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H I G H L I G H T S

• Cesium-crown ether complexes were
the key structure-directing agents of
RHO zeolite.

• Synthesis cost was greatly reduced by
substitution of the Cs+ by cheaper K+

cations.

• Different K+/Na+/Cs+ ratios could
generate diverse silica contents in
RHO zeolites.

• Medium-silica RHO zeolites achieve
fine trade-off for adsorption heat and
capacity.

• Medium-silica RHO zeolites retain
high selectivities for ultralow binary
mixtures.
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A B S T R A C T

Delicate modification of the silica contents and porous structures within RHO zeolites has been readily realized
by adopting a variety of alkali metal-crown ether (AMCE) complexes as the templates. Compared to the previous
protocols, up to 70% of the Cs+ cations could be substituted by much cheaper K+ cations and thus the synthesis
costs of RHO zeolites could be impressively reduced. The subsequent 133Cs and 23Na MAS NMR spectra further
reveal that the Cs+ cations may aggregate with crown ether in a form of monomer or dimer complex, which then
plays a significant role in the structural direction of RHO zeolites, whereas the hydrated Na+ cations mainly
serve as the charge balancing cations. Meanwhile, the addition of different amount of K+ cation could result in
varying degrees of template-framework interaction and consequently generates RHO zeolites with diverse
compositions. Finally, the proton-type RHO zeolites were applied to the adsorptive separation of CO2/CH4/N2

mixture. Therein, the medium-silica ones achieve fine trade-off for the adsorption capacity, selectivity and heat
even under ultralow CO2 concentration, which makes them potential candidates for trace CO2 capture.

1. Introduction

Recent years have witnessed the widespread applications of supra-
molecular chemistry in processes such as selective separation, asym-
metric catalysis, material technology and drug delivery [1–5].

Conceptually, supramolecules refer to those complexes constructed by
two or more molecules via noncovalent interactions like van der Waals
forces, hydrogen bonding, metal coordination and hydrophobic forces
[6,7]. The self-assembly, folding, molecular recognition, host-guest
chemistry among the supramolecules have imparted them unique
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spatial arrangements, electrostatic affinity and hydrophilic/hydro-
phobic characters [8]. Taking advantages of these distinct properties,
the supramolecules could play a significant role in the synthesis of a
series of functionalized zeolites, including high-silica, extra-large-pore,
hierarchical and enantioselective zeolites, as well as the zeolite fra-
meworks with in-situ incorporation of transition metal cations [9–13].

Macrocycles are frequently adopted as the building blocks in su-
pramolecular systems, of which the cavities could react easily with
guest molecules. As a typical macrocycle, crown ether can aggregate
with various alkali metal cations (Li+, Na+, K+, Cs+, etc.) and form
AMCE complexes with diverse spatial conformations [14–16]. Em-
ploying the AMCE complexes as the organic structure-directing agents
(OSDA), a variety of high-silica zeolites, including topologies of FAU,
RHO, KFI and MSO, could be readily synthesized [17–20]. The frame-
work of RHO zeolite is comprised of a cubic stacking of LTA cages
connected by double-eight-member (D8R) rings. Our previous pub-
lications have revealed the structure-directing role of a special cesium-
crown ether complex, which could remarkably promote the silica
contents within the framework of RHO zeolite [21,22]. However, two
defects are still remaining in the preparation of RHO zeolites: one is the
silica-alumina ratio (SAR) gap between the conventional RHO zeolite
(SAR≈ 6) and the reported high-silica RHO zeolite (SAR≈ 16), which
would ultimately restrict the potential applications of RHO zeolites to
adsorption and catalytic processes; the other one is the relatively high
synthesis expense, especially the cost of the indispensable Cs+ cation.
During the adsorption process, the SAR value of zeolite adsorbent is
intimately associated with its electric field intensity, which would then
exert significant but exactly opposite influence on the adsorption ca-
pacity and adsorption heat; consequently, either a too high or too low
SAR value would be adverse for the zeolite adsorbent to achieve a fine
trade-off between the adsorption property and regenerability [23–25].
To fill in the SAR gap, we intend to modify the interaction between the
AMCE complexes and zeolite frameworks by delicately adjusting the
concentrations as well as chemical compositions of the AMCE com-
plexes, and thus adapting their overall charge density. In the meantime,
the possibility of lowering the manufacture cost of RHO zeolite could
also be explored by directly decreasing or partially substituting the Cs+

amounts during the synthesis.
In this paper, the controllable synthesis of RHO zeolites with con-

secutively increasing SAR values has been realized by careful mod-
ification of the AMCE complex compositions. Compared to the former
recipe, up to 70% of the Cs+ cation amounts could be substituted by K+

