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ABSTRACT: Recently, the pseudo lattice theory has been used to derive a simple linear correlation 

for the prediction of the surface tension of pure ionic liquids and their mixtures. That linear equation 

includes the parameters of coulomb interactions and the short-range interaction between the ions.  

In this work, a new correlation was derived for the solutions of ionic liquids in molecular solvents.  

The obtained correlation, predicts that the difference between the experimental surface tension and 

an approximated surface tension without including ion-solvent interaction, (∆𝛾) is a function of -5/3 

order of molar volume. ∆𝛾 can be calculated by using thermophysical experimental data. The linearity  

of the plots of ∆𝛾 versus V-5/3 for mixtures of ionic liquids and solvents (alcohols and water) confirms 

the applicability of the pseudo lattice theory for these systems. The slope of the obtained lines, Bmix, 

is a measure of ion-solvent interaction and is independent of the temperature and mole fraction. 

Finally, an empirical linear relationship between Bmix and pure ionic liquid properties was extracted 

for each solvent. The equation of the last linear correlation is valuable for approximating 𝐵𝑚𝑖𝑥  and 

consequently, the surface tension of solutions at a varied range of temperatures and mole fractions.  
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INTRODUCTION 

Ionic liquids can be introduced by their unique 

properties [1]. Because of various theoretical and 

technological reasons, surface tension plays a special role 

among many unique features of these compounds. In liquid 

systems, the cohesive forces between particles are 

responsible for the surface tension [2, 3]. Thus, the surface 

tension measurement is an effective way to find the  

 

 

 

the inherent energy of interactions between ions in these 

systems. In recent years, many studies have focused on the 

surface tension of pure ionic liquids and their mixtures 

with molecular solvents, especially water [4-9].  

The existence of a lattice structure in ionic solutions 

was recognized in the early 60's [10]. The main concepts 

of the pseudolattice theory were proposed by Bauchi for  
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concentrated electrolyte solutions [10]. Then, this theory was 

modified by modeling the short-range repulsive ion-ion 

interactions with the hard-sphere potential [11]. The 

importance of Van der Waals interactions in pure ionic liquids 

and highly concentrated solutions has led the researchers to 

describe the non-coulomb interactions by the Lennard-Jones 

potential model. The resulted formulation of the pseudolattice 

theory is capable to describe the thermodynamic and 

transition properties of all concentrations of electrolyte 

solutions and ionic liquids [11].  

Pseudolattice model can be applied to analyze the 

statistical composition of ions on the surface. In this 

theory, to determine the surface tension of ionic liquids, 

the surface area can be related to the pseudolattice cell size. 

It was also found that the pseudolattice was a suitable 

structure to recognize pure ionic liquids and their solution 

[12-18]. The validity of the pseudolattice theory for 

describing the surface properties and the surface 

adsorption of IL mixtures has been established [13]. In 

these mixtures, the organic cationic species, due to their 

hydrophobic nature, are the positively adsorbed species. 

Anions, as a second surface active species, influence the 

surface tension by forming an electric double layer in the 

neighborhood of the interface. They can be averaged over 

the whole volume and preserve both global and local 

electro-neutrality. The structure of the bulk mixture can be 

considered as a pseudolattice whose nodes are occupied by 

amphiphilic cations and water molecules immersed in a 

neutralizing background [13]. Recently, according to this 

theory and by using some approximations, a simple linear 

correlation has been extracted for the surface tension of 

ionic liquids. The parameters of this linear regularity can 

be used to estimate both of the surface tension of pure 

systems in a wide temperature range and the surface 

tension of their binary mixtures [19].  

In the present study, the parameters of the linear 

regularity in our previous work [19] were applied to 

estimate the validity of the pseudolattice model for the 

solutions of ionic liquid and molecular solvents. 

According to our formulation, in these systems, the 

difference between the experimental surface tension and 

an approximated surface tension without including ion-

solvent interaction, (∆𝛾) must be a function of V-5/3, where 

V is the molar volume. The solutions of ionic liquids and 

three molecular solvents (water, methanol and ethanol) 

were studied by this approach.  

THEORETICAL SECTION 

We expect that the pseudolattice model was capable to 

describe the interactions of the ionic liquid solutions, 

Because of the existence of a polar network in these 

systems. This model provides an effective approach to 

study the thermophysical properties and the electronic 

structure of ionic solutions [16-21].  

