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ABSTRACT: To explore the mechanism of critical metal (Li+ and
Ge4+) occurrence in the organic molecular structures of different
rank coals, simulations were investigated using quantum chemical
density functional theory. In this paper, Wender lignite,
bituminous, and anthracite molecular models were used as organic
molecular structures in coal. The electrostatic potential (ESP),
frontier molecular orbitals, and Mulliken charges were used to
identify adsorption sites in organic molecular structures. Mulliken
charge, bond length, Mayer bond order (MBO), and adsorption
energy values were used to estimate the binding conformation and
strength between organic molecular structures and critical metals
(Li+ and Ge4+). The results showed that the negative ESP, the
highest occupied molecular orbitals, and negative Mulliken charges
in the organic molecular structures were located at the O atom of oxygen functional groups and the aromatic structures, respectively,
which were the active sites for critical metal adsorption. Mulliken charge transfer, bond length, MBO, and adsorption energy data
suggested that the binding of Li+ with organic molecular structures was controlled by the carbonyl group (C�O), while the
aromatic structures had less effect on the occurrence of Li+ in the organic molecular structures. The maximum adsorption energy
value for binding Li+ with organic molecular structures was −742.16 kJ/mol. The Ge4+ ions not only showed strong binding ability
with oxygen functional groups, but also Ge4+ formed thermodynamically stable half-sandwich complexes with aromatic structures.
Therefore, the coal rank had little effect on the binding of Ge4+ with organic molecular structures. Moreover, the binding of Ge4+
with organic molecule structures was enhanced by the synergistic interactions of oxygen functional groups and aromatic structures.
The adsorption energy values were up to −8511.43 kJ/mol. The adsorption of organic matter in coal to critical metals (Li+ and
Ge4+) generated changes in the spatial configuration of the organic molecular structure, including local twisting of the organic
molecular structure in lignite and bending of the aromatic structure in anthracite.

1. INTRODUCTION
Critical metals, such as lithium (Li) and germanium (Ge), are
essential to national life and defense security. They have already
been utilized in batteries, biomedicine, and the nuclear industry.
Their primary source is conventional ore deposits. However,
conventional ore deposits are becoming increasingly scarce and
expensive, resulting in a growing gap between supply and
demand.1 In recent years, most scholars have discovered that
critical metals are enriched in coal and coal combustion products
(CCPs), e.g., Li, Ge, Ga, and REEs.2−6 Their concentrations
reach the extent and grades required for industrial use.6−9 In
particular, concentrations of Li2O are up to 0.72−0.83% in the
ashes of Li-rich coal benches.10 The percentage of Ge in fly ash
from Ge-rich coal combustion can be up to 5%.11 Therefore,
coal-hosted rare-metal deposits have enormous potential for
critical metal extraction. Nonetheless, the occurrence modes of
critical metals closely related to the organic matter in coal are
still emerging.

Critical metals in coal may be related to inorganic and organic
fractions, and organic matter is essential in mineralizing coal-

based strategic metallic minerals.12 The macromolecular
structure of coal organic matter is mainly an aromatic structure
with alkyl side chains, various oxygen functional groups, and
bridge bonds attached around it. Unfortunately, detailed
information on the interactions between critical metals and
organic matter in coal is scanty.13 The affinity of Li with organic
matter in coal was usually obtained by indirect methods such as
concentration distribution functions,14 correlation analysis,15,16

and selective leaching experiments.17 Nevertheless, the exact
organic location of Li is still unclear. On the contrary, Ge is the
only element almost 100% organically associated with coal.18,19

This was demonstrated by direct and indirect methods such as
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correlation analysis and spectrum analysis.20−23 Furthermore,
the spectrum analysis result shows that Ge in coal exists in a
tetravalent oxidation state and deformed octahedral coordina-
tion with oxygen. The Ge in coal exists in the form of chelation
with organic matter,2,24,25 among which carboxyl, catechols, and
hydroxyl groups are the primary binding sites.26−28 Although
some oxygen functional groups have been postulated to bind to
critical metals, direct evidence is insufficient and difficult to
obtain.13 Furthermore, the role of aromatic structures, i.e., π-
cation interactions, is also ignored.

