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Abstract: Highlighting waste as a wealth is the future sustainability of the world. Also, using solar
energy stored during off-sun periods will overcome the energy crisis. The introduction of wood
chip waste for thermal energy storage systems is a sustainable opportunity. Cellulose derived from
wood chips was mixed with the environmentally benign magnetite to form a composite (WCM) and
mixed with paraffin-based PCM. The composite was characterized through transmission electron
microscopy, TEM analysis, scanning electron microscopy, SEM (augmented with dispersive X-ray
analysis, EDX). Micrographs, Fourier transform infrared (FTIR), and X-ray diffraction (XRD), which
confirmed that the composite material was prepared. Various system proportions of the composite
(0.5, 1.0, 2.0, and 4.0%) are embedded in paraffin, and then the thermal system performance is
compared. The experimental data revealed that the addition of 2.0 weight percent of composite
material showed superior system performance. Also, differential scanning calorimeter (DSC) and
TEM analyses of the paraffin-based WCM-composite materials are conducted. The system achieved a
heat gain of 87 k] /min in comparison to 7 k] /min for 2.0% WCM-PCM and pristine PCM, respectively.
Hence, WCM-PCM embedded with waste stream nanoparticles could be suggested as a potential
candidate for heating applications.

Keywords: heating; phase change materials (PCM); thermal energy storage (TES); waste wood
chips; nanoparticles

1. Introduction

The superior location of the Middle East countries poses them with the potential
for high-renewable energy applications. Such countries are well endowed with sunny
weather and a dry climate over the whole year, specifically in the non-coastal regions [1].
Hence, the climate helps in the solar projects especially with the worldwide energy crisis
challenges. In this regard, solar energy is a good opportunity to solve the challenges of
both environmental pollution control and fossil fuel depletion [2-4]. Solar energy as a
clean technology with zero emissions is not only a cheap solution, but it could also be
widely spread for domestic and industrial distribution [4,5]. Even though a lot of benefits
are linked to the solar energy application and uses, the drawbacks, including the high
installation cost and inconsistency, are still a deficiency [6-8]. Thus, searching for a solution
to the non-continuity due to the daytime dependency is a research topic. Thus, such a
solution should overcome the gap between energy needs and supply. The idea of storing
solar energy might solve those associated problems.
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Recently, various energy storage facilities based on phase change materials (PCM)
for thermal energy storage have become available. Such substances are capable of stor-
ing thermal energy by absorbing or may be releasing the termed “latent heat, LH” [9].
PCM, including organic and inorganic materials such as paraffin and salt hydrates [10-12].
Thermal energy storage (TES) across latent heat storage is flexible in application due to
their heat recovery with minimal temperature difference through storing and releasing.
Hence, such material retains a high energy storage density [11]. Organic PCMs are signified
by self-nucleation, which means the crystallization process could occur with or without
minimal supercooling [13,14]. Also, organic PCMs have superiority in applications since
they are noncorrosive in nature [5,15-17]. In this regard, a special concern has been raised
for the use of paraffin materials as PCM materials in the TES field due to their reliable
thermo-physical properties [18]. Such reliable characteristics include a suitable melting
temperature profile with a large amount of LH energy, negligible supercooling, and being
stable in room conditions. Also, it is noteworthy to mention that such PCM types have high
chemical/thermal performance stability due to their repeatable solidification properties.
Paraffin’s PCMs could be classified as paraffin hydrocarbons and paraffin waxes [19]. On
the contrary, Paraffin’s PCMs pose demerits, including low thermal conductivity; thereby,
the PCM system enhancement is critical to such effectiveness.

Numerous researchers [5,17-20] have studied the improving paraffin-based PCM
system. Congregating the use of nanoparticles for PCM enhancement is a suggested option.
Studies are dealing with the enrichment of PCM systems through the inclusion of various
types of nanoparticles [20]. The thermal conductivity of nanomaterials plays a vital role
in enhancing the conductivity of PCMs. Notably, embedded PCM with nanoparticles
not only enhances their thermal conductivity but also modifies various characteristics of
the base PCM linked to its thermophysical properties [21-23]. The most vital properties
include melting/solidification temperatures and phase change periods [24]. Consequently,
a controllable dispersion of nanosized particles into the PCM is a suggested opportunity
to improve the TES. On the other hand, an undesirable elevation in the dynamic viscosity
could be perceived. Moreover, a deficiency in natural convection is attained, which also
complicates the melting cycle. Furthermore, the cost of nanoparticles is still gaining
scientists” attention [25,26]. Thus, nano-additives in PCM need more efforts to justify their
utilization, which means future research is required to enhance PCM systems.

With the revolution in the material science field and sustainability, the utilization
of wood chips as a waste material to be valorized into ultra-value-added material is
required [27]. The utilization of wood chips as biomass substances contains holocellulose,
cellulose, lignin, and ash [1]. Nanocellulose from wood chips is gaining special attention
for its characteristics, including its high surface area, surface charge, and surface energy,
especially when augmented with metal-based nanoparticles [28]. Also, Wang and his
co-workers fabricated a wood-based material with superior physical and mechanical
characteristics [4]. In this concept, introducing nano-cellulose from sawdust-conjugated
magnetite nanoparticles in the field of PCM has not been applied so far, according to the
authors’ knowledge.

Herein, the current work aims to provide an enhancement in the thermal conduc-
tivity of paraffin PCM by adding economic materials from waste streams as a source of
nanocellulose and magnetic-based material (magnetite). Such PCM composites are applied
to enhance the thermal properties of the solidification and melting cycles, thus enhancing
the hot water stored in the system. The composite material is prepared and mixed in differ-
ent proportions with the base PCM, and the material characteristics are checked through
structural and morphological properties. Thereafter, the prepared composite is introduced
to enhance the solidification/melting cycles.
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2. Methodology and Experimental Section
2.1. Materials

The waste wood chips are collected from factories for wood processing. Thereafter,
the material, after collection, is transferred to the laboratory for processing. Initially, the
material is subjected to hydrolysis using hydrochloric acid, followed by bleaching via
hydrogen peroxide. Meanwhile, the chemicals ferrous sulfate, ferric sulfate Fe;(SO4)3
(Qualikems Fine Chem Pvt. Ltd., Delhi, India), and NaOH were all supplied as precursors
for magnetite preparation. A commercial-grade paraffin wax was used as the base PCM
substrate. The material has a melting point of 54 °C and a latent heat (LH) for fusion of
190 kJ /kg.

