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ABSTRACT: Natural gas reservoirs are the most abundant
source of helium, despite helium being present only in trace
amounts. Membrane technology represents an appealing
and potentially cost-effective approach to recover helium
from natural gas, consisting mainly of methane. Herein, we
demonstrate that chabazite zeolite SAPO-34 membranes
can effectively separate equimolar helium/methane mix-
tures. SAPO-34 membranes displayed helium permeance as
high as 2.28 × 10−7 mol/(m2 s Pa) and separation selectivity
as high as 13.8 for He/CH4 mixtures. The separation of this
binary mixture was favored through molecular sieving and
diffusivity differences. The best SAPO-34 membrane
surpassed the Robeson limit upper bound, making these
membranes appealing for helium recovery from natural gas.

Helium is a trace impurity found in natural gas and a
highly desired product in the medical, scientific, and
industrial markets as an inert gas and a cryogenic

fluid.1,2 Despite the abundance of helium on Earth,3 the trace
amount in natural gas is the primary commercial source of
helium.2 Industry commonly uses cryogenic distillation to
separate out helium, a process which is energy-intensive, prone
to equipment blockages, and expensive.4,5 Membranes provide
a potential alternative, because of multiple advantages,6,7 such
as no phase change, low environmental impact, and no moving
parts (easy to use in remote locations).2 A comprehensive
review on membranes for helium recovery has been
documented elsewhere.2 In particular, zeolite membranes are
highly appealing for diverse molecular gas separations, because
of their hydrothermal, thermal, and chemical stability,
permitting better performance under harsh operation con-
ditions and for diverse gas mixtures.2 The chabazite silico-
aluminophosphate zeolite SAPO-348,9 has been demonstrated
to effectively separate diverse industrially relevant gas mixtures,
including CO2/CH4,

10,11 N2/CH4,
12−14 CO2/N2,

15,16 CO2/i-
butane,17 CO2/H2,

18,19 H2/CH4,
18 H2/N2,

19 air/Xe,20 and Kr/
Xe,21,22 among others. The well-known molecular sieving
ability of SAPO-34 prompted us to evaluate the separation
performance of this zeolite for helium/methane mixtures, as
the pore size of SAPO-34 is 3.8 Å23 and the kinetic diameter of
helium and methane is 2.6 and 3.8 Å, respectively.24

Furthermore, SAPO-34 membranes are considered as poten-
tially suitable candidates for large-scale application.25 Herein,
we demonstrate the ability of SAPO-34 membranes to separate
equimolar mixtures of He/CH4.

SAPO-34 membranes were synthesized via secondary seeded
growth, as described in the Supporting Information. Figure 1

shows the powder X-ray diffraction (PXRD) pattern and a
representative scanning electron microscopy (SEM) image of
the SAPO-34 crystals employed as seeds for membrane
synthesis. The XRD pattern of the seeds (see Figure 1a)
agrees well with the chabazite topology that is characteristic of
SAPO-34. Figure 1b shows the cubic structure of the SAPO-34
seeds, with an average crystal size of 1.9 ± 0.2 μm. Previous
work on the role of seeds in synthesizing SAPO-34 membranes
found that crystal size greatly affected membrane CO2
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Figure 1. (a) Powder X-ray diffraction (PXRD) pattern and (b)
representative scanning electron microscopy (SEM) image of the
SAPO-34 crystals employed as seeds for membrane synthesis.
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separation performance, because of the narrow distribution size
of the seeds.26 Specifically, it was found that smaller SAPO-34
seed crystals with a narrow size distribution resulted in
significantly higher selectivity and CO2 permeance, indicating
that the smaller seeds can produce thinner membranes with
more closely packed and smaller intergrown crystals.26

