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EG/mixed metal oxides as a new
form-stable phase change material for
thermoregulation and improved UV ageing
resistance of bitumen

Suhong Zhu,ab Tao Ji,a Dongyu Niud and Zhengxian Yang *ac

The form-stable phase change material (PCM), polyethylene glycol (PEG)/ZnMgAl-mixed metal oxides

(MMO), is prepared as a performance-enhancing additive of bitumen. In PEG/MMO PCM, PEG exhibits

the phase-change function while ZnMgAl-MMO acts as the support carrier to prevent leakage of liquid

PEG during phase transition. The properties of PEG/MMO PCM were analysed by XRD, SEM, FTIR, DSC,

TG and UV-vis spectrophotometry. The results showed that the maximum PEG confined by MMO could

be 65% and 65PEG/MMO PCM exhibited good thermal and chemical stability, sufficient phase change

enthalpy and excellent UV absorption properties. Furthermore, the temperature regulation and UV

ageing resistance of PEG/MMO PCM modified bitumen was evaluated by the thermal storage and release

test and accelerated UV aging test. As a new type of performance-enhancing additive, PEG/MMO PCM is

expected to be effective in regulating extreme temperature and resisting UV aging of bitumen and thus

significantly extending the service life of bitumen pavement.
1. Introduction

In the past few decades, Phase Change Materials (PCMs) have
been widely used in diverse elds based on their capacity to
store or release thermal energy at a stable temperature or within
a small temperature range during phase change.1–3 It is
a remarkable fact that the applications of PCMs in civil and
structural engineering have been rapidly increased.3,4 Mixing
PCMs into cement concrete, plaster boards and masonry walls
can regulate the indoor temperature, and thus contribute to
energy conservation and environmental protection.5–10 In recent
years, PCMs have been also applied in bitumen mixtures to
enhance the temperature adaptability, which helps reduce the
temperature damage of bitumen and extend the service life of
bitumen pavement.2,11–13

Due to the unique features including suitable phase change
temperatures, sufficient phase change latent heat, good phase
change cycle stability and certain high temperature resistant
properties, polyethylene glycol (PEG) has received considerable
attention for application as a PCM.14–16 However, the
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commercial application of PEG mainly faces two problems: low
thermal conductivity and phase instability in melting state. The
latter particularly limits its viability greatly.3 The direct incor-
poration of PEG in bitumen may increase the saturated content
of bitumen, which will reduce the consistency of bitumen,
resulting in higher penetration and lower ductility.11 PEG-based
form-stable PCMs which are oen composed of PEG and sup-
porting materials have been developed to overcome the short-
comings. These PEG-based form-stable PCMs such as PEG/
silica,17–20 PEG/diatomite,21,22 PEG/gypsum,23 PEG/montmoril-
lonite,24,25 PEG/porous carbons,26–28 and PEG/polymers,29–32 can
keep the solid state even when PEG is undergoing solid–liquid
phase transition above the melting temperatures. Additionally,
Zhu et al.33 prepared a PEG/surface-modied layered double
hydroxides (LDHs) form-stable PCM using the surface-modied
LDHs as supportingmaterial to prevent leakage of liquid PEG. It
was found that the PCM (PEG/KH-LDHs) exhibited more stable
shape and considerable latent heat capacity than pure PEG.

Layered double hydroxides (LDHs) are known as a family of
host–guest anionic clays with lamellar structures, which can be
represented by the general formula [M1�x

