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ABSTRACT: The coal structure is extensively used for studying the properties of coal, and the construction of accurate and reliable
coal structure models can promote these researches. In this study, Fourier transform infrared (FTIR) spectroscopy and X-ray
diffraction (XRD) were used to analyze the changes in the coal structure as a function of the coalification degree, and a
semiquantitative model construction method based on FTIR, XRD, and X-ray photoelectron spectroscopy (XPS) analyses was
proposed. With an increase in the coalification degree, the size of the aromatic cores in the coal increased. During the conversion
from lignite to bituminous coal, the content of aliphatic structures increased, while the content of oxygen-containing functional
groups (OFGs) significantly decreased. Conversely, during the conversion from bituminous coal to anthracite, the content of
aliphatic structures decreased while the content of OFGs slightly increased. The calculated FTIR spectra of the coal structure models
were consistent with the experimental FTIR spectra, which confirmed the accuracy of the models. Furthermore, the models
successfully explained the microscopic mechanism underlying the differences in the wettability of the coal samples with varying
coalification degrees. The construction method and coal structure models in this study will be more widely applied in future
research.

1. INTRODUCTION hydrocarbons and irregular aliphatic chains, functional groups,

) 15,16
The chemical structure of coal is one of the dominant factors and bridge bonds.

influencing the wettability,l’z calorific value,** chemical With the advancement of new instrument-based analytical
reactivity,5’6 and cohesiveness’ of coal, which have a significant techniques, coal structure research is becoming more
impact on its industrial processing and conversion. Therefore, sustainable and in-depth. Some information regarding the
a deep understanding of the coal structure can help realize the coal structure may be obtained using FTIR, XRD, XPS, solid-
highly efficient utilization of coal. A range of physical or state '*C nuclear magnetic resonance ("*C NMR) spectrosco-
chemical analytical methods have been used to study the coal

structure, and many well-known structure models have been Received: October 30, 2023

developed, such as the Shinn model,® Given model,”'° Faulon Revised: ~ December S, 2023

model,""'* Wender model,"* and Wiser model."* It is widely Accepted: December 7, 2023

accepted that coal is composed of many basic structural units Published: December 27, 2023

with similar but not identical structures. These structural units
are made up of regular condensed polycyclic aromatic
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py, and high-resolution transmission electron microscopy
(HRTEM) without having to destroy the coal molecules.'” %!
Kawashima et al.”” made some correction to the model
structures of Upper Freeport coal extracts using C NMR
spectra. Wang et al.'” constructed a structure model of lignite
obtained from Inner Mongolia using XRD, *C NMR,
HRTEM, and XPS, and verified the model by comparing the
calculated FTIR spectrum of the model and the measured
FTIR spectrum. Feng et al*’ obtained key information
regarding the coal molecules using BC NMR, XPS, and
FTIR analyses. A structure model of the coal was constructed
using computer-aided modeling, and the model was optimized
and further verified by the calculated FTIR and “C NMR
spectra with quantum chemical calculations. Wang et al.** used
BC NMR, FTIR, XPS, XRD techniques, and molecular
modeling methods to establish the coal structure model of
Qinghua coal.

The Wender model and Wiser bituminous model are
extensively used in molecular simulations to study the
properties of coal at the molecular/atomic level, since they
can capture a number of fundamental aspects of coal structures
with a low molecular weight, which can save computational
resources during simulation.”>*” Zhang et al.”® performed
molecular dynamics (MD) simulations to investigate the
wettability of coal with varying coalification degrees. They
employed the lignite and anthracite models proposed by
Wender as well as the Wiser bituminous coal model. The
findings showed that the simulated contact angles were in
agreement with the experimental results. Guo et al.”® studied
the adsorption behavior of sodium dodecyl sulfonate (SDS)
and dodecyl trimethylammonium bromide (DTAB) on the
surface of lignite using MD simulation. The Wender model was
utilized as the lignite model in the simulation. Chen et al.*®
explored the interactions between coal and kaolinite in water
through a combination of experiments and molecular
simulations. The Wiser model was employed as the bituminous
coal model in the simulation. Zhao et al.”’ used the Wiser
model for the grand canonical Monte Carlo and MD
simulations to study the diffusion properties of CO, and
CH, in coal.

