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Pilot Scale Study of Vegetable Oil Extraction by
Surfactant-Assisted Aqueous Extraction Process

Linh D. Do1,3 and David A. Sabatini1,2,3
1Chemical, Biological Engineering, and Materials Science Department, University of Oklahoma,
Norman, OK, USA
2Civil Engineering and Environmental Science Department, University of Oklahoma,
Norman, OK, USA
3Institute for Applied Surfactant Research, University of Oklahoma, Norman, OK, USA

A number of aqueous extraction processes (AEP) have been
studied as substitutes for hexane in oilseed extraction. In our
previous batch-scale work, we have shown that the aqueous
surfactant-based method could effectively extract up to 95% peanut
and canola oils at 25�C. The goal of this work is to perform a semi-
continuous pilot-scale study of the aqueous surfactant-based method
for peanut and canola oil extraction. Two extraction strategies were
evaluated including (1) a single extraction stage by aqueous surfac-
tant solution and (2) two extraction stages, consisting of one aqueous
surfactant wash and one de-ionized water wash. At optimum con-
ditions, 90.6% and 88.1% oil extraction efficiencies of peanut and
canola oil, respectively, were achieved in a single-stage extraction,
while 94.5% and 92.6% were achieved in the two-stage extraction.
At the highest solid/liquid centrifuge speed, the moisture level in
the extracted meal was 48%. At the optimum liquid/liquid centrifuge
condition, more than 90% of the oil was recovered as free oil from the
extracted-oil and surfactant-wash mixture and 39–44% of the oil
was recovered from the extracted oil and DI wash mixture. Total
free oil recovered after the two-stage extraction was 87.1% and
85.6% for peanut and canola, respectively.

Keywords interfacial tension; pilot scale study; surfactant;
vegetable oil extraction

INTRODUCTION

Vegetable oils are typically produced from oilseeds by
either hexane extraction or a combination of mechanical
processing and hexane extraction. However, there are
growing health concerns and increased environmental
regulations regarding the use of hexane in vegetable oil
extraction. Exposure to hexane at 15 ppm=day for three
months has been shown to cause peripheral nerve damage,
and hexane is also a potential hazardous explosive material
(1). In 2001, the U.S. Environmental Protection Agency

(EPA) established regulations on hexane emission due to
growing environmental concerns. In addition, oils pro-
duced by hexane extraction are high in free fatty acid,
wax, and unsaponifiable matter, and can also exhibit a
dark greenish-brown color (2).

The use of aqueous extraction processes (AEP) for
vegetable oil has been studied widely (3–6). AEP for
oilseed extraction eliminate the potential for explosion
and emissions of the volatile organic solvent hexane. Sim-
ultaneous recovery of oil and protein by AEP is possible
with lower equipment costs and energy consumption than
by hexane extraction (7,8). Because of the immiscibility
of water and vegetable oil, AEP have consistently been
report to produce vegetable oil superior in quality (lower
phosphatide levels and peroxide values) to that produced
by hexane-based processes (9,10). In general, when employ-
ing AEP, the extracted oil and protein in the liquid phase
distribute among three portions which are the free oil,
cream (oil in water emulsions), and skim (protein and
sugar-rich aqueous phase) (11). Limiting the utility of
AEP is the fact that vegetable oil recovery is typically
low (33–68%) (12). The vegetable oil is trapped inside the
porous matrix of the meal due to high capillary forces.
Low-oil extraction efficiency can be attributed to the
high-interfacial tension between the water phase and the
vegetable oil (8–10 mN=m for canola and peanut oil) mak-
ing the oil unable to diffuse through the porous matrix of
the meal (13,14). By definition, interfacial tension is the
surface tension caused by intermolecular interactions at
the surface separating two immiscible fluids (15)—in this
case vegetable oil and the extracting aqueous solution.

