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The practical application of hollow fiber membranes for pervaporation technology has been received
growing attention in recent years. This work reports the development of hollow fiber modules of cera-
mic-supported polydimethylsiloxane (PDMS) composite membranes applied for pervaporation process.
Computational fluid dynamics (CFD) technique was used to simulate and optimize the flow field dis-
tribution in the modules with different packing density and cross-section layout. The hollow fiber mod-
ules with proposed configurations were fabricated in our lab and evaluated by pervaporation
measurement in model butanol aqueous solution and real fermentation broth. The results suggested that
the design of packing density and cross-section layout could realize the optimization of module config-
uration. The optimized module filled with 7 bundles of hollow fiber membranes at a high packing density
of 560 m2/m3 exhibits a high and stable performance in the real ABE fermentation broth during 120 h
continuous operation at 40 �C. The average total flux was 1000 g/m2 h and separation factor were 6.4
for ethanol, 22.2 for butanol and 28.6 for acetone, respectively. Our results demonstrated that the hollow
fiber modules developed in this work could be competitive candidates for the practical application in per-
vaporation recovery of bio-butanol.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Pervaporation (PV) is a membrane technology that could realize
molecular separation for liquid mixtures in which a feed solution is
passed over a membrane surface and some of the components are
able to preferentially pass through the membrane and be concen-
trated as vapors in the permeate [1]. With the advantages of
energy-saving, cost-effective and environmental friendly, perva-
poration technology has broad applications in various fields such
as chemical industry, energy, environment, pharmacy and food
engineering [2,3]. Among them, organophilic (usually hydropho-
bic) pervaporation membranes have potential applications includ-
ing bio-fuels recovery [4], VOCs removal [5], organic/organic
mixtures separation [6], gasoline desulfurization [7] and so on.

Most of practical applied pervaporation membranes are com-
posite membranes with a thin and dense active layer on a porous
substrate [2]. Compared with the traditional polymeric substrates,
the inorganic substrates exhibit the advantages in the chemical,
mechanical and thermal stabilities [8]. Our group designed a new
type of ceramic-supported polymer composite membranes with
the deposition of polymeric active layers on the macroporous cera-
mic substrate [9]. This kind of membranes have shown high sep-
aration performance both in organophilic [10,11] and hydrophilic
pervaporation applications [12]. Excellent results were also found
in other works that pervaporation composite membranes were
fabricated using inorganic substrates [13–15]. Meanwhile, hollow
fiber substrates have been received increasing attention in devel-
opment of high-permeable membranes, because of their low trans-
port resistance, high-packing density and self-support structure
[16–18]. Zhang et al. proposed several hollow fiber composite
membranes prepared by self-assembly method [19–21]. Recently,
Brown et al. reported a novel and scalable interfacial microfluidic
processing approach for fabricating metal organic frameworks
(MOFs) hollow fiber membranes [22]. In our previous work, high-
quality ceramic hollow fiber composite membranes were
developed based on various kinds of materials, such as PDMS
[23], ZIF-8 [24] and graphene oxide [25].

Although with many attractive characteristics, as well as a large
number of investigations on development of membrane materials
and preparation methods, hollow fiber composite membranes still
have not been industrially implemented in pervaporation process
[2]. One of the major challenges impeding their application is the
high-performance hollow fiber modules. For pushing them into
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Nomenclature

List of symbols
u velocity components of the x directions (m/s)
v velocity components of the y directions (m/s)
w velocity components of the z directions (m/s)
f volume force per phase
U velocity (m/s)
J mass flux (g/m2 h)
M weight of the permeate (g)
A effective area of hollow fiber membrane (m2)
t operation time (h)
l membrane thickness (lm)
Yi weight fractions of component i in permeate
Xi weight fractions of component i in feed
J0 average flux of hollow fiber membranes (g/m2 h)
J1 flux of the module (g/m2 h)
Jo constant (g/m2 h)
EJ activation energy for permeation (kJ/mol)
R gas constant (kJ/mol K)

T operation temperature (K)
x axial coordinate (m)
Sc Schmidt number
D mass diffusivity (m2/s)
dc concentration boundary layer (m)
du velocity boundary layer (m)

