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A B S T R A C T

A systematic approach is described for the fabrication of defect-free high-silica zeolite membranes with CHA
(SSZ-13) topology. Home-made hydrothermally-synthesized CHA seeds were coated on porous α-alumina sub-
strates with a pore diameter of 80 nm and by means of a further hydrothermal treatment a zeolite membrane
layer was formed. In order to obtain a thin and defect-free zeolite layer, the influence on the final microstructure
of seed concentration during coating, coating method (rubbing, dip- or spin-coating) and crystal growth time
was investigated. The template removal procedure was optimized to avoid the formation of cracks or defects. For
an optimal thermal treatment, using a step-wise temperature increase to 500 °C, the membranes exhibit CO2/CH4

permselectivities of 25–30 with CO2 permeances of around 2 x 10−7 mol m−2 s−1 Pa−1 at 22 °C and 2 bar of
pressure difference. O2 plasma pre-treatment prior to template removal increased the CO2/CH4 permselectivity
to 176, while maintaining the same CO2 permeance values when no pre-treatment was used. The SF6 per-
meances, both at low (22 °C) and high (200 °C) temperatures, were below the detection limit (2 x
10−10 mol m−2 s−1 Pa−1), which in return results in very high N2/SF6 permselectivities of more than 700.

1. Introduction

Zeolite membranes have great potential for the separation of liquids
and gases thanks to their high thermal, chemical and mechanical sta-
bility as well as their uniform and molecular-sized pore structures,
which is unique for each type of framework. Among the 235 different
zeolite frameworks with a unique porous structure, only around 10
were studied as zeolite membrane material. The CHA-type framework
has a 3-dimensional interconnected pore system with 8-membered rings
and one of the smallest pore size (0.38×0.38 nm) for zeolite structures
used as membrane material. Depending on the elemental structure,
CHA has three analogues: low silica (chabazite), high-silica (SSZ-13)
and silicoaluminophosphate-34 (SAPO-34) which are widely used for
catalytic applications [1,2] and separations [3,4].

High-silica zeolites are the most thermal-stable ones (up to 800 °C),
since more energy is necessary to break the Si-O bond than the Al-O
bond [5]. In addition, high-silica zeolites are found to be less defective,
and therefore more suitable for gas separation [6]. Furthermore, high-
silica zeolites are more hydrophobic that would minimise the need of
completely drying the feed gas and have better performance for the
separation of CO2/CH4 gas mixtures [7].

High-silica (SSZ-13) CHA zeolites were prepared using various silica

precursors such as colloidal silica LUDOX AS-40 [8], monomeric tet-
raethyl orthosilicate (TEOS) [9,10], and fumed silica Cab-O-Sil® M5
[11] by using N,N,N-trimethyl-1-adamantammonium (TMAda+) as
structure directing agent (SDA) at temperatures ranging from 135 to
170 °C.

High separation performances and maximization of the product flux
can be accomplished by fabricating thin, defect-free and oriented zeo-
lite layers in a reproducible manner, which is regarded as the main
challenge for large-scale implementation of the zeolite membrane se-
paration technology in the chemical industry. The defect formation
during the fabrication of zeolite membranes is often inevitable [12].
Grain boundary (intercrystalline) defects form while growing the seed
crystals into a zeolite layer, which correspond to micropore or meso-
pore defects [13]. In addition, during the template removal by tem-
perature treatments, pinholes or cracks (macropore defects) form due to
the mismatch in thermal expansion coefficient (CTE) between zeolite
layer and substrate [14,15]. Formation of these defects, which have
larger sizes than the pore openings of zeolite crystals, results in low
selectivity in gas separation as gases simply permeate through these
defects without being rejected by the separation layer. Besides, the CHA
structure is more prone to have defects during thermal treatments as its
accessible volume of 17.27% [16] for the template is much higher than
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that of other zeolite frameworks such as MFI (9.81%) and DDR (9.21%).
The higher template loading creates higher stress during detemplation,
which causes difficulties in fabricating defect-free SSZ-13 CHA films
[17].

The most commonly used method to overcome the formation of
grain boundary defects in zeolite membranes is rapid thermal proces-
sing (RTP) instead of a conventional calcination [18–20]. Additionally,
various post-treatment methods were widely studied to reduce the de-
fects density, e.g. by filling defects with various chemicals, surfactants
or sols [21–23]. Besides, ozonication is used as a detemplation tech-
nique where an oxygen/ozone mixture (approximately 2% ozone) is
brought into contact with the zeolite layer at elevated temperatures
(around 250 °C) at which ozone decomposes into atomic oxygen and
radical species, which are highly reactive, remove the SDA by oxida-
tion. In this way crack formation as a result of high calcination tem-
peratures is avoided [17,24,25]. Finally, ultraviolet irradiation was also
used to decompose and remove the SDA from the pores of SSZ-13
hollow fiber membranes [26]. This is a rather easy process as it can be
done in ambient air as the ultraviolet irradiation excites the SDA and
forms activated species that would react with oxygen to form molecules
such as CO2, H2O and N2.

