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It is highly desirable to prepare defect-free ZIF-8 membranes on commercially attractive scalable
polymer hollow fibers, especially on the bore side of the fibers, yet quite challenging. Herein, we report a
facile synthesis of well-intergrown ZIF-8 membranes on polyvinylidene fluoride (PVDF) microfiltration
hollow fibers by a secondary growth method. Surface modification using a strong base promoted high
heterogeneous nucleation, resulting in densely packed ZIF-8 seed layers on the hollow fibers. The seed
crystals were secondarily grown under a continuous flow of growth solution to form ZIF-8 membranes
with thickness of 1.2 um. The prepared ZIF-8 membranes achieved high gas permeances, reaching values
0f 16,344 x 107 mol m2 s™' Pa™! for H, and 197 x 10~ mol m2 s™! Pa™! for C5Hg. The selectivities for Ho/
CH4, Hz/C3Hg, Hy/C3Hg and C3Hg/C3Hg gas pairs were found to be 12, 57, 160 and 15, respectively. We
anticipate that the method could potentially be applied to transform commercial PVDF ultrafiltration/
microfiltration hollow fibers commonly used for water separation into high quality ZIF-8 membranes for
H, purification and C3Hg/CsHg separation.

© 2020 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights
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Introduction

Zeolitic-imidazolate frameworks (ZIFs) [1,2], an emerging class
of porous crystalline materials, have attracted tremendous
scientific interest due to their ultramicroporosity (< 5A), high
surface area, chemical tunability and chemical/thermal stability
[3]. Unique properties of ZIFs make them attractive for a broad
variety of advanced applications including catalysis, sensing,
adsorption and separation [4-9]. ZIFs are comprised of MLy
tetahedra (where M=divalent metal ions, e.g., Zn?*, Co®*, etc.)
bridged by imidazolate-based ligand (L) forming three dimension-
al structures similar to those of aluminosilicate zeolites [1]. Among
the different ZIFs that are available, ZIF-8 with sodalite (SOD)
topology has been extensively investigated for gas separation
applications. ZIF-8 possess large cavities of 11.6A in diameter
accessible through six-membered ring apertures of 3.4 A (crystal-
lographically-defined pore aperture) [10]. Interestingly, linker
flexibility of ZIF-8 enlarges its apertures to 4.0-4.2 A (effective
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aperture), rendering high resolution separation of H, (2.9A) or
C3Hg (4.0 A) from C3Hg (4.2 A) possible [11,12].

There have been several reports on the synthesis of polycrys-
talline ZIF-8 membranes for H, purification and CsHg/CsHg
separation. The synthesis routes to prepare polycrystalline ZIF-8
membranes can be broadly classified into two categories: in-situ
[13-15] growth and secondary growth [16-18]. In general, the
synthesis of polycrystalline ZIF-8 membranes via secondary
growth is preferred as nucleation and growth of ZIF-8 are
decoupled, allowing greater degree of freedom over control of
membrane microstructures [19]. A vast majority of polycrystalline
ZIF-8 membranes were prepared on inorganic ceramic substrates
which are not readily scalable as compared to polymer substrates.
On the other hand, polymer hollow fibers are attractive as scalable
supports since they are inexpensive and easy to be packed into
modules [20]. Hollow fiber modules have surface-to-volume ratio
of about 6500—13,000m?m >3, significantly greater than spiral
wound modules (650-820 m? m~3) and plate and frame modules
(320-490 m? m~3) [21]. It is noted that hollow fibers with surface-
to-volume ratio greater than 1000 m?>m~> are considered attrac-
tive for commercial applications [22]. Polyvinylidene fluoride
(PVDF) hollow fibers have been extensively used for water and
wastewater treatment as microfiltration or ultrafiltration hollow
fiber membranes and currently explored for bio-separation
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.jiec.2020.04.031&domain=pdf
mailto:mohamadreziabdulhamid89@gmail.com
mailto:hjeong7@tamu.edu
mailto:hjeong7@tamu.edu
https://doi.org/10.1016/j.jiec.2020.04.031
https://doi.org/10.1016/j.jiec.2020.04.031
http://www.sciencedirect.com/science/journal/1226086X
www.elsevier.com/locate/jiec

320 M.R. Abdul Hamid, H.-K. Jeong/Journal of Industrial and Engineering Chemistry 88 (2020) 319-327

applications [23]. Porous PVDF hollow fibers can be prepared via
phase inversion method, which is a simple and frequently used
method in large scale membrane production [24].

