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Polymer modified asphalt emulsion (PMAE) has recently been proven to be one of the most effective methods to overcome the
common distress of asphalt surface treatments, such as abrasion, rutting, ravelling, and poor durability. Because of the limited
research studies about the preparation of PMAE using SBS latex, a new method to prepare SBS latex was developed and the
feasibility of using it in preparing SBS latex modified asphalt emulsion (SBS-LMAE) was verified in this study. The optimized
swelling parameters for linear SBS solutions were swelling 24 h at the temperature of 50°C with the toluene/SBS (T/S) mass ratios
of 2.5:1 to 2.0:1 which was determined according to the analysis of viscosity and Tyndall effect. After that, the SBS latex with
favorable dispersivity and stability was successfully fabricated with the T/S ratio of 2.0: 1. At last, the well-specified SBS-LMAE was
prepared using the fabricated latex and tested for its conventional performances and microstructure. The results show that the
SBS-LMAE samples all meet the main requirements of PMAE for microsurfacing and possess appropriate uniformity and stability.

1. Introduction

Compared with the conventional hot-mix asphalt, asphalt
emulsions (AEs) are more energy efficient, environmentally
friendly, and cost-effective [1]. Therefore, it has been widely
used in different pavement applications, such as tack coat,
chip-sealing, microsurfacing, and cold asphalt mixtures.
During the past decades, AE is becoming a viable alternative
to hot-mix asphalt, which makes asphalt pavements more
economic, less polluting, lower energy consumption, and
longer construction season [2, 3]. However, confronted with
the severe distress and deteriorates of pavement that caused
by the recent significant increase in traffic volume and tire
pressure, higher requirements of AE have been raised by
modern engineering in aspects like sufficient strength and
thermal stability at high temperature, necessary flexibility
and plasticity at low temperature, adequate antiaging ability
during service, and high adhesion strength to aggregates and
surfaces of structures [4-6]. This object has been achieved

upon using polymer modified asphalt emulsion (PMAE)
nowadays, which possesses more advantages in terms of
high- and low- temperature performances, fatigue resis-
tance, and water stability when compared with conventional
AE.

PMAE is a type of AE that is modified with polymer
emulsion (latex) or a product made by emulsifying polymer
modified asphalt [6]. It maintains the advantages of both
modified asphalt and AE. At present, the most widely used
polymers for PMAE are styrene-butadiene rubber (SBR)
latex, natural rubber (NR) latex, styrene-butadiene styrene
(SBS), and waterborne epoxy resin (WER) [4, 7]. Among
them, SBS has been proven to be the most effective polymer
to improve the physical and mechanical properties and
rheological behaviors of asphalt due to its cross-linked
elastomer network structure [8, 9]. In addition, now it has
become the most widely used polymer for modifying as-
phalt. However, the difficulty of emulsification of modified
asphalt increases sharply and the storage stability usually
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cannot meet specifications with the increasing SBS con-
centration in matrix asphalt, especially when SBS con-
centration is over 4% [10]. The aqueous phase form of SBR
and NR latexes enables them to be blended with AE at
ambient temperature and even without high shear, leading
them to be frequently used to modify AE. Engineering
practices show that addition of SBR to AE causes significant
improvements in low-temperature ductility, viscosity,
elastic recovery, and cohesive properties of the pavement,
but the high-temperature performance is slightly modified
[6, 11]. NR modification can increase the stiffness and
reduce the temperature susceptibility of asphalt residues,
but the low elastic recovery properties were unacceptable
[4]. Even though the AE modified by WER has excellent
high-temperature performance, the low-temperature
ductility is slightly improved and its cost is high [12].
Therefore, it is necessary to continue exploring the po-
tential of applying SBS polymer to modified AE. However,
the preparation process of PMAE containing the SBS
modifier is difficult, and the industrial production has a
great limitation [13].