 In the base of pseudolattice theory, the free energy of 

an ionic system is given as equation (1) [11]. 
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In this equation, 𝑟𝑖𝑗  is the distance between ions i and j 

and is equal to 𝑎𝑖𝑗 𝑅
∗. 𝑎𝑖𝑗 is a unit less constant that 

depends only on the structure of the lattice and R* is the 

size of the cells of the pseudolattice.  𝜀0 is the dielectric 

constant of the bulk solvent, and 𝜀 is the dielectric constant 

of the medium at the ion surface. 𝑉𝑠𝑒𝑎  is the volume of the 

region around each ion in which the dielectric constant 

varies from 𝜀0 to 𝜀. 𝑞+ and 𝑞− are the ions charges. A′′, B′′, 

D′′ and E′′ are constants whose values depend on the 

particular structure of the ionic system. The first term of 

Eq. (1) is related with the Coulomb interactions in the bulk 

system, and the second one is related to the interaction of 

ions with the dielectric gradient around them. The third 

and fourth terms are associated to the contribution of the 

attractive interaction of dispersive origin and the 

contribution of the short-range repulsive interaction of the 

electron clouds of the ions, respectively. 

 When the free energy is known, the thermodynamic 

properties of the system such as surface tension and 

thermodynamic pressure can be determined by the 

conventional procedures. In pseudolattice theory, the 

surface area can be related to the pseudolattice cell size. 

Due to the structural features of the ionic systems, their 

surface tension can be calculated as that of solids. 

According to Shuttleworth, [22] the surface tension of a 

crystal face is related to the free energy by the 𝛾 = (
𝜕𝐹

𝜕𝑆
) +

𝐹

𝑆
 , where S represents here the area of the surface. Also, 

the thermodynamic pressure was obtained as − (
𝜕𝐹

𝜕𝑉
)

𝑇
, 

where 𝑉 is the molar volume. To derive correlations for 

surface tension and thermodynamic pressure, it was 

assumed that the pseudolattice cell size is equal to 
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 𝑅∗ = 𝑘𝑆
1

2, where 𝑆 = 𝑘′𝑉
2

3 and 𝑘 and 𝑘′ are proportional 

constants. Then the following equation was derived by 

combination of obtained correlations for surface tension 

and thermodynamic pressure [19]. 
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In the pure IL, because of the absence of ion solvent 

interactions, the second term in the right hand of Eq. (4) 

has been removed.  
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Where 𝐴 =
5𝐴′

6
 and 𝐸 = −𝐸′. In low and intermediate 

pressures 𝛾𝑉𝑁
1

3⁄ ≫ 𝑝𝑉
4

3⁄  and the linear regularity  

Eq. (5) was reduced to the following simple equation, with 

a very good approximation. 

γVN
1

3⁄ = A +
E

V
11
3

                                                               (5) 

The parameters A and E are the demonstration of two 

more important interactions in pure ionic liquids ion-ion 

Coulomb interaction and short range repulsion interaction 

respectively. In low and intermediate pressures, the 

surface tension of ionic liquid mixtures has been explored 

by applying the mixing rules for parameters of Eq. (5).  

γmix =
Amix

V
+

Emix

V
14
3

                                                            (6) 

Amix = ∑ ∑ xi

ji

xj (AiAj)
1
2                                               (7) 

Emix = ∑ ∑ xi

ji

xj (EiEj)
1
2   

Where x is the mole fraction. The ion-solvent 

interactions are absent in pure ionic liquid systems and 

their mixtures, therefore, the second term in Eq. (1) was 

vanished in manipulation of Eq. (5) and Eq. (6). 

Obviously, this simplification is forbidden for solutions of 

ionic liquids and molecular solvents. Consequently, 

according to the above explanation and formulation, if the 

pseudolattice model was appropriate for description of 

these solutions, in low and intermediate pressures, the 

surface tension would be obtained from the following 

equation. 

γexp = (
Amix

V
+

Emix

V
14
3

+
Bmix

V
5
3

)                                          (8) 

The last term in Eq. (8) shows the contribution of ion-

solvent interactions. We introduced 𝛾𝑁𝐼𝑆 as an estimated 

surface tension value for the solution if there were no ion-

solvent interactions. NIS means no ion-solvent interaction. 

