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Abstract

Alkaline-earth metal cations impact the rate of crystallisation and the adsorption of N, and CO, on
nanosized chabazite zeolites. In this study, either calcium or barium was added to precursor
mixtures containing alkali-metal cations (Na*, K*, Cs") to prepare chabazite (labelled Ca-CHA and
Ba-CHA), and were compared to a reference sample (Ref-CHA) synthesized using exclusively Na*,
K*, and Cs’. Partial substitution of the Na™ and the pore-blocking Cs* extra-framework cations was
observed for Ca-CHA depending on the molar ratio of K,O used in the synthesis, while a change to
the amount of Na* cations only was observed for Ba-CHA. The type of alkaline-earth metal cation
affects the crystallisation rate; slower in the presence of Ca®* (10 h to full crystallinity) and similar
rates in the presence of Ba®* (4 h to full crystallinity); the crystallite size and morphology remained
similar. The presence of Ca’* or Ba®* extra-framework cations leads to N uptake values of 290 and
169 mmol-g™ (—196 °C, 100 kPa), respectively, while at low CO, pressure (< 1 kPa, 25 °C), the
physisorbed CO, capacity for Ref-CHA, Ca-CHA, and Ba-CHA zeolites is 0.63, 0.66, and 0.59
mmol-g™, respectively. Interestingly, an opposite effect is observed for the amount of chemisorbed
CO; species.
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Zeolites are microporous solids possessing molecule-sized systems of channels and cages
containing extra-framework cations and Brgnsted acid sites. These characteristics confer
remarkable properties which have led to their application in key adsorption, catalysis and cation
exchange processes.” Over the last few decades there has been particular focus on the potential
application of zeolites for the separation and capture of CO, in response to the increasing
atmospheric concentration of greenhouse gases from anthropogenic sources.>* Among the various
solid adsorbents applicable for CO, separation, including metal organic frameworks®, carbon-based
adsorbents®’ and ionic liquids®, zeolites possess an advantage of having tuneable capacity and

selectivity towards CO, due to the relatively stronger interaction between CO, and the extra-



framework cations compared to other small molecules such as N, and CH,.? The CO, adsorption
behaviour of zeolites is influenced by the zeolite composition and its framework structure, directly
related to the cationic environment and aluminium distribution of the zeolite.*>** The use of organic
structure-directing agents (OSDAs) to synthesise specific zeolite topologies, compositions or
particle morphologies is expensive due to the cost of the organic molecule which must be removed
and destroyed by calcination after synthesis. Alternatively, zeolite syntheses using exclusively
inorganic metal cations can direct the formation of different zeolite topologies and morphologies
while lowering the number of synthetic steps.'** Moreover, significantly higher surface area and
reduced diffusion path length for guest molecules can be achieved by reducing the discrete particle
size of the zeolite to the nanoscale, greatly improving their separation performance.’

The use of alkali-metal cations in the zeolite precursor mixture has been investigated
extensively'®?, but the impact of alkaline-earth metal cations and their influence as inorganic
structure directing agents (ISDAs) has received less attention.”>® This is likely a consequence of
their poor solubility in highly basic media compared to alkali-metal cations. An important
consideration is that alkaline-earth metal cations have a higher charge density than alkali-metal
cations while possessing similar ionic radii.® This makes them interesting ISDA candidates because
fewer extra-framework cations are required to equilibrate the charge imbalance created by the
presence of framework aluminium.?” The pioneering work of Barrer and co-workers explored the
hydrothermal chemistry of mixtures of silicon and aluminium precursors (Si sol and glasses, Al
hydroxide and alumina gels) in the presence of either Ca®*, Sr** or Ba?* cations.”**® Their
experiments yielded aluminosilicate products of varying purity and reproducibility, including
chabazite zeolite in the presence of Sr**. Similarly, the hydrothermal treatment of kaolin with
solutions containing Ba(OH), was found to result in the formation of zeolites; chabazite was formed
when using mixtures of KOH and Ba(OH),.** The influence of Sr** cations on the aluminium

distribution in the chabazite framework and crystallisation rate was investigated recently, revealing



that the synthesis time could be reduced from weeks to hours.>* Amongst the available literature, it
has been reported that calcium- or barium-exchanged X-type faujasites and chabazites exhibit better

adsorption capacity at very low CO, pressures,®***®

yet a higher N, capacity was also observed for
barium-exchanged X-type faujasites and chabazites at low pressures (<30 kPa).?®*° In order to
investigate the changes on both the synthesis and adsorption properties of nanozeolites prepared in
the presence of alkaline-earth metal cations, we considered the chabazite framework because it
exhibits a high adsorption capacity, and depending on the type of extra-framework cations present,
a high selectivity towards CO, over CH4 or N,.3" The CHA framework is described by a three-
dimensional pore network containing super cages of (t-cha) connected by a double six ring (t-hpr)
tiling. The diffusion of molecules through the cages is permitted by eight-membered rings (8MRS)
which have a crystallographic free diameter of 3.8x3.8 A.*®

