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Improved Synthesis of Hollow Fiber SSZ-13 Zeolite Membranes for

High-Pressure CO,/CH, Separation

Xingyu Peng, Lingjie Chen, Lekai You, Yang Jin, Chun Zhang, Shengyuan Ren,
Freek Kapteijn, Xuerui Wang,* and Xuehong Gu*

Abstract: High-silica CHA zeolite membranes are highly
desired for natural gas upgrading because of their
separation performance in combination with superior
mechanical and chemical stability. However, the narrow
synthesis condition range significantly constrains scale-
up preparation. Herein, we propose a facile interzeolite
conversion approach using the FAU zeolite to prepare
SSZ-13 zeolite seeds, featuring a shorter induction and a
longer crystallization period of the membrane synthesis
on hollow fiber substrates. The membrane thickness was
constant at ~3 um over a wide span of synthesis time
(24-96 h), while the selectivity (separation efficiency)
was easily improved by extending the synthesis time
without compromising permeance (throughput). At
0.2 MPa feed pressure and 303 K, the membranes
showed an average CO, permeance of (52+
0.5)x107 molm s 'Pa™' (1530 GPU), with an average
CO,/CH, mixture selectivity of 143 +7. Minimal defects
ensure a high selectivity of 126 with a CO, permeation
flux of 0.4molm?s™" at 6.1 MPa feed pressure, far
surpassing requirements for industrial applications. The
feasibility for successful scale-up of our approach was
further demonstrated by the batch synthesis of 40 cm-
long hollow fiber SSZ-13 zeolite membranes exhibiting
CO,/CH, mixture selectivity up to 400 (0.2 MPa feed
pressure and 303 K) without using sweep gas. )

Introduction

Zeolites are a group of crystalline and microporous materi-
als that are generally constructed by TO, tetrahedra (T =Si,
Al etc.).l'! Their features of uniform pores with molecular
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dimension, high porosity, and excellent thermal and chem-
ical stability offer great potential as membrane materials.”
Extensive efforts have been put into modulating membrane
microstructure and understanding transport mechanisms.”!
However, the NaA zeolite membrane is the only commer-
cialized one on an industrial scale for organic solvent
dehydration.! The small-pore zeolite membranes DDR and
CHA demonstrated exciting performance towards the gas
separation of CO,/CH,P!' CO,Xe!® Kr/Xe,! and SO,/
NO,.® However, the practical applications remain extremely
challenging nowadays because of the low permeation flux
(<02molm 25" and the narrow range of synthesis
conditions for reproducible scaling-up.

High-silica CHA (Si/Al>35, also named SSZ-130")
zeolite membranes are typically prepared using the secon-
dary growth method. The pristine crystals serving as seeds
should be small and mono-dispersed for a thin selective
layer to improve permeation flux.'!! The thickness of the
first SSZ-13 zeolite membranes, induced by micron-sized
seeds (2-5 um), ranged from 10-40 um."” To hydrothermally
synthesize small seeds, modifications have been made to gel
compositions (e.g., TMAdaOH,™! water," hydrofluoric
acid™ content) and synthesis procedures (e.g., solution
aging, time, temperature),"” but undesired big crystals were
still present due to the intergrowth. Hedlund et all™""
proved the efficiency of fluoride synthesis to reduce the
membrane thickness to 0.45-1.3 um. Because hydrofluoric
acid can cause lingering disease in humans, the synthesis
procedure and the waste disposal are complex and cost-
intensive. Kosinov et al.' synthesized 4-6 pm-thick mem-
branes using ball-milled seeds in a fluorine-free solution.
However, the seed yield was limited to 20% by the
complicated ball-milling and centrifuge cycles."” Further-
more, the seeds are readily contaminated with impurities
from the jar/balls although the effect on membrane
formation is unclear.

Secondary growth involves two steps of seeding and
hydrothermal synthesis, leading to a low yield of 30-70 % for
gas-selective zeolite membranes.” Recently, Nair et al.l®!
pioneered a single-step method for producing high-quality
SSZ-13 zeolite membranes called viscosity-confined dry gel
conversion. This method not only offers the advantage of
minimum chemical use but also has the potential to improve
reproducibility.””! To reduce fabrication costs, researchers
also explored substituting the expensive organic structure-
directing agent (OSDA) of N,N,N-trimethyl-1-adamantam-
monium hydroxide (TMAdaOH) with a cheaper one (e.g.,
tetracthylammonium hydroxide)? or using organic tem-

© 2024 Wiley-VCH GmbH
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plate-free synthesis.”! Zhou and co-workers developed
SSZ-13 zeolite membranes using 7-°" 19-0¢ and 61-
channel® monoliths as the substrates to increase module
packing density. Despite important achievements, all these
attempts have focused on the synthesis of short membranes
(e.g., 5-9 cm).[0016212423] The gynthesis of long SSZ-13 zeolite
membranes for gas separation is, however, rarely
explored.”!

