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Abstract Traditional solvent recovery in the extraction step of edible oil processing is distillation, which con-
sumes large amounts of energy. If the distillation is replaced by membrane process, the energy consumption can be
reduced greatly. In this work, two kinds of membrane, PDMS (polydimethylsiloxane) composite membrane and
Zeolite filled PDMS membrane were prepared, in which asymmetric microporous PVDF (polyvinylidenefluoride)
membrane prepared with phase inversion method was functioned as the microporous supporting layer in the
flat-plate composite membrane. The different function compositions of the PDMS/PVDF composite membranes
were characterized by reflection Fourier transform infrared (FTIR) spectroscopy. The surface and section of
PDMS/PVDF composite membranes were investigated by scanning electron microscope (SEM). The PDMS NF
(nanofiltration) membranes were then applied in the recovery of hexane from soybean oil/hexane miscellas (1 * 3,
mass ratio). The effects of pressure (0.5-1.5 MPa), cross-linking temperature and PDMS layer thickness on mem-
brane performances were investigated. The results indicated that both two kinds of NF membranes were promising

for solvent recovery, and zeolite filled in PDMS NF membrane could enhance the separation performance.
Keywords PDMS; composite membrane; miscella; zeolite; solvent recovery

1 INTRODUCTION

Vegetable oil is mostly processed by solvent ex-
traction using hexane as solvent at present. The sol-
vent content of the miscella (mixture of extracted oil
and solvent) in the extractor exit is always 70% to
75% (by mass). The miscella is then evaporated to
separate the oil and hexane. Since the process involves
solvent phase change, the evaporation process requires
considerable amount of energy (about 530kJ per kg of
hexane) [1]. In addition, the explosive vapor in the
vegetable oil plant also brings a safety problem. Since
most of the membrane separation process does not
involve phase change, if evaporation is partially replaced
by membrane separation, great energy can be saved.

According to Cheryan [2], a process using mem-
branes when compared to conventional distillation
may promote substantial cost reduction for vegetable
oil processing due to the pre-concentration of the
miscella and the opportunity to use more compact
evaporators. In addition, this new process can have
environmental and safety advantages, since risks of
explosion, for instance, are minimized [3].

By analyzing the difference between the triacyl-
glycerols (oil) and hexane, it is found that solvent re-
covery from miscella by membrane is feasible. The
first difference is their molecular weight. Triacyllglyc-
erols has a molecular weight about 900 grmol and
hexane, 86 g'mol™". Thus their molecular volume dif-
fers markedly. Moreover, they have different diffusivi-
ties. This make the membrane separation become pos-
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sible. An ideal membrane for solvent recovery should
combine specific properties such as high rejection of
oil and a suitable permeate fluxes that are adequate for
industrial scale, as well as mechanical, thermal and
chemical resistances compatible with the process [1].
Several papers reported recovery of hexane from
miscella by membrane separation. In their research UF
(untrafiltration), NF (nanofiltration) and RO (reverse
osmosis) membrane are tested [4-8], but the results are
not satisfactory. The separation performance (perme-
ate fluxes and rejection) were rather limited, i.e., ei-
ther the permeate fluxes is low, or the rejection is too
low. One reason is that the membranes used in these
works are mostly hydrophilic, which are mainly used
in water treatment, but hexane is hydrophobic and the
hydrophobicity is very strong. At the same time, it was
found that membrane swelling is a severe problem.
Only a few membranes could permeate hexane with-
out being destroyed, while most membranes were de-
stroyed very quickly. These issues greatly limited re-
search work in this area, and till now, hexane recovery
by membrane has been investigated only at bench scale.
PDMS (polydimethylsiloxane) is one of the hy-
drophobic membrane materials. It is found that PDMS
membrane is stable in organic solvent, and the separa-
tion performance is satisfactory [9-12]. For this reason,
PDMS was selected as membrane material in this
study. Cross-linked PDMS/PVDF composite mem-
branes were prepared, in which asymmetric micro-
porous PVDF membrane prepared with phase inver-
sion was acted as the microporous supporting layer in
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the flat-plate composite membrane. It is found that,
when filled with zeolite, separation performance can
be improved [13-17]. Thus, zeolite filled PDMS/PVDF
composite membranes were also prepared. The sepa-
ration performances of the prepared membranes were
then used to recover hexane from soybean oil/hexane
miscella.

