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a b s t r a c t

A key challenge for efficient thermal management of civil buildings is the development of shape-
stabilized phase change materials (PCM) for thermal energy storage and release. Nevertheless, some
issues related to the disposal of such devices are arising as they are generally not biodegradable and
recyclable. In this work, we developed two new renewable and biodegradable thermal energy storage
composites obtained from renewable resources. These are based on the use of bio-derived alcohol as
PCM and on porous biogenic structures, namely cuttlebone and pomelo peel, as shape stabilizers, which
are currently waste materials. The results point out that both cuttlebone and pomelo peel can sponta-
neously absorb huge amounts of the considered PCM and retain it in the liquid state. The thermal energy
storage capacity of the composites is about 70% that of neat PCM, whereas the volumetric efficiency (i.e.,
the ratio between the thermal energy storage capacity of the composite and the neat PCM in J cm�3)
approaches 90% and 70% in cuttlebone and pomelo peel composites, respectively. The properties appear
stable over at least 100 melting/solidification cycles.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, the awareness of the environmental problems
related to global warming [1] is driving the research to more effi-
cient thermal energy management [2]. In this context, recent
environmental regulations have opened ambitious challenges for
researchers. For instance, the European Union (EU) targeted for the
year 2030 a 40% reduction of greenhouse gas emissions compared
to 1990 [3]. Efficient management of thermal energy in civil
buildings is a key tool to achieve such goal; in fact, in 2017 more
than 600 Mt of CO2 equivalent greenhouse gasses were produced
by households on the EU level, much more than industry (z
400 Mt) and agriculture (z 400 Mt) [3].

Among the different strategies suitable to increase the energy
efficiency of civil buildings, thermal energy storage (TES) is one of
the most promising [4e7]. Here, the seasonal or daily excess of
thermal energy (accumulated during the hottest hours or seasons)
is stored in specific devices and released as the environmental
.

temperature decreases. In other words, TES aims at increasing the
thermal inertia of the building, thus resulting in a substantial sta-
bilization of its temperature and reducing the energy demand and
CO2 footprint of the heating or cooling systems. To store such a
large amount of thermal energy (without significantly impacting
on the total mass or volume of the building) materials with high
thermal energy storage capacity per unit weight or volume are
needed. Since crystallization/melting phase transitions allow to
release/absorb a large amount of heat (latent heat), materials with a
melting point around 20 �C are of particular interest [5,8e10].
These phase change materials (PCM) are usually organic com-
pounds including paraffin waxes [5,8,9], polyethylene glycol [11],
and other oil-derived compounds. However, paraffin is not
renewable and biodegradable and one can foresee that extensive
use of paraffin in civil TES devices could open additional issues
related to their end-of-life and waste disposal. On the other hand,
new biodegradable, green, and renewable PCMs are currently
emerging, and among them, fatty acids and alcohols are particu-
larly relevant [12e20].

For practical use of PCMs in TES devices, thematerials need to be
shape-stabilized to avoid their leakage in the molten state. This can
be achieved either by encapsulation [4,8,18e21] or shape
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stabilization [8,22e26], using porous structures able to absorb and
contain molten PCM. Both synthetic polymeric (i.e., polyethylene
[27], polypropylene [28], polyurethane [29,30], and others [31])
and inorganic matrices have been shown to act as efficient shape
stabilizers. Nevertheless, synthetic organicmatrices present several
issues regarding their end-of-life. This is especially true if one
considers that they are not pure substances but composites con-
taining PCM at the micro- or even nano-scale, this making tradi-
tional recycling procedures unsuitable. On the other hand,
inorganic matrices (i.e., mesoporous SiO2 [22,32e34], porous
graphite [35,36], carbon nanomaterials [6,22,37,38], silica fume
[39,40], diatomite [12,15,41e43], porous alumina [38], nanofibrous
ceramics [44], expanded perlite and vermiculite [13] …) might
require a sophisticated and expensive synthesis or high tempera-
ture treatments (pre-sintering) to attain porous but mechanically
consistent architectures.

In this context, the research of new shape stabilizers remains a
key challenge. Despite the development of synthetic procedures to
highly porous materials is an intriguing research topic, we can
observe that living beings in Nature continuously and spontane-
ously produce large amounts of porous microstructures [45e47]
including both organic (i.e., wools, pelts, sponges …) and inorganic
(i.e., porous bones, skeletal…) compounds.Moreover, most of them
are substantially available “for free” as they are considered wastes.
The availability of cheap and renewable shape stabilizers is a
fundamental aspect for a shift toward smart buildings with
improved thermal energy management: extensive employment of
TES in civil structures would require huge amounts of shape sta-
bilizers, whose cost is expected to have a significant economic
impact.

