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ABSTRACT

Thermal energy storage systems (TES) based on shape-stabilized phase change materials (SSPCM)
designed from recycled Tetra Pak (T P) waste, paraffin wax (PW), and expanded graphite (EG) were
investigated in this study. This work represents the first study to explore TP waste composed of low-
density polyethylene (LDPE)/ aluminum (Al) components for energy storage applications. The LDPE
part serves as a matrix conserving a material in a compact, solid shape after PW melting; PW acts as
an active phase change component contributing to heat absorption/release through a phase change
(from a solid to a liquid state, and vice versa) of its crystalline phase. EG serves as a filler that enhances
the thermal conductivity and mechanical properties of materials.

The focus was put on the optimization of the composition of SSPCM including PW, and EG, to check
thermal, mechanical, and rheological properties which influence the future processability of such
systems through extrusion, as well as to investigate the synergic effect of graphite and residual Al
component on thermal conductivity and leakage of PW. There are two main demands on polymer/PW
blends, namely well-separated melting peaks for both components at significantly different
temperatures, and good compatibility between polymer and PI/.

The best performance of SSPCM investigated in this study was found for a mixture having the
composition TP/ PW/EG = 50/40/10 w/w/w. This mixture shows well-balanced properties, including
appropriate heat storage and release parameters, thermal conductivity, thermal diffusivity, toughness
and strength, and low leakage of PW from the material. This system can store 116.2 J/g of heat energy
and release 93.8 J/g of heat energy. The determination of the heat energy storage and release was
performed by the transient guarded hot plate technique. Tensile testing revealed that Young’'s



modulus of the TP/PW /EG = 50/40/10 w/w/w composition was 924 + 71 MPa and the stress at break
was 8.2 + 1.2 MPa, which are sufficient values from the applicability point of view. The composition
stability of the prepared system was confirmed by rotational rheometry. The environmental relevance
of these materials lies in the utilization of the waste, which has minimal usage, and after the
hydropulping of Tetra Pak packaging, it accumulates in large volumes. This is the first study indicating
that LDPE/AL recyclate is a cheap alternative for preparing TES materials, fulfilling all the
requirements for such materials. This study indicates the potential of TP waste for the preparation of
SSPCM using PW as a phase change component. The selection of PW with a specific melting point
determines potential applications, including the building industry, thermal management of electronics,
solar vapor generators for desalination, solar water heaters, battery/computer heat protection, etc.

Keywords: Tetra Pak waste, recycling, paraffin, low-density polyethylene, phase shape materials, heat
absorption

1. Introduction

Tetra Pak® packaging is multi-material multilayer aseptic packaging composed mainly of low-density
polyethylene, aluminum, and paperboard sheets. It comprises six layers — four LDPE layers, one
paper layer, and one aluminum layer, and the standard composition of paperboard/LDPE/Al
structures is approximately 75/20/5 wt% [1]. Most packaging in the food industry is a one-time used
item with a short life cycle [2], and a majority of post-consumer items are disposed of in landfills [3].
Combustion and pyrolysis are standard technologies applied for relatively simple reduction of
packaging volumes [4,5]. Porous carbon was employed as a skeleton for the incorporation of paraffin
wax to prepare SSPCM with reduced leakage and enhanced thermal conductivity [6].

Recycling routes of Tetra Pak waste, which can utilize all of the main components, are the most
desirable approaches; however, the complexity of these structures makes recycling technologies
challenging from both technical and economic points of view [3]. In general, the recycling process of
Tetra Pak waste can be divided into two broad groups: i.) full package recycling without separating its
components [7], mostly used for cardboard panels construction [8] and ii.) paperboard recycling or
hydropulping, in which paper is separated from a polyethylene and aluminum mixture to be used for
the production of cardboard, paper towels, notebooks, etc. [9]. The core challenge concerns the
effective use of LDPE/Al waste obtained after paperboard removal to transform it into marketable
products. LDPE /Al waste can be treated to separate individual Al and LDPE components through
the removal of pure Al from mixtures using plasma-assisted Al melting [10], a separation of LDPE and
Al components using both acids [11] and solvent-based based delamination [12-14] or solvent-based
extraction of LDPE [15]. However, the most limiting factor is a very low interest in convertors of
plastics in recycled LLDPE in general due to the impossibility of reusing LD PE waste for their primary
application, namely, its reprocessing as packaging materials, particularly foils [16]. The optimum
strategy should be based on the economically viable utilization of LDPE /Al structures as obtained
after the hydropulping process without any specific posttreatment. The products prepared in this way
include roof tiles, panels, and floors [17]. The main problem with these products is the same as with
recycling LDPE itself: the low interest in plastic convertors and the limited marketability of these
commodities. The scientific focus in this area should therefore be oriented on the development of new
materials (products), which should have at least two general features: i) a specific application does not
require high mechanical performance and esthetic criteria, and ii) the material has a special
functionality, and this functionality is not influenced using a recyclate against the use of the pristine



polymer. In the ideal case, the recyclate is even more advantageous against neat polymers in some
aspects. This task is not trivial, and we propose and explore one of these possibilities in this manuscript.

