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ABSTRACT

Polymer-based hollow fibre composite membranes are composed of a porous support coated with a highly
permeable gutter layer, and a thin selective top layer. They are promising candidates for industrial gas
separation, but there are challenges in maintaining their performance under high pressure or during long-term
operation. To tackle this, we incorporated ZIF-8 into Pebax-1657 (polyamide-polyether copolymer) for gas
separation membrane fabrication. To fully understand the behaviour of hollow fibre composite membranes,
special attention was paid to the effect of ZIF-8 on the Pebax chain structure using dense film flat sheet
membranes. The presence of porous ZIF-8 disrupted the original well-packed polymer chain structure, leading
to higher fractional free volume and gas permeability. However, the introduced microvoids were non-
continuous and the gas selectivity was only slightly reduced. On the other hand, the stable structure of ZIF-
8, together with the hydrogen bonds between ZIF-8 organic ligands and polyamide chains, significantly
improved the linear glassy polymer chain stiffness, ensuring good operational stability under elevated pressure
for both flat sheet and hollow fibre membranes. Finally, good long-term operational stability was observed with
the hollow fibre membrane, indicating the ZIF-8/Pebax coating overcame the aging previously observed for the
poly[1-(trimethylsilyl)-1-propyne] (PTMSP) gutter layer.

1. Introduction

Gas separation has been considered as an important part of energy
and environmental sciences. Pressure swing adsorption and cryogenic
distillation are the most common approaches for large-scale gas
separation. However, their high energy demand and large physical
footprint are the main drawbacks of these conventional separation
techniques [1,2]. Some other novel techniques like biocatalytic gas
separation process are still at their infancy stage thus haven’t been
tested for large-scale application [3]. In comparison, membrane-based
gas separation permits easier operation, lower energy consumption and
smaller footprint. Thus it has received increasing research attention for
flue gas separation, natural gas sweetening and hydrogen purification
[4-6]. The polymeric membrane is currently considered the most
promising candidate for industrial application in gas separation due to
their lower price and easier processing. The gas transport through the
polymeric membrane follows the solution-diffusion mechanism, and
the overall efficiency is determined by the diffusivity and solubility of
certain gas molecules within the membrane matrix [7,8].
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Both glassy and rubbery polymers have been applied to fabricate
gas separation membranes. For the rubbery polymers with flexible
chains, the gas-selective transport is achieved by the favorable inter-
actions between gas molecules and polymer chains. While for the glassy
polymers, the size discrimination also plays an important role in gas
separation [9-11]. However, there exists a gas permeability-selectivity
trade-off upper bound, which was compiled by Robeson in 1991 by
plotting the logarithmic of gas permeability and selectivity of different
gas pairs for the performance of existing gas separation membranes
[12]. The upper bound has been updated with the rapid development of
new membrane materials in recent years [13,14].

One effective way to improve the polymeric membrane performance
beyond the upper bound is to incorporate inorganic nanofillers within
the membrane matrix [8,9,15]. Recently, metal organic frameworks
(MOFs), especially zeolitic imidazolate frameworks (ZIFs), has received
a growing interest as potential fillers in the mixed matrix membranes.
There have been several successful demonstrations of improving the
membrane permeability by mixing ZIFs and polymer materials [16—
19]. On the other hand, the capability of gas separation membranes to
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handle high-pressure feed gases is considered as the pre-requisition of
their practical application in natural gas sweetening and hydrogen
purification, as it eliminates the needs of feed depressurization and
permeate re-pressurization. However, the exposure of the polymeric
membrane to high-pressure conditions can lead to swelling of the
polymer chains (glassy polymer) or irreversible compaction/crystal-
lization (rubbery polymer) [20,21]. It has been demonstrated that the
incorporation of ZIFs can mitigate these detrimental effects for the
mixed matrix dense membranes, as the presence of ZIFs rigidifies the
surrounding polymer chains especially for the glassy polymers (e.g.
polyimide) [16,17,22].

Although the improved performance has been observed with the
mixed matrix dense membranes, thin composite hollow fibre mem-
branes are more competitive for large-scale industrial application due
to their higher gas permeation rate and lower consumption of
expensive materials during the fabrication process. The composite
membrane usually consists of a highly permeable gutter layer and a
surface ultrathin selective layer, both of which are coated on a porous
membrane support. Poly(dimethylsiloxane) (PDMS) and poly[1-(tri-
methylsilyl)-1-propyne] (PTMSP) are the most commonly applied
gutter layer to bridge the porous support and thin selective layer. But
the formation of a thin, defect-free selective coating layer on PDMS can
be challenging due to its low surface energy, leading to poor interfacial
adhesion between the gutter layer and the selective layer [15,23]. To
tackle this problem, researchers have developed a series of flat sheet
composite membranes using surface-functionalized PDMS to introduce
the addition of a thin selective layer, and the incorporation of inorganic
nanoparticles, star-polymers and soft nanoparticles can promote the
composite membrane gas permeability [24—-28]. Similarly, Li et al. [29]
applied polydopamine as an intermediate layer between PDMS and
polyvinylamine (PVAm) selective layer. On the other hand, the
application of PTMSP, one of the most permeable polymer material,
as the gutter layer has been limited because the gradual relaxation of its
porous structure can lead to a significant loss of permeance especially
for thin films [30-32]. For example, the dip-coated bare PTMSP thin
layer can lose nearly 80% of its original permeance after 10 days at
room temperature [4]. However, for the composite membrane whether
the coating of a selective polymer layer can stabilize the non-equili-
brium PTMSP structure has not been fully explored. In addition, as
discussed above, the membrane stability under an elevated pressure
condition is crucial for the practical application. However, this aspect is
still relatively poorly understood for composite membranes. As the thin
polymer layer has inferior structural stability, the pressure-induced
deformation or plasticization can be more significant [33]. Fu et al. [25]
studied the performance of the flat sheet composite membrane with a
feed pressure up to 10 bar of pure CO», and the slight plasticization was
observed of the thin selective layer. But whether the self-supporting
hollow fibre composite membrane can sustain high feed pressure is of
significant practical importance and thus worth investigating.