2.2. Synthesis of PCM-Composite

Primarily, wood chips are subjected to successive washings with distilled water to
remove any impurities from such waste. Thereafter, the clean wood chips were exposed
to overnight electric oven drying before being subjected to chemical treatment. Then, the
cellulose fiber is attained through hydrolysis with (2.5 normal) hydrochloric acid and then
bleaching with hydrogen peroxide. Adding 200-mL of hydrochloric acid to hydrolyze 25 g
of cleaned and dried wood chips, the temperature is raised to 90 °C for 15 min. then, after
being filtered, it is subjected to successive washings to reach a pH of 7.0, which is then oven
dried. The resultant powder is exposed to bleaching by hydrogen peroxide through heating
to 90 °C for 60 min. The mixture after each treatment is washed with distilled water until
pH 7.0 is reached. Thereby, the cellulose fibers are dried for use [3,4]. Meanwhile, Fe3O4
nanoparticles are prepared through the co-precipitation technique. 2 mol of ferrous and
1 mol of ferric sulphate at their stoichiometric ratios were dissolved in distilled water. The
mixture is subjected to stirring under heating with the drop-wise addition of NaOH into
the mixture solution till pH 11.0 is attained and subjected to continuous stirring at 80° to
attain a precipitate. The precipitate is formed, which is collected and washed successively
with distilled water until pH 7.0 is reached prior to drying to attain the fine powder of
Fe3O4 nanoparticles [5]. To attain the composite, cellulose wood chips/magnetite (WCM),
physical mixing to attain a homogenous blend was followed by hydrothermal mixing of
two to one of the woods using mixing chips to one magnetite weight percent. Subsequently,
a droplet of water is added to the mixture, which is then heated in a microwave oven for
5 min at 500 W.

The solid mixture sample of WCM is added to the paraffin PCM to form a compos-
ite PCM mixture labeled PCM-WCM. The PCM-WCM was prepared at different WCM
proportions ranging from 0.5, 1.0, 2.0, and 4.0 weight %. Then, the mixture is sonically
mixed at 60 °C under ultrasonic radiation (WUC-A03H, 40 kHz Bernolsheim, France). The
schematic steps of the PCM preparation and system are illustrated graphically in Figure 1.

2.3. Characterization

X-ray powder diffractometry XRPhillips X'pert (Cambridge, UK) (MPD3040) diffrac-
tometer with Cu-K 4 radiation at room temperature (A = 1.5406 A) and in step-scan mode
was used to investigate the structure of the samples. Field-emission scanning electron
microscope (SEM), (FE-SEM, Quanta FEG 250, Beijing, China) and transmission electron
microscopy TEM (type Tecnai G20, FEI) are used to investigate the morphologies of pris-
tine wood chips and magnetite nanoparticles or composite material WCM. Also, Fourier
transform infrared (FTIR) spectra (Jasco, FT/IR-4100, type A, Beijing, China) exhibited the
type of functional groups of the WCM.
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Figure 1. Schematic representation of the procedure of magnetite/wood chip composite PCM opportunity.

3. Results and Discussion
3.1. Characterization of WCM Substance
Structural and Morphological WCM Characterization

Structural characterization using XRD pattern:

Figure 2 displays the XRD pattern for composite cellulose wood chips conjugate
magnetite nanoparticles. As displayed in the pattern, the 26 values of 34.7° and 22.4° reveal
the presence of cellulose material [1]. Also, it is obvious from the graph of XRD that the
spinel structure of ferrite exposed as a single face-cantered cubic (fcc) is estimated. The
presence of the intensive peaks at 26 of 35.52, 62.84, and 30.2° corresponds to 311, 440, and
220, respectively, as well as the presence of 54.5, 66.7, and 74.8°, which represent the crystal
plans of 422, 511, and 533, 2. Such plans perfectly match the standard magnetite peaks that
confirm the presence of magnetite in the sample.
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Figure 2. X-ray diffraction patterns of magnetite/wood chips composite for PCM.
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Morphological characterization using SEM micrographs:

SEM micrographs were retained at different magnifications for the pure wood chips,
the pure magnetite, and the composite material. Figure 3 displays the SEM images to
illustrate the surface morphology of both pristine and conjugated composite material.
According to the data displayed in Figure 3a,b, the pristine wood chip material consists of
layers, and between such layers are numerous arranged vessels. However, Figure 3c,d, the
magnetite nanoparticles consist of sphere-like particles. Also, it is significant to mention
that the vessel and shape of the pure wood chip material are smooth, with loose folds
between such vessels. As illustrated in Figure 3e,f, the micrographs of the cellulose wooden
chips augmented with the magnetite nanoparticles (WCM) show that a gloss change of the
surface was attained in the wood chips due to the combinations of the magnetite with the
vessels of the wood chips, which means a change in the intrinsic structure of the composite
rather than in the pristine cellulose wood chips. Such micrographs verify the fruitful
mixture of wood chips and magnetite nanoparticles.

Figure 3. SEM images of magnetite/cellulose wood chips composite for PCM (a,b) pure wood chips;
(c,d) pure magnetite; and (e,f) composite WCM.
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Morphological characterization using TEM micrographs:

Figure 4 displays the TEM micrographs at different magnifications for the pure
cellulose-based wood chips, pure magnetite, and the composite material. Figure 4a,b
display the micrographs of wood chip material at various magnifications. The micrographs
in Figure 4a,b display a sheet-like material. Figure 4c,d exhibited the TEM micrographs
of magnetite nanoparticles at different magnifications. The images display a uniform,
spherical-like shape for the nanoparticles. It is obvious from the images in Figure 4e,f of the
hybrid composite that the spherical-like shape of magnetite nanoparticles is distributed in
the wood chip substance fiber. Such images verify the sheet-like morphology of the wood
chips decorated with magnetite nanoparticles in spherical shape.

