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Abstract In this study, two thermodynamic models (regular solution theory and equation of state)
were applied to obtain carotenoid solubility in the supercritical carbon dioxide solvent. Theoretical
data obtained from the models were compared with the experimental data extracted from a published
paper. The use of equation of state as an empirical correlation for collating and predicting liquid-
liquid and liquid-dense fluid equilibrium is discussed. It is concluded that the estimation of some
parameters required for these calculations would be difficult if the solute (carotenoid) was a complex
substance in which little information was known, apart from its structural formula. An alternative
procedure is to apply activity coefficient expression of the regular solution equations for each phase.
Calculations along these lines are described and the physical basis for applying these methods under
the relevant conditions was also presented. The regular solution theory approach in particular has
been found to be encouraging for the mutual miscibility calculations for heavy components (such as
carotenoid) particularly substances that are sensitive to temperature, though the interaction parameters
for the prediction activity coefficients must be regarded as pressure dependent.

Keywords  Activity Coefficient, Carotenoid, Equation of State, Prediction, Regular Solution
Theory, Solubility
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1. INTRODUCTION

Conventional methods, based on the solvent
extraction from natural matrices are time
consuming. This method requires multiple extraction
steps and large amounts of organic solvent, which
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are often expensive and potentially harmful.
Extraction with carbon dioxide under supercritical
conditions constitutes as an emerging technology
in terms of reducing environmental impact. The
advantages of using this technology are its lack of
toxicity, chemical inertness, critical temperature
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and pressure available, low cost and availability
[1]. Furthermore, the use of carbon dioxide is also
beneficial in adding quality to the products
obtained since this technique does not give rise to
excessive heating which usually has a negative
effect on the heat-sensitive compounds [2].

Carotenoids are increasingly used in food
technology mainly due to consumer pressure and
more demanding regulations regarding the use of
artificial dyes [2]. Carotene is a precursor of
vitamin A in human and animal metabolism and it
is used in the food processing industry for coloring
purposes. Carotene has a large aliphatic molecule
and one of its isomers, B-carotene, is illustrated in
Figure 1 [3].

Supercritical CO, has a low solubility for (-
carotene (and other pigments) most of which is
concentrated in the raffinate [4,5]. System pressure
was found to be more significant rather than
temperature for increasing the solubility in
supercritical CO, [4]. Some researchers have
predicted the solubility of some bio-molecules
such as P-carotene and cholesterol by using the
equations of state [6]. The objective of this study is
to predict mutual solubility for a system involving
carbon dioxide and carotene as heavy component
with  supercritical carbon dioxide solvent.
Theoretical data were calculated from regular
solution equations and compared with the
experimental data. These equations are described
in detail by King, et al [7]. Calculations using the
proposed equation mentioned above are defined
and described in this paper, together with the
physical basis for applying the proposed methods
under the relevant conditions. Some of the
interaction parameters that are required for the
calculation of activity coefficients can be
calculated from the experimental data for some
equilibrium systems which have been mentioned in
references [8,9]. The other interaction parameters
have been generated by Fredenslund, et al [10].

Figure 1. Structure formula of -carotene.
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The obtained data, activity coefficient, Gibbs
function relationships and eventually mutual
solubility data are calculated for two equilibrated
phases by using regular solution equations.

2. REGULAR SOLUTION THEORY

The regular solution theory adopted as a model for
this system is based on the activity coefficients by
applying the following equations:
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d(nGmixing)
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6))

di is the well known “solubility parameter” of
component (i). Uy; and U°,,; are the molar internal
energy of the compressed fluid component (i) and
the same fluid at the same temperature but a very
low pressure. These parameters are calculated by
the same equations but for component (j), as well.
Equation 3 may be compared with the expression
given by the Van der Waals approach [11],

2

v
O xV . 2
Extract _| ") mi _
(ln’Yi) = W ((di d_]) +21ijdide

(6)

It differs from this, only in the terms of { (which is
usually close to unity) and in the replacement of

the area function ((p}’ ) by the volume function,

Xx.xV_ .
(5 Ve
(PjV: (7

(Xi ><Vmi +xj vaj)

Where (Vi) is the molar volume of the pure
liquid ().

