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Properties of Oak Wood Incorporating
Microencapsulated Phase Change Material

Ahmet Can,2* Mehmet Emin Ergun,®®* and Ismail Ozliisoylu?

Microencapsulated phase change materials (MPCMs) incorporated into
oak wood via vacuum impregnation have shown promise as thermal
energy storage (TES) materials. Physical and chemical properties of
MPCMs and resulting Phase Change Energy Storage Wood (PCESW)
were analyzed. Scanning electron microscopy and particle size analyses
revealed similar particle sizes, while X-ray diffraction (XRD) and Fourier
transform infrared spectra confirmed crystal phase and chemical structure.
Thermal gravimetric analysis (TGA) and differential scanning calorimetry
determined thermal properties, including phase change temperature,
enthalpy, thermal stability, and conductivity. The MPCMs exhibited a
phase change enthalpy of 146.0 J/g and temperature of 35.0 °C, with
excellent thermal stability. The FTIR, XRD, and TGA analyses showed
unchanged chemical structure, crystallinity ratios, and decomposition in
two stages, respectively. The PCESW exhibited a latent heat storage of
3.02 J/g at 25.4 °C. Decay tests demonstrated noticeably reduced weight
loss (1.22% and 1.55%) for MPCMW samples treated with Trametes
versicolor and Coniophora puteana, compared to unleached control
samples (19.7% and 20.8%). These findings indicate the high efficiency
and potential of PCESW as a thermal energy storage material.

DOI: 10.15376/biores.18.3.6068-6085
Keywords: Oak wood; Microencapsulated phase change materials; Impregnation; Energy storage

Contact information: a: Department of Forest Industry Engineering, Bartin University, 74100 Bartin,
Turkey; b: Department of Forestry, Akseki Vocational School Alaaddin Keykubat University, 07630
Antalya, Turkey; *Corresponding author: acan@bartin.edu.tr; mehmet.ergun@alanya.edu.tr

INTRODUCTION

The demand for energy continues to rise due to the growth in population and the
rapid development of technology. About 40% of the energy consumed is used for buildings,
and people need to heat or cool the environment where they live to ensure their thermal
comfort. The use of insulation materials in buildings saves energy by decreasing the need
for ventilation, heating, and air conditioning systems, which reduces the use of natural
resources for energy supply. Energy storage systems are necessary to provide the necessary
thermal comfort for a longer time by consuming less energy. Phase-changing materials
(PCMs) are substances that are capable of storing and releasing large amounts of energy as
they change between solid and liquid states. When incorporated into wood, PCMs can help
to regulate the temperature and moisture content of the wood, which can improve its
dimensional stability, decay resistance, and durability. The microencapsulation process is
used to prevent unwanted infiltration problems and volume changes that occur during the
use of phase-changing materials and to extend the service life (Cao et al. 2017).
Microencapsulated phase change materials (MPCM) can be employed in many fields
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because of their capacity to absorb and release energy when it is necessary (Giro-Paloma
et al. 2016). The use of MPCM in Portland cement concrete (PCC) and geopolymer
concrete (GPC) resulted in lower thermal conductivity and higher thermal energy storage,
while the specific heat capacity of concrete remained practically stable (Cao et al. 2017).
The integration of PCMs into building fabrics has been investigated as a potential
technology for minimizing energy consumption in buildings. The use of phase change
materials in building products can store significant amounts of thermal energy without
large structural mass associated with sensible heat storage (Li and Fang 2010).

