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ABSTRACT: A series of nanosized (Fe3-xMnx)1-δO4 (x = 0, 0.2, 0.5, and 0.8) were synthesized for elemental mercury capture from
the flue gas. Cation vacancies on (Fe3-xMnx)1-δO4 can provide the active sites for elemental mercury adsorption, and Mn4þ cations
on (Fe3-xMnx)1-δO4 may be the oxidizing agents for elemental mercury oxidization. With the increase of Mn content in the spinel
structure, the percents of Mn4þ cations and cation vacancies on the surface increased. As a result, elemental mercury capture by
(Fe3-xMnx)1-δO4 was obviously promoted with the increase of Mn content. (Fe2.2Mn0.8)1-δO4 showed an excellent capacity for
elemental mercury capture (>1.5 mg g-1 at 100-300 �C) in the presence of SO2 andHCl. Furthermore, (Fe2.2Mn0.8)1-δO4with the
saturation magnetization of 45.6 emu g-1 can be separated from the fly ash using magnetic separation, leaving the fly ash essentially
free of sorbent and adsorbed Hg. Therefore, nanosized (Fe2.2Mn0.8)1-δO4 may be a promising sorbent for the control of elemental
mercury emission.

’ INTRODUCTION

Mercury is a major pollutant because of its toxicity, mobility,
and bioaccumulation in the ecosystem and food chain. The emis-
sion of mercury from anthropogenic activities is a serious concern
in both the developed and developing countries. Coal-fired utility
boilers are currently the largest single-known source of anthro-
pogenic mercury emissions. Mercury exists in three forms in the
coal-derived flue gas: elemental mercury (Hg0), oxidizedmercury
(Hg2þ), and particle-bound mercury (Hgp).1 Because elemental
mercury is difficult to be removed by currently available pollution
control devices, it is themajormercury species emitted in the flue gas.

Many technologies have been investigated to capture elemen-
tal mercury from the flue gas. Sorbents/catalysts for elemental mer-
cury capture studied to date mainly fall into one of three groups:
carbon-based sorbents, selective catalytic reduction catalysts, and
metals and metal oxides.1 Now, the mercury-sorbent materials are
extremely restricted in the application for at least three reasons:
sorbent recovery, removal of toxin from the industrial waste, and
operation cost.2-5

The separation of sorbent from the fly ash can be solved by the
magnetic property of sorbent materials.2-5 A magnetic sorbent
MagZ-Ag0 has been investigated for elemental mercury capture,6,7

but lower cost sorbents would bemore attractive. As is well-known,
maghemite (γ-Fe2O3) is one of the cheapest magnetic materials.
Furthermore, an interesting feature of γ-Fe2O3 is the possibility
of replacing Fe3þ cations by other metal cations while maintain-
ing the spinel structure. Its physicochemical property is strongly
dependent on the nature, amount, and site of metal incorporated

into the spinel structure. Our previous research demonstrated
that Ti4þ in γ-Fe2O3 can strongly improve its ability for elemental
mercury capture, but the presence of a high concentration of SO2

resulted in a severe interference.3

Herein, Mn4þ cations were incorporated into γ-Fe2O3 to form
(Fe3-xMnx)1-δO4 using a coprecipitation method. Then, (Fe3-
xMnx)1-δO4 was characterized using X-ray diffraction (XRD), H2

temperature programmed reduction (TPR), N2 adsorption/de-
sorption isotherm, X-ray photoelectron spectroscopy (XPS), and
magnetizationmeasurement. At last, a packed-bed reactor system
was used to estimate the performance of (Fe3-xMnx)1-δO4 for ele-
mental mercury capture.

’EXPERIMENTAL SECTION

Samples Preparation. Nanosized Fe3-xMnxO4, the precur-
sor of (Fe3-xMnx)1-δO4, was prepared using a coprecipitation
method:8

(1) Suitable amounts of ferrous sulfate, ferric chloride, and
manganese sulfate were dissolved in distilled water (total
cation concentration = 0.30 mol L-1).

