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Abstract  In this work, a thermodynamic model for the prediction of gas-liquid equilibrium at moderate pressures (up 
to 6 bar) and different temperatures (288-323 K) for the ternary system of carbon dioxide (1)-(2) mixture (ethanol-water) is 
established using Soave/Redlich/Kwong equation of state (SRK-EOS). Two different mixing rules were used to show the 
effect of the type of mixing rule. A comparison of experimental phase equilibrium data in the literature with the predicted 
results showed very good representation for one mixing rule and good for the other. 
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1. Introduction 
The solubility of gases in liquids has been under intense 

investigation over the past three decades since the knowl-
edge of gas solubility data in pure liquids and in mixed sol-
vents which plays an important role in several industrial 
processes, such as the carbonation of alcoholic beverages 
and soft drinks, gas absorption, stripping columns, waste-
water treatment, etc.From theoretical point of view, the 
solubility of gases in liquids, especially in the dilute region, 
is also a matter of great interest. Experimental solubility 
data can be used to test molecular theories. It is also used to 
elucidate intermolecular interactions and microscopic 
structure[1]. According to Wilhelm et al.[2]. The advan-
tages of low-pressure gas solubility over high-pressure 
equilibrium data relies on the fact that inaccuracies intro-
duced by possible necessary semi-empirical relations (for 
example, for the partial molar volume of solute at infinite 
dilution in the solvent) have essentially no effects on the 
final results and the thermodynamic treatment is much fa-
cilitated by well-defined assumptions[1]. Accurate thermo-
dynamic data such as volumetric properties and phase equi-
libria of pure compounds and mixtures (i.e.CO2 + alkanes, 
CO2 + alkanols) are of great significance in the chemical, 
oil and biotechnology areas, and for the development and 
validation of thermodynamic models. In this context, it is 
especially important to know the global phase behavior of  
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systems within the range of working pressures and tem-
peratures[3]. Dalmolin et al.[1]. Were studied the gas solu-
bility data and Henry’s constants for carbon dioxide in pure 
water and ethanol and in their mixtures. The experiments 
were performed in the temperature range of 288–323 K, up 
to 6 atm in pure solvents and at various ethanol–water mix-
ture compositions. Equilibrium measurements for the CO2 + 
1-propanol system were performed from 344 to 426 K were 
studied by Elizalde-Solis et al.[3]. For the case of the CO2 + 
2-propanol system, measurements were made from 334 to 
443 K, and for the CO2 + 1-butanol were obtained from 354 
to 430K. MinqiangHou et al[4]. Studied the solubility of 
CO2 in polyethylene glycol200 (PEG200, PEG with an av-
erage molecular weight of 200 g/ mol), 1-pentanol, 
and1-octanol.The solubility of thiophene in CO2 and in CO2 
+ 1-propanol mixtures, were measured by Elizalde and 
Galicia-Luna [5]. Vapor–liquid equilibria (VLE) data of 
binary mixtures were fitted to the Peng–Robinson equation 
of state (EOS) with classical mixing rules. Theoretical re-
sults are found by comparing theoretical and experimental 
data. 

The results for SRK-EOS for CO2(1)-mixture (2) (etha-
nol-water) at moderate pressure and different temperature is 
compared with the experimental data obtained by Dalmolin, 
et al.[1] 

2. Equation of State 

Cubic equations of state in fact is the simplest equation 
capable of representing both liquid and vaporbehavior, it 
must encompass a wide range of temperature and pres-
sures.Yet it must be not complex to present excessive nu-
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merical or an analytical difficulties in application [6]. The 
general form of SRK-EOS is shown in Table 1. 

Table 1.General form for SRK-EOS 
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Replacing ν in the general form of SRK-EOS in term of 
ZRT/P, gives the cubic equation of compressibility factor as 
shown in Table 2. 

Table 2. Cubic equation of compressibility factor for SRK-EOS [8] 
SRK-EOS 
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Where Z is the compressibility factor of the liquid mixture 
and may be calculated from the cubic equation by an itera-
tion method such as Newton-Raphson method. 

