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� The MS value increases from 28.67 emu�g�1 to 56.78 emu�g�1 with augmented Fe3O4-LDHs ratio.
� Fe3O4 significantly enhance the anti-UV aging properties and microwave absorption properties of Mg-Al LDHs.
� The maximum RL value of L1F2 is recorded as more than two times of that of LDHs.
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Previous studies showed that Mg-Al layered double hydroxides (Mg-Al LDHs) had well anti-ultraviolet
(anti-UV) aging properties when used in the asphalt materials, but it cannot contribute to improve the
self-healing properties to repair cracks caused by UV aging under the microwave radiation. Fe3O4 has well
microwave absorption and based on the layered structure and large surface area of Mg-Al LDHs, the pri-
mary objective of this work was to synthesize Fe3O4-decorated Mg-Al layered double hydroxides mag-
netic nanosheets, to envisage that the added bitumen modifier has both enhanced anti-UV aging
properties and microwave absorption properties. Three modifiers were obtained by the adhesion of
Fe3O4 magnetic particles on the surface of Mg-Al LDHs nanosheets, and named as L1F1 (the mass ratio
of LDHs: Fe3O4 = 1:1), L2F1 (the mass ratio of LDHs: Fe3O4 = 2:1) and L1F2 (the mass ratio of LDHs:
Fe3O4 = 1:2). Morphology, phase composition, chemical structure, anti-UV aging properties, static mag-
netic properties and microwave absorption properties of them were detected by different analytical
methods. Results demonstrate that all magnetic nanosheets present the ferromagnetic behavior, L2F1
shows the lowest MS value among three types of magnetic nanosheets, and the value increases from
28.67 emu�g�1 to 56.78 emu�g�1 with augmented Fe3O4-LDHs ratio. Additions of Fe3O4 significantly
enhance the anti-UV aging properties and microwave absorption properties of Mg-Al LDHs. The maxi-
mum RL value of L1F2 is recorded as more than two times of that of LDHs, and L1F2 shows the best
anti-UV aging properties and microwave absorption properties among all magnetic nanosheets.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Layered double hydroxides (LDHs) is a type of multifunctional
inorganic supramolecular materials, which is formed by the
orderly assembly of positively charged metal cation two-
dimensional laminate and interlayer anions [1–3]. The nanometer
two-dimensional laminates of LDHs are arranged in a longitudinal
order to form a three-dimensional crystal structure, which mainly
composed of Mg2+ and other metal cations [4,5]. The chemical for-
mula of LDHs can be represented by [M2+

1�xM3+
x (OH)2]x+�(An�)x/n-

�mH
2
O, where M2+ and M3+ represent divalent and trivalent metal

cations, respectively [6–9].
Studies have shown that the layered structure of LDHs has well

shielding effect on ultraviolet rays, and can effectively improve the
anti-ultraviolet (anti-UV) aging properties of the asphalt materials
[5,10]. Zeng added 3% of Mg-Al layered double hydroxides (Mg-Al
LDHs) into AH-90, AH-90 and SBS modified bitumen as anti-UV
aging agent. The comparisons of equivalent brittle point and fati-
gue parameters showed that LDHs could effectively reduce the
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Fig. 2. Schematic diagram of synthesis of Fe3O4-decorated Mg-Al LDHs magnetic
nanosheets.

C. Li et al. / Construction and Building Materials 220 (2019) 320–328 321
photo-oxidative aging rate of bitumen [11]. This is because when
ultraviolet light passes through LDHs, the main layer of metal
hydroxide can reflect and absorb ultraviolet light for multiple
times. To a certain extent, it can also absorb ultraviolet rays, and
the physical shielding effect of the layers on ultraviolet rays is
dominant.

In addition, because of the layered structure and large surface
area, LDHs can be easily modified with other substances. Li synthe-
sized a sodium stearate modified LDHs (SS-LDHs) and studied the
anti-UV aging effects on asphalts mixtures, results showed that the
carbonyl index and viscosity aging index of asphalt mixtures con-
tained LDHs or SS-LDHs were lower than those of asphalt mixtures
without LDHs and SS-LDHs, proving that LDHs and its modifiers
could improve the anti-UV aging performance of asphalt materials
[12,13]. Although LDHs can improve the anti-UV aging properties
of asphalt materials, it cannot contribute to repair generated cracks
and other diseases caused by UV-aging.