The molecular structure of coal has not been defined due to
the various coal-forming plants, environments, and coal-
ification degrees. If existing molecular models are used without
modification, it can be difficult to accurately express the
molecular structural characteristics of the research object.
Hence, this study proposes a simple method for constructing
models of coal molecules based on the results of FTIR, XRD,
and XPS analyses that conform to the molecular structure
characteristics of the tested samples. These models were
successfully used to explain the internal factors contributing to
the differences in the wettability of the coal samples. The
chemical structure model of coal constructed in this study may
be utilized in molecular simulation to explain various coal
features, and the model construction method can be used to
construct chemical structure models of coal samples in many
research.

2. EXPERIMENTAL DETAILS AND SIMULATION

2.1. Coal Samples. Three types of coal samples with
different coalification degrees were used in the study: lignite,
bituminous coal, and anthracite. Lignite and bituminous coal
(coking coal) were collected from Guizhou, China, and
anthracite was obtained from Ningxia, China. The results of

1882

the proximate, ultimate, XPS, and water contact angle (WCA)
analyses of these samples had been reported in our previous
research.”® The WCA analysis results showed that the
wettability of lignite was the strongest, while that of
bituminous coal was the weakest. The wettability of anthracite
was slightly stronger than that of bituminous coal.*’ The
analysis results of XPS are shown in Figure 1. The bituminous
coal has the highest relative content of C—C/C—H, while the
lignite has the highest relative content of C—0O, C=0, and
0-C=0."
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Figure 1. XPS analysis results of the coal samples.

2.2, FTIR Analysis. FTIR measurements of the coal
samples were performed on an infrared spectrometer (Nicolet
i$20, Thermo Scientific, USA). The samples were mixed with
KBr in a mass ratio of 1:100, ground thoroughly, and then
pressed into thin slices. FTIR spectra were recorded by
coadding 32 scans with a resolution of 4.0 cm™" and in a scan
range of 400—4000 cm™". To thoroughly study the chemical
structure, curve-fitting analyses were performed on the FTIR
spectra using Origin software. Gaussian combination was used
to determine the fitted peak shape and area, which were
adjusted to minimize the variance between the experimental
and fitted curves.

2.3. XRD Analysis. The data were obtained by using an X-
ray polycrystalline diffractometer (LabX XRD-6100, Shimadzu,
Japan) with Cu Ka radiation (40 kV, 30 mA). The scanning
range and step size were set to 5°—80° and 0.02° (20),
respectively. The XRD spectra were fitted to three Gaussian
peaks at 20 values of approximately 20°, 26°, and 43°
corresponding to the y, (002), and (10) bands, respec-
tively, 71920

2.4. Simulation Details. Density functional theory (DFT)
calculations using the Dmol> module of Materials Studio
software were performed to obtain the geometrically optimized
structure, charge distribution, and vibrational frequency of the
coal structure model. Additionally, the Vibration Analysis tool
was utilized to simulate the FTIR spectra. The quality of the
DFT calculations was set as fine. The exchange-correlation
functional was Perdew—Wang 91 (PW91), and the basis set
was the d-polarization functions (DNP). The energy,
maximum force, and maximum displacement of the con-
vergence tolerance were 1.0 X 107> Hartree, 0.002 Hartree/A,
and 0.005 A, respectively.

https://doi.org/10.1021/acsomega.3c08574
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3. RESULTS AND DISCUSSION

3.1. FTIR Analysis. 3.1.1. FTIR Spectra of Coal Samples.
The FTIR spectra of the coal samples can be divided into
multiple zones, each corresponding to different types of
functional groups.'®*' ™ As shown in Figure 2, the peaks in
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Figure 2. FTIR spectra of the coal samples.

the 3600—3100 cm™' zone can be assigned to the stretching
vibration (») mode of the hydroxyl group (—OH) and
hydrogen bond (HB) involving —OH. The 3000—2800 cm™’

zone shows peaks due to the v mode of aliphatic structures.
The peaks in the 1800—1000 cm™ zone are complex and
correspond to the v mode of OFGs, such as carboxyl, ketones,
ethers, alcohols, phenols, and esters; v mode of aromatic C=
C; deformation vibration (§) mode of methyl (—CH;) and
methylene (—CH,—); and » mode of clay or silicate minerals
Si—O—Si. The peaks in the 900—700 cm™ zone can be
assigned to the out-of-plane § mode of aromatic C—H. In
addition, the peaks in the 3100—3000 cm™ zone can be
assigned to the v mode of aromatic C—H, and the peaks in the
600—400 cm™" zone may be due to the 5 mode of the alcohol
hydroxyl group (R—OH).

