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Abstract

Resolving the atomic structure information of the aromatic layers in coal plays a crucial role in understanding the generation
mechanisms of NOx during coal combustion and further reducing the formation of NOx from the source. This study reveals the
distribution of X-ray diffraction bands of superfine pulverized coal using a high-resolution synchrotron radiation X-ray
Diffraction (HRXRD) facility, discussing the distribution of atomic distances and atomic density in aromatic layers through
pair distribution function (PDF) methods. Furthermore, the influences of mechanochemistry on the evolution of atomic
morphology are focused on. The results show that the PDF of coal gradually stabilizes when r > 8 A, showing the short-range
order of graphite-like structure. Additionally, due to the limitations of scanning angle and X-ray energy, atomic distances in
aromatic layers for coal are significantly greater than that of pure graphene. Enhanced mechanochemical effects make the
peaks 1, 2, and 3 of coal PDF more similar to graphene's by condensing alkyl side chains into smaller, regular aromatic layers
when the particle size decreases. With the enhancement of mechanochemical effects, coals with different metamorphic degrees
exhibit different aromatic evolution patterns. The aromaticity of NMG coal first decreases and then increases, while the
aromaticity of YQ coal shows the opposite trend. The results can provide deeper insights into the atomic structure of coal
macromolecular, which can facilitate the advancement of novel ultra-low NOx combustion methods and support the
construction of precise coal macromolecular models.
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1. Introduction

Coal, as a fossil fuel, has been a cornerstone of human
development for centuries. Its abundant reserves and pivotal
role in the global energy mix underscore its significance.
Despite the rise of renewable energy sources, coal continues
to dominate energy consumption patterns worldwide due to its
vast availability and established extraction and utilization
infrastructure [1-3]. This prominence in the global energy
landscape highlights the necessity of understanding and op-

timizing its use to meet the growing energy demands while
mitigating environmental impacts.

Among the various methods of coal utilization, coal com-
bustion still occupies a dominant position. However, com-
bustion has significant environmental implications, especially
concerning air quality [4, 5]. Among the pollutants emitted
during coal combustion, nitrogen oxides (NOX) are of partic-
ular concern due to their detrimental effects on human health
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and their contribution to the formation of ground-level ozone
and acid rain [5]. The challenge of reducing NOx emissions
while maintaining or improving the efficiency of coal com-
bustion has thus become a critical area of research [6].
However, the formation of NOx during coal combustion is
intricately linked to the aromatic layer configuration of coal
[7, 8]. Therefore, resolving the atomic structure information
of the aromatic layers in coal plays a crucial role in under-
standing the transformation mechanisms of NOx during the
combustion process and further reducing the formation of
NOx from the source [9].

The carbon in coal mainly includes abundant amorphous
side chains and graphite-like structures, accompanied by
different heteroatom polycyclic aromatic hydrocarbons con-
taining various defects such as dislocations and heteroatom
substitution [10]. Meanwhile, due to the aggregation and
stacking effect of aromatic layers, the graphite-like structure
exhibits some hexagonal graphite crystal characteristics in
spectroscopic tests, which makes it challenging to character-
ize the structural information of carbon atoms and aromatic
layers in coal [11-13]. X-ray diffraction (XRD), a
non-destructive detection method, is widely used to study the
crystal structure, phase transformation, and composition of
materials [14, 15]. Ismagilov et al. analyzed the amorphous
carbon and mineral composition of coal using X-ray diffrac-
tion, determining that calcium and silicon exist in amorphous
and ionic states in organic compounds of humic acid and
fulvic acid [16]. The results promoted the process of coal
being used for catalytic hydrogenation cracking of heavy oil.

