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Enhancing the separation performance of molecular sieve membranes relies significantly on precise control over
their membrane morphology and microstructure. This involves creating thin, closely packed, oriented, and
uniform coatings of seed crystals, enabling subsequent intergrowth to establish continuous membranes. To
address industrial needs, it is crucial to generate a thin and flawless membrane efficiently producible on a large-
scale support. Porous stainless supports offer scalability and easy integration into membrane modules. In this
study, we present a novel and straightforward process for modifying stainless-steel supports to seed zeolite
membrane layers. High-performance, b-oriented MFI zeolite membranes can be synthesized on these modified
stainless-steel supports through scalable filtration seeding of MFI zeolite nanosheets followed by secondary
growth. By employing a carefully designed pre-treatment procedure, we achieved the growth of well-intergrown,
highly b-oriented MFI zeolite membranes on the modified stainless-steel support, establishing a robust interac-
tion with the substrate. The membranes, fabricated through gel-free secondary growth of nanosheets deposited
on a scalable stainless-steel support using this technique, demonstrate ultra-selective capabilities in separating

para-xylene from ortho-xylene, with a high separation factor of 388.

1. Introduction

MFI Zeolite thin films have displayed great potential as separation
membranes [1,2], selective sensors [3,4], optical materials [5], adsor-
bents [6,7], and catalytic coating reactors [8,9]. This has led to an in-
crease in interest in making zeolite membranes for use in various fields.
The molecular sieving properties of MFI zeolite membrane can be
greatly impacted by the orientation of its constituent micro-crystals.
Particularly, the b-oriented MFI membranes show exceptional separa-
tion performance as separation membranes due to having the straight
channel along the b-axis which is the fastest diffusion pathway in MFI
crystals [10]. MFI zeolite membranes, particularly b-oriented ones, have
potential for industrial processes involving separation of xylene isomers
and other hydrocarbon/Hy mixtures [11,12].

Over the past few years, nanosheet crystals with nanometer-scale
thickness have become highly desirable for separation applications.
This is because their thin dimension allows shorter diffusion paths [10].
In essence, it is possible to apply uniform and thin coatings of
high-aspect-ratio zeolite nanosheets onto almost any porous membrane
substrate. Subsequently, a final step of secondary zeolite growth can be
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carried out to seal the nanoscopic gaps between the nanosheets,
resulting in molecular sieving membranes with high flux [11].

To date, various techniques have been developed to create MFI
nanosheets with different microstructures. Tsapatsis and coworkers
synthesized high-aspect ratio MFI zeolite crystals through a top-down
exfoliation process of 2D MFI layered stacks and later a bottom-up
growth process using single rotational intergrowth-triggered crystals
[12-14]. Hedlund and coworkers employed a different approach to
synthesize hydrophobic MFI nanosheets through prolonged aging in the
fluoride medium. However, these synthesis methods feature very
complicated and lengthy synthesis procedure [15]. Recently, Liu and
coworkers [16] developed a new and facile method for preparing thin
MFI nanosheets using a progressive wall-thinning approach. The MFI
nanosheets produced by this method have a high aspect ratio, are highly
uniform, and are produced efficiently with high yields.

Efforts have been made to create high-quality b-oriented zeolite
membranes reproducibly. New techniques for growing b-oriented MFI
zeolite membranes were developed using solvent-assisted and gel-less
secondary growth methods. According to the literature [10], the b-ori-
ented MFI membranes prepared by gel-free secondary growth of these
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nanosheets show improved performance, compared to the membranes
prepared by other secondary growth methods. These gel-free secondary
grown b-oriented MFI zeolite membranes show separation factor of
p-xylene over o-xylene of 2000-8000. These results signify separation
power of b-oriented MFI membranes made from nanosheets for xylene
isomer separations.

However, the current process of fabricating these MFI membranes
presents significant challenges regarding practical feasibility and scal-
ability [11]. In this process, defect free b-oriented membranes for xylene
separation were fabricated on porous Stober silica or modified silica
fiber-derived disk-type supports [17,18]. These supports have low me-
chanical strength [11,18]. It is known that the growth of zeolite mem-
branes is greatly influenced by the physical structure and chemical
properties of the support. Therefore, selecting the right type of support is
extremely important [19,20]. For industrial applications, the b-oriented
MFI zeolite membranes should be deposited on supports which can be
readily arranged into modules of high packing density. Thus, creating
2D MFI nanosheet-based membranes on easy-to-produce and
cost-effective macroporous supports is critical to industrial applications
of these membranes.

