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1. Introduction

Abstract. Phase change materials (PCMs) are growing in importance in many thermal
applications as heat storage or to smooth the energy peak demand in many technological
fields in industrial as well as in civil applications. Conductive nanoparticles can be added to
phase change material to improve their thermo-physical properties. In this work, Iron oxide
nanoparticles (I10x-NPs) were synthesized using a simple and green synthesis method, free
of toxic and harmful solvents, using the extract of a plant as a reducer and stabilizer at two
different temperatures of calcination 500°C and 750°C. The metallic oxide was used as an
additive with 2% wt. compositions to paraffin wax to prepare a nanocomposite. The variation
in thermal properties of paraffin wax in the composite was experimentally investigated. The
biosynthesized 10x-NPs were characterized by X-ray diffraction (XRD), Fourier Transform
Infrared Spectroscopy (FTIR) and Scanning Electron Microscope (SEM) and Thermal
Gravimetric Analysis (TGA) techniques. The thermal properties of the synthesized
nanocomposites were characterized by a thermal conductivity analyzer and differential
scanning calorimetry (DSC). The FTIR spectra showed a bond at 535 cm-1, which confirms
the Fe-O vibration. The XRD powder analysis revealed the formation of the cubic phase of
Fes04 with an average particle size of 11 nm at 500°C and the presence of the phase a-Fe;0s
with Fe;0Oq at 750°C. Scanning Electron Microscopy (SEM) showed that the obtained oxide
was made up of particles of nanoscale size. Experimental measurements showed that the
presence of nanoparticles can improve the latent heat capacity by a maximum of 16.16 % and
the thermal conductivity of the nanocomposites by a maximum of 16.99%.

Keywords: ¢, PCM, thermal conductivity, composites

Among the various energy storage techniques based on renewable resources, thermal energy storage
(TES) plays a major role to balance the demand and supply of energy by storing the thermal energy and
releasing it when necessary [1]. Phase change material (PCM) is the most used form for latent thermal
energy storage (LTES) due to its isothermal behavior during the heat storage/release process [2]. The
applications of PCM depend generally on the melting temperature (Tm). When Tm is in the range of 0-
15°C, the PCM is used for air conditioning systems. Although, when Tm is above 85°C, the PCM is
mainly used for industrial, solar energy and aerospace application. The PCM that melts between 15°C
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and 85°C could be used in heat sinks for high power electronic cooling and building applications [1].
This type of PCMs received more attention because of the high energy consumption in its application
sectors [3]. Over the past decades, paraffin waxes (Tm around 55°C) have been considered to be one of
the most important forms of PCM used for latent heat thermal energy storage systems (LHTESS) [2,4].
It is becoming progressively attractive because of its good stability, non-toxicity, high energy storage
density, non-supercooling, and an appropriate phase change temperature [5]. However, due to its low
thermal conductivity TC (~ 0.2 W/mK), many methods and studies have been reported in literature to
improve the thermal performance of LHTESs and extend their application range [2, 6-9]. To solve this
limitation, a determined amount of nanoparticles has been added to the PCM during the melting process.
Various experimental factors and conditions have been investigated regarding the influence of the
presence of nanoparticles in the PCM on the thermal conductivity and the latent heat capacity of the
composites. So far, a variety of nanoparticle materials dispersed in PCM has been studied, including
alumina [7,8] , copper oxide [3], titania [7], ferric oxide [10] , silica [7,8], zinc oxide [7,10,11] and
carbon-based materials [2,9]. Iron oxide nanoparticles (I0x-NPs) and their nanocomposites have been
chosen in this study because of their thermal behavior.

The objective of this work is:
I. To prepare iron oxide through a green, simple and low-cost method using an extract plant
at two different temperatures of calcination.
ii. To investigate the physicochemical properties of the elaborated nanoparticles.
iii. To analyze the thermal properties of paraffin wax by adding 2% (by weight) of iron oxides
and to observe the enhancement of TC and LHC of the nanocomposites in the presence of
the biosynthesized IOx-NPs.

