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Abstract: Extreme weather caused by global warming often leads to unfavorable temperature 
conditions that affect human comfort and health. To address the adverse effects, several studies have 
proposed the use of nano-encapsulated phase change material (PCM) in textile. Therefore, this study 
aims to synthesize PCM nano-capsules using the in-situ polymerization method. During the 
procedure, Polyethylene Glycol (PEG) 1000 and PEG 1000-paraffin composite served as the core, 
while urea-formaldehyde was used in the outer layer as the shell. The products obtained were then 
subjected to particle size analysis (PSA), scanning electron microscope (SEM), transmission electron 
microscope (TEM), Fourier transform infrared (FTIR) spectroscopy, and differential scanning 
calorimetry (DSC) to characterize their properties. DSC results showed that PEG 1000 nano-capsules 
had a decomposition peak at 32.95 °C with an enthalpy of 49.37 J/g. Meanwhile, PEG 1000-Paraffin 
composite nano-capsules decomposition peak was at 38.77 °C, with an enthalpy of 653.22 J/g. These 
results showed that paraffin inclusion in the composite enhanced thermal capacity of nano-
encapsulated PCM, enabling effective maintenance of temperature stability within the human 
comfort range of approximately 37 °C. 

Keywords: Nano-encapsulation; PEG 1000 – Paraffin Composite; Phase change material; Thermal comfort 

1. Introduction 

Since the onset of the industrial revolution in the 18th century, the increased use of fossil fuels 
has contributed to global warming, thereby triggering climate change (Blunden and Arndt, 2019). 
Global warming typically causes the earth's surface temperature to increase over time, affecting 
human health and activity, which depends on body temperature comfort. Consequently, this 
current study was carried out to develop a strategy for maintaining human health and comfort 
during extreme temperatures using Phase Change Material (PCM) as thermal-regulatory product. 
The mechanism of action of PCM comprises storing heat changes through phase change, facilitating 
insulation and thermal comfort (Hawachi et al., 2014). When exposed to heat, this material absorbs 
energy from the environment without experiencing a temperature increase during phase change 
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process. Meanwhile, PCM can also release energy into the environment without experiencing a 
decrease in temperature when cooling is carried out (Liu et al., 2017). This unique property has led 
to its widespread application for regulating temperature of an object or a room in the building 
(Trisnadewi et al., 2023; Bland et al., 2017).  

In line with previous reports, PCM can be classified into various categories, including organic, 
inorganic, and eutectics, each with advantageous and disadvantageous characteristics (Rathod and 
Banerjee, 2013). Among the various categories, organic PCM has attracted significant interest due 
to its convenience in processing and compatibility with human physiological parameters. This 
compatibility is evident through its suitable melting temperature point, which is within the human 
comfort range of approximately 18-65oC (Sarier and Onder, 2012). Despite the potential, organic 
PCM has been reported to have several limitations, necessitating the development of various 
studies to provide solutions. For example, Sari et al. improved thermal conductivity and stability 
issues associated with Polyethylene Glycol (PEG) by impregnating carbon nanotubes and diatomite 
additives (Sarı et al., 2018). A study was also carried out by the University of Indonesia to evaluate 
the effect of CuO nanoparticles addition to beeswax as PCM. The results showed that the method 
could increase thermal conductivity of the mixture but reduced the latent heat and heat capacity 
(Putra et al., 2016). In addition, Wei et al. created an encapsulation of PCM composites using 
succulent-based carbon aerogel (SCA) to avoid leakage when melting paraffin (Wei et al., 2018).  

According to several studies, encapsulation is a common packaging technique to entrap active 
materials within a carrier (Sahlan et al., 2019; Nedovic et al., 2011). This technique has been widely 
used in recent years across various industries, including drugs (Mora-Huertas et al., 2010), 
cosmetics (Kwon et al., 2012), fertilizers (Wani et al., 2019), adhesives (Yuan et al., 2011), and food 
(Fathi et al., 2012). In addition, nano-capsules have been reported to have the ability to trigger the 
activation of encapsulated components in response to certain environmental stimuli, such as 
acidity, temperature, and pressure (Das et al., 2020; Hofmeister et al., 2014). Various studies have 
also known that nano-capsules contain active materials within their structure, mitigating the risk of 
undesired leakage (Madelatparvar et al., 2023). For example, the incorporation of nano-
encapsulated PCM into textiles facilitates the retention of PCM during heating, thereby preventing 
leakage. 