Herein, a wide span of synthesis times was explored to
synthesize SSZ-13 zeolite membranes by adopting the seeds
prepared by an interzeolite conversion method. The SSZ-13
crystals serving as seeds were hydrothermally synthesized
using commercial FAU zeolite as the sole Si/Al source and
TMAdaOH as OSDA. Four-channel hollow fibers were
used as the substrates because of their superior mechanical
strength and commercially favorable packing density. The
evolution of the dip-coated seeds layer was tracked by
varying synthesis time from 2h to 96h. The optimized
synthesis condition was also used to scale up the membranes
with a length of 40 cm. The improved reproducibility and
appealing performance were well demonstrated by the
scalable batch synthesis of nine membranes for high-
pressure CO,/CH, mixture separation.

Results and Discussion
High-silica CHA Zeolite Membrane Synthesis

The SSZ-13 zeolite seeds named FAU-CHA were prepared
by interzeolite conversion of FAU zeolite.”” No diffraction
peak assigned to FAU zeolite was identified from the
powder X-ray diffraction (PXRD) patterns (Figure la),
indicating a complete transition. They showed a typical cubic
morphology (Figure S1) and an average particle size of
210 nm (Figure S2). The yield was up to 91.2 % based on the
FAU amount, proving an efficient approach to scale up. The
crystals packed tightly to form a homogeneous layer on the

Relative intensity / -

Figure 1. Characterization of the seeds and the corresponding mem-
branes. (a) PXRD patterns. CHA standard XRD pattern was cited from
International Zeolite Association. (b) Surface SEM image of seed layer
after dip-coating with 0.5 wt % suspension; Inset: Magnified image of
seed crystal. (c-d) Surface and cross-sectional SEM images of the
membrane synthesized at 433 K for 96 h.
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substrates after dip-coating in 0.5 wt % aqueous suspensions
(Figure 1b). No crystals were observed inside the substrate
(Figure S4) even though their particle size is smaller than
the pore size of the substrate (300 nm). Well-intergrown and
continuous membranes formed after hydrothermal synthesis
of 96 h. Both surface grain size and membrane thickness
were around 2.8 uym (Figure 1c-d), indicating the membrane
seems to be composed of a mono-layer of well-intergrown
crystals. The thickness is only one-third of the membranes
synthesized from OH-CHA seeds.® An intermediate layer
formed on 1.0wt% suspension seeded substrate after
membrane synthesis (Figure S5), which would cause weak
adhesion and intercrystalline defects during pressure-driven
gas separation (Table S1). Interestingly, the surface grain
size (2.8+0.5 um) is almost the same as the membrane
thickness (2.7 um) as well.

Zeolite Membrane Formation Mechanism

High-silica CHA zeolite membranes were further synthe-
sized for various periods to track the membrane formation.
After hydrothermal synthesis of 2h, the typical cubic
crystals were wrapped with some fuzzy material, probably
amorphous silica (Figure S6). This should be the silica
species for zeolite growth, which are generally formed at the
initial stage of crystal growth.”! The seeds grew up to 0.42 +
0.06 um for 6 h but did not show intergrowth (Figure S7a,d).
The crystals gradually intergrew to form a 1.5 um-thick
membrane after hydrothermal synthesis of 10h (Fig-
ure S7b,e). The membrane thickness further increased to
1.9 um for 18 h (Figure S7f). Interestingly, the membrane
morphology regardless of surface grain size and thickness
kept constant once synthesis time was extended beyond 24 h
(Figure S7g-1). The membrane thickness and the ratio to
surface grain size with synthesis time are plotted in Fig-
ure 2a. Indeed, the thickness increased and levelled off at
~3.0 um after 24 h. Meanwhile, the ratio of thickness to
grain size gradually decreased and stabilized around one.
We defined this point as a “critical time” for the well
intergrowth to form high-quality membranes. On the other
hand, the conventional OH-CHA seeds, with similar initial
particle size (ca. 200 nm), leads to a steady increase in the
membrane thickness.'*** To confirm this unusual phenom-
enon, three more membranes were synthesized at each
period of 24 h, 48 h, 72 h, and 96 h for thickness examination
(Figure S8). Indeed, all the membranes showed a thickness
of approximately 3.0 um, demonstrating a reproducible syn-
thesis procedure.

