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ABSTRACT

Solubility prediction of high molecular weight molecules in high-pressure solvents is an interesting field
of research. Sometimes the solubility data are not available for several components due to lacking of
valid equipments. Therefore, an accurate prediction technique can help the researchers. According to the
literature, the simple Equations of State (EoSs) such as Soave-Redlich-Kwong (SRK), Peng-Robinson
(PR) and the others require some data such as intermolecular energy parameters, critical properties,

Keywords: acentric factors, and molar refractions. Since these data are not available for a lot of high molecular
Prediction weight molecules, there are some limitations in applying them. Furthermore, the calculations are more
Solubility complicated when the high molecular weight molecule is a polar one due to the interference of polar
B-carotene factors in the calculations process. The polar factors for this kind of molecules are not available or cannot
EoS easily be calculated. One of these polar biomolecules is B-carotene. In this research, the solubility of B-
carotene in high-pressure carbon dioxide was calculated by a two-parameter EoS and compared with the
experimental data although it had already been successfully used for binary systems,. The results showed
that the two-parameter Mohsen-Nia-Modarress-Mansoori (MMM) EoS was an accurate model for the
solubility prediction in supercritical and near critical conditions for the multicomponent systems. The
binary coefficients of B-carotene and carbon dioxide in various pressures and temperatures were obtained
by the genetic algorithm from the literature.
doi: 10.5829/ije.2019.32.02b.03
NOMENCLATURE 4 Compressibility factor
a Attraction parameter ¢ Fugacity coefficient
b Repulsive parameter Subscripts and Superscripts
K Binary interaction parameter c Critical
P Pressure (bar) \Y Vapor
R Gas constant S Solid
T Temperature (K) sat Saturated
v Molar volume ( L/mole) i Component i
y Mole fraction j Component j
1. INTRODUCTION density, high selectivity, low viscosity and high

diffusivity. These appropriate properties allow them to

Supercritical fluid extraction is an advanced, clean and
green technology currently used in various processes
such as production of extracts from fruits, hops, nuts,
spices and the other natural products [1, 2]. Supercritical
fluids present unique characteristics which make them
excellent solvents. They usually have relatively high
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achieve high extraction rates [1, 3].

Among many supercritical solvents for extractions,
carbon dioxide has the excellent properties such as low
critical temperature (304.1 K), moderate critical pressure
(7.38 MPa), low cost, and availability in purified form.
Furthermore, it is inert, non-flammable, non-toxic, and
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can be easily removed from the extract [2]. Phase
equilibrium data (in particular solubility ones) are the
basis for the design and optimization of the supercritical
extraction processes [4, 5].

One of the red or orange pigments found in some
fresh fruits and vegetables is B-carotene. It is common to
extract B-carotene from fruits abundant in carotenoids. -
carotene is an antioxidant that has medical
characteristics. It is pro-vitamin A and enhances the
immune system in the human body and may exert a key
protective action against many diseases [6].

In fact, many vegetables are sources of carotenoids
which can be extracted by supercritical fluid extraction
(SFE) [7, 8]. Figure 1 shows the structure of -carotene.

Understanding the phase behavior of solutes and
solvents over a range of pressure and temperature is
necessary for the development of supercritical fluid
extraction. Considering the pressure and temperature of
the process, calculation of solubility of solutes in
supercritical solvents is useful in supercritical fluid
extraction [3, 9, 10].

In general, the models used for calculation of
solubility are classified into two different groups. They
are theoretical models (by applying EoSs) and empirical
correlations (density based equations). However, the
theoretical models use different equations with various
mixing rules but, the cubic equations are more used for
calculation of solubility in the supercritical fluid because
of their unique properties such as flexibility, reliability
and their proper speed of calculations [11-17]. In
contrast, the cubic EoSs have limited predictive
capability, and they are not accurate for the complex
systems [18]. Furthermore, EoSs need the critical
pressure and temperature of compounds, vapor pressure
and density data of solutes for calculation of solubility of
solutes in the supercritical solvents [19-21]. Some three-
parameter EoSs such as Peng-Robinson (PR) and Soave-
Redlich—-Kwong (SRK) require the acentric factors while
Riazi-Mansoori (RM) requires molar refraction data, as
well [7, 22]. The experimental critical properties, acentric
factors and molar refractions are not available for some
high molecular weight biomolecules such as -carotene
[7, 23, 24] although there are some theoretical methods
for estimation of them. Lydersen, Edmister and Eisenlohr
(or Vogel) methods are almost accurate techniques for
assessment of critical properties, acentric factors and
molar refractions calculations, respectively [7, 24].