(@)

200 v S

200 KV X40000] | By 200 KV X50000

Figure 4. TEM images of magnetite/cellulose wood chips composite for PCM (a,b) pure wood chips;
(c,d) pure magnetite; and (e,f) composite WCM.
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Fourier transforms infrared measurements

In order to categorize the functional groups of the prepared composite material, FTIR
spectra (Figure 5) were conducted. Firstly, the FTIR spectra of the raw wood chip material
are investigated, and the data are displayed in Figure 5a. The results revealed a broad band
at 3433 cm~!, which suggests the presence of OH stretching of the cellulose and lignin
groups. Also, the absorption band at 2924 cm ™! signifies the stretching of the aliphatic
CH2 group. However, the bands at 1612 cm ™! and 1509 cm ™! due to the C=C stretching in
the phenol group and the C=C stretching in the aromatic compounds. Further bands at
1735 cm ™! are due to the stretching of the aldehyde C=O group. Furthermore, the presence
of a band of the C-O group at 1041 cm ™! signifies the carboxylic acids and alcohols present
in natural wood chips.

Transmittance (%)

Xo-H
400 800 1200 1600 2000 2400 2800 3200 3600 4000
Wavenumber (cm™)

Figure 5. FTIR spectrum of (a) wood chips; (b) magnetite/wood chips composite for PCM.

Additionally, for the composite material (wood chips conjugated with magnetite), the
FTIR spectrum is presented in Figure 5b. Cellulose is the predominant substance in wood
chips. Further, in the composite magnetite-conjugated cellulose. Thus, the FTIR graph
exhibited O-H symmetry, aliphatic C-H stretching, and C=0 vibration that corresponded
to the wavenumber numbers of 3370 cm 1, 2906.2 cm !, and 1732.73 cm !, respectively.
The peaks of 431.97 and 555.39 cm ™! verify the presence of magnetite nanoparticles and
reflect magnetite presence [1].
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3.2. Thermal Energy Storage (TES) Performance
3.2.1. Melting /Solidification Cycles

Energy storage and the rate of heat release of the phase transformation materials are
linked to the melting and solidification cycles, depending on the temperature difference
between the heat transfer fluid and the phase change material as well as their thermal
conductivities [29-34]. Thus, in this concept, the melting and solidification temperatures for
the charging and discharging cycles of the temperature variation of the PCM are assessed,
and the results are displayed in Figure 6A,B. The data investigated for the PCM composite
(PCM-WCM) with respect to the time period of melting and solidification at different
times were compared to that for the pristine paraffin wax PCM. Wood chip conjugates
of magnetite at different proportions (0.5, 1.0, 2.0, and 4.0 weight %) are embedded into
the base PCM paraffin wax. Notably, it is observed in Figure 6A. Wood chip conjugates
magnetite nanoparticles in different proportions, resulting in a significant range of melting
temperatures. An elevation in the temperature was noted by the WCM addition to paraffin-
based PCM. The most pronounced system was noted for the 2.0-weight % addition of
WCM-augmented PCM. The charging temperature was elevated to 63 °C, compared to
53 °C for the pristine PCM. However, the increase reached only 55, 57, and 59 °C when
the embedded nanofiller of WCM in the PCM was 0.5, 1.0, and 4.0 weight %, respectively.
This means that above 2.0-weight % addition to the PCM, the melting temperature starts
to diminish. Particularly, nanoparticle addition to the base paraffin PCM helps ensure a
modification in the shape of the heat flow of the PCM [35-37]. Therefore, the addition
of nanoparticles adapts the value of the PCM’s melting temperature. Additionally, it is
estimated that the nanoparticles inserted in the base PCM improve its latent heat and
control its photodegradation [38,39], which will be more effective in real-world applications
when solar energy is the source of the melting cycle.

50 1

40 1

(B) 70

o
o

50

40

Solidification temperature (°C)

30 Qo
*9
20
@-PCM-0% WCM @ PCM-0.5% WCM @ PCM-0% WCM @ PCM-0.5% WCM
—8—PCM-1.0% WCM —8—PCM-2.0% WCM 10 —8-PCM-1.0% WCM —8-pCM-2.0% WCM
~#-PCM-4.0% WCM ~#-PCM-4.0% WCM
Y T T T T T ) T T T
10 20 30 40 50 60 70 80 0 2 4 6 8 10 12 14 16 18 20
Time (min) Time (min)

Figure 6. Melting (A) and solidification (B) cycles for charging and discharging of pristine and
embedded nanoparticles of PCM.

Figure 6B displays the data on the discharging cycle of both pristine paraffin and
composite paraffin PCM. It is clear from the results of the experimental discharging cycle
that there is an increase in the melting temperature of the PCM with the addition of WCM
nanoparticles. Thereby, the solidification temperature will be further enhanced compared
to that of pure PCM. However, different temperatures were observed with the different
weight percent of the embedded nanoparticles. Hence, the process is dependent on the
weighted % addition of the nanoparticles to the PCM material. Accordingly, the overall
heat stored by the system is enlarged, with a significant improvement that corresponds to
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a 2.0% cellulose-WCM addition to the paraffin. However, an extra increase in the added
nanoparticles results in a decline in the system, and the process becomes unfavorable.
Such an investigation was previously elucidated by scattered authors [5,40—42] since the
extra nanoparticles might reduce the stability of the phase change material. This could
be attributed to the excess embedded nanoparticle filler, which results in agglomeration
and sedimentation in the paraffin PCM material. Hence, selecting the optimum value of
additive nanoparticles in PCM is required for enhancing the melting and solidification
cycles that correspond to improving the charging and discharging processes, respectively.
This result is in accordance with what was previously reported in the literature [31,43-46].
It is noteworthy to declare that extra nanoparticles in the base of PCM might be leading
to an elevation in the dynamic viscosity of the phase change material. Thereby, such an
increase in the dynamic viscosity could deteriorate the heat transfer rate of the phase
change material.

