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A B S T R A C T  
 

Polyethylene terephthalate (PET) is an indispensable material in our everyday lives and upcycling of its waste  

has become a major area of research. Herein, the upcycling of PET waste into phase change materials (PCM) for  

thermal energy storage applications is presented. Hydrolysed and esterified PET waste affords diethyl tere- 

phthalate (DET), which when blended with UV-curing acrylic matrix, trimethylolpropane ethoxy triacrylate 

(TMPEOTA), forms a composite PCM. Chemical characterisation such as IR and NMR were conducted to confirm  

the presence of functional groups in the composites. The thermal properties of the composites, such as melting  

point and thermal degradation were obtained and DET exhibited a relatively high melting enthalpy of 94.1 J/g at 

about 39.9 ◦C. The form stability and thermal performance was studied for composites made of different DET 
loading weight percentages from 50 to 90 %. A loading rate of 80 % (D80) was found to provide best latent heat  

capacity while maintaining its form stability and minimizing leakage. Finally, to assess the performance of D80 

as a thermal storage material, a thermal response test was performed and D80 was able to prevent significant rise 

in temperature for about 60s during its phase transition as opposed to TMPEOTA control. 
 

 

 

1. Introduction 

 

According to the Organisation for Economic Co-operation and 

Development (OECD), approximately 353 million tonnes of plastic 

waste were generated globally from 2000 to 2019, with only 9 % and 19 

% recycled and incinerated, respectively [1,2]. More than 50 % of the 

plastic waste incinerated ended ultimately in the rivers and oceans, 

contributing to CO2 emissions and environmental pollution [3,4]. A 

proposed solution to this problem is to valorise the plastic waste to give 

it a “second life” [5–7]. Upcycling is the process of converting used or 

waste materials in their end-of-life stage into something of greater value 

via a creative reuse method [8,9]. Upcycling is a good strategy to 

regenerate the value of plastics and is widely regarded as one of the 

potential solutions to plastic waste in the future [10,11]. In today’s so- 

ciety, one of the most heavily utilized plastics is PET (polyethylene 

terephthalate). The popularity of PET stems from its high strength-to- 

weight ratio [12–14], and antifouling and antimicrobial properties. 

PET is generally inert, thus, widely accepted by health authorities as a 

safe plastic material for most food and beverages packaging [15–17]. 

However, what makes it so attractive also prevents wearing and 

breaking down of the PET waste naturally [18–21]. Hence, upcycling of 

PET plastics plays an important role in tackling environmental pollution 
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contributed by plastic waste. 

The valorisation of PET into useful functional materials, particularly 

into Phase Change Materials (PCM), has attracted considerable atten- 

tion. PCM are valued for their efficiency in thermal properties and en- 

ergy storage due to their high latent heat and recyclability [22–25]. 

However, issues such as leakage of PCM in composite PCM material 

during phase change have posed a problem in practical applications 

[26,27]. Serious leakage during phase transition can be prevented 

through the use of form stable PCM (FSPCM) composites [28]. FSPCM 

composites absorb PCM into an additive material, such as porous inor- 

ganic materials [29,30] through capillary forces and interfacial tension 

within the pores via vacuum impregnation [31]. Above the phase 

transition temperature, FSPCM composites prevent leakage of PCM and 

retain their shape [32]. This is due to the composite materials possessing 

advantageous traits of the constituents in comparison with individual 

components in various applications [33–36]. To date, there have been 

several strategies to fabricate FSPCM such as through processes such as 

mixing and blending composites into the PCM, sintering using heat [31] 

and pressure [37], stabilisation by forming crosslinking networks to 

hold the PCM in place in curable materials [38] or immersion to form 

encapsulations [39] or impregnated composites [40–42]. Towards un- 

derstanding the mechanism of the phase transitions behaviours, various 

research has been conducted [43–45]. FSPCM composites also involve 

the combination of organic polymer matrix with PCM via melt blending 

method or engaging an extruder [25,46]. In context of PET breakdown 

products, for instance, Ram et al. reported the use of microencapsulated 

dimethyl terephthalate composite PCM as a form stable PCM with a 

relatively high latent heat of 118 J/g [47]. In addition, PET plastics have 

been shown to reduce cleanly to terephthalic acid and ethylene glycol or 

bis-hydroxy(2-ethyl) terephthalate, among others [48,49]. 
Recently, our group made use of a curing matrix to form a FSPCM 