(2) The mixture was added to a sodium hydroxide solution
(about 1.20 mol L-1), leading to an instantaneous
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precipitation of manganese ferrite according to the fol-
lowing equation

2Fe3þ þ ð1-xÞFe2þ þ xMn2þ þ 8OH- f

Fe3-xMnxO4 þ 4H2O ð1Þ
During the reaction, the system was continuously stirred
at 800 rpm.

(3) The particles were then separated by centrifugation at
4500 rpm for 5 min and washed with distilled water fol-
lowed by a new centrifugation. After 3 washings, the par-
ticles were collected and dried in a vacuum oven at 105 �C
for 12 h.

γ-Fe2O3 was obtained after the thermal treatment of Fe3O4

under air at 250 �C for 3 h. (Fe3-xMnx)1-δO4 (x = 0.2, 0.5, and
0.8) were obtained after the thermal treatment of Fe3-xMnxO4

(x = 0.2, 0.5, and 0.8) under air at 400 �C for 3 h. During the
oxidization of Fe3-xMnxO4 to (Fe3-xMnx)1-δO4, some cation va-
cancies (0) were introduced to sustain the spinel structure.
Samples Characterization. Powder XRD pattern was re-

corded on an X-ray diffractionmeter (Rigaku, D/max-2200/PC)
between 10� and 80� at a step of 7�min-1 operating at 30 kV and
30 mA using Cu KR radiation. BET surface area was determined
using a nitrogen adsorption apparatus (Micromeritics, ASAP
2010 MþC). The sample was outgassed at 200 �C before BET
measurement. TPR profile was recorded on a chemisorption an-
alyzer (Micromeritics, ChemiSorb 2720 TPx) with a gas flow of
20 cm3min-1 (10% of hydrogen and 90% of nitrogen) at a rate of
10 �C min-1. Saturation magnetization was determined using a
vibrating sample magnetometer (VSM, Model JDM-13) at room
temperature. XPS (Thermo, ESCALAB 250) with Al KR (hv =
1486.6 eV) as the excitation source was used to determine the
binding energies of Fe 2p, Mn 2p, S 2p, O 1s, andHg 4f. The C 1s
line at 284.6 eV was taken as a reference for the binding energy
calibration.
Elemental Mercury Capture. The assembly used for elemen-

tal mercury capture (shown in Figure S1 in the SI) was similar to
that described in our previous research.2-5 A flow of air passed
through the permeation tube and yielded a stable concentration
of elemental mercury. A temperature control device was employed
to keep the reactor at the desired temperatures. The gas containing
elemental mercury first passed through the blank tube and then
entered the CVAAS to determine the baseline. When the con-
centration of elemental mercury had fluctuated within (5% for
more than 30min, the gas was diverted to pass through the adsor-
bent bed. An exact amount of sorbent was inserted in the middle
of the column reactor and then packed with quartz wool to sup-
port the sorbent layer and to avoid its loss. It was demonstrated
that quartz wool has no ability for elemental mercury capture.
To preliminarily estimate the performance for elemental mer-

cury capture, (Fe3-xMnx)1-δO4 was first tested under air. The

inlet gas contained a stable concentration of elemental mercury
(shown in Table S1 in the SI) with a feed of 12 L h-1. The test
time for (Fe3-xMnx)1-δO4 (x 6¼0) was about 10 h. Because the
breakthrough ratios of γ-Fe2O3 for elemental mercury capture
were more than 90% within 4 h, the test time for γ-Fe2O3 was
about 4 h. For each test, the sorbent mass was about 25.0 mg (the
gas space velocity was about 1.2 � 106 h-1), and the reaction
temperature varied from 100 to 300 �C.
The effect of a high concentration of SO2 on elemental mer-

cury capture was investigated. The inlet gas contained about 2.8 g
Nm-3 (1000 ppmv) of SO2 and 10% of O2. Furthermore, the
effect of HCl on elemental mercury capture was investigated.
The inlet gas contained about 2.8 g Nm-3 of SO2, 8.1 mg Nm

-3

(5 ppmv) of HCl, and 10% of O2.
The concentration of elemental mercury in the gas was ana-

lyzed using a SG-921 CVAAS. Meanwhile, Hg2þ in the gas at the
exit of reactor was absorbed by 1.0 mol L-1 of KCl. Then, the
amount of Hg2þ in the KCl solution was determined using the
CVAAS. Breakthrough curve was generated by plotting the con-
centration of elemental mercury in the gas at the exit of reactor.

