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A B S T R A C T

Water-desorption from lignite surface is an important issue in energy usage, however, corresponding researches
are inadequate. Herein, in order to comprehensive understand the process of water-desorption from lignite
surface, the interaction between water molecules and carboxyl group of lignite were investigated systematically
from 298.15 K to 440 K, by using Car–Parrinello molecular dynamics (CPMD) method. The result indicated that
in the key carboxyl group, the hydrogen site (H51) showed stronger adsorption capacity for water molecules
than the oxygen site (O23) of the carboxyl group. Based on the statistical result, the water molecules adsorbed at
H51 and O23 were considered as removed after 360 K. Vibration analysis was performed to acquire stretching
frequencies of carboxyl group before and after water adsorption. The NBO analysis was used to study the re-
orientation of water molecules in a 0.14 ps trajectory when they replace with each other. The NBO orbitals
obtained show that when water molecule is replacing, the two lone pair orbitals of O31 and O32 interact with
the σ antibonding orbital of O24eH51 bond at the same time. It enhances the formation of new H-bond and
facilitates the fracture of old H-bond. This work can not only reveal the mechanism of water desorption from
lignite, but also lay valuable foundations for efficient utilization of lignite resource.
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1. Introduction

Coal has been widely considered to be one of the main efficient
fossil resources for hundreds years in human society, due to its con-
siderable reserves, high calorific value, and relative low cost [1]. Cur-
rently, even though application of new energy emerges and develops
quickly, the role of coal resource played in conventional industry still
can hardly be substituted in recent decades.

Coal-fired power plants are recognized as the largest consumer of
coal resource. Among plenty of coals burned in coal-fired power plants,
lignite was the most popular, because of its compelling advantages
involving abundant reserves [2–4], low mining cost, high volatile
matter, and trace content of hazardous elements [5,6]. However, there
are still obvious obstacles for lignite usage in actual operation due to its
high water content [7], which may well bring about energy waste of
latent heat, potential spontaneous combustion hazard [8], increasing
cost of transportation and storage, and promotion effect on CO2 re-
leasing [9–12]. In detail, considering previous studies, as high as
20–25% of the heat generated by lignite combustion was wasted to
remove the associated water in fuel [13,14]. Therefore it is necessary to
take measures to decrease the water content of lignite to a suitable level
(about 5–10%) [15]. In other words, lignite must be upgraded before
utilized [16,17].

The species and form of water in lignite is a key issue of moisture
desorption, because the desorption temperature of water is directly
involved with its species. Therefore large amounts of researches, both in
experiment and in theory, have explored it deeply. Based on the pre-
vious experiments [11,18–22], and in the light of experiment data of
differential scanning calorimetry and proton magnetic resonance
methods depending on congelation characteristics, Norinaga et al.
identified the water into free water, bound water and nonfreezable
water [23]. Li et al. classified the water in coal into two categories
through diffuse reflectance FTIR (DRIFT) experiments: (1) free water
and water combined the coal surface with weak H-bonds; (2) water
which is tightly H-bonded with coal surface [24]. Theoretically, Arisoy
et al. classified the water as three kinds: bonded water, adsorbed water
and free water, which were held by chemical bond, physiochemical
forces and physicomechanical forces, respectively, by numerical simu-
lation [8].

The type and quantity of functional groups on the surface of coal
have a great influence on its chemical properties. First, these groups
exhibit strong hydrophilicity [11,25–27], which allow the pore surface
of lignite to absorb a large amount of water. Therefore, lignite has a
high moisture content. As these groups are removed, the lignite gra-
dually loses its hydrophilicity [28]. Xin et al. used lignite microwave
dehydration technology and proved that the oxygen-containing func-
tional groups is one of the most important factors affecting the interface
stability of dehydrated lignite [29]. Wang et al. showed that the
oxygen-containing functional groups play an important role in the
water adsorption process by chemical titration method [30]. By using
the electrostatic potential (ESP) analysis, Liu et al. indicated that the
hydrophilic surface and high moisture content of lignite are attributed
to the presence of oxygen-containing functional groups [31]. Therefore,
the influence of oxygen-containing functional groups in coal is crucial
to the adsorption of water on coal.

