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ABSTRACT: The molecular structure model of lignite was constructed, and the dissociation and removal mechanism of different
C—O0 bonds and oxygen-containing functional groups was investigated using density functional theory (DFT) calculations. First, the
bond order and bond dissociation enthalpy (BDE) were analyzed to predict the strength of different chemical bonds, and differences
in the BDE and bond order were related to the difference in the fragment structure and electronic effects. The first group to break
during hydrothermal carbonization (HTC) is the methyl of Ph(CO)O—CH,;, followed by the C—O of CH;—OC(O)OH; the
hydroxyl in Ph—OH is the most thermally stable group, followed by the hydroxyl in CH;OC(O)—OH. In addition, the orbital
localization analysis has also been carried out. All three chemical bonds of Ph(CO)OCH, show the characteristics of ¢ bond, while
Ph(C=0)OCH; and Ph(CO)—OCH; with the Mayer bond order (MBO) greater than 1 also contains certain 7 bond
characteristics. The lignite van der Waals (vdW) surface electrostatic potential (ESP) was constructed and visualized, and the results
showed that the oxygen-containing functional groups mainly contributed to the area with a large absolute ESP. Finally, weak
interactions between water molecules and lignite at different sites were described by independent gradient model (IGM) analysis.
Models A, B, and E formed weak interactions with the hydrogen bond as the main force; model E showed the weakest hydrogen
bond, while model C showed van der Waals interaction as the dominant force. In addition, some steric effect was also observed in
model D.

Bond order

1. INTRODUCTION still occupy an important position as primary energy in China.
With the continuous mining and consumption of high-rank coal,
low-rank coal with abundant reserves has entered the field of
vision of researchers. However, low-rank coal has high moisture
content and contains a large number of carboxyl, hydroxyl, and
other oxygen-containing functional groups.” These groups have

Coal is one of the important fuels in blast furnace ironmaking,
and the use of pulverized coal injection instead of coke in a blast
furnace can improve the furnace condition and has better
economic and social benefits, which is in line with the
construction and development goal of the low carbon economy.
However, high-rank coal resources in China are seriously
inadequate. According to the statistics of China’s mineral Received: ~ August 6, 2021
resources report in 2018, the proven reserves of coal in 2017 are Published: September 21, 2021
166.673 billion tons," of which low-rank coal reserves account

for more than 50% of the country’s total coal reserves. The most

typical low-rank coal is lignite, which accounts for 12% of the

total coal reserves in China. In the foreseeable future, coal will
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strong hydrophilicity, which makes a large amount of water
firmly bound to the surface of the low-rank coal, which limits the
large-scale use of low-rank coal in the industrial field.
Hydrothermal carbonization (HTC) can irreversibly remove a
large amount of internal water from the low-rank coal and has
the functions of increasing the heating value, carbonization, and
surface modification, and so, it is a feasible method to clean and
efficiently utilize the low-rank coal.”

In the process of HTC, the change in physical and chemical
properties of low-rank coal, the removal of oxygen-containing
functional groups, and moisture are all key issues that need to be
further explored. The structure of coal is very complicated;
considering lignite as an example, many scholars have conducted
long-term research on the structure of lignite and many
structural models have been conceived.” There are a large
number of hydrogen bonds and van der Waals (vdW) and other
weak interactions in lignite molecules, which makes lignite
hydrophilic and is also an important reason for the high moisture
content of low-rank coals.”” The influence of HTC on the
oxygen-containing functional groups in lignite molecules has
been studied by many scholars. Wu"” performed HTC of lignite
at 200, 250, 280, 300, and 320 °C to explore the changes in the
content of free water and bound water. There are 0.119 g/g
bound water and 0.132 g/g free water in raw coal. After HTC at
different temperatures, the content of free water and bound
water drops to 0.097 and 0.073, 0.079 and 0.061, 0.056 and
0.044, 0.042 and 0.035, and 0.028 and 0.033 g/g, respectively.
The results showed that HTC can remove free water and bound
water in lignite. In addition, the NMR method was used to
compare lignite raw coal and 300 °C HTC treatment coal, and
the results showed that the content of carboxyl groups, ethers,
and C=0 bonds decreased by more than 50%, indicating that
HTC can promote the reduction of oxygen content in
molecules. Feng'® analyzed the lignite after HTC using the
Fourier transform infrared (FTIR) method and found that the
ratio of hydroxyl to aromatic carbon decreased from 2.8 to 1.1,
and the ratio of carboxyl to aromatic carbon decreased from 0.5
to 0.2, but the decrease of carboxyl groups was not significant.
This may be because the carboxyl group mainly belongs to the
aliphatic chain acid functional group, while the hydroxyl group
mainly belongs to the aromatic functional group, and the
aliphatic chain is easier to break during the upgrade process.
Man'" carried out HTC of lignite and explored the changes in
the ratio of C—O bond to aromatic carbon and the ratio of
carboxyl to aromatic carbon at 200, 240, and 280 °C. The results
showed that the ratios of C—O bond to aromatic carbon were
0.229, 0.167, and 0.048 with increasing temperature, and the
ratios of carboxyl to aromatic carbon were 0.597, 0.520, and
0.454 with increasing temperature, indicating that the content of
oxygen-containing functional groups and C—O chemical bonds
showed a declining trend in HTC. Wan'” performed HTC on
three lignites of Shengli (SL), Canada lignite (CAN), and
Xiaolongtan (XLT) at 300 °C, and found that the reduction of
—COOH and —OH was the largest. By analyzing the ratio of
carboxyl to aromatic carbon and the ratio of hydroxyl to
aromatic carbon, the results show that the decreases in the ratios
of carboxyl to aromatic carbon are 0.505, 0.216, and 0.335,
respectively. The decreases in the ratios of the hydroxyl to
aromatic carbon are 4.277, 0.424, and 1.438, respectively. While
FTIR, Raman, and NMR methods have been used to study
oxygen-containing functional groups in lignite, there are few
theoretical studies describing the changes of oxygen-containing
groups in HT'C at the molecular level. Therefore, it is necessary
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to conduct more in-depth research from the theoretical
aspect.13_16