’RESULTS AND DISCUSSION

Characterization. The characteristic reflections of synthe-
sized samples (shown in Figure S2 in the SI) corresponded very
well to the standard card of maghemite (JCPDS: 39-1346). Addi-
tional reflections that would indicate the presence of other crys-
talline manganese oxides, such as Mn3O4, Mn2O3, or MnO2, were
not present in the diffraction scan. Furthermore, the lattice param-
eter of synthesized Fe2.2Mn0.8O4 was 0.8456 nm (XRD pattern
is not shown), which was much larger than that of magnetite
(0.8396 nm). These indicate that Mn cations were incorpo-
rated into the spinel structure. Crystal sizes of synthetic samples
were calculatedwith the Scherrer’s equation.9 As shown inTable 1,
the crystal size increased with the increase of Mn content in
(Fe3-xMnx)1-δO4.
TPR profile of γ-Fe2O3 showed two obvious reduction peaks

(shown in Figure 1A). The peak centered at about 370 �C cor-
responded to the reduction of γ-Fe2O3 to Fe3O4, and the broad
peak at the higher temperature was attributed to the reduction of
Fe3O4 to Fe

0.10 TPR profiles of (Fe3-xMnx)1-δO4 (x6¼0) showed
three groups of reduction peaks (shown in Figure 1A). The peaks
centered at about 345-362 �C corresponded to the reduction of
(Fe3-xMnx)1-δO4 to Fe3-xMnxO4, the peaks centered at about
520-598 �C were attributed to the reduction of Fe3-xMnxO4 to
manganowustite (Fe1-yMnyO), and the last peaks were assigned
to the reduction of Fe1-yMnyO to Fe0 and MnO.11 As Mn was
introduced into the spinel structure, the first peak shifted to a lower
temperature. Meanwhile, the area of the first peak decreased with
the increase of Mn content in (Fe3-xMnx)1-δO4. It may be related
to the decrease of the BET surface area (shown in Table 1). The
reduction of (Fe3-xMnx)1-δO4 to Fe3-xMnxO4 involved the
reduction of Mn4þ to Mn3þ, Mn3þ to Mn2þ, and partial Fe3þ

to Fe2þ. As shown in Figure 1B, the H2 consumption at <300 �C
corresponding to the reduction of Mn4þ cations on the surface
obviously increased with the increase of Mn content in
(Fe3-xMnx)1-δO4. It indicates that the amount of Mn4þ cations
on (Fe3-xMnx)1-δO4 increased with the increase of Mn content.
A key feature of the novel sorbent is its magnetic property,

which makes it possible to separate the sorbent from the fly ash
mixture. The saturation magnetizations of (Fe3-xMnx)1-δO4 (x =
0, 0.2, 0.5, and 0.8) were 59.0, 48.6, 45.4, and 45.6 emu g-1,

Table 1. Crystal Size, Lattice Parameter, and BET Surface
Area of Synthesized (Fe3-xMnx)1-δO4

(Fe3-xMnx)1-δO4

crystal

size/nm

lattice

parameter/nm

BET surface

area/m2 g-1

x = 0 12 0.8326 101

x = 0.2 14 0.8324 82.9

x = 0.5 18 0.8332 69.4

x = 0.8 31 0.8346 37.8



1542 dx.doi.org/10.1021/es103391w |Environ. Sci. Technol. 2011, 45, 1540–1546

Environmental Science & Technology ARTICLE

respectively. (Fe3-xMnx)1-δO4 showed the superparamagnetism
with a minimized coercivity and a negligible magnetization hys-
teresis (shown in Figure 2). The magnetization characteristic
ensures that the magnetic sorbents cannot be permanently mag-
netized after being exposed to an external magnetic field. There-
fore, the sorbent particles can be redispersed without aggregation
when the magnetic field is removed.6