Here we describe the synthesis of two nanosized chabazite zeolites employing higher charge-
density alkaline-earth metal cations (Ca**, Ba®") in the synthetic precursor mixture (Na*, K* and
Cs") previously reported. The N, and CO, adsorption behaviour of the Ca-, Ba- and Ref-CHA
zeolites is investigated. An optimisation of the hydrothermal treatment (HT) was performed over
different times to investigate the rate of crystallisation of the nanosized zeolites. The physical and
chemical properties of the nanosized CHA zeolites were comprehensively characterised and the

effects of the alkaline-earth metal cations were examined with reference to the nanosized CHA

zeolite (Ref-CHA) prepared with Na*, K* and Cs* extra-framework cations only.*

Material and Synthesis.

LUDOX AS-40 colloidal silica (SiO,, Sigma-Aldrich, 40 wt% suspension), sodium aluminate
(NaAlO,, 50-56% Al,O3, 40—45% Na,O Sigma-Aldrich) with an approximation of the minimum
aluminium content of 50% and Na,O of 43%, sodium hydroxide pellets (NaOH, Thermo Scientific,

98%), potassium hydroxide flakes (KOH, Sigma-Aldrich, 90%), caesium hydroxide solution



(CsOH, Sigma-Aldrich, 50%), calcium hydroxide powder (Ca(OH),, Sigma-Aldrich, 95%) and
barium hydroxide powder (Ba(OH),-8H,0, Thermo Scientific, 98%) were used as received. All
water used was MilliQ water from the Direct-8 ZR0OQ008WW by Merck Millipore. The synthesis of
CHA nanozeolite in the presence of alkaline-earth metals was performed in a sealed 60 mL
polypropylene bottle. Sodium aluminate (0.594 g) was dissolved in MilliQ water (4.153 g) with
rapid stirring. After solubilisation of the sodium aluminate, sodium hydroxide (1.704 g), potassium
hydroxide (0.778 g), and a solution of caesium hydroxide (0.503 g) were added sequentially. This
was then followed by the addition of either calcium or barium hydroxide (0.065 g or 0.152 g,
respectively). After 2 h of stirring at room temperature, colloidal silica (10.0 g) was then added
dropwise with rapid stirring. The alkali aluminosilicate colloidal suspension was then aged with
rapid stirring for 7 days. The molar ratio of the initial Ca**-containing alkali aluminosilicate
colloidal suspension is 0.20Cs,O - 1.5K,0 - 6.0Na,O - 0.20CaO - 16.0SiO, - 0.70Al,0O3 -
140.0H,0, and the Ba’*-containing alkali aluminosilicate colloidal suspension is 0.20Cs,O -
1.5K,0 - 6.0Na;O - 0.20BaO - 16.0SiO, - 0.70Al,03 - 140.0H,0. A static hydrothermal treatment
was performed for 2, 4 and 10 h in a preheated oven at 90 °C. The recovered material was washed
with hot (90 °C) MilliQ water by centrifugation until the pH of the supernatant was neutral. The
washed nanozeolite was then freeze-dried overnight using a Beta 1-8 LSChbasic from Martin Christ.
Another synthesis of CHA nanozeolite was performed, identical in all aspects with the one
described above except for a lowered amount of potassium hydroxide corresponding to an
equivalent of 1.3 moles of K,O. Sodium aluminate (0.594 g) was dissolved in MilliQ water (4.175
g) with rapid stirring. After solubilisation of the sodium aluminate, sodium hydroxide (1.704 g),
potassium hydroxide (0.674 g), and a solution of caesium hydroxide (0.499 g) were added
sequentially. This was then followed by the addition of either calcium or barium hydroxide (0.065 g

or 0.152 g, respectively). The rest of the protocol is identical to the one described first.



Characterisation Techniques.

Powder X-Ray Diffraction (PXRD) patterns were collected on Anton Parr XRDynamic 500
diffractometer with a graphite monochromator in Bragg-Brentano configuration, Cu Koy and Kay
radiation (A = 1.5406, 1.5444 A, 40 kV, 50 mA), and Pixos 2000 detector. The patterns were
collected between 26 of 5 and 60° with a step size of 0.03° and time per step of 492.606 s.

