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A B S T R AC T

In this study, siloxane polymers were coated on a prepared alumina ceramic support layer
(γ-Al2O3/α-Al2O3). A layer of rubbery polydimethylsiloxane (PDMS) was deposited on the γ-Al2O3
surface and a secondary coating of phenyltrimethoxysilane (PhTMS) was added to enhance
membrane hydrophobicity. The role of the double ceramic support layers was discussed, using
simple analytic calculations. PDMS/ceramic and PhTMS/PDMS/ceramic composite membranes
were used to separate butanol from a butanol/water mixture using pervaporation. Eﬀects of the
secondary PhTMS coating were investigated with respect to butanol concentration, temperature, and flow rate of feed solution. The PhTMS/PDMS/ceramic composite membrane showed
promising potential to improve butanol recovery from the fermentation broth but the trade-oﬀ
is total flux reduction.
Keywords: Alumina ceramic membrane; Butanol; Pervaporation; Phenyltrimethoxysilane;
Polydimetylsiloxane

1. Introduction
Due to depletion of the supply of economic crude
oil, attention is being paid to utilization of renewable
energy resources. While recovery of biofuels from the
acetone–butanol–ethanol (ABE) fermentation may
generate industrial resuscitation, biofuel research has
turned, in part, to the recovery of butanol from biomass,
which is as eﬀective as ethanol as a fuel [1–4]. However,
butanol fermentation yields a lower concentration than
that of ethanol produced by yeast culture and butanol
toxicity to microorganisms impedes the productivity
[5,6]. Although technological development for energy*Corresponding author.

eﬃcient separation of butanol from a butanol/water
mixture is of great necessity [7], research on this subject
is still in a burgeoning stage. The lower recovery ratio
of butanol (as well as ethanol) from fermentation broth
makes the use of distillation-based thermal processes
uneconomical [8]. In the past, several techniques were
reviewed to recover biofuels, including adsorption,
chemical recovery, gas stripping, liquid–liquid extraction, membrane distillation, reverse osmosis, pervaporation and salt induced phase separation [9,10]. Among
them, pervaporation is currently considered as the
potentially best technology to recover biofuels because
of noticeable capacity of separating specific organic
materials from water, when process eﬃciency is the
main concern in distillation, extraction, and sorption [2].
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Structural modification of polymer pervaporation membranes using advanced materials is currently an active
research area [11–13]. Compared to distillation, pervaporation is a very energy-eﬃcient process because of much
lower temperature requirements than those of thermal
processes. During the butanol pervaporation process,
butanol is sorbed into the membrane on the feed side,
diﬀused through the membrane, and desorbed into the
vapor phase on the permeate side [14,15]. At the end
of the process, condensation is required to liquefy the
butanol vapor into the solution phase. The performance
of the pervaporation membrane can be enhanced by
improving both sorption and diﬀusion capabilities for
specific solutes of interest and also by optimizing operational conditions [16].
Cross-linked polydimethylsiloxane (PDMS) is known
to be a good material to prepare organic selective membranes, especially when supported/composited membranes using micro-porous ceramic materials/fillers
[12,17–21]. As ceramic materials have the ability to resist
thermal and mechanical stresses and withstand harsh
chemicals [22,23], they were widely used for processes
of food engineering and bio-energy generation research
[24,25]. If a composite membrane, i.e., a thin active layer
supported on a porous substance, is formed, it is possible to increase flux without loosing the intrinsic selectivity [26]. Several studies have described separation of
butanol from fermentation broth or their mixture with
water using pervaporation with silicon rubber (PDMS)
membranes [27–33]. However, specific studies on the
butanol recovery using siloxane composite membranes
are rare in the literature.
In this study, we made an alumina (ceramic) support
layer to optimize total flux [26] and prepared a siloxane
polymer/ceramic composite membranes to investigate
the separation capability of butanol from a butanol/water
mixture using pervaporation. To increase butanol sorption capability on the membrane surface, (glassy) phenyltrimethoxysilane (PhTMS) was additionally coated on the
surface of the (rubbery) PDMS/ceramic composite membrane and its performance was compared with that of the
PDMS/ceramic composite membrane. We systematically
studied eﬀects of operational conditions such as butanol
concentration, temperature, and flow rate of feed solution
on the pervaporation performance of PDMS and PhTMS
active layers on aluminum ceramic supports. In addition,
the role of the ceramic support layer on the separation
factor is explained using a simple mathematical model.
2. Materials and method
2.1. Ceramic support layer
To prepare siloxane polymer-coated membranes,
we made (double) ceramic support layers as follows.