These critical issues were addressed in this work. ZIF-8 and Pebax-
1657, a commercial block copolymer containing linear glassy poly-
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amide and rubbery poly(ethylene oxide), were applied to fabricate both
mixed matrix dense flat sheet membranes and hollow fibre composite
membranes. Both PDMS and PTMSP were investigated as the compo-
site membrane gutter layers. The effect of ZIF-8 on the membrane
performance was systemically investigated, and special attention was
paid to bridge the flat sheet characterization results and the composite
hollow fibre membrane performance. In addition, the performance of
both flat sheet and hollow fibre membranes under an elevated pressure
condition was studied using CO, and CH,4 as feed gases. Complete
pressurization-depressurization cycles were applied to understand the
reversibility of the high-pressure induced polymer structure change.
Finally, the long-term stability of the hollow fibre composite membrane
was explored to test the effect of the thin selective layer on the aging
behaviour of the PTMSP gutter layer.

2. Materials and methods
2.1. Materials

Polyether oxide - polyamide (PEO-PA) blocks (Pebax’ 1657)
polymer supplied by Arkema was used as the polymer matrix for both
flat sheet and hollow fibre membranes. Pebax-1657 applied in this
work contained 60% rubbery phase and 40% glassy phase. Zinc nitrate
hexahydrate and 2-methylimidazole supplied by Sigma-Aldrich were
used for ZIF-8 preparation and methanol was used as the solvent.
Poly[1-(trimethylsilyl)-1-propyne] (PTMSP) and poly(dimethylsilox-
ane) (PDMS) used as the gutter layer for hollow fibre composite
membranes were kindly supplied by Gelest, Inc., PA, USA and Dow
Corning, Australia. Polyvinylidene fluoride (PVDF) hollow fibres
porous support was kindly provided by Beijing Origin Water
Technology Co., Ltd. (China) with a diameter around 1 mm and a pore
size of 0.05 um. Both pure and mixed gases for the permeation test
were purchased from Coregas. All other chemicals were of the highest
purity and used without further purification.

2.2. Synthesis of ZIF-8 nanoparticles

ZIF-8 was prepared in-house in this work following the steps
reported elsewhere [34]. Briefly, 6.5g of 2-methylimidazole was
dissolved in 200 ml methanol and then mixed with a 200 ml methanol
solution containing 3 g of zinc nitrate hexahydrate. The mixture was
vigorously stirred for one hour and until it gradually turned cloudy. The
suspension solution was then separated using a Beckman Avanti
centrifuge for 15 min at 13,000 rpm, followed by another two cycles
of re-suspension and centrifugation cycles with pure methanol to
remove the unreacted chemicals.

2.3. Fabrication of the Pebax-based flat sheet mixed matrix
membranes

The solvent evaporation technique was applied for membrane

Scheme 1. Fabrication of the (a) flat sheet and (b) hollow fibre composite membranes.
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Scheme 2. Experimental rig for the gas permeation test.

Fig. 1. (a-b) TEM image of the in-house prepared ZIF-8 nanoparticles. SEM images of (c-d) pure Pebax membrane and (e-f) mixed matrix membrane containing 20 wt% ZIF-8.
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Table 1
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Glass transition temperature (T,) and degree of crystallinity of Pebax based mixed matrix membranes (showing the T, of PEO only; typical error of T was ~0.5 °C).

Sample name Integral of melting point (J/g) T, (°C) Xpro (%) Xpa (%) X. (total) (%)* X, (total) (%)
PEO block PA block
Pure Pebax 13.77 21.2 -58.2 13.79 23.04 17.49 16.3
MMM 3 wt% ZIF-8 16.19 21.45 -58.0 16.21 23.31 19.05 19.38
MMM 10 wt% ZIF-8 17.05 21.5 -56.0 17.08 23.37 19.59 19.76
MMM 20 wt% ZIF-8 20.75 23.61 -55.5 20.78 25.66 22.73 22.48
@ Degree crystallinity of membrane from DSC analysis.
b Degree crystallinity of membrane from XRD analysis.
Table 2 (a)
Density, specific volume and FFV of Pebax-based membranes. —— Pure Pebax
Sample Density, p (g/cm®)  FFV BET surface area ZIF'S parth Ie
(m*g™)
o
ZIF-8 [40] 0.95 0.475 1,639 3
Pure Pebax-1657 1.130+£0.019 0.154+0.002 Not detected \(_U/
3 wt% ZIF-8/Pebax  1.097 +0.023 0.167+0.002 0.0153
10 wt% ZIF-8/ 1.053 +0.022 0.192 +0.008  0.0401 é
Pebax 2
20 wt% ZIF-8/ 0.963 +0.025 0.226 +0.009  0.0566 o)
Pebax "E
preparation (Scheme 1la). The Pebax-1657 polymer was dissolved in
water/ethanol solution (30/70, w/w, 70 °C) with a concentration of ‘ ‘ ‘ ‘ ‘ ‘ ‘
3 wt% under constant stirring and reflux. Then ZIF-8 nanoparticles 0 5 10 15 20 25 30 35 40

were added into the polymer solution at room temperature. ZIF-8
concentration was 3, 10 or 20 wt% with the respect to the polymer dry
weight. The loading of ZIF-8 corresponded to 3.7, 12.3 and 24.6 vol%
calculated based on the density. The priming protocol was adopted to
ensure a good dispersion of ZIF-8 within the polymer. After degassing
overnight, 25 ml of casting solution was poured into a Teflon dish
(13 cm in diameter) and left at room temperature until it started to peel
off. The prepared membrane was annealed under vacuum at 50 °C for 3
days before tested in a gas permeation rig.

