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Abstract—Dry-milled soybeans are extracted with supereritical carbon dioxide at pressures 270 to 375
atm, temperature 50 to 70°C, solven: flow rates 0.025 to 0.16 cm/sec as a linear velocity in the bed al super-
critical state, and three types of soybean particle size in the range 0.05 to 0.2828 cn.

Under these conditions, extraction rates of sovbean oil from solid substrates in a fixed bed (1.1 mm

[.D.<200 mm Height) have been determined.

The extraction rates were constant during the initial extraction period where the film resis'ance controls

the rates, and then, the rales shifted to time-dependent diffusion controlling mass transfer mode. To correlate

these feaiures, mass transfer calculations were carried oui for the constant rate period and the subsequent

unsteady mass transfer rate period, respectively.

INTRODUCTION

During recent years the principles and practice of
supercritical fluid (SCF) technology have experienced
a resurgent interest and rapid advances. The motiva-
tion for the development of SCF technology as a viable
alternative is a result of increased cost of energy, scru-
tiny of industrial solvents by the government, aware-
ness about poliution control, and the performance de-
mands of specialized new materials.

Especially the energy shortage in the 1970s was
largely responsible for considerable research and effort
on the SCF processes. Presently, SCF tectnology may
be a replacement to current extraction and distillation
methods. SCF technology becomes a useful process for
upgrading heavy crude petroleum residuals, for extrac-
ting polymer blends, or for purifying natural products
such as edible oils [1-4].

While a great deal of information about SCF tech-
nology can be obtained from several recently pub-
lished review papers and symposium books, a large
portion of the information available is limited to high
pressure fluid phase equilibrium data and patent-ori-
ented feasibility studies. It is not easy to find any liter-
ature dealing with engineering-oriented process oper-
ation data for the practical design of the candidate SCF
process.

To find a type of engineering data for seed oil bed
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extraction this paper deals with the mass transfer oper-
ation from solid matrix of dry-milled soybean solid in
supercritical fluid extraction with carbon dioxide.

Recently, petroleum-free extraction of il from soy-
beans with supercritical carbon dioxide has been re-
ported by the United States Department of Agricul-
ture’s Northern Regional Research Center [5,6]. They
considered supercritical carbon dioxide as a replace-
ment for hexane in soybean-oil extraction. By compar-
ing oil qualities such as color, iron, phosphorus, unsa-
ponifiable contents, odor and flavor, they concluded
that supercritical carbon dioxide, an ideal solvent for
extraction of food products. The carbon dioxide is low
in cost and readily available from fermentation pro-
cesses.

Data on the extraction and oil composition have
been described in a number of papers [7-9]. Also,
Brunner [10] has been reported separation of sub-
stances from solid substrates by supercritical gases for
coffee beans and for raped oil seeds.

The time required for the supercritical extraction
usually determines the engineering design of the ex-
traction plant. It is therefore, important to calculate the
extraction rate process for the optimization of process
parameters. Beside the knowledge of phase equilibria,
the knowledge of mass transfer rates is essential for the
designing of process equipment.

Such engineering data are provided in the presen!
study for the mass transfer from fixed bed charged
with powdered soybeans in supercritical carbon diox-
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Fig. 1. Prototype mass transfer experimental apparatus for the extraction of soybean oil.

1. CO, gas cylinder

5. Liquefaction tank 6. Flow cooler

9. Preheater 10. Thermocouple
13. Extraclor 14. Thermocouple
17. Fan 18. Pressure gauge
21. Cold trap 22, Wet test meter
25. Solid filter 26. Hand pump

1de extraction.
EXPERIMENTAL

Soybeans were obtained commercially from do-
mestic food market. The sample beans used in the
experiment were washed with water, dried for 24
hours at 50°C, dehulled and prepared as the three
types of sample powders; sample particles in mean
particle size 0.05 cm, 0.154 c¢m, and 0.2828 cm by
sieve test respectively.

