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Abstract A continuous demanding in raw chemicals cost
reduction and processing simplification facilitates the
exploration and development of new materials in current
plastics industries. In this study, a novel carbonaceous filler
material “asphaltene” extracted from inexpensive and
abundant asphalt is blended into a thermoplastic elastomer
poly(styrene—butadiene—styrene) copolymer (SBS) for the
fabrication of hybrid composites at different loadings via
melt-compounding. Due to its intrinsic molecular rigidness
and desirable compatibility with SBS, the prepared
asphaltene/SBS composites displays excellent thermo-me-
chanical properties by improving the storage modulus in
the glassy region by 19 % and in the rubbery region by
305 %, as well as increasing the thermal stability by up to
20 °C. The overall mechanical properties are also
enhanced substantially by incorporation of asphaltene into
the SBS matrix according to the filler loading in SBS: the
tensile strength increased by 2.2 MPa, the maximum
elongation by 268 %, Young’s modulus by 214 %, and
toughness by 100.4 %. Although the introduced asphaltene
inevitably led to a gradual increment in the viscosity of
polymer melts from the filler—filler and filler—polymer
interactions, homogeneous dispersion of the reinforcing
fillers at optimum loading (20-30 wt%) in SBS matrix is
still sustained.
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Introduction

Poly(styrene—butadiene—styrene) tri-block copolymer (SBS)
is one of the most important commercially available ther-
moplastic elastomers (TPEs) that consists of two distinct
phases morphology: the glassy polystyrene (PS) domains have
been found to be covalently connected with rubbery polybu-
tadiene (PB) segments [1, 2]. By owning mechanical prop-
erties such as softness, flexibility, and extensibility that similar
to most of other synthetic and natural rubber [3], SBS exhibits
several other advantages such as damping properties, chemi-
cal resistance, and electrical insulation as well [4]. In order to
modify the thermal, mechanical, and electrical properties,
SBS is not only investigated by incorporation with various
inexpensive fillers such as carbon black [5], carbon nanotubes
[6-9], carbon fiber [10], clay [11-13], and soy flour [14], but
also extensively explored for the preparation of polymer
blends with poly(2,6-dimethyl-1,4-phenylene oxide) [15],
polyaniline [16-18], and thermoplastic polyurethane [3].

In the field of road construction, a great amount of
works were investigated by applying SBS as modifier to
improve the performance and durability of bitumen.
Although the SBS-modified asphalt displays encouraging
improvement in some properties including viscoelastic [19,
20] and dynamic mechanical performance [21], elastic
recovery [22], stiffness modulus [23], and rutting resistance
[24], the storage stability of SBS-modified asphalt at ele-
vated temperatures is negatively impacted due to the mis-
match in the density, polarity, and molecular weight of the
two immiscible phases [25]. In order to overcome this issue
by improving the compatibility between SBS and asphalt,
various strategies were performed including end-groups
functionalization [26], monomer grafting [27, 28], sulfur
vulcanization [2, 29, 30], and hydrophobic clay minerals
compounding [31, 32].
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Asphaltene is known as the heaviest hydrocarbons
component in the asphalt along with paraffins, resins,
aromatics, and naphthenes [33]. The chemical character-
istics and molecular mass of asphaltene is difficult to
determine accurately due to its structural complexity that is
associated with the crude oil source and the strong
propensity of self-aggregation. However, it is well
acknowledged that the general molecular structure of
asphaltene contains alicyclic and side aliphatic chains that
surround on a poly-condensed aromatic and naphthenic
units core substituted with minority of heteroatoms such as
nitrogen, sulfur, and oxygen, and traces of metal elements
[34]. On the other hand, inter- and intra-molecular inter-
actions including hydrogen bond, n—n* stacking force [35,
36], polarity induction forces [37], and electrostatic
attractions [38, 39] are correlated to the flocculation and
self-aggregation of asphaltene by forming the colloidal
particles as the coke-like precursor, which is responsible
for the blockage of transfer pipelines [40] and the deacti-
vation of catalytic reaction in the oil upgrading and refining
processes [41].

