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A B S T R A C T

As important parts of simultaneous removal of multiple pollutants in flue gas, catalytic oxidation of Hg0 and
adsorption removal of SO3, Pb species and As2O3 on the surface of (Fe,Co)@N-GN catalyst were systematically
investigated in this work, using density functional theory. As a result, we found (Fe,Co)@N-GN not only showed
great performance on Hg0 oxidation, but also exhibited outstanding removal capacity for SO3, Pb species and
As2O3 molecules. Besides, PDOS and EDD analysis were carried out and the result indicated that electron transfer
and orbit hybridization played key roles in gas adsorption. In addition, thermodynamics analysis further evi-
denced (Fe,Co)@N-GN was a qualified sorbent under 550 K, and competitive analysis suggested that the ad-
sorption order of pollution gas was determined by adsorption energy, rather than the volume fraction of cor-
responding gases in flue gas. We hoped this work can not only lay a foundation for theoretical investigation of
Hg0 oxidation, but also provide an important guideline for simultaneous removal of multiple pollutants released
from coal-fired power plants.

1. Introduction

Elimination of toxic gases in air has drawn increasing concern since
their huge damage to environment and human's health [1]. Coal-fired
power plant has widely been considered as one of the main sources of
air pollution [2–4], demonstrating the abatement of poisonous gases
from coal-fired power plants has become more than urgent.

Nitrogen oxides (NO [5] and NO2 [6]), sulfur dioxides (SO2 [7] and
SO3 [8]), and hazardous trace metals (HTMs, mainly include Hg0

[9–11], Pb0 [12], PbCl2 [12], PbO [12], and As2O3 [13]) emitted from
power plants have been recognized to mainly contribute to various
environmental issues, including global warming, forming of photo-
chemical smog, occurrence of acid rain, and serious health accidents via
bioaccumulation [13,14], respectively, therefore becoming a hot topic
in the fields of pollution control and chemical engineering. In china of
2017 year, the total amounts of stationary-source NOx and SO2 were up
to 1.14 and 1.20 million ton respectively in the light of the data of
annual development report of china power industry [15], and it was
also implied that, even with complete air pollution control equipment,

the emission amounts of Hg0 in china can still reach 468.87 ton in 2017
[12,16]. Moreover, the total emission of As species and Pb species came
up to 38.79 ton and 47.41 ton in china of 2017 year [12]. Given a little
amount of these hazardous chemicals would bring great harm to hu-
man's health, it is really imperative for coal-fired power plants to avoid
mass discharge of these chemicals while addressing flue gas from boi-
lers.

In coal-fired power plants, it seemed pollution gases can be roughly
removed by series of air control devices, involving selective catalytic
reduction (SCR) equipment, electrostatic precipitators (ESP) device,
and wet flue gas desulfurization (WFGD) system [17,18], however,
current pollution-solving systems are too complex, causing huge burden
to installation, operation, and maintenance of equipment [12]. In ad-
dition, it is worse that NH3 used in traditional SCR device is a kind of
dangerous gas [19], which can not only threaten human's health by
hurting eyes, skins and respiratory systems [20], but also may result in
serious safety accidents due to possible generation of ammonium salt
which may block the heat exchangers in boilers [21–23], not to men-
tion that almost all commercial catalysts applied in SCR reaction, such
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as V2O5 and WO3, were poisonous materials [24,25]. Accordingly, it is
valuable and urgent to find alternative control measures with the
characteristic of no-pollution, low-cost, and high-effective to replace
conventional air solving methods in coal-fired power plants.

Currently, simultaneous removal of multiple pollutants using high-
performance catalyst and sorbent has been considered as a promising
method in pollution control released from coal-fired power plants, be-
cause this method can extremely simplify equipment systems, shorten
operation process, downsize floor area, avoid toxic NH3 injection, and
lower the operation cost [12]. Simultaneous removal of exhaust pol-
lution in flue gas can consist of two important processes. One is cata-
lytic oxidation of NO and Hg0, and the other is adsorption removal of
other poisonous chemicals. In detail, high-performance catalysts are
applied to oxidize NO and Hg0 to NO2 and HgO clusters respectively,
using green oxidant O2, and then newly produced NO2 and HgO clusters
can be easily adsorbed through WFGD together with SO2 [14,26], using
good water solubility of these molecules. As for subtle SO3 in aerosol
state, Pb0, PbO, PbCl2 and As2O3, which are difficult to be adsorbed by
WFGD owing to poor water solubility, it is feasible to control them
using outstanding catalyst via adsorption behavior. Therefore, in order
to realize simultaneous removal of multiple pollutants in coal-fired
power plants, it is a key step to find qualified material which not only
has good catalytic oxidation performance, but also own compelling
adsorption performance on other hazardous gases in flue gas.

