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Abstract—New types of bio-composite phase change materials (BCPCM) with improved thermal properties were
made from spent ground coffee powder (C), beeswax (W) and low density polyethylene (LDPE). Beeswax is a rela-
tively accessible phase change material of organic origin, with a significantly lower unit price compared to conven-
tional phase change materials (PCM). The observations by SEM and FTIR spectroscopy showed that the BCPCMs
were physically combined. Through these techniques, it was discovered that ground coffee was effectively impregnated
with natural wax and LDPE. According to the thermal gravimetric analysis (TGA), the thermal stability of BCPCM
was improved, due to the use of waste coffee grounds, in the working temperature range. The biocomposite possesses
excellent performance as characterized by 136.9 J/g (W70C10PE20)>, 127.31 J/g (W70C20PE10)>, 126.95 J/g (W70C30)>,
121.08 J/g (W70PE30) of latent heat storage and tends to decrease the supercooling degree as compared with pure
beeswax during melting/solidification process. By adding LDPE to the PCM, the melting time is reduced, demonstrat-
ing an improvement in thermal energy storage (TES) reaction time to the demand. The experimental results showed
that the fraction of oils (12%) in spent ground coffee powder can participate in the improvement of the thermal prop-
erties of BCPMC. The use of biocompatible PCM by-products is suitable for applications in the field of heat storage
because it is affordable and environmentally beneficial.
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INTRODUCTION

Global warming and the scarcity of fossil energy sources have led
to the search for new solutions that consume less energy, which
are cleaner than current methods. Latent thermal storage is one of
the options being examined to reduce consumption. The use of
phase change materials (PCMs) makes it possible to store and release
large amounts of heat with reduced volumes by using latent heat
storage during melting and solidification at specific temperatures.
Indeed, through solid-liquid phase shift, PCMs reduce tempera-
ture variations and improve solar energy consumption [1-5]. Over
the past ten years, research on PCMs has gradually increased, and
comprehensive evaluations of PCMs and their applications are avail-
able [6-8]. Therefore, one of the key intended goals is the develop-
ment of phase change materials (PCM) with high energy storage
density and recyclable solid-liquid phase behavior [9,10]. Latent heat
storage biocomposites (LHSBCs) by natural wax have received con-
siderable attention due to their controllable phase change tempera-
ture, stable physical and chemical properties, and high biological
safety (e.g non-toxic, non-odorous, and non-irritant) [11].

Beeswax is mainly composed of a mixture of esters of hexadeca-
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noic and octadecanoic acids, with fatty alcohols having chain lengths
between 38-52 and 46-54 carbon atoms, respectively [12]. These
molecular structural characteristics, which lead to a relatively high
enthalpy of fusion, make beeswax an attractive candidate for energy
storage as PCM [13]. However, the applications of natural waxes
are limited by leakage during the energy storage process. Meanwhile,
low thermal conductivity also compresses the conduction and con-
version of solar thermal energy [14,15]. Mixing waxes with useful
polymers is one way to preserve them in a stable state during
application. Wax leakage is eliminated, and the wax is fixed in a
compact condition even after melting thanks to the polymer matrix.
Polymer composites are easily shaped materials, and the polymer
phase brings its own specific properties. Polyethylene seems to be
the most frequently used polymer to be mixed with paraffin waxes
to obtain shape stabilized PCM [16-18]. For example, Inaba and
Tu [17] have investigated a form-stabilized paraffin wax system
based on paraftin wax mixed with high-density polyethylene (HDPE).
Nevertheless, Krupa et al. [19] have studied the thermal and ther-
momechanical properties of stabilized phase change materials
based on low-density polyethylene and Fischer-Tropsch paraffin
waxes. The amount of LDPE at such a high wax level was found
to be inadequate to keep the structure of the material in a consis-
tent shape, even if LDPE still forms the continuous phase up to
50% wax.

The production of shape-stable beeswax materials is crucial for
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resolving these issues [15,20]. One strategy is the preparation of porous
CPCM via biomass or biomass waste, as it not only reduces the
cost of preparing solar thermal energy storage materials, but also
accelerates the energy revolution and reduces the pollution caused
by both the consumption of fossils and the dumping of biomass
[4,21]. Coffee is the second most important commercial product
that creates a large amount of spent coffee grounds (SCG) every
year [22]. SCGs that are still underutilized have recently been
applied to fabricate CPCMs [23,24]. Actually, some cases of effec-
tive use of SCGs have much inspired us.

