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ABSTRACT

To enhance the mechanical and thermal stability of wood-plastic composite phase change
materials (WPC PCMs), polyethylene glycol (PEG)/wood flour (WF) PCMs were prepared
via solution impregnation. These were added to cellulose, polycaprolactone (PCL), and
polylactic acid (PLA)-blended degradable plastics and then compression-molded into WPC
PCMs. The materials were characterized using mechanical and thermal tests (SEM, FT-IR,
DSC, TG).

Research shows that capillary action enables WF to encapsulate PEG, reducing
post-phase transition leakage and facilitating heat storage. As PEG content changes, phase
change enthalpy and temperature first decrease, then increase, and finally stabilize, with a
high latent heat of 33.97 J/g. WPC PCMs exhibit good thermal stability with increasing PEG.
When the addition amount of PEG was 30%, compared with the initial decomposition
temperature and the maximum decomposition temperature of the material without PEG
addition, they increased by 24.4°C and 26.9°C respectively.PEG increases the thermal
conductivity of WPC PCMs within a certain range, but the increase is limited. Due to its
simple preparation, WPC PCMs have broad application prospects in solar and biomass energy
storage.

KEYWORDS: Biodegradable, phase transformation, wood-plastic composite phase change
materials.

INTRODUCTION

Thermal energy, being a kind of renewable energy, has captured much interest due to its
copious resources. Nevertheless, its inefficient utilization has given rise to a substantial
amount of waste (Hassan et al. 2022). Phase change materials (PCMs) possess the remarkable
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capacity to proficiently store and liberate heat during the phase transition, which significantly
augments the utilization efficacy of thermal energy (Nazir et al. 2019). Wood-plastic
composite phase change materials (WPC PCMs) are fabricated by integrating wood or wood
powder and other ligneous substances with plastics and incorporating phase change materials,
thereby generating a material with compound functions. This material amalgamates the
ecological friendliness and a certain degree of strength of wood with the processing
characteristics of plastics. Concurrently, it actualizes the functions of energy storage and
release via the phase change materials (Morchid et al. 2024).

Previous research has yielded promising results. For instance, adding polyethylene glycol
(PEG) and graphene oxide (GO) nanosheets to wood flour/polyurethane (WF/PU) PCMs
significantly improves thermal conductivity, enhancing their efficiency as solar light
absorbers and demonstrating high potential for solar thermal energy storage (Lu et al. 2019).
In another study, a ternary PEG/WF/polylactic acid (PLA) composite was prepared, where
WF effectively encapsulated PEG via capillary adsorption, leading to a high latent heat
capacity of 87.2 J/g. Moreover, PLA imparts excellent mechanical strength and processability
to the composite across various temperatures (Sheng et al. 2013).

Techniques such as vacuum impregnation have proven effective in incorporating phase
change materials into wood-plastic composites. For example, citric acid-palmitic acid (CA-PA)
eutectic mixtures were successfully integrated into WF/polyvinyl chloride (PVC) composites,
with WF preventing leakage and ensuring reliable mechanical, thermal, and chemical
performance (Xing 2021). Microencapsulated PCMs, like those containing dodecanol, also
show great promise when incorporated into WZF/high-density polyethylene (HDPE)
composites, offering suitable phase transition temperatures, high energy storage capacity, and
robust mechanical properties. By adjusting the core and shell materials of microcapsules, the
release behavior of PCMs can be precisely controlled, further enhancing composite
performance (Guo et al. 2016).

In summary, WPCs serve as an ideal matrix for PCMs, providing physical support and
preventing leakage through their porous or fibrous structures. However, the renewable and
eco-friendly nature of WPCs also presents limitations for the sustainable development of
these composite energy storage materials. Additionally, improving the mechanical properties
of PCM-based composites to enhance strength, stiffness, and toughness remains a critical
challenge. In this study, PEG/WF PCMs were synthesized through a simple impregnation
process. Subsequently, thermally energy storage wood-plastic composites (TES-WPCs) were
fabricated via compression molding, using biodegradable plastics modified with cellulose,
polycaprolactone (PCL), and PLA. By leveraging the complementary advantages of these
components while maintaining biodegradability, the study aimed to enhance the overall
performance of the composites. The materials' thermal and mechanical properties were
comprehensively characterized using scanning electron microscopy (SEM), Fourier transform
infrared  spectroscopy (FTIR), differential scanning calorimetry (DSC), and
thermogravimetric analysis (TG).
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MATERIAL AND METHODS

