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Abstract

The use of phase change materials (PCMs) for thermal storage, thermal management, and thermal insulation has been
widespread for many years. Thermal storage systems (TES) based on PCMs can be improved and optimized by adding
nanoparticles (NPs) to them. Throughout this study, PCM nanocomposites (NCs) based on paraffin wax (PW) loaded by
anatase titania (TiO,) NPs were fabricated and characterized to examine their thermal performance as phase change materi-
als. The as-synthesized TiO, NPs were obtained by hydrolysis technique and showed a well-defined spherical shape with a
diameter in the nanoscale range and a crystallite size ~22.75 nm. Throughout the used concentrations of TiO, NPs, 0, 0.05,
0.1,0.15,0.2,0.25, 0.3, and 0.5%, the morphological feature for the PW/TiO, NCs revealed a good dispersion of NPs in PW.
The non-isothermal differential scanning calorimetry (DSC) measurements at a constant heating rate of 10 °C min~! were
used in order to get the melting point (7,,,), latent heat of fusion (LH), and latent heat rate (LHR) as a function of TiO, NP
concentrations for the investigated PW/TiO, NCs. Both LH and LHR values for PW/TiO, NCs are higher than those obtained
for a pure PW sample. The significant enhancement in LH and LHR values for PW/TiO, NCs was found to be 21.2% and
134.3% in comparison with the pure PW sample, respectively. The thermal stability of the investigated PW/TiO, NCs was
examined using thermal gravimetric (TG) scans. It is found that the thermal stability varies with TiO, NP concentrations
with a non-monotonic trend. At concentrations up to 0.25 mass%, the thermal stability improved. For concentrations over
0.25 mass%, the degradation process became rapid.
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Ts The final temperature at which the degradation
process ends

T, Peak temperature at the maximum rate of the
degradation process

Introduction

Recently, the significant demand for renewable sources of
energy has become urgent, especially with the repeated
energy crisis. Thermal energy storage (TES) systems are
considered one of the most sustainable and efficient tools
for solar energy usage. The utilizing of phase change mate-
rials (PCMs) as functional materials in TES systems has
significant interest of researchers for their sensible heat
(SH) and latent heat (LH). In fact, PCMs can be classified
as solid—solid, solid—liquid, solid—gas, and liquid—gas PCMs
according to the phases that precede and follow the phase
transition. The growing utilization of solid-liquid PCMs is
due to their unique thermodynamic properties, such as melt-
ing temperature (T ) in the operating range, suitable LH of
melting for the required usage, high thermal stability, and
durability [1]. Such properties of PCMs enable TES to be
more efficient by reducing the gap between energy supply
and demand through the high performance of energy distri-
bution networks. Specific thermal requirements, which pri-
marily rely on the purpose for which it will be used, must
be met when choosing a PCM. High LH capacity, T}, appro-
priate for application temperature levels, non-segregating
behavior, low subcooling effect, and small volume variations
during the phase transition process are additional physical
requirements. Moreover, PCMs should maintain their chemi-
cal stability during charging and discharging cycles [2].
The three main subcategories of solid-liquid PCMs are
eutectic, inorganic, and organic PCMs. Among the inorganic
solid-liquid PCMs are metals, alloys, molten salts, and salt
hydrates. For organic solid-liquid PCMs, see parafns, fatty
acids, polyethylene glycol, polyalcohol, etc. Also known as
composite solid-liquid PCMs, eutectic solid-liquid PCMs
are a combination of organic/organic, organic/inorganic,
and inorganic/inorganic solid—liquid PCMs [3]. One of the
most important organic PCMs is paraffin wax (PW), which
is widely used in solar energy storage applications. PW con-
sists mainly of a straight chain of hydrocarbons; it has many
advantages for being used as a PCM, such as being chemi-
cally and thermally stable at the operating temperatures for
most heating applications. The usage of PW as a thermal
storage medium enabled numerous advantages by compar-
ing with the conventional heat storage system [4]. Namely,
such advantages include the reducing the size and mass of
TES besides decreasing the maximum operating tempera-
ture that the system reaches. Despite that, PW as an organic
PCM has low thermal conductivity and lower melting heat in
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comparison with inorganic PCMs [5]. In order to overcome
this shortcoming, a lot of research works have been done on
enhancing the thermal conductivity of PW by introducing
inorganic nanoparticles (NPs) such as Al,O5, TiO,, ZnO,
CuO, and MWCNTSs NPs [6—11]. The introduction of these
NPs into PW offers not only enhancements in heat transfer
and heat capacity but also increases the thermal stability
and durability of PW [12, 13]. Despite this, it is difficult to
evenly distribute nanoparticles in PCM and keep them from
aggregating, which has limited the use of these materials in
research and industry. The stability of nanoparticles in PCM
can be increased utilizing a variety of techniques, including
the use of surfactants, functionalization of nanoparticles,
ultrasonication, and homogenization [14].