To investigate the atomic structure information in coal, the
atomic pair distribution function (PDF) is used to differenti-
ate the short-range ordered structure, bonding forms, and
defects in coal [17]. Simultaneously, PDF can acquire the
radial atomic distribution state of a substance by analyzing
large-angle and  high-resolution XRD data. The
high-resolution XRD data is usually obtained through syn-
chrotron radiation facilities, more precisely reflecting the
distribution density of radial atoms [17, 18]. Furthermore, by
comparing the peak value of PDF with the general bond
length, the fine local atomic structure arrangement, including
the vacancy and heterotopic defects of the substance in or
between the aromatic layer, can be revealed [19, 20]. Mar-
cano et al. used the PDF method to simulate the constructed
coal large aromatic layer model [21]. The simulation results
were consistent with the experimental results, verifying the
reliability of the model. Additionally, peak deviation indi-
cates the presence of heterocyclic aromatic hydrocarbons.
Grigoriew et al. studied coal with different degrees of meta-
morphism using RDF (a deformation of PDF) and found that
coal transformed from a structure between diamond and
graphite to a diamond structure [22]. Besides, a diamond
carbon film structure was also discovered in studying local
fine structures. Generally, these conclusions promote the
microscopic understanding of atomic structure information in
coal.
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Superfine pulverized coal is a pulverized coal with a parti-
cle size of less than 20pm. Compared with traditional pul-
verized coal, superfine pulverized coal has advantages such
as good combustion stability, high efficiency, and low NOx
emissions [23]. Combined with existing low nitrogen com-
bustion technologies such as staged combustion and flue gas
recirculation combustion, superfine pulverized coal has
enormous industrial application value [24]. However, current
research on superfine pulverized coal mainly focuses on
qualitative inference at the macro level, lacking understand-
ing at the micro atomic level, which hinders the development
of new low NOx combustion technologies [25].

Here, the distribution of X-ray diffraction bands of super-
fine pulverized coal on a high-resolution synchrotron radia-
tion X-ray Diffraction (HRXRD) facility. The distribution of
atomic distances and the atomic density in aromatic layers
are discussed combined with PDF methods during superfine
grinding. Furthermore, the influences of mechanochemistry
on the evolution of atomic morphology are focused on. The
results can deepen the understanding of the atomic level of
coal physicochemical structure, which can promote the de-
velopment of new ultra-low NOx combustion technologies
and also contribute to the construction of accurate coal mac-
romolecular models.

2. Materials and Methods

2.1. Materials

A typical anthracite coal from Yangguan Coal Industry
(Group) Co., Ltd. (YQ) and a bituminous coal from Inner
Mongolia Mengxing Coal Mining Co., Ltd. (NMG) were cho-
sen for the experiments to compare the difference of coalifica-
tion degree. By changing the frequency and duration time, each
coal sample was ground in a ball mill to four different equiva-
lent average particle sizes (5.4um, 17.3um, 24.0pum, 38.9um for
YQ coal, whereas 12.6pum, 15.0um, 25.9um, 52.8um for NMG
coal). The proximate and ultimate analysis of coal samples are
shown in Table 1. The ultimate analysis is measured with Vario
ELIIl (Elemental Analyzer, Germany), while the proximate
analysis is performed in accordance with the International
Standard ASTM D5373-1 [26].

Table 1. Proximate and Ultimate Analysis.

Proximate analysis Ultimate analysis (ad)

Samples ) wt %) (Wt %)
M 1.06 C 79.07
Y, 7.98 H 347
YQ
A 12.43 0 1.01
FC 7853 N 1.14
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Proximate analysis Ultimate analysis (ad)

SampIesIs Wt %) (Wt %)
s 1.82
M 1472 C 54.82
v 35.69 H 4.39
NMG A 10.64 0 14.58
FC 38.95 N 0.63
S 0.22

“ad represent air dry basis, while O content is calculated by differ-
ence.

2.2. High-resolution Synchrotron Radiation
X-ray Diffraction (HRXRD) Facility

HRXRD experiments were performed on the synchrotron
radiation XRD instrument (beamline BL14B1) at the Shang-
hai Synchrotron Radiation Facility (SSRF). This facility uses
Si (111) and magnetic constraints to filter out monochromatic,
collimated X-ray beams, which makes the X-ray beam highly
collimated, high-resolution, and high-throughput. The output
energy range is 4~22keV, and the energy resolution is 2 x
10*@10keV. The wavelength of X-rays is 1.24 A, and the
spot size is 0.5 <0.5 mm. The diffraction angle range is 6 - 55
degrees (20). The step size is 0.01 degrees, and the scanning
speed is 0.027s.

