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ABSTRACT

To investigate the rheological and optical properties of carbon quantum dots (CQDs)-regenerated aged
asphalt (CQDSRA), four types of CQDS, C34H1402 (CQDS-] ). C52H72014 (CQDS-Z), C39H30N6010 (CQDS-3),
and Cs3H72010S4 (CQDs-4), were employed to regenerate aged base asphalt using first-principles cal-
culations and molecular dynamics simulations. The optical properties of both the CQDs and the
resulting CQDsRA, including band structure, electron density, molecular orbitals, and optical responses,
were systematically examined. The results reveal that the type of CQDs significantly influences the
optical response of CQDsRA. Moreover, the different CQDs also markedly affect the fundamental
properties and regeneration efficacy of the modified asphalt. Among the four types, CQDs-4 exhibits the
strongest fluorescence intensity, whereas CQDs-1 shows the weakest. The molecular trajectories of the
CQDs resemble those of a standard pyrometric cone during the regeneration process. Additionally, the
chemical reactions occur between the CQDs and the aged asphalt, leading to the formation of a cross-
linked network structure.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Maintenance and repair operations of asphalt pavements
generate large volumes of reclaimed asphalt pavement (RAP)
materials (Xiao et al., 2023; Li et al., 2024b). In alignment with the
strategic goals of carbon peaking and carbon neutrality, recycling
waste or aged asphalt mixtures, recognized as a form of solid
waste valorization, has attracted widespread attention, with
various typical techniques being actively explored (Chen et al,,
2020). Waste asphalt is a specific type of aged asphalt (Jalilov
et al., 2017; Schneider et al.,, 2023), and the effectiveness of its
regeneration is directly linked to the performance of recycled
asphalt mixtures (Xu et al., 2024; Yi et al., 2023).
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By incorporating regenerator or fresh asphalt, the composition,
structure, and rheological properties of aged asphalt can be
partially restored toward their original state (Stokstad, 2020).
However, regenerated aged asphalt exhibits greater compositional
complexity than its aged counterpart, as it comprises not only the
regenerator but also the residual aged binder. Among its proper-
ties, rheology is particularly critical for the practical application of
regenerated asphalt.

Aged asphalt forms as a result of oxidative aging, which in-
creases the concentration of asphaltenes (Humes et al., 2023; Niles
et al., 2020). As the degree of aging intensifies, the contents of
saturates and aromatics, components known for their fluorescence
responsiveness, decrease. Consequently, the fluorescence intensity
weakens, while the overall optical response becomes stronger
(Glattke et al., 2022; Wang et al., 2022). This enhanced optical
response significantly influences the surface temperature of
recycled asphalt pavements, causing temperatures to rise to
70-80 °C during summer months. Elevated pavement tempera-
tures not only exacerbate distresses such as rutting, shoving, and
bleeding but also intensify the urban heat island effect (Wang
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et al., 2023; Dai et al., 2024). Therefore, investigating the optical
properties of regenerated aged asphalt is of great significance for
mitigating pavement overheating and alleviating urban heat island
effects.

Recent studies have shown that carbon quantum dots (CQDs)
exhibit excellent optical responsiveness and strong fluorescence
(Wu et al.,, 2025; Sarkar et al., 2026). Moreover, CQDs-modified
asphalt demonstrates improved anti-aging performance and con-
tributes to reducing the urban heat island effect (He et al., 2023).
Structurally, CQDs are classified, based on their parent fluorescent
frameworks, into graphene quantum dots, carbon nanodots, and
polymer dots. With typical diameters ranging from 1 to 10 nm,
CQDs can significantly enhance the fluorescence of aged asphalt,
suppress its excessive optical absorption, and thereby facilitate
both regeneration and performance enhancement (Guo et al,,
2016; Zhang et al., 2024). Leveraging these optical attributes, car-
bon quantum dot-regenerated aged asphalt (CQDsRA) has been
developed to enable high-efficiency regeneration of aged binders.

However, key challenges remain: the underlying regeneration
mechanism of CQDsRA is not yet fully understood, and robust
methods for evaluating its rheological and optical properties are
still lacking, issues that currently hinder broader research and
application.

Although numerous studies have employed molecular simu-
lations to investigate aged asphalt regeneration (Li et al., 2024a;
Tian et al., 2025), conventional experimental approaches often
rely on trial-and-error methodologies, which are time-consuming
and resource-intensive. Fortunately, substantial experimental and
modeling data already exist for carbon-based materials (e.g., bio-
char, CQDs) and aged asphalt (Zhou et al., 2024; Guo et al., 2024). If
the rheological and optical properties of CQDsRA could be accu-
rately predicted through molecular simulation and subsequently
validated with minimal experimental effort, significant time and
cost savings would be achieved.

