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a b s t r a c t

In this work, poly (ether-block-amide) (PEBA)/ceramic hollow fiber (HF) composite membranes with
high flux were prepared by dip-coating the ceramic hollow fiber with PEBA polymer solution for per-
vaporation (PV). The membrane fabrication was optimized by finely tailoring the coating parameters
such as the viscosity and concentration of PEBA coating solution, which made the pervaporation flux as
high as 4196 g/m2 h for recovering n-butanol from aqueous solution (1 wt% n-butanol–water mixtures)
with selectivity of 21 at feed temperature of 60 °C. Furthermore, the as-prepared PEBA/ceramic HF
composite membrane also exhibited stable PV separation performance during the 200 h long-term op-
eration. Considering the practical application, the composite membrane was tested in model ABE
(acetone–butanol–ethanol) system and showed a high performance for recovering n-butanol.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

The excessive consumption of traditional fuels has caused
many global issues, including the shortage of fossil fuels and ser-
ious greenhouse effect. The renewable biofuel is regarded as an
alternative to fossil fuel, which has attracted an increasing atten-
tion. As one of the most valuable biofuels, n-butanol has many
advantages such as higher energy content, higher octane rating,
lower vapor pressure, better compatibility with current gasoline
transport infrastructure and so on [1,2]. The production of bio-
butanol is mainly based on acetone–butanol–ethanol (ABE) fer-
mentation [3]. However, the produced n-butanol will inhibit the
fermentation process leading to the significant decrease in its
yield. Many in-situ product recovery technologies such as dis-
tillation [4], adsorption [5], pervaporation and gas stripping [6]
have been developed to improve the productivity by continuously
removing the yielded butanol from the fermentation system. As a
membrane-based technology, pervaporation (PV) with low energy
cost, easy operability and high permselectivity is now considered
as the greatest potential separation technology for efficient bio-
butanol recovery [7].

It is well known that the membrane material plays a key role in
PV technology. Until now several kinds of polymeric membrane
materials were proved to be with preferential permeation for
n-butanol, such as polypropylene (PP) [8], polydimethylsiloxane
(PDMS) [9,10], poly (1-trimethylsilyl-1-propyne) (PTMSP) [11] and
poly (ether-block-amide) (PEBA) [12]. Compared with other poly-
meric materials, PEBA membrane are easy to be prepared without
crosslinking and with high butanol permeability [13]. As a ther-
moplastic elastomer material, PEBA is comprised from rigid poly-
amide (PA) and flexible polyether (PE) blocks. Generally, the hy-
drophobic of PEBA polymer is owing to the presence of PE seg-
ment [14] which makes it appropriate for separating n-butanol
from aqueous solution. Feng et al. first employed flat PEBA
membranes to separate ABE from aqueous by pervaporation
showing a preferential permeation of butanol molecules [12]. Li
et al. prepared ZSM-5-PEBA composite membrane [15] and MCM-
41 filled PEBA mixed matrix membrane [16] to improve the PV
performances by introducing hydrophobic materials into the
membranes. Our group also investigated the PV performance of
PEBA-based membrane for separating n-butanol/water mixture.
Liu et al. prepared hydrophobic-MOFs filled PEBA mixed matrix
membranes [17,18] which showed a high performance for the
pervaporative recovery of bio-butanol. However, the separation
capability of PEBA had not been fully developed. More efforts
should be made to further optimize the membrane microstructure
for improving the permeation flux of PEBA separation membrane.

Many studies showed the substrate of composite membrane
can significantly influence the membrane integrity, transport re-
sistance and interfacial properties, which plays a key role in en-
dowing the membranes with high separation performance [1,19].
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Compared with polymeric supports, ceramic substrates are with
highly thermal, mechanical and chemical stabilities [20–22]. In
addition, our previous work [23] showed that the swelling beha-
viors of membrane layers can also be affected owing to the soft
layer/rigid layer composite structure of ceramic supported mem-
branes. As a result, the operation stability of composite membrane
is improved [24–26]. In PV process, as is known, Knudsen diffusion
is the predominant transport mechanism through the support,
thus it is an effective way to reduce the transportation resistance
by shorting the molecular free paths which can be obtained by
reducing the thickness of porous substrate [19,27]. Our previous
work [28] has proved that ceramic hollow fiber with asymmetric
structure containing sponge-like and finger-like sections can ef-
fectively reduce the transportation resistance. This phenomenon
was also found in the ceramic hollow fiber-supported LTA zeolite
membranes [29], metal organic frameworks (MOFs) membranes
[30] and graphene oxide (GO) based membranes [31,32]. Coupled
with other advantages such as high-packing density and low cost,
the ceramic hollow fiber can be utilized to prepare high perfor-
mance membranes.

