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1. Introduction

The growing demand for energy and environmental issues has
promoted the concept of “hydrogen economy”.* Currently, up to
90% of hydrogen is produced by steam-methane reforming
(SMR) followed by the water—gas shift (WGS). Before it can be
used in fuel cells, H, has to be purified from the SMR gas
mixture which mainly contains CO,.> Moreover, H,-selective
membranes are also desired in the pre-combustion technology
of CO, sequestration.®* Compared with traditional separation
methods like pressure swing adsorption (PSA) and cryogenic
distillation, membrane-based separation techniques have
attracted significant attention due to lower energy consumption
and investment cost.* In the recent 20 years, inorganic
membranes such as zeolite membranes,” Pd-based
membranes,*” amorphous microporous silica membranes® and
carbon membranes® have been developed for the separation of
H, from CO,.

Recent efforts have been devoted to the fabrication of sup-
ported metal-organic framework (MOF) membranes due to
their highly diversified structures and specific adsorption
affinities.’*"” In particular, great attention has been paid to
zeolite imidazolate framework (ZIF) membranes since 2009
because of their relatively high stability and tunable
pore size."®* So far, a series of ZIF membranes with small pore
sizes, including ZIF-7 (0.30 nm),>® ZIF-22 (0.30 nm),>* ZIF-8
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of well-intergrown and phase-pure ZIF-100 membranes. The developed ZIF-100 membranes show high
H,/CO, selectivity due to the outstanding CO, adsorption capacity of ZIF-100.

(0.34 nm),?** ZIF-90 (0.35 nm)**’ and ZIF-95 (0.37 nm),*® were
successively developed for gas separation. Despite much prog-
ress in the development of H,-selective ZIF membranes, the
development of thermally stable ZIF membranes with a high
H,/CO, selectivity is still desired.

Yaghi and co-workers have developed a novel ZIF-100 struc-
ture with the composition Zn,,(cbIM);9(OH) through the reac-
tion of Zn(O3SCF;), with 5-chlorobenzimidazole (cbIM).>® ZIF-
100 was found to have a rather complex structure. The unit cell
of ZIF-100 has a MOZ topology, which is constructed from 7524
atoms. This MOZ cage has a large inner sphere with a diameter
of 35.6 A and a constricted window aperture of only 3.35 A.
ZIF-100 shows a high affinity and capacity to CO,, which results
in an outstanding CO, uptake.” It is reported that ZIF-100 not
only has high CO, capacity, but also a high thermal stability up
to 500 °C.* It is worth mentioning that the high CO, adsorption
capacity as found for MOFs with accessible metal ions like
MIL-53%° or MOF-74%" is not common for ZIFs. However, the
adsorption affinity of ZIF-100 for CO, outperforms that of ZIF-95
and BPL carbon,* which is widely used in industry for gas
separation.

Although there have been a few studies of ZIF-100 powders
on gas adsorption,* to date no ZIF-100 membrane with gas
separation performance has been reported. In this study, we
report the synthesis of a dense ZIF-100 membrane by covalent
modification of the substrate surface using polydopamine
(PDA), as shown in Fig. 1. During this pre-modification process,
dopamine can easily polymerize into PDA, and stick on different
kinds of organic and inorganic material surfaces.* Then the
PDA-modified surface can be used as a versatile platform for
further reactions.**®” Recently, PDA-based synthesis of ZIF-8
and zeolite LTA membranes has been developed to improve
their gas separation performance and reproducibility.***° It can
be expected, therefore, that ZIF-100 membranes prepared on

This journal is © The Royal Society of Chemistry 2015
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Fig.1 Schematic diagram of the synthesis of ZIF-100 membraneson a
polydopamine-modified Al,O3z support.

PDA-functionalized supports will show higher gas separation
performances and reproducibility of membrane preparation.

2. Experimental
2.1. Materials

Chemicals were used as received: zinc trifluoromethane-sulfo-
nate (98%, Aldrich), 5-chlorobenzimidazole (cbIM, 98%, Abcr),
N,N-dimethylformamide (DMF, water < 50 ppm, Acros), dopa-
mine hydrochloride (Sigma), and tris(hydroxymethyl)amino-
methane (Tris-HCl, =99.8%, Sigma-Aldrich). Porous o-Al,O3
disks (Fraunhofer Institute IKTS, former HITK/Inocermic,
Hermsdorf, Germany: 18 mm in diameter, 1.0 mm in thickness,
70 nm particles in the top layer) were used as supports.

