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tion-tailored “trapdoor” effect of
silicoaluminophosphate zeolite for highly selective
CO2 separation†

Xiaohe Wang,‡a Nana Yan,‡b Miao Xie,‡c Puxu Liu,d Pu Bai,a Haopeng Su,a

Binyu Wang,a Yunzheng Wang,a Libo Li, d Tao Cheng, c Peng Guo, *b

Wenfu Yan *a and Jihong Yu *ae

Functional nanoporous materials are widely explored for CO2 separation, in particular, small-pore

aluminosilicate zeolites having a “trapdoor” effect. Such an effect allows the specific adsorbate to push

away the sited cations inside the window followed by exclusive admission to the zeolite pores, which is

more advantageous for highly selective CO2 separation. Herein, we demonstrated that the protonated

organic structure-directing agent in the small-pore silicoaluminophosphate (SAPO) RHO zeolite can be

directly exchanged with Na+, K+, or Cs+ and that the Na+ form of SAPO-RHO exhibited unprecedented

separation for CO2/CH4, superior to all of the nanoporous materials reported to date. Rietveld

refinement revealed that Na+ is sited in the center of the single eight-membered ring (s8r), while K+ and

Cs+ are sited in the center of the double 8-rings (d8rs). Theoretical calculations showed that the

interaction between Na+ and the s8r in SAPO-RHO was stronger than that in aluminosilicate RHO, giving

an enhanced “trapdoor” effect and record high selectivity for CO2 with the separation factor of 2196 for

CO2/CH4 (0.02/0.98 bar). The separation factor of Na-SAPO-RHO for CO2/N2 was 196, which was the

top level among zeolitic materials. This work opens a new avenue for gas separation by using diverse

silicoaluminophosphate zeolites in terms of the cation-tailored “trapdoor” effect.
Introduction

The CO2 concentration in the atmosphere has increased rapidly
in recent decades due to the dramatic increase of emissions
from industries and power plants, which is believed to have
signicant inuence on global warming.1 In CO2 capture and
sequestration (CCS), two important issues are the separation of
CO2 from post-combustion (CO2/N2) and natural gas mixtures
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the Royal Society of Chemistry
(CO2/CH4).2 Industrially, the separation of CO2/CH4 and CO2/N2

is mainly based on the strong chemical adsorption of amine
solutions towards CO2, which has the drawbacks of complicated
operation, strong corrosiveness to equipment, high energy
consumption for regeneration, and easy deactivation. Hence,
the low-cost and high-efficiency capture and separation of CO2

has always been highly desired.2a,3

Compared to chemical adsorption, weak physical adsorption
based processes for the separation of CO2/CH4 and CO2/N2 have
attracted much attention due to the characteristics of clean,
simple operation, and low-energy consumption.4 Over recent
years, a variety of solid porous materials have been investigated
for the separation of CO2/CH4 and CO2/N2,2a,c,3b,5 including
carbon-based materials,6 zeolites,7 metal–organic frameworks
(MOFs),8 N or amine-functionalized solid porous materials,9

porous organic solids, etc.10 Taking into account the key factors
governing the separation efficiency of CO2 such as adsorption
capacity, selectivity, adsorption/desorption kinetics, and cost,
zeolites, in particular, the small-pore zeolites with the “trap-
door” effect, have more advantages over other materials for
industrial utilization.4a,b

The “trapdoor” effect of zeolites was rst observed in small-
pore chabazite (CHA) zeolites that can even perform “size-
inverse” separation.11 For chabazite structures with a low Si/Al
ratio (<3), K+, Rb+, or Cs+ ions fully occupy 8-ring windows that
Chem. Sci., 2021, 12, 8803–8810 | 8803
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Fig. 1 (a) Simulated XRD pattern of SAPO-RHOs and experimental
ones of the calcined M-SAPO-RHOs; (b) N2 adsorption/desorption
isotherms of the calcined SAPO-RHO (H-SAPO-RHO) and M-SAPO-
RHOs (M ¼ Na, K, and Cs) at 77 K.
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connect the cha cages. Larger CO molecules have a stronger
interaction with the cations than smaller N2 molecules, which
induces temporary and reversible cation deviation from the
window sites and allows for exclusive admission of CO (0.376
nm) instead of N2 (0.364 nm). Such separation also gives a high
selectivity of 93 for CO2/CH4 separation over a large pressure
range.11