First, we put 10 g of aluminum oxide powder (α-Al2O3,
A-16SG, 99%, Alcoa) and 1.5 mL of deionized water in a
mortar, vigorously ground the mixture, and compressed
3.5 g of the mixture in a stainless steel mold for 2 min
at pressure 52.8 kN. The compressed alumina disk was
dried at a room temperature (25 oC) and put into a furnace for sintering. An α-Al2O3 (ceramic) support layer
formed after 30 h in the furnace at temperature 1260
o
C, which from room temperature increased 1 oC/min.
Because the α-alumina support layer has pore sizes
below 1 μm, direct coating of a PDMS solution on its
surface may lead to serious leakage of the coating solution. To avoid this situation, we added a second support
layer (γ-Al2O3) on top of the α-alumina support before
the PDMS coating. To form a γ-Al2O3 on the α-Al2O3
ceramic surface (for later coating of the PDMS solution),
we dip-coated the α-Al2O3 disk in a solution of boehmite sols and polyvinylalcohol (PVA, molecular weight
(MW) = 35,000) for 2 s, dried it at 40 oC and 60% humidity for 24 h, and calcinated it in the furnace at 600 oC for
3 h. For the calcination, we increased the furnace temperature 0.5 oC per minute from room temperature. This
γ-Al2O3 dip-coating process, followed by the calcination
at 600 oC, was repeated one more time (total two coatings) to generate a more homogeneous and potentially
crack-free γ-Al2O3 layer than that of the single γ-Al2O3
coating. We prepared several γ-Al2O3/α-Al2O3 disks to
form PDMS and PhTMS/PDMS active layers for pervaporation experiments.
2.2. Active layer coating
We dissolved PDMS prepolymer (Dow Corning, DC
184, Dow Chemical) and crosslinker with a 10:1 weight
ratio in an n-hexane solution to prepare a 3 wt.% PDMS
solution. γ-Al2O3/α-Al2O3 ceramic disks were soaked in
the 30 wt.% PDMS solution and dried in a vacuum oven
at 100 oC for 6 h. Stable PDMS active layers were formed
on the surface of γ-Al2O3-coated α-Al2O3 ceramic disks.
Then we prepared a solution of 3 wt.% of (glassy) PhTMS
(MW = 198.3, 97%, Aldrich Chemical Co.), ethanol (30.78
ml), water (1.05 ml), and 10 mL hydrochloric acid (0.2
ml); and coated a PDMS membrane with the solution to
make PhTMS/PDMS/γ-Al2O3/α-Al2O3 composite membranes. In this paper, we refer to PDMS/γ-Al2O3/α-Al2O3
and PhTMS/PDMS/γ-Al2O3/α-Al2O3 composite membranes as PDMS and PhTMS membranes, respectively,
for simplicity. After the active layer coating processes,
the prepared membranes have surface areas of 3.87 cm2.
2.3. Pervaporation tests
A schematic of the pervaporation unit for this
study is shown in Fig. 1. In the feed tank (a), we prepared 1 L of butanol solution (of 1–5 wt.% to water)
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Fig. 1. Schematic representation of pervaporation setup.

and maintained a uniform concentration by stirring
the solution using a magnetic bar. The temperature
of the feed solution was kept constant by using an
isothermal water bath (b) as a temperature reservoir.
The feed butanol solution was introduced to the membrane cell (d) using a feed pump (c), and the retentate
(brine) stream was returned to the feed tank. (During the pervaporation process, the recirculation of
the retentate stream only minimally changed the feed
concentration.) The permeate vapor condensed as it
passed through the liquid nitrogen trap (g) in the condenser (h). The pressure of the permeate vapor was
kept below 300 Pa (= 0.003 atm) using a vacuum pump
(i) as measured using a pressure gauge (e). All pervaporation experiments were conducted for 2 h after
the system reached a steady state (within an hour).
During the process, feed temperature was maintained
constant using the temperature controller (j). After the
permeate was collected in the cold trap, the permeate
flux J was calculated as

J=

Q
Am t

(1)

where Q is the weight of the collected butanol permeate (grams) passing through the membranes of eﬀective surface area of Am (3.87 cm2) during the elapsed
time t (hour). After the system reached equilibrium,
the initial time for steady-state pervaporation was set
to 0. Butanol concentrations in the feed and permeate were measured using gas chromatography (GC,
ACME 6000, Yong Lin Instrument Co. Ltd.). The performance of this butanol pervaporation is estimated
using separation factor α defined as the weight ratio
of butanol to water in permeate divided by that in
feed, i.e.,

α=

YBuOH YH2O
X BuOH X H2O

(2)

where X and Y are weight fractions in the feed and permeate streams, respectively, and the subscripts indicate
butanol (BuOH) and water (H2O) [26,34]. For the binary
mixture of butanol and water, a sum of weight fractions
of butanol and water is equal to one, i.e.,

YBuOH + YH2O = X BuOH + X H2O = 1 .
3. Results and discussion
3.1. Characterization of ceramic composite membranes
Physical and chemical characteristics of PDMS
and PhTMS membranes were investigated as follows.
Contact angles were measured to investigate surface hydrophobicity of the γ-Al2O3/α-Al2O3 support,
PDMS, and PhTMS layers. A field emission-type scanning electron microscope (FE-SEM, Carl Zeiss model:
LEOSPRA 55) was used to determine top morphology
of these surfaces, and X-ray photo-electron spectroscopy (XPS, KAlpha Thermo Electron) was used to
measure chemical bonding energies of the PDMS and
PhTMS surface layers.
3.2. Contact angle (CA)
Fig. 2 shows water contact angle (CA) measurements
on the γ-Al2O3/α-Al2O3 ceramic support (38.69o), PDMS
(109.26o), and PhTMS (116.00o) at 25 oC. CA on the PDMS
surface is within the standard range of 105o–110o [35–
37]. As the results indicate, a phenyl functional group
of PhTMS, bonded to Si ions, seems to enhance CA. In
general, a higher CA indicates stronger surface tension
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Fig. 2. Contact angles on (a) the ceramic support, (b) PDMS-coated, and (c) PhTMS/PDMS-coated membrane surfaces.

