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� Molecular dynamics simulation was
adopted to predict the interfacial
diffusion coefficient of various
rejuvenators in aged bitumen.

� The experimental results in both
magnitude and order of diffusion
coefficients agree well with MD
simulation outputs.

� The magnitude for diffusion
coefficients of four rejuvenators
varies from 10-11 to 10-10 m2/s, and
the diffusive capacity order is Bio-oi
l > Engine-oil > Naphthenic-oil > Aro
matic-oil.

� The underlying mechanism
comprises the free volume fraction
distribution and intermolecular force
between the rejuvenator and aged
bitumen molecules.
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This study aims to multiscale investigate the effects of rejuvenator type, temperature, and aging degree of
bitumen on the diffusion behaviors of rejuvenators (bio-oil BO, engine-oil EO, naphthenic-oil NO, and
aromatic-oil AO) in aged binders. The molecular dynamics (MD) simulation method is performed to
detect the molecular-level diffusion characteristics of rejuvenators and predict their diffusion coefficient
(D) parameters. At an atomic scale, the mutual but partial interfacial diffusion feature between rejuvena-
tors and aged bitumen molecules is observed. Moreover, Fick’s Second Law well fits the concentration
distribution of rejuvenator molecules in aged bitumen. The magnitude for D values of four rejuvenators
varies from 10-11 to 10-10 m2/s, and the diffusive capacity order is BO > EO > NO > AO. Meanwhile, diffu-
sion tests and dynamic shear rheometer (DSR) characterizations are employed to validate the MD simu-
lation outputs. The experimental results in magnitude and order of D values agree well with MD
simulation outputs. Lastly, the increased aging degree of bitumen exhibits a negative impact on the
molecular diffusivity of BO, EO, and NO rejuvenators, while the D value of AO molecules enlarges as
the aging level deepens. The underlying mechanism may be composed of the free volume fraction in aged
bitumen and the intermolecular force between rejuvenator and aged bitumen molecules, which differs
remarkably for various rejuvenators.
� 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

It is unavoidable for asphalt pavements to suffer from diverse
distresses under heavy loading and environmental conditions
[1,2]. Eventually, it is necessary to do the maintenance and recon-
struction works on the damaged asphalt pavements. Afterward, a
large amount of reclaimed asphalt pavement (RAP) is fabricated
[3]. Considering both economic and environmental benefits, reus-
ing these RAP materials in new asphalt pavements is attracting
extensive attention [4,5]. Nevertheless, the amount of RAP materi-
als in new asphalt mixture is limited and controlled because incor-
porating RAP without using soft bitumen or recycling agent would
deteriorate the cracking and moisture damage resistance of asphalt
pavements [6,7].

The main reasons for the high potential in both cohesive crack-
ing and adhesive debonding of RAP material are attributed to the
aged bitumen’s considerable stiffness and moisture sensitivity
[8]. Moreover, the aging mechanisms of bitumen are mainly com-
posed of lightweight components’ (saturates and aromatics) evap-
oration and conversion to heavy fractions (resins and asphaltenes)
[9]. Meanwhile, the oxygen-containing functional groups (i.e., car-
bonyl and sulfoxide) are fabricated distinctly in bitumen molecules
[10]. However, it is challenging to estimate these oxygen-
containing functional groups due to the complexity of bitumen
molecular components [11]. The supplement of lightweight oily
components is the popular way to balance the concentration distri-
bution of the saturates, aromatics, resins, and asphaltenes (SARA)
fractions and to restore the rheological and mechanical perfor-
mance of aged bitumen in RAP materials [12]. These oily additives
are generally named rejuvenators or recycling agents.

However, it is hard to completely extract all bitumen binders
from RAP materials and mix them with the rejuvenator in engi-
neering practice [13]. The rejuvenators are always blended and
integrated directly with the RAP mixtures [14]. In a rejuvenation
procedure, the rejuvenator firstly attaches to the surface of aged
bitumen on the RAP aggregates, then gradually diffuses into the
aged bitumen layer until reaching a concentration equilibrium
point and forming a homogenous rejuvenated bitumen [15]. Nev-
ertheless, previous studies mentioned that partial blending
between the rejuvenator and aged bitumen was observed in most
RAP recycling cases [16,17]. At the same time, the blending level
significantly affected the rejuvenation efficiency, and the heteroge-
neous distribution of rejuvenators in aged bitumen could result in
a high occurrence potential of cracking and rutting distresses [18].
Therefore, it is crucial to guarantee a high blending between reju-
venators and aged bitumen quickly. In addition, it was reported
that the blending degree was influenced by many material and
environmental factors, such as the rejuvenator type, aging level
of bitumen, and mixing temperature and time [19,20].

The blending degree of rejuvenated bitumen is strongly associ-
ated with the diffusive capacity of rejuvenators in aged bitumen,
which is regularly evaluated by a diffusion coefficient parameter
based on Fick’s diffusion law [21]. Different experiments were
conducted to measure the diffusion coefficient value of the reju-
venator in aged bitumen. Karlsson and Isacsson [22] employed
Fourier transform infrared spectroscopy by attenuated total
reflectance (FTIR-ATR) method to detect the diffusion rate of the
rejuvenator considering the influence of temperature, bitumen
film thickness, bitumen type, and components. The findings
demonstrated that the FTIR-ATR is an effective measurement for
determining the diffusion coefficient values of rejuvenators in
an aged bitumen matrix. The diffusion characteristics of rejuvena-
tors observed agreed well with Fick’s Law, and the Arrhenius for-
mula was appropriate to describe the temperature effect on the
2

diffusion rate of rejuvenators in various aged binders when the
temperature was above 30℃. Giacomo et al. [23] performed FTIR
and dynamic shear rheometer (DSR) tests to monitor the diffusiv-
ity of rejuvenators in aged bitumen at 25℃ and 140℃ after a ser-
ies of diffusion tests in tubes. The results revealed that the
diffusion capacity strongly depended on the rejuvenator type
and temperature. Fang et al. [24] also adopted a tube test to
examine the D values of rejuvenators with variable temperatures
and permeation times based on the viscosity variations during a
diffusion process. It was reported that the increment in tempera-
ture and permeation time enlarged the permeation level of reju-
venators in aged bitumen. Moreover, the D values presented a
decreasing trend with the increase in permeation time, which
might be associated with reducing the permeation channel of
rejuvenator molecules in aged bitumen. Ma et al. [25] performed
a solvent extraction method to investigate the rejuvenator diffu-
sion and distribution in various aged bitumen layers together
with the penetration and DSR tests. The diffusive rate of rejuve-
nators in aged bitumen was remarkably attributed to the viscos-
ity, components, and thermal stability. In addition, it was difficult
for a rejuvenator to diffuse into the aged bitumen entirely within
a short blending time.

Although these conventional characterization methods are able
to qualitatively and quantitatively calculate the diffusion rates of
rejuvenators in aged bitumen to a certain degree, they are time-
consuming with an inevitable experimental error, and the underly-
ing inner diffusion mechanisms at the nanoscale are still unclear.
Nowadays, the molecular dynamics (MD) simulation method has
been successfully employed in the diffusion measurement of reju-
venators in aged bitumen. Xu et al. [26] investigated the molecular
diffusive behaviors of rejuvenators in neat, short-term, and long-
term aged bitumen with an MD simulation. They concluded that
both thermal molecular mobility and intermolecular force con-
tributed to the relative diffusion rate of bitumen and rejuvenator
molecules. In addition, the existence of micro-voids in the bitumen
model and increased temperature also benefited the fusion level of
rejuvenator molecules. Meanwhile, Xu and Wang [27] also per-
formed an MD simulation to explore the diffusion and interaction
mechanisms of rejuvenator molecules in virgin and aged bitumen.
The rejuvenator improved the blending level between virgin and
aged bitumen, which diffused more into pure bitumen than the
aged binder, contrary to a previous conclusion [26]. Based on MD
simulation outputs, Sun and Wang [28] found that the diffusion
capacity of rejuvenator molecules in the aged bitumen model dis-
tinctly relied on the rejuvenator’s molecular structure. The polar
aromatic exhibited the worst diffusive capacity, while naphthene
aromatic showed a faster diffusion rate than saturate-based reju-
venators. The positive effect of bio-rejuvenators on accelerating
the fusion process between virgin and aged bitumen was also
reported in an MD simulation research [29].

In view of the literature review, there are still many research
gaps regarding the diffusion and blending characteristics of rejuve-
nators in the aged bitumen layer of RAP materials. Some of them
are listed as follows:

� Although it has been proved that the MD simulation method is
an efficient way to predict the diffusion coefficient of a rejuve-
nator in an aged bitumen system, the commonly-used molecu-
lar models of various rejuvenators are generally based on
previous literature rather than their realistic components mea-
sured from chemical tests.

� There is few MD simulation study on the diffusion behaviors of
rejuvenators in aged bitumen, and the corresponding underly-
ing mechanism at an atomic scale is still unclear.
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� Currently, most MD simulations and experimental investiga-
tions on the diffusion capacity of rejuvenators in aged bitumen
are separated, and the connection between MD simulation out-
puts and experimental results has not been built yet.

� The coupled influence of rejuvenator components, temperature,
and aging degree of bitumen on the diffusion capacity of rejuve-
nators in aged bitumen has not been investigated
systematically.

