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ARTICLE INFO ABSTRACT
Keywords: Mixed matrix membranes (MMMs) combine the high separation performance of porous materials with the
Mixed matrix membranes processibility of polymers and so possess potential for carbon capture from COp-containing gas streams. Zeolitic

Zeolitic imidazolate frameworks
ZIFs
CO,, separation

imidazolate frameworks (ZIFs) are promising candidates as molecular-sieve fillers in MMMs due to their
tunability and ease of synthesis. We have compared four ZIFs, all as nanoparticles of similar sizes (ca. 400 nm), as
MMM fillers, to investigate the effects of ZIF structure and chemistry on MMM performance of pure gas (CO2, N2)
permeation under the same conditions. The chosen ZIFs include two that exhibit strong CO2 adsorption (hybrid
ZIF-7/COK-17 and ZIF-94) and two that have higher pore volumes but weaker CO, interactions (ZIF-8 and a
hybrid ZIF-11/ZIF-71). The hybrid ZIF-7/COK-17 and ZIF-94 are structurally related to ZIF-7 (rhombohedral sod
topology) and ZIF-8 (cubic sod), respectively, via partial or complete substitution of benzimidazole or 2-meth-
ylimidazole by 4,5-dichloroimidazole or 4-methyl-5-imidazolecarboxaldehyde, while the hybrid ZIF-11/ZIF-71
has the rho topology but the same composition as the ZIF-7/COK-17 hybrid. In the first part of the compara-
tive study, MMMs based on two types of commercial polymers, Matrimid®5218 and PEBAX-MH1657, were
prepared containing the ZIF-7/COK-17 hybrid and also with ZIF-94. ZIF-94 shows much better compatibility
with the polymers, forming homogeneous dispersions at all loadings attempted (<35 % wt%) whereas the hybrid
shows inhomogeneity above 12 wt% in each case. At 12 wt% loading, both fillers show an increase in COy
permeability at 1.2 bar and 293 K compared to the pure membrane (in PEBAX, this increases from 49.5 to 60 and
68 Barrer) which is the result of increased solubility compensating for decreased diffusivity, and this improve-
ment in permeability continues to increase at the higher levels of loading possible with ZIF-94. ZIF-7/COK-17 in
PEBAX show higher selectivity, achieving a calculated CO2/Nj selectivity up to 70. Further investigation of COy
and N, permeation on MMMs with the four ZIFs at 12 wt% in PEBAX-MH1657 showed a clear distinction be-
tween the ZIF-94 and ZIF-7/COK-17 MMMs (which show higher membrane solubilities but lower diffusivities)
compared to ZIF-8 and ZIF-11/ZIF-71 MMMs. At the loading chosen, the CO; permeability increase achieved by
the four ZIFs over PEBAX-MH1657 increases in the order ZIF-11/-71, ZIF-7-COK-17 (ca. 60 Barrer) < ZIF-94
(68) < ZIF-8 (81), reflecting the complex interplay between CO, solubility (increasing with interaction strength)
and diffusivity (increasing with available cage and window size). The calculated CO2/N selectivity is highest for
the hybrid ZIF-7/COK-17 membrane (70), which is attributed to molecular sieving effects in the rhombohedral
sod structure.

1. Introduction footprint and low-energy consumption [1]. However, these membranes
generally suffer from ageing issues and the Robeson upper limit, where

The use of polymeric membranes for gas separation has seen signif- improvements in selectivity come at the expense of gas permeability,
icant growth in industrial sectors since the 1980s due to their small and vice versa [2,3]. Moreover, gas molecules such as CO, can induce

* Corresponding authors.
E-mail addresses: m.ferrari@ed.ac.uk (M.-C. Ferrari), paw2@st-andrews.ac.uk (P.A. Wright).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.seppur.2024.127584

Received 19 September 2023; Received in revised form 2 April 2024; Accepted 18 April 2024

Available online 19 April 2024

1383-5866/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:m.ferrari@ed.ac.uk
mailto:paw2@st-andrews.ac.uk
www.sciencedirect.com/science/journal/13835866
https://www.elsevier.com/locate/seppur
https://doi.org/10.1016/j.seppur.2024.127584
https://doi.org/10.1016/j.seppur.2024.127584
https://doi.org/10.1016/j.seppur.2024.127584
http://creativecommons.org/licenses/by/4.0/

Q. Jia et al.

Separation and Purification Technology 349 (2024) 127584

ligand
substitution

=\
NN
—
CI)\<
cl

ligand
substitution

=\l
N N
-
o0
Cl

v

ligand
substitution

. ’...v: *..,." :v -.
ZIF-11/ZIF-71

Fig. 1. Schematic formation of (a) ZIF-94 by replacing methylimidazole in ZIF-8 with 4-methyl-5-imidazolecarboxaldehyde; (b) ZIF-7/COK-17 by partially
substituting benzimidazole (BzIm) in ZIF-7 with 4,5-dichloroimidazole (dcIm); (c) hybrid ZIF-11/ZIF-71 by partially substituting BzIm in ZIF-11 with dcIm. Possible
adsorption sites in ZIF-7, ZIF-8 and ZIF-11 are grey-shaded and shown alongside the cage: ZIF-7 and ZIF-11 have two types of sites (A and B), and ZIF-8 only one.

polymer swelling and plasticisation, negatively impacting membrane
performance [4,5]. To overcome these challenges, a mixed matrix
approach incorporating porous fillers, such as zeolites, activated carbon,
and metal organic frameworks (MOFs), has emerged as a promising
solution [6].

MOFs excel as fillers in membranes because they can have a pore size
that can introduce selectivity as molecular sieves and they exhibit great
structural and chemical tunability that can give a wide range of selective
adsorption sites [7]. Additionally, the chemical compatibility between
the organic linkers at the surfaces of MOF filler particles is greater than
that of purely inorganic filler particles, leading to improved particle
dispersion and interfacial contact [8-11].

Zeolitic imidazolate frameworks (ZIFs) are one family of MOFs that
has found extensive application in mixed matrix membranes (MMMs),

particularly considering CO2 separation from Ny in flue gases [12-16].
These have a zeolite-like topology constructed from metal nodes (Zn%*
and Co®") which are connected tetrahedrally via imidazolate linkers
[17,18]. For example, ZIF-7 and ZIF-8, in which Zn%* cations are linked
by benzimidazole (BzIm) and 2-methylimidazole (MeIm), respectively,
display the sod (sodalite) topology and have been widely employed in
membranes for gas separations [15,19,20]. ZIF-8 possesses cubic sym-
metry and ZIF-7 rhombohedral symmetry, distorted away from cubic
due to steric interactions of the BzIm linker (Fig. 1).