The peaks of Fe species on (Fe2.2Mn0.8)1-δO4were assigned to
oxidized Fe species, more likely Fe3þ type species. The binding
energies centered at about 709.9 and 711.1 eVmay be assigned to
Fe3þcations in the spinel structure, and the binding energy cen-
tered at about 712.3 eV may be ascribed to FeIII-OH (shown in
Figure 3a). TheMn peaks at 641.1 and 642.4 eV were assigned to
Mn3þ andMn4þ, respectively (shown in Figure 3b). As shown in
Table 2, the percent of Mn4þ on (Fe3-xMnx)1-δO4 obviously
increased with the increase of Mn content. The O peak mainly
centered at about 529.9 eV (shown in Figure 3c), as expected

for the transition metal oxides. Another oxygen species at about
531.3 eV was also observed, which was assigned to -OH.
Elemental Mercury Capture under Air. The determination

of oxidized mercury concentration at the exit of reactor showed
that therewas little oxidizedmercury in the gas after passing through
the reactor tube with (Fe3-xMnx)1-δO4. It indicates that the re-
duced amount of elemental mercury in the breakthrough curve
(shown in Figure S3a-c in the SI) was captured by the magnetic
sorbent. The mass of elemental mercury captured per unit mass of
sorbent (capacity) can be calculated from the breakthrough curve.
As shown in Table 3, the capacity of (Fe3-xMnx)1-δO4 for elemental
mercury capture generally increased with the increase of Mn
content.With the continuous increase of reaction temperature from
100 to 300 �C, the capacities of (Fe3-xMnx)1-δO4 for elemental
mercury capture showed the same variation tendency, and the
optimal reaction temperatures all centered at about 250 �C.
Elemental mercury capture by metal oxides in the absence of

halogen is generally attributed to theMars-Maessen mechanism.1,12

Themechanism for elemental mercury capture by (Fe3-xMnx)1-δO4

was studied using XPS analysis. In comparison with fresh
(Fe2.2Mn0.8)1-δO4 (shown in Figure 3a-c), no obvious changes
happened in the XPS spectra over the spectral regions of Fe 2p
and O 1s (shown in Figure 3d and e). As shown in Figure 3f, the
component centered at about 640.4 eV corresponding to Mn2þ

cations did not appear. Meanwhile, the ratio of Mn4þ cation to
Mn3þ cation decreased from 1.57 to 1.37 after elemental mer-
cury capture. They suggest that some Mn4þ cations were re-
duced to Mn3þ cations during elemental mercury capture. Taking
account of the binding energy of Hg 4f7/2 at 100.1 eV and the
absence of Hg 4f 5/2 at about 105 eV corresponding to Hg2þ

(shown in Figure 3g), the oxidized mercury formed may be mer-
curous oxide. Mercurous oxide has been previously observed on
(Fe2Ti)0.8O4 and (Fe2Ti0.8Mn0.2)1-δO4 in our previous research.

3,4

Therefore, the mechanism of elemental mercury capture by
(Fe3-xMnx)1-δO4 can be described as

Hg0ðgÞ þ �0 f �0-Hg0ðadÞ ð2Þ

�0-Hg0 þ � MnIV f � MnIIIHgI ð3Þ
Reaction 2 was the collision of elemental mercury with the

surface, resulting in a physical adsorption on the cation vacancies.
Cation vacancies on the surface are typical Lewis acid sites.2-5

Gaseous elemental mercury is a Lewis base because it can be an
electron-pair donor. The term Lewis base is more general and
refers to the propensity to complex with a Lewis acid. If the con-
centration of elemental mercury in gas phase was sufficiently high
for the surface to be saturated with physically adsorbed elemental
mercury, the concentration of physically adsorbed elemental
mercury on the surface ([�0-Hg0]) can be described as

½�0-Hg0� ¼ k1½�0� ð4Þ
where [�0] and k1 were the percent of cation vacancies on the
surface and the constant, respectively. Reaction 2was an exothermic
reaction, so k1 would rapidly decrease with the increase of reac-
tion temperature.
Reaction 3 was the oxidation of physically adsorbed elemental

mercury to a Mn-Hg bimetal oxide by Mn4þ cations on the
surface.12

As is well-known, mercury is a heavy metal, and its atomic radius
(1.76 Å) is much bigger than the radiuses of Mn4þ (0.60 Å), Mn3þ

(0.66 Å), Fe3þ (0.64 Å), andO2- (1.32Å).When amercury atom is

Figure 1. (A) TPR profiles of synthesized (Fe3-xMnx)1-δO4 and (B)
expansion of TPR profiles of synthesized (Fe3-xMnx)1-δO4 from 150 to
400 �C: (a), x = 0; (b), x = 0.2; (c), x = 0.5; (d), x = 0.8.

