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ARTICLE INFO ABSTRACT

Keywords: Activation plays a crucial role in determining the final performance of zeolite membranes, and therefore,
SSz-13 developing an effective activation technique to achieve both high permeance and high selectivity is highly
Zeolite membrane desirable. In the present study, a promising two-step activation strategy, consisting of a hydrocracking step
gg?;ézHé separation followed by an oxidation step, has been proposed to fabricate high-performance SSZ-13 zeolite membranes for
Activation CO,/CyHg separation. Compared to the single-step hydrocracking or oxidation activation, the two-step activation

strategy enabled much more effective removal of the organic template from the SSZ-13 zeolite channels at a
significantly lower temperature, despite identical activation conditions, except for the atmosphere. This led to
improved CO; permeance and CO2/CyHg selectivity, owing to the more efficient removal of the template. It was
confirmed that CoHg preferentially adsorbs in the SSZ-13 zeolite pores, resulting in reduced CO2 permeance and
CO,/CgHe selectivity during CO2/CaHg mixed-gas separation compared to single-gas permeation. Furthermore,
the CO, permeation mechanism shifted from surface diffusion to activated diffusion due to the narrowing of the
zeolite pores after C;Hg adsorption. These findings highlight the potential of the proposed two-step activation
strategy for developing high-quality zeolite membranes and provide a promising solution for enhancing CO2/

CoHp separation in mixed-gas separations by modifying CoHe adsorption in the zeolite pores.

1. Introduction

C,Hg is one of major components of natural gas, and its recovery is
highly desirable due to its importance as a petrochemical feedstock for
ethylene production [1]. However, CO, and CyHg often coexist in nat-
ural gas streams, particularly for the associated gas from oil fields ob-
tained using CO, enhanced oil recovery (CO2-EOR) technology.
Consequently, the efficient separation of CO5/CyHg is a critical process
in natural gas processing. Conventional processes, such as distillation [2,
3] and absorption [4,5], for COy/CoHg separation are highly compli-
cated and energy-intensive, which significantly increases operational
costs. As a result, there is growing interest in alternative separation
technologies that offer more energy-efficient and cost-effective
solutions.

Among these alternatives, membrane processes are gaining attention
due to their lower energy consumption and simpler operation compared
to conventional methods [6-8]. Given the noticeable difference in mo-
lecular size between CO, (kinetic diameter: 0.33 nm) [9] and CsHg
(0.40 nm) [10], zeolite membranes, which have a well-defined pore size
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at molecular-lever, along with excellent thermal and chemical stability
[11-14], present an ideal candidate for efficient CO5/CyHg separation.
Typically, SSZ-13 exhibits a CHA-type zeolite topology with a uniform
pore size of 0.38 nm [15], which facilitates the fast diffusion of CO,
while excluding CoHg, making SSZ-13 zeolite membranes a promising
choice for CO,/CoHg separation. Although recent studies have demon-
strated that SSZ-13 zeolite membranes can achieve high CO, permeance
and excellent selectivity against CH4 [16-20], few studies have specif-
ically focused on the CO5/CyHg separation.

The activation process of existing zeolite membranes presents several
challenges. Typically, activation is achieved by calcining the membrane
at high temperatures (>450 °C) in air or oxygen [21-25], a process that
decomposes the occluded organic template within the pores. However,
this high-temperature treatment often leads to the formation of grain
boundary defects and results in high energy consumption, which nega-
tively impacts both the separation selectivity and the overall economic
viability of the membranes [26,27]. To mitigate these issues, one po-
tential solution is to activate the membrane at lower temperatures.
Techniques such as ultraviolet radiation [28-30] and ozonation [31-34]
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have been developed for low-temperature activation, although these
methods are time-consuming.

Recently, we introduced a hydrocracking activation approach, which
allows the decomposition of the organic template at lower temperatures
compared to traditional air-based methods [35]. This new technique
produced silicalite-1 zeolite membranes with remarkable improved
H,/CO; selectivity, resulting from the interaction between CO; and the
residual template confined in the membrane pores. Despite these im-
provements, the hydrocracking process only partially removes the
template from the zeolite channels, making a relatively poor pore
accessibility. As a result, membranes activated using this method
exhibited a low Hy permeance. In the case of CO5/CyHg separation using
SSZ-13 zeolite membranes, it is essential to remove as much of the
template as possible for achieving high permeation flux and selectivity.