Among the small-pore zeolites, aluminosilicate Rho (RHO)
with remarkable structural exibility was found to have high
selectivity for CO2 in the separation of CO2 and CH4.12 The
idealized RHO framework (space group: Im�3m) is constructed by
double 8-rings (d8rs) and lta cages as the composite building
units (CBUs). Each lta cage connects with six d8rs in six direc-
tions in space, while each d8r links two lta cages, generating
a three-dimensional (3D) channel system with 8-ring pore
openings (0.36 nm � 0.36 nm).13

Previous studies show that the hydrated cation form and the
dehydrated proton form of zeolite Rho have the highest
symmetry of Im�3m. The framework of the dehydrated cation
form of zeolite Rho undergoes distortions to the non-centro-
symmetric I�43m.14 During the distortion, the 8-ring geometry is
twisted from a circle to an elliptical shape, which reduces the
pore aperture and thus adjusts the separation selectivity.
Alteration in the type of cations can not only distort the 8-ring
geometry but also tune the interaction between the cations and
the adsorbates. Notably, the “trapdoor” effect in the dehydrated
cation form of zeolite Rho was observed in the selective sepa-
ration of CO2/CH4.14c,15 Zeolite Rho showed exceptionally high
selectivity for CO2 in the separation of CO2/CH4 and the sepa-
ration factor was as high as 960, which becomes a benchmark
set by zeolites in the separation of CO2 from CH4.14c,15a

The SAPO RHO-type, denoted as DNL-6 (hereaer denoted as
SAPO-RHO), was rst synthesized by Su et al. with diethylamine
(DEA) as an organic structure-directing agent (OSDA) in the
presence of cetyltrimethylammonium bromide (CTAB) in
2011.16 Recently, a series of commercialized OSDAs were iden-
tied with a novel approach called RSS (Rening, Summarizing,
and Searching) for the successful synthesis of SAPO-RHO.17

Considering the remarkable CO2 selectivity of the cationic
forms of aluminosilicate RHO attributed to its “trapdoor” effect,
we suppose that the cationic forms of SAPO-RHO might have
a better CO2 selectivity because the framework of silicoalumi-
nophosphate is more exible than that of aluminosilicate and
the “trapdoor” effect in SAPO could be well tailored. However, in
general, the introduction of inorganic cations to the SAPO-RHO
via conventional ion-exchange of cations with the protonated
SAPO-RHO zeolite will inevitably result in a serious crystallinity
loss or even collapse of the framework.7c,18

Herein, we prepared the inorganic cationic form of SAPO-
RHO zeolites via direct ion-exchange of protonated OSDA-con-
taining SAPO-RHO with Na+, K+, or Cs+. The Na+ form of SAPO-
RHO (denoted as Na-SAPO-RHO) with an optimized cation
content showed unprecedented selective separation perfor-
mance for CO2 from CH4 and N2. The Rietveld renement and
theoretical calculations provided an insight into the intriguing
CO2 separation performance arising from the pronounced
“trapdoor” effect. Breakthrough experiments suggested that Na-
8804 | Chem. Sci., 2021, 12, 8803–8810
SAPO-RHO is a promising candidate for CO2 capture in biogas
purication and ue gas separation via adsorption-based
separation processes.
Results and discussion

The SAPO-RHO with the Si/(Si + Al + P) mole ratio of 0.18 was
hydrothermally synthesized in the presence of DEA, CTAB, and
seeds at 473 K for 48 h. The direct ion-exchange (three cycles) of
the Na+, K+, or Cs+ salt solution with the as-synthesized SAPO-
RHO was performed and the resultant product is denoted as M-
SAPO-RHO (M ¼ Na, K, and Cs). The exchange degree for Na+,
K+, and Cs+ is 87.13, 65.75, and 72.87%, respectively. The
detailed information of the synthesis and ion exchange is
provided in the ESI.† The powder X-ray diffraction (PXRD)
(Fig. S1†) and the scanning electron microscopy (SEM) analyses
(Fig. S2†) of the as-synthesized SAPO-RHO and the ion-
exchanged M-SAPO-RHOs show that all the SAPO-RHOs are
well-dened crystals with high crystallinity. Fig. 1a shows the
PXRD patterns of the H-SAPO-RHO and the calcined M-SAPO-
RHOs (873 K in air for 4 h). It is worth noting that the diffraction
peaks of the calcined M-SAPO-RHO samples obviously shi to
a high angle compared with those of the H-SAPO-RHO and
simulated XRD of the idealized RHO framework, indicating the
constriction of the unit cell and distortion of the framework.
The texture properties of the SAPO-RHOs were characterized by
N2 adsorption/desorption at 77 K (Table S1†) and the corre-
sponding isotherms are provided in Fig. 1b. Compared with H-
SAPO-RHO, the N2 adsorption of M-SAPO-RHOs was greatly
restricted, as observed in zeolite Rho.15a

