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ABSTRACT

Recently, natural zeolites have emerged as promising solutions in the renewable energy sector, offering sus-
tainable solutions and finding applications in several areas. Among them, clinoptilolite stands out for its unique
physicochemical properties, low cost, and natural abundance. However, its potential in the energy sector remains
largely unexplored. In this study, the performance of natural clinoptilolite and its sodium-exchanged form is
evaluated for thermal energy storage and release, focusing on their reversible dehydration behavior and the
influence of extra-framework cations on water adsorption capacity. To explore this potential, the samples were
characterized using complementary physicochemical techniques, including nitrogen physisorption at —196 °C,
X-ray diffraction (XRD), and energy-dispersive X-ray spectroscopy (EDX). Thermal properties were assessed by
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) to determine mass loss upon
heating, enthalpy change, and energy density. Furthermore, FT-IR spectroscopy was employed to gain detailed
insights into the interaction of cation-exchanged clinoptilolite with water. Finally, climatic chamber tests were
performed to evaluate the water uptake behavior and validate the FT-IR findings. The results indicated that the
performance of natural clinoptilolite decreased with increasing sodium content, a trend confirmed by FT-IR
spectroscopy and climatic chamber tests. FT-IR spectra revealed variations in peak intensities in both the
stretching and bending regions of ~OH groups. Clinoptilolite with the highest sodium content (Na/Clino_H)
exhibited reduced water affinity, with water desorbing more readily through progressive framework expansion.
In contrast, the other samples required thermal activation to achieve desorption, indicating stronger water-
—zeolite interactions. This behavior is likely related to the elevated sodium content, which appears to hinder
water adsorption.

1. Introduction

[15]. This value includes emissions from coal, oil, gas, flaring, cement,
steel, and other industrial processes, but excludes land-use change,

In recent years, several efforts have been made to address the
problem of CO5 emissions [1-3]. Among them, carbon capture storage
(CCS) [4-6] and carbon capture utilization (CCU) [7-13] technologies
are noteworthy. The main human activity responsible for that emission
is the combustion of fossil fuels (coal, natural gas, and oil), mainly to
produce energy and transportation [7,14]. However, several issues
derived from CO; are well known. This gas is recognized to be the pri-
mary driver of climate change, ocean pH variation, and global warming
[15-17]. Over the years, the level of CO, has increased exponentially.
For instance, in 2022, more than 35 billion tons of CO; were recorded
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deforestation, soil, and vegetation. This suggests that the level of these
emissions could be higher. Unfortunately, despite the adverse effects on
the environment and our planet, fossil fuels are still widely used, mainly
in the energy production field, i.e., in the heating and cooling sector. In
this context, thermal energy is the widest and most important form of
energy, used in several applications, i.e., space heating, water heating,
cooking, and other services [18]. However, long-term storage of this
energy is challenging due to thermal losses, and its conversion into
useful work is often economically unfeasible. Consequently, there has
been significant research and financial investment in recent decades
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aimed at transitioning from traditional fossil fuels to renewable energy
sources (i.e., solar), in addition to meeting European sustainability tar-
gets [18,19]. However, the employment of renewable energy in heating
and cooling systems requires innovative and cost-effective solutions due
to their seasonal variability [20].

In this context, advanced and sustainable energy storage technolo-
gies can address the mismatch in timing between energy demand and
peak production [18,21]. In thermal energy storage (TES) systems, the
process of charging and discharging during a storage cycle is determined
by the materials' capacity to absorb and release heat under specific
conditions. These phases are crucial in categorizing TES technologies
into three main types: sensible heat storage (SHS), latent heat storage
(LHS), and thermochemical energy storage (TCES). Precisely, the last
method has gained particular attention, especially for applications at
low-medium temperatures (i.e., below 130 °C) [22]. In this case, instead
of storing thermal energy in the temperature change (sensible) or
change in phase (latent) of the storage medium, thermochemical energy
storage systems (also known as sorption thermal energy storage (STES))
employ reversible processes, including physical adsorption and chemi-
cal reactions [18,23]. Among the materials investigated, zeolites, MOF,
hygroscopic salts, silica-gel, etc., are the most used [18,22,24]. In
particular, hygroscopic salts (i.e., MgCl, and CaCly) have been widely
employed. They possess high thermal energy storage density (400-600
kWh m’3) and are relatively low-cost at < USD 500 per metric ton [24].
However, they could melt under certain conditions of temperature and
water vapor pressure, resulting in reduced performance of the energy
storage system [23].

Zeolites represent an interesting alternative to other materials
[25,26]. They are crystalline aluminosilicate materials whose structure
consists of interconnected [SiO4] and [AlO4] tetrahedra, linked by ox-
ygen atoms, creating an open, crystalline lattice with micropores, where
molecules can be trapped [27,28]. Each aluminum atom in the structure
imparts a negative charge, which is balanced by exchangeable cations.
The type and positioning of these cations within the zeolite structure are
essential in determining the material's adsorption properties [22,27]. In
TES applications, they are classified as physical adsorbents and are
employed thanks to their physico-chemical properties, e.g., thermal
stability, ion exchange, reversible rehydration capability, adsorption
capacity, and so on [27]. Their use is based on the fact that zeolites can
be “charged” by heating and drying, and thermal energy can be recov-
ered later by exposing the dried material to moist air during a “dis-
charging” phase [26,29,30]. Many researchers have focused their
attention on synthetic zeolites, mainly 13X, due to their high sorption
rate and large sorption capacity [31]. For example, Johannes et al. [32]
performed tests by varying flow rates, relative humidity, and hydration
temperatures. The experimental results showed that it is possible with
their designed open reactor to provide 2250 W during 6 h, namely 27.5
w kg’l of material. In another work, De Antonellis et al. [33] found that
performance depends on regeneration temperature, which should be
higher than 150 °C. Moreover, the heat storage capacity strongly de-
creases if air humidification is necessary. To improve the energy storage
density, salts (i.e., MgCl, or CaCly) or other materials (i.e., graphene)
can be introduced into the zeolite matrix or coupled with it to form a
composite with enhanced performance, with a high production cost
[23,34-36].

In recent years, natural zeolites have garnered significant attention
due to their chemical and physical properties, coupled with their eco-
nomic advantage, as they are derived through natural processes. This
makes them an attractive alternative to synthetic zeolites, offering both
efficiency and cost-effectiveness [27]. Among them, clinoptilolite
gained attention due to its abundance in many countries around the
world [37,38]. Hydration and dehydration processes in zeolites have
been extensively investigated by water sorption, calorimetry, NMR and
high-temperature diffraction studies [39-44]. The presence of extra-
framework cations plays a crucial role in governing the interaction
strength between water molecules and the zeolite framework, thereby
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influencing both the amount and reversibility of water uptake. These
phenomena are strongly dependent on the type and distribution of
compensating cations within the structure. Consequently, hydration
properties are considered a key factor in determining the suitability of
clinoptilolite for adsorption-based applications. In 2020, Nasruddin
et al., [45] conducted a study on the performance of a natural Indone-
sian zeolite as a potential adsorbent for thermal storage. They observed a
temperature increase of 50 °C and an energy storage density of 63.94
kW m 3, which is lower than that of synthetic zeolite 13X or alumina but
higher than the values achievable with water or silica gel. This research
highlighted the need for further investigation into the use of clinopti-
lolite for large-scale energy applications, as this mineral demonstrated
significant potential.

However, among the studies concerning the use of natural zeolites in
the energy field, very few have addressed the comparative evaluation of
natural clinoptilolite compared to synthetic zeolite 13X.