As shown in Figure 2, the FTIR spectra of lignite,
bituminous coal, and anthracite vary with the degree of
coalification. The band of —OH (3600—3100 cm™) in
bituminous coal and anthracite is significantly weaker than
that in lignite, while in anthracite, it is slightly stronger than
that in bituminous coal. This suggests that —OH and HB are
more abundant in lignite but less so in bituminous coal and
anthracite. The observed decrease in the —OH absorption
band from lignite to bituminous coal can be assigned to a
significant reduction in the content of —OH in the conversion
process. During the conversion from bituminous coal to
anthracite, the content of —OH in the coal showed a slight
increase due to the reduction in the aliphatic structure and the
condensation of the aromatic structure, leading to a minor
change in the relative content of —OH in anthracite. The FTIR
spectra analysis shows that the band of the aliphatic structure
(3000—2800 cm™') in bituminous coal is the strongest,
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Figure 3. Curve-fitted FTIR spectra for the 1800—1000 cm™ zone: (a) lignite, (b) bituminous coal, (c) anthracite, and (d) relative content.
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followed by lignite, and last anthracite. This observation
suggests that the content of aliphatic structures is highest in
bituminous coal and lowest in anthracite. The weak reactivity
of the aliphatic structures may be the reason for the lower
cleavage during the conversion from lignite to bituminous coal.
Additionally, the cleavage of the other functional groups may
lead to an increase in the proportion of aliphatic structures or
the generation of new aliphatic structures. However, during the
conversion from bituminous coal to anthracite, the content of
aliphatic structures decreased significantly due to the
condensation of aromatic structures and aromatization of
cycloalkanes. The stretching vibration peak (3100—3000
cm™') and aromatic structure absorption band (900—700
cm™) of the aromatic C—H in lignite, bituminous coal, and
anthracite were successively enhanced. This is likely due to the
continuous generation and condensation of the aromatic rings
with an increasing degree of coalification. The band (1800—
1000 cm™") of the OFGs was significantly weakened during the
conversion from lignite to bituminous coal. The band (1300—
1150 cm™') of anthracite was stronger than those of
bituminous coal and lignite. This may be because the content
of the aromatic ring in anthracite increased sharply, resulting in
an increase in the contents of aromatic ether, phenolic
hydroxyl, and other such functional groups.

3.1.2. Oxygen-Containing Functional Groups. Figure 3
shows the curve-fitted FTIR spectra for the 1800—1000 cm ™"
zone. Table 1 presents the peak assignments. With the increase

Table 1. Assignment of Peaks in the 1800—1000 cm '

Zone18,36,37a
Peak #  Position (cm™") Assignment”
1 1730 Aryl esters
2 1700 Carboxyl
3 1650 Ketone C=0
4 1618/1586/1502  Aromatic C=C
S 1458 d,, mode of —CH;, —CH,—
6 1437 Aromatic C=C
7 1410 8, mode of a-CH,
8 1377 d, mode of CH;—Ar, R
9 1350 8, mode of CH,—C=0
10 1274 v mode of C—O in aryl ethers
11 1222 v mode of C—O and 6 of OH, phenoxy
structure, ethers
12 1195/1168 v mode of C—O phenols, ethers
13 1094 v mode of C—O alcohols
14 1033/1009 v mode of Si—O—Si

“Reprinted (Adapted or Reprinted in part) with permission from ref
18, an FTIR study of the evolution of coal structure during the
coalification process. Copyright 1996 Elsevier Science Ltd. “8:
deformation vibration; v: stretching vibration; as asymmetric; s:
symmetric.

