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MODELING OF SOYBEAN OIL BED EXTRACTION 
WITH SUPERCRITICAL CARBON DIOXIDE 

I.K. HUNG, S.W. RHO, K.S. LEE, W.H. LEE and K.P. YOU 

Department of Chemical Engii~eerin~{, Sr University, Sec)ul, Korea 

fRece,l~ed 2 June 1.98.9 �9 (J< ~ ~72h'd IA > September 19A>9) 

Abst rac t iDry-mi l led  soybeans are extracted with supc'rtritical carbo~:l dir al pressures 270 h; 375 
aim. lemperalure 50 to 70~ solven flow tales 0.025 to t) ]6 cmlsec as a linear velocity in the bed al super- 
< ritieal state, and three types of soybean particle size in i!w range 0.t)5 t~> 0.2828 cm. 

U[~der these conditit>ns, extracti:m rates of soybean ,~il from s,:.,lid substraies in a fixed bed ( I  l n/r/i 
I.D.~2i)t) mm HeighI) have been determined 

The extracticm rates were constant during the initial exnaclicm periud ",,vhere the filn] resis!au~.e <.'r162 
the tales, and there, the rates shifted to tinie-dependenI dtffusi~n c~.mt rolling []lass transfer nit)de. T~ ,.'(;rrelat'. ~ 
these fealures, mass transfer calculalions were carried r fi~r the ennslan! rate period and it',e stlbseqtlt 'i/l 

unsleady mass transfer rate period, respectively. 

INTRODUCTION 

During recent years the principles and  practice of 
supercritical fluid (SCF) technology have exper ienced 
a resurgent  interest and rapid advances.  The  motiva- 
tion for the deve lopment  of SCF technology as a viable 
a l ternat ive is a result of increased cost of energy, scru- 
t iny of industrial  solvents  by the governruent ,  aware- 
ness about  pollution control, and  the perf,:)rmance de- 
m a n d s  of specialized new materials.  

Especially the energy shortage in the 1970s was 
largely responsible  for cons iderable  resear,: h and  effr 
on the SCF processes. Presently, SCF teci~ nology may 
be a replacement  to current  extraction and  distillation 
methods .  SCF technology becomes  a useful process for 
upgrading heavy crude pe t ro leum 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 obta ined from several recently pub- 
l ished review papers  and  sympos ium books, a large 
portion of the information avai lable is l imited to high 
pressure  fluid phase  equi l ibr ium data and patent-off- 
en ted  feasibility studies. It is not easy to find any liter- 
a t m e  dealing with engineer ing-or iented  process oper- 
ation data for the practical design of the caadidate  SCF 
process. 

To find a type of eng ineer ing  data for seed oil bed 

T~, wt~t~in all c{,resp,~nden{.e sh,~uM be addres'>ed 

extraction this paper deals with the n]ass transfer oper- 
ation from solid matrix of dry-milled soybean solid in 
supercritical fluid extraction with carbon dioxide. 

Recently, petroleum-free extraction of oil 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 supercritica] carbon dioxide, an ideal sol,,ent for 
extraction of food products. The carbon dioxide is low 
in cost and readily available from fermentatioll 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 lhe ex- 
traction plant. It is therefore, important to calculate Ihe 
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 present 
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. (02 gas cylinder 2. N 2 gas purgu ,.vln~der 3. Solid filler 4. Check ;ral,,e 
5. Liquefaction tank ft. F'[uw cooler 7. Solvent purnp 8. Check vab. e 
9. Preheater 10 l'hermorOul~le I I. Rupture disc 12. Emergency vent 

13. Extractor 14. lhernlocou[~le 15. Rupture disc 16 Air-Bath 

17. Fan 18 ['ressure gaug~ 19. Back pressure r,egulator 20 Sampling bc,:tle 
21. Cold lrap 22 Wel ~esl nlele~ 23. Filte~ 21. Massflownlcter 
25. Sulid filler 26. ttand l)Uml~ 27. Flow slabilizer 

Me extraction. 

EXPERIMENTAL 

Soybeans were obtained commer(ially from do- 
mestic food market. The sample beans used in the 
experiment were washed with water, dried for 24 
hours at 50~ dehulled and prepared as the three 
types of sample powders; sample particles in mean 
partic!e size 0.05 cm, 0.154 cm, and 0.2828 cm by 
sieve test respectively. 