2 EXPERIMENTAL
2.1 Materials

PVDF of 1.76 g'cm_3 in density, 170,000 in mo-
lecular weight was purchased from the Solvay Com-
pany, Belgium. PDMS prepolymer with a viscosity of
20 Pas was received from Beijing Chemical Reagents
Corporation. Hexane, n-heptane, dibutyltin dilaurate
(DBTL) and tetraethylorthosilicate (TEOS) were ob-
tained from Beijing Jingyi Chemical Reagents Corpo-
ration, Beijing, China. Zeolite is provided by The
Catalyst Plant of Nankai University. Miscella was pre-
pared from 25% (by mass) refined commercial soy-
bean oil (Yihai Kerry Group) and 75% (by mass) hexane.
PVDF was used for the preparation of porous membrane
supporter. Triethyl phosphate (TEP, reagent grade,
Beijing Chemical Corporation) was used as the sol-
vent for PVDF UF membrane formation. All reagents
were used as received unless otherwise mentioned.

2.2 Preparation of PDMS/PVDF composite mem-
branes

The PVDF support layer was prepared by dis-
solving PVDF in TEP solvent to form a 15% (by mass)
solution. The solution was then cast on non-woven
fiber and then immersed into water to induce polymer
precipitation. The residual solvents was fully ex-
changed with ethanol and evaporated at room tem-
perature. The thickness of PVDF layer was controlled
in the range of 45-50 pum.

PDMS, crosslinking-agent ethyl orthosilicate and
catalyst dibutyltin dilaurate were dissolved into
n-heptane at room temperature. Zeolite of ZSM-5 par-
ticles was added into the solution under stirring. The
resulting suspension was then sonicated for 30 min to
promote the dispersion of ZSM-5 particles. After de-
gassed under vacuum, the solution was cast onto the
PVDF membrane. The membrane was first vulcanized
under room temperature to evaporate the solvent, and
then placed in an oven at different temperature for Sh
to complete crosslinking.

Zeolite used was ZSM-5 particles with Si/A1l ra-
tio of 360, the size is about 4-6 pum.

2.3 Membranes characterization

23.1 SEM
The morphologies of PVDF membrane and
PDMS/PVDF composite membrane were obtained by

scanning electron microscope (SEM, JEOL JSM-7401F,
Japan). Membranes were coated with Au/Pd in vac-
uum for three minutes.

2.3.2 FTIR-ATR analysis
The change of chemical structures of PDMS be-
fore and after cross-linking was confirmed using Fou-

rier transform infrared (FTIR) spectrometer (Nicolet,
IR560) in the ranger of 4000-400 cm .

2.4 Membrane conditioning

According to Kesting [18], before each test, con-
ditioning of polymeric membranes should be per-
formed. Membrane conditioning consists of its im-
mersion in a work fluid and filtration under appropri-
ate pressure in order to remove conservants and hu-
mectants from the surface and their pores. After con-
ditioning it is possible to increase solvent permeation
and to improve membrane global performance.

According to vad der Bruggen et al. [19], im-
mersing polymeric membranes in hexane may cause
agglomeration of hydrophobic and hydrophilic sites
presented in the active layer. As a consequence, hy-
drophilic membranes may have their hydrophilicity
reduced. Thus, before each test, membranes were im-
mersed in oil/hexane miscella for 24 h and then fil-
tered at room temperature, 2.4 MPa for 1 h, and 1.0
MPa for 1 h.

2.5 Separation experiments

Separation experiment apparatus used in this
study can be seen in Fig. 1. The membrane was posi-
tioned in the stainless steel permeation cell with an
effective area of 21.0 cm”. The feed solution continu-
ously circulated from the feed tank to the upstream
side of the membrane in the cell at a desired pressure,
and the permeate was collected after a steady state
was obtained. The compositions of the feed solution
and the permeate were analyzed by gas chromatography.
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Figure 1 Schematic flow diagram of membrane evaluation
equipment

1—bumper; 2—electric thermometer; 3—membrane unit; 4—
pressure gauge; S—counterbalance valve; 6—feed tank; 7—
plunger pump

1

Separation performances of the membranes can
be evaluated on the basis of total flux and retention
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coefficient. The permeate flux J was determined by
measuring the mass of permeate collected and divided
by time and the membrane’s effect surface area as
show in Eq. (1):
Am
J=—" 1
A-At O

where Am is the mass of permeate during the opera-
tion time At at steady state, and A is the effective
membrane area.

The retention coefficient for the oil was defined as:

_ Cleed ~ Cp,

R . %100% )

Ceed

where creeq and cper are the oil concentration in the feed
and permeate, respectively.

