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ABSTRACT: Ozone was injected into a coal-water suspension, and an HRTEM test was carried out on the separated oxidation
products. The results show that from the perspective of visualization the macromolecular network structure of coal contains a large
number of graphite-like structures. However, the chemical reaction mechanism between the coal surface and O3 is not clear, and the
microscopic formation mechanism of oxygen-containing functional groups in carbon quantum dots has not been explained. As a
result, the reaction process between O3 and methylene on the coal surface was studied by the DFT method. We found that OH•
generated by O3 in water can oxidize two adjacent carbon atoms in methylene into double bonds (C�C), and finally, aldehydes and
carboxylic acids were generated. By calculation of thermodynamic parameters ΔG and ΔH, it is found that all reactions are
spontaneous exothermic processes. The above chemical reaction is based on the physical adsorption of OH• with Ar−(CH2)6−Ar
and O3 with Ar−CH2−CH�CH−(CH2)3−Ar. The calculated adsorption energies of the two systems are −9.41 and −12.55 kcal/
mol, respectively. Then, the charge transfer and atomic orbital interaction before and after adsorption are analyzed from the
perspectives of Mulliken charge, density of states, deformation density, and total charge density. The results show that the
electrostatic attraction is the main driving force of adsorption. The ether bond (C−O−C) in coal is finally oxidized to an ester group
(RCOOR′), the hydroxyl group (CH2−CH−OH) on the aliphatic chain is oxidized to a carbonyl group (CH2−C�O), and the
benzene with two OH• forms phenol hydroxyl and one molecule of water. Finally, the coal and the corresponding coal-based carbon
quantum dots were investigated by infrared spectroscopy; the difference in functional groups before and after oxidation was clarified,
and the result was in good agreement with the simulation.

1. INTRODUCTION
Coal is an important energy resource for social and economic
development.1 Some studies have shown that under the action
of strong oxidants, moderate or deep oxidation of coal will
occur, and a kind of useful functional material will be separated
from the coal surface, namely, coal-based carbon quantum
dots.2 They are composed of one or several layers of carbon
sheets, with general lateral dimensions below 10 nm.3 For
example, Xu et al.4 oxidized anthracite, bituminous coal, and
lignite with concentrated sulfuric acid and concentrated nitric
acid to prepare corresponding carbon quantum dots and doped
them with N, P, and S elements. They found that the optical
properties of doped carbon quantum dots are highly sensitive
to the concentration of Pb2+ in water. Dong et al.5 oxidized six
coals of different coalification for 12 h by nitric acid solution at

130 °C, and two kinds of coal-based carbon quantum dots
were obtained after centrifugation. The average thickness and
size of oxidation products is 0.5 and 10 nm, respectively.

Coal can be oxidized to obtain carbon quantum dots mainly
due to its molecular structure. However, because the structure
of coal is so complex;6−8 although, many scholars have
performed much research,9−12 there is still no unified chemical
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formula. At present, the general understanding of coal
molecules is that coal is a mixture of compounds with similar
structures and different molecular weights, which are
connected by methylene and ether bonds to form macro-
molecular network structures.13 This is the premise that coal’s
surface oxidation can obtain carbon quantum dots, and the
commonly used oxidants are concentrated sulfuric acid,14

concentrated nitric acid,15 hydrogen peroxide,16 ozone,17 etc.
Because coal-based carbon quantum dots are the oxidation
products of molecular fragments stripped from the macro-
molecular structure of coal, it is of great significance to study
the atomic arrangement and bonding forms in carbon quantum
dots for analysis of the macromolecular structure of coal.

Among the oxidants mentioned above, concentrated acid is
corrosive and will cause serious pollution to the environment,
while ozone can decompose into oxygen spontaneously, which
is an environmentally friendly oxidant.17 The reaction between
ozone and coal is a moderate oxidation process. Injecting
ozone into a coal-water suspension can realize the surface
oxidation of coal, and some oxidation products can also be
obtained. For carbon quantum dots, many studies have been
performed on their size distribution,18 optical properties,19

biological cell labeling,20 metal ion detection,21 preparation
methods,22−24 and the use of intermediate materials,25 and
they have made significant progress. However, few researchers
have explored the formation process of the carbon quantum
dot preparation. Although some scholars26,27 have compared
the infrared spectra of coal-based carbon quantum dots with
those of coal and found that the oxygen-containing functional
groups of the two are quite different, almost no one has studied
the surface oxidation mechanism of coal by ozone at the
microscopic level. Cai28 confirmed the change in oxygen-
containing functional groups after coal oxidation through
experiments, but few studies have directly revealed the
formation pathways of phenolic hydroxyl, ester, aldehyde and
carboxyl groups in coal-based carbon quantum dots at the
atomic level. Therefore, in this study, we employed ozone to
oxidize three coals and used a high-resolution transmission
electron microscope to study the morphology and lattice
fringes of the oxidation products obtained from the coal
surface, aiming to reveal the molecular structure of the coal
from the perspective of visualization. All reactions were carried
out at room temperature and pressure. We also adopted
density functional theory and a method to explore the
mechanism of coal oxidation by ozone to reveal the formation
process of each functional group from the atomic and
electronic levels. This study may lay a theoretical foundation
for the in-depth utilization of carbon quantum dot functional
materials and the study of the macromolecular structure of
coal.

2. EXPERIMENTAL AND COMPUTATIONAL
METHODS

2.1. Experimental Method. First, float-and-sink experi-
ments of sub-bituminous coal, bituminous coal, and anthracite

were carried out to remove minerals; then, the obtained
demineralized coal was crushed; and finally, screening
experiments were performed. Ten grams of each coal was
put into a 500 mL gas washing bottle, and 200 mL of deionized
water was added. The coal-water solution was treated under
ultrasonic conditions of 40 kHz for 60 min to obtain the coal-
water suspension. Then, ozone (74.8 mg/L) was injected into
the suspension at a flow rate of 1 L/min to oxidize the coal for
3 h. Next, the samples were transferred to an HC-2062 high-
speed centrifuge and separated for 30 min at a speed of 14 000
rpm (centrifugal acceleration is 13148 g) to obtain the
supernatant. Finally, the supernatant was moved to a clean
beaker; moisture was evaporated in a water bath at 65 °C, and
a powder of coal-based carbon quantum dots was obtained.

