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A B S T R A C T

Although zeolites have attracted considerable interest due to their well-defined pore structure, excellent stability, 
and tailorable functionality, rational design and engineering of high-performance zeolite membranes for small- 
sized gas separation represents a grand challenge. In this study, we pioneered the preparation of highly a-ori
ented ultrathin FER zeolite membranes from uniform FER nanosheets with an unprecedented aspect ratio of 
~180. Among various factors, fabrication of FER nanosheet seeds by dynamic hydrothermal crystallization and 
bulk nucleation inhibition during epitaxial growth were found crucial for obtaining FER membranes with desired 
microstructure. Benefiting from the vertical alignment of 0.28 nm-sized 6-membered ring pore apertures on 
porous α-Al2O3 substrate, the membrane exhibited superior selectivity towards small-sized gas molecules, such as 
He/CO2 (19.5), He/N2 (23.8) and He/CH4 (26.6), showing great promise in high-efficiency helium recovery from 
natural gas.

1. Introduction

Helium, a noble gas with unique properties such as low boiling point, 
exceptional chemical inertness, and high thermal conductivity, repre
sents the indispensable resource in diverse advanced technologies 
including medical imaging, semiconductor fabrication, and quantum 
computing [1–3]. This finite, non-renewable resource is predominantly 
extracted from natural gas deposits, where it typically constitutes less 
than 1 % of the gas mixture alongside methane (CH4), nitrogen (N2), and 
carbon dioxide (CO2). Consequently, efficient extraction and purifica
tion processes are vital to satisfy its global demand and guarantee 
long-term availability [4–6].

Conventional helium recovery methods, such as cryogenic distilla
tion and pressure swing adsorption, suffer from high energy consump
tion and operational complexity, driving the demand for developing 
high-efficiency separation technologies [7,8]. Membrane technology, 
with inherent advantages of low energy consumption, operational 
simplicity, and environmental friendliness, has emerged as a promising 
alternative [9–12]. Among the diverse membrane materials, polymer 

membranes represent the most technologically mature option for in
dustrial gas separation, primarily due to their low cost and excellent 
processability into large-area modules [13,14]. Specifically for helium 
recovery from natural gas, glassy polymers like polyimides and poly
sulfones have been extensively investigated [15]. However, their sepa
ration performance is intrinsically constrained by the well-established 
trade-off between permeability and selectivity, a limitation delineated 
by the Robeson upper bound [16]. Consequently, even advanced poly
meric membranes that achieve high He permeance often exhibit only 
modest He/CH4 selectivity. Moreover, their long-term stability and 
performance are susceptible to degradation under aggressive feed con
ditions containing CO2, moisture, and heavy hydrocarbons, which can 
induce detrimental plasticization or competitive sorption [17]. These 
persistent challenges underscore the critical need for advanced inor
ganic membranes. Inorganic materials, particularly zeolites, are 
compelling alternatives as they offer superior selectivity derived from 
their precise, molecular-sieving pore structures and exceptional thermal 
and chemical stability, providing an opportunity to overcome the 
inherent limitations of their polymeric counterparts [18–20].
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Ferrierite (FER)-type zeolites, exemplified by ZSM-35, feature a 
unique two-dimensional pore system comprising 10-membered ring (10- 
MR) channels (~4.2 × 5.4 Å) parallel to the c-axis and 8-MR channels 
(~3.5 × 4.8 Å) parallel to the b-axis, with 0.6–0.7 nm spherical FER 
cages forming at their intersections (Fig. S1) [21–23]. Although no 
straight-through channels exist along the a-crystallographic direction, 
molecular transport can proceed via a tortuous pathway facilitated by 
the 6-MR windows along a-axis that connect adjacent FER cages 
(Fig. S2). Given that 6-MR pore apertures in zeolites typically exhibit a 
maximum pore size of 0.28 nm [24,25], FER zeolite membrane with a 
pronounced a-out-of-plane orientation (i.e., 6-MR pores along the 
a-axis) is anticipated to create a highly selective pathway for preferential 
He (0.26 nm) permeation. This configuration is expected to exclude 
common natural gas components like CO2 (0.33 nm), N2 (0.36 nm) and 
CH4 (0.38 nm), enabling ultrahigh perm-selectivity for He. Furthermore, 
reducing membrane thickness represents a reliable strategy for 
decreasing the diffusion barrier and enhancing He permeance [26,27]. 
Therefore, the development of highly a-oriented FER membranes with 
ultrathin thickness is attractive for achieving high-efficiency helium 
recovery.

