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Novel membrane materials for Hy separation are wanted. How to overcome the “trade-off” between membrane
permeability and selectivity is a tough challenge. Here we report new random organic framework membranes
with benzimidazole and imine linkages to form hierarchical channels. Both high Ha-selective and fast Hy
transport pathways are created. The preparation parameters are thoroughly studied and the membrane structures
are well characterized by SEM, AFM, NMR, XPS, gas sorption, etc. Effect of feed conditions on membrane per-

formance, such as composition, pressure and temperature, is investigated. The membrane performance tran-
scends the upper bounds of Hy/CO, Hy/N2 and Hy/CH4 with excellent stability.

1. Introduction

Hydrogen is an ideal energy carrier since it is clean and sustainable
[1,2]. Currently, the majority of Hy is produced from fossil fuel via steam
reforming and water-gas shift reaction [3,4], where CO5 is generated
simultaneously. So, the efficient separation of Hy and CO; is of great
importance for Hy production and CO5 capture. Besides, some industrial
exhaust gas contains considerable proportions of Hj, and recovery of
this Hy (for instance from Ny or CHy) is highly desired [5-7].

Membrane technology has the advantages of environmental friend-
liness, low cost and small footprints [8-10], and has been used in gas
separation. Polymeric membranes dominate the current market because
of their low cost and good processibility [11,12]. Polysulfone (PS) and
polyimide (PI) membranes have been commercialized for recovering Ha
from N, and CH4 [13]. Since the H, molecule is smaller (kinetic diam-
eter 0.29 nm) and lighter than CO, (kinetic diameter 0.33 nm), the
diffusivity of Hy in normal polymers is higher. As CO; is a Lewis acid, it
has good affinity with normal polymers. Hence, construction of polymer
membranes with high Hy/COq separation performance is extremely
challenging.

Polybenzimidazole (PBI) has dense structures and exhibits a mod-
erate Hy/CO> selectivity [14]. Nevertheless, PBI membranes have the
limitation of low permeability and poor processibility [15,16].

Benzimidazole-linked polymers (BILPs) are network polymers and they
are a subfamily of porous organic frameworks (POFs) [17]. The
hydrogen bonds and n-n interaction among the polymeric chains endow
the BILP with a small interchain spacing, and thus a good selectivity for
H,/CO, separation [18]. However, the Hy permeance was still moder-
ate. The H, separation performance of PI could be boosted by
cross-linking [19-22]. Despite its potential, PI has some weaknesses,
such as a not tightly packing of the polymer chains, resulting in a low
selectivity [21,23].

Quite a number of polymeric membranes suffer from the “trade-off”
between gas permeability and selectivity [11,24,25], as expressed by the
so-called ‘Robeson upper bound’ [25]. Novel materials were developed
to overcome this “trade-off”, including polymers of intrinsic micropo-
rosity(PIMs) [26] and POFs such as crystalline covalent organic frame-
works (COFs) with imine linkages [27-29]. These new polymers have
the merits of excellent thermochemical stability, diverse structure,
multiple packing styles [29,30], adjustable degree of cross-linking and
porosity [31,32]. However, the study of these membranes for Hy sepa-
ration is still under exploration.

In this work, a new class of POFs, i.e., random organic frameworks
(ROFs) were developed. ROFs, stand for amorphous network polymers
with different linkages. Specifically, ROF benzimidazole and imine
linked polymer (BIILP) membranes were synthesized (Fig. 1). Relying on
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Fig. 1. Synthesis and morphology of BIILP films and membranes. (a) Chemical reaction equation for forming BIILP. (b) Photograph of a BIILP film formed between
water and toluene phases in a beaker. (c) Surface SEM image of a BIILP film transferred to a silica wafer. (d) Surface SEM image of powdered BIILP films (The inset is
a photograph of BIILP powdered films in a glass sample bottle). (e and f) AFM images of BIILP films transferred to a silica wafer. (g) Photograph of BIILP membranes
formed on alumina disks (18 mm in diameter) between water and toluene phases in a petri dish. The film code for fig. b-f is F-1.5-0.50-120-298 and the membrane
code for fig. g is M-1.5-0.50-120-298.

