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Abstract: Chabazite (CHA) zeolite membranes with an intermediate layer of various thicknesses
were prepared using planetary-milled seeds with an average particle diameter of 300, 250, 200, 140,
and 120 nm. The 120 nm seed sample also contained several smaller particles with a diameter
of 20 nm. Such small seeds deeply penetrated into the pore channels of the x-alumina support
during the vacuum-assisted infiltration process. During the secondary growth, the penetrated seeds
formed a thick intermediate layer exiting between the zeolite layer and support. A decrease in seed
size increased the penetration depth of seeds and the thickness of the intermediate layer, while the
thickness of seed coating and zeolite layers was decreased. CHA zeolite membranes with a thin top
zeoliate layer and a thick intermediate layer showed an excellent water/ethanol separation factor
(>10,000) for 90 wt.% ethanol at 70 °C with a total flux of 1.5 kg m~2 h~!. There was no observation
of thermal cracks/defects on the zeolite separation layer. The thick intermediate layer effectively
suppressed the formation of thermal cracks during heating, since the tensile stress induced in the
zeolite layer was well compensated by the compressive stress on the support. Therefore, it was
successfully proven that controlling the microstructure of top surface and intermediate layers is an
effective approach to improve the thermal stability of the CHA zeolite membrane.

Keywords: chabazite zeolite membrane; nanosize seed; seed penetration; intermediate layer; themal
crack; pervaporation

1. Introduction

The dehydration of organic solvents using a pervaporation membrane has caught
extreme attention due to its low energy consumption and environment-friendly nature [1,2].
Compared to other membrane types, the zeolite membrane is one of the most promising
dehydration membranes due to its high dehydration performance [3-5]. In recent years,
hydrophilic and acid-resistant zeolite membranes such as MER [6], MOR [7], ZSM-5
(MFI) [8], T (OFF) [9] and CHA [10]-type with a Si/ Al molar ratio of 2-10 were reported for
dehydration of organic mixture in acidic conditions. Among them, the CHA-type zeolite
membrane was studied extensively in recent years.

CHA-type zeolite framework is a 3-dimensional interconnected microporous system
with an accessible 3.8 x 3.8 A window of small eight-membered rings and large ellipsoidal
6.7 x 10 A cavities [11]. Pure-silica (Si-CHA) [12], aluminosilicate (chabazite [13] and
S5Z7-13 [14]) and silicoaluminophosphate (SAPO-34) [15] belong to the CHA-type zeolite.
The chabazite zeolite with a Si/ Al molar ratio of 2 to 5 shows a higher acid-resistance in
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solvent dehydration compared to the commercially available NaA zeolite membrane with
a Si/ Al molar ratio of 1 [16-19]. Hence, CHA zeolite membranes with a high Si/ Al molar
ratio are considered as prominent candidates for water separation from an organic solvent
mixture in an acidic environment.

CHA zeolite has a large negative thermal expansion (NTE) coefficient, a maximum
of —16.7 x 107¢ K~ ! over the temperature range of 20-600 °C, as reported by Woodcock
et al. [20]. Usually, zeolite membranes are synthesized on porous supports (such as
alumina, mullite, and stainless steel) that provide sufficient mechanical strength and
have a positive thermal expansion (PTE) behavior. If there is a mismatch in the thermal
expansion coefficient between the support and the zeolite layer, the induced tensile stress
in the zeolite layer is exposed during heating, which leads to forming grain boundaries or
trans-granular cracks [21]. Therefore, it is important to prepare a CHA zeolite membrane
capable of resisting the formation of these structural defects.

Recently, the CHA zeolite membranes with a Si/ Al ratio of 2-5 were synthesized
by a secondary growth process using Sr’*, K*, and Na* cations as mineralizing agents,
in the absence of organic structure-directing agents (OSDA) [22-25]. The exclusion of
OSDA is preferred because it does not require an energy-intensive calcination process.
However, introducing only cations tends to result in a weak interaction framework struc-
ture compared to using OSDA. Furthermore, cations form a zeolite framework through
interaction with negatively charged aluminum-occupied oxygen tetrahedral ([A1O;]7) in
the zeolite lattice. Therefore, the cations could provide proximity to the zeolite framework
when the Al content is high [26-28]. Noack et al. suggested that high aluminum present
in the synthesis solution could affect the growth of defect-free MFI membranes because
the surface charge of the zeolite framework becomes more negative [29]. However, these
requirements are not sufficiently satisfied with cations when the silica content of zeolite
increases [26]. Increasing the silica content in the zeolite leads to weak interactions in
the framework and forms defects. Therefore, it is difficult to resist the difference in the
coefficient of thermal expansion (CTE) between the zeolite layer and the support. In the
literature related to the preparation of the CHA zeolite membrane with Si/Al with ratio
2-5, thermal defects are easily observed in the microstructures [16-18,22,23,30-33]. Most of
the membranes showed a separation factor of about 2000 to 4000 for 90 wt.% ethanol-water
mixture at 75 °C [13,16,23,31-33]. Further, the reported CHA membranes having a high
separation factor (>10,000) show interfacial defects, which could affect long-term stabil-
ity [18]. Therefore, to prevent the thermal crack, and structural defects formation in the
CHA zeolite membrane, it is necessary to mitigate the difference in CTE of the zeolite layer
and support.

The utilization of porous support with a low CTE can be an important strategy to
improve the thermal stability of zeolite membranes. However, the use of lower CTE mullite
support does not show much resistance to defects in the microstructure and no significant
improvement in the performance was observed [13,32].

In our earlier reports, it was proved that the thermal stability of the NaA zeolite
membrane was improved by introducing the well-developed intermediate layer in which
the NaA zeolite and support phases were three-dimensionally interconnected with each
other [34]. The nanosize seeds penetrated the pore channels of the support with a relatively
large pore size of 0.65 um during a vacuum infiltration process. In the secondary growth
process, penetrated seeds grew outward along the pore channels and formed a thermally
stable intermediate layer with a thickness of 6-26 um. The tensile stress induced in the
zeolite layer was compensated by the compressive stress on the support.

In this present study, defect-free CHA zeolite membranes with a thick intermediate
layer were synthesized to improve thermal stability and dehydration performance. The
intermediate layer was formed during the secondary growth by using nanosize seeds,
which penetrated the internal pore of the a-alumina support. For this, a simple and
useful top-down ball-mediated milling process was adopted. Various nanosize seeds were
prepared by adjusting the planetary milling conditions such as milling time and speed.
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The effect of the seed size on the formation and pervaporation performance of CHA zeolite
membranes was extensively investigated.