Inductively coupled plasma mass spectrometry (ICP-MS) measurements were performed on a
7900 ICP-MS from Agilent Technologies. 50 mg of sample was subjected to a digestive media (0.5
ml aqua regia at 1:3 HNO3:HCI V/V, and 3 ml HF 40%) then heated to 110 °C for 1 hour before
being neutralised with 2 g of boric acid and made up to 100 ml with milli-Q water.

Scanning Electron Microscopy (SEM) images were taken using a Tescan Mira | LMH under 30
kV. Energy Dispersive X-Ray (EDX) measurements were recorded using two Bruker XFLASH
6/30 EDX cameras.

Magic-angle spinning nuclear magnetic resonance (MAS NMR) spectra of 2’Al and 2°Si nuclei
were recorded with a single pulse on a Bruker Avance 500 MHz (11.7 T) spectrometer using 4 mm
outer diameter zirconia rotors with a MAS frequency of 12 kHz. Radiofrequency pulses of 2.2 s
(30° flip angle) were used for the acquisition of the °Si MAS NMR spectra with a recycle delay of
20 s, tetramethylsilane (TMS) was used as a chemical shift reference. Radiofrequency pulses of
1.25 ps (15° flip angle) were used for the acquisition of the 2’Al MAS NMR spectra with a recycle
delay of 1 s, aluminium nitrate (Al(NO3)3) was used as a chemical shift reference.

N, adsorption and desorption isotherms were recorded at —196 °C on a Micromeritics 3Flex
Surface Characterisation unit, and CO, adsorption isotherms were recorded at 0, 25 and 50 °C on a
Micromeritics ASAP 2020 Surface Characterisation unit. The samples were outgassed under
vacuum at 350 °C for 8 hours prior to the analysis. The specific surface area was calculated using
the Brunauer-Emmett-Teller equation applying the Rouquerol criteria, the micropore volumes were

determined using the non-local density functional theory (NLDFT) method.*®** Calculations of the



isosteric enthalpies of adsorption were performed using the Clausius—Clapeyron equation in
VersaWin.

Thermogravimetric analysis (TGA) was performed using a STA 449 F3 Jupiter analyser, from
25 to 35 °C and held for 10 min with a flow of air (40 mL-min™), from 35 to 800 °C at a heating
rate of 10 °C-min™, held at 800 °C for 10 min under air after reaching the target temperature, then
cooled down to 25 °C at 20 °C-min™.

In situ Fourier transform infrared (FTIR) spectroscopic measurements were performed using a
self-supported pellet of a zeolite sample (approximately 20 mg with a diameter of 16 mm), recorded
on a Thermo Scientific Nicolet iS50 FTIR spectrometer equipped with an MCT detector, at a
spectral resolution of 4 cm™ and 16 or 64 scans in absorption mode for the kinetic analysis and
isotherm respectively. The experiments were performed in a “Carroucell” cell , attached to a
vacuum system (greater than 10 mbar) that allows up to 12 different samples to be analysed with
the same conditions.*? The cell is equipped with a heating system to activate the samples at 350 °C
prior to the measurements, at a rate of 2.7 °C-min™, followed by heating at 350 °C for 4 h under
high vacuum. All IR spectra related to CO, adsorption were recorded at room temperature. The
molar absorption coefficients used to obtain both physisorption and chemisorption isotherms were
16 and 40 cm-pumol™, respectively.* The quantitative amount of CO, adsorbed on the chabazite
samples was determined using the peak area of the adsorbate, the molar absorption coefficient, and

the thickness of the sample wafer.

Results and Discussion

The pure phase OSDA-free reference CHA nanozeolite was prepared using a mixture of
inorganic alkali-metal cations where the Na® facilitates the solubilisation of silica and the
stabilisation of the colloidal suspension, the K™ promotes the formation of the secondary building

units (SBUs), and the Cs® facilitates the stabilisation of the long-range crystalline order of the



