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The CO, adsorption performances of a Linde-Type A (LTA) zeolite and a natural Clinoptilolite (Clino) zeolite,
both in shaped form, were investigated as such or after an ion-exchange procedure and compared to assess their
potential application as solid adsorbents for Carbon Capture and Storage (CCS). The samples were characterized
following a multi-technique approach. Their structural and textural properties were evaluated to investigate the
accessibility of the different ions present inside the microporous structure and the strength of their interaction
with the adsorbates. The COy adsorption tests were carried out performing pure COy adsorption/desorption
isotherms and dynamic breakthrough measurements in a wide range of temperature (298-423 K). The ion-
exchange enhanced the adsorption capacity of the synthetic zeolite, while no significant increment in the CO5
adsorption performances is observed for the natural one. Nonetheless, the CO, adsorption reversibility is affected
by the cation exchange process in both synthetic and natural zeolites. The CO2 adsorption capacities of LTA
zeolites are higher at lower temperatures, whereas the CO, adsorption performances of natural Clino are
interesting also at medium-high temperature, being the most performant material at 423 K. By performing IR
experiments with specific probe molecules, the presence of a consistent number of Fe?* ions in the framework of
natural Clino, responsible for the capacity of this material to strongly interact with CO also at medium-high
temperatures, was proved. The peculiar adsorption behavior of natural Clino, its low cost and availability in
shaped form are some of the essential features for its possible implementation in real CCS technologies.

1. Introduction fluorinated gases [1]. Due to the huge amount of COy emissions, this

molecule remains the major responsible for the greenhouse effect, even

Carbon dioxide (CO2) is naturally occurring in the Earth’s carbon
cycle, and it is exchanged among plants, animals, soils and oceans in the
biosphere. However, the CO, amount in the atmosphere has signifi-
cantly increased during the last decades, due to the human activities that
have irreversibly altered the atmospheric CO, concentration, by modi-
fying the capture capacity of forests and soils and by directly releasing
huge amount of CO,. The combustion of fossil fuels (i.e., coal, oil, and
natural gas) is the main responsible of the CO, emissions in the atmo-
sphere. In particular, the following emission percentages by field were
reported: 35 % transportation, 31 % electricity production, 16 % in-
dustry, 10 % residential and commercial and 8 % non-fossil fuel com-
bustion [1]. In 2019, the amount of CO; in the atmosphere was about 80
% of all greenhouse gasses emissions, while the contribution of the other
stood at 10 % for methane (CHy), 7 % for nitrous oxide (NOy) and 3 % for

* Corresponding authors.

if its global warming potential is lower than the one estimated for other
GHGs [1,2]. In the last decades, several strategies have been developed
to decrease the amount of CO; in the atmosphere. The attention of the
scientific community has mainly focused on the development of tech-
nologies aimed at reducing the emissions of COy deriving from elec-
tricity and industrial productions, which account together for about 47
% of the total emissions. Nowadays, the main Carbon Capture and
Storage (CCS) technologies employed in the post-combustion CO; cap-
ture are chemical and physical absorption, adsorption-based solid ma-
terials, cryogenics methods, membranes, microbial/Algal systems and
solvent scrubbing [3-7]. The CO5 capture by solid adsorbents has gained
particular interest thanks to several advantages, as low energy costs,
mild regeneration conditions and low volatility of the captured CO3 [7].
Among the possible adsorbents for the COy capture, zeolites possess
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some interesting features due to their textural, structural and chemical
properties, as far as for their high cation exchange potential and polarity
properties [7-15]. For this reason different synthetic and natural zeo-
lites have been widely studied in academia for CO5 capture over the
years [16].

In this scenario, Clinoptilolite, a natural zeolite, has received interest
for CO; capture due to the low-cost comparing to commercial (synthetic)
zeolites (vide infra), which depends on its chemical composition and
geographical origin [17-20]. This natural material, which belongs to the
heulandite (HEU) framework-type group, exhibits a
(NaKCa)4(AlgSi3p072)-24H20 unit cell formula and is characterized by
two parallel channels (0.30 x 0.76 nm and 0.33 x 0.46 nm) connected
with a third one (0.26 x 0.47 nm) [21].

Among the synthetic zeolites, LTA (Lynde-Type A), generally applied
as an industrial desiccant, has been recently studied for the adsorption of
other molecules, including CO, [22,23]. The general formula of this
zeolite is |Na+12(H20)27 !8[A1125i12048}8 and is commonly available
with Na' as extra-framework cations balancing the negative charge
given by the presence of aluminum atoms. The lowest possible Si/Al
ratio of this zeolite (Si/Al = 1) leads to a higher cations exchange ca-
pacity, with possible positive effects on the CO, uptake of the material
[24].InLTA, tetrahedra are organized to form a structure composed by 8
beta cages (sodalite cages) connected each other with cubic structures
(d4r), creating a central alpha cage (made by 48 T structures). The
dimension of the diameter of the central alpha cage is 1.1 nm, while the
external 8-member ring aperture is about 0.4 nm [25].

Both the Clinoptilolite and the LTA zeolites can adsorb CO5 by Van
der Waals forces and the modification of their chemical composition (i.
e., by varying the nature of cations present in the framework) may in-
crease the CO, adsorption capacity [26]. However, beside the great in-
terest of zeolites as COy adsorbents, for an actual application in the
industrial sector, adsorptive flue gases should be dehydrated due to their
well-known strong affinity for water. [27].

This aspect affects the energy consumption, increasing the final cost
of the entire process. [28,29] For this reason, to be compatible with
other established or emerging technologies and to be considered worthy
of industrial potential, those adsorbent materials must at least comply
with other specific requirements, such as low costs, regeneration ca-
pacity, cyclability, selectivity and availability into mm-scale shaped
particles.

