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Abstract: Many intermolecular forces and parameters affect the solubility of a compound in a solvent. Various 
thermodynamic models are presented to predict these parameters and determine solid liquid equilibrium data. By 
selecting suitable thermodynamic model for solubility modeling, calculation error is reduced and the results will be closer 
to the experimental data. Herein, the ability of two predictive and two correlative models in solubility modeling of chiral 
compounds is investigated. Thus, solubility of pure and racemic forms of chiral Ketamine, Mandelic acid and 3-
Chloromandelic acid is evaluated using UNIQUAC and NRTL models. The solubility modeling of pure and racemic forms 
of Ketamine in Ethanol is also determined by UNIFAC and NRTL-SAC models. There are good agreement between 
experimental data and results of NRTL and UNIQUAC models. Predictive NRTL-SAC model shows smaller deviation 
than UNIFAC in solubility determination of pure and racemic form of Ketamine. 
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INTRODUCTION 

Molecules with the same structure and shape in the 

presence of asymmetric carbon atoms can be found in 

two forms that are called enantiomers. This feature is 

observed in large group of molecules that form chiral 

compounds [1, 2]. Despite these molecules have same 

structure and physical properties; they cause different 

pharmacological effects in biological systems [3, 4]. For 

this reason separation and purification of these 

molecules, especially in food and pharmaceutical 

industry is very important. Crystallization is an 

economical way for separation and purification of these 

compounds [5]. Precise knowledge about solid liquid 

equilibrium and phase diagram of a system is required 

for design and modeling of separation process [6]. 

Experimental determination of phase behavior and 

solubility is a tedious and time consuming task. Many 

thermodynamic models have been developed to 

determine solubility of different compounds. There are 

many published works  using popular correlative 

activity coefficient models such as Wilson [7], NRTL [8], 

and the UNIQUAC [9], for solubility determination of 

compounds. In some cases there is necessary to 

determine appropriate solvent for chemical synthesis or 

determine solubility with least amount of experimental 

results. Use of predictive models such as Hansen [10], 

group contribution UNIFAC [11] and segment 

contribution NRTL-SAC [12] models can be good  
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choice in these cases. In this work, we consider both 

predictive and correlative models for solubility 

prediction. Solubility of pure and racemic forms of 

Ketamine is determined by NRTL and UNIQUAC 

models. One of the recent works have been published 

on solubility and phase diagram modeling of tautomeric 

forms of Ranitidine hydrochloride by UNIQUAC model 

[13]. In other similar works solubility of Stearic acid, 

Ranitidine hydrochloride, and Stavudine have been 

well determined in some organic solvents using NRTL 

and UNIQUAC models [14]. The experimental solubility 

data of six structurally related Phenothiazines were 

also determined by Wilson, NRTL and UNIQUAC 

models [15]. The solubility of two polymorphs of 

Buspirone hydrochloride in Isopropanol, Water and 

mixture of these two solvents have been determined by 

Rohani et al. The UNIQUAC and UNIFAC model gave 

good prediction capability in solubility determination of 

these compounds [16]. Solubility of three Arylamine 

molecules in Methanol, Hexane, and Benzene have 

been investigated by UNIQUAC and UNIFAC models 

[17]. In other work the results of NRTL-SAC and 

UNIFAC equations in solubility determination of six 

cases of solvents were studies and compared. For 

systems of heavy alcohols, NRTL-SAC gave better 

prediction than UNIFAC and in binary systems under 

study, UNIFAC model was better than NRTL-SAC [18]. 

In this study, we examined and compared the solubility 

of pure and racemic forms of Ketamine, Mandelic acid 

and 3-Chloromandelic acid using UNIQUAC and NRTL 

models, as well the solubility of pure and racemic form 

of Ketamine, determined by NRTL-SAC and UNIFAC 
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models. Figure 1 shows the structure of the three 

mentioned compounds.  

THEORETICAL BACKGROUND 

A. Solubility 

Solubility is calculated by the following equation 
[19]:  
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Where, Hmel and Ttp  are the melting enthalpy and 

temperature, R is the universal constant, CP
 is heat 

capacity difference between solid and liquid form of 

solute and the ratio of f2
L

f2
S

 is calculated by following 

equation:  
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           (2) 

Where, 2  is the activity coefficient and x2  is the 

mole fraction of solute in solvent. 