2+Mx
3+(OH)2]

x+Ax/m-
m�$nH2O, where M2+ and M3+ are divalent and trivalent metal
cations and Am� is the anions located in interlayer region along
with water molecules.34 According to previous studies, upon
calcination of LDHs at moderate temperature, a mixed metal
oxide (MMO) consisting of two or multi-metal oxide and
a spinel-like phase can be obtained.35,36 The resulting MMO
material possesses many unique properties and can be used as
RSC Adv., 2020, 10, 44903–44911 | 44903
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photocatalytic material, absorbent, catalyst and catalyst
support.37 In particular, due to the high surface area and
a homogeneous dispersion of metal cations, MMO has been
reported to be a highly attractive adsorbent with various appli-
cation.38–42 Zhao et al.35 reported that ZnO-based MMO material
which was derived from the corresponding LDHs precursor
showed greater effectiveness in absorbing and screening ultra-
violet light than the commercial ZnO-based material due to
high dispersion of the ZnO phase within the amorphous metal
oxide phase. In this context, PEG/MMO PCM can be expected to
be a very advantageous and promising form-stable PCM, in
which ZnO-based MMO derived from calcination of the LDHs
precursor acts as the supporting matrix to prevent leakage of
PEG during the melting process. Moreover, PEG/MMO PCM can
be recognized as a new form-stable PCM with dual function of
storing and releasing latent heat (provided by PEG) as well as
absorbing and screening ultraviolet light (provided by MMO).

Previous researchers have applied PEG-based PCMs in
bitumen mixture to adjust the temperature of bitumen pave-
ment depending on their capacity for thermal energy storage of
PEG-based PCM.11,13 It has been found that the aged bitumen
led to the premature deterioration of bitumen pavement.33 To
improve the applicability of PEG-based PCM in bitumen
mixture, this research aims at preparing a novel form-stable
PCM (PEG/MMO) which can be applied in bitumen with dual
function in road engineering. That is to say not only contribute
to thermoregulation but also to improve UV ageing resistance of
bitumen. The properties of the novel form-stable PCM were
analysed by X-ray diffraction (XRD), scanning electron micros-
copy (SEM), Fourier transform infrared (FTIR), differential
scanning calorimetry (DSC), thermogravimetric analysis (TG)
and UV-vis spectrophotometer. Furthermore, the capacity of
PEG/MMO PCM in terms of temperature regulation and UV
ageing resistance of modied bitumen was evaluated by
thermal storage and release test and accelerated UV aging test.

2. Experimental
2.1 Materials

PEG with molecular weight (2000) was purchased from
Shanghai Macklin Biochemical Co. Ltd., ZnMgAl-LDHs were
obtained from Tianjin Jinheng Lanhai Technology Co. Ltd., the
bitumen (FREP 70#A), with a penetration of 66 (0.1 mm at 25 �C,
100 g and 5 s), a ductility of more than 15 cm (10 �C), a soening
point of 48.0 �C, and a viscosity of 0.431 Pa s (135 �C), was
supplied from Xiamen Sunlit Co. Ltd., China.

2.2 Preparation of ZnMgAl-MMO

ZnMgAl-LDHs samples were calcined at 500 �C for ve hours
with a heating rate of 5 �C min�1 in a muffle furnace. The
calcined samples were denoted as ZnMgAl-MMO.

2.3 Preparation of PEG/MMO PCM

PEG/MMO PCM was prepared by the solution impregnation
method. Typically, PEG was rst dissolved in anhydrous ethanol
for 10 min at 50 �C. Then under magnetic stirring, ZnMgAl-
44904 | RSC Adv., 2020, 10, 44903–44911
MMO was added into the prepared solution at the mass ratios
of (PEG/MMO) 60/40, 65/35, 70/30. The magnetic stirring pro-
ceeded for 5 h at room temperature. Aerward, the mixed
solution was placed into an oven at 80 �C for 24 h before being
completely dried and cooled down to room temperature. The
resulting PEG/MMO PCM was denoted as 60PEG/MMO, 65PEG/
MMO, 70PEG/MMO, respectively. For the comparison purpose,
a composite of which PEG and ZnMgAl-LDHs at a mass ratio 60/
40 was obtained by the same procedure and denoted as 60PEG/
LDHs.

2.4 Preparation of PEG/MMO PCM modied bitumen

PEG/MMO PCM modied bitumen was prepared by high shear
mixer and the specic preparation method was as follows: base
bitumen was heated to a fully uid at around 140 �C. Then 7%
proportion of PEG/MMO PCM was slowly added into base
bitumen. The blend was mixed at shearing rate of 4500 rpm at
165 �C for 60 min to ensure distribute homogenously. Finally,
the resulting modied bitumen was preserved for subsequent
experiments and denoted as PMB. For the comparison purpose,
base bitumen (BB) was treated with the same condition.

