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Abstract 12 

Ionic Liquid-based Aqueous Two Phase Systems (ILATPS) are an innovative technique 13 

to separate biomolecules that combines the advantages of liquid-liquid extraction and 14 

hydrophilic ionic liquids. Most ILATPS are based on ionic liquids and conventional 15 

inorganic salts, and the phase envelope, described by the binodal curve, is usually 16 

modeled by empirical equations that are used to determine the phase compositions and 17 

assess the ionic liquid recyclability. However, these empirical equations may provide a 18 

poor extrapolation ability or low accuracy at the extreme regions of the binodal curve or 19 

suffer from problems of convergence. Therefore, the aim of this work is the analysis of 20 

the binodal curve equations, comparing the models reported in the literature to describe 21 

ILATPS and proposing alternative equations to improve accuracy or to reduce the 22 

mathematical complexity. For this purpose, a database compiling binodal experimental 23 
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data of 100 ILATPS has been built, so that the analysis could make it possible to obtain 24 

representative conclusions for all these systems. Several models were developed, and 25 

different statistical criteria were used to assess the advantages and disadvantages of each 26 

one of these models for the binodal curve. The results show that, when accuracy is 27 

critical, a proposed model with just an additional parameter reduced more than 25 % the 28 

residual mean squared error (RMSE) with respect to the commonly used equation, 29 

without losing the statistical significance of the parameters. For complex problems 30 

where an explicit equation in both the concentration of ionic liquid and of salt is needed, 31 

the use of an explicit model developed with 3 adjusted parameters that kept high 32 

accuracy (R2 > 0.996 and RMSE < 0.66) is proposed. Finally, the analysis also revealed 33 

that a fitting method based on the minimization of relative errors is recommended to 34 

increase the accuracy of the binodal curve at high salt concentrations, which is the 35 

crucial region for assessing the recyclability of the ionic liquid. 36 

 37 

Keywords: aqueous biphasic system; binodal curve; model; accuracy; ionic liquid recyclability 38 

 39 

1. INTRODUCTION 40 

The separation and purification of biomolecules usually represents about 60–90 % of 41 

the cost of the final product(s), so downstream processing determines the efficiency and 42 

viability of the biotechnological processes [1]. Among the multiple alternatives to 43 

separate biomolecules, Ionic Liquid-based Aqueous Two-Phase Systems (ILATPS) 44 

stand out for being an innovative technique that combines the advantages of liquid-45 

liquid extraction and ionic liquids [2,3]. ILATPS are powerful alternatives extracting 46 

biomolecules and have been widely used in the separation, concentration, and 47 

purification of proteins, amino-acids, antibiotics, antioxidants, alkaloids [4-6], among 48 
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others [2]. They are based on ionic liquids and salts, which form two aqueous phases: an 49 

ionic liquid-rich and a salt-rich phase. Many works can be found in literature in which 50 

these systems are characterized in terms of the binodal curve, which also makes it 51 

possible to compare the various systems with each other to derive information about the 52 

mechanisms responsible for the phase separation and the design of novel ATPS. 53 

Moreover, an accurate binodal curve is essential to experimentally determine the tie 54 

lines by means of the gravimetric method and, in this way, the composition of the two 55 

liquid phases [7-9]. 56 

However, rigorous models of the binodal curve for ILATPS with a theoretical support 57 

are not available. In this way, the binodal curve of ILATPS is usually described by 58 

means of the empirical equation proposed by Merchuk and collaborators [2,10,11]: 59 

 ( )35.0 ][][exp][ SCSBAIL −=    (1) 60 

where [IL] and [S] are the mass fractions of ionic liquid and salt expressed as 61 

percentage, respectively, and A, B and C are adjusted parameters. It should be noted that 62 

