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A B S T R A C T

Zeolite membranes have demonstrated great potential in high-efficiency H2 purification. Nonetheless, their 
reliance on expensive and brittle inorganic supports severely hinders industrial applications. In this study, we 
prepared well-intergrown NaA zeolite membranes on low-cost commercial porous polyethersulfone (PES) sup
ports through mild epitaxial growth, which was of vital importance for maintaining excellent interfacial strength 
between NaA zeolite layers and supports. Owing to low diffusion resistance of PES supports and their strong 
adhesion with NaA zeolite layers, our membranes exhibited ultrahigh H2 permeance of 
2.6 × 10− 6 mol m− 2 s− 1⋅Pa− 1 with excellent separation factors for equimolar H2/CO2 (15.7) and H2/CH4 (14.7), 
which was superior to the majority of reported ceramic-supported counterparts. A comprehensive cost-benefit 
analysis further indicated that compared with conventional porous α-Al2O3 supports, a total fabrication cost 
reduction up to 99.2% in terms of H2 purification could be achieved, providing a compelling pathway for their 
batch production.

1. Introduction

As a clean and efficient energy carrier, hydrogen energy is playing an 
increasingly important role in global energy transition [1–4]. However, 
cost-efficient production of high-purity H2 from CO2 and CH4-containing 
industrial off-gases [5,6], such as steam methane reforming (SMR) 
off-gas, remains a major bottleneck for its wide application such as fuel 
cells [7–13]. While pressure swing adsorption technology has been 
widely used in H2 purification, it still suffers from high energy con
sumption and capital cost. Alternatively, membrane technology [14–16] 
has been considered as a promising candidate for high-efficiency H2 
purification due to its low energy consumption, simple operation, and 
compact footprint [17–19].

In recent decades, zeolite membranes have shown great promise for 
high-efficiency gas separation, owing to their uniform pore size and rich 
functional groups [20]; in particular, zeolites commonly possess 

superior thermal, mechanical, and chemical stability, rendering them 
robust under harsh conditions [21–28]. Among them, NaA zeolites, 
possessing an effective aperture size of 0.42 nm and a highly polar 
framework rich in sodium cations, represent an ideal candidate for 
separating smaller-sized H2 molecules (0.29 nm) from other larger-sized 
gas molecules such as CO2 (0.33 nm), N2 (0.36 nm), and CH4 (0.38 nm) 
based on molecular sieving and competitive adsorption mechanisms 
[29]. In recent decades, considerable efforts have been devoted to 
fabricating NaA zeolite membranes for high-efficiency H2/CO2 separa
tion. For instance, Huang et al. pioneered the fabrication of neutral and 
cation-free LTA-type aluminophosphate (AlPO4) molecular sieve mem
brane on porous α-Al2O3 support, exhibiting an ideal H2/CO2 selectivity 
of 10.9 [30]. Varela-Gandía et al. fabricated ion-exchanged Na-LTA 
zeolite membrane on macroporous carbon support through epitaxial 
growth. Fine-tuning of effective pore size via alkaline cation exchange 
was found to facilitate H2 separation from H2/CO mixtures towards PEM 
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fuel cell applications [31]. Their competence in high-efficiency H2 pu
rification has also been demonstrated by other recent studies [30–35].

