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Metal—organic framework (MOF) glasses have demonstrated great
potential for high-performance separation. Herein a uniform hybrid
MOF glass membrane was fabricated by using the liquid state of ZIF-
62 to facilitate the melting of ZIF-8. The doping of ZIF-8 enhanced
both the adsorption capacity as well as the ideal CzHg/C3Hg selec-
tivity of ZIF-62 glass. As expected, the hybrid glass membrane
exhibited good C3zHe/C3Hg separation performance while preserving
the CO, performance of the sole ZIF-62 membrane.

Metal-organic frameworks (MOFs) represent one of the most
impressive kinds of membrane materials because of their high
porosity and tunable chemistry."* The development of MOF-
based membranes has been very prosperous over the past dozen
years.>™ To achieve membranes with excellent performance,
many challenges such as the unavoidable grain-boundary defects
in the polycrystalline membranes and poor MOF-polymer inter-
face compatibility in the mixed matrix membranes® must be
addressed. Very recently, a new state of MOF material named
MOF glasses (a,MOF),”"? which could be fabricated by melting
and then quenching some crystalline MOFs, have attracted much
attention due to their non-crystalline structures, intrinsic poros-
ity, and easy processibility."™** The fascinating properties endow
MOF glasses with great potential in solving the above-mentioned
challenges in MOF-based membranes.

Wang et al."® reported a ZIF-62 glass membrane for carbon
capture. The polycrystalline ZIF-62 membrane via in situ sol-
vothermal synthesis had significant gaps, pinholes, and grain
boundary features. After melt-quenching treatment, the
achieved glass membrane exhibited a very smooth surface
without grain boundaries. Thus, in contrast to the leaking
polycrystalline membrane, the glass membrane exhibited high
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separation performance for CO,/N, and CO,/CH, mixtures with
separation factors of 34 and 36. Lin et al.'® fabricated a 6FDA-
DAM polyimide-based composite membrane with ZIF-62 as
filler. It was confirmed that the in situ melting of ZIF-62 within
the polyimide matrix was very effective in reducing meso- and
macroscale defects at the MOF/polymer interface, resulting in a
23.7% increase in CO,/N, selectivity. Except for the a,ZIF-62
and ay(ZIF-62),,(6FDA-DAM), 3 membrane, other MOF glass
membranes such as M-P-dmbIm'” and TIF-4 membranes'® also
showed outstanding CO, separation performance.

Unlike more than 60000 MOF structures in the Cambridge
Structural Database, the number of reported disordered MOF
liquid and glass is very limited."® Thus, it might be difficult to
find the suitable glass material for target mixture separation
through extensive screening. Under such a background, the
construction of MOF glass-based hybrid materials could be a
good solution. A flux melted glass sample ay[(ZIF-8), »(ZIF-62), 5]
was fabricated by the flux melting of the crystalline ZIF-8 via the
high-temperature ZIF-62 liquid.>® Hou et al.>* constructed the
MOF crystal-glass composites via dispersing crystalline MIL-53
within the ZIF-62-glass matrix. Despite the several reports about
MOF glass-based hybrid materials,*®*>* their application in
membrane separation remains undeveloped.

Herein we report a hybrid ZIF-8/ZIF-62 glass membrane by
using the liquid state of ZIF-62 to facilitate the melting of ZIF-8.
As compared to the pure ZIF-62 glass membrane, the resultant
hybrid glass membrane demonstrates the ability for propylene
(CsHe¢) and propane (C3Hg) separation.

First, we prepared a series of hybrid ZIF-8/ZIF-62 glass
materials with different doping amounts of ZIF-8 and then
investigated their adsorption properties toward C3 hydrocar-
bons. ZIF-8 and ZIF-62 crystals (Fig. S1, ESIt) in a certain mass
proportion were mixed well via the mechanical ball-milling
process, and the obtained mixtures were named (ZIF-8),(ZIF-
62);_,. As shown from their powder X-ray diffraction (XRD)
pattern (Fig. S2, ESIT), the intensity of the Bragg peaks of ZIF-8
divided by that of ZIF-62 gradually enhanced with the increased
content of ZIF-8 as expected. The thermal behavior of the
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Fig. 1 (a) PXRD patterns and (b) FTIR spectra of agl(ZIF-8)(ZIF-62);_,l.
SEM images of agl(ZIF-8)(ZIF-62);_,] with x of (c) 0, (d) 0.2, (e) 0.4, (f) 0.6,
() 0.8 and (h) 1, respectively.

