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ABSTRACT

Wetting is the first step during the mix process between rejuvenator and bitumen, which
is important for mix efficiency and performance recovery. The wetting of bio-rejuvenator
nanodroplets on bitumen was investigated by molecular dynamics (MD) simulations in this
research. The bitumen molecule model and bio-rejuvenator nanodroplets were firstly built,
then bio-rejuvenator nanodroplets/bitumen interface wetting model were assembled and
constructed. Different simulated temperatures were applied to reach equilibrium in the wetting
process. Dynamic wetting phenomenon, contact angle of nanodroplets, dynamic movement of
nanodroplets, interaction between nanodroplets and bitumen, and hysteresis of contact angle
were characterized respectively. The results show that the bio-rejuvenator nanodroplets will
first approach the bitumen quickly, and then slow down to an equilibrium state in the wetting
process, which delayed 1 ns with energy equilibrium independently. Its contact angle would
decrease crossing 90 degrees with time, the equilibrium contact angle of which varies linearly
with simulated temperature. The time of nanodroplets reaching partial wetting state decreased
with the increment of temperature, but complete wetting state was hard to reach even if the
temperature was 433 K. During the nanodroplets movement, contact linear velocity of
precursor film and cosine of contact angle was linearly related after nanodroplets and bitumen
had caught each other. It was also found that the increasing mix degree was supported by the
combination of wetting and infiltration before 373 K and by wetting mainly after 373 K. Finally,

the application of external force on bio-rejuvenator nanodroplets will cause hysteresis
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phenomenon and it can be weakened by higher temperature.

Key words: Wetting, Rejuvenator, Nanodroplets, MD, Bitumen

1 Introduction

Highway transportation, widely considered as one of the most important parts of the
transportation system, is occupying the vital position in the whole transportation industry. Due
to the outstanding characteristics of asphalt concrete for service which includes comfort driving,
low noise, superior skid resistance, simplicity of maintenance, more than 90% of roads in
Europe are constructed with asphalt concrete (Yang et al., 2023; Zhao et al., 2024; Hu et al., 2022),
where it supports 80% of passenger transportation and 70% of inland cargo transportation
(European Commission. Directorate General for Regional and Urban Policy., 2022; European
Union Road Federation (ERF), 2014). In China, there are also over 1.2 million kilometers of
asphalt concrete pavement to maintain the transportation system (Xu et al., 2022b). With the
globalization of trade and economic recovery in the recent years, additional road infrastructure
will be needed to undertake the transportation tasks, especially the pavement. According to the
official report by the Ministry of Transport of the People’s Republic of China, the road length
for transportation has increased over 10% during the past five years in China (Ministry of
Transport of the People’s Republic of China, 2023). However, since the pavement was built, it
will be exposed to the aging of heavy sunshine, moist weather and continuous loading (Li et
al., 2020; Xu et al., 2022a; Zou et al., 2021). The occurrence of aging will oxidize and harden the
bitumen and then result in various deterioration in the pavement such as raveling, cracking,
and rutting (Cui et al., 2021). Unfortunately, bitumen materials can’t recover to the original
state spontaneously (Yang et al., 2022a). If the aging asphalt concrete can’t be regenerated, the
pavement that exceeds the service life will become unsolvable waste, which not only wastes a
lot of resources but also causes incalculable damage to the environment (Yang et al., 2022b).
Therefore, the application of rejuvenator materials for performance recovery of bitumen has
become the appropriate determination for the pavement engineering.

Rejuvenator is the material that can soft bitumen, recover the properties of bitumen and

even connect the broken bonds (Cao et al., 2020). Currently, countless rejuvenators are mainly
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composed of bio-oil (including sunflower oil, palm oil), waste oil (like cooking oil and engine
oil), petroleum-based product, and even soft bitumen (Rathore et al., 2022; Zhao et al., 2022).
As shown in Figure 1, the rejuvenators have been widely applied in pavement engineering of
researches and practical projects. The most commonly application of rejuvenators in pavement
engineering is the recycling projects of reclaimed asphalt pavement (RAP) (Ziari et al., 2022).
The rejuvenators will be always added into asphalt mixture directly during the mixing process
to mix with the aging bitumen. The fusion will be continuing during the paving process until
it returns to normal temperature. Rejuvenators are also used in maintenance projects widely
like fog seal wheret the rejuvenators is mixed with the aging bitumen on the pavement by
spraying (Cui et al., 2019; Tian et al., 2021). It requires high permeability of rejuvenators to
penetrate into bitumen and asphalt concrete pavement. Furthermore, some in-situ regeneration
technologies have been developed in the recent years. The rejuvenators would be encapsulated
in the capsule and fibers (Shu et al., 2020; Yu et al., 2022; Zhang et al., 2019). Once stress at the
crack tip or repeated load is applied to the encapsulation, the rejuvenators will be released, and
filled the crack to diffuse on the bitumen. Apart from the release of rejuvenators by force
induced at ordinary temperature, it can also be released by the temperature changing (Wan et
al., 2022). The conductive materials are added into the encapsulation material for generating
heat under the electric and magnetic fields (Tabakovi¢ et al., 2022; Wan et al., 2021). The heat
will induce the encapsulation material to shrink or crack to release the rejuvenators (X. Wang
et al., 2018). Meanwhile, the release mechanism of rejuvenators in the combination of induction
heating technology and encapsulation method is similar (Xu et al., 2021). Numerous kinds and
application scenarios of rejuvenators make the reasonably selection of rejuvenators so difficult.
It is the basis of reasonable selection of rejuvenators to clarify the action mechanism between
rejuvenators and bitumen. Correspondingly, the researches on the mixing process of

rejuvenators and bitumen become popular and attractive.
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Figure 1. The commonly application rejuvenators in pavement engineering