Several approaches have been tested in an effort to
improve the oil extraction efficiency of AEP including
mechanical treatment (flaking and extruding to obtain
smaller grain size) (12), enzyme-assisted treatment (EAEP)
(16,17) and surfactant-enhanced extraction (14,18). Mech-
anical treatment by grinding has improved the oil recovery
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from 33% to 66% when flour particles were reduced from
0.4mm to 0.1mm (5). Similar oil recovery (68%) was
achieved when employing flaking and extruding treatment
to soybean flours (12). However, mechanical treatment
alone still results in insufficient oil-extraction efficiency.
Consistently high oil extraction efficiency (>90%) has been
reported in the literature when using enzyme-assisted (8) or
surfactant-enhanced AEP (14,18). In the study of AEP
extraction mechanisms of soybean oil, Campbell et al.
reported that both Protease enzyme and sodium dodecyl
sulfate (SDS) surfactant-enhanced AEP were able to
achieve similar and higher oil-extraction efficiency than
AEP alone (13). In the microscopic study (13), it was found
that when employing AEP alone, the unextracted oil was
trapped in an insoluble matrix of denatured proteins. The
coalesced oil size was too large to diffuse through the
disrupted cellular matrix (13). Further, it was found that
the mechanism of oil release using Protease enzyme is by
proteolytic digestion of insoluble cellular matrix (13).
Alternatively, the oil-release mechanism when aqueous
using a surfactant is to disrupt the oil=water interface by
lowering the interfacial tension between the surfactant
solution and the oil, thereby facilitating the oil droplet
breakup and making it possible for the oil to diffuse
through the disrupted cell (13).

The use of surfactant-enhanced AEP extraction has
been investigated by our group in batch-scale studies using
alkyl propoxylate-ethoxylate-sulfate surfactants (14,18). In
batch studies, we have achieved up to 94% oil extraction
efficiency for peanut, canola, and palm oils when the
interfacial tension between the surfactant solution and
the oil phase was less than 0.05 mN=m (14,18). Alkyl
propoxylate-ethoxylate-sulfate surfactants are extended-
surfactants, a new class of surfactant that has intermediate
polar groups (i.e., propoxylate or ethoxylate) inserted
between the head and tail of the surfactant molecule (19).
Due to this unique structure, extended surfactants have
consistently produced ultralow interfacial tension (IFT)
with a wide range of vegetable oils, which is critical in
oilseed extraction (14,19). We define ultralow IFT as IFT
�0.1 mN=m (14). The surfactant-enhanced AEP (SAEP)
for vegetable oil is particularly attractive due to the short
contact time between the surfactant medium and the oil-
seeds (about 30 minutes), ambient temperature extraction,
and high solid-to-liquid ratios (SLR of 1 to 5 g solids=g
liquid), which are desirable in industrial application
(14,18). Another advantage is that the surfactant concen-
trations are at the critical microemulsion concentration
(cmc) which are relatively low (less than 0.5wt%) (14).
Cmc is defined as the lowest surfactant concentration cap-
able of producing ultralow IFT. At this concentration,
the vegetable oil is removed mainly due to the mobilization
mechanism in which the oil is liberated as a separate phase
rather than solubilized into the aqueous surfactant phase

(14,20). It is important to note that, when employing
EAEP, the incubation time is more than one hour and
the slurry temperature is in the range of 50–60�C (8,11).
It is important to note that only a limited number of
scale-up studies on AEP and EAEP oil extraction in the
literature (11,21). Rhee et al. studied the AEP pilot
plant-scale production of peanut protein concentrate, with
little emphasis on oil extraction efficiency (21). The peanut
protein and oil recovery processes were carried out at 60�C
and pH of 4 for one-hour incubation time. Up to 88.8% oil
was recovered as free oil after four consecutive washes with
a SLR of 1 to 10 for the first wash and SLR of 1 to 5 for
other three consecutive washes (21). It was shown that
dry grinding the peanuts gave free oil while wet grinding
the peanuts gave lower oil-extraction efficiency and most
emulsion phases (21). Moura et al. studied the scale-up of
EAEP extraction of soybeans in a two-stage counter-
current process using extruded soybean flakes (11). One
pilot-scale run was carried out over a two-day period
(11). In the two-stage counter-current processes with a
SLR of 1 to 6, at 50�C and 1 hr incubation time, up to
99% soybean oil-extraction efficiency was achieved;
however, most oil was distributed among cream and skim
fractions after centrifugation, requiring an additional step
to obtain free oil (11). Although the oil extraction efficiency
is very promising, this study did not use a continuous
process (i.e., use of funnel separation to recover free oil
from cream (11)).