as well as hydrophobicity. Surface tensions of PDMS
and PhTMS are reported as 24 mN/m and 33.2 mN/m,
respectively, which indirectly support our CA measurement results [38–40]. Because the CA of PhTMS is higher
than that of PDMS, the PhTMS membrane was expected
to have a higher selectivity of butanol over water (see
next section).
3.3. FE-SEM analysis
To confirm that the composite membranes were
properly prepared with mechanical stability for pervaporation experiments, we used an FE-SEM imaging
technique to visualize layers on the ceramic support.
Fig. 3 shows micro-structures of cross-sectional surfaces of (a) (bare) α-Al2O3 ceramic support, (b) γ-Al2O3
coating layer, and (c) PDMS membrane. The α-Al2O3
layer of Fig. 3(a) shows a micro-granular porous structure with pore size smaller than 1 μm (visually estimated). Fig. 3(b) shows that the intermediate γ-Al2O3
layer was properly formed on the α-Al2O3 support with
thickness about 5 μm, on which the PDMS active layer
of 30 μm thickness was formed as shown in Fig. 3(c). In
Fig. 3(b), the interface between the γ-Al2O3 and PDMS
coating layer is quite smooth without noticeable variation in thickness where the top (dark) gray portion
indicates the empty spaces. As our objective for the of
γ-Al2O3 coating on the α-Al2O3 ceramic support is to

provide a uniform micro-porous surface with smaller
pore sizes (than those of α-Al2O3) to avoid leakage of
PDMS solution during the preparation process, Fig.
3(c) confirms the successful coating of PDMS on the
intermediate layer. The active layer thickness of PDMS
prepared in this study (30 μm) is within the same order
as other researchers’ work: 25 μm [41] and 24–110 μm
[26]. The PhTMS coating on the PDMS surface was too
thin to visualize its thickness using the FE-SEM imaging technique.
3.4. XPS analysis
XPS spectrum was measured to investigate Si-bonding on the top surfaces of the PDMS and PhTMS membranes, as shown in Fig. 4. PDMS Si-bonding energy
with carbon and oxygen were measured as 100.30 eV
(Si–C) and 101.73 eV (Si–O). As expected, the backbone
chain of the Si–O bonding is stronger than that of the
Si–C branches. PhTMS Si-bonding energy with carbon
and oxygen were measured as 100.56 eV (Si–C) and
102.07 eV (Si–O), respectively. The bonding energy of
PhTMS Si–O (102.07 eV) is higher than that of PDMS
Si-O (101.73 eV), which implies that the rigid phenyl
groups were successfully formed on the PDMS membrane surfaced, contributing to selectivity of butanol
over water through the enhanced hydrophobicity (as
indicated in the CA measurement section).

Fig. 3. FE-SEM images of (a) the ceramic support (scale bar = 1 μm), (b) γ-Al2O3 intermediate layer (scale bar = 1 μm), and (c)
PDMS-coated membrane surfaces (scale bar = 10 μm).
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Fig. 4. XPS high-resolution spectra of composite membrane
surfaces.
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below 10. Hong and Hong [41] used a PDMS/ceramic
composite membrane for pervaporation of IPA/water
mixtures, resulting in a separation factor between 4 and
16. Huang and Meagher [26] used thin-film silicalitefilled silicone composite membranes for pervaporative
recovery of n-butanol from aqueous solutions and acetone–butanol–ethanol fermentation broth; and reported
a total flux of about 200–900 g/m2 h and a butanol separation factor of about 50 during pervaporation of the ABE
fermentation broth at 70 oC. In addition, when crosslinked polyvinyl alcohol membranes were prepared and
used for pervaporative separation of water–acetic acid
mixtures, total fluxes ranged from 50 to 250 g/m2 h [42].
From this brief literature review, we indicate that the
overall performances of our PDMS and PhTMS membranes are within the standard rages in terms of flux and
separation factor. Specific analyses of pervaporation performance in terms of operating conditions are as follows.

3.5. Pervaporation performance
Membrane performance for the butanol separation
from the butanol/water mixture using pervaporation (of
the PDMS and PhTMS membranes) was evaluated in
terms of butanol concentration, temperature, and flow
rate of the feed stream. Data shown in each graph of
Figs. 5–7 are averages of three experiments. Overall, total
fluxes and separation factors for various experimental
conditions (described below) range from 200 to 900 g/m2
h and 10–30, respectively. Takegami et al. [18] prepared
PDMS membranes to separate ethanol from an ethanol/
water mixture, of which performance was represented
as total flux of 30–100 g/m2 h and separation factors

3.6. Eﬀect of butanol concentration
To investigate eﬀects of butanol concentration on
the flux, permeate concentration, and separation factor, we maintained the feed temperature at 30 oC and
flow rate at 0.6 L/min. Fig. 5(a) and (b) indicate that
the total flux and the permeate concentration linearly
increased as the feed concentration increased from 1.0
wt.% to 5.0 wt.%, which can be easily understood using
the solution–diﬀusion model [43,44], indicating that the
solute flux is proportional to the concentration gradient
across the membrane. As an expected result of the additional coating, the PhTMS membrane provided lower

