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Abstract Fe2O3 and CeO2 modified activated coke (AC)
synthesized by the equivalent-volume impregnation were
employed to remove elemental mercury (Hg0) from simulated
flue gas at a low temperature. Effects of the mass ratio of
Fe2O3 and CeO2, reaction temperature, and individual flue
gas components including O2, NO, SO2, and H2O (g) on
Hg0 removal efficiency of impregnated ACwere investigated.
The samples were characterized by Brunauer–Emmett–Teller
(BET), X-ray diffraction (XRD), scanning electron microsco-
py (SEM), and X-ray photoelectron spectroscopy (XPS).
Results showed that with optimal mass percentage of 3 %
Fe2O3 and 3 % CeO2 on Fe3Ce3/AC, the Hg0 removal effi-
ciency could reach an average of 88.29 % at 110 °C. Besides,
it was observed that O2 and NO exhibited a promotional effect
on Hg0 removal, H2O (g) exerted a suppressive effect, and
SO2 showed an insignificant inhibition without O2 to some
extent. The analysis of XPS indicated that the main species of
mercury on used Fe3Ce3/AC was HgO, which implied that
adsorption and catalytic oxidation were both included in Hg0

removal. Furthermore, the lattice oxygen, chemisorbed oxy-
gen, and/or weakly bonded oxygen species made a contribu-
tion to Hg0 oxidation.
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Introduction

Mercury is a global pollutant because of its toxicity, mobility,
and bioaccumulation in the ecosystem and food chain (Pavlish
et al. 2003). The emission of mercury from anthropogenic
sources is a serious concern that attracts considerable public
attention. Coal-fired power plants are considered to be a major
source of anthropogenic mercury emissions. By April 2010,
more than 20 states in the USA had issued mercury emission
regulations to regulate mercury emissions from coal-fired pow-
er plants whichweremore stringent than the CleanAirMercury
Rule (CAMR) (Milford and Pienciak 2009). In order to control
mercury emission from coal-fired power plants, the Mercury
and Air Toxics Standards (MATS) announced in 2011 by the
US Environment Protection Agency (USEPA) emphasized the
control of mercury, acid gases, and other toxic pollutants
(Zhang et al. 2014). Therefore, it is an extremely urgency to
find effective technologies to control mercury emission.

Mercury in coal-fired flue gas is generally presented in
three forms, namely elemental mercury (Hg0), oxidized mer-
cury (Hg2+), and particle-bound mercury (Hgp) (Galbreath
and Zygarlicke 2000)). Hgp and Hg2+ are relatively easy to
be removed by typical air pollution control devices (APCDs).
For instance, Hgp can be captured by particulate matter (PM)
control devices such as electrostatic precipitators (ESPs) and
fabric filters (FFs). Hg2+ is soluble in water, and it can be
removed efficiently by wet flue gas desulfurization equip-
ments (WFGDs) (Hsi et al. 2010). However, Hg0 can hardly
be removed by currently available APCDs for its high volatil-
ity and nearly insolubility in water, which becomes the biggest
obstacle for mercury control.
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Up to now, sorbents/catalysts like carbon-based sorbents,
selective catalytic reduction (SCR) catalysts, and metals or met-
al oxides (Cao et al. 2007; Presto and Granite 2006) have been
used for Hg0 removal. Among them, Hg0 removal with activat-
ed carbon has been proved to be an effective technique in com-
mercial application by many researchers (Li et al. 2003).
However, the activated carbon owns a distinct disadvantage of
high cost. Activated coke (AC) is a kind of porous activated
carbon-based sorbent which is not adequately activated. With
high mechanical strength, AC could endure attrition and com-
minution during circulation and handling processes (Jastrząb
2012). AC in granular form is suited to be used in both moving
bed and fixed-bed unit. Meanwhile, AC inherits the virtues of
activated carbon such as the structure characteristics, adsorption
and catalytic properties, physical and chemical stability (Li et al.
2013). In addition, AC can suffice for handling lots of pollutants
such as H2S, SO2, NH3, and Hg in exhaust gas under the cor-
responding temperature (Itaya et al. 2009; Ogriseck and
Vanegas 2010; Shawwa et al. 2001).