The materials reported in this study, shape-stabilized phase change materials (SSPCMs), belong to the
family of thermal energy storage (TES) materials [18]. TES are materials that effectively absorb and
release excess thermal energy to ensure indoor thermal comfort, with minimal use of electrical energy
for heating in winter and cooling in summer being a matter of high economic and ecological relevance
[19]. These materials reduce variations in the temperature of buildings during temperature changes
over a day without needing external energy sources. Phase change materials (PCMs), in general, are
materials that can undergo a phase transition between the solid and liquid phases at the selected
temperature while absorbing or releasing a high amount of energy, which is proportional to their
specific enthalpy of melting [20]. Thermal energy storage belongs to the most common applications of
PCM not only in the building industry but also in the thermal management of electronics (heat sinks),
food protection, etc. [21]. Metallic structures such as copper foams and pipes represent other options
for the incorporation of active phase change components into complex systems [22].

Paraffin waxes (PW) are the most promising due to their favorable characteristics, such as a high
enthalpy of melting/crystallization, a broad range of melting temperatures dependent on the number
of carbons in the paraffinic chain, high specific enthalpy of melting, chemical stability, negligible super-
cooling, availability, and a relatively low price [23]. Due to their leakage after melting, PW must be
fixed in a stable form. Direct mixing of polymers with PW is a prospective approach for that purpose
that enables the incorporation of much higher PW content into a material. Different polymeric
matrices can be used for this purpose; however, the most common ones are various grades of
polyethylene (PE). They can reduce post-melting leakage, the extent of which is dependent on the
compatibility or partial miscibility of PW and PE components. The resulting materials are referred to
as shape-stabilized PCMs (SSPCMs). Various PE grades including low-density PE [24], high-density PE
[25], and linear low-density PE [26] are the most frequently used polymer for blending with PW
because of their chemical and structural similarity. The SSPCM reported in this paper is designed from
Tetra Pak waste as a matrix, PW as an effective phase change component, and expanded graphite
(EG) as a filler, which particularly enhances the thermal conductivity of materials and their Young’s
modulus and partly reduces PW leakage [26]. EG also suppresses degradation behavior under light
(UV) exposition [27].

Practical implications of these materials are determined by the melting point of PW, which is around
42 °C, and in combination with polymeric matrix (TP waste, in this case) and enhanced thermal
conductivity enables manufacturing of SSPCM applicable in thermal management of electronics, solar
vapor generator for desalination, and solar water heaters. For example, Wen-Long et al. [28], and
Mousa et al. [29] investigated the improvement of solar still performance aiming at a replacement of
conventional metal absorber plates employing phase change materials. Dhinakaran et al. [30] explored
phase change materials for an improvement of the functionality of solar water heaters. Xiaobin Gu et
al. [31] investigated efficient solar vapor generation in both daytime and nighttime via the integration
of FSPCM-based thermal storage technology.

2. Materials and methods
2.1. Materials

Tetra Pak (T P) waste was obtained after processing Tetra Pak cartons by hydropulping and extrusion
in the form of coarse-grained particles of irregular sizes (Fig. 1) containing approximately 80 wt% low-



density polyethylene (LDPE) and 20 wt% aluminum (Al). Paraffin wax (PW; grade RT42, Rubitherm®
Technologies GmbH, Germany) was used as an active phase change component.

Fig. 1. Photograph of TP waste material.

Expanded graphite (EG; Carbon’s SIGRATHERM®, Germany), having an average lateral particle size
of 200 |im was used to improve thermal conductivity and suppress PW from the final products.

2.2. Sample preparation

The SSPCM mixtures were prepared by hot blending all components (TP, PW, and EG) at selected
ratios in a 50-mL mixing chamber of a Brabender® Plastograph® EC W50 PLE 331 (Duisburg,
Germany) for 10 min at 160 °C and a mixing speed of 35 rpm. The compositions and the specific
densities of the mixtures are summarized in Table 1.

The samples of required shapes for different tests were prepared using a hydraulic mounting press
machine (Carver 3895, USA) at a temperature of 160 °C for 3 min.

2.3. Scanning Electron Microscopy/EDS

The microstructure of the materials was examined by a field emission scanning electron microscope
(FE — SEM, Nova Nano SEM 650) equipped with energy dispersive X-ray spectroscopy (EDS) by
secondary electron imaging at 3 kV and at different magnifications. All specimens were sputter-coated
with 2-nm gold before SEM.



2.4. Differential scanning calorimetry (DSC)

DSC measurements were performed using a Perkin Elmer model DSC 8500 (Perkin Elmer, USA) in a
temperature range from 0 °C to 150 °C at a heating rate of 2 °C/min under a nitrogen atmosphere. The
specific enthalpies of melting were calculated from the second heating curve to suppress the thermal
history of the samples. Nitrogen gas was passed through the instrument at a flow rate of 20 ml/min.
All measurements were repeated at least three times.

