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To improve the anti-aging ability of SBS modified bitumen (SMB), layered double hydroxide (LDH)

organically modified by hexadecyltrimethoxysilane was prepared and utilized for the modification of

SMB. According to X-ray photoelectron spectroscopy, hexadecyltrimethoxysilane has been grafted into

LDH through chemical bonding. Compared with LDH, the hydrophilicity of organic LDH (OLDH) was

obviously reduced, and OLDH possessed better dispersibility and stability in SMB, because of the

decrease of hydroxyl and the introduced organo-functional groups on the surface of LDH. The addition

of OLDH and LDH can ameliorate the high temperature behavior of SMB, especially OLDH. After aging,

bitumen was oxidized and SBS was degraded, which resulted in the physical and rheological property

deterioration of SMB. LDH can alleviate the destruction of aging on the performance and chemical

structure of SMB. Furthermore, the improvement of LDH on the anti-aging ability of SMB has been

further enhanced after hexadecyltrimethoxysilane organic modification.
1. Introduction

SBS modied bitumen (SMB) has been become the uppermost
binding material in highway construction, because of its
excellent high-temperature rutting resistance and low-
temperature cracking resistance, which is due to the formed
crosslinked network structure of SBS in bitumen.1–3 Unfortu-
nately, under the inuence of heat, oxygen and UV light, SMB is
liable to aging, which causes the performance degradation of
SMB and ultimately shortens the service life of bitumen pave-
ment.4–8 Hence, it is essential to acquire SMB with superior anti-
aging ability. In recent years, some antiaging agents have been
utilized to improve the anti-aging ability of SMB, such as anti-
oxidants, UV absorbents, inorganic nanoparticles, layered sili-
cate, and so on.9–11 These modifying agents can all improve the
anti-aging ability of SMB to different extents, but there are some
imperfections in these modifying agents, for instance, antioxi-
dants can only improve the thermal oxidation aging resistance
of SMB and the sustaining action is limited. The improvement
effect of UV absorbents on the anti-aging is closely linked to the
types of SMB.10,12 The compatibility of inorganic nanoparticles
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in SMB is poor.13,14 Layered silicate is harmful to the low
temperature property of SMB.9,12 These deciencies affect the
improving effectiveness of these modifying agents on the anti-
aging ability of SMB, and eventually astrict their application
in SMB.

Layered double hydroxide (LDH) is a supramolecular mate-
rial with multilayered structure, which is composed of metallic-
oxide laminate and interlamellar anions.15,16 The metallic-oxide
laminate can shield UV light, and obstruct oxygen and heat.
Simultaneously, the interlamellar anions can also assimilate UV
light.17,18 Therefore, LDH is considered as an ideal choice to
ameliorate the anti-aging performance for bitumen, and it has
been used as modier for SMB in recent years, compared with
unmodied SMB, SMB containing LDH exhibits better physical
and rheological performance aer aging.19,20 However, some
studies found that LDH can not uniformly disperse and stably
exist in bitumen, this restricted the sufficient exertion of LDH
on improving the anti-aging ability of bitumen. The reason for
this is the hydroxide radical on the surface of LDH, the
hydroxide radical will cause the conglomeration between LDH
particles.18,21 To settle the issue, some organic anion
compounds were replaced into the interlamination of LDH, like
lignosulfonate, salicylic acid, p-methycinnamic acid, etc.22–24
Although intercalated LDH shows better effectiveness on the
anti-aging performance of bitumen, unfortunately, the essential
question (the hydroxide radical) of LDH has not been solved.
Silane coupling agent is oen used to heighten the compati-
bility between inorganic materials and organic materials.25

Hence, silane coupling agent could be a perfect solution to the
RSC Adv., 2021, 11, 22131–22139 | 22131
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Fig. 1 (a) The structural diagram of LDH and (b) the structural formula
of hexadecyltrimethoxysilane.
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View Article Online
issue between LDH and SMB. On the one hand, the hydrolyzed
hydroxyl of silane coupling agent would react with the surface
hydroxyl of LDH, resulting in the surface hydroxyl decrease of
LDH,26 it is conducive to reduce the conglomeration between
LDH particles, and enhance the dispersion of LDH in SMB. On
the other hand, silane coupling agent will inlet organic groups
into LDH, which is helpful for ameliorating the stability of LDH
in hydrophobic SMB matrix.

