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Abstract

The tunable nature of the solubility of various compounds, including molecules of pharmaceutical
and biological interest, in supercritical fluids (SCFs) makes SCF extraction technology attractive
for many separation and purification processes. Among the different influencing parameters, the
most important one in the supercritical based processes is the knowledge of solubility of model
solute. But, experimental measurement of the solubility of all pharmaceuticals in wide ranges of
temperature and pressure is not only cost effective but also impossible in some cases. Regarding
this fact, during the past decades, several approaches are proposed to model the solubility of the
compounds in the supercritical fluids especially carbon dioxide. In this way, in the current inves-
tigation, two different approaches including five semi-empirical density based correlations (Men-
dez-Santiago and Teja (MST), Bartle et al., Chrastil, Kumar and Johnston (K]J) and Hezave et al.) and
Peng-Robinson equation of state are used to find if it is possible to correlate the solubility of ceti-
rizine with acceptable deviation as a function of temperature and pressure. The results reveal that
among the examined approaches Hezave and Lashkarbolooki model leads to better overall cor-
relative capability with average absolute relative deviation of 5.04% although Peng-Robinson EoS
leads to lower AARD % of 3.85 % in 338 K isotherm.
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1. Introduction

Superecritical fluid (SCF) technologies have been gaining an increasing attention in different chemical processes
during the past decades due to its applicable advantages. In this way, supercritical fluid (SCF) technology has been
continuously developed for the processing of food, pharmaceuticals, and polymeric and specialty chemicals [1].

SCFs are advantageous since they introduce desired properties of both liquids (good solvating strength) and
gases (good diffusivity) make them a good alternative for conventional solvents. Among the different possible
solvents for supercritical fluid technologies, carbon dioxide is most commonly used due to its mild critical pres-
sure and temperature which make it a good candidate for processing of thermal labile compounds. In addition,
carbon dioxide is non-toxic, green, available, cheap and non-toxic solvent. Also, since carbon dioxide introduces a
mild critical condition, after expansion which occurs mostly into the ambient condition, it is vaporized from the
matrix of the process material which remains no contamination. Due to this unique advantages, one of the most
common applications of SCF technologies can be considered in pharmaceutical engineering for different appli-
cations such as drug delivery [ 1] [2], extractions [3] [4], purification [5], solubilization [6]-[11] and crystal growth
(particle size reduction and particle engineering) [12]-[20].

Among the different parameters affecting the efficiency of the supercritical based technologies, solubility of
pharmaceutical compounds is the major criterion for choosing appropriate process. In this way, several literatures
reported the experimental measured solubility of different compounds as a function of temperature and pressure
[5]-[11]. But the crucial point is that not only it is an expensive approach but also it is not possible to measure
the solubility of all compounds in the supercritical carbon dioxide in wide ranges of temperature and pressure.

As a way out, during the past decades, different predictive approaches are proposed by different researchers to
correlate the solubility of different compounds as a function of temperature and pressure as simply as possible
[21]-[28]. Among the different predictive methods, Equations of State (EoS’s) are one of the first predictive
methods applied to calculate the solubility of different compounds in SCFs at different temperatures and pres-
sures and even at the presence of co-solvents. For example, Housaindokht and Bozorgmehr [29] have used dif-
ferent equations of state including Peng-Robinson (PR), Pazuki and others and a modified PR equation. Besides,
they have used several mixing rules namely van der Waals 1 (VDW1), VDW2 and Adachi-Sugie. Undoubtedly,
the most widely used model is cubic EoS’s from the VDW family, like PR, Soave-Redlich-Kwong (SRK) and
Patel-Teja-Valderrama (PTV), together with several mixing and combining rules, like classical VDW mixing rules
[30]. All EoS models require one or more temperature-dependent interaction parameters which must be corre-
lated from experimental solubility data. With respect to this limitation, more complicated EoS models (e.g. sta-
tistical associating fluid theory (SAFT) [31] and mixing rules (e.g. Wong and Sandler [32]) were developed
which were difficult to be applied. Because of the large number of EoS’s and mixing rules available in the lite-
rature, researchers have to select the appropriate EoS and mixing rule for each system. But, in practice, each
model cannot treat and reproduce effectively the solubility of all the compounds of interest. Besides, unfortu-
nately, EoS based models require parameters such as critical constants and sublimation pressure of the complex
pharmaceutical compounds, which are not always available experimentally.