The quality of all the membranes was evaluated by
equimolar CO,/CH, mixture separation (Figure 2b). Even
though the average selectivity of the membranes synthesized
for 24 h was comparable with our earlier work (77 vs. 48),2%"!
a large variation between 29 and 113 was observed. While a
consistent performance is highly desired for the scalable
synthesis. Once secondary growth was extended beyond the
“critical time” of 24 h, not only selectivity improved but also
the variation gradually diminished. Especially all four
membranes synthesized for 72h showed a selectivity

© 2024 Wiley-VCH GmbH
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Figure 2. Effect of synthesis time (t) on membrane morphology and
separation performance. (a) Membrane thickness () and the ratio to
surface grain size (t); (b) Binary CO,/CH, mixture separation perform-
ance at 0.2 MPa feed pressure and 303 K. Numerical data can be found
in Table S1.

approaching 100. Both improved selectivity and smaller
variation were further obtained on the membranes synthe-
sized for 96 h, wherein the selectivity ranged from 135 to
149. Interestingly, CO, permeance was more or less the
same at approximately 5.0x107" molm2s'Pa™' regardless
of synthesis time, which is almost two-fold higher than the
one of OH-CHA seeds induced membranes.”! This is
attributed to the identical and thinner membrane. The
selectivity was also constant for the membranes produced
using a 1.0 wt % seed suspension even though the value was
reduced to ~80 (Table S1). These results demonstrate that
the reproducibility is significantly improved by the facile
extension of synthesis time. This provides a less restricted
condition for highly CO,-selective zeolite membrane syn-
thesis, attractive for scaled-up production.

To get more insights into zeolite membrane formation,
the Si environments of the seeds (Figure S9) were inves-
tigated using 2’Si NMR.#*) CHA-type zeolite has only one
crystallographically inequivalent T-site (constructing d6r"),
which accounts for the chemical shift at —111 ppm (Si(0ALl),
Figure 3a). The resonance at —105 ppm can be assigned to
Q* sites (Si(1Al)). No sign of octahedral Al was observed
from Al NMR, indicating a more regular structure of
FAU-CHA seeds than OH-CHA seeds (Figure S10). The
resonance at —101 ppm should stem from the defect sites
(Q*(2Al) or Q*(0AL)). Interestingly, the defect fraction was
two-fold less for our FAU-CHA seeds (4% vs. 10 %). Both
seeds were further used to synthesize high-silica CHA
zeolite at different times and then recovered for relative
crystallinity determination.®” The kinetic crystallization
curve was divided into induction period (f,) and crystalliza-

Angew. Chem. Int. Ed. 2024, 202405969 (3 of 6)

Research Articles

Angewandte

intemationaldition’y) Chemie

OH-CHA seeds
(a) Q* Si(0Al)
Seeds ,g,‘(f)fl)) Q(1A]) Q4(0AI) (d6)
OH-CHA 10% 12% 78% ¥
FAU-CHA 4% 18% 78%
Q" si(2A1)
o8 sioany & SIIAD
FAU-CHA seeds
(This work) Q* Si(0Al)
/(dsr)
Q* si(2A1) ’
1Q° Si(0Al) a* sitAn
i ) L —
-95 -100 -105 -110 -115
Chemical shift / ppm
100 F
(b) S
: X (3 S © o 9
80+ |
S i :
= i i
= 60 1 i
s i |
2 i i
5 401 .
2 i |
E= ! 4
% 20 : : Seeds ty t
@ 1 1 OH-CHA| 2.4 | 23
L 1 FAU-CHA| 15 | 45
0 : A .

