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characterization of PEG/surface-
modified layered double hydroxides as a new
shape-stabilized phase change material

Suhong Zhu,ab Tao Ji,c Bin Yangd and Zhengxian Yang *ac

A new shape-stabilized phase change material based on polyethylene glycol (PEG) and surface-modified

layered double hydroxides (LDHs) was prepared by a solution impregnation method. PEG enabled

thermal energy storage and release as a phase change material; 3-aminopropyl triethoxysilane (KH550)

was used to modify the surface of LDHs (KH-LDHs) which then acted as a carrier to keep the solid form

of the molten PEG at high temperature. The maximum weight percentage of PEG confined in the PEG/

KH-LDHs composite was 55%. The detailed structures, thermal properties and UV absorption of the

composite were characterized systematically by scanning electron microscopy (SEM), X-ray diffraction

(XRD), Fourier transform infrared (FTIR) spectroscopy, differential scanning calorimetry (DSC), thermal

gravimetric (TG) analysis and UV-vis absorption spectra. Results show that the PEG/KH-LDH composite

has a suitable phase change temperature, considerable enthalpy, and good thermal stability as well as

remarkable ultraviolet absorption ability. As a new shape-stabilized phase change material, the PEG/KH-

LDH composite is expected to contribute to the effort of searching effective measures for thermal

management of building and pavement materials.
1. Introduction

Phase change materials (PCMs) are acknowledged as an effec-
tive way to store energy, whereby energy can be absorbed and
released by changing phase during melting and crystalliza-
tion.1,2 Owing to high energy densities, repeatable utilization
and good stabilities, PCMs have been extensively applied in
many areas, such as smart building materials, solar-thermal
systems, electronic devices, insulated fabrics, and so on.3–8

As a promising PCM, polyethylene glycol (PEG) has received
considerable attention due to its favourable performance,
including large enthalpy capacity, appropriate phase transition
temperature, noncorrosive and nontoxic nature, good thermal
cycling and chemical stabilities, and reasonable price.9–11

However, the commercial applicability of PEG is hampered
given the fact that as a solid–liquid PCM, molten liquid PEG can
easily leak out resulting in enthalpy loss during the melting
process.12 To overcome this disadvantage, many attempts have
been made. A shape-stabilized composite of PEG, which is
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developed by physical interactions between PEG and a carrier
matrix, is an effective solution to avoid leakage during the solid-
to-liquid phase change.13,14 In view of different carrier matrices,
shape-stabilized composites of PEG could be mainly classied
in two groups: organic form-stable PEG based PCMs and PEG-
hybrid inorganic PCMs. The former group includes PEG-
natural polymers,15,16 PEG-acrylic polymers,17 PEG-porous
carbon materials (expanded graphite, activated carbon),18–20

and PEG-hybrid organic systems.21 The latter group is
composed of PEG segments combining with different inorganic
matter, such as silica,3,4,7–9 montmorillonite,22,23 diatomite,24–26

gypsum and clays.
As one of the important members in the clay family, layered

double hydroxides (LDHs) have become popular in recent
decades due to their special molecular construction and versa-
tility. LDHs are a class of host–guest layered materials, which
possess positively charged metal hydroxide basal layers with
intercalated anions in the interlayer space. The general formula
of LDHs is [M1�x

2+Mx
3+(OH)2]

x+Ax/m
m�$nH2O, in which M2+ and

M3+ represent divalent and trivalent metal ions capable of
occupying the octahedral sites and Am� represents inter-
changeable anions positioned in the gallery between the
layers.27 The wide exibility of metal cations and the exchange
of intercalated anions during synthesis allow LDHs to be used
for a variety of applications, such as catalysis,28 biological
engineering,29 ame retardance, UV photostability,30,31 and
hydrogenation. LDHs that are surface-modied with organic
silane by covalent bonding can act as a matrix or support for
RSC Adv., 2019, 9, 23435–23443 | 23435
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guest species to obtain a series of organic–inorganic hybrid
materials with various remarkable properties.32,33 For example,
LDHs that are surface-modied with (3-aminopropyl) triethox-
ysilane (KH550) have been used for the immobilization of
iron(III) porphyrins,34 adsorption of CO2,35 and immobilization
of enzymes.36 However, to the best of our knowledge, very little
research has focused on PEG/LDHs hybrids that used surface-
modied LDHs as a matrix to shape PEG. The combination of
LDHs and PEG for producing shape-stabilized PCMs is origi-
nated from the following considerations: (1) LDHs that are
surface-modied with a silane coupler work to restrict the
leakage of liquid PEG during melting; (2) the property of LDHs
and PEG was not affected during the preparation, so the desired
performance of PEG/LDHs hybrids can be obtained owing to the
versatility and adjustability of LDHs' molecular structure and
stored energy of PEG; (3) the preparation of LDHs can be easily
achieved.36