2.2. Polydopamine (PDA) modification of the support
surface

The PDA modification of the support surface was done
according to a previous procedure.***° Dopamine hydrochloride
(2 mg mL™") was dissolved in 10 mM Tris-HCI (pH 8.5) in an
open air vessel (diameter: 180 mm). And then the porous
a-Al,O; disks were placed facing up into the dopamine solution
(50 mL). A magnetic stirrer was placed in the middle of the
vessel surrounded in a satellite-shape by 6 support discs. The
solution was then stirred for 20 h at room temperature, leading
to the polymerization of dopamine into PDA on the alumina
support surface. The oxygen needed for the dopamine poly-
merization dissolved from air.

2.3. Synthesis of the ZIF-100 membrane

The ZIF-100 membrane was prepared by a solvothermal reac-
tion of trifluoromethanesulfonate and cbIM in DMF according
to a previous report.” The PDA-modified or PDA-free a-Al,O;3
supports were placed horizontally in a Teflon-lined stainless
steel autoclave which was filled with 15 mL synthesis solution,
and heated at 120 °C in an air oven for 48 h. After the sol-
vothermal reaction, the ZIF-100 membranes were washed with
DMF several times, and then dried in air at 110 °C overnight.

2.4. Characterization of the ZIF-100 membrane

The X-ray diffraction (XRD) patterns were recorded at room
temperature under ambient conditions with an X-ray
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diffractometer (D8 Advance, Bruker-AXS, with Cu-Ke radiation
at 40 kv and 40 mA). The morphology and thickness of the
ZIF-100 membranes were characterized by scanning electron
microscopy (SEM) at 2 keV and 10 pA by using a JEOL Jeol-JSM-
6700F with a cold field emission gun. By using the same SEM
microscope the chemical composition of the cross-section of
ZIF-100 was characterized by energy-dispersive X-ray spectros-
copy (EDXS) at 20 kV and 20 pA. The chemical composition of
the cross-section of the ZIF-100 layer was characterized by
energy-dispersive X-ray spectroscopy (EDXS) using the same
SEM microscope at 20 kV and 20 pA.

2.5. Simulation models and methods

The Grand Canonical Monte Carlo (GCMC) simulation method
in RASPA package*! was used to calculate the H,/CO, mixed gas
adsorption in ZIF-100. In the GCMC ensemble, the chemical
potential, the volume, and the temperature were kept fixed as in
the adsorption experiments. The chemical potential was related
to the system pressure by the Peng-Robinson equation of state.
In this work, the structure of ZIF-100 was constructed from the
experimental single-crystal X-ray diffraction data.”® The stan-
dard 12-6 Lennard-Jones (L]J) potential was used to model the
dispersive and repulsive interatomic interactions. The Lorentz—-
Berthelot mixing rules were employed to calculate gas/frame-
work parameters. The L] parameters of the ZIF-100 atoms were
obtained from the Dreiding force field,*” and if not available in
Dreiding, from the Universal Force Field.** The partial charges
of the ZIF-100 atoms were estimated using the CHELPG
method* and the density functional theory (DFT) calculation
using the B3LYP method***® and the LANL2DZ basis set. A
united-atom model was used for CH, with the L] parameters
from the TraPPE force field.*” N, was mimicked by two-site
models with a bond length of 1.10 A.** Partial charges and L]
parameters for CO, were taken from the TraPPE force field. The
electrostatic interactions for adsorbent-adsorbate and adsor-
bate-adsorbate were calculated by the Ewald summation
technique.*

2.6. Permeation of single gas and separation of mixed gases

For the single and mixed gas permeation, every ZIF-100
membrane was sealed in a permeation cell with silicone
O-rings. In our Wicke-Kallenbach permeation cell, we worked
with feed and sweep gases at 1 bar. A calibrated gas chro-
matograph (HP6890) was used to detect the gas concentrations.
The fluxes of both the feed and sweep gases were controlled by
mass flow controllers. The flow rate on the feed side was kept
constant for each gas at 50 mL min ", while the flow rate on the
permeate side was kept at 50 mL min~* as well. N, was usually
used as the sweep gas, except for the measurement of N, per-
meance where CH, was used as the sweep gas instead.