In this paper we report a detailed study on fabrication of thin and
defect-free high-silica (SSZ-13) CHA zeolite membranes by controlling
many important parameters in the synthesis such as the seeding
method, seed concentration, crystal growth time, and template removal
conditions. The membranes exhibit high separation selectivities which
are necessary for light gas separation applications such as CO2/CH4

separation in natural gas purification and also for SF6 recovery. SF6 is
indispensably used as insulating gas in the electrical transmittance
systems thanks to its high dielectric and arc-quenching properties [27],
and has to be recovered from N2 due to its high global warming po-
tential (23,900 times greater than that of CO2) which makes it an ex-
tremely potent greenhouse gas [27].

O2 plasma was also applied as a pre-treatment technique before the
thermal removal of the SDA. Although studied for detemplation of
zeolite samples, this is the first paper discussing the effect of O2 plasma
as a pre-treatment method on the permeance and separation perfor-
mance of SSZ-13 membranes. Thus, more understanding on developing
defect-free SSZ-13 membranes is gained, resulting in a reproducible
fabrication of SSZ-13 zeolite membranes, which brings these SSZ-13
membranes a step further to commercial gas separation application.

2. Experimental

2.1. Membrane fabrication

The macroporous, polished and disc-shaped α-alumina supports
with 39mm diameter, 2 mm thickness, 35% porosity and 80 nm pore
diameter are obtained from Pervatech B.V. the Netherlands.

The SSZ-13 high-silica CHA seeds were synthesized using the recipe
of Yarulina et al. [28] with some adaptations. A seed precursor solution
was prepared by using fumed silica (CAB-O-SIL® M-5, Cabot) as silica
precursor, N,N,N-trimethyl-1-adamantammonium hydroxide (TMA-
daOH, 25% in water, SACHEM, Inc.) as Structure Direction Agent
(SDA), sodium hydroxide pellets (NaOH, ≥ 97%, Sigma Aldrich), so-
dium aluminate (NaAlO2, Sigma Aldrich) and deionized water. TMA-
daOH, NaOH, NaAlO2 and H2O were mixed in a PTFE beaker and
stirred with a magnetic stirrer (900 rpm) at room temperature until the
total dissolution of NaOH and NaAlO2. After addition of fumed silica
the mixture was stirred for 6 h to form a gel with a molar composition of
1 SiO2: 0.19 TMAdaOH: 0.18 NaOH: 0.02 NaAlO2: 42.75H2O. This gel
mixture was poured in a 125mL Teflon-lined stainless steel autoclave
(Parr Instrument Company) and the hydrothermal synthesis took place
at 160 °C for 6 days. The obtained seed crystals were recovered through
wash, centrifuge and ultrasonic treatments. These treatments were re-
peated until the solution became pH neutral (pH of the supernatant

between 7-8). The seeds were dried at 110 °C overnight in a BINDER
FED 56 drying oven and calcined in an air furnace at 650 °C for 8 h with
a heating and cooling rate of 1 °C/min for removing the SDA template.
These initial hydrothermally-synthesized seeds were used for further
seed fabrication, in order to shorten the synthesis time from 6 days to 3
days, as also reported by Yang et al. [26]. During this seed-assisted CHA
seed synthesis, 2 mL of an aqueous solution of 0.125 wt% seeds was
added to the 6 h-aged gel mixture, as described above, and this gel was
aged for another 15min, subsequently treated in an autoclave for 3
days at 160 °C and finally washed, dried and calcined as described
above.

After synthesis and template removal from the seeds via calcination,
the seeds were deposited on α-Al2O3 substrates via rubbing, spin-
coating or dip-coating using a water suspension having different con-
centration of seeds (0.25, 0.125 and 0.0625 wt% seeds). Rubbing was
done using Latex gloves and rubbing the seed crystals on the support
surface. For spin coating a WS-400B-6NPP/LITE spin-coater (Laurell
Technologies Corporation) was used at 2500 rpm for 30 s. Clean-room
conditions (class 100) were used for dip-coating of the seeds and the
porous supports were brought to contact with the seed containing so-
lution using a dip-coater (Velterop DA 3960/02) with an angular dip-
ping rate of 0.06 rad s−1. After coating the substrates, the seed-coated
discs were dried overnight at 110 °C and stored under ambient condi-
tions until the seed growth.