2.4. Fabrication of ZIF-8/Pebax-1657 based hollow fibre membrane

The composite membrane fabrication process is presented in
Scheme 1b. Specifically, the gutter layer coating solutions were 2 wt%
PTMSP (n-hexane as solvent) or 3 wt% PDMS (n-hexane as solvent),
and the selective layer coating solution contained 3 wt% Pebax and 0—
30 wt% of ZIF-8 (with the respect to the polymer dry weight). In terms
of the coating, PVDF membranes were pre-soaked in Milli-Q water for
24h and then the outer surface was briefly dried using Kimwipe
tissues. This was to minimize the penetration of the gutter layer into
PVDF membrane pores. The dip-coating parameters were: 1cm/s
lowering speed, 1 min soaking time and 0.4 cm/s withdrawn speed.
Both ends of the hollow fibre were sealed to only coat the outer surface.
The coating cycles were 4 cycles for the gutter layer, 2 cycles for the
selective layer, and 1 cycle for the protective layer (pure Pebax).
Between each coating cycle, the membrane was dried for 8 h inside
an oven at 50 °C.

2.5. ZIF-8 particles and membranes characterization

ZIF-8 nanoparticles were analysed using FEI Tecnai G2 20 TEM for
imaging purpose. The specific surface area and the pore volume of ZIF-
8 nanoparticles were analysed using nitrogen adsorption-desorption
isotherms at 77 K in a Micromeritic Tristar 3000 analyzer. The particle
size distribution was examined by the Malvern Nano dynamic light
scattering, by dispersing the particles in ethanol and sonicating for
1 min.
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Fig. 2. XRD patterns of (a) pure Pebax membrane and ZIF-8 particle; (b) ZIF-8/Pebax
mixed matrix membranes.

For the membrane samples, the surface and cross-sectional images
were examined in FEI Nova NanoSEM 230 FESEM after the membrane
sample was coated with a layer of chromium. The presence of ZIF-8
and the quality of dispersion in the membrane matrix were examined
with EDX (FEI Nova NanoSEM 230 FESEM). The samples were coated
with a layer of carbon prior to the EDX test. The determination of glass
transition temperature of membranes was conducted with DSC analysis
(Mettler Toledo DSC 823e analyzer) from 100 °C to 250 °C for two
cycles. The crystallinity of ZIF-8 and the membranes were analysed in a
PANalytical Empyrean Thin-Film XRD device for 20 from 4° to 36°
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Fig. 3. Effect of ZIF-8 on the Pebax polymer structure. Polymer chain structures for (a) pure Pebax and (b) Pebax/ZIF-8 composite, (¢) formation of hydrogen bonds between ZIF-8 and

PA, and (d-f) FT-IR spectra of ZIF-8, pure Pebax and the mixed matrix membranes.
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Fig. 4. Pure gas permeability of the pure Pebax and the mixed matrix membranes with 3,
10 and 20 wt% of ZIF-8 (feed pressure 3 bar and 25 °C).

Table 3
Ideal gas selectivity of the pure Pebax and the mixed matrix membranes (feed pressure
3 bar and 25 °C).

Pure Pebax 3wt% ZIF-8 in 10 wt% ZIF-8 20 wt% ZIF-8
membrane Pebax in Pebax in Pebax
membrane membrane membrane
aCO»/Ny 47.0+0.5 419+1.6 41.2+0.6 41.1x1.6
aCO,/CHs 19.4+0.1 19.1+0.3 19.2+0.4 15.1+0.2
aC0,/0, 19.7+0.1 23.4+0.35 19.5+0.5 17.13+0.6
a0,/N, 2.4+0.04 1.8+0.1 21+0.1 2.4+0.05

with 0.026° step size. The interactions between ZIF-8 nanoparticles
and Pebax polymer chains within the mixed matrix membranes were
examined by the Fourier transform infrared analyzer with wave
number in the range of 400-4000 cm™! (FTIR, Bruker Alpha).

The density of flat sheet membrane was estimated by measuring the
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weight of a 2.5x2.5 cm? sample with a microbalance and the volume of
the sample was estimated with the measured thickness (average of five
measurements at different locations on the sample). The density data
were used to calculate the fractional free volume (FFV) of the polymer.
FFV is a semi-empirical parameter that represents molecular scale
space or opening of adequate size close to gas molecules to accom-
modate gas molecules thus allow a diffusion step. These molecular
spaces are the sum of many small spaces between polymer chains
[35,36] and usually defined as

V_V()

FFV=

®
where V is the specific volume of the polymer, V, is the volume
occupied by the molecules that can be estimated using Bondi group
contribution method: the occupied volume is calculated from the van
der Waals volumes, V,,,, of the various groups in the polymer structure
[37]:

V,=1. 3V, 2

The FFV of mixed matrix membrane can be calculated using Eq. (3)
[38]:

FFVMMM=FFV[)01ymer~ (ppolynlgr+FFVﬁllfr' Piller 3)

where ¢ is fractional volume and FFVe,- is derived from the product
of particle pore volume, which is measured using nitrogen adsorption-
desorption isotherms (77 K, Micromeritic Tristar 3000 analyzer)
together with the density test.