Fig. 5. Eﬀect of butanol feed concentration on pervaporation performance with PDMS/ceramic and PhTMS/PDMS/ceramic
composite membranes: (a) total flux, (b) permeate butanol concentration, and (c) separation factor. The feed temperature was
30 °C and the flow rate was 0.6 L/min.
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flux and higher permeate concentration than those of
the PDMS membrane [44]. This can be explained by
increases in hydraulic resistance and hydrophobicity
(as also verified using CA measurement shown in Fig.
2) of the PhTMS layer on top of the PDMS membrane.
The cross-linked polymer structure of the PhTMS membrane surfaces with strong hydrophobicity absorb butanol molecules preferentially to water molecules [45]. As
shown in Fig. 5(c), the separation factor of the PhTMS
membrane was higher than that of PDMS membrane,
and the diﬀerence seems to increase linearly with the
feed concentration. Analysis of this trend is as follows.
The definition of the separation factor equation (2) can
be written as

α=

y 1− x
1− y x

(3)

As the presence of the extrema is mathematically
proved in this study, the phenomenological explanation is as follows. For low feed concentrations and low
temperatures during pervaporation processes (such as
our experiments), capillary condensation of water in the
porous support layer is very probable, and membrane
swelling or plasticization may not play a significant role
in controlling butanol and water transport. The capillary
condensation provides extra resistance to water permeation so that, as a consequence, the butanol transport is
enhanced over the water transport while the feed concentration increases by a few percent [41]. This trend
does not occur if the porous ceramic support is absent.
For high feed fraction, the capillary condensation is suppressed by membrane swelling or plasticization so that
the separation factor decreases with respect to the feed
fraction.
3.7. Eﬀect of feed temperature

where we denoted for simplicity x(= XBuOH) and y(= YBuOH)
for butanol concentrations (weight fraction between 0
and 1) in feed and permeate solutions. Diﬀerentiation of
equation (3) with respect to x provides

dα β x(1 − x) − y(1 − y)
=
dx
x 2 (1 − y)2

(4)

where β ≡ dy dx is assumed to be constant for small x.
Eq. (4) indicates that the sign of dα dx , i.e., slope of α
versus x plot, can be either positive or negative in terms
of y varying with x. For low x between 0.01 and 0.05 as
used in this study, the permeate fraction can be approximated as y = βx + y0, where y0 can be estimated at the
minimum feed fraction (in our case, x = 0.01). We let
the numerator of Eq. (4) equal to zero to find the local
extrema of the separation factor using the linear relationship between y and x, which yields

y 2 = β x 2 + y0 ≈ y0

(5)

where the term including β is neglected for the following reasons. From Fig. 5(c) we approximate y0 ≈ 0.25
and β ≈ 5 because of the fact that as the feed fraction
(x) increases from 0.01 to 0.05, the permeate fraction
(y) changes roughly from 0.25 to 0.45. The maximum
value of βx2 is then 5 × 0.052 = 0.0125, which is much
smaller than y0. Substitution of these values into Eq.
(5) gives y ≈ 0.5, which indicates that as the permeate butanol fraction reaches about 50%, the slope of
dα dx changes its sign. Because the permeate butanol
fraction in Fig. 5 does not exceed 50%, the corresponding feed fraction x must be larger than our maximum
value, 0.05 (5%).

Eﬀects of feed temperature on the pervaporation
performance were investigated by changing the temperature from 20 oC to 40 oC at the feed concentration
of 3.0 wt.% and flow rate 0.6 mL/min, as shown in Fig.
6. The toxicity of butanol to fermentating microorganisms limits the butanol feed concentration as much as
5%. We arbitrarily set 3 wt.% of feed butanol as a reference concentration in this study [5,6]. Fig. 6(a) and
(b) indicate that the total flux and permeate concentration through both PhTMS and PDMS membranes
increase monotonously with respect to the temperature. The free volume of these siloxane polymer layers may increase with respect to temperature, provide
less hydraulic resistance, and hence generate higher
flux due to enhanced transport of both butanol and
water molecules [46]. We think that the nonlinearity of
the total fluxes at 30 °C through the PDMS membrane
is due to decreased capillary condensation of water
molecules in the highly hydrophobic ceramic layer.
In other words, at 20 °C, this condensation seems
to disturb water transport to the permeate side [41].
The strong hydrophobicity of the PhTMS membrane
seems less sensitive to the feed temperature in terms
of capillary condensation. The total flux through the
PhTMS(glassy)/PDMS(rubbery)/ceramic
composite
membrane linearly increases with respect to temperature, indicating that the higher butanol permeation
suppresses the condensation eﬀects over the entire
range of temperatures. It is desirable to analyze the
temperature eﬀect on total flux using the Arrhenius
equation [47,48], but in our case the monotonous
increase of flux with respect to the temperature within
the narrow range (20–40 oC) only indirectly supports
the Arrhenius relationship, which can be qualitatively
expressed from the solution–diﬀusion model [43]:
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Fig. 6. Eﬀect of feed temperature on pervaporation performance with PDMS/ceramic and PhTMS/PDMS/ceramic composite
membranes: (a) total flux, (b) permeate butanol concentration, and (c) separation factor. The feed butanol concentration was
3 wt.% and the flow rate was 0.6 L/min.

