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Abstract: The use of phase change materials (PCM) for thermal energy storage (TES) is of great
relevance, especially for the exploitation, in various ways, of the major ecological resource offered by
solar energy. Unfortunately, the transition to the liquid state of PCM requires complex systems and
limits their application. The goal of producing shape-stabilized phase change materials (SSPCM) is
mainly pursued with the use of media capable of containing PCM during solid /liquid cycles. In this
work, four cheap shape stabilizers were considered: sepiolite, diatomite, palygorskite and zeolite
and two molten salts as PCM, for medium (MT) and high temperature (HT). The SSPCM, produced
with an energy saving method, showed good stability and thermal storage performances. Diatomite
reaches up to 400% wt. of encapsulated PCM, with a shape stabilization coefficient (SS) of 97.7%.
Zeolite exhibits a SS. of 87.3% with 348% wt. of HT-PCM. Sepiolite contains 330% wt. of MT-PCM
with an SS. of 82.7. Therefore, these materials show characteristics such that they can be efficiently
used in thermal energy storage systems, both individually and inserted in a suitable matrix (for
example a cementitious matrix).

Keywords: shape-stabilized phase change materials SSPCM; encapsuled; diatomite; sepiolite; zeolite;
molten salt; thermal energy storage TES

1. Introduction

To assure the containment of global warming, the reduction of greenhouse gas emis-
sions, an environmental sustainability of human activities and a strong reduction of fossil
energy resources [1-4] the use of Renewable Energy Sources (RESs) [5,6] is required. Solar
energy in general, and concentrated solar energy in particular, is a RES that can play an im-
portant role in this context; in fact, it shows the advantage of large availability, cleanliness
and sustainability, providing zero-emission high-temperature heat and electricity. Many
ways of exploiting solar energy have been studied for the most disparate purposes [7,8].
The bottleneck in the use of the solar energy is linked to its intermittency and variability [9],
characteristics of the main renewable sources such as photovoltaic and wind energy. It can
produce a misalignment between energy supply and demand. Thermal Energy Storage
(TES) is the key technology to overcome the problem of the dispatchability of the Concen-
trated Solar Thermal or Power plants operating at middle or high temperature [10-13]. The
purpose of a TES is to store excess solar energy, in the form of sensible heat, latent heat or
thermochemical energy, to supply it in subsequent instants in which it is more requested or
simply paid better.

Low-cost, high efficiency Heat Storage Materials (HSM) are required for high tem-
perature applications. Among these, Phase Change Materials (PCM), which exploit latent
heat with an almost isothermal solid-liquid transition, have attracted increasing atten-
tion due to their high energy storage density [14]. PCM, used as HSM for medium-high
temperature Latent Heat TES (LHTES), are mainly inorganic salts: they include nitrates,
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sulfates, carbonates and chlorine salts. They are regarded as good candidates because of
their appropriate melting/freezing point, large latent heat enthalpy, excellent physical
and thermal stability, and low cost a few works deal with the use [15-17]. Generally,
metal, ceramics, or polymer materials are used to encapsulate the PCMs to prevent leak-
age during solid-liquid phase change process and to reduce the corrosion of structural
materials [18-21]. Alternatively, shape-stabilized PCMs (SSPCM) can be used to main-
tain its solid shape, even when the solid to liquid phase change occurs, and to avoid the
interactions between PCM and surrounding materials or environment, even at elevated
temperatures [22,23]. Furthermore, the SSPCM allows direct contact between PCM and
Heat Transfer Fluid (HTF), which is advantageous for increasing the heat exchange rate
compared to traditional macro-encapsulation techniques [24]. In the SSPCMs, the capillary
force and surface tension, provided by the skeleton material restrain the flow of molten
salts and prevents their leakage.

There are various shape stabilization materials with high surface areas, high pore
volume and good thermal and chemical stability at elevated temperatures that can be
used in this application of zeolite as a shape [25]. One of the most used is the diatomite,
a sedimentary rock originated from the siliceous fossilized skeletons of diatoms [26-28].
Diatomite possesses a variety of unique properties including light mass, high specific
surface area, high porosity (80-90%), excellent absorption capacity, and good thermal
and chemical stability at elevated temperatures [29,30]. Moreover, it is abundant and at a
relatively low price.