Despite significant progress made in fabricating high-performance 
zeolite membranes, the use of expensive and brittle ceramic supports 
[27,36–38], accounting for the majority of production costs of zeolite 
membranes (>70%) [39], remains a major bottleneck towards their 
industrial applications; simultaneously, excessive diffusion resistance 
arising from ceramic supports commonly results in lower gas permeance 
[40–42]. To address the above concerns, commercial polymers have 
emerged as ideal candidate of supports for zeolite membranes, owing to 
their intrinsic advantages such as low cost, mechanical flexibility, and 
high porosity [43–45]. Nevertheless, compared with ceramics, their 
inferior thermal and mechanical stability as well as weak affinity with 
zeolite crystallites necessitate specific synthetic strategies. For instance, 
prior to hydrothermal synthesis, Ge et al. pre-embedded zeolite “an
chors” within polymer matrix, resulting in the formation of a robust 
polymer-zeolite interface [43]. Recently, Deng et al. synthesized 
crack-free ZSM-5 zeolite membranes on custom-synthesized PTFE sup
ports, exhibiting ultrahigh He permeance as well as high SF for He/N2 
and He/CH4 gas pairs [46]. In spite of remarkable achievements, sig
nificant economic and technical hurdles regarding their scalable 
manufacturing remain to be solved [47]. For instance, aiming at main
taining excellent interfacial compatibility and structural stability, 
customized (e.g., polymer-zeolite composite fibers) [43] or specialized 
supports (e.g., PTFE) represent dominant production costs during 
membrane processing [46,48], inevitably negating the primary advan
tage of polymer supports. In terms of commercial off-the-shelf supports, 
it remains a formidable challenge to overcome the conflict between 
infiltration depth (i.e., gas permeance) and interfacial adhesion (i.e., gas 
selectivity), resulting in the necessity of additional post-synthetic steps 
to plug non-selective pinholes [49]. The above bottleneck stems from 
the inherent incompatibility between zeolite crystallites and commer
cial low-cost polymer supports. To meet this challenge, on the one hand, 
the adopted polymer supports should possess excellent thermal and 
mechanical stability as well as abundant surface functional groups; on 
the other hand, mild synthetic protocols should be employed to ensure 
the robustness of the polymer matrix during membrane processing.

Polyethersulfone (PES), which is commercially available at low cost, 
represents a promising candidate of zeolite membrane supports. On the 
one hand, it possesses excellent textural properties such as high porosity, 
smooth surface, and rich functionality; on the other hand, it exhibits 
exceptional thermal, chemical, and mechanical stability. The above 
advantages are expected to achieve an elegant balance between sepa
ration performance and production cost. In this study, we pioneered the 
fabrication of PES-supported NaA zeolite membranes through mild 
epitaxial growth. Among various synthetic factors, deposition of uni
form seed layer via vacuum hot-drop coating was found crucial for the 
formation of NaA zeolite membrane with optimized microstructure. Gas 
permeation results indicated that as-prepared membrane exhibited ul
trahigh H2 permeance of 2.6 × 10− 6 mol m− 2 s− 1⋅Pa− 1 as well as 
excellent SF of H2/CO2 (15.7) and H2/CH4 (14.7), which was superior to 
the majority of reported ceramic-supported counterparts. An economic 
analysis further demonstrated a significant cost reduction of up to 99.2% 
compared with ceramic-supported counterparts, highlighting their great 
potential in large-scale production and application.

2. Experimental section

2.1. Reagents and materials

Sodium hydroxide (NaOH, ≥ 98%), tetramethylammonium hy
droxide (TMAOH, 25 wt% aqueous solution), aluminum isopropoxide 
(AIP, ≥99.8%), and sodium metaaluminate (NaAlO2, reagent grade) 
were purchased from Macklin Inc. (Shanghai, China). Colloidal silica 
(LUDOX® AS-40, 40 wt% suspension in H2O) was supplied by Sigma- 
Aldrich (USA). Porous polyethersulfone (PES) supports (pore size: 

0.22 μm; diameter: 25 mm) were obtained from Shanghai Feiling 
Biotechnology Co., Ltd. (Shanghai, China). All chemicals were used as 
received without further purification. Deionized (DI) water was used 
throughout all experiments.

2.2. Preparation of NaA zeolite seeds

The molar composition of the seed synthesis solution was 0.32 Na2O: 
1 Al2O3: 3.92 SiO2: 4.31 (TMA)2O: 340H2O. Initially, 0.13 g of NaOH 
was dissolved in 17 mL of DI water, followed by the addition of 16 mL of 
TMAOH aqueous solution. The resulting mixture was then heated in a 
water bath and maintained at 60 ◦C. Subsequently, 2.08 g of AIP was 
added under vigorous stirring until complete dissolution. After cooling 
to room temperature, 3 g of colloidal silica suspension was added 
dropwise. The mixture was vigorously stirred for 3 h, followed by aging 
for 12 h. Finally, the aged solution was transferred into a Teflon-lined 
autoclave for hydrothermal treatment at 100 ◦C for 12 h. The ob
tained white precipitates were collected by centrifugation, washed 
repeatedly with DI water, and dried at 80 ◦C overnight.