Moreover, it was reported that the presence of a specific cation in the
framework of zeolite can enhance water adsorption capacity [46]. In
particular, divalent cations such as Ca®* and Mg?* exhibit higher hy-
dration energies due to their higher charge density compared to
monovalent cations such as NH; and Na®, which results in stronger
interactions with water molecules and different adsorption behavior
within the zeolite framework. Consequently, ion exchange leading to a
higher fraction of monovalent cations can modify the distribution and
occupancy of extra-framework sites, thereby affecting the accessibility
of adsorption sites and the interaction between water molecules and the
zeolite framework. However, the relationship between cation composi-
tion and water adsorption capacity is not straightforward, as it also
depends on the crystallographic location of the cations and the available
pore space [44]. Thus, the main aim of this work is to provide a detailed
investigation of the thermal properties of the natural zeolite clinopti-
lolite as a possible alternative to synthetic materials. Although several
studies have investigated either the adsorption behavior or the thermal
response of natural and synthetic zeolites, a systematic understanding of
how compositional variations of extra-framework cations translate into
changes in molecular water-zeolite interactions and macroscopic ther-
mal energy storage performance is still limited. In particular, the direct
linkage between spectroscopic evidence of adsorption site modification
and experimentally measured energy storage metrics remains insuffi-
ciently addressed.

Based on these premises, bare clinoptilolite and two Na-exchanged
samples with different Na content are investigated and extensively
characterized from a thermal point of view by performing TGA, DSC, in
situ XRD, FT-IR analysis, and tested in a heated chamber by varying the
relative humidity at two different temperatures. Synthetic zeolite 13X is
studied for comparison purposes. Specifically, a combined experimental
approach is adopted to elucidate how sodium exchange modifies the
physicochemical properties of clinoptilolite and, consequently, its water
adsorption performance. Structural and compositional information ob-
tained by XRD and EDX was directly related to molecular-level insights
from FT-IR spectroscopy, while TGA, DSC and dynamic water sorption
measurements were used to quantify the resulting macroscopic
adsorption and energy storage behavior. The results of this study could
serve as a foundation for evaluating the potential of introducing and
further enhancing the use of natural zeolites in the energy sector.

2. Experimental
2.1. Sample preparation

The natural Clinoptilolite sample was provided by the Heiltropfen
Lab. LLP company in granular form. Before using, it was grinded to
obtain a fine powder and rinsed with ultrapure water to remove some
impurities. Subsequently, the sample was dried overnight at 80 °C, and
the powder obtained was labeled as “Clino”. To investigate the effect of
the amount of sodium in the framework on water affinity, two different
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procedures based on ion exchange were adopted to obtain the required
loading. This was made because the procedure adopted for low Na-
loading was not sufficient to achieve the high sodium content required
in high Na-loading zeolite.

Specifically, to get Clinoptilolite with low Na-content, the cation-
exchange procedure proposed by Davarpanah et al. [5] was followed
with some modifications. Briefly, a suitable amount of NaCl, used as a
precursor, was dissolved in ultra-pure water at room temperature. After
that, the temperature was increased up to 50 °C, and the Clino powder
was added to the solution, maintaining the stirring for 2 h. At the end,
the sample was recovered, rinsed with water, and centrifuged three
times. Finally, it was dried for 24 h at 65 °C and subsequently calcinated
at 550 °C for 4 h with a ramp of 2 °C min~'. The sample obtained was
labeled as “Na/Clino_L”.

In the case of a higher Na-content sample (Na/Clino_H), the pro-
cedure suggested by Crocella et al. [4] was adopted with slight modi-
fications. Firstly, Clino powder was exchanged with (NH4)2SO4 under
stirring at 90 °C to obtain NHs-exchanged Clino, which can lead to
higher exchange with sodium. After 2 h, the sample was centrifuged, and
this step was repeated a second time before drying at 125 °C overnight.
The second step consisted of obtaining a Na-exchanged sample by using
a NaNOgs 0.5 M solution as a precursor and leaving the powder under
stirring for 18 h at 60 °C. In the end, it was centrifuged, and the second
step was repeated twice. Finally, the powder was dried at 100 °C over-
night and then calcinated under the same conditions as the Na/Clino_L
sample to obtain the sample labeled “Na/Clino_H".

For comparison purposes, the commercial 13X synthetic zeolite was
also investigated.

2.2. Sample characterization

The Specific Surface Area (SSA, m? g’l) and total pore volume (VTP,
m® g71) were evaluated through Ny-physisorption at —196 °C in a
Micromeritics Tristar II 3020 apparatus (v1.03, Micromeritics Instru-
ment Corp., Norcross, GA, USA). The samples were outgassed by feeding
N at 200 °C for 2 h to remove any adsorbed contaminants and moisture
on the surface. The SSA and VTP were estimated with the Brunauer-
Emmett-Teller (BET) method and Barrett-Joyner-Halenda (BJH)
method during the desorption phase, respectively.

The crystalline phase was studied through powder X-ray diffraction
(XRD) using a Panalytical X'Pert PRO PW3050/60 diffractometer
(Malvern Panalytical Ltd., Malvern, UK) equipped with a PIXcel-1D
detector and copper tube. The XRD data were collected over the 20
angle range of 5-65° with a step size of 0.026° and an equivalent time
per step of 60s. The collected patterns were interpreted with reference to
the Powder Diffraction File database (PDF-2004, International Centre
for Diffraction Data) and modeled by the Rietveld method using the
Bruker-AXS TOPAS program to obtain quantitative phase analysis. For
each identified crystalline phase, the scale factor was refined together
with the background, profile parameters and unit-cell parameters. The
refined scale factors were then converted into weight fractions accord-
ing to the standard Rietveld relationship

W, = S,(ZMV), / > Sizmv),

where S, is the refined scale factor and Z, M, and V are the number of
formula units per unit cell, the mass of the formula unit, and the unit-cell
volume of phase p, respectively. The summation in the denominator is
extended to all crystalline phases i included in the refinement. Thus, the
calculated values correspond to normalized crystalline phase fractions
obtained from the refined scale factors. Possible amorphous content was
not quantified because no internal standard was used.

XRD measurements were also carried out in situ to investigate the
effect of temperature on the crystal structure. Data collection was per-
formed on a Panalytical Empyrean (Panalytical, Almelo, The
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Netherlands) diffractometer equipped with a PIXcel-1D detector. The
samples were heated in HTK1200N under an air atmosphere, increasing
the temperature from room temperature up to 700 °C. The collected
patterns were analyzed by the Rietveld method to determine the vari-
ation of cell parameters.

EDX analysis was performed on a Talos Thermo Scientific instrument
equipped with a LaBg gun to evaluate the atomic percentage of all the
cations present in the samples. In a typical procedure, a small amount of
powder was dispersed in pure isopropanol, sonicated for 15 min at room
temperature, and deposited on copper grids equipped with lacey carbon
films. The data were acquired in three different areas to verify the ho-
mogeneity of the material.

Thermal properties and stability in a wide range of temperatures
were also investigated. Differential scanning calorimetry (DSC) was
carried out to evaluate the quantity of heat exchanged by the samples
undergoing a physical and/or chemical transformation. A Perkin-Elmer
Pyris 1 Heat-Flux differential scanning calorimeter, working in an Ny
atmosphere, was used for this purpose. Specifically, to evaluate the
enthalpy of adsorption (AH, J g™1), the samples were first completely
saturated with moisture and, subsequently, introduced into the DSC
chamber where the temperature started to increase from 30 °C to 350 °C,
with a heating rate of 10 °C min™". The enthalpy of adsorption was then
used to calculate the energy density of the material as follows [18]:

AH
T m

ED

Where AH is the enthalpy of adsorption (J), while m (g) is the mass of
the sample.

Additionally, thermo-gravimetric analysis (TGA) was conducted
with a TGA instrument, Mettler Toledo TGA / DSC 3+. All the samples
were heated from 30 °C to 700 °C with a constant heating rate of 10 °C
min~! by flowing 50 ml min~" of air.

