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a b s t r a c t

An experimental study aimed at investigating the possibility to produce a Phase Change Material (PCM)
for mortars by incorporating through the ‘‘form-stable method” a thermoplastic low-melting polymer
(PEG 1000) into a porous inert substrate (i.e., Lecce Stone), obtained as residue from processing stone,
is reported. The viscosity of pure PEG at different temperatures was first assessed to identify an appro-
priate processing temperature to introduce fluid PEG into the pores of the stone. A complete (chemical,
thermal and morphological) characterization was performed on the developed PCM composites, varying
the impregnation times. Aerial lime-based mortars were produced with the addition of the selected
experimental PCM composite, taking as comparison the mortar containing only the stone as inert aggre-
gate. On the different mortars, mechanical tests were performed in both compression and bending mode
and the thermal conductivity was measured.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The increasing concern about climate change represents a stim-
ulus pushing the research to identify new and alternative ways to
decrease the world energy consumption. The awareness that fossil
fuel is a limited and non-renewable resource is widespread; in
addition, oil derivatives produce serious pollution and contribute
to create heavy environmental impact. Starting from these consid-
erations, one of the main objectives of international policy is to
incentive the research aimed at developing new renewable energy
solutions [1].
According to the International Energy Agency (IEA), the building
sector is one of the largest consumers of energy since the indoor
thermal comfort became an unavoidable need for the occupants.
In recent years, among the proposed solutions and technologies,
able to limit the energy consumption of buildings, Thermal Energy
Storage (TES) is considered among the best approaches to improve
the indoor energy efficiency [2]. Referring to this technology, a
Phase Change Material (PCM) can be selected as the thermal stor-
age medium [3–10].

The operating principle of a PCM consists in its solid – liquid
transition, according to the external (environment) temperature.
During daytime, when the external temperature is high, the PCM
melts, storing the enthalpy involved in the melting process. The
PCM material is, then, able to release the previously stored energy
when the external temperature decreases, coming back to the solid
state [11]. Thus, the addition of PCMs in construction materials can
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be a possible and an efficient way to reduce energetic consumption
and CO2 emissions in the environment.

Different PCMs have been investigated in the very last years
for this purpose. The main objective of this technology is to
obtain a final material able to improve the thermal efficiency of
the buildings, increasing the thermal comfort conditions of occu-
pants, thus reducing energy consumption for heating and cooling
[12,13].

There are different methods to incorporate a PCM in building
materials: direct incorporation, direct immersion, (micro or
macro –) encapsulation, shape – stabilization, form stable method.

Direct incorporation is the simplest and most economical
method since the PCM is directly mixed with the construction
material [2,13]. In the case of the immersion method, the porous
building materials are immersed in the melted PCM: the porous
media, thus, absorbs the phase change product by capillarity
[14], and this latter is retained directly in the building.

The encapsulation method is the most common technology.
Two PCM encapsulation methods are commonly reported, i.e.
micro – encapsulation and macro – encapsulation [15–19]. In
micro – encapsulation, small PCM particles, ranging from 0.1 lm
to 1 mm, are enclosed in a thin solid shell usually made from nat-
ural or synthetic polymers [20]. In macro – encapsulation technol-
ogy, bigger capsules (such as tubes, spheres and panels) are able to
contain a significant amount of PCM [21,22].

A different PCM encapsulating method has been recently devel-
oped, proving to be the most promising technique, although very
complex in the implementation [23]. In this method, known as
‘‘shape – stabilization”, the PCM and the support material (in gen-
eral a polymer) are melted and mixed together at high tempera-
tures. The support polymeric material is, then, cooled down,
below its glass transition temperature, until it becomes solid, while
the PCM is still in liquid state, well bounded in the free space of the
support network [24,25].

Finally, form-stable PCMs can also be prepared, where, again, a
support porous matrix contains the PCM. Form – stable composite
PCMs received a great attention very recently, they can be
obtained by simple immersion of the matrix in the liquid PCM,
possible aided by vacuum [21]. It is a very easy and cheap
method, retains an optimum percentage of PCM, with no leakage
even when the temperature is above the melting point of PCM
[25,26].

In this paper, the first part of a wide research, aimed at produc-
ing a form – stable PCM composite, based on sustainable materials,
to be included in mortars composed by different binders, is
reported. The objective of the research program is to prove the
thermal efficiency of the obtained sustainable PCM to manufacture
mortars based on lime, gypsum and cement, still displaying suit-
able mechanical properties for the selected (indoor/outdoor) appli-
cations. In the present paper, the procedures employed to realize a
form – stable PCM composite, and the complete characterization of
this latter system, are reported. Furthermore, the results obtained
in the study of aerial lime-based mortars containing the obtained
PCM, are also illustrated.

The composite system was produced employing as support
small pieces of Lecce Stone (LS) available as a waste product, in
order to maintain low, the costs and to respect eco-sustainable
principles. The whole production of stone blocks employed in con-
structions, i.e. from extraction to finished products, generates a
huge amount of waste material, in solid or powder form [27].
The presence of this waste product poses an environmental issue
due to its non-biodegradable nature and to the lack of landfills
large enough to dispose the waste stones. In these years, therefore,
efforts have been made to identify original and innovative ways to
reuse, and at the same time to exploit, this natural material [28].
The use of waste stone as support for a PCM able to improve the
thermal efficiency of the buildings, and to reduce the consumption
of petroleum-derived energy, would represent a double advantage
for the environment.