Until now, the optimization and understanding of the
behavior of PW nanocomposites (NCs) as thermal storage
mediums have faced some challenges. Among these is the
suitable range of NPs’ loading that is enabled by enhanc-
ing the thermal properties of PW. Obliviously, the optimum
loading concentration of NPs into PCMs depends on various
effective factors for the used NPs such as their shape, size,
thermal properties, and method of introduction into PCMs.
So, there is significant demand for research works to reach
the optimum conditions of using PW NCs to be qualified in
TES applications. Numerous experiments have been con-
ducted to create high thermal conductivity latent heat TES
systems with improved thermal performance by distributing
TiO, NPs into PW. Despite the fact that the majority of these
research focus on relatively high mass percentage ratios
of TiO, NPs, such as 0.5-2 mass% [15], 1-5 mass% [16],
1-3 mass% [17], and 1-7 mass% [18]. Up to our knowledge,
there are no studies in the literatures for the performance
of PW/titania with a small range of TiO, concentrations.
As a result, the current work includes the investigation of
the thermal properties of PW/titania (TiO,) NCs in the low
range of TiO, NPs concentrations up to 0.5 mass% with dif-
ferent steps of concentration, namely 0, 0.05, 0.1, 0.15, 0.2,
0.25, 0.3 and 0.5 mass%. Such a little amount of TiO, addi-
tion to PW could enhance nanoparticle Brownian motion,
which would improve PW’s heat transfer capabilities [19].
The titania NPs that formed were in the anatase phase struc-
ture. The phase structure of titania, anatase, is believed to
be more stable than rutile, especially at small particle sizes
[20]. Additionally, anatase-TiO,-based nanofluid has been
shown to have better thermal conductivity than anatase and
rutile mixture-based nanofluid [21]. This result is supported
by Mitra et al. [22] using density functional theory on the
thermal transport properties of the rutile and anatase TiO,.
The effect of the addition of the synthesized TiO, NPs on
the thermal properties of PW was studied using non-iso-
thermal techniques: differential scanning calorimetry (DSC)
and thermogravimetric (TG) analysis. The characteristic
parameters of the melting process were studied using DSC



Thermal properties investigation of paraffin wax/titania nanocomposites as phase change... 9911

measurements for the investigated PW TiO, NCs. However,
the thermal stability was studied using the TG analysis of
the investigated NCs.

Experimental
Materials

Ethanol (EtOH) absolute anhydrous (C,HsOH from CARLO
ERBA Reagents S.A.S), titanium (IV) isopropoxide (TTIP)
(TiC,H,30,4 97.0% from Aldrich) and a commercial par-
affin wax (PW) in pellet shape provided from the Egyptian
ELNILE company were used for the preparation of PW/TiO,
NCs.

Synthesization of TiO, nanoparticles

The synthesized TiO, NPs were obtained by hydrolysis of
TTIP in the presence of EtOH. The method of synthesis
used has been described elsewhere [23, 24]. In the typical
method, a solution of ethanol and distilled water was made
by adding 97 mL of EtOH to 3 mL of distilled water. After
that, 3.7 mL of TTIP was gradually added to the solution. At
room temperature (RT), the mixture was stirred for 1 h using
the magnetic stirrer and then left for 36 h for aging. After
that, the obtained solution was introduced into an alumina
crucible and placed in an oven for 8 h at 100 °C to obtain
a fine white powder. Thereafter, the final fine nanoparticle
sample was obtained after an annealing process at 500 °C for
1 h. The selected annealing conditions were used to ensure
the formation of TiO, in the anatase phase [23]. Figure la
illustrates the detailed schematic diagram procedure for the
synthesization process of TiO, NPs.

