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ARTICLE INFO ABSTRACT

Keywords: Capturing Xe from gas mixtures represents one of the most challenging molecular gas separations. In this com-
Zeolites munication, we demonstrate the ability of a zeolite membrane, denoted as SAPO-34, to effectively capture Xe
Membranes from air. Specifically, SAPO-34 membranes showed air permeances as high as 2.3 x 10~7 mol/m? sPa (690 GPU)
Molecular Separation and separation selectivities as high as 30.1 for a molar feed of 9:1 air/Xe. Molecular sieving, competitive adsorp-
ifrnon tion, and diffusivity differences played a critical role in the overall separation performance. Membranes were

air selective due to favorable molecular sieving and differences in diffusivity between gases present in the air
mixture and Xe. Molecular sieving and diffusivity differences were identified as the dominant separation mecha-
nisms. The high air permeances and separation selectivities make these membranes highly appealing as a poten-
tially less energy intensive alternative to cryogenic distillation, the benchmark technology used to separate these

gases.

1. Introduction

Xenon (Xe) is a scarce and important inert gas used in the lighting,
electrical, aerospace, and medical industries [1-10]. Xe lamps achieve
high-intensity luminosity and very brief flash durations over long lifes-
pans. Sugawara Lab Inc. first commercialized Xe flash lamps, which
have been applied in photography [1]. Plasma display panels contain Xe
arc-lamps [2]. Xe lamps can simulate sunlight [3] and blue light in ve-
hicular headlights and anti-fog lights [4]. As an easily-ionized inert gas
with high atomic mass and cryogenic storage density, Xe is the domi-
nant ion thruster propellant for spacecraft. Xe is also used as a nontoxic,
short-induction anesthetic allowing rapid recovery of alertness [5-8]
and as an ionization-chamber material in medical-imaging X-ray ma-
chines [9].

The conventional, and most prevalent technique for recovering Xe
from air, cryogenic distillation [10], requires high energy and capital
expense. Cryogenic distillation cools air below the boiling point of oxy-
gen (—183°C) to separate the inert gas from the mixture [10]. Typi-
cally, a cryogenic air separation plant contains a series of process units
that involve air compression, air purification, heat exchanging, distil-
lation, and product compression [11]. Since this process is expensive,
very little Xe is separated from air. Only 80.7 metric tonnes (14 million
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liters) of Xe is separated every year out of 2 billion metric tons that exist
in the atmosphere [12]. Membrane technology could potentially reduce
the energy and costs required by this challenging separation. A detailed
techno economic analysis may be needed to know if membrane tech-
nology can surpass cryogenic distillation for Air-Xe separation. There
is limited research on membrane technology for capturing Xe from air.
Recently, we documented the first example of any microporous crys-
talline membrane (a metal organic framework denoted as ZIF-8) dis-
playing separation ability for air/Xe mixtures [13]. Herein we demon-
strate that SAPO-34 membranes can separate air/Xe mixtures at higher
permeances and separation selectivities. Due to its pore size lying be-
tween the kinetic diameters of the targeted gas molecules, SAPO-34, a
chabazite silico-aluminophosphate zeolite, is a highly suitable candidate
to separate air from Xe. Specifically, SAPO-34 has a pore size of 0.38 nm
[14-23], between the kinetic diameters of O, (0.35nm), N, (0.36 nm)
and Xe (0.41 nm) [24,25].

The first example of a continuous SAPO-34 membrane was reported
more than two decades ago [26,27]. Since then, the Noble and Fal-
coner groups have pioneered the development of SAPO-34 membranes
for the effective separation of several gas mixtures including CO,, CH,,
H,, hydrocarbons, and noble gases [14-22]. Specifically, the molecular
sieving properties of SAPO-34 membranes have been demonstrated for
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diverse industrially relevant molecular gas separations, including
mainly CO,/CH, [14-23,28,29], CO,/N, [28,29], CO,/butane [22],
N,/CH, [22,30-34], and Kr/Xe [35-39] separations.

