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a b s t r a c t

Tiantium (Ti) was incorporated into non-stoichiometric Mn–Fe spinel to improve its performance for
elemental mercury capture. Although the number of Mn4+ cations on (Fe2TixMn1−x)1−ıO4 was less than
that on the corresponding (Fe3−xMnx)1−ıO4, the number of usable cation vacancies for elemental mercury
oxidization obviously increased. As a result, elemental mercury capture by Mn–Fe spinel was generally
promoted by the incorporation of Ti. Furthermore, SO2 mainly reacted with ≡FeIII–OH and few Mn4+

cations on the surface reacted with SO at lower temperatures (100–150 ◦C), so SO poisoning resistance

eywords:
e–Ti–Mn spinel
lemental mercury
apture capacity
agnetic catalyst

O2 poisoning

2 2

improved at lower temperatures due to the incorporation of Ti. Especially, (Fe2Ti0.5Mn0.5)1−ıO4 showed an
excellent capacity (4.2 mg g−1) for elemental mercury capture in the presence of a high concentration of
SO2 at 150 ◦C. Meanwhile, (Fe2Ti0.5Mn0.5)1−ıO4 with the saturation magnetization of 30.6 emu g−1 can be
readily separated from the fly ash using magnetic separation, leaving the fly ash essentially free of catalyst
and adsorbed HgO. Therefore, nanosized (Fe2Ti0.5Mn0.5) O4 may be a promising candidate catalyst for

re.
elemental mercury captu

. Introduction

Coal-fired utility boilers are currently the largest single-known
ource of anthropogenic mercury emissions. In China, approxi-
ately 38% of the emission of mercury comes from coal combustion

1]. In the United States, about one-third of the 150 tons of mer-
ury emitted comes from coal-fired utility boilers [2]. In addition
o particulate-bound mercury (Hgp), elemental mercury (Hg0) and
xidized mercury (Hg2+) are also present as gaseous mercury in
he flue gas from coal-fired utilities [3,4]. Particulate-bound mer-
ury, which is associated with the fly ash, is effectively removed
rom the plant effluent by particulate control devices. Meanwhile,
xidized mercury is effectively removed from the flue gas by wet

crubbing or SO2 control devices [3]. Because elemental mercury
s not soluble in water, it is difficult to remove by currently avail-
ble removal devices [5]. Therefore, elemental mercury is the major
pecies emitted in the flue gas from coal-fired utilities [6]. In China,
he total mercury concentrations in the flue gas from coal combus-
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tion boilers were in the range of 1.92–27.15 �g m−3, with elemental
mercury accounting for 66–94% of the total mercury and being the
dominant species emitted to the atmosphere [7].

Many technologies have been investigated to remove elemen-
tal mercury from the flue gas, including sorbents, catalysts, and
photochemical oxidations [8–21]. Catalysts for elemental mercury
oxidization studied to date mainly fall into one of three groups:
carbon-based catalysts (powdered activated carbon injection, PAC),
selective catalytic reduction (SCR) catalysts, and metals and metal
oxides [2]. The involved oxidants are mainly chlorine and oxy-
gen. In China, the chlorine content in feed-coal varies from 63 to
318 mg kg−1, which is much lower than the average value of US
coals (628 mg kg−1) [7], so catalytic oxidation of elemental mercury
using gaseous oxygen in the flue gas as the oxidant is an economical
method for elemental mercury control. Furthermore, the oxidized
mercury formed (HgO or Hg2O) is in a solid state at <300 ◦C, so
it adsorbs on the catalyst and is then removed from the flue gas
[22,23].

Mercury-catalyst materials are currently extremely restricted

in their applications for at least four reasons: catalyst recovery,
removal of toxin from industrial waste, interference of the chemi-
cal composition in the flue gas, and cost of operation [24]. First, the
spent catalyst for this particular application is generally collected
as a mixture with greater than 99% of ultrafine fly ash particles by

dx.doi.org/10.1016/j.apcatb.2010.11.012
http://www.sciencedirect.com/science/journal/09263373
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articulate control devices such as fabric filters or electrostatic pre-
ipitators (ESPs) [25]. It will be extremely difficult and impractical
o reclaim the spent catalyst from the fly ash mixture for regener-
tion. Second, if the spent catalyst is not effectively removed from
he fly ash mixture, the fly ash will be contaminated by mercury-
oaded catalyst. If the contaminated fly ash is used as a cement
dditive, the toxin may be released in the cement plant during the
alcination process. Third, the chemical composition in the flue gas
for example SO2 and H2O) may significantly affect elemental mer-
ury oxidization by catalysts [17,18,26–29]. SO2 gas molecules may
ompete with gaseous elemental mercury for the activity sites. The
oncentration of SO2 in the real flue gas is about 104–105 times that
f elemental mercury (v/v) [27,29]. Furthermore, SO2 can react with
etals and metal oxides to form a surface sulfate species [30,31],
hich may make them inefficient for elemental mercury oxidiza-

ion. Fourth and mostly importantly, the catalyst must be cheap
nd easy to use.

