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Abstract: The present work explores the feasibility of using polyalcohols with solid-solid phase
transition as active supporting matrix of n-alkanes in shape-stabilized phase change materials
(SSPCMs). It is well-established that the use of SSPCM avoids leakage and increases stability and easy
handling of solid-liquid PCMs. Nevertheless, the resulting composite exhibits a loss of heat storage
capacity due to the volume occupied by the supporting material, which does not contribute to latent
heat storage. Therefore, the objective of this work is to combine solid-liquid PCMs (alkanes) with
solid-solid PCMs (polyalcohols), both exhibiting a phase transition in the same range of temperature,
to obtain high energy density SSPCMs. Towards that goal, the performance of Neopentyl Glycol
(NPG) and Docosane as a new energetic SSPCM has been proved. The NPG-Docosane chemical
compatibility and its outstanding wettability facilitate the propitious association of both materials.
The higher capillary forces obtained by decreasing the NPG crystal size together with the addition of
expanded graphite (EG) allowed to obtain a maximum Docosane content of 60 wt%. The addition of
EG improves the shape stability at the time that increases the heat transfer properties of the composites.
The analysis showed that the components of the obtained SSPCMs are able to combine their latent
heats, achieving a maximum value of 210.74 J/g for the highest Docosane content. This value is much
higher than those latent heats exhibited by existing SSPCMs in the same working temperature range.

Keywords: shape-stabilized phase change material; Neopentyl Glycol; Docosane; expanded graphite;
thermal energy storage; solid-solid PCM

1. Introduction

Thermal energy storage (TES) is doomed to have a key role in the energy transition in our society,
both in the energy generation and in industrial, building, and automobile sectors. Among existing TES
systems, the latent heat TES technologies based on Phase Change Materials (PCMs) are particularly
attractive for applications where thermal energy has to be stored/delivered over a narrow temperature
range or when compactness is a premium. Indeed, PCMs are able to absorb or release great amounts
of energy in the form of latent heat during phase transitions at nearly constant temperature [1].

Based on their aggregation state change, three different PCMs are sorted: liquid-gas, liquid-solid,
and solid-solid PCMs. Despite their high latent heat, liquid-gas PCMs are inoperative for practical
purposes because of the large volume required in the storage system device [2].

Due to their high energy storage capacity and limited volume variation during phase change,
solid-liquid PCMs are the most widely used materials in latent heat storage technologies. Paraffin,
fatty acids, glycols, or inorganic salts are among the main compounds indexed in this group [3].
Nevertheless, the leakage of the liquid phase of these materials at temperatures above their melting

Materials 2019, 12, 3169; doi:10.3390/ma12193169 www.mdpi.com/journal/materials

http://www.mdpi.com/journal/materials
http://www.mdpi.com
https://orcid.org/0000-0001-5215-7243
http://www.mdpi.com/1996-1944/12/19/3169?type=check_update&version=1
http://dx.doi.org/10.3390/ma12193169
http://www.mdpi.com/journal/materials


Materials 2019, 12, 3169 2 of 18

point hampers their application. In that way, prior to their implementation in the final appliance,
solid-liquid PCMs are usually confined in a supporting matrix or encapsulated, either macro or
microstructures, which implies considerable production costs [4].

There are various techniques to embed the solid-liquid PCM into a carrier material.
Microencapsulation is one of the most widespread method used to stabilize the PCM due to its
high versatility through the selection of different shell materials. The current microencapsulation
techniques for producing particles between 100 to 5000 µm allow to obtain PCM contents in the range
of 40–75 wt% [4,5].

The use of additional stabilizer materials is another relevant option to avoid the leakage of the
PCMs, giving rise to the composites known as shape-stabilized PCMs (SSPCMs). These compounds
have the ability to keep the shape of the PCMs even when its temperature is above the melting point
(liquid state) [6,7]. SSPCMs can be classified into two major groups, depending on the nature of the
supporting material: (i) SSPCMs with supporting organic material based on polymers, which are
obtained by a blending process and characterized by a continuous polymeric structure that encloses
the PCM [8,9]; and (ii) SSPCMs with supporting inorganic porous materials, that are produced by
incorporating liquid PCM into the porous structure by impregnation or vacuum assisted infiltration
method, among others [7].

The maximum amount of embedded PCM obtained with these methods reaches values around 70
wt% by using polymer matrices [10] and up to 80–85 wt% or even higher with inorganic supporting
materials [11–13]. However, in spite of the high PCM contents, the nanoconfinement effects of the
porous support on the thermal properties of the confined PCMs usually reduce the TES capacity of the
embedded PCM [14].

