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INTRODUCTION
Astaxanthin is a type of carotenoids in form ofi@xitiant with about 500 times activity
greater than vitamin E. A large amount of astaxant@wround 0.5-5.0%, is available in
H. pluvialis [1, 4]. Supercritical carbon dioxide (SC-GQextraction has been reported
to be effective for astaxanthin recovery with reljjag to clean technology and
environmental friendly perspective as it operatesekatively low temperature, and the
separation of carbon dioxide from the extract cam darried out simply by
depressurization [5]. A number of previously pubdéid literatures concerning
astaxanthin extraction froid. pluvialis by SC-CQare availableq, 7]. To make further
development on the design of the extraction prqces information on astaxanthin
solubility in SC-CQ is necessary.

Although there are a few reports on solubility etaxanthin determination
[8-9], inconsistencies among the solubility data wetaéb In this report, the solubility
of astaxanthin in SC-C{»ver the range of temperature and pressure of 40-8dd
20-40 MPa was examined. Several solubility modets,the density based Chrastil's
model [10], the enhanced density based model [bd] the equation of state (EOS)
model [12-16] were fitted to describe astaxanthalulsility in SC-CQ in the range of

conditions employed.

MATERIALSAND METHODS
Procedure: The dynamic method was employed to determine thebsity of

astaxanthin in SC-CQusing the experiment setup shownFig. 1 To carry out the



solubility measurement, 50 mg of astaxanthin stehd499.5%, ALEXIS
Biochemicals,USA) was loaded uniformly over 15 g of glass beadd then charged
into a 10 mlstainless steatylindrical reactor(Thar Tech., Inc., USA)It should be
noted that the amount of astaxanthin standard (§Pwas preliminarily determined to
be sufficient for the experimental investigationastaxanthin solubility in SC-CCat
all conditions employedlhe reactor wathen placed inside an oven used to control the
temperature (40, 60 and ®D) and back-pressure regulator, BPR (Akico co.adap
used to control the pressure (20, 30 and 40 MA®.AQ was allowed to flow through
the system at slow enough flow rate (0.5 ml/mingliminarily determined to be 0.5
ml/min, to ensure the system equilibration. Theaxmtthin samples exiting the
extraction vessel along with the flowing SC-C@ere collected at a 30 min time
interval behind the back pressure regulator, whieeeeffluent solute was trapped with
10 ml dichloromethane (99.5%, Wako Pure chemicdustries, Ltd, Japan) contained
in a test tube placed in an ice bath to preventatkgion of the compound. The flow
rate of gaseous Gt atmospheric pressure (at'@9, escaping from the solute during
the experiment was measured by a wet gas metargwva co., Japan).

The collected samples were analyzed for their asiiftin contents using a
High Performance Liquid Chromatography (HPLC). Heeumulated molar amount of
astaxanthin in the sample was plotted against tmeber of moles of carbon dioxide
passed. The solubility in each condition was calimd from the initial slope of this
curve in the unit of mole of astaxanthin per mdlearbon dioxidg17-18].
Sample Analysis. The HPLC analysis of the collected sample wasiedrout sing
evelosil C30 UG-5, 250x4.6 mm i.d. and pud particle size column (Nomura Chem.
Co., Japan). The mixed solvent composed of methageibnitrile:triethylamine at
49.98:49.98:0.04% by volume was used as the mph#ése with an elution flow rate of
1.2 ml/min. The astaxanthin was detected at thesleagth of 480 nm. The solvent for
trapping and HPLC analysis: dichloromethane (99,5%3% methanol (99.7%),
acetonitrile (99.7%), triethylamine (99.0%) weretasbed from Wako Pure chemical

Industries, Ltd, Japan.