cation; in contrast, only 20% of the cesium amounts could be spared
when the diluted AMCE complexes were directly taken as the OSDA.
The subsequent NMR spectra disclose that it is the coordination state
between the Cs+ cation and crown ether molecules that plays a vital
role in the structural orientation of the RHO zeolites, while the hy-
drated Na+ cations chiefly serve as the charge compensating cations. In
this consideration, varying amounts of K+ cations were then added to
adjust the chemical composition and charge density of the AMCE
complex because of its intermediate interaction with both water and
crown ether molecules. Afterwards, the trace CO2 removal perfor-
mances were tested on the proton-type RHO zeolites with varying SAR
values. Since our previous research has already revealed the strong
water resistance of the proton-type RHO zeolites, here we primarily
concentrate on the enhancement of their adsorptive properties.
According to the adsorption isotherms, the medium-silica RHO zeolites
show the highest capacities and selectivities toward CO2. The IAST
calculations were further conducted to simulate their binary gas ad-
sorption behaviors. Likewise, the medium-silica zeolites exhibit ex-
cellent adsorption performances even under CO2 concentration as low
as 1%. This point not only indicates that the manufacture costs and
adsorption efficiencies of RHO zeolites might be simultaneously opti-
mized, but also provides a promising strategy for versatile zeolite
synthesis via the crown ether-based supramolecular chemistry.

2. Experimental

2.1. Chemical and materials

18-crown-6 (TCI;> 98%), sodium hydroxide (Kermel;> 96%), ce-
sium hydroxide (J&K chemical; 50% aqueous, > 99%), potassium hy-
droxide (SCR Co. Ltd;> 85%), sodium aluminate (SCR Co. Ltd;> 41%
Al2O3), sodium fluoride (Tianjin Guangfu;> 98%), Ludox AS-40
(Aldrich; 40 wt%, suspension in water), NH4Cl (Kermel;> 99.5%). All
chemicals of analytical grade were used without further purification.

2.2. Preparation of the organic directing agent (OSDA)

The AMCE complex series were prepared on the basis of our pre-
vious publication [21]. 5.3 g of 18-crown-6 was dissolved in 3.5 g of
distilled water. Then 0.7 g of sodium hydroxide and 2.0 g of cesium
hydroxide were added to the solution mentioned above, and the re-
sulting mixture was stirred with reflux at 353 K for 3 h. Thereafter a
mixture with two visible phases was obtained. The supernatant of this
mixture was taken out and denoted as AMCE-2 complex because the
ratio between the 18-crown-6 and cesium ion in its chemical compo-
sition is about 2. Thereafter, the initial ratios between the 18-crown-6
and cesium ion were changed to 4 and 8 and the reductive parts of
cesium cations were substituted by equimolar amounts of potassium
cations. After reactions under the same conditions, the supernatants of
the resultant mixtures were taken out and denoted as AMCE-4 and
AMCE-8 complex, respectively. The TAMCE complex was also prepared
according to the former research [18]. 2.6 g of 18-crown-6, 1.3 g of
sodium hydroxide and 2.0 g of cesium hydroxide were dissolved in
18.0 g of distilled water. The resulting mixture was stirred at 353 K for
3 h. Only a clear solution without stratification was obtained, and de-
noted as TAMCE complex.

2.3. Syntheses of RHO zeolites via AMCE-2 complex

As referred to our previous research, several high-silica RHO zeo-
lites were synthesized by the adoption of AMCE-2 complex as the OSDA
[21]. 0.7 g of sodium aluminate were first dissolved in 6.6 g of distilled
water along with 100mg RHO zeolite seeds. The mixture above was
fully stirred and then transferred into a closed polytef bottle containing
9.0 g of the AMCE-2 complex. Subsequently, 8.45 g of colloidal silica,
Ludox AS-40, were added into the polytef bottle and the resulting re-
action mixture was stirred continuously at room temperature for 24 h.
The crystallization was carried out in Teflon-lined stainless steel auto-
claves at 413 K under rotation for 6 days. The synthesized zeolites were
denoted as RHO-SAR14 according to the chemical composition ana-
lyses. After reaction, the solid obtained was filtered, washed with dis-
tilled water then dried at 373 K overnight, and finally calcined at 823 K
for 6 h in order to remove the occluded organic material. When 0.56 g
and 0.467 g of sodium aluminate were added instead, both along with
0.05 g addition of sodium fluoride, the silica contents within the pro-
duct zeolites were also changed. In this regard, the as-synthesized
zeolites were denoted as RHO-SAR16 and RHO-SAR20, respectively,
according to their chemical compositions. Both zeolites were treated
next by the same processes.

2.4. Syntheses of RHO zeolites via AMCE-4 and AMCE-8 complexes

0.7 g of sodium aluminate were first dissolved in 6.6 g of distilled
water along with 100mg RHO zeolite seeds. The mixture above was
fully stirred and then transferred into a closed polytef bottle containing
9.6 g of the AMCE-4 or AMCE-8 complex. Subsequently, 8.45 g of col-
loidal silica, Ludox AS-40, were added into the polytef bottle and the
resulting reaction mixture was stirred continuously at room tempera-
ture for 24 h. The crystallization was carried out in Teflon-lined stain-
less steel autoclaves at 413 K under rotation for 6 days. The synthesized
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zeolites were denoted as RHO-SAR12 and RHO-SAR10, which corre-
spond to the employment of the AMCE-4 or AMCE-8 complex, respec-
tively. After reaction, the solids obtained were filtered, washed with
distilled water then dried at 373 K overnight, and finally calcined at
823 K for 6 h in order to remove the occluded organic material.