The coal-based carbon quantum dots were tested by a JEM-
2100f transmission electron microscope (TEM) equipped with
a computer imaging system (the working voltage of the TEM is
200 kV; the point resolution is 0.19 nm; and the line resolution
is 0.14 nm). The test details are as follows: (1) An appropriate
amount of carbon quantum dot powder was placed into the
test tube, and then anhydrous ethanol was added and shaken
well to fully dissolve the quantum dot powder in ethanol
solution. Then, it was dispersed under the condition of 40 kHz
ultrasonication for one hour and static settling for three hour
to obtain the supernatant, which was then dropped onto an
ultrathin copper grid. After the ethanol was evaporated, the
coal-based quantum dots were deposited on the copper grid to
form an ultrathin film that was transparent to the electron
beam. (2) Find the enrichment region of quantum dots at low
magnification and then scan at high magnification to obtain the
lattice fringe of the quantum dots. To prevent damage caused
by electron beam irradiation, control the current density on the
screen to be less than 5 pA/cm2.

Figure 1. Optimized structure: (a) ozone, (b) oxygen, and (c) water.

Figure 2. Optimized configuration of coal and hydroxyl radicals: (a)
Ar-(CH2)6-Ar, (b) Ar-(CH2)2−C = O-(CH2)3-Ar, (c) Ar-(CH2)2−
COO-(CH2)2−Ar, (d) Ar-(CH2)2−O-(CH2)3-Ar, (e) Ar-(CH2)2−
CHOH-(CH2)3-Ar, (f) OH•, Red: oxygen; White: hydrogen; gray:
carbon.
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2.2. Computational Model and Method. All DFT
calculations were performed with the Dmol3 module integrated
with the Materials Studio 2019 software. The exchange
correlation term was calculated by the BLYP29,30 functional,
which can be used in strong conjugation systems and
radicals31−37 and is accurate for thermodynamic calculations
under the generalized gradient approximation (GGA). If the
system contains a single electron or free radicals, check the
spin unrestricted option, and use a formal spin initial to set the
primary spin.38 The core treatment adopted the all electron
method without special treatment of inner electrons, and all
electrons were calculated. The numerical basis group DNP39

was employed, the global mode was selected for the orbital
cutoff scheme, and the calculation accuracy was fine. To ensure
the convergence of the SCF process, we set its maximum
number of cycles to 500, check the smearing option and set the
value to 0.005 Ha.40

All models will first be performed with geometry
optimization, and the calculation will converge when the
energy difference between two adjacent calculation results is
less than 10−5 Ha, the change in the maximum atomic force is
less than 0.002 Ha/Å, and the maximum atomic displacement
is less than 0.005 Å. Figure 1 shows the optimized
configuration of ozone, oxygen, and water, in which the
calculated value of ozone bond length is 1.296 Å and the bond
angle is 117.890°, the calculated bond length of oxygen is
1.237 Å, the calculated bond length of water is 0.972 Å, and
the bond angle is 103.898°. This result is consistent with the
experimental values: the bond length and bond angle of ozone
are 1.278 Å and 116.8°,41 the bond length of oxygen is 1.208
Å,42 and the bond length and bond angle of water42 are 0.96 Å
and 104.48°, respectively.

Jiang43 conducted research on the functional groups of coal
by FTIR and found that there are absorption peaks of

Figure 3. Coal-based carbon quantum dots: (a) subbituminous coal, (b) bituminous coal, and (c) anthracite.

Figure 4. Binary image of coal-based carbon quantum dots: (a) subbituminous coal, (b) bituminous coal, and (c) anthracite.

Figure 5. Size distribution of coal-based carbon quantum dots: (a) subbituminous coal, (b) bituminous coal, and (c) anthracite.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c06525
ACS Omega 2024, 9, 753−770

755

https://pubs.acs.org/doi/10.1021/acsomega.3c06525?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06525?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06525?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06525?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06525?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06525?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06525?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06525?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06525?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06525?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06525?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06525?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


methylene (−CH2) at wavenumbers of 2920 and 2850 cm−1.
The average number of methylene carbons in high volatile
bituminous, medium volatile bituminous, low volatile
bituminous, and semi anthracite is 6.91, 4.9, 0.96, and 0.94,
respectively. Wu44 studied the structural parameters of eight

kinds of coal from high volatile bituminous to anthracite by
FTIR and peak fitting technology. It was found that the
average number of methylene carbons was in the range of
1.48−4.69. To make the article concise, this paper only
adopted high volatile bituminous coal as the narrative object,
and the number of methylene carbons is 6 ((4.69 + 6.91)/2 =
5.8 ≈ 6). The simulation study on the oxidation mechanism of
medium volatile bituminous coal and low volatile bituminous
coal and anthracite is presented in the supplementary
document. Because the macromolecular structure calculation
of coal by DFT will involve a large number of electrons, and
according to the method proposed by Chen45 and Li,46 several
coal units that can reflect the structural characteristics of coal
were constructed, as shown in Figure 2.

Many scholars47−50 have found that ozone will quickly
decompose in water, and a series of chain reactions will occur,
resulting in many short-lived species, such as OH•, O3

−, and
O2

−. Westerhoff51 pointed out that in all reactants, products,
and intermediates, O3 and OH• can oxidize organic and

Figure 6. Lattice fringes of coal-based carbon quantum dots: (a, b) subbituminous coal; (c, d) bituminous coal; (e, f) anthracite

Table 1. Frontier Orbital Energy of Coal Molecules, O3 and
OH•

with O3 with OH•

Molecules
HOMO
(eV)

LUMO
(eV)

ΔE1
(eV)

ΔE2
(eV)

ΔE1
(eV)

ΔE2
(eV)

Ar−CH2 −5.61 −0.79 0.54 7.02 1.17 5.99
Ar−O− −5.61 −0.87 0.54 6.94 1.17 5.91
Ar−C�O −5.55 −1.52 0.60 6.29 1.22 5.25
Ar−C−
OH

−5.55 −0.90 0.60 6.91 1.22 5.88

Ar−COO −5.69 −1.01 0.46 6.80 1.09 5.77
O3 −7.81 −6.15
OH• −6.78 −6.78
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inorganic substances in water. Among them, the hydroxyl
radical (OH•) is an important reactive oxygen species.52 From
the molecular formula, it is formed by the loss of one electron
from the hydroxide radical. It has a very strong oxidizing ability
with an oxidation potential of 2.8 V,53 which is second only to
fluorine in natural oxidants. On the other hand, O3 can
selectively react with unsaturated bonds in organic substances
but has low reactivity with saturated hydrocarbons.54 In
contrast, OH• has poor oxidation selectivity. To study the
oxidation mechanism of ozone on coal, a model of hydroxyl
radicals (OH•) was also constructed, as shown in Figure 2f.