Currently, spent coffee grounds (SCG) are attracting more atten-
tion due to the significant amount of wasted coffee grounds (SCG)
produced daily (food waste from coffee processing) [25]. SCG are
currently gaining much interest as a natural filler for polymer matri-
ces such as poly(lactic acid) (PLA) [26] and polypropylene [25].
Among the organic materials that make up these particles are cel-
luloses, hemicelluloses, lignins and fatty acids [26,27]. These com-
pounds are known to impart high stiffness and flexibility to bio-
composites [28]. SCG has also been used thanks to its high con-
tent of polysaccharides, phenolics and protein compounds, as well
as the production of several important compounds like ethanol,
biodiesel and mannitol [29]. Besides, it is an effective substance for
vegetable compost by providing cellulose, ash, calcium and phos-
phorus after they decompose in the soil [28]. Like other bio-fillers,
however, SCGs have poor water resistance because of their high
hydrophilicity, which limits compatibility with most polymers (hy-
drophobic) [26], leading to a poor filler/matrix (voids) interface,
therefore poor mechanical performance of biocomposites [30,31];
limiting large-scale uses [32].

SCGs could be combined with other biomasses like natural
waxes to make PCM bio-composites [33]. It could also be applied
to synthesize activated carbon (AC), SCGs-AC showed high im-
pregnation rate of SCG-based CPCMs and high latent heat capac-
ity [34]. Other works [35] have shown that the introduction of
(reduced graphene oxide) RGO into CPCM can effectively improve
the adsorption of SCG on polyethylene glycol (PEG) and at the
same time improve the thermal conductivity and the light absorp-
tion performance of CPCM in the entire UV-Vis-NIR range. There-
fore, it remains difficult to improve the thermal conductivity and
the adsorption rate of SCGs for PCMs at low cost. SCGs-AC demon-
strated a high impregnation rate of SCG-based CPCMs and a high
latent heat capacity, and it could also be used to synthesis acti-
vated carbon (AC) [33].

Shape-stabilized PCMs (ss-PCMs) are generally synthesized by
blending PCMs with supporting materials. However, most of those
PCMs are fabricated via complex procedures with corrosive or toxic
chemicals, leading to high cost and environmental concerns. Bio-
polymers have also been used as the supporting materials. SCG is
a renewable, abundant in nature with distinct advantages, such as
low cost, good biocompatibility, non-toxicity, environmental friendli-
ness [36]. Without crosslinking, SCG can be quickly and environ-
mentally friendly converted into a three dimensional (3D) hierarchical
porous scaffold without crosslinking [37,38]. It is suitable for mul-
tiple applications, namely drug delivery [39], supercapacitors [38],
wastewater treatment [40], thermal insulators [41], organic cata-
lysts [42].

However, up to now, the study reports about utilizing beeswax
as the supporter of shape-stabilized phase change materials are still
rare. As a result, ongoing efforts are needed to study the immobili-
zation of organic phase change materials in the addition of SCG.

In the search for efficient and sustainable PCMs, the present
research work describes three approaches pertaining to the pro-
duction of bio-CPCMs based on renewable feedstocks. The idea is
to develop BCPCMs based on beeswax/LDPE and to test the ther-
mal storage capacity and stability after the integration of SCG micro-
fillers in the composite.

EXPERIMENTAL SECTION

1. Materials

Spent coffee grounds (C) were collected after brewing roasted
coffee beans (Boundin, Tunisia) in an automatic coffee machine.
A specific treatment was carried out on these coffee beans to obtain
(C) microparticles (Schema 1). After being cleaned with water,
used coffee grounds were dried in an oven for 24 hours at 100 °C.
Subsequently;, 10 g of powder were introduced into an agate flask
with beads 6 mm in diameter. The flask was then sealed and placed
in a Retsch planetary Ball Mill where the powder was ground (400
rpm) for 1 h at room temperature.

The selected PCM used in this work was beeswax. The bees-
wax had a density of 0.773 g/cm’ and a phase change temperature
of roughly 60 °C. The low-density polyethylene (LDPE) in pellets
used in this work has a melting temperature of 107 °C and a den-
sity of 0.9 g/cm’.

