
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 8
:2

4:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A thermal energy
aLab Wood Sci & Technol, Zhejiang A & F Un

guoxi@zafu.edu.cn; 18268158266@163.com
bZhejiang Shiyou Timber Co., Ltd, Huzhou 3

Cite this: RSC Adv., 2020, 10, 8097

Received 15th November 2019
Accepted 4th January 2020

DOI: 10.1039/c9ra09549g

rsc.li/rsc-advances

This journal is © The Royal Society o
storage composite by
incorporating microencapsulated phase change
material into wood
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and Weisheng Sun *a

Phase change energy storage wood (PCESW) was prepared by using microencapsulated phase change

materials (MicroPCM) as thermal energy storage (TES) materials and wood as the matrix. The

incorporation of MicroPCM and wood was realized using a vacuum impregnation method. The

morphology and microstructure of MicroPCM, delignified wood (DLW) and PCESW were observed by

scanning electron microscopy (SEM); the thermal properties including phase change temperature,

enthalpy, thermal stability, thermal conductivity of MicroPCM and PCESW were characterized by

differential scanning calorimetry (DSC), thermogravimetric analysis (TG) and laser flash analysis (LFA). The

results showed that: (1) delignification improved the porosity of wood and enhanced the impregnation

effect, MicroPCM got into the delignified wood successfully and mainly distributed in the vessels; (2)

PCESW had excellent energy storage capacity and suitable phase transition temperature for regulating

indoor temperature; (3) PCESW had prior thermal stability at room temperature and great durability after

100 heating–cooling cycles; (4) addition of graphene greatly improved the thermal conductivity of

PCESW. The TES composite can be used as an indoor temperature regulating material for building

energy conservation.
1 Introduction

With the rapid development of the economy, in particular the
dramatic increase in building energy consumption caused by
population growth, energy and environmental problems have
become a worldwide topic.1–4 Thermal energy storage (TES)
materials based on phase change materials (PCMs) were sug-
gested as a solution to these problems. PCMs refer to the
materials that can absorb or release a large amount of energy
during the phase change process and maintain a constant
temperature in a certain range.5–8 Therefore, the incorporation
of PCMs with building materials is helpful for adjusting indoor
temperature and reducing building energy consumption.
According to the phase transition state, PCMs can be divided
into solid–liquid, solid–solid and solid–gas PCMs.9–11 Compared
with the other two PCMs, solid–liquid PCM is the most widely
used, beneted by its high latent heat and low cost.12–15

However, shortcomings like volume change and liquid inl-
tration during the phase change process seriously limits the
application of solid–liquid PCM, considering that it may reduce
the thermal energy storage capacity and lead to environmental
pollution.16–19 MicroPCM combined with microcapsule
iv, Hangzhou 311300, PR China. E-mail:
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f Chemistry 2020
technology is an ideal method to overcome the problems of
solid–liquid PCM.20–23 MicroPCM can prevent PCM from leak-
ing, volume change in the phase transition process and increase
the heat transfer area of PCM.24–26 So a lot of researchers have
prepared the energy saving composites by using the tempera-
ture regulation and form-stable function of MicroPCM. Cabeza
et al.27 constructed two identical 2 � 2 � 3 m houses to inves-
tigate the energy capacity of MicroPCM, one of them was made
of ordinary concrete slabs and another was used energy storage
concrete mixed MicroPCM. The indoor temperature changes
were recorded with radiation sensors, results showed that
adding MicroPCM could effectively keep constant indoor
temperature and reduce energy consumption of the house.
Hunge et al.28 added MicroPCM to self-made concrete and
tested the properties of concrete before and aer hardening,
results showed that the performance of fresh concrete is not
affected by MicroPCM, but its energy storage capacity improved
aer hardening. And 12% energy consumption can be saved
when the mass fraction of MicroPCM was 5%. Jin et al.29