Nano-encapsulated PCM synthesized in this study represents a significant advancement over 
the conventional in-situ polymerization method used for encapsulating PEG 1000 (Kurniawan et 
al., 2019). The encapsulation process of PEG 1000 often presents various challenges, particularly in 
hydrophilic solvents, where it tends to interact with the solvent rather than surfactant to form 
micelles (Tong et al., 2011). Meanwhile, paraffin with hydrophobic characteristics tends to interact 
with only surfactant to form micelles (Zhao and Zhang, 2011). This shows that the addition of 
paraffin to nano-encapsulation of PEG is expected to form a more stable emulsion and enhance the 
success of the process. In this study, paraffin was added to produce PCM with melting temperature 
around the human comfort range of approximately 37 oC for thermal comfort in textile-based 
product applications. Material is known to have good performance in storing and releasing heat 
energy under human temperature comfort (Yang et al., 2018), leading to its widespread application 
as PCM material. Paraffin also has a high latent heat capacity of 2247 J/g (Khalifa et al., 2013) 
compared to PEG 1000 with 161.18 J/g (Kou et al., 2019). The high latent heat capacity helps to 
improve thermal capacity of PEG-1000 PCM nano-capsules. In this study, PEG 1000-Paraffin 
composite was designed as the core material, and urea-formaldehyde (UF) was used as the shell 
material. The PCM nano-capsules obtained were characterized, and their potential for thermal 
comfort enhancement was evaluated. 

2. Materials and Methods 

2.1. Materials 
 This study used PEG 1000, sourced from Merck KGaA (Darmstadt, Germany) with a melting 

range of approximately 33-40 oC, along with Paraffin, obtained from a local chemical product store 
in Bandung, Indonesia. The formula of paraffin was (C)n(H)2n+2, with n ranging from 20-40, and a 
melting point of approximately 46-68 oC, which were used as the PCM. In addition, the PCM was 
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encapsulated using Urea-Formaldehyde resin synthesized through in-situ polymerization. The 
Urea was obtained from Merck KGaA (Darmstadt, Germany), while formaldehyde was sourced 
from a local chemical product store. Sodium Dodecyl Sulphate (SDS) also from Merck KGaA 
(Darmstadt, Germany) was utilized as the surfactant to create the micelle of the encapsulated 
material. Hydrochloric Acid (HCl) fuming 37% and Sodium Hydroxide (NaOH), both from Merck 
KGaA (Darmstadt, Germany), were used to control the pH of the solution, which facilitated 
polymerization under acidic conditions. Polyvinyl Alcohol (PVA) from Bratachem (Bandung, 
Indonesia) served as an emulsion stabilizer. 

2.2. Synthesis of Nano-encapsulated PEG 1000 (Pn) and PEG 1000 - Paraffin (PPn) Composite 
PEG nano-capsules were synthesized using the method described by Karthikeyan et al. (2014), 

with certain modifications. Initially, 2 samples were created using different raw materials, as 
detailed in Table 1. The samples were named PEG 1000 nano-capsules and PEG 1000 - Paraffin 
nano-capsules, abbreviated as Pn and PPn, respectively. 

