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Abstract 

 
In this work a modification of the UNIQUAC model was used to describe the excess Gibbs energy of 

electrolyte systems; the capability of the model in the correlation of vapor-liquid equilibria (VLE) in 

water + acetic acid + sodium acetate ternary system was investigated. The modified UNIQUAC model 

(M–UNIQUAC) is composed of the original UNIQUAC model and the Pitzer–Debye–Hückel (PDH) law. 

The Peng Robinson equation of state (PR EOS) was applied for the vapor phase calculations. In this work 

the experimental data at the temperature range of 373.35 to 393.85 ⁰K were used to obtain the binary 

interaction parameters; in summary, 173 data points were correlated satisfactorily. The results show that 

the quality of the model is in good agreement with the experimental data. In this work, a comparison 

between the M–UNIQUAC and the original UNIQUAC was carried out and it proves that using the M–

UNIQUAC model for the liquid phase and PR EOS for vapor phase calculation could be suitable for the 

correlation of phase behavior in VLE with total Average Absolute Deviation (%AAD) of 7.6%. 
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1. Introduction 

Phase equilibria of electrolyte systems are of great importance for the different 

separation processes in chemical industries such as distillation of salt–containing 

liquids, liquid-liquid extraction of salt mixtures, salt precipitation from mixed solvents, 

etc. [1-3]; therefore, recently there has emerged an industrial interest in electrolyte 

systems. The presence of salts in the solution can change the properties of the mixture 

such as boiling point and the equilibrium composition of the vapor phase; thus, a lot of 

experimental data is required to obtain the properties of the electrolyte system. 

Nowadays, a large number of data on mixed solvent electrolyte systems are available. 

To develop, design, and optimization of chemical plants, thermodynamic models are 

needed [4]. Theoretically, the correlation of the vapor-liquid equilibria (VLE) for these 

systems by applying an appropriate thermodynamic model is beneficial. The excess 

Gibbs energy models such as Wilson, the–random two–liquid (NRTL), TK–Wilson, and 

UNIQUAC models [1] are widely used to describe the mentioned thermodynamic 

systems; which have presented good results in some cases. Because of the special 

interaction between ions, in recent decades various modifications have been proposed to 

enable these models to correlate and even predict the equilibrium properties of 

electrolyte systems. As an example, NRTL and electrolyte non–random–two–liquid 

(eNRTL) equations have been used for the correlation of Vapor-liquid equilibrium 

(VLE) data by Dongshun et al. [5]. A generalized strong electrolyte LIQUAC model has 

been also presented to describe the VLE, osmotic coefficients, mean ionic activity 

coefficients, and solid-liquid equilibria (SLE) for the single and mixed solvent 

electrolyte systems [6, 7]. To correlate the electrolyte systems, it is better to use 

thermodynamic models that combine with a term for long-range interactions. Sander 

and his co-workers combined a term of the Debye–Hückel type with a UNIQUAC 

equation with concentration-dependent parameters [8] which is known as extended 

UNIQUAC. The extended UNIQUAC model has been applied to aqueous salt systems 

to demonstrate its ability to represent the solid-liquid–vapor (SLV) equilibrium and 

thermal property data [3]. In this way, using the Debye–Hückel law is very useful [9]. 

In 2010 and 2011 Pirahmadi et al. [10, 11] presented a modified UNIQUAC model to 

correlate liquid-liquid equilibria (LLE) of electrolyte systems. Recently, Hamta et al. 

[12] correlated a ternary system composed of water, polyethylene glycol, and sodium 

carbonate at different temperatures using extended UNIQUAC. It seems that M–

UNIQUAC, may also successfully correlate the experimental data of VLE. Therefore, 

this work aims to examine the M–UNIQUAC model to describe the VLE data of water 

+ acetic acid + sodium acetate ternary systems. 

 

2. Thermodynamic model 

To obtain an activity coefficient model for the salt–containing systems the local 

composition strategy was followed. The model that is used in this work is composed of 

three distinct contributions; the original UNIQUAC term by Abrams and Prausnitz [13] 

considers the effect of short-range entropy and enthalpy effects. The contribution of 

long-range interaction in the electrolyte solution is modeled by the Pitzaer–Debye–
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Hückel (PDH) equation [14]. Therefore, the total excess Gibbs free energy can be 

calculated as follows: 

 
, ,E E UNIQUAC E PDHG G G

RT RT RT
                                                      

(1) 

Equation (1), 
, E UNIQUACG is the original UNIQUAC equation. 

