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The present study investigates the structural stability and adsorption behavior of ultrahigh CO»-loaded pure-
silica zeolites chabazite (CHA) and ITQ-12 (ITW) under high pressure conditions. To analyze these properties,
we have utilized in situ synchrotron-based X-ray powder diffraction techniques. Lattice indexation provides in-
formation of the filling process and, through Rietveld refinements and Fourier recycling methods, we have been
able to (i) determine the location and amount of guest carbon dioxide molecules within the cavities of pure-SiOa
CHA zeolite and (ii) tentatively determine that within the channels of the porous pure-SiOy ITW framework. The
filling of the zeolite pores with CO, molecules was found to have a positive impact on the structural stability of
both CHA and ITW under compression, which do not undergo pressure-induced amorphization up to 12.2 GPa
and 15.9 GPa, respectively. Interestingly, low compressibility takes place in CHA zeolite below 4 GPa during CO2
loading and a second-order phase transition occurs in CO,-filled ITW zeolite at 2.1 GPa. These results highlight
the influence of CO, adsorption on the compressibility behavior of these zeolites. Overall, our study provides
detailed insights into the structural behavior of COy-loaded CHA and ITW under high pressure and allows
comparison with other pure silica zeolites described in the literature.

1. Introduction

The main anthropogenic greenhouse gas is carbon dioxide (CO2). Its
emission from human activities, primarily from burning fossil fuels,
contributes significantly to global warming and climate change [1-3].
The reduction of CO, concentration in the atmosphere is therefore a
pressing environmental issue [4-7]. Carbon capture and storage (CCS)
strategies have emerged as reliable options for mitigating climate
change worldwide [8,9]. Pure silica and aluminosilicate zeolite mate-
rials and membranes, in particular, are highly desirable for gas separa-
tion due to their uniform porosity, thermal and chemical stability,
adjustable textural properties and ability to withstand pressure. They
have shown potential as adsorbents for removing CO, from natural gas
and biogas streams and accommodate CO; molecules within the
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structure [10-15]. The structure of zeolite materials plays a crucial role
in CO4 adsorption and separation from a gas mixture. Small-pore zeolitic
membranes having eight-member rings (8 MR) are highly preferred in
CO,, capture processes due to the fact that their pore size (~3.8 A in
diameter) is close to the kinetic diameter of molecular CO5 (3.3 A) [16].
Over the years, the COy capture performance of these materials has
significantly improved, since the selection of pore size and topology in
these zeolite compounds can maximize selectivity. Studies have shown
that CO, interaction with the framework is enhanced in solids with
larger framework density and closely-fitting pores, leading to improved
separation [17-19]. Porous materials have revealed several separation
mechanisms such as trapdoor adsorption, guest-induced flexibility, and
molecular sieving [20-22]. The pore topologies of these materials can be
classified as channel-like or cavity-like, with channel-like materials
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having smaller variations in pore cross-sections in comparison to
cavity-like materials and being more prone to closely fitting with the
adsorbate [11]. Note that the pores must also be sufficiently large to
allow for good interactions with the adsorbate through the molecular
sieve effect, which can contribute to selectivity [23,24].

The determination of the amount of CO5 stored in the cages and
channels of open framework structures, the specific location of these
CO4 molecules, and the behavior of ultrahigh loaded zeolites is therefore
an ongoing area of research. High density CO»-filled systems can be
obtained at high pressures (HP) and present some interesting physical
properties. The chemical interaction between CO, and porous silica
structures at high pressures and/or temperatures also provide informa-
tion that could help in the design of potential effective long-term COy
sequestration strategies. Several experimental studies on the high-
pressure structural stability of ultrahigh COo-filled zeolites have been
recently reported [25, 26]. The total amount of adsorbed CO, molecules
in the zeolite is a critical parameter for determining its compression
behavior. It is worth noting that the usual compression mechanism of
zeolites involves the collapse of the structures’ empty cages and chan-
nels. This structural collapse is impeded by the presence of CO, guest
molecules, which leads to the deactivation of the pressure-induced
amorphization mechanism observed in the absence of guest species
[27-29]. Interestingly, experiments conducted in diamond anvil cells
(DACs) have shown a high concentration of adsorbed carbon dioxide in
the LTA-type zeolite pores (CO,/SiOy = 13/24) at 0.5 GPa, which is
significantly greater than the adsorption value (CO2/SiO2 = 6-9/24) at
0.5 MPa and 303 K, as calculated from lower pressure CO, adsorption
isotherm [25]. Another example of CO,-filled silica zeolite which has
gained attention due to its topology-related absorption properties is the
MFI-type silicalite-1 zeolite. Its structure possesses unique straight and
sinusoidal channels that enable the adsorption of CO; molecules at
specific locations [30]. Initially, CO5 molecules tend to occupy the
straight channels, which are the most stable sorption sites at low load-
ings. As the loading increases, the guest molecules start occupying the
sinusoidal pores and intersections. This behavior is attributed to van der
Waals interactions between carbon dioxide and the framework atoms
[30-33]. Experiments have demonstrated a maximum CO adsorption
capacity at 0.7 GPa, reaching a COy/SiO ratio of 1/6 [26]. In these
systems, the complete filling of pores by CO» molecules enhances
structural stability under compression and significantly reduces the
system’s compressibility compared to the empty zeolite. The possibility
of irreversible pressure-induced reconstructive phase transitions, as
experimentally observed in other systems [34], could contribute to the
development of potential long-term CO5 sequestration strategies.