The objectives of the current research are

1. To study the effect of processing parameters on extrac-
tion efficiency and

2. To identify potential problems related to the scale-up
system of SAEP.

We thus seek to extend our prior research work in the
present study, we decided to evaluate semi-continuous
laboratory-based SAEP using laboratory-scale processing
equipment similar to that used in industrial processes.
The SAEP was scaled up from 2 grams to 150 grams of
peanut and canola flours.

MATERIALS AND METHODS

Materials

C10H21-18PO-2EOsulfate surfactant (19.9 active%) was
kindly provided by Huntsman Chemical Co. (Houston,
TX) and used as received. Blanched peanut seeds were
purchased from the local market. Canola seeds were kindly
provided by Producers Cooperative Oil Mill, Plains Oilseed
Products Cooperative (Oklahoma City, OK), and
Prairie Gold Oil Seeds (Okeene, OK). Sodium chloride
(99%þ purity) was purchased from Sigma Aldrich and
used as received.
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Methods

Oilseed Pretreatment

Blanched peanut seeds were dehulled, whereas canola
seeds were not since it is not economically feasible to dehull
canola seeds (22). Peanut and canola seeds were ground
using a food processor. The particle size used in this study
was in the range of 0.21 to 0.42mm size by using US Sieve
size No. 40 and No.70, which is in the recommended range
for oilseed extraction (23).

Oilseed Extraction by SAEP

Figure 1 illustrates the schematic diagram of the
pilot-scale process utilized in this research and Fig. 2 shows
selected products at different SAEP stages using optimized
extraction conditions. First, 750 grams solution of surfac-
tant (C10H21-18PO-2EOsulfate) and sodium chloride
(NaCl) mixture at concentrations specified below were
placed in a two liter stainless steel-extractor vessel. Next,
150 grams of seed flours were dispensed into the solution
to produce a SLR of 1 to 5 (g to g). For peanut oil extrac-
tion, C10H21-18PO-2EOsulfate was fixed at 0.15wt% and
NaCl at 6wt%, while for canola oil extraction, the surfac-
tant concentration was 0.35wt% with NaCl at 5wt%. These
are optimum conditions found from our previous study
(14). Dispersion of the flours in the extraction solution
was performed by a four-blade 1 inch mixer attached to
the Talboys light-duty mixer overhead (model 101). Oilseed
flours were directly fed into the surfactant solution in the
extraction vessel. The slurry was agitated at 500 rpm to
ensure gentle mixing and sufficient dispersion of the flour
in the solution. Preliminary studies were conducted at three
agitation speeds—500, 750, and 1000 rpm. There was no
statistically-significant difference in the oil-extraction
efficiency when varying the agitation speeds (data not
shown); therefore, an agitation speed of 500 rpm was used
throughout the study. After 30 minutes of extraction, the
slurry was pumped by a chemical-metering pump (Precision

Control Products, AMF CUNO metering pump, model
8311-11) at varying flowrates into a semi-continuous
solid=liquid centrifuge (Lavin centrifuge, model L2, see
reference (24) for details including picture of equipment)
equipped with a 4’’ stainless steel bowl. The bowl was
custom-perforated and used in conjunction with a 200 mesh
filter cloth and a 200 mesh filter plastic to keep the filter
cloth in place. They were placed inside the bowl to improve
the solid=liquid (S=L) separation. The S=L centrifuge speed
was varied at 1029, 2100, and 4116 � g.