In the present work, the heat storage materials, with particular attention to composite
materials consisting of a phase change material and a structural one, necessary for the
stabilization of the shape, have been analyzed. These composite materials show some ad-
vantages: high energy density, good chemical and thermal stability and shape stabilization.
There are various PCM that can be used to make composites with medium-high melting
temperatures [31]: nitrates, chlorides, carbonates, sulfates and their combinations. The
choice of shape stabilization materials is also wide: for example, diatomite, sepiolite and
zeolite. A second aspect that will be considered is the adoption of an impregnation process
that is energy-efficient—that is, at a low temperature [32]. This aspect is very important as
it directly impacts on the costs of realization of the SSPCM and, therefore, on its possible
commercialization.

In the following, a brief review on the use of sepiolite diatomite and zeolite based
absorbent media as shape stabilization materials is given. Choosing an appropriate porous
support and integrating it with a PCM permits to realize a SSPCM with enhanced perfor-
mance [33,34].

Different materials for shape stabilization and some preparation methods of SSPCMs
were studied [35-37]: vermiculite [38,39] perlite [40], kaolin [41,42], expanded graphite [43,44],
and many other porous media, were considered as shape stabilizers (SS). Some promising
results were obtained using diatomite [45,46] and sepiolite [47,48] to produce SSPCM. Only
a few works deal with the use of zeolite as a shape stabilizer for PCM [49,50]. To the best of
our knowledge, no information has been found regarding the use of natural zeolite as a
structural material for shape stabilization of PCMs.

Many preparation methods have been adopted, mainly by sintering [51] or by impreg-
nating/encapsulating the melted PCM in the SS [29]. Jeong et al. showed that vacuum
preparation of PCM/diatomite composites improves PCM shape stabilization [52]. Recently
Leng et al. have proposed a method of stabilization of PCM with diatomite, improved by
spray water before sintering, which has shown good results [53].

In the light of the information found in the literature, it was decided to experiment
with a method of production of SSPCMs that would take into account the advantages
offered by preparations in vacuum and water assisted.

In literature, few works devoted to the use of porous materials to stabilize the shape of
PCMs that melt at medium and high temperatures, used in solar heating/cooling systems,
solar power plants, solar steam generation and efficient use of heat from industrial waste,
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exist. In this work, a mixture of three nitrate salts (LiNaK) of Lithium (LiNO3 30% wt.), of
sodium (NaNO3 20% wt.) and potassium (KNO3 50% wt.) and a eutectic mixture (EUT)
of potassium nitrate (KNO3; 54.3% wt.) and sodium nitrate (NaNO3 45.7% wt.), were
respectively chosen as the middle-low, and high-temperature PCMs. Sepiolite, diatomite,
and zeolite were used as supporting materials to prepare the SS-PCMs with different oper-
ating temperatures. Five kinds of SSPCMs (EUT/sepiolite, EUT/diatomite, EUT/zeolite,
LiNaK/sepiolite and LiNaK/diatomite) were successfully prepared and their thermal and
physical characterizations were carried out with accuracy. Indeed, the latter are indispens-
able information for shape-stabilized PCM preparing. SSPCM were successfully produced
and subsequently characterized for calorimetric and morphological aspects. The DSC
analysis made it possible to evaluate the effectiveness of shape stabilization and select the
best samples. The morphology corroborated the calorimetric results, also providing further
explanation of the results obtained.

2. Materials and Methods
2.1. Materials

The lithium nitrate (LiNO3), sodium nitrate (NaNOs) and potassium nitrate (KNO3)
industrial grade, needed for production of the EUT and LiNaK mixtures, were kindly
provided by the National Agency for new technologies, energy and sustainable economic
development (ENEA). Two grades of sepiolite (Hydrous Magnesium Silicate) named Cimsil
A35 and Cimsil A55 with bulk density, respectively, of 30-90 and 205-315 kg/m3 were
kindly supplied by Tolsa (Madrid, Spain). A calcined diatomite called DIA2, characterized
by a density of 200 kg/m?> and a sieving residue max 6% wt. at 325 mesh, was purchased
from DEREF (Genoa, Italy). A zeolite powder, from the mining of tecto-silicates of volcanic
origin (Chabazite and Phillipsite) called Zeolite ATZ 70 mm (ATZ70), with sieving residue at
200 mesh Max 1% wt., was kindly offered by ATZ Zeoliti (Comiziano, Italy). The deionized
water (DIW) was produced in the laboratory of the University of Perugia (Perugia, Italy)
with a suitable treatment device. The list of materials is summarized in Table 1.