The separation of catalyst from the fly ash can be solved by the
agnetic property of catalyst material [24]. A magnetic sorbent
agZ-Ag0 was once investigated for elemental mercury capture

25,32], but it was too expensive to apply in the larger coal-fired
ower plants. Previous researches have reported that maghemite
�-Fe2O3) had some ability for elemental mercury oxidization
2,22]. �-Fe2O3 is one of the simplest spinel ferrites. Spinel fer-
ites are of great fundamental and technological importance due
o their structural, electronic, magnetic and catalytic properties
33]. Furthermore, an interesting feature of spinel ferrites is the
ossibility to replace iron cations by other metal cations while
aintaining the spinel structure [34]. The physicochemical prop-

rties of spinel ferrites are strongly dependent on the site, nature
nd amount of metal incorporated into the structure. Ti4+ in the
-Fe2O3 structure can strongly improve the ability for elemental
ercury oxidization, but the presence of a high concentration of

O2 can result in a severe interference. Furthermore, the incorpora-
ion of Mn4+ into the �-Fe2O3 structure to form non-stoichiometric

n–Fe spinel can promote elemental mercury oxidization, but
high concentration of SO2 still shows a moderate negative

ffect.
Previous researches demonstrated that Fe–Ti–Mn mixed oxides

howed a promising application in environmental catalysis
35–39]. Here, titanium was incorporated into the structure of
on-stoichiometric Mn–Fe spinel to improve its catalytic ability

or elemental mercury oxidation and to suppress the interference
f a high concentration of SO2. A series of (Fe2TixMn1−x)1−ıO4
ere synthesized using a co-precipitation method and charac-

erized using X-ray diffraction (XRD), N2 adsorption/desorption
sotherms, transmission electron microscopy (TEM), X-ray pho-
oelectron spectroscopy (XPS) and magnetization measurement.
hen, a packed-bed reactor system was used to preliminar-
ly evaluate their performance for elemental mercury cap-
ure.

. Experimental

.1. Sample preparation

Nanosized Fe2TixMn1−xO4 was prepared using a co-
recipitation method. Suitable amounts of titanium tetrachloride,
errous sulfate, ferric trichloride, and manganous sulfate were
issolved in distilled water (cation concentrations ≈ 0.3 mol L−1).

This mixture was added to an ammonium hydroxide solution

eading to an instantaneous precipitation according to the follow-
ng reaction:

2 − 2x)Fe3+ + 2xFe2+ + xTi4+ + 8OH− + (1 − x)Mn2+

→ Fe2TixMn1−xO4 + 4H2O (1)
ironmental 101 (2011) 698–708 699

During the reaction, the system was continuously stirred at
800 rpm. According to Ti, Mn and Fe solubility constants, the pre-
cipitate composition was the same as it in the liquid phase. The
particles were then separated by centrifugation at 4500 rpm for
5 min and washed with distilled water. After 3 washings, the
particles were collected and dried in a vacuum oven at 105 ◦C
for 12 h. After the thermal treatment at 400 ◦C under air for 3 h,
(Fe2TixMn1−x)1−ıO4 was obtained according to the following reac-
tion:

(1 − ı)Fe2TixMn1−xO4 + 2ıO2 → (Fe2TixMn1−x)1−ı�3ıO4 (2)

(Fe2TixMn1−x)1−ıO4 had a structure similar to that of
Fe2TixMn1−xO4. It differed from Fe2TixMn1−xO4 in that all of the
Fe cations were in the trivalent state and most of the Mn cations
were in the trivalent/tetravalent state. Meanwhile, cation vacancies
(�) were incorporated to compensate for the oxidation of Fe2+ and
Mn2+ [34]. With the increase of Ti content (i.e. x) in Fe2TixMn1−xO4,
the amount of Fe2+ obviously increased and the amount of Mn2+

decreased (shown in Reaction (1)). As a result, the cation vacan-
cies in (Fe2TixMn1−x)1−ıO4 resulting from the oxidation of Fe2+

obviously increased with the increase of Ti content.
Furthermore, Ni was incorporated into the structure of Mn–Fe

spinel as a comparison.

2.2. Sample characterization

Crystal structure was determined using an X-ray diffraction-
meter (BRUKER-AXS) between 20◦ and 70◦ at a step of 2◦ min−1

operating at 35 kV and 30 mA using Cu K� radiation. BET sur-
face area was determined using a nitrogen adsorption apparatus
(Micromeritics ASAP 2010 M+C). The sample was outgassed at
200 ◦C before BET measurement. Saturation magnetization was
determined using a vibrating sample magnetometer (VSM, Model
JDM-13) at room temperature. TEM image was performed on a JEOL
JEM-2010 TEM. The micrographs were obtained in the bright-field
imaging mode at an acceleration voltage of 200 kV. XPS (Thermo
ESCALAB 250) was used to determine the binding energies of Fe
2p, Mn 2p, Ti 2p, S 2p, O 1s and Hg 4f with Al K� (h� = 1486.6 eV)
as the excitation source. The C 1s line at 284.6 eV was taken as a
reference for the binding energy calibration.

2.3. Elemental mercury capture

The assembly used for elemental mercury capture consisted of
an elemental mercury permeation tube, a packed-bed reactor, a
cold vapor atomic absorption spectrometer (CVAAS) and an online
data acquisition system (shown in Fig. 1). 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 empty tube, and then
entered the CVAAS to determine the baseline. When the concen-
tration of elemental mercury had fluctuated within ±10% for more
than 30 min, the gas was diverted to the catalyst bed for the test. An
exact amount of catalyst was inserted in the middle of the column
reactor and then packed with quartz wool to support the catalyst
layer and 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, (Fe2TixMn1−x)1−ıO4 was first tested under air. The

inlet gas contained about 1.30 mg Nm−3 (±20%) of elemental mer-
cury and 20–30 g Nm−3 of H2O (uncontrolled) with a feed of
12 L h−1. For each test, the time was about 10 h, the catalyst mass
was 30.0 mg (the gas space velocity was about 1.2 × 106 h−1) and
the reaction temperatures varied from 100 to 400 ◦C.
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Next, the effect of a high concentration of SO2 on elemen-
al mercury capture was investigated. The gas contained about
.30 mg Nm−3 (±20%) of elemental mercury, 2.8 g Nm−3 of SO2,
0–30 g Nm−3 of H2O (uncontrolled) and 10% of O2 with a feed of
2 L h−1.

