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ABSTRACT

The molecular dynamics (MD) simulation method is proved as an efficient tool to explore the intermolec-
ular interaction between rejuvenators and aged bitumen, but the simple “single-molecule” model of reju-
venator would bring the inaccuracy to simulation outputs due to a huge difference with its realistic
multi-component chrematistic. This study aims to in-depth analyze the chemical components of four
commonly-used rejuvenators with the Gas chromatography-mass spectrometry (GC-MS) method, and
propose their multi-component molecular models for the first time. Further, MD simulations are per-
formed on the multi-component models of various rejuvenators to anticipate and compare their
atomic-level properties. The GC-MS results reveal that the chemical components of petroleum-based
rejuvenators are more complicated than the bio-oil (BO). The alkane, naphthenic, and aromatic molecules
are the main constituents of engine-oil (EO), naphthenic-oil (NO), and aromatic-oil (AO) rejuvenators. The
experimental density results validate the reliability of these multi-component molecular models of four
rejuvenators. From the MD simulations outputs, there is a significant difference in the energetic indices,
cohesive energy density (CED), solubility parameter §, volumetric parameters, dynamic behaviors, struc-
tural indicators, expansion coefficient (o and B), and isobaric heat capacity (C,) between the multi-
component models of four rejuvenators. However, the multi-component molecular model of aromatic-
oil based on the GC-MS method is not accurate because the polycyclic aromatic molecules with
heavy-weight are not detected and considered. This study detects the difference in chemical components
and thermodynamics properties between four rejuvenators and proposes their more realistic multi-

component molecular models for further MD simulations on the rejuvenation of aged bitumen.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

To achieve the goal of sustainable asphalt pavement, the reuse
of reclaimed asphalt pavement (RAP) waste materials attracts

As the service life of asphalt roads prolongs, the bitumen binder
is aged because of the thermal oxidation, leading to the increment
in its cracking and moisture damage potential [1-3]. During the
aging of bitumen, the light-weight oily fractions (saturates and
aromatics) converse into the heavy molecules (resins and asphalte-
nes) [4,5]. Moreover, the oxidation reactions incorporate the polar
oxygen-containing functional groups in bitumen molecules, such
as the carbonyl and sulfoxide groups [6-8]. However, the aging
mechanism of bitumen is complex and still not clear, which
strongly depends on several factors of bitumen components, tem-
perature, pressure, and moisture [9-12].
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more attention but it is challenging due to the high stiffness, crack-
ing potential, and moisture sensitivity [13-15]. To supplement the
lost lightweight fractions in aged bitumen after aging and dissolve
the increased heavy-weight molecules, the oily products (named
rejuvenators or recycling agents) are always incorporated in aged
bitumen to reactivate its mechanical performance. Different kinds
of rejuvenators from bioresources (such as vegetable oils [16],
waste cooking oils [17], and other bio-oils [18]) and petroleum-
based products (like engine oils [ 19], naphthenic oils [20], aromatic
oils [21], etc.) have been proved to be efficient in improving the
low-temperature cracking resistance, fatigue life, workability, and
durability of aged bitumen and mixture [22,23]. It is consensus
that the rejuvenation efficiency and mechanism of rejuvenators
on chemical, physical and mechanical properties of aged bitumen
significantly depend on the rejuvenator types and components
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[24,25]. It brings the difficulty to select an optimum rejuvenator for
one specific aged bitumen, and explore the underlying interaction
mechanisms between aged bitumen with various rejuvenators.
Therefore, it is of great importance to make a classification list of
various rejuvenators. Unfortunately, there is still no uniform stan-
dard for the rejuvenator selection, and most cases are based on
experience or existing materials.

Apart from the viscosity-based standard [26], the America
National Center for Asphalt Technology (NCAT) summarizes these
rejuvenators into five categories of paraffinic oils, aromatic
extracts, naphthenic oils, triglycerides & fatty acids, and tall oils
based on the difference in material source and chemical composi-
tions of these rejuvenators [27,28]. The examples and descriptions
of rejuvenators in each group are summarized in Table 1. The
paraffinic oils, aromatic extracts, and naphthenic oils are the
byproducts of petroleum processing, while the triglycerides (fatty
acids) and tall oils are both bio-based materials [29]. Generally,
the chemical components of crude oil are complicated and strongly
depend on the source. Based on the molecular distribution, crude
oil is always divided into the paraffinic, intermediate, and
cycloalkyl groups [30]. Similarly, the chemical compositions in
paraffinic oils, aromatic extracts, and naphthenic oils are signifi-
cantly different [31]. The main components in paraffinic oils, like
engine oil or lubricating oils, are the saturated long-chain alkane
molecules, while the rejuvenators in the aromatic extracts group
are rich in aromatic hydrocarbons [28]. Moreover, more naphthene
molecules with saturated aromatic rings are found in naphthenic
oils [32]. On the other hand, the triglycerides and fatty acids mole-
cules are the main components in vegetable and cooking oils [33].
Lastly, tall oils are the by-products of the paper industry, and it is
separated from other bio-oils because there are lots of polar
oxygen-containing functional groups in their molecular structures
[29].

However, it is impossible to fully distinguish the difference in
rejuvenation efficiency and mechanism between these rejuvenator
groups through laboratory tests. The molecular dynamics simula-
tion is an efficient method, and it has been successfully utilized
in rejuvenated bitumen systems [34,35]. The rejuvenation effi-
ciency of rejuvenators could be evaluated through the thermody-
namics properties predicted from MD simulations, such as the
cohesive energy density, solubility parameter, surface free energy,
work of cohesion, viscosity, and glass transition temperature, and
colloidal structure [36-40]. Previous studies also investigated the
diffusion behaviors and blending degree of rejuvenators in aged
bitumen with MD simulations [41-43]. To ensure the reasonability
of MD simulation outputs, the molecular structures of rejuvenators
should be more accurate. Nevertheless, it is found that the molec-
ular structures of the rejuvenator in all MD simulation cases are
the average model, in which only a sort of molecule is employed

Table 1
Classifications of different typical rejuvenators for aged bitumen recycling [27,28].

Category Examples Description

Paraffinic oils Waste engine oil or

waste engine oil

Refined used lubricating oils

bottom
Aromatic Commercial Refined crude oil products with polar
extracts products aromatic oil components
Naphthenic Commercial Engineered hydrocarbons for asphalt
oils products modification
Triglycerides ~ Waste vegetable oil  Derived from vegetable oils
& fatty Oleic acid
acids
Tall oils Commercial Paper industry by-products; Same
products chemical family as liquid anti-strip

agents and emulsifiers
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to represent the whole rejuvenator [41-43]. It is conflicting with
the actual situation that the rejuvenators (especially petroleum-
based) are complicated with numerous kinds of molecules. Thus,
the simplification of rejuvenator components into one type of
molecule would result in a huge difference between the MD simu-
lation outputs and experimental results. In addition, it should be
mentioned that the lack of in-depth chemical component charac-
terizations and analysis also restricts the development of precise
molecular models of rejuvenators.

The objective of this study was to analyze the chemical compo-
nents in various commonly-used rejuvenators of aged bitumen.
Meanwhile, the multi-component molecular models of rejuvena-
tors were established as the essential inputs for molecular dynam-
ics (MD) simulations, which could help us fully understand the
difference in chemical, physical and thermodynamics properties
between different kinds of rejuvenators. Fig. 1 illustrates the main
flow chart of this research. Four types of rejuvenators were
selected in this study, including the bio-oil, engine-oil,
naphthenic-oil, and aromatic-oil. The gas chromatography-mass
spectrometry (GC-MS) method was conducted to detect the chem-
ical components and molecules in various rejuvenators. Based on
the GC-MS results, the main constituents were chosen to build
the multi-component molecular models of rejuvenators, which
were then subjected to MD simulations to further predict and com-
pare the nanoscale thermodynamics performance of different reju-
venators in terms of energetic parameters, cohesive energy
density, solubility parameter, volumetric indices, dynamics behav-
iors and structural characteristics.

2. Rejuvenators and GCMS method
2.1. Rejuvenators

A wide variety of rejuvenators have been developed and utilized
to reactivate and improve the chemical and rheological properties
of aged bitumen [28,44,45]. To basically and comprehensively
understand the chemical components of rejuvenators, four
widely-utilized rejuvenators, including bio-oil (BO), engine-oil
(EO), naphthenic-oil (NO), and aromatic-oil (AO), were chosen
and tested. All rejuvenators used in this study are purchased from
the market. Table 2 displays the physical and chemical properties
of these four rejuvenators. The aromatic-oil rejuvenator shows
the highest density, viscosity, C%, and molecular weight. Mean-
while, the bio-oil rejuvenator exhibits the largest O% due to the
existence of the ester functional group. Besides, the magnitude
order of molecular weight and viscosity for four rejuvenators is
BO < EO < NO < AO, while the sequence of density presents as
EO < NO < BO < AO.

2.2. GC-MS method

In this study, the chemical components in various rejuvenators
were identified using the GC-MS test, which was an efficient way
to analyze tiny amounts of a substance. Previous work also suc-
cessfully detected the chemical compositions in bio-based rejuve-
nators [22,23]. The basic working principle of the GC-MS method
is drawn in Fig. 2. The rejuvenator molecules are retained by the
column and eluted from the column at different times (retention
time) due to the difference in polarity and solubility [46]. After-
ward, the separated molecules are captured, ionized, accelerated,
and detected by a mass spectrometer through the measurement
of molecule mass. The GC-MS used was Agilent 6890 N/5975 from
the USA. About 1 mg of rejuvenator sample was purged with inert
gas (Nitrogen) into an airtight chamber at room temperature. The
pyrolysis temperature and time were 200 °C and 15 s with an
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| Thermodynamics properties prediction of different rejuvenators

Fig. 1. Scheme illustration of research methodologies.