The present work aims to develop new environmentally friendly
composites for TES applications, where the PCM is a commercially
available agriculture-derived biodegradable alcohol and the shape
stabilizer is a natural porous structure. Two specific shape stabi-
lizers are investigated for the first time, cuttlebone and pomelo
peel. Pomelo is a fruit belonging to the citrus family mostly diffuse
in China and South-East Asia. Its world production currently ap-
proaches 10Mt/year and constantly grew over the past decade [48].
It possesses a thick peel mostly constituted by a porous albedo (the
spongy white part of citrus fruits peel). Cuttlefish is a cephalopod,
whose world production was about 3.6 Mt/year in 2010 [49]. It
contains a porous carbonaceous bone (cuttlebone) which is used as
a buoyancy tank. Cuttlefish maintain their vertical position un-
derwater by regulating the amount of water inside their bone.

The rationale behind the choice of the shape stabilizers is the
following: (i) both are highly porous and of biogenic origin; (ii) they
do not contain dangerous substances and they are “renewable”; (iii)
the waste disposal is easy since pomelo peel can be fully bio-
degraded, whereas cuttlebone can be easily milled to produce
carbonaceous sand; (iv) one is organic whereas the other is inor-
ganic; and (v) both are considered wastes and are extremely
diffuse. Therefore, their application in TES devices has the double
advantage of using a cheap and easily available shape stabilizer
while providing a new life and function to waste materials.

2. Experimental procedures

2.1. Raw materials and samples preparation

Commercially-available pomelo and cuttlefish were purchased
in a supermarket in Trento (Italy). The pomelo peel was dried in an
oven at 180 �C for 30 min to remove any residual absorbed water
and sterilize it. Cuttlebone samples were boiled in distilled water
for 10 min and then dried at 100 �C for 24 h. The samples were cut
with a diamond saw. Pomelo peel samples were shaped into
97
parallelepipeds with sizes of about 1x1x0.7 cm3. The cuttlebone
was cut into slices orthogonally to its main axis, each slice thickness
being approximately 5 mm. Each portionwas then divided into two
parts, thus obtaining two samples per slice.

The pomelo peel and the cuttlebone samples were used to
absorb the phase change material (PCM). For this purpose, Pure-
Temp®23 was selected and acquired by Octochem Inc (Vadalia,
USA). It is characterized by a melting point of 23 �C, a density of
0.83 g cm�3 at the liquid state, and a melting enthalpy (DHm) of
227 J g�1. PureTemp® 23 is derived from agricultural sources
(certified from the United States Department of Agriculture), it is
non-toxic and certified biodegradable. This PCM was selected to
store/release thermal energy near room temperature conditions.
The PCM absorption was performed by direct immersion of the
samples within the liquid PureTemp® 23, on a heated plate at 40 �C,
and it occurred within 5 min. Excess of PCM was used during the
impregnation tests, the volume of the liquid PCM being about three
times that of the shape stabilizer. Impregnation was carried out in
atmospheric conditions (i.e., no vacuum infiltration).

2.2. Characterization of the constituents

The Fourier transform infrared spectra (FTIR) were acquired in
attenuated total reflectance (ATR) mode using a Perkin Elmer FT-IR
Spectrometer (Perkin-Elmer, USA) in a wavenumber range of
4000e650 cm� 1. Four scans with a resolution of 4 cm�1 were
performed.

The pomelo peel microstructure was investigated by SEM (JSM-
IT300LV) operating in low vacuum conditions. The morphology of
the powders was investigated by field emission scanning electron
microscopy, using an FE-SEM SUPRA 40 (Carl Zeiss Microscopy
GmbH) instrument. The initial porosity of the matrices was esti-
mated by comparing the skeletal density, measured using a gas
displacement AccuPycII 1330 pycnometer (Micrometrics Instru-
ment Corporation, USA), and the bulk density, measured by
geometrical method. Hg porosimetry was employed to investigate
the pore size distribution of the cuttlebone (the analysis was not
possible on pomelo peel as it resulted compressible during the
test). The analysis was carried out using a Porosimeter 2000 (Carlo
Erba, Milano, Italy) facility, in the 0.2e2000 bar pressure range at
20 �C.