Figure 2. Magnetization characteristics of synthesized (Fe3-xMnx)1-δ-
O4: (a) x = 0; (b) x = 0.2; (c) x = 0.5; (d) x = 0.8.

http://pubs.acs.org/action/showImage?doi=10.1021/es103391w&iName=master.img-000.png&w=164&h=268
http://pubs.acs.org/action/showImage?doi=10.1021/es103391w&iName=master.img-001.jpg&w=160&h=119
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Figure 3. XPS spectra of (Fe2.2Mn0.8)1-δO4 over the spectral regions of Fe 2p, Mn 2p, O 1s, Hg 4f, and S 2p.

http://pubs.acs.org/action/showImage?doi=10.1021/es103391w&iName=master.img-002.png&w=396&h=649
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physically adsorbed on the cation vacancy, several ions including
Mn4þ, Mn3þ, Fe3þ, and O2- around the cation vacancy may be
covered.Once the adsorbed elementalmercury contactsMn4þ cation
on the surface, the adsorbed elemental mercury will be oxidized.
The array of cation vacancies, Mn3þ/Mn4þ, Fe3þ, and O2- in/

on (Fe3-xMnx)1-δO4 was well-proportioned even at the atomic
scale due to the incorporation ofMn cations into the spinel struc-
ture. The near two Mn cations on (Fe3-xMnx)1-δO4 were spaced
at least by two Fe cations and four oxygen anions, so the distance
between two Mn4þ cations was much more than the diameter of
the Hg atom. When a mercury atom was physically adsorbed on
the active site (i.e.,0), at most one Mn4þ cation can be covered.
Therefore, reaction 3 happened. As is well-known, Hg2O is not
stable and it can self-decompose to HgO and Hg at a high tempe-
rature. Because the oxidized mercury formed on (Fe3-xMnx)1-δO4

was isolated MnIIIHgIO2, the near two oxidized mercury formed
were spaced at least by two Fe cations and four oxygen anions. As a
result, twomercurous cations cannot collide to transform to oneHg
atom and oneHg2þ cation. Therefore, the formedmercurous oxide
on (Fe3-xMnx)1-δO4 was stable (shown in Figure S3).
The kinetic equation of reaction 3 can be described as

-
d½� MnIV�

dt
¼ -

d½�0-Hg0�
dt

¼ d½� MnIIIHgI�
dt

¼ k½� MnIV�½�0-Hg0� ð5Þ
where [�MnIV], [�MnIIIHgI], and k were the percent of Mn4þ

cation, the percent of the bimetal oxide on the surface, and the
kinetic constant, respectively. Because reaction 3 was promoted
with the increase of reaction temperature, k would increase with
the increase of reaction temperature.
According to eq 5, [�MnIV] may be approximately described as

½� MnIV � ¼ ½� MnIV �0expð- k½�0-Hg0�tÞ
¼ ½� MnIV �0expð- kk1½�0�tÞ ð6Þ

Then,

d½� MnIIIHgI�
dt

¼ kk1½�0�½� MnIV�0expð- kk1½�0�tÞ ð7Þ

½� MnIIIHgI�

¼ kk1½�0�½� MnIV�0
Z t

0
expð- kk1½�0�tÞdt ð8Þ

So,

Q ¼ BETkk1½�0�½� MnIV �0
Z t

0
expð- kk1½�0�tÞdt ð9Þ

whereQwas the amount of elemental mercury captured, which can
be described as the product of [�MnIIIHgI] and BET surface area.
As shown in eq 9, Q should be approximately proportional to the
product of BET, [�0], and [�MnIV]0. There generally was a
positive correlation between BET[�0][�MnIV]0 and the capacity
of (Fe3-xMnx)1-δO4 for elemental mercury capture (shown in
Tables 2 and 3), so the increase of Mn4þ cations and cation
vacancies on the surface may mainly account for the prominent
promotion of elemental mercury capture by (Fe3-xMnx)1-δO4 due
to the increase of Mn content.
Although reaction 3 was promoted with the increase of