2.5 Thermal storage and release assessment

Before conducting the assessment, PEG/MMO PCM was added
into base bitumen using high shear emulsier. The modied
bitumen in which the percentage of PEG/MMO PCM was 7% is
denoted as PMB. A typical thermal storage and release assess-
ment was carried out as following: 100 g base bitumen (BB) and
100 g PMB were put into two identical asks and a thermo-
couple with an accuracy of 0.1 �C was placed in the centre of
each ask. The asks were placed in the air for temperature
equilibrium and then were put into 80 �C thermostatical water
bath. Aer reaching temperature equilibrium, they were placed
again in the air until to room temperature. The temperature of
sample was simultaneously recorded by the thermocouple per
10 seconds.

2.6 UV aging resistance assessment

The UV aging properties of BB and PMB samples were assessed
during exposure in a thin lm oven test (TFOT) at 60 �C with an
UV lamp of 500 W for 7 days according to ASTM D1754. The
thickness of bitumen lm was 3.2 mm and the intensity of UV
irradiation was 1.2 W m�2.

2.7 Characterization

BET surface area and pore properties of the ZnMgAl-LDHs and
ZnMgAl-MMO were characterized by N2 adsorption–desorption
technique (ASAP 2460, Micromeritics, USA). A eld emission
scanning electron microscope (FESEM, Nova NanoSEM 230)
was applied to obtain morphological features of sample. X-ray
diffraction (XRD) (DY5261/Xpert3, CEM, USA) was used to
determine the crystallization properties of PEG, ZnMgAl-MMO
and PEG/MMO PCM. The of XRD was performed with a scan-
ning angle from 5� to 80� (2q) using Cu Ka radiation (l¼ 1.54 Å,
wavelength). A Fourier transform infrared (FTIR) spectroscopy
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08398d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
D

ec
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 4
:5

9:
15

 A
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
(Nicolet iS50, USA) was applied to investigate the spectra of PCM
and bitumen samples by using attenuated total reectance
(ATR) method. All spectra were obtained in wavenumber range
of 400–4000 cm�1. The melting–freezing temperatures and the
enthalpy of PEG/MMO PCM were determined using a DSC
(DSC214, Netzsch, Germany) under a high-purity nitrogen
atmosphere. All measurements were made with a temperature
range from 0 �C to 120 �C at 5 �C min�1 rate. The thermal
stability was evaluated by TG under a nitrogen atmosphere with
the temperature range from 25 �C to 600 �C at a heating rate of
10 �C min�1. The UV-vis absorption of bitumen was studied
using a UV-vis spectrophotometer (Cary 7000, Agilent, USA) in
a range from 200 to 800 nm with a slit width of 2.0 nm.
Fig. 1 Shape-stabilized property of a series of PEG-based PCMs at
different temperatures.

This journal is © The Royal Society of Chemistry 2020
3. Results and discussion
3.1 Stability of PEG/MMO PCM