XRD spectra were recorded on an Italstructures IPD3000
diffractometer equipped with a Co anode source (line focus)
coupled to a multilayer monochromator to select the K-a charac-
teristic radiation (1.7889 Å) and fixed 100 mm slits. The porous
matrix bulk samples, as well as the pure PCM and composites, were
mounted on standard aluminum back-loading supports and
measured in reflection geometry with a fixed 5� incidence angle. In
the case of pure PCM and composite samples, a liquid nitrogen bath
was set up directly below the sample holder to avoidmelting due to
X-Ray exposure. Diffraction patterns were then collected through
an Inel CPS120 detector over the 5e120� 2q range (0.03� per
channel) with an acquisition time of 10 min for each sample.

2.3. Characterization of the composites

A leaking test was performed to verify the ability of the different
materials to retain the PCM. The specimens were placed in an oven,
at 40 �C, on different substrates (earthenware and porphyry bricks,
absorbent paper, and aluminum foil) and their mass wasmonitored
for 14 days to determine the PCM leakage. The samples were placed
in contact with the substrates in two different modes: (i) the
porous-spongy part of the shape stabilizer in contact with the
substrate; (ii) the contact was localized on the dense outer shell of
the composite matrix. The composites were further characterized



Fig. 1. FTIR spectra collected in ATR mode of the shape stabilizers (cuttlebone and
pomelo peel) and of the used PCM (PureTemp 23®).
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by FT-IR and XRD using the same procedures described in section
2.2; their microstructure was investigated with a digital optical
microscope Olympus DSX1000 operating in dark field mode and
“fine” Z-axis scan.

Differential scanning calorimetry (DSC) measurements were
carried out on the prepared samples (after the 14-days leaking test)
using a Mettler DSC30 calorimeter under a nitrogen flow
(10 cm3 min�1). A heating scan from �30 �C to 70 �C was followed
by a cooling stage from 70 �C to�30 �C. All the thermal ramps were
carried out at 10 �C min�1. In this way, the onset point of the
melting and crystallization peak (Ton,m, Ton,c), the melting and
crystallization peak temperatures (Tm, Tc), and the specific melting
and crystallization enthalpy values (DHwt,m, DHwt,c) were obtained.
The volumetric specific enthalpy (DHvol,m, DHvol,c) was evaluated by
multiplying the experimental enthalpy values by the density of
each composite sample (r). The density of each material was esti-
mated from the density of the PCM (0.83 g cm�3 at the liquid state),
the initial porosity and skeletal density of the shape stabilizers, and
the amount of PCM in the composite.

Moreover, the thermal energy storage efficiency was deter-
mined upon heating (hwt,m) and the cooling (hwt,c) scans as the ratio
between the specific enthalpy of the sample and the corresponding
specific enthalpy of neat PCM, as given in Equations (1), (2):

hwt;m ¼ð DHwt;m

DHwt;mPCM
Þ100 (1)

hwt;c ¼ð DHwt;c

DHwt;cPCM
Þ100 (2)

where DHwt,mPCM, and DHwt,cPCM are the specific enthalpies associ-
ated with melting and crystallization of the neat PCM, respectively.

The volumetric thermal energy storage efficiency was deter-
mined upon heating (hvol,m) and cooling (hvol,c) scans as the ratio
between the volumetric specific enthalpy of the samples and the
corresponding volumetric specific enthalpy of neat PCM, as given in
Equations (3), (4):

hvol;m ¼ð DHvol;m

DHvol;mPCM
Þ100 (3)

hvol;c ¼ð DHvol;c

DHvol;cPCM
Þ100 (4)

where DHvol,mPCM, and DHvol,cPCM are the specific enthalpy associ-
ated with melting and crystallization of the neat PCM, respectively.

Furthermore, DSC was repeated after 20, 60, and 100 melting/
solidification cycles to verify the stability of the thermal energy
storage properties. The cyclic DSCmeasures were carried out on the
same samples used for the 14-days leakage test. Only the samples
contacting absorbent paper on their external shell were investi-
gated. The cyclic solidification/melting process was carried out by
soaking the < 100mg of composite in a fridge at�15 �C and an oven
at 80 �C for 5 min.

The overall thermal performance of the materials (after the 14-
days leaking test) was investigated recording their surface tem-
perature using an infrared thermal imaging camera FLIR E60
(emissivity ¼ 0.86). The specimens were heated in an oven at 40 �C
overnight and then inserted in a fridge kept at a temperature of
5 �C. In the same way, the specimens were cooled at �15 �C over-
night and then inserted in an oven at 40 �C.
98
3. Results and discussion

3.1. Characterization of the constituents

The FTIR spectra of the raw materials used in the present work
are reported in Fig. 1. All IR absorption peaks of cuttlebone (CB) can
be related to the vibrational modes of the inorganic skeleton CO3

2�

groups [50]. The peaks well match those of calcium carbonate: in
particular, the peaks at 1082 cm�1 and 853 cm�1 are typical of
aragonite [51]. The aragonitic nature of cuttlebone is also confirmed
by XRD (Fig. 2), clearly indicating orthorhombic symmetry with the
two main (1 1 1) and (0 2 1) reflections located at 2q ¼ 30.85� and
32.03� respectively [52]; from a microstructural point of view,
average volume-weighted crystallite size of pure aragonite resulted
about 36 nm.