Table 1. Summary list of shape stabilizers and phase change materials.

Code Name Composition

A35 Cimsil A35 Hydrous Magnesium Silicate
DIA2 Deref DIA2 Calcined Diatomite

Ab5 Cimsil A55 Mg4516015 (OH)Z 6Hzo
ATZ70 Zeolite ATZ 70 mm Chabazite/Phillipsite

EUT Eutectic mix KNO3/NaNOg KNO3/NaNO3 54.3/45.7% wt.
LiNaK Triple mix (Li-Na-K) NO3 LiNO3/NaNO3/KNO3 30/20/50% wt.

2.2. Synthesis of Mixtures of Salts for PCM

The phase change salt mixtures for medium and high temperatures were produced
with a low temperature method, an alternative to traditional melt mixing (T > 370 °C),
which allows for considerable energy savings. This method, through liquid-assisted com-
pounding (LAC) followed by vacuum drying (VD), facilitates the subsequent preparation
of the SSPCMs. The synthesis of the eutectic mixture of KNO3;/NaNO; with the LAC + VD
method was carried out by heating a solution with 42.87% wt. to 84 °C. of deionized water
(DIW) to which potassium nitrate 31.03% wt. has been added under continuous stirring.
At the complete dissolution of KNOj3, sodium nitrate 26.10% wt. was added, stirring until a
solution free of salt crystals is obtained. The saline solution, made with an excess of DIW of
25% wt. with respect to the minimum solubility of the eutectic mixture at 84 °C (Figure 1a),
was used for the subsequent shape stabilization process. A part of the solution is poured
into a petri dish and dried in a vacuum oven (84 °C-24 h) to obtain the sample of EUT
salts to be characterized. Considering the curves of the distinct solubility of the salts of the
three-component mixture (Figure 1b) and the trend of the LiNaK/H,O phase diagrams
as the temperature varies [54], the LiNaK saline solution was processed similarly to the
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EUT. In this case the formulation was produced by heating at 64 °C 47.35% wt. of DIW by
adding under continuous mixing KNOj3 26.32% wt., then NaNOj; 10.53% wt. and finally
LiNOs 15.80% wt. A part of the sample was dried at 64 °C to characterize the LiNaK salts.
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Figure 1. Solubility curves in water, at varying temperatures, of (a) KNO3 and NaNO3 and (b) LiNO3
compared to the other two salts.

2.3. Preparation of Shape-Stabilized PCMs

Generally, PCM stabilization was carried out by melting the salts and impregnating a
porous medium with the molten salts [29,51]. Although effective, this method requires a
high energy consumption to bring the PCM to melt and phenomena involving the release
of salts by leakage can occur.

In this work the shape stabilization of the PCM was carried out by suitably impreg-
nating the porous media with the saline solution then removing the solvent (DIW). This
method exploits the advantage offered by the synthesis of salts in the solvent. In other
studies, impregnation of PCMs in a humid environment has been found to be more effective
in ensuring stable encapsulation of PCMs [53]. The saline solution prepared in LAC was
gradually poured onto the suitably dried porous medium inside a vacuum oven. During
the impregnation and subsequent drying, the temperature inside the oven was set at 84 °C
and 65 °C for the EUT and LiNaK-based SSPCMs respectively. The pressure of the vacuum
oven was kept at 0.2 MPa to minimize the capillary tension inside the cavities of the porous
media and facilitate the penetration of the saline solution during wetting/drying processes,
improving the impregnation efficiency. At the end of the 24 h of the drying cycle, the
SSPCMs were dry, uniform and compact. The list of SSPCMs is summarized in Table 2.

Table 2. List of samples with content and type of SS and PCM.

. SS Phase Change PCM

Sample Shape Stabilizer % wi. Material % Wi,
20A35 CIMSIL A35 20 EUT 80
15A35 CIMSIL A35 15 EUT 85
20DIA2 DIA2 20 EUT 80
15DIA2 DIA2 15 EUT 85
20A55 CIMSIL A55 20 EUT 80
20ATZ70 ATZ70 20 EUT 80
LiNaK_20DIA2 DIA2 20 LiNaK 80

LiNaK_20A35 CIMSIL A35 20 LiNaK 80
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2.4. Methods of Characterization

The morphological characterization of shape-stabilizers and SSPCM was performed
with a field emission scanning electron microscope (FESEM) Supra 25 by Zeiss (Oberkochen,
Germany). Micrographs were performed with an accelerating voltage of 2.5 kV at differ-
ent magnifications. Previously, the samples were sputtered with gold to provide good
electrical conductivity.