Taking into account these maximum PCM contents and the use of inactive carrier materials for
storing energy, both microencapsulation and shape-stabilization lead to loss of heat storage capacity
(often larger than 20%), due to the volume occupied by the supporting material which is needed to
guarantee the stability of the composite and avoid leakage, but which does not contribute to latent
heat storage. The above problems could be solved by using solid-solid PCMs. Nevertheless, their
commonly lower heat of phase transitions compared with solid-liquid PCMs [15] hamper their use on
their own.

The aforementioned drawback can be addressed by using an active carrier element in the SSPCMs
that stores latent heat in the same PCM working temperature range than the presented by the solid-liquid
PCM. In this vein, Chen et al. prepared different form-stable composites using polyurethane PCM
(PUPCM) as supporting matrix with solid-solid phase transition, containing up to 25 wt% of paraffin
(n-octadecane and n-eicosane) [16]. They synthetized PUPCMs via bulk polymerization containing soft
segments of PEG (4000, 6000 and 10,000 g/mol of molecular weight) and 25 wt% of paraffin entrapped
into the PUPCM framework, achieving 141.2 J/g and transition temperatures between 20 to 65 ◦C when
n-eicosane was incorporated.

Going beyond this concept, the present work explores the viability to use polyalcohol with
solid-solid phase transition as the active supporting matrix combined with n-alkanes, specially
taking into account the great advantages that these materials exhibit. Polyalcohols often undergo
solid-solid phase transitions from a layered or chained low temperature structures to a high temperature
homogeneous face centered cubic crystal. The solid-solid phase transition in these compounds takes
place at temperatures between 40 ◦C and 188 ◦C and it is characterized by an unusually large enthalpy
of transition (110 J/g to 300 J/g) due to the effect of hydrogen-bonds [15]. Moreover, binary and ternary
mixtures of these compounds often allow to obtain new solid-solid PCMs with “tailor made” energy
storage properties [17]. The transition temperature, as well as the corresponding latent heat, are hence
easily adjustable between those of the pure constituents. Furthermore, polyalcohols are renewable,
non-toxic, non-flammable and compatible with metals and plastics [18].

On the other hand, alkanes covering a range from C20 to C100 display melting temperature between
40 ◦C to 115 ◦C with latent heats ranging from 200 J/g to 300 J/g. Besides, many binary alkane systems
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show solid-state solutions with very narrow temperature window (2–5 ◦C). As already mentioned, this
property allows a blend to be tailored to a particular melting range [19].

Within the same range of phase transition temperatures, alkanes usually have higher latent heat
and lower cost than polyalcohols. The objective of combining them is, therefore, to increase the energy
density of polyalcohols while lowering the cost and preserving the advantages of SSPCMs.

In order to demonstrate the viability of this concept, different Neopentyl Glycol (NPG)-Docosane
composites with alkane content from 40 to 70 wt% were manufactured. NPG and Docosane were
selected due to their similar range of phase transition temperatures (30 to 50 ◦C). The NPG crystal
size was controlled by two milling methods, mortar and ball-milling process and its effect on the
stabilization of docosane was studied. Moreover, the addition of particles of expanded graphite (EG)
as binder and heat transfer booster was also accomplished, studying its effect on the properties of the
final composite. The shape-stability of the obtained composites was tested, selecting the ones without
paraffin leakage. In the same way, their thermal stability was examined by thermogravimetric analysis.
XRD analysis was employed in order to ensure the chemical compatibility of the raw materials. The
inner structure of the selected SSPCMs was analyzed, as well as their densities and thermal properties,
focusing on thermal conductivities and thermal diffusivities, as well as their thermodynamic properties
such as transition temperatures and latent heats.

2. Materials and Methods

2.1. Materials

Neopentyl Glycol (NPG) and Docosane at high purity grades (99%) were supplied by
Sigma-Aldrich and used as received, the main properties of both materials are shown in Table 1,
where Tt is the transition temperature, ∆H its related enthalpy change and ρ and k the density and
thermal conductivity, respectively.

Table 1. Main properties of Neopentyl Glycol (NPG) and Docosane.

CAS Number Tt
(◦C)

∆H
(J/g)

ρ25◦C
(g/cm3)

k30◦C
(W/m·K)

Neopentyl Glycol 126-30-7 48 1 126.33 3 1.060 0.25 [20]
Docosane 629-97-0 42–45 2 259.14 3 0.778 0.28 [21]

1 Transition temperature of solid-solid phase change [20]. 2 Transition temperature of solid-liquid phase change
given by the supplier. 3 Measured in this work as described below.

NPG is one of the molecules known as plastic crystal (2,2-dimethyl-1,3-propanediol) with
a solid-solid phase change from an ordered low-temperature monoclinic phase (phase II) to an
orientationally disordered Face Centered Cubic (FCC) phase (phase I) [22]. Highly conductive
expanded graphite powder has been supplied by the company SGL Carbon SE. SIGRATHERM®

GFG75 was the selected EG, with an average particle size D50 of 75 µm and a powder density of
0.120 g/cm3.