Table 2

Chemical and physical properties of rejuvenators.
Rejuvenators Bio-oil Engine-oil Naphthenic-oil Aromatic-oil
Appearance Pale-yellow liquid Brown Transparent-liquid Dark-brown

liquid half-solid

25°C Density (g/cm?) 0.911 0.833 0.875 0.994
60°C Density (g/cm?) 0.899 0.814 0.852 0.978
25°C viscosity (cP) 50 60 130 63,100
Flash point (‘C) > 250 > 225 > 230 > 210
Carbon C (%) 76.47 85.16 86.24 88.01
Hydrogen H (%) 11.96 14.36 13.62 10.56
Oxygen O (%) 11.36 0.12 0.10 0.40
Sulfur S (%) 0.06 0.13 0.10 0.48
Nitrogen N (%) 0.15 0.23 0.12 0.55
Mn (g/mol) 286.43 316.48 357.06 409.99

Fig. 2. The basic working principle of the GC-MS method (a) Inert gas system; (b) injector; (c) gas chromatography column; (d) ionization room; (e) a mass spectrometry

measurement system.

increasing rate of 10 °C/ms [47]. Besides, the electron energy and
scanning range applied to the system was selected as 70 eV and
30-1000 amu., respectively. Lastly, the type and amount of sub-
stances in each rejuvenator were outputted from the GC-MS curve.

3. GC-MS results and discussion

The gasoline and diesel oil both contain several types of alkanes
with different carbon-chain lengths. Similarly, the generic rejuve-
nators from petroleum products are complicated and composed
of numerous molecules. To understand the difference in rejuvena-

tion efficiency and mechanism between these rejuvenators at the
nanoscale, the chemical characterizations and representative
molecular models’ establishment of rejuvenators are of great sig-
nificance. In this study, the molecular compositions of rejuvenators
are detected through the GCMS method, and the corresponding
results are shown and discussed herein.

3.1. Chemical components in bio-oil rejuvenator

Fig. 3 displays the GCMS result of the bio-oil rejuvenator, and
six characteristic peaks of chemical molecules with the retention
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Fig. 3. The GC-MS curve of bio-oil rejuvenator.

time of 24.87, 30.87, 31.14, 31.33, 32.17, and 41.75 min are
observed. On basis of the chemical library, these molecules are rec-
ognized as methyl palmitate, methyl linoleate, methyl oleate,
methyl elaidate, methyl stearate, and methyl eicosenoate. It can
be found that oxygen-containing functional groups exist in all
molecules of bio-oil, which is consistent with the literature report
[22-23]. According to the peak area, the mass fraction of each com-
ponent is calculated and listed in Table 3. The methyl oleate shows
the maximum content of 69.28%, followed by the methyl linoleate
(20.19%) and methyl palmitate (5.30%), while the mass fractions of
the other three molecules are lower than 5.0%. Hence, it is con-
cluded that the bio-oil rejuvenator is mainly composed of methyl
oleate, methyl linoleate, and methyl palmitate. Their related
molecular structures are also drawn in Fig. 3. It is worth mention-
ing that the functional group in these three main molecules of bio-
oil rejuvenator is identical, while the differences exist in the num-
bers of the carbon atom and unsaturated double bond C = C in the
body chain.

3.2. Chemical components in engine-oil rejuvenator

Apart from the bio-oil, the other three kinds of rejuvenators all
come from petroleum refinery processing. As mentioned before,
engine oil, naphthenic oil, and aromatic oil rejuvenators are com-
pounds of numerous molecules. Fig. 4a illustrates the GC-MS curve
of the engine-oil rejuvenator. Meanwhile, the detailed chemical
components in engine-oil are summarized in Table S1, which indi-
cates that the engine-oil rejuvenators contain 56 kinds of different
molecules approximately. It increases the difficulty to distinguish
these components in terms of rejuvenation efficiency and mecha-
nism on aged bitumen. Herein, various molecules in engine-oil
rejuvenators are divided into four groups (alkane, monocyclic
alkane, olefin, and other additives), according to the separation
principle of bitumen into SARA fractions [34].

Journal of Molecular Liquids 360 (2022) 119463

Fig. 4b shows the dosage of chemical component groups in
engine-oil rejuvenator. The alkane molecules present a percentage
of 61.79%, which are the main components in engine-oil. Mean-
while, there are about 5.71% monocyclic alkanes and 3.76% olefins,
respectively. It should be mentioned that during the production of
engine oil, lots of additives were incorporated to improve its appli-
cation performance, such as anti-aging and lubricity [29]. These
additives molecules in engine-oil still occupy the distinct propor-
tion of 28.74%, which should be considered during the determina-
tion of the multi-component molecular model for engine-oil
rejuvenator. Regarding the alkane group with maximum dosage,
Fig. 4c displays the alkane molecules’ classification and distribu-
tion based on the carbon number in the main chain. It can be found
that the alkanes molecules in engine-oil show the various carbon-
chain structure, which is determined by petroleum resources and
the atmospheric distillation process [18]. Moreover, the carbon
numbers in molecular structures of most alkanes are located in
the region of 11-20. In detail, the percentage of alkanes with car-
bon numbers lower than 10, 11-15, 16-20, and higher than 20 is
4.0%, 27.1%, 24.5%, and 6.2%, respectively. From the GC-MS curve,
the proportions of several molecules are more apparent, and the
corresponding molecular structures are also marked in Fig. 4a.
The dominant molecules in alkanes are dodecane, tetradecane,
hexadecane, octadecane, nonadecane and eicosane. Further, the
peak abundance of octadecane is the strongest, followed by the
dodecane and 1-methyl-2-pentyl cyclohexane, and the additive
molecule of 2,6-bis (1,1-dimethylethyl)-phenol also shows an
obvious peak.

3.3. Chemical components in naphthenic-oil rejuvenator

Fig. 5 demonstrates the GC-MS curve of the naphthenic-oil
rejuvenator, and it denotes that almost 40 types of molecules exist
in naphthenic-oil. The detailed information on all molecules is
listed in Table S2. These chemical components in naphthenic oil
can be divided into three groups, which are alkane, naphthenic,
and other hydrocarbons (additives). It should be mentioned that
the additive group contains these molecules not belonging to the
alkane and naphthenic catalogs. The proportion of alkanes in the
naphthenic-oil rejuvenator is approximately 17.85%, while the
naphthenic concentration shows a maximum value of 59.79%.
Therefore, the main components in the naphthenic-oil rejuvenator
are naphthenic molecules, followed by the alkane molecules. Sim-
ilar to the engine-oil, other impurities molecules are observed in
the naphthenic-oil, which comes from different additives during
the petroleum processing to enhance the oxidative aging resistance
of the naphthenic-oil [24,28]. Due to the complexity and diversity,
only main additive molecules are considered to establish the
multi-component molecular models of naphthenic-oil as well as
engine-oil and aromatic-oil rejuvenators.

For further summarization and analysis, the alkanes and naph-
thenic molecules are further classified into several groups based on
the carbon number in the alkane chain and the number of naph-
thenic rings in molecular structures, respectively. The correspond-
ing results are shown in Fig. 5c and d. There are several kinds of

Table 3
The main chemical components in bio-oil.
No. Retention time Components CAS Mass fraction (wt%)
1 24.868 Methyl Palmitate 000112-39-0 530
2 30.8748 Methyl Linoleate 000112-63-0 20.19
3 31.1434 Methyl Oleate 000112-62-9 69.28
4 31.332 Methyl Elaidate 001937-62-8 3.11
5 32.1721 Methyl Stearate 000112-61-8 1.65
6 41.7453 Methyl Eicosenoate 003946-08-5 0.47

4
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alkane molecules with variable carbon-atom numbers in the body
chain observed in naphthenic-oil. The carbon number of most alka-
nes is lower than 20, and the related percentage is 15.76% for all
molecules in the naphthenic-oil rejuvenator. In addition, the alka-
nes concentrations with the chain carbon number of < 10 and 11-
15 are both about 4%, while the alkanes proportion with the carbon
number of 16-20 is 7.57%. Compared to the engine-oil, the alkane
dosage in the naphthenic-oil rejuvenator is significantly lower,
while the concentration of naphthenic molecules is much higher.

In addition, the naphthenic molecules in naphthenic-oil are not
consistent with the number of naphthenic rings differing from 1 to
4, According to the variable number of naphthenic rings, these
naphthenic molecules are divided into four types, including the
cyclohexane-based, naphthalene-based, anthracene-based, and
pyrene-based molecules. It can be found that the pyrene-based
naphthenic molecules show the largest proportion of 29.69%, fol-
lowed by the anthracene-based (17.01%) and naphthalene-based
(11.13%) naphthenic molecules, while the dosage of a
cyclohexane-based naphthenic molecule is the lowest of 1.97%.
From the GC-MS curve, some molecules with significant dosage
show larger peaks than others, which are detected as the 2,3-dime
thyl-decahydro-naphthalene, 2-(1-methyl-2-butenyl)-4-methoxy-
phenol, hexadcahydro-pyrene, 2,6,10,14-tetramethyl-hexadecane,
and heneicosane. Their molecular structures are also displayed in
Fig. 5a. The hexadcahydro-pyrene molecule shows the strongest
peak value, followed by the 2-(1-methyl-2-butenyl)-4-methoxy-p
henol and 2,6,10,14-tetramethyl-hexadecane. At the same time,
the molecular concentrations of 2,3-dimethyl-decahydro-

naphthene and heneicosane are similar but much lower than the
other three molecules.

3.4. Chemical components in aromatic-oil rejuvenator

Fig. 6a illustrates the GC-MS result of the aromatic-oil rejuve-
nator. Numerous peaks are observed and it proves that the
aromatic-oil is a complicated material containing various types of
molecules. The detailed chemical components in aromatic-oil are
summarized in Table $3, and they are categorized into four groups
(alkane, olefin, aromatics, and additives). The dosage of these four
groups of molecules is presented in Fig. 6b. It is found that the
aromatic-oil is mainly composed of alkane, olefin, aromatic mole-
cules as well as other hydrocarbons. The alkane content (13.74%)
in aromatic-oil is markedly lower than that in the aforementioned
engine-oil (61.79%) and naphthenic-oil (17.85%). However, the
concentration of aromatics molecules in aromatic-oil is significant
at 53.91%, which is hardly detected in the other three rejuvenators.
Moreover, there are about 2.16% of olefins molecules and 30.19% of
other hydrocarbons monitored in the aromatic-oil rejuvenator.