The π-cation interaction is considered one of the noncovalent
binding forces.29,30 The interactions of Li+ and Na+ with
aromatic structures (π-cation interactions) in coal have been
analyzed by Fourier transform infrared spectroscopy (FTIR).31

The microscopic mechanism of aromatic structures binding to
critical metals, however, has not been reported further in the
literature. Fortunately, density functional theory (DFT) can
quantify the microscopic adsorption mechanism of organic
matter binding to critical metals in coal. This method has been
applied to investigate the interaction of metal ions (K+, Li+, Y3+,
and Sr2+) with minerals or organic matter (humic acid and
lignin).32−35 Mixed functional groups are thought to stabilize
metal complexes when critical metals bind to organic
matter.32,33,36 Furthermore, critical metals have an impact on
the stability of organic matter, such as the observed catalytic
effect of Li+ and Be2+ in the lignin molecular structure, leading to
the elongation of Cβ−O. At the same time, Mg2+ makes the
structure more stable.37,38 DFT calculations allow us to
understand how critical metals interact with organic matter in
coal on the molecular level. Although this form of interaction

cannot be completely accurate, qualitative information about the
interaction energies of organic matter in coal and critical metals
can be obtained. Previous research only used small molecular
fragments or humic acids to represent coal’s molecular structure.
If a suitable coal molecular structure can be selected, the
interactions of critical metals with organic matter in coal can be
identified. In this case, the occurrence modes of critical metals in
organic matter can be clearly understood.

Identifying the occurrence modes of critical metals in the
organic matter of coal can help improve the procedure for
extracting critical metals from coal and CCPs, as well as reduce
hazardous releases of critical metals to the environment during
utilization.8,39 In this paper, in addition to analyzing the
microscopic mechanisms of critical metals’ occurrence modes
in organicmolecular structures, the binding of organicmolecular
structures with critical metals in different rank coals is also
considered. This is because as the coal rank increases, the oxygen
functional groups (−COOH and −OCH3) in coal gradually
decrease or even disappear, while the proportion of aromatic
structures gradually increases. Therefore, it is necessary to
consider the effect of changes in the coal structure on the
binding of organic molecular structures with critical metals (Li+
and Ge4+) in coal. The binding sites in the organic molecular
structures of different rank coals are determined using the
electrostatic potential (ESP), frontier molecular orbital (FMO),
and Mulliken charges. The binding conformation, binding
ability, and optimal binding sites of organic molecular structures
with critical metals (Li+ and Ge4+) in different rank coals are
determined using theMulliken charge, bond length,Mayer bond
order (MBO), and adsorption energy. The occurrence of critical

Figure 1. 2D and 3D molecular models of organic molecular structures. C, H, and O atoms are shown as gray, white, and red, respectively (similarly
hereinafter). Orange represents different adsorption sites. Organic molecular structure of (a) lignite, (b) bituminous, (c) anthracite [Adapted in part
with permission from ref 40. Copyright 1976, Catalysis Reviews-Science and Engineering].
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metals (Li+ and Ge4+) in the organic molecular structure of coal
was analyzed to gain a deeper understanding at the molecular
level.

2. THEORETICAL METHODS
2.1. Selection of Organic Molecular Structures in Coal.

Wender lignite, bituminous, and anthracite molecular models
were used in this study to investigate the adsorption character-
istics of organic molecular structures with critical metals. The
linkage sites were saturated with hydrogen. The molecular
formulas of the models were C42H40O10, C15H16O, and
C42H20O2, respectively.

