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� Waste-polymer-modified bitumen emulsions for sustainable construction technologies.

� Recycled-LDPE-modified bitumen emulsions prepared by an inline emulsification.
� Emulsion droplet size distribution and rheology affected by binder formulation.
� Emulsion residue with enhanced modification compared to its counterpart binder.
� Emulsification yields binder residues with a highly dispersed polymer phase.
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a b s t r a c t

Sustainable asphalt technologies involving materials recycling and energy-saving approaches are
growing demands. Among waste polymers, recycled low density polyethylene (LDPER) is a promising
bitumen modifier. Technological and viscous flow tests showed enhanced performance in LDPER-mod-
ified bitumens (PMBs) above 4 wt% polymer. However, 4 wt% LDPER underwent phase separation within
1 h when PMB was stored at high temperature, affecting product industrial implementation. Aiming at
preventing polymer separation and promoting energy-saving technologies, bituminous binders (con-
taining 2–5 wt% LDPER) were successfully dispersed as oil-in-water emulsions (O/W) by an inline
emulsification procedure at controlled temperature and pressure. Emulsions with up to 63 wt% bitumen
phase exhibited broad droplet size distributions and non-Newtonian flow behaviors strongly affected by
the emulsion and PMB formulations. Optical and calorimetric techniques conducted on emulsion bitu-
minous residues showed that shear conditions during emulsification increased dispersion of the swollen
polymer phase, which led to better properties than the parent PMBs at high in-service temperature.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The traditional asphalt mixtures (composed by mineral ag-
gregates and bitumen) are always produced at high temperatures,
usually above 150 °C, so that the low binder viscosity assures the
adequate coating of the aggregates, giving rise to the so-called hot-
mix asphalt technology (HMA). Alternatively, different types of
reduced-temperature technologies have emerged over the last
decades, which involve less energy consumption and lower fume
and particle emissions to the environment (Lesueur, 2011). In
particular, cold-mix asphalts (CMA) consist in coating the mineral
aggregates with an emulsion formed by very fine bitumen droplets
dispersed in water, and stabilized by a surfactant at a concentra-
tion of about 1 wt% (Gringras et al., 2005). Consequently, bitumi-
nous emulsions encompass a reduction in the temperature re-
quirements with respect to traditional hot asphalt mixtures, while
increasing flexibility by extending working time for transport and
application, and reducing ageing of the binder during the pro-
duction (Carrera et al., 2015).

Unfortunately, even the best design and constructed road pa-
vements deteriorate due to the combined effects of traffic loading
and weathering. The most common distresses at high in-service
temperatures are rutting (permanent deformation under heavy
vehicle loading) and fatigue cracking (cracks due to repetitive
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application of loads). Furthermore, thermal cracking, related to
cracks due to the lack of asphalt flexibility at low in-service tem-
peratures, is also a common problem of road pavements (Cuadri
et al., 2013, 2014a; Lu et al., 2003; Read and Whiteoak, 2003). To
prevent such issues, bitumen performance has been traditionally
improved through the addition of virgin polymers such as SBS,
SBR, LDPE, EVA, etc. Alternatively, waste polymers (from plastic
from agriculture, crumb tyre rubber, etc.) are considered promis-
ing modifiers that may provide further economical and environ-
mental advantages (Cong et al., 2015; Ho et al., 2006; Soudani
et al., 2016; Yan et al., 2015; Yousefi, 2003). However, the bitumen
modification by high molecular weight polymers may yield a
significant phase separation during their storage at high tem-
peratures (Garcia-Morales et al., 2004a).

On these grounds, a way of improving the performance of
standard cold-mix asphalts, preventing polymer phase separation
drawbacks, is through the use of modified bituminous emulsions,
in which polymer modification may take place either before or
after binder emulsification (Lesueur, 2011). Thus, polymer mod-
ified bitumen emulsions (PMBEs) can be found as either disper-
sions of polymer modified bitumen (PMB) or as latex modified
emulsions. In the first category, the polymer is pre-blended into
bitumen before emulsification process. In the second one, latex
(stable dispersion of polymer microparticles in aqueous medium)
is added to a neat bitumen emulsion, either prior to the colloid
mill or after (latex pre- or post-addition method), so that a residue
of PMB is obtained after emulsion drying (Lesueur, 2011).

In this context, present work is part of a research project with
the overall objective of promoting more sustainable construction
technologies, throughout the use of recycled polymers (e.g. urban
wastes such as LDPE) and the application of energy-saving tech-
nologies such as cold mix asphalt (CMA), based on bituminous
emulsions. However, the practical use of recycled LDPE as bitumen
modifier is hindered by the poor storage stability of the resultant
PMBs, due to a quick polymer separation when stored at high
temperature (Singh et al., 2013).