For a non-spherical molecule of type (i),
quantity (q;) is defined such that (Zq;) is the
number of interactions made by a molecule of this
type with surrounding molecules. A monomer has
(Z) interactions with nearest neighbor molecules
(following X-ray diffraction information for simple
fluids Z is normally given a value of 10). (q;) is
termed the area function for the molecule. For a
linear molecule [12,13],

2x(r;, —1)
qizri—[rTlJ (8)

(r) is the number of segments and it is calculated as
a function of number of carbon atoms, for example
(n) for alkanes can be determined for the
calculation, therefore,
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r=0.90 + 0.283 (n-1)

Also, there would be an arrangement for Equation
3 as following,

InyPxtact _ g N lv%)(lnFK - lnF%)) )
Il =
N 0¥
Qx l—ln( zﬁem\ymK )— D Nmﬁ
m=1 Zn = len\an
(10)
Where
a
Yk = EXP(— I}m ] (11)

Qy is the area function for group k and 0, is the
area fraction of group m. In T" is defined similarly
except that the group area fractions refer to the
pure liquid i and not to the mixture.

(Iny; ) Solute_

o) (Za Mo (2
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b i i 1j=l j

X. J
1

Where M, 6; and ¢; are the number of components

in the solution, the area fraction for component i in
the solution and the segment fraction, respectively.

li = (Z/Z)(ri _qi)_(ri -1

Also there is another arrangement for Equation 12,

(hTYl )Solute —
13)
R (R
ln[ XJ ( 5 ]X ln{1+ 2(pj/Zqi ri/rj 1
Which are a function of interaction parameters and

Zero entropy.
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In the present work, activity coefficient is
calculated using Equations 2, 9 and 12.

In order to present the calculations detail of the
mutual solubility for the system CO, (i)/heavy
component (j) it is necessary to define that x;* is
the mole fraction of component (i) based on the
extract phase (carbon dioxide) and x;° is the mole
fraction of component (i) based on the solute
phase. Therefore x;" and x;° can be calculated from
the activity coefficients data yiE and yis for the
phases and from the distribution factors k; and k;
as:

v =1 (14)
K X (15)
1 XS

The procedure shown as followed:

a. Guessing  initial k-values for each
component given by Equation 15.
b. Use these guessed k-values to obtain the

approximate mole fraction of component (i)
in each layer.

1-k.
E _ J
L
k.
1
E
S_X

These values were then inserted at step b and the
cycle was repeated until the mole fractions
calculated in step b showed negligible change from
one step to the next.

An alternative approach which was used in the
regular solution theory calculations was to
establish analytic expressions for a function Q and
its derivatives with respect to mole fraction given
by:

Gmixing

_ _ m
Qi = —[xiln(xiyi)+xj1n(xjyj ):l = —T

(18)
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(Gn™ ") is the molar Gibbs function of mixing
and from standard thermodynamic relationships, it
follows that (aZQi/axf) should be negative at all
points in a completely miscible system. If the
system is partially miscible there will be a region
over which (8*Qi/0x;%) is positive. In the latter case
the points on the Q; versus x curve corresponding
to the equilibrium phase extract (E) and solute (S)
have a common tangent Equation 19, where
(0°Qi/ox?)F = gradient, (0’Qi/0x°)" taken at the
mole fraction (x;") of component (i) in the solvent-
rich phase and (8°Qi/0x;)° = gradient taken at mole
fraction (x;°) of component (i) in the solute-rich
phase.

If the first assumption is good as (estimations of
the values of (x;*)” and (x;*)) for the mole fractions
(xi*) and (x;°)) which are already available, the
applied procedure was found to be satisfactory for
locating (x;¥) and (x;°) using Equation 19.