fabricated a wood–plastic composites using MicroPCM as latent
heat storage medium and polyvinyl chloride (PVC)/wood our
composites as support materials, the melting and freezing
temperature, latent heat of wood–plastic composite indicated
that it could be used as a building material for thermal energy
storage.
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Wood is a natural porous material with low cost and abun-
dant resources. It has been used as building material and
furniture structural material for thousands of years.30,31 So the
combination of wood and MicroPCM may produce a building
energy-saving material with good performance. There are many
nano- to micron-scale pores in wood, and these pores are
interconnected, which provides possibility for introducing PCM
into wood. Barreneche et al.32 lled paraffin wax into wood to
prepare a novel PCM/wood composite which can effectively
regulate indoor temperature, but results showed that leakage
still appeared due to the direct impregnation of PCM into wood
without any protection method. However, as an independent
and stable functional unit, MicroPCM can not only give wood
durable energy storage performance, but also the form-stable
property. Jeong et al.33 mixed adhesive and MicroPCM for the
synthesis of composite wood oor, the prepared wood oor had
good bonding strength, but the improvement of thermal quality
for wood oor was not obviously because of the low loading of
MicroPCM. Guo et al.34 prepared the PEG modied MicroPCM
and mixed it with wood our/high density polyethylene (WF/
HDPE) to prepare the thermal energy storage wood plastic
composite (TES-WPC). The melting and cooling temperature of
TES-WPC were 27.2 and 11.3 �C, respectively, which indicated
that the supercooling was negative for its application. Mathis
et al.35 selected red oak (Quercus rubra L.) and sugar maple (Acer
saccharum Marsh.) as the base materials to prepare TES wood.
The results showed that red oak had a higher enthalpy, but just
about 7.6 J g�1 in the temperature range of 28.5 and 31.5 �C,
indicating that PCM could not enter the wood effectively due to
the high density and low porosity of this two kinds of wood.

So in this study, we prepared a phase change energy storage
wood (PCESW) combining balsa wood and MicroPCM. Balsa is
generally used as model material because of its low density and
high porosity. And in order to getting a much higher porosity,
delignication was carried out by using sodium hydroxide and
sodium sulte mixed solution. The impregnation of MicroPCM
was realized through vacuum method. The prepared PCESW
were characterized by scanning electron microscopy (SEM),
differential scanning calorimetry (DSC), thermogravimetric
analysis (TG) and laser ash analyzer (LFA) to analysis the
morphology, microstructure and thermal performance of
MicroPCM and PCESW.
Table 1 Mass fractions of MicroPCM and graphene used in different
groupsa

Sample
MicroPCM content of emulsion
(wt%) Graphene (wt%)

OW-40 40 —
PCESW-15 15 —
PCESW-20 20 —
PCESW-25 25 —
PCESW-30 30 —
PCESW-35 35 —
PCESW-40 40 —
PCESW-40-G 40 0.2

a OW-40 represents the group that wood treated without delignication.
2 Experimental
Materials

Balsa wood (Ochroma lagopus Swartz) was purchased from
Shanghai Feiheng Trading Co., Ltd. Sapwood of balsa was used
as the matrix material and its average density was 0.138 g cm�3.
MicroPCM emulsion (solid content: 53.34%) was provided by
Micro Delivery Smart Microcapsule Sci & Tech Co. Lid., Anhui.
According to the information published by the company, the
wall material of MicroPCM was formed by two N-alkyl acryl-
amide monomers. Chemicals, including sodium hydroxide and
sodium sulte were all analytical grade reagents, purchased
from Shanghai Aladdin Bio-Chem Technology Co., Ltd.
8098 | RSC Adv., 2020, 10, 8097–8103
Delignication of wood

The delignication of wood was realized by using NaOH
(2.5 mol L�1) and Na2SO3 (0.4 mol L�1) mixed solution. Use
a circular saw to cut balsa wood into wood blocks with a size of
20 � 20 � 20 mm, the wood blocks were immersed in the
solution and boiled for 36 h and then washed in hot deionized
water to remove the residual reagents. The delignied wood
(DLW) specimens were preserved in ethanol for further use.

Inltration of MicroPCM

As shown in Table 1, the DLW specimens were impregnated in
six different solid content MicroPCM emulsions. Graphene was
added in order to improve the thermal conductivity of PCESW.
The impregnation was realized by vacuum method. Briey,
impregnation emulsions with different solid content were
prepared using the purchased MicroPCM emulsion. 10 samples
of each group were placed in the beaker and followed by adding
840 mL MicroPCM emulsion. The DLW was vacuumized for
30 min to remove the gas and ethanol inside of the wood. Then
the vacuum was removed to let the solution ll the inside space
of wood. This process was repeated three times. Finally, the
samples were cleaned and dried at 30 �C for 96 h.