The flow diagram of the extraction apparatus which
is originally designed and constructed in the present
study is shown in Figure 1. The extraction section con-
sists of two identical fixed bed (11mm L. and 260mm
height). While one of extractors is used to carry out
rate experiment, the other extractor is dissembled,
charged with a new bean sample, and assembled in
order to save experimental time. Commercial-grade
carbon dioxide from a cylinder is cooled, liquefied,
and pumped to preheater which is located in air-bath
and converted to carbon dioxide into :ts supercritical
state. After measurement of pressure and temperature,
the supercritical carbon dioxide solvent was passed
through one of the extractor beds charged with 10
gram sample. The SCF solvent stream with extracted
soybean oil is expanded to atmospheric pressure by a

2. Ny gas purge eviinder

3. Solid filter 4. Check valve

7. Solvent pump 8. Check valve

11, Rupture disc 12. Emiergency vent
15. Rupture disc 16. Air-Bath

19. Back pressure regulator 20, Samipling botle
23. Filter 21, Mass flownieter

27. Flow stabilizer

back pressure regulator. The amount of separated soy-
bean oil is collected into a preweighed sampling bottle
which is located in a flow cooler. The sampling bottle
contained extracted oil is detached and we:ghed at a
given time interval. The solute-free carbon dioxide
stream pass through a wet test meter and/or a mass
flow meter in order to measure the flow rate.

Hardware for the extraction system described
above was purchased from the following manufactur-
es: 450 atm double-ended diaphragm punip (Milton
Roy Constametric 1ll); High pressure on-off valves,
unions, metering valves, 1/4 inch tube, thermocou-
ples and pressure gauge (HIP I[nstrument); 0-500 m//
min mass flow meter (Techmax Co.); a cooling bath at
~40°C (Techne Co.). The air-bath (800 mmH x 650
mmW x 310 mmT) is specially designed and con-
structed in order to maintain the temperature accurate-
ly by using a controller with electric heater and air cir-
culation fan. The accuracy of the air-bath is within
+0.1°C up to 120°C.

EXTRACTION RATE MODELING
[n searching for an extraction rate model it may be
found that the observed data are well fitted by a con-

bined model of steady state mass transfer at high oil
concentrations in soybean solid matrix, but by un-
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Fig. 2. Characteristics of extraction of soybean oil
fitted by film and diffusion controlled mass
transfer coefficients.

steady state at low concentrations as schematically
shown in Fig. 2. Thus, we assumed that the extraction
region controlled by constant rate follows a film con-
trolling mass transfer and the region by falling rate fol-
lows a diffusion controlling mass transfer and the two
types of mass transfer calculations were carried out in-
dividually and the results were combined to the ob-
served mass transfer data. The boundary regions, m,,,
and 8, where the constant rates shifted ‘o falling
rates are found from experimental data.
1. Constant Rate Mass Transfer

During the constant rate period steady state mass
transfer prevails. The extracted oil quantity is express-
ed as;

m=kAV,ACn (n
A=6(1-¢/d 2)

where k, represents the external mass transfer coeffi-
cient, A, the specific mass transfer area, V, the volume
of the fixed bed, and 4C,, the concentration difference
of oil between the mass transfer interface and mean
bulk concentration, ¢ the void volume fraction and d
the mean particle diameter of the soybeans.

To find external mass transfer coefficient, Brunner
[10] introduced a correlation valid for a fixed bed of
spheres for a wide range of Reynolds number (Re).
However, due to the limited low range of Re of our ex-
perimental conditions, we proposed a modified cor-
relation based on the observed data as the form;

Sh{1+1.5(1-¢)t =0. 035Re'*Sc"* (3)

where Sh represents Sherwood's number, kyd/D, Re
the Reynold's number, oud/yg, and Sc the Schmit’s
number, p/#D,. Also, k, the external mass transfer
coefficient, D, the binary diffusion coefficient, ¢ the
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Fig. 3. Mass transfer correlation for constant extrac-
tion rate period.
Hydrodynamic conditions;

0 d=005cm, U, =0.0263 cm/sec, Dy=7.07 x
10-3cm?/ sec
©d=005cm, U. =0.0329 cm/sec, Dg =8.00 x