The FTIR spectrum of pomelo peel (PP) is more complicated
because of the presence of multiple organic components [53e60].
According to the scientific literature, its skeleton contains pectin
(forming the largest part of the cell walls), cellulose, hemicellulose,
and lignin [55e57]. These are mixed with other low-molecular-
weight proteins, fats, soluble sugar, ashes, and volatile com-
pounds (olefin, flavonoids …) [54,55,58]. The PP spectra in Fig. 1
well match those reported in previous works [53,59,60]. The
broad absorption band at z 3300 cm�1 can be assigned to the vi-
brations of the eOH groups of pectin, cellulose, hemicellulose,
lignin, and flavonoids. The band at 2913 cm�1 can be attributed to
the stretching of CeH bonds of sp3 carbon. The feature at 1730 cm�1

is due to the C¼O vibrations of the eCOOCH3 esters in pectin. The
peak at z 1600 cm�1 is likely related to the OeH bending of
adsorbed water. The feature at 1368 cm�1 can be assigned to CeH
bending; at 1234 and 1151 cm�1 the absorption bands of the CeO
vibrations are visible. The broad asymmetric band with a mini-
mum at 1012 cm�1 is probably due to the superposition of different
absorption peaks including the CeO bending and the CeOeC



Fig. 2. XRD pattern of the shape stabilizers (cuttlebone and pomelo peel) and of the
used PCM (PureTemp 23®). The main aragonite peaks are indexed in the CB spectrum,
the peaks indexed in the PCM spectrum correpond to the monoclinic lattice described
in the text.
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skeletal vibrations of the pyranose rings. No substantial modifica-
tion of the FTIR spectrum can be observed after the drying of PP at
180 �C. The PP has a nanocrystalline nature as shown in Fig. 2, with
the XRD pattern exhibiting broad diffuse signals arising from short
order periodicity, located in particular at 2q ¼ 19.5� and 25.5�

(5.47 Å and 4.6 Å interplanar distance respectively). In the absence
of a structural model, no accurate structural and microstructural
characterization can be performed; however, assuming an isotropic
crystallite shape and the absence of lattice strain, the average
volume-weighted crystallite size can be estimated around 10 Å
using the classical Williamson-Hall approximation [61].

FTIR spectrum of PCM (PureTemp® 23) points out that it is
saturated alcohol. The vibrations of eOH alcoholic groups are
visible at z 3325 cm�1. The two peaks at 2923 and 2854 cm�1 are
due to CeH vibrations of sp3 carbon. The absence of CeH vibration
peaks above 3000 cm�1 points out the absence of sp2-hybridized
carbon. The peaks at 1465 and 1378 cm�1 are due to CeH bending.
The two peaks at 1124 and 1056 cm�1 are related to CeO stretching
in secondary and primary alcohols, respectively. Finally, the out-of-
plane rocking of CeH is visible at 722 cm�1. Since the peak at 1056
ismuch stronger than that at 1124 cm�1 we can deduce thatmost of
PCM is constituted by primary alcohol, whereas minor amounts of
secondary alcohols are present in the commercial blend. Based on
the FTIR spectrum, the melting temperature (23 �C), and the heat of
fusion (z 200 J g�1), we can tentatively identify 1-dodecanol as the
main component of the present PCM [20]. To our knowledge, no
detailed structural information for 1-dodecanol is available in the
literature, thus preventing the possibility of quantitative modeling
of XRD data. For this reason, we proceeded to an ab initio charac-
terization of the pure PCM compound to obtain a basic
99
crystallographic model to be used in the analysis of composite
samples. Crystal cell indexing was performed using the DICVOL
algorithm [62] in the ReXCell software [63], giving a monoclinic
lattice with a ¼ 28.4690 Å, b ¼ 4.1233 Å, c ¼ 24.0335 Å, b ¼ 95.49�

cell parameters as the only solution, and a corresponding cell vol-
ume of 1173 Å3. Space group determination performed employing
the strategy by Markvardsen et al. [64] resulted in a P 1 -1
extinction symbol, with a P 1 2/m 1 space group symmetry as the
most likely attribution; assuming the whole primary alcohol
molecule as the asymmetric unit, this settings corresponds to a four
alcohol molecules content per unit cell. Additionally, the average
volume-weighted crystallite size of the crystallized PCM phase was
estimated to be around 80 nm, again in an isotropic crystallite
shape hypothesis,