Materials
Poplar (Populus tomentasa Carr.) wood flour (WF) was provided by Hebei Jiashuo

Building Materials Processing Co., Ltd, China, passing through a 100-mesh sieve, oven-dried
at 105°C for 24 h to a MC of less than 3%. Cellulose was provided by Hefei Qiansheng
Biotechnology Co., Ltd, China. Polylactic acid (PLA, 1.24 g-cm™ and a melt point of 155°C)
was purchased from Total Energies, Thailand. Polycaprolactone (PCL, 1.2 g-cm™ and a melt
point of 60°C was provided by Guangdong Tesulang Chemical Co., Ltd, China. Polyethylene
glycol (PEG, analytical grade, Mn=20000) was provided by Shanghai Aladdin Biochemical
Technology Co., Ltd, China. Maleic anhydride grafted polypropylene (MAPP, with 1.0 MA%
grafting rate and a melt flow index (MFI) of 120.0 g/10 min was supplied by Chuangjinxin
Chemical Technology Co., Ltd, China, and was used as a coupling agent.

Preparation of sample
Varying amounts of PEG are dissolved in water and used to fully impregnate wood flour

(Tab. 1). After drying, it is blended with cellulose, PLA, and PCL in a high-speed mixer for
15 min. Subsequently, it is evenly spread in a mold. Finally, segmented molding is carried out
as follows: in the first stage, at 165°C and a pressure of 0.5 tons for 15 min; in the second
stage, at 165°C and a pressure of 3 tons for 3 min. The samples were prepared using the
compression molding method with dimensions of 250x250x4 mm and a target density of 1.0
g-em™. Then the prepared panels were sawn into specified size specimens, which were
sequentially dried to an oven-dry state.

Tab. 1: Sample of the WPC PCMs.

Sample WF (%) PLA (%) PCL (%) Cellulose (%) PEG (%)
PEGO 30 30 30 10 0
PEGS5 30 30 30 10 5

PEG10 30 30 30 10 10
PEGI15 30 30 30 10 15
PEG20 30 30 30 10 20
PEG25 30 30 30 10 25
PEG30 30 30 30 10 30

Characterization of the WPC PCMs
SEM experiments were carried out with a JSM-IT300LV to observe the morphology of

the dispersed phase. The scanning voltage was 10 kV, and the sample was coated with gold
before observation. FT-IR spectra analysis was performed using a ThermoFisher Scientific
1S5 instrument (Thermo, USA). Each spectrum had a resolution of 4 cm’ and was obtained
with 16 scans.

Thermal analysis
The phase transition behavior and heat storage performance of PCMs composites were

studied by using the TA instrument (DSC Q2000), with a scanning rate of 5°C/min and
a scanning range of 10-60°C, under N, atmosphere. The thermal stability of the sample was

examined by employing a TGA-QS50 thermogravimetric analyzer in a N, atmosphere with
349



WOOD RESEARCH

a flow rate of 20 ml-min™. The heating process spanned from room temperature to 600°C at
a scanning rate of 10°C-min™" and the thermogravimetric curve (TGA) and differential
thermogravimetric curve (DTG) were obtained. Before the test, the sample was processed into
a plate with dimensions of 50 mm in length, 50 mm in width, and 15 mm in thickness. After
preheating treatment and the testing of standard samples, the sample was placed in a thermal
conductivity tester for testing to obtain its thermal conductivity. The samples were observed by
using the testo 872 thermal imager and the SH-X multi-channel temperature tester, and

the temperature-time curves and pictures were obtained

RESULTS AND DISCUSSION

Scanning electron microscopy (SEM)

Wood flour is a fine particle formed through the processing of wood. In the processing
procedure, the space between the wood cell cavity and the cell wall is preserved, thereby
endowing wood flour with porous characteristics. A multitude of gully-like and tunnel-like
veins are observable on the surface of wood flour. The surface inhomogeneity and porosities
of wood flour will be filled by PEG via hydrogen bond interaction, capillary force, and
surface tension force (Liang et al. 2018). However, in comparison with highly efficient porous
materials, the adsorption capacity of wood flour is rather limited. As shown in Fig. 1, without
the addition of PEG (Fig. 1a), the surface of the WPCs is extremely rough, and numerous
pores and protruding fibers can be clearly observed. Once the pores are filled with PEG, the
surface becomes smooth. This indicates that the addition of PEG can effectively fill the pores
of wood flour and the gaps resulting from poor compatibility between fibers and the matrix,
reducing PEG leakage while enhancing the thermal stability and mechanical properties of the
composite material (Fig. 1e).

