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State-of-the-art gas separation membrane technologies combine the properties of polymers and other
materials, such as metal-organic frameworks to yield mixed matrix membranes (MMM). Although, these
membranes display an enhanced gas separation performance, when compared to pure polymer
membranes; major challenges remain in their structure including, surface defects, uneven filler
dispersion and incompatibility of constituting materials. Therefore, to avoid these structural issues posed
by today's membrane manufacturing methodologies, we employed electrohydrodynamic emission and
solution casting as a hybrid membrane manufacturing method, to produce ZIF-67/cellulose acetate
asymmetric membranes with improved gas permeability and selectivity for CO,/N,, CO,/CHy, and O,/
Nz. Rigorous molecular simulations were used to reveal the key ZIF-67/cellulose acetate interfacial

phenomena (e.g., higher density, chain rigidity, etc.) that must be considered when engineering optimum
Received 13th February 2023 it b | ticul d trated that th tri fi i fectivel
Accepted 28th April 2023 composite membranes. In particular, we demonstrate at the asymmetric configuration effectively
leverages these interfacial features to generate membranes superior to MMM. These insights coupled

DOI: 10.1039/d3ra00995e with the proposed manufacturing technique can accelerate the deployment of membranes in
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1 Introduction

The many advantages of membranes used for separation
processes have led to its emergence as the preferred gas separa-
tion technique. Membranes are thin barriers that allow certain
gas species to permeate through, while restricting others. These
barriers display physicochemical properties that can be used for
gas separation, including differences in gas solubility and diffu-
sivity, a wide range of molecular pore sizes, and diverse gas
adsorption affinities. Today, the most common materials
exploited for gas separation are polymers, as they can be pro-
cessed to attain large surface areas required for large scale
processes. Unfortunately, polymers suffer from a trade-off
between their gas selectivity and permeability.' To circumvent
this issue, membrane research has focused on developing novel
composite materials (e.g,, asymmetric and mixed matrix
membranes (MMM)) formed by a polymeric matrix containing
disperse fillers that can help at sieving/adsorbing molecules or
increasing the effective diffusivity of certain gases.>® Historically,
most fillers have been micro-/nano-inorganic particles; however,
the use of metal-organic frameworks (MOFs) has skyrocketed in
the last two decades. MOFs are metal ions coordinated to organic
ligands, which create frameworks with tunable pore sizes. Due to
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sustainable processes such as carbon capture, hydrogen production, and natural gas upgrading.

their properties, these highly porous structures are considered “A
Material to Save the World”.* According to the Web of Science,
there are ~7000 scientific papers related to polymers and
membranes for gas separation, >40% of these are on MMM, and
~1000 contain MOFs. Even so, as described by Beuscher et al.,’
“[...] research in membrane separation has focused on devel-
oping better membrane materials, yet very few of these materials
are being used in commercial applications”.

There are various composite membrane manufacturing
methods, namely (i) physical blending, (ii) sol-gel, and (iii)
infiltration.*® For instance, the literature has shown many
examples where MMM are fabricated via “physical blending”,
where the polymers and MOFs are mixed and dispersed all
together. Although, membranes manufactured in this manner
have displayed reasonable separation performance; there are
various challenges encountered, including filler agglomeration,
filler size and interfacial morphology (e.g., interface voids,
sieves-in-a cage or a rigidified polymer layer around the
fillers).”*® Moreover, blending polymers with MOFs in solution
remains an issue due to solvent compatibility and the possi-
bility of the degradation of the MOFs supramolecular structure.
The “sol-gel method” has displayed some advantages over
physical blending;”** nevertheless, the range of applicable filler
materials is comparatively narrow. For example, the center
atoms of sol-gel precursors are limited to silicon and metal,
nonetheless, precursors for carbon materials are rarely avail-
able. Additionally, the difficulty of synthesizing fillers in situ
with multi-scale structures and multiple functionalities

© 2023 The Author(s). Published by the Royal Society of Chemistry
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remains a challenge. These issues make this technique non-
feasible for large scale membrane fabrication.” Furthermore,
the “infiltration method” consists of a strategy where the filler is
synthesized after membrane formation. In this method, the
precursor of the filler is permitted to infiltrate into a swollen or
nano-porous polymeric membrane, thereafter the composite
membrane is obtained by in situ filler growth and polymer
curing.”” The limitation exhibited by this method is that the
diffusion resistance along the narrow channels in the polymer
matrix impedes the uniform distribution of the precursors.
Hence, leading to a concentration gradient between the
membrane surface and the inner center, which results to the
enrichment of the fillers on the surface without any control
during the process.”"