2. Experimental
2.1. Preparation of CHA Zeolite Membranes

Nanosize seeds were prepared by a high energy planetary ball-miller (Pulverisette 6
Planetary Mono Mill, Fritsch, Germany) using lab-synthesized K-CHA zeolite microspheres
with a diameter of 5 um and 0.5 mm zirconia balls. The synthesis process and growth
mechanism were already reported [35]. K-CHA zeolite particles of 5 g and zirconia balls of
40 g were placed in a milling jar containing 140 mL of distilled water. The K-CHA zeolite
particles were planetary-milled at different rotation speeds of 200 to 400 rpm for varying
durations of 6-100 h, respectively. In the present study, five planetary milled seeds (S1 to
S5) were prepared. After milling, each seed was re-dispersed in distilled water without
drying to prepare a colloidal seed solution of 0.005 wt.% and stored in a PP bottle after
ultrasonication. The detailed milling conditions are summarized in Table 1.

Table 1. Particles size distribution of planetary-milled seeds at various conditions.

Seeds Ball-Milling Condition Particle Size
Speed Time Range Average
(rpm) (h) (nm) (nm)
S1 200 6 100-1000 300
S2 200 12 90-800 250
S3 200 24 70-500 200
S4 400 36 60-500 140
S5 400 100 20-400 120

CHA zeolite membranes were synthesized by the secondary growth process on the
surface of single-channel porous x-alumina tubular support. The x-alumina supports were
prepared by the slip-casting method [36]. The length and outer diameter of support were
200 and 8 mm, respectively. The milled S1-S5 seeds were coated on the outer surface of the
a-alumina support by a vacuume-assisted infiltration process [37]. The seeded x-alumina
supports were dried at 100 °C for 24 h before the secondary growth.

Five different membranes (M1-M5) were synthesized by secondary growth on the
seeded support (51-S5). For the secondary growth, the synthesis solution was prepared by
dissolving colloidal silica (LUDOX® HS-40, 40 wt.% suspensions in water, Sigma-Aldrich,
St. Louis, MO, USA), aluminum nitrate (>98%, Sigma-Aldrich, St. Louis, MO, USA),
strontium nitrate (97%, Junsei Chemicals, Tokyo, Japan) and potassium hydroxide (>85%,
pellets, Sigma-Aldrich, St. Louis, MO, USA). Firstly, the aluminate solution was made by
mixing the potassium hydroxide and aluminium nitrate in de-ionised water. Secondly,
strontium nitrate was mixed with the de-ionised water, and then colloidal silica was added
slowly to the strontium nitrate aqueous solution in order to make a silicate solution. Later
on, the as-made aluminate solution was added dropwise into the silicate solution and
stirred for 6 h at room temperature. The molar composition of the hydrothermal solution
was 125i0;:Al,03:2K,0:5rO:8KNO3:780H, 0 [17]. The resultant molar gel solution was
poured into a Teflon-lined stainless-steel autoclave containing seeded support and then
the synthesis was carried out at 140 °C for 24 h. Finally, prepared CHA zeolite membranes
were washed with de-ionised water until the pH of washing water reached about 7 and
finally dried at 100 °C overnight.

The pore characteristics of the x-alumina support were analyzed by mercury porosime-
ter (Thermo Scientific PASCAL 440, Milan, Italy). Particle size distributions of the original
zeolite and milled seeds were measured by dynamic light scattering (DLS, Microtrac-
Nanotrac wave-particle size analyzer, Microtrac MRB, Haan, Germany) at room temper-
ature. Powder X-ray diffraction (XRD) studies of seeds, the x-alumina support and the
synthesized CHA zeolite membranes were made on a PANalytical: X'Pert PRO diffrac-
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tometer (Panalytical, Almelo, Netherlands) with Cu- K« radiation (A = 1.5418 A) at 40 kV
and 100 mA. The data was collected in a 20 range of 10-60° with a step size of 0.03° s~ 1.
The XRD patterns were indexed and phase identification was performed with the help
of JCPDS file #98-003-2553. Scanning electron microscopy (SEM) images were collected
by using a field emission scanning electron microscope (JEOL JSM-7000F, Tokyo, Japan).
During the morphological studies on SEM, the elemental composition was measured with
energy dispersive spectrometry (EDS).

2.2. Characterization of Pervaporative Ethanol Dehydration and Single Gas Permeation Properties

The solvent dehydration performance of prepared CHA zeolite membranes was
characterized by pervaporation (PV) for a water-ethanol mixture [37]. A prepared CHA
zeolite membrane was sealed in a membrane module. In the PV test system, 90 wt.%
water-ethanol mixture of 1 L was poured into the feed tank and heated up to 70 °C with
a flow rate of 1L/min. The permeate side was evacuated using a vacuum pump and
collected with liquid nitrogen traps at each time interval. The permeate flux was calculated
by permeate mass and membrane area (47 cm~2) at each time interval, and the H,O/EtOH
separation factor (SF) was determined by TCD gas chromatography (GC) measurement of
the chemical compositions obtained at the feed and permeate sides at each time interval.
The permeation flux was calculated as follows:

J=w/(A x 1) @

where w is the weight of the collected permeate vapor, A is the area of the membrane, and ¢
is the collecting time. The separation factor was calculated from the formula below:

Kopatersethanol = Yw/ Ye)/ (Xw/ Xe) )

where Yy,/Y, is the weight ratio of water to ethanol in the permeate and X.,/X. is the weight
ratio of water to ethanol in the feed.

Single-gas permeation experiments were carried out for He, CO,, O,, Ny, and SFg
gases at the absolute feed pressure of 3 bar and the atmospheric permeate pressure, i.e., a
Ap of 2 bar. The flow rate was controlled to 1000 mL/min by mass flow controllers. Before
the single gas permeation test, the prepared membranes were cleaned by He sweeping at
100 °C for 12 h. The gas flux was measured with a bubble flow meter (1-250 mL/min a
bubble generator, Gilibrator 2, Gilian, USA) and applied for the single gas permeance. The
permselectivity was calculated by using single gas permeances.

