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Metal–organic frameworks (MOFs) containing mixed matrix membranes have recently received
increasing attention because of the favorable compatibility with polymer chains. In this work,
Zn(BDC)(TED)0.5 (BDC = benzenedicarboxylate, TED = triethylenediamine) particles were synthesized
and introduced into polyether-block-amide (PEBA) to prepare mixed matrix membrane without
interphase defects for bio-butanol recovery via pervaporation. The incorporation of fillers resulted in a
decreased surface-free energy and improved mechanical properties. The effects of Zn(BDC)(TED)0.5

loading as well as operation conditions on pervaporation performance were systematically investigated
and the MMMs with 20 wt% loading showed superior performance. Considering the practical application,
the MMMs with 20 wt% Zn(BDC)(TED)0.5 was evaluated in ABE model solution, and it exhibited high
n-butanol separation performance. This work suggests a promising future of Zn(BDC)(TED)0.5/PEBA
MMMs for bio-butanol recovery via pervaporation process.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Pervaporation (PV), as an environment friendly and energy sav-
ing separation technology, is a potential process for liquid separa-
tion. Substantial works have been devoted to explore high
performance pervaporation membranes. An ideal pervaporation
membrane should have superior flux and separation factor, excel-
lent durability, high mechanical stability, and economic viability.
Up to now, traditional pervaporation membranes consist of poly-
meric membranes and inorganic membranes. However, the indus-
trial application of above membranes was limited by the
relationship between performance and cost. Mixed matrix mem-
branes (MMMs), a new kind of membrane materials, are generally
fabricated by incorporating inorganic fillers into polymer matrix,
which could take the advantages of easy-preparation and low-cost
of polymeric membranes, as well as high-performance and stable
structure of inorganic membranes [1,2]. However, the main issues
of MMMs are the compatibility between the inorganic and organic
phases and the distinct trade-off relations [1–3].

Metal–organic frameworks (MOFs) have been demonstrated as
promising membrane materials due to their controllable pore size,
high porosity and adsorbate affinity [4]. In recent years, MOFs
membranes have been studied for H2/N2, H2/CO2, CO2/N2, CO2/
CH4, ethylene/ethane and propane/propylene mixture separation,
and a few studies have been reported to date for separation of
liquid mixtures [5,6]. MOFs with flexible structures have a better
affinity with polymer chains, as compared with traditional inor-
ganic particles (e.g. silica, zeolites and carbonaceous particles,
etc.) [7–9]. In contrast to purely MOFs membranes, reproducible
synthesis does not seem to be an issue in the case of MMMs and
no expensive supports are needed, result in a relatively easy and
cheap scale up of this type of membranes. Furthermore, MOF par-
ticles surrounded by polymers probably are much more stable that
the bare MOFs. Therefore, MMMs with the incorporation of MOFs
in the polymeric matrix are expected to enhance the separation
performance. To date, most studies about MOF-containing MMMs
have focused on the gas separation [10–16], only limited studies
are reported for pervaporation [17–21], especially for alcohol
recovery [17,20].

Among various MOFs, Zn(BDC)(TED)0.5 (BDC = benzenedicar-
boxylate, TED = triethylenediamine) is thermally stable up to
282 �C and highly porous (61.3%) [22,23]. The study of Li et al.
showed Zn(BDC)(TED)0.5 can adsorb a large amount of hydrocar-
bons, including some alcohols [24]. What’s more, Jiang et al.
integrated experiment and simulation techniques and identified
that Zn(BDC)(TED)0.5 is highly hydrophobic (the BDC and TED
linkers are hydrophobic and the adsorption of water was
negligible) and has the capability in the purification of alcohol/
water mixture [22].
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Bio-butanol is a new kind of advanced biofuels, with advantages
of less volatile and flammable, higher energy content, water insen-
sitive and less hazardous to handle as compared with ethanol [25].
Bio-butanol is mainly produced by acetone–butanol–ethanol liquid
(ABE) fermentation [26]. Because of the produced butanol has
inhibition effect on the microbial growth, continuously remove
butanol from the fermentation broth is a promising approach to
improve the productivity of fermentation and product purity.
Owing to the properties of Zn(BDC)(TED)0.5, its incorporation into
polymeric matrix can be expected to enhance the separation
performance for alcohol recovery. Polyether-block-amide (PEBA)
has a considerably high affinity to butanol and is considered to
be the preferential n-butanol permeation membrane material
[27–29]. This study aims to synthesize Zn(BDC)(TED)0.5 particles
and subsequently explore Zn(BDC)(TED)0.5/PEBA MMMs for
n-butanol separation from model ABE solution via pervaporation.
The effect of feed temperature and n-butanol concentration on
pervaporation performance were also investigated.