In the present work, both Clinoptilolite and LTA zeolites were
studied in an already shaped form and compared to evaluate their COy
adsorption capacity at various temperatures (in the 298-423 K range) to
assess their potential application as CCS adsorbents in different capture
conditions. Moreover, to possibly enhance their adsorption capacity,
both samples were ion-exchanged with different cations. The materials
were deeply characterized by using different complementary techniques
and their CO» capture capacity were investigated in both static ideal and
flow conditions by collecting CO, adsorption experiments with pure COy
and under a N5/CO5, flow.

2. Experimental methods
2.1. Materials preparation

The natural zeolite Clinoptilolite (herein labeled as “Clino”) was
provided by Zeolado (Greece), while the synthetic LTA (hereafter
referred to as “NaLTA”) was purchased in sodic form from Sigma
Aldrich. Usually for research purposes, the samples are supplied in
powder form, whereas for practical and industrial applications the use of
already shaped materials into mm-scale particles is required [30]. For
this reason, a LTA in spherical beads (¢ 3-5 mm) and a Clino in natural
rock fragments (¢ 0.15 mm) were used in the present work.

Due to its natural origin, Clino contains many different cations (Fe, K,
Ca, Na, Mg). To homogenize its composition and discriminate the effect
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of different cations, NaClino and CaClino were prepared starting from
the pristine Clino. Similarly, CaLTA was generated from pristine NaLTA,
using a similar ion-exchange procedure as graphically described in
Schemel.

The difference in the two ion-exchange procedures consists in a
previous de-cationization process needed for natural Clino. The cations
substitution in this framework is usually hard if compared to other types
of zeolites, due to the stronger interaction of Clino cations with the
structure [31,32]. In order to increase their exchange capacity, a pre-
vious substitution with NHZ ions is commonly performed, exploiting the
high selectivity of Clino for these cations [33].

The exchange method employed for Clino was adapted from the
procedure reported by Valdés et al. [33]. A preliminary washing pro-
cedure was performed on the starting Clino: the material was washed in
ultra-pure water at room temperature under stirring for 10 min,
centrifuged and oven-dried at 348 K for 12 h. The washed Clino was first
exchanged with NHj ions by immersing for 2 h the sample in a 0.1 M
solution of (NH4)2SO4 (30 mL solution/g sample) under stirring at
363 K. The sample was washed by replacing the solution with ultra-pure
water and stirred at 363 K overnight. This procedure was repeated twice
to improve the exchange ratio and finally the sample was oven-dried at
398 K overnight. After this step, the NHJ ions were exchanged with Na™
and Ca?* to obtain a fully exchanged Na-Clino (NaClino) and Ca-Clino
(CaClino) respectively. The sample in ammonic form was immersed
for 18 h in a 0.5 M solution of NaNOj3 (for NaClino) or Ca(NOs), (for
CaClino) under stirring at 333 K (20 mL solution/g sample). The pro-
cedure was repeated a second time by replacing the solution with a fresh
one. The sample was eventually dried at 373 K overnight and stored in a
desiccator until further use.

In contrast to Clino, the NaLTA can be easily exchanged with a
simple ion exchange procedure [34]. Therefore, an LTA sample
exchanged with Ca?" ions (CaLTA) was prepared by immersing the
original NaLTA sample in a 0.5 M solution of Ca(NOgs)z (20 mL sol-
ution/g sample), following the same conditions used for CaClino. Also in
this case, the procedure was repeated twice.

2.2. Characterization methods

The EDX analysis were performed on a FESEM TESCAN S9000G. The
voltage used for electron acceleration is 15 kV and the probe current
300 pA, the software AZTEC was used for the microanalysis.

FT-IR spectroscopy was employed to follow the CO adsorption at 77 K
by using a Bruker Invenio spectrophotometer equipped with a MCT
(mercury cadmium tellurium) cryo-detector. All the spectra were
collected in the 4000-650 cm™' spectral rage with a resolution of
2 em ! and an average of 32 scans. Before the analysis all the samples, in
form of self-supported pellets protected by a gold envelope, were
inserted in a special home-made quartz cell and activated in vacuum at
673 K for 4 h. Then, they were cooled down to Room Temperature (RT)
and approximately 60 mbar of CO were dosed to the sample. The cell
was cooled down with liquid nitrogen until reaching a nominal tem-
perature of 77 K, at which the interaction of CO with the cationic acid
sites of the zeolite are well visible. Finally, different spectra were
collected during gas expansions until all CO was desorbed.

The powder X-ray diffractograms of the materials were collected on a
PANalytical X'Pert diffractometer using Cu Ko radiation and a power of
45 kV 40 mA in Capillary configuration (26 range = 5-65°).

Volumetric measurements were performed by means of a Micro-
meritics ASAP2020 sorption analyser, by collecting adsorption/
desorption isotherms of both Ny at 77 K and CO5 at 273 K up to 1000
mbar. For CO5 adsorption, the temperature was kept constant thanks to
a special home-made patented apparatus coupled with the Micro-
meritics ASAP 2020 volumetric instrument, consisting of a glass buret
inserted in a concentric jacket, in which a coolant or heating fluid cir-
culates through a JULABO CD-200F [35]. The system ensures precise
temperature control during the measurement in terms of homogeneity
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Scheme 1. Schematic representation of ion-exchange procedure for the two samples.

and stability over time, allowing isotherms collection with a very low
temperature resolution. Before the measurement, the samples were
activated at 673 K for 4 h in vacuum.

The CO, adsorption/desorption isotherms were measured at other
four different temperatures (298, 333, 363 and 423 K) using the same
volumetric set-up and following the same activation procedure. The
specific surface area was determined by both Ny and COy adsorption
isotherms, applying the Brunauer-Emmett-Teller (BET) equation in the
0.05 < p/po < 0.3 and 0.003 < p/po < 0.03 range respectively.