Microencapsulation is a preservation and release technique that involves the
encapsulation of different components within a shell or coating of microscopic size. This
process involves coating small particles, liquids, or gases with a layer of coating or matrix.
Microencapsulation typically refers to the encapsulation of particles that range in size from
100 nanometers to 1 mm. The purpose of microencapsulation can vary, but some of the
most common goals include protecting the encapsulated material from degradation or
external factors, modifying the release properties of the encapsulated material, or
controlling the interaction of the encapsulated material with its environment. The
applications of microencapsulation can be found in various fields, including food and
beverage, pharmaceuticals, cosmetics, and materials science (Sobel et al. 2014). The shell
material is usually insoluble and unreactive towards the core, constituting approximately
80% of the microcapsule's weight. Microencapsulation shells are commonly composed of
a variety of materials, including proteins, gums, sugars, natural and modified
polysaccharides, lipids, synthetic polymers, or waxes (Gibbs et al. 1999).
Microencapsulation is widely applied in various fields such as the pharmaceutical industry,
perfume, coating, and pesticide. Recently, microencapsulation has been used for different
purposes on wood-based materials. The microencapsulation technique is used in wood-
plastic composites (Wang et al. 2017), in solid wood (Can et al. 2021), in coatings (Han et
al. 2022), and on plates (Lubis et al. 2020). In studies carried out, very different substances,
such as ammonium polyphosphate (Wang et al. 2016), urea (Liu et al. 2021), wood particle
(Ye et al. 2018), and neem tree (Azadirachta indica A. Juss) extract have been used (Liu
and Xu 2019) as the core material in microencapsulation. It has been determined that the
antifungal properties of wood-based materials are increased (Miri Tari et al. 2022),
mechanical properties are improved (Pan et al. 2022), their resistance to combustion is
increased (Wang et al. 2016), the release of free formaldehyde is decreased (Duan et al.
2015), and aging resistance is increased (Huang et al. 2022) in various cases.

When MPCM are impregnated into wood, the resulting material can possess
improved thermal insulation properties. The MPCM-impregnated wood can absorb and
store heat energy in the form of latent heat during a phase change and release it later when
the temperature drops. This can help maintain a stable temperature inside a building,
reducing the need for heating and cooling. There are different methods for impregnating
MPCM into wood, such as vacuum impregnation or pressure impregnation. The choice of
method will depend on various factors, including the desired properties of the final product,
the amount and distribution of MPCM within the wood, and the cost and feasibility of the
process. The MPCM-impregnated wood possesses unique properties compared to
traditional wood. It has increased thermal conductivity, lower thermal diffusivity,
increased thermal storage capacity, reduced heat loss, and improved thermal insulation.
Such properties make it suitable for use in construction and building, especially in passive
solar systems, where it can save energy and costs.

Can et al. (2023). “Phase change materials & oak,” BioResources 18(3), 6068-6085. 6069



PEER-REVIEWED ARTICLE b | oresources.com

The study investigated the potential benefits of using MPCMs to improve the
properties of oak wood. The specific Thermoball-28 used in the study was impregnated
into oak wood using the vacuum method. The results of the study showed that the
incorporation of microencapsulated PCMs into oak wood improved its dimensional
stability, decay resistance, and durability. The study also found that the use of
microencapsulated PCMs was more effective than other wood preservation methods, such
as impregnation with boron compounds or heat treatment. Therefore, the results of the
study provide valuable insight into the potential benefits of using microencapsulated PCMs
to improve the properties of oak wood and how they compare to other wood preservation
methods.

EXPERIMENTAL

Materials

For the purpose of this study, oak (Quercus robur) was purchased from Silekler
Forest Products (Bursa/Turkey). Sapwood of oak was used as the matrix material and its
average density was 0.652 g/cm®. The MPCM emulsion (solid content: 38.8%) was
provided by Insilico in South Korea. Based on the information published by the company,
the wall material of MPCM was formed by polyoxymethylenemelamine. Styrene maleic
anhydride monomethyl-maleate polymer was used as the surfactant. The specifications of
the MPCM are presented in Table 1.

Table 1. Some Specifications of the Used MPCM (Thermoball 28)

Thermoball 28
pH 6.05
Mean particle size 4.27 ym
Specific gravity 0.994
Viscosity (24°C) 187.8 cPs
Heat capacity 122.55 J/g
Appearance White slurry

The Thermoball 28 MicroPCM emulsions were used to impregnate the oak wood
specimens through the vacuum method. To prepare the impregnation emulsions, the
purchased MicroPCM emulsion was utilized. Each group consisted of ten wood samples,
which were placed in a beaker and 500 mL of MPCM emulsion was added. The oak wood
was subjected to a vacuum for 30 min to eliminate the gas and ethanol inside the wood,
allowing the solution to fill the internal space of the wood once the vacuum was released.
Afterward, the impregnated wood samples were cleaned and left to dry for 96 h at 30 °C.