To circumvent the challenges posed by today's membrane
manufacturing methodologies, we propose to use electro-
hydrodynamic emission (EHE) as a technique to produce well
dispersed, and stable MOF/polymer asymmetric membranes for
gas separation. The EHE possesses a unique characteristic that
enables controlling the dispersion, particle size distribution,
supramolecular structure of crystals, surface topography,
morphology, thickness, and other functional properties that
determine membrane performance.”® EHE has the potential to
deliver membranes at reduced costs, enhanced speed, quality,
and consistency.™ In one study, Chowdhury et al. reported the
capacity of EHE to control membrane thickness and smooth-
ness using M-phenylenediamine (MPD) and 1,3,5-benzene-
tricarbonyl trichloride (TMC). The molar concentration of the
MPD and TMC was held at a constant ratio of 4:1. They ob-
tained composite membranes with thickness as low as 15 nm by
electrospraying monomers (MPD and TMC) directly onto
a substrate, where they reacted to form polyamide.'* Likewise,
some other authors employed the EHE method for the fabri-
cation of thin size composite membranes, thin films, and
nanoparticles. However, most of the reported application of
EHE for composite membrane fabrication was in the form of
MMM, whereby the MOFs was mixed with the polymer solution
and then electrospun.'®’

In this work, a new MOF printing methodology is proposed,
leveraging EHE as a manufacturing technology, to fabricate
asymmetric membranes. Asymmetric membranes are aniso-
tropic structures consisting of a support and separation layer
with distinct properties, such as permeability and morphology.
The properties of either the support or selective layer can be
modified or optimized independently without significantly
increasing the overall membrane cost.'* Asymmetric
membranes are operated with a selective layer exhibiting suffi-
cient mechanical strength, dense surface and largest pores facing
upstream. Here, we studied ZIF-67/CA membrane system via
molecular simulations to demonstrate the advantageous features
of the asymmetric configuration and simultaneously elucidating
- at a molecular level - their gas separation mechanism.

2 Methodology

This work shows the development of a cellulose acetate (CA)-
zeolitic imidazolate framework 67 (ZIF-67) membrane for the
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separation of CO, from natural gas, and N, from air. CA was
chosen due to its commercial membrane fabrication relevance*
and its excellent CO, solubility.”* ZIF-67 was chosen because it
has high affinity for CO,, exhibits large surface area and
porosity,” adjustable pore sizes and possibilities for surface
property functionalization. More so, it is characterized with
a flexible framework, low densities (0.2-1 g cm?), and signifi-
cant thermal/chemical stability*® in addition to the presence of
organic ligands in their structure which enhances affinity and
adhesion with polymers and other organic materials.>
Furthermore, ZIF-67 possesses a pore size of 0.34 nm, which
falls between the kinetic diameter (d) of CO, (0.33 nm) and
larger molecules such as N, (0.364 nm) and CH, (0.38 nm).>>*®
The experimental conditions and parameters employed in this
study were chosen based on trial-and-error experiments, as well
as recommendations derived from the literature.

2.1 Materials

Acetone, N,N-dimethylacetamide (DMAc) and cellulose acetate
(CA) with 39.85% acetyl content and number-average molecular
weight of 3.0 x 10* Da were supplied by Aldrich Chemical Co.
Inc. in a fine, dry, and free-flowing powder form. Cobalt nitrate
hexahydrate (Co(NO3),-6H,0, 99% purity), 2-methylimidazole
(MeIm, 99% purity), methanol (CH;OH, analytical reagent), and
deionized water were purchased from Merck. All materials were
used without further purification or treatment.

2.2 CA membrane fabrication

The solution casting method was used for the fabrication of the
CA membrane. The preparation of the dope CA solution, which
included solvent mixture ratio, temperature, stirring time, and
wait-on time; the parameters were drawn from several studies,
including Febriasari et al. 2021, Omollo et al. 2014, Ahmad et al.
2014, and Liu et al. 2002.”7*° The CA dope solution was prepared
by dissolving 15 wt% in a solvent containing acetone and DMAc
in a 2 : 1 ratio. The solution was homogenized in a round sealed
glass container by stirring for 24 h, until a clear solution was
observed. The solution was kept for 12 h to remove all possible
air bubbles. The CA solution was cast and kept for 24 h under
atmospheric temperature before placing the formed layer in
a heated oven at 130 °C overnight, as shown in Fig. S1.f To
determine the critical concentration of CA reported in this
study, various concentrations of CA (ranging from 5 to 25 wt%)
were fabricated, characterized, and subjected to gas permeation
studies for optimization.

2.3 ZIF-67 synthesis

ZIF-67 crystals were fabricated following the procedure reported
by Feng et al. 2020.** Cobalt nitrate hexahydrate (Co(NOs),)-
6H,0 (1.0 g) and polyvinylpyrrolidone PVP (0.85 g) were dis-
solved in a solution containing 60 mL methanol to form solu-
tion A. Afterwards, 4.0 g of 2-methylimidazole (MeIm; C,HgN5)
was dissolved in another solution containing 60 mL of meth-
anol to form solution B. Then solution B was poured into
solution A under continuous stirring for 10 minutes for
homogenization and aged for 24 h at room temperature. The
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resultant precipitates were centrifuged for collection and
washed with methanol six times. Finally, the ZIF-67 particles
with size of 340 nm were vacuum-dried at 100 °C for 24 h.