The change values of Gibbs free energy and enthalpy before
and after the reaction are obtained from Formulas 1 and 2.55

=G H T S (1)

=H U P V (2)

where ΔG and ΔH are the change values of Gibbs free energy
and enthalpy, respectively. T is the temperature, ΔS is the
entropy change, ΔU is the change in the internal energy of the
system, P is the pressure, and ΔV is the change in volume.

3. RESULTS AND DISCUSSION
3.1. HRTEM Results of Coal-Based Carbon Quantum

Dots. Figure 3a shows the morphology of carbon quantum
dots prepared from subbituminous coal. On the scale of 50 nm,
the carbon dots are dense, and Figure 3b and c show carbon
quantum dots prepared from bituminous coal and anthracite,
respectively. In contrast, they have less quantity and sparse
distribution. Therefore, we scanned several different regions
under the 50 nm scale to ensure that a sufficient number of
carbon quantum dots of bituminous coal and anthracite were
obtained and that their size distribution was statistically
significant. To facilitate size statistics, we combined carbon
quantum dots at different positions into one graph through
image processing, obtained the binary graph by MATLAB, and
calculated the equivalent diameter distribution of all carbon
quantum dots. The results are shown in Figure 4 and Figure 5.
To make the article concise, other morphology images of
bituminous coal and anthracite that were adopted to generate
Figure 4b, c are included in the Supporting Informationt.

The average sizes of all carbon quantum dots in Figure 4a−c
are 3.1 3.59, and 3.78 nm, respectively. The morphology of

Figure 7. HOMO of coal molecules, LUMO of O3 and OH•, and orbital coefficients of each atom (blue cloud: the wave function is positive, yellow
cloud: the wave function is negative).
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carbon quantum dots shown in Figure 3 and the average size of
carbon quantum dots are similar to the results obtained by
other scholars.56−59

We artificially specified that <2 nm is the small-size carbon
quantum dot, 2 nm-6 nm is the medium size, and >6 nm is the
large size. As shown in Figure 5a−c, the proportions of small
carbon quantum dots in subbituminous coal, bituminous coal,
and anthracite are 21.97%, 11.2%, and 7.42%, respectively. The
proportions of medium-sized particles are 76.02%, 82.54%, and
86.19%, respectively. The proportions of large-size particles are
2%, 6.26%, and 6.39%, respectively. Thus, with the increase in
coal rank, the proportion of small-size carbon quantum dots
decreases significantly, the proportion of medium-size and
large-size carbon quantum dots increases, and some large-size
carbon quantum dots appear in anthracite (>10 nm, Figure
5c).

The study of coal molecular structure has always been the
focus and difficulty in the field of coal chemistry, and there is
still no unified theory.60 Many scholars have directly
conducted XRD, HRTEM, and 13CNMR studies on the
molecular structure of coal. They believe that low-rank coal is
mainly composed of basic structural units composed of 1−3
benzene rings connected by side chains.61 This understanding

is one-sided. Therefore, in this study, we randomly selected the
carbon quantum dots of three coals and obtained their lattice
fringes, revealing the macromolecular structure of the three
coals from a visualization point of view. Figure 6a, c, and e are
the original pictures of carbon quantum dots of sub-
bituminous coal, bituminous coal, and anthracite, respectively.
Image-Pro Plus software was used to perform Gauss, HitGauss
and sharpen operations on the three images to reduce noise
and improve contrast. Then, a dilation operation is performed
to refine the contour of the image. Finally, the inverse
operation is performed on all images to obtain Figure 6b, d,
and f. The arrow points to an enlarged view of the
corresponding carbon quantum dot.

According to Figure 6a and b, after image processing, the
internal benzene ring structure is clearly visible, indicating that
there are more than 15 × 15 aromatic sheets in the
subbituminous coal. Moreover, there are obvious boundaries
inside the molecular fragments, which are presumed to be
caused by the bending of adjacent aromatic sheets in space.
There are a large number of amorphous structures in
subbituminous coal, such as the part in the green box. The
atoms inside are arranged irregularly, which is a spatially highly
cross-linked macromolecular structure. Figure 6c and d show

Figure 8. f − of five coal molecules and f + function of O3 and OH•.
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the lattice fringe of a molecular fragment in bituminous coal,
similar to subbituminous coal. The part in the yellow box is
also the neatly arranged benzene ring structure, and the size is
more than 15 × 15. Figure 6e and f are lattice fringes of
molecular fragments in anthracite, and there are both regular
and amorphous components in the field of view. The part in
the yellow box is a symbiont of regular structure and
amorphous components.

In summary, the morphology and lattice fringes of coal-
based carbon quantum dots obtained after coal oxidized by
ozone were characterized. Different from various spectral
methods in which the structure of coal is speculated according
to the test results, in this study, the atomic arrangement in coal
molecular fragments is more accurate and reliable and can be
directly observed from the perspective of visualization. To
study the surface oxidation mechanism, the results of density
functional theory calculations were also analyzed as followed.