2.6. Gas permeation test

The gas permeation testing rig is presented in Scheme 2. The gas
permeation performance of the dense mixed matrix membranes was
tested in a stainless steel flat sheet membrane permeation rig (effective
area of 9.6 cm?). Prior to the test, the thickness of the membrane was
measured using a micrometer. The membranes in this work had a
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Fig. 5. Single gas permeation results of the ZIF-8/Pebax membrane at elevated
pressure: (a) normalized CO, permeability, (b) normalized CH, permeability and (c)
normalized selectivity of CO,/CHy. Solid line: pressurization; dash line: depressurization.
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thickness of 50—-60 um. All gas permeation tests were carried out at
room temperature (between 23 and 25 °C), and the volumetric flow
rate of gas in permeate was measured by a bubble flowmeter. For
hollow fibre composite membranes, they were mounted in 4 stainless
steel membrane modules with an effective membrane area of 17 cm?.
The pure gas permeability was calculated according to Eq. (4) below:

P——Q xl

T AAp 4)

where P is the gas permeability, Q is the permeate volumetric flow rate
(mls™), Ap is pressure difference across the membrane (cmHg), A is
membrane surface area (cm?) and [ is membrane thickness (cm).

The ideal selectivity of membrane for a given gas pair was
determined from the ratio of the permeability of fast gas (A) to slow
gas (B) based on Eq. (5):

B

Py (%)

To investigate the influence of feed pressure on the membrane
permeation performance, the experiments were conducted by monitor-
ing the gas permeation under different feed pressure conditions. A
complete test for each membrane contained a pressurization phase and
a depressurization process phase. The tested pressured range was a 2—
25 bar for flat sheet membranes and 2-15bar for hollow fibre
membranes. The feed gas pressure was increased and decreased step
wisely. Under each pressure condition, the membrane was exposed to
feed gas for at least 1 h for sufficient equilibration and the permeability
of CO, was firstly tested followed by CH, measurement under the same
pressure condition, in order to understand the effect of the condensable
gas on the permeation behaviour of the non-condensable gas.

In the mixed gas permeation test, CO,/CH4 (20/80, v/v) gas
mixture was used as feed. The permeate composition was analysed
with a Shimadzu gas chromatograph (Shimadzu GC-2014) equipped
with a TCD detector and the mixed-gas permeability was calculated
using Eq. (6):

P Yy

I~ a(pXs— p,Ya) (6)

where p, and p,, are the pressures of feed and permeate, a is the

membrane area, and X and Y are the concentration in feed and

permeate side. The selectivity of membrane for mixed-gas was calcu-

lated by following Eq. (7):
Yu/Yp

P Xa — P, YA/ (0. X5 — p, Yp)

as=
B 7

In this work, the average of three gas permeation rate and
selectivity results was reported.

3. Results and discussions

3.1. Characterization and performance of the mixed matrix
membranes

3.1.1. Fabrication of ZIF-8 nanoparticles and mixed matrix
membranes

In order to understand the mixed matrix membrane performance,
two aspects need to be elucidated: dispersion of the particle fillers, and
interfacial compatibility between polymer matrix and fillers [15].
Generally, nano-sized particles can be better dispersed within a
polymer matrix, while the interfacial compatibility is determined by
the surface functional groups. In this work, the ZIF-8 nanoparticles
were in-house synthesized to mitigate the unwanted nanoparticle
aggregation. The TEM images of the as-synthesized ZIF-8 particles
are shown in Fig. 1a-b. They had rhombic dodecahedron morphology-
with a relatively minor agglomeration. Then the DLS particle sizer
result indicates the average size was 72 nm with a polydispersity of
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Fig. 6. Schematic representation of the polymeric structure of ZIF-8/Pebax mixed matrix membrane (plasticization is omitted for clarity).

0.17, which aligned the TEM images. Polydispersity is a dimensionless
index to show the particle size dispersion. Normally a sample with
polydispersity index lower than 0.05 can be regarded as highly
monodispersed. This parameter is calculated by Cumulant method
and given as %, where T’y is related to gamma average of diffusion

coefficient or the decay rate of the scattering light intensity and I'; is the
width of a probably distribution function of the diffusion coefficient
[39]. The polydispersity value in this work is automatically calculated
with the DLS software based on the obtained particle size distribution
data. Furthermore, the nitrogen adsorption-desorption isothermal test
shows the ZIF-8 nanoparticles had a BET surface area of 1,639 m2 g~!
and a BJH pore volume of 0.8 cm®g™, comparable to previous
research results [34,40]. These findings confirm the porous framework
structure of the prepared ZIF-8.

As shown in Fig. lc-f, the surface and cross-section of pure Pebax
membranes were smooth and continuous, and the ZIF-8 nanoparticles
were well dispersed in the mixed matrix membrane without significant
aggregation. However, the incorporation of 20 wt% ZIF-8 nanoparti-
cles introduced some defects at the ZIF-8/Pebax interface region. We
further conducted EDX tests on the membranes (Fig. S1). The clear Zn
signal from the mixed matrix membrane confirmed the presence of
ZIF-8 in the mixed matrix membrane, and the elemental mapping also
suggested the even distribution of the ZIF-8 within the membrane.

3.1.2. Characterization of the mixed matrix membranes

To understand the performance of the mixed matrix membrane,
comprehensive characterizations were carried out. Such information
will also bridge the knowledge gap between dense flat sheet membranes
and thin composite hollow fibre membranes. As discussed above, the
performance of a mixed matrix membrane can be determined by the
inherent properties of the organic matrix and the inorganic filler, as
well as the interfacial interactions. The incorporation of ZIF-8 in the
Pebax polymer can affect the polymer chain structure at the interfacial
region [9]. We applied the DSC analysis to determine the glass
transition (T,) temperature of the membranes, which further reflected
the degree of polymer chain flexibility [40,41]. For the pure Pebax
copolymer, it should contain two distinct T, for PEO (soft phase) and
PA (hard phase) respectively. Based on our previous research, the
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Pebax membrane fabricated with solvent evaporation technique had
distinct microphase separation [7]. However, for the Pebax-1657
applied in this work only the T, for PEO was detectable and the PA
signal was too weak. As shown in Table 1, with the addition of ZIF-8, T,
of PEO was relatively unchanged. The presence of ZIF-8 could restrain
the PEO chain movement at the interfacial region, but it may also
create microvoids. These two effects result in the insignificant change
in PEO chain flexibility after the incorporation of ZIF-8. The PEO T,
results here indicated a weak interaction between PEO section and ZIF-
8 [42].

