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Abstract−A novel magnetic nano-sorbent Fe3O4/Ag was synthesized and applied to capture the elemental mercury
from the simulated flue gas. The morphology, components and crystal phase of the sorbents were characterized by
transmission electron microscope (TEM), energy dispersive spectrometry (EDS) and X-ray diffraction (XRD), respec-
tively. The mercury removal performance of the sorbents was investigated through the fixed-bed tests. The results indi-
cated that silver was successfully loaded on the surface of Fe3O4 particles, which could significantly enhance the Hg0

removal performance of the sorbents. Flue gas components, including CO2, SO2, and NO, have little impact on the Hg0

removal performance of Fe3O4/Ag sorbents, while O2 has a slightly positive effect. The Hg0 removal efficiency
decreased with the increasing of temperature, Hg0 inlet concentration and gas hourly space velocity. Only one broad
mercury desorption peak at approximately 210 oC could be observed during the temperature-programmed desorption
(TPD) process, which indicated that mercury species existing on the surface of Fe3O4/Ag sorbents might be elemental
mercury instead of oxidized mercury. Furthermore, the reusability tests showed that the Fe3O4/Ag sorbents could be
efficiently regenerated and reused. Finally, the theoretical analysis based on the DFT method showed that a weak
chemisorption of Hg0 on Fe3O4 sorbents changed to a strong chemisorption when silver was loaded. The results of the-
oretical analysis conformed to the experiments results well.
Keywords: Hg0, Sorbent, Magnetic, Dmol3

INTRODUCTION

Mercury, as one of the heavy metals emitted from industry, has
attracted increasing concern due to its high volatility, toxicity, easy
bioaccumulation in the environment, and severe health effects [1].
It is believed that, in anthropogenic activities, coal combustion is a
major source of mercury emissions. Therefore, it is critical to min-
imize mercury emissions from existing industrial mercury emit-
ters such as coal-fired power plants [2].

The mercury speciation in coal-fired flue gas can be classified
into three forms: elemental (Hg0), oxidized (Hg2+), and particulate
bound (Hgp) mercury, which are mainly dependent on the com-
bustion conditions and the chlorine content in the coal [3]. Hg2+

can be effectively trapped by the wet flue gas desulfurization equip-
ment (WFGD) due to its easy solubility. Hgp can be removed by
particulate control devices (PCDs) [4]. In contrast, the removal of
Hg0 is much harder due to its high volatility and extremely low
solubility [5]. Thus, it is necessary to develop effective technolo-
gies to remove Hg0. Activated carbon injection (ACI) into the flue
gas to absorb Hg0 directly and subsequently removed by existing

PCDs appears to be an efficient and cost-effective process to cap-
ture mercury in power plant stacks [6,7]. An obvious shortcoming
of ACI technology is the limited use times of the sorbents, result-
ing in high operating costs [8]. Whereas, noble metals, including
palladium (Pd), platinum (Pt), gold (Au) and silver (Ag), based
sorbents capture mercury via amalgamation that can be regener-
ated in elevated temperature for unlimited times and maintain good
performance [9]. Silver-based sorbents, such as carbon nanotube
[10] and graphene [11], have been experimentally investigated to
remove Hg0 due to its much lower cost compared to other metals.
However, it is impossible to separate these kinds of sorbents from
fly ashes when both of them have been captured by the PCDs
[12]. Interestingly, magnetically separable sorbents have been pro-
posed in recent years. Several novel magnetic sorbents, including
FeSi-Ag and MagZ-Ag, have been developed to remove mercury
from flue gas, which are easy to separate from fly ashes by mag-
netic separation [13].

Although mercury adsorption on silver based sorbents has been
investigated experimentally, the detailed mechanism of this reaction
is still unclear. Fortunately, quantum chemistry methods based on
density functional theory (DFT) have been increasingly used to
investigate the interaction of mercury with Cu, Ni, Pd, Ag, and Au
surfaces [10] at the molecular-electronic level. The DFT calcula-
tion of TiO2-based Ag sorbent predicted that the reactivity of the
Agn/TiO2 composites was higher than both the bare Agn cluster
and the TiO2(110) surface due to the synergetic effect of Agn and
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TiO2 [14].
To the best of our knowledge, the theoretical study of Hg0 ad-

sorption over Fe3O4 or Fe3O4/Ag sorbents has never been reported
in the literature. In the present work, we performed a comparative
study of adopting Fe3O4(111) surface and Ag adsorbed Fe3O4(111)
surface as the adsorptive surface for Hg0 adsorption by DFT calcu-
lations. Our goal was to achieve a better understanding of the
interaction between Hg0 and sorbents through adsorption geome-
try and adsorption energy, which could also provide an insightful
explanation of our experiments.