Characterization of the MPCM and MPCM Impregnated Wood (MPCMW)
Particle size analysis was performed using a Malvern Panalytical Mastersizer 3000
equipment that uses laser diffraction technology. A Fourier transform infrared (FTIR)
spectrometer was used to make measurements for the chemical structure studies of MPCM,
wood, and MPCMW. Solid wood samples were used for the measurements, which were
performed using 32 scans with a resolution of 4 cm™ and a wavelength range of 700 to
4000 cm™. A Carl Zeiss Gemini 500 scanning electron microscope was used to take
measurements of the morphology of the wood samples. Prior to measurement, gold was
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applied to the wood samples. Differential scanning calorimetry (DSC) analysis was used
to ascertain the thermal characteristics of wood samples. For the measurements, a Pyris 1
DSC, Perkin-Elmer instrument was employed. The experiments were performed in an
atmosphere of argon gas at temperatures between 10 and 90 °C with a 5 °C/min cooling
and heating rate.

The efficiency of heat utilization by MPCM on modified wood can be evaluated
using the coefficient of thermal efficiency X%, which is determined for both the melting
(Xm9%) and crystallization (Xc%) processes using Eq. 1,

AH(MPCMW) 100%

Xm/c% = AH(MPCM) (1)

where AH(MPCMW) is the enthalpy of melting/crystallizing of MPCM on a modified
wood and AH(MPCM) is the enthalpy of melting/crystallizing of MPCM powder.

To evaluate the thermal stability of the samples, a PerkinElmer Pyris™ 1
thermogravimetric analyzer was employed. The analysis was conducted under a nitrogen
atmosphere, in the temperature range of 20 to 600 °C, at a scanning rate of 10 °C min™".
The crystal structure of the microcapsules was discovered using X-ray diffraction (XRD)
investigation. CuK irradiation (1 = 1.5405 A) at a rate of 1 °/min was used to perform
analyses in the range of 10 to 70 26°.

Statistical Analysis

A descriptive analysis was developed (mean and standard deviation) for water
absorption and decay test. ANOVA was applied to verify the effect of treatment with the
silver nanoparticles. Duncan’s test was set at 99% confidence level to determine the
statistical difference between the means.

RESULTS AND DISCUSSION

Characterization of MicroPCM

The morphology, particle size distribution, FTIR, XRD, DSC, and thermal
gravimetric analysis (TGA) curves of the produced MicroPCMs are given in Fig. 1. Figure
la displays the morphology of MPCM, which exhibited mostly spherical shapes with
smooth surfaces. The diameter of the MPCM particles ranged from 0.0 to 20.0 pm, with
an average diameter of 2.5 um. These results suggest that MPCM particles are small
enough to penetrate the wood vessels, as depicted in Fig. 1b. The chemical structure of
MPCM, measured by FTIR, showed that there was no chemical bond between core material
and the shell material, but rather a physical bond. Various methods for impregnating
MPCM into wood include vacuum infusion of the polymer material used, which is also
observed in the capsule material. As can be seen in the XRD result in Fig. 1d, the MPCM
characteristic peak appeared at 19.21°. The MPCM displayed distinct endothermic and
exothermic behavior during temperature changes, as evidenced by the DSC and TG curves
depicted in Fig. 1le and f. The melting process of MPCM began at 20 °C and ended at 35
°C, while the freezing process started at 10 °C and ended at 22.9 °C. These results suggest
that the phase change temperature range of MPCM is suitable for maintaining human body
comfort. Additionally, the enthalpies of melting and freezing processes were measured as
146.0 and 147.6 J g”', respectively, which indicates exceptionally high energy storage
capacity.
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The TG and DTG curves of MPCM in Fig. 1f demonstrate a considerable reduction
in weight between 200 and 410 °C, indicating the decomposition of the MPCM core
material. Additionally, the DTG curve shows a minor weight loss stage at 400 to 410 °C,
which is associated with the decomposition of the wall materials. Moreover, the MPCM
showed excellent thermal stability at room temperature with only a 4.1% weight loss at
temperatures below 100 °C.
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Fig. 1. Morphology (a), particle size distribution (b), FTIR (c), DSC (d), XRD (e), and TGA curves