The flow diagram of the extraction apparatus which 
is originally designed and constructed in the present 
sludy is shown in Figure l. The extracti:~n section con- 
sists of two identical fixed bed (11 mm I.D. and 260rnm 
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 lime. Commercial-grade 
carbon dioxide from a cylinder is conled, liquefied, 
and pumped to preheater which is located in air-bath 
and converted to carbon dioxide into Is  supercritical 
state. After measurement of pressure amt temperature, 
the supercritical carbon dioxide solvent was passed 
through one of the extractor beds charged with l0 
gram sample. The SCF solvent stream with exlracled 
soybean oil is expanded to atmospheri,- pressure by a 

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 intervah 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 pump (Milton 
Roy Constametric Ill); High pressure on-off valves, 
unions, metering valves, 1/4 inch tube, d-mrmocou- 
pies and pressure gauge (HIP Instrument); 0-5()0 roll 
rain mass flow meter (Techmax Co.); a cooling bath al 

-40~ (Techue Co.). The air-bath (800 mmH • 650 
m m W •  minT) is specially designed and tun- 
strutted in order to maintain the temperature accurate- 
ly by using a controller with electric heater and air cir- 
culation fan. The accuracy o[ the air-bath is within 
_+0.I~ up to 120~ 

EXTRACTION RATE MODELING 

In searching for an extraction rate model it may be 
found that the observed data are well fitted by a com- 
bined mode] of steady state mass transfer at high oil 
concentrations in soybean solid matrix, but by un- 
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Fig. 2. Character i s t i c s  of  extract ion  of s o y b e a n  oil 
fitted b y  film and  diffusion contro l l ed  m a s s  
transfer  coef f ic ients .  

s teady state at low concent ra t ions  as schemat ica l ly  

s h o w n  in Fig. 2. Thus ,  we a s s u m e d  that the  extract ion 

region controlled by cons tan t  rate follows a film con- 

trolling m a s s  transfer  and  the  region by falling rate fol- 

lows a diffusion control l ing mass  transfer  and  the  two 

types of mas s  t ransfer  calculat ions were carried out in- 
dividually and  the  results  were c o m b i n e d  to the  ob- 

se rved  m a s s  t ransfer  data. The  bounda ry  regions, m~t,i/t 

and  Osh,,~, where  the cons tan t  rates shifted !o falling 

rates are found from exper imenta l  data. 

1. C o n s t a n t  R a t e  M a s s  T r a n s f e r  
During the cons tan t  rate period s teady state mass  

transfer  prevails. The  extracted oil quant i ty  is express-  

ed as; 

m = k g A . V t A C , ~  (i) 

A , ~ = 6  ( 1 -  r  (2) 

whe re  kg represents  the  external  mas s  transfer  coeffi- 

cient, A~ the  specific m a s s  transfer  area, V~ the  vo l ume  

of the  fixed bed, and  ACre the  concent ra t ion  difference 

of oil be tween the m a s s  transfer  interface and  m e a n  

bulk concentrat ion,  ~ the  void vo l ume  fraction and  d 

the  m e a n  particle d iamete r  of the  soybeans .  

To find external  m a s s  transfer  coefficient, B runne r  

[10] introduced a correlation valid for a fixed bed of 

sphe re s  for a wide range of Reynolds  n u m b e r  (Re). 

However ,  due  to the  l imited low range of Re of our  ex- 

per imenta l  condi t ions,  we proposed a modif ied cor- 

relation based on the  observed  data as the  form; 

Sh  ~ 1 •  (1 - r  0 3 5 R e ' / ' S c  l/3 i3) 

w h e r e  Sh represents  Sherwood ' s  n u m b e r ,  kgd/D e, Re 
the  Reynold ' s  n u m b e r ,  pud/g, and  Sc the  Schmi t ' s  

n u m b e r ,  p/pDe. Also, k 8 the  external  m a s s  transfer 

coefficient, D~ the  binary diffusion coefficient, 4, the 

8 
Sh {I + 1.15 (]-.q.,)} = 0.035 Rel/2Sc 113 
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Fig. 3, Mass t rans fer  corre la t ion  for cons tant  extrac- 

t ion rate  per iod .  
Hydrodynamic conditions; 