Characterization

The morphologies and microstructures of MicroPCM, DLW and
PCESW were observed by a Hitachi (Hitachi SU8010, JPN) SEM
at 3 kV. The DLW and PCESW samples are taken from the cross
section in the middle of the wood block. All samples were
bonded to the sample stages and sprayed with gold prior to the
examination.

The average diameter of MicroPCM was measured with
a laser particle size analyzer (Mastersizer 3000, UK). The
dispersant was deionized water and results were collected aer
ultrasonic treatment.

Porosity change of balsa wood before and aer delignica-
tion was tested by mercury intrusion method. The mercury
lling pressure was 0.5 psia with an equilibration time of 10 s.

Phase change properties of MicroPCM and PCESW were
carried out by using a Q2000 (TA, USA) DSC analyzer. The
particle size of PCESW our was about 40–60 mesh. And the
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Morphology (a), particle size distribution (b), DSC (c) and TG curves (d) of MicroPCM.
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temperature range was �10–50 �C with a heating or cooling
temperature rate of 5 �C min�1 under nitrogen atmosphere.

Thermal stability of the MicroPCM and PCESW were analyzed
by TG (Q5000IR, USA) in the temperature range of 30–600 �C at
a heating rate of 10 �C min�1 under nitrogen atmosphere.

Thermal durability of the PCESW was performed by using
oven and refrigerator for melting–freezing cycles. The beaker
containing PCESW was placed in an oven at 45 �C for 30 min to
carry out the melting process, and then immediately placed in
a refrigerator at�20 �C for 30 min to suffer the freezing process,
thermal properties of PCESW was recorded aer 100 times.
Fig. 2 SEM images of balsa wood (a) and delignified wood (b), (c) pore

This journal is © The Royal Society of Chemistry 2020
The thermal conductivities of wood, MicroPCM, PCESW-40
and PCESW-40-G were measured by laser ash analyzer
(Netzsch LFA 467, GER). The samples were cut to 10 � 10 �
1 mm and tested at 30 �C.
3 Results and discussion
Characterization of MicroPCM

The morphology of MicroPCM is shown in Fig. 1a. Most of the
MicroPCM were spherical with a smooth surface. Just a small
number of MicroPCM were burst due to the pressure during
size distribution of balsa wood and delignified wood.

RSC Adv., 2020, 10, 8097–8103 | 8099
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Fig. 3 Microstructure image of PCESW-40 ((a) cross section, (b)
enlarged figure).
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fabrication or drying process. The diameter of MicroPCM was
distributed in the range of 0.9–45.6 mm and the average diam-
eter was 6.5 mm, which indicated that it is possible for
MicroPCM to get into the wood vessels (Fig. 1b).

The DSC and TG curves of MicroPCM are shown in Fig. 1c and
d. It can be seen that MicroPCM exhibited obvious endothermic
and exothermic phenomenon during the temperature changing
progress. The start (Tsm) and end temperature (Tem) of melting
process were 25 and 40 �C, respectively (Fig. 1c). For the freezing
progress, the start (Tsf) and end temperature (Tef) were 27.3 and
19.9 �C, respectively. This indicated that the phase change
temperature range of MicroPCM ts the comfortable tempera-
ture zone of human body. Besides, the enthalpies of melting and
freezing process were 129.3 and 124.7 J g�1, respectively, which
meant an outstanding energy storage capacity.

Fig. 1d shows the TG and DTG curves of MicroPCM. It can be
seen from the gure that there was a sharp weight decrease
stage between 195 and 325 �C, which was related to the
decomposition of MicroPCM corematerial. From the DTG curve
it can be found that there appeared another small weight loss
stage at 331–370 �C, which was related to the decomposition of
Fig. 4 DSC curves of PCESW-40, MicroPCM, natural wood, OW-40
concentrations (b).