In this study, density functional theory (DFT) combined with
wave function analysis was used to study the breaking
mechanism of chemical bonds in lignite molecules at a molecular
level, and the bond dissociation enthalpy (BDE) and bond order
were discussed. The contribution of molecular orbitals (MO) to
bond formation was studied using orbital localization analysis.
The molecular surface electrostatic potential (ESP) model and
the water-coal adsorption model were constructed, which
theoretically described the weak interaction between water
molecules and lignite and explained the reason for the high
moisture in lignite.

2. RESULTS AND DISCUSSION

2.1. Bond Order and BDE Analysis. The Mayer bond
order (MBO) and Laplacian bond order (LBO) were used to
analyze the bond order of some C—O bonds and the bonds
linking oxygen-containing functional groups in the lignite
molecule; the results are shown in Table 1. It can be found

Table 1. MBO and LBO Values of C—0O and C—C Bonds”

no. chemical groups bond MBO LBO
1 phenolic hydroxyl Ph—OH 1.162 0.462
2 esterl Ph—(CO)OCH, 1.032 1.109
2 ester 1 Ph(CO)—OCH, 1.116 0.486
2 esterl Ph(CO)O—-CH, 0904 0279
2 ester 1 Ph(C=0)OCH, 1.952 1.124
3 carboxyl Ph—(CO)OH 0.983 1.105
3 carboxyl Ph(C=0)OH 1.995 1.133
3 carboxyl Ph(CO)—OH 1.170 0.530
4 hydroxyl C,H,0-OH 1.129 0.497
S ester 2 CH,;—0O(CO)OH 0.872 0.283
5 ester 2 CH,0(C=0)OH 1.947 1.147
S ester 2 CH,0-C(0)OH 1.154 0.560
S ester 2 CH,0C(0)—-OH 1.181 0.592
“Ph represents phenyl.

that the MBO of C=0 and C—O is, respectively, about 2 and 1,
which is very consistent with the theoretical bond order value.
As the LBO only reflects the covalent gpart between atoms and it
is significantly smaller than the MBO,”” the stronger the polarity
of the chemical bond, the smaller the value of LBO. The bonds
linking oxygen-containing functional groups to lignite are similar
in value and both are about 1. However, for different types of C—
O bonds, the MBO increases with the increase of the LBO
value,** as shown in Figure 1.

According to the value of the bond order and the bond type,
these bonds can be divided into the following four categories:

(A) C—O bonds in Ph(CO)O—CH; and CH;—O(CO)OH.
Both of them have strong polarity, which causes their
MBO:s to be significantly lower than 1, and are 0.904 and
0.872, respectively. Polarity also had a significant effect on
the LBO, resulting in their LBOs of 0.279 and 0.283,
respectively. According to Liu,” this type of C—O has poor
thermal stability and it is easy to dissociate to generate CO
and CO, in the hydrothermal reaction.
C-0 bonds in Ph—OH, Ph(CO)—OCH,, Ph(CO)—
OH, C,H;0—0H, CH;0-C(O)OH, and CH;0C(0)—
OH. The thermal stability of this type of chemical bond is
stronger than that of type A, and their MBOs are 1.162,

(B)
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Figure 1. LBO and MBO values of different bonds.

