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Summary

Renewable biomaterials are in the spotlight as a potential solution to increas-

ing global greenhouse gas emissions. The construction industry contributes up

to 40% of greenhouse gas emissions, with building materials responsible for a

major portion. Research on high-performance materials with small carbon

footprints has been steadily progressing. Wood is a sustainable building mate-

rial with a high carbon fixation. Wood can be divided into the hard core and

outer bark, both of which are very useful as building materials. In this study, a

phase change material (PCM) was applied using vacuum impregnation to com-

pensate for the poor thermal performance of wood. The thermal energy storage

capacity of wood can be enhanced by applying aPCM, which has excellent

latent heat/heat storage performance. The difference in the structural and

chemical compositions of the core and bark of wood also has a significant

influence onPCM impregnation. The thermal performance of shape-stabilized

PCMs (SSPCMs) was evaluated by comparing the hierarchical structures and

components of wood (core and bark). The PCM loading performance was veri-

fied by impregnation and surface/morphological property conversion analyses.

When the porous structure of wood is filled with the PCM, its surface proper-

ties change from hydrophilic to hydrophobic. This was analyzed by contact

angle measurements. The SSPCM with cork showed a 49% efficiency compared

with the n-octadecane, which indicates an outstanding performance compared

with other biomaterial-based PCM composites.
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1 | INTRODUCTION

Renewable biomaterials have the potential to meet the
growing global demand for energy and reduced green-
house gas emissions.1 The construction industry is con-
sidered as one of the most carbon-intensive industries,
contributing up to 40% of total greenhouse gas emissions
when the amount of carbon and energy consumed to

operate buildings are considered.2,3 In addition to opera-
tional carbon, the factors affecting the energy consump-
tion of the construction industry include transportation,
manufacturing, disposal, and building materials. In
building and civil construction, raw materials extracted
from the lithosphere account for 60% of the total raw
material consumption.4 Therefore, the development of
sustainable building materials is essential to minimize
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the industry's carbon footprint. Wood has suitable prop-
erties for applications in construction, such as renewabil-
ity, high specific gravity and stiffness, light weight, fire
resistance, excellent processability, and carbon storage
capacity.5 One cubic meter of wood can store approxi-
mately 1 ton of CO2; hence, it has a huge carbon storage
capacity and is the only building material that can have a
positive impact on the environment.6 Macroscopically,
wood consists of a hard core, xylem, cambium, an outer
layer, and bark. In this study, the hard part of the wood
is referred to as the core. In the building filed, the core of
wood can be used in buildings, furniture, flooring, and
wall materials. Recently, the demand for wood has
increased in response to more stringent environmental
regulations, such as green and net zero carbon
buildings.7

Balsa wood is a material with a very low specific grav-
ity but high stiffness. It is a preferred building material,
especially for sandwich panel cores. Vassilopoulos et al.
produced balsa sandwich panels using a method that
increased the anisotropy of the material.8 They showed
that the compression of balsa wood along the fiber direc-
tion significantly increased its energy-absorbing capacity
owing to its porous microstructure. Borrega et al.9 con-
firmed the presence of rays, vessels, and fibers in the
cross-section of balsa wood by scanning electron micros-
copy (SEM). In the longitudinal section, balsa wood
fibers were found to stand upright and gradual voids
were observed.

Cork, a part of the harvested bark, is a protective
layer made up of dead cells. In the wood industry, it is
considered as a waste byproduct. Cork is regularly
harvested (9-12 years), which allows the bark to grow
naturally while helping the tree grow. The biggest feature
of cork is its honeycomb structure. Wang et al.10 found
that the micro hexagonal structure of cork contains large
pores of approximately 27 μm. As shown in Table 1, the
chemical composition of cork is suberin (�50 wt.%), lig-
nin (15-30 wt.%), polysaccharides (6-25 wt.%), and other
extracts. Suberin is a material with an aromatic-aliphatic
cross-linked polyester structure that constitutes the cell
wall structure of cork.11 Gallardo-Chac�on et al. evaluated
the potential of a material to adsorb volatile phenols
using the chemical properties of suberin in cork.12 As
suberin has an aliphatic structure, it is advantageous
because of its interaction with hydrophobic substances.
As a type of low-carbon material, cork has excellent char-
acteristics such as impermeability, durability, heat and

sound insulation, and shock absorption. Cork is
processed into chips of a certain size and used in various
ways, for example, as a board for interior/exterior con-
struction materials. Jorge et al.13 concluded that cork
insulation can improve the global warming potential
(GWP); thus, it is helpful for GWP mitigation in most
end-of-life scenarios. However, despite its environmental
benefits, such as carbon storage and resource recycling,
the thermal performance of wood core and bark makes it
difficult to achieve the energy-saving goals required by
the construction industry.

Phase change materials (PCMs) have a high latent
heat density during the phase change process, such as
solid–solid and solid-liquid; hence, they are utilized in
thermal energy storage (TES) technology. The high
latent heat of PCMs enables the efficient utilization of
energy by accumulating and storing heat in the mate-
rial during the phase change process, which can reduce
building energy consumption. PCMs can be classified
as inorganic, organic, and eutectic. Organic PCMs (eg,
alkanes, polyethylene glycols, and paraffin waxes) are
widely used because of their characteristics, such as a
usable phase change temperature, high latent heat,
excellent thermal and chemical stability, and almost no
supercooling.15 However, organic PCMs have disadvan-
tages associated with liquid flow and leakage in the
phase change temperature range. To address these
problems, studies have been conducted on PCM stabili-
zation techniques. To stabilize PCMs, researchers have
focused on three methods: microencapsulation,
macroencapsulation,17 and shape-stabilized PCMs
(SSPCMs). Various materials and methods have been
studied for use in PCM containers. Researchers have
considered the integration of PCMs by utilizing the eco-
friendly and porous structure of wood. Fuentes-Sep-
úlveda et al.18 impregnated Pinus radiata trees with n-
octadecane using the Bethell method. The impregnated
composite material showed a minimum and maximum
latent heat enthalpies of 36 J/g and 122 J/g, respec-
tively, depending on the orientation of the wood. Previ-
ous studies have attempted to improve the thermal
performance of wood by applying PCMs.19-22 Studies
have shown that wood is suitable as a support material
for stabilizing PCM. Cork is a material that must be
recycled because it is classified as industrial waste.
However, unlike wood core, few studies have been con-
ducted on cork. Wood bark has a high utility value and
potential as a future building material.