SEM micrographs of the PP and CB are shown in Fig. 3. The
micrographs outline the porous nature of the two biogenic com-
pounds. Both materials contain a large amount of open and inter-
connected porosity with pore size in the order of 20e200 mm. By
comparing the skeletal density measured by He pycnometer
(rsCB ¼ 2.77 g cm�3; rsPP ¼ 0.88 g cm�3) and the geometrical density
(rsCB¼ 0.351 g cm-3; rsPP¼ 0.132 g cm�3) it is possible to estimate the
amount of open pores, which is between 85% and 90% for both
materials. Interestingly, both CB and PP possess a sort of “outer
shell” which appears substantially dense (Fig. 3).

To further investigate the pore size distribution of the samples
and possibly prove the presence of mesopores, Hg porosimetry was
carried out. The results (Fig. 4) confirm that 97% of the cuttlebone
porosity is larger than 20 mm, such a result is in perfect agreement
with the SEM micrographs. Furthermore, only a very limited
amount of mesopores was detected (z 1% of the total pore volume
is below 50 nm). Unfortunately, pomelo peel resulted compressible
during the porosimetry test thus the results are not available.
However, some characterization of the micro and mesoporosity of
PP is already available in the scientific literature: Wu et al. [65]
estimated the total volume of micro and mesopores of PP as
0.166 cm3 g�1 by N2 physisorption. Considering that the total
porosity of PP is about 85% (measured by geometrical method) and
the skeletal density is 0.88 g cm�3, one can easily determine that
the total pore volume is 6.44 cm3 g�1. On such bases, only a very
limited amount of the PP porosity (< 3% of the pores) is in the micro
or meso-range. Hence, we can consider both the materials as
macroporous for the purpose of the present work, with substantial
negligible effects of smaller pores on the PCM storage capacity.

3.2. Characterization of the composites

Both pomelo peel and cuttlebone were able to absorb a large
amount of PCM as shown by weight measures (Figs. 5 and 6) and
digital microscopemicrographs (Fig. 7). Just after impregnation, the
PCM load in the composites was 68.9 ± 2.4 wt% and 84.1 ± 1.0 wt%
for CB and PP samples, respectively. Based on density measure-
ments and liquid PCM density (0.83 g cm�3), it is possible to
calculate the maximum amount of PCM that can be stored in the
porous architectures, equal to 67.4 wt% and 84.2 wt% for CB and PP,
respectively. Therefore, the weight gain measured after impreg-
nation is consistent with a complete filling of the open pores by the
PCM. Theweight gain for CB samples is even slightly larger than the
theoretical one and this can be attributed to small differences be-
tween the samples or the adsorption of a limited amount of PCM as
a thin layer on the external surface of CB samples. The PCM ab-
sorption in the biogenic architectures was anyhow always very fast
and completed in less than 5 min. This is a key advantage with
respect to the most common materials used for shape stabilization
of PCMs like graphene oxide, graphene foams, and graphene oxide/
carbon nanotubes composites. These materials are also able to



Fig. 3. SEM micrographs of cuttlebone and pomelo peel (not impregnated).

Fig. 4. Cumulative and incremental pore volume distribution as a function of the pore
size obtained by Hg porosimetry on cuttlebone.
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absorb a huge quantity of PCM (up to 99.5 wt% of paraffin in gra-
phene foams, up to 98.8 wt% in graphene oxide/carbon nanotubes
composites, and up to 48.3 wt% of paraffin in graphene oxide)
although a very long absorption time is required, 2 h stirring at
90 �C in the case of graphene foam and several hours of vacuum
impregnation for graphene oxide [66e68] and graphene oxide/
carbon nanotubes composites [67]. Moreover, the PCM absorption
ability of PP and CB outperforms that of naturally occurring porous
architecture, like diatomite, widely used as shape stabilizers. For
instance, TES composites based on diatomite typically contain only
30e60 wt% of PCM [12,15,40e43].

The PCM leakage was investigated on different substrates
(earthenware and porphyry bricks, absorbent paper, and aluminum
foil) for 14 days after impregnation. The samples were put in con-
tact with the substrates in two different modes: (i) the porous-
100
spongy part of the shape stabilizer touching the substrate (Fig. 5a
and b, and Fig. 6a and b); or (ii) localizing the contact on the dense
outer shell of the composite matrix (Fig. 5c and d and Fig. 6c and d).
When the substrate was in contact with the porous region, the
leakage was pretty fast in the case of paper, earthenware, and
porphyry. On the other hand, substantially no PCMwas released on
the aluminum foil. This points out that the capillary pressure in the
composites can confine the PCM if the substrate is dense. The
leakage kinetics in PP composites are slightly faster than in the case
of CB samples.