The unit cell compositions of the calcined SAPO-RHOs given
in Table S1† were determined based on energy-dispersive
spectroscopy (EDS). The EDS mapping (Fig. S3†) analysis clearly
shows that Na+, K+, or Cs+ ions are uniformly distributed in the
cavities of the corresponding SAPO-RHO.

Considering the fact of that the separation investigations
were performed under the dry conditions, we analyzed the
structures of dehydrated M-SAPO-RHOs via the Rietveld
renement against PXRD data. Here, we take Na-SAPO-RHO as
an example to illustrate the Rietveld renement process. The
initial SAPO-RHO structural model was deduced from the
idealized RHO framework. Because of the alternating distribu-
tion of Al and P in the SAPO-RHO framework, its space group
© 2021 The Author(s). Published by the Royal Society of Chemistry
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was reduced to I432 (No. 211) from Im�3m (No. 229). However, it
was very challenging to achieve reasonable renement results
for dehydrated Na-SAPO-RHO (denoted as de-Na-SAPO-RHO)
based on the I432 space group, since its bond lengths and bond
angles deviate heavily from the ideal ones. Aer scrutinizing the
cubic unit cell parameter of de-Na-SAPO-RHO (a¼ 14.47 Å), it is
quite close to the one of dehydrated distorted zeolite Na-Rho (a
¼ 14.38 Å),15a indicating that the crystallographic structure of
de-Na-SAPO-RHO becomes distorted from the ideal framework
Fig. 2 Plots for locating the Na+ ions in the de-Na-SAPO-RHO by
applying the appropriate scale factor to the whole pattern. The inset is
the difference electron density map to locate initial positions of Na+

through Rietveld refinement. The observed, calculated, and difference
curves are in blue, red, and black, respectively. The vertical bars indi-
cate the positions of the Bragg peaks (l ¼ 1.5406 Å).

Fig. 3 Crystallographic structures of (a) de-Na-SAPO-RHO, (b) de-K-S
Rietveld refinement plots. The observed, calculated, and difference curve
positions of the Bragg peaks (l ¼ 1.5406 Å).

© 2021 The Author(s). Published by the Royal Society of Chemistry
as well. A distorted SAPO-RHO structural model (space group
I23) was constructed based on the dehydrated distorted zeolite
Na-Rho (I�43m), including the initial atomic coordinates for Al,
P, and four O atoms in the asymmetric unit. Table S2† shows
the space group changes of the H-type and dehydrated cation
exchanged zeolite Rho and SAPO-RHO.

Aer prole tting and optimizing the framework, the scale
factor between the simulated PXRD data of the optimized
framework and the experimental PXRD data was identied
against high angle PXRD data (2q: 60–120�), where the inuence
of the extra-framework species (Na+) in the cavities was negli-
gible. Subsequently, the electron difference density map was
calculated by applying the scale factor to the entire range
(Fig. 2). Since the guest water molecules were already excluded,
the isolated electron density within the cavity indicated the
initial positions of the Na+ ions (inset of Fig. 2). Finally, the
Rietveld renement converged at Rp ¼ 0.0147, Rwp ¼ 0.0213,
and GOF ¼ 1.526, which revealed that most of Na+ ions were
located in the elliptical single 8-rings (s8rs) and coordinated
with framework O atoms (closest Na–O distance: 2.540 Å) and
the other fraction (1.92 Na+ ions per unit cell in average) located
close to the single 6-rings (s6rs) of lta cage as shown in Fig. 3a.