2. Preparation of BCPCMs

The samples, presented in Table 1 (was used for abbreviation),
were prepared using the melt-mix method (i) and the impregna-
tion method (ii) (Schema 1). The beeswax in pellet form was melted
at 60 °C for 60 min under magnetic stirring at 200 rpm. For the
filled composites, the dry spent coffee grounds microparticles were
gradually added to the liquid mixtures with stirring (impregnation
phase). The LDPE was added and immediately mixed with the
liquid phase wax. The mixture was agitated for two hours at a speed
of roughly 1,200 rpm to ensure uniform dispersion of the PCM in
the LDPE. Then, the temperature was set at 120 °C and LDPE was

Table 1. List of samples composition (Weight %)

Beeswax (W) LDPE (PE) SCG (C)
W100 100 - -
PE100 - 100 -
WO90PE10 90 10 -
WS80PE20 80 20 -
W70PE30 70 30 -
WG60PE40 60 40 -
W50PE50 50 50 -
W80C20 80 - 20
W70C30 70 - 30
W60C40 60 - 40
W70C20PE10 70 10 20
W?70C10PE20 70 20 10
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Schema 1. Different steps of the process developed for the preparation of BCPCMs.

added to the Beeswax/LDPE mixture. The mixture was stirred at
2,000 rpm for three hours until it became a homogenous viscous
liquid. After cooling to room temperature, the Beeswax/LDPE com-
posites were finally obtained. The samples were then melt pressed
at 120°C into 100 mmx100 mmx2 mm sheets using a 10-ton AMS
hot melt press. The various mass ratios of the constituent parts in
each of the 50 g samples are displayed in Table 1.

3. Characterizations

Scanning electron microscopy (SEM): The microstructure of sam-
ples was represented by scanning electron microscopy (SEM) at
room temperature. A SEM with an accelerating voltage of 12kV
and a working distance of 12mm was used to collect the SEM
images.

Fourier-transform infrared spectroscopy (FTIR): All composites
were examined using a Perkin Elmer FTIR system spectrum BX
employing an ATR mode between 4,000-500 cm ™ to identify the
functional groups.

Thermogravimetric analysis (TGA): Thermogravimetric analysis
(TGA) was realized on a Perkin-Elmer TGA7 analyzer. The heat-
ing rate was 10 °C/min and the sample weight was in the order of
4 mg. Thermograms were recorded over a temperature range of
30-800 °C carried out under an oxygen atmosphere with the flow
rate of 20 ml/min.

Differential scanning calorimetry (DSC): The DSC calorimeter is
a Perkin-Elmer DSC7 with 20 mL/min flow of N,. The signal is
analysed without subtraction. A sample mass of 2-5 mg and heat-
ing rate of 10 °C/min were used.

IR thermography: The effectiveness of heat transfer for the vari-
ous kinds of PCM composite samples utilized in this study was
evaluated using an IR thermography test. FLIR C3 was used as the
IR camera, with a cylindrical shape of 30 mm in diameter.

September, 2023

RESULTS AND DISCUSSION

To study the dispersion of spent ground coffee microparticles in
PCM, the composites BCPCM prepared by impregnation and hot
uniaxial compression are fractured at low temperature. The SEM
observations of the fracture surfaces are shown in the photos in
Table 2. The observations of the W70C30 bio-composite show
that the beeswax is absorbed in the pores and on the surface of the
coffee grounds particles thus ensuring a fairly dense material [43].
The porous structure of the coffee grounds particles ensures the
mechanical strength of the composite assembly and can prevent
the leakage of molten PCM [24,33,44]. For the composites in the
presence of LDPE (W70C20PE10), the impregnation of the wax
on the microparticles of the coffee grounds was well noted. A het-
erogeneous surface was observed by the presence of empty zones
linked to a phase separation indicating the immiscibility of LDPE
with beeswax [45]. Indeed, the low percentage of LDPE does not
allow all of the low molecular weight wax chains to penetrate into
the branching network of the LDPE chains. The amorphous struc-
ture of the polymer due to its low crystallinity [46] means less pack-
ing of the polymer chains become saturated with wax chains. Wax
cohesion occurs due to high wax intermolecular attractive forces
during melt processing. For a very high wax content (70%), even
the open areas in the low density PE are not sufficient to accom-
modate the wax chains and the phenomenon of agglomeration can
take place, thus favoring the immiscibility of the mixture. The spent
ground coffee microparticles was found to a good structure for incor-
porating liquefied materials, such as PCMs. SEM analysis show that
beeswax incorporated well into the structure of microparticles. It is
anticipated that the characteristic heat storage properties of this
PCM would be exhibited well in new heat storage composites.
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Table 2. SEM micrographs of BCPCMs: W70C30 and W70C20PE10

W70C30

W70C20PE10

The results presented in Fig. 1 show the FTIR-ATR spectra of
the used virgin compounds and the BCPCM materials in the pres-
ence and absence of coffee grounds waste. Beeswax (W100) rep-
resents a complex organic mixture of many compounds, mainly
analyses signals belonging to hydrocarbons, esters and free fatty
acids. The main spectral bands specific to beeswax are observed in
the region of the fingerprints’ characteristic of the vibrations of esters
and free fatty acids (at 1,739, 1,714 and 1,172 cm™'). Furthermore,
the absorption peaks at 2,916-2,848 cm™' are characteristic of the
aliphatic CH stretching vibration, the two peaks at 1,462 cm™" cor-
respond to the CH bending vibration and the two peaks at 720-
730 cm™ relating to the rocking vibration in the plane of the group