However, asphalt materials can be recognized as a type of self-
healing materials according to several researches, and generated
cracks can be self-closed automatically during the intermittent
period of loading [14–17]. The process is due to the elastic recov-
ery, viscous flow and molecular diffusion of bitumen, and can be
accelerated at higher temperature heated by microwave radiation
or other heating methods.

As shown in Fig. 1, like ultraviolet light, microwave is also a
type of electromagnetic waves. The wave length of microwave
ranges from 1 mm to 1 m, and its frequency band ranges from
300 MHz to 300 GHz. When microwave penetrates the asphalt
materials contained microwave absorbers, it may consume energy
through electric loss and magnetic loss. Therefore, microwave
absorbers can be mainly classified as two types. For example, car-
bon fiber [18,19], conductive macromolecule [18] and semiconduc-
tor [20] can cause electric loss. Ferrite [21], Fe3O4 [22], magnetic
metal powder [23] can cause magnetic loss. After absorbing micro-
wave, microwave absorbers can transfer it into other types of
energy, Heat release is the main kind of energy transformation
under microwave radiation [24,25]. Converted thermal energy
can be also called ‘‘internal friction heat” and be generated by
the high-frequency reciprocating motion of the internal dipole
molecules under the microwave radiation. Researchers have
applied different microwave absorbers to enhance microwave
absorption properties of asphalt materials [26,27]. Li added carbon
nanotubes (CNTs) and graphene to improve the heating and heal-
ing properties of bitumen under microwave radiation, results indi-
cated that two electric loss microwave absorbers were well in
microwave absorption and significantly accelerated the heating
process than basis bitumen [15]. Gao explored the feasibility of
the usage of steel slag as the aggregate of asphalt mixtures for
microwave deicing, and found that steel slag which contained
Fe3O4 had a well microwave absorption capacity [28].

But these asphalt modifiers have only a single function, they
cannot improve the anti-UV aging ability of asphalt materials,
and have the ability to enhance the self-healing ability of asphalt
materials to repair generated cracks simultaneously. Therefore, in
order to envisages that the added bitumen modifier has both
Fig. 1. Graphic introduc
enhanced anti-UV aging properties and microwave absorption
properties, this paper synthesized different types of magnetic
nanosheets, which obtained by the adhesion of Fe3O4 magnetic
particles on the large surface of Mg-Al LDHs nanosheets with dif-
ferent mass ratio. Firstly, morphology, phase composition and
chemical structure of synthesized products were characterized.
In addition, anti-UV aging properties, static magnetic properties
and microwave absorption properties of them were also detected
by different analytical methods.
2. Experimental details

2.1. Materials

All chemicals used in the synthetic procedures were of analyti-
cal grade and employed without further purification. Magnesium
chloride hexahydrate (MgCl2�6H2O), aluminium chloride hexahy-
drate (AlCl3�6H2O), ferrous chloride tetrahydrate (FeCl2�4H2O), fer-
ric chloride hexahydrate (FeCl3�6H2O), sodium carbonate
anhydrous (Na2O3), sodium hydroxide (NaOH) and ammonium
hydroxide (NH3�H2O) were supplied by Macklin Chemical Reagent
Co., Ltd, China.