In this study, the mercury sorbents synthesized by incorporat-
ing silver on Fe3O4 nanoparticles are presented. The characteriza-
tion of the sorbents was researched by XRD, TEM and EDS. The
Hg0 removal performance of the sorbents was investigated in a
fixed-bed reactor. The effects of temperature, flue gas components,
Hg0 inlet concentration, gas hourly space velocity were all consid-
ered. The TPD analysis and reusability tests of the sorbents were
also investigated. A theoretical analysis based on DFT calculations was
performed to obtain the adsorption energy of Hg0 on Fe3O4(111)
surface and Ag/Fe3O4(111) surface.

EXPERIMENT AND COMPUTATIONAL METHOD

1. Experimental Section
1-1. Sorbents Preparation

Analytical grades of ferric chloride hexahydrate (FeCl3·6H2O),
ferrous chloride tetrahydrate (FeCl2·4H2O), hydrochloric acid
(HCl), sodium hydroxide (NaOH), (3-aminopropyl) triethoxysilane
(APTES), silver acetate (CH3COOAg), sodium format (HCOONa),
and absolute ethanol (C2H6O) were used as received.

The Fe3O4 nanoparticles were prepared through conventional
chemical co-precipitation of Fe(II) and Fe(III) chlorides (FeII/FeIII

ratio=0.5) with 1.5 M NaOH reported previously [15]. The black
precipitate was separated by magnetic force, followed by washing

several times with ethanol, and dispersed in ethanol to form 5 g/l
solution. The modification of Fe3O4 nanoparticles with APTES was
prepared through the method reported in the previous literature
[16]. The Fe3O4/APTES was dispersed in ethanol to form 1 g/L
solution and added 0.1 M CH3COOAg dropwise while stirring at
40 oC for 2 h, followed by adding 0.1 M HCOONa for the reduc-
tion of Ag+ to Ag0. Subsequently, theFe3O4/Ag particles were mag-
netically separated, washed several times with ethanol and then
dried at 320 oC for 4h. The loading amount of silver was about 1wt%
of Fe3O4. The preparation of Fe3O4/Ag composites is illustrated in
Fig. 1.
1-2. Characterization

The crystal structure of the Fe3O4/Ag sorbents was identified by
a powder X-ray diffraction (XRD) obtained with a Japan Rigaku
DMax-γA rotation anode X-ray diffract meter equipped with
graphite monochromatized Cu K

α
 radiation. The micrograph struc-

ture and the elements on the surface of the sorbents were analyzed
by transmission electron microscopy (TEM) analysis and energy
dispersive spectroscopy (EDS) by the use of Tecnai G20.
1-3. Experimental Method

The experimental apparatus is descripted schematically in Fig.
2. The device mainly consisted of gas preparation system, detec-
tion system and fixed-bed reactor. The simulated flue gas was a
mixture of 6% O2, 8% CO2, 500 ppm SO2, 300 ppm NO, and bal-
anced N2, with a total flow rate of 2,000 mL·min−1. One stream of
N2 with a flow rate of 300 mL·min−1 was purged through a mer-
cury permeation device placed in a sealed U-shaped quartz tube
to introduce elemental mercury vapor to the system. The Hg0 inlet
concentration (controlled by the temperature of water bath) of the
system variable was in the range of 22.8 to 61.5μg·m−3. The Hg0

and the simulated flue gas of different species were premixed before
passing through the fixed-bed reactor. The adsorption tests were
conducted by packing 200 mg sorbents mixed with 300 mg SiO2

particles into a quartz glass tube reactor (L-100 mm and D-16 mm),

Fig. 1. Schematic illustration of the preparation of Fe3O4/Ag composites.
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which was located in a temperature-controlled oven. The size of
sorbents and SiO2 particles was meshed in the range of 40 to 60
meshes, and the gas hourly space velocity of the typical condition
was set at about 3.12×105 h−1. The Hg0 concentration of the outlet
gas was detected by an online VM3000 vapor-mercury analyzer
(Mercury Instruments, Germany). Vent gas was purified using
activated carbon and sodium hydroxide solution to avoid air pol-
lution. Before each test, the mixed gas was diverted to the bypass
line to determine the baseline of Hg0 concentration.