The liquid portion (oil=surfactant=electrolyte=water
mixture) from the S=L centrifuge was collected in a two-liter
glass beaker. After collecting the liquid fraction (i.e., no
more liquid was collected from the S=L outlet), the solution
was then pumped by a Masterflex L=S peristaltic pump
(Easyload, model 7518–00) into a continuous liquid=liquid
(L=L) centrifuge (CINC model V02, see reference (25) for
details=picture of the equipment) at flowrates varying from
1–5mL=min. The L=L centrifuge was pre-filled with 150mL
of heavy-phase solution (de-ionized water) in order to
obtain the best separation performance (recommended by
the manufacturer). It is important to note that in the con-
tinuous large scale operation, this step will not be necessary.
The L=L centrifuge speed was varied to study the efficiency
in oil=surfactant solution separation. The oil from the
light-phase outlet was collected in a 500mL glass beaker
and the skim fraction (most often oil in water emulsions
(11)) from the heavy-phase outlet was collected in a
one-liter glass beaker. The solids obtained from S=L centri-
fuge process were carefully scooped out. The oil residual
content in the solid fraction was further analyzed. The
water content in the oil or cream fraction obtained from
the light-phase outlet of the L=L centrifuge was also
analyzed. These test methods are discussed below. For the

FIG. 1. Schematic diagram of laboratory–based pilot scale processing of

peanut and canola oil extraction. Solid line (—): surfactant wash step;

Dash line (- - -): DI washing step.

FIG. 2. Selected products at different stages of SAEP and DI washing at

optimum conditions for peanut and canola from left to right, respectively.

(a) peanut and canola flours (b) liquid fraction from L=L centrifuge of sur-

factant wash step (c) liquid fraction from L=L centrifuge of DI washing

step (d) free oil crude oil recovered from L=L centrifuge.
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de-ionized water washing step, the SAEP extracted meal
(solid fraction) obtained from the S=L separation process
was carefully scooped out and re-suspended in 450mL of
de-ionized water held in a two-liter stainless steel-extractor
vessel. The slurry was resent to the S=L and L=L centri-
fuges. All data reported are average values from triplicates.

Oil Content

The total oil content in crude oilseeds and in residual
meal obtained from S=L separation were analyzed using
hexane solvent in a Soxhlet extraction apparatus following
the Association of Official Analytical Chemists (AOAC)
standard procedure (Method 948.22) (26). The residual
meal was dried overnight in a forced oven at 104�C and
re-ground for solvent extraction. In the second Soxhlet
extraction step, no more oil was collected. Total oil analy-
sis gave 46.7%� 0.86% peanut oil and 42.5� 0.92% canola
oil content based on dry-weight basis, consistent with
values reported in the literature (27). Oil-extraction
efficiency was calculated as weight percentage of oil
extracted divided by the total oil present in the seeds as
determined by this method. It is important to note that
in order to avoid variation in oil content and removal
efficiency in different runs, the total oil content was
analyzed in each run and the oil-removal efficiency was cal-
culated based on the corresponding oil content of the same
run. Oil content in the light phase obtained from the liquid=
liquid centrifuge was analyzed by the temperature-modified
Babcock method adapted from reference (28).

Moisture Content

The moisture level in the oilseeds was determined by
AOAC standard procedure (Method 925.40) (26). Moist-
ure levels in both peanut and canola seeds were in the range
of 4–6wt% which is well within the recommended range
(23). The moisture content in the residual meal after S=L
separation was determined by the weight difference after
placing the meal in the forced oven overnight at 104�C.
The water content in the extracted oil obtained from the
L=L separation was determined by the Karl Fischer
volumetric titration method using TitroLine KF (Schott
instruments).

Interfacial Tension Experiments

Interfacial tension (IFT) experiments were carried out
using a spinning drop tensiometer (University of Texas,
model 500). To measure the IFT value between the
post-wash solution and peanut and canola oils, 15mL of
the slurry obtained from S=L centrifuge were transferred
into a glass tube and centrifuged at 2170 � g (IEC centri-
fuge, model HN). The aqueous portion obtained after the
centrifuge was used for IFT measurements. IFT values
were recorded at 20 minutes (14).