Low toxic, low flammable PEG (Poly(ethylene glycol)) was
selected as PCM. This product has been widely applied in conserva-
tion treatments of degraded (i.e., waterlogged or deteriorated by
insect attack) wood, being able to replace the existing water inside
the wood upon a gentle warming, and maintain long-term stability
of both the material and the wooden structure [29]. Due to the
availability of PEGs of different molecular weights, and thus differ-
ent melting temperature range [30], a grade of PEG possessing an
appropriate melting point with reference to the operating condi-
tions for which is intended, was selected.

The favorable properties of PEG (suitable phase change tem-
peratures and large phase change enthalpy, elevated long-term
thermal/chemical stability, low toxicity and resistance to corro-
sion, limited volume change during solid–liquid phase change),
its readiness to be incorporated into porous inert substrates and
the possibility to select the more appropriate grade for the speci-
fic application, have suggested the use of PEG to manufacture effi-
cient PCM systems [31,32]. To the best of our knowledge, this is
the first time that this polymer has been employed to produce
form – stable PCM composites by its impregnation in stone flakes
obtained as by-products of the processing of a local (Lecce) stone.
The further advantage and the sustainability of this choice, there-
fore, lie in the possibility of using residues of a low-added-value
process in conjunction with a thermally efficient, cheap and low
toxic PCM, employing an easy, effective and low-cost impregna-
tion method.

The PCM form-stable systems were, then, used as aggregate in
the production of aerial lime-based mortar formulations.

The main aims of the research described in this paper were the
production and the optimization of the composition of a new sus-
tainable PCM, i.e. LS/PEG composite, obtained through vacuum
impregnation. A complete (i.e., chemical, physical and thermal)
characterization of LS/PEG composite was performed. Results of
the mechanical tests performed on aerial lime-based mortars con-
taining LS/PEG composite as aggregates, are reported. In particular,
the influence of the PCM inclusion on some properties of the mor-
tars, i.e. workability, compressive and flexural strengths, was
analyzed.
2. Materials and methods

2.1. Materials

Lecce Stone (LS) was selected as support matrix to produce the composite PCM.
Lecce stone is a biocalcarenite, used from centuries in historical buildings in the
Southeastern Italy (Salento region), especially during the Baroque period. This
material is mainly composed of CaCO3 (92–95% wt.) and, in a smaller percentage,
of grains of glauconite, quartz, feldspars, muscovite, phosphates and clay minerals.
LS is very suitable as a porous support to prepare PCM composites (especially using
the form-stable method) because of its high open porosity and porosimetric fea-
tures [33].

The LS used in this work was stone cutting waste from a quarry located near
Lecce (Italy). The stone material was supplied in form of flakes (as shown in
Fig. 1a); it was ground by a mill and, then, sieved to obtain small granules (illus-
trated in Fig. 1b), having a granulometry ranging between 1.6 and 2.0 mm [34].

Poly(ethylene glycol) (trade name PEG 1000) was selected as the true Phase
Change Material. It was supplied from Sigma – Aldrich company (Germany) in solid
form, as shown in Fig. 1c. The selection of PEG 1000 was driven by its favorable
properties, such as non-toxicity, low environmental impact, low flammability; fur-
thermore, it is relatively inexpensive and exhibits a melting temperature in the
range 37�–40 �C. According to the literature, in fact, an efficient PCM must display
a transition from solid to liquid state near the human comfort temperatures (i.e.,
around 22�–26 �C) [14,35]. However, in the Mediterranean regions, the external
temperature can reach, or surpass, even 40 �C. This observation justified the selec-
tion of a PCM with phase transition in a slightly higher temperature range, if



Table 1
Details of composition and processing times of the PCM-stone composites.

Sample LS (g) PEG 1000 (g) Vacuum
Time (min)

Impregnation
Time (min)

LS/PEG-10 50.0 10.0 30 10
LS/PEG-30 50.0 10.0 30 30
LS/PEG-60 50.0 10.0 30 60

Fig. 1. (a) Flakes of Lecce Stone from the quarry; (b) ground and sieved Lecce Stone; (c) PEG 1000 in solid form.
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intended as an energy efficiency measure to be employed in buildings located in the
Mediterranean area. The density of PEG 1000, according to the technical data sheet,
is 1.2 g/cm3 (at 20 �C).

2.2. Preparation of LS/PEG composite

The PEG Phase Change Material was incorporated in the stone granules using
the form – stable principle, through the vacuum impregnation method. This tech-
nology was selected due to its low manufacture costs; in addition, an easily acces-
sible laboratory equipment, showed in Fig. 2, is required.

First, a fixed amount of LS flakes was placed in a flask connected to a vacuum
pump (at a vacuum pressure of 0.1 MPa). In this way, air, and possibly moisture,
were removed from the stone; this procedure was carried out for 30 min. The solid
PEG was first heated in oven at 80 �C, in order to lead it in the fluid (melt) state. It
was, then, added to the LS pieces in the flask, where a magnetic stir bar was also
contained. The flask was placed on a magnetic stirrer, maintained at 60 �C, for dif-
ferent processing times (from 10 to 60 min). This processing temperature was
selected on the basis of the results of calorimetric experiments and rheological tests
performed on pure PEG at different temperatures, as will be described in the para-
graph 3.1. Then, air was allowed to enter in the flask to force the liquid PCM to pen-
etrate into the pores of LS. Table 1 reports the composition and process times
employed to prepare the different LS/PEG systems.