With the aim of overcoming that serious drawback (alongside
the development of energy-saving materials), this work assesses
the feasibility of obtaining stable emulsions from PMBs prepared
with recycled low density polyethylene (LDPER), by using an inline
emulsification procedure. It is worth noting the processing and
formulation of such PMBEs has not been reported before. Fur-
thermore, this study addresses the effect that variables such as
polymer concentration in the PMB and PMB concentration in the
emulsion (i.e. disperse phase content) exert on emulsion proper-
ties and on PMBs obtained before emulsification and after emul-
sion drying. To that end, steady viscous flow curves, droplet size
distribution, Differential Scanning Calorimetry (DSC) tests and
optical microscopy analysis were conducted on these samples.
Table 1
Ring and ball softening temperature (TR&B) and penetration of LDPER-modified bitumen

TR&B (°C)a

LDPER (wt%)

0 2 3 4

B70/100 4570.6 – 5071.2 6171.4
B160/220 4070.5 4470.6 – 6671.4

a Values given as: mean7standard deviation.
2. Experimental

2.1. Materials

Bitumens, supplied by Repsol S.A. (Spain), with penetration
grade 160/220 and 70/100 (referred to as B160/220 and B70/100,
respectively) were used as base materials for polymer-modified
bitumen (PMB) and emulsion preparations. Ring and Ball Soft-
ening Temperature (TR&B) and penetration values (measured ac-
cording to EN 1426:2007 and EN 1427:2007, respectively) are
gathered in Table 1 for both bitumens.

Recycled low density polyethylene (LDPER) from industrial
origin, kindly donated by Cordoplas S.A. (Spain), was selected as
bitumen modifier. As may be seen below, LDPER is blend of two
immiscible polymers: low density polyethylene (LDPE) and linear
low density polyethylene (LLDPE). The degree of crystallinity,
calculated from its heat of crystallization and the theoretical value
for a fully crystalline material, was found to be 28%. Furthermore, a
styrene-butadiene-styrene copolymer (SBS) Calprenes 501 (Dy-
nasol) was also used as reference bitumen modifier.

Finally, an alkyltrimethylenediamine derived from N-tallow,
with average molecular weight of 340 g mol�1 and melting point
between 30 and 40 °C (provided by Kao Chemicals, Spain), was
used as emulsifier for the preparation of cationic bituminous
emulsions with quick and medium breaking rate in contact with
the aggregate.

2.2. Preparation of the polymer modified bitumen emulsions
(PMBEs)

The preparation of the PMBEs consisted of two steps, an initial
bitumen modification with recycled LDPE to obtain the PMB and
its subsequent oil-in-water emulsification to give the PMBE.

2.2.1. Formulation and processing of the bituminous and aqueous
phases

Bitumen modification by LDPER was conducted with a Silverson
(U.K.) high-shear homogenizer, under optimized blending condi-
tions of 170 °C, 1 h and 5000 rpm. In previous experiences, dif-
ferent LDPER bituminous samples were prepared varying the
temperature/time/rotational speed conditions. Among them, op-
tical microscopy observations conducted on them demonstrated
that 170 °C/1 h/5000 rpm values results in binders with a better
polymer distribution. Blends of both bitumens (B160/220 and B70/
100) and recycled LDPE at the concentrations ranging from 2 to
5 wt% polymer were prepared. So, for illustrative purposes, a bi-
tumen B160/220 modified by 4 wt% LDPER will be referred to as
“B160/220PMB-4”, hereinafter. In addition, a bituminous reference
sample with 3 wt% SBS (formulation typically used in paving ap-
plications) was prepared at 180 °C for 1.5 h and 5000 rpm (Airey,
2003), with the same homogenizer.

Emulsion aqueous phase was prepared by dispersing
2.5 wt% emulsifier into distilled water at pH 1 in order to polarize
s.

Penetration (1/10 mm)a

LDPER (wt%)

5 0 3 4 5

474 7373 6372 5072 4172
6871.5 17975 – 9473 7472



Fig. 1. Process flow diagram of the in-line emulsification.
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positively the “head” of the emulsifier and to obtain a cationic
emulsion (adjusted by the addition of hydrochloric acid), at 60 °C
for 5 h with a four-bladed turbine rotating at 500 rpm. The final
surfactant content in the PMBEs was always set between 0.75 and
1 wt%.