in the degree of coalification, the relative content of C=0
decreased. The relative content of C=O0 in lignite (10.64%)
was significantly higher than that in bituminous coal and
anthracite. This is because lignite contains carboxyl, which is
absent in bituminous coal and anthracite (there is no peak at
1700 cm™" in Figure 3b,c). The slight decrease in the relative
content of C=0 during the conversion from bituminous coal
to anthracite may be due to the decrease in the contents of
aromatic esters and ketones. The relative contents of phenoxy
(referring to aromatic ether and phenoxy) and phenols in
anthracite were higher than those in lignite and bituminous
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coals. The relative content of phenols increased with the
increase in the degree of coalification, while the phenoxy
content remained relatively stable in lignite and bituminous
coal. This may be due to the increase in the content of
aromatic structures with the increase in the degree of
coalification. During the conversion from bituminous coal to
anthracite, the content of aromatic structures increased
significantly, while the content of aliphatic structures decreased
significantly (as shown in Figure 2). This resulted in an
increased probability of the —OH and O atoms being
connected to the aromatic structure. The relative content of
alcohols increased during the conversion from lignite to
bituminous coal but decreased during the conversion from
bituminous coal to anthracite. This change is closely related to
the change in the content of the aliphatic structures. The
content of aliphatic structures increased during the conversion
from lignite to bituminous coal, which increased the
probability that —OH is connected with the carbon chains to
form alcohols. However, during the conversion from
bituminous coal to anthracite, the content of aliphatic
structures significantly decreased and the probability of —OH
and carbon chains forming alcohols decreased. Due to the
changes in the relative content of various (OFGs), the
proportion of the peak area corresponding to the stretching
vibration of the aromatic C=C in this wavenumber range
slightly decreased with the increase in the coalification degree.

The functional groups containing C=O can be quantita-
tively characterized using the OFG parameter ('C’), which
reflects the maturity of coal. The lower the value of 'C’, the

higher the maturity of coal. 'C’ can be calculated using eq
1 S8—40

AlSOO— 1650

'C =
A1800— 1650 + A1620—1500 + A1437

(1)

where A gyo_1650 corresponds to the area of the C=O band
and Ajgo_1500 and A, correspond to the areas of the
aromatic C=C peaks. The 'C’ values for lignite, bituminous
coal, and anthracite were 0.28, 0.08, and 0.07, respectively.
This indicates that with the increase in the coalification degree,
the 'C’ value decreases, signifying an increase in the maturity
of coal. Furthermore, by taking the sum of the corresponding
peak areas of the functional groups containing C—O (phenoxy,
phenols, and alcohols) as 100%, it is possible to calculate the
percentages of phenoxy, phenols, and alcohols, respectively.
These parameters, as shown in Table 2, can be used to build
coal structure models.

Table 2. Percentage of Phenoxy, Phenols, and Alcohols

Percentage (%)

Coal Phenoxy Phenols Alcohols
Lignite 38.34 12.25 49.40
Bituminous coal 26.71 19.49 53.80
Anthracite 49.07 40.60 10.33

3.1.3. Aromatic Structures. Figure 4 shows that the 900—
700 cm™' zone can be divided into several peaks, respectively,
corresponding to the C—H out-of-plane 6 mode of the
aromatic structures with one H atom (1H, 870 cm™'), two
adjacent H atoms (2H, 815 cm™'), three adjacent H atoms

(3H, 800 cm™), and four adjacent H atoms (4H, 750
cm™1) 3542

https://doi.org/10.1021/acsomega.3c08574
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Figure 4. Curve-fitted FTIR spectra for the 900—700 cm™ zone: (a) lignite, (b) bituminous coal, (c) anthracite, and (d) relative content.

The changes in the area of the peaks in the 900—700 cm™*

zone with the degree of coalification reflects the degree of
substitution of the aromatic H atoms.'®*>* As shown in
Figure 4d, lignite contains more 3H and 4H, while the relative
content of 1H is low, indicating that the aromatic ring of lignite
contains more H atoms and that the degree of condensation of
the aromatic core is low. With the increase in the degree of
coalification, the aromatic core condensed, thereby increasing
the size of the aromatic cores and decreasing the number of
adjacent aromatic H atoms. Therefore, the relative content of
1H increased, and the relative contents of 1H in bituminous
coal and anthracite were significantly greater than that of 1H in
lignite. The area ratio of the 1H peak to the 4H peak (aromatic
structure parameter, DOS) can be used to quantify the degree
of H atom substitution on the aromatic ring. DOS can be

obtained using eq 2.>”*
pos = 250
Azso ()

where Ag, and A5, correspond to the areas of the 1H and 4H
peaks, respectively. The DOS values of lignite, bituminous coal,
and anthracite were 0.12, 0.45, and 0.79, respectively. This
indicates that the degree of substitution of the H atoms in the
aromatic ring and the size of the aromatic cores increased with
the increase in the degree of coalification degree.