No substantial differences were visually detected on LS granules impregnated
with PEG employing different impregnation times. In Fig. 3, the LS granules impreg-
nated with PEG are shown.
Fig. 2. Vacuum impregnation equipment employed to prepare the LS/PEG
composite.

Fig. 3. Granules of Lecce stone impregnated with PEG.
2.3. Production of aerial lime mortars

The final purpose of the whole project was the identification of different com-
positions of mortars, containing the PCM composite and based on different binders,
and the evaluation of their thermal properties as a function of the PCM content.
Since it could be expected a certain reduction in mechanical properties of the mor-
tars containing the PCM composite, the study proposed to identify for each kind of
mortar the appropriate composition in order to obtain a good thermal efficiency,
still maintaining appropriate mechanical properties for the typical applications sug-
gested for the specific mortar.

The first step, therefore, consisted in the development of aerial lime-based mor-
tar formulations containing PCM, in particular LS/PEG-60, with appropriate worka-
bility in the fresh state and adequate mechanical properties. The longest process
time, i.e. 60 min, was selected to produce the mortars containing LS/PEG composite,
since this process parameter allowed to achieve the best impregnation of PEG in the
LS (as it will be illustrated in ‘‘Results and Discussion” section). In order to assess
the effects of the PCM inclusion in a mortar, both in its fresh and hardened state,
different mortar formulations were produced adding LS/PEG composite as fine
aggregates and aerial lime, supplied by a Portuguese company (i.e., Lhoist), as a bin-
der. The aerial lime had a purity of 90% and a density of 2450 kg/m3. For comparison
purposes, similar formulations, including Lecce Stone as aggregates in the same
composition, were prepared. In some of the mortar formulations, a superplasticizer
(SP) was added in order to decrease the amount of water to be used for the mixing.
The employed superplasticizer was a polyacrylate (MasterGlenium SKY 627), sup-
plied by BASF, with a density of 1050 kg/m3. The compositions of the produced



Table 2
Mortar compositions (reported as kg/m3 of produced mortar).

System Content of Binder Aggregates SP Water Water saturation Water/Binder

AL_LS500 500 1500 0 289 378 0.60
AL_LS/PEG500 500 1500

(PEG component = 345)
0 395 0 0.80

AL_LS500_SP 500 1232 15 225 414 0.45
AL_LS800_SP 800 175 15 600 44 0.75
AL_LS/PEG800_SP 800 220

(PEG component = 51)
15 600 0 0.75
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mortars, summarized in Table 2, were realized according to the European Norm EN
998-1 [36] and taking into account the experience acquired during previous works
on mortars containing different PCMs [37–40].

Referring to ‘‘water saturation” reported in Table 2, this parameter represents
the water used to saturate the LS aggregates, which have a high porosity, to prevent
them from absorbing water needed in the manufacture of mortars. In the case of LS/
PEG-60 composite, the saturation step was not required since the pores of Lecce
stone were already saturated by PEG.
2.4. Characterization of LS, PEG and LS/PEG composite

To determine the pore size and the pore distribution of the Lecce Stone
employed in this study, a mercury intrusion porosimeter (Thermo Scientific) was
used. This instrument is equipped with two units; the first one works in low pres-
sure regime (140 Pa) to measure macropores, the second one in high pressure
regime (240 Pa) to measure micropores. The preparation of the samples as well
as the execution of the tests were made in accordance with the recommendations
reported in the code [41]. Analogously, the specimens for the analysis were taken
from a single stone element, cut with a hand-saw. Since LS is a sedimentary litho-
type, inhomogeneity in both its open porosity and distribution of pore size can be
observed, even though the samples come from the same rock block. To exclude
large variations due to the stone features, the investigations by MIP were performed
in triplicate.

In order to identify the more appropriate temperature to achieve a satisfactory
inclusion of liquid PEG 1000 in the pores of Lecce stone, the rheological character-
ization of PEG was carried out in a strain controlled rheometer (Ares TA Instrument)
at different temperatures. The viscosity was measured using a parallel plate geom-
etry (radius 25 mm) in steady state mode, the shear rate ranging from 0.5 to
100 s�1. The rheological experiments were carried out at different temperatures
(from 33 �C to 60 �C); for each test temperature, the rheological experiments were
repeated at least three times, to check the repeatability of results.

The chemical characterization of each LS/PEG systems (i.e., LS/PEG-10, LS/PEG-
30, LS/PEG-60) was performed with a FT-IR ThermoNicolet Nexus spectrometer,
equipped with a deuterated triglycine sulfate (DTGS) detector. For comparison,
the neat PEG and LS were also analyzed. The samples were mixed with KBr (suitable
for infrared analysis and provided by Mallinckrodt Baker Chemical Inc.) and com-
pacted in pellets 13 mm in diameter. The KBr pellets were analyzed in transmission
mode, immediately after their preparation. The experiments were performed in
triplicate on each system analyzed. The spectra were acquired in the range of
4000–400 cm�1, with a resolution of 4 cm�1 and 32 scans per measurement; the
background spectrum was collected on a KBr control pellet. All the FT-IR data were
processed with the OMNIC 8.1 software (Thermo Fisher Scientific Inc).