Previous researchers have studied mixing PCM into bitumen
to change the thermo-physical characteristic of bitumen pave-
ment using the latent thermal characteristic and temperature
control function of PCM.26 It has been found that aged bitumen
led to the premature deterioration of pavement structure.37 For
improving the applicability of PCM in building materials and
bitumen pavements, we propose a promising PCMs (the PEG/
surface-modied LDHs) to provide thermal regulation and
improve aging resistance resulting in improved durability and
extended service life. Surface-modied LDHs were used as
a carrier matrix to prepare the new shape-stabilized PCMs (i.e.,
PEG/KH-LDHs composite) by solution impregnation methods.4

The microscopic structures, chemical compatibilities, and
crystallization properties of PEG/KH-LDHs were characterized
by scanning electron microscopy (SEM), Fourier transform
infrared (FTIR) spectroscopy and X-ray diffraction (XRD).
Thermal properties, thermal stability and UV absorption prop-
erties of PEG/KH-LDHs were measured by differential scanning
calorimetry (DSC), thermogravimetric analysis (TGA) and UV-vis
spectrophotometer.
2. Experimental
2.1 Materials

PEG with an average molecular weight of 2000 was purchased
from Shanghai Macklin Biochemical Co. Ltd., China. MgAl-
LDHs (MgAl–CO3

2�-LDHs with Mg/Al molar ratio 2 : 1) were
obtained from Dandong Songyuan Chemical Co. Ltd., China.
The 3-aminopropyl triethoxysilane (KH550, 99%) was supplied
by Shanghai Macklin Biochemical Co., Ltd, China. All reagents
are analytical grade and were used as received without further
purication.
2.2 Surface modication of the MgAl-LDHs

1.0 ml KH550 was added to a three-necked ask containing
a solution of ethanol and deionized water (the ratio of ethanol
to deionized water ¼ 95 : 5). The obtained solution was sub-
jected to sonication for 10 min at room temperature before
adding 10 g MgAl-LDHs under vigorous stirring. Then the
23436 | RSC Adv., 2019, 9, 23435–23443
mixture was sonicated for 30 min and was continually stirred at
90 �C in a water bath for 6 h before being ltered. The residue
slurry which was denoted as KH-LDHs was washed with ethanol
for three times and then dried in a vacuum oven at 120 �C for
1 h.

2.3 Preparation of the PEG/KH-LDHs composite

The solution impregnation method was adopted to prepare the
PEG/KH-LDHs composite. PEG was rst dissolved in anhydrous
ethanol at room temperature. Then KH550-LDHs with different
mass ratios were added into the solution under magnetic stir-
ring for 4 h. A series of PEG/KH-LDHs composite were obtained
by evaporating the solvent in a vacuum oven at 80 �C for 24 h, of
which the mass ratios of PEG in the composites were 50%, 55%,
and 60%. They were denoted as 50PEG/KH-LDHs, 55PEG/KH-
LDHs, 60PEG/KH-LDHs, respectively. A PEG/LDHs composite
with unmodied MgAl-LDHs was obtained with the same
procedure for the comparison purpose.