Research on CQDsRA remains in its early stages, and several
critical issues must be addressed before engineering-scale
implementation becomes feasible. To this end, a CQDsRA
formulation featuring high solar reflectance (or low solar ab-
sorption), strong fluorescence intensity, and superior regenera-
tion capability is being designed. Such a material aims to: reduce
summer pavement temperatures of recycled asphalt mixtures,
enhance pavement fluorescence for potential smart-road appli-
cations, promote efficient regeneration of aged asphalt and its
mixtures, mitigate high-temperature-related distresses, and
extend the service life of recycled asphalt pavements (Wang et al.,
2019).

CQDs can be synthesized via co-pyrolysis of waste wood chips
or waste rubber powder, or through oxidative dialysis using
hydrogen peroxide, yielding nanomaterials characterized by low
solar absorption and high fluorescence intensity. Nevertheless, the
rheological and optical behaviors of CQDsRA remain poorly
understood.

To address these gaps, this study employs CQDs as multifunc-
tional agents: targeting volatile organic compounds (VOCs) in

Table 1
The fundamental properties of asphalt.
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waste asphalt through adsorption and acting as fluorescent mo-
lecular probes to detect polycyclic aromatic hydrocarbons (PAHs).
By elucidating this dual targeting mechanism, the work aims to
achieve green, sustainable preparation and high-value utilization
of CQDsRA. Both molecular simulations and experimental
methods are integrated to investigate its rheological and optical
properties. The findings are expected to minimize waste and
environmental pollution associated with wood chips, rubber
powder, and waste asphalt, offering significant contributions to
advancing the “dual carbon” (carbon peaking and carbon
neutrality) strategic goals in road engineering.

2. Materials and experiments section
2.1. Raw materials

Waste wood chips were sourced from the Jinzhong Wood
Processing Plant (Shanxi Province, China). Waste rubber powder
was provided by Changzhou Rong Ao Chemical New Materials Co.,
Ltd., with a particle size of 40 mesh. The 70# asphalt was supplied
by Hubei Guochuang Hi-Tech Materials Co., Ltd. Acetic acid,
hydrogen peroxide, sulfuric acid, and triethylamine were all of
analytical purity.

2.2. The preparation of CQDs and CQDsRA

The optimal mass ratio of waste wood chips to waste rubber
powder (without pretreatment) was 6:4 according to the pre-
vious research (Zhang et al., 2025). To synthesize CQDs-1, 10 g of
waste wood chips and waste rubber powder were placed into a
150 mL Teflon-lined hydrothermal reactor. Subsequently, 4 mL
of sulfuric acid (used as a catalyst) and 96 mL of deionized
water were added to the liner. The mixture was then heated at
200 °C for 10 h. After the reaction, the resulting CQDs solution
was centrifuged at 10,000 rpm for 30 min to remove large
particles. The supernatant was dialyzed using a 1000 Da dialysis
membrane (regenerated cellulose) for 24 h and changed the
water every 6 h, and the dialysate was subsequently freeze-
dried at —50 °C and 12 h to obtain CQDs-1 powder. The syn-
thesis of CQDs-2 followed the same procedure as that of CQDs-
1, except that 6 mL of acetic acid was used as the catalyst
instead of sulfuric acid. For CQDs-3, the process was modified
by adding 4 mL of acetic acid and 2 g of triethylamine as co-
catalysts. In the case of CQDs-4, the raw material composition
was adjusted to 6 g of waste wood chips and 4 g of waste rubber
powder (maintaining the 6:4 mass ratio), while the rest of the
procedure remained identical to that of CQDs-1. To prepare aged
asphalt, 350 g of 70# asphalt was first heated at 135 °C for 5 h
until fully molten. Then, the samples were put into the rotating
film oven test (RTFOT) at 163 °C + 0.5 °C and 85 min. Long-term
aged asphalt (AA) was then produced using a pressure aging
vessel (PAV) at 100 °C and 2.1 + 0.1 MPa for the standard
conditioning period according to ASTM D6521. Subsequently,
the synthesized CQDs with 1% mass ratio were incorporated

Material Penetration (25 °C), x0.1 mm Softening point, °C Ductility (15 °C), cm
Asphalt 64 49 134