(f) of MicroPCM
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Characterization of PCMW

The samples of oak wood impregnated with MicroPCM and untreated are shown
in Fig. 2. The distribution of MicroPCM (MPCM) in wood can have a noticeable impact
on its thermal insulation properties. There are a few different methods that can be used to
distribute the MPCM within the wood, each with their own advantages and disadvantages.
One method is to use vacuum impregnation to introduce the MPCM into the wood.

In this method, the wood is placed in a sealed chamber and a vacuum is applied to
the chamber. The MPCM is then introduced into the chamber, and it is drawn into the wood
due to the pressure differential between the inside and outside of the wood cells. The choice
of distribution method will depend on the desired properties of the final product, such as
the amount and distribution of the MPCM within the wood, as well as the cost and
feasibility of the process. The method of vacuum impregnation tends to produce more
homogenous and consistent distribution of the MPCM in the wood, while the pressure
impregnation tends to produce more concentrated MPCM in the outer layers of the wood.

The thermal energy storage properties of MicroPCM, wood, and PCMW were
analyzed using DSC analysis to determine their freezing temperature, melting temperature,
and latent heat storage capacity. Figure 3 shows the DSC thermograms of these materials,
while Table 2 presents the stored and released energy during their respective phase
transitions.
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Fig. 3. Melting and solidifying DSC curves of the Oak wood, PCM-28, and MPCMW

The melting and solidifying temperatures (initial temperatures) were 23.1 and 18.0
°C for MicroPCM, and 23.2 and 18.0 °C for PCMW, respectively. It was observed that on
the solidifying curve, the phase change temperature shifted by 14.7 °C for MicroPCM and
16.4 °C for PCMW. The observed shift in initial temperatures suggests the presence of
supercooling, which may be more pronounced in smaller DSC samples. However,
impregnating the wood with PCM via microencapsulation decreased the supercooling
effect by 1.8 °C. The latent melting temperatures calculated based on the area below the
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peak on the DSC curve were 146 J/g for MicroPCM and 3.0 J/g for PCMW. The latent
solidification temperatures were 148 J/g for MicroPCM and 4.13 J/g for PCMW. It was
determined that more hidden energy could be stored by MicroPCM impregnation to the

wood.

Table 2. DSC Data of the PCM-28, MPCMW, and Coefficient of Thermal
Efficiency of Melting (Xm) and Crystallization (Xc)

Melting Solidifying Xm | X
Onset Peak Latent Onset Peak Latent
Temperature | Temperature | Heat | Temperature | Temperature | Heat
Q) Q) Q) Q)
PCM 23.07 26.73 146.0 18.02 14.67 147.57
PCMW 23.21 25.40 3.02 17.97 16.42 413 | 281 | 2.07

Microencapsulated PCM has been used together with different building materials
such as plaster (Gencel et al. 2022), wood (Wang et al. 2020), concrete (Jayalath et al.
2016), and polyurethane sandwich panels (Naikwadi et al. 2021). It was found that by the
impregnation of microencapsulated PCM into maple wood, the energy storage capacity
increased by 7.1% (Mathis et al. 2018). In contrast, in a wood-based floor application, with
the addition of PCM to the microcapsule by 5%, the latent heating and cooling temperatures
increased similarly to the current study, and these temperatures were measured as 3.28 and
3.23 Jlg, respectively (Jeong et al. 2012). The obtained results show that applying
MicroPCM to wood provides better thermal regulation, and leads to the absorption and
release of more energy during the melting and solidification process. Overall, the heat
storage capacity of wood can vary depending on the specific characteristics of the wood
and the conditions under which it is stored, but it generally increases as the density, thermal
conductivity, and moisture content decreases. The thermal energy storage capability of
wood can be improved by delignifying the wood and using different materials for
microencapsulation, as shown in different studies (Lin et al. 2022, 2023).

