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Electric vehicles will play an increasingly important role in the energy transition in the coming years. One of the
main challenges limiting their adoption is the reduced driving range compared to conventional vehicles, which
can further decrease by up to 50 % in winter conditions, due to passengers' compartment climate control. A

f\z;:;i o promising technique to mitigate this issue is the use of a thermal storage system based on sorption materials,
Water vapour which enables air heating and dehumidification with significant energy savings. Although the effectiveness of
Adsorption this system has already been demonstrated, further studies are required to ensure the adequate mechanical

properties of adsorbent materials, which are subjected to significantly higher stresses compared to stationary
applications. In this context, this work focuses on the development of innovative composites based on zeolite
13x and a sulfonated pentablock terpolymer (Nexar) binder. A series of composite coatings were synthesized
varying zeolite weight percentages (80-95 wt%). The coatings were applied to aluminium substrates and
characterized in order to assess their mechanical, morphological, thermal, and adsorption properties. Results
indicate a trade-off between adsorption capacity and mechanical robustness. While higher zeolite content (up to
95 wt%) maximized water vapour adsorption capacity (nearly 28 wt%), it negatively impacted scratch resistance
(scratch widths >1300 pm at 500 g load), impact resistance (3.5 mm damage diameter at 160 mJ), and pull-off
strength (0.82 MPa). Conversely, coatings with 80-90 wt% zeolite offered a better balance, maintaining
reasonable adsorption capacity (22.0-25.9 wt%) while improving mechanical properties. All compounds
demonstrated enhanced thermal stability compared to the neat polymer and exhibited excellent adsorption/
desorption reversibility, being suitable for the proposed applications in the transportation sector.

1. Introduction

Electric vehicles (EVs) will play a crucial role in the coming years in
reducing COz emissions and mitigating global temperature rise. To reach
the nearly net zero carbon emission by 2050, it will be essential to
progressively reduce internal combustion vehicles (ICVs), which at
present contribute nearly 20 % CO; emission, and replace them with
electric vehicles (EVs) or other vehicles based on zero emissions tech-
nologies [1].

However, one of the key challenges limiting their widespread
adoption is their relatively short driving range, which is often perceived
by users as a major drawback. [2]. The transition towards EV's become

constrained, since the battery energy will also contribute to the heating
ventilating and air conditioning (HVAC) of the passengers' compart-
ment. Recent studies indicate that up to 50 % of the battery's energy is
consumed by the heating, ventilation, and air conditioning (HVAC)
system to regulate the cabin climate. [2-4]. This significant energy de-
mand directly impacts vehicle range, making the development of more
efficient HVAC systems essential for enhancing EV performance and
accelerating their adoption. Optimizing HVAC technologies will not
only improve energy efficiency but also contribute to a more sustainable
and practical transition to electric mobility [5].

Adopting sorption thermal energy storage (STES) technology, which
enables energy storage for an indefinite period and produces heating on
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demand when the vehicle is in operation, could be an effective solution
for resolving this problem [6,7]. Therefore, to improve the performance
efficiency, power density and selection of adsorbent materials for STES
systems is currently a critical challenge in developing e-mobile air-
conditioning systems to facilitate their widespread industrial applica-
tion [8]. Commonly applicable materials for adsorption systems are,
zeolite/zeotype, silica gel, hygroscopic salts (CaCly, MgCl,, LiBr, LiCl),
composite materials where the salt is integrated into a host matrix
[9,10]. In this context, recently De Antonellis et al. [11] experimentally
analysed and proposed an open STES for controlling the passenger
compartment climate using 1 kg of zeolite 13x spherical beads proto-
type combined with a Positive Temperature Coefficient (PTC) heater.
The self-regulating properties of the PTC heater enable it to heat up to a
maximum temperature of 230 °C, reaching the regeneration tempera-
ture of the zeolite 13x without overheating the structure. The experi-
mental results showed that, depending on the mode of operation, the
vehicle's air handling unit can supply dry and warm airflow for 45 to 90
min and can save up to 50 % battery energy. Zhang et al. [2] proposed a
desiccant coated heat pump to regulate passenger's cabin and de-fogging
of the windshield. The pelletised bed allows for effective mass transfer
and vapour transportation. Despite this, the kinetic process of desiccant/
pellets is not efficient, due to low heat transfer efficiency of the pelle-
tised bed. As an alternative to lose grain/pellets, binder-based coating
technologies can overcome this issue providing reliable operation with
optimum mass transport and heat transfer. Other advantages are
simplicity in manufacturing, ease of commercialization, controllable
and reproducible thickness, as well as low maintenance and monitoring
costs.

Adopted sorbent coatings must have acceptable mechanical proper-
ties to ensure adequate long-term durability. This aspect is particularly
critical in transportation applications, where vibrations and mechanical
stresses are more pronounced compared to ones in case of building en-
vironments. In this concern, Calabrese et al. [12] investigated adsorbent
composite coatings of zeolite (SAPO-34) with polymer matrices (PMHS-
PDMS 20 wt%). In their experimental work, they realized that a good
mechanical stability and adsorption capacity can be reached with 80 wt
% of filler (i.e. the adsorbent). Moreover, it was also experimentally
demonstrated that silane SAPO-34 composite coating could be a suitable
approach to improve the power density of an adsorption system [13].
The same author confirms that, the mechanical properties of silane
zeolite composite are influenced by the polymer matrix properties, and
the hydrophobic behaviour of binder's protects the adsorbent from
condensed liquid. Furthermore, in [14,15] they experimentally proved
that the adsorption performance of SAPO-34-SPEEK composite materials
exhibits 29 wt% water uptake (at 95 wt% of SAPO-34 filler content)
which implies that the binder does not penalize the adsorption property
of filler. Furthermore, thermal behaviour, mechanical properties and
ad/desorption performance of sulfonated recycled-PEEK has been
experimentally investigated in [16]. The outcome demonstrates that the
sulfonic groups are unaffected by temperature and the ad/desorption
profile exhibits a trend that is roughly comparable to that of the raw
polymer with a satisfactory compromise of mechanical properties.

Binder-based coatings can be applied to the surface using dip-
coating, spray coating, spin coating and drop-casting techniques [17].
In line with this, binder/sorbent combinations are still not fully opti-
mized in terms of mechanical stability, durability, cost, material avail-
ability, cyclability, and high water de/adsorption capacity and
diffusivity.

Recent studies demonstrated that sulfonated block copolymers,
specifically sulfonated pentablock terpolymer (Nexar™), have shown
excellent water treatment and management [18]. The presence of hy-
drophilic block copolymer containing sulfonic groups within the struc-
ture of Nexar membrane (chemical structure shown in Fig. 1) improves
water uptake properties [19,20]. Conversely, the alternation in the
structure of hydrophilic and hydrophobic blocks provides high me-
chanical stability during adsorption and desorption. These promising
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High water diffusion

Fig. 1. Chemical structure of Nexar (sulfonated pentablock terpolymer (SPT)).

results, coupled with Nexar's commercial availability, strongly indicate
this material as a potentially suitable matrix for creating advanced
adsorbent composite coatings. Its demonstrated efficacy in water vapour
diffusion and management, thanks to its hydrophilic and hydrophobic
block structure, suggests its capacity to significantly enhance the per-
formance and durability of such materials in diverse sorption-based
applications.