An evaluation of the isosteric heat of adsorption was also performed
by applying the Clausius-Clapeyron equation to the isotherms measured
at the first three temperatures (298, 333, 363 K) [36]:

0, = RT* (a’ﬂ) €
q

oT

Different isosteric curves can be obtained plotting the natural loga-
rithm of the pressure at constant loading as a function of 1/T. Multi-
plying the slope of this curve by the gas constant the isosteric heat for
different quantities adsorbed was obtained [37]. Data elaboration was
performed by using the Micromeritics’ data analysis software (Micro-
Active version 5.02.01).

Breakthrough CO, adsorption tests were performed in an experi-
mental set-up characterized by the following equipment: a quartz-U
reactor (inner diameter 1 cm, height 3 cm) with a fixed bed, a furnace
and a paramagnetic gas analyzer (Emerson XStream X2GP). In this set-
up, the adsorbent material (300 mg) was placed into the quartz-U
reactor. The reactor was positioned into the furnace and connected to
the mass-flow controllers. A K-type thermocouple, placed in the quartz-
U reactor chamber on the top of the adsorbent material (at around 1 mm
distance), was used for the temperature control. The flow-out from the
reactor was monitored by the gas analyzer every 10 s, monitoring the
CO volume fraction (ppm). Before the adsorption tests, a pretreatment
was carried out to eliminate impurities on the adsorbent material (i.e.,
carbonates and humidity). The pretreatment was performed by using Ny
(total flow = 40 mL min’l) at 673 K for 2 h. Then, the temperature was
cooled down and the adsorption tests were performed: the total flow was
40 mL min~! comprised by 10 vol% CO, volume balanced with Ny. The
temperatures chosen for the CO, adsorption tests were 298, 333, 363
and 423 K, according to the volumetric measurements. In each adsorp-
tion test, the CO, volume fraction was recorded until the concentration
reaches the initial value (10 vol%). The amount of CO, was evaluated by
the integration of the breakthrough curves, as reported in the Supple-
mentary material.

Furthermore, the adsorption loading capacities of the adsorbent
materials were evaluated by the following equation:

O adsorbed

@

Qzeolite =
Morbent
where:
TG0, yeomea 1 the total amount of CO, (moles) adsorbed by the material.
Msorbene 1S the total amount (mass - g) of adsorbent material used for
the test.

3. Results and discussions
3.1. Physico-chemical characterization

A first proof of the efficacy of the ion-exchange procedure was
verified by means of EDX analysis, which provides the elemental
composition of the zeolites. Results are summarized in Table 1 for all
samples. The resulting values are an average obtained analyzing five
points located in different regions of the samples.

The pristine Clino is characterized by the presence of different cat-
ions inside the HEU framework, the most abundant being Fe, followed
(in order of abundance) by K*, Ca%t, Mg?*, and Na™. Fe can be present
as Fe?* and Fe®* in different ratio, depending on the geographical origin
of the clinoptilolite [38]. In NaClino exchanged sample, Na™ has the
highest atomic and weight percentage, underlining that the ion ex-
change procedure probably succeeded mainly at the expense of Fe?/3+
and Ca?* cations, leaving small amounts of Mg?t and K" inside the
framework. Similarly, Fe2*/3*, Mg?* and Na™ were entirely substituted
by Ca in CaClino, whereas a small fraction of K" ions remain in the
zeolite framework. For all the Clino samples the Si/Al ratio is around the
theorical value (~5), with a slight increase in the exchanged sample
probably due to a partial dealumination [39]. As expected for a synthetic
zeolite, in the starting NaLTA sample the main cation present in the
zeolite framework is Na*t, with some Ca?* and Mg?" impurities. Na*
ions are mostly substituted by Ca®" in the CaLTA sample, proving that a
milder ion exchange procedure, without a decationization step, is suf-
ficient to replace the cations of the LTA zeolite beads. Both NaLTA and
CaLTA exhibit a Si/Al ratio around the theorical value (~ 1), proving
that the exchange procedure does not modify the Al content of the
sample.

XRD patterns were collected to prove that the crystalline structure of
the zeolites was not affected by the ion-exchange procedure. As reported
in Fig. 1, Clino, NaClino and CaClino samples exhibit the main re-
flections of the HEU framework, [40,41] whereas NaLTA and CaLTA
samples show the characteristic diffraction pattern of the LTA topology.
[42] The broader peaks of Clino sample could be associated with the
presence of smaller crystals compared to LTA. Both the zeolites display
no changes in the position of the main peaks, confirming that the zeolite
structure has been preserved after the ion-exchange process.
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Table 1
Elemental composition of the samples obtained by EDX analysis.
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Sample Weight (%)

Atomic (%) Si/Al atomic ratio

Fe K Na Ca Mg

2.60 0.25 1.45
NaClino - 0.85 2.70 -
CaClino - 0.70 -
NaLTA - - 12.45
CaLTA - - 1.35

0.80
0.35
3.50 -

0.30 2.10
13.00 1.55

Clino

- 0.44
- 0.36 -

1.40 0.22 0.76 0.71
2.38 - 0.29
1.76 -

0.29 1.75

6.92 1.36

4.62
4.95
4.97
1.28
1.29

10.99
1.26

* x *x *

* Clino

o NaClino

* * g K

* CacClino

Intensity (a.u.)

=

(&)}
—
(&)}
N
o
w
(&)}
N
(é)}

20 (degrees)

Fig. 1. X-ray diffraction patterns of the starting (Clino and NaLTA) and ion-
exchanged (NaClino, CaClino and CaLTA) samples. Asterisks: main reflections
of HEU framework. Circles: mail reflections of LTA framework.