reaction temperature, elemental mercury capture reached the
optimal condition at a specific temperature, in most cases not the
highest temperature due to the influence of reaction temperature
on the physical adsorption (reaction 2). Mn4þ cation on
(Fe2.2Mn0.8)1-δO4 may be easier to be reduced by 0 to form
Mn3þ cation at higher temperatures,13 so the capacity of
(Fe2.2Mn0.8)1-δO4 for elemental mercury capture at 300 �C
was much less than that of (Fe2.5Mn0.5)1-δO4.
Effect of SO2 on Elemental Mercury Capture by

(Fe2.2Mn0.8)1-δO4. The chemical composition in the flue gas
significantly affects elemental mercury capture by sorbents. The
components in the real coal-fired flue gas which can interfere
with elemental mercury capture are mainly a high concentration
of SO2/SO3.

14,15 SO2 gas molecules may compete with gaseous
elemental mercury for the active sites. The concentration of SO2

in the real flue gas is about 104-105 times that of elemental
mercury (v/v).14

The determination of oxidized mercury concentration at the
exit of reactor showed that there was little oxidized mercury in
the gas after passing through the reactor tube with (Fe2.2Mn0.8)1-
δO4 in the presence of 1000 ppmv of SO2. It indicates that the
reduced amount of elemental mercury in the breakthrough curve
(shown in Figure S3d in the SI) was captured by (Fe2.2Mn0.8)1-δO4.
Table 3 shows that the presence of a high concentration of SO2

resulted in an obvious interference with elemental mercury
capture by (Fe2.2Mn0.8)1-δO4. However, (Fe2.2Mn0.8)1-δO4 still
showed an excellent capacity for elemental mercury capture
(>1.70 mg g-1 at 100-250 �C) in the presence of 1000 ppmv
of SO2.
Previous research postulated a mechanism for the heteroge-

neous uptake and oxidization of SO2 on iron oxides,16 and the
reactions can be described as

� FeIII -OHþ SO2ðgÞ f � FeIIIOSO-
2 þHþ ð10Þ

� FeIIIOSO-
2 f � FeII þ SO�-

3 ð11Þ

� FeIII -OHþ SO�-
3 f � FeII þHSO-

4 ð12Þ

Table 2. Data of Atomic Ratios on the Surface Collected from
XPS Analysis/%

(Fe3-xMnx)1-δO4 0 Mn Mn2þ Mn3þ Mn4þ
BET[�0]

[�MnIV]0/m
2 g-1

x = 0.2 4.7 5.1 1.9 1.6 1.6 0.062

x = 0.5 6.4 13.6 - 7.6 6.0 0.27

x = 0.8 8.1 18.5 - 7.2 11.3 0.35

Table 3. Capacity of (Fe3-xMnx)1-δO4 for Elemental Mercury
Capture mg g-1

(Fe3-xMnx)1-δO4 100 �C 150 �C 200 �C 250 �C 300 �C

x = 0 <0.20 <0.20 0.26 0.44 0.34

x = 0.2 1.92 1.80 1.60 2.20 0.84

x = 0.5 2.90 2.92 2.42 4.26 1.74

x = 0.8 2.86 3.20 4.44 5.10 1.04

x = 0.8 with SO2 2.38 1.92 1.72 2.48 0.96

x = 0.8 with SO2 and HCl 2.01 1.92 2.07 1.54 2.21
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As shown in reactions 10-12, the uptake of SO2 on iron oxides
may involve hydroxyl groups on the surface. Furthermore, SO2

can also react with Mn4þ cations on the surface,17 and the reac-
tion can be described as