These findings highlight the need for further investigation into the
behavior and properties of other CO,-filled zeolite structures under high
pressures and temperatures. In this study, we have investigated the
adsorption performance of CO5 upon compression in pure silica zeolite
materials with small pores and different pore topologies [35]. By
selecting materials with very small pore openings, we aim to exploit the
molecular sieving effect, while materials with close-fitting pores offer
the potential for a confinement effect. Our study focuses on the
adsorption properties of COz on a small pore pure silica CHA- and
ITW-type zeolites. The hydrophobic nature of cation-free pure-silica
zeolites makes them more moisture-resistant compared to the
aluminium-containing ones [36].

The CHA-type zeolite, specifically pure-silica CHA, is a highly stud-
ied material known for its small pore size and uniform 3-dimensional
pore structure. With a framework density of 15.1 [SiO4] tetrahedra
per 1000 [0\3, its rhombohedral R3m(SG No. 166) structure consists of a
piling of t-cha [4126286] and t-hpr [4662] building units. It has been
extensively researched for its applications in CO,/CH4 and CO2/Nj
separation as an adsorbent or membrane. Thus, it has gained popularity
due to their strong molecular sieving ability, making them effective in
separating CO» from CH4 and Nj [37,38]. The ITW-type zeolite, on the
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other hand, is a monoclinic C2/m structure which has a channel-like
topology with pores measuring 2.4 Ax53Aand3.8A x 414 along
the [100] and [001] directions, respectively [39]. This structure is
characterized by a framework density of 17.7 [SiO4] tetrahedra per
1000 A®. An interesting observation is that, having similar pore sizes to
other pure silica adsorbents, ITW exhibits higher COo/CHy4 selectivity
[11]. This emphasizes the importance of not only considering the
adsorbent composition and pore size but also the topology of the ma-
terial in separation processes.

By keeping in mind the above mentioned points, in this study, we aim
to investigate the structural behavior of two CO»-filled pure silica porous
compounds with different topologies, CHA- and ITW- type zeolites,
under compression. To achieve this, we conducted angle-dispersive
synchrotron X-ray diffraction (XRD) experiments up to 12.2 GPa for
CHA and 15.9 GPa for ITW at room temperature (RT). The experimental
results are complemented by first-principles total-energy calculations,
which provide insights into the structure considering the presence of
guest CO5 molecules within the host framework.

2. Experimental details

The micron-sized polycrystalline pure silica chabazite (CHA) and
ITQ-12 (ITW) samples were prepared following these methods.

e Pure silica chabazite zeolite (CHA) was synthesized following a
recipe based on a reported procedure [40]. In particular, tetraethy-
lorthosilicate (TEOS) was added to an aqueous solution of the
structure directing agent N,N,N-trimethyl-1-adamantammonium
hydroxide (SDA10OH). The mixture was stirred during the required
time in order to allow the evaporation of the ethanol formed during
the hydrolysis of TEOS and the excess of water. An aqueous solution
of HF was added and the mixture was manually homogenized.
Finally, an aqueous suspension containing seeds of chabazite with a
Si/Al ratio of 65 were also added (5 % of the total silica as seeds) in
order to promote the crystallization. The molar composition of the
gel was the following: SiO5: 0.50 SDA10OH: 0.50 HF: 3H,0. The gel
was crystallized in Teflon-lined stainless steel autoclaves at 423 K
during three days in rotating conditions. The autoclaves were cooled
down and the zeolite was recovered by filtration, washing with
deionized water and drying at 373 K. The occluded organic material
was removed by calcination at 853 K, leading to a highly crystalline
chabazite zeolite sample with 2-3 pm cubic crystals, as was
confirmed by XRD and SEM [see Fig. S1 in supplementary material].
Chemical analysis of the sample revealed a Si/Al ratio higher than
1000, confirming the siliceous composition of the zeolite.

e Pure silica ITQ-12 zeolite (ITW) was synthesized following a re-
ported procedure [41,42] consisting of hydrolysing the appropriated
amount of TEOS in an aqueous solution of the structure directing
agent 1,3,5-trimethylimidazolium hydroxide (SDA20H). The
resulting mixture was stirred at room temperature until the ethanol
produced during hydrolysis of TEOS and the required amount of
water was evaporated. Then, an aqueous solution of HF was added to
the gel, and the final mixture was manually homogenized. The final
gel composition was: SiOy: 0.56 SDA20H: 0.56 HF: 7H30. The
crystallization was carried out in Teflon-lined stainless steel auto-
claves at 448 K for 14 days in rotating conditions. The ITW zeolite
was recovered by filtration and exhaustively washed with distilled
water, and finally was dried at 373 K. The zeolite was submitted to
calcination in air atmosphere at 973 K for 3 h in order to remove the
occluded organic materials, leading to a highly crystalline pure silica
ITW zeolite with a highly variable particle shapes and crystals sizes
ranging between 2 and,30 pm, as was confirmed by XRD and SEM
[11].