The elemental analysis suggests the ion exchange process occurred
successfully. The semi-quantitative information about the composition
of the samples can be further valorized by performing IR spectroscopy
using carbon monoxide (CO) as molecular probe. CO is commonly used
in IR spectroscopy in zeolites characterization, for studying the presence
of isolated ions located in the structure [43,44]. Indeed, being a weak
basic probe and not having steric limitations, CO possesses the subtle
ability to discriminate between sites of slightly different acidity located
inside the microcavities of the zeolitic structure. Thanks to its Lewis
basic character, CO can interact with Lewis acids sites, like cations,
forming carbonyl complexes.

This molecular probe has a small dipole moment but a rather high
polarizability. Therefore, the stretching frequency of CO adsorbed on
alkaline/alkaline earth cations (through the carbon atom) exhibits a
hypsochromic shift with respect to the stretching frequency of the free
gaseous molecule (2143 cm’l), resulting from polarization and from the
consequent increase in the force constant of the C—O bond. The C-
bonded carbonyls show an upward shift proportional to the strength of
the Lewis acidity of the cations involved in the interaction, allowing the
exact determination of the actually accessible ions present in the
structure [45,46].

Fig. 2A-F reports the IR spectra of CO adsorbed on the different
zeolites, after activation in vacuum at 673 K, in the spectral region of
C=O0 vibrational modes between 2250 and 2050 cm . The spectra of
the materials, showing the full mid-IR spectral region before CO contact,
are provided in Fig. S1. Concerning the natural Clino (Fig. 2A) the
different types of cations present in the sample are responsible for the
complex envelope of bands observable at the maximum CO coverage
(see blue spectrum). Indeed, as previously pointed out, the composition

of natural zeolites is closely related to their origin, but the major cations
present inside the Clinoptilolite framework are usually Fe?*/3* K*,
Na®, Ca®" and Mg?", as confirmed by EDX analysis [47]. For some of
them, the interaction with CO causes the appearance of vibrational
bands in the same spectral range, making the assignment of the different
IR signals not straightforward. For pristine Clino, five main components
can be distinguished in the 2250-2050 cm ™' spectral range at 2197,
2183, 2163, 2155 and 2148 cm’l, with a different spectral behavior by
varying the CO coverage. The signals at 2197 and 2183 cm ™! are the
most stable (i.e. less reversible upon CO outgassing) and could be
associated to the interaction of CO with Fe?" and with Ca?' cations
respectively [48-51]. The assignment of these bands is not unambiguous
due to the existence in the same spectral region of the signals generated
by CO adsorption on Mg?* ions [52]. However, the high amount of Fe
detected by EDX together with the intensity and persistence of the
2197 ecm ™! band, would be inclined to assign this component to Fe*
ions. The less persistent signal at 2163 cm™! can be ascribed, also
considering the elemental analysis obtained by EDX, to the CO-K" ad-
ducts, nevertheless a possible overlap of signals can occur also in the
present case, because the components due to the interaction of CO with
Na™ ions fall in the same spectral range (2162-2172 em™Y) [53,54]. The
band with apparent maximum at 2155 cm™}, which readily disappears
upon CO outgassing, is probably due to the interaction of CO with the
OH groups of the zeolite, as testified by the IR spectra reported in the
extended IR region of Fig. SIA where a clear perturbation of the OH
stretching modes between 3800 and 3500 cm™! is evident when CO
interacts with the sample. The band at 2148 cm ™, visible in the spectra
at high CO coverage as a shoulder, reveals its actual profile and persis-
tent nature just upon CO desorption: it should be ascribed to CO mole-
cules bridging two K* cations. Finally, the weak and labile band located
at around 2130 cm ™! is due to a small fraction of liquid-like CO phase,
which forms inside the zeolite micropores [55].

The IR spectra of Clino sample exchanged with Na* ions (NaClino),
collected at 77 K are reported in Fig. 2B. The envelope of bands gener-
ated by the CO interaction with the sample is definitely less complex
compared to pristine Clino, with only two intense and well-defined
components at 2163 and 2175 cm™! exhibiting a similar behavior
upon CO outgassing. These bands can be attributed to CO-K" and CO-
Na™ adducts respectively. At low CO coverage, a weak band at
2197 em™}, ascribed to Mg2+ ions, is also visible upon magnification.
The species detected by CO are perfectly in agreement with the results of
the EDX analysis, highlighting the difficulty to totally exchange the K*
ions with Na™ cations in the natural zeolite. [56].

The adsorption of CO onto CaClino (Fig. 2C) result in the formation,
at the highest CO coverages, of an intense signal at 2183 cm™! which
readily undergoes an upward shift at ~ 2200 cm™! upon outgassing.
This behavior is due to the gradual conversion of Ca2+(CO)2 dicarbonyls
into monocarbonyls species [56]. At high CO coverage, a labile shoulder
at around 2170 em ™! is probably ascribed to the presence of residual K*
ions, as already proved by the EDX analysis. In the ion exchanged
CaClino sample, the band of liquid-like CO at 2139 cm ™~ is more evident
than in the other Clino samples, due probably to a larger fraction of void
volume inside the zeolite microchannels, left by the exchange of
monovalent ions with divalent ones.

A comparison of IR spectra of Clino, NaClino and CaClino are



M. Cavallo et al.

Journal of CO2 Utilization 67 (2023) 102335

A
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Clino - outgassed 0.1
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Adsorbance (a.u.)
Adsorbance (a.u.)