As presented in Table 2, the incorporation of ZIF-8 particles clearly
reduced the membrane density and increased the fractional free
volume (FFV). This can be partially attributed to the highly porous
nature of the ZIF-8 nanoparticles. At the same time, it should be noted
that the theoretical density calculated based on the pure material
values was higher than the measured value: for example, the theoretical
density of 20 wt% ZIF-8/Pebax was 1.09 g/cm®, compared to the
0.96 g/m> of measured value. This observation confirmed the incor-
poration of ZIF-8 created extra microvoids within the mixed matrix
membrane, possibly due to the distortion of the original well-packed
polymer chain structure [40].

In this work, BET analysis results showed very low surface areas of
all membranes due to the dense-packed nature of the gas separation
membranes. Still, the incorporation of ZIF-8 as porous filler increased
the BET surface area of the membrane as shown in Table 2. However,
considering the ultrahigh BET surface area of the pure ZIF-8, the
incremental surface areas for the mixed matrix membranes were
relatively minor, indicating most ZIF-8 were buried within the polymer
matrix and barely accessible during the BET test.

The XRD patterns of the mixed matrix membrane can reflect the
polymer and the nanofillers crystal structures. The narrow peak with
high intensity represents the crystalline nature of the material, while
the broad peak indicates the material is amorphous. As shown in
Fig. 2a, the pure ZIF-8 had distinct peaks at 7.3°, 10.2°, 14.6° and
26.6°, which was in good agreement with the simulated and experi-
mental XRD patterns of ZIF-8 [40,43]. Furthermore, the size of ZIF-8
can be calculated based on Scherrer Eq. (8)



P.D. Sutrisna et al.

—e— Pure Pebax-1657
(@) Legend a-b -+ 10wt % ZIF-8/Pebax
—— 20wt % ZIF-8/Pebax

150
E)
g 120 % m
Q
2 90-
=
©
g 60- — s
2
S 30
(®)

0 T T T T

5 10 15 20 25 30
Mixed gas feed pressure (bar)

(b)

22
= i
£ 20
i3]
o 18-
(%)
<t
5 16-
\(\l
3 14

12 T T T T

5 10 15 20 25 30

Mixed gas feed pressure (bar)

Fig. 7. (a) CO, permeability and (b) CO,/CH, selectivity of Pebax-based membranes
with mixed gas.

KA
=
PcosO

®

where 7 is the mean size of the crystalline domains, K is the
dimensionless shape factor, A is the X-ray wavelength,  is the line
broadening at half the maximum intensity, and 6 is the Bragg angle.
The calculated ZIF-8 had an average crystalline domain size of ~80 nm,
which was in good agreement with previous DLS results.

The XRD patterns of the pure Pebax containing both rubbery PEO
and glassy PA phases (Fig. 2a) illustrated the distinct peak at 24.1°
(crystalline PA phases) and the broader peak ranging from 17.5° to
22.5° (amorphous phase or soft phase) [44]. For the mixed matrix
membranes (Fig. 2b), the ZIF-8 pattern was relatively unchanged,
indicating that the crystalline structure was preserved. On the other
hand, with the increase of ZIF-8 loading the crystalline, PA peak
became more obvious accompanied with the loss of amorphous peaks
(PEO section). In addition, the XRD pattern also suggested the ZIF-8
within Pebax polymers had no preferred orientation.

We further calculated the membrane crystallinity from both DSC
and XRD results. From the DSC results, the crystallinity (Xc) in both
soft and hard phase was estimated using the Eq. (8):

_AH,
AH,

c

8

where the melting enthalpy (AHm) was estimated from the area of the
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melting peak in the DSC curves, and the melting enthalpy of the pure
crystalline phase (AH°m) of PEO was 166.4 J/g and PA was 230 J/g,
which was adapted from literature [45,46]. The membrane crystallinity
from XRD analysis was calculated by taking the ratio of the area of the
crystalline region and the total area of crystalline and amorphous
region on the XRD patterns.

From Table 1, the degree of crystallinities derived from DSC and
XRD analysis were comparable. The degree of crystallinity of pure
Pebax membrane was around 16—17%. After the incorporation of the
ZIF-8 particle, the crystallinity of both PEO and PA phases increased
simultaneously.

The addition of ZIF-8 disrupted the original interchain hydrogen
bonds with the polymer matrix. At the same time, it led to the
formation of new secondary chemical bonding at the interfacial region
[47]. Based on our previous research, the fabricated Pebax-1657 flat
sheet membrane contained distinct hard and soft domains due to the
microphase separation: the hard domains had a rod-like shape with a
length of ~100 nm, interspaced with flexible amorphous soft phase
(Fig. 3a) [7]. Considering their comparable dimensions, the hard
domain (PA section) could have intimate contact with the added ZIF-
8 in this work (80 nm in diameter), which further facilitated the
formation of extra hydrogen bonds between aldehyde groups (PA)
and methyl groups (ZIF-8), methyl protons of 2-methylimidazole and
amide carbon, as well as between the N-H groups (PA) and N atoms on
imidazole rings (ZIF-8) [48,49]. The rigid PA and ZIF-8, together with
the extra hydrogen bonds, could stabilize the composite polymer/ZIF-8
structure. However, this would also reduce the original packing density
of the amorphous PEO section, leading to a weaker internal interaction
within the PEO chains and increased free volume within the mixed
matrix membranes (Fig. 3b-c).