In this work, the Mohsen-Nia-Modarress-Mansoori
(MMM) as a two-parameter EoS is applied to predict the
solubility of B-carotene in high-pressure carbon dioxide
as a solvent.
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Figure 1. Structure of B-carotene

This equation only requires the critical pressure and
temperature of the components. The critical data are
calculated by Lydersen’s method [24, 25]. Furthermore,
genetic algorithm is used to solve the system of equations
and find out the binary coefficients, and then solubility
data [26]. A solution generated by a genetic algorithm is
called a chromosome and collection of them is called
population. In genetic algorithm, some chromosomes in
the population may produce new chromosomes.
Furthermore, a few of them may mutate. The
chromosomes that are maintained for the next generation
have higher fitness value. In fact, they will have the
greater probability of reselection in the next generation.
The genetic algorithms use random sampling methods to
create generations of random candidate solutions. After
several generations, the chromosome will converge to a
final value which is the best solution to the problem.
Considering random sampling methods, solution of
genetic algorithm may slightly differ in every run of
calculations due to the acceptable method precision [26].
The genetic algorithm is applied several times to find the
best results for the solubility according to the
experimental data illustrated in the literature. In fact, the
calculations are done several times. Then, closest results
to the experimental data are reported when they are very
close to each other.

2. EQUILIBRIUM OF SUPERCRITICAL PHASE

The equality of the fugacity of the solid solute in
supercritical and solid phases describes the solubility of
the solid in the supercritical phase:

fisoud — fSupercritical(T’ P, {yi}) (1)

L

where, f; is the fugacity, T is the temperature, P is the
pressure and y; is the mole fraction in the supercritical
phase. The solubility of the solid in the supercritical
phase can be calculated by Equation (1) when the system
temperature and pressure data are known.

The fugacity in the solid phase can be obtained by
neglecting the supercritical fluid solubility in the solid
phase, assuming the constant solid molar volume and
considering the saturation fugacity coefficient of solid to
be unity:

S sat
fisolld — Pisatexp {”i (P};:i )} (2)
where, P denotes the vapor pressure of solid at
temperature T, v} is the molar volume of solid and R is
the universal gas constant.

Fugacity for component i in the supercritical phase

can be written as follows:

supercritical supercritical
f; D LtL — Pd)l ¥ Ll yi (3)
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The solubility of component i in vapor phase (y;) at
supercritical condition is defined as follows:

Pisat ig P_Pisat
Vi = <¢§upercriticalp) exp {V ( RT )} (4)
Equation (4) can be rewritten as follows:
i sat S(p_psat
(bfupercnncal — (1;17) exp {Vi (PRTPL )} (5)

The fugacity coefficient of the condensed phase in the
supercritical fluid (¢ *“*!) can be derived from an
EoS as follows:
supercritical _ [ B_F _
RTIng: =J, [(ani)r.v.nj,i
=\ dv - RTinz ©)

P
where, Z = -2
RT

where, ¢ shows the fugacity coefficient of the solute in
the supercritical phase and Z is the compressibility factor
of the supercritical phase [22].

The MMM EoS is expressed as follows [27]:

_ RT(v+1.3191b) _ a
b= v(v—b) TOSv(w+X;yby) 0
Mixing rules:
a =X yiyjaij (8)
b= (1/4)(3 22 yiyibij + Yiyibii) 9)
a; = 0.48748R?T%? /P, (10)
bii = 0064’662RTC”/PC” (ll)
2 (12)
a;; = (1K) (@)
Therefore:

supercritical __

; =

3(2%yibij=Yi T yiyjbij)+bui
4(v-b)

exp {2.3191[ —in(1-

O]~ tnz + (2 - 222 (14 P

RT3 yiby;

ZiJ/ibii) __ by ]}
v v+XiYibii

The critical properties of the components in the
extraction of PB-carotene from CPO by high-pressure
carbon dioxide as a solvent are shown in Table 1. The
solubility data are extracted from the literature [28].