The mixing process of rejuvenators and bitumen can be commonly divided into wetting,
diffusion, and fusion accompanied with infiltration. Karlsson et al. have used Fourier transform
infrared spectroscopy by attenuated total reflectance (FTIR-ATR) and dynamic shear rheometer
(DSR) to investigate diffusion of rejuvenators on bitumen and the result indicates the rates of
diffusion detected by the DSR are of the same magnitude (Karlsson et al., 2007; Karlsson and
Isacsson, 2003). Su et al. have also used FTIR-ATR method to evaluat diffusion behaviors of
microencapsulated rejuvenator in aged bitumen (Su et al., 2016). Wang et al. have studied on
the diffusion between rejuvenator and aged asphalt, and proposed three indexes to
comparatively analyze the diffusion rate of different rejuvenators on aged asphalt effectively
(Z. Wang et al., 2018). Xiao et al. have established a fast and visible detecting methods to
characterize the diffusion process of rejuvenator oil in aged asphalt binder by image
thresholding and GC-MS tracer analysis (Xiao et al., 2017). Li et al. have evaluated the diffusion
efficiency of the rejuvenator and proved the benefits of higher temperature and longer time (Li
Haibin et al., 2021). Fang et al. have investigated wetting behavior of four rejuvenators and
their influencing factors of rejuvenator/old asphalt interface and found that wettability was
affected by the interaction of temperature, surface tension, contact angle, viscosity and aging
degree of bitumen in RAP (Fang et al., 2022). Molecular dynamic (MD) simulation was also
widely used in the interaction between rejuvenators and bitumen, and the wetting
phenomenon between liquid and matrix. Ding et al. have used the free volume theory to predict
of the rejuvenator diffusion coefficient in aged bitumen (Ding et al., 2022). Xu and Zhang have
explored the fusion and diffusion behaviors of rejuvenator in aged asphalt by molecular

dynamics simulation (Xu et al., 2019; Zhan et al., 2022). Wang et al. have selected waste cooking
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oil, waste vegetable oil and waste engine oil as the rejuvenators to investigate the diffusion and
fusion of virgin and aged asphalt generates the weak interface under stress concentration
(Wang et al.,, 2022). However, it can be found that the previous researches focused on the
diffusion and fusion process of the mix of rejuvenators and bitumen, while little attention was
paid to the wetting process.

Therefore, for the research gap that the wetting process between rejuvenators and bitumen
is still not known, the main objectives of this research were to investigate the dynamic wetting
process of rejuvenators on the bitumen by molecular dynamics simulation. The bitumen model
and bio-rejuvernator model (linoleic acid, CisH»O2) were built firstly. Then bio-
rejuvenator/bitumen interface wetting model were constructed, and different simulated
temperatures were applied to reach equilibrium in the wetting process. The wetting process
would be characterized by geometric trajectory and energy evaluation firstly. The contact
angles of the nanodroplets were analyzed to evaluate the wetting statement. Then wetting
dynamics of nanodroplets were quantified by atom number density and contact line velocity.
Diffusion coefficient, adhesion work and infiltration work were also calculated. Finally, the

hysteresis of contact angles by external force and temperature were analyzed.

2 Molecular dynamic simulation models
2.1 Bitumen model

Bitumen is the by-product of the crude oil refining industry, which is produced by the
separation of light fractions from heavy crude oil. The process would make that bitumen is the
typical hydrocarbon mixture that consists of a variety of functional groups and atoms such as
oxygen, nitrogen, and sulfur. Consequently, it is so hard to provide a detailed explanation of
components and structures of bitumen. Based on the different molecular sizes and solubility of
the frictions, bitumen can be classified into four components (asphaltene, saturate, aromatic,
and resin) that can be represented by one or more molecules to form the molecular model for
bitumen. As shown in the Table 1, there are 12 components in the AAA-1 bitumen model held
by Li and Greenfield and it is one of the most advanced and widely accepted asphalt models
in the field of asphalt molecular simulation (Li and Greenfield, 2014; Xu et al., 2023). Compared

with previous models, the 12-molecule bitumen model is more recognized for the reason that
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it is highly consistent with real bitumen in physical and chemical properties (Jennings and
National Research Council, 1993; You et al., 2020). Therefore, the AAA-1 bitumen model was
selected in this research, and Table 1 lists the parameters of represented components in detail.