2.2. Synthesis

As shown in Fig. 2, Fe3O4-decorated Mg-Al LDHs magnetic
nanosheets were obtained by the following steps: firstly, Mg-Al
LDHs was prepared by low saturation coprecipitation method,
2.5 mmol AlCl3�6H2O and 7.5 mmol MgCl2�6H2O were dissolved
in 100 mL distilled water uniformly, then prepared alkaline solu-
tion contained 20 mmol NaOH and 1.25 mmol Na2O3 was added
simultaneously under vigorous stirring. Secondly, according to
in-situ growth method, the Mg-Al LDHs was blended with 5 mmol
FeCl2�4H2O and 2.5 mmol FeCl3�6H2O, and then dispersed in 50 mL
methyl alcohol under ultrasonic stirring for 20 min to produce
homogenous suspension, NH3�H2O was added dropwise into the
suspension till the end of precipitation under ultrasonication. The
tion of microwave.
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resultant (L1F1, the mass ratio of LDHs: Fe3O4 = 1:1) was separated
by a magnet and washed with distilled water and absolute ethanol.
The purification was repeated continuously until the effluent solu-
tion was neutral, finally the resultant was dried in a vacuum oven
at 60 �C for 6 h. For comparison, the Fe3O4-decorated Mg-Al LDHs
magnetic nanosheets with various Mg-Al LDHs and Fe3O4 quantity
were synthesized, corresponding to L2F1 (the mass ratio of LDHs:
Fe3O4 = 2:1) and L1F2 (the mass ratio of LDHs: Fe3O4 = 1:2) at the
same conditions.

2.3. Characterization

The morphology, microstructure, phase compositions, chemical
structure of as-obtained samples were detected by field-emission
Scan Electronic Microscope (FE-SEM, Sigma HD, Zeiss, Germany)
with Energy Dispersive Spectrum (EDS), X-ray diffraction (XRD,
D8 Advance, Bruker, Germany), Fourier transform infrared spec-
troscopy (FTIR, Nexus 670, Nicolet, USA).

2.4. Anti-UV aging properties

The anti-UV aging properties of as-obtained samples were
detected by Ultraviolet visible spectrophotometer (UV–Vis,
Lambda 750S, PerkinElmer, USA). The bandwidth of UV–Vis could
be continuously adjusted from 0.17 nm to 5.00 nm, and the wave
length ranged from 200 nm to 800 nm. As a result, the change in
absorbance (A) with wavelength could be obtained, and greater A
value of the substance means better absorption of ultraviolet light.

2.5. Static magnetic properties

The static magnetic parameters were measured by PPMS-9
vibrating sample magnetometer (VSM, Quantum Design, USA),
including the residual magnetization (Mr), the saturation magneti-
zation (Ms) and the coercivity (Hc).

2.6. Microwave absorption properties

Based on the coaxial transmission/reflection measurement,
electromagnetic parameters of composites were measured through
a microwave vector network analyzer system (PNA-N5244A, AGI-
LENT, USA) in the frequency range from 1 GHz to 18 GHz, including
the relative complex permittivity (er = e0 � je00) and relative
complex permeability (lr = l0 � jl00). The specimens were mixed
different magnetic nanosheets with paraffin wax by the weight
ratio of 1:1, and pressed to be cylindrical toroidal samples with
inner diameter of 3.04 mm, outer diameter of 7.0 mm and height
of 2.0 mm. Based on the former analyzed electromagnetic
parameters at a given frequency (f) and thickness (t), the reflection
Fig. 3. FE-SEM images and ED
loss (RL) could be used to evaluate the microwave absorption
properties of Fe3O4-decorated Mg-Al LDHs magnetic nanosheets
and calculated using the following equations: Znin ¼
Zn0

ffiffiffiffiffiffiffiffiffiffiffiffi
lr=er

p
tanh j 2pfd=cð Þ ffiffiffiffiffiffiffiffiffilrer

p� �
and RL ¼ 20log10

Znin�Zn0
ZninþZn0

���
���. Znin is

the input impedance of material, Zn0 is the intrinsic impedance
at free space, er and lr are the relative complex permittivity and
permeability of material. RL value is negative and lower RL value
means stronger attenuate ability of microwave radiation.
3. Results and discussions

3.1. Morphology characterization

Field-emission Scan Electronic Microscope (FE-SEM) was con-
ducted to characterize the morphological difference between Mg-
Al LDHs and Fe3O4-decorated Mg-Al LDHs magnetic nanosheets.
The magnification of 8,000,000 times was adopted in the FE-SEM
images.