FeeCo bimetallic sites catalyst based on N-doped graphene support
((Fe,Co)@N-GN) was prepared from metal organic frameworks (MOFs)
via extremely high temperature calcination exceeding 1100 K [27], so it
not only held the porous structure and large specific surface area as
MOFs, but also can stand the high temperature of flue gas with ease.
Moreover, (Fe,Co)@N-GN has been seen as a kind of wonderful cata-
lysts because of its perfect performance on various chemical reactions,
such as oxygen reduction reaction (ORR) [28], CO catalytic oxidization
[22], and NO catalytic oxidation [22]. According to precious works, the
oxidation barrier of NO and CO on the surface of (Fe,Co)@N-GN are just
0.17 eV and 0.58 eV respectively [22]. Therefore, when flue gas passes
through (Fe,Co)@N-GN, it is extremely likely that most NO as well as
Hg0 molecules can be converted to NO2 and HgO, and then the products
would be easily removed by WFGD, together with SO2. Therefore, it is
an urgent issue to further investigate the oxidation barrier of Hg0 and
the adsorption behavior of SO3, Pb0, PbO, PbCl2, and As2O3 on the
surface of (Fe,Co)@N-GN to predict removal effect of these pollution
chemicals via (Fe,Co)@N-GN catalyst.

2. Calculation method

Density functional theoretical calculation in this work was carried
out with the software of Vienna ab initio simulation package (VASP
5.4.1) by using Perdew-Burke-Ernzerhof (PBE) method together with
projector augmented wave (PAW) basis set [29–31]. The combination
of PBE method and PAW potentials has been utilized successfully in
plenty of works concerning adsorption and chemical reaction on the
surface of metal doped graphene [25,32–34]. Considering the influence
of magnetic property on accuracy of results, spin polarization was
added in our calculations [35,36], and taking into account of van der
Waals dispersion, DFT-D3 correction was adopted [37,38]. Consistent
with our previous research [11,12,34], the model of graphene-based
catalyst was set up on a 4×4×1 graphene unit cell, together with a
15 Å vacuum layer in the direction over 2D graphene surface.

According to our previous test, the kinetic energy cutoff of plane-
wave basis set and the Gaussian smearing were selected as 500 eV and
0.05 eV, respectively [12]. To obtain geometry structure of adsorption
configurations, a 7× 7×1 Γ-centered k-point mesh grid was provided
for structure optimization work, which has been proved to be rational
and accurate by our previous investigations as well [12]. In addition,
the force threshold of structure relaxation was set at the level of
0.02 eV/Å. In order to get more accurate single point energy, a

15× 15×1 Γ-centered k-point mesh grid was selected to generate
both electronic energy and charge information. Moreover, similar to
our previous work [33], the method of climbing image nudged elastic
band (CI-NEB [39,40]) was used by inserting eight images between the
initial and finial geometries, to locate the constructions of transition
states in paths of Hg0 oxidation.

Binding energy (Eb) is a great descriptor for testing stability of an-
chored metal atoms on graphene surface, and its value can be obtained
through following equation [41]:

= − −− + +E E E EFe Co N GN sub Co sub Fe F Cob ( , ) @ / e/

where E(Fe,Co)@N-GN, Esub+Co, Esub+Fe, EFe, and ECo means the electronic
energy of (Fe,Co)@N-GN catalyst, (Fe,Co)@N-GN without iron atom,
(Fe,Co)@N-GN without cobalt atom, individual iron atom, and in-
dividual cobalt atom, respectively.

To describe the adsorption strength of pollution gases toward
(Fe,Co)@N-GN catalyst surface, the adsorption energy (Eads) of each gas
was calculated from the equation below [42]:

= − −− + −E E E Eads Fe Co N GN gas Fe Co N GN gas( , ) @ ( , ) @

where E(Fe,Co)@N-GN+gas, E(Fe,Co)@N-GN, and Egas represent the energy of
the stable adsorption system, the (Fe,Co)@N-GN catalyst, and the pol-
lution gas molecule respectively. As defined here, more negative values
of Eb/Eads represent stronger adsorption strength, and if absolute value
of Eads exceeds 0.5 eV, the adsorption should belong to chemical ad-
sorption [43].