Due to high volatility and weak bonding onto carbon surface
of Hg0, suitable chemical modifications on AC are sought to
boost its adsorption and catalytic performance for Hg0 removal.
Recently, various transition-metal oxides including Fe2O3,
V2O5, CuO, CeO2, MnO2, Mn2O3, Cr2O3, and RuO2 had been
widely investigated as potential Hg0 oxidation catalysts, and
these metal oxides were valid for oxidizing Hg0 to Hg2+

(Dunham et al. 2003; Fan et al. 2012; Ji et al. 2008; Kamata
et al. 2009; Pitoniak et al. 2005; Yan et al. 2011). Thereinto,
CeO2 plays an important role in a large number of catalytic
reactions, and it has been extensively studied as an oxygen
provider by storing or releasing O2 via the unique Ce4+/Ce3+

redox couple (Kaspar et al. 1999). Owing to the redox shift
between Ce3+ and Ce4+, labile oxygen vacancies and bulk ox-
ygen species with relatively high mobility can be easily formed
(Reddy et al. 2003), which make them active for oxidation
process. Thus, CeO2 has been successfully applied to important
processes such as catalytic wet oxidation and CO oxidation
(Ayastuy et al. 2006; Delgado et al. 2006). Additionally,
Kinya et al. reported that the impregnation of Fe on the active
carbon greatly enhanced the removal of both COS and H2S at
300–450 °C (Sakanishi et al. 2005). In Fe-Mn mixed oxides,
iron cations are replaced by manganese cations and an equiva-
lent number of cation vacancies are incorporated tomaintain the
spinel structure (Gillot et al. 1997). Yue et al. (Yue and Zhang
2009) reported that incorporation of Fe3+ into fluorite structure
of CeO2 induces oxygen-storage systems and can give rise to
the increase of oxide ion vacancies which are responsible for
their high solid-state ionic conductivity. Consequently, CeO2

coupled with Fe2O3 modified AC may have high removal effi-
ciency for Hg0. To our knowledge, there is little information
about Fe2O3 and CeO2 modified AC for Hg0 removal.

In this study, AC is used as a supporter to synthesize
Fe2O3-CeO2/AC samples by the equivalent-volume

impregnation method. Different operation parameters like re-
action temperature and individual flue gas components onHg0

removal were studied and optimized. Various characterization
methods were applied to study the structure and physicochem-
ical characteristic of samples. The ultimate goal of this study is
to develop an economical sorbent which is promising for in-
dustrial application in Hg0 removal from coal-fired flue gas.

Experimental section

Samples preparation

The AC (columnar granules with a length of 7–9 mm and an
average diameter of 5 mm) used in the experiment was ob-
tained from Inner Mongolia Kexing Carbon Industry Limited
Liability Company. The samples were prepared by the
equivalent-volume impregnation method as follows: At first,
AC was washed with deionized water for several times and
dried in an electric blast oven at 105 °C for 12 h. After that,
different amount of Ce(NO3)3·6H2O and Fe(NO3)3·9H2O
were dissolved in deionized water to form mixed solution.
Then, a certain amount of ACwas impregnated in the solution
for 18 h. After impregnation, the samples were dried in an
electric blast oven at 105 °C for 12 h and calcinated in an
electric tube furnace at 450 °C for 4 h under N2 atmosphere.
Finally, the samples were cooled down to room temperature
and stored in a desiccator for further use. Fe2O3-CeO2/AC
samples were denoted as FexCey/AC, where Fe represents
Fe2O3, Ce represents CeO2, x and y represent the mass per-
centage of Fe2O3 and CeO2 on the total samplemass including
AC, Fe2O3, and CeO2, respectively. In the entire experimental
procedure, the total mass percentage of Fe2O3 and CeO2 on all
samples was 6 %, which was based on our previous work (Xie
et al. 2015). Meanwhile, Fe/AC and Ce/AC were prepared
with the same method mentioned above.

Samples characterization

Brunauer–Emmett–Teller (BET) was performed by using a
TriStarII3020 analyzer (Mcpicromeritics Instrument Corp,
USA) to determine the specific surface area and porosity of
samples. All of the samples were degassed at 180 °C for 5 h
prior to BET measurements.

X-ray diffraction (XRD) measurements were carried out on
a Bruker D8-Advance device to examine the crystallinity and
dispersivity of iron and cerium species on AC surface using
CuKa radiation (λ=0.1543 nm) in the range of 10–80° (2θ)
with a step size of 0.02°.

To further analyze the morphology and surface structure of
the samples, scanning electron microscopy (SEM) photographs
were obtained by means of a HITACHI S-4800 analyzer.
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X-ray photoelectron spectroscopy (XPS) analysis was car-
ried out on a K-Alpha 1063 X-ray photoelectron spectrometer
(Thermo Fisher Scientific, USA) with an Al Ka X-ray source
at room temperature. The binding energies were calibrated by
the C 1 s peak at 284.6 eV.