Greek letters
b separation factor
q flow density (kg/m3)
l dynamic viscosity (Pa s)
�k second molecular viscosity
uJ deviation factor of flux
ub deviation factor of separation factor
b0 average separation factor of hollow fiber membranes
b1 separation factor of the module
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the industrial stage, more intensive efforts are needed to study the
design and application of hollow fiber modules for pervaporation
process. As for hollow fiber modules applied in water treatment
and gas separation, massive theoretically and experimental
attempts have been made to design the membrane modules
[17,26–32]. Flow geometry was optimized to minimize the concen-
tration polarization and enhance the mass transfer efficiency of the
hollow fiber modules. Moreover, a few works indicated that the
performance of commercial hollow fiber modules for VOCs removal
could be effectively improved with the intensification of mass
transfer by optimizing operating conditions [33,34]. However, there
are limited studies on designing hollow fiber modules for perva-
poration applications in the open literature. Zhang et al. [20] carried
out a preliminary work on the preparation of pilot-scale hollow
fiber membrane modules for hydrophilic pervaporation applica-
tion. It was found that the packing density had great influences
on the performance of hollow fiber module. Both total flux and
selectivity decreased with the increase of packing density. Until
now, to the best of our knowledge, it has not yet been reported in
the hydrophobic hollow fiber modules design for pervaporation
process, which is an essential part of pervaporation technology [3].

Therefore, this paper intended to explore the preparation of hol-
low fiber modules loaded with hydrophobic PDMS/ceramic compos-
ite membranes developed in our previous work. Computational fluid
dynamics (CFD) technique was employed to simulate the flow field
distribution of the hollow fiber modules with different config-
urations. Two critical aspects for the hollow fiber modules, packing
density and cross-section layout were systematically investigated to
optimize module design. As the typical pervaporation application of
hydrophobic PDMS membranes, the hollow fiber modules were
applied for bio-butanol recovery from model aqueous solution and
real acetone–butanol–ethanol (ABE) fermentation broth. Key
operating parameters (i.e., feed temperature, concentration, flow
rate and long-term stability) were carried out to study the perva-
poration performance of the PDMS/ceramic hollow fiber module.
2. Experimental

2.1. Preparation of hollow fiber modules

The fabrication of ceramic hollow fiber supported PDMS com-
posite membranes was described in our previous work [23]. The
inside diameter, outside diameter and length of the hollow fiber
membranes are 1.6 mm, 2 mm and 180 mm, respectively. Before
filled into the module, each hollow fiber membranes were tested
in 1 wt% n-butanol/water mixtures at 40 �C to evaluate the original
pervaporation performance. The hollow fiber membranes were
sealed in stainless steel modules by epoxy resin. By varying the
packing density and cross-section layout, we prepared hollow fiber
modules with different configurations, which are abbreviated as
Module 1, Module 2, Module 3, Module 4 and Module 5, respec-
tively. As shown in Fig. 1, Module 1, Module 2 and Module 3 con-
sist of one bundle with packing density of 140 m2/m3, 280 m2/m3

and 560 m2/m3, respectively. With the same packing density of
560 m2/m3, 4 bundles and 7 bundles were designed to prepare
Module 4 and Module 5, respectively. The detailed parameters of
these modules are listed in Table 1.

2.2. CFD simulation

Computational fluid dynamics (CFD) simulations (Ansys 14.0)
code FLUENT were performed to simulation the flow situation in
the hollow fiber modules with a three-dimensional model. In order
to simplify the model, there are two assumptions: (1) the pure
aquatic system was applied in this simulation; (2) there is no dif-
ferential pressure between two sides of membrane. Thus there is
no diffusion across the membrane. Based on the above assump-
tions, the fluid flow in modules meets the conservation equations
can be written as follows:

Continuity equation:

@u
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where u, v and w are the velocity components of the x, y and z direc-
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Fig. 1. Schematic of configurations of hollow fiber modules.

Table 1
The parameters of the hollow fiber modules.