1.116, 1.170, 1.129, 1.154, and 1.181, and their LBOs are
0.462, 0.486, 0.530, 0.497, 0.560, and 0.592, respectively.
It can be seen that compared with the fragment without a
stable structure, the bond order of the fragment with a
stable structure is higher, and the closer the C—O bond is
to the benzene ring, the less likely it is to dissociate.

(C) C—C bonds in Ph—(CO)OCH; and Ph—(CO)OH.
Since the C—C bond is a covalent bond, the MBO and
LBO are not significantly different in values. As can be
seen from Table 1, the MBOs of C—C in Ph—(CO)OCH,
and Ph—(CO)OH are 1.032 and 0.983, while LBOs are
1.109 and 1.105. Mo™” pointed out that the closer to the
aromatic structure, the more stable the chemical bond is,
which also verified that HTC would lead to the structure
removal of unstable small molecules, resulting in the
aromatization of the whole system.

(D) C=0 bonds in Ph(C=0)OCH; and CH,0(C=
O)OH. Due to the polarity of C=0, the MBO and
LBO also differ greatly. Their MBO values are 1.995 and
1.947, and LBO values are 1.113 and 1.147, respectively.
Therefore, this type of chemical bond is the most difficult
to dissociate in the hydrothermal process.

Wu® pointed out that in the same chemical environment, the
BDE of small molecules can well predict the corresponding bond
strength of large molecules. According to his research, varied
temperatures and pressures will affect the thermodynamic
enthalpy values of molecules. Therefore, the change in the C—O
bond BDE of CH;O—CHj; under constant temperature and
differential pressure (25 °C, 1 atm) and under the temperature
and pressure conditions of HTC was first studied by Wu. The
results showed that the difference of the BDE at 25 °C and 90
atm is only 0.74 kcal/mol, compared with that at 300 °C and 90
atm. The electron energy molecules contribute most of the
thermodynamic enthalpy in molecules, while the vibration and
translation of molecules affected by temperature and pressure
contribute less than the electron energy. Therefore, the
influence of temperature and pressure on BDE values is very
little and can be ignored.

The BDE values of different C—O bonds and C—C bonds
connecting oxygen-containing functional groups are shown in

Table 2. BDE Values of C—O and C—C Bonds”

no. chemical groups bond BDE (kcal/mol)
1 phenolic hydroxyl Ph—OH* 115.04
2 ester 1 Ph—(CO)OCH, 112.15
2 ester 1 Ph(CO)—OCH;, 102.51
2 ester 1 Ph(CO)O—CH, 88.94
3 carboxyl Ph—(CO)OH 112.70
3 carboxyl Ph(CO)—OH 111.14
4 hydroxyl C,H,0-OH 112.91
S ester 2 CH,-0C(0)OH 89.32
S ester 2 CH,0-C(0O)OH 105.36
s ester 2 CH,0C(0)-OH 113.39

“Ph represents phenyl.

(A) MBOs of Ph(CO)O—CH; and CH;—OC(O)OH were
the lowest and their corresponding BDE values also
belong to the smallest category, which are 88.94 and 89.32
kcal/mol, respectively. This may be due to the polarity
between C—O bonds and the fracture trend is more
obvious in the HTC process, which can verify that HTC
has the function of removing the volatile matter.®

(B) MBOs of the C—O bonds were greater than 1, and their
BDE values were greater than 100 kcal/mol. For partial
chemical bonds, there is a linear relationship between the
MBO and BDE. For example, the C—O bonds in
Ph(CO)—OCH,, CH;0—C(0O)OH, Ph(CO)—OH, and
CH;0C(0O)—OH have MBOs of 1.116, 1.154, 1.170, and
1.181, respectively, and their BDE values were 102.51,
105.36, 111.14, and 113.39 kcal/mol, respectively. Ge’
carried out a HT'C upgrading treatment for Chinese low-
rank coal, and found that the C/O atomic ratio of the
samples after HTC decreased, which was consistent with
the results of this study.

(C) The BDE values of C—C bonds were greater than most
C—0 bonds, and the values of both were above 110 kcal/
mol. This may be because the C—C bond is a covalent
bond and the shared electron pair of the two does not
shift. Therefore, the thermal stability of these two C—C
bonds during HT'C is second only to the C=0 bonds and
the C—O bonds in Ph—OH, C;H;0—OH, and CH;OC-
(0)-OH.*

(D) The C=O0 bond has the highest MBO and is the most
difficult to break during HTC. As can be seen from Table
2, the MBO and BDE have a good correspondence; the
smaller the MBO, the smaller is the BDE and the worse is
the thermal stability of the chemical bond in HTC.*

In addition, the differences in the bond order and BDE can
also be explained by electronic effects and structural differences,
as shown in Figure 2. The common electronic effects can be
divided into the following categories: (1) field effect, which
refers to the effect of substituents on the reaction center at the
other end of the bond; (2) conjugation effect, which is generally
an effect in the distribution of 7 electrons in the system changes
due to the mutual influence between atoms; (3) induction effect,
which is the effect of different polarities (electronegativity) of
atoms or groups in molecules that causes the bonding electron
cloud to move in a certain direction along the atomic chain. The
induction effect generally exists between each fragment.

https://doi.org/10.1021/acsomega.1c03866
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Figure 2. Canonical molecular orbitals (CMOs) and localized molecular orbitals (LMOs).