SO2ðgÞ þ � MnIV þ 2 � O f � MnII þ SO2-
4 ð13Þ

If reaction 13 happened, elemental mercury capture by (Fe2.2-
Mn0.8)1-δO4 would be interfered.
Elemental mercury capture by (Fe2.2Mn0.8)1-δO4 in the pre-

sence of a high concentration of SO2 at 150 �C was also studied
using XPS (shown in Figure 3h-l). The S peaks mainly centered
at 168.7 and 169.9 eV, whichmay be assigned to SO4

2- andHSO4
-,

respectively. The formation of SO4
2- can also be supported by the

spectra of Fe 2p, Mn 2p, and O 1s. Three new peaks appeared in
the spectra of Fe 2p (713.5 eV), Mn 2p (642.8 eV), and O 1s
(532.3 eV), which may be assigned to Fe3þ in Fe2(SO4)3, Mn2þ

in MnSO4, and O2- in SO4
2-, respectively. XPS analysis showed

that 39% of Mn cations on (Fe2.2Mn0.8)1-δO4 transformed
to MnSO4. It demonstrates that SO2 reacted with Mn4þ on
(Fe2.2Mn0.8)1-δO4 to form a surface sulfate species and then
interfered with elemental mercury capture. XPS analysis also
showed that 65% of the transformation of SO2 to SO4

2- involved
Fe cations on the surface, and only 35% involved Mn cations on
the surface. As a result, the high concentration of SO2 showed a
moderate effect on elementalmercury capture by (Fe2.2Mn0.8)1-δO4,
which was much less than it on elemental mercury capture by
(Fe2Ti)0.8O4.

3 Taking into account the binding energy of Hg
4f7/2 at 100.7 eV and the absence of Hg 4f 5/2 at about 105 eV
corresponding to Hg2þ (shown in Figure 3k), the oxidized
mercury formed in the presence of SO2 may be mercurous
sulfate. Mercurous sulfate has been previously observed during
the photochemical removal of elemental mercury from the
flue gas.18,19 Our previous research also demonstrated that
mercurous sulfate formed during elemental mercury capture by
(Fe2Ti)0.8O4 and (Fe2Ti0.8Mn0.2)1-δO4 in the presence of a high
concentration of SO2.

3,4

Effect of HCl on Elemental Mercury Capture by (Fe2.2-
Mn0.8)1-δO4. The presence of HCl in the flue gas may enhance
elemental mercury oxidization, and the formed HgCl2 may
sublime into the flow at 300 �C.20 So the effect of HCl on
elemental mercury capture by (Fe2.2Mn0.8)1-δO4 was investi-
gated.
The determination of oxidized mercury concentration at

the exit of reactor still showed that there was little oxidized
mercury in the gas after passing through the reactor tube with
(Fe2.2Mn0.8)1-δO4 in the presence of 1000 ppmv of SO2 and
5 ppmv of HCl. It indicates that the reduced amount of elemental
mercury in the breakthrough curve (shown in Figure S3e in the
SI) was captured by (Fe2.2Mn0.8)1-δO4. As shown in Table 3, the
presence of HCl resulted in an insignificant effect on elemental
mercury capture at 100-200 �C. But it showed a moderate
interference and an obvious promotion at 250 and 300 �C,
respectively.
Taking account of the binding energy of Hg4f7/2 at about

100.7 eV and the absence of Hg 4f 5/2 at about 105 eV
corresponding to Hg2þ, the oxidized mercury formed in the
presence of SO2 and HCl may still be mercurous sulfate or
HgCl (shown in Figure 3m-o). The binding energy centered
at about 103.2 eV was attributed to Si 2p of SiO2 in quartz
wool.

