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ABSTRACT 

The evaluation of the solubility of solid solutes in supercritical carbon dioxide is of 
paramount interest for the optimization of different supercritical based technologies. Most of 
the proposed  approaches, at the end, give a method for the correlation only of the solubility 
and not a tool for the prediction. In this study, a modified NRTL equation, that includes the 
ratio of molar volumes of the two components, is used for the evaluation of the activity in the 
supercritical phase. Furthermore, the model is applied in the one parameter form according to 
the method already proposed by Tassios. The remaining cross interaction parameter is 
correlated to the difference of well know properties of pure compounds. 
The method is applied with satisfactory results to the description of the solubility of sterols in 
supercritical carbon dioxide in a wide range of temperature and pressure. 
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INTRODUCTION 

For the optimization of the different processes based on the supercritical fluid technology the 
knowledge of the solubility of the compounds involved is essential. Experimental methods 
are developed, to cover different ranges of pressures and temperatures. A series of excellent 
reviews [1-5] with the description of the experimental techniques used and the list of the 
systems studied were published in the last twenty years. For supercritical carbon dioxide 
solubility data are reported in [6].  
The problem of the  
Different classes of models were proposed: 

 Empirical density dependence models (mainly derived from the modification of 
Chrastil equation; 

 Equation of state models; 
 Activity coefficient models. 

 
Literature reports many correlations or predictions of solid solutes solubility in SCO2 using 
equations of state [7 - 9], or semi empirical equations [10 - 15].  
Most of these approaches, at the end, gives a method for the correlation only of the 
solubilities and not a tool for the prediction. Few tentative were done to their modification in 
predictive models. For example the equation of state and activity coefficient models, referring 



to the group contribution concept (mainly the UNIFAC method), can be used for the 
prediction. The main difficulty found is the characterization of drug solutes with complicated 
structure through the defined groups. 
Recently quantum mechanics approaches were suggested for the prediction of the solubility 
of drugs in supercritical carbon dioxide using bot equation of state or activity coefficient 
models. The main limitation of these methods is represented by the relatively complexity of 
the calculation. A simplified version of these approaches, based on the solvation theory using 
a series of descriptors was also recently presented [16] 
The semi empirical models require the enthalpy and temperature of fusion for the solid and 
the activity coefficient of the solute in solution. Enthalpies of fusion data are abundant in the 
literature [17], or they can be quickly measured with a differential scanning calorimeter 
(DSC). Since the solubility of solids in liquids is usually insensitive to the quality of the 
solution model, an ideal solution model often performs adequately. For solids of low 
solubility solute–solvent interactions are significant, and an appropriate activity coefficient 
model must be chosen.  
In this study a modified NRTL equation [18], that includes the ratio of molar volumes of the 
two components, is used for the evaluation of the activity in the supercritical phase. 
Furthermore the model is applied in the one parameter form according to the method already 
proposed by Tassios [19]. The remaining cross interaction parameter is correlated to the 
difference of well know properties of pure compounds. 

METHOD 

The formalism considers the supercritical fluid rich phase as a subcooled liquid. The 
condition for equilibrium is that the fugacity of each component fi must be equal in both 
phases. The subscript numbers 1 and 2 will be referred to CO2 and pharmaceutical 
compound, while the superscripts S and L stand for solid and liquid, respectively. The 
solubility Y2 in terms of standard state fugacities 0

2f  is: 
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where 2 is the activity coefficient of the solute (the drug) in solution. 
The ratio of the standard state fugacities depends on the properties of the solute and can be 
calculated, neglecting the terms containing the differences between solid and liquid state heat 
capacities and molar volumes,  following Prausnitz [20]: 
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where f
2H is the solute enthalpy of fusion.  

