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ABSTRACT: Zeolitic imidazolate framework-8 (ZIF-8) mem-
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branes have shown promising potential for the separation of =~

industrially important propylene/propane mixtures. For industrial & o i i

applications, it is necessary to synthesize a thin and defect-free ° b Ralaatale aased! o

ZIF-8 membrane with good integrity on scalable supports. In this g , o SO 220 =

work, we report the synthesis of ZIF-8 membranes on the sol—gel £ '3 0-0-0-6-0- 3 000 o ©

derived mesoporous y-alumina layer coated on top of the a- & ; ué

alumina support. Thin (2.5 pm), high quality, and stable ZIF-8 gw'm' A_z‘A_ N ADDAD |10 § Q
membranes can be grown on the y-alumina support grafted with 3- @ “onsieam  OMSWSAh  on sieam g i
glycidoxypropyltrimethoxysilane (GLYMO) by the seeded secon- A atr At iaasr v/ sasasstrass IR

dary growth method. Propylene/propane equimolar mixture Time (days) e A
separation experiments were conducted to test the separation S~ T '

performance of membranes. Compared to the ZIF-8 membranes

on the bare macroporous a-alumina support, ZIF-8 membranes prepared on the y-alumina coated a-alumina support show much
better separation characteristics, with a maximum propylene/propane separation factor of 225 and propylene permeance of 9.65 X
107 mol m™> s™' Pa™'. The ZIF-8 membrane synthesized on the scalable y-alumina coated a-alumina support exhibits separation
characteristics and stability similar to the best-performing ZIF-8 membranes on alumina supports with complex synthesis procedures
difficult to scale up.

B INTRODUCTION permeances were reported when the a-alumina disk was used
as a substrate.””> Furthermore, the widely used a-Al,O,
supports have quite large pores (pore diameter > 150 nm),
leading more likely to discontinuous and/or nonhomogeneous

The development of energy-efficient and sustainable ap-
proaches for propylene/propane separation is of paramount
significance in petrochemical industries."”” Considerable energy

and capital cost savings are possible by applying membrane- ZIF-8 film formation.””
based separation technology.”* Membranes made of zeolitic ZIF-8 membranes were also grown on other inorganic
imidazolate frameworks (ZIFs),”® particularly ZIF-8,” offer supports. Isaeva and co-workers”" synthesized ZIF-8 mem-
great perspective for future usage in industrial propylene/ branes via direct in situ crystallization on a composite
propane separation. Toward this goal, it is important to aluminum zirconate-based support for He separation. They
develop eflicient, scalable methods for reproducible synthesis found that the nature of the support and texture (microporous
of defect-free ZIF-8 membranes on practical porous sup- and macroporous) affect the morphology of the ZIF-8 selective
ports.>’ layers on the membrane surfaces. Caro and co-workers™
Significant progress has been made in de;go%ting thin ZIF-8 reported fabrication of a 40 um thick ZIF-8 layer on an
layers on various types of inorganic " and porous asymmetric porous titania substrate by a direct growth method
ceramic” * substrates by solution-based methods. Porous using microwave-assisted heating for hydrogen separation.

ceramic substrates provide structural integrity, have the
advantage of high thermal, mechanical, and chemical stability,
and thus are considered as ideal substrates for ZIF-8
membranes.'*"> The most important surface characteristics
of the ceramic substrate that could influence ZIF-8 film growth )
are pore size, surface roughness, and chemical composition. Of Revised:  February 17, 2022
these three factors, the chemical composition of the support Accepted: February 25, 2022
has the largest influence on crystal nucleation and growth.'®"” Published: March 8, 2022
ZIF-8 membranes are commonly synthesized on macroporous

a-alumina substrates.'®~>' However, relatively low propylene

However, expensive raw material for the synthesis of
zirconium-based support, lack of stability of a titanium
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substrate, and a complicated preparation process had limited
their applications.”® The preparation of the ZIF-8 membrane
was documented by Dangwal et al.” on a silicalite-seeded
anodic alumina oxide (AAQO) substrate by the secondary
growth method. They could fabricate high quality ZIF-8
membranes for propylene/propane separation due to the
strong attachment of silicalite seed crystals to AAO substrates
through hydrogen bonding. However, AAO substrates are
brittle, fragile, and expensive, making it very difficult to scale up
the synthesis of ZIF-8 membranes on the support.””*”