The possible routes of HCl uptake on (Fe2.2Mn0.8)1-δO4 can
be described as

� FeIII-OHþHClðgÞ f � FeIII þCl- þH2O ð14Þ
� Mn4þ þHClðgÞ f � MnIII þCl

�
ðadÞ þHþ ð15Þ

Reaction 14 may predominate over the uptake of HCl on
(Fe2.2Mn0.8)1-δO4 at 100-200 �C, so the presence of 5 ppmv of
HCl showed an insignificant effect on elemental mercury capture
by (Fe2.2Mn0.8)1-δO4. The amount of �FeIII-OH would de-
crease with the increase of reaction temperature due to the
dehydration, so reaction 15 may predominate over the uptake of
HCl on (Fe2.2Mn0.8)1-δO4 at 250-300 �C. There may be a large
number of SO2 adsorbed on (Fe2.2Mn0.8)1-δO4 at 250 �C, so the
formed Cl(ad)* may be eliminated by the adsorbed SO2. As a
result, the presence of 5 ppmv of HCl showed a moderate inter-
ference with elemental mercury capture at 250 �C. Furthermore,
the oxidized mercury formed may still be mercurous sulfate at
100-200 �C. Most of SO2 would desorb from (Fe2.2Mn0.8)1-δO4

with the further increase of reaction temperature, so the Lang-
muir-Hinshelwood mechanism may mainly account for the
oxidization of elemental mercury at 300 �C. The near two Mn4þ

cations on (Fe2.2Mn0.8)1-δO4 were spaced at least by two Fe
cations and four oxygen anions, so the formed Cl*(ad) may also be
spaced by two Fe cations and four oxygen anions. When a
mercury atom was physically adsorbed on the active site (i.e.,0),
at most one Cl*(ad) can be covered, so reaction 16 happened and
the oxidized mercury formed was HgCl

�0-HgþCl
�
ðadÞ f HgIClðadÞ ð16Þ

The kinetic constant of reaction 16 may be much more than
that of reaction 3, so elementalmercury capture by (Fe2.2Mn0.8)1-δO4

at 300 �C was promoted by 5 ppmv of HCl. As well-known,
Hg2Cl2 is not stable, and it can self-decompose to HgCl2 and Hg
at a high temperature. BecauseHgCl formed on (Fe2.2Mn0.8)1-δO4

was spaced at least by two Fe cations and four oxygen anions, the
near two HgCl cannot collide to transform to one Hg and one
HgCl2. As a result, the formed HgCl was stable and Hg2þ was
undetected at the exit of the reactor.
Magnetic Separation. Although the crystal sizes of synthe-

sized (Fe3-xMnx)1-δO4 were less than 50 nm, their particulate
sizes were higher than 100 μmdue to the agglomeration after the
thermal treatment. The magnetic sorbent can be recovered in
situ by a two-step process. The magnetic sorbent can first be
removed from the flue gas as a mixture with the fly ash particles
by an electrostatic precipitator or fabric filter, followed by the
magnetic separation of the sorbent and adsorbed mercury from
the fly ash. Previous research demonstrated that the magnetic sor-
bent MagZ-Ag0 with the saturation magnetization of 40 emu g-1

and the BET surface area of 164 m2 g-1 can be easily separated
from the fly ash.6,7 The photograph inserted in Figure 2 shows
the result of separating (Fe2.2Mn0.8)1-δO4 from the mixture with
10 g of fly ash and 1 g of (Fe2.2Mn0.8)1-δO4 by a normal magnet.
After (Fe2.2Mn0.8)1-δO4 was separated from the mixture, the
contents of Mn and Fe in the fly ash did not increase. It indicates
that (Fe2.2Mn0.8)1-δO4 can be separated from the fly ash using
magnetic separation, leaving the fly ash essentially free of sorbent
and adsorbedmercury.Magnetic separation has beenwidely used in
the mineral processing,21 and the device of the equipment for the
magnetic separation of the sorbent from the fly ash may be mod-
eled on that used in the mineral processing.
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In summary, (Fe2.2Mn0.8)1-δO4 showed an excellent capacity
for elemental mercury capture. Meanwhile, its inherent magne-
tization made it possible to separate (Fe2.2Mn0.8)1-δO4 from the
fly ash, leaving the fly ash essentially free of sorbent and adsorbed
mercury. Therefore, (Fe2.2Mn0.8)1-δO4 may be a promising sor-
bent for the control of elemental mercury emission. In our future
work, (Fe2.2Mn0.8)1-δO4 will be investigated to capture elemen-
tal mercury from the flue gas at a pilot scale, in which the sep-
aration of sorbent from the fly ash and sorbent regeneration will
be further studied.
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