2.2. SSPCM Preparation

Two kind of NPG samples were obtained as function of the ground process used for controlling
its crystal size. Mortar and ball-milling processes were the methods selected for crystal size reduction,
in pursuit of a higher uptake of Docosane by NPG. The use of mortar (and pestle) consists in a simple
hand-grinding process, whereas in ball-milling 4 g of NPG were ground by using 4 metallic balls
of 1 g during 15 min in a 8000M Mixer/Mill® High-Energy Ball Mill, from SPEX SamplePrep LLC.
NPG obtained by both processes are hereinafter referred to as NPGHG and NPGBM, respectively.

For the preparation of the SSPCMs, solid powder of the selected type of NPG crystals (NPGHG
or NPGBM) and the proper amount of Docosane (Docosane content was varied from 40 to 70 wt%
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with respect to the final composite mass) were mixed and heated up to 60 ◦C in a hot plate with a
constant stirring rate of 150 rpm during 30 min. After that time, the mixture at 65 ◦C was discharged
in a plastic mold with 9 mm of diameter and slightly pressed, avoiding the presence of air bubbles.
The composites were cooled down at room temperature for 24 h before its removal from the mold,
resulting in an NPG structure enclosing Docosane. The final pellets were obtained by cutting the
cylindrical composite each around 5 mm of length.

In order to study its effect on the stabilization and thermal properties of the composites, a series of
SSPCMs containing expanded graphite particles were manufactured following the same mentioned
method. EG powder was mixed together with NPGBM and Docosane previous to the heating step.
In all the cases the amount of added EG in the final composite was 2.5 wt%.

Therefore, samples are hereinafter denoted according to their composition as HG for composites
using NPGHG, BM for samples having NPGBM and EG for the composites containing expanded graphite,
following by their Docosane content as percentage in weight with respect to the total composite mass.
As an example, EG50 is composed by a 50 wt% of Docosane, 2.5 wt% of EG and 47.5 wt% of NPGBM.

2.3. Composite Characterization

2.3.1. NPG Crystal Size

The NPG crystal size distribution achieved with each milling method was studied with an optical
microscope ZEISS AXIO SCOPE.A1. From these pictures the NPG crystal size distribution was
calculated for each case by using the software ImageJ2.0 [23]. At least 100 crystal length measurements
were collected for each sample.

2.3.2. NPG-Docosane Wettability

The affinity between NPG and Docosane was studied through the contact angle of a liquid
docosane drop on a NPG solid surface. A cylindrical pellet of NPG (5 mm height, 13 mm diameter)
was obtained by pressing powder of NPG in a hydraulic press at 5 t in order to ensure a flat surface.
The NPG pellet was placed on a heating plate and heated up to 70 ◦C for avoiding the solidification of
the liquid docosane drop on its surface. Once the proper temperature was reached a drop of melted
docosane was located on the NPG surface, taking a picture of the system at this moment. The contact
angle was analysed with the software ImageJ2.0 and the plugin “Contact angle” [24].

2.3.3. Leakage Test

To verify the ability of SSPCMs to avoid the leakage of liquid Docosane 3 cylindrical samples
(5 mm height, 9 mm diameter) of each composite were placed on a heating plate and heated up to 70 ◦C
(30 ◦C higher than the melting point of Docosane), keeping the final temperature constant during 1 h.
During the heating process, the samples were photographed to check the shape-stability. Moreover,
the samples were weighed before and after the test in order to obtain the percentage of Docosane
released from the composites.

2.3.4. X-ray Diffraction (XRD)

X-ray powder diffraction measurements were carried out to investigate the solid phases of NPG,
Docosane and SSPCMs. Diffraction patterns were obtained with a Bruker D8 Advance diffractometer
equipped with an LYNXEYE detector using CuKα radiation (wavelength 1.5419 Å). Patterns were
recorded at a tube voltage of 40 kV and a tube current of 40 mA applying a step size of 0.02◦ 2θ in the
angular range of 10 to 80◦ 2θ at 1.03 s per step. Measurements were performed at room temperature.

2.3.5. Scanning Electron Microscopy (SEM)

The samples were imaged by means of a scanning electron microscope Quanta 200 FEG operated
in low vacuum mode at 10 kV featured with a backscattered electron detector (BSED) and large field
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low vacuum detector (LFD). The operational conditions were carefully selected to avoid the melting of
the inner structure of the composites during the survey.

2.3.6. SSPCMs Density

The apparent bulk density of the composites was determined by weighing and sizing three
cylindrical pellets of each sample. The true density was determined by helium pycnometry
(Micromeritics Accupyc 1340).