2.4 Characterization

Morphological features of the PEG/KH-LDHs composites were
characterized using a eld emission scanning electron micro-
scope (FESEM, Nova NanoSEM 230, FEI). The crystallization
properties were investigated using powder XRD (DY5261/
Xpert3, CEM, USA). The XRD patterns were collected with
a scan rate of 4� min�1 in the angular range from 5� to 80� (2q)
using Cu Ka radiation (l ¼ 1.54 Å, wavelength) and operating at
40 kV and 100 mA. FTIR spectroscopy (Nicolet iS50, USA) was
used to analyse the chemical compatibilities of the PEG/KH-
LDHs composites. The FTIR spectra were obtained in wave-
number range of 400–4000 cm�1 using KBr as the dispersed
phase. The phase change temperature and enthalpy of each
sample were measured using DSC (DSC214, Netzsch, Germany).
All measurements were conducted at constant heating and
cooling rates of 5 �C min�1 under a high-purity nitrogen
atmosphere in the range from 0 to 130 �C. The thermal stabil-
ities were determined by TGA under a nitrogen atmosphere at
the heating rate of 10 �Cmin�1; the temperature range was from
20 �C to 650 �C. The UV-vis absorption spectra were obtained at
room temperature in the range from 200 to 800 nm by means of
a UV-vis spectrophotometer (Cary 7000, Agilent, USA) with a slit
width of 2.0 nm.

3. Results and discussion
3.1 Stabilities of the PEG/KH-LDHs composite

The synthesis schematic of a PEG/KH-LDHs composite is shown
in Fig. 1. As can be seen, the KH-LDHs was used to immobilize
PEG by both hydrogen bonding and surface adsorption. LDHs
possess a multitude of free hydroxyls on the surface, which
would lead to its hydrophilicity and the agglomeration between
LDHs particles.38 However, the hydrolysis of silane coupling
agents (KH550) generated Si–OH, and then covalent bonds (M–

O–Si, M ¼ Mg, Al) were formed between the surface hydroxyl
groups of LDHs and hydrolysable groups (alkoxy) of KH550
through hydrolyzation, dehydration and solidication.39
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Synthesis schematic of PEG/KH-LDHs composites.
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Therefore, KH550 was anchored on the external surfaces of the
LDHs with amino groups stretching out. When PEG was added
to the KH-LDHs, N–H/O hydrogen bonds were formed
between the oxygen atoms in the PEG chains and the surface
amino groups in the KH-LDHs.4 The interactions of hydrogen
bonding and surface adsorption restrained the movement
freedom of the PEG chains leading to the stabilization of the
PEG/KH-LDHs composite in the molten state. In addition,
surface-modied LDHs effectively enhanced the dispersity and
decreased agglomeration by reducing the hydroxyl groups and
increasing lipophilic group on the surface of LDHs, which
substantially improved the surface hydrophobicity and
compatibility of LDHs, and increased homogeneity and the
adsorption effect.36 All of the above characteristics provide
a rm support for PEG/KH-LDHs composites as a type of
promising shape-stabilized PCMs.

The stabilities of PEG in composite PCMs with elevated
temperature from 25 �C to 80 �C are shown in Fig. 2. Diffusion-
oozing circle test7,40 was carried out to determine the shape
stabilities of PCMs with different PEG mass ratios. As observed,
the PEG/KH-LDHs composites are light-yellow in colour, while
the PEG/LDHs composites are white. There is little leakage of
the melted PEG on the lter paper for the 50PEG/KH-LDHs and
55PEG/KH-LDHs when the temperature is 80 �C, which exceeds
themelting point of PEG. However, exudation on the lter paper
is observed in the 60PEG/KH-LDHs and PEG at 80 �C. In addi-
tion, exudation is also observed in the PEG/LDHs composite in
which the MgAl-LDHs were not surface-modied by KH550.
This nding demonstrates that the PEG/KH-LDHs has obtained
good shape stabilities and that amino modication of the LDHs
plays a key role in keeping the solid form of the PEG/KH-LDHs
composite. The maximum weight percentage of PEG stabilized
in the PEG/KH-LDHs composite without leakage is 55%.

3.2 Morphology characterization by SEM

Fig. 3 shows the representative microstructural images of LDHs
(a and b) and 55PEG/KH-LDHs (c–e). As can be seen, the pristine
LDHs particles have sizes of approximately 200 nm with typi-
cally plate-like shapes, and smooth surface. In addition, the
agglomerate state of the LDHs particles can also be clearly
observed. The KH-LDHs display almost the same particles size
This journal is © The Royal Society of Chemistry 2019
as that of pristine LDHs, but the particles distribution is more
homogeneous and the agglomeration is eliminated signi-
cantly, which can be ascribed to the decrease of hydroxyl groups
on the surface of LDH during the graing of KH550 onto the
surface of LDH.38,41