Merchuk’s equation was originally proposed to describe conventional aqueous two-63 

phase systems based on polymers and salts. However, this equation also provides 64 

relatively high values of the R2 when modeling ILATPS, but it requires 5 parameters (2 65 

fixed and 3 adjusted) to fit the experimental data and some limitations have been 66 

detected for this model. In this sense, a higher accuracy may be required for describing 67 

the extreme regions of the binodal curve (at very high ionic liquid or salt 68 

concentrations) [7,12]. The region of very high salt mass fractions is essential to assess 69 

the ionic liquid recyclability to the process, so the accuracy of the binodal curve in this 70 

region is particularly important [13]. In addition, Eq. 1 may cause problems of 71 

convergence when it is used in the resolution of more complex problems (recyclability 72 

experimental schemes, for example) due to the fact that it is clearly non-linear and 73 
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implicit in salt concentration [14]. Therefore, the development of alternative models of 74 

the binodal curve that overcome these drawbacks is particularly interesting. In the 75 

literature, other empirical expressions have been proposed as alternative models to 76 

enhance the accuracy [15-17]: 77 

( )25.0 ][][][exp][ SdScSbaIL +++=   (2) 78 

cb
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][exp][exp][   (3) 79 

where a, a1, a2, b, b1, b2 and c are adjusted parameters. Both equations 2 and 3 contain a 80 

higher number of adjusted parameters (4 and 5, respectively) than Merchuk’s equation. 81 

Another approach reported in previous works [15,17-19] implies a binodal curve model 82 

based on statistical geometry methods, developed by Guan et al. [20] for aqueous 83 

polymer-polymer systems. This binodal equation has a theoretical support by means of 84 

the concept of effective excluded volume (EEV) and contains only two adjusted 85 

parameters: 86 

0
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V  (4) 87 

where *
213V  is the scaled EEV of salt; f213 is the volume fraction of unfilled effective 88 

available volume after tight packing of the salt molecules into the ionic liquid molecules 89 

network in ionic liquid aqueous solutions; and MS and MIL are the molecular masses of 90 

the salt and the ionic liquid, respectively. It should be highlighted that only this binodal 91 

curve model has some theoretical foundation, in contrast with the remaining models, 92 

which are purely empirical. Few studies have carried out a comparison among models 93 

for the binodal curve [15,17,21]. Nevertheless, these analyses have been done using a 94 

reduced number of systems (lower than 10 in all the cases) and very simple statistical 95 

criteria, such as the standard deviation and/or the R2 coefficient. As a result, the 96 
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conclusions derived from these works with respect to the selection of the binodal curve 97 

model cannot be easily extrapolated to the hundreds of ILATPS described in literature. 98 

In this way, the aim of this work is the analysis of the binodal curve equation to 99 

describe ILATPS based on ionic liquids and salts, comparing the previous models and 100 

proposing either alternative equations which may improve its accuracy or simpler the 101 

mathematical models that keep successful performances. For this purpose, a database 102 

with the binodal data of 100 ILATPS was built and subsequently analyzed so that the 103 

conclusions obtained are representative for all these systems. Furthermore, different 104 

statistical criteria have been used in order to discuss in detail the advantages and 105 

disadvantages of each binodal equation. 106 

 107 

2. METHODS 108 

2.1. Methodology 109 

The methodology followed in this study is graphically summarized in Fig. 1.  110 
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 111 

Fig. 1-Scheme of the methodology followed in this work. 112 

 113 
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Binodal data from 100 ILATPS systems were compiled from the literature [7,22-30] in 114 

order to assure that the conclusions derived from the study are representative of these 115 

types of systems. The database created included 100 ILATPS systems, which involved 116 

30 different ILs and 9 different (inorganic and organic) salts. The binodal curves of 117 

these ILATPS were determined at room temperature, as liquid-liquid extraction with 118 

these systems is usually carried out at this temperature. In addition, it is expected that 119 

the conclusions derived in this work from the analysis of the binodal curve of ILATPS 120 

at room temperature can also be applied to other temperatures, as the linear dependency 121 

of the adjusted parameters of Merchuk’s equation with respect to temperature suggests. 122 

With respect to the influence of the temperature on ILATPS, the biphasic region 123 

decreases with the increase in this variable, which implies that the higher the 124 

temperature, the higher the salt and ionic liquid concentrations required for phase 125 

separation. However, the intensity of the temperature effect on the phase diagrams 126 

depends on the inorganic salt employed [2]. The complete dataset is included in Table 127 