The alkanes molecules are distinguished based on the carbon
atom number in the body chain of molecular structure, and the
results are displayed in Fig. 6¢. It is illustrated that the carbon atom
number in most alkanes’ molecules is located in a region of 11-20,
while only 0.27% and 2.05% of alkanes molecules show the carbon
atom number lower than 10 and higher than 20, respectively.
Moreover, the dosage of alkanes with a carbon atom number of
16-20 is almost 3.5 times than total concentration of alkanes from
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undecane to pentadecane. On the other hand, the type of aromatics
molecules in aromatic-oil is not consistent. In this study, these aro-
matics molecules are assorted following the number of aromatic
rings in their molecular structures, including the benzene-based
(single-ring), naphthalene-based (double-rings), and fluorene/in-
dene (multi-rings). The concentration of each aromatics molecular
group is shown in Fig. 6d. It can be found that most aromatics
molecules are naphthalene-based with a high dosage of 46.73%,
while benzene-based and fluorene/indene only accounts for
0.86% and 6.31%, respectively. In the meantime, the naphthalene-
based aromatics molecules are classified into five items based on
the difference in the number of methyl substituents on aromatic
rings, which varies from O to 4. Thence, the five groups of
naphthalene-based aromatics molecules are named naphthalene,
methyl-naphthalene, dimethyl-naphthalene, trimethyl-
naphthalene, and tetramethyl-naphthalene. The dosage of naph-
thalene molecules is the lowest at 1.70%, indicating that the naph-
thalene molecules in aromatic-oil almost all have the substituents
more or less. Interestingly, the concentration of naphthalene-based
molecules as the function of methyl substituents amount presents
the Gaussian distribution. The methyl-naphthalene and
tetramethyl-naphthalene molecules are 6.4% and 5.6%, respec-
tively. In addition, dimethyl-naphthalene and trimethyl-
naphthalene show a large dosage of 18.1% and 14.9%. Thus, about
33% of naphthalene-based aromatic molecules present 2 or 3
methyl substituents. It provides the data basis for determining
the molecular components of a multi-component molecular model
of aromatic-oil rejuvenator.

From the GC-MS curve, the dosage of each molecule in the
aromatic-oil rejuvenator is obtained and the main components

with apparently large content can be detected. There are six strong
peaks detected in the GC-MS curve of the aromatic-oil, and the
related molecular structures are also shown in Fig. 6a. As the reten-
tion time prolongs, these six chemical components in order are fur-
fural, 5-methyl-2-furfural, naphthalene, 2,7-dimethyl naphthalene,
1,4,6-trimethyl naphthalene, and octadecane. It further validates
that the aromatic-oil rejuvenator is mainly composed of alkenes,
aromatics, and additives (solvents) molecules. The furfural and 5-
methyl-2-furfural are the solvents used during the extraction pro-
cess of aromatic oils. Moreover, the naphthalene, 2,7-dimethyl
naphthalene, and 1,4,6-trimethyl naphthalene molecules are the
mainly monitored chemical components in aromatic-oil. In addi-
tion, the octadecane denotes the existence of alkanes molecules
in an aromatic-oil rejuvenator. In the following section, some of
these main components will be selected to represent the different
molecular groups to build the multi-component molecular model
of aromatic-oil rejuvenator.

4. Molecular determination for multi-component molecular
models of rejuvenators

The chemical components distribution in four rejuvenators was
detected and analyzed using the GC-MS method in terms of the
main molecular groups and molecules with high dosage. However,
the molecular components in all rejuvenators are complex and
diverse, especially the petroleum-based ones (engine-oil,
naphthenic-oil, and aromatic-oil). It significantly brings huge diffi-
culties to find and establish the representative molecular models of
these rejuvenators. Besides, it is unrealistic to consider all mole-
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Fig. 6. The components distribution, alkanes, and aromatics classification in aromatic-oil.

cules in building the multi-component molecular models of pure
rejuvenators as well as rejuvenated bitumen. It is found that there
are 3 or 4 molecular groups containing these petroleum-based
rejuvenators, while only 6 kinds of molecules are included in
bio-oil rejuvenator. Generally, the molecules representing the sat-
urate, aromatic, resin, and asphaltene fractions are selected to
establish the multi-component molecular model of bitumen.
Therefore, 3-5 molecules with high dosage in the GC-MS curve
are chosen to represent the main chemical molecular groups and
establish the representative multi-component molecular models
of four rejuvenators.

4.1. Bio-oil rejuvenator

From the GC-MS results, the sum content of methyl palmitate,
methyl linoleate, and methyl oleate is 94.77%, and methyl oleate
has the highest dosage of 69.28%. Hence, these three molecules
are considered to build the multi-component model of bio-oil reju-
venator, and their molecular structures are illustrated in Fig. 7. It

(a) Methyl palmitate

(b) Methyl linoleate

can be seen that these three molecules present a similar main-
chain structure (aliphatic hydrocarbons) and functional group
(ester), and the difference is in the number of carbon atoms and
double bonds in the main-chain structure.

In addition, the methyl elaidate (3.1%), methyl stearate (1.7%),
and methyl eicosenoate (0.5%) molecules are not considered during
the construction of a multi-component model of bio-oil rejuvenator
because of their low molecular dosages. Table 4 lists the dosage and
the molecular number of these three molecules in the bio-oil reju-
venator. Due to the omission of methyl elaidate, methyl stearate,
and methyl eicosenoate molecules, the content of methyl palmitate,
methyl linoleate, and methyl oleate in a multi-component model of
bio-oil is calibrated as 5.6%, 21.3%, 73.10%, and the corresponding
molecular number are 13, 44 and 151, respectively. The model
dosage of these three molecules is not completely the same as the
real value because the molecular number should be an integer.
However, the difference in molecular dosage between calibrated
and model values are little at 0.1%. It means that the multi-
component model of bio-oil rejuvenator is accurate enough.

(c) Methyl oleate

Fig. 7. There molecular elements in the bio-oil rejuvenator.
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Table 4
The molecular components in a multi-component molecular model of bio-oil.

Journal of Molecular Liquids 360 (2022) 119463

No Components Measured dosage (wt%) Calibrated dosage (wt%) Chemical formula Molecular number Model dosage (wt%)
1 Methyl Palmitate 530 5.60 C17H340, 13 5.70
2 Methyl Linoleate 20.19 21.30 C19H340; 44 21.20
3 Methyl Oleate 69.28 73.10 Cy9H360, 151 73.10

4.2. Engine-oil rejuvenator

It was revealed that the engine-oil rejuvenator is mainly com-
posed of alkanes, monocyclic alkanes, and additives molecules. In
this study, the tetradecane molecule is selected to represent the
alkanes molecular group, and the 1-methyl-2-pentyl-cyclohexane
molecule refers to the monocyclic alkanes. Regarding the additives
group, the high dosage of 28.7% demonstrates their key role in
determining the chemo-physical and thermodynamics properties
of engine-oil rejuvenator. Herein, the additive molecules with a
dosage higher than 3% are taken into consideration in the multi-
component molecular model of engine-oil rejuvenators. These
three additive molecules are 2,6-bis (1,1-dimethylethyl)-phenol,
1-pentanol, and butyl benzoate. Fig. 8 manifests the molecular
structures of five molecules in a multi-component model of
engine-oil. It is found that all three additive molecules show the
oxygen-containing functional groups, such as the phenolic,
hydroxy, and ester groups. These additive molecules with polar
functional groups were incorporated in engine-oil to enhance its
anti-aging and performance stability, which was also detected in
previous studies [31,48].

In the multi-component model of engine-oil, five main mole-
cules are included and their measure dosages are summarized in
Table 5. It should be mentioned that the measured dosage of
tetradecane and 1-methyl-2-pentyl molecule comes from the con-
centration of alkanes and monocyclic alkanes molecular groups to
balance the simplicity and accuracy of the engine-oil molecular
model. Meanwhile, most additives molecules with low concentra-
tions are ignored, thus the measured dosages of five molecular ele-
ments are calibrated as 67.91%, 6.29%, 13.87%, 8.01%, and 3.92%,
respectively. In addition, it should be noted that the total number
of molecules in different rejuvenators maintains an approaching
level. Accordingly, the molecular number of tetradecane, 1-
methyl-2-pentyl-cyclohexane, 2,6-bis(1,1-dimethylethyl)-phenol,
1-pentanol and butyl benzoate molecule is 127, 14, 25, 34 and 8,
respectively. Further, the molecular dosages of these five mole-

(a) Tetradecane

(d) 1-pentanol

cules in the model are much close to the calibrated values, showing
the multi-component model of engine-oil rejuvenator is represen-
tative and reasonable.

4.3. Naphthenic-oil rejuvenator

The molecules in the naphthenic-oil rejuvenator belong to dif-
ferent chemical groups of alkanes, naphthenic and other hydrocar-
bons. Based on the concentration distribution of various alkanes
and naphthenic molecules with different carbon-chain lengths
and the number of naphthenic rings, the tetradecane and hexadec-
ahydro pyrene molecule is utilized to represent the molecular
group of alkanes and naphthenic, respectively. In addition, the 2-
methoxy-4-methyl phenol molecule with high content of 14.49%
is selected as the additives molecular group. Fig. 9 shows the
molecular structures for three types of molecules in the multi-
component molecular model of the naphthenic-oil rejuvenator.
Similar to additive molecules in engine-oil, the 2-methoxy-4-
methyl phenol molecule has the aromatic ring and oxygen-
containing functional groups (phenolic and methoxy), which is to
improve the performance stability and aging resistance of the
naphthenic-oil rejuvenator.

From Table 6, the measured dosage of tetradecane, hexadecahy-
dro pyrene, and 2-methoxy-4-methyl phenol molecule is 17.85%,
59.79%, and 14.49%, respectively. Meanwhile, about 7.87% of mole-
cules (mainly in the additives group) are not considered in the
multi-component molecular model of naphthenic-oil rejuvenator.
To eliminate that influence, the molecular number of the tetrade-
cane, hexadecahydro pyrene, and 2-methoxy-4-methyl phenol is
determined according to the normalized dosage of 19.37%,
64.90%, and 15.73%, which is 39, 120, and 46, respectively. It can
be found the model dosages of these three molecules are similar
to the experimental values, which guarantees the efficiency and
reliability of predicted thermodynamics properties for a multi-
component molecular model of naphthenic-oil rejuvenator out-
putted from MD simulations at the nanoscale level.

