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CALF-20, [Zn,(1,2,4-triazolate),(oxalate)] shows remarkable perfor-
mance in post-combustion carbon capture, even under humid condi-
tions® but its reported crystal morphology hinders its applicability in
mixed matrix membranes (MMM:s). Here, a route to its preparation as
platelets a few tens of nm thick is reported. These were incorporated
into a PEBAX MH1567 polymer matrix and the resultant MMMs display
improvement in CO, permeability and CO,/N, selectivity.

The removal and concentration of CO, from mixed gas streams
is important for current and future carbon capture applica-
tions. The use of solid adsorbents rather than amine solutions
for this offers many potential advantages, particularly if CO,
can be adsorbed selectively over N, in the presence of moisture
and at low CO, partial pressure." Among those materials being
investigated for carbon capture, metal organic frameworks
(MOFs), a large and expanding family of porous crystalline
solids comprising metal cations and organic linkers, are of
particular importance due to their large surface areas and
tuneable surfaces.” Some MOFs not only show structural sta-
bility to moisture but also retain capacity for CO, in moist gas
streams® where zeolites are rapidly deactivated. Among those
receiving most attention for carbon capture are the amine-
appended large pore Mg carboxylate Mg-MOF-74R,” the pillared
niobium oxyfluoride NbOFFive® and the zinc triazolate oxalate
CALF-20 (Calgary Framework 20, Zn,(1,2,4-triazole),(oxalate)).*
CALF-20 consists of zinc triazolate layers pillared by oxalate
linkers (Fig. 1), and has recently been shown to adopt one of
two closely related structures, o or 8, depending on the partial
pressure of water.® At relative humidity below 23% the widely
described o-form is observed, whereas at higher relative
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humidity the B-form is stable. Upon the reversible phase
transformation from o to B, the oxalate groups tilt relative to
the zinc triazolate layers and their binding changes from bis-
bidentate to bis-monodentate-dominant; there is also a distor-
tion of the Zn,(trz), pore opening.

CALF-20 has excellent CO, uptake at room temperature at a
few percent of CO, and exhibits high CO,/N, selectivity and
long term stability in the presence of moisture, notwithstand-
ing the o to P transition.® In addition, its small pores function
as CO, adsorbents at relative humidities at which the pores of
zeolites would fill with water.® While carbon capture using
packed beds of CALF-20 in pressure and temperature swing
processes has been proposed, membrane technology could also
make use of this MOF. Polymeric membranes have been widely
investigated for gas separation, but suffer from ageing effects as
well as the trade-off between gas permeability and selectivity
described by the Robeson upper bound.” To surpass this limit,
a mixed matrix strategy of incorporating nanoporous solid
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Fig. 1 The o and B forms of CALF-20, showing for each (left to right) the
Zn,(trz), layer; intralayer aperture and pillared structure (Zn blue; N green;
C, grey; O, red).
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fillers into a polymer matrix has been shown to enhance
performance.® ' Some of the best studied examples involve
the use of zeolitic imidazolate frameworks (ZIFs) as fillers, due
to their chemical and structural variety and their ease of
preparation as nanocrystals."’

CALF-20 has previously been incorporated within Nafion for
CO,/N, separation, but its particle size (ca. 1 pm) and blocky
morphology results in a low volume occupation and poor filler
distribution, and consequently low CO,/N, selectivity (occoz/NZ =
2.1 for a mixed gas stream with 10% CO, and 90% N,)."!
Modifying its crystal morphology could improve its perfor-
mance in MMMs. One possibility would be to prepare it in
nanoplatelet form, as a ‘2D MOF’. There has been much recent
attention paid to the applications of 2D MOFs in MMMs,
because their high aspect ratio enables fast transport for
favoured gas species while increasing greatly the tortuosity
for non-favoured molecules, even at low filler loadings (below
10 wt%).'* The crystal structure of CALF-20 is strongly aniso-
tropic, so that it was expected that it would be amenable to
preparation as platelets under suitable conditions of crystal
growth. Other studies have shown that ZIF-8 platelets can be
prepared by careful use of a lamellar zinc-bearing precursor
Zns(OH)s(NO3),-2H,0" (Fig. S1, ESIt) and these show attractive
properties as MMM fillers.’* Here, we report a synthesis route
to CALF-20 which uses that lamellar zinc-containing precursor
and gives platelets a few tens of nm thick, and we incorporate
these within PEBAX-MH1657 to obtain MMMs that show
enhancement in CO, permeability and CO,/N, selectivity, even
at low filler content.

