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A B S T R A C T

Arsenic and lead released from coal-fired power plant have caused great damage to environment and human
health, making it critical to remove arsenic and lead simultaneously. The adsorption characteristics of HTMs
(As2O3, Pb0, PbO and PbCl2) on the surface of single atom iron adsorbents supported with graphene-based
substrates (Fe/GS) were systematically investigated through density functional theory calculation. The magnetic
properties, bonding mechanism, reaction temperature and competitive adsorption behaviors were all considered
in this work. Results demonstrated that Fe/GS of single vacancy with three nitrogen atoms doping (Fe/SV-N3)
shows the most excellent adsorption capacity for HTMs among four types of Fe/GS. The adsorption of HTMs on
Fe/SV-N3 belongs to stable chemisorption, and the adsorption can take place spontaneously when the tem-
perature is below 700 K. To compare with the previously studied Hg0 system, the competitive adsorption be-
haviors of Hg0 and HTMs on Fe/SV-N3 were studied through relative adsorption ratio, Fe/SV-N3 will pre-
ferentially adsorb Pb0 and PbO when Hg0 and HTMs occur simultaneously at the temperature range of
300–1000 K. Therefore, Fe/SV-N3 is suggested to be a potential new material for gas detection and simultaneous
removal of pollutants from coal-fired power plants.

1. Introduction

Hazardous trace elements (HTEs), such as mercury (Hg), arsenic
(As) and lead (Pb), released from coal-fired power plant have attracted
increasing attention, due to their high toxicity, persistence and bio-

accumulation [1]. Although the content of HTEs in coal is low and the
air pollution control devices (selective catalytic reduction, electrostatic
precipitator, fabric filter and wet flue gas desulfurization) can control
HTEs emission effectively, there is still a large amount of HTEs dis-
charged into the atmosphere in light of the huge amount of coal
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consumption. According to the research of Zhao et al. [2,3], in a
350MW coal-fired power plant, the concentration of Hg, As and Pb
emitted to the atmosphere with all of the existing air pollution control
devices were 1.79–2.56 μg/m3, 0.11–0.25mg/m3 and 0.18–0.26mg/
m3, respectively. According to the data of China statistical yearbook
[4], the coal consumption of China in 2017 is 2.69 billion ton, so the
emission of Hg, As and Pb to the atmosphere could be 468.76, 38.79
and 47.41 ton, respectively. Noted that the maximum allowable con-
centrations in residential atmosphere of Hg, As and Pb are 0.0003,
0.003 and 0.0007mg/m3, respectively, and even trace amounts of HTEs
can cause great harm to the human body [5]. Therefore, the emission
pollution of Hg, As and Pb released from coal-fired power plant must be
controlled effectively due to their emission amount and toxicity.

It is a consensus that elemental mercury (Hg0), oxidized mercury
(Hg2+) and particulate mercury (Hgp) are the main forms of mercury in
coal-fired flue gas, and the removal of Hg0 is most difficult due to its
high volatility and water-insolubility [6–10]. For arsenic, there may be
many components in coal-fired flue gas under different temperature.
AsO(g) is the main form of arsenic when temperature is higher than
1000 K. As2O5(s) and AsO(g) are the two main forms of arsenic in the
temperature range of 650–1000 K [11–13]. While As2O3(g) and
As2O5(s) are the main form of arsenic in the temperature of 750–800 K
and 650–700 K, respectively [11–13]. As2O3(g) is difficult to be re-
moved by the current air pollution control devices for it high toxicity
and water-insolubility, so As2O3(g) has been recognized as the main
removal object by many researchers [11–15]. For lead, the lead species
can be divided into gaseous lead and particulate lead. The gaseous lead
contains elemental lead (Pb0), lead oxide (PbO) and lead dichloride
(PbCl2) [16–19], which cannot be directly removed by wet flue gas
desulfurization due to their low water-solubility. Therefore, the re-
moval of Hg0, As2O3, Pb0, PbO and PbCl2 can effectively contribute to
control the emission of hazardous trace elements.

Currently, the adsorption and oxidation are two main technology
roadmaps for Hg and As, while the adsorption seems to be the main way
for Pb [11–13,15,20–30]. It was found that CaO has high adsorption
capacity for Hg [31,32], As [15] and Pb [19]. Al2O3 and Fe2O3 both
have removal effect on Hg [33–35], As [15], and Pb [36]. In addition,
V2O5 [37,38] and MnO2 [6,7,39] have the catalytic oxidation effect of
Hg0 to Hg2+. Moreover, H2O2 [13], Na2S2O8 [12], and NaClO [11] can
oxidize As2O3 to As2O5. Although these methods could remove Hg, As
and Pb effectively, it is uneconomical to install separate equipment for
removing Hg, As and Pb. Simultaneous removal of multiple pollutants
(NOx, SO2, soot and HTEs) has been the mainstream trend of pollutants
removal in coal-fired power plants, which can simplify process and
equipment, reduce floor area and improve the operation economy
[40–46].

