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Abstract: Thin pure-silica chabazite (Si-CHA) membranes have been synthesized by using a sec-
ondary growth method on a porous silica substrate. A CO, permeance of 2.62 x 10~®* molm—2s~ 1 Pa~!
with a CO, /CHjy permeance ratio of 62 was obtained through a Si-CHA membrane crystallized for
8 h using a parent gel of HyO/SiO; ratio of 4.6. The CO, permeance through the Si-CHA membrane
on a porous silica substrate was twice as high as that through the membrane synthesized on a porous
alumina substrate, which displayed a similar zeolite layer thickness.

Keywords: membrane separation; inorganic membrane; zeolite; pure silica CHA-type zeolite; CO,
separation; silica substrates

1. Introduction

The development of efficient and sustainable CO, capture technologies is desired for
several reasons. First, carbon dioxide is a common greenhouse gas found in combustion
streams. In other words, its production is present in many industrial processes, and its
accumulation in the atmosphere is a threat to many bio systems on the planet [1]. Addition-
ally, CO; is one of the main components of raw natural gas, and is responsible for pipeline
corrosion problems during gas transportation [2]. For these reasons, separation technolo-
gies for carbon capture and storage (CCS) have been developed, such as pressure swing
adsorption, amine scrubbing, and cryogenic distillation [3,4]. Among these separation
techniques, membrane separation has presented itself as one of the most efficient methods,
thus receiving increasing attention from the scientific community [5]. Fard et al. [6] reported
that the global demand for membranes and membrane modules reached 15.6 billion USD
in 2018, and is expected to grow annually by 8%.

Membranes are usually classified into 2 broad classes: polymeric and inorganic mem-
branes. Although losing in terms of reproducibility, inorganic membranes are known for
displaying superior thermal, chemical and mechanical stabilities when compared with
polymeric membranes [7,8]. Therefore, inorganic membranes are preferentially applied for
high temperature gas separation processes [9,10]. Among the materials used for the fabrica-
tion of inorganic membranes, zeolites excel as adsorbents due to their narrow and uniform
pore size, high surface area, adjustable hydrophilicity and hydrophobicity, ion exchange
capacity, and strong acidity [11]. In particular, chabazite (also known as CHA-type zeolite)
has been researched for CO, separation, due to its eight-membered ring pores of 0.38 nm.
For that reason, since the molecular diameters of CO, and CHy are 0.33 nm and 0.38 nm,
respectively, CHA membranes show high CO,/CHy selectivity [12,13]. Kida et al. [14]
reported that a CHA membrane synthesized on an alumina substrate without adding
aluminum in the parent gel showed a CO,/CHy selectivity of 130, with a CO, permeance
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of 4.0 x 10° mol m~2 s~ ! Pa~!. Yu et al. [15] synthesized an industrially relevant CHA
membrane, with a length of 50 cm and membrane area of 100 cm?, which displayed a
CO, permeance of 1.6 x 10 mol m~2 s~! Pa~! and a CO,/CHy selectivity as high as
236. Hasegawa et al. [16] prepared a high silica CHA-type zeolite membrane (Si/Al = 18)
on a porous x-Al,O3 substrate with N /SFg and CO,/CHy selectivities of 710 and 240,
respectively. These high separation performances were explained by the low concentration
or absence of aluminum in the parent gels during the synthesis of the CHA membrane.
In the zeolite structure, cations are adhered to the negatively charged aluminum sites,
which in turn increase the diffusion resistance of CO; in the zeolite pores. Therefore, the
preparation of pure silica CHA (Si-CHA) membranes is expected to increase CO, separa-
tion performances. However, the highest achievable Si/ Al ratio of CHA crystals in the
conventional hydroxide medium is lower than 100 due to competition with other zeolites,
such as ITQ-1, SSZ-23, and SSZ-24 [17]. For the parent gels that do not contain aluminum in
its composition, CHA membranes have been prepared in fluoride medium, with rather low
H,0/S5i0; ratios of 3-6 in order to obtain a successful crystallization [17-19]. Only a few
research groups were able to synthesize high silica membranes with parent gels of higher
H,0O/Si0; ratios. For example, Zhou et al. [20] were able to synthesize a high silica CHA
zeolite membrane with a CO,/CHy selectivity of 480 by using a fluoride and aluminum
free parent gel with a H,O/SiO, ratio of 120.