CALF-20 crystallised at room temperature from a mixture of
oxalic acid, triazolate and basic zinc carbonate in a water/
ethanol solution,’ gives micron-sized crystals that are not
suitable for MMM fillers (Fig. S2a, ESIt). This CALF-20(lit),
dried at 60 °C overnight, and run in a capillary in Debye-
Scherrer geometry gave the PXRD pattern reported for
CALF-20(c) and predicted from the crystal structure® (Fig. 2a).

We investigated the use of Zns(OH)g(NOs),-2H,0 as a zinc
precursor with a layered structure in the synthesis, with the aim
that this would promote crystallisation of CALF-20 with platelet
morphology. Zns(OH)g(NO3),-2H,0, which has a layered crystal
structure with a positively charged zinc hydroxide layer and
intercalated nitrate anions (Fig. S1, ESIf), was prepared by

__Lu«r/\«« @ < 9@

Intensities (a.u)

10 20 30 a0 50 10 2020
20 (degrees) 20 (degrees)

30 40
26 (degrees)

Fig. 2 PXRD (measured with Mo K,; and represented as if from Cu K,4) of
(@) CALF-20(lit), (b) CALF-20(P), (c) CALF-20(P) under vacuum and
(d) rehydrated (indexed peaks in green for CALF-20(x) and purple for
CALF-20(B), respectively).
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Fig. 3 SEM images of (a) platy CALF-20, and (b) exfoliated CALF-20
plates, (c) AFM image of single CALF-20 plate and (d) the height profile
of CALF-20 plate along the line in (c).

reacting Zn(NOj3), and Li(OH) solutions according to the pub-
lished procedure (ESIT)."® This zinc hydroxide nitrate was used
in subsequent reaction with 1,2,4-triazole and oxalic acid in
methanolic solution via microwave heating at 90 °C for 1.5 h
and the product washed and dried. SEM indicated the product
CALF-20 has platelet morphology with a crystallite dimension
across the thin plates of around one micron (Fig. 3a and b). The
platelets were examined by AFM, giving an estimated thickness
of around 30 nm (Fig. 3¢ and d) and an aspect ratio of 22. It
should be noted that the use of the layered zinc hydroxide
nitrate precursor, rather than elevated temperature, is critical
for the synthesis of platelets: microwave heating of the gel
prepared using basic zinc carbonate as the zinc source gave
bulky crystals of CALF-20 (Fig. S2b, ESIt) that were in the
a-form (Fig. S3, ESIT).

PXRD of the platelets showed differences from that of the
CALF-20(«) prepared via the literature method (Fig. 2). Indexing
gave a unit cell of 9.33 A x 8.00 A x 10.00 A, close to that
reported for CALF-20(B)® and comparison of the PXRD against
that calculated for CALF-20(f) indicated it was CALF-20(f)
(Fig. S4, ESIT). As CALF-20(B) is reported to transform reversibly
to the a-form upon drying, a sample was loaded in a capillary,
evacuated (10~ * mbar) at room temperature and sealed. PXRD
showed the structure had transformed to the o-form. The
capillary was then broken and overnight exposure of the
powder to moist lab air resulted in transformation back to
CALF-20(B). That the B-form is observed during initial charac-
terisation of the platelets but not the bulky crystals prepared
via the literature method is remarkable. It is likely that the o-
form results from drying both morphologies, but the CALF-20
platelets transform to the B-form more rapidly upon exposure
to moisture when loading capillaries due to faster H,O uptake
via shorter diffusional paths.