2. Experimental section
2.1. Preparation of SAPO-34 seeds

A molar composition of 1.0 Al,O5: 2.0 P,Os5: 0.6 SiO,: 4.0 TEAOH:
150H,0 was employed for crystal synthesis. Deionized water was mixed
with the aluminum source (Al (i-C3H;0) 3, 98%, Sigma-Aldrich) and
stirred at room temperature for 1h. Then, phosphoric acid (H3PO,,
>85wt%, Sigma-Aldrich) was added and the solution was stirred for
another 2h, followed by the addition of Ludox AS-40 colloidal silica
(SiO,, 40 wt% suspension in water, Sigma-Aldrich) and additional stir-
ring for 3h. Tetraethylammonium hydroxide (TEAOH, 35wt% in wa-
ter, Sigma-Aldrich) was added, and the mixture was stirred overnight at
room temperature to form a homogeneous solution. A microwave vessel
was filled with the solution, and the vessel was heated in a microwave
oven (CEM Mars 5 Microwave Reaction System with XP-1500 plus con-
trol vessel) at 180°C for 7 h. Crystals were collected from the solution
by centrifugation at 3300 rpm for 10 min. Washing with deionized wa-
ter was conducted three times, and the crystals were dried overnight at
100°C.

2.2. Synthesis of SAPO-34 membranes

The method to prepare the SAPO-34 membrane was similar to that
described in the our previous reports [31,35]. A molar composition of
1.0 Al,O3: 1.0 P,Os5: 0.3 SiO,: 1.0 TEAOH: 1.6 DPA: 300H,0 was used
for the membrane gel. First, deionized water was added to Al(i-C3H,0)s,
and the mixture stirred for 1h. Phosphoric acid was added, and the so-
lution was stirred for another 2h. Ludox AS-40 colloidal silica was then
added, and the solution was stirred for 3h. TEAOH was then added,
and the solution was stirred again for 1h. DPA (diproprylamine, 99%,
Acros Organics) was the final ingredient added to the solution. The ag-
ing process was conducted by stirring at 45-50 °C for 4 days. Alpha alu-
mina tubular supports (Inopor GmbH) with inner diameter of 7 mm, in-
ner dimeter of 10mm and pore size of 100 nm were used for membrane
growth.

SAPO-34 seeds were rubbed on the inner surface of the supports with
a cotton swab. Teflon tape was wrapped on the outer surface of the sup-
ports tape to prevent external membrane growth. The seeded supports
were placed in Teflon liners containing synthesis gel. The supports were
hydrothermally treated at 230 °C in a conventional oven for 6 h. Flowing
tap water was then used to cool and wash the membranes for 15min,
and the supports were dried at 80°C for 10h. Calcination was carried
out at 400 °C for 4h with a heating and cooling rate of 0.8 °C/min.

2.3. Characterization

Powder X-ray diffraction (PXRD) analysis was conducted using an
X-Ray Diffraction System (operated at 45kV and 40mA with Cu Kol
radiation, A = 1.54059 A) on crystals collected from the bottom of the
support. SEM analysis (JEOL JSM-7000F scanning electron microscope)
was conducted on broken-up membrane fragments. Equilibrium Xe and
N, adsorption isotherms were collected using an Autosorb iQ2 Quan-
tachrome automated gas sorption analyzer. Temperature was main-
tained using a water bath. Prior to analysis, each sample was outgassed
for 12h at 200 °C under vacuum.
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2.4. Gas mixture separation experiments

Gas mixture permeations were measured in a continuous flow sys-
tem. For mixture separation, premixed air (N, and O,)/Xe= 90:10 mix-
ture molar composition (General Air, 99.999%) was used as feed gas.
The composition of air was ~79% N, and ~21% O, The total feed flow
rate was 40ml/min. The membrane was mounted in a stainless-steel
module and sealed at each end with silicone O-rings. The pressure on
each side of the membrane was independently controlled. Fluxes were
measured using a bubble flow meter. Desired gases were used as feed
gas and different feed rates were used in different cases. The feed pres-
sure was 223 kPa, and the pressure in the permeate side was 85 kPa for
a transmembrane pressure of 138 kPa. The compositions of the feed, re-
tentate and permeate streams were measured, after attaining the steady
state, using a gas chromatograph (SRI instruments, 8610C) equipped
with a thermal conductivity detector and HAYESEP-D packed column.
The oven, injector and detector temperatures in the GC were kept at
40°C, 120°C and 150°C, respectively. Separation selectivities and per-
meances were calculated as described elsewhere [13].