hydrogen bonding and n-n interaction between the polymeric chains, the hierarchical channels overcame the trade-off between permeability and
packing of benzimidazole-linked segments is dense, providing narrow selectivity. Consequently, the ROF BIILP membranes manifested excel-
transient channels for H; to selectively pass through. When lent performance for separating Hy from CO2, N and CHy.
benzimidazole-linked segments were disrupted by imine segments, a

relatively loose initial packing was created, and microporous channels

were formed for fast Hy transport. The combined synergistic effect of the

Table 1
Effect of feed temperature and pressure on membrane performance (M-1.5-0.50-120-298, feed conditions: single component gas.).
Temperature (K) Pressure (bar) Py (GPU) Pcoz (GPU) Py2 (GPU) Pcus (GPU) o Hy/CO, o Hy/No o Hy/CHy
298 1 16.5 0.845 0.0910 0.234 19.5 181 70.6
323 1 319 1.30 0.130 0.286 24.5 245 111
348 1 57.5 2.46 0.221 0.364 23.4 260 158
373 1 82.6 3.60 0.325 0.455 22.9 254 181
2 69.1 3.38 0.299 0.455 20.4 231 151
3 60.1 3.20 0.325 0.468 18.8 185 129
4 52.7 3.09 0.325 0.468 17.0 162 113
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Table 2
H, separation performance of membranes synthesized under different
conditions®.
Membranes H,/CO, Hy/Ny Hy/CH4
Pio QH2/C02 Pra Ap2/ Pi A2/
(GPU) (GPU) N2 (GPU) CcH4
M-0.50-0.50- 1660 + 1.71 £
60-298 259 0.58
M-1.5-0.50- 176 (408 18.2
60-298 +12) (15.9 +
1.1)
M-3.0-0.50- 194 £+ 25 4.63 £
60-298 0.12
M-1.5-0.25- 80.6 £ 10.9 +
60-298 5.5(182) 0.6 (11.2)
M-1.5-1.0-60- 322 £69 6.17 +
298 (451 £ 1.22
42) (7.62 £
0.71)
M-1.5-0.50- 296 + 21 8.14 +
5.0-298 0.23
M-1.5-0.50- 107 £19 24.4 £ 83.6 317 93.2 189
120-298 (171 £ 1.5(20.7
25) +3.3)
M-1.5-0.50- 845 + 233 + 113 224 110 163
180-298 33.2 0.8
M-1.5- 176 + 23 221 + 189 301 201 261
0.0005- 1.4
1440-298
M-1.5-0.05- 240 + 66 17.3 £ 214 105 209 61.0
2880-298 (525 £ 0.6 (13.1 (440) (108) (421) (76.0)
112) + 3.3)
M-1.5-0.25- 84.0 + 14.2 £
60-353 8.1 (205) 1.5(9.9)
M-1.5-0.5-60- 268 + 55 13.3+
353 (670) 1.4 (13.9)

2 Membrane codes: M-DAB concentration (g~mL'1 x 100)-TFB concentration
(g~rnL‘1 x 100)-Reaction duration (min)-Reaction temperature (K). DAB: 3,3’
Diaminobenzidine, TFB: 1,3,5-triformylbenzene. Feed condition: 1 bar, 373 K
(423 K in brackets), equimolar binary gas mixtures. Standard deviations of
duplicate membranes are shown.