Xin et al. obtained the content distribution of functional group in
lignite based on the in situ Fourier infrared spectrometry and the results
indicated the order of its functional group content: methyl group >
hydroxyl group > carboxyl group [32]. Both of the studies by Svar-
bova and Suuberg et al. have shown that the carboxyl and hydroxyl
groups of lignite have an important role in the adsorption of water
[33,34]. Gao et al. compared the water adsorption capacity of different
functional groups in lignite by Density Functional Theory (DFT) simu-
lation, and the result suggested that the carboxyl group in lignite is the
strongest site [35]. Nishino et al. compared the carboxyl group with
other oxygen-containing functional groups, and the results

demonstrated that the carboxyl group was the major part of the ad-
sorption by FTIR and ionic thermal current adsorption experiments for
water vapor. They did not find that the adsorption of water molecules
was related to hydroxyl groups, although the concentration of hydroxyl
groups is greater than carboxyl groups [36]. Liu and Zhang et al. ob-
tained the order of hydrophilicity of the oxygen-containing functional
groups of lignite as follows: carboxyl group > hydroxyl group >
methyl group [37,38]. From the above studies, it could be seen that the
carboxyl group was the strongest functional group of lignite to adsorb
water, and its content was relatively high. Therefore, the carboxyl
groups play a vital role in the hydrophilicity of lignite.

In addition, the effects of temperature on lignite dehydration were
researched in practical engineering applications. Through diffuse re-
flectance FTIR experiments, Li et al. concluded that the free water and
adsorbed water connected to lignite via weak H-bond would be re-
moved when the temperature was lower than 80 °C, while the water
connected to lignite through strong H-bond would be removed when
the temperature was above 80 °C [24]. Miura et al. used the in-situ
diffuse reflectance IR Fourier transform (DRIFT) technique and con-
cluded that the produced water was mainly contribute to the desorption
of adsorbed water or the decomposition of COOH groups, i.e., the
pyrolysis reaction when the temperature is below 140 °C or above
140 °C, respectively. In other words, the moisture of the coal is com-
pletely removed at 140 °C [39].

It is noticed that the above experimental studies did not clarify the
details of the interaction between lignite and water molecule and the
dehydration mechanism of them at the molecular level. Meanwhile, the
corresponding DFT calculation did not take into account the effects of
actual conditions, such as temperature. It is known that the classical
molecular dynamics (MD) simulations could be effective to account for
conditions involving temperature, pressure, and solvents with atomistic
resolution [40]. Furthermore, the Car-Parrinello molecular dynamics
(CPMD) allows researchers to use density functional theory to provide a
better quantum mechanical description for system evolution by in-
troducing the fictitious electronic kinetic energy term into the La-
grangian. Researchers have used it to explore the structural and prop-
erties of water system or water related systems [41,42]. Therefore, in
order to explore the effect of temperature on the adsorption of water on
lignite molecule, we model a realistic interaction between water and
lignite in gas phase environment by CPMD method. It aids the inter-
pretation of experimental data and providing new insight.

2. Methods

In this paper, the lignite molecular model proposed by Kumagai et al
was used, who demonstrated that this model can represent the char-
acteristics of lignite when it removes water [43]. The lignite model is
shown in Fig. 1, which contains hydroxyl, carboxyl, carbonyl, meth-
oxyl, two benzene rings and one pentabasic cycle. For the complex of

Fig. 1. The structure of lignite molecule and the atomic number of the selected
atoms.
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lignite and water, we used the initial configuration of randomly placing
twelve water molecules near the carboxyl group for research according
to the previous studies [35,44,45].