Locations and occupancies of K+ and Cs+ ions in the de-K-
SAPO-RHO and de-Cs-SAPO-RHO were determined by utilizing
the same method. Unlike Na+ ions sitting in the center of s8rs,
K+ ions in the de-K-SAPO-RHO were located at the d8rs (center)
with the closest K–O distance of 2.713 Å (Fig. 3b). In addition,
a small portion of K+ ions (0.88 per unit cell) settled at the side
of s6rs of the lta cage. For de-Cs-SAPO-RHO, Cs+ ions resided in
APO-RHO, and (c) de-Cs-SAPO-RHO and their corresponding final
s are in blue, red, and black, respectively. The vertical bars indicate the

Chem. Sci., 2021, 12, 8803–8810 | 8805
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the center of d8rs (closest Cs–O distance: 3.185 Å), while a few
Cs+ ions (0.6 per unit cell) were close to the center of s6r
(Fig. 3c). It is worth noting that cations transfer from s8r to d8r
with the increase of the atomic number of the alkaline metal
(Na < K < Cs), resulting from a gradually prolonged cation–O
bond distance. The detailed structural data for all the SAPO-
RHOs are given in Tables S3 and S4.†

To further investigate the structural distortion in cation
exchanged SAPO-RHO, a control sample of hydrated Cs-SAPO-
RHO was measured. It is worth noting that the unit cell
dimensions of the hydrated Cs-SAPO-RHO are the same as the
dehydrated one. Hydrated Cs-SAPO-RHO still possesses the
space group of I23 instead of I432. It is distinct from the metal
exchanged zeolite Rho whose structural distortion only
occurred in the process of dehydration. Therefore, it can be
clearly concluded that the distortion of the framework of SAPO-
RHO is caused solely by the cations of Na+, K+, or Cs+.

The separation performance of the dehydrated H-SAPO-
RHOs and M-SAPO-RHOs (M ¼ Na, K, and Cs) were rst eval-
uated by the pure-component equilibrium adsorption
isotherms for CO2, N2, and CH4 at 273 K (Fig. S4†), 298 K
(Fig. 4a–c), and 313 K (Fig. S4†) between 0 and 1 bar. The results
in Fig. 4 and S4† show that all M-SAPO-RHOs have a higher
uptake for CO2 than for CH4 and N2, and the uptake of all gases
decreases with the increase of temperature. The CO2 uptake at
298 K and 1 bar is in the order of H-SAPO-RHO (4.41 mmol g�1)
> Na-SAPO-RHO (3.53 mmol g�1) > K-SAPO-RHO (0.87 mmol
g�1) > Cs-SAPO-RHO (0.45 mmol g�1) (Fig. 4a, Table 1). A higher
CO2 (dynamic diameter of CO2: 0.33 nm) uptake in the H-SAPO-
RHO at 1 bar is attributed to the unblocked 8-ring pore
Fig. 4 Comparison of the (a) CO2, (b) CH4, and (c) N2 adsorption isother
the CO2 uptake for all the SAPO-RHOs under 0.02 and 0.15 bar at 298
CO2/N2 separation factors at 0.15/0.85 bar at 298 K for all the SAPO-RH

8806 | Chem. Sci., 2021, 12, 8803–8810
openings and the small size of protons, leaving more room for
CO2 in the lta cage, while it is of interest to note that an
appreciable CO2 uptake (1.21 mmol g�1 at 0.02 bar) is observed
in the Na-SAPO-RHO although six Na+ ions per unit cell occupy
the elliptical s8r pore openings. It results from the fact that CO2

with strong quadrupole moment can interact strongly with Na+

ions and push them away instantaneously from the center of the
s8rs to allow the CO2 molecules to pass through, as observed in
the “trapdoor” effect.11,14c,15a,19 In addition, an abrupt increase of
CO2 uptake on K-SAPO-RHO above 0.2 bar is observed. Such
a shape of the isotherm of CO2 has been also observed in Na
form of MER zeolite with 8MR window, which is attributed to
the structural exibility of the elliptical 8MR window in MER
zeolite.20