Statistical Analysis

One way ANOVA was used was for data statistical
analysis and compared with p-value at 0.05.

RESULTS AND DISCUSSION

Table 1 shows the effect of the S=L centrifuge speeds
and inlet flowrate on the moisture of the meal and the total
oil-extraction efficiency by SAEP. The S=L centrifuge
speeds were varied at 1029, 2100, and 4116� g (the
maximum allowable speed of the equipment), and at each
centrifuge speed, the inlet flowrate was evaluated at 8, 10,
and 12mL=min. It is important to note that, due to the
bowl design of the S=L centrifuge, a slurry flowrate higher
than 12mL=min resulted in a significant amount of solids
loss. From Table 1, it can be seen that, while the inlet flow-
rate had little effect on the recovery of extracted oil, the
S=L centrifuge speed had a more pronounced effect. As
the centrifugation speed increased, the moisture level in
the meal was reduced and the total extracted oil in the
liquid fraction increased. At 4116� g (7000 rpm), the moist-
ure level of the meals shows the lowest value at 44.8wt%
and the total oil extracted in the liquid shows the maximum
value to be 90.6wt% for peanut and 88.1wt% for canola oil
(Table 2). These values are somewhat lower than those
obtained in the batch scale, which were 95wt% and

TABLE 1
Effect of process parameters on peanut oil extraction

efficiency – solid=liquid (S=L) separation

Speed
(rpm)

Speed
(� g)

Inlet
flowrate
(mL=min)

Meal
moisture
content
(wt%)

Oil
residuala

(wt%)

Total oil
recoverya

(wt%)

3500 1029 8 78.6� 0.66 19.8� 0.87 80.1
10 80.6� 1.64 20.8� 0.96 79.2
12 78.5� 0.69 19.6� 1.10 80.4

5000 2100 8 64.8� 0.81 14.3� 1.20 85.6
10 63.5� 2.31 15.9� 0.63 84.1
12 65.9� 1.32 15.0� 1.34 85.6

7000 4116 8 44.8� 2.50 9.44� 0.90 90.6
10 46.9� 3.73 9.22� 1.33 90.1
12 48.3� 1.81 9.65� 1.50 90.2

aAmount of oil extracted via Soxhlet extraction was used as the
basis. Sample calculation:

Percentage of oil residualðwt%Þ

¼ mass of oil residual ðgÞ
mass of total oil determined by Soxhlet

extraction ðgÞ

� 100%

¼ 6:64 g

70:35 g
� 100% ¼ 9:44wt%
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93wt% for peanut and canola oil, respectively. This differ-
ence might be due to the fact that in the batch scale we used
a three-phase centrifuge, while in the pilot scale we sepa-
rated this process into two different steps using the S=L sep-
arator and L=L centrifuge, suggesting that the separation of
the liquid in S=L separator was not as effective in the three-
phase batch centrifuge. However, it is important to note
that the use of a three-phase decanter for a slurry of high
solid content (up to 20wt%) is impractical (21).

The washing step using de-ionized water was introduced
to recover more oil from the SAEP extracted meal. Figure 3
shows the effect of the surfactant washing, and the first and
second DI washing on the total oil extraction efficiency. It
can be seen that an additional 4 to 5wt% of total oil was
recovered by the first washing step and no more appreci-
able amount of oil was recovered in the second washing
step. The oil obtained from the washing step brought the
total oil extraction efficiency to 94.5wt% and 92.6wt%
for peanut and canola oil, respectively, approaching the
results obtained in the batch scale. These results confirm
that the oil was extracted effectively in the surfactant wash
step but was not fully separated in the S=L separation step.
The DI water in the wash step recovered the oil that was
already released and stayed outside the cell structure.
Table 3 shows the IFT between the peanut and canola oil
with the extraction media at different washing stages by
SAEP and AEP. The IFT value of the extracted oils with
the first DI washing solution was about 2 mN=m for both
peanut and canola oils, indicating that there was some sur-
factant remaining in the meal from the surfactant wash.
The IFT values of the extracted oils with the second DI
washing solution was 5–6 mN=m; similar to the IFT values
of peanut and canola oils with DI washing only solution,
which indirectly indicated that there was no appreciable
amount of surfactant left in the meals. The basket centri-
fuge was used here because it was the only option available
at the scale we needed for our system but is not the best
option when operating the oilseed extraction in large-scale
processes because it has limited solid holding capacity and