The thermal properties of both the pure PEG and the produced LS/PEG systems
(i.e., LS/PEG-10, LS/PEG-30, LS/PEG-60) were measured with a DSC1 (Stare System,
Mettler Toledo) instrument. In order to evaluate the thermal properties of the pro-
duced LS/PEG composites, each sample was subjected to sequential thermal cycles,
between �10� to 100 �C on heating, and from 100� to�10 �C on cooling. The heating
and cooling rates used during the DSC analyses were 10 �C/min; the tests were per-
formed under nitrogen atmosphere (flow rate: 60 ml min�1). The amount of each
sample was between 10 and 20 mg and aluminum crucibles were used. Three sam-
ples were analyzed for each formulation, and the results averaged.

The thermal degradation process of PEG-based PCMs (i.e., PEG, LS/PEG-10, LS/
PEG-30, LS/PEG-60) was studied through a TGA/DSC1 (Stare System) instrument,
produced by Mettler Toledo. TGA analyses were conducted at a heating rate of
10 �C/min, in the range 25�–450 �C, once again under nitrogen atmosphere (flow
rate: 50 ml min�1). The amount of each sample was between 10 and 20 mg, charged
in an alumina crucible. For checking the repeatability of results, the thermo-
gravimetric test was repeated three times for each system.

The morphology and microstructure of both the pure LS and the form-stable LS/
PEG (for all of them, i.e., LS/PEG-10, LS/PEG-30 and LS/PEG-60) were analyzed using
a Scanning Electronic Microscope (SEM, Carl Zeiss Auriga40 Crossbeam instrument).
This instrument is combined with energy dispersive spectroscopy (EDS) in order to
analyze the chemical composition, i.e. qualitative/quantitative element analyses, of
the specimens. The investigations were performed under vacuum on samples with-
out metallization, using a beam accelerating voltage of 20 kV and the secondary
electron detector. Distribution maps of elements were acquired on a sample area
of 710 � 600 lm2 (on average 1678 data per map). For the overall investigated area,
the cumulated entire spectrum was also retrieved. Each test was repeated at least
three times.

In order to introduce the selected aggregates, that is LS/PEG-60, into the fresh
mix of the mortar, the density of this PCM system, according to European Standard
EN 1097-6 [42], was determined. For comparison purposes, the same tests were
repeated on the pure stone granules (i.e., without PEG). The density determination
was repeated on three specimens for each system, averaging the results.

2.5. Characterization of the aerial lime mortars

The workability of the different mortars produced, reported in Table 2, in fresh
state was evaluated through the flow table method, according to the European stan-
dard EN 1015-3 [43].

The mechanical characteristics, in flexural and compressive mode, of the pro-
duced mortars were determined according to the European standard EN 1015-11
[44] using a Lloyd dynamometer instrument. For each mortar composition, 3 pris-
matic specimens (40 � 40 � 160 mm3) were prepared by casting the fresh mortars
in iron molds. After a first curing stage of 2 days, the specimens were demolded and
left for additional 26 days in a storing room at standard temperature (25 �C) and
humidity (50%). The flexural tests were, then, performed at a speed of 6 lm/s, while
the compressive tests at a speed of 12 lm/s.

The thermal conductivity was determined on 28-days cured AL_LS800_SP and
AL_LS/PEG800_SP mortars using a C-Therm TCi Thermal Properties Analyzer, accord-
ing to ASTM standard D7984 [45]. The Modified Transient Plane Source (MTPS) sen-
sor operates in a temperature range between �50 �C and 200 �C; it is suitable for
testing solids, powders and pastes. On the surface of each specimen, a contact agent
was applied; the specimen was, then, placed on the sensor. The contact agent was
necessary to guarantee a perfect adhesion between the sample and the sensor. For
the same reason, a weight was placed on the specimen. The measurements were
performed at room temperature on three samples for each mortar composition.
3. Results and discussion

3.1. Characterization of LS, PEG 1000 and LS/PEG composite systems

The pore size distribution curve of LS, determined by mercury
intrusion porosimetry (MIP), is shown in Fig. 4. Most of pore sizes
(61%) lied between radii of 0.25 and 2 lm. The average pore radius
was 0.054 ± 0.036 lm and the total open porosity was
30.33 ± 0.99%. Thanks to these porosimetric properties, LS is prone
to easily absorb liquid PEG, providing a PCM suitable to be added as
aggregate in mortars. The pore distribution was found similar for
each measurement, the porosity values were reproducible and
comparable to those reported in literature [46,47].

In Fig. 5 the results of rheological measurements, performed on
PEG 1000 in steady-state mode, were displayed from 0.5 to 100 s�1

to illustrate its steady shear viscosity as a function of the test
temperature.

The viscosity of PEG was characterized by a pseudo-plastic
behavior, typical of thermoplastic polymers, and it decreased with
increasing temperature, as expected [48]. At temperatures higher
than 40 �C, comparable values of viscosity were obtained. Starting
from these results and taking into account that, as described in
detail below, the melting process of pure PEG was already com-
pleted at 55 �C, a temperature of 60 �C was judged suitable to
incorporate PEG into the Lecce stone.