2.2.2. In-line emulsification procedure
An in-line emulsification process of LDPER-modified bitumens

(PMBs) was carried out in a continuous plant, at high temperature
and pressure, equipped with a Denimotech DT 03 (Denmark)
colloid mill and a sample collector vessel (Fig. 1). The oily (i.e. the
PMB) and aqueous (i.e. water-surfactant solution) phases were
placed into their tanks and kept at 170 and 60 °C, respectively, by
electrical heaters. Similarly, the emulsification temperature (T3)
was set by regulating independently the temperature of both bi-
tuminous and aqueous phase streams and the heating power input
supplied to the colloid mill mixing chamber, allowing an optimal
emulsification temperature control. Additionally, the pressure was
manually adjusted with a back pressure valve. In order to avoid a
possible polymer phase separation in the bitumen tank, the PMB
was stirred with a four-bladed turbine rotating at 1000 rpm.

As a result, different emulsions (ranging PMB concentrations
between 50 and 63 wt% and LPDE up to 5 wt%) were obtained
following the processing conditions gathered in Table 2. Regarding
Table 2
Emulsification parameters used for PMBEs preparation.

Unit Value

Bitumen phase temperature (T1) °C 165–170
Water phase temperature (T2) °C 50–55
Emulsion temperature (T3) °C 165–175
Bitumen phase flow rate kg/h 1.1–3.6
Water phase flow rate kg/h 1.3
Gauge Pressure bar 7.5
Colloid mill speed rpm 9000
Four-bladed turbine speed rpm 500
their nomenclature, the emulsion prepared from a bitumen B160/
220 modified by 2 wt% LDPER will be referred to as “B160/
220PMBE-2”. Finally, a non-modified or neat bitumen emulsion
was also prepared to be used as a reference.

2.3. Emulsion characterization

After emulsification, emulsions were stored at room tempera-
ture for at least 48 h before their characterization. Water con-
centration, microstructure, storage stability and viscous flow be-
havior were assessed on them:

� The droplet size distribution (DSD) was measured with a Mal-
vern Mastersizer 2000 (U.K.) laser diffraction analyser, with
previous dispersion/dilution of the emulsion into distilled
water.

� Viscous flow tests, at 25 °C, were performed with a controlled-
stress rheometer Thermo-Haake MARS II (Germany), equipped
with concentric cylinders geometry type Z20 DIN-53019, with a
sample volume of 8 mL. Average values of, at least, two re-
plicates have been used.

� Water concentration of the different emulsions was determined
by emulsion drying in an oven at 110 °C for 12 h. The remaining
oily phase composed of the neat or modified bitumen and the
added surfactant will be considered as the emulsion solid
content (wt% O) or emulsion residue (ER), e.g. an emulsion re-
sidue of B70/100 modified by 4 wt% LDPER will be referred to as
“B70/100ER-4”, hereafter.

The storage stability, at room temperature and without stirring,
was visually determined as the time to onset of an upper water
layer. To that end, an amount of PMBE was placed into a trans-
parent vessel, being checked every day. All the emulsions showed
a storage stability of at least 7 days (required by EN 12847). In any
case, after the appearance of the top aqueous layer, the PMBEs may
become again homogeneous materials by gentle stirring, so that



Fig. 2. Viscous behavior of LDPER-modified bitumen: A) as a function shear rate at
60 °C; and B) as a function of temperature at γ ̇¼0.5 s�1 (2 °C/min heating ramp).
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no coalescence among droplets is expected. This fact indicates that
the “long-term” emulsion stability could be improved by control-
ling the bitumen phase density. However, this assumption needs
further studies in order to be confirmed.

2.4. Binder characterization

Optical images of PMBs and emulsion residues (ER, recovered
by emulsion drying at 110 °C for 12 h) were taken, at room tem-
perature, in an optical microscope (Olympus BX51, Japan), coupled
with a LTS-350 Heating-Freezing Stage, manufactured by Linkam
Scientific Instruments (U.K.), using standard microscope slides
(76�26 mm). Very thin slides of LDPER-modified binders were
prepared by heating up to 85 °C (that is, below the polymer
melting point) and, subsequently, cooling down to room
temperature.

Differential Scanning Calorimetry (DSC) was performed with a
TA Q-100 (TA Instruments, U.S.A.) on ERs and their parent PMBs.
Samples (5–10 mg) were subjected to the following testing pro-
cedure: temperature interval between �60 and 140 °C; heating/
cooling rate of 10 °C/min; and nitrogen as purge gas, with a flow
rate of 50 mL/min. In order to provide the same recent thermal
history, all the samples were subjected to a first heating ramp from
room temperature to 140 °C (above polymer melting point), fol-
lowed by equilibrium at this temperature for 15 min. After that,
the subsequent cooling and heating ramps were recorded.