AA 48 65 105

CQDsRA-1 63 49 >150

CQDsRA-2 61 50 >150

CQDsRA-3 59 51 >150

CQDsRA-4 56 52 >150
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Table 2

The four components of asphalt.
Material Asphaltenes, % Saturates, % Aromatics, % Resins, %
Asphalt 16.1 £0.2 125 +£0.2 235+ 0.5 479 £ 0.5
AA 285+ 0.5 115+ 0.2 15.1 £ 0.2 449 + 0.5
CQDsRA-1 17.1 £ 0.2 13.7 £ 0.2 372+ 05 320+ 05
CQDsRA-2 189 £0.2 141 +£0.2 383+ 0.5 28.7 £ 0.5
CQDsRA-3 23.7+05 152 +0.2 26.4 + 0.5 347 + 05
CQDsRA-4 243 +£ 05 145 £ 0.2 28.6 £ 0.5 326 + 05

into the aged asphalt and mixed under high-speed shear at
2000 rpm for 1 h to produce carbon quantum dot-regenerated

(f) 25

20 4

Quantum yield, %

CQDs-1 CQDs-2 CQDs-3 CQDs-4

Carbon quantum dots types
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aged asphalt (CQDsRA). The fundamental properties of the
CQDsRA are summarized in Table 1. Penetration, softening
point, and ductility were measured in accordance with ASTM
D5, ASTM D36, and ASTM D113, respectively.

Penetration reflects the hardness of asphalt, while the soft-
ening point and ductility are physical indicators of its high-
temperature and low-temperature performance, respectively. As
shown in Table 1, the penetration of CQDsRA is lower than that of
virgin (base) asphalt but higher than that of long-term aged
asphalt (AA), indicating that the addition of carbon quantum dots
(CQDs) effectively softens the aged binder, restoring its penetra-
tion close to that of the original base asphalt. Among the four
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Fig. 1. TEM morphology, photos under UV light irradiation, quantum yield, and X-ray diffraction (XRD) pattern of CQDs: (a) CQDs-1, (b) CQDs-2, (c) CQDs-3, (d) CQDs-4, (e) photos

of CQDs, (f) quantum yield, (g) XRD.
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types, CQDs-1 exhibits the strongest softening effect, greater than
that of CQDs-2, CQDs-3, and CQDs-4, while CQDs-4 shows the
weakest regeneration performance.

The softening point and ductility results further reveal that the
incorporation of CQDs reduces the high-temperature stability (as
indicated by a lower softening point) but improves the low-
temperature flexibility (as evidenced by increased ductility).
These findings collectively demonstrate that CQDs possess a clear
regenerative capability for aged asphalt.

The four-component fractions (saturates, aromatics, resins, and
asphaltenes) of both long-term aged asphalt and CQDsRA were
analyzed according to the Chinese industrial standard NB/SH/T
0509-2010. As shown in Table 2, compared to base asphalt, the
chemical equilibrium of aged asphalt (AA) is disrupted: the con-
tents of light components, saturates and aromatics, decrease
significantly, while the asphaltenes content increases, rendering
the binder harder and more brittle. The standard deviation of
CQDsRA is less than that of 0.5. In contrast, the addition of CQDs
reverses this aging-induced trend. Specifically, CQDs-1, CQDs-2,
CQDs-3, and CQDs-4 all promote a gradual shift in the four-
component composition back toward that of the base asphalt.
This confirms that CQDs exhibit a pronounced regenerative effect
on long-term aged asphalt.

The transmission electron microscope (TEM) morphology of
CQDs showed in Fig. 1. The average size of CQDs-1, CQDs-2, CQDs-
3, and CQDs-4 is 3.8 nm, 3.2 nm, 2.5 nm, and 2.8 nm, respectively.
The CQDs appear pale yellow under UV light irradiation. The par-
ticle size was used to confirm that it was a CQDs.

Use 54% sulfuric quinine (denoted as QY) as the reference,
calculate the QY of CDs according to Eq. (1).

2
oo (t) (9)(2)
R R X
“Q” and “I” represent the fluorescence quantum yield and fluo-
rescence intensity respectively in the formula. The parameter “;”
indicates the refractive index of the solution; “A” represents the
absorbance of the solution. The absorbance of the sample and qui-
nine sulfate should be adjusted to below 0.1. The subscripts “x” and
“R” respectively refer to the sample and the reference substance.