40 The organic molecular structure of
lignite includes a benzene ring, an ordinary six-carbon ring,
oxygen functional groups, and aliphatic side chains. It has been
widely applied to the study of coal pyrolysis/gasification,41

interfacial water,42 mechanochemistry,43,44 and wettability.45

The carboxyl and methoxy groups decrease dramatically as the
coal rank rises.46,47 This process enhances the effect of ring
condensation and generates larger aromatic structural units.
Wender coal models are well indicators of this metamorphic
process. The Wender coal models lacked functional groups
containing N and S atoms. Therefore, interactions between N-
and S-containing functional groups and organic molecular
structures are excluded. The 2D and 3D molecule models of the
organic molecular structures in Wender lignite, bituminous, and
anthracite were sketched by ACD/ChemSketch and Materials
Studio software (Accelrys Inc.), respectively (Figure 1).
2.2. Calculation Details. The calculations of ESP, FMO,

Mulliken charge, bond length, MBO, and adsorption energy
were performed by the DMol3 module in Materials Studio
software, which has been widely used to study the binding
mechanism between metal atoms/ions or small molecules and
nanostructures.48,49 The electronic exchange-correlation energy
was treated within the generalized gradient correction (GGA) of
the Perdew−Burke−Ernzerhof (PBE) functional.50 Considering
the solvation effect, the conductor-like shield model (COSMO)
with a permittivity of 78.54 (water) was selected. All electron
(AE) methods were used for core processing. The dual
numerical polarization method (DNP 4.4) was used to describe
the electronic basis set, and the Grimme method was used for
DFT-D correction.51 AE calculations were performed with
unrestricted electron spin.52 The accuracy was set at “Fine”. The
electron self-consistent field (SCF) convergence value was 1.0 ×
10−6 Ha. The convergence tolerance values for energy,
maximum force, and maximum displacement were 1 × 10−5

Ha, 2 × 10−3 Ha/Å, and 5 × 10−3 Å, respectively. The DMol3
module performed the geometry optimization of all organic
molecular structures. Adsorption energy analysis was performed

to determine the binding capacity of organic molecular
structures in coal with critical metals. The adsorption energy
of different adsorption sites in organic molecular structures with
critical metals was calculated as follows:

= +E E E E( )ads coal ions coal ions (1)

where Ecoal − ions is the total energy for the adsorption complex,
Ecoal is the total energy of the adsorbent, and Eions is the total
energy of the adsorbate. The absolute value of adsorption energy
is positively correlated with adsorption capacity.
2.3. Selection of Adsorption Sites. ESP, FMO, and

Mulliken charge evaluated adsorption sites of organic molecular
structures. The electronegative region on the surface of organic
molecular structures exhibited a strong adsorption capacity for
critical metals. The molecular orbital theory was also crucial to
analyze the chemical reactions of molecular systems because
electrons in front orbitals were usually more active.53 It was
simple to cause electron transfer, bond formation, or bond
breakage, leading to a reaction.54 The atoms with the highest
negative Mulliken charge in organic molecular structures
coordinated best with the critical metals.55 In addition, the
previous literature on binding organic matter (small molecular
fragments or humic acids) with metal ions was referred to.32,33

Accordingly, we selected the oxygen functional groups and the
aromatic structures in organic molecular structures as the
binding sites for Li+ and Ge4+. As shown in Figure 1, the organic
molecular structure adsorption sites in lignite were O10−O11
(L1), O13−O20 (L2), O13−O23 (L3), O31−O52 (L4), and
four benzene ring positions (L5, L6, L7, and L8). Organic
molecular structures with adsorption sites in bituminous were
O16 (B1) and C7−C8 centers (B2). Organic molecular
structures with adsorption sites in anthracite were O43 (A1),
O45 (A2), and C17−C22 centers (A3). The selection of
adsorption sites for organic molecular structures in coal and the
binding strength of different adsorption sites with critical metals
will be described in more detail below.