The Car-Parrinello molecular dynamics method [46] was used to
study the system of lignite and water molecules in gas phase environ-
ment. All calculations were performed by DFT calculation with Perdew-
Burke-Ernzerhof (PBE) [47] exchange-correlation functional and Van-
derbilt (VDB) pseudopotentials. Periodic boundary conditions were
imposed using cubic supercells with the box size of 20× 14×16 Å3,
which contains one lignite molecule and twelve water molecules. Kohn-
Sham orbitals were expanded in plane waves up to a kinetic energy
cutoff of 25.0 Ry. In the dynamical simulations, the fictitious electronic
mass of 400.0 a.u. and a time step of 0.1 fs were used. We selected
298.15 K, 320 K to 440 K as the simulation temperature, in which the
later increases from 320 K to 440 K by 20 K. The NVT ensemble and the
Nosé-Hoover thermostat method were used and the simulation time is
30 ps.

The relevant ESP charge of the lignite molecule, and the change of
vibration stretching frequency of carboxyl group, before and after the
adsorption of water molecules were calculated to reveal the relation
between water molecules and oxygen-containing functional groups. We
also calculated the Natural Bond Orbitals (NBOs) [48] associated with
the carboxyl group to explain the replacing interaction of water and
lignite. The ESP charge and vibration stretching frequency were cal-
culated by CPMD and the NBO analysis was carried out by Gaussian 09
[49]. The VMD [50] program was used for the molecular and orbital
visualization.

3. Results and discussion

3.1. MD analysis

We simulated the interaction between lignite molecule and twelve
water molecules, which in the vicinity of the carboxyl group in initial
configuration. From the trajectory of dynamics, we did not find a sig-
nificant interaction between water molecules and the benzene ring of
lignite molecules, so the H-bond interaction between the carboxyl
group and water molecules is considered to influence the dewater
process. According to the van der Waals radius of the H atom (1.06 Å)
and the O atom (1.42 Å) [51], considering the gas phase environment,
we have uniformly selected 3.20 Å as the statistical distance of H-bonds
at different temperatures.

Based on the dynamic trajectory, the statistics for the interacting
time of water molecules formed H-bonds with H51 or O23 at different
temperatures were made and their average values were shown in Fig. 2.
The data of the interacting time and its dependence on temperature
characterize the water adsorption capability of the two sites in the
carboxyl group.

It can be clearly seen from the Fig. 2 that at the two sites of the
carboxyl group, i.e., O23 and H51, the interacting time of water mo-
lecules has a significant decrease section as temperature increasing. The
significant decrease occurs for O23 or H51 at 298.15–340 K or
298.15–360 K, respectively, indicating that the temperature in these
two range has a significant impact on their adsorption capability. From
the trend of the curves in Fig. 2 by statistical analysis, the turning point
at 340 K or 360 K is responsible to distinguish the sharp downtrend and
steady trend. The difference of interacting time for O23 or H51 showed
that the adsorption capability for water molecules after 340 K or 360 K
was significantly weaker than before.

As for the corresponding temperature at the beginning of smooth
trend for the two curves, 360 K (H51) is higher than 340 K (O23). That
is to say, H51 shows its weak ability to adsorb water molecules at a
higher temperature than O23. In the meantime, the average interaction
time of water molecules adsorption of H51 was stronger than that of
O23 at each temperature. These results indicated that H51 exhibits a
stronger adsorption capability for water molecules than O23. The water

molecules adsorbed at H51 and O23 were considered as removed after
360 K from the aspect of interacting time. Proximately, the result is
consistent with the experimental data of Li et al, i.e., the water mole-
cules linked by weak H-bonds in lignite would be completely removed
at 80 ℃ (353.15 K) in relevant experiment [24].

In order to better show the difference in the adsorption capability of
water molecules between the O23 and H51 at 360 K in details, we se-
lected one typical trajectory and the dependence of the distance be-
tween O23 or H51 and the water molecule on time is shown in Fig. 3.
The H65~H86 in (a) or O32~O40 in (b) represent the H atoms or the
O atoms that form H-bonds with O23 or with H51 in different water
molecules, respectively. It can be seen that the adsorption and deso-
rption of water molecules at O23 occur more frequently. For the H51,
the adsorption and desorption phenomena occur only once within the
same period of time. The frequency of desorption of water molecules at
O23 or H51 is 0.48n/s or 0.2n/s, respectively, in which the former was
2.4 times more than the latter. Therefore, it can be clearly observed that
the adsorption capability of H51 sites for water molecules was sig-
nificantly stronger than that of O23 sites.