2.4 ZIF-67/CA membrane fabrication

The ZIF-67 solution was prepared by dispersing 50 mg of the
synthesized ZIF-67 particles in 6 g of DMAc and homogenized
by continuously stirring for several hours to produce a ZIF-67
suspension. CA equivalent to 1 wt% of the ZIF-67 particles
was added to the ZIF-67 suspension and homogenized. CA was
used as glue for the ZIF-67 particles, thereby improving the ZIF-
67/CA compatibility. The ZIF-67 suspension was then ultra-
sonicated for 30 min in a water bath to ensure proper disper-
sion. Subsequently, the suspension was loaded into a syringe
with an internal diameter of 5.19 mm, mounted on a precision
syringe pump that was used to regulate the feed rate during
electrospraying (see Fig. 1). The grounded electrode from high
voltage power supply is intended to generate a potential
difference between the nozzle tip and the collector. The Taylor
cone nozzle tip was positioned at 8 cm from the collector, and
the ZIF-67 suspension was electrosprayed at a constant flowrate
of 0.015 mL min~" and a voltage of 10-12 kV. Once the elec-
trosprayed ZIF-67 is uniformly distributed on the collector, CA
solution was casted on top of the ultrathin ZIF film. The
asymmetric membrane was left in the collector at controlled
humidity and temperature for 24 h to allow evaporation.
Thereafter, the asymmetric ZIF-67/CA membrane was peeled off
from the collector to obtain a typical free-standing membrane.
Finally, the membrane was placed in a vacuum oven at 130 °C
overnight to completely evaporate any remaining solvent. For
comparison, mixed matrix membranes (MMM) were fabricated
by adding 4.10 wt% of ZIF-67 into a solution which is made up
of acetone and DMAc in a 2:1 ratio. The solution was then
mixed and sonicated for 3 h. Thereafter, 15 wt% of CA was
added in three different batches, with each addition followed
mixing, then sonication. Afterwards, the solution was kept
overnight for homogenization, and subsequently sonicated. For
deaeration, the ZIF-67/CA solution was kept for 12 h prior to
casting. After casting, the cast solution was left under
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atmospheric temperature for 24 h. Thereafter, the fabricated
ZIF-67/CA MMM was placed in a heat oven and heated overnight
at 130 °C.

2.5 Characterization

2.5.1 X-ray diffraction (XRD). The crystalline properties of
the synthesized ZIF-67 MOF, the pristine CA polymeric
membrane and the ZIF-67/CA asymmetric membrane, were
measured using powder X-ray diffraction. The crystallinity and
solid phase structure of the samples were recorded at room
temperature on a Bruker D2 PHASER diffractometer operated at
40 kV and 40 mA using CuKa radiation with wavelength (1) =
1.54059 A. XRD scans were made from 5° to 50° 2-theta with
a step size of 0.02° and a scan speed of 0.2 second per step.

2.5.2 Thermogravimetric analysis. Thermal gravimetric
analysis (TGA) measurements were performed to determine the
thermal stability of the synthesized ZIF-67 MOF and CA polymer
using a Setaram Setsys Evolution 16 TGA. Prior to the analysis,
the samples were dehydrated and degassed for 24 h under
vacuum at 80 °C. Then, approximately 10 mg sample of each
were introduced into an alumina crucible and heated under
argon atmosphere from 20 °C to 800 °C at a ramp-up rate of 10 ©
C min ",

2.5.3 FT-IR analysis. Fourier Transform Infrared Spectros-
copy (FTIR, Spectrum 100™ PerkinElmer USA), packaged with
total reflectance cell ranging from 4000 cm™" to 650 cm ™" was
used to analyze the chemical structure and obtain the func-
tional group details of the pristine CA membrane, the as-
synthesized ZIF-67 and the fabricated ZIF-67/CA asymmetric
membrane. Prior to testing the samples, a background scan was
run in transmission mode at a spectra resolution of 4 cm™* and
the spectra was recorded for the total reflectance cell range.

2.5.4 SEM-EDX analysis. The morphology of the synthe-
sized ZIF-67, CA polymer and fabricated ZIF-67/CA asymmetric
membrane were determined using a variable pressure Scanning
Electron Microscopy SEM (SU3900, Hitachi, Japan), incorpo-
rated with energy-dispersive X-ray spectroscopy (EDX). The
respective sample morphology was analysed by capturing the
surface, as well as the cross-sectional SEM images.

Collector

Electrospraying nozzle
with Taylor cone

ZIF-67 solution =

P 1
Ground electrode OWer Supply

CA solution casting

Collector placed on casting
machine for CA solution
casting

ZIF-67/CA membrane
kept overnight for drying

Fig. 1 Schematic procedure of ZIF-67/CA asymmetric membrane fabrication.
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2.5.5 Gas sorption analysis. The gas sorption of the ZIF-67
nanoparticles was analyzed by examining its surface area and
pore size distributions with nitrogen adsorption and desorption
at 77 K using a Micromeritics 3Flex 3500, USA volumetric gas
sorption analysis system. The Brunauer-Emmett-Teller (BET)
method was applied for specific surface area calculation using
regression analysis based on relative pressure data from 0 to 1.0,
following the manufacturer's guidelines.