Experimental setup and procedure

Figure 1 shows the schematic diagram of the experimental
system, which was consisted of a simulated flue gas system,
Hg0 vapor-generating device, electric tube furnace reactor,
and an online mercury analyzer. The simulated flue gas
(SFG) contained 70 μg/m3 Hg0, 5 % O2, 8 % H2O (when
used), 300 ppm NO, 400 ppm SO2, 12 % CO2, and balanced
N2. A flow of high-purity nitrogen (200 ml/min) was used as
Hg0-laden gas stream by passing through the Hg0 permeation
tube (VICI Metronics). To guarantee a constant permeation
concentration, the Hg0 permeation tube was placed in a U-
shaped quartz tube, which was immersed in an electric-
heated thermostatic water bath. The total flow rate was con-
trolled at 1 L/min in each test using mass flow controllers,
corresponding to a space velocity of about 4200 h−1. The
electric tube furnace was comprised of a quartz tube (a length
of 95 cm and an inner diameter of 52 mm) and matched in-
stallations for regulating the reaction temperature. The inlet
and outlet Hg0 concentrations were measured by the mercury

analyzer (Lumex RA-915 M, Russia). The exhaust gas from
the mercury analyzer was introduced into an activated carbon
trap before released into the atmosphere.

Five sets of experiments were carried out and the reaction
conditions are listed in Table 1. Set 1 experiments were aimed at
determining the optimalmass ratio of Fe2O3 andCeO2. TheHg

0

removal activity over virgin AC and impregnated AC was eval-
uated under SFG for 3 h. In Set 2, the optimal sample was tested
in SFG at each selected reaction temperature for investigating
the optimal reaction temperature. The roles of individual flue
gas components on Hg0 removal and the reaction pathways
were explored in Set 3 experiments, which were conducted on
the optimal sample in the presence of individual flue gas (bal-
anced with N2 or O2 plus N2) at optimal operating temperature.
In Set 4 experiments, the optimal sample was tested in SFG for
14 h at optimal operating temperature for studying its durability.
Set 5 experiments investigated the breakthrough curves of Hg0

captured by the optimal sample under N2 and N2 plus O2.
During each experiment, the flue gas firstly bypassed the

fix-bed reactor until a stable inlet concentration of Hg0 was
obtained. When the mercury analyzer had been stable for
more than 30 min, the gas flow was switched to pass through
the sample and Hg0 concentration in the outlet was measured.
At last, the gas flow bypassed the reactor again so as to verify
the inlet concentration of Hg0. Meanwhile, a mercury conver-
sion system coupled with RA-915 M mercury analyzer was

Fig. 1 Schematic diagram of the experimental setup
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employed to measure Hg0 and Hg2+ concentrations in outlet
flue gas. As shown in Fig. 1, in the mercury conversion sys-
tem, gas stream released from the reactor was divided into two
streams, one for measuring total mercury (HgT) and the other
for elemental mercury (Hg0). On one stream, an impinger with
10 wt% acidic stannous chloride (SnCl2) solution was used to
measure HgT, since acidic SnCl2 solution can reduce Hg2+ to
Hg0 which can then be detected by the mercury analyzer. On
the other stream, an impinger containing 10 wt% potassium
chloride (KCl) solution was used to measure Hg0, because
KCl solution can capture Hg2+ and allow only Hg0 to pass
through. Before the sampling gas entered the SnCl2 solution, a
10 wt% sodium hydroxide (NaOH) solution was used to re-
move SO2. The concentration of Hg

2+ in outlet flue gas could
then be calculated by the difference between HgT and Hg0. At
the end of the conversion system, the two streams converged
to a 10 wt%NaOH solution in which acid gases were captured
to avoid corrosion of the detection cell in the mercury analyz-
er. Supposing mercury absorbed on AC was thoroughly in
oxidation state. Therefore, the Hg0 removal efficiency (Eoxi)
was quantified by the following equation:

Eoxi %ð Þ ¼ Hg0
� �

in− Hg0
� �

out

Hg0
� �

in
� 100% ð1Þ

Where [Hg0]in and [Hg0]out represent Hg
0 concentration (μg/

m3) at the inlet and outlet of the reactor, respectively. Since the
mercury discharged from reactor includes both Hg0 and Hg2+,
the Hg0 capture efficiency (Ecap) was introduced to be calcu-
lated by the formula below:

Ecap %ð Þ ¼ Hg0
� �

in− HgT
� �

out

Hg0
� �

in
� 100% ð2Þ

Where [Hg0]in represents Hg
0 concentration (μg/m3) in inlet

of the reactor, and [HgT]out represents Hg
T concentration (μg/

m3) in outlet of the reactor.