2.5. Thermogravimetric analysis (TGA)

The composition and thermal stability of the selected materials were characterized by
thermogravimetric analysis (TGA) (4000 Perki-nElmer® Pyris system) in a nitrogen atmosphere. The
mass of each sample was approximately 20 mg. The range of temperature in this test was from ambient
room temperature (=30 °C) to 600 ° C at a heating rate of 5 °C/min.

2.6. Measurement of thermal conductivity and thermal diffusivity

Thermal conductivity and thermal diffusivity were determined by a homemade device (DICO) using
the periodic temperature ramp method [32-35]. The size of the samples was 50 X 50 X 5 mm?3.

Table 1 Compositions and specific densities of investigated composites. X/Y/Z refers to TP, PW, and EG weight
percentages, respectively.?

Composition TP (wt  PW(wt EG(wt Al content® Specific density
%) ) %) (wiS) (g.em™
TP 100 0 0 17.6 1.290
70/30/0 70 30 0 12.3 1.143
60,/40,/0 &0 40 0 10.6 1.103
50/50/0 50 50 0 5.0 1.067
56/40/2 53 40 2 10.2 1.112
55/40/5 55 40 5 9.7 1.122
23/40/7 23 40 7 2.3 1.127
20/40/10 20 40 10 8.0 1.142

a Al weight content in composites was calculated from Al content in TP determined by TGA (see below), which is
17.6 wt% related to TP.

2.7. Energy storage and energy release measurement

The determination of heat energy storage and release was performed using the transient guarded hot
plate technique (TGHPT). A parallelepiped-shaped sample (45 X 45 X 6 mm3) was placed between
two isothermal aluminum heat exchanger plates connected to thermoregulated baths, allowing the
temperature of the injected oil H10 to be finely regulated with a precision of approximately 0.1 °C.
Heat flux sensors from Captec company and thermocouples (type T) were placed on each side of the
composite sample to measure the heat flux @1, and temperature T1,, on each face of the composite.
The lateral sides of the studied samples were insulated by polyethylene-expanded foam (PE), which
creates an insulating ring around the sample and minimizes heat transfer to the external environment.



The sensors are connected to the LabVIEW program adapted to measure temperature fluctuations,
and heat flux exchanged during melting and solidification processes. Experimental data were recorded
at regular and adjustable time steps (1 s-6 s).

2.8. Rheological and dynamic mechanical characterizations

Rheological characterization was performed around the melting point of the TetraPak using an Anton
Paar MCR 502 rotational rheometer (Anton Paar, Austria). The samples were measured at various
temperatures (60 °C - 130 °C), which were controlled using a lower Peltier measuring cell (Anton Paar,
Austria) and upper measuring system PP25 (Anton Paar, Austria). The samples in the form of discs 25
mm in diameter were cut from a polymer sheet of 0.5 mm thickness. All measurements were
performed in the linear viscoelastic region set in the range from 0.04 % to 0.08 %, depending on the
sample composition. Frequency sweep measurements were performed from 0.1 to 10 Hz, and
viscoelastic moduli, G’ (storage modulus) and G" (loss modulus), were recorded.

Dynamic mechanical analysis of the composite systems was performed using the same device and
measuring cell as was used for rheological characterization, but the upper measuring system PP10 was
applied for these measurements. The linear viscoelastic region was set to 0.02 %. In this case, the
temperature sweep from 10 °C to 70 °C was investigated at 1 Hz. Demonstrating that there are no
significant changes in materials’ behavior during the cycles of heating/cooling, ten cycles were
performed, and G’ and tan delta were shown as a function of temperature.

2.9. Tensile mechanical properties

The static mechanical properties were tested in tensile mode at 22 °C and a deformation rate of 10
mm/min using a universal tensile machine (Lloyd Instruments, UK, Model: LF 1 K Plus). Dog-bone-
shaped specimens of 25 mm gauge length and 3.21 mm width were cut from the slabs. Six samples
were tested for each material.

2.10. Leakage test

A leakage experiment was performed to characterize the weight loss of PW from materials kept under
elevated temperatures above the melting point of PW for selected periods. Thin strips of SSPCM
specimens with dimensions of 60 X 60 X 1 mm? were placed in a vertical position in an oven at 60 °C
for 10 days. The samples were weighed daily to record the weight loss. Before weighing, the samples
were cleaned with a cloth to remove excessive wax deposited on the surface. The weight loss of the
PW component in the SSPCM specimens was calculated from Eq. (1):

Weight loss, W (%) = (22— 100 (1)
mg'W

where m, is the initial mass of the specimen, mx is the mass of the specimen after leakage of PW, and
W is the mass fraction of paraffin wax within a material.