MODEL ESTIMATION
Types of solubility model:



Many types of solubility model were used to expl#we solubility of substance
supercritical phase. This research selected thguérly used solubility models
correlate the astaxanthin solubility deThe models are described as follc
Chrastil's model

Chrastil's model is thesimplest and frequently useaiodel based on the
assumptiorthat there is association betweer-CO, and solute molecules resulting i
formation of solvatazomplex (XY, X is solute molecule, Y is solvent molecule «
is association number) at equilibrium conditionisTséimple model relates the solubil
of solute ¥, mole of astaxanthin/mole of (;) in SC-CQ to the densityp, g/L) of the

solvent and absolute temperatLT, K) of the fluid as shown below:

- 1)
a depends on heats of vaporization and solvationagm#s of solut, which therefore
indicates the influence of temperature changesléngieextraction vesse Another
constantf, depends on the molecular weight of both, and solvent[15].
Solubility model by Peng Robins-Equation of State (PR-EOS)

This solubility determination model is more compt&an the Chrastil model
as it involves the equation of state. The solupititodel concerning the fugacity
components in dense gas is frequently empl [12-16] This solubility model i
conducted under the assumptions that: (i) supmarphase is dense phase; the gas
in the solid is almost negligible; (iii) gas phdseconsidered pure and -component
solid was considered pure solid phase; (iv) a sulixture is considered to behave lik
heavy liquid phase and there is interaction betvgadvent and sote.

This model expresses the solubility of solute ipesaritical fluid as
— - — (2)

Psat
“P s the solubility in the ideal gas whe P** is the saturation (vapor) pressure

the pure solid.(sat and gare fugacity coefficient at saturation press’P*** and at
system pressure, respectively. Here, the solid molar volurvs, can be assumed to
pressure independent. Due to low vapor, the vabdie( sat for most solutes can t
taken as unity.

The fugacity of solid solute g in fluid phase in Eqg. (2was estimated usir
PR-EOS (Peng-Robinsaguation of state) defined in E3).



— 3)

wherev is the molar volume of the component, éa andb are model parametel
related to interaction parametk;, and adjustable parametey;, due to differer sizes
of species, determined from quadratic mixing rufes binary mixture that was
explained elsewheréd §).
The critical properties of pure component estimated by Joback gro

contribution method as detailed in previous literas[19-20].
Enhancement factor and the density based mc

This model is designed for the determination of lelatile compounds wit
high molecular weight and absent properties datticpéarly at the critical conditio
Bartl et al., 1991 [10]This model is derivebased on the assumption that the sys

has the linear correlatidmetween the enhancement factor and de as shown in Eq.
4, — (4)

where A =A4+Bp.s  Aand B are constants at constant temperatiPret is a
reference pressure conventionally taken as 1 bdirfPrer is reference density taken
700 kg/nf.
Consideration of suitable solubility model:

Thesolubilities obtained from solility models were compared w
experimental da to determine the percent average absolute velateviation (%
AARD) between experimen) and calculated(ea) solubility data using th

following equation,

o — (5)

wheren is the number of solubility data used in this eaéibn. The model with th

least %AARD was selected as the most suitable nfod#he solubility behavior

RESULTSAND DISCUSSION

1. Dependency of astaxanthin solubility on pressure and temperature

Figure 2demonstrates the effect of temperature and presstine range of 40 80°C
and 20 to40 MPa on the solubility of astaxant where the xaxis refers to the presst
of the system and theaxis on the left hand side refeto solubility of astaxanthin i
mole fraction of solute whereas th-axis on the right hand side shows the astaxal

solubility in dimension of gram of taxanthin per 1 liter of solvent. This figu



demonstrates that the solubility of astaxanthimgased with increasing pressure. It is
known that an increase in pressure enhances tisityleh CG; [15]. This enhances the
interaction between solute and solvent leading ricircrease in a higher level of
dissolution. This is reflected in a higher solulilbf astaxanthin in C@as indicated in
Eqg. 2.

Figure 2 also demonstrates the effect of temperature onstiebility of
astaxanthin in SC-COwhere an increase in temperature seemed to steaite the
solubility. This result, however, indicates that £d®nsity is not the only factor that
influence the solubility as increasing temperat@sulted in a decreasing ¢@ensity
which should lower the solubility of astaxanthinowkver, the solute vapor pressure
was the other parameter that plays a significaté mo this case. An increase in
temperature led to a higher vapor pressure of asthm which means that more
astaxanthin was being extracted into the supeaalitCQ phase, and this effect
prevailed over that of CQlensity which resulted in an increase in the sbtulp6, 19.