Results and discussion

Samples characteristics

BET analysis

The physical properties of virgin AC and impregnated AC
including BET surface area, pore volume, and average pore
size are summarized in Table 2. The results showed that the
modification increased BET surface area and pore volume.
During impregnation and calcination, a certain number of
new pores might be generated due to the reaction between
AC and active components, which account for higher BET
surface area of impregnated AC compared to virgin AC.
However, the increasing doping of Fe2O3 reduced the BET
surface area and pore volume of AC to some extent except for
Fe4Ce2/AC. Especially, it can be observed that Fe3Ce3/AC
had the lowest BETsurface area of 276.74 m2/g and minimum
pore volume of 0.14 cm3/g among impregnated AC. The re-
sult could be explained as follows: On one hand, it was pos-
sibly resulted from the deterioration of some of the thin pore
walls on AC over strong oxidation of Fe-Ce mixed oxides. On
the other hand, the internal pores might be blocked when
Fe2O3 and CeO2 particles enter into the interior of pores
(Wen et al. 2011).

Table 1 The experimental reaction conditions

Experiment Sample Flue gas components Temperature (°C)

Set 1 AC, Ce6/AC, Fe1Ce5/AC,
Fe2Ce4/AC, Fe3Ce3/AC,
Fe4Ce2/AC

SFG(N2, 5 % O2, 12 % CO2,
300 ppm NO, 400 ppm SO2)

110

Set 2 The optimal sample SFG(N2, 5 % O2, 12 % CO2,
300 ppm NO, 400 ppm SO2)

50∼200

Set 3 The optimal sample N2/(N2+O2)+individual flue gas
components (NO, SO2);
SFG/SFG+8 % H2O

The optimal temperature

Set 4 The optimal sample SFG(N2, 5 % O2,12 % CO2,
300 ppm NO, 400 ppm SO2)

The optimal temperature

Set 5 The optimal sample N2/(N2+5 % O2) The optimal temperature

Table 2 BET surface areas and pore parameters of the samples

Sample BET surface
area (m2/g)

Total pore
volume (cm3/g)

Average pore
size (nm)

AC 271.5727 0.1331 1.9608

Fe1Ce5/AC 329.5082 0.1565 1.9001

Fe2Ce4/AC 324.3651 0.1602 1.9752

Fe3Ce3/AC 276.7377 0.1379 1.9926

Fe4Ce2/AC 284.6674 0.1472 2.0677
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XRD analysis

TheXRDpatterns of virgin AC, Ce6/AC, Fe2Ce4/AC, Fe3Ce3/
AC, and Fe4Ce2/AC are presented in Fig. 2. Two diffraction
peaks attributed to AC were detected at 26.66° and 44.58°.
Nevertheless, the two peaks even disappeared when the mass
ratio of Fe2O3 and CeO2 was above 2:4, indicating that Fe2O3

and CeO2 interacted with AC strongly in these samples. The
peaks at 27.88°, 32.96°, 46.98°, and 56.14° were corresponding
to CeO2, which could be detected over Ce6/AC.When the mass
ratio of Fe2O3 and CeO2 was 2:4, 3:3, 4:2, there was no obvious
peaks belong to CeO2 or Fe2O3. It may be explained that Fe2O3

and CeO2 existed as an amorphous phase or highly dispersed on
the surface of AC.When the mass percentage of Fe single oxide
was increased to 30%, it could be seen that Fe mainly presented
in the form of Fe2O3. Peaks with strong intensity appeared at
30.52°, 35.74°, 43.07°, and 62.68° which were matched well
with peaks of Fe2O3. In addition, the peaks attributed to CeO2

had strong intensity for Fe15Ce15/AC. This implied that the
synergy of Fe2O3 and CeO2 probably led to an excellent disper-
sion of active components on the surface of ACwhen the overall
loading value was 6 %.

