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The synthesis of a continuous IMF zeolite membrane was fabricated on tubular substrates by seeded
growth for the first time. The straight channels of IMF zeolite with diameters of 0.53-0.59 nm are distin-
guishable for p-xylene from o-xylene molecules. Pure IMF-phase high-silica IM-5 zeolite seeds with uni-
form and fine crystal size were fabricated by a new sonication-assisted aging process. The seeds were

coated on the support by dipcoating and induced the formation of continuous membrane. Separation per-
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formance in p-/o-xylene mixture was investigated at various temperature and pressure. The typical IM-5
zeolite membrane had p-/o-xylene separation factor of 3.7. Our results suggest that IM-5 zeolite is a
potentially good membrane material for the separation of xylene mixtures.

© 2023 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

The eight-carbon aromatic fraction obtained from naphtha
reforming and steam cracking contains a xylene isomer mixture.
The surplus of o-xylene (OX) and m-xylene (MX) can be converted
to the value-added p-xylene (PX) by catalytic isomerization [1,2].
The boiling point difference between the components is very small,
which makes the separation energy-intensive by the conventional
distillation method. Membrane separation is an energy-saving sep-
aration technology for gas separation and has been applied indus-
trially for CO, separation from natural gas and biogas [3-5].
However, distinguishing PX from OX is more challenging than sep-
arating CO, from CH,; by membrane because the physical and
chemical properties of the former components are closer.

Zeolite membranes became the promising and ideal membrane
materials for gas separation due to their uniform and crystalline
micropores [6]. Separation of PX/OX mixtures using zeolite mem-
branes like Zeolite Scony Mobil - five (ZSM-5) is the research hot-
pot [7-9]. ZSM-5 zeolite (Mobil Five, MFI topology) owns the
zigzag pore in a-axis direction and the straight one in b-axis direc-
tion. The b-oriented ZSM-5 zeolite membranes are reported for
their excellent separation of PX/OX mixture [10-12]. However,
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the fabrication of zeolite MFI membranes with b-axis orientation
is very challenging even for the small-area membranes because
that the random deposition of nuclei always disturbs the oriented
growth [13-16].

Zeolite Institut Francais du Pétrole and University of Mulhouse-
five (IM-5, IMF topology) has straighter channels (all straight chan-
nel in all directions) and a lower framework density (17.5 T-nm3)
than that of ZSM-5 zeolite (sole straight channel in b-axis direction
and framework density of 18.4 T-nm3). IM-5 had pore diameters
of 0.55 nm x 0.56 nm and 0.53 nm x 0.54 nm in the a-axis direc-
tion, 0.48 nm x 5.4 nm and 0.51 nm x 0.53 nm in the b-axis direc-
tion and 0.53 nm x 0.59 nm in the c-axis direction. The pore size of
IMF zeolite is similar to that of MFI zeolite. More importantly, all
the channels are straight and connected [17]. The diffusivity of
gas molecules through these connected and straight channels
should be higher than that through some zigzag channels of
ZSM-5 zeolite. It could be not necessary to control the preferential
orientation of the crystal layer to obtain a straight-channel mem-
brane if IM-5 forms to continuous membrane. Zeolite framework
and channels are considered to be expanded by about 10% in the
presence of hydrocarbon molecules [18,19]. The actual size of the
IMF zeolite channels is expected to larger than the kinetic diameter
of PX (0.59 nm) but smaller than that of OX (0.68 nm) when it is
explored in the hydrocarbon mixture, similar to that of MFI zeolite.
IM-5 is expected to be a potentially promising membrane material
for the PX/OX separation. IM-5 was firstly produced by Benazzi
et al. [20]. Corma et al. [21] studied the catalysis performance of
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IM-5 and ZSM-5 in the hydroisomerization-hydrocracking of n-
decane and m-xylene isomerization; IM-5 showed higher catalytic
activity than ZSM-5. In the subsequent work, they found that IM-5
had better hydrothermal stability during fluid catalytic cracking,
resulting in higher activity and lower olefin yields [20] than
ZSM-5 zeolite. Wang et al. [22] found that the phosphorus modified
IM-5 showed better toluene conversion and the selectivity of
p-xylene than ZSM-5 in the reaction of toluene alkylation with
methanol.