3. RESULTS AND DISCUSSION
3.1. ESP Analysis. The positive and negative ESP of the

molecular regions can be localized by ESP analysis, providing a
visual understanding of the relative polarity of the molecules.
The different values of ESP on the surface of the organic
molecular structures were indicated by several colors. The
potential increases in the order red < orange < yellow < green <
blue.56 As shown in Figure 2, lignite’s organic molecular
structure contained multiple oxygen functional groups and a
wide range of negative potentials. The negative potentials were
mainly concentrated on the carboxyl (O10 and O11) and

Figure 2. ESP of organic molecular structures. Red represents regions of the most negative ESP, blue represents the most positive ESP, and yellow
represents regions of zero potential. Organic molecular structures of (a) lignite, (b) bituminous, and (c) anthracite.
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carbonyl (O51 and O52) groups, indicating that they are prone
to electrophilic reactions. However, many aliphatic side chains
in lignite’s organic molecular structure resulted in a near-neutral
ESP of the aromatic structures. Themaximumnegative potential
of the organic molecular structure in lignite was 7.416 × 10−2 au,
while the maximum positive potential was 9.359 × 10−2 au near
the hydrogen atoms. In contrast, the bituminous and anthracite
organic molecular structures contained fewer oxygen functional
groups, resulting in a more uniform distribution of ESP. The
negative potentials were mainly concentrated on the aromatic
structures and the O atoms (O16, O43, and O45) of the
hydroxyl group. The hydrogen atoms on the phenols showed
positive potentials, indicating that they are prone to nucleophilic
reactions, while the other regions were electrically neutral. The
maximum negative potentials were 3.608 × 10−2 and 4.064 ×
10−2 au for the organic molecular structures in bituminous and
anthracite, respectively, and the maximum positive potentials
were 7.260 × 10−2 and 1.190 × 10−2 au, respectively. The results
showed that the oxygen functional groups and aromatic
structures were the main adsorption sites for critical metals
(Li+ and Ge4+).
3.2. FMO Analysis. The highest occupied molecular orbital

(HOMO) and the lowest unoccupied molecular orbital
(LUMO) are crucial to determining the reaction site of a
molecular structure.57 The HOMO and the nearby occupied
orbitals are essential in supplying electrons preferentially. In
contrast, the LUMO and the nearby vacant orbitals are essential
for accepting electrons. The HOMO representations of organic
molecular structures are shown in Figure 3. We considered only

HOMOs because the organic molecular structures acted as
electron donors in this study, transferring their electrons from
HOMOs to the orbitals of the critical metals. As shown in Figure
3, the HOMOs in the organic molecular structure of lignite were
mainly confined to the carbonyl group (O52) and ether oxygen
(O31) positions, indicating that this was the chelating part of the
critical metals. HOMOs were mainly concentrated on aromatic
structures and the O16 atom of the hydroxyl group in the
organic molecular structures of bituminous. HOMOs were
concentrated on aromatic structures in the organic molecular
structures of anthracite, exhibiting the π characteristic. This was
almost the same result as that observed by the ESP.
3.3. Mulliken Charge Analysis. The charge distribution

and transfer can be calculated using Mulliken charge analysis.58

The exact values are shown in Table S1. The oxygen atoms were
all high in electronegativity. Mulliken charge transfer values are
positively correlated with the strength of the interactions. The
critical metals always gain electrons when bound with the
oxygen functional groups and aromatic structures. Still, the
oxygen atoms and phenyl carbon almost lost electrons after the
reaction, indicating the existence of donor−acceptor inter-
actions in these complexes. In the organic molecular structures
of lignite, the maximum and minimum changes of charge
transfer for the binding of Li+ with oxygen functional groups
were located at the L4 and L1 adsorption sites, with values of
0.196 e and 0.122 e, respectively. The maximum charge transfer
of Li+ bonded with the aromatic structure occurred at the L7
adsorption site, with a value of 0.195 e, which was almost the
same as the value of the L4 adsorption site. It showed that Li+
binds optimally with organic molecular structures at the L4
adsorption site. This was the same as the binding site indicated
by the ESP and HOMOs. In the organic molecular structures of
bituminous and anthracite, the charge transfer values between
Li+ and oxygen functional groups were slightly higher than those
of aromatic structures. Therefore, Li+ was marginally preferred
to bind oxygen functional groups in organic molecular
structures. Furthermore, it was found that the electron transfer
between Li+ and either the oxygen functional groups or the
aromatic structures decreased as the coal rank increased (Figure
4a). This demonstrates that as the coal rank increased, the
binding capacity of Li+ with organic molecular structures
decreased.