The seed growth solution, used for membrane layer formation, was
prepared by using a lower amount of NaAlO2 than for the solution used
for seed synthesis, to reduce the Si/Al ratio of the final zeolite layer. In
this case the mixture had a molar composition of 1 SiO2: 0.19
TMAdaOH: 0.18 NaOH: 0.01 NaAlO2: 42.75H2O and after aging for 6 h
it was poured into the autoclave. The seed-coated substrates, of which
the sides and bottom were wrapped with PTFE tape so that the zeolite
crystals were only formed on the seed-coated layer, were placed in the
autoclave vertically. The reaction temperature was kept at 160 °C and
crystal growth times of 5, 9, 18, 36, 72 and 144 h were used. Then, the
membranes were washed with an excess amount of water and dried at
110 °C overnight.

The membranes were calcined under air to remove the structure
directing agent at two different heating programs, one at temperature
of 500 °C for 2 h with intermediate dwells of 2 h at 400 and 450 °C and a
second one at 600 °C with 8 h of dwell time without intermediate dwell.
In both cases heating and cooling rates of 0.5 °C/min were used.

Additionally, O2 plasma as a pre-treatment prior to calcination was
applied to relax the layer for the removal of the structure directing
agent from the pores of the membranes without causing defect-forming
stress on the zeolite layer. An oxygen plasma is supplied by a Femto
low-pressure plasma cleaner (Diener) with an oxygen pressure of
1.00mbar applied during a plasma treatment of 15min.

2.2. Characterization

The X-ray diffraction (XRD) patterns of the seed crystals and zeolite
membranes were analysed by a Bruker D2 Phases X-ray diffraction with
Cu-Kα radiation (λ=1.5418 nm) in the 2θ range of 5–90°, using steps
of 0.02°. The normalized reflections were compared with the reported
reference patterns from the International Zeolite Association [16].

The elemental composition (Si/Al ratio) of the SSZ-13 zeolite seeds
were monitored by a Bruker S8 Tiger X-ray Fluorescence (XRF) using
QUANT-EXPRESS analysis method.

The particle size distribution (PSD) of zeolite seed crystals that were
synthesized and used in the coating suspension was analysed by a
Malvern Zetasizer Nano ZS instrument using dynamic light scattering
(DLS) technique.

Thermogravimetric analysis (TGA) in air was performed on a STA
449F3 Jupiter® (Netzch) to measure the weight loss of the uncalcined
seeds as a function of temperature to determine the optimal thermal
treatment for the removal of the SDA. A blank correction with an empty
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TGA cup were carried out prior to the TGA analysis.
To envisage the coverage of the seeds after the seed-coating step, the

samples were analysed by a KEYENCE VK-9700 3D laser scanning
confocal microscope (LSCM).

The size and shape of the synthesized seeds as well as the thickness
and the surface morphology of the grown zeolite layer were analysed by
a JEOL JSM 6010LA scanning electron microscope (SEM) at an accel-
eration voltage of 5 kV. The SEM was equipped with an energy dis-
persive X-ray spectrometer (EDX) to have a semi-quantitative elemental
analysis of the samples. Prior to the SEM analysis, the samples were
sputter-coated with a 5 nm chromium layer.

The gas permeability of the membranes was analysed by a
Convergence OSMO single gas permeation set-up working in a dead-end
mode. Details of the set-up are given in Ref. [29]. During a measure-
ment, the permeate side was kept at 1 bar and the gas feed pressure was
varied to work at different transmembrane pressure (TMP= Pfeed –
Ppermeate). The zeolite layer was placed facing the feed side. The pure
gas permeances of He (hydrodynamic diameter 0.255 nm), H2

(0.289 nm), CO2 (0.33 nm), N2 (0.364 nm), CH4 (0.389 nm) and SF6
(0.55 nm) were measured by mass flow meters.

X-ray photoelectron spectroscopy (XPS) was used to collect the
element specific binding energies from the outermost 3–5 nm of a
sample. The data was obtained with a Quentera SXM (scanning X-ray
microscope) XPS from Physical Electronics using an Al-Kα source of
1486.6 eV.

3. Results and discussion

3.1. Seed crystal characteristics

XRD analysis (Fig. 1) confirms that the seed crystals have the high-
silica CHA (SSZ-13) topology, based on the verified XRD pattern of SSZ-
13 [30].

The elemental composition of the SSZ-13 crystals determined by
XRF yielded a Si/Al ratio of 142 (99.3% Si and 0.7% Al). Both XRD and
XRF results confirm that the seed crystals have the targeted high-silica
(SSZ-13) CHA structure.

The particle size distribution of the seed crystals measured by DLS
(Fig. 2) shows a monodispersed size of seed crystals in the range of
1 μm, indicating that the seeds are suitable for coating on alumina
substrates which have a pore diameter of 80 nm.