3.2. Electronic Properties of Coal, Ozone, and
Hydroxyl Radicals. The essence of a chemical reaction is
the electron transfer. Therefore, clarifying the electronic
properties of reactants is the premise of studying chemical
reactions. According to Fukui’s frontier orbital theory,62 when
the frontier orbitals of two molecules meet the principles of
similar energy, consistent symmetry and maximum overlap,
chemical reactions easily occur. Therefore, the possible

reaction sites can be determined according to the frontier
orbit. The Fukui function63 can predict the ability of molecules
to suffer “nucleophilic attack,” “electrophilic attack,” and “free
radical attack.” The larger the Fukui function, the easier the
reaction. This parameter can directly determine the nucleo-
philic, electrophilic, and free radical reaction sites. The
electrostatic potential represents the molecular surface
potential, which can directly judge the position of the
electron-rich and electron-poor regions, and electron-rich
regions may lose electrons. Therefore, this parameter can
also reveal the potential reaction sites.
3.2.1. Frontier Orbital. The energy difference of the frontier

orbit is obtained from eqs 3 and 4. Table 1 shows that the
highest occupied orbit (HOMO) energies of the five simplified
coal molecules have little difference and are distributed in the
range −5.56 to 5.69 eV. In contrast, the energy of the lowest
unoccupied molecular orbital (LUMO) has a certain differ-
ence, which is distributed in the range −0.79−1.52 eV. The
absolute values of the frontier orbit energy difference between
the coal molecular model and the O3 and OH• are calculated.
The results show that the energy of the HOMO of coal
molecules is less different from that of O3 and OH• LUMO.
According to the condition of the orbital energy approx-
imation, it is considered that the LUMO orbitals of O3 and
OH• preferentially overlap with the HOMO orbitals of coal

Figure 9. Electrostatic potentials of five coal molecules and of the O3 and OH•.
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molecules. Combined with the cloud diagram of the frontier
orbital, the reaction sites can be judged preliminarily.

= | |•E EE1 HOMO
coal

LUMO
O or OH3 (3)

= | |•E E E2 LUMO
coal

HOMO
O or OH3 (4)

In Dmol3, the molecular orbital is a linear combination of
atomic orbitals, so the absolute values of all atomic orbital
coefficients were calculated. The larger the value is, the greater
the contribution of the atom to the Frontier orbital.64 Figure 7
shows that the difference in oxygen-containing functional
groups leads to the difference in the frontier orbitals of coal
molecules. HOMO in Figure 7a is distributed throughout the

molecule, and the orbital coefficient of the oxygen atom on the
−O− functional group is the largest (0.6). Therefore, this site
has the highest potential reaction activity and is vulnerable to
electrophilic attack and loss of electrons. HOMO in Figure 7b
is mainly concentrated on C�O, and carbonyl carbon (orbital
coefficient of 0.66) and oxygen (orbital coefficient of 0.1) have
high reaction activity. HOMO in Figure 7c is mainly
concentrated on benzene, and the hydrogen connected to
benzene also has a relatively large orbital coefficient and certain
reaction activity. HOMO in Figure 7d is distributed on −OH
and the benzene close to it, and the hydrogen atom between
them also has a large orbital coefficient, indicating that this is a
potential reaction site. HOMO in Figure 7e is distributed on

Figure 10. Interaction process between coal molecules and OH•: (a) initial configuration, (b) optimization step 15, (c) optimization step 22, (d)
optimization step 38, (e) optimization step 61, (f) equilibrium configuration, (g) energy curve, and (h) local amplification of energy curve.
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the −O−C�O− functional group and CH2 connected with
the benzene on the left, and the orbital coefficients of all atoms
on both of them are relatively large (0.1−0.21), so they are the
active sites of the coal molecule. As shown in Figure 7 f and g,
in LUMO of OH•, the orbital coefficient of the O atom is
0.0029, which is ten times that of hydrogen. Therefore, the
active site of OH•. In O3, the orbital coefficient of the right O
atom is 0.86, so the reaction activity is the highest. The
possible reaction sites of all reactants are defined through
frontier orbital theory. Next, combined with the Fukui
function, the possible reaction sites are further analyzed to
provide theoretical guidance for the construction of the initial
reaction model.
3.2.2. Fukui Function and Electrostatic Potential.

According to the results of frontier orbitals, the LUMO energy
of O3 and OH• is similar to the HOMO energy of coal
molecules. Thus, in their possible reactions, coal molecules
lose electrons and O3 or OH• gain electrons. Then, the
electrophilic index f − of coal with different oxygen-containing
functional groups and the nucleophilic index f + of O3 and
OH• were calculated, as shown in Figure 8. When there is no
oxygen atom in the side chain, the larger f − value (red) is
almost distributed near the carbon and hydrogen atoms,

indicating that CH2 is vulnerable to electrophilic attack and
loses electrons. Figure 8 shows that due to the existence of
hydroxyl groups, in addition to hydrogen in CH2, the hydrogen
on some benzene also has a high f− index, and these sites are
vulnerable to electrophilic attack and lose electrons. In Figure
8c, because of the existence of −O−, the electron loss ability of
CH2 at the left meta position tends to decrease. In Figure 8d,
the electron loss ability of CH2 in the left position of −O−C�
O is further reduced. Figure 8e shows that the f − of the
benzene on the left decreases significantly, and the electron
loss ability of some hydrocarbon atoms in CH2 also decreases.
In conclusion, CH2 has a high nucleophilic index f − and a
certain reactivity, which makes it easy to lose electrons. At the
same time, the introduction of oxygen-containing functional
groups significantly changed the f− distribution on the surface
of coal molecules, indicating that oxygen-containing functional
groups have an important impact on the properties of coal, and
almost all oxygen-containing functional groups have a high f−
index. Figure 8f and g show that the oxygen atoms at both ends
of the O3 molecule are more vulnerable to nucleophilic attack
to obtain electrons, and the oxygen atom and hydrogen atom
of OH• have a high nucleophilic index at the same time;
therefore, it is easy to obtain electrons.

Figure 11. Interaction process of Ar−CH2−CH�CH−(CH2)3−Ar and O3: (a) initial configuration, (b) step 8, (c) step 26, (d) equilibrium
configuration, (e) energy curve, and (f) local amplification of energy curve.
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The physical meaning of the electrostatic potential is the
work needed to move the unit positive charge from infinity to
this position. It is used to describe the interaction energy
between the unit positive charge at a certain site and the
system and can reflect the distribution of molecular surface
charge.65 Figure 9a−e shows that the electrons on the large π
bond of benzene are distributed in the whole benzene ring
region. The electrostatic potential near the oxygen atoms of all
oxygen-containing functional groups is low, which is an
electron rich region. Compared with hydrogen, carbon in
CH2 has a lower electrostatic potential value. In conclusion,
oxygen atoms are vulnerable to electrophilic attack and lose
electrons, and benzene rings are also vulnerable to electrophilic
attack. The electrostatic potentials of H atoms outside almost
all are large, indicating that H is a bare nucleus. Although the
electrostatic potential of oxygen atoms at both ends of the
atoms of the O3 is low, it is still positive; therefore, it is
vulnerable to nucleophilic attack. The oxygen atom in OH•
has low electrostatic potential and is an electron-rich region.