TABLE 1 Components of cork14

Cork(Q. suber) Suberin Lignin Polysaccharides (cellulose and hemicellulose) Extracts Ash Others

Component(%) 42.3 23.3 16.2 11.7 0.6 5.9

NAM ET AL. 14927
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In this study, the potential TES capacity of wood,
which can be observed during PCM impregnation, was
evaluated by focusing on the differences in the structural
and chemical properties of the wood core and bark.
Figure 1 illustrates the research flow of this study. The

structural differences between balsa and cork were
observed by SEM and contact angle (CA) measurements.
Fourier-transform infrared spectroscopy (FTIR) and
energy-dispersive X-ray spectroscopy (EDS) were per-
formed to directly confirm the different chemical

FIGURE 1 Research flow

14928 NAM ET AL.
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compositions of balsa and cork. In addition, it was deter-
mined whether chemical bonds were formed between the
wood and PCM during the SSPCM fabrication process.
The chemical stability was evaluated to determine the
availability of building materials. The compatibility with
PCMs may vary depending on the structural/chemical
characteristics of the material.23 To prove this, PCM
impregnation analysis was conducted through weight
comparison and thermogravimetric analysis (TGA). The
amount of impregnated PCM significantly affected the
thermal performance of the SSPCM. The thermal perfor-
mance was evaluated based on latent heat and thermal
conductivity measurements. Finally, a leakage experi-
ment was conducted to evaluate the thermal stability of
the SSPCM. In this study, the PCM was impregnated into
two materials: wood and cork. The heat storage perfor-
mance of wood is improved, and then its thermal/mor-
phological/chemical stability is evaluated. Finally, its
potential applicability as a building material is discussed.

2 | MATERIALS AND
EXPERIMENTAL METHODS

2.1 | Materials

In this study, balsa wood and cork were used as the
matrix materials for PCM impregnation. Balsa wood
(Ochroma pyramidale [lagopus]) was purchased from
Balsanara in Korea. Balsa wood is native to the south-
central regions of Brazil, Peru, and Ecuador. Figure 2
shows the cross-sectional and longitudinal sections of the

balsa wood used in this study. The pores of balsa wood
can be observed through the axial cross-sections in the
growth direction of the wood. The macropore structure
can be seen with the naked eye.

Cork (Quercus variabilis Blume) was sourced in
Korea. Cork types can range from powder to chips
depending on their size. To reflect this, the experiment
was conducted by dividing the cork into large and small
sizes; their thicknesses, however, were almost the same.
Large cork particles have a width of at least 5 cm, while
small particles have a width of less than 5 cm (Figure 2C,
D). The difference in the amount of impregnated PCM
could be observed depending on the specific surface area
of the cork.

The phase change temperature suitable for practical
applications in buildings is approximately 27�C-35�C.24

In this study, an organic PCM, that is, n-octadecane
(Celcious, Korea), corresponding to an appropriate phase
change temperature range, was used. Several researchers
have used n-octadecane as a PCM for building mate-
rials.25 Table 2 summarizes the characteristics of n-
octadecane.

FIGURE 2 Core and bark of wood (balsa – (A) axial cross-section and (B) radial section; cork – (C) small particles and (D) big particles

(front and backside)

TABLE 2 Physical properties of n-octadecane26

PCM n-octadecane

Phase change temperature (�C) 18-38

Latent heat capacity (J/g) 256.5

Specific heat capacity (J/g�K) 92.0

Thermal conductivity (W/m�K) 0.26

NAM ET AL. 14929
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2.2 | Fabrication process of SSPCM

PCM shape stabilization was performed using the vac-
uum impregnation method with balsa and cork as the
support materials. When a vacuum is applied to a mate-
rial with a porous structure, a negative pressure develops
in the pores. The negative pressure enables the penetra-
tion of the PCM through capillary forces. When the vac-
uum is released, the PCM is absorbed into the pores by
applying atmospheric pressure (101.35 kPa). The van der
Waals force acting between the pore wall and PCM
results in further stabilization. A three-step vacuum
impregnation method (Figure 3) was performed to effi-
ciently load the PCM with n-octadecane into the pores of
balsa wood and cork. For various analyses and evalua-
tions, large amounts of raw materials (small and large
particles of balsa and cork) were prepared, as shown in

Figure 2. Vacuum drying was performed to extract mois-
ture from the prepared raw materials and the air in inter-
nal pores. The specimens were then placed in a vacuum
oven and heated for 2 hours at a temperature of 110�C
and a pressure of �0.085 kPa (Figure 3B). The conditions
inside the oven were maintained in a vacuum state by a
vacuum pump. The primary vacuum heating treatment
increased the PCM impregnation potential by removing
the air and moisture in the porous structure of the raw
materials. After the first treatment, n-octadecane was
added at 30�C to submerge the raw materials and achieve
a high PCM impregnation. The PCM ratio is the amount
required to completely submerge the raw material. The
weight ratio of the PCM and raw material is approxi-
mately 2:1. At this time, buoyancy was generated in the
specimens owing to the high density of the PCM. Buoy-
ancy caused the specimens to float to the PCM surface,