As shown in Fig. 3, Mg-Al LDHs presents a multilayer structure
in nano scale. The nanometer two-dimensional laminates of Mg-Al
LDHs are in different size, and arranged in a longitudinal order to
form a three-dimensional crystal structure. Original Mg-Al LDHs
shows large surface area with smooth appearance. EDS spectra
indicates the presence of Mg, Al, O, and C, which are in accordance
with the elements of rawmaterials. After the introduction of Fe3O4,
Fig. 4 illustrates that the magnetic nanoparticles are randomly dec-
orated on the surfaces of single layer of Mg-Al LDHs and almost
form a fusion of Fe3O4 and Mg-Al LDHs. The Fe3O4 nanoparticles
render a cube-like structure and their crystal sizes are all around
200 nm. Moreover, coated Fe3O4 nanoparticles make the surface
texture of synthesized magnetic nanosheets rougher than that of
original Mg-Al LDHs. EDS spectra indicates the presence of Fe,
Mg, Al, O, and C, proofing of the presence of decorated Fe3O4. As
a result, morphology characterizations demonstrate that the
Fe3O4-decorated Mg-Al LDHs magnetic nanosheets have been syn-
thesized successfully.
3.2. Phase compositions

XRD was applied to evaluate the attachment effect of Fe3O4 on
Mg-Al LDHs from the perspective of phase composition, and the
result was shown in Fig. 5. The diffraction peaks denoted by |
appeared at (0 0 3), (0 0 6), (0 1 2), (0 1 5) and (1 1 0) are clearly
observed as typical phase of Mg-Al LDHs material. After coating
with Fe3O4 nanoparticles, the diffraction patterns of L2F1, L1F1
and L1F2 indicate the superimposition of reflections of the Fe3O4

and LDHs phase. Among these, the peaks denoted by € appeared
at (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), and (4 0 0), can be indexed
S spectra of Mg-Al LDHs.
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Fig. 4. FE-SEM images and EDS spectra of Fe3O4-decorated Mg-Al LDHs magnetic nanosheets.

Fig. 5. XRD patterns of Fe3O4-decorated Mg-Al LHDS magnetic nanosheets.
Fig. 6. FTIR spectra of Fe3O4-decorated Mg-Al LDHs magnetic nanosheets.
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as the characteristic peaks of Fe3O4. The characteristic peaks of Mg-
Al LDHs at (0 0 3) and (0 0 6) become weaker along with the aug-
ment of Fe3O4, representing that the Fe3O4 occupies larger in the
proportion of the synthetic nanosheet. No characteristic peaks of
other materials are detected in Fig. 5, representing the high crys-
tallinity of the synthetic magnetic nanosheets.
3.3. Chemical structure

Fig. 6 shows the FTIR spectra of Fe3O4-decorated Mg-Al LDHs
magnetic nanosheets. In general, 3452 cm�1 and 1623 cm�1 are
attributed to the stretching vibrations of hydroxyl groups and
bending vibration of surface-adsorbed water molecules [29,30].
In addition, all samples appear typical peaks of Mg-Al LDHs,
adsorption peaks at 3091 cm�1 are ascribed to the hydrogen bond
between H2O and CO3

2– in the interlayers of Mg-Al LDHs, the sharp
adsorption peak at 1359 cm�1 is caused by the stretching vibration
of C-O groups [31]. The weak absorption band at 1070 cm�1 can be
observed and corresponded to stretching vibration of carbonate.
the absorption bands in the range of low wave number (400 cm�1 -
� 800 cm�1) are mainly caused by the Al-O, Mg-O, O-Mg-O and O-
Al-O in the metal hydroxide sheets in the brucite-like lattice [12].
In the spectra of three magnetic nanosheets, the Fe–O lattice vibra-
tion mode of Fe3O4 appears at 567 cm�1. Owing to the increasing
content of Fe3O4, the characteristic peaks of Mg-Al LDHs in as-
obtained nanosheets are weakened gradually, while the Fe–O
adsorption peak is strengthened and even coincides with the
absorption peak next to it in L1F2.
3.4. Anti-UV aging properties

Since various substances have different molecules, atoms and
different molecular spatial structures, their absorption of ultravio-
let light energy will not be the same. Each substance has its own
unique and fixed absorption spectrum curve, which can reflect
the degree of absorption. Therefore, in this paper, by comparing
the degree of absorbance at certain wavelengths in the spectrum,
UV–Vis can be used to determine the anti-UV aging properties of
different magnetic nanosheets. When the ultraviolet rays pass
through the atmosphere to the surface of the asphalt material,
greater A value of the substance means better absorption of ultra-
violet light. As a result, less ultraviolet light can be absorbed by the
asphalt binder, meaning that substance with higher A value pro-
cesses better anti-UV aging ability when used in the asphalt
material.