Fig. 2. IR spectra of CO adsorption at 77 K on
activated samples, recorded at different CO
coverages and reported in the CO vibrational
modes region: A) Clino, B) NaClino C) CaClino,
E) NaLTA and F) CaLTA. D) Comparison of
normalized spectra of LTA (right) and Clino
(left) samples at the same CO pressure (0.1 and
0.5 mbar respectively). Colored spectra:
maximum CO coverage (60 mbar). Light grey
spectra: decreasing pressure steps. Black
spectra: outgassing in vacuum until 103 mbar.
Dotted lines represent the position of the main
cations expected in the different ion-exchanged
samples.
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reported in Fig. 2D (left side) at the same CO coverage, to better
appreciate the spectroscopic differences among the various samples. The
spectrum of pristine Clino (blue curve) exhibits a complex profile,
testifying the formation of different adducts with CO, whereas the pre-
dominance of Na™ and Ca?* cations is clear in NaClino and CaClino
spectra (gray and green curves respectively). In both cases, the CO-K™*
adducts are also evident, proving the difficulty in totally replacing the
K" monovalent ions, whereas the signal ascribable to Fe?' cations is
totally absent, confirming the complete exchange of this cations with
Na* or Ca?*,

The interaction of CO with the LTA zeolite is reported in Figs. 2E and
2F. Spectra of CO adsorption at 77 K on the commercial LTA sample in
sodic form (NaLTA) are reported in Fig. 2E. The CO stretching region

Wavenumber (cm™)

displays the presence of two well-resolved signals. The sharp band at
2163 cm™! is assigned to Na™-CO adducts, whereas the component at
2145 cm ™! is due to the C-O stretching mode of CO molecules bridging
two Na™ ions [57]. Finally, the weak band at around 2130 cm ! is due to
a small fraction of liquid-like CO phase.

The interaction of CO with CaLTA (Fig. 2F) shows a band at
~ 2174 cm™! which exhibits an upward shift till ~ 2186 cm™~! upon
outgassing. According to Montanari et al. [58] the signal at 2174 cm™!
can be associated to Ca2+(CO)2 dicarbonyls (less energetically stable)
which decompose during outgassing to give Ca?>"CO monocarbonyls,
more energetically stable and shifted at higher wavenumbers. The
component located at 2163 cm™!, which readily disappears by
decreasing CO pressure, can be assigned to Na™ carbonyls, in accordance
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with the atomic percentages of the EDX elemental analysis (Table 1).
The broad and labile band detectable at ~ 2135 cm ™! can be confidently
associated to the liquid-like CO. It is worth noting that the signal asso-
ciated to liquid like CO is particularly intense for CaLTA, as already
observed for the CaClino sample. This consideration suggests the pres-
ence of a lower limitation in the probe molecule diffusion and adsorp-
tion inside the CaLTA cages.

The comparison between NaLTA and CaLTA spectra (Fig. 2D right
side), at the same CO coverage, points out the successful exchange
procedure in the Ca containing sample.

Considering the results of CO adsorption, it is clear that the ion ex-
change process has modified the relative content of the cations present
in both Clino and LTA frameworks (enhancing the presence of the
desired ion), even if, as already highlighted by the EDX analysis, the ion
exchange is not complete. This behavior is particularly evident for the
natural zeolite, containing a significant fraction of K* ions.

More in general, the detailed study of CO adsorption fully confirmed
the results obtained by EDX analysis and, at the same time, allowed the
evaluation of the actual accessibility of the cations present inside the
zeolitic framework to a small molecule in the gas phase.

The Specific Surface Area (SSA) of the samples, computed applying
the BET equation, are reported in Table 2. It is well known that the
narrow micropores of a type A zeolite cannot be assessed by Ny
adsorption at 77 K due to its slow kinetic of diffusion at cryogenic
temperature [59]. Indeed, the restricted diffusion prevents nitrogen
molecules from entering the microcavities of this zeolite, hindered by
the presence of a huge number of cations. However, Ny adsorption at
77 K was anyhow carried out on both LTA and Clino series to evaluate
the effect of the presence of different cations inside the microporous
cavities on the textural properties of the materials [60,61]. The
adsorption/desorption isotherms of N at 77 K are reported in Fig. S2 of
the Supplementary material. Among the different substituted zeolites,
the CaLTA sample exhibits a reasonable SSA computed with N at low
temperature. In LTA framework, the substitution of Na™ ions located
near the aperture of the pores with Ca®" cations, having a lower ionic
radius, facilitates the diffusion of N, inside the microporous structure
[62,63]. The high content of liquid like CO phase detected during IR
adsorption experiments in the CaLTA compared to NaLTA sample
(Fig. 2F) further testifies the presence of a larger fraction of void volume
accessible to the probe molecule. Ny adsorption at 77 K in the HEU
framework exhibits the same diffusional problems observed for the
synthetic zeolite (see Ny isotherms reported in Fig. S2 and SSA values
listed in Table 2), due to the presence of a huge number of cations
needed for compensating the negative charge induced by the high Al
content of this zeolite. In contrast to the synthetic zeolite, the
Ca-exchanged Clino sample (CaClino) did not show an increment in SSA,
probably due to the different location of the ions inside the Clino
framework and to the presence of different residual cations hindering
the pores filling. The results obtained with N5 for the Clino samples are
compatible with those reported in the literature, however small varia-
tions could be due to the different origin of this natural zeolite [64].

Table 2
BET specific surface area of Clino, NaClino, CaClino, NaLTA and CaLTA derived
from N, and CO, adsorption isotherms at 77 and 273 K respectively.

