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Abstract: Despite much progress in the development of mixed
matrix membranes (MMMs) for many advanced applications,
the synthesis of MMMSs without particle agglomeration or
phase separation at high nanofiller loadings is still challenging.
In this work, we synthesized nanoporous zeolitic imidazole
framework (ZIF-8) nanoparticles with a particle size of 60 nm
and a pore size of 0.34 nm in water and directly added them
into an aqueous solution of the organic polymer poly(vinyl
alcohol) (PVA) without an intermediate drying process. This
approach led to a high-quality PVA/ZIF-8 MMM with
enhanced performance in ethanol dehydration by pervapora-
tion. The permeability of this MMM is three times higher than
that of pristine PVA, and the separation factor is nearly nine
times larger than that of pristine PVA. The significantly
improved separation performance was attributed to the
increase in the fractional free volume in the membranes.

P ervaporation (PV) is an energy-saving and cost-effective
process for separating azeotropic mixtures by using a mem-
brane as a barrier material. PV can be applied in several
fields, for example, in biomedical technology and for the
dehydration of biofuel.! The dehydration of water/ethanol
mixtures is particularly important for obtaining high-purity
ethanol, which has many uses in industry, medicine, and
research.”’) To achieve high separation efficiencies, an effi-
cient PV membrane is required. Thus far, PV membranes
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have been made from either organic polymers or inorganic
materials. Hydrophilic organic polymers such as poly(vinyl
alcohol) (PVA),”®! chitosan,™ or cellulose acetate” are gen-
erally used for pervaporation dehydration owing to their
hydrophilicity and facile membrane-forming properties.
Among these organic-polymer-based membranes, PVA mem-
branes were the first polymeric membranes to be commer-
cialized (GFT company, 1980).1°!

Despite these pioneering polymer-based membranes,
polymer membranes still suffer from several problems, such
as weak mechanical strengths and easy swelling after long-
term operation, which reduce the separation performance.!”’
Furthermore, for most polymer membranes, there is a trade-
off between permeability and separation. Inorganic mem-
branes such as zeolites!® and carbon molecular sieves® with
higher mechanical stability'” have been designed to over-
come the trade-off problem; however, these materials are
fragile, easily form cracks, and are obtained with low
reproducibility. Consequently, mixed matrix membranes
(MMMs) that combining the benefits of both organic
polymers and inorganic particles have been fabricated.""

As one of the most commonly used inorganic materials,
metal-organic frameworks (MOFs) have a uniform micro-
pore structure, very high pore volumes, and controllable
surface functionality. They can thus provide high selectivity
by molecular sieving."®! Among all MOF materials, ZIF-8 is
particularly suitable for the separation of water/ethanol
mixtures owing to its pore aperture diameter of 0.34 nm,!¥
which is between the kinetic diameters of water (0.296 nm)
and ethanol (0.40-0.43 nm).["”) However, there are two major
challenges for synthesizing ZIF-8-based MMMSs, namely
1) dispersing the ZIF-8 particles in polymer matrixes without
obvious agglomeration and 2) avoiding the formation of non-
selective interfacial voids between the polymers and inor-
ganic particles."!

Although several methods have been reported that solve
the dispersion problem of inorganic fillers in organic polymer
matrices,"”"¥ it is still very challenging to synthesize defect-
free MMM with nanosized fillers at high loadings. For
example, Mahdi and Tan recently found that aggregation
occurred with ZIF-8 loaded Matrimid polymers above
a loading of 20 wt %.!""! Consequently, increasing the loading
while avoiding the aggregation of inorganic fillers in MMMs is
still a scientific and practical challenge.!

Herein, we describe a drying-free and water-based mixing
process to produce PVA/ZIF-8 MMMs with high loadings of
ZIF-8 nanoparticles (up to 39wt%) for pervaporation
dehydration. As shown in Scheme 1, to avoid phase separa-
tion and hence the aggregation of particles, water-based
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Scheme 1. Preparation of PVA/nano-ZIF-8 MMMs from ZIF-8 suspen-
sions with and without drying.

syntheses of ZIF-8 nanoparticles are preferred because the
organic polymer PVA is also soluble in water. Water
molecules facilitate the distribution of ZIF-8 nanoparticles
in the PVA matrix, thus making ZIF-8 nanoparticles compat-
ible with PVA. In contrast to a conventional process that
involves the drying and redispersion of ZIF-8 and always
results in cracking and phase-separated MMMs (Path A in
Scheme 1), our approach does not involve a drying step, and
produces a transparent, crack-free MMM with homogene-
ously dispersed ZIF-8 nanoparticles (Path B in Scheme 1).