(1)
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The quantum yield of CQDs is above 17% and the quantum yield
of CQDs-4 is the biggest (22.8%), while the quantum yield of CQDs-
1 is the smallest (17.5%). The CQDs types affected significantly the
quantum yield of CQDs. The XRD pattern showed that the crys-
tallinity of CQDs changed obviously with the change of CQDs types.
The two characteristic peaks crystallinity of CQDs appeared at 25°
and 40° increased with the change of CQDs types (from CQDs-1 to
CQDs-4). It indicated that CQDs type would affect significantly the
crystallinity.

2.3. Molecular models building

As shown in Fig. 2(a)—-(d), the four carbon quantum dots (CQDs)
were represented by their respective molecular formulas:
C34H1407 as CQDs-1, C55H72014 as CQDs-2, C39H39Ng010 as CQDs-3,
and Cs55H7,010S4 as CQDs-4. The amorphous cell module was used
to construct the CQDs models, employing the COMPASS force field,
fine quality settings, and a target density of 1.0 g/cm>. The calcu-
lated diameters of CQDs-1, CQDs-2, CQDs-3, and CQDs-4 are 11.52,
11.78, 9.08, and 10.72 A, respectively. The primary compositional
difference between CQDs-1 and CQDs-2 lies in their oxygen con-
tent. The primary compositional difference between CQDs-2 and
CQDs-3 is the nitrogen content. The primary compositional dif-
ference between CQDs-3 and CQDs-4 is the sulfur content.

As shown in Fig. 2(e)-(h), the base asphalt was modeled using
the four-component asphalt system. Rubber was represented by
the molecule C12Hs5603S. After aging, the molecular structure of the
asphalt underwent significant changes, most notably an increase
in oxygen content. The detailed molecular representations of the
aged components are as follows: aged asphaltenes (C43H4705
C51H5405S and CggHg7NO7), aged saturates (Cs3gHgz and CssHga),
aged aromatics (C35H3604 and C3gH420-), aged resins (C4oH55NO0>,
C40H5603S, C]8H100352, C35H53N02, and C29H4802). These assign—
ments are based on prior studies (Luo et al., 2024; Yu et al., 2024).

To investigate interactions between CQDs and the aged asphalt
components, molecular models were constructed using the
Amorphous Cell (AC) module with a 1% mass ratio of CQDs to each
asphalt component (Ren et al., 2024). A CQDs loading of 1% mass
ratio corresponds to one CQD molecule in the simulation system.

Fig. 2. The molecular models of CQDs and CQDsRA: (a) CQDs-1, (b) CQDs-2, (c) CQDs-3, (d) CQDs-4, (e) CQDsRA-1, (f) CQDsRA-2, (g) CQDsRA-3, (h) CQDsRA-4.
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2.4. Molecular simulations of CQDsRA using first-principle

The CASTEP module was used to optimize the geometric
structures and validate the accuracy of the molecular models.
Geometry optimization was performed using the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) algorithm to adjust atomic po-
sitions and achieve energy minimization.

Subsequently, the optical properties of the carbon quantum
dots (CQDs) and CQDs-regenerated aged asphalt (CQDsRA) were
investigated using the Generalized Gradient Approximation (GGA)
with the Perdew-Burke-Ernzerhof (PBE) functional. A1 x 1 x 1
Monkhorst-Pack k-point grid was employed for Brillouin zone
sampling, and the plane-wave energy cutoff was set to 350 eV.

2.5. Molecular simulations of CQDsRA using molecular dynamic
simulation

Amorphous module was used to build the CQDsRA with
different CQDs contents and CQDs types. Then, Forcite module was
used to conduct geometry optimization and molecular dynamic
simulation. The geometry optimization parameters included
Conjugate gradient algorithm, Fine convergence tolerance quality,
and 1000 max iterations. The molecular dynamic simulation steps:
NPT ensemble was used at the temperature of 298.15 K, the
simulation step used 1 fs, the cutoff radius selected 16 A, the
simulation time was 100 ps with Nose thermostat and Andersen
barostat. The density, glass transition temperature, and solubility
parameter of CQDsRA were calculated.