Figure 3. HOMO of organic molecular structures. Blue represents the
positive phase, and yellow represents the negative phase. Organic
molecular structures of (a) lignite, (b) bituminous, and (c) anthracite.

Figure 4. Charge transfer values between critical metals and organic molecular structures. (a) Li+. (b) Ge4+.
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The charge of metal ions is positively correlated with the
electron transfer capacity.59 Therefore, the charge transferred
between Ge4+ and oxygen functional groups and aromatic
structures was much higher than that between Li+. In the organic
molecular structures of lignite, the maximum charge transfer of
Ge4+ bound with oxygen functional groups was at the L2
adsorption site, followed by the L3 adsorption site, with values of
3.230 e and 3.067 e, respectively. The charge transfer between
Ge4+ and the aromatic structures was more significant than that
between Ge4+ and the oxygen-containing functional group
(Figure 4b). For example, theMulliken charges of Ge4+ at the L6
and L7 adsorption sites were as high as 3.516 e and 3.499 e,
respectively. This trend also existed in the organic molecular
structures of bituminous and anthracite. Therefore, the aromatic
structures in organic molecular structures played an essential
role in the occurrence of Ge4+. Li+ and Ge4+ were oriented
exactly above the centers of the six-membered rings. The
electronic contribution of the 2p orbital located in the central C
atom promoted the binding of Li+ and Ge4+ with the organic
molecular structures. Moreover, Li+ was observed to generate a
significant bending of the aromatic structures in the A3
adsorption site (Figure 5a,c), while Ge4+ caused a slight bending
of the aromatic structures (Figure 5b,d). The discrepancy in the
degree of bending was due to the difference in the number of
electrons transferred by the critical metal and the properties of
the ions themselves.

3.4. Bond Length Analysis.The bond strength of chemical
bonds between organic molecular structures and critical metals
in coal can be studied using the Pauling correlation that bond
order decreases as the bond length increases.60 The average
bond lengths between O−Li+, C−Li+, O−Ge4+, and C−Ge4+
were statistically analyzed, as shown in Figure 6. The exact value
of each bond is summarized in Table S2.

Obviously, on the surface of the organic molecular structures
in coal, either Li+ or Ge4+ was connected to oxygen functional
groups and aromatic structures with various possible forms. In
the organic molecular structures of lignite, the shortest distance
between Li+ and the oxygen functional group was 1.906 Å at the
L4 adsorption site. This was the same as the binding site
indicated by the ESP and HOMO. This was also the same as the
Mulliken charge transfer trend. The longest distance between
Li+ and the oxygen functional groups was 2.132 Å at the L1
adsorption site. The bond lengths between Li+ and aromatic
structures changed slightly at the L5 to L8 adsorption sites, and
the distances between them are all above 2.3 Å. In both
bituminous and anthracite organic molecular structures, the
distance between Li+ and the oxygen functional groups was
smaller than that between them and the aromatic structures
(Figure 6a). The binding of Ge4+ to organic molecular structures
showed the same trend. In the organic molecular structures of
lignite, the shortest distance between Ge4+ and the oxygen
functional groups was 1.954 Å at the L4 adsorption site. The

Figure 5. Bending deformation of the organic molecular structure in anthracite. Li+ and Ge4+ are shown as purple and green, respectively (similarly
hereinafter). Cyan represents the isosurface. (a, b) Side view of the organic molecular structure and critical metal configuration. (c, d) Top view of the
organic molecular structure and critical metal configuration.

