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Abstract 

Coconut peat (CP) is a product derived from coconut husks and it has been recognized as a valuable 

resource for the removal of heavy metals, as an oil-sorbent material, and for agricultural purposes. 

However, large quantities of coconut husks are still discarded yearly, leading to environmental 

pollution. In this study, a series of CP/polyethylene glycol (CP/PEG) composites were prepared as novel 

shape-stabilized phase change materials (SSPCMs) by vacuum impregnation to demonstrate a potential 

new application of CP in the area of thermal energy storage. The composites were investigated by 

thermogravimetric (TG) analysis, differential scanning calorimeter (DSC), scanning electron 

microscopy, attenuated total reflection-Fourier transform infrared spectrometer, leakage test, and 

thermal cycling testing. The results revealed that the CP/PEG composites exhibit minimal leakage of 

PEG while the composite with a CP/PEG mass ratio of 3:7 has a high latent heat storage of 108.5 J/g 

and relative enthalpy efficiency of 91.7%. Meanwhile, TG results indicated that it has good thermal 

stability up to 150 ℃ and the thermal cycling test showed that it has excellent thermal reliability even 

after 100 thermal cycles. The heat harvesting and releasing performance of the sample was evaluated 

as well to understand its thermoregulation capability. Therefore, the obtained CP/PEG composite 

demonstrates that it can potentially be utilized for thermal storage applications such as in wallboard or 

building materials for passive cooling, thus fostering a cleaner process by realizing energy savings.  
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1. Introduction 

In recent decades, the rise in global energy consumption and the surge in emissions of greenhouse gases 

due to rapid urbanization has prompted not only the development of new energy conversion and storage 

methods (Deborah, et al., 2015; Lee, et al., 2023; Nabavi-Pelesaraei, et al., 2021; Panepinto and Genon, 

2012) but also the use of life cycle assessment to assess the impact of these technologies (Hamidinasab, 

et al., 2023; Hosseinzadeh-Bandbafha, et al., 2017; Nabavi-Pelesaraei, et al., 2023). In this regard, phase 

change materials (PCMs) have been recognized as efficient thermal energy storage (TES) materials and 

therefore have been gaining wide attention in recent years. PCMs have high storage density, excellent 

energy storage-releasing capability at a nearly constant temperature, and good chemical stability. 

Therefore, PCMs have been broadly applied in many fields, such as solar energy (Wu, et al., 2023; 

Yang, et al., 2023), buildings (Ong, et al., 2023b; Png, et al., 2022), thermoelectric (Tang, et al., 2020; 

Yong, et al., 2020; Zhu, et al., 2020), textiles (Lu, et al., 2019; Zhang, et al., 2022), and electronics 

(Abdulmunem, et al., 2023a; Liao, et al., 2022; Zhu, et al., 2023b). 

Based on the type of phase transition, PCMs can be generally divided into two major categories: solid-

solid PCMs and solid-liquid PCMs. Solid-solid PCMs do not generate any liquid or gas during phase 

transition and hence do not require a container to accommodate them. With regard to solid-solid PCM 

systems, various metal alloys, and processes have been investigated (Kuang, et al., 2018; Qi, et al., 

2023; Wang, et al., 2022; Xin, et al., 2022). However, they have small latent heat capacities and 

supercooling issues, limiting their applications (Yang, et al., 2022a; Zhang, et al., 2023b; Zhao, et al., 

2019; Zhu, et al., 2023a). On the other hand, solid-liquid PCMs have been researched and applied 

extensively for TES systems as they have high latent heat capacities, little or no volume change during 

phase transition, and good chemical and thermal stabilities (Ong, et al., 2023a; Zare, et al., 2022). 

Nevertheless, the leakage issue during phase transition prevents their direct usage in applications (Lee, 

et al., 2022; Soo, et al., 2023). To address this issue, shape-stabilized (or form-stable) PCMs (SSPCMs) 

can be developed to encapsulate the PCMs in an organic or inorganic matrix using supporting materials 

such as carbon nanostructures (Göksu, et al., 2022; Huang, et al., 2022b; Liu, et al., 2023), mesoporous 

silica (Matei, et al., 2019; Mitran, et al., 2020), expanded graphite (Nguyen, et al., 2023; Rathore and 

kumar Shukla, 2021), expanded vermiculite (Zhang, et al., 2017), and other inorganic structures 

(Huang, et al., 2022a; Yang, et al., 2022b; Zhang, et al., 2023a). 