3. Results and discussion
3.1. Optical properties of carbon quantum dots

As shown in Fig. 3(a), the UV-vis absorption spectra show
CQDsRA absorption peaks at 225 nm (RA-1), 232 nm (RA-2),
251 nm (RA-3), and 245 nm (RA-4), with absorbance decreasing at
shorter wavelengths. Compared to pristine CQDs, CQDsRA peaks
are red-shifted, indicating altered electronic structure from
asphalt interaction. As shown in Fig. 3(b), the reflectance spectra of
CQDs increase with wavelength, peaking near 2050 nm, following
the order RA-4 > RA-3 > RA-2 > RA-1, inversely correlating with
CQDs molecular weight. S/N doping enhances reflectivity. As
shown in Fig. 3(c), show single “pseudo-M" emission peaks at 548,
532, 525, and 500 nm for RA-1 to RA-4, with intensities of ~320,
380, 1100, and 3500 a.u., respectively. Emission blue-shifts and
intensity increases dramatically from RA-1 to RA-4. Both emission
wavelength and intensity depend strongly on CQDs type, with
fluorescence intensity increasing as O, N, S content decreases,
likely due to non-radiative recombination pathways introduced by
heteroatom doping. Overall, CQDsRA optical properties are highly
tunable via compositional control, while asphaltenes polar/elec-
tronegative groups act as quenchers, suppressing fluorescence
through collisional non-radiative energy dissipation.

To elucidate the electronic properties of carbon quantum dots
(CQDs), the band structures and density of states (DOS) of the four
CQDs types were investigated using first-principles calculations
based on density functional theory (DFT). As shown in Fig. 4, The
band gap of CQDs-1 is similar to CQDs-2, while CQDs-3 closely
resembles CQDs-4, with CQDs-1’s band gap lying between those of
CQDs-2 and CQDs-3, demonstrating tunable electronic properties
via compositional variation. S and N incorporation noticeably in-
creases the band gap and alters band structure, whereas O content
exerts only minor influence. These computational results agree
well with the spectral data.

5964

Petroleum Science 23 (2026) 5960-5971

(a) 120000
100000 -
= 80000 4
©
5
‘E_ 60000 -
9]
(2}
T
<< 40000 A
20000 4
0 T T T T T T T T
0 100 200 300 400 500 600 700 800 900
Wavelength, nm
(b) 05
0.4
S
© 0.3
2>
=
5}
2
% 0.2
14
0.1 4
0 f T T T T T T T
0 100 200 300 400 500 600 700 800 900
Wavelength, nm
(c) 50
—H&— CQDs-1
AL —@— CQDs-2
A ‘A A— CQDs-3
] —wv— CQDs-4
40 A /VVv;A v
wh
A
3 W
- x
o
- 000
X ..;. \
2 ®e
‘B \. X
5 Pl S
o %y
£ ..V :
oYy
ot
"my STy
‘s&‘h
400 500 600 700

Wavenumber, nm

Fig. 3. The optical response spectrum of CQDs: (a) the absorption spectrum of CQDs,
(b) the reflectance spectrum of CQDs, (c) the fluorescence spectrum of CQDs.

As shown in Fig. 5, yellow and blue isosurfaces indicate high
electron density at reactive sites; more surrounded carbon atoms
imply stronger electrophilic reactivity. LUMO reactive sites localize
mainly around oxygen atoms. Electrophilic reactivity increases
with CQDs molecular weight, suggesting strengthened quantum
confinement effects with larger size and compositional variation.
HOMO/LUMO distributions show spatial and electronic variability
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Fig. 4. The band structure of CQDs: (a) CQDs-1, (b) CQDs-2, (c) CQDs-3, (d) CQDs-4.
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9

Fig. 5. The HOMO and LUMO distribution of CQDs with different types: (a) CQDs-1, (b) CQDs-2, (c) CQDs-3, (d) CQDs-4.

depending on CQDs type, reflecting differences in local chemical
environment and electronic structure.

The electron density distributions of the carbon quantum dots
(CQDs) are shown in Fig. 6. The electron density of CQDs-1 is higher
than that of CQDs-2, CQDs-3, and CQDs-4. CQDs-4 exhibits higher
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electron density than both CQDs-2 and CQDs-3. CQDs-2 shows
higher electron density than CQDs-3. These results indicate that the
electron-donating (or electron-attracting) capability, referred to
here as electron density strength, follows the order: CQDs-1 > CQDs-
4 > CQDs-2 > CQDs-3, with CQDs-1 possessing the strongest
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(d)

Fig. 6. The electron density of CQDs: (a) CQDs-1, (b) CQDs-2, (c) CQDs-3, (d) CQDs-4.
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Fig. 8. The molecular movement of CQDsRA: (a) diffusion coefficient, (b) molecular movement trajectory curves.