 
Table 1 The amount of raw material 

Materials Pn PPn 

Urea 24 g 24 g 

Formaldehyde 8.8 ml 8.8 ml 

Water 150 ml 150 ml 

PEG1000 16 g 16 g 

Paraffin - 3 g 

SDS 0.3 g 0.3 g 

PVA 0.2 g 0.2 g 

 
The synthesis process was performed in 2 steps. First, a prepolymer solution was prepared as a 

coating layer. Second, an emulsion solution was created as the core of PCM materials. The 
prepolymer preparation started by adding urea into 50 ml of water at 40 oC, formaldehyde was then 
slowly added while stirring at 1500 rpm at 70 oC for 90 minutes. Meanwhile, an emulsion solution 
was prepared by mixing SDS into 100ml of water at 40 oC until it was evenly dispersed. PEG1000 
was added to the mixture to form an emulsion, then paraffin was incorporated into the emulsion. 
This mixture was stirred for approximately 40 minutes, after which PVA was added slowly to 
stabilize the emulsion. Once a stable emulsion was formed, the pH of the mixture was adjusted to 
4-4.5 by adding HCl to maintain the optimal acidity level for the polymerization of the shell 
material. The prepolymer solution was gradually added to the mixture to initiate the formation of 
urea-formaldehyde resins. Finally, the mixture was stirred with a magnetic stirrer at 1000 rpm for 
100 minutes at 75 oC. 

After polymerization, the mixture consisted of nano-capsules, side products, and unreacted 
reactants. The unwanted side products and unreacted reactants were removed to isolate nano-
capsules through filtration and centrifugation. First, the mixture was filtered using filter papers and 
then centrifuged at 1200 rpm and 12000 rpm for 10 minutes each, to remove the large molecules of 
excess urea-formaldehyde and some paraffin residue. Nano-capsules were then washed using 
distilled water at 70 oC and centrifuged again at 12000 rpm for 3 intervals of 10 minutes each. 
Following the filtration and centrifugation processes, nano-capsules were dried in an oven at 70 oC 
for 8 hours. An illustration of the overall synthesis process was provided in Figure 1. 

2.3. Characterization of Nano-encapsulated PEG 1000 (Pn) and PEG 1000 - Paraffin (PPn) 
Composite 
The performance and quality of the synthesized nano-capsules could be evaluated using several 

characterization methods, such as Particle Size Analyzer (PSA), Transmission Electron Microscope 
(TEM), Thermogravimetry Analysis (TGA), and Differential Scanning Calorimetry (DSC). First, 
PSA was utilized to determine the size distribution of nano-capsule. Second, TEM was used to 
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observe its morphology and structure, while TGA and DSC were used to determine thermal 
properties. The characterization results were used to evaluate the synthesis methods and 
parameters, as well as to understand thermal behavior of the synthesized nano-capsules. 

 

Figure 1 Illustration of PEG-Paraffin composite nano-capsules synthesis process 

3. Results and Discussion 

3.1. Particle Size Analysis 
The particle size distribution of materials was obtained using PSA as showed in Figure 2, with 

the particle size value for the Pn and PPn samples being 125 nm and 319.1 nm, respectively. These 
results showed that the PCM nano-capsules were successfully synthesized. However, aside from 
the peaks shown in Figure 2, an additional peak in the range greater than 1µm for both Pn and PPn 
samples was not presented, suggesting that agglomeration of nano-capsules still occurred.  

 
Figure 2 Particle size distribution obtained from PSA: (a) Pn; and (b) PPn 
 
3.2.  TEM 

TEM results as showed in Figure 3, showed that Pn and PPn nano-capsules had successfully 
formed. In addition, these results also confirmed that PSA's measurement result for the PCM nano-
capsules individual particle size range was accurate, where the size of Pn and PPn were 84-140 nm 
and 342 nm, respectively. Figure 3(a) observed a uniform contrast on the core of Pn particles, with 
a slightly lighter contrast on the shell, showing the presence of the UF shell. Meanwhile, Figure 3(b) 
showed a contrast difference in the core region, where lighter contrast in the center showed the 
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presence of Paraffin. This contrast difference was due to a significant difference in molecular weight 
between Paraffin, located in the core of PCM nano-capsules, and PEG-1000, which encapsulated 
Paraffin. PEG-1000 had a molecular weight in the range of 950-1000 g/mol (Faradilla et al., 2019), 
while Paraffin's molecular weight ranged from 360–420 g/mol (Soliman, 2020). Since the molecular 
weight was lower than PEG-1000, Paraffin at the center of PCM nano-capsules appeared brighter 
in the TEM image (Nicolet et al., 2011). These results showed that both Paraffin and PEG-1000 were 
successfully contained within the PPn nano-capsules. 