2. Research objective and structure

This study predicts and compares the diffusion behaviors of
commonly-used rejuvenators in aged binders at variable aging
levels at different temperatures. Fig. 1 illustrates the primary
research protocol. First, the molecular models of aged bitumen
and four different rejuvenators (bio-oil, engine-oil, naphthenic-
oil, and aromatic-oil) are built based on their chemical characteris-
tics. Afterwards, four rejuvenator-aged bitumen bi-layer diffusion
molecular models are established for MD simulations at different
temperatures of 25, 60, 120, 140, 160, 180, and 200 ℃. The
molecular-scale diffusion phenomena of various rejuvenators in
aged bitumen are observed and compared. Finally, analysing the
mass density profile of rejuvenators in aged bitumen layers, the
diffusion coefficient (D) values of four rejuvenators at different
temperatures are predicted. In addition, the activation energy
(Ea) and pre-exponential factor (A) parameters are derived based
on these predicted D parameters.

On the other hand, the diffusion tube tests with these four reju-
venators in aged bitumen are conducted at 160 ℃. The concentra-
tion distributions of rejuvenators are determined using the
standard curves between the rheological parameters and rejuvena-
tor concentration from the dynamic shear rheometer (DSR) tests.
The experimental results of D, Ea, and A are compared with MD
simulation outputs to estimate the application potential of the
MD simulation method in predicting the diffusive capacity of var-
ious rejuvenators in an aged binder. Finally, the influence of reju-
venator type, diffusion temperature, and aging degree of bitumen
on the diffusion behaviors of rejuvenators in aged binders are
investigated.
Fig. 1. Research schem
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3. Materials and methods

3.1. Bitumen and rejuvenators

This study utilized a Total 70/100 virgin bitumen in aging, reju-
venation, and diffusion tests. Table 1 lists the basic properties of
virgin bitumen. Meanwhile, four types of commonly-used rejuve-
nators were selected, including the bio-oil (BO), engine-oil (EO),
naphthenic-oil (NO), and aromatic-oil (AO). Their chemical and
physical properties are summarized in Table 2. It should be men-
tioned that the selection basis of rejuvenators is the classification
list from the American National Centre of Asphalt Technology
(NCAT) [30], in which the rejuvenators are divided into five groups:
paraffinic oils, aromatic extracts, naphthenic oils, triglycerides &
fatty acids, and tall oils [31]. In addition, the bio-oil rejuvenator
selected in this study is rapeseed oil derived from a transesterifica-
tion process.

Table 2 shows the chemical and physical properties of four reju-
venators. It can be observed that the aromatic-oil exhibits the
highest density, viscosity, C/H ratio, and average molecular weight
values, while the engine-oil shows the lowest values in density.
The order in both viscosity and molecular weight for four rejuvena-
tors is the same as BO < EO < NO < AO. Moreover, the bio-oil reju-
venator presents a specific characteristic of a large oxygen amount
associated with the ester group in its molecular structure [39]. In
addition, an extremely slight amount of sulfur and nitrogen ele-
ments are observed in all four rejuvenators.
3.2. Laboratory aging procedure of bitumen

The virgin bitumen was subjected both to short-term and long-
term aging to obtain the aged bitumen. Firstly, about 50 g of virgin
bitumen in an aluminium plate was put in an oven at 163℃ for 5 h
to simulate the short-term aging during the mixing and com-
paction processes [40]. Afterwards, the short-term aged bitumen
was moved into the Pressure Aging Vessel (PAV) to further long-
term aging for 20, 40, and 80 h with the pressure and temperature
of 2.1 MPa and 100℃, respectively [41]. To simplify, the aged bitu-
e and structure.



Table 1
Basic properties of Total 70/100 virgin bitumen.

Properties value Test standard

25℃ Penetration (1/10 mm) 91 ASTM D5 [32]
Softening point (℃) 48 ASTM D36 [33]
135℃ Dynamic viscosity (Pa�s) 0.8 AASHTO T316 [34]
25℃ Density (g/cm3) 1.017 EN 15,326 [35]
60℃ Density (g/cm3) 0.996

Chemicalfractions
(wt%)

Saturate, S 3.6 ASTM D4124 [36]
Aromatic, A 53.3
Resin, R 30.3
Asphaltene, As
Colloidal index CI

12.8
0.196

Element compositions
(wt%)

Carbon, C 84.06 ASTM D7343 [37]
Hydrogen, H 10.91
Oxygen, O 0.62
Sulfur, S 3.52
Nitrogen, N 0.9

Complex shear modulus at 1.6 Hz & 60℃
(kPa)

2.4 AASHTO M320 [38]

Phase angle at 1.6 Hz & 60℃ (�) 84.5

Fig. 2. The schematic graph of the diffusion process of rejuvenator in aged bitumen.
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menwith long-term aging times of 20, 40, and 80 h are abbreviated
as LAB20, LAB40, and LAB80.
3.3. Preparation of rejuvenated bitumen

In this study, the calibration curves between the rheological
indices and rejuvenator dosage should be first drawn to determine
the concentration distribution of rejuvenators in different aged
bitumen layers and calculate the corresponding diffusion coeffi-
cient value [23,24,42]. To this end, rejuvenated bitumen binders
were prepared with variable rejuvenator types and dosages. The
LAB40-aged bitumen was heated to a flow state and blended with
a rejuvenator for 15 min to prepare the homogenous rejuvenated
binders. The rejuvenator dosages were 2.5, 5.0, 7.5, 10.0, 12.5,
and 15.0 wt%. The prepared rejuvenated binders were preserved
at low temperatures for rheology tests. Further, the bio-oil,
engine-oil, naphthenic-oil, and aromatic-oil rejuvenated bitumen
are marked as the BORB, EORB, NORB, and AORB, respectively.
3.4. Characterization methods

3.4.1. Experimental diffusion tests
In this study, the experimental results in diffusion coefficient

values of four rejuvenators in aged bitumen were measured to ver-
ify the MD simulation outputs. Based on previous studies [23,24],
the tube test was adopted to conduct the diffusion measurements
of rejuvenator-aged bitumen bi-layers, as shown in Fig. 2. About
Table 2
Chemical and physical properties of four rejuvenators.

Rejuvenators Bio-oil

Appearance Pale-yellow liquid

25℃ Density (g/cm3) 0.911
60℃ Density (g/cm3) 0.899
25℃ viscosity (cP) 50
Flash point (℃) > 250
Carbon C (wt%) 76.47
Hydrogen H (wt%) 11.96
Oxygen O (wt%) 11.36
Sulfur S (wt%) 0.06
Nitrogen N (wt%) 0.15
Average molecular weight Mn (g/mol) 286.43

4

40 g of aged bitumen was poured into a cylindrical aluminium foil
tube with a diameter of 13 mm and a height of 100 mm. When the
aged bitumen sample was cooled to room temperature, a 4 g reju-
venator (10 wt% of aged bitumen) was incorporated into the upper
layer. Afterwards, the nozzle was sealed with foil paper to avoid
the evaporation and oxidation of the rejuvenator during a thermal
diffusion procedure. Twelve diffused samples were prepared and
vertically placed in an oven at 160℃. All specimens were divided
into three groups in line with the variable diffusion times of 2, 4,
and 8 days.

Once the diffusion process ended, the sample was removed
from the oven to a refrigerator at �20℃ to discontinue the diffu-
sion process and solidify these diffused specimens for further iso-
metric cutting. After removing it from the fridge, the aluminium
foil tube was ripped off manually. As illustrated in Fig. 2, the dif-
fused sample was marked and cut into four layers with a height
of 20 mm by a hot knife. It should be mentioned that the tube bot-
tom was set as the origin point. It was challenging to distinguish
the rejuvenator phase from bitumen at an interface zone because
the interfacial diffusion was bidirectional. On the contrary, the bot-
tom aged bitumen layer with a bit of rejuvenator was still hard at
room temperature. Each layer on an aluminium plate was ulti-
mately heated and homogenized carefully for rejuvenator concen-
tration determination using rheological characterizations.

In line with the previous study [23], an immediate solution of
Fick’s second Law is employed to describe the relationship
between the rejuvenator concentration with diffusion time and
distance, as shown in Eq.1. It is assumed that the surface concen-
Engine-oil Naphthenic-oil Aromatic-oil

Brown
liquid

Transparent-liquid Dark-brown
half-solid

0.833 0.875 0.994
0.814 0.852 0.978
60 130 63,100
> 225 > 230 > 210
85.16 86.24 88.01
14.36 13.62 10.56
0.12 0.10 0.40
0.13 0.10 0.48
0.23 0.12 0.55
316.48 357.06 409.99
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tration C1 is constant with time, and the initial concentration C0 in
the sample equals zero.

C tð Þ � C0

C1 � C0
¼ 1� 4

p

�
X1
n¼0

�1ð Þn
2nþ 1

exp
�D 2nþ 1ð Þ2p2t

4l2

( )
cos

2nþ 1ð Þpx
2l

" #

ð1Þ
where C(t) refers to the rejuvenator concentration at diffusion

time t, wt%; C0 and C1 are the initial and final concentrations of
the rejuvenator, which are assumed to be 100 wt% and 0; D repre-
sents the diffusion coefficient, m2/s; t (s) and l (m) shows the dif-
fusion time and the tube length filled with bitumen;
the � denotes the abscissa where the rejuvenator concentration
C(t) is calculated.

When an assumption is adopted that the C0 is equal to zero,
Eq.1 can be simplified as follows:

C tð Þ ¼ C1 � 4
p
C1

�
X1
n¼0

�1ð Þn
2nþ 1

exp
�D 2nþ 1ð Þ2p2t

4l2

( )
cos

2nþ 1ð Þpx
2l

" #

ð2Þ
From Eq.2, it is found that the rejuvenator concentration C(t)

varies as a function of diffusion time (t) and position (x). Thus,
the diffusion coefficient D values can be derived by fitting these
correlation curves.

