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Abstract

This study investigated the ultrafiltration of soybean oil/hexane extract (miscella) using porous ceramic membrane. The
evaporation energy can be saved in the soybean oil production by pre-separating a portion of hexane through the ceramic
membrane. Raw soybean oil/hexane extract with 33 wt% of oil was used without pretreatment. A cross-flow ultrafiltration was
performed using an anodisc membrane with a pore diameter of 0.02 um and thickness of ~1 pm. The concentrations of oil/
hexane mixture were measured by UV adsorption at a wavelength of 458 nm. The separation mechanism was suggested to be
the hindrance diffusion of soybean oil. Agitation in the feed side significantly increased the rejection of soybean oil. A small
stage cut could also yield a higher rejection. Above observations were attributed to the reduction of concentration polarization
by increasing the shear rate and small permeate flux, respectively. The optimum separation was achieved under the conditions
of 4 kg/cm? transmembrane pressure, 0.04 stage cut and 120 rpm agitation speed. The concentration of soybean oil decreased
from 33 wt% of feed to 27 wt% in permeate, that is, near 20% rejection. A gel-layer polarization model was proposed to
estimate the gel concentration and thickness. The gel concentration was found 43-53 wt%. Agitating feed side reduced gel

thickness, thus enhanced the rejection and permeate flux. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The capabilities of ceramic membranes include
high-temperature durability, sufficient mechanical
strength, chemical inertness, organic solvent resis-
tance and unique surface characteristics. Furthermore,
these membranes are resistant to biological attack and
steam sterilization so that there is less likelihood of
bacteria contamination. Such a feature is highly attrac-
tive for the food and pharmaceutical industries. Ultra-
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filtration or reverse osmosis with membranes can
replace conventional food processes, e.g. distillation,
thereby minimizing thermal damage and reducing
energy consumption [1]. In light of these considera-
tion, this study investigates the macromolecular trans-
port and separation mechanism in porous ceramic
membranes. The separation of soybean oil/hexane
extract is selected herein because it is a solvent-
extraction process in the food processing industry.
Soybean oil is typically extracted from soybean
flakes by hexane in the edible oil process. Raw extract
(miscella) normally contains 25-30 wt% soybean oil.
More than 70 wt% of hexane is removed by distilla-
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tion following steam stripping which consumes most
of the energy cost in a typical soybean oil plant [2]. In
a related work, Koseoglu et al. [3] examined the
feasibility of using the membrane process to remove
the solvent from crude vegetable oil. However, the
polymeric membranes were damaged by hexane. The
ceramic membrane is highly attractive in its resistance
to swelling and dissolution in hexane. The steam
consumption can be less than the current distillation
process if hexane is partially separated by ultrafiltra-
tion using ceramic membranes.

Current porous ceramic membranes can only pro-
vide partial separation since the pore size is insuffi-
ciently small as mentioned later in Section 3.
However, to conserve evaporation energy, a pre-separ-
ating portion of hexane may still save energy in the
process. Soybean oil/hexane system is only one of the
typical applications using ceramic membranes. Such
membranes can be applied to many liquid-phase
systems, including catalyst recovery, wastewater treat-
ment [4], and oil/water emulsion processing [5]. In
light of such applications, the transport phenomena
must be elucidated.

2. Experimental

The soybean oil/hexane extract (miscella) was pro-
vided by lJia-Shin Oil and Grease (Taiwan). The
extract was directly collected from the solvent extrac-
tor without refining. Raw extract typically contained
near 33 wt% of soybean oil, 0.6 wt% of phospholipids
and less than 0.1 wt% of free fatty acids balanced with
hexane. This extract was used herein without any
pretreatment. The soybean oil concentrations were
measured by UV adsorption (Shimadzu UV-210 A).
Raw extract was concentrated to ~90 wt% by hot
water bath to remove hexane at 85°C. This concentrate
was then diluted with various amounts of hexane for
the standards of UV calibration. Fig. 1 displays the
calibration curve of soybean oil concentration. The
UV adsorption of oil/hexane mixtures were measured
at a wavelength of 458 nm. The concentrations were
subsequently obtained by interpolating calibration
curve.

Porous alumina anodisc (47 mm in diameter) were
purchased from Whatman (USA). Fig. 2 displays the
SEM cross-section of anodisc. The structure of disc
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Fig. 1. Calibration curve of soybean oil’/hexane mixture by UV
absorption.