γNIS = (
Amix

V
+

Emix

V
14
3

)                                                        (9) 

In these systems, the solvents, have no columbic 

interaction, thus in their contribution in 𝐴𝑚𝑖𝑥  is equal to 

zero and in Eq. (9) 𝐴𝑚𝑖𝑥 and 𝐸𝑚𝑖𝑥  were calculated as 

below.  

  Amix = xIL
2AIL                                                                  (10) 

Emix = xIL
2EIL + xS

2ES + 2xILxS(EILES)
1
2                  (11) 

The subscripts IL and S refer to ionic liquid and 

solvent, respectively. The values of 𝐴𝐼𝐿 and 𝐸𝐼𝐿 parameters 

of pure ionic liquids have been reported in our previous 

work [19]. For molecular solvent 𝐴𝑆=0 and Eq. (5) was 

reduced to:  

γSVSN
1

3⁄ =
ES

VS

11
3

                                                                (12) 

𝐸𝑆 has been obtained from the slope of the above linear 

correlation in when its intercept was assumed to be zero. 

So, someone can determine the value of 𝛾𝑁𝐼𝑆, by using Eq. (9).  

Δɣ  was introduced as the difference between the 

experimental surface tension, 𝛾𝑒𝑥𝑝 and 𝛾𝑁𝐼𝑆. Combination 

of Eq. (8) and Eq. (9) shows that Δɣ  is a function of V-5/3  

∆γ = γexp − γNIS =
Bmix

V
5
3

                                                 (13) 

Bmix can be calculated from the slope of the curve ∆𝛾 

versus 𝑉
−5

3  and is a measure of ion-solvent interaction. The 

linearity of the correlation Eq. (13) is a criterion of the 

validity of the pseudolattice model for the solutions.  
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Table 1: The parameters 𝑨𝑰𝑳 and 𝑬𝑰𝑳 [19] and the temperature range of the experimental data [24], for investigated ionic liquids. 

No. IL [18] Mw (
𝐠

𝐦𝐨𝐥
) ∆𝐓(𝐊) 𝐀𝐈𝐋×𝟏𝟎−𝟐 (

𝐉𝐦

𝐦𝐨𝐥
𝟒
𝟑

) 𝐄𝐈𝐋×𝟏𝟎𝟏𝟏 (
𝐉𝐦𝟏𝟐

𝐦𝐨𝐥𝟓
) 

1 [Mmim][dmp] 222.18 293.15-333.15 -1.554 1.655 

2 [Emim][BF4] 197.97 298.15-338.15 3.978 0.271 

3 [Emim][C2SO4] 236.29 293.15-313.15 3.697 0.915 

4 [ Emim ][Acetate] 170.21 278.15-338.15 4.868 1.397 

5 [Bmim][BF4] 226.02 298.15-338.15 0.316 1.482 

6 [Bmim][Lac] 228.29 293.15-343.15 5.464 0.603 

7 [ Bmim][Ntf2] 419.36 293.15-343.15 4.638 3.941 

8 [Pmim][Propanate] 226.32 288.15-328.15 4.592 0.788 

9 [Hmim][BF4] 254.08 298.15-338.15 2.821 1.965 

10 [ Hmim ][Ntf2] 447.42 293.15-343.15 4.940 6.409 

11 [Omim][ NTF2] 475.47 293.15-343.15 4.224 12.768 

12 [C4py][BF4] 223.02 295,65-338.15 4.434 0.564 

13 [C4 3C1 Py][ BF4] 237.05 298.15-333.15 4.572 0.832 

14 [bmpyr][NTf2] 422.41 288.15-323.15 6.105 2.943 

15 [MOEMIM][NTf2] 421.3 288.15-318.15 4.209 3.936 

16 [Emim][ MSO4 ] 222.26 298.14-333.14 3.517 0.375 

17 [Bmim][Asp] 271.32 298.15-348.15 0.409 4.593 

18 [BPyr][dca] 202.26 303.15-338.15 6.313 0.582 

 

Finally, an empirical linear relationship between Bmix and 

two thermophysical properties of ionic liquid (surface 

tension, and molar volume at 298K) was extracted for each 

solvent.  