Poly(ethylene glycol) (PEG), a typical organic PCM, has outstanding properties such as non-toxicity, 

good thermal stability, relatively high latent heat, and has a variety of molecular weights and therefore 

has been widely investigated for SSPCMs (Soo, et al., 2022; Sun, et al., 2018). PEG-based SSPCMs 

can be prepared by embedding PEG into supporting materials with a porous structure, such as graphene 

oxide (GO) (Ge, et al., 2020; Yang, et al., 2020), diatomite (Ren, et al., 2022), and epoxy resin (Wu, et 

al., 2018). PEG/mesoporous activated carbon (AC) SSPCMs were prepared using different molecular 



4 

 

weights of PEG via direct blending and impregnation (Feng, et al., 2011). Lower phase transition 

temperatures and enthalpies were observed as the molecular weight of PEG decreased while the 

crystallinity of PEG in the PCMs decreased with an increase in AC content. PEG/SiO2 SSPCM was 

successfully developed (Li, et al., 2020), whereby the composite has a high phase change enthalpy of 

164.9 J/g with a PEG mass fraction of 97%. On the other hand, PEG/GO SSPCMs were synthesized 

with the assistance of a microwave (Xiong, et al., 2015). The maximum PEG content in the composite 

reached 96 wt%, leading to a high heat storage capacity of 174.5 J/g. In another case, hydroxylated 

carbon nanotubes were added to PEG to improve the thermal conductivity and shape stability (Yang, et 

al., 2022c). The composites have a phase change enthalpy of 119.9 ~ 127.9 J/g and an improved thermal 

conductivity of 2.2 times that of PEG. Most of the aforementioned studies are conducted for applications 

in TES but the supporting materials used such as GO, SiO2 and diatomite are either costly or have low 

porosity, thus affecting their applicability.  

Research on upcycling of waste materials has gained popularity in recent years (Cao, et al., 2022; Jiang, 

et al., 2023; Muiruri, et al., 2023; Pourebrahimi, 2022) and this is due to heightened environmental 

concerns, technological advancements, and a growing emphasis on circular economy principles. For 

example, recycled waste paper was used as a thermal insulation material in conjunction with paraffin 

wax for building cooling applications (Abdulmunem, et al., 2023b). The results indicated that the indoor 

room temperature was reduced by 9.6% while an optimal waste paper ratio of 75% reduced the 

electricity cost and cooling load by 16.3% and 19%, respectively. In another interesting investigation, 

waste chicken feathers were mixed with paraffin wax and this bio-composite material was integrated 

into polyvinyl chloride panels as building inner envelopes (Abdulmunem, et al., 2022). According to 

the results, the panels have a flexural strength of 0.55 MPa and maximum tensile strength of 3.75 MPa. 

A reduction in noise levels and electricity costs by 9% and 22.5%, respectively were noted as well.  On 

the other hand, high-density polyethylene plastic wastes were converted into hierarchical porous carbon 

materials and high-purity methane via autogenic pressure hydrolysis and KOH activation for high-

performance supercapacitors (Zhou, et al., 2023). The porous carbon materials which can be used as 

electrode materials, have high specific surface area (2785-2913 m2/g), high specific capacitance (301 

F/g at 1 A/g), and a rate performance of 89.1% at 20 A/g. Coconut peat (CP) is a product derived from 

coconut husks and this fruit is naturally abundant in many Asian countries such as the Philippines, 

Thailand, Malaysia, and China (Keerthika, et al., 2016). The main constituent of CP is lignocellulose, 

which comprises lignin (~49%), cellulose (~43%), and hemicellulose (~8%) (Thakur, et al., 2015). 