(b) I-methyl-2-pentyl-cyclohexane (c) 2,6-bis(1,1-dimethylethyl)-phenol

(e) Butyl benzoate

Fig. 8. The molecular elements of engine-oil rejuvenator.
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Table 5
The material components in a multi-component molecular model of engine-oil.

Journal of Molecular Liquids 360 (2022) 119463

No Components Measured dosage (wt%) Calibrated dosage (wt%) Chemical formula Molecular Model dosage (wt%)
Number
1 Tetradecane 61.79 67.91 Cy4H30 127 67.9
2 1-methyl-2-pentyl-cyclohexane 5.72 6.29 Ci2Hoa 14 6.3
3 2,6-bis(1,1-dimethylethyl)-phenol 12.62 13.87 C14H220 25 13.9
4 1-pentanol 7.29 8.01 CsHq.,0 34 8.1
5 Butyl benzoate 3.57 3.92 Cy1H140, 8 3.8
paia ittt O -
< a8
(a) Tetradecane (b) Hexadecahydro pyrene (c) 2-methoxy-4-methyl phenol
Fig. 9. The molecular elements in the naphthenic-oil rejuvenator.
Table 6

The molecular components in naphthenic-oil.

No Components Measured dosage (wt%) Calibrated dosage (wt%) Chemical formula Molecular Model dosage (wt%)
Number
1 Tetradecane 17.85 19.37 Cy4H3p 39 19.2
2 Hexadecahydro pyrene 59.79 64.90 Ci6Hae 120 65.0
3 2-methoxy-4-methyl phenol 14.49 15.73 CgH1002 46 15.8
Table 7

The molecular components in aromatic-oil.

No Components Measured dosage (wWt%) Calibrated dosage (wt%) Chemical formula Molecular number Model dosage (wt%)
1 Octadecane 13.74 14.65 CigHssg 22 14.7
2 2,7-Dimethyl Naphthalene 53.91 57.49 CioHpz 140 57.5
3 Furfural 26.13 27.86 CsH40, 110 27.8

4.4. Aromatic-oil rejuvenator

According to the GCMS result, the aromatic-oil rejuvenator is
mainly composed of alkanes, aromatics, and additives (like sol-
vents). In this study, one molecule with maximum dosage in each
group is selected to represent the alkanes, aromatics, and solvents
molecules, which are the octadecane, 2,7-dimethyl naphthalene,
and furfural. Their molecular structures are shown in Fig. 10.
Meanwhile, Table 7 lists the measured dosage, calibrated dosage,
and chemical formula of these three molecules. The chemical for-
mula of octadecane, 2,7-dimethyl naphthalene, and furfural mole-
cule is CygHsg, C12Hy2, and CsH40,, respectively. Octadecane is a
saturated alkane molecule with an 18-carbons chain, and 13.74%
octadecane is detected in aromatic-oil. Moreover, 53.91% 2,7-

dimethyl naphthalene is found in aromatic-oil, which contains
two aromatic rings connected with counterpoint methyl. About
26.13% of furfural molecules are monitored in the GCMS test of
aromatic-oil, which is related to the processing process of aromatic
oils with the solvent of furfural [27,49]. To eliminate the influence
of other additives molecules, the content of octadecane, 2,7-
dimethyl naphthalene, and furfural molecules is calibrated as
14.65%, 57.49%, and 27.86%, respectively. Based on the molecular
formula and calibrated dosage, the number of octadecane, 2,7-
dimethyl naphthalene, and furfural molecules is determined as
22, 140, and 110. Further, it is found that the dosage of each mole-
cule in the model is close to measured values, and it ensures the
reasonability of the multi-component model of aromatic-oil
rejuvenator.

(a) Octadecane

(b) 2,7-dimethyl naphthalene

(c) Furfural

Fig. 10. The molecular elements in aromatic-oil rejuvenator.

9



S. Ren, X. Liu, S. Erkens et al.
5. Molecular dynamics simulation and validation

The establishment and MD simulations running for multi-
component models of four rejuvenators are conducted in Materials
Studio 2017 [40-42]. After inputting the molecules in one simula-
tion cubic with an initial density of 0.1 g/cm?, the molecular mod-
els of rejuvenators are subjected to the geometry optimization
procedure with periodic boundary conditions to eliminate the
atoms overlapping and minimize the total energy of rejuvenator
systems. It should be denoted that the COMPASSII force field is uti-
lized throughout the whole MD simulations on multi-component
molecular models of all rejuvenators. Afterward, the MD equilib-
rium simulations with the isothermal-isobaric (NPT, constant atom
number, simulation pressure, and temperature) ensemble are
implemented on these initial molecular models to achieve the ideal
equilibrium molecular models. The adopted pressure and temper-
ature are one-atmosphere pressure and 298 K, respectively. In the
meantime, the time step and total NPT simulation time are set as
1 fs (fs) and 200 picoseconds (ps). In addition, the summation
method for electrostatic and van der Waals energy is the Ewald
with the accuracy of 0.001 kcal/mol and Atom-based with the cut-
off distance of 15.5 A, respectively. Further, to control the temper-
ature and pressure during MD simulations, the Nose thermostat
and Andersen barostat are adopted. After the NPT equilibrium
stage, more equilibrium MD simulations with the canonical (NVT,
constant atom number, model volume, and simulation tempera-
ture) are conducted on the final equilibrium configurations of reju-
venators during the NPT MD simulation step. The NVT simulation
parameters of atom number, temperature, time step, simulation
time, thermostat, and force field are all same as the previous NPT
step.

Fig. 11 illustrates the initial and equilibrium molecular configu-
rations of four rejuvenators before and after the MD simulations.
Different kinds of molecules in each rejuvenator model are dis-
played with distinguishable colors to observe the molecular distri-
bution and agglomeration levels. During the MD simulations, the
molecules in a multi-component model of rejuvenator gather
together owing to intermolecular force under the external pressure
and temperature, resulting in the volume shrinkage of the whole
molecular model. Due to the difference in the number of atoms
and molecules, the cell volume and length of various rejuvenators
are not compared here. However, it is interesting to discuss the
molecular distribution of different molecules in multi-component
molecular models of rejuvenators.

To validate the reliability of established multi-component mod-
els of various rejuvenators, the density values at 25 and 60°C out-
putted from MD simulations are compared with measured values,
which are summarized in Table 8. It is found that the predicted
density values from MD simulations of four rejuvenators approach
the experimental results at 25 and 60°C with a divergence lower
than 7%. It proves that the established multi-component model
of rejuvenators, as well as the MD simulations settings of force-
field, ensembles, and time steps, are reasonable. From both MD
simulations and experimental results, the aromatic-oil rejuvenator
exhibits the largest density value, while the density of the engine-
oil rejuvenator is the lowest. Based on GC-MS analysis, more polar
aromatics and fewer alkane molecules are included in the
aromatic-oil rejuvenator, which leads to a stronger intermolecular
force and higher density. On the other hand, the alkane molecules
with low polarity and density play a dominant role in engine-oil.
However, it should be noted that there is still a difference in den-
sity between the predicted and measured values. The predicted
density values of bio-oil, engine-oil, and aromatic-oil are lower
than the measured ones, while the naphthenic-oil shows the oppo-
site result.
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6. Performance prediction from MD simulations

The fundamentally understanding of the physical and thermo-
dynamics properties of various rejuvenators is limited due to the
difficulty of experimental measurement at the macroscale level.
In this study, the MD simulations are performed on multi-
component molecular models to predict the nanoscale perfor-
mance of rejuvenators in terms of glass transition temperature
Tg, energetic parameters, cohesive energy density and solubility
parameters, volumetric parameters, dynamics behaviors (mean
square distance and diffusion coefficient), structural characteristics
(Radius of gyration, radial distribution function and concentration
profile) and other thermodynamic properties (viscosity, activation
energy, thermal expansion parameter, and isobaric heat capacity).

6.1. Glass transition temperature (Tg)

The glass transition temperature is a vital thermodynamic indi-
cator to describe the transition point between the glassy to rubber
phases, which is resulted from the mobility activation of material
molecules and is strongly related to its low-temperature relaxation
ability [40]. Similarly, the difference in Tg values between different
kinds of rejuvenators would affect the corresponding rejuvenation
efficiency in low-temperature properties of rejuvenated bitumen.
However, the liquid state and low Tg characteristics of rejuvena-
tors bring difficulty and inaccuracy to experimental measure-
ments. Herein, the density variations of four rejuvenators are
monitored to predict their glass transition temperature points
[38-40]. The results are illustrated in Fig. 12, and the density val-
ues of all rejuvenators have a decreasing trend with the increase
of simulation temperature. It is associated with the strong molec-
ular mobility, large intermolecular distance, and volume expansion
of the whole molecular models at high temperatures. It is worth
noting that there is a turning point in the change of temperature
sensitivity for all rejuvenators, which is defined as the T, point.
To calculate the T, values of rejuvenators, the regression curves
of density-temperatures before and after glass transition points
are drawn in Fig. 12, and the corresponding equations are summa-
rized in Table 9. The high values of correlation coefficient R? ensure
the reliability of simulation outputs. Afterward, the glass transition
temperatures of bio-oil, engine-oil, naphthenic-oil, and aromatic-
oil rejuvenators are determined as 252.40, 237.34, 265.31, and
290.97 K, respectively. The engine-oil shows the lowest T, value,
followed by the bio-oil and naphthenic-oil, while the aromatic-
oil rejuvenator presents the highest T, indicator. It demonstrates
that it is the easiest for engine-oil molecules to possess mobility
at low temperatures, while the aromatic-oil molecules are still
rigid and tied down until the temperature rises to 290.97 K. The
difference in Ty values between various rejuvenators would lead
to the difference in their rejuvenation efficiency on the low-
temperature performance of aged bitumen [40].