Parameters Module 1 Module 2 Module 3 Module 4 Module 5

Numbers of hollow fiber 7 14 28 28 28
Bundles of hollow fiber 1 1 1 4 7
Membrane area of module (cm2) 79 158 316 316 316
Packing density of module (m2/m3) 140 280 560 560 560
The length of membrane module (mm) 180 180 180 180 180
The diameter of membrane module (mm) 20 20 20 20 20
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where q is the flow density; fx, fy and fz are the volume force per
phase of the x, y and z directions, respectively; l is dynamic viscos-
ity; �k is second molecular viscosity; U is the velocity.

Construction details of hollow fiber membrane module in sim-
ulation were shown in Fig. 2. The axial flow was along the x-axis
negative direction, while y and z was the planner coordinate. The
coordinates-origin was established in the center of the circle at
the top of the modules. Meanwhile, ICEM (Ansys Inc., USA) was
used to simulate the flow field distribution in membrane modules
containing about 1,500,000 tetrahedral cells. The three-dimen-
sional (3D) Navier–Stokes (N–S) equations using Semi-Implicit
Fig. 2. Schematic of pervaporation hollow fiber module.
Method for Pressure-Linked Equations (SIMPLE method) were
employed in this simulation. No-slip and no-penetration condi-
tions were imposed on the walls of membrane module. Standard
wall functions were used to specify the wall boundary conditions,
which were applied to the membrane surface. Velocity and pres-
sure were used as the inlet and outlet boundary conditions, respec-
tively. Atmospheric pressure was used as the internal pressure
field. Other parameters in this simulation were fixed according to
the experimental conditions.
2.3. Pervaporation measurement

The pervaporation performance of the hollow fiber modules
were measured on a home-made apparatus as displayed in Fig. 3.
The feed tank with n-butanol/water model solution or acetone–bu-
tanol–ethanol (ABE) fermentation broth (described in our previous
work [11]) was maintained at a constant temperature by the
water-bath. The feed flow from the feed tank entered into bottom
and left at top of the membrane module. The vapor permeate was
collected by a cold trop immersed in liquid nitrogen. The com-
position in feed and permeate side were analyzed by a gas chro-
matography (GC-2014, SHIMADZU, Japan) equipped with a flame
ionization detector (FID). Iso-butanol was selected as an internal
standard substance. Nitrogen was used as carrier gas. The perme-
ate sample was diluted by the deionized water and injected into
the gas chromatography.

The pervaporation performance of the hollow fiber modules
were expressed in terms of the permeation flux J and separation
factor b as below:

J ¼ M
At

ð5Þ
b ¼ Yi=Yj

Xi=Xj
ð6Þ

where W is the weight of the permeate, A is the effective membrane
area of the module, and t is the permeation time interval for the
pervaporation; Y and X are the weight fractions of components i
or j in the permeate and feed, respectively.



Fig. 3. Schematic of pervaporation set-up equipped with hollow fiber modules.
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In order to standardize the performance difference between the
hollow fiber membranes and modules, deviation factors of flux uJ

and separation factor ub are defined as follows:

uJ ¼
J0 � J1

J0
� 100% ð7Þ

ub ¼
b0 � b1

b0
� 100% ð8Þ

where J0 is the average flux of hollow fiber membranes; J1 is the flux
of the module; b0 is the average separation factor of hollow fiber
membranes and b1 is the separation factor of the module.
3. Results and discussion

3.1. Design and fabrication of hollow fiber modules

3.1.1. Effect of packing density
One of the distinct advantages of hollow fiber membranes is the

high packing density. Thus, different numbers of hollow fiber
membranes were put into the module with same volume, so as
to prepare hollow fiber modules with various packing density.
Fig. 4 shows the effect of packing density on the contours of x
velocities in the middle of Modules 1–3 (x = 0.09 m) predicted by
Fig. 4. Contours of x velocity (m/s) predicted by C
the CFD simulation. Module 1 and Module 2 with low packing den-
sity have terrific distributions concerning the flow. The flow dis-
tribution in Module 3 with high packing density is extremely less
than those, especially that inside the bundle of hollow fiber mem-
branes. It is indicated that the addition of packing density brought
about the flow maldistribution. On the contrary, adding the num-
bers of the hollow fiber membranes decreases the equivalent
diameter of the module and then increases Reynolds number,
which might be beneficial for the separation factor [35].