3. Results and Discussion
3.1. Milling and Coating of Nanosize Seeds

The SEM images for the original CHA zeolite particles and planetary-milled S1-S5
seeds prepared at different milling conditions are shown in Figure 1.
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Figure 1. SEM images of (a) original CHA zeolite particles and planetary-milled seeds with different
milling speed and time; (b) S1 = 200 rpm for 6 h, (¢) S2 = 200 rpm for 12 h, (d) S3 = 200 rpm for 24 h,
(e) S4 = 400 rpm for 36 h, and (f) S5 = 400 rpm for 100 h.

The CHA zeolite particles before milling were thread ball-shape intergrown micro-
spheres with a diameter of 5 pm (Figure 1a), which were composed of truncated bi-
pyramidal primary particles [35]. The S1-S3 seeds were planetary-milled at 200 rpm for 6,
12, and 24 h. During the milling process, the micro spherical shape particles were converted
to irregularly shaped particles with different particle sizes as displayed in (Figure 1b—d).
Both irregular large particles of size range between 400 to 600 nm and small particles of
size less than 200 nm were typically observed. The seeds S4 and S5 milled at 36 and 100 h
at 400 rpm were ground into relatively smaller and uniform particles of size about 100 nm
are seen in (Figure 1le,f). The small particles were slightly agglomerated and had a rounded
surface. Also, it is expected that small and rounded particles were activated due to the high
surface energy due to the small size and the mechanical deformation during the milling. It
is interesting to know how such an activated seed can affect the growth of zeolite crystals
during secondary growth process.

Figure 2 exhibits the particle size distribution of the original CHA zeolite particles
and milled seeds of S1 to S5 and the pore size distribution of x-alumina support.
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Figure 2. (a) Pore size distribution of the porous x-alumina support and particle size distribution of (b) original CHA zeolite

particles and (c—g) planetary-milled S1 to S5 seeds.

The pore size distribution of the «-alumina support shows a very narrow single peak
at around 150 nm (Figure 2a). The average pore size and porosity were 120 nm and 35%,
respectively. The particle size distribution of original CHA zeolite particles was observed
with a single peak at a range of 4-5 pm (Figure 2b). The planetary-milled seeds with
different milling conditions show a wide range of broad peaks and shifted to the left of
the x-axis with increasing milling speed and time (Figure 2c—g). The DLS seed size data
were well consistent with the microstructure results shown in Figure 1. Notably, in the 54
and S5 seeds planetary-milled at 400 rpm for 36 and 100 h, the mean size was smaller than
the pore size of the a-alumina support. In the case of S5, the smallest size measured by
DLS was decreased to around 20 nm, much smaller than the pore diameter of the support.
It was expected that a few tens nm small particles in the 54 and S5 seeds penetrate the
support surface to the inside of the support during the vacuum infiltration seeding. Table 1
includes the range and average particle size of seeds according to the milling conditions.

The S51-S5 seeds had an average diameter of 300, 250, 200, 140, and 120 nm, respectively.
However, the milled seeds contain a large number of nanosize particles, smaller than the
pore diameter of supports. The lower limit of particle size decreased as the milling speed
and time increased, as listed in Table 1.

Figure 3 shows the X-ray diffraction patterns of original CHA zeolite particles and
planetary-milled S1-S5 seeds.
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Figure 3. X-ray diffraction patterns of (a) original CHA zeolite particles and (b—f) planetary-milled S1 to S5 seeds.

The original CHA zeolite has high phase purity and high crystallinity (Figure 3a). In
all XRD patterns of seeds, only CHA zeolite peaks were found (Figure 3b—f), while the
intensities of crystalline peaks diminished with extending milling speed and time. It is
clear that in addition to the particle size, the crystallinity of CHA zeolite particles decreased
during the milling. During the milling, the particles were severely deformed as shown in
Figure 1, and also it is expected that the plastically deformed seeds are activated, so that
can make an effect on the secondary growth of the zeolite layer.

The effect of seed size on the coating of the seed layer was investigated. The vacuum-
assisted infiltration coating method was applied to introduce the milled seeds on the outer
surface of the support. Figure 4 shows SEM images for the top-surfaces and cross-sections
of seeded supports.
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Figure 4. Surface and cross-section SEM images of seeded supports using planetary-milled seeds
with average particle size of (a,b) S1 = 300 nm, (c,d) S2 = 250 nm, (e,f) S3 = 200 nm, (g,h) S4 = 140 nm
and (i,j) S5 = 120 nm. The yellow arrow shows detachment of seed layer.

The seeds uniformly covered the entire surface of supports and formed a seed coating
layer, with different thicknesses and densities, highly dependent on the seed size. The
smaller seeds made a more compact seed layer with higher coverage. As the seed size
decreased from S1 to S5 the thickness of the seed coating layer was significantly decreased
from 3 to 0.3 um. A rough seed coated layer and some detachment in seed layers were
observed when the S1 seeds with an average size of 300 nm were used to coat the supports
as shown by arrows in Figure 4b. In the S2 and S3 seeds, the seed coating layer became
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flattened and well adhered to the support surface (Figure 4c—f). However, cracks were
formed on the surface of seed layers during drying. Finally, the S4 and S5 seed layers were
uniform and dense (Figure 4g—j). The cracks formed during drying became smaller and
smaller with decreasing seed size. Finally, it was difficult to find cracks in the S5 seed
layer. In addition, small seeds of a few tens nm penetrated the support surface and can be
observed in the interior of support, as shown in the insets of Figure 4h,j.

3.2. Synthesis of CHA Zeolite Membrane

CHA zeolite membranes were prepared by the secondary growth using S1-S5 seeds
and the effect of seed size on the formation of zeolite and intermediate layers was in-
vestigated. Figure 5 shows X-ray diffraction patterns of membranes prepared by using
various seeds.

¢ ¢g-alumina support .
v CHA zeolite

© L
@ L

—

-
© |
® A L._.;J -._J__J
(a) . v J

10 20 30 40 50 60

2 Theta (degree)

Figure 5. X-ray diffraction patterns of synthesized CHA zeolite membranes using planetary-milled
(a) S1, (b) S2, (c) S3, (d) S4, and (e) S5 seed samples.

Intensity (a. u.)