The thermal degradation of the SS was verified with a thermo-gravimetric analyzer
(TGA)—Exstar 6300 by Seiko Instruments (Chiba, Japan) by evaluating the TG weight loss
as a function of temperature. The tests were performed in a dynamic temperature regime
with a 10 °C/min ramp from 30 to 900 °C in an inert atmosphere (N,). The thermograms of
the TGA curves and their derivatives (DTG) provide information on the thermal stability
of the materials as the temperature rises.

The calorimetric behavior of the samples produced was studied with a differential
scanning calorimeter (DSC) Q200 (TA Instrument, New Castle, DE, US). Samples of ap-
proximately 20 mg, previously dried in a vacuum oven for 24 h at 105 °C at 0.2 MPa, were
analyzed in inert atmosphere (N; flow 50 mL/min). The samples were subjected to two
heating and cooling cycles between —10 and 360 °C with a rate of 10 °C/min. The results
of the DSC analysis have been reported in the form of temperature/heat flow curves,
calculating transformation enthalpies and characteristic temperatures.

3. Results and Discussion
3.1. Characterization of the Shape Stabilizers
3.1.1. Morphology

The different morphology of the selected porous media was studied with a FESEM
Supra 25 operating with voltages of 2.5 kV with magnifications ranging from 100x to
50,000 x. The most significant and characterizing images of the SS at 5000 x and 25,000 x
magnifications are shown in Figure 2. For DIA?2 it was preferred to report the 10,000 x
image instead of 25,000 x as it is more representative of diatomite morphology.

CIMSIL A35 appears as a heterogeneous particulate consisting of conglomerates of
micrometric size ranging from a few units to a few tens of micrometers. At 5000 magnification
we begin to distinguish the acicular structure of the sepiolite which constitutes the micro-
conglomerates. At 25,000 the nanometric needles are clearly distinguished, consisting of
the characteristic hollow quincunx structures of silicates [55,56].

The morphology of the DIA2 diatomite shows a wide heterogeneity, due to its fossil
origin, with multiple structures characterized by porosity and cavity [26,39]. The size
distribution is wide, although the prevailing particle size is a few units of a micrometer. At
10,000 x magnification you can see the detail of a porous cylindrical structure that appears
particularly functional for the encapsulation of PCM.

CIMSIL A55 appears as a particle aggregate some tens of micrometers in size. At
25,000 the fibrillar structure of the sepiolite can be seen with nanometric sections and a
not particularly high aspect ratio. Compared to CIMSIL A35, the sepiolitic/palygorskitic
structures are coarser and more aggregated, justifying the greater density of the A55
compared to the A35 [47,57].

The micrographs of the ATZ70 zeolite highlight the dimensional heterogeneity of
the particles which varies from sub-micrometric to a few tens of micrometers. At higher
magnifications, the crystalline geometry structure typical of minerals of volcanic origin
(phillipsite and chabazite) belonging to the class of tectosilicates is highlighted. In particular,
the mineralogical structure of ATZ70 consists of a three-dimensional framework of SiO4%~
tetrahedra (with partial replacement of Si** with AI**) of hydrated aluminosilicates of Na,
K, Ca, Mg. This structure is characterized by the presence of channels and cavities in which
ions and extra framework polar molecules find accommodation, endowed with extreme
mobility, conferring relevant attitude to the hydration-dehydration phenomenon [58,59].



Energies 2021, 14, 7151

6 of 16

Shape Magnification
Stabilizer

A35

DIA2

A55

ATZ70

Figure 2. SEM micrographs of the porous media selected for the shape stabilization of the PCM.

3.1.2. Thermal Stability

The results of the thermo-degradation tests were reported in the form of TG/T curves,
calculating the derivatives (DTG) and reporting them in a graph. In Figure 3, the TG/DTG
graphs of the selected shape stabilizers.

All the selected shape stabilizers showed good thermal stability in the temperature
range (30-600 °C) typical for the use of solar energy.