According to our previous studies [47–50], single atom iron doped
in graphene-based substrates (Fe/GS) was proposed to be a candidate
for the simultaneous removal of multiple pollutants in coal-fired power
plant. Specifically, Fe/GS has high catalytic oxidation capacity of NO to
NO2, with only 0.04 eV activation energy [47]. Moreover, Fe/GS has
high adsorption capacity for mercury species, and the adsorption of Hg0

on the surface of Fe/SG belongs to chemical adsorption [48]. In addi-
tion, Fe/GS was usually synthetized after calcination at a high tem-
perature of over 800 °C and acid etching [51–56], and it has high
thermal stability and chemical stability, indicating that Fe/GS should
be regenerated after high temperature heating or solvent extraction.
The possible workflow of Fe/GS can be first adsorption and then re-
lease, like activated carbon adsorbent. Therefore, Fe/GS should have
the fundamental property of adsorbent in the view of recycle, economic
and environmental protection.

Based on above discussion, we expect that Fe/GS also has high
adsorption capacity for removing As and Pb. If Fe/GS has high ad-
sorption capacity for As and Pb, it will greatly contribute to the si-
multaneous removal of multiple pollutants. However, there was no
theoretical or experimental research about removal of As and Pb by Fe/

GS thus far. Therefore, it is necessary to study adsorption mechanism of
As2O3, Pb0, PbO and PbCl2 on the surface of Fe/GS at the theoretical
level, so as to explore the application possibility of Fe/GS in the re-
moval of As and Pb. Given that As2O3, Pb0, PbO and PbCl2 were all
hazardous trace materials (HTMs), those were called by a unified name
of HTMs in the next content.

Density functional theory (DFT) has been proved to be a reliable
research method for the theoretical study of adsorption and reaction
[26,57]. In this work, the adsorption mechanisms of HTMs on Fe/GS
were systematically investigated through DFT calculation. Firstly, the
most stable adsorption configurations of HTMs on Fe/GS were obtained
through optimizing the possible initial adsorption configurations, and
some geometric, electric and magnetic properties were summarized.
Secondly, the application of magnetic moment variation in gas detec-
tion was discussed. Furthermore, projected density of states (PDOS) and
Fermi softness analysis were performed to study the difference of ad-
sorption energy and reveal the bonding mechanism. Additionally, the
effect of temperature on adsorption energy was discussed through cal-
culating Gibbs free energy. Moreover, the relative adsorption ratios
under different temperature were calculated to study the competitive
adsorption behaviors of Hg0 and HTMs.

2. Method

2.1. Calculation method

All DFT calculations were performed based on
Perdew–Burke–Ernzerhof (PBE) of generalized gradient approximation
(GGA) method and projector augmented wave (PAW) basis set [58–61].
In detail, all calculations were performed in the Vienna ab initio si-
mulation package (VASP). The spin polarization and Van Der Waals
interactions were taken into account to acquire the accurate system
energy, and the DFT-D3 correction was adopted to describe the weak
intermolecular interaction [62]. Consistent with our previous studies
[47–50,63], the research model of Fe/GS was built as a 4×4 supercell
graphene with a 15 Å vacuum layer.

According to our pervious tests [48,49], the kinetic energy cutoff
and the width of Gaussian smearing were chosen as 500 eV and 0.05 eV,
respectively. In geometry optimization, all atoms were allowed to fully
relax with force convergence standard of 0.02 eV/Å and energy con-
vergence standard of 10−5 eV. In detail, a 7×7×1 Γ-centered k-point
grid was used to sample the Brillouin zone, which is in agreement with
our pervious researches [47–50,63]. In the calculation of system en-
ergy, density of states (DOS) and Bader charge, a 15×15×1 Γ-cen-
tered k-point grid was adopted to obtain more accurate energy and
detailed electronic structure information.