The neat materials and the PCM composites were characterized
by FT-IR to investigate the chemical compatibility and the possible
interactions between PEG and Lecce stone. The acquired spectra
are reported in Fig. 6. The FT-IR spectrum of the stone revealed
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Fig. 4. Pore size distribution of Lecce Stone.

Fig. 5. Shear viscosity versus shear rate of PEG 1000 measured st different
temperatures.

Fig. 6. FT-IR spectra of pure components, LS and PEG, and PCM-stone composites.

M. Frigione et al. / Construction and Building Materials 231 (2020) 117149 5
the presence of calcite (1797, 1420, 872 and 713 cm�1) and low
amounts of silicate minerals (1035 cm�1). Many peaks character-
ized the spectrum of PEG1000 [31]; among them, the peak
centered at 1104 cm�1 is due to the C–O stretching vibration, the
absorbance bands at 2873 and 950 cm�1 are attributed to the
stretching vibration of the –CH2 groups, the broad signal around
3369 cm�1 corresponds to the O–H stretching vibration.

In the spectra of the composite materials (i.e., LS/PEG-10 and LS/
PEG-60), no new signal was observed other than the typical bands
of PEG and Lecce stone. The absence of new peaks proved that no
chemical interaction occurred between PEG and the stone material.
Actually, slight shifts in some characteristic absorption peaks of
PEG were observed in the spectra of the composites. In particular,
the peak at 1114 cm�1 shifted to 1104 cm�1 and the band at
3369 cm�1 shifted to 3414 cm�1. This behavior highlighted that
some physical attractions, including hydrogen bonds, took place
between the two components [49–51]. Comparable results were
obtained for LS/PEG-10 and LS/PEG-60 systems, i.e. irrespective
of the impregnation time.

The observed physical interactions can have positive effects on
the stability of the prepared PCM composite. In fact, hydrogen
bonding interactions, capillary action and surface tension forces
largely contribute to the stabilization of the form-stable PCM.
The PEG molecules are easily retained into pores of the stone
because of these forces and their freedom of motion is strongly
restricted; therefore, the leakage of the melted PEG from the com-
posite is prevented [51,52].

To evaluate the LHTES (Latent Heat Thermal Energy Storage)
properties of PCM-stone composites, the measurement of their
melting temperature and latent heat capacity is an important
aspect. Fig. 7 shows the DSC thermograms of pure PEG and of
PCM-stone composites, including both heating and cooling cycles.
The thermal study of LS without PEG was not included because, in
the investigated temperature range, the stone does not exhibit
thermal phenomena. The phase change temperatures and the
related latent heat capacities are summarized in Table 3.

As reported in Table 3 and shown in Fig. 5, PEG exhibited an
endothermic peak centered at around 43 �C during the DSC heating
run and an exothermic peak at about 23 �C during the cooling
cycle. The PCM-stone composites, LS/PEG-10, LS/PEG-30, LS/PEG-
60, displayed an endothermic (melting) peak at around 38–39 �C
and exothermic (crystallization) peak at about 18–20 �C. The dif-
ferent times used to impregnate LS granules with PEG had a very
small influence on the melting/crystallization temperatures. The
DSC curves observed for LS/PEG composites in both the melting
and crystallization processes are shifted toward lower tempera-
tures, probably due to surface interactions between PEG compo-
nent and the LS porous substrate. Weak physical interactions



Fig. 7. DSC curves of the pure PEG and of PCM-stone composites.
Fig. 8. TGA curves of the pure PEG and PCM-stone composites.

Table 4
Degradation temperatures and percentage composition of PEG and PCM-stone
composites evaluated by TGA.

Sample Onset (�C) Endset (�C) Residual (%) Amount of PEG (%)

PEG1000 220.2 ± 1.2 401.1 ± 1.1 1.7 ± 0.5 98.3 ± 0.5
LS/PEG-10 219.1 ± 0.9 286.0 ± 1.3 80.5 ± 0.9 19.5 ± 1.5
LS/PEG-30 218.2 ± 1.1 296.1 ± 0.9 78.0 ± 1.1 22.0 ± 2.1
LS/PEG-60 219.1 ± 1.2 292.6 ± 1.2 77.0 ± 1.0 23.0 ± 1.4
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(i.e., hydrogen bonds, capillary forces, surface adsorption) between
PEG and porous substrates are influential on the phase changes
behavior, especially on the crystallization process, leading to
phase change temperatures slightly lower than those of pristine
PEG [53–57].

As already underlined, in order to be used in building applica-
tions, a PCM must display a suitable range of phase transition
temperatures. The phase change temperatures of the produced
form-stable LS/PEG composites, as illustrated in Fig. 5 and from
the observation of results listed in Table 3, could be considered
favorable if the PCM will be used as Thermal Energy Storage
material in the exterior wall of buildings and/or included in indoor
mortars employed in buildings located in warm (for instance
Mediterranean) regions [31].