The structure and the morphology of the 10x-NPs were characterized using X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), Scanning electron microscope (SEM), and
Thermogravimetric analysis (TGA). The thermal properties of the prepared nanocomposites were
characterized by a thermal conductivity analyzer and differential scanning calorimetry (DSC).

2. Experimental characterizations

2.1. Materials

The paraffin was obtained from a local industry. The iron precursor Fe(NOs)s-9H,0 extra pure 99% was
purchased from SRLchem and used as received. Fresh lemon fruits purchased from a local market.
Distilled water was used in all experimental work.

2.2. Preparation of Iron oxide nanopatrticles

The required amount of Iron (I11) nitrate nanohydrate Fe(NOs)s-9H20 was first dissolved in distilled
water. The solution was magnetically stirred at room temperature for 30 minutes before adding the
lemon juice extract as a green fuel in stoichiometric quantities. Then the solution was vigorously stirred
at 80°C until it began to burn and then released a large amount of heat. The combustion reaction duration
was 20 minutes, resulting in a dark brown precipitate indicating the iron oxide nanoparticles formation.
To remove all organic impurities and any attached molecule of water, the dried precipitate was placed
in a silica crucible and subjected to calcination in a muffle furnace at 500°C for 2h (10x-500). The same
procedure was repeated by modifying the calcination temperature to be at 750°C for 2h (10x-750).

2.3. Preparation of PCM nanocomposites

To prepare the PCM composites, paraffin wax (PW) was first melted at 70°C. 10x-NPs were added to
the melted PW to form mixtures that have been thoroughly stirred at 70°C by a magnetic stirrer/hot plate
for 1h. Then the mixtures were subjected to an intensive ultrasound for 30 min using a sonicator (Model:
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VCX 130; 130 W; 20 kHz) to prepare nanocomposites well dispersed within the PW. The
nanocomposite was then poured into a cast and allowed to solidify. The prepared nanocomposites were
prepared with 2% by weight of 10x-NPs, with a reference sample of pure paraffin wax.

2.4. Characterization techniques

X-ray diffraction (XRD) patterns of IOx-NPs, PW and nanocomposites were recorded by using a powder
X-ray diffractometer Rigaku using monochromatic CuKo. radiation (A = 1.54 A) with a counting time
0f 0.002 ° /s (20). The obtained diffractogram was processed with the X'pert High Score Plus software.
The morphology and the microstructure of 10x-NPs were observed by Scanning Electron Microscopy
(SEM) (20 kV, magnification 7 000 X and 10 500 X). Fourier transform infrared (FT-IR) spectra were
measured by TwoTM from Perkin Elmer (400 - 4000 cm™ working range) supported by Dynascan™
interferometer and OpticsGuardTM technology with attenuated total reflectance (ATR). This equipment
was optimized by a wavelength range between 4000 cm™ and 400 cm™? and its standard spectral
resolution was 0.5 cm™. Thermogravimetric analysis (TGA) was carried out using a thermal gravimetric
analysis instrument with a heating rate of 10°C/min in Nitrogen. The differential scanning calorimetry
(DSC) analysis was studied at the scan rate of 10°C/min over the range of 10-90°C.

2.5. Error analysis
Error estimation of used instruments are provided. The details of microstructural analysis, DSC analysis,
thermal conductivity measurement and temperature measurement are shown in Table 1.

Table 1. Accuracy of the used instruments.