In view of abovementioned problems, researchers have
carried out a lot of research studies on AE modified by SBS.
Caietal. [10] proposed a method of fabricating SBS latex and
preparing of SBS latex modified asphalt emulsion (SBS-
LMAE) by postadding the latex into AE. This research
demonstrated the feasibility and advantage of adopting SBS
latex to prepare PMAE. Wang et al. [13] adopted self-made
emulsifier to prepare PMAE by emulsifying SBS modified
asphalt with the content of SBS at 3.0%-3.5% by mass. The
results showed that the AE with good storage stability could
be obtained by adjusting the emulsification conditions
according to the relationship between physical properties
and storage stability. However, the content of SBS is still low,
and the performance improvement is limited. Abd El-
Rahman et al. [6] modified AE using a mixture of com-
mercial SBS latex, epoxy resin, and PVA. It was found that
the prepared PMAE possessed the highest viscosity value,
and it was qualified to be used for pavement in different
applications.

Previous studies indicate that further attention still needs
to be paid on the optimization of PMAE by SBS and to
promote the application of this technology in pavement
engineering. Therefore, this research endeavored to develop
a new method to prepare SBS latex and verify the feasibility
of using it in preparing SBS-LMAE. The research process was
divided into two steps. At the first step, the fabrication
process and formulation of SBS latex were discussed and the
performance was evaluated. At the second step, the well-
specified SBS-LMAE was prepared by using the fabricated
SBS latex as a modifier, and its performance was evaluated by
the conventional test and morphology analysis.

2. Materials and Methods

2.1. Materials. A 90 penetration grade asphalt produced by
SK Company of South Korea was used to prepare samples of
PMAE, and the basic properties are shown in Table 1. The
line structure SBS (1301) with a block rate of 30/70 was from
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TaBLE 1: Basic properties of the matrix asphalt.

Technical index Test value Method

Penetration (25°C)/0.1 mm 89 JTG E20-2011 T0604
Ductility (15°C) cm >150 JTG E20-2011 T0605
Softening point "C 48.5 JTG E20-2011 T0606

Baling Petrochemical Company (Yueyang, China). The
chemical reagents used in the research included cetyl tri-
methyl ammonium bromide (CTAB, cationic emulsifier,
AR), nonyl phenol polyoxyethylene ether (OP-10, nonionic
emulsifier, AR), anhydrous calcium chloride (inorganic
stabilizer, AR), polyvinyl alcohol (organic stabilizer, AR),
toluene (solvent, AR), hydrochloric acid (pH adjusting
agent, AR), and cationic slow-cracking fast-setting emulsi-
fier (CSFE, Shandong Banghua Oil Chemical Company,
China).

2.2. Sample Fabrication

2.2.1. Swelling of SBS in Toluene. SBS is a styrene-butadiene-
styrene triblock polymer, and its molecules are composed of
PS segment and PB segment. Most solvents only have good
solubility in a certain block in SBS, such as cyclohexane and
hexane act as selective solvents for PB segments, while ethyl
acetate and butanone are selective solvents for PS segment.
All things considered, the toluene with good solubility for
both PS and PB segments was selected as the single solvent
for swelling SBS. SBS swelling process was described as
follows: at room temperature, the SBS toluene solution was
prepared in the wide mouth bottle with the mass ratio
(toluene:SBS, T/S) of 3.5:1, 3.0:1, 2.5:1, 2.0:1, and 1.5:1,
sealed and preserved (preventing toluene volatilization), and
swelled for 24 h. During this period, the swelling status is
continuously observed, and the swelling of the SBS in tol-
uene was observed by the Tyndall effect. The called Tyndall
effect is an optical phenomenon that when a light beam
passes through a colloid, the suspended particles in the path
will scatter the light, enabling a beam of light to become
visible [14, 15]. This effect makes it possible the qualitative
comparison of dispersion stability for SBS solution due to its
colloidal nature.

2.2.2. Preparation of SBS Latex. The optimal latex formula
was obtained by using four-factor four-level orthogonal
experimental design. SBS latex preparation process included
the following: (1) the swollen SBS solution was placed in a
programmable-controller bath and kept at 50+2°C for
30min; (2) the cationic emulsifier, nonionic emulsifier,
inorganic stabilizer, and organic stabilizer were formulated
into soap liquid according to the formula, and the pH
regulator was added to adjust the pH value of soap liquid to
2-3; (3) the soap liquid was heated to 65-70°C and then
poured into the colloid mill (MD-1, Jiaxing Mide Machinery
Co., Ltd., China) which was preheated to 65-70°C; (4) the
soap liquid was stirred in the colloidal mill for 3 min with a
stirring speed at 3000 rpm; (5) the SBS solution was added
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into the colloid mill and then stirred for 3 min. Finally, the
fabricated SBS latex was placed in a container and sealed.

