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A B S T R A C T

Bio-butanol is an important aspect for development of renewable energy. Currently, it remains challenging for
developing highly permeable and selective composite membranes to efficiently recover butanol produced in
biomass fermentation process. In this work, we fabricated polydimethylsiloxane (PDMS) into thin and defect-free
composite membranes by using porous PVDF as the substrate. The formation of PDMS membrane layer was
finely controlled by optimizing the substrate pore size and casting solution viscosity. In particular, the interfacial
adhesion between PDMS active layer and PVDF substrate layer, which is critical for practical application of
composite membrane, was probed by using in-situ nano-indentation/scratch technique for the first time. The
transport properties of the prepared PDMS/PVDF composite membranes were studied by pervaporation recovery
of n-butanol from aqueous solution with different feed concentrations or temperatures. The results indicated that
the PDMS membrane layer with a carefully tuned thickness of∼11 μm offered high total flux of 2210 g/m2h and
excellent separation factor of 46 (1 wt% butanol/water at 70 °C), as well as strong interfacial adhesion for the
PDMS/PVDF composite membrane. The separation performance is superior to the reported membranes, showing
great potential for application in bio-butanol separation.

1. Introduction

Owing to the energy crisis and environmental issues, utilizing re-
newable resources for energy production, such as biomass conversion
into biofuel via fermentation, has received increasing attention in re-
cent years [1,2]. Compared with bio-ethanol, bio-butanol shows ad-
vantages in high energy content, less volatile and more appropriate in
gasoline piping system, which is regarded as the second-generation bio-
fuel [3]. Nevertheless, low butanol concentration (often less than 2.0 wt
%) in the fermentation broth, caused by the inhibition effect of pro-
duced solvent on microbial growth, leads a low productivity and an
energy-intensive separation process. In view of this, separation tech-
nology is proposed to integrate with fermentation process for in-situ
removal of butanol from the fermentation broth to overcome the in-
hibition effect and realize continuous fermentation, leading a cost-ef-
fective bio-butanol production [4]. Among the existed separation
technologies, pervaporation shows great potential owing to its ad-
vantages in energy-efficiency and less harmful effects on microbes [2].

One of the key components of pervaporation technology is devel-
oping highly permeable, selective and stable membranes [5]. Various
membranes have been studied for recovering butanol from aqueous

solution, including polydimethylsiloxane (PDMS) [6–10], poly(ether
block amide) (PEBA) [11–13], poly[1-(trimethylsilyl)-1-propyne]
(PTMSP) [14] and liquid membrane [15]. Among them, PDMS mem-
branes are most commonly used owing to the good processibility and
stability. For practical application, composite membrane with a thin
membrane layer and a supported substrate layer should be developed to
provide sufficient permeation flux meanwhile mechanical strength.
Until now, efforts have been focused on improving the performance of
separation layer via modifying the PDMS material by means of mole-
cular design or incorporating high-performing zeolite [7,8,16] or metal-
organic framework (MOF) [17,18] fillers. In fact, besides of the se-
paration layer, the substrate layer and its interface with separation
layer are also critical for determining separation performance and
structural stability of a composite membrane [19–23].

Ideally, the substrate layer is only used to provide mechanical
support. However, recently more and more studies have demonstrated
that substrate layer plays an indispensable role in formation and the
interfacial adhesion of a composite membrane. Formation of a thin and
selective layer on a porous substrate is influenced by intrusion of the
selective layer into the porous support, as evidenced by Balsara and co-
workers [24] using hard angle dark-field scanning TEM measurement.
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To fabricate membrane with ultrathin selective layer, a gutter layer can
be used to prevent pore penetration of the selective layer [25]. Also, a
sacrificial nanostrand layer was prepared on the surface of an ultra-
filtration substrate to realize a controlled interfacial polymerization
process and a resulting sub-10 nm polyamide separation layer with
ultrafast meanwhile selective solvent nanofiltration performance [26].
In addition, it was found that transport resistance of the substrate layer
is non-negligible for the final permeate flux especially for liquid se-
paration. Kapteijn and co-workers [27] found that substrate resistance
strongly determine the magnitude of the permeation flux of inorganic
membranes for solvent dehydration. By using porous asymmetric
hollow fiber substrate with low transport resistance, the flux of poly-
meric membrane [28] or inorganic zeolite membrane [29] was highly
improved compared with conventional tubular substrate. Apparently,
it's equally important to consider the above aspects when developing
practical pervaporation membranes; however, there is lack of sys-
tematic investigations on the key factors affecting both separation
performance and interfacial adhesion of a composite membrane for
butanol recovery.