10-5 cm?/sec

®d=0154cm, U. =0.0276 cm/sec, Dg =7.07 x
10" cm?/sec

® d =015 cm, U. =0.0534 cm/sec, Dy 7.07
10-5 cmi2/ sec

ad=0.05 cm,
10-5 cmi2/ sec

£d =005 cm,
10-5 em?2/sec

ad=0.154 cm, Us. =0.0336 cm/sec, Dg = 8.95 x
10-5cm?/sec

ad-0.154cm, U. =0.0909 cm/sec, Dy = 8.95
10-5 cm?/sec

rd =005 cm, U, =0.0288 cm/sec, Dy - 7.07 x
107 cm?/ sec

md=005cm, U, =0.0625cm/sec, Dg - 7.07 %
10-5 cm?/sec

Wd =0.2828 cm, U = 0.0171 em/sec, Dy~ 7.07 x
10-5cm?2/sec

md=02828cm, U., = 0.0538 cm/sec, Dg = 707 x
10-" em?/ sec

03 =0.2828 em, Us = 0.0562 cm/sec, Dg = 7.07 x
10-5cm?/sec

U =0.0288 cm/sec, Dg = 8.00 x

U =0.0462 cm/sec, Dg - 8.00 x

void fraction. The factor {1 + 1.15(1-¢)} is the term to
extend Sh for single spheres to the fixed bed as intro-
duced by Schliinder [12].

The viscosity(u), density(e) and diffusion coeffi-
cient(Dy) for binary COy-soybean triglyceride are esti-
mated according to the recommendations of Reid et al.
{12]. The correlation of experimental data to find the
paremeters in Eq. (3) is shown in Fig. 3.
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2. Unsteady Mass Transfer

When we assume that the diffusion inside the solid
phase controls the unsteady mass transfer from the
boundary of shifting region (g4, Oxie the Ficks’ sec-
ond law of diffusion can be applied. As the usual case,
the diffusion equation can be written for the diffusion
of solute from the infinite slab with thickness of 2 L
and the initial concentration, C, as;

2
—g%:m%? ()
1.C C=C_C, at L<x<L, =0
B.C.1 C=0 at x=L >0
B.C.2 aC/ax=0 at x=0 6>0

Also, the analytical solution can be expressed as;

Co8) _4 3 (=1~ Di@ntlrd
C., ~ x Zeonty P AL

2n+1) nx -
T (5)
Eq. (5) can be converted to average extraction rate,
m( @), in stead of concentration C(x, 4 ) as the form;
m@ . = 8 D, 2n+1)*76
m, VT nr e xR N }

Cos

(6)

Where m(4) and m, is the amount of soluble re-
mained in the solid and the initial amount of solute
respectively after the shift time, 8¢, in the case of

present study.

It is possible that when we use Eq. (6), the diffusiv-
ity in the solid phase can be obtained. However, it is
very difficult to use the rigorous expression such as Eq.
(6) to the case of mass transfer from natural substances
since the morphology and mass transport machanism
are significantly complicate. Thus, in the present
study, the experimental data are analysed by the sim-
plified unsteady extraction rate expression of the forn;

m (8)

K=F,/6, F,=Ds6/d* (7)

where K is defined as a parameter and F, represents
Fouriers number and D, the diffusivity in the solid
phase. The values of parameter K are obtained from
the observed rate data and from which the approxi-
mate values of diffusivity are obtained.

=exp (-K§@),

RESULTS AND DISCUSSION

The operating conditions adopted in the present
study and the external mass transfer coefficients ob-
tained by Eq. (3) are summarized in Table 1.

For the constant rate mass transfer calculations, the
concentration of the extracted oil at the mass transfer
interface was assumed to be constant as the 95% of the
equilibrium concentration during the period of con-
stant extraction rate. The amount of oil extracted, nm,,
in the region that the constant rate mass transfer shifts