B. NRTL Model  

Activity coefficient in NRTL model and for binary 
systems is calculated from equation 3. 
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2 [ 12 (

G12

x2 + x1G12
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G12 = exp( 12 12 ) G21 = exp( 12 21 )         (4) 

In the above equations, 12  and 21  are the 

dimensionless interaction parameters, related to the 

interaction energy parameters, (g12 g 22 )  and 

(g21 g 11)  by following equations: 
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(g12 g 22 )  and (g21 g 11)  are NRTL adjustable 

parameters with (J/mol) unit, and 12  is NRTL 

dimensionless parameter determined by regression of 
experimental equilibrium data.  

C. UNIQUAC Model 

For binary system in UNIQUAC equation activity 
coefficient is calculated by: 
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In the above equations, a12  and a21  are UNIQUAC 

adjustable parameters, the coordination number z is 
set equal to 10. r, q and q  are constants of pure 

components depending on the molecular size and 

external surface area. Parameters ri  and qi  are 

calculated as the summation of parameters Rk  and Qk  

(equation 11) which are group volume and surface area 
parameters given by Hansen et al. [24]. 

qi = ki
k

Qk ri = vkiRk
k

       (11) 

vki : the number of groups of type k in molecule i.  

D. NRTL-SAC Model 

According to NRTL-SAC model each molecule can 
have one to four conceptual segments. Hydrophilic (Z) 
segment presents molecular surface with tendency to 
form hydrogen bond, hydrophobic (X) segment doesn’t 

form Hydrogen bond, polar attractive (Y + ) and polar 

repulsive (Y ) simulate electron donor and acceptor of 

 

Figure 1: Molecular structure of a: Ketamine, b: Mandelic acid c: 3-Chloromandelic acid. 
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polar molecules. Activity coefficient in NRTL-SAC 
model is the sum of combinatorial and residual parts: 

ln I = ln I
C
+ ln I

R         (12) 

Residual part calculated by following equation: 

ln I
R
= ln I
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m
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Where ln m
lc  and ln m

lc,I are activity coefficients of 

segment species m in solution and component I 
respectively.  
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In above equations i, j, k, m and m  are segment 

based indices, I and J are component indices, x j  and 

x j ,I  are the segment based mole fractions. Gi, j  and i, j  

are the local binary parameters related to each other by 
following equation: 

Gij = exp( ij ij )         (18) 

For combinatorial part we have: 
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C
= ln i

xi
+1 ri

J

rJJ

        (19) 

rI = ri,I
I

         (20) 

I =
rI xI
rJ xJ

J

         (21) 

rI  and I  are total segment number and segment 

mole fraction in the mixture. 

E. UNIFAC Model  

Total activity of a component in UNIFAC model is 
sum of combinatorial and residual parts as equation 12. 

Combinatorial part for component i is founded from the 
following equation: 
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Where: 

z = 10 li =
z

2
(ri qi ) (ri 1)         (23) 

l j  is a compound parameter and z is coordination 

number equal to 10. i  and i  are the area fraction 

and segment fraction of component i respectively and 
are related to mole fraction of species i in the mixture: 
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x jq j

j
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ri  and qi  are the pure component surface area and 

volumes and are calculated by Van der Waals group 

volume and surface area (equation 11).  

The residual part of the activity coefficient of 

UNIFAC equation is calculated as follow:  

ln i
R
= kiQk (ln k ln k

(i ) )        (25) 

Where k  and ln k
(i )  are respectively group 

residual activity coefficient and residual activity 
coefficient of group k in a reference solution containing 
only molecules of type i. Following formula is used for 

calculation of both k  and ln k
(i ) .  
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Where m  is summation of area function of group 

m. 

m =
QmXm

QnXn

         (27) 

Xn  is the mole fraction of subgroup m in the 

mixture. mn  is the group interaction parameter and 

Umn is energy of interaction between groups  m and n. 

mn = exp(
Umn Unn

RT
) = exp(

amn
T
)       (28) 

Where amn  is net energy of interaction between 

group m and n. This interaction energy value is 
obtained from large sets of equilibrium data which are 
tabulated for many subgroups [24].  
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RESULTS AND DISCUSSIONS 