2.3. Pair Distribution Function (PDF) Theory

PDF is a concept in statistical physics that represents the
radial distribution state of atoms around an atom, as shown
in Equation (1) [17].

G(r) =4zr(p(r) - p) @)

where p(r) is the radial atomic number density of the PDF,
while po represents the average atomic number density in the
system.

Furthermore, G(r) consists of intramolecular pair distribu-
tion function g(r)ina and intermolecular pair distribution
function g(Ninter 9(Nintra and g(Nineer is defined as Equation (2)
and Equation (3), respectively [21].

(i = (1=3,,)[ 8 =17 +17) | )

where r;* denotes the immediate spatial location of the ath
reference atom within the ith coal molecule. The notation
enclosed in angle brackets signifies the average over an equi-
librium ensemble, while the inclusion of the Kronecker delta
function serves to confirm the distinction between atoms (i.e.,
a. # y) within an identical coal molecule.

9(Nier = N(N=D)S()5(r] 1) ©)

where p, defined as N/V, quantifies the mean molecular den-
sity per unit volume. The formulation presented in Equation
(3) delineates the probability density of intermolecular inter-
actions between atoms o and y in molecules i and j. Addi-
tionally, the comprehensive pair distribution function, G(r),
is constituted by the sum of intramolecular and intermolecu-
lar components, as presented in Equation (4).

G(r):g(r)intra + g(r)inter (4)

Furthermore, by performing background subtraction and
normalization on HRXRD data, the diffraction spectrum
band of the atom on the X-rays in the coal macromolecular
structure can be obtained (Figure 1). Then, PDF function,
G(r), varying with the interatomic distance r, is derived us-
ing PDFget3 fitting. In addition, to compare the PDF func-
tion of coal with the standard PDF functions of graphite and
graphene, the PDF functions of graphite and graphene are
also provided based on PDF card 41-1487 and the data of
Ref. [27].

3. Results

3.1. Distribution of X-ray Diffraction Bands

Figure 1 illustrates the variation of the X-ray diffraction
spectrum with the diffraction angle 6. For all coals, the 002
and 100 X-ray diffraction bands are observed. Since the
wavelength in the HRXRD experiment is 1.24 A, the position
of the corresponding 002 and 100 diffraction bands is ad-
vanced compared with other XRD studies [28].

It is widely accepted that 002 diffraction band is associated
with alkyl and aryl carbons in the macromolecular structure of
coal. In contrast, the stacking distance of aromatic layers
primarily contributes to 100 diffraction band. Compared with
YQ coal, NMG coal has a lower coalification degree, which
corresponds to massive amorphous carbon atoms existing in
the macromolecular of NMG coal. Therefore, the 002 dif-
fraction band of NMG coal is broader than that of HN coal. It
is noteworthy that there are no significant differences between
the 100 diffraction bands of the two coals, suggesting that the
stacking distances of aromatic layers in both coals are similar.
In addition, the similar number and position of sharp peaks on
the diffraction spectrum of the two coals indicate that the
mineral compositions in NMG and HN coal are proximate,
which is consistent with the ash content in Table 1. On the
other hand, the change of the HRXRD diffraction spectrum
with particle size of coals is not apparent. Therefore, to obtain
the atomic structure information of different coals, the anal-
yses of PDF function for different coals are conducted in the
following sections.
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Figure 1. X-ray diffraction spectrum of two coals.