2. Methods
2.1. Preparation of supported membranes

Supported BIILP membranes were prepared by an interfacial poly-
merization protocol. A typical procedure is given here. 0.150 g 3,3
diaminobenzidine tetrahydrochloride (DAB, >97.5 %, Sigma-Aldrich)
and 0.0500 g 1,3,5-triformylbenzene (TFB, 97 %, Sigma-Aldrich) were
dissolved in 10.0 mL homemade deionized water and 10.0 mL toluene
(>99 %, Sigma-Aldrich), respectively, with the assistance of ultrasonic.
An a-Al;O3 disk (18.0 mm in diameter and 1.0 mm in thickness,
Fraunhofer Institut fiir Keramische Technologien und Systeme, IKTS)
with 10 pm-thick y-Al;O3 top-layer which possesses smaller pore size (5
nm) and lower roughness, was immersed in the above DAB solution and
then vacuum (0.20 bar, absolute pressure) was applied for 5 min to let
the pores in the disk be filled with the solution. Afterwards, the disk was
taken out from the solution and excessive aqueous droplets on the disk
surface was removed by compressed air. To implement interfacial
polymerization, the disk was immersed in TFB solution for 2 h at room
temperature (298 + 2 K) and left overnight under ambient conditions
for drying. In the case of interfacial polymerization at 353 K (Table 2),
disks containing DAB solutions were immersed in hot TFB solutions,
preheated to 353 K in Teflon-lined autoclaves. 100 mL toluene was used
when the concentration of TFB was lower than 0.1 (g mL! x 100)
(Table A2). The membranes prepared under different conditions were
coded as M-DAB concentration (g-mL’1 x 100)-TFB concentration (g-mL"
Ly 100)-Reaction duration (min)-Reaction temperature (K).
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2.2. Preparation of powdered films

Powdered BIILP films were synthesized at bulk liquid interfaces. A
typical procedure is given here. 1.50 g 3,3"-diaminobenzidine tetrahy-
drochloride (DAB, >97.5 %, Sigma-Aldrich) and 0.500 g 1,3,5-triformyl-
benzene (TFB, 97 %, Sigma-Aldrich) were dissolved in 100 ml
homemade deionized water and 100 ml toluene (>99 %, Sigma-
Aldrich), respectively, with the assistance of ultrasonic. The TFB solu-
tion was then poured onto the DAB solution in a beaker. After 10 s
vigorous stirring, the solution was sealed and left at room temperature
(298 + 2 K) for 2 h without disturbance. Afterwards, the powdered films
were rinsed with toluene and water and dried under vacuum at 353 K. In
case of powdered films, F was used to substitute M in the membrane
codes.

2.3. Gas permeation testing

The obtained membranes were sealed in home-made Wicke-Kallen-
bach cells to evaluate their single component and mixed gas permeation
performance. The pressure of sweep gas (Ar) was kept constant under
ambient conditions. The setup was described elsewhere [17,33]. The
feed temperature varied from 298 to 423 K, and the feed pressure in the
range of 1-4 bar was employed. Gas permeance (P) and selectivity (o) are
the two parameters to describe membrane permeation performance. The
equation to calculate gas permeance of component i (P;) reads as follows:

p——
" ApA

The symbols are explained here: N;, permeation rate (mol-s’l); AP;,
partial pressure difference (Pa); A, membrane area (m?). Gas Permeation
Unit (GPU) is widely reported as a unit of gas permeance, where 1 GPU
=3.35 x 101% mol s m™2.Pa’l. Permeability is a permeance multiplied
by membrane thickness with a unit of Barrer (1 Barrer = 3.35 x 10716
mol m s -m?Pa™!). In this work, membrane thickness (i.e., the thickness
of separation layers) was quantified from cross-sectional SEM images.
All the pressures used in this work are absolute pressures.

The gas selectivity is defined as the ratio of their permeance in the
mixture (permselectivity):

Qifj ~p,

Ideal selectivity is calculated when single component gas permeation
data are used.

At 423 K and 2 bar equimolar mixed gas conditions, the Hy per-
meance of the bare substrates was >80,000 GPU with a low Hy/CO
selectivity of ~3.

