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Kaj Thomsen1, Martin Due Olsen1, and Lucas F.F. Corrêa1 

Modeling vapor-liquid-liquid-solid equilibrium for 
acetone-water-salt systems 

Abstract: A compilation of available experimental data for acetone-water mixtures with the reciprocal salt 

system Na+, K+ || Cl-, SO4
2- is presented. Significant inconsistencies among experimental data are pointed 

out. New freezing point measurements are reported for the binary acetone-water system at 12 different 

compositions. UNIQUAC parameters are determined on the basis of the available data from literature. 

Modeling results are presented. Vapor-liquid, liquid-liquid, and solid-liquid equilibria together with thermal 

properties are reproduced well by the model using only 14 parameters. The major drawback of the model is 

that the calculated liquid-liquid equilibrium regions of systems with KCl and NaCl are larger than the 

experimentally determined regions. The model is valid in the temperature range from -16 to 100 °C. 

Keywords: Mixed solvent salt solution, Extended UNIQUAC model, Data compilation 

Introduction 

Modeling mixed solvent solutions containing salts is of industrial and academic importance. Thermodynamic 

models make it possible to perform process simulation and optimization. Regeneration of solvents, extractive 

crystallization, and liquid-liquid extraction for mixtures that contain salts are examples of processes that might 

benefit from process simulation. The modeling of vapor-liquid, liquid-liquid, and solid-liquid equilibrium (VLE, 

LLE, and SLE) data for organic solvent-water-salt solutions has been the subject of several studies. The 

approaches reported in literature have significant differences [1].  

In the Extended UNIQUAC model [2], water is considered to be the only solvent. All other components are 

solutes. The effect one solute has on another or on the solvent is modeled exclusively by the interaction 

parameters.  

In the Mixed Solvent Electrolyte model (MSE model) [3], the standard state chemical potentials of aqueous 

species and the dielectric constant are functions of the solvent composition. A Gibbs energy of transfer is 

calculated (from the activity coefficients) as a correction to the (aqueous) standard state chemical potentials.  

In the Generalized Electrolyte-NRTL Model, [4], the difference between the standard state chemical potentials 

in two different solvents is calculated by a Born term [5].  

It has also been attempted to extend the Pitzer model to mixed solvent electrolyte mixtures. Kamps [6] 

combined Pitzer’s equation with a UNIQUAC term and a Born term. He applied a Redlich-Kister expansion 

for calculating the dielectric constant in the mixed solvent. A large number of parameters were determined for 

modeling phase equilibria in methanol-water solutions with NaCl and CO2. The model has not been expanded 

beyond this system, probably because of its complexity and its large number of parameters. 

The Gibbs energy of a solution is the sum of an ideal part and an excess part. Standard state properties 

usually belong to the ideal part of the Gibbs energy. Activity coefficients are derived from the excess part. If 

a very complex functionality is used for the ideal part of the Gibbs energy, this complexity is reflected in the 

excess Gibbs energy. When activity coefficients are used for modifying the standard state properties, it seems 

like the terms for the ideal and the excess parts of the Gibbs energy are being mixed. Inconsistencies could 

arise from the mixing of the ideal and excess parts of the Gibbs energy. We use the Extended UNIQUAC 

model. In this model, no composition dependence of the standard state properties is used. The Extended 

UNIQUAC model was described in detail by [2], [7], [8], and [9]. The model equations can be found in those 

papers. 

The Extended UNIQUAC model was previously applied by Iliuta et al. to VLE and SLE modeling in 

methanol-water systems with salts [2]. Thomsen et al. modeled VLE, LLE, and SLE in alcohol-water-salt 

systems with seven different alcohols [8]. Fosbøl et al. [10] modeled VLE, SLE, and excess enthalpy in the 

CO2−NaHCO3−Na2CO3− monoethylene glycol(MEG)−H2O electrolyte system with great success using the 

same model. Arshad et al. modeled VLE, LLE, and SLE in a phase change solvent for CO2 capture using this 

model [11]. 
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Acetone-water systems with salts 