Fig. 1 a The schematic diagram -4 N
for the synthesization process of (\a)/ ] Synthesization of TiO, nanoparticales ‘
TiO, NPs; b the schematic dia- <)
gram for the fabrication process - - ‘
of PW/TiO, NCs L) 97 mL ethanol + 3 mL distilled water
Gradually adding 3.7 mL of TTIP ‘
Stirring for 1 h at RT
|
Ageing for 36 h ‘
100 °C for 8 h, then
500 °C for 1 hin oven )
Anatase phase of TiO, is obtained ‘
N~
~ & o\ 7
- 4
(P_)/ ‘ Fabrication of PW/ TiO, nanocomposites ‘
& ‘ Weighing 5 g of PW W ~

Weighing TiO, depending on various mass ratio percentages of 0 to 0.5% ‘

Heating the PW sample till melting totally ‘

AddingTiO, to PW

Stirring for 1 hr on the magnetic stirrer at ~ 62 °C ‘

Sonicating for 15 min at ~62 °C ‘

Solidification at room temperature (RT) ‘ /

PW/TiO, nanocomposites are obtained ‘ 9

N

N—" Yoo\
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Fabrication of PW/TiO, nanocomposites

PW/TiO, NCs were fabricated by mixing the synthesized
TiO, NPs with melted PW. In this respect, 5 g of PW was
weighed for each sample and then heated till it was totally
melted, and the desired amount of TiO, NPs was added to
the melted PW while it was on the magnetic stirrer with vari-
ous mass ratio percentages of 0, 0.05, 0.1, 0.15, 0.2, 0.25,
0.3 and 0.5%. The stirring process was kept for 1 h with
the temperature around 62 °C. In order to get good disper-
sion of the NPs, the mixture of each sample was exposed to
ultrasonic radiation around at 62 °C for 15 min using a high
power ultrasonic homogenizer, model UP 400 s. Then the
NC samples were kept at RT to solidify. The fabricated NC
samples were labeled as P, P/0.05T, P/0.1T, P/0.15T, P/0.2T,
P/0.25T, P/0.3T and P/0.5T, which corresponds to the used
mass ratio percentages between PW and synthesized TiO,
NPs: 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, and 0.5%, respectively.
Figure 1b shows the fabrication process for the investigated
PW/TiO, NCs. The used mass ratio percentages and the cor-
responding sample names are illustrated in Table 1

Characterizations and measurements

X-ray diffraction (XRD) was used to examine the crystal
structure of the synthesized TiO, NPs by using the PANalyt-
ical X’Pert PRO MRD X-ray diffractometer with CuKa as a
radiation source of wavelength (41=0.15406 nm) at 1800 W
power (45 kV, 40 mA). The used diffraction angle (20) dur-
ing the measurement in the range from 10° to 80° with a
0.02°-step field-emission scanning electron microscope
(FE-SEM, Quanta FEJ20) was used to check the morphol-
ogy of the synthesized TiO, NPs as well as the fabricated
PW/TiO, NCs. DSC measurements were used to determine
some of the characteristic thermal quantities, such as 7,
and LH of fusion for the investigated PW/TiO, NCs. In this
respect, the SETARAM DSC131 Evo instrument was used
for DSC measurements. The nanocomposite sample with a
mass ~ 10 mg was introduced into the aluminum crucible.
DSC measurements were performed at a constant heating
rate of 10 °C min~! and in a temperature range starting from

RT to 160 °C. A dynamic nitrogen (N,) atmosphere with an
automatically adjusted flow rate was used during the DSC
measurements. In order to study the thermal stability of the
investigated NCs, non-isothermal TG measurements were
performed using the SETARAM THEMYS ONE + instru-
ment. TG measurements were carried out at a heating rate
of 10 °C min~! and in a temperature range starting from RT
to 600 °C. A mass of ~30 mg of the investigated nanocom-
posite sample was introduced into the TG alumina pan. The
TG measurements were done under N, atmosphere with a

flow rate of 60 mL min~".