framework.*® The PXRD of the reference chabazite (Ref-CHA) was compared to a simulated phase
of a fully crystalline chabazite (space group R—3m); no crystalline phases other than chabazite were
observed (Figure 1). The Ca-CHA and Ba-CHA nanosized zeolite samples synthesised in the
presence of alkaline-earth metal hydroxides (Ca** and Ba*) are compared with the reference
nanosized zeolite Ref-CHA. A mixture of alkali-metal cations (Na*, K* and Cs") only is used to
direct the synthesis of the Ref-CHA nanosized zeolite. Because of the similar ionic radii of Ca** and
Na®*, and those of Ba** and K*, we may reasonably expect a partial substitution of the sodium and
potassium in the unit cell by calcium and barium cations, respectively.?® Moreover, the choice of a
low calcium or barium cation ratio in the precursor mixture is in consideration of the solubility
limits of those two alkaline-earth metal cation hydroxides in aqueous solutions. To study the
kinetics of the crystallisation of the Ca-CHA and Ba-CHA zeolites, the hydrothermal treatment at
90 °C was performed over three different time periods (2, 4, and 10 h). The samples were compared
to the reference chabazite which achieves full crystallinity after 7 h of HT (Ref-CHA).*® The PXRD
patterns of the Ca-CHA and Ba-CHA are presented in Figure 1. After 2 h of HT the sample Ca-
CHA remains amorphous indicated by the absence of Bragg peaks. After 4 h of HT the relative
crystallinity is equal to 49% and reaches 100% after 10 h (Figure 1a, Table S1). The crystallinity
was determined by comparing the integrated area of the peaks at 9.36 °, 12.8 °, 30.45 ° and 31.44 °
20 (Figure S1, Figure S2). In comparison, after 2 h of HT for the Ba-CHA sample, evidence of
crystallisation is observed by the emergence of some weak Bragg peaks (Figure 1b). At 4 h of HT
the PXRD pattern of the Ba-CHA indicates the completion of crystallisation. To verify that the Ba-
CHA after 4 h was fully crystallised a sample was prepared with 10 h of HT. PXRD analysis
revealed very little change in the intensity of the diffraction peaks indicating that 4 h of HT was
enough to crystallise the nanosized chabazite in the presence of barium cations, with a relative

crystallinity of 97% (Table S1, Figure 1).
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Figure 1. PXRD patterns of the nanosized chabazite zeolite samples (@) Ca-CHA, (b) Ba-CHA synthesized for 2, 4
and 10 h.

The reference sample (Ref-CHA) subjected to 4 h of HT was also synthesised to compare with



the reference zeolite prepared with 7 h of HT. The PXRD pattern of the reference zeolite obtained
after 4 h of HT shows the exact same Bragg peaks with near identical crystallinity (95%) to the
reference nanosized CHA zeolite after 7 h of HT (Figure S3). In comparison, a reference chabazite
subjected to 2 h of HT treatment was found to be completely amorphous, similar to the Ca-CHA
zeolite obtained after 2 h of HT. From the PXRD results, calcium cations clearly have an inhibiting
effect on the rate of crystallisation while barium cations appear to slightly improve the rate of
crystallisation of the nanosized chabazite. This is coherent with literature work realised on a low
silica zeolite.?® The morphology of the fully crystalline samples Ba-CHA (4 h HT) and Ca-CHA (10
h HT) were also evaluated and compared to the Ref-CHA nanosized chabazite by SEM (Figure 2).

For all of the samples, identical discrete spherical particles 150-300 nm in diameter composed of

Figure 2. SEM images of (a) Ref-CHA (7 h HT) (b) Ref-CHA (4 h HT) (c) Ca-CHA (10 h)
(d) Ba-CHA (4 h). Scale bar is 1 um.



aggregated crystallites of 50-60 nm were observed. This is consistent with our previous
observations investigating the effect of the ageing time of the alkali-metal aluminosilicate precursor
suspension on the discrete particle size of CHA zeolites.*’***® These results suggest that for the
synthesis of nanozeolites conducted at high cation concentration and alkalinity, the effect of ageing
time on the particle size remains largely unaffected by the addition of alkaline-earth metal cations
employed at the concentrations used here. In comparison, the introduction of Ba®* to the synthesis
mixture of LTL has been shown to result in a reduction of the zeolite crystal size from 2.5 pum to
140 nm.** Additional images at different magnifications are presented in Figure S4.

The unit cell composition and the alkaline-earth metal extra-framework cation content of the
nanosized chabazite samples were determined by ICP-MS and EDX (Table 1 and Table S2). The
Ca-CHA sample has similar Na* and K" content to the reference zeolite, but a decrease in the Cs*
content is observed. A negligible amount of precipitated Ca(OH), was identified by EDX mapping
of the Ca-CHA sample; the impurity persisted after extensive washings steps (Figure S5). This can
be explained by the low solubility of calcium hydroxide in the precursor suspension. In the sample
Ba-CHA some of the Na* cations were substituted for Ba?*, while the amount of K* and Cs" cations
remains unchanged compared to the Ref-CHA. In contrast to sample Ca-CHA, no precipitated
Ba(OH), in sample Ba-CHA was observed (Figure S5). The distribution and amount of cations of

the Ca-CHA and Ba-CHA samples determined by ICP-MS and EDX analyses are similar. The

Table 1. Chemical composition of Ref-CHA, Ca-CHA and Ba-CHA determined
by ICP-MS. *Due to the co-existence of Ca(OH), precipitates the amount of Ca?*
cations present in the CHA unit cell was estimated.