HP experiments were conducted using membrane-driven piston-
cylinder DACs equipped with 500 pm culet diamonds. The rhenium
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gasket was pre-indented to a thickness of 45 pm and a pressure chamber
with a diameter of 300 pm was prepared. This high yield strength metal
does not show chemical reactivity with CO; at low temperatures (T <
1200 K) [43-45]. Two independent experiments were performed for
CHA- and ITW-type samples. They were placed together with two ruby
chips, which were used as an internal pressure gauge [46]. Besides the
sample and ruby chips, the DAC was loaded with high-purity CO; using a
Sanchez-Technologies gas loading machine. The loaded CO5 act as a
pressure transmitting medium and also diffuse into the zeolite cages and
channels. Pressures derived from the CO,—I phase EoS [47] are
consistent with those obtained from the ruby luminescence.
Angle-dispersive X-ray diffraction (XRD) measurements under HP-RT
conditions were conducted at the Xpress beamline at the Elettra Syn-
chrotron Radiation facility. A monochromatic X-ray beam with a
wavelength of 0.4956 A and a spot size of 80 pm in diameter was
employed for the experiments. The diffracted patterns were captured
using a PILATUS 3S 6M detector from DECTRIS, with a sample-detector
distance of 939.50 mm, and LaBg was utilized as the standard calibrant
for the measurements. The experimental set-up under high-pressure
conditions is illustrated in Fig. 1 showing the diamond-anvil cell, with
the pressure chamber (sample + ruby + CO3), sampled by synchrotron
X-rays. The XRD patterns were processed from raw to conventional 20
intensity data using Dioptas software [48]. The indexing and refinement
of the XRD patterns were carried out using the Unit Cell [49], Powder-
Cell [50], and Fullprof program [51] packages.

3. Computational details

Density-functional theory calculations were carried out using basis
sets of numerical atomic orbitals (NAO), as implemented in the Fritz
Haber Institut ab initio materials simulation (FHIaims) package [52],
which provides linear scaling with system size [53]. In all calculations,
the B86bPBE functional was used [54,55] in combination with the
exchange-hole dipole moment (XDM) model for dispersion [56-58]. The
B86bPBE-XDM functional has demonstrated excellent performance in
the description of non-covalent interactions in solids [59]. We used the
“light” basis set to describe the Kohn-Sham orbitals, corresponding to a

/ \- Piston-cylinder DACs

— Membrane

X-ray

» Top diamond

Ruby chips ~ Gasket (Rhenium)

(500 pum culet)

Chamber dimensions:
~ thickness 45 um and
diameter 300 um

™ Bottom diamond

\ — Base of DAC plate

Fig. 1. Schematic diagram of the experimental set-up presenting membrane
driven DACs having diamonds with 500 pm culets. The pressure chamber
contains the zeolite sample, a small ruby chip as internal pressure gauge and
high purity CO5 as pressure transmitting medium (PTM), and it is sampled by
the synchrotron X-rays.
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double-{ basis set, which has been shown to be adequate for the calcu-
lation of lattice energies [59]. All geometry relaxations were carried out
using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) optimization al-
gorithm with a maximum force threshold of 0.005 eV/A and a tight
self-consistent field (SCF) convergence threshold for the electron density
of 1077 atomic units.

A preliminary exploration using the experimental structures was
conducted to determine the k-point grid for each structure. k-point grids
of 2 x 1 x2(ITW)and 2 x 2 x 2 (CHA) are enough to converge the total
energy well below 1 meV per formula unit. The equilibrium geometries
with various numbers of carbon dioxide molecules within the unit cell
were relaxed at fixed constant pressure. In the case of CHA, the COy
molecules were placed at the positions suggested by our experimental
determination. The location of the CO5 molecules in ITW were deter-
mined by a geometry relaxation at zero pressure.

4. Data analysis and results

In this manuscript the data analyses and results are presented sepa-
rately in two subsections corresponding the CO,-loaded silica CHA and
ITW zeolites in order to understand adsorption behavior of carbon di-
oxide as a function of pressure in quite different framework topologies.
A comparison between the results of both experiments will be done in
the Summary and Conclusions section.

4.1. COgz-loaded pure-SiOz CHA structure and its compressibility

The pressure-dependent structural behavior has been studied
through synchrotron radiation XRD measurements. Fig. 2 displays the
selected XRD patterns of the COs-loaded pure silica CHA zeolite at
different pressures, ranging from 1.55 to 12.2 GPa. Upon initial obser-
vation, it is noted that there is no occurrence of a first-order structural
phase transition throughout the entire pressure range, as evidenced by
the absence of any appearance of diffraction peaks and the smooth
displacement of the diffraction peaks. Additionally, there is no
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Fig. 2. Pressure dependent powder X-ray diffraction patterns of CO, loaded
pure-SiO, CHA zeolite up to 12.2 GPa (. = 0.4956 A). No signature of pressure
induced amorphization (PIA) exists up to highest measured pressure. The
measured pressure range covered in the experiment is displayed in the colour
bar at the right-hand side. Pressure uncertainty is estimated to be 0.05 GPa
below 10 GPa and 0.1 GPa above that pressure.
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indication of pressure-induced amorphization (PIA) at the highest
pressure of 12.2 GPa, which would suggest the filling of the zeolite’s
pores by CO, molecules. Above 4.2 GPa XRD diffraction peaks broaden
noticeably as a consequence of the deterioration of the quasi-hydrostatic
conditions provided by solid CO,-I PTM. On the other hand, as the
pressure on the material increases, the peak intensities in the XRD pat-
terns decrease and some of the peaks begin to merge together, becoming
broader and slightly asymmetric. This phenomenon might be caused by
local distortions within the crystal structure. However, although the
patterns obtained at the highest pressures are of limited quality, from
profile fitting it can be concluded that the initial rhombohedral phase of
the CHA zeolite remains stable up to the maximum pressure investigated
in this study. The profile analyses using structural descriptions based on
R3m subgroups did not give a noticeably better fit.