3. Results and discussion

Table 1 summarizes the separation results of four SAPO-34 mem-
branes for air/Xe molar feed composition of 9:1. The studied feed mo-
lar composition is a representative composition found typically in nu-
clear reprocessing plants. The composition of air was 79% N, and 21%
O, Four membranes denoted as M1-M4 were synthesized independently
via secondary seeded growth (see Experimental section). XRD patterns
of SAPO-34 seeds and membrane crystals are shown in Fig. 1(a). The
XRD peaks match the simulated XRD peaks of CHA topology. Fig. 1(b)
shows a representative SEM image of SAPO-34 crystals employed for
membrane synthesis. These crystals are composed of nanosheets with
lengths and widths between ~500-600 and 200-300nm respectively,
and thicknesses less than 150nm. M1-M4 displayed air permeances in
the 97-690 GPU range and air/Xe separation selectivities of 7.1-31.1.
As shown in Table 1, the highest air permeable membrane (M3) dis-
played the lowest separation selectivity, while the most selective mem-
branes (M1 and M2) showed the lowest air permeances. These obser-
vations adhere to the typical trend of selectivity-permeance trade-off
for membranes. The separation index = for all membranes ranged from
7.6 to 25.7 x 1072 molm~2 57!, indicating reasonable membrane re-
producibility. This index [n = air permeance X (selectivity-1) X perme-
ate pressure] is a reliable parameter to assess membrane reproducibil-
ity [17]. Membrane performance is highly dependent on microstructure
characteristics (morphology, crystal size, shape and orientation, film
thickness, grain boundary structure, intergrowth, defects, and gaps or
cracks, among others) [40,41].

Fig. 2 shows the top views and cross views of M1 and M3. The
top view images (Figs. 2a and 2c) show well-intergrown rectangular
SAPO-34 crystals on the surface of the 100 nm alumina porous sup-

Table 1

Air/Xe separation performance over SAPO-34 membranes at room temperature; molar
gas mixture composition: 90:10 air/Xe; transmembrane pressure: 138kPa; feed flow rate:
40ml/min.

Membrane Air permeance x10~8 Separation Separation index ()
D (molm~2s~! Pa) (GPU) selectivity («)? x1072 (molm~2s71)
M1 5.4 (161) 30.1 13.4
M2 3.2 (97) 28.6 7.6
M3 23.1 (690) 14.1 25.7
M4 14.6 (436) 21.6 25.6

a  Refers to Air (O, +N,)/Xe.
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Fig. 1. (a) XRD patterns of SAPO-34: i) seeds; 2) crystals collected from the membrane solution. (b) Representative SEM image of SAPO-34 seeds employed for membrane synthesis.
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Fig. 2. (a,c) Representative top views and (b,d) Representative cross section views SEM images of SAPO-34 membranes M1 and M3.

ports. The size of the surface crystals of the membranes was larger than
the crystal size of the seeds (Fig. 1b), suggesting that secondary seed
growth led to a recrystallization process.

The crystal sizes of membrane M1 were slightly larger than those
of membrane M3. Specifically, the M1 crystal sizes ranged from
~1.1-2.9 ym to 4.3-9.8 um, while those of M3 surface crystals ranged
from 0.6 to 1.3 um to 2.2-6.0 um. In principle, small crystals generally
pack better than larger crystals, potentially leading to less defective
membranes. Interestingly, M1 (displaying larger surface crystals) led to

higher separation selectivity as compared to M3. This may be rational-
ized by a lower concentration of grain boundaries and thus a higher
concentration of selective (pore) pathways. Therefore, it is likely that
along with smaller crystals, the M1 membrane had more defects and/
or non-selective pathways. The cross-sectional views for M1 and M3
(Figs. 2b and 2d) show membrane layers with thicknesses of ~6.2 um
and ~6.4 pm, respectively. Since the thicknesses of both membranes are
comparable, the higher air permeance observed for M3 indicates a more
defective membrane.
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To understand the role of adsorption of air and Xe over SAPO-34, ad-
sorption isotherms were collected for N, O, and Xe. The single adsorp-
tion isotherms for N,, O, and Xe were measured at 25 °C for SAPO-34
crystals are shown in Fig. 3. The isotherms indicate SAPO-34 adsorbs ~
9.7 and ~ 5 times more Xe than N, and O, at P/Po = 1 respectively.
This supports the fact that Xe is preferentially adsorbed over SAPO-34
for both air components. The higher Xe adsorption over SAPO-34 can be
explained by polarizability differences between Xe vs N, and O,. Xe has
higher static dipole polarizability than N, and O, (25.29-27.42a.u. vs
7.26 a.u., and 5.4 a.u. respectively) [42-44]. SAPO-34's framework has
a net negative charge depending on how Si substitutes for Al and P into
the framework [45]. The negative charge results in stronger electrostatic
interactions between the SAPO-34 membrane surface and the more po-
larizable Xe, thus promoting preferential adsorption of Xe over N, and
0,. The difference in adsorption between the Xe vs N, and O, correlates
with condensability differences. In principle, the adsorption coefficient
of gases increase with increasing condensability of the gas. This depen-
dence on condensability means that the adsorption coefficient increases
with molecular size, which is in agreement with the higher polarizabil-
ity of Xe over N, and O,.