There are only a handful of ZIF-8 membranes supported on
PVDF hollow fibers. This is primarily due to inertness of PVDF
which leads to poor heterogeneous nucleation of ZIF-8 [25]. To
enhance heterogeneous nucleation of ZIF-8 on the PVDF supports,
physical/chemical functionalization steps were often introduced
[26-28]. Li et al. [15,29] coated zinc oxide sol-gel thin films on the
shell side of PVDF hollow fibers which were then converted to ZIF-
8 membranes in the presence of linker vapors. The resulting ZIF-8
membranes with thickness 0of 0.087 um showed impressive C3Hg
permeance and separation factor of 2800 x 10~'° mol m™ s™' Pa™!
and 73, respectively. Hou and co-workers [26,28] fabricated 1.0 um
thick ZIF-8 membranes on the shell of PVDF hollow fibers for Hy/
CO, separation. The hollow fibers were functionalized with APTES-
titania to promote heterogeneous crystallization of ZIF-8 on the
surface. Li et al. [27] introduced ammonization-based chemical
modifications on PVDF hollow fibers to prepare continuous ZIF-8
membranes for H, separation.

Despite a few laboratory scale successes [15,29-31], transition-
ing from planar supports to hollow fiber supports for the synthesis
of ZIF-8 membranes still remains challenging. This is primarily due
to the lack of understanding of ZIF-8 membrane formation on the
inner surface of a confined space, such as in the case of polymer
hollow fibers, using continuous flow processing. From our previous
experience with the synthesis of ZIF-8 membranes on Matrimid®
5218 hollow fibers using microfluidic secondary growth [30-32],
we attempted to extend the work to prepare ZIF-8 membranes on
PVDF hollow fibers since PVDF hollow fibers are cheaper and more
readily available than imide-based hollow fibers. In the present
work, we first introduced a new ZIF-8 seeding process which is
based on dehydrofluorination reaction to promote the formation of
ZIF-8 seed nanocrystals on the bore side of the hollow fibers.
Second, we investigated important processing parameters (e.g.,
base treatment time and secondary growth flow rate) in order to
obtain thin and compact ZIF-8 membranes on the hollow fibers.
Finally, we assessed the gas separation properties of the
membranes focusing primarily on H, purification and C3Hg/C3Hg
separation.

Experimental
Materials

A PVDF hollow fiber microfiltration membrane module (Micro-
za® UMP-1047R) was purchased from Pall Corporation. Potassium
hydroxide (KOH, reagent grade, VWR International) was used to
chemically modify the PVDF hollow fibers. Zinc nitrate hexahy-
drate (Zn(NOs3),.6H,0, 98%, Sigma-Aldrich), 2-methylimidazole
(hereafter MelM, C4HgN;, 99%, Sigma-Aldrich), sodium formate
(HCOONa, 99%, Sigma-Aldrich), methanol (CH50H, > 99%, Alfa-
Aesar) and deionized water were used as precursors to prepare ZIF-
8 seed layers and membranes. Polydimethylsiloxane (PDMS,
Sylgard® 184 Silicone Elastomer Kit, Sigma-Aldrich) and hexane
(CsH14, ACS grade, VWR International) were used to seal ZIF-8
membrane defects. Ethanol (CoHsOH, 94-96%, Alfa-Aesar) was
used as solvent to clean the PVDF hollow fibers.

Preparation of PVDF hollow fibers and synthesis setup

The membrane module was first disassembled to obtain
individual PVDF hollow fibers (see Fig. S1). The PVDF hollow
fibers have inner and outer diameter (ID and OD) of 1.4 mm and
2.2 mm, respectively. The hollow fibers were then immersed in
ethanol at room temperature overnight to remove glycerin

preservative from pores of the hollow fibers. Then, the hollow
fibers were dried in a convection oven at 60 °C overnight to remove
the ethanol solvent. A custom-made synthesis setup containing a
hollow fiber was prepared according to the procedure reported
elsewhere [30]. In brief, a PVDF hollow fiber 100 mm in length was
inserted into a Teflon® tubing (ID 4.76 mm and OD 6.35mm)
having a similar length. The main function of the Teflon® tubing is
to provide handling convenience during ZIF-8 membrane synthe-
sis. The shell side of PVDF hollow fiber was properly sealed with an
epoxy resin (Devcon® 2 Ton Epoxy) and the epoxy was allowed to
cure at room temperature for 24h. Excess PVDF ends were
carefully removed using a razor blade. Digital photograph of the
synthesis setup is shown in Fig. S2.