�9 d = 0.05 cm, U~ = o.o263 cmlsec, Dg = 7.07 x 

10 -5 cm 2 / sec 

r d = 0.05cm, U ~ = 0.0329 cm/sec, Dg = 8.00 x 
10 -5' c m 2 / s e c  

d = 0.154 cm, U~ = 0.0276 cm/sec, D g = 7.07 x 

10-Scm21sec 

�9 d = 0.154 cm, U~ = O.O534 cm/sec,  Dg = 7.07 x 

10-5cm2/sec 

cl = 0.05 cm, U~ = 0.0288cmlsec, Dg = 8.00 x 

10-5cm2/sec 

~71 = 0.05 cm, U~ = 0.0462 cm/sec,  Dg : 8.00 x 
10-5 cm2/sec 

a,.d = 0.154 cm, U~ = 0.0336 cmlsec, Dg = 8.95 x 

10-Scm2/sec 

~. d .- 0.154 cm, U . . . .  0.0909 c m / s e c  Dg = 8.95 • 

10-Scm2/sec 

~.,~ = 0.05 cm, U~ :: 0.0288 cmlsec, D~ 7.07 • 

10-Scm2/sec 

I}~t = 0.05 cm, U~ = 0.0625 cm/sec, D~ - 7.07 • 

] 0-5' cm 2 / sec 

I d  = 0.2828cm, U~ = 0.0171 cmlsec, D~ 7.07 x 

10 -5 cm 2 /sec 

�9 d = 0.2828 cm, U~ = 0.0538 cm/sec,  Dg : 7.07 x 
10 -5 cruZ/set: 

Od  = 0.2828 cm, U~ = 0.0562 cm/sec, D~ :. 7/37 

10-~cm2/sec 

void fraction. The  factor { 1 + 1.15(1- ~ )  } is the  term to 

ex tend  Sh for s ingle sphe res  to the  fixed bed as intro- 

duced  by Schlf lnder  [12]. 

The  viscosity(p), density(p) and  diffusion coeffi- 

cient{D~) for b inary CO2-soybean triglyceride are esli- 

ma ted  according to the  r e c o m m e n d a t i o n s  of Reid el al. 

[121. The  correlation of exper imenta l  data  to find the 

pa remete r s  in Eq. (3) is s h o w n  in Fig. 3. 
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2 .  U n s t e a d y  M a s s  T r a n s f e r  
When we assume that the diffusion inside the solid 

phase controls the unsteady mass  transfer from the 

boundary  of shifting region (msm ~, Osme), the Ficks' sec- 
ond law of diffusion can be applied. As the usual case, 

the diffusion equat ion can be written for the diffusion 
of solute from the infinite slab with thickness of 2 L 

and the initial concentrat ion,  C O as; 

OC _ a~C 
a 0 - t)~ ~ (4) 

I.C. 

B.C.  1 

B.C. 2 

Also, the 

C (x, O) 

Co 

C = C o  at L~xKI_ , ,  0 = 0  

C = 0  at x = L  0 > 0  

O C / O x = 0  at  x = O  0 > 0  

analytical solution can be expressed as; 

4 ~ ( - 1 )  '~ , D, (2n ~1)2~- '0 
~0  ~ e x p  I 4L ~ t 

cos ( 2 n + l )  lrx (5) 
2L 

Eq. (5) can be conver ted to average extraction rate, 
re(O), in stead of concentrat ion Qx,  o ) as the form; 

ca (0) = 1 -  Z 8 D ~ ( 2 n + l ) ~ 0  / 
m . . . .  ( 2 n + l ) ' u  ' -exp { 4L'  

{6) 

Where  m(O) and mo is the amount  of soluble re- 
mained  in the solid and the initial amount  of solute 

respectively after the shift time, Osh~e, 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 express ion such as Eq. 
(6) to the case of mass transfer from natural substances 
s ince the morphology and mass transport  machan ism 
are significantly complicate. Thus, in the present  

study, the experimental  data are analysed by the sim- 
plified unsteady extraction rate expression of the form; 

m (0) 
- - e x p  t - K 0 ) ,  

mo 

K = F o / 0 ,  Fo=D~ 0 /d  ~ (7) 

w h e r e  K is defined as a parameter  and F o represeqts  

Fourier 's  number  and D s 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. 

R E S U L T S  A N D  D I S C U S S I O N  

The operating condit ions adopted in the present 

study and the external mass transfer coefficients ob- 

tained by Eq. (31) are summar ized  in Table 1. 
For the constant rate mass  transfer calculations, Ihe 

concentrat ion ol the extracted oil at the mass transfer 

interface was assumed to be constant  as the 95 % of the 
equil ibrium concentrat ion during the period of con- 
stant extraction rate. The amount  of oil extracted, m o, 
in the region that the constant rate mass transfer shifts 

Table !. Operat ing and hydrodynamic  condit ions  for the mass  transfer e x p e r i m e n t s  