3. Results and discussion

3.1. Research model of catalyst

To acquire structural, charge and magnetic information, the bond
length of FeeCo, FeeN, CoeN and CeC at the edge of super cell were
summarized, the charge of metal atom and substance were acquired,
and the magnetic moment of catalyst model was provided in Table 1. In
detail, the bond length of FeeN and CoeN are the average value of
three different values of FeeN or CoeN. The bond length of CeC at
graphene edge was calculated, in order to ensure the distortion of re-
action center can hardly impact the boundary of catalyst model. Con-
sequence, in the view from Table 1, it was clearly found that the bond
length of FeeN was very close to that of CoeN, which may well con-
tribute to the similar atomic radius and the close steric hindrance effect,
compared cobalt atom with iron atom. Moreover, the average CeC
bond length at the edge of research model was 1.42 Å, which was same
as that in pure graphene according to experimental data [44], sug-
gesting the selection of 4×4×1 super cell was suitable to avoid
boundary effect, and the model we set up was rational and reasonable.
Due to the weak electronegativity of iron and cobalt atom, the electron
amounts are always being transferred to the substance from Fe (qFe,0.89
e) and Co (qCo,0.61 e), suggesting the metal atoms played a role of
electron donor, which showed great consistence with other contribu-
tion on metal-doped graphene [45].

Stability is a key issue in the design, preparation, and application of
catalysts, while this pivotal investigation on (Fe,Co)@N-GN remains
inadequate. To fill this gap, we calculated the binding energy of metal
atoms on the support of catalyst. The binding energy of iron and cobalt
atom anchored in graphene surface are 6.53 eV, and 6.79 eV, respec-
tively, and these values are obviously larger than corresponding

Table 1
The key bond length (d), magnetic moment (M), and electron transfer (q) from
support to metals for catalyst.

dFe-Co/Å dFe-N/Å dCo-N/Å dC-C/Å M/μb qFe/e qCo/e qsub/e

2.19 1.97 1.93 1.42 3.45 0.89 0.61 −1.50
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cohesive energy of Fe and Co metal bulks (4.28 and 4.43 eV respectively
[46]), suggesting it is secure enough for dispersed Fe and Co atoms on
catalyst to avoid migrating from anchored sites and forming metal
clusters. This conclusion is in great agreement with the outstanding
stability (Fe,Co)@N-GN catalyst exhibited in experiments [27,28].

The activity of catalyst is another important issue. Compared with
pure graphene, (Fe,Co)@N-GN introduced nitrogen atom, iron atom
and cobalt atom into defected graphene support. Considering large
amounts of reports have revealed these modifications contribute to the
activity of graphene obviously [35,47–49], it is possible for (Fe,Co)@N-
GN to exhibit excited performance on pollution control. Unsaturated
coordination environment of metal atom on graphene is one of the most
important factors contributing to high activity [50]. In fact, after the co-
doping of Fe and Co atoms, both Fe and Co atoms have only four co-
ordination atoms, demonstrating these metal atoms having unsaturated
coordination. Due to the forming of unsaturated coordination en-
vironment of Fe and Co atoms, there would existing active sites, sug-
gesting (Fe,Co)@N-GN may own great reaction activity.

Besides, in order to deeply understand the characteristic of bime-
tallic catalyst, the relationship between dual active sites (Fe and Co)
was talked about furthermore. Considering interatomic interaction
should mainly contribute to collective impact of interatomic charge
transfer and orbital hybridization, the deformation electronic density
difference (DEDD) (based on previous cluster model [22] and drawn by
Multiwfn software [51]) and the partial density of state (PDOS) of
catalyst were pictured in Figs. 1(b) and 2, respectively. From Fig. 2, we
observed that no orbital hybridization existed between Fe and Co atoms
due to absent overlap of atomic d orbits, demonstrating there was no
covalent bond between FeeCo dual metal active sites. In addition, in
Fig. 1(b), we found the charge contour between two metal sites was
relative sparse, consequently suggesting little electron exchanged and
there was no fierce ionic bond interaction between metal active sites.
Given both factors of atomic orbital hybridization and interatomic
charge transfer, it seemed that the relation between catalytic sites was
really weak, and the outstanding stability of catalyst might well credit
the forming of FeeN bond as well as CoeN bond, rather than the in-
teraction from neighboring metal atoms. Furthermore, it was worth
noted that, from Fig. 1(b), while electrons were concentrated between
N atom and metal atoms, these aggregate electrons offset from bond
center of Fe-N/Co-N, and tend to draw near N atoms apparently, sug-
gesting electron transferring rather than electronic pair sharing oc-
curred between N and metal atoms. Therefore, the strong binding en-
ergy of Fe as well as Co on substance should contribute to the ionic
bond interaction of FeeN and CoeN, and this conclusion was in great
agreement with the considerable electron exchange amounts of Fe (0.89