3.1.4. Aliphatic Structures. The 3000—2800 cm™' region
can be divided into six peaks, as shown in Figure S. The peaks
are assigned to the —CH;, —CH,— asymmetric v mode (CH;-
as, CH,-as) near 2950 and 2920 cm™, the —CH,;, —CH,—
symmetric ¥ mode (CHjs-ss, CH,-ss) near 2870 and 2850

1885

cm™}, and the methylene C—H » mode (Machine C—H) near
2895 cm™1.>>*1* The peak near 2830 cm™ has been reported
in other studies; however, its assignment has not been
determined.'**

Figure 5d shows the relative contents of the aliphatic
structure. During the conversion from lignite to bituminous
coal, the relative content of —CH; decreased (both the relative
contents of CH;-as and CH;-ss decreased), while the relative
content of —CH,— increased (the relative content of CH,-as
did not change significantly, while the relative content of CH,-
ss increased), which may be mainly due to the aliphatic chain
cyclization and —CHj; shedding. During the conversion from
bituminous coal to anthracite, aromatization of cycloalkanes
occurred and sharp condensation of the aromatic cores led to
shortening of the aliphatic chain. Therefore, the relative
content of —CH,— decreased, while the relative content of
—CHj; increased. The methylene content increased during the
conversion from lignite to bituminous coal, while it did not
change significantly during the conversion from bituminous
coal to anthracite. Its relative content may be mainly affected
by aliphatic chain cyclization and changes in the relative
contents of —CH; and —CH,—. The ratio of the peak areas
(CH,/CH,) of 2920 cm™' (CH,—as) and 2950 cm™' (CH,-
as) can reflect the length and degree of branching of the
aliphatic chain.”®*” CH,/CH; can be calculated using eq

3.38-40
CH, _ Asozo

CH, Asgso (3)

https://doi.org/10.1021/acsomega.3c08574
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where A,g,y and A,gsy correspond to the areas of the CH,-as
and CHj-as peaks, respectively. The CH,/CH; values of
lignite, bituminous coal, and anthracite were 2.62, 4.19, and
1.69, respectively, indicating that the degree of branching of
the aliphatic chain decreased during the conversion from
lignite to bituminous coal, while the aliphatic chain
significantly shortened during the conversion from bituminous
coal to anthracite.

3.1.5. Hydrogen Bonds Involving Hydroxyl Groups. The v
mode of HBs involving —OH in coal can be divided into §
types: free hydroxyl groups (O—H, 3750—3600 cm™), HBs
formed by 7 electrons in the aromatic structures and hydroxyl
groups (OH:+7, 3525 cm™"), self-associated HBs (OH--OH,
3420 cm™"), HBs formed by O atoms in ethers and hydroxyl
groups (OH:+-O, at 3300 cm™"), and cyclic HBs formed by the
hydrogen bonding of multiple —OH near 3200 cm™".*"**

Figure 6d shows the distribution of HBs in lignite,
bituminous coal, and anthracite. Lignite exhibited the highest
relative content of OH---OH bonds, whereas the lowest relative
content was observed for free hydroxyl groups. This can be
attributed to the presence of a significant number of —OH in
lignite, which readily formed HBs with each other. On the
other hand, bituminous coal and anthracite exhibited the
highest relative content of OH--7 bonds and the lowest
relative content of cyclic HBs. These coals have numerous
aromatic structures that promote the formation of HBs
between the —OH and aromatic structures, while the
formation of cyclic HBs among the —OH is less probable.
During the conversion from lignite to bituminous coal, the
decrease in the polar functional groups and the increase in the
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relative content of nonpolar aliphatic and aromatic structures
resulted in a lower probability of hydrogen bonding between
the —OH and polar functional groups. Consequently, the
relative content of the free hydroxyl groups increased with the
degree of coalification, while the relative content of OH:--OH
decreased. In contrast, during the conversion from bituminous
coal to anthracite, the aromatic structures became significantly
more abundant, leading to an increased likelihood of hydrogen
bonding between the —OH and the 7 electrons in the aromatic
structures. Furthermore, due to the accumulation of aromatic
lamellae, the —OH could be positioned closer in space,
resulting in an increase in the probability of OH--OH
formation. Consequently, during the conversion from
bituminous coal to anthracite, the relative content of OH--
OH slightly increased. Bituminous coal can be characterized by
the highest proportion of aliphatic structures (as shown in
Figure 2) and the presence of longer aliphatic chains. Alcohols
formed by linking long aliphatic chains may have a higher
likelihood of creating OH--O bonds with ethers. Therefore,
during the conversion from lignite to bituminous coal, the
relative content of OH---O increased. However, during the
conversion from bituminous coal to anthracite, the relative
content of OH:--O may decrease due to the significant
reduction and shortening of the aliphatic chains and a decline
in the relative content of R—OH.