2.5. Syntheses of conventional RHO-SAR6 via TAMCE complex

As a benchmark, RHO-SAR6 was synthesized according to a pub-
lished procedure of Chatelain [18] The TAMCE complex (aq) was first
transferred into a closed polytef bottle. Subsequently, 30.0 g of colloidal
silica, Ludox AS-40, was also added into the polytef bottle and the re-
sulting reaction mixture was stirred continuously at room temperature
for 24 h. The crystallization was carried out in Teflon-lined stainless
steel autoclaves at 383 K under rotation for 4 days. The synthesized
zeolites were denoted as RHO-SAR6 according to the chemical com-
position analyses. After reaction, the solids obtained were filtered,
washed with distilled water then dried at 373 K overnight, and finally
calcined at 823 K for 6 h in order to remove the occluded organic ma-
terial.

2.6. Ion exchange details of the synthesized zeolites

The ammonium ion exchanges of the synthesized zeolites were first
conducted to remove the bulky metal cations within the zeolites. The
calcined zeolites were exchanged with 6mol/L NH4Cl solution (5ml/g
zeolite) four times at 353 K each for 1 h. The obtained NH4-exchanged
zeolites were then calcined under 873 K for more than 6 h to get the
corresponding H-form zeolites.

2.7. Characterizations

The characterizations of synthesized RHO zeolites include PXRD,
TGA, ICP, FE-SEM, EDS, NMR and physical ad-sorption isotherm.
Powder X-ray data were collected on a Panalytical X’Pert PRO dif-
fractometer with Bragg-Brentano geometry, using Cu Kα radiation. The
patterns were obtained from 5 to 50° (2θ) using a step size of 0.02° (2θ)
and 0.267 s per step. ICP-AES analyses were conducted on PerkinElmer
Optima8x00. Thermogravimetric analyses (TGA) were recorded on a
Netzsch STA449F3 instrument from 30 °C to 1000 °C, at a heating rate
of 5 °C/min in air flow, using ceramic pan. The morphology and ele-
mental compositions of RHO zeolites were obtained by field emission
scanning electron microscopy (FE-SEM) on a Jeol JSM-7800F electron
microscope equipped with an Oxford energy dispersive X-ray spectro-
scopy (EDX). Solid-state 29Si, 27Al MAS NMR spectra were performed
on Bruker Avance III 500 spectrometer using a 4mm MAS probe. The
resonance frequencies were 99.36 and 130.32MHz for 29Si and 27Al,
respectively. Deconvolution of 29Si Solid-state MAS NMR spectroscopy,
in which all aluminum occupies tetrahedral sites, was used to determine
the framework Si/Al ratios of RHO zeolites [26]. Solid-state 133Cs, 23Na
and 2D MQ 23Na MAS NMR were performed on Bruker Avance III 600
spectrometer using a 3.2mm MAS probe. The resonance frequencies
were 78.71 and 158.75MHz for 133Cs and 23Na, respectively. Two di-
mension (2D) 23Na multiple-quantum (MQ) MAS NMR experiments
were applied to RHO-SAR20, RHO-SAR16, RHO-SAR14 and RHO-SAR6
in order to obtain the precise information about the coordination states
of the sodium cation within the zeolite channels. A two-dimensional
(2D) Fourier transformation followed by a shearing transformation
gave a pure absorption mode 2D contour plot [27]. Argon adsorption
isotherms in the pressure range of 0–1 bar were measured on a Quan-
tachrome Autosorb-iQ2 instrument. All the samples were evacuated at
573 K for 12 h under dynamic vacuum prior to analysis. The textual
properties of all the samples were then obtained from the adsorption
isotherms. The linearity of fitting for the Brunauer-Emmett-Teller (BET)
specific surface area (SBET) was 0.99999; Total pore volume (Vt) was
calculated by Gurvich-rule at P/P0= 0.95; Micropore volume (Vmic)

and micropore surface area (Smic) were calculated by t-Plot method;
Pore size distributions (PSDs) of all the samples were calculated by SF
method since the micropores were dominant in all the samples.