Large quantities of coconut husks are discarded as biomass waste yearly due to their low economic 

value and this leads to environmental pollution. However, CP does offer many underutilized benefits 

such as high availability, biodegradability, and low cost. In view of this, researchers have explored 

different ways of utilizing this material and they are found to have the potential for applications as an 

oil-sorbent material (Phat, et al., 2022; Verasoundarapandian, et al., 2021; Yang, et al., 2017), the 
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removal of heavy metals (Saeed, et al., 2021; Saman, et al., 2016; Sireesha and Sreedhar, 2023) and for 

agricultural purposes as well. Nevertheless, the studies of CP for other applications have not been 

extensively carried out. 

To our best knowledge, the application of CP has not been implemented in the realm of TES previously. 

Therefore, the objective of this work is to investigate and demonstrate a new and alternative approach 

to utilizing CP besides the aforementioned instances. In this study, we have opened up yet another 

possibility of valorizing CP by utilizing it as a supporting material for the preparation of SSPCMs for 

the first time. A series of SS PEG-based PCMs were prepared via vacuum impregnation and the 

influence of different CP contents on the composites was investigated by characterizations of their 

structures, morphologies, and thermal properties. This study has demonstrated an alternative method to 

broaden the potential applications of CP in the area of TES such as passive cooling in building materials 

through a facile preparation of SSPCMs. By utilizing waste materials and potentially reducing energy 

consumption, this work confers the benefits of achieving sustainability. 

 

2. Materials and methods 

2.1. Materials 

Poly(ethylene glycol) (PEG, average Mn = 2050 g/mol) was purchased from Sigma Aldrich. Raw 

coconut peat was purchased from NextevoTM. It was washed with deionized (DI) water three times to 

remove any physical impurities and dried overnight in the oven at 100 ℃ before use.  

2.2. Preparation of CP/PEG composite shape-stabilized PCMs 

The CP/PEG composites with different mass ratios of CP/PEG (6:4, 5:5, 4:6, 3:7, and 2:8) were 

fabricated via the vacuum impregnation method. For example, the typical preparation process for a 

mass ratio of 6:4 is as follows: 0.4g of PEG was dissolved in 25 mL of DI water and 0.6g of CP was 

added to the mixture. The sample is sonicated for 1.5 h and thereafter placed in a vacuum oven at 60 ℃ 

for 12 h under 0.02 MPa. Finally, the CP/PEG composite was fabricated and identified as CP6_PEG4. 

The CP/PEG composites with different mass ratios are shown in Table 1. 

Table 1. Mass fractions of CP and PEG in CP/PEG composites. 

Sample Mass ratio of CP/PEG Mass of CP (g) Mass of PEG (g) 

CP6_PEG4 6:4 0.6 0.4 

CP5_PEG5 5:5 0.5 0.5 

CP4_PEG6 4:6 0.4 0.6 
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CP3_PEG7 3:7 0.3 0.7 

CP2_PEG8 2:8 0.2 0.8 

 

2.3. Characterization 

2.3.1. Structural and morphological analysis 

The characteristic functional groups of PEG and the CP/PEG composites were analyzed using a Vertex 

80 attenuated total reflection-Fourier transform infrared spectrometer (ATR-FTIR) (Bruker). The 

analyses were conducted at room temperature, with a total of 64 scans and a spectrum resolution of 4 

cm-1 over the frequency range of 4000 to 400 cm−1. The morphological study of PEG and the CP/PEG 

composites was carried out using a scanning electron microscope (SEM) (JEOL JSM6700F). The 

samples were coated with a thin layer of gold using sputter coating and the micrographs were taken 

with 10 µA emission current and 5 kV acceleration voltage in a high vacuum mode. 

2.3.2. Thermal analysis 

The thermal stability of the CP/PEG composites was evaluated on the thermogravimetric analyzer 

(Q500, TA Instruments, USA). Each sample was placed in an alumina crucible and heated at a rate of 

20 °C/min from room temperature to 900 °C under a nitrogen atmosphere. The phase change 

temperature and thermal enthalpy of the CP/PEG composites were evaluated using a differential 

scanning calorimeter (DSC) (Q100, TA instruments, USA). Each sample was encapsulated in an 

aluminum hermetic pan, heated, and cooled at a rate of 10 °C/min in a nitrogen atmosphere in the range 

of -10 °C to 80 °C. To assess the thermal reliability of the composites, 100 consecutive melt/freeze 

cycles were conducted using the aforementioned DSC equipment. For each cycle, the samples were 

heated from -10 °C to 80 °C at a rate of 20 °C/min and held for 1 min, then cooled from 80 °C to -10 

°C at the same rate and held for 1 min.  