Fig. 1 displays the state of a series of PEG-based PCMs at 25 �C
and 80 �C. As can be seen, all samples are solid state at 25 �C,
while at 80 �C, PEG2000 is completely converted to liquid state;
60PEG/LDHs and 70PEG/MMO have leakage of liquid PEG on
the lter paper. In the cases of 60PEG/MMO and 65PEG/MMO,
there are little exudation on the lter paper. It is well known
that phase change can be occurred for PEG2000 from solid to
liquid at around 50 �C. Thus, the fact that no leakage was found
in 60PEG/MMO and 65PEG/MMO indicated that the leakage
during phase change had be avoided using ZnMgAl-MMO as
a support matrix. In this context, it is concluded that PEG/MMO
can be a good form-stable PCM when the loadage fraction of
PEG is below 65%. A possible reason for that can be attributed
to the large specic surface area and pore structure properties of
ZnMgAl-MMO. As is known that the calcination of LDHs can not
only lead to changes of their structures, but also cause variation
of their surface areas and pore structures.41,43 Table 1 lists the
BET surface area and pore structures of ZnMgAl-LDHs and
ZnMgAl-MMO. As can be seen, the BET surface area and total
pore volume of ZnMgAl-MMO are obviously larger than those of
ZnMgAl-LDHs with the smaller average pore width. This
observation can be explained that, upon calcination, the layered
structures of LDHs are collapsed to small pieces, and then
crystalline oxides phases form and pores appear due to the loss
of water and anions.44,45 The result implies that no leakage of
PEG in PEG/MMO PCM is relevant to the increased surface area
and pore development of MMO and physical adsorption and
capillary force plays a signicant role in maintaining the solid
form of PEG/MMO PCM.
3.2 Morphology characterization by SEM

Fig. 2 shows the representative SEM images of ZnMgAl-LDHs (a,
b), ZnMgAl-MMO (c, d) and 65PEG/MMO PCM (e, f). It can be
seen that ZnMgAl-LDHs have sizes of hundreds nanometers
with typically plate-like morphology and lamellar structures.
ZnMgAl-MMO nanoplates display smaller crystal size and more
irregular ake-morphology relative to ZnMgAl-LDHs owing to
the collapse of the brucite-like layer upon calcination at
500 �C.45 For 65PEG/MMO PCM, it can be seen that PEG has
been absorbed on the surface of ZnMgAl-MMO, and the surface
of ZnMgAl-MMO looks smoother than that one without PEG.
The microstructure of 65PEG/MMO PCM clearly indicates the
connement of PEG by ZnMgAl-MMO, which contributes to the
formation of a new form-stable PCM.
Table 1 BET and pore structure of ZnMgAl-LDHs and ZnMgAl-MMO

Sample SBET (m2 g�1)
Pore volume
(cm3 g�1)

Adsorption average
pore width (nm)

ZnMgAl-LDHs 24.165 0.043 7.103
ZnMgAl-MMO 187.659 0.216 4.614

RSC Adv., 2020, 10, 44903–44911 | 44905
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Fig. 2 SEM images of ZnMgAl-LDHs (a and b), ZnMgAl-MMO (c and d) and 65PEG/MMO (e and f).
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3.3 Characterization by XRD

The XRD patterns of PEG, ZnMgAl-LDHs, ZnMgAl-MMO and
65PEG/MMO are presented in Fig. 3. Two sharp peaks at 19.18�

and 23.30� represent a typical crystalline structure of PEG. The
characteristic phases of ZnMgAl-LDHs can be observed at
around 11.65� (003), 23.42� (006), and 34.88� (009), respectively.
In the case of ZnMgAl-MMO, upon calcination at 500 �C, all the
typical hydrotalcite peaks disappeared suggesting that the
hydrotalcite structures were destroyed. The occurrence of new
peaks approximately at 2q of 34.28�, 36.10�, 43.0� and 62.8�

matches well with the standard phase of ZnO and MgO and no
denite reections of aluminium oxides were discerned. For
65PEG/MMO PCM, well-crystalized PEG was obviously found in
XRD patterns while the characteristic phase of ZnMgAl-MMO
also remained. This observation suggests that 65PEG/MMO
44906 | RSC Adv., 2020, 10, 44903–44911
PCM owns a composite structure of which the crystal state of
PEG is not affected by the incorporation of ZnMgAl-MMO.
3.4 Characterization by FTIR

Fig. 4 presents the FTIR spectra of PEG, ZnMgAl-LDHs, ZnMgAl-
MMO and 65PEG/MMO PCM. In the case of PEG, the absorption
bands at 946 and 2880 cm�1 correspond to the –CH2 stretching
vibration of PEG; the broad peak at around 3400 cm�1 repre-
sents the stretching vibration of terminal hydroxyl group; and
the peaks at 1110 cm�1 and 1145 cm�1 belong to the vibration
range of C–O–C. Typical bands of LDHs are at 3000–3600 cm�1

(–OH stretching), 1620 cm�1 (the interlayer water bending), and
1365 cm�1 (O–C–O stretching), while some spectra at the low
band are M–O stretching modes. Owing to the calcination at
500 �C, the FTIR spectra of ZnMgAl-MMO display the weakened
characteristic bands of –OH and CO3

2�. The characteristic
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 XRD patterns of PEG, ZnMgAl-LDHs, ZnMgAl-MMO, and
65PEG/MMO.