In this work, therefore, we aimed to optimize the formation of thin
and defect-free PDMS/PVDF composite membranes by systematically
investigating the effect of substrate and polymer coating solution, as
well as interfacial adhesion between separation layer and substrate
layer using in-situ nano-indentation/scratch technique for the first time.
The as-prepared membranes were applied for butanol recovery from
aqueous solution via pervaporation, in which the effects of feed tem-
perature, butanol concentration and operating time on the separation
performance was studied in detail.

2. Experimental

2.1. Membrane fabrication

PDMS (α,ω-dihydroxypolydimethylsiloxane, Mw=60,000,
Shanghai Resin Factory) polymer was dissolved in n-heptane to obtain
10 wt% polymer solution under stirring, and then crosslinker tetra-
ethoxysilane (TEOS) and catalyst dibutyltin dilaurate were added into
the solution (weight ratio of polymer/crosslinker/catalyst as 100:10:1).
The pre-crosslinked PDMS solution was casted on the PVDF substrate
(the porous substrate was purchased from Solvay, USA) by using a knife
with a given clearance. After evaporating solvent at room temperature
for 24 h, the PDMS/PVDF composite membrane was thermally treated
at 120 °C for 12 h to form the final membrane.

2.2. Characterizations

Viscosity of the coating solution were measured by a viscometer
(Brookfield DV-II+ pro, USA) at 30 °C. The membrane morphologies
were characterized by field emission scanning electron microscopy (FE-
SEM, Hitachi-4800, Japan). The membrane sample was fractured in
liquid N2 and coated by a gold sputter before SEM characterization.
Nano-indentation/scratch measurement was conducted by the Nano-
Test (NanoTestTM, Micro Materials, UK) system. As shown in
Schematic 1, indentation measurement was performed by using con-
tinuous stiffness method to monitor and record the dynamic load and
displacement of indenter. Nano-scratch test monitors and records the
scratch distance relationships with the dynamic load and friction force.
More details about the nano-indentation/scratch measurement can be
found in our previous work [20].

2.3. Pervaporation separation measurement

Membrane pervaporation measurement was conducted on a home-
made set-up and more details can be found elsewhere [9]. Effective
membrane area in the membrane module is 7.07 cm2. The feed solution
was stirred and circulated with a sufficiently high flow rate onto the

membrane surface to minimize polarization effect. Butanol were added
into the feed tank to keep a constant feed concentration. The vapor
permeating through the membrane was collected in cold trap provided
by liquid N2. The pressure of membrane permeate side was less than
400 Pa during pervaporation process. The n-butanol concentration was
analyzed by a gas chromatography (GC-2014, SHIMADZU, Japan) with
a thermal conductivity detector. The membrane pervaporation perfor-
mance is often evaluated by two parameters: total flux J and separation
factor α, which are defined as below:

=J M
At (1)

=α Y Y
X X

/
/

A B

A B (2)

where M is the weight of the permeate (g), A is the effective membrane
area (m2), and t is the permeation time interval (h); Yi and Xi are the
weight fractions of component in the permeate and feed side, respec-
tively.

3. Results and discussion

3.1. Effect of substrate pore size

Porous membranes made by PVDF were selected as the substrate to
support the PDMS separation layer, owing to the hydrophobic nature
and good thermal and mechanical properties of the PVDF material [30].
First, we studied the formation of PDMS separation layer on PVDF
substrates with various pore sizes that would affect the surface coating
and transport resistance of the composite membrane [31]. SEM images
of the PVDF substrates used in this work are given in Fig. S1. A bi-
continuous and highly porous structure can be observed for all the
PVDF substrates with nominal pore sizes from 0.22 to 3.0 μm, which
would minimize the transport resistance of the composite membrane.
The PDMS separation layer was casted on the porous PVDF substrates
with same viscosity of the casting solution. The cross-sectional SEM
images of the resulted PDMS/PVDF composite membranes are shown in
Fig. 1a–d. We could clearly see a dense PDMS layer firmly adhered onto
the porous PVDF substrate, with membrane thickness of about 8, 11, 11
and 14 μm by using the substrate with nominal pore size of 3.0, 1.0,
0.45 and 0.22 μm, respectively.