SEM analysis

Figure 3 shows SEM micrographs of virgin AC and the se-
lected impregnated AC. The characteristics of AC surface
have changed according to different active components load-
ing. As shown in Fig. 3d, Fe2O3 and CeO2 were widely dis-
persed on the AC surface and only a few agglomerates existed
in Fe3Ce3/AC. Furthermore, there were more small holes on
the surface of Fe3Ce3/AC compared with other samples,
which indicated that Fe2O3 and CeO2 extensively modified
the structure of AC. However, in the case of Fe4Ce2/AC,
the agglomerates became bigger. Consequently, there were

synergistic effects between Fe2O3 and CeO2, so the interaction
could improve the dispersion of Fe2O3 and CeO2 on the sur-
face of AC and then improved the Hg0 removal efficiency.
Moreover, the phenomenon was in accordance with XRD
analysis. According to the refs (Huang et al. 2009; Sahoo
et al. 2009; Wan et al. 2009), cerium can enhance the catalytic
property owing to the MOx-CeOx (M=Fe, Cu and Pd) inter-
action. In our study, doped samples with layer of Fe2O3 and
CeO2 covered on certain surface of the sorbents could provide
enough oxidation capacity.

XPS analysis

To determine the chemical state and the relative portion of the
main elements on the surface of different samples, fresh
Fe3Ce3/AC and used Fe3Ce3/AC were investigated by XPS
technique. The XPS spectra over the spectral regions of O 1 s,
Fe 2p, Ce 3d, and Hg 4f are shown in Fig. 4.

In Fig. 4a, b, for fresh Fe3Ce3/AC, the O 1 s spectrum was
divided into two main peaks. A binding energy of about
530.2 eV was ascribed to the lattice oxygen (denoted as Oα)
in the metal oxides. The peak at higher binding energy (about
531.5 eV) belonged to chemisorbed oxygen and/or weakly
bonded oxygen species (denoted as Oβ), which were regarded
as the most active oxygen and played an important role in
oxidation reaction (Gao et al. 2010; Kang et al. 2007; Li
et al. 2011a, b). For used Fe3Ce3/AC, the peak with a binding
energy of about 530.3 eV was attributed to the lattice oxygen
(Liu et al. 2006), while the binding energy of 532.2 eV repre-
sented chemisorbed and/or weakly bonded oxygen (as in car-
bonyl or carboxyl groups) (Huang et al. 2005; Liu et al. 2006).
The fitted peak of O 1 s in the vicinity of 532.6 eV
corresponded to oxygen in hydroxyl and/or surface adsorbed
water (denoted as Oγ) (Eom et al. 2008; Gao et al. 2010).

Hypothetically, the atomic concentration of total oxygen on
AC was denoted by OT. After comparison of O 1 s profiles in
fresh Fe3Ce3/AC and used Fe3Ce3/AC, the ratio of Oα/OT

clearly decreased from 33.58 to 7.43%. In this regard, it could
be inferred that lattice oxygen took part in the reaction of
removing Hg0. Besides, the value of Oβ/OT obviously de-
creased from 66.42 to 40.55 % after the adsorption and oxi-
dation reaction. This clearly manifested that some
chemisorbed oxygen and/or weakly bonded oxygen species
were consumed in Hg0 removal.

The XPS spectra of Fe 2p on fresh Fe3Ce3/AC and used
Fe3Ce3/AC are shown in Fig. 4c, d. Iron ions in FeO are
characterized by the Fe2p3/2 binding energy in the range of
709.8–710.6 eV (Descostes et al. 2000; Graat and Somers
1996), so the peaks at 710.4 and 710.6 eV referred to Fe2+

cations. The binding energy concentrated on 711.6 eV was
typical characteristic of Fe3+ (Xu et al. 007). After Hg0 was
captured, the binding energy centered at about 712.1 eV
whichmight be ascribed to Fe3+ cations bondedwith hydroxylFig. 2 XRD spectra of virgin AC and the FexCey/AC samples
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groups(≡FeIII-OH). Furthermore, the peak at about 719 eV
was the fingerprint of Fe3+ species (Shen et al. 2010). After
Hg0 removal, a few changes concerning the proportion of
valence happened.