In this research, silane coupling agent organic LDH (OLDH)
was prepared and utilized to ameliorate the anti-aging capacity
of SMB. The chemical structure and surface property of OLDH,
and the inuence of OLDH on the performance and structure of
SMB before and aer aging were studied.

2. Materials and methods
2.1. Materials

The 60/80 penetration-grade bitumen was acquired from
CNOOC asphalt Co., Ltd. SBS was provided form Baling Branch
of Sinopec Co., Ltd, the main performance parameters of
bitumen and SBS are illustrated in Table 1. LDH (MgAl-CO3-
LDH) was obtained from Ruifa Chemical Co. Ltd, hexadecyl-
trimethoxysilane was offered from Sinopharm Group Co. Ltd,
the chemical structure diagram of LDH and hexadecyl-
trimethoxysilane are plotted in Fig. 1.

2.2. Preparation of OLDH

LDH was dispersed in ethanol–water solution (90%, volumetric
fraction), and appropriate amount (3.5% by weight of LDH) of
hexadecyltrimethoxysilane was added into the mixed solution.
Under the nitrogen atmosphere, the reaction solution was
rapidly stirred at 50 �C for 180 min, and adding acetic acid to
keep the solution at pH of 4. Then, the reaction products were
repeatedly washed by decompression ltration. Finally, the
reaction products were desiccated and milled at a size of 200
mesh. To avoid the effect of the particle size of LDH, the partical
size of unmodied LDH was also 0.075 mm.

2.3. X-ray photoelectron spectroscopy (XPS) test

The surface chemical properties (the composition and chemical
state of element) of OLDH and LDH were acquired by XPS
(Thermo Fisher Scientic Co., Ltd, USA) with Al target Ka X-ray
(1486.6 eV) at the vacuum of 10�9 Pa.
Table 1 The main performance parameters of bitumen and SBS

Samples Items Values

Bitumen Penetration (25 �C, 0.1 mm) 69.0
Ductility (10 �C, cm) 16.2
Soening point (�C) 50.1
Viscosity (135 �C, Pa s) 0.49

SBS Structure Linear
Block ratio (S/B) 30/70
The average molecular weight (g mol�1) 100 000

22132 | RSC Adv., 2021, 11, 22131–22139
2.4. Contact angle meter (CAM) test

The surface hydrophilia properties of OLDH and LDH were
obtained by CAM (Pellet Method, KRUSS, GER) at a water
droplet volume of 2 mL and a dropping speed of 1 mL s�1.

2.5. Preparation of OLDH/SBS modied bitumen

Firstly, bitumen samples were melted to be owable at 170 �
5 �C. Subsequently, 3.5% SBS was dispersed into owing binder
samples under the high-speed shearing, and the mixture was
sheared at 180 �C for 60 min. Then, 1% to 4% LDH or OLDH
were slowly appended to the binder samples. Finally, the
mixture continued to react at the mechanical agitation for
90 min. To facilitate later description, SMB containing OLDH
and OLDH were abbreviated as LSMB and OLSMB, respectively.

2.6. Aging of SMB

Firstly, SMB was placed in thin lm oven at 163 � 0.5 �C for 5 h,
with the purpose to imitate the short-term thermal oxygen aging of
SMB during the preparing and paving process. Then, to simulate
the UV aging of SMB during the service, the vestigial binder
samples were shied to an UV aging oven at 60 � 3 �C for 9 d.

2.7. Physical and rheological properties test

The dispersibility and stability is crucial to the anti-aging ability
of SMB. To assess this, the storage stability of all SMB samples
was conducted. Firstly, the owing samples was poured into Al
pipe, and putting the pipe into an oven at 163 � 5 �C for 2 d.
Whereaer, these samples were transferred to a cooler for
210 min. Finally, the pipe was equally cut into three parts. The
soening points of top and bottom part were tested, the so-
ening point difference (DS) of two parts were utilized to estimate
the stability of LDH in SMB.