The pervaporation performance of these composite membranes is
shown in Fig. 1e. The separation factor is enhanced with the decrease of
substrate pore size, while the total flux is decreased accordingly. It can
be inferred that the penetration of PDMS solution is reduced as de-
creasing the substrate pore size, thereby improving the integrity of the
selective layer to provide higher separation factor [24]. Meanwhile,
with the same casting viscosity, reduced solution penetration would
increase the thickness of the selective layer on top of the porous sub-
strate. Thus, the total flux was reduced with decreasing the pore size of
the substrate. Moreover, as expected, transport resistance of the sub-
strate also contributes to the flux variation: substrate of larger pore size
possesses lower transport resistance [30], thus leading to a higher flux.
This accounts to the higher flux of PDMS membrane with same thick-
ness supported on PVDF substrate with smaller pore size (0.45 μm vs
1.0 μm). In the following study, we chose PVDF substrate with nominal
pore size of 0.45 μm to fabricate the PDMS composite membranes.

3.2. Effect of viscosity of PDMS casting solution

Viscosity of polymer solution for casting is another key factor de-
termining formation of a thin and selective polymeric layer on a porous
substrate [22]. Fig. 2 displays cross-sectional SEM images of PDMS/
PDVF composite membranes casted by using PDMS solution with
viscosity from<10 cP to 70 cP. The resulting composite membranes
exhibit distinct thickness of selective layer and transition layer. On the
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one hand, the penetration of PDMS solution into the substrate pores is
significantly inhibited by increasing the viscosity of the casting solution
from<10 to 30 cP. Thus, the PDMS separation layer becomes denser
and more continuous, with a remarkable increase of thickness from 1.6
to 12.5 μm. On the other hand, more removal of PDMS solution from
the substrate surface would be caused by using more viscous solution
during casting process, leading to a thinner PDMS layer. As shown in
Fig. 2b–d, the membrane thickness is reduced from 12.5 to 3.6 μmwhen
increasing the viscosity from 30 to 70 cP.

The above nanostructures of separation layer and transition layer
controlled by viscosity of casting solution determined the separation
performance of these PDMS/PVDF composite membrane. As shown in

Fig. 3, the total flux and separation factor generally follows a trade-off
relationship existed for polymeric membranes [32]. Specifically, low
viscosity of casting solution leads a low separation factor and high flux,
because of more PDMS solution penetrates into the substrate pores
leading some non-selective defects in the PDMS separation layer. Ac-
cording to the SEM results in Fig. 2, increasing the casting solution
viscosity could inhibit the polymer penetration [19,24]. Thus, the de-
fects can be reduced and meanwhile the membrane thickness will be
increased, thereby leading a higher separation factor whereas lower
flux. Meanwhile, the casting solution with excessively high viscosity
(e.g., 70 cP) has a poor spreadability on the substrate surface, which
will be much easier removed from the substrate by the casting knife

Schematic 1. (a) Schematic diagram of nano-indentation/scratch measurement on the PDMS/PVDF composite membrane; (b) typical profile of nano-indentation
measurement: load vs distance curve, where hf is the final penetration depth; hmax is the maximum depth and Pmax is the maximum force applied to indenter; S is
contact stiffness and dP/dh is the initial slope of the unloading curve; (c) typical profile of nano-scratch measurement: scratch load-displacement curve, where Lmax is
the maximum load. Critical load at the failure is considered as the interfacial adhesion force of the coating onto the substrate.

Fig. 1. Effect of substrate pore size on the formation and separation performance of PDMS/PVDF composite membranes: cross-sectional SEM images of composite
membranes with substrate nominal pore size of (a) 3.0 μm, (b) 1.0 μm, (c) 0.45 μm and (d) 0.22 μm; and (e) pervaporation performance in 1.0 wt% n-butanol/water
mixtures at 40 °C. (viscosity of PDMS casting solution: 40 cP, clearance in casting: 150 μm).
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compared with less viscous casting solution (e.g., 45 cP) using the same
clearance. It would reduce the membrane thickness and cause non-
uniform casting to result in some minor non-selective defects in the
separation layer. In addition, it's interesting to see a simultaneous en-
hancement in total flux and separation factor as the viscosity increases
from 30 to 45 cP, although the membrane thickness for both cases is
similar (Fig. 2b and c). The result can be attributed to the optimization
of solution penetration to achieve lower transport resistance and thus
higher flux, as well as elimination of non-selective defects to improve
the separation factor. Therefore, an optimized viscosity for casting de-
fect-free separation layer with minimized solution penetration and
membrane thickness is 45 cP, which achieved a highest butanol/water

separation factor (56.7) and a good total flux (560 g/m2h) at the same
time.