The Hg0 removal efficiency η was calculated according to the
following equation:

η=(1−C/C0) (1)

where C0 is the inlet Hg0 concentration, and C denotes the outlet
Hg0 concentration at the end of 2 h adsorption (μg·m−3).
2. Computational Models and Method

The DFT calculation was implemented in the program of the
DMol3 package [17]. The Perdew-Burke-Ernzerhof (PBE) functional
within the generalized gradient approximation was used (GGA)
method and numerical plus polarization (DNP) basis set were em-
ployed to describe exchange and correlation effects of adsorption
energy from the fully optimized geometry [18]. DFT semi-core pseu-
dopods (DSPP) [19] were used for Hg atoms, Fe atoms, and Ag
atoms, whereby the outer electrons are treated as valence electrons
and the inner electrons are replaced by a simple potential includ-
ing some degree of relativistic effects. All electron method was
used for all O atoms.

A Monkhorst-Pack mesh k-points grid of 4×4×1 was used to
simplify the Brillouin zone [20]. A spin-unrestricted scheme was
used to deal with the electronically open shell system intrinsic to
Fe3O4 [21]. The calculation convergence criteria for the tolerances
of SCF, energy, displacement, and force were 1.0×10−6, 1.0×10−5

Ha, 0.002 Ha·Å−1, and 0.005 Å, respectively. To test the computa-
tional accuracy, we calculated the lattice constant of bulk Fe3O4,
getting the optimized value of 8.446 Å, which was in reasonable
agreement with the experimental value of 8.396 Å [21].

Previous research has shown that Fe3O4(111) surface is a pre-
dominant natural growth face and its catalyst activity is higher than
that of other surfaces [22]; the (111) crystal surface has been used
to investigate the adsorption of alkali [20], CO2 [21], H2 [23], and
H2O [24].

In present work, the Fe3O4(111) surface terminated with Fetet1
was chosen as the model to investigate the interaction of Hg0 and
Ag with the Fe3O4(111) surface as shown in Fig. 3. We used a model
system with eight layers, in which the top two Fe atom layers and
two O atom layers were relaxed, and the bottom four layers were
fixed during the optimization process [20].

The adsorption energy (Eads) was calculated according to the fol-
lowing equation:

ΔEads=Eadsorbate/sorbent−(Eadsorbate+Esorbent) (2)

where ΔEads is the adsorption energy, Eadsorbate/sorbent is the total
energy of the adsorbed molecule on the Fe3O4(111) surface, Eadsorbate

is the energy of isolated adsorbed molecule (Hg0 or Ag) in the vac-
uum, and Esorbent is the energy of the surface. A negative Eads value

Fig. 2. Schematic diagram of fixed-bed system.

Fig. 3. Schematic top and side views for the Fetet1-terminated sur-
face of Fe3O4(111) ((a) Top view, (b) Side view) (red spheres
represent the O atoms, and the blue spheres represent the Fe
atoms).
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corresponds to a stable adsorption system, a more negative value
represents stronger adsorption interaction.

RESULTS AND DISCUSSION

1. Sorbents Characterization
The phase of Fe3O4/Ag nanoparticle crystal was examined by

XRD as shown in Fig. 4. The diffraction peaks at 2θ values of
18.32o, 30.10o, 35.51o, 43.16o, 53.54o, 57.01o, and 62.62o could be
ascribed to the crystal surfaces of Fe3O4(111), (220), (311), (400),
(442), (511) and (440), confirming the existence of the Fe3O4 crys-
tal (JCPDS No. 65-3107). The diffraction peaks at 2θ values of
38.10o, 44.32o, and 77.40o could be ascribed to the crystal surface
of Ag (111), (200), (220), and (311), indicating the existence of the
Ag (JCPDS No. 04-0783) crystal. It can be concluded that the sil-
ver coated Fe3O4 sorbents were successfully synthesized in our sor-
bents preparation.