6.2. Energetic parameters

The MD simulations are performed based on the variations of
various energies of a simulation model, which results in the molec-
ular mobility instantaneously till reaching an equilibrium state
ultimately. The energetic parameters of rejuvenators depend on
the molecular interactions, which are different in the multi-
component molecular models of various rejuvenators. Moreover,
the energetic parameters play a vital role in determining the ther-
modynamics properties of the simulation system. In this study, the
key energetic parameters in the multi-component models of differ-
ent rejuvenators are outputted and compared, including the poten-
tial energy Epotentiar Kinetic energy Eiinetic, Non-bond energy Epon-
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(a) Bio-oil rejuvenator
(Blue: Methyl Palmitate; Yellow: Methyl Linoleate; Pink: Methyl Oleate)

(b) Engine-oil rejuvenator
(Pink: Tetradecane; Yellow: 1-methyl-2-pentyl-Cyclohexane; Blue:
2,6-bis(1,1-dimenthylethyl)-phenol; Green: 1-Pentanol; Black: Butyl benzoate)

(c) Naphthenic-oil rejuvenator
(Pink: Tetradecane; Yellow: Hexadecahydro Pyrene; Green: 2-Methoxy-4-Methyl Phenol)

(d) Aromatic-oil rejuvenator
(Pink: Octadecane; Green: 2,7-Dimethyl naphthalene; Blue: Furfural)

Fig. 11. The initial and equilibrium molecular models of various rejuvenators.
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Table 8
Density comparison of experimental results and MD simulation outputs.

Journal of Molecular Liquids 360 (2022) 119463

Rejuvenators Bio-oil Engine-oil Naphthenic-oil Aromatic-oil
25°C density (g-cm~3) (Exp.) 0.911 0.833 0.875 0.994
25°C density (g-cm ) (MD) 0.871 0.800 0.933 0.987
Divergence 4.39% 3.96% 6.63% 0.70%
60°C density(g-cm~3) (Exp.) 0.899 0.814 0.852 0.978
60°C density (g-cm~3) (MD) 0.841 0.774 0.906 0.954
Divergence 6.45% 4.91% 6.34% 2.45%
1.10 mainly described with the non-bond energy E;on-bona, Which con-
tains the van der Waals energy, electrostatic energy, and potential
1.05 hydrogen bond energy.
The energetic parameters of four rejuvenators at 213 K (lower
1.00 temperature than Tg point), 298 K (room temperature), and
f'E 0.95 363 K (high-temperature point) are illustrated in Fig. 13. It is
> demonstrated that these energetic parameters at different temper-
EJJ 0.90 atures are variable. Apart from the cross-terms energy, all ener-
= getic parameters show an increasing trend as the temperature
= 085 rises. Meanwhile, the influence of temperature on the kinetic
5 energy is slightly less than potential energy, while the non-bond
S 0.80 energy is more dependent on temperature than the diagonal and
0.75 cross-terms energies. Besides, the difference in van der Waals
energy of rejuvenators as a function of temperature is much more
0.70 = 1 1 1 1 significant than the electrostatic energy. When the temperature is
180 210 240 270 300 330 360 390 the same, the positive value for the potential energy of aromatic-oil
Temperature (K) is much larger than the others, which all display negative values.

Fig. 12. The density variations of rejuvenators as a function of temperature.

bond» total energy Egoar, Van der Waals energy Eyan der waals, €lectro-
static energy Eejectrostatic: diagonal energy Egiagonal, and cross-terms
energy Ec.oss. The relationships between these energetic parame-
ters are displayed in Equations 1-4.

Etotal = Epotential + El(inetic = (Evalence + Enon—bond) + El(inetic

= [(Ediagonal + Ecross) + Enun—bond] + Ekinetic (1)
Ediagonal = Ebond + Eangle + Etorsion + Einversion (2)
Ecross = Estretch—stretch + Estretch—bond—stretch + Estretch—torsion—stretch

+ Eseparated—stretch—stretch + Etorsion—stretch + Ebend—bend
+ Etorsion—bend—bend + Ebend—torsion—bend (3)
Enon—bond = Evan der Waals T+ Eelectrostatic + Ehydrogen bond (4)

For a brief introduction, the total energy is a sum of potential
energy and kinetic energy, while the potential energy is composed
of the diagonal energy, cross-terms energy, and non-bond energy.
In addition, the diagonal energy consists of the bond energy Epong,
angle energy Eangle, torsion energy Eirosion, and inversion energy Ej,_
version. Meanwhile, the cross-terms energy comes from different
changes of molecular configurations in terms of the stretch-
stretch, stretch-bond-stretch, stretch-torsion-stretch, separated-
stretch-stretch, torsion-stretch, bend-bend, torsion-bend-bend,
and bend-torsion-bend. Lastly, the intermolecular interaction is

The high potential energy of aromatic-oil mainly comes from the
large diagonal energy. Besides, the aromatic-oil model displays
the highest cross-terms energy. The reason can be explained from
the viewpoint of molecular structures. In the multi-component
molecular model of aromatic-oil, the main molecule is the 2,7-
dimethyl naphthalene. Its double aromatic ring structure results
in higher polarity and valence energy than the main molecules
(methyl oleate, tetradecane, and hexadecahydro pyrene) in the
multi-component molecular models of bio-oil, engine-oil, and
naphthenic-oil. That’s why the aromatic-oil model has the lowest
kinetic energy, but the largest potential energy leads to its highest
total energy value.

The engine-oil and naphthenic-oil models show similar levels of
potential energy, kinetic energy, and total energy, which are all
lower than that of bio-oil rejuvenators. Regarding the non-bond
energy, the bio-oil model presents the lowest value, followed by
the aromatic-oil and naphthenic-oil, while the engine-oil shows
the highest non-bond energy. It can be found that the lowest
non-bond energy of bio-oil is mainly because it has the smallest
van-der Waals energy, although it shows the positive and highest
electrostatic energy. Based on the current multi-component
molecular models, the van der Waal energy values of engine-oil,
naphthenic-oil, and aromatic-oil are similar, and the reason is com-
plex because there are different kinds of molecules in the molecu-
lar models of various rejuvenators. As to the electrostatic energy,
the naphthenic-oil, and aromatic-oil display similar values, which
are much lower than engine-oil and bio-oil rejuvenators. The rank-
ing of diagonal energy and cross-terms energy for the multi-
component models of four rejuvenators is AO > BO > NO > EO
and AO > EO > NO > BO, respectively.

Table 9

The correlation equations between temperature and density values of rejuvenators.
Rejuvenators Equation (1) R? Equation (2) R?
BO p = -3.50E-4*T + 0.9860 0.9964 p = -6.69E-4*T + 1.0649 0.9932
EO p = -5.78E-4*T + 0.9707 0.9674 p = -7.25E-4*T + 1.0097 0.9804
NO p = -5.17E-4*T + 1.0903 0.9801 p = -6.89E-4*T + 1.1344 0.9897
AO p = -6.35E-4"T + 1.1739 0.9943 p = -8.87E-4"T + 1.2505 0.9995
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Fig. 13. The energetic parameters of different rejuvenators.
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6.3. Cohesive energy density and solubility parameter

Another two important thermodynamic parameters of cohesive
energy density (CED) and solubility parameter come from the ener-
getic terms that are most popular to evaluate the intermolecular
interaction and compatibility, which are calculated using Equa-
tions (5) and (6). It was reported that the higher the CED value
is, the more difficult for molecules to evaporate from the body
model. Meanwhile, the difference in solubility parameters is an
effective indicator to assess the solubility degree and compatibility
between different kinds of substances.

Ecoh

CEDtotal = Vv

(5)

8 = (CED ) = (g + %)

ele

(6)

Where E, is the total cohesive energy, J; V refers to the model
volume, cm?; yqw and e represent the van der Waals-based and
electrostatic-based solubility parameters.

Fig. 14 shows the CED and solubility parameter values of four
rejuvenators with the total, van der Waals, and electrostatic terms
at 298 K. It is found that the van der Waals-based CED and solubil-
ity parameter values for all rejuvenators are close to the total val-
ues and much larger than the electrostatic terms. It denotes that
the van der Waal force is the dominant intermolecular interaction
in multi-component molecular models of all rejuvenators. Regard-
ing the total CED and solubility parameter, the magnitude order of
the four rejuvenators is AO > BO > NO > EO. The aromatic-oil reju-
venator exhibits the largest CED value, indicating that the inter-
molecular force in the multi-component molecular model of
aromatic-oil is the strongest. The reason is related to the high aro-
maticity and polarity characteristics of 2,7-dimethyl naphthene
molecules with high dosage in the aromatic-oil model. Meanwhile,
the TI-IT conjugations between condense aromatic rings in 2,7-
dimethyl naphthene significantly enhance the intermolecular
interactions of the aromatic-oil model. In addition, the furfural
molecules with furan ring and aldehyde group also contribute to
the improved intermolecular force of the whole aromatic-oil
system.

In the multi-component molecular model of bio-oil rejuvenator,
all kinds of molecules belong to the fatty acid esters combined with
the unsaturated alkyl chain and an ester group. The polar ester
group (-C = 0-O-C-) in methyl palmitate, methyl linoleate, and
methyl oleate molecules initiate the formation of hydrogen bonds,
which are stronger than the van der Waals and electrostatic inter-
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molecular forces but lower than IT-IT conjugations [39,49]. That’s
why the CED and solubility parameter values of the bio-oil molec-
ular model are smaller than aromatic-oil but higher than that of
naphthenic-oil and engine-oil. Further, it is found that the
naphthene-oil multi-component model has higher CED and solu-
bility parameter values than the engine-oil model. The multi-
component molecular model of naphthenic-oil is composed of hex-
adecahydro pyrene (65.0%), tetradecane (19.2%) and 2-methoxy-4-
methyl (15.8%), while the multi-component model of engine-oil
contains the tetradecane (67.9%), 1-methyl-2-pentyl-cyclohexane
(6.3%), 2,6-bis (1,1-dimethyl ethyl)-phenol (13.9%), 1-pentanol
(8.1%), and butyl benzoate (3.8%). Considering the main molecular
compositions, the hexadecahydro pyrene molecules in naphthenic-
oil model show larger polarity and stronger intermolecular force
from conjugate effects between the polycyclic cycloalkane struc-
tures than the tetradecane molecules in engine-oil [19,28]. On
the other hand, the aromatic-oil model also presents the highest
electrostatic-based CED and solubility parameter values, followed
by the engine-oil, while the bio-oil and naphthenic-oil are at a sim-
ilar level. The high concentrations of 2,7-dimethyl naphthene and
furfural molecules result in the large electrostatic energy in the
multi-component molecular model of aromatic oil. Meanwhile,
the high electrostatic-based CED and solubility parameter values
of the engine-oil model are related to the hydrocarbons in the
additives group with significant polarity and aromaticity.