The water-based synthesis of ZIF-8 nanoparticles is
a modification of a method developed by Lai and co-
workers.”!! The size and the specific surface area of the
synthesized ZIF-8 particles were estimated to be around
60 nm and 1436 m?g !, respectively. The crystal structure and
polyhedron morphology of the synthesized ZIF-8 particles
were confirmed by X-ray diffraction (XRD) and scanning
electron microscopy (SEM; see the Supporting Information,
Figure S1).

To demonstrate the colloidal stability of the solutions
containing ZIF-8 nanoparticles, solutions that were prepared
with or without drying but contained the same amount of
ZIF-8 were monitored with a UV spectrophotometer at 1 =
650 nm for 24 h. As shown in Figure 1, in the beginning (1 =0),
the transmittance of the ZIF-8 suspension without drying
(Path B) was 35.0%, which is much higher than that of the
suspension obtained with drying (Path A;0.10% ). The higher
transmittance indicates reduced diffraction of incident light,
which we propose to be due to the smaller ZIF-8 particle size
and better uniformity of the suspension in Path B. Upon
increasing the standing time, the transmittance of the
suspension with drying (Path A) increased significantly as
a result of serious agglomeration. As shown in the inset of
Figure 1, most of the ZIF-8 particles aggregated and floated
on top of the solution. In contrast, the transmittance of the
suspension obtained without drying (Path B) remained
almost constant as the standing time was increased, indicating
excellent colloidal stability. The good colloidal stability of the
ZIF-8 suspension made in the drying-free process (Path B) is
a critical factor for fabricating a uniform, crack-free, trans-
parent MMM.

To study the surface properties and morphology of the
fabricated PVA/ZIF-8 MMMs, we examined the surface and
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Figure 1. The transmittance at A =650 nm of ZIF-8 suspensions as
a function of standing time.

cross-section of the PVA/ZIF-8§ MMM by SEM and EDX
(EDX = energy-dispersive X-ray sepctroscopy). As shown in
Figures S2 and S3, the PVA/ZIF-8 MMM consisted of a crack-
free and bicontinuous phase with the ZIF-8 nanoparticles
uniformly distributed in the PVA polymer. Further evidence
was provided by EDX mapping. As shown in Figure S2e—g,
the zinc elemental map indicated a uniform distribution of
ZIF-8 on the membrane surface. A cross-sectional SEM
image of PVA/ZIF-8 MMM corroborated the homogeneity of
the cross-section (i.e., no interfacial voids and no obvious
aggregation) throughout the entire membrane (Figure S3b-
d). As the loading of ZIF-8 was increased from 0 to 39 wt %,
the thickness of the fabricated membranes also increased
from 20 to 50 um. As membrane thickness affects the
pervaporation performance, the permeation flux of the
fabricated MMM was determined using membrane perme-
ability which accounts for the membrane thickness. We also
confirmed by XRD that crystalline PVA/ZIF-§ MMM
(39 wt %) contained both ZIF-8 and PVA (Figure S4).
PVA/ZIF-8 MMMs with different amounts of ZIF-8 were
used for the dehydration of an ethanol/water mixture (90:10
w/w) at 25°C. The separation performance can be determined
in terms of the permeation flux (permeability in this study)
and the ethanol/water separation factor (for details, see
Table S1). As shown in Figure 2a, both the permeability and
the separation factor of the fabricated MMMs increased upon
increasing the ZIF-8 nanoparticle loading. For example, in
contrast to the permeability and separation factor of pristine
PVA membranes (0.75 x 10° Barrer and 543), the values of
PVA/ZIF-8 MMM (39 wt % ) were significantly larger (2.07 x
10° Barrer and 4725, respectively). The increase in both the
permeability and the separation factor suggests a synergistic
effect, which we attributed to the following reasons: 1) The
increased permeability should be mainly due to the highly
porous structure of the loaded ZIF-8 nanoparticles because
nanoporous ZIF-8 has a lower resistance to the feed
molecules than a pristine PVA matrix. 2) The increased
separation factor could be due to molecular sieving effects
induced by ZIF-8. Furthermore, the ZIF-8 nanoparticles
could inhibit the swelling of the PVA polymer when the PVA/
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which can be attributed to the high
porosity of ZIF-8. The increase in
the FFV is the reason why the
permeability of membrane can be
enhanced. On the other hand, the
selectivity is more strongly influ-
enced by the free volume in
MMMs. The pick-off lifetime (z3)
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Figure 2. a) H,0O permeability and separation factors of PVA/ZIF-8 MMMs with different ZIF loadings.
b) Performance of PVA/ZIF-8 MMMs and membranes from the literature in ethanol dehydration
pervaporation. c) Fractional free volumes of PVA, MMMs, and ZIF-8. d) Radii of the free volume of