Taking into consideration some factors such as cost, thermal con-
ductivity, anticorrosion quality, mechanical strength, scalability and
fictile properties, porous stainless-steel material is a very promising
support for a microporous membrane. However, due to significant dif-
ferences in surface properties between stainless steel material and zeo-
lites, it is challenging to grow zeolite membranes on the stainless-steel
surface. To overcome this issue, the surface of the stainless-steel surface
should be adequately modified for zeolite membrane growth [11,19].
The objective of this paper is to modify the surface of porous
stainless-steel supports by different Si-derived intermediate layers for
synthesizing high quality and thin b-oriented MFI zeolite membranes
from MFI zeolite nanosheets for xylene isomer separation.

2. Experiment
2.1. Modification of stainless-steel support

Porous stainless-steel plates (316L) of 20 mm in diameter and 2 mm
in thickness (Mott company, 0.2-A —316LSS) were used as supports
(substrates) to grow the b-oriented MFI zeolite membranes. The bare
substrates were cleaned by sonication in acetone for 30 min. To modify
the stainless-steel substrates, Al-Si alloy (Al: 87-89 %, Si:11-13 %, 1-2
pm, Sky Spring Nanomaterials, Inc.), Si (80 nm, Sky Spring Nano-
materials, Inc.) and in-house synthesized 50 nm SiO, powders were
used.

The Al-Si alloy particles were coated via a hot-drop coating (HDC)
approach. Firstly, the 0.05 wt% suspension of alloy in water was pre-
pared. Sodium hydroxide (NaOH, >97 %, Sigma Aldrich) was added to
the suspension to adjust its pH to 9. To guarantee complete dispersion,
the suspension was sonicated for approximately 10 min. A bare stainless-
steel substrate was preheated to the temperature of 140 °C on a heating
platform. Then, 1 ml colloidal suspension mentioned above was slowly
dropwise coated on the substrate to ensure the thorough evaporation of
water and compel a staggered stacking pattern of the particles. Finally,
the obtained stainless-steel substrate coated with the alloy was dried
completely at the coating temperature for 5 min and then heat-treated at
560 °C under Argon atmosphere. The 80 nm Si particles were gently
rubbed on the surface of substrate coated with the alloy to obtain a
uniform layer and then heat-treated at 900 °C for 2 h with the cooling
and heating rate of 10 °C/min.

The 50 nm SiO;, particles were synthesized in our lab according to the
StOber procedure [21] using two solutions with the compositions given
in literature [22]. 4.5 ml tetraethyl orthosilicate (TEOS, 98 %, Sigma
Aldrich) and 35.6 ml 200 proof ethanol were mixed separately in room
temperature. This solution was added into the solution of 0.6 ml
ammonium hydroxide (NH4OH, 28.0-30.0 % NHj basis, Sigma Aldrich),
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and 19.3 mL distilled water. The resultant solution was stirred for 2h at
room temperature. White colloidal particles formed in the solution were
collected by centrifugation (10,000 rpm) and washed 3 times in ethanol.
Particles were dried at 50 °C overnight and calcined at 400 °C for 3 h
with heating and cooling rates of 2 °C/min and 4 °C/min, respectively.
The resulting powder was crushed in an agate mortar and was used for
modifying the surface of the supports. The SiO; particles were then
coated on the Al-Si alloy and Si coated substrate by the rubbing method
and were calcined in the furnace at 500 °C for 5h.

2.2. Synthesis of MFI zeolite nanosheets and membranes

To synthesize parent MFI crystals, a synthesis solution was prepared
by adding tetraethyl orthosilicate (TEOS, 98 %, Sigma Aldrich) as a
silica source to a solution of tetra propylammonium hydroxide (TPAOH,
1 M, Sigma Aldrich) and water under stirring at room temperature for
24 h till a clear synthesis solution was obtained. The solution, with a
molar composition of 1 TEOS: 0.15 TPAOH: 103.5 H20, was then
allowed to age at room temperature for 48h, then filtered through a filter
paper (Whatman No. 5) and directly loaded into a Teflon-lined stainless-
steel autoclave. The hydrothermal synthesis was carried out at 170 °C
for 10 h under rotation in a rotary reactor. The autoclave was then
cooled naturally to room temperature, then the silicate crystals were
collected through centrifugation and washed carefully with deionized
water. The synthesized MFI crystal powder was finally dried at 70 °C for
12 h and calcined at 550 °C for 6h.