To find the activity coefficient of ions and solvents equations (2) and (3) can be used, 

respectively. 
* * *UNIQUAC PDH

i i iln ln ln                            

(2) 
UNIQUAC PDH
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(3) 

Where j and I refer to solvent and ions, and the asterisk determines the activity 

coefficients of the ions that are defined using the asymmetric convention [10]. The 

activity coefficient of solvents can be derived by straight–forward differentiation of 

excess Gibbs function as follows: 
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The following equations can be used to calculate the asymmetrical activity coefficient 

of ions: 
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(6) 
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(7) 

Activity coefficients at infinite dilution can also be calculated using Eq. (10). 
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Where the ionic strength Ix, and the Debye–Hückel parameter on a mole fraction basis 

(Ax), are defined as follows: 

21

2
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(9) 
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In these equations e is the electronic charge, NA is Avogadro's number, ɛ0 is the vacuum 

permittivity and k is Boltzmann's constant. 

To calculate the molar mass (Ms), density (ds), and dielectric constant of mixed solvent 

(Ds) the following equations can be used. 
'
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In Eqs. (14–16) ωj
' and xj

' are the salt-free mass fraction and mole fraction of solvent j, 

and Mj, dj, and Dj are the molar mass, density, and dielectric constant of solvent j. The 

parameter ρ is related to a hardcore collision diameter or the distance of the closest 

approach of ions in solution. The ϕ and θ parameters are the surface and volume 

fractions. These parameters are functions of the size and the volume area parameters r 

and q: 
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Also, kj is defined in terms of the binary energy interaction parameter (akl): 
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Where kl lka a  and   0kk lla a   [11]. 
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The structural parameters of the UNIQUAC equation, ri and qi, for water, acetic acid, 

and sodium acetate were taken from Abrams et al.[12], A1–Muhtaseb et al. [15] and 

Kikic et al. [16], respectively. 

 

3. Results and discussions 

In this work, thermodynamic modeling of VLE data is investigated using modified 

UNIQUAC. The VLE is calculated by using the criteria of chemical potential equality 

in two phases: 

 I II

i i                        

(19) 

Accordingly: 

 sat

i i i i ix P y P                     

(20) 

Where i is the fugacity coefficient of component I, sat

iP is the saturation pressure and P 

is the total pressure of the vapor phase. To calculate the activity coefficient of species in 

the liquid phase the original UNIQUAC and M–UNIQUAC models were used. For this 

purpose, binary interaction parameters of species are required. The binary interaction 

parameters of water + acetic acid + sodium acetate ternary system were determined by 

using VLE experimental data at atmospheric pressure. The isobaric VLE data was 

obtained from the experimental data reported by Vercher et al. [17] in the 373–395 K 

range. The adjustable parameters of the M–UNIQUAC model were fitted to 

experimental data. It must be mentioned that the Peng–Robinson EOS was applied to 

the calculation of the fugacity coefficient in the vapor phase. To determine the 

interaction parameters in the function of temperature, all data in the literature mentioned 

above was used. The shuffled Complex Evolution (SCE) optimization algorithm was 

used to adjust the binary interaction parameters of components in the thermodynamic 

model. To fit the VLE data of the Water + Acetic Acid + Sodium Acetate system the 

objective function that is defined as follows was minimized [11, 18]: 

    2 2
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OF W W W W
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(21) 

Where M is the number of tie lines and N is the number of components. Also, Wij
k is the 

mass fraction of component i in the phase k for j–th tie line. Superscripts "cal" and 

"exp" represent the calculated values by the model and experimental ones. The 

correlation of VLE was tested by using the Rachford–Rice flash calculation algorithm. 

It must be mentioned that the all parameters in this work are the UNIQUAC parameters 

and there are no parameters for PDH low and PR EOS. The values of volume (r) and 

surface area (q) parameters can be adjusted to the VLE data but to reduce the number of 

fitting parameters, the r and q for water and acetic acid were used from the Al–

Muhtaseb et al. [15] and the same for sodium and acetate ions were taken from Kikic et 

al. [16]; These parameters have been shown in Table 1. 