Transmission electron microscope (TEM) analysis for the PCM compromises of 2.0%
WCM and 4.0% WCM was conducted to conclude and confirm the optimized formulation.
The images of the two composite PCM types are displayed in Figure 7. According to
Figure 7a,b, the TEM images showed that according to the dispersed percent of the cellulose-
WCM in the paraffin PCM (2.0 or 4.0%, respectively), the nanoparticles are well dispersed
in a scattered manner in the PCM up to 2.0%. However, excess particles in the base paraffin
PCM result in the accumulation and agglomeration of the nanoparticles. Thus, the thermal
system efficiency has declined. Therefore, the improvement in the base PCM corresponds
to a 2.0% cellulose-WCM addition to the paraffin. In this concept, TEM analysis verified
the agglomeration of the WCM on the base PCM (paraffin wax) when the mass percent
was greater than 2.0%.

Figure 7. TEM images of PCM composite conjugated with different magnetite/cellulose wood chips
nanoparticles (a) 2.0% magnetite/cellulose wood chips nanoparticles; (b) 4.0% magnetite/cellulose
wood chips nanoparticles.

In order to further illustrate the role of the cellulosic magnetite proportion in the PCM-
based paraffin’s, differential scanning calorimeter (DSC) measurements are conducted
at a constant heat rate corresponding to 10 °C/min. DSC measurements were carried
out on both PCM composites dispersed at 2.0 and 4.0% to attain data that verifies the
results of the melting and freezing temperatures of the WCM-PCM material. The DSC data



Polymers 2023, 15, 4291

10 of 16

! 1 \ 0
0o (o)} H N

DSC (mW/mg)

=
o

displayed in Figure 8 show that each DSC curve has two endothermic peaks. Such two
peaks are signified by the solid-solid transition, which is then followed by the solid-liquid
transition cycle. In general, solid—solid transition happens by changing temperature, which
is a polymorphic feature for the material because of phase transformation from a certain
crystalline solid configuration into another form of crystalline solid. Such crystalline solid—
solid transitions are associated with erratic variations in volume, enthalpy, and entropy
as a result of crystal packing modifications. However, it is noteworthy to mention that
those variations possess minimal values in comparison to the corresponding solid-liquid
transition cycles.

endo

2% WCM-PCM

= = =4% WCM-PCM

o

20 40 60 80 100 120

Temperature (C)

Figure 8. DSC curves of PCM composite conjugated with different magnetite/cellulose wood chips
nanoparticles 2.0% and 4.0% magnetite/cellulose wood chips nanoparticles.

According to the data shown in Figure 8, peak and endset temperatures shifted to
higher temperatures. When comparing 2% WCM-PCM to 4% WCM-PCM, it is observed
that the phase change temperature of the 2% WCM-PCM-based phase transition composite
is 61.4 °C and increases to 60.13 °C when 2% WCM-PCM and 4% WCM-PCM are added,
respectively. Based on the typical DSC thermogram data, the results confirm the agglomer-
ation of the WCM, with the optimum value (2%) dispersed in the base PCM. Thus, above
the optimum value of loading, the melting process becomes fast, which hence reduces the
storage capacity.

3.2.2. Heat Profile Yield

Figure 9 explores simultaneously the gained temperature and the sum of heat rates
released by the phase change material through the discharging cycle so as to deduce and
verify the optimal performance for real applications. The data displayed in Figure 9A,B
is for temperature gain and heat released, respectively. Accordingly, for choosing the
optimized value of nanosized additives based on cellulose-wood chips augmented mag-
netite nanoparticles, it might be reflected through heat performance and the range of phase
transformation temperature gained and phase transformation heat. The experimental data
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(A) 60

expose that nanoparticle addition to the paraffin-based PCM substance can enhance both
the range of temperatures and the amount of heat gained by the system. Thereby, such
material can be applied for heat storage through a hot water storage facility. Moreover,
the embedded nanofiller increased the temperature, which means an enhancement and
elevation in the stored heat in comparison to the pristine PCM (Figure 9A).
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Figure 9. Heat storage diagrams through (A) temperature gain and (B) heat flow rate for pristine and
embedded nanoparticles of PCM.

For maintaining the optimum heat storage capacity, as illustrated in Figure 9B, the heat
gained from the PCM is increased from 1.33 to 1.03 k] /min for pristine paraffin and 2.0%
WCM-augmented paraffin’s PCM. Such a result might be attributed to the enhancement,
which confirms a higher thermal transfer rate that is elevated with the amount of embedded
nanoparticle material in the PCM, especially in the optimal weight percent [47]. Hence,
the addition of WCM nanoparticles to pristine paraffin wax to enhance the heat storage
performance has notable effectiveness on the stored hot water for further heating in real life.
Furthermore, the difference in both temperature and heat gained in the various studied
systems is due to the amount of nano-capsules embedded in PCM, and the maximum
capacity attained according to the above-mentioned is linked to the optimal 2.0 weight
percent filler [48]. This is due to the synergistic effect of the composite substance in the base
PCM material [31,49].

3.3. Overall Heat

Overall heat gained from the process is compared for all the studied PCM systems,
and the results are displayed in Figure 10. The data illustrated in Figure 8 reveal that the
heat transferred by the working fluid (water) that is calculated for the whole process is
attained by Equation (1) [50].

Qu = m Cwby, (1)
where: m: mass flow rate of working fluid (g/s); 6: inlet and outlet water temperature

difference of inlet and outlet heat exchanger; and Cw: Specific heat capacity of water as the
working fluid (4.18 kJ /kg-K).
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Figure 10. Various heat gained by the PCM based systems.

The overall heat gain phase change material is the heat assigned by the heat transfer
fluid and is determined for the whole process by Equation (2). The pristine paraffin and
paraffin-augmented nanoparticles in WCM, which showed nano-additive properties to
the paraffin, improve the overall heat rate gained from the PCM system. According to the
experimental data, the useful rate of heat gain is greater for composite WCM-PCM with a
percent addition of 2.0 wt %, which corresponds to 87 k] /min in comparison to 7 k] /min
for the pristine paraffin PCM system. This heat rate is enhanced proportionately with the
embedded weight of the nanoparticles. This investigation is in accordance with what has
been previously reported in the literature [14].