The useful relation for finding fugacity coefficients[8] is, 
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When the SRK-EOSis introduced into Eq. (1), 
closed-form for fugacity coefficient is obtained in the liquid 
phase, as in Eq. 2  
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The fugacity coefficients of the components in the gas 
phase are also calculated with Eq.2 with, yi and all the (SRK) 
a and b values for the gas replacing their corresponding terms. 
Most of simple equations of state are evolved from the van 
der Waal's mixing rules with or without modifications and 
the mixing rules for equation of state calculate the mixture 
parameters am and bm for the equation of state according to 
the one-fluid mixing rules (Eqs. 3 and 4) and the only dif-
ference between them is the combining rule that determines 
how the cross coefficients aij and bij are calculated[6-8].
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The mixing rules used in this investigation are listed in 
Table 3. 

3. Results and Discussion. 
Theoretical solubility of CO2 in mixture is calculated us-

ing SRK-EOS with different mixing rules. Calculations 

included the mole fraction of CO2 in liquid phase (x). The 
obtained dada from the model are compared with experi-
mental data obtained by Dalmolin, et al.[1]. Critical tem-
perature (Tcm), critical pressure (Pcm) and the acentric factor 
(ωm) for the mixture (ethanol- water) are calculated by the 
equations 6, 7 and 8 respectively [10]: 

m i iTc Tc x= ∑                    (6) 

m i iPc Pc x= ∑                    (7) 

m i ixω ω=∑                    (8) 
where, Tcm, Pcm, mω  are the critical temperature, critical 

pressure and acentric factor for mixture.  
Tci, Pci, iω are the critical temperature and critical pres-

sure and acentric factor for ethanol and water. 
xi , mole fraction of ethanol and water. 
Adjustable parameter (kij) is obtained from fitting ex-

perimental data using SRK-EOS. Additionally the adjustable 
parameter (Lij) which is used in MR2 is found by trial and 
error. The calculated parameter which is gives a good results, 
is shown in Table 4. 

Table 3.  List of mixing rules equations used 

Name Mixing rules Adjustable 
parameters 

Modified van 
der Waal's mix-
ing rules (MR1) 
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Table 4.  Values of Adjustable Parameters Obtained from Fitting with 
SRK-EOS 

MR2 MR1 T (K) 
Composition of 

mixtures (Ethanol 
+ Water) 

L12 k12 k12   
-0.044 
0.098 
0.017 
-0.048 

-0.1326 
-0.1257 
-0.1156 
-0.1031 

-0.1326 
-0.1257 
-0.1156 
-0.1031 

288 
298 
308 
323 

0.1 ethanol + 0.9 
water 

0.011 
0.002 
-0.081 
0.045 

-0.1033 
-0.0998 
-0.0943 
-0.09073 

-0.1033 
-0.0998 
-0.0943 

-0.09073 

288 
298 
308 
323 

0.25 ethanol + 
0.75  water 

0.0005 
-0.022 
0.105 
-0.073 

--0.05499 
-0.0542 
-0.0499 
-0.04494 

-0.05499 
-0.0542 
-0.0499 

-0.04494 

288 
298 
308 
323 

0.5 ethanol + 0.5 
water 

-0.039 
-0.1 

0.017 
0.179 

0.0197 
0.0236 
0.0234 

0.02486 

0.0197 
0.0236 
0.0234 

0.02486 

288 
298 
308 
323 

0.75 ethanol + 
0.25  water 

-0.009 
-0.033 
0.053 
-0.023 

0.0672 
0.0730 

0.07725 
0.08644 

0.0672 
0.0730 

0.07725 
0.08644 

288 
298 
308 
323 

0.9 ethanol + 0.1 
water 
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Table 5.  MAD between the experimental and predicted mole fraction 
solubility of CO2 in mixture (Ethanol + Water) with MR1 and MR2 Using 
SRK 

MR2 MR1 T (K) Composition of mixtures 
(Ethanol + Water) 