In this regard, the aim of this work is to develop and propose a new
innovative composite coating formulation based on zeolite 13x and the
commercialized sulfonated pentablock terpolymer Nexar as a binder for
STESs of EVs. In this type of open thermal storage system, during vehicle
operation, the air inside the cabin goes through the adsorbent bed in
order to reduce its humidity ratio and increase its temperature. Subse-
quently, when the vehicle is stationary, the system is regenerated using
outdoor air, typically heated by an electric thermal resistance. Zeolite
13x is selected as suitable material due to its capability to adsorb water
vapour even at low relative humidity, which is a requirement to prevent
screen fogging during winter operation in the passengers' compartment.

The choice as matrix of Nexar polymer as an alternative to S-PEEK
may be a solution able to preserve water vapour diffusion capacity due
to its sulfonic groups while potentially reducing production costs (the
Nexar is commercially available, making it easier to source). These
coatings were applied to A6061 aluminium substrates using the drop
casting technique and subsequently characterized. In particular, the
study comprehensively investigated filler-matrix interactions, adhesion
and mechanical properties, morphological analysis, thermal stability,
and adsorption/desorption efficiency.

2. Methods and materials
2.1. Materials

Nexar™, a sulfonated pentablock terpolymer (SPT) commercialized
by Kraton Corporation Inc. (Houston, TX), is used as a matrix for the
preparation of zeolite 13x composite coating. N,N-Dimethylformamide
(N,N-DMF) with a purity >99.8 %, supplied by Sigma Aldrich (St. Louis,
MO, USA), was used as the solvent for coating deposition. The
commercialized zeolite 13 x is purchased from Sigma Aldrich (St. Louis,
MO, USA) with the average particle size of ~2 pm and Nagg[AIO2]gs(-
Si05)106]xH20 of chemical formula.

2.2. Preparation of composites coating

The preparation of composite coating of zeolite 13x was carried out
analogously to the procedures reported in [14]. The initial step for the
preparation of composite coating involves dissolving Nexar polymer
(SPT) in N,N-Dimethylformmide, DMF. The polymer was dissolved using
a magnetic stirrer at a speed of 250-rpm for 48 h at 60 °C. To prevent the
evaporation of DMF and control the viscosity of the solution, the beaker
was completely covered by a parafilm during the whole dissolving
period.

The A6061 aluminium substrate measuring 40 x 20 x 2 mm was
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utilized as support for coating samples preparation. All substrates were
mechanically polished using emery paper up to 500 grades, then cleaned
for 60 s in a diluted alkaline solution (0.1 N NaOH), followed by washing
in distilled water and finally rinsed in acetone. Then the weight of all
substrates prior to deposition was recorded.

Subsequently, the preheat treated (12 h at 80 °C) zeolite 13x (filler
content in the range 80-95 wt%) and further DMF solvent were then
added to the polymer solution and stirred for 1 h at 60 °C and 250 rpm
using a magnetic stirrer to obtain a homogeneous composition. Even-
tually, the composite slurry was deposited onto the aluminium substrate
using the drop casting deposition technique. It was then left to dry for 3
h at room temperature, followed by an overnight period at 60 °C in oven.

The resulted coating thickness was measured using a digital Vernier
caliper, observing that all coatings have a thickness in the range of
500-700 pm. The coating thickness can slightly influence mechanical
properties, including adhesion. The chosen thickness range was selected
based on reference [23] to optimize the balance between mechanical
stability, sorption capacity and heat transfer efficiency for the coated
heat exchanger. Deviations from this range, particularly thinner coat-
ings, would lead to a reduction in the solid sorbent content and a change
in mechanical strength and failure mechanisms. Fig. 2 schematically
shows the preparation procedures of composite coating. Furthermore,
the weight of composite coating was measured after deposition and
computed by subtracting the substrate's mass from the dried coated
substrate.

All prepared samples were named with a common code ‘SPT-" which
stands for Nexar sulfonated pentablock terpolymer linked with the
number which indicates the wt% of zeolite 13x used as filler. For
example, SPT-80 is a composite coating batch characterized by an 80 wt
% of zeolite 13x in 20 wt% of sulfonated pentablock terpolymer.
Analogously, the SPT-0 code was referred to the unfilled Nexar matrix.

2.3. Composite coating characterization

Adsorbent coatings are subjected to different environmental condi-
tions throughout their lifetime. The adsorbent coating's mechanical
stability may be impacted by a variety of mechanical stress types during
assembly, transportation and utilization. Consequently, the assessment
of the mechanical behaviour of the coating and its adhesion to the metal
substrate is a key factor that needs to be addressed. In particular, the
tests performed to evaluate the mechanical behaviours of composite
coatings were: scratch, pull-off, drop weight impact test. and the pro-
cedures were adapted from [21-23].

Scratch Test: the resistance to the scratch was carried out according
to EN ISO 1518-1 standard. A truncated conical support (45°, height

Drying in
oven 12 hr at

SPT in organic
solvent & stirred
(250 rpm) for 48h at
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1000 pm) was positioned above a conically formed AISI 304 stainless
steel ball of diameter 2500 pm. The load that can be adjusted on the
indenter arm ranges from 100 to 1100 g. About 5 mm gap between
grooves is maintained for every 100 g increase in applied stress. The
coated samples were firmly fixed in sample holder and then a groove
was created on the coating surface via applied load. The width of the
grooves was measured by a 3D optical digital microscope, HK-8700
(Hirox, Tokyo, Japan) and resulted width respective to applied load
trends was compared for each composite coating batch.

Drop weight impact: the impact test measures the energy that com-
posite coating absorbs during fracture. A measure of the composite
coating's notch toughness is called absorbed energy. The procedure
followed to carry out the drop weight impact test was adapted from
[24]. The coated sample was placed on a 45° tilted support to avoid the
rebound of spherical ball of 24 mm in diameter and 32.7 g. Initially, an
electromagnet suspends the metallic sphere, which is then free to fall
from various heights (i.e. 10-50 cm). Subsequently, a 3D optical digital
microscope was used to assess the impacted sites, and the findings were
compared in terms of the impact energy absorbed, E (E = mgh, where m
representing the ball mass, g is the gravitation constant, and h is the
impact height) and the diameter of impacted site.

Pull-off: the pull off test was performed to evaluate the tensile ad-
hesive strength of the composite coating on the metallic substrate, ac-
cording to the ASTM D 4541 standard, based on the procedure reported
in ref. [16]. This test was performed using a DesFelsko Posi Test AT-M
pull-off tester (Ogdensburg, NY, USA) consisting of a stainless-steel
dolly (10 mm in diameter). A cyanoacrylate adhesive gel was utilized
for gluing dolly to coating surface and it was left dried at room tem-
perature and open to air for 12 h before pull-off testing.

Thermal analysis: Thermogravimetric analysis (TGA, Q600 TA in-
struments, New Castle, DE, USA) was utilized to perform out the thermal
analysis of composite coatings. Primarily, a portion of the composite
coating (5 to 10 mg) was placed in an alumina crucible and heated with
a rate of 10 °C/min from 20 °C to 100 °C to remove adsorbed water
molecules. The heating continued at 100 °C for an additional 20 min to
confirm the complete evacuation of moisture content. Then, under an air
flow (100 ml/min), the dried samples were heated up to 650 °C at a
constant heating rate of 5 °C/min.

