect on the viscosity of choline 
chloride/urea, and the viscosity decreases with increasing 
amount of water content. In this work, the water content of 
choline chloride/urea was 1200±100 ppm that was 
determined by Karl Fischer titration analysis. However, 
there is no information about the water content in these 
two literatures [7, 19]. As the experimental results of 
viscosity in both literatures are lower than the results in this 
work, we concluded that it maybe the high water content 
that leads to the low viscosity.    

 

Table 2 Density and viscosity of choline chloride/urea 

T / K ρ/ g·cm-3 η/mPa·s 
298.2 1.197 1571.3 
303.2 1.194 953.7 
308.2 1.192 608.4 
313.2 1.189 403.2 
318.2 1.186 277.2 
323.2 1.183 195.8 
328.2 1.181 143.6 
333.2 1.178 107.7 

 

As the viscosities in the literature may not be reliable, 
only those measured in this work were fitted to equation 
(14) that has been implemented into the commercial 
software Aspen.  

 

ln( / ) ln( / )
/
BmPa s A C T K

T K
µ ⋅ = + +        (14) 

where μ stands for viscosities. A, B and C are regression 
parameters.  

The values of A, B, C and R-squared are listed in Table 3. 
The correlation results are illustrated in Figure 2 as the solid 
curve. It shows that the viscosities decrease dramatically 
with increasing temperature.  

Table 3 Parameters of equations (13) and (14) for calculating 
the density and viscosity of choline chloride/urea and R-

squared value in fitting 

 
 

 
Figure 1 Density of choline chloride/urea ●, this work; ■, 

literature [19], -, correlation 

 
Figure 2 Viscosity of choline chloride/urea ●, this work; ■, 

literature [19]; ▲, literature [7]; -, correlation 

 A B C R-squared 
ρ 1.360 -5.488E-4 - 0.992 
η -20.18 8318.8 -0.06589 0.998 
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4.2 GAS SOLUBILITIES 
  The CO2 solubility in water at 308.2 K was measured to 
test the accuracy of the solubility equipment and compared 
with literature data reported by Valtz et al. [20] as shown in 
Figure 3. It can be found that the solubility data are in good 
agreement and have similar tendency. 
 

 
Figure 3 The solubilities of CO2 in water at 308.2 K ■, this 

work; ○, literature [18] 

  

 Solubilities of H2, N2, CO, CH4 and CO2 in choline 
chloride/urea were measured at three temperatures (308.2, 
318.2 and 328.2 K). The experimental results measured in 
this work are listed in Table 4.  
 The Henry’s constants were obtained from the ratio of the 
gas fugacity to the mole faction of gas in the liquid phase as 
well as the corresponding pressure at temperatures 308.2, 
318.2 and 328.2 K, respectively. The obtained Henry’s 
constants are listed in Table 5. the fugacity in the vapor 
phase was calculated with RK equation of state and the 
activity coefficient in the liquid phase was calculated with 
NRTL model. The solubilities of gases are represented with 
NRTL-RK model in which the temperature-dependent 
parameters 0

12τ , 1
12τ  and 0

21τ , 1
21τ  were fitted to the 

experimental solubility. The fitted results are listed in Table 
6. The comparison of the model results and the 
experimental data in Figures 5-8 shows a good agreement.  
  From the obtained Henry’s constants, the 
thermodynamics properties of gases (standard Gibbs 
energy, standard enthalpy and standard entropy) in choline 
chloride/urea were calculated according to Eqs. (10) – (12). 
The results were listed in Table 7. 
 
