
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

/1
3/

20
26

 7
:4

2:
49

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Highly stable PD
aThe State Key Laboratory of Chemical

Engineering, Tsinghua University, Beijing

tsinghua.edu.cn
bOrdos Redbud Innovation Institute, Ordos

† Electronic supplementary informa
10.1039/c6ra28866a

Cite this: RSC Adv., 2017, 7, 11381

Received 30th December 2016
Accepted 10th February 2017

DOI: 10.1039/c6ra28866a

rsc.li/rsc-advances

This journal is © The Royal Society of C
MS–PTFPMS/PVDF OSN
membranes for hexane recovery during vegetable
oil production†

Xiang Li,a Binglun Chen,a Weibin Cai,a Tao Wang,a Zhen Wub and Jiding Li*a

There is a lack of stable and hydrophobic organic solvent nanofiltration (OSN) membranes meaning that

their implementation in non-polar solvent nanofiltration remains a challenge, typically in solvent (e.g.

hexane) recovery during vegetable oil production (e.g. soybean oil/hexane). Considering this, novel

trifluoropropylmethylsiloxane dimethylsiloxane (PDMS–PTFPMS)/polyvinylidene fluoride (PVDF)

membranes, with both high hexane permeability of PDMS and excellent hexane stability of PTFPMS,

were successfully developed to recover hexane via OSN. Their microstructure and surface properties

were characterized by SEM, FTIR, DSC, TGA, XPS and contact angle measurements. We explored the

effects of the ratio of the PTFPMS segment in polymer chain and polymer viscosity on membrane

performance. With regards to the F50-M membrane, we also conducted a comprehensive study on the

OSN performance of the F50-M membrane under different operational conditions. The oil rejection was

above 95% with stable hexane permeability of 3.06 kg�1 mm m�2 h�1 bar�1 over a 32-day period.

Experimental results confirmed its ability to recover hexane under various operational conditions,

showing high oil rejection and excellent long-term operational stability. We attributed its outstanding

performance to its unique microstructure and surface properties due to the fluorine-containing PTFPMS

segment. This study indicates that fluoropolymer membranes are promising candidates in OSN

processes, offering a wider choice of membrane materials and application fields.
1. Introduction

Solvent recovery during vegetable oil production (e.g. soybean
oil) is usually performed in aggressive non-polar organic
solvents, for instance hexane. Crude miscella is a mixture of 70–
75 wt% hexane and 25–30 wt% soybean oil aer soybean oil
extraction. Obviously, concentrating the oil from a concentra-
tion of 25 wt% to 50 wt% or higher requires an extremely high
level of energy consumption, as a result of thermal evaporation.
However, it is expected to full the same concentrating goal
consuming less energy via organic solvent nanoltration
(OSN).1

Despite the availability of large amounts of OSNmembranes,
most of them are used in separating polar organic solvent
mixtures.2,3 There are few membranes which can be utilized to
separate non-polar organic solvent mixtures, for instance poly-
sulfone membranes.4 However, it should be noted that they lack
durability in these solvents. In terms of durability, ceramic
Engineering, Department of Chemical

100084, China. E-mail: lijiding@mail.

017000, China

tion (ESI) available. See DOI:

hemistry 2017
membranes are more suitable with their higher stability
towards non-polar organic solvents. Yet hydrophobic ceramic
membranes are difficult to produce with separation properties
in the nanoltration range, not to mention they are brittle and
costly.5 So, the search for efficient and cost-effective non-polar
OSN membranes continues. The implementation of OSN in
non-polar organic solvents remains a challenge, especially in
aliphatic solvent separations.1 According to previous publica-
tions,3,6,7 the key is to fabricate a hydrophobic membrane
surface beneting non-polar solvent permeation, and at the
same time to avoid damaging the membrane following long-
term operation in non-polar organic solvents.