Chemical structure analysis: The functional groups of prepared
composite coating were investigated by a PerkinElmer Spectrum Two
Fourier-transform infrared spectroscopy (FTIR) equipment. All spectra
were recorded from 400 to 4000 cm ™! wavelengths with a resolution of
1cem ™' The investigation was conducted and compared for as purchased
adsorbent powder, raw polymer (i.e. SPT) and composites coating
samples at room temperature.

N

. Dried filler
Composite

—

Coating
deposition drop

Fig. 2. Preparation procedures of composite coating.
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Morphological analysis: A morphological analysis of composite
coating was performed using a JEOL, JSM-5600 LV scanning electron
microscope under a nitrogen environment. For the SEM examination,
samples containing 80 wt% and 95 wt% fillers were mounted on to
aluminium stab with a conductive adhesive film.

Adsorption analysis: Adsorption/desorption performance was eval-
uated using a dynamic vapour sorption (DVS) system (Surface Mea-
surements Systems DVS Vacuum). The instrument utilizes a 0.1 mg
precision microbalance and a controlled water vapour flow system
within a temperature-regulated chamber. Small specimens of the com-
posite coating and pure Nexar (each with a mass between 10 and 20 mg)
were placed within the sample holder. Prior to the adsorption/desorp-
tion measurements, the sample was kept at 250 °C for 6 h under vacuum
(107! Pa) in order to remove any adsorbed moisture and evaluate the
dry weight of the sample. Subsequently, equilibrium isobars were
determined at 11 mbar by varying the temperature within the range
30°C-180°C.

3. Results and discussion
3.1. Chemical and thermal properties

Fig. 3 reports the FTIR comparison of different weight percentages of
composites coating. Blank Nexar polymer and 13x powder were also
added as reference.

Concerning the Nexar polymer, some characteristic peaks can be
identified. Stretched phenyl group peaks can be seen in around 1631
em ™! and existence of bended methylene group (C—H) was evidenced at
1600 cm ™! [25,26]. The peaks near 1400 and 1500 cm~ ! are corre-
sponded to C=C from phenyl rings and peaks at 1006, 1033, 1125, and
1165 cm™! are associated to SO3 ~ moiety [27]. Whereas the peaks
observed below 900 cm™! is the out-of-plane deformation of CH- in the
repetitive unit of polystyrene [28]. On the other hand, concerning 13x
zeolite powder, strong peak at 1628 cm™! corresponds to the stretched
OH and water molecule whereas asymmetric stretch of Si and Al bond
with oxygen (X-O - large peak at ~985 cm ™) and symmetric stretching
of Si—0 and Al—O (743 ¢cm ™! and 673 cm’l, respectively) [29], and
external vibration of double six-member ring (D6R) of faujasite type
zeolite at 567 cm ™! [30] and finally X-O bending vibration occurred at
446 cmlis evidenced [31,32].

The contribution of polymer matrix in binding the fillers seems to be
inferior due to the dominance (high wt%) of zeolite and the resulting
small peaks. The composite coatings, compared to the pure zeolite
spectrum, are characterized by some secondary peaks at 1211 and 825
cm ™! that could be stated as an indication of the addition of the polymer
matrix and its potential interaction with zeolite 13, even though the

X0
X0

%0 XO

Absorbance [a.u.]

1800 1600 1400 1200 1000 800 600 400
Wavelength [cm!]

Fig. 3. FTIR spectra of blank SPT, Composite coatings and 13x powder at room
temperature.
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dominance of zeolite peaks is still visible. In addition, those peaks are
gradually decreasing as the percentage of fillers increases.

The thermal properties of raw Nexar were initially analysed as a
reference using thermogravimetric analysis (TGA) curves, as shown in
Fig. 4. The weight loss versus temperature profile reveals three distinct
zones, starting at 100 °C. The initial heating phase up to 100 °C was
deliberately excluded, as it predominantly accounts for the evaporation
(approximately 3 % of the original mass), primarily attributed to
moisture within the polymer matrix.

Beyond 100 °C, three specific decomposition phases can be
identified:

L. Stable region: The Nexar polymer exhibits thermal stability
within the temperature range of 100-200 °C. In this region, no
significant weight loss is observed, indicating that the material
remains structurally and chemically stable under these condi-
tions. This stability suggests that, within this temperature range,
the polymer does not undergo substantial degradation, decom-
position, or volatile loss, making it suitable for applications
requiring thermal endurance in moderate-temperature
environments.

II. Sensitivity region: At temperatures exceeding 200 °C, a progres-
sive weight loss is observed, accompanied by a gradual increase
in the slope of the thermogravimetric curve. This indicates an
acceleration in the degradation process as the temperature rises.
The temperature range extending up to 320 °C is identified as a
critical region in which the material exhibits pronounced thermal
sensitivity. Within this region, a significant degradation phe-
nomenon occurs, leading to a notable reduction in mass. Specif-
ically, the material begins to break down, as evidenced by a
weight loss of 9.1 % at the end of Zone II. This degradation can be
primarily attributed to the thermal decomposition of the sulfonic
acid groups covalently attached to the styrene rings [27]. Starting
from this phase the material cannot be considered suitable for
industrial applications.

III. Degradation region: For temperatures above 320 °C, a sharp
weight loss occurs, attributed to the thermal degradation of the
polymer backbone. Beyond 500 °C, the polymer fully decomposes
into gaseous products, reaching 0 wt%. Accordingly, in the de-
rivative weight curve, two distinct peaks are observed: the first at
380 °C, associated with the complete desulfonation of the poly-
mer, and the second at ~500 °C, corresponding to backbone
degradation [33]. Both peaks are sharp and pronounced, indi-
cating that the thermal degradation of the sulfonic groups and

subsequent backbone decomposition occur rapidly and
completely.
6%
F 5%
80% A
- 4% O
= e
0, .
X 0% e S
= =
So 40% 1 L 29, 28
.5 g
= 20% | — Weigth 1o
—Deriv. weight =
]
0% T T T T 0% /A
100 200 300 400 500 600
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Fig. 4. Evolution of weight and its derivative as a function of temperature of
blank SPT polymer.
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Eventually, the thermal behaviour of the composite coating was
thoroughly evaluated, and the results are illustrated in Fig. 5. The TGA
curve reveals that all percentages of the composite coatings exhibit a
similar pattern of weight loss, indicating a consistent thermal response
across the different compositions. The TGA plot of the composite coat-
ings highlights also, for comparison, the three distinct regions identified
in the thermal degradation process of the neat matrix.

In Fig. 5, in the initial temperature range (Region I and Region II),
the temperature required for complete water molecule removal is sub-
stantially influenced by the inclusion of the zeolite filler. The weight
change observed in Stage I is not ascribed to material degradation, but
rather to the progressive removal of adsorbed water within the zeolite
filler. The progressive removal of adsorbed water from the zeolite filler,
is effectively completed during Stage II, with its maximum effect clearly
identifiable around 230-240 °C. This is evident in the TGA curve by a
distinct “knee” or inflection point in the weight trend within this tem-
perature range, signifying the culmination of the water desorption
process from the zeolite before significant material degradation begins.
This knee is more evident for the composite coatings with lower filler
content (SPT-80 and SPT-85). Afterward, degradation of the sulfonic
groups starts and evolves progressively at higher temperatures, up to
Region III. The abrupt collapse in weight change observed for the SPT-
0 samples at approximately 380 °C is not evident in the composite
coatings. This is due to the thermal shielding effect provided by the
zeolite filler, which enhances the thermal stability of the coating
compared to the unfilled one. Thus, the observed improvement in these
thermal properties is attributed to the addition of zeolite 13x as a
reinforcing filler. The final weight loss is, as expected, higher when the
13x amount in the coating is lower. In particular, the residual weight at
650 °C does not match the real amount of zeolite in the coating because
the value reported in the graph is normalized to the dry mass of the
sample after moisture removal at 100 °C, while there is still present
residual water within the zeolite.

