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Supercritical carbon dioxide extraction of oil from fixed 
beds (4.8 mm, 24.5 and 12.7 mm I.D.) of crushed canola 
seeds is described. Exper iments  were performed to obtain 
equilibrium data and extraction rates at  55 C, 36 MPa 
using solvent velocities ranging from 0.04 to 2.8 mm/s. A 
one-dimensional, unsteady state mathematical model 
was used to obtain the oil concentration profiles in both 
the solvent and solid phases, and to determine the 
overall volumetric  mass  transfer coefficients.  The 
calculated concentrations and extraction rates are in 
good agreement  with experimental  results. The  overall 
volumetric mass  transfer coefficient for the initial, 
constant rate extraction was correlated with interstitial 
velocity. 

The extract ion of vegetable oils using supercritical 
ca rbon  d iox ide  has  been  s t ud i ed  as a p o t e n t i a l  
a l te rna t ive  to the cur ren t  indust r ia l  processes  of 
expeller pressing, prepress  solvent  ex t rac t ion  and 
s t ra ight  liquid solvent extract ion (1-3). The fundamental  
design of supercr i t ica l  solvent  ex t r ac to r s  in bo th  
fixed-bed and countercurrent  flow extractors  requires 
data  on the solubility of oil in the solvent phase, the 
equilibrium distribution of oil between the seed and the 
solvent phase, the rate  of oil t ransfer  from the seeds to 
the solvent, and the relationship between mass t ransfer  
coefficients and operat ing variables. 

In an earl ier ,  p re l iminary  inves t iga t ion  of the  
C O / c a n o l a  ex t r ac t i on  process  (3), equ ipment  and 
procedures were described for obtaining equilibrium 
da ta  and mass t ransfer  coefficients. 

The  p r e sen t  paper  p re sen t s  a one-dimensional ,  
uns teady  s ta te  mathematical  model of a fixed bed 
extractor.  The differential equations are solved by  using 
the method of characterist ics to provide the concentra- 
tion history of oil in both  the solid and fluid phases. The 
predicted results are compared with selected experimental  
data. In addition, overall mass t ransfer  coefficients were 
obtained by matching the calculated and experimental  
extract ion curves. 

*To whom correspondence should be addressed. 
Nomenclature. A,,, specific surface area of seeds. [m2/m ~ of bed]; 
A~K, overall volumetric mass transfer coefficient for initial 
constant rate period, [kg CO2/(m3s)]; H, total height of bed, [mm]; h, 
axial distance along bed, [mm]; Ms, mass of oil extracted, [kg]; R, 
rate of oil mass transfer, [kg/s]; t, time, [s]; U, superficial velocity of 
solvent, [mm/s]; v, average interstitial velocity of solvent, u/E. 
]mm/s]; x, oil concentration in seeds, [kg oil/kg oil free seeds]; xo, 
initial oil content of seeds, [kg oil/kg oil free]; y, oil concentration in 
the solvent phase, [kg oil/kg CO2]; y*, saturation oil concentration 
in solvent phase, [kg oil/kg CO2]; yo(t), oil concentration in solvent 
phase at extractor outlet at time (t) [kg oil/kg CO2]; z, ~h/U, [s]; ~, 
void fraction of the bed of seeds [dimensionless]; e, density of 
solvent phase, [kg/m~]; Q~, density of seeds, [kg/mS]. 

EQUILIBRIUM DATA 

In order to solve the mass balance equations which 
describe the extract ion of oil from a fixed bed of canola 
seeds (3), the equilibrium relationship must  be known: 

y* = f{x} 

where y* denotes the concentrat ion of oil in the solvent 
p h a s e  in e q u i l i b r i u m  wi th  seeds  h a v i n g  an oil 
concentrat ion x. The units  of y* and x are [kg oil/kg CO2] 
and [kg oil/kg oil free seed], respectively. This relationship 
was obtained experimental ly in the following manner. A 
port ion of the oil in flaked Canola seed was first  
extracted using either hexane or supercritical COs. The 
result ing oil concentrat ion of the partially ext rac ted  
flakes ranged from 0.2 to 0.7 g oil/g oil-free seed. 
Samples of these flakes were then placed in a 12.7 mm ID 
vessel, and supercritical COs at 36 MPa  and 55 C was 
passed through the bed of flakes at flow rates ranging 
from 40 to 160 g/hr. The oil concentrat ion in the COs 
s t ream leaving the bed was determined as a function of 
time by passing it through a pressure reducing valve and 
measuring the quant i ty  of precipi tated oil and the 
corresponding COs volume (3). 