The stability of catalyst is a key issue. The binding energy (Eb),
which can be used to describe the binding strength between graphene-
based substrate and Fe atom, was calculated from the following equa-
tion:

= − −E E E Eb Fe/GS sub Fe (1)

where Esub, EFe and EFe/GS are the energy of graphene-based substrate,
Fe atom and Fe/GS, respectively. To describe the adsorption strength of
HTMs (As2O3, Pb, PbO and PbCl2) on Fe/GS, the adsorption energy
(Eads) was calculated from the following equation:

= − −E E E Eads HTMs - Fe/g Fe/GS HTMs (2)

where EHTMs-Fe/GS, EFe/GS and EHTMs are the energy of adsorption sys-
tems, Fe/GS and HTMs (As2O3, Pb, PbO and PbCl2), respectively. The
energies of HTMs (As2O3, Pb0, PbO and PbCl2) and Fe atom were cal-
culated in a 9.84 Å×9.84 Å×15 Å large cell with only Γ point. In
detail, the zero-point energy correction was considered in the calcula-
tion of adsorption energy.
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2.2. Research model

Vacancy defects and doping nitrogen atoms are two accessible and
common methods of graphene modification, hence, four different kinds
of Fe/GS were constructed to systematically investigate the

performance of Fe/GS with different graphene-based substrates on re-
moving HTMs. In detail, the four kinds of Fe/GS are single vacancy
graphene-based substrate (Fe/SV-GN), single vacancy graphene-based
substrate with three nitrogen atoms doping (Fe/SV-N3), two vacancies
graphene-based substrate (Fe/DV-GN) and two vacancies graphene-
based substrate with four nitrogen atoms doping (Fe/DV-N4). The op-
timized geometric structures and structural information of Fe/GS were
shown in Fig. 1 and Table 1, respectively. From Table 1, the calculated
results are in good agreement with previous studies, which can guar-
antee the validity of this work and lay a foundation for the next ad-
sorption study. Compared with the adsorption energy of Fe atom on
perfect graphene (1.04 eV) [64] and cohesive energy of Fe (4.28 eV)
[65], the adsorption energies of Fe/GS are all large enough to anchor Fe
atom firmly. From Fig. 1(a)–(d), the adsorption heights of Fe atom
gradually decrease, and the Fe atom of Fe/DV-N4 can be considered as
anchored in the plane of graphene-based substrate. To further in-
vestigate the electron transfer in the loading process of Fe atom, the
charge density difference of Fe/GS was plotted in Fig. 2. From Fig. 2,

Fig. 1. The geometric structures of Fe/GS.

Table 1
The bond length of CeFe or NeFe (d, Å), adsorption height of Fe atom (h, Å), charge of Fe atom (Q, e), magnetic moment (M, μB) and binding energy (Eb, eV) for Fe/
GS.

Fe/GS d (Å) h (Å) Q (e) M (μB) Eb (eV)

Fe/SV-GN 1.76 (1.76[48]) 1.35 (1.36[66]) +0.69 0.00 (0.00[66]) −7.14 (−7.28[67])
Fe/SV-N3 1.78 (1.78[48]) 1.23 (1.23[48]) +0.90 3.12 −4.41 (−4.41[49])
Fe/DV-GN 1.86 (1.86[48]) 0.66 (0.67[66]) +0.90 2.20 (2.40[68]) −6.12 (−6.47[67])
Fe/DV-N4 1.89 (1.89[48]) 0.05 (0.03[69]) +1.08 2.00 (2.00[68]) −7.14 (−7.07[70])

Fig. 2. The charge density difference of Fe/GS. (Contour lines in plots were drawn at 0.003 e/Å3 intervals; yellow represents accumulation and cyan represents
reduction.) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. The geometric structures of As2O3, PbO and PbCl2.

Fig. 4. Four possible adsorption configurations of As2O3 on Fe/GS.
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the reduction of charge density occurred at the vicinity of Fe and its
neighboring C atoms, and the accumulation of charge density happened
near the FeeC bond. This obvious electron transfer phenomenon in-
dicates that a stable chemical bond was formed between Fe atom and its
neighboring C atoms, which can further testify the stability of Fe/GS.

According to the research of da Hora et al. [71], the most stable
structure of As2O3 was the type of D3H. The optimized geometric
structures and structure information of As2O3, PbO and PbCl2 were
shown in Fig. 3. The bond lengths of AseAs and AseO were 2.40 Å and
1.87 Å, which are consistent with the number reported by da Hora et al
(2.40 Å and 1.84 Å) [71]. For PbO, the bond length of PbeO (1.96 Å) is
consistent with the experimental data (1.92 Å) [72]. For PbCl2, the
bond length of PbCl2 (2.49 Å) and bond angle of PbCl2 (100.28°) are all
consistent with a previous study (2.55 Å and 100.3°) [73].