Qpcm = mCy(Tpcmi — Tpemo) +m H )

where m is the thermal phase change mass (Kg), Cp is the specific heat capacity of PCM
(k] /kg-K), Tpcpsi and Tpcyg, are temperatures of the phase change material of the inlet and
leaving heat exchanger, respectively, and H is the latent heat of fusion of PCM (kJ/kg).
Then, the overall storing efficiency (¥) of nanoparticles embedded-PCM system over the
solo paraffin PCM is achieved according to Equation (3) [50]. Hence, ¥ is corresponding to
the nanofiller of 2.0%-PCM as illustrated in Figure 11.

¥ = Qv x 100 3)

PCM

For the purpose of verifying the current system performance, the studied PCM systems
that have been previously published in the literature are compared with the currently
introduced PCM type. According to the cited data, various organic materials are introduced
as the organic, inorganic, and eutectic mixture-based PCM type, such as paraffin’s, n-
octadecane, petroleum wax, polyurethane, capric acid, and others that are used as the
base PCM. Also, various additions are presented to improve the PCM efficiency, including
graphite, carbon nano fiber, Al,O3, CuO, ZnO, and various nanoparticles. The results of
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the above-mentioned data are tabulated in Table 1. The data presented in Table 1 illustrate
that while some other systems showed a superior enhancement than the suggested current
work, a considered reasonable improvement is suggested from the work since it is an
industrial ecology technique based on using waste material. Thus, the proficient current
system has the greatest value since it converts waste into value-added material.
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System

Efficiency, %

Figure 11. Overall system efficiency for various PCM types.

Table 1. Comparative investigation of various PCM systems compared with the suggested current
work with the introduced applications.

PCM Additives L.
Application General Comments Ref.
Name Type Type Amount (%)
. . Waste Cellulose o . Enhancement in overall
Paraffin wax Organic chips/magnetite 2% Heating heat stored current work
. o . Enhancement in
BaCl, Inorganic MgO 1% Supercooling thermal conductivity [10]
n-octadecane . o . Enhancement in thermal
paraffin Organic AlL,O3 2% Heating conductivity [51]
Mn(NO3), Inorganic Fez04 1% Cooling Decrease in temperature [52]
. . o . Enhancement in
Polyurethane Organic Graphite 1% Heating thermal stability [53]
Paraffin wax Organic ZSM12 Na Heating Higher solidification [38]
temperature
Lauric & stearic . N . Enhancement
acid Eutectic CuO 1% Heating thermal conductivity [32]
. . . . Reduction in temperature
Capric Acid Organic CuO Na Cooling of the material surface [53]
Paraffin Wax Organic Carbon 2% Heating Increase in storage [54]
nanotubes capacity
. . . Reduction in
Water Organic Graphene oxide Na Supercooling melting temperature [55]
Capric acid & . Activated carbon o . Enhancement in
oleic acid Eutectic nanosheets 0-1% Sub-cooling thermal conductivity 561
CaCl, Tnorganic y-ALO; 1% Reductions in Supercooling [10]

latent heat
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Table 1. Cont.

PCM Additives

Application General Comments Ref.
Name Type Type Amount (%)
. o . Enhancement in
Petroleum wax Organic «-Al, O3 2% Heating thermacll conductivity [57]
i i 0 Reduction in
Paraffin wax Organic AL O3 1.0% Na melting temperature [19]
Paraffin wax Organic ZnO 2.0% Na Higher solidification [19]
temperature
Poly-«-olefin Organic Indium 30% Na Double in heat transfer [58]
. . o . Enhancement in
Eftfhanol1 Organic Ag nanowires 62% Heating }:llllermal cor} ductivi}ty [59]
Paraffin-tailing . . Ehnacmeent laternt heat
ceramic Organic nano-graphene Na Water heating and thermal conductivity [59]
Na: Not available.
4. Conclusions
A sustainable waste-to-energy nexus approach has been investigated and introduced
in the current investigation. The study is based on using wood chip waste and converting
it to a composite based on cellulose wood chip magnetite material (WCM) as a filler for the
PCM. A composite-based paraffin embedded with a different weight proportion of WCM
(0.5, 1.0, 2.0, and 4.0%) was prepared for various PCM systems. The superior efficiency is
explored, and the maximum thermal behavior displayed is signified as corresponding to
2.0% WCM-PCM system. The proposed system showed a pronounced efficiency, and the
maximum performance was 87 k] /min. Thus, such a system introduces waste-to-wealth
criteria to attain a sustainable environment.
Author Contributions: Conceptualization, E.A.H. and M.A.T.; Methodology, E.A.H. and M.A.T;;
Writing—original draft, E.A.H. and M.A.T.; Writing—review & editing, E.A.H. and M.A.T. All authors
have read and agreed to the published version of the manuscript.
Funding: The authors extend their appreciation to Prince Sattam bin Abdulaziz University for
funding this research work through project number (PSAU/2023/01/75231).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are available upon request.
Acknowledgments: The authors extend their appreciation to Prince Sattam bin Abdulaziz University
for funding this research work through project number (PSAU/2023/01/75231).
Conflicts of Interest: The authors declare no conflict of interest.

References

1. Shaheen, T.I; Emam, H.E. Sono-chemical synthesis of cellulose nanocrystals from wood sawdust using Acid hydrolysis. Int. ].
Biol. Macromol. 2018, 107, 1599-1606. [CrossRef]

2. Valentini, F.; Dorigato, A.; Pegoretti, A.; Tomasi, M.; Soraru, G.D.; Biesuz, M. SizNy nanofelts/paraffin composites as novel
thermal energy storage architecture. J. Mater. Sci. 2021, 56, 1537-1550. [CrossRef]

3. Al-Kayiem, H.H.; Lin, S.C. Performance evaluation of a solar water heater integrated with a PCM nanocomposite TES at various
inclinations. Sol. Energy 2014, 109, 82-92. [CrossRef]

4. Han, X,; Wang, X,; Tian, W.; Wang, Y.; Wang, J.; Lam, F; Jiang, S. A Strong, Tough and Fire-Retardant Biomimetic Multifunctional
Wooden Laminate. Polymers 2023, 15, 4063. [CrossRef] [PubMed]

5. Teng, T.-P; Yu, C.-C. Characteristics of phase-change materials containing oxide nano-additives for thermal storage. Nanoscale
Res. Lett. 2012, 7, 611. [CrossRef] [PubMed]

6. Thabet, R.H.; Fouad, M.K.; Ali, .A.; El Sherbiney, S.A.; Tony, M.A. Magnetite-based nanoparticles as an efficient hybrid
heterogeneous adsorption/oxidation process for reactive textile dye removal from wastewater matrix. Int. J. Environ. Anal. Chem.
2023, 103, 2636-2658. [CrossRef]

7. Singh, S.; Gaikwad, KK ; Lee, Y.S. Phase change materials for advanced cooling packaging. Environ. Chem. Lett. 2018, 16, 845-859.