The TG and DTG curves of the oak wood, PCM-28, and MPCMW are given in Fig.
4a and 4b, respectively.
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Fig. 4. TGA (a) and DTG (b) curves of the oak wood, PCM-28, and MPCMW
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It can be seen that the degradations of wood and PCM-28 exhibited only one step
between 100 to 350 °C, and 200 to 410 °C, respectively. The thermal decomposition of
MPCMW took place in two steps. In the first step, the TGA thermograms indicate that
MPCMW first showed weight losses between 200 to 280 °C. Second, the MPCMW
showed decompositions between 280 to 340 °C. It is clear that the thermal resistant
temperatures of PCM-28 were much higher than those of the oak wood and MPCMW.
Melamine modification can indeed improve the heat resistance of microcapsules. This is
because melamine, a nitrogen-rich organic compound with a triazine ring, can form strong
and stable bonds with the polymer chains that make up the microcapsule shell. These bonds
increase the rigidity of the polymer chains and decrease their mobility, making the shell
more resistant to thermal motion and heat. The triazine ring in melamine has a high degree
of symmetry and a planar structure, which enhances its ability to interact with the polymer
chains and reinforce them. Additionally, the nitrogen atoms in the triazine ring have lone
pairs of electrons that can form hydrogen bonds with the polymer chains, further
strengthening the interaction between the two.

The XRD analyses were performed to examine the effect of PCM, wood, and
PCMW on crystal structures, and the obtained diffraction patterns are shown in Fig. 5.
Crystallinity is a measure of the degree to which the cellulose molecules in wood are
organized into ordered, crystalline structures. In general, wood species with higher
crystallinity have higher mechanical properties, such as greater strength and stiffness, than
those with lower crystallinity. Oak wood is known for its high crystallinity. The cellulose
molecules in oak wood are highly ordered, with a high degree of molecular alignment and
regular packing, which gives it its characteristic strength and durability. The cellulose in
oak wood is made up of long chains of glucose molecules that are linked together in a
regular and orderly pattern, giving it a high degree of crystallinity. The crystallinity of oak
wood can vary depending on the specific conditions under which the tree grew, such as the
species of oak, the growing conditions, and the age of the tree. Oak wood that is grown in
a slow-growth environment or under stress, such as drought, tend to have a higher
crystallinity compared to specimens from wood grown in ideal conditions (Gawron et al.
2012). The crystallinity of oak wood can be measured using a number of techniques, such
as X-ray diffraction, infrared spectroscopy, and solid-state NMR spectroscopy. These
techniques can provide information about the degree of crystallinity and the organization
of the cellulose molecules within the wood. In summary, oak wood is known for its high
crystallinity, giving it strong and durable properties. Crystallinity can vary depending on
the specific conditions under which the tree grew, but it is generally considered a high
crystalline wood (Geffert et al. 2019; Kubovsky et al. 2020).
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Fig. 5. XRD curves of the oak wood, PCM-28, and MPCMW