Combining the equation (1) with equation (2) and assuming that the activity coefficient is 
independent from concentration and equal to the value at infinite dilution:
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The activity coefficient is expressed with the modified NRTL equation proposed by Vetere 

[18]: 
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Where V1 and V 2 are the molar volume of the two components and  

 ijijij expG      and    
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ij


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ij is the non-randomness parameter usually set to values between 0.2 and 0.3; gij is the 
energy of interaction between molecules of the two components i and j and  gii is the 
interaction between molecules of the same component. 
At infinite dilution the expression of the activity coefficient is given by: 

122121122 VVGln           (5) 

In this paper ij is assumed equal to 0.2;  gii is calculated with the method suggested by 
Tassios [19]:     
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                   (6) 

Where ∆Hv is the energy of vaporization of the component i. 
The interaction between molecules of the two components is calculated from: 

   5.0
2211122112 ggKgg                    (7) 

The empirical constant K12 which characterizes the binary system considered can be 
generalized for a family of mixtures as a linear function of the difference between the 
Hildebrand solubility parameters, namely: 

 2112 baK            (8) 

Substituting the previous expression in the equation (3): 
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The effect of pressure on the activity coefficient is expressed following the suggestions 
reported by Eckert  et al. [21] adding in the equation (9) a term containing a constant A and 
the carbon dioxide reduced density. The constant A is calculated by: 
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 RESULTS  

The method was applied to the correlation of solubility data of six sterols. The experimental 
data are taken from [6] and cover a range of temperatures between 308 and 348 K and 
pressures between 90 and 355 bar. Melting point and heats of fusion are from [17]. 
The solubility parameter of the sterols are calculated following the classical definition of the 
solubility parameter: 
 



5.0

v

5.0

V

RTH

V

U






 







                 (11) 

 
And it is considered independent from the pressure. 
The solubility parameter of carbon dioxide that depends strongly from pressure and 
temperature was evaluated following the suggestion reported in [22]:  
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and using the Bender equation of state [23]   for the calculation of the derivative of the 
pressure. 
In Figure 1 the solubility parameter of carbon dioxide is reported as function of pressure for  

 

 
 

Figure 1: Solubility parameter of carbon dioxide. 
 
the different temperatures. At constant pressure the solubility parameter decreases increasing 
temperature but these variations are lower at higher pressures. 
In Figure 2 is reported the logarithm of the calculated as a function of the logarithm of the 
experimental solubilities showing an AAD ln Y2 % of 7.957 
. 
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The maximum deviations are presented for the data of progesterone and stigmasterol which 
present deviations that reach 25 %.  



 

Figure 2: Comparison between experimental and calculated solubilities. 

In figure 3 the results obtained with cyproterone acetate at 318 K are reported.    

 

Figure 3 Calculated (model) and experimental solubilities for cyproterone acetate 

It is interesting to observe that the agreement is better at the higher density (corresponding to 
35.5 MPa) that to the lower (corresponding to 12 MPa). The AAD ln Y2 % for these data at 
318 K is 4.585 



In the Figure 4 and 5 a comparison between experimental and calculated data are presented 
for Cholesterol and cholesteryl acetate at two different temperatures.  

 

Figure 4 Calculated (model) and experimental solubilities for cholesterol 

 

Figure 5 Calculated (model) and experimental solubilities for cholesteryl acetate 

In the case of cholesterol the data at 333 K are modelled satisfactory with larger deviations at 
the lower densities whereas the contrary happens for the data at 313 K where the deviations 
are quite important for reduced density higher  than 1.8. 



The experimental data of cholesteryl acetate at 318 and 328 K are reproduced with very low 
deviations for the lower reduced densities. Increasing the density the deviations increase 
specially for the case of the higher temperature.  

 

Figure 6 Calculated (model) and experimental solubilities for medroxyprogesterone acetate 

In the case of Figure 6 the results obtained for medroxyprogesterone acetate at different 
temperatures are reported. In this case the agreement is very good at all the temperatures 
considered in all the range of density.  
The AAD ln Y2 % for these data is 3.314. 

CONCLUSION 

A modified NRTL equation has been used to describe the dependence of the solubility of 
sterols in supercritical carbon dioxide on the density of the fluid phase, considering 6 
substances in the temperature range from 308 to 348 K and pressures ranging from 9 to 35 
MPa. The method can be extended to estimate, on the basis of common pure component 
properties the solubility of active compounds of pharmaceutical interest. 
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