The concentration of elemental mercury in the gas was ana-
yzed using an SG-921 CVAAS. Meanwhile, the concentration of
g2+ at the exit of the reactor was determined using the Ontario
ydro Method (OHM) [7]. The breakthrough curve was generated
y plotting the CVAAS voltage signal.

. Results and discussion

.1. Sample characterization

.1.1. XRD
XRD patterns of synthesized samples are shown in Fig. 2.
he characteristic reflections of (Fe2Ti0.8Mn0.2)1−ıO4 and
Fe2Ti0.5Mn0.5)1−ıO4 corresponded very well to the standard
ard of maghemite (JCPDS: 39-1346). Additional reflections that
ould indicate the presence of other crystalline manganese and

itanium oxides, such as rutile, anatase, Mn3O4 (hausmannite),

ig. 2. XRD patterns of synthesized: (a) (Fe2Ti0.8Mn0.2)1−ıO4; (b)
Fe2Ti0.5Mn0.5)1−ıO4; (c) (Fe2Ti0.3Mn0.7)1−ıO4.
d Reactor
Pump

Brominated Activated
Carbon 

for packed-bed test.

Mn2O3 (bixbyite) or MnO2, did not present in the diffraction scan.
This indicates that both Mn and Ti were incorporated into the
spinel structure. In addition to the reflections corresponding to the
spinel, a subtle reflection centered at 33.32◦ appeared in the XRD
pattern of (Fe2Ti0.3Mn0.7)1−ıO4, which was ascribed to (Fe,Mn)2O3
(bixbyite).

Crystal sizes of synthetic samples were calculated with Scher-
rer’s equation [40] (shown in Table 1).

3.1.2. TEM
The TEM images (Fig. 3) reveal irregular agglomerated nanopar-

ticles of Fe–Ti–Mn oxide (darker contrast in the figures). As shown
in Fig. 3, the particle size of (Fe2Ti0.5Mn0.5)1−ıO4 was much smaller
than those of (Fe2Ti0.8Mn0.2)1−ıO4 and (Fe2Ti0.3Mn0.7)1−ıO4. This
result was consistent with the observation of BET surface area and
the result of XRD analysis (shown in Table 1). It is worth mentioning
that each particle was probably composed of a mono-crystal, since
the crystal sizes obtained from XRD analysis were close to the parti-
cle sizes in the TEM images. As shown in Fig. 3c, the formed bixbyite
rod can be observed, which was consistent with the result of XRD
analysis.

Supplementary information was obtained from selected area
electron diffraction patterns (SAED). All samples showed obvious
diffuse diffraction rings, as a consequence of the small crystallites,
that can be ascribed to the reflections of (2 0 0), (3 1 1), (4 0 0), (5 1 1)
and (4 4 0) crystallographic planes of a cubic spinel phase.

3.1.3. Magnetization
A particular feature of the catalyst is its magnetic property,

which makes it possible to separate the catalyst from the fly ash.

Saturation magnetization of synthesized (Fe2TixMn1−x)1−ıO4 is
shown in Table 1. As shown in Fig. 4, (Fe2Ti0.5Mn0.5)1−ıO4 showed
the super-paramagnetism with a minimized coercivity and a neg-
ligible magnetization hysteresis.

Table 1
Crystal size, BET surface and saturation magnetization of synthesized samples.

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

Saturation
magnetization
(emu g−1)

(Fe2Ti0.8Mn0.2)1−ıO4 16 56.4 34.4
(Fe2Ti0.5Mn0.5)1−ıO4 11 107 30.6
(Fe2Ti0.3Mn0.7)1−ıO4 13 52.0 28.9
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Fig. 3. TEM images of synthesized: (a) (Fe2Ti0.8Mn0.2)1−ıO4; (b)
(Fe2Ti0.5Mn0.5)1−ıO4; (c) (Fe2Ti0.3Mn0.7)1−ıO4.
Fig. 4. Magnetization characteristics of synthesized (Fe2Ti0.5Mn0.5)1−ıO4. The insert
shows the result of separating (Fe2Ti0.5Mn0.5)1−ıO4 from the fly ash.

The magnetic catalysts can be recovered in situ by a two-step
process. Particulates can first be removed from the flue gas by
an ESP, followed by the magnetic separation of the catalyst and
adsorbed mercury from the fly ash. Previous research had demon-
strated that the magnetic sorbent MagZ-Ag0 can be easily separated
from the fly ash [25,32]. The photograph inserted in Fig. 4 shows
the result of separating (Fe2Ti0.5Mn0.5)1−ıO4 from the mixture
with 10 g of fly ash and 1 g of (Fe2Ti0.5Mn0.5)1−ıO4 by a normal
magnet. After (Fe2Ti0.5Mn0.5)1−ıO4 was separated from the mix-
ture, the contents of Mn and Fe in the fly ash did not increase.
This demonstrates that (Fe2Ti0.5Mn0.5)1−ıO4 can be readily sepa-
rated from the fly ash using magnetic separation, leaving the fly
ash essentially free of catalysts and adsorbed mercury. However
the mass of (Fe2Ti0.5Mn0.5)1−ıO4 increased because some fly ash
adsorbed on it.

3.1.4. XPS
Surface information on synthesized samples was analyzed by

XPS. XPS spectra over the spectral regions of Fe 2p, Mn 2p, Ti 2p
and O 1s were evaluated. XPS spectra over the spectral regions of
Fe 2p and Mn 2p are shown in Fig. 5.

The O 1s peaks mainly centered at about 529.9 eV, as expected
for transition metal oxides. Another oxygen species centered at
about 531.4 eV was also observed, which was assigned to hydroxyl
group (–OH) [41,42]. The Ti peaks were assigned to Ti 2p1/2
(464.0 eV) and Ti 2p3/2 (458.3 eV) of Ti4+.