With a relatively low melting point, PEG tends to melt to an
amorphous state under the focus of the electron beam gun of
the scanning electron microscope.42 From Fig. 3c–e, it can be
seen that KH-LDHs is evenly covered by the amorphous PEG
and liquid leakage isn't observed from melted PEG in 55PEG/
KH-LDHs, which conrms the assumptions of the PEG/KH-
LDHs as a promising shape-stabilized PCM.
3.3 Characterization by XRD

Fig. 4 presents the XRD patterns of the LDHs, PEG, KH-LDHs
and 55PEG/KH-LDHs. The XRD patterns of the LDHs show
a typical layered structure with high intensity reections as
(003), (006) and (009) at 11.58, 23.31, and 34.63, respectively. By
using Bragg's Law, the d (003) value is calculated to be 0.78 nm,
which is similar to CO3

2� interlayered LDHs. In the XRD
patterns of pristine PEG, there are two sharp diffraction peaks at
19.16 and 23.28, which indicate that PEG has an excellent
crystal structure. Compared to the LDHs, the KH-LDHs displays
no new diffraction peaks, which suggests that no crystal struc-
ture changes occurred before or aer modication. This nding
is validated by the d(003) spacing of the KH-LDHs which is
almost the same as that of the LDHs. On the other hand, this
nding also indicates that the KH550 has not been intercalated
into the galleries of the LDHs during the modication process.
In this context, the KH550 is only able to anchor onto the –OH
groups on the external surface of the LDHs by condensation. In
the XRD patterns of the 55PEG/KH-LDHs, the characteristic
peaks of LDHs remained at 11.58� and 23.31�, and the sharp
peaks at 19.16� and 23.28� indicate that the crystalline structure
of PEG is well-preserved during the preparation process. Addi-
tionally, no other impurities were detected from the XRD
pattern of the 55PEG/KH-LDHs composite. This indicates that
PEG has not been intercalated into the LDH's galleries and the
crystal structures of the LDHs and PEG were not affected during
the preparation of 55PEG/KH-LDHs.
RSC Adv., 2019, 9, 23435–23443 | 23437

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03329g


Fig. 2 Shape-stabilized property of a series of PEG based PCMs at different temperatures.
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3.4 Characterization by FTIR

The FTIR spectra of the LDHs, PEG, KH-LDHs and 55PEG/KH-
LDHs are presented in Fig. 5. For the LDHs, the broad band at
3200–3600 cm�1 can be ascribed to the stretching vibration of the
–OH groups, and the weak band at approximately 1630 cm�1 is
due to the bending vibration of water molecules. The sharp peak
at 1370 cm�1 is attributed to the CO3

2�, and some low band peaks
are caused byM–O (M¼Mg, Al) units. The characteristic peaks of
PEG2000 can be observed at 841, 946, 1113, 1147, and 2881 cm�1,
and the wide vibration is centered at 3412 cm�1. It is clear that the
peaks at 1113 cm�1 and 1147 cm�1 are due to the stretching
vibration of C–O–C. The peaks at 946 cm�1 and 2881 cm�1 orig-
inate from the stretching vibration of –CH2. The wide vibration at
3412 cm�1 is attributed to the stretching vibration of the –OH
groups. In the case of KH-LDHs, the peak found at approximately
1558 cm�1 belongs to the characteristic band of –NH2. The weak
peak at approximately 1020 cm�1 is likely due to the Si–O–M (Mg,
Al) which originates from the condensation between the Si–OH of
KH550 and the –OH groups of LDHs. These ndings indicate that
KH550 has been successfully graed onto the external surfaces of
the LDHs and are consistent with those previously reported
data.32–35 For the 55PEG/KH-LDHs, no obvious additional peaks
are found other than the characteristic peaks of the LDHs and
PEG. Nevertheless, slight shis in some absorption peaks of PEG
are observed, such as the peak of the stretching vibration of
C–O–C shied from 1113 cm�1 to 1107 cm�1 and the peaks of the
stretching vibration of –CH2 moved from 946 cm�1 and
2881 cm�1 to 949 cm�1 and 2874 cm�1. This suggests that
23438 | RSC Adv., 2019, 9, 23435–23443
hydrogen bonding has formed between the oxygen atoms in the
PEG chains and the amino groups in the KH-LDHs. Therefore, it
is believed that intermolecular hydrogen bonding and physical
absorption between the KH-LDHs and PEG play an important role
in preventing leakage of the melted PEG.