For CH4 and N2, however, the adsorption on Na-SAPO-RHO
is very limited (0.027 mmol g�1 at 0.98 bar for CH4 and 0.070
mmol g�1 at 0.85 bar for N2), which might result from the fact
that (1) their dynamic diameters (CH4: 0.38 nm, N2: 0.36 nm) are
larger than effective pore openings; (2) their weaker interactions
with Na+ ions are insufficient to push the Na+ ions away from
the center of the s8rs to allow the CH4 and N2 molecules to pass,
i.e., the “trapdoor” remains shut. Notice that the gradual
increase of the N2 uptake on Na-SAPO-RHO with increase of
pressure is observed as with H-SAPO-RHO (Fig. 4c) and the H
form RHO zeolite.21 Elemental analysis shows that the exchange
degree of Na+ in Na-SAPO-RHO is ca. 87.13%, leaving 12.87% of
H+ balancing the negative charge of the framework of SAPO-
RHO. Thus, the gradual increase of the N2 uptake in Na-SAPO-
RHO can be attributed to the existence of H+.
ms of all SAPO-RHOs at 298 K between 0 and 1 bar; (d) comparison of
K respectively; (e) CO2/CH4 separation factors at 0.02/0.98 bar and (f)
Os.

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc00619c


Table 1 Comparisons of equilibrium CO2 uptake and selectivity on various zeolites and SAPOs

Material

CO2 uptake [mmol
g�1]

CH4 uptake [mmol
g�1] N2 uptake [mmol g�1]

a(CO2/CH4)
(0.02/0.98 bar)

a(CO2/N2)
(0.15/0.85 bar) Ref.0.02 bar 0.15 bar 1.0 bar 0.98 bar 0.85 bar

H-SAPO-RHOa 0.44 1.84 4.41 0.83 0.210 26 50 This work
Na-SAPO-RHOa 1.21 2.42 3.53 0.027 0.070 2196 196 This work
K-SAPO-RHOa 0.01 0.046 0.87 0.024 0.010 20 29 This work
Cs-SAPO-RHOa 0.01 0.054 0.45 0.017 0.014 30 22 This work
Na-1-SAPO-RHOa 0.81 2.04 3.43 0.090 0.116 441 105 This work
Na-2-SAPO-RHOa 0.71 2.28 3.38 0.042 0.089 828 145 This work
Na-4-SAPO-RHOa 0.60 1.82 3.08 0 0 N N This work
H-SAPO-RHOa 0.49 1.95 4.60 0.38 0.23 63 48 24
SAPO-34b 0.24 1.20 3.26 0.65 — 20 — 25
Na-SAPO-34b 0.89 2.10 3.40 0.62 0.26 75 44 25
SAPO-17c 0.29 1.29 3.27 — 0.31 — 23 26
SAPO-35c 0.29 1.87 3.68 — 0.32 — 33 26
SAPO-56c 0.76 2.87 5.44 — 0.39 — 42 26
Na-RHOa 2.06 3.30 4.23 0.11 — 960 — 15a
Na-CHAa 2.64 3.95 4.70 1.60 0.60 81 37 27
Na-KFId — 3.40 — — 0.27 — 71 28
Na-Xa 2.00 3.17 5.00 0.67 0.23 147 78 29
Na-MERa 1.50 2.50 3.80 0.32 — 229 — 30
K-MERa 1.93 2.93 3.57 0.052 — 1818 — 30
NaKA (K ¼ 17%)a 1.00 2.30 3.43 — 0.02 — 660 22
Na-Aa 3.20 3.90 4.80 1.34 0.65 117 34 31
Mg-MOF-74a 2.30 5.65 8.00 1.11 — 102 — 32
SIFSIX-3-Zna 1.95 2.30 2.55 0.79 0.46 121 28 32a
UTSA-280a 0.48 1.58 2.78 0.10 0.15 235 60 33

