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ABSTRACT: Understanding how to control transport
properties of zeolitic imidazolate frameworks (ZIFs) is critical
to extend ZIF-based membranes and adsorbents to a wide
spectrum of gas and vapor separations. In this work, we report
a facile post-synthetic thermal modification (PSTM) technique
to tailor ZIFs’ transport properties by balancing diffusivity and
diffusion selectivity. With controllable dissociation of frame-
work methyl groups from a precursor ZIF (ZIF-8), we have
prepared thermally modified ZIFs showing substantially
increased n-butane diffusivity and attractive n/iso-butane
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diffusion selectivity. Hybrid ZIF/polymer mixed-matrix membranes formed using these thermally modified ZIFs are expected
to deliver attractive butane isomer separation performance. Membranes based on such materials can potentially be used to
retrofit refinery alkylation units for producing premium gasoline blending stocks.
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membrane gas separation, mixed-matrix membrane

Zeolitic imidazolate frameworks (ZIFs) represent a family
of organic—inorganic crystalline porous materials’ com-
prising ZnN, or CoN, tetrahedra bridged by imidazole-based
ligands. Despite topological resemblances to zeolites, ZIFs have
unique molecular sieving properties. Their flexible frame-
work”™* enables faster guest molecule diffusion compared with
rigid zeolites possessing similar aperture size.”® ZIF-8 [Zn-
(MeIM),, where MeIM = 2-methylimidazole] is the most
extensively studied ZIF'~” and accounts for over 70% of the
published work on ZIF-enabled membranes.'” ZIF-8 has an
effective aperture size of 4.0—4.2 A and offers simultaneously
attractive C3H permeability (~390 Barrer) and C;Hy/C3Hq
permselectivity (~130).” ZIF-8-based membranes with promis-
ing C;H4/C3;Hg permselectivities have been successfully
realized on several membrane platforms, which include
supported ZIF/alumina membranes,'' ™" layered ZIF/polymer
membranes,'® and mixed-matrix ZIF/polymer membranes.'”"®
Supported ZIF-8/alumina membranes with C;H,/C;Hg mixed-
gas selectivity as high as 90 have been reported."> Considering
that C3Hy/C;Hjg selectivity is usually reduced in a mixture
environment,'’ this is nicely consistent with ZIF-8 ideal
selectivity (a[C3H¢/C3Hg] ~ 130) predicted by single-
component kinetic sorption measurements in large ZIF-8
crystals. The consistency further proves the validity of screening
ZIF membrane materials based on independent kinetic uptake
measurements of free-standing ZIF crystals.

The successful demonstration of ZIF-8 for C;H/C;H,
separation has motivated researchers to develop ZIFs with
transport properties tailored for a targeted separation.'” Tt is of
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substantial interest to develop membrane materials for butane
isomer (n- and iso-butane) separation, which is an important
yet energy-intensive separation in refineries.”” Despite ZIF-8’s
remarkably high n/iso-butane diffusion selectivity (2.5 X 10°),
n-butane diffusivity is only 5.7 X 107'* cm®/s, which makes its
n-butane permeability commercially unattractive.”*' A recent
study'” reported synthesis of hybrid ZIFs by mixing linkers of
ZIF-8 (MeIM) and ZIF-90 (carboxyaldehyde-2-imidazole). By
variation of the linker ratio during synthesis, a controllable
linker percentage and increased n-butane diffusivity were
obtained in hybrid ZIFs.