2.2.3. Distillation and Concentration of SBS Latex. In order
to increase the solid content of the latex and reduce the
negative effect of toluene on the subsequent performance of
SBS-LMAE, the SBS latex needs to be concentrated by
distillation. Distillation processing was carried out by at-
mospheric distillation at a temperature of 80°C. The distil-
lation completion was judged by the evaporation amount of
30%, 30%, and 25% for the system of T/S=2.5:1,2.0:1, and
1.5:1, respectively. The fabricated SBS latex sample is shown
in Figure 1.

2.2.4. Preparation of SBS-LMAE. In general, three methods
are usually adopted to prepare PMAE: the preadding
method, simultaneous-adding method, and the postadding
method [7, 16]. For the postadding or biphase emulsion
method, the polymer is added to the prepared AE via the
form of latex either in the plant or on-site at ambient
temperature. Given these points, this method can not only
reduce the energy consumption of heating asphalt but also
avoid the dependence on the high-speed shearing machine,
substantially reducing the product cost. Therefore, the
postadding method was used to prepare SBS-LMAE in this
study.

The specific preparation process was as follows: (1) the
cationic slow-cracking fast-setting emulsifier, anhydrous
calcium chloride, polyvinyl alcohol, and distilled water were
formulated into soap liquid according to the dosage of the
formula; (2) the soap liquid was stirred and kept constant at
the temperature range of 65-70°C with the pH value being
adjusted to 2-3; (3) the soap liquid was then poured into the
colloid mill and sheared for 3 min; (4) the matrix asphalt,
which was preheat to 140 +2°C, was slowly added to the
colloid mill, which was preheated to 65-70°C, and stirred for
3 min with a stirring speed at 3000 rpm; (5) finally, the self-
made SBS latex was added to the asphalt emulsion at room
temperature, and the modified emulsification was completed
after mechanical stirring for 10min. The preparation
flowchart is shown in Figure 2.

2.3. Test Program. To fulfil the objective of this research
work, the test program was mainly divided into three parts:
the performance test of swollen SBS, SBS latex and con-
centrated SBS latex, and SBS-LMAE. Besides, the mor-
phology observation was conducted for both SBS latex and
SBS-LMAE.

2.3.1. Performance Test of Swollen SBS. At first, the rheo-
logical characteristics of swollen SBS were tested by using the
viscometer. The equipment conditions included a Brookfield
viscometer (DV-II + Pro, Brookfield), the chosen rotor was
21#, the loading amount was 8.0 mL, and the temperature
was 20°C. The optimum swelling temperature, swelling time,
and T/S ratio were determined by testing the viscosity. Then,
the swelling status and dispersion stability were assessed

through visual observation and Tyndall effect as a function
of time.

2.3.2. Performance Test of SBS Latex and Concentrated SBS
Latex. According to the Chinese standards GB/T
11175-2002, SH/T 1152-2014, and SH/T 1154-2011 [17-19],
the main performance indexes of SBS latex and SBS con-
centrated latex are tested: solid content, viscosity, pH value,
particle size and Zeta potential of latex (Zetasizer Nano ZS,
Malvern), and mechanical stability.

2.3.3. Performance Test of SBS-LMAE. The modified AE was
prepared using cationic slow-cracking fast-setting emulsifier
and line SBS latex as a modifier. The storage stability of the
emulsion and the penetration, softening point, and ductility
of the evaporation residue were tested according to the
Chinese standard JTG E20-2011 [20].

2.3.4. Morphology Observation. To further study on the
dispersion and stability characteristics, the microstructures
of SBS latex and SBS-LMAE were observed by fluorescence
microscopy (UG-1, Corning). The samples were viewed
under the microscope at a magnification of 400.

3. Results and Discussion
3.1. Performance Assessment of Swollen SBS

3.1.1. Effect of Concentration on Viscosity. The SBS solution
with a swelling temperature of 50°C and a swelling time of
1d was used to determine the viscosity of different SBS
concentrations (22.22%, 25.00%, 28.57%, 33.33%, and
40.00%) in toluene which corresponded to the T/S ratio of
3.5:1,3.0:1,2.5:1,2.0:1,and 1.5: 1, respectively. The results
are shown in Figure 3.