[24]. Polymers commonly used as curable PCM composites include 

epoxy [50], acrylic [51], polyurethane [52] and polyethylene [53]. In 

particular, the use of UV radiation efficiently cures coatings such as 

paints within seconds [54]. Acrylates are excellent candidates as coating 

additives for surfaces such as exteriors of buildings [23,55]. These 

coatings and paints need almost no solvents and, in most cases, less 

energy is consumed [56]. We reported the use of a crosslinking UV 

curable acrylate TMPEOTA as an efficient additive for the fabrication of 

form stable composite PCMs [24]. Other reports also showcased the use 

of UV curable matric for effective form-stability characteristics such as 

polyurethane-acrylate coating developed by Jae et al. for polyol type 

adhesive properties [38]. In a similar use of polyurethane acrylate ma- 

trix, Li et al. made use of myristic acid with the UV curable matrix as low 

temperature thermal energy storage material [57]. UV-cured surfaces 

are long-lasting and resistant to abrasion and scratching [58]. Radiation- 

cure technology and more specifically the UV-cure technology is among 

the rapidly growing and very promising coating technologies due to 

their low environmental impact, low energy consumption, high effi- 

ciency, and contribution towards safe and healthy working environ- 

ment, combined with acceptable performance of their coatings [59,60]. 

In this work, we report the upcycling of PET plastic waste in gram 

scale by hassle free purification procedures and thereafter through 

simple cold crystallisation. We also report the use of DET as a PCM for 

potential application as a coating or paint material on buildings for heat 
storage management as it exhibits high latent heat at 39.8 ◦C which is a 

temperature expect for building components to reach when heated by 

the solar radiation. We examine the form stability and leakage of an 

FSPCM made of DET incorporated into composites with UV curing 

TMPEOTA matrix when the FSPCM is subjected to temperatures higher 

than the melting temperature of PCM. Furthermore, the thermophysical 

properties of the FSPCM are studied and the suitability of FSPCM for 

thermal storage applications is studied by conducting a heat absorption 

test. We find that. 

2. Materials and methods 

 

2.1. ATR-FTIR analysis of DET, TMPEOPTA and the composites 

 

Functional group identification of prepared samples was studied 
using attenuated total reflection Fourier transform infrared spectroscopy 

(ATR-FTIR) on an infrared spectrometer (Spectrum 2000, PerkinElmer, 

USA). Each sample was examined using 16 scans with a resolution of 1 

cm—1 between 4000 and 600 cm—1. 

2.2. Thermal properties analysis 

 

The thermal stability of DET, TMPETOA and the composites were 
examined using the thermogravimetric analyser TGA Q500 by TA In- 

struments. The samples were heated up to 550 ◦C at a rate of 20 ◦C/min 

under dynamic nitrogen atmosphere (flow rate = 50 ml/min). Differ- 

ential scanning calorimetry (DSC) thermal analysis was performed using 
a differential scanning calorimeter (Q100, TA Instruments, USA) 
equipped with an auto cool accessory and calibrated using indium. The 
following protocol was used for the composite samples: heating from 

room temperature to 70 ◦C at 20 ◦C/min, holding at 70 ◦C for 2 min, 

cooling from 70 ◦C to —20 ◦C at 20 ◦C/min, hold at —20 ◦C for 2 min, and 

finally reheating from —20 to 70 ◦C at 20 ◦C/min. 

 
2.3. Scanning electron microscopy 

 

The morphologies of the samples were observed using a field elec- 
tron scanning electron microscope (FESEM, SU8220, Hitachi, Ltd., 
Tokyo, Japan) and for a standardized and fair comparison, the images 

were all taken at magnification ×500. The samples were examined 

under room temperature and coated with 3–5 Å of Pt to remove charging 

in the sample. 