2.4. Structural characterizations

Atomic force microscopy (AFM) tomography measurements were
done in the tapping mode using a silicon tip (NSG03, NT-MDT), with a
nominal value of the tip radius of 7 nm and a nominal spring constant of
0.4-2.7 Nm' at a scan rate of 1 Hz under ambient conditions.

Photographs of BIILP membranes and films were made by a Huawei
mobile phone (JKM-ALOObD).

Scanning electron microscopy (SEM) images of BIILP membranes
and films were acquired using a JEOL 6010 microscope. The specimens
were gold-sputtered before analysis.

A Bruker-D8 Advance diffractometer (using Co Ka radiation, 1 =
0.179 nm at 40 mA and 35 kV) was employed to record the X-ray
diffraction (XRD) patterns of BIILP films.

Diffuse reflectance infrared Fourier transform (DRIFT) spectra of
BIILP films were acquired in a Nicolet 8700 FT-IR (Thermo Scientific)
spectrometer. Before characterization, the samples were dried at 393 K
under vacuum overnight.

13C Cross-polarization Magic angle spinning (CP/MAS) solid state



L. Luan et al.

Journal of Membrane Science 694 (2024) 122420

Fig. 2. SEM images of the membranes. (a, b, ¢ and d) Cross-sectional SEM images of the membranes with different interfacial polymerization duration (5.0, 60, 120
and 180 min corresponding to M-1.5-0.50-5.0-298, M-1.5-0.50-60-298, M-1.5-0.50-120-298 and M-1.5-0.50-180-298, respectively.). (e and f) Cross section and

surface SEM images of M-1.5-0.50-120-298 at lower magnification.

nuclear magnetic resonance (NMR) spectra of BIILP films were recorded
using a Bruker Ascend 500 spectrometer, operating at a 125.76 MHz 3¢
frequency, and equipped with a two channel 4 mm MAS probe head
(Bruker) at a 10 kHz spinning speed. A proton n/2 pulse length of 3 ps,
and a CP period of 2 ms was employed. 140000 scans were obtained,
with a recycle delay of 5 s, in between scans. Prior to Fourier trans-
formation, an exponential apodization function corresponding to a 80
Hz frequency line broadening was applied.

X-Ray photoelectron spectra (XPS) of a BIILP membrane (M-1.5-
0.50-60-298) were obtained using a K-Alpha Thermo Fisher Scientific
spectrometer equipped with Al- Ka X-ray source. To get depth profile
images, the membrane was etched with a step length of 10 nm from
surface to interior in a thickness range of 0-700 nm.

Thermogravimetic analysis (TGA) was used to qualify the thermal
stability of the BIILP films in a temperature range of 303-1100 K using a
Mettler Toledo TGA/SDTAS851e apparatus, by measuring the loss in
sample mass with an assigned heating rate of 5 K min'..

CO3 (323 K) physisorption isotherms for BIILP films were obtained
by employing the TriStar II 3020 (Micromeritics) instrument. Prior to
adsorption tests, the powdered samples were dried at 393 K under a Ny

=04
= m-PBI
0o
Eo.a-
N
o /.
Q021 o
T
[«}]
2 0.1
)
[72]
T
<0 : : : :
0 40 80 120 160 200

Pressure (kPa)

flow overnight.
3. Results and discussion
3.1. Synthesis and morphology

In general, the BIILP films and membranes were prepared by an
interfacial polymerization (IP) protocol (see Fig. 1 and Methods section)
[34]. Fig. 1(a) indicates the chemical reaction equation for forming
BIILP using 3,3-diaminobenzidine (DAB) and 1,3,5-triformylbenzene
(TFB) monomers. When TFB toluene phase was poured onto DAB
water phase, the polymerization took place and an orange film was
clearly visible at the interface between the immiscible phases. The sur-
face of the free-standing films was continuous and smooth although
some particles were recognized in Fig. 1(c-f). The layers were uniform in
micrometer thickness. The films prepared under different conditions
were coded as F-DAB concentration (g-mL'1 x 100)-TFB concentration
(g-mL'1 x 100)-Reaction duration (min)-Reaction temperature (K).