ZIFs demonstrate good stability in membranes, considerable chem-
ical and structural tunability deriving from the use of different imida-
zolate linkers and importantly can be prepared as nanocrystals that are
readily dispersed in polymer matrices [21-24]. Most studies of ZIFs
within MMMs have centred on ZIF-8 and ZIF-7 and their functionalised



Q. Jia et al.

variants, [19,25-27] although there are some reports on ZIFs with the
rho or cha topology types, where the three dimensional pore connec-
tivity is via 8-membered, rather than 6-membered rings [28-31].

Some previous work has compared a wide range of MOF MMMs and
analysed the impact of many different variables via data mining and a
resultant mathematical model [32]. This indicated the contribution of
MOF fillers to membrane performance depends strongly on polymer
properties, as well as MOF properties such as pore size, BET surface
areas, particle size and functionality. However, due to a very disparate
set of MOF chemistries (ZIF-8, UiO-66, MOF-5 and MIL-53-based MMMs
(648 sets)), the specific effects of structural features of similar MOF
fillers are obscured in this work. By contrast, a recent paper on the use of
MOF-808 in MMMs with Matrimid has used the same parent MOF
crystals and functionalised them with different ligands, changing pore
volume and functional group type [33]. They showed that, contrary to
the widespread view that membrane performance depends mainly on
the CO, uptake of the filler, the permeability dependence is more
complex. They suggest that isosteric heats of adsorption are a better
indicator of membrane performance but conclude that there is a need for
more fundamental understanding of the relationship between MOF filler
properties and membrane performance.

Other studies on ZIFs have systematically examined the impact of
changing a single filler characteristic on membrane performance. A
comparative study of PEBAX-based membranes containing the iso-
structural ZIF-67 and ZIF-8, differing in metal cation (Zn?T for ZIF-8,
and Co?" for ZIF-67), indicated the ZIF-67-based MMM generally out-
performed its ZIF-8 counterpart [34]. Also, an isostructural series of ZIFs
with the gme topology (including ZIF-68, ZIF-69, and ZIF-78) has been
investigated in MMM applications; however, the particle size of the MOF
fillers was not the same [35] and other work has shown that particle size
can have an important effect on MMM performance, for example due to
polymer/ZIF interface effects leading to differences in dispersion and
agglomeration behaviour [13,36]. Table S1 summarises the literature
comparisons of different ZIFs under similar conditions.

Most studies, however, consider the effect of adding a single type of
ZIF at different loadings to a polymer and investigate the properties of
the resultant MMM for the permeation of a range of pure or mixed gases
under specific conditions. Since membrane preparation and measure-
ment conditions in different laboratories can be different, direct com-
parison of different studies to evaluate the effect of ZIF structure type
can be difficult. Given the relative paucity of systematic investigation of
the influence of structure and functionality of ZIFs of similar particle size
when used as fillers in membrane-based CO3/Nj; separation, we aimed to
compare ZIFs with similar particle size as fillers within MMMs. We chose
to examine ZIFs with the cubic sod and rho topologies, and the
rhombohedrally-distorted sod topology, to separately determine the
effect of ZIF structure and composition. Fig. 1 illustrates schematically
the relationships of ZIF-94, ZIF-7/COK-17, and ZIF-11/ZIF-71 to ZIF-8,
ZIF-7, and ZIF-11, respectively, that are relevant to our work.

Our starting structure types for consideration were the well-studied
ZIF-7 and ZIF-8 sod types. ZIF-7 offers a more restricted pore space
than ZIF-8, due to its bulkier benzimidazole linkers within the same
topology, resulting in higher interaction with guest molecules (ca. 28 kJ
mol ! vs. 17 kJ mol ! for CO3) [37] but lower diffusivity. ZIF-8 has a
larger pore size (3.4 /?\) and cavity diameter (10.9 10\) compared to ZIF-7
(pore size 3.2 A, cavity diameter 4.9 A), enabling faster gas diffusion
(self-diffusivity of CO2 is 1.2 x 10~% cm? s~ ! in ZIF-8 vs. 4 x 10~/ cm?
s~! in ZIF-7) [37].

ZIF-7 transforms from a ‘narrow-pore’ form to a ‘wide-pore’ form
upon gas adsorption, typically at 0.5 bar for CO5 at 298 K [27]. This is
expected to have a negative effect on membrane performance, degrad-
ing the polymer-filler interface [20] so we chose instead to include in
this study a hybrid ZIF, intermediate between ZIF-7 and the isostructural
COK-17 (zinc 4,5-dichloroimidazolate, Zn(dcIm)s), which we recently
reported [38]. This exhibits rigidity during CO, adsorption, with a high
CO4 uptake at 1 bar, similar to that COK-17 [39]. The crystal size of
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Scheme 2. PEBAX MH1657 chemical structure (x = 40, y = 60).

COK-17 (ca. 3 pm) is too large to be embedded easily into a polymeric
matrix, and synthesis of COK-17 nanocrystals remains a challenge [39].
Using methanol as a solvent, Zn(dcIm), can be directed into the more
open rho structure, as ZIF-71 (Zn(dcIm)s). A hybrid ZIF-11/ZIF-71 with
the rho structure and the same Zn(BzIm,dcIm), composition as the
rhombohedral sod ZIF-7/COK-17 hybrid [38] was also included in the
study to directly compare the effect of topology type.

ZIEF-8 is known to possess high diffusivity, but relatively low uptake
at low pressures. Additionally, the methylimidazole groups are known to
exhibit linker swing, which causes a significant loss in membrane
selectivity [40]. To increase strength of CO; interaction, and improve
molecular sieving, we included ZIF-94 in our selection as a direct
comparison with ZIF-8, having the same topology type but different
composition. The linker in ZIF-94 is 4-methyl-5-imidazolecarboxalde-
hyde (AmeIm) and the presence of aldehyde groups leads to a strong
improvement in CO5 adsorption uptake compared to ZIF-8 (2.0 mmol
g ! vs. 0.74 mmol g! at 298 K at 1 bar) and enhances the framework
rigidity [41].