3.2. Distribution of Atomic Distances in
Aromatic Layers

Figure 1 illustrates the PDF function of all samples. For all
coals, when r is greater than 8 A, the oscillation of the PDF
function gradually stabilizes, which implies that the coal
molecular structure has a short-range order. Compared with
the PDF function of graphene and graphite, the PDF function
of pulverized coal displays five significant peaks (peaks 1, 2,
3, 4, and 6) at the corresponding positions, indicating that the
aromatic layers of the pulverized coal have a graphite-like
structure [29]. Interestingly, the peak intensity after peak 6 is
relatively weaker, indicating that the aromatic layers of coal
are primarily composed of heptagonal rings combined with
Figure 3 [18]. On the other hand, the edge carbon atoms of a
single aromatic layer may have unsaturated structures, which
facilitate the occurrence of aromatic layer cross-linking reac-
tions during coalification and further induce changes in pa-
rameters such as distance and angle between the edge carbon
atoms and the central carbon atom. As a result, the relation-
ship between edge carbon atoms and central carbon atoms

becomes complex, which makes it difficult to detect the dis-
tance between them. According to Figure 3, the rs belongs to
the category of edge carbon atoms of aromatic layers.
Therefore, compared with graphite or graphene, there is no
peak 5 on the PDF function of pulverized coal. In addition,
under high temperatures and pressure during coalification, the
attack of reactive free radicals on the edge carbon atoms of
aromatic layers causes the C-C bonds in the rings to break,
which may induce the loss of edge carbon atoms. Furthermore,
the missing carbon atoms may also contribute to the absence
of peak 5 on the coal PDF function. However, the detachment
of edge carbon atoms from aromatic layers may also form
edge or vacancy reaction defects. It has been demonstrated
that defects in aromatic layers are centers of chemical reac-
tions due to the higher electronegativity. Thus, from the per-
spective of chemical reactivity, the absence of edge carbon
atoms is advantageous for the industrial application of coal.
Besides, as shown in Figure 1, the X-ray diffraction spectrum
presents several sharp peaks, which are contributed by the
minerals in the pulverized coal. Consequently, the minerals
may also have an effect on the absence of peaks 5 in Figure 2.
Furthermore, the central positions corresponding to each
peak are recorded, as listed in Table 2. It can be found that the
peak position of coal is higher than the corresponding peak
position of graphite or graphene. As mentioned above, the
absence of some carbon atoms in the aromatic layers of coal
increases the average distance between carbon atoms, which
can contribute to the higher peak positions of the coal PDF.
Besides, the localized twisting and deformation of aromatic
layers may also widen the angles between carbon atoms,
which could also influence the detection of carbon atom dis-
tances [21]. On the other hand, although minerals can alter
the morphology of aromatic layers to some extent, further
research is needed to understand how they affect the distance
between carbon atoms in aromatic layers [21]. More im-
portantly, the scanning angle and X-ray energy are not suffi-
ciently high, which can also lead to fitting errors in the PDF
function. Therefore, this study primarily conducts a qualita-
tive analysis of the atomic structure of coal aromatic layers.
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Figure 2. PDF functions of two coals.

Figure 3. Atomic distance corresponding to the PDF function
peaks.

Table 2. Peak positions of PDF function.

Peak positions (A)

NMG_12.6 NMG_150 NMG_ 259 NMG 52.8
Peak1 1.75 1.77 1.78 1.79
Peak2  3.09 3.00 2.94 3.17
Peak 3  4.60 4.50 4.54 4.62
Peak 4  5.69 5.77 5.78 5.76
Peak 6  7.26 7.25 7.32 7.32

YQ 5.4 YQ 173  YQ 240  YQ 389
Peak1 1.75 1.74 1.75 1.78
Peak2  3.45 3.44 3.44 3.46
Peak 3  4.57 4,57 4.58 4.52
Peak 4  5.96 6.16 6.08 5.98
Peak 6  7.45 7.48 7.53 7.57