2. Experimental

2.1. Materials

PEBA 2533 was purchased from Arkema, France. Acetone, etha-
nol and n-butanol were of analytical grade from Shanghai Shenbo
Chemical Co., Ltd, China. N,N-Dimethylformamide (DMF) were pur-
chased from Wuxi City Yasheng Chemical Co., Ltd. Zinc(II) nitrate
hexahydrate, 1,4-benzenedicarboxylate (H2BDC), and triethylen-
ediamine (TED) were supplied by Sigma–Aldrich. PVDF supports
(average pore size: 450 nm) were obtained from Solvay, America.
All of the materials were used without further purification.

2.2. Synthesis of Zn(BDC)(TED)0.5 crystals

Zn(BDC)(TED)0.5 crystals were grown by solvothermal reactions
according to a previous study [24]. A mixture of zinc(II) nitrate
hexahydrate (0.52 g), H2BDC (0.34 g), TED (0.12 g) and 50 mL
DMF was loaded in a 100 mL vessel. After an ultrasonic treatment
the clear solution was obtained, and all solid chemicals were dis-
solved. Then the solution was transferred to a Teflon-lined stain-
less steel autoclave and heated in an oven at 120 �C for 12 h.
After the solvothermal reaction, colorless crystals were separated
by centrifugation and washed with fresh DMF three times to
remove the unreacted components. The guest-free powers were
activated at 100 �C for 12 h under vacuum to remove DMF and
water. Fig. 1 shows the structure of PEBA and simulated structure
of Zn(BDC)(TED)0.5 reported in literature [24].
Fig. 1. Schematic structures of PEBA and Zn(BDC)(TED)0.5 (Zn (green), O (red), N
(blue), and C (gray)). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
2.3. Membrane preparation

The Zn(BDC)(TED)0.5 particles were directly mixed in n-butanol
by vigorously stirring for 5 h, and then the suspension was stirred
and sonicated alternatively for 1/2 h for three times each. The
Zn(BDC)(TED)0.5 crystals were first ‘‘primed’’ by adding a certain
amount of PEBA polymer and stirred for another 4 h at 80 �C
(wPEBA:wbutanol = 1.4:93). Subsequently, the suspension
containing primed Zn(BDC)(TED)0.5 particles was mixed with the
remaining bulk polymer (wPEBA:wbutanol = 5.6:93) and kept on
stirring for another 5 h. After that, the solution kept at 60 �C over-
night to eliminate trapped air bubbles. Membranes were cast on
PVDF substrate using the 0.3 mm casting knife by a flat membrane
casting equipment. Following removal of the solvent under room
temperature for 48 h and then curing in the oven at 70 �C for
24 h, the Zn(BDC)(TED)0.5 filled PEBA membrane was fabricated.
Similarly using the PEBA solution (7 wt%) without mixed with
Zn(BDC)(TED)0.5 particles, the unfilled PEBA membrane was
prepared as described above. The thickness of the as-prepared
membranes ranged from 10–20 lm. The Zn(BDC)(TED)0.5 loading
in the membrane was defined as:

WMOF ¼
mMOF

mPEBA
� 100% ð1Þ

where wMOF is the particle loading, mMOF and mPEBA represent the
weights of Zn(BDC)(TED)0.5 and PEBA, respectively. The loading of
these membranes in present study was varied as 0, 5, 10, 15,
20 wt%.
2.4. Pervaporation measurement

The pervaporation experiment was conducted on a homemade
apparatus [30]. The flat membrane was sealed in a stainless steel
PV cell. The feed solution was maintained at a preset temperature
and circulated between the feed tank and the membrane cell with
a flow rate of 12 L/h. Vacuum on the permeate side below 400 Pa
was monitored by a digital vacuum gauge. The system was stabi-
lized for 3 h before the samples collection. The permeate vapor
was collected in liquid nitrogen trap. At least three permeate
samples were collected to ensure the reliability of the results. Ace-
tone, butanol and ethanol concentrations were determined by gas
chromatography (GC-2014, Shimadzu, Japan).