2.3. Deposition of NaA zeolite seed layer

Vacuum-assisted hot-drop coating was employed to deposit a uni
form NaA zeolite seed layer on commercial PES support. Initially, a 
0.5 wt% seed suspension was prepared by uniformly dispersing as- 
prepared NaA zeolite seeds in DI water. The suspension was vigor
ously stirred for 3 days, followed by ultrasonication for 30 min prior to 
the formation of a homogeneous dispersion. In terms of the coating 
process, the PES support was placed on a vacuum filtration apparatus 
and pre-heated to 90 ◦C. Subsequently, with the vacuum supplied by a 
diaphragm pump, 0.2 mL of the seed suspension was added dropwise 
onto the support surface. After complete solvent removal, the seeded 
support was carefully removed and placed in a custom-made PTFE 
holder. Finally, the seeded support was dried in an oven at 70 ◦C over
night before further use.

2.4. Epitaxial growth of NaA zeolite membrane

The molar composition of the membrane growth solution was 1 
Al2O3: 3.6 SiO2: 50 Na2O: 1200H2O. The precursor solution for epitaxial 
growth was prepared as follows: 5.0 g of NaOH and 0.42 g of NaAlO2 
were dissolved in 25 g of DI water and stirred until the formation of a 
clear solution. Simultaneously, 5.0 g of NaOH was dissolved in 25 g of DI 
water, where 1.36 g of colloidal silica was added dropwise with stirring 
until the formation of a clear solution. Subsequently, the silicate source 
was slowly added to the aluminate source under vigorous stirring, fol
lowed by aging at room temperature for 12 h. During epitaxial growth, 
the seeded PES support, held within the custom-made PTFE holder, was 
placed vertically into a Teflon-lined autoclave. The aged synthesis so
lution was then poured into the autoclave. Hydrothermal synthesis was 
conducted in an oven at 80 ◦C for 5 h. After the reaction, the as-prepared 
membrane was retrieved, rinsed thoroughly with DI water, and finally 
dried at 50 ◦C for 48 h.

3. Results and discussion

3.1. Fabrication of NaA zeolite membranes

The process for fabricating PES-supported NaA zeolite membrane is 
schematically illustrated in Fig. 1. Initially, vacuum hot-drop coating 
was employed to deposit a uniform NaA zeolite seed layer on porous PES 
support. Among various factors, coating temperature and seed content 
in suspension were found to play vital roles in regulating the seed layer 
morphology (Fig. S1). Since the deposition process was governed by a 
dynamic competition between vacuum-driven infiltration and thermally 
induced evaporation, during vacuum hot-drop coating, the solvent was 
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rapidly removed, rendering uniform and compact arrangement of NaA 
zeolite seeds on the support surface; simultaneously, some seeds were 
partially embedded into the PES support pores, enabling the formation 
of firmly attached seed layer. This unique interfacial architecture is 
anticipated to mitigate uncontrolled capillary-driven infiltration while 
establishing a robust physical interlock between the rigid zeolite layer 
and the flexible polymer matrix. Subsequently, the seeded support was 
epitaxially grown into a well-intergrown NaA zeolite membrane under 
mild conditions. Owing to the low mass-transfer resistance of the PES 
support, the resulting membrane provides high H2 permeance; simul
taneously, benefiting from the robust physical interlock and the intrinsic 
flexibility of the PES support, it retains stable H2/CO2 separation per
formance after repeated bending (Fig. 1).