YiYibii a

3. RESULTS AND DISCUSSION

The solubility of B-carotene in the vapor phase and the
binary coefficient are found by the genetic algorithm. In
fact, the genetic algorithm is applied several times to find
the best results for solubility according to the
experimental data illustrated in literature [28].

TABLE 1. Critical properties of the components in the
extraction of B-carotene by high pressure carbon dioxide

Compound T.(K) P.(bar) v* (I/mol) Ref.
Carbon dioxide 304.12 73.740 - [28]
f3-carotene 801.00 8.090 0.5368 [3]

Tables 2-4 show the solubility achieved by experiment,
regular solution theory model (RSTM) and MMM EoS at
temperatures of 353.2, 373.2 and 393.2 K, respectively.
The average error was calculated based on the arithmetic
mean of the calculated solubility data by MMM EoS and
the experimental ones. Figures 2-4 clearly show the
solubility of B-carotene in high-pressure carbon dioxide
at various temperatures by experiment, RSTM and
MMM EoS [28]. As shown in these evidences, MMM
EoS can properly predict solubility of B-carotene in high
pressure carbon dioxide (supercritical and near critical
conditions) while the precision of solubility estimation is
reduced in lower pressures (subcritical conditions). This
confirms that the MMM EoS is valid and accurate for the
solubility prediction in supercritical and near critical
conditions for the multicomponent systems.

TABLE 2. Solubility of p-carotene in high pressure carbon
dioxide and binary coefficient at 353.2 K
P Experiment  RSTM MMM Error Binary

(Mpa) [28] [28] EoS (%)  coefficient
10.8 0.9781 0.9981 0.9765  0.1596
7 0.9814 0.9984 09785  0.2961
48 0.9852 0.9986 0.9961  1.1053
0.4428

2.7 0.989 0.9987 0.9980  0.9145
1.7 0.999 0.9988 0.8866 11.2506
Averag 27452

€ error

TABLE 3. Solubility of B-carotene in high pressure carbon
dioxide and binary coefficient at 373.2 K

Experiment RSTM MMM Error Binary

(Mp

[28] [28] EoS (%)  coefficient
111 0.9924 0.9981 0.9697 2.2878
7.6 0.9886 0.9984 0.9433 4.5819
6.1 0.9965 0.9986 1.0000 0.3511
0.9521

4.2 0.998 8 0.9987 0.9795 1.9352

11 0.999 0.9988 0.8573  14.1860

Average

error 4.6684
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TABLE 4. Solubility of p-carotene in high pressure carbon
dioxide and binary coefficient at 393.2 K
P Experiment RSTM MMM Error Binary

(Mpa) [28] [28] EoS (%)  coefficient
7.4 0.9792 0.9981 0.9902 1.1258
5.4 0.9773 0.9984 0.9531 2.4785
4.4 0.984 0.9986 0.9834 0.0629
0.3666
3.3 0.9905 0.9987 0.9462 4.4689
0.6 0.9978 0.9988 0.8602  13.7889
Average 4.3850
error
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Figure 2. Solubility of B-carotene in high-pressure carbon
dioxide (yi) at 353.2 K
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Figure 3. Solubility of B-carotene in high-pressure carbon
dioxide (yi) at 373.2 K

Furthermore, RSTM could moderately predict the
solubility in the wide range of pressure. RSTM which is
an activity based model can properly legitimize the polar
(even non-polar) systems behavior such as ethanol-
octane (with various ratios) although it requires a
computational calculations system due to having a lot of
related equations and requiring several try-errors [29-32].

According to the literature, the statistical
mechanically proper van der Waals mixing rules can
improve prediction of highly polar mixture properties
with the Peng-Robinson EoS. This method is general and
may be applied as well to other cubic EoSs [33].
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Figure 4. Solubility of B-carotene in high-pressure carbon
dioxide (yi) at 393.2 K

4. CONCLUSIONS

In the current research, the solubility of B-carotene from
palm oil as a multicomponent system in high pressure
carbon dioxide as a solvent was calculated using MMM
Eo0S. The data were compared with the experimental and
RSTM ones. The binary coefficient of -carotene and
carbon dioxide was found by the genetic algorithm, as
well. It was concluded that MMM two-parameter EoS as
non-dependence to critical properties and to acentric
factor can properly estimate solubility data for a large
biomolecule in supercritical and near critical conditions.
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