Considering fragments 1 and 4 as an example, the presence of
—OH with large polarity leads to uneven distribution of the
electric field of groups connected with —OH, which makes
electrons shift toward the —OH end resulting in the bond order
of C—O not equal to the theoretical value. The difference in the
fragment structure is also the reason for the difference in values.
The —OH of fragment 1 is connected to the benzene ring, which
has the conjugated large 7 bond distributed in the whole system,
and the whole system is in the same plane, which is relatively
stable. In fragment 4, the oxygen-containing pentagonal furan
structure is not in the same plane due to its structural tension
and its energy is higher than that of the benzene ring. Therefore,
its electron distribution is more susceptible to the influence of
the induction effect, which also leads to the LBO and BDE of
Ph—OH greater than that of C,H;O—OH. In the same
fragment, the closer the bond is to the stable structure, the
larger the bond order is.”> Considering fragment 2 as an
example, the distance between the C—O of Ph(CO)O—CH,
and the benzene ring is larger than that between the C—O of
Ph(CO)—OCH; and the benzene ring; so the MBO of the
former is 0.904, while the MBO of the latter is 1.116, and the
BDE followed the same trend. In fragment 5, CH;—O(CO)OH
is farthest from the C=0 bond, while CH;0—C(O)OH and
CH;0C(O)—OH are distributed on both sides of the C=0
bond. Due to the influence of the —CH; induction effect, the
electron was shifted, so the C—O bond order of CH;0—
C(O)OH was smaller than that of CH;OC(O)—OH and the
MBO and BDE of the three C—O followed the order
CH,0C(0)—0OH > CH;0—C(O)OH > CH;—0(CO)OH.

In summary, the first group to break is the methyl of
Ph(CO)O—CHj, followed by the C—O of CH;—OC(O)OH in
HTC. The hydroxyl in Ph—OH is the most thermally stable
group, followed by the hydroxyl in CH;0C(O)—OH. The
mechanism of removal of different chemical bonds and
functional groups during HTC is clarified using quantum
chemical calculations.

2.2. Orbital Localization Analysis. The canonical
molecular orbital (CMO) usually has strong delocalization, as
shown in Figure 2, and the molecular orbital (MO)
delocalization is on the whole molecule and cannot well
demonstrate the laws of bonding between atoms.** To better
understand the mechanism of C—O bonding, the Pipek—Mezey
localization method was used to transform the CMO into a
localized molecular orbital (LMO) through a unitary trans-
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formation.”' Furthermore, the molecular orbitals that con-
tributed to the bonding between atoms were obtained by the
MBO occupancy number perturbation method,” and visual
analysis was carried out in combination with the Visual
Molecular Dynamics (VMD) 1.9.3 program. The MBO
occupancy number perturbation method can be used to
calculate the contribution of each orbital to the MBO, which
is helpful to understand the difference in thermal stability
between different C—O bonds. The orbitals that have a large
contribution to the C—O bond are mainly listed, and the rest can
be ignored.

The localized orbital will focus on the characteristics of the
most important shared electron pair in the system, as shown in
Figure 2. It can be seen from Table 3 that the MBO of the C=0

Table 3. Contribution of the Orbital to the C—O Bond”

atom orbital orbital
bond no. MBO no. type contribution
Ph(C=0)OCH; 36-37 1952 77 c 1.004
91 b3 0.668
Ph(CO)—OCH, 36—38 1.116 63 o 0.863
109 n 0.256
Ph(CO)O—CH,  38-39  0.904 99 c 0.906

“Ph represents phenyl.

bond in Ph(C=0)OCH, is 1.952, in which orbital nos. 77 and
91 make major contributions, contributing 1.004 and 0.668 of
the MBO, respectively. There is a 6 bond and a 7 bond on atoms
36—37, where the contribution value of the 6 bond is 1.004 and
so orbital no. 77 is firmly localized on atoms 36—37, and
electrons in the orbital were shared by both ends of atoms. For
orbital no. 91, the orbitals were not 100% localized on atoms
36—37, and some of them were delocalized on the adjacent 38 O
atom. Therefore, the electrons in orbital no. 91 were not shared
by atoms 36—37 and their contribution to the C=0 bond is not
1.

