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Abstract: ZIF-8 membranes have emerged as the most
promising candidate for propylene/propane (C;Hy/C;Hg) sep-
aration through its precise molecular sieving characteristics.
The poor reproducibility and durability, and high cost, thus far
hinder the scalable synthesis and industrial application of ZIF-
8 membranes. Herein, we report a semi-solid process featuring
ultrafast and high-yield synthesis, and outstanding scalability
for reproducible fabrication of ZIF-8 membranes. The mem-
branes show excellent C;Hy/C;Hg separation performance in
a wide temperature and pressure range, and remarkable
stability over 6 months. The ZIF-8 membrane features dime-
thylacetamide entrapped ZIF-8 crystals retaining the same
diffusion characteristics but offering enhanced adsorptive
selectivity for C;Hy/C;Hg. The ZIF-8 membrane was prepared
on a commercial flat-sheet ceramic substrate. A prototypical
plate-and-frame membrane module with an effective mem-
brane area of about 300 cm® was used for efficient C;Hy/C;H,
separation.

P ropylene—propane separation is one of the most significant
but challenging processes in chemical industry.)! Membrane-
based separations hold tremendous superiority as compared
with the energy-intensive cryogenic distillation process.”
Typical polymer membranes are subjected to the trade-off
between permeability and selectivity which is known as
Robeson’s upper bound.”! In contrast, microporous inorganic
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membranes with outstanding molecular sieving properties
have the potential to exceed the Robeson’s upper limit.[*
Metal-organic framework (MOF) membranes, for one, have
been demonstrated to be capable of kinetic separation of H,/
CO,,”! CO,/N, CO,/CH,” and olefin/paraffin® mixtures,
owing to the well-defined pore structures and precisely
tunable functionality for adsorbate affinity.

Zeolitic imidazolate framework-8 (ZIF-8), consisting of
zinc ions coordinated with 2-methylimidazolate ligands,” is
the most extensively studied MOF for membrane application.
Owing to its structural flexibility, the effective pore aperture
(4.0-4.2 A) of ZIF-8 is larger than the crystallographically
determined aperture (3.4 A), exhibiting the great potential in
kinetic separation for propylene/propane (4.03/4.16 A).1"
The ideal kinetic selectivity for propylene/propane on ZIF-8
is measured to be 125 by Li et al. in 2009.1Y In 2012, the first
ZIF-8 membrane for highly efficient propylene/propane
separation was reported by Lai et al., with propylene perme-
ability up to 200 Barrer and separation factor up to 50.1*%
Several groups around the world have greatly advanced the
development of ZIF-8 membranes after that.'>"] For exam-
ple, Jeong and co-workers have developed series of methods
for the synthesis of ZIF-8 membranes, including counter-
diffusion method,'® microwave assisted seeded growth,
rapid thermal deposition (RTD) method.™ Nair and co-
workers developed an interfacial microfluidic membrane
processing (IMMP) for parallelizable fabrication of MOF
membranes inside polymeric hollow-fiber substrates.!"!
Recently, Tsapatsis and co-workers reported ligand-induced
permselectivation (LIPS) process for synthesis of ZIF-8
membranes on y-alumina supports.!'””! Most of the reported
performance have already met the industrial application
requirements, i.e., C;Hg permeability higher than 1 Barrer
and C;Hy/C;Hy selectivity higher than 35.?% Nevertheless,
there are still several challenges remaining to be overcome
towards industrial applications, including reduction of mem-
brane cost, improvement of process reproducibility, long-term
membrane durability, and more importantly, modularization
with high packing density.”"