3.4.2. Dynamic shear rheometer (DSR) test
The rheological properties of each diffusion layer were mea-

sured through a DSR device with a plate diameter of 8 mm and
Fig. 3. Chemical components in the mole
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thickness of 2 mm [38]. All rejuvenated bitumen and diffused sam-
ples were subjected to a frequency sweep test, Glover-Rowe (G-R)
parameter measurement, and linear amplitude sweep (LAS) test.
The frequency sweep tests were conducted at 20℃ with the fre-
quency rising from 0.1 rad/s to 100 rad/s. Moreover, the G-R
parameter was measured at 15 ℃ and 0.005 rad/s. Besides, all
LAS tests were carried out at 20℃ to obtain the life cycles at
2.5 % and 5.0 % strain levels according to AASHTO TP 101 [43]. It
should be noted that each rheological test for all samples was per-
formed at least two times to guarantee the reliability of experi-
mental data.
4. Molecular dynamics simulations

4.1. Molecular model of aged bitumen

The most popular 12-component molecular model is adopted as
the virgin bitumen model. During a thermo-oxidative aging pro-
cess, polar oxygen-containing functional groups are introduced in
bitumen molecules, such as carbonyl and sulfoxide. Hence, the oxi-
dized molecular structures of aromatic, resin, and asphaltene
molecules are built, while the chemical structure of saturate mole-
cules has no change. The detailed principle for determining the
molecular structures in aged bitumen can be found in our previous
study [44]. Fig. 3 illustrates the molecular structures of chemical
components in virgin and aged bitumen models. It should be men-
tioned that the molecular appellations are superscripted as ‘‘0-400

to distinguish the SARA molecules with variable oxidative aging
degrees.

Before establishing the molecular models of aged bitumen, the
number of each molecule is resolved according to the experimental
results in both molecular weight ratio and SARA fractions distribu-
tion, which are listed in Table 3. More related information can be
cular model of various aged binders.



Table 3
The number of SARA molecules in molecular models of various aged bitumen.

Chemical fractions Molecular structure Chemical formula LAB20 LAB40 LAB80

Saturate Squalane0 C30H62 2 2 2
Hopane0 C35H62 1 1 1

Aromatic PHPN0 C35H44 12 0 0
PHPN1 C35H42O 6 15 0
PHPN2 C35H36O4 0 0 13
DOCHN0 C30H46 17 0 0
DOCHN1 C30H44O 0 16 0
DOCHN2 C30H42O2 0 0 13

Resin Quinolinohopane0 C40H59N 4 0 0
Quinolinohopane1 C40H57NO 0 5 0
Quinolinohopane2 C40H55NO2 0 0 5
Thioisorenieratane1 C40H58SO2 3 3 0
Thioisorenieratane2 C40H56SO3 0 0 3
Benzobisbenzothiophene1 C18H10S2O2 13 14 15
Pyridinohopane0 C36H57N 4 0 0
Pyridinohopane1 C36H55NO 0 4 0
Pyridinohopane2 C36H53NO2 0 0 5
Trimethylbenzeneoxane0 C29H50O 4 5 0
Trimethylbenzeneoxane1 C29H48O2 0 0 6

Asphaltenes

Asphaltene-phenol0 C42H54O 3 0 0
Asphaltene-phenol1 C42H48O4 0 4 0
Asphaltene-phenol2 C42H44O6 0 0 4
Asphaltene-pyrrole0 C66H81N 3 0 0
Asphaltene-pyrrole1 C66H73NO4 0 3 0
Asphaltene-pyrrole2 C66H67NO7 0 0 4
Asphaltene-thiophene2 C51H60SO2 3 0 0
Asphaltene-thiophene3 C51H58SO3 0 3 0
Asphaltene-thiophene4 C51H54SO5 0 0 4
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found in our previous paper [44]. It is demonstrated that the mass
percentages of saturate, aromatic, resin, and asphaltene molecules
in all molecular models of aged bitumen match well with mea-
sured values, which guarantees the reliability of molecular models
and MD simulation outputs.

4.2. Molecular models of different rejuvenators

In this study, the average molecular structures of four rejuvena-
tors are determined based on their chemical characteristics of ele-
mental analysis, functional group distribution, and average
molecular weight. Our previous paper described how to construct
the average molecular structures of these rejuvenators [45], as
illustrated in Fig. 4. The chemical formulas of BO, EO, NO, and AO
rejuvenators are C19H36O2, C22H44, C26H48, and C30H40. It demon-
strates that the molecular structure of BO is composed of one
straight monoalkene chain and an ester group. Moreover, the EO
rejuvenator shows one cyclohexane structure with two saturated
Fig. 4. Average molecular structures of four rejuvenators (Carbon atoms: black; Hydrogen
this figure legend, the reader is referred to the web version of this article.)

6

n-octane side chains. The main body in NO is the saturated tricyclic
alkanes linked with n-hexane and n-heptane alkyl substituents. In
addition, the AO rejuvenator presents a molecular centre of poly-
cyclic aromatic hydrocarbon structure connected with a saturated
straight-chain and monocyclic alkanes. It was revealed that these
four rejuvenators from various categories exhibited diverse chem-
ical, physical, and thermodynamic properties, which contributed to
a significant difference in their diffusion behaviors in aged bitumen
[28]0.4.3. Bulk and confined molecular models of aged bitumen
and rejuvenators.

The bulk molecular models of aged bitumen and four rejuvena-
tors with a density of 0.1 g/cm3 are built first. It should be men-
tioned that in each rejuvenator model, the number of rejuvenator
molecules is the same as 200. The geometry optimizations are car-
ried out on these molecular models to eliminate the intermolecular
overlaps and seek stable configurations with minimum energy.
Afterwards, these initial configurations are subjected to the MD
simulations with an isothermal-isobaric ensemble (constant atom
atoms: white; Oxygen atoms: red). (For interpretation of the references to colour in
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number N, pressure P, and temperature T) for 200 picoseconds (ps)
at 298 K and one-atmosphere pressure. The time step is set as 1 fs
(fs), while the Nose thermostat and Andersen barostat are adopted
to control the temperature and pressure. At the same time, the
summation methods for the van der Waals and the electrostatic
terms are Atom-based with a cut-off distance of 15.5 Å and Ewald
with an accuracy of 0.001kal/mol. To further equilibrate the molec-
ular models of aged bitumen and rejuvenators, the additional MD
simulations with a canonical ensemble (constant molecular num-
ber N, cell volume V, and temperature T) at 298 K for 200 ps. Fur-
thermore, the confined molecular models of aged bitumen and
rejuvenators are established and equilibrated like the MD simula-
tions on bulk systems. The only difference between the confined
and bulk model is the boundary condition, and the periodic bound-
ary condition is adopted in bulk models. For confined models, the
periodic boundary condition is applied in both the � and y direc-
tions, while the non-periodic boundary condition is selected in
the z-direction.

Fig. 5 shows the confined molecular models of aged bitumen
and rejuvenator after NPT and NVT equilibrium MD simulations.
In the meantime, the bi-layer rejuvenator-aged bitumen diffusion
model is established through a layer-construction tool. A vacuum
layer of 5 Å is added on the top of the diffusion model to block
up the molecular interaction between adjacent simulation cells
at the z-direction, as illustrated in Fig. 5 with a dimension of
40 Å � 40 Å � 107 Å. It should be noted that all MD simulations
on bulk, confined, and bi-layer molecular models are performed
with a Polymer Consistent Force Field (PCFF), which has been
Fig. 5. The rejuvenator-aged bitumen in
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widely employed and validated in polymers, organic, and bitumi-
nous materials [46].

4.3. MD simulations on rejuvenator-aged bitumen diffusion models

All rejuvenator-aged bitumen diffusion models in this study are
built using Materials Studio. Fig. 6 displays the BO-aged bitumen,
EO-aged bitumen, NO-aged bitumen, and AO-aged bitumen inter-
facial models. The MD simulations on all diffusion models are com-
pleted in a Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) with an NVT ensemble and Nose-Hoover
thermostat. Meanwhile, the time step and simulation duration
are 1 fs and 10 ns, which are sufficient to observe the diffusion
behavior and calculate the diffusion coefficient values of rejuvena-
tors in aged bitumen. The atomic trajectories of the rejuvenator
molecules in diffusion models are viewed through a visualization
tool OVITO. During the diffusion simulations, the density distribu-
tion of rejuvenator molecules in a whole diffusion model is moni-
tored instantly to derive the diffusion coefficient parameter.

4.4. Validations on MD simulation outputs

Apart from the diffusion models, MD simulations are also car-
ried out on various bulk models of virgin bitumen, aged bitumen,
and rejuvenators to verify the reliability of molecular models and
simulation set parameters. This section compares the predicted
density values of all bitumen and rejuvenator models with exper-
imental results, as listed in Table 4.
terfacial diffusion molecular model.



Fig. 6. Different rejuvenator-aged bitumen diffusion molecular models (Yellow: Bio-oil; Orange: Engine-oil; Green: Naphthenic-oil; Brown: Aromatic-oil). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4
Predicted and measured density values of bitumen and rejuvenator models.