will prevent the system from operating continuously. In a
large-scale operating facility, we envision the use of the
solid bowl-scrolling centrifuge or continuous pusher centri-
fuge which has been used widely in solid-liquid separation
processes (29). However, this equipment was not available
at our operational scale.

Figure 4 shows the effect of the inlet flowrate on the oil
recovery and the water content in the oil phase at a constant
centrifugation speed of 680� g of the L=L centrifuge.
The extracted-oil and surfactant-washed solution had
7–10wt% of canola and peanut oil. It can be seen that the
oil recovery decreased and the water content in the oil
increased as the feed rate increased. The maximummoisture
standard for crude peanut oil is 0.25wt% (30) and for
canola oil is 0.3wt% (31). The highest oil recovery was
achieved at the lowest inlet flowrate of 1mL=min, corre-
sponding to the longest residence time of 150 minutes. At
this condition, the water content in the crude peanut and
canola oils were 0.15wt% and 0.22wt%, respectively, and
met the standard requirement (0.25wt% for peanut oil

FIG. 3. Oil extraction efficiency for different consecutive extraction

trials at 25�C. Extraction condition: 30 minute wash, S=L centrifuge at

4116 � g and 8mL=min inlet flowrate. Amount of oil extracted via Soxhlet

extraction was used as total oil.

TABLE 3
IFT prewash and postwash extraction solution with refined

peanut and canola oil measured at 20 minutes

Prewash
IFT

(mN=m)

Postwash
IFT

(mN=m)

1st DI
postwash

IFT (mN=m)

2nd DI
postwash

IFT (mN=m)

Canolaa 0.015 0.018 2.1 6.1
Peanuta 0.011 0.011 2.2 5.0
Peanutb 10.0 5.0 NA NA

aSAEP.
bAEP.

TABLE 2
Total oil extracted at optimum conditions at 25�Ca

Fraction of oil
extracted from

surfactant
washb (wt%)

Fraction of oil
extracted fromb

DI wash (wt%)

Total oil
extractedb

(wt%)

Peanut 90.6 3.98 94.5
Canola 88.1 4.54 92.7

a30 minute surfactant solution extraction, 5 minute DI wash,
S=L centrifuge at 4116 � g and 8mL=min inlet flowrate.

bAmount of oil extracted via Soxhlet extraction was used as the
basis.
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and 0.30wt% for canola oil). The longer residence time
allowed the oil droplet to more efficiently separate from
the emulsions (32). Free crude peanut and canola oils
obtained from the L=L centrifuge at 1mL=min and 680 �
g are shown in Fig. 2(d). The extracted oils have excellent
clarity with canola oil being more yellowish than peanut
oil due to the color pigment of the oilseeds (Fig. 2a). In
addition, the SAEP peanut and canola had fresh smell,
whereas the hexane-extracted oil had a burnt smell. At a feed
rate of 5mL=min, there was a dramatic decrease in the free
oil recovery to 51wt% and an increase in water content of
the oil phase to 5.2wt% as the residence time decreased to
30 minutes. Although the long retention time for the demul-
sification process is a drawback in the aqueous-based extrac-
tion process, it might be offset by the high energy
consumption and relatively long retention time to evaporate
the hexane solvent and to obtain free crude oil in the
hexane-extracted process. In addition, the oil obtained from
aqueous-based process has been consistently reported to
have superior qualities and required less refining steps than
the oil from the hexane extraction process (3,8,14,18).