Instrument / characterization method Accuracy
Rigaku XRD diffractometer + (0.00004°
DSC analysis + 0.1 °C Temperature

+ 2% Latent heat

Thermal properties analyzer (Quickline-30) * 1% Thermal conductivity

3. Results and discussions

3.1. XRD analysis

The X-ray diffraction (XRD) analysis was used to determine the crystallographic parameters of the
elaborated sample. XRD diffractograms for iron oxide calcined at different temperatures of 500°C (10x-
500) and 750°C (10x-750), PW and nanocomposites are shown in figure 1 (a-e). The diffraction peaks
of I0x-500 in figure 1(a) were observed at positions 20 = 18.19°; 30.10 °; 35.32°; 37.02°; 42.99°; 53.51°;
57.07°; 62.63°; 71.20° and 74.18° and assigned in terms of the Miller indices (hkl) correspond
respectively to the diffraction planes (111), (220), (311), (222), (400), (422), (511), (440), (620) and
(422). No additional peaks from impurities were detected, which confirms the high purity of the FesO4
nanoparticles calcined at 500°C without the presence of other crystalline phases. The magnetite Fe;O4
crystallizes in a cubic structure as per the JCPDS N° 01-088-0315 and exhibits the F d-3m space group
as the XRD pattern shows. The bioactive compounds that are present in the lemon fruit extract such as
flavonoids, polyphenols and tannins are responsible for the formation of iron oxide nanoparticles [12].
However, the diffractogram of 10x-750 in figure 1(b) shows additional peaks of the a-Fe,Os phase.
These results confirm the influence of the calcination temperature on the powder’s crystallinity. The
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average size of the samples 10x-500 and 10x-750 are about 11 and 29 nm. The average sizes of the
particles were calculated by using the Scherrer equation [13] which is shown below in equation (1):

_ kK2
D_,Bcose (1)

Where D is the average crystallite size, K is the Scherrer constant (0.9), A is the wavelength of the X-
ray beam used, CuKa (A = 1.54 A), B is the full width at half maximum intensity of the peak (FWHM)
and 0 is the Bragg’s angle.
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Figure 1:XRD pattern of (a) 10x-500, (b) IOx-750 (the red stars referred to as the
characteristic peaks of the hematite a-Fe203), (c) PW/IOx-500, (d) PW/IOx-750 and (e) PW.

The diffractogram of the PCM in figure 1(e) confirms that all the diffraction peaks were belonging to
paraffin wax (JCPDS N° 00-003-0254). The XRD patterns of PW/I0x-500 and PW/IOx-750 in figure
1 (c,d) indicated the existence of the same sets of diffraction peaks observed for the pure paraffin wax.
This result could be explained as the presence of the iron oxide nanoparticles does not change the
crystalline structure of the PCM [10]. The XRD results show that during the preparation of the
nanocomposites there is no chemical interaction between the PCM and the metal oxide to maintain the
purity of their different crystal lattice [11].

3.2. SEM analysis
The morphology and the size distribution of the samples 10x-500 and 10x-750 were investigated with

SEM and reported in figure 2 (a,b) to identify if the existence of any changes in the iron oxide
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nanoparticles while modifying the temperature of calcination from 500°C to 750°C. Figure 2 (a) shows
the SEM image of the sample 10x-500 (Fe;O4) prepared by the green method. 10x-500-NPs have a
spherical shape structure and some were agglomerated with an average distribution size of about 54 nm,
which was consistent with other works [14-16]. However, in figure 2 (b), the morphology of the sample
I0x-750 changed to a cubic shape with a size range of 100-700 nm. The inspection of SEM clearly
shows that the annealing process forced the small particles to coalesce into larger particles with different
shapes. It is interesting to note that the morphology of the 10x-500 sample changes from spherical
particles to a cubic aspect by changing only the calcination temperature and that the size of the particles
is changed when increasing the temperature. This suggests that the calcination temperature during the
synthesis can effectively adjust the shape and size of the particles.

Figure 2:SEM micrographs of IOx-NPs (a) I0x-500 and (b) 10x-750.