S1 as Supplementary Material. For each ILATPS, the binodal data were fitted to each 128 

model that was considered in the study, obtaining the values of the adjusted parameters 129 

and the statistical criteria that will be described in section 2.2. Finally, for the 130 

discrimination and selection of the models, the means of the statistical criteria were 131 

calculated, and these means, for the 100 ILATPS, are the values that will be reported in 132 

section 3 “Results and discussion”. 133 

 134 

2.2. Statistical criteria for the discrimination and model selection 135 

The discrimination and selection of the binodal curve models has been carried by means 136 

of different statistical criteria that consider the accuracy, the significance of the 137 

parameters or the number of adjusted parameters [31]: 138 
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- Coefficient of determination (R2), which indicates the proportionate amount of 139 

variation in the response explained by the independent variable. 140 

- The wideness of the confidence interval, which is a measure of the significance of the 141 

parameters; if a parameter is significant, it should not contain the zero value. 142 

- Fischer’s F value (F), which is based on a null hypothesis that advocates for the 143 

adequacy of the model to the observed values of the measured variable. 144 

- The residual mean squared error (RMSE), which is often considered a measure of the 145 

difference of the predicted values of the variable and the experimental observations. 146 

- The Akaike information criterion (AIC), which gives information of the goodness of 147 

the fit while penalizing model overfitting by increasing the number of parameters of the 148 

model. 149 

In general, the quality of each model to describe the experimental data increases with 150 

the value of R2 and F, and as the wideness of the confidence interval, the RMSE and the 151 

AIC decrease. As previously explained, each model will be assessed by the mean value 152 

of these statistical criteria obtained for each of the ILATPS included in the database. 153 

However, in the case of the wideness of the confidence interval, as this criterion is 154 

determined as the mean of relative wideness (with respect to the value of each 155 

parameter) of all the parameters for each ILATPS, to avoid the interference of the 156 

extreme values, each model is characterized by the median wideness of the 100 ILATPS 157 

instead of by the mean value. 158 

 159 

3. RESULTS AND DISCUSSION 160 

3.1. Assessment of the exponents of the Merchuk’s equation 161 

As previously stated, Merchuk’s equation is widely applied to fit the binodal curve of 162 

ILATPS, even though it was developed to conventional polymer-salt APTS models 163 
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[10]. In this sense, it should be noticed that this equation contains two constant 164 

parameters that correspond to both exponents (see Eq. 1), meaning that the values used 165 

for the polymer-salt ATPS (0.5 and 3.0) may not be the most suitable ones to model 166 

ILATPS. Therefore, alternative values for the exponents of Merchuk’s equation were 167 

tested in order to assess if the fitting of the binodal data can be improved. To carry out 168 

this assessment, the binodal data of the 100 ILATPS systems of the database were fitted 169 

using different combinations of values of the Merchuk’s equation exponents. The 170 

results of the mean R2 obtained for each pair of values of the exponents are summarized 171 

in Table 1.  172 

 173 

Table 1-Mean R2 obtained in the fitting of the ILATPS of the database of this study 174 

using different values of exponents D and E of Merchuk’s equation: [IL] = A exp (B 175 

[S]D – C [S]E)  176 

E 
D 

0.4 0.5 0.6 

2.5 0.99812 0.99813 0.99799 

3.0 0.99794 0.99815 0.99812 

3.5 0.99747 0.99794 0.99808 
 177 

The fitting of these mean R2 values to a quadratic polynomial expression (Fig. 2) shows 178 

how they vary depending on the values of the exponents D and E used. The maximum 179 

value of mean R2 for the 100 ILAPTS was obtained when exponents were D=0.506 and 180 

E=2.74. Consequently, the binodal data of these systems were fitted using these values 181 

of the exponents, obtaining that this maximum mean R2 was equal to 0.99817, which 182 

resulted to be very similar to the value of 0.99815 obtained with the original Merchuk’s 183 

equation (i.e. D=0.5, E=3.0, Table 1). As can be seen, there is a region of combinations 184 