The MBO of the C—O bond in Ph(CO)—OCH, is 1.116,
which indicates that the chemical bond between atoms 36 and
38 does not only have ¢ bond but also has certain 7 bond
characteristics. There are obvious characteristics of ¢ bond
between atoms 36 and 38, corresponding to orbital no. 63 but it
is not completely firmly localized at atoms 36—38, so the
contribution value is only 0.863. Part of no. 63 are delocalized on

https://doi.org/10.1021/acsomega.1c03866
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atom 37, so the electrons in no. 63 are not completely shared
between atoms 36 and 38. The C—O bond of atoms 36—38 has
some 7 bond characteristics, corresponding to orbital no. 109. It
can be seen that the delocalization of the 7 bond is much greater
than the 7 bond in the C=0 bond. The orbital no. 109 only
partially localized on atoms 36—38, and a part is delocalized to
the 37 atoms and appears between atoms 38 and 39, which
means that the 7 bond features between atoms 36 and 38 are
much weaker than that of the C=0 double bond, resulting in
the MBO of the C—O bond in Ph(CO)—OCHj, being much
smaller than C=0.

The C—O bond order in Ph(CO)O—CHy, is only 0.904 and
the main contribution orbital is no. 99; the contribution value is
0.906, which may be due to a bias caused by the program. It can
be seen that there is only one o bond localized at atoms 38—39,
and no 7 bond LMO was shown. However, part of orbital no. 99
is also delocalized to the 36 C atom, which makes the C—O in
Ph(CO)O—CHj; most prone to chemical fracture during HTC.
This can be explained as follows: the closer the chemical bond is
to the stable structure, the larger the bond order.*® The distance
between the C—O of Ph(CO)O—CHj; and the benzene ring is
larger than that between the C—O of Ph(CO)—OCH; and the
benzene ring, resulting in the MBO of the former to be 0.904,
while the MBO of the latter is 1.116. Therefore, unstable small
molecules are more likely to be removed, and the whole
structure tends to form stable aromatic structures in HTC. This
also well corresponds to the calculation results of BDE:
Ph(CO)—OCH, has two contribution orbitals, whose dissoci-
ation energy is 102.51 kcal/mol, which is 13.57 kcal/mol more
than that of Ph(CO)O—CHj; and the stability of the former is
also higher during HTC.

Using the analysis of the orbital localization and the MBO
analysis method of the occupancy perturbation, it can be found
that the o and 7 bonds of Ph(C=0)OCHj; are the strongest,
and the o bond contributes 50% of the MBO. The C—O bond in
Ph(CO)—OCH; has slightly stronger ¢ bond and weaker «
bond characteristics. There is only one strong ¢ bond
characteristic in Ph(CO)O—CH; and so the sequence of
chemical bond breakage in Ph(C=0)OCH, molecules is the
C—O bond between atoms 38—39, 36—38, and 36—37 during
HTC.

2.3. ESP Analysis. The ESP consists of the contribution
from the positive charge of the nucleus and the negative charge
of the electron. If the ESP is positive at some point on the
molecular surface, it means that the ESP is mainly contributed
by the atomic nuclear charge; if negative, it means that the
electron makes the main contribution.*” On the molecular
surface, the contribution of electrons and the contribution of the
nucleus can be counterbalanced. The uneven distribution of
electron density will cause the ESP of the molecular surface to be
positive or negative. In common molecular systems, the negative
value of ESP usually occurs near lone pair electrons, 7 electrons,
and C—C strong tension bonds of atoms with higher
electronegativity because of the density of regional electrons.**
The isosurface with an electron density of 0.001 e/b3 is usually
used as the van der Waals surface of the molecule, and the
distribution of ESP on the van der Waals surface of molecules is a
common method used to predict the interaction patterns and
reaction sites between molecules. There are many oxygen-
containing functional groups in lignite and so the most
significant noncovalent interactions are mostly hydrogen
bonds. The local minima with negative potentials, such as the
lone pair of the oxygen atom in the hydroxyl group and ether

bond, can serve as a potential hydrogen bond acceptor, and the
hydrogen atom connected to the oxygen atom can usually be
used as a hydrogen bond donor. Therefore, it is necessary to
construct the molecular surface electrostatic potential of lignite
to predict the chemical reaction sites in HTC.