Preparation of ZIF-8 seed layers

ZIF-8 seed layers on the bore side of the hollow fiber
(hereafter, PVDF-X-S) were synthesized following the procedure
described elsewhere [30]. An aqueous KOH solution was used to
modify PVDF polymer. Using a syringe pump (Harvard Model 55—
4152), a warm (50°C) KOH solution (5.0 mol L™!) was fed to the
bore side of the hollow fiber at a flow rate of 0.33 mL min~! for
different period of time. The KOH-treated PVDF hollow fiber
(hereafter, PVDF-X, where X represents the KOH treatment time
in min) was then saturated with an aqueous Zn solution (0.1 mol
L~ 1) at a flow rate of 0.33 mL min™! for 1 h (hereafter, PVDF-X-Zn).
Excess KOH and Zn solutions were manually purged with air and
dried with Kimwipes. Then, the Zn-saturated hollow fiber was
positioned vertically inside a Teflon® autoclave containing a
ligand solution (10.36 g of MeIM and 0.5 g sodium formate in 120
mL of methanol). Immediately after, the autoclave was kept inside
a preheated convection oven at 120°C for 1h. After the
solvothermal reaction, the autoclave was naturally cooled down
to room temperature for 2 h. Finally, the seeded hollow fiber was
washed with methanol for 1 h and then dried in an oven at 60°C
overnight.

Preparation of ZIF-8 membranes

ZIF-8 seed layers on PVDF hollow fiber (i.e., PVDF-X-S) were
subjected to a continuous flow of secondary growth solution at
room temperature for 6h to obtain a well-intergrown ZIF-8
membrane (hereafter, PVDF-X-M). Secondary growth flow rate was
manipulated to obtain ZIF-8 membrane with desired thickness and
separation performance. Grain boundary defects of ZIF-8 mem-
brane can be minimized by coating a thin layer of PDMS on top of
the membrane (hereafter, PVDF-X-M-PDMS). General procedures
to prepare a secondary growth precursor solution and a dilute
PDMS solution can be found elsewhere [30,31]. In brief, a
secondary growth precursor solution was prepared by mixing
metal (0.11g of zinc nitrate hexahydrate in 20 mL of deionized
water) and linker (2.27 g of MeIlM in 20 mL of deionized water)
precursor solutions at room temperature for 1 min. Immediately
after, the secondary growth solution was loaded into a polypro-
pylene syringe and then properly secured on a syringe pump (see
Fig. S2). After secondary growth has completed, the hollow fiber
was washed by flowing fresh methanol through the hollow fiber at
a flow rate of 0.33mL min~! for 1h. The hollow fiber was then
dried at room temperature for 24 h. On the other hand, a dilute (10
wt%) PDMS solution was prepared by mixing Part A and Part B (10:1
ratio) of PDMS in hexane. The solution is vigorously mixed at room
temperature for several hours prior to use. PDMS coating was
performed by flowing PDMS solution through the bore side of the
hollow fiber at a flow rate of 0.11 mL min~" for 1 min. Excess PDMS
solution trapped inside the hollow fiber was carefully purged by
flowing air at a flow rate of 0.33 mL min~! for 1 min. Finally, the
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PDMS-coated ZIF-8 membrane was dried at room temperature
under vacuum for 48 h.