Although many research efforts have been made to
perform the structure analysis of extracted asphaltene from
different crude oils [42, 43] and treated with various pro-
cesses towards asphaltene [34, 44], scarce attention has
been focused on its potential application other than the
source of pure carbon microsphere [45] and carbon fibers
[46]. Recently, we reported a study to evaluate the rein-
forcing effect of asphaltene as novel low-cost filler in
epoxy resin after the molecular modification with silane
coupling agents [47]. However, the overall reinforcement
seemed to be constrained by the maximum of filler loading
(5 wt%) due to the processing difficulty associated with the
high viscosity of thermoset suspensions. For further
investigation of its reinforcing effect in polymer matrix, the
extracted asphaltene will be blended into SBS copolymer at
very high loading (up to 50 wt%) via melt-compounding
method for fabrication of the low-cost and high-perfor-
mance hybrid TPEs in the fields of automotive industries
(pneumatic tire), household appliance (footwear), con-
struction, and building materials (adhesives and sealants).

Experimental
Materials

The source of asphaltene, asphalt (Asphalt-All Grade), was
obtained from the Road Science, LLC (Tulsa, Oklahoma).
The n-heptane (HPLC) and toluene (Reagent) were all
obtained from Fisher Scientific and were used directly
without further purification in this experiment. The

poly(styrene-butadiene—styrene) rubber was purchased
from Polyone Distribution (Romeoville, Illinois).

Extraction of asphaltene

The asphaltene was extracted from the asphalt through
SARA (saturates—aromatics—resins—asphaltenes) fractiona-
tion strategy followed by the previously studies [34, 47].
Specifically, the asphalt was firstly dissolved in toluene
with mass/volume ratio of 1:5 and mixed for 1 h at 60 °C.
The mixture was then filtered with 0.45-pum filter mem-
brane to separate the filtrate and undissolved components.
After the removal of toluene with a rotary vaporator, the
toluene-free asphalt was further mixed with n-heptane at a
mass/volume ratio of 1:40 for another 4 h at 80 °C. Fol-
lowing that, the mixture was left in a dark cabinet over-
night for fully precipitation. Afterward, the mixture was
filtered with 0.45-pum filter membrane to collect the non-
filterable substance (asphaltene). To remove the residual
waxy substance, asphaltene was further purified by merg-
ing in boiled n-heptane in a Soxhlet apparatus for at least
24 h until the filtrate solution became colorless. Ultimately,
the obtained dark-brown solid asphaltene was dried in a
vacuum oven at 70 °C overnight to evaporate the n-heptane
and was referred as the final product to be used as filler
material after gently grinded into fine powders. The
chemical analysis and molecular characterization of
asphaltene is given in details from our recent work [47],
revealing that the as-prepared asphaltene contains 84 % of
C and 7 % heteroatomic elements (N, S, and O), which
intersperse in the molecular structure composing of 6-7
fused aromatic rings, along with the aggregation mor-
phology as micro-sized plate-like particles.

Preparation of asphaltene/SBS hybrid composites

The SBS and asphaltene were physically blended with
different compositions at a mixing speed of 65 rpm in a
twin-screw microcompounder (DACA Instrument, Santa
Barbara, CA) at 180 °C for 15 min to facilitate homoge-
nous melt-compounding. Subsequently, the extruded sam-
ples were compressed into square plates (dimension of
50 x 50 x 1 mm) on a compression molding machine
(Wabash MPI, IN, USA) at 180 °C under a pressure of
1500 psi for 30 min. After temperature cool down and
pressure relief, the obtained samples were cut into specific
shapes for different measurements: circular specimens with
a diameter of 25 mm were prepared for rheology mea-
surement; five pieces of 15 x 5 x 1 mm rectangular
specimens from each composition were used for dynamic
mechanical analysis; and three pieces standard dog-bone
specimens were made for tensile test.
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Characterization of asphaltene/SBS hybrid
composites

The rheological properties of composites were performed
on an AR2000EX rheometer (TA Instruments) under
oscillatory shear measurement in frequency sweep testing
mode at 180 °C. A Q50 thermogravimetric analyzer (TGA)
from TA Instruments was employed to study the thermal
stability of asphaltene/SBS hybrids under nitrogen atmo-
sphere. Dynamic mechanical properties of specimen were
measured from —100 to 120 °C at 3 °C/min on a Q800
dynamic mechanical analyzer (DMA) from TA Instruments
using tension clamp in constant strain (0.05 %) mode. The
tensile test was performed on Instron at extension rate of
50.0 mm/min using a static load cell (£2 kN) at room
temperature. The fresh fracture surfaces of asphaltene/SBS
composites after the tensile test were characterized with a
FEI Quanta 250 field emission scanning electron micro-
scope (FE-SEM) at 10.00 kV under high vacuum. The
particle size was estimated by image analysis software
Imagel.