3. Results and discussion

3.1. Adsorption of As2O3

To acquire the most stable adsorption configuration of As2O3, four
possible adsorption configurations were considered, as shown in Fig. 4.
The most stable adsorption configurations of As2O3 on each type of Fe/
GS were obtained based on the above four possible adsorption

configurations, as shown in Fig. 5.
From Fig. 5, the most stable adsorption configurations of As2O3 all

exist in the bonding form of FeeO bond. Expect for Fe/DV-N4, dis-
sociation adsorption is the most stable adsorption form of As2O3 on Fe/
GS, which is similar to the adsorption of As2O3 on carbonaceous surface
[57]. In addition, some important parameters (bond length, electron
transfer and adsorption energy) were summarized in Table 2. Because
the adsorption configuration of As2O3 on Fe/DV-N4 was different from
others, some special bond lengths were listed in the fifth column of
Table 2. With regards to the adsorption of As2O3 on the surface of Fe/
SV-GN, Fe/SV-N3 and Fe/DV-GN, As2O3 gained electron, while Fe atom
and graphene-based substrates lost electron. However, graphene-based
substrates gained electron, while As2O3 and Fe atom lost electron in the
adsorption of As2O3 on the surface of Fe/DV-N4. Accordingly, the ad-
sorption of As2O3 on the surface of Fe/SV-GN, Fe/SV-N3 and Fe/DV-GN
all belong to stable chemisorption, and the adsorption of As2O3 on Fe/
DV-N4 belongs to weak physisorption. In detail, the adsorption of As2O3

on Fe/SV-N3 is the strongest among four kinds of Fe/GS with an ad-
sorption energy of −2.09 eV. According to the adsorption energies of
As2O3, we can conclude that Fe/GS (expect for Fe/DV-N4) seems to be a
promising adsorbent for removing As2O3.

3.2. Adsorption of Pb0

The optimized adsorption configurations of Pb0 on the surface of
Fe/GS were shown in Fig. 6, and some important parameters in

Fig. 5. The most stable adsorption configurations of As2O3 on four types of Fe/GS.

Table 2
The bond length, electron transfer (Δq), magnetic moment (M, μB) and ad-
sorption energy (Eads) of As2O3. (The symbol of “+” and“–” represents gain and
lose electron in electron transfer.)

Properties Fe/SV-GN Fe/SV-N3 Fe/DV-GN Fe/DV-N4

FeeO(1) (Å) 1.85 1.84 1.87 2.27
O(1)eAs(1) (Å) 1.74 1.79 1.78 1.89
As(1)eO(2) (Å) 1.90 1.86 1.87 1.89 (O(1)eAs(2) (Å))
As(1)eO(3) (Å) 1.90 1.87 1.87 1.86 (As(1)eO(2) (Å))
As(2)eO(2) (Å) 1.81 1.85 1.84 1.86 (As(1)eO(3) (Å))
As(2)eO(3) (Å) 1.81 1.85 1.84 1.88 (As(2)eO(2) (Å))
As(2)eFe (Å) 2.69 2.52 2.60 1.87 (As(2)eO(3) (Å))
Δq-As2O3 (e) +0.26 +0.55 +0.34 −0.04
Δq-Fe (e) −0.13 −0.08 −0.03 −0.04
Δq-Gra (e) −0.13 −0.47 −0.31 +0.08
M (μB) 0.00 0.91 1.07 2.00
Eads (eV) −1.91 −2.20 −1.46 −0.21

Fig. 6. The most stable adsorption configurations of Pb0 on four types of Fe/GS.

Table 3
The bond length, distance between Pb and graphene plane (Δh-Pb), electron
transfer (Δq), magnetic moment (M, μB) and adsorption energy (Eads) of Pb0.
(The symbol of “+” and“–” represents gain and lose electron in electron
transfer.)

Properties Fe/SV-GN Fe/SV-N3 Fe/DV-GN Fe/DV-N4

FeePb (Å) 2.60 2.41 2.51 2.37
Δh-Pb (Å) 3.94 3.86 2.08 2.86
Δq-Pb (e) −0.17 −0.07 −0.75 −0.41
Δq-Fe (e) +0.13 +0.21 +0.15 +0.34
Δq-Gra (e) +0.04 −0.14 +0.60 +0.07
M (μB) 0.28 1.43 2.14 0.00
Eads (eV) −1.55 −2.15 −2.90 −1.95
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adsorption process were summarized in Table 3. In the adsorption
process of Pb0, there is obvious electron transfer between Pb atom and
Fe/GS. Pb0 always lost electron while Fe atom always gained electron in
the adsorption of Pb0. According to the value of adsorption energy, the
adsorption of Pb0 on the surface of Fe/GS all belongs to strong che-
misorption. Fe/DV-GN has the strongest adsorption capacity for Pb0

with an adsorption energy of −2.93 eV, which may be related to its
unique adsorption configuration and the largest amount of electron
transfer (0.75 e). According to previous theoretical and experimental
studies [74–76], the metal dimer supported with graphene-based sub-
strates can obviously improve the catalytic activity of catalysts. In the
adsorption of Pb0 on Fe/GS, it is noteworthy that there is a Fe-Pb dimer
formed in configure of Fig. 6c, with a 2.08 Å distance between Pb and
graphene plane. The atomic radii of C and Pb are 0.67 and 1.54 Å [77],
and the distance between Pb and graphene plane is smaller than the
sum of atomic radii of C and Pb, which can further confirm the for-
mation of Fe-Pb dimer.