 

Figure 3 TEM images: (a) Pn; and (b) PPn 
 

According to the analysis of the TEM results, the structure of PPn nano-capsules was showed in 
Figure 4. Based on the FTIR result in Figure 4, as discussed in the next section, showed that the 
formation of PPn nano-capsules was not caused by chemisorption, rather, it was due to 
physisorption. When the PEG 1000 and Paraffin mixture dispersed in an aqueous solution 
containing SDS emulsifier, it resulted in the production of a stable oil-in-water emulsion (Fang et 
al., 2010). Urea Formaldehyde, being a hydrophilic solvent, interacted with SDS hydrophobic 
chains, forming the spherical micelle structure, encapsulated by spherical nano-capsules (Jafari et 
al., 2018; Manoharan, 2011), as showed in Figure 4. The structural stability of nano-capsules was 
due to their number of hydrophilic and hydrophobic components, which enabled the maintenance 
of their intermolecular force that interacted with each other. 

 

Figure 4 The illustration of PEG 1000 and Paraffin nano-capsules structure 
 
3.3.  Fourier Transform Infrared Spectroscopy 

The FTIR results provided a deeper understanding of the chemical interaction formed within 
materials. The FTIR results of Pn and PPn samples, as shown in Figure 5, showed the primary 
characteristic peaks for Paraffin at 2962 and 2854 cm-1, corresponding to C-H stretching vibrations. 
Peaks at 1442 and 783 cm-1 related to the C-H bending vibration and the in-plane rocking vibration 
of the CH2, respectively (Zhang and Yuan, 2020). However, Paraffin addition did not yield any new 
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peaks in the FTIR spectra, showing the absence of a chemical bond between PEG and Paraffin, as 
well as Paraffin and Urea-Formaldehyde. 

 

Figure 5 FTIR results: (red line) Pn; and (blue line) PPn 
 

3.4.  DSC 
DSC measurement was important for determining thermal regulatory properties of the created 

materials. First, a comparison between Pn and PPn nano-capsules and PEG was conducted. The 
DSC results presented in Figure 6 showed that Pn's melting temperature was shifted to a lower 
temperature, from 32.95 oC to 22.82 oC, compared with PEG. The latent heat for PEG and Pn was 
measured at 79.35 J/g and 49.37 J/g, respectively. The decreased latent heat for Pn was associated 
with using urea-formaldehyde as the shell material, which exhibited low thermal conductivity 
(Karthikeyan et al., 2014). The addition of Paraffin in the core of nano-capsules led to a significant 
increase in the latent heat energy capacity of PPn nano-capsules, reaching 653.22 J/g based on the 
DSC results listed in Table 2, where the latent heat increase of PPn was 13 times greater than Pn. 
The improvement in latent heat capacity with the addition of Paraffin to nano-encapsulated PEG 
1000 was attributed to Paraffin’s much higher capacity of 2247 J/g (Khalifa et al., 2013) compared 
to PEG 1000, which had 161.18 J/g (Kou et al., 2019). The results from this study showed that this 
nano-encapsulated Paraffin and PEG 1000 composite possessed great potential to be applied in 
clothing for thermal regulation, due to its melting point within the range of human comfort and its 
high latent heat capacity. 

 

Figure 6 DSC results of the heating process for PEG-1000, Pn, and PPn 
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Table 2 Melting point and latent heat for PEG-1000, Pn, and PPn 

Materials Melting Point (oC) Latent Heat (J/g) 

PEG-1000 32.95 79.35 
Pn 22.82 49.37 

PPn 38.77 653.22 

 
3.5. TGA 

Another thermal characteristic using TGA as showed in Figure 7, showed a rapid decomposition 
process of Pn and PPn at temperatures above 200 oC, where PPn had a more significant weight loss 
when compared to Pn. This weight loss in PPn could be due to the presence of paraffin as the core 
of nano-capsules, which had low thermal stability above 200 oC (Jiang et al., 2018). However, 
considering that Pn and Pnn PCM nano-capsules were intended to be applied within the human 
body temperature comfort range of approximately 37 oC (Protsiv et al., 2020), the observed 
temperature instability above 200 oC was negligible. 