6.4. Volumetric parameters

It is of great significance to predict and explore the volumetric
indicators of multi-component molecular models of various reju-
venators, which are strongly associated with their thermodynam-
ics properties. In this study, the total, occupied and free volumes
of different rejuvenators are measured at different temperatures.
Fig. 15 visualizes these volumetric characteristics of equilibrium
multi-component molecular models of bio-oil, engine-oil,
naphthenic-oil and aromatic-oil rejuvenators at 298 K. Different
colors represent the various kinds of molecules in multi-
component models of rejuvenators. It demonstrates that the total
volume refers to the volume of the whole cubic simulation unit.
Meanwhile, the occupied volume shows the sum of molecular vol-
umes in multi-component models of rejuvenators. Further, the dif-
ference between the total volume and occupied volume is defined
as the free volume, which is the sum of intermolecular space in one
cubic simulation unit. Due to the periodic boundary condition, the
volumetric parameters from each simulation unit of multi-

21
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Fig. 14. The CED and solubility parameter values of different rejuvenators.
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(d) Aromatic-oil

Fig. 15. The free volume calculations on equilibrium molecular models of rejuvenators.

component molecular models of rejuvenators are the same. To be
more vivid, the free volume spaces in all equilibrium multi-
component molecular models of rejuvenators are marked with
grey-blue shapes.

The quantitative volumetric parameters for the multi-
component molecular models of four rejuvenators are shown in
Fig. 16a. As expected, the occupied volumes in multi-component
molecular models of all rejuvenators are much larger than the free
volumes. When the molecular number in each rejuvenator model
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is the same, the molecular volume mainly determines the occupied
volume of the whole rejuvenator model. However, there is a huge
difference in volumetric parameters between various rejuvenators.
It is found that the bio-oil rejuvenator exhibits the largest total,
occupied, and free volumes, followed by the engine-oil and
naphthenic-oil, while the multi-component molecular model of
aromatic-oil shows the lowest volumetric parameters. The reason
can be explained from the viewpoint of molecular volume and con-
figuration. In the multi-component model of bio-oil rejuvenator,
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Fig. 16. The volumetric parameters and FFV of different rejuvenators at 298 K.
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the fatty acid esters molecules show a large molecular size and
intermolecular distance because of the long-alkane chain in their
molecular structures. For the tetradecane as the main molecule
in the multi-component model of engine-oil, there are 14 carbon
atoms in its main molecular body, which is shorter than the alkane
chain of bio-oil molecules.

Regarding the multi-component molecular models of
naphthenic-oil and aromatic-oil rejuvenators, their lower volumet-
ric parameters are not only related to the smaller molecular vol-
ume but also the stronger intermolecular forces. The polycyclic
cycloalkanes structure in hexadecahydro pyrene as the main mole-
cule of the naphthenic-oil model leads to its smaller molecular
size. Moreover, the 2,7-dimethyl naphthalene and furfural mole-
cules in the multi-component model of aromatic-oil show the
smallest molecular size due to the aromatic and furan rings with
a short side chain. On the other hand, compared to bio-oil and
engine-oil rejuvenators, the naphthenic-oil and aromatic-oil have
more polar molecules, resulting in stronger intermolecular interac-
tion and a narrower intermolecular space.

The free volume is the main focus because it is strongly related
to the relaxation and flowability performance of rejuvenators [40].
To directly compare the free volume ratio of various rejuvenators
and eliminate the effect of differences in the number of molecules,
a new indicator of fractional free volume (FFV) is proposed and
defined as Equation (7).

V-V,

FFV v

()

where FFV, V, and V, represent the fractional free volume, total
volume, and occupied volume.

Fig. 16b shows the FFV values of four rejuvenators at 298 K,
which are in the region of 17-21%. Besides, the FFV order for the
rejuvenators

multi-component molecular models of is
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EO > BO > NO > AO. The engine-oil rejuvenator exhibits the highest
FFV value of 20.08%, followed by the bio-oil (19.02%) and
naphthenic-oil (18.81%). Besides, the FFV value of the multi-
component molecular model of aromatic-oil is the lowest at
17.71%. The polar ester groups in bio-oil molecules enhance the
intermolecular interaction and reduce the free volume concentra-
tion through the formation of hydrogen bonds. Further, the high
polarity and low molecular size of aromatic-oil molecules both
contribute to the low fractional free volume of the multi-
component molecular model of aromatic-oil rejuvenator.

On the other hand, the influence of temperature on volumetric
parameters of various rejuvenators is investigated. Fig. 17 illus-
trates the variations of occupied and free volumes in multi-
component molecular models of rejuvenators as a function of tem-
perature. The space with red color is the occupied volume, while
the blue part refers to the free volume. For all rejuvenators, with
the temperature increasing, the free volume enlarges significantly.
As the temperature rises from 173 K to 393 K, the free volume dis-
tribution changes from a sporadic state to island-like, which pro-
vides more free space for rejuvenator molecules to flow and
relax at high external stress.

The quantitative analysis of the volumetric parameters of four
rejuvenators at different temperatures is described in Fig. 18. For
all rejuvenators’ models, the influence of temperature on the occu-
pied volumes is insignificant, indicating that the molecular volume
is not dependent on the temperature. Meanwhile, as the tempera-
ture increases, the total and free volumes show a similar increasing
trend with an apparent turning point, which is the glass transition
temperature Tg. When the temperature exceeds the T, point, the
growth rates of total and free volumes strengthen due to the large
molecular mobility and intermolecular space. Besides, it is revealed
that the temperature effect on the whole volume of the rejuvenator
model is mainly through the variation of free volume. The temper-

Fig. 17. Influence of temperature on free volume distributions of four rejuvenators (Red color: Occupied volume; Blue color: Free volume).
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Fig. 18. Influence of temperature on volumetric parameters of different rejuvenators.

ature dependence of volumetric parameters for four rejuvenators
will be discussed in the following section through a new parameter
of the thermal expansion coefficient.

Fig. 19a draws the variation of FFV values of four rejuvenators
as a function of simulation temperature, which displays an increas-
ing trend with the increase of temperature. When the temperature
rises from 173 K to 393 K, the FFV values of bio-oil, engine-oil,
naphthenic-oil and aromatic-oil rejuvenators increase from
12.7%, 12.5%, 11.1%, and 9.3% to 27.6%, 30.8%, 27.0%, and 26.4%,
respectively. In addition, the FFV parameters of the multi-
component molecular models of four rejuvenators follow the
decreasing order of EO > BO > NO > AO. Due to the existence of free
volume, the surface area in the multi-component molecular model
is apparent, which would affect the diffusion rate of other sub-
stances (like oxygen and moisture) in rejuvenators. The surface
area values of four rejuvenators at different temperatures are dis-
played in Fig. 19b. As expected, the surface area of the rejuvenator
remarkably increases with the temperature rising. It indicates that
high temperature would increase the interaction area of the reju-
venator with oxygen and moisture molecules, thus intensifying
their diffusion and interaction with the molecules of rejuvenators.
Moreover, the magnitude order of molecular surface in multi-
component models of four rejuvenators is shown as
BO > EO > NO > AO. It implies that the bio-oil rejuvenator provides
the highest interaction area with oxygen or moisture molecules,
while it is the most difficult for oxygen and moisture molecules
to diffuse in an aromatic-oil rejuvenator. Therefore, it is speculated
that the resistance to oxidative aging and moisture influence of
aromatic-oil rejuvenator is the best, while it is the easiest for the
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bio-oil rejuvenator to suffer from oxidation aging and moisture
penetration. However, the hypothesis should be further verified
based on experimental results.

6.5. Dynamic behaviors

The dynamic molecular mobility of the multi-components
molecular models of four rejuvenators is assessed by the parame-
ters of mean square displacement (MSD) and diffusion coefficient
(D), which are obtained following Equations (8) and (9).

MSD(t) = < Ari(t)? > =< [1i(t) - 1;(0)]* > (8)
b= 6N fim g Z MSD(t ©)

where MSD(t) represents the mean square displacement of the
rejuvenator model at simulation time t (ps), A% r; (0) and r; (t)
refers to the initial and current coordinate, A; D is the diffusion
coefficient, m?/s; N shows the total number of molecules in the
multi-component model of rejuvenator; a is the slope value in cor-
relation equation between MSD and time.

The MSD values of different rejuvenators as a function of simu-
lation time at 298 K are monitored and shown in Fig. 20a. It is
found that the MSD values increase linearly as the time prolongs,
and the correlation equations between MSD and t of four rejuvena-
tors are also listed. When the simulation time keeps constant, the
magnitude order of MSD values for the multi-component models of
four rejuvenators is as follows: AO > EO > NO > BO. Meanwhile, the
diffusion coefficient values of rejuvenators are calculated and pre-
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Fig. 20. The MSD and diffusion coefficient of rejuvenators at 298 K.

sented in Fig. 20 b. The aromatic-oil rejuvenator exhibits the high-
est diffusion coefficient of 8.37E-10 m?/s, followed by engine-oil
(5.032E-10 m?/s) and naphthenic-oil (2.455E-10 m?/s), while the
diffusion coefficient of the bio-oil rejuvenator is the smallest of
1.887E-10 m?[s. The result is out of an expectation that the
aromatic-oil rejuvenator should exhibit the lowest dynamic per-
formance due to its large molecular weight and intermolecular
forces. The reason for the unexpected phenomenon can be
explained that from the GC-MS test, the 2,7-dimethyl naphthene
molecule is detected as the main molecule of aromatic-oil, but it
is difficult to monitor the aromatic molecules with>2 fused aro-
matic rings because of their heavy molecular weight. It leads to
the negligence of these large aromatic molecules in the multi-
component molecular model of aromatic-oil rejuvenator. Mean-
while, the incorporation of furfural molecules with a high dosage
of 57.5% plays a crucial role in enhancing the molecular mobility
of the 2,7-dimethyl naphthalene. It is concluded that the GC-MS
method is not able to measure all chemical components in
aromatic-oil rejuvenators, and the large aromatic molecules should
be considered in the molecular model of aromatic-oil.