3. Results and discussion
3.1. Morphology of materials

The TP waste employed in this study was used in granular form, as shown in Fig. 1. The granules were
obtained by compounding and pelletizing the original TP waste after hydropulping various TP
packages. The size of the granules is on the order of 10°-10! mm.

Fig. 2a shows an SEM image of the coarse-grained TP particles waste material, confirming the
presence of the Al component. EDS analysis (Fig. 2b) identifies the C element as 76.8 wt%, O element
6.7 wt%, Al element 15.9 wt% and Ca as 0.6 wt%. The content of Al of 15.9 wt% is in good agreement
with the TGA study, where approximately 18 wt% of solid residues were determined, including mostly
Al pieces and a small content of solid impurities and carbonaceous char. A calcium content of 0.6 wt%
was also indicated as an impurity that may have various origins. Oxygen originates from various
impurities, processing additives, and residual water. EDS also visualizes a distribution of Al pieces
within a mixture and its approximate size and shape. Fig. 2c shows the morphology of the mixture that
contains 60 wt% TP and 40 wt% PW. The appropriately homogenously distributed two immiscible,
separated phases are visible: one belongs to PE originating from recycled TP, and the other belongs
to PW.

3.2. Thermogravimetry analysis

TGA was performed to investigate the thermal stability and degradation behavior of pristine TP and
its mixtures with PW and EG (Fig. 3). Just one composition for each system is presented here, as other
mixtures showed the same behavior. Pristine TP shows two distinguished degradation steps. This
indicates the presence of additives or impurities, which start decomposition at approximately 275 °C,
and degradation stops at approximately 550 °C. The weight portion of the detected residues after total
decomposition was approximately 18 wt%. The residues are mainly composed of aluminum, as this
value is very close to the Al content determined by EDS, but some unidentified residues may also be
involved there. Pure PW degrades in a single degradation step starting at 182 °C and ending at 330 °C.
Degradation of mixtures runs in two degradation steps, and it is seen that the decomposition of PW
and im-purities/additives incorporated in TP and degrading in the same temperature region
(approximately 300-440 °C) run in a parallel way. However, the onset of decomposition of PW itself
within mixtures is shifted to higher temperatures. It was also observed that the influence of EG on the
degradation behavior of materials is marginal.

EDS mapping of TP, ¢) TP/PW = 60/40 w/w.

Fig. 2. a) SEM image of TP, b)
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Fig. 3. TGA curves of TP and its mixtures with PW and EG.

3.3. Differential scanning calorimetry

DSC heating curves of pristine TP, PW, and their blends containing 60 wt% TP and 40 wt% PW are
shown in Fig. 4. The composition of 60/ 40 w/w was selected for illustration because other
compositions show the same behavior.

PW shows a major peak at 42 °C, characterizing the solid-liquid transition - melting of the crystalline
phase of PW. This curve shows another two small peaks at 16 to 27 ° C. These peaks correspond to
the solid-solid transition between various crystalline structures of PW crystallites [36]. Pristine TP
shows two melting peaks at temperatures 107 and 126 °C, indicating that TP recyclate contains two
different polyethylene grades, the one at 109 °C, which belongs to LDPE, and the second one at 125
°C, which may belong to either linear low-density polyethylene (melting point approximately 122 °C)
or to HDPE (melting point around 130 °C) originating from the cover lids. Composite TP /PW 60/40
shows well-distinguished peaks of TP and PW, which prove the mutual non-miscibility of TP and PW
with the potential to be used as SSPCM for various energy storage applications. The heat energy is
absorbed during heating in the form of sensible (given by the specific heat capacity) and latent heat,
which is proportional to the specific enthalpy of melting of the active (PWW) component. Suppose the
temperature of the material reaches the critical value (melting point of wax - Tr). In that case, the
delivered heat is consumed for the melting of PW, and the temperature of the material remains more
or less constant. The material (SSPCM) rests in a solid, compact shape up to the onset of the polymer
phase (LDPE belonging to LDPE, in this case) melts (Tc). The amount of stored energy (heating step)
and released energy (cooling step) is given by a sum of both contributions (sensible and latent heat).
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Fig. 4. Comparison of DSC heating curves of TP, PW, and TP /PW =60/40 w/w.

Most of the studies were performed in a temperature range from 0 to 60 °C to investigate the
melting/solidification of PW (melting point of PW, 42 ° C) within SSPCM. Two peaks in the studied
range were found: solid-solid transition at approximately 15 ° C and main solid-liquid transition at 42
°C. The temperatures and enthalpies for the melting and crystallization of the mixtures are summarized
in Table 2. The enthalpies of melting enthalpy are related to the PW component increasing with an
increase in the PW content. The highest value was obtained for mixtures consisting of 50 wt% PW,
which equals 68.6 J/g. A decrease in melting enthalpies was observed for mixtures loaded with EG. For
instance, an EG content of 10 wt% decreased the melting enthalpy of the PW component from 54.6
J/g to 44.4 J/g. This is a common phenomenon for many fillers, influencing the melting enthalpy in
composites based on the semicrystalline matrix. Briefly, the melting enthalpy of any semicrystalline
polymer (which is also valid for paraffin waxes, which are short-chain olefinic oligomers) depends on
the amount and regularity of the folded chains. The fillers can influence both of these phenomena
either positively or negatively depending on the physical and chemical character of the filler [37]. In
our case, no regular tendency in the melting enthalpy on the filler content was observed.