 
Figure 7 TGA results of Pn and PPn 

4. Conclusions 

In conclusion, the results showed that the PEG 1000 - paraffin nano-capsules (PPn) had been 
successfully formed. It could perform as phase change material (PCM) to maintain temperature 
stability around the human comfort range of approximately 37 oC. Furthermore, thermal 
characterization results showed that paraffin addition in PPn produced a significantly higher 
thermal capacity, which was 13 times higher compared to that of PEG 1000 nano-capsules (Pn). 
Therefore, PPn could be a good alternative as a PCM designed to enhance thermal comfort of textile-
based products. PPn had a more significant mass loss at a temperature higher than 200 oC, which 
was appropriate for the intended application of maintaining thermal comfort of the textile-based 
product for clothing purposes. 

Acknowledgements 

This study was supported by the research scheme of Penelitian Dasar Unggulan Perguruan Tinggi 
(PDUPT) 2019 from the Ministry of Research, Technology and Higher Education of the Republic of Indonesia 
entitled “Sintesis dan Integrasi Nano-Encapsulated Phase Change Material (PCM) pada Kain Untuk 
Pembuatan Smart-Textile”. Synthesis and characterization were mostly performed using facilities at the 
Research Center for Nanoscience and Nanotechnology of Institut Teknologi Bandung. 

 
 

Temperature (oC)

W
ei
g
h
t
lo
ss
(%
)

PPn

Pn



979 
International Journal of Technology 16(3) 972-981 (2025)  

 

 

 

Author Contributions 

Toni Subagja: Writing – original draft, Visualization, Formal analysis, Data curation. Damar Rastri Adhika: 
Writing – review & editing, Supervision, Resources, Project administration, Methodology, Funding 
acquisition, Formal analysis, Conceptualization. Ridho Kurniawan: Investigation, Methodology, Formal 
analysis, Data curation. Arjun Sumarlan: Investigation, Methodology, Formal analysis, Data curation. 
Nugraha: Methodology, Supervision. Vienna Saraswaty: Investigation, Methodology. 

Conflict of Interest 

The authors declare no conflict of interest. 

References 

Bland, A, Khzouz, M, Statheros, T, & Gkanas, E 2017, 'PCMs for residential building applications: A short 
review focused on disadvantages and proposals for future development', Buildings, vol. 7, no. 3, article 78, 
https://doi.org/10.3390/buildings7030078  

Blunden, J, & Arndt, DS 2019, 'State of the climate in 2018', Bulletin of the American Meteorological Society, 
vol. 100, no. 9, pp. Si–S306, https://doi.org/10.1175/2019BAMSStateoftheClimate.1  

Das, SS, Bharadwaj, P, Bilal, M, Barani, M, Rahdar, A, Taboada, P, Bungau, S, & Kyzas, GZ 2020, 'Stimuli-
responsive polymeric nanocarriers for drug delivery, imaging, and theragnosis', Polymers, vol. 12, no. 6, 
article 1397, https://doi.org/10.3390/polym12061397  

Fang, G, Chen, Z, & Li, H 2010, 'Synthesis and properties of microencapsulated paraffin composites with 
SiO₂ shell as thermal energy storage materials', Chemical Engineering Journal, vol. 163, no. 1–2, pp. 154–159, 
https://doi.org/10.1016/j.cej.2010.07.061  

Faradilla, RHF, Lee, G, Sivakumar, P, Stenzel, M & Arcot, J 2019, 'Effect of polyethylene glycol (PEG) 
molecular weight and nanofillers on the properties of banana pseudostem nanocellulose films', Carbohydrate 
Polymers, vol. 205, pp. 330–339, https://doi.org/10.1016/j.carbpol.2018.10.049  