PVA, MMMs, and ZIF-8.

ZIF-8 MMMs are in contact with ethanol/water mixtures. This
hypothesis was confirmed by the correlation between the
degree of swelling and the weight fraction of ZIF-8 (Fig-
ure S5).

The transport properties of organic/inorganic MMMs are
highly dependent on the nanostructure of the membranes."
According to the separation mechanism in MMMs proposed
by the groups of Chung'!! and Kaliaguine,” our PVA/ZIF-8
MMMs have an ideal morphology, which can enhance the
permeability and the separation factor simultaneously. Once
the interfacial voids have formed, the permeant molecules
will pass preferentially through the non-selective holes
instead of through the nanoporous fillers (i.e., ZIF-8),
resulting in poor selectivities.™ The fillers will also stiffen
the polymer chains through strong molecular interactions
when the polymer is in close contact with the fillers.”"
Moreover, it is also possible for the polymer chains to
penetrate into the nanopores of particles, which leads to pore
blockage and no improvement or possibly even a decrease in
separation performance.” When we compared our PVA/
ZIF-8 MMMs with other MMMs from the literature, we
found that our MMMs exhibit a better separation perfor-
mance for ethanol dehydration than others as shown in
Figure 2b.

As mentioned above, we attributed the improvement of
the separation performance to the high porosity of ZIF-8, and
this hypothesis was supported by bulk positron annihilation
lifetime spectroscopy (PALS) analysis. The free volume
properties of PVA membranes, MMMs, and ZIF-8 nano-
particles in the dry state are summarized in Table S2.
According to the literature, a swollen sample can also be
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or cavity. It can be seen that the
pure PVA membrane has a 7; of
only 1.32 ns (Table S2), which can
be converted into a pore radius of
0.213 nm using the Tao-Eldrup
formula.”® Upon addition of ZIF-
8 in MMMs, we found a significantly longer lifetime of 75, that
corresponds to the cavities in the ZIF-8 nanoparticles. After
conversion with the Tao—Eldrup formula, the diameter of the
largest sphere that will fit into the ZIF-8 framework is
1.138 nm, which is close to the literature value of 1.160 nm.[**!
Figure 2d displays two types of free volume, namely R,
(smaller pore) and R, (larger pore), in MMMs, which
correspond to the free volume in PVA and the cavities in
ZIF-8, respectively. Apart from R, and R,, we did not observe
any other pore structures that are related to the interfacial
voids between PVA and ZIF-8, which indicates the homoge-
neous mixing of PVA and ZIF-8. Consequently, the selectivity
can be maintained or even improved. Although the ZIF-8
nanoparticles hinder the packing of PVA chains and induce
aslight increase in R, (from 0.213 to 0.225 nm), the R, value is
still small enough to separate water and ethanol molecules.
The R, values of the MMMs are smaller than in pure ZIF-8,
which might be due to the PVA chains partially penetrating
into the cages of ZIF-8. Based on PALS analysis, we deduced
that the increase in the separation factor is mainly due to the
suitable pore aperture of 0.34 nm of ZIF-8 and the reduced
swelling (Figure S5) rather than the variation of the free PVA
volume (an increase from 0.213 to 0.225 nm).