Characterization and gas permeation test

Attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectra were taken using a Nicolet FTIR (iS5, Thermo
Scientific) equipped with iD7-ATR diamond. Powder X-ray
diffraction (XRD) patterns were collected using a Rigaku Miniflex
Il X-ray diffractometer (Cu-Ka radiation and 26 scan range of
5-25°). Electron micrographs were obtained using a JEOL JSM-
7500F (acceleration voltage of 5keV and working distance of 15
mm). H,, CO,, N,, CHy, C3Hg and C3Hg single gas permeations
through ZIF-8 membranes were performed using a Wicke-
Kallenbach technique shown in Fig. S3. On the other hand, binary
gas permeation measurements were carried out using an
equimolar (1:1) mixture of C3Hg and C3Hg as feed gas. Flow rates
of feed and argon sweep gases were set at 50cm®min~'. The
permeation measurements (single and binary) were performed at
room temperature under atmospheric pressure. Compositions of
gases permeated through the ZIF-8 membranes were analyzed
using mass spectrometer (QGA Hiden Analytical) and gas
chromatography (Agilent GC 7890 A).

Gas permeance of component i, F;, is defined as (1):

N;

Fi=a~ ar, M

where, N; is molar flow rate of component i (mol s~!), AP; is partial
pressure difference of component i across the membrane (Pa) and
A is membrane area (m?).
Ideal selectivity (ayj;) is defined as the ratio of permeability or
permeance of individual gas (2).
Fi

Qi = F, )

For binary mixture, separation factor (aj;) is defined as (3):

F; 'y
““/f:F;:i 3)
X

where, X; and x; are the molar fraction of component i and j at feed
side, respectively, and y; and y; are the molar fraction of component
i and j at permeate side, respectively.

Result and discussion
Characterization of each synthesis step

A key concept behind this method is to modify the relatively
inert PVDF polymer using a strong base to create abundant active
surface groups which promotes heterogeneous nucleation of ZIF-
8. As depicted in Scheme 1 chemical reactions between PVDF
hollow fibers and a strong base (KOH) led to elimination of
hydrogen fluoride groups (commonly referred as PVDF dehydro-
fluorination) and formation of carbon-carbon double bonds (C=C)
and hydroxyl bonds (—OH) [24,33]. High quality ZIF-8 seed layers
were obtained by solvothermally treating the Zn-saturated PVDF
hollow fibers in a ligand solution. Hydroxyl groups on hollow
fiber surfaces chelate with Zn ions to promote heterogeneous
nucleation, thereby resulting in densely packed ZIF-8 seed layers
with uniform surface coverage [34]. In addition, surface hydroxyl
groups of the modified PVDF can form coordination bonds with
ZIF-8 to create strongly adhered ZIF-8 layers on the substrates,
hence improving their mechanical stability [35]. It is worthy of
mentioning that the location of ZIF-8 seed layers can be
controlled by simply flowing the KOH solution on a preferred
surface (i.e., bore side vs. shell side) of the hollow fibers. Finally,
the ZIF-8 seed nanocrystals were secondarily grown to form well-
intergrown and compact ZIF-8 membranes following a similar
procedure previously reported [30].

Individual PVDF hollow fibers disassembled from a mem-
brane module have ID and OD of 1.4mm and 2.2 mm,
respectively. The calculated surface-to-volume ratio of the
hollow fibers was around 1800 m? m—3. As shown in Fig. S4, pore
sizes of pristine hollow fibers were irregular. Pore sizes as large
as0.8 wm in diameter were also observed. Fig. 1(a-b) shows the
ATR-FTIR spectra of unmodified (PVDF), KOH-treated (PVDF-9)
and Zn-saturated (PVDF-9-Zn) hollow fibers. Characteristic IR
peaks of pristine PVDF at 872cm™}, 1182 cm™! and 1404 cm™! can
be ascribed to the stretching vibration of C—C, —CF; and —CH,,
respectively [36]. After 9 min of KOH treatment (i.e., PVDF-9)
followed by 1h of Zn saturation (i.e., PVDF-9-Zn), two new IR
peaks assigned to C=C (1640 cm™!) and —OH (3000-3400cm™)
bonds were observed, indicating modification of PVDF upon
dehydrofluorination reaction (see Fig. 1(c)) [37,38]. XRD
patterns of the samples presented in Fig. S5(a) were more or
less identical. The two major diffraction peaks at 26 values of

KOH

F
Zn 1

A 4

QeSS Hgre
"I.".‘
PYELL

ZIF-8 membranes

Scheme 1. Schematic illustration of the synthesis of ZIF-8 membranes on the bore side of PVDF hollow fibers via secondary growth.
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respectively [39]. Furthermore, scanning electron micrographs
(SEM) of the samples in Fig. S5(b-d) showed no noticeable

changes in the PVDF surface morphology. These results strongly
suggests that dehydrofluorination reaction does not compro-
mise the long-range orders and microstructures of PVDF

substrates.