FIGURE 3 SSPCM fabrication process. (A) atmosphere, (B) remove air in pores using a vacuum oven, (C) PCM impregnation in

atmospheric pressure, (D) PCM impregnation in vacuum, and (E) filtering

14930 NAM ET AL.
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preventing impregnation on all sides of the specimen. To
solve this problem, a weight of 5 to 7 g was applied to
submerge the specimen in the PCM. Impregnation under
atmospheric pressure was carried out for approximately
15 minutes, and then the second vacuum impregnation
process was performed. Vacuum impregnation was car-
ried out for 2 hours at 40�C and �0.085 kPa in a vacuum
oven (Figure 3C). After the second vacuum impregna-
tion, a microfiber cloth was used to remove the PCM
from the surface of the specimen. The final products, that
is, the balsa wood/PCM composite was named Balsa_oct,
while the cork/PCM composite was named Cork_oct.

2.3 | Characterization techniques

2.3.1 | Surface/morphological analysis

Morphological analysis of the presence of PCM in the
microstructure of the porous material was performed
using field-emission SEM (FE-SEM). The microstructures
of the specimens were photographed at various magnifi-
cations. The FE-SEM analysis was performed by applying
an acceleration voltage of 15 kV at room temperature.
The specimens were coated with gold (Au) to prevent dis-
tortion by electron beams. The hydrophilicity/
hydrophobicity of the SSPCM surface was analyzed by
measuring the CA. The raw material (balsa) is hydro-
philic with a high water absorption capacity. In contrast,
cork is a hydrophobic material because of the hydropho-
bic component, suberin. n-Octadecane is an organic PCM
and an oily hydrophobic material.27 Therefore, when the
PCM was successfully impregnated into the pores of balsa
and cork, the wood/PCM composites have a stronger
hydrophobicity than before impregnation. The contact
angle measurement (MSA, KRUSS corp., Germany) was
used to measure the CA between the droplet and speci-
men. It has a dosing system with a 2-fold liquid needle
and a camera with a resolution of 1000� 700 pixels. The
specimen was placed on the measuring table with a
three-axis stage. The position of the fixed camera was
adjusted and a droplet was released to measure the CA
between the specimen and droplet. The CA is defined as
the angle between the solid surface and tangent drawn
on the falling surface and passed by the atmosphere-liq-
uid-solid triple point. The advancing angle, which is the
CA generated by the expansion of liquid, was determined
using the ADVANCE software. The change in the CA of
the droplet was caused by an electric force acting on the
three-phase contact line.27 Figure 4 shows a schematic
diagram of the changing CA as the internal pores were
filled during the PCM impregnation process. Wood cells
with a porous structure exhibit excellent water

absorption. By filling the pores with the PCM, the surface
of wood cells has low water absorption and hydrophobic-
ity, which can be analyzed by CA measurements. In
other words, CA analysis enables the observation of the
hydrophobic properties affected by PCM impregnation.

2.3.2 | Evaluation of the chemical stability of
SSPCMs

An analysis was performed to confirm the formation or
disappearance of chemical bonds between the balsa, cork,
and PCM during PCM impregnation. The FTIR peak table
can be used to determine the chemical bonds between the
elements present in the SSPCM through peak values. The
chemical stability of SSPCMs can be evaluated by analyz-
ing the chemical bonding of the materials before and after
PCM impregnation. FTIR (VERTEX 80v/HYPERION
2000, Bruker Corp.) measurements were performed in the
wavelength range of 4000 to 600 cm�1. The chemical
bonds were analyzed by comparing the FTIR and EDS
results. EDS is an analysis technique that enables the rapid
qualitative analysis of elements.

2.3.3 | PCM loading amount analysis

To analyze the possibility of PCM impregnation into the
wood material, a weight comparison, TGA, and SEM

FIGURE 4 Schematic of wood cell surface properties changed

by PCM impregnation

NAM ET AL. 14931
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were performed. Before PCM impregnation, the total dry
weight of all specimens (110�C, vacuum oven-dried for
2 hours) was measured. The weight before PCM impreg-
nation is expressed as Wbpi in Equation (1). After PCM
impregnation and filtration, the weight of the specimen
Wapi was measured and substituted into Equation (1) for
analysis. At the macro level, the weight gain rate was
used to determine whether the PCM was fixed to the
internal pores of the wood.

The amount of PCM impregnation, loading perfor-
mance, and thermal stability were also analyzed by TGA
(Discovery; TA Instruments) in accordance with the
ASTM E 1582-1728 standard test method for the tempera-
ture calibration of thermogravimetric analyzers. The
PCM container materials (balsa, cork) and fabricated
SSPCMs (Balsa_oct and Cork_oct) were heated from 0�C
to 600�C at a rate of 10�C/min in a nitrogen atmosphere.