For all of the experiments using partially extracted 
flakes, it was found tha t  the oil concentrat ion in the COs 
leaving the bed had a constant  value of 0.011 +__ 0.001 g/g 
CO2 at  36 MPa and 55 C. The results indicate that ,  over 
the range of seed oil concentrat ions used, the seed tissue 
does not  have a physical or chemical affinity for the oil 
and acts merely as an inert  substrate.  The relationship 
y* = f{x} can thus be represented by y* = constant.  The 
constant  corresponds to the oil solubility in the COs at  a 
specified pressure and temperature,  i.e. for 36 MPa and 
55 C, y* = 0.011 g oil/g COs. 

MATHEMATICAL MODEL OF FIXED-BED EXTRACTOR 

The extract ion of oil from a fixed bed of seeds is an 
unsteady-s ta te  process. At  any point  in the bed, the oil 
concentrat ions in the solid and solvent phases vary  
continuously until  equilibrium is reached. Because seeds 
remain fixed in place, their oil content  changes with time 
and distance along the axis of the bed. A previously 
developed mathematical  model (3) for predicting solvent 
and seed phase oil concentrat ions as a function of t ime 
and bed position used just  two independent variables 
(time and axial distance}. The model is based on the 
assumptions that  plug flow exists in the bed and that  axial 
dispersion in the bed is negligible. If the fluid flow rate, 
temperature,  pressure and bed properties are regarded 
as constant ,  the material  balances for an element of bed 
are given by: 

Solvent phase: ~ 6__yy + QU 6y --A~K(y*-y) [1] 
dt dh 
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Solid phase: (l-E) ~s ( i x  = -A,K(y*-y)  [2] 
(it 

The last  terms in Eqs. 1 and 2 represent  the rate of 
interphase t ransfer  of oil. If it is assumed tha t  the 
solvent is oil-free at  the entrance of the ext rac tor  and 
tha t  all the seeds have the same initial oil content  (Xo), 
then the boundary conditions are: 

y = O a t h = O f o r t > ~ O  

X = x o a t t  = 0 f o r 0 < h ~ < H  

Given tha t  the solubility of the oil in CO2 is known (i.e. y* 
= 0.011 g oil/g oil-free seed at 36 MPa, 55 C) Eqs. [1] and 
[2] can be solved to obtain the concentrat ion profiles of 
oil in the solvent and solid phases, respectively, as a 
function of time. 

An effect ive numerica l  me thod  for solving this  
sys tem of equations is the method of characterist ics 
(4,5). Equat ions  [1] and [2] are first rearranged as follows: 

and 

(iy + 6 y _  R{x,y} 
[3] 

(it 6z ~Q 

(ix = _ R_{x,y} [4] 

6t (1--~)Q~ 

where z = ~h/U [5] 

Similarly, combining Eqs. [10] and [8], and using Eq. [4], 
gives: 

dx (ix -R{x,y} ( _ _ ) , ,  - -  - -  [12] 
d t  (it (1 --~)~ 

Equat ions  [11] and [12] may be integrated numerically. 
The initial conditions provide the values of x and y along 
the two characterist ic lines z = 0 and t = 0. All other 
values in the z-t plane may be calculated from a mesh of 
network characterist ic lines having intervals of hz and 
At. For  each At interval, x and y are evaluated from the 
bed entrance to the exit by taking intervals Az along the 
bed. Thus, all points of intersection of the characterist ic  
lines z = nhz and t - z + mat  can be computed. At and 
Az are arb i t rary  and m and n are integers.  Rapid 
convergence in the integrat ion of Eqs. [11] and [12] is 
assured by using the modified Euler  method  and 
appropriate choices of At and Az (5). In our solution, 
which was obtained using a computer  program designed 
to solve partial  differential equations (6), typical  values 
of At and Az were 60 s and 2 mm, respectively. 