2.8. The adsorption experiments

The carbon dioxide, methane and nitrogen single component ad-
sorption were measured on Quantachrome Autosorb-iQ2 at 288, 298
and 308 K over a pressure range of 0–100 kPa. The instrument was
equipped with a Polyscience AD07R-20-AA2Y recirculating thermo-
static bath for precise temperature control. All the adsorption data were
fitted using the Langmuir-Freundlich (L-F) model. The ideal selectivity
(Henry’s law selectivity) was defined as the ratio of Henry’s law con-
stants of single gas component which are calculated from the Langmuir-
Freundlich equation. At low partial pressure range, the equilibrium
selectivity could be estimated as the ratio of the Henry’s law constants,
which is just the case of carbon capture from dilute-purity sources. To
further predict the adsorption behavior of zeolites for binary gas mix-
tures, the IAST model was employed herein since collection of experi-
mental data for a gas mixture was neither convenient nor rapid. Finally,
the isosteric heat of adsorption (Qst) of CO2 on different RHO zeolites
could be determined from the Clausius-Clapeyron equation, applying
the Langmuir-Freundlich fits for adsorption isotherms at different
temperatures. Furthermore, the heat of adsorption at zero coverage can
be determined from Henry’s law constants according to the van’t Hoff
equation.

3. Results and discussion

3.1. Characterizations of RHO zeolites with varying SAR values

Our former researches have shown that the adoption of cesium ca-
tion is quite essential to the synthesis of high-silica RHO zeolite, which
in turn brings out the problem of manufacture costs [21,22]. Two so-
lutions were then put forward to address this dilemma: one is the de-
crease of the absolute amount, or concentration, of the AMCE complex;
another is the substitution of the Cs+ cation in the synthesis gel by
much cheaper K+ cation. Basing upon the previously reported proto-
cols, several diluted AMCE complexes have been applied to the RHO
zeolite synthesis as the OSDAs (Section 1.2). According to the XRD
patterns in Fig. S2.1, the RHO zeolites were synthesized only if the
concentrations of the AMCE complex were higher than 80wt%, which
means that the manufacture expense could not be significantly reduced
by this method. In this circumstance, we attempted to replace the Cs+

cations in the synthesis gels by equimolar K+ cations to maintain the
whole quantity of the positive ions (Section 1.3). In this way, a range of
RHO zeolites have been successfully synthesized wherein up to 70% of
the Cs+ amount within the AMCE complexes could be substituted, even
lower than the amount adopted in conventional protocol (Fig. 1A,
Table 1). Notably, the crystallinity of the RHO zeolites observed in the
XRD patterns varied along with the crown ether/Cs+ ratios. As de-
monstrated by the FE-SEM images of the as-synthesized zeolites, the
crystallinity of RHO-SAR20 and RHO-SAR6 was comparatively weaker
than the other zeolites, which coincides well with the organic weight
loss in the TGA curves (Fig. 1B, Fig. 2). Furthermore, this phenomenon
reveals that the replacement of the Cs+ cations in the AMCE complexes
by K+ cations would not interfere with the crystallization of RHO
zeolites and hence the purpose to cut down the synthesis expense could
be well achieved by this means.

Normally, the variation of alkali metal cations within the AMCE
complex might change its overall charge density and thus influence its
interaction with the zeolite frameworks [28]. In this respect, the fra-
mework silica contents of the as-prepared RHO zeolites were then es-
timated by the combination of the 29Si MAS NMR spectra, ICP-AES and
EDX analyses (Fig. 1C, Table S2.1). The 29Si MAS NMR spectra in
Fig. 1C primarily include four various signals, Q4[Si(OSi)4], Si(1Al)[Si
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(OSi)3(OAl)1], Si(2Al)[Si(OSi)2(OAl)2], Si(3Al) [Si(OSi)1(OAl)3] [29].
The deconvolutions of the 29Si MAS NMR spectra give framework SAR
values of 25.6, 17.7, 13.8, 12.8, 11.0 and 6.2 for RHO-SAR20, RHO-
SAR16, RHO-SAR14, RHO-SAR12, RHO-SAR10 and RHO-SAR6, re-
spectively (Fig. S2.2–2.7, Table S2.1), just lying within the optimum
SAR value range for carbon capture [23]. On the other hand, the SAR
values obtained from the ICP-AES and EDX analyses were 21.3, 16.5,

13.7, 12.0, 9.8 and 5.6 for the corresponding zeolites, which were
highly consistent with the deconvolution results (Table S2.1). Ad-
ditionally, the 27Al NMR spectra of all the zeolites show only one sharp
signal centered around 60 ppm, which suggests that little extraframe-
work alumina species are present and thus the alumina species should
be mostly incorporated into the zeolite frameworks (Fig. S2.8). The
values in the zeolite denotations were also derived from the ICP-AES
and EDX results. Coincident with our expectations, the silica contents
within the zeolite frameworks could be fine-tuned by carefully ad-
justing the chemical compositions of the AMCE complexes and thus the
SAR gap existing in the RHO zeolites was validly fixed.

3.2. Synthesis mechanism of RHO zeolites

In order to explore the role the AMCE complex plays during the
synthesis, the 133Cs MAS NMR spectra were subsequently collected for
the as-synthesized RHO zeolites (Fig. 3). The assignments of the 133Cs
MAS NMR signals and their parameters have been summarized in Table
S2.2. Accordingly, three different resonance peaks, namely SI, SII and
SIII, have been detected after decomposition of the NMR spectra.