PDMS – one of the intrinsically hydrophobic materials – can
be cross-linked to form a hydrophobic membrane, and can be
used in hexane recovery during the production of vegetable oil.8

However, it is not suitable for long-term operation due to
excessive swelling.9–11 Despite efforts made to solve this issue,
including incorporating nanoparticles into the membrane,10

and utilizing improved cross-linking,12 inadequate stability and
low solvent permeation still limits its further use in industry. On
the other hand, the enhancement of both the permeability of
non-polar solvents and molecular weight cut off (MWCO) has
been conrmed via chemical modication based on ceramic
porous substrates.5,7,13–16 Ana F. M. Pinheiro et al. reported that
graing polydimethylsiloxane (PDMS) oligomer onto the
RSC Adv., 2017, 7, 11381–11388 | 11381
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Fig. 1 General structure of silanol terminated trifluoropropyl-
methylsiloxane dimethylsiloxane copolymer (PDMS–PTFPMS), which
is PDMS when n ¼ 0, m ¼ 1; and PTFPMS when m ¼ 0, n ¼ 1.

Table 1 Specifications of PDMS–PTFPMS copolymers for membrane
preparation

Abbreviation
n/(m + n)
(%)

Viscosity
(Pa s)

Silanol polydimethylsiloxane PDMS 0 10
Silanol terminated
triuoropropylmethyl–
siloxane dimethylsiloxane
copolymers

F15 15 11
F25 25 12
F100 100 13
F50-L 50 1
F50-M 50 5
F50-H 50 23
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alumina porous substrate showed high hexane permeability of
4.8 L m�2 h�1 bar�1 and a low MWCO value of 500 Da.5

However, this cumbersome procedure blocked its large-scale
production. Herein, we propose to utilize new copolymer,
which can combine the polytriuoropropylmethylsiloxane
(PTFPMS) of intrinsic resistance to non-polar solvents with
PDMS, to prepare highly stable OSN membranes with enough
hexane permeability.

The polytriuoropropylmethylsiloxane (PTFPMS) is a uo-
ropolymer rubber composed of repeating methyl(3,3,3-
triuoropropyl) siloxane units shown in Fig. 1. It possesses
good low-temperature stability-a glass transition temperature of
�74 �C and strong hydrophobicity, a broad chemical resistance
and good weatherability.17 PTFPMS has outstanding resistance
to hydrocarbon solvent or oil.18 On the other hand, the previous
report proved that the clever introduction of uoro-containing
groups could enhance non-polar solvent permeation across
the membrane.7 PTFPMS membranes have been applied in
pervaporation,17,19,20 and gas separation.21–23 However, no re-
ported publication focuses on the feasibility of PTFPMS in OSN
processes. It can be expected that PDMS–PTFPMS membranes
may effectively combine the advantages of the high hexane
permeability of PDMS and the excellent hexane stability of
PTFPMS. Moreover, we believe that the appropriate ratio of
PTFPMS segment in the polymer chain is critical to realize high
non-polar solvent (e.g. hexane) permeation with long-term
durability in industrial processes.

In this study, the effects of the ratio of PTFPMS segment and
polymer viscosity on membrane physical/chemical structures
and OSN performance were investigated to verify the effective-
ness in the enhancement of hexane permeability and oil rejec-
tion. Furthermore, a comprehensive study on recovering hexane
from the soybean oil/hexane mixture was conducted under
different operational parameters (including oil concentration,
operational temperature and time) to conrm the feasibility of
the application of PDMS–PTFPMS/PVDF OSNmembrane during
vegetable oil production.
2. Experimental
2.1 Materials

The silanol polydimethylsiloxane (Dingye Inc.) and silanol
terminated triuoropropylmethyl–siloxane dimethylsiloxane
copolymers (Russia) were utilized and their specications are
shown in Table 1. Tetramethoxysilane (TMOS, 98%, Aladdin)
11382 | RSC Adv., 2017, 7, 11381–11388
was used as the cross-linking agent and dibutyl tin diacetate
(DBTA, Alfa-Aesar) as the catalyst. Butanone (AR) and n-hexane
(AR) were purchased from Beijing Chemical Works (Beijing, P.
R. China). All reagents were utilized as received. To investigate
membrane separation performance, a model solution
composed of a certain amount of soybean oil (Third-grade,
Luhua Inc.) and n-hexane was prepared.
2.2 Preparation of PDMS–PTFPMS/PVDF composite
membranes