3.2. Mechanical performances

A comparison of the groove width trends at different zeolite content
weight percentages and applied load obtained by scratch tests is shown
in Fig. 6. The scratch properties of the coated composite could indicate
the shear strength within the interface of filler/matrix interaction. An
increase of groove width indicates the poor shear strength due to poor
strain energy between filler/matrix interface. The indenter scratching
did not cause delamination from the metallic substrate in any of the
samples, regardless of the applied load.

100%

0, N
95% filler
content
90% 1 filler
content

85% A

Weight [%]

80% A

75% A
I II III

70%

100 200 300 400 500 600
Temperature [°C]

Fig. 5. TGA plot of weight vs. temperature of all composite coatings.
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Fig. 6. Comparison of scratch width at varying load for all composite coatings.

It can be seen from the figure that the groove width rises in a linear
mode with an increase of applied load. The width of the groove increases
as filler content increases, indicating a reduction in scratch resistance for
high zeolite filler content. This can be related to the lower polymer
content which acts as a binder among zeolite particles.

By analysing the curve trends, it is observed that the pure polymer
(SPT-0) exhibits a very low slope, indicating that scratch size is only
minimally affected by the applied load. This suggests that the polymer
matrix has good scratch resistance. The addition of the zeolite filler leads
to an increase in scratch size and a decrease in scratch resistance as the
applied load increases, as evidenced by the curve slopes for the com-
posite coating batches. Specifically, the SPT-95 sample, containing 95
wt% zeolite filler, shows the lowest scratch resistance, with both scratch
width and curve slope being higher than in other batches. This indicates
that an excessive zeolite content reduces the mechanical stability of the
coating, a phenomenon that becomes more pronounced with increasing
load. In fact, at an applied force of 500 g, the SPT-95 batch already
exhibits a scratch width exceeding 1300 pm. The low polymer matrix
content results in reduced cohesive properties, promoting the initiation
of fractures during indentation in the scratch test. Conversely, all other
composite coating batches (SPT-80, SPT-85 and SPT-90) maintain
scratch width values below 1200 pum, even at forces around 1000 g. This
suggests that these batches exhibit a more stable mechanical behaviour.
The higher polymer matrix content, which acts as a binder between the
13x zeolite particles, enhances cohesive strength among the constitu-
ents and the adhesive one with the substrate, leading to improved
scratch resistance. The observed scratch resistance aligns with results
reported in literature for other coatings used in similar applications
[23].

Further considerations can be argued evaluating the impact perfor-
mances of the composite coatings. The purpose of the impact test is to
evaluate the coated surface's dynamic response to sudden crush and
harmful impulsive loads.

Fig. 7 compares the impact site diameter of the composite coating at
different zeolite contents and displays the absorbed energy of the
coating obtained from various impact heights. Good impact resistance
performance trend was observed for all sample with little deviation from
trend line. The damage diameter increases logarithmically with
increasing impact energy. Among the tested samples, SPT-80 composite
coating showed a significantly smaller damage diameter compared to
the others at all energy range. This trend suggests that increasing the
filler content in the composite coating formulation results in a pro-
gressive enlargement of the damage diameter. Specifically, at an impact
energy of 160 mJ, the SPT-80 and SPT-90 batches exhibited damage
diameters of 2.7 mm and 3.5 mm, respectively. This indicates that the
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Fig. 7. Comparison of impact site diameter at varying impact energy for all
composite coatings.

coating with 80 wt% zeolite filler experienced surface damage approx-
imately 40 % lower than 95 wt% batch. This behaviour can be attributed
to the role of the polymer matrix in the composite. A lower filler content
corresponds to a higher polymer fraction, which enhances the cohesive
forces within the coating and improves its toughness. The polymer
matrix acts as a binding agent, effectively distributing the impact energy
and increasing the material's ability to withstand deformation.
Conversely, coatings with a higher filler content, such as SPT-95, exhibit
reduced cohesiveness among filler particles. The predominance of the
zeolite filler, which is relatively rigid and brittle, compromises the
overall toughness of the material. As a result, the ability of the composite
to absorb and dissipate impact energy is diminished, leading to a larger
damage diameter and reduced impact resistance.

With the purpose to assess the adhesive properties of the coating
pull-off test were carried out. The pull-off test quantifies the load
required to detach composite coating from the substrate and it is
considered one of the most reliable test methods on coatings. Fig. 8 il-
lustrates the fracture failure mechanism and trend of the tensile strength
from 80 to 95 wt%.

The failure mechanism indicates that all composite coatings exhibit a
fully adhesive failure mode. This suggests that crack formation and
propagation occur similarly for all samples at the interface of the com-
posite coating with the metal substrate. The presence of total adhesive
fracture in all composite coatings (ranging from 80 to 95 wt% filler
content) indicates that the total energy required for cohesive failure is
greater than that for adhesive failure. This observation suggests that the
filler is well distributed and homogenized within the polymer matrix,
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Fig. 8. Pull-off strength and related failure mechanisms for all compos-
ite coatings.
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contributing to the overall uniformity of the composite material.

Even though the coating primarily failed at the interface with the
substrate (adhesive fracture) rather than within the material itself
(cohesive fracture), the measured adhesion strength was still within the
acceptable industrial range of 0.85 MPa for this type of sorbent coatings,
as specified in reference [23].

This suggests that the adhesion between the composite coating and
the substrate is sufficiently robust to meet standard performance
criteria. Furthermore, tensile strength trend confirms that an increase of
filler content does not significantly affect the interaction between the
polymer matrix and filler within the composite coating.

In particular, the SPT-80 batch exhibited an average pull-off strength
of 1.03 MPa, indicating good adhesion properties. On the other hand,
the SPT-95 composite coating, which contained the highest filler con-
tent, showed a pull-off strength of 0.82 MPa. This value represents a
decrease of approximately 21 % compared to the SPT-80 batch, high-
lighting the negative impact of excessive filler content on adhesion
performance. A notable transition from high to low pull-off strength was
observed in coatings with a filler content between 85 and 90 wt%,
suggesting that beyond this threshold, the bonding effectiveness be-
tween the matrix and the substrate is slightly affected. This decline in
adhesion strength is likely due to the reduced polymer matrix content,
which weakens the cohesive and adhesive interactions necessary for
strong interfacial bonding maintaining anyway an adhesive strength
higher than the minimum threshold indicated at 0.75 MPa in [23] for
sorbent coatings.