Herein, we report a reliable and scalable semi-solid
processing approach, i.e., dip coating-thermal conversion
(DCTC) method (Figure 1a) for the fabrication of ZIF-8
membranes. The precursor solution was prepared by dissolv-
ing stoichiometric metal and ligand in H,O/DMAc (dimethy-
lacetamide) mixed solvent. It should be noted that the
preparation should be carried out in an ice-bath in the first
300 min so as to achieve an inhibition of nucleation (Fig-
ure S2). This is the key step to guarantee a uniform coating of
ZIF-8 separating layer and high reproducibility of membrane

Wiley Online Library

Check for
updates

21909


http://orcid.org/0000-0002-7722-7962
https://doi.org/10.1002/anie.202008943
http://dx.doi.org/10.1002/anie.202008943
http://dx.doi.org/10.1002/ange.202008943
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202008943&domain=pdf&date_stamp=2020-09-28

GDCh
~~—~

21910

®Zn?* & Hmim = DMAc/H,0

a
® L] o0 ° W
Ll L]
Thermal
Dip-coating © © ® & conversion 4 ‘ ; ‘:
o o . € &
o L 4
ol 00c” B B W &4
. o © 5~15 min
Porous substrate Clear precursor solution ZIF-8 membrane
5000
b 25 | € %

2

N
3

@ @ © 0w o
® |

&' Electrochemical
synthesis
ocre

N
8
g
g

Synthesls time (min)

3

»
3
8
3

Synthesis time (min)

@
3
5

Avallable literatures

Membrane area per volume of
precursor solution (cm? mL™")

|
e @ e e m e o |

o

Available literatures

Figure 1. a) Schematic diagram of the dip coating-thermal conversion
(DCTC) method for fabricating ZIF-8 membranes. Literature values
and those of this work for: b) the production of membrane area pre
volume of precursor solution and c) synthesis time for the fabrication
of ZIF-8 membranes (Table S1 in the Supporting Information). d) Top
view SEM image and e) the cross-sectional EDXS-mapping of the ZIF-8
membrane (Zn is marked in green. Inset: the cross-sectional SEM
image).

preparation. A porous alumina ceramic support was dip-
coated into the clear precursor solution. After a short thermal
conversion treatment at 200°C, ZIF-8 membrane was
obtained. The method features the total utilization of the
precursors. Thus, the productivity of DCTC method (defined
as the production of total membrane area divided by the
volume of the precursor solution) far exceeds that of solution-
based synthesis, which was extremely advantageous in terms
of cost and waste reduction (Figure 1b). The DCTC method
enables thus far the most rapid preparation with a very short
duration of 5 min (Figure 1c¢). In addition, DCTC synthesis is
carried out in an open atmosphere. Tsapatsis and co-workers
indicated that compared with solvothermal or hydrothermal
synthesis, solvent-free and seed-free methods hold the
advantages in term of scalability. They developed a ligand-
induced permselectivation method for preparing ZIF-8 mem-
branes based on atom layer deposition (ALD) processing.""”
But the ALD processing still faces with great challenges upon
scalable synthesis. In short, the ultrafast semi-solid synthesis,
demonstrated here, offers great potential to be applied in the
continuous, large-scale preparation of ZIF-8 membranes.
The as-synthesized ZIF-8 membrane has a pure ZIF-8
phase according to X-ray diffraction (Figure S3). The mem-
brane surface is completely covered by homogenous ZIF-8
crystals (Figure 1d), revealing a crack-free microstructure.
The 560 nm thick ZIF-8 membrane exhibits a thin film
interference phenomenon analogous to the literature,*
which could be an indication of moderate thickness fitly
falling in the wavelength ranges of visible light (Figure S4). In
the dip-coating procedure, the porous support was almost
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filled with precursor solution. Concentration-gradient-driven
flow of the precursor solution from inside of support to
outside nourishes the ZIF-8 layer to form defect-free ZIF-8
membrane. Meanwhile, plenty of ZIF-8 existed in the porous
substrate as well (Figure 1e), contributing to the enhanced
adhesion as well as mechanical strength of the ZIF-8
membrane.