Experimental solubility data of pure and racemic 

form of Ketamine is previously reported [20]. Ternary 

phase diagram of Ketamine has two eutectic points and 

shows racemic compound system behavior. Table 1 

shows the solubility of pure and racemic forms of this 

compound in Ethanol at temperature ranges between 

25 to 40 degrees centigrade. The binary and ternary 

phase diagram of 3-Chloromandelic acid have shown 

racemic behavior for this compound [21]. Solubility data 

of this compound are presented in Table 2. As well, 

Table 3 shows experimental solubility data of Mandelic 

acid [22]. In correlative models ICA optimization 

algorithm [23] is used to determine adjustable 

parameters. The objective function is used to minimize 

the difference of activity coefficients represented in 

equation 29.  

Table 1: Solubility, S (gr Solute /100 gr Solvent), of 
Ketamine in Ethanol [20] 

T(˚C) S(RS )  S(R)  

25.0 13.9 9.7 

27.5 15.1 10.4 

30.0 16.3 11.0 

32.5 17.6 11.7 

35.0 19.0 12.4 

37.5 20.5 13.1 

40.0 22.2 13.9 

 

Table 2: Solubility, S (gr solute /100 gr solvent), of 3-
ClMA [21] 

T(˚C) S(RS )  S(R)  

15 1.7 3.3 

20 2.1 4.1 

25 2.6 5.0 

30 3.1 7.0 

35 4.1 25.6 

 

Table 3: Solubility, S (gr solute /100 gr solvent), of 
Mandelic acid in Water [22] 

T(˚C) S(RS )  S(R)  

5 8.8 5.7 

10 10.3 6.7 

15 12.0 8.0 

20 15.3 9.2 

25 20.8 11.0 

30 33.0 13.5 

min f = ( exp cal )
2

n=1

m

        (29) 

Where m is the number of experiments, exp  is the 

experimental activity coefficient and cal  are activity 

coefficient determined by thermodynamic models. In 
NRTL-SAC model, experimental solubility data has 
been used to determine molecular parameters of 
compound by MATLAB Isqnonlin function. 

To assess the accuracy of the results average 
relative deviation error are calculated as follow: 

%ARD =
1

n
(

| Sexp Scal |

Sexpi=1

n

) 100        (30) 

Where Sexp  is experimental solubility, Scal  is 

calculated solubility by thermodynamic models and n is 
the number of experiments. Table 4 represents 
experimental enthalpy of fusion and triple point 
temperature that are used for solubility modeling.  

Pure component constants of UNIQUAC equation 
calculated by group data taken by Hansen et al. [24] 
are shown in Table 5. Adjustable parameters of 
UNIQUAC model is determined using this parameters 
and minimizing equation 29. The value of adjustable 

parameters a1 , a2  for UNIQUAC equation and 

(g12 g22 ) , (g21 g11 )  for NRTL equation have been 

determined (Table 6). The average relative deviation 
error are presented in Table 6. Optimized segment 
numbers of NRTL-SAC model are shown in Table 8. In 
comparing the results of UNIQUAC and NRTL models 
in solubility prediction of pure and racemic forms of 
Ketamine, both models have shown results close to the 
experimental results, although in both cases, the error 
of NRTL model is lower. 

Figures 2 and 3 show experimental and calculated 

solubility data of pure and racemic form of Ketamine in 

Ethanol. In the experimental solubility determination of 

pure 3-ClMA [21], significant solubility increase was 

observed in temperature ranges above 30 °C. This can 

be caused from experimental errors. But due to the 

lack of another report, the modeling has been 

performed by assuming that this increase of solubility is 

not a measurement error. This increase is well 

correlated by UNIQUAC equation and the ARD error 

for NRTL in temperatures ranges above 30 °C is 

relatively high (Figure 4). According to Figure 5, 

solubility modeling of racemic form of 3-ClMA is well 

correlated in water by both UNIQUAC and NRTL 

models. Figures 6 and 7 show the results of pure and 

racemic Mandelic acid solubility modeling with NRTL 
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Table 4: Enthalpy of Fusion and Triple Point of Substances 

Racemate Pure substances  

 
H fus (j/gr) 

 
Ttp (C )  H fus  (j/gr) 