We first investigated the morphology of pristine PES support. As 
shown in Fig. 2a, the support exhibited a sponge-like porous surface 
comprising uniform interconnected pores. Together with the nominal 
pore size of 0.22 μm and thin flexible geometry as shown in Fig. S2, such 
textural properties were ideal to form interlocked structure during 
vacuum hot-drop coating. Relevant XRD pattern (Fig. 3a) indicated that 
bare PES support exhibited a broad amorphous hump centering at 2θ 
value of 18◦, confirming its amorphous structure, while the FT-IR 
spectrum (Fig. 3b) displayed characteristic peaks assignable to the 
stretching vibration of O––S––O groups, thus validating the chemical 
composition of bare PES support. Considering the employment of water 
as solvent for seed suspension, wettability of the support surface was 
investigated by contact angle experiment. As shown in Fig. 2b, the PES 
support exhibited excellent hydrophilicity and rapid wetting behavior, 
as evidenced by instant permeation of water droplets into the matrix 
(Fig. S3). The intrinsic superhydrophilicity of PES support is advanta
geous for ensuring the formation of strongly adhered seed layer, since 
not only uniform and full seed suspension coverage on the support 
surface but also facilitated embedding of NaA zeolite seeds inside the 
support pores can be guaranteed under vacuum hot-drop coating.

Subsequently, NaA zeolite seeds were synthesized through hydro
thermal growth. As shown by STEM (Fig. S4), obtained seeds exhibited 
well-defined cubic geometry with an average size of ~300 nm, while 
their phase purity could be further confirmed by relevant XRD pattern 
(Fig. 3a) and FT-IR spectrum (Fig. 3b) with characteristic bands located 
at ~1000 cm− 1 (Si-O-T) and ~550 cm− 1 (d4r). Regarding gas adsorption 
properties, the N2 adsorption-desorption isotherm of the NaA seeds 
revealed a typical type-I isotherm with a maximum N2 uptake of 
~188 cm3 g− 1 at 77 K (Fig. S5), and the BET surface area was calculated 
to be 550 m2 g− 1; simultaneously, the CO2 adsorption isotherm dis
played a steep and high-capacity uptake reaching ~120 cm3 g− 1 

(5.34 mmol g− 1) at 298 K and 1 bar (Fig. S6), further verifying their open 
microporous structure and strong CO2 affinity.

In the next step, vacuum-assisted hot-drop coating was carried out to 
deposit uniform seed layer. As shown in Fig. 2c, after coating under 
optimized experimental conditions, the support surface had been uni
formly covered with a densely packed seed layer (Fig. S1) with char
acteristic diffraction peaks derived from LTA zeolite phase easily 
distinguishable from amorphous phase (Fig. 3a). Adopting such 
morphology not only avoided exposure of macropores of the PES sup
port but also provided abundant nucleation sites for epitaxial growth, 
facilitating the formation of well-intergrown NaA zeolite membrane.

Finally, epitaxial growth was conducted to seal the open space in 
seed layer. The seeded PES support was fixed in a custom-designed PTFE 
holder (Fig. S7), which was designed to prevent the lightweight support 
from floating during epitaxial growth. As shown in Fig. 2d, a well- 
intergrown NaA zeolite layer was readily formed on the PES support 
under optimized reaction conditions. Cross-sectional SEM image 
(Fig. 2e) confirmed that the thickness of as-prepared NaA zeolite layer 
reached 3.4 μm with a clearly distinguishable interface between the 
zeolite layer and polymer matrix. Relevant XRD pattern (Fig. 3a) 
confirmed the formation of highly crystalline NaA zeolite layer as evi
denced by sharp increase of NaA zeolite peak intensity compared with 

Fig. 1. Schematic illustration of the mild fabrication of PES-supported NaA zeolite membrane.

Fig. 2. (a) SEM image of bare PES support. (b) Water contact angle of bare PES support. SEM images of (c) NaA zeolite seed layer and (d, e) PES-supported NaA 
zeolite membrane. (f) Cross-sectional EDX mapping of Si element of PES-supported NaA zeolite membrane.