Due to several limitations of EoS models, researchers proposed a new generation of predictive methods called
semi-empirical density based correlations which used only the density of pure SCF and operational temperatures
and pressures [21] [25] [26] [33]. Numerous studies were performed to investigate and predict the solubility of
the systems SC-CO,-solutes using these semi-empirical equations. For example, Hojjati ef al. [34] used six dif-
ferent equations to correlate the solubility data of three aromatase inhibitors finding the best fit with KJ’s model
and Gordillo’s model. Later, those researchers determined the solubility of five statin compounds and correlated
the experimental data with four semi-empirical equations [35]. They had reported that MST and Bartle models
led to more accurate results. In addition, Sparks et al. [36] evaluated five density-based models with six solids
and then developed a new model where the prediction of the solubility data was improved compared to other
studied equations. After that, MST [33] fitted experimental data of 47 solids with two equations which led to
accurate prediction of solubility data.

Regarding these progresses, it seems possible to use predictive tools for correlating solubility data and reduce
the experimental measurement which consequently decreases the operational costs. In this way, in the current in-
vestigation, two different approaches including equation of sate (Peng-Robinson model) and semi-empirical densi-
ty based correlations (including Mendez-Santiago and Teja (MST), Bartle ef al., Chrastil, Kumar and Johnston (KJ)
and Hezave and Lashkarbolooki) are used to compare their capability for correlating the solubility of cetirizine
in supercritical carbon dioxide in wide range of temperature (308 - 338 K) and pressure (160 - 400 bar).
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2. Modeling of Solubility Data

2.1. Semi-Empirical Correlation Method

The measured solubility data were correlated using four semi-empirical density-based correlations namely MST,
KIJ, Bartle et al. and Chrastil models. A brief description of the used correlations is given as follows. In the first
stage, the Bartle e al. model [21] was used to correlate the solubility of fluvoxamine maleate. The general form
of the Bartle et al. [21] model is as below:

2 S

where a, b and c are fitting parameters, P’“, y and p are the reference pressure of 1 bar, the solute solubility and
the density of carbon dioxide at a specific pressure and temperature modified by subtracting 700 kg:m™ consi-
dering as the reference density, p,.; respectively.

The second utilized model was Mendez Santiago and Teja (MST) which is one of the most popular one due to
its accuracy and simplicity. In brief, MST has presented an empirical model based on the theory of infinitely dilute
solutions [33]. An equation that follows a simple relationship for the solubility of solids in SCFs was deduced:

sub

Tin(y, p/ps")=A+cp @)

sub

where T'is the temperature, ), is the solubility of the compound in terms of mole fraction, p is the pressure, p;
is the sublimation pressure of solid at temperature 7, p isthe density of the fluid, and 4 and ¢ are constants in-
dependent of temperature.

Since the sublimation pressures are not often available, the proposed model was combined with a Clau-
sius-Clapeyron type expression for the sublimation pressure and a semi-empirical relation, with three adjustable
parameters, for the solid solubility was derived:

Tln(y~p/p”d)=a+c(kg_l ~m3)-p+b(K'l)~T(K) 3)

The adjustable parameters of the MST correlation including a, b, and ¢ obtained by performing a simple
graphical data fittingto 7' ln( Yy p/ p“"d) as a function of (p and T).
Finally, solubility data were correlated using Kumar and Johnston method (KJ) and Chrastil model (see Equa-

tions (4) and (5)).

b(K) 3 -1 -3

lny:a+T(K)+c(m -kmol )-p (m -kmol) “)

where y is the solubility of the solid, @, b and c are the fitting parameters and o is the density of the supercrit-
ical fluid.