Our choice of ZIFs therefore enables direct comparison of (i) ZIFs
with different linkers in the same structure (ZIF-94 vs. ZIF-8, both sod)
and (ii) ZIFs with the same composition (Zn(dcIm,BzIm);) but with
different (sod or rho) topologies (ZIF-7/COK-17 vs. ZIF-11/ZIF-71).
More generally, it enables a consideration of the effect of both
strength of CO, interaction and topology type on the MMM
performance.

Two commonly used polymeric materials in MMMs preparation were
investigated in these studies, PEBAX MH1657 and Matrimid®5218
[19,26,42,43]. Both display high CO, permselectivity in COy/non-polar
gas separations (such as CO2/CH4 or CO2/N>) due to the presence of
polar segments. However, owing to their different chemical composition
(Schemes 1 and 2), PEBAX, containing soft polyethylene oxide chains,
shows rubbery properties while Matrimid is a type of polyimide that
displays glassy properties [44,45]. Therefore we established the detailed
performance of the two most strongly adsorbing ZIFs as fillers in these
two polymer types before going on to compare the four selected ZIFs at
12 wt% in PEBAX MH165.

2. Materials and Methods
2.1. Materials

Matrimid®5218 and PEBAX MH1657 were supplied by Huntsman
and Arkema, respectively. Matrimid®5218 is a glassy polyimide with
the molecular weight of 44000 g mol~! [46]. PEBAX MH1657 is a
copolymer composed of 40 wt% polyamide (PA) and 60 wt% poly-
ethylene oxide (PEO). The density of PEBAX MH1657 is 1.14 g cm°.
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The grade 1657 was used due to the enhanced COy/N> separation per-
formance reported in the literature compared to other commercial
grades (such as 2533, 3533) [45].

All ZIF materials were synthesised in our laboratory using one of two
types of zinc salts: zinc acetate dihydrate (Sigma-Aldrich, > 99 %) or
zinc nitrate hexahydrate (Alfa Aesar, 98 %). The organic linkers were 2-
methylimidazole (Sigma-Aldrich, > 99 %, Melm), 4-methyl-5-imidazo-
lecarboxaldehyde (Fluorochem, 97 %, Amelm), benzimidazole (Alfa
Aesar, 99 %, BzIm), 4,5-dichloroimidazole (Fluka, 98 %, dcIm). Meth-
anol (99.9 %), tetrahydrofuran (99.9 %, THF), dimethylformamide
(Acros Organics, 99 %, DMF), dichloromethane (Sigma-Aldrich, > 99.9
%, CHyCly), ethanol (Sigma-Aldrich, > 99.9 %) and deionised water
were used as solvents without any purification.

2.2. ZIF synthesis

2.2.1. ZIF-8

ZIF-8 nanoparticles were synthesized according to the method of
Torad et al. [47] A solution was prepared by dissolving 6 mmol Zn
(CH3COO0)3-2H50 and 24 mmol Melm in 200 mL methanol. The mixture
was stirred for 5 min and then aged at room temperature for 24 h. The
ZIF-8 crystals were collected by centrifugation at 14500 rpm and then
washed with methanol three times before drying at 343 K.

2.2.2. ZIF-94

ZIF-94 synthesis was according to the protocol from Etxeberria-
Benavides et al. [48]. ZIF-94 nanoparticles were prepared by dissolving
2 mmol Zn(CH3C0O0),-2H50 in 20 mL methanol and 4 mmol Amelm
linker in 50 mL tetrahydrofuran. The zinc acetate solution was added
into linker solution, well-mixed, and vigorously stirred for 60 min at
room temperature. ZIF products were collected by centrifugation at
14500 rpm and washed with methanol three times before drying at 343
K.

2.2.3. ZIF-7/COK-17

ZIF-7/COK-17 synthesis followed the protocol from Jia et al. [38]. 2
mmol Zn(NO3); 6H,0 were dissolved in 20 mL DMF, and (8-x) mmol of
BzIm and x mmol dcIm were dissolved in 30 mL DMF. Both solutions
were stirred at 393 K for 30 min and then cooled to room temperature
before the salt solution was added to the linker mixture and stirred for
another 2 h. The product was collected by centrifugation at 14500 rpm,
and then washed with DMF three times. As discussed in [38], hybrid ZIF-
7/COK-17 with 45 mol% dclm outperformed other ZIFs in the ZIF-7/
COK-17 series, thus, in this work, we only used ZIF-7/COK-17 with
45 mol% of dcIm.

2.2.4. ZIF-11/ZIF-71

The synthesis of rho structure ZIF-11/ZIF-71 followed the procedure
for ZIF-7/COK-17 [38]. The only difference is using methanol as the
solvent here. The product was washed with fresh methanol and dried at
343 K.

2.3. Membrane preparation

For the preparation of MMMs, we followed the widely-used process,
described in several references [49-51]. In our previous work [52], we
studied the optimal conditions for fabricating MMMs based on PEBAX
and ZIF-8, and we followed the same procedure here.

Preparation of Matrimid®-based mixed matrix membranes
Matrimid®5218 was dried overnight at 100 °C under vacuum. 0.5 g
dried polymer was dissolved in 8 g dichloromethane (CH2Cly) and stir-
red for 1 h at room temperature. In the meantime, ZIF particles were
added according to the desired loadings [0.03 g (5 %), 0.05 g (8 %),
0.07 g (12 %), 0.12 g (20 %)] and suspended in CH»Cl; (2 g) by ultra-
sonication. Then, the two solutions were combined, stirred overnight

Separation and Purification Technology 349 (2024) 127584

at ambient temperature and sonicated for 10 min before casting. The
resulting solution was poured into a 5 cm radius glass petri dish. The
membrane was allowed to form by slow solvent evaporation for 24-36 h
in a fume cupboard.