Fig. 7 presents the UV–Vis results of Fe3O4-decorated Mg-Al
LDHs magnetic nanosheets, the tested wavelength band includes
the UV light (200 nm�400 nm) and the visible light
(400 nm�800 nm). In the frequency band of UV light, the absor-
bance of LDHs shows a fluctuating trend and reaches the maximum
of 0.2 A at a wavelength of 258 nm. The curve then gradually
decreases and the absorbance of Mg-Al LDHs remains constant at
around 0.03 A over the visible light range. Former research found



Fig. 7. UV–Vis results of Fe3O4-decorated Mg-Al LDHs magnetic nanosheets. Fig. 8. Magnetic hysteresis loops of all samples, the lower right inset shows the
expanded region around the origin.
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that the atmosphere has a selective absorption effect on ultraviolet
light, short-wavelength ultraviolet rays with high-energy are
absorbed by the atmosphere, and the main ultraviolet rays reach-
ing the surface are in the middle and long wavelength bands
(280 nm to 400 nm) [12]. Thus, in contrast to former results of
Mg-Al LDHs, the absorbance values of Fe3O4-decorated Mg-Al LDHs
magnetic nanosheets show a rapid increase in the wavelength
ranging from 280 nm to 400 nm. In addition, higher ratio of
Fe3O4 in magnetic nanosheets presents higher absorbance value.
Results demonstrate that Fe3O4 significantly enhance the anti-UV
aging properties of Mg-Al LDHs, and L1F2 processed the best anti-
UV aging properties among all Fe3O4-decorated Mg-Al LDHs mag-
netic nanosheets.

3.5. Static magnetic properties

Static magnetic properties include the saturation magnetization
(Ms), the residual magnetization (Mr) and the coercivity (Hc). The
saturation magnetization means if a magnetic substance is placed
in a magnetic field whose magnetization increases in magnitude as
the magnetic field strength increases, there is a limit on the mag-
nitude of the magnetization. When this limit is reached, the mag-
nitude of the magnetization will no longer increase as the strength
of the magnetic field increases, this limit is also called the satura-
tion magnetization. The residual magnetization means after the
magnet is placed in a magnetic field, it will generate magnetiza-
tion, but if the magnetic field is removed, the magnetization will
not decrease to zero, and the remaining part is called residual mag-
netization. The coercivity means in order to make the magnetiza-
tion become 0, it is necessary to add a magnetic field of a certain
magnitude in the opposite direction of the original magnetization
direction. This magnetic field is called a coercive magnetic field,
also named as the coercivity, and the coercivity can be used to
characterize the resistance of the permanent magnet material,
and the ability to externally reverse magnetic fields or other
demagnetization effects. These three parameters can reflect basic
properties of magnetic substance, and suitable Ms and Hc can con-
tribute to obtain well microwave absorption.

It can be seen from the Fig. 8 that theM-H hysteresis loops of all
samples show a typical S-type curves. In addition, when the
applied magnetic field reaches 5000 Oe, almost all samples reach
saturation magnetization, indicating the presence of ferromagnetic
behavior. If materials have ferromagnetic behavior and is magne-
tized by the action of an external magnetic field, even if the exter-
nal magnetic field disappears, the magnetization state of the
ferromagnetic materials can be maintained. The ferromagnetic
materials have large hysteresis losses, which can improve the
microwave absorption. L2F1 shows the lowest MS value among
three types of magnetic nanosheets, and the value increases from
28.67 emu�g�1 to 56.78 emu�g�1 with augmented Fe3O4-LDHs ratio
shown in Table 1. TheMS value of L1F2 is 49.51% higher than that of
L2F1, this can be expressed by the following facts that according to
the relationship Ms =Ums [32], MS is related to the volume fraction
(U) and saturation magnetization (ms) of individual particle. As
Mg-Al LDHs belongs to non-magnetic materials while Fe3O4

belongs to magnetic materials, so ms of individual particle
increases with the augment of Fe3O4, resulting in a higher Ms of
L1F2. Hc mainly depends on various types of anisotropy, such as
crystal, shape, stress, external inducement and exchange, all as-
obtained products show similar and well Hc (>100 Oe).
3.6. Microwave absorption properties