For the other three rejuvenators, it is expected that the diffusion
coefficient of naphthenic-oil is lower than engine-oil. It is because
more alkane molecules (tetradecane) exist in engine-oil than
naphthenic-oil. Moreover, the diffusion coefficient of the hexadec-
ahydro pyrene as the main molecule of naphthenic-oil is much
lower than the tetradecane alkane molecule. Regarding the bio-
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oil rejuvenator, the long carbon chain in fatty acid esters hinders
the molecular diffusive ability. Besides, the formation of hydrogen
bonds increases the intermolecular force and reduces the mobility
of molecules in bio-oil. It should be mentioned that the MSD values
of rejuvenators are the sum of the MSD of each molecule in their
multi-component molecular models. It is still difficult to explain
the underlying reason for the difference in MSD and diffusion coef-
ficient values between the multi-component molecular models of
various rejuvenators. Thus, the MSD and diffusion coefficient val-
ues of each molecule in different rejuvenators are measured, and
the results are shown in Figures S4 and S5.

Temperature plays a key role in affecting molecular mobility
and diffusive behaviors. The temperature dependence of multi-
component molecular models of four rejuvenators is evaluated
through the variation of MSD and diffusion coefficient parameters.
Fig. 21 displays the MSD values of four rejuvenators at different
temperatures. As the temperature grows, the MSD parameter
increases distinctly when the simulation temperature keeps con-
stant. It implies that a higher temperature accelerates the stronger
mobility of molecules in all multi-component models of four reju-
venators. In addition, the temperature effect on the MSD values of
rejuvenator molecules becomes more distinct when the tempera-
ture exceeds 333 K. Based on the slope values in MSD-time regres-
sive equations, it is demonstrated that the temperature-
dependence of MSD parameters for four rejuvenators. The diffusion
coefficient values of multi-component molecules of rejuvenators at
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Fig. 21. Influence of temperature on MSD values of rejuvenators.

different temperatures are calculated and listed in Table 10. The
growing temperature increases the diffusion coefficient of four
rejuvenators. When the temperature rises from 213 to 393 K, the
diffusion coefficient of bio-oil, engine-oil, naphthenic-oil and
aromatic-oil increase from 3.95E to 11, 1.017E-10, 6.0E-11, and
9.0E-11 to 1.09E-9, 1.95E-9, 1.35E-9, and 2.49E-9 m?/s. Meanwhile,
the difference in diffusion coefficient values between the four reju-
venators becomes less significant at high temperatures. Further,
the diffusion coefficient ranking at all temperatures for four rejuve-
nators is AO > EO > NO > BO.

To further assess the temperature sensitivity of the diffusion
coefficient parameter for four rejuvenators, the Arrhenius equation
(Equation (10)) is adapted to fit the correlation curves between
the diffusion coefficient (LnD) and the reciprocal value of temper-
ature (1/T).

—E,

D= Aexp( T )

where D and T are the diffusion coefficient (m?/s) and temper-

ature (K); Ea refers to the activation energy (J/m?); A and R repre-

sent the pre-exponential factor and universal gas constant
(8.314 J/mol'K™1).

The correlation curves and equations are all plotted in Fig. 22.
The high R? values denote that the Arrhenius equation can well
fit the LnD-(1/T) curves of all rejuvenators. The temperature sensi-
tivity of different rejuvenators is reflected by the absolute slope
value, which follows the ranking as BO > AO > EO > NO. Besides,
the Ea values of bio-oil, engine-oil, naphthenic-oil, and aromatic-

(10)
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oil are 13336.7, 12058.0, 11400.7, and 12455.7 J/m?, respectively.
It suggests that the multi-component molecular model of
naphthenic-oil exhibits the lowest temperature sensitivity, fol-
lowed by the engine-oil and aromatic-oil, while the bio-oil is the
most sensitive to temperature. This conclusion will be further ver-
ified by viscous property in the following section 6.7.

6.6. Structural indicators

Apart from the molecular compositions, the difference in the
micro-and-macroscales properties between various rejuvenators
is strongly connected with the molecular structures and arrange-
ments. In this study, the structural indicators, radial of gyration
(Rg), radial distribution function (RDF), and relative concentration
of different molecules in multi-component molecular models of
four rejuvenators, are calculated and analyzed. The Ry and g(r)
are obtained through Equations (11) and (12).

S r2m 3
Ry = <7Zm ) (11)
dN
80 = Zrr2pdr (12)

where m is the mass of the molecule branch, g'mol~'; r; repre-
sents the distance between the mass center of a molecule to the
branch, A; N refers to the molecule number in the whole multi-
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Table 10
The diffusion coefficient (D, m?/s) of rejuvenators at various temperatures.
Temperature (K) BO EO NO AO
213 3.950E-11 1.017E-10 6.000E-11 9.000E-11
253 7.670E-11 2.217E-10 1.833E-10 3.233E-10
273 1.283E-10 3.450E-10 2.467E-10 4.817E-10
298 2.067E-10 6.083E-10 3.150E-10 7.567E-10
333 5.050E-10 9.500E-10 5.917E-10 1.313E-9
363 6.850E-10 1.763E-9 7.733E-10 1.593E-9
393 1.090E-9 1.948E-9 1.353E-9 2.448E-9
BO than molecules in the other three rejuvenators, which explains
20F ® EO LnD =-1450.33 * (1/T) - 1635, R’=0.983 why the aromatic-oil model exhibits the highest diffusive ability.
4 NO LnD =-1371.27* (I/T) - 17.11, R =0.985 However, it should be mentioned that the heavy-weight aromatic
v AO LnD =-1498.16 * (1/T) - 16.01, R*=0.994 - .
Linear fit oils are not detected by the GC-MS method and are not considered
21F in the multi-component molecular model of aromatic-oil. A more
accurate method should be developed to monitor the molecular
_— structures of heavy-weight aromatic molecules, then a more real-
= istic multi-component molecular model of aromatic-oil can be
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Fig. 22. The correlation between temperature and diffusion coefficient of
rejuvenators.

component molecular model of rejuvenator; p and r are the den-
sity (g-em®) and distance from the specified molecule (A),
respectively.

6.6.1. Radius of gyration Rg

Fig.23a-d illustrates the probability density distribution of the
R, of the multi-component molecular model of bio-oil, engine-oil,
naphthenic-oil, and aromatic-oil rejuvenator, respectively. The
total and each molecule terms are all displayed to detect the dom-
inant molecules determining the Rg value of the whole rejuvenator
system. In the multi-component molecular model of bio-oil, the
probability density of the whole system, methyl oleate, methyl
palmitate, and methyl linoleate shows a peak value at the R, point
of 6.3, 6.3, 6.0, and 6.2 A, respectively. It is associated with the
shorter carbon chain in methyl palmitate than the methyl oleate
and methyl linoleate, which show a similar Ry distribution. In the
engine-oil rejuvenator, the probability density has four peaks at
the Ry of 2.2, 2.8, 3.1, and 4.6 A, which come from different mole-
cules. In detail, the 1-pentanol, 2,6-bis (1,1-dimethyl ethyl)-
phenol, and 1-methyl-2-pentyl-cyclohexane present the maximum
P-value at the Ry of 2.2, 2.8, and 3.1 A, respectively. Moreover, the
butyl benzoate molecule has two P-value peaks at 3.0 and 3.25 A.
Further, the tetradecane molecule, as the main component of
engine-oil, shows a broad P-value distribution and the peak value
occurs approximately at the Rg of 4.4 A.

Regarding the probability density of naphthenic-oil, there are
three peaks observed at the Ry point of 2.25, 2.6, and 4.7 A, which
represent the 2-methoxy-4-methyl phenol, hexadecahydro pyrene,
and tetradecane molecule, respectively. Similarly, three peaks are
detected in the Ry distribution curve of aromatic-oil, which is
located at the Ry of 1.8, 2.6, and 6.0 A. With the R, value increasing,
the P-value peak comes from the furfural, 2,7-dimethyl naph-
thalene, and octadecane molecule, respectively. It is depicted that
the R, values of main molecules of aromatic-oil are much lower
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established. In addition, compared to the molecules in engine-oil
and naphthenic-oil, the bio-oil molecules show higher R, values,
which hinders molecular mobility and reduces the diffusive rate.
Meanwhile, the Rg; parameters of all additive molecules in
engine-oil are lower than that of tetradecane (main component),
indicating that the incorporation of these additive molecules pro-
motes the enhancement in molecular mobility of engine-oil mole-
cules. In naphthenic-oil, the Ry value of 2-methoxy-4-methyl
phenol is smaller than the main molecules of hexadecahydro pyr-
ene and tetradecane.

6.6.2. Radial distribution function RDF

The molecular arrangement in the multi-component molecular
models of four rejuvenators is evaluated by the radial distribution
function g(r), which represents the probability of a specific mole-
cule appearing at a distance from the reference point. The RDF
curves between different molecules in four rejuvenators are drawn
in Fig. 24, including the total, self-molecular and intermolecular g
(r) distribution. It is found that the molecular self-agglomeration is
more significant than the intermolecular ones according to the
high g(r) values of self-molecular interactions. Moreover, the g(r)
values between different molecules in four rejuvenators all
approach 1.0, indicating that the overall intermolecular distribu-
tion is homogeneous in the long-distance range. Meanwhile, the
self-molecular agglomeration phenomenon is observed only when
the intermolecular distance is lower than 5 A. It further indicates
that the molecules in the multi-component molecular model of
rejuvenators are in short-distance order and long-range disorder.
In the multi-component model of bio-oil, the g(r) peaks of the total,
methyl oleate, methyl palmitate, and methyl linoleate pairs occur
at the same positions, but the peak values are different. The methyl
palmitate pair shows the highest g(r) peak values, followed by the
methyl linoleate and methyl oleate pairs. It denotes that the possi-
bility for self-molecular agglomeration of methyl palmitate pair in
bio-oil is the largest. In the engine-oil model, the butyl benzoate
pair shows the highest peak values, followed by the cyclohexane,
pentanol, phenol, and tetradecane pairs. Meanwhile, the phenol
and pentanol pairs show an additional peak at 0.9 A, which is asso-
ciated with their small molecular size. Regarding the intermolecu-
lar RDF in engine-oil, the butyl benzoate-pentanol pair has the
highest g(r) peak value, followed by the phenol-pentanol pair,
while the cyclohexane-pentanol presents the lowest peak value.
It suggests that the possibility of intermolecular agglomerations
between pentanol with benzoate and phenol are higher than
others, which may be related to the oxygen-containing polar func-
tional groups in their molecular structures.
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Fig. 23. The R, distribution of different molecules in rejuvenators.