The Fe peaks were assigned to oxidized Fe species, more likely
Fe3+ type species [41,42]. The binding energies centered at about
710.0 and 711.3 eV may be assigned to Fe3+ cations in the spinel
structure, and the binding energy centered at about 712.4 eV was
ascribed to Fe3+ bonded with hydroxyl groups (≡FeIII–OH). This
assignment was supported by the satellite component observed
at about 719 eV, which is the fingerprint of the Fe3+ species [41].

The Mn peaks were assigned to Mn2+ (640.4 eV), Mn3+ (641.4 eV)
and Mn4+ (642.4 eV). The ratios of Mn, Fe, Ti and O species
on (Fe2TixMn1−x)1−ıO4 collected from XPS analysis are shown
in Table 2. There were few Mn2+ cations on (Fe2.5Mn0.5)1−ıO4
and (Fe2.2Mn0.8)1−ıO4 (shown in Table 2), so the presence of
Mn2+ cations on (Fe2Ti0.5Mn0.5)1−ıO4 and (Fe2Ti0.3Mn0.7)1−ıO4
may result from the incorporation of Ti. Previous researches on
Mn–Fe spinel [43] and Cu–Fe–Mn spinel [44] reported that Mn4+

3+
cations preferred to be reduced to Mn cations to form bixbyite
at higher temperatures (>400 ◦C). Thus, some Mn4+ cations on
(Fe2TixMn1−x)1−ıO4 may be reduced to Mn2+ cations at higher tem-
peratures to sustain the spinel structure due to the stabilization
effect of Ti4+ cations on the spinel structure [40].
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Fig. 5. XPS spectra of synthesized sample

Table 2 shows that the chemical heterogeneity (i.e. an
nrichment of Mn cations on the surface) happened in the

on-stoichiometric Mn–Fe spinel. Chemical heterogeneity can be
tudied by comparing average chemical composition with sur-
ace chemical composition (i.e. Mn/Ti + Fe + Mn) [45]. As shown in
able 2, the chemical heterogeneity was suppressed due to the
ncorporation of Ti or Ni into the Mn–Fe spinel structure.

able 2
ata of atomic ratios collected from XPS%.

O Fe Fe3+ ≡FeIII–OH Ti/Ni M

(Fe2Ti0.8Mn0.2)1−ıO4 61.8 23.6 15.6 8.0 10.5
(Fe2Ti0.5Mn0.5)1−ıO4 61.4 26.0 15.1 10.9 5.0
(Fe2Ti0.3Mn0.7)1−ıO4 61.3 24.2 15.0 9.2 3.6 1
(Fe2Ni0.2Mn0.8)1−ıO4 60.5 24.6 13.3 11.3 3.9 1
(Fe2.2Mn0.8)1−ıO4 61.3 20.3 12.6 7.7 – 1
(Fe2.5Mn0.5)1−ıO4 59.7 26.7 16.3 10.4 – 1
(Fe2.8Mn0.2)1−ıO4 59.7 35.3 25.4 9.9 –
Binding Energy/eV

the spectral regions of Fe 2p and Mn 2p.

3.2. Elemental mercury capture under air
3.2.1. Performance for elemental mercury capture
The determination of Hg2+ concentration at the exit of reac-

tor showed that there was little Hg2+ in the gas after passing
through the reactor tube with the catalyst, so the reduced amount
of elemental mercury in the breakthrough curve was captured

n Mn2+ Mn3+ Mn4+ Mn/Fe + Mn + Ti
on the surface

Mn/Fe + Mn + Ti
in the structure

4.4 0.7 2.0 1.7 11 7
7.8 1.7 2.9 3.2 20 17
1.1 3.3 2.9 5.0 29 23
1.3 – 6.0 5.3 28 27
8.5 – 7.2 11.3 48 27
3.6 – 7.6 6.0 34 23
5.1 3.0 – 2.1 13 7
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Table 3
Capacity (Q) and breakthrough ratio (�) of synthesized samples for elemental mercury capture under air (mg g−1).

100 ◦C 150 ◦C 200 ◦C 250 ◦C 300 ◦C 350 ◦C 400 ◦C

(Fe2.7Ti0.3)1−ıO4 Q <0.3 <0.3 0.48 0.76 0.58 0.48 0.40
� >90% >90% >90% 85% 84% >90% >90%

(Fe2.2Ti0.8)1−ıO4 Q <0.3 <0.3 1.14 2.18 1.20 0.70 0.60
� >90% >90% >90% 83% >90% >90% >90%

(Fe2Ti)1−ıO4 Q <0.3 <0.3 1.54 3.94 3.44 1.62 1.38
� >90% >90% 88% 23% 33% 66% >90%

(Fe2.8Mn0.2)1−ıO4 Q 1.92 1.80 1.60 2.20 0.84 <0.3 <0.3
� 62% 71% 89% 71% 84% >90% >90%

(Fe2.5Mn0.5)1−ıO4 Q 2.90 2.92 2.42 3.71 1.74 <0.3 <0.3
� 48% 45% 61% 30% 70% >90% >90%

(Fe2.2Mn0.8)1−ıO4 Q 2.86 3.20 4.44 5.10 1.04 <0.3 <0.3
� 56% 56% 7% 7% 89% >90% >90%

(Fe2Ti0.8Mn0.2)1−ıO4 Q 2.21 3.67 4.42 3.32 2.84 1.10 1.76
� 74% 36% 61% 69% 84% 73% 69%

(Fe2Ti0.5Mn0.5)1−ıO4 Q 2.50 4.39 3.86 3.72 3.96 4.04 1.82
� 42% 2% 39% 55% 9% 14% 86%