Thus, the pull-off test results align well with those obtained from
both the scratch and impact tests, reinforcing the conclusion that the
composite coating maintains mechanical stability under various loading
conditions. This consistency across multiple mechanical tests confirms
that the material formulation successfully balances adhesion, cohesion,
and structural integrity, ensuring reliable performance in practical ap-
plications. The performance of the SPT-13x composite coating,
compared with values currently reported in the literature, is summa-
rized in Table 1. A 90 wt% filler content was chosen for the SPT-13x
composite coating to allow for straightforward comparison.

The mechanical performance of the SPT-13X composite is lower than
the values reported in the referenced literature. In an industrial context,
one of the key challenges in advancing sorption-based technologies is
the commercialization of composite coating, mainly due to the high
production cost and difficulties in applying them to the surface of
adsorption heat pumps [17]. In this context, the SPT polymer matrix
offers a commercially available alternative that is more accessible
compared to some of the binders reported in Table 1. Although its me-
chanical properties may be comparatively lower than those observed in
previous studies, they still fall within the acceptable range specified in
[23] for this class of materials.

Table 1

Comparison of the mechanical properties of the SPT-13x composite coating.
Composite Ref Scratched groove Pull-off Impact
coating width (@ 1000 g test [MPa] energy [mJ]

load)
SPT-13X [90 %] O 1200 [pm] 0.82 128.0
study W : :

Silane/[80 % .

SAPO34] [21] - 1.35 250.0
SAPO34/S-PEEK [16] 457.9 [pm] 1.66 -
SAPO34/S- .

PEEK [34] 484.0 [pm] 2.05 -

SAPO34/
Graphite/S- [22] 529.0 [pm] 1.56 -
PEEK
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3.3. Morphological analysis

The sample morphology was investigated using SEM up to 20,000 x
magnification to study the fracture morphology and interactions be-
tween the polymer matrix and the zeolite 13x. Fig. 9 presents the pull-
off fracture morphology for composites with lower (80 wt%) and higher
(95 wt%) filler content. Specifically, Fig. 9a and b displays the fracture
surface at 1000x magnification, revealing that the zeolite grains are
densely packed on aluminium substrate and well interconnected within
the polymer matrix. No local macro-cracks or defects can be seen in the
micrograph at lower magnification. To obtain relevant information on
the microstructure, a surface fracture analysis was performed at higher
magnification (20,000 - Fig. 9¢ and d).

With lower filler content (80 wt%), the filler's loading effect is more
noticeable, resulting in well-encapsulated solid sorbent grains within a
broadly distributed polymer matrix that effectively interconnects the
zeolite particles.

In contrast, the SPT-95 batch, with its limited 5 wt% polymer con-
tent, makes the extensive polymer matrix layers seen in lower filler
content samples less visible. Nonetheless, the zeolite grains remain well-
interconnected and embedded within the polymer matrix, showing no
signs of micro-cracks or local detachment. This demonstrates the poly-
mer's effective film-forming and binding action even at high filler
loadings. These findings further support the polymer matrix's flexible
mechanical behaviour under dynamic physical loads like impact, which
also helps minimize internal stress that could arise during repeated
adsorption-desorption cycles.

Additionally, both the SPT-80 and SPT-95 coatings exhibit large
porosity and the presence of intrinsic micro-channels. These tiny path-
ways are a natural result of the coating's packing during its preparation
and are crucial because they can act as preferential routes for water
vapour to diffuse, significantly expediting the mass transfer during both
adsorption and desorption cycles. This inherent structural feature could
represent a driving force for the efficient operation of the material in
sorption technologies.

Interface

Aluminium
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3.4. Adsorption performances

The adsorption (represented by filled markers) and desorption
(represented by empty markers) isobars in water vapour for a reference
composite coating (SPT-95, containing 95 wt% zeolite 13x) are pre-
sented in Fig. 10. These measurements were conducted over a temper-
ature range of 30-180 °C at a water vapour partial pressure (Pygz0) of 11
mbar. This water pressure value was selected because it corresponds to
an evaporation temperature (Tey) of 8 °C, which is a typical operating
condition in conventional sorption technologies. In fact, during winter
operation, the air humidity ratio inside the cabin should be kept low to
prevent condensation on the windshield and on windows. Considering
that the desired internal temperature is typically around 22-25 °C, the

30

p -©-SPT-95 ads
25 | ——SPT-95 des

20 A

Water Uptake [%]
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Temperature [°C]

Fig. 10. Adsorption (filled marker) and desorption (empty marker) isobars in
water vapour at 11 mbar for SPT-95 coating.

Interface

Aluminium

Fig. 9. SEM image of fracture surface at 1000x a) SPT-80 wt% and b) SPT-95 wt%; and fracture microstructure at 20,000 x magnification c) SPT-80 wt% and d) SPT-

95 wt%.
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relative humidity should not exceed 25-35 %, depending on outdoor
conditions.

Zeolite 13x is highly hydrophilic and elevated temperatures are
required to achieve effective water desorption. It possesses a remarkable
adsorption capacity even at very low water vapour partial pressure,
allowing to dehumidify air that is at low relative humidity. In particular,
the SPT-95 coating displayed a characteristic S-shaped adsorption
isobar, where water vapour uptake progressively increased as the tem-
perature decreased [35]. A more pronounced increase in adsorption was
observed in the temperature value around 100 °C, which aligns with the
expected behaviour of 13x zeolite-based materials [36].

Furthermore, the equilibrium isobars did not reveal any significant
hysteresis effect, indicating that the adsorption and desorption processes
occur in a highly reversible manner. This characteristic is crucial for
optimizing energy efficiency in adsorption-based cycles, as it minimizes
energy losses between successive adsorption-desorption cycles. Addi-
tionally, the local absolute temperatures remained within a compatible
range during both adsorption and desorption processes.

Fig. 11 presents the isobaric adsorption curves for all composite
coatings, highlighting the relationship between adsorption capacity and
the 13 zeolite content in the formulation. Additionally, for comparison
purposes, the adsorption behaviour of pure 13x zeolite powder (rep-
resented by filled circle markers) and neat Nexar polymer (represented
by empty circle markers) are included as reference points. The desorp-
tion isobars for all composite samples, exhibiting behaviour consistent
with the SPT-95 batch and showing no significant hysteresis, were
omitted from this figure to maintain clarity and prevent visual clutter.

The data reveal that as the 13 x zeolite content decreases, the overall
adsorption capacity of the composite coatings also declines. Further-
more, as expected, the adsorption capacity of the composite coatings is
consistently lower than that of pure 13x powder. This is a direct
consequence of the reduced proportion of the active adsorbent material
within the composite, which varies according to the 13x filler weight
percentage in each coating formulation. Among the tested samples, the
SPT-95 batch exhibited the highest water uptake, reaching just below
28 wt%.

Furthermore, the maximum adsorption capacities observed for the
SPT batches, ranging between 22.0 wt% and 27.8 wt%, are comparable
to those of commercial adsorbent materials commonly utilized in water
vapour sorption technologies [37,38]. This observation suggests that the
Nexar polymer matrix does not act as a significant barrier to water
vapour diffusion within the composite coating. Instead, it allows water

30
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Temperature [°C]

Fig. 11. Comparison of adsorption isobars in water vapour at 11 mbar for all
composite coatings. Pure 13x zeolite powder (filled circle marker) and neat
Nexar polymer (empty circle marker) were added as reference.
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molecules to permeate efficiently, enabling the embedded 13x zeolite
particles to actively adsorb and desorb water vapour. However, the
observed water capacities were somewhat slightly lower than theoreti-
cally predicted based on the individual contributions of the zeolite and
polymer components, possibly due to incomplete accessibility of active
adsorption sites within the composite structure or altered interaction
mechanisms due to an hindering action supplied by polymer matrix.
Anyway, the open structure and hydrophilic nature of the sulphonated
polymer likely facilitate this process by promoting the transport of
moisture through the coating reducing its shielding effect [39]. As a
result, the composite maintains high adsorption efficiency, ensuring that
the zeolite retains its functionality in capturing and releasing water
vapour under varying humidity and temperature conditions.