3.3. Effect of PDMS layer thickness

According to the Fick's law, membrane flux is inverse proportion to
membrane thickness [33]. When casting the PDMS solution with a fixed
viscosity, the thickness of PDMS layer coated on the PVDF substrate was
controlled by simply adjusting the clearance of casting knife. Fig. 4
shows the morphology and pervaporation performance of PDMS/PVDF
composite membranes varied by PDMS layer thickness. As usual, the
total flux is generally linearly increased as decreasing the membrane
thickness, which well agrees with the classic transport theory. Mean-
while, the separation factor could reflect the integrity of the PDMS
layer, which is firstly enhanced from 42 to ∼55 and then kept almost
constant by increasing the membrane thickness. The result suggests that
a minimum thickness for achieving defect-free PDMS/PVDF composite
membrane is ∼11 μm.

3.4. Interfacial adhesion and mechanical properties

Interfacial adhesion and mechanical properties are other key com-
ponents for practical application of the PDMS/PVDF composite mem-
branes, which are in-situ probed by nano-indentation/scratch mea-
surement [19,34]. First, we study the effect of membrane thickness of
the mechanical properties of PDMS/PVDF composite membrane. Fig. 5
gives load-distance curves collected by nano-indentation measurement
and the obtained hardness and elastic modulus. It is found that the
indentation depth is increased with the PDMS membrane thickness
(Fig. 5a). And the hardness and elastic modulus of the PDMS/PVDF
composite membranes are both reduced with the increase of PDMS
membrane thickness (Fig. 5b). The hardness and elastic modulus are
material's intrinsic mechanical properties, while the observed me-
chanical properties of the PDMS/PVDF composite membrane varied by

Fig. 2. Cross-sectional SEM images of PDMS/PVDF composite membranes casted by using PDMS casting solution with various viscosity: (a) < 10 cP, (b) 30 cP, (c)
45 cP and (d) 70 cP. (PVDF substrate pore size: 0.45 μm, clearance in casting: 150 μm).

Fig. 3. Effect of casting solution viscosity on the pervaporation performance of
PDMS/PVDF composite membranes in 1.0 wt% n-butanol/water mixtures at
40 °C. (PVDF substrate pore size: 0.45 μm, clearance in casting: 150 μm).
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membrane thickness is due to the influence of the substrate layer [20].
The mechanical strength of PDMS layer coated on the substrate surface
can be enhanced by the relatively rigid substrate made by glassy
polymer PVDF. As the PDMS layer becomes thicker than 15 μm, the
reinforcement of substrate is negligible and the intrinsic PDMS layer
dominates the mechanical properties of the PDMS/PVDF composite
membrane.

We next measured the interfacial adhesion of the PDMS/PVDF
composite membranes with various PDMS layer thickness or using
PVDF substrate of various pore size. As shown in Fig. 6a, the critical
load of PDMS/PVDF composite membrane is significantly enhanced
from 20 to 150mN with increasing the PDMS layer thickness from 3.2
to 25 μm. The critical load for film failure is related to the indenter
radius and film thickness [35]. Here, the indenter is kept same for all
the membrane samples. So the increased intrinsic stress of the thicker
PDMS layer contributes to the higher critical load that is needed to
break into the membrane. The thickness-dependent critical load can be
verified in the PDMS composite membrane prepared on PVDF substrate
with various pore size (Fig. 6b), where the critical load is also closely
related to the PDMS layer thickness of the PDMS/PVDF composite
membrane with substrate of various pore size (Fig. 1a–d).

Fig. 7 displays scratch morphology of the PDMS/PVDF composite
membranes by ramping the critical load to different maximum values. It
can be clearly observed that as the critical load is less than 40mN, the
scratch track becomes less significant by increasing the PDMS layer
thickness. There is an obvious cracking for the composite membrane

with PDMS layer thickness of 2.8 μm, whereas no cracking for the other
thicker membranes. The scratch becomes obvious in the 7 μm-thick
PDMS layer by increasing the critical load to 100mN, and the cracking
occurs successively in the PDMS layer with thickness of 11 μm and
30 μm as applying the critical load to 150mN. This result again con-
firms the above finding that PDMS/PVDF composite membrane with
thicker PDMS layer thickness exhibit higher interfacial adhesion (i.e.,
critical load). Nevertheless, according to our previous study [20], ex-
cessively thick membrane would easily lead delamination of separation
layer from the substrate, caused by an excessive stress generated in the
separation layer that is not able to deflect with the substrate.