3.3. Adsorption of PbO

The optimized adsorption configurations of PbO on the surface of
Fe/GS were shown in Fig. 7, and some important parameters in the
process of adsorption were summarized in Table 4. Compared with the
bond length of gaseous PbO (1.96 Å), the bond lengths of adsorbed PbO
were all obviously elongated, which may indicate that there is a strong
interaction between PbO and Fe/GS. From Table 4, the adsorption of
PbO on Fe/GS belongs to chemical adsorption according to the ad-
sorption energy of PbO. In detail, Fe/SV-N3 has the strongest adsorp-
tion capacity for PbO, with an adsorption energy of −2.75 eV.

3.4. Adsorption of PbCl2

The optimized adsorption configurations of PbCl2 on Fe/GS were
shown in Fig. 8, and some important parameters in the process of

adsorption were summarized in Table 5. From Fig. 8, the most stable
adsorption configurations of PbCl2 on Fe/SV-GN, Fe/SV-N3 and Fe/DV-
GN all exist in the bonding form of FeeCl bond, while that of Fe/DV-N4

Fig. 7. The most stable adsorption configurations of PbO on four types of Fe/GS.

Table 4
The bond length, electron transfer (Δq), magnetic moment (M, μB) and ad-
sorption energy (Eads) of PbO. (The symbol of “+” and“–” represents gain and
lose electron in electron transfer.)

Properties Fe/SV-GN Fe/SV-N3 Fe/DV-GN Fe/DV-N4

FeeO (Å) 1.78 1.79 1.77 1.92
PbeO (Å) 2.13 2.14 2.17 2.06
FeePb (Å) 2.68 2.67 2.66 3.48
∠PbeOeFe (°) 85.86 85.12 84.63 121.95
Δq-PbO (e) 0.00 0.35 −0.11 0.08
Δq-Fe (e) −0.14 −0.10 −0.01 −0.14
Δq-Gra (e) 0.14 −0.25 0.12 0.06
M (μB) 0.00 3.05 1.18 2.00
Eads (eV) −2.68 −2.83 −2.21 −0.91

Fig. 8. The most stable adsorption configurations of PbCl2 on four types of Fe/GS.

Table 5
The bond length, electron transfer (Δq), magnetic moment (M, μB) and ad-
sorption energy (Eads) of PbCl2. (The symbol of “+” and“–” represents gain and
lose electron in electron transfer.)

Properties Fe/SV-GN Fe/SV-N3 Fe/DV-GN Fe/DV-N4

FeeCl(1) (Å) 2.23 2.26 2.28 3.10 (FeePb (Å))
PbeCl(1) (Å) 2.74 2.72 2.70 2.54
PbeCl(2) (Å) 2.50 2.53 2.51 2.54
∠ClePbeCl (°) 96.62 99.91 96.06 99.05
Δq-PbCl2 (e) +0.02 +0.28 +0.01 +0.18
Δq-Fe (e) −0.05 −0.04 −0.01 +0.12
Δq-Gra (e) +0.03 −0.24 0.00 −0.30
M (μB) 0.00 3.12 1.68 1.80
Eads (eV) −1.53 −1.89 −1.12 −0.43

Table 6
The variation of magnetic moment after adsorption. (The symbol of “+” and“–”
represents gain and lose electron in magnetic moment.)

ΔM(μB) Fe/SV-GN Fe/SV-N3 Fe/DV-GN Fe/DV-N4

As2O3 0 −2.21 −1.13 0
Pb0. +0.28 −1.69 −0.06 −2.00
PbO 0 −0.07 −1.02 0
PbCl2 0 0 −0.52 −0.20

Fig. 9. The adsorption energies of As2O3, Pb0, PbO and PbCl2 on Fe/GS.
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is in the FeePb bonding form. From Table 5, PbCl2 always gained
electron in the adsorption process of PbCl2. According to the number of
adsorption energy, the adsorptions of PbCl2 on the surface of Fe/SV-GN,
Fe/SV-N3 and Fe/DV-GN all belong to chemisorption, while the ad-
sorption of PbCl2 on Fe/DV-N4 belongs to physisorption. Similar to the
adsorption of PbO on the surface of Fe/GS, the adsorption strength
order of PbCl2 on Fe/GS is Fe/SV-N3 > Fe/SV-GN > Fe/DV-GN >
Fe/DV-N4.