2.3.7. Thermal Degradation of SSPCMs Composites

Thermogravimetric analyses (TGAs) of SSPCMs and their raw materials were performed by using
a TG 209 F1 Libra® Thermogravimetric Analyzer from NETZSCH. The used conditions for the analyses
were a heating rate of 10 ◦C/min from room temperature to 700 ◦C under nitrogen atmosphere.

2.3.8. Thermal Properties

Differential scanning calorimetry (DSC) was used to determine the transition/melting temperatures,
as well as the corresponding latent heats of NPG, Docosane and the obtained SSPCMs. A power-
compensation DSC Q2500 from TA Instruments was employed with closed aluminum crucibles.
The mass of the samples was ca. 9 mg. Argon (50 mL/min) was employed as purge gas. Each sample
was submitted to three cycles of heating and cooling from 10 ◦C to 80 ◦C, with a heating/cooling
rate of 5 ◦C/min. Additionally, the transient Hot Disk method was used to determine the thermal
properties of the studied composites at room temperature, i.e., when the Docosane is in solid phase [25].
The measurements were carried out on cylindrical-shaped samples (diameter: 22 mm, thickness:
5 mm). A TPS 2500 S instrument equipped with a Kapton sensor of 2.001 mm in diameter (sensor type
7577) was employed for measurements. The power applied to the rear face of the sample was 20 mW
during 20 s. One can notice that additional tests were performed with different heating power (from
20 to 40 mW) to ensure the reproducibility of the experiments. The recorded data were processed
using the Hot Disk Software (version 7.4.0.10) and confirmed using the model proposed by Jannot and
Acem [26].

3. Results and Discussion

3.1. NPG Crystal Sizes

Figure 1 shows the optical microscope pictures of NPG crystals obtained after two milling methods,
mortar (NPGHG) and ball-milling (NPGBM). As expected, the use of ball-milling significantly decreases
the NPG crystal size compared to the manual grinding process due to the higher milling energy
delivered by the mechanical system. From these pictures the NPG crystal size distribution was
calculated for each case by using the software ImageJ2.0.
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Figure 1. Optical microscope images of NPG crystals of (a) NPHHG and (b) NPGBM obtained at x5 and
x20 magnification, respectively.
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The crystal size distribution, depicted in Figure 2, presents a log-normal distribution in both cases,
given by the density function p(x):

p(x) =
1

σx
√

2π
exp

− (ln(x) − µ)2

2σ2

, (1)

where µ is the shape scale parameter and σ the scale parameter (mean and standard deviation of the
natural logarithm of the variable, respectively).
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From these parameters the arithmetic mean and the arithmetic standard deviation can be calculated
by Equation (2):

Mean = exp
(
µ+ σ2/2

)
, (2)

and Equation (3):

Standard Deviation =
√
[exp(σ2) − 1]· exp(2µ+ σ2). (3)

Therefore, NPGHG exhibits a mean NPG crystal size of 204.13 µm with a standard deviation of
172.44 µm whereas NPGBM has a mean NPG crystal size of 16.53 µm with a standard deviation of
6.78 µm, crystal size which is up to ten times lower than the displayed by NPGHG.
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3.2. NPG-Docosane Wettability

A solid surface is deemed to be wetted if a liquid spreads over the surface without the formation
of droplets. The contact angle of a liquid droplet on a solid substrate is a simple method for defining
the wettability of the solid by the liquid. If this angle is less than 30◦ the solid-liquid system presents
“good wetting” properties [27]. Figure 3 shows the contact angle of Docosane on the NPG surface at
70 ◦C (avoiding the solidification of Docosane).
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As can be seen, the Docosane droplet presents a contact angle of 20◦, which indicates a high
wettability of NPG by Docosane at the measuring conditions.

The small contact angles on liquid-solid interfaces are due to the higher attraction of liquids by
the solid surfaces, (work of adhesion), than to other liquid molecules (work of cohesion). The balance
of these two opposing forces, work of adhesion and work of cohesion, in a porous media results in a
curved liquid-gas interface which drives to a pressure difference across the interface, which in turn
causes the phenomenon of capillarity [28–30]. This capillary force is the responsible of the retention of
liquids in porous media.

3.3. Leakage Test

In order to study the stabilization effect of the NPG crystal size on the final composite,
samples having different Docosane contents were heated from 25 ◦C up to 70 ◦C, keeping the
final temperature constant for 1 h. Moreover, the incorporation of expanded graphite as additional
stabilizer was explored. Figure 4 shows the picture of the composites before (at 25 ◦C) and after the
leakage test (at 70 ◦C).
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Figure 4. Obtained NPG-Docosane samples at 25 ◦C (left) and after 1 h at 70 ◦C (right).