FT-IR analysis was conducted to further investigate the formation
of hydrogen bonds between ZIF-8 particles and Pebax polymer chains.
The spectra are presented in Fig. 3d-f. For the pure Pebax membrane,
the distinct peak at around 1094 cm™ is attributed to the stretching
vibration of C-O-C group within the PEO segment. The polyamide
block in Pebax-1657 shows relatively sharp peaks at around 3297,
1636 and 1730 cm ™. These three peaks are attributed to the -N-H-, H-
N-C=0 and O-C=0 groups in the hard polyamide segment [50,51]. The
incorporation of ZIF-8 particles into polymer matrix leads to the shift
in peak wavenumber for -N-H-, H-N-C=0 and O-C=0 groups (Fig. 3e-
f). The peak shifts for the functional groups in hard segment of Pebax
confirm the formation of hydrogen bonds between ZIF-8 and poly-
amide segment, and similar phenomenon has been observed for Pebax
and UiOge-NH»> mixed matrix membranes [50]. In comparison, the
PEO peak is relatively unchanged for the mixed matrix membranes,
indicating the relatively weak interactions between ZIF-8 and PEO
sections. Such an observation aligns the previous DSC results.

3.1.3. Gas separation performance of ZIF-8/Pebax mixed matrix
membrane

Gas permeability of the mixed matrix membranes was significantly
higher than the pure Pebax benchmark, but it was accompanied with
the slight loss of selectivity (Fig. 4, Table 3 and Fig. S2). Specifically, for
the pure Pebax benchmark the CO, permeability was much higher than
the other tested gases, which could be attributed to the rubbery PEO
block in Pebax having a strong affinity to the polar gas (CO,) over the
non-polar gases (N,, O, and CHy) [52]. After the incorporation of ZIF-
8, its selective adsorption of CO, onto the organic ligands improved the
dissolution of CO, in the mixed matrix membranes (Fig. S3) [40]. On
the other hand, as discussed previously, the presence of ZIF-8 created
extra micro-voids at the interface, and it has been reported that the
flexible structure of ZIF-8 could form non-selective flow channels for
CO> and N5[40,53]. These contradicting effects led to the higher
permeability and lower selectivity for the mixed matrix membranes.
As presented above, the mixed matrix membranes had significantly
higher FFV compared with the pure Pebax benchmark (Table 2).
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Fig. 8. Cross-sectional SEM images of (a) pristine PVDF, (b) PTMSP coated membrane, composite membranes with (c) pure Pebax, (d) 10 wt% ZIF-8/Pebax selective layer, (e) 20 wt%

ZIF-8/Pebax selective layer, and (f) 30 wt% ZIF-8/Pebax selective layer.

However, their selectivity loss was relatively minor (~15%). The
derivation between permeability and the free volume suggests the
interaction between polar gas and PEO groups still dominated the gas
transport through the mixed matrix membranes.

3.2. High-pressure performance of the ZIF-8/Pebax mixed matrix
membrane

3.2.1. High-pressure pure gas test

Polymeric membrane plasticization is a challenging issue for the
glassy polymer materials. However, the performance of Pebax-based
membranes under an elevated pressure have not been fully elucidated
[54]. In this work, we exposed the Pebax-based membranes to a
complete pressurization-depressurization cycle (up to 25 bar) to in-
vestigate the effect of high-pressure feed on the membrane perfor-
mance. In addition, we also investigated the CH, permeation rate upon
the completion of CO, permeation under each pressure condition.

As shown in Fig. 5a, the CO, gas permeation results suggested a
different behaviour of the phase separated copolymer membranes
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compared with the glassy polymer membranes [41,55,56]. Within the
tested pressure range, the CO, permeability decreased with higher CO,
feed pressure for both pure Pebax and ZIF-8/Pebax mixed matrix
membranes. The most significant decrease was observed with the pure
Pebax membrane, and the addition of ZIF-8 reduced the loss of CO»
permeability under high feed pressure. As the transport of gas through
the Pebax membrane occurred mainly through the soft phase segments
[7,52], the effect of pressure on the gas permeability can be rationalized
by the competing effects of hydrostatic pressure and plasticization:
although more CO, was absorbed with higher feed pressure, the
membrane free volume was also reduced due to the compaction effect
[7,52]. In addition, the Pebax-based flat sheet membranes in this work
did not show significant plasticization under up to 25 bar of CO, and
further depressurization process fully resumed the CO, permeability
for all tested membranes, indicating the reversible compaction beha-
viour of the membranes.

Polymer chain compaction under high pressure also influenced the
permeability of CH,4. As presented in Fig. 5b, the increased feed
pressure led to a lower CH4 permeability. In terms of the ideal CO»/
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Fig. 9. EDX line scan of Zn element along the cross-sectional direction of ZIF-8/Pebax-
1657 composite membranes.

Pure PVDF
owt % ZIF-8
10wt % ZIF-8
20wt % ZIF-8
30wt % ZIF-8

Intensity (a.u.)

10 15 20 25 30 35
20 (degree)

Fig. 10. XRD spectra of Pure PVDF and composite membranes with various ZIF-8
loadings.

CH, selectivity, the selectivity for pure Pebax reduced to 85% of its
original level at 25 bar while for the mixed matrix membranes the
selectivity was relatively stable (Fig. 5¢), and the selectivity can be fully
recovered at the end of the depressurization phase. A schematic model
representing the effect of compaction on polymer structure is shown in
Fig. 6. As a block copolymer, Pebax is built from soft PEO and hard PA
phases. Based on the XRD results (Fig. 2), the formation of hydrogen
bonds between PA and ZIF-8 rigidified the glassy PA section. Together
with its good mechanical properties, the incorporation of ZIF-8
improved the polymer structural stability especially under high pres-
sure.