In this study, we introduce a novel two-step activation method,
combining a hydrocracking step followed by an oxidation process, to
develop high-performance SSZ-13 zeolite membranes for efficient COy/
CoHg separation. This two-step activation approach enables more
effective removal of the template at relatively lower temperatures,
which effectively improves both the selectivity and permeance of the
membranes. We believe this activation technique offers a promising
pathway to enhance the performance and economic viability of zeolite
membranes for practical applications.

2. Experimental
2.1. Materials

An a-Aly03 disc, with an average pore size of 100 nm and a diameter
of 25 mm, was used as the support for membrane synthesis. Sodium
hydroxide (97%), aluminum hydroxide (99.99%) and N, N, N-trimethyl-
1-adamantylammonium hydroxide (TMAdaOH) (25% aqueous solution)
were obtained from Shanghai Aladdin Biochemical Technology Co., Ltd.
Ethylenediamine (EDA) (99%) was purchased by Guangdong Guangshi
Reagent Technology Co., Ltd. Ludox AS-40 colloidal silica (40% in H50)
was supplied by Sigma-Aldrich.

2.2. Fabrication of SSZ-13 zeolite seeds

SSZ-13 zeolite seeds were prepared according to the following molar
composition: 1.0 SiO3: 0.1 Nay0: 0.025 Al;03: 0.3 TMAdaOH: 0.3 EDA:
44 H,0. Briefly, aluminum hydroxide, sodium hydroxide, and water
were mixed to achieve a homogeneous solution. TMAdaOH and EDA
were then sequentially added, and the mixture was stirred for 3 h. Ludox
AS-40 colloidal silica was then slowly added to the solution. After stir-
ring overnight at room temperature, a certain amount of seeds (0.1 wt%
of the solution), prepared according to a ball-milling procedure similar
to previously reported [36], was added. The resulting mixture was
stirred for an additional 1 h to promote a homogeneous dispersion of
SSZ-13 seeds within the solution. The final gel solution was then
transferred to a polytetrafluoroethylene (PTFE)-lined autoclave and
placed in an oven at 160 °C for 96 h. After hydrothermal crystallization,
the products were washed and dried at 60 °C overnight to obtain
as-synthesized SSZ-13 zeolite powders. Finally, the powders were
calcined in air at 650 °C for 6 h with a heating rate of 10 °C min~" to
remove the template from the zeolite framework.

2.3. Preparation of SSZ-13 crystals and zeolite membranes

SSZ-13 zeolite seeds were deposited onto the surface of an a-Al,O3
support through vacuum-assisted filtration of 1 mL of a 0.2 wt% seed
suspension, then dried at 60 °C overnight and calcined at 550 °C for 6 h,
resulting in a seeded a-AlyOs support. For membrane growth, a gel
precursor, which was prepared using the same synthesis procedure for
the SSZ-13 zeolite seeds except the use of modified recipe of SiO2: Nay0:
Al;03: TMAdaOH: EDA: HoO = 1.0: 0.1: 0.025: 0.3: 0.1: 44, was used for
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secondary growth of the seeded a-AlyO3 support. The seeded a-Al,O3
support was placed into an autoclave and subjected to hydrothermal
crystallization at 160 °C for 96 h. After the synthesis, the autoclave was
cooled by quenching in running tap water. The resulting as-synthesized
SSZ-13 zeolite membrane, along with the SSZ-13 zeolite powders
deposited at the bottom of the autoclave, was obtained following
washing and drying at 115 °C overnight.

2.4. Activation

SSZ-13 powders and membranes were activated using a two-step
process, consisting of a hydrocracking step in a hydrogen atmosphere
followed by an oxidation step in an oxygen atmosphere. In the first step,
the sample was placed in a quartz tube reactor, and N, sweep gas was
introduced to remove the air from the reactor. After heating the reactor
to the desired temperature for hydrocracking, the nitrogen flow was
switched to H, at a flow rate of 20 mL min~" to facilitate the decom-
position of the template. In the second step, N was used to sweep the
reactor and remove Hj after hydrocracking, followed by the introduc-
tion of O, at a flow rate of 20 mL min~! to further decompose the
template through oxidation.

For comparison, activation of the SSZ-13 zeolite powders and
membranes was carried out through a conventional single-step activa-
tion process, involving high-temperature calcination in an Hy, O, or air
atmosphere. The heating and cooling rates during this activation process
were both controlled at 1 °C min !, Zeolite powders activated in
hydrogen, oxygen, and air were labeled as PH-T-t, PO-T-t, and PA-T-t,
respectively. Likewise, zeolite membranes activated in these gases were
referred to MH-T-t, MO-T-t, and MA-T-t, respectively. In these labels, T
and t correspond to the activation temperature and time duration,
respectively.