a The adsorption data were measured at 298 K. b The adsorption data were measured at 293 K. c The adsorption data were measured at 273 K. d The
adsorption data were measured at 303 K.
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Different from the case in Na-SAPO-RHO, when CO2, CH4,
and N2 pass through K-SAPO-RHO or Cs-SAPO-RHO, the K+ or
Cs+ ions located in the center of d8rs must rst move from d8r to
s8r. Since K+ or Cs+ ions are located at the center of the d8rs and
coordinate with more framework oxygen atoms compared with
Na+ ions in the s8r, pushing K+ or Cs+ ions is energetically much
more difficult than moving Na+ ions. Thus, there is a lower
uptake of CO2 (0.01 mmol g�1 at 0.02 bar for both K-SAPO-RHO
and Cs-SAPO-RHO), N2 (0.010 mmol g�1 for K-SAPO-RHO and
0.014 mmol g�1 for Cs-SAPO-RHO at 0.85 bar), and CH4 (0.024
mmol g�1 for K-SAPO-RHO and 0.017 mmol g�1 for Cs-SAPO-
RHO at 0.98 bar) in the K-SAPO-RHO and Cs-SAPO-RHO than
that in the Na-SAPO-RHO over the entire pressure range as ex-
pected (Table 1).

To further evaluate the selectivity of the M-SAPO-RHOs in the
separation of CO2/CH4 and CO2/N2, the separation factor a of
CO2/CH4 (0.02/0.98 bar) and CO2/N2 (0.15/0.85 bar) were
calculated on the basis of single-component isotherms (Table
1). The separation factor is highly associated with the CO2/CH4/
N2 uptake at the operated pressure. As shown in Fig. 4b and c
and Table 1, the CH4 and N2 uptakes at the pressure range for
Na/K/Cs-SAPO-RHO are comparable and extremely low (0.017–
0.027 mmol g�1 for CH4 and 0.010–0.070 mmol g�1 for N2). The
separation factor thus mainly depends on the uptake of CO2.
Fig. 4d shows the CO2 uptake of Na/K/Cs-SAPO-RHO at low
pressure area and the separation factors for CO2/CH4 and CO2/
© 2021 The Author(s). Published by the Royal Society of Chemistry
N2 are summarized in Fig. 4e and f, respectively. The detailed
uptakes for CO2/CH4/N2 in SAPO-RHOs at various pressures and
the corresponding values reported in the literature are provided
in Table 1.

Signicantly, the separation factor of 2196 of Na-SAPO-RHO
for CO2/CH4 is more than twice that of 960, superior to all of the
nanoporous materials reported to date (Table 1). The separation
factor of Na-SAPO-RHO for CO2/N2 is also as high as 196, which
is the top level among zeolitic materials. The unprecedented
high separation factor of Na-SAPO-RHO for CO2/CH4 and CO2/
N2 is in fact due to the much lower uptake of CH4 (0.027 mmol
g�1 at 0.98 bar) and N2 (0.070 mmol g�1 at 0.85 bar) than that in
all other nanoporous materials. We also evaluated the uptake
rate (i.e., rate of adsorption) of M-SAPO-RHOs. Considering that
the adsorption capacity for CH4 and N2 was very low, we
measured only the rate of adsorption for CO2. The rate of
adsorption curves for H-SAPO-RHO, Na-SAPO-RHO, K-SAPO-
RHO, and Cs-SAPO-RHO at 298 K and 1.0 bar are provided in
Fig. S5.† As shown in Fig. S5,† the rate of adsorption of H-SAPO-
RHO and Na-SAPO-RHO is much higher than that of K-SAPO-
RHO and Cs-SAPO-RHO, which is attributed to the trapdoor
effect caused by different cations.

To estimate the error in selectivity of the Na-SAPO-RHO, we
prepared two more batches of the Na-SAPO-RHO (denoted as
batches 2 and 3, the original Na-SAPO-RHO is denoted as batch
Chem. Sci., 2021, 12, 8803–8810 | 8807
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1) and conducted N2 adsorption/desorption (isotherms in
Fig. S6 and textural properties in Table S5†).

Moreover, the pure component adsorption isotherms of CO2,
CH4, and N2 for the three batches of Na-SAPO-RHO were also
measured (Fig. S7a–c†) and the average uptake of CO2, CH4, and
N2 with error bars plotted is shown in Fig. S7d–f.† As shown in
Fig. S7,† the adsorption capacities of the three batches of Na-
SAPO-RHO for CO2, CH4, and N2 are very similar to each other.
The separation factors of the three batches of Na-SAPO-RHO for
CO2/CH4 and CO2/N2 were calculated from their adsorption
isotherms and plotted as shown in Fig. S8a and b,† respectively,
which show that error in selectivity from batch to batch is very
little.