In order to compare the experimental  and calculated 
extract ion curves, the oil concentrat ion in the solvent 
phase at the ext rac tor  outlet, y,,{t}, was used to calculate 
the total  mass of oil extracted,  (M,), i.e.: 

Me = tnfoTy~{t}dt [13] 

where rn denotes the solvent mass flow rate. M, was 
calculated for various t ime periods and then plot ted for 
comparison with experimental  extract ion curves in the 
determinat ion of the overall mass t ransfer  coefficients. 

and R{x,y} = ApK(y*-y) [6] 

Since y and x are both functions of t and z, their total  
differentials are given by: 

(iY dt  + (iy dz dy [7] 
(it (iz 

dx 6x 
dt  + dz = dx [8] 

dt dz 

Equat ions  [3] and [7] are simultaneous equations in the 
unknown 6y/6t and 6y/6z. Set t ing the determinant  of the 
coefficients of these unknowns equal to zero leads to 
characterist ic curve I(4): 

dt  
( - ~ z  b =  1 or t = z + c o n s t a n t .  [9] 

Similarly, Eqs. [4] and [8] yield the characterist ic curve 
II: 

(dz), = 0 or z-= constant .  [10] 

Subst i tu t ing Eq. [9] into Eq. [7] and using Eq. [3] gives: 

(d~) ,=.6y + 6y ___R{x,Y} [11] 
6z 6t ~ 

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

Typical extract ion curves, i.e. plots of total  mass of oil 
ext rac ted  vs total  CO2 used, are shown in Figures 1 to 3. 
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U LID ILO 24.0 32J2 41W 48.0 56+0 S4+O "t~O ~ ~ 
TOTRL C02 PRSSED THROUGH EXTRRCTOR (O) 

FIG .  1. Extraction results obtained by passing CO2 at 55 C an d  36 
M P a  t h r o u g h  a 4.8 m m  ID  extractor containing 1.5 g of crushed 
seed. CO2 flow-rate: 1.6 g/vain, which corresponds to v = 2.8 m m / s .  
The computed extraction curves were calculated using three 
different values of A.K.  

JAOCS, VoL 63, no, 7 (July 1986) 



923 

MODELLING SUPERCRITICAL CO~ EXTRACTION 

The experimental data were obtained for different seed 
pre- t reatments ,  ex t rac tors  and operat ing condi- 
t ions. In all cases, the exper imental  da ta  fall 
initially on straight lines, thereby indicating a constant 
rate of oil extraction. During the initial period, the 
external surfaces of the seeds probably are completely 
covered with oil and the effluent solvent is saturated 
with oil. This is followed by a transition period, during 
which the rate of extraction drops rapidly. The rapid 
decrease in the extraction rate may be caused by the 
depletion of the continuous layer of oil on the seed 
surfaces, thereby resulting in a reduced effective area 
available for oil transfer and hence a reduced overall 
mass transfer coefficient, A,K. When all of the surface 
oil has been removed, the rate of extraction depends on 
the diffusion of oil to the surface from the interior of the 
solids. This rate is very low compared with the initial 
rate. 

In addition to the experimental data, Figures 1 to 3 
also show the corresponding extraction curves predicted 
by the mathematical model. The good agreement 
between the experimental and computed values under 
the different operating conditions indicates that the 
mathematical model is able to simulate the extraction 
process quite welt. 

Further evidence of the validity of the mathematical 
model is provided by Figure 4, in which the oil 
concentration is shown as a function of distance from 
the bed entrance; normalized units are used for the bed 
height. The experimental results were obtained by 
passing supercritical CO~ through the seed bed for 240 
min under operating conditions similar to those used in 
Figure 3. The CO~ flow was then stopped and the 
extractor pressure reduced to atmospheric pressure. The 
extractor was then opened and the seed bed removed in 
eight separate sections, using a vacuum line connected 
to a small flask. The oil content of each section was 
determined by hexane extraction. As seen from Figure 4, 

good agreement between the computed and experi- 
mental results was obtained. The confidence limits of 
the experimental results are indicated by the error bars 
in Figure 4. 