The RDF curves of the naphthenic-oil model reveal that the phe-
nol pair shows the strongest self-molecular agglomeration poten-
tial, followed by the tetradecane and pyrene pairs. Besides, the g
(r) peak value of the tetradecane-phenol pair is larger than that
of tetradecane-pyrene and phenol-pyrene molecular pairs. In addi-
tion, the octadecane pair in aromatic-oil shows the highest g(r)
peak values, followed by the furfural and naphthalene pairs. An
additional peak at 1.2 A for the furfural pair is observed, indicating
that the intermolecular distance between furfural molecules is
smaller than others in the multi-component molecular model of
aromatic-oil rejuvenator. Further, the g(r) peak value of furfural-
naphthalene is higher than the naphthalene-octadecane pair, while
the furfural-octadecane shows the lowest peak value. It indicates
that the intermolecular agglomeration degree between the furfural
and naphthalene molecules is the largest, while the furfural and
octadecane molecules disperse each other more homogeneously.
The reason may be that the high polarity and aromatic structure
enlarge the intermolecular interaction between the furfural and
naphthalene molecules. In the meanwhile, the small molecular size
provides more mobility to furfural molecules, which promotes the
homogenous dispersion of furfural molecules in the multi-
component molecular model of aromatic-oil rejuvenator.

6.6.3. Relative concentration distribution

The concentration profile was obtained by calculating the
atomic density distribution of the 3D periodic structure to the
coordinate axis, which is defined as the ratio of the number of
atoms in the unit volume perpendicular to the axis direction to
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the number of atoms contained in the unit volume of the amor-
phous cell. Fig. 25 shows the concentration distributions in the
multi-component molecular models of four rejuvenators at three
directions of (100), (010), and (001). The relative concentration
of 1.0 represents that the molecular distribution in the rejuvenator
model is homogeneous. However, the concentration profile indi-
cates that there is an obvious fluctuation around the value of 1.0.
It means that the multi-component molecular models of four reju-
venators are inhomogeneous at the atomic level. Meanwhile, the
molecular distributions in rejuvenator models are variable in dif-
ferent directions. Based on the lowest fluctuation amplitude, the
multi-component molecular model of engine-oil is the most
homogenous. Moreover, the bio-oil and naphthenic-oil show sim-
ilar maximum and minimum fluctuation amplitude values. The
fluctuation amplitude of the relative concentration for the multi-
component molecular model of aromatic-oil rejuvenator is the
highest, which is in the (010) direction. Thus, the molecular distri-
bution in the aromatic-oil model is the most uneven.

6.7. Viscosity, thermal expansion coefficient, and isobaric heat capacity

The viscosity indicator is of great importance to evaluate the
rejuvenation efficiency of different rejuvenators [24-26]. In this
study, the viscosity values of four rejuvenators are predicted using
the Einstein-Stokes equation as follows:

kT
~6mnrD

(13)
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where N and D represent the viscosity (Pa‘s) and diffusion coef-
ficient (m?/s); T is the temperature, K; r and k refer to the radius of
gyration (m), and Boltzmann constant (1.38065E-23 ]/K). The pre-
dicted viscosity values of four rejuvenators at different tempera-
tures are measured, and the correlation curves between the Ln
(M) and 1/T are plotted in Fig. 26a. As the increase of temperature,
the viscosity values of all rejuvenators reduce. When the tempera-
ture is the same, the predicted viscosity of naphthenic-oil is the
largest, while there is no significant difference in the predicted vis-

cosity of the other three rejuvenators. To further validate the reli-
ability of predicted viscosity values, the rotational viscosity of four
rejuvenators is tested at different temperatures, which is shown in
Fig. 26b. From the experimental results, the aromatic-oil exhibits
the highest viscosity, followed by the naphthenic-oil, while the
engine-oil and bio-oil show similar viscosity values. It relies on
that the viscosity ranking of four rejuvenators from simulation
agrees well with that from the experiment except for the
aromatic-oil. The underlying reason was explained in the diffusion

2.5 12
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Fig. 26. Viscosity prediction and comparison of different rejuvenators (a) Predicted values; (b) Experimental results.
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section that the heavy-weight aromatic molecules in aromatic-oil
rejuvenator are not detected by the GC-MS method, and the negli-
gence of these large molecules in a multi-component molecular
model of aromatic-oil leads to the inaccurate simulation outputs
in aspects of the strong molecular mobility and low predicted
viscosity.

The temperature dependence of predicted and measured vis-
cosity values of four rejuvenators is described by the Arrhenius for-
mula as follows:

Evis 1

R T

where 1 and T are the viscosity (Pa‘s) and temperature (K); Ey;s
refers to the viscous-flow activation energy, J/mol; A and R show
the pre-exponential factor and universal gas constant (8.314 J/mol--
K-1). The calculated E,;s and A values of four rejuvenators from MD
simulations (Eyp and Ayp) and experimental tests (E; and A;) are
listed in Table 11. It is found that the simulation outputs present
lower Ey;s and higher A values than the experimental results. It is
interesting to note that the E,;s and A parameters ranking for four
rejuvenators from predicted viscosity agrees well with that from

Lnn = +LnA (14)
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measured values. The naphthenic-oil rejuvenator presents the low-
est E,;s and highest A values, followed by the engine-oil. The bio-oil
and aromatic-oil show similar E,;s; values both from MD simula-
tions and experimental results.

Further, the thermal expansion coefficient and isobaric heat
capacity of the multi-component molecular models of four rejuve-
nators are predicted using Equations 15-17.

b=y (15)

a= g0 (16)
OH

Ce =G5, (17)

where V and L are the volume (A3) and length (A) of the multi-
component molecular model; T and P represent the variable tem-
perature ("C) and constant pressure (10 GPa); and H refers to
the total enthalpy of the rejuvenator model, kcal/mol.

Table 11
The E,;s and A values of four rejuvenators from MD simulations and tests.
Rejuvenators BO EO NO AO
Emp (J/mol) 10966.4 9687.9 9030.6 10085.5
Amp 1.69E-2 2.82E-2 6.20E-2 2.26E-2
E, (J/mol) 77838.2 68473.2 48056.3 79151.3
A 1.55E-12 7.60E-11 5.41E-7 7.74E-10
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Fig. 27. The variations of volume (a), length (b), and enthalpy (c) of rejuvenators.
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Table 12

Thermal expansion coefficient and isobaric heat capacity of different rejuvenators.
Rejuvenators BO EO NO AO
B (1/C) 6.959E-4 8.488E-4 6.942E-4 7.533E-4
o (1/7C) 2.310E-4 2.818E-4 2.311E-4 2.519E-4
C, (kcal/(mol-C)) 69.41 5423 54.64 4322

Fig. 27 illustrates the variations of cell volume, length, and
enthalpy versus the simulation temperatures for four rejuvenators.
The increase in temperature promotes the enhancement of molec-
ular mobility and volume expansion of the whole rejuvenator sys-
tem. The cell volume, cell length, and enthalpy all display positive
correlations with temperature, and the corresponding correlation
equations are also shown in Fig. 27. Afterward, the thermal expan-
sion coefficient (B and o) and isobaric heat capacity (C,) values of
the four rejuvenators are derived and summarized in Table 12. The
multi-component model of engine-oil exhibits the highest thermal
expansion coefficient, followed by the aromatic-oil, while the bio-
oil and naphthenic-oil show similar thermal expansion coefficient
values. Regarding the C, parameter, the ranking for the multi-
component molecular models of four rejuvenators is
BO > NO > EO > AO.

7. Conclusions and recommendations

This study aims to in-depth analyze the chemical components
of four widely-used rejuvenators (bio-oil, engine-oil, naphthenic-
oil, and aromatic-oil) with the Gas chromatography-mass spec-
trometry (GC-MS) method, and propose their multi-component
molecular models for the first time. Further, the MD simulations
are carried out on these multi-component models of various reju-
venators to anticipate and compare their atomic-level properties.
The main findings are drawn as follows:

(1) The GC-MS results reveal that the chemical components of
petroleum-based rejuvenators are more complex than the bio-oil.
The alkane, naphthenic, and aromatic molecules are the main
chemical component of EO, NO, and AO rejuvenators, which differ
in the carbon-chain length, the number of naphthenic rings, and
aromatic rings.

(2) Based on the chemical components from the GC-MS test, the
main molecules in each rejuvenator are determined, and the multi-
component molecular models of four rejuvenators are established.
Moreover, their reliability is validated by the experimental results
regarding the density values and glass transition temperature Tg
ranking.

(3) From the MD simulations outputs, there is a significant dif-
ference in the energetic indices, cohesive energy density CED, sol-
ubility parameter 8, volumetric parameters, dynamic behaviors,
structural indicators, expansion coefficient (o and B), and isobaric
heat capacity (C,) between the multi-component models of four
rejuvenators.

(4) The order of density, CED, and & is the same as
AO > BO > NO > EO, while the fractional free volume ranking is
EO > BO > NO > AO. The AO model exhibits the highest potential,
valence, and total energies, while the BO shows the minimum
non-bond and van der Waals energies. The relative concentration
results display that the multi-component molecular model of EO
and AO is the most homogeneous and uneven, respectively.

(5) The unexpected values of diffusion coefficient D, viscosity, a,
B, and C, manifest that the multi-component molecular model of
aromatic-oil based on the GC-MS method is not accurate because
the polycyclic aromatic molecules with heavy weight are not
detected and considered.

To eliminate the limitation of the average structures, the multi-
component molecular models of various rejuvenators are proposed
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for the first time based on the GC-MS results. However, there is
still a lot of work required to promote the applications of MD sim-
ulations in rejuvenated bitumen systems. Firstly, the average mod-
els of these rejuvenators should be determined based on a series of
chemical tests, and the corresponding MD simulation outputs will
be compared with the results of multi-component models herein
to observe the difference and provide the selection basis for the
next-step MD simulations on rejuvenated bitumen. Secondly, a
new chemical separation and detection method will be chosen to
measure the chemical components distribution of polycyclic aro-
matic molecules in an aromatic-oil rejuvenator. Lastly, more
chemo-physical tests should be conducted to verify the MD simu-
lation results, and the molecular models of these rejuvenators will
be further optimized.
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