To elucidate how the locations of inorganic cations affect the
gas separation performance, we carried out the periodic DFT
calculations using the Vienna ab initio simulation package
(VASP 5.4.4). The details of calculations are presented in the
ESI.† The results illustrate that N2 and CH4 have weaker inter-
actions with inorganic cations in the Na/K/Cs-SAPO-RHO
framework than CO2 as shown in Table S6† and they only
interact with inorganic cations locating in the s6rs. It is of
signicance to note that the CO2 molecules in the Na-SAPO-
RHO sample are captured by two Na+ ions that are distributed in
the s6rs and s8rs, respectively (Fig. S9†). However, it is distinct
from the situations observed in K/Cs-SAPO-RHO in which CO2

interacts with K+/Cs+ ions in the s6rs solely (Fig. S11†). These
results indicate that CO2 molecules have a stronger interaction
with Na-SAPO-RHO than with K/Cs-SAPO-RHO, which well
explains a higher uptake of CO2 in Na-SAPO-RHO than in K/Cs-
SAPO-RHO at the low pressure.

To gain a deep understanding on the different performance
between Na-SAPO-RHO and zeolite Na-Rho, density functional
theory (DFT) calculations were conducted based on the cluster
modes. As shown in Fig. 5, two neutral Na5Al5Si43O72(OH)48 and
Na4Si4Al24P20O72(OH)48 clusters cut from zeolite Na-Rho and
Na-SAPO-RHO were utilized for the theoretical calculations. The
details of calculations are presented in the ESI.† The calculated
results show that the energy required to push the Na+ away from
the center of the elliptical s8rs of the Na5Al5Si43O72(OH)48 and
Na4Si4Al24P20O72(OH)48 clusters is 5.30 eV and 6.48 eV,
Fig. 5 Molecular structures of two neutral Na5Al5Si43O72(OH)48 and
Na4Si4Al24P20O72(OH)48 clusters and the binding energy of Na+ in the
center of elliptical s8rs in two clusters.

8808 | Chem. Sci., 2021, 12, 8803–8810
respectively. The results show that Na+ ions have a stronger
interaction with the SAPO framework than those with the
aluminosilicate framework, indicating the enhanced “trapdoor
effect” in SAPO-RHO. This means that more energy would be
needed for CO2, CH4, and N2 to push the Na+ away from the
center of the s8rs of Na-SAPO-RHO than from that of zeolite Na-
Rho, leading to a lower uptake of CO2/CH4/N2 in Na-SAPO-RHO
than that in Na-Rho. The strong “trapdoor” effect is especially
disadvantageous for CH4 and N2 to push Na+ away because the
interaction between Na+ and CH4 or N2 is much weaker than
that between Na+ and CO2.11,14c,15a,22 This explains why the
decrease in the uptake of CH4 and N2 in Na-SAPO-RHO is much
more pronounced as compared to that of CO2, resulting in
a higher selectivity for CO2.

The above results show that the Na-SAPO-RHO has a better
performance than the K- and Cs-SAPO-RHO in the separation of
CO2/CH4 and CO2/N2. Notice that the exchange degree in Na-
SAPO-RHO is 87.13% upon 3 cycles of ion-exchange. To inves-
tigate the inuence of ion-exchange degree on the separation
performance, we further investigated the CO2 separation of the
Na-SAPO-RHOs with the exchange degree of 42.41, 72.64, and
100% upon 1, 2, and 4 cycles of the ion-exchange process. The
corresponding products are denoted as Na-1-SAPO-RHO, Na-2-
SAPO-RHO, and Na-4-SAPO-RHO, respectively. The composi-
tions and characterization results of the Na-SAPO-RHOs are
provided in Table S1, Fig. S12 and S13 in the ESI.†