The permeance P is obtained by the division of the flux by the
transmembrane pressure difference, and the separation factor
a;,; of a binary mixture permeation is defined as the quotient of
the molar ratios of the components (i, j) in the permeate,
divided by the quotient of the molar ratio of the components
(¢,/) in the retentate. Since less than 1% of the feed gas can pass
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through the membrane, the retentate composition is de facto
identical to the feed composition.

To prove the feasibility of the Wicke-Kallenbach technique,
the membranes were also tested under pressure difference. In
this case, the pressure on the feed side was 4 bar (2 bar partial
pressure of the binary mixture), while the pressure on the
permeate side was 1 bar.

The gas chromatograph (GC) was calibrated every week anew
with standard gas mixtures. The accuracy of the GC analysis of
our H,/CO, mixture using TCD detection is about +5 vol%.
Before gas permeation, the ZIF-100 membranes were activated
at 100 °C with a heating rate of 0.2 °C min~ ' by using an
equimolar H,/CO, mixture in the Wicke-Kallenbach perme-
ation apparatus. All permeation data were collected in the
steady state of permeation after 12 h equilibration time.

3. Results and discussion
3.1. Simulation study of gas adsorption isotherms of ZIF-100

The mixed gas adsorption isotherms in ZIF-100 were examined
by molecular simulation. The adsorption of an equimolar H,/
CO, mixture in the pore structure of the ZIF-100 cage at 25 °C
and 1 bar is shown as a snapshot in Fig. 2. It can be clearly seen
that a huge number of CO, molecules are adsorbed in the pores
of ZIF-100, while only a few H, molecules are found. The
simulation results of the gas adsorption isotherms of H,, CO,,
CH, and N, at 25 °C are compared to the available experimental
data® in the pressure range from 10 to 750 Torr in Fig. 3. As
shown in Fig. 3, the simulated isotherms of different gases
coincide well with the measured ones in the whole pressure
range. The adsorption of CO, exceeds by far the adsorption of
the other gases. The simulated adsorption isotherms of an
equimolar H,/CO, mixture at 25 °C are shown in Fig. 4 as a

Fig.2 Snapshot of adsorption of an equimolar H,/CO, mixture in ZIF-
100 pores at 25 °C and 1 bar with CO, in yellow-green and H; in red.
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Fig. 3 Simulated single component adsorption isotherms of H,, CO,,

CH4 and N, at 25 °C in the pressure range from 10 to 750 Torr
compared with the measured data.®

function of the total pressure. As shown in Fig. 4, CO, is
predominantly adsorbed over H, in ZIF-100 in the whole pres-
sure range due to the much stronger interaction between CO,
and ZIF-100. As a result, the simulation study of the gas
adsorption isotherm in ZIF-100 is in good accordance with the
experimental data, and the experimentally found strong
adsorption affinity of ZIF-100 to CO, was confirmed by the
simulation.

3.2. Synthesis of the ZIF-100 membrane

We first tried to grow a ZIF-100 layer simply by in situ hydro-
thermal synthesis on an unmodified o-alumina support, as
shown in Fig. 5(a). However, it turned out to be extremely
difficult to form a continuous ZIF-100 layer directly on the
support due to the poor heterogeneous nucleation of ZIF-100
crystals on the a-alumina support surface. Our recent study
indicated that pre-modification of the support surface with PDA
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Fig. 4 Simulated mixed gas adsorption isotherms of equimolar H,/
CO, mixtures at 25 °C in the pressure range from 10 to 750 Torr. The
pressure on the abscissa indicates the total pressure of the equimolar
binary mixture.
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ZIF-100 membrane

Al,O; support

10 ym

Fig. 5 SEM top views of (a) ZIF-100 membranes prepared on a PDA-
free AlbOsz support and (b and c) on a PDA-modified support, as well as
(d and e) the cross-sectional view of the ZIF-100 membrane with PDA-
modification. The inset of (d) shows a magnified part of the ZIF-100
membrane at the interface support—ZIF-100 layer. (f) shows the EDXS
mapping of the magnified cross-section (green: Zn and Cl as tracers
for ZIF-100; orange: Al as the tracer for the support). The K, transi-
tions have been used.