The phase change enthalpy (i.e., heat absorbed from crystalline
to melt state and released from melt state to crystalline one) is a
critical factor in PCMs and can be used as a measure to assess their
Thermal Energy Storage capacity. The selected PCM showed a
melting/crystallization enthalpy of about 129–130 J/g. The values
found in the present study are roughly comparable with those cal-
culated for the same pure material (PEG 1000) by other research-
ers, i.e.: 143.2 J/g and 166.7 J/g as melting and crystallization
heats, respectively, as reported by and Karaman et al., and
144.4 J/g and 154.4 J/g as melting and crystallization enthalpies,
respectively, reported by Kou et al. [31,32]. An expected pro-
nounced difference between the melting and crystallization
enthalpies of PEG and of PEG-stone composites was measured.
The different LS/PEG composites, produced by varying only the
impregnation time, exhibited similar melting/crystallization
enthalpies, ranging from 26 to 31 J/g. Although many factors may
cause a decline in phase-change enthalpies, these results are in
accordance with the lower amount of PEG into the LS/PEG compos-
ite samples. The slight difference between melting and crystalliza-
tion heats measured for LS/PEG-60 can be ascribed to small
imprecision in the calculation of enthalpies.
Table 3
LHTES properties of the selected PCM and produced PCM-stone composites.

Sample Heating

Onset (�C) Tm (�C) DHm (J/

PEG1000 35.1 ± 1.7 42.8 ± 1.1 129.3 ±
LS/PEG-10 28.6 ± 0.9 38.4 ± 0.8 28.2 ± 1
LS/PEG-30 29.6 ± 1.1 38.2 ± 1.2 31.1 ± 1
LS/PEG-60 31.7 ± 1.2 39.3 ± 0.7 27.7 ± 0
According to the values of phase change latent heat collected
and reported in [31] for different PCM composites, the melting/
crystallization enthalpies measured in the present study for
LS/PEG composites are in line with those measured for different
thermally efficient PCM systems.

The DSC results found on the pure PEG, finally, were employed
to select the more appropriate temperature to accomplish the pro-
cess of absorption of fluid PEG into the LS flakes. It was found, in
fact, that the melting process has been completed at about 55 �C;
60 �C, therefore, was selected as process temperature, as reported
in paragraph 2.2.

Thermal resistance is another important property for a PCM for
TES application. TGA was used to evaluate this parameter and, at
the same time, also the degradation temperatures in a non-
oxidative atmosphere. The obtained results are shown in Fig. 8
and briefly summarized in Table 4, where ‘‘onset” and ‘‘endset”
represent the initial and final temperatures of the degradation pro-
cess, respectively. Once again, the values calculated for PEG 1000
are nearly comparable with those found for the same material in
previous works [31,32].

As shown in Fig. 8, for pure PEG, as well as for PCM-stone com-
posites, the degradation process started around 220 �C. On the
other hand, the final temperatures of the degradation process of
PCM-stone composites were appreciably lower (of more than
Cooling

g) Onset (�C) Tc (�C) DHc (J/g)

1.2 28.9 ± 1.1 23.6 ± 1.2 129.8 ± 0.8
.1 23.8 ± 1.4 18.5 ± 1.1 28.7 ± 1.2
.1 24.6 ± 1.0 20.4 ± 0.9 31.3 ± 0.9
.9 23.5 ± 0.7 19.4 ± 0.9 26.2 ± 1.1
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100 �C) than that measured on PEG in isolation. This result could be
ascribed to the low amount of PEG (around 20–22%, see later) in
the samples subjected to the TGA test. Nevertheless, from
thermo-gravimetric analysis it can be inferred that the produced
PCM composites display a thermal resistance and a thermal stabil-
ity still suitable for the intended purposes, as reported in literature
for efficient PCMs based on different materials [7,50,58–60]. The
slightly different impregnation level of PEG into LS granules did
not significantly affect these properties.

TGA analysis was also applied to evaluate the amount of PEG
polymer absorbed into the LS. The PEG content into the LS granules
was calculated as the percentage of mass loss at the end of the TGA
tests, i.e., at 450 �C when the complete degradation of the polymer
was achieved, as observed in the TGA thermogram for pure PEG.
This value was approximately 20% for all the PCM-stone compos-
ites (Table 4), with a slight increase for longer impregnation times.

The thermal properties measured by DSC and TGA proved that
the produced PEG-stone composites, and in particular the system
Table 5
Comparison of thermal properties of the PCM composite under investigation with those f

PEG content (% mass) Tm (�C) Tc

PEG 1000/expanded graphite 87.5 23.96 18
PEG 1000/SiO2 80 36.8 21
PEG 1000/diatomite 50 27.70 32
PEG 1000/montmorillonite 44 35.8 21
PEG 1000/montmorillonite 28 39.0 17
PEG 1000/carbonate stone (LS/PEG-60) 23 39.3 19

Fig. 9. SEM images of untreated and treated stone granules:
produced employing the longest impregnation time (i.e., LS/PEG-
60), display a suitable thermal behavior. The observed parameters
were, in fact, roughly in line with those reported in the literature
for efficient PEG-based PCMs, as it can be inferred by the compar-
ison reported in Table 5. It must be bared in mind that the melting/
crystallization enthalpies reported in Table 5 refer to the total mass
of the PEG-based PCM composites. For each system, it is reported
in the same table the content of PEG, that varies appreciably in
the different studies; for such a reason, the values of heats of melt-
ing and crystallization differ in the different studies.

In conclusion, the prepared LS/PEG can be considered as
promising candidate for application as PCMs for energy saving in
buildings.

SEM observations were used to investigate the impregnation of
the LS granules. Due to their small dimensions, the cutting of the
specimens was impracticable. Therefore, it was not possible to
observe the impregnation of the internal part of each granule.
However, the results of EDS analyses allowed to have an indication
ound in previous studies on different PEG-based PCMs.