(Fe2Ti0.3Mn0.7)1−ıO4 Q 3.59 4.66 3.10 4.54 4.34 2.18 1.58
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surface and the constant, respectively.
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N
2

� 44% 65%

(Fe2Ni0.2Mn0.8)1−ıO4 Q 1.04 1.21
� 73% 79%

y the magnetic catalyst. The amount of elemental mercury cap-
ured per unit mass of catalyst (capacity) can be calculated from
he breakthrough curve. Table 3 shows the capacities of synthe-
ized magnetic catalysts for elemental mercury capture (Q) and the
reakthrough ratios (the ratio of the outlet concentration of ele-
ental mercury to the inlet concentration of elemental mercury at

0 h, �) as a function of reaction temperature under air.
As shown in Table 3, (Fe2Ti03Mn0.7)1−ıO4, (Fe2Ti0.5Mn0.5)1−ıO4

nd (Fe2Ti0.8Mn0.2)1−ıO4 showed excellent capacities for elemen-
al mercury capture, especially at 150–300 ◦C. In comparison with
Fe2.2Mn0.8)1−ıO4, (Fe2Ti0.3Mn0.7)1−ıO4 showed higher capaci-
ies for elemental mercury capture except at 200–250 ◦C. The
apacities of (Fe2Ti0.8Mn0.2)1−ıO4 and (Fe2Ti0.5Mn0.5)1−ıO4 for ele-
ental mercury capture were generally much more than those of

Fe2.8Mn0.2)1−ıO4 and (Fe2.5Mn0.5)1−ıO4, respectively. Especially,
he capacity of (Fe2Ti0.8Mn0.2)1−ıO4 for elemental mercury cap-
ure was generally much more than the sum of (Fe2.8Mn0.2)1−ıO4
nd (Fe2.2Ti0.8)1−ıO4 except at 250 ◦C. At >250 ◦C, the capacity of
Fe2TixMn1−x)1−ıO4 for elemental mercury capture was much more
han that of (Fe3−xMnx)1−ıO4. All of those indicate that elemental

ercury capture by Mn–Fe spinel was generally promoted due to
he introduction of Ti. However, the incorporation of Ni into Mn–Fe
pinel showed an obvious negative effect on elemental mercury
apture (shown in Table 3).

.2.2. Mechanism for elemental mercury capture
Elemental mercury oxidization by metal oxides in the absence

f halogen may be attributed to the Mars–Maessen mechanism
2,15,23]. The possible reactions are as follows:

g0
(g)+ ≡ � →≡ � − Hg0

(ad) (3)

MnIV + 2 ≡ � − Hg0
(ad)+ ≡ O →≡ MnII + HgI

2O(ad) (4)

MnIV+ ≡ � − Hg0
(ad) + 1 ≡ O →≡ MnIII + 1

HgI
2O(ad) (5)
2 2

FeIII+ ≡ � − Hg0
(ad) + 1

2
≡ O →≡ FeII + 1

2
HgI

2O(ad) (6)

≡ MnIV+ ≡ � − Hg0
(ad)+ ≡ O → 2 ≡ MnIII + HgIIO(ad) (7)
77% 15% 71% >90% 82%

0.92 1.27 0.47 <0.3 <0.3
71% 82% >90% >90% >90%

≡ MnIV+ ≡ � − Hg0
(ad)+ ≡ O →≡ MnII + HgIIO(ad) (8)

≡ MnII + 1
2

O2(g) →≡ MnIV+ ≡ O (9)

≡ MnIII + 1
4

O2(g) →≡ MnIV + 1
2

≡ O (10)

≡ FeII + 1
4

O2(g) →≡ FeIII + 1
2

≡ O (11)

Reaction (3) was the collision of elemental mercury with the
surface, resulting in a physical adsorption on the cation vacan-
cies. If the concentration of elemental mercury in the gas phase
was sufficiently high for the surface to be saturated with physi-
cally adsorbed elemental mercury, the concentration of physically
adsorbed elemental mercury on the surface ([≡ �–Hg0

(ad)]) can be
described as:
6005004003002001000

t/min

Fig. 6. Breakthrough curves of elemental mercury capture by (Fe2Ti0.5Mn0.5)1−ıO4

at 250 ◦C under air and N2.
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Table 4
Numbers of cation vacancies and Mn4+ cations on synthesized samples.

ı Number of cation vacancies on the surfacea (m2 g−1) Number of Mn4+ cations on the surface (m2 g−1)

(Fe2.8Mn0.2)1−ıO4 0.11 3.9 1.3
(Fe2.5Mn0.5)1−ıO4 0.15 4.5 4.2
(Fe2.2Mn0.8)1−ıO4 0.19 3.1 4.3
(Fe2Ti0.8Mn0.2)1−ıO4 0.19 4.6 1.0
(Fe Ti Mn ) O 0.16 7.4 3.4
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(Fe2Ti0.3Mn0.7)1−ıO4 0.15 3.4
(Fe2Ni0.2Mn0.8)1−ıO4 0.12 2.6

a BET surface areas of (Fe2.8Mn0.2)1−ıO4, (Fe2.5Mn0.5)1−ıO4, (Fe2.2Mn0.8)1−ıO4 and

As shown in Eq. (12), the concentration of elemental mer-
ury physically adsorbed was proportional to the percent of cation
acancies on the surface. In Table 4, the number of cation vacan-
ies on (Fe2TixMn1−x)1−ı�3ıO4 was described as the product of BET
urface area and 3ı/7 (the percent of cation vacancies on the sur-
ace). Reaction (3) was an exothermic reaction, so the constant k1
ould decrease with the increase of reaction temperature. Reac-

ions (4)–(8) were the possible routes for the oxidation of physically
dsorbed elemental mercury. Fig. 6 shows that elemental mercury
apture by (Fe2Ti0.5Mn0.5)1−ıO4 under air was much better than
hat under N2. It indicates that the re-oxidization of formed Mn3+,

n2+ and Fe2+ cations (Reactions (9)–(11)) happened. During the
e-oxidization, some cation vacancies may be recovered.