 

RESULTS AND DISCUSSIONS  

The applicability of the pseudolattice theory for the 

solutions of some ionic liquids and three molecular 

solvents (water, methanol, and ethanol) were studied. 

Solutions of these three solvents were selected because 

more experimental data on their surface tension and 

density were reported in the sources. According to Eq. 

(13), the difference between the approximated surface 

tension without ion-solvent interaction, 𝛾𝑁𝐼𝑆, and the 

experimental surface tension, 𝛾𝑒𝑥𝑝, is a measure of the 

interaction between solvent and ionic liquid. If in these 

solutions, the pseudolattice theory is valuable, this 

difference (∆𝛾) will be a linear function of 𝑉
−5

3 .  

For calculating 𝛾𝑁𝐼𝑆, in the considered solutions, we 

have to estimate 𝐴𝑚𝑖𝑥 and 𝐸𝑚𝑖𝑥, from Eq. (10) and  

Eq. (11). The obtained values of 𝐴𝐼𝐿 and 𝐸𝐼𝐿 of the 

investigated ionic liquids were tabulated in Table 1, from 

our previous work [19]. As it was explained in the former 

section, for molecular solvents 𝐴𝑆=0. Table 2, shows the 

obtained values of 𝐸𝑆 from Eq. (12) and the range of the 

applied experimental pVT and surface tension data of 

molecular solvents [23]. By using the values of 𝐴𝐼𝐿, 𝐸𝐼𝐿 

and, 𝐸𝑆 someone can calculate 𝐴𝑚𝑖𝑥 and 𝐸𝑚𝑖𝑥  from Eq. (10) 

and Eq. (11), therefore 𝛾𝑁𝐼𝑆, can be obtained from Eq. (9).  

The experimental surface tension and molar volume of 

the ionic liquids, at different temperatures and mole 

fractions are taken from reference 24. The experimental 

techniques such as Du Nouy ring (DNR), pendant drop 

(PD) and capillary rise (CR), that commonly used to 

determine the surface tension of liquids, have been applied 

to the ionic liquids [4].  

The validity of Eq. (13) for solutions was studied, and 

the resulted lines for two different cases were displayed in 

Figs. 1 and 2. Fig. 1 shows the resulted lines, for the solutions 

of ethanol and ionic liquids at constant temperature.  
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Table 2: The temperature range of experimental data for estimating 𝑬𝑺 from Eq. (12), the obtained values of 𝑬𝑺, the dielectric 

constant and the slope and intercept of lines in Figs. 3 to 5, for three solvents. 

Solvent Mw (
𝒈

𝒎𝒐𝒍
) ∆𝑻(𝑲) 𝑬𝑺×𝟏𝟎−𝟏𝟓 (

𝑱𝒎𝟏𝟐

𝒎𝒐𝒍𝟓
) 𝜺[25] 𝜶×𝟏𝟎𝟓 (

𝑱𝒎

𝒎𝒐𝒍
) 𝜷×𝟏𝟎𝟏𝟑 (

𝑱𝒎𝟔

𝒎𝒐𝒍
𝟖

𝟑⁄
) 

H2O 18.02 293.15-413.15 0. 4417 80.1 0.869 -0.937 

Methanol 32.04 293.15-363.15 103.8 32.7 1.18 -8.84 

Ethanol 46.06 293.15-343.15 31.52 24.5 1.12 -7.10 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: The resulted lines of Eq. (13) at constant temperature, 

298.15K, for solutions of ILs and ethanol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: The resulted lines of Eq. (13) for solutions with three 

different solvents when temperature and mole fraction changes 

simultaneously. 

 

Fig. 2 shows the obtained lines for the solutions of three 

different solvents, (water, ethanol, and methanol) when 

temperature and mole fraction changes simultaneously. As 

it was shown, even if temperature and mole fraction 

changes concurrently, the correlation of Eq. (13) will 

remain almost linear. In these figures, the expected linear 

behavior was identified, obviously.  

The results of exploring this linearity for more systems 

are summarized in Table 3. In this table, the ranges of the 

applied temperatures, the mole fractions and the obtained 

detection coefficient (R2), were listed. As it was observed 

in Fig 2 and Table 3 the values of the slopes of the obtained 

line, 𝐵𝑚𝑖𝑥 , don’t depend on the temperature and mole 

fraction. 𝐵𝑚𝑖𝑥  is just a function of the ionic liquid and the 

solvent types and has been obtained from a simple linear 

regression.  