(e) PEG30

(d) PEG20
Fig. 1: SEM images of WPC PCMs cross-sections.
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FT-IR analysis
The FTIR spectra of the pure PEG and the prepared WPC PCMs are presented in Fig. 2.

At approximately 3463 cm™', a prominent characteristic absorption peak is present, which is
ascribed to the stretching vibration of O-H, stemming from the prevalent hydrogen bonding
among hydroxyl groups. In the vicinity of 2893 c¢m™, intense absorption peaks emerge, which
are attributable to the stretching vibration of C-H. Around 1362 cm™, the bending vibration
peaks of C-H can be detected. Near 1105 cm™, the stretching vibration peaks of C-O-C are
observable. Nevertheless, no new chemical bonds were discerned. The -OH in PEG at
3463 cm™ and the -OH in WF at 3423 cm™ undergo mixed vibration, causing this peak to shift
to the low-frequency region to 3440 cm™. This peak becomes broader and its intensity is
enhanced, which means that there is a certain interaction between WF and PEG, affecting
the hydrogen bond network of PEG molecules. Since PEG has oxygen-containing groups such
as -OH and C=0, it is inferred that PEG is bound due to the capillary adsorption effect of the
-OH and the pore structure of WF, which can reduce its leakage after the phase change and is
beneficial for it to play the heat storage function. In addition, the characteristic peak of PEG
near 2893 cm™ can be observed, which means that PEG has been successfully adsorbed.
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Fig. 2: The FTIR spectra of PEG and WPC PCMs.

Thermal analysis

Heat storage performance is a core element that determines the application prospects of
phase change materials (PCMs). The differential scanning calorimetry (DSC) curves of PEG
and WPC PCMs, as well as the corresponding data of melting enthalpy (AHp), melting
temperature (Tp), freezing enthalpy (AHy), and freezing temperature (Ts), are presented and
summarized in Fig. 3 and Tab. 2 respectively. Within the temperature range of 20°C to 80°C,
PEG and WPC PCMs display similar thermal behavior characteristics.

After the introduction of PEG into the material system, the phase transition temperature of
the system exhibits a pattern of initial decrease, subsequent increase, and ultimate
stabilization. When the amount of PEG added to the system is at a relatively low level,
considering that WF itself does not exhibit significant and accurately measurable phase
transition phenomena, the phase transition temperature of the system at this stage is primarily
determined by the thermal enthalpy properties of WF (Zhang and Cao 2022). Meanwhile, WF

exerts a steric hindrance effect on the regular arrangement of PEG molecular chains. This
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effect significantly inhibits the nucleation process and subsequent crystal growth of PEG,
leading to a notable decrease in the crystallinity of PEG and, in turn, causing a reduction in
the phase transition temperature of the system (Viitala et al. 2019).
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Fig. 3: The DSC curves of PEG and WPC PCMs.
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A comprehensive analysis of DSC curve reveals that, under such circumstances, it is
nearly impossible to detect the characteristic phase transition peak of PEG. The phase
transition temperature of the system is closer to the thermal transition temperature range of
WEF. When the amount of added PEG exceeds a certain threshold, the interference of WF on
PEG is relatively weakened, and the phase transition behavior of the system is gradually
dominated by PEG. Correspondingly, the phase transition temperature of the system begins to
rise and gradually converges towards the characteristic phase transition temperature range of
PEG. Since PEG has a typical phase transition process, a distinct and distinguishable phase
transition peak appears on the DSC curve, and this peak continuously approaches the standard
phase transition peak range of PEG (Yuan et al. 2016). As shown in Tab. 2, with the increase
in the amount of PEG added, the phase change enthalpy follows a similar trend to the phase
transition temperature.