 

http://www.sciencedirect.com/science/article/pii/000925099185146O
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Table 1. The volume (r) and surface area (q) parameters for the UNIQUAC model [15, 16] 

 water acetic acid Na+ acetate 

r 0.92 2.2024 3 2.05 

q 1.4 2.072 3 1.9 

 

In the following, the parameters were adjusted and after that, the equilibrium values 

were calculated. The experimental values were compared with the calculated ones. In 

each case, the Average Absolute Deviation (%AAD) of calculated values from 

experimental data was determined according to: 

    
1

2 2 2, , ,  ,

1 1

% 100
2

M N I cal I exp II cal II exp

ij ij ij ijj i
W W W W
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MN

 

   
 

  
 
 

 
     

(22) 

The M–UNIQUAC interaction parameters for the aqueous solution containing acetic 

acid and sodium acetate are reported in Table 2 and Table 3. Figure 1 shows the ability 

of the M–UNIQUAC model to correlate the mentioned system by comparing 

experimental data and modeling results. 

 
Table 2. uij0 = uji0 parameters for calculating binary interaction parameters of the modified extended 

UNIQUAC model for the system containing water + acetic acid + Na+ + acetate 

 

uij0 water acetic acid Na+ acetate 

water 3079.397 1425.568 809.419 2075.221 

acetic acid - 1413.164 2551.028 2393.4215 

Na+ - - 126.452 1640.33 

acetate - - - 1619.327 

 
Table 3. uijt = ujit parameters for calculating binary interaction parameters of the modified extended 

UNIQUAC model for the system containing water + acetic acid + Na+ + acetate 

 

uijt water acetic acid Na+ acetate 

water 2.661 192.753 219.623 2.919 

acetic acid - 199.23 177.018 207.344 

Na+ - - 730.633 0.0011 

acetate - - - 77.49159 
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As can be seen from Fig.1 the model has predicted the compositions well over the 

studied temperature range and only trivial deviations between experimental and 

calculated values are observed. 

 

 
Fig. 1. Experimental and calculated x–y diagram for water + acetic acid + sodium acetate ternary 

 

the system at atmospheric pressure 

To study the effect of each term in the mentioned model, a comparison between 

modified and original UNIQUAC models was carried out. The %AAD of all studied 

models is listed in Table 4. As shown in Table 4, the results of the M–UNIQUAC 

model that be used in this work, show a good agreement with the experimental data. 

The value of %AAD for Water + Acetic Acid + Sodium Acetate ternary system for M–

UNIQUAC is about 7.6%. Therefore, the accuracy of this model is better than other 

models and it can reproduce the compositions satisfactorily. 

 
Table 4. Average absolute deviation in calculated compositions (see Eq. (25)) for the water + acetic acid 

+ sodium acetate ternary system at atmospheric pressure 

 

 This work Original UNIQUAC modified UNIQUAC 

%AAD 7.67 10.3 7.35 

 

4. Conclusions 

In the present study, the VLE experimental data of the Water + Acetic Acid + Sodium 

Acetate ternary system were correlated. In this way, the M–UNIQUAC and Peng–

Robinson equation of state (PR EOS) were used to calculate the activity coefficient in 

the liquid phase and fugacity coefficient in the vapor phase, respectively. The result 

showed that using the original UNIQUAC model correlated the experimental data 

suitably but the M–UNIQUAC model is better. In this modification, PDH law was used 
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for considering long-range interactions. To check the ability of this model to correlate 

the vapor-liquid equilibrium of this system more than 170 data were evaluated. Results 

show that adding the PDH law has a significant role in reducing the error. It was also 

proved that the M–UNIQUAC model properly described the VLE of this system at a 

wide range of temperatures at atmospheric pressure. The average absolute deviation 

(%AAD) of the mentioned model is about 7%, however, the %AAD for the original 

UNIQUAC model is about 10.3%. Therefore, the results indicate that the M–

UNIQUAC model can correlate the experimental data satisfactorily. 
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