There were no reports for the synthesis of the continuous
IM-5 membranes yet. In this communication, Continuous IM-5
membranes were fabricated by secondary growth on tubular
Zr0,-Al;,03 supports for the first time. Separation performance in
PX/OX mixture of the prepared membranes were evaluated.

2. Experimental
2.1. Synthesis of IM-5 seeds

IM-5 was fabricated in a gel with a molar ratio of 17 Na,0: 60
SiO,: 1.5 Al;05: 6 NaBr: 10 1,5-bis(methylpyrrolidinyl)pentane:
2400 H,0 according to the Ref. [20] after synthesis modification.
The modification was the sonication treatment for the gel in order
to prepare uniform and small seed crystals without any impurity
phase. For a typical synthesis, 115 mmol NaOH pellets (96.0% by
mass, Sinopharm, China), 10 mmol NaAlO, powder (99% by mass,
Wako, Japan) and 204 mmol silica powder (99.99% by mass, Alad-
din, China) was dissolved in 146.7 ml deionized water in sequence.
And then 34 mmol organic structure-directing agent (OSDA) of 1,5-
bis(methylpyrrolidinyl)pentane (50.18% aqueous solution by mass,
Guangzhou Dayou Co. Ltd., China) and 20 mmol NaBr (99.0% by
mass, Yonghua Chemical Co., Ltd., China) were mixed to obtain
the final gel. The effective modification was that the gel was aged
by ultrasonic treatment at 353 K for 6 h. The gel was hydrother-
mally crystallized at 448 K for 7 d to obtain pure-phase nano-
sized IM-5 crystals. The organic structure directing agent (OSDA)
removal was proceeded by calcining at 853 K for 4 h. The samples
without ultrasonic aging were prepared for comparison.

2.2. Seeding procedure

IM-5 seeds were deposited on the outside tubular asymmetric
supports by dip-coating approach. The asymmetric supports were
supplied by Nanjing Membrane Park Co. and had an «-Al,03 body
(porosity: ~30%, OD: 12 mm, ID: 9 mm and average pore size:
1.0 um) and an active ZrO, layer (coating thickness: 20 pum and
average pore size: 200 nm). The IM-5 seed suspension was
obtained by scattering 0.15 g seeds in 500 g ethanol followed by
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sonicated for 2 h. Each end of the tube was sealed using silicone
plug to prevent the depositing of seeds on the inside surface. The
supports were seeding after the programed dip-coating procedure
[19] and dried at 333 K overnight.

2.3. Membrane synthesis

The gel mixture for membrane growth has a molar composition
of 17 Na,0: 60 SiO,: 1.2 Al;05: 6 NaBr: 10 1,5-bis(methylpyrrolidi
nyl)pentane: 2400 H,0. The production of the membrane gel was
the same with that of the seed gel. The gel for membrane growth
was aged with stirring at 353 K for 3 d. Secondary growth of the
membrane was proceeded at 448 K for 7 d. The hydrothermal syn-
thesis was repeated to reduce the boundary defects. The OSDA was
removed from the IM-5 membrane by calcining at 803 K for 4 h at
increasing & declining rates of 0.5 K-min'.

2.4. Characterization and gas separation

X-ray diffraction (XRD) patterns of seed and membrane samples
were measured on a Ultima IV X-ray diffractometer using radiation
source of Cu K. Scanning electron micrographs (SEM) of the seed
and membrane samples were collected using Hitachi S4800 micro-
scope at 5 kV. Thermogravimetric (TG) analyses were performed in
air on a NETZSCH STA 409PC thermal analyzer, where weight loss
related to the combustion of OSDA was determined from differen-
tial scanning calorimetry (DSC). The adsorption experiment for N
was performed on a Micromeritics ASAP 2020 analyzer. The struc-
ture of IM-5 was characterized by a Fourier transform infrared
spectrometry (FT-IR, Thermo Nicolet 8700).