Materials studio software was used for the model establishment and thermodynamic
properties calculation for the bitumen model. 12-components molecules models for bitumen
were built in 3D Atomistic tools. Condensed-phase optimized molecular potentials for
atomistic simulation studies (COMPASS) was selected as the force field in this research, which
can predict and calculate the structure and thermophysical properties of common inorganic
and organic system over a large temperature and pressure range. The model was constructed
with the following step: Firstly, the model was constructed by Amorphous Cell tools with an
initial density of 0.1 g/cm? under the three-dimensional cycle condition in accordance with the
proportion shown in Table 1. The geometric optimization with 5000 iterations was followed to
eliminate unreasonable configurations in the model, leveling off the energy of the molecule to
reach minimum energy. Then, Forcite tools was used to reach dynamic equilibrium for the
stable structure and density, where a canonical ensemble (NVT, constant molecule number,
model volume, and temperature) with 298 K, 1 fs time step for 100 ps and an isothermal-
isobaric ensemble (NPT, constant atomic number, pressure, and temperature) with 298 K and
1.0 atm were conducted successively. The temperature and pressure of the block were
controlled by Andersen barostat and Nose-Hoover-Langevin thermostat. Moreover, the Ewald
with the accuracy of 0.001 kcal/mol and Atom-based with the cutoff distance of 15.5 A are
assigned as the Electrostatic and van der Waals summation method. Finally, the models have
been established for further performance prediction and analysis in terms of thermodynamics
parameters, structural characteristics, and dynamic behaviors. The rationality and reality of

this model have been proved in our previous studies (Zou et al., 2024).

Table 1. Molecule compositions of bitumen and SARA frictions

Molecule Chemical formula Bitumen
Squalene CsoHs2
Saturate
Hopane CssHse2
PHPN CasHus 11 .
Aromatic

DOCHN C30Has 13
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Quinolinohopane CaoHsoN

Thioisorenieratane CaoHeoS
Benzobisbenzothiophene CisH1S2 15 Resin
Pyridinohopane CseHs7N 4
Trimethylbenzeneoxane C29H500 5
Phenol CaeHs50 3
Pyrrole CesHsiN 2 Asphaltene
Thiophene CsiHe2S 3

2.2 Bio-rejuvenator nanodroplets model

Linoleic acid (CisHs202), a polyunsaturated omega-6 fatty acid, was determined as the
component of nanodroplets, which was proved as the main component with the highest
measured content of bio-rejuvenator in the previous studies. Materials studio software was also
used for the model establishment of bio-rejuvenator nanodroplets. The establishment steps of
nanodroplets are shown in Figure 2, which is similar to that of bitumen model: Firstly, molecule
chains of (HOOC(CH2)>CH=CHCHCH=CH(CH)+CHs) was modeled in the 3D Atomistic tools.
The geometric optimization with 5000 iterations was conducted to level off the energy and
obtain the reasonable model. Then, a cubic model was constructed by Amorphous Cell tools
with the real density of 0.900 g/cm?. The geometric optimization was conducted on the model.
A canonical ensemble (NVT, constant molecule number, model volume, and temperature) with
298 K, 1 fs time step for 100 ps was followed to release the structure. Finally, the nanodroplets
with 25 A radius was obtained with nanocluster tool. Andersen barostat and Nose-Hoover-
Langevin thermostat was used to control temporary and pressure. The Ewald with the accuracy
of 0.001 kcal/mol and Atom-based with the cutoff distance of 15.5 A are determined for

Electrostatic and van der Waals summation method.

&‘_ ¢ s o 4 ‘
C ¢ < Amorphous % ol 3 Ggorpetr_y
Geometry Cell tools | s | Optimization
Optimization - 3 -
X2 s
< b { Lt . 5
& % \‘V"

Figure 2. Bio-rejuvenator nanodroplets models
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2.3 Bio-rejuvenator/bitumen interface wetting model

Before the combination of bitumen and nanodroplets, the lattice parameters of bitumen
model were increased by 5 and 4 times in the X and Y directions respectively through Supercell
tools. The bio-rejuvenator/bitumen interface wetting model was constructed by placing the
nanodroplets on the center of bitumen surfaces with an interval of about 5 A. Meanwhile, a 100
A vacuum layer was set in the Z direction to prevent the influence of periodic structure. As

shown in Figure 3, the model was eventually obtained.

4
S
v

Bio-
rejuvenator
nanodroplets

Figure 3. Schematic diagram of bio-rejuvenator nanodroplets/bitumen interface wetting

model

3 Molecular dynamic simulation details

In this study, a classical molecular dynamics code: the large-scale atomic/molecular
massively parallel simulator (LAMMPS) was used to perform the simulation. Scripts were used
to import the interface models of bitumen and corrosion products in Materials studio software
to LAMMPS and the chosen polymer consistent force field (PCFF) for simulation which has
been validated to describe the organic, inorganic, and organic-inorganic interface systems. The
force field is an empirical expression of the potential energy surface, and the total energy of the
molecules is the sum of kinetic energy and potential energy. Moreover, the total potential
energy is composed of bond angle bending potential energy, bond stretching potential energy,
dihedral angle twisting potential energy, off-plane vibration potential energy, Waals potential

energy and Coulomb electrostatic potential energy, shown in Equations (1).
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where Ejgtential 1S the total energy; Y. oss E(b,6,p) represents the cross term potential
energy; Ynond Ep(b) is the bond stretching potential energy; Y.iorsion Ep(@) is the dihedral
angle twisting potential energy; Xange Eg(6) is the bond angle potential energy;
Yinversion Ex(x) is the off-plane vibration potential energy; E,, is the Coulomb electrostatic
potential energy and E, 4, isthe Waals potential energy. The interaction between bitumen and
corrosion products can be described by the 6/9 Lennard—Jones potential, as shown in Equations

(2)-(3). The L] 9-6 and Coulombic interactions are truncated to 10 A and 8 A.

94

Ege = T (2)

i>j

ij ij

where ¢q; and q; are the charges of atomic i and j; 7;; is the distance of atomic i and j
and g;; is the well depth of atomic i and j, respectively.