Viscous flow measurements, at 60 °C, on neat bitumens, PMBs
and emulsion residues recovered according to UNE EN 13074, were
conducted in a controlled-stress rheometer Physica MCR-301
(Anton Paar, Austria). A plate-and-plate geometry (25 mm dia-
meter; 1 mm gap) was always used. Furthermore, steady shear
temperature sweeps (selecting a heating ramp of 2 °C/min and a
constant shear rate of γ ̇ ¼0.5 s�1), were performed on neat and
LDPER-modified bitumens to assess their viscosity dependence on
temperature. In order to ensure the repeatability of the results, all
the tests were carried out at least twice.

High temperature storage stability tests were carried out on
LDPER-modified bitumen to assess short-term polymer phase se-
paration before PMB emulsification. The hot modified binders, just
after the mixing, were poured into 43 mm diameter and 300 mm
length tooth paste tubes, to avoid potential wall effects. Then, the
tubes were vertically stored at 163 °C for up to 4 h. R&B softening
temperature tests (TR&B) were performed on samples taken from
the tube top and bottom parts, at different sampling times.
3. Results and discussion

3.1. Performance and storage stability of LDPER-modified bitumens

The modification degree achieved by the addition of recycled
LDPE to different neat bitumens, B70/100 and B160/220, was in-
itially assessed by means of ring and ball softening point, TR&B, and
penetration technological tests (Table 1). Both parameters under-
went a notable modification when the added LDPER concentration
exceeded 3 wt%. For example, B160/220 reduced its penetration
from 179 to 74 by adding 5 wt% polymer or its TR&B increased 26 °C
with the addition of 4 wt% LDPER.

Fig. 2A shows viscous flow curves of different modified binders
at 60 °C, an accepted testing temperature to assess binder per-
formance at high in-service temperatures in warm climates
(Cuadri et al., 2014b). Bitumen modification by 4 or 5 wt% LDPER
led to a relevant increase in binder viscosity, alongside the de-
velopment of an apparent non-Newtonian behavior. The observed
shear-thinning region would arise from shear-induced arrange-
ments of the new polymer phase formed, partially swollen by
some maltene compounds (Garcia-Morales et al., 2006a; Navarro
et al., 2005; Yuliestyan et al., 2016). Interestingly, at the highest
LDPER concentration tested (5 wt%) both bitumens showed a si-
milar flow behavior, with almost the same viscosity values, mainly
in the low/intermediate range of shear rates studied. This result
agrees with values of TR&B measured for both modified bitumens
above 4 wt% (Table 1), and suggests binder properties being con-
trolled by polymer phase at high concentration.

In the same way, Fig. 2B shows temperature dependence of
binder viscosity at 0.5 s�1, measured under a heating ramp of 2 °C/
min between 50 and 150 °C. As may be seen, the addition of 4 wt%
(and, particularly, of 5 wt% LDPER) led to similar viscosity patterns
in both bitumens, with a lower temperature dependence in the
range 60–100 °C. Moreover, viscosity of both concentrated binders
underwent a sharp decrease between 100 and 120 °C, which has
been related to the melting process of the swollen polymer phase
(García-Morales et al., 2004b).

These results point out the enhancement in binder perfor-
mance achieved by LDPER addition at high in-service temperatures
(Table 1 and Fig. 2). However, it is well known the poor storage
stability at high temperature of bitumen modified by polyolefins
(Pérez-Lepe et al., 2006; Vargas et al., 2013). The high temperature
stability, as a function of storage time, was evaluated by measuring
the TR&B of top and bottom samples taken from the testing tube,
for two selected binders, B160/220 bitumen modified by 2 wt%
and 4 wt% LDPER (referred to as B160/220PMB-2 and B160/
220PMB-4 in Fig. 3). In both formulations, phase separation degree
increases with the storage time. The binder B160/220PMB-2
showed a negligible phase separation after a short period of sto-
rage of 2 h and full phase separation after 4 h storage time (with a
top sample having TR&B480 °C). Likewise, “B160/220PMB-4” has
turned out to be highly unstable, since phase separation was ap-
parent after 1 h storage (Fig. 3).

In consequence, results revealed a destabilization process due
to creaming, as may be deduced from the higher softening points



Fig. 3. Storage stability test at 165 °C of selected 2 and 4 wt% LDPER-modified
binders based on B160/220. Ring & Ball softening temperatures of top and bottom
samples taken from the stability tube as a function of storage time.