electron density and CQDs-3 the weakest. When correlated with the
molecular structures of the CQDs, it becomes evident that an in-
crease in oxygen (O) and nitrogen (N) content tends to reduce the
electron density strength, whereas a higher sulfur (S) content en-
hances it. This suggests that heteroatom doping significantly mod-
ulates the electronic properties of CQDs, with S acting as an electron-
density promoter and O/N acting as suppressors.
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3.2. Molecular simulations of carbon quantum dots regenerated
aged asphalt

3.2.1. The fundamental properties of CQDsRA with molecular
simulations

As shown in Fig. 7(a), the simulated density decreases with
temperature, following CQDsRA-1 < CQDsRA-2 < CQDsRA-
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Fig. 9. The free volume of CQDs and CQDsRA system: (a) CQDs-1, (b) CQDs-2, (c) CQDs-3, (d) CQDs-4, (e) CQDsRA-1, (f) CQDsRA-2, (g) CQDsRA-3, (h) CQDsRA-4.

(a) (b)

(d)

Fig. 10. The arrangement modes between CQDs and adjacent molecules during the molecular movement process: (a) the initial position between CQDs-1 and the adjacent
molecules, (b) the final position between CQDs-1 and the adjacent molecules, (c) the initial position between CQDs-2 and the adjacent molecules, (d) the final position between
CQDs-2 and the adjacent molecules, (e) the initial position between CQDs-3 and the adjacent molecules, (f) the final position between CQDs-3 and the adjacent molecules, (g) the
initial position between CQDs-4 and the adjacent molecules, (h) the final position between CQDs-4 and the adjacent molecules.

4 < CQDsRA-3. Experimental results agree within 10% deviation.
CQDsRA-1, -2, and -3 have densities (~1.04 g/cm?) close to base
asphalt (1.00 g/cm?), suggesting better compatibility than
CQDsRA-4. As shown in Fig. 7(b), the Simulated Tg values range
from —30 to 0 °C, following CQDsRA-4 > CQDsRA-1 > CQDsRA-
2 > CQDsRA-3, indicating that CQDs chemical composition,
particularly heteroatom (O, N, S) content, strongly influences glass
transition behavior by affecting chain mobility and intermolecular
interactions.
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3.2.2. Diffusion coefficients of CQDsRA with molecular simulations
As shown in Fig. 8(a), the diffusion coefficients (D) of CQDsRA
initially increase with changes in CQDs type and then decrease. Spe-
cifically, the diffusion coefficient follows the order: CQDsRA-
1 < CQDsRA-2 < CQDsRA-4 < CQDsRA-3, with CQDsRA-1 exhibiting
the lowest D and CQDsRA-3 the highest. These results clearly
demonstrate that the type of CQDs significantly influences the
diffusion behavior of CQDsRA, highlighting the role of CQDs compo-
sition in modulating molecular mobility within the asphalt matrix.
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Fig. 11. The solubility parameter of CQDsRA system.

3.2.3. Molecular movement of CQDsRA with molecular simulations

Molecular trajectory analysis was employed to evaluate the
molecular mobility of carbon quantum dot-regenerated aged
asphalt (CQDsRA). The molecular movement trajectories of
CQDsRA are presented in Fig. 8(b). Within the regenerated asphalt
matrix, the motion of CQDs appears initially chaotic. However,
when aged saturates and aromatics are highlighted in distinct
colors, it becomes evident that CQDs consistently migrate toward
these lighter fractions, specifically, aged saturates and aromatics.
In contrast, aged asphaltenes tend to move away from one another
in the presence of CQDs. Additionally, only a few small molecules
escape the simulation box, indicating good system stability.

The overall trajectory of CQDs resembles a standard pyrometric
cone: molecules depart from their initial positions, travel outward,
and then return toward their starting locations, suggesting local-
ized yet dynamic motion with partial reversibility. Molecular
mobility can also be assessed through occupied volume: a smaller
occupied volume generally corresponds to greater molecular
mobility (i.e., faster movement). As shown in Fig. 9, the occupied
volumes of CQDs-1, CQDs-2, CQDs-3, and CQDs-4 are 868.55,
906.45, 411.64, and 611.02 A3, respectively. Among them, CQDs-2
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has the largest occupied volume, while CQDs-3 has the smallest,
indicating that CQDs-3 exhibits the highest molecular mobility.
These results confirm that the chemical structure and composition
of CQDs significantly influence their molecular dynamics.