Preparation of PEBAX-based mixed matrix membranes

0.75 g PEBAX MH1657 was dissolved in a water/ethanol mixture
(3.5 g/7.9 g) at 353 K under reflux for 3 h. In the meantime, ZIF crystals
were added according to the loading ratios [0.04 g (5 %), 0.1 g (12 %),
0.2 g (20 %)] and suspended in water/ethanol mixture (0.5 g/1 g, 1 g/2
g, 2 g/4 g, respectively) by ultra-sonication. Then, the two solutions
were combined and sonicated for 1 h before casting. The resulting so-
lution was poured onto a glass plate and cast by the doctor blade method
with a gap of 70 pm. Then, the membrane was covered with a box that
had holes drilled in its top and allowed to dry for 36 h at ambient
temperature

ZIF loading ratio in MMMs was calculated:

Waur

WziIF = 7 (1)
WZIF + I/V/mlwrmr

As areference, membranes based on the neat polymers were prepared by
an identical procedure. The thickness of all membranes was around
30-50 pm, according to averaged measurements performed with a
digital micrometer (Mitutoyo) at different locations on each membrane.

2.4. ZIF material characterization

The crystalline structure of the as-synthesized and activated mate-
rials was determined by powder X-ray diffraction (PXRD) on a Stoe
STADIP diffractometer (Cu Ky X-radiation, A = 1.54056 A, 20 range 3 —
40°). Samples were activated by heating the sample in a tube furnace
under flowing nitrogen. The composition of hybrid ZIFs were analysed
by solution-state Nuclear Magnetic Resonance (NMR) spectroscopy on a
Bruker AVII 400. The samples were dissolved by deuterated dimethyl
sulfoxide (DMSO) with addition of concentrated HCI (37 %) to aid
dissolution. The morphology of ZIF nanoparticles was examined using
scanning electron microscopy (SEM) on a JSM-IT800 instrument.
Thermogravimetric analysis (TGA) was run on a Stanton Redcroft STA-
780 with a heating rate of 5 K min!. N, adsorption isotherms were
measured volumetrically using a Micrometrics ASAP 2020 Gas
Adsorption Analyzer at 77 K. Before measurement, ZIF samples were
activated in flowing N3 at 453 K for 10 h. The activated samples were
then put under vacuum and heated to the same temperature for 8 h.
High-pressure CO2 and Ny adsorption isotherms at 298 K were measured
using a Hiden Intelligent Gravimetric Analyzer (IGA). As for the Ny
adsorption measurement, the analysed sample was activated at 453 K for
10 h prior to loading into the IGA; the samples were subsequently heated
under vacuum at 453 K for 10 h. The mass change was recorded in each
adsorption/desorption step, and each step continued until the mass
achieved 98 % of the asymptotic equilibrium value or for 90 min,
whichever was the earlier.

Heat of adsorption was determined by the Clausius-Clapeyron
equation as shown below under certain pressure (p) and temperature

(1) [531:

dinp  AH,4(n)

2
dT RT? 2

where AH,g;, is enthalpy of adsorption in kJ mol ! for a given gas loading
(represented as n), and R is the gas constant (equal to 8.314 J K1
mol™Y). By integrating E2, the relationship between pressure and tem-
perature can be obtained:

AHads (n)

1
R ?+C 3

Inp = —

where C is the constant.
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Fig. 2. SEM images of (a) ZIF-7/COK-17, (b) ZIF-94, (c) rho ZIF-11/ZIF-71, and (d) ZIF-8.

To determine the relationship between uptake and gas pressure, we
applied the Freundlich-Langmuir isotherm equation, which can be
expressed as:

a-b-p®

" by )

where a is the maximum loading characterised in mmol g1, b represents
the affinity constant, and c is the heterogeneity exponent. The isotherm
expression can be determined by conducting CO2 adsorption at different
temperatures.

Due to the heterogeneity of hybrid ZIF-7/COK-17, the dual-site
Freundlich-Langmuir isotherm was applied for a more accurate
description, which can be expressed by:

a.b.pc al’bl’PC'
"o T bp )
where aj, by and c7 are used to interpret the adsorptive process for the
second type of sites.

2.5. MMM characterization

The crystalline structure of MMMs was investigated by PXRD in flat
plate geometry, on a PANalytical Empyrean diffractometer with Cu Ky
radiation and an X’celerator RTMS detector over a 20 range of 3 — 40°.
To ensure the surface was flat, the tested membrane was attached with
Vaseline. The thermal behaviour of MMMs was measured by a Netzsch
Jupiter STA449 Thermogravimetric Analyzer with a heating rate of 10 K
min~!. The membranes were examined with a JEOL JSM-IT100 scan-
ning electron microscope operating at 10 kV. Before SEM analysis, the
samples were fractured in liquid nitrogen and then sputter-coated with a
layer of 12 nm gold to give them a conductive surface.

2.6. Gas permeation measurements

Single gas permeation measurements were carried out using a
custom-built constant volume-variable pressure apparatus using pure Ny

and COs at 1.2 bar and 293 K (Scheme S1). The permeability is obtained
from the evolution of pressure of the downstream side. For N, the
permeation rates are low, so unavoidable contributions of small leak
rates in the experimental system can introduce some systematic errors.
The permeability coefficient, P, was determined from the slope of the
pressure versus time curve under the steady-state condition:

_ l Vdown dP, down
r=inr (%), ©

where [ is the membrane thickness [m], A is the membrane area [mz],
Vdown is the downstream volume [m3], Py, is the upstream pressure [Pa],
Pgown is the downstream pressure [Pa], T is the temperature recorded
during analysis [K] and R is the gas constant [J K~ mol~!]. This will
give the permeability in SI units [mol m m~2 s} Pa~!]. To convert to
Barrer, the permeability in SI units was multiplied by 2.9 x 10%°.

The time lag, 0, was used to determine the diffusivity coefficient D:

lZ

D=—
60

@)

The solubility coefficient, S, for the gas in the polymer was evaluated
indirectly, assuming the validity of the solution-diffusion mechanism:

§=5 (8

The ideal selectivity between two gas species i and j is the ratio of the
two single gas permeabilities:

Qjj = — )

3. Results and discussion
3.1. Preparation and characterisation of ZIF materials

ZIF-7/COK-17 and ZIF-94 are functionalised materials related to ZIF-
7 and ZIF-8, respectively. The synthesis for both types of ZIFs is fast and
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Fig. 3. PXRD patterns of ZIF materials studied in this work (Cu Koy, A=
1.54056 A). All patterns scaled to the most intense peak except ZIF-11/ZIF-71,
scaled on 0.5x most intense peak. Data on ZIF hybrids from reference [38].

Table 1
BET surface areas and accessible pore volumes of ZIFs, from N5 adsorption at 77
K.

