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ABSTRACT

In this study, zeolitic imidazolate framework-8 (ZIF-8) nanoparticles were successfully synthesized
and embedded into P84 polymeric matrix to prepare P84/ZIF-8 mixed matrix membranes (MMMs) to
investigate the effect of ZIF-8 addition as a new filler on dehydration performance of the P84 polymeric
membrane. MMMs were evaluated using pervaporation (PV) dehydration of isopropanol (IPA).
Synthesized ZIF-8 nanoparticles and MMMs were characterized by X-ray diffraction, scanning elec-
tron microscopy, Fourier transform infrared spectroscopy and swelling study. PV performance of the
prepared MMMs with various ZIF-8 loadings such as 2.5, 5, 7.5 and 10 wt%, for IPA dehydration
was investigated at 25°C. The results showed that for the ZIF-8/P84 MMMs at the optimum loading
(5 wt%), the total flux increases 11% without any reduction in separation factor. The present work
demonstrates good PV performance of the ZIF-8 incorporated MMMs for dehydration of IPA.

Keywords: Mixed matrix membrane; Nanostructured metal-organic framework; Pervaporation; P84;

ZIF-8

1. Introduction

Separation of aqueous/organic mixtures is an important
process in many industries [1]. Alcohol/water mixtures are
widely used as cleansing agent in different industrial fields.
The waste alcohol has to be recycled and recovered because
of environmental economical point of view [2]. Distillation,
absorption and adsorption are used to separate alcohol from
alcohol/water mixtures, but all of these processes consume
huge amount of energy [3].

In last decades, new various separation techniques have
been studied. Hierarchical composite adsorbents, nanostruc-
tured photocatalysts, capacitive deionization and membrane
separation are new methods investigated for water purifi-
cation in recent years [4-8]. Using membrane processes for
separation of alcohol from water is a common way due to
their benefits such as saving energy, low costs and scaling up
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easily. Pervaporation (PV) is one of the membrane processes
that have achieved popularity as an effective process for
close-boiling and azeotropic mixtures separation. It is new
technology with good performance and selectivity. Hence,
PV is a reliable process to separate alcohol from aqueous
mixtures [2,3,9-12].

In the past years, lots of activities have been performed
to make high performance PV membranes for alcohols
separation. A good PV membrane should have high stability,
permeability and selectivity. Inorganic membranes have good
stability and performance, but their applications are restricted
because of their costs and frangibility. On the other hand,
polymeric membranes have limited performance because of
their trade-off between selectivity and permeability [13-16].

Recently, various nanofillers such as different types of
graphene, SiO, and carbon nanotubes have been used to
improve properties of various polymers through different
strategies [17-22]. Different polymeric membranes have
been rectified with inorganic fillers such as carbon molecular
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sieves, zeolites and carbon nanotubes to provide characteris-
tics of both organic and inorganic membranes [23-28]. Mixed
matrix membranes (MMMs) are homogenous combinations
of filler particles in polymeric matrixes [29]. Researchers have
recently produced new type of fillers called metal organic
frameworks (MOFs). MOFs are nanostructured materials
with higher porosity than their inorganic counterparts and
zeolites [26]. Many researchers have been performed for
making new MMMs using MOFs for PV. Amirilargani and
Sadatnia [30] incorporated zeolitic imidazolate framework-8
(ZIF-8) into polyvinylalcohol for PV dehydration of IPA.
They showed that total flux increases, while separation fac-
tor decreases by adding ZIF-8. Hua et al. [3] used ZIF-90/P84
MMMs for dehydration of IPA. They reported that water
flux and water selectivity enhances with increasing ZIF-8
content in mixed MMMs. Polybenzimidazol (PBI)/ZIF-8 as
another MMM was used for PV dehydration of alcohols by
Shi et al. [31], they presented enhanced in permeability with-
out significant reduction in selectivity. MOF HKUST-1 was
also incorporated into polyimide for PV. It showed increas-
ing flux and decreasing selectivity with filler loading [32].
ZIF-71/PEBA MMMs were used for recovery of biobutanol
[33]. Kang et al. [34] synthesized ZIF-7/chitosan MMMs for
separation of water/alcohol mixtures. They indicated that
separation factor and flux of MMMs exceed upper limit of
chitosan-based membranes reported previously.