The ZIF-8 membrane features a sharp cut-off between
C;Hy and C;Hg as intended (Figure 2a), and the ideal
selectivities for H,/CH,, H,/C;Hg and C;H¢/C;Hy (36.2, 8192
and 221, respectively) far exceeds their corresponding Knud-
sen selectivities (2.83, 4.69 and 1.02, respectively). Besides,
the C;H; permeance of 5.2x 107 molm2s'Pa~! and C;H/
C;Hg separation factor of 190 was achieved on the ZIF-8
membrane for binary C;H¢/C;Hg mixture separation (25°C,
1 bar), confirming the excellent quality of the ZIF-8 mem-
brane. To meet the requirement for practical application,
vacuum operation for C;Hy/C;H, binary mixture separation
was performed as well, showing the basically same separation
performance as sweeping gas operation (Table S2). The C;Hy/
C;H; separation performance of the ZIF-8 membranes is
beyond most of polymer and zeolite as well as carbon-based
membranes, and also comparable to the previous ZIF-8
reported membranes (Figure 2b and Table S3).

Integrating membrane separation with distillation could
result in 10-50% reduction in the operating costs for C;Hy/
C;H; separation.™ To this end, the membranes must with-
stand high pressure (=20 bar) and elevated temperature
(>50°C) without significant performance reduction. Up-to-
now, most of the reported separation performance of ZIF-8
membrane were measured at atmosphere and room temper-
ature. Significant decrease of C;H¢/C;Hjg selectivity at high
pressure was reported by different authors."! Opposite to the
previous reports, the membrane synthesized by DCTC
method shows a gradually increased C;Hy/C;Hg separation
factor from 190 to 250, when feed pressure increases from 1 to
7 bar (Figure 2c). The distinctive phenomenon could be
elucidated in terms of enhanced adsorption of C;Hy which
hinders the C;H; transport through ZIF-8 membrane. On the
other side, the as-synthesized ZIF-8 membrane possibly
possesses rigid framework.”>®! Both the C;Hy and C,Hj
permeance decreases with increasing feed pressure, which
could be ascribed to non-linear adsorption isotherms of C;Hg
and C;Hg on ZIF-8.% When temperature increased, the
C;Hy; permeance decreases slightly as opposed to the
increased C;Hg permeance, resulting in the accordingly
decreased C;Hy/C;H;y separation factor (Figure 2d). At ele-
vated temperature, the reduced adsorption ability of ZIF-8
membrane for C;Hg accounts for the decreased C;Hg perme-
ance. In contrast, the C;Hg permeance is improved due to the
reduced blocking effect of preferentially transported C;Hg
molecule. Nevertheless, the ZIF-8 membrane still possesses
a moderate C;H/C;Hg separation factor of about 25 at 150°C,
which could basically satisfy the separation factor require-
ment for industrial application.

Significantly, the separation performance can totally turn
back when pressure or temperature go back to normal,
suggesting the outstanding stability of ZIF-8 membrane.
Moreover, the ZIF-8 membrane demonstrates excellent
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Figure 2. a) Single-gas permeance of the ZIF-8 membrane as a function of the gas
kinetic diameter. b) The C;H¢/C;H; separation performance of the ZIF-8 membrane
and of other reported systems, 1 Barrer=3.4x107"* molm2s~'Pa”". The shaded
area in the graph represents the commercial attractive area for membrane
performance (a minimum permeability of 1 Barrer and selectivity of 35).?% The black
line is the upper bound limit for polymer membranes. The binary C;H¢/C;Hg
separation performance of the ZIF-8 membrane as function of c) feed pressure,

d) temperature, and e) C;H; fraction in feed. f) Long-term stability of the ZIF-8

membrane for C;H¢/C;H; separation.