Liquid-liquid phase splits in alcohol-water mixtures with salts have been well studied, modeled, and reported 

in literature [12]. Much less attention has been given to acetone-water mixtures. Here, we consider acetone-

water mixtures with the reciprocal salt system Na+, K+ || Cl-, SO4
2-. Many of the experimental data available 

for this system are of older date. To our knowledge, we have included all useful experimental data that were 

available at the time of publication. This system is interesting because NaCl, KCl, and Na2SO4 cause liquid-

liquid splits while K2SO4 does not. While NaCl cause liquid-liquid split down to at least -6°C [13], KCl only 

cause liquid-liquid split at temperatures above 32 °C [14]. According to Snell [14], the liquid-liquid split in 

acetone-water solutions with KCl continues up to at least 230 °C. Experimental data for liquid-liquid split in 

acetone-water solutions with Na2SO4 have been reported in the 35-50 °C range.  

Previous reports of thermodynamic modeling of acetone-water solutions with the mentioned reciprocal salt 

system was limited to specific equilibria in subsystems. Chen and Luo used the Cubic Chain of Rotators EOS 

[15] to model VLE in acetone-water solutions saturated with KCl and NaCl [16]. Ohe used the preferential 

solvation method for VLE in acetone-water solutions with KCl [17]. Yan et al. proposed the model LIFAC and 

applied it for modeling VLE in acetone-water solutions with KCl [18]. Abu Al-Rub et al. used the Furter 

equation [19] to model VLE in acetone-water solutions with NaCl [20]. Olaya et al. used the Electrolyte-NRTL 

equation for modeling SLE and LLE for acetone-water solutions containing NaCl at a single temperature, 25 

°C [21]. Jimenez et al. used a Pitzer-type equation developed by Kan et al. [22] to model the solubility of 

K2SO4 in acetone-water solutions at three temperatures [23]. It seems like we are the first to report modeling 

of the complete reciprocal salt system in acetone-water mixtures including VLE, LLE, SLE and thermal 

properties. 

Model parameters 

We used the model parameters for the aqueous reciprocal salt system Na+, K+ || Cl-, SO4
2- that were reported 

earlier [24]. We determined UNIQUAC volume and surface area parameters for acetone and interaction 

parameters for the interaction of acetone with water and with each of the four ions. In addition, a reference 

interaction for the acetone-acetone interaction was determined. In total, we determined six interaction 

parameters. These interaction parameters have linear temperature dependency. With the volume and surface 

area parameters, 14 parameter values were determined. It is possible that a better modeling result could be 

obtained if all the model parameters were re-determined and optimized for this system. 

Standard state properties 

The standard state properties for ions, salts, ice, water, and steam were available from earlier publications 

[24]. The standard state properties are used for calculating the equilibrium constants for SLE, VLE, and 

speciation at all temperatures. Aqueous standard state properties for acetone were required for the software 

implementation. Based on values of the ideal gas Gibbs energy of formation, enthalpy of formation, and heat 

capacity for acetone from DIPPR [25], the standard state properties of liquid acetone were determined based 

on experimental VLE data for pure acetone [26]. The standard state Gibbs energy of acetone in the aqueous 

standard state 𝜇𝑎𝑐𝑒𝑡𝑜𝑛𝑒
∗  was determined from the standard state Gibbs energy of liquid acetone, 𝜇𝑎𝑐𝑒𝑡𝑜𝑛𝑒

0  by 

using 𝛾𝑎𝑐𝑒𝑡𝑜𝑛𝑒
∞ , the infinite dilution activity coefficient of acetone in water [27]: 𝜇𝑎𝑐𝑒𝑡𝑜𝑛𝑒

∗ = 𝜇𝑎𝑐𝑒𝑡𝑜𝑛𝑒
0 + 𝑅𝑇𝑙𝑛𝛾𝑎𝑐𝑒𝑡𝑜𝑛𝑒

∞ . 

R and T are gas constant and Kelvin temperature respectively. The enthalpy of formation of acetone in the 

aqueous standard state was derived from this equation by temperature derivation. The infinite dilution activity 

coefficient of acetone in water was determined from the parameters in the thermodynamic model during 

parameter estimation. 
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Experimental data 

More than 1000 experimental data including SLE, VLE, LLE, heat of solution, freezing point depression, 

and excess enthalpy data were available for determining the 14 parameter values. The data are listed in Tab. 