2.3.3. Form stability and leakage test 

The CP/PEG composites were subjected to a leakage test to determine the form stability. 0.4 g of PEG 

and each CP/PEG composite were made into a pellet by pressing it at a pressure of 4 tons for 1 min 

with a manual hydraulic press (Specac). Each pellet has a diameter of 1.3 cm and a thickness of 3 mm 

and the initial mass (M0) of each sample was measured. All the samples were each placed on a filter 

paper in a petri dish and placed in the oven at 75 ℃ for 8 h. The samples were taken out from the oven 

and allowed to cool down before measuring the weight (Mn) at intervals of 1 h. Optical images of the 

samples before and after the leakage test were taken and the leakage rate (L) was calculated as per 

Equation (1):   
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                                                                    L =
M0 - Mn

M0

  100%                                                                        (1) 

 

2.3.4. Heat harvesting and releasing performance 

1.5 g of CP3_PEG7 was made into a pellet using the same equipment and experimental condition 

aforementioned and the pellet has a diameter of 2 cm and a thickness of 3 mm. A heating module, 

measuring 5.5 cm × 5.5 cm served as the heat source, and positioned directly above it was an infrared 

radiation (IR) camera (FLIR A65) to capture IR images and monitor temperature fluctuations. The 

heating module was initially raised to and sustained at 100 °C. Subsequently, CP3_PEG7 was 

positioned on it and permitted to heat until reaching 80 °C. Following this, the module was switched 

off, enabling the sample to cool down. The experiment was conducted with an ambient temperature of 

21 °C. 

 

3. Results and discussion 

3.1. Thermogravimetric analysis 

The thermogravimetric (TG) and derivative TG (DTG) curves of CP and the CP/PEG composites are 

shown in Figure 1 whilst the thermal decomposition data are shown in Table 2. For PEG, there is an 

obvious degradation step in the temperature of 188.1 to 432.5 ℃, which is attributed to the 

decomposition and evaporation of the organic alcohol compounds. For CP and the CP/PEG composites, 

two major degradation steps can be seen in the thermograms. The first stage of degradation that occurs 

between 32.9 to 150.3 ℃ is due to the elimination of adsorbed water molecules on CP. Even though 

CP has undergone drying prior to use, its hydrophilic nature makes the structurally bound water 

molecules resistant to complete evaporation during the drying process. This mass loss of 8.4% for CP 

is consistent with other previously reported work (Hosokawa, et al., 2016; White, et al., 2011), which 

is within the range of 5-10%. This value decreased as the loading of CP decreased in the composites, 

reaching a value of 1.4% for CP2_PEG8. The second stage of degradation, which is the main 

degradation stage, occurs due to the decomposition of hemicellulose, cellulose, and lignin. For CP, it 

has a peak temperature of 342.6 ℃. As the loading of PEG increased in the composites, understandably 

there was an increase in the peak temperature from 354.8 to 406.7 ℃, which is approaching the peak 

temperature of 409.4 ℃ for PEG. Among the three components present in CP, it was reported that lignin 

has the highest thermal stability, followed by cellulose and hemicellulose (Faulstich de Paiva and 

Frollini, 2006). Even though lignin started to decompose at a lower temperature (160 to 175 ℃), its 

decomposition occurred slowly under the whole temperature range up to 900 ℃ (Mittal and Chaudhary, 

2019) and the high lignin content in CP led to the relatively high amount of residues of 13.6% at the 
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end of the analysis. Based on these results, the composites showed thermal stability up to 150 ℃ and 

hence are suitable for TES applications. 

 

 

Fig. 1. (a) Thermogravimetry (TG), and (b) Derivative thermogravimetry (DTG) curves of PEG, CP, 

and CP/PEG composites. 

Table 2. TG/DTG decomposition data of PEG and the CP/PEG composites.  