CH,. The presence of two well-resolved bands at 720 cm™ and in
the 1,470 cm™ region in all BCPCMs spectra confirms the absence
of the destruction of the long hydrocarbon components of the wax
chain during the materials elaboration phase [47]. On the spectra
of all blends samples without coffee grounds waste, no change in
the position of the peaks and no new peaks were generated. This
suggests that since there is no chemical interaction between the
LDPE and beeswax, the Beeswax/LDPE blends (W/PE) at differ-
ent composition were physical blends.

The FTIR spectrum obtained from coffee grounds is shown on
the C100 spectrum in Fig. 1. The broad band at about 3,460 cm™"
included many vibrational modes mainly attributed to OH groups.

Korean J. Chem. Eng.(Vol. 40, No. 9)
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Fig. 1. FTIR spectra of virgin compounds and BCPCMs.

The presence of methyl and methylene groups is confirmed by the
two sharp peaks at 2,926 cm™" and 2,859 cm™" attributed to asym-
metric and symmetric stretching of C-H bonds in the aliphatic
chains [48]. Compared with the Oil-C spectrum, the low intensity
band at 1,743 cm™ is associated with the carbonyl vibration (C=0)
in the aliphatic esters or in the triglycerides of the oily fraction pres-
ent in coffee grounds waste. The band at 1,640 cm™ emanates from
the C=C vibration of lipids and O-H bonds of lignocellulosic groups
[49]. The band at 1,458 cm™' corresponds to the C-H bending of
the CH; groups. The bands observed on the spectrum of coffee
grounds at 1,100 cm™' zone are attributed to the vibrations of the
C-O-C groups of the oily compounds and those of the cellulosic
chains. This wide band is shown on the spectra of the composites
in the presence of coffee grounds with a large % (W60C40). The
exploitation of the spectral zone characteristic of the vibrations of
C=0 groups for samples in the presence and in the absence of micro-
particles of the spent coffee grounds are shown in Fig. 2. The band
around 1,740 cm™ of the spectrum of composites containing coffee
grounds, such as W70C30 and W70C20PE10, have undergone a
slight shift towards the low wavenumbers. Coffee grounds-contain-
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ing composites, including W70C30 and W70C20PE10, have a minor
shift towards the low wavenumbers in the spectrum band around
1,740 cm™". This displacement is linked to the formation of hydro-
gen bonds (C=0...HO) between the carbonyl groups of the bees-
wax esters and the hydroxyl functions of the cellulose in the spent
coffee grounds. On the other hand, the increase in the intensity of
the band at 1,741 cm™' compared to that at 1,715 cm™" is linked to
the presence of C=0 ester groups of the oily phase (in the order of
12%) in the spent coffee grounds [50]. In fact, after an extraction
with hexane the oily fraction of the coffee grounds waste employed
in this study exhibits a vibration band typical of the C=O groups
departing at roughly 1,743 cm™" (Fig. 2) [51].

A thermal stability index, examined by TGA measurements, is
needed to determine complex BCPCM applications. Fig. 3(a) depicts
the TGA curves for the W/PE blend samples. Temperatures at 10%
mass loss temperature (Td, 10%) were used to describe the ther-
mal stabilities of the samples. The TGA curves of the W/PE blends
reveal a decrease in the onset of PE decomposition temperatures
with the increase in wax content. The decomposition of beeswax
begins at a much lower temperature than that of PE, with a differ-
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Fig. 2. Typical evolution of the C=0 peak of FTIR spectra of virgin
compounds and BCPCMs.

ence of nearly 200 °C between temperatures. One possible reason
for the low resistance of W/PE blends to thermal degradation is
the low molecular weight of the wax [52]. The TGA curves of the
W/PE materials show that the thermal stability between that of
pure wax and pure PE. The beeswax TGA curve indicates that the
sample lost weight from about 203 °C and then changed its slope
around 10% by weight from around the temperature 402 °C, char-
acterizing the long chain molecules. While PE decomposes com-
pletely in one step, W/PE materials exhibit two-step degradation.
There is a sizable difference between the decomposition tempera-
ture of pure PE and that of the W/PE blends in terms of tempera-
tures at 10% mass loss (Td, 10%). Below 200 °C, the decomposition
of the W/PE mixtures is negligible, indicating an excellent ther-
mal stability of the mixture.