In this work, the PEBA/ceramic HF composite membrane for
pervaporative separating n-butanol from aqueous solution were
well designed, prepared and characterized. The microstructure as
well as the PV performance of the composite membranes were
optimized by varying the PEBA concentration and viscosity of the
polymer solution. The interfacial adhesion force of the prepared
composite membrane was investigated by nano-scratch test. The
effects of feed temperature and feed concentration on PV perfor-
mance of PEBA/ceramic HF composite membranes were also in-
vestigated. Moreover, the PV performance of the PEBA/ceramic HF
composite membrane was examined in model ABE solution.
Fig. 1. (a) Schematic illustration of the preparation of PEBA/ceramic HF composite me
composite membrane.
2. Experimental

2.1. Materials

Poly (ether-block-amide) (Pebax 2533) was obtained from Ar-
kema, France. Analytical grade acetone and n-butanol were pur-
chased from Shanghai Shenbo Chemical Co., Ltd., China. Ethanol
was supplied by Wuxi city Yasheng Chemical Co./Ltd. De-ionized
water ware generated in the laboratory. All solvents and chemicals
were used without further purification.

2.2. Membrane preparation

As shown in Fig. 1(a), the homogeneous coating solution was
prepared by dissolving PEBA 2533 granule in n-butanol solvent at
80 °C under vigorous agitation. The ceramic hollow fibers were
prepared according to our previous work [28]. Among the three
types of reported ceramic hollow fibers, we chose the one with
thinnest sponge-like structure, highest porosity and gas perme-
ability as our substrate. The diameter of the ceramic hollow fiber is
1.9 mm, as shown in Fig. 1. The PEBA/ceramic HF composite
membranes were prepared by immersing the pretreatment cera-
mic hollow fiber in coating solution for 1–5 min and then drawing
out with a speed rate of about 3–6 cm/s. And the composite
membranes were coated for 1–3 times with different membrane
thicknesses. The PEBA/ceramic HF composite membranes were
dried in the atmosphere for 24 h allowing for vaporization of the
solvent, after that the PEBA/ceramic HF composite membranes
were heated in the oven at 70 °C for 24 h to ensure the removal of
residual solvent. Then the ceramic hollow fiber supported PEBA
membranes were successfully fabricated as shown in Fig. 1(b) and
were stored in a constant temperature and humidity environment
before use. Pure PEBA membranes were prepared under the same
procedure for characterization.
mbrane; (b) digital photograph (left) and SEM image (right) of PEBA/ceramic HF



Fig. 2. TGA cures (a) pure PEBA membrane (b) PEBA/hollow fiber composite
membrane.

Fig. 4. The effect of PEBA concentration in coating solution on PV performance of
PEBA/ceramic HF composite membrane (1 wt% n-butanol–water, feed temperature:
40 °C).
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2.3. Characterization

The contact angle measurement system (DSA100, Kruss) was
used for measuring the water and n-butanol contact angle of
PEBA/ceramic HF composite membrane. The morphology of com-
posite membranes was examined by field emission scanning
electron microscope (FE-SEM, Hitachi-4800, Japan). The Brookfield
viscometer was used to determine the viscosities of PEBA solution.
The surface topography of the membranes was observed by atomic
Fig. 3. SEM images of PEBA/ceramic HF composite membranes prepared by v
force microscope (AFM, XE100, Park Systems). The interfacial ad-
hesion between the PEBA layer and ceramic hollow fiber support
was measured by the scratch test of nanoindentation system
(NanoTestTM Vantage). The pre-weighed membranes were im-
mersed in feed solution with various butanol concentration, re-
spectively. After 36 h, they were removed and weighted after su-
perfluous liquid was wiped. The swelling degree can be calculated
by following equation: swelling degree¼solvent uptake (g)/
weight of dry membrane (g)�100% [33].
arious PEBA concentrations: (a) 6 wt%, (b) 8 wt%, (c) 10 wt%, (d) 12 wt%.