3.2.2. High-pressure mixed gas test

The membrane permeation behaviour with the mixed gas can be
different from the pure gas due to the competitive sorption and the
concentration polarization [10,57,58]. In this work, the high-pressure
permeation tests with mixed gas (20/80, CO,/CH,) were conducted to
simulate the industrial natural gas sweetening process, and up to
25 bar of feed pressure was applied. The membranes were exposed to
the mixed gas for 1h at each pressure prior to the permeation data
collection.
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Fig. 11. CO, gas permeance and gas selectivity of ZIF-8/Pebax-1657 based hollow fibre
composite membranes (pure gas selectivity is represented by solid line and mixed gases
selectivity is represented by dash line).

The membrane performance with mixed gas is presented in Fig. 7.
The CO, permeability for all tested membranes were slightly lower
compared with the pure gas results (Fig. 7a). Similarly, with the
increase of feed pressure, reduced permeability was observed due to
the competitive sorption and the polymer chain compaction [59]. No
significant plasticization of the Pebax-based membranes was observed
within the tested pressure range.

In terms of the selectivity (Fig. 7b), with the increase of feed
pressure, a significant reduction of CO,/CH, selectivity was observed
with the pure Pebax membrane. In comparison, the selectivity for the
mixed matrix membranes was relatively unchanged. This observation
aligned previous pure gas results, and the more stable selectivity for the
mixed matrix membranes could be attributed to higher diffusion rate of
CO, over CH,4 within the ZIF-8 structure, the CO5 adsorption near the
pore aperture of ZIF-8 hindered the CH, diffusion through the crystal,
as well as more rigid polymer chains as presented above [40,41].

3.3. ZIF-8/Pebax hollow fibre composite membranes

The mixed matrix membranes that combine metal organic frame-
work and polymer matrix showed a good potential of efficient gas
separation under elevated pressure. For industrial application, a
composite hollow fibre membrane with a thin selective layer is
preferable due to their higher practical permeation rate and easier
scale-up. However, the behaviour of the thin composite layer under
high pressure feed gas condition has not been fully understood. In this
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work, we pre-coated the PVDF membrane with a gutter layer of highly
permeable polymer. This smooth gutter layer can prevent the intrusion
of Pebax into supportive membrane pores, ensuring a thin and
continuous selective layer [4]. Both PDMS and PTMSP gutter layers
were compared (Table S1), and PTMSP clearly had higher permeance
and selectivity. As a result, except where otherwise noted, composite
membranes with PTMSP gutter were used for the subsequent tests.

3.3.1. Morphology of composite membrane
As shown in Fig. 8, the PTMSP gutter layer thickness was around
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7 um. Subsequently, the deposition of Pebax selective and protective
layer increased the whole coating layer thickness by ~1.5 pm. However,
it is difficult to precisely determine the Pebax layer thickness due to the
lack of a distinct interface between PTMSP and Pebax layers. This
suggested that during the Pebax dip-coating process, the PTMSP gutter
layer was partially re-dissolved by solvent, which led to stronger
adhesion between the Pebax and the PTMSP layers, and was beneficial
for the composite membrane stability. This observation was in agree-
ment with other researches on composite membranes [4,25].

The membrane surface roughness increased with higher ZIF-8
loading in the thin Pebax layer, indicating the formation of particle
aggregation (Fig. 8d-f). The coating layer thickness was relatively
unchanged for Pebax with different ZIF-8 loadings. Further EDX line
scan graph shows the Zn distribution from inner to outer side of the
membrane (Fig. 9), and the distribution profiles aligned the SEM
images that the selective layer was around 1.5 pm in thickness.

3.3.2. Crystallinity and thermal properties of composite membranes

The XRD spectra of the as-synthesized ZIF-8 particle, pure PVDF
porous support and nanocomposite membrane with various ZIF-8
particles loadings are presented in Fig. 10. The XRD pattern of PVDF
support shows an obvious peak at 260=21°, indicating that the PVDF
substrate was in its semi-crystalline phase [60]. In terms of the
composite membrane with pure Pebax, the signature peak at 10° can
be assigned to the glassy PTMSP gutter layer [31]. However, the peak
of glassy PA in Pebax was not detectable, possibly due to the Pebax
coating amount was relatively small. In terms of the composite
membranes containing ZIF-8, the original crystallinity of ZIF-8 was
well preserved, and peak intensity increased with higher ZIF-8 loading.

We further conducted the DSC analysis to investigate the effect of
ZIF-8 on the thermal properties of the composite membranes.
However, the DSC patterns of the composite membrane were relatively
unchanged compared with the pure PVDF benchmark (Fig. S4),
indicating the characterization technique was not sensitive enough to
detect the thermal properties of the thin coating layer.