Each simulation consists primarily of the following steps: (1) Energy minimization was
used to remove any potential energy excess that existed in the initial configuration. (2) The bio-
rejuvenator/bitumen interface wetting model was then relaxed by NVT ensemble for 2 ns. 293
K, 333 K, 373 K, 408 K and 433 K were selected as the simulation temperature, which was
corresponding to the original temperature, rutting temperature, induction heating temperature,
paving temperature and mixing temperature. Simultaneously, the below 15 A thickness of

bitumen layer in each model was fixed in order to speed up calculation.

4 Results and Discussions
4.1 Phenomenon of dynamic wetting

In this MD simulation, the wettability of bio-rejuvenator nanodroplets on the bitumen
surface of different simulated temperature with time were simulated. Figure 4 shows the
snapshots of bio-rejuvenator nanodroplets on the bitumen at different simulated temperature
with time in the wetting process. In the figure, the red parts represent the bio-rejuvenator

nanodroplets and the blue part represent the bitumen. It can be found that the shape of
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nanodroplets weren’t same with each other at different simulated temperature, which was
caused by the reason that different temperatures were used in velocity initialization of the bio-
rejuvenator nanodroplets. The nanodroplets with higher simulated temperature of velocity
initialization would show large expansion and loose structure at 0 ns. During the dynamic
spreading in the simulation, the nanodroplets would move to downward and get close to the
bitumen surface firstly. When the nanodroplets got touch with bitumen, they would capture
each other, and then the nanodroplets would extend dynamically on the surface of bitumen.
However, the spreading rate of bio-rejuvenator nanodroplets on the bitumen were significantly
different. It can also be found that the dynamic spreading of bio-rejuvenator nanodroplets on
the bitumen would reach the equilibrium after 1.2 ns. The spreading of bio-rejuvenator
nanodroplets would be faster and more flattened at high simulated temperature environment.
Moreover, some molecules of bitumen and bio-rejuvenator nanodroplets would separate from
the matrix, which wasn’t shown in the Figure 4. It was caused by the large interaction and
wouldn’t affect the spreading process between bitumen and bio-rejuvenator nanodroplets. In
the equilibrium stage, the contact angles of bio-rejuvenator nanodroplets with higher simulated
temperature were less than that with lower simulated temperature, and they were all less than
90 degrees. It indicates that the spreading of bio-rejuvenator nanodroplets on the bitumen

surface can happen spontaneously.

s soviiom Wil ssiing weiden iiinn

RN RIS SRR A GBS, WHCASDS

0Ons 0.4 ns 0.8 ns 1.2ns 1.6 ns 20ns

333K

373K

408 K

Figure 4. Wetting process of bio-rejuvenator nanodroplets on the bitumen at different

temperature: Red (bio-rejuvenator nanodroplets), Blue (bitumen)
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Trajectories of the bio-rejuvenator nanodroplets centroid were used to track the movement
of the nanodroplets during the wetting process. Figure 5 shows the trajectories of the bio-
rejuvenator nanodroplets centroid with simulated time in the Z coordinate. The trajectories of
the bio-rejuvenator nanodroplets centroid at different simulated temperature were similar to
each other. The curves can be divided into three stages: Rapidly descent stage, slowly descent
stage and dynamic equilibrium stage. It can be found that the bio-rejuvenator nanodroplets
would get close to the surface of bitumen rapidly while the stage would last for a very short
time compared with the whole simulation, and the time was around 100 ps. Then slowly
descent stage was followed when the velocity of descent would decease gradually with time
until it reached a relatively fixed value. The time would last for a long time which was around
1 ns. The final was dynamic equilibrium stage where the bio-rejuvenator nanodroplets would
either continue to descent at a very slow velocity or fluctuate slowly, which was related to the
simulated temperature. It can be found that the velocity of bio-rejuvenator nanodroplets at high
temperature (373 K, 408 K and 433 K) was similar to that at low temperature (293 K and 333 K)
at rapidly descent stage but obviously larger than that at slowly descent stage. It was consistent
with the more flattened shape of bio-rejuvenator nanodroplets at high temperature. Moreover,
the centroid position of bio-rejuvenator nanodroplets at high temperature at dynamic
equilibrium stage was found unstable. It was caused by the reason that the bitumen and bio-
rejuvenator nanodroplets in the temperatures had reached the flowing statement which would
intensify the dynamic spreading. Especially bio-rejuvenator nanodroplets at 433 K has the most

violent fluctuations and there was even a tendency to continue to spread rapidly.
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Figure 5. Trajectories of the bio-rejuvenator nanodroplets centroid with simulated time