1.084*10-06 

4.643*10-06 
2.143*10-06 
1.193*10-06 

9.349*10-04 

1.303*10-03 
1.343*10-04 
2.662*10-04 

288 
298 
308 
323 

0.1 ethanol + 0.9 water 

3.492*10-05 
1.126*10-06 
5.388*10-06 
5.232*10-06 

6.198*10-04 
6.401*10-05 
1.286*10-03 
6.560*10-04 

288 
298 
308 
323 

0.25 ethanol + 0.75 water 

1.802*10-06 
4.103*10-05 
2.363*10-05 
1.674*10-05 

5.087*10-05 
1.922*10-03 
8.518*10-03 
3.153*10-03 

288 
298 
308 
323 

0.5 ethanol + 0.5 water 

1.532*10-04 

4.908*10-05 
2.015*10-05 

1.442*10-05 

7.119*10-03 
1.215*10-02 
2.117*10-03 
1.270*10-02 

288 
298 
308 
323 

0.75 ethanol + 0.25  water 

4.665*10-05 
5.668*10-05 
1.591*10-05 
1.162*10-05 

1.895*10-03 
4.951*10-03 
5.288*10-03 
1.468*10-03 

288 
298 
308 
323 

0.9 ethanol + 0.1  water 

The adjustable parameter k12,for the mixture composition 
(0.1 ethanol+0.9 water) to the composition (0.5 ethanol+0.5 
water) was decreases with increasing the temperature, but in 
the composition (0.75 ethanol+0.25 water) and the compo-
sition (0.9 ethanol+0.1 water), k12 increase with increase the 
temperature note that the increment is very slight compare 
with the increases of the temperature in this sys-
tem.Additionally the adjustable parameter L12, indicate vac-
illation value for the SRK-EOS 

An acceptable value of (kij, Lij) which is gives minimum 
mean absolute deviation (%MAD) is calculated by the Eq. 
(9) 

            (9) 

Where, N is the number of data points. Table 5 are shows 
the %MAD between the Experimental and Predicted mole 
fraction of CO2 in mixture (Ethanol + Water) with using 
SRK-EOS 

The results from the comparison between the experimental 
data from literature and the results from the model are shown 
graphically in Figures (1-8). 

 
Figure 1.  Phase composition diagram of CO2- Mixture system at 288 K 
using SRK with MR1 

 
Figure 2.  Phase composition diagram of CO2- Mixture system at 288 K 
using SRK with MR2 

 
Figure 3.  Phase composition diagram of CO2- Mixture system at 298 K 
using SRK with MR1 

 
Figure 4.  Phase composition diagram of CO2- Mixture system at 298 K 
using SRK with MR2 
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Figure 5.  Phase composition diagram of CO2- Mixture system at 308 K 
using SRK with MR1 

 
Figure 6.  Phase composition diagram of CO2- Mixture system at 308 K 
using SRK with MR2 

 
Figure 7.  Phase composition diagram of CO2- Mixture system at 323 K 
using SRK with MR1. 

 
Figure 8.  Phase composition diagram of CO2- Mixture system at 323 K 
using SRK with MR2 

These Figures indicated that the mixing rules MR2 
gave %MAD smaller than the mixing rules MR1 for SRK 
-EOS. Thus, the MR2 with two adjustable parameter k12 and 
L12 can be used to calculate the gas-liquid equilibrium of 
CO2 (1)-mixture (2) at moderate pressures and different 
temperatures adequately.  It is obvious that there is good 
agreement between calculated data from the model using 
(MR1, MR2) and experimental data. Although, there is small 
deviation especially in the mixture composition (0.25 etha-
nol + 0.75 water) and (0.9 ethanol + 0.1 Water) at the tem-
perature 308, 323 K . However, this can be used to calculate 
the gas-liquid equilibrium properties of CO2 (1)-mixture (2) 
system. 

4. Conclusoins 
1. It is possible to collate gas-liquid equilibrium of CO2 – 

mixture system using SRK-EOS with the mixing rules of two 
adjustable parameters.  

2. Mixing rule MR2 includes two adjustable parameter k12 
and L12 can be employed to find the gas -liquid equilibrium 
data of CO2 (1)-mixture (2) at moderate pressures and dif-
ferent temperatures since it gives good agreement compared 
with the other mixing rules. 

3. It is acceptable to use MR1 that contain one adjustable 
parameter k12 to calculate gas -liquid equilibrium data of CO2 
(1)-mixture (2) at moderate pressures and different tem-
peratures since it gives good agreement. 
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