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ABSTRACT

Modeling of supercritical CO, extraction of Hippophae rhamnoides L.
seed oil was studied at 15 to 30 MPa and 30 to 45°C. Four mean
Hippophae rhamnoides L. particle sizes raging from 0.4 to 1.0 mm were
tested. CO, flow rate ranged between 0.05 and 0.2 m* h™'. A new
method that can be used for the simulation of SCFE process was
presented. The model was based on differential mass balances along the
extraction bed. The equilibrium between the solid and the fluid phase
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appeared to be the controlling step during the extraction fast period. By a
series of transforms and derivatives, the explicit expression of the oil
yield, q(z,t), was obtained. It can be used for the SCFE process
simulation. In this model, only one adjustable parameter was used: the
equilibrium constant between the solvent and the free solute phase, K. A
fairly good fitting of the experimental data was obtained by setting
K =10. The Hippophae rhamnoides L. seed oil extraction process was
modeled as a desorption process from the seed matter plus a small mass-
transfer resistance.

Key Words: Simulation; Supercritical fluid extraction; Hippophae
rhamnoides L. seed.

INTRODUCTION

Hippophae rhamnoides L. is largely grown in the northeastern and
northwestern parts of China. It not only can be used as shelterbelt, its
sarcocarp and seeds also have high medical value. To date, Hippophae
rhamnoides L. seed oil has found widespread use in anticancer and
immunity and there is a great demand for Hippophae rhamnoides L. seed
oil market. In 1997, Hippophae rhamnoides L. was listed in the pharma-
copoeia of the People’s Republic of China. Since then, the extraction of
Hippophae rhamnoides L. seed oil has attracted much interest, both in
research and in industrial processing.

Supercritical carbon dioxide has been used widely in the extraction of
oils from natural plants seeds, due to its high efficiency and envi-
ronmentally benign nature. In this research field, many experiments have
been carried out"' ~®' and various factors, such as temperature, pressure,
and others, have been investigated. Based on the experimental data, var-
ious mathematical models have been proposed to simulate the extraction
process. In these models, the most widely used one is based on the mass
balances of differential extraction bed. Bulley!'”! extracted oils from can-
ola with supercritical fluid and presented a model based on mass balances,
in which he neglected the influence of axial concentration distribution, and
suggested that the control factor was the dissolution rate in fluid phase
when the grain was big, and if the grain was small, the overall mass-
transfer coefficient could be used to describe the transfer process. Roy!'!!
found that the mass-transfer process was different, with the solute
concentration changed greatly in the solid phase. In the first period of
the extraction, the concentration of the solute in the solid phase is large so
the mass transfer is controlled by the dissolution equilibrium in the fluid
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phase. Goto™ and Sovova''?! have the same viewpoint, and they thought
that the concentration of the solute in the solid matrix and the solubility
of solute in the fluid phase were the key factors in the whole extrac-
tion process.

The mass balance model can be expressed in a series of differential
equations, and its conventional solutions should be obtained by means of
numerical analysis. Roy"'!! regarded the difference between the solubility
and the concentration in the solid phase as the driving force of the mass
transfer and he got a numerical result by way of a dimensionless transform
making use of the Crank—Nicholson rule. Perrut et al.'*! got a relation
between the extraction time and the solute concentration in the fluid phase
and the solid phase, respectively. In an experiment of essential oil extrac-
tion from clove, Reverchon'"* got an analytical solution using the Laplace
transform. Regarding the mass-transfer rate as the function of the fluid
phase concentration and its solubility, Sovova''?! used the dimensionless
transform to simplify the mass balances model, and got an exact analytical
solution of the concentration in the solid phase. Recently, Reverchon
et al.'"! proposed a method to simulate the SCFE process in which only
one adjustable parameter k; was used and microscopic information of
seed structure was considered at the same time. Cocerro et al.'® used the
Laplace transform and finite differences method to obtain the mathematical
resolution of the desorption model equations of SCFE.