Sample Unit cell formula (ICP-MS)
Ref-CHA (Na2.5K5.7C53.1)Si24,7A|11,3072
Ca-CHA* (Cao.5xN33-xK6.0032.7)5_i24.3A|11.7072
Ba-CHA (Ba0.5NallgK5.6C83.2)S|24,6A|11.4O72

presence of alkaline-earth metal cations reduces the amount of sodium in both the Ca-CHA and Ba-
CHA samples. This suggests, that for the mixed cation (Na*, K*, Cs*) system employed here, Ca®*

and Ba** may play a similar primary role to Na’, rather than the primary roles of K* or Cs*, by



facilitating colloidal stability of the amorphous aluminosilicate particles prepared from monomeric
Al and low molecular weight Si species. This may be rationalised by the similar or higher charge
density of Na*, Ca** and Ba** (24, 52 and 23 C-mm™) cations compared to K* and Cs* (11 and 6
C:-mm™) cations, creating stronger interactions with negatively charged Al and Si species.* The
observation of a similar K* cation content across all of the samples suggests that Ca®* and Ba®*
cations do not act as inorganic directing agents in the synthesis of nanosized chabazite.

Due to the relatively low amount of alkaline-earth metal cations in the chabazite unit cell, two
samples were prepared with a reduced amount of K,O (1.3 moles equivalents) to determine whether
the Ca** or Ba** loading could be increased. The decision to decrease the K,O content, rather than
the NaO, content, was made with consideration of the mixed cation (Na*, K*, Cs") system tolerating
a lower K,O ratio.*® This permits maintaining the same ageing and hydrothermal treatment
conditions while avoiding the formation of other structural phases. The PXRD results, elemental
composition, thermogravimetric analysis and N, sorption isotherms are presented in the Supporting
Information (Figures S6-S9 and Table S3). The PXRD patterns of the chabazites prepared with 1.3
K,O in the presence of either Ca** or Ba** present identical peaks with slightly less intensity
compared to the 1.5 K,O samples. A small amount of phillipsite is present in the Ca®*-containing
chabazite, whereas the Ba®*-containing chabazite exhibits reflections consistent with the chabazite
structure only. The elemental composition of these two samples is similar to the fully crystalline
samples described before, but with slightly lower amounts of extra-framework cations; the amount
of alkaline-earth metal extra-framework cations is not increased. The results indicate that the
synthesis of chabazite in the mixed cation (Cs*, K*, Na") system is not receptive towards the
incorporation of alkaline-earth metal cations into the crystalline zeolite product, including when the
amount of K" present in the synthesis is decreased. The elemental composition of the samples is

confirmed by ICP-MS analysis.



The Si/Al ratios of the chabazite samples determined by ICP-MS, EDX and ?°Si MAS NMR are
summarized in Table S4. The Si/Al ratio of the Ref-CHA based on ICP-MS and EDX is equal to 2.2
and 2.0, respectively which is consistent with our previous work, and similar to the value calculated
based on the *°Si MAS NMR using the Engelhardt equation.®***® For the Ca-CHA sample a slight
increase in the Si/Al ratio was reported based by EDX while the Ba-CHA exhibited a similar Si/Al
ratio to the Ref-CHA. The Si/Al ratio determined by *°Si MAS NMR was consistent across all
samples. The deconvoluted °Si MAS NMR spectra of the Ca-CHA and Ba-CHA in comparison to
the Ref-CHA are presented in Figure 3. The °Si MAS NMR spectra for all chabazite samples
present five peaks at —90, —94, —99, —105 and —110 ppm corresponding to a silicon coordinated as
(SI[AIQ]s), (SI[SIO][AIQ]s), (Si[SiO].[AIO],), (Si[SiO]5[AIO]) and (Si[SiO]s) aluminium atoms
respectively.*”*® The overall broadening of all the Q* species and mainly the Q*(nAl) where n is
bigger than 2 in the Ca-CHA and Ba-CHA samples compared to the Ref-CHA, suggests an
additional angular distortion in the framework. This is due to the partial substitution of monovalent
cations by bivalent cations that are only stable when two or more aluminium are present in their
surroundings. This effect is less pronounced for sample Ba-CHA, because of the higher
electronegativity of Ca?* compared to Ba®* leading to a larger distortion of the negatively charged
aluminium tetrahedra in the framework. 2’Al MAS NMR spectra of the Ref-CHA, Ca-CHA and Ba-
CHA show a single peak around 57.9 ppm, indicating that all the aluminium atoms are tetrahedrally

coordinated; no extra-framework aluminium is present (Figure S10).