Effective diffusion coefficients describing transport properties of air
and Xe over SAPO-34 membranes were estimated using Fick's law:
J= —D%. The detailed calculation process is described in Supporting
Information. Since these diffusion coefficients were obtained from ex-
perimental measurements, they include adsorption effects. According to
the relative diffusion coefficient ratios (Table 2), air diffuses 7.2-27.1
times faster than Xe through SAPO-34 membranes. Therefore, the differ-
ence in diffusivities promotes the separation air from Xe over SAPO-34
membranes.

Although SAPO-34 preferentially adsorbs to Xe over air (Fig. 3),
molecular sieving and differences in diffusivities were the two dom-
inant separation mechanisms leading to air selective membranes. In
principle, the 0.38 nm pore size of SAPO-34, lying between the ki-
netic diameters of N, and O, (0.36 nm, and 0.35 nm respectively) vs Xe
(~0.41 nm), should lead to molecular sieving. Diffusion coefficients in-

30
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Fig. 3. Equilibrium N,, O, and Xe adsorption isotherms for SAPO-34 at 25 °C.

Table 2

Diffusivities for air/Xe gas mixture (9:1) over SAPO-34 membrane at room temperature;
molar gas mixture composition: 90:10 air/Xe; transmembrane pressure: 138 kPa; feed flow
rate: 40 ml/min.

Membrane ID D(air) (10719 m? s~1) D(Xe) (10719 m? s~1) D(air)/D(Xe)
M1 8.04 0.29 27.1
M2 4.62 0.19 24.4
M3 29.0 4.02 7.2
M4 18.8 1.55 12.1
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dicate that air diffuses faster than Xe promoting the separation via dif-
ferences in diffusivities. The Xe/air adsorption selectivity of 9.7 indi-
cates that adsorption is a strong competing mechanism against molecu-
lar sieving and differences in diffusivities. The concentrations of air and
Xe in the permeate, and retentate streams shown in Table 3 indicate that
Xe is recovered in the retentate side with composition of ~ 25%. Col-
lecting and recycling the retentate flow in the separation system would
in principle increase Xe recovery.

In Fig. 4, we compare the separation performance of SAPO-34 vs
ZIF-8 membranes. To our best knowledge ZIF-8 membranes is the only
reported microporous crystalline membrane for this air/Xe separation.
This Figure allows for a direct comparison between these two distinctive
types of microporous crystalline membranes since both types of mem-
branes were grown on the same type of porous supports and were tested
under similar separation conditions. Overall, SAPO-34 membranes dis-
played higher permeance and higher separation selectivity.

Table 4 shows the average separation performance of both types
of membranes. SAPO-34 displayed separation selectivities more than
two times higher than those observed for ZIF-8 membranes. The main

Table 3
Air and Xe compositions in the permeate and retentate streams for molar ratio 9:1 air/Xe
mixtures at room temperature and transmembrane pressure of 138 kPa.

Membrane ID Permeate composition Retentate composition

Air% Xe% Air% Xe%
M1 99.31 0.69 88.11 11.89
M2 99.24 0.76 87.11 12.89
M3 97.67 2.33 75.54 24.46
M4 98.53 1.47 77.57 22.43
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Fig. 4. Air/Xe separation selectivity vs Kr permeance over SAPO-34 ([]), and ZIF-8 (/\)
membranes for a 9:1 air/Xe molar gas mixture. Data for ZIF-8 taken from reference [13].

Table 4
Average air/Xe Separation performance comparison for SAPO-34 and ZIF-8. Data for ZIF-8
taken from reference [13].