For 3.5 pm sized MFI nanosheet, 0.2 g of calcined 5.5 pm-sized
parent MFI crystals was added in 15 g of 0.235 M TPAOH solution.
Prepared suspension was then transferred into a Teflon-lined stainless-
steel autoclave. Hydrothermal treatment was carried out at 170 °C for
24 h in a rotational convection oven (70 r/min). Obtained solid pre-
cipitates were washed with deionized water and collected by centrifu-
gation. This rinsing process with deionized water was repeated three
times. The recovered MFI nanosheet slurry (about 0.2 g)was then
dispersed in 60 ml deionized water for filtration coating.1 ml of freshly
prepared MFI nanosheet dispersion (made from 60 ml, as described
above) was mixed with 10 ml of deionized water and sonicated for
around 10 min. The resulting suspension was then coated onto modified
stainless steel supports using vacuum-assisted filtration. To slow the
filtration process, the vacuum was maintained at around 1.5 psi during
coating. The coating process typically took around 1 h and was followed
by 1 h of vacuum drying to ensure complete drying. The coating process
was repeated 1 to 2 times as needed until the surface of substrates was
completely covered by MFI nanosheets.

The b-oriented MFI zeolite membranes were prepared by gel-less-
steam-assisted crystallization method. To prepare the synthesis solu-
tion, tetra propylammonium bromide (TPABr, Sigma-Aldrich, 98 %) and
sodium hydroxide (NaOH, Sigma-Aldrich, 97 %) were dissolved in
distilled water, and then tetraethyl orthosilicate (TEOS, Sigma-Aldrich,
99 %) was slowly added under stirring. A clear solution with a molar
composition of 0.45 TEOS: 0.3 TPABr: 0.275 NaOH:139 H,0 was ob-
tained after stirring at room temperature for 2-3 h. The modified sup-
ports coated with the zeolite nanosheets were dipped into the clear
solution for 20 s and dried at 100 °C for 15 min. The process of dip
coating-drying was repeated 2-3 times and then the coated supports
were transferred to a Teflon-lined autoclave and placed on a sample
holder horizontally. Before sealing, 1 g of deionized water was added to
the autoclave. After heating at 180 °C for 24 h, the zeolite membrane
was removed from the autoclave, washed with water and dried at 60 °C.
The synthesized b-oriented MFI zeolite membranes were calcined at
400 °C for 12 h to remove the organic template.

2.3. Membrane characterization and xylene separation tests

The samples prepared in this work were characterized by PAN-
alytical X-pert Pro MRD High Resolution X-ray Diffractometer (XRD),
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with Cu Ko radiation (A = 1.542 10\) at 40 kV and 40 mA and scan step of
0.05° for phase structure and crystallinity. The surface and cross-
sectional morphology of the samples was examined by scanning elec-
tron microscope (SEM) (Amray 1910), with sample preparation by
Auriga (Zeiss) and SEM/FIB Focused Ion Beam - Helios 5 UX (Thermo
Scientific). Fourier transform infrared (FTIR) (Thermo Nicolet 6700)
was used for identifying surface functional groups of stainless-steel
supports before and after modification with different layers.

Vapor permeation experiments were performed using a Wicke-
Kallenbach [23] separation set-up, which was illustrated schematically
in our previous publications [24,25]. Helium was used as the carrier gas
for the feed, and as sweep gas. The feed and permeate were both
maintained at 1 atm. The temperature of the module was kept within a
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range of 75-275 °C. The flow rate of helium in the feed and sweep was
respectively controlled at 20 ml (STP)/min using mass flow controllers.
Before entering the membrane module, the helium carrier gas was
passed through a sparger containing a binary xylene mixture to saturate
it with vapor, at p-xylene and o-xylene partial pressures respectively of
~0.49 kPa and ~0.55 kPa. To prevent xylenes from condensing, the
membrane module and pipeline leading to the gas chromatograph (GC)
were heated above the boiling point of xylene using an oven and heating
tapes. The retentate and permeate streams were analyzed using a GC
[Agilent Technologies GC-6890 N with a flame ionization detector (FID)
and an HP-5 capillary column] to determine their compositions. The
accuracy of pervaporation and vapor permeation results was +5.0 % for
the separation data of binary mixtures.
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Fig. 1. Schematic illustration of steps/mechanism for modifying stainless support and formation of the b-oriented membrane on the modified stainless-

steel substrate.
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3. Results and discussion