8100 | RSC Adv., 2020, 10, 8097–8103
wall materials. The weight loss of MicroPCM was 2.5% when
temperature below 100 �C, which meant that it had excellent
thermal stability when used at room temperature.
Effect of delignication on wood

The microstructure of balsa wood and DLW are shown in Fig. 2.
It can be seen that DLW retained the honeycomb-like structure
aer delignication. However, deformation and shrinkage were
occurred due to the lack of lignin (Fig. 2b). Fig. 2c shows the
pore size distribution of natural wood and DLW. The balsa
wood had abundant pore structure and diameter of these
lumina mainly ranging from 1–20 and 75–370 mm, compared
with other wood, it has larger pore size distribution.36 Aer
delignication, the average diameter of DLW increased from 2.7
mm to 4.3 mm. The porosity also increased 18.2%. As seen in
Fig. 2b, the microstructure of DLW became loose and a large
number of big holes in the rage of 250 and 300 mm were
appeared. All these changes provided possibility for the incor-
poration of MicroPCM and DLW.
Distribution of MicroPCM in wood

Fig. 3 shows the cross-sectional SEM image of PCESW. It is
obvious that MicroPCM had got into the wood successfully and
lled the wood vessels (Fig. 3a). But the MicroPCM were just
found in big vessels rather than all wood cells. The reason could
be attributed to the poor connectivity of wood pores and the big
size of MicroPCM. Besides, aggregation of MicroPCMwas found
in the vessel and this uneven distribution of MicroPCM may
lead to the inhomogeneous heat transmission of wood.
, PCESW-40-G (a) and PCESW with different MicroPCM emulsion

This journal is © The Royal Society of Chemistry 2020
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Table 2 Parameters obtained from DSC measurements of MicroPCM and PCESWa

Labeling

Melting Solidifying

Onset temperature
(�C)

Peak temperature
(�C)

Latent heat
(J g�1) Onset temperature (�C)

Peak temperature
(�C)

Latent heat
(J g�1)

MicroPCM 27.3 30.6 129.3 � 4.1 (123.6 � 4.4) 25.7 25.5 124.7 � 3.8 (119.1 � 3.6)
OW-40 27.0 29.0 18.1 � 8.2 25.2 25.1 17.0 � 7.9
PCESW-15 26.6 28.7 13.3 � 3.4 (12.5 � 3.8) 24.5 24.2 12.9 � 2.9 (11.7 � 3.2)
PCESW-20 26.8 29.1 21.3 � 3.4 (20.9 � 3.7) 25.1 24.6 20.4 � 3.2 (19.6 � 3.4)
PCESW-25 26.9 29.2 26.5 � 7.1 (26.0 � 7.3) 25.3 25.0 25.6 � 6.3 (24.9 � 6.9)
PCESW-30 27.0 29.6 30.7 � 6.1 (29.8 � 6.3) 26.3 25.9 29.9 � 5.3 (29.1 � 5.1)
PCESW-35 27.1 29.3 34.2 � 4.4 (33.4 � 4.7) 25.4 25.2 33.3 � 4.0 (31.9 � 4.5)
PCESW-40 27.2 29.3 36.1 � 5.7 (35.3 � 6.3) 25.4 25.3 35.1 � 5.2 (33.8 � 5.8)
PCESW-40-G 27.2 29.5 44.3 � 7.4 (43.9 � 8.0) 25.6 25.3 42.5 � 7.0 (42.3 � 7.3)

a Values in the parentheses represent the enthalpy of the composite aer experiencing 100 heating–cooling cycles.
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Heat storage capacity

The energy storage capacity of MicroPCM, PCESW-40-G,
PCESW-40, OW-40 and wood are shown in Fig. 4 and Table 2.
Natural wood had no endothermic and exothermic peaks
during the heating or cooling process, but the peaks appeared
aer the incorporation of MicroPCM, so it indicated that the
energy storage capacity of PCESW was mainly from MicroPCM.
Themelting and freezing enthalpies of PCESW-40 were 36.1 and
35.1 J g�1, respectively, which increased by 99.4% and 106.5%,
respectively, compared to OW-40. The reason could be attrib-
uted to the higher porosity aer delignication which provide
more space for MicroPCM loading. Further, aer the addition of
graphene, the melting and freezing enthalpies increased to 44.3
and 42.5 J g�1, respectively, which proved that the graphene
could enhance the energy storage capacity of PCESW. One
reason for this phenomenon was that graphene improved the
thermal conductivity of PCESW and prevented the damage of
Fig. 5 TG curves of MicroPCM, wood and PCESW (a) and PCESW with d