(D, E) in which almost the same mean R2 value is obtained (higher than 0.9981) and 185 

that contains the original values of Merchuk’s equation. Since the studies in the 186 
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literature that model the binodal curve of ILAPTS with Merchuk’s equation routinely 187 

use 0.5 and 3.0 as values for the exponents, the very small increase in R2 obtained does 188 

not justify to propose the change of these exponents. Although the values of the 189 

exponents (0.5, 3.0) are empirical and were developed for conventional polymer-salt 190 

ATPS, the results of our study reveal that they belong to the region of values (D, E) that 191 

describe the binodal curve of ILATPS with the highest accuracy when this equation is 192 

used.  193 

 194 

 

D
E

R2

 195 

Fig. 2-Fitting of the mean R2 to the quadratic polynomial function depending on the 196 

values of Merchuk’s equation exponents.  197 

 198 

3.2. Development and assessment of alternative binodal curve models for ILATPS  199 

Different models were developed and their performance when describing the binodal 200 

curve of ILATPS was assessed. Table 2 summarizes the different alternative versions of 201 

the Merchuk’s equation tested, considering models with a different number of total 202 

parameters and adjusted parameters, and also models explicit in both variables (i.e. [IL], 203 

concentration of IL and [S], concentration of salt) or not. The mean values of statistical 204 

criteria R2, F, RSME and AIC obtained when each of these models was used for the 205 
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ILATPS of the database are reported in Table 3, together with the confidence intervals, 206 

for which the median values are reported due to the higher robustness to extreme values 207 

that can be obtained in some ILATPS, as previously mentioned.   208 

 209 

Table 2-Models assessed to describe the binodal curve of ILATPS.    210 

Model 
No. Model 

No. of 
parameters 

No. of adjusted 
parameters 

Explicit in 
the two 

variables 
1 ( )3][][·exp][ SCSBAIL D −=  5 4 NO 

2 ( )ESCSBAIL ][][·exp][ 5.0 −=  5 4 NO 

3 ( )35.0 ][][·exp][ SCSBAIL −=  5 3 NO 

4 ( )DSBAIL ][·exp][ =  3 3 YES 

5 ( )][·exp][ SBAIL =  2 2 YES 

6 ( )25.0 ][][][exp][ SdScSbaIL +++=  6 4 NO 

7 0
][][

ln *
213213

*
213 =+








+

ILS M

IL
Vf

M

S
V

 
4 2 YES 

 211 

Table 3-Summary of statistical criteria for the assessment of the models developed. 212 

Model numbers correspond to those listed in Table 2.  213 

Model 
No. 

Mean R2 
Median confidence 

interval  
Mean F Mean RSME Mean AIC  

1 0.9991 27.50 % 2.088·105 0.3264 -137.4 

2 0.9989 47.86 % 1.704·105 0.3585 -128.7 

3 0.9981 5.728 % 1.556·105 0.4469 -108.4 

4 0.9964 11.67 % 5.559·104 0.6579 -55.07 

5 0.9900 2.694 % 3.406·104 1.025 -12.08 

6 0.9992 22.01 % 1.990·105 0.3188 -137.4 

7 0.9686 13.73 % 2.035·104 1.646 41.56 
 214 

As shown in Table 2, Models 1 and 2 included an additional adjusted parameter 215 

compared to the original Merchuk’s equation (Model 3). Table 3 shows that both 216 

Models 1 and 2 gave very similar results, enhancing the accuracy with respect to the 217 

performance of the Merchuk’s equation (e.g. mean RSME is reduced 27% in Model 1 218 

and 20% in Model 2 with respect to Model 3). Moreover, despite the lower median 219 
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confidence interval obtained with Model 3, which can be explained considering that it 220 

contains only 3 adjustable parameters instead of 4, in most of the ILATPS assessed, the 221 

values of the parameters of model 2 and, especially, of model 1 were statistically 222 

significant, so the inclusion of the fourth parameter is advisable, which is also proved 223 

by the AIC values. However, it should be mentioned that the 5-adjusted parameter 224 

equation (not included in Tables 2 and 3) leads to overfitting, since most of the 225 

parameters were not statistically significant. In addition, even though Models 1 and 2 226 

only differ in the exponent that is adjusted, Model 1 clearly describes better the binodal 227 

curve, so the use of Model 2 is discarded. It is also important to note that the 228 

mathematical complexity of these models is identical, since all the parameters (fixed 229 

and adjusted) are constant once their values have been obtained. Therefore, the use of 230 