To further observe the flow distributions of the whole module,
we analyzed and calculated the average membrane surface veloci-
ties from the bottom to the top of the module, namely, along the x
coordinate. Normalizing axial length between 0 and 1 as the hori-
zontal axis, which makes the axial length universal. As shown in
Fig. 5a, the membrane surface velocity at different positions of
the x direction generally follows the order of Module 1 > Module
2 > Module 3. The relationship between velocity boundary layer
and concentration boundary layer can be described as below:

Sc ¼ m=D ð9Þ

dc

du
¼ 1ffiffiffiffiffi

Sc3
p ð10Þ

where Sc is Schmidt number; m is kinematic viscosity; D is mass
diffusivity; dc is concentration boundary layer; du is velocity
FD simulation in Modules 1–3 with hollow.



Fig. 5. (a) The membrane surface velocity at different positions along the module
length, and (b) the deviation factors of flux and separation factor of Modules 1–3
with hollow fiber packing density of 140, 280 and 560 m2/m3, respectively.
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boundary layer. According to Eqs. (9), (10), the value of concentra-
tion boundary layer decreases with the reduction velocity boundary
layer. Thus, phenomenon of concentration polarization mentioned
in the text will be improved. This result suggests that the increase
of the packing density accelerated the concentration polarization
in the module, leading to a decrease in the membrane surface veloc-
ity. Compared with Module 3, the changes in the membrane surface
velocity along x coordinate in Module 1 and Module 2 are much
smaller, indicating that the membrane surface velocities in the
modules with low packing density were more uniform. In the case
of membrane module with high packing density, the membrane
surface velocity is significantly reduced in the middle of membrane
module. These results are in accordance with the velocity contours
in Fig. 4. The highest membrane surface velocity could be observed
at x = 0.18 m, where closes to the inlet of membrane modules.

Based on the CFD simulation results, hollow fiber modules with
different packing density were prepared and tested in 1 wt% n-bu-
tanol/water mixtures at 40 �C. The aim of simulation is to optimize
the module design for the improvement of performance in butanol/
water separation. Thus, the deviation factor is defined to fairly
evaluate the pervaporation performance difference between the
hollow fiber membranes and modules. Generally, a lower deviation
factor indicates a better membrane module.

The effect of packing density on the deviation factors of flux and
separation factor of the hollow fiber modules (Modules 1–3) were
experimentally investigated, and shown in Fig. 5b. The flux of the
Module 1 with packing density of 140 m2/m3 is decreased only
2.5% compared with the average flux of the hollow fiber mem-
branes. However, the initial flux is significantly decreased 22.8%
in Module 3 with high packing density of 560 m2/m3. It can be
expected that the deviation factor of flux (uJ) would be increased
with the numbers of hollow fibers in the module, because the poor
flow distribution in the high packing density hinders the mass
transport on the membrane surface [27,29], as indicated in
Figs. 4 and 5a. Meanwhile, it is found that the deviation factors
of separation factor (ub) all modules are relatively large (17.1–
27.1%). It might be due to the reduction of Reynolds numbers from
the single hollow fiber membranes to that in the modules.
However, the lowest ub of Module 2 indicated that the spacing-like
packing of hollow fibers would improve the regional turbulence
[28], which can be observed in Fig. 4.

3.1.2. Effect of cross-section layout
Besides of the packing density, the cross-section layout is also a

very important parameter for designing membrane module [29].
As for the hollow fiber membrane modules, packing the hollow
fibers with different bundle numbers is considered as a convenient
approach to vary the cross-section layout. Thus, by filling the same
numbers of hollow fiber membranes into the module to control the
same packing density, we designed different cross-section layouts
to optimize the module configuration. Considering the industrial
application, Module 3 with the highest packing density (560 m2/
m3) was chosen to be optimized by designing the cross-section
layout.

The simulated contours of x velocities in the middle (x = 0.09 m)
of the modules with different cross-section layouts (Modules 3–5)
are also shown in Fig. 6. It can be clearly seen that the cross-section
layout played a significant role in determining the velocity dis-
tributions in the modules. The increased bundles of hollow fiber
membranes distinctly improved the bulk flow patterns and as a
result the velocity boundary layer of the membrane surface
became thinner [36]. This illustrates that the cross-section layouts
could strongly influence the performance of the modules. A favor-
able flow distribution could be obtained by a reasonable design of
the cross-section layout, even the module with high packing
density.