Si-CHA membranes are usually synthesized on porous alumina substrates in order
to increase the mechanical strength of the thin CHA separation layers. However, alumina
substrates are dissolved in CHA parent gels due to their alkalinity [21-24]. One of the
solutions to overcome the aluminum dissolution of the porous ceramic substrates is to
instead synthesize the membrane on a porous silica substrate without aluminum in its
structure. The effects of using porous silica substrates to improve gas permeance were
investigated in the preparation of MFI membranes [25-27]. Sugiyama et al. [26] were able
to obtain a N, permeance through a MFI membrane of 3.7 x 107® mol m~2 s~! Pa~! with
a N, /SF¢ permeance ratio of 328. The application of porous silica substrates was effective
for MFI membranes.

Therefore, in this paper, Si-CHA membranes were crystallized on porous silica sub-
strates. The effects of changing the synthesis conditions were investigated for dense Si-CHA
membranes for CO; separation. Among these synthesis conditions, the effect of adding
seed crystals to the synthesis gel was studied as well. Seeding is one of most important
parameters for zeolite synthesis [28]. Kong et al. [17] reported that the presence of seed crys-
tals favors the formation of CHA zeolite more than the presence of the structure directing
agent (SDA). Finally, the effects of synthesizing the Si-CHA membrane on a silica substrate
were confirmed by comparing the permeation results with those through a membrane
synthesized on an alumina substrate.

2. Materials and Methods
2.1. Synthesis of Si-CHA Crystals

The Si-CHA crystals were synthesized by hydrothermal synthesis based on the former
literature [12]. N,N,N-trimethyl-1-adamantylammonium hydroxide (TMAdaOH: 25%,
SACHEM) was selected as the structure directing agent (SDA), and Tetraethyl orthosil-
icate (TEOS: >99%, LS5-2430, Shin-Etsu) as the silica precursor. Both compounds were
mixed and stirred at 250 rpm overnight, followed by heating until obtaining a dry pow-
der. Then, hydrofluoridric acid (HF: 46.0-48.0%, Wako) and distilled water were added
to the dried powder to obtain the parent gel. The composition of the parent gel was
5i0,:TMAdaOH:HF:H,0 = 1:0.8:0.8:4.6 (mol/mol). This dried gel was transferred to a
PFTE-lined autoclave, where hydrothermal synthesis was carried out at 150 °C for 24 h.
The obtained CHA crystals were recovered by vacuum filtration and washed with distilled
water. Then, after drying for 24 h, they were pulverized with an automatic mortar for 4 h.
Finally, the CHA crystals were calcined in air at 600 °C for 15 h in order to remove the SDA.
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2.2. Synthesis of Si-CHA Membranes

The Si-CHA zeolite membranes were synthesized on porous silica tubes provided by
Sumitomo Electric Industries, Ltd. (Yokohama, Japan) (outer diameter: 10 mm, inner diam-
eter: 6 mm, average pore size: 500 nm, length 30 mm). The silica substrates were coated
with the Si-CHA crystals by the dip-coating method, with a Si-CHA seed crystal slurry
of 8 g L~! concentration and pH 2. The composition of the parent gel for the membrane
synthesis was SiO:TMAdaOH:HF:H,O = 1:0.8:0.8:3.8~5.4 (mol/mol). Moreover, 10 pm
Si-CHA crystals were also added to the synthesis gel at varying quantities (0~0.25 wt%).
Then, 28 g of the parent gel was smeared onto a seeded substrate, followed by hydrother-
mal synthesis at 150 °C for 4 h to 16 h in a Teflon-lined autoclave. After the synthesis,
calcination was performed in air at 600 °C for 5 h.

In order to investigate the effects of the substrates, an alumina substrate (outer diame-
ter: 12 mm, inner diameter: 8 mm, average pore size: 500 nm, length 30 mm, Noritake Co.
(Nagoya, Japan)) was employed. The synthesis procedures were the same as those for the
silica substrate.

2.3. Characterization

The obtained membranes were characterized by using an X-ray diffractometer (Rigaku
(Tokyo, Japan)) from 5 to 40° for CuKa radiation. The morphologies of the obtained
crystals and membranes were observed using a VE-8800 scanning electron microscope
(SEM, KEYENCE (Osaka, Japan)). The permeation performances were measured by single
gas permeance tests using the probe gases Hy, CO,, Ny, CHy and SFg at room temperature.
As typically done, the membrane was inserted in a stainless steel module and sealed with
silicone O-rings. The selected gas was fed on the outer side of the membrane with a
feed flow of 200 mL/min and, after permeating the membrane, flowed to a handmade
bubble flowmeter, where the volumetric flow rate and, consequently, gas permeance
were determined.