When alumina disks were placed between the two phases, supported
BIILP membranes were directly formed in Figs. 1(g) and Fig. 2. (See

-~ 0.8
2 BIILP
g
0.6
£
o
00.4—
kel
(]
£ 021
o
(2]
©
< 9.0 : : : :
0 40 80 120 160 200
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Fig. 3. Gas adsorption isotherms. (a-b) CO, adsorption isotherms of m-PBI (a) and BIILP (F-1.5-0.50-120-298) (b) at 323 K. The data in Fig. a were picked from our

previous report [15].
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Fig. 4. Characterization of chemical structures. (a) '3C solid-state NMR spectrum of BIILP films. (b and ¢) Deconvoluted CIs and N1s XPS spectra of a BIILP
membrane. (d) C/N molar ratio profile with etch depth of a BIILP membrane calculated from XPS spectra. (e and f) Depth profile images of a BIILP membrane at C1s
and NIs XPS regions. The specific film and membrane characterized in this figure are F-1.5-0.50-120-298 and M-1.5-0.50-60-298.

details of preparation in the Methods section). For membrane codes, M
was used to substitute F in the film codes. The membrane thickness was
around 0.15, 0.80, 1.30 and 1.40 pm corresponding to the IP duration of
5.0, 60, 120 and 180 min, respectively (Fig. 2). The membrane thickness
increased gradually with IP duration since more monomers participated
in the reaction. However, the rate of thickness increase dropped with IP
duration due to the self-inhibition by the already-formed membrane
layer, reducing the transport of monomers and the decrease of monomer
concentration in the water phase. The morphology of the membrane
surface was similar as the films.

3.2. Textural and chemical structures

The amorphous structure of BIILP films was confirmed by the XRD
pattern in fig. Al(c). A d-spacing of 0.35 nm was calculated from the
single broad diffraction peak centered at 30°. It is attributed to the
parallel face-to-face packing of benzimidazole chains, which was also
observed in the benchmark m-PBI [35].

The CO; adsorption isotherms of m-PBI and BIILP are shown in
Fig. 3. They belong to type II adsorption according to IUPAC [36].
Although a certain amount of CO5 was adsorbed in m-PBI, the uptake is
far below that of porous benzimidazole-based polymers [37]. It is un-
derstandable since the polymer chains are closely packed in m-PBI.
Compared with m-PBI, A sharp increase of CO, uptake was observed for
BIILP. This points to the presence of more micropores in the latter, which
can provide fast transport for small gases. Fortunately, the CO; loading
in benzimidazole-based polymers will drop strongly at higher temper-
atures (e.g. 423 K) [15], leaving channels for weakly adsorbing gases like

Hy to pass through. The Micropores and densely-packed polymer chains
(to generate transient pores) afford the claim of hierarchical channels in
the membranes.

The random chemical structure of BIILP proposed in Fig. 1(a) was
proved by the '3C solid-state NMR, XPS and FTIR spectra (Fig. 4(a-c) and
Fig. Al(a)). The formation of benzimidazole rings was verified by the
peak number 6 with chemical shift at around 150 ppm. Residual alde-
hyde groups from TFB monomers and C=N from imine linkages were
present at ~193 and 160 ppm, respectively. The same information was
found in the deconvoluted XPS and FTIR spectra. In details: C-N (285.8
eV), C=N (287.2 eV) and C—=O0 (288.9 eV) from C1s profile of XPS; =N-
(398.5 eV) and -NH- (400.3 eV) from N1s profile of XPS; C=0 (1701 cm’
1), C=N (1632 and 1616 cm™!) and benzimidazole rings (1456, 1327 and
1230 cm'l) from FTIR.