[CrossRef]


https://doi.org/10.1016/j.ijbiomac.2017.10.028
https://doi.org/10.1007/s10853-020-05247-5
https://doi.org/10.1016/j.solener.2014.08.021
https://doi.org/10.3390/polym15204063
https://www.ncbi.nlm.nih.gov/pubmed/37896308
https://doi.org/10.1186/1556-276X-7-611
https://www.ncbi.nlm.nih.gov/pubmed/23127224
https://doi.org/10.1080/03067319.2021.1896716
https://doi.org/10.1007/s10311-018-0726-7

Polymers 2023, 15, 4291 15 of 16

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Raoux, S.; Welnic, W.; Ielmini, D. Phase Change Materials and Their Application to Nonvolatile Memories. Chem. Rev. 2010, 110,
240-267. [CrossRef]

Sharif, M.K.A.; Al-Abidi, A.A.; Mat, S.; Sopian, K.; Ruslan, M.H.; Sulaiman, M.Y.; Rosli, M.A.M. Review of the application of
phase change material for heating and domestic hot water systems. Renew. Sustain. Energy Rev. 2015, 42, 557-568. [CrossRef]
Li, X.; Zhou, Y,; Nian, H.; Zhang, X.; Dong, O.; Ren, X.; Zeng, J.; Hai, C.; Shen, Y. Advanced Nanocomposite Phase Change
Material Based on Calcium Chloride Hexahydrate with Aluminum Oxide Nanoparticles for Thermal Energy Storage. Energy
Fuels 2017, 31, 6560-6567. [CrossRef]

Yudong, L.; Jiangqing, W.; Chuangjian, S.; Shichao, G.; Yongkun, G.; Quangui, P. Nucleation rate and supercooling degree of
water-based graphene oxide nanofluids. Appl. Therm. Eng. 2017, 115, 1226-1236. [CrossRef]

Alva, G,; Liu, L.; Huang, X.; Fang, G. Thermal energy storage materials and systems for solar energy applications. Renew. Sustain.
Energy Rev. 2017, 68, 693-706. [CrossRef]

Prasad, D.M.; Senthilkumar, R.; Lakshmanarao, G.; Krishnan, S.; Prasad, B.S. A critical review on thermal energy storage materials
and systems for solar applications. AIMS Energy 2019, 7, 507-526. [CrossRef]

Hou, Y.; Vidu, R.; Stroeve, P. Solar energy storage methods. Ind. Eng. Chem. Res. 2011, 50, 8954-8964. [CrossRef]

Chen, H.; Cong, T.N.; Yang, W.; Tan, C.; Li, Y.; Ding, Y. Progress in electrical energy storage system: A critical review. Prog. Nat.
Sci. 2009, 19, 291-312. [CrossRef]

Alnaimat, F; Rashid, Y. Thermal Energy Storage in Solar Power Plants: A Review of the Materials, Associated Limitations, and
Proposed Solutions. Energies 2019, 12, 4164. [CrossRef]

Kuznik, F; David, D.; Johannes, K.; Roux, J.-J. A review on phase change materials integrated in building walls. Renew. Sustain.
Energy Rev. 2011, 15, 379-391. [CrossRef]

Abedin, A.H.; Rosen, M.A. A critical review of thermochemical energy storage systems. Open Renew. Energy J. 2011, 4, 42—-46.
[CrossRef]

Wong-Pinto, L.-S.; Milian, Y.; Ushak, S. Progress on use of nanoparticles in salt hydrates as phase change materials. Renew. Sustain.
Energy Rev. 2020, 122, 109727. [CrossRef]

Sharma, A.; Tyagi, V.V.; Chen, C.R.; Buddhi, D. Review on thermal energy storage with phase change materials and applications.
Renew. Sustain. Energy Rev. 2009, 13, 318-345. [CrossRef]

Zondag, H.A. Sorption heat storage. In Solar Energy Storage; Academic Press: Cambridge, MA, USA, 2015; pp. 135-154.

Luo, L.; Le Pierres, N. Innovative systems for storage of thermal solar energy in buildings. In Solar Energy Storage; Academic
Press: Cambridge, MA, USA, 2015; pp. 27-62.

Tariq, S.L.; Ali, HM.; Akram, M.A.; Janjua, M.M.; Ahmadlouydarab, M. Nanoparticles enhanced phase change materials
(NePCMs)—A recent review. Appl. Therm. Eng. 2020, 176, 115305. [CrossRef]

Fan, L.-W.; Zhu, Z.-Q.; Zeng, Y.; Ding, Q.; Liu, M.-]. Unconstrained melting heat transfer in a spherical container revisited in the
presence of nano-enhanced phase change materials (NePCM). Int. |. Heat Mass Transf. 2016, 95, 1057-1069. [CrossRef]

Blanco, M. (Ed.) Advances in Concentrating Solar Thermal Research and Technology; Woodhead Publishing: Cambridge, UK, 2016.
Oyewo, O.A.; Adeniyi, A ; Sithole, B.B.; Onyango, M.S. Sawdust-Based Cellulose Nanocrystals Incorporated with ZnO Nanopar-
ticles as Efficient Adsorption Media in the Removal of Methylene Blue Dye. ACS Omega 2020, 5, 18798-18807. [CrossRef]
[PubMed]