In addition, the SSZ-13 seed crystals analysed by SEM (Fig. 3) were
found to have the expected cubic shape with an average diameter of
1 μm, in agreement with DLS.

The supports were seeded by one of the attachment methods: dip-
coating, spin-coating or rubbing. From the coverage of the seed crystals

as observed via laser scanning confocal microscopy and shown in Fig. 4,
dip-coating was found to be the better and more reproducible seed
application technique.

Therefore, the membrane supports were further dip-coated with
aqueous suspensions containing 0.25, 0.125 or 0.0625 wt% of seed
crystals.

3.2. Membrane fabrication and its characteristics

After the attachment of the seed crystals by dip-coating with three
different seed concentrations (0.25, 0.125 and 0.0625 wt%), the seeds
were grown into a complete CHA layer for 144, 72, 36 or 18 h and for
the low concentration also 9 and 5 h. In this way several experimental
conditions were studied in order to get insight in the most optimal
experimental conditions for making a complete, uniform, thin and de-
fect-free zeolite layer. These samples will be referred by using the
sample codes as given in Table 1.

After hydrothermally growing the attached seed crystals, the zeolite
membranes were subjected to a gas permeation measurement to de-
termine their gas tightness. If the membranes are impermeable, the
defect-free nature of the zeolite layer prior to the thermal treatment is
shown and the membranes can be brought to the next step: temperature
treatment for SDA removal.

Fig. 1. X-ray diffraction patterns of synthesized high-silica CHA (SSZ-13) seed
crystals and comparison with literature [30].

Fig. 2. Dynamic light scattering intensity of the SSZ-13 seed crystals.

Fig. 3. SEM image of the synthesized SSZ-13 seed crystals.
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An SEM image of the S-H-144 is shown in Fig. 5. The main layer has
a thickness of 12 μm which was formed by the growth of the seed
crystals for 144 h. Clearly a secondary layer is formed, having a
thickness of 85 μm. This secondary layer is due to the formation of
crystals in the seed growth solution. Further deposition of secondary
crystals on the already seeded support is also observed in the literature
[31]. All membranes with high seed coating concentration (H) broke in
the membrane module of the gas permeation set-up upon exposure to
gases even without applying any thermal treatment because of the thick
layer (almost 100 μm; see Fig. 5). Even the minor forces applied on
these membranes, caused by sealing it in the permeation set-up and
applying a gas pressure of 2 bar, are sufficient to completely fracture
the membrane. Therefore, the S-H membranes were found to be vul-
nerable to any mechanical stress and were not used for further in-
vestigations. So, further results and discussions only concern the S-M

and S-L samples.
First of all the elemental composition of the membranes were ana-

lysed by EDS point analysis to determine the Si/Al ratio of the grown
zeolite layers. It is found that the Si/Al ratio is varying between 50 and
60 proving the desired high-silica content of the SSZ-13 membrane
layers [4,8,11].

The crystal structure of zeolite layers, grown on medium- and low-
seeded membrane supports, was analysed. All membranes gave the
same XRD pattern, only showing the peaks belonging to SSZ-13 and the
α-alumina support. An example is given in Fig. 6.

The membrane layers, formed by secondary growth from dip-coated
layers with medium (0.125 wt%) and low (0.0625 wt%) seed con-
centrations, were found to be defect-free before thermal treatment. The
gas permeance results of S-M-72 are given as an example in Fig. 7,
showing no detectable permeation of the light gases, before removing
the template (SDA) by thermal treatments, so indicating a defect-free
layer. However, after a thermal treatment at 600 °C in air (with a dwell
time of 8 h, and heating and cooling rate of 0.5 °C/min), the membranes
did not exhibit any selectivity regarding the size of the gas molecules
tested. The single-gas permeance values as given in Fig. 7 are more
resembling the α-alumina indicating that the zeolite layer on top of the
α-alumina support does not provide any gas selectivity and only yields
some permeation resistance.

Therefore, the focus was put on determining the optimal conditions
for the removal of the template from the membranes prepared with the
medium and low concentration seeds in order to preserve their defect-
free nature through the template removal step.

In literature, various template removal conditions, as discussed in

Fig. 4. Confocal microscopy images of the SSZ-13 on the alumina substrate to indicate the seed crystal coverage as applied via a) dip-coating, b) spin-coating and c)
rubbing using 0.25 wt% seed concentration.

Table 1
Sample designations based on their seed concentrations and growth time.