It is plain to see that the increase of Docosane content decreases the stability of the final composite,
leading to leakage of PCM at higher temperatures than its melting point. Moreover, it is clear from the
pictures that lower NPG crystal sizes (NPGBM) allow the incorporation of larger amount of Docosane
while keeping the shape of the final composite (BM composites). In the same way, samples containing
expanded graphite also exhibit better stability than that shown by both HG and BM composites.
The weight loss of the samples after leakage test is depicted in Figure 5.
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Figure 5. Weight loss of composites at 70 ◦C attributed to the leakage of Docosane.

The results gathered in the graph corroborate the behaviours observed in the pictures, whereas the
PCM leakage of HG samples sharply increases from 50 wt% of Docosane content, the loss of PCM in
BM and EG samples remains below 6 wt% for Docosane contents up to 70 wt%.
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This behaviour can be related to the phenomenon of capillarity. Indeed, the most important
adhesion forces in colloidal systems are van der Waals forces, electrostatic forces, and capillary forces.
However, the later ones dominate over van der Waals and electrostatic forces by several order of
magnitude in the micro-scale range [31–33]. Therefore, the ability of NPG micro-particles to hold the
Docosane in its interstices mainly relies on the capillary forces, which grow with the pressure difference
across the liquid-gas interface (∆P). For a hemispherical liquid-gas interface having radius of curvature
R, the pressure difference is given by the Young-Laplace equation:

∆P = 2·σ/R, (4)

where σ is the interfacial surface tension [28]. Therefore, smaller NPG crystal sizes (BM samples)
would lead to smaller porous sizes, promoting smaller radius of curvature and hence stronger capillary
forces able to retain higher Docosane content. On the other hand, the incorporation of expanded
graphite slightly enhances the stability of the composites due to its high sorption capacity to paraffin,
as previously reported by Zhang P. et al. [34].

Taking a Docosane loss of 3 wt% as threshold to consider a composite as stable, the maximum
amount of solid-liquid PCM reached in each case keeping the stability was 40, 50 and 60 wt% for
samples HG (HG40), BM (BM50) and EG (EG60), respectively.

3.4. Inner Morphology

SEM photographs of the structure of composites HG40, BM40 and EG40 are shown in Figure 6.
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As can be seen, both HG40 and BM40 samples present a complex cross-lamellar microstructure
related to the presence of NPG crystals around which Docosane is perfectly located adopting the crystal
shape. Therefore, due to its longer NPG crystals, foils of HG40 are greater than those shown by BM40
which is composed by NPG crystals sizes up to ten times lower than HG40. The shorter foils exhibited
by BM40 leads to smaller interstice sizes, which is in accordance with the above commented better
retention of the Docosane by BM samples due to stronger capillary forces than the ones exhibited by
HG composites.

On the contrary, the presence of expanded graphite in EG40 modifies the morphology of the
microstructure, changing from crystal shape where the edges of each foil are well defined to an
amorphous shape without lamellas. This microstructure change can be explained observing the role
of expanded graphite in the composite in Figure 6 bottom right corner, where, in the general picture,
the expanded graphite particles are observed as bright flakes, corresponding to the contour of the
typical worm-like shape of that particles [35]. A magnification of one of the expanded graphite particle
is exposed in the coloured box, where the pictures taken with LFD and BSED detectors have been
combined (50% of each one), noticing that these particles are also acting as binders of the Docosane,
leading to an irregular shape and increasing the stability of the final composite, as has been observed
in the leakage test.

3.5. Composite Density

The true density and the bulk density of the composites are shown in Table 2. As expected,
the true density decreases with the Docosane content due to its lower density (0.778 g/cm3 at 25 ◦C)
compared to the exhibited by the NPG (1.060 g/cm3 at 25 ◦C). The impact of the expanded graphite
on the composites is reflected in their bulk densities. For equal Docosane content, the presence of
expanded graphite increases the bulk density due to its previously commented binder effect which
reduces the air voids in the sample, therefore the density evolves as follows: EG50 > BM50 and EG40 >

HG40 > BM40.

Table 2. True density and apparent bulk density of the stable composites.

Sample True Density (g/cm3) Bulk Density (g/cm3)

HG40 1.014 0.878
BM40 0.993 0.843
BM50 0.990 0.810
EG40 1.013 0.894
EG50 0.999 0.856
EG60 0.972 0.799

As previously commented, the combination of polyhydric alcohols and paraffin not only could
boost the thermal energy storage of the first due to the high latent heat of the paraffin, but also provides
shape stabilization at the time that increases the density of the material due to the higher density of
polyhydric alcohols compared to the one exhibited by alkanes [36]. This higher density also leads to
greater volumetric energy storage densities, overall considering that the component which provides
the higher density also presents a high phase transition latent heat.