S
[

High-intensity alumina characteristic peaks were displayed in all the samples. The
intensities of CHA zeolite characteristic peaks were relatively weak and were directly
related to the amount of CHA zeolite phase present in the X-ray penetration depth and the
ability of diffracted beams to escape. The escape ability will increase when the diffracted
beam is closer to the top surface. Considering that X-ray penetration depth is a few hundred
um, the zeolite phase is present in the top zeolite layer and the intermediate layer is in
the X-ray diffraction sphere. As shown later in SEM images (Figure 6), as the seed size
decreases, the thickness of top CHA zeolite layer decreases from 8 to 3 um. Therefore, the
weak intensities of the XRD peak in the membranes synthesized using smaller seeds were
mainly from the small thickness of the top CHA zeolite layers; the small thickness of the
top CHA zeolite layers in those membranes were induced from the small thickness of seed
layers as shown in Figure 4.
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Figure 6. Cross-sectional SEM images of synthesized CHA zeolite membranes using planetary-milled
(a,b) S1, (c,d) S2, (e,f) S3, (g,h) S4, and (i,j) S5 seed samples. The yellow arrow shows site of cracks in
the zeolite membrane.

The cross-sectional SEM images of CHA zeolite membranes prepared by changing
seeds are presented in Figure 6. All the SEM images were taken after the PV tests. As the
seed size decreased, the thickness of the CHA zeolite membranes reduced from 20 to 3 um.
The CHA zeolite membranes synthesized using the S3 to S5 seeds had an intermediate
layer. In the intermediate layers, zeolite crystals were formed between the alumina grains
of support (Figure 6fh,j). The thickness of the intermediate layer increased to 1, 15, and
40 pm, as the seed size decreased. There was no thermal crack observed in SEM images
of the CHA zeolite membranes with intermediate layers. On the contrary, there was no
intermediate layer in the CHA zeolite membranes synthesized using the relatively large
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seeds of 300 and 250 nm, and even the cross-sectional SEM images confirmed the thermal
cracks in the zeolite layer (highlighted by the arrows in Figure 6b,c).

Figure 7 shows low and high magnification SEM images for the top-surfaces of the
synthesized membranes.

Figure 7. Different magnification top-surface SEM images of the synthesized CHA zeolite membranes
using planetary-milled (a,b) S1, (c,d) S2, (e,f) S3, (g,h) S4, and (i,j) S5 seed samples. The yellow arrow
shows site of cracks in the zeolite membrane.

In all the membranes, truncated bipyramid shape crystals, which is the typical shape
of CHA zeolite crystals, covered the full surface of the support. As the seed size decreased,
the bipyramidal grains became more uniform and their size decreased from 4 pm to
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approximately 1 um. Especially, as the seed size decreased, it became more difficult to
find cracks on the top surface of the zeolite layer. Large transgranular and sharp cracks
were clearly observed in the membranes synthesized using S1 and S2 seeds (arrows in
Figure 7a,c). Such cracks are typically thermal cracks, generated by the difference in the
coefficient of thermal expansion (CTE) between the zeolite layer and the support [34,37].
Additionally, thermal cracks/structural defects were easily observed in the SEM images
of CHA zeolite membranes reported in the literature [13,18,19,23,31-33,38]. On the other
hand, no cracks were observed in the CHA zeolite membranes synthesized using S3 to S5
seeds (Figure 7e-j), and the microstructure was more uniform.

EDS analysis was performed to identify the intermediate layer of the membrane
prepared by using the S5 seed. Figure 8 shows EDS results for the three parts belonging to
the zeolite layer, the intermediate layer, and the alumina support.

CHA zeolite membrane

| | | Intermediate layer +a—alumina support .|
(CHA zeohte +a- alumlna)
A O ' e B i o s .

Spectrum %) 3 3 ] Spe-ctrilm3 M 3

“ e
i\‘{ o .
m : :

Spectrum 1

\k

s

Element OK AIK SiK KK SrK Totals

Spectrum 1 50.2 8.2 21.5 4.0 16.1 100.0
Spectrum 2 593 348 4.3 0.4 1.2 100.0

Spectrum3 504  49.6 0 0 0 100.0

All results in weight %

Figure 8. EDS results for three parts of M5 CHA zeolite membrane: (spectrum 1) zeolite separation
layer, (spectrum 2) intermediate layer, and (spectrum 3) support.
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In the zeolite layer (spectrum 1), Al, Si, O, K, and Sr elements are detected, and the
elements are typical components of zeolite crystals. The Si/ Al molar ratio of the zeolite
layer was 2.6. In the support (spectrum 3), only Al and O elements were observed. On the
other hand, in the intermediate layer (spectrum 2), a high wt.% of the Al element and low
wt.% of Si, K, and Sr elements were identified. Accordingly, it was confirmed that the pore
of the support was filled with well-grown zeolite crystals as shown in the SEM images
of Figure 8.

Other synthesis parameters influencing the formation of the intermediate layer are
crystallization time and the SiO; / Al,Os ratio of hydrothermal solution [13,39]. Liu et al.
reported that the increase of crystallization time in the synthesis of the LTA zeolite mem-
brane effectively improved crystal intergrowth and developed the intermediate layer [39].
Their study also announced that the membrane with a thick intermediate layer of ~5 um
showed long-term stability compared to conventional membranes for a 50 wt.% aqueous
methanol solution at 60 °C for one week. Jiang et al. synthesized a well-intergrown CHA
zeolite membrane in a broad SiO, /Al O3 ratio range and compared the pervaporation
performance [13]. From their microscopic images, it was confirmed that the thick inter-
mediate layer of ~10 um was formed as the SiO;/ Al,Oj ratio increased to 10-15. Their
result was probably due to the aluminum ions being partially dissolved from the support
surface due to the high pH of the hydrothermal solution [40]. In the present study, since
the same synthesis solution and synthesis time were applied for the 5 membranes, it was
concluded that the intermediate layer was developed by changing the ratio of seed size to
pore diameter of support.

Figure 9 summarizes variations in the thickness of the seed coating layer, the seed
penetration depth, the thickness of the zeolite layer, and the thickness of the intermediate
layer as a function of seed size.

As the seed size decreased, the seed penetration depth and the thickness of the inter-
mediate layer increased, while the thickness of the seed coating layer and the thickness of
the zeolite layer decreased. The reason why small seeds develop a thick intermediate layer
and improve the thermal stability of zeolite membrane was systematically investigated by
our group for the NaA zeolite system [34]. As nanosize seeds penetrate pore channels of
support during the seeding process, the growth of the nanosize seeds in the pore chan-
nels during the secondary growth process induces a thick intermediate layer. The thick
intermediate layer increases the thermal stability due to compensating tensile stress in the
zeolite layer with compressive stress on the support during heating. In the present study,
the same phenomenon is demonstrated in the CHA zeolite system, which is schematically
represented in Figure 10.