Microstructure control of ZIF-8 seed layers and membranes

ZIF-8 seed crystals were prepared by solvothermally treating

the Zn-saturated PVDF hollow fibers (PVDF-9-Zn) in a linker
solution. Fig. 2 presents XRD patterns, IR spectra and SEM images
of the ZIF-8 seed layers. The XRD peaks, albeit weak, were

consistent with a simulated pattern of ZIF-8, confirming the
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Fig. 1. (a-b) ATR-FTIR spectra of pristine (PVDF), 9 min KOH-treated (PVDF-9) and Zn-saturated (PVDF-9-Zn) hollow fibers. (c) Illustration of PVDF dehydrofluorination by

KOH.
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Fig. 2. (a) XRD patterns and (b-c) ATR-FTIR spectra of pristine hollow fibers (PVDF), ZIF-8 seed layers deposited on PVDF hollow fibers with (PVDF-9-S) and without (PVDF-0-
S) KOH treatment and ZIF-8 membranes after secondary growth (PVDF-9-M). Top SEM images of (d) pristine hollow fibers and ZIF-8 seed layers on PVDF hollow fibers treated
in KOH for (e) Omin (f) 9 min and (g) 20 min.
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formation of pure phase SOD-ZIF-8 seed crystals. In addition,
characteristic IR bands of ZIF-8 at 421 cm ™! (Zn-N) and 1145 cm ™!
(C-N) were observed [30]. However, the IR peaks of the seeded
hollow fibers were low in intensity that sometimes indistinguish-
able from the peaks of pristine fibers partly due to the lack of access
into the bore of the hollow fibers for proper IR characterization.
SEM images of the seeded hollow fibers in Fig. 2(f) showed the
presence of ZIF-8 seed crystals with an average particle size of
around 60 nm uniformly covering the hollow fiber surfaces. No
seed crystals were observed on the shell side of the hollow fibers,
indicating that the majority of the seed crystals are grown
selectively on the bore side of the hollow fibers (see Fig. S6).

A control experiment was performed to highlight the impor-
tance of KOH treatment to obtain densely packed ZIF-8 seed layers
on PVDF substrates. As shown in Fig. 2(e), without KOH treatment
(i.e., PVDF-0-S), very few ZIF-8 seed nanocrystals formed on hollow
fiber surfaces. The SEM observation was consistent with the XRD
and IR results shown in Fig. 2(a-b). This is in stark contrast to the
ZIF-8 seed layers prepared using 9 min of KOH treatment (i.e.,
PVDF-9-S), attributable to the lack of surface hydroxyl groups
available on the hollow fiber surfaces. In other words, intrinsic
surface properties of pristine PVDF hollow fibers are not desirable
for heterogeneous nucleation of ZIF-8. The results therefore
highlight the importance of dehydrofluorination reaction by
KOH to obtain high density ZIF-8 seed layers. Attempts to obtain
greater number of ZIF-8 seed layers (by increasing KOH treatment
time to 20min) were unsuccessful as further degradation of
polymer chains coupled with excessive loss of fluorine atoms
resulted in surface pore enlargements, compromising the micro-
structures of the PVDF substrates [40]. As shown in Fig. 2(g), even
though the number of ZIF-8 seed crystals increased, enlarged and
more disconnected pores may affect the quality of the ZIF-8
membranes (see also Fig. S7). After carefully analyzing the seed
layer microstructures of each samples, a9 min KOH treatment time
was selected as the optimized condition to prepare densely packed
ZIF-8 seed layers.