Fig. 4. Droplet size distribution (DSD) for neat and LDPER-modified bitumen
emulsions studied: A) effect of LDPER concentration; B) effect of binder content for
a selected 5 wt% LDPER-modified bitumen emulsion (“B160/220PMBE-5(1)”, “B160/
220PMBE-5(2)” and “B160/220PMBE-5(3)” with binder content values of 48.4, 55.7
and 62.8 wt%, respectively).
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measured for the top samples. Most of polyolefins (like LDPE) are
not readily miscible with the bituminous materials. So, storage at
moderate and high temperatures, above the melting temperature
of LDPE polymer (around 125 °C), brings about phase separation
due to the lack of compatibility between polyolefins and bitumen
(Pérez-Lepe et al., 2006; Isacsson and Lu, 1999). The mechanism of
phase separation can be pure creaming (due to the difference in
density and viscosity between bitumen and polymer). Never-
theless, for polyolefin/bitumen blends, creaming is usually pre-
ceded by flocculation phenomena and followed by coalescence
(Hesp and Woodhams, 1992), leading to a continue polymer phase,
swollen by bitumen compounds, at the top of the tube with
TR&B480 °C (Fig. 3).

3.2. Emulsification of LDPER-modified bitumens

From a practical point of view, the above LDPER-modified bi-
tumens are not suitable for paving applications due to their lack of
stability when stored at high temperature. Consequently, it is ne-
cessary to stabilize the swollen LDPER polymer phase within the
bituminous matrix to achieve a satisfactory binder performance
(Pérez-Lepe et al., 2006). To that end, the emulsification of LDPER-
modified bitumens (with varying polymer concentration between
2 and 5 wt% LDPER) was carried out by the above in-line emulsi-
fication setup (Fig. 1). Regarding process conditions, the viscosity
curves in Fig. 2B, for 4 and 5 wt% LDPER modified bitumens,
showed an abrupt decrease in binder viscosity between 100 and
120 °C, above the polymer melting point. Accordingly, process
conditions were set to achieve an emulsification temperature of
165–175 °C, at which binders exhibit lower viscosity, and a gauge
pressure above 7.5 bar to avoid water evaporation (Table 2). In
addition, previous results also pointed out the need of maintaining
LDPER-modified binders under proper stirring conditions, to avoid
polymer phase separation in the bitumen tank, prior to binder
emulsification (Table 2 and Fig. 1).

After the emulsification process, the droplet size distribution,
viscous flow behavior at 25 °C and storage stability of the resultant
oil-in-water (O/W) emulsions were studied as a function of the
selected bituminous phase (neat and modified bitumen) and bin-
der concentration in the emulsion (or solid content, wt% O). Fig. 4A
shows the droplet size distributions (DSD) of emulsions of two
neat bitumens (B160/220 and B70/100) and their modified binders
with 2 and 4 wt% LDPE (emulsions B160/220PMBE-2, B160/
220PMBE-4 and B70/100PMBE-4). Solid content of such emulsions
ranged from 35 to 58 wt% O (Table 3). Separately, Fig. 4B shows
DSD of emulsions prepared with a selected 5 wt% LDPER-modified
bitumen (B160/220) as function of solid concentration (wt% O).
As may be seen in Fig. 4A, emulsions of neat bitumen B160/220

and of its derived PMBs (of binders with up to 4 wt% LDPER)
presented bimodal DSDs, with a main peak located around 10 mm
for all of them. Fig. 4B shows that DSDs become multimodal and
broader (with a main peak also at c.a. 10 mm) for PMBEs for-
mulated with a 5 wt% LDPE modified bitumen, no matter the oily
phase concentration considered (from 48 to 63 wt% O). Unlike
emulsions based on B160/220 binders, dispersion of modified B70/
100 bitumen with a 4 wt% LDPER (B70/100PMBE-4) clearly ex-
hibited a bimodal droplet size distribution with both peaks of
nearly the same heights (located at 1 and 10 mm) (Fig. 4A).

Such differences may be quantified by means of the Sauter
(D3,2) and volumetric (D4,3) mean diameters (Perry and Green,
1999), which were calculated as follows:
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where ni is the number of droplets with a diameter di. Table 3
shows that the lowest mean diameters were obtained for either
the highest LDPER concentration (B160/220PMBE-5) or the hardest
modified bitumen (B70/100 PMBE-4), with D3,2E2 mm and
D4,3E5–7 mm. Both types of emulsions are characterized by highly
viscous bituminous phases at the emulsification temperature, as
seen in Fig. 2B. Particularly when bitumen B160/220 is modified by
5 wt% LDPER, which is considered a threshold concentration that



Table 3
Values of bitumen polymer concentration, emulsion solids content, Sauter and volumetric mean diameters, and Sisko model parameters for the different PMBEs studied.