Abdollahzadeh, H.; Fazlzadeh, M.; Afshin, S.; Arfaeinia, H.; Feizizadeh, A.; Poureshgh, Y.; Rashtbari, Y. Efficiency of activated
carbon prepared from scrap tires magnetized by Fe3O, nanoparticles: Characterisation and its application for removal of reactive
bluel9 from aquatic solutions. Int. J. Environ. Anal. Chem. 2022, 102, 1911-1925. [CrossRef]

Tony, M.A. Recent frontiers in solar energy storage via nanoparticles enhanced phase change materials: Succinct review on basics,
applications, and their environmental aspects. Energy Storage 2021, 3, e238. [CrossRef]

Wu, S.; Zhu, D.; Zhang, X.; Huang, J. Preparation and Melting/Freezing Characteristics of Cu/Paraffin Nanofluid as Phase-
Change Material (PCM). Energy Fuels 2010, 24, 1894-1898. [CrossRef]

Wang, J.; Xie, H.; Xin, Z. Thermal properties of paraffin based composites containing multi-walled carbon nanotubes. Thermochim.
Acta 2009, 488, 39-42. [CrossRef]

Harikrishnan, S.; Deenadhayalan, M.; Kalaiselvam, S. Experimental investigation of solidification and melting characteristics of
composite PCMs for building heating application. Energy Convers. Manag. 2014, 86, 864-872. [CrossRef]

Kim, D.H.; Ryu, HW.; Moon, ].H.; Kim, J. Effect of ultrasonic treatment and temperature on nanocrystalline TiO,. J. Power Sources
2006, 163, 196-200. [CrossRef]

Zhu, D.; Li, X.; Wang, N.; Wang, X.; Gao, J.; Li, H. Dispersion behavior and thermal conductivity characteristics of Al,O3-H,O
nanofluids. Curr. Appl. Phys. 2009, 9, 131-139. [CrossRef]

Thabet, R.H.; Fouad, M.K,; Sherbiny, S.A.E.; Tony, M.A. Zero-Waste Approach: Assessment of Aluminum-Based Waste as a
Photocatalyst for Industrial Wastewater Treatment Ecology. Int. |. Environ. Res. 2022, 16, 1-19. [CrossRef]

Chaichan, M.T.; Kamel, S.H.; Al-Ajeely, A.N.M. Thermal conductivity enhancement by using nano-material in phase change
material for latent heat thermal energy storage systems. Saussurea 2015, 5, 48-55.

Chieruzzi, M.; Miliozzi, A.; Crescenzi, T.; Torre, L.; Kenny, ]. M. A New Phase Change Material Based on Potassium Nitrate with
Silica and Alumina Nanoparticles for Thermal Energy Storage. Nanoscale Res. Lett. 2015, 10, 273. [CrossRef] [PubMed]


https://doi.org/10.1021/cr900040x
https://doi.org/10.1016/j.rser.2014.09.034
https://doi.org/10.1021/acs.energyfuels.7b00851
https://doi.org/10.1016/j.applthermaleng.2016.10.051
https://doi.org/10.1016/j.rser.2016.10.021
https://doi.org/10.3934/energy.2019.4.507
https://doi.org/10.1021/ie2003413
https://doi.org/10.1016/j.pnsc.2008.07.014
https://doi.org/10.3390/en12214164
https://doi.org/10.1016/j.rser.2010.08.019
https://doi.org/10.2174/1876387101004010042
https://doi.org/10.1016/j.rser.2020.109727
https://doi.org/10.1016/j.rser.2007.10.005
https://doi.org/10.1016/j.applthermaleng.2020.115305
https://doi.org/10.1016/j.ijheatmasstransfer.2016.01.013
https://doi.org/10.1021/acsomega.0c01924
https://www.ncbi.nlm.nih.gov/pubmed/32775881
https://doi.org/10.1080/03067319.2020.1745199
https://doi.org/10.1002/est2.238
https://doi.org/10.1021/ef9013967
https://doi.org/10.1016/j.tca.2009.01.022
https://doi.org/10.1016/j.enconman.2014.06.042
https://doi.org/10.1016/j.jpowsour.2005.12.060
https://doi.org/10.1016/j.cap.2007.12.008
https://doi.org/10.1007/s41742-022-00414-9
https://doi.org/10.1186/s11671-015-0984-2
https://www.ncbi.nlm.nih.gov/pubmed/26123273

Polymers 2023, 15, 4291 16 of 16

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Tony, M.A. Nexus approach: ZSM-12 derived from industrial waste into microencapsulated in organic wax for solar energy
storage system. Energy Sources Part A Recover. Util. Environ. Eff. 2021, 43, 1-19. [CrossRef]

Wen, B.; Wang, E; Xu, X.; Ding, Y.; Zhang, S.; Yang, M. The Effect of Encapsulation of Nano Zinc Oxide with Silica on the UV
Resistance of Polypropylene. Polym. Technol. Eng. 2011, 50, 1375-1382. [CrossRef]

Xu, J.; Shi, S.; Zhang, X.; Wang, Y.; Zhu, M.; Li, L. Structural and optical properties of (Al, K)-co-doped ZnO thin films deposited
by a sol-gel technique. Mater. Sci. Semicond. Process. 2013, 16, 732-737. [CrossRef]

Tony, M.A. From biomass residue to solar thermal energy: The potential of bagasse as a heat storage material. Euro-Mediterr. ].
Environ. Integr. 2020, 5, 17. [CrossRef]

Ramasamy, M.; Das, M.; An, S.5.A.; Yi, D.K. Role of surface modification in zinc oxide nanoparticles and its toxicity assessment
toward human dermal fibroblast cells. Int. |. Nanomed. 2014, 9, 3707-3718.

Pise, A.T.; Waghmare, A.V.; Talandage, V.G. Heat Transfer Enhancement by Using Nanomaterial in Phase Change Material for
Latent Heat Thermal Energy Storage System. Asian J. Eng. Appl. Technol. 2013, 2, 360-366. [CrossRef]

Hajare, V.S.; Gawali, B.S. Experimental study of latent heat storage system using nano-mixed phase change material. Int. J. Eng.
Technol. Manag. Appl. Sci. 2015, 3, 37—44.