Fathi, M, Mozafari, MR & Mohebbi, M 2012, 'Nanoencapsulation of food ingredients using lipid based 
delivery systems', Trends in Food Science & Technology, vol. 23, no. 1, pp. 13–27, 
https://doi.org/10.1016/j.tifs.2011.08.003  

Hawachi, I, Sammouda, H & Bennacer, R 2014, 'Energy storage using the phase change materials: 
Application to the thermal insulation', International Journal of Technology, vol. 5, no. 2, pp. 142–151, 
https://doi.org/10.14716/ijtech.v5i2.404  

Hofmeister, I, Landfester, K & Taden, A 2014, 'pH-sensitive nanocapsules with barrier properties: 
Fragrance encapsulation and controlled release', Macromolecules, vol. 47, no. 16, pp. 5768–5773, 
https://doi.org/10.1021/ma5006709  

Jafari, M, Mehrnejad, F, Rahimi, F & Asghari, SM 2018, 'The molecular basis of the sodium dodecyl sulfate 
effect on human ubiquitin structure: A molecular dynamics simulation study', Scientific Reports, vol. 8, no. 
1, article 2150, https://doi.org/10.1038/s41598-018-20669-7  

Jiang, Z, Yang, W, He, F, Xie, C, Fan, J, Wu, J & Zhang, K 2018, 'Microencapsulated paraffin phase-change 
material with calcium carbonate shell for thermal energy storage and solar-thermal conversion', Langmuir, 
vol. 34, no. 47, pp. 14254–14264, https://doi.org/10.1021/acs.langmuir.8b03084  

 Karthikeyan, M, Ramachandran, T & Sundaram, OLS 2014, 'Nanoencapsulated phase change materials 
based on polyethylene glycol for creating thermoregulating cotton', Journal of Industrial Textiles, vol. 44, no. 
1, pp. 130–146, https://doi.org/10.1177/1528083713480378  

Khalifa, AJN, Suffer, KH & Mahmoud, MSh 2013, 'A storage domestic solar hot water system with a back 
layer of phase change material', Experimental Thermal and Fluid Science, vol. 44, pp. 174–181, 
https://doi.org/10.1016/j.expthermflusci.2012.05.017  

Kou, Y, Wang, S, Luo, J, Sun, K, Zhang, J, Tan, Z & Shi, Q 2019, 'Thermal analysis and heat capacity study 
of polyethylene glycol (PEG) phase change materials for thermal energy storage applications', The Journal of 
Chemical Thermodynamics, vol. 128, pp. 259–274, https://doi.org/10.1016/j.jct.2018.09.021  

Kurniawan, R, Sumarlan, A, Adhika, DR & Nugraha 2019, 'Nanoencapsulated PEG 1000 and PEG 6000 as 
the phase change material to be applied on cotton fabrics', AIP Conference Proceedings, vol. 2088, no. 1, article 
060005, https://doi.org/10.1063/1.5095353  

Kwon, MC, Choi, WY, Seo, YC, Kim, JS, Yoon, CS, Lim, HW, Kim, HS, Ahn, JH & Lee, HY 2012, 
'Enhancement of the skin-protective activities of Centella Asiatica L. Urban by a nano-encapsulation process', 
Journal of Biotechnology, vol. 157, no. 1, pp. 100–106, https://doi.org/10.1016/j.jbiotec.2011.08.025  

https://doi.org/10.3390/buildings7030078
https://doi.org/10.1175/2019BAMSStateoftheClimate.1
https://doi.org/10.3390/polym12061397
https://doi.org/10.1016/j.cej.2010.07.061
https://doi.org/10.1016/j.carbpol.2018.10.049
https://doi.org/10.1016/j.tifs.2011.08.003
https://doi.org/10.14716/ijtech.v5i2.404
https://doi.org/10.1021/ma5006709
https://doi.org/10.1038/s41598-018-20669-7
https://doi.org/10.1021/acs.langmuir.8b03084
https://doi.org/10.1177/1528083713480378
https://doi.org/10.1016/j.expthermflusci.2012.05.017
https://doi.org/10.1016/j.jct.2018.09.021
https://doi.org/10.1063/1.5095353
https://doi.org/10.1016/j.jbiotec.2011.08.025