Complicated XPS spectra of Ce 3d for fresh Fe3Ce3/AC
and used Fe3Ce3/AC are presented in Fig. 4e, f. The peaks
labeled u are due to 3d3/2 spin-orbit states, and those labeled v
are the corresponding 3d5/2 states (Reddy et al. 2003). The
u/v, u2/v2, and u3/v3 doublets represent the 3d104f0 state of
Ce4+, while the doublet labeled u1/v1 represents the 3d104f1

initial electronic state corresponding to Ce3+ (Mullins et al.
1998). It was apparent that Ce4+ and Ce3+ were coexisting.
The presence of Ce3+ could create charge imbalance, vacan-
cies, and unsaturated chemical bonds on the surface of sam-
ples (Yang et al. 2006), which lead to the increase of surface
chemisorbed oxygen. Based on the peak areas, Ce4+ is the
predominant form and considered to be advantageous for
Hg0 oxidation (Wan et al. 2011)). The ratio of Ce4+/Ce3+

decreased from 6.42 to 2.26 after removing Hg0, which man-
ifested a reduction of Ce4+ during Hg0 oxidation reaction.

TheXPS spectrum of Hg 4f for used Fe3Ce3/AC is shown in
Fig. 4g. The binding energy centered at approximate 103.3 eV
was attributed to Si 2p electron (Hua et al. 2010). The peak
appeared at about 101.6 eV was assigned to HgO (Ji et al.
2008). However, no adsorbed Hg0 was found on the sample
surface, which might be explained that the content of Hg0 was
lower than the detection limit of XPS analysis or the adsorbed
Hg0 desorbed from the surface of sample. Considering the re-
sults of O 1 s and Hg 4f, it could be certified that HgO was the
product of oxygen-containing groups and Hg0, both of which
were absorbed weakly on the sample surface.

Fig. 3 SEM micrographs of a
virgin AC, b Ce6/AC, c Fe2Ce4/
AC, d Fe3Ce3/AC, e Fe4Ce2/
AC, f Fe6/AC

�Fig. 4 O 1 s, Fe 2p, Ce 3d, and Hg 4f XPS spectra of fresh Fe3Ce3/AC
and used Fe3Ce3/AC
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Performance of the samples

Screening of the optimal sample

Figure 5 presents the effect of different mass ratio of Fe2O3

and CeO2 on Hg
0 removal efficiency. In comparison to virgin

AC, ACmodified with Fe2O3 and CeO2, particularly when the
mass ratio of Fe2O3 and CeO2 was 3:3, promoted the Hg0

removal significantly. Hg0 removal ability was enhanced with
the increase of Fe2O3 when loading value was below 3 % and
then slightly decreased with increasing Fe2O3 loading value to
4 %. Table 2 shows that Fe3Ce3/AC has the lowest BET
surface area among impregnated AC. What’s more, Fe1Ce5/
AC with the largest BET surface area has the minimum Hg0

removal efficiency of 73.89 % except for virgin AC. It indi-
cated that Hg0 removal was mainly influenced by the oxida-
tion reaction and less affected by BET surface area which
could affect physical adsorption. Besides, the synergy be-
tween Fe2O3 and CeO2 should be a rational reason for the
excellent performance of Fe3Ce3/AC. The aforementioned
phenomenon was consistent with the result of SEM analysis.
From the analysis above, it could be concluded that Hg0 re-
moval was attributed to the combination of adsorption and
oxidation. Furthermore, the lattice oxygen, chemisorbed oxy-
gen, and/or weakly bonded oxygen species made a contribu-
tion to Hg0 oxidation. Specially, the reaction mechanism of
Hg0 removal could be explicated as follows: gaseous Hg0 was
firstly adsorbed on the sample surface to form Hg0(ad), then
Hg0(ad) would react with the lattice oxygen which was re-
leased from Fe2O3 and CeO2 to form HgO(ad). The possible
reactions can be described as follows:

Hg0 gð Þ þ AC−surface→Hg0 adð Þ ð3Þ
2CeO2 →Ce2O3 þ O ð4Þ

Fe2O3 → 2FeO þ O ð5Þ
Hg0 adð Þ þ O→ HgO adð Þ ð6Þ

Furthermore, in order to explore the material balance
among the amounts of Hg0 in the inlet and the outlet streams
and the one captured by the adsorbent, a related experiment
was carried out. In the experiment (the reaction condition was
the same as Set 4 in Table 1), a mercury conversion system
coupled with RA-915 M Mercury Analyzer was used to de-
termine the concentration of Hg0 and Hg2+ in outlet flue gas.
As shown in Table 3, it could be found that Eoxi and Ecap were
nearly the same to each other, which indicated that the formed
HgO was captured on the Fe3Ce3/AC. The result was in ac-
cordance with the analysis of XPS.