Tab. 2: Phase change properties of PEG and WPC PCMs.
Sample Tm (°C) T. (°C) AH, (J/g) AH. (J/g)
PEG0 55.83 35.36 12.89 13.19
PEG5 55.52 34.70 11.50 11.58
PEG10 55.35 34.25 11.59 11.72
PEGI5 55.70 36.44 15.75 13.42
PEG20 55.85 35.57 21.02 26.33
PEG25 60.61 38.15 33.97 34.72
PEG30 59.65 36.51 31.93 34.87

In the initial stage, since the content of PEG in the system is extremely low, the amount
of PEG that can participate in the phase-change process is very limited. As a result, the phase
change enthalpy is at a relatively low level. This phenomenon indicates that during the entire
phase-change process, the heat absorbed or released by the system is relatively small, which
means its energy storage capacity is relatively weak. From the DSC curve (Fig. 3), the peak
area representing the phase change enthalpy is also correspondingly small. As the amount of
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added PEG gradually increases, the number of PEG molecules participating in the
phase-change process significantly rises. Given that PEG itself has a relatively high phase
change enthalpy (Zhang et al. 2022), the phase change enthalpy of the system increases with
the increase in the amount of added PEG. This implies that the energy storage capacity of the
system during the phase-change process is significantly enhanced (Yang et al. 2024). On the
DSC curve (Fig. 3), this change is manifested as a significant increase in the phase-change
peak area.

However, when the amount of PEG added exceeds a specific critical value,
the compatibility issue between PEG and WF gradually becomes prominent. This issue leads
to some of the PEG failing to fully perform its heat-storage function during the phase-change
process (Wang & Wen 2023). Although the phase change enthalpy still shows an overall
increasing trend, the growth rate gradually slows down and eventually stabilizes.

Thermogravimetric analysis

The thermogravimetric analysis of composite materials was an important method to
measure the service temperature of materials, so it was of great significance to analyze
the thermal stability of composite materials (Wang et al. 2022). The thermal stability of WPC
PCMs was determined by TGA and DTG, as shown in Fig. 4. The onset decomposition
temperature (Tonset), 50% weight loss temperature (Tsp), maximum thermal decomposition
temperature (Tmax) and final termination decomposition temperature (Tend) were state in
Tab. 3. Fig. 4 shows the TGA curves and DTG curves of WPC PCMs. All samples illustrated
no apparently weight loss when the temperature was lower than 200°C. When PEG dosage is
low, WPC PCMs display a rapid mass-loss rate. As PEG addition increases, this rate notably
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Fig. 4: The TGA curves and DTG curves of WPC PCMs.

Tab. 3: Thermal parameters of PEG and WPC PCMs measured by TGA and DTG curves.

Sample Tonset (OC) TSO (OC) Tmax (OC) Tend (OC)
PEGO 231.4 390.2 392.7 4123
PEG5 235.9 391.6 395.7 430.8
PEGI10 240.3 394.9 397.1 437.6
PEG20 247.8 406.9 416.0 441.9

PEG30 255.8 408.1 419.6 442.8
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Analysis of the thermal-decomposition mechanism shows that low-content PEG fails to
adequately suppress the decomposition of WF, PLA, and PCL in WPC PCMs (Wang et al.
2022). Smooth heat conduction within WPC PCMs promotes rapid decomposition, resulting
in a high mass-loss rate. When PEG addition is low, Tonset rises slightly, indicating enhanced
system thermal stability (Sheng et al. 2023). However, due to PEG's weak impact on WPC
PCMs' structure, overall thermal-stability improvement is limited (Tang et al. 2012).