This procedure was repeated until no further
adjustment was required. Equation 19 was then
satisfied and the mole fractions (x{) and (x;°)

specified the required calculated phase
compositions.
3. RESULT AND DISCUSSION

By using the liquid-liquid equilibrium data for the
system carbon dioxide-hexadecane at required
pressures and at temperature of 25°C [8,9], as
shown in Figure 2, together with the regular
solution derived model [7,14,15] in order to
calculate effective values of the acoxc (or cH2 or cH3)
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Figure 2. Pressure-composition diagram for system carbon
dioxide/n-hexadecane at 25°C and at pressure up to 1000.0
bars. Upper critical solution pressure of about 300 bars. Lower
critical solution pressure of about 500 bars. X: Interpolated
from [8]. o: Interpolated from [9].

and acyco; interactions as a function of pressure as
shown in Figures 3 and 4. These data used to
predict mutual solubility of the carbon dioxide-
carotenoid system at temperatures of 40, 50, 60°C
and at pressure up to 500 bar. Parameters other
than acoycn and acpycor required in the regular
solution model were evaluated using the standard
methods described in [10].

In order to examine the behavior of the system
of CO,-carotenoid at various pressures and
temperatures, miscible or immiscible, it is
necessary to calculate the values of the activity
coefficient (y), Gibbs function (G) and its
derivatives (dG/dx) and (d*G/dx?), using Equations
2,9,12, 18,20 and 21.

Then the experimental data were extracted from
reference [2]. Table 1 shows the ratio (the yield of
extracted carotene per yield of extracted
chlorophyll a) at different temperatures and at
various pressures while in Table 2 it shows the
yield of extracted carotene (ug carotene/ mg dry
weight microalgae, i.e. feed) and carotene mole
fractions (in extracted phase) related to
temperature and pressure. By applying the
experimental data extracted from Figure 2 and
regular solution equations, the interaction
parameters as function of pressure and at 25°C
were obtained. The results were ploted in Figures 3
and 4. Interaction parameters were obtained at
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Figure 3. Regular solution theory parameter (acocus)

interactions as function of pressure at 25°C. These data

obtained from the experimental data for the CO,/n-hexadecan

system as shown in Figure 2 by applying the regular solution
equations.

Interaction parameter
(acn3coy) in K

0 200 400 600 800 1000
Pressure (bar)

Figure 4. Regular solution theory parameter (acus/coz)
interactions as function of pressure at 25°C. These data
obtained from the experimental data for the CO,/n-hexadecan
system as shown in Figure 2 by applying the regular solution
equations.

required pressures and it was tabulated and shown
in Table 3.

Figure 5 shows the CO, activity coefficient
(Ycoz) calculated from Equations 2, 9 and 12
against CO, mole fraction (Xco,) at temperature of
40°C and at variable pressures. Interaction
parameters acpscor and acoycys are obtained from
Table 3. Furthermore, Figures 6 and 7 show the
CO, activity coefficient (ycoy) at temperatures of
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TABLE 1. Pressure/Yield/Ratio of Carotenoid at 40, 50 and 60°C [2].

T=40°C T=50°C T=60°C
P (bar) Yield | Ratio P (bar) Yield Ratio P (bar) Yield Ratio
200 0.152 ] 0.524 200 0.152 0.410 200 0.125 1.389
300 0.208 | 0.258 300 0.248 0.230 300 0.250 0.179
400 0.152 | 0.115 400 - - 400 0.340 0.153
500 0.104 | 0.129 500 0.180 0.129 500 0.252 0.120

TABLE 2. Experimental Data Extracted from Table 1.

T=40"C T=50°C T=60°C
P (bar) Yield (Xearotene) " Yield (Xearotene) Yield (Xearotene) ™"
200 0.152 1.24609 x 107 0.152 1.25x10” 0.125 1.03 x 107
300 0.208 0.0167680 0.248 2.04x107 0.250 2.05x 107
400 0.125 1.0300 x 107 - - 0.340 2.79 x 107
500 0.104 8.6000 x 107 0.180 1.48x107 0.252 2.07 x 107

TABLE 3. Interaction Parameters acyscoz and acoycys Obtained from
Figures 3 and 4 as Function of Pressure and at 25°C.