Five membranes were prepared with two water molar ratios:
150 and 300 (see the Supporting Information for experimental
details). As shown in Figure S2 in the Supporting Information,
the PXRD patterns of the crystals collected from the gel of the
membranes confirmed the formation of chabazite topology.
The molar ratios selected were used based on our previous
report, which concluded that the extent of dilution of the
synthesis gel correlated with a change in membrane thickness
and crystal size.21 The molar ratio of 150 produced a thicker
membrane than the molar ratio of 300, providing a comparison
to determine how the thickness of the membrane affects the
separation performance. As shown in Figure 2, the SEM top
and side views of the membrane show the same correlation

between dilution and membrane thickness/crystal size. The
membranes with concentrated synthesis gel with a water molar
ratio of 150 resulted in the thickest membranes and contained
the largest crystals shown in images (a, a ̀) and (b, b ̀). The
diluted synthesis gel with a water molar ratio of 300 resulted in
thinner membranes with smaller crystal sizes, illustrated in
images (c, c )̀, (d, d ̀), and (e, e )̀. The thinner membrane is
desired because it allows enhanced diffusion of the gas
molecules, while the smaller crystal size typically leads to a
better packing and, thus, a more even (regular) membrane
thickness. The membranes with the lowest molar ratio of 150
(M1 and M2) were 10.3 ± 1.0 and 9.4 ± 1.0 μm thick,
respectively. For the membranes with the higher ratio of 300
(M3, M4, and M5), their respective thicknesses were 6.1 ± 0.3
μm, 7.0 ± 0.8 μm, and 9.1 ± 0.4 μm. The top view of the
crystals shows an average crystal size of 14.4 ± 8.5 μm for M1
and M2, and 10.4 ± 7.2 μm for M3, M4, and M5.
The synthesized SAPO-34 membranes were evaluated for

the separation of an equimolar premixed He/CH4 mixture.
Table 1 summarizes the separation data for these tests. To
assess membrane reproducibility, two membranes were
prepared independently with a water ratio of 150, and three
membranes were prepared with a water molar ratio of 300.
The helium permeance ranged from 1.37 × 10−7 mol/(m2 s

Pa) to 2.28 × 10−7 mol/(m2 s Pa), and the separation
selectivity ranged from 2.8 to 13.8. Generally, the thinner
membranes led to higher helium permeance on average and a
higher separation selectivity, as shown in Table 1. The high
helium permeance and moderate separation selectivity
observed resulted (in part) because of the intrinsic molecular
sieving property of SAPO-34. In principle, the small size of the
helium molecule (∼2.6 Å) favors its diffusion through the 3.8
Å pores of SAPO-34, while methane with a kinetic diameter of
3.8 Å at best diffuses slowly through the chabazite frame-
work.24 As shown in a previous study by Carreon et al., the
smaller crystal size correlates with better separation perform-
ance.26 When comparing crystal sizes (Figure 2, left column),
the larger crystal size can tend to create gaps between the
crystals, increasing the chance of defects occurring in the
membrane. The crystal size may explain why the selectivities of
M1 and M2 are significantly lower than those of M3, M4, and
M5. Defects decrease the number of selective pore pathways,
which can cause a decrease in the desirable molecular sieving,
because of the nonselective pores being larger than the kinetic
diameter of CH4. The CH4 can compete diffusively with He
and, therefore, the increase in CH4 permeance causes a
decrease in separation selectivity. Permeabilities will be
strongly dependent on several factors, including membrane
thickness, concentration of defects, and crystal intergrowth,
among others. The contribution of defects on helium
permeances cannot be ruled out.
The separation index (π) provides a performance parameter

to evaluate the reproducibility of membranes:11

π = × − ×He permeance (selectivity 1) permeate pressure

For M1 and M2, prepared with a water content of 150, the
separation indexes were 3.1 × 10−2 and 2.4 × 10−2,
respectively. The relatively small difference between these
indexes indicate that, for this water molar ratio, the membranes
show high reproducibility. For membranes M3, M4, and M5,
the separation indexes range from 9.5 × 10−2 to 21 × 10−2.
The variation in separation indexes for this group of
membranes may be related (at least in part) to several factors,

