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High-Silica CHA Zeolite Membrane with Ultra-High Selectivity and
Irradiation Stability for Krypton/Xenon Separation

Xuerui Wang',* Tao Zhou', Ping Zhang, Wenfu Yan, Yongguo Li, Li Peng, Dylan Veerman,
Mengyang Shi, Xuehong Gu,* and Freek Kapteijn*

Abstract: Capture and storage of the long-lived *Kr is an
efficient approach to mitigate the emission of volatile radio-
nuclides from the spent nuclear fuel reprocessing facilities.
However, it is challenging to separate krypton (Kr) from xenon
(Xe) because of the chemical inertness and similar physical
properties. Herein we prepared high-silica CHA zeolite
membranes with ultra-high selectivity and irradiation stability
for Kr/Xe separation. The suitable aperture size and rigid
framework endures the membrane a strong size-exclusion
effect. The ultrahigh selectivity of 51-152 together with the Kr
permeance of 0.7-1.3x10"8molm™>s'Pa~! of high-silica
CHA zeolite membranes far surpass the state-of-the-art
polymeric membranes. The membrane is among the most
stable polycrystalline membranes for separation of humid Kr/
Xe mixtures. Together with the excellent irradiation stability,
high-silica CHA zeolite membranes pave the way to separate
radioactive Kr from Xe for a notable reduction of the volatile
nuclear waste storage volume.

Introduction

Nuclear power plants supplied in 2017 about 10 % of the
world’s electricity, 2636 TWh, avoiding 2388 million tonnes of
annual CO, emission from power plants fired by natural gas—
by far the cleanest burning fossil fuel."! However, the spent
nuclear fuel is highly radioactive and must be carefully
reprocessed to recover plutonium and uranium for advanced
fuel cycles and to safeguard human health and minimize the
impact on the environment.”! Volatile radionuclides, pre-
dominately Kr and Xe generated during irradiation of the
fuel, are released into the reprocessing off-gas streams and
ultimately into the environment. The only significant reduc-

tion of ¥Kr is by radioactive decay with a long half-life of
10.76 years. For this reason the emitted ¥Kr has accumulated
in the atmosphere, causing a fifteen-fold increase in radio-
activity concentration from 0.1 Bqm™ in 1959 to current
1.45Bqm™ in Central Europe.’! The *Kr intensifies the
ionization of atmospheric gases and results in irreversible
climate changes."*! Therefore, the capture and storage of *Kr
from off-gases came into the focus.

The separation of Kr from Xe is highly challenging but
economically attractive due to a ten-fold volume reduction
for radioactive ¥Kr storage. Cryogenic distillation is techni-
cally feasible but energy intensive due to the operation at low
temperature and high pressure.”! Physical adsorption based
on activated carbon,® zeolites®”) metal-organic frame-
works,”®! porous organic frameworks" is deemed an energy-
efficient alternative that can be operated at near-ambient
conditions. However, the adsorbents are generally Xe selec-
tive over Kr due to the stronger Van der Waals’ interactions
(thermodynamic control).'”! Considering the lower abund-
ancy of Kr (Kr/Xe ratio=9/91), a selective adsorption of Kr
over Xe (kinetic control) is preferred to improve the
economic feasibility, whereas this kind of adsorbent is rarely
explored.[']

To enhance the Kr-selective adsorption, Thallapally and
co-workers pioneered a dual-bed cascade system, including
a Xe selective adsorbent bed followed by Kr adsorption in the
second bed.['?l Alternatively, kinetic control (diffusion selec-
tivity) can easily dominate over thermodynamic control in
membrane gas separation, evidenced by the separation of H,/
CO,,M N/CH,™ and CO,/Xe.) However, Kr/Xe mem-
brane separation is challenging because the kinetic diameter
difference between Kr (0.36 nm) and Xe (0.396 nm) is less
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than 0.04 nm and Xe is preferentially adsorbed over Kr
(competitive adsorption control). Polycrystalline membranes
featuring a well-defined pore structure are the most promis-
ing for Kr/Xe separation in view of working capacity
(permeance) and efficiency (selectivity).'¥ The reported
polycrystalline membranes for Kr/Xe separation, such as
SAPO-34,1%dl are extremely sensitive to moisture because
channel blockage!” and framework collapse™®! occurred
through water uptake from off-gas streams." Sufficient
resistance to y-radiation is another essential criterion for
practical application using radioactive ®Kr,™?! but the
radiation stability of polycrystalline membranes is hardly
reported.”’