Excess molecules were removed from the CQDsRA systems,
retaining only the carbon quantum dots (CQDs) and their adjacent
molecules before and after molecular movement. As shown in
Fig. 10, the number and average distance of surrounding mole-
cules decrease after movement, indicating selective expulsion of
incompatible molecules and attraction of compatible ones, opti-
mizing local interactions. Among the four types, positional change
follows CQDs-3 > CQDs-2 > CQDs-4 > CQDs-1. Arrangement pat-
terns differ markedly before and after movement, with distinct
optimal configurations across CQDsRA systems. These results
confirm highly selective, system-specific reorganization at the
CQDs-asphalt interface, with adjacent molecule composition and
distribution varying significantly by CQDs type.

3.2.4. Molecular compatibility of CQDsRA with molecular
simulations

The solubility parameter was used to assess the molecular
compatibility between carbon quantum dots (CQDs) and the
components of regenerated aged asphalt (CQDsRA). As shown in
Fig. 11, the smallest solubility parameter difference occurs with
aged saturates and the largest with aged asphaltenes, indicating
CQDs are most compatible with saturates and least with asphal-
tenes. Among the four CQDs types, the parameter difference fol-
lows CQDs-1 < CQDs-2 < CQDs-3 < CQDs-4, yielding a
compatibility order of CQDs-1 > CQDs-2 > CQDs-3 > CQDs-4.
These results confirm that CQDs chemical structure significantly
governs molecular compatibility, dispersion stability, and interfa-
cial interactions in CQDsRA systems.

3.2.5. Rheological properties of CQDsRA

The rheological properties of CQDsRA are presented in Fig. 12. It
shows G" decreasing and § increasing with temperature, consistent
with typical asphalt viscoelasticity. Stiffness follows CQDsRA-
1 > CQDsRA-2 > CQDsRA-3 > CQDsRA-4, while phase angle shows
the opposite trend, indicating CQDsRA-1 is most elastic and
CQDsRA-4 most viscous. No abrupt changes in G* or & confirm good
CQDs-asphalt compatibility and absence of phase separation. The
higher G" of CQDsRA-1 suggests strengthened intermolecular in-
teractions, promoting asphalt regeneration. The rutting factor G*/

(b) 100
CDsRA-1
CDsRA-2
95 1 CDsRA-3
CDsRA-4
90 -
[}
5 85 4
c
©
2
© 80 A
ey
o
75
70
65 . . . . . .
30 40 50 60 70 80

Temperature, °C

Fig. 12. The temperature scanning curves of CQDsRA: (a) complex modulus, (b) phase angle.
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sind decreases with temperature due to enhanced molecular
thermal motion, indicating reduced high-temperature deforma-
tion resistance at elevated temperatures.

3.3. Optical properties of CQDsRA

As shown in Fig. 13(a), the UV-vis absorption spectra of CQDsRA
exhibit distinct characteristic peaks: CQDsRA-1 at 225 nm,
CQDsRA-2 at 232 nm, CQDsRA-3 at 251 nm, CQDsRA-4 at 245 nm.
Overall, the absorbance of CQDsRA decreases with decreasing
wavelength. These results indicate that the type of CQDs signifi-
cantly influences both the position of the absorption peaks and the
overall absorbance intensity. Compared to the absorption spectra
of pristine CQDs, the absorption peaks of CQDsRA are red-shifted,
it shifted toward longer wavelengths, suggesting that interaction
with aged asphalt alters the electronic structure and optical
properties of the CQDs.

As shown in Fig. 13(b), the reflectance spectra of CQDsRA show
an overall increasing trend with wavelength, reaching a maximum
around 2050 nm. The reflectivity follows the order: CQDsRA-
4 > CQDsRA-3 > CQDsRA-2 > CQDsRA-1, indicating that CQDsRA-4
exhibits the highest reflectivity, while CQDsRA-1 shows the
lowest. This trend correlates with molecular weight: reflectivity
decreases as the molecular weight of the CQDs increases. However,
for a given sample, reflectivity increases with decreasing wave-
lengths across the measured range. Furthermore, the incorpora-
tion of hetero-atoms such as sulfur (S) or nitrogen (N) enhances
the reflectivity of CQDsRA, suggesting that S/N doping plays a
positive role in modulating its optical response.