Fig. 4 FTIR spectra of PEG, ZnMgAl-LDHs, ZnMgAl-MMO, and
65PEG/MMO.

Fig. 5 DSC curves of PEG and 65PEG/MMO.
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peaks at 443 cm�1 and 726 cm�1 were observed suggesting the
appearance of the Zn–O and Mg–O stretching modes. These
features indicate a great distortion of the LDHs laminar struc-
tures. For 65PEG/MMO PCM, the characteristic peaks for both
ZnMgAl-MMO and PEG were observed and no new absorption
peaks could be obviously found. Nevertheless, compared to the
FTIR spectra of both pristine ZnMgAl-MMO and PEG, a little
shi of the characteristic peaks were found indicating that
physical absorption was probably the main interaction mecha-
nism between ZnMgAl-MMO and the function groups of PEG. In
a sum, all above observations revealed that no chemical reac-
tions had occurred during the preparation of PEG/MMO PCM
and physical interaction played a vital role in shaping the
melted PEG.
3.5 Thermal properties of PEG/MMO PCM

Thermal property of PEG and 65PEG/MMO PCM was evaluated
by DSC analysis and the result is shown in Fig. 5 and Table 2. It
This journal is © The Royal Society of Chemistry 2020
can be observed from Fig. 5 that the phase change curves of PEG
and 65PEG/MMO PCM are similar other than the values of
phase change temperature and latent heat during the heating
and cooling cycles. By numerical integration of the area under
the melting and crystallization peak respectively, the latent heat
of melting and crystallization was calculated to be 185.4 J g�1

and 184.8 J g�1 for PEG and 108.1 J g�1 and 107.9 J g�1 for
65PEG/MMO PCM, respectively (Table 2). For 65PEG/MMO
PCM, the theoretic latent heat of melting and crystallization
as calculated from pristine PEG is 120.51 J g�1 and 120.12 J g�1

(185.4 � 65% ¼ 120.51 J g�1, 184.8 � 65% ¼ 120.12 J g�1).
Comparing to the actual and theoretic latent heat of melting
and crystallization, a fact can be obtained that the PEG in
65PEG/MMO PCM had not been completely crystallized, and
the crystallization percentage was calculated to be 89.7% and
89.8% in melting and crystallization respectively (108.1/120.51
¼ 89.7%, 107.9/120.12 ¼ 89.8%). The partial crystallization
can be attributed to the interaction between ZnMgAl-MMO and
PEG resulting in small parts of the PEG under the “partially
conned state” and thus a different crystallization behavior.

As shown in Fig. 5 and Table 2, the starting temperature
(Tms), the peak temperature (Tmp) and the end temperature
(Tme) of melting of 65PEG/MMO PCM is 50.9 �C, 55.2 �C and
58.2 �C respectively, which is slightly less than those of the
pristine PEG (51.0 �C, 56.3 �C, 59.3 �C). The starting tempera-
ture (Tcs), the peak temperature (Tcp) and the end temperature
(Tce) of the crystallization of 65PEG/MMO PCM is 37.4 �C,
34.4 �C and 31.7 �C respectively, which is higher than those of
the pristine PEG (34.9 �C, 31.2 �C, 26.3 �C). These suggest that
the physical interaction between ZnMgAl-MMO and PEG
restrains phase change behavior, or affects the thermal
conductivity of 65PEG/MMO PCM.19,46 Moreover, the difference
between the melting and crystallization temperature, also
known as the extent of supercooling, is smaller for 65PEG/MMO
PCM compared with that for pristine PEG, which is believed to
be advantageous in practical application.21