MOF materials ZIF-7  ZIF-8  ZIF-7/ ZIF-94  ZIF-11/71
COK-17

BET surface area (m%2g™!) 311 1261 351 390 751

Accessible pore volume 0.14 0.63 0.18 0.19 0.38

(cm® g’1 at P/Po = 0.2)

yields nanocrystals (ca. 300 to 400 nm, Fig. 2a and b). Nanocrystals of
ZIF-8 and rho ZIF-11/ZIF-71 of similar sizes were also prepared, to
enable comparison (Fig. 2c and 2d). To eliminate the effect of chemical
composition on hybrid MOF properties, the linker ratios in ZIF-11/ZIF-
71 and ZIF-7/COK-17 were controlled to be identical, as measured by 'H
NMR (Fig. S1).

The samples of ZIF-7/COK-17 and ZIF-94 were confirmed to be
closely related to those of ZIF-7 and ZIF-8 by PXRD (Fig. 3). ZIF-94 ex-
hibits cubic symmetry like ZIF-8, and ZIF-7/COK-17 shows rhombohe-
dral symmetry characteristic of the open form of ZIF-7. The structure of
hybrid ZIF-11/ZIF-71 displays the rho topology.
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The porosity of ZIFs with pore sizes above ca. 3 A is assessed by Ny
adsorption at 77 K (Table 1). Their accessible volume and effective
surface area impact strongly upon gas transport, and as a general prin-
ciple, a larger accessible volume corresponds to higher gas diffusivity
[54,55]. The isotherms (plotted vs. relative pressure and vs. a loga-
rithmic pressure scale) are given for all ZIFs in Fig. 4. The Ny uptakes of
ZIF-7, ZIF-8 and ZIF-94 are consistent with the results from previous
studies [56].

ZIF-8 has the highest N, uptake capacity and BET surface area of the
materials under study. The two-step feature in the isotherm as shown by
the logarithmic scale of relative pressure (Fig. 4b) is a result of a phase
transition within ZIF-8, involving linker swing to facilitate adsorbate
accommodation and subsequent adsorbate repacking within ZIF-8 cage
[57]. Substitution with AmeIm gives ZIF-94 a more rigid structure dis-
playing a Type I isotherm. The lower specific uptake results from the
aldehyde groups projecting into the pore space and adding additional
mass. ZIF-7, for which the 77 K Ny isotherm is shown here for com-
parison, also undergoes a phase transition, its empty phase characterised
by narrow pores that render it unable to adsorb N at low partial pres-
sure. After inclusion of dcIm, in ZIF-7/COK-17, there is a Type I isotherm
(no phase transition) and a slightly increased BET surface area compared
to the open form of ZIF-7 (from 310 m? g~! to 350 m? g~ 1). The partial
substitution of the smaller linker is responsible for higher surface area
and also imparts structural rigidity. The rho ZIF-11/ZIF-71 hybrid
shows a higher N uptake at 77 K compared to its compositional sod
topology counterpart (ZIF-7/COK-17), as a result of its more open
structure (Fig. 1). The specific uptake of ZIF-11/ZIF-71 is higher than
that reported for ZIF-11 (180 cm?® (STP) g’l) [58], which is attributed to
its less bulky dcIm linkers.

Membrane selectivity is closely linked to the affinity of the materials
towards guest molecules, which can be determined by examining the gas
adsorption isotherms at ambient temperature. Therefore, in this study,
the CO2 and Ny uptake isotherms of the materials under investigation
were evaluated gravimetrically at 298 K using an IGA instrument (Fig. 5
and Table 2). For CO5 adsorption at 298 K (Fig. 5), ZIF-94 and ZIF-7/
COK-17 display strongly convex Type I isotherms that indicate strong
interactions with CO, that lead to uptakes of ca. 2 mmol g~! at 1 bar. By
contrast, ZIF-8 and ZIF-11/ZIF-71 show low uptakes below 2 bar (<1
mmol g~1) that suggest weak affinity to CO, molecules, but a steady
increase of CO, uptake at pressures up to 10 bar due to their large
accessible volumes being capable of accommodating CO, molecules
[59]. For the conditions of membrane testing (293 K and 1.2 bar), it is
unlikely for the gate opening to occur in ZIF-8, because the loadings are
relatively low (only one or two CO, molecules occupying each cage)
[59,60]. In terms of the adsorption of Nj in the ZIFs (the membrane
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a linear pressure scale and (b) a logarithmic pressure scale. Data on hybrid ZIFs from reference [38].
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Table 2
CO, and N, uptakes at 1.25 bar at 298 K for ZIF materials and their heat of
adsorption for CO»,

ZIF materials ZIF-8 ZIF-94 ZIF-7/COK- ZIF-11/ZIF-
17 71

CO;, uptake 0.94 2.08 2.11 0.99
(mmol g~1)

N uptake 0.17 0.34 0.28 0.18
(mmol g’l)

CO4/N; uptake 5.5 6.1 7.5 5.5
ratio

Heat of CO, 17[61] 35.3-24.1 35.3-22.4 14.6-9.4
adsorption / kJ (0.4-2.2 (0.4-2.2 (0.4-2.2 (0.4-0.9
mol ! mmol g~1) mmol g~1) mmol g~1) mmol g~ 1)

selectivity of CO to N3 should be high for the application of interest), it
was expected that lower No uptakes could lead to low MMM N solu-
bility, and potentially higher selectivity. The isotherms are given in
Fig. 5b and the uptakes at 1.25 bar are given in Table 2 along with the
ratio of CO, to Ny uptakes at 1.25 bar, which could be an important
parameter in establishing membrane selectivity. ZIF-94 displays the
highest Ny uptake (0.34 mmol g~! at 1.25 bar) which agrees well with
previous results [56]. By contrast, the isostructural ZIF-8 has the lowest
N, uptake (0.17 mmol g~ ! at 1.25 bar). The origin of this significant
difference in N3 uptake is from asymmetric functionalisation of ZIF-94
contributing to stronger electrostatic interactions with Ny (quad-
rupolar moment in Ny (15.2 x 1072 esu~! cm’l)) [61,62]. A slightly
lower Ny uptake is observed in ZIF-7/COK-17 (0.28 mmol g~! at 1.25
bar) compared to ZIF-94, but this is still higher than observed for its rho
compositional counterpart (0.18 mmol g’1 at 1.25 bar). This can be
rationalised by the more confined volume contributing to higher
adsorption energy, which is commonly seen in sod and rho ZIFs of the
same compositions [41]. Moreover, the Ny uptake in ZIF-7/COK-17 is
comparable to COK-17 [63], suggesting the intrinsic rhombohedral sod
cage is a major contributor for high Ny uptake. The CO3/N> uptakes at
1.25 bar decrease in the order: ZIF-7/COK-17 > ZIF-94 > ZIF-8 = ZIF-
11/ZIF-71.

