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Abstract

E 11009

Supercritical fluid extraction (SFE) has been used as an alternative extraction method in
food and pharmaceutical industries due to high selectivity and non-toxic nature of many
solvents. The lack of adequate simulation models has met that most SFE researches
have been experimental in nature involving time consuming and expensive experiments.

This research aimed to develop a unified mechanistic model for biomolecule extraction
using modified supercritical fluids in fixed beds. The proposed model required only
knowledge of molecular structure of compounds, operating conditions, and extractor
geometry. This model consists of two parts: solubility estimation and extraction yield
prediction.

The solubility of solid biomolecules in modified supercritical fluids was predicted using
basic phase equilibria relationships with PVT behaviour predicted by equations of state
(EOSs). Six EOSs, i.e. van der Waals (vdW), Redlich-Kwong (RK), Soave-Redlich-
Kwong (SRK), Peng-Robinson (PR), Mohsen-Nia-Moddaress-Mansoori (MMM) and
Lee-Kesler-Plocker (LKP) EOSs with Kay’s mixing rule were tested. The critical
properties, i.e. critical temperature, pressure, and volume of compounds required in the
EOSs were estimated using the Constantinou-Gani and Joback group contribution
methods using Aspen Plus. The EOSs were solved numerically using MATLAB for the
prediction of solid solubility in supercritical fluids. In addition, the aromaticity index
(AI) was used as an indicator for selecting the appropriate EOS. The prediction results
were validated against experimental data from the literatures under various operating
conditions, including pressure, temperature, and type and concentration of cosolvents.
The LKP and MMM-EOSs were found to be adequate for predicting the solubility with
10% average absolute relative deviation (AARD) between the predicted and the
measured solubilities.



iii

A shrinking core model was developed to predict extraction yield of biOmolcgclllgso f?om
a solid matrix considering mass transfer mechanisnzs, including adsorption, diffusion,
dissolution, and desorption. The model requires four model parameters, i.e. solubility
(Csar), film mass transfer coefficient (), effective diffusivity (D,), and axial dispersion
coefficient (D). All the model parameters except the solubility were evaluated using
the correlations obtained from the literatures. Once the solubility and all the transport
parameters were determined, the full set of differential equations was solved by the
method of lines.

Experimental data of isoflavone extraction using supercritical carbon dioxide (SCCO,)
with aqueous methanol as a cosolvent was used for the model validation. The effects of
operating parameters, i.e. pressure, temperature, supercritical fluid flow rate, particle
size, and cosolvent concentration, on the transport properties and the extraction yield
were investigated. The proposed model satisfactorily predicted the extraction yield
without using any adjustable parameters (AARD = 6.54%).

A sensitivity analysis of the model parameters was conducted to determine their
influence on extraction yield prediction. The extraction yield was found to be sensitive
to the following parameters, ranked in descending order: film mass transfer coefficient
(ky), solubility (Cyq), effective diffusivity (D,), supercritical fluid flow rate (Q), axial
dispersion coefficient (D), mixture viscosity (u,), and mixture density (pn),
respectively. Finally, a multiple-extractor configuration was also studied to obtain the
maximum extraction yield. Based on the simulation results of residence time of each
extractor configuration, it was found that two extractors connected in series gave the
highest extraction yield. In practice, the proposed model could be used as a tool for
operational optimisation of SFE processes.

Keywords: Supercritical Fluid Extraction/ Model/ Solubility/ Extraction Yield/
Biomolecules/ Cosolvents
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4.40

Solubility of isoflavones in supercritical CO; as a function of pressure
and modifier (80% aqueous methanol) concentration at 7=313.15 K.
Effects of pressure on the transport properties of isoflavones in soybean
at T=313.15 K, O = 5.88 kg/h, CS = 7.8 wt. %, d, = 0.68 mm, and w
=100 g (Zuo et al., 2008).

Temperature influence on the extraction yield under the following
operating conditions: P = 50 MPa, O = 5.88 kg/h, CS = 7.8 wt. %, d, =
0.68 mm, and w =100 g (Zuo et al., 2008).

Solubility of isoflavones in supercritical CO, as a function of
temperature and modifier (80% aqueous methanol) concentration at: P =

50 MPa.

Effects of temperature on the transport properties of isoflavones in
soybean at P = 50 MPa, Q = 5.88 kg/h, CS = 7.8 wt. %, d, = 0.68 mm,
and w =100 g.

CO; flow rate influence on the extraction yield under the following
operating conditions: P = 50 MPa, T'=313.15 K, CS = 7.8 wt. %, d, =
0.68 mm, and w =100 g (Zuo et al., 2008).

Effects of solvent mass flow rate on the transport properties of
isoflavones in soybean at P = 50 MPa, T=313.15 K, CS = 7.8 wt. %, d,
=0.68 mm, and w =100 g.

Effects of modifier (80% aqueous methanol) concentration on the
extraction yield under the following operating conditions: P = 50 MPa,
T=313.15K, O = 5.88 kg/h, d, = 0.68 mm, and w =100 g (Zuo et al.,
2008).

Effects of cosolvent concentration on the transport properties of
isoflavones in soybean at P = 50 MPa, , T'=313.15 K, O = 5.88 kg/h, 4,
=0.68 mm, and w =100 g (Zuo et al., 2008).