The unit cell volume and lattice parameters collected in Table 1 have
been obtained from peak indexing and exhibit a smooth variation with
pressure as shown in Figs. 3 and 4, respectively. The behavior of the
lattice parameters upon compression can be divided into two regions: (i)
a low-pressure region, below ~3.7 GPa, where CO5 loading in the host
framework is completed, but the reorientation of CO, and accommo-
dation of the corner-linked tetrahedral [SiO4] zeolite structure is still
taking place and the axes increase slightly (a axis below ~2 GPa) or
decrease more slowly than expected (a axis from ~2 to ~3.7 GPa and c
axis up to ~3.7 GPa), and (ii) a high-pressure region above 3.7 GPa,
where the lattice parameters decrease smoothly upon compression, and
the intensity of the (012) and (122) reflections has almost vanished
above 4.2 GPa (see Fig. 2). This drastic reduction of intensity of these
reflections is due, as discussed later, to a small displacement of the
[SiO4] tetrahedra causing the systematic extinction of these reflections.
Beyond this pressure, the P-V dataset can be explained by a third-order
Birch-Murnaghan equation of state (EoS) [60].

The EoS perfectly fitted our data (Fig. 3) above ~3.7 GPa. The graph
does not show any volume discontinuity within the studied pressure
range up to 12.2 GPa. The resulting EoS parameters are as follows: a
zero-pressure volume (Vo) = 2545 (29) i\?’, a bulk modulus (Bg) = 24 (4)
GPa, and a bulk modulus first pressure derivative (B)y) = 5.2 (7). These
experimental EoS parameters for COz-loaded pure-silica CHA zeolite are
listed in Table 2 together with those predicted computationally for a
similar loading content. It is noteworthy that the unit cell volume of the
zeolite increases by approximately 8 % when CO, is adsorbed, as
inferred from the RP-RT unit cell volume data of the empty CHA

Table 1
Lattice parameters and unit cell volumes of CO5-loaded pure-SiO, CHA zeolite at
different pressures obtained by peak indexing.

P (GPa) ad) c @A) v (A%

1074 (RP) 13.529 (6) 14.748 (8) 2338 (2)
1.55 13.570 (4) 14.578 (7) 2325 (2)
2.10 13.579 (4) 14.495 (7) 2315 (2)
2.65 13.573 (4) 14.386 (7) 2295 (2)
3.05 13.570 (4) 14.308 (7) 2282 (2)
3.70 13.555 (4) 14.214 (7) 2262 (2)
4.20 13.541 (4) 14.138 (7) 2245 (2)
475 13.514 (4) 14.040 (7) 2221 (2)
5.90 13.457 (4) 13.830 (7) 2169 (2)
6.35 13.443 (5) 13.715 (6) 2147 (2)
6.80 13.423 (5) 13.670 (6) 2133 (2)
7.20 13.395 (5) 13.612 (6) 2115 (2)
7.75 13.369 (5) 13.558 (6) 2098 (2)
8.35 13.335 (5) 13.485 (6) 2077 (2)
9.05 13.288 (4) 13.426 (6) 2053 (2)
9.65 13.266 (4) 13.355 (6) 2036 (2)
10.2 13.259 (4) 13.305 (6) 2026 (2)
10.6 13.218 (4) 13.277 (6) 2009 (2)
11.1 13.193 (4) 13.241 (6) 1996 (2)
11.7 13.161 (4) 13.194 (6) 1979 (2)
12.2 13.125 (4) 13.171 (6) 1965 (2)
0.35 13.559 (5) 14.721 (7) 2344 (2)
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Fig. 3. P-V/V, data per formula unit of CO, loaded pure-SiO, CHA sample
obtained from experiment and theoretical calculation. Red star symbols refer to
experimental data points upon increasing pressure. Error bars are smaller than
symbol size. The red solid line represents the fit to experimental data for 3.75 <
P < 12.2 GPa with a third-order Birch—Murnaghan EoS. The blue solid line
corresponds to the DFT calculated data for the same amount of loaded CO»
molecules per unit cell with By = 7.4 (4).

1.00 ] .
0 SiO,-CHA
= A
DSogsh A
£
& 0.96 -
T P
Q. 0.94 108) o
o P (S ¢ HPc/a
o <) 108) "4 # RPc/a
= 0.92 1 S L) %,
= O 1.04 >
0 0,
5 0.90 1.02 LW
Q ] 1.00 Corees
N A ala,
= 0.88 - 0 2 4 6 8 10 12
© ® clc
= 1 0 P (GPa)
5 0864 A RP ala,
= 0sa] @ RPcic

T T T T T T
0 2 4 6 8 10 12 14

Pressure (GPa)

Fig. 4. Relative lattice parameters of CO, loaded pure-SiO, CHA framework
under high pressure. Blue triangles represent the experimental data points of a/
ag and the solid blue line is fitted data with second order isotherm BM EoS. Red
circles show the experimental data points of ¢/cy and the solid red line is the
fitted data of third order BM EoS. ag and ¢y values were obtained from the
extrapolation of the fitting for P > 3.75 GPa data. Inset of the figure illustrates
c/a ratios with pressure.

Table 2
Fitted parameters of the 3rd-order Birch-Murnaghan EoS for CO,-loaded pure-
SiO, CHA zeolite.