Herein we prepared high-silica CHA zeolite membranes
on ceramic hollow fiber substrates for Kr/Xe separation. The
elliptical pore opening of high-silica CHA zeolite is 0.370 x
0.417 nm,?Y narrower than that of benchmark SAPO-34
(0.38 x 0.38 nm).”?! More importantly, the framework is less
flexible,?! therefore, a stronger size-exclusion of Kr and Xe
atoms is highly anticipated for high-silica CHA zeolite
membranes. The high-silica nature endures superior hydro-
phobicity so that the structural stability and separation
performance is insensitive to water vapor. Together with
potential resistance to y-irradiation, the high-silica CHA
zeolite membrane would become a new benchmark for
radioactive Kr separation from Xe for a notable decrease in
the volatile radionuclides’ storage volume.

Results and Discussion

The membranes were synthesized by the secondary
growth method. Figure 1 shows the representative SEM
images of the membranes synthesized for various periods.
The porous alumina supports were gradually covered by
typical cubic crystals, along with an increasing membrane
thickness, as the synthesis time increased. After 48 h synthesis
a 0.8-um-layer formed on the membrane surface without
visible cubic morphology (Figure 1a,b). The thickness in-
creased further to 1.7 um by prolonging the synthesis time to
96 h (Figure 1d), which is similar to the one synthesized in
fluorine-containing gel by Hedlund and co-workers.** Be-
sides the well intergrown layer, few relative large cubic
crystals (3.4 + 0.3 um) are observed at the surface (Figure 1c¢).
The convex crystals grow faster than the ones embedded
which are more space-confined. Eventually the crystals grew
up to 11.8£1.2 um after hydrothermal synthesis for 144 h
(Figure 1e), similar to the crystals collected from the bottom
of autoclave (11.3 £ 1.5 um, Figure S1). The lower membrane
thickness of around 9.0 um (Figure 1 f) indicates the slower
space-confined crystal growth in the membrane layer. The
large crystals caused a rough membrane surface, which is
unfavorable to the membrane sealing for gas separation.’!
Furthermore, the thickness and uneven grain size caused
cracks in the well-intergrown polycrystalline membranes after
detemplatation.*")

The phase composition of the membrane was determined
by powder X-ray diffraction (PXRD). The patterns are
consistent regardless of synthesis time (Figure S2), confirming
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Figure 1. SEM image of high-silica CHA zeolite membranes synthe-
sized for 48 h (a,b), 96 h (c,d) and 144 h (e,f). The temperature was
fixed at 433 K and the synthesis composition at 104 SiO,/1.1 Al,O5/
10Na,0/20TMAdaOH/4410H,0. The well-intergrown layer (right, light
yellow marker color) and cracks (left, yellow arrows) are highlighted.

the successful synthesis of pure CHA zeolite membranes. The
diffraction intensity is enhanced over time as the crystal
grains grew and membrane thickness increased. Generally,
the silicon species initially aggregate and fuse together to
generate zeolitic building blocks covering the parent seeds
(induction period). Rimer et al.’’! revealed this period lasted
at least 36 h after which high-silica CHA zeolite crystalliza-
tion was triggered through consuming the amorphous species
(growth period). This is the reason why a low diffraction
intensity and no cubic crystals are observed after the short
synthesis period of 48 h. The amorphous species blocked the
pathway for gas transport through the membrane as evi-
denced by a low Kr permeance of 2.2x 10~ molm2s™'Pa™!
(membrane M1, Table 1). The diffraction intensity remained
constant after extending the synthesis time beyond 96 h,
indicating a regular zeolitic framework formed.® The Kr
permeance increased by one order of magnitude and the Kr/
Xe mixture selectivity up to 152 (membrane M3).

To obtain the adsorption parameters, single-component
isotherms were collected at 273 K, 298 K, 323 K and then

Table 1: Kr/Xe mixture (50/50) separation performance of the mem-
branes synthesized for different periods of time.

Membrane t[h] Py, [molm™2s7"Pa™] U
M1 48 2.2x107° 26.8
M2 96 1.7x1078 51
M3 96 1.3x1078 152
M4 96 7.1%x107° 114
M5 144 7.2x107° 6.2
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Figure 2. Kr and Xe single-component adsorption isotherms of high-
silica CHA zeolite (closed symbols: measured adsorption data points;
open symbols: measured desorption data points; line: single-site
Langmuir isotherm fit).