2.5.6 Gas permeation tests. The permeation measurement
of the fabricated membrane was done using the constant-
volume/variable-pressure technique with a time-lag apparatus.
The permeability of the single gases (CO,, CHy, N, and O,) was
measured at 25 °C, at feed pressure of 1 bar gauge. The sche-
matic diagram of the experimental setup is shown in Fig. S2.f
The measurement was repeated multiple times to validate the
reproducibility of the results, and the final data was recorded
after a steady state was attained. The gas permeability coeffi-
cient (P in barrer) was calculated from the slope along the
steady-state regions by applying eqn (1). The ideal selectivity for
binary gas pairs of A and B was determined from eqn (2).

10
P 273.15 x 10 Vi (dp (1)
760 ATAp \ dr
Pa
== 2
OAB Py ( )

where P is the permeability represented in barrer (1 barrer =
10 '% [em*(STP) cm]/(cm?® s emyy)); V (em?) is the permeate
volume; [ (cm) is the membrane thickness; A (cm?) is the
effective membrane area; T (K) is the operating temperature (K);
Ap (cmyy) the pressure difference between the injection and the
permeate sides; dp/dt is the steady state rate of pressure rise. Py
and Py are the permeability coefficient of gases A and B,
respectively. The more permeable gas is taken by default as the
gas A, as such, axg > 1.

2.6 Molecular simulations

Structures of ZIF-67 were generated from crystallographic data,
derived from X-ray diffraction. Bulk and slab systems of ZIF
were built accordingly, using METADISE.>* Recent studies to
determine force field terms of ZIF-67 were used in this model,**
and the TraPPE force field** was implemented to model pene-
trating gas molecules. In generating the composite ZIF-67/CA
system, 37 polymer chains were packed into a lengthened
simulation cell containing a ZIF-67 slab. The generation and
equilibration of polymer, ZIF and composite systems are
detailed in the ESIL.} The open-source molecular dynamics (MD)
package, GROMACS was used to perform MD simulations.**"”
Free volume calculations were performed by extracting the
configurational output of MD simulations and using the SCAN
function of DL_MONTE,*® to perform systematic grand canon-
ical Monte Carlo insertions of a hydrogen probe molecule at
regular intervals throughout the simulation cell. The calcula-
tion of density, dihedral distribution, free volume, radius of
gyration, radial distribution function, radii of gyration of CA
molecules are described in detail in the ESL}

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3 Results and discussion
3.1 Structural and supramolecular analysis

Fig. 2 shows the powder X-ray diffraction pattern of the
synthesized ZIF-67 particles, pristine CA and 4.10 wt% ZIF-67/
CA asymmetric membrane. The XRD spectra of the ZIF-67
produced in this work resembles those reported in the litera-
ture,* suggesting that the supramolecular structure of the ZIF-
67 was successfully synthesized. The main peaks, assigned to
the crystal faces, were observed at 7.28°, 10.38°, 12.66°, 17.87°
and 32.87°. The intensity of the peaks at 7.32° and 10.38°
indicates that the growth of ZIF-67 particle crystal-faces is
high.**** The free volume of the synthesized ZIF-67 MOF was
analyzed using low-pressure gas adsorption (N,) at a tempera-
ture of —195.615 °C with BET surface area of 1311 m” g "
(Fig. S37).

The XRD pattern of the pristine CA shows an amorphous
curve as indicated by the broad diffraction peaks in Fig. 2. This
curve is characteristic to non-crystalline natural polymers. The
CA spectra shows no prominent crystalline reflection peaks,
which verifies its characteristic amorphous structure and agrees
with the characteristic peaks of pristine CA previously reported
in the literature.”**"*> The asymmetric membrane of ZIF-67/CA
shows an XRD curve that mirrors the characteristic peaks of ZIF-
67 at 2-theta values of 7.28°, 10.38°, 12.66°, and 17.87° and the
amorphous nature of the CA. This result suggests that the
supramolecular structure of ZIF-67 remains stable after: (i)
being exposed to the CA precursor solution; and (ii) the elec-
trospray does not produce any structural changes to the parti-
cles. The polymer-MOF superimposed XRD spectra also
suggests a good interaction between the CA polymer matrix and
the ZIF-67 particles.

3.2 Thermal stability analysis

The thermal stability of synthesized ZIF-67, pristine CA and the
asymmetric membrane of 4.10 wt% ZIF-67/CA membrane were
thermogravimetrically analyzed in argon atmosphere. The TGA
of pure ZIF-67 particles indicated good thermal stability, with

-
S

ZIF-67

(114)
L(134)
(244)

ZIF-67/CA

Intensity (a.u)

/ N\\
\K‘\"\-\ Pristine CA
\\-h"\“‘..,.
0 5 10 15 20 25 30 35 40 45

2 Theta (degree)

Fig. 2 XRD analysis of pristine ZIF-67 particles, CA polymer and
fabricated membrane with a 4.10 wt% loading.
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a plateau and no significant weight loss recorded up to
temperature values of 500 °C. However, at about 560 °C an
obvious weight loss was observed, which is indicative of the
thermal decomposition of the synthesized ZIF-67 nanoparticle.
These results suggest that the thermal behavior of the produced
nanoparticles corresponds to those of ZIF-67.***> Overall, the
TG analysis indicates that the synthesized ZIF-67 has excellent
thermal stability up to 560 °C.