Therefore, it was clearly elucidated that the development of the intermediate layer
by controlling the seed size relative to the pore diameter of the support is an important
approach to improve the thermal stability of the zeolite membrane. In addition, thin top
zeolite layers in the M4 and M5 membraens contributed to the high thermal stabilities.

3.3. PV Performance of CHA Zeolite Membranes

The thermal crack-free CHA zeolite membranes are expected to show high separation
performance. Therefore, the pervaporation performance of M1-M5 membranes was evalu-
ated for 90 wt.% ethanol-water mixture at 70 °C. The H,O/EtOH separation factor and
total flux were calculated by sampling feed and permeate every hour in the pervaporation
test. The results are shown in Figure 11.
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As the pervaporation proceeded, the separation factor gradually increased, the flux
decreased and the PV performance of each membrane showed stable performance within a
few hours. With increasing the intermediate layer thickness, the total flux and separation
factor were more rapidly stabilized. The M1 membranes without an intermediate layer
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show a low water/ethanol separation factor and a high total flux due to thermal cracks
observed in the zeolite separation layer (Figure 6a). As mentioned previously, such thermal
cracks were generally observed in the CHA zeolite membranes reported in many refer-
ences [13,18,19,23,31-33,38]. The M4 and M5 CHA zeolite membranes that had a thick
intermediate layer showed a high water/ethanol separation factor of more than 10,000
and a stable total flux of about 1.5 kg m~2 h~!. The low flux and high separation factor
of M4 and M5 membranes mean formation of a continuous zeolite layer: there was no
thermal crack and the permeation resistance was increased by the thick intermediate layer.
Additionally, the 54 and S5 seeds with high strain and surface energies might accelerate
the growth of zeolite crystals due to the enhanced solubility [41].

Table 2 summarizes the PV performances of CHA zeolite membranes for 90 wt.%
ethanol-water mixture reported in literature and synthesized in the present study.

Table 2. Summary of the pervaporation performance of CHA zeolite membrane reported in literature and prepared in this
work for a 90 wt.% ethanol-water mixture.

Thickness of Thickness of
Pore Size Seed Size Intermediate Zeolite Jiotal W/E

Support (um) (1m) Layer ? Layer (kgm—2h-1) “© Ref.
(um) (um)
«-Al, O3 tube 0.15 6 <2 4 4.1 39,500 [38]
Not
o-Al,O3 tube 0.31 5-10 confirmed P 5 14 >10,000 [10]
Mullite tube 1.3 55 <2 10 2.2 3900 [32]
Stainless
steel tube 1.8 0.5 >5 8 3.7 2100 [31]
Stainless
steel tube 1.8 2-4 <2 4 7.3 2000 [16]
Mullite tube 0.6 0.22 >10 10 2.5 2980 [13]
YSZ hollow 1 0.22 >5 12 8 2500 [33]
fiber
Y5Z hollow 1 0.22 >5 10 13.3 6000 [23]
fiber
Y5Z hollow 1 1 <2 8 12 >10,000 [18]
fiber
a-Al, O3 Not Not
hollow fiber 0-5 confirmed P confirmed P 491 >2000 [19]
Stainless
steel tube 1.8 0.5 >5 3 6.25 1950 [24]
a-Al,O3 tube 0.15 0.3 0.3 20 4.6 23 This work
a-Al, O3 tube 0.15 0.25 0.5 8 2.3 57.3 This work
«-Al, O3 tube 0.15 0.2 1 6 1.7 552.3 This work
a-Al, O3 tube 0.15 0.14 15 4 14 >10,000 This work
a-Al, O3 tube 0.15 0.12 40 3 1.2 >10,000 This work

2 Observed in the literature as cross-sectional SEM images of the membranes. ? There is no cross-sectional image of the membrane in
the literature.

An attempt was made to compare the formation of the intermediate layer from the
SEM images, and the relationship between the seed size and the pore diameter of support
was investigated. Interestingly, in the case of using a seed smaller than the pores of the
support, an intermediate layer of more than 5 um was formed in most cases [13,23,24,31]. It
shows that the intermediate layer grown with the aid of small seeds made a significant effect
on the PV performance. In addition to the intermediate layer, the selection of the support
materials was important. However, the use of high CTE support such as stainless steel sup-
port (10.1-17.3 x 10~° K~ ') and YSZ (10.5 x 10~® K~!) was not effective in preventing ther-
mal defects even though the intermediate layer was well developed [13,16,18,24,31,33,42].
In their SEM images, an interfacial gap was observed between the zeolite layer and the
support and most membranes showed thousands of separation factors. In addition, mullite
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support with relatively low CTE (5 x 107% K~!) was applied and formed a thick inter-
mediate layer [31,40]. However, defects due to the non-uniformity and impurity of the
zeolite crystal existed, which was caused by the formation of an impurity MER zeolite
phase. On the other hand, according to the present study, it is clear that using alumina
support (7.2 x 10~ K~!) with an intermediate layer can improve both thermal stability
and PV performance significantly. However, the total flux of as-synthesized CHA zeolite
membrane in this study was relatively lower than with the literature. The main mass
transfer resistance in pervaporation using zeolite membrane is located in the supports [43].
This is because the support properties such as porosity, tortuosity, pore size and thickness
affect the total mass transfer in the membrane [44].

Single gas permeation performance was tested to check the continuity of the CHA
zeolite layer. Table 3 shows single gas permeation test results for He, N3, O, CO,, and SFg.

Table 3. Single gas permeance data of synthesized CHA zeolite membranes.

Membranes Permeance x 10-¢ (mol m~2s~1 Pa-1) Selectivity
He N2 02 COZ SF6 He/SF5
M1 3.00 2.14 2.05 1.86 1.30 227
M2 3.00 1.86 1.74 1.45 1.02 2.90
M3 3.00 1.47 1.35 1.21 0.86 3.45
M4 291 1.26 1.18 1.06 0.71 4.10
M5 2.64 1.10 1.05 0.90 0.64 4.15

Even though gas permeances gradually decreased with decreasing of the seed size,
the permeances of SF with a kinetic diameter of 5.5 A for the M4 and M5 membranes
were still very high, around 0.61-0.71 x 107 mol m~2 s~! Pa~!. Also, the He/SF
permselectivity is 4.15, which is lower than the Knudsen selectivity (6.04). These results
announce that the membranes showing almost infinite HyO/EtOH separation factors
still contain a large number of non-zeolitic pores, even though there is no large crack.
Nevertheless, water molecules migrate selectively through the membranes. This means
that water molecules selectively permeate through the zeolitic and non-zeolitic pores
present in the membrane. The selective water permeation is because water molecules
condense in zeolitic and nonzeolitic pores under the PV condition [37,45]. The non-zeolitic
pores fill with condensed water molecules like liquid water. The selective condensation of
water in zeolite and non-zeolite pores prevents organic solvents from entering the pores,
resulting in high water selectivity. Finally, when a vacuum is applied on the permeate side,
the condensate can evaporate into the permeate side.