Based on Figure 2, for all coals, it can be observed that
peaks 1, 2, and 3 are the most prominent. Moreover, the first
three peaks in the PDF functions correspond to separation
distances between pairs of atoms within the same polyaro-
matic structure [21]. Therefore, the following section focuses
primarily on the comparative analysis of peaks 1, 2, and 3.
During superfine grinding, the decrease in particle size is
accompanied by the increased grinding energy, which induc-
es the mechanochemical effects between the atomic structure
[30]. Furthermore, the mechanochemical effects result in the
cleavage of some weakly stable alkyl side chains, further
condensing into smaller aromatic layers under high tempera-
ture and pressure [30]. As a result, the proportion of small
aromatic layers in small particles increases as the particle
size decreases. Simultaneously, the morphology of those new
small aromatic layers is also more regular due to less inter-
ference from alkyl side chains. Therefore, the position of
peak 1, 2, and 3 is generally closer to that of pure graphene
with the decrease in particle size except for peak 3 of YQ
coal. Moreover, the corresponding peak positions also exhib-
it a decreasing trend during the particle size reduction.
However, the position of peak 3 for YQ coal has an upward
trend with the decrease in particle size, which may be due to
the fracture of the large-span aromatic layer in YQ coal with
higher coalification degree during superfine grinding, result-
ing in more aromatic clusters squeezing the aromatic rings. It
needs to be pointed out that peaks observed at r > 5 A are
influenced by stacking and adjacent clusters (intramolecular
contribution), complicating the analysis of the PDF function.
Consequently, the position of peaks 4 and 6 lack an obvious
pattern of evolution.

From the perspective of the coalification degree, the posi-
tion of peak 1 can be considered a qualitative criterion. The-
oretically, the distance of aryl C-C bonds is 1.39 A, while the
distance of alky C-C bonds is 1.54 A [21]. Table 1 indicates
that the position of peak 1 in YQ coal is significantly lower
than that of peak 1 in NMG coal, suggesting that YQ coal
has a higher degree of coalification. This is consistent with
the results of the proximate analysis presented in Table 1.

3.3. Evolution of Aromatic Carbon Atom
Content

The peak amplitude in PDF has a strong correlation with
coal rank [21]. More specifically, the peak amplitude in-
creases with the increasing coal rank. As mentioned above,
according to the peak distribution in Figure 2, for all coals, it
can be observed that peaks 1, 2, and 3 are the most promi-
nent peaks. Moreover, the first three peaks in the PDF func-
tions correspond to separation distances between pairs of
atoms within the same polyaromatic structure. However,
peaks 4 and 6 are influenced by stacking and adjacent clus-
ters (intramolecular contribution), complicating the types of
aromatic carbon atoms. On the other hand, after statistical
analysis, the amplitude of peak 2 has negative values, which

54


http://www.sciencepg.com/journal/jenr

Journal of Energy and Natural Resources

http://www.sciencepg.com/journal/jenr

could introduce significant errors in the discussion of aro-
matic carbon atoms. Therefore, the following section primar-
ily analyzes the morphology of aromatic carbon atoms
through the evolution of peaks 1 and 3.

Figure 4 presents the evolution of peak amplitude with
particle size. Different coal has varying evolutionary trends.
NMG coal, with a lower coalification degree, contains a
large amount of amorphous carbon. As the particle size ini-
tially decreases, the alkyl side chains in NMG coal first fall
off to form reactive fragments, accompanied by the breaking
of carbon atoms at the edges of the aromatic layers. Conse-
quently, the number of aromatic carbon atoms decreases.
With further reduction in particle size, those detached reac-
tive fragments recondense into aromatic rings under the ac-
tion of mechanochemistry, increasing the content of aromatic
carbon. Therefore, for NMG coals, the amplitude of peaks 1
and 3 decreases first and then increases with the reduction of
particle size. However, the Physicochemical structure of YQ
coal with a higher coalification degree is relatively dense,
which reduces the active space of amorphous carbon that
falls off during superfine grinding. Consequently, as the ini-
tial particle size decreases, the detached small molecular
fragments can quickly condense into aromatic rings, which
induces an increase in amplitude of peaks 1 and 3. As the
particle size is further reduced, longitudinal shear forces
gradually become dominant compared with transverse shear
forces. The longitudinal shear forces can shear the edge car-
bon atoms of the aromatic layers, thereby inducing a reduc-
tion in aromatic carbon. Therefore, generally, the amplitude
of peaks 1 and 3 in YQ coal shows a trend of first increasing
and then decreasing with the reduction of particle size. Fur-
thermore, when the particle size is between 15.0-25.9um, the
amplitude of peaks 1 and 3 for NMG coal exhibits a mini-
mum value. In comparison, the amplitude of corresponding
peaks in YQ coal presents a maximum value in the particle
size range of 17.3-24.0um. Additionally, due to the higher
coalification degree, YQ coal has a greater peak amplitude
than that of NMG coal.
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Figure 4. Peak amplitude of PDF functions.