Average
Membrane membrane
Composition Thickness (um)  Average gas separation performance
Air Separation
Selectivity permeance index (r)
(o) (GPU) x1072
SAPO-34 6.3 23.6 346 18.1

ZIF-8 18 10.4 109 2.9
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factor contributing to the higher observed separation selectivities for
SAPO-34 membranes is the intrinsic molecular sieve property of
SAPO-34 determined by its smaller rigid pore size of 0.38 nm as com-
pared to ZIF-8's larger adjustable pore size (0.40-0.42nm) [37,46].
This observation is supported by recent molecular simulation studies
on SAPO-34 and ZIF-8 membranes which demonstrate that the rigid
SAPO-34 framework was more effective at excluding Xe than ZIF-8 [37].
Specifically, it was found that there is a higher energy diffusion barrier
for Xe over SAPO-34 (as compared to ZIF-8) [37]. Therefore, the stiffer
SAPO-34 windows promote a more effective molecular sieving, leading
to a higher separation selectivity. It is important to mention, that while
simulations suggest that SAPO-34 is close to exhibiting true molecular
sieving, it still allows Xe to penetrate through its pores, albeit infre-
quently [37]. Also, SAPO-34 membranes displayed more than 3 times
higher average air permeances as compared to ZIF-8 membranes. Air
permeance correlates with membrane thickness. It is important to men-
tion that SAPO-34 membranes may be sensitive to moisture, and there-
fore its separation performance may be compromised in the presence of
water. Therefore a dry air-Xe feed is highly desirable for effective sepa-
ration.

4. Conclusions

In summary, SAPO-34 membranes displayed enhanced performance
Xe recovering from air, with air/Xe separation selectivities and per-
meances as high as 30.1 and 690 GPU, respectively. As compared to
ZIF-8 membranes, SAPO-34 membranes exhibit higher air/Xe separa-
tion selectivity and permeance. The main factors contributing to the ob-
served improved separation performance were the intrinsic molecular
sieve property of SAPO-34 imparted by its rigid pore size, and its thin-
ner thickness. To our best knowledge, SAPO-34 membranes described
here display the highest reported membrane separation performance for
air/Xe mixtures.

Acknowledgements

This work was supported by the Department of Energy Nuclear En-
ergy University Program under Grant No. DE-NE0008429. PNNL ac-
knowledges U.S. Department of Energy (DOE), Office of Nuclear En-
ergy and NEUP for adsorption properties. P.K.T. would like to acknowl-
edge Dr Terry Todd at Idaho National Laboratory, Dr Robert Jubin at
Oakridge National Laboratory, Dr John Vienna at PNNL, Kimberly Gray,
Dr. Patricia Paviet and Jim Breese (DOE-NE HQ) for programmatic sup-
port. PNNL is a multi-program national laboratory operated for the
US DOE by Battelle Memorial Institute under Contract DE-AC05-76R-
L01830.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.memsci.2018.12.021.

References

[1] A. Wekhof, Disinfection with flash lamps, PDA J. Pharm. Sci. Technol. 54 (3)
(2000) 264-276.

[2] C.H. Kim, LE. Kwon, C.H. Park, Y.J. Hwang, H.S. Bae, B.Y. Yu, C.H. Pyun, G.Y.
Hong, Phosphors for plasma display panels, J. Alloy. Compd. 311 (1) (2000)
33-39.

[3] S.Ito, H. Matsui, K.I. Okada, S.I. Kusano, T. Kitamura, Y. Wada, S. Yanagida, Cali-
bration of solar simulator for evaluation of dye-sensitized solar cells, Sol. Energy
Mater. Sol. Cells 82 (2004) 421-429.

[4] K. Eichhorn, LEDs in automotive lighting, Proc. SPIE 6134 (2006) 613405.

[5] N.P. Franks, R. Dickinson, S.L.M. De Sousa, N.A. Hall, W.R. Lieb, How does xenon
produce anaesthesia, Nature 396 (6709) (1998) 324.

[6]

[71

[8]
[91

[10]

[11]

[12]
[13]
[14]

[15]

[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]

[27]

[28]
[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Journal of Membrane Science xxx (2018) xxx-xxx

B. Lachmann, S. Armbruster, W. Schairer, M. Landstra, A. Trouwborst, G.J. Van
Daal, W. Erdmann, Safety and efficacy of xenon in routine use as an inhalational
anaesthetic, Lancet 335 (8703) (1990) 1413-1415.

R.D. Sanders, N.P. Franks, M. Maze, Xenon: no stranger to anaesthesia, Br. J.
Anaesth. 91 (5) (2003) 709-717.

A. Wanner, A. U.S. Patent Application No. 11/509, 809, 2006.

C.W. Van Eijk, Inorganic scintillators in medical imaging, Phys. Med. Biol. 47 (8)
(2002) R85.