From the PV performance and single gas permeation data, it was clearly shown
that the CHA zeolite membrane having an intermediate layer showed an excellent PV
performance because there was no crack and wide non-zeolitic pores in the membrane.

4. Conclusions

CHA zeolite membranes were prepared by varying seed size. The average seed size
was controlled to be 120 to 300 nm by changing planetary milling conditions. The smallest
seed size was around 20 nm in diameter. Such a small nanosize seed effectively penetrated
the pore channel of the support and remained a thin top seed layer during vacuum assisted
seeding. As the average seed size decreased, the seed penetration depth increased and
thickness of the top seed layer decreased. The penetrated seeds grew into zeolite crystals in
the pores of the support during the secondary growth, remaining an intermediate layer. As
the seed penetration depth increased, the thickness of the intermediate layer increased. In
the membranes with an intermediate layer of 15-40 um and a top zeolite layer of 3—4 pm,
there was no thermal crack on the zeolite layers. The thin top zeolite and thick intermediate
layers effectively prevented the formation of thermal cracks during heating, since the tensile
stress induced on the zeolite phase can be well compensated by the compressive stress on
the support. Thermal crack-free CHA zeolite membrane showed a high water/ethanol
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separation factor of more than 10,000 for 90 wt.% ethanol at 70 °C with the total flux of
1.5 kg m~2 h~!. Therefore, it could be concluded that controlling the microstructure of the
top surface layer and intermediate layer is an effective approach to improve the thermal
stability of the CHA zeolite membrane.

Author Contributions: Conceptualization, M.-Z K. and C.-H.C.; methodology, M.-Z.K. and S.FA.;
validation, C.-H.C. and W.-Y.C.; formal analysis, M.-Z.K.; investigation, M.-Z.K.; data curation,
M.-Z K. and S.FA.; writing—original draft preparation, M.-Z.K. and S.F.A.; writing—review and
editing, D.A. and A.u.R; visualization, M.-Z.K.; supervision, C.-H.C. and W.-Y.C.; project administra-
tion, C.-H.C.; funding acquisition, C.-H.C. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korean government (Mid-career Researcher Program, NRF-2020R1A2C1013911).

Data Availability Statement: Data can be available upon request from the authors.

Acknowledgments: The author thanks the National Research Foundation of Korea (NRF) for provid-
ing financial assistance for this project.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, Q.; Noble, R.; Falconer, ].L.; Funke, H. Organics/water separation by pervaporation with a zeolite membrane. ]. Membr. Sci.
1996, 117, 163-174. [CrossRef]

2. Kaminski, W.; Marszalek, J.; Ciolkowska, A. Renewable energy source—Dehydrated ethanol. Chem. Eng. ]. 2008, 135, 95-102.
[CrossRef]

3.  Bowen, T.C.; Noble, R.D.; Falconer, J.L. Fundamentals and applications of pervaporation through zeolite membranes. . Membr.
Sci. 2004, 245, 1-33. [CrossRef]

4. Caro, J.; Noack, M. Zeolite membranes—Recent developments and progress. Microporous Mesoporous Mater. 2008, 115, 215-233.
[CrossRef]

5. Lin, Y,; Duke, M.C. Recent progress in polycrystalline zeolite membrane research. Curr. Opin. Chem. Eng. 2013, 2, 209-216.
[CrossRef]

6. Nagase, T,; Kiyozumi, Y.; Nemoto, Y.; Hirano, N.; Hasegawa, Y.; Ikeda, T.; Inoue, T.; Nishide, T.; Mizukami, F. An effect of the
seed species on the PV performance of the secondary synthesized MER zeolite membranes. Microporous Mesoporous Mater. 2009,
126, 107-114. [CrossRef]

7. Li, G,; Kikuchi, E.; Matsukata, M. Separation of water—acetic acid mixtures by pervaporation using a thin mordenite membrane.
Sep. Purif. Technol. 2003, 32, 199-206. [CrossRef]

8. Sun, W.; Wang, X.; Yang, J.; Lu, J.; Han, H.; Zhang, Y.; Wang, J. Pervaporation separation of acetic acid-water mixtures through
Sn-substituted ZSM-5 zeolite membranes. ]. Membr. Sci. 2009, 335, 83-88. [CrossRef]

9. Cui, Y, Kita, H.; Okamoto, K.-I1. Zeolite T membrane: Preparation, characterization, pervaporation of water/organic liquid
mixtures and acid stability. J. Membr. Sci. 2004, 236, 17-27. [CrossRef]

10. Hasegawa, Y.; Abe, C.; Nishioka, M.; Sato, K.; Nagase, T.; Hanaoka, T. Formation of high flux CHA-type zeolite membranes and
their application to the dehydration of alcohol solutions. J. Membr. Sci. 2010, 364, 318-324. [CrossRef]

11.  Breck, D.W. Zeolite Molecular Sieves: Structure, Chemistry and Use; John Wiley & Sons: New York, NY, USA, 1974; Chapter 3;
pp. 212-217. ISBN 978-0-471-09985-7.