Fig. 1. (A) XRD patterns, (B) Thermogravimetric weight loss and (C) 29Si MAS NMR spectra patterns of the as-prepared RHO zeolites with increasing SAR values: (a)
RHO-SAR6 (black), (b) RHO-SAR10 (golden), (c) RHO-SAR12 (green), (d) RHO-SAR14 (grey), (e) RHO-SAR16 (pink) and (f) RHO-SAR20 (red). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Textural Properties of H-form RHO Zeolites with Different Silica-alumina
Ratios.

Adsorbents (Cs+/Silica)gel SBET Smic Vt Vmic

(m2 g−1) (m2 g−1) (cm3 g−1) (cm3 g−1)

H-RHO-SAR20 0.12 336 308 0.157 0.110
H-RHO-SAR16 0.12 803 746 0.338 0.259
H-RHO-SAR14 0.12 934 903 0.364 0.316
H-RHO-SAR12 0.09 981 957 0.362 0.333
H-RHO-SAR10 0.04 897 872 0.334 0.302
H-RHO-SAR6 0.06 699 663 0.295 0.236

Fig. 2. SEM images of the as-prepared RHO zeolites: (A) RHO-SAR20, (B) RHO-SAR16, (C) RHO-SAR14, (D) RHO-SAR12, (E) RHO-SAR10 and (F) RHO-SAR6, the
SAR values in the names were derived from the ICP and EDX results.
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Because of the small quadrupole moment of the 133Cs nuclei, the
quadrupolar coupling influence could be neglected for the cesium-
containing zeolites [30,31]. In this case, the presence of three different
signals in the 133Cs MAS NMR spectra actually indicates three distinct
local environments for the cesium species. As referred to the literatures,
the resonance position of SI at ca. 4.6 and 5.9 ppm should be attributed
to the fully hydrated Cs+ cations (Fig. 4) [32]. Furthermore, although
the exact assignments have not been hitherto clarified, the SII and SIII
signals should be irrelevant to the exchanged Cs+ cations at the active
sites or the extraframework cesium species [33–35]. Meanwhile, it has
been manifested that the chemical shift of Cs+ cation would migrate to
a more negative value as its coordination number increases [36]. This
point, when combined with the simultaneous growth of the SAR values
and the SIII signal fractions in the 133Cs MAS NMR spectra (Fig. 3, Table
S2.2), strongly confirms that the high coordination state of the Cs+

cation would benefit the enhancement of silica contents within the RHO
zeolites. Our previous publications have suggested the key impact of the
cesium-crown ether dimer complex in guiding the formation of high-
silica RHO zeolites [21]. Given this, we then ascribe the resonance
positions of SII and SIII to the cesium-crown ether monomer and dimer
complex (Fig. 4), respectively, which is in agreement with the UV–vis

spectra and chemical composition analyses in the aforementioned study
[21].

To further investigate the synthesis mechanism, the 23Na MAS NMR
and the two-dimensional multiple-quantum (MQ) MAS NMR were
performed on RHO-SAR6, RHO-SAR14, RHO-SAR16 and RHO-SAR20
to exclude the influence of K+ cations therein. As seen in Fig. 5, the
23Na MAS NMR spectra could all be sorted into two types of resonance
peaks, SI’ and SII’. The former signal, close to 0 ppm, has been proven to
be related to the fully hydrated Na+ cation, while the latter one, ob-
served round −7 ppm, should be attributed to the partially hydrated
Na+ cation in simultaneous interaction with the oxygen belonging to
the zeolite framework (Fig. 4) [37,38]. The hydrated state of the Na+

cation would also be rationalized by its significantly high hydration
energy, which results in the prior coordination of residual water in the
AMCE complexes with Na+ rather than Cs+ (Table S2.3). Meanwhile,
given the high affinity between the crown ether molecules and alkali
metal cations (Table S2.3), it is logical to consider that any crown ether
molecules existing in the AMCE complexes should be tightly associated
with certain alkali metal cations, particularly the Cs+ cations according
to our assumption. Then the synthesis mechanism could be well inter-
preted: Na+ would be first hydrated by the residual water in the AMCE
complexes and later serves as the charge compensating cation; on the
other hand, Cs+ aggregates with the crown ether molecules to form a
variety of cesium-crown ether complexes, monomer or dimer. Counting
on the intermediate affinity of K+ with both water and crown ether
(Table S2.3), the addition of different amount of K+ cations would
result in diverse distribution of the monomer and dimer, which further
leads to varying degrees of template-framework interaction and finally
generates RHO zeolites with different levels of silica contents (Fig. 3,
Table S2.2). That means, the K+ cations actually serve as the buffering
ions in the gel when facing the competition between Na+ and Cs+

cations. Noticeably, two samples show exceptional properties in this
process: the 133Cs MAS NMR spectrum of RHO-SAR6 is constituted of
resonance peaks at SI and SII, which suggests the co-template effects of
the hydrated Cs+ cation as well as the cesium-crown ether monomer
complex; additionally, the SI signal could also be detected in the 133Cs
MAS NMR spectrum of RHO-SAR20, which should be connected to the