The single component equilibrium adsorption isotherms of
the Na-(1-4)-SAPO-RHOs at 298 K with the pressure up to 1 bar
for CO2, CH4, and N2 are displayed in Fig. S14a–c,† respectively
and the detailed uptakes of all components at various pressures
are summarized in Table 1. The CO2 uptakes of all Na-SAPO-
RHOs at 0.02 and 0.15 bar are shown in Fig. S14d.† It is found
that the uptake of CH4 and N2 gradually decreases with the
increase of the ion-exchange degree (CH4: 0.090, 0.042, and
0.027 mmol g�1 at 0.98 bar for 1, 2, and 3 cycles of exchanged
samples, respectively; N2: 0.116, 0.089, and 0.070 mmol g�1 at
0.85 bar for 1, 2, and 3 cycles of exchanged samples, respec-
tively) and reaches 0 at the 4th cycle of ion-exchange (Table 1 and
Fig. S14b and c†). Such results might be attributed to the strong
“trapdoor” effect of Na+ on CH4 and N2 and the increased Na+

blocking of the s8r with the increase of exchanged Na+. Notice
that, the Na-SAPO-RHO (3 cycles of ion-exchange) has the best
CO2 uptake capacity (1.21 mmol g�1 at 0.02 bar) and selectivity
performance (a(CO2/CH4): 2196; a(CO2/N2): 196) among the Na-
SAPO-RHOs (Table 1 and Fig. S14e and f†). This suggests that
the amount and distribution of both Na+ and H+ in Na-SAPO-
RHO play an important role in determining gas adsorption. In
this respect, further understanding is needed on the basis of
future detailed structural characterization and theoretical
calculations.

The breakthrough experiments of the Na-SAPO-RHO were
conducted using binary CO2/CH4 (50/50, v/v) and CO2/N2 (15/85,
v/v) gas mixtures at 298 K and atmospheric pressure (Schematic
S1†), mimicking the industrial process conditions of biogas2a,23

and ue gas2a,34 respectively and the corresponding break-
through curves are given in Fig. S15.† According to Fig. S15,†
CO2 can be completely separated from CH4 and N2. On the basis
© 2021 The Author(s). Published by the Royal Society of Chemistry
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of the breakthrough results, we also calculated the dynamic
separation selectivity of the batch 1 of Na-SAPO-RHO for CO2/
CH4 and CO2/N2 (Fig. S16 and S17†). The detailed information
for the calculation is included in Section 8 of the ESI.† As shown
in Fig. S17,† although the selectivity predicted by the break-
through curves is slightly lower than that estimated from the
multiple pure component adsorption measurements, Na-SAPO-
RHO is also highly selective under dynamic conditions,
rendering this zeolite potentially useful for selective CO2

adsorption in practical application.
Conclusions

Silicoaluminophosphate RHO zeolite was hydrothermally
synthesized in the presence of diethylamine as an OSDA with
the assistance of seeds. Na+, K+, or Cs+ was introduced into the
as-prepared SAPO-RHO via direct ion-exchange and complete
replacement of protonated diethylamine by Na+ , while main-
taining the zeolite crystallinity, has been successfully achieved
upon four cycles of ion-exchange. The structure of ion-
exchanged SAPO-RHOs aer three cycles is determined by the
Rietveld renement. Structural analyses show that Na+ ions are
mainly sited in the center of s8rs, while the K+ and Cs+ ions are
mainly distributed in the center of d8rs. Na+ ion-exchanged
SAPO-RHO upon three cycles of ion-exchange (Na-SAPO-RHO)
exhibits an unprecedented separation factor of 2196 for CO2/
CH4 and 196 for CO2/N2, which is much superior to K+ and Cs+

exchanged SAPO-RHOs with the same cycles of ion-exchange.
Signicantly, the Na+ form of SAPO-RHO exhibited unprece-
dented separation for CO2/CH4, superior to all the nanoporous
materials reported to date. Theoretical calculations show that
the interaction between Na+ and 8-rings in SAPO-RHO is much
stronger than that in aluminosilicate Rho, which leads to
a superior separation performance of Na-SAPO-RHO. Complete
ion-exchange of Na+ in SAPO-RHO further increases the sepa-
ration factor for CO2/CH4 and CO2/N2 by further enhancing the
“trapdoor” effect. Breakthrough experiments demonstrate that
Na-SAPO-RHO can completely separate CO2 from CH4 or N2.
These superior features make Na-SAPO-RHO a promising
candidate for CO2 capture in biogas purication and ue gas
separation via adsorption-based separation processes. The
present work introduces a new promising system based on sil-
icoaluminophosphate zeolites for highly selective gas separa-
tion in terms of the cation-tailored “trapdoor” effect.
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