Fig. 1 illustrates various steps in modification of and growing zeolite
membrane on stainless support and mechanisms associated with these
steps. The first few steps deal with modification of the porous stainless-
steel disks. Experiments conducted in our lab showed that good quality
MFI zeolite nanosheet seed layer could not be formed on stainless steel
supports without a smooth silica layer using SiO, nanoparticles. Thus, a
multiple-step surface modification strategy was adopted in order to coat
the smooth SiO; layer on the support for growing high-quality b-ori-
ented MFI zeolite membranes. This was done by hot-drop coating a
suspension of Al-Si alloy beads, which were 1-2 pm in size, to reduce the
surface roughness of the stainless-steel support. The supports were then
coated with another thin layer of 80 nm Si particles by the rubbing
method to further reduce its surface roughness. Finally, the stainless-
steel support was coated with a thin layer of 50 nm silica particles by
rubbing, which also enhanced the smoothness of support surface further,
before the coating of MFI zeolite nanosheet seeds and secondary growth.
The surface color of the stainless steel disks was silvery-gray or metallic,
typical of stainless steel. After coating with Al-Si alloy, the color shifted
to dark cyan and became slightly darker following heat treatment. When
coated with Si powder, the surface color changed to brown, and it turned
shiny brown after coating with SiO> powder. Following nanosheet
coating, the surface became white, and it remained white after mem-
brane growth. The results for each step will be presented and discussed
next.

3.1. Characteristics of modification layer on stainless-steel substrates

Fig. 2(a)-(c) reveal that the Si-Al alloy, Si, and SiO; particles are of
spherical shape with uniform size. Fig. 2(d) shows XRD patterns of the
Al-Si alloys particles. As expected, only Al and Si reflections are visible.
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The crystal structure of Al-Si alloys can vary depending on the
composition and processing conditions. The crystal structure of pure
aluminium is a face-centered cubic (FCC) structure. The silicon atoms
are often dissolved in the aluminium lattice. The primary silicon phase
usually adopts a needle-like or plate-like morphology, and it has a dia-
mond cubic crystal structure [26]. The broad peaks at the XRD pattern
(Fig. 2(e) as pointed at 20 = 28.5°, 47.4°, 56.2°, 69.3°and
76.5°correspond to the characteristic crystal peaks of Si which support a
good crystalline structure with small crystallite size [27,28].

Fig. 3 shows scanning electron microscopy (SEM) top view images of
the bare stainless-steel support, and the subsequent modified interme-
diate layers. The original stainless-steel substrates have quite a rough
surface (with the porosity of 45 % and average pore diameter of 9 pm,
respectively) (Fig. 3(a)). SEM micrographs show a smooth and uniform
surface of substrate was achieved after modification sequentially with
Al-Si alloy (Fig. 3(b)), Si particles (Fig. 3(c)) and silica powders (Fig. 3
(d)) synthesized in this work.

The FIB-SEM cross-sectional micrograph of modified stainless-steel
substrate (Fig. 3(e)) displays distinct modification layers of porous
morphology. The stainless-steel support and different coated layers can
be easily identified. Fig. 3(f) displays the XRD patterns for the bare
stainless-steel support, and the support coated with Si-Al alloy, Si, and
SiO; layers. The modified substrates with various layers were analyzed
using XRD after undergoing heat treatment. For the 316L stainless steel,
typical austenite (1 1 1), (2 0 0) and (2 2 0) peaks can be observed. With
the more modified layers coated on the surface of 316L stainless steel
support, the peak intensity of stainless steel was decreased. XRD pattern
belongs to Al-Si alloy which includes diffraction peaks from a-Al and Si
respectively as documented in literature [29,30]. The alloy-coated
substrates show all the diffraction peaks of both stainless-steel sub-
strate and Al-Si alloy, confirming the formation of an alloy layer on the
supports.
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Fig. 2. SEM micrographs of powders of (a) Al-Si alloy, (b) Si and (c) SiO»; XRD patterns of (d) Al-Si alloy and (e) Si particles (SiO, used is amorphous).
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Fig. 3. SEM top-view of (a) the bare support; after coating with (b) Si-Al alloy powder; (c) 80 nm Si particles; and (d) 50 nm StOber silica particles, (e) the FIB/SEM
of substrate cross section of modified support and (f) XRD patterns of substrate without and with modification layers.