Our previous researches demonstrated that elemental mercury
xidization by (Fe2.2Mn0.8)1−ıO4 followed Reactions (4) or (5), and
lemental mercury oxidization by (Fe2Ti)1−ıO4 followed Reaction
6). As shown in Table 3, Reaction (6) did not happen at <200 ◦C.

The specific mechanism for elemental mercury capture by
Fe2TixMn1−x)1−ıO4 was studied using XPS analysis. In compari-
on with fresh (Fe2TixMn1−x)1−ıO4, no obvious changes happened
n the XPS spectra over the spectral regions of Ti 2p, Fe 2p and

1s (the spectra was not shown). Taking account of the bind-
ng energy of Hg 4f7/2 at 100.1 eV and the absence of Hg 4f5/2 at
bout 105 eV corresponding to Hg2+ (shown in Fig. 7a), the oxi-
ized mercury formed during the capture by (Fe2Ti0.8Mn0.2)1−ıO4
ay be mercurous oxide (Hg2O). Thus, elemental mercury cap-

ure by (Fe2Ti0.8Mn0.2)1−ıO4 followed Reactions (4) or (5). This was
onsistent with elemental mercury capture by (Fe2.2Mn0.8)1−ıO4.

As is well known, mercury is a heavy metal and its atomic radius
1.76 Å) is much bigger than the radiuses of Mn4+ (0.60 Å), Mn3+

0.66 Å), Mn2+ (0.80 Å), Fe3+ (0.64 Å), Ti4+ (0.68 Å) and O2− (1.32 Å).
hen a mercury atom is physically adsorbed on the cation vacancy,

everal ions including Mn4+, Mn3+, Mn2+, Ti4+, Fe3+ and O2− around
he cation vacancy may be covered. Once the adsorbed elemental

ercury contacts Mn4+ cation on the surface, the adsorbed elemen-
al mercury will be oxidized.

The array of cation vacancies, Mn2+/Mn3+/Mn4+, Fe3+, Ti4+ and
2− in/on (Fe2TixMn1−x)1−ıO4 was well-proportioned even at the
tomic scale due to the incorporation of Ti and Mn cations into the
pinel structure. On (Fe2TixMn1−x)1−ıO4, the near two Mn cations
ere spaced by at least 2 Fe cations and 4 oxygen anions, so the dis-

ance between two Mn cations was much more than the diameter
f the Hg atom. When a mercury atom was physically adsorbed on
he active site (i.e. �), at most one Mn4+ cation can be covered, so
eaction (7) cannot happen in this case. Meanwhile, the distance
etween Mn4+ and the nearest Fe3+ was less than the diameter of
he Hg atom.

Because all Mn4+ cations on the surface resulted from the oxi-
ization of Mn2+ cations, there was a Mn4+ cation around each

2+
ation vacancy resulting from the oxidization of Mn . Most of
he cation vacancies on (Fe2.2Mn0.8)1−ıO4 resulted from the oxi-
ization of Mn2+ to Mn4+/Mn3+ cations, but about 41% and 83% of
he cation vacancies on (Fe2.5Mn0.5)1−ıO4 and (Fe2.8Mn0.2)1−ıO4
esulted from the oxidization of Fe2+ cations. Furthermore, only
2.6
2.7

i0.2Mn0.8)1−ıO4 were 82.9, 69.4, 37.8 and 50.4 m2 g−1, respectively.

about 20% and 29% of the Fe3+ cations on (Fe2.5Mn0.5)1−ıO4
and (Fe2.8Mn0.2)1−ıO4 involved cation vacancies, respectively.
Thus, the probability of the collision between elemental mercury
adsorbed on the cation vacancies resulting from the oxidization
of Fe2+ cations and Mn4+ cations on the surface was small, so
a large amount of these cation vacancies had no contribution
to elemental mercury oxidization. As a result, the capacity of
(Fe2.5Mn0.5)1−ıO4 for elemental mercury capture was less than
that of (Fe2.2Mn0.8)1−ıO4 (shown in Table 3), although the num-
ber of cation vacancies on (Fe2.5Mn0.5)1−ıO4 was more than
that on (Fe2.2Mn0.8)1−ıO4 and the number of Mn4+ cations on
(Fe2.5Mn0.5)1−ıO4 was close to that on (Fe2.2Mn0.8)1−ıO4 (shown
in Table 4).

With the incorporation of Ti into Mn–Fe spinel, both the cation
vacancies resulting from the oxidization of Fe2+ cations and the
Fe3+ cations involving cation vacancies obviously increased. About
87%, 63% and 43% of cation vacancies on (Fe2Ti0.8Mn0.2)1−ıO4,
(Fe2Ti0.5Mn0.5)1−ıO4 and (Fe2Ti0.3Mn0.7)1−ıO4 resulted from the
oxidization of Fe2+ cations, respectively. And about 82%, 55% and
39% of Fe3+ cations on (Fe2Ti0.8Mn0.2)1−ıO4, (Fe2Ti0.5Mn0.5)1−ıO4
and (Fe2Ti0.3Mn0.7)1−ıO4 involved cation vacancies, respectively.
As a result, the probability of elemental mercury adsorbed on the
cation vacancies resulting from the oxidization of Fe2+ cations con-
tacting Mn4+ cations on the surface obviously increased with the
increase of Ti content. Therefore, elemental mercury capture by
(Fe3−xMnx)1−ıO4 was generally promoted due to the incorporation
of Ti.