The conventional physical properties (penetration, soening
point and ductility) tests of all binder samples were according to
ASTMD 5, D 36 and D 113. The viscosity wasmeasured based on
D 4402.

The dynamic rheological properties of all SMB samples were
obtained by dynamic shear rheometer (DSR, Anton Paar Corp.,
AUT). The measuring parameters are listed in Table 2.

2.8. Fourier transform infrared spectroscopy (FTIR) test

The chemical structure of all SMB samples was gained by FTIR
(Thermo Nicolet Corp., USA). The test wavenumber was from
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The measuring parameters of rheological properties for SMB

Measuring temperature
(�C)

Diameter of plate
(mm) Gap between plates (mm)

Sweep frequency (rad
s�1) Heating rate (�C min�1)

�10 to 30 8 2 10 2
30 to 80 25 1 10 2
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400 cm�1 to 4000 cm�1. The relevant scanning rate and reso-
lution were 64 min�1 and 4 cm�1.
3. Results and discussion
3.1. XPS analysis of OLDH

The wide survey spectra of XPS for LDH and OLDH are depicted
in Fig. 2. It can be found that some characteristic elements were
appeared in the XPS of LDH and OLDH, like Mg 1s at 1302.5 eV,
Mg 2s at 88.9 eV and Al 2p at 74.1 eV. The Mg and Al element
was belonged to the metallic-oxide laminate in LDH.26,27 In
addition, compared with LDH, it was noteworthy that a new
element (Si 2p at 103.1 eV) can be observed in the XPS of OLDH,
which was attributed to hexadecyltrimethoxysilane. The results
showed that hexadecyltrimethoxysilane has been connected
with LDH, but it could not conrm that the connection was
chemical bond combination or physical entanglement of
molecular chains.

To affirm the connection type between hexadecyltrimethox-
ysilane and LDH. The high energy resolution spectra of Si 2p
(103.1 eV) for OLDH is presented in Fig. 3. Three peaks (102.5,
103.6 and 104.0 eV) can be observed, the peak at 102.5 eV was
belonged to Si–C, and the peak at 103.6 eV was attributed to Si–
O–C,27,28 the two peaks were derived from hexadecyltrimethox-
ysilane. The peak at 104.0 eV was originated from Si–O–M (M ¼
Al or Mg), the Si–O–M was newly generated chemical bond,
which can not be found in hexadecyltrimethoxysilane and LDH.
The result indicated that hexadecyltrimethoxysilane has been
chemically bonded to LDH. The related chemical reaction paths
between hexadecyltrimethoxysilane and LDH are shown in
Fig. 2 The wide survey spectra of XPS: (a) LDH and (b) OLDH.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Fig. 4. Firstly, the hexadecyltrimethoxysilane hydrolyzed to
produce Si–OH. Then, the Si–OH reacted with the surface –OH
of LDH and generated Si–O–M. Finally, hexadecyltrimethox-
ysilane was chemically graed onto LDH.
3.2. Hydrophilicity analysis of OLDH

The water contact angles of LDH and OLDH are depicted in
Fig. 5. The contact angle of LDHwas 19.1�, it indicated that LDH
possessed excellent hydrophilicity, which was due to the surface
–OH of LDH. Compared with LDH, the contact angle of OLDH
signicantly increased to 97.1�, it showed that the surface of
LDH transformed from hydrophilia to lipophilicity aer hex-
adecyltrimethoxysilane organic modication.

Hexadecyltrimethoxysilane organic modication reduced
the surface –OH (polar group) of LDH, the decrease of polar
groups was conducive to ameliorate the dispersibility of LDH in
SMB. Simultaneously, it will introduce organic groups in LDH
aer hexadecyltrimethoxysilane organic modication, which
can further improve the stability of LDH in SMB. The double
action of hexadecyltrimethoxysilane organic modication
caused the hydrophilicity of LDH decrease, which will
contribute to strengthen the dispersibility and stability of LDH
in hydrophobic SMB matrix.
3.3. Storage stability