To investigate the chemical composition inside the membrane layers,
XPS spectra were further collected assistant with etching technique in
Fig. 4(d-f). A membrane (M-1.5-0.50-60-298) with a thickness around
800 nm of Fig. 2(b) was etched with a step length of 10 nm from surface
to interior in a thickness range of 0-700 nm. The content of C decreased
gradually with etch depth while that of N increased. As stated above, the
DAB (containing N) water phase was soaked in the substrate, and the
TFB (without N) toluene phase floated on it. It can be rationalized that
there was a transport resistance for the monomers diffusing to the other
phase. So, the content of TFB (DAB) dropped (enhanced) with etch
depth. These indicate the inhomogeneous composition along the direc-
tion perpendicular to the membrane surface.

About the thermal stability of BIILP, as shown in Fig. A1(b), the TGA
profile appears three steps of weight loss. Firstly, the weight loss before
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Fig. 5. BIILP membrane performance in Hj separation. (a) Effect of membrane thickness on performance (M-1.5-0.50-5.0-298, M-1.5-0.50-60-298, M-1.5-0.50-120-
298 and M-1.5-0.50-180-298. Feed conditions: 1 bar, 373 K, equimolar binary H,/CO, gas mixture). (b) Single component gas permeance and ideal selectivity of a
membrane (M-1.5-0.50-120-298. Feed conditions: 1 bar, 373 K). (c, d, and e) Membrane separation performance for Hy/CO,, Ha/N», and H,/CHy4 pairs (Feed
conditions: 1 bar, 373 K (cyan squares) or 423 K (orange squares), equimolar binary gas mixtures. The data were transformed from Table 2. Robeson upper bound
lines are shown for comparison: Grey, 308 K; cyan, 373 K; orange, 423 K.) [25,38]. The effect of temperature on the upper bound of H,/CO, was calculated using
activated diffusion model [38]. (f, g, and h) Effect of time on stream on membrane performance (f, M-1.5-0.05-2880-298. Feed conditions: 1 bar, equimolar binary
H,/CO, gas mixture. g, M-1.5-0.50-180-298. Feed conditions: 373K, 1 bar, equimolar binary H,/CO, gas mixture. (h) M-1.5-0.50-120-298. Feed conditions: 1 bar,
373 K, equimolar binary gas mixture). Error bars are standard deviations of performance on basis of duplicated membranes. Lines are drawn to guide eyes. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

400 K was associated with physical desorption of excess solvent. The
second stage between 500 and 600 K is a result of the escape of some
residual monomers, which may be trapped within the layer confines of
the backbone. The main frameworks started to decompose at around
750 K.

3.3. Membrane performance for Hy separation

The Hy separation performance (permeance and selectivity) is
determined by the membrane structure, and the membrane structure is
finally controlled by preparation conditions. With the extension of IP
duration, the membrane thickness increased gradually (Fig. 2), and
explains the decrease in Hy permeance (Fig. A2(a)). The trends in gas
permeability and selectivity in Fig. 5(a) indicate that structural evolu-
tion of membranes happened during IP. Residual monomers or oligo-
mers might exist in the membrane layers at both short (5.0 min with a
membrane thickness of ~0.15 pm) and long (180 min with a membrane
thickness of ~1.40 pm) IP duration, partially blocking the channels for
gas transport. Thus, lower permeability was observed. The IP duration of
60 min (membrane thickness of ~0.80 pm) and 120 min (membrane
thickness of ~1.30 pm) could well balance gas permeance (and
permeability) and selectivity as the membrane structure was well
evolved. The effect of IP duration, monomer concentration and IP
temperature was systematically studied. The membrane performance is

shown in Fig. A2 and Table 2.