Figure 2. SEM images for the top view (left) and the cross-
sectional view (right) of SAPO-34 membranes. Images (a, a ̀), (b,
b ̀), (c, c )̀, (d, d ̀), and (e, e )̀ represent M1, M2, M3, M4, and M5,
respectively.
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including membrane thickness differences, concentration of
defects, and plane preferential exposure. In this respect, the
most selective membrane (M4) displayed preferential exposure
of the most prominent XRD peak at 2θ ≈ 9.4°, corresponding
to the (100) plane of chabazite (see Figure S2 in the
Supporting Information). Interestingly, the intensity ratio of
the most prominent peak of SAPO-34 corresponding to plane
(100) to the secondary plane (101̅), denoted as I100/I101̅,
correlated with the separation selectivity of the membranes, as
shown in Figure S3 in the Supporting Information. Specifically,
the higher I100/I101̅ ratio led to the most selective membrane,
while the lowest I100/I101̅ ratio to the least selective membrane.
The preferential exposure of a particular crystallographic plane
in porous crystals can been associated with the presence of a
high concentration of small crystallites.27

The differences in the rate of diffusion for He and CH4
significantly affected the separation performance, since
methane (16.04 g/mol) is considerably heavier than helium
(4.00 g/mol), resulting in helium diffusing through the
membrane faster, as compared to methane. To further
understand and quantify this difference, the effective diffusion
coefficients for each membrane were calculated. The
coefficients were calculated using Fick’s Law, which takes
into account the gas flux through the membrane, the difference
in concentration across the membrane, and the membrane
thickness. Note that since these coefficients were obtained
from membrane experiments, they implicitly include adsorp-
tion effects. These results, which are shown in Table 2 suggest

that helium diffuses ∼2−4.2 times faster than CH4 through
SAPO-34 membranes. The lower performance of the thicker,
lower water molar ratio membranes M1 and M2 correlates
with a lower ratio of diffusion coefficient for He/CH4. The best
performing membranes (M3−M5) display the highest He/
CH4 diffusivities.
Based on molecular sieving effects and higher He to CH4

diffusivities, one may expect higher separation selectivity.
However, the separation may be affected by the preferential
adsorption of methane to the surface of SAPO-34. The
stronger adsorption of methane over SAPO-34 is due to its
polarity and polarizability, with the latter primarily determining

the degree of adsorption.23 The relatively higher polarity of
methane, compared to helium, results in methane preferential
adsorption, as the zeolite’s hydrophilic nature promotes
adsorption of small polar molecules.24 Methane has a
polarizability of 2.448 Å3, which is relatively high, as compared
to the polarizability of helium (0.208 Å3).24 The framework of
SAPO-34 is an anionic framework, giving the surface a net
negative charge and, thus, interacting strongly with the most
polarizable molecule and promoting its adsorption.23,28 The
polarizability couples with the higher condensability and larger
molecular size of methane, compared to helium, resulting in a
significantly higher adsorption coefficient for methane than
helium.20 The preferential adsorption of methane over helium
competes with the diffusion and molecular sieving, causing the
separation selectivity to be moderate.
The stability of membrane M4, which is the highest

performing membrane in this study, was tested over a period
of 5 days. The He permeance and He/CH4 selectivity
increased after 5 days by ∼23% and 12%, respectively. These
results indicate that SAPO-34 membranes display good long-
term stability.
When comparing our separation data with previous reports

on SAPO-34 membranes for other gas mixtures including H2/
CH4

18 and CO2/N2
19 the following conclusions can be drawn.

For H2/CH4 separation over SAPO-34 membranes, the
authors found that CH4 adsorption inhibited H2, resulting in
competitive adsorption; yet, this effect was outweighed by H2

diffusing faster than CH4 and the molecular sieving, because of
the difference in kinetic diameters.18 Despite the similar
separation mechanisms, the separation selectivity of H2 from
CH4 was higher (∼20) than what we observed for He/CH4