2. Modé Correlation

Comparison between solubility data of astaxanthiedigted by the three models
mentioned above and experimental data are sumrdaelsewhere 1]. The results
demonstrate that solubility data obtained by theaéiqn of state can thoroughly and
better fit with experimental data over the entieenperature and pressure ranges of
40-80°C and 20-40MPa as shownHRigure 3.This could be due to the fact that the
equation of state model is the only model thatsaké& account the properties of solute
at the critical condition such as vapor pressungl, e extraction conditions such as
temperature and pressure, and this renders thel tmode more versatile than the other
two models. Therefore it is concluded here thatettpgation of state is the most suitable
model for the estimate of solubility of astaxanttas provided the minimum of
%AARD, Eg. (5)as depicted imable Wwhich compares %AARD among these three
models[21].

3. Comparison between solubility data and previous resear ches

Figure 4demonstrates solubility data of astaxanthin stahdhtained by the dynamic
and static methods this work and de la Fuente et al.’s researcépeetively In this
figure, the x-axis is the solubility of astaxantland y-axis is the system pressure. One

interesting observation from this plot is that tsatic method always gave lower



solubility than the dynamic method. The exact raaw this still could not be given
from the evidence available at this present timg,ibwas believed to be due to the
experimental technique. In static method as emplogele la Fuente et al., 200the
samples were taken intermittently from the extraetiba certain time period whilst a
continuous sampling was employed in the dynamichoeet This way, the change
(drastic drop) in the pressure during the samppegod could adversely affect the
solubility and a lower solubility could be observel dynamic method therefore is

considered to provide a more accurate level oEthebility.

4. Evaluation of extraction efficiency of astaxanthin extraction from H. pluvialis

4.1 Without co-solvent: In this section, the evaluation of extraction @éncy
using solubility data will be illustrated as a sloase using experimental extraction data
from Machmudah et al. (2006) and Krichnavaruk et al08@s a case studifigure 5
illustrates overall extraction curve of astaxanthiom standard astaxanthin (this work)
andH. pluvialis [6] in range of pressures of 20-40 M&a7C0C, x-axis is accumulative
mole of used C@and y-axis is accumulative mole of astaxanthin. Sblebility could

be calculated from the initial slope of this oveeadtraction curve which is based on the
assumption that the initial of extraction is richinvestigated substance. Remark here
that solubility refers to the amount of astaxanthithe dimension of mole astaxanthin
dissolves in 1 mole of COFigure 5demonstrates that the initial slope of astaxanthin
from H. pluvialis at 40 MPa was greater than that at 20 MPa, whiehn® that the
largest amount of astaxanthin could dissolve in@G-better at 40 MPa than at 20
MPa. To put it more simply, the solubility of astathin is relatively high at 40 MPa.
Moreover, Figure 5depicts that as a larger amount of O&as applied, the slope was
no longer a straight line, due primarily to the smasnsfer limitation in astaxanthin
extraction fromH. pluvialis.

The effect of pressure on the solubility of astdlkem in SC-CQ is
demonstrated irFigure 6. The symbols “+” and “0” represent the data from the
extraction of astaxanthin from the cellléfpluvialis which was obtained from the work
of Machmudah et al. (200@nd Krichnavaruk et al., 200&hereas the different lines
are the simulated solubility from the model whickpresents the data from the
extraction of standard astaxanthin (from this workhe amount of dissolved

astaxanthin from the extraction Bf pluvialis increased with pressure, i.e. 0.818"



(at 20 MPa) to 18.4210" (at 40 MPa) mole of dissolved astaxanthin per nabl€O,

because an increase in pressure enhanced theyd#SiD, as stated eatrlier.

Let's now define the extraction efficiency (%) as tlaior between actual

dissolved astaxanthin from the extraction f pluvialis and the solubility of
astaxanthin (from the standard) multiplied by 10¢ha same pressure and temperature.
The extraction will be limited by the level of sbility when this extraction efficiency
moves closer to 100%. On the other hand, if thisaekion efficiency becomes low, the
extraction will not be solubility limited but wilbe regulated by some other mass
transfer mechanism in the process, e.g. high massféer resistance between phases. To
evaluate for the extraction efficiency of the e&ti@an process provided by Machmudah

et al. (2006), les further focus on the extraction at®COover the pressure range of 20

to 40 MPa. The extraction efficiency at 20 MPa wafculated to be around 0.41%
whereas this was 29.4% and 21.8% at 30 and 40 KBpectively. This observation
suggests that the solubility did not affect theraotion process at low pressure (20
MPa), rather, the solubility became more signiftcan controlling the extraction at
higher pressure. Increasing the pressure from 3@ thIPa did not see much deviation
in the extraction efficiency which could infer thadlubility might not be the only one
controlling mechanism in this process, and the rotmeiting factors such as mass
transfer resistance also had a consistent shanamipulating the extraction process.