The DTG curves (Fig. 3(b)) of the blends indicate that the num-
ber of peaks corresponds to the number of degradation steps and
the peak temperature corresponds to the temperature at which the
maximum degradation occurs. The reason for this change is to
easily convert the deflection point to a peak. The existence of two
peaks indicative of the breakdown of LDPE and beeswax in the
mixtures confirms their two-phase composition according to the
DTG curves. The decomposition peak of beeswax was shifted
towards high temperatures by the presence of LDPE. On the other
hand, the temperature relative to the DTG peak of the degrada-
tion of LDPE remains constant at 473 °C. The TGA/DTG results
show that all W/PE blends are degraded between 200 and 480 °C.
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W90PE10 285
W100 258
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Fig.3.TGA (a) and DTG (b) curves of LDPE, beeswax and PCM
blends with different composition.

Therefore, they are expected to be stable up to 200 °C and consid-
ered to be suitably applicable to buildings.

TGA/DTG analysis was used to determine how the inclusion of
coffee grounds waste affected the thermal stability of beeswax-based
composites (Fig. 4). The TGA thermogram of the spent coffee ground
reveals a temperature decrease of about 100 °C corresponding to
the amount of water absorbed from the airs humidity [53]. The
decomposition is similar to the pyrolysis properties of hemicellu-
lose and cellulose which constitute the major components of cof-
fee grounds. Extremely successive losses are observed on the TGA/
DTG curves characteristic of hemicellulose, cellulose and other
organic fraction present in coffee grounds waste [53]. In terms of
the thermal stability of composites, the TGA thermogram in the
presence of used coffee grounds demonstrates that these micro-
particles can function similarly to PE. In fact, a dramatic shift in
the degradation peak on the DTG curves compared to beeswax
was seen for a composition of 70% beeswax and 30% coftee grounds.
The results of the TGA analyses confirm that spent coffee grounds
shift the degradation temperature range of beeswax towards high
temperatures. As a result, microparticles made from spent coffee
grounds microparticles can therefore be used as a flame retardant
in BCPCMs composites [54].

All the thermograms of the W/C/PE composites are superim-
posable in the temperature range from the beginning to the end of

Korean J. Chem. Eng.(Vol. 40, No. 9)
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Fig. 4. TGA (a) and DTG (b) curves of beeswax and W70/C30 PCM
composite.

decomposition, thus indicating a similar thermal stability (Fig. 5).
It was supposed that the flammability of most compounds (derived
from fats and oils) commonly used as phase change materials would

2
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Fig. 6. Leakage tests of blends W/PE samples according to time.
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Fig. 5. TGA curves BCPCMs materials.

be directly related to the flash point of the material. To be more
specific, it is assumed that the material with the lowest flash point
would burn more easily. According to earlier research, TGA can
be used for the determination of the flash point of oily compounds
by the relative loss at 17.5% [55]. The table shows that all compos-
ites have more FPs than virgin beeswax. Hence, these composites
constitute good PCMs with good thermal stability. Other than these
thermal characteristics, the leakage capacity of these materials was
tested as function of temperature.
1. The Shape Stability of Bio-composites

Shape stability is another crucial challenge for the practical applica-
tion of organic PCMs. The experiment was performed by placing
the composite with initial mass M, on a layer of filter paper in an
oven at 60 °C. After 1h, the sample was taken out and weighted
using an analytical balance after cooling down to room tempera-
ture with the filter paper replaced following each weighing. M, pres-
ents the mass of the sample after heating in the oven for n times.
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Table 3. Shape-stable photographs of W/PE samples before and after thermal cycling experiment at 60 °C for 17 h

PE10C90 PE20C80 PE30C70 PE40C60 PE50C50
Before heating Q
After heating
(60°C)

The variations of leakage L (%) as a function of time were plotted &1
in Fig. 6 using the Eq. (1) [9]: )] s K .

L (%)= M,-M,, +100 ) 61 X W70C30 . °

M, *W80C20 o’
5 )
Table 3 shows the photographs of the samples W/PE before and g | W70CIoPE20 vl
- L]

after being heated at 60 °C for different durations. As can be seen f1 Awrocorao o* L X
from Table 3, there are some imprints appear around W90/PE10 s e °° xxx R
after thermal treatment. The relationships between the leakage rates . XXX Lo’
and time of the composites W/PE are presented in Fig. 6. Due to ’ °® e x X eo? ¢
residual melting on the sample surfaces, the leakage rates of the 1 ot :, seeet?
composite W/PE increased dramatically throughout the course of o ° tlasaassasaassaasasansass

the 17 hour thermal cycling. The variation of the L (%) as a function
of time for the composite W70/PE30 can be expressed by a fitting
linear Eq. (2):

L (%)=0.0124+0.00646.t (R*=09514) @)

As revealed in the equation above, at least 100 cydles are required
to lose 0.6 wt% of Beeswax. This leakage test result proves that the
as-prepared composite with 30% PE has an exceptional ability to
keep hexadecane leakage. After 17 hours, the total leakage rates of
W50PE50~W90PEL0 reached 0.04%, 0.06%, 0.1%, 0.18% and
1.8%.