2.3. Water affinity tests

FT-IR spectroscopy was employed to deeply investigate the water
affinity. The analyses were carried out on a Bruker INVENIO instrument
equipped with a liquid nitrogen-cooled MCT detector by following the
procedure described in the literature [7,47,48]. A small quantity of
powder was pressed into a thin disc and placed in a quartz IR cell
equipped with KBr optical windows. Each sample was degassed at 10™*
mbar and pretreated at 400 °C for 4h by connecting the IR cell to a high
vacuum line. Subsequently, the system cooled down to room tempera-
ture, and water was fed into the IR cell at different partial pressures
(from 9 -10™* to 1 mbar) to investigate the hydrophilicity and water
affinity. Spectra were recorded at room temperature in transmittance
mode in the region ranging from 4000 to 400 cm ™! with a resolution of
4 cm™L. The entity of adsorption was evaluated by normalizing the
spectra with respect to both the superficial density and the maximum
intensity of the peak. The adsorption step was followed by gradual ex-
pansions consisting of progressive degassing over time (0-60 min) to
check the possibility of desorbing water by a simple pressure reduction,
without thermal treatment.

To evaluate the water uptake of the samples, a gravimetric dynamic
water sorption analysis was performed using a SPSx-1 p High Load in-
strument manufactured by ProUmid in Germany. This device can
accommodate up to 23 samples simultaneously, enabling their analysis
under identical experimental conditions. Prior to the measurements, the
samples were dehydrated in an oven at 120 °C for 24 h. After drying,
they were placed inside the instrument, and their initial mass was
recorded. A complete water sorption and desorption isotherm at 30 °C
was then obtained by exposing the samples to a series of relative hu-
midity (RH) levels from 10% to 90% and back to 10%, with steps of 10%.
At each RH step, the mass of the samples was recorded every 10 min to
track water uptake. The water uptake was determined by measuring the
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equilibrium mass at each RH level, assuming equilibrium had been
reached when the change in sample mass during the last 40 min was
lower than 0.01%. The RH level was changed only after all samples had
reached equilibrium at the current step. The resulting data correspond to
water adsorption and desorption isotherms at 30 °C.

2.4. Key performance indicators (KPIs) evaluation

Key Performance Indicators (KPIs) are essential parameters used to
evaluate and compare the performance of different technological solu-
tions within a specific scientific context. Among the most commonly
used KPIs in energy storage applications, in this work, particular
attention was given to the cost factor, which was analyzed in terms of
Storage Capacity Cost (SCC, € kWh™!). This parameter is especially
relevant when comparing the economic feasibility of different storage
materials or systems and was calculated using the following Eq. [18]:

This formula links the material cost per ton to its energy density (ED,
GJ ton™!) and provides a clear metric for assessing how much it costs to
store one kilowatt-hour of energy.

3. Results and discussion
3.1. Physico-chemical characterization

The adsorption-desorption isotherms from Ny physisorption at
—196 °C are shown in Fig. 1, whereas Table 1 summarizes the values of
the SSA and VTP for all the investigated materials. Concerning the
natural zeolites, the isotherms exhibited a hysteresis loop within the
0.6-1 P/P° range, and the shape can be ascribed to a type IV B or type H3
isotherm, according to the IUPAC classification. This type of hysteresis is
commonly observed in natural zeolitic materials and is typically asso-
ciated with non-rigid aggregates of plate-like particles or the presence of
slit-shaped voids arising from particle packing rather than well-defined
mesoporous channels [49]. It is also important to emphasize that ion
exchange does not affect the zeolite framework and consequently the
SSA, but it just modifies the hydration energy, the cation exchange ca-
pacity, as well as the affinity toward target molecules, according to the
properties of the exchanged cation [50]. Therefore, a change in the
hysteresis type loop is not expected between natural and modified nat-
ural zeolite. Moreover, other adsorption measurements reported in the
literature for HEU-type zeolites [4] have shown that, even when
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Table 1
Textural properties of the prepared and commercial zeolite calculated from N,
physisorption at —196 °C.

Sample SSA * vp " microporous area microporous volume
(m? (cm® ¢ ¢
gh g h m?*g™ (em®g™)
Clino 25.7 0.119 5.1 0.003
Na/Clino_L 20.5 0.122 1.4 0.001
Na/ 25.5 0.083 1.3 0.001
Clino_H
13X 526.9 0.130 474.3 0.2221

@ Specific surface area (SSA) evaluated according to the Brunauer-Emmett—
Teller (BET) method.

b Total Pore Volume (VTP) evaluated according to the Bar-
rett-Joyner-Halenda (BJH) method during the desorption phase.

¢ Micropore area and micropore volume evaluated from t-plot.

alternative probe molecules are used to access ultramicroporous regions,
such as COo, the overall adsorption behavior remains strongly governed
by framework accessibility and cation distribution rather than by
changes in pore architecture. Therefore, the observed differences in
adsorption features are more appropriately attributed to morphological
and energetic effects rather than to structural mesopore formation.
Moreover, given the low specific surface area of clinoptilolite-based
samples, the observed adsorption behavior could be related to inter-
particle voids and structural heterogeneity typical of natural mineral
aggregates.

The 13X isotherm resembled the typical type-I isotherms, and this
was consistent with the literature [51,52].

Not only the shape of the isotherms but also the surface area values
showed significant differences between natural zeolites and the syn-
thetic one. Specifically, Clino (both in its natural and exchanged form)
presented an extremely low surface area, ranging between 20 and 25 m?
g~ 1. This value was much lower compared to that of synthetic zeolites
like 13X, which typically exhibited higher surface areas (526.9 m? g~ 1).
Furthermore, the micropore area and micropore volume evaluated from
the t-plot confirmed that 13X exhibited a higher fraction of micropores
compared to the natural zeolites. Moreover, the higher the concentra-
tion of sodium, the lower the micropore area. This could be due to the
higher amount of sodium, which probably tends to hinder Ny access to
narrower microporous cavities. This finding was consistent with the
literature [27,53] and can be attributed to the fact that Clino and Na/
Clino are natural zeolites, whereas synthetic zeolites are obtained
through highly controlled and precise conditions (temperature,

Fig. 1. N, isotherms of the Clinoptilolite-based materials (A) and commercial 13X (B).
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pressure, use of templates, etc). Additionally, ion exchange with Na™
ions does not significantly affect the specific surface area, as it does not
alter the zeolite framework structure but only involves the substitution
of extra-framework cations [50]. Therefore, only minor variations in
SSA may be observed, typically within the experimental uncertainty of
nitrogen physisorption measurements. Moreover, the low surface area
reflected the diverse conditions that can be found in nature, which
depend on the deposit. In fact, due to the different geological conditions
during their formation, a high degree of heterogeneity can influence the
SSA and overall properties, i.e., chemical composition. However, it
should be noted that the relatively low specific surface area of
clinoptilolite-based materials is not solely related to their natural origin,
but rather to their HEU-type framework topology, the presence of minor
mineral impurities, and partial blocking or limited accessibility of
microporous channels, which can reduce the measured Nj-accessible
surface area.

To validate this assumption and confirm that ion exchange effec-
tively occurred, an EDX analysis was performed, and the results are
reported in Fig. 2.

As a whole, the Clino sample exhibited the presence of different
cations, whose percentage depends on the deposit and geographical
area. Precisely, in addition to Si, Al, and O elements, which are the
constituents of a zeolitic mineral, the presence of a multitude of cations
was also detected, such as Na, Mg, K, Ca, and Fe. This finding was
consistent with previous reports [5,6,54] but contrasted with the
behavior of synthetic zeolite 13X, which is produced under controlled
conditions to ensure structural uniformity. In fact, only the sodium as a
cation was detected, with an atomic concentration of 14.4%. Concerning
the natural samples, both Clino and the two Na-exchanged samples (Na/
Clino_L and Na/Clino_H) exhibited similar percentages of Si, O, and Al,
which are the main constituents of the alumino-silicate structure. On the
other hand, after the ion-exchange process, the increase in Na content
was accompanied by a progressive decrease in the concentration of the
original extra-framework cations present in the Clino sample. This
suggested the effectiveness of the procedures adopted to obtain Na/
Clino_L and Na/Clino_H. Specifically, regarding the sodium content, the
results highlighted that Clino presented 0.7 at.% of Na, whereas Na/
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Clino_L contained 2.8 at.%. % with a standard deviation of 0.015%,
while the sample Na/Clino_H exhibited a higher percentage of sodium
compared to the others, equal to 5.7 at. % with a standard deviation of
0.57%. Moreover, the higher the sodium content, the lower the amount
of the other cations detected with respect to the bare Clino (i.e., Mg, K,
Ca, Fe). In particular, calcium showed the largest decrease after Na ex-
change, followed by potassium, magnesium, and iron species. For the
highly exchanged sample (Na/Clino_H), Ca decreased by approximately
78%, K by 63%, Mg by 75%, and Fe by 33% compared to untreated
Clino. Similar but less pronounced variations were observed for Na/
Clino_L, with 89% for Ca, 50% for K, and Fe by 17% for Fe. No variation
was detected for Mg concentration. These results suggested that Ca-
containing sites are among the most affected by the exchange treat-
ment. According to previous structural studies on clinoptilolite, different
extra-framework cations occupy distinct positions and coordination
environments within the zeolitic channels, resulting in different ion-
exchange behaviors and selectivity [4,27]. Therefore, the observed
compositional variations were consistent with the intrinsic cation
selectivity of clinoptilolite. The findings confirmed that both procedures
adopted were suitable to obtain different percentages of sodium, in line
with the purpose of the work. These compositional variations were ex-
pected to directly influence the distribution and strength of water
adsorption sites, thereby affecting the hydrophilicity and subsequent
thermal energy storage behavior of the materials.