Results and discussion
Rheological analysis

Rheological behavior is an imperative parameter to opti-
mize the processing condition for thermoplastics extrusion.
Figure 1 plots the dynamic frequency dependence of the
absolute value of complex viscosities (I5*l) and shear
modulus (G') among neat SBS and asphaltene/SBS com-
posites at the same temperature during the melt-com-
pounding process (180 °C). According to an order—disorder
transition (ODT) theory in the majority of block copoly-
mers, which demonstrates the disappearance of ordered
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Fig. 1 Comparison of In*| and G’ of asphaltene/SBS composites at
180 °C
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micro-domain (formed by phase-separation of PS and PB)
and the formation of disordered mono-phase fluid as the
temperature exceeds a critical value [48, 49], both the pure
SBS and its composites melts showed a Newtonian and
shear-thinning behavior over oscillation frequencies (w)
ranging from 0.1 to 100 rad/s. Since the In*| reflects the
viscoelastic property of polymeric materials, a gradual
increase in the In*| of SBS by the involvement of asphal-
tene could be interpreted from the filler—filler and the filler—
matrix interactions: one the one hand, mutual attraction
force such as n—n* stacking and van der Waal’s might
result in the formation of inter-aggregation [50] among
asphaltene particles based on its aromaticity and polarity;
on the other hand, the introduced asphaltene particles tend
to physically hinder and anchor the free movement of PB
segments in the fully segregated and heterogeneous multi-
phase system at 180 °C [51], as illustrated in Fig. 2. Fur-
thermore, G’ of the hybrid composites also exhibited a
gradual increment as the filler loading increased in the
SBS, which was mainly attributed to the stiffness imparted
to the overall matrix by the rigid asphaltene particles.
Reversely, the addition of SBS into asphalt also modified
the rheological performance of base bitumen by increasing
the complex modulus [20] and viscosity [19].

Thermogravimetric analysis

Thermal degradation behaviors of pristine asphaltene, neat
SBS, and asphaltene/SBS composites were investigated in
inert nitrogen atmosphere. Figure 3a shows that approx.
55 wt% residual char was left after pyrolysis of asphaltene.
The carbonaceous material experienced a significant
weight loss between 350 and 550 °C, with the major
weight loss peak at approx. 470 °C as referred from the
derivative weight changes curve in Fig. 3b, which corre-
sponded to the collapse of asphaltene’s molecular structure
[52]. Above 600 °C, no further weight loss was detected
during pyrolysis. On the other hand, the SBS copolymer
thermally degraded between 250 and 470 °C, exhibiting
two major weight loss peaks at approx. 340 and 450 °C,
which were attributed to the decomposition and
volatilization of the polymeric components [53, 54]. As
asphaltene incorporated into the matrix, the weight loss
curve of the composites presented an additional shoulder
about 450 °C, which could be associated with the decom-
position of asphaltene in the SBS. Moreover, the actual
fraction of fillers blended in the melt-compounding at
different loading levels could be estimated from the
residual weight percent of composites after the pyrolysis,
as presented in the inset of Fig. 3a. Table 1 includes the
thermal degradation temperatures at 5 and 10 wt% weight
loss of each specimen. The higher thermal stability of
asphaltene facilitated an enhancement of SBS’s thermal
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Fig. 2 Schematic illustration of heterogeneous phases in asphaltene/SBS composites

decomposition temperature, guaranteed the potential high-
temperature application of this new composite material.

Dynamic mechanical analysis

Figure 4a depicts the dynamic mechanical properties of
asphaltene/SBS composites over the measured temperature
between —100 and 120 °C. First of all, at any given
loading, elastic modulus (E') did not show a significant

enhancement in the glassy region, whereas a noticeable
increment was found in its rubbery region, especially as the
filler loading was above 30 wt%. In addition, the sup-
pression of tan ¢ peak height manifests the intercalated
asphaltene constrained the dynamic mobility of PB seg-
ments during the glassy-rubbery transition. By considering
the glass transition temperatures (7,) of pure PB
(~—100 °C) and PS (=100 °C), due to the microphase
separation from the partial miscibility among the two
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Fig. 3 Comparison of a thermal degradation and b derivative weight
changes of the asphaltene/SBS composites under nitrogen atmosphere