Appropriate phase change temperature with substantial
latent heat is one of the most important considerations for
bitumen pavement constructed with PCM, which is supposed to
be very benecial to reduce the diseases caused by extreme high
RSC Adv., 2020, 10, 44903–44911 | 44907
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Table 2 Thermal properties of PEG and 65PEG/MMO PCMa

Sample Hm (J g�1) Tms (�C) Tmp (�C) Tme (�C) Pm (%) Hc (J g
�1) Tcs (�C) Tcp (�C) Tce (�C) Pc (%)

PEG 185.4 51.0 56.3 59.3 184.8 34.9 31.2 26.3
65PEG/MMO 108.1 50.9 55.2 58.2 89.7 107.9 37.4 34.4 31.7 89.8

a Note: Hm ¼ latent heat of melting, Hc ¼ latent heat of crystallization; Pm ¼ the melting crystallization fraction of the PEG, Pc ¼ the crystallization
fraction of the PEG; Tms ¼ starting melting temperature, Tmp ¼ peak melting temperature, Tme ¼ end melting temperature; Tcs ¼ starting
crystallization temperature, Tcp ¼ peak crystallization temperature, Tce ¼ end crystallization temperature.
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or low temperatures.12,47 As previously described, the starting
melting temperature of 65PEG/MMO PCM is 50.9 �C, which
matches well with bitumen's soening point (about 50 �C). That
is to say when ambient temperature reaches 50.9 �C, the phase
change process of 65PEG/MMO PCM starts with absorbing and
storing energy. The phase change in turn would slow down the
process for bitumen pavement in reaching the peak tempera-
ture achieving the “peak elimination” effect.48 On the other
hand, when ambient temperature drops to the starting crystal-
lization temperature (37.4 �C), 65PEG/MMO PCM releases the
energy exerting the “valley lling” effect.48 Furthermore, the
latent heat of melting and freezing of 65PEG/MMO PCM which
is 108.1 J g�1 and 107.9 J g�1 respectively is considerable.
Therefore, it is promising for the application of PEG/MMO PCM
for thermoregulation in bitumen pavement.

3.6 Thermal stability of PEG/MMO PCM

Fig. 6 displays three TG curves of PEG, MMO and 65PEG/MMO
PCM. As can be seen from the curves, there are no obvious
degradation for MMO in the range of 25 �C to 600 �C, while the
main mass loss step of PEG starts at about 315 �C and ended at
430 �C due to the decomposition of PEG chain. The degradation
of 65PEG/MMO PCM is observed at the temperature range of
25 �C to 600 �C which is roughly consistent with the thermal
behavior of PEG. These results revealed that 65PEG/MMO PCM
owned good thermal stability and could be used repeatedly
below 300 �C. In the construction of bitumen pavement, the
maximum operating temperature of bitumen mixture is usually
Fig. 6 TG curves of PEG, MMO and 65PEG/MMO.
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below 180 �C, so the thermal reliability of PEG/MMO PCM in
bitumen pavement can be certainly guaranteed.
3.7 UV-vis absorbance of PEG/MMO PCM

Fig. 7 presents the UV-vis absorbance spectra of PEG and
65PEG/MMO PCM. As can be seen, the absorption intensity of
65PEG/MMO PCM is stronger than that of PEG, especially in the
ultraviolet region. Compared to the weak absorption peak at
250 nm for PEG, 65PEG/MMO PCM gives a stronger absorption
intensity and a broader wavelength extending to be around
330 nm, which is due to the existence of ZnO and the coupling
interaction among ZnO, MgO and Zn–Al composite oxides in
ZnMgAl-MMO.36,45 In addition, a relevant NMR research
revealed that in the case of ZnMgAl-MMO composite, not only Al
affected the band structure of ZnO crystal, but also the dipole
moment changed.49 These factors can also enhance the ultra-
violet absorption property of ZnMgAl-MMO. Moreover, no
obvious evidence showed that the property of ZnMgAl-MMO
was affected during the preparation of PEG/MMO PCM. In
this regard, it can be expected that adding 65PEG/MMO PCM
into bitumen, would not only offer thermal regulation capacity
but also improve UV aging resistance of the bitumen pavement.
3.8 Conventional physical property of PEG/MMO PCM
modied bitumen

