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a b s t r a c t

A series of Mn/�-Fe2O3 were synthesized to capture elemental mercury from the flue gas. Mn4+ cations
and cation vacancies on the surface played important roles on elemental mercury capture by Mn/�-
Fe2O3. Furthermore, the reaction route of elemental mercury oxidization was dependent on the ratio of
Mn4+ cations to cation vacancies. As a result, the capacities of 15%-Mn/�-Fe2O3-250 for elemental mercury

III
eywords:
agnetic sorbent

apture capacity
lemental mercury
O2 poisoning

capture were generally higher than those of 30%-Mn/�-Fe2O3-400. SO2 mainly reacted with ≡Fe –OH and
only a small amount of ≡Mn4+ reacted with SO2, so the presence of a high concentration of SO2 resulted
in an insignificant effect on elemental mercury capture by 15%-Mn/�-Fe2O3-250 at lower temperatures.
The capacities of 15%-Mn/�-Fe2O3-250 for elemental mercury capture in the presence of 2.8 g N m−3

of SO2 were more than 2.2 mg g−1 at <200 ◦C. Meanwhile, 15%-Mn/�-Fe2O3-250 can be separated from
the fly ash using magnetic separation, leaving the fly ash essentially free of sorbent and adsorbed HgO.

O3-25
Therefore, 15% Mn/�-Fe2

. Introduction

The emission of mercury from anthropogenic activities is a
erious concern in both developed and developing countries [1].
oal-fired utility boilers are currently the largest single-known
ource of anthropogenic mercury emissions. In the United States,
bout one-third of the 150 tons of mercury emitted comes from
oal-fired utility boiler [2]. In China, about 38% of the emission of
ercury comes from coal combustion [3]. In addition to particulate-

ound mercury (Hgp), both elemental mercury (Hg0) and oxidized
ercury (Hg2+) are present as the gaseous mercury species in the

ue gas from coal-fired utilities [4]. Particulate-bound mercury and
xidized mercury (mainly HgCl2) can be effectively removed from
he plant effluent by particulate control devices and wet scrubbing
r SO2 control devices, respectively [5]. Gaseous elemental mer-
ury is difficult to be removed using currently available removal
evices due to its unsolvability in water [6]. Therefore, elemental
ercury is the major mercury species emitted in the stack flue gas

rom coal-fired utilities [7].

Catalysts/sorbents for elemental mercury removal studied to

ate mainly fall into one of three groups: carbon-based sorbents,
elective catalytic reduction catalysts, and metals and metal oxides
2]. The oxidants likely involved are mainly chlorine and oxygen.
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E-mail addresses: yangshijiangsq@163.com (S. Yang), nqyan@sjtu.edu.cn
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0 may be a promising sorbent for elemental mercury capture.
© 2010 Elsevier B.V. All rights reserved.

For the oxidization of elemental mercury by chlorine, there is a cor-
relation between HCl concentration in the flue gas and the extent
of elemental mercury oxidization [2]. In China, the content of chlo-
rine in the feed-coal (63–318 mg kg−1) is much lower than the
average value of US coals (628 mg kg−1) [8], so oxidizing elemen-
tal mercury using gaseous oxygen in the flue gas is an economical
method for the control of elemental mercury emission. Further-
more, the oxidized mercury formed (HgO or Hg2O) adsorbs to the
catalyst/sorbent, and is then removed from the flue gas. Now, the
mercury-sorbent materials are extremely restricted in the applica-
tion for at least four reasons: sorbent recovery, removal of toxin
from the industrial waste [9], interference of the chemical compo-
sition in the flue gas and cost of operation. First, the spent sorbent
for elemental mercury capture is generally collected together with
the fly ash particulate by particulate control devices such as fab-
ric filters or electrostatic precipitators [9]. It will be difficult and
impractical to reclaim the spent sorbent from the fly ash mixture
for regeneration. Second, the fly ash will be contaminated by the
mercury adsorbed on the sorbent if the spent sorbent is not effec-
tively removed from the fly ash. If the contaminated fly ash is used
as a cement additive, the toxin may release in the cement plant
during the calcination process. Third, the chemical composition in
the flue gas (especially SO2 or SO3) significantly affects elemental