(�C) DHm (J/g) DHc (J/g) Onset (�C) Endset (�C) Ref.

.49 108.22 101.92 351 420 [61]

.5 113.6 115.4 — — [62]

.19 87.09 82.22 245 500 [31]

.3 104.8 107.0 310 450 [63]

.6 18.7 17.4 — — [63]

.4 27.7 26.2 219.1 292.6 This work

(a) LS, (b) LS/PEG-10, (c) LS/PEG-30, and (d) LS/PEG-60.
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of the penetration of PEG into the stone pores, even though the
same analysis performed on the specimens cannot provide quanti-
tative amounts.

In Fig. 9 the SEM images of the untreated and treated granules
of LS are compared. The surface of the pure stone appeared rough,
with evident small cavities due to the pore structure (Fig. 9a). After
the impregnation, the surface appeared smoother because of the
presence of PEG. In the samples treated for 10 min, the morphology
of the stone and few empty cavities were still recognizable
(Fig. 9b). A polymeric coating accumulated on the surface of the
LS/PEG-30 system (Fig. 9c), hiding the stone beneath, while a more
uniform impregnation was observed in the case of samples treated
for 60 min (Fig. 9d).

The EDS results, reported in Fig. 10, confirmed these findings. In
all the samples, Ca, O, Si, C, Mg, P and Al elements were detected.
The element Ca can only derive from the stone support, while C
can be due to both stone and PEG. Therefore, larger quantities of
C were expected in the LS/PEG composites and, thus, the C/Ca ratio
was used to evaluate the presence of PEG in the samples. For the
pure stone this value was 0.4; increases to 4.3 and 11.1 were mea-
sured for impregnation times of 10 and 30 min, respectively; the
C/Ca ratio declined for longer period of treatment (i.e., 60 min).
The very high ratio measured on the LS/PEG-30 suggested a sub-
stantial accumulation of PEG onto the surface of the LS granules.
On these samples, in fact, the EDS maps highlighted a lower
Fig. 10. EDS spectra and map of Ca for untreated and treated stone granules: (a) LS, (b
sample.
intensity of the Ca signal as a consequence of the polymer covering.
The observed behavior suggested that, although very similar
amounts of PEG were absorbed after 30 and 60 min, the prolonged
impregnation time was useful to promote a better PEG uptake into
the stone.

The results of the chemical, thermal and morphological charac-
terization allowed to chose the LS/PEG-60 system as inert PCM for
the mortar formulations. Actually, no remarkable differences were
observed between the prepared composites. However, 60 min for
LS impregnation assured a deeper penetration of PEG, as well as
greater PCM loading, which potentially yield better thermal behav-
ior [64], reduced leakage and good final performances.

To tailor the mortar compositions, densities of LS and of LS/PEG-
60 were measured. To the same aim, the porosity accessible to
water in Lecce Stone was evaluated. A density of 2957 kg/m3 and
a porosity accessible to water of 33.6% were measured in LS; LS/
PEG-60 exhibited a density of 3724 kg/m3.

3.2. Characterization of mortar formulations

Aerial lime-based mortars are commonly used as mortars for
restoration of historic buildings. In such applications, in fact, the
use of materials similar to those originally used is mandatory: from
this point of view, lime-based mortars represent the best solution.
Referring to the same repair applications, the mortars based on
) LS/PEG-10, (c) LS/PEG-30, and (d) LS/PEG-60. The C/Ca ratio is reported for each
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Portland cement, in fact, display some degree of incompatibility
with the pre-existing support materials of old buildings.

Generally speaking, aerial lime is suitable to manufacture mor-
tars for both masonry and bricks. With a proper selection of base
components and of the formulation composition, the aerial lime-
based mortars exhibit good workability in fresh state and adequate
mechanical properties.

In the present work, the workability test on the produced aerial
lime-based mortars was first performed. In Table 6 the workability
values for the developed mortars are reported. It must be kept in
mind that the appropriate value of workability for aerial lime-
based mortars must be in the range of 160–180 mm [64,65].

It is well known that a proper content of water is necessary to
assure a good workability of the mortar formulation and that this
amount should not be excessive: it can lead, in fact, to a high
porosity in the mortar and, as a consequence, to unsuitable
mechanical properties [65]. Therefore, superplasticizers (SP) are
commonly used as they improve the workability of the mortars
even using limited amounts of water. As reported in Table 6, after
a proper preliminary study, it was possible to obtain an appropri-
ate value of workability for all the formulations analyzed.

In Table 7, the results of flexural and compressive tests per-
formed on the different produced mortars are presented.

As expected, the use of a superplasticizer in a mortar containing
LS as aggregate allowed achieving increased values for both flexu-
ral and compressive strengths.

According to the results reported in Table 7, a decrease in the
flexural and compressive strengths of aerial lime-based mortars
is experienced as a consequence of the introduction of the PCM
composite and of the greater content of water requested by
AL_LS/PEG500 composition. The use of a superplasticizer and of a
higher amount of binder, on the other hand, allowed achieving bet-
ter mechanical performance, in terms of both flexural and com-
pressive strengths, even in the mortars containing LS/PEG
composite. However, lower strengths were found for this formula-
tion in comparison to the same formulation not containing LS/PEG
composite, i.e. AL_LS800_SP.