In conclusion, we have developed a water-based, drying-
free process for fabricating a defect-free PVA/nano-ZIF-8
mixed-matrix membrane with a filler loading up to 39 wt %.
The PVA/ZIF-8 MMM has an ideal morphology because the
water serves as a great medium to bring ZIF-8 and PVA into
close contact while the flexible nature of PVA allows it to
adapt to and interact with the surface of the ZIF-8 particles.
The water-phase and drying-free process effectively solves the
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problem of particle aggregation, which is often encountered
in conventional MMM syntheses. For dehydrating ethanol,
our PVA/ZIF-8 MMM (39 wt % ) shows better pervaporation
than other PVA-based MMM:s. Its permeability is three times
larger than that of pristine PVA, and its separation factor is
nearly nine times greater. The significant enhancement of the
separation performance was attributed to the obvious
increase in fractional free volume as determined by positron
annihilation lifetime spectroscopy. The PALS data also
confirmed that no interfacial voids were formed in between
PVA and ZIF-8, indicating that the PVA tightly adhered to
ZIF-8. The process presented here could be useful for
synthesizing other types of MMM for various membrane
applications if it could be adapted to hydrophobic matrix
polymers.

Acknowledgements

We acknowledge funding from the Ministry of Science and
Technology (MOST), Taiwan (104-2628-E-002-008-MY3,
105-2221-E-002-227-MY3, and 105-2218-E-002-003) and
National Taiwan University (105R7706). This work was also
supported by the Australian Research  Council
(FT150100479) and the Australian Institute for Innovative
Material internal grant. We are extremely grateful to Prof.
Tai-Shung Chung (Department of Chemical and Biomolec-
ular Engineering, National University of Singapore) for his
invaluable assistance and suggestions.

Keywords: ethanol dehydration - mixed-matrix membranes -
pervaporation - polymers - zeolites

How to cite: Angew. Chem. Int. Ed. 2016, 55, 12793-12796
Angew. Chem. 2016, 128, 12985-12988

[1] a) S.-H. Huang, C.-L. Li, C.-C. Hu, H. A. Tsai, K.-R. Lee, J.-Y.
Lai, Desalination 2006, 200, 387-389; b) A. Nalaparaju, X.S.
Zhao, J. W. Jiang, Energy Environ. Sci. 2011, 4, 2107-2116;
¢) C.-L. Lai, Y.-J. Fu, J.-T. Chen, Q.-F. An, K.-S. Liao, S.-C. Fang,
C.-C. Hu, K.-R. Lee, Sep. Purif. Technol. 2012, 100, 15-21.

[2] a) T. Mohammadi, A. Aroujalian, A. Bakhshi, Chem. Eng. Sci.
2005, 60, 1875-1880; b) Y. L. Liu, C.-Y. Hsu, Y.-H. Su, J.-Y. Lai,
Biomacromolecules 2005, 6, 368 —373.

[3] J-Y. Lai, R.-Y. Chen, K. R. Lee, Sep. Sci. Technol. 1993, 28,
1437 -1452.

[4] Y.-L.Liu, C.-H. Yu, K.-R. Lee, J.-Y. Lai, J. Membr. Sci. 2007, 287,
230-236.

[5] K. M. Song, W. H. Hong, J. Membr. Sci. 1997, 123, 27-33.

[6] X. Feng, R.Y. M. Huang, Ind. Eng. Chem. Res. 1997, 36, 1048 —
1066.

[7] K.-R. Lee, M.-Y. Teng, T.-N. Hsu, J.-Y. Lai, J. Membr. Sci. 1999,
162, 173 -180.

[8] a) E. Okumus, T. Giirkan, L. Yilmaz, J. Membr. Sci. 2003, 223,
23-38; b) Y.-J. Fu, C.-C. Hu, K.-R. Lee, J.-Y. Lai, Desalination

2006, 793, 119-128; ¢) H. Sun, L. Lu, X. Chen, Z. Jiang, Appl.
Surf. Sci. 2008, 254, 5367 -5374.

[9] D. Q. Vu, W.J. Koros, S. J. Miller, J. Membr. Sci. 2003, 211,311 -
334.

[10] K.-S. Liao, Y.-J. Fu, C.-C. Hu, J.-T. Chen, D.-W. Lin, K.-R. Lee,
K.-L. Tung, Y. C. Jean, J.-Y. Lai, Carbon 2012, 50, 4220-4227.