The heats of adsorption of CO, on ZIF-94 and ZIF-7/COK-17 are
derived by measuring CO» uptake isotherms at different temperatures
(from 288 K to 318 K with a step of 10 K, seen in Fig. S2). The adsorption
isotherm of ZIF-94 is fitted by applying a single-site Freundlich-Lang-
muir (FL) model (Fig. 6a), while the dual-site Freundlich-Langmuir is
applied to fit the adsorption isotherm of ZIF-7/COK-17 (Fig. 6b). The
parameters for the Freundlich-Langmuir equations are listed in Table S2,
and the preferred models are consistent with the different window sites

available for these two materials. Using these fitted isotherms at
different temperatures, the heats of adsorption were calculated as a
function of uptake (Fig. S3,Table 2). As indicated in Fig. 6, up to 2 mmol
gfl, both ZIFs achieve comparable heats of adsorption and demonstrate
a gradual decrease with CO5 loading from 35 kJ mol~! at 0.4 mmol to
25 kJ mol ! at 2 mmol g!. Above 2 mmol g~! loading of CO,, the heat
of adsorption on ZIF-94 continues to decrease gradually, while the heat
of adsorption from hybrid ZIF-7/COK-17 experiences a sharp decrease to
15 kJ mol ! at 2.4 mmol g~'. This is related to their structure and
surface chemistry: for ZIF-94, the cubic structure and single ligand
composition give rise to only one type of six-membered ring serving as
the adsorptive site. For ZIF-7/COK-17, the rhombohedral sod structure
has two types of six membered rings, and the heterogeneity of pore
structure is further increased due to the mixed-linker composition [64].

Additionally, the heat of adsorption of rho ZIF-11/ZIF-71 is deter-
mined through the analysis of its adsorption isotherms at different
temperatures (Fig. S4) and plotting Inp vs. 1/T for different uptakes
(Fig. 6d), although good fits were not obtained using the FL isotherm
model. At the uptake of 0.4 mmol g}, the heat adsorption is 14 kJ
mol ™}, which is much lower than the heat adsorption derived for ZIF-7/
COK-17, and the heat decreases at higher loadings (Table 2). This un-
derlines CO5 adsorption favours the sod structure with smaller pore size
[41]. For membrane application at 1.2 bar and room temperature, the
corresponding gas uptakes and the relevant heats of adsorption for CO,
are compared in Table 2. The heat adsorption of ZIF-8 quoted is from a
previous study [65].

In summary, two ZIFs selected for their strong interactions with CO,
have been synthesised in nanoparticulate form and their BET surface
area and gas adsorption isotherms measured. These have been compared
with those of two ZIFs of similar particle size but without strong CO»
interactions that have been chosen to enable quantification of the effect
of polar functional groups and framework topology. With regard to
membrane separation, a solution-diffusion mechanism is expected to
describe the process, which involves gas sorption at the upstream
boundary, the diffusion of dissolved or adsorbed gas, and the desorption
of gas molecules at the permeate side [66]. The rate-limiting step is the
diffusion, while the quantity of sorbed gas primarily determines the gas
flux. By incorporating MOF fillers, the diffusion path might be altered by
making use of their porosity and modifying the membrane tortuosity,
and their affinity to guest molecules will add to the total sorbed gas by
the membrane. This sample set was chosen to obtain fundamental
insight into the structure-property relationship of ZIF fillers to their
MMM properties. Table S3 summarises the main characteristics of the
ZIFs studied (including ZIF-7, ZIF-8, ZIF-94, ZIF-7/COK-17 and ZIF-11/
ZIF-71). The thermal behaviour of the ZIFs has been compared between
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to the lower bond strengths of RC-CHO (RC represents the imidazole
ring) and RC-Cl compared to RC-CH3 and RC-Ar.

two pairs of samples: ZIF-7 vs ZIF-7/COK-17, and ZIF-8 vs ZIF-94
(Fig. S5). In each case the ZIFs with functional groups decompose at
lower temperature compared to their counterparts, which is attributed
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3.2. Mixed matrix membrane characterisation of MMMs with ZIF-94 and
ZIF-7/COK-17

The first stage was to measure the loading-dependent behaviour of
MMMs containing the two ZIFs exhibiting enhanced interactions with
COy (i.e. ZIF-94 and ZIF-7/COK-17) within Matrimid®5218 and PEBAX
1657. The solution casting method was used to give membranes around
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in thickness, as described in the Materials and Methods

section. The SEM images in Figs. S6 — S9 demonstrate a good dispersion
of ZIF-94 and ZIF-7/COK-17 independent of the polymers used. For the

same polyme
to ZIF-94, up

r, the SEM images are very similar between the two ZIFs. As
to 35 wt%, from the surface and cross-section, no defects or

agglomeration are observed, indicating that MOF particles are distrib-
uted uniformly throughout the polymer matrix for both PEBAX and
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Fig. 10. SEM images of cross sections of 12 wt% ZIF in PEBAX MMMs: (a) ZIF-94, (b) ZIF-7/COK-17, (c), ZIF-8, and (d) ZIF-11/ZIF-71.

Matrimid®. However, at higher loading some defects have been noticed
for the PEBAX-based MMM with the presence of pinholes (Fig. S9h). For
ZIF-7/COK-17, the presence of defects appears at a lower content. As
shown in Fig. S9f, agglomerations appear at 20 wt%.

XRD patterns of the MMMs (Fig. S10) demonstrate that the crystal-
linity of the ZIFs is retained after incorporation within the polymers,
regardless of polymer type. TGA curves of the Matrimid® and PEBAX-
based MMMs (Fig. S11) suggest that varying the ZIF-fillers has an
insignificant effect on the MMMs’ thermal behaviour, with all giving a
slight acceleration of their decomposition. Table S3 summarises the
glass transition temperatures and melting temperatures. The PEBAX
displays dual melting peaks at 295 K and 490 K assigned to the melting
process of polyethylene oxide (PEO) and polyamide (PA) respectively,
and a glass transition temperature at about 215 K. By contrast, Matri-
mid® is remarkably stable even at temperature exceeding 573 K and a
glass transition point appears at 582.7 K. Furthermore, the incorporation
of ZIF fillers has only a very small effect on the membranes’ thermal
properties, raising the glass transition temperature by 2 K (PEBAX) and
10 K (Matrimid).