It is clear that the viscosity of SBS solutions increases
significantly with the rising concentration of SBS, especially
when the SBS concentration is larger than 33.33%. It can be
explained that with increasing SBS content, the winding
between the swollen molecular chains of SBS becomes more
serious, forming continuous polymer network in the solu-
tion. Therefore, the viscosity of the solution is improved
sharply. Considering the difficulty caused by the excessive
viscosity of SBS in the preparation of SBS latex as well as the
negative effect on the performance of AE brought by su-
perfluous toluene [21], the following research was mainly
conducted on the T/S ratio of 2.0:1.

3.1.2. Effect of Temperature on Viscosity of Swollen SBS.
The effect of temperature on viscosity of swollen SBS was
investigated using the SBS solution with the T/S ratio of
2.0:1. The results are shown in Figure 4.

From Figure 4, it is evident that as the temperature
increases, the viscosity of SBS solutions shows a tendency
to decrease first and then rise. This phenomenon can be
explained from two aspects. On the one hand, the thermal
movement of the molecular chain is intensified and the
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FiGUre 1: The fabricated SBS latex.
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FIGURE 2: Preparation flowchart of SBS-LMAE.
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FiGure 3: Influence of line SBS concentrations on the viscosity of
SBS solutions.

content of the solvent adsorbed on the molecular chain is
increased with the rise of temperature, leading to the
decline of viscosity. On the other hand, the full swelling of
the SBS molecular chain at high temperature leads to the
formation of polymer network, which becomes dominant
when the temperature is over 50°C and promotes the
viscosity rapidly. Therefore, when the temperature is
around 50°C, the viscosity comes to the minimum.
Consequently, 50°C is taken as the optimum swelling
temperature for the following research.

Swelling temperature (°C)

FiGure 4: Influence of temperature on the viscosity of SBS
solutions.

3.1.3. Effect of Time on Swollen SBS. To determine the
suitable swelling time, the viscosity of SBS solutions prepared
with the swelling temperature of 50°C, T/S ratio of 2.0:1, and
different swelling times (1h, 2h, 4h, 6h, 12h, and 24 h) was
tested, as shown in Figure 5.

It can be seen from Figure 5 that the viscosity almost
increases linearly with the swelling time when the swelling
time is less than 12 h. Then, the viscosity comes to a plateau
and increases slightly after 24 h swelling. It can be explained
that at the initial stage of swelling, SBS is still in the form of
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FiGure 5: Influence of swelling time on the viscosity of SBS solutions.

solid particle, and its molecular chain has not been extended
yet, so the viscosity is small. As the swelling time increases,
the molecular chain extends and entangles with each other,
causing the significant improvement of viscosity. After that,
the network structure formed by entangled molecular chains
is fulfilled, resulting in a gradual stabilization of viscosity,
which also indicates that the SBS swelling is basically
complete. So, the swelling time of SBS is obtained to be 24 h.

3.1.4. Swelling Effect of SBS Solution. The results of visual-
ization and comparisons for the Tyndall effect of SBS so-
lutions with the T/S ratios of 2.5:1, 2.0:1, and 1.5:1 over
time are summarized in Figure 6.

It is clear in Figure 6 that light scattering can be observed
when the SBS is swollen for 1h, while the obvious Tyndall
effect happens when the swelling time reaches 6 h and 24 h,
respectively. This phenomenon indicates that the droplet
size at 1 h is bigger than the wavelength of light while the
droplet size at 6h or 24 h is somewhat below or near the
wavelength, which is also in accordance with the discussion
in Section 3.1.3. It could be explained that the SBS was not
dispersed at the molecular level into the toluene at the initial
stage of swelling. So, the light was scattered by the mac-
roparticles of SBS. As the extension of swelling time, SBS was
solubilized and the molecules were diffused in the contin-
uous phase. Therefore, the occurrence of the Tyndall effect in
our study implies that the colloidal solution of SBS with good
dispersion stability is accomplished. In addition, relatively
speaking, the T/S ratios of 2.5:1 and 2.0:1 for SBS solution
have more stable dispersion than 1.5:1.