Sample N adsorption, 77 K Sggr (m> CO, adsorption, 273 K Sggr (m?
gfl)d gfl)h

Clino 22 +1 240 +1

NacClino 43+1 233+1

CaClino 48 +1 201 +£2

NaLTA 26 +1 378 £ 2

CaLTA 438 + 9 447 +£1

@ Computed applying the BET equation to the N5 adsorption isotherm at 77 K
in the 0.05-0.3 p/po range.

b Computed applying the BET equation to the CO, adsorption isotherm at
273 K in the 0.003-0.03 p/p, range.
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A valuable adsorptive for a correct assessment of the porosity of
ultramicroporous materials is CO3, which is usually measured at 273 K
(see CO4 isotherms reported in Fig. S3 and SSA values listed in Table 2)
[65]. Even if the COy, with its large quadrupole moment could be
responsible for specific interactions with the cations of the zeolites, this
measurement can still be useful to evaluate the specific surface area of
materials which cannot be assessed by nitrogen or argon adsorption at
cryogenic temperature, as reported elsewhere [66-69]. In this case, the
synergistic effect of its slightly lower kinetic diameter (3.3 A) [70] and
the higher temperature of adsorption results in an easier entrance and
diffusion into the ultramicropores of the zeolite [71]. Indeed, a steep
increment in SSA value can be observed in all the samples previously
unable to adsorb N5 molecules at 77 K. The difference in SSA values
between CO5 and Nj displayed by all the samples (except for CaLTA)
suggests a great selectivity of those materials toward CO,. The specific
surface area of Clino samples computed by CO; is around
200-240 m?/g: variations among samples are due to the different cat-
ions population. The SSA values computed for LTA samples in spherical
beads are definitely higher compared to Clino series. The specific surface
area of CaLTA obtained by CO, adsorption at 273 K (447 m?2/g) is totally
comparable to the value computed by Ny adsorption at 77 K (438 m?/g).
Moreover, the SSA of this sample is higher compared to the pristine
NaLTA beads (378 mz/g) due to the lower concentration of divalent
Ca2* cations required in the zeolite framework to compensate the
negative charge and, at the same time, to their smaller ionic radius.

3.2. Evaluation of CO2 adsorption capacity: volumetric measurements

The pure CO, adsorption capacity was evaluated for all samples by
collecting isotherms at different temperatures (298, 333, 363, 423 K),
until 1100 mbar, as reported in Fig. 3A, D, 3G and 3L. Their adsorption
capacities at 100 and 1000 mbar were reported in the respective histo-
grams (middle and right frames of Fig. 3) and in Table S1 (Section S4 of
SI) to better highlight the adsorption trend at different temperatures.
The pressure of 1000 mbar was chosen to evaluate the adsorption ca-
pacity at atmospheric pressure, while 100 mbar is the CO5 pressure
employed in breakthrough curves since the COy adsorption tests were
performed with 10vol% CO; (total pressure during the
tests = 1000 mbar, partial CO;, pressure during the tests = 100 mbar).
As pointed out by the histograms, despite the absolute values, the CO,
uptake capacity of the samples at 298 and 333 K has the same trend at
the two selected pressures, with the LTA zeolite prevailing over the
Clino. In contrast, a different adsorption trend between the two pres-
sures can be detected at 363 K, becoming even more evident at 423 K.

For all the samples, the isotherms in Figs. 3A, 3D, 3G and 3L exhibit a
general predictable decrease of the CO, uptake by increasing the tem-
perature. At 298, 333 and 363 K, CaLTA seems to have the highest CO,
adsorption capacity at high pressures (orange curves) followed by
NaLTA (red curves). At 363 K, the capture capacity of both NaLTA and
CaLTA is drastically reduced in the low-pressure range (see Figs. 3G and
3H), whereas it prevails at higher pressures (see Figs. 3G and 3I). By
further increasing the temperature, the distance between the two iso-
therms drops, until their partial overlapping at 423 K, where NaLTA
slightly overcomes the CaLTA capture capacity at 1000 mbar. The CO2
capture capacity decrease of LTA samples is especially evident at low
pressures (100 mbar), where the CO; adsorption of CaLTA and NaLTA
reduces of around 90 % and 87 % respectively, from 298 to 423 K. The
adsorption behavior agrees with the literature data reporting the CO5
adsorption capacity at low temperature of both 4 A and 5 A (mix of
sodium and calcium) zeolites in comparison with 13 x zeolite [72-74].

The pristine Clino sample always exhibits a higher CO, adsorption
capacity (blue curves and histograms) compared to exchanged NaClino
(grey curves and histograms) and CaClino (green curves and histograms)
samples. In contrast to LTA zeolite, the ion exchange seems not to
enhance the CO5 uptake. It appears that the heterogenous mix of cations
present in the pristine natural zeolite is responsible for a stronger
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electrostatic interaction which leads to a higher CO5 adsorption capacity
compared to the exchanged samples [75]. This stronger interaction is
preserved especially at higher temperatures (333 and 423 K), where the
adsorption capacity of pure Clino in the low-pressure range overcomes
the one of LTA. Moreover, at 423 K pristine Clino exhibits the best
adsorption performances for nearly all the pressure range (until
800 mbar). The above reported results prove that pure Clino maintains a
better CO5 adsorption capacity at higher temperature compared to LTA
samples, losing only the 61 % of its adsorption capacity at 100 mbar, by
increasing the temperature from 298 to 423 K.

In general, at low temperature all the samples show a steep CO2
uptake in the low-pressure region, whereas at higher temperature the
adsorption capacity at the same pressure drastically decreases, except
for pure Clino, which maintains discrete uptake capacity below 300
mbar. Moreover, both the exchanged Clino samples (NaClino and
CaClino) show a reduced CO; adsorption at 423 K in the whole pressure
range compared to raw Clino, proving that the CO, capture capacity at
this temperature does not depend on the presence of Ca>" or Na* ions,
but it is probably related to the strong interaction with Fe?" cations
present only in the starting natural zeolite.

The CO; capture capacity of the materials was also investigated by
performing a secondary adsorption run at 298 K, as explained in Section
5 of the SV, to study the reversibility of the adsorption process and
evaluate the possible real use in cyclic adsorption/desorption experi-
ments. The reversibility data clearly highlight that, although the ion-
exchanged Clino samples do not exhibit enhanced CO, adsorption per-
formances, they possess a higher CO5 adsorption reversibility compared
to raw Clino (see Fig. S4A-C and Table S2). The cyclic adsorption ca-
pacity is strictly related to the possible regeneration conditions of the
material and, therefore, it must be considered for the use in real capture
applications. For what concerns the LTA samples, the ion exchange
procedure with Ca?" affects the overall adsorption capacity at 298 K
and, in parallel, provides a full reversibility of the material (see Fig. S4D
and S4E).