As PEG addition increases, its inherent thermal stability is fully shown. Structurally, PEG
dilutes and acts as a barrier, weakening interactions among WF, PLA, and PCL. The internal
structure of WPC PCMs becomes more complex and compact, impeding heat transfer and
delaying decomposition. Without PEG, Tonset is 231.4°C and Tmax is 392.7°C. At 30% PEG
addition, they rise to 255.8°C and 419.6°C, with increments of 24.4°C and 26.9°C
respectively (Wang et al. 2024; Han et al. 2024). Chemically, carbonaceous residues from
PEG decomposition adhere to WPC PCMs' surface, providing heat-insulation and
oxygen-resistance, further reducing the mass-loss rate (Chen et al. 2024). This shows that
WPC PCMs' chemical bonds and structures break only at higher temperatures, triggering
more intense decomposition (Li et al. 2021). Through these two-fold synergistic effects, WPC
PCMs' thermal stability is effectively enhanced, allowing for better and more stable
performance in high-temperature environments (Chen et al. 2014; Kumar et al. 2019).

Test with multi-channel temperature tester
Using a heating stage as the heat source and a multi-channel temperature tester,

the performance tests of heat conversion and temperature regulation were carried out.
The temperature-time curves and thermal infrared images of WPC PCMs with different
addition ratios of polyethylene glycol (PEG) are shown in Fig. 5.
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Fig. 5: Heat conversion and temperature control performance test results.

During the entire test process, the WPC PCMs samples were first heated from 2°C to
60°C, and then cooled from 60°C to 25°C. Due to the endothermic reaction of PEG during the
phase transition process, when the temperature rose to the phase transition temperature range
of PEG (45-55°C), a gradually obvious inflection point appeared in the temperature-time
curve (Sun et al. 2019,2021; Zheng et al. 2023). When all the samples were heated to 60°C,
the heating times required for WPC PCMs with PEG addition ratios of 5%, 10%, 20%, and 30%
were 257 s, 263 s, 434 s, and 707 s, respectively. During the stage of cooling the WPC PCMs
from 60°C to room temperature, the cooling curves of the samples with PEG addition ratios of
20% and 30% showed significant and longer plateau stages, with durations of 495 s and 651 s,

355



WOOD RESEARCH

respectively. Compared with the samples with PEG addition ratios of 5% and 10%, the WPC
PCMs with PEG addition ratios of 20% and 30% required significantly longer times to cool to
room temperature (Sheng et al. 2023; Nizovtsev et al. 2023; Zhang et al. 2007; Raj et al. 2020;
Weng et al. 2020). This indicates that with the increase of the PEG addition ratio,
the temperature regulation ability of WPC PCMs is significantly enhanced.

CONCLUSIONS

This study elaborates on the preparation process and properties of WPC PCMs for
thermal energy storage. Due to capillary action, PEG is readily encapsulated by WF,
effectively minimizing post-phase-change leakage, which is conducive to thermal storage.
The characteristic peak of PEG near 2893 cm™ confirms its successful adsorption onto WF.
Physically, the pores of WF allow PEG to fill the internal cavities via adsorption. Chemically,
numerous -OH groups in WF and cellulose form robust hydrogen bonds with the hydroxyl
groups of PEG, enhancing the strength of WPC PCMs.

As the amount of added PEG increases, both the phase change enthalpy and temperature
exhibit similar trends: decreasing first, then increasing, and finally stabilizing, with high latent
heat. Initially, with a low PEG content, the amount participating in the phase change is small,
leading to a low phase change enthalpy. As more PEG is added, the amount involved in
the phase change grows. Given PEG's high phase change enthalpy, the material's energy
storage capacity improves. However, when the amount of PEG added exceeds the limit,
its compatibility with WF deteriorates. Some PEG fails to store heat effectively during the
phase change. Although the phase change enthalpy continues to increase, the growth rate
gradually slows and stabilizes. Without PEG, the initial and maximum decomposition
temperatures are 231.4°C and 392.7°C; at 30% PEG, they rise to 255.8°C and 419.6°C, an
increase of 24.4°C and 26.9°C respectively.

With an increased amount of added PEG, WPC PCMs maintain good thermal stability.
Structurally, PEG dilutes and isolates, weakening the interactions among WF, PLA, and PCL,
thus making the internal structure more complex and compact. This hinders heat transfer,
delays decomposition, and significantly raises the initial decomposition temperature.
Regarding chemical decomposition products, the carbonaceous residues from PEG
decomposition adhere to the surface of WPC PCMs, providing thermal insulation and oxygen
resistance and reducing the weight loss rate. These two aspects work synergistically to
effectively enhance the thermal stability of WPC PCMs, enabling them to perform better and
more stably at high temperatures.
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