3.2. Performance Assessment of SBS Latex

3.2.1. Orthogonal Experiment Design of SBS Latex.
According to former research, the material composition of
SBS latex includes SBS solution, distilled water, stabilizer,
and emulsifier [21]. Specifically, the SBS solution used here
was fabricated with a T/S ratio of 2.0:1, the stabilizer

included inorganic stabilizer and organic stabilizer, and the
emulsifier was a mix of cationic emulsifier CTAB and
nonionic emulsifier OP-10 at a mass ratio of 3:1. Therefore,
the orthogonal table with four factors and four levels was
chosen to select the optimal material formulation of SBS
latex, as reported in Table 2.

Three technical indexes were adopted to assess the
performance of SBS latex: viscosity, mechanical stability, and
Zeta potential. Table 3 shows these measurement results of
16 samples which designed according to the orthogonal
experiment mentioned above.

The orthogonal tests were subjected to a range analysis
based on the data in Table 3, which allowed visualizing the
primary and secondary factors and the optimal combination
as calculated R; value from equation (1). The results of
analysis are shown in Table 4:

(1)

where k;,, is the average of the test results corresponding to
the level of the factor m in column i and R; is the range of
factor i, which reflects the change in the test index when the
level of factor i changed. A larger R; indicated a greater
impact of the factor on the test index. Therefore, the primary
and secondary relationships of the factors based on R; can be
determined.

The range analysis in Table 4 shows that the influence of
several factors based on the R; value for the viscosity, me-
chanical stability, and Zeta potential of SBS latex is as fol-
lows: water/SBS mass ratio > emulsifier content > inorganic
stabilizer content > organic stabilizer content, water/SBS
mass ratio>emulsifier content>organic stabilizer con-
tent > inorganic stabilizer content, and water/SBS mass
ratio > emulsifier ~ content>organic  stabilizer = con-
tent > inorganic stabilizer content, respectively. Thus, water/
SBS mass ratio is the primary factor, and emulsifier content
is the secondary factor for all the three technical indexes.
However, the influence of both the stabilizers content on the
technical indexes is far less than water/SBS mass ratio and

R, = k;,,, (max) — k;,,, (min),
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FIGURE 6: The appearance of SBS solution in the presence of a red laser light passageway.

TaBLE 2: Factors and levels of orthogonal experimental design.

Factors (the dosage of each material is based on the mass of SBS)

Levels Water/SBS (mass ratio) (A) Emulsifier/% (B) Inorganic stabilizer/% (C) Organic stabilizer/% (D)
1 0.6 8 0.1 0.1

2 0.8 10 0.2 0.2

3 1.0 12 0.3 0.3

4 1.2 15 0.4 0.4

TABLE 3: Parameters and result of the orthogonal experiments for SBS latex.
Factors Measurement results (25°C)
Sample no. . . . . .
A B C D Viscosity (mPa-s) Mechanical stability (%) Zeta potential (mV)

1 0.6 8 0.1 0.1 2473 12.8 39.5
2 0.6 10 0.2 0.2 2756 12.1 46.8
3 0.6 12 0.3 0.3 3569 11.9 46.1
4 0.6 15 0.4 0.4 4359 11.9 47.3
5 0.8 8 0.2 0.3 1472 2.3 59.1
6 0.8 10 0.1 0.4 1689 0.8 63.5
7 0.8 12 0.4 0.1 1780 2.0 62.3
8 0.8 15 0.3 0.2 1874 2.2 62.7
9 1.0 8 0.3 0.4 670 6.2 52.3
10 1.0 10 0.4 0.3 835 3.8 59.6
11 1.0 12 0.1 0.2 923 4.0 62.1
12 1.0 15 0.2 0.1 1023 4.0 59.8
13 1.2 8 0.4 0.2 156 9.4 40.3
14 1.2 10 0.3 0.1 258 7.0 45.8
15 1.2 12 0.2 0.4 340 7.2 452
16 1.2 15 0.1 0.3 367 8.2 39.6
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TABLE 4: Range analysis on the viscosity, mechanical stability, and zeta potential of SBS latex.
Factor A B C D
k, 3289.25 1192.75 1363.00 1383.50
k, 1703.75 1384.50 1427.25 1427.25
ks 862.75 1653.00 1592.75 1560.75
Viscosity (mPa-s) ky 280.25 1905.75 1782.50 1764.50
R 3009.00 713.00 419.5.00 381.00
Order of factors™ A>B>C>D
Optimization level — — — —
k; 12.18 7.68 6.45 6.45
k, 1.83 5.93 6.40 6.93
ks 4.50 6.28 6.83 6.55
Mechanical stability % ky 7.95 6.58 6.78 6.53
R 10.35 1.75 0.43 0.48
Order of factors A>B>D>C
Optimization level A2 B2 C2 D1
k, 4493 47.80 51.18 51.85
k, 61.90 53.93 52.73 52.98
ks 58.45 53.93 51.73 51.10
Zeta potential mV ky 42.73 52.35 52.38 52.08
R 19.17 6.13 1.55 1.88
Order of factors A>B>D>C
Optimization level A2 B2 C2 D2