ZIF-8 seed layers (PVDF-9-S) were secondarily grown under a
continuous flow of growth solution to obtain compact and well-
intergrown membranes. As shown in Fig. 2(a-c), the ZIF-8
membranes after secondary growth (PVDF-9-M) displayed

stronger XRD and IR peak intensities as compared to the ZIF-8
seed layers, suggesting growth of the seed crystals. It is worthy of
mentioning that ZIF-8 membranes prepared using poor quality
seed layers (i.e., PVDF-0-M and PVDF-20-M) did not exhibit high
separation performances. The secondary growth flow rate was
appropriately manipulated to obtain ZIF-8 membranes with
optimized microstructures. The secondary growth of ZIF-8 seed
crystals was initially carried out at a flow rate of 0.01 mL min~! and
later increased to 0.05mL min~' and 0.10mL min~' while
maintaining secondary growth time fixed at 6h. As shown in
Fig. 3, higher secondary growth flow rate produced better
intergrown membranes with larger grain sizes. Moreover, thick-
ness of the ZIF-8 membranes increased from 0.3 um to 1.2 wm.
Precursor concentration at the vicinity of seed crystals is higher at
higher secondary growth flow rate, which in turn promotes crystal
growth (i.e., thicker films). Based on careful microstructure
analysis, secondary growth flow rate of 0.10 mL min~! was chosen
as an optimized condition since the resulting membranes were
more intergrown, thereby likely to be less defective. In fact, among
ZIF-8 membranes that were synthesized, the membranes prepared
using secondary growth flow rate of 0.10mL min~' showed the
most promising separation performances (will be discussed in
later section).

H, separation performances of ZIF-8 membranes

Separation performances of the prepared ZIF-8 membranes
were assessed by measuring permeances of gases with different
kinetic diameters. Single gas permeances of H, CO,, N5, CHy, C3Hg
and C3Hg were measured using the Wicke-Kallenbach technique
(Fig. S3). It is noted that ZIF-8 membrane module has an active
membrane length of 40 mm (active membrane area of 176 mm?).
The gas permeances and ideal selectivities of the ZIF-8 membranes
are presented in Fig. 4. The ZIF-8 membranes displayed high H;
permeance, reaching value 0f 16,344 x 10~ mol m™2s! Pa™! (4882
GPU), which is much higher than those of other gases. The
measured gas permeances through ZIF-8 membranes proceed
following the order of molecule kinetic diameters (H, > CO, > Ny >
CH4 > C3Hg > C3Hg), suggesting that separations between H, and
larger gases through the membranes were based on molecular

Fig. 3. (a-c) Top and (d-f) cross-sectional SEM images of ZIF-8 membranes synthesized using different secondary growth flow rates: 0.01 mL min~', 0.05 mL min~

0.10 mL min~".

Tand
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sieving mechanism. No sharp cut off exist at 3.4 A (nominal pore
aperture of ZIF-8) due to flexibility of ZIF-8 frameworks which
allows molecules greater than 3.4 A (e.g.,N, - 3.6 Aand CH, - 3.8A)
to diffuse through the membranes [41]. This observation is in
agreement with other reports [16,42]. Ideal selectivities for H/CO,,
H,/N,, Hy/CHy4, H»/C3Hg and H,/C3Hg gas pairs were determined to
be 6.0,10.2,12.1, 56.6 and 160.1, respectively, which are higher than
the corresponding the Knudsen constants (4.7, 3.7, 2.8, 4.6, and
4.7). As shown in Fig. S8, H, permeances and ideal selectivities of
the ZIF-8 membranes easily surpassed the Robeson upper bound of
2008. The separation performances also compares favorably with
those reported in the literatures (Table 1).

C3Hg/C3Hg separation performances of ZIF-8 membranes

ZIF-8 is well-known for having high CsHg/CsHg separation
properties due to its well-fitted effective pore apertures of 4.0-4.2
A. This enables a high resolution separation of CsHg (4.0A) from
C3Hg (4.2 A) based on molecular sieving mechanism [11,12]. For
example, polycrystalline ZIF-8 membranes supported on inorganic
substrates with the C3Hg/C3Hg separation factor greater than 100
have been reported [29,51-55]. Binary C3Hg/CsHg permeation
measurements of ZIF-8 membranes were performed using Wicke-
Kallenbach technique. As shown in Fig. S3, an equimolar (1:1)
mixture of C3Hg and C3Hg was provided through the bore side of
the hollow fibers while argon sweeping gas was provided through

the shell side of the hollow fibers. The composition of gases
permeated through the membranes were measured using gas
chromatography.