⎡ Ep ⎤
J
= exp ⎢ −
⎥
J0
⎣ RT ⎦

(6)

increasing trend of the separation factor with respect to
the feed temperature.
3.8. Eﬀect of feed flow rate

where J0 represents a reference flux value, Ep is the activation energy of the order of O (10) kJ/mol, R = 8.314
J/mol K is the universal gas constant, and T (K) is the
absolute temperature. Because RT ≅ 2.5 kJ/mol near
standard temperature (T ≅ 300 K), the exponent of Eq.
(6) is greater than 1. Since we changed the feed temperature from 20 oC to 40 oC, we represent the temperature as
T = T0 + Δ T where T0 = 293.5 K and Δ T =0, 20, and 40 K.
The Taylor expansion of Eq. (6) with respect to Δ T yields

⎡ ε p ΔT 1 ⎛ ε p ΔT ⎞2
⎤
J
−ε p
⎥
= e ⎢1 +
− ⎜
+
⋅⋅⋅
⎟
J0
T0
2 ⎝ T0 ⎠
⎢⎣
⎥⎦

(7)

where ε p = Ep/RT is the dimensionless activation
energy. Eq. (7) explains the linear relationship between
J and small temperature change Δ T from T0 as shown
in Fig. 6(a). The PDMS membrane provides higher total
flux and lower permeate butanol concentration than
that of the PhTMS membrane. As the feed temperature
increases, diﬀusion of butanol in polymer membranes
is enhanced and results in higher permeate concentration as shown in Fig. 6(a). Fig. 6(c) indicates that the
trade-oﬀ of the flux reduction due to additional PhTMS
coating on the PDMS/ceramic composite is the enhanced
separation factor. Both composite membranes show the

As the flow rate increases, the total flux, permeate
butanol concentration, and separation factor increase
monotonously as shown in Fig. 7(a)–(c). In general,
concentration polarization of butanol on composite
membrane surfaces contributes to reduction of the
effective driving force by increasing the boundary
layer resistance. The shear rate (s–1), i.e., the crossflow
velocity gradient normal to the membrane surface,
is linearly proportional to the crossflow rate (m3/s).
As the shear rate increases, a higher velocity gradient sweeps more butanol molecules downstream,
diminishing the butanol concentration polarization
and the boundary layer resistance. Therefore, transport of both water and butanol through composite
membranes is enhanced with respect to the crossflow
rate [49]. The increases in the separation factor in Fig.
7(c) can be understood in a similar way. The fast flow
rate assimilates the boundary layer to the bulk phase
in terms of butanol concentration so that the driving
force for evaporation inside the membrane is maintained close to the maximum, effectively increasing
permeate concentration. For operations with slow
flow rates, lower butanol concentration on the membrane surface than that of the bulk phase reduces the
effective driving force as explained by the solutiondiffusion model. Similar to previous results, the
PDMS membrane provides higher flux and lower
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Fig. 7. Eﬀect of feed flow rate on pervaporation performance with PDMS/ceramic and PhTMS/PDMS/ceramic composite
membranes: (a) Total flux, (b) Permeate butanol concentration, and (c) Separation factor. The feed butanol concentration was
3 wt.% and the feed temperature was 30 °C.

permeate butanol concentration and separation factor than those of the PhTMS membrane.
3.9. Summary
As the main purpose of this paper is to enhance
butanol separation, this section summarizes how the
PhTMS on the PDMS surface influences the pervaporation performance as shown in Figs. 5–7. The rigid
and glassy properties of the PhTMS top layer provides
additional hydraulic resistance, which reduces the total
flux through the PhTMS membrane compared to that
through a PDMS membrane. The strong hydrophobicity
of the PhTMS, as measured using the CA, enhances the
butanol selectivity during the pervaporation process,
but the trade-oﬀ is the total flux decline [50]. In addition to the hydrophobicity analysis, one can compare
solubility parameters [(MPa)1/2] of PDMS (8.10), PhTMS
(9.00), butanol (11.00), and water (47.90) [51]. The aﬃnity between two chemical species increases as deviation
of two solubility parameters decreases. In terms of the
solubility parameter diﬀerence, butanol is preferred by
PhTMS to PDMS surfaces as the composite membranes
eﬀectively repel water molecules. Recently, a silica-filled
poly[1-(trimethylsilyl)-1-propyne] (PTMSP) membrane
was prepared for pervaporation for an ethanol/water
mixture [52] and for aqueous ethanol and butanol mixtures [53]. Polyvinylidene fluoride (PVDF) was used
to support the PTMSP active layer and the addition of
hydrophobic silica particles enhanced the flux with the
trade-oﬀ of the separation factor. The open, irregular,
and hydrophobic surface structure of the PVDF support