Density parameter Predicted values (g/cm3) Measured values (g/cm3)

25℃ 60℃ 25℃ 60℃

Virgin bitumen 0.999 0.984 1.017 0.996
Aged bitumen 1.041 1.030 1.036 1.015
Bio-oil 0.868 0.842 0.911 0.889
Engine-oil 0.821 0.802 0.833 0.814
Naphthenic-oil 0.886 0.865 0.875 0.852
Aromatic-oil 0.971 0.955 0.994 0.978
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From Table 4, it is demonstrated that the predicted values of
virgin bitumen, aged bitumen, and four rejuvenators are close to
the experimental results at both 25 ℃ and 60 ℃. It strongly vali-
dates the reasonability of established molecular models of aged
bitumen and rejuvenators. The density of aged bitumen is larger
than virgin bitumen due to the increment in the asphaltene/mal-
tene ratio and the involvement of polar functional groups. All reju-
venators exhibit a lower density than virgin and aged bitumen,
which manifests their rejuvenation potential in restoring the den-
sity values of aged bitumen to the virgin bitumen level. The
aromatic-oil rejuvenator shows the highest density, followed by
the bio-oil and naphthenic-oil, while the engine-oil exhibits the
lowest density. It is worth noting that there is still a little differ-
ence between the predicted and measured values. The reason
may be that the utilization of one average molecular model to rep-
resent the rejuvenator molecules would ignore the realistic chem-
ical components of bitumen and rejuvenators composed of lots of
low and high molecular-weight molecules, which plays an essen-
tial role in determining their physical and thermodynamic proper-
ties [47].
4.5. Basic theory

The diffusion behavior is a material transfer process from a
high-concentration region to another low-concentration phase
until attaching an equilibrium state, which is characterized by a
concentration gradient index [48]. Fick’s Second Law generally
describes the interdiffusion behavior and quantitatively derives
8

the diffusion rate between different materials phases, assuming
no volume change during a diffusion process.

@c
@t

¼ @

@z
D cð Þ � @c

@z

� �
ð3Þ

where c refers to a mass concentration, g/cm3; t is the diffusion
time, ns; z represents a position point, Å; and D(c) is an interfacial
diffusion coefficient, m2/s.

From Eq.3, it can be seen that the diffusion coefficient parame-
ter D(c) is related to concentration C. To simplify, we assume that
the D(c) is independent of the concentration C and keeps a con-
stant value of D0 during the whole diffusion procedure. Fick’s Sec-
ond Law can be expressed as a function of diffusion time t and
position z, as presented in Eq.4.

c z; tð Þ ¼ c0 1� erf
z

2
ffiffiffiffiffiffiffiffi
D0t

p
� �� �

ð4Þ

where c (z, t) is the concentration distribution of diffusive sub-
stances (rejuvenator molecules); c0 represents the equilibrium
rejuvenator concentration; erf is an error function, and D0 is the
constant interdiffusion coefficient, m2/s. Moreover, t and z show
the diffusion time (ns) and a position point (Å).

5. MD simulation results and discussion

5.1. Molecular configurations of interfacial diffusion models

The molecular configurations of different rejuvenator-aged
bitumen diffusion models at the diffusion times of 0, 2, 4, 8, and



Fig. 7. The snapshots of rejuvenator-aged bitumen models after MD diffusion simulations at 160℃ (Bio-oil: Yellow; Engine-oil: Red; Naphthenic-oil: Green; Aromatic-oil:
Brown). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. The snapshots of rejuvenator-aged bitumen molecular models at different temperatures at 10 ns (Bio-oil: Yellow; Engine-oil: Red; Naphthenic-oil: Green; Aromatic-
oil: Brown; Bitumen: Black). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Mass density profile of rejuvenators in bi-layer systems (a) Bio-oil; (b) Engine-oil; (c) Naphthenic-oil; (d) Aromatic-oil.
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10 ns are illustrated in Fig. 7. Here only displays the conformations
at 160℃, and bitumen molecules are concealed to monitor the dif-
fusion trajectories of rejuvenator molecules clearly. As the diffu-
sion time prolongs, all rejuvenator molecules gradually diffuse
into the aged bitumen layer. When the diffusion time is at 10 ns,
part of the rejuvenator molecules could reach the bottom of the
aged bitumen layer. However, the diffusion time of 10 ns is still
insufficient to form a homogenous rejuvenated bitumen, which
agrees well with the previous finding that the partial blending
between rejuvenator and aged bitumen was observed during the
recycling of asphalt mixtures [5,20]. In addition, the micro-voids
in a rejuvenator layer refer to the bitumen molecules, indicating
that the interfacial diffusion phenomenon between the rejuvenator
and aged bitumen molecules is mutual, which was also observed
by microscopic morphologies [16,17].

Interestingly, no aromatic-oil molecule compasses to the under-
side of the aged bitumen layer even though the diffusion time is at
10 ns. It implies that the diffusion rate of aromatic-oil molecules is
the lowest among these four rejuvenators, which is related to its
highest molecular weight, polarity, and intermolecular interaction
with aged bitumen molecules [45]. Moreover, the amount of aged
bitumen molecules in the aromatic-oil layer is the least; thus, a
long blending time is required to obtain a homogeneous
aromatic-oil rejuvenated bitumen. On the contrary, the bio-oil
molecules can reach the bottom surface of the aged bitumen layer
at 4 ns, and the corresponding molecular amount at 10 ns is the
largest. Therefore, it suggests that the bio-oil molecules exhibit
the highest diffusion capacity in aged bitumen, which may be asso-
ciated with its lowest molecular weight and strongest molecular
11
mobility characteristics [39]. In addition, the diffusion levels of
engine-oil and naphthenic-oil molecules are in the middle, while
the former displays a greater diffusion rate than the latter. In sum-
mary, when the diffusion time and temperature are fixed, the mag-
nitude of the molecular concentration for four rejuvenators in aged
bitumen is BO > EO > NO > AO.

To predict and explore the temperature influence on diffusion
behaviors of rejuvenators in aged bitumen at an atomic scale, the
molecular configurations of four rejuvenators at 10 ns and different
diffusion temperatures of 25, 60, 120, 160, and 200℃. The repre-
sentative results are illustrated in Fig. 8. The rejuvenator and aged
bitumenmolecules are displayed herein to observe the intermolec-
ular diffusion and distribution level. All rejuvenator molecules
show a deeper penetrating trend when the temperature increases,
denoting that a high temperature promotes the diffusion rate of
rejuvenator molecules. At the same time, more bitumen molecules
penetrate the rejuvenator layer at high temperatures. However, at
both 25 and 60℃, the amount of rejuvenator molecules in the aged
bitumen layer is minimal, especially for the engine-oil,
naphthenic-oil, and aromatic-oil rejuvenators. The diffusion tem-
perature should be higher than 120℃ to ensure a high blending
degree between the rejuvenator and aged bitumen within a short
mixing period.

On the other hand, the diffusion behavior of rejuvenator mole-
cules in aged bitumen strongly depends on the rejuvenator type
and component. At all simulation temperatures, the penetrating
levels of bio-oil and aromatic-oil molecules are the largest and
smallest, respectively. More engine-oil molecules penetrate an
aged bitumen layer than the naphthenic-oil rejuvenator. It means



Fig. 10. Density profiles for rejuvenator molecules scaled with zt�0.5 in aged bitumen (a) Bio-oil; (b) Engine-oil; (c) Naphthenic-oil; (d) Aromatic-oil.

Table 5
The parameters in fitting curves of different rejuvenator-aged bitumen models.

Model T (℃) -b C0

(g·cm3)
R2 Model -b C0

(g·cm3)
R2

(a)
BO and
Aged bitumen
system

25 107,414 0.399 0.995
(b)
EO and
Aged bitumen
system

61,202 0.355 0.988
60 55,692 0.378 0.995 50,911 0.331 0.988
120 37,954 0.342 0.994 38,065 0.318 0.986
140 27,609 0.340 0.992 29,465 0.314 0.986
160 25,585 0.337 0.974 28,551 0.313 0.987
180 24,133 0.330 0.983 25,767 0.314 0.995
200 22,648 0.333 0.993 23,638 0.312 0.976

(c)
NO and aged bitumen system

25 96,059 0.403 0.987
(d)
AO and aged bitumen system

86,351 0.433 0.993
60 62,323 0.386 0.995 74,818 0.425 0.996
120 46,346 0.363 0.992 48,172 0.418 0.994
140 35,102 0.360 0.994 45,471 0.408 0.993
160 29,983 0.358 0.979 37,847 0.409 0.989
180 27,387 0.358 0.994 33,390 0.408 0.988
200 25,328 0.356 0.987 25,023 0.410 0.986
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that the penetrating capacity of engine-oil molecules is more sub-
stantial than naphthenic-oil. The molecular distribution of rejuve-
nators in aged bitumen varies remarkably after an MD diffusion
simulation. Compared to other rejuvenators, bio-oil molecules
are dispersed more homogeneously in aged bitumen, especially
at 200℃. However, it should be mentioned that the molecular-
scale distribution of rejuvenators in aged bitumen is still heteroge-
neous, even though the rejuvenator molecules are entirely blended
in aged bitumen. At the same time, the agglomeration phe-
12
nomenon of rejuvenator molecules is still apparent. In addition,
the partial diffusion characteristic of engine-oil, naphthenic-oil,
and aromatic-oil molecules in aged bitumen are observed at all
temperatures. It indicates that the diffusion time of 10 ns is insuf-
ficient for these rejuvenator molecules to diffuse in the aged bitu-
men layer entirely due to a low diffusion rate. In view of these
molecular conformations, the diffusion capacities of bio-oil and
engine-oil molecules are more significant than the naphthenic-oil
and aromatic-oil rejuvenators.