2.5. Characterization

X-ray diffraction (XRD) patterns were collected on a Bruker D8
ADVANCE X-ray diffractometer, operated at 40 kV and 40 mA with Cu-
Ka radiation (A = 0.15418 nm) and a scan speed of 0.2 s step~ ! over the
range of 20 = 5-60°. Scanning electron microscope (SEM) images were
captured using a COXEM EM-30PLUS electron microscope. Thermog-
ravimetric analysis (TGA) and differential scanning calorimetry (DSC)
measurements were performed on a NETZSCH STA 449C thermal-
gravimetric analyzer, operating from room temperature to 850 °C
with a heating rate of 10 °C min L. Fourier transform infrared (FT-IR)
analyses were carried out using a Bruker Tensor FTIR spectrometer. Ny
adsorption-desorption measurements were conducted at 77 K using a
Micromeritics ASAP2460 surface area and porosity analyzer. Particle
size distribution was determined using a Malvern Mastersizer 3000.
Breakthrough curves for a COy/CoHg mixture (50/50, v/v) were ob-
tained at 25 °C using a BSD-MAB Multi-component adsorption break-
through curve analyzer. CO5 and CyHg adsorption-desorption tests were
conducted at 30 and 50 °C using a Quantachrome Autosorb-iQ-2 auto-
mated surface area and pore size analyzer.

2.6. Membrane permeation testing

The SSZ-13 zeolite membrane was mounted in a custom-built mod-
ule using an O-ring to prevent any leaks. The membrane module was
then placed in a tubular furnace for permeation measurements, with the
temperature maintained between 25 and 200 °C. The feed pressure was
controlled in the range of 0.2-0.5 MPa. The permeate pressure was kept
at 0.1 MPa. Membrane permeation tests were conducted using single
gases (He, Hy, CO3, N3, CH4, CoHg, CsHg, and i-C4H; ) and an equimolar
CO4/CyHg binary mixture. The gas flow rate was determined using a
bubble flow meter, while the gas composition was analyzed using a FULI
979011 gas chromatograph (GC) equipped with a thermal conductivity
detector (TCD). Further information on the experimental apparatus for
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the membrane permeation measurement is detailed in our previous
work [35].

The gas permeance of component i was calculated according to Eq.
(1), as follows:

p—-
AApl

@

where P; and J; are the permeance and molar flow rate through the
membrane for component i; A is the membrane permeation area; and Ap;
is the partial pressure difference across the membrane for component i
between the feed side and the permeate side. The ideal selectivity (af‘}f“l)

and separation selectivity (als./ef) were defined as the permeance ratio of

component i to j in the single-component and multi-component gas
systems, as described in Egs. (2) and (3), respectively.
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3. Results and discussion

3.1. SSZ-13 zeolite powder activation through single-step and two-step
processes

Fig. 1a shows the XRD pattern of the as-synthesized zeolite powders
collected from the bottom of the autoclave after membrane growth. The
characteristic peaks of the sample matched those of SSZ-13 zeolite
(PDF#47-0762) very well, which confirms the collected powders were
well crystallized SSZ-13 zeolites. The SEM image of the as-synthesized
SSZ-13 zeolite powders, presented in Fig. 1b, showed cubic morphol-
ogies with particle sizes between 1 and 3 pm. These powders were
employed for activation studies under various conditions.

Fig. 2a shows the XRD patterns of SSZ-13 zeolite powders activated
in single-step and two-step processes under various activation condi-
tions. All samples showed characteristic peaks matching with the CHA-
type zeolite, regardless of the calcination temperature, duration, and
atmosphere, which indicates that all SSZ-13 zeolites maintained their
crystallographic structure during the activation process because of their
excellent thermal stability.

Fig. 2b shows the FT-IR spectra of the SSZ-13 zeolite powders acti-
vated using both single-step and two-step processes under various
activation conditions. The peaks observed at 538 and 642 cm™! are
linked to the bending vibrations of the D6R, while the peaks at 460 cm ™!
corresponds to the symmetric stretching vibration of T—O bonds (Si-O
or Al-0) [37]. The band at 670 cm ™! is associated with the symmetric
stretching of T—O—T within the cha cage structure [38]. Peaks at 790