Interestingly, only a very moderate PCM leakage was detected
when the samples laid on their outer shell, regardless of the sub-
strate. After 14 days, the PCM in the composite was z 90% of that
measured just after impregnation, the PCM release being almost
completely concentrated during the first day (Figs. 5d and 6d). The
weight loss in the first days can be likely related to the release of the
PCM thin layer adsorbed on the outer surface of the samples. The
results point out that CB and PP shells are dense enough to confine
the PCMwithin the porousmatrix although the sample is placed on
very porous substrates. This is confirmed by the micrographs in
Fig. 7, where it is shown that the shape stabilizer porosity is almost
completely filled by the PCM in the molten state.

To prove that no substantial chemical interactions take place
between the PCM and the shape stabilizer, the composites were
investigated by FTIR and XRD (Fig. 8). The spectra recorded on the
composites can be fully explained as a superposition of those
collected for PCM and the shape stabilizer. Neither new crystalline
phases nor new FTIR peaks can be detected, this pointing out that
the substrate is substantially inert and does not interact with the
PCM. From a powder diffraction perspective, the main difference
appears as a reduction in the average crystallite size of the PCM
phase when it crystallizes within the shape stabilizer, the other
fundamentals crystallographic features remaining substantially the
same. In particular, the PCM lattice parameters and corresponding
cell volume remain basically unchanged in the composites, further
confirming that no significant chemical alteration of the PCM phase
takes place. From amicrostructural point of view, while the average



Fig. 5. PCM load in the composites (wt%) and PCM content with respect to the one measured just after impregnation in cuttlebone samples. The PCM leakage is evaluated on
different substrates both for samples placed on the substrate on (a,b) their porous region and on (c,d) their outer dense shell.

Fig. 6. PCM load in the composites (wt%) and PCM content with respect to the one measured just after impregnation in pomelo peel samples. The PCM leakage is evaluated on
different substrates both for samples placed on the substrate on (a,b) their porous region and on (c,d) their outer dense shell.
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Fig. 7. Digital microscope micrographs of the shape stabilizers (pomelo peel and cuttlebone) and the composites (after the 14-days leakage test) containing the PCM in the solid and
liquid phase. The composites are the ones contacting absorbent paper on their dense part during the leakage test. Note that the PCM is pink-colored.

Fig. 8. (a) FTIR spectra of the composites. The peak position label colors identify the typical bands of PCM (green), cuttlebone (blue), and pomelo peel (magenta); black-colored
index cannot be attributed to a specific component because of the superposition of different peaks (e.g., the 3324 cm�1 band is present both in the PCM and PP). (b) XRD
pattern of the composites.
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volume-weighted crystallite size of pure PCM is around 80 nm
(measured from the spectrum in Fig. 2), it is slightly reduced in the
cuttlebone composite (60 nm) and substantially smaller in the PP
102
composite (20 nm). As a secondary effect, it is possible to observe a
clear reduction in the diffracted intensity of (0 0 l) basal peaks
(located between 10� and 20�) in the composites patterns, likely



Fig. 9. DSC analysis of (a) the neat PCM, (b) of the CB, and (c) PP composites. The composites were previously subjected to a 14 days PCM leakage test on different substrates (i.e., the
tests in Fig. 5 and 6). Only the samples touching the substrate on their outer “shell” were investigated by DSC.

Table 2
Thermal properties measured by DSC (Figs. 8 and 9) upon cooling: onset crystalli-
zation temperature (Ton,c), crystallization peak temperature (Tc); latent heat of
crystallization normalized on the sample mass (DH wt,c) and volume (DHvol,c);
thermal energy storage efficiency compared to the pure PCM with respect to the
sample mass (hwt,c) and volume (hvol,c).

Ton,c/�C Tc/�C DH wt,c/J g�1 DHvol,c/J cm�3 hwt,c/% hvol,c/%

CB_earthenware 16.7 3.9 143.8 157.7 70.3 92.4
CB_porphyry 16.0 2.5 144.4 137.0 70.6 80.3
CB_aluminum 16.1 0.5 142.8 161.7 69.8 94.8
CB_paper 16.4 4.2 142.0 151.0 69.4 88.5
PP_earthenware 13.6 �1.1 143.5 99.7 70.2 58.4
PP_porphyry 13.4 �2.7 143.2 118.1 70.0 69.2
PP_aluminum 16.6 0.3 153.3 119.1 75.0 69.8
PP_paper 14.3 0.7 146.3 113.6 71.5 66.6
PCM 17.1 16.0 204.5 169.7 e e
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due to isotropic crystal growth and the corresponding absence of
preferred orientation features present when the pure PCM is
allowed to crystallize free of any physical constraints.