To further explore the morphology of the as-synthesized Fe3O4/
Ag, a TEM examination was performed and the image is shown
in Fig. 5(a). The black region in this image could be ascribed to
the crystalline Ag, and the gray region could be regarded as Fe3O4

crystal. From the high-resolution (10 nm) TEM image of Fe3O4/Ag,
the measured interplanar spacing for the lattice fringe of 0.254 nm
matched the (111) lattice plane of Ag, while the fringe of 0.487 nm
matched the (111) lattice plane of Fe3O4. To determine the elemen-
tal compositions of the nanocomposites, EDS spectrum in situ
composition analysis was performed as shown in Fig. 5(b). The
characteristic peaks of Fe, Si, and Ag confirmed that the Fe3O4/Ag
samples were composed of Fe, Si, and Ag elements, further vali-
dating the compositional results of XRD, which indicated that the
Fe3O4/Ag nanocomposite has been successfully synthesized. The
presence of the Cu peak was due to the copper screen used in the
sample preparation for TEM analysis.
2. Adsorption Experiments
2-1. Hg0 Removal Performance

We tested the sorbents in a fixed-bed react system. The Hg0 re-
moval efficiency of Fe3O4 sorbent with and without modified by
silver were both tested, and the results are shown in Fig. 6. It was
found that the Hg0 removal efficiency of the raw Fe3O4 was lower
than 35% indicated a poor Hg0 adsorption performance. By con-
trast, Fe3O4/Ag showed a great activity of Hg0 removal with the
removal efficiency of more than 91%. It can be concluded that sil-
ver could greatly enhance the Hg0 removal ability of Fe3O4 sorbent
due to the strong amalgamation with mercury, and Ag-Hg alloy
might be formed on the surface of the sorbents [22]. Silver nano-
particles on the surface became the main active sites and domi-
nated the Hg0 capture. Compared to previous studies, the mercury
removal efficiency of Fe3O4/Ag sorbents was poorer than MagZ-Ag
sorbents [13], which has a larger specific surface might bring more
silver loading and beneficial to a higher mercury capture ability.
2-2. Effects of Different Gas Components

Generally, the flue gas from coal-fired power plants contains O2,

Fig. 4. XRD pattern of the as-synthesized Fe3O4/Ag nanocomposites.

Fig. 5. The TEM image (a) and EDS image (b) of the as-synthesized Fe3O4/Ag nanocomposite.
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CO2 and several acid gases including SO2 and NO in the range
from a few hundred to a few thousand parts per million. O2, CO2,
SO2, and NO may have an effect on Hg0 removal performance [13,
26]. Hence, 6% O2, 8% CO2, 500 ppm SO2, and 300 ppm NO were
chosen to investigate the impact, and the adsorption temperature
was set at 120 oC, which agreed well with the actual flue gas condi-
tion before the bag-house filter [7]. The effects of different gas
components on the Hg0 adsorption performance are depicted in
Fig. 7. Results showed that the presence of O2 may have a positive
effect on Hg0 capture of the both sorbents. Previous studies have
proved that O2 efficiently promoted the Hg0 adsorption on iron
oxide nanoparticles [3,26]. The CO2 showed nearly no effects on
Hg0 removal of these two sorbents. The SO2 and NO species exist-
ing in simulated flue gas also had no obvious effects on Hg0 cap-
ture performance of Fe3O4/Ag sorbents, which agreed with previous
works that Ag-Hg amalgamation might not be affected by the acid
flue gas composition [11,13]. As to bare Fe3O4 sorbents, the SO2

and NO both improved Hg0 capture, which was similar to previous
study that the Hg0 capture ability of iron oxides could be enhanced
by acid flue gas components [26]. The difference of the acid flue
gas components impact between the two kinds of sorbents could
be explained with the reason that the Fe3O4 particles coated with
silver reduced the contact surface between mercury and Fe3O4

particles, which could abate the interaction of acid flue gases with
Fe3O4. It can be concluded that the Fe3O4/Ag sorbents possessed
an excellent tolerance of acid gases and have a potential to be
applied to remove mercury in the actual flue gas.
2-3. Effects of Temperature