Model 1 is recommended when the maximum accuracy of the binodal curve is required. 231 

All the previous models (1-3) are implicit in the salt concentration. For this reason, 232 

other models that can be explicit in the two variables ([IL] and [S]) were also 233 

developed, because, as already mentioned, reducing the mathematical complexity of the 234 

equation for the binodal curve can be important when it is used in complex modeling 235 

problems to make convergence easier. In this sense, Model 4 is outstanding, since it 236 

contains 3 adjustable parameters and it is explicit in both variables (Table 2), providing 237 

relatively high accuracy, with R2 > 0.996 and RMSE < 0.66 (Table 3). Decreasing the 238 

number of adjusted parameters to 2 (model 5, Table 2), the accuracy of the fitting is 239 

considerably reduced, although maintaining an acceptable mean value of R2=0.990. 240 

More interestingly and as shown in Table 3, Model 5 shows the narrowest error range of 241 

all models, which implies that the significance is increased. Nevertheless, in the other 242 

cases, when explicit models in the two variables are more suitable, Model 4 is 243 
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recommended due to its higher accuracy, which is not very different from that obtained 244 

with the original Merchuk’s equation (Model 3). 245 

Other models, previously reported in literature and following distinct approaches from 246 

the Merchuk’s equation, were also analyzed in this work. Model 6 is another empirical 247 

model with 6 parameters (considering both fixed and adjusted), while Model 7 is the 248 

theoretical model originally developed for aqueous polymer-polymer systems but that 249 

has been proposed to be used also for ILATPS [15,17-19]. It should be mentioned that 250 

tests with the model of Eq. 3 were also carried out, although the results are not shown 251 

because it suffered from computational problems and, in the cases where it was possible 252 

to obtain adjusted parameters, most of them were not significant. 253 

It can be seen in Table 3 that Model 6 leads to a goodness of fit almost identical to that 254 

provided by Model 1, but it contains an additional fixed parameter. Furthermore, 255 

considering that Merchuk’s equation is more widely used than Model 6, the replacement 256 

of Model 1 by Model 6 is not recommended. On the other hand, Model 7 clearly shows 257 

the poorest results among all the models analyzed. Even though Models 5 and 7 contain 258 

the same number of adjustable parameters and Model 7 has two additional fixed 259 

parameters, Model 5 clearly describes the binodal data of ILATPS more accurately. In 260 

addition, it should be noted that the parameter significance of models 3 and 4 is higher 261 

than the significance of model 7, since the latter leads to a wider median confidence 262 

interval even though it implies one adjusted parameter less. This confirms that the use 263 

of model 7 is not advisable to describe the binodal curve of ILATPS. Therefore, these 264 

results reveal that the approaches such as Model 7 based on the calculation of the 265 

effective excluded volume (EEV), which were developed for aqueous polymer-polymer 266 

systems, cannot describe adequately the binodal curve of ILATPS because the 267 
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assumptions involved in this theory [15,17-19] cannot be extended to ionic 268 

liquid/salt/water systems. 269 

Finally, in order to exemplify how each model describes the binodal data and 270 

extrapolates the binodal curve to a wider range of compositions, Figure 3 shows the 271 

experimental binodal data and the binodal curve simulated by each model of the 272 

ILATPS formed by [Pi(444)1][Tos] as ionic liquid and K2HPO4/KH2PO4 as the salt 273 

component (system number 58, see Supplementary material). As can be seen, Models 1-274 

6 lead to a similar fitting of the binodal data, which is in accordance with the relatively 275 

high accuracy achieved by all of them (R2
≥0.99, AIC<0…). However, it is clear that 276 