The relationships between the leakage rates and time of five
BCPCMs (W/C and W/C/PE) are plotted in Fig. 7. The latter also
demonstrates the seepage photos of all the samples on the filter
paper for 17 consecutive hours of heating at 60 °C. While there is
some visible leakage for the paraftins W60/C40, W70/C30, and
W80/C20, there is significant leakage for the paraffins W70/C10/
PE20 and W70/C20/PE10. This suggests that PE is an efficient
matrix reinforcement for the melted paraffin when the mass pro-
portion of paraffin is equal to 70%, thus enhancing the stability of
the W/C BCPCMs. When PE reinforcement was added to the W/
C, the samples form stabilization effect improved (Table 4). This
should be mainly attributed to the strong capillary force and inter-
molecular hydrogen bonding interactions between Beeswax and
C/PE in the composite PCMs. The beeswax molecules were tied
to the surface of C/PE by the confinement effect of strong inter-
molecular hydrogen bonding and lost their freedom of motion.

Time (h)

Fig. 7. Leakage tests of BCPCMs (W/C and W/C/PE) samples accord-
ing to time.

The test was conducted at a temperature well over the melting point,
and the findings show that no significant beeswax leakage occurred.
This means that the support (C/PE) is capable of absorbing and
maintaining the significant amount of liquid beeswax, producing
thermally stable PCMs.

2. TES Performance of Bio-composites

DSC is an effective method to characterize the thermal behav-
ior of PCMs, and to determine their TES capacities, in terms of
transition temperature and latent heat. Using the data measured
by the DSC method, it is also possible to represent the enthalpy
change versus temperature and determine the amount of stored/
released energy in a given temperature interval. As shown in Fig.
9, DSC thermograms illustrate the endothermic and exothermic
curves for pure beeswax and pure PE, W/PE with various beeswax
mass fractions, W/C-based beeswax loaded with coffee grounds,
and W70C20PE10 and W70C10PE20. Table 5 provides a sum-
mary of the thermal properties that were measured.

In Fig. 8(a), the measured of the melting peak temperature (T, ,,)
and solidification peak temperature (T, ) of the pure beeswax are
50.54 °C and 33.69 °C, respectively. The second peak at the tem-
perature 108.68 °C in the thermograms is related to the pure PE,
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Table 4. Shape-stable photographs of BCPCMs (W/C and W/C/PE) samples before and after thermal cycling experiment at 60 °C for 17 h

W60C40 W70C30

W80C20 W?70PE10C20 W70PE20C10

Before heat-
ing

After heating
(60°C)

Table 5. Thermal properties of pure beeswax, pure PE and bio-composites

Onset (°C) Peak (°C) Endset (°C) Supercooling

Sample T, T, T, T, T, T, AT=T,,—T

om os pm ps em e = Lpm™ Lps
PE100 92.51 94.5 108.68 89.2 112.73 80.43 -
W100 36.41 55.09 50.54 33.69 60.28 21.29 16.82
WO90PE10 32.55 56.16 50.62 3491 63.08 18.21 15.71
WS80PE20 33.23 54 50.17 3491 58.62 27.26 15.18
W70PE30 32.62 57.58 49.43 3491 66.26 249 14.53
WG60PE40 33.49 57.84 50.52 3491 66.85 23 15.61
WS50PE50 37.59 58.97 51.21 34.54 68.04 25.47 16.67
W60C40 31.57 54.25 50.96 34.22 60.24 25.6 15.91
W70C30 36.78 54.51 50.06 34.22 54.43 28.42 15.56
W80C20 37.39 55.71 49.37 34.97 54.29 28.75 15.68
W70C20PE10 36.01 51.68 50.51 34.69 56.87 26.09 15.82
W70C10PE20 40.68 57.42 50.1 34.23 53.78 25.55 15.87

T,,: Onset melting temperature of DSC curve.

T, Onset solidification temperature of DSC curve.
T,»: Melting peak temperature of DSC curve.

T, Solidification peak temperature of DSC curve.
T,,.: Endset melting temperature of DSC curve.