contributed to the larger flux in comparison to commercial membranes. For pervaporation of butanol/water
mixture, Claes et al. [53] obtained an excellent flux of
9.5 LMH and separation factor exceeding 100, showing
promising performance of PTMSP/PVDF membranes
for pervaporation. However, direct comparison is out of
the scope of this study in terms of active polymer material and supporting layers. To the best of our knowledge,
comparative analysis on PDMS and PhTMS membrane
performance of butanol/water separation are still very
rare. In our study, total flux and separation factor are
much higher than the reported values. However, direct
comparison is not possible since our purpose is butanol/
water separation.
4. Conclusions
In this study, we prepared ceramic composite membranes with rubbery PDMS and glassy PhTMS coatings. The prepared composite membranes were used
for butanol pervaporation, performance of which was
tested in terms of butanol concentration, temperature,
and flow rate of the feed butanol/water mixture. The
water contact angle measurements indicate that the
ceramic support is hydrophilic; and the glassy PhTMS
coating provides the highest contact angle, followed by
the rubbery PDMS layer. FE-SEM micro-image analysis showed that the formed ceramic support layer has
a homogeneous porous structure, and the PDMS layer
is stable when coated on the top of the support layer.
XPS analysis verified the presence of a rigid phenyl on
the surface of the PhTMS coated layer. Pervaporation
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experiments indicated that the total flux, permeate butanol concentration, and separation factor increase with
increasing feed butanol concentration, temperature, and
feed flow rate. In general, the PhTMS membrane has
lower total flux and higher selectivity (in terms of permeate butanol concentration and separation factor) due
to enhanced hydrophobicity. The extrema of the separation factor with respect to the feed fraction is mathematically proved by calculating dα/dx, and its presence
at low feed fraction is explained by the condensing
ceramic support. This paper showed the potential of a
PhTMS-coated PDMS membrane to increase separation
by taking advantage of the highly hydrophobic nature
of PhTMS and the highly permeable property of PDMS
to enhance butanol selectivity. The performance of pervaporation can be further enhanced by optimizing coating processes of PDMS and PhTMS layers on top of the
ceramic support.

Acknowledgements
This research was supported by Basic Science
Research Program through the National Research Foundation (NRF) of Korea funded by the Ministry of Education, Science and Technology (20100012865) and Kyung
Hee University International Scholar Program.

References
[1]
[2]

[3]

[4]

[5]

[6]
[7]

[8]

[9]

F. Liu, L. Liu and X. Feng, Separation of acetone–butanol–ethanol (ABE) from dilute aqueous solutions by pervaporation.
Sep. Purif. Technol., 42 (3) (2005) 273–282.
Nasib Qureshi, Badal C. Saha, Bruce Dien, Ronald E. Hector
and Michael A. Cotta, Production of butanol (a biofuel) from
agricultural residues: Part I – Use of barley straw hydrolysate.
Biomass Bioenergy, 34 (4) (2010) 559–565.
Jinhui Wang, Tomohisa Yoshioka, Masakoto Kanezashi and
Toshinori Tsuru, Prediction of pervaporation performance of
aqueous ethanol solutions based on single gas permeation.
Desal. Water Treat., 17 (2010) 106–111.
Keiji Sakaki, Hiroshi Habe, Hideyuki Negishi and Toru Ikegami, Pervaporation of aqueous dilute 1-butanol, 2-propanol,
ethanol and acetone using a tubular silicalite membrane.
Desal. Water Treat., 34 (2011) 290–294.
K. Ounine, H. Petitdemange, G. Raval and R. Gay, Regulation
and butanol inhibition of D-xylose and D-glucose uptake in
Clostridium acetobutylicum. Appl. Environ. Microbiol., 49 (4)
(1985) 874–878.
P. Rogers and N. Palosaari, Clostridium acetobutylicum
mutants that produce butyraldehyde and altered quantities of
solvents. Appl. Environ. Microbiol., 53 (12) (1987) 2761–2766.
Haoli Zhou, Yi Su, Xiangrong Chen and Yinhua Wan, Separation of acetone, butanol and ethanol (ABE) from dilute
aqueous solutions by silicalite-1/PDMS hybrid pervaporation
membranes. Sep. Purif. Technol., 79 (3) (2011) 375–384.
Verónica García, Johanna Päkkilä, Heikki Ojamo, Esa Muurinen and Riitta L. Keiski, Challenges in biobutanol production: How to improve the eﬃciency? Renew. Sustain. Energy
Rev., 15 (2) (2011) 964–980.
B.M. Ennis, N.A. Gutierrez and I.S. Maddox, Acetone–butanol–ethanol fermentation: a current assessment. Process Biochem., 21 (1986) 131–147.