Similarly, the TG analysis curve of the pristine CA membrane
and the asymmetric ZIF-67/CA membrane are presented in
Fig. 3. As shown in the figure, both the pristine CA and the
asymmetric ZIF-67/CA membrane have similar shape of the
weight loss curve. However, some of the observable differences
is that the combination of 4.10 wt% of ZIF-67 with the pure CA
caused an increase in the thermal stability of the pure CA. For
the pristine CA, the plateau is sustained until about 280 °C,
whereas the asymmetric ZIF-67/CA membrane is at plateau till
293 °C. Likewise, beyond 400 °C, with the increase in the
temperature, the remaining weight of the asymmetric
membrane is higher than the pristine CA. This phenomenon is
attributed to the excellent thermal stability of ZIF-67 that was
added to the asymmetric membrane.

3.3 Chemical analysis of the pristine CA, ZIF-67, and
asymmetric membrane

Fourier transform infrared spectroscopy (FTIR) spectra of the
pristine CA, synthesized ZIF-67 particles and 4.10 wt%-ZIF-67/
CA asymmetric membrane was obtained to confirm the pres-
ence of active functional groups. Fig. 4 shows the FTIR spectra
of the synthesized ZIF-67, revealing absorption bands, attrib-
uted to the 2-methylimidazole ligand, and exhibited typical
vibration absorbance bands identically positioned as those re-
ported in the literature.**** The absorption bands ranging from
600 cm " to 1500 cm ™' show the stretching and bending of the
imidazole group. Moreover, the absorption bands within the
range of 1380 cm™ " to 1450 cm ™ " are attributed to the stretching
vibration of the whole imidazole group, while those ranging
from 800 cm ' to 1380 cm " are attributed to the in-plane

120 4 Pure ZIF-67
—4.10 % ZIF-67/CA
100 1 ——Pristine CA
80
8
— 60
'-EIJ
B
E40
20 |
0 T T T T
0 200 400 600 800 1000
Temperature (°C)

Fig.3 TGA result of synthesized pristine CA, pure ZIF-67 and 4.10 wt%
ZIF-67/CA.
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bending vibration in the ring and those below 800 cm *
correspond to the out-of-plane bending, respectively. The
absorption bands observed at 1417 cm™ " are a resultant of the
stretching condition of the C=N bonds in the 2-methyl-
imidazole. More so, the stretching vibration of the alkane C-H
from the aliphatic methyl group and aromatic ring of the 2-
methylimidazole are the precursor of the peaks observed at
2926 cm ™' and 3135 cm™ ', respectively. Similarly, the FTIR
analysis of the pristine CA and both surfaces of the asymmetric
ZIF-67/CA membrane depict spectrum identical to those re-
ported by previous authors.**° Fig. 4 shows that the stretching
vibrations of alkane C-H bonds are observed within wave-
number of 2922.69 cm™ ' and 2853 cm ™. Likewise, the peaks at
1735 cm ™! correspond to the carbonyl, C=0 functional group
vibration in the acetate substituent while those observed at
wavenumber of 3485 cm ™" corresponds to the hydrogen oxygen,
O-H vibration in hydroxyls or water present. The characteristic
absorption bands observed in the pristine CA were similar to
conventional spectra, which is an indication of no detectable
chemical interaction with any other particle in the system.
Likewise, the FTIR spectra of the bottom surface of the asym-
metric membrane is a typical replica of the pristine CA, which
further proves the absence of MOF particles at the bottom end,
because the electrospray was on the top end. Whereas the
consistency of the top surface of the asymmetric ZIF-67/CA
membrane FTIR spectra with the pristine CA spectra indi-
cated a good compatibility between the cast CA-based polymeric
membrane and the electrosprayed ZIF-67 MOF.

3.4 Structure of the ZIF-67/CA asymmetric membranes

The surface morphology of membrane can significantly impact
the gas transport properties. Consequently, each membrane
was subjected to SEM analysis. Fig. 5 shows SEM images
depicting the morphology and geometry of the pristine CA, ZIF-
67 particles, and the asymmetric 4.10 wt% ZIF-67/CA
membrane. Fig. 5a shows that ZIF-67 is formed of mono-
dispersed polyhedron particles with an average particle size of
340 nm. The crystals have no noticeable orientation, a typical
characteristic of this MOF.**® The lack of orientation is further
confirmed by the XRD patterns shown in Fig. 2. The surface and
cross-sectional SEM image of the pristine CA membrane is
presented in Fig. 5b and c, respectively. The pristine CA
membrane showed a dense, smooth, and flat surface
morphology, a characteristic feature found across the litera-
ture.*** Fig. 5d shows the surface morphology of the ZIF-67/CA
asymmetric membrane, while Fig. 5e and f show the cross-
section and the magnified cross-section of the top layer,
respectively. The cross-sectional images reveal that the
membranes have an asymmetric structure, containing
a smooth, thick CA-rich layer; and on top a thin layer of ZIF-67
nanoparticles with a thickness of 2 um (see Fig. 5e and f, yellow
double-head arrow and a yellow circle). The top layer is a thin
asymmetric film containing ZIF-67 particles/CA with a signifi-
cant concentration of MOF. It is important to note that the
literature may have reported MMMs with total filler loading
=4.10 wt% concentration, however, because the filler is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FT-IR spectra of pristine CA, ZIF-67 and 4.10 wt% ZIF-67/CA asymmetric membranes.

