
ABSTRACT: Crude rice bran oil containing 16.5% free fatty
acids (FFA) was deacidified by extracting with methanol. At the
optimal ratio of 1.8:1 methanol/oil by weight, the concentra-
tion of FFA in the crude rice bran oil was reduced to 3.7%. A
second extraction at 1:1 ratio reduced FFA in the oil to 0.33%.
The FFA in the methanol extract was recovered by nanofiltra-
tion using commercial membranes. The DS-5 membrane from
Osmonics/Desal and the BW-30 membrane from Dow/FilmTec
gave average FFA rejection of 93–96% and an average flux of
41 L/m2·h (LMH) to concentrate the FFA from 4.69% to 20%.
The permeate, containing 0.4–0.7% FFA, can be nanofiltered
again to recover more FFA with flux of 67–75 LMH. Design es-
timates indicate a two-stage membrane system can recover
97.8% of the FFA and can result in a final retentate stream with
20% FFA or more and a permeate stream with negligible FFA
(0.13%) that can be recycled for FFA extraction. The capital cost
of the membrane plant would be about $48/kg oil processed/h
and annual operating cost would be about $15/ton FFA recov-
ered. The process has several advantages in that it does not re-
quire alkali for neutralization, no soapstock nor wastewater is
produced, and effluent discharges are minimized.
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The main steps in conventional refining of vegetable oil are
degumming (optional), deacidifying, bleaching, and deodorizing.
The chemical and physical deacidification processes used to re-
move free fatty acids (FFA) have some limitations (1,2): large
quantities of water and chemicals are used, large amounts of
wastewater are generated, they may be energy intensive, and there
are losses of neutral oil. Membrane technology may be a way to
overcome many of these problems (2–4) and can provide an op-
portunity to develop alternative environment-friendly processes
for refining vegetable oils. One of our earlier studies (5) focused
on the use of nanofiltration (NF) membranes for simultaneously
desolventizing and removing FFA from soybean oil, which re-
sulted in partial (50%) reduction in FFA concentration. A better

process may be to combine NF with solvent extraction (6). The
FFA is first extracted with methanol. Following phase separation,
the methanol phase containing the FFA is nanofiltered to result in
a FFA concentrate stream and a permeate stream containing the
methanol which is recycled to the extractor.

Most work on membrane refining to date has focused on soy-
bean oil and usually model oils obtained by adding FFA to re-
fined oil (6,7). The commercial crude rice bran oil used in this
study had much higher FFA (15–30% of the oil) and contained
waxes, colored compounds, and phospholipids. The gums in
rice bran oil can be removed by ultrafiltration (8). The present
paper reports the use of solvent extraction and membrane pro-
cessing to deacidify crude rice bran oil.

EXPERIMENTAL PROCEDURES

Extraction of FFA from crude rice bran oil. Crude rice bran oil
supplied by Ramchandran Oil Industries, Kattedan, Hyderabad,
India, contained 1.7% phospholipids, 16.5% FFA, and 4%
waxes. Preliminary experiments established the optimal ratio of
1.8 g of methanol per g crude oil to maximize the amount of
FFA extracted with minimum dilution of FFA in the extractant.
Crude rice bran oil was mixed with the methanol in a separa-
tory funnel. After 30 min of vigorous shaking, the oil–methanol
mixture was allowed to settle. Complete phase separation typi-
cally took 30 min. The oil phase at the bottom of the funnel was
removed and used for a second solvent extraction step, if neces-
sary. The methanol phase from each extraction stage was col-
lected and subjected to NF. The extraction temperature was
24°C. The complete flow sheet and material balance for the FFA
extraction with methanol in two stages is shown in Scheme 1.