The aim of this work was to propose a new method to resolve the
differential equations of mass balances for SCFE by the use of mathematics
directly. For this approach, the extraction process was separated into two
parts. In each part, the analytical expression of the concentration in the
solid phase was proposed. Finally, the calculation results were tested with
the experimental data.

MATHEMATICAL MODELS OF EXTRACTION
Extraction Model

To simplify the model, we make some assumptions. Under the same
conditions of the extraction and the desorption, the productions may have
similar physical properties, thus, the outputs in one extraction process can
be regarded as a single compound. We assume that the fluid flows uni-
formly through the cross-section of the bed, and neglect the pressure drop
and temperature gradient along the bed. To minimize the errors caused by
this assumption, some 0.4-mm diameter stainless-steel bead packing was
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placed in the entrance of the bed uniformly. Considering that the volume of
the material was not changed during the extraction process, the void
fraction of the bed was considered as a constant. When the concentration
distribution along the bed radial was neglected, the concentration in the
fluid phase was just dealt with as a function of the extraction time and the
distance from the entrance of the bed.

The velocity of the supercritical fluid in the bed is u(m/s), the cross-
section area of the bed is A(m?), an oil mass balance for the solvent phase
over an element O h of extractor height is as follows (Figure 1). Thus, the
equation of mass balances in an element of the bed is:

Oc &c Oc dq
Py, ~ prLsa—Z2 + Prey + ps(l—s)g =0 (1)

The mass balance equation in solid phase is:

py(1 —8)% = —f(c,q) (2)

When the extraction process is controlled by the dissolution equili-
brium in fluid phase,

fle,q) = Apkeps(c*(q) — ) (3)

In Eq. 3, A} is the specific interfacial area (m ). If the grain is spherical,
A, =6(1 —¢)/d,, where d,, is the mean diameter of the grain and c*(q) is the

my, m, m2 A, area of the bed cross section
h, distance from bottom of the bed
€, void fraction in the bed

z, height of the bed

1 m] t, extraction time

u, the velocity of fluid

bu

Figure 1. Schematic diagram of the extraction bed.
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solute concentration in the fluid phase contributed to the solute, which
attached on the solid surface. k; is the mass-transfer coefficient in the
solvent phase and can be calculated with the following formula:

ki A, = 2.7x 1073

The initial and boundary conditions for the above equations are t=0, c(0,
z)=0,q (0, 2)=qg, z=0, and c (t, 0)=0.

These conditions mean that at the very beginning of the extraction
process, i.e., t = 0, the solute concentration in the fluid phase is equal to zero,
and in the solid phase, it is equal to qo. While at the entrance of the bed, i.e.,
z =0, the concentration in the fluid phase is equal to zero. It is generally
accepted that the solute concentration at the surface of the solid phase is
proportional to the solute concentration in the solid phase, q = K c*(q), where
K is the equilibrium constant. For a detailed description of the calculation for
K, see a later discussion.

Mathematical Representation

The extraction bed can be looked at as a fixed bed when the fluid
velocity in the bed is at about 10 ~# to 10 > m/s, and the axial dispersion
coefficient Dy_is at about 10~ 7 to 10 ~° m/s%. To simplify the mathematical
solution, we neglect the effect of the axial dispersion. Therefore, we decided
to perform modeling without considering the axial dispersion.!'>!

Assume that A=ups D= pse, E=pd—¢), and F=Ayksps then, from
Eqgs. 2 and 3, we have

E 0O
C=¥tra
de _10q Eq
ot K ot F 0f
O 19q E &g
0z K 0z F 0t0z

When neglecting the effect of axial dispersion, i.e., set D =0, Eq. 1
can be transformed to the following type

2 2
ED 0°q EA 0%q <D E)%_é@:() ()
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Based on the eigenvalue theory, and let =z, m=z— (A/D)t, then the
Jacobian equation is:

D A
J _ (&’n) — (t::z?(t:'l - _ # 0
D(z,t) n,, N; D
Consequently,
q(&,m) = exp(af + fn)m(g,n)
and
F DF
*=% P= "%
Then, we can obtain Eq. 5:
EA *m F
- ——m =0 5
FD ondt kA" )