Neat bitumen B160/220 B70/100

Emulsion Non-modified PMBE-2 PMBE-4 PMBE-5 (1) PMBE-5 (2) PMBE-5 (3) PMBE-4

Bitumen LDPER concentration (wt%) 0 2 4 5 5 5 4
Binder content (wt% O) 34.7 50.0 55.0 48.4 55.7 62.8 58.0
D3,2 (mm) 4.1 3.9 4.4 2.1 1.8 1.8 1.9
D4,3 (mm) 9.3 8.3 11.6 8.0 7.0 7.3 5.5
ks (mPa sn) 50.10 99.87 101.73 94.6 100.7 127.2 30
n(-) 0.14 0.17 0.22 0.31 0.35 0.34 0.34
η1 (mPa s) 4.4 13.8 23.2 8.4 12.9 24.3 12.1
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can lead to a continuous (or highly packed disperse) polymer
phase within the bituminous matrix (Airey, 2002; Giuliani et al.,
2009; Zhu et al., 2014). In both cases, such a concentration leads to
highly viscous binders (García-Morales et al., 2006a, 2006b; Na-
varro et al., 2009). This fact can affect the emulsification process
(e.g. hindering droplet breakup) and subsequent destabilization
mechanisms (e.g. preventing droplet coalescence) (Lesueur, 2011).
The smallest particle size exhibited by B160/220PMBE-5 at any of
the oily phase concentration studied or by B70/100PMBE-4 would
suggest that the emulsification conditions led to tiny droplets,
whose coalescence was hindered by the high viscosity of their
respected binders formulated as 5 wt%-LDPER-B160/22 (or as
4 wt%-LDPER-B70/100).

The viscous flow behavior at 25 °C of the bituminous emulsions
studied is shown in Fig. 5. All emulsions presented a shear-thin-
ning behavior followed by a trend to a constant viscosity at high
shear rates. This behavior can be described by the Sisko model
(Barnes et al., 1989):
Fig. 5. Viscous flow curves, at 25 °C, for fresh LDPE modified emulsions studied.
Non-modified emulsion has been included as reference. A) effect of LDPER con-
centration; B) effect of emulsion solid content for a selected 5 wt% LDPER-modified
bitumen emulsion.
η= · γ̇ +η ( )∞k 3s
n-1

where η∞ is the high-shear-rate-limiting viscosity and ks and n are
the Power-law consistency and flow indexes, respectively. Sisko
model parameters are gathered in Table 3. As may seen, η∞ was
influenced by both the polymer concentration of the binder and
the oily phase concentration (wt% O) of the emulsion. Thus,
comparing emulsions with similar DSD (e.g. neat bitumen B160/
220 emulsion, B160/220PMBE-2 and B160/220PMBE-4), high-
shear-rate-limiting viscosities increased with rising binder con-
centration from 35 to 55 wt% O (Fig. 5A and Table 3). The same
trend was found for the three emulsions B160/220PMBE-5 with
similar DSD (Figs. 4B and 5B, and Table 3). Hence, B160/220PMBE-
5(3) with 62.8 wt% O showed the highest limiting viscosity, of
25.4 mPa s.

However, B160/220PMBE-5(2) shows lower η1 than emulsion
B160/220PMBE-4, even though both emulsions were formulated
with very similar bitumen concentrations of 55.7 and 55 wt% O,
respectively (Table 3). Moreover, both emulsions are more viscous
than the emulsion B70/100PMBE-4, despite its higher solid con-
tent of 58 wt% O (Fig. 5 and Table 3). Such results can be explained
on the basis of the wider DSD showed by B160/220PMBE-5 sys-
tems (or by B70/100PMBE-4), for which a higher maximum
packing volume fraction, ϕm, would be expected.

Aiming at predicting such a parameter, ϕm, there are several
equations proposed in the literature to describe the functional
dependence between the emulsion relative viscosity, ηr, and vo-
lume fraction of the dispersed phase, ϕ (Pal and Rhodes, 1989; Pal,
1992). Among them, a relationship which is particularly useful for
highly concentrated dispersions is the Frankel and Acrivos
equation (Frankel and Acrivos, 1967):
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where ηr was calculated as the ratio between the emulsion lim-
iting viscosity, η1, and continuous aqueous phase viscosity
(measured as 0.94 mPa s at 30 °C); ϕm is the maximum packing
volume fraction of the dispersed phase; and C′ is a constant which
has a theoretical value of 9/8. This simple equation, with only one
fitting parameter (ϕm), was theoretically developed assuming a
cubic arrangement of uniform solid spheres. However, it may be
used for curve fitting of other highly concentrated dispersions.
Thus, Fig. 6 shows relative viscosity as a function of particle vo-
lume fraction, ϕ, for each B160/220PMBE-5 dispersion, and the
fitting curve of Eq. (4), where the calculated ϕm was 0.70. Inter-
estingly, relative viscosities of neat bitumen B160/220 emulsion,
B160/220PMBE-2 and B160/220PMBE-4 (with similar DSDs in
Fig. 4a) fall on a Frankel-Acrivos curve with lower ϕm¼0.62.
Conversely, relative viscosity of the bimodal emulsion B70/
100PMBE-4, with a broad polydispersity, would match a Frankel-



Fig. 6. Emulsion relative viscosity (ηr) dependence on the disperse phase volume
fraction (ϕ) for the neat bitumen 160/200 and its corresponding LDPER-modified
bitumen emulsions, as well as for the LDPER-modified bitumen emulsion prepared
from the base bitumen 70/100.

