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A B S T R A C T

Development of new models and correlations to determine the drug solubility in supercritical fluids, i.e., su-
percritical CO2, helps us to avoid time-consuming computations with poor outcomes while improving the su-
percritical technology. In this communication, a supervised technique, namely, the least square support vector
machine (LSSVM) was employed to estimate the solubility of 33 different drug compounds in supercritical CO2.
The corresponding solubility was determined as a function of temperature, pressure, density of supercritical CO2,
and two physical properties of drug, i.e. molecular weight and melting point. The results obtained from the
employed LSSVM model were compared with eight correlations. The obtained average absolute relative de-
viation and the square of regression coefficient for the testing group of LSSVM model were found to be 5.61%
and 0.9975, respectively. Therefore, the model developed in this work can be reliably applied to the studied
drugs by only knowing their physical properties.

1. Introduction

Supercritical fluids (SCF) as solvents with temperatures and pres-
sures above their particular critical values are reliable alternatives for
organic solvents [1]. This is due to their adjustable properties with
temperature and pressure. In addition, SCFs have been extensively
employed in different areas of separation processes, reactions, pur-
ification and particle sizing of pharmaceuticals, etc [2–4]. Among

various types of SFCs, supercritical carbon dioxide has captured much
interest in pharmaceutical processing since it is economical, in-
flammable, environmentally safe, and inherently non-toxic.

Furthermore, accurate prediction of solid solute solubility in an SFC
has the major contribution to any SCF technology development.
Therefore, the corresponding thermophysical properties must have
been modeled and determined at the early stage, leading to studying
solubility of pharmaceutical compounds at different temperatures and
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pressures [5–7]. Nevertheless, in order to avoid disturbance to the
equilibrium, it would be needed to develop reliable experimental so-
lubility in the supercritical region [6]. As a result, a correlation for
estimating the solubility of drugs in SC-CO2 might be beneficial for the
preparatory design of related processes.

Several methods have been employed for correlations of the ex-
perimental solid solubility in SC-CO2 [8–15]. They are typically clas-
sified into either equation-of-state based correlations or density based
correlations, e.g., semi-empirical models; however, the semi-empirical
models compared to equation-of-state correlations are often utilized.
This is partly due to their relative ease of usage; thus, it is not needed to
employ physicochemical properties, such as critical properties and
sublimation pressure that cannot be directly obtained experimentally
and should be calculated by various methods [7].

Recently, artificial intelligence approaches have broadly been ap-
plied in numerous fields, especially in oil and gas areas. Baghban et al.
have modeled solubility of some gases, including CO2, H2S, and NH3 in
ionic liquids and amine solutions by using different embranchments of
artificial intelligence, i.e., artificial neural network (ANN), fuzzy logic
system, adaptive neuro-fuzzy inference system (ANFIS), and support
vector machine (SVM) [16–19].

The current study deals with the usability of least square-SVM
paradigm, as a simplification of conventional SVM, to estimate the
solubility of 33 different drugs in supercritical CO2. A comprehensive
actual data bank was used for developing this method [20–30]. In ad-
dition, particle swarm optimization (PSO) technique was coupled with
the aforementioned LSSVM as an optimization theme for indicating of
hyperparameters. The model is proposed based on temperature, pres-
sure, density of supercritical CO2, and two physical features of drugs,
namely, molecular weight and melting point. The outcomes has been
compared with Chrastil, Sung and Shim, Adachi and Lu, Spark et al.,
Gordillo et al., Mendez-Santiago and Teja, and Keshmiri et al. correla-
tions for different drugs [8–15]. Results show that the proposed drug
solubility model works much better than the others. To the best of our
knowledge, no record for modeling of drug solubility in supercritical
CO2 by LSSVM approach is found in the literature.

2. Review of empirical correlations

Several empirical correlations have been developed to predict/es-
timate the solid solubility in SCCO2. These models are typically density
based methods in which the effects of temperature and pressure are
both considered, leading to a linear relationship between solvent den-
sity and experimental data. The first model that is commonly used to
correlate the solid solubility in SCCO2 was developed by Chrastil et al.
[8]. This equation is given as follows:
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where S is the solubility (kg m−3) of the species in SCCO2, ρ is the
solvent density (kg m−3), T is the temperature (K), A1, A2 and A3 are
characteristic constants for the binary system that depend on the molar
mass of the solute.

Bartle et al. semi-empirical model to correlate the solubility of the
solute in SCF is given by [9]:
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where Pref (1 bar) and ρref (700 kg m−3) are the reference pressure and
the density, respectively. A1, A2 and A3 are empirical constants. Fur-
thermore, Sung and Shim proposed an equation to correlate the solu-
bility of solute in SCCO2 by adding a term to Chrastil’s equation. The
resulting equation is expressed in the form of the following empirical
formula [10]:
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where y is the solubility in mole fraction and ρ is the CO2 density
(kg m−3).

The next equation that is considered herein was developed by
Adachi and Lu [11]. They modified Chrastil’s equation led to the fol-
lowing expression:
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The fifth equation that is considered herein was suggested by Spark
et al. based on Adachi–Lu model who provided an improved correlation
[12]:
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In contrast to Eqs. (1)–(5) in which the effect of pressure was not
considered, Gordillo et al. presented a model including pressure by the
following equation [13]:
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where P is the pressure (bar), y is the mole fraction of solute and T is the
temperature (K). In addition, Mendez-Santiago and Teja introduced the
equation below based on dilute solutions theory [14]:

= + +T yP A A T A ρln( ) 1 2 3 (7)

Finally, the last empirical equation to correlate solute solubility was
developed by Keshmiri et al. with the input of temperature, pressure,
and density of pure supercritical CO2 [15]. This equation is given as
follows:
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In all of the semi-empirical models, Ai coefficients are determined
through data regression using a conventional least square method.

3. Theory

3.1. Least square support vector machine (LSSVM)

Support vector machine (SVM), as an intelligent approach was first
introduced by Vapnik [31]. SVM is a quite effective method used widely
for classification, regression and pattern recognition. The cornerstone
of SVM transforms the nonlinear input area to a high-dimensional
properties area while finding a hyperplane via a nonlinear mapping.
This novel approach is based upon the statistical learning theory (SLT)
and the structural risk minimization (SRM) concepts [32,33]. More-
over, SVMs lead to the solutions by solving the quadratic programming
(QP), and the solution returned is global (or even unique) instead of
many local ones. In addition, unlike other regression techniques such as
neural networks, QP problem is considered as a convex function.
However, this approach may be time-intensive and difficult since it
functions based on the solution of a set of nonlinear equations (quad-
ratic program). Suykens and Vandewalle proposed least square support
vector machine (LSSVM) model as an alternate formulation of SVM
regression [34]. LSSVM not only takes the advantages of SVM, but also
requires solving a set of linear equations (linear programming) instead
of a quadratic programming (QP) problem. This renders LSSVM com-
putationally simpler, thereby, makes the problem easier to deal with.
The formulation of LSSVM for nonlinear function estimation is ex-
pressed as follows. Given training set = …x y k N{ , }, 1,2, ,k k , where
xk ∈ Rn is the kth input data in input space and yk ∈ Rn is output value
for given value of specific input variable (i.e. xk) and N refers to the
number of the training samples. Using nonlinear function (.), which
maps the training set in input space to the high (and possibly infinite)
dimensional space, the following regression model is constructed:
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