Eq. 5 is a problem concerned with both an initial and boundary conditions
for function m(§, ), so, Egs. 1 and 2 can be resolved in this way.

o*m  DF
W—&-mm =0
m(E )l - = qoexp(—(x+ P)E) ©
oml
o E=n

m(ﬁ,n)Ig:o = 40

Take into the difference operator:

82

0 0
L = axay + a(xuy)a + b(xay)a_y + C(xvy)

In this equation, all of the a, b, and c are functions of x and y, L is the
second-order linear operator.
Thus

270 Madison Avenue, New York, New York 10016
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and L* is the conjugate difference operator of L. Furthermore, we can
select a function, v(E, M, &g, MNo), that satisfies the following conditions:

L*v =0
ov
=M =m =0
g
Ov 0 (7)
%K &

VEM —gn =, = 1

Let A=DF/KEA and assume v=v(z), where z=2(&n) =
V(€ =8y (n—mp) and we can get a zero-order Bessel equation:

V(&) = Jo(VArZ) = Jo(v/ANME —Eg) (N — 1)) (8)

Assume that x = \/4L(§ — &))(n — 1), then Eq. 8 can be expressed as:

(%)2 = 1= (g>2+ (21!)2 (3)4_ (311)2 (%)6+

Solving the derivative of Eq. 6 to £ along the direction of £ =1 (Figure 2)
and the integral result along the direction of £=m from Q to P. Then
we have

00 1 k
Jo(x) = Z(<k!))2

k=0

(50 0) = 3 4ofexp(— (o + o) +exp(~(-+ B)mo)]

1 o[> V(&) — o)
_1 [~ (BE 0~ Mo
2 / % E—E)(n—"o)

X Jé(\/4X(§ —&y)(n—mp))dE

S
+% / = (o B)gol”* PRI (VAR(E — Eo)(n — Mg))dE

Mo

where
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M(&,n)

77 P(éo;&o)

Q(ngy,Myg)

>

3

Figure 2. Diagram of the reference coordinate.

;; Replace point(Eg, M) with point (§, 1), then take variables z and t:
1 A

: m(z1) = Sdolexp(—(a+ B)z+exp(~(a+ B)(z — 1)

z

$ 3 / | gl Vit

é 2 Jegy \/(r—z)(r—z—k%t)

and

q(z,t) = exp<az+ B(z—%t))m(z, )

Copyright © 2003 by Marcel Dekker, Inc. All rights reserved.
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Assume

1 , A
e \/(T—z)(r—z+%t) J0<\/42<T_Z)(T_Z+Bt)>

So, we can get the analyzed expression of q(z,t)

q(z,t) = %l]o exp<ocz+ B(z - %t))

X { exp(—(o + B)z + exp <(oc +B) (z - 2t>>

Z

X \/X%t exp(—(a + B)t x f(1)dt) (o + B)

A
—pt

X /ZZ%r exp(—(o+ B)t)Jo <\/47»(r -2) (’E -z +%t>>d‘t}

©)

here,

X = \/41(1—1)(r—z+%t> e(-1,1)

When x lies between — 1 and 1, the function of q(z,t) has a convergent
solution.

EXPERIMENTAL

Extraction measurements were carried out in a semi-batch flow
extraction apparatus. Supercritical carbon dioxide was used as solvent.
Liquid carbon dioxide from the supply cylinder passes through a cold bath
(at 263°K), then is pumped with a two-plug pump (Model 2JX-40/8,
Hangzhou, P.R. China) and heated by a tubular heat exchanger to the
extraction temperatures. The pressure is controlled with a back-pressure
regulator (Yancheng, Jiangsu, P.R. China, Model H21X-100P, DW6).

MarceL DEkkER, INc.

270 Madison Avenue, New York, New York 10016

@ Copyright © 2003 by Marcel Dekker, Inc. All rights reserved.



10: 14 25 January 2011

Downl oaded At:

Copyright © 2003 by Marcel Dekker, Inc. All rights reserved.

)

MARCEL DEKKER, INC.