3.6. Crystallization Properties of NPG/Docosane Composites

Figure 7 shows the XRD patterns of the raw materials, Docosane and NPG (NPGHG and NPGBM),
as well as the diffractograms related to the composites containing 40 wt% of Docosane (HG40, BM40
and EG40).
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As shown in Figure 7, Docosane and NPG present different diffraction peaks. At the analysis
conditions (25 ◦C) Docosane has a series of main diffraction peaks at 12.6◦, 15.9◦, 18.6◦–19.8◦, 23.3◦ and
24.7◦, whose pattern corresponds to the characteristic triclinic phase of Docosane at low temperature [37].
On the other hand, the main peaks of NPGHG pattern appear at 11.96◦, 16.12◦, 17.7◦, 18.45◦, 19.5◦,
22.14◦ and 24.2◦ [22,38], corresponding to its reported monoclinic structure with space group of P21/n

at low temperature, nevertheless, the peaks of NPGBM pattern slightly broaden out and shift to lower
2θ◦ values than the showed by the NPGHG pattern. This behaviour is related to a decrease in the
crystallite size and the appearance of microstrain and dislocations in the powder structure derived
from the mechanical milling process [39].

The main characteristic peaks of each raw compounds also appear in the diffractogram of both
composites HG40, BM40 and EG40, moreover, as in the previous case, the mechanical milling process
used in BM40 and EG40 shifts their peaks associated to the NPG pattern. Finally, the absence of new
peaks in all the composites suggests that no chemical interaction occurs between NPG and Docosane
and that their main crystal structures were not affected after they were mixed.

3.7. Thermal Stability

Figure 8 presents the thermogravimetric analysis (weight loss and derivative weight loss) of the
obtained composites and their raw materials.
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Regarding the pure components, whereas the weight loss of Dosocane occurs between 175 to 310 ◦C,
NPG has two degradation peaks, the first one below 135 ◦C related to the adsorbed water due to its
hygroscopicity, and the main peak between 135 to 180 ◦C attributed to its thermal degradation. It should
be pointed out that, both NPGBM and NPGHG exhibit similar degradation profiles, therefore only
NPGBM profile is plotted. In line with pure components, the composites show three weight loss peaks
(Figure 8b). The first weight loss occurs below 135 ◦C for all the samples and, as has been previously
commented, corresponds to the adsorbed water by the NPG. The second degradation step, related to the
NPG, begins at 135 ◦C, but continues until different temperatures as function of the Docosane content
and the type of shape-stabilizer material. This way, HG40, with the highest NPG crystal size (NPGHG)
and worst NPG-Docosane interaction has the earliest thermal degradation, finishing at 190 ◦C. On the
contrary, the increase of the NPG-Docosane contact in the samples composed by NPGBM improves
the stability of the composites delaying their thermal degradation until temperatures between 195
to 222 ◦C. Likewise, for the same Docosane content, the presence of expanded graphite retards the
end of the NPG thermal degradation due to its binder effect, 222 ◦C for EG40 against 217 ◦C for BM40
or 209 ◦C for EG50 against 204 ◦C for BM50. The third and last weight loss, attributed to Docosane,
goes forward in relation to the decomposition temperature of the pure compound. This displacement
could be related to the vaporization of the NPG, which would drive the degradation of Docosane.
The remaining residue observed in EG40 (2.84 wt%), EG50 (2.63 wt%) and EG60 (2.24 wt%) samples
corresponds to the added expanded graphite.

3.8. Thermal Properties

3.8.1. DSC Analysis

Phase transition temperatures and latent heats of the composites and their raw materials were
studied by DSC analyses. Figure 9 shows the thermograms of NPGBM, Docosane and EG60 as a
representative example of the samples, whereas the obtained results for all the composites are depicted
in Table 3. Both the thermograms showed in Figure 9 and the values gathered in Table 3 correspond to
the third cycle of the DSC because no significant differences were found regarding the two previous
heating/cooling cycles.
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Table 3. True density and apparent bulk density of the stable composites.