Motivated by the above concerns, in this work, we pioneered the 
fabrication of highly a-oriented ultrathin FER zeolite membranes 
through nanosheet-seeded epitaxial growth. The procedure was briefly 
described as follow (Fig. 1): Initially, high-aspect-ratio FER nanosheet 
(NS) seeds were prepared through one-step dynamic hydrothermal 
crystallization. Subsequently, uniform seed layer was deposited on 
porous α-Al2O3 substrate via vacuum-assisted hot-drop coating. Finally, 
controlled in-plane epitaxial growth was conducted to obtain FER 
zeolite membrane with desired morphology. Owing to the intrinsic 
structural superiority derived from concurrent control of membrane 
orientation and thickness, the obtained FER membrane demonstrated 
excellent performance in helium containing small-sized gas separation.

2. Experimental section

2.1. Reagents and materials

LUDOX® AS-40 colloidal silica (SiO2, 40 wt% suspension in H2O, 
Sigma-Aldrich), aluminum sulfate octadecahydrate (Al2(SO4)3⋅18H2O, 
99.95 %, Macklin), sodium hydroxide (NaOH, 99.9 %, Macklin), po
tassium hydroxide (KOH, 99.99 %, Macklin), pyridine (C5H5N, 99.5 %, 
Macklin) were used as received without further purification. Porous 
α-Al2O3 disks with the diameter of 18 mm, thickness of 1 mm and pore 

size of 70 nm were acquired from Fraunhofer IKTS, Germany.

2.2. Preparation of FER zeolite NSs

FER zeolite NSs were synthesized from a precursor solution with 
molar composition of 12.5Na2O: 5.5K2O: 120SiO2: 1Al2O3: 72C5H5N: 
2400H2O. In a typical experiment, 11.250 g of colloidal silica was added 
dropwise into a clearly basic solution containing 0.630 g of NaOH, 
0.379 g of KOH and 20.048 g of DI (deionized) H2O. After being aged 
under vigorous stirring at 50 ◦C for 2 h, 0.415 g of Al2(SO4)3⋅18H2O was 
added and stirred for another 2 h. Subsequently, 3.560 g of C5H5N was 
added and obtained mixture was aged under vigorous stirring at 50 ◦C 
for 1.5 h. The resultant gel was transferred into a 50 mL Teflon-lined 
stainless-steel autoclave and subjected to hydrothermal crystallization 
in a pre-heated rotational oven (20 r/min) at 160 ◦C for 72 h. After
wards, solid products were separated by centrifugation, washed thor
oughly with DI water and the wet solid product was freeze-dried for at 
least 24 h. As a comparative experiment, the crystallization was con
ducted under identical hydrothermal conditions except that a pre- 
heated static oven was employed.