Weight gain rate¼Wapi-Wbpi

Wbpi
�100%,

Wapi :Dryweight after PCM impregnation,

Wbpi :Dryweight before PCMimpregnation:

ð1Þ

2.3.4 | Thermal performance analysis of
SSPCMs

The SSPCMs (Balsa_oct and Cork_oct) are expected to
have improved thermal performance compared with the
raw materials. Latent heat and thermal conductivity ana-
lyses were conducted to evaluate the thermal capability
of the PCM. The PCM exhibited a high latent heat during
the phase change process. Both Balsa_oct and Cork_oct
also exhibited the high latent heat characteristics of the
PCM. Latent heat analysis was performed using a differ-
ential scanning calorimeter (Discovery DSC; TA Instru-
ments). The analysis was carried out at the temperature
increase rate of 10�C/min in a nitrogen atmosphere. In
addition, the temperature section was carried out at 0�C
to 60�C, including the phase change section of n-
octadecane. The enthalpy was derived from the calcu-
lated latent heat. The thermal conductivity was analyzed
using the HFM method for balsa and Balsa_oct, and the
laser/light flash method (LFA) for cork and Cork_oct.
The balsa was machined to a size of 110 mm� 110mm
� 20 mm (W�D�H). Thermal conductivity measure-
ments were performed using the HFM 446 (NETZSCH)
according to the ASTM C51829 standard test method.
When the thermal equilibrium was realized, the thermal
conductivity of the HFM was calculated by measuring
the temperature gradient at a temperature difference of
20 K between the hot and cold plates. To obtain the

accurate thermal conductivity, the mean temperatures
were set as 25�C and 40�C for each specimen three times.
Cork and Cork_oct were prepared as power-type speci-
mens, and their thermal diffusivities were measured
using the LFA 427 apparatus (NETZSCH). The analysis
was performed according to ASTM E1461-1330 standard
test method. The thermal conductivity was calculated
based on the measured data.

2.3.5 | Evaluation of PCM leakage stability
according to temperature change

The PCM leak stability was considered in the SSPCM per-
formance evaluation. As the PCM was stably loaded, the
thermal storage performance of the SSPCM remained
constant regardless of the external temperature changes.
An experiment was performed to characterize the PCM
leakage. First, the raw materials (balsa and cork) were
prepared as controls for comparison with the SSPCM.
The raw materials and SSPCM were combined on filter
paper, and placed in a vacuum oven at a temperature of
50�C. The leakage of the SSPCM specimen was confirmed
by observing the filter paper at intervals of 2 hours.

3 | RESULTS AND DISCUSSION

3.1 | Morphological and surface analysis
of SSPCMs

3.1.1 | Observation of impregnated PCM in
porous structure

The microstructural changes caused by PCM impregna-
tion into the porous material were observed through
SEM analysis. Figure 5 shows the microstructures of
balsa, cork, Balsa_oct, and Cork_oct. Wood fiber struc-
tures, rays, and vessels were observed in the balsa
(Figure 5A,A-1). In the cork (Figure 5C,C-1), a character-
istic porous honeycomb structure was observed, and 500x
and 1000x magnifications were obtained for all speci-
mens. Figure 5B,B-1,D,D-1 show the SEM analysis results
for Balsa_oct and Cork_oct. Figure 5A,A-1 show the pres-
ence of vessels and fibers in the balsa microstructure. The
maximum pore size of the vessel is 23.15 μm, while the
fiber structure is entangled, resulting in a dense image.
Figure 5C,C-1 show the internal porous structure of the
cork. Compared with balsa, a large number of pores and
a honeycomb structure were observed. The pore sizes
ranged from approximately 19.76 to 49.76 μm. It was con-
firmed that balsa and cork are porous materials with
hierarchical distributions of pore sizes. In the case of

14932 NAM ET AL.
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Balsa_oct (Figure 5B,B-1), a rough surface that was not
present before PCM impregnation was confirmed, and a
vessel filled with PCM was observed. Cork_oct
(Figure 5D,D-1) showed a morphological change in
which the PCM filled the honeycomb structure. SEM
analysis confirmed that the PCM was successfully
immobilized in the porous structure. Morphological
changes occurred owing to the fixation of the PCM in the
internal pores of balsa and cork. In particular, PCM
impregnation into the porous structure facing the

external surface and the PCM remaining on the rough
surface can change the properties of the specimen.

3.1.2 | Analysis of wood surface properties
by impregnating PCM

The conversion of the surface properties and wettability
of the material during PCM impregnation was analyzed
by CA measurements. n-Octadecane is hydrophobic

FIGURE 5 SEM images of the

microstructure morphology before and

after PCM impregnation

NAM ET AL. 14933

 1099114x, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/er.8195 by Y

onsei U
niversity C

entral L
ibrary, W

iley O
nline L

ibrary on [23/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



rather than hydrophilic, which is a characteristic that can
occur in the fabricated SSPCMs. To confirm the surface
characteristics and wettability by moisture, CA measure-
ments were performed according to the ASTM D 5946
and ASTM D 7334-08 to characterize the wettability of
the surface. The CA measurement results are presented
in Table 3 and Figure 6. Table 3 lists the CAs of the drop-
let on measured on the left, right, and both sides. The
images in Figure 6 were taken at the same time point
immediately after the droplet was dropped onto the sur-
face. Balsa is a highly hydrophilic material. Because of its
high water absorption rate, water was absorbed before
the CA measurement was performed, resulting in large
measurement errors. In Figure 6, the CAs of balsa are
approximately 45.3� and 14.7�, while those of Balsa_oct

are approximately 122.6� and 120.7�. According to ASTM
D7334-08,31 which characterizes the surface wettability,
balsa is hydrophilic and Balsa_oct is hydrophobic. It can
be seen that the organic PCM penetrated the balsa pores,
was impregnated, and changed the hydrophilic character-
istics of the material to hydrophobic.