 
 
   

Table 4 Solubilities of H2, N2, CO, CH4 and CO2 in choline 
chloride/urea  

   308.2K    318.2K    328.2K 
 P/Mpa x  P/Mpa x  P/Mpa x 

     
 0.688 0.012  0.683 0.011  0.673 0.010 
 1.563 0.027  1.560 0.025  1.566 0.024 

H2 2.544 0.043  2.545 0.041  2.543 0.039 
 3.578 0.059  3.566 0.057  3.552 0.054 
 4.553 0.073  4.559 0.071  4.565 0.068 

     
 0.709 0.014  0.689 0.013  0.704 0.012 
 1.599 0.031  1.588 0.030  1.590 0.027 

N2 2.531 0.049  2.531 0.046  2.571 0.043 
 3.536 0.068  3.537 0.065  3.564 0.060 
 4.539 0.086  4.536 0.082  4.545 0.076 

     
 0.704 0.012  0.732 0.011  0.708 0.009 
 1.627 0.027  1.576 0.023  1.591 0.020 

CO 2.525 0.042  2.527 0.038  2.581 0.032 
 3.515 0.060  3.490 0.053  3.582 0.045 
 4.505 0.076  4.539 0.068  4.561 0.056 

     
 0.585 0.014  0.548 0.013  0.550 0.012 
 1.274 0.029  1.268 0.028  1.270 0.026 

CH4 2.042 0.049  2.001 0.044  2.031 0.041 
 2.782 0.068  2.818 0.063  2.790 0.059 
 3.570 0.089  3.618 0.081  3.590 0.076 

     
 0.651 0.050  0.706 0.044  0.692 0.042 
 1.527 0.095  1.661 0.092  1.691 0.088 

CO2 2.453 0.137  2.618 0.127  2.544 0.118 
 3.445 0.174  3.527 0.168  3.577 0.156 
 4.376 0.195  4.504 0.188  4.499 0.175 

 
 

Table 5 Henry’s law constants of gases in choline 
chloride/urea 

 KH /MPa 
T / K CO2 CH4 CO N2 H2 
308.2 13.9 40.3 59.3 51.5 65.2 
318.2 15.2 42.8 66.2 53.9 66.1 
328.2 16.5 46.0 80.2 59.2 68.9 
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Figure 4 Solubility of CO2 in choline chloride/urea ▲, 

328.2 K; ●, 318.2 K; ■, 308.2 K; -, correlation 
 

 
Figure 5 Solubility of CH4 in choline chloride/urea ▲, 

328.2 K; ●, 318.2 K; ■, 308.2 K; -, correlation 
 

Figure 6 Solubility of CO in choline chloride/urea  ▲, 328.2 
K; ●, 318.2 K; ■, 308.2 K; -, correlation 

 

 
Figure 7 Solubility of N2 in choline chloride/urea  ▲, 328.2 

K; ●, 318.2 K; ■, 308.2 K; -, correlation 
 
 

 
Figure 8 Solubility of H2 in choline chloride/urea  ▲, 328.2 

K; ●, 318.2 K; ■, 308.2 K; -, correlation 
 
 

Table 6 Parameters in the NRTL model 

 12τ  21τ  
 0

12τ  
1
12τ  

0
21τ  

1
21τ  

CO2 -9.479 0.02083 18.44 0.04 

CH4 -1.727 0.002973 4.883 -0.01227 

CO 2.025 -0.007546 -0.7618 0.003891 

N2 2.851 -0.01006 -3.749 0.01281 

H2 -3.158 -0.003096 5.627 0.003372 
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Table 7 Thermodynamic properties of solutions for gases 
in choline chloride/urea at the standard state 

 ∆solH
o(KJ mol-1) ∆solG

o(KJ mol-1) ∆solS
o(J K-1mol-1) 

CO2 -7.56 12.0 -65.6 
CH4 -2.71 14.8 -58.6 
CO 3.49 15.8 -41.3 
N2 3.47 15.5 -40.4 
H2 -3.67 15.1 -62.9 

4.3 CONCLUSIONS 
The density and viscosity of choline chloride/urea at 

atmospheric pressure were measured at temperatures from 
298.2 to 333.2 K and correlated by the empirical models 
that have been implemented into commercial software 
Aspen plus. The solubilities of CO2, CH4, H2, CO and N2 in 
choline chloride/urea were measured at temperatures from 
308.2 K to 328.2 K and at pressures from 0.4 to 4.6 MPa and 
represented with a semi-empirical model. Furthermore, the 
Henry’s constant, standard enthalpy, standard Gibbs free 
energy and standard entropy were obtained.  
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