Parameters Equation of state (EoS) for SiO,-CHA
Experimental DFT Calculated

Vo 2545 (29) 2292 (20)

By 24 (4) 11

B 5.2(7) 7.4 (4)
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structure (see Tables 1 and 2). The obtained bulk modulus in this study is
slightly smaller than those observed for other pure silica zeolite (LTA)
filled with CO, (Bg = 39 (3) GPa, and B’y = 3.3 (3)) [25] and silicalite
zeolites filled with other atoms or molecules such as Ar (Bg = 35.9 (4)
GPa, By = 4.7 (5)) [61] or ammonia borane (By = 39.1 (3) GPa, By = 4
(fixed)) [62]. Additionally, the compressibility behavior of CO»-filled
Si-CHA is comparable to that of other ultrahigh CO-filled pure-silica
zeolite such as silicalite-1 (Bg = 26 (4), By = 5.5 (7)) [26]. No
compressibility data were experimentally obtained in the present work
for the empty zeolite. However, reported data in other zeolite frame-
works show that the complete filling of the pores, in an equilibrium
process with the excess of guest species outside the pores which act as a
pressure transmitting medium, substantially decrease the compress-
ibility [63]. This is confirmed by DFT calculations on empty CHA, which
predict a rapid distortion of the structure with the collapse of the cages
and a bulk modulus of ~3 GPa.

The pressure evolution of the lattice parameters plotted in Fig. 4
shows that the c axis is most compressible. A linearization of the 2nd-
order Birch-Murnaghan EoS (through the substitution of the volume
for the cube of a lattice parameter) was used to analyze the axial
compression [64], providing evidence of the strong anisotropy in this
compound. Thus, the bulk moduli values obtained from data between 4
and 10 GPa are B, = 50 (2) GPa and B, = 15.3 (7) GPa, for the a and ¢
axes, respectively, which indicate that the a axis is prominently more
uncompressible and that the bulk compressibility is mainly dominated
by that of the c axis.

In order to determine the quantity and exact location of the guest
CO2 molecules inside the pure silica CHA framework we conducted
Rietveld refinement and Fourier difference map analyses at the lowest
pressure (1.55 GPa). At this pressure, the structure can be described by a
rhombohedral R3m space group and lattice parameters, a = 13.570 (4) A

e Yobs (a)

@1.55 GPa

—— Yobs-Ycalc
\ ! Bragg_position
[ ]

$ CO, loaded SiO-CHA (b)
@1.55 GPa

Intensity (arb. units)

2theta (degrees)

Fig. 5. Rietveld refinement of XRD pattern of CO, loaded pure-SiO; CHA
sample at 1.55 GPa (a) fitted with an empty SiO, CHA framework model
(Refined parameters: R, = 50, Ryp, = 57, Re = 43 and X2 = 1.76) and (b) fitted
with a SiO, CHA framework filled with guest CO, molecules in which the
occupation factor of CO, molecules is refined (Refined parameters: R, = 13.3,
Rup = 24, R. = 42.4 and x* = 0.32).

Microporous and Mesoporous Materials 380 (2024) 113317

and ¢ = 14.578 (7) [D\, as obtained from a LeBail refinement. Fig. 5a
shows the Rietveld refinement of the experimental COz-loaded CHA
XRD pattern using the empty CHA structure as model. It can be seen that
the intensity of the calculated pattern does not match the experimental
one particularly at 20 angles above 6.5°. The change in peak intensity
ratios between empty and the observed zeolite patterns and the afore-
mentioned unit cell volume and the large stability of the host framework
structure upon compression suggest the existence of carbon dioxide in
the cages. Then, we assumed that the atomic coordinates of the host
have not changed significantly between the empty structure at ambient
pressure and the COo-filled structure at 1.55 GPa, and performed Riet-
veld refinement and Fourier recycling to locate the CO, molecules in the
cages of the porous structure. This process is visually summarized in
Fig. 6: (i) Fig. 5(left) represents the projection of the empty zeolite
structure along the c axis, (ii) Fig. 5(middle) shows the Fourier differ-
ence map (xy plane) for unit cell summed along the c axis, and (iii) Fig. 5
(right) represents the same projection of the CO5-filled zeolite structure.
The best fitting was achieved with the insertion of ~13.5 CO3 molecules
per unit cell (occupation factors were refined). The atomic coordinates
of the C and O atoms, together with the positions of the Si and O atoms of
the host framework, are collected in a cif file of the Supplementary
Material (see Table S1). This structure considerably improves the
observed-calculated peak intensity ratios and the overall model refine-
ment, showing good agreement with experimental data (see Fig. 5b).
The framework topology and the location of CO5 molecules within this
framework is comparable but slightly different to that reported by Pham
and coworkers for a low-loaded pure-silica CHA structure (5.5 molecules
per unit cell) [17].

Fig. 2 shows clear changes in the relative intensities of the reflections
upon compression. A Rietveld refinement of the XRD pattern at 5.9 GPa
confirms a slight rearrangement of the host framework. This leads to a
reduction in relative intensities as mentioned earlier. However, the
quality of the XRD pattern refinement does not allow definitive con-
clusions to be drawn. Fig. S2 and the cif file provided as Supplementary
Material shows the Rietveld refinement (at 5.9 GPa) and the atomic
positions (see Table S2).