2.3. Oriented deposition of FER seed layer

Prior to the seeding, asymmetric α-Al2O3 disks were pretreated with 
6.0 vol% HCl solution, thoroughly rinsed with DI water, and finally air- 
dried overnight at 70 ◦C. The oriented FER seed layer was fabricated 
through vacuum-assisted hot-drop coating (Fig. S3). First, a homoge
neous FER NS suspension (0.01 wt% in ethanol, Fig. S4) was prepared by 
dispersing freeze-dried FER NSs in ethanol under intensive sonication. 
Afterwards, porous α-Al2O3 substrate was pre-heated to 100 ◦C on a 
vacuum-compatible heating plate, followed by deposition of 0.2 mL 
suspension onto the substrate surface. Upon complete ethanol evapo
ration from the substrate-deposited suspension, the α-Al2O3 disk was 
carefully detached from the coating apparatus and placed in a convec
tion oven at 100 ◦C to eliminate residual ethanol. Finally, obtained FER 
seed layer was heated in air at 500 ◦C for 1 h with controlled heating/ 
cooling rate of 60 ◦C⋅min− 1.

2.4. Preparation of oriented FER zeolite membrane

The precursor solution with molar composition of 12.5Na2O: 
5.5K2O: 120SiO2: 1Al2O3: 80C5H5N: 9600H2O was prepared using 
identical synthetic protocols as FER zeolite NSs. In a typical experiment, 

Fig. 1. Schematic illustration of the a-oriented FER membrane fabrication process.
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the FER seed layer-desposited substrate was vertically placed in a 50 mL 
Teflon-lined autoclave, immersed in precursor solution, and put into a 
static convective oven. After hydrothermal reaction at 160 ◦C for 12 h, 
prepared FER zeolite membrane was thoroughly washed with copious of 
DI water, and air-dried in an oven at 90 ◦C overnight. Subsequently, 
obtained membrane was subjected to He permeation test for leak 
detection using the dead-end bubble flow meter method [28,29]. 
Membranes exhibiting negligible or very low He permeation (typ
ically<1 × 10− 10 mol/(m2 s Pa) at 298 K and transmembrane pressure of 
3 bar) are considered to be defect-free. The qualified membrane was 
finally calcined to remove organic templates trapped inside the zeolite 
pores.

2.5. Organic template removal

The template removal procedure was carried out as described in our 
previous study with slight modification [30–32]. The above membrane 
was vertically placed in a quartz tube and a dry oxygen containing 130 
g/Nm3 ozone (O3/O2) was introduced into the tube from the membrane 
side at a constant flow rate of 500 mL min− 1. The ozone was generated 
by an electrical discharge ozone generator (OSAN-CFG-O) and its con
centration entering the unit was monitored using an ozone gas analyzer 
(UVOS-3300) purchased from OSAN Environmental and Technology 
(Dalian) Co., Ltd. The organic template occluded within the zeolitic 
pores was decomposed in an ozone environment at 250 ◦C for 72 h with 
a heating/cooling rate of 0.5 ◦C⋅min− 1.

2.6. Gas permeation test

The well-established Wicke-Kallenbach set-up was employed to 
measure the gas permeation performance of the O-ring sealed FER 
membranes (Fig. S5) [33,34]. For single-gas permeation test, the volu
metric flow rate of each single gas (He, H2, CO2, N2, CH4) on the feed 
side was kept constant of 100 mL min− 1, and the permeated gas was 
removed from the permeate side by the sweep gas (Ar) with the same 
flow rate. Pressure differences in both sides were maintained at 1 bar, 
and operating temperature was kept at 180 ◦C. A calibrated gas chro
matograph (7890B, Agilent) was employed to measure the concentra
tion of single gas on the permeate side. The gas permeance of the 
permeated component i (Pi, mol m− 2 s− 1 Pa− 1) is defined as Equation 
(1): 

Pi(permeance)=
Ni

A × ΔPi
(1) 

1 GPU=3.348 × 10− 10 mol⋅m− 2⋅s− 1⋅Pa− 1 

where Ni (mol⋅s− 1) is the molar flow rate of the permeated component i, 
A (m2) is the effective membrane area uncovered by O-ring, and ΔPi (Pa) 
is the transmembrane partial pressure differences of the component i. 
The ideal selectivity (Si/j) of different single component gases is defined 
as Equation (2): 

Si/j =
Pi

Pj
(2) 

where Pi (mol m− 2 s− 1 Pa− 1) and Pj (mol m− 2 s− 1 Pa− 1) denote the gas 
permeance of the permeated component i and j, respectively.