dispersed and homogenized in the polymeric solution, the
concentration of the filler on the separation surface is a fraction
of the total amount dispersed. Therefore, this work has the
highest reported pure filler concentration on the separation

surface in the literature. Moreover, the SEM images show that
the ZIF-67 particles are homogenously distributed, a result of
the electrospray aerosolization mechanism. Even at high load-
ings, this electrosprayed layer did not change the topology of

ZIF-67 particle

l1um

Fig.5 SEMimages of: (a) ZIF-67 particles; (b) pristine CA surface; (c) pristine CA cross-section; (d) 4.10 wt% ZIF-67/CA surface; (e) 4.10 wt% ZIF-
67/CA cross-section; and (f) 4.10 wt% magnified cross-section of ZIF-67/CA top layer.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the membrane, nor displayed any form of surface defect or
voids, like those typically observed and reported at high filler
loadings.**

The ZIF-67 particle distribution was confirmed by energy-
dispersive X-ray spectroscopy (SEM-EDX) analysis, as shown in
Fig. 6 and S4a.} The analysis shows that the cobalt (Co) metal in
ZIF-67 was homogenously distributed throughout the
membrane surface, with no noticeable defects or large-scale
phase variation. The absence of noticeable phase variation on
the membrane surface is an indication of a good interface
between the CA polymer and ZIF-67, which is caused by the
presence of multifunctional organic ligands in the ZIF-67
structure. Similarly, the EDX mapping of the bottom surface
of the asymmetric ZIF-67/CA membrane shows a smooth
surface with no indication of defects, agglomeration or the
presence of cobalt. This further verifies that the bottom surface
is rich in CA, see Fig. S4b.t On the contrary, the MMM EDX
mapping showed an obvious agglomeration in cobalt (Co) at
different positions on the surface (Fig. S5af).

Fig. 7a-d shows the homogeneity of the filler's dispersion,
indicated by the evenly distributed pink/purple color of the
MOF particles. The uniform distribution and absence of
agglomeration of ZIF-67 particles at high concentrations
suggest that EHE is an effective membrane manufacturing
technique. During the EHE process, the high voltage applied to
the MOF precursor generates an aerosol of small, highly
charged droplets dispersed by Coulomb repulsion. This droplet
surface charge effectively prevents agglomeration after spraying
the precursor. The solvent of the droplets evaporates to yield
monodispersed particles at the surface of the EHE collector. The
thickness of the particles deposited on the membrane can be
controlled by the concentration of the MOF in the precursor
solution.

The authors suggest that future work should focus on: (i)
exploiting the high concentration of MOF particles contained at
the surface to increase their circularity and sustainable profile.
At the end-of-life of composite membranes, the recovery of the

Spum

Fig. 6 The EDX analysis of 4.10 wt% ZIF-67/CA membrane surface.
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Fig.7 Optical photos of ZIF-67/CA membranes with ZIF-67 loading of
(a) 1.7 wt%, (b) 2.43 wt%, (c) 3.2 wt%, and (d) 4.10 wt%.

metals contained in the top layer could be attained through
leaching processes, and therefore circumventing the need of
pyrometallurgical processing. (ii) Leveraging the presence of the
electric field produced between the emitter and the collector,
the long-ranged orientation of the MOF could be controlled to
produce particle alignment. Allahyarli et al.>® aligned various
MOFs (e.g., NU-1000, MIL-68(In) and MIL-53-NH,(Al)) using an
electric field and liquid crystals as media; similarly, EHE could
introduce this concept to produce membranes with aligned
MOF particles.

3.5 Gas permeation

Gas permeation tests of ZIF-67/CA asymmetric membranes were
performed for N,, O,, CH, and CO,. The permeation analysis is
performed at a feed pressure of 1 bar and temperature of 25 °C,
employing the constant volume pressure increase approach.
Fig. 8 shows the N,, O,, CH, and CO, permeances and the
corresponding separation factors at a fixed temperature of 25 °C
in Fig. 9. The performance of the ZIF-67/CA asymmetric
membrane is influenced by ZIF-67 loading. The permeability of
all gases (N,, O,, CH, and CO,) increases as the ZIF-67 load
increases. Compared to pristine CA membranes, the resultant
permeability values were much higher when ZIF-67 was incor-
porated. At the highest load of 4.10 wt%, permeability values of
17.29 (£0.04), 2.75 (£0.01), 1.07 (+0.02) and 1.02 (£0.08) barrer
were obtained for CO,, O,, CH, and N,, respectively. Similarly,
the CO,/CH, ideal selectivity increased with the addition of ZIF-
67, with a maximum value of 16 obtained at a loading of
4.10 wt%. The CO,/N, ideal selectivity did not show any
significant improvement with the addition of ZIF-67. While the
0,/N, ideal selectivity revealed that pristine CA membranes
display a better performance than the asymmetric membranes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ZIF-67 loading.
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Fig. 9 ZIF-67/CA asymmetric membrane gas selectivity at different
ZIF-67 loading.