Once we have determined the existence of 13.5 CO5 molecules per
hexagonal unit cell it is interesting to discuss the density of CO5 inside
the pores. The pore volume in the CHA zeolite is 0.30 cm®/g at ambient
pressure, estimated from Ar adsorption [11]. We assume that the pore
volume follows the same pressure behavior than the volume of the unit
cell. Then the pore volume at 1.55 GPa would be roughly the same than
in ambient conditions. The CO, density would then be 0.92 g/cm?,
smaller to the density of liquid CO, (1.3 g/cm3 [65]) and much smaller
than the density of solid CO5 (1.8 g/cm3 [>66]) at this pressure. The
phase diagram of CO, suggests that CO, should be solid at 1.55 GPa.
Several arguments could be invoked to explain why CO, would have
smaller density than the solid. The first hypothesis is that pressure is not
adequately transmitted to the CO5 molecules in the pores. This hy-
pothesis can be rejected on the basis that a pressure difference would
induce the collapse of the zeolite, whereas the diffraction pattern does
not indicate so. In second place, there could be not enough space in the
pores for the molecules to adopt the configuration of solid COs. In third
place, the thermodynamics of CO2 molecules in the pores is in principle
different from that of macroscopic CO3, due to size effects. As a final
consideration, we point out that even at the largest pressure attained,
near 12 GPa, the estimated CO; density (near 1.09 g/cm3) is still smaller
than that of the solid.

Therefore, from the above discussion, we can say that the CHA
framework possesses three-directional cavities with small size circular
pores that have a diameter of approximately 3.8 A, which is comparable
to the dimensions of CO molecules (3.3 f\) and this characteristic makes
pure-SiOy CHA zeolite an effective adsorbent for carbon dioxide mole-
cules upon compression.
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Fig. 6. (left) The projection of empty pure-SiO, CHA zeolite framework structure based on corner-connected [SiO4] tetrahedral groups, (middle) Bidimensional
difference fourier map perpendicular to the ¢ axis in CO,-filled CHA framework calculated using X-ray structure factors and (right) View of the CO,-loaded pure-SiO,
CHA structure along the c axis showing the location of CO, molecules at 1.55 GPa. Yellow, gray, and red spheres represent Si, C, and O atoms, respectively.

4.2. COg2- loaded pure-SiOz ITW structure and its compressibility

Fig. 7 illustrates the pressure-dependent XRD patterns of the COo-
loaded SiO,-ITW sample up to the pressure of 15.9 GPa. The figure in-
dicates clear evidence of a structural phase transition above 2.1 GPa, as
observed through the appearance of diffraction peaks at different d-
spacing. At this pressure, the pattern shows the coexistence of both
phases. Above 2.6 GPa the second phase remains stable up to the
maximum pressure reached in this study. Note that, even at the highest
pressure, there is no evidence of pressure-induced amorphization (the
low-20-angle X-ray diffraction lines are still relatively sharp at 15.9
GPa), due to filling of the pores by CO5 molecules. The crystal system

and unit cell parameters of the new phase observed at 2.6 GPa were
determined through peak indexing of the XRD pattern, which indicates a
transition to another monoclinic phase with slightly larger c-axis value.
From that pressure onwards, the experimental XRD patterns can be
explained by a monoclinic phase-II (as indicated in Fig. 8) with the same
space group (SG: C2/m). Table 3 collects the indexed lattice parameters
of COy-filled pure-SiOy ITW at all measured pressures. The equation of
state (EoS) of the ITW compound obtained above 2.6 GPa differs
significantly from those estimated in DFT calculations assuming a
loading of 5 CO5 molecules per unit cell, as shown in Fig. 9. Third-order
Birch-Murnaghan equations of state fitted our experimental and theo-
retical data, giving the characteristic parameters collected in Table 4.
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Fig. 7. Powder X-ray diffraction patterns of CO»-loaded pure-SiO5 ITW zeolite up to 15.9 GPa (A = 0.4956 A). As pressure increases, some peaks start to merge
together and shift to the lower 20 regions as the structure changes from monoclinic phase-I (M) to distorted monoclinic phase-II (M') at 2.1 GPa. For pressures above
5 GPa, the peaks broaden suggesting a pressure-induced loss of crystallinity. Nevertheless, there is no signature of pressure induced amorphization (PIA) up to the
highest measured pressure. The measured pressure range covered in the experiment is displayed in the colour bar on the right-hand side.
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Fig. 8. LeBail refinement of the XRD pattern of CO, loaded pure-SiO, ITW
sample at 3.15 GPa with the monoclinic C2/m phase-IIL.

Table 3
Lattice parameters and unit cell volumes of CO»-loaded pure-SiO, ITW zeolite at
different pressures obtained from peak indexing.