InS + b(K) +c-1 ®)]

nS =a ¢-In

k)

where, a, b and ¢ are the fitting parameters and S is the solute solubility in kg-m™ . Also, the b parameter can
be utilized to estimate the solute heat of sublimation (AHplimation= —RD).

Among the above mentioned models, Chrastil method which is one of the oldest semi-empirical density-based
correlations proposed in 1980s. This correlation was based on this assumption that the solute molecules sur-
rounded by ¢ molecules of a solvent form a solute-solvent complex. In other words, in the Chrastil model (Equa-
tion (5)), the fitting parameter ¢ indicates the number of solvent molecules surrounding the solute molecule.

Finally, the correlation proposed by the authors [37] is used to compared wiuth the other predictive methods.

The proposed correlation was considered as a function of temperature, pressure and density of pure SC-CO,
(see Equation (6)) to not only into account the nature of the involved compounds but also to account the effects
of system pressure and temperature on the solubility of the pharmaceutical in SC-CO, [37].

—dx b
(2 2t
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The optimization of the coefficient of the proposed correlation was obtained using a genetic algorithm. In the
recent years, several computer-based methods for simulating and modeling of the different chemical phenomena
have been proposed and examined [38]-[41]. Among the di®erent available predictive methods, genetic algo-
rithms (GAs) are one of the widely used methods considered as a computational analogy of adaptive systems by
John Holland in the 60 s [42]. GAs are modeled loosely on the principles of the evolution via natural selection,
employing a population of individuals that undergo selection in the presence of variation-inducing operators
such as mutation and recombination (crossover). A fitness function is used to evaluate individuals, and repro-
ductive success varies with fitness. In other words, GAs are a way of solving problems by mimicking the
processes mother nature uses based on the principles first laid down by Charles Darwin of survival of the fittest
[43] [44]. In the light of its great fiexibility and capabilities, GA has been widely studied, experimented and ap-
plied in many fields in engineering worlds. Not only GAs provide alternative methods to solving problem, it
consistently out-performs other traditional methods in most of the problems link. Many of the real world prob-
lems involved finding optimal parameters, which might introduce several difficulties to the traditional methods
while the GAs can work willingly to find those optimal parameters. However, because of its outstanding per-
formance in optimization, GAs have been wrongly regarded as an optimizer which is not fair enough [42]. By
the way, due to the unique advantages of the GAs and its capability for optkmization of coefficients, it was used
to find the optimum values of the Hezave and Lashakrbolooki [37] correlation.

2.2. Equation of State

As aforementioned, besides the semi-empirical correlations, Peng-Robinson EoS was used to model the meas-
ured solubility data. Regarding this purpose, the Peng-Robinson EoS coupled with conventional van der Waals
mixing rule was used to evaluate the fugacity coefficient of solid in compressed fluid phase.

The solubility of a pure solid (component 2) in a supercritical fluid was estimated using the classical expression:

1);“[) V; sub
v, = P@;Lf exp |:E(P—P2 ) (7)

where, v; is the molar volume of the solid component 2, P is the sublimation pressure of solute, 7 and P

are the temperature and pressure of the system, respectively and @37 is the fugacity of the solid. In this work,

scf

the fugacity coefficient of solute in SC-CO, ¢;? was calculated by means of using the Peng—Robinson EoS
[45] combined with VDW1 mixing rule.