Model 7 cannot describe the trend of the binodal data, which reinforces the idea that this 277 

model is not suitable for ILATPS. Regarding the values of the parameters, clear trends 278 

have not been detected, although this work is not focused on predictive purposes. 279 

 280 

 281 

Figure 3-Binodal data of the ILTAPS formed by [Pi(444)1][Tos] as ionic liquid and 282 

K2HPO4/KH2PO4 as the salt component (system number 58, see Supplementary 283 
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material). Notation: experimental data (�); simulated data by: Model 1 (�), Model 2 284 

(�), Model 3 (�), Model 4 (�), Model 5 (�), Model 6 (�) and Model 7 (�). 285 

 286 

3.3. Improving the accuracy at high salt mass fractions: alternative fitting method  287 

For the analysis of the recyclability of the IL in separation processes based on ILATPS, 288 

the IL present in the salt-rich phase is critical since it may constitute the losses of the 289 

process. Therefore, the correct assessment of the IL concentration in this phase is 290 

critical, which corresponds to the region of the binodal curve at high salt concentrations 291 

[12,13]. However, in this region, even low absolute errors in a binodal curve model may 292 

imply high relative errors when determining the mentioned concentration of IL.  293 

As usual, in the models already discussed in previous analyses, the method of least 294 

squares based on the minimization of the sum of absolute errors, S, was used for fitting 295 

the data: ( )∑
=

−=
n

i
ii yySMin

1

2ˆ   , where iy  and iŷ  are the observed and fitted response 296 

values, respectively. In this case, the observed values correspond to the concentration of 297 

ionic liquid for a given salt concentration that defines the biphasic region in the phase 298 

diagram. Nevertheless, in this section, with the aim of improving the performance of the 299 

models at high salt mass fractions, the results obtained using an alternative method for 300 

fitting the binodal curve based on minimizing the sum of the relative errors (instead of 301 

the sum of the absolute errors) is presented: ∑
=

−
=

n

i i

ii

y

yy
SMin

1

ˆ
   . It should be noted 302 

that the relatives errors will always be positive, since, in this case, yi is the experimental 303 

mass fraction of ionic liquid for a given salt concentration i, which is an intrinsically 304 

positive variable. 305 

 306 

 307 
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Table 4-Comparison of the results using two alternative fitting methods: method of least 308 

squares based on minimization of absolute errors (called “least squares” in the table); 309 

and fitting method based on minimization of relative errors (“relative error”). Model 310 

numbers correspond to those listed in Table 2.  311 

Model 
No. 

Mean relative error in absolute value (%) 
Mean RSME 

All binodal curve 
5 points with the lowest 

[IL]  
Least 

squares 
Relative 

error  
Least squares Relative error 

Least 
squares 

Relative 
error  

1 1.055 0.8983 2.334 1.453 0.3264 0.3775 

3 1.498 1.135 3.724 1.964 0.4469 0.6254 

4 2.633 1.726 7.000 2.946 0.6579 0.9975 

5 4.530 3.414 11.96 6.824 1.025 1.676 
  312 

The comparison of the results obtained using different models that were fitted with the 313 

two methods is reported in Table 4, in which the mean relative errors in absolute value 314 

have been calculated according to Equation 5: 315 

n

n

y

yy
n

j j

n

i ji

jiji
j

∑
∑

=

=

−

= 1

1 ,

,, ˆ

100(%)  valueabsolutein error  relativeMean  (5) 316 

where j denotes the different ILATPS included in the database and i represents each 317 

binodal data of the ILTAPS j, so nj is the available number of experimental points of the 318 

binodal curve of j, and n is the number of ILAPTS (in this particular study n=100). The 319 

models chosen for comparison are those identified as the most suitable ones to model 320 

the binodal curve, including both non explicit (Models 1 and 3) and explicit (Models 4 321 

and 5). The results summarized in Table 4 show that the fitting methods based on the 322 

minimization of the relative errors reduced the mean relative errors between 15 % (in 323 