Separation data of IM-5 membranes were recorded by Wicke-
Kallenbach (W-K) method with N, as sweep gas, the separation
system was illustrated schematically in Fig. 1. Two bubblers were
used for PX and OX streams, respectively. The carrier gas (N,) was
independently fed to each bubbler and mixed to formed the PX/0X
vapor stream. The vapor stream was then fed into membrane mod-
ule. All the pipelines of the system were kept at 383 K using the
heating tape. The total feed flow rate of carrier gas was maintained
at 100 ml-min~!, and that of another N, sweep gas was
100 ml-min~! at the permeate side. The total pressure on both
sides was atmospheric pressure. Note that the composition and
pressure of PX and OX in the feed could be regulated by the tem-
perature of bubbler and the flow rate of carrier gas. Usually, the
feed partial pressures of PX and OX kept to be ~0.5 kPa. The con-
centration of the components were analyzed by Shimadzu GC-
2014 gas chromatogram with a flame ionization detector. Chro-
matographic analysis was performed with the internal standard
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Fig. 1. Schematic diagram of the gas-separation setup for the test of PX/OX mixture.
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Fig. 2. (a) Powder XRD patterns of simulated IMF, IM-5 fabricated by normal synthesis and modified synthesis, and SEM images of IM-5 fabricated by (b) normal synthesis
and (c) modified synthesis, (d) the TG and DSC curves for IM-5 produced by modified synthesis, (e) the N, adsorption-desorption isotherms of IM-5 produced by modified
synthesis and (f) IR spectra of IM-5 produced by modified synthesis.

method in which the CH4; was used as the internal standard Wi/yp),
substance. SF= (Xi/%,); (2)
The permeance of mixed components is obtained by the follow-
ing equation: where y;, ¥, X; and x; are the molar ratios of component i (PX) and j
N (OX) in the permeate (p) and the feed (f) sides, respectively.
1
Pi=3p (1)

3. Results and Discussion
where N; and AP; are the flux and the pressure drop of composition
i, respectively. Fig. 2 displays XRD patterns, SEM images, TG curves, adsorption
The separation factor is calculated as the ratio of the ratios of isomer and IR spectra of the prepared IM-5 powders. Two kinds of
the PX and OX concentration in the permeate and feed sides as IM-5 were obtained following the Ref. [20] and after modification
the equation: with ultrasonic aging, respectively. Pure-phase IM-5 was not
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prepared in our case following the literature [20] as shown in Fig. 2
(a). The product was composed of IM-5 as the main phase and
mobil composition of matter-twenty-two (MCM-22) as the sec-
ondary one identified by XRD. After the synthesis modification
using ultrasonic aging, pure IM-5 was obtained. The success on
the inhibition of impurity phase of MCM-22 zeolite in the product
could be attributed to the aging-improved sonication process. The
sonication in the aging process might improve the dissolution of
the amorphous alumina and silica precursors. The concentration
of the precursors in the solution after enhanced dissolution might
be suitable to the nucleation and crystallization of IM-5. And there-
fore, the formation of the impurity zeolite phase could be inhibited.
IM-5 prepared by the two routes had similar column-like mor-
phologies as shown in Fig. 2(b) and (c). The size of the crystals pre-
pared by modified synthesis was more uniform and smaller
(~200 nm in length). TG curve in Fig. 2(d) shows that the decom-
position of the OSDA occurred at 858 K. The mass loss for the OSDA
removal was about 12.3%. Adsorption isomer of N, on IM-5 indi-
cates the properties of micropores as shown in Fig. 2(e). It had

MST 5.0kV 11.7mm x20.0k S 2 HZII,LmH MST 5.0kV 9.4mm x2.00k SE(M)

(d)
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the BET surface area and the volumes of total pores and micropores
of 350 m?.g~ !, 0.36 cm®.g~ ! and 0.15 cm>.g !, respectively. The Si/
Al ratio of IM-5 seeds was approximately 10 detected by EDX. Fig. 2
(f) shows the IR spectra of IM-5 produced by modified synthesis.
The IR bands from the OSDA are marked by asterisks. The absorp-
tion peaks at wavenumber of 1225 and 556 cm™! were attributed
to external linkage vibrations, which were related to five-
membered-ring chains. The one at wavenumber of 1100 cm™!
was corresponded to an symmetric stretching of O=Si=0 bond,
and the one at 800 cm™! to that of Si—O band.