e) and Co (0.61 e) with N-doped graphene substance. It is worth noted
that the adequate positive charge could attract small gas molecules by
static induction, which may well promote the adsorption ability of
sorbent for toxic chemicals.

3.2. Hg0 oxidation by (Fe,Co)@N-GN catalyst

3.2.1. The formation of O-Hg-O structure
Hg0 removal is very important in purification of flue gas from coal-

fired power plants, and catalytic oxidation of Hg0 by O2 has been
considered to be a green and low-cost method, compared with con-
ventional activated carbon injection (ACI) technology [52]. Therefore,
the Hg0 oxidation by (Fe,Co)@N-GN catalyst was investigated system-
atically in this research, and the reaction path was provided in Figs. 3
and 4.

The adsorption order of reactant on catalyst surface is an important
issue for searching reaction paths. Considering the reports of literatures,
the volume fraction of O2 (4% [14]) is far more than Hg species
(0.1 ppm [22]) in flue gas. Besides, Hg0 was a kind of inert molecule
due to its full occupied 5d-orbit and 6s-orbit, so the adsorption energy
of Hg0 should be lower than that of O2. Therefore, taking both factors of
the volume fraction and adsorption capacity of O2 and Hg0, it is nature
for us to speculate that O2 adsorption is the first step for Hg0 oxidation.

Fig. 1. (Fe,Co)@N-GN model and its DEDD plot.
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As shown in Fig. 3, after O2 adsorption, the Hg0 molecule would attack
the OeO bond to form a structure of O-Hg-O, experiencing an energy
barrier about 4.27 eV (from Initial state to Transition state). Though the
energy barrier looked very huge, indeed, it has shown greater perfor-
mance for Hg0 oxidation, than traditional SCR catalyst in commercial
which can oxidize Hg0 with a high energy barrier about 5.43 eV [53].

3.2.2. HgO desorption and formation of Hg2O2 cluster
As shown in Fig. 4, there is a HgO molecule in the structure of O-Hg-

O, and therefore after O-Hg-O structure formation, it is likely that the
generated HgO molecule would desorb from the surface of catalyst,
leaving a single O atom on (Fe,Co)@N-GN surface. In addition, it is
noted that in flue gas, the atmosphere is too complicated, and it is also
possible that O-Hg-O structure may attract another Hg atom and then
form Hg2O2 cluster. Taking both possibilities into consideration, we
pictured the paths of reaction paths in Fig. 4. In detail, Fig. 4(a) de-
scribed the process of decomposition of O-Hg-O to generate HgO, and
Fig. 4(b) plotted the conformation of Hg2O2 cluster.

By theoretical calculation, desorption of HgO from O-Hg-O structure
was endothermic with a barrier about 1.85 eV, which was obvious
smaller than the energy barrier of oxidation process. Therefore, rate-
determining step of Hg0 catalytic oxidation by (Fe,Co)@N-GN catalyst
was oxidation reaction, rather than desorption step, which kept great

consistence with CO oxidation on (Fe,Co)@N-GN catalyst [22]. More-
over, it is worthwhile mention that though there is a residual O atom on
the surface of catalyst, it can barely become a large obstacle for next
circle of reaction because the residual O atom can easily be consumed
by CO and NO molecule in flue gas easily, to produce CO2 and NO2

molecule, in the light of previous literature [22]. In addition, the con-
formation of Hg2O2 from O-Hg-O structure was a exothermic process,
with heat releasing of 0.02 eV. Afterwards, the generated Hg2O2 cluster
would desorb from the surface of catalyst, and the desorption energy
barrier was about 3.40 eV, and this energy barrier was lower than the
energy barrier of Hg0 oxidation process. Therefore, rate-determining
step of formation of Hg2O2 cluster by (Fe,Co)/N-GN catalyst was Hg0

oxidation reaction, rather than desorption step of Hg2O2 cluster.