Results and discussion

The XRD pattern for the synthesized TiO, is shown in
Fig. 2. The obtained pattern refers to the formation of
TiO, anatase in good agreement with the standard data for
the pure anatase TiO, tetragonal phase (JCPDS card no.
71-1166) without any contribution from other phases. The
Miller indices (hkl) for the obtained reflection peaks are
shown in Fig. 2. The two strongest peaks that are recorded
at 26 of 25.41° and 48.03° that is confirming the formation
of the TiO, anatase structure as reported by [25, 26]. The

{101)

Intensity/a.u.

i

20 30 40 50 60 70 80
20/°

Fig.2 XRD pattern of the synthesized TiO, NPs

Table 1 Thermal characteristic

quantities which obtained from Sample ;ia(zg:;w T,/°C LH/Jg™ LHRAg™ s™' T5y/°C  Ty5pq/°C  Ty°C  T/°C

DSC and TG measurements as

a function of mass percentage P 0 60.80 165.6+2.1 1.43 2639 3588 3962 378.1

ratio betweenTiO, NPs and PW- /) 51 05 6097 191.4+17 288 2775 367 4181 38538
P/O.IT 0.1 6145 1902+24 2.83 2653 3648 4134 3858
P/0.15T  0.15 5790  169.1+2.0 2.09 2847 3747 4199 3954
P/02T 02 6333  180.6+2.1 3.35 285.6 3744 420  396.4
P/025T 025 62.84 184.1+12 295 2817 3726 4101 388
P/O3T 03 60.84  200.7+27 247 2469 3497  388.7 366
P/OST 05 5897 184.0+19 2.40 262 363.3  418.1 3796
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peak intensity illustrated in the XRD pattern declares that
the TiO, NPs are crystalline with very small crystallites
due to the broadening in the diffraction peaks. The crystal-
lite size (D) could be estimated using the Debye—Scherrer
formula [27]:

0.944
D=
pcosd @)

where 1 is the wavelength of the X-ray (1=0.15406 nm),
p is the FWHM (full width at half maximum in radians),
and @ is the diffraction angle. The obtained average value
of D for the three most preferred orientation peaks, (101),
(004) and (200), was found to be 22.75 nm. In contrast to
the Debye—Scherrer method, the Williamson—Hall (W-H)
method considers the effect of the induced strain on the peak
broadening. Consequently, the W—H method can be used
for the estimation of the value of D without the influence of
strain. In this respect, a W—H plot can be achieved using the
following equation [28]:

ﬁcos0=4£sin0+% 2)

where K is shape factor (0.94) and ¢ is the induced strain in
powders due to crystal imperfection and/or distortion. Fig-
ure 3 shows the W—H plot between 4¢ sin 6 versus f cos 6 for
all the obtained diffraction peaks.

Using the linear regression least squares fitting, the
slope of the obtained straight line is equal to € = —0.004.
However, the average value of D could be calculated
from the y intercept of the liner fit and Eq. (2) and it was
found to be 12.75 nm. Moreover, the lattice constants a
and ¢ were estimated by applying XRD data for tetragonal
crystal configuration and were found to be 0.377 nm and
0.948 nm, respectively. The obtained values of the lat-
tice constants for the investigated TiO, NPs are in good

0.4 4

B, cosd x 102

0.2

0.0

T T
06 0.9 12 15 18 21 24 27
4sin6

Fig.3 Williamson—Hall plot of 4sinf on the x-axis and fcosO on the
y-axis for the synthesized TiO, NPs

agreement with those commonly obtained for TiO, as in
the standard data in card no JCPDS file no. 71-1166 [29].

The morphology of the synthesized TiO, NPs and the fab-
ricated PW/TiO, NCs was examined by FE-SEM. Figure 4
illustrates the FE-SEM micrographs for the synthesized TiO,
NPs. As shown in Fig. 4, the particles have a well-defined
spherical shape with a diameter in the nanometer range. The
obtained NPs have quite homogeneity in size and shape,
with an agglomerated structure. Such agglomeration could
be attributed to the high surface energy of the NPs. Figure 5
illustrates the micrographs of P, P/0.2T and P/0.5T NC sam-
ples. In contrast to Fig. 5a for pure PW, Fig. 5b and c reveals
small bright sites that are related to the TiO, nanoparticle
fillers throughout the PW. The obtained FE-SEM micro-
graphs of P/0.2T and P/0.5T NC samples exhibit a reason-
ably good dispersion of TiO, NPs throughout the host PW.
“Consequently, the used fabrication route for NCs offered a
good interaction between TiO, nanoparticle and PW. How-
ever, the obtained micrographs for P/0.5T NC, Fig. 5c, have
a higher density of NPs in comparison with those obtained
for P/0.2T NC as seen in Fig. 5b. Obliviously, such variation
is due to the different concentrations of the NPs in both NCs.
Such variation could have an effect on the thermal properties
of the studied NCs, as will be discussed later.