The sol—gel derived y-alumina membranes are mesoporous
and offer a smooth surface for %rowing microporous
membranes.””*" Choi and co-workers™ reported synthesis of
ZIF-8 membranes on the y-alumina coated a-Al,O; disc by an
in situ counter-diffusion method. The supports consist of
hierarchically structured y-Al,05/a-AlL,O; layers. The y-Al,O4
layer was used to control the counter-diffusion of the Zn
source and 2-methylimidazole ligand, leading to formation of a
ZIF-8 layer within the support with the y-Al,O; layer serving
just as a protective layer for the ZIF-8 separation layer.
Tsapatsis and co-workers® reported the fabrication of ZIF-8
nanocomposite membranes by means of atomic layer
deposition (ALD) of ZnO in the porous alumina support.
During ALD, diethylzinc reacts with the surface hydroxyl
groups, followed by ligand-vapor treatment, in the mesopores
of the y-alumina layer. Their membranes showed a maximum
separation factor of 152 and propylene permeance of 3.68 X
107® mol m™ s7' Pa™' with the vacuum pressure on the
permeate side using the time-lag technique. However, the ALD
technique for synthesis of the ZIF-8 membrane is expensive
and not easily scalable.”’”*” Nevertheless, these studies show
promise with the use of a-alumina macroporous substrates
coated with a y-alumina mesoporous layer with pores in the 2—
S nm range for growing high quality ZIF-8 membranes.

The y-alumina coated a-alumina supports can be readily
prepared by the scalable sol—gel method,” and there are, in
fact, ultrafiltration membranes commercially available from
several companies. On the other hand, seeded secondary is also
a scalable method for the synthesis of microporous membranes
such as those of zeolite and metal—organic frameworks. The
objective of this work is to explore the synthesis of high
performance ZIF-8 membranes on the sol—gel derived y-
alumina layer using the simple and scalable seeded secondary
growth method. The work compares the C;H¢/C;Hg mixture
separation performance of the ZIF-8 membranes on the y-
Al,0;/a-Al, O, support with those of ZIF-8 membranes on the
intact a-Al,O; supports without y-Al,O; to show the
effectiveness of choosing a mesoporous support with a smooth
surface for the synthesis of high performance ZIF-8
membranes.

2. EXPERIMENTAL SECTION

2.1. Synthesis of the a-Alumina Support with the y-
Alumina Layer and Grafting Modification. Macroporous
a-alumina disk supports (2 mm thick, 20 mm in diameter, with
an average pore diameter of 200 nm and porosity of 45%) were
synthesized using A-16 a-alumina powder (Almatis, USA) by
the press and sintering method as described in our previous
publication.”* A mesoporous y-alumina layer was coated on the
a-alumina disks by the sol—gel method. A boehmite sol was
prepared from hydrolysis and condensation of aluminum
tributoxide as previously reported®® and then dip-coated on the
polished side of a-alumina disks. The boehmite coated a-
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alumina supports were subsequently calcined at 550 °C for 3 h
with a heating and cooling rate of 0.58 °C/min. The coated
boehmite was converted to the y-alumina layer bound to the a-
alumina support in this calcination step. The y-alumina layer
was finally modified by grafting 3-glycidoxypropyltrimethox-
ysilane (GLYMO). This was done by immersing a-alumina
supported y-alumina disks in a GLYMO/ethanol solution (1.9
g of GLYMO, 20 mL of ethanol) at 40 °C for 30 min. The
disks were removed from the solution, dried in air, and finally
heat-treated at 100 °C for 4 h.