Total energy (sum of kinetic energy and potential energy) of bio-rejuvenator
nanodroplets/bitumen interface wetting model changing with simulated time was obtained to
quantify the energy changing of the system during the wetting process. The convergence of
total energies of bio-rejuvenator nanodroplets/bitumen interface wetting model with simulated
time is shown in the Figure 6. The initial total energy of the models were different due to the
different temperature used in velocity initialization. After a geometry optimization process, the
bio-rejuvenator nanodroplets/bitumen interface wetting model can achieve the energy
equilibrium with the dynamics equilibration with NVT ensemble for 500 ps. The extra 1.5 ns
simulation with NVT ensemble can be used for the subsequent trajectory analysis and
calculations. It is clearly that the total energy of the systems was all increased when simulated
temperature was raised. It was supported by the increment of potential energy and kinetic
energy individually. This is mostly due to the fact that the heat energy in the system is
constantly transformed into internal energy as the temperature rises, increasing the internal
energy. The kinetic energy of the systems was similar and would be increased gradually by the
increased temperature, which was related to the intensified irregular movements of molecules
in the system. Moreover, the energy fluctuation of the system at high temperature was
obviously severe, which was also influenced by the intensified irregular movements of

molecules. It can also be observed that the time of the models to reach the equilibrium state
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was similar, but higher temperature would still make the time slightly shorter. Difference
between initial value and equilibrium value of total energy would incease with the increment
of temperature. It indicates that the models at high temperature should be more difficult to
achieve equilibrium theoretically, but its equilibrium efficiency was higher in fact. Furthermore,
it can be also concluded that the equilibrium of energy cannot fully represent the equilibrium
of molecular movement. After the total energy has reached the equilibrium around 500 ps, the
molecular movement of bio-rejuvenator nanodroplets and bitumen were still severe, which led
to the continuous downtrend movement of bio-rejuvenator nanodroplets and the changing of
contact angle.
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Figure 6. The convergence of total energies of bio-rejuvenator nanodroplets/bitumen interface

wetting model with simulated time

4.2 Analysis of contact angles

The changes in the morphology and spreading behaviors of bio-rejuvenator nanodroplets
reflect variances in wettability, which was analyzed by the calculation of contact angle based
on the bio-rejuvenator nanodroplets shape. The contours can be obtained from the frame by
circular fitting of the profiles through the least square method, and the circle can be fitted by
Equation (5) and the contact angle can be calculated by Equation (6) and (7). Frames within +
10 ps at the selected time point with the interval of 1 ps were used to obtain the contact angle

to ensure the accuracy of measurement.
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Where a and b are the X and Z coordinates of the fitted circle's center point, respectively. R
is the radius of fitting circular. 6ti is the contact angle of ti ps. t is the selected time point.
0 is the average value of contact angle within + 10 ps at selected time points, which would be
shown in Figure 7.

Figure 7 show the contact angle between bio-rejuvenator nanodroplets and bitumen in
different temperature with time changing. Similar to Figure 5, the curves of contact angles can
also be divided into three stages shown in Figure 7 (a): Rapidly descent stage, slowly descent
stage and dynamic equilibrium stage. It can be found that contact angles would decrease
rapidly for a short time firstly, which was corresponding to the rapid decent of bio-rejuvenator
nanodroplets. Then the decent velocity would decrease gradually until it reached around a
stable value. It was clearly that higher temperature would make bio-rejuvenator nanodroplets
present a smaller contact angle on the surface of bitumen, indicating the better wettability in
high temperature environment. Moreover, it can be obversed that there is a tendency to
continue to decrease of contact angles of bio-rejuvenator nanodroplets, especially of the lower
temperature. Figure 7 (b) illustrates the changing of equilibrium contact angle with different
simulated temperature. It can be found that the contact angles would increase linearly with the
increment of temperature, and the coefficient of determination R? of 0.9972 indicates the nice
fitting effect of the linear model, which can be used to predict the contact angle at other

temperature.
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Figure 7. Contact angle between bio-rejuvenator nanodroplets and bitumen: (a) Changing of
contact angle with simulated time; (b) Changing of equilibrium contact angle with different

simulated temperature.

Figure 8 shows the wetting statement of bio-rejuvenator nanodroplets on the bitumen. The
contact angle can be used as the index to determine the wetting statement: 1) When 6=0 degree,
it is completely wetting; 2) when 0 <90 degree, it is partially wetting; 3) When 0 =90 degree, it
is the dividing line of wetting or not; 4) When 0 > 90 degree, it will not wetting; 5) When 0 =
180 degree, it is completely non-wetting. With increasing time, the interaction between bio-
rejuvenator nanodroplets and bitumen would be enhanced, leading to a shift from non-wetting
to partial wetting. The interval time of nonwetting and partial wetting was distinct of bio-
rejuvenator nanodroplets at different temperature. It was 0.12 ns, 0.15 ns, 0.16 ns, 0.23 ns and
0.51 ns corresponding to 433 K, 408 K, 373 K, 333 K and 293 K respectively, which indicates that
high temperature makes the transition of nonwetting and partial wetting more rapidly. It can
be found that the bio-rejuvenator nanodroplets at 433 K has nearly spreaded completely with
a contact angle of 0° when simulated time kept going on, but it still can’t reach the complete
wetting statement. Therefore, unlimited increment of temperature had little significance to the
wetting of bio-rejuvenator nanodroplets on bitumen. Conversely, extending time appropriately

may be more beneficial to wetting process.