In addition, the /; and k; parameters were optimized using a differential evolution technique using MATLAB
software. Differential evolution (DE) is a method optimizes a problem by iteratively trying to improve a candi-
date solution with regard to a given measure of quality. In brief, differential evolution is capable of handling
non-differentiable, nonlinear and multimodal objective functions. It has been also used to train neural networks
having real and constrained integer weights. This kind of solver works iteratively in which at each iteration,
called a generation, new vectors are generated by the combination of vectors randomly chosen from the current
population (mutation). The resultant vectors are then mixed with a predetermined target vector. This operation is
called recombination and produces the trial vector. Finally, the trial vector is accepted for the next generation if
and only if it yields a reduction in the value of the objective function. This last operator is referred to as a selec-
tion. This procedure continued until the desired error obtained.

3. Data Collection

In the current investigation, the solubility of cetirizine measured by the co-authors is gathered from the pre-
viously published literature [46].

4. Results and Discussion

In the first stage of the current investigation, the solubility of cetirizine was correlated using Peng-Robinson EoS
using VDW1 mixing rules as previously described. The two adjustable parameters (k; and /;) were optimized
using the DE method using the following objective function:
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Exp Calc
100 |B -k
D% = n Z PExp

where P™ is the experimental solubility and P““ is the calculated solubility. The required parameters for
modeling the solubility of cetirizine in sc-CO, such as critical pressure (17.50 bar) and temperature (1025.1 K)
were estimated using Joback and Reid method [47]. In addition, the acentric factor (0.783) was estimated using
group contribution method proposed by Constantinou and Gani [48]. The obtained adjustable parameters and
their errors are given in Tablel.

A closer examination in the listed results in Table 1 demonstrated that PR-EoS was not able to correlate the
solubility of cetirizine in supercritical carbon dioxide willingly, although as the temperature increases the accu-
racy of the Peng-Robisnon EoS increases. The worst result of modeling was obtained for temperature of 308 K
which is not far enough from the critical temperature of carbon dioxide (~304 K). In other words, this observed
high AARD % for 308 K can be related to the transient behavior of the supercritical carbon dioxide at that tem-
perature.

A closer examination of the listed results in Table 1 demonstrated that PR-EoS was not able to correlate the
solubility of cetirizine in supercritical carbon dioxide willingly compared with the semi-empirical density based
correlations.

Also, comparing the results obtained for Peng-Robinson EoS using two different mixing rules including
VDWI1 (see Table 1) and VDW?2 (see Table 2) revealed that using VDW1 mixing rule leads to more accurate
overall correlative capability of Peng-Robinson EoS.

In the second stage, five different semi-empirical density based correlations were used to find if it is possible
to correlate the solubility if cetirizine with better accuracy compared with the results obtained by Peng-Robin-
son EoS correlative approach (see Table 2). The results tabulated in Table 2 revealed that the overall results of
the used correlations are better than Peng-Robinson EoS although Peng-Robinson EoS leads to more accurate
results as the temperature increases. In addition, digging on the results listed in Table 2 revealed that these cor-
relations are highly capable to correlate the solubility of cetirizine as a function of temperature and pressure. In
more details, four of these correlations including Chrastil [26], Bartle e al. [21], MST [33] and KJ [25] models
are rather the same while the proposed correlation by Hezave and Lashakrbolooki [37] leads to more accurate
results of 5.03 % AARD (see Table 3, Figure 1 and Figure 2).

Besides the accurate correlative capability of the examined semi-empirical correlations, it is possible to
extrapolate the solubility of cetirizine since the self-consistency test of these correlations leads to a straight line
which means it is extrapolative capability of these correlations.

In details, as demonstrated in Figure 3, all of these correlations are able to satisfy the self-consistency test al-
though it is completely clear that there is higher deviation among the measured solubility data and those corre-
lated by these semi-empirical correlations when the temperature increases.

Table 1. The binary interaction parameters for cetirizine sc-CO, system (VDW1 mixing rule).

Temperature (K) ki sy AARD (%)
308 0.196833 0.099997881 50.78
318 0.152875 0.099999220 46.50
328 0.104759 0.099998463 33.76
338 0.051526 0.099997864 3.86

Table 2. The binary interaction parameters for cetrizine-sc-CO, system (VDW2 mixing rule).