3.3. Gas adsorption on catalyst

3.3.1. Adsorption of SO3

In order to achieve pollution joint removal in flue gas, five target
pollution chemicals were adsorbed on the surface of catalyst, respec-
tively, and the models of pollution gas molecules were adopted from
our precious reports [12,34]. The most stable adsorption configurations
were selected and then shown in Fig. 5(a)–(e), noted that corresponding
adsorption parameters, such as atomic charge, adsorption energy and

Fig. 3. The formation of O-Hg-O structure.

Fig. 4. HgO desorption and formation of Hg2O2 cluster.
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bond length have been listed in Table 2.
SO3 molecule was considered to be a soluble gas which can be re-

moved in WFGD, however, about 1%–2% SO3 gas can be converted to
SO3 colloid with the characteristic of insoluble. Considering the huge
amount of fuel consuming and high content of SOx in flue gas of coal-
fired power plants, it is necessary to put the abatement of SO3 into
consideration in the field of pollution integrated removal. Various ad-
sorption positions of SO3 were considered, and we selected the con-
figurations owning the largest adsorption energy for further investiga-
tion, due to its high stability in thermodynamics. From Table 2, the
adsorption energy of SO3 on (Fe,Co)@N-GN catalyst is up to −1.83 eV,
demonstrating this adsorption belongs to chemical adsorption, and thus
(Fe,Co)@N-GN catalyst has compelling adsorption capacity for SO3. In
addition, according to some literatures of other research, adsorption
energy of SO3 on the surface of single atom iron catalyst based on single
vacancy graphene (Fe/SG) was −1.81 eV [34]. Considering Fe/SG has

been considered as an outstanding sorbent in series gases, and (Fe,Co)@
N-GN owned stronger adsorption capacity for SO3, it is reasonable for
us to look (Fe,Co)@N-GN as a great sorbent for SO3.

3.3.2. Adsorption of Pb species (Pb0, PbO, and PbCl2)
The stable adsorption configuration of Pb0 on (Fe,Co)@N-GN were

shown in Fig. 5(b), and it was observed that the Pb0 molecule was at-
tached at the position above active center of catalyst. From Table 2, the
adsorption energy of Pb0 on (Fe,Co)@N-GN catalyst reached −2.26 eV,
suggesting this adsorption belongs to chemical adsorption, and (Fe,Co)
@N-GN catalyst has good adsorption capacity for Pb0. It is obvious that
the adsorption effect of catalyst for Pb0 is better than Hg0, which may
well explained by unfilled 6p orbit of Pb atom. Compared to other re-
search, the Eads of Pb0 toward Fe/SG are −1.55 eV [12], which is
smaller than the Eads of Pb0 toward (Fe,Co)@N-GN, further evidencing
(Fe,Co)@N-GN has good adsorption activity for Pb0. Besides, the ad-
sorption energy of PbO and PbCl2 on (Fe,Co)@N-GN catalyst can reach
−2.33 eV and −1.31 eV, respectively, and these values indicated
(Fe,Co)@N-GN also have good adsorption capacity for main lead spe-
cies compounds.

3.3.3. Adsorption of As2O3

The adsorption of As2O3 on (Fe,Co)@N-GN was investigated, and
detailed adsorption configuration was shown in Fig. 5(e). Obviously,
different from the adsorption of SO3 and three kinds of Pb species,
As2O3 molecule experienced a large structural distortion in adsorption
process, and this huge change would affect the adsorption energy
deeply. According to our calculation, the adsorption energy of As2O3 on
(Fe,Co)@N-GN was about −1.36 eV, suggesting this adsorption be-
longed to chemical adsorption as well, similar to SO3 and Pb species.
Therefore, considering (Fe,Co)@N-GN has great adsorption capacity for
both SO3, Pb species, and As2O3 molecules, we could though of this
catalyst to be a great candidate for simultaneous removal of multiple
pollutants in flue gas.

The adsorption order of gases on the surface of (Fe,Co)@N-GN is
complicated, but we can observe that it is determined by the presence
type of Pb species. Therefore, the adsorption order of Pb0, PbCl2, and
PbO is talked about herein. As we know, great activation of gas on the

Fig. 5. Adsorption configurations of hazardous gases on catalyst.

Table 2
Bader atomic charge (q), adsorption energy (Eads), and bond length (d) for
adsorption configurations.