The isosteric heat of adsorption was evaluated for the samples with
the best CO; adsorption performances at 1000 mbar (i.e. NaLTA, CaLTA
and Clino), by applying Eq. 1 on the isotherms collected at 298, 333 and
363 K, in the 0.2-2 mmol g ! range of quantity adsorbed (Fig. 4). The
isosteric heat value at vanishing coverage was extrapolated by consid-
ering the y-axis intercept and is reported in Table S3 (Section S6 of SI).

This isosteric heat of adsorption (Qg,), also reported as the opposite of
the isosteric enthalpy of adsorption (— AHggs), is the heat released when
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Fig. 4. Isosteric heat of CO, adsorption (Qy) as a function of the quantity
adsorbed, calculated from the isotherms at 298, 333 and 363 K.
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an adsorptive molecule interacts with a surface site [76]. The Qg curves
of NaLTA and CaLTA (see red and orange curves in Fig. 4) show a quite
flat and constant trend, between 54 and 50 kJ/mol and 44-40 kJ/mol
respectively. The lower isosteric heat of CaLTA sample testifies the
weaker interaction between CO, and the Ca®* cations compared to Na*,
fully compatible with the total reversibility displayed by this material
upon a secondary CO, adsorption (Fig. S4E).

The isosteric heat of CO5 adsorption of Clino is clearly distributed in
a broader range, from 60 to 35 kJ/mol, confirming the great heteroge-
neity of cations present in the microchannels of the HEU framework, as
already pointed out by EDX analysis and IR spectroscopy.

3.3. Evaluation of CO2 adsorption capacity: breakthrough measurements

All the previously reported data were collected with pure CO2 in
static environment. However, the possible applications of those mate-
rials as adsorbents rarely require capture in static conditions. For this
reason, breakthrough experiments under CO, flow were also performed.
The results are shown in Fig. 5, where the CO, adsorption capacities of
the materials at different temperatures (298, 333, 363 and 423K, i.e.,
the same temperatures employed for the static experiments with pure
COy) are reported as a function of time. The breakthrough curves are
compared with the “blank” test, namely the reactor without the adsor-
bent material. As expected, by increasing the temperatures, the
adsorption capacities decrease causing a shift of the breakthrough
curves to shorter times.

Fig. 5A reports the breakthrough curves, along with the corre-
sponding adsorption capacity (Fig. 5B) obtained at 298 K. The samples
with the best adsorption capacities are Na- and CaLTA, about 3.1 and
3.3 mmol g’1 respectively (see Table S4 for all the adsorption capac-
ities). Noteworthy, pristine Clino exhibits better performances
compared to CaClino. On the other hand, at 298 K, the sample
exchanged with Nat (NaClino) shows a higher CO, adsorption capacity.
These results are in fair agreement with our previous studies [77].

By comparing the breakthrough measurements with the volumetric
isotherms at 100 mbar of pure CO,, some differences in the computed
amount of CO3 adsorbed are detectable, even if the trend among samples
at the different temperatures is substantially the same (see Table S1 in
comparison with Table S4). The reason of such variations could be due
to the different experimental set-up (one working under a No—CO> flow,
the other one working under equilibrium conditions with pure CO5).

In Fig. 5C and 5D, the CO2 breakthrough curves and the computed
adsorption capacities at 333 K are reported respectively. It is worth
noting that the CO5 adsorption capacity trend is very similar to the sit-
uation observed at 298 K. At 363 K, the trend is again similar (Figs. 5E
and 5F), except for the NaClino sample which exhibits lower adsorption
capacity compared to pristine Clino.

Furthermore, the CaLTA sample has an adsorption capacity decrease,
from 293 to 363 K which is higher comparing to NaLTA. This result
agrees with the CO, volumetric adsorption data.

Finally, the adsorption capacity of the samples was tested at 423 K,
and the results are reported in Fig. 5G and 5F. At this temperature, the
most efficient adsorbent is Clino, with an adsorption capacity of
0.7 mmol g1, which decreases of 66 % compared to 298 K. These re-
sults are totally in line with the volumetric data. Again, the Clino sample
is less affected by the variation of the temperature during the CO5
adsorption tests, thanks to the presence in its framework of a consistent
number of Fe?* cations, which play a key role in the capture process at
high temperature.

The ability to maintain good CO; capture performances in the
middle-high temperature range is not straightforward, especially in ze-
olites where the high temperature drastically affects the adsorption ca-
pacity. Adsorbents for Carbon Capture and Storage are usually classified
according to their best working temperature (low, medium and high
capture temperature). Activated carbon, zeolites and MOFs are the most
studied materials for low temperature applications (T < 200 °C) while
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hydrotalcites and oxides are usually applied for intermediate and high
temperature applications respectively (200 < T < 400°C and
T > 400 °C) [78]. A comparison of those materials with LTA and Clino is
reported in Table 3.

Activated carbons are low-cost materials easy to functionalize, dis-
playing a good adsorption capacity at low temperature [85]. On the
other hand, the shaping of this adsorbents is not simple and, moreover,
they usually have low CO selectivity and show a drop in the CO5 cap-
ture capacity by increasing the adsorption temperature [79,80]. MOFs
generally exhibit a higher CO; adsorption capacity compared to carbons
and zeolites, together with a good selectivity and an easy tunability of
the structure [86]. However, few MOFs maintain the same CO; capture
performances when the temperature increases and most of them are
sensitive to water [81]. Additionally, their scale up and shaping can be
problematic. For this reason, zeolites seem to be more versatile than
other microporous materials, and a lot of literature reports their appli-
cation as possible carbon capture adsorbents [13]. In particular, 13 x is
usually considered a reference zeolite for CO» capture. Certainly, its
adsorption capacity is much higher than the other zeolitic framework,
but the drop in performances by increasing the adsorption temperature
is steeper compared to LTA and natural Clino [82].