3. Results and Discussion
3.1. Effects of Synthesis Time

The synthesis time for the CHA zeolite membrane synthesis on the silica substrates
was investigated from 4 h to 16 h at 150 °C. The H,O/SiO; ratio and the added seed
crystals were fixed at 4.6 and 0.01 wt%, respectively. Figure 1 shows the XRD patterns for
the membranes. The highest diffraction peak at 9.4° refers to the (100) plane of the CHA
and is considered its characteristic peak. All the other diffraction peaks were assigned for
the CHA structure, with the exception of a very small peak at 8.1°. This peak was found in
all membranes and refers to the (020) plane of the STT-type zeolite, a common impurity
in CHA-type zeolite synthesis [18]. The obtained XRD peaks show that, starting from a
synthesis time of 4 h, practically pure CHA layers were obtained, with the membrane
synthesized for 16 h displaying, among the obtained membranes, the highest ratio of
intensity of CHA and STT characteristic peaks. Specifically, a CHA (9.4°)/STT (8.1°) of
25.3 was obtained, which is equivalent to about 96% Si-CHA purity. CHA (9.4°)/STT (8.1°)
ratios of 18 and 24 were obtained for the 4 h and 8 h synthesis, respectively. This shows that
Si-CHA zeolite purity is proportional to synthesis time. The characteristic peak intensities
at 9.4° increased by increasing the synthesis time. Therefore, the crystals’ sizes are also
proportional to the synthesis time.

Figure 2 shows the single gas permeances through the obtained membranes. The H, /SFg
permeance ratio through the membrane synthesized for 4 h was 24.26. The Knudsen dif-
fusion ratio of H,/SFg is 8.5, showing that the membrane synthesized for 4 h was not
dense enough. H, /SF¢ permeance ratio through the membrane synthesized for 8 h was
196, which is much higher than that for 4 h synthesis. Furthermore, the membrane’s CO,
permeance was of 2.62 x 107® mol m~2 s~! Pa~!, with a CO,/CH, permeance ratio of
62. The membrane’s high selectivity can be explained by the molecular sieve mechanism
due to the pore size of the CHA structure. The high CO,/CH,4 permeance ratio indicates
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that the membrane synthesized for 8 h was dense. The membrane synthesized for 16 h
displayed a similar CO, /CHy permeance ratio of 60. Therefore, this membrane was also
dense. However, its CO, permeance was only 7.32 x 1077 mol m~2 s~ Pa~!, which is
71.2% lower than that through the 8 h synthesis membrane. The lower CO, permeance
can be explained by the thicker CHA layer after the 16 h synthesis. A similar result was
obtained by Chew et al. [29], who synthesized on «-alumina a membrane of SAPO-34, a
type of zeolite with CHA structure, which displayed an ideal CO,/CHy selectivity of 56.
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Figure 1. XRD measurements for the membranes crystallized for varying synthesis times (1 SiO,:0.8
TMAdaOH:0.8 HF:4.6 H,O, 0.01 wt% CHA seeds, at 423 K).
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Figure 2. Single gas permeances through the membranes crystallized for varying synthesis times.
(1 5i0,:0.8 TMAdaOH:0.8 HF:4.6 H,O, 0.01 wt% CHA seeds, at 423 K).

3.2. Effect of HyO/SiO; Ratio of the Parent Gel

The effect of the H,O/SiO; ratio of the parent gel was investigated. The H,O/SiO,
ratio varied from 3.8 to 5.4. The synthesis time was fixed at 16 h. The parent gel displayed a
paste-like state. The viscosity of the parent gel is an important parameter, as the adherence
of the paste to the surface of the substrate is necessary for the successful uniform synthesis
of the zeolite layer.

Figure 3 shows the XRD patterns for the membranes crystallized with different
H,0/S5i0; ratios. The intensities at 8.1° increased when increasing the H,O/SiO; ra-
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tio of the parent gel. Miyamoto et al. [18] reported that synthesis gels with low H,O/SiO,
ratios tend to initiate the formation of zeolites with lower framework densities. The frame-
work densities of CHA and STT are 15.4 and 17.0 Si/nm?, respectively. Thus, the STT
structure was more present in the surface of the membranes synthesized by the parent
gels of lower silica concentration. A CHA (9.4°)/STT (8.1°) intensity ratio of 29.5 was
obtained when H,O/SiO; = 4.2, the highest calculated from these XRD measurements.
The CHA (9.4°)/STT (8.1°) intensity ratio was only 13.8 when H,O/SiO, = 3.8 due to the
low viscosity of the parent gel. Therefore, the gel’s optimal H,O/SiO; ratio is 4.2, as it
tends to produce a pure CHA layer, as well as displaying good viscosity.