Fig. 2. SEM cross-section of anodisc membrane.

was asymmetric. The pore diameter of top layer
was 0.02 um with a thickness of ~1 pm. Support
comprised straight-pore structure and pore diameter
was 0.2 um with a thickness of ~60 um [6]. The
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Fig. 3. Schematic diagram of soybean oil extract separation system.

asymmetric structure provided the minimum flow
resistance while still retaining excellent mechanical
strength. Notably, using such a membrane with a
nearly uniform pore size and straight channel would
facilitate the analysis of a complex transport phenom-
ena.

The ultrafiltration experiments were performed at
room temperature. Fig. 3 schematically depicts the
apparatus used herein. Soybean oil/hexane extract was
delivered by a HPLC pump (SSI, digital pump series
2), under which condition, the flow rate could be
adjusted from 0.1 to 40 ml/min. The retentate pres-
sures, which ranged from 101 to 808 kPa, were regu-
lated by a metering valve. Transmembrane pressures
and flows could be controlled independently by the
HPLC pump and the metering valve. Permeate was
opened to the atmosphere. The operation of various
stage cut at a constant transmembrane pressure was
achieved by adjusting the feed flow and metering
valve. Fig. 4 illustrates the membrane module which
could simulate cross-flow filtration. To increase the
shear rate, the space immediately above the membrane
surface was agitated by a cross-paddle with an adjus-
table speed up to 120 rpm. The 0.02 pm layer was
always faced forward the feed side during filtration
operation. Permeate flow, depended on transmem-
brane pressure, ranged from 0.38 to 7 ml/min. Reten-
tate flow, which ranged from 0.7 to 16 ml/min, was
recycled back to a reservoir tank. The volume of tank
was nearly 5 1, which was sufficient to keep constant
concentration with recycled retentate in one experi-
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Fig. 4. Membrane module for cross-flow filtration.

ment. The permeate flux changed rapidly during the
first 2 h (see Fig. 7). Therefore, separation data were
acquired after 2 h permeation when a fresh membrane
was used in each run. Both retentate and permeate
were collected and analyzed their concentrations by
UV adsorption simultaneously.

The permeation of pure hexane was intended to
measure. However, no transmembrane pressure could
be read even at the maximum feed rate (~40 ml/min).
Therefore, the membrane resistance of hexane was
considered to be negligible in our experimental
conditions.
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3. Results and discussion
3.1. Evaluation of separation performance

The quality of separation is expressed by rejection,
as defined in Eq. (1). Rejection demonstrates how
effectively a membrane can separate soybean oil from
hexane. The higher the rejection implies a better
membrane performance. The quantity of separation
can be expressed by stage cut, which calculates the
ratio of permeate to feed flow rates. Stage cut can be
regarded as the amount of permeate collected with a
given feed rate. Operation with a small stage cut
requires a longer time or large membrane surface to
process a given amount of extract. These two para-
meters can be used to evaluate the economy of a
membrane separation system.

Rejection = (Cfeed - Cpermeate)/ Cfeed- (1)

Permeate flux comprises of diffusional and convec-
tive flows in the ultrafiltration by a porous membrane
(Eq. (2)) [7]. The Peclet numbers were calculated
based on the membrane pore (0.02 pm), thickness
(~1 um), permeate fluxes and estimated diffusivity
(Table 2), and found to be much less than 1. The value
of Pe implies that diffusional flow would be the
dominant factor in permeation [8]. The driving force
for diffusion (first term) is the concentration gradient.
The separation mechanism of heavy and light mole-
cules is attributed to the diffusivity difference. The
second term, convective flow, does not contribute to
separation.

J,' :Ci(V[+M). (2)

3.2. Diffusivity and pore size

Table 1 summarizes the physical parameters of
soybean oil and hexane. Soybean oil is a mixture of
triglycerides consisting of C;,—C,g fatty acids. Oleic
and a-linolenic acids are two major components
(>60%) of unsaturated chains. Soybean oil molecule
consists of nearly 60 carbon atoms and molecular
weight estimated near 900 g/mol with molar volume
~980.39 cm>/mol [2,9]. The molecular weight of
hexane is 86 g/mol with a molar volume of
131.6 cm*/mol. The molecular diameters of soybean
oil and hexane were estimated to be 14.5 and 7.5 A,

Table 1

The physical parameters of soybean oil and hexane

Properties Soybean oil Hexane
Density at 25°C 0.918* 0.659
Viscosity (cp) at 25°C 50.09* 0.32
Normal boiling point (°C) ~280% 68.7
Molecular weight (g/mol) ~900" 86.18
Molar volume® (cm*/mol) 980.39 131.6
Molecular size (A) ~16.1 ~75

%Chen et al. [9].