Screening of reaction temperature

A set of experiments were carried out to explore reaction tem-
peratures (50–200 °C) on Hg0 removal. The results given in
Fig. 6 showed that Hg0 removal efficiency increased with in-
creasing the temperature from 50 to 110 °C and then decreased
with the temperature rising from 110 to 200 °C. This phenom-
enon might be explained by the inhibition of physical adsorp-
tion of Hg0 at relatively high temperature. Therefore, a range of
correspondingly low temperature was beneficial for the reac-
tion between Hg0 and oxygen functional groups. So, the opti-
mal temperature of 110 °C was chosen for further study.

To further investigate the durability of Hg0 removal over
Fe3Ce3/AC in SFG, the breakthrough curve of Hg0 capture
was carried out at 110 °C.As shown in Fig. 7, the C/C0 achieved
an average value of 0.13 during the 14 h reaction, which implied
excellent endurance with high activity of Fe3Ce3/AC.

Effects of individual flue gas components

Effect of O2

The Hg0 removal efficiency over Fe3Ce3/AC at 110 °C under
pure N2 gas was observed to be around 46.00 %, as shown in
Fig. 8. The loss of Hg0 in the absence of O2 could be ascribed
to the consumption of lattice oxygen over the sample (He et al.
2014). When 5 % O2 was introduced to gas flow, the Hg0

removal efficiency increased to about 71.33 %. However, fur-
ther increasing the O2 concentration to 8 %, the Hg0 removal

Fig. 5 Effect of the mass ratio of Fe2O3 and CeO2 on Hg0 removal
efficiency. Reaction conditions: 70 μg/m3 Hg0, 5 % O2, 300 ppm NO,
400 ppm SO2, 12 % CO2, N2 as balance, GHSV=4200 h−1, T=110 °C

Table 3 The Hg0 removal/capture efficiency of Fe3Ce3/AC

Time
(h)

Inlet Hg0

(μg/m3)
Outlet HgT

(μg/m3)
Outlet Hg0

(μg/m3)
Eoxi

(%)
Ecap
(%)

1 70.36 5.52 5.06 92.81 92.15

2 70.60 4.87 4.50 93.63 93.10

3 69.98 4.81 4.43 93.67 93.13
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efficiency did not increase any more. This result suggested
that 5 % O2 would achieve the supplement for consumed
lattice oxygen and was sufficient to sustain Hg0 oxidation.

As illustrated in Fig. 9, the Fe3Ce3/AC has a relatively
high activity in the presence of O2. When Hg0 vapor was
introduced into (N2/5 % O2) mixture, O2 was found to have
the capability of promoting Hg0 oxidation. Unlike the test
with N2, the Hg0 removal efficiency was consistently much
higher in (N2/5 % O2) mixture for the whole 12 h. Many
researchers have put forward that active oxygen can be gen-
erated from adsorbed oxygen via cerium species (Deng et al.
2011; Wang et al. 2013). So O2 would provide metal oxides
with oxygen to make sure that Hg0 oxidation could be
sustained. Combined with the results of XPS, it indicated that

the re-oxidization of formed Ce3+ and Fe2+ cations (reactions
(7)–(8)) happened. Under the sufficient gas-phase O2 supply,
some cation vacancies may be recovered. Reactions involved
can be expressed as follows:

2Ce2O3 þ O2 →4CeO2 ð7Þ
4FeO þ O2 → 2Fe2O3 ð8Þ

Effect of NO

Compared with pure N2 gas, an addition of 300 ppm NO
exhibited almost the same effect on Hg0 removal. With further
increasing the concentration of NO, the Hg0 removal efficien-
cy increased gradually. The Hg0 removal efficiency was pro-
moted to approximate 74.64 % with respect to 800 ppm NO,

Fig. 8 Effect of individual flue gas components on Hg0 removal
efficiency. Reaction conditions: GHSV=4200 h−1, T=110 °C

Fig. 6 Effect of reaction temperature on Hg0 removal efficiency.
Reaction conditions: 70 μg/m3 Hg0, 5 % O2, 300 ppm NO, 400 ppm
SO2, 12 % CO2, N2 as balance, GHSV=4200 h−1, T=50, 80, 110, 140,
170, 200 °C

Fig. 7 The breakthrough curve of elemental mercury captured by
Fe3Ce3/AC under simulated flue gas. Reaction conditions: 70 μg/m3

Hg0, 5 % O2, 300 ppm NO, 400 ppm SO2, 12 % CO2, N2 as balance,
GHSV=4200 h−1, T=110 °C