The storage stability of all SMB samples is portrayed in Fig. 6.
The DS of SMB was 2.4 �C, it showed that SBS has occurred
isolation in bitumen. SBS will assimilate the light constituent
(saturate or aromatic) of bitumen and swell, which resulted in
RSC Adv., 2021, 11, 22131–22139 | 22133
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Fig. 3 The high energy resolution spectra of XPS for Si 2p.
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the oating of SBS in bitumen, and induced the soening point
of the upper increase. Compared with SMB, the DS of LSMB
obviously decreased. Furthermore, the downtrend becamemore
apparent with the dosage of LDH increase. However, it was
noteworthy that the lesser DS of LSMB did not mean the better
dispersibility and stability of LDH in SMB, this was due to the
sedimentation of LDH in bitumen, which caused the soening
point of the bottom increase. Because of the opposite effect of
LDH and SBS on the soening point of SMB during the storage
stability test, it eventually leaded to the rapid decrease of DS
with the amount of LDH increase. Similarly to LSMB, the DS of
OLSMB decreased with the content of LDH increase, but the
downtrend was distinctly weakened. The cause of this situation
was that hexadecyltrimethoxysilane organic modication
relieved the agglomeration of LDH and improved the dis-
persibility and stability of LDH in SMB. The result showed that
Fig. 4 The chemical reaction process between hexadecyltrimethoxysila

22134 | RSC Adv., 2021, 11, 22131–22139
OLDH exhibited better dispersibility and stability in SMB
compared with LDH.

3.4. Physical properties

The physical properties of all SMB samples with different
dosage of OLDH and LDH are plotted in Fig. 7. Compared with
SMB, it can be observed that OLSMB and LSMB had smaller
penetration and ductility, larger soen point and viscosity.
Furthermore, this tendency became more prominent with the
dosage of OLDH and LDH increase. The reason for this is that
LDH is inorganic particles, the addition of LDH in SMB serves
as elastic component, and will impede the movement of SBS
and bitumen molecule to a certain extent. Moreover, compared
with LDH, it was also noteworthy that OLDH showed more
signicant impact on the penetration, soen point and viscosity
of SMB, because of the better dispersibility and stability of
OLDH in SMB.

Aer aging, the penetration and ductility of SMB remarkably
diminished, correspondingly, the soen point and viscosity
obviously enlarged. To estimate the physical performance
change of SMB before and aer aging, the aging indexes of
physical performances (PRR, SPI, DRR and VAI) were utilized in
this research, the larger the PRR and DRR, the smaller the SPI
and VAI, the better anti-aging performance of SMB.29 The
computational formulas of these aging indexes are as follows
(1)–(4):

PRR ¼ (penetration after aging)/(penetration before aging)

� 100 (1)

SPI ¼ softening point after aging � softening

point before aging (2)

DRR ¼ (ductility after aging)/(ductility before aging) � 100 (3)
ne and LDH.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The water contact angles of (a) LDH and (b) OLDH.

Fig. 6 The storage stability of all SMB samples.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 7

/4
/2

02
5 

3:
00

:5
1 

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
VAI ¼ (viscosity after aging � viscosity before aging)/

viscosity before aging � 100 (4)

The aging indexes of all SMB samples containing OLDH and
LDH are depicted in Fig. 7. Compared with SMB, the PRR and
DRR of OLSMB and LSMB were larger, the SPI and VAI were
smaller, and the tendency became more obvious with the
content of LDH increase. It indicated that OLDH or LDH can
alleviate the destruction of aging on the physical performances
of SMB, and the alleviation effect became more prominent with
LDH content increase. Additionally, it can be found that OLDH
exhibited better in inhibiting the physical properties deterio-
ration of SMB than that of LDH during aging.
3.5. Rheological properties