segments and a relatively low concentration of PS phase,
the 7, of PB segment shifted to higher temperature
(=39 °C) along with the absence of T, of PS [14]. In
comparison with neat SBS, T, was slightly impacted by the
presence of asphaltene at high loading levels (40 and
50 wt%). Similar to carbon black [50], the interaction
between asphaltene and SBS is primarily based on the
physisorption effect: polybutadiene phases became less
flexible as a higher amount of asphaltene dispersing in the
matrix [55]. Figure 4b provides a quantitative analysis
regarding the influence of fillers on E’ in glassy (—100 °C)
and rubber (25 °C) regions of the hybrid materials.
Although E' gradually improved in both regions upon the
filler loading, a more pronounced strengthening effect was
recognized at the rubbery region. Specifically at 50 wt%
loading, in comparison with the increment extent in glassy
region (19 %), E' skyrocketed by 305 % in rubbery region.
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Table 1 Thermal stability of asphaltene and asphaltene/SBS composites under nitrogen atmosphere. The error bars represent the standard deviation based on four specimen
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Fig. 4 Comparison of asphaltene/SBS composites: a dynamic
mechanical behaviors; b E' at glassy and rubbery regions. The error
bars represent standard deviations based on five samples

According to Fig. 2, formation of PS domain from the
physical aggregation among PS blocks contributes to the
intermolecular crosslinked network and offers the rigidity
of SBS in glassy region, which might overshadow the
stiffness of asphaltene in this ordered molecular structure;
whereas such crosslinked network disappears due to the
dissociation of PS domains at higher temperature [56], and
then the strengthening behavior of asphaltene becomes
more pronounced in the disordered and segregated rubbery
region. A similar reinforcing effect in SBS system was also
reported by blending in polyaniline [16] and carbon black
[5], respectively.

Mechanical property and fracture surfaces analysis

In this work, tensile test was performed to study the
mechanical properties of asphaltene/SBS composites. Fig-
ure 5 indicates that neat SBS tri-block copolymer exhibited
a rubber-like plastic deformation and significant elongation

2399
10
1.0 Neat SBS
ol | —Neat sBs - — 5wt%
5 08 — 10wt.%
8 & - = 20wt.%
. L g 0.6 — 30 wt.%
ttl“ TF 3 44 - - 40wt%
S 3 — 50 wWt.% . !
= 6 @ I
2 | |
£s o
w I | |
o 4 ! 1
= | | |
g 3 o
o
= 3 | 1
2 |
L |
1 [
0

' 1 " L 1 |
0 200 400 600 800

Tensile Strain (%)

Fig. 5 Comparison of stress—strain curves of asphaltene/SBS

composites
(@)10 1200
Tensile Strength
or Elongation
8 - 1000
©
% ! i 4800 M
= 9]
2 Q
£ 5 -4 600 =
2 g
5, E
U) o
2 3 400 &
‘@
8 2
= 200
1
0 0

1 20
Filler Loading (wt. %)

(b) 14

13l Y77] Young's Modulus ; 130

12} ]
—_ 11 P
©
o 10 _
=3 ol %r —
» L 7] 420 2
> 8 %)
S _t >
-8 ! 15 8
= 5 &
2 —
oo g =
2 410 T
3 4 &
> 3

2

1

0

10 20
Filler Loading (wt. %)

40 50

Fig. 6 Comparison of a tensile strength and elongation at break;
b Young’s modulus and toughness for asphaltene/SBS composites.
The error bars represent standard deviations based on three samples

@ Springer



2400 J Mater Sci (2016) 51:2394-2403

2

0 ym —
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behavior prior to fracture. Besides that, given the rein-
forcement of PS segments in PB domain, only one yield
point was shown in the first elongation region followed by
a continuous increment in tensile stress according to the
stress—strain (o—¢) curve of SBS copolymer, which was
different from the most natural or synthetic crosslinked
rubbers by showing “S-shaped” o—¢ curve. In comparison
of neat SBS, the g—¢ curves of hybrid materials containing
asphaltene displayed the similar behaviors. However, it is
interesting to observe that tensile strength and elongation
were dependent on the weight percent of asphaltene in
SBS: both properties increased initially from 5 to 20 wt%
and then decreased systematically from 30 to 50 wt%.
Furthermore, as demonstrated in the inset of Fig. 5, the
slopes of o—¢ curve increased within 5 % tensile strain,
indicating a steady enhancement in Young’s modulus
among asphaltene/SBS composites upon the filler loading.