Seed Concentration [wt.%] Secondary growth time [h] Sample code

H: high, 0.25 wt% 144 S-H-144
H: high, 0.25 wt% 72 S-H-72
H: high, 0.25 wt% 36 S-H-36
H: high, 0.25 wt% 18 S-H-18
M: medium, 0.125 wt% 144 S-M-144
M: medium, 0.125 wt% 72 S-M-72
M: medium, 0.125 wt% 36 S-M-36
M: medium, 0.125 wt% 18 S-M-18
L: low, 0.0625 wt% 144 S-L-144
L: low, 0.0625 wt% 72 S-L-72
L: low, 0.0625 wt% 36 S-L-36
L: low, 0.0625 wt% 18 S-L-18
L: low, 0.0625 wt% 9 S-L-9
L: low, 0.0625 wt% 5 S-L-5

Fig. 5. Cross-sectional SEM image of S-H-144 showing the primary layer with
thickness of 12 μm and a secondary layer with thickness of 85 μm.

Fig. 6. XRD patterns of the grown SSZ-13 crystals on an alumina support with
medium seeding (S-M-36). membranes Asterisk (*) represents the peaks ori-
gining from the α-alumina support.
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the introduction part of this paper, have been applied in addition to
many different thermal treatment conditions. Details of thermal treat-
ments, applied to SSZ-13 membranes, which resulted in defect-free
membranes after thermal treatment, as confirmed by gas permeation
tests, are given in Table 2.

Since different template removal temperatures in the range of
480–600 °C were used in the literature, it is important to find the op-
timal conditions for our synthesized material. Therefore, thermogravi-
metric (TGA) analysis was applied to investigate the weight loss of the
as-synthesized zeolite seed crystals as a function of temperature and
time. Fig. 8 shows the TGA results, using two different temperature
programs: one with intermediate dwells for 1 h at every 50 °C (Fig. 8a)

and one without intermediate dwell, and directly heated to 900 °C
(Fig. 8b), using heat rate of 5 °C/min in both.

The weight loss due to the removal of water (up to 150 °C) is about
2%. Then, a slow weight loss occurs due to the partly decomposition of
the SDA, TMAda+, and it starts to completely decompose at around
400 °C in both cases, with and without intermediate dwell time. A
weight loss of 18% (so up to a total sample weight loss of 20%) is an
indication for the complete removal of the TMAda+ as the accessible
volume of CHA framework is given as 17.27% [16]. This weight loss is
reached at lower temperatures (500 °C) in the system with intermediate
dwell time (Fig. 8a) as it gives more time to oxidize the SDA whereas
higher temperatures (600 °C) are required without intermediate dwells
(Fig. 8b). Therefore, to avoid higher calcination temperatures which
would result in defect formation and non-selective gas permeance (as
shown in Fig. 7) due to the difference in the thermal expansion coef-
ficients of the alumina substrate and the zeolite layer [17], the most
suitable calcination conditions were analysed and it was shown that
lower temperature would be sufficient to burn out the SDA by adding
intermediate dwells.

So, the defect-free membranes were calcined at 500 °C for 2 h dwell
time with additional intermediate dwells of 2 h at 400 and 450 °C, with
a heating and cooling rate of 0.5 °C/min. These membranes preserved
their defect-free nature by having no SF6 (which has a larger kinetic
diameter, 0.55 nm, than the pore size of SSZ-13, 0.38 nm) permeance as
measured at 2 bar and 22 °C. The membranes exhibited size selective
properties. The permeance values of He, H2, CO2, N2 and CH4, and CO2/
CH4 permselectivities are given in Table 3.

The ideal CO2/CH4 permselectivities were quite similar for the
membranes having different seed concentration during substrate
coating and different secondary growth times (Table 3). The CO2/CH4

permselectivity (ideal selectivity) values are between 23 to 31, which
are in the range (10–40) of the CO2/CH4 permselectivity values, re-
ported in the literature for SSZ-13 membranes [33,34]. However, the
differences in single-gas permeances were notable for the different
membranes. This was expected considering the thickness of the mem-
branes as a result of growth time. Both S-M and S-L membranes show
higher permeances for all gases when the membranes were grown for
18 h as compared to those with 36 h of crystal growth. To confirm this
idea and get more insight about the structure of these membranes, the
cross-sections of the membranes were visually analysed by SEM (Fig. 9).

All SSZ-13 membrane layers were found to be compact and con-
tinuous on the α-alumina support.

The thickness was dominated by the crystal growth time instead of
the seed concentration. Also, the thinner the zeolite layer, the more
permeable the membrane.

The effect of a shorter crystal growth time of 9 (S-L-9) and 5 h (S-L-
5) was investigated. In total, 6 membranes with synthesis method S-L-9
were prepared, and were all gas-tight prior to calcination by using the

Fig. 7. Single gas permeances through S-M-72 membrane before and after
thermal treatment at 600 °C (8 h; heating/cooling: 0.5 °C/min) and bare α-
alumina support, measured at 22 °C and 2 bar of transmembrane pressure (lines
are a guide to the eye).