Rut! T P d LI Csa t Re Sc Sin Kg 
No. (~ (atrn) (cnl) (cnl,'s) (~,"enl :~) (cln,,'s) 

1 5!) 272.11 0.05 0.02~";b;8 0.00717 1.5(}2 11.56 0.0471 7.63E-5 

2 50 272.11 0.05 I L0,t6;~2 0.00717 2.5 1 1.56 0.05322 8.52E-5 

3 50 374.15 O.t)5 O.(/2ti2D 0.01877 1.327 I4.01 t}.t)2653 3.65E-5 

4 50 :374.15 O.t)5 o.o~125 0.01877 3.1,t5 14.02 0.04363 6.17E-5 

5 70 272.11 O.05 o.{):~2~ 0.0065 1.919 ll).7l 0.03742 5.99E-5 

6 70 374.15 {).1)5 (LO2~77 0.02t)2 1.5!t}t 12.277 0.03385 4.79E-5 

? 50 204.08 O.154 o.I)>135G 0.0t)247 5.7-i7 10.1)3 0.2316 1.35E-t 

8 5(i 201.!)8 0.154 (,(~D~1!~2 0.00217 1560 10.03 0.5174 3.01E-4 

9 5(1 2t).1.08 0[54 0115,'-; 000247 2501 10.03 4.739 2.75E<1 

Ir 5(! :/7=t.15 0.154 o.()275S {)01877 4.287 14.01 0.5274 2.42E-4 

11 5(i 204.08 0.282;< (~ I 5:12s 0.~)0247 48.2!8 10.0:~ 3.g 1.20E< >, 

12 5U 1t7,1.15 I1282:'~ I} [!'; ;~ I).c)1877 15.36 l tOt  O.5123 1.28E-t 

l:~ 5l; 237,115 U 282;'~ I~l ,I?~)t ;  I)l)lSTT 4869 1-1 Ill 04208 1.05E-4 

14 5(} ',/7:1.15 (~ 282.~ Cl o5r  I)J)t877 IGl)4 1.I01 04471 1.12E-I 

15 50 37&15 o15.1 {}lG:;I qLo1877 83  14.UI {}.4039 1.85E-4 
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Fig. 4. Corre la ted  m a s s  transfer  coef f ic ients  for the 
diffusion contro l l ed  per iod.  

Extraction conditions; 

�9 T ~ 5 0 ~  270atm 
U~ 0.0288 cm/sec, a = 0.05 cm 

O T ~  50~ P= 270 aim 

U~ .: 0.0460 cm/sec, a = 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 resisl- 
ance inside the solid particle is almost independent 
with respect to extraction pressures and flow rates, 
however, highly sensitive to the extraction tempera- 
lure and particle size. 

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

Finally the overall a m o u n t s  of extracted oil with 

respect to extraction time, m ( 8 ) ,  by us ing  the esli- 

mated  correlation parameters ,  k~ and  D+ are s h o w n  in 

Fig. 7-8. It is bel ieved that the  mass  transfer rate for the 

high pressure  supercritical soybean  extracl ion is simi- 

lar to the case of drying. 
There  are [wo distinct relations be tween  dD'ing 

and  SCF process.  The  solution equiNbriu[~a is mainly  

d e p e n d e n t  on the t h e r m o d y n a m i c  propert ies  of the 

solwenl and mass  transfer  is divided into two regions. 

In the  first region the subs t ances  Io be e:~lracted are 

E 

c ~  -z 

E 
~z 

1.0 

I 

tO l 

ltl 2 
\ 5 

o N - 
+ r q I �9 p j , . ,  ~ i . ' I I ~ 

5 lt) 
Exlraclion linlt,, h~ 

Fig. 5. Corre lated  m a s s  transfer  coef f ic ients  for the 

diffusion contro l l ed  period.  
Extraction conditions; 

�9 T 70~ P = 270 aim 

U+ 0.0330 cm/sec, d ~ 0.05 cm 

�9 T 70~ P -  375 arm 

U~ ~ 0.0288 cm/sec, ~l 0.05 cm 

<.+ ] U 

~ - 

;? 

M 

E 
m li) l 

m 

=z 

]t) 2 

I~x l r a t ' i i l ) l ]  l ]H I t ,  i f '  

Plg. 6. Corre lated  m a s s  transfer  coef f ic ients  for the  
diffusion contro l l ed  period.  