25

[10] I.S. Maddox, The acetone–butanol–ethanol fermentation:
recent progress in technology. Biotechnol. Genetic Eng. Rev.,
7 (1989) 189–220.
[11] G.A. Polotskaya, A.V. Penkova, Z. Pientka and A.M. Toikka.
Polymer membranes modified by fullerene C60 for pervaporation of organic mixtures. Desal. Water Treat., 14 (2010) 83–88.
[12] Dongjae Jeong, Jeongsik Oh, Ina Yum and Yongtaek Lee.
Removal of VOCs from their aqueous solution by pervaporation with PDMS–zeolite composite membrane. Desal. Water
Treat., 17 (2010) 242–247.
[13] Betina Villagra Di Carlo, Juan Carlos Gottifredi and Alberto
Claudio Habert, Pervaporation through composite membranes with plasma treatment of porous support. Desal. Water
Treat., 27 (2011) 135–140; 53 (12) (1994) 1639.
[14] Jaw-Hwa Chang, Je-Kang Yoo, Seung-Ho Ahn, Kyu-Hyun Lee
and Kyong-Ok Yoo, Development of pervaporation ststem
simulator. Membr. J., 7(1) (1997) 31–38,.
[15] Shin-Ling Wee, Ching-Thian Tye and Subhash Bhatia. Membrane separation process—Pervaporation through zeolite
membrane. Sep. Purif. Technol., 63 (2008) 500–516.
[16] A. Baudot and M. Marin, Pervaporation of aroma compounds:
comparison of membrane performances with vapour-liquid
equilibria and engineering aspects of process improvement.
Food and Bioprod. Process., 75 (2) (1997) 117–142.
[17] W. Gudernatsch, Th. Menzel and H Strathmann, Influence of
composite membrane structure on pervaporation. J. Membr.
Sci., 61 (1991) 19–30.
[18] Shinsuke Takegami, Hideki Yamada and Shoji Tsujii, Pervaporation of ethanol/water mixtures using novel hydrophobic
membranes containing polydimethylsiloxane. J. Membr. Sci.,
75 (1–2) (1992) 93–105.
[19] J Bai, A E Founda, T Matsuura and J D Hazlett. A study on the
preparation and performance of polydimethylsiloxane-coated
polyetherimide membranes in pervaporation. J. Appl. Polym.
Sci., 48(6) (1993) 999–1008.
[20] E. Bode and C. Hoempler. Transport resistances during pervaporation through a composite membrane: experiments and
model calculations. J. Membr. Sci., 113 (1) (1996) 43–56.
[21] E.L. Vivas, A.B. Beltran, H.R. Cascon, J. Ahn, E.S. Cho and
W.J. Chung, Inorganic filler selection in PDMS membrane for
acetone recovery and its application in a condenser-gas membrane system. Desal. Water Treat., 17 (2010) 160–167.
[22] R.A. Peterson, C.G. Hill and M.A. Anderson, Permselectivity characteristics of supported ceramic alumina membranes.
Sep. Sci. Technol./, 25 (13–15) (1990) 1281–1293.
[23] Yuexin Zhu, Shanshan Xia, Gongping Liu and Wanqin Jin,
Preparation of ceramic-supported poly(vinyl alcohol)–chitosan composite membranes and their applications in pervaporation dehydration of organic/water mixtures. J. Membr. Sci.,
349(1-2) (2010) 341–348.
[24] A.W. Verkerk, P. van Male, M.A.G. Vorstman and J.T.F. Keurentjes, Properties of high flux ceramic pervaporation membranes for dehydration of alcohol/water mixtures. Sep. Purif.
Technol. 22–23 (2001) 689–695.
[25] E. Fouad and X. Feng, Use of pervaporation to separate butanol from dilute aqueous solutions: Eﬀects of operating conditions and concentration polarization. J. Membr. Sci., 323 (2)
(2008) 428–435.
[26] Jicai Huang and M.M. Meagher, Pervaporative recovery of
n-butanol from aqueous solutions and ABE fermentation broth
using thin-film silicalite-filled silicone composite membranes.
J. Membr. Sci., 192 (1–2) (2001) 231–242.
[27] W.J. Groot, G.H. Schoutens, P.N. Beelen, C.E. Oever and N.W.F.
Kossen, Increase of substrate conversion by pervaporation in
the continuous butanol fermentation. Biotechnol. Lett., 6 (12)
(1984) 789–792.
[28] W.J. Groot, C.E. Qever and N.W.F. Kossen, Pervaporation for
simultaneous product recovery in the butanol/isopropanol
batch fermentation. Biotechnol. Lett., 6 (11) (1984) 709–714.
[29] W.J. Groot and K.Ch.A.M. Luyben, Continuous production of
butanol from a glucose/xylose mixture with an immobilized
cell system coupled to pervaporation. Biotechnol. Lett., 9 (12)
(1987) 867–870.