The elasticity modulus (G0) and viscous modulus (G00) of all SMB
specimens from �10 �C to 30 �C are depicted in Fig. 8. The G0

and G00 of all SMB specimens decreased with the temperature
increase, and the descending rate of G0 were apparently higher
than that of G00. An intersection point between G0 and G00 can be
© 2021 The Author(s). Published by the Royal Society of Chemistry
observed in all SMB specimens, G0 was larger than G00 before the
corresponding temperature of intersection point, in other
words, SMB showed more elastic behavior before the tempera-
ture. Aer the corresponding temperature of intersection point,
G00 gradually became greater than G0, SMB exhibited more
viscous behavior. It showed that the corresponding temperature
of the intersection point was the critical temperature of visco-
elastic transformation for SMB. Compared with SMB, LSMB and
OLSMB possessed larger G0 and smaller G00 at the same
temperature, which indicated that LDH and OLDH can increase
G0 of SMB and reduce G00. Meanwhile, the corresponding
temperature of the intersection point was also increased. This
variation was detrimental to the low temperature properties of
SMB, fortunately, due to the less dosage, the effect of LDH and
OLDH was little.

The G0 and G00 of all SMB specimens aer aging are plotted in
Fig. 9. Aer aging, the G0 of all SMB samples increased in
different extent, G00 simultaneously reduced. The variation of
SMB was the most obvious, followed by LSMB, OLSMB was the
least. The size order of G0 and G00 of SMB, LSMB and OLSMB was
the opposite of that before aging. Correspondingly, the corre-
sponding temperature of the intersection point of SMB, LSMB
and OLSMB before and aer aging also occurred different
changes. As showed in Table 3, the corresponding temperature
of the intersection point of SMB increased to 27.2 �C aer aging,
the increment of temperature (DT) was 11.6 �C. The addition of
LDH and OLDH obviously retarded the corresponding temper-
ature change of the intersection point of SMB, the DT of LSMB
was 6.3 �C, the DT of OLSMB was 0.9 �C. The result showed that
the aging leaded to the elastic behavior increase of SMB, the
corresponding temperature of the intersection point enlarged,
these were not conducive to the low temperature performance
of SMB. LDH can alleviate the destruction of aging on the low
temperature performance of SMB. Furthermore, the alleviation
effective of LDH was remarkably strengthened aer hexadecyl-
trimethoxysilane organic modication.

The rutting factor (G*/sin d) reects the resistance capacity
of bitumen to permanent deformation at high temperature, the
larger the G*/sin d, the better the high temperature stability.
RSC Adv., 2021, 11, 22131–22139 | 22135
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Fig. 7 The physical properties of all SMB samples before and after aging: (a) penetration; (b) soften point; (c) ductility; (d) viscosity.
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The G*/sin d of all SMB specimens ranging from 30 �C to 80 �C
are illustrated in Fig. 10. The G*/sin d of LSMB and OLSMB were
greater than that of SMB, it indicated that the addition of LDH
and OLDH can ameliorate the high-temperature stability of
SMB, particularly OLDH. Aer aging, the G*/sin d of all SMB
samples increased to a different extent, SMB showed the most
signicant, OLSMB was the least. The size order of G*/sin d was
SMB > LSMB > OLSMB aer aging, which was exactly opposite
with that before aging. The rapid increase of G*/sin d did not
mean the high-temperature stability improvement of SMB. On
Fig. 8 G0 (a) and G00 (b) of all SMB samples before aging.

22136 | RSC Adv., 2021, 11, 22131–22139
the contrary, due to the aging, SMB became hard and brittle, the
performance of SMB was deteriorated. The introduction of
OLDH and LDH can inhibit the performance deterioration of
SMB, and improve the anti-aging capacity of SMB, especially
OLDH.
3.6. Chemical structure

The FTIR spectrum of all SMB samples are presented in Fig. 11.
Compared with SMB, an obvious absorption peak located at
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 G0 (a) and G00 (b) of all SMB samples after aging.

Table 3 The temperature of intersection point of all SMB samplesa

Samples

The temperature of
intersection point (�C)

DT (�C)
Before
aging Aer aging

SMB 15.6 27.2 11.6
LSMB 16.7 23.0 6.3
OLSMB 18.3 19.2 0.9

a DT ¼ The temperature aer aging � the temperature before aging.