It is important to note that the pristine PVDF hollow fibers
were not selective towards Cs3Hg and exhibited high CsHg
permeance of 4992 x 107'° mol m™ s™!Pa’l. Binary C3Hg/CsHs
separation performances of ZIF-8 membranes fabricated using
different secondary growth flow rates are presented in Table 2.
ZIF-8 membranes synthesized using secondary growth flow rate
of 0.01 mL min™! have high C3Hg permeance (4341 x 107 mol m"
2 51 Pa') and does not exhibit molecular sieving property
possibly due to formation of macroscopic defects such as cracks
and pinholes. SEM images in Fig. 3(a) confirmed that macroscopic
defects (i.e., cracks) exist on the membrane surfaces which
compromise separation performances of the membranes. ZIF-8
membranes grown using secondary growth flow rate of 0.10 mL
min~! on the other hand exhibited lower CsHg permeance (275 x
107" mol m™2s! Pa’!), but improved CsHg/C3Hg separation factor
(3.0) attributable to a thicker membrane layer with better
intergrowth. The current separation performances of the pre-
pared ZIF-8 membranes however are not attractive for industrial
applications.

Polycrystalline membranes, including ZIF-8 membranes, by
their very nature will always contain grain boundaries with
channel diameters larger than the six-membered ring apertures of
ZIF-8 (3.4 A) [56]. As illustrated in Fig. 5(f), gas transports through
ZIF-8 membranes are governed by the diffusion through crystal
grains (intrinsically selective diffusion pathway) and through
crystal grain boundaries (non-selective diffusion pathway) [57].
Large molecules such as C3Hg (4.2 A) may be able to diffuse through
these non-selective inter-crystalline gaps, resulting in lower CsHg/
C3Hg separation efficiency.

It is surmised that the ZIF-8 membranes reported in this work
possess poor grain boundary structures likely due to PVDF large
pore sizes. The nature of substrates including pore sizes, surface
roughness and chemical composition can affect the microstruc-
tures of the ZIF-8 layers [9]. As previously mentioned, the PVDF
hollow fibers used in this study have large and irregular sized
pores. Pores as large as 1.2 wm in diameter were even observed
under electron microscope. Even though densely packed ZIF-8 seed
layers were successfully grown on the support surfaces, in order to
form continuous ZIF-8 layers, these seed crystals must grow and
cover these large pores, likely leading to poor grain boundary
structures. Note that this phenomenon is not unique to our work.
For instance, Li and co-workers reported that they were also unable
to synthesize high quality ZIF-8 membranes on Al,05 tubes due to
substrate large pore sizes [58].

Table 1

Comparison of H, permeances and selectivities reported in this work with those reported in the literatures.
Substrate Location Thickness (pm) H, Permeance? Selectivity Ref

H,/CO, Hz/N; H,/CH,4

PVDF hollow fiber Bore 1.2 15,890 12.0 6.3 13.6 This work
PVDF hollow fiber Shell 11 175,000 7.3 6.3 5.0 [28]
PVDF hollow fiber Shell 30 24,430 12.2 14.3 - [27]
Polysulfone hollow fiber Bore 3.6 48 2.6 18.3 17.2 [22]
Zn0-Al,03 hollow fiber Shell 5.0 18,100 6.0 10.4 11.7 [43]
Al,03 hollow fiber Shell 20 7290 54 9.2 10.8 [44]
Al,03 hollow fiber Shell 5.0 11,000 52 73 6.8 [45]
Al,03 hollow fiber Bore 2.0 4324 33 111 121 [46]
Al,03 tube Bore 5.0 1030 12.8 24.2 401 [47]
Al,03 disc - 20 2170 103 17.6 34.8 [48]
AAO disc - 0.8 47,140 12.5 3.6 9.8 [49]
BPPO disc - 2.0 6000 9.0 5.5 10.0 [50]
Titania disc - 42 674 8.2 41 1.2 [42]

2 Permeance unit: x 107 mol m2 s 'Pa~".
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Table 2

Binary CsHg/C3Hg separation performances of ZIF-8 membranes on PVDF hollow fibers.
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Secondary growth flow rates (ml min~!)