3.2. XRD Analysis of Coal Samples. XRD was utilized to
analyze the carbon structure of the coal samples. As shown in
Figure 7, the (002) band corresponds to crystalline carbon,
which is formed due to the condensation of aromatic rings and
aliphatic rings and reflects the stacking characteristics of the
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Figure 7. XRD spectra of lignite, bituminous coal, and anthracite.

aromatic layers; the y band corresponds to amorphous carbon,
which is composed of aliphatic chains grafted on the edges of
the aromatic core; the (10) band characterizes the degree of
condensation of the aromatic core (average diameter of the
aromatic core).'>'**>*® The higher the degree of coalification,
the sharper the (002) band, indicating an increase in the size of
the aromatic core.

Figure 8 shows the peak fitting of the diffraction bands. By
substituting the fitting result parameters into the Bragg and
Scherrer equations (eqs 4—7), the average interlayer spacing

1887

(dogz), average stacking height (L,), average diameter (L,), and
average number (N,,) of the aromatic layers can be
calculated."”* In addition, the aromaticity (f,) can be
calculated using eq 8.7

A

dopy = ——————
%27 2 sin(76y,/180) (4)
L= 180K,
© zFWHM,, cos(n8yy,/180) (s)
3 180K,1
* 7FWHM,,cos(,,/180) (6)
LC
lvuve = + 1
002 (7)
f — A002
f A T A, (8)

where 4 is the wavelength of the X-ray (0.154178 nm); Gy,
and 6, are the diffraction angles corresponding to the (002)
and (10) bands (deg), respectively; FWHM,,, and FWHM,,
are the full width at half-maximum corresponding to the (002)
and (10) bands (deg), respectively; K; and K, are constants,
respectively taking values 0.89 and 1.84; and Ay, and A, are
the areas of the (002) and y bands, respectively. Table 3
presents the calculation results of the carbon structures of the
coal samples. Clearly, with the increase in the degree of
coalification, the L, L, N,,,, and f, values also increased. These
findings suggest that the size of the aromatic core increased
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Table 3. Carbon Structural Parameters Extracted from XRD

Spectra
Coal dop (nm) L. (nm) L, (nm) N,
Lignite 0.36 1.93 1.75
Bituminous coal 0.35 2.46 3.86
Anthracite 0.35 2.81 4.10

ave

3.3. Coal Structure Models. Figure 9 shows the

construction method of the structural models for lignite,

(layers) f a

6.43 0.48
7.99 0.78
8.98 0.80

and that the ordering of the carbon structure in the coal

intensified.

bituminous coal, and anthracite. The number of aromatic rings
(n) and their corresponding carbon atoms (C,,), as well as the
number of carbon atoms present in the side chains (C,), were
obtained by using the carbon structure parameters obtained
from the XRD (as shown in Table 3). Furthermore, the form

of the side chain was determined by using the aliphatic
structure analysis results obtained from FTIR (as shown in

Figure S and the CH,/CH; parameter). To increase the

model’s convenience of application, reduce the construction

Coal samples

Determine 4, =
7(L,/2)%20, and n =
A, /A’ A’ is the area of
a single aromatic ring

(0.051 nm?)

Determine the
condensation form of
the aromatic core to
obtain C,,
Cu=

Car! fa= Car

Determine the number
of C-0, C=0 (ketone),
0-C=0 and C-C/C-H
C-C/IC-H=C, +C,

ar

Determine the ratio of

CH, CH,, and CH3, and

connect the side chain
to the aromatic core

Determine the type and
number of C-O,
including phenoxy,
phenols, and alcohols

Determine the type and
number of O-C=0,
which is carboxyl in
lignite, and aromatic

ester in bituminous coal

and anthracite

Carbon skeleton

Functional group

DFT calculations,
calculated FTIR
spectra

Preliminary models

Adjustment of models

Whether
it is consistent with
the experiment
results?