2.2. Synthesis of the ZIF-8 Seed Layer. ZIF-8 crystals
for membrane seeding were prepared by the method of
Cravillon and co-workers.”® Zinc nitrate hexahydrate (734.4
mg, Zn(NO,),-6H,0, >98%, Sigma-Aldrich) and 810.6 mg of
2-methylimidazole (MeIM, >99.0%, Sigma-Aldrich) were
dissolved separately in SO mL of methanol (MeOH, >99.5%,
Sigma-Aldrich) to obtain clear solutions. The zinc solution was
added into the imidazole solution slowly and stirred for 30 min
followed by aging for 24 h. The resultant white colloidal
solution was centrifuged (10,000 rpm) for 1S min to collect
the particles. The obtained seeds were washed repeatedly using
pure methanol and then dried under vacuum at room
temperature for 24 h. To form the seeding suspension, 0.04
g of dried ZIF-8 crystals was dispersed in a glass vial containing
100 mL of methanol, followed by sonication for 30 min. The
Z1IE-8 seed layer was coated on the y-alumina substrate by dip-
coating. A ZIF-8 seed suspension of 0.05 wt % was used. The
surface of y-alumina substrates was brought in contact with the
ZIF-8 seeding suspension for 20 s. The seeded supports were
then dried in ambient air at room temperature for 10 min. The
dip-coating procedure was repeated two times to ensure good
coverage of the seed layer. The seeded supports were heat-
treated at 95 °C for 3 h (with a heating and cooling rate of 0.3
°C/min).

2.3. Synthesis of ZIF-8 Membranes. The ZIF-8 seed
layer was grown to a continuous layer by placing the seeded
support vertically in a Teflon holder immersed in the
secondary growth solution containing 2.27 g of MeIM and
0.11 g of Zn(NO;),-6H,0 in 40 mL of deionized water in a
Teflon lined stainless steel autoclave under hydrothermal
conditions at 130 °C for 7 h. The synthesized membranes were
washed with methanol several times followed by immersion in
methanol at room temperature for 12 h. The membrane was
then removed from methanol and dried under ambient
conditions for 24 h. The secondary growth step was repeated
with the hydrothermal treatment at 130 °C for 6.5 h to ensure
sealing the intercrystalline gaps.

2.4. Characterization. Membrane surface morphology was
studied by SEM (Amray 1910 with an accelerating voltage of
10 kV after gold/palladium deposition). The crystallographic
properties of the @-alumina supported ZIF-8 membranes were
examined by XRD (Siemens DS5000, with a scan step of 2°/
min for 26, using Cu K, radiation (4 = 0.1543 nm) at 30 kV
and 30 mA). Water contact angle analysis of ZIF-8 membranes
was conducted using a Kruss Easy Drop Contact Angle
apparatus equipped with a CCD camera. A water droplet (4
uL) was dropped on the external surface of membranes at four
different points. Measurements were conducted at ambient
pressure in 21—23 °C. The contact angle was measured after
each drop was settled for 1 min, with the help of Droplet Shape
Analyzer software.

2.5. Gas Separation. In studying membrane separation
performance, a ZIF-8 membrane was sealed with Viton O-rings
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Figure 1. Surface SEM images of (a) the y-alumina layer coated on the a-alumina support, (b) the ZIF-8 membrane synthesized on the a-alumina
supported y-alumina layer without modification, and (c) the ZIF-8 membrane on the a-alumina supported y-alumina layer treated with GLYMO.
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Figure 2. Static water surface contact angle micrographs of (A) the y-alumina layer on the a-alumina support, (B) the y-alumina layer after
GLYMO treatment, and (C) the y-alumina layer after treatment with H,0O, and then GLYMO.

(O-rings West, U.S.A.) in a custom-made stainless-steel
permeation cell, and the effective permeation area was 2.27
cm®. Binary gas separation experiments were conducted under
the feed pressure of 1-2 atm using the Wicke-Kallenbach
technique.”® An equal molar propylene/propane mixture was
fed to the membrane at a total feed flow rate of 100 mL/min
using Brook’s mass flow controllers. The membrane permeate
side was swept with nitrogen (N,) at a flow rate of SO mL/min.
The compositions of permeate and retentate were determined
by an Agilent 6895 gas chromatograph equipped with a TCD
detector using a silica gel packed column (dimensions: 1.8 mL,
3.2 mm O.D.). For each experimental run, 3 to S samples were
analyzed to obtain the standard deviation of the permeance
and separation factor. The accuracy of the gas permeation
results was +3.0%.