1 10 60
Synthesis time / h

Figure 3. Characterization of the seeds. (a) *Si MAS NMR. (b) Crystal-
llization curve of high-silica CHA zeolite induced by FAU-CHA seeds.
to: induction period; t;: crystallization period. The raw data for OH-CHA
seeds are shown in Figure S11.

tion period (t;, Figures 3b, S11). The ¢, decreased by 40 %
compared to the traditional one (1.5h vs. 2.4h). On the
contrary, the f; extended to 4.5 h almost two times longer.
The longer crystallization period allowed a better self-
healing of the non-selective pores, e.g. by Ostwald-
ripening.®

Gas Separation Performance Evaluation

The single gas permeation was further tested using light gas
molecules with different kinetic diameters. The permeance
decreased following the sequence of CO,>H,>N,>CH,
(Figure S13). CO, permeance was 5 times higher than that
of H, even though the kinetic diameter was larger. The
preferential adsorption is a reasonable explanation.® The
ideal CO,/CH, selectivity was comparable and even higher
than the reported ones (254 vs. 20-133).% The ideal
selectivity was 7 for N,/CH, and 35 for CO,/N, much higher
than Knudsen selectivity (Table S3). These results indicate
promising applications for natural gas upgrading, CO,-
EOR, nitrogen removal from natural gas®” and CO,
capture from flue gas.”’

The single and mixed gas permeation of CO, and CH, as
a function of temperature and pressure are given in Figure 4.
The CO, permeance was 8.6x107 molm *s'Pa™’
(2530 GPU) at 303 K then monotonically decreased with
temperature up to 453 K (Figure 4a). This is a typical
phenomenon of the surface diffusion mechanism,* where
gas permeation is dominated by adsorption. The CH,

© 2024 Wiley-VCH GmbH
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@ 10°F 110¢ CHA-type tubular SAPO-34! and 7-channel SSZ-13""
Q\'O\Q\D\O\O zeolite membranes. Furthermore, the membrane is mechan-
o gC\O"‘\“\o\a 1o 2 ically stable as evidenced by the identical performance when
S0 g depressurizing back to 0.2 MPa (Figure S15). Irreversible
r.«Z 8::3\0\0 112 B structural changes due to compression and plasticization as
E \of\o:g»‘_ﬁo z occurs in polymeric membranes are absent.*
= 107%F CH, = ]
a 5 410" ®
o—=3B—3—8—0—1D
Reliable Scaling-Up of Membrane Synthesis
1% 300 350 200 w1

TIK The most challenging issue is the scale-up synthesis of
® 10 oo $im zeolite membranes for high-pressure gas separation.['®2* 26
g..o_g:o-—o—_o___o__o “! Here, the scaled-up synthesis of nine 40 cm-long mem-
< o, 0_‘0““‘@—__,_\“ - branes was carried out in one batch to verify the feasibility
2 0l e e of our approach (Figure 5a). Both the surface grain size and
q.: 9:828“*0——0——0 g membrane thickness are approximately 3 um (Figure Sb-c).
3 i°‘—°~ﬁa:g:0 1 “’I The membrane quality was evaluated by an equimolar CO,/
| i - 3 CH, mixture at 0.3 MPa and feed flow rate of 1000 mL min "
& —;=o=o=o= e 1w s instead of 150 mLmin"! since the effective membrane area
o increased by 7-fold. The nine membranes showed CO,
100 L - o = =10 permeance of (5.941.1)x107 molm ?s'Pa~' and CO,/CH,
P! MPa selectivity of 181+26 (Figure 5d). Both the texture and

Figure 4. CO,/CH, separation performance. (a) Temperature-dependent
permeance at 0.2 MPa feed pressure. (b) Pressure-dependent perme-
ance at 303 K. The membrane effective length was 5 cm and the feed
flow rate was 150 mLmin~'. The permeate was atmospheric pressure
and Ar was used as sweep gas. Open symbols: Single gas permeation;
Closed symbols: Equimolar mixture separation.

permeance very weakly increased, indicating that the
diffusivity activation energy is slightly larger than its heat of
adsorption, similar to DD3R zeolite membranes.”” The
pure CH, permeance increased by ~10 % with pressure up
to 1.3 MPa (Figure 4b). The increased CH, permeance with
pressure is explained by the increased diffusivity with
loading.""