fitted to a single-site Langmuir model (Figure 2). The Kr
desorption branches overlap well with the adsorption ones
while the ones of Xe show a slight hysteresis in the low
pressure range, indicating some restricted Xe diffusion. High-
silica CHA is more adsorption selective for Xe over Kr,
evidenced by the higher adsorption heat of Xe over Kr
(Figure S3a). This can be well explained by the confinement
effect? and the stronger interaction®™! (thermodynamic
control). An unfavorable (high) Xe-adsorption selectivity
would compromise a Kr/Xe diffusion selectivity so that
current polycrystalline membranes exhibit a low or moderate
Kr/Xe selectivity (0.98-45, Table S1).'%3 The Xe adsorption
heat of high-silica CHA zeolite (20.4 kImol™") is 10% lower
than the benchmark SAPO-34 (22.5 kJmol!).%*! Remark-
ably, both adsorption heats are fairly constant with loading,
revealing a homogeneous structure and the effect of alumi-
num traces (Si/Al ratio > 50) on gas uptake can be ignored.””
The ideal adsorbed solution theory (IAST) Xe/Kr adsorption
selectivity is only half that of SAPO-34 (6.7 vs. 12.0, Fig-
ure S3b)."% Following this line, a smaller competitive ad-
sorption effect would improve the high-silica CHA zeolite
membrane performance.*!

To get more insight in the separation mechanism, single
gas permeation of CO,, N,, Kr, CH, and Xe was measured for
membrane M2 (Figure 3a and Figure S4a) and described by
a Maxwell-Stefan formulation.®*! Together with the ad-
sorption parameters derived from single-site Langmuir fitting
(Table S2), the temperature-dependent diffusivity was esti-
mated (Figure 3b). It must be emphasized that a loading-
dependent diffusivity is not explicitly considered, and if
present, is therefore contained in the diffusivity activation
energy.”¥ Here we demonstrate Kr atoms diffuse two orders
of magnitude faster than Xe, and even molecular dynamic
simulation reveals that diffusion selectivity dominates the
overall membrane selectivity.>**! The diffusion selectivity of
Kr over Xe is up to 146 at 298 K for membrane M2, which is
two-fold higher than for the benchmark SAPO-34 zeolite
membranes (65.2).1° The ultrahigh selectivity can be ex-
plained by the stronger size-exclusion effect (molecular
sieving) of high-silica CHA zeolite, benefiting from the
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Figure 3. a,b) Single component permeation and diffusivity at different
temperatures and 1.5 bara. c) Feed pressure-dependent Kr/Xe equimo-
lar mixture separation performance at 298 K. d) Kr/Xe mixture separa-
tion performance for different compositions at 298 K and 1 bara.
Membrane M2 was used.

smaller aperture (0.370x0.417 nm)?* and more rigid
framework.”™ Even though cation-exchange with K* in-
creased the diffusion selectivity of SAPO-34 zeolite mem-
branes by 63 %, the Kr permeance was considerably low (6.3 x
10~ molm~2s'Pa~!).'! The single component Kr perme-
ance of our high-silica CHA zeolite membrane gave 1.10 x
10 * molm s 'Pa! at 298 K and monotonically decreased
with temperature up to 473 K. Considering the increasing
diffusivity, the decreasing adsorbed amount dominates the Kr
permeance.m] In the case of Xe, a more restricted diffusion
and a relatively high activation energy (Eqx, = 15.4 kJmol™
and Egx. =22.3 kJmol ™) is encountered due to the fact that
the kinetic diameter is bigger than the elliptical window
opening. The activation energy of Xe diffusion is even higher
than the heat of adsorption (20.4 kJ mol™). This explains well
the monotonic increase of Xe permeance and the decreased
ideal selectivity of Kr over Xe with increasing temperature.””!

To estimate the potential for practical application, we
further evaluated the membrane performance in the separa-
tion of Kr/Xe mixtures. For an equimolar mixture, the Xe
permeance increased with temperature while the Kr perme-
ance was relatively constant, leading to a decreasing Kr/Xe
selectivity from 51 at 298 K to 43 at 348 K (Figure S5), which
is still three times higher than the benchmark SAPO-34
zeolite membranes at elevated temperature (og,x.=12,
Table S1).[' The high quality of our high-silica CHA zeolite
membrane is further shown by the constant Xe permeance
with pressure, indicating the absence of viscous flow (Fig-
ure 3¢). The Kr permeance decreased with pressure, similarly
as for the single component permeation, due to nonlinear
adsorption.’ Eventually the high-silica CHA zeolite mem-
branes showed a Kr permeance of 1.0 x 10® molm2s'Pa™*
and a Kr/Xe selectivity of 28 at 5 bara. The binary and single
component Kr permeance are nearly the same, further
proving our hypothesis of less competitive adsorption.