The single component permeation performance of Hy, CO3, No and
CH4 was conducted on the M-1.5-0.50-120-298. The results are illus-
trated in Fig. 5(b) and Table 1. The Hy permeance (82.6 GPU) is far
greater than that of the other gases. The gas permeance roughly dropped
with their kinetic diameters (0.29, 0.33, 0.36 and 0.38 nm for H,, CO,,
Ny and CHy, respectively.), suggesting a mechanism of size-dependent
diffusion of the ROF BIILP membranes. The membrane achieved ideal
selectivity of 22.9, 254, and 181 for Hy/CO,, Ha/Ny and Hy/CHy
respectively. Interestingly, the Hy/CH4 selectivity was lower than that of
Hz/Ny. This phenomenon can be interpretated by the preferential
adsorption of CH4 in the BIILP.

The effect of feed temperature and pressure on the performance of M-
1.5-0.50-120-298 was studied. As illustrated in Fig. 6(a)-c, the gas per-
meance increased with temperature, indicating that activated diffusion
played an important role in gas transport. It is worth noting that the
selectivity firstly increased and then remained steady. The permeance of
H; and the selectivity decreased with feed pressure. The gas possibly
followed the dual-sorption model since micropores were available in the
BIILP (Fig. 3(b)). However, the uptakes were probably in their linear
regions [15], because the membranes were evaluated at a relative high
temperature (373 K) and a moderate pressure (total pressure up to 4.0
bar). The performance variation with pressure was largely due to the
compression of polymer chains, which narrowed the effective pathways
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Fig. 6. Effect of feed temperature on the membrane performance for a 1 bar equimolar binary H,/CO, (a), Ho/N (b), and H,/CHy (c); Effect of feed pressure on the
membrane performance at 373 K for an equimolar binary feed of Hy/CO, (d), Ho/N> (e), and Hy/CHy (f), respectively (M-1.5-0.50-120-298).

of Hy,

In order to benchmark the BIILP membranes, their Hy separation
performance was compared with typical polymeric membranes. For
instance, as listed in Table 2 and Table A1, the permeance of Hy and the
Ha/CO; selectivity reached 176 GPU and 22.1, respectively, surpassing
that of most PBI (Table A2) and PI [39] membranes. The selectivity for
Ha/Nj and Hy/CH4 was 301 and 261, respectively, with a Hy permeance
around 200 GPU, higher than previous polymeric membranes [40,41].
Furthermore, the membrane permeability, which reflects the nature of
membrane materials, was calculated and compared with the Robeson
upper bounds in Fig. 5(c-e). Typically, the Hy permeability was around
200 Barrer. All the data surpassed the Robeson upper bounds. It vali-
dated the proposed synergistic effect of the hierarchical channels to
overcome the “trade-off” between permeability and selectivity.
Although imide linkages were possibly present in previous BILP mem-
branes [17], the ROF BIILP membranes prepared in this work could
better balance gas permeability and selectivity.

Membrane stability is very important for industrial applications.
BIILP membranes (M-1.5-0.05-2880-298, M-1.5-0.50-180-298 and M-
1.5-0.50-120-298) prepared under different conditions were evaluated
with time on stream in Fig. 5(f-h). As the as-synthesized membranes
were stored under ambient conditions, environment moisture was
possibly adsorbed in the membrane channels. So, it took some time for
the initial activation before steady state was reached. The membrane, as
shown in Fig. 5(h), exhibited a stable performance for >1000 h, even in
different gas mixtures. Only a small decrease in H, permeance and small
increase in selectivity were observed, probably because of the closer
packing of polymer chains.

4. Conclusion

In conclusion, new random organic framework (ROF) benzimidazole
and imine linked polymer (BIILP) membranes were developed by
interfacial polymerization (IP) strategy. The dense packing of
benzimidazole-linked segments provided narrow and transient channels
for Hj to selectively pass through. When benzimidazole-linked segments
were disrupted by imine segments, microporous channels were formed
for fast Hy transport. The synergistic effect of the hierarchical channels
endowed the membranes with excellent performance for Hy/CO5, Hy/Ng
and Hy/CH4 separation and overcame the trade-off between perme-
ability and selectivity.
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