362
363

364
365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

I'. Nonwetting | | II. Partial wetting | | III. Complete wetting

%433 K A408K “03731( O0333K 0293 K

433 K 408 K 373K 333K 293K

Interval of

I and II (ns) 012 0.15 0.16 0.23 0.51

Interval of

Teel s 2 =< = > =

Time (ns)

Figure 8. Wetting statement of bio-rejuvenator nanodroplets on the bitumen by contact angles

4.3 Wetting dynamics movement of nanodroplets

In the wetting process, the shape of bio-rejuvenator nanodroplets would keep the circular
arc firstly and then some molecules of bio-rejuvenator nanodroplets preferentially form a layer
of film on the bitumen surface, which is called precursor film. To gain insight of this
phenomenon, the number density profiles of bio-rejuvenator nanodroplets atoms of X-Z plane
were calculated. Figure 9 (a)-(e) shows the atom number density profiles of bio-rejuvenator
nanodroplets on bitumen at different simulated temperatures. The white parts are the main
section of bio-rejuvenator nanodroplets, and the red parts are the precursor film of bio-
rejuvenator nanodroplets. The generation of precursor film is caused by the fact that surface of
bio-rejuvenator nanodroplets molecules are more unstable and active than the inside one due
to unsaturated electrostatic and hydrogen bond interactions. As a result of the strong attraction
between the bio-rejuvenator nanodroplets and the bitumen surface, preferential adsorption
would occur and result in the creation of a precursor film. Precursor film is actually the thin
and limited-thickness film that propagates in front of the droplet contact line and governs
wetting behavior, which has been confirmed in numerous researches (A et al., 2020; Benhassine
et al.,, 2011). It was discovered that as time passed, molecules of bio-rejuvenator nanodroplets
gradually spreaded to both sides after the contact with bitumen, while the peak value of the
maximum concentration gradually dropped. The molecules in the main section of bio-

rejuvenator nanodroplets would gradually enter the precursor film and become apart of it,
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which led to the forward moving of precursor film and the increment of thickness of precursor
film. As shown in Figure 9 (f), changing of atom number density of precursor film of bio-
rejuvenator nanodroplets with different simulated temperatures can be described as the liner
relationship. There were more molecules in the precursor film of the models at high
temperature. It also can be observed that the diffusion range of the models at high temperature

would stop changing faster.
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Figure 9. (a)-(e) Atom number density profiles of bio-rejuvenator nanodroplets on bitumen at
different simulated temperatures: (a) 293 K, (b) 333K, (c) 373 K, (d) 408 K and (e) 433 K. (f)
Atom number density of precursor film of bio-rejuvenator nanodroplets at different

simulated temperatures

The contact line velocity was also be investigated in this research, which would be obtained

from the relationship of simulated time and R X sin8 in Equation (5). Commonly, it would be

Po+D1t+pat3+..4ppth
1+p t+pht2+.+ppt™

fitted by a set of ratios of polynomials in the form of R = ). The polynomial

order is varied and the best fit was used in this research of the presented simulations, where an
order n = 2 was successfully. The best fit is determined by the consecutive use of a downhill
simplex method starting with a randomly distributed initial parameter and a Levenberg
Marquardt algorithm with the fitted simplex parameters as starting points. Then, the contact
line speed can be obtained by deriving the fitting formula above. Figure 10 shows the

relationship between the contact line velocity (V) and contact angle at different simulated
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temperature. With the change of time, the trend of contact line velocity decreasing gradually
can be observed. The decrement was different from the previous studied about wetting where
the commonly used Molecular-Kinetic Theory (MKT) linear model was used to describe the
relationship. It can be found that contact line velocity of the models at 293 K, 333 K and 373 K
were changing with time linearly, while that at 408 K and 433 K first non-linearly decreased
and then linearly decreased. At the beginning of wetting, the bio-rejuvenator nanodroplets and
bitumen were still catching each other, which was greatly influenced by the temperature.
Moreover, the bio-rejuvenator nanodroplets at high temperature possessed faster contact line
velocity while its decrement was so obviously. The results also indicate that the bio-rejuvenator
nanodroplets had larger contact line velocity, as well as the larger decrement rate of contact

line velocity.
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Figure 10. Relationship between the contact line velocity (V) and contact angle at different

simulated temperature

4.4 Interaction effect

Figure 11 shows MSD curves and diffusion coefficients of bio-rejuvenator
nanodroplets/bitumen interface wetting model. Mean squared displacement (MSD) was used
to investigate the molecules movement of bio-rejuvenator nanodroplets on the bitumen over
simulated time. The core regulation of diffusion phenomena was the movements of atoms in

three-dimension space, which was vital to analyze the interaction between bitumen and
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corrosion products. However, due to the enormous number of atoms in the interface system,
detecting each atom's motion trajectory is difficult. As a result, mathematical statistics method
was held to describe the regularity of particle movement. The most commonly used indicator
was mean square displacement (MSD), which would be represented and calculated by

Equation (1):
MSD(t) = (Ir;(©) — 1;i(0)|*) D

Where, MSD(t) indicated as the mean value of all atoms' movement positions in the molecular
system, r;(0) indicated the original position of particle i, and r;(t) indicated the position of
particle i at the time of t.

It is clearly that the MSD curves can be divided into two stages (rapid rising period and
linear rising period). The rapid rising period would last for a short time and then linear rising
period was followed which can be used to calculate the diffusion coefficient. The MSD
calculation was based on simple diffusion mode (Brownian motion), during which MSD was a
quadratic function of correlation time in the initial short time, representing barrier-free
directional diffusion. With the increase of correlation time, MSD will quickly transform to a
linear function stage, which represents normal diffusion. This linear function region is
generally the best region for calculating diffusion coefficient. It can be found that the rapid
rising period was relatively short while the linear rising period was longer. Meanwhile the
fluctuation of MSD curves would be more severe at high temperature, which indicates that the
movement of bio-rejuvenator nanodroplets in systems would be increased by the higher
temperature.