Fig. 8 shows the Hg0 removal efficiencies over these two kinds
of sorbents under various reaction temperatures. The results indi-
cated that increasing adsorption temperature has a negative impact
on Hg0 removal of Fe3O4/Ag sorbents while a promotion effect on
bare Fe3O4 sorbents. When adsorption temperature increased from
80 to 160 oC, Hg0 removal efficiency of Fe3O4/Ag decreased greatly
from almost 100% to 57.8%. Especially, when the temperature was
above 120 oC, the removal efficiency dropped rapidly and dramat-
ically. The interaction of mercury with Fe3O4/Ag sorbents could
be divided into the physisorption of mercury on particles and the
Hg-Ag amalgamation. However, the interaction would be weak-
ened at an elevated temperature for the reason that the physisorp-
tion was exothermic and the amalgamation decomposed to release
mercury to the gas phase [28]. The mercury removal ability of
Fe3O4 sorbents was improved with the increasing of temperature
due to the interaction of mercury with metal oxides being mainly
attributed to chemisorption, which could be enhanced at an ele-
vated temperature [26]. However, the Hg0 removal efficiency of
Fe3O4 sorbents was always less than that of Fe3O4/Ag sorbents at
the investigated temperatures.

The temperature of flue gas before bag-filter was kept over 120 oC
in order to avoid the moisture condensing, which needed the sor-
bents to have a relative excellent adsorption performance. The Hg0

removal efficiency of the as-synthesized Fe3O4/Ag sorbents at 120 oC
was 81.2% as shown in Fig. 8, which might be high enough to
remove Hg0 from the flue gas.

Fig. 6. Hg0 adsorption performance of as-synthesized sorbents (Con-
ditions: N2, 38.5µg/m3 Hg0, 100 oC, 3.12×105 h−1). Fig. 8. Effects of temperature on the Hg0 adsorption performance

(Conditions: 6% O2, 8% CO2, 500 ppm SO2, 300 ppm NO,
38.5µg/m3 Hg0, 3.12×105 h−1).

Fig. 7. Effect of different gas composition on the Hg0 adsorption
performance (Conditions: 38.5µg/m3 Hg0, 120 oC , 3.12×105

h−1).
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2-4. Effects of Hg0 Inlet Concentration
According to the two-film theory, Hg0 adsorption ability can be

influenced by Hg0 partial pressure, which is determined by the Hg0

inlet concentration [29]. The effects of Hg0 inlet concentration on
Hg0 removal efficiency were studied and the results are shown in
Fig. 9. As illustrated in Fig. 9, the two kinds of sorbents showed a
similar tendency that the Hg0 removal efficiency of the sorbents
both decreased with the increasing of the Hg0 inlet concentration.
The phenomenon can be explained by the reason that the increas-
ing of Hg0 inlet concentration resulted in increasing the number of
Hg0 molecules through the reactor per unit time, which could
decrease the relative molar ratio of sorbents weight to Hg0 concen-
tration. The redundant Hg0 in flue gas could not be captured by a
certain amount of sorbents and would remain in the flue gas and
be detected by the mercury monitor. Herein, the Hg0 removal effi-
ciency of the both sorbents maintains a monotonic decrease.
2-5. Effects of Gas Hourly Space Velocity

The Hg0 removal ability of the Fe3O4/Ag and Fe3O4 sorbents with

various gas hourly space velocities (GHSV) was tested as described
in Fig. 10. It was clearly observed that the Hg0 removal efficiencies
were gradually decreased with the increasing of gas hourly space
velocity, no matter whether the Fe3O4 sorbents were loaded with
silver or not. At a lower space velocity of 2.53×105 h−1, the Hg0

removal efficiency of the Fe3O4/Ag and Fe3O4 sorbent could be
achieved 92.5% and 43.5%, respectively, while the Hg0 removal
efficiency dramatically decreased to 51.6% and 22.5%, respectively,
when the space velocity elevated to 9.24×105 h−1. It might be the
reason that an elevated space velocity led to a shorter residence
time of the simulated flue gas in the fixed-bed reactor, which meant
a shorter contact and adsorption time between the flue gas and
the sorbents. As to the actual operation, choosing an appropriate
gas hourly space velocity to reach a certain Hg0 removal efficiency
was necessary.
2-6. Hg-TPD Analysis