S. Yang et al.                                                                                                                                                                                                                                    Journal of Membrane Science 760 (2026) 126220 

3 



that of PES amorphous hump. As expected, FT-IR spectra (Fig. 3b) dis
played characteristic peaks derived from both NaA zeolite layer and PES 
support; of particular note, progressive blue shift of the Si-O-T band 
(from 965 to 994 cm− 1) revealed the condensation of terminal silanol 
groups into more rigid framework, implying strong interfacial in
teractions that restricted polymer chain mobility. The above conclusion 
could be further supported by elevated glass transition temperature (Tg) 
observed in DSC analysis. To further gain insights into the interfacial 
architecture of the obtained NaA zeolite membrane, cross-sectional EDX 
elemental mapping was performed. As shown in Fig. 2f, while Si element 
was predominantly located in top dense layer, an obvious infiltration of 
Si element into porous PES matrix could be clearly observed at the 
boundary. The above elemental distribution profile provided direct ev
idence for physical interlocking between NaA zeolite layer and polymer 
support; in addition, elemental distributions of Al and O exhibited 
similar interfacial penetration behaviors (Fig. S8), further confirming 
the formation of a robust interlocked interface rather than simple 
physical stacking.

3.2. Physicochemical properties of NaA membranes

To further identify the phase purity and chemical composition of 
obtained NaA zeolite membrane, X-ray photoelectron spectroscopy 
(XPS) analysis was carried out. Fig. 3c presents the high-resolution 
normalized XPS spectra of Si 2p and Al 2p regions. The Si 2p spectrum 
exhibited a symmetrical peak centered at 102.3 eV, which was charac
teristic of the Si element in a zeolitic Si-O-Al environment. Similarly, the 
Al 2p spectrum displayed a distinct peak at 74.1 eV, corresponding to 
tetrahedrally coordinated Al species within the zeolite lattice. The above 
results convincingly demonstrated the formation of pure NaA zeolite 
phase on the PES support.

Considering practical operation conditions such as elevated tem
perature during gas separation, thermal stability of obtained membrane 
was evaluated through measuring glass transition temperature (Tg) of 
the samples. As shown in Fig. 3d and S9, the bare PES support exhibited 
Tg of 229 ◦C, which was significantly lower than that of PES-supported 

NaA zeolite membrane (245 ◦C). The increased Tg can be attributed to 
reinforced physical interaction between NaA zeolite crystallites and 
polymer chains of the PES support, resulting in constrained mobility of 
the underlying polymer segments. The enhanced adhesion between the 
two phases is crucial for mitigating interfacial stress and therefore, 
ensuring structural integrity under harsh operation conditions.

In addition to Tg measurement, thermogravimetric analysis (TGA) 
was further employed to evaluate the intrinsic thermal stability and 
ascertain the structural decomposition threshold of the composite 
membrane. As shown in Fig. 3e, obtained membrane did not show sig
nificant weight loss until 450 ◦C. The decomposition mainly occurred at 
peak temperature of 573 ◦C as determined from derivative thermogra
vimetric (DTG) curve (Fig. S10). Through combining with superior 
interfacial adhesion, our membrane should be adaptable to high tem
perature and harsh environments; moreover, based on the residual mass 
of samples at 800 ◦C, the calculated zeolite loading for PES-supported 
NaA zeolite membrane reached 45.8 wt%, which was significantly 
higher than that of the seed layer (11.67 wt%), confirming that the 
nutrient was mainly consumed in supporting epitaxial growth of the 
seed layer rather than excessive bulk nucleation and growth in precursor 
solution, which may promote epitaxial growth and suppress the gener
ation of grain boundary defects in the membrane.