3.3.3. Gas separation performance of ZIF-8/Pebax hollow fibre
composite membrane

Gas separation tests of the ZIF-8/Pebax-based composite mem-
brane was carried out with both pure gas and mixed gas at room
temperature with 2 bar feed pressure. Based on the flat sheet mem-
brane results, the incorporation of ZIF-8 nanoparticles significantly
improved the gas permeability while only led to a marginal loss of the
selectivity (Section 3.1.3). Similar gas separation results were also
observed with the composite membranes as shown in Fig. 11, and
permeation flow rates for the composite membrane were significantly
higher than the thick flat sheet membranes (Fig. S2). As discussed
above, the incorporation of ZIF-8 increased the FFV for the dense
membranes (Table 2), and a strong interaction was observed between
ZIF-8 and glassy PA section (XRD results in Fig. 2). Both aspects could
lead to the formation of defects within the thin composite selective
layer. However, based on the gas permeation results, the microvoids at
the ZIF-8/Pebax interfacial region were still relatively minor and non-
continuous, even with the highest ZIF-8 loading in this work (30 wt%).
This observation was especially preferable for the scale-up of the
composite hollow fibre membrane, due to the ease of minimizing
defects. In addition, the composite membranes had comparable
performance with both pure and mixed feed gas: the adsorption of
polar gas (CO,) onto ZIF-8 prevented the permeation of CH4 and N,
which was beneficial to the membrane selectivity [40]. This observation
suggested the good potential of the composite membrane for practical
application. In addition, we also fabricated the composite membrane
with PDMS gutter, but their permeance and selectivity were both lower
compared with PTMSP counterparts, indicating the poor compatibility
between Pebax and PDMS gutter layer (Table S2).
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Fig. 13. Schematic representation of the plasticization of the composite membrane selective layer (compaction is omitted for clarity).
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Fig. 14. Operational stability of ZIF-8/Pebax hollow fibre composite membrane: (a) CO»
gas permeance and (b) CO»/N> gas selectivity.

3.3.4. Gas  separation  performance  with  pressurization-
depressurization steps

A highly efficient membrane with good plasticization/compaction
resistance can be a promising candidate for high-pressure natural gas
sweetening and hydrogen purification, as CO, can be directly removed

from the high-pressure feed, which does not require the re-pressuriza-
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tion of the purified CH,4 or H, [61-63]. However, most thin composite
membranes have only been investigated under relatively low pressure
[22,27,64,65]. Compared with the dense flat sheet membrane, the thin
composite membrane could be more susceptible to the pressure-
induced plasticization/compaction effect due to their relatively inferior
mechanical properties. In this work, we investigated the performance
of composite hollow fibre membrane under elevated pressure condi-
tions (equilibrium time of 1 h under each pressure condition). It should
be noted that the highest pressure tested was 15 bar, as further
increase the feed pressure led to the collapse of the supporting PVDF
membrane. In terms of the pure Pebax-coated membrane (Fig. 12a), a
pressure-induced compaction effect was observed: high feed pressure
led to the loss of CO, permeation rate, and after the depressurization
cycle only partial of the original CO, permeation rate was recovered.
Together with the loss of CO,/CH, selectivity at the end of the test
(Fig. 12b-c), these results indicated the pressurization-depressurization
cycle led to plasticization and irreversible compaction. As demon-
strated in the Section 3.1.3, the gas permeation through Pebax was
dominated by the rubbery PEO section. However, the condensation of
CO- on the glassy PA section increased the glassy chain mobility and
led to lower selectivity for the thin Pebax layer [7].

On the other hand, the incorporation of ZIF-8 nanoparticles helped
to reduce the plasticization/compaction effect. The permeation rate
and selectivity were more stable within the whole tested pressure range
(Fig. 12). Based on our previous discussion (Section 3.1.2), the strong
interaction between ZIF-8 and glassy PA section improved the struc-
tural stability of the Pebax layer, leading to improved compaction
resistance. At the same time, the hydrogen bonds between ZIF-8 and
PA occupied the CO, adsorptive sites on the PA chains (polar
functional groups like C=0 and C-N-C), and the hydrogen bond
provided extra support which improved the swelling resistance of the
PA chains. In addition, the ZIF-8 framework structure also provided
high CO, absorptive capacity. All these factors suppressed the CO»-
induced plasticization for the PA chains (Fig. 13).

3.3.5. Long-term stability of ZIF-8/Pebax based composite hollow
fibre membrane

Lastly, we investigated the stability of the composite membrane.
PTMSP was used as a gutter layer for the composite membrane, and
one major concern is its aging. The gradual relaxation of the non-
equilibrium porous glassy polymer chains can lead to a significant loss
of the permeance. For example, 80% of the CO, permeance can be lost
for a thin PTMSP coating layer within 14 days [4]. Furthermore, it has
been demonstrated that the PTMSP aging can be progressively
accelerated with the decrease of its thickness [66]. In this work, the
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composite membrane performance was relatively stable for 15 days
(Fig. 14), indicating the PTMSP aging was negligible. In comparison,
the membrane with bare PTMSP gutter layer experienced over 22%
loss of CO, permeance within the same time (results not shown). As
shown in Fig. 8, the Pebax coating layer was partially permeated into
the PTMSP gutter layer, indicating their polymer chains could be
intertwined, which stabilized the non-equilibrium PTMSP structure.
This could provide a facile approach to mitigate the aging of the highly
porous glassy polymers and facilitate the large-scale membrane
fabrication. The detailed PTMSP anti-aging mechanism within the
composite membrane is beyond the scope of the current work and will
be investigated in our subsequent studies.

4. Conclusions

In this work, ZIF-8/Pebax-1657 based dense flat sheet mixed
matrix membranes and hollow fibre composite membranes were
fabricated and examined. The addition of ZIF-8 into the Pebax matrix
improved the gas permeance for all membranes, accompanied with
only slightly loss of gas selectivity. The flat sheet membrane character-
ization results indicated the formation of hydrogen bonds between 2-
methylimidazole and PA section, which improved the rigidity of the
whole ZIF-8/Pebax structure. As a result, the improved compaction/
plasticization resistance was observed with both flat sheet and hollow
membranes based on the complete pressurization-depressurization
test. In addition, the long-term operational performance of the
composite membrane suggested the ZIF-8/Pebax coating layer could
stabilize the highly porous glassy PTMSP gutter layer structure. This
work bridged the knowledge gap between flat sheet membrane
characterization results and hollow fibre composite membrane perfor-
mance, and the ZIF-8/Pebax based hollow fibre composite membrane
could be a potential candidate for industrial application due to its good
operational stability. But this is subject to further investigation of the
membrane performance under harsh industrial gas separation condi-
tions (such as the presence of SO, NOy, and water vapour).
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