3.2 | Evaluation of the chemical stability
of SSPCM

FTIR spectroscopy measurements were used to evaluate
the chemical compatibility and stability during the inte-
gration of the balsa, cork, and PCM (Figure 7). EDS map-
ping was performed to compare the FTIR results with

TABLE 3 The contact angle of the droplet measured on the sample surface (left, right, both sides)

Specimen

Average CA

Left side (�) Right side (�) Both side (�)

Balsa 74.71 (±41.61) 59.74 (±63.75) 67.22 (±52.68)

Balsa_oct 128.48 (±5.38) 129.72 (±5.25) 129.10 (±5.32)

Cork 116.00 (±9.28) 116.17 (±6.34) 116.09 (±7.81)

Cork_oct 129.92 (±6.52) 133.7 (±5.11) 131.81 (±6.78)

FIGURE 6 Changes in the contact angle of the wood surface according to the PCM impregnation

14934 NAM ET AL.
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those of actual wood components. Figure 8 shows the
FTIR transmission spectra of balsa/Balsa_oct and cork/
Cork_oct. The chemical components of wood include car-
bon, hydrogen, oxygen, and nitrogen. The chemical ele-
ments in balsa and cork can be inferred from the EDS
mapping images (Figure 7). The actual carbon and oxy-
gen distributions can be confirmed in the balsa and cork
element distribution images (Figure 7) and element dis-
tribution characteristics (Table 4). The hydrogen element
could not be traced in the EDS mapping analysis.

The representative components of wood: cellulose,
hemicellulose, lignin, and polysaccharides, have CC,
CH, and CO bonds. In the FTIR graph (Figure 8), many
peak values were observed owing to various stretching
and bending vibrations of various chemical bonds. Spec-
tral analyses of balsa and Balsa_oct are shown in
Figure 8. The characteristic spectral peak observed in
the existing balsa tree appeared at 1029 cm�1. The peak
value represents the COC symmetric stretching and CO
stretching of cellulose and hemicellulose in balsa wood.
The transmission spectrum of Balsa_oct showed various
peak values at 1030 to 800 cm�1. This behavior is similar
to the peak values of balsa and is attributed to the COC
symmetric stretching in pyranose rings and CO
stretching in the aliphatic groups of cellulose hemicellu-
lose. The large peak value in the SSPCM is caused by

the existing cellulose and hemicellulose components
and the C-H alkyne present in the PCM. The chemical
bonds corresponding to the characteristic peaks that
appear only in SSPCMs are described in the graph. This
is a peak for a specific bond that occurs in n-octadecane.
The detailed wavelength section in Table 5 presents the
results of the FTIR analysis of cork/Cork_oct. The peak
patterns of cellulose, hemicellulose, and lignin—the
same components as in balsa—are shown. A peak was
observed at 1562 cm�1, which is in the wavelength
range of the carbonyl group corresponding to the chemi-
cal structure of suberin, the main component of cork.
The coincident peak wave range occurred before and
after PCM impregnation, suggesting that the composi-
tion of suberin was maintained. This was frequently
observed before and after PCM impregnation. The wave
transmission range (3200-2600 cm�1) corresponding to
suberin can be evaluated only in cork and Cork_oct. As
a component that does not exist in balsa, CH symmetric
stretching and OH bending of suberin were observed.
The peak values of the chemical bonds corresponding to
the wood components (cellulose and hemicellulose) of
balsa and the suberin component of cork were derived
through FTIR analysis. The peak table analysis of
SSPCMs (Balsa_oct and Cork_oct) confirmed the peak
data corresponding to the PCM and raw materials. It

FIGURE 7 EDS mapping images of the carbon and oxygen distribution of balsa and cork
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was also confirmed that no chemical reaction occurred
between n-octadecane and the supporting materials dur-
ing PCM impregnation.

3.3 | Analysis of PCM impregnation by
the difference between porous structure
and components

3.3.1 | Weight comparison analysis in PCM
impregnation process

A weight comparison was performed to analyze the PCM
absorption properties of balsa and cork. In the SSPCM
fabrication process, weights were applied to all specimens
to counter the buoyancy caused by the high density of
the PCM. Several raw materials were prepared to

FIGURE 8 FTIR transmission peak. (A) balsa and Balsa_oct; (B) cork and Cork_oct

TABLE 4 EDS element analysis results of balsa and cork

Element

Balsa Cork

Wt.% Atomic % Wt.% Atomic %

C 60.03 66.67 77.01 81.69

O 39.97 33.33 22.99 18.31

Total 100.00 100.00 100.00 100.00
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consider these variables (Figure S1). The weight measure-
ments were conducted three times. The SD in all mea-
surements was approximately zero. The average dry
weights of balsa, cork, and SSPCMs are listed in Table S1.

Figure 9 shows that the SSPCM impregnated with n-
octadecane had a minimum and maximum weight

increase 20.79% and 47.28%, respectively. The balsa speci-
mens showed a weight increase of over 40%, whereas the
cork specimens showed a weight increase of 20%-47%.
The large deviation between the results of the cork speci-
mens is attributed to the buoyancy action. In the vacuum
impregnation process, specimen F floated to the PCM

TABLE 5 Frequency according to chemical band assignment

Components Band assignments Frequency (cm�1)

Cellulose CH2 rocking vibration 1320

CN stretching, OH 1333

CH stretching (methyl and methylene groups) 2922

hydrogen bonding (Inter and intra-molecular) 3337

Cellulose hemicellulose COC symmetric stretching in pyranose rings
CO stretching in aliphatic groups

1020

Cellulose Lignin CO stretching 1642

Cellulose Lignin Absorbed OH bending vibrations
CO stretching conjugated to the aromatic ring

1370

Cellulose, Hemicellulose CH deformation
Aliphatic CH stretching in phenol and methyl group

895

Cellulose, Hemicellulose, Lignin CH stretching out of the plane of the aromatic ring of glucose
guaiacyl ring.