-99.3

(@)

-104.8

-94.0

-109.9

-89.5
\J\

~—

Q44Al) Q%3A) Q%A Q1A Q%(0Al)

I T T T T I T T 1
80 -85 90 -95 -100 -105 -110 -115  -120
293j chemical shift (ppm)

-99.3 -995

-104.8  _105.1

Q*aan Q

i 1 T I
80 85 90 -85 100 -105 -110 -115  -120
29Sj chemical shift (ppm)

Figure 3: 2°Si MAS NMR spectra of samples (a) Ba-CHA
(orange) and (b) Ca-CHA (red) in comparison to the Ref-

The dehydration of Ca-, Ba- and Ref-CHA nanosized zeolites was followed by
thermogravimetric analysis (Figure 4). The majority of the mass loss occurs between 35 °C and 250
°C attributed to the removal of water adsorbed on the external surface and within the pores of the
zeolite. Above 300 °C the mass loss is minimal and appears to recommence decreasing above 350
°C, corresponding to 1.3% for Ca-CHA and 0.9% for Ba-CHA but only 0.6% for the Ref-CHA.
This is likely due to the condensation of silanols and is consistent with the difference in the total
population of silanols of the three zeolite samples as determined by FTIR spectroscopy, vide infra.

The total mass loss of all three samples at 300 °C is similar: 15.2%, 16.0% and 16.4% for the Ca-

CHA, Ref-CHA and Ba-CHA, respectively.
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Figure 4. TG (solid) and dTG (dotted) curves of nanosized
samples Ca-CHA (orange), Ba-CHA (red) and Ref-CHA
(hlacl)
Nitrogen sorption analysis was performed to investigate the effect of the presence of Ca’* and

Ba** on the textural properties of the nanosized CHA samples. Isotherms measured at —196 °C are
presented in Figure 5 and the corresponding BET specific surface areas and the microporous
volumes are summarised in Table S5. The influence of the different alkali-metal cations on the N
and CO, adsorption behaviour of nanosized and micron-sized CHA has been reported in earlier
works.**#® The BET specific surface areas and micropore volumes for all of the chabazite
nanozeolite samples presented here are low due to cation gating (trapdoor) behaviour. The increase
of the BET specific surface area of the Ca-CHA (290 m2-g) relative to the Ref-CHA (136 m*g™)
can be attributed to the reduced amount of Cs™ acting as a door-keeper cation, thus N, molecules are
less restricted at accessing the pores at =196 °C.>**! In comparison, the slight increase for the Ba-
CHA (169 m*g™) may be due to the stronger interaction of N, with Ba®".** The BET specific
surface areas of the Ca-CHA (172 m*g™) and Ba-CHA (155 m*g™) synthesised with 1.3 K,0 are
slightly higher than that of the Ref-CHA made with 1.5 K,0. The difference between the two Ca?*-
containing CHA can be explained by the changes in the Cs* extra-framework cation content, and
the absence of Ca(OH), in the 1.3 K,O sample. The micropore volume of each of the samples is
low; a minor increase is observed for the Ca-CHA sample synthesised in the presence of 1.5 K,0

ascribed to the lower extra-framework Cs* content.
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To understand the influence of Ca’* or Ba®* extra-framework cations on the CO, adsorption
behaviour of the nanosized CHA, volumetric adsorption and in situ FTIR analyses were performed.
The CO, adsorption isotherms measured at 0, 25 and 50 °C are presented in Figure 6. The
adsorption capacities are summarized in Table S6. The CO; adsorption behaviour of the nanosized
CHA zeolite samples is broadly similar at 25 and 50 °C; some differences are observed for the
isotherms recorded at 0 °C. The Ref-CHA exhibited the highest CO, capacity closely followed by
the alkaline-earth metal containing CHA nanozeolites; the Ba-CHA synthesised with a 1.5 K,0
molar oxide ratio exhibited a notably lower adsorption capacity at 0 °C compared to the other
samples. Similar behaviour has been observed for micron-sized Ba-containing CHA, however, the