Figure 6. Average bond length values between critical metals and organic molecular structures. (a) Li+. (b) Ge4+.
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distances between Ge4+ and aromatic structures were larger than
2.4 Å at L5 to L8 adsorption sites. In both bituminous and
anthracite organic molecular structures, the distance between
Ge4+ and the oxygen functional groups was smaller than that
between them and the aromatic structures (Figure 6b).
Therefore, the critical metals (Li+ and Ge4+) preferentially
bind to the oxygen functional groups in the organic molecular
structures. However, the binding strength must be analyzed
comprehensively because of the synergistic interactions of
oxygen-containing functional groups and aromatic structures for
critical metals (Li+ and Ge4+). The O−Li+/Ge4+ and C−Li+/
Ge4+ bond strength is not comparable to their bond length value
because the ion radius of Li+ and Ge4+ is different. The bond
strength in this situation will be discussed in the following
section.
3.5. MBO Analysis. The MBO explains the relative strength

of bonds in a molecular structure.61,62 The MBO accurately
describes the bonds, numerically close to the real bond order,
allowing the bond formation and breakage during the reaction to
be visualized. A chemical bond is formed between two atoms
when the MBO value is higher than 0.5.63 If the MBO value is
lower than 0.5, it is called a weak bond.59 The exact value can be
found in Table S3.

The MBO values of Li+ bound with oxygen functional groups
were less than 0.5. They did not form any MBO values with
aromatic structures, indicating a weak binding ability of Li+ with
organic molecular structures in coal. In the organic molecular
structures of lignite, the maximum MBO values of Li−O were
located at L4 (0.2171) adsorption sites. This was the same as the
binding site indicated by the ESP and HOMO. It was also found
that L2, L3, and L4 adsorption sites all formed bidentate
chelates, with average MBO values of their Li−O being 0.1533,
0.1650, and 0.1886, respectively. The bidentate structure was
considered the strongest form of complexation, and mixed
functional groups can effectively stabilize the metal com-
plex.32,33,36 Moreover, the L8 adsorption site was initially
intended to study the binding ability of Li+ with the aromatic

structures, but carbonyl (O51) showed strong adsorption to Li+,
resulting in the formation of an MBO value of 0.1656 (O51−
Li97) (Figure 7a), and Li+ formed a 0.1665 MBO value with the
carbonyl group (O10) at the L1 adsorption site. In the organic
molecular structures of bituminous, the MBO values formed by
B1 adsorption sites were 0.1028 (C4−Li33) and 0.1976 (O16−
Li33), respectively. In the organic molecular structures of
anthracite, the adsorption sites of A1 and A2 were both hydroxyl
and symmetric, so their MBO values were almost the same,
which were 0.1774 (O43−Li65) and 0.1746 (O45−Li65),
respectively. It was not difficult to find that oxygen functional
groups mainly controlled the binding of Li+ with the organic
molecular structures in coal, especially the presence of the
carbonyl group (C�O). This was consistent with the finding
that Li+ tends to bind with oxygen to form stable complexes.64

The Mulliken charge transfer and bond length analysis also
proved that Li+ preferred to be bound with oxygen.

The MBO values of Ge4+ bound with oxygen functional
groups and aromatic structures indicated its strong binding
ability with the organic molecular structure in coal. In the
organic molecular structures of lignite, the maximum MBO
value for Ge4+ bound with oxygen functional groups was at the
L4 adsorption site, where the MBO value was 0.7839 (O52−
Ge97). This was the same as the binding site indicated by the
ESP and HOMO. Ge4+ formed strong MBO values of 0.6769,
0.5196, and 0.5520 at O10 (L1), O13 (L3), and O31 (L4)
adsorption sites, respectively. The study found that the aromatic
structure affected the binding of Ge4+ with oxygen functional
groups at the L2 adsorption site. At the L2 adsorption site, the
MBO values formed by O13 and O20 with Ge4+ were 0.4233
and 0.3620, respectively, and theMBO values formed byC1, C3,
C5, and C6 with Ge4+ were 0.1140, 0.3069, 0.3773 and 0.1421,
respectively. The influence of oxygen functional groups on the
binding of Ge4+ with the aromatic structure was also observed.
For example, at the L8 adsorption site, the original purpose was
to study the interaction between Ge4+ and the aromatic
structures, but carbonyl (O51) showed a strong adsorption