F.G. Kerry, Industrial Gas Handbook: Gas Separation and Purification, CRC Press/
Taylor & Francis Group, Boca Raton, FL, 2007.

A. Darde, R. Prabhakar, J.P. Tranier, N. Perrin, Air separation and flue gas com-
pression and purification units for oxy-coal combustion systems, Energy Proc. 1 (1)
(2009) 527-534.

R. Betzendahl, Ever Changing Rare Gas Market, CryoGas International, February
32-34, 2013.

T. Wu, J. Lucero, M. Sinnwell, P.K. Thallapally, M.A. Carreon Recovery of xenon
from air over ZIF-8 membranes, Chem. Commun. 54 (65) (2018) 8976-8979.

J.C. Poshusta, V.A. Tuan, E.A. Pape, R.D. Noble, J.L. Falconer, Separation of light
gas mixtures using SAPO-34 membranes, AIChE J. 46 (4) (2000) 779-789.

E.W. Ping, R. Zhou, H.H. Funke, J.L. Falconer, R.D. Noble, Seeded-gel synthesis of
SAPO-34 single channel and monolith membranes, for CO,/CH, separations, J.
Membr. Sci. 415 (2012) 770-775.

R. Zhou, E.W. Ping, H.H. Funke, J.L. Falconer, R.D. Noble, Improving SAPO-34
membrane synthesis, J. Membr. Sci. 444 (2013) 384-393.

M.A. Carreon, S. Li, J.L. Falconer, R.D. Noble, SAPO-34 seeds and membranes pre-
pared using multiple structure directing agents, Adv. Mater. 20 (2008) 729-732.
M.A. Carreon, S. Li, J.L. Falconer, R.D. Noble, Alumina-supported SAPO-34 mem-
branes for CO,/CH, separation, J. Am. Chem. Soc. 130 (16) (2008) 5412-5413.

S. Li, J.L. Falconer, R.D. Noble, Improved SAPO-34 membranes for CO,/CH, sepa-
rations, Adv. Mater. 18 (2006) 2601-2603.

S. Li, J.L. Falconer, R.D. Noble, SAPO-34 membranes for CO,/CH, separation, J.
Membr. Sci. 241 (2004) 121-135.

H.H. Funke, M.Z. Chen, A.N. Prakash, J.L. Falconer, R.D. Noble, Separating mole-
cules by size in SAPO-34 membranes, J. Membr. Sci. 456 (2014) 185-191.

T. Wu, M.C. Diaz, Y. Zheng, R. Zhou, H.H. Funke, J.L. Falconer, R.D. Noble, Influ-
ence of propane on CO,/CH, and N,/CH, separations in CHA zeolite membranes,
J. Membr. Sci. 473 (2015) 201-209.

J.L. Falconer, M.A. Carreon, S. Li, R.D. Noble, U.S. Patent No. 8,302,782, 2012.
AF. Ismail, K.C. Khulbe, T. Matsuura, Gas Separation Membranes, Springer,
Switzerland, 201514.

D.W. Breck, Zeolite Molecular Sieves: Structure, Chemistry and Use, Jonh Wiley
and Sons. Inc., New York, 1974.

L. Zhang, M. Jia, M. Enze, Synthesis of SAPO-34/ceramic composite membranes,
Stud. Surf. Sci. Catal. 105 (1997) 2211-2216.

J.C. Poshusta, V.A. Tuan, J.L. Falconer, R.D. Noble, Synthesis and permeation
properties of SAPO-34 tubular membranes, Ind. Eng. Chem. Res. 37 (1988)
3924-3929.

S.R. Venna, M.A. Carreon, Amino-functionalized SAPO-34 membranes for CO,/CH,
and CO,/N, separation, Langmuir 27 (6) (2011) 2888-2894.

S. Li, C.Q. Fan, High-flux SAPO-34 membrane for CO,/N, separation, Ind. Eng.
Chem. Res. 49 (2010) 4399-4404.

Y. Huang, L. Wang, Z. Song, S. Li, M. Yu, Growth of high-quality, thickness-re-
duced zeolite membranes towards N,/CH, separation using high-aspect-ratio seeds,
Angew. Chem. Int. Ed. 127 (2015) 10993-10997.