Fig. 7. Optical micrographs, at room temperature, for: A) a bitumen B160/220
modified by 2 wt% LDPER; B) emulsion residue of a bitumen B160/220 modified by
2 wt% LDPER; C) emulsion residue of a bitumen B70/100 modified by 4 wt% LDPER.
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Acrivos curve predicting the highest ϕm of 0.72 (Fig. 6). As a result,
B160/220PMBE-4 (55 wt% O) would have a closer ϕ value to its
maximum packing volume fraction, ϕm¼0.62, than B160/
220PMBE-5(2) with 55.7 wt% O and ϕm¼0.70 (or B70/100PMBE-4
with 58 wt% O and ϕm¼0.72). This fact would explain the higher
value of η1 measured for B160/220PMBE-4 compared to the two
other more concentrated dispersions (Fig. 5 and Table 3).

3.3. Microstructure and in-service performance of LDPE emulsion
residues

Fig. 7A shows the morphology of bitumen B160/220 modified
by 2 wt% LDPER (B160/220PMB-2). As may be seen, polymer ad-
dition leads to a new polymer-rich phase swollen by some maltene
compounds (Garcia-Morales et al., 2006a; Navarro et al., 2005;
Yuliestyan et al., 2016). Such a polymeric phase remains after
emulsification in the recovered bituminous residue B160/220ER-2
(after removing emulsion water at 110 °C for 12 h), but composed
of smaller and more spherical particles (Fig. 7B). Similarly, small
polymeric particles are found in a more concentrated emulsion
residue of bitumen B70/100 modified by 4 wt% LDPER, B70/100ER-
4 (Fig. 7C). However, some particles bigger than the mother
emulsion droplets are visible, initially attributed to certain poly-
mer coalescence during emulsion drying at 110 °C (above the
polymer melting point, as may be seen below) or to a small
polymer phase separation during emulsification. In any case, re-
sults evidence that high temperature and shear conditions during
emulsification also led to a fine dispersion of the polymer-rich
phase inside the droplets, and the subsequent quick cooling of the
emulsion allowed the stabilization (freezing) of the new polymeric
fine particles. Similar results were described by Forbes et al. (2001)
for latex-modified bitumen emulsions, who found that the mi-
crostructure and distribution of the polymer vary within the
emulsion residue (i.e., the binder that remains after water eva-
poration) depending on latex addition method and, consequently,
different residue properties would also be expected. On the con-
trary, the direct emulsification of PMB produces a distinctly fine
dispersion of polymer in the residue, being more homogeneous
and with a better polymer distribution. This fact should lead to
improved residue properties, particularly increasing its viscosity
(at 60 °C) and enhancing both elastic behavior and thermal
resistance.

The presence of the polymer phase and the swelling process is
confirmed by DSC scans shown in Fig. 8. Heating ramps conducted
on LDPER showed two endothermic events, corresponding to the
melting of low density polyethylene (LDPE) at Tm1¼111 °C and
linear low density polyethylene LLDPE at Tm2¼125 °C (see inset in
Fig. 8B). Similarly, two exothermic events are observed in the
cooling ramp, related to the crystallization of LDPE and LLDPE at
Tc1¼97 and Tc2¼113 °C, respectively (see inset in Fig. 8A)
(Fuentes-Audén et al., 2008; Gonzalez et al., 2004). After addition
of LDPER to bitumen, both melting events remain but only one
crystallization event is observed in the PMBs (Fig. 8). Moreover,
polymer swelling is confirmed by the decrease found in the
melting and crystallization temperatures, to Tm2E119 °C and
TcE93 °C for PMBs (Fig. 9A). Interestingly, such a swelling process
seems to be slightly affected by binder emulsification, as may be
deduced from the apparent shifting of the crystallization event
towards higher temperatures (TcE98 °C) (Figs. 8A and 9A) In the



Fig. 8. Heat flow thermograms as cooling (A) and heating (B) ramps for different
LDPER-modified binders and their corresponding emulsion residues, and pure
LDPER (insets).