The thermal energy storage capacity of the composites facing
the substrates on their “shell” was investigated by DSC after the 14
days leakage test (Fig. 9). Clear endothermic and exothermic peaks
due to PCM melting and solidification can be observed in all tested
materials regardless of the used substrate. The thermal properties
measured by DSC are summarized in Tables 1 and 2. No significant
differences in terms of latent heat can be detected upon heating or
cooling. One can observe that both composites possess a thermal
energy storage capacity close to 145 J g�1, which corresponds to an
efficiency of about 70% that of the neat PCM, this value well-
matching the PCM load in the cuttlebone composites (Fig. 5).
Nevertheless, it appears rather low if compared with the PCM load
in the pomelo peel. As a matter of fact, PP composites contain more
than 80 wt% PCM at the end of the leakage test (Fig. 6). The reduced
efficiency seems unlikely due to small variations in the sample
composition as the tests were repeated twice on all the specimens
with the same results. Therefore, it seems related to a non-perfect
crystallization of the PCM, as shown by the XRD peaks broadening
in the PP composite (Fig. 8b). The origin of this effect has not been
completely understood so far and could be possibly investigated in
future works. Nevertheless, we can suppose that it might be related
to the large amount of low-molecular-weight compounds in PP that
can migrate and dissolve in the PCM, thus hindering its
crystallization.

The volumetric thermal energy storage capacity (i.e., the latent
heat normalized to the sample volume) is in the order of 150 J cm�3

and 110 J cm�3 for CB and PP composites, respectively. The results
are quite attractive especially for the CB samples, as their volu-
metric thermal energy storage is close to 90% of that of the neat
PCM.
Table 1
Thermal properties measured by DSC (Fig. 9) upon first heating: onset melting temperat
sample mass (DHwt,m) and volume (DHvol,m); thermal energy storage efficiency compared

Ton,m/�C Tm/�C DH wt,m/

CB_earthenware 13.3 28.5 143.1
CB_porphyry 13.0 27.2 144.2
CB_aluminum 13.1 27.1 142.5
CB_paper 13.2 29.7 142.2
PP_earthenware 13.6 31.8 143.2
PP_porphyry 13.8 33.4 143.7
PP_aluminum 13.1 29.1 153.4
PP_paper 14.3 29.5 146.5
PCM 12.1 19.8 205.6
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The efficiency measured in the present work (z 70%) is higher
than that reached using graphene oxide for shape stabilization (z
50%) of a very common PCM (paraffin) but lower than the efficiency
obtained by using graphene foams and graphene oxide foams
(around 99%) [66e68]. In any case, the lower efficiency shown by
the biogenic architecture can be compensated by some other ad-
vantages, like the instantaneous absorption of PCM, the fact that
both matrix and PCM are derived from natural resources, and that
they are biodegradable and cheap.

Looking at the value of the onset melting and crystallization
temperatures (Ton,m and Ton,c) it is possible to observe that the
values are around 13 �C for all the samples and the difference with
the neat PCM is only 2 �C. On the other hand, a clear shift in the
composite melting and solidification temperature (Tm and Tc) with
respect to neat PCM can be observed (Tables 1 and 2). This can be
attributed to the predictable lower thermal conductivity of the
ure (Ton,m), melting peak temperature (Tm); latent heat of fusion normalized on the
to the pure PCM with respect to the sample mass (hwt,c) and volume (hvol,c).

J g�1 DHvol,m/J cm�3 hwt,m/% hvol,m/%

157.0 69.6 92.0
136.8 70.2 80.2
161.4 69.3 94.6
151.2 69.2 88.6
99.5 69.7 58.3
118.5 69.9 69.5
119.1 74.6 69.8
113.7 71.2 66.7
170.6 e e



Fig. 10. Thermal camera images of the samples acquired 5 min after the heating (a) and cooling (b) tests had started. Temperature profiles of cuttlebone (c,d) and pomelo peel (e,f)
composites: heating stage (left) and cooling stage (right). The composites were previously subjected to a 14 days PCM leakage test on different substrates (i.e., the tests in Fig. 5 and
6). Only the samples touching the substrate on their outer “shell” were tested.