4050 Yin et al.

The extractor containing the raw material to be extracted was ther-
mostatically controlled by an electrical heating belt. The temperature inside
the extractor was controlled by a digital controller (Yuyao, Zhejiang, P.R.
China, Model TDA-8002), with an accuracy of +0.10°K. The pressure at
the exit of the extractor was measured using a pressure gauge with an
accuracy of 0.2 MPa. After leaving the extractor, the stream of carbon
dioxide loaded with extract flowed through an on/off valve and a sequence
of pressure expansion valves (needle valve, Yancheng, Jiangsu, P.R. China,
Model WL21H-320P, DW6), in which the stream pressure was reduced
down to atmospheric pressure, and the oily extract was recovered in a glass
collector. Water and volatile components were deposited in a second
collector. The volume of the carbon dioxide was measured by a flowmeter
(Changchun Meter Company, Jilin, P.R. China, Model LML-2), with an
accuracy of +0.01 L.

Figure 3 is the schematic diagram of the SCFE apparatus for extraction
of Hippophae rhamnoides L. seed oil. It includes an extractor with an
internal volume of 1 x 10 > m®> (D=6.6 x 10 > m) and two separators,
one with a volume of 1 x 10 > m® and the other of 3 x 10 ~* m*. CO, with
a purity of higher than 99.9% was fed by a high-pressure plug pump
capable of operating at pressures up to 40 MPa and flow rates up to
8 x 10> m’/h of CO, (liquid). Hippophae rhamnoides L. seeds were
milled to a mean particle size of 0.4 to 1.0 mm. The weight of seeds loaded
in the extractor was 120 g. The experiments were performed at different

Figure 3. Schematic diagram of experimental apparatus. 1. CO, cylinder, 2. pump,
3. preheater, 4. pressure gauge, 5. extractor, 6. electric heating belt, 7. reductor, 8, 9.
separator, and 10. rotameter.

270 Madison Avenue, New York, New York 10016
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- 32q
—0O0— 15MPa

281 _e—20MPa

244 —m—25MPa

204 —O—30MPa

Oil Extracted, g *(100g seeds)
S =
R

Time, h

Figure 4. Effects of pressure on extraction, dot= experiment; line = simulation.
Experimental conditions: 308°K, 0.1 m3/h, and 18 to 28 mesh (0.643 to 1.033 mm).

flow rates (from 0.05 to 0.2 m>/h, referred to CO, gas flow rates in ambient
conditions). The oil content of the Hippophae rhamnoides L. seed was 5.0
wt%, determined by Soxdlet extraction. The experimental results are shown
in Figures 4 through 6.

o] —@—303K

Oil Extracted, g *(100g seeds) ™

Time, h

Figure 5. Effects of temperature on extraction, dot = experiment; line = simulation.
Experimental conditions: 20 MPa, 0.2 m>/h, and 28 to 36/mesh (0.491 to 0.643 mm).
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404 —0— < 18 mesh
3'5_' —0— 18~28 mesh

—mB— 2836 mesh
—O— > 36 mesh

3.0

2.5
2.0
1.5

1.0+

Oil Extracted, g *(100g seeds) !

0.5

0.0

—_— .
0 1 2 3 4 5
Time, h

Figure 6. Effects of particle size on extraction, dot = experiment; line = simulation.
Experimental conditions: 20 MPa, 313°K, 0.2 m3/h, 18 mesh, 1.033 mm; 28 mesh,
0.643 mm; and 36 mesh, 0.491 mm.

RESULTS AND DISCUSSION
Experimental

To find the optimum operating conditions, the effects of various
parameters such as pressure, temperature, extraction time, and particle size,
on the oil yield were investigated.

The effect of extraction pressure on the oil yield is shown in Figure 4.
The experiments were performed at T =308°K and various pressures. The
particle size was fixed at 18 to 28 mesh and the CO, flow rate was 0.1 m>/h.
From Figure 4, it can be seen that the oil yield increased with pressure.
This is because with an increase of pressure, both the density of SCF CO,
and the solubility of solute increased. Furthermore, according to the P—R
equation of state (EOS), change of density with pressure became significant
between 5 and 25 MPa. For practical application, we propose that 25 MPa
should be employed.