Figure 6a demonstrates the tensile strength and elon-
gation at break for the prepared specimen. Neat SBS
showed the identical mechanical properties as the previous
study [14], demonstrating an excellent reproducibility of
the product. In terms of asphaltene/SBS composites, both
tensile strength and elongation increased by 2.2 MPa and
by 268 % from 0 to 20 wt%, respectively. The improve-
ment of mechanical properties might be originated from the
promising compatibility between filler and matrix by the
presence of n—n* physical stacking force as the composites
prepared from melt-compounding [6], and meanwhile, the
intrinsic rigid molecular structure of asphaltene further
imparted the reinforcing effect toward SBS matrix. How-
ever at higher loadings, the deterioration of mechanical
properties could be due to the agglomeration of asphaltene
particles, which gave rise to the non-uniform distribution of
stresses under tension stress. Such assumption will be
confirmed from the facture topography of specimens as
discussed in the following section. Young’s modulus, on
the other hand, reflecting the stiffness of a material, is
primarily dependent on the elastic filler contents in poly-
mer composites [57]. Figure 6b depicts a substantial and
gradual increase in the Young’s modulus (determined from
0.5-2.5 % elongation) by the presence of higher loading of
stiff asphaltene filler in the SBS matrix. In particular,
Eyss o increased from 4.1 MPa for neat SBS to
12.8 MPa (by 214 %) as 50 wt% asphaltene particles
incorporated into the copolymer, as in good agreement with
the constant improvement of elastic modulus from rheo-
logical and dynamic mechanical measurement. However,
the toughness calculated from the area of o—¢ curve fol-
lowed the similar trend of tensile stress and strain upon the
filler increment.

The fracture surface of SBS and its composites were
characterized with SEM after the tensile test. In compar-
ison of neat SBS, the fracture surfaces of composites were

similar among all the samples at any given loading,
demonstrating that asphaltene did not affect the ductile
failure mechanism of SBS copolymer. As shown in Fig. 7,
asphaltene had the tendency to agglomerate into ca. 30-50-
pm individual pebble-like particles during melt-com-
pounding. Figure 7b, c, d, e displays the uniform dispersion
of filler particles in the matrix at lower loadings;
nonetheless, the inhomogeneous dispersion of particles was
observed as the filler loading went up to 40 and 50 wt%,
which could be one of the reasons attributing to the dete-
rioration of the mechanical properties as suggested in the
earlier section. Another plausible reason is associated with
the agglomeration of particles at high weight percent,
which served as stress concentrator that initiated cracks
formation and facilitated their propagation the under
external tensile force. Specifically, as Fig. 8 provides a
quantification analysis of particle size distribution of
asphaltene fillers in SBS at various loading levels, it could
be noticed that the particle size distribution gradually
shifted from 20-50 um to 40-80 pm range or even larger
when the intercalated fillers exceeded a critical loading at
30 wt%. Although Young’s modulus was not negatively
affected, tensile strength and elongation suffered from
degradation when the incorporated particles agglomerate

6 o
4l \ 5 wt%
2L
0 SRR

25 30 35 40 45 50

| 10 wt%
/E % 2

0 25 30 35 40 45 50 55

wOI\)-bO')(DO e N A <IJ§ NN Ao I\)O N O

€
=]
[S)
O
30 wt%
5 30 35 40 45 50 55 60
1
r 40 wt%
I TII.....
0 40 50 60 70 80
20F
15 k- 50 wt%
10
5_
0
20 40 60 80 100 120 140

Particle size (um)

Fig. 8 Particle size distribution of asphaltene in SBS matrix at
different filler loadings counted from different SEM fracture surfaces
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into larger size at high filler loading [58]. As a result, the
ideal portion of asphaltene in SBS (20-30 wt%) offered the
most promising mechanical performance.

Conclusion

The asphaltene extracted from raw asphalt was studied for
novel application as low-cost filler in SBS composites from a
melt-compounding process. According to the rheological
measurement, both complex viscosity and shear storage
modulus of SBS copolymer exhibited an increment upon
blending with increasing loadings of asphaltene powders.
Besides the improvement of thermal stability as the elevation
of the decomposition temperature by 20 °C in the asphal-
tene/SBS hybrid materials, the incorporated fillers were also
recognized for its reinforcement effect in glassy and espe-
cially in rubbery region by displaying a 305 % enhancement
in storage modulus. Regarding the mechanical properties,
the introduced asphaltene particles not only gradually
improved the Young’s modulus, but also enhanced the ten-
sile strength, strain, and toughness of SBS matrix at lower
filler concentration. In summary, the attractive inexpensive
raw chemical, the desirable simple processing approach, the
satisfying thermo-mechanical, and the excellent mechanical
properties guarantee asphaltene/SBS hybrid material as a
promising high-performance composites in TPE industries.
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