“There is no specific requirement for viscosity (no influence on AE preparation at later stage), so the optimization level is not proposed.

emulsifier content. From the above analysis in Table 4 and
meanwhile the economic factor was considered, the optimal
combinations were obtained: water/SBS mass ratio
(0.8) + cationic emulsifier (10%, cationic/nonionic emulsifier
mass ratio 3:1) +inorganic stabilizer (0.2%) + organic sta-
bilizer (0.1%).

3.2.2. Performance of SBS Latex. The performance of SBS
latex with different T/S ratios is summarized in Table 5. As
mentioned previously, SBS content can greatly affect the
viscosity of samples. It can be seen from Table 5 that the test
values of viscosity and mechanical stability both increase
with the increasing SBS content. However, for the results of
particle size and Zeta potential, the test values fluctuate
around the T/S ratio 2.0:1. Although high solid content of
SBS is beneficial for the following performance of AE res-
idue, it might cause severe difficulty in the preparation of
SBS-LMAE. Usually, a latex with poor mechanical stability,
which is higher than 0.5%, will break when stirred by strong
vibration or mechanical shear and influence the stability of
AE [10]. Overall, the properties of the latex samples which
prepared by the T/S ratios of 2.5:1 and 2.0:1 are suitable.

3.2.3. Performance of Concentrated SBS Latex. For the
modification of AE, the performance of concentrated SBS
latex is essential, which is presented in Table 6. It can be
found that the data in Table 6 almost demonstrate the same
rule as those in Table 5. The difference mainly lies in that the
test values of solid content, viscosity, particle size, Zeta
potential, and mechanical stability in Table 6 which are
much greater than those in Table 5. It can be explained that
toluene plays a lubricating role and promotes the dispersion
of the SBS droplets and then declines the viscosity of latex.

TABLE 5: Performance specifications of SBS latex.

Technical index T/S ratio 2.5: T/Sratio 2.0: T/Sratio 1.5:

1 1 1
Tonic charge Cation Cation Cation
pH 6-7 6-7 6-7
Solid content/% 23.67 28.83 29.54
Viscosity (mPa-s) 1107 1536 1967
Particle size ym 2.44 1.68 1.96
Zeta potential mV 51.6 52.8 48.2
Mechanical stability 028 035 0.73

%

TaBLE 6: Performance specifications of concentrated SBS latex.

Technical index T/S ratio 2.5: T/S ratio 2.0: T/S ratio 1.5:

1 1 1
Tonic charge Cation Cation Cation
pH 6-7 6-7 6-7
Solid content % 33.93 41.38 40.17
Viscosity (mPa-s) 1731 3820 4316
Particle size ym 2.86 2.23 2.47
Zeta potential mV 55.1 59.4 51.3
Mechanical stability 032 0.48 113

%

Therefore, when the toluene is distilled, the viscosity in-
creases sharply. Meanwhile, most of the gaps between dis-
persed phases dismiss after the concentration, causing the
clusters of SBS droplets evolve to agglomerations. So, the
particle size increases, and the mechanical stability becomes
worse to some extent.