Permeance (x 107 mol m™2 s~ !Pa™1)

Separation factor

CsHe CsHg
Pristine 4992 +38 5677 +65 09+0.0
0.01 4341 4+122 4890 + 283 1.0+0.0
0.05 516 + 30 336+9 1.5+0.1
0.10 275+19 108 +6 31+0.7
0.10 (with PDMS) 197 +2 13+2 15+2.8

(f)

Tight grain boundary
(lower selectivity)

Poor grain boundary
(lowest selectivity)

ZIF-8 grain
(intrinsic selectivity)

C;Hg/C;H; separation factor

1 ¢ polymer *
® carbon *
@ ZIF-8 and ZIF-67 *
1 * this work
0.01 0.1 1 10 100 1000
C,;Hg permeability (Barrer)
(9)
Propylene able to PDMS block

permeate through intercrystalline gap

poor grain boundary

Fig. 5. Top and cross-sectional SEM images of (a-b) PVDF-9-M and (c-d) PVDF-9-M-PDMS. (e) Binary C3Hg/C3Hg separation performances of PVDF-9-M (1) and PVDF-9-M-
PDMS (2) compared to those reported in literatures which include ZIF-8 and ZIF-67 membranes supported on inorganic substrates (discs [14,17,18,34,57,59-71], tubes
[58,72,73] and hollow fibers [52,74]) and polymer substrates (flat sheets [50,75] and hollow fibers [13,15,30-32,76,77]). lllustration of (f) ZIF-8 membrane grain boundary
structures across small and large PVDF pores and (g) PDMS coating over ZIF-8 layer to block inter-crystalline gaps. Note that the inter-crystalline gaps were exaggerated for

illustration purposes.

A common engineering practice to minimize membrane grain
boundary defects is through caulking technique [78]. As shown in
Fig. 5(g), a thin layer of a highly permeable material (e.g., PDMS) is
coated on the ZIF-8 membrane. PDMS has high C3Hg permeability
of 2400 Barrer but not selective towards CsHg [79]. A sufficiently
thin PDMS layer deposited on top of the ZIF-8 membrane will not

significantly affect C3Hg flux of the membrane. Penetration of
PDMS into the inter-crystalline region of ZIF-8 prevents the
convective flow or Knudsen flow through these channels resulting
in a sharp increase in C3Hg/C3Hg separation factor [57,58]. In
addition, hydrophobic PDMS coating provides high water repel-
lency which improves water stability of the membranes [80-84].
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PDMS coating of ZIF-8 membranes was performed flowing a
dilute PDMS solution through the bore side of the hollow fibers
[57]. It is noted that defect abatement of the ZIF-8 membranes was
performed without disassembling the membranes from the test
modules. Fig. 5(c-d) exhibits a smooth, uniform and thin PDMS
coating layer. Upon PDMS coating, though marginal, the C3Hg/C3Hg
separation performances were enhanced with C3Hg permeance
and separation factor of 197 x 1071 mol m™2 s"! Pa’! (59 GPU) and
15, respectively. Even though the performances of our ZIF-8
membranes fell short of the commercially attractive region, our
ZIF-8 membranes still have the potential to be retrofitted as
membrane/distillation debottlenecking system or as C3Hg recovery
unit in reactor purge streams as proposed by Freeman and co-
workers (required CsHg permeance and separation factor of 50-
100 GPU and 5-10, respectively) [85].

Conclusion

We presented a new synthesis strategy to fabricate ZIF-8
membranes on relatively cheap PVDF hollow fiber microfiltration
membranes for H, purification and C3Hg/CsHg separation. Densely
packed ZIF-8 seed layers on the bore side of PVDF hollow fibers were
secondarily grown into ZIF-8 membranes using continuous flow
system. The™1.2 wm thick ZIF-8 membranes displayed a promisingly
high H, permeance 0f 16,344 x 10~ '°molm2s™! Pa! and H,/CH,, H,/
C3Hg and H;/C5Hg ideal selectivities of 12, 57 and 160, respectively.
The membranes however did not perform as expected for C3Hg/C3Hg
mixture even after PDMS coating step, suggesting poor grain
boundary structures. C3Hg/C3Hg separation performances of the
membranes can be further improved by optimizing membrane
processing. Overall, the method described here is simple and cost-
effective, therefore holds promise for scale up. The cost of ZIF-8
membrane on polymeric substrates may not be as cheap as
compared to polymeric membranes, but it is definitely more
attractive than those grown on inorganic substrates.
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