The active sites of each molecule were determined by
analyzing the frontier orbitals, Fukui function, and electrostatic
potential of coal molecules, O3 and OH•. This not only defines
their reactivity but also provides theoretical guidance for the
construction of the initial model in the following study.

3.3. Reaction Mechanism of OH• and O3 with Ar-
(CH2)6-Ar. As mentioned above, O3 has a low reaction activity

with saturated alkanes but high reaction activity and selectivity
with unsaturated alkanes (olefins and alkynes). Therefore, the
initial adsorption configuration of OH• and the coal molecules
was constructed to explore their adsorption and chemical
reaction mechanism.
3.3.1. Reaction Process. 3.3.1.1. Reaction of OH• with Ar-

(CH2)6-Ar. First, according to Section 3.2, the initial model was
constructed, as shown in Figure 10a, where the initial bond
length of C1−H1 is 1.121 Å. Figure 10b shows that in the early
optimization process, the two OH• are constantly adjusting
the direction while keeping away from the coal molecules. At
this time, the bond lengths between C1−H1 and C2−H2 are
basically maintained. When the optimization proceeds to step
22, OH• is constantly approaching Ar-(CH2)6-Ar, and the
C1−H1 bond length increases sharply to 1.264 Å in step 39,
indicating that H1 has already shown a state of shedding.
Therefore, it can be seen that the first 38 steps of geometry
optimization are the physical adsorption process of OH• and
Ar-(CH2)6-Ar (this can also be obtained from the energy curve
Figure 10g and h: the energy curve sharply decreases after step
38), the adsorption energy is −9.41 kcal/mol, and this physical
adsorption process is a prerequisite for the chemical reaction.
When the sequence is optimized to step 61 (Figure 10e), the
distance between C1 and H1 has reached 2.61 Å, which has
actually broken, and the distance between C2 and H2 is 2.64 Å
and has also fallen off the carbon skeleton. In summary, as
shown in Figure 10f, the reaction between OH• and Ar-
(CH2)6-Ar is finally shown as OH• taking two hydrogen atoms
from Ar-(CH2)6-Ar and generating two H2O atoms. Then, the
bond between C1 and C2 exhibits the nature of a double bond
and reacts with O3.
3.3.1.2. Reaction of O3 with Ar−CH2−CH�CH−(CH2)3−

Ar. The reaction process of O3 and Ar−CH2−CH�CH−
(CH2)3−Ar was calculated by the DFT method (Figure 11),
and the reaction mechanism was analyzed.

The ozone was placed vertically directly above the double
bond in the Ar−CH2−CH�CH−(CH2)3−Ar molecule to
obtain the initial configuration. The initial distances between
O1 and C1 and between O2 and C2 in Figure 11 are 1.895 and
1.909 Å, respectively, and the maximum value of the two-atom
bond length is 1.15 times the sum of the covalent radius
according to the default value in Materials Studio 2019. For C
and O, the value is 1.74 Å, which is smaller than the carbon−
oxygen atom spacing in the initial configuration, indicating that
there is no chemical bond between ozone and Ar−CH2−
CH�C−(CH2)3-Ar molecules in the initial configuration.
When the optimization proceeds to step 8 (Figure 11(b)), the
ozone molecule gradually moves away from Ar−CH2−CH�
CH−(CH2)3−Ar and adjusts its orientation constantly. The
distances between O1 and C1 and between O2 and C2
reached their maximum values at 2.772 and 2.734 Å,
respectively. Subsequently, under the action of physical
adsorption, the distance is constantly shrinking, and in step
26 (Figure 11c), O3 and C�C undergo an addition reaction

Figure 12. Cracking reaction process of POZ and SOZ: (a) initial
configuration, (b) O1−O2 breaking in POZ, (c) and (d) C1−C2
breaking in POZ, (e) SOZ, (f) initial configuration of SOZ and
HO2•, (g) cleavage products of SOZ.

Table 2. Energy of OH•, Ar-(CH2)6-Ar, and Products

Molecules G(kcal/mol) H(kcal/mol) Et(kcal/mol) ΔH(kcal/mol) ΔG(kcal/mol)

Ar−(CH2)6−Ar 185.44 227.48 −438 668.45 −104.05 −105.28
OH• −5.12 7.18 −47 537.60
H2O 1.51 15.38 −47 971.03
Ar−CH2−CH�CH−(CH2)3−Ar 172.36 212.48 −437 907.06
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to obtain the primary ozonide�POZ, as shown in Figure 11d.
Similarly, in Figure 11e and f, the energy of the system has
undergone a breakover in step 26, so this point is where the
chemical reaction begins. Thus, the first 26 steps are
considered to be a physical adsorption process, and the
adsorption energy is −12.55 kcal/mol. A large number of
studies have shown that POZ is unstable. The DFT calculation
results directly support this view; because of the presence of
water, the O−O and C−C bonds of POZ will break at the
positions shown by the black dashed lines in Figure 12a and c,
forming a carbonyl oxide (CI) and an aldehyde compound
(Figure 12d), and then the two will recombine to form the
ozone secondary oxide SOZ. (Figure 12e). In the experiments
of coal oxidized by ozone, the interaction of ozone and water

will produce hydrogen superoxide (HO2•), which can be
regarded as the formation of hydrogen peroxide losing one
hydrogen atom, so it is also called the hydrogen peroxide
radical. It has strong oxidizing properties. The oxidizing
property of hydrogen peroxide is mainly reflected by hydrogen
superoxide. Therefore, the initial reaction model of HO2• and
SOZ is constructed (Figure 12f). According to the DFT
results, the bonds are broken, as shown by the black dotted line
in Figure 12f, and the bonds between the atoms of O1−C1 and
O2−O3 is broken. At the same time, O2 will capture the
hydrogen atom of HO2•, and finally, two compounds
containing carboxyl and aldehyde groups will be produced.
The hydrogen peroxide radical loses one H atom and escapes
in the form of oxygen. The whole reaction process is shown in