Fig. 11. Diffusion coefficient of rejuvenators in aged bitumen versus temperatures (a) Bio-oil; (b) Engine-oil; (c) Naphthenic-oil; (d) Aromatic-oil.

S. Ren, X. Liu, Y. Gao et al. Materials & Design 226 (2023) 111619
5.2. Mass density distribution of rejuvenators

The mass density distribution of rejuvenator molecules in aged
bitumen is monitored as a function of the diffusion time. The mass
density curves of different rejuvenators at 160℃ with variable dif-
fusion times of 2, 4, 6, 8, and 10 ns are extracted and drawn in
Fig. 9. For simplicity, these corresponding results at different tem-
peratures of 25, 60, 120, 140, 180, and 200℃ are not displayed
herein. The mass density values of rejuvenator molecules in a reju-
venator phase are much higher than that in the aged bitumen
phase, regardless of the rejuvenator type and diffusion duration.
It implies that the diffusive equilibrium points of these
rejuvenator-aged bitumen models have not been reached yet
because of insufficient simulation time. Moreover, the mass den-
sity of rejuvenator molecules in the rejuvenator layer is not con-
stant and decreases as the distance to the interface reduces. It
reveals that the interfacial diffusion behavior of a rejuvenator-
aged bitumen layer is bidirectional, and several bitumen molecules
also diffuse into the rejuvenator layer. In the aged bitumen layer,
the mass density of rejuvenator molecules shows a decreasing
trend as the distance from the interface increases. It means that
the distribution of diffused rejuvenator molecules in aged bitumen
is stepped, which can be observed from the snapshots of molecular
diffusion models in Fig. 7 and Fig. 8.

In addition, the mass density of the rejuvenator molecules in
the aged bitumen phase gradually increases with increasing diffu-
sion time while the mass density in the rejuvenator phase
decreases. It implies that the increment in diffusion time enlarges
the blending level between the rejuvenator and aged bitumen
13
molecules, which agrees well with the reported experimental
results in previous studies [49,50]. When the aging degree of bitu-
men and diffusion time are fixed, the mass curves of rejuvenator
molecules in aged bitumen matrix depend on the rejuvenator type.
It is associated with the difference in diffusion capacity and density
between these four rejuvenators.
5.3. Correlation curves between mass density and Z*t�0.5

The diffusion coefficient parameters of four rejuvenators in
aged bitumen at different temperatures are calculated according
to Fick’s Second Law (see Eq.4), and the correlation curves between
mass density and (z/t0.5) parameter are summarized in Fig. 10.
When the diffusion time and depth are the same, the mass density
values of rejuvenator molecules in the aged bitumen phase signif-
icantly enlarge as the temperature rises, which decreases corre-
spondingly in the rejuvenator layer due to the reduction in
rejuvenator molecular amount and increase in bitumen molecules.
It is consistent with the previous finding that a high temperature is
beneficial to accelerate the blending degree between rejuvenators
and aged bitumen in reclaimed asphalt pavement (RAP) materials
[51].

Eq.4 is utilized to fit the correlation curves between the mass
density C of rejuvenator molecules and the (z*t�0.5) parameter,
and these fitting curves are also displayed in Fig. 10. Meanwhile,
all related fitting parameters are listed in Table 5. According to
R2 values higher than 0.97, the fitting efficiency of Fick’s Second
Law on diffusion characteristics of all rejuvenators is satisfactory.
The parameter C0 represents the initial concentration of rejuvena-



Fig. 12. Correlations between temperature and diffusion coefficient of rejuvenators in aged bitumen.

Table 6
The Ea and A parameters of various rejuvenators in LAB40-aged bitumen.

Rejuvenator BO EO NO AO

Ea (J/mol) 18968.72 15256.02 13030.91 15498.21
A (m2/s) 1.08E-7 1.15E-8 3.52E-8 1.39E-8
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tor molecules in the bulk rejuvenator phase. The C0 values of all
rejuvenators have a reduction trend as the temperature increasing,
which is attributed to the decreased density of rejuvenators at high
temperatures. When the temperature is at the same level, the mag-
nitude of C0 values for four rejuvenators is AO > NO > BO > EO.
Moreover, parameter b (b = 1/(2*D0.5)) shows a negative relation-
ship with the diffusion coefficient (D) values of rejuvenators. With
the diffusion temperature rising, the b values in these correlation
curves decrease, particularly when the temperature rises from
25℃ to 60℃. It denotes that the diffusion rates of rejuvenators in
aged bitumen enlarge distinctly at high temperatures.
5.4. Diffusion coefficient prediction of different rejuvenators in aged
bitumen

To directly evaluate and compare the diffusion capacity of var-
ious rejuvenators in aged bitumen at different temperatures, the
diffusion coefficient (D) values are calculated and plotted in
Fig. 11. It can be seen that the magnitude for D parameters of four
rejuvenators varies from 10-11 to 10-10 m2/s, which depends on
both rejuvenator type and temperature dramatically. All D values
of rejuvenators enlarge remarkably as the diffusion temperature
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rises. On the one hand, the enhanced molecular mobility of rejuve-
nator molecules at high temperatures would promote the perme-
ation level of rejuvenators into the aged bitumen layer [28,29].
On the other hand, the increased temperature would enlarge the
free volume ratio in aged bitumen and create more spatial volume
for further diffusion of rejuvenator molecules [27]. The aromatic-
oil rejuvenator exhibits the lowest diffusion coefficient D value in
the whole diffusion temperature region. Polar aromatic rings
strongly reduce the molecular mobility of aromatic-oil molecules.
In the meantime, the energetical intermolecular interaction
between aromatic-oil and aged bitumen molecules would hinder
its deep penetration.

In addition, the D values of bio-oil and engine-oil rejuvenators
are more significant than the naphthenic-oil. This is because the
high molecular weight characteristic of the naphthenic-oil mole-
cule negatively affects its molecular mobility. Interestingly, the
comparison results regarding the diffusion coefficient values of
bio-oil and engine-oil rejuvenators depend on the diffusion tem-
perature. At low temperatures (25℃ and 60℃), the engine-oil reju-
venator displays higher D values than the bio-oil, while the latter
shows the largest diffusion coefficient at high temperatures (120-
200℃). The diffusion process of rejuvenator molecules in the aged



Fig. 13. Correlation curves between different rheological indices at 20℃ and 0.1 rad/s with rejuvenator dosage.
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bitumen layer is complicated. Meanwhile, the diffusion rate is
associated with the molecular mobility of rejuvenator molecules
and the intermolecular interaction with aged bitumen molecules.
At low temperatures, a polar ester functional group in bio-oil mole-
cules improves the intermolecular interaction with aged bitumen
molecules, which blocks the diffusion potential of bio-oil mole-
cules due to insufficient molecular mobility. As a result, the inter-
molecular interactions between engine-oil and aged bitumen
molecules are much lower than bio-oil, and that’s why the
engine-oil molecules exhibit a higher diffusion coefficient than
the bio-oil at low temperatures. However, bio-oil molecules’
molecular mobility and self-diffusion capacity are more significant
than the engine-oil molecules at high temperatures, as reported in
our previous work [45]. Therefore, the bio-oil rejuvenator shows a
faster diffusion rate than the engine-oil at high temperatures.

It is summarized that the rejuvenator type significantly influ-
ences the diffusion capacity of rejuvenators in aged bitumen. For
instance, the D value of engine-oil molecules in aged bitumen at
60℃ is 1.20, 1.50, and 2.16 times larger than that of bio-oil,
naphthenic-oil, and aromatic-oil rejuvenators. Meanwhile, the D
value of bio-oil rejuvenator at 160℃ is 1.24, 1.37, and 2.18 times
higher than engine-oil, naphthenic-oil, and aromatic-oil molecules.
Compared to bio-oil and engine-oil rejuvenators, a higher blending
temperature is needed for both naphthenic-oil and aromatic-oil to
diffuse and disperse in aged bitumen homogenously. Furthermore,
during the mixing and compaction processes, the bio-oil rejuvena-
tor would diffuse faster than engine-oil due to the high tempera-
ture (>120℃), but the latter would show a higher diffusion
15
capacity than the former when the temperature of recycled asphalt
pavement is lower than 60℃.
5.5. Influence of temperature on D values of different rejuvenators in
aged bitumen

To further explore the influence of temperature on the diffusion
behaviors of various rejuvenators in aged bitumen, the Arrhenius
equation is utilized to describe the relationship between the diffu-
sion coefficient and temperature, which is expressed as follows:

LnD ¼ �Ea

R
� 1
T
þ LnA ð5Þ

where D is the diffusion coefficient, m2/s; T shows the diffusion
temperature, K; R refers to the universal gas constant (8.314 J/-
mol·K�1), Ea and A represent the activation energy (J/mol) and
pre-exponential factor (m2/s). It is worth noting that the Ea param-
eter is related to the critical energy for rejuvenator molecules to
diffuse into aged bitumen layer, while the A parameter herein
means the maximum diffusion coefficient point of rejuvenator
molecules when the diffusion temperature is to infinity.