Membrane filtration. NF experiments were conducted in a
stainless-steel membrane cell (Osmonics Inc., Minnetonka,
MN) having a diameter of 8 cm and height of 25 cm. The cell
could withstand pressures of 6.9 MPa and accommodate 300
mL of feed. A sintered stainless-steel circular disc supported a
flat membrane sheet with an effective area of 14.5 cm2. Pres-
sure was applied from a nitrogen gas cylinder. A magnetic stir
bar just above the membrane minimized concentration polariza-
tion effects. Permeate was removed from the downstream side
of the membrane through 1/8′′ stainless-steel tubing. Retentate
was removed from the cell through a similar tube with a valve
on top of the cell. Further details of the cell have been given in
an earlier publication (6).
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Membranes from several manufacturers were initially
screened for stability to methanol, flux of methanol, and rejec-
tion of fatty acids, as described by Raman et al. (6). Two promis-
ing membranes were selected for further study: DS-5 (Osmon-
ics/Desal, Minnetonka, MN) and BW-30 (FilmTec, Minneapo-
lis, MN).

The FFA/methanol extract was placed in the membrane cell,
which was then placed in a water bath to control temperature.
After pressurizing to the desired pressure, samples of permeate
and retentate were taken for FFA analysis. Flux was measured
simultaneously by timing the flow rate of permeate and is ex-
pressed in L/m2 · h (LMH):

volume of permeate (L)
flux (LMH) = [1]

membrane area (m2) · time (h)

Flux is one of two important parameters in membrane technol-
ogy (9) and should be as high as possible to minimize capital
cost. The other important parameter is rejection, which describes
the separation capability of a membrane. It has a value from 0 to
100% and is defined as (9)

rejection (%) = (1 − CP/CR) × 100 [2]

where CP and CR are concentrations of the component in the per-
meate and retentate, respectively. In this application, the ideal
membrane would have zero rejection for methanol and 100% re-
jection of FFA.

Volume concentration ratio (VCR) characterizes the extent of
membrane processing (9). It also affects capital and operating
costs,

initial volume of feed
VCR = [3]

volume of retentate

Analytical methods. FFA was estimated by acid value (AV)
by titration with an alkali. The titration end point was determined
using phenolphthalein as indicator. The AV was expressed as mg
KOH per g of sample. FFA was expressed as percent oleic acid
calculated according to American Oil Chemists’ Society Method
Cd 3d-63 (10).

RESULTS AND DISCUSSION

Extraction. Preliminary experiments indicated that a
methanol/oil ratio of 1.8:1 (by weight) was optimal for the
first-stage extraction. After extraction, the FFA in the oil de-
creased from 16.5 to 3.7% while the upper methanol phase
contained 5.65% FFA. The oil phase was extracted again with
fresh methanol, but this time the methanol ratio was reduced
to 1:1, since the amount of FFA present in the oil had been re-
duced significantly in the first-stage extraction and to mini-
mize the cost of subsequent membrane processing. FFA de-
creased to 0.33% in the oil phase after the second extraction.
The methanol phase from this second extraction contained
3.15% FFA. The methanol phases from the two extraction
stages were either nanofiltered separately or were combined
and then nanofiltered.

NF. Preliminary NF experiments with the methanol extracts
were done at various pressures (0.7–4.2 MPa) and temperatures
(25–50°C) to establish the range of possible operating condi-
tions. Figure 1 shows the performances of the BW-30 and DS-
5 membranes in terms of VCR. As expected for a high-rejec-
tion membrane, the FFA concentration in the retentate in-
creased almost linearly from 50.2 g/L at VCR 1 to 190.7 g/L at
VCR 4.4. The FFA concentration in the permeate was much
lower, averaging 4–7 g/L. This resulted in average FFA rejec-
tion of 91–96%, with rejection increasing with VCR. At VCR
4.4, about 78% of the original volume of methanol was recov-
ered as permeate, which could be recycled to the extraction
stages or sent for additional NF, if necessary.