The XRD results for phase identification and quantification revealed
that the natural clinoptilolite-containing sample (Fig. 3A) was composed
of about 90 wt% zeolite, 8 wt% silica phases (quartz and tridymite), and
2% K-feldspar. The phase fractions of Clino were maintained in Na/
Clino_L, while a minor decrease of the zeolite content was found in Na/
Clino_H. A direct comparison of powder patterns showed that ion ex-
change treatments did not cause any substantial alteration in the zeolite
framework structure except in the unit cell dimensions. The unit cell
volume of clinoptilolite, calculated from the Rietveld-refined mono-
clinic unit cell parameters, changed from about 2092 A% in Clino to
2088 A% in Na/Clino_L A3, to 2097 A% in Na/Clino_H, as a result of the
Na-exchange treatments. The variation in the occupancy of the zeolite
extra-framework sites was also revealed by a change in the relative

Fig. 2. Chemical composition of the natural zeolite samples and 13X obtained from EDX analysis.
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Fig. 3. Diffraction patterns of bare and Na-exchanged Clino samples (A) and
13X (B).

intensity of the (040) peak located at approximately 26 = 19.8° (Cu Ka
radiation), in agreement with the literature [55].

The phase identification and Rietveld analysis of the powder XRD
pattern of zeolite 13X (Fig. 3B) showed the absence of detectable im-
purities, and the refined cubic unit cell parameter was 24.98 A, in per-
fect agreement with the 24.99 A value known for the NaX zeolite.

Besides the difference in the framework topology and channel system
geometry of the two zeolites considered in this study, the XRD analyses
clearly highlighted the well-known fundamental variance between
natural and synthetic zeolite materials: impure and less crystalline the
former, while pure and more crystalline the latter.

On the other hand, both clinoptilolite and zeolite 13X are generally
recognized for their high thermal stability, although the actual frame-
work stability strongly depends on factors such as framework topology,
Si/Al ratio, and the nature of the extra-framework cations, as reported
by Cruciani [56]. In particular, the author reported breakdown tem-
peratures of approximately 900-1070 °C for several clinoptilolite forms,
depending on the exchanged cation (e.g., about 920 °C for Na-
clinoptilolite, about 1000 °C for K-clinoptilolite, about 1070 °C for Cs-
clinoptilolite, and about 900 °C for Ca-clinoptilolite). In order to

Journal of Energy Storage 179 (2026) 123782

assess the thermal stability of the samples used in this study, an in situ
XRD analysis was performed for all the samples investigated (Fig. 4,
Fig. 5 and Fig. S1). Precisely, Fig. 4A and C report the complete in situ
XRD patterns collected over the investigated 20 range for Clino and
zeolite 13X, respectively, whereas Fig. 4B and D show magnified views
of the low-angle regions containing the most representative zeolitic re-
flections, in order to better visualize peak shifts and structural variations
upon heating. The in situ XRD study confirmed that both the natural and
synthetic zeolite samples used in this investigation exhibited excellent
thermal stability. Specifically, under the experimental conditions
adopted in this work, all the materials maintained their crystalline
structure up to 700 °C.

The in situ XRD study confirmed that both the natural and synthetic
zeolite samples used in this investigation exhibited excellent thermal
stability, showing no significant changes in their crystalline structures
throughout the temperature range. In the case of the Clino sample, the
increasing shift of zeolite peaks to higher 26 angles (narrower d-spacing)
was the consequence of the unit cell shrinkage due to loss of the channel
water molecules, whereas this behavior was less pronounced in zeolite
13X. In Fig. 6, the variation of Rietveld-refined unit cell volume as a
function of temperature is compared for the two zeolites under inves-
tigation. Clino exhibited volume contraction in the RT-450 °C range,
with the largest decrease of about 3.4% at 500 °C. In contrast, zeolite
13X showed the largest volume contraction of about 0.2% at 100 °C,
while the thermal expansion explained the volume increase at higher
temperatures. Zeolite 13X almost fully regained its original unit cell
volume at RT after heating, while Clino regained 98.8% of the initial
unit cell volume. The different thermal behavior of the two zeolites can
be rationalized considering the collapsible nature, with co-rotating
hinges, of the HEU framework topology of Clino, while the FAU topol-
ogy of zeolite 13X framework behaves as non-collapsible with anti-
rotating hinges [56].

To further investigate the dehydration behavior of the two samples,
TGA analysis was performed. This analysis was also carried out on
samples of Clino and zeolite 13X, to allow for a comparison with the raw
material and with the gold standard for this type of application,
respectively. The results are reported in Fig. 7.

Previous TGA/DSC and high-temperature XRD studies on zeolites
have shown that water removal occurs in distinct temperature ranges,
broadly corresponding to weakly adsorbed water, cation-coordinated/
channel water, and high-temperature dehydroxylation or structural
water loss, depending on framework topology and cation composition
[56,571].

More precisely, at low temperatures (between 50 °C and 150 °C), the
weakly physisorbed water on the zeolite surface (weakly bonded water)
is lost. Between 150 °C and 250 °C, water present inside the zeolitic
cavities and water bound to extra-framework cations is released. Finally,
above 450 °C, the so-called structural water is lost, which leads in some
cases to collapse and the eventual breakdown of the zeolitic framework,
while in other cases leaves the zeolite almost unaffected up to very high
temperatures [56,58,59]. From the TGA analysis, the amount of water
lost upon heating was found to decrease in the following order: 13X >
Na/Clino_L > Clino > Na/Clino_H. In particular, the Clino and Na/Cli-
no_H samples exhibited similar profiles, each showing a small peak
between 50 °C and 150 °C corresponding to approximately 5% mass
loss. The Na/Clino_L sample also displayed a peak within a similar range
(50 °C-100 °Q), slightly shifted toward higher temperatures (centred
around 75 °C), but with a water loss approximately twice that of the
previous samples, reaching about 10%. The observed differences in
water loss among Clino, Na/Clino_L, and Na/Clino_H suggested that the
dehydration behavior is not directly proportional to the sodium content,
but rather depends on the balance, distribution, and accessibility of
extra-framework cations within the clinoptilolite structure [60]. In
zeolitic systems, water molecules interact with charge-balancing cations
located at specific framework sites, and their coordination strength
varies depending on the nature and location of these cations.
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Fig. 4. In situ XRD patterns of bare Clino and 13X during heating from room temperature to 700 °C: (A) full 26 range for Clino; (B) magnification of the low-angle
region for Clino; (C) full 20 range for 13X; (D) magnification of the low-angle region for 13X.

Fig. 5. In situ XRD patterns of Na/Clino_L (A) and Na/Clino_H (B) during heating from room temperature to 700 °C.