separation performances over a wide range of C;H, fraction
as well (Figure 2¢). The remarkable membrane durability is
highly expected for industrial application. Lin et al. reported
stable operation (&40 days) of ZIF-8 membrane for C;Hy/
C;H, separation at 35°C and normal pressure.”**! Herein, the
ZIF-8 membrane furtherly exhibits outstanding long-term
stability over a span of about 6 months (Figure 2f). The
separation performance of the ZIF-8§ membrane only fluc-
tuates within a narrow range in the nearly one-month
continuous test. Even after a long off-stream storage time
(120 days), the membrane still remains excellent C;Hg/C;Hg
separation performance at elevated temperature (50°C) and
pressure (7 bar). In addition, the ZIF-8 membrane remains
propylene-selective toward the coking dry gas (C;Hg 20.3 %,
C;H; 49.6 %, i-C,H;( 4.0 %, n-C,;H,, 16.0% and C,H; 10.1%)
with C;H/C;Hg separation factor of 160.

In order to identify the difference between the ZIF-8
membrane synthesized by DCTC method and conventional
ZIF-8 membranes, the adsorption and diffusion of propylene
and propane on different ZIF-8 was investigated. The ZIF-8
prepared by DCTC method has plenty of guest molecules in
its cavities, as indicated by the much lower BET surface area
(182 m?g™") than conventional ZIF-8 (1291 m*g™') and also
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higher than 1.07 as observed for conventional ZIF-
8 (Figure 3b). The identical results are also
obtained at 293 K (Figure S9). The DMAc@ZIF-
8 exhibits Ideal Adsorbed Solution Theory (IAST)
selectivity of 8.73 for equimolar C;Hy/C;Hg mix-
ture, again much higher than 1.06 for conventional
ZIF-8 (Figure 3¢ and Figure S10). The dynamic
breakthrough curves for equimolar C;Hy¢/C;Hg
mixture on the two ZIF-8 samples are clearly
quite different. The conventional ZIF-8 is ineffec-
tive in thermodynamic separation of C;Hy/C;Hy
mixture with the basically same breakthrough time (Fig-
ure 3d), which is identical with the previous report.”"! Never-
theless, the DMAc@ZIF-8 shows good selectivity for C;Hg
over C;Hg, as confirmed by the longer breakthrough time of
C;H, than C;Hj (Figure 3¢). The dynamic adsorption capaci-
ties are 21.40 and 6.40 mgg ' for C;H, and C;Hj, respectively,
close to the static IAST adsorption capacity (Table S4).
Furthermore, the much higher Q value for C;Hg compared
to C;Hg implies that the embedded DMAc effectively
enhances the interaction between C;H, and the ZIF-8 frame-
work (Figure S11). One concern for DMAc@ZIF-8 might be
its long-term stability. It is noteworthy that the DMAc
molecules are in situ impregnated within the cages of ZIF-8
during DCTC processing. The achieved DMAc@ZIF-8 dem-
onstrates excellent stability, as indicated by (1) DM Ac leaving
above 300°C from TG-MS analysis, and (2) stable perfor-
mance for 6 months.

The diffusion property of ZIF-8 membrane was estimated
from the permeance and adsorption isotherms of C;Hg and
C;H;. Notably, considering the impact of infiltrated ZIF-8
within substrate on gas permeance, the actual permeance of
C;Hg¢ and C;H; on the top ZIF-8 layer was obtained with
a correction made by the resistance-in-series model
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further explored on commercial substrates. Flat-

sheet ceramic substrates were employed for scal-
ing-up synthesis considering their better mechan-
ical strength compared with polymeric supports
and much higher packing density compared with
tubular ceramic supports. The resultant flat-sheet
ZIF-8 membrane (80 x80 mm size) shows well-
intergrown but unsmoothed microstructure (Fig-

ure S13), due to the rough substrate surface (Fig-
ure S14). Nevertheless, these membranes still show

satisfactory C;Hy/C;H, separation factor around 40
(Table S7). Moreover, the DCTC method displays
excellent reproducibility between different
batches. A prototypical plate-and-frame module
composed of three ZIF-8 flat-sheet membranes
with effective membrane area larger than 300 cm?
was successfully fabricated and tested for C;Hy/
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Figure 3. a) N, adsorption—desorption isotherms of ZIF-8 powders (the inset shows
the corresponding pore size distribution). b) Adsorption isotherms and c) the IAST
adsorption selectivities of ZIF-8 for C;H¢/C;H,. Experimental breakthrough curves
for the equimolar C;Hg/C;Hg mixture (273 K, 1 bar) on the packed-bed column:

d) conventional ZIF-8 and ) DMAc@ZIF-8. f) Schematic representation of the

DMAc@ZIF-8 for C;H¢/C;H; separation.