Most of the elemental mercury adsorbed on the cation vacancies
on (Fe2Ti0.8Mn0.2)1−ıO4 can contact Mn4+ cations on the surface
whether the cation vacancies resulted from the oxidization of Fe2+

cations or Mn2+ cations. Furthermore, the number of cation vacan-
cies (corresponding to elemental mercury physically adsorbed)
was 4.6 times that of Mn4+ cations on (Fe2Ti0.8Mn0.2)1−ıO4
(shown in Table 4). As a result, elemental mercury capture by
(Fe2Ti0.8Mn0.2)1−ıO4 may mainly follow Reaction (4). However, the
number of cation vacancies was slightly less than that of Mn4+

cations on (Fe2.2Mn0.8)1−ıO4 (shown in Table 4), so elemental mer-
cury capture by (Fe2.2Mn0.8)1−ıO4 may mainly follow Reaction
(5). Because Mn4+ cation may be reduced by � to Mn3+ cation at
higher temperatures [44], (Fe3−xMnx)1−ıO4 showed poor capac-
ity for elemental mercury capture at >300 ◦C. Because both the
number of cation vacancies and the number of Mn4+ cations on
the surface decreased due to the incorporation of Ni into the
structure of Mn–Fe spinel (shown in Table 4), the capacity of
(Fe2Ni0.2Mn0.8)1−ıO4 for elemental mercury capture was much less
than that of (Fe2.2Mn0.8)1−ıO4.

XPS spectrum of (Fe2Ti0.5Mn0.5)1−ıO4 after elemental mercury
capture over Hg 4f spectral region is shown in Fig. 7b. Taking
account of the binding energies of Hg 4f7/2 at 101.3 eV and Hg

4f5/2 at about 105.5 eV (the binding energy centered at about
103.8 eV was attributed to Si 2p of SiO2 in quartz wool), the oxi-
dized mercury formed was mercuric oxide (HgO). This indicates
that elemental mercury capture by (Fe2Ti0.5Mn0.5)1−ıO4 mainly fol-
lowed Reaction (8). There were a large number of cation vacancies
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Fig. 7. XPS spectra of synthesized samples after the test over the spectral regions of Fe 2p, Mn 2p, Hg 4f, S 2p and O 1s.



706 S. Yang et al. / Applied Catalysis B: Environmental 101 (2011) 698–708

Table 5
Capacity (Q) and breakthrough ratio (�) of synthesized samples for elemental mercury capture in the presence of a high concentration of SO2 (mg g−1).

100 ◦C 150 ◦C 200 ◦C 250 ◦C 300 ◦C 350 ◦C 400 ◦C

(Fe2Ti)1−ıO4 Q <0.3 <0.3 0.46 1.00 0.42 0.36 <0.3
� >90% >90% 47% 80% >90% >90% >90%

(Fe2.2Mn0.8)1−ıO4 Q 2.38 1.92 1.72 2.48 0.96 <0.3 <0.3
� 82% 86% 90% 70% 82% >90% >90%

(Fe2Ti0.8Mn0.2)1−ıO4 Q 1.19 1.53 1.64 1.68 0.97 0.44 <0.3
� 84% 90% 85% 87% 86% >90% >90%

(Fe2Ti0.5Mn0.5)1−ıO4 Q 3.00 4.17 1.53 1.99 1.41 1.37 2.06
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� 43% 23%

(Fe2Ti0.3Mn0.7)1−ıO4 Q 2.65 2.63
� 30% 46%

n (Fe2Ti0.5Mn0.5)1−ıO4 (shown in Table 4) and the concentration
f elemental mercury may not be sufficiently high in the gas phase
or the surface to be saturated with physically adsorbed elemen-
al mercury. Some cation vacancies were vacant for the physical
dsorption of elemental mercury and there may at most be one
ercury atom physically adsorbed around every Mn4+ cation. As a

esult, Reaction (8) occurred.
Although Reactions (4)–(11) were promoted with the increase

f reaction temperature, elemental mercury capture reached the
ptimal condition at a specific temperature, in most case not the
ighest temperature due to the influence of reaction temperature
n the physical adsorption (Reaction (3)).

.3. Effect of SO2 on elemental mercury capture

The capacities of (Fe2TixMn1−x)1−ıO4 for elemental mercury
apture in the presence of 1000 ppm of SO2 are shown in Table 5.
lemental mercury capture by (Fe2Ti0.8Mn0.2)1−ıO4 was signifi-
antly influenced by a high concentration of SO2. The presence of
high concentration of SO2 resulted in an insignificant effect on

lemental mercury capture by (Fe2Ti0.5Mn0.5)1−ıO4 at 100–150 ◦C,
ut it showed an obvious interference at 200–350 ◦C. The presence
f a high concentration of SO2 resulted in a moderate effect on
lemental mercury capture by (Fe2Ti0.3Mn0.7)1−ıO4 at 100–250 ◦C,
ut it showed a serious interference at 300–400 ◦C. The capacity
f (Fe2Ti0.3Mn0.7)1−ıO4 for elemental mercury capture in the pres-
nce of SO2 was more than that of (Fe2.2Mn0.8)1−ıO4. This indicates
hat the incorporation of Ti may promote elemental mercury cap-
ure by Mn–Fe spinel in the presence of a high concentration of
O2.