 
2.4. Upcycling route of DET from PET plastics 

 

The synthesis route is as shown in Fig. 1. PET plastic (shredded 

plastic containers/bottles purchased from commercial sources) was 

washed, dried and vacuum dried overnight prior to use in the synthesis 

for removal of impurities. Weighed amount of shredded PET plastics (5 

g) was placed in a round beaker flask charged with a magnetic stir bar. 

Concentrated HCl was then added dropwise and the mixture was heated 

and stirred overnight at 500 rpm. Thereafter, 500 ml of EtOH was added 

in situ and heated up to reflux overnight. Thereafter, the solution 

became pale yellow, the reaction was quenched by pouring the reaction 

mixture into cold water. The DET precipitates were obtained via vacuum 

filtration and rinsed with cold water. No further purification was 

required and DET was used directly for fabrication of the composite. 

 
2.5. Preparation of physically mixed samples 

 

The physically mixed samples were prepared by mixing the as- 

prepared DET powder and liquid acrylate monomer of TMPEOTA in 2 

ml vial to obtain a composite mixture as seen in Fig. 1. The two com- 

ponents were weighed based on their specific wt% and made to a weight 

of 0.2 g. Five composite samples were prepared, namely, D50, D60, D70, 

D80 and D90, where DX0 indicates the percentage of DET present. 

Thereafter, the vials were exposed to 395 nm UV irradiation for 2 s 

running over a conveyer belt three times and allowed to cool to room 

temperature thereafter. 

The mechanism in which TMPEOTA encompasses DET, illustrated in 

Fig. 2, is based on a photo-induced polymerization reaction of the three 

terminal vinyl groups on the monomer of TMPEOTA with the help of a 

photo initiator. The suggested mechanism was illustrated according to 

concepts from Zhu et al. [61,62]. Upon UV irradiation, the photo initi- 

ator (in this case TPO) undergoes homolytic bond cleavage and one of 

the radical species like the phosphate radical will scavenge on the 
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Fig. 1. Upcycling route of PET to DET composites. 

 
 
 
 
 
 
 
 

 

 

 
Fig. 2. Upcycling route of PET to DET composites. 

 

electron rich pi electrons of vinyl group. This affords a radical species on 

the TMPEOTA chain which is then ready to propagate by scavenging for 

more TMPEOTA cascading into a radical polymerization. The poly- 

merization affords a highly branched network of polyethoxylated acry- 

lates which traps and hold the DET small molecules in the matrix, 

preventing DET from leaking out of the matrix when heated above its 

melting temperature. A detailed mechanism of the polymerization was 

also illustrated for clearer interpretation of the mechanism. 

 
 
2.6. Form stability test 

 

DET, TMPEOTA and the composite samples were prepared in a 2 ml 

vial based on the weight percentage and were heated to their melting 

temperatures. The samples were cured under exposure to UV irradiation, 

the 2 ml vials were then inverted, and placed in the oven at 2 different 

temperatures (40 and 65 ◦C). At regular time intervals, the vials were 

taken out for image capture and form-stability assessment through vi- 

sual inspection of leakage, thereafter they were placed back into the 

oven for a total duration of 1 days. 

2.7. Leakage test 

 

A piece of the composite samples (D50–D90) were prepared and 
placed on a piece of filter paper for leakage test as described by Sari and 

Hekimog˘lua et al. [63]. The initial weights of the samples were recorded 
before being exposed to melting temperatures (similar to Section 2.6) in 

the oven overnight (40 ◦C and 65 ◦C). The samples were then taken out 

and the final weight of the sample was weighed and recorded immedi- 

ately. Visual inspection and photographs were also taken to recorded 

traces of any leakage stains left on the filter paper as ‘damp’ spots. 