Fig. 3. 133Cs MAS NMR spectra of the as-made RHO zeolites with increasing
SAR values: (a) RHO-SAR6 (black), (b) RHO-SAR10 (golden), (c) RHO-SAR12
(green), (d) RHO-SAR14 (grey), (e) RHO-SAR16 (pink) and (f) RHO-SAR20
(red). The assignment of the signals and the NMR parameters are given in Table
S2.2, the black dash lines refer to the deconvolutions of the spectra. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

Fig. 4. Schematic description for the assignments of resonance peaks in the
133Cs and 23Na MAS NMR spectra of the as-made RHO zeolites. (SI: fully hy-
drated Cs+ cation, SII: Cs+-crown ether monomer complex, SIII: Cs+-crown
ether dimer complex; SI’: fully hydrated Na+ cation, SII’: partially hydrated
Na+ cation.)
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incomplete crystallization derived from the insufficient alumina con-
tents in the gel (Fig. 2). The porous structures and adsorption properties
of these two zeolites would both be affected in this situation, which is
discussed in the following section.

3.3. Carbon capture on H-RHO zeolites with varying SAR values

After verifying the synthesis mechanism, we then apply the syn-
thesized RHO zeolites to the carbon capture process. Provided the high
polarity of CO2 and its strong interaction with zeolite frameworks, the
regenerability and the energy consumption should be an unneglectful
factor. Typically, the energy penalty for regeneration is deeply influ-
enced by the interaction between the electric field of cations and the
adsorbates [23–25,39]. In this consideration, proton was chosen as the
charge balancing cation instead of metal cations in order to weaken the
field potential of the RHO zeolites, given the severe shielding effect on
the electric field by the short distances between framework oxygen and
hydrogen atoms (dO-H≈ 1 Å) [24]. The total energy involved in a
physical adsorption process could be described as the sum of following
interaction items:

= + + + + +φ φ φ φ φ φ φD R Ind Fμ FQ sp

where the six items represent, correspondingly, dispersion energy, re-
pulsion energy, induction energy, field-dipole energy, field gradient-
quadrupole interaction and adsorbate-adsorbate interaction [24].

The single-component adsorption isotherms were first taken in
order to examine the adsorption properties of the H-RHO zeolites for
varying adsorbates. The adsorption pressure range was set between 0
and 100 kPa, which was in accordance with the conditions adopted by
vacuum swing adsorption process [24,40]. In addition, carbon capture
under ambient conditions would be of great advantages in commercial
applications because of its low energy demand [23]. As shown in

Fig. 6A–C, the adsorption capacities on each H-RHO sample decrease in
the sequence of CO2≫ CH4 > N2. The higher uptake of CH4 than that
of N2 on each zeolite should be mainly caused by its larger polariz-
ability, while the especially large adsorption capacity of CO2 ought to
be attributed to its small molecular dimension (σ) and consequently
high accessibility and pore-filling effect within the zeolite channels
(Table S3.1). It should also be noted that the adsorption capacities on
the H-RHO zeolites yield a volcano-type growth as the SAR values in-
crease, wherein the medium-silica RHO zeolites show the largest ca-
pacities for CO2, CH4 and N2 (Fig. 8A, Table 2). Notably, the optimum
gas adsorption capacities were obtained when the AMCE-4 complex was
adopted as the template. In consideration that RHO zeolites could only
be synthesized within certain range of Cs+ concentration (Fig. S2.9), it
could then be concluded that there should exist an optimum 18-crown-
6/Cs+ ratio in the initial reactant gel.

Basically, the six potential terms mentioned above, within the
physical adsorption range, primarily depend on two elements, the pore
size and the field intensity [41–43]. As demonstrated in Fig. 6E, little
discrepancies have been detected in the pore size distributions of the H-
RHO zeolites. In contrast, the electric potential within the zeolites is
reversely proportional to the SAR values of the zeolites, which leads to
the preferable adsorption on low-silica zeolites [23–25,41]. The surface
areas and pore volumes are also crucial for the adsorption results. With
this regard, the argon adsorption-desorption isotherms were then
measured at 87 K to investigate the pore structures of the H-RHO zeo-
lites with varying silica contents (Fig. 6D). Obviously, micropores are
predominant in all the H-RHO zeolites (Fig. 6D, Table 1). Besides, the
porous parameters of the H-RHO zeolites also yield a volcano-type
distribution versus their SAR values. The inferior porosity of H-RHO-
SAR20 should be attributed to the destabilization effect of the nega-
tively charged siloxy defects on the zeolite framework or the nuclei,
which arises from the deficiency of alumina species [44–46]. As for the