(a

~—"
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10 20 30 40 50 60
26(°)
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and 1060 cm™! are attributed to the asymmetric stretching of Al-O and
the asymmetric bending of O—T—O bonds [39], respectively. The above
bands, related to the framework vibrations of the SSZ-13 zeolite crys-
talline structure, were consistently present across all samples, regardless
of the activation method, indicating that the framework of zeolites
remained intact during activation. Additionally, the bands around 3460
ecm™! and 1630 cm™! observed in all spectra are assigned to the Si-OH
stretching and the H-O-H stretching of adsorbed water [40,41],
respectively. Of particular note, the intensity of the bands at 1300, 1415,
1485, 2870, 2928, and 2960 cm™ !, which are associated with the tem-
plate present in the zeolite [42,43], was significantly reduced in samples
treated at 350 °C using single-step and two-step processes (PH-350-30,
PO-350-30, PH-350-20@PO0O-350-10, PH-350-10@P0O-350-20). This
suggests that the template underwent partial decomposition at 350 °C.
In contrast, these bands completely absent in PA-500-6, which under-
went calcination at a high temperature of 500 °C.

Fig. 2c presents the TGA curves of SSZ-13 zeolite powders activated
using single-step and two-step processes under various activation con-
ditions, and the corresponding DSC curves are shown in Fig. S1. The as-
synthesized SSZ-13 zeolite exhibited a significant mass loss of approxi-
mately 21% in the temperature range of 400-700 °C, which corresponds
to the degradation of the template within the zeolite channels. When the
SSZ-13 zeolite was hydrocracked at 350 °C for 30 h, the weight loss was
slightly lower than that of the as-synthesized SSZ-13 zeolite, suggesting
that the template may have undergone some structural changes in its
chemical structure but was not effectively removed after the hydro-
cracking treatment. However, when the SSZ-13 zeolite was oxidized in
oxygen at 350 °C for 30 h, the weight loss decreased to approximately
19%, indicating that the oxygen atmosphere was more effective than the
hydrogen atmosphere in removing the template at 350 °C. Interestingly,
when the activation process was divided into two steps, first hydro-
cracking and then oxidation, the weight loss was significantly lower
than that observed for the sample activated with either a single hydro-
cracking or oxidation step for the same duration. For instance, the
sample activated with 10 h of hydrocracking and 20 h of oxidation
exhibited a remarkable reduction in weight loss, reaching approxi-
mately 9%. Moreover, DSC curves also showed a smaller exotherm effect
for the zeolite activated via the two-step process, further confirming that
this activation technique removed more template from the SSZ-13
zeolite. In contrast, the conventional single oxidation activation
required a temperature approximately 500 °C to remove the consider-
able weight of the template, which is 150 °C higher than the temperature
required for the two-step activation process. These results suggest that
the hydrocracking step has a significant impact on the subsequent
oxidation step, facilitating the removal of most of the template during
the oxidation process at much lower temperatures.

As further confirmed by Ny adsorption-desorption isotherms in
Fig. 2d and pore structural parameters in Table 1, SSZ-13 zeolite

P

Fig. 1. (a) XRD pattern and (b) SEM image of the as-synthesized SSZ-13 zeolite powders.
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Fig. 2. (a) XRD patterns, (b) TGA curves, (c) FT-IR spectra, and (d) N, adsorption-desorption isotherms (Closed symbols: adsorption; Open symbols: desorption) of
the SSZ-13 zeolites in their as-synthesized state and after single-step and two-step activation treatments.

Table 1
Pore structural parameters of SSZ-13 zeolites.
Sample Sggr (m? Vpore (em® Vimicro (cm® Vineso (cm®
gh g g gh
As-synthesized 13.58 0.044 0.000 0.044
PH-350-30 10.68 0.009 0.003 0.006
PO-350-30 131.77 0.105 0.061 0.044
PH-350-20@PO- 288.36 0.191 0.133 0.058
350-10
PH-350-10@PO- 445.65 0.260 0.215 0.045
350-20
PA-500-6 569.47 0.332 0.272 0.060

activated through a single hydrocracking step at 350 °C for 30 h
exhibited an extremely low BET surface area (10.68 m? g~!) and
micropore volume (0.003 cm? g_l), which were almost identical to
those measured for the as-synthesized SSZ-13 zeolite, in agreement with
the results obtained from the TGA curves (Fig. 2c). Since the template
could be partially removed during the single oxidation step, the SSZ-13
zeolite calcined at 350 °C for 30 h in oxygen showed both increased BET
surface area (288.36 m? g~1) and micropore volume (0.133 cm® g™1).
However, these values were still much lower than those measured for
the SSZ-13 zeolite calcined at 500 °C for 6 h in air (569.47 m? g~ ! and
0.272 cm® g71), confirming that a significant amount of template

remained in the zeolite channels. In contrast, the two-step activation
process significantly increased both the BET surface area and micropore
volume. For instance, the SSZ-13 zeolite activated with 10 h of hydro-
cracking followed by 20 h of oxidation at 350 °C exhibited a BET surface
area and a micropore volume as high as 445.65 m? g~! and 0.215 cm®
g1, which were quite close to those measured for the sample calcined at
500 °C for 6 h in air. This observation further confirms that the proposed
two-step activation strategy effectively removes the template from
zeolite channels at a much lower temperature.