The performance of the high-silica CHA zeolite mem-
branes reported here far surpasses the state-of-the-art poly-
meric membranes (Figure 4).*) Compared with other poly-
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Figure 4. Comparison of high-silica CHA zeolite membrane perfor-
mance in this work with other membranes, including SAPO-34,1% K-
SAPO-34,1%4 AIPO-18,'*) DD3R, ZIF-8,M'* CC3 cage,®l carbon molec-
ular sieve (CMS)E" and MFIP" (raw data points given in Table S1). The
polymeric membrane’s upper bound for Kr/Xe separation is taken
from ref. [39].

crystalline membranes (including SAPO-34,1°1 K-SAPO-
34,091 ATPO,-18,'%! DD3R, ZIF-8!"*! and CC3 cagel'*"),
a maximum selectivity was achieved by high-silica CHA
zeolite membranes. The ultrahigh selectivity was obtained
over a wide range of feed compositions (Figure3d and
Table S3). Considering the lower presence of Kr over Xe
encountered in the spent nuclear fuel reprocessing off-gas (9/
91),1% a high selectivity is essential for less membrane stages
and reducing the capital investment and operation cost.!*"
Although water vapor is typically present in the spent
nuclear fuel reprocessing off-gas, its influence on the Kr/Xe
separation performance and stability of the membranes has
not been addressed yet.'®*¢¢l Here we evaluated the hydro-
thermal stability of high-silica CHA zeolite membranes for
Kr/Xe separation under humid conditions (Figure Sa). In the

(a) Humid feed at 298 K Heating at 473 K
102 — = | 10°
F'm PKr
& Q
: ot i
o @ 110% «
_E 10" ? & m !
OE e § Tixe &
° Pre 110'
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Figure 5. a) Hydrothermal stability of high-silica CHA zeolite mem-
brane for dry (purple and green label) and humid (2.3 kPa water vapor,
orange label) Kr/Xe mixture separation at 298 K. Membrane M3 was
used. b,c) BET area, micropore volume and PXRD of high-silica CHA
zeolite before and after y-irradiation for 30 days and 100 kGy.
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dry binary mixture the Kr permeance was 1.2x
10 molm s 'Pa~! with a Kr/Xe selectivity of 152. Both
the Kr permeance and selectivity decreased once the feed was
saturated with water vapor. However, Kr permeance gradu-
ally recovered when the humidified gas supply was stopped,
reaching 87.5 % initial performance after 6 h, benefiting from
the hydrophobic nature of high-silica.”!! In contrast, the
adsorbed water completely blocks the SAPO-34 channels,"”!
and even worse, the framework collapses through dynamic
hydrolysis of Si-O-Al and P-O-Al bonds.'¥ The original
permeance of high-silica CHA zeolite membrane was recov-
ered by heating at 473 K for 12 h, indicating only physical
water adsorption occurred in our high-silica CHA zeolite
membrane.!” The membrane kept a constant performance
after one more humid feed cycle of totally one week,
confirming reliable stability of high-silica CHA zeolite
membranes for moisture-saturated Kr/Xe separation.

The radioactive stability of high-silica CHA zeolite was
confirmed by exposure to y-radiation for 30 days. The
irradiation dose used was 100 kGy, identical to the total dose
coming from *Kr in off-gas for one year exposure.™ Herein,
we used BET area, micropore volume and X-ray power
diffraction as indicators to track the framework integrity
before and after irradiation. The BET area and micropore
volume are essentially constant within less than 5% (Fig-
ure 5b). CHA zeolite without any impurity phase was
identified from PXRD patterns (Figure 5c). In contrast,
phase changes were observed for MOF SIFSIX-3 at 1 kGy!'*!
and nickel formate was identified for MOF NiDOBDC at
67.2 kGy." For current benchmark SAPO-34 zeolite mem-
branes, the separation performance dropped by 36.6 % over
60 days storage and irradiation under atmosphere condi-
tions.””! Therefore, high-silica CHA zeolite is considered the
new benchmark polycrystalline membrane material for radio-
active Kr separation from Xe.

Conclusion

In summary, we demonstrated that high-silica CHA
zeolite membranes possess ultra-high selectivity and irradi-
ation stability for Kr/Xe separation. The Kr/Xe selectivity up
to 152 surpasses the current polymeric and polycrystalline
membranes, and the membrane exhibited stable performance
in a moisture-saturated mixture for more than one week.
Together with the superior irradiation stability (> 100 kGy),
the high-silica CHA zeolite membrane paves the way for
separating radioactive ®Kr from Xe, reaching a notable
decrease in the volatile nuclear waste storage volume.
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High-silica CHA zeolite membranes show
ultra-high Kr/Xe selectivity and superior
hydrothermal stability. Together with their
irradiation stability, high-silica CHA zeo-
lite membranes can pave the way to
enrich radioactive ¥*Kr from xenon for

a notable decrease in the volatile nuclear
waste volume.
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