mercury capture by sorbents [10–13]. SO2 molecules may compete
with gaseous elemental mercury for the activity sites. The concen-
tration of SO2 in the real flue gas is about 104–105 times that of
elemental mercury (v/v) [12,13]. Furthermore, SO2 can react with
metals and metal oxides to form a surface sulfate species [14,15],
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hich may make them inefficient for elemental mercury capture.
ourth and mostly importantly, the sorbent must be cheap and easy
o operate.

The separation of the sorbent containing mercury from the fly
sh can be solved by the magnetic property of sorbent material
16,17]. A magnetic sorbent MagZ–Ag0 has been investigated for
lemental mercury capture [9,18], but more cost-effective sorbents
hould be developed. In our previous research, a cheap magnetic
orbent (Fe2Ti)0.8O4 was used for elemental mercury capture. How-
ver, the presence of a high concentration of SO2 resulted in an
bvious interference with elemental mercury capture.

Herein, a series of Mn/�-Fe2O3 were synthesized and charac-
erized using X-ray diffraction (XRD), N2 adsorption/desorption
sotherm, X-ray photoelectron spectroscopy (XPS) and magnetiza-
ion measurement. Then, a packed-bed reactor system was used to
stimate their performance for elemental mercury capture.

. Experimental

.1. Samples preparation

A mixture containing 0.15 mol L−1 of ferrous sulfate and
.15 mol L−1 of ferric trichloride (200 mL) was added into an ammo-
ia solution (100 mL), leading to an instantaneous precipitation of
anosized magnetite. After stirring for 2 h, 100 mL of manganous
ulfate solution (0.10 or 0.30 mol L−1) was added into the sus-
ension. During the preparation, the system was continuously
tirred at 800 rpm. The particles were separated by centrifugation
t 4500 rpm for 5 min and washed with distilled water followed by a
ew centrifugation. After 3 washings, the particles were collected
nd dried in a vacuum oven at 105 ◦C for 12 h. Mn/�-Fe2O3-250
nd -400 were obtained after the thermal treatment at 250 ◦C and
00 ◦C under air for 3 h, respectively. The mole ratios of Fe to Mn in
5%-Mn/�-Fe2O3 and 30%-Mn/�-Fe2O3 were about 6 and 2, respec-
ively.

.2. Sorbent characterization

Powder X-ray diffraction pattern was recorded between 20◦

nd 70◦ at a step of 2◦ min−1 on an X-ray diffractionmeter
Rigaku, D/max-2200/PC) with Cu K� radiation (30 kV and 30 mA).
ET Surface area was determined by the BET method using
2 adsorption–desorption isotherm. N2 adsorption–desorption

sotherm was measured on a gas sorption analyzer (Micromeritics,
SAP 2010 M+C) at a liquid nitrogen temperature. Prior to mea-
urement, samples were outgassed at 200 ◦C for 2 h. Saturation
agnetization was determined using a vibrating sample magne-

ometer (VSM, Model JDM-13) at room temperature. XPS (Thermo
SCALAB 250) with Al K� (hv = 1486.6 eV) as the excitation source
as used to determine the binding energies of Fe 2p, Mn 2p, O 1s,
2p and Hg 4f. The C 1s line at 284.6 eV was taken as a reference

or the binding energy calibration.