can be employed®® as a simple and powerful strategy to improve
the nucleation of MOFs and zeolites on the alumina support
surface through the formation of strong covalent bonds with
the MOF or zeolite crystals.®**° In the present work, therefore,
we tried to prepare a dense ZIF-100 membrane on the pre-
modified support with PDA. As shown in Fig. 5(b) and (c), a
continuous ZIF-100 layer is formed on the PDA-modified
supports. From the cross-sectional view shown in Fig. 5(d), it
follows that big crystals are loosely packed on the top of the ZIF-
100 membranes due to sedimentation, but as we can see from
the magnified part (inset in Fig. 5(d)), a thin and well-inter-
grown ZIF-100 zone is formed at the interface to the support,
thus controlling the selectivity for gas separation. Fig. 5(f) shows
the EDXS mapping of the cross-section of the ZIF-100
membrane near the support surface (Fig. 5(e)). A sharp transi-
tion can be seen between the ZIF-100 membrane (Zn and Cl
signals) and the alumina support (Al signal) which means that
there was no infiltration of the synthesis solution into the
support. Also the above mentioned well-intergrown ZIF-100
zone near the support can be seen in Fig. 5(f).

The XRD patterns of ZIF-100 membranes are compared with
those of ZIF-100 powder in Fig. 6. The results show that all
diffraction peaks of the ZIF-100 layer prepared on either PDA-
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Fig. 6 XRD patterns of ZIF-100 membranes prepared on PDA-free
and PDA-modified supports, compared with the XRD patterns of ZIF-
100 powder. (M) for the AlLO+ support. Signals of ZIF-100 crystals are
not marked.

modified or bare supports match well with those of the ZIF-100
powder besides the «-Al,O; signals from the support, which
indicates that the ZIF-100 membrane prepared on the PDA-
modified substrate exhibits the pure ZIF-100 structure. More-
over, the XRD pattern of the PDA pre-modified ZIF-100
membrane shows higher ZIF-100 peak intensity compared to
the membrane grown on the bare alumina support, since the
ZIF-100 membrane grown on the PDA-based support is much
denser and thicker.

3.3. Single gas permeation and mixture gas separation

It is worth noting that before the single gas permeation, the gas
permeation performance of the mixed H,/CO, gas pair on the
PDA-modified alumina support was first measured and both the
H, permeance and H,/CO, separation factor remained
unchanged when compared to the permeance through the bare
Al,O; support, which indicates that the PDA-layer itself is not
gas-selective.

The single gas permeances of H,, CO,, N, and CH, through
the ZIF-100 membrane prepared on the PDA-modified support
at 25 °C and 1 bar as a function of the kinetic diameter of the gas
molecules are shown in Fig. 7, and the results in detail are
summarized in Table 1. The inset gives the mixed separation
factor for H, over other gases from their equimolar mixtures. It
can be seen that the single gas permeance of H, at room
temperature is ~6.3 x 107® mol m™> s™' Pa~", and the single
gas permeances through the ZIF-100 membrane follow the
order H, > N, > CH, > CO,, which leads to the highest H,/CO,
separation factor of 72. Although CO, has a smaller kinetic
diameter than N, and CH,, it was believed that the molecular
sieving effect did not dominate the separation process, and the
high H,/CO, selectivity can be explained by the diffusivity-
solubility model of gas permeation instead. As reported previ-
ously,* only CO, can be retained in the pore structure of ZIF-100
while other small gas molecules will easily permeate through
the framework since ZIF-100 shows a strong adsorption of CO,

J. Mater. Chem. A, 2015, 3, 4722-4728 | 4725
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Fig. 7 Single gas permeances through the ZIF-100 membrane
prepared by PDA-modification at 25 °C and 1 bar as a function of the
kinetic diameter of permeated gases. The inset shows the mixture
separation factors for H, over other gases from equimolar mixtures.

originating from the strong quadrupolar interactions of carbon
with nitrogen atoms in the linkers of ZIF-100. The strong
adsorption ability of CO, has been confirmed by the simulation
study, as shown in Section 3.1. The mobility of CO, was retarded
by this strong adsorption, while H, can still pass through the
pore network easily, leading to a high H,/CO, selectivity. This
experimental finding is similar to those reported on zeolite>*>
and MOF membranes,?!?*3-%3

Fig. 8 shows the single gas permeance of H, and CO, as well
as the mixture separation factors for equimolar H,/CO,
mixtures at 1 bar as a function of temperature from 25 to 150 °C.
It can be seen that the H,/CO, separation factors reduce grad-
ually with increasing temperature in a temperature window of
25 to 100 °C, and then only slightly decrease when the
temperature is higher than 100 °C. This trend can be explained
by the interplay of adsorption and diffusion of H, and CO, in
the pore structure of ZIF-100. At low temperatures, a large
amount of CO, molecules is adsorbed in the ZIF-100 pores and
only the highly mobile H, can diffuse through the membrane.
As the temperature increases, less CO, becomes adsorbed and
both H, and CO, can diffuse more easily in the resulting free
volume, which leads to an enhancement of both H, and CO,
permeance. Since the CO, permeance increases faster than the
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Fig. 8 Single gas permeances of H, and CO, and mixture separation
factors for H,/CO, from an equimolar mixture on the ZIF-100
membrane prepared by PDA-modification at 1 bar as a function of
temperature.