The PV performance of a membrane is usually expressed in
terms of the flux J, separation factor b and pervaporation separa-
tion index PSI.

J ¼W
At

ð2Þ

bi ¼
Yi=ð1� YiÞ
Xi=ð1� XiÞ

ð3Þ

PSI ¼ Jðb� 1Þ ð4Þ

where W is the weight of the permeate, A the effective area of the
membrane and t the permeation time interval for the pervapora-
tion; Yi and Xi are the weight fractions of component i in the perme-
ate and feed, respectively.

The fluxes (n-butanol) were normalized to permeabilities by
taking into the account the driving forces for permeation and
membrane thickness. Permeability P is defined based on the solu-
tion–diffusion mechanism.

Wi

t
¼

PiAðpvapour
i;feed � ni;permeateppermeateÞ

l
ð5Þ

where Wi is the partial permeate weight of component i, l the mem-
brane thickness, pvapour

i;feed the equilibrium partial vapor pressure of i in
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the feed, ni,permeate the mole fraction of i in the permeate and
ppermeate the permeate pressure; Pi is the permeability of component i.

2.5. Characterization

The morphologies of PEBA and Zn(BDC)(TED)0.5/PEBA mem-
branes were examined by field emission scanning electron micro-
scope (FESEM, S4800, Hitachi). The dried composite membranes
were fractured in liquid nitrogen and then sputtered with gold in
vacuum. The surface topography of the membranes was observed
by an atomic force microscope (AFM, XE100, Park Systems). After
image acquisition, the root mean square (RMS) surface roughness
was obtained by a program in the AFM image processing toolbox.
The crystal structures of Zn(BDC)(TED)0.5, pure PEBA and the
MMMs were characterized by X-ray diffractometer (XRD, D8
Advance, Bruker) using Cu Ka radiation, in the range of 5–40� with
an increment of 0.02� at room temperature. The elastic modulus of
the pure PEBA and MMMs were measured by depth-sensing
indentation, which was one of the technics of nanoindentor
(NanoTestTM Vantage). The static contact angles of these mem-
branes were measured by the Sessile drop method using contact
angles measurement system (DSA100, Kruss) at room temperature.
The average contact angle was obtained by measuring the same
sample at three different sites.

3. Results and discussion

3.1. Characterization of Zn(BDC)(TED)0.5/PEBA MMMs
3.1.1. Morphology of Zn(BDC)(TED)0.5/PEBA MMMs
Zn(BDC)(TED)0.5/PEBA MMMs were prepared by incorporating

Zn(BDC)(TED)0.5 particles into PEBA. FESEM was used to observe
the membrane surface and cross-section morphology as well as
probe the particle-polymer interface. The surface of the unfilled
PEBA membrane (Fig. 2a) was smooth while that of the
Zn(BDC)(TED)0.5 filled PEBA membrane was rough (Fig. 2b). The
surfaces of both membranes were dense and defect-free. As illus-
trated in Fig. 2(c) and (d), homogeneous dispersion was observed
in the MMMs with the Zn(BDC)(TED)0.5 loading of 20 wt%, and
Fig. 2. FESEM images of the (a) surface (b) and cross-section of PEBA membrane; (c)
the incorporated particles were closely embedded in the PEBA
phase, with few voids around them observed. Other MMMs with
lower loading showed the similar morphology. The primed thin
PEBA coating introduced onto the surface of Zn(BDC)(TED)0.5 could
prevent the particles from agglomeration and reduced interphase
voids in the mixture. Meanwhile, these observations indicated that
the polymer matrix and Zn(BDC)(TED)0.5 are compatible.

The surface of the pure PEBA membrane and MMMs with
10 wt% and 20 wt% loading were studied by AFM to investigate
the effect of Zn(BDC)(TED)0.5 loading on membrane morphology
and microstructure. Fig. 3 shows a growth of RMS surface rough-
ness as the loading increases. The pure PEBA membrane and
MMMs with 10 wt% and 20 wt% loading have the RMS surface
roughness of 39.4 nm, 56.1 nm, and 94.5 nm respectively. This
indicates that the enrichment of Zn(BDC)(TED)0.5 particles on the
membrane surface enhances with elevated loading amount. In
addition, the higher surface roughness which means a larger
amount of Zn(BDC)(TED)0.5 particles on the membranes surface,
makes the membranes adsorb more n-butanol than water. There-
fore, the separation performance could be facilitated.