Table 3 lists the physical properties of base bitumen and
modied bitumen. The results show that the addition of PEG/
MMO PCM increases the soening point and viscosity and
Fig. 7 UV absorption of PEG and 65PEG/MMO.
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Table 3 The physical properties of base bitumen and modified
bitumen

Physical properties BB PMB

Penetration (25 �C, 0.1 mm) 61.5 60.6
Soening point (�C) 50.1 51.0
Ductility (10 �C, cm) 10.6 10.8
Viscosity (135 �C, Pa s) 0.451 0.531
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decreases the penetration of bitumen, while it has little inu-
ence on ductility. PMB exhibits the larger soening point and
viscosity, the smaller penetration compared with BB, indicating
the addition of PEG/MMO PCM can improve the high temper-
ature performance of bitumen.
3.9 Thermal regulation of PEG/MMO PCM modied
bitumen

The thermal regulation of PEG/MMO PCM modied bitumen
was evaluated by comparing the thermal energy storage and
release performance of PMBwith that of BB. The thermal energy
storage and release curves of BB and PMB are shown in Fig. 8. It
can be seen that during heating period, the temperature rising
rate of PMB is lower than that of BB especially in the range of
45–65 �C. The temperature of PMB is consistently lower than
that of BB and the maximal temperature difference is 5.1 �C
between BB and PMB. In addition, as can be seen from the
curves, the temperature of BB and PMB starts from 18.1 �C in
the beginning. It takes 3950 s for BB to reach the equilibrium
temperature of 75 �C, while 4270 s for PMB. On the other hand,
during the cooling period, it is clear that the temperature
dropping of PMB is slower than that of BB particularly in the
range of 40–30 �C. The temperature of PMB is consistently
higher than that of BB and the maximal temperature difference
Fig. 8 Thermal energy storage and release curves of BB and PMB.

This journal is © The Royal Society of Chemistry 2020
is 4.5 �C between BB and PMB. The results indicated that the
addition PEG/MMO PCM into base bitumen effectively lowered
the rate of temperature variation of base bitumen, and then
shortened the duration of high temperature and postponed the
emergence of extreme temperature. The thermoregulation was
attributed to the phase change capacity for heat storage and
release as well as the thermal conductivity change of PEG/MMO
PCM. Therefore, PEG/MMO PCM modied bitumen is believed
to play an important role in eliminating peak temperature and
lling valley temperature of bitumen pavements, and mitigate
the diseases caused by extreme temperature.

3.10 UV aging resistance of PEG/MMO PCM modied
bitumen

Bitumen is liable to hard and brittle under the UV radiation,
which can induce premature deterioration of bitumen pave-
ment.50 It has been found that the important change was the
increase of oxidation components especially carbonyl and
sulfoxide during UV aging of bitumen. Therefore, the aging
extent of bitumen can be evaluated by quantifying the content
variation of oxygenated functional groups which can be char-
acterized by FTIR.51,52 Carbonyl index (IC]O) and sulfoxide index
(IS]O) are used to evaluate the content of carbonyl group (C]O)
and sulfoxide group (S]O) and could be dened by the
following equations:53,54

ICaO ¼

area of carbonyl band centered around 1700 cm�1
P

area of spectral bands between 2000 cm�1 and 600 cm�1

ISaO ¼

area of carbonyl band centered around 1030 cm�1
P

area of spectral bands between 2000 cm�1 and 600 cm�1

Fig. 9 gives the FTIR spectra of BB and PMB before and aer
UV aging. The corresponding structural indices are shown in
Fig. 9 FTIR spectra of base and modified bitumen after aging.
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Table 4 Structural indexes of base and modified bitumen before and
after UV aging