980 
International Journal of Technology 16(3) 972-981 (2025)  

 

 

 

Liu, S, Yan, Z, Fu, L & Yang, H 2017, 'Hierarchical nano-activated silica nanosheets for thermal energy 
storage', Solar Energy Materials and Solar Cells, vol. 167, pp. 140–149, 
https://doi.org/10.1016/j.solmat.2017.04.009  

Madelatparvar, M, Hosseini, MS & Zhang, C 2023, 'Polyurea micro-/nano-capsule applications in 
construction industry: A review', Nanotechnology Reviews, vol. 12, no. 1, article 20220516, 
https://doi.org/10.1515/ntrev-2022-0516  

Manoharan, VN, 2011, 'Review of molecular forces and self assembly: In colloid, nano sciences and 
biology’, Physics Today, vol. 64, no. 2, article 48, http://dx.doi.org/10.1063/1.3554316  

Mora-Huertas, CE, Fessi, H & Elaissari, A 2010, 'Polymer-based nanocapsules for drug delivery', 
International Journal of Pharmaceutics, vol. 385, no. 1–2, pp. 113–142, 
https://doi.org/10.1016/j.ijpharm.2009.10.018  

Nedovic, V, Kalusevic, A, Manojlovic, V, Levic, S, & Bugarski, B 2011, 'An overview of encapsulation 
technologies for food applications', Procedia Food Science, vol. 1, pp. 1806–1815, 
https://doi.org/10.1016/j.profoo.2011.09.265  

Nicolet, C, Deribew, D, Renaud, C, Fleury, G, Brochon, C, Cloutet, E, Vignau, L, Wantz, G, Cramail, H, 
Geoghegan, M, & Hadziioannou, G 2011, 'Optimization of the bulk heterojunction composition for enhanced 
photovoltaic properties: Correlation between the molecular weight of the semiconducting polymer and 
device performance', The Journal of Physical Chemistry B, vol. 115, no. 44, pp. 12717–12727, 
https://doi.org/10.1021/jp207669j  

Protsiv, M, Ley, C, Lankester, J, Hastie, T & Parsonnet, J 2020, 'Decreasing human body temperature in the 
United States since the industrial revolution', ELife, vol. 9, article e49555, 
https://doi.org/10.7554/eLife.49555  

Putra, N, Prawiro, E & Amin, M 2016, 'Thermal properties of beeswax/CuO nano phase-change material 
used for thermal energy storage', International Journal of Technology, vol. 7, no. 2, pp. 244–253, 
https://doi.org/10.14716/ijtech.v7i2.2976  

Rathod, MK & Banerjee, J 2013, 'Thermal stability of phase change materials used in latent heat energy 
storage systems: A review', Renewable and Sustainable Energy Reviews, vol. 18, pp. 246–258, 
https://doi.org/10.1016/j.rser.2012.10.022  

Sahlan, M, Fadhan, AM, Pratami, DK, Wijanarko, A, Lischer, K, Hermansyah, H & Mahira, KF 2019, 
'Encapsulation of agarwood essential oil with maltodextrin and gum arabic', International Journal of 
Technology, vol. 10, no. 8, pp. 1541–1547, https://doi.org/10.14716/ijtech.v10i8.3485  

Sarı, A, Bicer, A, Al-Sulaiman, FA, Karaipekli, A & Tyagi, VV 2018, 'Diatomite/CNTs/PEG composite 
PCMs with shape-stabilized and improved thermal conductivity: Preparation and thermal energy storage 
properties', Energy and Buildings, vol. 164, pp. 166–175, https://doi.org/10.1016/j.enbuild.2018.01.009  

Sarier, N & Onder, E 2012, 'Organic phase change materials and their textile applications: An overview', 
Thermochimica Acta, vol. 540, pp. 7–60, https://doi.org/10.1016/j.tca.2012.04.013  

Soliman, FS 2020, 'Introductory chapter: Petroleum paraffins', In: Paraffin - an Overview, IntechOpen, vol. 
3, pp. 9–11, https://doi.org/10.5772/intechopen.87090  