Table 2
Template removal conditions from the SSZ-13 membrane pores.

Reference Temperature [°C] Dwell Time
[h]

Heating Rate
[°C/min]

Cooling Rate
[°C/min]

[3] 580 12 0.5 0.5
[4] 480 6 0.5 0.5
[7] a 450 80 0.2 0.2
[10] 480 6 0.5 0.5
[28] 600 6 Not given Not given
[32] 480 6 0.5 0.5
[33] 480 15 0.6 1.8

a Pure O2 furnace. Rest: air furnace.

Fig. 8. Thermogravimetric analysis on SSZ-13 seed crystals using a heating rate of 5 °C/min a) with and b) without intermediate dwell time.
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optimized temperature treatment. Their single gas permeance perfor-
mance is provided in Table 3. SEM analysis of an S-L-9 sample indicated
that in this case the SSZ-13 layer has a thickness of 1.8 μm (see Fig. 10).

The higher gas permeances through S-L-9 membranes (Table 3)
could be a result of the thinner layer, 1.8 μm, due to shorter crystal
growth time, or a more open structure by internal imperfections. In-
deed, the CO2/CH4 permselectivity is not as high as the ones where the
CH4 permeance is lower due to the formation of a denser structure after
a longer crystal growth time.

None of the four S-L membranes prepared with 5 h crystal growth
time (S-L-5) were gas tight prior to the thermal treatment. Clearly, 5 h
of secondary growth is insufficient for completely growing the seed
crystals into a continuous layer. The gas permeances had a trend similar
to the α-alumina support (see Fig. 7.) The SEM image of the surface of
an as-synthesized S-L-5 membrane also shows the incomplete inter-
growth to a continuous zeolite layer on the α-alumina support (Fig. 11).

These results give us the boundaries of fabrication of defect-free
SSZ-13 zeolite layers. A too high seed concentration (S-H samples) or
too short reaction time at low seed concentration (S-L-5) results in both
cases in defective layers after synthesis. For the S-H samples this is
caused by stresses because of a too thick zeolite layer, while for S-H-5
an incomplete CHA layer was formed. All other samples, as indicated in
Table 1, gave a defect-free layer when a calcination treatment was
given for 2 h at 500 °C, with intermediate dwells for 2 h at 400 and
450 °C. A lower seed concentration, but especially a reduction in crystal
growth time, results in thinner zeolite layers with higher single gas
permeances for the small gases. In conclusion, this study on material
preparation provided us insight in the optimal fabrication of defect-free

CHA membranes in a relatively fast way.
In addition to the room temperature tests, the gas permeances at

elevated temperature (200 °C), while keeping a pressure difference of
2 bar, were measured. The single gas permeances through S-L-18
membranes at 22 °C (as tabulated in Table 3) and at 200 °C are com-
pared in Fig. 12.

At 200 °C, higher permeance values for He, H2, N2 and CH4 were
obtained than at 22 °C due to the fact that the gas transport of these
weakly adsorbing molecules increases at elevated temperatures, due to

Table 3
Single gas permeances and CO2/CH4 permselectivities of the membranes (calcined at 500 °C with intermediate dwells) at 22 °C and 2 bar of transmembrane pressure.

Membranes Gas Permeance [10−9 mol m−2 s−1 Pa−1] Permselectivity CO2/CH4

He H2 CO2 N2 CH4

S-M-36 4.1 10 138 4.1 5.9 23
S-M-18 23 88 356 22 12 31
S-L-36 5.5 16 111 2.4 4.3 26
S-L-18 55 250 336 59 11 31
S-L-9 182 575 353 143 81 4

Fig. 9. Cross-sectional SEM images of a) S-M-36, b) S-M-18, c) S-L-36 and d) S-L-18. The thickness of the SSZ-13 layers is indicated (in μm).

Fig. 10. Cross-sectional SEM image of S-L-9 membrane showing a zeolite layer
thickness of 1.8 μm.
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an activated diffusion mechanism [35]. However, for CO2, the per-
meance was slightly lowered because two phenomena contribute to its
flux and have an opposite effect as a function of temperature. Adsorp-
tion and activated diffusion through the pores determine the CO2

transport through CHA structures. As CO2 is highly adsorbed on many
zeolites including CHA [7,10], the high loading results in faster trans-
port of CO2 compared to the other components. At high temperatures
this loading in the CHA decreases due to the exothermicity of adsorp-
tion, but the diffusivity increases. Since the increase of the latter is less
than the decrease in loading the overall CO2 permeance decreases with
temperature. In the Henry regime the permeance activation energy is
the sum of the adsorption enthalpy and the diffusivity activation en-
ergy.