3.4. Thermal conductivity and thermal diffusivity

The thermal conductivity and thermal diffusivity of the materials are summarized in Table 3. The study
was performed at two different temperatures (below and above the melting point of PW) to compare
the thermal properties of PCM in the solid and liquid states of PW within PCM blends.



Table 2 Thermal properties of composites determined by DSC. X/Y/Z refers to TP, PW, and EG weight percentages,
respectively.

Compeosition HEATING COOLING
Ts-s (°C) A Hs-s (J/g) Ts-1(°C) A Hs1(J/g) Ts-s (°C) A Hs-s (J/g) Ts-1(°C) A Hs-1(J/g)

70/30/0 14.5 (0.4) 2.6 (0.1) 43.1 (0.4) 39.1 (0.6) 9.7 (0.4) 1.9 (0.3) 32.7 (0.4) 40.8 (0.4)
60,/40,/0 15.7 (0.0) 4.4(0.2) 44.9 (0.4) 54.6 (0.8) 8.9 (0.3) 3.6 (0.4) 30.7 (0.4) 57.3 (0.9)
50,/50/0 15.9 (0.5) 6.5 (0.3) 45,3 (1.4) 60.6 (0.8) 8.9 (0.8) 5.4 (0.4) 30.4 (1.6) 69.7 (0.2)
58/40/2 15.6 (0.1) 3.0 (0.0) 42,5 (0.6) 46.9 (0.4) 10.8 (0.1) 2.4 (0.6) 33.6 (0.4) 48.92 (0.1)
55,/40/5 15.3 (0.4) 2.9 (0.6) 43.4 (0.4) 44,7 (0.4) 10.2 (0.1) 2.3 (0.1) 32.8 (0.4) 46.7 (0.4)
53/40/7 15.9 (0.3) 3.1(0.8) 44.7 (0.3) 44.6 (0.6) 9.2 (0.2) 2.0 (0.1) 31.0 (0.3) 46.0 (0.6)
50,/40,/10 15.4 (0.2) 2.5(0.1) 43,5 (0.2) 44.4 (0.8) 2.9(0.1) 2.3 (0.5) 32.5 (0.0) 45.8 (1.2)

Table 3 Thermal conductivity (X) and thermal diffusivity (a) of investigated materials at 20 and 50 °C. X/Y/Z refers to TP,
PW, and EG weight percentages, respectively.

Compositon Solid 20 °C Liquid 50°C

A i A i

(W/m.EK)} l{m.m:;’s} (W/m.EK) {m.m:f'sj
TP 0.67 0.429 0.58 0.256
70/30/0 0.59 0.294 0.50 0.272
60/40/0 0.54 0.301 0.47 0.257
50/50/0 0.51 0.266 0.41 0.231
55/740/2 0.72 0.399 0.6l 0.347
55/40/5 0.95 0.986 0.94 0.595
53/40/7 1.44 1.110 1.05 1.048
50/40/10 1.71 2.029 1.56 1.338

3.4.1. Testing at 20 °C

The thermal conductivity of recycled TP is 0.67 W/m.K. Recycled TP consists mainly of LDPE and Al.
The thermal conductivity of LDPE is approximately 0.3 W/m.K, which depends on the degree of
crystallinity of PE [38], whereas the thermal conductivity of Al is 237 W/m.K [39]. Adding PW to TP
led to a small decrease in thermal conductivity because of the thermal conductivity of pristine PW,
which is approximately 0.2 W/m.K. Adding 50 wt% PW caused a reduction in the thermal conductivity
of the mixture to 0.51 W/m.K. One of the most common ways to increase a blend’s thermal
conductivity is to add a filler with high conductivity, such as graphite [39]. The materials, which are
composed of 40 wt% PW was modified by adding various portions of EG to enhance the thermal
conductivity and thermal diffusivity of the final SSPCM. The thermal conductivity of the SSPCM blend
containing 60 wt% TP and 40 wt% equals 0.54 W/m.K. Loading EG caused a noticeable increase in
thermal conductivity from 0.72 W/m.K for the blend containing 2 wt% of EG to 1.71 W/m.K for the
blend containing 10 wt% EG. The EG significantly improves the thermal conductivity of materials based
on TP recyclate, which can be caused by an additional synergistic effect of Al flakes dispersed within
materials. For comparison, the SSPCM based on the LLDPE matrix filled with the same grade and an
EG content of 10 wt % leads to a thermal conductivity of 0.97 W/m.K only [40].