Similarly to what described for low temperature materials, also
hydrotalcites, which are usually employed for capture at intermediate
temperature, show uncompetitive adsorption capacity at lower tem-
perature [84]. Finally, for high temperature applications, different types
of oxide are usually employed. In this case, a direct comparison with the
previously mentioned materials is difficult, because the CO; capture can
be considered as a high temperature absorption process [87].

Beside the excellent CO; uptake performances at medium-high
temperature and the fair CO, capture capacity at low T, natural Clino
has also a low commercial value compared to both LTA and 13X zeolites.
Indeed, making an evaluation of the middle selling price of the three
zeolites, an average cost for the capture of 1 kg of pure COz can be
computed, as reported in Table 4. This remark is particularly relevant if
the adsorbents have to be used for large scale CO, capture.

Table 3
Comparison of CO, uptake capacities in the 298-673 K temperature range and
1 bar for different adsorbents.

Sample Capture temperature ~ CO, uptake at 1 bar (mmolco,  Ref.
®) Badsorbent)

Activated 298 0.32-1.9 [79]

Carbons 348 0.2-1.7 [79]

393 0.09-0.5 [80]
423 - -

CPO-27-Ni 303 0.52 [81]
313 0.41
353 0.20

13X 298 4.7 [79]
348 3.2 [79]
393 1.57 [82]
423 - -

MCM-41" 323 0.33 [83]
348 0.20
373 0.15

Clinoptilolite 298 2.3 This
348 - work
363 1.8
423 1.4

CaLTA 298 4.1 This
348 - work
363 2.9
423 1.3

Hydrotalcite 323 1-1.4

MG305070 473 0.6-0.9 [84]

673 0.7-0.95

 Results obtained through TGA measurements.
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Table 4
Comparison of average costs to capture 1 kg of CO, for different zeolites.
Sample
Clino LTA 13X
Average price ($ for Ton)" 300 $ 1300 $ 2500 $
Cost to capture 1 kg of CO," 3.02% 8.64 $ 12.08 $

@ Average prices based on the prices per ton of material provided by large
Asian suppliers.
b Cost calculated assuming pure CO, capture at 1000 mbar and 298 K.

4. Conclusions

In this work, the CO, capture performances of a synthetic (LTA) and
a natural (Clinoptilolite) zeolite are deeply investigated by means of
advanced characterization approach. The two zeolites were studied in
raw form and after ion exchange with Na®™ and Ca®", with the aim to
possibly enhance the CO, adsorption capacity. The success of the ex-
change procedure was proved by means of EDX analysis, while XRD
patterns highlighted the preservation of the crystalline structure. IR
spectroscopy was used to investigate the accessibility of the different
ions present inside the microporous structure and the strength of their
interaction with the adsorbates. The specific surface area of the mate-
rials, measured using both N3 and CO2, showed that CaLTA was the only
accessible material for Ny molecules, while all the other displayed a
great selectivity towards CO,. Their potential application as solid CO4
adsorbents was investigated by collecting both pure COy adsorption/
desorption isotherms and breakthrough curves under a N5/CO5 flow in a
wide range of temperature (298-423 K).

Both the isotherm and the breakthrough curves of the materials
exhibit a similar trend in CO5 capture capacity with small discrepancies
due to the different experimental conditions.

The cations exchanged process have a different impact on the CO,
adsorption performances of the two zeolites. Indeed, the CaZ*
exchanged LTA gains both in adsorption capacity and reversibility
compared to the standard LTA in sodic form. In contrast, the Na- and the
Ca- form of Clinoptilolite have a higher CO; reversibility, but do not
display a significant increment of the CO, uptake. By performing IR
experiments with specific probe molecules, it was demonstrated that the
presence of a consistent number of Fe®" ions in the framework of natural
Clino was responsible for the capacity of this material to strongly
interact with COs.

Concerning the capture capacity, NaLTA and CaLTA exhibit a higher
CO uptake at lower temperature (i.e. 298 and 333 K), whereas the CO5
adsorption performances of natural Clino, thanks to the presence of Fe?*
cations, are interesting also at medium-high temperature, being the
most performant material at 423 K. In particular, the CO, capture ca-
pacity of pure Clino decreases of only 65 % passing from 298 to 423 K,
compared to the reduction of 90 % observed for the CaLTA sample in the
same range of temperature.

An industrially feasible adsorbent suitable for carbon capture should
meet different requirements, not only in terms of mere carbon dioxide
absolute loading. A good compromise could be a material easy to shape,
exhibiting cyclic adsorption capacity, capable to maintain good
adsorption performances in a wide range of temperature with possibly
low production costs and, above all, with low sensitivity/selectivity to
water. The CO5/H20 competitiveness and/or the sensitivity to moisture
are key issues for different potential CO, adsorbents, as zeolites or
MOFs, which often require a HyO pre-capture step. Unfortunately, a CO;
adsorbent which meet all those requirements does not still exist, despite
the wide availability of literature data on carbon capture materials.

Assuming to previously dehydrate the flue gas (possibly using the
same materials, since LTA is well-known as an industrial desiccant), the
zeolites reported in this work possess some important features for po-
tential CO, capture applications: they exhibit good CO5 adsorption
performances and reversibility in a wide range of temperature and are
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already available in shaped form. Therefore, natural Clinoptilolite,
commercialized in rock fragments (¢ 0.15 mm), could be a possible
interesting candidate for CO5 capture until 423 K, with an average cost
of 3$ per kg of captured COs.
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