Fig. 5. (a) The relationship between the viscosity of PEBA solution and temperature. (b) The effect of membrane thickness on PV performance of PEBA/ceramic HF composite
membrane. (PEBA concentration: 8 wt%).

Y. Li et al. / Journal of Membrane Science 510 (2016) 338–347 341
2.4. Pervaporation measurement

The pervaporation experiment was performed using a home-
made apparatus [34]. The hollow fiber composite membrane was
directly put into the feed solution that is stored in a feed tank, in
order to maintain the temperature of feed solution, the feed tank
was immersed in a temperature-controlled water bath. A vacuum
pump was used to maintain the pressure of downstream below
300 Pa and the pressure was monitored by a digital vacuum gauge.
After the steady state was reached, the permeate vapor was col-
lected in cold trap, immersed in liquid nitrogen. To ensure the
reliability of experimental results, at least three permeation sam-
ples were collected. The concentrations of feed and permeate
samples were analyzed by a gas chromatography (GC-2014, SHI-
MADZU, Japan), the weight of permeate vapor was analyzed by
electronic analytical balance.

The membrane pervaporation performance is usually evaluated
in terms of the flux (J), separation factor (β) and pervaporation
separation index (PSI):
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where W is the mass of permeate over a period of t; A is the ef-
fective area of hollow fiber membrane; Xi and Yi are the mass
fractions of component i in feed and permeate side, respectively.
3. Results and discussion

3.1. Preparation of PEBA HF composite membrane

3.1.1. Physicochemical properties of PEBA HF composite membrane
TGA was carried out to analyze the thermal decomposition

behavior of the as-prepared PEBA membrane as shown in Fig. 2.
The decomposition temperature of PEBA/hollow fiber composite
membrane is almost the same as that of pure PEBA membrane
about 400 °C which is in consistence with the literature [32],
which suggests the PEBA layer was successfully coated on the
outer surface of ceramic hollow fiber. The final weight of PEBA/
hollow fiber composite membrane (about 96 % of total weight)
owes to ceramic HF support which suggests the PEBA layer is very
thin. The temperature (400 °C) is much higher than the operation
temperatures for preparation of PEBA composite membranes as
well as the butanol separation process which indicates that the
PEBA polymer is thermally stable during the above two
procedures.

The organophilicity and hydrophobicity of the membranes can
significantly influence the PV performance for butanol recovery.
Generally, the contact angles were used to study the surface
property of membranes. The water contact angle and butanol
contact angle of the PEBA composite membrane were measured.
The water contact angle and the butanol contact angle are 88° and
5°, respectively, which suggests that the PEBA composite mem-
brane showed much more affinity for butanol than for water, thus
can lead to preferential permeation of butanol molecules.

3.1.2. The effect of PEBA concentration of polymeric solution
Generally, membrane structure and performance are affected

by polymer concentration. The scanning electron microscope
(SEM) images of PEBA/ceramic HF composite membranes which
prepared by different PEBA concentrations are shown in Fig. 3.
According to the basic principles of phase inversion, higher poly-
mer concentration can increase the delay time for liquid-liquid
demixing, as a result, the thicker polymer layer can be obtained.
The surface of membranes tends to be homogeneous and smooth
as the concentration increased from 6 to 10 wt%. The reason could
be that higher polymer concentration can increase the active layer
thickness, which weakens the effect of ceramic support on the
membrane roughness. However, the membrane coated with
12 wt% PEBA solution has a rougher surface compared with that
coated with 10 wt% PEBA solution. That is because too high con-
centration can damage the liquidity of coating solution. The effect
of PEBA concentration in coating solution on PV performance of
PEBA/ceramic HF composite membrane for separating n-butanol/
water mixture was investigated and shown in Fig. 4. The separa-
tion factor increased from 15.1 to 23.0 with the augmenting PEBA
concentration, while the flux dropped from 3639 to 786 g/m2 h.
Considering that the optimized combination of flux and separation
factor, 8% was chosen as PEBA concentration in the following
study.