Fig. 9. Effect of LDPER concentration of modified bitumens, before and after
emulsification, on: A) Crystallization and melting temperatures of the swollen
polymeric phase, compared to pure LDPER (lines); and B) Crystallization and
melting enthalpies.

Fig. 10. Viscous flow curves, at 60 °C, for 4 wt% LDPE modified binder and its
corresponding emulsion residue. Neat bitumen B70/100 and 3 wt% SBS-modified
binder have been included as references.
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same way, emulsion bituminous residues showed higher melting
and crystallization enthalpies (ΔHm andΔHc), if compared to their
PMBs, for the polymer-rich phase (Fig. 9B). Both effects would
agree with a partial desorption of some of the maltenic com-
pounds previously migrated from the bitumen phase.

In order to evaluate the modification degree achieved by the
emulsion residue, Fig. 10 shows viscous flow curves at 60 °C of a
selected emulsion residue, of B70/100 containing 4 wt% LDPER
(B70/100ER-4), and its corresponding parent modified binder, B70/
100PMB-4. A neat bitumen B70/100 and its 3 wt% SBS modified
binder have been included for the sake of comparison. Neat
bitumen showed a nearly Newtonian behavior in the whole range
of shear rates tested. Conversely, modifications with SBS or LDPER
polymers led to different non-Newtonian responses. On the one
hand, reference SBS modified binder and LDPER-modified residue
(B70/100ER-4) presented a Newtonian region at low shear rates,
followed by a shear-thinning drop beyond a critical value of shear
rate. On the other hand, B70/100PMB-4 only showed a shear-
thinning region in the experimental window studied, and lower
viscosity than that of the LDPR-modified residue B70/100ER-4. This
result would arise from a poor dispersion quality (large and low-
sphericity particles) exhibited by the polymer-rich phase present
in the PMB (Fig. 7).

Bitumen modification achieved by the different bituminous
samples at 60 °C was calculated through a modification index (M.
I.60 °C), as follows:
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of the modified binder (PMBs and emulsion residue, ER) and neat
bitumen, respectively. This index quantifies the relative increase in
viscosity obtained by the polymer addition to neat bitumen B70/
100. As a result, emulsion residue of B70/100ER-4 underwent the
highest modification degree with a M.I.60 °C of 13.9, followed by its
parent LDPER non-emulsified bitumen (M.I.60 °C¼6.1) and, finally,
by the SBS-modified bitumen (M.I.60 °C¼3.5).

On these grounds, the improved viscosity at 60 °C of the
emulsion residue, along with its more homogeneous polymer
distribution, is expected to lead to a better binder performance at
high in-service temperatures, if compared to its parent PMB
(Forbes et al., 2001).
4. Concluding remarks

Recycled low density polyethylene (LDPER), from urban plastics,
has proved to be a promising bitumen modifier for asphalt ap-
plications. Technological and viscous flow tests conducted on
LDPER-modified bitumens (PMBs) showed a remarkable im-
provement in binder properties above 4 wt% polymer. However,
the potential industrial implementation of the related technology
may be constrained by the poor polymer stability when PMB is
stored at high temperature, in the absence of stirring. Thus, phases
separation was found within the first hour of storage in bitumens
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modified by 4 wt% LDPER.
As a way of polymer stabilization within the bituminous ma-

trix, the feasibility of obtaining stable bituminous emulsions from
LDPER-modified binders, with polymer concentrations ranging
from 2 to 5 wt%, has been confirmed. The O/W emulsions ob-
tained, with disperse phase concentrations of up to 63 wt% O,
exhibited broad droplet size distributions (DSD) and non-New-
tonian viscous flow behavior strongly affected by the emulsion and
PMB formulations. A simple Frankel-Acrivos dependence between
emulsion relative viscosity and disperse phase volume fraction has
been used to predict emulsion maximum packing volume fraction,
closely linked to its viscous flow behavior.

Optical microscopy and Differential Scanning Calorimetry
conducted on emulsions bituminous residues have shown that
emulsification yields a highly dispersed polymer phase, swollen by
some maltenic compounds. As a result, 4 wt% LDPE-modified
emulsion residue exhibited enhanced modification, if compared to
its counterpart LDPER-modified binder and a reference 3 wt% SBS
bituminous sample.

In summary, emulsification of LDPER-modified bitumen may
represent a promising way for enhancing construction sustain-
ability, through the use of recycled polymers and promoting en-
ergy-saving cold mix asphalt technologies. Moreover, compared to
non-emulsified binders, the finer and more homogeneous LDPER
polymer distribution found in the emulsion residues may further
improve bitumen performance at high in-service temperatures,
increasing the resistance to rutting deformations in pavements.
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