ZIF-8 is a member of MOFs family with a small pore size
of 3.4 A and cavity size of 11.6 A. ZIF-8 is an attractive MOF
because of its similarity to zeolites such as porosity, uniform
pore size, and superior thermal and chemical stability [30].
ZIF-8 has the right pore size for dehydration of alcohols like
IPA. The pore size of the ZIF-8 is larger than water kinetic
diameter (2.65 A) and smaller than kinetic diameter of IPA
(4.5 A), this feature can be used for enhancing dehydration
performance of MMMs [3]. Fig. 1(a) shows ZIF-8 structure.
Hydrogen atoms are shown by red, blue and green balls and
zinc metal tetrahedral coordination is figured by green pyra-
mids. ZIF-8 has an Sodalite (SOD) topology. Fig. 1(b) shows
SOD topology for ZIF-8 [35].
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Fig. 1. ZIF-8 structure (a) schematic structure of ZIF-8 (b) SOD
topology of ZIF-8 [35].

Polyimides have shown good film-forming property and
notable separation performance in PV dehydration process
(14). Polyimides have become as capable materials for PV
membranes because of their superior thermal and chemical
resistance, high mechanical strength, easy syntheses, pro-
cessing and modifications [12]. To our knowledge, incorpo-
ration of ZIF-8 nanoparticles in P84 matrix for PV process has
not been reported yet. The main aim of this research was to
investigate the effect of ZIF-8 addition as new filler to P84
MMMs on their dehydration performance. P84 structure of
the repeating unit is presented in Fig. 2 [3].

As aresult, ZIF-8 was first synthesized and characterized.
Afterward the synthesized ZIF-8 nanoparticles were incorpo-
rated into P84 matrix. The prepared MMMs were also charac-
terized and evaluated in IPA dehydration.

2. Experimental setup
2.1. Materials

The P84 polymer powder was purchased from HP Polymer
GmbH, Austria. Zinc nitrate hexahydrate (Zn(NO,), 6H,0;
98%) was purchased from Riedel-de Haén (Germany).
2-Methylimidazole (Hmim; 99%) and 1-methyl-2-pyrrolidone
(NMP; 99.5%) were purchased from Merck (Germany). All of
the materials were used without further purification.

2.2. Synthesis of ZIF-8 nanoparticles

ZIF-8 nanoparticles were synthesized based on the
method reported in literature [36]. For synthesize of ZIF-8,
Zn(NQ,),_6H,O, Hmim and methanol were employed in a
molar ratio of approximately 1:8:700. First, a solution of 5.92 g
of Hmim in 126 mL of methanol and another solution of 2.71 g
of Zn(NO,),_6H,0 in 126 mL of methanol were prepared and
mixed at room temperature. The resultant solutions were
then mixed for 1 h. The nanoparticles were collected via cen-
trifugation and washing with methanol twice and with chlo-
roform once. ZIF-8 nanoparticles were dried under vacuum
at 120°C for 24 h [37,38] and stored dry for further analysis.
Yield of the ZIF-8 synthesis was 70% based on zinc.

2.3. Membrane preparation

The polymers and the filler (with their wt% according to
Table 1) were activated at 120°C under vacuum overnight to
remove any adsorbed adsorbents like water and/or volatile
organic compounds. Afterward ZIF-8 nanoparticles were dis-
persed in NMP. Then, 10% of desired amount of the polymer
was added to the ZIF-8/NMP suspension and stirred over-
night to make good adhesion between the filler particles and
the polymer. After that, the remaining polymer was dissolved
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Fig. 2. P84 structure of the repeating unit [3].
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in the previously prepared solution and stirred for 24 h. The
solution was finally degassed under vacuum (-0.04 MPa,
120°C) for 4 h. It must be mentioned that due to low vapor
pressure of NMP within degassing the solvent vaporization
was negligible.

Certain volumes of the solution were selected in such
manner that after solvent evaporation, thin films of 40-60 um
(Mitutoyo digital micrometer, 1 um accuracy) were formed
on the glass mold. After peeling of the nascent membranes,
they were placed between the two stainless steel meshes in an
oven to be treated. The membranes were hold at about 180°C
for 12 h to remove the residual solvent. The ZIF-8 loading in
the membranes was calculated using the following equation:

Particles loading wt.% =

particles weight <100 (1)

particles weight + polymer weight

2.4. Characterization
2.4.1. X-ray diffraction (XRD)

The crystallographic structure of the ZIF-8 nanoparti-
cles was studied by using a SIE-MENS, D5000 (Germany).
The X-rays of 1.54 A wavelengths were generated by a Cu
Ka radiation source. The angle of diffraction (20) was var-
ied from 5° to 40°. The crystallite size was calculated by the
Scherrer method [39] using Eq. (2):

K\

d=———— )
B,,,cos(0;)

where d is the crystal size, 0, is the Bragg angle, A is the wave-

length of the X-ray (A = 1.54 A), B, is the full width of the

peak at half intensity and K is the unit cell geometry depen-

dent constant chosen as 0.9.