Fig. 12 demonstrates the correlation curves between the (LnD)
of four rejuvenators and the (1/T) parameter, and the correspond-
ing fitting equations. The correlation coefficient R2 values are all
higher than 0.90, indicating that the Arrhenius formula could fit
the LnD-1/T curves of all rejuvenators well. Moreover, the LnD val-
ues present a linear relationship with a reciprocal diffusion tem-
perature. It can be found that the D values of four rejuvenators
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exhibit diverse temperature sensitivity. The magnitude of slope
values (Ea/R) for four rejuvenators is BO > AO > EO > NO. It implies
that the diffusion capacity of bio-oil molecules in aged bitumen
presents the highest sensitivity to temperature variation, followed
by aromatic-oil and engine-oil, while the naphthenic-oil shows less
temperature sensitivity. The Ea and A values of four rejuvenators
are listed in Table 6. The order of pre-exponential factor (A) and
activation energy (Ea) values for four rejuvenators is the same as
BO > NO > AO > EO. When the temperature tends to the infinity
point, the diffusion rate of engine-oil molecules is the smallest,
while the bio-oil molecules exhibit the most considerable diffusion
potential. In addition, the activation energy required for engine-oil
molecular diffusion is the lowest, indicating that it is easiest for
engine-oil molecules to have enough molecular mobility to pene-
trate in aged bitumen layer due to its lower molecular weight
and absence of a polar functional group. On the contrary, the Ea
value of bio-oil is higher than that of aromatic-oil and engine-oil
rejuvenators. Although the bio-oil molecule has the smallest
molecular weight and largest molecular mobility, the potential
hydrogen bonds between the ester function group (–COO-) in
bio-oil molecules and hydrogen atoms in bitumen molecules
Fig. 15. Correlation curves between the se

Fig. 14. Correlation curves between the G-R parameter with rejuvenator dosage.
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would hinder the deep diffusion process of bio-oil molecules in
aged bitumen, which agrees well with previous findings [29,52].

6. Experimental validations

6.1. Establishing standard curves of rheological indices

In view of the high similarity in physical and chemical charac-
teristics, it is difficult to distinguish the rejuvenator from an aged
bitumen matrix. In the previous studies [23,24,53], the variation
of rheological indices of aged bitumen layers was measured to
monitor the concentration distribution of rejuvenators in aged
bitumen after different diffusion tests. To this end, the relation-
ships between the rejuvenator dosage and different rheological
indices are determined first in this study. Then, the rejuvenated
bitumen with variable rejuvenator types and dosages are manufac-
tured, and their rheological indicators are shown in Figs. 13-15.

The rheological indices of complex modulus G*, phase angle d,
rutting parameter G*/sind, and fatigue parameter G*sind values of
various rejuvenated binders are displayed in Fig. 13. It is found that
the log(G*), log(G*/sind), and log(G*sind) values of all rejuvenated
bitumen show a linearly decreasing trend as an increment in reju-
venator dosage, while the d values increase gradually. Thus, incor-
porating these four rejuvenators can restore the stiffness,
viscoelastic ratio, rutting resistance, and fatigue resistance proper-
ties of aged bitumen to a virgin level. Nevertheless, the influence of
rejuvenator content on these rheological indices is significantly
dependent on the rejuvenator type and components. When the
rejuvenator dosage is the same, the magnitude of G*, G*/sind, and
G*sind for rejuvenated bitumen with four rejuvenators is the same
as AO > NO > EO > BO. It suggests that the bio-oil rejuvenator exhi-
bits the largest effect on restoring the stiffness, rutting resistance,
and fatigue resistance of aged bitumen. On the contrary, the reju-
venation effect of an aromatic-oil rejuvenator is the smallest as a
result of its considerable molecular weight, polarity, and viscosity.
Further, the rejuvenation efficiency on rheological performance
restoration of engine-oil and naphthenic-oil rejuvenators is in the
middle, and the former is better than the latter.

The variable rates of these rheological indices of rejuvenated
bitumen with four rejuvenators as a function of the rejuvenator
dosage differ dramatically. Based on the absolute slope values in
correlation equations, the order of rejuvenator dosage dependence
level for the G*, G*/sind, and G*sind parameters of rejuvenated
bitumen with four rejuvenators follows BO > EO > NO > AO. Mean-
while, the aromatic-oil rejuvenator shows the strongest influence
rvice life Nf with rejuvenator dosage.



Fig. 16. The G-R (a-d) and G* (e-h) parameters of rejuvenated bitumen versus diffusion time and position.
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on increasing the d values of aged bitumen, followed by the bio-oil
and naphthenic-oil rejuvenators. In contrast, engine-oil rejuve-
nated bitumen displays the lowest d values regardless of the reju-
17
venator dosage. It manifests that an aromatic-oil rejuvenator could
maximally restore the viscoelastic ratio of aged bitumen while the
influence of engine-oil is the weakest.



Fig. 17. The Nf@2.5% (a-d) and Nf@5.0% (e-h) parameters of rejuvenated bitumen versus diffusion time and position.
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Similarly, the correlation curves between the G-R values with
the rejuvenator dosage are illustrated in Fig. 14. It was reported
that the G-R parameter was strongly associated with the cracking
18
potential of bitumen, and a high G-R value represented a lower
cracking resistance. The aged bitumen exhibits the highest G-R
value, which reduces significantly as an increment in rejuvenator



Fig. 18. Comparison of D values from MD outputs and experimental results (a) Bio-oil; (b) Engine-oil; (c) Naphthenic-oil; (d) Aromatic-oil.

Fig. 19. Influence of rejuvenator type on the diffusion coefficient values.
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content no matter the rejuvenator type. It manifests that involving
rejuvenators can distinctly enhance the cracking resistance of aged
bitumen. When the rejuvenator dosage is the same, the order of
four rejuvenators for an improvement effect on G-R values is
BO > EO > NO > AO. Moreover, there is a linear decreasing relation-
ship between the Log (G-R) and C of all rejuvenated binders, and
the rejuvenator type presents a significant influence. The G-R
parameter of bio-oil and aromatic-oil rejuvenated bitumen dis-
plays the most superior and slightest sensitivity to rejuvenator
content, while that of engine-oil and naphthenic-oil rejuvenated
bitumen are similar and in the middle.

Fig. 15 demonstrates the fatigue life Nf at two strain levels of
2.5 % and 5.0 % of rejuvenated binders with variable rejuvenator
dosages. The Nf values of all rejuvenated bitumen increase linearly
as rejuvenator content increases. It means that adding these four
rejuvenators can enhance the fatigue resistance of aged bitumen.
However, the enhancement effect of the aromatic-oil rejuvenator
is limited due to its large molecular weight and viscosity [39,45].
The bio-oil rejuvenated binders show the highest Nf values, fol-
lowed by the engine-oil and naphthenic-oil rejuvenated bitumen.
The influence of rejuvenator content on the Nf values is more sig-
nificant at a lower fatigue strain, which also relies on rejuvenator
components. The correlation equation between the Nf and rejuve-
nator content is utilized to determine the rejuvenator concentra-
tion distribution in various diffusion systems and calculate the
corresponding diffusion coefficient values of different rejuvenators
in aged bitumen.

6.2. Variations of different rheological indices during the diffusion
process of various rejuvenators

The diffused samples are equally divided into four parts, and
each of them is subjected to rheological tests to determine the con-
19
centration distributions of rejuvenators in diffused specimens.
Here only displays the G-R, G*, and Nf values of bitumen specimens
with variable distances and diffusion times, while the results in d,
G*/sind, and G*sind parameters are shown in the ‘‘Supplementary
materials” section.

Fig. 16 demonstrates the G-R and G* values of four rejuvenator-
aged bitumen diffusion systems as a function of diffusion distance
and time. A high distance value denotes that the measured frag-
ment sample is closer to the diffusion interface between the reju-
venator and aged bitumen. From Fig. 16a-d, the G-R values of all



Fig. 20. Molecular configurations of diffusion models with different rejuvenator types and aging degrees at 10 ns (Bio-oil: Yellow; Engine-oil: Red; Naphthenic-oil: Green;
Aromatic-oil: Brown; Bitumen: Black). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

S. Ren, X. Liu, Y. Gao et al. Materials & Design 226 (2023) 111619
rejuvenated binders show a reduction trend as an increment in the
distance. A lower G-R value refers to a higher rejuvenator dosage in
the fragment specimen. It implies that the rejuvenator concentra-
tion in the aged bitumen layer increases gradually as the distance
extends from the bottom end of the aged bitumen to the interface
point. The phenomenon is in good agreement with molecular con-
20
formations observed from MD simulations. Further, it can be seen
that the G-R values at the distance of 70 mm are much lower than
other three data points, indicating that the diffusion behaviors of
rejuvenators mainly occur in the first layer with a 20 mm thickness
adjacent to the interface because of a limited diffusion time. As dif-
fusion time prolongs, the G-R values of diffused specimens at dif-
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ferent positions tend to decrease, denoting that the rejuvenator
penetrates more and deeper in the aged bitumen layer, which is
also consistent with the MD simulation configurations. Meanwhile,
the influence of diffusion time on the concentration variation of the
rejuvenator in the aged bitumen layer is not constant, and it seems
that the diffusion rate of the rejuvenator shows a reduction trend
as the diffusion duration extends. This phenomenon was also
reported in previous research [24].

Fig. 16e-h illustrate the complex modulus (G*) distributions of
diffused samples at different positions with diffusion times vary-
ing. Similar to the G-R parameter, the G* values decrease as the dis-
tance increases. Notably, various rejuvenators exhibit different G*
distributions in diffused specimens. Compared to other rejuvena-
tors, the difference in G* of AO-aged bitumen diffused specimens
at different positions is much more limited. In other words, the
influence of diffusion time on the G* parameter of AO diffusion
in aged bitumen is the smallest. It implies that the diffusion capac-
ity of the aromatic-oil rejuvenator is the lowest. Moreover, the G*
variation as a function of diffusion time for the engine-oil diffusion
system is more significant than the bio-oil and naphthenic-oil
rejuvenators.