In general, the weight loss of sepiolites is mainly attributable to the loss of water that
occurs in several stages during heating. First the absorbed water and a part of zeolite
water (T1 < 130 °C) are lost, then the second part of zeolitic water (T1 < T2 < 340 °C);
subsequently, in two successive steps the bound water is lost (T2 < T3-T4 < 710 °C) and
finally dehydroxylation takes place [60-62]. For the two sepiolites used, in the first part of
the curve (T < 125 °C) the loss of water is observed quantitatively in line with the values
found in literature (8-9% wt.). Sepiolite A35 shows a further slight weight loss around
276 °C due to the separation of the zeolitic water molecules. Sepiolite/palygorskite A55
shows a slight weight loss referable to zeolitic water around 296 °C, a temperature 20 °C
higher than the other sepiolite due to the different particle morphology. The loss of bound
water occurs between 340 and 675 °C for A35 and between 355 and 710 °C for A55, together
with other thermodegradative phenomena such as the calcination of dolomite (T > 600 °C).
At 815 °C, the dehydroxylation peak occurs for both sepiolites.

DIA2 diatomite, although calcined, shows a very slight weight loss (1.8% wt.) in two
steps: it loses the residues of absorbed water and zeolite water showing a DTG peak at
165 °C and another DTG peak around 293 °C, also attributable to the loss of structural
water residues [62-64].
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Figure 3. TG/DTG curves of the selected porous media: (a) Sepiolite A35, (b) Diatomite DIA2,
(c) Sepiolite/Paligorskite A55 and (d) Zeolite ATZ70.

The ATZ70 shows a low temperature hygroscopic water loss peak (T < 125 °C) which is
superimposed on the progressive loss of loosely bound zeolite water connected to the other
peak around 186 °C of zeolite water loss characteristic of these hydrated aluminosilicates.
At higher temperatures, the tightly bound zeolite water is lost through a slow desorption
mechanism [58,64].

In general, all materials do not show significant weight losses attributable to thermal
degradation in the temperature range of use (T < 450 °C), so they are compatible with use
as porous materials for the stabilization of PCM.

3.2. Characterization of the Shape-Stabilized Phase Change Materials SSPCM

The characterization of the shape-stabilized materials was carried out considering
the calorimetric curves obtained with the thermal cycles of the DSC scans and relating
to the morphology of the FESEM images carried out on the SSPCM samples. Previous
work on PCM encapsulation with the molten salt method reported an upper limit of
approximately 80% wt. of salts shape-stabilized with diatomite [29]. Starting with this
data, the formulations of this study were produced with the aim of achieving the same
result, but with convenient methods in terms of energy and process. Therefore, four cheap
shape stabilizers (A35, DIA2, A55 and ATZ70) were used to produce materials that stably
contained 80% PCM. Furthermore, for potentially more suitable materials, an attempt
was made to increase the content of molten salts to 85% wt. to improve thermal storage
performance. The storage capacity was evaluated by measuring the latent heat of phase
transformation as the enthalpy of the main melting peak, considering that it is reasonable
to assume the return of an equivalent heat of crystallization.

3.2.1. DSC Results

The calorimetric values of the eutectic mixture of potassium and sodium nitrate salts
of Table 3 show that the average temperature of the melting peak in the heating phase
is 226 °C and that the melting enthalpy (AHm) normalized to the mass is 97.7 J/g; in
cooling, the average temperature of the crystallization peak is 218 °C and the enthalpy of
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solidification (AH,) is 96.9 ]/ g. Both peak temperatures and phase change energies are fully
within the range of values reported in the literature [65]. An evaluation of the effectiveness
of the stabilization of the PCM by SS can be obtained by comparing the enthalpy variation
with the amount of PCM present in the SSPCM. If the proportion between the content of
PCM and DH is respected, then a complete and effective encapsulation has been achieved;
for example, if the PCM content is 80% wt., an enthalpy value equal to 80% of that measured
on the PCM should be obtained to consider the stabilization completely effective. If the
shape stabilization coefficient (SS.) is defined as the ratio between the enthalpy variations
(AH), of the SSPCM and of the PCM, normalized to the fraction of PCM contained in the
shape-stabilized material, as reported in Equation (1).

Shape Stabilization coefficient SS.(%) = AHsspem X100 1)

M
Xsspem * AHpem

where AHgspcy is the phase change enthalpy of the SSPCM, AHpcy is the phase change
enthalpy of the PCM only, XESM,, is the fraction by weight of nominal PCM of the
SSPCM formulation.