3 RESULTS AND DISCUSSION
3.1 SEM photographs of membrane

SEM permits imaging cross section and surface
membrane morphology. The morphologies of the
composite membrane and PVDF membrane prepared
in this study were presented in Fig. 2.

As can be seen in Fig. 2 (a), the surface mor-
phology of the PVDF UF membrane was rough,
which was good for it to combine with PDMS layer.
Fig. 2 (b) is the surface image of PDMS/PVDF com-
posite membrane. The PDMS layer, functioning as the
basis of selectivity, had a nonporous and tight struc-

(a) Surface image of PVDF UF (b) Surface image of PDMS/PVDF
composite membrane

membrane
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(d) Surface image of PDMS/PVDF composite
membrane

ture. The surface was dense and there is no any pin-
hole or crack, which was important for the practical
application. With the filling of zeolite, as can be seen
in Fig. 2 (c), the surface became rough. This was for
the presence of zeolite in the surface, but the surface
was still featureless.

The cross-section morphology of the composite
membrane was shown in Figs. 2 (d) and (e). As dem-
onstrated in the SEM photograph, there was a clear
boundary between the top layer and the PVDF support
layer, and the top layer combines with the support one
tightly.

3.2 FTIR results

ATR (attenuated total reflection) Fourier trans-
form infrared spectroscopy is commonly used to
characterize chemical structure of the surface [20]. The
ATR technique enables the identification of specific
molecules and groups located within 100 nm from the
surface layer. To obtain detailed information about the
structural changes of PDMS/PVDF membranes re-
sulted from crosslinking, FTIR spectra of the surface
of PDMS/PVDF membranes and PDMS prepolymer
were recorded in Fig. 3 using the ATR technique.

The PDMS used in this study is hydroxyl-terminated
one. The degree of the crosslinking reaction can be
learned from the absorbance intensity of Si—OH. The
characteristic absorption bands of Si—OH groups ap-
peared at 3000-2890 cm ' and 1150-1000 cm .
Comparing with the uncrosslinked PDMS (Fig. 3), the

(c) Cross-section image of zeolite
PDMS/PVDF composite membrane

(e) Cross-section image of zeolite filled PDMS/PVDF
composite membrane

Figure 2 The surface and cross-section SEM image
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Figure 3 FTIR spectrums of uncrosslinked and crosslinked PDMS
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Figure 4 FTIR-ATR spectrums of magnified area of S—OH
in 1150-1000 cm™ area
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Si—OH absorbance signals of the crosslinked mem-
brane obviously weakened. And it could also be found
that with the increase in crosslinking temperature, the
absorption peak weakened (Fig. 4). These changes
were the evidences of crosslinking reaction of
hydroxyl-terminated PDMS with TEOS by DBTL
catalysis, and with the increase in crosslinking tem-
perature, the crosslinking degree increase, too. The
crosslinking reaction is shown as the following for-
mula [21]:

CH, CH,
ST o~ S
o, o locui on
oH, GO S
—ll—Oil_—l_____J i_____H_EO—éi—
o e

cat.

3.3 Separation performance of the PDMS/PVDF
composite membrane

3.3.1  Effect of crosslinking temperature and pressure

Impacts of crosslinking temperature on permeate
flux and oil retention was depicted in Figs. 5 and 6,
respectively. It could be found that with the increase
of membrane crosslinking temperature, the permeate
flux decreased, while the retention of oil increased at
first till reached a maximum value at 110 °C and then
began to decline. This could be explained that when
the crosslinking temperature is low, the crosslinking
degree is low too and the PDMS layer is relatively
‘loose’, leading to large permeate flux and low oil
retention. With the increase of crosslinking tempera-
ture, crosslinking degree increase, which resulted in
the rise of density and caused smaller available free
volume of polymer matrix for diffusion. Thus, flux
dropped and oil retention increased. But if crosslink-
ing temperature is too high (140 °C), the membrane
prepared became curl and defect may occur, decreas-
ing the oil retention.

Although membrane prepared under low crosslink-
ing temperature had larger permeate flux, the oil re-
tention was low, which made it not so competitive in
practical use. Considering both flux and oil retention,
crosslinking temperature in the region of 80-110 °C is
preferable for the PDMS/PVDF composite membrane.