Diffusion coefficient, for the measurement of the molecule's capacity for diffusion, rate at
which a quantity diffuses per unit area while the concentration gradient is the same unit.
MSD had a linear relationship with time and was correlated with the diffusion coefficient after
diffusion relaxation process. After this period, the linear slope of the MSD curve might be used

to compute the diffusion coefficient of the contact system, as indicated by Equation (2):
N
D = — lim & > n® =P 2
=gnim g, (5O - x O @
i=

Where, the diffusion coefficient was recorded as D in the interface system, N indicated the

whole number of molecules in the interface system, and the differential term was equal to the
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linear slope of the interface system’s MSD curve.

Equation (2) showed that there was a linear relationship between the diffusion coefficient
and the slope of the MSD curve. Nevertheless, Equation (2) ignored the actual simulation
scenario and was expressed in an ideal condition of indefinite period. As a result, Equation (3)
illustrates how the diffusion coefficient calculation formula was really approximated in the

calculation:

1
D= EKMSD (3)

Where Kysp was equal to the linear slope of the interface system’s MSD curve.

It is necessary to determine the simulated time range used for the fitting to calculate the
diffusion coefficient. In this research, the MSD curves was transformed into double logarithmic
form (log(MSD)-log(t)), then select a section whose slope is as close to 1 as possible to find the
diffusion coefficient. Base on Equation (3), and it would be as follows:

log MSD(t) = log t + log (6D) (4)
Where MSD is mean squared displacement, t is the simulated time and D is diffusion coefficient.

By this method, the diffusion coefficients of bitumen-corrosion products system at
different temperatures were calculated and shown in Figure 11. A higher slope of MSD curves
means a greater diffusivity of molecules. It is found that bio-rejuvenator nanodroplets on
bitumen surface under different temperature possessed distinct diffusion coefficient. The
diffusion coefficients of bio-rejuvenator nanodroplets/bitumen interface wetting model with
different temperature basically showed the regularity of 433 K > 408 K > 373 K > 333 K > 293 K.
The results showed that the diffusivity of bio-rejuvenator nanodroplets on the surfaces of
bitumen was positively correlated with simulated temperature. It would be caused by the
contribution both of bio-rejuvenator nanodroplets and bitumen. The increase of temperature
led to the decrement of viscosity of bio-rejuvenator nanodroplets and bitumen. bio-rejuvenator
is a liquid itself, and there is the limitation for the decrement of its viscosity. Under this
limitation, the viscosity of bitumen can continue to decrease rapidly, so that the diffusion

coefficient continued to increase.
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Figure 11. The quantification of diffusion in bio-rejuvenator nanodroplets/bitumen interface

wetting model: (a) MSD curves; (b) Diffusion coefficients

Interaction energy (Einter) could be used to evaluate the stability of interface of bitumen
and bio-rejuvenator nanodroplets. Adhesion work (Wadhesion) could be used to stand for the
interfacial bonding strength of bitumen and bio-rejuvenator nanodroplets. The greater the
absolute value of Ejpier and Wadnesion, the more interaction there was between bitumen and bio-
rejuvenator nanodroplets. When the value of Ej,.., was zero or positive, adsorption was

minor or non-existent. Their calculation formula was shown in Equation (4)-(5).

Einter = Ebitumen + Ebio—rejuvenatnr nanodroplets — Etotal (4)
Einter
= (5)
adfkesion A

Where Ej,.., represented the interaction energy between bitumen and bio-rejuvenator

nanodroplets, W represented the adhesion work between bitumen and bio-rejuvenator

adhesion
nanodroplets, E.n, represented that the total potential energy of the bitumen- bio-
rejuvenator nanodroplets system in a steady state, Ep;sumen represented the total potential
energy of bitumen, Epi,_rejuvenator nanodroplets Tepresented the total potential energy of bio-
rejuvenator nanodroplets. A represented the contact area of bitumen and bio-rejuvenator
nanodroplets, which was approximate as a circular and its radius was equal to the R in equation
©)-

Figure 12 presents the interaction effect between bio-rejuvenator nanodroplets and
bitumen including interaction energy and adhesion work respectively. It can be found that the

interaction energy would increase gradually with the simulated time kept going. In the
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increasing period, the increasing velocity of interaction energy was followed as: 433 K > 408K >
373 K> 333 K>293 K, while it was similar for the models at 373 K, 408 K and 433 K, as well as
the models at 293 K and 333 K in the equilibrium period. The interaction energy of the models
at 373 K, 408 K and 433 K were significantly larger than that at 293 K and 333 K. Figure 12 (b)
show the changing of adhesion work between bio-rejuvenator nanodroplets and bitumen with
the simulated temperature. The Wadnesion would firstly increases rapidly, reach the peak and
then decrease. The peak of Wadnesion 0ccurs in the models at 373 K, which indicated that the
wettability would be the worse due to that the maximum energy was needed to separate bio-

rejuvenator nanodroplets from bitumen.
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Figure 12. The interaction effect between bio-rejuvenator nanodroplets and bitumen with

simulated time: (a) Interaction energy; (b) Adhesion work

Contact angle can also be used for the calculation of adhesion work, as well as infiltration
work. The relationship between the contact angle and adhesion work, infiltration work is
shown in the Equations (6) and (7).