Table 3. Thermal characteristics of the SSPCM (EUT-based) obtained from the analysis by differential
scanning calorimeter on the 2nd heating/cooling cycle.

S 1 Shape SS PCM Tm AHp, SS. T, AH,
amp € 1 o, 0, o 0, o
Stabilizer Yo wt. % wt. C Jig %o Wig J/g°C

EUT - - 100 226 £1 97.7 £ 24 - 2181 969 +£21
20A35 CIMSIL A35 20 80 2201 48.7 £43 623 218+1 49.0x3.8
15A35 CIMSIL A35 15 85 224 +2 57.6 £82 694 216+3 577+58
20DIA2 DIA2 20 80 232 £2 779 £23 99.7 211£2 776%19
15DIA2 DIA2 15 85 228 £3 777 £ 6.1 93.6 2103 779+64
20A55 CIMSIL A55 20 80 224+1 475+ 4.6 608 219+1 512453
20ATZ70 ATZ70 20 80 221 £1 68.2 +2.2 873 2152 694=£26

In Table 3, it can be seen that SS. of 20A35 is 62.3%, which is indicative of a not entirely
effective stabilization. If we observe the SS. values calculated for all shape-stabilized
PCM EUT-based, we note that 20DIA2 reaches a value close to 100% which constitutes
the complete stabilization of the PCM. When PCM content is increased to 85% wt., as in
15DIA2, the SS. value decreases while the absolute value of the enthalpy is equivalent
(77.7-77.9 ] / g) between the 20DIA2 and 15DIA2 samples; this result leads to the conclusion
that the absorption limit of the DIA2 for the PCM is just 80% wt. Sample 20A55 shows
the worst result both in terms of SS. index and absolute enthalpy value, resulting in the
least effective shape stabilizer of the selected SS set. The ATZ70 zeolite with 20% wt. of
PCM shows a good value of the stabilization coefficient (87.3%) but still lower than those
encapsulated with diatomite.

The shifts in the temperature of the melting peak can be interpreted in relation to
the stability of the SSPCM as a good encapsulation delays the melting by raising the
temperature (20DIA2, 15DIA2) while phenomena of loss of the PCM due to leakage favor
the thermal conductivity on the DSC crucible by anticipating the merger. In a specular
way, the results can also be found in cooling. In Figure 4, observing the shape of the DSC
curves representative of the SSPCM produced, it can be seen that the less shape-stabilized
samples (e.g., 20A55) show a deformation of the peak with initiation of melting at lower
temperatures than the more stable ones (e.g., 20DIA2). This conformation is probably due to
the presence of free salts, in contact but not bound by the shape stabilizers, which anticipate
the melting. These considerations are also reflected in the following morphological study
of SSPCM.
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Figure 4. DSC curves around the melting peaks at the 2nd thermal cycle of the SSPCM samples.

In conclusion, the best stabilization is obtained with diatomite and the 80% wt. of
PCM results in a maximum impregnation limit with an encapsulation coefficient of 99.7%
for the SSPCM called 20DIA2.

Taking into account the results obtained with the EUT-based SSPCM, the formulations
based on LiNak salts have been limited to the two most promising SS, namely A35 and DIA2
both at 20% wt. The exclusion of A55 and ATZ70 were motivated respectively by the poor
performance and by the early melting at low temperature, which would have compromised
the thermal yield of LiNaK salts already operating at low temperatures [66,67]. While the
ternary salt mixture displays the characteristic calorimetric values, both shape-stabilized
PCMs show a phase transformation delay which manifests itself with an increase in melting
temperature and a decrease in crystallization temperature [68,69]. This phenomenon is
indicative of the successful stabilization of the PCM LiNaK-based by the porous media. To
quantify the effectiveness of the encapsulation, the characteristic calorimetric parameters
of the materials produced were reported (Table 4) and the shape stabilization coefficient
SS. was calculated. It is noted that, even in the case of LiNaK salts, the stabilization effect
conferred by the diatomite on the LiNaK_20DIA2 sample is almost complete, reaching a
value of 97.7%. It is interesting to note that with this PCM the CIMSIL A35 also improves,
obtaining a high efficiency (82.7%).