Tong, S, Hou, S, Ren, B, Zheng, Z & Bao, G 2011, 'Self-assembly of phospholipid–PEG coating on 
nanoparticles through dual solvent exchange', Nano Letters, vol. 11, no. 9, pp. 3720–3726, 
https://doi.org/10.1021/nl201978c  

Trisnadewi, T, Kusrini, E, Nurjaya, DM, Paul, B, Maré, T & Putra, N 2023, 'Comparison of phase change 
materials of modified soy wax using graphene and MAXene for thermal energy storage materials in 
buildings', International Journal of Technology, vol. 14, no. 3, pp. 596–605, 
https://doi.org/10.14716/ijtech.v14i3.6092  

Wani, TA, Masoodi, FA, Baba, WN, Ahmad, M, Rahmanian, N & Jafari, SM 2019, 'Nanoencapsulation of 
agrochemicals, fertilizers, and pesticides for improved plant production', Advances in Phytonanotechnology, 
pp. 279–298, https://doi.org/10.1016/B978-0-12-815322-2.00012-2  

Wei, Y, Li, J, Sun, F, Wu, J & Zhao, L 2018, 'Leakage-proof phase change composites supported by biomass 
carbon aerogels from succulents', Green Chemistry, vol. 20, no. 8, pp. 1858–1865, 
https://doi.org/10.1039/C7GC03595K  

Yang, W, Zhang, L, Guo, Y, Jiang, Z, He, F, Xie, C, Fan, J, Wu, J & Zhang, K 2018, 'Novel segregated-
structure phase change materials composed of paraffin@graphene microencapsules with high latent heat and 
thermal conductivity', Journal of Materials Science, vol. 53, no. 4, pp. 2566–2575, 
https://doi.org/10.1007/s10853-017-1693-2  

https://doi.org/10.1016/j.solmat.2017.04.009
https://doi.org/10.1515/ntrev-2022-0516
http://dx.doi.org/10.1063/1.3554316
https://doi.org/10.1016/j.ijpharm.2009.10.018
https://doi.org/10.1016/j.profoo.2011.09.265
https://doi.org/10.1021/jp207669j
https://doi.org/10.7554/eLife.49555
https://doi.org/10.14716/ijtech.v7i2.2976
https://doi.org/10.1016/j.rser.2012.10.022
https://doi.org/10.14716/ijtech.v10i8.3485
https://doi.org/10.1016/j.enbuild.2018.01.009
https://doi.org/10.1016/j.tca.2012.04.013
https://doi.org/10.5772/intechopen.87090
https://doi.org/10.1021/nl201978c
https://doi.org/10.14716/ijtech.v14i3.6092
https://doi.org/10.1016/B978-0-12-815322-2.00012-2
https://doi.org/10.1039/C7GC03595K
https://doi.org/10.1007/s10853-017-1693-2


981 
International Journal of Technology 16(3) 972-981 (2025)  

 

 

 

Yuan, YC, Ye, XJ, Rong, MZ, Zhang, MQ, Yang, GC & Zhao, JQ 2011, 'Self-healing epoxy composite with 
heat-resistant healant', ACS Applied Materials & Interfaces, vol. 3, no. 11, pp. 4487–4495, 
https://doi.org/10.1021/am201182j    

Zhang, N & Yuan, Y 2020, 'Synthesis and thermal properties of nanoencapsulation of paraffin as phase 
change material for latent heat thermal energy storage', Energy and Built Environment, vol. 1, no. 4, pp. 410–
416, https://doi.org/10.1016/j.enbenv.2020.04.003  

Zhao, CY & Zhang, GH 2011, 'Review on microencapsulated phase change materials (MEPCMs): 
Fabrication, characterization and applications', Renewable and Sustainable Energy Reviews, vol. 15, no. 8, pp. 
3813–3832, https://doi.org/10.1016/j.rser.2011.07.019  

https://doi.org/10.1021/am201182j
https://doi.org/10.1016/j.enbenv.2020.04.003
https://doi.org/10.1016/j.rser.2011.07.019