For almost all investigated solutions, the experimental 

data, from pure ionic liquid (𝑥𝑠 = 0) up to pure solvent 

(𝑥𝑠 = 1) is available. In this study, while the mole fraction 

of the solvents came close to one, the predicted linear 

behavior was spoiled gradually. This behavior can be 

attributed to the theoretical foundations of the 

pseudolattice model. This model was established for the 

concentrated electrolytes, thus the efficiency of the model 

reduced in dilute solutions. Regarding the detection 

coefficient (R2) and the mole fraction range, (Table 3), the 

validity of the Eq. (13) depends on the solvent kind. 

Dielectric constant is a measure of solvent’s ability to 

separate ions, consequently it is a suitable criterion for 

describing solvent ion interaction. By decreasing the 

dielectric constant of solvent, the region of its mole 

fraction applicability and the detection coefficient (R2) 

reduce gradually. 

𝐵𝑚𝑖𝑥 , is a measure of the ion solvent interaction 

contribution in pseudolattice model. As it was recognized 

in the previous section, 𝐵𝑚𝑖𝑥  was calculated from 

experimental surface tension and molar volume of 

solution. We empirically find another linear correlation 

between 𝐵𝑚𝑖𝑥  and properties of pure ionic liquids for each 

solvent. According to the obtained correlation 𝐵𝑚𝑖𝑥𝑉𝑚,𝐼𝐿 

changes linearly with 
𝐵𝑚𝑖𝑥

𝛾𝐼𝐿
. In this correlation molar 

volume and surface tension of pure ionic liquids at 

298.15K were used. As it was shown in Figs. 3 to 5 for 

three investigated solvents, this empirical correlation has  

0
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Table 3: The temperature range, mole fractions [24], the obtained values of 𝑩𝒎𝒊𝒙 and the detection coefficient (R2) of solutions. 

Solvent IL Mole fraction of solvent range Temperature range (K) B𝑚𝑖𝑥 × 10−8 (Jm3/mol2) R2 

H2O 
[C4 Py][BF4] 0.11-0.854 293.15-312.15 2.17 1 

[Bmim][Lac] 0.1-0.8 298.15-318.15 1.59 0.99 

 [Pmim][Propanate] 0.1-0.2 288.15-328.15 1.18 0.99 

 [Emim][BF4] 0.4-0.9 298.15 1.18 0.98 

 [mmim][dmp] 0-0.75 298.15 7.89 1 

 [Hmim][ BF4] 0-0.7 298.15 4.64 0.995 

MeOH 

[C1 C4 Pyr][ Ntf2] 0.16-0.9 288.15-308.15 1.98 0.99 

[C4 3C1 Py][ BF4] 0.03-0.8 293.15-323.15 1.45 0.95 

[MOEMIM][NTf2] 0.1-0.9 288.15-318.15 4.05 0.996 

[Bmim][Asp] 0.1-0.9 298.15-318.15 6.26 0.98 

[Bmim][Lac] 0.1-0.9 298.15-318.15 2.02 0.98 

[bmpyr][NTf2] 0.09-0.81 288.15-308.15 2.06 0.98 

[Omim][Ntf2] 0.065-0.8 298.15 6.03 1 

[Emim][ MSO4 ] 0.06-0.9 293.15 1.02 0.96 

[mmim][dmp] 0.1-0.8 298.15 3.12 0.95 

EtOH 

[C4 3C1 Py][ BF4] 0.05-0.71 293.15-323.15 1.31 0.94 

[Emim][ Acetate] 0.1-0.7 278.15-338.15 0.366 0.94 

[MOEMIM][NTf2] 0.19-0.8 288.15-318.15 2.19 0.98 

[BPyr][dca] 0.2-0.9 288.15-318.15 0.445 0.95 

[Bmim][Lac] 0.2-0.8 298.15-318.15 0.259 0.96 

[Omim][ NTF2 ] 0.1-0.8 298.15 4.28 0.99 

[Hmim][ BF4] 0.1-0.7 298.15 2.14 0.98 

[Emim][EtSO4] 0.08-0.65 298.15 1.61 0.98 

[Bmim][BF4 ] 0.1-0.67 298.15 2.52 0.96 

[Emim][BF4] 0.095-0.39 298.15 1.67 0.98 

[mmim][dmp] 0.1-0.7 298.15 2.67 0.94 

 

an acceptable linearity. 𝛼 and 𝛽 are the slope and the 

intercept of the obtained line respectively. Subsequently 

for each solution, 𝐵𝑚𝑖𝑥  can be calculated from the 

following equation.  