Fig. 17 shows the Nf values of different diffused specimens at
2.5 % and 5.0 % strain levels. For all rejuvenators, the diffusion phe-
nomenon mainly occurs at a limited distance (within 20 mm of the
interface) because of insufficient diffusion time. It indicates that
the diffusion rate of rejuvenators in aged bitumen is andante. As
the distance and diffusion time increase, the Nf values of
rejuvenator-aged bitumen diffused specimens enlarge, showing
Fig. 21. Density profiles for rejuvenator molecul

21
that the diffusion degrees of all rejuvenators in aged bitumen
increase with an increment of diffusion duration. However, various
rejuvenators present different diffusion degrees when the diffusion
temperature, position, and time keep constant.
6.3. Comparison of the diffusion coefficient values of rejuvenators

In this study, the diffusion coefficient D values of four rejuvena-
tors in aged bitumen are derived using MATLAB with Eq.2 [54,55].
The measured and predicted D values are plotted together in
Fig. 18 to validate the MD simulation outputs. It can be found that
the measured D values depend on the characterization index type.
For each rejuvenator, the difference in measured D values based on
the rheological parameters of G*, G*/sind, G*sind, Nf2.5, and Nf5.0 is
slight, but the D values based on G-R and d are smaller than others.
Thus, the G-R and d parameters are not appropriate for measuring
the concentration distribution of rejuvenators in aged bitumen
after a diffusion test. However, the magnitude of all measured D
values of four rejuvenators is in the region of 10-11-10-10 m2/s,
which agrees with previous studies [23,25,28,53]. Therefore,
according to the similar D values, one rheological index (such as
G* or Nf) is sufficient to determine the concentration distribution
of rejuvenators in aged bitumen after a diffusion process.

From Fig. 18, the predicted D values of all rejuvenators fromMD
simulations are higher than the experimental results. In detail, the
estimated D values of bio-oil, engine-oil, naphthenic-oil, and
aromatic-oil rejuvenator in aged bitumen are almost 3.4, 2.9, 4.3,
and 5.9 times larger than the corresponding experimental results.
es scaled with zt0.5 in LAB20-aged bitumen.



Fig. 22. Density profiles for rejuvenator molecules scaled with zt0.5 in LAB80-aged bitumen.
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The homogenization of diffusion layers at different positions would
lead to experimental error. Meanwhile, the DSR test and concen-
tration determination based on standard curves would also cause
deviations to some extent. The predicted D values are directly
derived from a density distribution profile of rejuvenator mole-
cules in an aged bitumen model, which may be more accurate by
preventing a concentration conversion procedure. On the other
hand, there are still differences between MD simulation molecular
models of aged bitumen and rejuvenators with their realistic
chemical components and molecular structures.

All D values of four rejuvenators in aged bitumen from MD sim-
ulations and experimental tests are plotted in Fig. 19. The mea-
sured and predicted D values show the same trend for four
rejuvenators as BO > EO > NO > AO. Moreover, it can be seen that
the difference in D values between measured and predicted D val-
ues is dependent on the rejuvenator type. However, there is no
apparent relationship between the measured and predicted D val-
ues for all rejuvenators. The measured D values based on G-R and d
parameters are far from the predicted D values. These four rejuve-
nators show diverse molecular structures, molecular weight and
polarity, and intermolecular interaction with aged bitumen mole-
cules. Therefore, the difference between the measured and pre-
dicted D values is inconsistent for all rejuvenators. It is worth
noting that these rejuvenators in this study come from different
categories, resulting in different degrees of difference between pre-
dicted and measured D values. Given this, it is recommended to
compare the diffusion coefficient D values of various rejuvenators
belonging to the same category (such as bio-oils, engine-oils,
22
naphthenic-oils, or aromatic-oils) and establish a potential rela-
tionship between the predicted and measured D values of different
rejuvenator groups. Afterwards, a more efficient rejuvenator with a
high diffusion capacity could be optimized from a molecular-scale
perspective without any tedious experiment and trial process.

7. Influence of temperature and aging degree on diffusion
behaviors of rejuvenators

According to the similarity in diffusion coefficient values, the
MD simulation outputs are reliable and can accurately predict
the diffusion behaviors of various rejuvenators in aged binders.
The rejuvenator type, aging degree of bitumen, and temperature
are considered in this MD simulation to study the diffusion charac-
teristics of rejuvenator molecules in the aged bitumen model.

7.1. Molecular configurations of different diffusion models

Fig. 20 illustrates the molecular configurations of diffusion
models with different rejuvenator types (BO, EO, NO, and AO)
and aging degrees (LAB20, LAB40, and LAB80) at 60℃ and 160℃.
For all diffusion models, the rejuvenator molecules diffuse deeper
in the aged bitumen at high temperatures, indicating that the
increment of diffusion temperature promotes the blending
between the rejuvenators and aged bitumen. Moreover, the diffu-
sion trends of all the rejuvenators are limited to 60℃. Hence, the
high mixing temperature and sufficient blending time are neces-
sary to obtain a homogenous rejuvenated bitumen. The aging



Fig. 23. Diffusion coefficient of rejuvenators in LAB20-aged bitumen versus temperatures.
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degree of the aged bitumen significantly influences the diffusive
capacity of rejuvenators in aged bitumen. Fewer rejuvenator mole-
cules are observed in the aged bitumen layer when the aged bitu-
men changes from LAB20 to LAB40 and LAB80. It implies that as
the aging degree increases, the penetration of rejuvenator mole-
cules into the aged bitumen matrix is more challenging. This find-
ing agrees well with the previous experimental results [21,49].
Meanwhile, the effect of the aging degree on the diffusive behav-
iors of rejuvenators is more apparent at high temperatures, but
the temperature influence is more significant than the aging
degree variation.

The underlying mechanisms at the molecular scale for the syn-
ergetic effects of temperature and aging degrees are complicated.
As the aging degree increases, both the molecular weight and the
polarity of bitumen molecules enlarge, which significantly
enhances the intermolecular interaction and decreases the free
volume of the aged bitumen model. Thus, it is more difficult for
rejuvenator molecules to diffuse into the aged bitumen matrix.
At the same time, the diffusion behavior between the rejuvenator
and aged bitumen molecules is bidirectional, and the increased
aging level leads to reduced molecular mobility of aged bitumen
molecules. However, the coupled effects of temperature and aging
degree on the diffusive capacity of rejuvenators in aged bitumen
are dependent on the rejuvenator type. It is strongly related to
the molecular structures of rejuvenators and the corresponding
intermolecular interaction with the aged bitumen molecules.

On the one hand, the temperature effects on the molecular
mobility of these rejuvenator molecules are distinctly different
because of the difference in molecular structures. On the other
23
hand, the intermolecular force variations between the rejuvenators
and aged bitumen molecules with different aging degrees are not
the same. As the increase of aging level, the enlarged polarity of
aged bitumen molecules would result in a more vital interaction
with the bio-oil and aromatic-oil molecules with polar functional
groups, but it shows a slight influence on the engine-oil and
naphthenic-oil rejuvenators with less polarity. Nevertheless, it is
not clear the fundamental role of intermolecular force between
the rejuvenator and aged bitumen molecules in the diffusion
behavior of the rejuvenator in a whole system. The solid inter-
molecular force would benefit from absorbing the rejuvenator
molecules from the main rejuvenator phase and enlarging the
blending level between the rejuvenator and aged bitumen. How-
ever, the high intermolecular interaction would result in the pow-
erful adsorption of rejuvenator molecules on the surface of the
aged bitumen and hinder more rejuvenator molecules from diffus-
ing deeply into the aged bitumen layer. Here mainly focuses on the
influence prediction of rejuvenator type, temperature, and aging
degree on the whole diffusion rate of the rejuvenators in aged bitu-
men. More work should be conducted on the underlying mecha-
nism at an atomic level in the future.

7.2. Density profiles for rejuvenator molecules in different aged binders

Figs. 21 and 22 illustrate the mass density distributions of dif-
ferent rejuvenators in LAB20-aged and LAB80-aged bitumen,
respectively. The increment in diffusion temperature results in a
high diffusion level of the rejuvenator in the aged bitumen model.
When the temperature and aging degree keep constant, various



Fig. 24. Diffusion coefficient of rejuvenators in LAB80-aged bitumen versus temperatures.
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rejuvenators exhibit different diffusion trends. The mass density of
bio-oil molecules in the aged bitumen is the maximum, followed
by the engine-oil and naphthenic-oil, while the minimum amount
of aromatic-oil rejuvenator diffuses in the aged bitumen. Generally,
the aged bitumen from nonidentical RAP resources shows different
aging degrees and chemo-mechanical characteristics. Thus, com-
paring the relative concentrations of four rejuvenators in disparate
RAP materials with various aged bitumen is interesting. Compared
to LAB20-aged bitumen, the mass density of rejuvenator molecules
in LAB80-aged bitumen is lower.