808

Hemicellulose, Lignin CO stretching in carbonyl (unconjugated ketone and aliphatic groups
xylan)

CO vibration
(in ketones, and aldehydes in hemicellulose)
Esters (in lignin).

1740-1730

Lignin COC stretching of phenol-ether bond in lignin 1233

Stretching of the guaiacyl ring and OCO; CO stretching in lignin 1263

Aromatic skeletal vibration typical for S units plus CO stretch 1594

CO stretching, CC aromatic cycles in syringyl units 1611

CC stretching in the aromatic cycle;
aromatic skeletal vibrations in guaiacyl rings

1510-1505

Polysaccharide Ring asymmetric valence vibration 1105

Suberin CH asymmetric bending 1469-1438

CH bending

CH symmetric stretching 2850

OH bending 3340

CO carbonyl group 1562

PCM Alkanes 2960-2850

1470-1350

C–H alkenes 1400-1380

3080-3020

C–H alkynes 1000-675

3330-3267

C=C alkenes 700-610

C=C alkynes 1680-1640

CH3-umbrella deformation 2260-2100
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surface owing to the weight deviation. In addition, the
buoyancy of corks C and D exceeded their weights and
floated. Thus, corks C, D, and G were not impregnated

on all sides, resulting in their low weight gain. The aver-
age weight increase of the specimens, excluding impreg-
nation, was 42.96%, 42.17%, and 46.65% for Balsa_oct,
Cork_oct, and the total SSPCM, respectively. In the
weight comparison analysis, the weight of the SSPCM
after filtration and drying was compared with that before
impregnation. In all cases, a weight increase was
observed. Thus, it can be inferred that a smooth PCM
impregnation was performed.

3.3.2 | Analysis of PCM impregnation rate
according to pyrolysis temperature of SSPCM

The proportion of PCM in the SSPCM was analyzed by
measuring the oxidation rate according to the pyrolysis
temperature of the material. The TGA and derivative
thermogravimetric (DTG) (derived weight [%/�C]) results
of the SSPCM-based wood are shown in Figure 10. The

FIGURE 9 Comparison of weight gain rate of balsa and cork

after PCM impregnation

FIGURE 10
Thermogravimetric curves for the

quantitative analysis of

impregnated PCM
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organic PCM (n-octadecane) has a pure alkane chain
consisting of carbon and hydrogen. The oxidation tem-
perature was approximately 130�C to 170�C. As seen in
the figure, balsa wood was compared with impregnated
balsa and SSPCM. Two large weight losses were
observed in the balsa TGA curve. When the graph of
impregnated Balsa_oct was analyzed, the weight loss
was large at 130�C to 170�C. Weight loss was not
observed in balsa with the Balsa_oct SSPCM. This
implies that the PCM was impregnated. In the PCM oxi-
dation temperature range, the DTG curve of Balsa_oct
showed a weight loss rate of 0.60%/�C at 135.86�C. The
weight loss rate increased during the thermal decompo-
sition of balsa. Balsa contains the wood components cel-
lulose, hemicellulose, and lignin. The DTG peak at
250�C to 350�C appeared to be the same in balsa and
Balsa_oct because of the thermal decomposition proper-
ties of the wood components. The PCM oxidation rate
was lower than that of the wood components. Therefore,
Balsa_oct was impregnated with PCM, but the amount
of PCM was relatively smaller than that of the wood
components. In the TGA graph of cork and Cork_oct,
the cork curve showed a gentle slope at over 300�C and
a weight reduction. Cork_oct showed a weight reduction
of approximately 45% in the oxidation temperature
range of n-octadecane after the initial weight loss due to
water removal. The DTG curve of Cork_oct showed a
weight loss rate of 1.24%/�C at 150.75�C. Unlike Bal-
sa_oct, it exhibited the largest peak value in the PCM
oxidation temperature range over the entire tempera-
ture range. After the large weight loss of the PCM, the
pyrolysis of wood components proceeded with a gentle
slope. This means that the PCM accounts for a large
amount of the total weight. It can be concluded that
Cork_oct has a larger amount of PCM impregnation
than Balsa_oct. Thus, the characteristic structure of cork
influenced the PCM impregnation. The hydrophobicity
of cork, regular arrangement of hexagons, and large spe-
cific surface area are advantageous for PCM impregna-
tion. In addition, balsa wood, cork, Balsa_oct, and
Cork_oct showed little change in weight at over 500�C;
thus, the weight loss (%) converged to zero. It can be
seen that the raw materials and SSPCMs have high ther-
mal stability.

3.4 | Thermal performance of SSPCM
analysis

3.4.1 | Heat storage capacity analysis

Figure 11A,B show the DSC curves of the melt-freezing
process of the PCM container materials and SSPCMs. No

peak values were observed in balsa or cork. It is possible
to analyze the latent heat of a material using the peak in
the DSC curve and its integral value. The fact that peaks
not found in the raw materials (balsa and cork) were
found in the SSPCMs (Balsa_oct and Cork_oct) means
that the PCM impregnation process was successful. Ther-
mal properties, including melting temperature (T m),
freezing temperature (T f), and enthalpy (ΔHf) are listed
in Table 6. Balsa_oct showed major melt-freeze transition

FIGURE 11 Comparison of peak temperature and latent heat

by DSC curve analysis. (A) balsa and Balsa_oct; (B) cork and

Cork_oct; and (C) n-octadecane and SSPCMs
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temperature peaks at 26.467�C and 23.747�C, respec-
tively. This is similar to the phase transition behavior of
the raw PCM, indicating the stable integration of the
PCM into the balsa.