3. RESULTS AND DISCUSSION

3.1. Characteristics of Synthesized y-Alumina Sup-
ports and ZIF-8 Membranes. Figure 1 shows the SEM
images of the y-alumina layer on the a-alumina support, the
ZIF-8 membrane synthesized directly on the y-alumina layer,
and the ZIF-8 layer synthesized on the GLYMO treated y-
alumina layer. The SEM image of the y-alumina layer shows a
smooth mesoporous layer on top of the a-alumina support.
Besides providing a smooth surface, the y-alumina layer also
acts as a barrier for avoiding ZIF-8 formation in the interior of
the a@-alumina support. A fracture, crack, and peeling off
problem was observed for the ZIF-8 membranes synthesized
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on the y-alumina layer without modification (Figure 1b).
However, the ZIF-8 layer on top of the GLYMO treated y-
alumina layer is uniform without any defect (Figure 1c). This
indicates that in the absence of the GLYMO treatment, the
bonding between the ZIF-8 film and the substrate is weak.

Water contact angles and IR spectra were measured to
understand how GLYMO treatment changes the surface
properties of the y-alumina layer that favors bonding of the
ZIF-8 membrane and support. Figure 2 shows the static
contact angles of water on the y-alumina and GLYMO treated
y-alumina layer. Upon GLYMO treatment, a much larger
contact angle is shown on the surface of the y-alumina layer,
indicating a reduction of hydrophilicity of the y-alumina layer
due to the hydrophobic nature of the GLYMO. The contact
angle is even larger for the y-alumina layer first treated with
H,0, and then GLYMO. It shows that H,0O, pretreatment is
more effective for functionalization of y-alumina by GLYMO,
making the surface less hydrophilic.

Figure 3 shows the IR spectra of the y-alumina layer without
and with GLYMO treatment, before and after having been
coated with ZIF-8 seeds. As shown in Figure 3, the absorption
band at 1630 cm™" and the broad absorption band at 3400—
3600 cm™ are respectively related to the bending vibration
and stretching vibration of the H,O and —OH groups on the
surface of the y-Al,O;. For the y-alumina layer, the —OH peak
appears at 1630 and 3420 cm™'. Additionally, the IR spectra
includes some wide peaks at 400—1000 cm ™" corresponding to
Al-O stretching.”” Two characteristic peaks at 581 and 734
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Figure 3. FT-IR spectra of y-alumina before and after treatment with
GLYMO and the seeding step.

cm™" are assigned to the AlO, and AIO6 stretching vibrations
of Al-O bonding y-ALO;, respectively,” and the broad peak
in this region indicates the presence of the y-alumina phase. ¥

For GLYMO treated y-alumina layers, the peaks at 2930 and
2840 cm™ are related to asymmetrlc and symmetric stretching
of the C—H band, respectively.”’ The absorption peaks at
2944, 2876, and 1470 cm™' correspond to the CH, of
GLYMO. In addition, the peaks at 1089 and 1194 cm™" reveal
the ether group (including the epoxy group), and the
absorption peak at about 910 cm™ corresponds to the Si—
O—C bond of GLYMO.*""** Therefore, the characteristic peaks
corresponding to CH, and OH appear in the same positions in
Figure 3 for the y-alumina and GLYMO.

ZIF-8 has four characteristic peaks at 2926, 1600, 1145, and
995 cm™!, assigned to vibrations of C—H, C=N, and C—N in
the imidazole ring, respectively. The sharp peak positioned at
457 cm™ is attributed to the Zn—O stretching bonds.*>** This
is the reason that this peak is more pronounced for the seeded
samples in Figure 3.