T, Endset solidification temperature of DSC curve.

whereby the Polyethylenes solidification is seen in the tempera-
ture peak 89.2 °C. In all plots, as expected, the melting points were
influenced by the additives of beeswax as presented in Table 5.
After the porous material (C) was introduced, the T, of the bees-
wax (4068 °C, 36.01°C, 37.39°C, 36.78°C, 31.57 °C for W70C10PE20,
W70C20PE10, W80C20, W70C30, W60C40), as well as their T,
slightly decreased (57.42°C, 51.68 °C, 55.71°C, 54.51°C, 54.25°C
for W70C10PE20, W70C20PE10, W80C20, W70C30, W60C40).
In the blends (W/PE), the melting temperature of polyethylene
decreased significantly as the wax content increased, indicating a
wax plasticizing effect on LDPE. The ability of polyethylene to crys-
tallize decreases due to the presence of miscible amorphous poly-
mers, which leads to a decrease in melting point. On the other
hand, when mixed with LDPE, the wax melting peak shows a
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broadening on the higher temperature side of the peak confirm-
ing the possibility of having had some co-crystallization of the low
molecular weight fractions of LDPE with wax [19]. However, there
was little change in the peak melting and crystallization tempera-
ture of beeswax.

The determination of the enthalpy of BCPCM as a function of
temperature with sufficient accuracy in enthalpy and temperature
is an important factor representing the phase properties and cru-
cial in PCM application. As demonstrated in Fig. 9, pure beeswax,
pure PE, and bio-composites’ melting (Hm) and solidification (Hs)
enthalpies are compared. The measured values of AH,, and AH; of
beeswax are 175 and 169 J/g, respectively. The strong thermal heat
storage capacity is reflected by a single energy endotherm of 175]/g,
which is a higher value than the heat of fusion of industrial semi-
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Fig. 8. DSC experiment of endothermic and exothermic thermograms for pure beeswax and PE (a) and bio-composites (b), (c) and (d).
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Fig. 9. Phase change enthalpies of bio-composites, pure PE and pure
beeswax (PCM).

crystalline polymers such as polyesters. However, it occurs at much
lower temperatures, which is ideal for phase change material appli-
cation [56]. It is clear that the bio-composite latent heat increased

significantly after loading with various mass fractions of beeswax.
The latent heat of W50PE50, W60PE40, W70PE30, W80PE20,
WO0PE10, during the heating, was 85.07 J/g, 104.21 J/g, 121.08 J/g,
138.18]/g and 156.94 ]/g, respectively. Another phase change occurs,
during the cooling, and their latent heats are 82.17 J/g, 103.46]J/g,
112.05]/g, 129.36 ]/g and 149.89 J/g, respectively. The order of AH,,
is W100 (175]/g)>, W70C10PE20 (136.9]/g)>, W70C20PE10
(127.31]/g)>, W70C30 (126.95]/g)>, W70PE30 (121.08 J/g). A com-
parative analysis reveals that W/C/PE has a better unit energy stor-
age capacity than W/C and subsequently W/PE. It can also be found
that the unit energy storage capacity of W/C/PE is higher than that
of W/S and thereby W/PE. This is due to the capillary force and
hydrogen bonding force of SCGs, which result in the formation a
bio-composite with a higher unit density of beeswax [57,58].

Supercooling is a phenomenon in which the PCM starts to crys-
tallize only at a temperature lower than the phase change tempera-
ture (melting point) as shown in Fig. 9. Latent heat is only released
during energy recovery or discharge process. Crystallization can-
not start until the temperature is below the phase change tempera-
ture. During the recovery of energy (discharge process), the effect
of supercooling of the PCM affects the overall performance of the
latent heat thermal energy storage. Supercooling is important to be
minimized or stopped altogether because it degrades the efficiency
of the thermal energy store for latent heat [59,60].

Supercooling prevents effective heat storage by delaying the start
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Fig. 10. Degree of supercooling of bio-composites and pure beeswax

(PCM).

of solidification in phase change materials. Thus, one of the goals
of creating the bio-composites is to reduce supercooling. The degree
of supercooling (AT) of W100 and bio-composites is presented in
Fig. 9. One interesting finding in Fig. 10 is that supercooling degree
of all bio-composites is smaller than pure beeswax during melting/
solidification process. Due to their flexible latent heat and phase-
change ranges, W/C and W/C/PE composites are suited for appli-
cation in thermal storage systems. Furthermore, the composites are
eco-friendly and economically feasible.
3. Infrared Thermography (IRT) Analysis

Schema 2 illustrates the schematic setups for Infrared thermog-
raphy (IRT) analysis used to characterize the BCMPCs samples. A

M. Souissi et al.

sample of dimension 10/10 mm was placed on a glass petri dish on
a hot plate. The thermal camera was placed at a distance of 400
mm to record the IR images (Schema 2).