Wo = yy(cos (6) +1) (6)
W; = yycos(0) ()
Where W, is the adhesion work calculated by contact angle, W; is the infiltration work
calculated by contact angle, y, is the surface tension at different temperature obtained from
the previous researches.
Figure 13 shows the Wa and Wi of the bio-rejuvenator nanodroplets on bitumen at different

temperatures. Wi would increase rapidly before the peak value occcured, and then it would
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fluctuate dynamiclly. The result indicates that bio-rejuvenator nanodroplets and bitumen
would infiltrate each other with the increment of temperature. However, there was a limitation
for the infiltration degree. It can be also found that Wa presented the similar trend with different
temperature with Wadhesion, meanwhile Wa and Wadnesion had the same order of magnitude. The
difference might be caused by the approximate calculation of contact area between bio-
rejuvenator nanodroplets on bitumen. Therefore, it can be concluded that the increasing
diffusion degree of bio-rejuvenator nanodroplets and bitumen with temperature in the
practical engineering was contributed by the combination of wetting and infiltration before 373
K. After 373 K, the increment was supported by wetting mainly. Furthermore, the suggestion
temperature for the combination of induction heating technology and encapsulation
technology should avoid the value around 373 K, which would be beneficial for the diffusion
of bio-rejuvenator nanodroplets on bitumen. The suggestion depends on the determination of

rejuvenator type in the encapsulation.
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Figure 13. Wa and Wi of the bio-rejuvenator nanodroplets on bitumen at different simulated

temperatures

4.5 Hysteresis of contact angle
In the wetting process, the bio-rejuvenator nanodroplets would be affected by the external
force to chang the wetting statement. So, hysteresis of contact angle was also investigated in

research. After the bio-rejuvenator nanodroplets have reached the equilibrium state, the
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external force in the positive direction of x axis of 0.05 kal/mol/ A and 0.1 kal/mol/ A were
applied to the nanodroplets respectively. Figure 14 shows the contact angle hysteresis of bio-
rejuvenator nanodroplets on bitumen surface at different temperature and different external
force. It can be found that when an external force in the X direction was applied to the bio-
rejuvenator nanodroplets, it will be deformed and form a forward angle 04 and a backward
angle 0. The difference of 04 and Os is the hysteresis of contact angle, which was defined as

AO.

0.05

(kcal/mol)/A * * * * ‘
0.1
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Figure 14. Contact angle hysteresis of bio-rejuvenator nanodroplets on bitumen surface

Figure 15 shows the quantification of contact angle hysteresis of bio-rejuvenator
nanodroplets on bitumen surface. It can be found that the forward angle was always larger
than the backward angle, meanwhile the forward angle and backward angle of bio-rejuvenator
nanodroplets by 0.05 (kcal/mol)/A were larger than that by 0.1 (kcal/mol)/A. This was caused
by the reason that when the external force was small, it was difficult to push the part where the
bio-rejuvenator nanodroplets contacted the bitumen, which would lead to severe hysteresis. It
can also be proved by the value of AO, which of bio-rejuvenator nanodroplets by 0.1
(kcal/mol)/A was obviously less than that by 0.05 (kcal/mol)/A. Furthermore, the increasing

temperature would weaken the hysteresis of contact angle.
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Figure 15. Quantification of contact angle hysteresis of bio-rejuvenator nanodroplets on
bitumen surface: (a) External force of 0.05 (kcal/mol)/A; (b) External force of 0.1 (kcal/mol)/A

5 Conclusions

The investigation has been carried out to identify wetting process of bio-rejuvenator

nanodroplets on bitumen at different temperatures by molecular dynamics simulation

approach. Based on the results, the primary conclusions are as follows:

)

2)

€))

In the wetting process, the bio-rejuvenator nanodroplets will first approach the
bitumen quickly, and then slow down to an equilibrium state. There is no consistency
between the energy equilibrium of the bio-rejuvenator nanodroplets/bitumen
interface wetting model and the movement equilibrium of bio-rejuvenator
nanodroplets, where a delay of about 1ns existed between them.

The contact angle of bio-rejuvenator nanodroplets will gradually decrease with the
extension of time. The equilibrium contact angle of nanodroplets varies linearly with
simulated temperature. The time for the nanodroplets reaching partial-wetting state
decreases with the increment of temperature, but it is difficult to reach complete-
wetting state, even the temperature has reached 433 K.

The precursor film of the bio-rejuvenator nanodroplets will spread first in the wetting
process, and the molecules in the nanodroplets will gradually enter the precursor film
until an equilibrium state was reached. The relationship between contact linear
velocity and cosine of contact angle is linear after nanodroplets and bitumen had

caught each other.
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(4) High temperature is beneficial to the diffusion of bio-rejuvenator nanodroplets on
bitumen. Increasing mixing degree of bio-rejuvenator nanodroplets and bitumen with
the increase of temperature was contributed by the combination of wetting and
infiltration before 373 K, after which the increment was supported by wetting mainly.

(5) The application of external force will cause hysteresis of bio-rejuvenator nanodroplets.
When the external force was small, it was difficult to push the part where the bio-
rejuvenator nanodroplets contacted the bitumen, which would lead to severe
hysteresis. The higher temperature can weaken the hysteresis of contact angle. More
research on nanodroplet size, temperature and force should be carried out in the future.

This study exploits molecular dynamics to visualize the wetting process and explores the

wetting characteristics of the bio-rejuvenator nanodroplets on bitumen. These findings are
contributed to the utilization of rejuvenators in the pavement engineering. Meanwhile, it can
be considered to determine the time of wetting and diffusion to adopt different temperatures.

Furthermore, more rejuvenators can be also considered in the future.
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