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Abstract 
The ultrasonic extraction of cottonseed with 

ethyl alcohol is studied. Several t rea t ing  systems 
are evaluated with the seed in different positions 
in regard to the ultrasonic field. A calorimetric 
method was used for measuring the ultrasonic 
power to the t reat ing vessels. The ultrasonic field 
had a f requency of 26 Kc/see, and there was a 
power range f rom 0 to 2 wat ts /era  e. The tempera-  
ture was varied between 25 and 75C for a set 
of runs, and a solvent flow rate of about 1 ml/sec 
was used for most runs. I t  appears  that  the 
tempera ture  effect is the same for runs with 
and without ultrasonics. A capil lary flow me- 
chanism is discussed to explain the tempera ture  
effect. Only the extraction without ultrasonics 
could be predicted by the lat ter  model at a given 
tempera ture  level. 

Considerable improvement  in the extraction 
rate was obtained when the ultrasonic pressure 
gradient  was used parallel  to the main solid liquid 
interface. A generalized empirical  equation is 
presented, relat ing the rate of extraction to the 
calorimetrie power to the extraction vessel, the 
total area normal  to the ultrasonic field, and the 
seed loading for a par t icular  geometry. By using 
Fiek 's  law of diffusion and a simplified physical 
model, the data are also presented as an equation 
of the diffusion coefficient as a function of the 
ealorimetrically measured ultrasonic power, the 
total area in the pa th  of the ultrasonic field, and 
the seed loading. 

Introduction 

U LTRzkSONIC ENERGY i s  used commercially in clean- 
ing devices, homogenizers, fog arresters,  and 

other applications, but  no ultrasonically assisted, 
mass-transfer,  industrial  applicat ion is known. 

As early as 1937 Marineseo (1) studied the effect 
of ultrasonics in the breaking of gels and other ap- 
plications. Later  an applicat ion of ultrasonics in 
fract ionation was patented (2), and sometinle ago 
some pre l iminary  extractions of peanuts  in an ultra-  
sonic field were reported (3). 

Numerous patents  in the field deal with appara tus  
for  the t rea tment  of fluids, with appara tus  for uniform 
exposure of the material ,  with concentrating mosaics 
of transdueers,  with sirens, whistles, etc. 

The solution of the problem of visualization and 
measurement  of ultrasonic fields has been approached 
by using compensated calorimeters, radiometers,  di- 
latometers, microphones, and other equipment. 

Ultrasonic energy produces two impor tant  phe- 
nomena:  cavitation and mierostreaming. Cavitation 
is the format ion of t iny gas-vapor bubbles, which 
oscillate with the ultrasonic field and eventually 
eollapse or coalesce into bigger bubbles that  go to 
the surface of the liquid. There is a controversy about 

1 F r o m  a doctoral  d i s se r t a t ion  (chemical  engineering)  at the Poly- 
technic  I n s t i t u t e  of Brooklyn .  Presented at I I I  Inter-American Con- 
vent ion  of Chemical  Eng inee r s ,  Mexico, October  1966. 

e P r e s e n t  a d d r e s s :  Central American Research Institute for  I n d u s t r y  
( I C A I T I ) ,  G u a t e m a l a  City, Guatemala. 
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the origin of cavitation, but it is often mentioned tha t  
the presence of air nuclei and/or  organic impurit ies 
and the physical propert ies  of the liquid affect the 
cavitation thresholds. Mierostreaming appears  in the 
surroundings of a solid object, immersed in a liquid 
in which there is also an ultrasonic field. I t  is really 
tm'bulence distinct from the ultrasonic waves them- 
selves. The effect of mierostreaming on heat exchange, 
crystal  growth, and sound absorption has been in- 
vestigated by several authors (11). 

The solvent extraction of vegetable oil f rom oil 
seeds may be thought  of as consisting of the following 
steps: a) bulk flow of the lean miscella to the neigh- 
borhood of the seed part icle;  b) microscopic flow of 
the lean miscella to the interior of the seed; e) mi- 
croscopic flout of the rich miseella to the outside of 
the seed; and d) macroseopic flow of the rich miscella 
from the neighborhood of the seed partiele to the 
bulk of the miseella. The solubilization of the oil 
in the solvent takes place in all these steps. F rom 
the s tandpoint  of morphology tile oil is located inside 
cells, the walls of which are resistant to the traffic 
of the miseella. 