This observation is normal, considering the less affinity of the
ZIF-67 to these gases.

Overall, the selectivity results obtained for CO,/CH, and CO,/
N,, shows that the asymmetric membrane outperformed the
pristine CA membrane. This enhancement is attributed to the
combined effect of the solution-diffusion and molecular sieving
mechanisms exhibited by the asymmetric membrane. At the CA
layer, like other dense polymeric membranes, the permeation of
the gases through the membrane occurs via solution-diffu-
sion.*** While the ZIF-67 layer has a molecular sieving capacity
which is proven by the experimental gas transport results based
on the Maxwell model reported in previous studies.*® More so,
ZIF-67 has an affinity to CO,, and the kinetic diameter of ZIF-67
(0.34 nm) falls between that of CO, (0.33 nm) and larger gases
such as CH, (0.38 nm) and N, (0.364 nm). The above effects
preferentially supported the permeability of CO, which has
a smaller molecular size compared to CH, and N, with larger

© 2023 The Author(s). Published by the Royal Society of Chemistry
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molecular size.>*** Likewise, CO, has higher solubility
compared to the other gases, hence, guaranteeing their high
separation factor compared to those of O,/N,. This observation
is consistent with those reported previously in the literature.'**
The permeability and selectivity of the ZIF-67/CA asymmetric
membrane was compared to those obtained from a ZIF-67/CA
MMM at the same ZIF-67 loading (4.10 wt%). Table 1 shows
that the permeability and selectivity of the asymmetric
membrane is superior to those obtained from the MMM.

3.6 Molecular simulations and structural changes

To further understand the improved performance of the
asymmetric membrane compared to the MMM, atomistic
studies were performed on the ZIF-67 and CA systems, in
addition to a composite system containing both components.
Experimentally, the presence of ZIF-67, in either an asymmetric
or MMM, increases the permeability of the membrane to all
gases tested. This is most notable for CO,, where the perme-
ability value is more than doubled in an asymmetric membrane
compared to CA alone. This improvement may be attributed to
the positive interaction of the ZIF-67 with the permeate, where
gas molecules are preferentially drawn to the surface of the ZIF
and retained in the porous structure. This behaviour is clear
when visualising the combined trajectory of CO,; here, a higher
concentration of CO, is observed within the ZIF structure,
compared to the layer of vacuum surrounding the zeolitic slab
(Fig. 10). The increased absorption of permeate gases into the
ZIF slab from vacuum is the opposite behaviour from what we
have observed when analogous simulations are performed
using a layer of polymer. In our previous studies,”” we have
demonstrated that while attraction exists between gas mole-
cules and polymer - leading to adherence to the polymer slab
surface - no penetration is observed into the polymer layer
throughout a MD simulation. The increased permeability values
of ZIF-containing composite membranes can therefore be
attributed to this increased absorption, which draws pene-
trating gas molecules through higher barrier, CA layer.

While this effect explains the improvement of ZIF-67
composite systems relative to CA membranes, it does not
account for the improved permeability of asymmetric
membranes when compared to MMM of the same ZIF loading.
To study the interaction between polymer and ZIF, a composite
system was considered, wherein a slab of ZIF-67 was in contact
with amorphous CA. The morphology and dynamics of CA
chains in the composite system was then compared to that in
a neat CA system, to understand the behaviour occurring on the
nanoscale which contributes to the improved performance of
the asymmetric membrane (see S3 of the ESIf). The models
suggest that presence of the ZIF-67 slab causes structural
changes in the CA layer with less dynamic and mobile chains
compared to their native arrangement without ZIF-67. More-
over, the polymer chains in immediate contact with the ZIF-67
surface are considerably denser than in the bulk system, with
a 28% increase than the average CA bulk value. In fact, the
overall variation in the axial density of CA in composite ZIF-67/
CA membranes is 50% higher than in the neat system. This

RSC Adv, 2023, 13, 14198-14209 | 14205
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Table 1 Compared membrane gas permeability and selectivity”

Permeability (barrer) Selectivity
ZIF-67 loading
(Wt%) N, CH, 0, CO, CO,/N, CO,/CH, 0,/N,
A* 0.00 0.45 £+ 0.07 0.71 £+ 0.07 1.28 £+ 0.00 8.16 + 0.04 18.33 11.57 2.84
B* 4.10 1.02 + 0.08 1.07 £+ 0.02 2.75 £+ 0.01 17.29 £ 0.04 16.95 16.16 2.70
Cc* 4.10 0.84 £+ 0.05 1.39 £ 0.01 1.39 £+ 0.02 11.14 £ 0.01 13.34 8.01 1.65

“ A* = pure CA membrane; B* = ZIF-67/CA asymmetric membrane; C* =

ZIF-67/CA mixed matrix membrane.