PDMS–PTFPMS membranes were prepared via a facile solution-
casting technology. The PDMS–PTFPMS copolymer is added
into butanone to form the 25 wt% homogeneous solution at
10 �C. And the following is the addition of crosslinking agent
and catalyst with mass proportion of 100 : 10 : 3.5 (polymer-
: TMOS : DBTA). The resulting solution was further stirred and
cross-linked to obtain enough viscosity for casting (see in Table
S1†). Then the pre-crosslinking solution was casted rapidly on
a PVDF ultraltration support previously prepared using non-
solvent-induced phase separation (NIPs) (see ESI†).24 The as-
synthesized membrane was dried for 8–10 h at room tempera-
ture to remove most of the butanone. Further annealing at
100 �C for 10 h was required before undergoing various char-
acterizations and organic solvent nanoltration experiments.
The resulting cross-linked PDMS–PTFPMS/PVDF membranes
are denoted as PDMS, F15, F25, F100, F50-L, F50-M and F50-H
membranes for ease of further discussion as below.

Some characterizations, including differential scanning
calorimetry (DSC), thermal gravimetric (TG) and determination
of gel content and swelling degree, required dense cross-linked
PDMS–PTFPMS lms. We poured the pre-crosslinking casting
solution onto the PTFE pan. Following this, the same heat-
treatment procedure was also utilized. The resulting
membranes were denoted as PDMS, F15, F25, F100, F50-L, F50-
M and F50-H lms for ease of further discussion as below.
2.3 Membrane characterization

Fourier Transform-Infrared (FTIR) spectra were recorded on
a Thermo Scientic* Nicolet* 8700 spectrometer, with samples
mounted on a zinc–selenium/diamond plate. The spectra were
recorded at a resolution of 4 cm�1 from an average of 32 scans.
SEM images were obtained using a JEOL JSM-7401F eld-
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Schematic representation of the double cells cross-flow rig
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emission instrument. The samples were cryogenically fractured
in liquid nitrogen and then coated with gold under a vacuum.
XPS spectra of cross-linked PDMS–PTFPMS/PVDF composite
membranes were collected with a monochromatic Al Ka radia-
tion source, with a take-off angle of 45�, over a range of 0–
1200 eV. The detection depth was approximately 2 nm. The
thermal stability and degradation behavior of cross-linked lms
was determined using a TG analyzer under N2 atmosphere at
a heating rate of 10 �Cmin�1 from 30 �C to 800 �C. Additionally,
the glass transition temperature (Tg) was measured by DSC on
Seiko DSC6200. N2 atmosphere from �140 �C to 20 �C was
adopted and the cooling and heating rate was held constant at
10 �C min�1. Static contact angle measurements were con-
ducted on the surface of cross-linked PDMS–PTFPMS/PVDF
membranes using a Dataphysics OCA20 (Dataphysics Instru-
ments GmbH, German) at room temperature. The test liquid
was deionized water. Five contact angles at different locations
on the same surface were recorded and averaged for reliability.
used in this study. Legend: P – pressure gauge; T – thermocouple;
BPR – back pressure regulator; DPD – diaphragm pulsed damper.
2.4 Determination of gel content and swelling degree

Gel content was measured through a facile organic solvent
extraction method. The cross-linked lm sample was immersed
in pure butanone and then was removed, dried in the oven and
nally weighed aer reuxing for 24 h. The gel content (G) was
calculated as follows:

G ¼ m0 �mG

m0

� 100% (1)

where, m0 is the initial weight of the dry membrane sample and
mG the residual weight of the lm sample aer butanone
extraction.