I t  was postulated that  the ultrasonic waves cause 
al ternat ing pressure gradients tha t  may aeeelerate 
the extraction by speeding up all or some of the steps 
in the mechanism. The objectives of this work were 
to evaluate the magni tude of the effect of the ul tra-  
sonic waves on the rate of extraction and to cheek 
the adaptabi l i ty  of models which have been proposed 
to explain the mechanism of vegetable oil extraction. 

Experimental Section 
Power Measurement 

The l i terature presents the following methods of 
power measurement :  inverted cone (4), mierophonie 
techniques (5), radiometers (5), acceleration of the 
iodine starch reaetion (6), and dilatometers (7). All  
of the methods were evaluated, but  none was acceptable 
under  the conditions of the experiments. However  
the last one gave support  to the calorimetric method 
finally adopted. Calor imetry was suggested by  
Szilard (8). 

The dilatometric and the calorimetric methods of 
the measurement  of ultrasonics are essentially the 
same; the absorption of ultrasonic energy eauses a 
tempera ture  increase, the tempera ture  elevation ex- 
pands the volume, and either the tempera ture  or the 
volume increases are measured. 

The calorimetry was reliable according to several 
sets of runs (11). The effects of the depth of im- 
mersion of the tempera ture  probe, the horizontal 
position of the probe, and the t ransdueer 's  cooling 
water  rate were not significant. Whether  a the>  
mometer  ( t Ig )  or a thermocouple was used as tem- 
pera ture  probe did not affect the aceuraey of the 
method. The frequency of the equipment was checked 
both by measuring the distance between power peaks 
in a s tanding wave field and by using an oscilloscope 
and a signal generator  (11). 

I t  is interesting to note that,  with a fixed im- 
pedance, the power output  is essentially l inear with 
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the input  (Figure  1). F rom the slope of the line it is 
seen that  the equipment efficiency is about 13%. 

For  batch operations the calorimetric method con- 
sisted of recording the tempera ture  history of a known 
amount  of seed-solvent mixture  and determination of 
the heat input  f rom the data. The continuous flow 
runs needed time for steady-state conditions to be 
reached. A t  steady state the tempera ture  increase 
of the solvent s t ream because of the absorption of 
ultrasonic energy, mult ipl ied by the flow rate and 
the heat capacity,  yielded the heat input  per unit  
time. The heat losses had to be accounted for, and 
these, added to the heat input  calculated for a par-  
t icular run, gave the actual  ultrasonic energy input. 
A few dummy runs without ultrasonic energy did 
not suffice to evaluate the heat losses. Strong de- 
pendence of the heat losses on the tempera ture  

gradient  for  heat losses (average solvent t empera ture  
minus average room tempera ture)  was found. F ina l ly  
a set of corrections was developed in which the heat 
losses were expressed as a function of the seed load- 
ing. Once the heat losses were determined, it was 
simple to make a heat balance and calculate the exact 
ultrasonic power absorbed by the extract ing system. 

A p p a r a t u s  

The ultrasonic generator  was a DR400-A (Aeoustica 
Associates) with an specified operat ing frequency of 
25.9 Kc/sec. Variation of the power output  was 
produced by insert ing an au to t ransformer  in the 
prima13, of the high voltage t ransformer .  Two extra  
capacitors had to be added to filter out high frequency 
voltage peaks, which ruined the original insulation 
of the high power t ransformer.  No change in the 
frequency of the generator  was found when these 
capacitors were added. 

The alcohol was recovered and reused ; an Oldershaw 
vacuum rect i fying column was used to concentrate 
the alcohol. A Mcttler analytical balance was em- 
ployed to determine the amount  of oil extracted. Two 
sets of thermometers  were used, one was graduated 
in half degrees, the other in tenths. The thermometers  
were cross-checked and found to be in agreement. 