3.2. ESP charge and vibrational stretching frequency analysis

The ESP charge of the optimized lignite molecule were calculated
and the results were shown in Fig. 4. The charge 0.48 e of H51 in the
carboxyl group was higher than the charge of the H site of the other
functional groups, and the charge −0.58 e of O23 was also higher than
the charge of the O site of the other functional groups. It can be seen
that the carboxyl group has stronger adsorption capability for water
molecules than other functional groups in lignite molecule from the
aspect of static electricity.

Based on the results of CPMD, the lignite molecule with two water
molecules were selected to optimized. Then the vibrational stretching
frequency of the OeH and C]O bond of the carboxyl group before and
after adsorption of water were calculated and the corresponding results
were shown in Table 1. It showed that before adsorption, the stretching
frequency of OeH or C]O bond in carboxyl group was 3568.6 cm−1 or
1715 cm−1, respectively. After adsorption, the stretching frequency of
the OeH or C]O bond in carboxyl group was 3378.84 cm−1 or
1650.18 cm−1, which was consistent with the relevant experimental
results for carboxyl group [52,53]. It can be seen that the adsorption
decreases the vibrational stretching frequencies of OeH and C]O bond
by 189.76 cm−1 and 65.05 cm−1, respectively. When no water mole-
cules were adsorbed, the bond length of OeH and C]O bond in

Fig. 2. Average interacting time of water molecules at O23 or H51 of the car-
boxyl group.
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carboxyl group was 0.98 Å and 1.22 Å, respectively. After the water
molecules were adsorbed, the bond length of the OeH and C]O bond
increased to 1.01 Å and 1.24 Å, respectively. The adsorption increased
the bond length of C]O and OeH bond by 0.03 Å and 0.02 Å, re-
spectively. Combined with the change of the vibration frequency, the
interaction caused the elongation of the OeH and C]O bond and
brings the stretching frequency shifted towards the red correspond-
ingly, making these two bonds weaker.

3.3. Replacement phenomenon of the water

It is worth mentioning that the replacement phenomenon of water
molecules, i.e., a new water molecule replaced the previous water
molecule adsorbed, occurs at almost all the temperatures except
298.15 K, in which the water molecules exhibits quite stable adsorption
with carboxyl group at this temperature. Meanwhile, at 320 K and
340 K, the replacement phenomenon occurs only at O23, but not at the
strongest H51. When the temperature rises to 360 K, this phenomenon
occurs at both of the two sites.

It is generally believed that the process of water molecules forming
new H-bond is the breaking of old H-bond firstly, and then the

formation of new H-bond. But Damien et al. found, by using the mo-
lecule dynamics simulation for water system, that water molecules form
new H-bonds is through the twisting action of the OeH bond, weak-
ening the connection with the previous hydrogen donor and forming H-
bond with the new hydrogen acceptor [54]. At this point, the old H-
bond has not yet broken. After that, the OeH bond continues to twist,
and the old H-bond disappears. In present simulation, the replacement
or reorientation process is indeed observed, which is similar to the
water reorientation.

In order to understand the mechanism of reorientation, we selected
the trajectory at 380 K for analysis. The replacement occurs at H51 (H-
bond donor) and the dependence of the relevant distance (rH51-O) on
time was shown in Fig. 5. The replacement starts from 6.4 ps, in which
the O31 in 31th water molecule (W31) is close to the H51 in carboxyl
group at this time. Then the H-bond between H51 with O31 is broken
after ~1 ps, and the water molecule containing the O32 (W32) comes to
acts with H51 and the reorientation begins.