To identify the speciation of mercury compounds on the sur-
face of the sorbents after sorption tests, the decomposition charac-
teristics of the mercury species were investigated by temperature-
programmed desorption (TPD) method in this study, which was
widely used as an efficient technique to distinguish mercury spe-
cies on solid surface [30-32]. In this study, the TPD experiment of
the Fe3O4/Ag sorbents was performed following the mercury re-
moval tests in the atmosphere of simulated flue gas including N2,
O2, CO2, SO2 and NO. The Hg-TPD curve was obtained under the
heating rate of 4 oC/min and the results are shown in Fig. 11. Only
one broad peak at approximately 210 oC can be observed during
desorption process, which started from 80 oC to 360 oC (maximum
at 210 oC). It can be inferred that mercury on the surface of Fe3O4/
Ag sorbents began to release at 80 oC, and almost evaporated while
the temperature was higher than 360 oC. According to mercury
compounds desorption characteristics investigated in previous study,
the decomposition of HgCl2, HgO and HgSO4 ranged from 45 oC
to 300 oC, 382 oC to 604 oC, 402 oC to 630 oC, respectively [32].
HgCl2 could not be formed on the surface of sorbents due to the
absence of chlorine species in our simulated flue gas. The results
indicated that mercury desorbed from the surface of sorbents might
be the decomposition of the silver-mercury amalgam [11,13,30].
The mercury species existing on the surface of the sorbents might

Fig. 9. Effects of Hg0 inlet concentration on the Hg0 adsorption per-
formance (Conditions: 6% O2, 8% CO2, 500 ppm SO2, 300
ppm NO, 3.12×105 h−1, 120 oC).

Fig. 10. Effects of space velocity on the Hg0 adsorption performance
(Conditions: 6% O2, 8% CO2, 500 ppm SO2, 300 ppm NO,
38.5µg/m3 Hg0, 120 oC). Fig. 11. The Hg0 desorption curves over tested Fe3O4/Ag sorbents.
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be elemental mercury instead of oxidized mercury (HgCl2, HgO
and HgSO4).
2-7. Reusability Tests of the Sorbents

Reusability is one of the most important characteristics of mer-
cury removal sorbents. Thermal treatment is considered an effec-
tive approach for sorbents regeneration. For the as-synthesized
Fe3O4/Ag sorbents, the adsorbed mercury will be released from
the surface of sorbents at 80 oC and totally evaporated at 360 oC
according to the aforementioned TPD analysis. Therefore, 320 oC
was chosen as the thermal regeneration temperature. As shown in
Fig. 12, five cycles of mercury adsorption and regeneration were
carried out in the reusability test. It can be seen that the mercury
removal efficiency was kept almost the same as the first cycle of
adsorption. The excellent regeneration performance of silver based
sorbents was also proved by the study of Xu [11] and Dong [13].
The results indicated that Fe3O4/Ag composites could be promis-
ing low-cost mercury sorbents due to the ability of efficiently regen-
erating and being reused.
3. DFT Calculations
3-1. Hg0 Interaction with Fe3O4(111)

Previous studies that have used the DFT calculations to investi-
gate Hg0 interaction with γ-Fe2O3 [33] and α-Fe2O3 [34] proposed
that Fe3+ showed stronger activity for the reaction of mercury than
O2−. It can be inferred that the interaction of mercury and Fe3+

was more favorable. Furthermore, the Fe3O4(111) surface termi-
nated with Fetet1 was confirmed to possess several adsorption
active sites [20], which might be active to adsorb mercury. Herein,
the Fetet1 site and the neighbor O-top site on the Fe3O4(111) sur-
face were taken into consideration in the current work as depicted
in Fig. 13. The Hg atom was placed perpendicularly toward the
Fetet1 atom and O-top atom at the distance of 3.107Å and 3.078Å,
respectively, which is depicted in Fig. 13(a) and (b). After geome-
try optimization, the configuration optimization of Fetet1 site is
depicted in Fig. 13(c) and shows no obvious geometry change, and
the Hg-Fe bond length was shortened to 2.805 Å. For the configu-
ration optimization of O-top site, however, dramatic changes are
observed in Fig. 13(d). The Hg-O bond stretched (3.520 Å) and