For mixed gas permeation test, the total volume flow rate of binary 
gas mixture (He/CO2, He/N2, and He/CH4) on the feed side was kept 
constant of 100 mL min− 1, and the permeated gases were removed from 
the permeate side by the sweep gas (Ar) with a volumetric flow rate of 
100 mL min− 1. For He/CH4 separation tests, the feed temperature was 
varied from 30 to 180 ◦C under equimolar feed conditions. The long- 
term operating stability was conducted at 180 ◦C and 1 bar. The sepa
ration factor (αi/j) is defined as Equation (3): 

αi/j =
yi

/
yj

xi
/
xj

(3) 

where yi and yj represent the molar fraction of component i and 
component j in the permeate side. xi and xj represent the molar fraction 
of component i and component j in the feed side. Single-gas and mixed- 
gas permeation data were obtained from at least triplicate measure
ments, where independent sample was tested for each measurement.

3. Results and discussion

3.1. Preparation of FER zeolite NSs

The first step involved dynamic hydrothermal crystallization of FER 
zeolite NSs. As shown in Fig. 2a and b, obtained powders exhibited 
monodispersed NS morphology with lateral size of 0.7–1.8 μm under 
optimized crystallization conditions (Fig. S6 and S7). TEM-EDXS map
ping (Fig. S8) confirmed the homogeneous distribution of Si and Al el
ements throughout the NSs [35,36], yielding a Si/Al molar ratio (SAR) 
of 52.5, which was consistent with the nominal SAR of precursor solu
tions (Table S1). Simultaneously, relevant XRD diffraction peaks 
matched well with those of simulated FER phase, suggesting that ob
tained NSs indeed belonged to pure FER zeolite phase [37]. As 
confirmed by AFM results (Fig. 2c and d), the synthesized FER zeolite 
NSs exhibited a thickness of ~9.5 nm (equivalent to 5 unit cells of the 
FER structure), achieving an unprecedented aspect ratio (AR) of ~180, 
which represented the highest AR value reported to date for FER zeolites 
in the literature [37–40]. We further studied the textural properties of 
FER NSs. N2 adsorption/desorption isotherm of FER NSs revealed typical 
type-I isotherm, indicating intrinsic microporous structure (Fig. 2e) 
[23]. Simultaneously, the BET surface area of FER NSs was calculated to 
be 255.6 m2 g− 1, which was comparable to those previously reported for 
FER zeolites [39]. It should be emphasized that the use of dynamic 
crystallization was critical to achieving the well-defined NS 
morphology. For comparison, static oven was also employed for the 
crystallization process while keeping other reaction conditions un
changed. As illustrated in Fig. 2f and S9, the products appeared as 
irregular aggregates, predominantly composed of amorphous phase 
with negligible appearance of NS morphology. The distinct discrepancy 
in morphology and crystallinity was attributed to enhanced mass and 
heat transfer efficiency inherent to dynamic crystallization [34,41].