It should be noted that excellent mechanical strength was of vital 
importance for sustaining membrane operation under harsh conditions. 
Considering potential benefits derived from flexible PES supports, me
chanical properties of obtained NaA zeolite membrane were further 
tested by tensile measurements. As shown in Fig. 3f, the PES support 
showed typical elastoplastic behavior with an elongation at break of 
~60%; in comparison, the maximum tensile strength decreased from 
46.6 MPa for the bare PES support to 29.5 MPa for the PES-supported 
NaA zeolite membrane, corresponding to the retention of 63.5% of 
tensile strength. Nonetheless, this value remained remarkably higher 
than brittle ceramic supports (typically <0.1%), which was crucial for 
preventing catastrophic fracture during handling and module assembly. 
As a proof of concept, repetitive bending tests were performed. As shown 
in Fig. S11, even after 20 bending cycles, the NaA zeolite layer remained 

Fig. 3. (a) XRD patterns and (b) FT-IR spectra of bare PES support, NaA zeolite seeds, NaA zeolite seed layer, and PES-supported NaA zeolite membrane. (c) High- 
resolution XPS spectra of Si 2p and Al 2p of PES-supported NaA zeolite membrane. (d) DSC curves, (e) TGA curves, and (f) stress-strain curves of bare PES support, 
NaA zeolite seed layer, and PES-supported NaA zeolite membrane.
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well-intergrown and firmly attached to the support, which was indica
tive of robust interfacial interlocking. After wetting and drying, the 
membrane largely retained its H2/CO2 separation performance 
(Fig. S12). To the best of our knowledge, the successful fabrication of a 
highly flexible NaA zeolite membrane with such exceptional bending 
durability has not been reported in previous literature.

3.3. Gas separation performance

Gas permeation properties of the as-synthesized membrane were 
evaluated using a Wicke-Kallenbach setup (Fig. S13). We first tested the 
permeation behavior of single gases (i.e., H2, CO2, CH4, SF6, and N2) at 
298 K. As shown in Fig. 4a, gas permeance sharply decreased with 
increasing kinetic diameter, following the order 
H2 > N2 ≈ CO2 > CH4 > SF6. This cut-off behavior indicates that mo
lecular sieving is the dominant separation mechanism. Of particular 
note, its H2 and N2 permeances reached 2.97 × 10− 6 and 
2.95 × 10− 7 mol m− 2 s− 1⋅Pa− 1, respectively, corresponding to an ideal 
H2/N2 selectivity of 10.1, which is 2.7 times higher than the corre
sponding Knudsen selectivity of 3.73. The above results further support 
the presence of few non-selective grain boundary defects in the mem
brane. The membrane also exhibited an ideal H2/CO2 selectivity of 
10.26, demonstrating a favorable combination of H2 permeance and 
molecular selectivity.

We further investigated mixed gas permeation properties of the 
membrane. As shown in Fig. 4b, the SF of equimolar H2/CO2 gas pair 
reached 15.7 with H2 permeance of 2.6 × 10− 6 mol m− 2 s− 1⋅Pa− 1, which 
was higher than the corresponding ideal selectivity. This could be 
attributed to a significant competitive adsorption effect. To be specific, 
since the NaA zeolite framework possessed much stronger adsorption 
affinity for CO2 than H2, upon mixing, CO2 molecules preferentially 
occupied the adsorption sites within the zeolite channels, creating a 
“site-blocking effect” that curtailed the available diffusion space. 
Notably, while the presence of adsorbed CO2 imposed certain resistance 

to H2 transport, the mobility of CO2 itself was more severely retarded 
due to its larger kinetic diameter and stronger interaction with zeolite 
pore walls, resulting in enhanced H2/CO2 SF compared with the corre
sponding ideal selectivity [50]. The above competitive adsorption 
mechanism can be supported by CO2 adsorption isotherms of NaA 
zeolite powders (Fig. S6), revealing a steep uptake in the low-pressure 
region and remarkably high CO2 capacity (~120 cm3 g− 1 STP, or 
5.34 mmol g− 1, at 1 bar) indicative of strong affinity of NaA zeolite 
framework for CO2 molecules.