Figure 2 shows the effect of FFA concentration on flux. In-
creasing FFA concentration resulted in decreased flux, owing
to decreased driving force for permeation. The data were cor-
related as follows:

flux (LMH) = 142 − 21.9 ln (CFFA) [4]

where CFFA is the concentration of FFA expressed as g/L of
methanol extract. The correlation coefficient (r2) was 0.86, stan-
dard error of the y estimate was 8.55, and the standard error of
the coefficient was 2.26. When flux data were extrapolated to
zero flux, they indicated a maximum of about 655 g/L FFA
could be obtained under these operating conditions. These data
are similar to those reported for soybean oil with added oleic
acid (6) except that the flux was one-half of what we found. This
could be because our experiments were conducted at higher
temperature (50 vs. 25°C) and higher pressure (2.75 vs. 1.73
MPa). Depending on the mechanism of transport (e.g., mass-
transfer-limited vs. osmotic-pressure-limited), higher pressure
could result in higher flux and higher FFA concentration (9,11).
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Figure 3 shows the effect of FFA concentration on rejec-
tion by the two membranes. Rejection increased with FFA
concentration, a phenomenon observed with many reverse os-

mosis and NF applications (11,12). Rejection data were ex-
pressed as follows:

rejection (%) = 80.9 + 3.1 ln (CFFA) [5]

The correlation coefficient (r2) was 0.76, the standard error
of the y estimate was 1.56, and the standard error of the coef-
ficient was 0.44.

Since the membranes did not reject 100% of the FFA in the
methanol extracts, a small quantity escaped into the perme-
ate. A multistage process could be used to increase the recov-
ery of FFA; the permeate from the first-stage NF could be fed
into another NF system to recover more of the FFA, and so
on with multiple stages.

System design. A preliminary design of a system to recover
FFA from methanol extracts by multistage NF is shown in
Scheme 2 for a plant capacity of 10,000 kg/h of crude rice
bran oil. The temperature was assumed to be 50°C and trans-
membrane pressure was 2.75 MPa (400 psi). The design goal
was the production of a retentate stream containing 20% FFA
that would go to the methanol evaporator, and a permeate
stream with a low level of FFA that could be directly recycled
to the extractor (Table 1).

The extraction was done in two stages with a weight ratio
of 1.8:1 methanol-to-oil in the first stage and 1:1 ratio in the
second stage. The total weight of methanol used was 2.8 kg/kg
oil. Thus, the feed to the membrane system would ideally be
28,000 kg/h containing 4.69% (w/w) FFA. The first stage of
the membrane system concentrates the FFA from 4.69 to 20%
with a VCR of 4.6. From Equation 5, the average FFA rejec-
tion was 95% in the first stage. The flow rate of permeate from
the first stage was 21,913 kg/h (24,690.8 L/h) with 0.44%
FFA, which was processed in the second membrane stage. The
second stage had an average FFA rejection of 91%. A VCR of
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FIG. 1. Nanofiltration of methanol extracts of crude rice bran oil: effect
on free fatty acid (FFA) concentration in retentate and permeate. Data
obtained with methanol extracts from first stage extraction. Open points
are data with the BW-30 membrane (FilmTec, Minneapolis, MN), solid
points with DS-5 membrane (Osmonics/DeSal, Minnetonka, MN).

FIG. 2. Nanofiltration of methanol extracts of crude rice bran oil: effect
of FFA concentration in the feed (or retentate) on flux. Data obtained
with methanol extracts from a one-stage extraction (circles) or from the
second stage of extraction (squares) as shown in Scheme 1. The trian-
gles represent data with permeates from the first stage of nanofiltration.
Open points are data with the BW-30 membrane; solid points with DS-
5 membrane. Line drawn according to Equation 4. Abbreviation: LMH,
L/m2·h; for other abbreviation and manufacturers see Figure 1. 

FIG. 3. Rejection of FFA in methanol extracts of crude rice bran oil. For
abbreviation and manufacturers see Figures 1 and 2. Line drawn ac-
cording to Equation 5.