Monovalent (e.g., Nat, K) and divalent cations (e.g., Ca®*, Mg?*) differ
in their hydration strength and coordination environment, which in turn
affects the stability of adsorbed water species. As a consequence, vari-
ations in the relative abundance of these cations can lead to differences
in the number and strength of water adsorption sites. In this context, the
higher water loss observed for Na/Clino_L can be attributed to a more

favourable balance between exchanged Na™ ions and residual native
cations, which promotes a greater number of accessible adsorption sites.
Conversely, in Na/Clino_H, the higher degree of sodium exchange may
reduce the contribution of other strongly hydrating cations, leading to a
lower overall water retention. Therefore, the dehydration behavior re-
flects a combined effect of cation type, distribution, and site occupancy
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Fig. 6. Variation of the unit cell volume as a function of temperature for Clino
(circles) and zeolite 13X (squares). Red symbols are for measurements at RT
after heating up to 700 °C

rather than Na™ content alone.

The observed trend confirmed that the structural modifications
induced by sodium exchange directly influenced the number and
strength of adsorption sites available for water molecules, which was
reflected in both the thermal dehydration behavior and the resulting
energy storage density, as reported in the following sections. Finally, the
13X zeolite exhibited the highest water loss, approximately 20%, over a
broader thermal range of 50 °C to 250 °C. The ~21% maximum water
loss of zeolite 13X compared to the ~10% of Clino reflected once again
the difference in framework density, which is a major control on the
maximum water adsorption capacity of any specific framework topol-
ogy. It was also noteworthy that zeolite 13X topology was able to
withstand the largest water loss with minimal contraction of the unit cell
volume due to the non-collapsible nature of its tetrahedral framework,
as pointed out previously.

The DSC profiles revealed a strong endothermic signal extending
over a broad temperature range between 25 °C and 250 °C, attributed to
the desorption of water adsorbed within the microporous structure of all
the samples investigated. For the Clino and Na/Clino_H samples, a
similar broad endothermic peak was observed between 30 °C and
200 °C. This similarity closely mirrored that seen in their respective TGA
curves. In contrast, the Na/Clino_L sample exhibited a more intense and

Journal of Energy Storage 179 (2026) 123782

narrower endothermic peak between 30 °C and 100 °C, centered at
approximately 75 °C, corresponding to the water desorption event
observed in the TGA profile. This peak was followed by a tail extending
the thermal range up to approximately 200 °C, aligning with the
behavior of the previously mentioned samples. In the case of the 13X
sample, the endothermic peak displayed a minimum heat flow value
comparable to that of the Na/Clino_L sample, but with a broader tem-
perature range extending from 30 °C to 250 °C. A shoulder can be
identified between 30 °C and 100 °C, likely associated with the release of
more weakly bound water. According to literature [56], such features
were consistent with the presence of surface or loosely adsorbed water,
while higher-temperature peaks are indicative of more strongly adsor-
bed or deeply confined water molecules. The main endothermic peak for
13X was centred at around 160 °C. Overall, the DSC curves were in good
agreement with the TGA results. Additionally, the dehydration enthalpy
(AH, in J gfl) was estimated from the DSC curves for all samples and
was reported in Table 2. The trend of increasing endothermic response
followed the order: Na/Clino_H < Clino < Na/Clino_L < 13X. These
results were consistent with previously published findings [56,61],
although it should be noted that the baseline definition for peak inte-
gration remained a challenging aspect of the analysis.

3.2. Dynamic vapor sorption (DVS) analysis

The adsorption/desorption isotherms at 30 °C, obtained simulta-
neously for all the materials, are shown in Fig. 8. The curves obtained
revealed that Na/Clino_L exhibited a different behavior compared to the
others.

Following the IUPAC classification [61], Zeolite 13X, Clino, and N-

Table 2
Results of TGA and DSC measurements of all the samples investigated.

Sample Temperature Peak range” Mass loss” AHgs 250°6)°
0 (%) Ug™h
Clino 50-150 9.9 114.3
Na/Clino_L 50-100 15.1 176.5
Na/Clino_H 50-150 9.1 75.9
13X 50-250 21.3 364.6

# value evaluated from DSC.
b Value evaluated from TGA.

Fig. 7. TGA curves of all investigated samples in the temperature range between 25 °C and 300 °C (A) and DSC experimental results for hydration enthalpy

evaluation (B).
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Fig. 8. Adsorption/desorption isotherms obtained at 30 °C. The x-axis repre-
sented the relative humidity (RH %), while the y-axis showed the percentage
change in water content relative to the initial mass of the sample after dehy-
dration at 120 °C. This value corresponded to the ratio, expressed as a per-
centage, between the mass of adsorbed water at equilibrium and the initial mass
of the sample after dehydration.

Clino_H displayed a type I isotherm. The very small difference between
the adsorption and desorption branches should not be attributed to
hysteresis, but rather to the type of analysis and the conditions
employed. The tendency of the curves to rise at higher relative humidity
(RH) without reaching a stable asymptotic value should also be
explained by the measurement conditions, considering that the ambient
pressure and temperature within the climatic chamber favoured water
condensation. Moreover, the presence of small aggregates within the
fine powder can generate interparticle macropores, where water may
easily condense under these conditions, thus simulating a type II
isotherm behavior in the final part of the curves.

The Na/Clino_ L sample, on the other hand, exhibited a type IV
isotherm. This was characterized by initial monolayer adsorption within
micropores, followed by capillary condensation in mesopores. The
hysteresis loop, according to the IUPAC classification [61], can be
identified as either an H3 or H4 type. The latter was more appropriate,
considering the significant water uptake observed in the initial part of
the isotherm, as well as the fact that H4 loops were typically associated
with zeolites forming aggregated crystals or with mesoporous zeolites
[61]. This specific isotherm shape suggested that Na-enrichment in this
sample promoted the development of a mesoporous network, which was
not observed in either the raw material or the more enriched Na/Clino_H
sample. It should not be interpreted as evidence of true mesoporosity
generated by ion exchange, but rather as the result of textural effects,
particle aggregation/interparticle voids, and changes in water adsorp-
tion energetics/accessibility. Such a mesoporous structure resulted in a
significantly enhanced water uptake at high RH levels. Indeed, up to
50% RH, all three Clino samples exhibited similar water uptake
behavior, whereas beyond this point, the Na/Clino_L sample showed a
marked increase, reaching 16.4% water uptake, compared to about
8.8% and 8.5% water uptake, respectively, for both the Clino and Na/
Clino_H samples. Zeolite 13X, indeed, exhibited a faster growth of the
isotherm at low RH% and a better final uptake, of about 18.9%.

Finally, the water uptakes for all the samples were in accordance
with the results obtained for water loss in the TGA. The differences
observed in the adsorption isotherms can therefore be directly corre-
lated with the structural and compositional changes identified by EDX
and FT-IR analyses (see later), confirming that sodium content played a
key role in tuning the hydrophilic behavior of clinoptilolite-based
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samples.

Moreover, a consistent correlation between water adsorption
behavior, hydrophilicity, and thermal energy storage performance can
be established by combining DVS, TGA, and DSC results. Higher water
uptake corresponded to a greater number of active adsorption sites,
leading to increased dehydration enthalpy measured by DSC and,
consequently, higher energy density. Conversely, reduced water
adsorption resulted in lower hydrophilicity and lower thermal energy
storage performance. Among the investigated samples, Na/Clino_L
exhibited the highest water uptake and thus the highest dehydration
enthalpy among natural zeolites, while Na/Clino_H showed the lowest
values, confirming that excessive sodium exchange reduces adsorption
efficiency.

These trends are further reflected in the Key Performance Indicators
(KPI) discussed in Section 3.4, where higher energy density results in
lower Storage Capacity Cost (SCC), highlighting the direct link between
hydrophilicity and economic performance of the material.

3.3. In situ FT-IR investigation

In order to gain a better understanding of the affinity of water with
the zeolite materials and the influence of Na, in situ FTIR experiments
were performed. As reported in the Materials and Methods section, all the
materials were first pretreated at 400 °C in a vacuum line to eliminate
the interference of the hydration. The full spectra after the pretreatment
were reported in Fig. S2.