Considering the significant influence of operation temperature, its 
effect on the H2/CO2 separation performance of our membrane was 
studied further. As shown in Fig. 4c, upon increasing temperature from 
298 K to 423 K, its H2 permeance steadily increased from 2.6 × 10− 6 to 
4.0 × 10− 6 mol m− 2 s− 1⋅Pa− 1, while the CO2 permeance more pro
nouncedly increased from 1.7 × 10− 7 to 5.8 × 10− 7 mol m− 2 s− 1⋅Pa− 1, 
causing a decrease of SF from 15.7 to 7.0. This is rational, since smaller- 
sized H2 molecules have a lower activation energy for diffusion through 
zeolite pores compared with larger-sized CO2 molecules; as a result, the 
permeance of CO2 was more sensitively influenced by operation tem
perature, ultimately leading to lower H2/CO2 SF. In effect, the above 
temperature-dependent behavior was also observed in terms of H2/CH4 
and H2/SF6 separations (Fig. S14). From an economic viewpoint, 
elevating operation temperature was more advantageous, since reduced 
membrane area was required to achieve the same production target on 
the premise that the product purity could be fully met.

Finally, the operational stability of the PES-supported NaA zeolite 
membrane was evaluated for 40 h. Experimental results indicated that 
both H2 permeance and H2/CO2 SF remained nearly constant during the 
40 h continuous test (Fig. 4d). The stable performance could be further 
confirmed by H2/CH4 and H2/SF6 separations (Fig. S15). In addition, 
mechanical robustness of our membrane was verified by the bending 
test. As shown in Fig. S11, our membrane retained stable H2/CO2 SF of 
15.5 with no significant degradation even after being subjected to 
repeated bending cycles. This could be attributed to the high flexibility 

Fig. 4. (a) Single-gas permeance as a function of kinetic diameters of gas molecules. (b) Separation performances of PES-supported NaA zeolite membrane. (c) 
Dependence of operation temperature on H2/CO2 separation performance. (d) 40-h stability test of the membrane for H2/CO2 separation. Unless otherwise specified, 
all mixed-gas measurements were performed at 298 K with an equimolar feed under transmembrane partial pressure difference of 1 bar.
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of polymer supports, enabling efficient strain force transfer from brittle 
NaA zeolite layer to PES support once an external stress was exerted. 
Obviously, enhanced mechanical stability of our membrane was ad
vantageous for preventing structural fracture formation during large- 
scale module assembly and enduring mechanical vibrations under 
practical operating conditions.

To fully evaluate the performance superiority of our membrane in 
terms of H2/CO2 separation, its performance was compared with 
representative H2-permselective zeolite membranes, polymer mem
branes, and mixed-matrix membranes (MMMs). As illustrated in Fig. 5, 
in comparison with the literature, the PES-supported NaA membrane 
exhibits ultrahigh H2 permeance while maintaining competitive H2/CO2 
SF (Table S1). The ultrahigh H2 permeance as well as excellent H2/CO2 
and H2/CH4 selectivity can be attributed to the low diffusion resistance 
of the PES support and the presence of few intercrystalline defects in 
well-intergrown NaA zeolite layer. In addition, the flexibility of the PES 
support may help accommodate stress generated during membrane 
growth, thereby preserving the integrity of the zeolite selective layer. It 
is therefore anticipated that cost-effective H2 purification on an indus
trial scale can be realized through concurrently maximizing processing 
capacity and minimizing capital cost.

3.4. Cost-benefit analysis

To quantitatively assess the industrial viability of our membrane, an 
initial economic evaluation [51] was conducted based on a standardized 
hydrogen production task of 100 kg per day (0.5741 mol s− 1) operating 
at 298 K with a transmembrane pressure drop of 1 bar. For comparison, 
representative porous α-Al2O3-supported NaA zeolite membranes were 
deliberately selected and evaluated following a similar protocol. As 
shown in Fig. 6a, since our membrane exhibited much higher H2 per
meance, compared with other ceramic-supported counterparts with 
required membrane areas up to 35.9 m2, a much smaller membrane area 
of only 2.2 m2 was sufficient to achieve the target productivity. It should 
be noted that reducing the membrane area not only lowers the support 
cost but also implies a proportional decrease in the consumption of re
agents and energy input during membrane processing, jointly contrib
uting to the overall economic viability.