mixtures. This is likely due to the difference in the
polarizability of He (0.208 Å3) versus the polarizability of H2
(0.787 Å3). Hydrogen adsorbs preferentially (as compared to
helium) over SAPO-34, because of its higher polarizability
resulting in higher separation selectivities. Conversely, the
permeance of He in our study is greater than that reported for
H2/CH4 mixtures.18 The kinetic diameters of He and H2 are
2.60 and 2.89 Å, respectively; therefore, in principle, the
smaller He atom would diffuse faster than hydrogen within the
SAPO-34 framework. When comparing the separation data for
H2/CO2 mixtures,19 similar conclusions can be made.
Specifically, the hydrogen diffusion rate of H2 dominates
over the competitive adsorption of CO2.
We compared the separation performance of SAPO-34

membranes to the state of the art membranes, using a Robeson
plot revised and updated by Soleimany et al.29,7 Figure 3
illustrates this comparison. The SAPO-34 membranes with
high molar ratios (M3, M4, and M5) surpassed the 2008
Robeson upper limit of separation while the low molar ratio
membranes (M1 and M2) lie between the prior and present

Table 1. Separation Performance of SAPO-34 Membranes for a 50:50 He/CH4 Mixturea

water molar
ratio

membrane
ID

membrane thickness
(μm)

He permeance
(× 10−7 mol/m2 s Pa)

separation
selectivity, α

separation index, π
(× 10−2 mol/m2 s)

150 M1 10.3 1.52 3.4 3.1
150 M2 9.4 1.54 2.8 2.4
300 M3 6.1 2.28 8.2 13.7
300 M4 7.8 1.88 13.8 21.0
300 M5 9.1 1.37 9.2 9.5

aTransmembrane pressure = 138 kPa, flow rate = 30 sccm, room temperature.

Table 2. Effective Diffusion Coefficients for 50:50 He/CH4
Mixture Permeated through SAPO-34 Membranes at Room
Temperature with a Transmembrane Pressure of 138 kPa

water molar
ratio

membrane
ID

D(He)
(× 10−10 m2/s)

D(CH4)
(× 10−10 m2/s)

D(He)/
D(CH4)

150 M1 29.0 13.1 2.2
150 M2 28.4 14.3 2.0
300 M3 18.5 5.5 3.4
300 M4 13.5 3.2 4.2
300 M5 15.0 4.1 3.7
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Robeson upper bounds. Our best SAPO-34 membrane
surpassed the updated Robeson upper bound limit.
The primary membranes for He/CH4 separation that

approach the upper bound limit (such as Hyflon AD60X and
Teflon AF-2400) or exceed it (such as poly(p-phenylene
benzobisimidazole)) are polymeric membranes.7,28 Despite the
desirable separation performance, polymeric membranes may
have some notable limitations, such as low thermal, chemical,
and hydrothermal stability, leading to plasticization and
swelling.2 Silica membranes outperform polymers, in terms
of thermal and chemical stability, yet are costly and time-
consuming to synthesize.2 Metal organic framework mem-
branes and mixed-matrix membranes lack chemical, hydro-
thermal, and thermal stability, are costly to synthesize, and
have flexible pore sizes, because of the organic component.2

Zeolites provide high chemical, hydrothermal, and thermal
stability.2 The stability allows zeolites to potentially separate in
the presence of multiple impurities under harsh conditions,
thus saving costs, with regard to renewing or replacing the
membrane. The ability of SAPO-34 membranes to effectively
separate nitrogen, carbon dioxide, hydrogen, and helium (this
work) from methane has been demonstrated. The overall
separation performance of the SAPO-34 membranes in the
presence of other impurities, will likely decrease, because of a
strong competitive adsorption between the involved mole-
cules.30,31 This has been observed for SAPO-34 membranes
employed for gas separations related to natural gas processing.
In conclusion, SAPO-34 membranes successfully separated

helium from methane with the highest separation selectivity
and helium permeance, reaching 2.28 × 10−7 mol/(m2 s Pa)
and 13.8, respectively, at 273 K and a transmembrane pressure
of 138 kPa. The best SAPO-34 membrane surpassed the
revised Robeson upper bound limit, making these membranes
good candidates for helium recovery from natural gas.
Mechanistically, differences in diffusivities between the
permeating molecules, and intrinsic molecular sieving of
SAPO-34, led to helium selective membranes.
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