 
3. Results and discussion 

 

3.1. Upcycling process of PET to DET 

 

DET was obtained in quantitative yield from an in-situ and straight 

forward upcycling synthesis using PET plastics waste as described in 

Section 2.4. The procedure is clean and green as it does not involve 

heavy metal catalyst or any harmful solvents. The synthetic route begins 
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with shredded PET plastics from used bottles. The shreds are stirred with 

dropwise addition of concentrated HCl under reflux condition to obtain 

terephthalic acid and ethylene glycol upon acid hydrolysis of the PET 

polymer. After complete hydrolysis of the PET shreds to terephthalic 

acid and ethylene glycol, excess amount of EtOH is added into the re- 

action mixture and refluxed overnight to allow esterification tereph- 

thalic acid to form DET. DET precipitated in cold water, wash and 

filtered under vacuum filtration. No further purification is required. The 
1H NMR of the product is shown in Fig. 3. The singlet at 8.08 ppm is 

representative of the proton on the phenyl group while the quartet peak 

at 4.35 ppm corresponds to the protons of the methine group of the ethyl 

ester and the triplet peak at 1.41 ppm corresponds to protons of the 

methyl peak of DET. 

 
3.2. SEM imaging 

 

Scanning Electron Microscopy was conducted to examine the surface 

morphology of the composite PCM samples. It can be observed that the 

physically mixed samples displayed star-shaped crystalline structures 

evident in the smooth regions that are more apparent as the content of 

DET increases as seen in Fig. 4a–e. The pure sample of DET is seen in 

Fig. 3f depicts a homogeneous smooth surface. In composite samples 

seen in Fig. 3a–e, star-shaped structures can be attributed to the crys- 

tallisation of DET during the curing of the composite sample as low 

melting point components, like DET, tend to crystallise easily upon 

cooling. The crystallisation of DET onto a cooled surface under UV 

irradiation process, suggests a phase separation between the two com- 

ponents. This is due to incompatible solubility of DET in TMPEOTA as 

their unfavourable enthalpic interaction and low entropy of mixing of 

the long chain acrylates [64]. The phase separation prevents a homo- 

geneous solution from forming and causes domains of the two compo- 

nents to be observed. 

 
3.3. FT-IR analysis 

 

FT-IR spectra of the composite samples, TMPEOTA and DET are 
shown in Fig. 5. The presence of a distinct and intense peak around 1711 

cm—1, is characteristic of the typical stretching frequency of carbonyl 

C–O bond in ester linkages of the two different ester groups in DET 

(1720 cm—1) and TMPEOTA (1709 cm—1) are observed in the composite 

samples and their peak intensity corresponds to the ratio of each 
component. Additionally, a peak at 1260 cm—1 confirmed the presence 

of C–O bonds which was also observed in both DET and TMPEOTA 

sample. These two peaks justified the presence of ester linkages in DET 
and TMPEOTA of both components. The broad shoulder peak in all 

samples around 2940 cm—1 can be ascribed to the aromatic and aliphatic 

C–H stretching in both TMPEOTA and DET. The broad shouldering 

C–H stretching peak of DET at 2869 cm—1 gradually intensifies as the 

DET loading increases from D50 to D90 while the characteristic C–H 
stretching peak of TMPEOTA of 2958 cm—1 gradually diminishes as the 

loading of the acrylate decreases from D50 to D90. 

 
3.4. TGA analysis 

 

TGA analysis was conducted to study the thermal stability of the 
samples as shown in Fig. 6. The pristine compounds of DET and 

TMPEOTA both exhibits a one-step degradation at 250 ◦C and a two-step 

degradation at about 375 and 450 ◦C respectively. The two-step 

degradation of TMPEOTA was mainly due to multiple mixing of the 

monomer in the system [57,65]. In the case of the composite samples, 

their degradation characteristics are combinations of both the DET and 

TMPEOTA as their degradation processes coincides with that of DET at 

about 200 ◦C (first degradation) and TMPEOTA about 375 and 410 ◦C 

(second and third degradation). These results also suggest the samples 

thermally stable during their operating temperatures at around 40 ◦C 
and high purity of the samples as it only exhibits the degradation that is 

attributed to the two components in the samples. In additional, the 
amount of initial degradation corresponds to the loading of DET present 

in the sample. All samples are completely degraded at about 700 ◦C as 

the compounds are mostly oxidized to CO2 and H2O when weight per- 

centage approaches near 0 %. This suggests a relatively clean degrada- 

tion process of releasing mainly carbonaceous gases such as CO, CO2 and 

CH4 without the formation of unwanted side products upon high heat. 