The permeation of pure CO; and Nj gases through neat polymer
membranes and the MMMs containing ZIF-94 and ZIF-7/COK-17 was
evaluated at 1.2 bar absolute and 293 K. Fig. 7a and b show the CO, and
N, gas permeation for MMMs based on PEBAX and Matrimid® respec-
tively as a function of ZIF loading.

Up to 12 wt%, the CO, permeability follows the same trend for the
two fillers in each of the polymers, with an increase in permeability with
the ZIF-content. The COy permeability is improved for PEBAX and
Matrimid® by 38 % and 55 % respectively for ZIF-94, and by 20 % and
54 % respectively for ZIF-7/COK-17. At higher ZIF content (20 wt%),
ZIF-94-based MMMs demonstrate a steady increase of CO, permeability
with increasing ZIF content for both polymers while ZIF-7/COK-17
shows a strong decrease in the case of PEBAX and a sharp increase for
Matrimid® up to 35.2 Barrer (not shown), which is attributed to the
development of defects in the membrane. This contrasting behaviour
can be related to the compatibility between fillers and polymers. The
behaviour of ZIF-94 MMMs indicates compatibility between filler and
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polymer materials. In contrast, the results of ZIF-7/COK-17 at 20 wt%
loading with both polymeric matrixes indicates poor compatibility as
confirmed by SEM images: in the case of PEBAX, agglomeration is
observed that leads to a decrease in permeability (Fig. S9e) while for
Matrimid® defects can be identified explaining the unexpectedly high
permeability (Fig. S7h). The maximum loading for ZIF-7/COK-17 to give
high quality membranes is therefore 12 wt%.

The CO2/Nj selectivity (Fig. 8) was calculated by comparing
permeation of the pure gases shown in Fig. 7. The CO2/N> selectivity
fluctuates slightly with the change of ZIF-94 loading in both PEBAX and
Matrimid® polymers. The behaviour is similar for ZIF-7/COK-17 in
Matrimid® but an improvement in ideal COy/Ny selectivity can be
observed at 12 wt% in PEBAX (CO2/N3 = 69). This is derived from the
reduced permeability of N, of 0.85 Barrer.

To further investigate the trend in CO, permeability, the CO; diffu-
sivity and solubility have been calculated. As the MMMs are considered
to be dense membranes, the solution-diffusion mechanism can be
applied, which considers the effective permeability as the product of
effective solubility and effective diffusivity. Diffusivity coefficients were
calculated from experimental pressure-time curves using Equation (7)
in Methods while solubility coefficients are obtained from Equation (8).
As shown in Fig. 9, the incorporation of ZIF induces a sharp decrease in
CO, diffusivity, by 75 % for PEBAX-based MMM and by 80 % for
Matrimid®-based MMM regardless of ZIF filler types, while the solubi-
lity increases in each case. The similar trend for both ZIF fillers can be
explained by their similar, relatively low, accessible volumes and BET
surface areas (Fig. 4), which is consistent with previous observations
indicating that the BET surface area is a key property in determining
permeability [32].

In the literature, there are contrasting reports of the trend of diffu-
sivity variation with increased filler loading. A similar sharply
decreasing trend in diffusivity with loading to those observed here is
also observed for CO5 over ZIF-300 in PEBAX at 4 bar and 295 K [31] but
for ZIF-67 (the cobalt-version of ZIF-8) diffusivity has been measured to
increase markedly with loading, while the solubility was observed to
show only a small increase over the same range [67] and ZIF-67 and ZIF-
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Sum

8 are reported elsewhere to show increases of diffusivity with loading
[34]. For the measurements here, the decrease in diffusivity compared
to the pure membrane can be attributed to the interaction between
fillers and polymer that constrains the mobility of polymer chain and
affects the overall diffusion properties [68]. Polymer chains will tend to
be rigidified with addition of fillers leading to a reduction in diffusivity.
As might be expected, the addition of each ZIF to each polymer results in
a steady increase in CO; solubility. This is explained by the high CO4
capacity of the two ZIFs compared to the polymers themselves (Fig. 5a).
This increase in membrane CO; solubility more than compensates for
the reduction of CO, diffusivity, leading to the positive effect on CO,
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Fig. 11. Element mapping (right) of SEM cross-sections of 12 wt% ZIFs in PEBAX MMMs (left): (a) ZIF-94, (b) ZIF-7/COK-17, (c) ZIF-8 and (d) ZIF-11/ZIF-71.

permeability seen in Fig. 7.

From these measurements, MMMs with 12 wt% loading of ZIF filler
in PEBAX was chosen to be used in the comparison with ZIF-8 and ZIF-
11/-71, because PEBAX MMMs showed the most suitable properties
overall and higher loadings of ZIF-7/COK-17 in both polymers led to
unfavourable dispersion and/or defects.

3.3. Comparison of ZIF-94, ZIF-7/COK-17, ZIF-8 and ZIF-11/ZIF-71 as
fillers in PEBAX under similar conditions

To understand better the effect of structural parameters of ZIF fillers
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Table 3
Summary of performance of ZIF-PEBAX MMMs.
ZIF — PEBAX ZIF-8 ZIF-94 ZIF-7/COK- ZIF-11/ZIF-
MMM MMM 17 MMM 71 MMM
ZIF loading 12 wt% in all cases
CO;, Permeability 81.8 68.3 59 61
(Barrer)
CO,/N;, Selectivity 52 53 69 45.7
CO,, diffusivity 1.82 0.72 0.78 1.87
107 em?s™ 1)
CO;, solubility 0.0452 0.094 0.076 0.033