2.4.2. Fourier transform infrared spectroscope (FTIR)

FTIR spectroscope pattern of the synthesized ZIF-8
nanoparticles and membranes were recorded using a
PerkinElmer Spectrum between 700 and 3,700 cm™.

2.4.3. Scanning electron microscope (SEM) and energy
dispersive spectrometry

Morphology of the prepared ZIF-8 nanoparticles and
membranes was analyzed using a VEGA III TESCAN SEM.
Elemental mapping was taken using an energy dispersive
X-ray (EDX). The membrane samples were prepared by
fracturing in liquid nitrogen.

Table 1
Wt% of materials used for membrane preparation

Material Wt%

NMP 90

P84 10

ZIF-8 2.5,5,7.5, 10 (of the polymer)

2.4.4. Swelling study

The membranes were dried completely at 60°C for
12 h and weighed by a digital microbalance (Sartorius AG,
Germany) sensitive to 0.1 mg. Then, these membranes were
immersed in 15 wt% water containing feed mixtures in a
sealed vessel at 25°C for 48 h. The swollen membranes were
weighed immediately after blotted with filter papers. The
percentage degree of swelling (DS) of the membranes was
calculated using the following equation:

Deg@eofmwdhng(DS%):(Mﬁ;V%}XIOO 3)
d

where W_and W, are mass of the swollen and dried mem-
branes, respectively.

2.5. Pervaporation experiments

The experiments were performed at 25°C using a PV
setup as shown in Fig. 3. Feed mixtures of IPA—water were
prepared and hold in a feed tank with net capacity of 500 cm?.
Net provided membrane area in contact with the feed was
21 cm® The membrane permeation side was evacuated using
avacuum pump (Vactorr, 25, USA). The system was stabilized
for 4 h before the sample collection. A cold trap immersed in
liquid nitrogen was employed to trap the permeated vapor
via freezing. Water concentration of the feed and the perme-
ate were measured via an Abbe Refractometer. Concentration
was calculated by comparing the recorded refractive index
values with a calibration curve. The membranes permeation
properties were characterized using total flux (J), separation
factor (a) and pervaporation separation index (PSI) by the
following equations, respectively:

m

= 4

Axt @
RS -

x/(1-x)
PSI = J(a. - 1) (6)
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Fig. 3. Schematic diagram of the setup used for PV experiments.
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where m is the mass of permeate (g), A is the effective mem-

brane surface area (m?) and f is the permeation time (h).
x and y are water weight fractions in feed and permeate,
respectively.

3. Results and discussion
3.1. ZIF-8 nanoparticles characterization
3.1.1. XRD

The synthesized ZIF-8 nanoparticles were character-
ized by XRD and Fig. 4 shows the XRD pattern. All main
peaks at 20 of 7.3°, 10.5°, 12.7°, 16.4° and 18.1° from the
XRD pattern match well with the published XRD pat-
tern of the ZIF-8 sample in literature [40]. This confirms
that the prepared nanoparticles are certainly ZIF-8. The
crystallite size was calculated by the Scherrer method is
24.6 nm.

3.1.2. FTIR

The synthesized ZIF-8 nanoparticles were characterized
by FTIR and Fig. 5 shows the FTIR spectrum. FTIR spectrum
of ZIF-8 sample in literature [40] is similar to the spectrum of
the synthesized nanoparticles confirming that the prepared
nanoparticles are certainly ZIF-8.

3.1.3. SEM

SEM image of the synthesized ZIF-8 nanoparticles is
shown in Fig. 6. As observed, the crystals do not display a
distinct morphology and the majority of ZIF-8 nanoparticles
have diameters smaller than 60 nm.

3.2. MMMs characterization
3.2.1. XRD

The fabricated MMMs were characterized by XRD and
Fig. 7 presents the XRD pattern of MMMs. XRD patterns

73)
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Fig. 4. XRD pattern of (a) the synthesized ZIF-8 nanoparticles
and (b) reported in literature.

show sharp peaks of ZIF-8 confirming that ZIF-8 nanoparti-
cles are properly mixed with the polymer.