Sample IC]O DIC IS]O DIS

BB 0 0.024
BB-UV 0.029 0.029 0.102 0.078
PMB 0 0.020
PMB-UV 0.012 0.012 0.042 0.022
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Table 4. As can be seen in Fig. 9, the absorbance peaks at
around 1698 cm�1 correspond to the formation of C]O stretch
in carbonyl group, while those at 1030 cm�1 correspond to the
formation of S]O stretch in sulfoxides group. It can be seen
that the C]O stretch peaks at 1698 cm�1 of BB and PMB are
almost imperceptible before UV aging. However, both BB and
PMB show stretch bands at 1698 cm�1 aer UV aging and the
band area of BB is obviously greater than that of PMB. The
change of the S]O stretch peaks at 1030 cm�1 of BB and PMB
before and aer UV aging is in accordance with that of the C]O
stretch peaks, although the S]O stretch peaks appear before
UV aging. The differences of the structural index before and
aer aging (DIC, DIS) were used for quantitatively evaluating the
inuence extent on bitumen during aging. As can be seen from
Table 4, the differences of both IC]O and IS]O values for BB and
PMB before UV aging are neglectable. This indicates that
65PEG/MMO PCM has little inuence on the C]O and S]O of
bitumen before aging. However, both IC]O and IS]O values of
BB and PMB are visibly increased aer UV aging, and both DIC
and DIS values of PMB are smaller than those of BB, indicating
a less serious aging of PMB than BB. That is to say PMB has
a better UV aging resistance property than BB owing to the
restrainment of the oxidation of bitumen during UV aging by
65PEG/MMO PCM, and thus help alleviate the deterioration of
bitumen.

High energy UV light can easily break the chemical bonds of
bitumen to form free radical, which is extremely unstable at the
presence of oxygen. Then the oxidation reaction of bitumen is
apt to happen when the bitumen material is exposed to the
atmosphere.54 As it is well-known that ZnO is an excellent UV
absorber for effectively attenuating (absorb and/or scatter) UV
radiation in the UVB (290–320 nm) and in the UVA (320–400
nm) range. Compared to a commercial ZnOmaterial, the higher
visible light transmittance and higher UV blocking absorption
of ZnO-based MMO materials (derived from calcination of the
LDHs precursor in this study) can be attributed to the high
dispersion of the ZnO phase within the amorphous aluminum
oxide phase.35 Therefore, the PEG/MMO PCM added in bitumen
could attenuate the UV lights effectively and thus restrain the
oxidation of bitumen.
4. Conclusions

In this study, a new PEG/MMO form-stable PCM was success-
fully synthesized using a melting impregnation method. PEG
and ZnMgAl-MMO which obtained from the calcination of
44910 | RSC Adv., 2020, 10, 44903–44911
ZnMgAl-LDHs, was adopted as the PCM and supporting matrix,
respectively. Due to physical adsorption and capillary forces, the
movement of PEG was conned resulting in the stabilization of
PEG/MMO PCM during phase transition. The maximum weight
fraction of PEG conned in the ZnMgAl-MMO without leakage
was found to be 65%.

XRD and FTIR analysis revealed that no chemical reaction
occurred between PEG and MMO, and the properties of both
PEG and MMO were not impacted during the synthesis. DSC
results indicated the melting and freezing starting tempera-
tures of 65PEG/MMO PCM were 50.9 �C and 37.4 �C, and the
melting and freezing enthalpy were 108.1 J g�1 and 107.9 J g�1,
respectively. The increased UV absorption capacity of 65PEG/
MMO PCM was conrmed by UV-vis absorbance spectra
analysis.

The thermal storage and release test and accelerated UV
irradiation aging test of bitumen samples modied by 65PEG/
MMO PCM veried its promising temperature regulation and
UV aging resistance properties. As a new type of performance-
enhancing additive, PEG/MMO PCM is expected to be effective
in regulating extreme temperature and resisting UV aging of
bitumen and thus could signicantly extend the service life of
bitumen pavement.
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