.3. Elemental mercury capture

The assembly used for elemental mercury capture was similar
o that previously described by Granite et al. [19]. It consisted of an
lemental mercury permeation tube, a packed-bed reactor, a cold
apor atomic absorption spectrometer (CVAAS) and an online data
cquisition system. A flow of air passed through the permeation
ube and yielded a stable concentration of elemental mercury. A

emperature control device was employed to keep the reactor at
esired temperatures. The gas containing elemental mercury first
assed through the blank tube, and then entered the CVAAS to
etermine the baseline. When the concentration of elemental mer-
ury had fluctuated within ±5% for more than 30 min, the gas was
Fig. 1. XRD patterns of synthesized: (a), 15%-Mn/�-Fe2O3-250; (b), 15%-Mn/�-
Fe2O3-400; (c), 30%-Mn/�-Fe2O3-250; (d), 30%-Mn/�-Fe2O3-400.

diverted to pass through the adsorbent bed for the test. The reactor
was a quartz tube with an outer diameter of 8 mm and an inner
diameter of 6 mm. The quartz wool was packed in the reactor tube
to support the sorbent layer and avoid its loss. It was demonstrated
that quartz wool has no ability for elemental mercury capture [20].

To preliminarily estimate the performance for elemental mer-
cury capture, Mn/�-Fe2O3 was first tested under air. The inlet gas
contained about 1.00 mg N m−3 (±20%) of elemental mercury and
2% of H2O with a feed of 12 L h−1. For each test, the time was about
10 h, the sorbent mass was 30.0 mg (the gas space velocity was
about 1.2 × 106 h −1) and the reaction temperatures varied from
100 to 300 ◦C.

Then, the effect of a high concentration of SO2 on elemen-
tal mercury capture was investigated. The inlet gas contained
about 1.00 mg N m−3 (±20%) of elemental mercury, 2.8 g N m−3

(1000 ppm) of SO2, 2% of H2O and 10% of O2 with a feed of 12 L h−1.
The concentration of elemental mercury in the gas was analyzed

using an SG-921 CVAAS. Meanwhile, the concentration of Hg2+ at
the exit of reactor was determined using the Ontario Hydro Method
[8]. The breakthrough curve was generated by plotting the CVAAS
voltage signal.

3. Results and discussion

3.1. Sorbent characterization

3.1.1. XRD
XRD patterns of synthesized samples are shown in Fig. 1. The

characteristic reflections corresponded very well to the standard
card of maghemite (JCPDS: 39-1346). Additional reflections that
would indicate the presence of any crystalline manganese oxides,
such as Mn3O4 (hausmannite), Mn2O3 (bixbyite) or MnO2, were not
present in the diffraction scan. The lattice parameters of synthe-
sized samples were all about 0.834 nm, which were approximately
equal to that of pure maghemite. It indicates that Mn cation was
present as an amorphous phase of MnOx and few Mn cations were
incorporation into the structure of �-Fe2O3. Crystal sizes of syn-
thesized samples were calculated with the Scherrer’s equation [21]
(shown in Table 1).

3.1.2. XPS

Surface information on synthesized samples was analyzed by

XPS. XPS spectra over the spectral regions of Fe 2p, Mn 2p and O
1s were evaluated (shown in Fig. 2). The Fe peaks were assigned to
oxidized Fe species, more likely Fe3+ type species [22,23]. The bind-
ing energies centered at about 710.0 and 711.2 eV may be assigned
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Table 1
Crystal size, magnetization and BET surface area of synthesized sample.

Crystal size (nm) Saturation magnetization (emu g−1) BET surface area (m2 g−1)

15%-Mn/�-Fe2O3-250 8.3 43.9 87.6
15%-Mn/�-Fe2O3-400 10 45.3 83.0

45.
42.

t
a
g
f
a
[
(
s

30%-Mn/�-Fe2O3-250 8.3
30%-Mn/�-Fe2O3-400 10

o Fe3+ in the spinel structure, and the binding energy centered
t about 712.4 eV may be ascribed to Fe3+ bonded with hydroxyl
roup. The O peaks mainly centered at about 530.0 eV, as expected
or the transition metal oxides. Another oxygen species centered at

bout 531.1 eV was also observed, which was assigned to O in –OH
22,23]. The Mn peaks were assigned to Mn3+ (641.2 eV) and Mn4+

642.3 eV). The percents of O, Mn and Fe species on Mn/�-Fe2O3 are
hown in Table 2.
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Fig. 2. XPS spectra of synthesized samples over th
4 90.2
9 77.8

3.1.3. Magnetization
A key feature of synthesized Mn/�-Fe2O3 for elemental mercury

capture is its magnetic property, which makes it possible to sepa-
rate the sorbent from the fly ash. The saturation magnetizations of

synthesized samples were all about 40 emu g−1 (shown in Table 1).