"Molar volume of soybean oil: molecular weight/density.
“Assuming spherical shape, based on molar volume and the
correlation of Wong et al. [11].

respectively, from their molar volumes by assuming a
spherical shape. The solvent used and its concentra-
tion influenced the molecular size of soybean oil [10].
Thus, the molecular size of soybean oil in hexane
would differ from that of undiluted form. According to
the correlation of Wong et al. [11], the molecular
volume of pure component was nearly 75% of that
in the solvent. Thus, the molecular size of soybean oil
would be expanded to 16.1.

The soybean oil/hexane extract could be considered
as extremely diluted since the mole fraction of soy-
bean oil was only ~0.045 (33 wt% and molecular
weight ~900). Therefore, the mutual diffusivity of
soybean oil in hexane could be calculated by Stokes—
Einstein equation based on the molecular size and
solvent viscosity [12]. The diffusivity of major com-
ponent (mole fraction ~0.955), hexane, would be
considered as self-diffusion which could be also esti-
mated according to its molecular size and viscosity by
the same method. The diffusion in a narrow pore was
slower than that in the bulk solution due to hindrance
effect. Davidson and Deen [8] contended that the
diffusive hindrance factor was related to the ratio of
molecular size to pore diameter. The hindrance of
convection was negligible because that factor was
found to be near 1. Flow-induced deformation,
although another factor influenced the diffusivity,
was considered negligible owing to the small permeate
fluxes (i.e. small rate of strain) [10]. Table 2 lists the
calculated diffusivities of soybean oil and hexane
under various pore sizes from the above estimation.
The diffusive hindrance effect was substantial for
soybean oil, while it was minor for hexane. The
diffusivity ratios of soybean oil to hexane were 4.5
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Table 2
The estimated diffusivities of soybean oil and hexane in various
pore sizes at 298 K

Pore size  Diffusivity Diffusivity ratio of hexane
(cm?/s)x10° to soybean oil
Soybean oil  Hexane

00 9.08 40.8° 45

0.02um®  6.82 36.7 54

0.0l um®  3.18 32.6 10.3

5 nm® 0.73 19.6 26.8

“Mutual diffusivity by Stokes—Einstein equation [12].
®Self-diffusivity by Stokes—Einstein equation [12].

“Diffusivities in pores based on Davidson and Deen correlation
models [8].

and 5.4 in the bulk and the 0.02 pm pore, respectively.
The ratios became larger as the pore size reduced. The
separation mechanism of soybean oil/hexane, thus,
suggested the diffusivity difference. Molecular sieving
could not be achieved for the current membranes (i.e.
0.02 pm pore). Such a membrane was expected to give
only marginal separation. However, the diffusion dif-
ference could be significantly increased if the pore size
reduced to less than 5 nm. Consequently, rejection
should expect to increase.

3.3. Concentration polarization

Concentration polarization profoundly influences
ultrafiltration. Soybean oil accumulated on the surface
of membrane during filtration. Thus, the separation
efficiency declined owing to the rising concentration
gradient of soybean oil across membrane. Concentra-
tion polarization can be mitigated by increasing the
turbulence of cross-flow or the shearing stress near the
membrane surface. Agitation in the retentate side is an
effective means of lessening concentration polariza-
tion. Consequently, the separation performance can be
greatly enhanced.

Fig. 5 presents the effects of transmembrane pres-
sure and agitation speed on the rejection. According to
this figure, the rejection decreased with an increase of
the transmembrane pressure without agitation. How-
ever, the influence of transmembrane pressure dimin-
ished with agitation, particularly at a higher speed. As
expected, the rejection was significantly enhanced
with agitation. In addition, permeate fluxes increased

with agitation speed. Zeman and Wales reported that
the decrease of rejection with an increase Ap reflected
both concentration polarization and/or the shear-
induced solute distortion at a higher transmembrane
pressure [13]. Obviously, agitation facilitated the
minimization of the concentration polarization,
thereby increasing the rejection as well as permeation.
The influence of solute distortion might be obscured
by agitation or became negligible at such transmem-
brane pressures.