Thus, the data provide insights into the thermal and sorption
behaviour of the composite coating, highlighting its potential suitability
for adsorption-based air condition applications. The isobaric curves
illustrate how the material interacts with water vapour under controlled
conditions, demonstrating its ability to uptake and release moisture,
which is essential for optimizing thermal management towards envi-
ronmentally sustainable air conditioning in electrical vehicles. Although
a comprehensive energy analysis of the vehicle cabin is complex and
beyond the scope of this work, the study demonstrates that, in case of
STP-95 sample, the adsorption capacity is comparable to that of zeolite
13x beads. Therefore, at system level, the expected performance can be
considered comparable to that discussed in the literature [11], in which
it was demonstrated that a prototype containing 1 kg of zeolite 13x
beads can save approximately 1300 Wh when the outdoor temperature
is 0 °C. In addition, the proposed coating can be applied to adsorbent
beds of arbitrary geometry, potentially offering enhanced kinetics and
reduced pressure losses.

4. Conclusion

This study investigates a novel composite coating for STES applica-
tion in EVs, consisting of zeolite 13x as sorbent and a sulfonated pen-
tablock terpolymer (Nexar) as binder. Coatings with varying zeolite
content (80-95 wt%) were prepared and applied to aluminium sub-
strates. These materials were characterized in terms of mechanical sta-
bility, chemo-physical and adsorption properties. The main finding can
be summarized as follows:

e Mechanical Properties: Increasing zeolite content in the composite
coating negatively impacts mechanical robustness. Scratch resis-
tance decreases, with scratch widths exceeding 1300 pm for SPT-95
(95 wt% zeolite) at 500 g load, compared to <1200 pm for coatings
with 80-90 wt% zeolite at a higher 1000 g load. Impact resistance
also diminishes, as shown by a 40 % increase in damage diameter
from 2.7 mm for SPT-80 (80 wt% zeolite) to 3.5 mm for SPT-90 (90
wt% zeolite) at 160 mJ impact energy. Pull-off strength, a measure of
adhesion, decreases by approximately 21 % from 1.03 MPa for SPT-
80 to 0.82 MPa for SPT-95. Although all tested compositions
remained above a minimum acceptable threshold. This highlights a
trade-off: while zeolite is crucial for adsorption, it compromises the
coating's mechanical integrity.

e Adsorption Properties: Conversely, increasing zeolite content en-
hances water vapour adsorption capacity. The highest zeolite content
sample, SPT-95 (95 wt% zeolite), achieved a maximum water uptake
of nearly 28 wt%. Other composite coatings exhibited adsorption
capacities ranging from 22 to 25.9 wt%, comparable to commercially
available zeolites. Importantly, the adsorption and desorption pro-
cesses demonstrated excellent reversibility, with no significant hys-
teresis observed, a crucial factor for efficient and repeatable
performance in adsorption applications. The composite coatings also
exhibited slightly higher thermal stability compared to the raw
polymer.
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The research points towards the necessity of finding an optimal
balance between zeolite content and overall compound performance.
While a higher zeolite percentage maximizes water adsorption, it
concurrently weakens the mechanical properties of the composite ma-
terial. The study suggests that compositions in the 80-90 wt% zeolite
range might offer a reasonable compromise, maintaining acceptable
mechanical strength while still providing substantial adsorption capac-
ity. This balance is critical for the successful implementation of the
composite coating in real-world applications, such as in sustainable
adsorption-based thermal energy storage for electric vehicles.

Furthermore, a hydrothermal stability test will be carried out to
assess the long-term performance of the coatings under repeated cycles.
An aging campaign is already planned to assess the impact of high aging
cycles on the coatings' performance. Therefore, a future perspective is to
check the material stability under critical environmental conditions, i.e.
to relate the material degradation under repeated humid/dry cycles
(realized in a home-made accelerated aging set-up) with physical/me-
chanical performances.

CRediT authorship contribution statement

M. Gelaw: Writing — review & editing, Validation, Methodology,
Investigation, Formal analysis. D. Palamara: Validation, Methodology,
Investigation, Formal analysis, Data curation. A. Freni: Writing — review
& editing, Supervision, Conceptualization. S. De Antonellis: Writing —
review & editing, Supervision, Resources, Project administration,
Conceptualization. E. Proverbio: Writing — review & editing, Supervi-
sion, Conceptualization. L. Calabrese: Writing — review & editing,
Writing — original draft, Validation, Supervision, Resources, Formal
analysis, Data curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The authors gratefully acknowledge Kraton Corporation (a leading
global producer of specialty polymers - Houston, TX, USA) for providing
the Nexar polymer used in this research. Their contribution of this key
material was instrumental in the successful completion of this study.

This work has been partially funded by PNRR - Missione 4, Compo-
nente 2, Investimento 1.1 - Bando Prin 2022 - Decreto Direttoriale n. 104
del 02-02-2022 Progetto “Air Conditioning of Electrical vehicles by
Sorption Thermal Energy Storage technology” (ACE-STES) CUP
J53D23002370006 — Identification code 2022PCCCH9_003.

Data availability

Data will be made available on request.

References

[1] Net Zero by 2050 — Analysis - IEA. https://www.iea.org/reports/net-zero-by-2050.
(Accessed 27 January 2025) (n.d.).

[2] L. Zhang, K. Hashimoto, H. Hasegawa, M. Saikawa, Performance analysis of a heat
pump system with integrated desiccant for electric vehicles, Int. J. Refrig. 86
(2018) 154-162, https://doi.org/10.1016/J.IJREFRIG.2017.10.036.

[3] D. Leighton, Combined fluid loop thermal management for electric drive vehicle
range improvement, SAE Int. J. Passeng. Cars - Mech. Syst. 8 (2015) 2015, https://
doi.org/10.4271/2015-01-1709.

[4] Z. Zhang, D. Wang, C. Zhang, J. Chen, Electric vehicle range extension strategies
based on improved AC system in cold climate — a review, International Journal of
Refrigeration 88 (2018) 141-150, https://doi.org/10.1016/J.
IJREFRIG.2017.12.018.

[5]

[6]

71

(8]

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Progress in Organic Coatings 208 (2025) 109460

S. Maeda, K. Thu, T. Maruyama, T. Miyazaki, Critical review on the developments
and future aspects of adsorption heat pumps for automobile air conditioning, Appl.
Sci. 8 (11) (2018) 2061, https://doi.org/10.3390/APP8112061.

S. Kwon, D. Lee, J.Y. Chung, H. Maeng, Y. Kim, Performance comparison of a direct
heat pump using R1234yf and indirect heat pumps using R1234yf and R290
designed for cabin heating of electric vehicles, Energy 297 (2024) 131311, https://
doi.org/10.1016/J.ENERGY.2024.131311.