Fig. 4 shows the IR spectra of the stainless-steel substrate without
and with Al-Si alloy, Si and SiO, modification layers. The IR spectra of
Al-Si alloy coated support in the range of 1034-1075 cm ™! bands due to
the asymmetric stretching vibrations of Si O(Si) and Si O(Al) connec-
tions are observed [31,32]. The peak in the range of 616-625 cm’l,
originates from the Si-Si bonds vibrations for the sample coated Si [33].
The spectrums of Si and SiO» coated support show broad band around
1625 cm ! which represents the bending vibration of OH. The spread
band between 1300 and 1000 cm ™! and peaked at 1080 cm ™ attribute
to asymmetric stretching vibration to siloxane bonding of Si-O-Si
bridges. The IR band at 951.21 cm ! is symmetric stretching vibration of
silanol Si-OH on the surface. The absorption band at 801.21 cm™*
corresponds to the symmetric stretching vibration of Si-O-Si bonding.
The IR peak at 460 cm ™! is associated with an asymmetric deformation
vibration bonding of O-Si-O [34]. The chemical groups present on both
the unmodified and altered stainless-steel support are indicated in

Figs. 1 and 4.

In order to determine the appropriate heat treatment temperatures
for the Si-Al alloy layer, XRD patterns of samples heat-treated at varying
temperatures were measured and are shown in Fig. 5. The results show
no new phases emerged because of the modification process. The
resulting alloy layer exhibits outstanding adhesion to the metal substrate
when exposed to temperatures exceeding 560 °C compared to lower
temperatures in which the peeling off issue was observed. However, the
peak intensity of Al decreases with the increasing temperature of heat
treatment process.

The intensity of the XRD peaks associated with the Si-Al alloy de-
creases drastically as the heat treatment temperature rises, which is
attributable to the alloy elements diffusing into the substrate at high
temperatures [35,36]. When depositing an alloy suspension onto a
porous surface, the particles in the initial drops tend to settle into the
larger pores. As deposition continues, subsequent drops lead to a
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complete and uniform coverage of the substrate surface. This results in
the formation of areas that penetrate the surface in a direction perpen-
dicular to the substrate interface at high temperatures. As a result, the
thickness of the alloy layer is reduced due to the presence of pores and
valleys on the porous substrate surface. This process is illustrated
schematically in Fig. 6.

Moreover, the diffraction peak intensities of Al phase for the Si and
SiO5 coated substrates (Fig. 2(d)) are much weaker than that in the al-
loys coated sample, and even the Al (111), (200), (220) and (311) peaks
vanish in the patterns ¢ and d. XRD patterns of Si-coated support before
and after heat treatment shown in Fig. 7 confirm this phenomenon. The
dashed arrows indicate disappeared Al peaks after heat treatment at
900 °C. This is related to the intermetallic diffusion of the alloy layer in
stainless-steel substrate at high temperatures, as observed in Fig. 6.