The swelling degree of a dense cross-linked lm was
acquired by swelling experiments using a pre-determined
solution. The pre-weighed sample was immersed in a 26 wt%
soybean oil/hexane solution at room temperature. The sample
reached a state of equilibrium aer three days, and was quickly
removed, wiped with lter paper and weighed. The swelling
degree (S) was calculated by:

S ¼ mS �m0

m0

� 100% (2)

where,m0 is the weight of the dry lm sample andmS the weight
of the swollen lm sample.
2.5 Soybean oil/hexane separation test

Organic solvent nanoltration or soybean oil/hexane separation
property of cross-linked PDMS–PTFPMS/PVDF composite
membranes was determined in a custom-made apparatus with
two cross-ow cells shown in Fig. 2. The reservoir was charged
with a model solution at a pre-set oil concentration. The applied
pressure was adjusted using the back pressure regulator (BPR),
and the operating temperature was set and held. Permeate ux
J (kg m�2 h�1) was determined by measuring the permeate
weight accumulated during the operation period at steady-state
conditions and was calculated from:
This journal is © The Royal Society of Chemistry 2017
J ¼ W

A� t
(3)

where, W (kg) is the total mass of permeate collected under
transmembrane pressure p (MPa) in a time scale t (h) and A (m2)
is the effective membrane area.

R ¼
�
1� Cp

Cf

�
� 100% (4)

where, Cp and Cf is the solute concentration in the feed and in
the permeate, respectively. Concentrations of soybean oil in
feed and permeate samples were analyzed using an Abbemat
WR refractometer (Anton Paar GmbH, Austria).25
3. Results and discussion
3.1 Membrane characterization and analysis

3.1.1 SEM. Fig. 3 shows SEM images of PDMS, F15, F25 and
F100 membranes. These membranes are composed of the
porous PVDF substrate and cross-linked PDMS–PTFPMS sepa-
ration layers, which are conrmed by FTIR (see Fig. S1†).
Despite the ratio of PTFPMS segment in the polymer chain,
these membranes are dense without defect or patterned
morphology on both surface and cross-section. The result
indicates that any possible phase separation caused by the
introduction of various ratios of PTFPMS segment does not
occur. We also determine that the thickness of the separation
layer is in the range of 6–8 mm. A similar conclusion is obtained
from Fig. 3. F50 membranes, formed from various viscosities of
F50 polymers, also have a smooth and dense morphology. Thus
the introduction of PTFPMS segment cannot bring about any
uncertain phase separation. The thickness of F50-L, F50-M and
F50-H membranes is around 7 mm, 15 mm and 2 mm, respec-
tively (Fig. 4). In summary, homogeneous and free-defect
PDMS–PTFPMS/PVDF membranes can be acquired from these
novel polymers.
RSC Adv., 2017, 7, 11381–11388 | 11383
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Fig. 3 SEM images of PDMS, F15, F25 and F100 membranes.

Fig. 4 SEM images of F50-L, F50-M and F50-H membranes.

11384 | RSC Adv., 2017, 7, 11381–11388
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3.1.2 XPS and contact angle analysis. The surface
elemental composition of PDMS–PTFPMS/PVDF composite
membranes is determined in Table 2. Increasing the ratio of
PTFPMS segment can rstly raise surface F content from PDMS
(0) to F15 (14.86 at%), then from F25 (16.96 at%) to F100 (27.66
at%). Also, a similar result is acquired when polymer viscosity
increases. Surface F content can be described as F50-L (11.12
at%) < F50-M (21.60 at%) < F50-H (37.00 at%). So surface F
content is altered by changing the polymer viscosity or the ratio
of PTFPMS segment in polymer chains. In this way, we expected
that the affinity of selective layers towards the solvent/solute is
controlled, aimed at enhancing the membrane stability and
permeability.7,26–28