To develop ZIFs with tailorable transport properties, an
alternative to the above mixed-linker synthesis is post-synthetic
modification. Gadipelli and co-workers™* studied thermogravi-
metric analysis—mass spectrometry (TGA—MS) of ZIF-8
samples heated up to 800 °C. In contrast to the common
belief that ZIE-8 is thermally stable up to 500 °C,** the TGA—
MS results showed that methyl groups (on MeIM linkers)
dissociate from the framework at temperatures as low as 350—
400 °C. The dissociation, which was confirmed by a weakening
of the 5(CH,;) mode at 1384 cm™, became increasingly rapid
as the thermal treatment temperature was further increased to
the 400—500 °C range. Long-range crystal order was
maintained for the sample heated at 500 °C for 6 h, as
evidenced by the unchanged powder X-ray diffraction (PXRD)
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pattern at low 20 angles. The thermally treated ZIF showed
substantially increased CO, uptake and CO,/N, selectivity;
however, the effects of methyl group dissociation on guest
molecule diffusion were not studied. Because the linker
dimension controls the ZIF’s effective aperture size, we believe
that thermally induced methyl group dissociation and,
consequently, linker size reduction can be used to “open up”
the ZIF’s aperture and create ZIFs with increased guest
molecule diffusivity and permeability. It should be noted that
similar aperture enlargement can also be realized using solvent-
assisted linker exchange.”

Six thermally modified ZIF samples were prepared by heating
the precursor ZIF (ZIE-8) at 200, 300, 400, 450, 475, and 500
°C for 2 h in a QS0 thermogravimetric analyzer (TA
Instruments, New Castle, DE) under a continuous argon
purge. The detailed heating protocol is described in the
Supporting Information (SI). The ZIF-8 precursor was
activated at 100 °C under vacuum for 2 h prior to
characterization. Guest molecule diffusion in the ZIF-8
precursor and thermally modified ZIFs was studied with
pressure-decay sorption at 35 °C using sulfur hexafluoride (SFg;
5.5 A), n-butane (n-C,H,; 4.3 A), and iso-butane (iso-C,H,;
5.0 A) as guest molecules. To ensure reliable and convenient
diffusion measurements, two ZIF-8 precursor samples (Figure
S1 in the SI) with average equivalent diameters of 92 nm” and
15.8 um” were synthesized. The 92 nm ZIF-8 sample was used
to prepare thermally modified ZIFs for SF¢ and iso-C,H,
diffusion measurements, while the 15.8 ym sample was used to
prepare thermally modified ZIFs for n-C,H,, diffusion
measurements.

In addition to TGA (Figure S2 in the SI) and diffusion
measurements, thermally modified ZIFs were characterized by
scanning electron microscopy (SEM), PXRD, as well as surface
area and porosity analysis (N, physisorption at 77K). SEM
imaging (Figure SI in the SI) showed no changes in either the
crystal size or shape after thermal treatment. This is reasonable
because the overall crystal integrity should be maintained if
methyl group dissociation is the major structural change. PXRD
results (Figure S3 in the SI) suggested that the long-range
crystal orders were well-maintained after thermal treatment. N,
physisorption results (Figure S4 in the SI) are, in general,
consistent with the observations by Gadipelli and co-workers™”
that both the surface area and porosity were reduced with
increasing thermal treatment temperature. For the ZIF
thermally modified at 500 °C for 2 h, the Brunauer—
Emmett—Teller (BET) surface area and micropore volume
were respectively reduced by 15 and 30% compared with the
ZIF-8 precursor.

The effect of thermal treatment temperature on guest
molecule (SFg, n-C,H,o, and iso-C,H,,) diffusion is shown in
Figure 1. The diffusivity essentially stayed constant for ZIFs
thermally treated below 300 °C, suggesting that the ZIF
structure was intact and the effective aperture size was
unchanged. This is in agreement with TGA—MS results that
minimal gas species were detected when heated below 300 °C.
A slight increase in the diffusivity was observed as the thermal
treatment temperature continued to increase to 400 °C, which
is again in excellent consistency with TGA—MS results in which
the onset of C—C bond cleavage and methyl group dissociation
occurs at 350—400 °C. As the thermal treatment temperature
further increased to 500 °C, the thermally modified ZIFs
showed more rapidly increased guest molecule diffusivity
because of the aggressive loss of methyl groups above 400 °C.

10%
10°4
107 =
L u "

107
107
107
107

1074 °
107 ® ° ° . at
10" 4 - -

Transport diffusivity (cm?/s)

100 200 300 400 500
Thermal treatment temperature (°C)
Figure 1. Guest molecule (SF4 n-C,H,, and iso-C4H,,) transport

diffusivity data in the ZIF-8 precursor (activated at 100 °C) and ZIFs
thermally modified at 200, 300, 400, 450, 475, and 500 °C.