STT CHA
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Figure 3. XRD measurements for the membranes crystallized with different H,O/SiO, ratios.
(1 5i0,:0.8 TMAdaOH:0.8 HF:X H,O, 0.01 wt% CHA seeds, 16 h at 423 K).

Figure 4 shows the single gas permeances through the membranes synthesized with
different H,O/SiO; ratios. The overall high permeance of the membrane obtained with a
parent gel of H,O/SiO; ratio of 3.8 was due to the low membrane thickness, consequent to
the high viscosity of the parent gel. For this membrane, a low H; /SF¢ permeation ratio of
5.81 was obtained, due to the non-uniform coating of the parent gel on the substrate prior to
crystallization. On the other hand, the SFg permeance increased drastically when increasing
the H,O/SiO; ratio to 5.0 and over. As a result, high H, /SF¢ permeance ratios over 130
were obtained only by the membranes with HyO/SiO; = 4.2 and 4.6. These membranes
showed the highest CHA (9.4°)/STT (8.1°) peak intensity ratios as well, displaying values
of 29.5 and 25.3 for the membranes synthesized with the parent gels of H,O/SiO; ratios of
4.2 and 4.6, respectively. In order to obtain a uniform crystal layer, the STT phase in the
CHA structure is not desirable.

3.3. Effect of Adding Seed Crystals to the Synthesis Gel

The amount of seed crystals in a parent gel of H,O/SiO; = 4.6 was investigated in a
16 h synthesis at 150 °C. In these syntheses, the weight percentage of CHA seed crystals
in the parent gel was varied from 0 to 0.25 wt%. Figure 5 shows the surface and the
crosssectional images of the SEM observation of the membranes. No CHA layer was
observed in the case of the parent gel without any seed crystals. On the other hand, a
polycrystalline structure was found in the membranes with 0.01 wt% and 0.05 wt% seed
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crystals. The surface crystal size was of 1.07 um when 0.01 wt% seed crystals were added,
while a smaller crystal size of 530 nm was obtained when 0.05 wt% seed crystals were added.
Since the seed crystals in the parent gel function as crystallization nuclei, the number of
CHA crystals should increase by increasing the amount of CHA seed crystals added to the
parent gel [30,31]. Therefore, smaller crystals are obtained with higher amounts of seed
crystals, since the total amount of zeolite is limited by the total amount of coated parent gel.
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Figure 4. Single gas permeances through the membranes crystallized with varying H,O/SiO;.
(1 5i0,:0.8 TMAdaOH:0.8 HF:X H;0, 0.01 wt% CHA seeds, 16 h at 423 K).
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Figure 5. The effect on the morphology of pure silica CHA zeolite membranes by adding seed crystals
(1 5i0,:0.8 TMAdaOH:0.8 HF:4.6 H,O, x wt% CHA seeds, 16 h at 423 K).
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Figure 6 shows the single gas permeances through the membranes synthesized with
different concentrations of seed crystals in the parent gel. The Hy/SF¢ permeance ratio
was of 2.37 in the case of the membrane synthesized with no addition of seed crystals.
Additionally, H, permeance was lower than that through the substrate. Judging by the
low H,/SF¢ permeance ratio, it can be concluded that the membrane was not dense, as
the molecular size of SFy is larger than the pore size of CHA. However, both Hj/SFq
permeance ratio and Hy permeance increased with increasing the amounts of seed crystals
in the parent gel. As discussed before, the crystal size decreased with increasing the amount
of seed crystals in the parent gel, resulting in a thinner and denser CHA layer. However,
the Hy /SF4 permeance ratio through the membrane prepared with the high seed crystal
ratio of 0.25 wt% in the parent gel was only 16.88, lower than that through the membrane
prepared with a seed crystal ratio of 0.05 wt%. The CHA layer must have been too thin to
function as a dense membrane.
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Figure 6. Single gas permeances through the membranes crystallized with varying seed crystal
concentrations. (1 Si0,:0.8 TMAdaOH:0.8 HF:4.6 H,O, x wt% CHA seeds, 16 h at 423 K).