Fig. 3 exhibits SEM images of the zirconia/alumina composite
support and the IM-5 membranes after once and twice hydrother-
mal synthesizes. The active ZrO, layer (top layer) had the thickness
of approximately 20 pm and average pore size of 200 nm. After
once hydrothermal synthesis, the support surface was fully coated
by the column-like IM-5 layer with thickness about 800 nm as
shown in Fig. 3(c) and (d). The intergrowth behavior was relatively
poor and the thickness of the membrane was not uniform. After
twice hydrothermal synthesizes, the intergrowth of the zeolite

ALO, layer
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Fig. 3. Electron microscopes of (a, b) the zirconia/alumina composite support and the IM-5 membranes after (c, d) once and (e, f) twice hydrothermal synthesizes.



W. Zhang et al./ Chinese Journal of Chemical Engineering 60 (2023) 205-211 209

Mo

22 23 24 25 26

A

/ﬂ 22 2.\24 25 26

22 23 24 25 26

(@)

Intensity

I ll. Y T TP ..Jh.f.u... PPTTTI PPN,

S5 10 15 20 25 30 35 40 45
20/(°)

Fig. 4. Powder XRD patterns of (a) simulated IMF peaks, (b) zirconia/alumina
composite support, (¢) seeded support and the IM-5 membranes after (d) once and
(e) twice hydrothermal synthesizes.

layer was greatly improved on the support as shown in Fig. 3(e)
and (f). There were a top 2.5-pm-thick IM-5 layer and a dense
0.8-pm-thick intermediate layer on the porous support.

Fig. 4 illuminates the XRD patterns of zirconia/alumina compos-
ite support, seeded support and the IM-5 membranes after once
and twice hydrothermal synthesizes. The seeded supports had
the weak peaks of IM-5 and the strong ones of the supports. IM-
5 membranes had more and more obvious peaks of IMF phase with
the increase of membrane layers after once and twice hydrother-
mal synthesizes, indicating that the thickness of zeolite layer
increased with synthesis times. No other zeolite phases were found
in the XRD patterns of the membranes, suggesting that the
obtained membranes are pure IMF (IM-5 herein) phase.

Table 1 presents the separation data of four typical membranes
M1-M4 after twice hydrothermal synthesizes for the binary PX/
0OX (50/50 in mol) mixture. The separation factor and PX perme-
ance of the four membranes varied from 2.3 to 3.7 and from 3.2
to 9.4 x 1078 mol-m~2s~'.Pa~! at 523 K and 0.5 kPa patrial PX
pressure, respectively. It indicated that the membrane had the
separation potentials for PX/OX separations. Daramola et al. [23]
fabricated hollow-fiber ZSM-5 membranes with a maximum PX
permeance of 9 x 10™° mol-m2s '.Pa~! and separation factor
of 107 at 573 K. A 12-pm-thick c-oriented ZSM-5 zeolite mem-
brane displayed separation factor of 5 in PX/OX mixture [24]. A
3-pum-thick hOh-oriented ZSM-5 zeolite membrane was reported
to have separation factor of 12 [24]. Jeon et al. [12] produced
ZSM-5 membranes by gel-free secondary growth method and