Figure 6 illustrates the DSC curves of the investigated
PW/TiO, NCs that are obtained at a constant heat rate of
10 °C min~!. The DSC curve for each NC sample is char-
acterized by two endothermic peaks, which are assigned

Fig.4 FE-SEM micrographs for the synthesized TiO, NPs: a image
with 24,000x magnification and 5-um scale; b image with 50,000x
magnification and 2-um scale

@ Springer



9914

S. A. Mansour et al.

Fig.5 FE-SEM micrographs with 20,000 magnification and 5-um
scale for NCs: aP; bP/0.2 T; ¢ P/0.5T

to the solid—solid transition followed by the solid—liquid
transition. In fact, solid—solid transition occurs by changing
temperature or pressure, which is the polymorphic feature
in material due to transformation from a certain crystalline
solid configuration into another form of crystalline solid
[30]. Commonly, the crystalline solid—solid transitions are
accompanied by sporadic variations in volume, enthalpy, and
entropy as a result of crystal packing modifications. Such
variations have small values compared to those occurring
due to solid-liquid transitions.

The characteristic parameters of the solid-liquid transi-
tion (melting process) as a function of TiO, NP concentra-
tion were estimated and listed in Table 1. These parameters
are melting temperature (7,,, temperature at maximum rate
of melting), latent heat of melting (LH) and latent heat rate
(LHR). The obtained values of LH exhibited that all the
investigated NCs have a higher latent heat capacity than pure
PW. Such a result refers to the good interaction between the
high surface area of TiO, NPs and PW molecules throughout

@ Springer
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Fig. 6 DSC curves for the investigated PW/TiO, NCs

the investigated concentration range. Moreover, the differ-
ence in coordination geometry of NP structures related to
surface defect sites enhances the latent heat capacity of
NCs [31]. The highest value of the LH, 200.7 +2.7 Jg™!
was obtained for 0.3 mass% loading of TiO, NPs with an
improvement~21.2% compared to that obtained for pure
PW. An improvement in the latent heat capacity of ~ 14%
has been obtained for 0.7 mass% loading of TiO, NPs as
reported by Wang et al. [18].

By dividing the obtained LH for each sample from DSC
measurements by the corresponding period of melting pro-
cess, the LHR values were computed. In fact, LHR refers
to the amount of energy that can be stored in the material
per unit time during the melting process, which gives infor-
mation about the thermal-storage power of such material.
According to the obtained LHR values of the investigated
NCs, the highest value of LHR, 3.35 ] g'1 s~!, was estimated
for NC sample with 0.2 mass% loading of TiO, NPs, with
an improvement ~ 134.3% than that estimated for pure PW.
In this respect, Fig. 7 shows the non-monotonic variation of
LH and LHR as a function of TiO, nanoparticle concentra-
tions. Such a figure reveals the difference in the trend of
variation for both LH and LHR with nanoparticle concen-
tration. Namely, the NCs with high concentrations of NPs
(P/0.25T, P/0.3T, and P/0. 5T) recorded higher LH values
than that recorded for P/0.2T NC. This result was reversed
for LHR values for these samples, which could be explained
in view of the influence of viscosity variation on the natural
convective heat transfer. It should be noted that the loading
of NPs into PW varies the dynamic behavior of the material.
Specifically, beside the increase in thermal conductivity of
PCM by addition of NPs, an obvious increase in melt vis-
cosity happens, which weakens in the heat transfer of melt
via natural convection [32]. This limitation in the natural
convective heat transfer, for NCs with high loading by NPs,
was compensated by the significant enhancement in thermal
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Fig.7 The variation of LH and LHR with TiO, NP mass percentages

conductivity as exhibited in LHR behavior for P/0.25T,
P/0.3T, and P/0.5T, as shown in Fig. 7. The obtained results
showed that P/0.2T NC introduced the highest storage power
value of heat for 1 g which means this sample has the high-
est effective heat capacity of the other investigated samples.