(Table S5). Plots of CyHy, or CsHg flux versus
¢, (14 b,P;) + q>(1 + b,P;) and In(1 + bP;) using the Dual-
site Langmuir (DSL) and Langmuir adsorption models
parameters, respectively, are given in Figure S12. The calcu-
lated diffusivities for C;Hy, and C;Hg are comparable to the
reported data (Table S6), indicating that the confined DMAc
molecules cause negligible effect on gas diffusion. The result
is in accordance with many reported literatures that gas
diffusion coefficients is independent with the loaded guest
molecules in ZIF-8 cavity.”l For ZIF-8, it is the six-
membered-ring aperture, not the cage, that defines the kinetic
separation of C;Hg and C;Hg. Thus, embedding DMACc in the
cages (about 4 molecules/cage according to TG data) should
not affect C;Hy and C;Hg diffusion in ZIF-8. The permeation
selectivity can be expressed as the product of the adsorption
selectivity (S,q) and diffusion selectivity (Sg).* Thus, the
synergistic effect of adsorption and diffusion herein contrib-
utes to the remarkable separation property of DMAc@ZIF-8
membrane for C;H¢/C;Hy (Figure 3 f).

The ultrafast and semi-solid synthesis endows DCTC
process with great superiority in scaling-up synthesis com-
pared with conventional solvothermal method. The generality
and scalability of DCTC process for ZIF-8 membrane were
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C,;Hg separation (Figure 4). Feed gas (C;Hg
200 mLmin~' and C;Hg 200 mL min~") and sweep
gas N, (200 mL min ") were simultaneously fed to
the membrane module. C;Hy permeance of 2.4 x
10 molm2s'Pa~! and C;H¢/C;H; separation
factor of 38 measured on this module. The
module performance is almost identical to the
single flat-sheet ZIF-8 membrane, demonstrating
the feasibility of ZIF-8 membrane for large scale
applications.

For inorganic membranes capable of molecular
separation, the commercial applications have been
mainly limited to LTA zeolite membranes for
organic solvent dehydration. Under industrial
operation conditions, the zeolite membranes
offer a typical water flux of about 1-5kgm>h~!
(with H,O/organic selectivity larger than 500).
Extrapolated to 20 bar, the flux of the modularized
ZIF-8 membranes is estimated to be 0.1 kgm *h .
Considering that the packing density of flat-sheet membrane
(~250m’m™) is 5 times higher than that of the tubular
zeolite membranes (~ 50 m’m ), to commercialize our ZIF-
8 membranes, the target is to further improve the membrane
permeance by 2 to 10 times. Thus, reducing membrane
thickness, especially the intermediate layer thickness, would
be our next focus.

In summary, a semi-solid process featured with ultrafast
and high-yield synthesis, and outstanding scalability has been
developed for fabricating ZIF-8 membranes. The resultant
ZIF-8 membranes exhibit precise molecular sieving for C;Hy/
C;H; separation with separation factor of 190. The outstand-
ing separation performance and reliable durability was
demonstrated as well by the prolonged measurement over
a span of 6 months. The synthesis of high-quality ZIF-8
membranes on commercial flat sheet ceramic substrate was
successfully achieved with high reproducibility. A prototyp-
ical plate-and-frame ZIF-8 membrane module with mem-
brane area larger than 300 cm® has been implemented for
efficient separation of propylene and propane, foreshadowing
the bright future of scalable ZIF-8 membrane for commercial
applications.
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