H, one, the H,/CO, selectivity decreases with increasing
temperature. After the temperature reached 100 °C, the effect of
the CO, adsorption is substantially reduced and the gas sepa-
ration behaviour of ZIF-100 becomes dominated by the kinetic
molecular sieving effect since the width of the pore apertures of
ZIF-100 is in a similar size to CO,. However, because of the gate
opening due to linker distortion, no sharp cut-off can be
expected.’** Further, the ZIF-100 membrane shows completely
reversible separation behaviour between 25 and 150 °C. The
permeances measured during the cooling-down are consistent
well with those during the heating-up.

In addition, the ZIF-100 membrane can maintain its high H,/
CO, selectivity when the feed pressure increases. As shown in
Fig. 9, when the H, and CO, partial pressure increased from 0.5
to 2 bar (corresponding to a change in the total feed pressure
from 1 to 4 bar), the H,/CO, separation factor reduces only
slightly which is a direct proof that the membrane does not
contain macroscopic defects.

Moreover, it was also found that the synthesis method with
pre-modification of the o-alumina supports by PDA can
contribute to a higher reproducibility of ZIF-100 membrane
preparation, as shown in Table 2. The gas separation perfor-
mances of 5 different membranes prepared by the same method
were tested and the mixture separation factors of H,/CO, do not
scatter more than +10%.

Table 1 Single and mixed gas (with 1:1 binary mixtures) permeances as well as the ideal and mixture separation factors on the ZIF-100

membrane prepared by pre-modification with PDA at 25 °C and 1 bar

Separation performance of the ZIF-100 membrane

Single gas

Mixed gases

Permeances (i) Permeances (j)

Ideal separation Permeances (i)
Gas;; Knudsen constant (mol m > s~ Pa™") (mol m~? s™! Pa~") factor

Permeances (f) Mixture separation
(mol m™?s™ ' Pa") (mol m 25" Pa~") factor ()

H,/CO, 4.7 6.3 x 1078 8.1 x 10 % 77
H,/N, 3.7 2.5 x10°° 25
H,/CH, 2.8 1.4 x 107° 46

4726 | J. Mater. Chem. A, 2015, 3, 4722-4728

5.8 x 1078 8.0 x 107 72
6.2 x 1078 2.7 x 107° 22
5.8 x 10°° 1.4 x 107° 41

This journal is © The Royal Society of Chemistry 2015
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Fig. 9 H, and CO, permeances and H,/CO, mixed gas selectivity of
the ZIF-100 membrane prepared by PDA-modification as a function of
hydrogen partial pressure in the feed from equimolar mixtures at room
temperature. Permeate pressure was kept constant at 1 bar.

Table 2 Single gas permeances of H, and CO, and mixture separation
factors of H,/CO, from equimolar mixtures at room temperature and 1
bar feed/1 bar permeate of 5 tested ZIF-100 membranes showing the
reproducibility of membrane preparation and testing

H, permeance CO, permeance Mixture separation factor
(molm?s 'Pa") (molm *>s 'Pa') H,/CO,

1 63x10°° 8.1 x 107 % 72
2 6.5x10 8 8.0 x 107 % 76
3 61x10°° 7.9 x 107 68
4 6.6 x10°8 8.1 x 10 % 75
5 58 x10°° 7.8 x 107 70

4. Conclusions

Dense and phase-pure ZIF-100 membranes have been
prepared on the PDA-modified alumina support at 120 °C for
48 h. After the pre-modification with PDA, the ZIF-100 nutri-
ents were attached to the support surface through the
formation of covalent chemical bonds. The mixture separa-
tion factors of H,/CO,, H,/N, and H,/CH, through the PDA-
based ZIF-100 membrane were 72, 22 and 41 at room
temperature and 1 bar. The high H,/CO, selectivity is ascribed
to the high CO, uptake behaviour of ZIF-100 and a small
window aperture of 3.35 A.
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