Although the crystal sizes of synthesized Mn/�-Fe2O3 were all
less than 10 nm (shown in Table 1), their particulate sizes were
higher than 100 �m due to the agglomeration after the thermal

O 1s  

705710

710.0

1.2

-Mn/γ-Fe
2
O

3
-250

/eV

528530532534

15%-Mn/γ-Fe
2
O

3
-250

530.1

Binding Energy/eV

531.3

705710

709.9

.1

-Mn/γ-Fe
2
O

3
-400

/eV
528530532534

530.0

15%-Mn/γ-Fe
2
O

3
-400

Binding Energy/eV

530.9

705710

710.0

11.1

0%-Mn/γ-Fe
2
O

3
-250

/eV

528530532534

30%-Mn/γ-Fe
2
O

3
-250

530.0

Binding Energy/eV

531.0

705710

710.0
1.3

%-Mn/γ-Fe
2
O

3
-400

/eV
528530532534

30%-Mn/γ-Fe
2
O

3
-400

529.9

Binding Energy/eV

531.3

e spectral regions of Fe 2p, Mn 2p and O 1s.
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Table 2
Data of atomic ratios collected from XPS/%.

� O Fe Fe3+ ≡FeIII–OH Fe-SO4
2− Mn Mn2+ Mn3+ Mn4+ MnSO4

15%-Mn/�-Fe2O3-250 3.3 61.5 26.2 14.1 12.1 – 12.3 – 5.2 7.1 –
15%-Mn/�-Fe2O3-400 3.4 60.3 27.5 17.6 9.9 – 12.2 – 2.7 9.5 –
30%-Mn/�-Fe2O3-250 2.7 60.5 21.9 10.3 11.6 – 17.3 – 7.1 10.2 –
30%-Mn/�-Fe2O3-400 2.4 65.3 19.6 11.8 7.8 – 15.1 – 1.1 14.0 –
15%-Mn/�-Fe2O3-250 after test without SO2 – 63.0 26.1 14.4 11.7 – 10.6 2.5 3.1 5.0 –
30%-Mn/�-Fe2O3-400 after test without SO2 – 63.6 20.5 11.5 9.0 – 15.7 – 5.8 9.9 –
15%-Mn/�-Fe2O3-250 after test with SO2 – 66.0 24.5 14.0
15%-Mn/�-Fe2O3-400 after test with SO2 – 69.7 19.6 10.4

t
fl
t
s
p
1
1
o
M
i

t
n
F
e
fi
[

Reaction (1) was the collision of elemental mercury with the

T
C

Fig. 3. Magnetization characteristics of synthesized 15%-Mn/�-Fe2O3-250.

reatment. The magnetic sorbents can first be removed from the
ue gas together with the fly ash by an electrostatic precipita-
or, and then the magnetic sorbents and adsorbed mercury can be
eparated from the fly ash using magnetic separation [9,18]. The
hotograph inserted in Fig. 3 shows the result of separating 1 g of
5%-Mn/�-Fe2O3-250 from 10 g of fly ash by a normal magnet. After
5%-Mn/�-Fe2O3-250 was separated from the fly ash, the contents
f Mn and Fe in the fly ash did not increase. But the mass of 15%-
n/�-Fe2O3-250 increased because some fly ash was adsorbed on

t.
As shown in Fig. 3, synthesized 15%-Mn/�-Fe2O3-250 showed

he super-paramagnetism with a minimized coercivity and a
egligible magnetization hysteresis. It ensures that 15%-Mn/�-
e2O3-250 does not become permanently magnetized after being

xposed to an external magnetic field. After the external magnetic
eld is removed, the sorbent particles can be well re-dispersed
9].