degree of Ba®* exchange was much higher.®



The isosteric enthalpy of adsorption of CO; calculated using the Clausius—Clapeyron equation are
presented in Figure S11. Across the entire coverage range the Ref-CHA, Ca-CHA (1.5K;0) and Ba-
CHA (1.3K;0) exhibit similarly shaped curves, varying by up to ~4.1 kJ/mol at the highest
coverage; the Ca-CHA (1.5K;0) exhibits a more energetically uniform profile. Up to 1 mmol/g of
coverage the Ca-CHA (1.3K;0) and Ba-CHA (1.5K;0) exhibit adsorption enthalpy values between
2.5 to 4.3 kJ/mol lower than the Ref-CHA before decreasing more sharply at higher coverage. The
marked differences between the Ba-CHA samples may be due to the differences in the nature of the

adsorption sites at 0 °C ascribed to differences in the Ba** site preferences.* For the Ca-containing
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Figure 6: CO, adsorption isotherms recorded at (a) 0 °C, (b) 25 °C, and (c) 50 °C on the
nanosized CHA zeolites: Ref-CHA (black circles), Ca-CHA 1.5K,0 (oranges squares), Ba-
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nanosized CHA both samples exhibit similar adsorption enthalpy profiles offset by ~5.5-5.7
kJ/mol; the higher values for the Ca-CHA (1.5K;0) are likely due to the presence of a relatively
greater amount of higher charge density cations (Ca**, Na* and K*) compared to Cs. Higher
contents of Ca®* and Ba®* and determination of the cation locations by Rietveld analysis may
provide further insight, but is beyond the scope of this study. For all of the CHA nanozeolite
samples, it is expected that all of the Cs* extra-framework cations are located within the 8MRs,
while Na* and Ca?* are located within the t-cha cages near the double six ring prisms.®"*® Since
Ba* possesses a similar ionic radius to K* it is likely both cations fill positions near the double six
ring prisms, and possibly within the 8MRs.>? The CO, adsorption results suggest that the presence
of alkaline-earth metal cations in the mixed (Cs*, K*, Na") cation CHA may reduce the adsorption

enthalpy, but is dependent on their loading and presumably spatial arrangement.

The silanol region of FTIR spectra of activated Ca-CHA, Ba-CHA and Ref-CHA samples prior
to CO, delivery is presented in Figure 7a; two major silanol peaks are observed. The O-H
stretching frequency of the isolated or weakly bonded silanols in the range 3760-3700 cm™ and the
O-H stretching frequency of the moderately and strongly bonded silanols in the range 3700-3100
cm™ are present.”** The Ref-CHA sample has the lowest amount of silanols (464 cm™.g™),
determined by integrating a wide range of silanol sites across the entire range 3800—3100 cm™. Two
bands at 3742 and 3726 cm™ are clearly visible in the weakly H-bonded silanol region, while the H-
bonded silanols of moderate strength are less intense for the Ref-CHA compared to those of the
alkaline-earth metal cation containing chabazites.>® The total concentration of silanol sites shows
slight variations across the Ca-CHA, Ba-CHA and Ref-CHA samples (655, 632 and 644 cm™.g™,
respectively) which may be a reflection of the slight variations in extra-framework cation content.

The CO, adsorption on the samples was investigated by in situ FTIR spectroscopy in a custom

cell allowing simultaneous analysis under identical conditions (pressure and temperature); the full



spectra are presented in the supporting information.*” Two experiments were performed across a
low pressure range of CO,, between near-vacuum and 13.3 kPa. The physisorbed CO, species are
quantitatively evaluated based on the gas-phase asymmetric stretching (vs) bands at 2346 cm™ and
2280 cm™ that correspond to the physisorbed *CO, and *CO, species, respectively.”’” The
chemisorbed CO; is identified by the complex series of weak bands in the range 1750-1300 cm’
15658 After the first dose of CO,, the Ref-CHA sample presents a pair of bands at 1683 and 1350
cm™, as well as weaker bands at 1720, 1654, 1380 and 1330 cm™. At 0.26 kPa, additional bands
appear at 1641, 1560 and 1411 cm™. Above 0.80 kPa these bands become more distinct, including
the appearance of a weak band at 1740 cm™. The bands in the FTIR spectra of samples Ca-CHA
and Ba-CHA are similar to the Ref-CHA, however, the evolution behaviour and final intensities are
different, indicating changes to the distribution of the coordination environments of the
chemisorbed CO,. For sample Ca-CHA, the intensity of the main chemisorption bands appears
more evenly distributed. After the initial introduction of CO, (0.002 kPa), bands at 1683, 1653,
1609, 1381 and 1329 cm™ are observed. Other bands at 1720 and 1351 cm™ become more
pronounced after delivery of 0.08 kPa CO,, while the bands at 1402 cm™ and 1560 cm™ appear at
1.06 kPa CO,; the bands at 1641 and 1740 cm™ are less intense. The FTIR spectra of Ba-CHA are
similar to those of the Ref-CHA. A pair of bands at 1681 and 1352 cm™ along with bands at 1655,
1381, and 1314 cm™ emerge after the first CO, delivery. After introducing 0.01 kPa of CO,, a weak
band at 1559 cm™ appears. At 0.27 kPa CO, the band at 1742 cm™ appears while the bands at 1720
and 1330 cm™ are less intense. Above 2.27 kPa CO, the bands at 1408 and 1640 cm™ become more
intense.