(cms(STP) cm 2
cmHg 1)

on the permeability and selectivity of MMMs, we compared the per-
formance of the PEBAX-based MMMs with ZIF-94 and ZIF-7/COK-17
with those incorporating the other two ZIFs prepared here: ZIF-8 and
ZIF-11/ZIF-71. To eliminate the effects derived from membrane pa-
rameters, we used the same loading (12 wt%) and similar particle sizes
(400 nm) (Fig. 2). The surface and cross-section of MMMs prepared with
ZIF-8 and ZIF-11/ZIF-71 along with ZIF-94 and ZIF-7/COK-17 are
shown in Fig. 10, demonstrating a homogeneous dispersion of all ZIF
fillers at this loading level. The corresponding element maps of these
MMMs are shown in Fig. 11 (cross-sections) and Fig. S12 (surfaces).
The CO; permeability of the four PEBAX-based MMMs is compared
in Table 3 (which gives all relevant properties) and Fig. 12a. At a loading
of 12 wt%, the MMMs demonstrate varying levels of enhancement in
CO4 permeability, from 20 % to 60 %, where the highest CO, perme-
ability is observed for ZIF-8-based MMMs (81 Barrer). For CO2/Nj
selectivity (Fig. 12c¢), the ZIF-7/COK-17-containing MMM outperforms
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the membranes with other fillers, which is ascribed to a significant
reduction in Ny permeability with addition of this ZIF (Fig. 12b). With
the exception of ZIF-7/COK-17, incorporation of ZIF fillers results in an
increase in Ny permeability. We speculate that this is due to the uniform
pore sizes in the case of ZIF-8 and ZIF-11/ZIF-71 or the strong affinity to
Ny in the case of ZIF-94. ZIF-7/COK-17 possesses narrower 6R openings,
some of which are highly distorted (Fig. 1) and which may result in a
decreased nitrogen permeability.

The CO;, diffusivity and solubility calculated based on Egs. (7) and
(8) are depicted in Fig. 13a and b. Regarding gas diffusivity, all show
reduced values compared to the pure PEBAX, but membranes with ZIF-8
and ZIF-11/ZIF-71 fillers display higher diffusivity values compared to
those with ZIF-94 and ZIF-7/COK-17. This can be attributed to their
greater accessible volumes and pore sizes, as shown by Fig. 4. In the case
of the ‘ZIF-8 vs ZIF-94' comparison, the increased accessible volume and
larger pore size in ZIF-8 is the result of the reduced size of the imida-
zolate linker (MeIm) and possibly some linker motion. Additionally, the
reduced diffusivity in the membrane containing the ZIF-7/COK-17
hybrid compared to that with ZIF-8 is consistent with the reduced self-
diffusivity of COy in ZIF-7 (4 x 1077 em? s7H compared to that in
ZIF-8 (1.2 x 107> em? s71) as calculated by Verploegh et al. [37] In the
‘ZIF-7/COK-17 vs ZIF-11/ZIF-71' comparison, the rho structure ZIF-11/
ZIF-71, characterised by 8 membered-rings and large Ita cages, provides
a larger available volume compared to the rhombohedrally-distorted
sod structure ZIF-7/COK-17. As for gas solubility, the MMMs with
ZIF-94 and ZIF-7/COK-17 exhibit higher values than ZIF-8 and ZIF-11/
ZIE-71, consistent with the fillers’ high affinity for CO5 shown in Fig. 5.
Comparing between the permeability of the cubic sod ZIFs, the increase
in solubility of CO in ZIF-94 over ZIF-8 does not compensate for the
reduction in diffusivity. For the hybrid ZIFs, the increased solubility of
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Fig. 13. (a) CO, diffusivity and (b) CO, solubility coefficients of 12 wt% ZIF in PEBAX MMMs with different ZIF fillers, compared to those of PEBAX membrane.

CO5, in the rhombohedral sod structure over that in the rho structure is
also outmatched by the reduction in diffusivity, but here the overall
effect is small.

These results highlight the importance of considering both solubility
and diffusivity in the choice of fillers as they have contrasting effects
that tend to reduce any improvement in permeability conferred by
increased solubility; the affinity of the filler for CO, will determine the
solubility while the dimensions and connectivity of the pore openings
and possibly the dynamics of linker motion will affect the diffusivity. It is
their combined effect that determines the gas permeation through the
membrane.

There does seem to be an effect of ZIF structure on Ny permeability
and consequently on the CO3/N; selectivity, which is highest for the
hybrid ZIF-7/COK-17. It may be that some molecular sieving effects on
the N3 molecule (larger than CO3) of the distorted 6Rs in the rhombo-
hedral sod ZIF are important here. However, it is not possible to
determine absolute values of the Ny diffusivity and solubility very
accurately due to the larger error associated with the lower values of the
Nj permeation.

4. Conclusion

Two ZIFs that display similarly high affinities for CO5, ZIF-94 and
ZIF-7/COK-17 hybrid, have been incorporated in MMMs with a rubbery
polymer (PEBAX 1657) and a glassy polymer (Matrimid®5218). ZIF-94,
Zn(Amelm),, shows good compatibility in both MMMs (up to 35 wt%),
whereas ZIF-7/COK-17, Zn(BzIm,dcIm); shows uniform dispersion only
up to 12 wt%, above which defects appears (agglomeration/pin holes)
within PEBAX and Matrimid®. For all systems, increased homogeneous
loading significantly increases permeability for CO, because the in-
crease in solubility more than compensates for the decrease in
diffusivity.

For PEBAX-based MMMs, ZIF-94 and ZIF-7/COK-17 have been
compared as fillers at a single loading of 12 wt% with ZIF-8 and ZIF-11/-
71, two ZIFs that display much weaker CO, uptake at the conditions of
measurement of membrane properties. This enables direct comparison
of the effects of linker functionality and topology type. The CO, per-
meabilities of all MMMs are increased over that of PEBAX, and ZIF-8
loaded MMM shows the highest permeability due to its relatively high
diffusivity.

In general, the conclusion is that the increased solubility in MMMs
that results from enhanced uptake by those ZIFs with much greater CO,
affinity is counteracted in terms of permeability by the greater diffu-
sivities in those ZIFs with larger cages and without functional groups, so
that MMMs with the different ZIF fillers have similar CO5 permeabilities.

Although the Ny permeabilities are in all cases lower and conse-
quently measured with reduced precision, it appears that transport of
the larger N3 molecule is kinetically hindered in hybrid ZIF-7/COK-17
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compared to the other ZIFs, leading to an enhancement of predicted
CO9/Nj selectivity. This is attributed to restrictions in the size of some of
its 6R windows and the more constrained space of its cages in the dis-
torted rhombohedral sod topology.
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