Table 4. DSC results at the 2nd heating/cooling cycle of the SSPCM (LiNaK-based) characterization.

sample Shape SS PCM Tm AHp, SS. T, AH, SScc
Stabilizer % wt. % wt. °C Vg % Wig Jig °C o,
LiNaK - - 100 129 £1 1425+ 2 - 92 +1 1175+ 2 -
LiNaK_20DIA2 DIA2 20 80 135 +1 1114+ 3 97.7 85+1 94.0 £ 2 100
LiNaK_20A35 CIMSIL A35 20 80 134+ 2 943+ 3 82.7 80£2 938 +2 99.8

During the cooling phase, the calculation is complicated by the crystallization phenom-
ena which form shoulder peaks (Figure 5); however, if we consider the linear integration
for the calculation of crystallization enthalpies, we obtain shape stabilization coefficient in
cooling (SS..%) values which indicate a perfect encapsulation at the 2nd heating.
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Figure 5. DSC curves of LiNaK salts and SSPCM based on DIA2 and A35 around the phase transition
peaks at the 2nd heating/cooling cycle.

3.2.2. Morphology of SSPCM

In Figure 6, the FESEM images of the samples EUT-based with 20% wt. of shape
stabilizers made at 5, 10 and 25 thousand magnifications. The morphology of the shape-
stabilized PCM provides important information, also in relation to the results of the DSC
thermal characterization. Furthermore, SEM micrographs contribute to the understanding
of the stabilizing mechanism with which the different shape stabilizers act. Recalling the
microscopies of the SS only (Figure 2), it is possible to distinguish the effect of impregnation
of the salts on the absorbent particles.

Micrographs of 20A35 show a compact surface in which the acicular structures of
the sepiolite are well interfaced and connected to the PCM. The structure is similar to a
fiber-reinforced composite in which some agglomerates of fibers (sepiolite needles) and
some matrix phase islands (molten salts) appear. It can be deduced that there is good com-
patibility between SS and PCM, but the dispersion of the porous medium was not entirely
effective. This result may be due to the lack of solvent in the saline solution. In fact, the
manufacturer of CIMSIL A35 recommends dispersion with over 90% of solvent; however,
this quantity of DIW could not be used in order not to risk the selective precipitation of the
salts in the vacuum drying phase of the SSPCM. It can be hypothesized that other porous
media with a structure similar to sepiolite (e.g., attapulgite), but with different dispersion
dynamics, could provide interesting results.

The 20DIA2 highlights the complete filling of the diatomite cavities with the PCM
forming a compact and well bonded composite surface. It is deduced that higher quantities
of salts cannot be absorbed by this porous medium and, not being shape-stabilized by
encapsulation, would be lost due to leakage, without contributing to the storage of latent
heat. This consideration is confirmed in the result of the calorimetric analysis of 15DIA2.

The morphology of SSPCM with A55 is similar to the shape-stabilized with sepiolite
A35, with the difference that the structures of CIMSIL A55 appear coarser offering a smaller
interaction surface with the PCM matrix phase. This consideration explains the lower
encapsulation capacity of the EUT salts, and therefore of energy storage performance, of
20A55 compared to 20A35. It can be deduced that a decrease in the size of the fibers of
the porous medium could lead to an increase in the stabilization capacity of the PCM
with improved thermal storage performance; in this perspective, other porous media
with a fibrous/acicular morphology such as attapulgite or halloysite nanotubes could be
considered in the future.
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Figure 6. SEM micrographs of SSPCM (EUT-based) shape-stabilized with 20% wt. of porous media.

Sample 20ATZ70 highlights some conglomerates of heterogeneous size of zeolite
within the PCM phase. The dimensional non-uniformity of this material appears to be a
limit for the uniform dispersion and effective stabilization of the PCM. In addition, the
crystalline structure of the constituent zeolite minerals (phillipsite and chabazite) increases
the density of ATZ70 so that, at the same weight with the other porous media, it offers
a smaller total surface area of interaction with the salts. In the case of this stabilizing
medium for PCM, size reduction and selection would be useful, but unfortunately, they
are currently not available in the building materials market where ATZ70 was found.
Furthermore, it would be useful to carry out a recalculation of the proportions between
PCM and zeolite PM by reasoning in terms of volumes and contact surfaces rather than in
mass. In conclusion, the results of the morphological analysis agree with the values of the
calorimetric analysis, identifying the 20DIA2 sample as the best SSPCM.