3.2. Structure and separation performance of B-oriented MFI zeolite
membranes

The parent MFI zeolite crystals were synthesized through a
straightforward hydrothermal method and have a consistent coffin-
shaped morphology measuring 5.5 pm x 2.5 pm x 0.95 pm (Fig. 8
(a)). These crystals have an aspect ratio (lateral length to thickness ratio)
of about 6. The MFI zeolite nanosheets derived from the parent MFI
zeolite by the modified process reported in literature [16] are thinner,
approximately 45 nm in thickness, leading to a significantly increase in
aspect ratio to about 100. The straight pore channels of 0.56 nm x 0.54
nm are vertical to the nanosheet in the [0kO] crystallographic direction.
SEM micrograph confirms that a continuous, and dense coating of highly
b-oriented 2D MFI nanosheets is obtained on the surface of modified
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Fig. 7. XRD pattern of stainless-steel substrates coated with Si-Al alloy and Si
layer (a) before and (b) after heat treatment at 900 °C.
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Fig. 6. Schematic diagram Si-Al alloy coat on stainless-steel support (a) before and (b) after heat treatment.
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stainless-steel support after application of vacuum filtration (Fig. 8(b)).
The XRD pattern of the as-synthesized parent plate-shaped crystals and
the nanosheet crystals are presented in Fig. 8(e). XRD patterns further
confirm the high purity and crystallinity of the obtained MFI nanosheet
crystals. Moreover, for nanosheet crystals the XRD patterns show that
the second hydrothermal step results in an enhancement in (020) plane
(b-axis) peak intensity due to increase in the b/a and b/c aspect ratios.

Fig. 8(c) shows the SEM image of the membrane surface. The inter-
grown MFI nanosheets maintain their flat morphology, indicating that
the primary growth of MFI and formation of newly nucleated crystals
was suppressed during secondary growth step under optimized condi-
tions. The cross-sectional image shows that the thickness of MFI layers
are ~ 600 nm (Fig. 8(d)). X-ray diffraction (XRD) patterns further
confirm the highly b-oriented MFI layer was obtained on modified
stainless-steel substrate (Fig. 8(f)). The zeolite nanosheet coated support
(Fig. 8(b)) and the synthesized b-oriented membrane (Fig. 8(c) and (d))
are shown in the last two steps in schematic diagram in Fig. 1.

The physical and chemical properties of supports are important to
the synthesis of zeolite membranes and affect the performance of zeolite
membranes on the supports. The support should have minimum gas
transport resistance as compared to the coated zeolite layer. Table 1
compares permeance of several gases for the stainless-steel supports
before and after modification conducted in this work, with a few sup-
ports reported in literature for growing b-oriented MFI zeolite mem-
branes. Though alumina is the most common material used in the
support for growing zeolite membranes [37], it was found difficult to
grow b-oriented MFI zeolite membrane on alumina supports. Kumar
et al. [18] reported supports made of Stober silica, sintered silica fiber
(SSF) supports made by pressing and sintering high-aspect-ratio silica
fibers, and the SSF support coated with Stdber silica. Their supports have
gas permeance in the order of 107°-10® mol/m? s Pa. The unmodified
and modified stainless-steel supports studied in this work have similar
gas permeance as those silica-based, mechanically weak supports re-
ported in the literature. With permeance for stainless support starting at
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Table 1
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Single gas permeance data on a bare stainless-steel support, a stainless-steel support smoothened with the alloy, Si and SiO, particles, and a polished SSF support, an
SSF support covered with the 500 nm Stdber silica particles, and a Stber silica support.

Support Permeance (molm 25~ 'Pa™!)
He Nay Hy

Stéber silica support [5,18] 3.7 x107° 1.7 x 107° 5.6 x 107®
Polished SSF support [18] 3.9 x107° 3.1 x107° 7.5 x107°
SSF support coated with 500 nm Stober silica [18] 3.6 x 107° 2.9 x10°° 6.4 x 107°
SSF support coated with 500 nm and 50 nm Stdber silica [18] 3.5 x 107° 2.1 x 107° 55 x 107°
Bare stainless-steel support-This work 5.5 x 107 2.8 x10°° 7.6 x 107°
Stainless-steel support coated Al-Si alloy-This work 5.1 x107° 2.6 x 10°° 7.3 x107°
Stainless-steel support coated Al-Si ally and Si layers-This work 4.5x107° 2.2 x107° 6.7 x 107>
Stainless-steel support Coated Al-Si alloy, Si and SiO, layers-This work 41 x10°° 1.9 x 10°° 6.4 x 107°

Table 2

Xylene isomer separation results of MFI membranes measured for p-/o-xylene binary mixture feed.