3.5. Analysis of magnetic moment

According to the research of Tang et al. [78], the variation of
magnetic moment can provide the theoretical guide for the design of
gas sensors. Therefore, the variations of magnetic moment (ΔM) after
adsorption were summarized in Table 6. From Table 6, the magnetic
moment either remains constant or reduces after adsorption, and the
variation of magnetic moment is positive only in the adsorption system
of Pb0 on Fe/SV-GN. In the adsorption system of HTMs on Fe/SV-GN,
the ΔM of As2O3, PbO and PbCl2 are zero, while the ΔM of Pb0 is dif-
ferent from others (+0.28 μB), suggesting that Fe/SV-GN is a candidate
for Pb0 detection in a mixed atmosphere of As2O3, Pb0, PbO and PbCl2.
Similar to Fe/SV-GN, the ΔM of PbCl2 on Fe/SV-N3 is zero, which is
different from others in the adsorption system of HTMs, indicating that
Fe/SV-N3 is a potential candidate for PbCl2 detection in a mixed at-
mosphere of As2O3, Pb0, PbO and PbCl2.

3.6. Analysis of adsorption energy

In order to clearly compare the adsorption capacity of HTMs on Fe/
GS, the values of adsorption energies were plotted in Fig. 9. From Fig. 9,

the adsorption energies of As2O3, Pb0, PbO and PbCl2 on Fe/SV-GN and
Fe/SV-N3 were all larger than 1.5 eV, suggesting that the two kinds of
Fe/GS with single vacancy have strong adsorption capacity for HTMs.
Moreover, the adsorption capacity of Fe/SV-N3 is superior to Fe/SV-
GN. However, Fe/DV-N4 has strong adsorption capacity only for Pb0.
Combined with the adsorption energies of As2O3, Pb0, PbO and PbCl2,
Fe/SV-N3 shows the best removal capacity of HTMs among four types
of Fe/GS. Considering the complexity of flue gases, the adsorption en-
ergies of various flue gases, such as N2, O2, CO, CO2, NO, N2O, NO2,
HCl, H2O, H2S, NH3 and SO2, were calculated to comprehensively study
the adsorptive characteristics of adsorbents in various flue gases, and
the detailed data of adsorption energies were summarized in Table S1.
Among the calculated flue gases, only the adsorption energies of O2, NO
and NO2 are larger than that of HTMs, which may indicate that the Fe/
GS will preferentially adsorb O2, NO, NO2 and HTMs in the various flue
gases. According to our previous study [47], the adsorbed O2 and NO
will be catalytically oxidized to produce NO2, so the main adsorbed
species should be NO2 and HTMs. Moreover, based on our previous
study [48], the adsorption energy of Hg0 on Fe/SV-N3 is −0.81 eV,
belonging to stable chemisorption. Therefore, Fe/SV-N3 is suggested to
be a potential new material for simultaneous removal of NO, Hg0, ar-
senic and lead in coal-fired flue gas.

According to our previous studies [48,49], Fermi softness (SF) pro-
posed by Zhuang [79] can be a good descriptor of adsorption capacity
in the system of Fe/GS, so we adopted SF to explain the difference in
adsorption energy of same gas on different catalyst surfaces. Based on
our pervious calculation [48], the SF of Fe/SV-GN, Fe/SV-N3, Fe/DV-
GN and Fe/DV-N4 were 6.15, 6.39, 6.05 and 5.64 eV, respectively.
Moreover, the linear fitting between Eads and SF was performed, as
shown in Fig. 10. From Fig. 10, the correlation coefficient square (R2) of

Fig. 10. The adsorption energy of As2O3, Pb0, PbO and PbCl2 as a function of Fermi softness.
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Eads and SF in the adsorption process of As2O3, PbO and PbCl2 on Fe/GS
were 0.97, 0.94 and 0.98, respectively, suggesting that there was an
obvious linear correlation between Eads and SF in the adsorption system
of As2O3, PbO and PbCl2. In detail, the order of adsorption capacity
should be Fe/SV-N3 > Fe/SV-GN > Fe/DV-GN > Fe/DV-N4 ac-
cording to the adsorption energies of As2O3, PbO and PbCl2. However, a
poor linear relationship was found in the adsorption system of Pb0,
which may be related with their electronic structures. To further study
the difference of adsorption energy in the adsorption system of on Pb0,
the PDOS of four different adsorption configurations were plotted, as
shown in Fig. 11.