Gas None SO3 Pb0 PbO PbCl2 As2O3

qFe/e 0.89 −0.21 0.33 −0.18 −1.06 −0.17
qCo/e 0.61 −0.75 −0.52 −0.53 −0.56 −0.59
qsubstance/e −1.50 1.90 1.50 1.53 0.19 1.33
Eads/ev \ −1.83 −2.26 −2.33 −1.31 −1.36
dFe-Co/Å 2.19 2.45 2.33 2.45 2.39 2.40
dFe-O1/Å \ 1.92 \ 1.82 \ 1.90
dCo-S/Å \ 2.18 \ \ \ \
dFe-Pb/Å \ \ 2.56 3.07 3.46 \
dCo-Pb/Å \ \ 2.54 2.57 2.72 \
dO-Pb/Å \ \ \ 2.14 \ \
dCl1-Pb/Å \ \ \ \ 2.73 \
dCl2-Pb/Å \ \ \ \ 2.54 \
dCl1-Fe/Å \ \ \ \ 2.32 \
dCl2-Co/Å \ \ \ \ 4.02 \
dCo-As1/Å \ \ \ \ \ 2.36
dO1-As1/Å \ \ \ \ \ 1.84
dO2-As1/Å \ \ \ \ \ 1.79
dO2-As2/Å \ \ \ \ 1.92
dO3-As2/Å \ \ \ \ 1.64
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surface of sorbent is considered to be closely related to adsorption
ability. According to previous works of ours [12], the bond length of
PbeO (PbO) and PbeCl (PbCl2) were 1.96 Å and 2.49 Å respectively,
and the bond length of FeeCo of (Fe,Co)@N-GN was 2.19 Å. Obviously,
the bond length of PbeO is smaller than that of FeeCo, suggesting there
would be great activation of PbO by two metal atoms due to pulling
effect. However, the bond length of PbeCl is larger than that of FeeCo.
Therefore, compared with Pb0, and PbCl2, the dual reaction sites give a

fierce pulling effect for PbO, which may contribute to the highest ad-
sorption ability.

3.4. PDOS analysis of pollution gas on catalyst

In order to further understand the adsorption characteristic of pol-
lution gas on (Fe,Co)@N-GN, the PDOS plots were provided to research
the role covalent bond played in adsorption, as shown in Fig. 6. First,
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the PDOS plot of SO3 adsorption system was pictured and apparently,
no obvious hybridization took place between Fe and Co, as well as SO3

and sorbent. Hence, the interaction between Fe and Co was weak, and
there was no covalent bond between SO3 molecule and (Fe,Co)@N-GN.
In addition, the PDOS of Pb0 adsorption was calculated to offer a
comprehensive insight about Pb0 adsorption, as shown in Fig. 6(b).
Different from SO3, there was obvious hybridization among Fe, Co and
Pb atoms, which indicated covalent bond made contribution to the high
adsorption energy. Similarly, it was easily obtained that no obvious
hybridization existed during PbO adsorption, however, hybridization
effect induced the interaction between (Fe,Co)@N-GN and pollution
molecules in the adsorption of PbCl2 and As2O3. So, the mechanism of
high adsorption energy about different pollution chemicals on (Fe,Co)
@N-GN was different: For Pb0, PbCl2, and As2O3, hybridization be-
tween gas molecules and catalyst contributed to adsorption greatly, but
for SO3 and PbO, hybridization has no relationship with adsorption
energy.

3.5. EDD analysis

Considering electronic translation has been considered to mainly
contribute to the formation of interatomic ionic bond, EDD analysis was
carried out to further investigate the adsorption interaction of gases on
active sites. In detail, the definition of EDD is the charge difference of
stable adsorption system (ρads) to two isolated system of adsorbent
(ρcatalyst) and adsorbed gases (ρgas) on adsorption configurations one by
one, and it can be descried by the following equation:
EDD= ρads− ρgas− ρcatalyst [25].

The EDD images of five hazardous gases on (Fe,Co)@N-GN catalyst
have been plotted in Fig. 7, noted that cyan-blue part represented area
losing electron while yellow part mean area gaining electron. In detail,
for SO3 adsorption in Fig. 7(a), there exists obvious electronic transi-
tion, suggesting strong interaction between catalyst and SO3. In addi-
tion, it was captured that plenty of electrons were escaping from SeO1
bond, where bond length was enlarged, suggesting SO3 molecule was
activated by catalyst. It was worth note that the adsorption of SO3

molecule on catalyst belonged to chemical adsorption, but no covalent
bond existed between SO3 and catalyst by PDOS analysis, so the strong
interaction between SO3 and catalyst should contribute to the ionic