The thermal stability of the investigated PW/TiO, sam-
ples was studied using the TG technique and their derivative
thermogravimetric (DTG) analysis. Figure 8 illustrates the
TG curves of the pure PW sample and the other investigated
PW/TiO, NCs. As shown in Fig. 8, all the studied samples
degraded through a single step behavior. Table 1 lists the
degradation characteristic temperatures obtained from TG
scans depending on the mass ratio percentage (mass%) of
the synthesized TiO, NPs. Those characteristic temperatures
are: Tsq, (the temperature of degradation at which 5% of
the degradation happens), T, (the temperature at which

100 4

e P
—— P/0.0ST
e P/01T
—— P/0.15T
= P/0.2T
~— P/0.25T
—— P/0.3T
—— POST

754

50

25

100

Mass remaining%

/
f’i
i
z7/4
/{?;/

90 NG

80

N\

T
320 340 360

—_— - -
200 220 240 260 280 300

Temperature/°C

Fig.8 TG curves for the pure PW sample and the other studied PW/
TiO, NCs

50% of the degradation happens), T; (the final temperature
at which the degradation process ends), and 7}, (peak tem-
perature at the maximum rate of the degradation process),
which are obtained from Fig. 9 that shows the DTG versus
temperature for all the investigated samples. The dependence
of the characteristic temperatures on TiO, NPs concentra-
tion exhibited a non-monotonic behavior. Specifically, the
addition of TiO, NPs up to 0.25 mass% improves the thermal
stability of the NCs in comparison with a pure PW sample.
This result is clearly noticeable due to the high recorded
values of all degradation characteristic temperatures for NCs
up to 0.25 mass% of TiO, compared with those obtained
for a pure PW sample. However, the samples with high NP
concentrations, P/0.3T and P/0.5T, have lower thermal sta-
bility and lower degradation temperatures than the pure PW
sample. The enhancement in thermal stability of organic
materials is commonly obtained by introducing inorganic
NPs, especially in cases of good dispersion of NPs through-
out the host material [33]. Indeed, the inorganic NPs with
good thermal conductivity and heat capacity, such as TiO,,
are acting as good heat sinks limit the fast degradation of
the host organic materials [34]. It is worth noting that, by
introducing 0.2 mass% TiO, NPs into PW, P/0.2T NC, Tp
and 7} were delayed in comparison with the pure sample by
18.3 °C and 23.8 °C, respectively. As an illustration of the
typical degradation temperatures, Fig. 10 shows the range
in 7', values of the examined samples. The improvement in
thermal stability of the investigated NCs disappeared for the
high concentrations of TiO, NPs, P/0.3T and P/0.5T NCs,
which could be attributed to NPs’ agglomeration above the
optimum value of loading. So, the degradation process of
such samples became fast due the probable transformation
from nanostructure feature to microstructure feature due to
the agglomeration of the NPs.

P/0.15T
P/0.1T

P/0.05T

DTG/a.u.

i\f_lj—

250 300 350 400 450

Temperature/°C

Fig.9 DTG versus temperature curves for the pure PW sample and
the other studied PW/TiO, NCs
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Fig. 10 Variation of Tp values as a function of TiO, NP mass per-
centages

Conclusions

PW NCs loaded by TiO, NPs with various concentrations
in a small range up to 0.5 mass% have been successfully
fabricated. The used TiO, NPs were synthesized using the
simple hydrolysis route of TTIP. The acquired XRD data
have revealed that the synthesized TiO, NPs are in a pure
anatase tetragonal phase. FE-SEM micrographs were used
to achieve and confirm the excellent dispersion of TiO, NPs
into PW, demonstrating a positive interaction between the
two materials. With the aid of non-isothermal DSC and TG
measurements, the impact of TiO, NP addition on the ther-
mal characteristics of PW was examined. The inclusion of
TiO, NPs resulted in a notable improvement in PW’s ther-
mal performance. In this respect, the improvement in latent
heat capacity was reached at~21.2% for 0.3 mass% loading
of TiO, NPs. However, the thermal LHR showed a signifi-
cant increase, reaching ~ 134.3% for P/0.2T in comparison
with PW. Such a significant enhancement in LHR by the
introduction TiO, NPs gives a promising indication of the
capability of the examined PW NCs in thermal storage appli-
cations. Nevertheless, LHR values decreased for concentra-
tions higher than 0.2 mass%, which could be attributed to
limitations in the natural convective heat transfer as a result
of the increase in melt viscosity. The TG analysis of the
PW/ TiO, NCs showed a positive impact on delaying the
degradation process with the addition of TiO, NPs up to
0.25 mass%. Such a result confirmed the high surface area
of non-degradable NPs throughout PW. The thermal proper-
ties investigation of PW/TiO, NCs concluded the possibility
of using such NCs as efficient and thermally stable PCMs.
However, it is advised that future work investigate the ther-
mal characteristics of such NCs over the course of the full
heating—cooling cycle(s) and optimize the dispersion of NPs
within the PW.
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