The results of ESP distribution on the van der Waals surface
are shown in Figure 3. There are some ESP minimum points

ESP (kcal/mol)
+55
¢ »
+19.63
-26.35
+16.75 I-35

-32.96

Figure 3. Surface electrostatic potential of lignite molecules.

near the alcohol hydroxyl oxygen of C;H;O—OH, the carbonyl
oxygen of Ph—(CO)OCHS,, the alcohol hydroxyl oxygen of Ph—
(CO)OH, and the phenolic hydroxyl oxygen of Ph—(CO)OH,
whose ESP values are —32.96, —26.35, —23.25, and —23.18
kcal/mol, respectively. The strongest electrophilic point occurs
near the alcoholic hydroxyl oxygen of C,H;O—OH because the
oxygen electronegativity is too strong, leading to hydrogen
atoms around the electrons getting attracted to the oxygen.
Therefore, the group is most likely to be the preferred reaction
site and an electrophilic attack is conducive to interact with
water to form hydrogen bonds in HT'C. There are two minimum
values of —28.35 and —30.62 kcal/mol in the overlap region
between the carbonyl oxygen of Ph—(CO)OH and ether-
bonded oxygen of C,H;O—OH, and in the overlap region
between the alcohol hydroxyl oxygen and the ether-bonded
oxygen of CH;—OC(O)OH, respectively. This is because the
lone pair electrons of the oxygen atom overlap, resulting in a
region with a negative ESP. There are also some local minimum
points on both sides of the benzene ring, which may be related to
the abundance of unsaturated 7 electrons in the benzene ring.
These ESP regions are not uniformly distributed on the lignite
surface and constitute the molecular lignite surface ESP. There
are also some areas with positive ESP on the lignite surface,
which are mostly distributed near the hydrogen atoms
connected with oxygen atoms. This is because the oxygen
atoms in these groups generally have strong electronegativity
and so the induction effect results in the uneven distribution of
electrons. The ESP maximum point is located near the alcohol
hydroxyl hydrogen of Ph—(CO)OH, whose ESP value is
+52.61. There is a wide range of positive ESP regions near the
methyl groups of Ph—(CO)OCH; and CH;—OC(O)OH,
which is caused by the inhomogeneous electron distribution
of the methyl group itself.

Figure 4 shows the distribution of the percentage of lignite
molecular surface areas with different ESP values. It can be seen
that on the lignite surface, the ESP value between —10 and +15
kcal/mol occupies a dominant position, and the ESP near the
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Figure 4. Electrostatic potential distribution of lignite.

oxygen atom in the functional group is mostly less than —20
kcal/mol, while the hydrogen atom on the molecular surface
constitutes the region with positive ESP. Therefore, the area
near the benzene ring and the aliphatic chain occupies the main
position on the surface of ESP.

In summary, there are some local minimum points of ESP in
the regions near oxygen functional groups, benzene rings, and
aliphatic chains, which are due to the strong electronegativity of
oxygen atoms and the unsaturated 7 electrons in benzene rings.
The two points with the strongest electrophilicity are the alcohol

hydroxyl oxygen of C,H;O—OH and the overlapping regions of
alcohol hydroxyl oxygen and ether-bonded oxygen of CH;—
OC(O)OH, which are most likely to weakly interact with water
to form hydrogen bonds and can also explain the strong
hydrophilicity of lignite.

2.4. Independent Gradient Model (IGM) Analysis. The
Multiwfn 3.8 program was used to investigate the weak
interaction of the optimized model molecule and the water
complex through IGM analysis. Subsequently, the weak
interaction between the model molecule and water complexes
was visualized using VMD 1.9.3 program. Figure Sa—e shows the
isosurface map and scatter plots between the intermolecular
density gradients g™ and sign(4,)p of five model molecule—
water complexes. The colors presented by different sign(4,)p
values on the isosurface can be used to identify weak interactions
between different types of molecules, and 1, can be used to
distinguish between bonding (4, > 0) and nonbonding (4, < 0).
For the area where sign(4,)p is less than —0.02 au, it is usually
reflected in the formation of hydrogen bonds, and the more
negative the value of sign(4,)p, the stronger the attraction
between molecules.” For the area with a value of —0.02 to 0.02
au, it is usually embodied as van der Waals effect. For the area
where sign(4,)p is greater than 0.02 au, it is usually a strong
steric effect, and the larger the value, the stronger the steric
effect. In the isosurface map, the color range of blue—green—red
is used in the range of —0.02 to 0.02 au. According to the
sign(4,)p value, blue represents the formation of hydrogen
bonds, green represents van der Waals interaction, and red
represents the steric effect. The larger the area of the scatter
points on the scatter plot, the higher the density of the scatter
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Figure 5. Isosurface and scatter plot: (a) A model, (b) B model, (c) C model, (d) D model, and (e) E model.
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points and the stronger the interaction corresponding to the
sign(1,)p value.*