able 3
apacity (Q) and breakthrough ratio (�) of synthesized Mn/�-Fe2O3 for elemental mercur

100 ◦C

15%-Mn/�-Fe2O3-250 without SO2 Q 2.22
� 50%

15%-Mn/�-Fe2O3-400 without SO2 Q 3.64
� 19%

30%-Mn/�-Fe2O3-250 without SO2 Q 2.70
� 48%

30%-Mn/�-Fe2O3-400 without SO2 Q 2.96
� 33%

15%-Mn/�-Fe2O3-250 with SO2 Q 2.37
� 57%

15%-Mn/�-Fe2O3-400 with SO2 Q 2.11
� 77%
5.4 5.1 7.2 2.2 2.1 2.9 –
4.3 4.9 7.1 – 1.7 3.1 2.3

3.2. Elemental mercury capture

The determination of Hg2+ concentration at the exit of reactor
showed that there was little Hg2+ in the gas after passing through
the reactor tube with the magnetic sorbent. So the reduced amount
of elemental mercury was captured by the magnetic sorbent. The
amount of elemental mercury captured per unit mass of sorbent
(capacity) can be calculated from the breakthrough curve. Table 3
shows the capacities of synthesized magnetic sorbents for elemen-
tal mercury capture (Q) and the breakthrough ratios (the ratio of
the outlet concentration of elemental mercury to the inlet concen-
tration of elemental mercury at 10 h, �) as a function of reaction
temperature under air.

3.2.1. Elemental mercury capture under air
As shown in Table 3, synthesized samples all showed excellent

capacities for elemental mercury capture under air (>1.5 mg g−1 at
100–300 ◦C). The optimal reaction temperature for elemental mer-
cury capture by 15%-Mn/�-Fe2O3-250 centered at 200 ◦C, and those
for other samples all centered at 100 ◦C.

Elemental mercury capture by metal oxides in the absence of
halogen may be attributed to the Mars-Maessen mechanism [2,19].
The possible reactions can be described as:

Hg0
(g)+ ≡ � →≡ �–Hg0

(ad) (1)

≡ MnIV + 2 ≡ �–Hg0 →≡ MnIIHgI
2 (2)

≡ MnIV+ ≡ �–Hg0 →≡ MnIIIHgI (3)

2 ≡ MnIV+ ≡ �–Hg0 →≡ MnIII
2 HgII (4)

≡ MnIV+ ≡ �–Hg0 →≡ MnIIHgII (5)
surface, resulting in a physical adsorption on the cation vacan-
cies (�). Cation vacancies were mainly on �-Fe2O3 (Fe2.67�0.33O4)
[24]. If the concentration of elemental mercury in the gas phase

y capture mg g−1.

150 ◦C 200 ◦C 250 ◦C 300 ◦C

2.46 3.54 2.51 2.60
48% 55% 56% 36%

2.90 1.94 1.96 1.58
51% 62% 42% 81%

2.28 1.62 2.14 1.68
61% 61% 62% 84%

2.38 1.42 1.36 1.68
61% 68% 76% 74%

2.20 3.09 1.84 1.04
74% 50% 75% >90%

1.60 1.08 1.59 0.52
83% >90% 78% >95%
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Fig. 4. XPS spectra of synthesized samples after the test w

as sufficiently high for the surface to be saturated with physi-
ally adsorbed elemental mercury, the concentration of physically
dsorbed elemental mercury on the surface ([ ≡�–Hg0]) can be
escribed as:

≡ �–Hg0] = k1[≡ �] (6)

here [ ≡� ] and k1 were the percent of cation vacancy on the
urface and the constant, respectively. Reaction (1) was an exother-
ic reaction, so k1 would rapidly decrease with the increase of

eaction temperature. Reactions (2)–(5) were the possible reac-
ion routes for the oxidization of physically adsorbed elemental

ercury.
The specific mechanism for elemental mercury capture by syn-

hesized samples was studied using XPS analysis.
XPS spectra of 15%-Mn/�-Fe2O3-250 after elemental mercury

apture under air at 150 ◦C are shown in Fig. 4. In comparison with
resh 15%-Mn/�-Fe2O3-250 (shown in Fig. 2), no obvious changes
appened over the spectral region of Fe 2p. But the percent of
n4+ decreased from 7.1% to 5.0%, and a new component (640.8 eV)

ppeared, which may be ascribed to Mn2+ cations. Considering the

inding energies of Hg 4f 7/2 at 100.9 eV and Hg 4f 5/2 at 104.7 eV,
he oxidized mercury formed was HgO. The peak at 103.5 eV was
ttributed to Si 2p of SiO2 in quartz wool. They suggest that elemen-
al mercury capture by 15%-Mn/�-Fe2O3-250 may mainly follow
eaction (5).
t SO2 over the spectral regions of Mn 2p, Fe 2p and Hg 4f.

The kinetic equation of Reaction (5) can be described as:

−d[≡ MnIV]
dt

= −d[≡ �-Hg0]
dt

= d[≡ MnIIHgII]
dt

= k[≡ MnIV]

= [≡ �–Hg0] (7)

where [ ≡ MnIV] and k were the percent of Mn4+ cation on the
surface and the kinetic constant, respectively. Reaction (5) was
promoted with the increase of reaction temperature, so k would
increase with the increase of reaction temperature.

According to Eq. (6), Eq. (7) was transformed as:

−d[≡ �–Hg0]
dt

= −k1d[≡ �]
dt

= k[≡ MnIV][≡ �–Hg0]

= kk1[≡ MnIV][≡ �] (8)

So

−d[≡ �]
dt

= k[≡ MnIV][≡ �] (9)

[ ≡� ] can be approximately described as:

IV
[≡ �] = [≡ �]0 exp(−k[≡ Mn ]t) (10)

Then

d[≡ MnIIHgII]
dt

= kk1[≡ MnIV][≡ �]0 exp(−k[≡ MnIV]t) (11)
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Fig. 5. XPS spectra of synthesized samples after the test with SO2 over the spectral regions of Mn 2p, Fe 2p, Hg 4f, S 2p and O 1s.
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≡ MnIIHgII] = kk1[≡ MnIV][≡ �]0

∫ t

0

exp(−k[≡ MnIV]t) dt (12)

o

= BET · kk1[≡ MnIV][≡ �]0

∫ t

0

exp(−k[≡ MnIV]t)–dt (13)

here Q was the amount of elemental mercury captured per unit
ass of sorbent, which can be described as the product of BET sur-

ace area and the concentration of adsorbed mercury on the surface
[ ≡ MnIIHgII]).

As shown in Eq. (13), the amount of elemental mercury captured
hould be approximately proportional to the product of BET surface
rea, [ ≡ MnIV] and [ ≡� ]0. But the variation tendency of the capac-
ties of Mn/�-Fe2O3 for elemental mercury capture did not follow
he hypothesis (shown in Table 3).