Fig. 9 Breakthrough curves of elemental mercury captured by Fe3Ce3/
AC under N2 and N2 plus 5 % O2. Reaction conditions: GHSV=
4200 h−1, T=110 °C
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which was even higher than that 5 % O2 balanced with N2

stream. The presence of Ce3+ on the sample surface was re-
ported to promote the oxidation of NO-NO2, and NO2 was
demonstrated to significantly improve heterogeneous oxida-
tion of Hg0 over fly ash and activated carbon-based sorbents
(Miller et al. 2000; Norton et al. 2003). Additionally, adding
5 % O2 into 300 ppm, NO increased the Hg0 removal efficien-
cy to about 90.63 %. What interests us is that the addition of
5 % O2 coupled with 800 ppm NO into gas stream unexpect-
edly resulted in a distinct decrease of Hg0 removal efficiency.
This phenomenon was in accordance with other researchers
who hypothesized that HgO(ad) and NO might be generated
between Hg0 and NO2 (Norton et al. 2003). The excess addi-
tion of NO tends to drive the equilibrium to the left which will
inhibit Hg0 oxidation by this mechanism:

Hg0 þ NO2 → HgO þ NO ð9Þ

Effect of SO2

In literatures, the effect of SO2 on Hg
0 removal in the flue gas

is complicated and not conclusive. Promotional (Eswaran and
Stenger 2005; Li et al. 2011a), inhibitive (Ji et al. 2008; Li
et al. 2010), and negligible effects (Li et al. 2008) have been
reported. As shown in Fig. 8, when the concentration of SO2

increased from 400 to 800 ppm, the Hg0 removal efficiency
slightly decreased from 52.57 to 48.10 %. The addition of
1200 ppm SO2 could achieve an insignificant promotional
effect on Hg0 removal, and the removal efficiency increased
to around 69.00 % by further increasing the concentration to
2000 ppm. Adding 5 % O2 and 2000 ppm SO2 into the gas
stream, the Hg0 removal was greatly enhanced as shown in
Fig. 8. This result indicated that SO2 had a promotional effect
on Hg0 removal with the aid of O2. In the presence of gaseous
O2, abundant chemisorbed oxygen was generated due to Ce3+

related charge imbalance. SO2 was oxidized to SO3 by
chemisorbed oxygen, which would generate new sites for
Hg0 (Li et al. 2011b). Furthermore, SO3 could react with
Hg0 to produce HgSO4 (Fan et al. 2010). The reactions are
proposed as follows:

SO2 þ 1=2O2 → SO3 ð10Þ
Hg0 þ 1=2O2 þ SO3 → HgSO4 ð11Þ

Effect of H2O(g)

H2O(g) is one of the main components in coal-fired flue gas
and has inhibitive impacts on the activity of samples, so water
resistance is an important parameter to assess for possible
industrial application. H2O(g) has been reported to inhibit
Hg0 oxidation over metal oxide catalysts due to competitive

adsorption (Li et al. 2011a; Li et al. 2008). The same phenom-
enon was observed in our study. As listed in Fig. 8, the addi-
tion of 8 % H2O(g) into SFG caused 15.29 % declination of
Hg0 removal efficiency. The inhibitory effect of H2O possibly
came from its competitive occupancy of the available active
sites and thus inhibited the Hg0 adsorption.

Conclusions

In the study, Fe2O3 and CeO2 modified AC was prepared and
applied to remove Hg0 from simulated flue gas in a lab-scale
fixed-bed system at 50–200 °C. Results showed that impreg-
nated AC samples had higher capacity for Hg0 removal com-
pared to virgin AC. Particularly, when the mass ratio of Fe2O3

and CeO2 was 3:3 and total mass percentage of Fe-Ce mixed
oxides was 6 %, the Hg0 removal efficiency reached to an
average of 88.29 % at 110 °C. Besides, the Hg0 removal effi-
ciency was affected by flue gas components, therein, O2 and
NO were beneficial for Hg0 removal. SO2 showed an insig-
nificant inhibition for Hg0 removal, while it was observed to
promote Hg0 removal in the presence of O2. In addition, the
Hg0 removal efficiency had a slight declination when H2O (g)
was added into the flue gas. The analysis of XPS indicated that
the main species of mercury on used Fe3Ce3/AC was HgO,
and the Hg0 oxidation benefited from lattice oxygen,
chemisorbed oxygen, and/or weakly bonded oxygen species
on the surface of Fe3Ce3/AC. Considering the necessity and
cost savings, the following work should optimize the sample
composition to investigate NOx and Hg0 removal
simultaneously.
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