As methyl groups dissociate, MeIM linkers controlling the
ZIF’s six-ring aperture size are reduced to smaller imidazoles,
and as a result, the aperture is enlarged. The degree of aperture
enlargement, obviously, is determined by the percentage of
dissociated methyl groups. Ideally, maximum aperture enlarge-
ment occurs when all methyl groups are removed with all
MeIM linkers reduced to imidazole, and the material is changed
from Zn(MeIM), to Zn(IM),. Upon a comparison of the ZIF
thermally modified at 500 °C and the ZIF-8 precursor, the
transport diffusivities of SF¢, n-C,H,, and iso-C,H,, increased
by 432, 28, and 400 times, respectively. The percentages (6,
Table S1) of methyl groups that dissociate from the ZIF-8
framework for each thermally treated ZIF sample were
calculated based on the TGA weight loss (Figure S2) and
theoretical weight loss (13.2%) assuming complete methyl
group dissociation. Despite being able to retain long-range
crystal order, samples thermally modified at 500 °C showed
weakened PXRD peaks at higher 26 angles. This suggested
existence of locally disordered pores, which may result in
reduced BET surface area and micropore volume (Figure S4).
In addition to aperture enlargement as a result of methyl group
dissociation, such local disorder may have contributed to
changes in guest molecule diffusivities, possibly as a secondary
effect. It is worth noting that the 400 times increase in the iso-
butane diffusivity was caused by dissociation of only 17% of the
framework methyl groups. It is interesting to compare the post-
synthetic thermal modification (PSTM) method with alumi-
nosilicates extraframework cation exchange. While the PSTM
method enlarges the ZIF’s aperture by linker size reduction,
enlarging aluminosilicate zeolite apertures can be realized by
exchanging larger extraframework cations with smaller ones
(e.g, Na' to Li*) or replacing monovalent extraframework
cations with divalent ones (e.g, Na* to Ca®*).*

n-Butane diffusivity data and n/iso-butane diffusion selectiv-
ities of the ZIF-8 precursor and ZIF samples thermally modified
at 450, 475, and 500 °C are plotted in Figure 2 with the fraction
of thermally removed methyl groups. Figure 2 shows that the
PSTM technique can be conveniently used to tailor ZIFs’
transport properties. The n-butane diffusivity was substantially
increased with removal of framework methyl groups. For the
ZIF sample thermally treated at 500 °C (8 = 17 wt %), the n-
butane diffusivity increased by 28 times (from 5.7 X 107'* to
1.6 X 107'° cm?/s) compared with that of the ZIF-8 precursor.
While the n/iso-butane selectivity was reduced (from 2.5 X 10°
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Figure 2. Effect of thermally induced methyl group removal on ZIF-8’s
n-butane diffusivity and n/iso-butane diffusion selectivity.

to 1.7 X 10°) as a result of enlarged apertures and reduced
molecular sieving capability, it still remains highly attractive for
efficient separation. An additional increase in the n-butane
diffusivity is expected for samples thermally treated at higher
temperature or prolonged time; however, caution is needed
because framework decomposition may occur for prolonged
heat treatment above 525 °C,** which may substantially reduce
the material’s diffusion selectivity.

The alkylation process is critical to producing high-octane
rating stocks for premium gasoline blending. The process
produces highly branched alkylates by reacting C;_s olefins
with iso-butane, which is separated from butane isomerization
products (n- and iso-butane). Butane isomer separation is
conventionally realized by highly energy-intensive fractional
distillation, and a membrane unit can be used to debottleneck
the separation with improved process energy efficiency. Figure
3a shows a simplified flow scheme of alkylation process
debottlenecking with membrane separation. Membrane re-
tentate with enriched iso-butane is introduced to the distillation
column, and membrane permeate with enriched n-butane is
recycled to the butane isomerization reactor.