 
3.5. DSC analysis 

 

To examine the melting temperatures of the samples, DSC analysis 

was conducted and the thermograms are illustrated in Fig. 7. Their 

thermal parameters are also tabulated and summarised in Table 1 for 

easier comparison. It was observed from the thermograms that all 

 

 
 

Fig. 3. 1H NMR of DET after esterification in EtOH. 
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Fig. 4. SEM images of the surface morphology of a) D50 b) D60 c) D70 d) D80 e) D90 f) DET. 

 

 

 

 
Fig. 5. FT-IR analysis of the composite PCMs and the pristine components. 

 

samples have a single melting point of around 40 ◦C, which is attributed 

to the DET that is present in the sample. Samples with higher wt% 

loading of DET have a higher melting enthalpy due to lower hinderance 

and impurities to the crystallinity of DET by TMPEOTA. Ideally, the 

addition of TMPEOTA should not have any influence on the melting 

enthalpy and that the enthalpy of the sample should be proportional to 

the content of DET present. Thus, the theoretical melting enthalpy can 

be determined from the melting enthalpy of pure DET and the ratio of 

DET present in the sample. However, all the experimental melting en- 

thalpies exhibited lower than theoretical values. 

Based on the concept of crystallinity, it is known that small mole- 

cules, such as DET, form crystalline domains when their symmetrical 

three-dimensional arrangements are thermodynamically favoured, 

resulting in crystalline solids. The 3-D ordered organisation of DET is 
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3.7. Form stability study 

 

A form stability test as described in Section 2.6 was conducted to 

assess and determine the sample with the highest latent heat via amount 

of PCM loading in response to different temperatures. Mainly, the 

melting temperature of DET at 40 ◦C and a higher temperature beyond 

its melting pointing point at 60 ◦C. Fig. 9a shows the initial state of the 

sample as it is cured and inverted at room temperature before heating in 

the oven. Upon exposure to the melting temperature of 40 ◦C of DET for 
24 h, the samples are photographed as depicted in Fig. 9b. It is observed 

that the pristine DET had drastic leakage. At this point, D90 also 

exhibited signs of leakage and this was expected as the amount of 

 

 
 
 

 
 

 
Fig. 6. TGA analysis of the composite PCMs and the pristine components. 

 

affected (and hence hampered) by the incorporation of TMPEOTA as a 

supporting matrix, which disrupts its crystallinity. By this in turn, the 

discrepancy of the theoretical and experimental melting enthalpy during 

the phase change increase as the content of TMPEOTA increases. The 

larger discrepancy in D50 (difference of 25.4 Jg—1) as compared to D90 

(difference of about 1 Jg—1) is due to the larger degree of disruption in 

crystallinity of DET. Based on this justification, the macropolymeric 

dense network of highly branched TMPEOTA causes lattice defects in 

the crystal lattice of DET since DET crystalises readily upon cooling, 

resulting in a lower degree of crystallinity and affecting the melting 

enthalpy of DET. 

 
3.6. Thermal stability test 

 

To access the thermal reliability of D80, a thermal stability study 
using DSC cycling and phase change behaviour of D80 was conducted 

between —20 ◦C to 70 ◦C for 100 cycles. The analysis was recorded via 

repeated heating and cooling and illustrated in Fig. 8. Based on the 

thermogram, we can justify that the excellent thermal reliability and 

stability of D80 as the melting temperature from the thermogram does 

not show much deviation from the original melting point of D80. Based 

on the DSC thermal cycling, the 2nd, 25th, 50th, 75th and 100th cycles 

are overlapped, the results showed that there is a 4.8 % decrease in 

melting enthalpy of the D80 sample between the 2nd and 100th cycle of 

the D80 sample. The negligible difference in melting enthalpy and 

melting point supported the thermal stability of D80. 