Fig. 5 depicts the contact angle of PDMS–PTFPMS/PVDF
composite membranes using DI water as the test liquid. The
contact angle is 115.0� for PDMS membrane, and it initially
increases with the growing ratio of PTFPMS segment and then
lowers to 118.4� for F100 membrane. We can see that F15
membranes are at an angle of 119.0� and F25 at 120.0�. This
initial increase is due to the hydrophobicity of the tri-
uoropropyl group. Yet, the slight decrease in contact angle
from F25 membrane to F100 membrane should be attributed to
the low cross-linking degree of F100. On the other hand, despite
the cross-linking degree, largely increasing surface F content of
a membrane can raise its contact angle. This is conrmed from
the contact angle of F50 membranes as shown in Fig. 5.
Table 2 Surface elemental composition of cross-linked PDMS–
PTFPMS/PVDF composite membranes from XPS spectra (in at%)

Samples C (%) O (%) Si (%) F (%)

PDMS 49.72 25.17 25.11 0
F15 45.12 20.80 19.22 14.86
F25 44.40 19.67 18.97 16.96
F100 41.60 18.20 12.54 27.66
F50-L 48.61 22.40 17.88 11.12
F50-M 43.81 18.98 15.61 21.60
F50-H 39.43 12.61 10.96 37.00

Fig. 5 The contact angle of PDMS–PTFPMS/PVDF composite
membranes.

This journal is © The Royal Society of Chemistry 2017
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3.2 Gel content and swelling degree

The gel content of cross-linked PDMS–PTFPMS lm samples
is determined via butanone extraction as is shown in
Table 3, reecting their degree of cross-linking. There is
similar gel content for PDMS, F15, F25 and F50-M, showing
a value of around 94 wt%. This is consistent to their thermal
stability or degradation behaviors (see Fig. S2 and S3†).
F100, F50-L and F50-H have comparatively lower gel content,
indicating lower cross-linking degree and then more free
unreacted hydroxyl groups. Resulting transport character-
istics of small molecules (e.g. hexane and soybean oil) is
affected in the conned permeation channel with various
compositions.29,30

The swelling degree of cross-linked PDMS–PTFPMS lm
samples is measured in the model solution shown in Fig. 6.
Swelling degree is highest for the PDMS lm and suffers
a sharp decline of 82.9% for the F100 lm, showing values of
197.1%, 139.6%, 86.6% and 33.8% for PDMS, F15, F25 and
F100, respectively. Also, increasing the viscosity of F50
polymer can decrease swelling degree of corresponding
lms. The resulting swelling degree is 49.6%, 39.2% and
15.2% for F50-L, F50-M and F50-H, respectively. Combined
with surface elemental analysis, the introduction of PTFPMS
segment can inhibit lm swelling in hexane-based solution,
and then reduce the available pathway to permeate hexane
molecules.
Table 3 Gel content of cross-linked PDMS–PTFPMS film samples

Samples Gel content (wt%)

PDMS 94.5 � 0.2
F15 93.6 � 0.2
F25 93.6 � 1.0
F100 59.5 � 1.2
F50-L 72.6 � 2.2
F50-M 93.3 � 1.0
F50-H 84.0 � 0.2

Fig. 6 Swelling degree of cross-linked PDMS–PTFPMS film samples in
26� 1 wt% soybean oil/hexane (open) or 7� 1 wt% soybean oil/hexane
(pattern).

This journal is © The Royal Society of Chemistry 2017
3.3 Soybean oil/hexane separation performance

3.3.1 The effect of the ratio of PTFPMS segment. Fig. 7a
describes the effect of the ratio of PTFPMS segment on cross-
linked PDMS–PTFPMS/PVDF OSN membrane performance.
The good linearity between permeate ux and applied pressure
is related to no compaction of cross-linked membranes.8