On the contrary, the rejuvenator concentration in the pure reju-
venator layer of these diffusion models containing LAB80-aged
bitumen is much larger than that in LAB20-aged bitumen models.
Therefore, it implies that the diffusion capacity of rejuvenators in
the aged bitumen shows a reduction trend as the aging degree of
aged bitumen increases. However, the mass density values of all
the rejuvenators in LAB80-aged bitumen at 160℃ are higher than
that in LAB20-aged bitumen at 25 and 60℃. Therefore, it is con-
cluded that the effect of temperature on the diffusion capacity of
the rejuvenator in the aged bitumen is more significant than the
aging degree. A high blending temperature is necessary to ensure
sufficient rejuvenator diffusion in severely-aged bitumen within
a limited mixing duration.
7.3. Diffusion coefficient of rejuvenator molecules in different aged
binders

To further quantitatively assess the coupling effects of rejuve-
nator type, temperature, and aging degree on the interfacial dif-
fusive behaviors of rejuvenator-aged bitumen systems, the
24
values of diffusion coefficient D of four rejuvenators in LAB20-
aged and LAB80-aged bitumen at variable temperatures of 25,
60, 120, and 160℃ are displayed in Figs. 23 and 24. Overall,
the D values of all diffusion systems show an increasing trend
with the temperature increasing. Moreover, the magnitude of D
values for four rejuvenators is the same as
BO > EO > NO > AO at high temperatures of 120 and 160℃,
regardless of the aging level of bitumen. However, this order is
variable at low temperatures, which is also affected by the aging
degree of bitumen. At both 25 and 60℃, for LAB20 and LAB40-
aged bitumen, the engine-oil shows a higher D value than the
bio-oil, followed by naphthenic-oil and aromatic-oil. The molec-
ular mobility of both bio-oil and engine-oil is similar and limited
at low temperatures [39,45]. However, the intermolecular forces
between bio-oil and aged bitumen molecules are more substan-
tial than the engine-oil, which would result in the interface
adsorption of bio-oil, reduce the free volume in the aged bitu-
men surface, and thus prevent the deep diffusion of rejuvenator
molecules into the aged bitumen matrix.

In addition, it is worth noting that the magnitude in D values for
four rejuvenators in LAB80-aged bitumen differs from that in
LAB20 and LAB40-aged binders at low temperatures of 25 and
60℃. The bio-oil and aromatic-oil molecules exhibit higher D val-
ues than the engine-oil and naphthenic-oil in severely-aged bitu-
men. In contrast, the aromatic-oil rejuvenator shows the smallest
D values in slight-and-middle aged bitumen within the whole tem-
perature range. It indicates that the aging degree of aged bitumen
plays an essential role in affecting the diffusion behaviors of reju-
venators, especially for the aromatic-oil molecules with high polar-
ity. The polarity in aged bitumen remarkably increases with the
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increment in aging level, which enlarges the intermolecular inter-
action between the polar rejuvenators (aromatic-oil and bio-oil)
and aged bitumen molecules. Afterward, the enhancement in the
internal attraction force is beneficial to accelerate the diffusion
behaviors of rejuvenator molecules from the rejuvenator phase to
an aged bitumen matrix.

Fig. 25 demonstrates the significant influence of aging level on
the D parameters of rejuvenators at various temperatures. As the
aging degree of aged bitumen deepens, the D values of bio-oil,
engine-oil, and naphthenic-oil molecules decrease, while the
aromatic-oil exhibits an opposite behavior. For non-polar
(engine-oil) and low-polar rejuvenators (naphthenic-oil), the
increased aging level has little effect on their intermolecular force
with aged bitumen molecules, but the reduction of free volume in
aged bitumen presents a significantly negative influence on their
diffusion behaviors. On the other hand, the D values of aromatic-
oil molecules in aged bitumen rise gradually with the increment
in aging level, indicating that the aromatic-oil rejuvenator diffuses
faster in aged bitumen with a higher aging degree. Although bitu-
men aging reduces its free volume fraction, the enlarged polarity of
bitumen molecules enhances the intermolecular interaction
between the polar rejuvenator and aged bitumen molecules. That’s
why the aging level positively affects the diffusive capacity of the
aromatic-oil rejuvenator. It should be mentioned that the adverse
influence of aging level on the free volume fraction in the
aromatic-oil diffusion model still exists, but the effect of enlarged
intermolecular force on the diffusion rate is more significant than
the reduced free volume factor. However, the D value of the
Fig. 25. Influence of aging level on the D values o

25
aromatic-oil rejuvenator at 160℃ decreases with the aging level
changes from LAB40 to LAB80. It means that the positive role of
aging level on the diffusive capacity of aromatic-oil molecules
due to the enhanced intermolecular force mainly occurs at low
temperatures, and its adverse impacts on free volume fraction
and diffusion coefficient value become more apparent as the tem-
perature rises.

For bio-oil molecules, the aging level mainly adversely affects
their diffusion behavior because of the reduction of free volume
reduction. However, the D value at 25℃ increases as the aging level
changes from LAB40 to LAB80, indicating that the high aging
degree improves the diffusive rate of bio-oil molecules in aged
bitumen at low temperatures. Furthermore, there is a polar ester
(O-C@O) functional group in the molecular structure of bio-oil,
and the enlarged intermolecular force between the bio-oil and
aged bitumen molecules at 25℃ contributes more to improving
its diffusion behavior than the negative effect of reduced free vol-
ume fraction. Lastly, it can be found that the aging level on the D
parameters of rejuvenators in aged bitumen is also affected by
the temperature and rejuvenator type. According to the downward
or upward trend, the effects of the aging level on the D values of all
rejuvenators are more significant at high temperatures. In addition,
the influence level of the aging degree on D values of aromatic-oil
molecules at low temperatures (25 and 60℃) is the maximum. At
120 and 160℃, the aging level shows a similar and most robust
effect on D values of bio-oil and engine-oil, followed by the
naphthenic-oil case, while this influence on aromatic-oil diffusion
is the smallest.
f four rejuvenators at different temperatures.
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8. Conclusions and recommendations

8.1. Main conclusions

This study aims to observe the diffusion behaviors of four
commonly-used rejuvenators in aged bitumen at an atomic level
andpredict their diffusiveparameters at various temperatures using
the MD simulation method. Moreover, the experimental diffusion
method and rheological characterizations are conducted to validate
the simulation outputs. Further, the synergetic effects of rejuvenator
type, aging level of bitumen, and temperature on thediffusive capac-
ity of the rejuvenator-aged bitumen interfacial model are explored
and discussed. Some main findings are listed as follows:

(1) At an atomic scale, the mutual but partial interfacial diffu-
sion behaviors between the rejuvenators and the aged bitumen
molecules are observed. Meanwhile, high temperature and long
diffusion time promote the diffusion level of all rejuvenators in
the aged bitumen.

(2) Fick’s Second Law well fits the concentration distribution of
rejuvenator molecules in the aged bitumen matrix during various
diffusion processes. Moreover, the diffusion coefficient D of four
rejuvenators varies from10-11 to 10-10m2/s,which stronglydepends
on the rejuvenator type, temperature, and bitumen aging levels.

(3) In most cases, the order for the diffusive capacity of four
rejuvenators is BO > EO > NO > AO. However, the engine-oil dis-
plays a higher D value than the bio-oil at low temperatures (25
and 60 ℃), which may be related to the hindering influence of
strong surface adsorption between the polar bio-oil and aged bitu-
men molecules at low temperatures. In addition, the diffusion
behavior of bio-oil in the aged bitumen presents a higher temper-
ature sensitivity than the other three rejuvenators.

(4) The experimental results in both the magnitude and order of
D parameters agree well with the MD simulation outputs, but the
predicted D values at 160℃ of all rejuvenators are about 3–6 times
larger than the measured values. Moreover, one rheological index
(G* or Nf, but no G-R and d parameters) is sufficient to determine
the concentration distribution of the rejuvenator in the aged bitu-
men after a diffusion process.

(5) The increased aging degree exhibits a negative effect on the
diffusion capacity of bio-oil, engine-oil, and naphthenic-oil rejuve-
nators in the aged bitumen, but the D value of an aromatic-oil
molecule increases as the aging level deepens. The underlying
mechanism may be composed of free volume fraction in the aged
bitumen matrix and the intermolecular force between rejuvenator
and aged bitumen molecules, which differs remarkably for various
rejuvenators.

(6) The influence of the aging level on the temperature sensitiv-
ity of aromatic-oil diffusion behavior is the highest, followed by
bio-oil, which is insignificant to the engine-oil and naphthenic-
oil rejuvenators.

8.2. Recommendations for future research

This study verifies the possibility of MD simulation in predicting
the diffusion capacity of different rejuvenators in the aged bitu-
men, considering the influence of rejuvenator types, temperatures,
and aging degrees of bitumen. Furthermore, it would help us fun-
damentally understand the diffusion phenomenon of various
rejuvenator-aged bitumen interface models at an atomic level.
On the basis of the study’s results, some recommendations are
mentioned herein for future research.

� The molecular models of rejuvenators and aged bitumen should
be further optimized according to their chemical characteristics
to enhance the accuracy of MD simulation outputs.
26
� The diffusive parameters of rejuvenators can be measured from
a low film thickness of the aged bitumen extracted from RAP
collected from the field. In addition, the diffusion behaviors of
rejuvenators in an aged-virgin bitumen double layer should
be further investigated.

� The experimental validation work on the influence of tempera-
ture and bitumen aging level on the diffusion coefficient of reju-
venators can be performed.

� The potential connections between predicted and measured dif-
fusive parameters of different rejuvenator-aged bitumen sys-
tems should be established for molecular-scale optimization
of rejuvenators with a sufficient diffusion capacity.
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