CO,-Hexadecane, T =25°C

P (bar) (XEcoz)Exp (Xscoz)EXp AcH3/c02 ac02/CH3
200 0.960416 0.870833 669.5154 79.8003
300 0.910416 0.889583 620.1960 78.7003
400 - - 673.8462 72.2857
500 - - 658.4615 75.7143
550 0.927500 0.888542 624.8088 78.4003
600 0.939583 0.870416 634.1288 78.6003
700 0.956700 0.854167 631.7817 80.7003

50 and 60°C, respectively. These figures showed
that activity coefficient for CO, decreases with
increasing CO, mole fractions. These figures also
showed that activity coefficient decreased from
200 bar to 400 and 500 bar and then 300 bar for a

122 - Vol. 21, No. 2, August 2008

constant mole fraction of CO,. It means that this
system (carotenoid-CO,) based on CO, compound
is near the ideal solution at 300 bar, especially in
CO, mole fractions close to one.

Experimental and theoretical data were
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Figure 5. CO, activity coefficient (yco,) against CO, mole
fraction (Xco,) at constant temperature of 40°C and at variable
pressures.
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T=50C
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Figure 6. CO, activity coefficient (yco,) against CO, mole
fraction (Xco;) at constant temperature of 50°C and at variable
pressures.

compared in Tables 4-6. They show the
experimental and theoretical data based on CO,
compound at 40, 50 and 60°C and at variable
pressures, respectively. The error percentage was
calculated for the extracted phase data. The results
showed that regular solution theory can predict
carotenoid solubility in supercritical carbon
dioxide well.

CO,-carotenoid system was also modeled by
applying Redlich-Kwong equation of state (RK).

1JE Transactions B: Applications

2 - -2
%

S . —A— P=200 bar,
£ T=60 C

E —x—P=400 bar,
g T=60C

o —+—P=500 bar,
£ T=60 C

2

S 05 | | 05 |—&—P=300bar,
o T=60 C

o)

o

0 T T T T 0
0 02 04 06 08 1

CO2 mole fraction, Xco2

Figure 7. CO, activity coefficient (ycop) against CO, mole
fraction (Xcp,) at constant temperature of 60°C and at variable
pressures.

All equations are shown in reference [16]. Some
necessary parameters such as critical properties
and RK constants are also shown in Table 7. The
results according to RK equation of state for
extracted phase at temperatures of 40, 50, 60 and
at variable pressures were tabulated in Tables 8-10,
respectively. The error percentage was calculated
for the extracted phase data. The results showed
that RK equation of state can predict carotenoid
solubility in supercritical carbon dioxide very
well.

4. CONCLUSION

This study predicted the solubility data of pB-
carotene at supercritical conditions using the
regular solutions theory approach. The theoretical
equations and associated parameters used in the
modeling are clearly described. The B-carotene
experimental data and Redlick-Kwong parameters
are obtained from published literature.

In this study, two applied models could
properly  predict carotenoid solubility in
supercritical carbon dioxide. It concluded that the
regular solution theory as a general model can be
applied for different systems and at various
conditions. The significant difference between
regular solution model and other models (such as
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TABLE 4. Comparison of the Experimental and Theoretical (Obtained from the Regular Solution Equations)

Data at 40°C and at Variable Pressures.

P (bar) (x"c02)™® (x"co2)®" (%)™ E™%
200 0.999987500 0.9987 0.7188 0.128
300 0.983231902 0.9984 0.7610 1.542
400 0.999989752 0.9981 0.7394 0.189
500 0.999991473 0.9983 0.7402 0.169

TABLE 5. Comparison of the Experimental and Theoretical (Obtained from the Regular Solution Equations)

Data at 50°C and at Variable Pressures.

P (bar) (XEcoz)Exp (XECOZ)RST (Xscoz)RST E*%
200 0.99998750 0.9984 0.7429 0.158
300 0.999979665 0.9981 0.7826 0.188
400 - 0.9977 0.7632 -
500 0.999985242 0.9980 0.7635 0.198

TABLE 6. Comparison of the Experimental and Theoretical (Obtained from the Regular Solution Equations)

Data at 60°C and at Variable Pressures.

P (bar) (x"co)™® (x"con)®T (x%con)®®" E" %
200 0.999989752 0.9981 0.7652 0.189
300 0.999979501 0.9977 0.8025 0.228
400 0.999972120 0.9973 0.7850 0.267
500 0.999979337 0.9976 0.7850 0.238

TABLE 7. Critical Properties of f-Carotene, Carbon Dioxide and RK Constants [6].