Unexpectedly, permeate ux of the PDMS membrane is 10.5 kg
m�2 h�1 lower than the F15 membrane at 2.4 MPa. The
resulting enhancement of hexane permeation is attributed to
the introduction of F element from PTFPMS segment.7 Speci-
cally, more hydrophobic surface of F15membrane enhances the
adsorption of non-polar hexane and onto its surface and hexane
diffusion through the membrane. In addition, there is less
concentration polarization using F15 membrane than PDMS
membrane under same testing conditions. We will now focus
further on F15, F25 and F100 membranes. The continuous
reduction of permeate ux occurs when the ratio of PTFPMS
segment increases, showing values of 15.84 kg m�2 h�1, 8.28 kg
m�2 h�1, 1.60 kg m�2 h�1 for F15, F25 and F100 membranes at
2.4 MPa, respectively. According to forgoing analysis in Section
3.1 and 3.2, the reasons for this are as follows: high F content in
the membrane surface and matrix results in less adsorption of
hexane in the membrane surface and faster diffusion of hexane
through the membrane matrix (Table S3†); the available
permeate channel between polymer chains becomes narrower,
which is consistent with the change in swelling degree of these
cross-linked lms.

Next, rejection curves of soybean oil are utilized to investi-
gate the soybean oil/hexane separation property of cross-linked
PDMS–PTFPMS/PVDF composite membranes shown in Fig. 7b.
When increasing the ratio of PTFPMS segment, oil rejection is
enhanced under the applied pressure of 1.2–2.4 MPa. This is
also attributed to narrower permeate channels tending to
inhibit the diffusion of large solute molecule (soybean oil). This
is also conrmed from RB rejection as shown Table S4.† Yet oil
rejection of the PDMS membrane is 90.0% higher than the F15
membrane at 0.8 MPa. This result indicates that a small amount
of triuoropropyl group (e.g. F15) is also able to raise the
sorption of soybean oil, due to its weak polarity.31,32

3.3.2 The effect of polymer viscosity. Considering the
physical–chemical stability of cross-linked PDMS–PTFPMS
membranes (see in Table S2†), the F50/PVDF composite
membrane was selected for further study on the effect of poly-
mer viscosity on OSN performance as shown in Fig. 8. Fig. 8a
and b show that the F50-Mmembrane has the best permeability
at 7.68 kg mm m�2 h�1 bar�1 and the F50-H membrane has the
highest oil rejection at 98.9% at an applied pressure of 2.4 MPa.
This result differs from that of previous PDMS membranes
formed from 5–100 Pa s by our group.25,33 Previous PDMS
membranes only consider polymer viscosity because of its
intrinsic dissolution in hexane. Yet F50 polymers cannot
dissolve in hexane. Consequently, the available permeation
channel is just around the PDMS polymer chain. As a result,
longer PDMS chain and less free hydroxyl group stemming from
inadequate cross-linking can raise hexane diffusion with the
reduction of oil rejection. On the other hand, F50 polymer chain
RSC Adv., 2017, 7, 11381–11388 | 11385
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Fig. 7 The effect of the ratio of PTFPMS segment on permeate flux and oil rejection (26 � 1 wt% soybean oil/hexane, 25 � 1 �C).

Fig. 8 The effect of polymer viscosity on permeate flux and oil rejection (7 � 1 wt% soybean oil/hexane, 25 � 1 �C).
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with longer PDMS chain also has a higher F content on the
membrane surface, which is conrmed in Table 2. This causes
less swelling of membranes, and then inhibits hexane diffusion
with the enhancement of oil rejection. Accordingly, F50-M
membrane is optimal when balancing the intrinsically insolu-
bility in hexane derived from the PTFPMS segment and high
permeability of hexane from the PDMS segment.
Fig. 9 The effect of feed oil concentration on membrane performance

11386 | RSC Adv., 2017, 7, 11381–11388
3.3.3 Hexane recovery from soybean oil/hexane mixture
3.3.3.1 The effect of feed oil concentration. The F50-M

membrane is the best selection for further study, due to excel-
lent solvent resistance (see Table S2†) and high solvent
permeability. Fig. 9 describes the effect of feed oil concentration
on membrane performance. Permeate ux at feed oil concen-
tration of 14 wt% and 2.4 MPa is 6.87 kg m�2 h�1 and it linearly
for the F50/PVDF membrane at 25 �C.