3.5 Thermal properties of the PEG/KH-LDHs

The phase change temperature and enthalpy are important
thermal properties for PCMs. Fig. 6 shows the melting and
solidication DSC curves of PEG and the 55PEG/KH-LDHs and
Table 1 gives accordingly the thermal properties of in the two
heating and cooling cycles. As can be seen from Fig. 6, the
enthalpies of both the PEG and the 55PEG/KH-LDHs in the rst
heating and cooling cycle are higher than those in the second
cycle, while the phase change temperatures of the PEG and the
55PEG/KH-LDHs in the two heating and cooling cycles are
much different. The presumed reason for this difference in
phase change temperature may lie in the thermal history and
the water adsorbed by the samples in the rst heating and
cooling cycle.3,9 Hence, the data of the second cycle is closer to
the actual situation of the samples.

Fig. 6a shows that the melting (Tm) and crystallization
temperatures (Tc) of PEG are 51.00 �C and 34.52 �C, respectively.
By numerical integration of the peak area, the enthalpies of
melting and crystallization are 185.4 J g�1 and 184.8 J g�1,
respectively. Fig. 6b indicates that the Tm and Tc of the 55PEG/
KH-LDHs are 50.10 �C and 28.79 �C, respectively. Aer calcu-
lation, the enthalpies of melting and crystallization are 100.9 J
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 SEM images of LDHs (a and b) and 55PEG/KH-LDHs (c–e).

Fig. 4 XRD spectra of LDHs, PEG, KH-LDHs and 55PEG/KH-LDHs
composites.

Fig. 5 FTIR spectra of LDHs, PEG, KH-LDHs and 55PEG/KHLDHs
composites.
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g�1 and 100.0 J g�1, respectively. In the PEG-based PCMs, the
function of storing and releasing energy is implemented by the
PEG, so the mass fraction of PEG in PEG/KH-LDHs has
a substantial effect on the enthalpy of this kind of PCMs. As
This journal is © The Royal Society of Chemistry 2019
such, the interactions between PEG and KH-LDHs led to the
enthalpy loss of the PEG/KH-LDHs. The parameters including
the crystallization rate of the PEG (PC) and the enthalpy loss rate
of the PCMs (R) were used to characterize the enthalpy of each
PCM. These parameters could be calculated by the following
equations:

PC ¼ [Hactual/Htheo] � 100% ¼ [Hactual/lHPEG] � 100%

R ¼ [(Htheo � Hactual)/Htheo] � 100% ¼ 1 � PC

where Hactual and Htheo are the measured and the theoretical
(i.e., calculated) enthalpies of the PCM; HPEG denotes the latent
heat of the pristine PEG, and l is the mass fraction of PEG in the
PCM. As shown in Table 1, the PC values of the 55PEG/KH-LDHs
and 50PEG/KH-LDHs are 99% and 95%, respectively. Obviously,
the values of R for these PCMs are very small indicating slight
difference between the theoretical enthalpies and actual
enthalpies of PEG/KH-LDHs. This suggests that most of the PEG
RSC Adv., 2019, 9, 23435–23443 | 23439
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Fig. 6 DSC curves of PEG (a) and 55PEG/KH-LDHs (b) (Tc: crystallization temperature; Tm: melting temperature).
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chains can be crystallized in the PEG/KH-LDHs PCMs. Table 2
lists the crystallization rate of the PEG in different form-stable
PCMs in the literature. It is obvious that the PEG/KH-LDHs
have higher crystallization rates of PEG than other PCMs re-
ported in the literature. In fact, the crystallization behavior of
PEG in PEG/KH-LDHs is affected by two aspects. PEG can be
chemically bound by hydrogen bonding or physically held
through capillary forces and surface adsorption (surface areas
and surface polarities) in PCMs,2 therefore, part of the PEG
molecular chains under the “partially conned state” could not
experience the phase change from amorphous phase to crystal
phase.44 In the case of PEG/KH-LDHs composite, the interac-
tions (hydrogen bonding and surface adsorption) between PEG
Table 1 Thermal properties of PEG and PEG/KH-LDHs composite

Sample

Melting process

Hm (J g�1) Tm (�C) Htheo,m (J g�1) Pc,m (%)