Detailed magnifications of the hydroxyl stretching region and the
2250-1500 cm ! spectral range are depicted in Fig. 9. Regardless of the
zeolite type, all zeolites exhibited a sharp peak with a maximum around
3746 cm !, which can be attributed to the presence of isolated Si-OH
groups located on the external surface of the zeolites [7,62,63].

Pristine clinoptilolite zeolite displayed a relatively broad band at
3581 cm™!, which has been previously associated with bridging hy-
droxyl groups in zeolitic systems [62-65]. However, contributions from
hydroxyl species generated during the thermal pretreatment at 400 °C
cannot be excluded. The maximum of this band shifted to a higher
wavenumber (3628 cm™!) when the material was exchanged with Na™
ions, as observed for the Na/Clino_L and Na/Clino_H samples. In par-
allel, the relative intensity of this band decreased with increasing so-
dium exchange, suggesting that sodium exchange altered the local
environment of hydroxyl species associated with the zeolite framework
[62].

The structure of faujasite-type zeolite (13X) consists of cages of two
different sizes (supercages and sodalite cages). The hydroxyl-related
absorptions observed for zeolite 13X are consistent with OH species
commonly reported for FAU-type zeolites, possibly including defect or
non-bridging hydroxyl groups generated or exposed during thermal
pretreatment [63,66]. In particular, the bands around 3691 cm~! (HF
region) and in the 3500-3300 cm™! range (LF region) have been pre-
viously associated with hydroxyl species located in the supercages and
sodalite cages, respectively. However, considering the Na-rich nature of
the investigated 13X sample and the thermal pretreatment applied, the
contribution of non-bridging or defect hydroxyl species cannot be
excluded.

At lower wavenumbers (2200-1500 cm * range), the spectra of
clino-based zeolites exhibited the contribution of framework modes, i.e.,
overtones of n(T—0—T), with a maximum at 1874 cm™! [62-64].

Between 1644 and 1630 cm ™, a band corresponding to the bending
mode of the OH bond (60H) was observed, which was attributed to
residual hydration despite vacuum thermal treatment [5,67-69].

Zeolite 13X exhibited an absorption band centered at 1577 cm™?,
which can be related to strongly adsorbed carbonates on the material's
surface [63]. The relative intensities of the framework modes, as well as
the band at 1641 cm™ !, decreased with increasing sodium content in
clinoptilolite-based materials, likely due to saturation and/or pore
coverage by sodium species.
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Fig. 9. FT-IR spectra of the pretreated samples of -OH stretching region (3800-3200 cm™Y) (A) and -OH bending region (2300-1300 cm™Y) (B).

Additional absorptions in the 2200-2150 and 1410-1370 cm ™ re-
gions were observed for Na/Clino_H. The band at 1410-1370 cm ™" is
consistent with surface carbonate species, likely formed upon exposure
to atmospheric CO,. The feature at 2200-2150 cm™! may arise from
combination bands of adsorbed CO, species and/or NOx-derived surface
species associated with the NaNOs precursor [70].

A study by Szanyi et al. [71] reported absorptions within the same

spectral ranges during investigations of NO, adsorption on Na—Y.
Specifically, the band observed between 2200 and 2150 cm™! was
attributed to the vibration of an NO"NO,-type adsorption complex. This
interpretation aligned with findings from a study by Khivantsev et al.
[72] on nitrate-containing zeolites, where an asymmetric absorption
around ~2195 and ~ 2171 cm™! was ascribed to two NO™ stretches.
Furthermore, the doublet feature within the 1350-1450 cm™' range

Fig. 10. In situ FTIR difference spectra of the water interacting region (1800-1500 cm™ ) acquired on Clino (A), Na/Clino_L (B), Na/Clino_H (C), and 13X (D) at
increasing water partial pressure (from 9 -10~* to 1 mbar). Magnifications of significant bands are shown in the insets. The bold black line represents the subtracted
spectra obtained from materials activation; the bold colored line refers to 1 mbar water partial pressure.
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corresponded to the split vs vibrations of adsorbed NO3. These assign-
ments appeared more plausible, considering that the Na/Clino_H sample
was functionalized using sodium nitrate precursors, which may have
remained complexed with the metal [68,71,73]. However, no crystalline
sodium nitrate phase was detected by XRD, suggesting that these signals
are unlikely to originate from bulk NaNOs residues. Therefore, these
bands are more plausibly associated with surface-adsorbed or strongly
coordinated NOx-derived species formed during synthesis, ion ex-
change, or subsequent exposure to ambient atmosphere during sample
handling.

The study of hydrophilic behavior concerning the content of alkali
metal cations (in this case Na™) is fundamental to understanding
changes in zeolites' water adsorption capacity, which is not affected by
Al (since EDX results showed that the Si/Al ratio and therefore Al con-
tent did not change so much with ion exchange). Concerning previous
studies on this topic, it was found that unexchanged zeolites, especially
at low pressures, tended to exhibit water clustering, which occurred
when there was a stronger interaction between two water molecules
with respect to the one within the water molecule and the adsorption
site. It also came out that in the exchanged zeolites, on the contrary,
water clustering is avoided by the stronger interaction between the
sorbate molecule (water) and the exchanged cation, thus resulting in all
water molecules bound to the zeolites' surface, utilizing the cation itself
[18]. Therefore, ion exchange can alter the hydration environment
within the zeolite framework by modifying the distribution and acces-
sibility of extra-framework cations, thus affecting water adsorption
behavior. The evolution of the water's peak in the -OH bending region
can be observed in Fig. 10.

All samples analyzed showed an increase in the peak at 1644-1630
ecm™! spectral range, thus confirming the effectiveness of water
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adsorption at increasing partial pressures. The 13X zeolite exhibited the
highest affinity for water among the tested samples. This material not
only demonstrated a more intense water bending signal at 1644 cm™!
but also displayed absorbance features within the 2300-1800 cm™*
spectral range, which increased with rising water pressure. The pro-
nounced difference in the water bending absorption was attributed to
the zeolite's notably high specific surface area (approximately twenty
times greater than that of clinoptilolite-based materials) and its sub-
stantial sodium content (discussed above). Additionally, the hydropho-
bicity or hydrophilicity of the material can be adjusted by modifying the
Si/Al ratio. Water molecules preferentially adsorb in regions of the
zeolite framework where charge separation occurs. Therefore, samples
with lower Si/Al ratios, such as the 13X zeolite examined in this study,
are known to interact more strongly with water and accommodate a
greater quantity of water molecules. This behavior could be due to the
increased number of negatively charged oxygen atoms within the
framework, along with a higher density of compensating cations, which
results in more regions exhibiting charge separation [74,75]. Regarding
the signals at 2169 cm™! and 2078 cm™., absorptions in this spectral
region are typically attributed to a bend and libration water combina-
tion band [76]. This band may be associated with a high surface
coverage of the zeolite by water molecules.

Further confirmation of the strong interaction between zeolite 13X
and water arose from the analysis of the -OH stretching region (Fig. 11).
As the amount of water increased, the spectrum of this material
(Fig. 11D) displayed several signals that intensified, specifically two
sharp high-frequency bands at 3690 cm ™! and 3660 cm ™2, along with
two broad associated bands at 3383 cm ™! and 3227 cm~!. Two intense
signals eventually replaced these broad bands at 3277 cm™! and 3132
cm L. The two sharp high-frequency bands may originate from different

Fig. 11. In situ FTIR difference spectra of the water interacting region (3800-3000 cm™ ) acquired on Clino (A), Na/Clino_L (B), Na/Clino_H (C), and 13X (D) at
increasing water partial pressure (from 9 -10~* to 1 mbar). The bold black line represents the subtracted spectra obtained from materials activation; the bold colored

line refers to 1 mbar water partial pressure.
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water molecules located in two distinct positions within the zeolite
cages, where one OH bond forms a hydrogen bond while the other OH
bond remains free. These positions could correspond to different crys-
tallographic sites (e.g., cages of different types) or identical cages with
different local environments due to the distribution of Na™t ions (which
migrate more readily when water is adsorbed). The two broad bands can
be associated with water molecules in identical positions. At maximum
surface coverage, these two broad bands were subsequently replaced by
the intense signals at 3277 cm ™! and 3132 cm ™. The downshift of these
signals indicated an increase in the average strength of hydrogen bonds
among the adsorbed water molecules, thereby confirming a high degree
of surface coverage [77].