In this work, ZIF-8 membranes are synthesized on the y-
alumina layer in four steps, as schematically depicted in Figure
4. Based on the IR and water contact angle data, the
mesoporous texture of the y-alumina layer reduces defects in
the a-alumina and provides a smooth surface for coating ZIF-8
seeds. However, the y-alumina layer surface contains abundant
surface hydroxyl groups and is highly hydrophilic. The ZIF-8
seed layer (and subsequently the ZIF-8 membrane) does not
form a strong bond with the y-alumina layer making the ZIF-8
coated layer prone to peeling off and formation of other
defects. In the y-alumina surface functionalization step,
hydrolysis of three methoxyl groups of GLYMO molecules
occurs initially. Then, the thermal treatment results in the
condensation reaction of the hydrolyzed GLYMO with the
hydroxyl groups of the y-alumina layer. GLYMO molecules are
attached to the y-alumina layer via Si—O—Al bonds.***® FTIR
spectra also show reduction in OH-peak intensity of the
samples after treatment due to binding the OH group with
GLYMO molecules.

In the step of seeding, the ZIF-8 nanoparticles are grafted to
the epoxy group of GLYMO via a ring-opening reaction.”*>**
Strong interfacial adhesion is constructed by chemical bonding
between the ZIF-8 layer and the silane-modified y-alumina
layer. Once ZIF-8 nanoparticles contact the silane-modified
substrate, the reaction between ZIF-8 and the GLYMO derived
epoxy groups on the interface leads to the formation of Zn—O
bonds resulting in good adhesion of the ZIF-8 coated seeds on
the y-alumina layer.”** Finally, in the secondary growth step,
the ZIF-8 seeds on the support surface grow into a continuous
ZIE-8 film well bonded on the y-alumina support.

Figure S shows SEM micrographs of the surface of the ZIF-8
seed layer (on y-alumina) and the ZIF-8 membrane on the
ZIF-8 seeded y-alumina layer, the cross section of a ZIF-8
membrane synthesized on the y-alumina coated a-alumina
support in this work, and a representative ZIF-8 membrane on
the a-alumina support. The ZIF-8 seed layer (Figure Sa)
consists of ZIF-8 particles of uniform size less than 100 nm.
Since a well-dispersed and stable seed suspension is used as the
dip-coating sol, the aggregation of ZIF-8 particles is not
observed. This continuous ZIF-8 seed layer provides
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Figure 4. Suggested steps/mechanism for formation of the ZIF-8 membrane on the functionalized y-alumina layer using GLYMO.
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Figure 5. SEM micrograph top view of (a) the seeded y-alumina layer, (b) ZIF-8 membrane, and (c) cross-section of the synthesized ZIF-8
membrane on the y-alumina layer, and (d) cross-section of the ZIF-8 synthesized membrane on the a-alumina support (synthesized at 120 °C for 7

h).

nucleation sites for the secondary growth of ZIF-8 crystals into
continuous film. The ZIF-8 membrane surface (Figure Sb)
exhibits well-intergrown polycrystalline grains with high
integrity without observable defects such as pinholes or cracks.

The cross-section micrograph of the ZIF-8 membrane
(Figure Sc) clearly shows the ZIF-8 layer and the y-alumina
intermediate layer, respectively, of about 2.5 and 4 um in
thickness, and the a-alumina support. The ZIF-8 membranes
on both y-alumina (Figure Sc) and a-alumina (Figure Sd) are
continuous, have a similar morphology, and do not have well-
defined grain boundaries. However, the interface between the
ZIF-8 membrane and y-alumina is well-defined, and the
thickness of the ZIF-8 layer on y-alumina is about 2.5 ym. The
ZIF-8 membrane on a-alumina (Figure Sd) does not show a
clear boundary with the support suggesting some of the ZIF-8
crystals may penetrate in the support. The actual thickness of
the ZIF-8 membrane on a-alumina could be higher than 2.5
um suggested earlier’* based on the continuous layer shown in
the micrograph.

The XRD patterns of the a-alumina support, y-alumina
coated a-alumina substrate, and as-prepared ZIF-8 membrane
are shown in Figure 6. The XRD pattern of the synthesized
ZIF-8 membrane was obtained by XRD analysis of the surface
of the dried membrane after the last secondary growth step. As
shown, the XRD pattern of the ZIF-8 membrane is a
combination of the diffraction patterns of the alumina support,
y-alumina intermediate layer, and ZIF-8 layer which is
distinguished in Figure 6. The diffraction pattern of the ZIF-
8 top layer agrees with the standard ZIF-8 crystal structure and
confirms formation of random oriented polycrystalline ZIF-8
membranes.