ATI Annual Congress (ATI 2022) IOP Publishing
Journal of Physics: Conference Series 2385(2022) 012026  doi:10.1088/1742-6596/2385/1/012026

3.3. FTIR Spectroscopy

The FTIR spectrum of the iron oxide nanoparticles, paraffin wax, and composites are shown in figure
3. The FTIR Spectrum of 10x-500 and 10x-750 in figure 3 (e,d) exhibited characteristic bands
positioned at 3344, 1552, 1370, 1110, 1022 and 535 cm™. The absorption band at 3344 cm™ was related
to the O-H vibration of the phenolic compound acting as a reducing agent in the formation of iron oxide
nanoparticles [17]. The band observed at 1552 cm™ was attributed to the C=0 stretching. The band at
1370 cm* was associated to C=C vibration of aromatic compound which revealed the functionalization
of the prepared nanoparticles with organic compounds [18]. The bands at 1110 and 1022 cm™ were
attributed to the aromatic rings and their functional groups present in the organic compounds in the
lemon extract [11]. The characteristic band observed at 535 cm™ corresponding to the stretching
vibration of Fe-O [17,18], confirmed the formation of iron oxides. In addition, the FTIR spectrum of the
PW/10x-500 and PW/10x-750 composites and the pure paraffin wax have been demonstrated in figure
3 (a), (d) and (c), respectively. The absorption bands at 2959, 2916, 2847, 1463, 1378, 893 and 720 cm"
! are attributed to ~-C=H3 and C=H2 stretching, C=C symmetric stretching, =C-H bending, =C-H and
=C-H2 vibration and —CH2, respectively [19].
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Figure 3:FTIR spectra of (a) PW, (b) PW/IOx-500, (c) PW/IOx-750, (d) IOx-500
and (e) 10x-750.
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3.4. TGA analysis

In the TGA curve of FesO,4 (I0x-500) in figure 4, the weight loss (~ 2.40%) below 117.7°C can be
attributed to the release of water. The second weight-loss step (~ 1.63%) was seen at 117.7-188.3°C
which endorsed the evaporation of moisture [20]. Around (4.18%) of weight-loss was carried out owing
to decomposition of organic matter between 188.3 and 506°C. When the temperature increased, mass
loss (~ 2%) from 506 to 859°C was mainly due to the phase transformation from maghemite (FesO4) to
hematite (Fe203) [21].
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Figure 4: TGA/DTA curve of the sample 10x-500.

3.5. Thermal properties of nanocomposites

3.5.1. DSC analysis

The effect of nano-additives on the melting points, the freezing points, and the latent heats of the
composites were analyzed by DSC. Figure 5 shows the solid-liquid phase change latent heat (LH) and
the temperature of the pure paraffin wax (PW) and the iron oxide nanoparticles doped paraffin during
the melting and cooling processing at the scan rate of 10°C/min over the range 10-90°C. From DSC
curves, the energy under the endothermic and exothermic peaks of the pure paraffin was integrated given
LH of 206.03 and 187.74 J/g for melting and cooling, respectively, which differed by 8.87%. According
to Mikhaylov et al. [22], this difference could be attributed to some change in the heat capacity versus
temperature dependency.
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The melting enthalpies of PW/IOx-500 and PW/IOx-750 are 218.02 and 209.23 J/g, respectively.
However, the cooling enthalpies are 218.08 and 216.09 J/g. The addition of 2% (by weight) of iron oxide
nanoparticles increased the LH value by 5.82% and 1.55% during the melting process and by 16.16%
and 15.10% during the crystallization process of the samples PW/IOx-500 and PW/IOx-750
respectively, compared to the pure paraffin. The increase of the LH of the nanocomposites could be
attributed to the possible interaction between the paraffin wax and the iron oxide [23].

Furthermore, the peaks melting and cooling temperatures of pure paraffin are 66.35°C and 58.41°C. The
peaks temperature during the melting process (Twm) of the composites PW/I0x-500 and PW/10x-750 are
66.11°C and 65.62°C, respectively. Similarly, the peak temperature during the crystallization process
(T.) of the composites are 60.12°C and 60.47°C. As it can be seen, the addition of 2% (by weight) of
IOx-NPs in paraffin reduced the Tr, and increased the Tc. This demonstrated that adding of iron oxide
nanoparticles reduced the supercooling of the PW by acting as nucleation agent [24]. All the results of
the melting and cooling LHs and the peak temperatures are shown in table 2.