[11] T.-S. Chung, L. Y. Jiang, Y. Li, S. Kulprathipanja, Prog. Polym.
Sci. 2007, 32, 483-507.

[12] a) E. V. Perez, K. J. Balkus, Jr., J. P. Ferraris, I. H. Musselman, J.
Membr. Sci. 2009, 328, 165-173; b) S. Basu, A. Cano-Odena,
I.F.J. Vankelecom, Sep. Purif Technol. 2011, 81, 31-40;
c) H. B. T. Jeazet, C. Staudt, C. Janiak, Dalton Trans. 2012, 41,
14003 -14027; d) K. Sakaushi, M. Antonietti, Bull. Chem. Soc.
Jpn. 2015, 88,386 -398; e) N. Song, Y. W. Yang, Chem. Soc. Rev.
2015, 44, 3474 -3504.

[13] a) H. Li, M. Eddaoudi, M. O’Keeffe, O. M. Yaghi, Nature 1999,
402,276-279;b) C.-H. Kang, Y.-F. Lin, Y.-S. Huang, K.-L. Tung,
K.-S. Chang, J.-T. Chen, W.-S. Hung, K.-R. Lee, J.-Y. Lai, J.
Membr. Sci. 2013, 438, 105-111; c) V. Malgras, Q. Ji, Y.
Kamachi, T. Mori, F-K. Shieh, K. C.-W. Wu, K. Ariga, Y.
Yamauchi, Bull. Chem. Soc. Jpn. 2015, 88, 1171 -1200.

[14] K. S. Park, Z. Ni, A. P. Coté, J. Y. Choi, R. Huang, F. J. Uribe-
Romo, H. K. Chae, M. O’Keeffe, O. M. Yaghi, Proc. Natl. Acad.
Sci. USA 2006, 103, 10186—-10191.

[15] a) T. C. Bowen, R. D. Noble, J. L. Falconer, J. Membr. Sci. 2004,
245,1-33;b) C. Zhang, R. P. Lively, K. Zhang, J. R. Johnson, O.
Karvan, W.J. Koros, J. Phys. Chem. Lett. 2012, 3, 2130-2134.

[16] G. Dong, H. Li, V. Chen, J. Mater. Chem. A 2013, 1, 4610 -4630.

[17] R.Mahajan, R. Burns, M. Schaeffer, W. J. Koros, J. Appl. Polym.
Sci. 2002, 86, 881 —890.

[18] a) L. Y. Jiang, T. S. Chung, C. Cao, Z. Huang, S. Kulprathipanja,
J. Membr. Sci. 2005, 252, 89-100; b) K. Ariga, Y. Yamauchi, G.
Rydzek, Q. Ji, Y. Yonamine, K. C.-W. Wu, J. P. Hill, Chem. Lett.
2014, 43, 36-68; c¢) J. J. Richardson, M. Bjornmalm, F. Caruso,
Science 2015, 348, aaa2491; d)S. Banya, T. Akiyama, T.
Matsumoto, K. Fujita, T. Oku, Bull. Chem. Soc. Jpn. 2014, 87,
1335-1342.

[19] E. M. Mahdi, J.-C. Tan, J. Membr. Sci. 2016, 498, 276 —290.

[20] L. H. Wee, Y. Li, K. Zhang, P. Davit, S. Bordiga, J. Jiang, I. F. J.
Vankelecom, J. A. Martens, Adv. Funct. Mater. 2015, 25, 516—
525.

[21] Y. Pan, Y. Liu, G. Zeng, L. Zhao, Z. Lai, Chem. Commun. 2011,
47,2071 -2073.

[22] H. Vinh-Thang, S. Kaliaguine, Chem. Rev. 2013, 113, 4980 -5028.

[23] J-T. Chen, C.-C. Shih, Y.-J. Fu, S.-H. Huang, C.-C. Hu, K.-R.
Lee, J.-Y. Lai, Ind. Eng. Chem. Res. 2014, 53, 2781 -2789.

[24] Y.Li, T.-S. Chung, C. Cao, S. Kulprathipanja, J. Membr. Sci. 2005,
260, 45-55.