Typical computed concentrations of the oil content in 
the solvent- and seed-phase are shown in Figures 5 and 
6, respectively. As anticipated from basic physical 
considerations, the curves have a sigmoidal shape, with 
the ascent-portion of the curves advancing through the 
bed with increasing time. In Figures 7 and 8, the oil 
concentrations in the seed and solvent phases, respec- 
tively, are shown as a function of bed position and time. 
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FIG. 3. Extraction results obtained by passing CO~ at  55 C and 36 
MPa through a 25.4 mm ID extractor" containing 12.0 g of crushed- 
seed. CO2 flow-rate: 1.4 g/min, which corresponds to v = 0.08 mm/s. 
The computed extraction curve was calculated using A,K = 10 
kg/m~s. 
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FIG. 2, Extraction results obtained by passing CO2 at 55 C and 36 
MPa through a 12.7 mm ID extractor containing 4.0 g of crushed 
seed. CO2 flow-rate: 2.7 glmin, which corresponds to v = 0.65 mmls. 
The computed extraction curve was calculated using A,K = 33.33 
kg/m3s. 
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FIG. 4. Oil concentration in the seeds [kg oiltkg oil free seeds] as a 
function of normalized distance from the bed entrance after 240 
min. (185 g CO~). The conditions correspond to those shown in Fig. 8. 
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The  v a l u e s  of t he  c a l c u l a t e d  overa l l  v o l u m e t r i c  m a s s  
t r a n s f e r  c o e f f i c i e n t s  ( A p K ) ,  w h i c h  g a v e  t h e  b e s t  
a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  in t h e  c o n s t a n t  
r a t e  per iod ,  a re  shown  in F i g u r e  9. The  b e s t  f i t  was  
o b t a i n e d  b y  o v e r l a y i n g  t h e  c o m p u t e d  p r e d i c t i o n s  o n t o  
t h e  e x p e r i m e n t a l  r e su l t s .  Th is  p r o v e d  to  be  f a i r ly  s imp le  
a n d  accu ra t e ,  a s  m a y  be  seen  f rom F i g u r e  1, in  w h i c h  t h e  
p r e d i c t i o n s  u s i n g  t h r e e  d i f f e ren t  v a l u e s  of  ApK are  shown.  
The  v e r t i c a l  b a r s  in F i g u r e  9 i n d i c a t e  t he  r a n g e  of  ApK 
va lues  which  g a v e  f a i r l y  good  a g r e e m e n t  b e t w e e n  the  
p r e d i c t e d  a n d  m e a s u r e d  resu l t s .  The  p l o t t e d  ApK v a l u e s  
a re  t he  a r i t h m e t i c  m e a n  of t he  e x t r e m e  va lues .  

F i g u r e  9 shows  t h a t  t he  v o l u m e t r i c  m a s s  t r a n s f e r  
coef f ic ient  i nc reases  w i th  i n t e r s t i t i a l  ve loc i t y  and  m a y  
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FIG. 5. Oil concentration in the solvent-phase (kg oil/kg C02) as a 
function of normalized distance from the bed entrance at four 
different times• The conditions correspond to those shown in Fig. 1. 
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FIG• 6• Oil concentration in the seed-phase Ikg oil/kg oil-free seed] 
as a function of normalized distance from the bed entrance at four 
different times• The conditions correspond to those shown in Fig. 1. 
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FIG• 7. Predicted oil concentration in the seed-phase [kg oil/kg 
oil-free seed] as a function of normalized distance from the bed 
entrance and time. The conditions correspond to those shown in 
Fig. 1. 
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FIG• 8. Predicted oil concentration in the solvent phase [kg oil/kg 
CO2] as a function of normalized distance from the bed entrance 
and time• The conditions correspond to those shown in Fig. 1• 
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FIG• 9• Volumetric mass transfer coefficients (A,,K) as a function 
of interstitial velocity (v). 
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be represented by the equation: 

ApK = 32.89 v °-~4 [14] 

The units of ApK and v are kg CO2/m3s and ram/s, 
respectively. The exponent in Eq. [14] lies between the 
value of 0.33 reported for mass transfer in liquids (7-9) 
and 0.6 reported for mass transfer in gases (10,11) at  
comparable  Reynolds  numbers .  Since supercri t ical  
fluids have physical and t ranspor t  properties which fall 
between those of liquids and gases, the exponent of 0.54 
in Eq. [14] is plausible. 
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