= +E E HΔperm
app

diff ads

In case of the more bulky methane the diffusivity activation energy
is larger than its heat of adsorption and overall the permeance increases
with temperature. Similar observations have been made for DDR and
MFI membranes [36,37].

So, at low temperatures, in SSZ-13 zeolites, a stronger adsorption of
CO2 than CH4 is expected [38]. This adsorption behaviour, next to the
molecular size effect, contributes to a higher CO2 permeance than CH4

resulting in a high permselectivity. However, at higher temperatures
the opposite effects for CO2 and CH4 result in lower CO2/CH4 perms-
electivity values (6) than at 22 °C (31).

Finally, the membrane selectivity of SF6 with regard to the smaller
gases was studied. All membranes were found to be SF6 impermeable,
both at low (22 °C) and high (200 °C) temperatures, meaning that SF6 is
completely rejected by the membranes. So, the light gas ideal perms-
electivities with regard to SF6 were found to be very high for as shown
in Table 4 (taking into account a detection limit of our gas permeation
equipment of 0.2 x 10−9 mol m−2 s−1 Pa−1).

These light gas permselectivities over SF6 were found to be ex-
tremely high, especially for the N2/SF6 separation which is desired for
SF6 recovery.

The S-L-9 membranes were found to be SF6 impermeable as well.
The permeances of the light gases of S-L-9 (He, H2, CO2, N2 and CH4)
show the highest values of all membranes investigated (see Table 3). A
N2 permeance of 143 x 10−9 mol m−2 s−1 Pa−1 was measured, while
the detection limit of the set-up is 0.2 x 10−9 mol m−2 s−1 Pa−1,
meaning that for S-L-9 the N2/SF6 permselectivity was found to be more
than 700. To the best of our knowledge this value is higher than ever
reported in the literature [39–41].

The effect of eventual defects in the membrane is more obvious
when higher pressures are used during permeation tests. Therefore,
single gas permeance measurements at higher transmembrane pressures
of 3, 4 and 5 bar were conducted on S-L-18 membranes, while keeping
the temperature at 22 °C. The membranes were found SF6 impermeable
also at higher pressures. Moreover, almost identical CO2/CH4 perms-
electivities were observed at all transmembrane pressures. Thus, no
significant effect of pressure on CO2/CH4 permselectivity was observed
and the membranes remain impermeable for SF6, which is another in-
dication that defects are not present or present in very small amounts
and small sizes.

3.3. Effect of O2 plasma pre-treatment before calcination

Since the S-L-18 membrane had the highest CO2/CH4 permselec-
tivity, this membrane was chosen to study the effect of an O2 plasma
treatment prior to the optimized temperature treatment at 500 °C with
intermediate dwells for 2 h at 400 and 450 °C.

Also after the plasma pre-treatment the membranes were still im-
permeable to all of the gases. After the optimized thermal treatment for
complete removal of the template the single gas permeances at 22 °C
and 2 bar of pressure difference were determined (see Table 5).

For comparison, the single gas permeance values of S-L-18 samples
with and without O2 plasma pre-treatment are shown in Fig. 13.

The effect of O2 plasma pre-treatment on gas permeances is re-
markable. The 7–8 times lowered gas permeance values indicate that
the pore structure is narrowed, and only the CO2 permeance keeps si-
milar values as compared to that of the direct thermal treated mem-
branes. The strong decrease in methane permeance leads to a much
higher CO2/CH4 permselectivity of 176 for the plasma treated mem-
brane.

Fig. 11. SEM image of S-L-5 membrane showing the incomplete crystal growth
into a continuous layer.

Fig. 12. The single gas permeances through S-L-18 membrane at 200 °C (open
symbols) and 22 °C (solid symbols) with 2 bar of transmembrane pressure (lines
are a guide to the eye).

Table 4
Permselectivity values of light gases over SF6 in S-L-18 membranes at 2 bar of
pressure difference.

Gas Pair Permselectivitya

22 °C 200 °C

H2/SF6 > 1250 >1720
He/SF6 > 280 >720
CO2/SF6 > 1680 >900
N2/SF6 > 300 >260

a The SF6 permeance was taken as the detection limit of the set-up (0.2 x
10−9 mol m−2 s−1 Pa−1) for the permselectivity calculation.
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The following mechanism is proposed to occur during O2-plasma
and subsequent temperature treatment. During O2 plasma pre-treat-
ment, the methyl groups of the SDA, bonded to nitrogen (N) of the SDA
(as seen in Fig. 14), are removed by the oxygen plasma [42,43] and as a
result, the nitrogen atom becomes reactive. Besides, the oxygen plasma
creates active Si-O- groups at the pore openings of the CHA structure.
Subsequently, this is followed by a reaction of Si-O- with N to form a
stable Si-O-N structure. During the temperature treatment after O2