1. Data only given as graphs in the papers were digitized using Plot Digitizer [28]. 

Table 1: Experimental data for acetone-water mixtures with the reciprocal salt system Na+, K+ || Cl-, SO4
2-. Fpd stands for 

freezing point depression data. 

Salt Data type Number of data Temperature, °C Reference 

None Fpd 14 -94.3 to 0 [29] 

None Fpd Graph -50 to 0 [30] 

None Fpd Graph -25 to 0 [31] 

KCl, NaCl SLE, LLE 20 20 [32] 

NaCl SLE 23 15-30 [33] 

NaCl, Na2SO4 SLE 32 20 [34] 

NaCl SLE, LLE 48 4 to 60 [13] 

NaCl, Na2SO4 SLE, LLE 33 40 [35] 

NaCl SLE, LLE 21 25 [36] 

NaCl, KCl SLE 8 40 [37] 

KCl, K2SO4 SLE 13 20 [38] 

KCl SLE, LLE 42 30 to 50 [14] 

KCl SLE 10 20 to 40 [39] 

KCl SLE, LLE 40 20 to 50 [40] 

Na2SO4 SLE Graph 10 and 25 [41] 

Na2SO4 SLE 24 7 to 40 [42] 

Na2SO4 SLE, LLE 30 30 to 50 [43] 

K2SO4 SLE 15 20 and 25 [44] 

K2SO4 SLE 7 25 [45] 

K2SO4 SLE 4 25 [46] 

K2SO4 SLE 25 15 to 35 [47] 

NaCl SLE 7 25 [48] 

NaCl SLE 6 19 [49] 

K2SO4 SLE 27 10 to 30 [50] 

K2SO4 SLE 6 20 [51] 

None VLE 75 16 to 96 [52] 

None VLE 21 56 to 92 [53] 

None VLE 45 -11 to 235 [26] 

None VLE 21 56 to 100 [54] 

KCl VLE 28 60 to 73 [55] 

None Excess enthalpy 14 25 [56] 

None Excess enthalpy 304 5 to 50 [57] 

NaCl, KCl Heat of solution 144 30 and 35 [58] 

NaCl, KCl Heat of solution 67 25 [59] 
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Experimental measurements 

HPLC-grade acetone (purity > 99.8 %) was purchased from Sigma-Aldrich. Samples were weighed and mixed 

with deionized water (conductivity < 0.2 μS). The freezing points were measured with a modified Beckmann 

apparatus which has been described elsewhere [60], [61]. The measured freezing points of acetone-water 

mixtures are presented in Tab 2. For acetone mass fractions lower than 0.39, the typical behavior for ice 

formation was seen. The phase transition was detected after a sudden increase in the sample temperature 

caused by heat developed during water solidification. This effect was not observed for samples in which the 

acetone mass fraction was larger than 0.39 and temperature lower than -16.50 °C. While the ice crystals were 

relatively large, the crystals formed at high acetone mass fractions/low temperatures were small and powder-

like. This solid persisted in the sample and required more heat to melt than ice did. 

Table 2: Freezing point depression measurements performed in this work. Mass fraction acetone, wA and ice formation 

temperature T °C. Five consecutive measurements were made of each temperature. The largest standard deviation was 0.07 

°C. 

wA 0.0103 0.0258 0.0509 0.1022 0.1500 0.2014 0.2504 0.3003 0.3525 0.3601 0.3708 0.3804 

T/°C -0.19 -0.72 -1.54 -3.47 -5.27 -7.48 -9.75 -12.15 -14.99 -15.22 -15.91 -16.50 

 

Modeling results 

The freezing point data from Wilson and Davidson [30], Bakhtyukova et al. [29] , and from Ennan and 

Lapshin [31] were found to be in disagreement. These sources seem to be the only published data on the 

freezing point depression of aqueous acetone. The disagreement is evident from Fig. 1. Usually, freezing 

point depression measurements provide indisputable data for determining water activities. The possible 

formation of clathrate hydrates was discussed by [30] and [31] and could affect the measurements. After an 