Similar trends were observed for the thermal diffusivity of pristine TP, which was 0.429 mm?/s and
decreased to 0.266 mm?/s for a blend containing 50 wt% TP and 50 wt% PW. The EG enhanced
thermal diffusivity to a value of 2.029 mm?/s for mixtures containing 10 wt% EG.



3.4.2. Testing at 50 °C

In general, only minor differences were found when comparing thermal properties at 20 and 50 °C.
The thermal conductivity decreased to 0.57 W/m.K for TP/PW mixtures, with a higher thermal
conductivity of 1.56 W/m.K observed for a blend containing 10 wt% EG. The thermal diffusivity of TP
was 0.286 mm?/s, decreasing to 0.231 mm?/s for a blend containing 50 wt% PW, and it reached a value
of 1.338 mm?/s for a blend containing 10 wt% EG. The decrease in thermal conductivity is caused by
the melting of the crystalline phase of PW, which has a slightly higher thermal conductivity than the
molten amorphous phase [41].

3.5. Mechanical properties

The mechanical properties do not represent the particular importance of SSPCMs because they are
usually not exposed to high forces during their operation life. On the other hand, materials must
possess some mechanical strength and toughness to be viable for safe manipulation and use in real
applications. The static mechanical properties of pristine TP and its mixtures with PW and EG
obtained from standard tensile testing are listed in Table 4. The PW component decreases the values
of all mechanical parameters in comparison to pristine TP. This is the expected behavior because soft
waxes, which have low molar mass and poor mechanical properties, significantly deteriorate the
mechanical properties of LDPE. PW acts as a plasticizer, reducing Young’s modulus and the stress at
break [37]. Moreover, the immiscibility of PW and TP also contributes to some mechanical properties’
deterioration. All these parameters decrease with an increase in the wax content. EG, added into the
TP /PW mixtures, enhances the Young modulus; however, the material becomes slightly more brittle.
This is because filler particles suppress the deformability of the composites, as they represent defects
and stress concentrators [37]. The influence of EG on the stress at break is marginal, and materials
with and without EG show similar values of the stress at break.

3.6. Rheological and dynamic mechanical analysis

The composition stability of the prepared system regarding the influence of both PW and EG was
investigated using rotational rheometry. It can be seen in Fig. 5a-d that the presence of PW makes the
composite less stiff; this behavior is more significant at elevated temperatures. At 60 °C, G’ decreases
with an increasing amount of PW. The only exception is sample TP/PW 60/40, where G’ is higher.
However, this is a consequence of the applied higher normal force during the measurement. If the
temperature is elevated to 130 °C, then pristine TP and TP with PW components within the mixture
should be above their melting points, as proven by DSC. However, for neat TP, G’ is still above G" but
very close to each other, indicating rather solid-like than liquid-like behavior. With an increasing
amount of the paraffin wax sample TP/W 70/30, the situation is different, and G" overcomes G,
showing liquid-like behavior. Furthermore, the additional content of the wax decreases the absolute
values of both moduli; however, the absolute change when the amount of wax is increased from 40
wt% to 50 wt% is rather insignificant, due to the good stability of the prepared systems. The values
obtained at 90 °C which is the maximal expected application temperature convincingly show that all
investigated samples do not change their behavior significantly, and the TP matrix holds the paraffin
wax inside the system.

The influence of EG content on mechanical behavior was further investigated. In this case, the small
addition of EG up to 5 wt% (Fig. 6a-c) still exhibits liquid-like behavior at 130 °C, showing a negligible



effect EG particles on the viscoelastic performance at such low amounts. However, if the content of
EG increases to 7 wt% (Fig. 6d) or 10 wt% (Fig. 6e), G’ overcomes G" in the whole measured frequency
range resulting in a transition from liquid-like to solid-like behavior. This indicates that the EG stabilizes
the system, similarly as was observed in a previous study [42].

Table 4 Mechanical properties of composites. X/Y/Z refers to TP, PW, and EG weight percentages, respectively.

Compesition  Young's modulus Elongation at break Stress at break
(MPa) (34) (MPa)

TP 1019 (84) 5.9 (2.5) 15.8 (2.2)
70,/30/0 765 (65) 3.7 (1.4) 9.8 (0.9)
£0,/40,/0 560 (61) 5.3 (2.3) 8.0 (1.1)
50,/50,/0 392 (29) 5.9 (2.1) 6.3 (0.9)
58./40,/2 638 (42) 3.5 (1.2) 7.9 (1.0)
55,/40/5 745 (48) 2.9 (0.8) 8.2(1.1)
53/40,7 843 (52) 2.8 (0.7) 8.1 (1.3)
50/40/10 924 (71) 1.8 (0.5) 8.2 (1.2)

Finally, it can be stated, that the presence of EG particles has a positive effect on the system’s
compatibility and makes the composite materials based on TP and PW stiffer, which is beneficial
concerning the potential applications of passive air conditioning.