G e n e r a l  

The 26 Kc/sec  ultrasonic field cavitated with ease 
at the low power levels used. The ultrasonic power 
input  to a t reat ing vessel varied between 0 and 2 
wat t s /cm 2 computed over the area normal  to the 
pressure gradient  of the acoustic field. The maximum 
power to a t rea t ing  vessel was 72.5 watts. The 
longitudinal mode of vibrat ion was characteristic of 

solvent 
tch) 

/ ~ seed transducer 

Treating system 1- Treating 

solvent out 

seed 

~ 
" transducer 

system ]1- 

solvent outl 

- ' ~ 1 7 6 1 7 6  

I solvent in 

Treating system TIT 

FI6.  2. D i f f e r e n t  t r e a t i n g  sys tems .  

solvent out 

solvent2n ~ screen 

l ] ~ / / '~ , -  transducer 

solvent out l 

t 
I velocit y~_ .~  "-~'-+~ J~s~eed 
transformer t solvent in 

Treating system ~ 
Treating system ]~" 



OCTOBER, 1967 SCttL'RIG AND SOLE: ULTRASONICS IX EXTRACTION OF OILSEEDS 

o - -  

o 

~'J ~ 4 5  t 

o 
0 1.0 2 . 0  

log 0 minutes 

35  

~ 4 0  

--45 

o~ 
~5 
o~ 

,~O ~55 
0 I 0  2 0  

log  0 m i n u t e s  
Fie. 3. Oil content vs. time. The nmnbers on the lines are 

temperatures. The "U" stands for runs with ultrasonics. 

the field used. Standing waves were present when 
the acoustic pressure gradient was parallel to the main 
solid-liquid interface. 

The solvent was 95% by volume ethanol, and the 
oil-bearing material extracted was cottonseed. On 
one set of runs the temperature was varied from 25 
to 75C; all other runs were taken at 25-30C solvent 
inlet temperature to the extraction vessels. A solvent- 
to-seed ratio of 3 to 1 was used in the batch runs. 
In  the continuous solvent flow runs, a solvent flow- 
rate of 1 ml/sec was used with seed beds of 60, 120, 
180, 240, and 450 g. 

The seed was flaked in a roll mill with .009 in. 
clearance and had the following screen analysis: 

Mesh % Retained 

10 55-60 
14 15-25 
20 15-20 
20(pass) 5- 6 

Different Treating Systems 

The five treating systems used are shown in Figure 
2. System I was a 300-ml, round-bottom flask im- 
mersed in a constant temperature bath and fitted with 
a condenser. In  a typical run 60 g of seed were 
loaded in the flask, and, once temperature equilibrium 
with the bath was established, the solvent was added. 
At  this moment the ultrasonic field was applied, and 
the start ing time of the run was marked. At the 
end of the run a sample of miscella was taken, and 
the amount of oil in the sample was obtained by 
evaporat ing the solvent and weighing the residue. 
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System I was abandoned because of unfavorable 
geometry and the limitations of batch operation. 

System I I  consisted of a cylindrical upright  vessel, 
for which the transducer 's face served as bottom. The 
solvent flowed upward across the seed bed, which 
rested on the transdueer 's face. In  a typical run 
the seed would be charged to the vessel and the sol- 
vent flow started. When the first miscella discharged, 
the ultrasonic field was applied and the start of the 
run marked. All  the outflowing miseella was collected 
in tared flasks; 21 consecutive samples were taken at 
three-minute intervals. The solvent was evaporated, 
and the residual oil was determined by weighing. 
System I I  was abandoned because it was found that 
the weight of the seed bed hindered the vibration 
of the transdueer's face. 

System I I I  was System I I  lying on its side. De- 
pending on the loading, the seed bed occupied from 
one-fourth to one-half of the volume of the cylinder. 
The solvent was admitted near the transducer under 
the seed bed. The miseella discharged from the top 
of the cylinder at the opposite end from the transducer. 

System IV consisted of an upright  cylinder, divided 
in two parts by a Monel screen; the seed bed was 
placed in the upper compartment. The distance from 
the face of the transducer to the screen was one wave- 
length. The solvent flowed upward through the seed 
bed. 

System V was similar to System I I I  except for a 
velocity transformer which was intended to provide 
higher power densities. The transformer did not have 
the desired effect, and it was abandoned. The bulk 
of the work was carried out with System I I I .  