Elemental mercury capture by 30%-Mn/�-Fe2O3-400 under air
t 150 ◦C was also studied by XPS (shown in Fig. 4). In compari-
on with fresh 30%-Mn/�-Fe2O3-400 (shown in Fig. 2), no obvious
hanges happened over the spectral region of Fe 2p. But the per-
ent of Mn4+ decreased from 14.0% to 9.9%, and the percent of
n3+ increased from 1.1% to 5.8% (shown in Table 2). Meanwhile,

he component corresponding to Mn2+ cations did not appear.
hey suggest that some Mn4+ cations were only reduced to Mn3+

ations. Taking into account the binding energies of Hg 4f 7/2 at
01.0 eV and Hg 4f 5/2 at 105.1 eV, the oxidized mercury formed
as still HgO. Therefore, elemental mercury capture by 30%-Mn/�-

e2O3-400 may mainly follow Reaction (4). Per unit of Mn4+ in
eaction (5) can oxidize 1 unit of elemental mercury, but per
nit of Mn4+ in Reaction (4) can only oxidize 0.5 unit of elemen-
al mercury. As a result, the capacities of 15%-Mn/�-Fe2O3-250
or elemental mercury capture were generally more than those of
0%-Mn/�-Fe2O3-400, although the percent of Mn4+ cation on 15%-
n/�-Fe2O3-250 was much less than that on 30%-Mn/�-Fe2O3-400

shown in Table 2).
The reaction route of elemental mercury oxidization by Mn/�-

e2O3 may be dependent on the ratio of [ ≡ Mn4+] to [ ≡�–Hg0].
f [ ≡ Mn4+]/[≡�–Hg0] was more than 2, elemental mercury cap-
ure may mainly follow Reaction (4). If [ ≡ Mn4+]/[≡�–Hg0] was
ess than 1, elemental mercury capture may mainly follow Reac-
ion (5). [ ≡ Mn4+]/[≡� ] on 15%-Mn/�-Fe2O3-250 was 2.2, so
≡ Mn4+]/[≡�–Hg0] may be close to 1. As a result, elemental
ercury capture by 15%-Mn/�-Fe2O3-250 mainly followed Reac-

ion (5). But [ ≡ Mn4+]/[≡� ] on 30%-Mn/�-Fe2O3-400 was 5.8, so
≡ Mn4+]/[≡�− Hg0] may be more than 2. As a result, elemen-
al mercury capture by 30%-Mn/�-Fe2O3-400 may mainly follow
eaction (4). [ ≡ Mn4+]/[≡� ] on 15%-Mn/�-Fe2O3-400 and 30%-
n/�-Fe2O3-250 were 2.8 and 3.8, respectively. Elemental mercury

apture by 15%-Mn/�-Fe2O3-400 and 30%-Mn/�-Fe2O3-250 may
ainly follow Reaction (5) at lower temperatures (<150 ◦C). The

onstant k1 rapidly decreased with the increase of reaction tem-
erature, so [ ≡ Mn4+]/[≡�− Hg0] obviously increased with the

ncrease of reaction temperature. As a result, elemental mercury
apture by 15%-Mn/�-Fe2O3-400 and 30%-Mn/�-Fe2O3-250 may
ollow Reaction (4) at high temperatures (>150 ◦C). Therefore,
lemental mercury capture by Mn/�-Fe2O3 showed the intricate
ariation trendy (shown in Table 3).

.2.2. Effect of SO2 on elemental mercury capture
The capacities of 15%-Mn/�-Fe2O3-250 and -400 for elemental

ercury capture in the presence of a high concentration of SO2

about 2.8 g N m−3) are shown in Table 3. The presence of a high
oncentration of SO2 resulted in an insignificant effect on elemental
ercury capture by 15%-Mn/�-Fe2O3-250 at lower temperatures

<200 ◦C). But elemental mercury capture by 15%-Mn/�-Fe2O3-400
as obviously interfered by the high concentration of SO2.
aterials 186 (2011) 508–515

Previous research postulated a mechanism for the heteroge-
neous uptake and oxidization of SO2 on iron oxides [14]. The overall
reaction can be described as:

2 ≡ FeIII–OH + SO2 → 2 ≡ FeII + HSO−
4 + H+ (14)

As shown in Reaction (14), the uptake of SO2 on iron oxides may
involve hydroxyl groups on the surface. Furthermore, SO2 can also
react with Mn4+ on the surface of MnO2 [15] and the reaction can
be described as:

SO2+ ≡ MnIV + 2 ≡ O →≡ MnII–SO4 (15)

Elemental mercury capture by 15%-Mn/�-Fe2O3-250 at 150 ◦C
and it by 15%-Mn/�-Fe2O3-400 at 100 ◦C in the presence of a high
concentration of SO2 were studied using XPS analysis (shown in
Fig. 5).