[25] a) S. V. Satyanarayana, V. S. Subrahmanyam, H. C. Verma, A.
Sharma, P.K. Bhattacharya, Polymer 2006, 47, 1300-1307;
b) Y.-J. Fu, C.-L. Lai, J.-T. Chen, C.-T. Liu, S.-H. Huang, W.-S.
Hung, C.-C. Hu, K.-R. Lee, Chem. Eng. Sci. 2014, 111,203 -210.

[26] S.J. Tao, J. Chem. Phys. 1972, 56, 5499 —5510.

Received: July 20, 2016
Revised: August 14, 2016
Published online: September 13, 2016

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. 2016, 128, 12985-12988


http://dx.doi.org/10.1016/j.desal.2006.03.386
http://dx.doi.org/10.1039/c0ee00630k
http://dx.doi.org/10.1016/j.seppur.2012.07.018
http://dx.doi.org/10.1016/j.ces.2004.11.039
http://dx.doi.org/10.1016/j.ces.2004.11.039
http://dx.doi.org/10.1080/01496399308018049
http://dx.doi.org/10.1080/01496399308018049
http://dx.doi.org/10.1016/j.memsci.2006.10.040
http://dx.doi.org/10.1016/j.memsci.2006.10.040
http://dx.doi.org/10.1016/S0376-7388(96)00198-6
http://dx.doi.org/10.1021/ie960189g
http://dx.doi.org/10.1021/ie960189g
http://dx.doi.org/10.1016/S0376-7388(99)00136-2
http://dx.doi.org/10.1016/S0376-7388(99)00136-2
http://dx.doi.org/10.1016/j.desal.2005.07.049
http://dx.doi.org/10.1016/j.desal.2005.07.049
http://dx.doi.org/10.1016/j.apsusc.2008.02.056
http://dx.doi.org/10.1016/j.apsusc.2008.02.056
http://dx.doi.org/10.1016/S0376-7388(02)00429-5
http://dx.doi.org/10.1016/S0376-7388(02)00429-5
http://dx.doi.org/10.1016/j.carbon.2012.05.003
http://dx.doi.org/10.1016/j.progpolymsci.2007.01.008
http://dx.doi.org/10.1016/j.progpolymsci.2007.01.008
http://dx.doi.org/10.1016/j.memsci.2008.12.006
http://dx.doi.org/10.1016/j.memsci.2008.12.006
http://dx.doi.org/10.1016/j.seppur.2011.06.037
http://dx.doi.org/10.1246/bcsj.20140317
http://dx.doi.org/10.1246/bcsj.20140317
http://dx.doi.org/10.1039/C5CS00243E
http://dx.doi.org/10.1039/C5CS00243E
http://dx.doi.org/10.1016/j.memsci.2013.03.028
http://dx.doi.org/10.1016/j.memsci.2013.03.028
http://dx.doi.org/10.1246/bcsj.20150143
http://dx.doi.org/10.1073/pnas.0602439103
http://dx.doi.org/10.1073/pnas.0602439103
http://dx.doi.org/10.1016/j.memsci.2004.06.059
http://dx.doi.org/10.1016/j.memsci.2004.06.059
http://dx.doi.org/10.1021/jz300855a
http://dx.doi.org/10.1039/c3ta00927k
http://dx.doi.org/10.1002/app.10998
http://dx.doi.org/10.1002/app.10998
http://dx.doi.org/10.1016/j.memsci.2004.12.004
http://dx.doi.org/10.1246/cl.130987
http://dx.doi.org/10.1246/cl.130987
http://dx.doi.org/10.1126/science.aaa2491
http://dx.doi.org/10.1246/bcsj.20140121
http://dx.doi.org/10.1246/bcsj.20140121
http://dx.doi.org/10.1016/j.memsci.2015.09.066
http://dx.doi.org/10.1002/adfm.201402972
http://dx.doi.org/10.1002/adfm.201402972
http://dx.doi.org/10.1039/c0cc05002d
http://dx.doi.org/10.1039/c0cc05002d
http://dx.doi.org/10.1021/cr3003888
http://dx.doi.org/10.1021/ie403833u
http://dx.doi.org/10.1016/j.memsci.2005.03.019
http://dx.doi.org/10.1016/j.memsci.2005.03.019
http://dx.doi.org/10.1016/j.polymer.2005.12.031
http://dx.doi.org/10.1016/j.ces.2014.02.010
http://dx.doi.org/10.1063/1.1677067
http://www.angewandte.de