In the case of Cork_oct, the melting and freezing tem-
peratures were 27.720�C and 23.397�C, respectively. All
SSPCMs showed peaks in the phase change section of the
raw PCM. In the PCM phase transition region, the heat
storage capacity of Balsa_oct is 49.66 J/g and 49.63 J/g,
which is approximately 20.75% of the performance of n-
octadecane. Cork_oct had latent heat values of 131.20
and 131.22 J/g and exhibited 54.35% of the performance
of raw PCM. Cork_oct exhibited excellent melting-
freezing temperature behavior and heat storage capacity.
The difference in latent heat between Cork_oct and Bal-
sa_oct is attributed to structural/chemical differences
(Sections 3.1 and 3.2). The characteristic honeycomb
structure of cork works well when impregnated with a
PCM. The capillary force between the hexagonal face and
PCM holds the integrated PCM. The chemical compati-
bility between the PCM and support materials plays an
important role in the SSPCM fabrication process.32 FTIR
and EDS confirmed the presence of the hydrophobic sub-
stance, suberin, in cork. Owing to suberin, Cork_oct had
a high interface performance. DSC analysis confirmed
the excellent latent heat performance and heat storage
capacity of Cork_ oct. Balsa_oct showed similar behavior
as the PCM, and exhibited a thermal performance that
did not exist in balsa. The PCM properties can be attrib-
uted to the physical bonding of the PCM inside the balsa
and cork. It is suggested that the phase stabilization
method of the PCM through balsa and cork can be help-
ful in practical applications. The enthalpies of the
SSPCMs in previous studies prepared using PCMs with a
phase change temperature similar to that of n-octadecane
were compared (Table 7). Table 7 lists the peak tempera-
ture and enthalpy of SSPCMs based on biomaterials such
as wood; mineral SSPCMs with the same porous mate-
rials but not biomaterials; and SSPCMs based on carbon
materials that were recently considered owing to their
porosity and high thermal conductivity. Recently,
research on carbon-based SSPCM fabrication has been

actively conducted to improve the thermal storage effi-
ciency of PCMs. SSPCMs using porous carbon as the
PCM container material have enthalpies in the range of
85 to 196 J/g, indicating a high thermal storage perfor-
mance. However, these have a relatively low latent heat
compared with biomaterial/PCM composites similar to
wood. In this study, the PCM containers (balsa and cork)
show an above-average latent calorific value and excel-
lent thermal performance among biocomposites.

3.4.2 | Thermal conductivity analysis for
PCM performance improvement analysis

Figure 12 shows the thermal conductivities of SSPCMs
made of wood, PCM, and n-octadecane. Thermal conduc-
tivity analysis was performed at 20�C to 40�C, including
the phase change region of n-octadecane. The analysis
was repeated three times and had an average SD of
0.00536. Figure 12 shows the analysis results of the aver-
age thermal conductivity at room temperature and 40�C.
Air has excellent thermal insulation performance; thus,
balsa and cork with hierarchical porous structures have
low thermal conductivity. The thermal conductivity of n-
octadecane is approximately 0.184W/mK. Balsa_oct and
Cork_oct showed higher values than the PCM. Because
the thermal conductivity of air is much lower than that
of the PCM, the thermal conductivity of Balsa_oct and
Cork_oct increased as voids were replaced by the PCM.
In the case of Balsa_oct, the thermal conductivity showed
a slight increase according to the impregnation. Com-
pared with n-octadecane, the thermal conductivity of
Cork_oct improved by approximately 114%. Unlike Bal-
sa_oct, the thermal conductivity of Cork_oct significantly
improved. As the temperature increased, various pro-
cesses occurred inside the material. Solid molecules
exhibit enhanced thermal motion to promote fluid con-
vection heat transfer in the voids as well as heat conduc-
tion in the solid skeleton. The radiant heat transfer
between the pore wall and the wall also improved,
thereby increasing thermal conductivity.42 In the case of
cork, the presence of a larger number of pores compared

TABLE 6 n-Octadecane and SSPCM thermal properties

Specimen
Melting
temperature (�C)

Freezing
temperature (�C)

Latent heat

Liquid–solid
melting (J/g)

Liquid–solid
freezing (J/g)

n-octadecane 29.765 23.171 180.75 184.83

Balsa_oct 26.467 23.747 49.66 49.63

Cork_oct 27.720 23.397 131.20 131.22
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with balsa was confirmed by the SEM images (Figure 5).
The PCM impregnated into the Cork_oct pores accumu-
lated heat during thermal conductivity analysis. The
accumulated heat caused heat conduction and fluid

(PCM) convection to occur more quickly and strongly.
The accumulated heat may also affect the thermal con-
ductivity measurement process. This could be the reason
why Cork_oct had a large thermal conductivity value. It

TABLE 7 Comparison of SSPCM thermal performance in previous research

Category
Container
material PCM

Phase change
temperature Process

Peak temperature
(�C)

Enthalpy
(J/g) Ref.