?H; CH;
|
— Si~ - Si—
| oL 9 |
CH, Si CH,
CH, O/ \O CH, + C,H,OH
| ~ N
—Si Si—
| |
CH, CH,
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From Figs. 5 and 6 the influence of feed pressure
on separation performance could be found. The per-
meate flux increased quickly with a nearly linear in-
crease of feed pressure. This can be explained by the
pore-based model. In this model the permeate flux, J,
can be calculated as follows [22]:

J=(Ap—Arm)x Ay 3)
where Ap and Az represent pressure and osmotic

pressure differential between feed and permeate, re-
spectively, and Ay is the permeability coefficient.
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Figure 5 Effect of crosslinking temperature and experi-
ment pressure on membrane permeate flux (membrane thick-
ness: 45 pm)

crosslinking temperature/°C: m 30; @ 60; A 80; v 110; & 140

The pressure of permeate is zero and Az dose not
change much when oil content in permeate is low, and
thus the relation of permeate flux J and feed pressure
is nearly linear.

From Fig. 6 it showed that with the increase of
feed pressure oil retention increased at first and then
decreased. The maximum feed pressure appeared at a
range of about 1.5-1.8 MPa. For application in indus-
try, feed pressure should be adjusted to optimize flux
and oil retention.
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Figure 6 Effect of crosslinking temperature and experi-
ment pressure on oil retention
crosslinking temperature/°C: m30; x60; A 80; v 110; & 140

3.3.2  Effect of PDMS layer thickness

To research the influence of PDMS layer thick-
ness on separation performance, various PDMS com-
posite membranes with different thickness (12, 30 and

45 pum) were prepared. The separation performance
can be seen from Fig. 7.
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Figure 7 Effect of membrane thickness on separation per-
formance (pressure: 1.8 MPa)
0 flux; @ oil retention

As the thickness of membrane increased, the flux
showed a remarkable decrease, which was due to the
increase in mass transport resistance, while the oil
retention exhibited a slightly increase from 84% to
93%. It is generally recognized that membrane selec-
tivity is determined by two factors: solubility and dif-
fusivity. For a selected system, when membrane
thickness increases, the selectivity for the component
which diffusion quickly can be improved. In this work,
the separation layer of the composite membrane is
hydrophobic PDMS, which makes it dissolve hexane
preferentially. On the other hand, hexane is much
smaller than soybean molecular, which makes hexane
diffuse more quickly than soybean oil. Thus, oil reten-
tion increases with the increase of membrane thick-
ness. The result confirmed the conclusion. The oil re-
tention does not increase much, showing that diffusiv-
ity is not the major factor in this process.

3.3.3  Separation performance of the Zeolite filled
PDMS/PVDF composite membrane

In order to see whether there was an enhancement
in separation performance, Zeolite filled PDMS/PVDF
composite membrane was prepared and tested (Fig. 8).
In this study, ZSM-5 particles with Si/A1 ratio of 360
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Figure 8 Separation performance of zeolite filled com-
posite membrane [crosslinking temperature: 80 °C, Zeolite
content: 10% (by mass) of PDMS]

O flux; @ oil retention
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was selected, and the ZSM-5 content is 10% (by mass)
of PDMS.

Comparing with the PDMS composite membrane
crosslinked under 80 °C in Figs. 5 and 6, both perme-
ate flux and oil retention increase remarkably. A
maximum oil retention of 96.1% is observed at feed
pressure 1.7 MPa with corresponding oil content of
0.97% and permeate flux of 2.52 kg-mfz-hfl. The
permeate can be reused to extraction directly.

The enhancement of separation performance for
zeolite filled composite membrane can be explained in
two aspects. First, ZSM-5 is highly hydrophobic,
which makes it more affinitive to hexane than soybean
oil. On the other hand, ZSM-5 has many inner pores
with size about 0.51 nmx0.55 nm, which is similar to
the size of hexane but much smaller than oil molecular.
Thus hexane can pass the hole freely, while soybean
oil is too large to go through.

4 CONCLUSIONS

Crosslinked PDMS/PVDF and zeolite PDMS/PVDF
composite membrane were prepared, characterized by
FTIR, SEM, and employed in hexane recovery from
hexane/soybean oil miscella. Experimental results
indicated that permeate flux decreased with the in-
crease of crosslinking temperature, while oil retention
increase at the beginning and then decreased. Tem-
perature range of 80-110 °C is preferable for
crosslinking. The increase of PDMS layer thickness
resulted in a sharp drop in permeate flux and a slightly
increase in oil retention. The permeate flux increased
with the increase of feed pressure, while oil retention
had a maximum value. Zeolite filled PDMS composite
membrane can increase separation performance re-
markably. Under the feed pressure of 1.7 MPa, per-
meate flux is 2.52 kg~rn72~h71 and oil retention is
96.1%. The result demonstrated that the PDMS/PVDF
composite membranes are effective for recovering
hexane from hexane/oil miscella.
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