The CO, adsorption isotherm at 298 K of the platy CALF-20
(referred to here as CALF-20(P)) up to 1 bar is very close to that
measured for the bulky crystals prepared via the literature
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method (Fig. S5a, ESIt). Further, CO, and N, adsorption iso-
therms up to 10 bar at 298 K (Fig. S5b, ESIT) are very similar to
those reported for CALF-20." At 1.2 bar the corresponding CO,
uptake and CO,/N, selectivity are 4.22 mmol g ' and 8.6,
respectively. The thermal behaviour of CALF-20(P) and the
CALF-20 prepared via the literature method were examined
under air (Fig. Sé6a, ESI{). Both start decomposing at 600 K,
leaving a residue that accounts for 42 wt% of total mass,
consistent with reported data. FTIR spectra (Fig. Séb, ESIf)
confirm the materials’ similarity.

To prepare MMMs using CALF-20(P) as filler, a suspension
of the platelets in methanol was ultrasonicated to produce
more single platelets, as observed by SEM and AFM (Fig. 3
and Fig. S7, ESIf) and TEM (Fig. S8, ESI{). MMMs were
prepared by incorporating 3 to 10 wt% CALF-20 platelets into
PEBAX MH1657 via a solution/slow evaporation method
described in the ESI.f Membranes based on the neat polymer
were prepared similarly. The thickness of all membranes was
ca. 50 pm. PXRD of MMMs (Fig. S9, ESIt) confirms that the
CALF-20 filler retains structure and crystallinity after combin-
ing with PEBAX. By comparison with conventional MOF particle
fillers, the loading for 2D MOF-containing MMMs is typically
from 2 to 10 wt%."'> The high loading limitation originates from
the tendency of 2D materials to agglomerate at higher content
due to their high surface energy.'® Despite the low content,
their high aspect ratio allows more efficient dispersion within
the membrane compared to 3D materials. Fig. S10 (ESIT) dis-
plays the microstructure of the MMMs. Pure PEBAX is smooth,
while the incorporation of filler increases the MMMs’ rough-
ness without introducing defects over the loading range
3-10 wt%. Up to 7 wt%, the CALF-20 fillers are homogeneously
distributed. At 10 wt%, a high loading of CALF-20 filler induces
severe settling (Fig. S10j, ESIT) at the bottom of the membrane
due to the greater density of CALF-20 fillers (1.8 g cm?)
compared to that of the polymeric solution (1.1 g ecm?). The
distribution of CALF-20 fillers was also examined by focused
ion beam scanning electron microscopy (FIB-SEM), and a
representative cross-section of MMMs at 7 wt% loading is
shown in Fig. 4a, indicating the morphology of the filler is
unchanged by incorporation in the membrane. The incorpora-
tion of platy CALF-20 within MMMs was shown to be homo-
geneous by elemental mapping of Zn (Fig. S11, ESIt)

TGA (Fig. S12, ESIt) indicates that MOF fillers have a small
impact on membrane thermal stability in general, but increas-
ing the filler loading can accelerate membrane decomposition
at lower temperature.