4.2 Co-solvent:

Due to slightly polar solute of astaxanthin, a fesgearch aimed to increase solvent
power of astaxanthin in SC-G(xtraction by addition of other co-solvent such as
ethanol lachmudah et al., 200@nd vegetable oilKrichnavaruk et al., 2008)JThe
defined extraction efficiency (%) as stated earlirerSection 4.1can be applied to
explain the extraction efficiency of astaxanthirtragtion using co-solvent3.able 2
shows the evaluation of astaxanthin extractionciefficy by ethanol as co-solvent.
Increasing in ethanol content in the solvent mixtaeould enhance the solubility of
astaxanthin and exhibited the maximum percent etxtra efficiency at around 43.53 %
at 5 % ethanol. A further increasing ethanol conterthe solvent mixture did not seem
to give positive influence to extraction efficiendyis due to an increasing solubility of
astaxanthin in the solvent mixture of ethanol a@d@>,, however; a very high amount
of ethanol content in the solvent mixture lowers ttensity of the supercritical fluid,
and in some cases, the two phases occurs insteat gfhase of solvent mixture results



to lower extraction efficiency as illustratedTable 2[22].

Another case is to utilize soybean oil as co-gaive extraction process. the
results of %extraction efficiency are givenTiable 3 %Extraction efficiency increased
with amount of soybean oil content in the solvemttare and obtained the maximum
around 33.73% at 12% soybean oil content. Thiseabse of two reasons; one is that
the solubility of astaxanthin increased in the mmigtof the solvent mixture and the
other one is the swollen alga matrix effect causgthe solvent mixtures. This finding
agreed withBamberger et al. [23 research who claimed that the solubility of ssle
volatile lipid component was significantly enhandedthe presence of a more volatile
triglyceride species in the system. Furthermoreg/bean was a good solvent for
astaxanthin in the liquid state, considering anregpate co-solvent for SC-GO

extraction[7].

Table 1Solubility data correlation from solubility modey EOS

Temperature Solubility, y»x10’

(°C) P (MPa) ¢z az (mole of astaxanthin/mole of GD FAARD
40 -0.656 -0.09 89.96

80 30 -0.656 -0.06 39.76 0.00
20 -0.656 -0.05 3.50
40 -0.656 -0.11 66.55

60 30 -0.656 -0.07 25.24 0.03
20 -0.656 -0.03 2.98

40 40 -0.656 -0.16 32.46
30 -0.656 -0.12 14.51 0.07
20 -0.656 -0.09 1.65

Table 2Extraction efficiency of astaxanthin extractionrfrdd. pluvialis at 70C 40

MPa by using different percentages of ethanol asC8gco-solvent6, 7]

Ethanol (% v/v) % Extraction Efficiency

0 21.80
3.3 13.60
5.0 43.53
7.5 38.09

10.0 35.35




Table 3 Extraction efficiency ofastaxanthin extraction at 70 40 MPa fromH.
pluvialis by using different percentages of soybean oil as-CO,.co-solvent
(Krichnavaruk et al., 200

Soybean oil (% v\ % Extraction Efficiency

0 21.76
6 15.23
10 32.64
12 33.73
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CONCLUSION

The model based on Peng-Robinson equation of atasefound to best describe the
solubility of astaxanthin over thentire range oftemperature and pressure examined
Such optimal solubility model was employed to ea#duthe extraction efficiency of the
reported experimental data. In supercritical .Gtraction process, the solubility of
astaxanthin front. pluvialis was enhanced by mixing of co-solvent such as etrard
soybean oil; however, the co-solvent and SG-G&io were also important as it
significantly affected %extraction efficiency. Maneer, in supercritical CQextraction
process, the solubility of astaxathth pluvialis was limited due to the mass transfer
limitation which rendered the extraction a highipeé consuming process.
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