Sample 
Temperature  

range (℃) 

Peak  

temperature (℃) 

Weight loss 

(%) 

Residual mass   

(%) 

PEG 188.1-432.5 409.4 97.1  1.5 

CP 32.9-150.3 61.3 8.4 
 13.6 

 150.3-402.3 342.6 46.3 

CP6_PEG4 33.9-107.3 53.2 4.9 
 11.7 

 145.8-429.7 354.8 60.8 

CP5_PEG5 34.9-103.2 52.2 4.8 
 11.2 

 163.4-443.8 363.9 63.6 

CP4_PEG6 37.3-88.6 51.2 4.0 
 9.8 

 189.5-433.7 377.0 65.5 

CP3_PEG7 38.2-74.6 50.3 2.0 
 4.7 

 191.3-451.1 397.6 79.6 

CP2_PEG8 38.7-70.7 49.5 1.4 
 1.7 

 192.6-456.8 406.7 88.8 
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3.2. DSC analysis 

The thermal energy storage performance of the CP/PEG composites was evaluated by DSC and the 

corresponding thermograms, phase change enthalpies, and phase change temperatures are illustrated in 

Figures 2a-c. In addition, the enthalpy efficiency (λ) and relative enthalpy efficiency (η) of the 

composites as defined in Equations 2 and 3, are calculated and shown in Figure 2d.   

                                                                      λ =
ΔHm(SSPCM)

ΔHm(PEG)

  100%                                                                   (2) 

                

                                                                      η =
ΔHm(SSPCM)

ΔHm(PEG)  w
  100%                                                              (3) 

where ΔHm(SSPCM) and ΔHm(PEG) represent the melting enthalpy of the SSPCM and pure PEG, 

respectively, while w denotes the mass fraction of PEG in the SSPCM. 

 

As shown in Figure 2a, the CP/PEG composites exhibit obvious endothermic and exothermic processes 

similar to PEG while PEG has melting and crystallization temperatures and corresponding enthalpies 

of 55.2 ℃, 28.3 ℃, 169.1 J/g and 166.4 J/g, respectively (Figures 2b, c). Compared to the melting and 

crystallization temperature of PEG, the melting temperature of the CP/PEG composites remained 

relatively similar, but the crystallization temperature shifted downward. This can be attributed to a 

confined crystallization environment, which restricts the free movement of PEG molecular chains. On 

the other hand, a gradual reduction in the melting and crystallization enthalpy is observed for the 

CP/PEG composites containing different amounts of PEG. The thermal enthalpy of PEG originates 

from the phase transition of crystalline to amorphous state or vice versa. Clearly, the thermal enthalpy 

is directly associated with the mass fraction of PEG and the theoretical melting enthalpy of CP6_PEG4, 

CP5_PEG5, CP4_PEG6, CP3_PEG7, and CP2_PEG8 is 67.6, 84.6, 101.5, 118.4, and 135.3 J/g, 

respectively. However, the melting enthalpy of all of the CP/PEG composites is lower than their 

corresponding theoretical values, which implies that a small fraction of PEG does not undergo phase 

transition. This is attributed to the strong intermolecular hydrogen bonding interactions between PEG 

and CP, resulting in a small fraction of PEG existing in the amorphous state. Additionally, the η of the 

CP/PEG composites is as high as 95.8%, 91.7%, 90.5%, 88.5%, and 87.9%, which is higher than most 

of the reported values in the literature (Huang, et al., 2017; Li and Wang, 2019; Liu, et al., 2020; Wu, 

et al., 2021; Yan, et al., 2021; Yin, et al., 2021). These results indicate that the CP/PEG composites 

have excellent thermal storage capacity and high relative enthalpy efficiency.   
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Fig. 2. (a) DSC curves, (b) Phase change enthalpies, (c) Phase change temperatures, and (d) Enthalpy 

efficiencies of PEG and CP/PEG composites. 

3.3. SEM analysis 

The morphologies of PEG and the CP/PEG composites are shown in Figure 3. As shown in Figure 3b, 

CP has a smooth surface with a rod-like structure from the side view while the top view (Figure 3c) 

revealed that CP has irregular and large hole-like pores, resembling that of a honeycomb structure. On 

the other hand, the morphology of CP changes significantly after the absorption of PEG (Figures 3d-h). 