Table 3. Energy of Ozone, Ar−CH2−CH�CH−(CH2)3−Ar, and Products

Molecules G(kcal/mol) H(kcal/mol) Et(kcal/mol) ΔH(kcal/mol) ΔG(kcal/mol)

Ar−CH2−CH�CH−(CH2)3−Ar 172.36 212.48 −437 907.06 −40.13 −27.59
O3 −11.02 6.45 −141 519.65
POZ 176.55 221.60 −579 469.51

Table 4. Energy of POZ and Products

Molecules G(kcal/mol) H(kcal/mol) Et(kcal/mol) ΔH(kcal/mol) ΔG(kcal/mol)

POZ 176.55 221.60 −579 469.51 −93.36 −105.17
CI 98.70 128.92 −338 044.80
Ar−CH2CHO 63.15 89.80 −241 515.18

Table 5. Energy of SOZ, HO2•, and Products

Molecules G(kcal/mol) H(kcal/mol) Et(kcal/mol) ΔH(kcal/mol) ΔG(kcal/mol)

SOZ 178.08 222.54 −579524.24 −71.81 −87.08
HO2• −6.13 10.09 −94739.10
Ar−(CH2)3−CHO 94.34 126.36 −290839.31
O2 −10.19 4.20 −94369.20
Ar−CH2COOH 68.12 97.65 −289122.21

Figure 13. (a) Deformation density after adsorption of OH• and Ar−(CH2)6−Ar, (b) deformation density after adsorption of O3 and Ar−CH2−
CH�CH−(CH2)3−Ar, (c) total electron density after adsorption of OH• and Ar−(CH2)6−Ar, (d) total electron density after adsorption of O3
and Ar−CH2−CH�CH−(CH2)3−Ar.
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Figure 12. At this point, the C�C bond was completely
broken, and Ar−(CH2)6−Ar generated two small molecules,
Ar−CH2COOH and Ar−(CH2)3−CHO.
3.3.2. Energy Change during the Reaction. Although the

bond breaking process of coal oxidized by ozone is
preliminarily defined through the DFT study above, since
the reaction is carried out at normal temperature and pressure,
whether the above reactions can occur spontaneously needs to
be judged from the perspective of thermodynamics. Therefore,
ΔG, ΔH, and the energy of the system in all reactions were
calculated according to eqs 5 and 6, and the results are shown
in Tables 2−5.

= + +G G E G E( )tpro pro rea trea (5)

= + +H H E H E( )tpro pro rea trea (6)

where Gpro and Grea are the Gibbs free energy of products and
reactants, respectively, and Hpro and Hrea are the enthalpy of
products and reactants, respectively. Etpro is the total electron
energy of the products, and Etrea is the total electron energy of
the reactants.

According to Tables 2−5, the ΔG of all reactions is in the
range of −105.28 kcal/mol∼-27.59 kcal/mol, and the ΔH is in
the range of −104.05 kcal/mol to −40.13 kcal/mol. Therefore,
the above reactions can occur spontaneously at normal

temperatures and pressures, and they are exothermic reactions.
Among them, the decomposition of POZ and the oxidation
reaction of OH• with Ar−(CH2)6− Ar are intense exothermic
reactions.
3.3.3. Population Analysis and Charge Density. For ease

of expression, all atoms in the two systems are numbered, as
shown in Figure 15. And the number of atoms in Figure 15 is
only used for population analysis, charge density, and analysis
of density of state. Tables 6 and 7 show the charge distribution
of each atom before and after physical adsorption of OH• and
Ar−(CH2)6−Ar, O3 and Ar−CH2−CH�CH−(CH2)3−Ar,
respectively. Δcharges is the difference between the Mulliken
charges of an atom in the system after and before adsorption.
The tables show that the Mulliken charge of each atom
changes to varying degrees after adsorption because orbital
overlap and charge transfer occur when the adsorbate (OH•,
O3) is close to the adsorbent (Ar-(CH2)6−Ar, Ar−CH2−
CH�CH−(CH2)3−Ar), and electron redistribution occurs in
the system that loses or obtains electrons. The charge changes
of H27, H29, O41 and O43 in Table 6 are 0.206, 0.123,
−0.236, and −0.252, respectively, which are significantly
greater than those of other atoms in the system. The charges
of H27 and H29 increased after adsorption, indicating that
they lost electrons, while the charges of O41 and O43
decreased, indicating that they obtained electrons. Similarly, in

Figure 14. Density of states (a) O41 and H29, (b) O43 and H27, (c) O39 and C8, (d) O41 and C9.
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Table 7, the charge changes after adsorption of C8, C9, O39,
O40 and O41 are 0.122, 0.113, −0.159, −0.21 and −0.149,
respectively, and all C atoms lose electrons and all O atoms
obtain electrons. According to the Mulliken charge of atoms
before and after adsorption, it can be easily concluded that the
main sites of physical adsorption are H27 and H29 on Ar-
(CH2)6-Ar and C8 and C9 on Ar−CH2−CH�CH−(CH2)3−
Ar.