PEG 185.4 51.00
55PEG/KH-LDHs 100.9 50.10 101.97 98.9
50PEG/KH-LDHs 88.32 50.42 92.7 95.3

Table 2 The crystallization rate of the PEG in different form-stable PCM

Sample
PEG maximum
ratio (%)

Melting process

Hm (J g�1) Pc,m

PEG/SiO2 79.3 151.8 99
PEG2000/SiO2 80 122 82.0
PEG4000/expanded graphite 90 161.2 95.6
PEG1000/diatomite 50
PEG4000/diatomite 72.0 101.9 70.5
PEG4000/expanded perlite 67.6 114.7 85.3
PEG4000/expanded vermiculite 73.6 111.0 75.2
PEG2000/SiO2 80 109.4 74.8
PEG4000/SiO2 80 108.1 79.0
PEG6000/SiO2/Al2O3 82.4 123.8 82.7
PEG6000/SiO2 80
PEG10000/SiO2 80
PEG2000/KH-LDHs 55 100.9 98.9

23440 | RSC Adv., 2019, 9, 23435–23443
and KH-LDHs are possibly correlated with the restricted
molecular movements of part of PEG during the phase change.
It decreases the enthalpy and causes a decline in phase change
temperature.3,44 On the other hand, it is believed that the KH-
LDHs provide extra surfaces for the crystallization of PEG. The
surfaces of KH-LDHs could act as a heterogeneous nucleation
site, which could be in great favour for promoting the crystal-
lization of PEG dispersed in the composite.45,46 The nal phase
change temperature and enthalpy of PEG/KH-LDHs are the
results of the dual effects mentioned above. Table 2 shows that
although the PEG concentration is low, the PEG/KH-LDHs
PCMs have high crystallization rate of the PEG and could
provide considerable latent heat capacity.
Crystallization process

Rm (%) Hc (J g
�1) Tc (�C) Htheo,c (J g

�1) Pc,c (%) Rc (%)

184.8 34.52
1.1 100.0 28.79 101.64 98.4 1.6
4.7 88.02 27.38 92.4 95.3 4.7

s

Crystallization process

Ref.(%) Rm (%) Hc (J g
�1) Pc,c (%) Rc (%)

1 141 103 7
18 118.3 82.9 17.1 9
4.4 20

82.22 98.6 1.4 24
29.5 26
14.7
24.8
25.2 108.9 75.5 24.5 42
21 106.6 79.3 20.7
17.3 126.4 86.2 13.8 43

71.79 47.4 52.6 44
74.5 48.3 51.7

1.1 100.0 98.4 1.6 Present study

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Tg curves of PEG, LDHs and 55PEG/KH-LDHs. Fig. 8 UV absorption of PEG and 55PEG/KH-LDHs.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 3

/2
4/

20
26

 1
0:

22
:4

7 
PM

. 
 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
The research of thermal properties of 55PEG/KH-LDH indi-
cates that the enthalpies of melting and crystallization are 100.9
J g�1 and 100.0 J g�1, while the temperature of melting and
crystallization are 50.10 �C and 28.79 �C, respectively. In
bitumen pavements applications, PCMs that have a phase
change temperature close to bitumen's soening point (about
50 �C) are suitable. The phase change temperature of the
prepared 55PEG/KH-LDHs composite is 50.10 �C, so the mate-
rial can be used for thermal energy storage in bitumen pave-
ments, which can absorb the heat of pavements from the
surrounding air and solar radiation during the day in summer
(Tm ¼ 50.10 �C), and release the heat at night (Tc ¼ 28.79 �C).
The higher latent heats of melting and freezing are found
respectively to be 100.9 J g�1 and 100.0 J g�1 for 55PEG/KH-
LDHs. Therefore, adjusting the bitumen pavements tempera-
ture can be achieved by decreasing the surface peak tempera-
ture and the amount of sensible heat released to the
atmosphere. Moreover, the performance of LDHs was not
affected during the preparation of PEG/KH-LDHs. In recent
years, it has been reported that LDHs could be used as anti-
ultraviolet aging additives to improve UV aging resistance of
bitumen.37,38 Therefore, the application of PEG/KH-LDHs
composite into bitumen pavements can not only regulate
extreme temperatures of bitumen pavement by phase change
but also improve the aging resistance of bitumen by LDHs.
3.6 Thermal stability of PEG/KH-LDHs