Meanwhile, the average membrane surface velocities along the
module length were calculated in order to study the flow dis-
tributions of the whole module. The result is given in Fig. 7a.
With the increase of hollow fiber bundles in the module, the mem-
brane surface velocities in the entire module are gradually
improved. They could reach up to 0.052–0.066 m/s as high as that
in the lower packing density (Module 2), as filling the hollow fiber
membranes with 7 bundles (Module 5). The division of 1 bundle
into 4 or even 7 bundles made more membrane areas of hollow
fibers adequately contact with the feed, contributing to the signifi-
cant enhancement of flow distribution on most of the membrane
surface. It is also found in the velocity contours of Fig. 6, there
are more and more high-velocity areas on the membrane surface
of the hollow fibers with the increase of bundles. Furthermore, it
could be noted that cross-section layout with several bundles are
similar to several units of hollow fibers, which provide a facile
assembly and sealing of hollow fibers in the practical application.

The pervaporation performance of the hollow fiber module with
different cross-section layouts was also measured in the 1 wt% n-
butanol/water at 40 �C. The results are shown in Fig. 7b that gives
the effect of hollow fiber bundles on the deviation factors of flux
and separation factor of the Modules 3–5 with the same packing
density of 560 m2/m3. It was interesting to find that uJ and ub

are remarkably and simultaneously reduced with increasing the
bundles of hollow fiber membranes in the module. As predicted
by CFD simulation, the modules with increased hollow fiber bun-
dles showed better flow distribution because of the enhancement



Fig. 6. Contours of x velocity (m/s) predicted by CFD simulation in Modules 3–5 with hollow fiber bundles of 1, 4 and 7, respectively.

Fig. 7. (a) The membrane surface velocity at different positions along the module
length, and (b) the deviation factors of flux and separation factor of Modules 3–5
with hollow fiber bundles of 1, 4 and 7, respectively.
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of surface velocity and alleviation of concentration polarization,
leading to the higher flux and separation factor. Although with
the double packing density, the 4-bundles module exhibited nearly
the same pervaporation performance as 1-bundle module. As the
number of bundles further increases to 7, the pervaporation perfor-
mance of the module could be much higher. It was confirmed that
the cross-section layout optimizing is a powerful tool to design
highly packed hollow fiber modules with high-performance.
The packing density of tubular pervaporation membrane mod-
ules is generally limited to 100 m2/m3. Wang et al. [37] found that
the flux of zeolite hollow fiber module with 1-bundle and 360 m2/
m3 packing density dropped by ca. 60% compared with the single
hollow fiber membrane. In another reported hollow fiber modules
filled with polyelectrolyte pervaporation membranes, the flux was
reduced by 5 times with the packing density increased from
100 m2/m3 to 500 m2/m3 [20]. In contrast, our 7-bundles hollow
fiber module with 560 m2/m3 packing density only had only
13.3% and 11.1% loss in flux and separation factor of the single hol-
low fiber membrane, respectively. It is the first time to realize the
design of cross-section layout to obtain high-performance hollow
fiber modules with high packing density (>500 m2/m3). The value
can be expected to be further increased by the use of hollow fibers
with smaller dimensions.

3.2. Application of hollow fiber modules

Butanol, a good solvent and important chemical feedstock, has
been widely used in the chemical, plastic, cosmetic, paint indus-
tries, etc. It is also a new kind of advanced biofuel, which has the
advantages of being less volatile and flammable, having a higher
energy content, having water insensitivity, and being less haz-
ardous to handle compared with bio-ethanol [38]. Therefore, the
optimized module (Module 5: 7-bundles, 560 m2/m3 packing den-
sity) filled with the hollow fiber PDMS/ceramic composite mem-
branes, was applied for pervaporation recovery of n-butanol from
the model aqueous solution as well as the real ABE fermentation
broth. Various operating parameters including feed temperature,
concentration and flow rate were carried out to study the perva-
poration performance of the module. Moreover, by normalizing
the permeate flux with respect to the driving force will be useful
to further understand the permeate-specific intrinsic membrane
properties of the hollow fiber modules. These intrinsic membrane
properties are permeance and selectivity calculated in supporting
information. Additionally, the long-term stability of the module
in real ABE fermentation broth was investigated as well.