65 in the second stage resulted in a second-stage retentate with
20% FFA and 0.13% FFA in the permeate. The second-stage
permeate may be recycled to the extractor or nanofiltered
again as shown in Scheme 2. The third stage would have to be
operated to a VCR of 266, which results in an average FFA re-
jection of 90%, a retentate with 20% FFA, and a permeate with
0.06% FFA. It should be remembered that while the permeate
from the third stage goes directly back to the extractor, the re-
tentates from each stage go to evaporation. The evaporated
methanol is returned to the extractor.

The membrane plant has been designed according to meth-
ods suggested by Cheryan (9). Since organic solvents are
being processed, the membrane plant requires more rigorous

construction than a water-based membrane plant. Thus, the
plant cost has been increased by 50% to $500/m2. Average
flux was calculated from Equation 4 and used to obtain the
required membrane area in each stage. As shown in Table 2,
the capital cost of a one-stage membrane plant is about
$301,000, equivalent to about $30/kg/h of oil processed. A
three-stage plant will cost $64/kg/h of crude oil. The annual
operating cost was based on depreciation, membrane replace-
ment, cleaning, labor, and maintenance as discussed by
Cheryan (9). Operating cost varies from $9.8 to $19.7 per ton
of FFA recovered, depending on the number of stages.

Although FFA recovery increases from 93% with one
stage to 99% with three stages (Table 2), the amount of
methanol recycled from the membrane system decreases
slightly, resulting in slightly more methanol to be evaporated
(4870 kg/h with one stage vs. 5205 kg/h with three stages). In
addition, the capital and annual operating cost of the mem-
brane plant increases with the number of stages. However, the
value of the FFA recovered compensates for the additional
stages. The FFA recovered in a one-stage plant is 10,220
tons/yr, worth over $5.62 million (assuming a FFA value of
$550/ton). In terms of value gained, since the annual operat-
ing cost is about $100,000, the membrane plant is worth $56
per $ of operating cost. Adding a second stage results in an
additional $311,000 of FFA recovered per year for an addi-
tional operating cost of $61,000, which gives a value gain of
$5 per $ operating cost for the second stage alone. A third
stage has a value gain of about $1.4/per $ operating cost. As
shown in Table 2, although the net value gain decreases with
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TABLE 1
Process Design for Multistage Membrane System for Recovery of FFA from Methanol Extracts of Rice Bran Oila

1st Stage 2nd Stage 3rd Stage

Feed flow rate (kg/h) 28,000 21,900 21,600
FFA in feed (% w/w) 4.69 0.44 0.13
Rejection (%) 95 91 90
Volume concentration ratio 4.6 65 266
FFA in retentate (%) 20 20 20
FFA in permeate (%) 0.44 0.13 0.06
Recovery of FFA in each stage’s retentate (kg/h) 1,217 67.4 16.3
Value of FFA in each stage’s retentate ($/yrb) 5,621,000 311,000 75,000
Average flux (L/m2 · h) 41 67 75
Permeate flow (L/hc) 24,690 24,310 24,220
Membrane area in each stage (m2) 602 363 323

aFFA, free fatty acid.
bFFA price = $550/ton.
cDensity of methanol = 0.8875 kg/L.

TABLE 2
Recoveries and Cost Estimates of Membrane System for Refining Crude Rice Bran Oila

One-stage plant Two-stage plant Three-stage plant

Total recovery of FFA (%) 93 98 99
Net methanol recycle (%) 78 77 77
Capital cost ($) 301,000 483,000 644,000
Annual operating cost ($/yr) 100,000 161,000 215,000
Annual operating cost ($/ton FFA recovered) 9.8 14.9 19.7
Value gain ($ of FFA/$ operating cost) 56.0 36.9 28
aFor abbreviation and assumptions, see Table 1.
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more stages, a three-stage plant is still an attractive value gain
of $28/per $ of operating cost.

Although the data were obtained in a small laboratory-
scale test cell, they provide a basis for evaluating the feasibil-
ity of the concept and estimating economic advantage. Pilot
testing will be necessary to obtain design data relating to
membrane life, cleaning cycles, and purity of the product
streams.
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