Sample Heating Cooling

Tonset
(◦C)

Toffset
(◦C)

∆H
(J/g)

∆Hth
(J/g)

1st Tonset
(◦C)

2nd Tonset
(◦C)

∆H
(J/g)

∆Hth
(J/g)

Docosane 41.64 46.36 259.14 42.29 258.83
NPG 40.08 52.31 126.33 30.01 113.96
HG40 40.50 51.24 177.04 179.45 42.14 30.38 172.94 171.91
BM40 40.70 53.21 176.67 179.45 42.03 30.35 170.51 171.91
BM50 40.56 48.42 190.65 192.74 42.20 30.83 187.67 186.40
EG40 40.75 50.41 165.40 176.30 42.30 30.66 160.70 169.06
EG50 40.70 50.02 196.12 189.58 42.40 30.21 193.30 183.55
EG60 40.93 51.18 210.74 202.86 42.38 30.82 206.93 198.03

It can be seen from Figure 9 that the transition of NPG from monoclinic crystal structure to
FCC crystal [40] starts at 42 ◦C. However, during the cooling, the transition from FCC to monoclinic
structure is delayed 12 ◦C, appearing at 30 ◦C. In the case of Docosane, the DSC thermogram shows two
overlapped peaks, both on melting and on crystallization. During the heating, the first one (41–42 ◦C)
is related to a solid-solid transition from a crystalline to a disordered phase [41], then, melting takes
place at 43–44 ◦C. On the contrary, in the cooling step the first peak corresponds to the crystallization
of Docosane (42–37 ◦C), followed by the solid-solid transition at 37 ◦C.

The signature of both NPG and Docosane is appreciated in the heat flow profile of EG60. In the
endothermic period, three overlapped peaks appear at the same temperature range than those observed
for NPG and Docosane. In the same way, during the exothermic step, the phase transitions of raw
materials come into view in EG60. The two first peaks correspond to the crystallization and the
solid-solid transition of Docosane, whereas the third one (at the lowest temperature) is linked to
the transition of NPG from FCC to the monoclinic crystal structure. The crystallization behavior of
Docosane within the composite does not differ from that of single Docosane, whereas the “monoclinic to
FCC” transition of the NPG within the composite shifts toward higher temperature than the exhibited
by the pure NPG.

The phase transition temperatures and the enthalpy changes calculated from the DSC thermograms
are reported in Table 3. Enthalpy values in Table 3 only account for latent heat because an integral
tangential interpolated baseline was employed for the integration of the phase transition peaks of the
thermograms. It must be noticed that for NPG-Docosane composites: (i) the two onset temperatures
recorded in cooling are related to the initial crystallization temperature of Docosane (1st Tonset) and the
initial transition temperature of NPG (2nd Tonset); (ii) the latent heat values reported in cooling include
both the latent heat of Docosane and the latent heat of “monoclinic to FCC” transition of NPG, and (iii)
the theoretical values of latent heat (∆Hth) have been calculated by using the mixing rule showed in
Equation (5), where XNPG and XDocosane are respectively the mass fraction of NPG and Docosane in the
final composite, taking into account the presence of EG where applicable, and ∆HNPG and ∆HDocosane
are the phase transition latent heat of pure NPG and Docosane, respectively, obtained in heating or
cooling as required.

∆Hth = ∆HNPG·XNPG + ∆HDocosane·XDocosane (5)

One can notice that the obtained temperature and latent heat values for raw materials (NPG and
Docosane) are in agreement with the literature [42]. As expected, the higher the Docosane content,
the higher the latent heat of the composites since the latent heat of pure Docosane is twice as high as
the transition heat of pure NPG. It is also pointed out that the same main observations reported for
EG60 can be applied to the other composites, whose heat flow profiles exhibited the characteristic phase
transition temperatures presented in their raw materials. Moreover, there is a good agreement between
the latent heat values of the composites and the values calculated by the mixing rule. These results
suggest that the phase change properties of NPG and Docosane are not modified in the composites,
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which together with the XRD analysis allow to conclude that there is good chemical compatibility
between NPG and Docosane and that they are non-miscible with each other.

The election of the proper n-alkane and polyhydric alcohol with the same phase transition
temperature allows the combination of their latent/transition heats, working as a single compound
with high latent heat and stable shape. In this way, the maximum latent heat achieved in this paper
is 210.74 J/g for EG60 (heating stage), value which is much higher than those latent heats previously
reported in literature for conventional shape-stabilized PCMs in the same working temperature range.
Table 4 provides a summary of several reported SSPCMs and their phase change, latent heats having a
similar range of working temperatures than the exposed by EG60.

Table 4. Summary of some reported SSPCMs with a phase transition around 40 ◦C.