Z. Zhang, J. Wang, X. Feng, L. Chang, Y. Chen, X. Wang, The solutions to electric
vehicle air conditioning systems: a review, Renew. Sustain. Energy Rev. 91 (2018)
443-463, https://doi.org/10.1016/J.RSER.2018.04.005.

L.F. Cabeza, A. Solé, C. Barreneche, Review on sorption materials and technologies
for heat pumps and thermal energy storage, Renew. Energy 110 (2017) 3-39,
https://doi.org/10.1016/J.RENENE.2016.09.059.

A. Freni, G. Maggio, A. Sapienza, A. Frazzica, G. Restuccia, S. Vasta, Comparative
analysis of promising adsorbent/adsorbate pairs for adsorptive heat pumping, air
conditioning and refrigeration, Appl. Therm. Eng. 104 (2016) 85-95, https://doi.
org/10.1016/J. APPLTHERMALENG.2016.05.036.

L.G. Gordeeva, Y.I. Aristov, Composites ‘salt inside porous matrix’ for adsorption
heat transformation: a current state-of-the-art and new trends, International
Journal of Low-Carbon Technologies 7 (2012) 288-302, https://doi.org/10.1093/
IJLCT/CTS050.

S. De Antonellis, L.D. Marocco, G. Tomaino, F. Romano, L. Calabrese, A. Freni,
Experimental analysis of a sorption thermal energy storage for air heating and
dehumidification in electric vehicles, Next Energy 5 (2024) 100170, https://doi.
org/10.1016/J.NXENER.2024.100170.

L. Calabrese, W. Mittelbach, L. Bonaccorsi, A. Freni, An industrial approach for the
optimization of a new performing coated adsorber for adsorption heat pumps,
Energies (Basel) 15 (2022) 5118, https://doi.org/10.3390/en15145118.

L. Calabrese, L. Bonaccorsi, A. Capri, E. Proverbio, Enhancement of the mechanical
properties of a zeolite based composite coating on an aluminum substrate by silane
matrix modification, Ind. Eng. Chem. Res. 55 (2016) 6952-6960, https://doi.org/
10.1021/ACS.JIECR.6B00844. ASSET/IMAGES/LARGE/IE-2016-00844N_0008.
JPEG.

L. Calabrese, P. Bruzzaniti, D. Palamara, A. Freni, E. Proverbio, New SAPO-34-
SPEEK composite coatings for adsorption heat pumps: adsorption performance and
thermodynamic analysis, Energy 203 (2020) 117814, https://doi.org/10.1016/J.
ENERGY.2020.117814.

D. Palamara, V. Palomba, L. Calabrese, A. Frazzica, Evaluation of ad/desorption
dynamics of S-PEEK/zeolite composite coatings by T-LTJ method, Appl. Therm.
Eng. 208 (2022) 118262, https://doi.org/10.1016/j.
applthermaleng.2022.118262.

D. Palamara, P. Bruzzaniti, L. Calabrese, E. Proverbio, Effect of degree of
sulfonation on the performance of adsorbent SAPO-34/S-PEEK composite coatings
for adsorption heat pumps, Prog Org Coat 154 (2021) 106193, https://doi.org/
10.1016/J.PORGCOAT.2021.106193.

A. Capri, A. Frazzica, L. Calabrese, Recent developments in coating technologies for
adsorption heat pumps: a review, Coatings 10 (2020) 855, https://doi.org/
10.3390/COATINGS10090855.

S. Filice, V. Scuderi, S. Scalese, Sulfonated pentablock copolymer (NexarTM) for
water remediation and other applications, Polymers 16 (2024) 2009, https://doi.
org/10.3390/POLYM16142009.

S. Filice, D. D’Angelo, A. Scarangella, D. Iannazzo, G. Compagnini, S. Scalese,
Highly effective and reusable sulfonated pentablock copolymer nanocomposites for
water purification applications, RSC Adv. 7 (2017) 45521-45534, https://doi.org/
10.1039/C7RA08000J.

M. Hwang, K. Nixon, R. Sun, C. Willis, Y.A. Elabd, Sulfonated pentablock
terpolymers as membranes and ionomers in hydrogen fuel cells, J Memb Sci 633
(2021) 119330, https://doi.org/10.1016/J.MEMSCI.2021.119330.

L. Calabrese, L. Bonaccorsi, A. Capri, E. Proverbio, Effect of silane matrix
composition on performances of zeolite composite coatings, Prog. Org. Coat. 101
(2016) 100-110, https://doi.org/10.1016/j.porgcoat.2016.08.001.

D. Palamara, E. Proverbio, A. Frazzica, L. Calabrese, Tailored SAPO-34/graphite
adsorbent composite coatings on aluminum substrate for energy sustainable
sorption technologies, Polymers 17 (2025) 260, https://doi.org/10.3390/
POLYM17030260.

A. Freni, B. Dawoud, L. Bonaccorsi, S. Chmielewski, A. Frazzica, L. Calabrese,

G. Restuccia, Characterization of zeolite-based coatings for adsorption heat pumps,
springer international publishing, Cham, 2015, https://doi.org/10.1007/978-3-
319-09327-7.

L. Calabrese, L. Bonaccorsi, P. Bruzzaniti, E. Proverbio, A. Freni, SAPO-34 based
zeolite coatings for adsorption heat pumps, Energy 187 (2019), https://doi.org/
10.1016/j.energy.2019.115981.

M.Y. Ansari, K.B. Ansari, M.K. Al Mesfer, A.H. Al-Muhtaseb, S.R. Shakeelur, TiO2
and sulfonated TiO2 nanoparticles modified nexar membranes for hydrogen-
powered PEM fuel cell, Int. J. Hydrogen Energy (2024), https://doi.org/10.1016/
J.IJHYDENE.2024.04.278.

M.Y. Ansari, K.B. Ansari, Inamuddin, S.J.A. Rizvi, Silica and sulfonated silica
functionalized Nexar nanocomposite membranes for application in proton
exchange membrane fuel cell, Arab. J. Sci. Eng. 48 (2023) 16187-16199, https://
doi.org/10.1007/513369-023-08085-0.

Y. Yang, R. Tocchetto, K. Nixon, R. Sun, Y.A. Elabd, Dehumidification via polymer
electrolyte membrane electrolysis with sulfonated pentablock terpolymer, J Memb
Sci 658 (2022) 120709, https://doi.org/10.1016/J.MEMSCI.2022.120709.