3.2.2. FTIR

Fig. 8 shows FTIR spectrum of the neat polymer, ZIF-8
and fabricated MMMS. Two peaks at 2,923 and 2,854 cm™
were due to symmetric and asymmetric stretching vibration
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Fig. 5. FTIR spectrum of (a) the synthesized ZIF-8 nanoparticles
and (b) reported in literature.

Fig. 6. SEM image of the synthesized ZIF-8 nanoparticles.
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Fig. 7. XRD pattern of (a) ZIF-8 nanoparticles, prepared P84/ZIF-
8, (b) neat P84, (c) 2.5 wt% and (d) 7.5 wt%.
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Fig. 8. FTIR spectrum of (a) ZIF-8 nanoparticles, prepared
P84/ZIF-8, (b) neat P84, (c) 2.5 wt% and (d) 7.5 wt%.

of CH, groups. Characteristic peak at 1,737 cm™ is because
of imide functional group. The existence of imide was con-
firmed by the peak at 721 cm™. At 1,078 cm™ a peak was due
to benzene rings for the neat P84 membrane [41]. The peaks
at 1,140 and 757 cm™ for ZIF-8 nanoparticles were due to the
C-N and C-H bond, respectively.

3.2.3. SEM

Cross-sectional SEM images of the prepared P84/
ZIF-8MMMs are presented in Fig. 9. The images show a
homogeneous dispersion of the ZIF-8 nanoparticles in the
polymer matrix and good adhesion between the two phases.
No obvious particles agglomeration and voids formation are
observed for most filler loadings and only when the ZIF-8
loading increases to 10 wt% some minor agglomeration of
the ZIF-8 nanoparticles can be detected as shown in Fig. 8(e).

In Fig. 10, dispersion of ZIF-8 nanoparticles was investi-
gated by mapping Zn element with using of EDX since zinc
element exists only in ZIF-8 structure. Homogeneous scat-
tering of Zn element confirms uniform dispersion of ZIF-8

in the P84 matrix at low loading but with increasing ZIF-8
loading, these particles become close together resulting in
less homogeneity.

3.2.4. Swelling

In PV, membrane swelling has significant effect on diffu-
sion of feed molecules permeating through the membrane.
The DS depends on feed and membrane properties, such as
chemical compositions of feed and membrane, physicochem-
ical properties and microstructure of the membrane. The per-
centage DS of the prepared MMMs in the IPA/water (85/15 by
weight) solution is illustrated in Fig. 11. As shown, the neat
P84 membrane shows lower DS compared with the MMMs
prepared with different loadings of the ZIF-8 nanoparti-
cles. Addition of the ZIF-8 nanoparticles into the P84 matrix
may have two effects on DS. Addition of ZIF-8 may increase
the membrane free volume via interrupting the molecular
organization of the polymer chains [30]. On the other hand,
addition of ZIF-8 with hydrophobic nature into the hydro-
philic P84 matrix results in reduction of DS [30]. However,
DS of the MMMs increases by increasing the ZIF-8 loading.
Aggregation of the ZIF-8 nanoparticles increases the free vol-
ume of MMM s via reduction of the membrane compactness
and as a result feed molecules can pass through the mem-
brane more easily.

3.3. PV performance
3.3.1. Effect of ZIF-8 loading on PV performance of MMMs

Fig. 12 shows the effect of ZIF-8 loading on PV perfor-
mance of the prepared MMM for dehydration of 85 wt% IPA
aqueous solution at 25°C. As observed, total flux significantly
increases with increasing the ZIF-8 loading in the MMMs. At
the same time, separation factor is constant for the MMMs
with the ZIF-8 loadings <5 wt%, but with increasing the
ZIF-8 loading >5 wt%, separation factor decreases. Increasing
total flux by increasing the ZIF-8 loading can primarily be
the result of interfacial voids between the ZIF-8 nanoparti-
cles and the P84 polymer matrix. Also, sorption of IPA mole-
cules increases by increasing the ZIF-8 loading in the MMMs
because of its super hydrophobicity, and this leads to the
higher IPA permeation flux. Increasing the ZIF-8 content to
the higher loadings significantly increases permeation flux,
while decreases separation factor dramatically. This can
be due to the interfacial voids and the ZIF-8 nanoparticles
agglomeration [30,31]. Also, as shown in the SEM images,
the ZIF-8 nanoparticles are agglomerated at the higher ZIF-8
loadings. Agglomeration of the ZIF-8 nanoparticles increases
the polymer free volume and thus the feed molecules can per-
meate through the membrane more easily. As a measure of
membrane separation performance, PSI was also calculated
for the prepared MMMs as presented in Fig. 13. As shown,
PSI values enhance with increasing the ZIF-8 loading up to
5 wt% and then reduce dramatically by increasing to 10 wt%.
This reduction can be the result of the significantly reduced
separation factor due to the agglomeration. As shown, the
membrane with 5 wt% ZIF-8 loading has the highest PSI
value compared with the other membranes and exhibits the
best performance for PV dehydration of IPA.
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Fig. 9. Cross-sectional SEM images of the prepared P84/ZIF-8 (a) neat P84, (b) 2.5 wt%, (c) 5 wt%, (d) 7.5 wt% and (e) 10 wt%.