The FT-IR, TGA, and N» adsorption-desorption results collectively
led to a conclusion that the hydrocracking step only partially decom-
posed the template in the SSZ-13 zeolite, resulting in slight pore opening
and potential changes in the template structure, which enhanced tem-
plate removal during the subsequent oxidation step. Lang et al. [44]
previously reported that the first hydrocracking step is crucial for the
low-temperature removal of template from MFI zeolite. Coke-like resi-
dues, which typically form during low-temperature activation in air and
are difficult to remove [45,46], were not observed during the subse-
quent low-temperature oxidation process. They attributed this phe-
nomenon to a special propyl-radical mechanism for template
degradation in the Hy atmosphere, and the small template residue could
then be more easily removed by the following oxidation step due to
improved gas diffusion after hydrocracking. Therefore, the high effi-
ciency of the two-step activation process for SSZ-13 zeolite in the present
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study, compared to the traditional single-step activation technique, is
likely due to the prevention of stable coke-like residue formation and
enhanced gas diffusion within the zeolite. This novel two-step activation
technique makes it an attractive approach for the low-temperature
activation of zeolite membranes with significantly reduced grain
boundary defects and lower manufacturing costs.

3.2. SSZ-13 zeolite membrane activation through single-step and two-step
processes

Fig. 3a shows the XRD pattern of the as-synthesized SSZ-13 zeolite
seeds. The characteristic peaks were in good agreement with those of the
CHA-type zeolite, thereby validating the successful synthesis of SSZ-13
zeolite seeds. The DLS particle size distribution (Fig. 3b) and SEM
image (inset in Fig. 3b) further indicated that the SSZ-13 zeolite seeds
exhibited a uniform particle size of approximately 400 nm, which was
somewhat above the mean pore size of the a-AlyO3 disc. As a result, the
particles were well-suited for forming a highly uniform and compact
seed layer via vacuum filtration. This high-quality seeded support was
crucial for the secondary growth of compact SSZ-13 zeolite membranes.

Fig. 4a and b shows SEM images of the surface and cross-section of
the seeded a-AlpO3 support. SSZ-13 zeolite seeds were uniformly
deposited onto the surface of the a-AlyO3 support, forming a continuous
SSZ-13 seed layer approximately 2 pm in thickness. Fig. 4c and d shows
top-view and cross-sectional SEM images of the SSZ-13 zeolite mem-
brane. The membrane was composed of well-intergrown SSZ-13 zeolite
crystals, with a thickness of around 3 pm. It was free from visible cracks
and pinholes, and impermeable to He before activation, confirming the
successful formation of a high-quality zeolite membrane after the sec-
ondary growth process.

Table 2 shows the He and C3Hg single-gas permeation performance
of SSZ-13 zeolite membranes prepared using both single-step and two-
step activation processes under various calcination temperatures and
durations. In the single-step hydrocracking activation at 300 and 350 °C,
the SSZ-13 zeolite membrane exhibited low He permeance, on the orders
of magnitude ranging from 101° to 107 mol Pa~* m~2 s}, while C3Hg
was nearly impermeable. This indicates that the template was not
effectively degraded within the zeolite channels, even when the hy-
drocracking duration was extended from 10 to 30 h. This observation
aligns with the TGA results shown in Fig. 2c. When the hydrocracking
temperature was increased to 400 °C, the membrane permeance
improved approximately by one order of magnitude, but the He/C3sHg
ideal selectivity was only 27, suggesting the generation of considerable
grain boundary defects in the SSZ-13 zeolite membrane at a high tem-
perature. Therefore, the hydrocracking temperature should be
controlled at approximately 350 °C.