As shown in Figure Sa, a typical O---H—O hydrogen bond and
van der Waals interaction were formed between the phenolic
hydroxyl group and water molecules, which were, respectively,
reflected in a relatively concentrated blue region and a large
range of green region in the isosurface, in which the phenolic
hydroxyl group acts as the donor of hydrogen bonds. These two
effects are also shown in the scatter plots, in the area where
sign(4,)p < —0.02 au, a large area of scattered points can be seen.
However, between —0.02 and 0.02 au, there are more dense
scattered spots and obvious spikes. As seen in Figure 5b, the O—
H--O hydrogen bond and van der Waals interaction are formed
between water molecules and the carbonyl group and methyl
group of the —(CO)OCH, group. The water molecules act as
the donor of hydrogen bonds, which corresponds to the scatter
plots showing sign(4,)p < —0.02 au. In addition, the van der
Waals effect of model B is stronger than that of model A. As
shown in Figure Sc, a strong van der Waals interaction is formed
between the benzene ring and the water molecule, although
there would be an O—H:--7 weak hydrogen bond between the
water molecule and the benzene ring; the van der Waals
interaction is dominant. It can be seen that there is a large green
isosurface between the water molecule and the benzene ring,
which corresponds to the area in —0.02 to 0.02 au in the scatter
plot. As shown in Figure 5d, when water is adsorbed near the
carboxyl group, obvious hydrogen bonding and steric effects can
be seen in the isosurface map. The water molecules and the
carboxyl groups form two kinds of hydrogen bonds, O—H---O
and O---H—O0, respectively. The blue regions at both ends of the
isosurface are dominant, with red in the middle of the blue. It can
be seen from the scatter plots that a large area of scatter exists in
the region where sign(4,)p < —0.02 au, corresponding to
hydrogen bonds. In the region where sign(4,)p > 0.02 au, there
are some radioactive scattered points, indicating that a strong
steric effect is formed between lignite and water. As seen in
Figure Se, the O—H---O hydrogen bond is formed by the water
molecule with the oxygen in the carboxyl group and the oxygen
in the furan group, and the water molecule acts as the donor of
the hydrogen bond. In addition, it can be seen that the hydrogen
bond of model E is weaker than those of models A, B, and D,
which can be intuitively reflected in the scatter plots.

The IGM isosurface coloring map is used to describe the weak
interactions between water molecules and lignite at different
sites in detail. Models A, B, and E formed weak interaction with
hydrogen bond as the main force; model E showed the weakest
hydrogen bond, while model C showed van der Waals
interaction as the dominant force. In addition, some steric
effect was also observed in model D.

3. CONCLUSIONS

The molecular model of lignite was constructed, and the
removal mechanism of chemical bonds and oxygen-containing
functional groups in the process of HTC was studied through
DFT calculations at the molecular level. The difference in
fragment structures and electronic effects has a great impact on
the BDE and bond order. According to results of BDE and bond
order, the first group to break in HTC is the methyl of
Ph(CO)O—CHj, followed by the C—O of CH;—OC(O)OH;
the hydroxyl in Ph—OH is the most thermally stable group,
followed by the hydroxyl in CH;0C(O)—OH. In addition, the
orbital localization analysis has also been carried out: all three
chemical bonds of Ph(CO)OCHj, show the characteristics of ¢

bond, while Ph(C=0)OCH, and Ph(CO)—OCH; with the
MBO >1 also contains certain 7 bond characteristics. The lignite
van der Waals surface ESP was constructed and visualized, and
the results showed that oxygen-containing functional groups
mainly contributed to the area with a large absolute ESP.
According to the IGM analysis, models A, B, and E formed weak
interaction with hydrogen bond as the main force; model E
showed the weakest hydrogen bond, while model C showed van
der Waals interaction as the dominant force. In addition, some
steric effect was also observed in model D.

4. METHODS

4.1. Model Construction and Geometry Optimization.
Since there has been no accurate conclusion on the lignite
molecular structure, this study was based on the model proposed
by Wender'” and Kumagai et al.'"® and is further constructed
using methyl saturation and hydrogen saturation methods. As
shown in Figure 6, the model takes benzene ring, furan, and

CHz
HO,

) o

\C/
(0]

Ho
HO o C OH

| A |
(e} OH [}

Figure 6. Lignite model constructed in this study.

methylene as a molecular skeleton, and side chains were
connected with functional groups such as carboxyl group,
carbonyl group, and a hydroxyl group. In addition, to study the
weak interaction between functional groups of lignite and water
in HTC, five model molecule—water adsorption models were
constructed, which were, respectively, labeled as models A, B, C,
D, and E (as shown in Figure 7).

In this study, the Gaussian 09'? program was used to optimize
the lignite model and the model molecule—water adsorption
model complex. The li%nite model was optimized at the BALYP/
6-311G(d,p) level;">*" the model molecule—water adsorption
model is optimized at the wB97XD/6-311+G(d,p) level,”
which has a good effect on the optimization of the weak
interaction model.