Fig. 11 shows the surface temperature behavior images captured
by an IR camera to investigate the thermal absorption-release prop-
erties of the materials. The heating -up experimentation was car-
ried out on the samples to investigate the thermal storage capacity.
As shown in the scale bar, the black, dark blue color represents the
coldest, and yellow, red representing the highest temperature. The
thermal scans show that an immediate and uniform hot region
steadily grew from the top to the center, with the belly tip at the
center [61].

According to Fig. 12, the composite W70PE30 shows faster ther-
mal responses to charging (melting) in only 2,862 s. The sample
W70C30 possesses an accumulated heat; it turned to a darker color
more slowly until 4,133 s. The storage process of W70C20PE10
happened at a higher temperature and showed faster response to
charging compared to the reference W100.

In comparison to the other samples, the pure spent coffee ground
(C100) had a quicker thermal storage and release response. It was
found each mix has a distinct point for each mix where the sur-
face temperature starts rising more quickly, which is a point occur-
ring when all beeswax melted. When the surface temperature ex-
ceeded the melting point of PCM, the temperature controlling the
capacity of the beeswax gradually decreased. At this stage, the energy
is once again accumulating in the matrix as sensible heat [62]. By
comparing them with those of W100, the heat storage and release
properties of the bio-composite PCMs are evaluated. The tem-
perature response curves of samples over time were collected (Fig.
12). The heating time of W70PE30 and W70C20PEIO0 is shorter
by 25 and 20%, respectively, than that of W100. Moreover, the com-
posite W70C30 leads to a slower time response rate. Compared to
W100, the heating time of W70C30 increased by 8.5%. After remov-

IRT-camera

: IRT-image

Curve : Temperature = f(Time)

/ Sample
Hotplate

=0

Schema 2. Schematic representation of the infrared thermography (IRT) analysis process.
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Fig. 12. Temperature curves as a function of time for pure beeswax
and BCPCM samples.

ing the hot plate, the temperature of the mixture W70C30 slowly
decreases from 41.4°C to 15.45°C within 3,047 s. The discharg-

ing times of thermal energy for the W100 is about 3,380 s. Due to
the thermal insulation of the inner PCM, the surface temperatures
of W70PE30 and W70C20PE10 decrease to 13.5 °C after cooling for
2,030's and 3,326s, respectively. In the cooling process, in contrast
to the fastest decrease of the temperature of the W70PE30, the
temperature of W70C30 dropped slower and become longer. By
adding PE to the PCM, the melting time is reduced, demonstrat-
ing an improvement in the TES reaction time to the demand. How-
ever, when the solidification process began, the energy release process
took a very long time to complete. On the upper surface of the
substance that was in contact with the heated plate, a layer of solid
PCM developed, which is attributed to the development of a micro-
scopic layer that “insulates” the liquid PCM from the source of cool-
ing [63]. Moreover, it can be noted that the period of solidification
was much longer than the melting process.

CONCLUSION
Innovative latent heat storage biocomposites (LHSBCs) were pre-
pared using LDPE, spent coffee grounds and Beeswax as bio-PCMs.
These bio-PCMs are inexpensive blends with a good physical and
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chemical stability. The SEM images and FT-IR results proved that
Beeswax was successfully loaded and evenly dispersed in the porous
network of coffee grounds particles without any chemical reaction
between them. The prepared BCPCM:s exhibited excellent shape
and stability even when the temperature was much higher than
the melting point of Beeswax, and it is due to the good structure
for incorporating liquefied materials. DSC analysis results indi-
cated that blends containing coffee grounds microparticles exhibit
better unit energy storage capacity. The extent of supercooling of
all bio-composites is less than pure beeswax during melting/solidi-
fication process. Due to the addition of spent coffee grounds, CBP-
CMs shift the degradation temperature range of beeswax towards
high temperatures at 365 °C. As a result, spent coffee grounds micro-
particles can be used as a flame retardant in BCPCMs composites.
Infrared thermography analysis showed the storage process of bio-
composite W70C20PE10 occurred at a higher temperature than
W70PE30 and W70C30 with a faster response to charging com-
pared to the PCM reference W100. So that, we can conclude that
compositions with W70C20PE10 are interesting for industrial pur-
poses as they are environmentally friendly BCPCMs and can be
considered as a promising PCM materials for environmental ben-
efits, due to good shape stability; heat capacity satisfactory latent tem-
perature and excellent thermal stability.
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