Table 1 

Melting enthalpy if the composite samples and DET. 
 

Sample Theoretical melting enthalpy/ Experimental melting enthalpy/ 

 Jg—1 Jg—1 

D50 47.0 21.6 

D60 56.4 30.5 

D70 65.8 51.3 

D80 75.2 55.9 

D90 84.69 83.6 

DET 94.1 94.1 

 

 

 
Fig. 8. DSC cycling stability analysis showing curve of D80 at 2nd, 25th, 50th, 

75th and 100th cycle. 

 
 

 

 

 
 

 

 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
Fig. 7. DSC analysis of the composite samples and DET. 
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in Fig. 9d. 

 
3.8. Leakage test 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Form stability test of the composite samples and DET at a) room tem- 
perature b) melting temperature of DET ~40 ◦C and c) above melting tem- 

perature at 65 ◦C. (Red circles marking leakage in the samples). (For 

interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.) 

 

TMPEOTA was insufficient to prevent the melted DET from leaking. In 

the case of pure DET, it does not have an external binder to keep its form 

in place upon melting. Meanwhile, the content of TMPEOTA in D90 was 

insufficient to bind the amount of DET in place resulting in sample 

leakage. Conversely, the samples of D50 to D80 showed no signs of any 

sample leakage indicating that the amount of TMPEOTA was sufficient 

to hold the sample intact preventing leakages. At temperature beyond 

their melting temperatures, the samples are pushed beyond its perfor- 

mance limit to access its durability. Surprisingly at 65 ◦C, D50–D80 

continued to remain intact and showed excellent form stability with no 

signs of leakages while D90 and pure DET samples exhibited serious 

leakages observed in Fig. 9c. This suggest the efficiency of the 3-D 

interlocking network of TMPEOTA in trapping DET in is matrix to pre- 

vent sample leakages even beyond its melting temperature as illustrated 

To further support the form stability test above, a more quantitative 
way to assess its form stability is to conduct a leakage test. As described 
in Section 2.7, the samples were placed on a filter paper at a temperature 

above 40 ◦C then to 60 ◦C, which is the temperature at which are beyond 

the melting temperatures of DET as depicted in the photographs in 

Fig. 10. Upon exposure to its melting temperature range at 40 ◦C, D50 to 

D80 kept its form while leakage is already observed in D90. The leakage 
stain was visible after the samples were taken out of the filter paper. D50 
to D80 starts to show signs of leakage at temperatures greater than its 

melting point of about 65 ◦C of about 4.1 %. The test results were 

calculated and summarised in Table 2. Noteworthy is the significantly 

lower leakage observed from D80 (9.2 % as compared to 18 % in D90) 

onwards with D50 showing the least leakage. The leakage was deter- 

mined by weighing the sample before and after the test. As the 

TMPEOTA matrix are higher in loading, the highly branched networks of 

TMPEOTA are able to trap and hold the individual DET in place pre- 

venting the lowest leakage in D50. We can also suggest that the balance 

between form stability and thermal properties of the composites was 

optimum at around D80 as any additional content of DET added will 

result in drastic increase in leakage. 

 
3.9. Thermal performance test 

 

Thermal performance of D80 was investigated and compared against 

pure TMPEOTA as a reference standard. Based on the form stability test, 

D80 the highest latent heat with the highest PCM loading composite 

while maintaining form stability at temperatures beyond its melting 

temperature. A plot of temperature changes against time is shown in 

 
Table 2 

The initial and final weight of the composite sample during the leakage test and 

the percentage of leakage calculated from the test. 
 