bond due to fierce electronic exchanges. As for Pb0, we observed large
amounts of electron are focusing on PbeFe as well as PbeCo bond after
Pb0 being adsorbed on catalyst, as shown in Fig. 7(b), indicating strong
adsorption energy (−2.26 eV) of Pb0 on catalyst should contribute to
not only the covalent bond, but also the co-effect of ionic bond. Besides,
from EDD image of PbO adsorption configuration in Fig. 7(c), the
electron mainly distribute on FeeO bond as well as CoePb bond, in-
dicating there were stable adsorption effect on the surface of catalyst.
Herein, we found there was no electron concentration between Pb atom
and O atom, and the bond length of PbeO has reach 2.14 Å, from the
value of 1.92 Å in its gas state [54], which demonstrated that (Fe,Co)@
N-GN catalyst had outstanding capacity of molecular activation.
Fig. 7(d) offered the EDD plot of PbCl2 adsorption on catalyst, and si-
milar to Fig. 2(a)–(c), we found obvious electronic transfer among
whole adsorption system. As for As2O3, its adsorption belonged to
dissociation adsorption, and there were obvious electronic acceleration
between metal atoms on graphene and pollution gases. In general, there
was large amounts of electrons transfer between gas molecules and
catalyst, which greatly promoted the adsorption energy of gas on cat-
alyst, and (Fe,Co)@N-GN catalyst can stretch small gas molecules and
destroy shared electrons in gas molecule forcedly. This phenomenon
kept great agreement with the previous investigations that (Fe,Co)@N-
GN catalyst showed boosting performance on O2 adsorption and acti-
vation in both experimental and theoretical studies [22,27].

3.6. Thermodynamics analysis

Though adsorption energy analysis based on electronic energy evi-
denced strong adsorption capacity of (Fe,Co)@N-GN catalyst on re-
moval of five pollution gases, there was a large confusion on real
consequent due to the huge temperature range of flue gas in coal-fired
power plants. Considering plenty of reports have argued important ef-
fect of temperature on gas adsorption [55,56], and according to the
temperature variation of flue gas from boilers outlet to chimney [7], we
systematically investigated the changes of adsorption energy from
298.15 K to 1000 K, as plotted in Fig. 8, noted that △G represents the
adsorption energy based on Gibbs free energy. In detail, the Gibbs free
energy of gases and solid surface can be calculated according to these
equations:

Fig. 7. Electron density difference (EDD) plots of five pollution gases on (Fe,Co)@N-GN catalyst.
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= + + −G E ZPE RT TSgas ele

= + −G E ZPE TSsolid ele

where Eele means the electronic energy of chemical, eV; ZPE is the zero
point energy correction; R represents the universal gas constant
(8.62×10−5 eVmol−1 K−1); T is the Kelvin temperature, K; S is the
entropy of gas or solid chemicals. Thus, the adsorption energy of gases
can be obtained according to the following equations:

= − −−G G G GΔ solid gas solidgas gas

In detail, calculation of Gibbs free energy is based on frequency
analysis. The vibrational frequency calculations were performed
through numerical Hessian calculations with finite displacements
of± 0.02 Å.

From Fig. 8, it was observed that the adoption order of pollution gas
was nearly a constant, presented as PbO>
Pb0> SO3>As2O3>PbCl2, and this sequence kept great consistence
with the adsorption energy analysis above (see Table 2), suggesting
temperature would not change the adsorption order of gases. In addi-
tion, it is obviously that the adsorption energy decreases with the raise
of temperature, and the adsorption would be always belonging to
chemical adsorption while the temperature is lower than 550 K.

Considering in the process of simultaneous removal of multiple pollu-
tants, adsorption process of toxic gases should not be on high tem-
perature condition to avoid oxidation of carbon material catalyst, the
compelling performance of (Fe,Co)@N-GN catalyst at low temperature
made it a qualified candidate in sorbent selection.

3.7. Competitive adsorption analysis

The removal order of corresponding gases in flue gas is an important
issue during simultaneous removal of multiple pollutants. To further
investigate the adsorption mechanism of different gases toward (Fe,Co)
@N-GN catalyst at the same time, competitive adsorption analysis was
performed, using Boltzmann distribution function (Bdf), which have
been widely utilized in researches [57], and it can be calculated by
equation as follows:

= = ⎛
⎝

− − ⎞
⎠

B N
N

G A G B
kT

exp ( ) ( )A

B
df

where G(A) and G(B) are on behalf of the Gibbs free energy of gas A and
gas B, respectively, eV; k means the value of Boltzmann constant,
8.62×10−5 eV·K−1; T represents the Kelvin temperature of research
system, K.