Regarding clinoptilolite-based materials, their spectra exhibited very
similar features both in the OH bending region (Fig. 10A and B) and in
the silanol spectral region (Fig. 11A and B). The Clino and Na/Clino_L
samples displayed comparable relative intensities, indicating that ion
exchange has had a minimal impact on the performance of the bare
clinoptilolite. The silanol region exhibited similar spectral characteris-
tics for both samples, including an isolated OH stretching vibration of
water at approximately 3650 cm™!. A broad band around 3400 cm™!
was observed, which can be mainly associated with hydrogen-bonded
OH species [78,79]. Although the samples were pretreated under high
vacuum at 400 °C, contributions from strongly retained water molecules
coordinated to extra-framework cations cannot be excluded.

Regarding the Na/Clino_H sample, the isolated silanol groups shifted
to 3622 cm ™!, while the hydrogen-bonded OH groups displayed a broad
band at 3444 cm™!. A possible explanation for the downshift observed in
the previous signal may be linked to a reduction in their number due to
increased zeolite functionalisation by sodium species. Similarly, the
band positioned at 3444 cm ™! might reflect a decrease in the number of
water species interacting with each other.

The absorption at 1630 cm ™! exhibited a significantly lower relative
intensity compared to other samples, despite the higher sodium loading.
As previously mentioned, part of the sodium in this sample remained
complexed with NOy groups originating from the sodium precursor.
Consequently, the lower water uptake observed for this sample could
plausibly be attributed to a reduced number of metal centres available
for water interaction. Additionally, extensive functionalisation may
have partially covered the zeolite surface, further limiting HyO-zeolite
interactions. Following water introduction, an increase in the signal at
2189 cm™! and a decrease at 2167 cm ™' were observed, as shown in
inset c1 (Fig. 10C). A similar trend was reported by Szanyi et al. [71],
where the intensity of the IR band corresponding to adsorbed NO™*
species (2053 cm™!) diminished upon water addition and disappeared
with higher water dosages. Interestingly, no change was noted in the
intensity of the IR band attributed to the NO"-NO, adduct. The authors
proposed that this behavior arose from NO, within the NO*-NO, adduct
interacting strongly with NO™, thereby shielding it from reacting with
water. Conversely, NO™ species remained vulnerable to attack by
incoming water molecules.

The water adsorption phenomenon was more evident at higher
pressures, where no overlapping between spectra was recorded. As a
matter of fact, according to the literature [80], adsorption was more
incentivized in partially hydrated samples because there was no inter-
facial mass transport phenomenon limiting step, as in the dried sample.
Precisely, when the intergranular region was saturated by water
(partially hydrated samples), the adsorption happened on the external
surface, and it consisted of two steps involving the bond between the
adsorbate (water) molecules and extra-framework cations. In particular,
during the first slow step, water was captured by the electric field of the
cations, thus leading to the formation of a water/cation adduct, whereas
in the faster step, there was a rearrangement of water molecules at the
cation-framework interface, which allowed the creation of hydrogen
bonds and, consequently, the maximization of physical interactions
[80]. It should be added that, as expected, synthetic 13X displayed a
higher affinity with water than natural samples.
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A superposition between spectra was quite evident in the case of time
expansions, suggesting that it was possible to desorb water only through
thermal expansion because of the strength of hydrogen bonds. However,
the Na/Clino_H sample constituted the only exception. In fact, as can be
observed in Fig. 12, this sample seemed to show a minor affinity with
water, and this was supported by the fact that there was a downward
trend of the peak centered at 1641 cm™! during gradual time expansion,
thus demonstrating that, in this case, desorption did not need thermal
treatment.

Finally, Fig. 13 illustrates the comparison of water affinity between
all the samples investigated. A clear correlation between the adsorption
properties of the investigated zeolites was observed by comparing the
results obtained from in situ FTIR spectroscopy with those from climatic
chamber experiments conducted at varying levels of RH. Specifically,
the FTIR signal intensity as a function of water vapor partial pressure
(P_line) showed the same trend seen in the equilibrium mass loss mea-
surements, which reflected the amount of water adsorbed under humid
conditions. Both experiments demonstrated the same following trend:
13X > Na/Clino_L > Clino > Na/Clino_H.

Precisely, as expected, in both cases, zeolite 13X was the best-
performing material due to its highly accessible porous structure and
strong polarity, which facilitated more efficient water adsorption. The
Na/Clino_L sample demonstrated intermediate performance, slightly
superior to that of the untreated natural Clino, but lower than that of
13X. On the other hand, the highly sodium-exchanged clinoptilolite
(Na/Clino_H) showed the lowest water uptake, suggesting that an
excessive degree of cation exchange may reduce the accessibility of
active adsorption sites or negatively impact the pore structure. These
outcomes revealed that treating zeolites with high sodium concentra-
tions appears to hinder water adsorption, while moderate sodium ex-
change slightly enhanced the capacity compared to the natural
clinoptilolite. Consequently, the lower water uptake observed for Na/
Clino_H sample could plausibly be attributed to a reduced number of
metal centres available for water interaction. Additionally, extensive
functionalization may have partially covered the zeolite surface, further
limiting HyO-zeolite interactions. In addition, the adsorption behavior of
clinoptilolite is not solely governed by the total sodium content, but also
by the crystallographic distribution and occupancy of extra-framework
cationic sites, which may alter the available pore volume and accessi-
bility for water molecules [81,82]. Excessive Na-exchange may there-
fore promote partial pore blocking or modifications in the local water
adsorption environment, resulting in lower overall water uptake despite
the increased sodium concentration.

To conclude, the water adsorption behavior of clinoptilolite-based
materials can be rationalized by combining spectroscopic and gravi-
metric results. FT-IR analysis provided evidence that ion exchange
modifies the local environment of framework-associated hydroxyl
groups, affecting their interaction with water molecules. However, DVS
measurements demonstrated that the overall water uptake is not directly
proportional to sodium content. In particular, Na/Clino_L exhibited
enhanced adsorption at high relative humidity, likely due to the devel-
opment of additional accessible porosity, whereas Na/Clino_H showed
reduced uptake, suggesting partial blocking of adsorption sites or
reduced accessibility of cationic centers. Zeolite 13X, in contrast, com-
bined high sodium content with a well-defined microporous FAU
structure, resulting in the highest water uptake. These findings high-
lighted that water affinity is governed by a combined effect of cation
distribution, framework accessibility, and pore architecture rather than
by a single compositional parameter.

Overall, the FT-IR results provided molecular-level evidence that the
variation in extra-framework cation content modulated the strength and
nature of water-zeolite interactions, which was consistent with the
macroscopic adsorption behavior observed in TGA, DSC, and climatic
chamber experiments.

The combined experimental evidence highlighted that the variation
in extra-framework Na™ content, confirmed by EDX analysis, modified
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Fig. 12. Time-dependent degassing in situ FTIR spectra of the water interacting region (1800-1500 cm™") acquired on Clino (A), Na/Clino_L (B), Na/Clino_H (C),

and 13X (D).

Fig. 13. Water affinity comparison resulted from FT-IR analysis for all the
samples investigated.

the distribution and nature of charge-balancing sites within the zeolite
framework. This compositional change was reflected at the molecular

13

level by FT-IR spectroscopy, where systematic shifts in hydroxyl
stretching bands indicated a progressive alteration between water
molecules and adsorption sites. As a consequence, the strength and or-
ganization of the adsorbed water phase are affected, leading to
measurable differences in water uptake and desorption behavior, as
evidenced by thermogravimetric and dynamic sorption analyses. In
particular, moderate sodium exchange enhanced the accessible
adsorption sites and promoted stronger water-cation interactions,
resulting in increased reversible water uptake, whereas excessive so-
dium loading appeared to partially hinder accessibility to the porous
network and reduce overall adsorption efficiency. These molecular-level
effects were directly translated into macroscopic thermal performance,
as demonstrated by differential scanning calorimetry results and the
resulting energy density values. Therefore, the observed variations in
thermal energy storage capacity can be rationalized as the direct
outcome of sodium-induced modifications in the zeolite-water interac-
tion mechanism.