The permeation of pure N, and CO, gases through neat
polymer membrane and the MMMs was assessed at 1.2 bar
absolute and 293 K. Fig. 4b indicates that up to 7 wt% the
incorporation of CALF-20 fillers significantly enhances both
CO, permeability and CO,/N, selectivity, by about 37% and
67%, respectively, approaching the Robeson 2008 upper bound
(Fig. S13, ESIt)."> The MMMs with 3 and 5 wt% CALF-20
demonstrate good performance compared to MMMs with other
loadings, but also in comparison with PEBAX mixed with other
fillers."” At 10 wt%, a dramatic drop is observed in both CO,
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Fig. 4 (a) FIB-SEM cross-section of MMM with 7 wt% CALF-20(P), (b) CO,

permeability (blue bars) and CO,/N; selectivity (black squares) for MMMs
with CALF-20 at different loadings, (c) CO, permeability and (d) H,O
permeability vs. feed humidity (%RH) for PEBAX (red circle) and PEBAX_-
CALF-20_5 wt% (black rectangle).

permeability and selectivity, which we attribute to the reduced
effect of CALF-20(P) that results from the high degree of
agglomeration and settling.

Membrane diffusivity and solubility were determined, to
investigate the filler effects on membrane performance, as
described in the ESI{ and depicted in Fig. S14. Diffusivity
coefficients decrease gradually with increasing filler, attributed
to the MOF’s impact on polymer chain packing and rotational
mobility. Additionally, the predicted CO, diffusivity coefficient
in pure CALF-20 is 1 x 10”7 cm? s~ *,*® lower than the diffusivity
in PEBAX (2.6 x 10”7 em® s ')."® Therefore, the overall diffu-
sivity in MMMs decreases due to the increased hindrance
from fillers. However, incorporating CALF-20 fillers leads to a
marked improvement in CO, solubility. For example, a five-fold
enhancement is realised at 5 wt%, ascribed to the strong
affinity of CALF-20 to CO,, resulting in an overall increase of
CO, permeability. The CO, solubility derived from the permea-
tion measurement with the MMMs at 7 wt% is consistent with
the membrane sorption isotherm (Fig. S15 and Table S2, ESIT).
Further, to validate the impact of CALF-20 morphology on
membrane performance, a modified Maxwell model was
applied to predict gas permeation of 2D-filler-incorporated
MMMs.?%?! Using eqn (S7) (ESIt) for this model, where the
shape factor is expressed as G (for spherical fillers, G is equal to
2, while for lamellae, G tends to infinity as an indication of low
hindrance). CALF-20(P) MMMs give a G of 50 for predicting CO,
transport (Fig. S16, ESIT).

In addition to dry gas permeation measurements, CO,
permeation data under wet conditions (pure CO, with 50%
and 90%RH, see Scheme S2, ESIT) for PEBAX and PEBAX-CALF-
20-5 wt% have been carried out (Fig. 4c and d). The CO,
permeability of the PEBAX (60 Barrer at 0% RH) decreases
(50%RH, 55 Barrer) then increases (90% RH, 70 Barrer). A
similar trend is observed for PEBAX_CALF-20_5%. This might

This journal is © The Royal Society of Chemistry 2024
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be explained by competitive sorption effects at low humidity
content, inhibiting the CO, permeation. However, at higher
humidity content, the water molecules induce the swelling of
the PEBAX, resulting in a higher gas flux. Even in the presence
of water, PEBAX_CALF-20_5% exhibits a larger CO, permeation
than PEBAX. H,O permeability follows the same trend for
PEBAX and MMMs, with an increase of the water permeability
with feed humidity content (Fig. 4d) due to an increase of water
sorption at higher activities.*”

CALF-20 holds great promise for selective MMMs due to its
high CO, uptake and stability in the presence of moisture.
However, the bulky morphology of CALF-20 is not suitable for
incorporation into polymer membranes. Here, we present a
route to platelet CALF-20 (aspect ratio 22) by using layered zinc
hydroxide nitrate as a precursor and with microwave heating.
This CALF-20 exhibits comparable CO, and N, uptake with that
synthesised via literature methods but its morphology enables
homogeneous incorporation within PEBAX polymer matrix at
3-7 wt%, giving enhancement in CO, permeability and CO,/N,
selectivity and an overall performance that approaches the 2008
Robeson upper bound. In the presence of water, CO, perme-
ability of the MMM was also enhanced compared to pure
PEBAX membrane.
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