S. Li, Z. Zong, S.J. Zhou, Y. Huang, Z. Song, X. Feng, R. Zhou, H.S. Meyer, M. Yu,
M.A. Carreon, SAPO-34 Membranes for N,/CH, separation: preparation, character-
ization, separation performance and economic evaluation, J. Memb. Sci.

487 (2015) 141-151.

Z. Zong, X. Feng, Y. Huang, Z. Song, R. Zhou, S.J. Zhou, M.A. Carreon, M. Yu, S.
Li, Highly permeable N,/CH, separation SAPO-34 membranes synthesized by di-
luted gels and increased crystallization temperature, Micropor. Mesopor. Mater.
224 (2016) 36-42.

Z. Zong, ML.A. Carreon, Thin SAPO-34 membranes synthesized in stainless steel au-
toclaves for N2/CH4 separation, J. Memb. Sci. 524 (2017) 117-123.

M.A. Carreon, Molecular sieve membranes for N,/CH, separation, J. Mater. Res.
33 (2018) 32-43.

X. Feng, Z. Zong, S.K. Elsaidi, J.B. Jasinski, R. Krishna, P.K. Thallapally, M.A.
Carreon, Kr/Xe separation over a chabazite zeolite membrane, J. Am. Chem. Soc.
138 (31) (2016) 9791-9794.

Y. Hye Kwon, C. Kiang, E. Benjamin, P. Crawford, S. Nair, R. Bhave, Kryp-
ton-xenon separation properties of SAPO-34 zeolite materials and membranes,
AIChE J. 63 (2) (2017) 761-769.

R. Anderson, B. Schweitzer, T. Wu, M.A. Carreon, D.A. Gomez-Gualdron, Molecu-
lar simulation insights on Xe/Kr separation in a set of nanoporous crystalline mem-
branes, ACS Appl. Mater. Interfaces 10 (2017) 582-592.

T. Wu, J. Lucero, Z. Zong, S.K. Elsaidi, P.K. Thallapally, M.A. Carreon, Microp-
orous crystalline membranes for Kr/Xe separation: comparison between AIPO-18,
SAPO-34, and ZIF-8, ACS Appl. Nano Mater. (2018) 463-470.

Y.H. Kwon, B. Min, S. Yang, D.Y. Koh, R.R. Bhave, S. Nair, Ion-exchanged SAPO-34
membranes for krypton-xenon separation: control of permeation properties and
fabrication of hollow fiber membranes, ACS Appl. Mater. Interfaces 10 (7) (2018)
6361-6368.



T. Wuetal

[40]

[41]

[42]

[43]

H.T. Kwon, H.K. Jeong, In situ synthesis of thin zeolitic-imidazolate framework
ZIF-8 membranes exhibiting exceptionally high propylene/propane separation, J.
Am. Chem. Soc. 135 (29) (2013) 10763-10768.

M.A. Snyder, M. Tsapatsis, Hierarchical nanomanufacturing: from shaped zeolite
nanoparticles to high-performance separation membranes, Angew. Chem. Int. Ed.
46 (40) (2007) 7560-7573.

A.K. Das, A.J. Thakkar, Static response properties of second-period atoms: coupled
cluster calculations, J. Phys. B At. Mol. Opt. Phys. 31 (1998) 2215.

B.K. Mani, K.V.P. Latha, D. Angom, Relativistic coupled-cluster calculations of
20Ne, 40Ar, 84Kr, and 129Xe: correlation energies and dipole polarizabilities,
Phys. Rev. A 80 (2009) 0625051.

[44]

[45]

[46]

Journal of Membrane Science xxx (2018) xxx-xxx

V.G. Bezchasnov, M. Pernpointner, P. Schmelcher, L.S. Cederbaum, Nonadditivity
and anisotropy of the polarizability of clusters: relativistic finite-field calculations
for the Xe dimer, Phys. Rev. A 81 (2010) 062507, (1-8).

B.M. Lok, C.A. Messina, R.L. Patton, R.T. Gajek, T.R. Cannan, E.M. Flanigen, Sili-
coaluminophosphate molecular sieves: another new class of microporous crys-
talline inorganic solids, J. Am. Chem. Soc. 106 (1984) 6092-6093.

K. Eum, C. Ma, A. Rownaghi, C.W. Jones, S. Nair, ZIF-8 membranes via interfacial
microfluidic processing in polymeric hollow fibers: efficient propylene separation
at elevated pressures, ACS Appl. Mater. Interfaces 8 (2016) 25337-25342.



	
	
	