3.3.2. Comparison of present pervaporation performance with membranes reported in literatures as shown in Table 2. As
literature data observed, the obtained enhancement in separation perfor-
mance is comparable with the most reported results. Based

The results of PV performance of the prepared mem- on the literatures, compared with the neat membranes,

branes were also compared with those of the various
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Fig. 10. EDX mapping for Zn from the cross-section of P84/
ZIF-8 MMMs with different loadings of ZIF-8 (a) 2.5 wt% and
(b) 7.5 wt%.
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Fig. 11. Percentage DS of the prepared P84/ZIF-8 MMMs.

permeation flux and separation factor of MMMs change in
ranges from —20% to 692% and from —92% to 282%, respec-
tively. As observed, the P84 MMM with 5 wt% ZIF-8 load-
ing shows about 11% increase in permeation flux without
any decrease in separation factor, while, for most mem-
branes presented in Table 2, by increasing permeation flux,
their separation factor decreases [3,30-32,42]. The SEM
image of this membrane does not show agglomeration
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Fig. 12. Effect of ZIF-8 loading on PV performance of the pre-

pared P84/ZIF-8 MMMs for dehydration of 85 wt% IPA aqueous
solution at 25°C.
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Fig. 13. Effect of ZIF-8 loading on PSI of different P84/ZIF-8
MMMs.

of the ZIF-8 nanoparticles. Thus, good adhesion between
the ZIF-8 nanoparticles and the P84 matrix may slightly
increase permeation flux without any reduction in separa-
tion factor. But, at higher ZIF-8 loadings due to the inter-
facial voids and the ZIF-8 nanoparticles agglomeration
separation factor decreases dramatically.

4. Conclusion

In this study, ZIF-8 nanoparticles were dispersed in P84
matrix directly to prepare MMMs for dehydration of IPA.
MMMs with ZIF-8 contents of 2.5, 5, 7.5 and 10 wt% were
prepared. SEM images showed that ZIF-8 nanoparticles well
disperse in the polymer matrix and only at high ZIF-8 load-
ing the nanoparticles are aggregated. By increasing the ZIF-8
loading up to 5 wt%, total flux increases slightly without
any reduction in separation factor. However, by increasing
the ZIF-8 loading to 7.5 and 10 wt% because of agglomera-
tion of the ZIF-8 nanoparticles, separation factor decreases
extremely. This performance indicates that ZIF-8 and P84
have poor compatibility which needs to be improved by
modification methods. The MMM with 5 wt% ZIF-8 loading
exhibits the highest PSI value compared with the other syn-
thesized membranes and the best performance for PV dehy-
dration of IPA.
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Table 2

Comparative study of PV performance of the prepared MMMs with the MMM s reported in the literatures for dehydration of IPA

Polymer Filler Feed IPA Temperature Loading Neat membrane MMM membrane  Reference

concentration  (°C) (Wt%) performance performance
(Wt%) J(g/m*h)  « J(g/m2h) «

Matrimid Zeolite 4A 90 30 15 13.6 1,290 21 >5,000 [43]

Matrimid Cu,(BTC), 90 50 30 240 260 400 245 [32]

Matrimid MgO 82 100 15 150 600 120 1,200 [16]

Polyimide Zeolite 13X 90 25 33.3 90 158 150 272 [35]

(BAPP-BODA)

PBI ZIF-8 85 60 33.7 13 >5,000 103 1,686 [31]

PVA ZIF-8 90 30 5 135 163 870 133 [30]

P84 Zeolite 13X 85 60 40 30 3,000 110 2,700 [42]

P84 Zeolite 5A 85 60 20 30 3,000 40 4,200 [42]

P84 ZIF-90 85 60 30 49 >5,000 114 385 [3]

NaAlg p-TSA 10 30 10 1,734 244 3,423 >5,000 [44]

treated clay (GPU) (GPU)

P84 ZIF-8 85 25 5 46 1,858 51 1,858 Present

study
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