Bmix =
β

Vm −
α
γ

                                                                   (14) 

This correlation is helpful for predicting 𝐵𝑚𝑖𝑥  of any 

ionic liquid in a special solvent. After estimating 𝐵𝑚𝑖𝑥  

value, someone can approximate the solution surface 

tension by using equation (13).  

An ideal mixture is the one that the chemical potential 

of each component in the mixture can be associated with 

the chemical potential of the pure component and its mole 

fraction in the mixture [26]. The ideality or non-ideality of 

a binary mixture of ILs, is still a matter of challenge [27]. 

The variations in the behavior of IL mixtures are expected 

to arise from their structural organization and the 

Intermolecular interactions. In this study, 𝐵𝑚𝑖𝑥  is a 

measure of the ion-solvent interaction contribution. The 

structural features and other interactions that play 

important roles in the ideality of a mixture, don’t seem  
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Fig. 3: The empirical correlation for estimating Bmix for 

solutions of ionic liquids and ethanol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: The empirical correlation for estimating Bmix for 

solutions of ionic liquids and methanol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: The empirical correlation for estimating Bmix for 

solutions of ionic liquids and water. 

to have a direct effect on the amount of its value. On the 

other hand, the non-ideality of a mixtures have been 

measured by the quantities such as, the deviations in the 

refractive indices and the excess volume [28, 29]. In any 

solution, these quantities change with the temperature and 

the molar fraction of components. The obtained value of 

𝐵𝑚𝑖𝑥 , in our procedure isn’t dependent on the mole fraction 

and temperature. So, it isn’t an appropriate criterion for 

describing the ideality of solutions and its magnitude just 

shows the greatness of the ion-solvent contribution in the 

total intermolecular interactions. 

 

CONCLUSIONS  

Pseudolattice theory has been characterized to 

understand thermophysical properties of the charged 

complex fluids. To describe the properties of ionic liquids, 

this theory was modified by including short-range ion–ion 

interactions and a hard-core potential with an attractive 

tail. Recently, by using the pseudolattice approach, a 

simple correlation has been presented for prediction of the 

surface tension of binary mixtures of ionic liquids. When 

this approach applies to the solution of ionic liquids and 

molecular solvents, a further term that represents the ion-

solvent interactions will appear in the correlation. This 

additional term has the form  
𝑩𝑚𝑖𝑥

𝑉
5
3

. In the other word, the 

difference between the experimental surface tension and 

the approximated surface tension without ion-solvent 

interaction, (∆𝛾), is a linear function of 𝑉−
5

3 with the 

slope 𝐵𝑚𝑖𝑥 . Thus, the linearity of the plot of ∆𝛾 versus 𝑉−
5

3 

is a measure of the applicability of the pseudolattice theory 

for these systems. This correlation was examined for 

solutions of three different solvents and all investigated 

systems obeyed the correlation in a certain range of 

concentration and temperature. The results show that 𝐵𝑚𝑖𝑥  

values are independent of the temperature and mole 

fraction and this model is appropriate for the concentrated 

electrolytes. Therefore, by decreasing the concentration of 

the ions, the expected linear behavior and the efficiency of 

the pseudolattice model is reduced gradually. The range of 

validity of the correlation depends on the solvent polarity.  

Finally, an empirical linear correlation was found 

between 𝐵𝑚𝑖𝑥  and properties of pure ionic liquids for each 

solvent. This empirical correlation has an acceptable 

linearity. Therefore, for a particular solvent, someone can 

estimate the value of 𝐵𝑚𝑖𝑥 , by having the thermophysical  
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properties of pure ionic liquids and accordingly predict the 

solution surface tension at a varied range of temperatures 

and mole fraction (Eq. (13)).  
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