The cellulose on the wall of oak wood had a high-density diffraction band at 26
equal to 21.84°, while it had low-density diffraction bands at 15.82° and 34.18°; this
revealed a typical diffraction graph. The obtained peaks showed the expected crystal
structure of cellulose in oak wood. It was observed that the XRD results of different studies
conducted with oak wood (Broda and Popescu 2019) were similar to the XRD results of
the current study. It was determined that the MPCMW peaks (26) were 15.82°, 21.7°, and
34.18°. In contrast, it was determined that PCM-impregnated wood had all the peaks found
in non-impregnated wood. In addition, the 26 data showed that after impregnation of oak
wood with PCM, there was no change, although the peak densities decreased slightly.
These findings showed that PCM provided physical adhesion to the wood with its
impregnation or did not cause any chemical changes in the structure of the wood. Sar1 et
al. (2022) stated that there was a decrease in the XRD peaks obtained in the study they
conducted (Sar1 et al. 2022). The similar study showed that prepared and characterized
sodium acetate trihydrate/ethylene glycol (SAT/EG) composite PCM using XRD. The
XRD patterns of the composite PCM showed no peaks disappearing or newly emerging,
but only lower peak intensities than those of pure EG and pure SAT. They explained that
this was due to the low loading of SAT in the composite PCM (10 wt%), which made the
diffraction peaks of SAT less obvious in the XRD patterns. They also suggested that
increasing the loading of SAT would enhance the peak intensities of SAT in the composite
PCM (Gu et al. 2016).

The FTIR spectra of the control wood, PCM, and PCMW are shown in Fig. 6. When
looking at the FTIR peaks of the control wood, it can be said that the peak around 3400
cm indicates the presence of OH groups in the wood. C-H stresses are observed around
2900 cm*. Peaks between 1600 and 1800 cm™ indicate the presence of xylan, unconjugated
hemicellulose, and conjugated lignin C=0 groups (Can and Zigon 2022). The C-H
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deformation peaks in lignin and carbohydrates are observed between 1400 and 1300 cm™.
Peaks between 1300 and 700 cm™ indicate syringyl rings, C-O vibrations caused by
syringyl derivatives, C-H and C-O-C vibrations in cellulose, and C-O vibrations in
cellulose and hemicellulose (Ghavidel et al. 2021).

4000 3500 3000 2500 2000 1500 1000

Control wood ' ' ' ' ' ' ' ' ' i

Absorbance

L | L | L | L | L | L |
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Fig. 6. FTIR spectra recorded for the oak wood (control), PCM-28, and PCMW samples

Impregnating oak wood samples with PCM caused alterations in their chemical
structure. The chemical structure of the PCM is reflected in the wood samples, with peaks
detected at 2916 and 2849 cmt, particularly in the wood samples. Due to the aldehyde
content in PCM, 1739 cm™ C=0 stress was observed (Vila Ramirez et al. 2009); a similar
peak was also observed in the PCMW sample. In addition, peaks originating from oak
wood were seen around 1700 cm?, while the peak at 1739 cm™ was observed to expand in
PCMW. Additionally, it was observed that a significant decrease occurred in the intensity
of the 1462 and 1165 cm™ peaks, which are also powerful in PCM, after impregnation to
oak wood. Figure 7 shows the water absorption (%) and tangential swelling (%) values of
MicroPCM impregnated by oak wood between 20 min and 96 h of soaking time.
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Fig. 7. Water absorption (%) (a) and tangential swelling (%) (b) of wood and MPCMW

It is observed that the water absorption amount of oak wood impregnated with
PCMW was less in the first 24 h compared to oak wood not impregnated with PCMW. In
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addition, samples impregnated with PCM absorbed water higher than non-impregnated
wood at the end of 96 h. It has been stated that this may be because the control sample has
a higher moisture content because of the hysteresis event occurring in the wood (Mathis et
al. 2018). The water absorption of oak wood impregnated with PCMW was lower than that
of non-impregnated wood in the first 24 h, but higher at the end of 96 h. This may be
explained by the fact that the PCM filled the wood pores and reduced the initial water
uptake, but it also increased the moisture content of the wood due to its hygroscopic nature
(Temiz et al. 2020). The PCM also prevented the wood from drying out quickly, resulting
in a higher water absorption at the end of the test period.