Table 1. Operating and hydrodynamic conditions for the mass transfer experiments

i d U b . :
R\‘:’l (OTC) (atin) (cm) (cmiis) (¢ /%:13) Re > S (L’:\?; s)
1 50 272.11 0.05 0.02888 0.00717 1.562 11.56 0.0471 7.63E-5
2 50 272.11 0.05 0.04632 0.00717 25 11.56 0.05322 8.52E-5
3 50 374.15 0.05 0.02629 0.01877 1.327 14.01 0.02653 3.65E-5
1 50 374.15 0.05 0.0625 0.01877 3.145 14.02 0.04363 6.17E-H
5 70 272,11 0.05 003329 0.0065 1.919 10.71 0.03742 5.99E-5
6 70 37415 0.05 (LO2877 0.0202 1.599 12277 0.03385 4.79E-5
T 50 204 .08 0.154 (0.03356 0.00247 5.757 10.03 0.2316 1.35E-4
8 50 204.08 0.154 0.00092 0.00247 15.60 10.03 05174 3.01E-1
O 50 204.08 0.154 014458 0.00247 25.01 10.03 4,734 2.75E3
10 50) 374.15 0.154 0.0275% [EX . N 4.287 14.01 0.5274 242E-4
11 50 204.08 ().282% 015528 0.00247 48.28 10,03 3.8 1.20E-3
12 S0 37405 0.2828 (00558 001877 15.36 14.01 0.5123 1.28E-1
13 50 374,15 (0.282% 061706 OO18TT 4.86% 14.01 0.4208 1.05E-4
14 50 374,15 0.282% 0.0562 O.0I8TT 16.04 14.01 0.4471 1.12E4
15 a0 37415 0.154 00531 001877 83 14.01 0.4039 1.85E-4
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Fig. 4. Correlated mass transfer coefficients for the

diffusion controlled period.

Extraction conditions;
® T = 50°C, P =270 atm

U. =0.0288 cm/sec, d = 0.05 cm
OT=50°C, P=270 atm

U, = 0.0460 cm/sec, d = 0.05 cm

to unsteady rate is slightly scattered with respect to ex-
traction conditions.

The parameter, K, in Eq. (7) for the unsteady dif-
fusional mass transfer is fitted by experimental data as
shown in Fig. 4-6. It is found that the diffusion resisi-
ance inside the solid particle is almost independent
with respect to extraction pressures and flow rates,
however, highly sensitive to the extraction tempera-
ture and particle size.

The diffusivities estimated by the fitted parameter
K are summarized in Table 2. These results show sinu-
lar trend in the order of magnitude of the values with
the literature data {10].

Finally the overall amounts of extracted oil with
respect to extraction time, m(4), by using the esu-
mated correlation parameters, k, and D, are shown in
Fig. 7-8. It is believed that the mass transfer rate for the
high pressure supercritical soybean extraction is sinu-
lar to the case of drying.

There are lwo distinct relations between drying
and SCF process. The solution equilibrium is mainly
dependent on the thermodynaniic properties of the
solvent and mass transfer is divided into two regions.
In the first region the substances lo be extracted are
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Modeling of Soybean Oil Bed Extraction with Supercritical Carbon Dioxide 45

Table 2. Estimated diffusivities with respect to ex-
perimental condition

T P d U Dy
(°C) (atm) (crm) {cm/s) {cm?/s)
50 272.11 0.05 0.0288 3.20E-7
50 272.11 0.05 0.0460 3.02E-7
70 272.11 0.05 0.0330 5.71E-7
70 374.15 0.05 0.0288 6.15E-7
S0 204.08 0.154 0.1458 2.02E-6
S0 374.15 0.154 0.0275 1.92E-6
2.0
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Fig. 7. Extraction of soybean oil fitted by the com-
bined mass transfer models at the constant
pressure, 375 atm.

Extraction conditiors;
c T =50°C, P=375am
d = 0.05cm, U, = 0.0625 cm/sec
1T - 70°C, P= 375 atm
d - 0.05 cm, Ue - 0.0288 cm/sec

renioved from the macropores and the particle sur-
faces comparable to the constant rate drying section.
In the second part mass transfer is controlled by the
diffusion of extractants from the micropores of the
solid and other unknown properties which reduce the
mass transfer rate as the type of falling rale of drying.
Finally, the extraction rate of soybean with respect
to solvent consumptions is shown in Fig. 9 with data of
Christianson et al. [7], the rate of extraction increased
with increased supercritical pressure of the solvent.