Effects of particle size on the extraction yield under the following
operating conditions: P = 50 MPa, T = 313.15 K, O = 5.88 kg/h, CS =
7.8 wt. %, and w =100 g (Zuo et al., 2008).

Predicted concentration of isoflavones at the outlet of an extractor
during the extraction process (Run no. 3).

Effect of solvent flow rate on extraction plots (A: EXP).
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4.43
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445
4.46

Effects of parameters on extraction plots: (a) p, (b) tm, (¢) ks, (d) D, (€)
D, and (f) Csa (A: EXP).

Mass transfer zone in the fixed bed (Brunner and Johannsen, 2006).

The extraction yield profile in an extractor with time.

Single, series and parallel extractor arrangements

The extraction yield profile in two-extractors with time.

Comparison the predicted extraction yield profiles with time between

three configurations and the experimental data (Zuo, 2008).
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XIX

LIST OF LIST OF SYMBOLS
SYMBOLS UNIT
a model’s constant (vR’/(D.L)) []
aji attractive parameters of pure species [-]
aj attractive parameters between species i and j (-]
am attractive parameters of mixture system (-]
A dimensionless term in polynomial form in EOS (amP/(RT)?) [-]
Al aromaticity index (-]
AARD  average absolute relative deviation [%]
b model’s constant (Csa/q,) [-]
bii covolume parameters of pure species (-]
by covolume parameters between species i and j (-]
by covolume parameters of mixture system [-]
b, constants in the LKP-EOS (-]
b> constants in the LKP-EOS [-]
b; constants in the LKP-EOS (-]
by constants in the LKP-EOS [-]
B dimensionless term in polynomial form in EOS (b,,P/(RT)) [-]
Bi Biot number (kR/D,) [-]
ci constants in the LKP-EOS (-]
1, constants in the LKP-EOS (-]
c3 constants in the LKP-EOS [-]
Cy constants in the LKP-EOS [-]
C the number of atoms of carbon in the solute molecule [atom]
Co solute concentration in the bulk of supercritical phase [mol/m’]
Cs solute concentration in the pore volume [mol/m’]
Car saturated solute concentration in SCCO, [mol/m3]

CS cosolvent concentration [wt.%]



constants in the LKP-EOS
constants in the LKP-EOS
particle size

inner extractor diameter

binary diffusion coefficient of solutes (A) in supercritical solvents

(B)

effective diffusivity

axial dispersion coefficient

effect of uncertainty on predictions
equation of state

fugacity of component i

fugacity of component i as a pure solid phase
fugacity of component i in supercritical fluid phase

Grashof number

the number of atoms of hydrogen in the solute molecule
uncertainty percentage

film mass transfer coefficient

binary interaction parameter between component i and j for a;;
binary interaction parameter between component i and j for b,
bed length

mole number of component i

mole number of component j

the number of atoms of nitrogen in the solute molecule

the number of atoms of oxygen in the solute molecule
parameter

reference parameter

pressure

the number of atoms of phosphorous in the solute molecule
critical pressure

Peclet number

XX

[-]

[-]
[mm]
[m]

[m%/s]

[m?/s]

[m%/s]



SCF

N NN

=

sublimation pressure of the pure solid

reduced pressure (P/P,)
solid phase concentration

average solid phase concentration

initial solid phase concentration

solvent mass flow rate

radial distance coordinate in particle

core radius in particle

initial radial coordinate of the solid phase (d,/2)
Reynolds number

sensitivity

the number of atoms of sulphur in the solute molecule
Schmidt number

supercritical fluid

Sherwood number

time

extraction time

temperature

critical temperature

reduced temperature (7/7;)

critical volume

reduced volume (vP./(RT,))

weight of solid packed in an extractor

dimensionless concentration in the bulk phase (Cp/Csar)
dimensionless concentration in the pore phase (C,/Cia)
dimensionless solid phase concentration (¢/q,)

mole fraction of component i in the mixture

dimensionless initial solid phase concentration

dimensionless solid phase concentration (g /q,)

XX1

[MPa]

[-]
[mol/m’]

[mol/m’]

[mol/m’]

[ke/h]



mole fraction of carbon dioxide in feed flow rate

)./(‘()2
Ve mole fraction of cosolvent in feed flow rate
yl‘_ mole fraction of the solvent or cosolvent on a solute-free basis
yl’_‘ mole fraction of a solid solute in the gas phase (solubility)
z” column axial coordinate
2 compressibility factor of the simple fluid
Z compressibility factor of the reference fluid
A compressibility factor (Pv/RT)
Z’ dimensionless axial coordinate (z'/L)
GREEK SYMBOLS
€ void fraction in bed
€y porosity of the solid
& dimensionless radial coordinate in particle (#/R)
&e dimensionless critical radius of the core (r./R)
Hm mixture viscosity
P mixture density
Ps solid density
T time of process
e time of process, reference value
v total system volume per mol in vapour phase
vr interstitial velocity of SCCO; through the process vessel
Vg solid molar volume
% dimensionless time (¢D./R?)
O fugacity coefficient
¢ fugacity coefficient of component i in solid phase
¢,-"¢f fugacity coefficient of component i in the supercritical fluid phase
n universal exponent in the mixing rule for the pseudocritical

XXil



temperature

acentric factor

constants in the LKP-EOS
constants in the LKP-EOS
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