Table 3
Results of the thermal imaging tests on the prepared samples: time to reach a
temperature of 3 �C during cooling (t3) and time to reach a temperature of 40 �C
during heating (t40).

Sample t3/min t40/min

CB_earthenware 27.8 35.1
CB_porphyry 27.6 33.2
CB_aluminum 22.5 36.8
CB_paper 24.7 35.1
PP_earthenware 30.4 40.1
PP_porphyry 30.2 44.8
PP_aluminum 36.9 48.4
PP_paper 36.1 43.0
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composite. This would certainly be a disadvantage for TES com-
posites to be used in industrial furnaces or solar thermal power
stations but it is not necessarily negative when considering appli-
cations in buildings. In fact, the time needed to melt (or crystallize)
the composite increases with its thermal resistance, thus allowing
stabilization of the building temperature for a longer time. The
melting (and crystallization) delay appears larger for PP
104
composites, very likely because of the nanocrystalline nature of the
shape stabilizer. This result appears consistent with the thermal
evolution of the composites shown in Fig. 10 (whose fundamental
results are summarized in Table 3). Here, the composites with the
PCM in the solid-state were introduced in a furnace at 40 �C, and
the thermal evolutionwas studied using a thermal imaging camera
(Fig. 10a,c,e). The successive cooling path is reported in Fig. 10b,d,f
and one can observe that in all cases the temperature stabilizes
around themelting point of PCM. Nevertheless, the plateau appears
definitively longer in the case of PP composites. Looking at the
results in Table 3 it is possible to observe that t3 and t40 values (i.e.,
the time needed to reach 3 �C upon cooling and 40 �C upon heating)
are generally larger in PP samples. Since the thermal energy storage
capacity of CB and PP samples is substantially the same (Tables 1
and 2), this difference can be likely attributed to the lower ther-
mal conductivity of the PP samples.

The stability of the thermal energy storage properties was
verified over 100 melting/solidification cycles after the leakage test
on absorbent paper (Fig. 11 and Table 4). One can observe that after
100 cycles the CB_paper sample presents an enthalpy loss of about
0.5% (0.7 J g�1), while the PP_paper sample presents an enthalpy



Fig. 11. DSC of (a) the CB and (b) PP composites before and after 100 thermal cyclings (solidification/fusion). The composites were previously subjected to a 14 days PCM leakage test
on absorbent paper (i.e., the tests in Fig. 5 and 6). Only the samples touching the substrate on their outer “shell” were investigated by DSC.

Table 4
Thermal properties measured by DSC after 20, 60, 100 cycles: melting peak tem-
perature (Tm); latent heat of fusion normalized on the sample mass (DHwt,m), crys-
tallization peak temperature (Tc); latent heat of crystallization normalized on the
sample mass (DH wt,c).

Cycle no. DH wt,m/J g�1 DH wt,c/J g�1

CB_paper 0 142.2 142.0
20 142.2 141.9
60 141.9 141.3
100 141.5 141.2

PP_paper 0 146.5 146.3
20 146.5 146.4
60 143.7 143.0
100 140.9 140.8
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loss of 3.8% (5.6 J g�1). These values, and in particular the ones of
the CB sample demonstrate the stability of the prepared samples
and their ability to maintain the thermal properties over thermal
cycling. The highest thermal stability of the composite based on
cuttlebone matrix is likely related to the inorganic nature of the
shape stabilizer which ensures no chemical interactions with the
PCM. On the other hand, some weak interactions between the PCM
and pomelo peel seem possible (see for instance the XRD peak
broadening in Fig. 8), thus causing a limited reduction of the
thermal properties over cycling.
4. Conclusions

In this work, new environmentally friendly, renewable, and
biodegradable thermal energy storage composites were developed.
The phase change material, a commercially available agriculture-
derived alcohol, was shape-stabilized using porous waste mate-
rials, namely cuttlebone and pomelo peel. FTIR and XRD analyses
evidenced no significant chemical interactions between the shape
stabilizer and the PCM.

The composites show excellent resistance to the leakage of
molten PCM (even in contact with porous substrates, such as
absorbent paper) thanks to the presence of dense skin surrounding
their porous inner structure. After 14 days of leakage on different
substrates, the thermal energy storage efficiency for both archi-
tectures is in the order of 70% that of the pure PCM. The volumetric
thermal energy storage efficiency (i.e., the ratio between the
composite and PCM melting enthalpies in J cm�3) is close to 90%
and 70% for cuttlebone and pomelo peel composites, respectively.
The TES properties do not show significant degradation over the
first 100 melting/solidification cycles.
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