Temperature (K) kij Ly AARD (%)
308 —0.037 —-0.1 29.3
318 —0.091 —0.1 23.6
328 —0.158 0.1 9.25
338 —-0.233 -0.1 10.15
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Table 3. The obtained fitting constants for four density based correlations.

Constant
Model Correlation
a b c d
. b
Chrastil Ins(k N=a+ +cl k; 3 —80.71 —13,330.5 18.18 -
ns( g/m) a ) cnp( g/m)
b 3
Kumar and Johnstone Iny=a+ m"’ cp(kmole/m ) 15.40 —-13,276 093
Mendez-Santiago-Teja Tln[y2 /;,/pJ:a+bT(K)+cp(kg/m’) -22,696 46.09 834  emee-
P
VP b
Bartl In| 22— |=a+ + =P, 42.6 —15,695.36 0.026 -
e (52 Ry o)

ref

-dxT b(K
Hezave and Lashakrbolooki h{yz x j:‘”r( )+c(kg"-m3)-(pfpm,f) 433262 —15986.08  0.0266  5.44x107°
p

This observed trend can probably relate to the following fact that at the higher pressures which the density of
compressed CO, amounts to a value of 972.3 kg:m > which is not so far away from water at ambient conditions
can lead to a phenomenon called “squeezing out”. In other words, at higher pressure and liquid-like densities,
the effect of “squeezing out”, that is a retrograde solubility, can often be observed leads to this fact that the den-
sity-based models do no longer work willingly in that regions. This phenomenon previously was reported by
Kurnik and Reid [49] while further similar behavior was observed by Kraska et al. [50] for f-carotene solubility.
They have been described this observed trend based on this fact that the deviation of the experimental data at
pressures above 125 MPa can be due to a special isomerization occurred by an enrichment of cis-isomers in the
solution while the all-trans f-carotene is squeezed out of the solution and crystallizes.

Finally, based on the obtained results it can be concluded that among the examined approaches, semi-empir-
ical density based correlations are well able to satisfactorily correlate the solubility of cetirizine. In addition,
among the examined semi-empirical density based correlations correlation proposed by Hezave and Lashakrbo-
looki correlate the solubility of cetirizine with acceptable level of accuracy with AARD % of 5.03%. At last, the
worth mentioning point is that the semi-empirical density based correlations are not only able to well correlate
the solubility of cetirizine in wide range of temperature and pressure but also they are able to extrapolate the so-
lubility of compounds in supercritical carbon dioxide only as a function of temperature, pressure ans density of
supercritical carbon dioxide which introduce them as an efficient tool for solubility interpolation and extrapola-
tion.

5. Conclusions

In the current investigation, two different approaches were used and compared to find if it was possible to correlate
the solubility of cetirizine as a function of temperature and pressure. In this way, one EoS namely Peng-Ro-
binson Eos and five semi empirical density based correlations namely Mendez-Santiago and Teja (MST), Bartle ef
al., Chrastil, Kumar and Johnston (KJ) and Hezave and Lashkarbolooki were used and the obtained results were
compared. The obtained result revealed that among the different predictive methods the semi-empirical density
based correlations not only were easier to be used but also led to more accurate results compared with the Peng-
Robinson EoS. In addition, the results of self-consistency test revealed that the semi-empirical density based
correlations not only were able to correlate the solubility of cetirizine but also were able to extrapolate the solu-
bility of the cetirizine. Finally, the results illustrated that among the different semi-empirical density based cor-
relations, Hezave and Lashkarbolooki model led to more accurate results with minimum AARD % of 5.04%.

Finally, based on the obtained results one can conclude that although these predictive methods suffer from
inaccuracies in some cases, it is possible to propose correlations which are able correlate the solubility of com-
pounds in the supercritical carbon dioxide as a function of temperature and pressure with acceptable level of ac-
curacy.
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