Resul t s  and D i s c u s s i o n  

Batch Experiments--Temperature Effect 

For the exploratory experiments, System I (batch) 
was used. Data were taken at temperatures of 30, 
39.5, 50, 60, 72, and 75C. The equations obtained by 
stat ist ical  analysis of the data give significant cor- 
relation coefficients. The data and the statistical fit 
lines may be seen in Figure 3. The general regres- 
sions obtained by fur ther  manipulation of the data are 

for runs without ultrasonics 
C = . 5 1 8 @  "0012st .046 

for runs with ultrasonics 
C = .518@ "~176 + .ooo8 

These equations have the same coefficients and the 
same exponential temperature term. Therefore it was 
concluded that  the effect of the temperature on the 
extraction was independent of ultrasonics. 

The rates of extraction for temperatures up to 65C 
may be written without serious error 

for runs without ultrasonics 
(dC/d@)t  = (.00128t - .0460) .518 @-~ 

for runs with ultrasonics 
(dC/d@) t  = (.00128t + .0008) .518 0 -~ 

The Capillary l~low Mechanism 

The effect of the temperature on extraction has been 
discussed by Othmer and Agarwall  (9), using a 
viscous flow in capillary passages physical model. 
These authors propose that the rate of extraction 
should be equal to a constant multipled by a function 
of the physical properties of the miscella. This func- 
tion identified as gamma ( r )  is the product  of the 
surface tension and the density, divided by the 
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viscosity. Although the concentration of the oil in 
the miscella in these runs was never above 5%, the 
combination of the physical properties of both 95% 
ethanol and cottonseed oil produce a gamma function 
that changes considerably with temperature. Since 
the surface tension, density, and viscosity are all 
temperature-dependent, this is to be expected. 

In  order to cheek whether this model explained the 
experimental data, the following relationships were 
investigated: g a m m a  function versus oil concentra- 
tion and temperature, oil in the miscella versus the 
temperature and the time of extraction, and com- 
bination of 1 and 2, yielding g a m m a  as a function of 
temperature and time of extraction for runs with 
and without ultrasonics. 

The first relationship was obtained by combining, 
for the binary, the physical properties of ethyl alcohol 
(95%) and cottonseed oil over the concentration and 
temperature ranges of the experiments (11). 

According to the model the extraction rate may be 
written : -- ( d C / d O )  = K P 

Therefore it is possible to compare the experimental 
and the theoretical results by using one experimental 
point to evaluate K. Figure 4 presents the lines 
obtained for the theoretical as well as the experi- 
mental results. The point used to evaluate K is the 
one common to both curves. 

For  runs without ultrasonics, the extraction rate 
may be predicted at any one temperature level by 
evaluating K from an experimental point. For  runs 

with ultrasonics the model fails to predict the results 
obtained. This indicates the possibility that the 
ultrasonic waves travel deeper into the seed bed than 
what was thought possible. 

D a t a  w i t h  O t h e r  S y s t e m s  

In  regard to System I it was calculated that the 
coupling coefficients (efficiency of transmission of 
ultrasonie energy across interfaces of different ma- 
terials) would account for a loss of more than 50% 
of the energy falling on a glass wall in a water- 
ethanol transmission path. The spherical geometry 
would lower the efficiency farther. 

The data obtained have been considered under the 
discussion on temperature effect. The power to the 
treating vessel was 1.39 watts, and the amount of oil 
obtained in the extraction with ultrasonics in an hour 
was roughly 8.3 times more than the amount obtained 
without ultrasonics from the same weight of seed, 
or an improvement of about 830% on this basis. 

The results with System I I  indicate that the power 
to the treating vessel was 3.67 watts and that  the 
data could be fitted to a straight-line relationship be- 
tween the time (O)  and the oil content at any time 
minus the oil content at time zero (C-Co). Differentia- 
tion of the equation yielded the mean extraction rate 
at any time during the run. With a seed loading of 
120 g the extraction rate was 10% higher with ultra- 
sonics than without ultrasonics. Two runs with 450 g 
of seed did not yield any difference between data 
with and without ultrasonics. 
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The results obtained with System I I I  are presented 
in F igure  5. The extraction rate with ultrasonics is 
255% higher than  without ultrasonics, it will be noted. 
The power to the t rea t ing  vessel was about 18 watts 
for a seed loading of 120 g. 