Figure 13 illustrates a slice diagram of the charge density
diagram of the two systems after adsorption. Between OH•
and H27 and H29 in Ar−(CH2)6−Ar, the change in the
electron density around the oxygen atom is positive, indicating
that the number of electrons around them increases
significantly. The change in electron density outside H27
and H29 is negative, indicating that the electron density
around them decreases. Similarly, in Figure 13b, the
deformation density outside of O39 and O41 in O3 is positive,
so the electron density increases, and the deformation density
outside C8 and C9 is negative; both lose electrons. In the total
electron density diagrams shown in Figure 13c and d, the
oxygen atoms in OH• and O3 have obvious electron cloud
overlap with the H atoms in Ar-(CH2)6-Ar and the C atoms on
Ar−CH2−CH�CH−(CH2)3−Ar, respectively. This phenom-
enon shows that there is a strong electron interaction between

the adsorbate and adsorbent in the two systems, which lays the
foundation for the next chemical reaction (bond breaking).
The calculated results here are consistent with the conclusion
of frontier orbital analysis: coal molecules lose electrons, while
OH• and O3 gain electrons.
3.3.4. Density of States. Figure 14 shows the partial density

of states with atoms at the reaction sites before and after the
adsorption of OH• on Ar−(CH2)6−Ar and O3 on Ar−CH2−
CH�CH−(CH2)3−Ar. The Fermi level EF was set to 0 eV. In
Figure 14a, the 2 s and 2p orbitals of OH• are concentrated in
several specific energy levels, indicating that the electron is
strongly localized. The Fermi level passes through the 2p
orbital of the oxygen atom; thus, the 2p orbital of the oxygen
atom in OH• has high reaction activity. After adsorption, the
energy levels of the 2 s orbital at −505.9 eV and −505.4 eV of
the oxygen atom in (OH•) are combined into a single strong
peak at −504.5 eV. Similarly, the peaks at −18.1 eV and −16.7
eV are combined into a single peak at −16.4 eV. The energy
levels at 21.7 eV, 23.6 eV, and 31.8−33.6 eV above the Fermi
level disappear. After adsorption, the energy levels of the O 2p
orbital at −1.85 and 21.2−24.2 eV disappear, while the density
of states at EF increases significantly.

The energy level distribution range and intensity of the 1 s
orbital of the hydrogen atom change little, but new energy

Figure 15. Atomic numbering details.
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levels are formed at −16.5 eV and EF, which enhances the
reaction activity of the H atom. Finally, after the adsorption of
OH•, the 2 s orbital of O41 and the 1 s orbital of H29 have a
strong localized interaction at −16.5 eV, while the 2p orbital of
O41 and the 1 s orbital of H29 have a weak interaction in the
range of −4.6 eV to 1.2 eV. The density of states of O43 and
H27 in Figure 14b is similar to Figure 14a, and the difference is
that after adsorption, the H1 s orbital generates a new energy
level at −17.18 eV, and the density of states of this energy level
is greater than that at −16.5 eV in Figure 14a, indicating that
the interaction between O43 and H27 is more localized. In
Figure 14c, after adsorption, the s and p orbitals of O39 and

C8 move to the low energy level, so the energy of the
adsorption configuration decreases. The 2 s and 2p orbitals of
O both move from −25.7 to −24.8 eV, and the 2 s and 2p
orbitals of the polarized metal complex both generate new
energy levels at −24.8 eV. As a result, the above four orbitals
have a strong localization effect at this energy level. The energy
at −18.9 eV is mainly composed of O 2s, O 2p, and C 2p
orbitals, and O 2p and C 2p orbitals interact to varying degrees
in the energy range of −16.8 eV to 0.4 eV. The density of
states distribution of O41 and C9 shown in Figure 14d is
similar to that in Figure 14c, except that the individual peak
intensities are different.

3.4. FTIR Analysis of Coal and Coal-Based Carbon
Quantum Dots. Through many DFT calculations, we found
that OH• and O3 do not react with −COO and −C�O. To

Table 6. Mulliken Charges of OH• and Ar−(CH2)6−Ar
before and after Adsorption

Atoms Before adsorption After adsorption Δ charges

C1 −0.047 −0.039 0.008
C2 −0.036 −0.03 0.006
C3 −0.055 −0.061 −0.006
C4 0.059 0.068 0.009
C5 −0.05 −0.047 0.003
C6 −0.034 −0.029 0.005
C7 −0.119 −0.162 −0.043
C8 −0.11 −0.152 −0.042
C9 −0.086 −0.128 −0.042
C10 −0.086 −0.096 −0.01
C11 −0.11 −0.088 0.022
C12 −0.119 −0.126 −0.007
C13 0.059 0.069 0.01
C14 −0.049 −0.043 0.006
C15 −0.034 −0.028 0.006
C16 −0.047 −0.042 0.005
C17 −0.036 −0.028 0.008
C18 −0.055 −0.049 0.006
H19 0.03 0.039 0.009
H20 0.031 0.041 0.01
H21 0.035 0.099 0.064
H22 0.026 0.055 0.029
H23 0.031 0.042 0.011
H24 0.059 0.074 0.015
H25 0.064 0.131 0.067
H26 0.056 0.06 0.004
H27 0.053 0.259 0.206
H28 0.046 0.059 0.013
H29 0.045 0.168 0.123
H30 0.046 0.049 0.003
H31 0.045 0.056 0.011
H32 0.056 0.054 −0.002
H33 0.053 0.06 0.007
H34 0.059 0.063 0.004
H35 0.064 0.051 −0.013
H36 0.026 0.038 0.012
H37 0.031 0.041 0.01
H38 0.03 0.04 0.01
H39 0.031 0.04 0.009
H40 0.035 0.041 0.006

Sum = 0.552
O41 −0.267 −0.503 −0.236
H42 0.267 0.235 −0.032
O43 −0.267 −0.519 −0.252
H44 0.267 0.236 −0.031

Sum = −0.551

Table 7. Mulliken Charges of O3 and Ar−CH2−CH�CH−
(CH2)3−Ar before and after Adsorption

Atoms Before adsorption After adsorption Δ charges

C1 −0.044 −0.042 0.002
C2 −0.033 −0.029 0.004
C3 −0.046 −0.047 −0.001
C4 0.052 0.062 0.01
C5 −0.047 −0.061 −0.014
C6 −0.032 −0.03 0.002
C7 −0.134 −0.13 0.004
C8 -0.015 0.107 0.122
C9 -0.016 0.097 0.113
C10 −0.105 −0.097 0.008
C11 −0.069 −0.078 −0.009
C12 −0.126 −0.132 −0.006
C13 0.059 0.074 0.015
C14 −0.048 −0.052 −0.004
C15 −0.032 −0.031 0.001
C16 −0.045 −0.043 0.002
C17 −0.031 −0.031 0
C18 −0.05 −0.048 0.002
H19 0.031 0.035 0.004
H20 0.032 0.035 0.003
H21 0.033 0.029 −0.004
H22 0.027 0.044 0.017
H23 0.032 0.037 0.005
H24 0.058 0.054 −0.004
H25 0.022 0.109 0.087
H26 0.02 0.085 0.065
H27 0.041 0.067 0.026
H28 0.056 0.082 0.026
H29 0.047 0.066 0.019
H30 0.055 0.044 −0.011
H31 0.052 0.099 0.047
H32 0.049 0.051 0.002
H33 0.028 0.047 0.019
H34 0.032 0.024 −0.008
H35 0.031 0.03 −0.001
H36 0.032 0.03 −0.002
H37 0.029 0.032 0.003
H38 0.056 0.031 −0.025