In Fig. 11, the total density of states, d orbital of Fe, s orbital and p
orbital of Pb in the adsorption system were plotted in black, blue,
purple and green color, respectively. The orbital of gaseous Pb before
adsorption was plotted in red color. Comparing the s and p orbitals of
adsorbed Pb and gaseous Pb, the s and p orbitals of Pb shifted down to
the lower energy states, suggesting that the adsorption processes of Pb0

on the surface of Fe/GS are exothermic and stable. Expect for Fe/DV-
GN, there were obvious hybrid peaks between the d orbital of Fe and
the p orbital of Pb in map of PDOS, which indicates that hybridization
effect contributes to the formation of covalent bond in the adsorption
process of Pb0 on Fe/SV-GN, Fe/SV-N3 and Fe/DV-N4. According to the
data of electron transfer in Table 3, there was obvious electron transfer
phenomenon in the adsorption system of Pb0 on Fe/GS, which can
suggest that there were formations of ionic bonds in the adsorption
process of Pb0 on Fe/GS. Therefore, we can conclude that the adsorp-
tion processes of Pb0 on Fe/SV-GN, Fe/SV-N3 and Fe/DV-N4 were de-
termined by both covalent and ionic bonds.

In particular, there was no hybrid peak between Fe(d) and Pb(p) in
the adsorption process of Pb0 on Fe/DV-GN. In Fig. 11(c), the occupied

electrons of Pb(s) and Pb(p) were significantly reduced, which is con-
sistent with the significant electron transfer phenomenon (0.75 e). This
obvious electron transfer contributes to a stable ionic bond which is
stronger than the other three, and this ionic bond effect should be the
origin of largest adsorption energy. Therefore, the adsorption process of
Pb0 on Fe/DV-GN was dominated by strong ionic bond effect. More-
over, there were two hybrid peaks in the adsorption process of Pb0 on
Fe/SV-N3 and Fe/DV-N4, while only one hybrid peak appeared in the
adsorption process of Pb0 on Fe/SV-GN, which can explain that the
adsorption energy of Pb0 on Fe/SV-N3 and Fe/DV-N4 is similar
(−2.15 eV and −1.95 eV) and the adsorption energy of Pb0 on Fe/SV-
GN is the smallest (−1.55 eV).

From the above PDOS analysis, the adsorption strength order of Pb0

on Fe/GS could be understood and the special characteristics of Pb0

adsorption systems were found. The adsorption system of Pb0 has
strong ionic and covalent bond effect simultaneously. Due to its special
bonding mechanism, the phenomenon that SF showed a poor prediction
capacity of adsorption energy in this adsorption system can be under-
stood. Furthermore, it is concluded that SF may not be applicable to the
systems with strong ionic bond and strong covalent bond at the same
time.

3.7. The effect of temperature

The temperature has a significant effect on adsorption character-
istic, so the adsorption energies were calculated in Gibbs free energy
under different reaction temperatures to consider the effect of tem-
perature. In detail, the Gibbs free energies of gas and solid can be ob-
tained according to the next equations:

Fig. 11. The PDOS of four different adsorption systems.
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= + + −G E T TZPE R Sgas ele (3)

= + −G E TZPE Ssolid ele (4)

where Eele is the ground-state energy of the system; ZPE is the zero
point energy correction which can be acquired from vibrational fre-
quency calculation; R is the gas constant (8.62×10−5 eVmol−1 K−1);
S is the entropy which can also be calculated from vibrational frequency
calculation. Therefore, the calculation formula of adsorption energy can

be represented by the following equation:

= − −G G G GΔ ads HTMs - Fe/GS Fe/GS HTMs (5)

where GHTMs-Fe/GS, GFe/GS and GHTMs are the Gibbs free energies of the
adsorption system, Fe/GS and HTMs, respectively. In detail, the vi-
brational frequency calculations were performed through numerical
Hessian calculations with finite displacements of± 0.02 Å [47–50].

According to the temperature level of flue gas in the tail flue of coal-
fired power plant, the research temperature range was selected from
300 K to 1000 K. The ΔGads of As2O3, Pb0, PbO and PbCl2 on Fe/GS
were plotted in Fig. 12. From Fig. 12, the higher the temperature, the
weaker the adsorption strength, suggesting that the temperature has an
obvious inhibition effect on the adsorption strength. In Fig. 12(b), the
number of ΔGads of Pb0 on Fe/GS was all below zero, which indicates
that the adsorption process can take place spontaneously. According to
the adsorption characteristic of HTMs on Fe/GS at the range of
300 K–1000 K, Fe/SV-N3 is the most suitable candidate among four
different Fe/GS. In detail, the adsorption processes of Pb0 and PbO on
Fe/SV-N3 both can take place spontaneously at the research tempera-
ture range. The adsorption processes of As2O3 and PbCl2 on Fe/SV-N3
can take place spontaneously when the temperature was below 750 K
and 700 K, respectively. Therefore, the working temperature of Fe/SV-
N3 for removing As2O3, Pb0, PbO and PbCl2 in coal-fired power plant
should be below 700 K.