Membrane-based butane isomer separation is challenging.
Both polymer and zeolite membranes have been considered.
While polymer membranes are highly scalable, C, hydrocarbon
diffusion is slow in glassy polymers, and accordingly

permeability is economically unattractive.”**” Among several
studied zeolitic materials, MFI-type zeolite membranes®’
offered the most promising separation performance with a n/
iso-butane separation factor (at 25 °C) of up to 62.
Nevertheless, the high cost of zeolite membrane synthesis
and low packing efficiency of the alumina-supported tubular
geometry have compromised the scalability of zeolite
membranes. On the other hand, hybrid mixed-matrix
membranes (Figure 3a) offer excellent balance between
separation performance and scalability by dispersing highly
selective and permeable molecular sieve particles inside
continuous and easily processed polymer matrices.

Figure 3b compares the estimated n/iso-butane separation
performance of mixed-matrix membranes formed using ZIF-8
and the 500 °C thermally modified ZIF. The permeability and
selectivity of mixed-matrix membranes were estimated by the
Maxwell model (see the SI). The polymer matrix was 6FDA-
DAM'”** in both cases, which had an n-butane permeability of
0.5 Barrer (Table S2) and an n/iso-butane ideal selectivity of 21
at 35 °C. The results suggest that the PSTM technique can be a
very powerful tool to create structurally modified ZIFs for
advanced membrane separations. Because of ZIF-8's unat-
tractive n-butane permeability (0.12 Barrer), n/iso-butane
separation performance of ZIF-8/6FDA-DAM mixed-matrix
membranes is expected to be poor. At 45 vol % ZIF-8 loading,
calculations (see the SI) predicted 40% reduction in n-butane
permeability and only slightly (30%) increased n/iso-butane
permselectivity for ZIF-8/6FDA-DAM mixed-matrix mem-
branes over the pure 6FDA-DAM matrix. On the contrary,
substantial increases in both the n-butane permeability and n/
iso-butane permselectivity are expected for mixed-matrix
membranes formed using the thermally modified ZIF (n-
butane permeability ~ 2.9 Barrer; Table S2). At 4S vol % ZIF
loading, the mixed-matrix membrane n-butane permeability is
enhanced by more than 100% and the n/iso-butane
permselectivity is remarkably increased to 102, which is
~400% higher than that of the polymer matrix 6FDA-DAM.

It should be noted that the estimated mixed-matrix
membrane permeation properties in Figure 3b were based on
single-component diffusion measurements. Reduced ZIF n-
butane diffusivity and n/iso-butane diffusion selectivity are
expected under binary n/iso-butane mixture sorption because of
competitive diffusion between n- and iso-butane molecules.
Accordingly, the mixed-matrix membrane n-butane perme-
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ability and n/iso-butane separation factor are expected to be
lower under n/iso-butane mixture membrane permeation than
the numbers shown in Figure 3b. Additionally, it is worth
noting that the purpose of Figure 3b is to demonstrate the
usefulness of the PSTM technique to tailor ZIF’s transport
properties for membrane separation applications. The reliability
of estimated mixed-matrix membrane n/iso-butane separation
performance in Figure 3b is subject to uncertainties of
diffusivity measurements (pressure-decay sorption) and limi-
tations of the idealized Maxwell model at higher particle
loadings.

In conclusion, we have reported a facile PSTM technique
that offers great opportunities to develop ZIFs with tailorable
transport properties. Guest molecule (SFg, n-C,H;o, and iso-
C,H,,) diffusivities in thermally modified ZIFs were enhanced
with increasing thermal treatment temperature (400—500 °C)
because of progressive methyl group dissociation and,
consequently, enlarged aperture. The ZIF thermally modified
at 500 °C showed 28 times increase in the n-butane diffusivity,
with the n/iso-butane diffusion selectivity (1.7 X 10°) remaining
attractive. The thermally modified ZIF is expected to
substantially increase n/iso-butane separation performance of
hybrid ZIF/polymer mixed-matrix membranes, which can be
potentially used to debottleneck refinery alkylation processes.
While the example is given by tailoring ZIF-8’s transport
properties with controllable removal of methyl groups, we
expect that the PSTM approach discussed in this study is
generalizable. It may be potentially extended to other ZIF or
MOF precursors constructed by ligands comprising thermally
removable groups.
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