[ Coal structure models ]

Figure 9. Flowchart of the model construction for the coal structure.
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Table 4. Number of Functional Groups in Lignite, Bituminous Coal, and Anthracite

C-C/C-H C-0
Coal Carbon rings C, Cy Phenoxy Phenols Alcohols C=0 0-C=0
Lignite 2 12 13 1 1 3 1 1 (Carboxyl)
Bituminous coal 11 42 12 1 1 3 1 1 (Aryl esters)
Anthracite 13 43 11 2 3 1 1 1 (Aryl esters)

(d

Figure 10. Structural formulas and geometrically optimized structure models of the coal samples: (a, d) lignite, (b, e) bituminous coal, amd (, f)

anthracite, where the blue dotted line indicates the HBs.
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Figure 11. Experimental and calculated FTIR spectra of (a) lignite, (b) bituminous coal, and (c) anthracite.

workload, and ensure the model’s representative nature, the
equivalent circle area (A,,) of the aromatic layer was reduced
by 20 times. Finally, the specific types and quantities of the
OFGs present in the coal samples were obtained using XPS (as
shown in Figure 1) and FTIR analysis results of the OFGs (as
shown in Figure 3 and Table 2). Since phenoxy and aromatic
ethers mainly serve as connectors between the structural units,
their quantity, which was calculated based on the proportion of
FTIR analysis, would be approximately double the actual value.
Therefore, the ratio of phenoxy was divided by 2. The
elements N and S have little influence on the wettability of the
coal, water molecule adsorption, and reagent adsorption, and
therefore were not considered. Moreover, connecting side
chains and functional groups on the aromatic core should be
based on the content of the adjacent H atoms present in the
aromatic structures (as shown in Figure 4). The calculated
numerical values of the functional groups were rounded off,
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and if the value was less than 1 but greater than 0, it would be
counted as 1. The calculated FTIR spectrum was compared
with the experimental spectrum to allow the model to better
reflect the chemical structure characteristics of the coal sample,
and the model was revised continually to minimize
discrepancies, resulting in an optimized model.

Table 4 presents the number of functional groups obtained
using the above method. Figure 10 shows the obtained coal
structure models. To confirm the precision of the coal
structure models, the calculated FTIR spectra and exper-
imental FTIR spectra were compared, as shown in Figure 11.
The calculated spectrum was calculated from a single molecule
in a vacuum, and its baseline was a horizontal straight line,
while the baseline of the experimental spectrum was generally
not a straight line. To facilitate a more intuitive comparison,
the baseline of the experimental spectrum had been corrected.
The shape of the aliphatic structure absorption bands (3000—

https://doi.org/10.1021/acsomega.3c08574
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Figure 12. Mulliken charges and electrostatic potential (ESP) of coal structure models: (a) lignite, (b) bituminous coal, (c) anthracite, and (d)

water molecule.

2800 cm™) in the calculated spectra was almost the same as
that in the experimental spectra. The HB absorption bands
(3600—3100 cm™) of the calculated spectra were narrower
than the experimental spectra, with 1—2 sharp peaks. This
result had also been observed in the studies conducted by Jia*®
and Qian™ et al. This is because the calculated spectra were
obtained from a single molecule, and the HBs were formed by
intramolecular functional groups (three HBs were formed in
the lignite structure model and one HB was formed in the
bituminous coal and anthracite structure model, as shown in
Figure 10d—f), without multiple molecular interactions.
Therefore, the calculated spectra showed only free hydroxyl
groups and a few types of HB peaks in this zone. During the
construction of the structure models, the average size of the
aromatic core was taken and reduced, resulting in fewer types
of H atom substitutions on the aromatic ring in the models
than in the actual coal samples. Therefore, the aromatic
structure absorption bands (900—700 cm™) of the calculated
spectra were weaker than that of the experimental spectra, with
anthracite having the most significant difference. The shape of
the absorption bands of the OFG (1800—1000 cm™") in the
calculated spectra differed significantly from the experimental
spectra due to the proportional reduction and simplification of
the molecular weight of coal during the construction of the
structure models, which considered only typical OFGs.
Therefore, the types of OFGs in the structure models were
fewer than in actual coal, resulting in a difference between the
calculated and experimental absorption bands of the OFGs. In
summary, the comparison results between the calculated and
experimental FTIR spectra showed that the semiquantitative
construction method based on the XRD, XPS, and FTIR
analyses produces accurate and reliable coal structure models.