Fig. 5. (A) 23Na MAS NMR spectra and (B) two-dimensional multiple-quantum (MQ) 23Na MAS NMR of the as-made RHO zeolites with increasing SAR values (a)
RHO-SAR6 (black), (b) RHO-SAR14 (grey), (c) RHO-SAR16 (pink) and (d) RHO-SAR20 (red). The assignment of the signals and the NMR parameters are given in
Table S2.2, the blue dash lines refer to the deconvolutions of the spectra. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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other five H-RHO zeolites, their porosity difference should also be
closely associated with the different chemical compositions of their
organic templates, which could result in varying degrees of template-
framework interaction and consequently generate RHO zeolites with
diverse pore structures [28,47]. Combining the textural parameters of
the zeolites with their corresponding adsorption behaviors, it could
then be concluded that the adsorptive capacities of the zeolites get
enhanced concurrently with the increase of surface areas and pore
volumes (Tables 1 and 2). This conclusion further verifies the strong
interaction between the pore walls and the nonpolar adsorbates, espe-
cially for the CO2 molecule (0.33 nm) which could interact simulta-
neously with both the side-walls inside the appropriate pore openings of
the RHO zeolites (0.5–0.6 nm) [48,49]. Eventually, the conflicting ef-
fects of the electric field and pore walls come to a compromise and give
rise to the convex tendency of the adsorptive amounts as well as the
CO2 working capacities versus the SAR value increments, wherein the
most optimum SAR value range is within 10–14 (Fig. 8A).

The trace CO2 removal is of prime priority in diverse feedstock
prepurification processes such as air separation and alkaline fuel cell
[50,51]. In order to simulate the trace CO2 removal processes, we then
conduct the IAST calculations on different zeolites for two gas mixtures,
CO2/CH4 and CO2/N2, each with CO2 concentrations of 1%. Noticeably,
the accuracy of the IAST calculation has been previously confirmed on
various zeolitic types toward a mass of binary gas mixtures [52,53].
With the total pressure increases, the CO2/CH4 and CO2/N2 adsorptive
selectivities on all of the H-RHO zeolites decline simultaneously, as
attributed to the gradual coverage of the active sites within the zeolites
(Fig. 7A and B). Furthermore, the selectivity slopes for CO2/CH4 binary
gas mixture always decrease in the following order: H-RHO-SAR10 (and
20) > H-RHO-SAR6 (and 12) > H-RHO-SAR14 (and 16) (Fig. 7A).
This result fit well with their adsorption isotherms above, which once
again verify the high affinity toward CO2 while excluding CH4 on the
medium-silica H-RHO zeolites. The same trends have also been

observed for the CO2/N2 binary gas mixture but with greatly higher
selectivity values, which should be ascribed to the much lower affinity
toward N2 on all the H-RHO zeolites (Fig. 7B). Interestingly, the IAST
selectivities for both binary gas systems on H-RHO-SAR20 are parti-
cularly high among all the zeolites. This phenomenon is possibly as-
sociated with the inferior adsorption for N2 on H-RHO-SAR20, as ori-
ginated from the weak electric field within this zeolite as well as its low
surface area and pore volume (Table 1). Ultimately, the Henry se-
lectivities were compared to the IAST predicted selectivities at 298 K
and 1 bar on zeolites with increasing SAR values (Table 2). Most of the
selectivity values estimated from both methods are in high coincidence
except for the case of H-RHO-SAR16, of which the residual stress de-
rived from the framework defects should be responsible [22]. Besides,
in a view of high CO2 selectivity over the other gases, the most ap-
propriate SAR value range for carbon capture should be located within
6 to 12 (Fig. 8B). Taking both the adsorption capacity and selectivity
into the account, the breakthrough experiments were further conducted
over H-RHO-SAR10 and H-RHO-SAR12 to investigate their separation
performances under dynamic conditions (Figs. S3.7–S3.8). The results
show that both CH4 and N2 gases break much more quickly than CO2,
which once again verifies the high binary selectivity of both H-RHO
zeolites even under CO2 concentration as low as 1%.

Basing upon the single component adsorption isotherms at different
temperatures, the isosteric heats of adsorption (Qst) for CO2 were then
estimated by the Clausius-Clapeyron equation and plotted against the
CO2 loadings (Fig. 7C). Similar to the IAST calculation results, the Qst

values of CO2 also drop gradually because of the accumulated con-
sumption of the active sites or framework defects. More specifically, the
isosteric heats of adsorption at zero coverage could be calculated
through the van’t Hoff equation on the basis of Henry’s law constants
(Table 2). Generally, the isosteric heats toward CO2 are found ap-
proximate on H-RHO zeolites with varying SAR values. Moreover, when
compared with other conventional zeolitic types, all the H-RHO zeolites