In Figure 7, the morphological analysis carried out on LiNaK salts and SSPCM samples
for medium temperatures confirms and supports the results obtained with DSC calorimetric
analysis. The LiNaK salts show a smooth surface in which darker islands appear, probably
referable to the presence of lithium [70]. At higher magnifications, crystal structures with
random growth can be seen and the differences with respect to EUT salts are evident. The
LiNaK_20DIA2 sample shows a compact surface in which the diatomite particles appear
completely impregnated with LiNaK. At 25,000, it is seen that the tubular diatomite
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structure is well bonded externally and filled in the cavity with the PCM phase. Since all
the PCM portion used to make the SSPCM is shape-stabilized, there are no substantial
losses due to leakage and the latent heat storage capacity is optimized. The micrographs of
the LiNaK_20A35 sample show an effective random dispersion of the acicular structures
within the LiNaK salts. The morphology of this sample explains the reason for the good
value of the encapsulation coefficient obtained with the thermal characterization. In fact,
the impregnation of the LiNaK_20A35 sample is improved compared to the corresponding
20A35 which used the salts for medium temperatures, indicating that the effectiveness of
the stabilization also depends on the characteristics of the PCM used.

Magnification

Sample
2500x 10,000x 25,000

LiNaK

LiNaK_20DIA2

LiNaK_20A35

Figure 7. FESEM micrographs of LiNaK salts and its SSPCM produced with 20% wt. of DIA2 and A35.

4. Conclusions

This work aimed to study innovative materials for TES that could improve the ex-
ploitation of solar thermal energy in the direction of environmental sustainability. The
shape stabilization of the phase change materials allows to conserve and appropriately use
the latent heat of transformation, expanding their range of application.

Four cost-effective materials (sepiolite, diatomite, palygorskite and zeolite) from min-
ing were selected as structural shape stabilizers. Thermal characterization demonstrated
that all materials possessed good stability over the temperature range of the TES appli-
cations. The morphology of all the SS, observed by SEM, appeared to be suitable for the
containment of PCM after transformation into the liquid phase.

Two PCMs were used—a three-component mixture of lithium, sodium and potassium
nitrates in weight proportions 30:20:50 (LiNaK) for medium temperature applications and
a eutectic mixture (EUT) of potassium and sodium nitrates for higher temperature ranges.

For the production of shapes-stabilized PCM, an innovative synthesis method with
wet impregnation and in vacuum conditions has been devised to optimize the stabilization
coefficient SS.. The water assisted approach has shown efficacy, also producing a reduction
in process energy consumption estimated at around 40% compared to the melt mixing
method. The low pressure of the vacuum system has improved the filling of the porosities
allowing to reach a PCM: SS weight ratio of 4:1 with a maximum filling coefficient equal
to 97.7% for the 20DIA2 mixture. Zeolite also showed interesting results reaching a good
SSc value (87.3%) with a weight ratio of PCM: SS close to 3.5:1. Sepiolite showed mediocre
results not exceeding 62% of shape stabilization with EUT salt; however, sepiolite A35 with
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LiNaK blend increased shape stabilization over 82% with a PCM: SS weight ratio greater
than 3.2:1.

In conclusion, all samples produced showed PCM shape stabilization properties. The
effectiveness of the shape stabilization process also depends on the method of synthesis
of the SSPCM. The method adopted in this liquid assisted and vacuum dried work offers
advantages both in terms of stabilization effectiveness and in terms of energy saving of
the SSPCM production process. In the case of DIA2 diatomite, complete stabilization is
achieved with both PCM for MT and HT.

Other factors, such as the chemical-physical affinity between SS and PCM and morpho-
logical characteristics such as size and porosity, affect the effectiveness of the stabilization.
In the case of sepiolite A35, good results are obtained with PCM for MT but not as good
with salts for HT.

Although this study highlighted the possibility of using these materials, which exploit
the latent heat of PCMs, in applications where it is necessary to avoid the problems
associated with leakage (HSMs immersed in gas and added in a solid matrix), limitations
may also be encountered. These limits are related to the volumes occupied by SSPCMs
which can reduce the functionality of the TES. For example, their addition to a cement
matrix should be optimized to avoid the excessive reduction of the thermomechanical
properties of the composite, as highlighted by Miliozzi et al. [30].

In the future it will be useful to investigate further factors that influence shape stabi-
lization, while also considering other shape stabilizers and phase change materials in order
to build a functional database for the formulation of SSPCM.
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