CONCLUSIONS

IJsing a combined mass transfer calculations of film
and diffusion controlled mass transport models, the
extraction rate of crude oil from the dry-milled soy-

20 T T T T v T T T T T

g/g:g':__

S

Ol extracted, ¢
=

0.0 L I { L 1 L AL ) i (]

01 2 3 4 5 6 7 8 9 101112
Extraction time, hr

Fig. 8. Extraction of soybean oil fitted by the com-

bined mass transfer models at the constant
temperature, 50°C.
Extraction conditions;
G T=50°C, P =375 atm
d=0.05cn, U =0.0263 cm/sec
o1 T=50°C, P=270 atm
d=005cm, U, =0.0462 cm/sec

1.0 e e

-
\D\U

20 30 40 50
COy consunmpion, kg
Fig. 9. Extraction curves for the extraction of crude
oil from dry-milled soybeans with supercriti-
cal carbon dioxide at a solvent flow rate 340
mi/min and a temperature, 50°C.
Present study:
B 272 atm
® 374 atm
Data reported by Christianson et al. (1984):
1 544 atm
G 340 atm

bean charged in a small size of fixed bed are carried
out. The results of the calculation show a good corre-

Korean J. Ch. E. (Vol. 7, No. 1)



46 LK. HONG et al.

spondence to experimental results.

The hydrodynamic correlation [Eq. (3)] of constant
rate mass transfer coefficient proposed in the present
study was obtained for a fixed geometry, eg., the fixed
bed diameter and height. When it taking into account
this limitation, the mass transfer correlation proposed
for the constant rate period can be used for the pur-
pose of process calculations.
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NOMENCLATURE
A, : specific mass transfer area, [m?/m?]
C, : solute concentration in solid surface, [g/m®]

C. : solute concentration in the supercritical sol-
vent, [g/m°]

AC, : concentration difference of oil between the
mass interface and mean bulk concentration,
lg/m’]

d ¢ mean particle diameter of soybean solid,
[mm]

D, : binary diffusion coefficient for binary CO,
soybean triglyceride, [cm?/s)

D, : diffusivity in the solid phase, [cm®/s]

F : flow rate of carbon dioxide at standard state,
[m// min]

F . Fourier's number

. . external mass transfer coefficient, [m/sec]
m(§) : amount of solute remained in the solid, [g]

m, : initial amount of solute in the solid, [g]

P : pressure, [atm]

T : temperature, [°C]

u : superficial velocity, [cm/sec]

v, : total effective volume of soybean bed, [m®)

January, 1990
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: void volume of bed
: extraction time, [hr]

REFERENCES

. Paulaitis, M.E., Penninger, J.M.L., Gray, Jr.R. D.

and Davidson, P.: “Chemical Engineering at Su-
percritical Fluid Conditions”, Arbor Science, The
Butterworth Group, England (1983).

. Penninger, JM.L., Radosz, M., McHugh, M.A.

and Krukonis, V.J.: “Supercritical Fluid Technol-
ogy”, Elsevier, N.Y. (1985).

. Schneider, G.M., Stahl, E. and Wilke, G.: “Ex-

traction with Supercritical Gases”, Verlag Chemie,
Weinheim (1980).

. McHugh, M.A. and Krukonis, V.J.: “Supercritical

Fluid Extraction-Principles and Practice”, Butter-
worths Publishers, Boston MA (1986).

. Fredrich, J.P. and Pryde, E.H.: J. Am. Oil Chem.

Soc., 61, 223 (1984).

. Fredrich, J.P. and Pryde, E.H.: J. Am. Oil Chem.

Soc., 61, 223 (1980).

. Christianson, D.D., Fredrich, J.P., List, G.R.,

Warner, K., Bagley, E.B., Stringfellow, A.C. and
Inglett, G.E.: J. Food Sc., 49, 229 (1984).

. Snyder, J.M., Fredrich, J.P. and Christianson,

D.D.: L Am. Oil Chem. Soc., 61, 1851 (1984).

. Stahl, E., Quirin, K.W., Glatz, A., Gerard, D. and

Rau, G.: Ber. Bunsenges. Phys. Chem., 9, 900
(1984).

. Brunner, G.: Ber. Bunsenges. Phys. Chemn., 88,

887 (1984).

. Schlunder, E.V.: Vieweg, Braunschweig (1981).
. Reid, R.C,, Prausnitz, JM. and Poling, B.E.: “The

Properties of Gases and Liquids”, 4th ed., Mc-
Graw-Hill, N.Y. (1980).