This journal is © The Royal Society of Chemistry 2020
MicroPCM resulted by inhomogeneous heat transmission.
Another was graphene powder blocked the vessels of the wood
and prevented the PCM leaking resulted by ruptured
MicroPCM. There was no signicant difference of phase change
temperatures between MicroPCM and PCESW (Fig. 4a). But the
temperature of PCESW-40-G was more closely resemble the
MicroPCM, which also beneted the high thermal conductivity
of graphene. The enthalpy of PCESW gradually improved with
the increase of MicroPCM solution content. And the phase
change temperature also changed slightly (Fig. 4b).
Thermal stability

The TG curves of MicroPCM, natural wood and PCESW are
shown in Fig. 5a. The evaporation of water led to the initial
decrease of weight and followed by the decomposition of wood
and MicroPCM. Thermal decomposition of MicroPCM core
material and wood hemicellulose corresponded to the
ifferent MicroPCM emulsion concentrations (b).

RSC Adv., 2020, 10, 8097–8103 | 8101
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Fig. 6 DSC curves of PCESW after 100 thermal cycles.
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temperature range of 210–300 �C, cellulose thermal decompo-
sition corresponded to 290–350 �C, the thermal decomposition
temperature of MicroPCM wall material and a small amount of
residual lignin is 310–500 �C.37,38 As shown in Fig. 5b, the weight
loss ratio of PCESW changed slightly with the increasing
MicroPCM content, and all PCESW had almost no weight loss
below 100 �C, which indicating that the PCESW composite had
excellent thermal stability at room temperature.
Thermal cycling

Thermal durability of PCESW was measured by using heating–
cooling cycling test (Fig. 6). The enthalpy values of PCESW aer
100 cycles are shown in Table 2. The enthalpy values of PCESW
decreased slightly aer the thermal cycles, and the phase
change temperature also just changed a little. The enthalpy
change of different PCESW was between 0.90% and 9.30%,
indicating that the PCESW composite had great thermal dura-
bility. One point should be noted that the value change of
PCESW-40-G was the smallest, which indicated that the block-
ing effect of graphene powder in wood was positive for reducing
the leakage of PCM in phase transformation process.
Fig. 7 Thermal conductivity of wood, MicroPCM, PCESW-40 and
PCESW-40-G.

8102 | RSC Adv., 2020, 10, 8097–8103
Thermal conductivity

Usually, thermal conductivity of indoor building materials
should be low because of the need for thermal insulation, but
for PCESW, the thermal conductivity needs to be improved in
order to achieve the heat transmission rapidly and keep
a comfortable room temperature. In Fig. 7, thermal conductivity
of nature wood and PCESW-40 were 0.078 and 0.10 W m�1 K�1,
respectively. Aer the addition of graphene, thermal conduc-
tivity of PCESW-40-G was 0.873 W m�1 K�1, which increased
about 773% than PCESW. The enhancement should be attrib-
uted to the high thermal conductivity of graphene.
4 Conclusions

Phase change energy storage wood could be prepared by using
wood as matrix and MicroPCM as energy storage unit.
MicroPCM got into the delignied wood successfully and
mainly distributed in the vessels. PCESW had outstanding
energy storage capacity and it could be adjusted by changing the
MicroPCM content in wood. Thermal performance showed the
PCESW has suitable phase change temperature which ts the
human comfortable temperature range. TG test showed the
PCESW had great thermal stability when used at room
temperature. Heating–cooling cycles indicated the PCESW had
excellent thermal durability. The addition of graphene
improved the thermal conductivity greatly. Because of the
superior energy storage capacity of PCESW, it was suggested to
be used as indoor temperature regulating material for building
energy conservation. Further research should be focus on the
optimization of MicroPCM with smaller particle size, higher
enthalpy value and suitable phase change temperature. And the
practical heat storage capacity of PCESW by building a model to
simulate the real environment.
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