In general, Bdf pictures the adsorption capacity of different gases
toward catalyst, and it is obviously that the bigger value of Bdf is, the
larger will be the possibility for gas A of being adsorbed on sorbent,
prior to gas B. The Bdf makes the competitive adsorption behavior
among gas molecules visible and quantitative, therefore offering a great
perspective for us to understand gas competitive adsorption at molecule
scale. In the light of Fig. 8, the adsorption of PbCl2 molecule on (Fe,Co)
@N-GN catalyst was the weakest, and so we selected adsorption energy
of PbCl2 as a reference amount, that's gas B, to perform calculation
work of Bdf, and the variation of Bdf value was provided in Fig. 9(a).
Competitive analysis showed similar result to the conclusion thermo-
dynamics analysis made on adsorption order of gases, presented as
PbO>Pb0> SO3>As2O3> PbCl2 approximately.

Given the huge volume fraction difference of corresponding gases
might affect adsorption order obviously. Based on Bdf, and taking into
consideration of the volume fraction difference of gases in flue gas, we
further defined a new descriptor RT, noted that XA and XB represent
volume fraction of gas A and gas B.

= ⎛
⎝

− − ⎞
⎠

×R G A G B
kT

X
X

exp ( ) ( )
T

A

B

RT was used to further investigate competitive adsorption
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combining the factors of adsorption energy and gas concentration, and
the detailed gas concentration of Pb specie (about 0.05 ppm) and As
specie (about 0.05 ppm) was calculated from reports of pollution re-
lease from a 350MW boiler [58,59]. Besides, in the light of large
amount of literatures [24,60], 300 ppm–500 ppm was common value of
SO2 volume fraction in flue gas. Besides, oxidation rate of SO2 in power
plants was about 1%–2%, so we thought the concentration of SO3 was
about 8 ppm. Therefore, the RT was calculated in this work, and has
been plotted in Fig. 9(b).

As shown in Fig. 9(b), the adsorption order of gases was not changed
compared with the result from Bdf, even though the possibility of SO3

being adsorbed became larger than before on the condition that we
considered the effect of gas concentration, suggesting the adsorption
activity of gas molecule played a more important role, compared to the
effect of volume fraction of research gases. In addition, it seemed that
the winner of competitive adsorption between SO3, Pb and As species
highly depended on specific forms of Pb species. When Pb species were
mainly composed of PbO and Pb0, it would be adsorbed by (Fe,Co)@N-
GN catalyst firstly, prior to As species and SO3. However, if Pb species
mainly consisted of PbCl2, it can hardly occupy the reactive sites on
catalyst, and therefore it cannot be removed until most of As and SO3

were solved thoroughly.

4. Conclusions

In order to search qualified catalyst/sorbent for simultaneous re-
moval of multiple pollutants in flue gas, the mechanism of Hg0 oxida-
tion, and the adsorption characteristics of SO3, Pb species and As2O3

was research systematically via density functional theory. Deriving
from these calculated and results, five conclusions have been acquired
as follows:

1. (Fe,Co)@N-GN catalyst was stable enough due to huge binding en-
ergy of Fe atom and Co on N-doped graphene, and the ionic bond
(FeeN and CoeN) made great contribution to the strong binding
energy.

2. The energy barrier of Hg0 oxidation on the (Fe,Co)@N-GN catalyst
was 4.27 eV, which much lower than conventional SCR catalyst,
suggesting (Fe,Co)@N-GN was a qualified catalyst for Hg0 oxida-
tion.

3. Both SO3, Pb species and As2O3 adsorption on (Fe,Co)@N-GN cat-
alyst belonged to chemical adsorption. According to PDOS and EDD
analysis, the high adsorption energy of SO3 and PbO can mainly
contribute to large amounts of electron transfer, but the fierce in-
teraction between As2O3, Pb0, PbCl2 and catalyst should depend on
the combined effect of hybridization and electron transfer.

4. Thermodynamics analysis indicated that (Fe,Co)@N-GN was a
compelling sorbent for SO3, Pb species and As2O3 chemicals, espe-
cially at low temperature.

5. Competitive analysis suggested that the adsorption order of pollu-
tion gas was determined by adsorption energy, rather than the vo-
lume fraction of corresponding gases in flue gas.
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