To further explore the interfacial adhesion mechanism, we compare
the nano-indentation/scratch results for PDMS/PVDF composite mem-
branes with those for PDMS/ceramic composite membranes reported in
our previous work [20]. For PDMS/ceramic composite membrane, the
hydroxyl groups on the ceramic surface interacting/reacting with
PDMS, as well as the penetration of PDMS into the ceramic pores
contribute to the interfacial adhesion between PDMS layer and ceramic
layer. It's interesting to find that the interfacial adhesion between PDMS
layer and PVDF layer is comparable to the PDMS/ceramic composite
membrane, although PVDF surface has little hydroxyl groups. Appar-
ently, the penetration of PDMS into the PVDF pores mainly contributes
to the interfacial adhesion of PDMS/PVDF composite membrane; Third,
the above-mentioned PDMS penetration was finely controlled by opti-
mizing the pore size of PVDF substrate and viscosity of PDMS casting
solution. As will be discussed in Section 3.6, the resulting PDMS/PVDF

Fig. 4. Cross-sectional SEM images of PDMS/PVDF composite membranes with various membrane thickness (a) 5.5 μm, (b) 11 μm, (c) 15 μm and (d) 25 μm; effect of
membrane thickness on the pervaporation performance in 1.0 wt% n-butanol/water mixtures at 40 °C. (viscosity of PDMS casting solution: 45 cP, PVDF substrate pore
size: 0.45 μm).

Fig. 5. (a) Load-distance curves of PDMS separation layer supported on PVDF substrate (pore size: 0.45 μm); (b) Effect of PDMS layer thickness on the hardness and
elastic modulus of PDMS/PVDF composite membrane (viscosity of PDMS casting solution: 45 cP, PVDF substrate pore size: 0.45 μm).
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composite membrane with optimized interface and membrane thick-
ness exhibited both high flux and separation factor compared with
other PDMS composite membranes using other polymeric substrates.

3.5. Effect of operation conditions on pervaporation performance

The prepared PDMS/PVDF composite membrane was applied for
removing n-butanol from aqueous solution via pervaporation, which is
a promising technique for in-situ product concentration from biomass
fermentation process of bio-butanol production. Effect of operation
conditions, including butanol concentration in feed, operating tem-
perature and long-term continuous operation, on the separation per-
formance were systematically studied.

As shown in Fig. 8, as increasing the butanol concentration in the
feed, the butanol flux is enhanced linearly, whereas the water flux
keeps stable, thereby leading a significant improvement in total flux. It's
normal to see that the flux is increased at higher feed concentration
owing to the larger driving force across the membrane [33]. Mean-
while, polymeric membrane is more swelled by higher concentration
feed, which often reduces the selectivity [36]. Nevertheless, this un-
desirable influence did not occur to the PDMS/PVDF membrane with a
robust composite structure. The separation factor is even enhanced with
the increase of feed concentration, indicating that the hydrophobic
PDMS separation layer allows more passage of butanol molecules while
maintains a high rejection of water molecules.

The membrane flux and separation factor can be also enhanced by

increasing the operating temperature from 30 to 70 °C (Fig. 9), which is
favorable for practical application since one can simply improve the
separation efficiency by using higher temperature. An excellent per-
vaporation performance for butanol recovery is achieved at 70 °C: total
flux of 2210 g/m2h, separation factor of 46. As we know, higher tem-
perature can increase the driving force for the pervaporation process
[37], leading to an improved flux. Meanwhile, the swelling of poly-
meric membrane is also enhanced at higher temperature due to the
increased chain mobility [38]. Thus, the flux of both butanol and water
is increased. While the PDMS separation layer is not excessively swelled
probably owing to the confinement of relatively rigid PVDF substrate
[30]. Thus, the separation factor is not reduced, and even slightly im-
proved with the increase of operating temperature. This result is con-
sistent with the effect of butanol concentration on the separation factor
discussed above.