Hg atom moved to Fetet1 site with the Hg-Fe bond length of
2.846 Å. It can be concluded that Hg0 was more favorable to ad-
sorbed on Fetet1 site stably, which is similar to the adsorption
behavior of Hg0 on γ-Fe2O3(001) [34] and α-Fe2O3(001) [34]. The
calculated adsorption energy of Hg0 on Fetet1 site and O-top site
was −44.24 kJ/mol and −39.69 kJ/mol, respectively. Hence, the
configuration of Hg0 adsorbed on Fetet1 site is more stable. The
adsorption energy of the this configuration is weaker than that of
Hg0 on γ-Fe2O3(001) perfect surface with the value of −54.3 kJ/
mol [33], but stronger than that of Hg0 on α-Fe2O3(001) [34] sur-
face with the value of −37.66 kJ/mol. However, all of them belong
to weak chemisorption.
3-2. Hg0 Interaction with Ag/Fe3O4(111)

Geng et al. investigated the adsorption of Hg0 on the Pd/γ-
Al2O3(110) surface, in which Pd atom was primarily placed on the
γ-Al2O3(110) surface, and then Hg atom started to adsorb [35].
From the characterization of the as-synthesized Fe3O4/Ag sorbent,
silver existed on the surface of the Fe3O4 particles. So we carried
out our work of Hg0 interaction with Ag/Fe3O4(111) as follows: First,
an Ag atom was placed perpendicular toward the center of the
Fe3O4(111) surface, and then this configuration was optimized to
obtain the final structure as shown in Fig. 14(a). Second, the Hg
atom was placed perpendicular toward the Ag atom. After the
geometry optimization the stable configuration was acquired and
exhibited in Fig. 14(b). The calculated adsorption energy of this
system was at the value of −86.82 kJ/mol, which was almost twice

Fig. 12. The reusability test of Fe3O4/Ag sorbents for Hg0 removal
efficiency (Conditions: 6% O2, 8% CO2, 500 ppm SO2, 300
ppm NO, 38.5µg/m3 Hg0, 3.12×105 h−1, 120 oC).

Fig. 13. Adsorption configurations of Hg0 on the Fe3O4(111) sur-
face ((a) and (b): The configuration of Fetet1 site and O-top
site before adsorption, respectively; (c) and (d): The config-
uration of Fetet1 site and O-top site after adsorption, respec-
tively).
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as much of the bare Fe3O4(111) surface adsorption energy. It is
confirmed that this interaction belongs to a strong chemisorption.
Considering the above, we can conclude that the silver could greatly
improve the Hg0 removal performance of Fe3O4 sorbent, which
agrees very well with our experiments results.

CONCLUSION

The magnetic Fe3O4/Ag nanocomposite was successfully syn-
thesized and characterized by XRD, TEM, and EDS, which proved
the existence of silver on the surface. A series of fixed-bed experi-
ments were performed to test the mercury removal efficiency of
the Fe3O4 and Fe3O4/Ag sorbents. The effects of the flue gas com-
ponents, the adsorption temperature, the Hg0 inlet concentration
and the gas hourly space velocity on the Hg0 removal efficiency
were all evaluated on both sorbents. The results indicated that the
loading of silver on the surface of Fe3O4 could significantly enhance
the Hg0 removal efficiency of the sorbents. Flue gas components,
including CO2, SO2, and NO, have little impact on the mercury
removal performance of Fe3O4/Ag sorbents, while O2 has a slightly
positive effect. For both sorbents, the Hg0 removal efficiency of the
both sorbents was decreased with the increasing of temperature,
Hg0 inlet concentration and gas hourly space velocity. Besides, the
Hg0 removal efficiency of Fe3O4/Ag sorbents was always higher
than that of bare Fe3O4 sorbents under various conditions. The
mercury species on solid surface was determined by TPD method
and only one broad peak emerged at approximately 210 oC, which
meant that mercury species existing on the surface of the sorbents
might be elemental mercury instead of oxidized mercury. The
reusability of the Fe3O4/Ag sorbents was also tested and a good
ability of efficient regeneration and reuse was found, which indi-
cated that the Fe3O4/Ag sorbents could be promising mercury
removal sorbents.

The DFT calculations of the adsorption of mercury on the both
sorbents were finally carried out in the current study. The DFT
calculation of Hg0 adsorbed on bare Fe3O4(111) surface and Ag/

Fe3O4(111) surface indicated that the former belonged to weak
chemisorption and the latter was strong chemisorption. The inter-
action of mercury with iron was more favorable than that of mer-
cury with oxygen. The theoretical analysis agreed with our experi-
ments very well and could provide an insightful understanding of
the adsorption of mercury.
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