P (GPa) a(d) b (&) cd) B () v (A%

1074 (RP)  10.336(5) 15.018 (16) 8.864(8)  105.35(4) 1327 (1)
0.90 10.310 (4)  14.989 (16) 8.880 (6)  105.24(4) 1323 (1)
1.30 10.247 (4) 14.806 (16) 8.843 (6) 105.21 (4) 1294 (1)
1.70 10.161 (4)  14.845(16) 8.818(6) 10527 (4) 1284 (1)
2.10 10.093 (4) 14.867 (16) 8.834(6)  105.35(4) 1279 (1)
2.10 9.902 (4)  14.855(9)  9.024(6)  104.83(4) 1283 (1)
2.65 9.783 (4) 14.847 (9) 9.019 (6) 104.79 (4) 1267 (1)
3.15 9.694 (4)  14.839(9)  9.005(6)  104.77 (4) 1253 (1)
3.55 9623 (4)  14.816(9)  8992(6)  104.69(4) 1240 (1)
4.00 9.563 (4) 14.802 (9) 8.985 (6) 104.68 (4) 1230 (1)
4555 9.503 (4)  14.778(9)  8977(6)  104.67(4) 1220 (1)
4.95 9.463 (4)  14.762(9) 8963 (6)  104.69(4) 1211 (1)
5.30 9429 (4)  14.754(9)  8955(6)  104.63(4) 1205 (1)
5.75 9.395 (4) 14.725 (9) 8.955 (6) 104.69 (4) 1198 (1)
6.23 9.375(4) 14708 (9)  8950(6)  104.48(4) 1195 (1)
6.50 9.347 (4)  14.690 (9)  8.949(6)  104.48(4) 1190 (1)
6.80 9.331 (4) 14.679 (9) 8.931 (6) 104.37 (4) 1185 (1)
7.35 9.290 (4)  14.673(10) 8.908(10) 104.61 (4) 1175 (1)
7.75 9.263(4)  14.670 (10) 8.851 (10) 104.58(5) 1164 (1)
8.30 9.231 (4)  14.649 (10) 8.863(10) 10457 (5) 1160 (1)
9.00 9.203(4)  14.593 (10) 8.879 (10) 104.30(5) 1156 (1)
9.60 9.158 (4)  14.578(9)  8.886(10) 104.29(5) 1150 (1)
103 9.125(4) 14563 (9)  8.858(10) 104.31(5) 1141 (1)
11.0 9.097 (4) 14547 (9)  8.827(10) 104.29(5) 1132 (1)
114 9.081 (4)  14.538(9)  8.784(10) 104.38(5) 1123 (1)
122 9.042 (4)  14.496(9)  8.812(10) 104.23(5) 1120 (1)
13.2 9.021 (4)  14.455(9)  8.768(10) 104.39(5) 1107 (1)
13.8 9.001 (4)  14.407(9)  8773(10) 104.23(5) 1103 (1)

The obtained EoS parameters are Vo = 1366 (19) AS, Bo = 23 (7) GPa,
and By = 11 (3) resulting in a bulk modulus (By) comperable with CHA
but a higher B’y value. The P-V/V, graph also suggests the presence of
two different axial compressibility regimes for the COz-loaded pure-SiO,
ITW zeolite: (i) for pressures below 2.6 GPa, and (ii) for pressures above
2.6 GPa. In both cases, the axial compressibility is slightly anisotropic,
the a axis being more compressible than the b and c axes beyond 2.6 GPa
(see Fig. 10). We employed the linearization of a 2nd-order BM EoS [64]
to model the lattice parameters in the 4-10 GPa pressure range. The
axial bulk moduli of the a, b and c axes are B, = 23.3 (7) GPa, B, = 103
(3) GPa and B, = 90 (9) GPa, respectively.

To investigate the adsorption behavior of CO5 molecules within the
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Fig. 9. P—V/V, data per formula unit of CO, loaded pure-SiO; ITW zeolite.
Blue (Phase-I) and red (Phase-II) star symbols refer to experimental data points.
Error bars are smaller than symbol size. The red solid line represents the fit to
the experimental data with a third-order Birch—Murnaghan EoS. The green
solid line corresponds to DFT calculated data fitted with third-order
Birch—Murnaghan EoS corresponding to 5 CO, molecules per unit cell.

Table 4
Fitted parameters of the 3rd-order Birch-Murnaghan EoS for CO,-loaded pure-
SiO5 ITW zeolite.

Parameters Equation of state (EoS) of ITW
Experimental DFT Calculated (5CO5)
Vo 1366 (19) 1266 (14)
Bo 23 (7) 11.6 (2)
B’ 11(3) 8(0)
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—
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Fig. 10. Relative lattice parameters of CO, loaded pure-SiO5 ITW framework
under high pressure. Green stars, blue triangles and red circles represent the
experimental data points of a/ag, b/bg and c/cy, respectively, and the solid lines
are the fitted data with second order BM EoS. Inset of the figure shows the
variation of lattice parameters with pressures carrying absolute values.
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Fig. 11. Experimental XRD pattern of COy-loaded pure-SiO, ITW zeolite at 0.9
GPa (center, in black) together with calculated X-ray diffraction profiles of
both, the empty ITW framework (bottom, in blue) and the filled-ITW zeolites
with guest CO, molecules tentatively obtained from the Fourier map calculation
(top, in red).

pure-SiOy ITW framework, the Rietveld refinement technique was
employed using XRD data at a lowest measured pressure, 0.9 GPa (see
Fig. 11). Initially, the refinement was performed on the empty ITW
structure having monoclinic symmetry (SG: C2/m), but the fitting did
not match the experimental data accurately, particularly at higher 20
angles (See Fig. 10, bottom), due to COs filling. The positions of the CO5
molecules were tentatively determined by analyzing the difference-
Fourier maps, but the powder data are of limited quality. The number
of the guest CO, molecules was only estimated, refining the occupation
factor and keeping other parameters fixed except the scale factor until
the best fit to the data was obtained. When CO5 molecules were
considered in the refinement, a better agreement between the fitting and
experimental data was achieved (Fig. 10, top). The refined occupation
factor revealed that there are approximately 4.5 CO, molecules per unit
cell in the pure-SiOy ITW framework. The tentative atomic coordinates
of the C and O atoms of carbon dioxide are given in the Supplementary
Material (see Table S3). The crystal structure of the empty ITW, Fourier
map and CO»-loaded ITW compounds are depicted in Fig. 12. Therefore,
these static high-pressure results suggest the existence of an ultrahigh
COs-loaded ITW structure with ~4.5 CO5 molecules per unit cell at 0.9
GPa. Interestingly, a similar estimation of the CO, density as the one
performed with the CHA zeolite yields different results. Considering 4.5
CO, molecules per unit cell and a pore volume of 0.18 cm®/g (ambient
conditions, Ref. [111), a CO, density of 0.76 g/cm® is readily obtained.
In the case of the ITW zeolite the obtained density is smaller than that of
liquid COs. This is related to the smaller framework channels, which
forces the CO5 molecules to be aligned.