Membrane Temperature (°C) P-x Permeance (molm 2 s Pa™1) Separation Factor
Membrane A 150 1.52 x 1077 279
Membrane B 150 2.52 x 1077 388
Membrane C 120 9.7 x 10°® 162

5 x 107> mol/m?.s.Pa (for He), coating various layers only results in less
than 20 % reduction in gas permeance, or increase in resistance. The gas
permeance for the modified stainless supports is about 2 orders of
magnitude larger than the permeance for the supported after coated
with zeolites, indicating negligible resistance the support provides to the
final zeolite membranes. The relative values of the gas permeance of He,
N3 and H; indicate a gas transport mechanism of combined Knudsen and
viscous flow through these unmodified and modified stainless-steel
supports, characteristic of gas transport through macropores.

The separation performance of the MFI membranes secondly-grown
on the modified stainless supports with the MFI zeolite nanosheet seeds
was evaluated for vapor permeation separation of p-/o-xylene equi-
molar binary mixture at a dilute feed at p-xylene and o-xylene partial
pressures of ~0.49 kPa and ~0.55 kPa in He at total pressure of 1 atm.
The kinetic diameters of the xylene isomers used are 0.58 nm for p-
xylene and 0.68 nm for o-xylene. Table 2 lists xylene isomer separation
performance for three b-oriented MFI zeolite membranes (A, B, and C)
on the stainless-steel substrates modified by the same method. All these
three membranes display high p-xylene permeance, good p-/o-xylene
selectivity and stable performance. Membranes B and C were prepared
at different secondary growth temperatures (150 °C and 120 °C,
respectively). Since Membrane C exhibits a lower separation factor and
permeance than Membrane B, this indicates that the reduced separation
factor for Membrane C is unlikely due to the presence of more inter-
crystalline gaps compared to Membrane B. Instead, this difference is
likely attributed to variations in the microstructure of MFI zeolite
membranes resulting from the different growth temperatures.

Compared to random-oriented or c-oriented MFI zeolite membranes
on alumina supports [38,39], the uniformly synthesized b-oriented
zeolite membranes in this work have better xylenes separation perfor-
mance due to integrated channel alignment, shorter diffusion lengths,
fewer grain boundary defects, and ordered nanopore arrangement [8].
The b-oriented MFI zeolite membranes on the stainless-support syn-
thesized this work exhibit lower p-/o-xylenes separation factor than
some of the best b-oriented MFI zeolite membranes previously reported
by the groups of Yoon [17] and Tsapatsis [1] (p-xylene permeance up to
3.2 x 1077 mol m~2 s~ 'Pa! and p-/o-xylene separation factor of
480-8000) in 150-250 °C. However, their b-oriented MFI zeolite
membranes were prepared on Stober silica fiber supports with weak
mechanical strength. It is a big challenge to scale up zeolite membranes
on such supports [11,18]. B-oriented MFI zeolite membranes grown on
macroporous alumina supports modified with microporous silica layer
by sol-gel method [40,41] show xylene isomer separation factor and

permeance in the same ranges as the values reported in Table 2.
Numerous attempts were reported on synthesis of b-oriented MFI
membranes on more scalable supports such as bare stainless-steel [42]
and alumina [43], most of them lack xylene isomers separation perfor-
mance data due to the difficult to grow high-quality b-oriented MFI
zeolite membranes on these supports. The present study is the first to
show success in synthesis of high-performance b-oriented MFI zeolite
membranes on stainless-steel supports for xylene separation.

4. Conclusions

The study successfully synthesized high-selectivity, thin, b-oriented
MFI zeolite membranes on modified stainless-steel supports. The surface
modification of stainless-steel supports using Si-Al alloy, Si, and SiO;
particles was effective, as evidenced by SEM images, XRD and FTIR
analysis. Heat treatment of the Si-Al alloy layer is crucial for forming an
outstanding adhesion layer on metal substrates, enhancing the interac-
tion between the Si-Al alloy layer and stainless-steel support. Highly b-
oriented 2D MFI nanosheet seeds derived from the plate-shape MFI
zeolite crystals can be coated on the modified stainless support, leading
to the synthesis of high p-/o-xylene selective b-oriented zeolite mem-
branes. The successful synthesis is attributed to the integrated channel
alignment and fewer grain boundary defects of the zeolite membrane on
the modified supports. The reported advancements in productivity and
scalability are critical to the industrial application of the b-oriented MFI
zeolite molecular sieve membranes.
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