It is observed that CP serves as a supporting material and PEG is adhered to its surface. As the loading 

of PEG increases, less visible structures of CP are observed, resulting in a rough surface morphology. 

This implied the efficient absorption of PEG into CP.    
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Fig. 3. FE-SEM images of (a) PEG, (b-c) CP, (d) CP6_PEG4, (e) CP5_PEG5, (f) CP4_PEG6, (g) 

CP3_PEG7, and (h) CP2_PEG8. 

3.4. ATR-FTIR analysis 

The FTIR spectra of PEG, CP and the CP/PEG composites were examined and are shown in Figure 4. 

In the spectrum of PEG, the broad adsorption peak at 3402 cm-1 is due to the stretching vibrations of 

the O–H group while the strong characteristic peaks at 2881 cm-1 and 1097 cm-1 are ascribed to the 

stretching vibration of C–H and C-O-C, respectively. Meanwhile, the peaks at 1466 cm-1 and 1359 cm-

1 are due to the C-H bending vibrations. As for the CP spectrum, the broad peak at 3398 cm-1 is attributed 

to the O-H stretching of the hydroxyl group while the peak at 2882 cm-1 is responsible for the 

asymmetric and symmetric stretching of C-H groups. The peak at 1636 cm-1 is ascribed to the aromatic 
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C=C stretching in lignin (Liang, et al., 2009) and the peak at 1340 cm-1 is assigned to C-H bending 

vibrations (Wang, et al., 2013). The strong absorption peak at 1099 cm-1 is due to C-O stretching in 

cellulose, hemicellulose, and lignin (Li, et al., 2013). By comparison, it can be seen that as the loading 

of PEG increases, the intensity of the peaks (C-H and C-O-C stretching) increases as well due to the 

higher intensity of these peaks of PEG compared to CP. Compared to CP and PEG, no signs of new or 

a loss of peaks were noted for the CP/PEG composites, which suggests that only physical interactions 

and no chemical reactions took place during the impregnation process. In addition, a slight shift of the 

hydroxyl peak is observed for the CP/PEG composites, suggesting that an intermolecular hydrogen 

bonding interaction has taken place between CP and PEG.  

 

 

Fig. 4. FTIR spectra of CP, PEG, and CP/PEG composites. 

3.5. Leakage test 

A series of CP/PEG composites with different mass fractions of PEG were prepared and a leakage test 

was performed to evaluate the leakage situation and their form stability. Therefore, the leakage test was 

conducted at 75 ℃, which is above the melting point of PEG. Figure 5a shows the optical photographs 

of PEG and the CP/PEG composites before and after the leakage test while Figure 5b reveals the leakage 

rate throughout the leakage test at intervals of 1 h. As shown in Figure 5a, the CP/PEG composites have 

slightly different appearances, corresponding to the different loading of PEG in the composites. It is 

clear that PEG melted and became a transparent liquid at the end of the leakage test while on the other 

hand, there were no obvious signs of leakage coming out of the CP/PEG composites and that they 

demonstrated excellent shape stability. In Figure 5b, the leakage rates after 8 h were 1.14%, 1.35%, 
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1.60%, 1.99%, and 2.87% for CP6_PEG4, CP5_PEG5, CP4_PEG6, CP3_PEG7, and CP2_PEG8 

composites, respectively. In general, the CP/PEG composites exhibited minimal leakage and hence 

implied that they have good form stability. Nevertheless, the stability and leakage performance is not 

as good as that of PCMs obtained by chemical means such as chemical grafting. To enhance the 

interaction between PEG and CP and potentially eliminate the leakage issue, CP could be modified or 

a chain extender could be covalently bonded to PEG to form PCMs with chemically cross-linked 

structures. However, the implementation of such processes is more costly and this will hinder its 

scalability for applications as more chemicals and procedures are involved. Considering the leakage 

rate and thermal enthalpy of the CP/PEG composites, CP3_PEG7 was selected as the promising 

candidate for TES applications and hence was subjected to a thermal cycling test to evaluate its thermal 

reliability (to be discussed in the next section). 
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Fig. 5. (a) Leakage test analysis of PEG and CP/PEG composites at 75 ℃ for 8 h, and (b) Leakage rate 

of CP/PEG composites. 