Figure 7. Changes in the spatial configuration of organic molecular structures after adsorption of critical metals. The distance between the critical
metals and O51 is significantly shorter from the first step of adsorption to the final step of adsorption, and ∠C43C47C48 also considerably decreases.
(a, b) Organic molecular structures of lignite.
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capacity to Ge4+, forming an MBO value of 0.5020 (O51−
Ge97) (Figure 7b). Additionally, two aromatic structures were
found to interact with Ge4+ on the L6 adsorption site, including
C14 (0.1435), C15 (0.4635), C16 (0.3768), C17 (0.2166), and
C18 (0.1540) at the L6 adsorption site and C25 (0.1100) and
C28 (0.4305) at the L7 adsorption site. This indicated a more
complex bond of Ge4+ with organic molecular structures in coal.
At the adsorption sites of L5 and L7, Ge4+ can interact with
phenyl carbons to form stable half-sandwich complexes with
aromatic structures (Figure 8a,b). Their average MBO values
were 0.3171 and 0.3020, respectively. The complex of a half-
sandwich is thermodynamically stable.65 In the organic
molecular structures of bituminous and anthracite, the MBO
values of Ge4+ and the phenolic hydroxyl groups were more than
0.5, showing that Ge4+ can have a strong binding ability with the
phenolic hydroxyl groups. This was the same as the results of the
spectral analysis and DFT calculations by Wei et al.28 Ge4+ also
formed half-sandwich complexes at the B2 and A3 adsorption
sites with average MBO values of 0.2802 and 0.2856,

respectively (Figure 8c,d). It was slightly lower than the average
MBO value formed by Ge4+ with the aromatic structure in the
organic molecular structure of lignite. Therefore, the binding of
Ge4+ with oxygen functional groups and aromatic structures in
the organic molecular structure of coal all exhibited large
adsorption ability.
3.6. Adsorption Energy Analysis. To further determine

the stability of critical metals at different adsorption sites,
adsorption energy calculations were performed. Figure 9
displays the findings of the adsorption energy calculation. The
adsorption energies of Li+ and Ge4+ at different adsorption sites
were negative, indicating that the reaction was exothermic and
spontaneous. For Li+, in the organic molecular structures of
lignite, the maximum adsorption energy of Li+ bound with
oxygen functional groups was at the L4 adsorption site, followed
by L1, L2, and L3 adsorption sites. The adsorption energy values
were −742.16, −705.00, −698.96, and −692.02 kJ/mol,
respectively. Compared to aromatic structures, oxygen func-
tional groups have higher adsorption energy for Li+. Never-

Figure 8. Average MBO values of half-sandwich complexes of Ge4+−organic molecular structures. Organic molecular structures of (a, b) lignite, (c)
bituminous, and (d) anthracite.

Figure 9. Adsorption energies (ΔEads) of different adsorption sites in organic molecular structures. (a) Li+. (b) Ge4+.
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theless, at the L8 adsorption site, the adsorption energy was as
high as −709.49 kJ/mol. This was due to the influence of the
carbonyl (O51) group. It is not difficult to find that carbonyl
groups existed at the adsorption sites with large adsorption
energy values. In particular, at the L8 adsorption site, the
carbonyl group (O51) interaction led to a weak bond between
Li+ and the O51 atom. In the organic molecular structures of
bituminous, the adsorption energy values of the B1 and B2 sites
were −501.24 and −489.15 kJ/mol, respectively. The decrease
in the adsorption energy value was due to the dramatic reduction
in the carbonyl group in the organic molecular structure of
lignite with the increase of the coal rank. The small molecular
weight of the Wender bituminous model was also a non-
negligible reason. Similarly, in the organic molecular structures
of anthracite, the adsorption energy values of Li+ bound with
oxygen functional groups were more significant than those
bound with aromatic structures (Figure 9a), indicating that the
occurrence of Li+ in coal was mainly affected by oxygen
functional groups. This was consistent with theMulliken charge,
bond length, and MBO analysis results.