3.2.1. Effect of feed flow rate
The effect of feed flow rate on the pervaporation performance of

the hollow fiber module is shown in Fig. 8. With increasing the feed
flow rate into the module, all the fluxes (n-butanol, water and
total) firstly increase a lot and then almost kept stable. So as the
separation factor, butanol content in permeate of the module.
Compared with the high feed flow rate, the low feed flow rate is
easier to generate polarization of the temperature and concentra-
tion. Besides, increasing the feed flow rate could decrease the



Fig. 8. Effect of the feed flow rate on pervaporation performance of Module 5: (a)
flux and (b) separation factor and butanol content in permeate (feed conditions:
1 wt% n-butanol/water mixtures, 40 �C).

Fig. 9. (a) Effect of the feed temperature on pervaporation performance and (b)
Arrhenius plots of partial fluxes of Module 5 (feed conditions: 1 wt% n-butanol/
water mixtures, feed flow rate of 124 L/h).
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boundary layer thickness and bring about improvement of mass
transfer coefficient [39]. Hence, higher flux and separation factor
were obtained at larger feed flow rate. However, these effects are
no more significant as further raising the feed flow rate (120–
220 L/h). The permeance and selectivity of the hollow fiber module
under different feed flow rate are shown in Fig. S1. In contrast to
the higher water flux, the permeance of butanol is much higher
than that of water by normalizing the flux with respect to the driv-
ing force. Thus the hollow fiber module is selective permeation for
butanol rather than water. It is also found similar trends in the per-
meance and selectivity by increasing the feed flow rate. This is
because the driving force of the pervaporation process is nearly
independent on the flow rate. Since higher feed flow rate consumes
more energy, 124 L/h feed flow rate is appropriate for the module
operation.
3.2.2. Effect of feed temperature
Fig. 9 displays the effect of feed temperature on the pervapora-

tion performance of the hollow fiber module. As expected, the
module shows a progressively improvement in fluxes whereas a
decline in the separation factor. The elevated temperature pro-
motes the molecular transport in the module in two ways [1]:
(1) increasing the driving force of the feeds and (2) enlarging the
free volumes of the hollow fiber membrane. As shown in Fig. 9a,
because of the smaller molecular kinetic diameter, water has a
much higher flux increasing rate than the n-butanol, resulting in
the decrease of separation factor. In summary, the total or partial
flux varied with the temperature can be described by the
Arrhenius expression [40]:

J ¼ Joexp
�EJ

RT

� �
ð11Þ

where Jo is constant; EJ is the activation energy for permeation; R is
the gas constant; T is the operation temperature in Kelvin. The lin-
ear Arrhenius plots for water and n-butanol permeation fluxes are
shown in Fig. 9b. The calculated average activity energies of water
and n-butanol permeation through the module are 37.5 kJ/mol
and 24.7 kJ/mol, respectively. This indicates that the flux of water
was more sensitive to the temperature variation than that of n-bu-
tanol, leading to the decrease of separation factor with feed tem-
perature. In addition, the permeance and selectivity were
calculated with the aim of distinguishing the effects of driving force
from the intrinsic membrane properties altered by feed tempera-
ture. As shown in Fig. S2, the permeance of butanol decreases a
lot, while the water permeance almost keeps constant, leading to
the reduced selectivity. It is possible due to that the preferential
sorption of the membrane surface was restrained by increasing
the feed temperature.