3.2. Deposition of oriented FER seed layer

Subsequently, vacuum-assisted hot-drop coating was employed for 
oriented deposition of NS seeds on the porous α-Al2O3 substrate 
(Fig. 3a). SEM results revealed that a uniform and densely-packed FER 
seed layer with thickness of ~170 nm was readily obtained under 
optimized conditions (Fig. 3b and c). The uniformity and high quality of 
this seed layer were critically dependent on the preparation of the 
coating suspension from a freeze-dried FER NS powder, which avoids 
the irreversible nanosheet aggregation caused by conventional thermal 
drying (Fig. S10). Corresponding XRD pattern confirmed the predomi
nant a-orientation of the seed layer (Fig. 3f). For comparison, spin- 
coating was also evaluated for oriented deposition. Our results showed 
that spin-coating resulted in the formation of seed layer containing in
ternal defects and misoriented NS seeds (Fig. S11). Therefore, adopting 
vacuum-assisted hot-drop coating was indispensable for achieving a 
seed layer with desired morphology. Inspired by the methodology pre
sented by Agrawal et al. [42], we attempted to eliminate the interlayer 
gaps through direct heat treatment. However, dead-end He permeation 
tests indicated that nanoscale and interlayer gaps were not sealed 
(Table S2), rendering it unsuitable for gas separation. Consequently, 
epitaxial growth had become indispensable to seal non-selective 
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interlayer defects in the seed layer. 3.3. Epitaxial growth of FER zeolite membrane

Herein, a precursor solution with composition identical to that of 
FER NSs was employed during the epitaxial growth process. Our results 

Fig. 2. (a) SEM image, (b) TEM image, (c) AFM surface image, (d) relevant line scan and (e) N2 adsorption-desorption isotherm of FER zeolite NSs. (f) XRD patterns 
of FER zeolite NSs prepared by dynamic and static hydrothermal crystallization.

Fig. 3. SEM images of (a) porous α-Al2O3 substrate, (b, c) FER seed layer and (d, e) FER membrane after epitaxial growth at 160 ◦C for 12 h. (f) XRD patterns of (i) 
simulated FER peaks, (ii) FER zeolite NSs, (iii) FER seed layer and (iv) FER membrane.
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demonstrated that prolonging reaction duration facilitated complete 
sealing of interlayer defects (Fig. S12). After crystallization at 160 ◦C for 
12 h, a well-intergrown and smooth membrane with the thickness of 
~240 nm (Fig. 3d and e) was readily formed. Furthermore, relevant XRD 
pattern confirmed that resulting membrane was composed of pure FER 
zeolite phase with remarkable a-axis preferred orientation (Fig. 3f) [37]. 
To the best of our knowledge, this represented the first report on the 
fabrication of polycrystalline oriented FER membrane; moreover, its 
thickness was the thinnest among FER membranes reported in literature 
[43–45]. To better elucidate the twin suppression effect, precipitates 
that sedimented at the bottom of the reaction vessel after epitaxial 
growth were collected and characterized. XRD results indicated that 
they remained dominantly amorphous, demonstrating that undesired 
bulk nucleation rarely occurred during this process (Fig. S13) [31,46]. 
Even after extending the reaction duration to 24 h, the bulk nucleation 
could still be effectively inhibited (Fig. S14), enabling the formation of 
twin-free FER zeolite membrane (Fig. S15).

Preferred orientation of obtained FER zeolite membrane was further 
investigated using pole figure analysis. As shown in Fig. 4a, the pole 
figure of (200) plane displayed a symmetric peak with its maximum 
intensity at a tilt angle of 0◦, indicating that the (200) plane in the 
membrane layer were primarily parallel to the support surface with no 
preferred in-plane orientation [47–50]. Quantitative analysis based on 
integrated peak intensity revealed that approximately 87 % of crystal
line grains in the membrane were oriented with their a-axis within ±25◦

from normal to the membrane surface (Fig. 4b). Complementary evi
dence was obtained from the (411) pole figure presented in Fig. 4c. A 
distinct diffraction intensity maximum was observed at a tilt angle of 35◦

(Fig. 4c and d), which showed remarkable agreement with the theo
retically predicted value of 35.48◦ assuming a-axis perpendicularity to 
the support surface [47]. All above observations were consistent with 
the (200) pole figure, verifying a high degree of a-out-of-plane orien
tation in the membrane. Simultaneously, mechanical stability of ob
tained FER membrane was evaluated through ultrasonic treatment. 
Relevant SEM image (Fig. S16a and b) indicated that not only the surface 
morphology of the treated FER membrane remained intact but also the 
XRD pattern (Fig. S16c) remained unchanged, implying a robust inter
action between the membrane and the porous substrate.