3.4. Key performance indicators (KPI) evaluation

As mentioned, the estimation of the KPI is essential to better inves-
tigate the performance of the samples investigated. Fig. 14 reports a
graphical comparison among the four sorbent materials in terms of SCC
and ED values, where the average price of the material (expressed in €
ton~!) was divided by the Energy Density, ED (kJ ton 1), derived from
the enthalpy estimated from DSC analysis. The SCC is a useful parameter
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Fig. 14. SCC and ED evaluation for all the samples investigated.

for evaluating whether the material is competitive on a market scale, as
an efficient but expensive adsorbent may not be suitable for imple-
mentation on a large scale. Therefore, it was fundamental to estimate the
cost of both synthetic and natural zeolites. In this regard, it was worth
emphasizing that synthetic zeolites are relatively more expensive than
natural ones, as their synthesis requires the use of specialized equip-
ment, pure substances, and energy. Among the synthetic zeolites, 13X is
considered the cheapest. The most challenging part, however, was
determining the exact price since this can vary depending on the sup-
plier and the quantity purchased. The prices used in this study are
intended as representative literature-based estimates rather than fixed
market values, since no standardized or universally accepted pricing is
available for these materials in literature or industrial databases. Ac-
cording to some market surveys, in 2015, the price of 13X was around
2750-3500 USD ton™* (2000-3000 € ton ™! according to [22,23,80] and
in some cases it peaked at 4354 USD ton~! (6000 CAD ton ') [83].
Another recent study in 2022 reported that the market price for indus-
trial quantities of zeolite 13X by a Chinese industry was around
1300-1800 USD ton~! [20]. Based on these considerations, a price of
2000-3000 € ton* has been considered for the SCC calculation of 13X.
It is also worth mentioning that synthetic 13X is not competitive from an
economic point of view, if compared with other sorbents like bentonite
or vermiculite (160 € ton™1), and this negatively affects their SCC value
[18]. Natural zeolite, on the other hand, represents abundant, low-cost
natural minerals. Although their quality can be affected by impurities,
their performance can be improved through functionalization. In this
work, a market price of 200-300 € ton~! for natural samples was
considered, according to the literature [84]. It was evident that the
difference in terms of price (of an order of magnitude) between these
materials deeply influenced the SCC value. Therefore, the SCC was
calculated for the four samples, and the outcome was compared with the
SCC of the most common adsorbents from literature data.

From the results reported in Fig. 14, it can be observed that Na/
Clino_L offered the most cost-effective solution, with the lowest SCC (4.1
€ kWh 1), despite having a moderate energy density. Clino also showed
arelatively low SCC (6.3 € kWh’l), making it a viable option in terms of
cost.

On the other hand, 13X, although exhibiting the highest energy
density, demonstrated the highest SCC (19.7 € kWh™1), indicating that
its superior energy performance came at a significantly higher cost. On
the contrary, Na/Clino_H showed a moderate SCC (9.5 € kWh’l) and
relatively low ED, making it less attractive compared to Na/Clino_L.

Overall, the SCC analysis provided a preliminary indication that Na/
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Clino_L may represent a promising compromise between energy storage
capacity and material cost among the investigated samples. However,
further optimization and system-level investigations are required to
fully assess its practical applicability in TES systems, while materials like
13X may be more suitable when energy density is prioritized over cost.

These results were consistent with the structural and adsorption
properties discussed above, where moderate sodium exchange optimizes
the balance between water uptake capacity and thermal stability,
leading to improved overall energy storage performance.

The experimental results obtained showed that the ED and SCC
values of the zeolites analyzed in this study were consistent with those of
the main materials used in the energy field and TES systems, as shown in
Table 3. To be precise, natural zeolites seem to be comparable in terms
of costs to other natural minerals, such as Bentonite and Vermiculite, or
composites (Vermiculite/CaCly), that are more cost-effective than SAPO
or AIPO materials. However, these natural zeolites exhibited lower ED,
which could offset the positive SCC value. Nevertheless, their physico-
chemical properties can be tuned to make them a promising substitute
for 13X and other synthetic zeolites. As an alternative, thanks to their
porous structure as well as their good cation exchange capacity, they
could be exploited as low-cost supports for salts (i.e., CaCly) to create
composite materials in TES systems. Further investigations should be
conducted in this context to evaluate the feasibility of substituting nat-
ural clinoptilolite with synthetic 13X.

4. Conclusions

The present study aimed to address a critical knowledge gap by
systematically correlating the extra-framework cation composition of
natural clinoptilolite with its molecular-scale water adsorption mecha-
nisms and macroscopic thermal energy storage performance. Unlike
previous studies that have primarily focused on either structural char-
acterization or adsorption behavior in isolation, this work integrated
complementary physico-chemical techniques to try to establish a direct
structure-property-performance relationship. In particular, this work
lies in the comprehensive multi-technique approach adopted to inves-
tigate how the concentration of exchangeable cations (specifically Nat)
affects the water sorption capacity of a natural zeolite clinoptilolite. In
situ FT-IR spectroscopy provided molecular-level insights into water-
zeolite interactions and the role of hydroxyl species and extra-
framework cationic sites. These microscopic findings were then
directly linked to macroscopic measurements obtained from TGA, DSC,
and dynamic water sorption tests, enabling a comprehensive evaluation

Table 3
Comparison of the KPI of the existing materials.
Material Energy density SCC Cost Ref.
GJ ton! € kWh! € ton!
13X 0.36 19.7 2000 This work
Clinoptilolite 0.11 6.3 200 This work
Na/Clino_L 0.18 4.1 200 This work
Na/Clino_H 0.07 9.5 200 This work
13X 0.39 18.52 2000 [85]
13X/MgSO4 0.65 10.03 1805 [85]
Zeolite Y - 26 1100 [18]
NaX zeolite 0.54 - - [86]
SAPO-34 0.73 985.22 200,000 [85]
SAPO 34 - 565 100,000 [18]
SAPO 34 0.85 - - [86]
AIPO-18 0.87 823.05 200,000 [85]
PC/MgS04 0.078 1.7 132.6 [85]
CSA/70%sep/ MgSO4 0.084 9.4 212.4 [871]
Silica gel/CaCl, 0.48 26.39 3843.50 [85]
Silica gel 0.3 - - [86]
Vermiculite/CaCl, 1 1.18 329 [85]
Vermiculite/CaCl, - 0.4 1571 [18]
Vermiculite - 8 160 [18]
Bentonite - 2 170 [18]
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of adsorption capacity, dehydration behavior, and energy storage po-
tential. By integrating these multiscale characterizations, the study
elucidated how controlled sodium exchange modulated hydrophilicity
and thermal performance. The results revealed that a moderate sodium
exchange improved hydrophilicity and adsorption performance, while
excessive sodium content can negatively impact the material's porosity
and water uptake. By tuning the sodium content, natural clinoptilolite
can be optimized to achieve cost-effective thermal energy storage per-
formance through controlled water adsorption behavior. Finally, ther-
mal analysis, including TGA and DSC, allows for the evaluation of the
Energy Density (ED) and consequently the specific cost capacity (SCC) of
these materials, thus revealing that Na/Clino_L with its moderate so-
dium content, offered the most cost-effective solution, with a low cost
(200 € ton™!) and the lowest SCC value (4.1 € kWh™!) which makes it
comparable with the other conventional materials exploited in thermal
energy sector.

These findings could represent a low-cost and scalable alternative to
synthetic materials for future sorption-based TES systems, particularly
in low-to-medium temperature applications.
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