Carbon XGnP n-octadecane 28 melting 24.8 104.5 [33]

cooling 31.13 110.9

Activated carbon (AC) 27–35 – – 118.5 [34]

– – 113

Expanded graphite – – 196.8

– – 196.3

XGnP – – 112.4

– – 110.8

Polystyrene/ expanded
graphite

melting 31.38 84.78 [35]

TiO2 n-octadecane
30 wt.%

27–35 melting 27.8 44.2 [36]

cooling 26.9 43.7

n-octadecane
50 wt.%

melting 27.9 85.8

cooling 26.8 82.5

Mineral Expanded perlite n-octadecane 27–35 - - 128.5 [37]

Expanded vermiculite - - 87.2

Nano size bentonite melting 27.39 47.31 [23]

cooling 24.18 47.32

Organic modified
nanocly (Closite 20)

melting 28.89 113.1

cooling 22.88 95.05

Biomaterials Delignified wood capric acid
palmitic acid

23.4 94.4 [38]

Pinus wood PEG800 70 wt.
%

25.2 melting 25.6 14.1 [39]

cooling 16 11.6

Wood fiber capric acid-
stearic acid
25 wt.%

19-26 melting 24.23 44.5 [40]

cooling 20.24 44.1

capric acid-
stearic acid
50 wt.%

melting 23.32 88.8

cooling 22.64 88.5

Spent coffee grounds natural soy
wax

melting 45.71 19.43 [40]

cooling 32.32

Delignified balsa Myristic acid melting 55.7 179.1 [41]

cooling 49.6 178.7

paraffin melting 60.3 181.9

cooling 56.9 179.4

Balsa n-octadecane 27-35 melting 26.47 49.66 This
papercooling 23.75 49.63

Cork melting 27.72 131.2

cooling 23.4 131.22
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can be concluded that the thermal conductivity was
affected by the interaction of the PCM with the porous
structure of cork. The improved thermal conductivity is
an advantage for the heat accumulation by the PCM.
Research to improve thermal storage performance by
improving the thermal conductivity of PCMs is being
actively conducted. Kim et al.33 fabricated a carbon-based
SSPCM by impregnating hexadecane with xGnP. The
carbon-based SSPCM showed the improved thermal con-
ductivity, resulting in a 15.7% increase in energy effi-
ciency. By improving the thermal conductivity of pure
PCM, balsa- and cork-based SSPCMs are expected to
effectively transfer heat to the PCM. The internal porous
cell wall enables heat transfer inside the PCM; therefore,
it can improve the heat storage capacity of the PCM.

3.5 | Observation of PCM leakage at high
temperature of SSPCM

Balsa and cork were used as support materials to stabilize
the PCM because of their porous structure and capillary
force characteristics. Figure 13 shows the results of the
leak test. Figure S2 shows an optical photograph of the
prepared specimen, the appearance of which changed at
high temperature. Figure 13 shows the change in the fil-
ter paper over time, indicating the leakage amount of the
SSPCM exposed to high temperatures for 2, 4, and 6
hours. Overall, it can be seen that the PCM leakage
behavior occurs actively in Balsa_oct. This is the result of
the previous analysis. In particular, the compatibility
between PCM and container materials can determine this
property. Based on the results analyzed in Chapters 3.1
and 3.2, Balsa is less porous and more hydrophilic than
Cork. This makes PCM less compatible and more prone

to leaks. It can be inferred that the PCM present in the
porous structure at high temperature melts and flows out
to the outside as the fixing/supporting power of the PCM
container material is insufficient. PCM supporting power
is determined by cell structure and chemical compatibil-
ity. Cork_oct has a hydrophobic component and at the
same time has a very high PCM fixing ability according
to the honeycomb structure. The ability is exhibited even
at high temperatures, so the amount of PCM leakage is
remarkably small. On the other hand, Balsa_oct, PCM
leakage occurred gradually after exposure at 50�C for 2
hours. The size of the PCM leakage area also increased
over time. A small amount of leakage occurred when
Cork_oct was exposed for 6 hours. Balsa_oct, which
exhibited severe leakage, had insufficient thermal stabil-
ity at high temperature. The weight comparison results
showed that Balsa_oct and Cork_oct had similar weight
gain. However, it can be inferred that the relatively poor
thermal performance of Balsa_oct is due to PCM leakage
because of its low thermal stability. Cork_oct showed rel-
atively excellent PCM binding ability as a support mate-
rial, confirming its thermal stability.

4 | CONCLUSION

In this study, balsa and cork were confirmed to have
different hierarchical porous structures using SEM
images. The chemical composition of cork, specifically
suberin, was confirmed by FTIR and EDS mapping.

FIGURE 12 Measured thermal conductivity of the PCM, raw

materials, and SSPCMs (25�C and 40�C)

FIGURE 13 Observation of PCM leakage of SSPCM during

heating process
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The improvement in the thermal performance of
porous structures using the PCM vacuum-
impregnation method was verified. Quantitative, sur-
face/morphological, and chemical analyses were con-
ducted to verify PCM impregnation in the
microstructures of balsa and cork. It has been reported
that n-octadecane can be integrated into two wood
materials. Wood synthetically treated with a PCM (ie,
SSPCMs) showed high heat storage capacity, PCM
impregnation, and excellent thermal/chemical stabil-
ity. In particular, Balsa_oct showed an average of heat
storage capacity of 49.65 J/g, while Cork_oct showed
an average latent heat capacity of 131.21 J/g, which are
20.75% and 54.35% better than the performance of raw
PCM, respectively. The thermal conductivity of Cor-
k_oct increased by approximately 114% compared with
that of n-octadecane. This allowed rapid heat transfer
to the PCM for enhanced heat storage performance.
The thermal stability of the SSPCM was evaluated by
continuous heating in an oven. In the case of Bal-
sa_oct, PCM leakage occurred during heating for 2
hours at approximately 50�C. In the case of Cork_oct,
PCM leakage gradually occurred during 4 hours of
heating. However, these were performed at extreme
temperatures. The PCM stabilization method will be
further developed in the future based on the results of
this study. Balsa_oct and Cork_oct have superior heat
storage capacity compared with biomaterial-based
SSPCMs, and showed average or higher latent heat
properties compared with other support materials and
PCM composites. Wood has gained increasing atten-
tion as a building material because of its sustainability
and aesthetically pleasing appearance. This study eval-
uated its potential as an energy-saving building mate-
rial by developing the TES capacity of core and bark.
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