As the moisture content of the wood increases, the relative humidity also increases.
However, when the moisture content decreases, the relative humidity does not decrease.
Therefore, different moisture contents can be obtained at the same relative humidity
(Mendis et al. 2023). The hysteresis event can affect the water absorption capacity of the
wood. Maybe the control sample has a higher moisture content due to a hysteresis effect in
wood samples impregnated with PCM (Can et al. 2023). A similar trend was observed by
Nazari et al who impregnated pine wood with octadecane as PCM and found that the
impregnated samples had lower water absorption than the untreated samples after 6 hours,
but higher after 96 hours. They attributed this to the hysteresis effect of wood and the
leakage of PCM during phase change (Nazari et al. 2022). The mean WA values of the
control and test groups at different times were examined statistically, it was determined
that there was a significant difference (p<0.05) for all periods except 24 h for water
absorption.

Wood samples treated with MicroPCM exhibited a decrease in swelling compared
to untreated samples. MicroPCM is insoluble in water and effectively resists leakage,
limiting water absorption by accumulating within the wood cells and lumen. The
interaction between MicroPCM and wood can hinder the formation of hydrogen bonds
between water and wood molecules, ultimately reducing water absorption (Xu et al. 2020).
Additionally, MicroPCM can prevent prolonged water-wood contact, which can lead to
higher levels of swelling (Amini et al. 2022).

Fig. 8. Samples after decay test: Trametes versicolor (a) and Coniophora puteana (b) (UL:
Unleached samples, L: leached samples)

As shown in Fig. 8, the control and leached samples were completely covered by
fungi, and the lumen spaces were visible in the cross-section of the wood in the leached
samples. This indicates that the capsules moved away from the wood samples.
Furthermore, deformations were observed in both the control and leached samples. In the
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Duncan test results, the unleached samples were evaluated among themselves, and the
leached samples were evaluated among themselves. When the tests samples were evaluated
among themselves, it was seen that unleached samples were in the same homogeneity
group. Likewise, the leached samples were within their own homogeneity group.
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Fig. 9. Weight loss of wood samples after decay tests (3The letters indicate Duncan’s
homogeneity groups in the column)

The average weight losses (%) of samples are given in Fig. 9. The weight loss of
the virulence controls subjected to decay fungi confirmed that the decay test was valid in
accordance with EN 113 (1996) and that the testing environment was favorable for the
growth of fungi. According to the EN 113 (1996) test, the average weight loss of the
impregnated samples must be less than 3% of their initial dry weight for a possible wood
preservation method to provide the appropriate decay resistance. Unleached samples
exhibited less than 3 % weight loss in both T. versicolor and Coniophora puteana fungus.
Leached and unleached samples produced similar weight losses. Weight loss of 20%
occurred in the samples exposed to the T. versicolor fungus, and around 21% in the samples
exposed to the C. puteana fungus. Weight loss in the test samples showed a remarkable
decrease compared to the control. Weight loss occurred 3.58%, and 1.22% in leached and
unleached samples exposed to T. versicolor fungus, 13.44% and 1.55% in leached and
unleached samples exposed to C. puteana fungus, respectively. Similar results were
obtained (Can and Zigon 2022).Spruce (Picea orientalis (L.) Peterm.) sapwood samples
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impregnated with 100% concentration of n-heptadecane obtained weight loss from 1% to
10% for white-rot fungus and from 1% to 8% for brown-rot fungus.

CONCLUSIONS

1. The differential scanning calorimetry (DSC) results demonstrated that the energy
storage and release capabilities of the MicroPCM-impregnated wood were markedly
improved compared to the control samples. Furthermore, the phase change
temperatures were appropriate for building applications.

2. In scanning electron microcopy (SEM) images, it was observed that MicroPCM was
distributed homogeneously in wood cells.

3. At the end of 600 °C, MicroPCM lost almost all its weight, while the weight loss of
impregnated samples and control samples was approximately 75%.

4. As a result of the Fourier transform infrared (FTIR) and X-ray diffraction (XRD)
analyses, it was determined that no changes occurred in the chemical structure and
crystallinity ratios of PCMW.

5. Because MicroPCM reduced the contact of water with wood, the amount of tangential
swelling of wood decreased.

6. The application of MicroPCM to oak wood has the potential to create a thermal-
regulating building material.
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