3.1.2. Crystalline structure of Zn(BDC)(TED)0.5/PEBA MMMs
The crystalline structure of the Zn(BDC)(TED)0.5 crystals as well

as the Zn(BDC)(TED)0.5/PEBA mixed matrix membranes was char-
acterized by using XRD. Fig. 4 presents the XRD patterns of
Zn(BDC)(TED)0.5, pure PEBA and MMMs. Due to the amorphous
structure, the XRD pattern of pure PEBA membranes shows a broad
peak. The diffraction pattern of the MMMs shows Zn(BDC)(TED)0.5

crystal peaks matching with the pure Zn(BDC)(TED)0.5 particles,
indicating that the Zn(BDC)(TED)0.5 crystalline structure remained
unchanged after being incorporated into the PEBA matrix.

3.1.3. Mechanical properties of the Zn(BDC)(TED)0.5/PEBA MMMs
The mechanical properties of the pure PEBA and MMMs were

measured by depth-sensing indentation [31–33]. Fig. 5 depicts
the elastic modulus of the symmetrical Zn(BDC)(TED)0.5 filled PEBA
membranes at different loadings. It can be seen that with an
increase in Zn(BDC)(TED)0.5 loading, the elastic modulus of the
MMMs rises obviously. The significant improvement in elastic
modulus of the MMMs indicated the good interaction between
surface (d) cross-section of Zn(BDC)(TED)0.5/PEBA MMMs with loading of 20 wt%.



Fig. 3. Surface AFM topographic images of (a) pure PEBA membrane; (b) Zn(BDC)(TED)0.5/PEBA MMMs with loading of 10 wt%; (c) Zn(BDC)(TED)0.5/PEBA MMMs with loading
of 20 wt%.

Fig. 4. XRD spectra of (a) Zn(BDC)(TED)0.5; (b) Zn(BDC)(TED)0.5/PEBA MMMs with
20 wt% loading; (c) pure PEBA membrane.

Fig. 5. Elastic modulus of Zn(BDC)(TED)0.5/PEBA MMMs with different loadings.
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the fillers and the PEBA matrix. The high mechanical properties of
Zn(BDC)(TED)0.5 crystals also contributed to the increase of the
elastic modulus. Similar phenomenon has been observed with
other MOFs filled MMMs [34,35].
Fig. 6. Butanol and water contact angles of the Zn(BDC)(TED)0.5/PEBA MMMs with
different loading.
3.1.4. Surface properties of the Zn(BDC)(TED)0.5/PEBA MMMs
Generally, the surface properties of the pervaporation mem-

brane can be determined by surface-free energy. Contact angle
analysis of the membranes was performed by n-butanol and water,
and the membrane surface-free energy was calculated using
Owensand Wendt’s two-liquid geometric mean [36]:

clvð1þ cos hÞ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
cd

s cd
lv

q
þ 2

ffiffiffiffiffiffiffiffiffiffiffi
cp

s cp
lv

q
ð6Þ

cs ¼ cp
s þ cd

s ð7Þ

As shown in Fig. 6, with increasing Zn(BDC)(TED)0.5 loading, the
butanol contact angles decreased from 17.7� to 9.9�, indicating that
the incorporation of Zn(BDC)(TED)0.5 enhanced the affinity
between n-butanol and the membranes. The hydrophobic property
of membranes was tested by water contact angles. The results dis-
play that the Zn(BDC)(TED)0.5/PEBA MMMs were more hydropho-
bic than that of the unfilled membranes. It is attributed to the
hydrophobic nature of Zn(BDC)(TED)0.5, as well as the increased
surface roughness caused by the introduction of particles.

As the calculated results shown in Fig. 7, the surface-free energy
decreased from 43.7 mJ/m2 to 24.1 mJ/m2 with Zn(BDC)(TED)0.5

loading from 0 to 15 wt%, and the cs of MMMs with 15 wt% loading
was very close to that with 20 wt%. The decreased cs could
facilitate the antifouling performance of the membranes in
fermentation broth for bio-butanol production.