System I V  was conceived with a positive solvent 
flow through the bed and with the seed weight re- 
moved from the t ransdueer 's  face so that  the lat ter  
would not be hindered in its vibration. The rate of 
extraction was 26% higher with than without ul tra-  
sonics. System V incorporated a velocity t ransformer  
aimed to an increase of the power per  unit  area. A 
200% improvement  in the extraction rate was realized, 
but  no increase in the power density over that  of 
System I I I  was obtained. 

Casual observation of the data with System I I  (11) 
led to the belief that  the solubility of the oil was 
l imiting the extraction with and without ultrasonics, 
but, in comparing the data for the runs with 120 g 
and 450 g, it was clear that  the solubility was not 
l imiting the extraction. Should solubility control 
the extraction, rates would be twice the ones ob- 
tained. Comparison of the data with Systems I I  
and I V  indicated similar extraction, as would be 
expected. 

Systems I I I  and IV  have geometry favorable to 
the establishment of a s tanding wave field, that  is, 
free transmission pa th  and length of transmission 
which is a multiple of the wavelength, and, as ex- 
pected, the calorimetric power gives higher values in 
these cases. Comparison of data for Systems I I  and 
I V  with those of Systems I I I  and V appears  to in- 
dicate that  the effect of ultrasonics is just  agitation 
on a relatively s tagnant  main interface for Systems 
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I I I  and V. To investigate this possibility the ex- 
tract ion per unit  area of main interface was plotted 
against  time for  several seed loadings, but  the results 
were poor. The correlation in terms of the weight 
of the seed bed gave better  results, indicating tha t  
the extraction took place throughout  the weight 
(volume) of the bed. 

V a r i a t i o n  a t  D i f f e r e n t  S e e d  L o a d i n g s  

The extraction was evaluated with beds of 60, 120, 
180, and 240 g. The power varied f rom zero to the 
max inmm and was measured by the refined calori- 
metric technique (11). The data for 120 g showed 
some difference between individual seed-rolling 
batches coming f rom the same original master  batch. 
However, when the particle size oil content and mois- 
ture analyses for the individual rolling batches were 
compared, no differences were found. Within  the 
experimental  error  an extraction rate independent  of 
time could be obtained by differentiating the data as 
oil content minus a constant versus time. 

The power per  gram of inert  solids per  em 2 was 
based on two different areas, namely, the total and 
the free cross-sections normal  to the acoustic pressure 
gradient.  The over-all fit of the data  for  120 g of 
seed was good, despite the scatter, owing to the con- 
siderable number  of points (Figure  6). The statistical 
fit lines for the four  seed loadings in F igure  7 in- 
dicate tha t  lower seed loadings corresponded to higher 
extraction rates. This suggested plot t ing the data as 
rate of extraction versus power per  uni t  weight of 
inert  solids. The data are plotted in this fashion in 

| -  
! 

o .oo2 ~ ~ .oo8 . = o  . m 2  . = 4  .m6 . = 8  .o2o 

Power Watts/cm'-gm inert solids @ 

FIG. 8. Rate of  ex t rac t ion vs. u l t rasonic power  per un i t  area 
at different ]oadings fo r  t reat ing System I I I .  The power pet" 
uni t  area is based on the total cross section. 
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Figure  8, based on the total cross-section of the vessel. 
There is still a difference in data for different load- 
ings. This disorder of the curves may  indicate ex- 
perimental  errors ra ther  than inadequacy of the 
parameters  chosen. The above is an empirical  
correlation. 

An a t tempt  was made to explain the results by 
the theoretical approach of Fan  et al. (10). These 
authors used Fiek 's  law of diffusion and a thin slab 
physical model in analogy with the heat conduction 
problem. The solution was the integrat ion of the 
Four ier  equation. The following conditions were im- 
posed on the diffusion problem in order to obtain a 
simple mathematical  solution: a) the diffusion coef- 
ficient D is a constant defined by the equation: 

~C/~@ = D (82C/8X ~) 

b) the s t ructure  of the seed to be extracted is 
homogeneous in all directions, c) the distribution of 
oil in the seed is constant and uniform, d) the pa th  
for diffusion is small compared with the other di- 
mensions of the flakes, and e) the thickness of all the 
seed particles being extracted at any time is the same. 