12.  Sato, K.; Sugimoto, K.; Shimotsuma, N.; Kikuchi, T.; Kyotani, T.; Kurata, T. Development of practically available up-scaled
high-silica CHA-type zeolite membranes for industrial purpose in dehydration of N-methyl pyrrolidone solution. J. Membr. Sci.
2012, 409-410, 82-95. [CrossRef]

13. Jiang,].; Wang, X,; Zhang, Y,; Liu, D.; Gu, X. Fabrication of pure-phase CHA zeolite membranes with ball-milled seeds at low K+
concentration. Microporous Mesoporous Mater. 2015, 215, 98-108. [CrossRef]

14. Karakili¢, P.; Wang, X.; Kapteijn, F.; Nijmeijer, A.; Winnubst, L. Defect-free high-silica CHA zeolite membranes with high
selectivity for light gas separation. J. Membr. Sci. 2019, 586, 34—43. [CrossRef]

15. Alam, S.F; Kim, M.-Z; Kim, Y.J.; Rehman, A.U.; Devipriyanka, A.; Sharma, P.; Yeo, ].-G.; Lee, J.-S.; Kim, H.; Cho, C.-H. A new
seeding method, dry rolling applied to synthesize SAPO-34 zeolite membrane for nitrogen/methane separation. J. Membr. Sci.
2020, 602, 117825. [CrossRef]

16. Hu, N, Li, Y,; Zhong, S.; Wang, B.; Zhang, F; Wu, T.; Yang, Z.; Zhou, R.; Chen, X. Microwave synthesis of zeolite CHA (chabazite)
membranes with high pervaporation performance in absence of organic structure directing agents. Microporous Mesoporous Mater.
2016, 228, 22-29. [CrossRef]

17. Hasegawa, Y.; Abe, C.; Mizukami, F.; Kowata, Y.; Hanaoka, T. Application of a CHA-type zeolite membrane to the esterification

of adipic acid with isopropyl alcohol using sulfuric acid catalyst. ]. Membr. Sci. 2012, 415416, 368-374. [CrossRef]


http://doi.org/10.1016/0376-7388(96)00058-0
http://doi.org/10.1016/j.cej.2007.03.017
http://doi.org/10.1016/j.memsci.2004.06.059
http://doi.org/10.1016/j.micromeso.2008.03.008
http://doi.org/10.1016/j.coche.2013.03.002
http://doi.org/10.1016/j.micromeso.2009.05.026
http://doi.org/10.1016/S1383-5866(03)00035-2
http://doi.org/10.1016/j.memsci.2009.02.037
http://doi.org/10.1016/j.memsci.2003.12.018
http://doi.org/10.1016/j.memsci.2010.08.022
http://doi.org/10.1016/j.memsci.2012.03.032
http://doi.org/10.1016/j.micromeso.2015.05.033
http://doi.org/10.1016/j.memsci.2019.05.047
http://doi.org/10.1016/j.memsci.2020.117825
http://doi.org/10.1016/j.micromeso.2016.03.018
http://doi.org/10.1016/j.memsci.2012.05.021

Nanomaterials 2021, 11,2113 19 of 19

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Jiang, J.; Peng, L.; Wang, X.; Qiu, H.; Ji, M.; Gu, X. Effect of Si/ Al ratio in the framework on the pervaporation properties of
hollow fiber CHA zeolite membranes. Microporous Mesoporous Mater. 2018, 273, 196-202. [CrossRef]

Qiu, H,; Jiang, J.; Peng, L.; Liu, H.; Gu, X. Choline chloride templated CHA zeolite membranes for solvents dehydration with
improved acid stability. Microporous Mesoporous Mater. 2019, 284, 170-176. [CrossRef]

Woodcock, D.A.; Lightfoot, P; Villaescusa, L.; Diaz-Cabafias, A.M.-].; Camblor, M.; Engberg, D. Negative Thermal Expansion in
the Siliceous Zeolites Chabazite and ITQ-4: A Neutron Powder Diffraction Study. Chem. Mater. 1999, 11, 2508-2514. [CrossRef]
Jeong, H.-K.; Lai, Z.; Tsapatsis, M.; Hanson, J.C. Strain of MFI crystals in membranes: An in situ synchrotron X-ray study.
Microporous Mesoporous Mater. 2005, 84, 332-337. [CrossRef]

Hasegawa, Y.; Abe, C.; Nishioka, M.; Sato, K.; Nagase, T.; Hanaoka, T. Influence of synthesis gel composition on morphology,
composition, and dehydration performance of CHA-type zeolite membranes. J. Membr. Sci. 2010, 363, 256-264. [CrossRef]
Jiang, J.; Wang, L.; Peng, L.; Cai, C.; Zhang, C.; Wang, X.; Gu, X. Preparation and characterization of high performance CHA
zeolite membranes from clear solution. J. Membr. Sci. 2017, 527, 51-59. [CrossRef]

Wu, X,; Li, Y,; Chen, X.; Zhu, M.; Zhang, F; Gui, T.; Hu, N.; Chen, X,; Kita, H. Preparation of chabazite zeolite membranes by a
two-stage varying-temperature hydrothermal synthesis for water-ethanol separation. Sep. Purif. Technol. 2019, 234, 116055. [CrossRef]
Yamanaka, N.; Itakura, M.; Kiyozumi, Y.; Ide, Y.; Sadakane, M.; Sano, T. Acid stability evaluation of CHA-type zeolites synthesized
by interzeolite conversion of FAU-type zeolite and their membrane application for dehydration of acetic acid aqueous solution.
Microporous Mesoporous Mater. 2012, 158, 141-147. [CrossRef]

Pidko, E.A.; Hensen, E.J.M.; Van Santen, R.A. Self-organization of extraframework cations in zeolites. Proc. R. Soc. A Math. Phys.
Eng. Sci. 2012, 468, 2070-2086. [CrossRef]

Schmidt, J.E.; Fu, D.; Deem, M.W.; Weckhuysen, B.M. Template-Framework Interactions in Tetraethylammonium-Directed Zeolite
Synthesis. Angew. Chem. Int. Ed. 2016, 55, 16044-16048. [CrossRef]

Qu, F; Shi, R;; Peng, L.; Zhang, Y.; Gu, X.; Wang, X.; Murad, S. Understanding the effect of zeolite crystal expansion/contraction
on separation performance of NaA zeolite membrane: A combined experimental and molecular simulation study. J. Membr. Sci.
2017, 539, 14-23. [CrossRef]

Noack, M.; Kolsch, P; Dittmar, A.; Stohr, M.; Georgi, G.; Eckelt, R.; Caro, J. Effect of crystal intergrowth supporting substances
(ISS) on the permeation properties of MFI membranes with enhanced Al-content. Microporous Mesoporous Mater. 2006, 97, 88-96.
[CrossRef]

Wu, T,; Shu, C; Liu, S.; Xu, B.; Zhong, S.; Zhou, R. Separation Performance of Si-CHA Zeolite Membrane for a Binary H, /CHy
Mixture and Ternary and Quaternary Mixtures Containing Impurities. Energy Fuels 2020, 34. [CrossRef]