Nevertheless, the average droplet size range of 2-3 ym
can still match the particle size distribution of most AE



products, 2-10 ym [22]. It means that the concentrated SBS
latex still has the potential compatibility with AE and the
good penetrative ability in aggregate or structure surface.
Furtherly, the Zeta potential, which is an important indi-
cator about the structure stability of single droplet, is even
greater than that before concentration. It demonstrates the
large repulsive forces between the individual droplets and
good stability of the distilled latex. From the analysis above,
the fabricated SBS latex is qualified to be used for preparing
SBS-LMAE.

3.2.4. Morphology Analysis of SBS Latex and Concentrated
SBS Latex. Figures 7 and 8 present the corresponding
fluorescence micrographs of SBS latex and concentrated SBS
latex samples. As depicted in Figure 7, the swollen SBS
polymer is sheared into small spheres and dispersed in
solvent uniformly. The oil-in-water structure is formed, and
no obvious aggregation and gelation phenomenon can be
observed in the figures. Also, there is a distinct boundary
between spheres and solvent, indicating a favorable dis-
persion and stability. It is noteworthy that compared with
Figures 7(a) and 7(b), the distance between the spheres in
Figure 7(c) is greatly reduced due to the declined content of
toluene.

However, for Figure 8, the boundary between spheres
and solvent is smeared severely and the sphere size of SBS is
reduced by a big margin, which is attributed to the distil-
lation of toluene. The dispersion state of the droplets looks
like being squeezed together rather than uniformly dis-
persed. With the continuous decreasing of toluene content,
the spheres tend to coalesce and obvious droplet flocculation
appears in contrast with the individual disperse system in
Figure 7, especially in Figure 8(c). It is even difficult to
distinguish the morphology of the droplets in Figure 8(c).
These phenomena are in consistent with the discussion in
Section 3.2.3 and reveal the relatively worse stability. In
other words, distillation and concentration process is un-
favorable for the dispersion and stability of SBS droplets. In
spite of this, with all the results in consideration, the stability
of the former two groups is acceptable.

3.3. Performance Assessment of SBS-LMAE

3.3.1. Conventional Performance of SBS-LMAE. In the
subsequent study, the fabricated SBS latex with the T/S ratio
of 2.0:1 was adopted to prepare SBS-LMAE samples with
different concentration of SBS. The oil-water ratio used here
is 60:40. In addition, the content of emulsifier CSFE, in-
organic stabilizer, and organic stabilizer is 2.0%, 0.3%, and
0.3% (by the mass of asphalt), respectively. It should be
noted that the dosage of SBS latex was calculated according
to the concentration of SBS in SBS-LMAE samples. The
conventional characteristics of the SBS-LMAEs with dif-
ferent concentration of SBS are listed in Table 7.

The results in Table 7 reveal that the performances of
SBS-LMAE samples all meet the main requirements of
PMAE for microsurfacing mixtures. For a long time, the
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drawback of storage stability has been a tough problem for
traditional SBS-PMAE. It is quite evident that the test values
of storage stability in Table 7 are much smaller than the
limitation even when the content of SBS is higher than 4.5%,
which is very important for the transportation and storage of
PMAE in the practical application.

As for the conventional characteristics of residue asphalt,
the addition of SBS leads to distinct improvement. Gener-
ally, with the increasing SBS content, the penetration of
evaporation residue declines evidently while the ductility
and softening point exhibit similar variation tendency of
growth. It can be concluded that the addition of SBS latex
causes favorable influence both to the rutting and crack
resistance of evaporation residue. This is attributed to the
swelling of SBS mixed with residue asphalt leading to im-
provement in viscosity and elastic recovery. Since the SBS
polymer was sheared twice during the preparation proce-
dure of SBS-LMAE, SBS was cut to a dimension of a few
micrometers at most, which increase the specific surface area
as well as dispersion of the SBS modifier. So, swelling and
plasticizing effects of the SBS modifier change the colloidal
structure after absorbing the small molecules in asphalt,
forming a three-dimensional network of SBS in the evap-
oration residue. The cross-linked elastomer network not
only limits the movement of asphalt but also imparts the
strength to the binder. Consequently, the high- and low-
temperature performances of residue asphalt are both
greatly improved. It is reported that the stability of the
structure of PS core micelles with swollen PB domains as a
corona will be influenced when the SBS content exceeds 5%
[24, 25]. Therefore, the improvement range of each index is
obviously reduced as the SBS content comes to 6%.