The equimolar CO,/CH, mixture separation perform-
ance showed the mutual influence of the permeating species.
The CO, permeance was 27 % lower than its single
component permeance at 0.1 MPa and 57 % lower at
1.3 MPa (Figure 4b). However, the CH, permeance showed
slightly higher values, resulting in lower mixture selectivity,
even though IAST adsorption selectivity of CO, over CH,
predicts an increase with pressure,” the CH, loading
increased by 3-fold (Figure S14). The more CH, molecules
are accommodated inside the CHA cages, the stronger
slowing down effects on CO, permeation.””’ On the other
hand, the CH, transport was sped up leading to a higher
permeance than the single component one. This explained
well why CO,/CH, mixture selectivity was always lower than
the ideal one. Apart from pressure also concentration
polarization affects selectivity. Increasing the flow rate to
1 Lmin™' increased the mixture selectivity to 168 at 0.1 MPa
(Figure S15, Figure S16), reducing the stage-cut to merely
3.1%. The selectivity was still as high as 126 at a feed
pressure of 6.1 MPa with a CO, permeance of
1.7x107" molm~s™'Pa™" (Figure S15). The CO, permeation

flux reached 0.4 molm?s™!, two times higher than other

Angew. Chem. Int. Ed. 2024, 202405969 (4 of 6)

separation performance were almost identical to the short
ones.

To evaluate the feasibility for practical application, the
40 cm-long membranes were also tested under various feed
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Figure 5. Scale-up synthesis of high-silica CHA zeolite membranes.

(a) Photo of short and long membranes. Inset: cross-sectional of the
membrane. (b-c) SEM images of the surface and cross-sectional of the
long membrane. (d) Equimolar CO,/CH, separation performance of
40 cm-long membranes at a feed flow rate of 1 Lmin~". Numerical
values measured at 0.3 MPa and 303 K are shown in Table S4.

(e) High-pressure CO,/CH, separation performance at a feed flow rate
of 4 Lmin™". CO, concentration in the permeate is shown in Fig-

ure S18.
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pressures. The permeate was atmospheric pressure and
without using sweep gas (Figure S17). Similarly, to the short
membranes, both CO, permeance and CO,/CH, selectivity
monotonously decreased with pressure (Figure S18a). The
selectivity was 400 at 0.2 MPa and still up to 50 at a feed
pressure of 5.0 MPa, which corresponds to a CO, concen-
tration of 96.8% in the permeate stream (Figure S18b).
Their performance surpassed the other membranes synthe-
sized in fluorine-free solution!™ and is comparable with the
ones synthesized from fluorine solution.”® The CO, per-
meation flux gradually increased with pressure and levelled
off at 0.25molm s~ beyond 2.0 MPa (Figure 5¢). We
attribute this to the high stage-cut (~34.1 %) and competitive
adsorption (Figure S19) under the applied conditions. The
result indicates the optimized operation pressure should be
<2.0 MPa to achieve maximum permeation flux and mini-
mum compression energy consumption for the practical
application.

Conclusion

Mono-dispersed high-silica CHA zeolite with an average
particle size of 210 nm was synthesized by the interzeolite
conversion of FAU zeolite. The novel FAU-CHA seeds
significantly improved the crystal intergrowth, leading to a
monocrystal-thick high-silica CHA zeolite membrane. All
the membrane thickness was consistent at about 3 pm once
the secondary growth was beyond the critical time of 24 h.
The intercrystalline pores gradually self-healed by facile
extension of the synthesis time, leading to the improved
reproducibility of the high-quality membranes. The batch-
synthesized membranes showed CO, permeance of (5.2+
0.5)x107" molms™' Pa™"' and CO,/CH, selectivity of 143+7
at 0.2MPa and 303 K. Because of the well-intergrown
zeolite crystals within the membranes, the CO,/CH, selectiv-
ity was up to 126 at the feed pressure of 6.1 MPa, far
surpassing the requirements of industrial applications. The
feasibility of scaling-up was further demonstrated by the
synthesis of 40 cm-long membranes. At 0.2 MPa feed
pressure and 303 K, the membranes exhibit CO,/CH,
mixture selectivity up to 400 without using sweep gas. Our
approach would pave the way for high-silica CHA zeolite
membranes to practical natural gas upgrading.

Supporting Information

The Supporting Information contains detailed experimental
procedures, additional Tables S1-S4, and Figures S1-S19.
The authors have cited additional references within the
Supporting Information.[*’!
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High-silica CHA zeolite is a benchmark
membrane material for natural gas
upgrading. The membranes were facilely
synthesized by adopting the novel FAU-
CHA seeds. An excellent CO,/CH, sepa-
ration performance was achieved even
under pressure up to 6.1 MPa. The
successful scaled-up synthesis paves the
way for practical applications of zeolite
membranes for gas separation.
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