6
A — = Pure PW
5 oo e PW/IOx-500
—— PW/IOX-750
4 §8.41 g0.47
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Figure 5:DSC thermograms of the pure PW and the composites
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Table 2. Thermal Properties of pure PW and the nanocomposites PW/10x-500 and PW/1Ox-750.

Sample Mass ratio of Melting Crystallization
nanoparticles (%) process process
Tm (°C) AHm (J/9) T: (°C) AH. (J/g)
PW 0 66.35 206.03 58.41 187.74
PW/10x-500 2 66.11 218.02 60.12 218.08
PW/10x-750 2 65.62 209.23 60.47 216.09

3.5.2. Thermal conductivity measurement

The thermal conductivity (TC) of the PW and the nanocomposites was measured by a Quickline-30
thermal properties analyzer. The measurements were repeated five times for every sample at a fixed
temperature and the average value was reported. The thermal conductivity of the pure paraffin wax is
0.259 W/mK. For the samples with 2% (by weight) PW/IOx-500 and PW/IOx-750, the thermal
conductivity increased to 0.298 and 0.303 W/mK, respectively. Sahan et al. [25] reported that the
dispersion of 10 wt% and 20 wt% of FesO, in paraffin could enhance the TC by 48% and 60%,
respectively. The thermal conductivity enhancement (TCE) of the samples PW/IOx-500 and PW/IOx-
750 was calculated by the equation 2 shown below:

TCE — Knanocomposites - Kpw (2)
Kpw

Where Kanocomposites 1S the measured TC of the samples PW/10x-500 and PW/IOx-750 and Kpw is the
TC of the pure paraffin wax.

The TCE of PW/IOx-500 and PW/IOx-750 are 15.05% and 16.99%, respectively. This result indicates

that the TCs of the nanocomposites are higher than the pure paraffin wax as shown in table 3. The
improvement in the TCs principally assigned to the high TC of nanoparticles.

Table 3. Thermal conductivity measurements of PW, PW/I0x-500 and PW/IOx-750.

Samples Mass ratio of ~ Measured Thermal Conductivity TCE
nanoparticles at 25°C (%)
(%)
PW 0 0.259 W/m K -
PW/10x-500 2 0.298 W/m K 15.05 %

PW/10x-750 2 0.303 W/m K 16.99 %
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4. Conclusion

Iron oxide nanoparticles 10x-Nps were successfully prepared via a novel green synthesis using extract
of lemon fruit at two different temperatures (500°C and 750°C) and it was confirmed by X-ray
diffraction (XRD), Scanning electron microscope (SEM), Fourier transform infrared spectroscopy
(FTIR) and Thermogravimetric analysis (TGA). The XRD results showed that the particle sizes were
11 nm and 29 nm for the samples 10x-500 and 10x-750 without any addition of surfactants. The SEM
images showed that the size and the morphology of the nanoparticles have been changed when
increasing the temperature during the annealing process. In this study, paraffin wax (PW) was used as a
phase change material (PCM) and 2% by weight of the prepared 10x-NPs have been added to PW to
form nanocomposites. The thermal properties of the nanocomposites have been investigated and
compared to the pure PW. Experimental results revealed that the presence of the IOx-NPs increased the
latent heat value by 5.82% and 1.55% during the melting process and by 16.16% and 15.10% during the
crystallization process of the samples PW/10x-500 and PW/IOx-750 respectively, compared to the pure
PW. Besides these results, the thermal conductivity (TC) has been improved by 15.05% and 16.99% for
the samples PW/10x-500 and PW/IOx-750 compared to the pure PW. These results confirm that paraffin
wax green iron oxide nanoparticles-based composites have a good thermal performance for heat storage
applications.
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