Figure 5 shows the effect of centrifugation speed (410,
500, 680, and 920� g) on the oil recovery and moisture
level in the oil at a constant feed rate of 1mL=min. The
effect of the centrifugation speed on the oil in water-
emulsion demulsification can be understood by the follow-
ing equation (32):

to ¼ ðqw � qoÞ � rx2 � D2

18lw
ð1Þ

where vo is the settling velocity of oil, qw is the density of
water, qo is the density of oil, r is the radius of rotation,

x is the angular velocity of centrifugation, D is the
diameter of the droplets, and lw is the viscosity of continu-
ous phase, which is the aqueous surfactant solution in our
case. From the equation, it is expected that the emulsion
separation will be more efficient at higher centrifugation
speed. The mechanism of oil in water emulsions separation
by centrifugation was explained by Nour et al. (32). As the
centrifuge x rotation increases, more heat is generated,
increasing the temperature of the fluid. The ratio of qw�qo

lw
increases as the temperature increases because the water
viscosity decreases much faster than the density difference
(32), thereby increasing the settling velocity of the oil.
When increasing temperature from 20�C to 40�C, we mea-
sured the viscosity of the aqueous phase, lw, (surfactant=
NaCl=water mixture) to be reduced by 60% whereas the
change of (qw – qo) was reduced by only 4% (data now
shown). In addition, during the gravimetrical separation
process, oil droplets collide with each other and coalesce
to form larger oil droplets, which also enhanced the oil=
water separation process. From Fig. 5, it can be seen that
when the centrifugation speed was increased from 410 to
680� g, higher oil recovery and lower water content in
the oil phase were obtained. However, at 920� g, while
there was no difference in the oil recovery (p> 0.05), the
water content at 920� g was higher than that at 680� g.
This might be due to the design of the continuous centri-
fuge where the fluid was introduced into a low-shear
mixing chamber. When the rotation speed is too high in
the continuous L=L centrifuge, it may cause the mixing
to become too vigorous and worsen the separation process.

Table 4 shows the free crude-oil recovery obtained from
the surfactant wash and DI wash step from the best runs.
At similar L=L centrifuge condition, only 44.9% peanut
oil and 38.5% canola oil was recovered as free oil phase

FIG. 5. Effect of centrifuge speed on peanut oil recovery from liquid

fraction at a constant feed flowrate of 1mL=min at 25�C. Extraction

condition: 30 minute wash, S=L centrifuge at 4116 � g and 8mL=min inlet

flowrate.

FIG. 4. Effect of feed flowrate on peanut oil recovery from liquid frac-

tion at constant liquid=liquid centrifuge speed at 25�C. Extraction con-

dition: 30 minute wash, S=L centrifuge at 4116 � g and 8mL=min inlet

flowrate, L=L centrifuge at 680 � g.
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from the extracted oil-DI washing mixture versus more
than 90% of free-oil recovery from the extracted
oil-surfactant washing mixture. This result was expected
because in the oil extracted-DI washing mixture, there
was much lower oil content (1–2wt%), therefore, the oil-in-
water emulsion was much more stable and harder to separ-
ate (11). The total crude-oil recovery was at 87.1wt% for
peanut oil and 85.6wt% for canola oil, which were lower
than those obtained from the batch scale (14).

It is worth mentioning that mechanical treatment of the
oilseeds for cell wall rupture is also a critical parameter in
improving the oil-extraction efficiency. An approximately
50% increase in oil-extraction efficiency was achieved for
soybean oil when the flour size was reduced from
0.40mm to 0.10mm (33). Therefore, we decided to grind
the peanut to a finer size of less than 0.15mm (mesh 120)
versus the 0.21–0.42mm (mesh 35–70) studied above to
test the extraction efficiency. Table 5 shows the effect of

particle size on total oil extracted and total free-oil
recovery. It can be seen that while grinding improved the
extraction efficiency to 93.2wt% of oil from SAEP, the
free-oil recovery dramatically decreased to 71wt%.
We attributed this result to the effect that excessively fine
grinding will produce smaller oil globules, causing more
stable emulsions which are harder to break (12). Recently,
Lamsal et al. studied a mechanical treatment of oilseeds,
whereby flaking the oilseeds first and then extruding the
flakes, they could enhance the oil extraction efficiency
without causing stable emulsions. While this could avoid
the formation of stable emulsions, it also denatured the
proteins due to the high temperature of the extruding
process. This method can be employed in the case where
protein recovery is not an important parameter.