Component o, CuoHsg
Parameters
P (bar) 73.82 8.09
T(K) 304.19 801
Q 0.42748 0.42748
Q, 0.08664 0.08664

124 - Vol. 21, No. 2, August 2008
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TABLE 8. Comparison of the Experimental and Theoretical (Obtained from RK Equation of State)
Data at 40°C and at Variable Pressures.

(bl; 9 o)™ | (e | ax107 b; 2,x10” b a;x10" | k;; [6] E"%
200 | 0.99998750 | 0.99999786 | 6.4599 | 29.6824 | 6.6324 | 713.2018 | 1.2522 | -0.913 | 1.036x107
300 | 0.98323190 | 0.99999929 | 6.4599 | 29.6824 | 6.6324 | 713.2018 | 1.2522 | -0.913 1.705
400 | 0.99998975 | 0.99999957 | 6.4599 | 29.6824 | 6.6324 | 713.2018 | 1.2522 | -0.913 | 9.820x10™
500 | 0.99999147 | 0.99999969 | 6.4599 | 29.6824 | 6.6324 | 713.2018 | 1.2522 | -0.913 | 8.220x10"
TABLE 9. Comparison of the Experimental and Theoretical (Obtained from RK Equation of State)
Data at 50°C and at Variable Pressures.
(bl;) (x"co2)™ (x o)™ | ax10”7 b; a;x10” b; a;x10™" | k;[6] E"%
200 | 0.999987500 | 0.99999543 | 6.4599 | 29.6824 | 6.6324 | 713.2018 7.295 -0.1145 | 7.930x10™*
300 | 0.999979665 | 0.99999508 | 6.4599 | 29.6824 | 6.6324 | 713.2018 7.295 -0.1145 | 1.542x107
400 - 0.99999839 | 6.4599 | 29.6824 | 6.6324 | 713.2018 7.295 -0.1145 -
500 | 0.999985215 | 0.99999903 | 6.4599 | 29.6824 | 6.6324 | 713.2018 7.295 -0.1145 | 1.382x107
TABLE 10. Comparison of the Experimental and Theoretical (Obtained from RK Equation of State)
Data at 60°C and at Variable Pressures.
(bI;r) (x"con)™® (x"co2)™™ ax107 b; ajx 10° b; ;% 10® k;; [6] EF%
200 | 0.999989572 | 0.99996780 | 6.4599 29.6824 | 6.6324 | 713.2018 | 7.5012 | -0.146 | 2.177x107
300 | 0.999979501 | 0.99999392 | 6.4599 29.6824 | 6.6324 | 713.2018 | 7.5012 | -0.146 | 1.442x107
400 | 0.999972120 | 0.99999839 | 6.4599 29.6824 | 6.6324 | 713.2018 | 7.5012 | -0.146 | 2.672x107
500 | 0.999979337 | 0.99999906 | 6.4599 29.6824 | 6.6324 | 713.2018 | 7.5012 | -0.146 | 1.972x107

equations of state) is that the latter required critical
constants for phase equilibrium data and therefore
provide vapor phase only. But for regular solution
model, the data obtained are totally related to
group interaction parameters and independent of
temperature. It is possible to predict liquid-liquid
and vapor-liquid equilibrium from the knowledge
of structural formula of the constituent molecular

1JE Transactions B: Applications

species. The system miscibility also can be
obtained by applying the solubility parameter
which was calculated from regular solution
equations. In this study the interaction between the
individual groups constituting the molecules was
considered and group interaction parameters were
generated together with parameters that described
the size and shape of the molecules.
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6. NOMENCLATURE
Symbol Description
RK Redlich-Kwong equation of state
Exp. Experimental data
RST Regular solution theory
i Solvent (carbon dioxide)
j Solute (carotenoid)
<F Component i mole fraction in
' extracted phase
S Component i mole fraction in
! liquid phase
. yield of carotene/yield of
Ratio chlorophyll a
. pg carotene/mg dry weight
Yield microalgae (feed)
Error percentage based on the
extracted phase mole fraction, E"
EF % % = (Experimental data-
Theoretical  data)/Experimental
data x 100
Yi Component i activity coefficient
2Q/0x; Solubility parameter for

component i
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