Fig. 10 G*/sin d of all SMBpa samples before and after aging.
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3450 cm�1 can be observed in the FTIR spectrum of LSMB and
OLSMB, belonging to the interstratied crystallization water of
LDH and OLDH. Additionally, in the LDH and OLDH, some
absorption peaks were appeared in the lower wavenumber, for
instance, 545 cm�1, 451 cm�1, these peaks were ascribed to the
lattice vibration of metallic-oxide laminate of LDH and OLDH.
© 2021 The Author(s). Published by the Royal Society of Chemistry
The aging of SMB was complex chemical reactions, which
contained the oxidation of bitumen and degradation of SBS. To
estimate the chemical structure variation of SMB before and
aer aging, some characteristic functional groups were utilized,
such as the C]O and S]O for bitumen, C]C for SBS.30,31 The
calculating methods are listed as formulas (5)–(8):

IC¼O ¼ Area of carbonyl band centered around 1700 cm�1
P

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

� 100

(5)

IS¼O ¼ Area of carbonyl band centered around 1030 cm�1
P

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

� 100

(6)

IC¼C ¼ Area of carbonyl band centered around 966 cm�1
P

area ofspectral bands between 2000 cm�1and 600 cm�1

� 100

(7)

y ¼ ��yafter aging � ybefore aging

���ybefore aging (8)

The characteristic group content of all SMB samples is listed
in Table 4. The C]O, S]O and C]C of all SMB samples were
basically identical before aging, it indicated that the introduc-
tion of LDH and OLDHwould not affect the characteristic group
content of SMB. Aer aging, the content of C]O and S]O
increased, it was due to the oxidation of bitumen molecular.
Correspondingly, the content of C]C reduced, because of the
degradation of SBS molecular. Compared with SMB (yC]O ¼
19.56, yS]O ¼ 2.45 and yC]C ¼ 0.45), the addition of LDH
obviously suppressed the increase of C]O and S]O (yC]O ¼
16.42 and yS]O ¼ 1.99), and the decrease of C]C (yC]C ¼ 0.30).
Furthermore, the inhibitory effect of LDH were further
RSC Adv., 2021, 11, 22131–22139 | 22137
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Fig. 11 FTIR spectrum of all SMB samples before and after aging: (a) SMB, (b) LSMB, (c) OLSMB.

Table 4 The characteristic groups content of all SMB samples

Bitumen samples

Before aging Aer aging Change rate

IC]O IS]O IC]C IC]O IS]O IC]C yC]O yS]O yC]C

SMB 0.255 3.421 9.523 5.242 11.805 5.205 19.56 2.45 0.45
LSMB 0.253 3.382 9.518 4.408 10.118 6.644 16.42 1.99 0.30
OLSMB 0.256 3.424 9.521 2.998 7.015 7.532 10.71 1.05 0.21
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enhanced aer hexadecyltrimethoxysilane organic modica-
tion, the yC]O, yS]O and yC]C of OLSMB were 10.71, 1.05 and
0.21, respectively. The result showed that LDH can mitigate the
oxidation of bitumen and degradation of SBS, inhibit the
chemical structure variation of SMB, improve the anti-aging
ability of SMB, and OLDH presented more excellent improve-
ment on the anti-aging ability of SMB.
4. Conclusions

LDH organically modied by hexadecyltrimethoxysilane was
prepared and used to enhance the anti-aging performance of
SMB. According to the analysis results, the relevant research
conclusions are as follows:

(1) Hexadecyltrimethoxysilane was graed into LDH through
the chemical bonds. Hexadecyltrimethoxysilane organic modi-
cation decreased the hydroxide radicals and introduced
organic groups into LDH, the hydrophilicity of organic LDH was
obviously reduced. The stability of LDH in SMB has been
obviously improved aer hexadecyltrimethoxysilane organic
modication.

(2) The addition of OLDH and LDH can enhance the high
temperature stability of SMB, particularly OLDH. Aer aging,
the physical and rheological properties of SMB were badly
deteriorated. LDH can alleviate the damage of aging on the
performance of SMB. Furthermore, the alleviation effect of
OLDH was more notable.

(3) The aging resulted in the oxidation of bitumen and the
degradation of SBS. OLDH and LDH can refrain the chemical
structure variation of SMB during aging, OLDH exhibited better
improvement on the anti-aging ability of SMB compared with
LDH.
22138 | RSC Adv., 2021, 11, 22131–22139
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