3.2. Effect of Zn(BDC)(TED)0.5 loading on pervaporation performance

Fig. 8 shows the effect of Zn(BDC)(TED)0.5 loading on the
pervaporation performance of the MMMs for the separation of
1.0 wt% n-butanol aqueous solution at 40 �C. The permeation
fluxes of all the MMMs composite membranes are higher than
the pure PEBA membrane. Taking into the account the driving



Fig. 7. Surface-free energy of the Zn(BDC)(TED)0.5/PEBA MMMs with different
loading.

Fig. 8. Effect of Zn(BDC)(TED)0.5 loading on the total flux and separation factor of
the Zn(BDC)(TED)0.5/PEBA MMMs. Temperature:40 �C and feed concentration:
1 wt% n-butanol.

Fig. 9. Effect of Zn(BDC)(TED)0.5 loading on butanol permeability of the
Zn(BDC)(TED)0.5/PEBA MMMs. Temperature: 40 �C and feed concentration: 1 wt%
n-butanol.

44 S. Liu et al. / Separation and Purification Technology 133 (2014) 40–47
forces for permeation and membrane thickness, the fluxes
(n-butanol and water) were normalized to permeabilities and the
effect of Zn(BDC)(TED)0.5 loading on n-butanol permeability was
shown in Fig. 9. At first the permeability increased with the
increasing Zn(BDC)(TED)0.5 loading and then it decreased. The
strong interaction of Zn(BDC)(TED)0.5 and n-butanol, as proved
by the n-butanol contact angles, improved the adsorption. More-
over, the molecular kinetic diameter of n-butanol is 5.05 Å, which
is smaller than the channel size of Zn(BDC)(TED)0.5 (7.5 Å � 7.5 Å
along c-axis and 4.8 Å � 3.2 Å along a-and b-axes). The free volume
was evaluated by simulation to be 0.79 cm3/g, and the porosity
was 64.9% [22]. Therefore, the diffusion of n-butanol also
increased. Both of the factors lead to the increase of butanol per-
meability and flux. However, a higher amount of particles leaded
to lower butanol permeability because more particles addition
may extend the moving path of permeating molecules, and the
higher interactions between matrix and Zn(BDC)(TED)0.5 increases
the transport resistance.

The separation factor increases with the Zn(BDC)(TED)0.5 load-
ing from 0 to 20 wt%. Zn(BDC)(TED)0.5 is a highly hydrophobic
framework, and the interaction with water is very weak, while
the MMMs exhibited higher n-butanol solubility. Thus, the incor-
poration of Zn(BDC)(TED)0.5 could improve the sorption selectivity
of n-butanol. Furthermore, Zn(BDC)(TED)0.5 may create a preferen-
tial pathway for n-butanol permeation due to alcohol preferential
sorption, and force water molecules to move around
Zn(BDC)(TED)0.5 and permeate primarily through the polymer
phase. The higher diffusion resistance of water than n-butanol
could also bring an increase of separation factor.

The flux and separation factor of all the MMMs with the
Zn(BDC)(TED)0.5 loading from 0 to 20 wt% are higher than the pure
PEBA membrane, and it breaks the trade-off limit where an
increase in flux is accompanied by a loss in separation factor.
3.3. Application of Zn(BDC)(TED)0.5/PEBA MMMs

In practical pervaporation applications, operation conditions,
such as feed temperature, concentration and composition have a
great influence on the membrane separation performance. The
MMMs with 20 wt% loading with superior performance were
selected for the systematical investigation of the effect of operation
conditions on pervaporation performance.
3.3.1. Effect of temperature
Fig. 10 shows the effect of different temperature (25, 30, 35, 40,

50, 60 �C) on the permeation flux and separation factor of
Zn(BDC)(TED)0.5/PEBA MMMs with 20 wt% loading for 1.0 wt% n-
butanol–water mixture. The results show that total permeation
flux was favored by higher feed temperature. The temperature
dependence of the total or partial flux (n-butanol or water flux)
followed the Arrenius expression [37]:

Ji ¼ J0 exp
�Ea

RT

� �
ð8Þ

where Ji is the partial flux of component i, J0 the pre-exponential
factor, Ea the apparent activation energy for permeation, R gas con-
stant, and T the operating temperature in Kelvin. The apparent acti-
vation energy of permeation is an important parameter to indicate
the effect of temperature on flux. The logarithmic plots of n-butanol
and water fluxes versus reciprocal of absolute temperature for
Zn(BDC)(TED)0.5/PEBA MMMs with 20 wt% loading are illustrated
in Fig. 11 and the calculated Ea values of butanol and water are
listed in Table 1. The positive values of activation energies reflect
permeation fluxes increasing with temperature. The growth in tem-
perature gave a higher vapor pressure difference across the mem-
brane that enhanced the permeants’ transport driving forces.
Moreover, the thermal motions of PEBA chains become more
intense and the segments had more free volume. As a result, the



Fig. 10. Effect of feed temperature on the total flux and separation factor of the
Zn(BDC)(TED)0.5/PEBA MMMs with 20 wt% loading. Feed concentration: 1 wt% n-
butanol.

Fig. 11. Logarithmic plots of n-butanol and water fluxes versus reciprocal of
absolute temperature for Zn(BDC)(TED)0.5/PEBA MMMs with 20 wt% loading. Feed
concentration: 1 wt% n-butanol.

Fig. 12. Effect of feed concentration on the total flux and separation factor of the
Zn(BDC)(TED)0.5/PEBA MMMs with 20 wt% loading. Feed temperature: 40 �C.
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diffusion coefficients of both water and n-butanol molecules were
improved, resulting in an increase in total flux.

The evolution of the separation factor with temperature shows
that increasing temperature can enhance the separation factor. The
activation energy of n-butanol is higher than that of water in the
MMMs. At higher temperature, the flux of n-butanol increases
much more than water, therefore the separation factor increases.
As aforementioned, Zn(BDC)(TED)0.5 and PEBA are both organo-
philic, thus the MMMs shows solubility selectivity toward n-buta-
nol. An increase of operating temperature may enhance the
solubility selectivity toward n-butanol [29]. Those factors contrib-
ute to the increase of separation factor. Table 1 shows Ea values of
butanol and water in pure PEBA [29] and Zn(BDC)(TED)0.5 filled
MMMs, it can be found that the incorporation of Zn(BDC)(TED)0.5

can decrease the activation energy of n-butanol of the membrane.
Table 1
Activation energy (Ea) of n-butanol and water fluxes for pure PEBA and
Zn(BDC)(TED)0.5/PEBA MMMs with 20 wt% loading.

Membrane Ea (kJ/mol)

n-Butanol Water

PEBA 61.1 34.2
20 wt% Zn(BDC)(TED)0.5/PEBA 47.8 36.6
The energy barrier for n-butanol transports significantly reduced
for the PEBA membrane comprising 20 wt% Zn(BDC)(TED)0.5

particles.

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

mances of Zn(BDC)(TED)0.5/PEBA MMMs with 20 wt% loading at
40 �C is also investigated. Fig. 12 shows that the permeation flux
increases as the feed concentration increase. A higher n-butanol
concentration led to the enhancement of liquid and vapor phase
concentration gradient, which increased the driving force in sepa-
ration process. Furthermore, higher n-butanol concentration could
cause a higher degree of membrane swelling and result in a lager
free volume of the membrane. In addition, as the MMMs presented
n-butanol preferential adsorption, more adsorption sites could be
taken by n-butanol at high concentration. Therefore, the flux of
the MMMs increased significantly with the increasing feed
concentration.

However, the separation factor kept constant with only little
deviation as the feed n-butanol concentration increasing. On the
one hand, as the n-butanol concentration increased, much more
n-butanol molecules were adsorbed into the membrane. On the
other hand, coupling effect of n-butanol and water could nega-
tively influence the separation factor. As a result, the separation
factor became almost constant.

3.3.3. Pervaporation performance in model ABE solution
Acetone–butanol–ethanol (ABE) fermentation is the primary

biotechnological process used to product biobutanol. In order to
Fig. 13. Pervaporation performance of Zn(BDC)(TED)0.5/PEBA MMMs with 20 wt%
loading in model ABE solution.



Table 2
Pervaporation performance of different PV membranes in model ABE solution.