 
Ttp (C )  ref 

Ketamine 120.7 92.6 120.7 121.0 20 

3-ClMA 140.6 105.6 149.9 117.2 21 

Mandelic acid 206.0 165.0 190.0 156.0 22 

 

Table 5: Pure Component Constants for UNIQUAC Equation 

 r  q  q  

Ketamine 8.768 6.608 6.608 

3-ClMA 5.925 4.600 4.600 

Mandelic acid 5.300 4.156 4.156 

 

Table 6: Adjustable Parameters for UNIQUAC and NRTL Equation for Pure Enantiomers 

UNIQUAC NRTL  

a1  a2  %ARD (g12 g22 )  a12  (g21 g11 )  %ARD 

Ketamine -133.8 3730.0 2.7 9330.0 0.29 -90000 0.3 

3-ClMA -319.6 623.6 3.6 7769.0 0.47 -43964 16.0 

Mandelic acid -289.8 487.2 0.9 31255.6 0.32 -87777 0.5 

 

Table 7: Adjustable Parameters for UNIQUAC and NRTL Equation for Racemate 

UNIQUAC NRTL  

a1  a2  %ARD (g12 g22 )  a12  (g21 g11 )  %ARD 

Ketamine -116.1 1996.5 1.9 8772.5 0.44 -56223.7 0.5 

3-ClMA -57.9 90.4 1.7 9255.9 0.46 -90000.0 1.5 

Mandelic acid -337.5 634.3 3.7 20691.0 0.44 -60393.0 2.2 

 

Table 8: Optimized Segment Number of Ketamine for NRTL-SAC Model 

 X  Y  Y +  Z  

Ketamine 0.0000 0.8375 0.5416 0.4082 

 

and UNIQUAC models. In both cases, calculated error 

between experimental and modeling data is lower for 

NRTL model. In the case of predictive models, due to 

the lack of NRTL-SAC molecular parameters of 

Ketamine, these parameters are calculated and 

presented in Table 8. The results of thermodynamic 

modeling by UNIFAC and NRTL-SAC models for pure 

and racemic forms of Ketamine are shown in Figures 8 

and 9 respectively. The calculation results by UNIFAC 

model is upperestimated for Ketamine in both pure and 

racemic forms. Calculation of pure form of Ketamine is 

underestimated by NRTL-SAC model. NRTL-SAC
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Figure 2: Experimental and predicted solubility determined by correlative models of (R)Ketamine in Ethanol. 

 

 

Figure 3: Experimental and predicted solubility determined by correlative models of (RS) Ketamine in Ethanol. 

 

 

 

Figure 4: Experimental and predicted solubility determined by correlative models of (R) 3-ClMA in Water. 
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Figure 5: Experimental and predicted solubility determined by correlative models of (RS) 3-ClMA in Water. 

 

 

 

Figure 6: Experimental and predicted solubility determined by correlative models of (R) Mandelic acid in Water. 

 

 

 

Figure 7: Experimental and predicted solubility determined by correlative models of (RS) Mandelic acid in Water. 
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Figure 8: Experimental and predicted solubility determined by predictive models of (R) Ketamine in Ethanol. 

 

 

Figure 9: Experimental and predicted solubility determined by predictive models of (RS) Ketamine in Ethanol. 

gives good prediction compared to UNIFAC model in 

solubility modeling of both pure and racemic form of 

Ketamine.  

CONCLUSIONS 

Due to limit entry of thermodynamic models in 

solubility determination of chiral compounds and 

widespread application of these models in phase 

behavior prediction, thermodynamic modeling of pure 

and racemic forms of Ketamine, Mandelic acid and 3-

Chloromandelic acid using two correlative and two 

predictive models are considered. Adjustable 

parameters for each compound in different models 

were determined and modeling was completed. In the 

systems under study, UNIQUAC equation gave good 

prediction in solubility prediction of pure form of 3-

ClMA. In other investigated systems, both NRTL and 

UNIQUAC show small deviation from experimental 

data although ARD error for NRTL model was lower. In 

the predictive models NRTL-SAC shows good 

agreement with experimental data in both pure and 

racemic solubility. In the other hand, determination of 

molecular parameters of NRTL-SAC equation will help 

estimation of the solubility of Ketamine in other 

solvents and enantiomeric compositions.  
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