Fig. 9 shows the real part of complex permittivity (e0), the imag-
inary part of complex permittivity (e00), the real part of complex
permeability (l0) and the imaginary part of complex permeability
(l00) of the Fe3O4-decorated Mg-Al LDHs magnetic nanosheets at
the frequency band ranging from 1 GHz to 18 GHz.

As shown in Fig. 9, the L1F2 exhibits the highest e0 value while
the e0 value of L2F1 is the lowest of three as-synthesized samples.
In addition, the e0 values of all samples presents a higher value than
that of the pure Mg-Al LDHs, and doped Fe3O4 made a considerable
contribution to the augment of e0 values. The e00 values indicate a
trend of increasing volatility with frequency, and show no eviden-
tial difference among all samples. The e00 values of all samples have
shoulder peaks at around 3.5 GHz, 9.5 GHz and 15 GHz frequency
positions. In general, the e0 reflects the storage capability of electric
energies, depending on space charge and interface polarizations for
isotropic crystal cells [33–35]. The increase of e0 value is owing to
the enhanced interface polarizations from Fe3O4 nanoparticles. The
e00 means the loss ability of stored electric energies, caused by a
delay in polarization towards to an altering electrical field in a
dielectric medium, and can be classified as intrinsic and extrinsic
losses [33]. Crystal structure determines the intrinsic loss which
can be described by the interaction of the phonon system with
the ac electric field. Imperfections in the crystal structure affects
the extrinsic losses, such as impurities, microstructural defects,
grain boundaries, porosity, microcracks, and random crystallite
orientation [36]. The e00 values of three as-synthesized samples



Table 1
Static magnetic parameters of Fe3O4-decorated Mg-Al LDHs magnetic nanosheets.

Sample MS/emu�g�1 HC/Oe Mr/emu�g�1

L1F2 56.78 100.22 5.50
L1F1 42.56 100.32 4.34
L2F1 28.67 100.30 2.79

Fig. 9. Electromagnetic parameters of Fe3O4-decorated Mg-Al LDHs magnetic nanosheets.
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fluctuate within 0.09–0.2 and the ratio of Mg-Al LDHs and Fe3O4

has no effect on them.
Both the frequency and the ratio of Mg-Al LDHs and Fe3O4 sig-

nificantly alter the real part and imaginary part of complex perme-
ability in Fig. 9. As the original LDHs was nonmagnetic substance,
so the l0 and l00 values remain at 1 and 0. In this case, the additions
of Fe3O4 affect the complex permeability remarkably. As the fre-
quency increases, the l0 values of three as-synthesized samples
take on a descensive trend owing to the eddy current loss and fer-
romagnetic resonance [37]. At the frequency band from 1 GHz to
6.5 GHz, the contents of Fe3O4 promote the l0 values and L1F2
achieves the highest l0 value. After reaching the same inflection
point that all samples own the same l0 values, the change rules
of the l0 values are completely opposite to the previous. The l00 val-
ues of all samples fluctuate with the frequency, the peak value of
L1F2 is two times of L2F1 at around 5.5 GHz. High l00 value means
increased loss capability of the magnetic energy, which is related
to the high-volume fraction and Ms nonspherical magnetic parti-
cles (e.g., flaky iron particles) and acicular iron particles. As synthe-
sized Fe3O4 is in cubic shape and L1F2 owns the highestMs, so it can
be observed that L1F2 processes the best loss ability of magnetic
energy.

Fig. 10 shows the dependence of RL curves on the thickness, in
the low-frequency band (1 GHz–10 GHz), Mg-Al LDHs shows low
absorption and the RL values increase with the thickness. After
the additions of Fe3O4, RL values of L2F1 show a significant increase
at the frequency ranging from 1 GHz to 10 GHz, but no evident
variation in high frequency band. With the augment of Fe3O4 in
the synthesized magnetic nanosheets, RL values present an
enhancement in the whole frequency band for both L1F1 and
L1F2. Evidently, L1F2 owns the most outstanding microwave
absorption properties.