Membrane Butanol conc. (g/L) Feed temp. (�C) Flux (g/m2 h) Separation factor PSI (g/m2 h) Reference

PDMS/PEI/Brass 10 37 61 30 1769 39
PERVAP-1060 10 40 340 18.9 6086 40
Silicalite/PDMS 10 33 65 40 2535 41
Ceramic supported PDMS 10 37 1065 18.4 18531 42
PAN supported PDMS 32.3 42 1390 22 29190 38
PTFE 3 39 530 14.8 7314 43
Silica/PTMSP 9 37 270 27.5 7155 44
PEBA 19.1 23 41 13.2 500 27
CNT/PEBA 8 37 139 18 2363 28
ZIF-71/PEBA 12 37 520 18.8 9256 20
Zn(BDC)(TED)0.5/PEBA 12 40 630 17.4 10332 This work
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investigate the pervaporation performance of the Zn(BDC)(TED)0.5/
PEBA MMMs in ABE fermentation broth, a model solution,
consisting of 0.6 wt% of acetone, 1.2 wt% of butanol and 0.2 wt%
of ethanol, was prepared to simulate the supernatant of a fermen-
tation broth. Fig. 13 shows the pervaporation performance of
Zn(BDC)(TED)0.5/PEBA MMMs with 20 wt% loading at 40 �C. Com-
pared with the membrane performance in binary butanol–water
mixture at 40 �C, the flux in ABE–water model solution is higher,
which could be attributed to the higher organic compounds con-
centration, while the separation factor is slight lower. In quater-
nary mixture, co-solution of acetone and ethanol occurred. In
addition, coupling effects, which caused by mutual interactions
between the permeating compounds as well as the interactions
between different components and the membrane material, could
reduce the membrane performance [38]. According to partial flux
and separation factor of the organic compounds, the partial flux
in the tested feed concentration range followed the order of
n-butanol > acetone > ethanol. This behavior may be a result of
the higher solubility of butanol in the membrane [27]. In fermen-
tation process, the efficient removal of n-butanol can reduce the
effect of inhibition and improve the solvent productivity because
the main microbial inhibition is due to n-butanol.
3.4. Comparison of pervaporation performance with literature

Table 2 presents the results obtained in butanol pervaporation
separation from ABE model solution for different membranes.
Hydrophobic pervaporation membranes used for butanol separa-
tion include polydimethylsiloxane (PDMS) [38–42], polytetrafluo-
roethylene (PTFE) [43], poly(1-(trimethylsilyl)-1-propyne)
(PTMSP) [44], polyether block-amide (PEBA) [20,27,28] and the
based mixed matrix membranes and composite membranes. For
practical application, simultaneously considering the total flux
and n-butanol separation factor is necessary. Pervaporation sepa-
ration index (PSI), an important parameter as a measure of separa-
tion capability of a membrane and a product of selectivity and flux,
was calculated for those butanol separation membranes under
similar experimental conditions. The membrane performance is
lower than some PDMS composite membranes. However, the PEBA
membrane preparation method is much simpler than PDMS. In
addition, as the water static contact angles test showed, the surface
of PEBA based membranes is not highly hydrophobic, therefore the
membranes would show better antifouling performance in fer-
mentation broth. To further improve the separation performance,
nanoparticles could be introduced into the matrix. Nanoparticles
provide more polymer/particle interfacial area, and are helpful in
the formation of thinner separation layer. As discussed above, the
Zn(BDC)(TED)0.5/PEBA MMMs has a great potential applied in com-
mercialized production.
4. Conclusions

MMMs containing Zn(BDC)(TED)0.5 particles and PEBA polymer
have been designed with homogeneous dispersion for bio-butanol
recovery via pervaporation. The MMMs show a decreased surface-
free energy and enhanced mechanical properties, confirming a good
contact at the polymer/filler interface. The incorporation of
Zn(BDC)(TED)0.5 can effectively enhance the separation perfor-
mance: the flux and separation factor of all the MMMs with the
Zn(BDC)(TED)0.5 loading from 0 to 20 wt% are higher than the pure
PEBA membrane. The positive effects of feed temperature and
concentration on membrane separation performance have great
significance in engineering applications. In model ABE solution,
the MMMs exhibit high total flux of 630.2 g/m2 h and n-butanol
separation factor of 17.4. The result demonstrates the
Zn(BDC)(TED)0.5/PEBA MMMs has potential for future bio-butanol
production.
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