The temperature dependence of flux often follows the Arrhenius
expression [39]:

= −J E RTJ exp( / )J0 (3)

where J0 is constant; EJ is the activation energy for permeation; R is the
gas constant; T is the operating temperature in Kelvin. The Arrhenius
plot of n-butanol and water flux vs temperature is shown in Fig. 9b. The
activity energy of n-butanol and water permeating through the PDMS/
PVDF composite membrane can be calculated from the fitted slope as:
27.41 kJ/mol and 24.54 kJ/mol, respectively. It indicates that the bu-
tanol flux is more sensitive to temperature than that of water, thereby

Fig. 6. Effect of (a) membrane layer thickness (viscosity of PDMS casting solution: 45 cP, PVDF substrate pore size: 0.45 μm) and (b) substrate pore size on the critical
load of PDMS/PVDF composite membranes (viscosity of PDMS casting solution: 40 cP, clearance in casting: 150 μm).

Fig. 7. SEM images of surface scratch morphology of PDMS/PVDF composite membrane with various membrane thickness by applying different maximum critical
loads. The SEM images of cross-section of the PDMS/PVDF composite membranes used for the measurement are given in Fig. S2.
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resulting in an improvement of separation factor at higher temperature
[28].

We further study the effect of operating time on the PV performance
of PDMS/PVDF composite membrane for 1 wt% butanol/water mix-
tures at 40 °C. As shown in Fig. 10, both the total flux and separation
factor are kept stable during ∼100 h continuous operation. It suggests
that our PDMS/PVDF composite membrane possessing excellent se-
paration performance and interfacial adhesion shown above, has a good
stability for the butanol recovery from aqueous solution. To demon-
strate the long-term stability of the membrane, much longer PV test (at
least several months) should be carried out, which is very time-con-
suming and might require upgrading our current PV set-up. This is our
on-going work and will be reported in the future.

3.6. Pervaporation performance comparison with literature

Table 1 compares our membrane with reported typical polymeric
membranes for butanol recovery from water. It can be found that the
PDMS/PVDF composite developed in this work shows an outstanding
separation factor and high flux compared with other polymers as well
as PDMS composite membranes. It's believed that the optimized thin
defect-free PDMS separation layer, interfacial property, and highly
porous PVDF substrate, all together contribute to this excellent trans-
port property achieved in the PDMS/PVDF composite membrane. It is
worth noting that the total flux and separation factor are simulta-
neously enhanced by increasing the temperature for the composite

membrane (up to 2210 g/m2h and 46 respectively at 70 °C), offering
exciting opportunities for application in other organic compounds re-
covery that is often operated at higher temperature.

Fig. 8. Effect of n-butanol concentration in feed on pervaporation performance of PDMS/PVDF composite membrane at 40 °C. (a) Flux for butanol and water; (b) total
flux and separation factor.

Fig. 9. Effect of feed temperature on pervaporation performance of PDMS/PVDF composite membrane for 1.0 wt% n-butanol/water mixtures. (a) Total flux and
separation factor; (b) Arrhenius plot for the flux of butanol and water.

Fig. 10. Effect of operating time on pervaporation performance of PDMS/PVDF
composite membrane for 1.0 wt% n-butanol/water mixtures at 40 °C.
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4. Conclusion

In conclusion, thin and defect-free PDMS/PVDF composite mem-
branes were prepared by carefully optimizing the separation layer,
substrate layer and interface. The results demonstrated that the pore
size of substrate together with the viscosity of casting solution sig-
nificantly affect the formation of active layer on the porous substrate.
The thickness of the separation layer and transition layer are closely
related to the transport property, mechanical strength and interfacial
adhesion of the composite membrane. The prepared PDMS/PVDF
composite membrane exhibit an excellent pervaporation performance
for separation of n-butanol/water mixtures. More desirably, the se-
paration factor and total flux were simultaneously improved by in-
creasing the butanol concentration and temperature in feed. Compared
with literature, the PDMS/PVDF composite membrane developed in
this work, possessing a high total flux of 2210 g/m2h and an excellent
separation factor of 46 (1 wt% butanol/water at 70 °C), could be a
potential candidate in separation of bio-butanol.
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SBRg 30 40 9 [14]
PDMS/ceramic

tube
40 457 26 [43]
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hollow fiber

40 1282 43 [28]

PDMS/ceramic 40 1244 30 [20]
PDMS/PVDF 40 770 42 This

work
PDMS/PVDF 70 2210 46 This

work
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