Fig. 6. (A) CO2 adsorption isotherms, (B) CH4 adsorption isotherms and (C) N2 adsorption isotherms of H-RHO-SAR6 (black), H-RHO-SAR10 (golden), H-RHO-SAR12
(green), H-RHO-SAR14 (grey), H-RHO-SAR16 (pink) and H-RHO-SAR20 (red) at 298 K, the solid lines were data simulated by Langmuir-Freundlich equation, the
linearity of fitting is 0.999. (D) Argon adsorption - desorption isotherms at 87 K and (E) Pore size distributions (PSD) obtained from argon adsorption - desorption
isotherms of H-RHO-SAR6 (black), H-RHO-SAR10 (golden), H-RHO-SAR12 (green), H-RHO-SAR14 (grey), H-RHO-SAR16 (pink) and H-RHO-SAR20 (red). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. (A) The IAST predicted selectivities toward CO2/CH4 (1:99) mixtures at 298 K, (B) The IAST predicted selectivities toward CO2/N2 (1:99) mixtures at 298 K
and (C) Heat of adsorption for CO2 on H-RHO-SAR6 (black), H-RHO-SAR10 (golden), H-RHO-SAR12 (green), H-RHO-SAR14 (grey), H-RHO-SAR16 (pink) and H-
RHO-SAR20 (red). (D) The summarization of the isosteric heat of adsorption toward CO2 on some conventional zeolites versus their CO2 loadings at 298 K and 1 bar.
(The zeolites in the red circles refer to those synthesized in this paper; see more details in Tables S3.5 and S3.6.) (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 8. (A) The changes of gas loadings as well as CO2 working capacities and (B) the variations of the Henry selectivity as well as IAST predicted selectivities versus
the SAR values increments of the H-RHO zeolites.
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synthesized in this paper, except the H-RHO-SAR20, could achieve
considerable adsorption capacities while retaining relatively lower ad-
sorption heat for CO2 (Fig. 7D). This trade-off between the isosteric heat
and adsorption capacity makes the H-RHO zeolites synthesized here the
excellent candidates for carbon capture process. Along with the in-
crease of the CO2 uptakes, all the isosteric heat values finally come to
convergences but are still much larger than those obtained on the pure-
silica zeolites (Fig. 7C, Tables S3.5 and S3.6). In this circumstance,
neither the attraction of the active sites nor the gas-gas interaction
would be the dominant force anymore [23]. As deduced from the ad-
sorption results, the electrostatic force of the framework and the mo-
lecule-pore wall interaction constitute the two primary but conflicting
forces during the adsorption process. Lobo et al. have also revealed the
strong appeal of the pore wall to the adsorbate molecules at the eight-
membered-ring (8MR) sites within the microporous zeolites [54,55].
Then the isosteric adsorption heats on different H-RHO zeolites at high
loadings could be illuminated: the approximate adsorption heat values
of the zeolites should be originated from their adjacent pore size dis-
tributions, wherein the higher Qst values of the H-RHO-SAR10 (and 12)
than those of H-RHO-SAR14 (and 16) are likely to be caused by the
relatively stronger electrostatic fields in the former two zeolites, while
the intermediate Qst values of the H-RHO-SAR6 and H-RHO-SAR20 may
have strong connection to their weak crystallinity and massive frame-
work defects, respectively. In an overall view, however, the medium-
silica RHO zeolites (H-RHO-SAR10 and 12) should have advantages
over the other ones when the adsorption capacity, binary selectivity
and isosteric heats were all taken into account.

4. Conclusions

As described, a series of RHO zeolites with increasing silica contents
have been synthesized under the guidance of different AMCE complex
templates. By partially substituting the Cs+ cations within the AMCE
complex by inexpensive K+ cations, the manufacture expenses could be
greatly reduced when compared to the conventional synthesis protocol.
To further investigate the synthesis mechanism, the 133Cs MAS NMR
spectra and the 23Na MQ MAS NMR spectra were collected on all the
synthesized zeolites. According to the signal assignments, the high co-
ordination state of Cs+ cation, quite probably in a form of cesium-
crown ether dimer complex, is evidently beneficial to the enhancement
of silica contents within zeolites. Meanwhile, the Na+ cations were
hydrated first and the bulky hydrated ions served as the charge bal-
ancing cations thereafter. Different amounts of K+ cations were then
added to the gel to carefully adjust the chemical composition and
overall charge density of the AMCE complex. In this manner, the in-
teraction between the zeolite frameworks and AMCE complexes could
also be modified which thus affects the incorporation of alumina spe-
cies. Finally, the H-form RHO zeolites were applied to the adsorptive
separation of CO2, CH4 and N2, wherein the medium-silica RHO zeolites
may have advantages over their analogues for the balance they achieve

for working capacity, selectivity and adsorption heat. Moreover, the
ideal adsorbed solution theory (IAST) predictions indicate that the
medium-silica RHO zeolites could exhibit high selectivities toward
CO2/CH4 and CO2/N2 binary mixtures even under 1% CO2 concentra-
tions, which gives them great potential for trace CO2 removal processes.
Notably, this work provides a promising way to modify the silica con-
tents within zeolite frameworks and may shed light upon a broader
application of crown ether-based supramolecular chemistry to the
synthesis of other zeolite topologies such as FAU in the future.
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