Based on required membrane areas, a total fabrication cost 
comprising both supports and selective layers was calculated. As shown 
in Fig. 6b, compared with conventional ceramic-supported counterparts 
in the range of 3940 to 59,236 USD, the total cost for PES-supported NaA 
zeolite membrane was only 421 USD, which was equivalent to 89.3- 
99.2% reduction in total fabrication cost, demonstrating exceptional 

economic competitiveness. The substantial cost reduction can be inter
preted as follows: On the one hand, the cost of commercial PES supports 
is ~97.2% lower than commercial ceramic supports (SI-Cost-Benefit 
Analysis); on the other hand, significantly reduced membrane area 
(Fig. 6a) results in lower consumption for fabricating qualified NaA 
zeolite layers.

Besides economic viability analysis at room temperature, H2/CO2 
separation performances of our membranes at varying temperatures 
(20-150 ◦C) were further compared with literature benchmarks. As 
shown in Fig. 6c and d, H2 permeance of our membrane was positively 
associated with operation temperature and remained the highest among 
the above membranes under identical operating temperatures, while its 
H2/CO2 SF remained competitive, demonstrating its great potential in 
high-efficiency H2 purification from industrial off-gases under practical 
conditions.

3.5. Generality of the fabrication strategy

To verify the versatility and broad applicability of the above syn
thetic strategy, we further fabricated PES-supported MFI zeolite mem
brane through mild epitaxial growth. As shown in Fig. 7a, after 
hydrothermal reaction at 90 ◦C for 15 h, a uniform and well-intergrown 
MFI zeolite layer was readily formed on the PES support (Fig. 7b). Cross- 
sectional SEM image clearly revealed a distinct and compact zeolite 
layer tightly adhered to the porous PES matrix, confirming the formation 
of a robust interface between them (Fig. 7c). The formation of pure- 
phase MFI zeolite membrane could be further validated by relevant 
XRD pattern, in which the characteristic diffraction peaks of the newly 
formed MFI phase completely masked the amorphous hump of the PES 
support (Fig. 7d). We therefore conclude that adopting cheap commer
cial polymer supports represents a promising solution to large-scale 
fabrication of cost-effective zeolite membranes with optimized micro
structures towards superior separations.

4. Conclusions

In this study, we developed a facile and scalable strategy to fabricate 
high-performance, flexible NaA zeolite membranes on low-cost com
mercial PES supports. Through employing a vacuum hot-drop coating 
method, controlled physical anchoring of zeolite seeds in macropores of 
the support can be achieved, ensuring the formation of a continuous and 
well-intergrown NaA zeolite layer with strong and robust interfacial 
adhesion. As-prepared membrane exhibits ultrahigh H2 permeance 
(~2.6 × 10− 6 mol m− 2 s− 1⋅Pa− 1) as well as high SF for H2/CO2 (15.7) 
and H2/CH4 (14.7) gas pairs, which is superior to the majority of H2- 
permselective membranes reported in the literature. Furthermore, our 
membrane demonstrates high thermal stability and stable separation 
performance over 40 h. A comprehensive cost-benefit analysis further 
reveals that a total reduction in fabrication cost by 89.3-99.2% is ach
ieved in comparison with ceramic-supported counterparts. The above 
strategy can be further generalized to the preparation of PES-supported 
MFI zeolite membranes, demonstrating its great potential in cost- 
effective production of versatile molecular sieve membranes.
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Fig. 5. Comparison of the H2/CO2 separation performance of PES-supported 
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the literature. The red symbols denote the separation performance of our 
membrane at different operation temperatures.
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Fig. 6. (a) Comparison of H2 permeance and calculated membrane area required for standardized industrial task. The red star represents this work, while (1) - (7) 
denote literature benchmarks (details are provided in Table S1). (b) Performance-normalized cost-benefit analysis. Temperature-dependent comparison of (c) H2 
permeance and (d) H2/CO2 SF of PES-supported NaA zeolite membrane with the literature.

Fig. 7. (a) SEM image of MFI zeolite seed layer. (b, c) SEM images of PES-supported MFI zeolite membrane. (d) XRD patterns of bare PES support, MFI zeolite seed 
layer, and PES-supported MFI zeolite membrane.
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