4. Discussion

The PDF function can resolve the carbon atomic structure
information of the aromatic layer in coal, which can contribute
to the industrial application and establishment of macromolec-
ular models. However, coal is a highly complex polymer with
a complex physical and chemical structure. In addition to con-
taining massive carbon-containing organic matter, coal also
includes abundant minerals. Figure 5 shows the three key fac-
tors affecting coal PDF function. During coalification, high
temperatures and pressure cause mutual compression between
aromatic layers, which induces the deformation of aromatic
layers, such as distortion, cleavage, and rotation. The defor-
mation significantly affects the statistical distance of carbon
atoms in the aromatic layer through the PDF. In addition, dur-
ing coalification, some active alkyl fragments may attack the
aromatic layer, resulting in the loss of some carbon atoms.
Furthermore, abundant structure defects like edge defects,
surface vacancy defects, including single and double vacancy
defects, Stone-Wales defects, and heteroatom substitution de-
fects, are generated due to the loss of carbon atoms, which
further leads to the leads to a change in the delocalized state of
© electrons on aromatic rings. Consequently, the atom distance
will also be affected. Besides, the minerals in coal may also
affect the distribution of atomic distance in the aromatic layer
by altering the form of aromatic rings. It is worth noting that
this study primarily conducts a qualitative analysis of the
atomic structure of coal aromatic layers.

High-Resolution  Transmission Electron  Microscope
(HRTEM) can visually detect the disordered morphology of
aromatic layers in coal [31]. Molecular dynamics simulation
can couple the effects of minerals in coal [19]. Therefore, the
combined application of HRTEM, Molecular dynamics sim-
ulation, and HRXRD may provide a more comprehensive
analysis of atomic structure information in coal, which is
worth trying in future research.
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Figure 5. Key influencing factors of carbon atomic distance in coal.

5. Conclusions

The PDF of coal gradually stabilizes when r > 8 A, show-
ing the short-range order of the coal molecular structure.
Furthermore, the PDF of coal displays five significant peaks
corresponding to the peak position of PDF for graphene and
graphite, indicating that the aromatic layers of coal have a
graphite-like structure. During superfine grinding, mecha-
nochemical effects condense detached alkyl side chains into
smaller and more regular aromatic layers, making the posi-
tions of peaks 1, 2, and 3 for coal become closer to those of
pure graphene as particle size decreases. Under similar
mechanochemical effects, coals with different coalification
degrees exhibit varying trends in the aromaticity evolution.
When the particle size belongs to 15.0 - 25.9um, the ampli-
tudes of peaks 1 and 3 in NMG coal reach the lowest, sug-
gesting minimal aromaticity in this particle size range.
However, the peak amplitudes of YQ coal are highest at 17.3
- 24.0um, indicating the larger aromaticity in the size range.

Due to the limitations of scanning angle and X-ray energy,
this study primarily conducts a qualitative analysis of the
atomic structure. The combined application of HRTEM, mo-
lecular dynamics simulation, and HRXRD may provide a
more comprehensive understanding of atomic structure in-
formation in coal, which is worth trying in future research.
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HRXRD  High-Resolution Synchrotron Radiation X-ray
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