3.6. Thermal cycling analysis 

To assess the suitability of CP3_PEG7 for long-term usage in TES applications, it was subjected to 100 

thermal cycles to evaluate its thermal reliability. The DSC thermograms and the analysis results before 

and after 1, 25, 50, 75, and 100 cycles are shown in Figures 6a-c. Overall, the DSC curves displayed 

high similarity in terms of shape, with almost identical endothermic peaks. The thermal enthalpies and 

phase change temperatures are largely uninfluenced by thermal cycling as both of these parameters have 

minimal dissimilarity as compared to their uncycled values. In addition, to evaluate the chemical 

stability of the composite after 100 thermal cycles, the FTIR spectrum was examined and compared to 

its uncycled counterpart (Figure 6d). Both spectra have similar characteristic peaks and no 

disappearance of any peaks was observed, suggesting that the chemical structure of the composite was 

unaltered during thermal cycling. The abovementioned results imply the composite is chemically stable, 

has good thermal reliability, and hence is a promising PCM for TES. 

 

Fig. 6. (a) DSC thermograms, (b) phase change enthalpies, (c) phase change temperatures during 100 

thermal cycles, and (d) FTIR spectra of CP3_PEG7 before and after thermal cycling.  
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3.7. Heat harvesting and releasing performance results 

It is essential to understand the thermoregulation capability of the CP/PEG composites and therefore an 

experimental study was conducted to demonstrate the heat harvesting and releasing performance. The 

experimental setup and the IR images of CP3_PEG7 with its temperature profile are shown in Figure 

7. Figure 7a shows the CP3_PEG7 sample on the heating module, where ‘X’ on the inset denotes the 

position at which the temperature logging was recorded via IR imaging. Figure 7b shows that the 

temperature of CP3_PEG7 increases sharply from the beginning of the experiment up to 75s, where a 

slight plateau and a change in gradient were observed. This can be attributed to the onset of the solid-

solid phase transition in the sample, where the rate of temperature rise is reduced due to the slightly 

broad melting peak of CP3_PEG7 as shown in Figure 2a. The sample continued to absorb heat up to 

359s, which at this point has reached its maximum heat storage capacity, and the temperature continued 

to rise slowly as it approached the temperature of the heating module. Based on the mass of the sample 

and its latent heat, it can be determined that 162.8 J of heat energy can be harvested within 359s. At 

584s, the module was switched off and the sample started to cool down. At 1095s, several gently sloping 

plateaus started to appear up to the end of the experiment, and this corresponded to the solid-solid phase 

change during cooling. 

 

Fig. 7. (a) Experimental setup of the heating module with CP3_PEG7, and (b) IR-imaging of 

CP3_PEG7 and its temperature profile over time. 

 

4. Conclusion 

In summary, the CP/PEG composite SSPCMs have been facilely devised and prepared via a simple 

direct impregnation method. The composites were prepared via a clean production process as no organic 

solvents were involved and no waste by-products were produced. The leakage test indicates great shape 

stability performance of the composites with minimal leakage of PEG while ATR-FTIR analysis results 

 

(a) (b) 
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show that only physical interactions took place between CP and PEG. DSC analysis shows that 

CP3_PEG7 has a high latent heat storage of 108.5 J/g while the relative enthalpy efficiency is as high 

as 91.7%. Furthermore, the thermal cycling and TG results demonstrate excellent thermal reliability 

and good thermal stability of the composite, respectively. An experimental study was conducted as well 

to evaluate the heat harvesting and releasing performance to understand its thermoregulation capability. 

In light of our results, we have uncovered yet another possibility of utilizing waste materials such as 

CP and upcycling them through an innovative combination with PEG to fabricate SSPCMs for TES 

applications such as in wallboard or building materials for passive cooling. By leveraging the abundance 

and sustainable nature of CP, the integration of these two components unveils new possibilities for other 

eco-friendly materials for the development of SSPCMs while promoting cleaner and sustainable 

production at the same time. Nevertheless, further optimizations such as the addition of nano additives 

to enhance the thermal conductivity or modifications to CP to improve the leakage performance are 

required to further enhance the performance characteristics of the SSPCMs.  
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