4.2. Bond Order Analysis. Bond order is an important
analysis method, which can quantitatively express the character-
istics of chemical bonds. Two representative bond orders
analysis methods were used to analyze lignite molecules via the
Multiwfn 3.8 program.

4.2.1. Mayer Bond Order (MBO). MBO** can reflect the
electron logarithm shared between a pair of atoms and is
insensitive to the polarity of bonds. For the same kind of
chemical bonds, the value of the MBO can reflect the strength,
which is defined as

MBO,;; = I + I4
=2 3 XIS (PS)y + (PS)yu(P1S),)
a€A a€B
(1)
where P* and P’ are the @ and f3 electron density matrices,

respectively, and S is the overlapping matrix.
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Figure 7. Adsorption sites of different water molecules.

4.2.2. Laplacian Bond Order (LBO). LBO™ can measure the
polarity of bonds, which is close to the theoretical bond order,
and the strength of the bond can be well-reflected. Atoms with
greater electronegativity have stronger bond polarity, and the
LBO value is smaller. Therefore, the LBO can be considered as
the contribution of the covalent part of the bond and is defined
as follows

LBO, 5 = —10 X / wA(r)wB(r)Vzp(r) dr
’ V2p<0 (2)

where w is the weight function of the smooth change, which
represents the fuzzy atomic space; w, and wy are the fuzzy
overlap spaces corresponding to atoms A and B, respectively;
and —10 is the prefactor, which makes the magnitude of the
Laplace bond order consistent with common covalent bonds.
4.3. Bond Dissociation Enthalpy (BDE) Analysis. The
BDE can reflect the enthalpy change of chemical bond
dissociation in a chemical reaction and is an analytical method
to quantitatively reflect the strength of the chemical bond.*® By
calculating the BDE of some C—O bonds and oxygen-containing
functional groups, the difficulty degree of lignite molecular
chemical bond dissociation during HT'C can be characterized. In
the same chemical atmosphere, the dissociation of small
molecular chemical bonds can well predict the same chemical
bonds in macromolecules;”” so, the lignite molecule was
decomposed into five fragments, and the chemical bonds
involved are shown in Figure 8. The BDE is defined as

D°(A — B) = AH;(&") + AH{(B®) — AH{(AB) (3)

where AH7(A®), AHP(B*), and AHJ(AB) are the enthalpies of
radical species A, B, and molecule AB, respectively.

The CBS-QB3 thermodynamic combination method was
used to calculate the BDE, which has only a 1.0—1.5 kcal/mol
error for calculating the thermodynamic enthalpy.”®

4.4. Orbital Localization Analysis. The orbital produced
by general quantum chemical calculations is called canonical
molecular orbital (CMO), which has strong delocalization and
cannot reflect the bonding characteristics between atoms.”’
Orbital localization can transform delocalized orbitals into
highly localized orbitals without losing the physical meaning of
wave functions, which can well reflect the bonding character-
istics.”” The Multiwfn 3.8 program was used for orbital
localization analysis.

4.5, Electrostatic Potential (ESP) Analysis. ESP describes
the potential energy of a unit of positive charge at a position (r)
around the molecule, which is defined as’"

OH o} 0]

c\({g
OH

1. phenol 3. benzoic acid

HO;SJJ _

2. methyl benzoate

ﬁ
o N

4. dihydrofuran-ol 5. methyl hydrogen carbonate

Figure 8. Structure of five fragments after decomposition and chemical
bond breaking sites.

Z p(r') .,
‘/tot(r) = ‘/nuc(r) + Vele(r) = Z A _ ; dr
~ Ir—R,l lr—+l

(4)
where V represents the electrostatic potential on the surface of
the molecule, Z, is the nuclear charge located at R,, and p(r)
represents the electron density of the molecule. The Multiwfn
3.8 program was used for ESP analysis.

4.6. Independent Gradient Model (IGM) Analysis. The
IGM can show the characteristics of the weak interaction, which
can judge whether the interaction between molecules is
attractive or repulsive, and characterize the intensity of the
interaction,>” which is defined as

g(r) = ‘Z Vp(r) |g"M(r) = | Y abs[Vp,(r)] “

i i S

og(r) = g"™(r) — g(r) (6)
ginter(r) — Z Z Vpl(r)

A Q€A (7)

where i is an atomic number, Vp; is a gradient vector, absVp;
stands for the absolute value of every component of the Vp
vector inside (still maintaining the vector form), and | |
represents the modulus of the vector. g"*(r) is the density
gradient between molecules. The Multiwfn 3.8 program was
used for IGM analysis.
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