Downloaded by [Miriam Balaban] at 05:58 03 February 2013

26

E.J. Jeon et al. / Desalination and Water Treatment 48 (2012) 17–26

[30] M.A. Larrayoz and L. Puigjaner, Study of butanol extraction
through pervaporation in acetobutylic fermentation. Biotechnol. Bioeng., 30 (5) (1987) 692–696.
[31] Q. Geng and C.-H. Park, Pervaporative butanol fermentation
by Clostridium acetobutylicum B18. Biotechnol. Bioeng., 43
(10) (1994) 978–986.
[32] Christian Leger, Helio De L. Lira and Russell Paterson, Preparation and properties of surface modified ceramic membranes. Part II. Gas and liquid permeabilities of 5 nm alumina
membranes modified by a monolayer of bound polydimethylsiloxane (PDMS) silicone oil. J. Membr. Sci., 120 (1) (1996)
135–146.
[33] Yeon Ki Hong and Won Hi Hong, Influence of ceramic support
on pervaporation characteristics of IPA/water mixtures using
PDMS/ceramic composite membrane. J. Membr. Sci., 159 (1–2)
(1999) 29–39.
[34] Wei Fen Guo, Tai-Shung Chung and Takeshi Matsuura, Pervaporation study on the dehydration of aqueous butanol solutions: a comparison of flux vs. permeance, separation factor vs.
selectivity. J. Membr. Sci., 245 (1–2) (2004) 199–210.
[35] Kazuhiko Ishihara and Kiyohide Matsui, Pervaporation of
ethanol–water mixture through composite membranes composed of styrene-fluoroalkyl acrylate graft copolymers and
cross-linked polydimethylsiloxane membrane. J. Appl. Polym.
Sci., 34 (1) (1987) 437–440.
[36] A. Mata, A.J. Fleischman and S. Roy, Characterization of
polydimethylsiloxane (PDMS) properties for biomedical
micro/nanosystems. Biomed. Microdev., 7 (4) (2005) 281–293.
[37] Dong Kim, Bong-Kee Lee, Jihoon Yeo, Min Choi, Wonseok
Yang and Tai Kwon, Fabrication of PDMS micro/nano hybrid
surface for increasing hydrophobicity. Microelectron. Eng., 86
(4–6) (2009) 1375–1378.
[38] Edwin P. Plueddemann, Silane Coupling Agents, Plenum
Press, New York and London, 1991.
[39] A.E. van Giessen, Dirk Jan Bukman and B Widom. Contact
angles of liquid drops on low-energy solid surfaces. J. Colloid
Interface Sci., 192 (1) (1997) 257–265.
[40] Hyman D. Gesser and Paul Krause, A demonstration of surface tension and contact angle. J. Chem. Edu., 77 (1) (2000) 7–8.
[41] Yeon Ki Hong and Won Hi Hong, Infuence of ceramic support
on pervaporation characteristics of IPA/water mixtures using
PDMS/ceramic composite membrane. J. Membr. Sci., 159 (1999)
29–39.
[42] Choong-Kyun Yeom and Kew-Ho Lee, Pervaporation separation of water–acetic acid mixtures through poly(vinyl alcohol)

[43]
[44]

[45]

[46]

[47]

[48]

[49]
[50]

[51]
[52]

[53]

membranes crosslinked with glutaraldehyde. J. Membr. Sci.,
109 (2) (1996) 257–265.
Marcel Mulder, Basic Principles of Membrane Technology,
Kluwer Academic Publishers, 2nd ed., 1996.
S. Claes, P. Vandezande, S. Mullens, R. Leysen, K. De Sitter,
A. Andersson, F.H.J. Maurer, H. Van den Rul, R. Peeters and
M.K. Van Bael, High flux composite PTMSP-silica nanohybrid
membranes for the pervaporation of ethanol/water mixtures.
J. Membr. Sci., 351 (1–2) (2010) 160–167.
Fenjuan Xiangli, Wang Wei, Yiwei Chen, Wanqin Jin and
Nanping Xu, Optimization of preparation conditions for
polydimethylsiloxane (PDMS)/ceramic composite pervaporation membranes using response surface methodology. J.
Membr. Sci., 311 (2008) 23–33.
Lei Li, Zeyi Xiao, Shujuan Tan, Liang Pu and Zhibing Zhang,
Composite PDMS membrane with high flux for the separation
of organics from water by pervaporation. J. Membr. Sci., 243
(1–2) (2004) 177–187.
Yan Wang, Lanying Jiang, Takeshi Matsuura, Tai Shung Chung
and Suat Hong Goh, Investigation of the fundamental diﬀerences between polyamide-imide (PAI) and polyetherimide
(PEI) membranes for isopropanol dehydration via pervaporation. J. Membr. Sci., 318 (1–2) (2008) 217–226.
Lan Ying Jiang, Yan Wang, Tai-Shung Chung, Xiang Yi Qiao
and Jun-Yih Lai, Polyimides membranes for pervaporation
and biofuels separation. Progress Polym. Sci., 34 (11) (2009)
1135–1160.
E. Bode, M. Busse and K. Ruthenberg, Considerations on interface resistances in the process of permeation of dense membranes. J. Membr. Sci., 77 (1) (1993) 69–84.
G.H. Koops, J.A.M. Nolten, M.H.V. Mulder and C.A. Smolders,
Selectivity as a function of membrane thickness: Gas separation and pervaporation. J. Appl. Polym. Sci., 53 (12) (1994)
1639–1651.
Allan F.M. Barton. CRC Handbook of Solubility Parameters
and Other Cohesion Parameters. CRC Press Inc., London, 1983.
Stan Claes, P. Vandezande, S. Mullens, R. Leysen, K. De Sitter,
A. Andersson, F.H.J. Maurer, H. Van den Rul, R. Peeters and
M.K. Van Bael, High flux composite PTMSP-silica nanohybrid
membranes for the pervaporation of ethanol/water mixtures.
J. Membr. Sci., 351 (1–2) (2010) 160–167.
Stan Claes, Pieter Vandezande, Steven Mullens, Kristien De
Sitter, Roos Peeters and Marlies K. Van Bael, Preparation and
benchmarking of thin film supported PTMSP-silica pervaporation membranes. J. Membr. Sci., 389 (2012) 265–271.