As shown in Fig. 13(c), the fluorescence spectra show single
“pseudo-M” emission peaks at 548, 532, 525, and 500 nm for CQDsRA-
1 to RA-4, with intensities of ~320, 380, 1100, and 3500 a.u., respec-
tively. Emission blue-shifts and intensity increases dramatically from
RA-1 to RA-4. Both wavelength and intensity depend strongly on CQDs
type, with intensity increasing as O, N, S content decreases, likely due
to non-radiative recombination pathways from heteroatom doping.
Thus, CQDsRA optical behavior is tunable via compositional control,
with higher heteroatom content yielding stronger, bluer emission.
Fluorescence quenching occurs via collisional energy transfer to polar/
electronegative groups (e.g., S, O-containing species) in asphalt,
dissipating excitation energy non-radiatively.

As shown in Fig. 14(a) and (b), Raman spectra of CQDs-1 to
CQDs-4 show characteristic D (~1328 cm™!) and G (~1572 cm™})
bands with identical Ip/lg ratios of 1.2, indicating negligible
graphitic structure changes from amino-hydrothermal treatment,
while the high ratio suggests small crystallite sizes from acid
exfoliation. CQDsRA composites exhibit additional peaks at 3065
(aromatic C-H), 2906 (aliphatic C-H), 1966 (acetylene-like C;H5),
and 1386 cm~! (COy/carbonate), with distinct intensity variations
among samples reflecting different molecular interactions.

As shown in Fig. 14(c) and (d), FT-IR spectra reveal bands at
2921/2849 cm~! (~CHy-), 1760 cm~! (C=0/S=0), and 1456 cm™!
(N-H/CH deformation). Notably, the 1760 cm~' peak absent in
aged asphalt appears in all CQDsRA, originating from CQDs surface
functionalities. Spectral shifts confirm chemical interactions be-
tween CQDs and aged asphalt, forming a cross-linked network that
enhances compatibility. Reduced intermolecular spacing promotes
PAH aggregate formation via n-n stacking, altering electronic
structure and causing fluorescence quenching.

As shown in Fig. 15, the fluorescence Micro-graph reveal
distinct morphological and optical differences between CQDs and
CQDsRA. The pristine CQDs exhibit particle-like morphology,
whereas CQDsRA displays sheet-like structures, indicating strong
interaction between the CQDs and the aged asphalt matrix.
Moreover, CQDs-1, CQDs-2, CQDs-3, and CQDs-4 emit different
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Fig. 13. The optical response of CQDsRA: (a) the absorption spectrum of CQDsRA, (b)
the reflectance spectrum of CQDsRA, (c) the fluorescence spectrum of CQDsRA.

fluorescence colors, reflecting variations in their surface chemistry
and electronic structure. Typically, regenerated asphalt (RA) or
conventional asphalt does not exhibit noticeable fluorescence
under the same conditions. In contrast, all CQDsRA samples show
clear fluorescence, which is attributed to the introduction of CQDs
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Fig. 15. The fluorescence micro-morphology of CQDs and CQDsRA: (a) CQDs-1, (b) CQDs-2, (c) CQDs-3, (d) CQDs-4, (e) CQDsRA-1, (f) CQDsRA-2, (g) CQDsRA-3, (h) CQDsRA-4.
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that significantly enhance the fluorescence intensity of the com-
posite system. Previous studies have reported that polycyclic ar-
omatic hydrocarbons (PAHs), common components in asphalt, can
exhibit fluorescence. However, this effect is often too weak to be
observed in bulk asphalt, likely due to fluorescence quenching
caused by other asphalt constituents (e.g., asphaltenes, metals, or
hetero-atoms) that suppress radioactive recombination. Thus, the
absence of detectable fluorescence in neat asphalt is probably due
to both the inherently low quantum yield of PAHs and the
quenching effects of the complex asphalt matrix. The strong and
tunable fluorescence observed in CQDsRA therefore originates
primarily from the CQDs themselves, not from native asphalt
components, highlighting their role as effective fluorescent probes
and functional modifiers in asphalt regeneration.

4. Conclusions

CQDs type significantly affects the glass transition tempera-
ture (CQDsRA-4 > CQDsRA-1 > CQDsRA-2 > CQDsRA-3) and
optical properties of CQDsRA, while slightly influencing mo-
lecular movement, which follows a pyrometric cone trajectory.
CQDs improve molecular compatibility, rheological properties,
and aged asphalt regeneration. S or N doping reduces reflec-
tivity, while O, N, S content significantly affects fluorescence.
CQDs enhance RA fluorescence, whereas polycyclic aromatic
hydrocarbons exhibit weak fluorescence inhibited by other
asphalt components.
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