To visually reveal this phenomenon, we selected three typical stages
in the replacement process and plotted them in Fig. 6. The H51 of the
carboxyl group first formed a H-bond with O31 in W31, and then the
O24-H51 bond of the carboxyl group flips from O31 toward O32, as
shown in Fig. 6(a). With the close of W32, the H51 of the carboxyl
group simultaneously formed H-bond with the W31 and the W32, as
shown in Fig. 6(b). As the torsion phenomenon continued, shown in
Fig. 6(c), the H-bond between the H51 and the W31 was broken, and
then the W31 left. Starting from 6.8 ps, a stable H-bond was formed

Fig. 3. The dependence of the distance between O23 (a) or H51 (b) in the carboxyl group and water molecule at 360 K on time.

Fig. 4. The ESP charge (in a.u.) for the selected atoms of lignite molecule.

Table 1
The vibrational stretching frequency and bond length of C]O and OeH of
carboxyl group after the adsorption of water molecules.

f (Δf) (cm−1)a R (ΔR) (Å)b

C]O 1650.18(−65.05) 1.24(0.02)
OeH 3378.84(−189.76) 1.01(0.03)

a f or Δf represents the vibrational stretching frequency or its change, respec-
tively.
b R or ΔR represents the bond length or its change, respectively.

Fig. 5. The dependence of the distance between H51 in the carboxyl group and
the corresponding oxygen atom in water molecule at 380 K on time, with the
corresponding time interval of the replacement phenomenon marked.
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between the H51 of the carboxyl group and the O32 of W32. At this
time, the reorientation completed and hence the replacement of water
molecules was finished.

In order to explore the switching in geometry, we extract a total of
0.14 ps (6.53–6.67 ps, 70 frames in total) of trajectory around the
timepoint, i.e., 6.6 ps in Fig. 5, for research. The RO24*O31, RO24*O32 and
θ were shown in Fig. 7(a) and their dependence on time were shown in
Fig. 7(b). The angel θ represents the angle between the projection of the
O24eH51 bond of the carboxyl group on the O31eO24eO32 plane and
the angle bisector of the angle O31eO24eO32. This definition of θ
allows it to be unaffected by the O24eH51 bond motion relative to the
O31eO24eO32 plane and the change of the O31eO24eO32 angle.
When θ equals 0, H51 is approximately equidistant from O31 and O32.
Therefore, it can well reflect the torsion phenomenon of O24eH51
bond between O31 and O32. The fluctuation of θ at 6.62–6.66 ps was
due to a slight swing of the O24eH51 bond of the carboxyl group,
which is considered as the influence of thermal motion. These results
are consistent with the reorientation result computed by Damien et al.
[54].

In addition, we calculated the ESP charge of O31, O32 and H51 in
the 0.14 ps trajectory to understand the interaction in view of electronic
structure. The dependence of the ESP charge of the O31 and O32 in two
water molecules and the H51 in the lignite on time were calculated and
shown in Fig. 8. It can be seen that the charge of the oxygen atoms in
water molecules and H51 in carboxyl group exhibits a negative and
positive property, respectively.

We can notice that from 6.58 ps, with the approach of W32, the
charge of the O32 increased obviously, hence increasing its attraction to
the H51, and reducing the attraction between O31 and H51. At 6.60 ps,
the distance between O31 or O32 and H51 is 2.46 Å or 2.49 Å, re-
spectively, and the corresponding ESP charge of O32 and O31 was
−1.02 and−0.98 e., respectively. Both of the distance or charge values
are close to other one, respectively. After 6.60 ps, the distance between

O32 and H51 decreased, and therefore the ESP charge of O32 increased.
Conversely, the distance between O31 and H51 increased, and in the
meanwhile the ESP charge of O31 decreased. The change in ESP charge,
increase or decrease, can be consistent with the approach of W32 and
the departure of W31.