Zhou, R.; Li, Y,; Liu, B.; Hu, N.; Chen, X,; Kita, H. Preparation of chabazite membranes by secondary growth using zeolite-T-
directed chabazite seeds. Microporous Mesoporous Mater. 2013, 179, 128-135. [CrossRef]

Li, X.; Kita, H.; Zhu, H.; Zhang, Z.; Tanaka, K.; Okamoto, K.-I. Influence of the hydrothermal synthetic parameters on the pervaporative
separation performances of CHA-type zeolite membranes. Microporous Mesoporous Mater. 2011, 143, 270-276. [CrossRef]

Jiang, J.; Wang, X.; Peng, L.; Wang, X.; Gu, X. Batch-scale preparation of hollow fiber supported CHA zeolite membranes and
module for solvents dehydration. Microporous Mesoporous Mater. 2017, 250, 18-26. [CrossRef]

Cho, C.H,; Oh, K.Y;; Kim, S.K; Yeo, ].G.; Lee, YM. Improvement in thermal stability of NaA zeolite composite membrane by
control of intermediate layer structure. J. Membr. Sci. 2011, 366, 229-236. [CrossRef]

Kim, M.-Z.; Sharma, P.; Kim, Y.; Alam, S.F,; Lee, H.R.; Cho, C.H. One-step template-free hydrothermal synthesis of partially
Sr-incorporated hierarchical K-CHA zeolite microspheres. Microporous Mesoporous Mater. 2019, 286, 65-76. [CrossRef]

Yang, E.-M.; Lee, H.R.; Cho, C.-H. Effect of Precursor Alumina Particle Size on Pore Structure and Gas Permeation Properties of
Tubular x-alumina Support Prepared by Slip Casting Process. Membr. ]. 2016, 26, 372-380. [CrossRef]

Cho, C.H,; Oh, K.Y; Yeo, ].G.; Kim, S.K,; Lee, Y.M. Synthesis, ethanol dehydration and thermal stability of NaA zeolite/alumina
composite membranes with narrow non-zeolitic pores and thin intermediate layer. ]. Membr. Sci. 2010, 364, 138-148. [CrossRef]
Hasegawa, Y.; Hotta, H.; Sato, K.; Nagase, T.; Mizukami, F. Preparation of novel chabazite (CHA)-type zeolite layer on porous
x-Al,O3 tube using template-free solution. J. Membr. Sci. 2009, 347, 193-196. [CrossRef]

Liu, B,; Kita, H.; Yogo, K. Preparation of Si-rich LTA zeolite membrane using organic template-free solution for methanol
dehydration. Sep. Purif. Technol. 2020, 239, 116533. [CrossRef]

Tawalbeh, M.; Tezel, FH.; Kruczek, B.; Letaief, S.; Detellier, C. Synthesis and characterization of silicalite-1 membrane prepared
on a novel support by the pore plugging method. J. Porous Mater. 2013, 20, 1407-1421. [CrossRef]

Yang, Z.; Liu, Y; Yu, C,; Gu, X.; Xu, N. Ball-milled NaA zeolite seeds with submicron size for growth of NaA zeolite membranes.
J. Membr. Sci. 2012, 392-393, 18-28. [CrossRef]

Cai, H.; Guo, E; Zhang, X.; Wang, X.; Hu, L.; Zhao, X.; Xiao, P. Fabrication of a Novel Catalyst Reactor with Improved Strength
and Catalytic Performance Used for Automotive Exhaust Treatment. Ind. Eng. Chem. Res. 2019, 58, 4024-4031. [CrossRef]

Shao, J.; Zhan, Z; Li, J.; Wang, Z.; Li, K,; Yan, Y. Zeolite NaA membranes supported on alumina hollow fibers: Effect of support
resistances on pervaporation performance. J. Membr. Sci. 2013, 451, 10-17. [CrossRef]

Wenten, 1.G.; Dharmawijaya, P.T.; Aryanti, PT.P; Mukti, R.R.; Khoiruddin, K. LTA zeolite membranes: Current progress and
challenges in pervaporation. RSC Adv. 2017, 7, 29520-29539. [CrossRef]

Kondo, M; Kita, H. Permeation mechanism through zeolite NaA and T-type membranes for practical dehydration of organic
solvents. J. Membr. Sci. 2010, 361, 223-231. [CrossRef]


http://doi.org/10.1016/j.micromeso.2018.07.015
http://doi.org/10.1016/j.micromeso.2019.04.011
http://doi.org/10.1021/cm991047q
http://doi.org/10.1016/j.micromeso.2005.05.043
http://doi.org/10.1016/j.memsci.2010.07.040
http://doi.org/10.1016/j.memsci.2017.01.005
http://doi.org/10.1016/j.seppur.2019.116055
http://doi.org/10.1016/j.micromeso.2012.03.030
http://doi.org/10.1098/rspa.2012.0057
http://doi.org/10.1002/anie.201609053
http://doi.org/10.1016/j.memsci.2017.05.057
http://doi.org/10.1016/j.micromeso.2006.07.031
http://doi.org/10.1021/acs.energyfuels.0c01720
http://doi.org/10.1016/j.micromeso.2013.06.003
http://doi.org/10.1016/j.micromeso.2011.03.006
http://doi.org/10.1016/j.micromeso.2017.05.013
http://doi.org/10.1016/j.memsci.2010.10.006
http://doi.org/10.1016/j.micromeso.2019.05.007
http://doi.org/10.14579/MEMBRANE_JOURNAL.2016.26.5.372
http://doi.org/10.1016/j.memsci.2010.08.014
http://doi.org/10.1016/j.memsci.2009.10.024
http://doi.org/10.1016/j.seppur.2020.116533
http://doi.org/10.1007/s10934-013-9726-y
http://doi.org/10.1016/j.memsci.2011.11.036
http://doi.org/10.1021/acs.iecr.8b05641
http://doi.org/10.1016/j.memsci.2013.09.049
http://doi.org/10.1039/C7RA03341A
http://doi.org/10.1016/j.memsci.2010.05.048

	Introduction 
	Experimental 
	Preparation of CHA Zeolite Membranes 
	Characterization of Pervaporative Ethanol Dehydration and Single Gas Permeation Properties 

	Results and Discussion 
	Milling and Coating of Nanosize Seeds 
	Synthesis of CHA Zeolite Membrane 
	PV Performance of CHA Zeolite Membranes 

	Conclusions 
	References