Changes in the silanol region (3760-3675 cm™) of the IR spectra are observed as well. A decrease
of the band at 3741 cm™ and increase of bands at 3703 cm™ (v; + v1) and 3597 cm™ (v3 + 2,) are
characteristic for weak interactions between the CO, and the hydroxyl groups of the activated

zeolites (Figure S12 and S13). Above low pressure of CO, (>1 kPa), the **CO, physisorption band
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Figure 7. (a) FTIR spectra in the silanol region (3250-3800 cm™) of activated Ref-CHA (black), Ca-CHA (orange) and
Ba-CHA (red), prior to CO, addition. (b) In situ FTIR CO, adsorption isotherms of nanosized samples Ref-CHA
(black), Ca-CHA (orange) and Ba-CHA (red) recorded at 1 kPa CO,. physisorbed (dashed line) and chemisorbed
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is saturated and cannot be used for quantification. Consequently: the band of the **CO, isotope with
a natural abundance of 1.11% was used to determine the physisorbed CO,.>® The three isotherms of
each sample, representing the physisorbed, chemisorbed, and total amount of adsorbed CO,,
measured at 25 °C are presented in Figure 7b. In the low-pressure range (0-1 kPa), samples Ca-
CHA and Ba-CHA have very similar CO, uptake to the Ref-CHA zeolite. For the physisorbed CO,
species, a clear trend is observed as follows Ca-CHA > Ref-CHA > Ba-CHA which may be
ascribed to the higher charge density of Ca?*. Interestingly an opposite trend is seen for the CO,
chemisorbed species. At equilibrium after 90 minutes, the proportion of chemisorbed species over
the total amount of CO, adsorbed corresponds to 10.9% for the Ca-CHA, 12.7% for the Ref-CHA
and 13.7% for the Ba-CHA (Table S7), which is significantly higher than the ratio of CO,
chemisorbed species over total adsorbed species at higher pressures. The value of the Ref-CHA is
comparable to that of the as-prepared chabazite in previous work at near-identical pressure.*® The
high relative amount of chemisorbed species at low pressure is due to the coordination of CO, to

strongly adsorbing sites.®

Conclusions



Alkaline-earth metal-containing zeolites have received less attention compared to their alkali-metal
counterparts, despite their potential for various applications due to the tuneable adsorption
behaviour. However, incorporating alkaline-earth metals into zeolites through direct synthesis
methods remains challenging. Microscopic and PXRD analyses reveal that Ba-CHA nanocrystals
synthesized for 4 hours exhibit higher crystallinity compared to reference nanosized chabazite (Ref-
CHA), while maintaining the same size and morphology. This implies that only 4 hours of HT are
needed to fully crystallise nanosized CHA in the presence of Ba®* On the other hand, the
crystallisation rate of nanosized Ca-CHA is slower and require 10 hours of HT. Incorporating
alkaline-earth metal cations into the aluminosilicate precursor mixture allows for the substitution of
some Na' and Cs"* cations, resulting in increased N, adsorption and higher specific BET surface
area. While the crystallite size and particle morphology remain similar across all of the samples, the
presence of alkaline-earth metal cations creates subtle differences to the silanol environments.
Description of the CO, adsorption behaviour and isosteric enthalpy of adsorption is challenging due
to the complexity of four different cations present in the chabazite crystals, however, the majority of
the Ca- and Ba-containing samples exhibit high CO, adsorption capacity. An interesting effect of
the alkaline-earth metal cations is observed in the nanosized chabazite samples under a dilute CO,
atmosphere (<1 kPa). The Ca-CHA zeolite exhibits a higher amount of physisorbed CO; and a
lower amount of carbonates, while the opposite effect is observed for the Ba-CHA sample. This
study demonstrates that extra-framework alkaline-earth metal cations can be incorporated into the
CHA zeolite using a direct synthesis approach, while also affecting the rate of zeolite
crystallisation. The use of alkaline-earth metal cations for preparation of nanosized zeolites could be

expanded to other structures with potential applications in gas separation processes.
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