Figure 1: Freezing point data for the acetone-water system. Extended UNIQUAC calculation is prediction. 
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initial parameter estimation it was decided to reject the data 

from [31] because they seemed to be most in disagreement 

with other data. Later, it was decided to also reject the data 

from [29] and [30]. The equilibrium constant for ice 

formation is equal to the water activity. If the water activity 

is modeled wrong, it will affect the calculation of vapor-liquid 

equilibrium in the system. The water activity is also very 

important when calculating solid-liquid equilibria for salt 

hydrates such as sodium sulfate decahydrate 

(Na2SO4·10H2O). In order to establish the correct values for 

the freezing points of aqueous acetone, we performed a 

series of measurements of the freezing points of acetone-

water mixtures, presented in Tab. 2. Our measured freezing 

points are in good agreement with the data reported by 

Wilson and Davidson, see Fig. 1. No freezing point data 

were used for determining the parameters in the model. The 

model calculation of freezing points is therefore a prediction 

made by the model. The predicted freezing points are very 

close to our measured freezing points. 

The transition between sodium sulfate decahydrate and the anhydrous form of sodium sulfate is 

influenced by the presence of acetone in the solution. According to Krizhanovskii et al. [42], the transition 

happens at an acetone content of 24 mass % at 12 °C and 13 mass % at 20 °C. But according to Emons et 

al. [41], 88 mass % acetone is required at 10 °C and 72.5 mass % acetone at 25 °C. This is a significant 

difference as shown in the 12 °C phase diagram in Fig. 2. When modeling SLE it is important to know the 

correct solid phase in order to use the correct solubility product. The data from Emons et al. were found to be 

in agreement with the transition point predicted by the model based on the water activity determined from 

VLE data. Solid phases reported in [42] were updated to reflect the phase transition reported by Emons et 

al.. Figure 2 also shows some results of the modeling based on the updated solid phases. In this case, there 

is an excellent agreement between the experimental SLE data and the calculated curve. 

The most serious shortcoming of the current modeling seems to be limited ability to defer the formation 

of LLE to temperatures above 32 °C [14]. Snell [14] determined the binodal curve of acetone-water solutions 

saturated with KCl. In Fig. 3, the data obtained by Snell are plotted together with our calculated curve. 

According to the model, acetone salt solutions saturated with KCl divide into two liquid phases at temperatures 

above 21.6 °C, marked with a horizontal line in Fig. 3. The range of acetone concentrations with liquid-liquid 

phase split is much wider according to the model than indicated by the data of Snell. 

Figure 2: Transition point between hydrated and anhydrous form of Na2SO4 as reported in literature and as reproduced by 

model. 

Figure 3: “Temperature of division” of solutions 

saturated with KCl according to Snell, 1898. The 

calculated LLE region is wider and starts at lower 

temperatures 
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The range of acetone concentrations with liquid-liquid 

split determined by the model in systems with NaCl is also 

too wide. At the same time, many of the experimental SLE 

data are very scattered. This is for example the case for 

data plotted in Fig. 4 together with calculated SLE and LLE 

data for the acetone-water system with NaCl at 20 °C. The 

calculated LLE data region is seen to be larger than the 

region indicated by the experimental tie-lines. Besides the 

scattered SLE data, it is also seen that some experimental 

SLE data were actually measured in the LLE region. The 

SLE data are plotted as markers while LLE data are plotted 

as tie-lines in Fig. 4. The SLE data in the LLE region were 

not used for determining parameters.  

The solubility of NaCl in 99.5 mass % acetone in water 

was reported by Krizhanovskii and Nenno [13] at 

temperatures from 4 to 60 °C. The reproduction of these data by the model is very satisfactory. This is very 

Figure 4: Scattered SLE data in acetone-water-NaCl system with LLE at 20 °C. The calculated LLE region is larger than 

indicated by literature data. 

Figure 5: Calculated and experimental solubility of NaCl 

in 99.5 mass % acetone from 4 to 60 °C. 

Figure 6: K2SO4 modeling results at 20 °C. Example of data following a different trend. 
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interesting, because the model uses the aqueous standard state for all components and is still able to 

reproduce data in solutions containing only little water. This is shown in Fig. 5. 