3.1.3. The effect of polymer solution viscosity
Our previous work [28] has demonstrated that the micro-

structure and separation performance of the as-prepared



Fig. 6. SEM images of cross-section of PEBA/ceramic HF composite membranes prepared by various viscosities of coating solution: (a), (b) are with the viscosities of
43.3 mPa s, (c)–(f) are with the viscosities of 20.3, 27.1, 43.3 and 62.6 mPa s, corresponding to the polymer solution temperature of 60, 50, 30 and 25 °C, respectively. (PEBA
concentration: 8 wt%).
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composite membranes were closely related to polymer solution
viscosity. As PEBA is a thermoplastic elastomer polymer, the re-
lationship between the viscosity of PEBA solution and temperature
was quite important for the membrane fabrication. Therefore, the
effect of the viscosity on the PV performance of PEBA/ceramic HF
composite membrane was conducted as shown in Fig. 5. The
viscosity of PEBA solution was measured at various temperatures
by viscometer.

Fig. 5(a) exhibits the variation between the viscosity of PEBA
solution and temperature. It was found that the viscosity of PEBA
solution was inversely proportional to its temperature. When the
temperature decreased from 60 to 30 °C, the viscosity increased
from 20.3 to 43.3 mPa s, with almost liner relationship. But when
the temperature continued to drop to the room temperature
(25 °C), the viscosity of the solution increased sharply. And the
viscosity of PEBA solution is within the scope of the polymer flow
in this temperature range. In order to investigate the influence of
viscosity on membrane structure, SEM and atomic force micro-
scope (AFM) characterizations were carried out. Fig. 6 shows the
SEM images of PEBA/ceramic HF composite membranes prepared
with different coating solution viscosities. It can be seen that the
thickness of PEBA active layer increased from 2 to 5 μm with the
viscosity of coating solution. Membrane morphologies, as affected
by solution viscosity, were further investigated by AFM as shown
in Fig. 7 and Table 1. The surface roughness decreased with visc-
osity because thicker polymer layer can weaken the influence of



Fig. 7. AFM images of the membranes surfaces prepared by various viscosities of coating solution: (a)–(d) are with the viscosities of 20.3, 27.1, 43.3 and 62.6 mPa s,
respectively. Scan area: 10 μm�10 μm.

Table 1
Surface roughness parameters of membranes with different coating solution
viscosities.

Membrane (nm) a b c d

Ra 55.928 35.322 28.630 22.377
Rq 75.315 46.752 35.946 27.955
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ceramic HF support and thus can form a homogeneous membrane
more easily. The PV performance of composite membrane with
low surface roughness is improved because low surface roughness
of membrane means that defect-free and homogeneous PEBA layer
is formed on the ceramic HF. It can be seen that the appropriately
enhanced viscosity would lead to defect-free composite mem-
brane and obtain higher PV performance.

Fig. 5(b) shows the effect of the membrane thickness on
membrane separation performance. When enlarged membrane
thickness, the separation factor was in the trend of increase while
the total flux decreased. According to the literature [35], the bu-
tanol flux was drastically influenced by membrane thickness while
water flux was not. It can be seen that membranes prepared with
low viscosity of coating solution exhibited thin PEBA layer (Fig. 6).
As a result, higher permeation total flux was obtained at smaller
membrane thickness while the separation factor was compro-
mised. This phenomenon is corresponding to the trade-off effect
between total flux and separation factor [17]. As for membranes
with small membrane thickness, the separation factor was not
high enough to match with the requirement of recovery butanol
from dilute aqueous solution. On the contrary, when the mem-
brane thickness was too large, the thicker active layer can ag-
grandize overall mass transfer resistance, leading to a dramatical
decreasing of permeation total flux. Considering both flux and
separation factor, we selected the membrane thickness at 3.5 μm
(when viscosity at 43 mPa s corresponding to the solution tem-
perature at 30 °C) as the optimized membrane thickness in the
following study.