mixtures was evaluated with thermal gravimetry (TG) and
differential scanning calorimetry (DSC) measurements
(Fig. S3, ESIT). It was found that the doping of ZIF-8 had little
effect on the melting temperature of ZIF-62 around 430 °C.
Then, the (ZIF-8),(ZIF-62), _, crystal mixtures were employed for
fabricating glass-based composites by the melt-quenching pro-
cess at 500 °C since all samples could remain stable up to
500 °C. Most of the resultant a,[(ZIF-8),(ZIF-62),_,] samples
except the one with x of 0.8 didn’t exhibit Bragg diffraction,
suggesting the glassy nature (Fig. 1a). Some diffraction peaks of
ZIF-8 were still retained for a,[(ZIF-8),s(ZIF-62),,] sample,
which might be due to the absence of enough liquid ZIF-62
for promoting the flux melting of ZIF-8. As shown from the
FTIR spectra (Fig. 1b and Fig. S4, ESIt), the mixture powders
retained their chemical bond connection regardless of the
mechanical ball milling or the vitrification process. The
morphologies of a,[(ZIF-8),(ZIF-62), _,] samples were then mea-
sured, and the results were given in Fig. 1c-h. The pure a,ZIF-
62 presents a smooth surface. When the ZIF-8 doping content
was within the range of 20-60%, the liquid state of ZIF-62
succeeded in facilitating the melting of ZIF-8, as indicated by
their smooth and dense surface. In contrast, when the ZIF-8
content was as high as 80%, some particles were embedded in
the glass melt. This result was consistent with the XRD pat-
terns, indicating that ZIF-8 was not completely melted under
this condition.
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The adsorption property of all hybrid glass samples toward
C3H, and C3Hg was investigated (Fig. 2a and Fig. S5, ESIT). With
the increase of ZIF-8 content, the adsorption capacity of hybrid
glass a[(ZIF-8),(ZIF-62),_,] for both C;Hs and C;Hg gradually
increased. On the other hand, amorphous ZIF-8 performs far
well in the separation of C3;H4/C3Hg than crystal ZIF-8. As a
result, a,[(ZIF-8),(ZIF-62),_,] samples (within the range of
x = 0.2-0.6), amorphous as proved by the XRD results, had
notably better selectivity than a,[(ZIF-8), (ZIF-62), ,] and a,ZIF-
62 (Fig. 2b). In summary, it is believed that the doping of ZIF-8
enhanced both the adsorption capacity as well as the ideal
selectivity of C3He and C3Hg.

The hybrid ZIF-8/ZIF-62 glass membrane was then fabri-
cated via melt-quenching of the corresponding polycrystalline
membrane. First, the post-synthetic ligand exchange approach
was employed for preparing the mixed-phase polycrystalline
membrane. A prepared ZIF-62 membrane was immersed in the
DMF solution containing 2-methylimidazole ligand of ZIF-8 to
react at 50 °C for 2 h. The XRD pattern (Fig. S6, ESI}) revealed
that ZIF-62 partially converted into ZIF-8, forming a ZIF-62/ZIF-
8 mixed-phase membrane. SEM images showed that the surface
of the obtained hybrid membrane mostly presented the crystal
morphology of ZIF-8 (Fig. S7, ESIt). After heat treatment, an
amorphous membrane without any diffraction characteristic
peaks could be obtained. However, the membrane was not
continuous or dense, deviating from the smooth surface prop-
erties of glass. It could be attributed to the fact that the melting
of ZIF-8/ZIF-62 performed well only when the two phases were
tightly combined. The particles due to the incomplete melting
made this method not feasible.

Further, we successfully prepared the polycrystalline ZIF-8/
ZIF-62 hybrid membrane by the in situ solvothermal reaction
(Fig. 3a and Fig. S8, ESIt). SEM images showed that the surface
of the membrane had particles with obvious crystal shapes
(Fig. 3c). After melting- quenching process, the particles on the
surface disappeared completely (Fig. 3d). Similar to the melting
behavior of the ZIF-62 glass, the molten liquid phase would
penetrate the nanopores of the alumina support through
capillary force, enhancing the mechanical strength and stability
of the membrane (Fig. 3b). A single-ligand control experiment
was also conducted. It was found that the reaction of a single
ZIF-8 or ZIF-62 organic ligand could only lead to amorphous
substances rather than polycrystalline membranes (Fig. S9-S11,
ESIT). For the as-obtained membranes after heat treatment, this