Type of Composite Composition PCM
(wt%) Tt (◦C) ∆H (J/g)

SSPCM High-density polyethylene + Pentacosane [43] 74 37.5–54 121
SSPCM High-density polyethylene + Refined Paraffin [44] 75 40–55 157
SSPCM Styrene-butadiene-styrene + Paraffin [45] 80 56–58 165.2

Solid-solid Polyurethane +
SSPCM PolyurethanePCM + n-octadecane/n-eicosane [16] 25 20–65 141.2

SSPCM HDPE + P2 Paraffin + 3wt% Expanded graphite [46] 77 45.2–55.7 162.2
Eutectic Solid-solid PCM Pentaglycerine + Neopentylglycol [47] 70 1 44–74 117.9 2

SSPCM Poly(vinyl chloride) + Lauric acid [48] 50 38.8 91.6
SSPCM Poly(vinyl chloride) + Malonic acid [48] 50 49.2 99.2
SSPCM Poly(vinyl alcohol) + Lauric acid [49] 50 39.8 96.4
SSPCM Poly(vinyl alcohol) + Malonic acid [49] 50 50.2 105.3

Solid-solid PCM Cellulose graft poly(ethylene glycol) copolymers [50] 77.4 42.8 92
SSPCM Styrene maleic anhydride copolymer + Malonic acid [51] 85 51.75 176.49
SSPCM Styrene maleic anhydride copolymer + Lauric acid [51] 85 41.48 160.83
SSPCM Poly (methyl methacrylate) + Malonic acid [52] 80 51 166.56
SSPCM Poly (methyl methacrylate) + Lauric acid [52] 80 40.96 149.55
SSPCM Acrylic cationic resin + Malonic acid [53] 70 51.44 135.62

Encapsulation + SSPCM Styrene-ethylene-butylene-styrene + Paraffin IGI 422 [54] 75 44–55 189
1 PCM content refers to the NPG content. 2 Calculated from their theoretical latent heats.

It is plain to see that, even for higher solid-liquid PCM content, the use of a stabilizer matrix having
thermal energy storage properties (NPG) boosts the final latent heat of the composite in comparison
with conventional SSPCMs.

3.8.2. Hot Disk

The transient Hot Disk method was used to determine the thermal conductivities (k) and thermal
diffusivities (α) of the studied composites at room temperature (25 ◦C). The estimated parameters are
reported in Table 5.

Table 5. Thermal conductivities (k) and thermal diffusivities (α) of the studied composites.

Sample k
(W/m·K)

α
(mm2/s)

HG40 0.277 0.221
BM40 0.276 0.174
BM50 0.295 0.197
EG40 0.433 0.332
EG50 0.519 0.345
EG60 0.450 0.467

As can be seen, in the samples without EG the increase of the Docosane content enhances the
thermal conductivity of the SSPCM (BM50) due to the higher k of pure Docosane (0.28 W/m·K) compared
to NPG (0.25 W/m·K). On the other hand, both thermal conductivity and thermal diffusivity sharply
increase when EG is incorporated. The effect of the expanded graphite on the heat transfer properties of



Materials 2019, 12, 3169 15 of 18

the SSPCMs is related to three phenomena, the higher thermal conductivity of the expanded graphite
itself (1–7 W/m·K) [55], the creation of a continuous network between the particles of expanded graphite
which facilitates the heat transfer [3,34] and also the above commented increase of the bulk density
of the materials that have less air voids acting as insulating pores [56]. Therefore, due to these three
contributions and to the fact that the spatial distribution of EG across the samples (continuous network)
has not been controlled, it is adventurous to find a correlation within the k values of the three samples
(EG40, EG50, and EG60), hence it can be merely asserted that the presence of EG sharply increases k.
As the thermal conductivity, the thermal diffusivity rises with the EG addition. In Hot Disk method,
thermal sensitivity to α is much lower than to k [26], therefore, the growth in terms of α from EG40 to
EG60 should not be taken as reliable base for any additional assumption.

Consequently, the addition of EG in our samples not only allows to increase their stability and
maximum Docosane retention, but also allows to improve their heat transfer capacity.

4. Conclusions

Their chemical compatibility, good wettability and similar range of phase transition temperatures
allow the combination of NPG and Docosane for working as a SSPCM having high thermal energy
storage capacity. A maximum Docosane content of 60 wt% was achieved through the NPG crystal size
control and the addition of 2.5 wt% of EG. The latent heat obtained in these conditions (210.74 J/g)
was much higher than those latent heats exhibited by conventional SSPCMs in the same working
temperature range. Moreover, the addition of EG sharply increased both the thermal conductivity and
the thermal diffusivity of the composites.

These results demonstrate the feasibility of using polyalcohols with energetic solid-solid phase
transitions as an active supporting media in SSPCMs where the solid-liquid PCM is an n-alkane.
Furthermore, the use of the solid-solid PCM itself as an external coating of the SSPCM would allow to
increase the solid-liquid PCM content beyond the current maximum value of 60 wt%. The range of
working temperatures of alkanes (40 ◦C to 115 ◦C) with high latent heats (200 J/g to 300 J/g) and the
possibility to tailor the transition temperature of polyalcohols by means of binary and ternary mixtures
open a wide variety of interesting opportunities to combine them, increasing the energy density of
polyalcohols while lowering the cost and preserving the advantages of SSPCMs.
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