3.1.4. Interfacial adhesion properties of PEBA HF composite
membranes

The interfacial adhesion of composite membranes is an im-
portant parameter to evaluate the stability of membranes. In this
work, the nano-scratch test was used for measuring the interfacial
adhesion between the PEBA separation layer and ceramic hollow
fiber support which was shown in Fig. 8. It is shown that two
transition points are obtained in the friction profile which were
illustrated in SEM image (Fig. 8(c)). The first transition point was at
80 μm scan displacement while the second transition point was at
198 μm scan displacement. The SEM image shows that the be-
ginning of cracking formation at the first transition point was
corresponding to the 19.8 mN applied load (scratch load-dis-
placement curve Fig. 8(b)), the PEBA layer was peeled from cera-
mic hollow fiber support until the applied load of 53.5 mN, which
indicates the second transition point. The critical load of 53.5 mN
at the failure onset of PEBA layer is considered as the interfacial
adhesion force of the PEBA/ceramic HF composite membrane
which suggests the PEBA layer tightly form on the ceramic hollow
fiber support [36].



Fig. 8. Nano-scratch test of PEBA/ceramic HF composite membrane: (a) friction profile; (b) scratch load-displacement curve; (c) SEM images of scratch morphology.
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3.2. PEBA composite membrane for bio-butanol recovery

3.2.1. Operation temperature
The effect of operation temperature on the PV performance of

PEBA/ceramic HF composite membrane was investigated with
1 wt% n-butanol/water mixture, and the results were shown in
Fig. 9(a). The total permeation flux increased from 891 to
4196 g/m2 h after raising the feed solution temperature from 25 to
60 °C. The relationship between the flux (n-butanol or water flux)
and temperature follows Arrhenius expression [37]:
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where Ji is the partial flux of component i; J0 is the pre-exponential
factor; Ea is the apparent activation energy associated to per-
meation process; R is the gas constant and T is the operating
temperature in Kelvin. Fig. 9(b) shows the logarithmic plots of
n-butanol and water flux versus reciprocal of absolute tempera-
ture for ceramic hollow fiber supported PEBA composite mem-
brane. The effect of temperature on the permeation flux can be
indicated by apparent activation energy. The average activity en-
ergies of n-butanol and water permeation through PEBA compo-
site hollow fiber are 44.3 kJ/mol and 36.9 kJ/mol, respectively. The
positive values of activation energies reflect that the permeation
flux would increase with temperature. The activation energy of
n-butanol is higher than that of water, suggesting that the n-bu-
tanol flux is more temperature-sensitive than water. As the tem-
perature increased, the flux of n-butanol increased much more
than that of water, leading to the increased separation factor. The
fundamental data are considered to be helpful for practical ap-
plication under high temperature.
3.2.2. The effect of feed concentration
The effect of n-butanol concentration in the feed on the PV per-

formance of PEBA/ceramic HF composite membrane was investigated
at 40 °C. Fig. 9(c) shows the permeation flux increased with the
n-butanol concentration in feed solution. It is because that after in-
creasing the feed concentration, the concentration gradient between
liquid and vapor phase was enlarged leading to greater driving force
in separation process. However, as the n-butanol concentration in
feed solution continued to increase, the separation factor almost kept
constant although the swelling degree of homogeneous membrane
increased, which was shown in Fig. 9(d). The reason is that the
swelling degree of membrane can be effectively reduced by using
ceramic HF as support owing to the soft layer/rigid layer composite
structure of ceramic supported polymeric membranes [23].

3.2.3. Long-term stability in butanol-water system
Long term stability of PEBA/ceramic HF composite membrane

was examined with 1 wt% n-butanol-water solution for 200 h at
40 °C. As shown in Fig. 10(a), the total flux and separation factor
kept stable during the 200 h continuous experiment. The average
total flux is 2011 g/m2 h while the average separation factor is 20.
Generally, the operation pressure in PV process might distort or
even destroy the structure of soft membrane layer which is
harmful to the long-term stability of membrane. Compared with
organic membrane support, the ceramic hollow fiber can provide
excellent mechanical stability to composite membrane at high
negative pressure. In addition, the proper penetration of PEBA
coating solution into the finger-like pores at the outer surface of
support formed a favorable interface between support and poly-
mer layer which benefits the adhesion between PEBA layer and
ceramic hollow fiber support. As a result, a desirable long-term
operation stability can be ensured by the ceramic hollow fiber
supported PEBA composite membrane.