3.3.2. Morphology Analysis of SBS-LMAE. In this research,
the dispersion state and resulting microstructure of the SBS
droplets in the emulsion are also characterized using a
fluorescence microscope, as shown in Figure 9. As seen in
Figure 9(a), the fluorescent image is completely one phase
for the unmodified AE, whereas these of Figures 9(b)-9(e)
show some light spots. According to former research studies
[26], the light spots are due to the fluorescence of the
swelling SBS by absorbing light components. It manifests
that these light spots in SBS-LMAE are caused by the in-
corporation of the SBS droplets which converts the mor-
phology from one phase to a biphase structure.
Comparatively, the amount of SBS droplets grows
greatly with the increase content of SBS in the emulsion. It is
worth to be noted that the size of SBS droplets also increases
along with the SBS content, which might be caused by the
flocculation of the droplets. Nevertheless, the size change is
slight and the polymer is distributed evenly in the emulsion.
In addition, the size of the light spots in Figure 9(e) is still
smaller than that of the dark spots which represents the
asphalt droplets. Furthermore, almost all the dispersed light
spots are in the shape of spherical particles, which is ben-
eficial to both the workability and the storage stability of
PMAE. All the discussion above reveals that the prepared
SBS-LMAE possesses good compatibility between asphalt
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(a) () (c)

FIGURE 7: Microstructure of SBS latex with different T/S ratios: (a) 2.5:1, (b) 2.0:1, and (¢) 1.5:1 (magnification: x400).

(a) (b) ()

FIGURE 8: Microstructure of concentrated SBS latex with different T/S ratios: (a) 2.5:1, (b) 2.0:1, and (¢) 1.5:1 (magnification: x400)

TaBLE 7: Conventional properties of the various SBS-LMAE.

o Concentration of SBS %
Technical index

Requirement [23]
0 1.5 3.0 4.5 6.0
Residue content % 60.8 61.7 62.5 63.1 63.4 >60
Storage stability (5d) % 1.25 1.53 1.85 1.97 213 <5
Evaporation residue Penetration (25°C)/0.1 mm 89 85 74 66 62 40-100
Ductility (5°C)/cm 17.8 23.7 30.4 38.3 42.1 >20
Softening point "C 46.5 54.8 63.9 76.2 77.4 >53

(®)

FiGgure 9: Continued.
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F1GURE 9: Fluorescence micrographs of SBS-LMAE samples with different SBS concentrations: (a) 0%, (b) 1.5%, (c) 3.0%, (d) 4.5%, and (e)

6.0% (magnification: x400).

and SBS droplets and favorable stability as shown in Table 7.
Therefore, after the evaporation of the aqueous phase in the
emulsion, the latex droplets will coalesce to form a con-
tinuous polymer film surrounding the asphalt, especially
when the SBS content is 4.5% or 6.0%. This should lead to
improved binder properties, particularly the viscosity of
residue asphalt.

4. Conclusions

(1) The swelling of linear SBS was fulfilled with the
adoption of toluene as solvent. Based on the com-
prehensive analysis of viscosity and Tyndall effect,
the optimized swelling parameters for SBS solutions
are determined as swelling 24 h at the temperature of
50°C with the T/S ratios of 2.5:1 to 2.0:1.

(2) Distillation and concentration process is unfavorable
for the dispersion and stability of SBS droplets but
beneficial for the solid content enhancement of SBS
latex. The fabricated SBS latex with the T/S ratios of
2.0:1 possesses the best performance and is qualified
to be used for preparing SBS-LMAE.

(3) The conventional performances of SBS-LMAE
samples incorporating SBS at the content of 1.5%-
6.0% all meet the main requirements of PMAE for
microsurfacing mixtures. Addition of SBS latex re-
sults in the great improvement of binder

performance for residue asphalt, including ductility,
softening point, and penetration.

(4) The fluorescence microscope tests reveal that al-
though the increasing content of SBS might cause the
flocculation of SBS droplets in the emulsion, the
prepared SBS-LMAE possesses good compatibility
between asphalt and SBS droplets and favorable
stability.
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