Fig. 6 illustrates how stage cut influences the rejec-
tion under the condition of agitation speed 120 rpm
and transmembrane pressure 404 kPa. The smaller the
stage cut implies a higher rejection. A small stage cut
was comparable to small permeate flux. Concentration
polarization could be minimized with small permeate
flux. Furthermore, small permeate flux reduced the
convective flow. Permeation was majorly attributed to
diffusional flow (Eq. (2)), thereby enhancing the
separation of soybean oil. The optimum separation
occurred at a small stage cut near 0.04 under our
experimental conditions. The rejection was ~20%, i.e.
the soybean concentration decreased from 35 wt% of
feed to 27 wt% of permeate.

3.4. Gel-layer polarization model

Fig. 7 presents the permeance versus filtration
time with various transmembrane pressures. The
permeance decreased from 10 to ~2x10~® g/(min -
cm? Pa) rapidly even with an increasing transmem-
brane pressures for the first 2 h. Then the permeance
decreased to near 1x107% g/(min cm? Pa) under a
constant transmembrane pressure (707 kPa), and it
remained there after decreasing pressures. In addition
to soybean oil, raw extract contained a small amount
of phospholipids which could form reverse micelles
and accumulate on the membrane surface, thus
increase the flow resistance [14]. Further increasing
the transmembrane pressure appeared to negligibly
influence the flux. This observation suggests that
the accumulation of solute (i.e. soybean oil and
phospholipids) formed a gel layer on the surface
of membrane. The formation of gel depends on the
size, shape, chemical structure of solute and degree
of solvation, but is not influenced by filtration opera-
tion. The permeate flux could be expressed by the
following equation based on the gel-layer polarization
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Fig. 5. Effect of agitation speed on separation performance.
model [15]: The average values of C,, k and ¢ were calculated
from 3 to 5 different fluxes at each agitation speed.
_ (Ce— Gp) Table 3 summarizes those values of three agitation
J=kln 3) g
(Cy = Cp) speeds. The concentration of gel layer (C,) was near-

where k denotes the mass transfer coefficient, equal to
the ratio of diffusivity and gel thickness, D/é. The gel
concentration became a constant once the gel formed.
It was not affected by transmembrane pressure and
permeation. The mass transfer coefficient (k) could be
omitted in Eq. (4) by properly arranging Eq. (3).
Therefore, the gel concentration (Cy) could be esti-
mated from the experimental data of J’s and C;,’s. The
mass transfer coefficient could be calculated by
Eq. (3) once C, was obtained:

[Gereyl

Q _ (Cg — sz)
i (G —GCyp)

“4)

ly at a constant level, which was consistent with
this model. Notably, the mass transfer coefficients
(k) significantly increased with agitation speed. The

Table 3
The average values of mass transfer coefficient, gel concentration
and thickness under different agitation speeds

Agitation speed (rpm)  C, (Wt%) & (cm®/scm? 6§ (cm)

0 52.6 0.013 52x107*
60 442 0.18 3.8x107°
120 427 0.37 1.8x107°

Transmembrane pressures 202-808 kPa, diffusivity D=6.82x
107° cm*/s (Table 2).
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thinner gel layers indicated that gel-layer polariza-
tion was lessened by increasing the shear rate, i.e.
agitation.

4. Conclusion

This study demonstrates the feasibility of separating
soybean oil/hexane extract by using anodisc mem-
brane. Ceramic membrane is promising for solvent-
extraction processes in the food industry. Concentra-
tion polarization is an important phenomenon and can
be reduced by the feed-side agitation. Therefore,
agitation increases rejection. Although a higher rejec-
tion can be obtained at small stage cut, sufficient
membrane area is necessary to process large quantity
of extract. The diffusivity difference of soybean oil
and hexane was proposed by the separation mechan-
ism in this system. Until now, the membrane with a
pore size of 0.02 um still insufficiently separate the

soybean oil/hexane extract. The rejection is too low
for economic purposes. Results presented herein sug-
gest that a small pore size is essential for efficient
separation. However, the permeate flux usually
becomes low when the pore size is reduced. This
finding implies that a large membrane surface area
is necessary. From an industrial perspective, current
rejection would be too low to be practical. Multiple
stages with recycles can be applied to increase the
overall rejection.

5. Nomenclature

c, C concentration (g/cm3)

Gy solute concentration of bulk solution
(g/em’)

C, solute concentration of gel (g/cm?)

Co solute concentration of permeate
(g/em’)
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D diffusivity (cm?/s)

J flux (g/cm2 S)

k mass transfer coefficient (cm3/cm2 s)

u velocity of convective flow (cm/s)

v; velocity of diffusional flow, i component
(cm/s)

o gel layer thickness (cm)
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