Z. Dai, L. Ansaloni, J.J. Ryan, R.J. Spontak, L. Deng, Incorporation of an ionic
liquid into a midblock-sulfonated multiblock polymer for CO2 capture, J Memb Sci
588 (2019) 117193, https://doi.org/10.1016/J.MEMSCI.2019.117193.


https://www.iea.org/reports/net-zero-by-2050
https://doi.org/10.1016/J.IJREFRIG.2017.10.036
https://doi.org/10.4271/2015-01-1709
https://doi.org/10.4271/2015-01-1709
https://doi.org/10.1016/J.IJREFRIG.2017.12.018
https://doi.org/10.1016/J.IJREFRIG.2017.12.018
https://doi.org/10.3390/APP8112061
https://doi.org/10.1016/J.ENERGY.2024.131311
https://doi.org/10.1016/J.ENERGY.2024.131311
https://doi.org/10.1016/J.RSER.2018.04.005
https://doi.org/10.1016/J.RENENE.2016.09.059
https://doi.org/10.1016/J.APPLTHERMALENG.2016.05.036
https://doi.org/10.1016/J.APPLTHERMALENG.2016.05.036
https://doi.org/10.1093/IJLCT/CTS050
https://doi.org/10.1093/IJLCT/CTS050
https://doi.org/10.1016/J.NXENER.2024.100170
https://doi.org/10.1016/J.NXENER.2024.100170
https://doi.org/10.3390/en15145118
https://doi.org/10.1021/ACS.IECR.6B00844
https://doi.org/10.1021/ACS.IECR.6B00844
https://doi.org/10.1016/J.ENERGY.2020.117814
https://doi.org/10.1016/J.ENERGY.2020.117814
https://doi.org/10.1016/j.applthermaleng.2022.118262
https://doi.org/10.1016/j.applthermaleng.2022.118262
https://doi.org/10.1016/J.PORGCOAT.2021.106193
https://doi.org/10.1016/J.PORGCOAT.2021.106193
https://doi.org/10.3390/COATINGS10090855
https://doi.org/10.3390/COATINGS10090855
https://doi.org/10.3390/POLYM16142009
https://doi.org/10.3390/POLYM16142009
https://doi.org/10.1039/C7RA08000J
https://doi.org/10.1039/C7RA08000J
https://doi.org/10.1016/J.MEMSCI.2021.119330
https://doi.org/10.1016/j.porgcoat.2016.08.001
https://doi.org/10.3390/POLYM17030260
https://doi.org/10.3390/POLYM17030260
https://doi.org/10.1007/978-3-319-09327-7
https://doi.org/10.1007/978-3-319-09327-7
https://doi.org/10.1016/j.energy.2019.115981
https://doi.org/10.1016/j.energy.2019.115981
https://doi.org/10.1016/J.IJHYDENE.2024.04.278
https://doi.org/10.1016/J.IJHYDENE.2024.04.278
https://doi.org/10.1007/S13369-023-08085-0
https://doi.org/10.1007/S13369-023-08085-0
https://doi.org/10.1016/J.MEMSCI.2022.120709
https://doi.org/10.1016/J.MEMSCI.2019.117193

M. Gelaw et al.

[29]

[30]

[31]

[32]

[33]

[34]

M.S. Boroglu, M.A. Gurkaynak, Fabrication and characterization of silica modified
polyimide-zeolite mixed matrix membranes for gas separation properties, Polym.
Bull. 66 (2011) 463-478, https://doi.org/10.1007/500289-010-0286-x.

F. Bandarchian, M. Anbia, Conventional hydrothermal synthesis of nanoporous
molecular sieve 13X for selective adsorption of trace amount of hydrogen sulfide
from mixture with propane, J. Nat. Gas Sci. Eng. 26 (2015) 1380-1387, https://
doi.org/10.1016/j.jngse.2015.08.019.

Y. Ma, C. Yan, A. Alshameri, X. Qiu, C. Zhou, D. Li, Synthesis and characterization
of 13X zeolite from low-grade natural kaolin, Adv. Powder Technol. 25 (2014)
495-499, https://doi.org/10.1016/J.APT.2013.08.002.

D. Chen, X. Hu, L. Shi, Q. Cui, H. Wang, H. Yao, Synthesis and characterization of
zeolite X from lithium slag, Appl. Clay Sci. 59-60 (2012) 148-151, https://doi.org/
10.1016/J.CLAY.2012.02.017.

D. D'Angelo, S. Filice, A. Scarangella, D. Iannazzo, G. Compagnini, S. Scalese,
Bi203/Nexar® polymer nanocomposite membranes for azo dyes removal by
UV-vis or visible light irradiation, Catal. Today 321-322 (2019) 158-163, https://
doi.org/10.1016/J.CATTOD.2017.12.013.

D. Palamara, L. Calabrese, Sulfonated-recycled-PEEK as matrix of water vapor
adsorbent SAPO-34 based composite coatings for adsorption heat pumps:

10

[35]

[36]

[37]

[38]

[39]

Progress in Organic Coatings 208 (2025) 109460

mechanical and thermochemical characterization, Materials 15 (2022) 8439,
https://doi.org/10.3390/mal5238439.

F.B. Cortés, F. Chejne, F. Carrasco-Marin, C. Moreno-Castilla, A.F. Pérez-Cadenas,
Water adsorption on zeolite 13X: comparison of the two methods based on mass
spectrometry and thermogravimetry, Adsorption 16 (2010) 141-146, https://doi.
org/10.1007/510450-010-9206-5/METRICS.

K.N. Son, T.-M.J. Richardson, G.E. Cmarik, Equilibrium adsorption isotherms for
H20 on zeolite 13X, J. Chem. Eng. Data 64 (2019) 1063-1071, https://doi.org/
10.1021/acs.jced.8b00961.

S.G. Sayilgan, M. Mobedi, S. Ulkii, Effect of regeneration temperature on
adsorption equilibria and mass diffusivity of zeolite 13x-water pair, Microporous
Mesoporous Mater. 224 (2016) 9-16, https://doi.org/10.1016/j.
micromeso.2015.10.041.

M. Saidi, F. Bihl, O. Gimello, B. Louis, A.-C. Roger, P. Trens, F. Salles, Evaluation of
the hydrophilic/hydrophobic balance of 13X zeolite by adsorption of water,
Methanol, and Cyclohexane as Pure Vapors or as Mixtures, Nanomaterials 14
(2024) 213, https://doi.org/10.3390/nano14020213.

G.M. Geise, B.D. Freeman, D.R. Paul, Characterization of a sulfonated pentablock
copolymer for desalination applications, Polymer 51 (24) (2010) 5815-5822,
https://doi.org/10.1016/j.polymer.2010.09.072.


https://doi.org/10.1007/s00289-010-0286-x
https://doi.org/10.1016/j.jngse.2015.08.019
https://doi.org/10.1016/j.jngse.2015.08.019
https://doi.org/10.1016/J.APT.2013.08.002
https://doi.org/10.1016/J.CLAY.2012.02.017
https://doi.org/10.1016/J.CLAY.2012.02.017
https://doi.org/10.1016/J.CATTOD.2017.12.013
https://doi.org/10.1016/J.CATTOD.2017.12.013
https://doi.org/10.3390/ma15238439
https://doi.org/10.1007/S10450-010-9206-5/METRICS
https://doi.org/10.1007/S10450-010-9206-5/METRICS
https://doi.org/10.1021/acs.jced.8b00961
https://doi.org/10.1021/acs.jced.8b00961
https://doi.org/10.1016/j.micromeso.2015.10.041
https://doi.org/10.1016/j.micromeso.2015.10.041
https://doi.org/10.3390/nano14020213
https://doi.org/10.1016/j.polymer.2010.09.072

	Adsorption and mechanical properties of composite coatings based on zeolite 13× and sulfonated polymer for thermal energy s ...
	1 Introduction
	2 Methods and materials
	2.1 Materials
	2.2 Preparation of composites coating
	2.3 Composite coating characterization

	3 Results and discussion
	3.1 Chemical and thermal properties
	3.2 Mechanical performances
	3.3 Morphological analysis
	3.4 Adsorption performances

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