Sum = 0.519
O39 −0.118 −0.276 −0.158
O40 0.236 0.026 −0.21
O41 −0.118 −0.267 −0.149

Sum = −0.517
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make the article more concise, the reaction process of OH•
with C−OH and C−O−C is put in the supplementary
document. To verify the reliability of the simulation results, the
infrared spectra of the three coals and their carbon quantum
dots were tested, as shown in Figure 16. After oxidation by
ozone, the peak intensity of the three coal-based carbon
quantum dots in the wavenumber range 3000−3570 cm−1

increases significantly. This is mainly due to the stretching
vibration of −OH, so there is a large number of −OH in coal-
based carbon quantum dots.

The increase range increases with the coal rank because with
the increase in coal rank, the content of aromatic carbon
increases, and then a large number of phenolic hydroxyl groups
are formed by the reaction of benzene and OH• in coal. The
absorption peaks near 2920 and 2850 cm−1 are the
symmetrical and asymmetric stretching vibration absorption
peaks of CH2, respectively. In Figure 16a and b, the intensity of
these two absorption peaks decreases sharply after oxidation,
indicating that the methylene chain in coal is interrupted and
disappears due to a large amount of oxidation. The carbon
quantum dots have only a small amount of unbroken
methylene chains. However, there are few methylene chains
in anthracite, so the absorption peaks corresponding to 2920
and 2850 cm−1 in Figure 16c only decrease slightly. The
wavenumber 1600−1635 cm−1 is the stretching vibration
absorption peak of aromatic C�C, and 1696 and 1702 cm−1

are the stretching vibrations of carbonyl (−C�O). In Figure
16a, the strength of the C�C absorption peak before and after
oxidation is basically unchanged, while the stretching vibration
absorption peak of the shoulder peak −C�O is significantly
enhanced; therefore, the carbon quantum dots generated by
the oxidation of sub-bituminous coal contain a large number of
carbonyl functional groups. In Figure 16b and c, although the
intensity of the aromatic C�C absorption peak of carbon
quantum dots increases, the absorption peaks of other parts
increase in almost equal proportions, so the aromaticity will

Figure 16. Infrared spectra of coal and carbon quantum dots: (a) subbituminous coal and subbituminous coal based carbon quantum dots, (b)
bituminous coal and bituminous coal based carbon quantum dots, (c) anthracite and anthracite based carbon quantum dots.

Figure 17. Main reaction process of preparing coal based carbon
quantum dots by ozone oxidation of coal.
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not change much before and after oxidation. Similar to Figure
16a, the stretching vibration peak of carbonyl (−C�O) on the
shoulder of bituminous coal (Figure 16b) is significantly
enhanced and the proportion increases. Therefore, carbon
quantum dots contain more carbonyl groups than coal. The
increase in phenolic hydroxyl content leads to the enhance-
ment of the C−O stretching vibration absorption peak in
phenolic hydroxyl groups in the wavenumber range 1100−
1300 cm−1. In conclusion, the calculated results in this paper
are in good agreement with the FTIR test.

In summary, the main reaction process of ozone oxidation of
coal to prepare coal based carbon quantum dots is shown in
Figure 17. From the figure, it can be seen that the methylene
chains in coal are oxidized by hydroxyl radicals and ozone and
then break in an aqueous solution of ozone, resulting in the
separation of the basic structural units of coal from each other.

4. CONCLUSIONS
In this paper, we studied the oxidation behavior of ozone on
the surface of coal through experiments and DFT methods and
separated the oxides of the coal molecular fragments (coal-
based carbon quantum dots). Characterized by transmission
electron microscopy, the morphology, size distribution, and
lattice fringes of coal-based carbon quantum dots were
obtained. From the perspective of visualization, the molecular
structure characteristics of sub-bituminous coal, bituminous
coal, and anthracite are explored. It is found that there are
large-scale regular structures and amorphous components in all
three coals.

The electronic properties of five simplified coal molecules
(Ar−(CH2)6−Ar, Ar−(CH2)2−CHOH−(CH2)3−Ar, Ar−
(CH2)2−O− (CH2)3−Ar, A−-(CH2)2−COO−(CH2)2−Ar,
and Ar−(CH2)2−C�O−(CH2)3−Ar) were studied. OH•
and O3 with different functional groups were studied from the
perspective of frontier orbital theory, electrostatic potential,
and Fukui function, and the active sites of each molecule were
clarified. When different oxygen-containing functional groups
were introduced, the frontier orbitals of the molecules changed
significantly, indicating that the oxygen-containing functional
groups have a significant impact on the properties of coal.
Except for the frontier orbital coefficient of the oxygen atom in
− OH being 0.01, the frontier orbital coefficient of the oxygen
atom in the other functional groups is 0.1−0.6, which is the
active site of the coal molecule. The Fukui function results
show that the H atom in the methylene and the oxygen atom
in the oxygen-containing functional groups of the five coal
molecules contain a large f− index; therefore, they are
vulnerable to electrophilic attacks and lose electrons. The
microscopic adsorption mechanism of OH• and O3 on Ar−
(CH2)6−Ar and Ar−CH2−CH�CH−(CH2)3−Ar was clari-
fied from the aspects of the reaction process, energy change,
Mulliken charge population, total charge density, deformation
charge density, and density of states.

By analyzing the infrared spectra of coal and corresponding
carbon quantum dots, it was found that the content of
functional groups such as −C�O and −OH in the carbon
quantum dots generated by coal oxidation increased
significantly, while the content of CH2 decreased sharply.
This phenomenon is consistent with the simulation results
presented in this paper.
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