The thermal degradation curves of the LDHs, PEG and 55PEG/
KH-LDHs, which were determined by TGA, are displayed in
Fig. 7. The results corresponding to the characteristic tempera-
tures and charred residues are summarized in Table 3. As shown
in Fig. 7 and Table 3, only one main weight loss step is observed
Table 3 Thermal properties of PEG and 55PEG/KH-LDHs

Sample Deg250 (%) Deg500 (%) Tmax (�C)
Residual mass
at 650 �C (%)

PEG 0.6 96.5 408.2 3.5
LDHs 9.2 38.2 251.2 58.8
55PEG/KH-LDHs 4.3 72.4 400.8 26.3

This journal is © The Royal Society of Chemistry 2019
for PEG, which can be ascribed to the decomposition of the PEG
chains at approximately 375 �C, and only 3.5% residue remained
at 650 �C. The TGA diagram of LDHs displays two main weight
loss steps. The rst step involves a weight loss of 9.2% from
approximately 50 �C to 250 �C, which is attributed to the removal
of physically adsorbed and interlayer water. The second step
involves a weight loss of 38.2% from approximately 250 �C to
500 �C, which is due to the dehydroxylation of the LDHs layers
and the decomposition of intercalated CO3

� to CO2.47 Based on
the data in Table 3, the weight loss of the 55PEG/KH-LDHs at
250 �C and 500 �C is 4.3% and 72.4%, respectively, and the
residual mass at 650 �C is 26.3%. The former weight loss is
mainly attributed to the elimination of the interlayer water of the
LDHs, which has no impact on the phase change performance of
55PEG/KH-LDHs at this stage. The latter weight loss could be
caused by the decomposition of both the PEG chains and LDHs.
Obviously, the thermal stability of the PEG/KH-LDHs depends on
the thermal behavior of both PEG and LDHs. Therefore, based on
the results shown in Fig. 7 and Table 3, it can be concluded that
PEG/KH-LDHs as shape-stabilized PCMs have good thermal
stability and can be used repeatedly below 250 �C.

3.7 UV absorption of PEG/KH-LDHs

Fig. 8 illustrates the UV-vis absorption curves of PEG and 55PEG/
KH-LDHs. In general, the total absorption strength of PEG in the
ultraviolet region is weak and a weak absorption peak is observed
at a wavelength of approximately 250 nm in the PEG absorption
curve, For the 55PEG/KH-LDHs, a strong absorption peak
appears at a wavelength of 300 nm indicating a higher absorptive
ability to UV than that of pure PEG. This observation is relevant to
both the inherent UV absorption properties of LDHs and the
surface modication of LDHs, which has changed the guest–host
interactions of LDHs.37,48 The enhanced UV absorption capacity
of the PEG/KH-LDHs suggests that it could be a promising
material for preventing the ultraviolet aging of outdoor buildings
which is a value-added feature for its phase change property.

4. Conclusions

A new shape-stabilized PCM i.e., PEG/KH-LDHs was successfully
prepared using solution impregnation method. KH550 was
RSC Adv., 2019, 9, 23435–23443 | 23441

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03329g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 3

/2
4/

20
26

 1
0:

22
:4

7 
PM

. 
 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
graed onto the surfaces of the LDHs to obtain KH-LDHs. PEG,
which served as a latent heat storage material, was incorporated
into the KH-LDHs via hydrogen bonding and surface adsorption
to prevent leakage of the melted PEG. The maximum weight
percentage of PEG conned in the PEG/KH-LDHs without
leakage was measured to be 55%. At this percentage, 55PEG/
KH-LDHs showed a good chemical stability below 250 �C and
exhibited a phase change temperature of 50.10 �C with a large
enthalpy (Hm ¼ 100.9 J g�1). In addition, the PEG/KH-LDHs
showed a signicantly enhanced ultraviolet absorption
capacity than that of pure PEG. As a new kind of promising
shape-stabilized phase change material, PEG/KH-LDHs can be
used in constructions and bitumen pavements for peak elimi-
nation and valley lling to regulate extreme temperatures,
reduce thermally-induced distresses and improve UV aging
resistance, which is expected to offer signicantly enhanced
temperature stability and improved durability for building
envelope and bitumen pavements.
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