It should be noted that in the two-step process, consisting of hy-
drocracking activation followed by oxidation activation, both at 350 °C,
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the He permeance of the resulting SSZ-13 zeolite membrane reached an
order of magnitude of 10~7 mol Pa~ ' m~2 s_l, with a superior He/CsHg
ideal selectivity ranging from 300 to 400. This He permeance was
comparable to, or even higher than, that reported in the literature [16,
47-49], where the membrane activation was performed through a
single-step oxidation process at higher temperatures (450-550 °C). For
further comparison, we also conducted membrane activation using a
single-step oxidation process in air and Oo, respectively, at 350 °C for 30
h. However, the membranes showed lower He permeances and He/C3Hg
ideal selectivities. When the membrane activation was carried out at a
higher temperature of 500 °C in air, although it demonstrated a high He
permeance of 5.1 x 1077 mol Pa~! m~2s™! after just 6 h of calcination, it
lacked sufficient selectivity in gas separation, implying that significant
defects had generated in the membrane because of the high calcination
temperature. The above results suggest that the two-step activation
process, consisting of hydrocracking followed by oxidation at a rela-
tively low temperature, was more favorable for fabricating zeolite
membranes with high flux and high selectivity. This can be attributed to
the pre-degradation of the template by hydrocracking, which facilitates
its removal through the subsequent oxidation process at low tempera-
tures. To further investigate the reproducibility of the membranes, an
additional eight SSZ-13 zeolite membranes were prepared under the
same conditions as those used for the MH-350-10@MO-350-20 mem-
brane (Table S1). A comparable performance to that of the
MH-350-10@MO-350-20 membrane was observed in these membranes,
demonstrating that the two-step activation method is highly reproduc-
ible and effective in fabricating high-performance SSZ-13 zeolite
membranes.

3.3. Single-gas permeation performance

Fig. 5a presents the single-gas permeance of the SSZ-13 zeolite
membrane (MH-350-10@MO-350-20), fabricated via a two-step acti-
vation process, as a function of kinetic diameter under 25 °C. For
comparison, the single-gas permeance of another membrane (MA-500-
6), prepared through a conventional single-step activation process, is
also shown in Fig. 5a. The MH-350-10@MO-350-20 membrane exhibi-
ted Hy and CO5 permeances of 1.6 x 1077 and 2.0 x 10’ mol Pa ' m~2
Sil, with Hy/CoHg, Hy/C3Hg, Ho/i-C4H10, and CO5/CoHg ideal selectiv-
ities of 170, 376, 675 and 211 (Fig. 5b) at 25 °C. In contrast, the MA-500-
6 membrane showed much higher H and CO, permeances of 5.7 x 107~/
and 6.4 x 1077 mol Pa~! m~2 s’l, but much lower Hy/CyHg, Ho/CsHg,
H,/i-C4H19, and CO,/CoHg ideal selectivities, which were close to
Knudsen selectivity values (Fig. 5b). Moreover, the MH-350-10@MO-
350-20 membrane exhibited extremely stable gas permeation perfor-
mance at 25 °C (Fig. 6). This result further confirms that the low-
temperature two-step activation process proposed in this work is more
advantageous than the conventional single-step activation process for
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Fig. 3. (a) XRD pattern and (b) DLS particle size distribution of the as-synthesized SSZ-13 zeolite seeds. Inset in Fig. 3b is SEM image of the SSZ-13 zeolite seeds.
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Fig. 4. Top-view and cross-sectional SEM images of (a, b) the SSZ-13 seed layer and (c, d) the SSZ-13 zeolite membrane.

Table 2
Permeation performance of SSZ-13 zeolite membranes activated under various
conditions.

Membrane He permeance (mol  C3Hg permeance He/C3Hg ideal
Palm?2sh (molPa 'm2s1) selectivity (—)
MH-300-10 8.4 x 1071 <10712 >840
MH-300-20 8.7 x 10710 <1072 >870
MH-350-10 1.1 x 107° <1072 >1100
MH-350-20 3.3 x107° <10712 >3300
MH-350-30 3.4 x107° <1072 >3400
MH-400-20 5.1 x 1078 1.9 x107° 27
MA-350-30 2.2 x107° 1.0 x 10710 22
MO-350-30 4.6 x 1078 2.6 x 10710 177
MH-350- 9.6 x 1078 2.8 x 10710 343
20@MO-
350-10
MH-350- 1.3 x 1077 4.3 x 10710 302
10@MO-
350-20
MA-500-6 5.1 x 1077 2.4 x1077 2
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producing high-performance SSZ-13 zeolite membranes, due to the
more effective removal of the template at lower temperatures, as
confirmed by TGA results in Fig. 2c. Compared with most previously
reported zeolite membranes for CO5/CoHg separation (Table S2), the
SSZ-13 zeolite membranes prepared in this work exhibit an enhanced
performance, demonstrating the promise of the two-step activation
strategy for high-performance zeolite membrane fabrication.