CONCLUSION

In conclusion, we have demonstrated that a semi-
continuous pilot-scale system of aqueous surfactant-
enhanced vegetable oil extraction was able to achieve a
total oil-extraction efficiency similar to that obtained from
batch scale (14) after aqueous surfactant and DI washing
steps (25�C). However, the total crude oil recovery was at
87.1wt% for peanut oil and 85.6wt% for canola oil, which
were lower than those obtained from batch scale. The S=L
and L=L separation steps are critical parameters in oil
extraction by SAEP, EAEP, and AEP. Further free-oil
recovery from the skim of the L=L centrifuge outlet is very
challenging. It will be worth studying the effect of SAEP on
vegetable oil extraction of extruded flakes, in which the
proteins were denatured, resulting in less stable emulsion
problems. It is also worth studying the de-emulsification
efficiency of extracted oil–surfactant solution mixture at
higher temperatures, which was not within the scope of this
study. Compared to other AEP processes, the SAEP pro-
cess is very competitive because it achieves oil-extraction
efficiency at 25�C similar to other AEP methods at
50–70�C in a reasonable time frame (30 minutes).

The scope of this study is to evaluate the pilot-scale
process of vegetable oil extraction by aqueous-surfactant
based process. Protein recovery from this process should
be investigated in future research to evaluate the economic
feasibility of this technology. Protein recovery from the
aqueous-based method has been reported to have superior
quality to that recovered from the hexane-based process
(23) and can be used in human consumption, which has a
higher market value compared to the protein produced
from the hexane-extraction process which can only be used
for cattle consumption. Similar to other aqueous-based
process, adapting this technology was motivated by
environmental issues. The vegetable oil-extraction industry
has contributed the primary VOC emissions in the food
industry (3). The annual hexane loss in the soybean
oil-extraction process alone in the US could be as high as

TABLE 4
Free crude oil recovery at optimum conditionsa

Fraction of
free oil

recovered from
SAEPb (wt%)

Fraction of free
oil recovery
from DIb

washing (wt%)

Total free
oil recoveryb

(wt%)

Peanut 85.3 1.79 87.1
Canola 83.9 1.75 85.7

a30 minute surfactant solution extraction, 5 minute DI wash at
25�C, S=L centrifuge at 4116� g and 8mL=min inlet flowrate,
and L=L centrifuge at 680�g and 1mL=min inlet flowrate.

bAmount of oil extracted via Soxhlet extraction was used as the
basis. Free crude oil has moisture level less than 0.25wt% for
peanut oil and 0.30wt% for canola oil.

TABLE 5
Effect of particle size on fraction of oil extracted and free

crude oil recovery for peanut at 25�Ca

Mesh size

Flour
size
(mm)

Fraction of oil
extracted
from

surfactant
washb (wt%)

Fraction of
free crude oil

recovery
efficiencyc

(wt%)

40�70 0.21–0.42 90.6 94.2
Larger than
100

<0.15 93.2 71.2

aExtraction condition: 30 minute surfactant wash, S=L centri-
fuge at 4116�g and 8mL=min inlet flowrate.

bAmount of oil extracted via Soxhlet extraction was used as the
basis.

cTotal amount of oil in liquid fraction was used the basis;
moisture level is less than 0.25wt%.
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210–430 million liters (3). Although the capitol cost of the
aqueous-based extraction process is relatively higher than
the hexane-extraction process (3), the low-surfactant con-
centrations (less than 0.5wt%) and ambient operating
condition might be advantageous compared to the hexane
concentration at higher than 95wt%. This should be
further evaluated in future research.
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