Fig. 9. (a) The effect of temperature on PV performance of PEBA/ceramic HF composite membrane; (b) logarithmic plots of fluxes versus reciprocal of absolute temperature
for ceramic hollow fiber supported PEBA composite membrane; (c) the effect of feed concentration on the flux and separation factor of PEBA/ceramic HF composite
membrane; (d) the effect of butanol concentration on swelling degree of PEBA membrane.

Fig. 10. (a) The effect of operation time on PV performance of PEBA/ceramic HF composite membrane; (b) PV performance of PEBA/ceramic HF composite membrane for ABE
model solution.
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3.2.4. Pervaporation performance for ABE model system
Bio-butanol is mainly produced by anaerobic fermentation

which commonly called as acetone–butanol–ethanol (ABE) fer-
mentation. In order to investigate the PV performance of PEBA/
ceramic HF composite membrane in ABE fermentation broth, a
model system which includes 0.6 wt% acetone, 1.2 wt% butanol
and 0.2 wt% ethanol was prepared to simulate the supernatant of a
fermentation broth. The PV performance of ceramic hollow fiber
supported PEBA composite membrane at 40 °C was shown in
Fig. 10(b). According to the PV performance of the organic com-
pounds, the partial flux in the model solution followed the order of
n-butanol4acetone4ethanol. This phenomenon is primarily due
to the preferential sorption behaviors of PEBA membrane. The
solvent uptake of organic composite in PEBA membrane followed
the order of n-butanol4acetone4ethanol [15]. Compared with
the PV performance in binary n-butanol-water mixture at same
temperature, the flux in ABE-water model solution is greater, this
phenomenon may be attributed to the higher organic compounds
concentration in the ABE model solution than that of binary
n-butanol-water mixture. The separation factor in ABE model so-
lution is slight lower than that in binary n-butanol-water mixture,
due to the co-solution of acetone and ethanol and coupling effects



Fig. 11. Graphical representation of polymeric membrane performance for n-bu-
tanol recovery.
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among the permeante species, which were caused by the per-
meante-permeante and permeante-membrane interaction.

3.3. Comparison of pervaporation performance with literatures

Many pervious works have investigated butanol recovery from
aqueous solution by pervaporation [15–18, 38–42]. Fig. 11 exhibits
the PV performances of PEBA/ceramic HF composite membrane
and other membranes for butanol separation. Compared with
other polymer membranes for butanol recovery, the PEBA/ceramic
HF composite membrane has a relative high total flux of
4196 g/m2 h because the transport resistance in thin ceramic
hollow fiber is low. The PEBA/ceramic HF composite membrane
exhibited quite high performance which suggests the composite
membrane has a great potential application for butanol recovery.
4. Conclusions

The PEBA/ceramic HF composite membrane was successfully
fabricated by dip-coating the PEBA solution on the surface of
ceramic hollow fiber support. The microstructures and PV per-
formance of the composite membranes were optimized by ad-
justing the PEBA concentration and viscosity of the coating solu-
tion. The optimal separation factor for butanol recovery from
aqueous solution of the as-prepared composite membranes is 21
with the flux as high as 4196 g/m2 h. In addition, such membranes
possessed stability for long time continuous operation. Consider-
ing the practical application, the composite membrane was tested
in model ABE (acetone–butanol–ethanol) system and showed a
high performance for recovering n-butanol. Our work demon-
strated that the PEBA/ceramic HF composite membrane could be a
promising candidate for future high-efficiency bio-butanol
production.
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Nomenclature

List of symbols

J mass flux (g/m2 h)
W weight of the permeate (g)
A effective area of hollow fiber membrane (m2)
t operation time (h)
Yi weight fractions of component i in permeate
Xi weight fractions of component i in feed
PSI pervaporation separation index (g/m2 h)
Ji partial flux (g/m2 h)
J0 constant (g/m2 h)
Ea activation energy for permeation (kJ/mol)
R gas constant (kJ/mol K)
T operation temperature (K)

Greek letters

β separation factor
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