(a) aj(@F-8)2F-62),]] (b) »s0] ~ x00 4 [(2IF-8) (ZIF-62), ]
& 2% ——x=02
» £ |—w—x=04
= S
o= 20 o x=0.6

n
8 5
¢ 2
i -
£ 10 =
:e o ) =
T e
o ” CH, @ 273K Q

0 20 40 60 80 100
Pressure (kPa)

Pressure (kPa)

Fig. 2 (a) CsHe adsorption isotherms and (b) CsHe/CsHg IAST selectivities
of agl(ZIF-8),(ZIF-62);_,] at 273 K.
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Fig. 3 (a) XRD patterns of ZIF-8/ZIF-62 polycrystalline membrane and
glass membranes. (b) EDXS-mapping of glass membrane, including the
membrane on the surface and the infiltration part in the top layer of the
alumina support; green Zn and red Al. Top SEM images of (c) ZIF-8/ZIF-62
polycrystalline membrane and (d) glass membrane.

amorphous substance disappeared and no gas separation perfor-
mance was noted. This shows that the corresponding hybrid glass
membrane was the result of the synergistic effects of ZIF-8/ZIF-62.
The obtained hybrid ZIF-8/ZIF-62 glass possessed the ZIF-8 mass
ratio of 63 wt% as calculated by the "H NMR spectra (Fig. S12, ESIT),
which was suitable for C;H¢/C3Hg separation as indicated by the
adsorption results of hybrid glasses.

Gas permeation property of the resultant hybrid membranes
was evaluated using the Wicke-Kallenbach method. The single
gas permeance as a function of the molecular kinetic diameter
was shown in Fig. 4a. Compared with the ZIF-62 glass
membrane, the hybrid ZIF-8/ZIF-62 glass membrane had two
obvious cut-offs between CO,/N, and C;H¢/C3Hg. As shown in
Fig. 4b, the ideal selectivity values of all gas pairs were higher
than the Knudsen selectivity values, identifying the excellent
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Fig. 4 (a) Single gas permeance as a function of the gas kinetic diameter,
and (b) the corresponding ideal selectivities. (c) Pressure dependence of
the hybrid glass membrane for CO,/N, separation at 25 °C with 1:1 CO,/
N, feed. (d) Long-term stability of the hybrid glass membrane for CsHg/
C3Hg separation.
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molecular sieve performance of the hybrid membrane. The
selectivity values of small molecular gases, i.e., H,/CH, (45),
CO,/N, (32), and CO,/CH, (35), were similar to our previously
reported a,ZIF-62 membrane."” However, it should be noted
that the ideal selectivity of the C;H¢/C3Hg gas pair reached 17,
significantly higher than the a,ZIF-62 membrane (2.5). ZIF-8 in
the hybrid glass has indeed play an important role which might
be ascribed to the following two reasons, (1) the formed
amorphous ZIF-8 after melting is highly selective for CsHg,>”
(2) the doping of ZIF-8 increases the pore limiting aperture of
a,ZIF-62.%° These differences might explain the potential of the
hybrid glass membrane for propylene/propane separation.

The hybrid glass membranes were also tested with binary
gas mixtures. The selectivities for equimolar CO,/N, and CO,/
CH, mixture were 34.6 (Fig. 4c) and 29.9 (Table S1, ESIY),
respectively, preserving the separation characteristics of the
ZIF-62 membrane for small molecule gases. On the other hand,
the separation selectivity for C3;He/C3Hg could reach 18.7
(Table S1, ESIf), achieving a breakthrough in the a,ZIF-62
membrane for larger molecule gas. The permeance and separa-
tion factor as a function of pressure was also studied (Fig. 4c).
Although the permeability of CO, and N, both gradually
decreased with the increase of pressure, the separation factor
of CO,/N, was almost unchanged. It indicates that the doping
of ZIF-8 enhanced the pressure resistance of the a,ZIF-62 glass
membrane. A 45 h test on CO,/N, (Fig. S13, ESIt) and C;Hg/
C3Hj (Fig. 4d) separation was also carried out, respectively. The
performance had very little, if any, declination, showing rela-
tively long-term stability.

In summary, this study verifies the benefits of the creative
addition of MOF crystals to MOF glass. ZIF-8 can be effectively
melted under the flux of ZIF-62 to form a flux melted glass
membrane. While preserving the separation performance of
the ZIF-62 glass membrane for small molecule gases, the hybrid
glass membrane also showed enhanced separation ability for
macromolecular gases (olefins/alkanes). Moreover, the hybrid
glass membrane has an excellent 45 h stability, which is
conducive to its potential for practical applications. We are
also trying hard to explore the separation mechanism of MOF
glass-based hybrid membranes and thus make a wider applica-
tion scope for MOF glasses.
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