In contrast, there was no significant difference in the
adsorption energy value of Ge4+ binding with oxygen functional
groups and aromatic structures. In the organic molecular
structures of lignite, the maximum adsorption energy of Ge4+
bound with oxygen functional groups was at the L4 adsorption
site. This was followed by L2, L3, and L1 adsorption sites with
adsorption energy values of −8461.85, −8407.79, −8345.20,
and −8336.03 kJ/mol, respectively. The maximum adsorption
energy of Ge4+ bound to the aromatic structures was at the L8
adsorption site. However, the L8 adsorption site was affected by
the carbonyl group (O51), with an adsorption energy value of
−8511.43 kJ/mol. At L5 and L7 adsorption sites, the adsorption
energies of Ge4+ formed with aromatic structures were
−8388.28 and −8345.65 kJ/mol, respectively, not significantly
different from those formed by oxygen functional groups. In the
organic molecular structures of bituminous and anthracite, the
adsorption energy values of Ge4+ bound with oxygen functional
groups and aromatic structures were almost the same (Figure
9b). The low adsorption energy value of the organic molecular
structures of Wender bituminous cannot be excluded due to the
small molecular weight. It was not difficult to find that the
binding of Ge4+ with the organic molecular structure was less
affected by the change of the coal rank, and Ge4+ showed strong
binding ability for both oxygen functional groups and aromatic
structures. This was the same result as the MBO analysis. The
adsorption energy value of Ge4+ at the L8 adsorption site was
highest due to the synergistic interactions of the oxygen
functional groups and the aromatic structures. Therefore, the
binding ability of the organic molecular structure with Ge4+ was
enhanced by the synergistic interactions of oxygen functional
groups and aromatic structures.

4. CONCLUSIONS
The modes of occurrence of critical metals in the organic
molecular structures of coal are essential in determining its
economic extraction potential. Accordingly, complete organic
molecular structures will be selected to investigate further the
relationship between critical metals and organic molecular
structures in coal. The oxygen functional group interactions and
π-cation interactions in organic molecular structures were
studied in this paper using the representative Wender coal
organic molecular structures. The main conclusions were as
follows:

(1) The negative ESP, HOMO, and negative Mulliken charge
analysis showed that both oxygen functional groups and
aromatic structures in the organic molecular structure of
coal can serve as critical metal-binding sites. Among them,
the carbonyl group (C�O) in oxygen functional groups
had themost significant influence on the occurrence of Li+
in organic molecular structures. The strongest binding of
organic molecular structures with Li+ occurred at the L4
adsorption site. The adsorption energy value was −742.16
kJ/mol. In contrast, the binding of Li+ with the aromatic
structures was weak.

(2) The Mulliken charge, bond length, MBO, and adsorption
energy data analyses showed that the binding of Ge4+ with
organic molecular structures was more complex. The
binding of Ge4+ with oxygen functional groups and
aromatic structures in the organic molecular structure of
coal all exhibited large adsorption energy values. There-
fore, the coal rank had little effect on the binding of Ge4+
with organic molecular structures. In addition, the
binding ability of the organic molecular structure with
Ge4+ was enhanced by the synergistic interactions of
oxygen functional groups and aromatic structures. The
organic molecular structure and Ge4+ had the largest
adsorption energy value at the L8 adsorption site of
−8511.43 kJ/mol.

(3) The changes in the spatial configuration of organic
molecular structures were caused by the adsorption of
organic matter in coal to critical metals. For example, the
adsorption of carbonyl groups (O51) to Li+ and Ge4+
resulted in local twisting of the organic molecular
structure of lignite. In contrast, the adsorption of
anthracite organic molecular structures to Li+ and Ge4+
resulted in the bending of the aromatic structures. In
particular, Li+ caused a more obvious bending of the
aromatic structure.
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