3.2.3. Effect of feed concentration
The effect of feed concentration on the pervaporation perfor-

mance of the hollow fiber module is shown in Fig. 10. With
increasing the n-butanol concentration in feed, the butanol and
total flux increase significantly with linear relations, while the



Fig. 10. Effect of the feed concentration on pervaporation performance of Module
5: (a) flux and (b) separation factor and butanol content in permeate (feed
conditions: feed flow rate of 124 L/h, 40 �C).
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water flux has a very slow addition. As a result, there is 45.5%
improvement of butanol content in permeate and ca. 21% reduc-
tion in separation factor with the butanol feed concentration
ranges from 0.5 wt% to 5.3 wt%. The pervaporation membrane
would be more swelled by the component whose polarity is more
close to the membrane material [41]. The polarity of n-butanol is
more similar to that of cross-linked PDMS than water [4]. As a
result, more n-butanol molecules dissolved in the polymer chains
with the n-butanol increased, which led to the larger swelling of
the membrane. Both of the n-butanol and water permeated
through the membrane easily. Due to the water molecules are
smaller than n-butanol, the diffusion rate of water is larger than
that of n-butanol, resulting in the decreased separation factor. As
shown in Fig. S3, with increasing the feed concentration the buta-
nol permeance increases at first and then keeps stable and
decreases at last, while the water permeance has a few increases.
Thus, membrane selectivity decreased with raising the butanol
contents in feed. The complex variation of butanol permeance
may be attributed to the competitive adsorption and diffusion
effects resulted from increased butanol molecules in the
membrane.
Fig. 11. Long-term stability of hollow fiber module: (a) flux and (b) separation
factor (feed conditions: feed flow rate of 124 L/h at 40 �C, ABE concentrations:
0.6 wt% acetone, 1.2 wt% n-butanol and 0.2 wt% ethanol).
3.2.4. Long-term stability in ABE fermentation broth
In the process of practical industrial application, a membrane

module with excellent performance is not only relied on high per-
meation flux and separation factor, but also having a good long-
term stability in the real separation system. Bio-butanol is
produced from the biomass ABE fermentation process [38]. Thus,
the performance and stability of the hollow fiber module were
tested in the pervaporation of real ABE fermentation broth. The
broth is more complex than the model butanol/water mixtures
because it contains not only the variation of density, pH and viscos-
ity, but also the inorganic salt, glucose, live and dead microbial
cells and several other metabolic compounds [11].

Fig. 11 presents the long-term stability of the hollow fiber
membrane module in ABE fermentation broth (0.6 wt% acetone,
1.2 wt% n-butanol and 0.2 wt% ethanol) at 40 �C. It was found that
all the fluxes and separation factors kept stable over a long period
of 120 h continuous operation. A few deviations of performance
were due to the fluctuation of ABE feed concentration. The module
exhibited a high performance in the ABE fermentation broth, with
average total flux of 1000 g/m2 h and separation factor of 28.6 for
acetone, 22.2 for butanol, 6.4 for ethanol, respectively.

The separation performance of various pervaporation mem-
branes in ABE fermentation broth is listed in Table S1. It could be
found that the separation performance of our hollow fiber module
owns a high flux and good separation factor than that of the poly-
meric membranes, and even the mixed matrix membranes. It is
mainly due to the low transport resistance of the ceramic hollow
fiber substrate and the thin and defect-free PDMS separation layer.
Moreover, the optimal-designed hollow fiber module with a high
packing density of 560 m2/m3 almost performs the original perva-
poration performance of the single PDMS/ceramic hollow fiber
membrane. It is indicated that the hollow fiber module with cera-
mic-supported PDMS composite membranes would be a promising
candidate for the practical application in bio-butanol production.
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4. Conclusions

Hollow fiber modules of ceramic-supported PDMS composite
membranes were successfully prepared in this work. The flow field
distribution in the modules analyzed by CFD simulation revealed
that the module design could be effectively optimized by control-
ling the packing density and cross-section layout. A high-perfor-
mance hollow fiber module was obtained by filling 7 bundles of
hollow fiber membranes with a high packing density of 560 m2/
m3. Both feed temperature and concentration played important
roles in determining the pervaporation performance of the module.
The hollow fiber module performed a high and stable performance
in the real ABE fermentation broth during 120 h continuous opera-
tion: with average total flux of 1000 g/m2 h and separation factor
of 6.4 for ethanol, 22.2 for butanol and 28.6 for acetone, respec-
tively. Our work demonstrated that the hollow fiber module filled
with ceramic-supported PDMS composite membranes shows an
attractive prospect in the pervaporation application of practical
bio-butanol production.
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