Table 1

the typical membrane showed a high PX permeance of
5.6 x 1077 mol-m 2.5 "-Pa~! and separation factor of over 2500.
Compared with these separation performances in the literatures
by ZSM-5 zeolite membranes [12,23,24], our current IM-5 mem-
branes displayed relatively low PX/OX separation factor. It could
be ascribed that the boundary defects were produced in the
membrane-synthesis and OSDA-removal processes. On one hand,
there were only a few literatures to develop the synthesis of
IM-5 zeolite and no references for the synthesis of the membranes.
Based on the references, pure IM-5 zeolite was still hardly to pre-
pare since the crystallization was not understood clearly. Synthesis
of continuous IM-5 membranes was considered to be more difficult
than that of popular MFI zeolite membranes. The current mem-
branes after once hydrothermal synthesis had many pinpores
and were non-selective. The quality of the uncalcined membranes
after twice hydrothermal synthesizes was evaluated by the perme-
ation test using pure N,. The four membranes had N, permeances
of (1.9-5.8) x 10~ mol-m~2.s~!.Pa~!, which were only 1/10000-
1/3400 of the bare support’s permeance, suggesting that there
were only a few defect pores. On the other hand, we consider that
the formation of defects could be attributed to the different ther-
mal expansion coefficients between zeolite and support layers
[25,26]. Even if the current IM-5 membranes displayed relatively
poor PX/OX selectivities, we believe that IM-5 could be a good can-
didate for PX/OX separation once the boundary defects are
reduced/eliminated after synthesis modification and optimization
of OSDA removal process in our future work.

Separation of PX/OX mixtures through the real micropores of
zeolite membranes is always obeyed the adsorption-diffusion
mechanism. In the previous study [9,27], zeolite MFI membranes
displayed high PX/OX separation factor even if the adsorption load-
ing of the two compositions on the zeolite was similar. The PX-
selective separation could be attributed to the relatively fast diffu-
sivity of PX over OX through the 10-member-ring window of zeo-
lite MFI. We consider that similar separation mechanism was for
the separation of PX/OX mixture through our 10-membrane-ring
IM-5 zeolite membranes. Besides, the separation through the
boundary defects was obeyed the mechanisms of viscous flows
and Knudsen diffusion. There are no selectivity for PX/OX separa-
tion by the two mechanisms.

Fig. 5 displays the influence of feed p-xylene partial pressure on
the separation data of IM-5 membrane M2. The permeance of PX
declined slightly with improving feed xylene partial pressure.
The PX/OX separation factor was almost independent of xylene
partial pressure due to the increase trend for OX was similar to that
for PX. The relationship of temperature and separation data of
membrane M2 is shown in Fig. 6. Both PX permeance and
separation factor improved with increasing temperature. The
highest PX permeance and PX/OX separation factor were
3.5 x 1078 molm~2s~'.Pa~! and 2.9, respectively, in the test
temperature range.

The separation data of typical IM-5 membranes M1-M4 under optimized conditions by twice hydrothermal synthesizes for the equimolar PX/OX mixture at 523 K and 0.5 kPa p-

xylene partial pressure.

Membrane No.

N, permeance before calcination®/10~° mol-m 2.5 '.Pa~"

Mixed-gas permeance/
10-® mol-m 25~ '.Pa”!

PX/OX separation factor

PX 0X
M1 2.7 7.9 3.0 2.7
M2 5.8 3.5 1.6 2.2
M3 3.7 9.4 4.0 23
M4 1.9 3.2 0.87 3.7
Average of M1-M4 6.0 £ 3.1 24+14 2.7+0.7

@ pure N, permeance was tested at 298 K and 0.2 MPa(G) and the pure N, permeance of the bare support was 2.0 x 10> mol-m 2.5 '.Pa~ .
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Fig. 6. The relationship of temperature and separation data of typical IM-5
membrane M2 in the PX/OX (50/50 mol) mixture at p-xylene partial pressure of
0.5 kPa.

4. Conclusions

In this communication, we have reported the synthesis of a kind
of 10-membered-ring IM-5 membrane and the primary separation
results for the PX/OX mixture. The membrane synthesis had good
reproducibility. Four IM-5 membranes had average PX permeance
and PX/OX separation factor of 6.0x10~8 mol-m~2.s~!.Pa~! and 2.7
at 523 K, respectively. The results show that IM-5 is a promising
membrane material for PX/OX separation. The synthesis modifica-
tion and post treatment of IM-5 membranes are under way to
improve the separation performance of the membranes.
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