3.2. Propylene/Propane Permeation and Separation
Properties. Figure 7 shows the C;Hy and C;Hg permeances
and C;H/C;Hg separation factor for the ZIF-8 membrane
synthesized on y-alumina with increasing C;Hy4 concentration
in the feed mixture. Similar results for the ZIF-8 membrane
synthesized on the bare a-alumina® are also given for
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Figure 6. XRD patterns of (a) the a-alumina support, (b) y-alumina
layer on the a-alumina support, and (c) ZIF-8 membranes
synthesized on the y-alumina coated a-alumina.

comparison. As shown in Figure 7a and b, both ZIF-8
membranes have similar C;Hg permeance because these two
membranes have similar thickness. However, the ZIF-8
membrane on y-alumina has a C;H¢/C;Hg separation factor
(about 225) significantly larger than the ZIF-8 membrane on
a-alumina (about 35), indicating a much better quality of ZIF-
8 membranes grown on y-alumina with a smooth surface.
Figure 7a also shows an increasing C;Hg permeance and a
decreasing C;Hy permeance (and hence decreasing C;Hy/
C;H,) with an increasing C;H, partial pressure for both ZIF-8
membranes. However, the ZIF-8 membrane on p-alumina
exhibits highly stable permeance and a separation factor with
respect to change in feed composition than the ZIF-8
membrane on a-alumina.
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Gas permeance through a polycrystalline ZIF-8 membrane
with intercrystalline gaps includes the contributions of flows
through ZIF crystalline pores and intercrystalline gaps as*’

ZIF Int.
="+ E"

F'imea (1)
The permeance through the intercrystalline gaps depends on
intercrystalline pore size and porosity. Gas transports through
the intercrystalline gaps can be assumed to follow the Knudsen
mechanism. The measured separation factor is related to the

membrane selectivity by

mea
C3H6

XCH/CHy = Tmea

CsHy

)

combining eqs 1 and 2, and the observed separation factor is
then determined by

ZIF Int.
FCsHs * fe,

ZIF Int.

aC3H6/C3H8 - F +
C;Hg C;Hy

()

Data in Figure 7 show a 14% greater decrease in the C;Hjg
permeance followed by around a 25% greater decrease in the
C;H4/C3Hg separation factor for the ZIF-8 membrane on a-
alumina than the one on y-alumina with the increasing C;Hg
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fraction in the feed side. This can be explained with the help of
eqs 1—3 after further rearrangement. Since for C;Hg the
permeation through ZIF-8 pores is much higher than the

permeation through intercrystalline gaps (F&g, >> F&l; ), eq 3

can be further simplified to

ZIF
FC3H6

AC.H/CHy = FZIE
C3H8

Int.
GHg
ZIF
Gty

1+

(4)

The measured separation factor decrease with increasing the
C;Hg fraction in the feed side is magnified by the second term
in eq 4, which is related to the existence of the intercrystalline
gaps. For the ZIF-8 membrane on a-alumina, the C;Hg
permeance through the intercrystalline gap is much higher
than the one on y-alumina. So, the good performance of as-
prepared membranes on y-alumina could be attributed to the
highly intergrown ZIF-8 crystals in the ZIF-8 layer, and this
limits the formation of nonselective permeation pathways
through the layer.