Sample Initial weight (g) Final weight after leakage test (g) Leakage (%) 

D50 0.326 0.312 4.1 

D60 0.186 0.173 6.8 

D70 0.140 0.127 9.0 

D80 0.125 0.115 9.2 

D90 0.171 0.140 18.0 

 

 

Fig. 10. Photographs taken during the process of the leakage test at 40 ◦C, after higher temperature of 6 ◦C were taken and the leakage stain are observed as ‘damp  

spots’ on the filter paper. 
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Fig. 11a depicted the thermal performance of D80 and TMPEOTA over 

time in response to changes in temperature. IR images of the samples 

were also photographed at different time intervals to show the heat 

absorption and storage performance of the samples. 

The samples were set up by placing both D80 and TMPEOTA, as a 
standard, on a heating mantle as the temperature was gradually raised to 

around 70 ◦C (Fig. 11b). When the temperature gradually rises, 

TMPEOTA temperature rises rather quickly. However, in the case of 

D80, we observed a much slower increase in temperature and the rate of 

heating even slows down to almost a plateau at about 50 s. This was 

believed to be attributed to the phase change od DET in the sample thus 

resisting the temperature change. This phenomenon continued to persist 

for about 60s, thereafter, the temperature rose quickly, similar to rates 

of the sample of TMPEOTA. Visual evidence of IR also shows slower 

heating rates of D80 as compared to TMPEOTA (Fig. 11c) This suggests 

that all the DET have been supplied with sufficient energy to undergo 

phase transition and are not able to store any more heat. Both samples 

eventually attained a maximum temperature of about 70 ◦C as observed 

in the IR images (Fig. 11d). Thereafter, upon switching off the heating 

mantle, gradual cooling process of the sample begins. It is observed that 

TMPEOTA cools at a faster rate as compared to D80. 

This phenomenon is expected as D80 is able to store heat better than 

TMPEOTA as evident in the IR image in Fig. 11e. D80 continue to cool at 

a slower rate than TMPEOTA maintaining a high temperature over a 

period, IR images of the samples also continue to show that D80 displays 

a warmer tone as compared to TMPEOTA. At about 300 s, the temper- 

ature differences of the two samples becomes less obvious as seen in 

Fig. 11f as they have almost cooled to the room temperature. At 400 s, 

both samples have completely cooled and solidified at room tempera- 

ture, as depicted in Fig. 11g. Through this heat absorption performance 

test, we can conclude that D80 has the potential to be applied as a 

thermal regulating material for operational temperatures near 36–40 ◦C 
which is within D80’s as it falls in its phase change temperature. Some 
possible applications to infrastructures may be in water tanks for ther- 

mal heating purposes or concrete wall panels for thermal heating, or 

thermoelectric since the operating temperature falls within the phase 

change temperature of D80 [66,67]. 

4. Conclusion 

 

To conclude, the thermal storage capabilities of PCM was showcased 

in upcycled products of PET waste plastics, in this case DET was 

examined for its PCM properties and its ability for store latent heat. 

Several samples of DET of different loading weight was prepared with 

TMPEOTA matrix to prevent leakage of the PCM during its performance. 

D80 was determined to be the best performing candidate with the 

highest amount of latent heat but at the same time retaining its form 

stability when heated above its melting temperature. We successfully 

analysed and characterised the samples via TGA and DSC to study their 

thermal properties and FTIR and SEM to study the chemical and physical 

evidence of the samples, respectively. Cyclic thermal stability test also 

showed good thermal reliability of D80 sample as the latent heat devi- 

ated minutely from the original value. We also showcased the potential 

of D80 as a thermal storage material by studying its heat absorption and 

response to temperature changes over time as compared to the control 

TMPEOTA. We observed that as the temperature is raised to above the 

melting temperature of D80 the rate of heating was much slower as 

compared to the control due to its phase transition. This suggest po- 

tential application of D80 as coating materials for surfaces which may be 

used for thermal storage or heat comfort. Lastly, we hope that this study 

helps to bring more insights in the possibilities of upcycling and its huge 

potential in sustainability and reusable energy. 
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