We selected the initial, middle and the end configuration of the
replacement phenomenon (6.53 ps, 6.60 ps and 6.67 ps) in Fig. 5 to
calculated the NBO orbitals and the corresponding results were shown
in Fig. 9. As for the initial configuration of 6.53 ps in Fig. 9(a), the
distance between H51 and O31 or O32 is 2.04 Å or 3.90 Å, respectively.
According to the widely accepted H-bond criterion [55,56], the dis-
tance indicated there was a H-bond between H51 and W31, and the
interaction between H51 and W32 is almost nonexistent. It is obvious
that the σ antibonding orbital of O24eH51 bond is close to the lone pair
orbital of O31, and is far from the one of O32. And the corresponding

Fig. 6. Three typical stages in the H-bond exchange mechanism, in which the green lines represent the H-bond and the black arrows represent the key movements.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. (a) RO24*O31 or RO24*O32 represents the distance between O24 (carboxyl) and O31 (W31) or O32 (W32), respectively. (b) The dependence of RO24*O31,
RO24*O32 and θ on time of the corresponding trajectory.

Fig. 8. The dependence of the ESP charge of O31, O32 and H51 on time.
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second-order perturbation stabilization energies of them is 5.97 kcal/
mol or 0.27 kcal/mol, respectively.

As for the middle configuration of 6.60 ps in Fig. 9(b), i.e., which is
the timepoint of the replacement phenomena, the distance between
H51 and O31 or O32 is 2.46 Å or 2.49 Å (approximately equidistant),
respectively. Each lone pair orbital of O31or O32 is close to the σ an-
tibonding orbital of O24eH51 bond, in which the electrons of the two
lone pair orbitals of O31 and O32 are simultaneously transferred to the
σ antibonding orbital of O24eH51 bond. The corresponding second-
order perturbation stabilization energies decreased to 2.04 kcal/mol
and 1.42 kcal/mol, respectively. It indicated that when water molecule
was replacing, the two lone pair orbitals of O31 or O32 would interact
with the σ antibonding orbital of O24eH51 bond at the same time. This
state makes the interaction between H51 and the two water molecules
very weak. Furthermore, the inertia generated by the previous move-
ment, i.e., the approach of W32 and the departure of W31, could
strengthen the new H-bond between H51 and W32 and weaken the old
H-bond between H51 and W31.

As for the end configuration of 6.60 ps in Fig. 9 (c), i.e., the W31 left
H51 and the W32 was adsorbed at H51, the distance between H51 and
O31 increased to 3.24 Å. In contrast, the distance between H51 and O32
decreased to 2.10 Å. At this time, the σ antibonding orbital of O24eH51
is far away from the lone pair orbital of O31 and it interacts with the
lone pair orbital of O32. The corresponding second-order stabilization
energies are 0.08 kcal/mol and 6.35 kcal/mol, respectively. Finally, a
stable H-bond is formed between W32 and H51, and the interaction
between W31 and H51 is relatively weak.

4. Conclusion

To summary, we used the first principles and CP molecular dy-
namics to explore the interaction between lignite and water molecules
and the dependence of interacting time on temperature. The results
show that the adsorption capability of O23 or H51 in lignite for water
molecules above 340 K or 360 K is significantly weaker than below
340 K or 360 K, respectively. The interacting time demonstrates that the
adsorption of H51 of carboxyl group is stronger than O23. We calcu-
lated the charge of the lignite molecule and the vibrational stretching
frequency before and after the carboxyl group interacting with water
molecules. From the aspects of electronic properties, the obtained ESP
charge proved that the adsorption capacity of carboxyl groups on water
molecules is stronger than other functional groups. Furthermore, the
reorientation of water molecules when they replace with each other
was analyzed by NBO and dynamic charge analysis. The results show
that when water molecule is replacing, the close distance between H51
and O23 or O24, the similar NBO orbitals and the close second-order
stabilization energies of them indicate that the two lone pair orbitals of
O31 or O32 interact with the σ antibonding orbital of O24eH51 bond
at the same time. This simultaneous effect contributes to the occurrence
of replacement, and would help to strengthen a new H-bond and

fracture an old H-bond.
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