The effect of extraction temperature on the oil yield is illustrated in
Figure 5. It can be seen that the oil yield increased with the temperature
rise, and attained the maximum value at a temperature of 318°K. When the
temperature changed from 303°K to 318°K, the oil yield increased 36.4%.

Figures 4 through 6 show the yield-vs.-time curves under the different
operating conditions. It is clear that the extraction process was composed of

270 Madison Avenue, New York, New York 10016
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two stages: rapid extraction of free solute and slow extraction, mainly
controlled by the internal diffusion. The time consumed in the first
extraction stage depends both on the solute solubility in SCF CO, and on
the particle size. Under our experimental conditions, the most amount of
seed oil was extracted in the first stage during 150 to 180 min.

Modeling and Simulation

By use of the model to simulate the experimental data, we got
satisfactory results when setting K = 10 under our operating conditions. The
total mean errors between calculation and experimental data were less than
10%. The fitting including the effects of pressure, temperature, and particle
size on the extraction rates and the simulation results, are illustrated in
Figures 4 through 6. In the SCF extraction of oil from seeds, as much as 75
to 80% of the oil is extracted during the fast period, depending on the degree
of milling, hence, on the availability of the liquid oil to the dense gas. The
extraction curve is a plot of total mass of oils extracted vs. total extraction
time used. From Figures 4 through 6, we also find out that the curves are
nearly linear with a slope close to the value of oil solubility in CO, (the
initial linear part of the extraction curve was not distinct because the rate of
extraction diminished from the very start), followed by a transition period,
during which, the rate of extraction drops rapidly. The extraction rate be-
came much slower during the final period. When the pressure changed from
15 MPa to 30 MPa, the oil yields were increased as the pressure increased.
At 30 MPa, it had the maximum oil yield. Similarly, when the temperature
changed from 303°K to 318°K the oil yields were increased as the tem-
perature was increased. At 318°K, it had the maximum oil yield.

CONCLUSION

Hippophae rhamnoides L. seed oil was extracted using supercritical
CO, with an extraction set-up of 1 L. In this process, many factors
impacted on the oil yield, such as pressure, temperature, and extraction
time, as well as seed particle size and charge quantity. The optimum
conditions were found to be the following: extraction pressure of 20 MPa to
30 MPa, extraction temperature of 35°C to 40°C, supercritical CO, flow
rate of 0.15 m>/h to 0.2 m>/h, and extraction time of 4 to 5 h. Under such a
conditions, the oil obtained was very lucid and of good quality.

Modeling the SCF extraction of Hippophae rhamnoides L. seed oil was
studied based on differential mass balance equations. By a series of
transforms and derivatives, the explicit expression of the oil yield, q(z,t),

MarceL DEkkER, INc.
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was presented. It can be used to simulate the SCFE process. In this model,
only one adjustable parameter was used: the equilibrium constant between
the solvent and the free solute phase K. A satisfactory fitting of the
experimental data was obtained by setting K = 10.

Milling of Hippophae rhamnoides L. seeds before extraction not only
can increase the surface area but also partly releases the solute from the
cells. This is of great importance in the extraction oil from seeds where the
cell walls are almost impermeable. In this study, for Hippophae rhamnoides
L. seed oil extraction with SCF CO,, as much as 75 to 80% of the oil is
extracted during the fast period, depending on the degree of milling, hence,
on the availability of the liquid oil to the dense gas.

NOMENCLATURE

g A cross section area, m*
- A,  specific mass transfer area, m -1
2 c solute concentration in fluid phase, kg-kg '
- ¢*  solid phase concentration at interfacial boundary, kg-kg '
; d, particle size, mm
s D, axial dispersion coefficient, m2.s !
- K  equilibrium constant
;) ki  solvent phase mass-transfer coefficient
g q solute concentration in solid phase, kg-kg '
= t extraction time, s
8 u velocity of the supercritical fluid, m-s '

z height of the bed, m

Greek Letters
€ void fraction

pr  density of solvent, kg-m

ps  density of solid phase, kg-m >
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