The Hg 4f peaks of 15%-Mn/�-Fe2O3-250 and -400 after the test
with SO2 still centered at about 101 and 105 eV. It indicates that the
oxidized mercury formed was still HgO. The S 2p peaks mainly cen-
tered at about 168.6 and 169.6 eV, which were assigned to SO4

2−

and HSO4
−, respectively. The formation of sulfate can also be sup-

ported by the XPS spectra over the spectral regions of Fe 2p, Mn 2p
and O 1s. The peaks centered at about 713.1, 642.8 and 532.2 eV,
may be assigned to Fe 2p 3/2 of Fe2(SO4)3, Mn 2p 3/2 of MnSO4
and O 1s of SO4

2−, respectively. With the formation of sulfate, the
percent of ≡FeIII–OH obviously decreased (shown in Table 2).

The peak centered at about 642.8 eV corresponding to MnSO4
did not appear in the XPS spectra of 15%-Mn/�-Fe2O3-250 after
the test at 150 ◦C. The percent of FeIII–OH was much more than it
of Mn4+ on 15%-Mn/�-Fe2O3-250, so SO2 may mainly react with
≡FeIII–OH and few ≡Mn4+ reacted with SO2. As a result, the pres-
ence of a high concentration of SO2 resulted in an insignificant effect
on elemental mercury capture by 15%-Mn/�-Fe2O3-250 at lower
temperatures. The amount of ≡FeIII–OH would decrease due to the
dehydroxylation with the increase of reaction temperature, so the
high concentration of SO2 showed an obvious interference with
elemental mercury capture by 15%-Mn/�-Fe2O3-250 at 250–300 ◦C
(shown in Table 3).

The percent of Mn4+ was almost equal to it of FeIII–OH on 15%-
Mn/�-Fe2O3-400 (shown in Table 2), so both ≡Mn4+ and ≡FeIII–OH
reacted with SO2 even at lower temperatures. As a result, elemen-
tal mercury capture by 15%-Mn/�-Fe2O3-400 was interfered by
the high concentration of SO2. Because 67% of the formed SO4

2−

involved ≡FeIII–OH and only 33% of the formed SO4
2− involved Mn

cations, 15%-Mn/�-Fe2O3-400 still showed an excellent capacity for
elemental mercury capture at 100 ◦C.

4. Conclusion

15%-Mn/�-Fe2O3-250 showed an excellent capacity for elemen-
tal mercury capture, and a high concentration of SO2 showed an
insignificant effect at lower temperatures (100–200 ◦C). The capac-
ities of 15%-Mn/�-Fe2O3-250 for elemental mercury capture were
more than 2.2 mg g−1 at 100–200 ◦C in the presence of 2.8 g N m−3

of SO2. Furthermore, the super-paramagnetism made it possible
to separate 15%-Mn/�-Fe2O3-250 from the fly ash. Therefore, 15%
Mn/�-Fe2O3-250 may be a promising sorbent for the control of
elemental mercury emission.

In our future work, 15%-Mn/�-Fe2O3-250 will be investigated
to capture elemental mercury from the flue gas at a pilot scale, in
which the influence of O2, SO2, SO3, CO, NOx, HCl, NH3 and H2O will

be further studied. Furthermore, H2 will be investigated to regen-
erate the sorbent. The adsorbed HgO may be reduced to gaseous
elemental mercury by H2 at 250 ◦C. The concentration of elemental
mercury in the exhaust of the regeneration may be much higher
than that in the flue gas, so it may be collected as liquid mercury
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