Fig. 7 illustrates the single-component permeance through the two-
step activated MH-350-10@MO-350-20 membrane as a function of
temperature. The permeances of He, Hy, CH4, CoHg, CsHg, and i-C4Hio
enhanced with temperature, suggesting that their permeation is gov-
erned by an activated diffusion mechanism, owing to the small size
difference between the gas molecules and their permeation channels. In
contrast, the permeances of CO5 and Ny decreased as the temperature
increased, indicating that surface diffusion governs CO; and Ny
permeation through the zeolite channels, driven by strong adsorption
effects [9,50]. Although hydrocarbons can also be strongly adsorbed on
SSZ-13 zeolite, the distinct permeation mechanism can be attributed
primarily to the different permeation channels within the membrane.

(B)  s00

600

I 1 MH-350-10@MO-350-20
I MA-500-6
| | Kundsen

400 ~

200

Jﬂ l i ||1|[

Hy/CoHg  Hy/CyHg Hyfi-CyHqg COL/CoHg
Gas pair

Kundsen or ideal selectivity (-)

Fig. 5. (a) Single-gas permeances through SSZ-13 zeolite membranes for gases with different kinetic diameters under 25 °C. (b) Selectivities of SSZ-13 zeolite

membranes for separating various gas pairs.
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Fig. 7. Single-component permeances through the two-step activated MH-350-
10@MO0-350-20 membrane as a function of temperature.

The molecular sizes of hydrocarbons are close to or larger than the
SSZ-13 zeolite pores (0.38 nm), implying that these hydrocarbons most
likely permeate through membrane defects. The high ideal selectivity of
He over hydrocarbons suggests that the membrane defects are relatively
small, which leads to an activated diffusion for hydrocarbon transport.
This observation further confirms the successful fabrication of
high-quality SSZ-13 zeolite membranes via the two-step activation
process.

The gas permeation activation energy can be determined by fitting
the gas permeance to temperature using the Arrhenius equation, as
shown in Eq. (4):

P; :kreaq)(f%) )]

where kj is the pre-exponential factor for component i, E; is the activa-
tion energy for gas permeation through the membrane, R is the ideal gas
constant, and T is the permeation temperature.

The activation energies for He and H transport through the MH-350-
10@MO0-350-20 membrane, which was prepared via a two-step hydro-
cracking-oxidation activation process, were calculated as 1.47 and 1.78
kJ mol ™!, respectively. These values were significantly smaller than
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those of the membrane activated via the single-step hydrocracking
process (He: 7.10 kJ mol_l; Hj: 8.98 kJ mol_l) [51]. This suggests that
the two-step activation process led to a larger average pore size, likely
due to further oxidation of the residual template following hydro-
cracking activation, which gradually enlarged the membrane pores. On
the other hand, the activation energies for hydrocarbons, such as CH4
and CyHg, which are expected to primarily permeate through the grain
boundary defects, were 1.15 and 4.74 kJ mol~, respectively. These
values were much lower and comparable to those of the SSZ-13 zeolite
membrane prepared via the single-step hydrocracking activation (CHg4:
5.71 kJ mol’l; CoHg: 4.77 kJ mol™ 1) [51], further supporting the for-
mation of a relatively looser pore structure with reasonably controlled
grain boundary defects. Therefore, compared to the membrane fabri-
cated via the single-step hydrocracking activation process, the
MH-350-10@MO0-350-20 membrane, prepared via the two-step hydro-
cracking-oxidation activation process, demonstrated a higher per-
meance and a greater CO,/CyHg ideal selectivity. These results suggest
that the two-step hydrocracking-oxidation activation process holds
promise for developing high-performance CO5/CyHg separation SSZ-13
zeolite membranes.