Model 1) and 34 % (in Model 4) with respect to the least squares method, keeping the 324 

mean RSME in relatively low values, which were lower than 1 for Models 1, 3 and 4.  325 

It is particularly interesting to focus on analyzing the performance of the models with 326 

both fitting methods when dealing with the part of the binodal curve with the lowest 327 
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concentration of IL, since this is the most important region of the curve to assess the 328 

recyclability of the IL. As can be seen in Table 4, for the 5 points of the binodal curve 329 

with the lowest concentration of IL, the models developed using the fitting method 330 

based on relative errors increased the reduction of the error to the range between 38 and 331 

58 % compared to the corresponding models fitted with least squares. This behavior can 332 

be explained considering that the least squares method tends to minimize absolute 333 

errors, whereas the alternative fitting method proposed is based on the minimization of 334 

relative errors. For this reason, assuming that in both cases the corresponding fitting 335 

errors are kept constant along the binodal curve, even high relative errors (15 %) may 336 

correspond to considerably lower absolute errors than a given low absolute error at low 337 

values of the function (i.e., the region at high salt concentration), as graphically 338 

exemplified in Fig. 4. This figure shows two generic independent and dependent 339 

variables (X and Y, respectively), and demonstrates how the minimization of relative 340 

errors reduces considerably the absolute error in the region of low values of Y, 341 

increasing the error at high Y. In the case of binodal curves, the region of low Y 342 

correspond to high salt mass fractions, i.e. the zone of the binodal curve identified as 343 

crucial when looking for the ionic liquid recyclability. In this way, this alternative 344 

fitting method clearly improves the accuracy of the models in this important region of 345 

the binodal curve but without suffering from excessive errors in others, since the 346 

absolute errors measured by means of RSME remain relatively low. 347 

 348 
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Fig. 4-Distribution of the fitting error at constant absolute (left) or relative (right) errors.  350 

 351 

Therefore, these results reveal that the development of the models with a fitting method 352 

that minimizes the relative errors instead of the absolute errors allowed enhancing the 353 

accuracy of the fitting of the binodal curve of ILATPS in the most important region for 354 

carrying out the ionic liquid recyclability analyses.  355 

 356 

4. CONCLUSIONS 357 

This work provides a critical assessment of the models of binodal curves of ILATPS, 358 

and particularly, of the equation proposed by Merchuk and collaborators [10], since it is 359 

the most widely applied. The results of this study confirm that even though the 360 

empirical values of the exponents of Merchuk’s equation (0.5 and 3.0) were developed 361 

for polymer-salt ATPS, they are also valid for ILATPS, fitting the binodal curve with 362 

the highest accuracy. 363 

Alternative models have been proposed in this work to replace this equation with the 364 

aim of increasing the accuracy or reducing the mathematical complexity, depending on 365 

the requirements of each specific application. In this way, when accuracy is critical and 366 

the binodal curve equation is not involved in complex models (i.e. convergence 367 

problems are not expected), the proposed equation to describe this equilibrium curve 368 
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turns the first exponent of the Merchuk’s equation into an adjusted parameter, D: 369 

 )][-][·exp(=][  3SCSBAIL D . 370 

However, the most complex models may suffer from convergence problems (e.g. large 371 

non-linear optimization problems), so in these cases the binodal curve of ILATPS 372 

should be explicit in the two variables so that iterative procedures are not required to 373 

solve this clearly non-linear equation. For this purpose, the use of the following model 374 

that contains 3 adjustable parameters and it is explicit in both the concentration of IL 375 

and the concentration of salt, keeping relatively high accuracy (R2 > 0.996 and RMSE < 376 

0.66), is proposed: ( )DSBAIL ][·exp][ = .   377 

Finally, a detailed study is carried out for the binodal curve at high salt concentrations, 378 

due to the importance of this region for the recovery of the ionic liquid used in the 379 

processes based on ILATPS. In this sense, the fitting method based on the minimization 380 

of relative errors is recommended to increase significantly the accuracy of the binodal 381 

curve in this crucial region for assessing the recyclability of the IL. 382 
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