Hematian, A.; Ajabshirchi, Y.; Behfar, H.; Ghahramani, H. Designing, Construction and Analysis of Speed Control System of the
Fan with PV Feeding Source in an Air Solar Collector. Mod. Appl. Sci. 2012, 6, 136. [CrossRef]

Skovajsa, J.; Kolacek, M.; Zalesak, M. Phase change material based accumulation panels in combination with renewable energy
sources and thermoelectric cooling. Energies 2017, 10, 152. [CrossRef]

Fang, G.; Chen, Z.; Li, H. Synthesis and properties of microencapsulated paraffin composites with SiO, shell as thermal energy
storage materials. Chem. Eng. |. 2010, 163, 154-159. [CrossRef]

Fang, X.; Fan, LW,; Ding, Q.; Wang, X.; Yao, X.L.; Hou, J.F,; Cen, K.E. Increased Thermal Conductivity of Eicosane-Based
Composite Phase Change Materials in the Presence of Graphene Nanoplatelets. Energy Fuels 2013, 27, 4041-4047. [CrossRef]
Farahat, M.A.; Mousa, M.M.; Mahmoud, N.H. Solar distiller with flat plate collector and thermal storage. Int. Conf. Appl. Mech.
Mech. Eng. 2016, 17, 1-11. [CrossRef]

Nabwey, H.A.; Tony, M.A. Thermal Energy Storage Using a Hybrid Composite Based on Technical-Grade Paraffin-AP25 Wax as a
Phase Change Material. Nanomaterials 2023, 13, 2635. [CrossRef] [PubMed]

Bondareva, N.S.; Gibanov, N.S.; Sheremet, M.A. Computational Study of Heat Transfer inside Different PCMs Enhanced by
Al,O3 Nanoparticles in a Copper Heat Sink at High Heat Loads. Nanomaterials 2020, 10, 284. [CrossRef]

Alimohammadi, M.; Aghli, Y.; Alavi, E.S.; Sardarabadi, M.; Passandideh-Fard, M. Experimental investigation of the effects of
using nano/phase change materials (NPCM) as coolant of electronic chipsets, under free and forced convection. Appl. Therm.
Eng. 2017, 111, 271-279. [CrossRef]

Kumar, K.S.; Dinesh, R.; Roseline, A.A; Kalaiselvam, S. Performance analysis of heat pipe aided NEPCM heat sink for transient
electronic cooling. Microelectron. Reliab. 2017, 73, 1-13. [CrossRef]

Zabalegui, A.; Lokapur, D.; Lee, H. Nanofluid PCMs for thermal energy storage: Latent heat reduction mechanisms and a
numerical study of effective thermal storage performance. Int. J. Heat Mass Transf. 2014, 78, 1145-1154. [CrossRef]

Liu, Y;; Li, X.; Hu, P; Hu, G. Study on the supercooling degree and nucleation behavior of water-based graphene oxide nanofluids
PCM. Int. ]. Refrig. 2015, 50, 80-86. [CrossRef]

Hussain, S.I; Dinesh, R.; Roseline, A.A.; Dhivya, S.; Kalaiselvam, S. Enhanced thermal performance and study the influence of
sub cooling on activated carbon dispersed eutectic PCM for cold storage applications. Energy Build. 2017, 143, 17-24. [CrossRef]
Ghoghaei, M.S.; Mahmoudian, A.; Mohammadi, O.; Shafii, M.B.; Jafari Mosleh, H.; Zandieh, M.; Ahmadi, M.H. A review on the
applications of micro-/nano-encapsulated phase change material slurry in heat transfer and thermal storage systems. J. Therm.
Anal. Calorim. 2021, 145, 245-268. [CrossRef]

Wu, W,; Bostanci, H.; Chow, L.C.; Hong, Y.; Wang, C.M.; Su, M.; Kizito, ].P. Heat transfer enhancement of PAO in microchannel
heat exchanger using nano-encapsulated phase change indium particles. Int. J. Heat Mass Transf. 2013, 58, 348-355. [CrossRef]
Zeng, ].; Cao, Z.; Yang, D.; Sun, L.; Zhang, L. Thermal conductivity enhancement of Ag nanowires on an organic phase change
material. J. Therm. Anal. Calorim. 2010, 101, 385-389. [CrossRef]

Li, R.; Zhou, Y.; Duan, X. Nanoparticle enhanced paraffin and tailing ceramic composite phase change material for thermal energy
storage. Sustain. Energy Fuels 2020, 4, 4547-4557. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/15567036.2021.2001119
https://doi.org/10.1080/03602559.2011.578293
https://doi.org/10.1016/j.mssp.2012.12.016
https://doi.org/10.1007/s41207-020-00158-y
https://doi.org/10.51983/ajeat-2013.2.2.667
https://doi.org/10.5539/mas.v6n1p136
https://doi.org/10.3390/en10020152
https://doi.org/10.1016/j.cej.2010.07.054
https://doi.org/10.1021/ef400702a
https://doi.org/10.21608/amme.2016.35260
https://doi.org/10.3390/nano13192635
https://www.ncbi.nlm.nih.gov/pubmed/37836276
https://doi.org/10.3390/nano10020284
https://doi.org/10.1016/j.applthermaleng.2016.09.028
https://doi.org/10.1016/j.microrel.2017.04.006
https://doi.org/10.1016/j.ijheatmasstransfer.2014.07.051
https://doi.org/10.1016/j.ijrefrig.2014.10.019
https://doi.org/10.1016/j.enbuild.2017.03.011
https://doi.org/10.1007/s10973-020-09697-6
https://doi.org/10.1016/j.ijheatmasstransfer.2012.11.032
https://doi.org/10.1007/s10973-009-0472-y
https://doi.org/10.1039/D0SE00753F

	Introduction 
	Methodology and Experimental Section 
	Materials 
	Synthesis of PCM-Composite 
	Characterization 

	Results and Discussion 
	Characterization of WCM Substance 
	Thermal Energy Storage (TES) Performance 
	Melting/Solidification Cycles 
	Heat Profile Yield 

	Overall Heat 

	Conclusions 
	References