Extraction and conditions: 
�9 T 50~ P 205 atni 

U~ -- 0.1458 cmlsec, a ti .154cm 

�9 T : 50~ P - 375 aim 

l;,+ 0.,0275 cnlisec, a = I).I54 cni 
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Table 2. Est imated  d i f fus iv i t ies  wi th  re spec t  to ex- 

p e r i m e n t a l  cond i t ion  

T P d U D s 

(~ (arm) {cm) (cm/s} {cm2/s) 

50 272.11 0.05 0.0288 3.20E-7 

50 272.11 0.05 0.0460 3.02 E-7 

70 272.11 0.05 0.0330 5.71E-7 

70 374.15 0.05 0.0288 6.15E-7 

50 204.08 0.154 0,1458 2.02E-6 

EL 0 374.15 0.154 0.0275 1.92E-6 

2Oi 

I 0  

00 
t) l 2 3 4 5 6 7 g !} 10 II 12 

ExrIa~tJo[l finle, ]/r 

Fig. 7. Extract ion of  s o y b e a n  oi l  f i l led by the  com- 

b ined  m a s s  t r a n s f e r  m o d e l s  at the  cons tant  

p r e s s u r e ,  375 atm. 

Exlraction conditions; 

�9 T : 50~ P ~- 375 alto 

d : 0.05 cm, U~ 0.0625 cm/sec 

T 70~ P 375 arm 

d ().05 cm, U~ 0.0288 cm/sec 

removed from the macropores and the particle sur- 

faces comparable to the constant rate dD'ing section, 
In the second [)art 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 fal]ing rale of d~Tin.~. 

FinaUy, the extraction rate of soybean with respect 
to s,.flvent consumpt ions  is shown in Fig. 9 with data ~,f 

Christianson et al. [7], the rale of extraction increased 

with increased supercritical pressure of the, solvent 

C O N C L U S I O N S  

Using a combined mass transfer calculations of fihu 
and diffusion ,.ontrolleci mass transport :nudels, rite 
extraction rate of crude oil from the dLy-mi[led suy- 

2.0 " , , , " r ; , ,' ,' ," , 

�9 m 

- 5 /  
1.0 

{)t) L L _  I J I I I I 

1 2 3 ,t 5 6 7 8 9 I0 11 2 
Extraction time, hr 

Fig. 8. Extract ion of  s o y b e a n  oi l  f itted by the  com- 

b ined  m a s s  t r a n s f e r  m o d e l s  at the  cons tant  

t e m p e r a t u r e ,  50~ 

Extraction conditions ; 
O T = 50~ P ~:: 375 alto 

d = 0.05 cm, U ~ = 0.0263 cmlsec 
i T= 50~ P= 270 arm 

d = 0 05 cm, U~ = 0.0462 cm/sec 

l t  I 

0 8 i  I a 

i o' 

O j } f  = 

/7 Yo"~ 

0 I 0 20 3(I 40 50 

CO2 c<,arsumi}il,m, kg 

Fig. 9. Extract ion c u r v e s  for  the  ex trac t ion  of  c r u d e  

oi l  f rom dry-mi l l ed  s o y b e a n s  wi th  supercr i t i -  

cal carl~)n d iox ide  at a so lven t  f l ow  r~ite 340 

m l / m i n  and a t e m p e r a t u r e ,  50~ 

Present study : 
�9 272 atm 
�9 374 arm 

Data reported by' Christianson et al. (1984); 
2~ 544 atm 

�9 340 arm 

bean charged in a small size of fixed bed are carried 

out. The results of the calculation show a goocl corre- 

Korean J. Ch. E. (Vol. 7, No. I) 
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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 s 

Ci 
C:~ 

z~ C m 

Dg 

Ds 
F 

F o 

kg 
m( e ) 
nl  o 

P 
T 
U 
Vt 

specific mass transfer area, [m2/m 3] 
solute concentration in solid surface, [g/m 3] 
solute concentration in the supercritical sol- 
vent, [g/m 3] 
concentration difference of oil between the 
mass interface and mean bulk concentration, 
[g/m 3] 

mean particle diameter of soybean solid, 
[mini 
binary diffusion coefficient for binary CO:r 
soybean triglyceride, [cm2/s] 
diffusivity in the solid phase, [cm2/s] 
flow rate of carbon dioxide at standard slate, 
[m//min} 
Fourier's number 
external mass transfer coefficient, [m/see] 
amount of solute remained in the solid, [g] 
initial amount of solute in the solid, [g] 
pressure, [atm] 
temperature, [~ 
superficial velocity, [cm/sec] 
total effective volume of soybean bed, [m3! 

Greek Letters 

: void volume of bed 
8 : extraction time, [hr] 
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