Fig. 10 The simulation cell at a given frame of a ZIF-67 slab packed with 200 molecules of CO, (left), and the combined trajectories of CO, over
all frames of a 2 ns simulation (right), where ZIF-67 has been removed for clarity.

increase in density at the interface, combined with evidence
that CA chains at the ZIF surface are elongated (in plane with
the ZIF surface) and less mobile implies an increase in crys-
tallinity. Finally, the trajectory of the MD simulations for the
ZIF-67/CA system revealed that the ZIF-67 pores seem to attract
the polymer chains into the imidazole window as shown in
Fig. S8 (ESI).t

3.7 Mechanistic analysis of gas permeation in ZIF-67/CA
asymmetric membranes

The atomistic insights may be used to rationalise the observed
differences in barrier performance of the asymmetric
membrane compared to the MMM. The use of EHE to deposit
ZIF-67 ensures that a more consistent zeolitic layer is achieved,
supported by CA, compared to a membrane achieved by mixing.
As this ZIF layer lies normal to gas flux, a higher portion of
incoming gas is forced to pass through the ZIF layer, where
performance is boosted due to the favourable attraction
between penetrant and the inorganic matrix. This phenomenon
is therefore more pronounced in asymmetric membranes than
in MMM, where a sporadic particle distribution means pathway
for gas diffusion may bypass the ZIF altogether, and progress
more slowly through the amorphous CA fraction.

This study provides further possibilities to explain the
enhancements of the asymmetric membrane. It is observed
through simulation that the crystallinity of CA at the ZIF
interface is increased. Densely packed elongated and immobi-
lised chains in this partially crystalline layer provide fewer areas
of free volume to host permeating gas molecules, which may
cause oncoming gases to be pushed back into the amorphous

14206 | RSC Adv, 2023, 13, 14198-14209

bulk. In the case of MMM, as particles are more dispersed, this
will manifest in fewer gas molecules passing through the
zeolitic framework. In asymmetric membranes, as ZIF-67 is
deposited normal to the gas flux, influx gas must pass through
the concentrated ZIF layer, where spacing between ZIF particles
is small. The increase in crystallinity of polymer which
surrounds ZIF particles will effectively plug any defects which
do exist between ZIF particles in the electrosprayed ZIF layer.
This is because particles are closely packed, and therefore the
option of bypassing the zeolitic framework via amorphous
polymer is not possible in asymmetric membranes. In MMM,
the larger spacing between dispersed ZIF particles ensures that
gas molecules which have been rebuffed by the partially crys-
talline CA shell are more likely to proceed through surrounding
amorphous polymer than through a neighbouring ZIF particle

(%
O

Asymmetric membrane

©

Mixed matrix membrane

Fig. 11 Illustration of the proposed mechanistic differences between
gas diffusion pathway in asymmetric and MMM. Impermeable semi-
crystalline CA is depicted in yellow, and ZIF particles in blue. The
diffusion pathway is shown as red arrows.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 11). Although the alteration of CA polymer crystallinity at
the ZIF-67/CA interface is demonstrated via simulations in this
work; this phenomenon requires advanced characterization
techniques for experimental observation, all of which are
deemed outside the scope of this work.

4 Conclusions

In conclusion, a MOF-based asymmetric membrane for gas
separation was successfully fabricated by applying the principle
of EHE. ZIF-67 particles were electrosprayed to print a thin
layer, while the CA polymer solution was cast on top of the ZIF-
67 layer. The fabricated asymmetric membrane has a thickness
of 20 um and displayed a defect-free surface, even at high MOF
loading. While the CO,/CH, selectivity increased slightly with
the addition of the ZIF-67 filler; the CO,/N, selectivity recorded
a maximum increase of 24%. The asymmetric membrane
configuration resulted in improved CO,/N,, CO,/CH,, and O,/
N, selectivity. This enhancement was attributed to an improved
interface interaction between the MOF and the CA polymer,
good particle distribution engineered by electrospraying the
MOF particles, and defect-free structure of the asymmetric
membrane. In addition to the improved membrane separation,
the EHE is outstanding compared to other methods of
membrane fabrication, because it offers the opportunity for
controlled dispersion and particle size distribution. It also
enables the control of other functional properties that deter-
mine the overall membrane performance. Conceivably, the EHE
techniques explored in this study for membrane fabrication can
be leveraged in the manufacturing of composite membrane
with improved separation performance. Using molecular
simulations, we found that the presence of ZIF-67 particles
generates structural changes to the CA polymeric chains at the
interface — namely higher densities and reduced chain mobility
(higher crystallinity). These features along with the adsorption
of ZIF-67 can be leveraged in asymmetric configurations to yield
composite membranes with an enhanced separation
performance.
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