In tegra t ion  of the equation with appropr ia te  
boundary  conditior~s gives an infinite series that,  for 
practical  applications, may be reduced to the first 
term. The simplified equation may  be wri t ten:  

log~o C/Co = -4 .286 [ D / ( 2  1) 2] @ - .0911 

This is the equation of a s t ra ight  line when log~oC/C,, 
is plotted against  the time of extraction @. The 
diffusion coefficient may be readily obtained f rom the 
slope. P igure  9 shows the general correlation de- 
veloped for all seed loadings and 

D = [71.74 (Po/A~W) - . 8 2 4 0 ]  • 10 9 

I t  is believed that,  in the range of the power levels 
investigated, the mechanisms of extraction with and 
without ultrasonics are the same, and both may be 
represented by the thin slab physical model and Fick 's  
law of diffusion. The controlling factor  of the diL 
fusion process is the diffusion f rom the inner regions 
of the seed to the surface. The dependence of the 
diffusion eoefficient on the ultrasonic power may be 
represented by a straight-line equation as a function 
of the power per uni t  area per uni t  weight of inert  
solids. 

Conclusions 

At 30C the improvement  in extraction realized with 
ultrasonics by  using System I may  be represented by : 
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i n e r t  so l id s .  T h e  p o w e r  p e r  u n i t  a r e a  is  b a s e d  on  t h e  t o t a l  
c r o s s  l~eetion. 

In  the interval  between 30 and 65C the data for 
System I may be represented by the equation: 

I = .518 [@ .oo125t-.0135 _ @  . 0 0 1 2 5 t - . 0 0 8 5 ]  

The percentage improvement  of the mean rate of ex- 
t ract ion at 30C is 830%. The tempera ture  effect on 
the extraction is the same with or without ultrasonics. 

The viscous flow model predicts rates of extraction 
at a given tempera ture  level from one data point for 
runs without ultrasonics but  fails for runs with 
ultrasonics. 

Systems I I I  and V gave the higher ultrasonic power 
readings because of geometry favorable to standing 
wave fields�9 The positive soh'ent flow through the 
seed bed in Systems I I  and IV  gave the highest rates 
of extraction. Bv percentage the highest improve- 
ments in extract{on were obtained with Systems I, 
l I I ,  and V, that  is, with the ultrasonic field axis 
parallel to the main solid-liquid interface. Placing 
the seed over the face of the t ransducer  seems to 
hinder it, and above a certain seed loading no im- 
provement  in extraction is realized. The solubility 
of the oil in the alcohol does not limit the extraction. 

The data for System I I I  is correlated by the 
empirical  equation: 

d C / d O  = - .03478 (Po/A2W) - .0003468 

The use of Fick 's  law and a thin slab physical model 
yields the diffusion coefficient as a function of the 
ultrasonic power per unit  area and the weight of seed : 

D = [71.74 (Po/A~W) - . 8 2 4 0 ]  • 10 -9 

The extraction mechanism with or without ultrasonics 
is controlled by the counterdiffusion of oil and solvent 
within the seed. The ultrasonic action seems to im- 
prove the mixing of the miscella and oil within the 
seed. I t  appears  that  the ultrasonic energy travels 
deeper in the seed bed and in the individual  seed 
particles than had been thought  possible. 

The ultrasonic power measurement  by calorimetry 
is convenient and independent of t empera ture  probe 
characteristics and position. 

N o m e n c l a t u r e  

A._, Total cross-sectional area of the extract ing 
vessel cm ~ 

C Oil content of the seed g oil /g inerts at t ime O 

Co Oil content of the seed g oil /g inerts at t ime 0 

D Diffusion coefficient em2/see 
I Improvement ,  difference between the oil con- 

tent  of runs with and without  ultrasonics, g 
oi l /g inerts 

K Propor t ional i ty  constant 
1 One-half thickness of the slab em 
Po Calorimetrieally measured power in the treat-  

ing vessel watts (output  of the generator)  

t Tempera ture  in ~ C 
W Weight  of inert solids in the extract ing vessel, 

g 
X Distance in the direction of diffusion f rom a 

central  plane in a slab cm 

Greek Letters 

I '  Gamma function of the physical propert ies;  
surface tension times the density, divided by 
the viscosity lbs-sec/ft. 4 

@ Time elapsed f rom the s tar t  of the extraction 
minutes 
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