plasma, the large adamantyl group is burnt, which opens the pore.
However, the Si-O-N bond is stable and remains after thermal treatment
and causes a slight pore narrowing at the pore openings as

schematically shown in Fig. 15.
Therefore, the gas permeances decrease while keeping the CO2

permeance of the same order of magnitude as for non (O2-plasma) pre-
treated SSZ-13 membranes (Fig. 13) due to the high CO2 adsorption
capacity of SSZ-13 membranes [44] which governs its low temperature
permeance. Hence, the narrowed pore opening as a result of O2 plasma
resulted in lower CH4 permeance and consequently much higher CO2/
CH4 permselectivities.

In order to verify this proposed mechanism, two SSZ-13 membranes,
one with and one without O2 plasma pre-treatment followed by calci-
nation, were analysed by XPS in order to study the bonds in the N 1s
spectra (see Fig. 16).

The well-defined signal at 400 eV corresponds to nitrogen in C-N
bonds [45] which is 85% of the nitrogen peak in the sample without O2

plasma treatment and the small peak at 403.3 eV is tertiary amine [46].
However, the O2 plasma treated membrane showed a secondary peak at
402.3 eV which is 64% of the total nitrogen peak area. This peak at
402.3 eV corresponds to N-O bonds [47] proving the prominent pre-
sence of N-O bonds in the zeolite layer after O2 plasma treatment as
suggested in Fig. 15.

In addition, crystal imperfections such as internal silanol defects
[48], which are formed due to fast crystal growth [28], are presumably
repaired by O2 plasma, which would also yield a decrease in CH4 per-
meance and therefore an increase in CO2/CH4 permselectivity.

4. Conclusions

High-silica (SSZ-13) CHA zeolite membranes were fabricated via a
seeded growth method. Synthesis parameters, such as seed attachment
method, seed concentration and seed crystal growth time, were opti-
mized for the formation of thin and defect-free zeolite membranes. The
thermal treatment for the removal of template was studied in detail. It
was found that a temperature treatment at 500 °C for 2 h with inter-
mediate dwells at 400 and 450 °C was the most optimal condition for
synthesis of a defect-free CHA layer. These membranes exhibit good

Table 5
The single gas permeances at 22 °C through S-L-18 membranes with O2 plasma as a pre-treatment prior to optimized temperature treatment (low temperature,
intermediate dwells).

Membranes Gas Permeance [10−9 mol m−2 s−1 Pa−1] Permselectivity CO2/CH4

He H2 CO2 N2 CH4

Without O2 plasma 55 250 336 59 11 31
With O2 plasma 8.1 37 260 8.1 1.5 176

Fig. 13. Single gas permeance through S-L-18 membranes at 22 °C and 2 bar of
pressure difference, after the membranes were exposed to either a direct
thermal treatment (at 500 °C with intermediate dwells) or O2 plasma and then a
thermal treatment. Between O2 plasma and thermal treatment, the membrane
was impermeable. (Lines are a guide to the eye).

Fig. 14. a) the SDA (trimethyl adamantylammonium hydroxide) molecule and b) the CHA structure with enlarged the chemical structure, showing the silicon atoms
connected to three oxygen atoms and one hydroxyl groups.
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size selective separation values. The best results in terms of CO2/CH4

separation performance were obtained with 0.065 wt% seeded mem-
branes which were grown for 18 h. The membrane layer obtained with
this procedure has a thickness of around 2 μm and exhibited a CO2/CH4

permselectivity of 30 at 22 °C and 2 bar of TMP with a CO2 permeance
of around 3.4 x 10−7 mol m−2 s−1 Pa−1. In addition, 9 h grown
0.065 wt% seeded membranes were found to be more suitable for SF6
recovery as these membranes were more permeable to the light gases
whereas still impermeable to SF6. Therefore, the permselectivities of
light gases over SF6 were found to be extremely high (N2/SF6 > 700)
making these membranes suitable for SF6 recovery both at room tem-
perature and temperatures of at least 200 °C.

When the membranes were pre-treated with O2 plasma prior to the
temperature treatment, the pore openings are narrowed and the in-
ternal silanol imperfections are repaired. This denser and more ideal
structure gives much higher CO2/CH4 permselectivity values reaching
to 176, with similar CO2 permeances of 1–3 x 10−7 mol m−2 s−1 Pa−1

but with much lower permeances of the other gases, compared to the
non-plasma treated membranes. It is proposed that the O2 plasma,
combined with a temperature treatment, results in the formation of a Si-
O-N bonding on the walls of the zeolite and subsequently in a pore
narrowing if compared with non-O2 plasma pre-treated membranes.
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