The mechanical performance of the composites was evaluated to obtain information about the
mechanical stability over the cycling heating/cooling in the temperature range close to the real-life
applications. The monitoring of the critical parameter G’ over time at temperature cycling is very
important showing, how the material sustains compact and does not exhibit any significant changes.
As shown in Fig. 7a, neat TP shows very mild changes in G’ with temperature variation. Some
reorganization of the material can be seen in the first cycle; however, the remaining seven cycles look
very similar, showing the proper mechanical stability of the material. Furthermore, with the addition
of 40 wt% PW (Fig. 7b), the reorganization in the first cycle occurs again; however, with further heating,
the material loses mechanical performance, and G’ significantly decreases. On the other hand, when
the material is cooled down, the subsequent crystallization of the PW shows the system with quite
good stability; however, with the lower absolute value of G’ slightly less than 10° Pa. The material can
be considered “as stable” because, over the seven following cycles, no significant changes were
observed. A very similar situation was also observed for the TP/PW /EG 50/40/10 sample (Fig. 7c).
There is different visible behavior in the 1st cycle in comparison to the rest of the cycles. Here, the
initial value of G’ is app. 106 Pa, after the first heating and subsequent cooling cycle, the significant
reorganization of the sample occurs and the presence of the EG particles contributes to the enhanced
value of G’ close to 107 Pa. Therefore, there was also clearly seen the highest difference in the
mechanical properties (G’ values) during the heating/cooling cycles. Due to the presence of graphite
particles, the absolute value of G’ is higher in comparison to both neat TP and the TP /PW composite.
However, the lowest value of G’ at elevated temperatures can also be caused by the higher thermal
conductivity of the system and better heat exchange during the cycling procedure. Finally, it must be
stated that the developed composites based on TP/PW /EG show very good stability over
heating/cooling cycles and show promising results from an application point of view.



3.7. Thermal storage and release performance

3.7.1. Composites without EG

The amount of total energy stored/released in thermal energy storage applications can be calculated
by varying the temperature from 20 °C to 55 °C. Fig. 8 depicts two 3-h heating/cooling cycles to allow
the composite to reach thermal equilibrium. First, the composite was kept at an initial temperature T
init = 20 °C, which was lower than the paraffin wax’s phase change point. It was then heated to Tens =
55 °C. Between these two isothermal states, the composite stored latent and sensible heat. It should
be noted that temperature regulation necessitates a stabilization period. The sample was finally cooled
to Tinit = 20 °C. The thermal evolution from 20 °C to 55 °C allowed monitoring of the entire melting
process, during which the material stored a large amount of heat. The total heat can be calculated four
times using these results (twice during the storage process and twice during the release process).

Table 5 summarizes the measured stored and released heat energies of composites with varying wax
contents. There was almost no difference in the amount of heat stored/released by the composites in
each cycle. This result confirms the composite’s stability. Thermal energy without graphite was found
to decrease with increasing paraffin wax loading, as observed by Ibtissem et al. [43].

3.7.2. Composites with EG

Fig. 9 shows two heating/cooling cycles of 3 h to allow the composite with EG to reach its state of
thermal equilibrium. The thermal evolution from 20 °C to 55 °C allowed monitoring of the complete
melting proces during which the material stored a significant amount of heat. The total heat can be
calculated from these results four times.

Table 6 summarizes the stored and released heat energies of the composites with different EG
contents. In each cycle, there was almost no significant change in the quantity of heat stored/released
by the composites. This result confirms the stability of the composite. It was observed that thermal
energy increased with increasing expanded graphite loading [44].
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Fig. 5. Dependence of viscoelastic moduli G’, storage modulus (solid symbols) and G" loss modulus (open symbols) on
frequency at various temperatures for (a) neat TP, (b) TP /PW 70/30, (c) TP/PW 60/40 and (d) TP/PW 50/50.

3.8. Leakage of PW

The leakage of PW from SSPCM is a common problem that limits the practical application of these
materials. Any leakage of the active PCM component (PW, in this case) causes a decrease in the storage
and release capacity of the material and is also associated with potential pollution of the environment.
Several approaches to suppress the leakage include encapsulation of paraffin wax, the addition of
suitable filler, or surface modification of PCM blends. The leakage of PW is more pronounced with
increasing PW content within the blends, as shown in Fig. 10. The overall leakage after ten days was
approximately 6 % for an SSPCM with 40 wt% PW without the incorporation of EG, which is a
significantly lower value than that observed for similar PCMs using the same grade of PW and virgin
PE as a matrix [27,40]. This is probably caused by the presence of Al flakes within the mixtures. Adding
EG further reduces the extent of PW leakage, either because PW chains can penetrate between
graphitic layers of EG, as reported elsewhere [40], and/or due to an enlargement of a diffusional path
for PW chain movement. Fig. 10 shows that the portion of leaked PW decreases with an increase in
EG content, and the mixture containing 10 wt% EG lost only 2.8 % of the initial PW content after 10
days of the experiment.