3.4. Gas permeation properties of FER zeolite membrane

Finally, gas permeation behavior of the a-oriented ultrathin FER 
zeolite membrane was evaluated using the Wicke-Kallenbach technique. 
Our experimental results revealed a consistent decline in single gas 
permeance with increasing kinetic diameter of gas molecules with He 
displaying the highest average permeance (119.8 GPU) among the 
tested gases (Fig. 5a). Notably, average ideal selectivity of He/CO2 
(19.5) He/N2 (23.8) and He/CH4 (26.6) gas pairs significantly exceeded 
their respective Knudsen selectivity, confirming that few grain boundary 
defects existed in the membrane (Fig. 5b and Table S3) [51,52]. For an 
equimolar He/CH4 mixture, our membrane exhibited an average SF of 
24.5 with He permeance of 111.7 GPU (Table S4), which not only sur
passed the 2008 upper bound for polymer membranes, but also well 
exceeded that of most inorganic molecular sieving membranes reported 
to date (Fig. S17 and Table S5). The superior He/CH4 separation per
formance of prepared a-oriented FER zeolite membrane can be 

Fig. 4. Pole figures of (a, b) (200) plane and (c, d) (411) plane for a-oriented FER membrane after epitaxial growth at 160 ◦C for 12 h and the corresponding line plots 
of average intensity over the 360◦ rotation vs. tilt angle.
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interpreted as follow: 1) the 0.28 nm-sized pore apertures along the 
a-axis, enabling precise molecular discrimination between He and CH4 
molecules, 2) the dominant a-orientation of the membrane layer, facil
itating minimization of non-selective grain boundary defects. Further
more, the influence of operation temperature on gas separation 
performance was investigated. As shown in Fig. 5c, both He permeance 
and SF of equimolar He/CH4 mixture steadily increased as the operation 
temperature increased from 30 to 180 ◦C, which could be ascribed to a 
gradual pronounced size-sieving effect under elevated temperatures [53,
54]. Moreover, both He permeance and SF of equimolar He/CH4 mixture 
remained unchanged over continuous operation for 24 h (Fig. 5d), 
confirming a good durability of our FER membrane. Notably, for the 
separation of an equimolar He/CO2 mixture, the membrane achieved a 
high separation factor of 16.8, which was superior to almost all zeolite 
membranes reported to date (Table S6). This excellent selectivity arises 
from the 0.28 nm pores precisely differentiating He from the larger CO2 
molecules, underscoring the distinct advantage of the a-oriented 6-MR 
pore structure for such challenging separations. While this 
proof-of-concept was performed on lab-scale supports, the fabrication 
approach herein holds significant promise for creating membranes on 
larger, industrially relevant configurations. Indeed, related methods 
based on the assembly of 2D building blocks have already proven 
effective for producing oriented crystalline membranes on 
commercial-type supports [55,56], demonstrating a viable pathway for 
module production.

4. Conclusions

In this study, we pioneered to prepare highly a-oriented ultrathin 
FER membranes via nanosheet-seeded epitaxial growth, marking the 

first successful fabrication of a polycrystalline oriented FER membrane. 
It was found that the introduction of high-aspect-ratio FER NSs as seeds 
and the effective inhibition of bulk nucleation during epitaxial growth 
were vital for guaranteeing the formation of the FER membrane with 
desired microstructure. Pole figure analysis quantatively verified the 
remarkable a-preferred orientation of the obtained membrane, with a- 
oriented grains accounting for up to 87 % of the membrane layer. 
Featuring vertically aligned 6-MR sieving channels and an ultrathin 
membrane layer, the membrane exhibited small-sized gas separation 
performance (e.g., He/CO2, He/N2, and He/CH4) superior to state-of- 
the-art FER membranes, highlighting its potential for helium recovery 
from natural gas.
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