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 The effect of operational temperature on membrane performance for the F50/PVDF membrane.

Fig. 11 Permeate flux and oil rejection of the F50 membrane over
a 32-day testing period.
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decreases with increasing feed oil concentration, showing very
similar permeate behavior over the whole applied pressure of
0.8–2.4 MPa. According to the van't Hoff equation,1,8 we believe
that increasing feed oil concentration raises osmotic pressure,
and then solvent (hexane) diffusion resistance. Nonetheless, oil
rejection still remains above 90.0% over the whole feed oil
concentration. Interestingly, oil rejection curves different from
PDMS-based membranes are obtained.8,33 These resulting
convex curves are caused by lower oil concentration near the
membrane surface than that of the bulk feed solution, due to its
oleophobicity from the PTFPMS segment. Therefore, uo-
ropolymer membranes are advantageous over traditional
membrane (e.g. PDMS) in performing solvent recovery from the
miscella.

3.3.3.2 The effect of operational temperature on membrane
performance. Next, the effect of operational temperature on
membrane performance is investigated as shown in Fig. 10.
Permeate ux at 2.4 MPa is 4.16 kg m�2 h�1, and it slightly
increases when operational temperature increases, showing
very similar permeate behavior at all levels of applied pressure
as shown in Fig. 10a. This is attributed to the increasing
permeate pathway of molecules at high operational tempera-
tures. Yet, oil rejection at 2.4 MPa decreases from 95.6% (15 �C)
to 94.7% (45 �C), showing similar rejection properties at all
levels of applied pressure as shown in Fig. 10b. Despite applying
differing levels of operational pressure and temperature, oil
rejection still remains above 92.0%, showing greater thermal
stability than PDMS membranes.33

3.3.3.3 Operational stability of the membrane. Based on our
initial exploration of membrane stability, PDMS, F15 and F25
membranes tend to peel off aer a 2-day testing period, but the
F50-M membrane has optimal solvent permeance and stability.
Fig. 11 shows the change of the F50 membrane performance
over a 32-day testing period. Before the initial 12 days, the
membrane undergoes various testing conditions including
various feed oil concentrations (7–55 wt%), operational pres-
sures (0.8–2.4 MPa) and temperature (15–45 �C). The resulting
permeation ux or oil rejection stays at a similar level, showing
excellent stability. The following 20 days of testing is conducted
using 26� 1 wt% soybean oil/hexane mixture at 2.0 MPa and 25
This journal is © The Royal Society of Chemistry 2017
� 1 �C. Permeate ux of about 4.09 kg m�2 h�1 (calculated
permeability: 3.06 mm kg�1 m�2 h�1 bar�1) and oil rejection of
around 95.0% still remain, showing superior structural inte-
grality to PDMSmembranes. Therefore, the F50 membrane, one
of the uoropolymer membranes, is suitable for recovering
hexane under various operational conditions.
4. Conclusion

Novel PDMS–PTFPMS/PVDF OSN membranes were successfully
fabricated for hexane recovery during the soybean oil rening
process. Their stability and permeability could be altered via the
ratio of PTFPMS segment in polymer chain and polymer
viscosity. The F50-M membrane performed the best, effectively
combining the advantages of the high hexane permeability of
PDMS and excellent hexane stability of PTFPMS. Further
comprehensive studies also veried the suitability of the F50-M
membrane in recovering hexane from the soybean oil/hexane
mixture, showing high hexane permeability of 3.06 mm kg�1

m�2 h�1 bar�1 and oil rejection of around 95% over a 32-day
period under various testing conditions. We attributed its
outstanding performance to unique microstructure and surface
RSC Adv., 2017, 7, 11381–11388 | 11387
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properties of the uorine-containing PTFPMS segment. The
study also indicated that uoropolymer would widen the
selection of OSN membrane materials.
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