3.8. The competitive adsorption behavior

To further investigate the adsorption characteristics of As2O3, Pb0,
and PbO and PbCl2 on Fe/SV-N3, the relative adsorption ratios (RT) of
As2O3, Pb0, and PbO and PbCl2 were calculated at the temperature
range of 300 K–1000 K. To facilitate the discussion, Hg0 was chosen as

Fig. 12. The ΔGads of As2O3, Pb0, PbO and PbCl2 on the surface of Fe/GS.

Fig. 13. The natural logarithm of RT under different temperatures.

W. Yang et al. Chemical Engineering Journal 361 (2019) 304–313

311



the reference gas to calculate RT at the standard atmospheric pressure.
In actual coal-fired flue gas, the concentration of Hg0, As2O3, Pb0, and
PbO and PbCl2 were all at the level of ppm, so we supposed that the
partial pressures of As2O3, Pb0, and PbO and PbCl2 were all equal to
that of Hg0. According to the Boltzmann distribution, RT was obtained
from the following equation:

⎜ ⎟= = ⎛
⎝

−
− ⎞

⎠
R N HTMs

N Hg
G HTMs G Hg

k T
( )

( )
exp

Δ ( ) Δ ( )
T

ads ads

B
0

0

(6)

where ΔGads is the adsorption energy of HTMs or Hg0 calculated in
Gibbs free energy, kB is the Boltzmann constant (8.62×10−5 eV/K).
The data of ΔGads(Hg0) were obtained from our pervious study [48],
and the values of ΔGads(Hg0) and RT were summarized in Table S1
(ESI). In order to observe the variation of RT conveniently, the natural
logarithm of RT under different temperatures were plotted in Fig. 13.

In Fig. 13, the dotted line indicates that the ΔGads(HTMs) is equal to
ΔGads(Hg0) and the adsorption capacity of HTMs is equal to that of Hg0

(RT=1). HTMs will play a dominant role when competitive adsorption
between HTMs and Hg0 occurs above the dotted line. From Fig. 13, the
RT of As2O3, Pb0, PbO and PbCl2 all decreased with the increase of
temperature. In detail, the Ln(RT) of Pb0 and PbO were all larger than
zero, suggesting that the adsorption capacity of Pb0 and PbO on Fe/GS
are both superior to Hg0 at the research temperature range. However,
the adsorption of As2O3 and PbCl2 gets the edge only at the temperature
range of 300–600 K. Compared with As2O3 and PbCl2, the adsorption of
Hg0 on Fe/SV-N3 is dominant when the temperature is above 600 K.
Fe/SV-N3 preferentially adsorbs Pb0 and PbO when Hg0, As2O3, Pb0,
PbO and PbCl2 occur simultaneously at the research temperature range.
In practical application, the curve of RT under different temperature can
provide the guide to determine the temperature window of Fe/SV-N3
according to the concentration of pollutant components in coal-fired
fuel gas.

4. Conclusion

The adsorption characteristics of As2O3, Pb0, PbO and PbCl2 on Fe/
GS were systematically investigated through the analysis of geometric,
electric and magnetic properties. According to the variation of magnetic
moment, Fe/SV-GN and Fe/SV-N3 are promising gas detectors for Pb0

and PbCl2 in the mixed atmosphere of As2O3, Pb0, PbO and PbCl2, re-
spectively. Fermi softness may not be applicable to the system which
has strong ionic and covalent bond at the same time. Based on the
adsorption energy, Fe/SV-N3 showed the most excellent adsorption
capacity for As2O3, Pb0, PbO and PbCl2, suggesting that Fe/SV-N3
seems to be a candidate adsorbent for simultaneous removal of As2O3,
Pb0, PbO and PbCl2. The temperature has an inhibitory effect on the
adsorption, and the adsorption processes of As2O3, Pb0, PbO and PbCl2
can take place spontaneously when the temperature is below 700 K. The
competitive adsorption behaviors of Hg0 and HTMs on Fe/SV-N3 were
studied through calculating relative adsorption ratio under different
temperatures, Fe/SV-N3 will preferentially adsorb Pb0 and PbO when
Hg0, As2O3, Pb0, PbO and PbCl2 occur simultaneously at the research
temperature range. Based on the above research, we can conclude that
Fe/SV-N3 should be a potential new material for simultaneous removal
of pollutants from coal-fired power plants.

We hope this theoretical exploration can lay a foundation for related
theoretical study and provide a guideline for further experimental in-
vestigation. For further study, some experimental investigations would
be carried out to study the adsorption characteristic, multicomponent
competitive adsorption and temperature effect based on this research.
The cycling and regeneration properties of Fe/GS should also be care-
fully examined. The effect of adsorbed O2, NO, NO2 and other flue gases
on the adsorption of HTMs on Fe/GS should be investigated. In addi-
tion, the adsorption of HTMs on Fe-Pb dimer will be studied in the next
theoretical research.
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