3.4. Effects of the Substrates

The synthesis procedure of the Si-CHA membrane on silica substrate was optimized
in the former sections. In this section, a Si-CHA zeolite membrane was synthesized on
an alumina substrate to confirm, by comparison, the effects of synthesizing a Si-CHA
membrane on a silica substrate. Figure 7 shows the single gas permeances through the
membranes synthesized on different types of substrates. Both membranes show similar
H, /SF¢ permeance ratios of 71.05 (alumina) and 83.80 (silica). However, the H, perme-
ance through the membrane on the silica substrate was of 3.53 x 10"® mol m~2s~! Pa~!,
which is about twice as high than that through the membrane on the alumina substrate.
Aluminum is dissolved from the alumina substrate during CHA synthesis, and the dis-
solved Al from the substrates can affect the S5i/ Al ratio of the CHA on the alumina sub-
strate [26]. The membrane synthesized on alumina substrate has displayed a Si/ Al ratio
of about 5 by an X-ray spectroscopy (EDS) analysis. Cations are found around the Al
atoms in the pores of the zeolite structure, and display a form of diffusion resistance [32].
However, this is not the case when synthesizing a zeolite membrane on a porous silica
substrate. Therefore, CHA membranes with a Si/ Al ratio of infinite can be synthesized on
silica substrates to improve permeance.
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Figure 8 shows the CHA zeolite layer thicknesses of the membranes synthesized
on porous silica and alumina substrates. Both membranes displayed similar thicknesses
of 10.8 pm and 9.2 pm for the membranes synthesized on silica and alumina substrates,
respectively. The membrane synthesized on the alumina substrate was obtained with
170 °C and 70 h, whereas the one synthesized on the silica substrate was obtained with
150 °C and 16 h. Therefore, apart from the fact that Si-CHA membranes synthesized on
porous silica substrates are more permeable than CHA membranes synthesized on alumina
substrates, silica substrates also display a possibility of synthesizing CHA membranes on
them with milder synthesis conditions.

Finally, both membranes have shown CO,/CHy separation potential, displaying
CO,/CHjy separation factors over 20.
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Figure 7. Single gas permeances through the membranes crystallized on different types of substrates
(1 5i0,:0.8 TMAdaOH:0.8 HF:4.6 H,O, 0.01 wt% CHA seeds, 16 h at 423 K).

Silica Alumina

100k

Figure 8. Thicknesses of CHA zeolite membranes synthesized on different porous substrates.
(1 5i0,:0.8 TMAdaOH:0.8 HF:4.6 H,O, x wt% CHA seeds, 16 h at 423 K).

4. Conclusions

Si-CHA zeolite membranes were synthesized on novel silica substrates for the first
time. The synthesis procedures were optimized to obtain a CO,/CHyj selective membrane.

The membrane has displayed an increase of the separation layer thickness by increas-
ing the synthesis time. CO,/CHy selectivity was slightly lower in the 16 h synthesis (59)
when compared to the membrane synthesized for 8 h (62). However, H, permeation was
71.2% lower in the case of the 16 h synthesis.

The synthesis gel should display an ideal concentration of water. If the water concen-
tration is too low (H,O/SiO; < 3.8), the gel becomes too viscous. As a result, a zeolite layer
displaying poor uniformity is obtained. On the other hand, a too high water concentration
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(H,O/SiO; > 5) results in the synthesis of STT zeolite. In this study, a water concentration
of HyO/SiO; = 4.2 has resulted in the best uniformity of the zeolite layer among the studied
range of H,O/SiO; ratio.

The concentration of Si-CHA seed crystals in the synthesis gel was investigated for
the first time in this paper. The most prominent effect observed when adding seed crystals
to the synthesis gel was the increase of the zeolite layer’s density. The increased number
of nuclei must have resulted in the synthesis of smaller Si-CHA crystals. The H,/SFg
ideal selectivity was increased when 0.01-0.05 wt% of seed crystals were added to the
synthesis gel.

Finally, regarding the choice of substrate, a clear effect in the overall gas permeance of
the membranes was observed. It was possible to obtain an overall permeance twice as high
as the same membrane synthesized on a porous alumina substrate by synthesizing the
Si-CHA membrane on a silica porous substrate instead. By avoiding the effect of alumina
dissolution from the substrate, pore blockage effect by ions and water can be averted.

The membrane with the highest CO, /CHy, separation potential was synthesized on a
porous silica substrate with the following conditions: H,O/SiO, ratio of 4.6 and addition
of 0.01 wt% Si-CHA seed crystals in an 8 h synthesis at 150 °C. It is important to note that
the synthesis of Si-CHA type zeolite membrane on porous silica substrates is still a novel
technique, and still has much room for improvement.
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