Figure 8 shows the pressure and temperature dependency of
the propylene/propane separation performance for the ZIF-8
membrane on the y-alumina support. As shown in Figure 8(a),
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the permeances of both C;Hg and C;Hg decrease with
increasing feed gas pressure at room temperature. Compared
with that of C;Hg, the permeance of C;Hg suffers a faster
decline, and thus, the separation factor of C;H4/C3Hg drops
with increasing feed pressure. These findings are consistent
with the previous results of the effect of feed composition on
separation performance. With respect to the temperature
dependence (Figure 8b), the permeance of propylene
decreases and that of propane increases with increasing
temperature. It is known that the diffusion rate increases but
adsorption (solubility) decreases with the increasing temper-
ature. The increasing temperature may cause thermal
expansion in pore size and may open up more defects which
lead to a change of microstructure. This will decrease the
molecular sieving effect and cause a reduction in the separation
factor. ZIF-8 membranes on a-alumina have a similar
temperature and pressure dependency of the C;Hg and C;Hjg
permeance.’” The difference in selectivity and the permeance
of propylene and propane is more determined by the difference
in diffusivities of these gases in ZIF-8. Adsorption experiments
showed that the two gases exhibit a similar sorption affinity in
ZIF-8, but their diffusion rates differ by 2—4 orders of
magnitude.”* Propylene’s slightly smaller kinetic diameter
compared to propane allows it to pass more easily through the
aperture of ZIF-8 crystals and diffuse much faster than
propane. Thus, the aperture size of ZIF-8 crystals with respect
to the molecular sizes of propylene and propane provides sharp
molecular sieving for efficient separation of the propylene/
propane mixture. %

Figure 9 shows permeation and separation performance of
the C;Hy/C;Hg mixture for a ZIF-8 membrane on y-alumina
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Figure 9. Separation results of C;H¢/C;Hg mixture gases (50/50) on
the ZIF-8 membrane as a function of time at 30 °C.

as a function of time, the first S days on the C;H4/C;Hg
stream, then 10 days under He gas at room temperature, and
then 5 days again on the C;Hy/C;Hg stream. The ZIF-8
membrane exhibits good C;H, permeance of about 107 mol/
m*s-Pa (30 GPU) and the C;H,/C;Hg separation factor
(about 220) during the entire period of tests. These results
show good stability of the membranes on the y-alumina
support.

Figure 10 compares the C;H4/C;H;g separation performance
of the ZIF-8 membranes on y-alumina prepared in the present
work with the separation performance for different ZIF-8
membranes on alumina supports published in the literature.
Some publications on the ZIF-8 membrane synthesized on
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Figure 10. Comparison of the C;H, separation performance of ZIF-8
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polymeric and AAO substrates reported the C;H¢/C;Hg
separation factor and C;Hg permeance in the range of 10—
300°°° and 0.1—6 x 10~° mol m™2 s™! pa™,'>"" respectively.
However, the separation data from these membranes are not
included in Figure 10 since the polymeric support cannot
handle high temperature, and the AAO support is difficult to
scale up for practical applications. As shown, the ZIF-8
membrane prepared in this work has the highest separation
factor. ZIF-8 membranes prepared by Tsapatsis and co-
workers® are comparable to the membrane reported in this
work. Their membranes exhibit higher permeance and lower
selectivity than those of the membranes synthesized in this
study. This is due to the small thickness of their membranes
(estimated thickness about SO nm compared to the observed
thickness of 2.5 um of the membranes synthesized in this
work), but their ZIF-8 membranes were prepared by atomic
layer deposition (ALD) of ZnO in the porous y-alumina
support. The lower separation factor for the membranes
prepared using the ALD method indicates the presence of
some intercrystalline gaps in the membrane layer which could
also lead to a higher permeance. The high performance of the
ZIF-8 membranes synthesized in this work can be explained by
the highly intergrown ZIF-8 crystals in the ZIF-8 film grown
on the y-alumina layer with minimized nonselective perme-
ation paths through the layer.

4. CONCLUSIONS

Thin, high-quality ZIF-8 membranes can be grown on
mesoporous y-alumina coated a-alumina supports by the
seeded secondary growth method. The y-alumina layer needs
to be functionalized by GLYMO to eliminate the y-alumina
surface hydroxyl groups leading to an enhanced bonding of the
ZIF-8 layer with the support. The availability of the smooth
mesoporous y-alumina layer allows the synthesis of thin ZIF-8
membranes with well intergrown ZIF crystallites and minimum
defects and intercrystalline gaps. The resulting ZIF-8
membranes exhibit superb propylene/propane permeation
and separation characteristics. This work provides a simple
and effective strategy to synthesize high performing ZIF-8
membranes on scalable and practical y-alumina supports for
industrial applications.
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