The calculated phase diagram for K2SO4 solubility in acetone-water solutions at 20 °C is plotted in Fig. 6 

together with experimental data from different sources. The calculated curve is in good agreement with the 

data from [38] and [47]. The data series published by Segizbaeva et al. [50] follow a completely different trend 

than other data and were discarded together with data published at 10 and 30 °C by the same authors.  

The size of the LLE region calculated in the acetone-water system with Na2SO4 is in reasonable 

agreement with experimental data from [43]. This is shown in Fig. 7, calculated at 35 °C.  

Isobaric VLE data for the binary acetone-water system is reproduced very well by the model at pressures 

from 20 to 101.3 kPa. The 101.3 kPa isobar is shown in Fig. 8. VLE data with different KCl content reported by 

Kupriyanova et al. [55] seem to be measured partially in the LLE region. The same is the case for the VLE 

data with NaCl reported by Abu al-rub et al. [20]. 

  

Excess enthalpy data of the binary acetone-water system is qualitatively well reproduced. Experimental 

and calculated excess enthalpies are plotted in Fig. 9. The absolute deviation varies from 10 to 100 J/mol. The 

heat of solution data for KCl in acetone-water mixtures are reproduced by the model with an average relative 

deviation of  less than 11 %, while the same property for NaCl is reproduced by the model with an average 

relative deviation of around 25 %. The absolute deviations were of similar magnitude for the two salts, but the 

heat of solution of KCl is much larger, resulting in a lower average relative deviation. 

Model parameters are reported in Tab. 3. The UNIQUAC volume parameter was determined to be 4.61 

and the surface area parameter was determined to be 7.08. If calculated with the Bondi method, these two 

parameters would have the values 2.57 and 2.34 [62]. The standard state chemical potential for aqueous 

acetone, 𝜇𝑎𝑐𝑒𝑡𝑜𝑛𝑒
∗ = −150.259 𝑘𝐽/𝑚𝑜𝑙 (mol fraction scale) was determined from the model parameters. This 

Figure 7: SLE and LLE data in the acetone-water-Na2SO4 system at 35 °C. Model in reasonable agreement with data. 

Figure 8: Pxy diagram for acetone-water at 101.3 kPa. Good 

agreement between model and experimental data. 

Figure 9: Typical shape of the excess enthalpy curve of 

acetone-water mixtures. Typical accuracy of the model. 
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value could alternatively be determined to be -149.605 kJ/mol from the Henry’s law constant for acetone in 

water reported by Benkelberg et al. [63].  

Tab. 3: The six interaction parameters for acetone determined in this work. The interaction parameter, 𝑢𝑎𝑗 = 𝑢𝑎𝑗
0 + 𝑢𝑎𝑗

𝑇 (𝑇 −

298.15). T is the Kelvin temperature, a stands for acetone, and j is the interacting species. 

Interaction with: H2O Acetone Na+ K+ Cl- SO4
2- 

𝑢𝑎𝑗
0  672.87 769.93 1744.4 780.71 1493.4 880.74 

𝑢𝑎𝑗
𝑇  0.1448 -0.2421 2.216 2.849 14.015 7.743 

Conclusion 

Scattered and contradictory data make thermodynamic modeling of this mixed solvent system 

challenging. There is a need for more precise measurements of VLE, LLE, and SLE data. Freezing point 

depression data were especially scattered and were not used for determining the model parameters. 

Experimental measurement of freezing points were carried out down to -16.5 °C in this work. These freezing 

points were very close to the freezing points predicted by the model. UNIQUAC model parameters relevant 

for acetone were determined. The remaining parameters in the model describes the aqueous system and 

were not modified in this work. The model is very simple, but is able to qualitatively reproduce the more than 

1000 experimental data available for the system. The largest shortcoming of the model is that it yields liquid-

liquid split in acetone-water solutions saturated with KCl at temperatures down to 21 °C. The experimental 

limit reported in literature is 32 °C. The liquid-liquid region calculated by the model also stretches more far 

into the aqueous phase than the experimental data do for systems with KCl and NaCl.  
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