Taking into account the intended application of the produced
mortars in the field of constructions, it must be underlined that
they should have a minimum classification of CS II based on the
compressive strength, according to the standard NP EN 998-1.
The mortars produced in our study, on the other hand, possess
Table 7
Mechanical properties measured in flexural and compressive mode on the produced
aerial lime-based mortars.

System Flexural
strength
(MPa)

Compressive
strength
(MPa)

Thermal
conductivity
(W/m�K)

AL_LS500 0.51 ± 0.10 0.52 ± 0.04 (CS I) –
AL_LS/PEG500 0.20 ± 0.07 0.24 ± 0.05 (n.a.) –
AL_LS500_SP 0.64 ± 0.03 0.69 ± 0.09 (CS I) –
AL_LS800_SP 0.92 ± 0.04 1.51 ± 0.11 (CS I) 0.46 ± 0.02
AL_LS/PEG800_SP 0.53 ± 0.12 1.21 ± 0.06 (CS I) 0.47 ± 0.01

Table 6
Values of workability of the produced mortars,
whose composition is reported in Table 2.

System Workability (mm)

AL_LS500 161
AL_LS/PEG500 170
AL_LS500_SP 173
AL_LS800_SP 175
AL_LS/PEG800_SP 180
mechanical characteristics not completely adequate (CS I type),
even using a higher amount of binder.

The results of thermal conductivity tests performed on some of
the produced mortars are again shown in Table 7. According to the
definition of thermal mortars [36], both the produced mortars can-
not be defined as thermal mortars, being their thermal conductiv-
ity values greater than 0.2 W/m�K. Furthermore, from the
observation of results it can be concluded that the introduction
of PEG-based PCM in an aerial lime mortar does not appreciably
affect the thermal conductivity of the mortar not containing the
PEG, thus the introduction of PEG did not produce a noticeable
insulating effect to this kind of mortar.
4. Conclusions

In this paper, the production of a PCM (LS/PEG composite) to
include in mortars, obtained through the form-stable method, is
illustrated. The sustainable PCM composite was produced by
impregnation of PEG 1000 polymer into small pieces of Lecce
Stone, these latter obtained as a waste product from the produc-
tion of stone blocks employed in constructions. PEG was selected
for this purpose due to its eco-friendly character and for the appro-
priate thermal properties (suitable phase change temperatures and
large phase change enthalpy). The performed rheological measure-
ments confirmed the possibility to obtain PEG in liquid state by
heating the polymer at a mild temperature (i.e., 60 �C). The porosi-
metric study performed on the stone, furthermore, demonstrated
the suitability of LS to absorb liquid PEG. The impregnation of
PEG into the stone was achieved under vacuum. Different impreg-
nation times were employed, in order to identify the most appro-
priate procedure to achieve an efficient PEG-based PCM. A wide
characterization was performed on LS/PEG composites through
FT-IR, DSC and TGA analyses, SEM observations and EDS investiga-
tions. It was found that an impregnation time of 60 min allowed to
obtain PCM composites that potentially may exhibit better final
performance. In LS/PEG-60 samples, in fact, a deeper penetration
of PEG was observed, while in LS/PEG-30 and LS/PEG-10 ones most
of the applied polymer remained on surface. The presence of PEG
mainly inside the pore structure of the stone, on the other hand,
would prevent leakage of the softened/melted PEG. The stability
of the composite can be also guaranteed by physical interactions
between PEG and stone. Capillary action, surface tension and
hydrogen bonds are likely to be strong enough to retain the PEG,
thus preventing the outflow of the liquid polymer.

LHTES properties and thermal resistance characteristics of the
LS/PEG composites, investigated by DSC and TGA analyses, respec-
tively, were found in line with previous studies performed on effi-
cient PEG-based PCMs, and thus suitable for the final purpose of
the research.

The selected PCM composite, i.e., LS/PEG-60, was, then, intro-
duced as aggregates to different aerial lime-based mortar composi-
tions, taking as reference the same mortars containing the same
amount of Lecce stone without PEG. In order to achieve an ade-
quate workability of the fresh mixtures, and to maintain limited
the addition of water, it was necessary to employ a superplasti-
cizer. The addition of the PEG-based PCM caused an unsuitable
reduction of compressive and flexural strength values of the aerial
lime-based mortars. Essentially unaffected by the presence of PEG
resulted the thermal conductivity.

In conclusion, the incorporation method used to include PEG in
waste Lecce stone pieces resulted effective in producing sustain-
able stable LS/PEG PCMs with appropriate LHTES properties. Fur-
thermore, the produced PCM is additionally not toxic or
flammable, taking into account that the safety requirement for
materials used in buildings is a crucial point. On the other hand,
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the PEG/LS composite appeared to be not suitable as PCM aggre-
gate for the selected binder: the aerial lime-based mortars with
incorporation of LS/PEG-60 showed, in fact, some unsatisfactory
properties, such as CS I type strength and unchanged thermal con-
ductivity. The ongoing research is focusing on the production of
different mortars, based on hydraulic lime, gypsum or cement,
incorporating the proposed PCM to assess if it is possible to achieve
adequate mechanical properties (at least CS II type strength) along
with thermal effects with the addition of LS/PEG composites.
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