5. Summary and Conclusions

The present study investigated the detailed structural behavior of
CO9-loaded pure-silica CHA and ITW zeolites under room-temperature
high-pressure conditions. The results provided insights into the
adsorption process, the location of CO, molecules within the zeolite
framework, and their phase stability. The presence of COz molecules
within the zeolite frameworks influenced the phase stability and
adsorption process differently in each case. While CO5 hindered denser
phase formation in CHA zeolite, an isostructural phase transition
occurred at 2.6 GPa in ITW zeolite. Pressure-induced amorphization was
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prevented by CO» adsorption in both cases up to the highest measured
pressure. This behavior can be explained by the existence of two coop-
erative effects: (i) the mechanical impossibility of collapse due to the
existence of CO3 guest molecules in cages and channels of CHA and ITW
zeolites, the difference of pressure between the exterior of the zeolite
and the pores is much smaller than the applied pressure, which prevents
the reduction of volume. Additionally, the solidification of COq-I
partially suppresses the porosity which prevents amorphization, and (ii)
the flexibility of the zeolites under compression, based mainly on tilting
of rigid tetrahedra around the sharing corners of the [SiO4] units that
behave as hinges. P-induced tilting of tetrahedra usually leads to a
continuous rearrangement of the framework. The study revealed that
approximately 13.5 CO, molecules were accommodated in the cavities
of the pure-SiO; CHA structure per unit cell at 1.55 GPa, with a CO5
density similar to liquid CO,. ITW zeolite accommodated 4.5 CO5 mol-
ecules per unit cell at 0.9 GPa, in the framework channels, where the
CO4, density would be smaller than that of the liquid. The number of CO4
molecules in the unit cell is fairly consistent with the extrapolation' of
the adsorption isotherms of CO; measured up to 700 KPa at ambient
temperature to our pressure, with an estimated content of 12.9 mole-
cules in the CHA and 4.8 CO molecules within ITW framework. Fig. 13
shows the adsorption isotherms of CO, at room temperature with the
extrapolated adsorption isotherm at low pressure for CHA and ITW [11]
and the CO4 adsorption content of present studied at the lowest pressure.
The loading capacity as defined by a CO5/SiO; ratio was determined to
be 3/8 for CHA zeolite which is smaller than those of other zeolites with
larger pores and cavities, such as the LTA-type that can accommodate
13/24 molecules of CO2 per SiO5 molecule [25] or the RHO-type that
has considered to host as much as one CO3 molecule per SiO; molecule
[[>67]]. On the other hand, the CO5,/SiO, ratio was 4.5/24 for ITW
zeolite, a value very similar to that found in Silicalite-1 (1/6 ratio),
whose porous structure has a comparable framework density (18.4
[SiO4] tetrahedra per 1000 A%) having straight and sinusoidal channels
[26]. The compressibility behaviors of the both COs-loaded zeolites
exhibited peculiarities at low pressures, with CHA zeolite showing
anomalously low compressibility below about 4 GPa and ITW zeolite
undergoing a phase transition at 2.6 GPa. The bulk moduli of both
compounds were comparable, but the ITW bulk modulus rapidly
increased with pressure (B'o = 11 (3)). Such a strong increase in bulk
modulus could be related to the compressibility nature of the CO,-filled
channels, which would contrast to that of the CO»-filled large cavities in
CHA zeolite. Overall, this research provides valuable insights into the
behavior of high-COs-loaded zeolite structures under high-pressure
conditions, highlighting differences in phase stability and adsorption
processes between CHA and ITW zeolites.
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Fig. 12. (left) the projection of empty pure-SiO; ITW zeolite framework structure based on corner-connected [SiO4] tetrahedral groups, (middle) Bidimensional
difference Fourier map perpendicular to the c axis in COo-filled ITW framework calculated using X-ray structure factors and (right) View of the CO-loaded pure-SiO,
ITW structure along the c axis showing the location of CO, molecules at 0.9 GPa. Yellow, gray, and red spheres represent Si, C, and O atoms, respectively.
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Fig. 13. The CO, adsorption isotherms at room temperature of the pure silica
CHA and ITW zeolites with the extrapolation of the adsorption CO, isotherms
measured up to 700 KPa at ambient temperature [11] to our lowest measured
pressure points. The inset shows a zoom of the area highlighted with the green
rectangle and illustrates the extrapolation of CO, isotherm which is based on its
asymptotic behavior at low pressures [11], fitted with a two-phase exponential
growth function (solid lines). The star scatter points are the experimental data
of the present study corresponding to CHA (black) and ITW (red) zeolites.
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