1890

3.4. Application of the Models. Figure 12 shows the
Mulliken charge (e) and electrostatic potential (ESP) of the
coal structure models and the water molecule, where the
electron density isosurface of the ESP map is 0.05 e/A*. The
charge distribution plays a crucial role in intermolecular
interactions (such as van der Waals forces, HBs, etc.) and can
effectively describe and predict molecular adsorption and
chemical reactions.””~>> The charge distribution determines
the electrophilicity and nucleophilicity of atoms. This means
that the amount of positive or negative charges on an atom is
directly related to its ability to accept or donate electrons.****

The presence of polar functional groups, predominantly
OFGs, in the molecular structure of coal leads to an uneven
distribution of electric charges on the coal surface. As shown in
Figure 12, the electrostatic potential of the positive/negative
charge is mainly concentrated around OFGs, with the local
maximum negative value appearing around the O atom (blue
region) and the local maximum positive value appearing
around the H atom connected to the O atom (red region). In
contrast, the electrostatic potential of the aromatic and
aliphatic structures is approximately O hartree/e. Figure 12
shows the Mulliken charges (blue numbers) of these O and H
atoms, with their positive and negative types and values being
consistent with the electrostatic potential. Therefore, the O
atoms in the OFGs have strong nucleophilicity, while the H
atoms attached to the O atoms have strong electrophilicity.
These atoms will become interaction sites for the water
molecules. The H atoms of water molecules can form
hydrogen bonds with O atoms of OFGs, while their O
atoms can form hydrogen bonds with H atoms of OFGs.”’

During the conversion from lignite to bituminous coal, the
OFGs were significantly reduced (including the disappearance
of carboxyls in bituminous coal), the relative content of the
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aliphatic structure increased, and the degree of aromatic core
condensation increased. Consequently, the area of local
extreme regions of the positive/negative electrostatic potential
on the surface of the coal molecules decreased significantly,
leading to a substantial decrease in the number of interaction
sites. Consequently, the wettability of the coal reduced
significantly during this conversion process. During the
conversion from bituminous coal to anthracite, the aliphatic
chains became significantly shorter and the cycloalkanes
underwent aromatization, resulting in a further increase in
the condensation degree of the aromatic core. Meanwhile,
there was a slight increase in the content of OFGs due to a
decrease in the content of aliphatic structures and an increase
in the contents of aromatic ether and phenolic hydroxyl
groups. Therefore, the wettability slightly increased.

4. CONCLUSIONS

The chemical structure of coal changed regularly with an
increase in the coalification degree. With the increase in the
degree of coalification, there was a higher degree of H atom
substitution in the aromatic ring, a higher condensation level,
and increased size of the aromatic cores and an ordering of the
carbon structure. During the conversion from lignite to
bituminous coal, there was an increase in the content of
aliphatic structures, and the aliphatic chains were cyclized.
Additionally, there was a significant decrease in the content of
OFGs, including the disappearance of carboxyl groups in
bituminous coal. HBs involving —OH similarly decreased,
while the content of free hydroxyl groups significantly
increased. In the conversion from bituminous coal to
anthracite, there was a substantial decrease in the content of
aliphatic structures, the aliphatic chains became shorter, and
the cycloalkanes underwent aromatization, while the content of
OFGs slightly increased.

The semiquantitative construction method, which is based
on XRD, XPS, and FTIR analyses, can provide accurate and
reliable coal structure models. The calculated FTIR spectra of
the structural models of lignite, bituminous coal, and anthracite
were consistent with the experimental spectra. The absorption
bands of the aliphatic structures showed the most consistency.
These models successfully explained the differences in the
wettability of the coal samples with varying coalification
degrees. Lignite had the most OFGs and the largest area of
local extreme regions of the electrostatic potential, resulting in
the strongest wettability with water. Anthracite had slightly
more OFGs than bituminous coal, giving it slightly stronger
wettability to water than bituminous coal. The model
construction method provides an approach to obtain a
simplified model that can reflect the chemical structural
characteristics of coal. The coal chemical structure model
constructed in this study can be utilized as a universal model in
molecular simulations to investigate various coal character-
istics. However, these models did not include some relatively
low content elements in coal, such as N and S. If these
elements are required to be included in research, appropriate
data (such as elemental analysis and XPS) may be
supplemented, and related chemical structures can be added
to these models.
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