3.4. Separation of the binary CO»/CoHg mixture

Fig. 8a shows the permeation performance of the two-step activated
MH-350-10@MO0-350-20 membrane for separating an equimolar COy/
CoHg mixture as a function of feed pressure at 25 °C. Both CO5 and CyHg
decreased as the feed pressure increased, this is because the chemical
potential gradient of the adsorbed CO, and CyHg decreased as the
coverage approaches saturation at a higher feed pressure [50,52].
Furthermore, compared with CO,/CyHg ideal selectivity of 211 for the
single-gas permeation at the same feed pressure at 0.2 MPa, the
CO4/CyHg selectivity of 19 for separating an equimolar COy/CyHg
mixture was much lower, mainly due to a much lower CO, permeance in
the CO5/CyHg mixture system. A similar reduction in CO, permeance
was reported by Chisholm et al. [53], who observed this effect upon
introducing 15% CoHg into the CO5 feed. In another study. Wu et al. [54]
also found that the Hy permeance decreased by 54.2% and 62.5% when
1 mol% and 5 mol% CyHe were added to an Hp/CH4/CyHg ternary
mixture, respectively. More recently, Gong et al. [55] reported 14% and
11% reductions in He and CH,4 permeances, respectively, after a one-day
permeation test, even when only 1 mol% CyHg was present in the
He/Ny/CH4 ternary feed. It was suggested that these phenomena
resulted from the strong adsorption of CoHg in the zeolite pores [53-55].
To further confirm the cause of those phenomena, we measured both
CO, and CyHg adsorption-desorption isotherms at 30 and 50 °C,
respectively, as shown in Fig. 9. Both CO5 and CoHg could be effectively
adsorbed in the SSZ-13 zeolite pores, although the kinetic diameter
(0.40 nm) was reported [10] slightly exceeding the pore opening of the
SSZ-13 zeolite (0.38 nm). This CoHg adsorption behavior was similar to
that observed in pure silica CHA zeolite in a previous study [54]. The
calculated adsorption heats for CoHg were higher than those for CO,,
particularly at higher adsorption amounts. This indicates a stronger
interaction of CoHg with the SSZ-13 zeolite membrane compared to CO,
potentially explaining its preferential adsorption. The breakthrough
curves of the SSZ-13 zeolite for a COy/CyoHg mixture (50/50, v/v)
(Fig. 10) further suggest that CoHg was preferentially adsorbed in the
SSZ-13 zeolite pores. The above observation confirms that the decreased
CO5 permeance and CO5/CoHg selectivity for the
MH-350-10@MO0-350-20 membrane was ascribed to the competitive
adsorption of CaHg on the membrane in the CO5/CoHg binary mixture.

Fig. 8b shows the permeation performance of the two-step activated
MH-350-10@MO0-350-20 membrane for separating an equimolar COy/
CoHg mixture as a function of temperature at feed pressure of 0.2 MPa.
Similar to the temperature dependence observed for CoHg during single-
gas permeation, the CyoHg permeance increased with temperature.
However, the CO, permeance exhibited a different trend, increasing
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Fig. 10. Breakthrough curves of SSZ-13 zeolites for a CO,/CyHg (50/50, v/Vv)
mixture measured at 25 °C.

with temperature, which contrasts with the behavior observed during
single-gas permeation. As a result, the CO5/CyHg selectivity decreased
only slightly when the temperature was increased from 25 to 200 °C.
This result suggests that the CO, transport mechanism shifted from the
surface diffusion in the single-gas system to the activated diffusion in the
CO2/C2Hg binary mixture system. This shift is most likely due to the

narrowing of the membrane pore size after the adsorption of CyHg
molecules. The difference in CO, transport mechanisms between single-
gas and CO,/CoHg mixed-gas permeation further supports the prefer-
ential adsorption of CoHg over CO5 in the SSZ-13 zeolite membrane.
Fig. 11 shows the stability of the two-step activated MH-350-
10@MO0-350-20 membrane for separating an equimolar CO2/CyHg
mixture at 25 °C and feed pressure of 0.2 MPa. The CO, and CyHg per-

meances were about 4.0 x 1078 and 2.0 x 107° mol Pa~! m 2 57!
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Fig. 11. Time-dependent gas permeance through the two-step activated MH-
350-10@MO0-350-20 membrane for separating an equimolar CO,/CyHg
mixture at 25 °C.



W. Chen et al.

respectively, and remained almost constant over 30 h testing period,
with a COy/CyHe selectivity of approximately 20. These results
demonstrate the excellent stability of the membrane for COy/CoHg
separation, suggesting the potential of SSZ-13 zeolite membranes for
practical applications in CO,/CyHg separation processes.

4. Conclusions

A two-step activation technique, consisting of a hydrocracking step
followed by an oxidation process, has been proposed to develop high-
quality SSZ-13 zeolite membranes for CO5/CoHg separation. The first
hydrocracking step effectively facilitates the easier removal of the
organic template from the zeolite channels during the subsequent
oxidation step, enabling at a much lower temperature than either single
hydrocracking or oxidation activation. As a result, the resultant mem-
brane exhibits improved gas permeance and selectivity, attributed to the
formation of fewer grain boundary defects and enhanced template
removal. During single-gas permeation, COy transport through the
membrane follows the surface diffusion mechanism, while during COy/
CoHg mixed-gas permeation, it follows the activated diffusion mecha-
nism. This mechanism shift can be attributed to the preferential
adsorption of CoHg over CO3 in the SSZ-13 zeolite pores.
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