Various kinds of organic and inorganic PCMs are available on the world market [45]; however, the
commercialization of shape-stabilized PCMs, produced in the form of sheets, is very limited. We have
identified just one product, called DuPont™ Energain® [46]. This sheet/block consists of some kind
(unknown) of copolymer serving as the matrix and paraffin wax as the phase change component
dispersed within the matrix. The transition between the solid and melting states (target temperature)



is approximately 18 °C, and the PW content within a system is 60 wt% with a latent heat of 70 J/g of
material. No additives for an improvement of thermal conductivity are added. A thin aluminum layer
additionally covers the panels to suppress the leaching of paraffin [46]. In the material presented in
our study, the PW content is approximately 40-50 wt%, and the resulting latent heat is proportional
to the specific enthalpy of PW melting.

4. Conclusions and future perspectives

Thermal energy systems based on SSPCM designed from recycled Tetra Pak waste, paraffin wax and
expanded graphite were investigated in this study. This work represents the first study exploring TP
waste composed of polyethylene/Al components for energy storage applications. The LDPE part
serves as a matrix, PW acts as an active phase change component, and EG serves as a filler. The
SSPCM material should possess at least the following features: i) to be in a solid, compact shape after
total melting of the PW component, ii.) to have sufficient heat storage capacity, iii) to have
appropriately high thermal conductivity, iv) to show minimal or zero leakage of PW, v) to have
satisfactory mechanical properties, and vi.) to be suitable for processing using standard plastic
processing machinery. An improvement of one feature can result in the worsening of the others, so
careful optimization of mixtures is needed. The best performance of SSPCM investigated in this study
was found for the mixture having the composition TP/PW /EG = 50/40/10 w/w. This mixture shows
well-balanced properties, including appropriate heat storage and release parameters, thermal
conductivity, thermal diffusivity, toughness and strength, and low leakage of PW from the material.
The DSC test revealed the mutual immiscibility of LDPE and PW, showing two separated melting
peaks at 42 °C and 100 °C belonging to PW and LDPE, respectively. The enthalpy of melting enthalpy
related to the PW component (a latent heat) increases with an increase in the PW content. The highest
value was obtained for mixtures consisting of 50 wt% PW, which equals 68.6 J/g. A decrease in melting
enthalpies was observed for mixtures loaded with EG. For instance, an EG content of 10 wt%
decreased the melting enthalpy of the PW component from 54.6 J/g to 44.4 J/g. The thermal energy
storage, including both latent and sensible heat, was determined within the temperature range from
20 °C to 55 °C, which reflects the temperature range for real applications. Both parameters are
influenced by SSPCM composition. For example, the abovementioned system TP /PW /EG = 50/40/10
w/w can store 116.2 J/ g of heat energy and release 93.8 J/g of heat energy. Tensile testing revealed
that Young’s modulus of the TP/PW /EG = 50/40/10 w/w/w composition was 924 + 71 MPa and the
stress at break was 8.2 + 1.2 MPa, which are sufficient values from the applicability point of view.

The environmental relevance of these materials lies in the utilization of the waste, which has minimal
usage, and after hydropulping of Tetra Pak packaging, it accumulates in large volumes. Practically,
processing LDPE /Al powders or pellets is not complicated. It can be realized through the standard
technologies employed in the plastic processing industry: hot compression molding, injection and
rotational molding, thermoforming, and extrusion. The LDPE /Al powder can be easily processed as
prepared because the LDPE portion in a mixture is approximately 80 wt%. This is the good content
for its direct processing, or it can be modified by other components such as processing additives,
additional polymers, and various fillers. The problem rests in commercial interest in such products,
which do not usually have high mechanical and esthetic performance. This study indicated that
LDPE /Al recyclate is a cheap alternative for preparing TES materials, fulfilling all the needed
requirements for such materials.
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Table 5 Amount of energy stored and released in each cycle. X/Y/Z refers to TP, PW, and EG weight percentages,
respectively.

Composition Cycles Stored energy (J./g) Beleased energy (J./g)
70/30/0 | 83.77 76,38
2 80.10 73.10
&0,/40,/0 | 101.05 7970
2 98.87 79.25
30/50/0 | 118.37 93.98
2 116.55 89.52
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Fig. 9. Successive ramps of selected temperature (TP/PW /EG = 50/40/10).

Table 6 Amount of energy stored and released in each cycle. X/Y/Z refers to TP, PW, and EG weight percentages,
respectively.

Composition Cycles Stored energy (J./g) Beleased energy (J./g)
60,/40,/0 1 101.05 79.70
2 98.57 79.25
55/40,/2 1 113.23 86.00
2 113.03 86.04
55/40,/5 1 113.62 93.85
2 113.34 92.01
537407 1 118.27 93.34
2 11&.09 93.16
50/40,10 1 11&8.31 93.94
2 11&8.15 93.75
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Fig. 10. Leaching of PW from selected SSPCM.
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