The 3D RL mapping plots of different magnetic nanosheets as
functions of frequency, sample thickness, are shown in Fig. 11.
The peak RL value of Mg-Al LDHs is observed as �4.79 dB at the fre-
quency of 15.71 GHz with a coating thickness of 8 mm, showing a
relatively poor microwave absorption property. Three types of
Fe3O4-decorated LDHs magnetic nanosheets behaves the maxi-
mum RL values at lower frequency. Among them, L2F1 behaves
the maximum RL value of �5.25 dB at 11.88 GHz, corresponding
to a coating thickness of 10 mm, L1F1 behaves the maximum RL

value of �6.88 dB at 11.71 GHz with a coating thickness of
10 mm. The maximum RL value of L1F2 is recorded as more than
two times of that of LDHs, and L1F2 shows the best microwave
absorption properties among all magnetic nanosheets. Results
demonstrate that additions of Fe3O4 strengthen the microwave
absorption of magnetic nanosheets, especially in the low-
frequency band.

4. Conclusions

In this paper, in order to ensure that the added bitumen modi-
fier has both enhanced anti-UV aging and microwave absorption
properties when applied the microwave heating self-healing tech-
nology, different types of magnetic nanosheets were synthesized.
As-obtained products were prepared by the adhesion of Fe3O4

magnetic particles on the surface of Mg-Al LDHs nanosheets with
different mass ratio. Morphology, phase composition, chemical
structure, anti-UV aging properties, static magnetic properties
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Fig. 10. Reflection loss curves of Fe3O4-decorated Mg-Al LDHs magnetic nanosheets.
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Fig. 11. 3D plots of reflection loss for Fe3O4-decorated LDHs magnetic nanosheets.

326 C. Li et al. / Construction and Building Materials 220 (2019) 320–328



C. Li et al. / Construction and Building Materials 220 (2019) 320–328 327
and microwave absorption properties were detected by different
analytical methods. According to the discussed results above, the
following conclusions can be obtained:

(1) Because of the layered structure and large surface area, three
types of Fe3O4-decorated Mg-Al LDHs magnetic nanosheets
were successfully synthesized by low saturation coprecipita-
tion method and in-situ growth method according to the
characterizations of morphology, phase composition and
chemical structure.

(2) The absorbance values of Fe3O4-decorated Mg-Al LDHs mag-
netic nanosheets show a rapid increase in the wavelength
ranging from 280 nm to 400 nm, and higher ratio of Fe3O4

in magnetic nanosheets presents higher absorbance value.
Additions of Fe3O4 significantly enhance the anti-UV aging
properties of Mg-Al LDHs, and L1F2 processed the best
anti-UV aging properties among all Fe3O4-decorated Mg-Al
LDHs magnetic nanosheets.

(3) All magnetic nanosheets indicate the presence of ferromag-
netic behavior, L2F1 shows the lowest MS value among three
types of magnetic nanosheets, and the value increases from
28.67 emu�g�1 to 56.78 emu�g�1 with augmented Fe3O4-
LDHs ratio. In addition, all as-obtained products show simi-
lar and well Hc (>100 Oe).

(4) After the additions of Fe3O4, RL values of L2F1 show a signif-
icant increase at the frequency ranging from 1 GHz to
10 GHz, but no evident variation in high frequency band.
With the augment of Fe3O4 in the synthesized magnetic
nanosheets, RL values present an enhancement in the whole
frequency band for both L1F1 and L1F2. Evidently, L1F2 owns
the most outstanding microwave absorption properties.

These results indicate that Fe3O4-decorated LDHs magnetic
nanosheets can both enhance the anti-UV aging and microwave
absorption properties when used in asphalt materials. In practical
applications, as long as the raw materials for synthesizing Fe3O4

are added to the synthesis process of Mg-Al LDHs, the manufactur-
ers can obtain the Fe3O4-decorated LDHs magnetic nanosheets. The
raw materials for synthesizing Fe3O4 are inexpensive, and do little
harm to the HMA production costs in mass output.
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