Previous research postulated a mechanism for the heteroge-
eous uptake and oxidization of SO2 on iron oxides [30], and the
eactions can be described as:

FeIII–OH + SO2(g) →≡ FeIIIOSO2
− + H+ (13)

FeIIIOSO2
− →≡ FeII + SO3

•− (14)

FeIII–OH + SO3
•− →≡ FeII–SO4

2− + H+ (15)

As shown in Reactions (13)–(15), the uptake of SO2 on iron
xides may involve hydroxyl groups on the surface. In the absence
f hydroxyl groups, the uptake of SO2 on iron oxides can be
eglected [30]. Furthermore, SO2 can also react with Mn4+ cations
n the surface [31] and the reaction can be described as:

O2(g)+ ≡ MnIV + 2 ≡ O →≡ MnII–SO4 (16)
Reactions (13)–(16) may happen during elemental mercury cap-
ure by (Fe2TixMn1−x)1−ıO4 in the presence of SO2, resulting in an
nterference with elemental mercury capture.

The effect of a high concentration of SO2 on elemental mer-
ury capture by (Fe2TixMn1−x)1−ıO4 was studied using XPS analysis
90% 75% 77% 83% 82%

2.40 2.84 1.24 0.48 <0.3
47% 89% 84% >90% >90%

(shown in Fig. 7). The Hg 4f peaks for (Fe2Ti0.5Mn0.5)1−ıO4 after the
test with SO2 still centered at about 101.4 and 105.3 eV (shown
in Fig. 7c). This indicates that the oxidized mercury formed was
still HgO in the presence of a high concentration of SO2. How-
ever, the Hg 4f peak for (Fe2Ti0.8Mn0.2)1−ıO4 after the test with
SO2 mainly transformed to 100.7 eV (shown in Fig. 7d). This indi-
cates that the oxidized mercury may transform to Hg2SO4 in the
presence of a high concentration of SO2. It is noted that mercurous
sulfate has been previously observed as a mercury product in a
photochemical oxidation process for elemental mercury oxidation
and capture [12,13]. XPS spectra demonstrated the formation of
SO4

2− during elemental mercury capture. The S 2p peaks mainly
centered at about 168.8 and 170.0 eV (shown in Fig. 7e), which may
be assigned to SO4

2− and HSO4
−, respectively. The formation of sul-

fate can also be supported by the XPS spectra over Fe 2p, Mn 2p and
O 1s regions. The peaks centered at about 713.5, 642.8 and 532.4 eV,
may be assigned to Fe 2p3/2 of Fe2(SO4)3, Mn 2p3/2 of MnSO4 and
O 1s of SO4

2−, respectively (shown in Fig. 7f–o). During elemen-
tal mercury capture by (Fe2TixMn1−x)1−ıO4 in the presence of SO2,
the percent of ≡FeIII–OH obviously decreased with the formation
of Fe2(SO4)3, which was consistent with the postulated mechanism
that the uptake of SO2 on iron oxides involved ≡FeIII–OH [31].

The peak centered at about 642.8 eV corresponding to MnSO4
did not appear in the XPS spectra of (Fe2Ti0.8Mn0.2)1−ıO4 and
(Fe2Ti0.5Mn0.5)1−ıO4 after the test at 150 ◦C in the presence of
SO2 (shown in Fig. 7g and j). As shown in Table 2, the num-
ber of ≡FeIII–OH was much greater than the number of Mn4+

cations on (Fe2Ti0.8Mn0.2)1−ıO4 and (Fe2Ti0.5Mn0.5)1−ıO4, so SO2
mainly reacted with ≡FeIII–OH on the surface, and few Mn4+

cations reacted with SO2. XPS analysis showed that 31% and 20%
of Fe3+ cations on (Fe2Ti0.8Mn0.2)1−ıO4 and (Fe2Ti0.5Mn0.5)1−ıO4
were sulfated, respectively. Once ferric sulfate formed, the corre-
sponding cation vacancies would be destroyed and they can not
be regenerated. 100% and 82% of Fe3+ cations on (Fe2Ti)1−ıO4 and
(Fe2Ti0.8Mn0.2)1−ıO4 involved cation vacancies, respectively, so a
serious destruction of cation vacancies occurred during the reaction
of SO2 with ≡FeIII–OH. As a result, the presence of a high concentra-
tion of SO2 resulted in severe interference with elemental mercury
capture by (Fe2Ti)1−ıO4 and (Fe2Ti0.8Mn0.2)1−ıO4.

55% of the Fe3+ cations on (Fe2Ti0.5Mn0.5)1−ıO4 involved cation
vacancies. Some of the involved cation vacancies may have no con-
tribution for elemental mercury oxidization because Mn4+ cations
on the surface were far away from them. Furthermore, the num-
ber of cation vacancies on (Fe2Ti0.5Mn0.5)1−ıO4 may be superfluous
for the saturated physical adsorption of elemental mercury. Thus,
the moderate decrease of cation vacancies due to the presence of

a high concentration of SO2 resulted in an insignificant effect on
elemental mercury capture by (Fe2Ti0.5Mn0.5)1−ıO4 at lower tem-
peratures (100–150 ◦C). With the increase of reaction temperature,
the amount of ≡FeIII–OH would decrease due to the dehydration. As
a result, MnSO4 appeared in the XPS spectra of (Fe2Ti0.5Mn0.5)1−ıO4
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Table 6
Comparison of the performance of (Fe2Ti0.5Mn0.5)1−ıO4 with other catalysts/sorbents.

Catalyst/sorbent Capacity/mg g−1 Carrier gas Temperature/◦C Magnetization/emu g−1

I-AC [53] 0.85 Air 140 –
DARCO Hg-LH [54] 8.9 Air 140 –
S-AC [55] 1.9 Simulated fuel gas 140 –
Cl-AC [23] 4.0 Ar 138 –
V2O5/TiO2 [48] 0.23 Air 100 –
MnO2/Al2O3 [23] 3.5 Air 138 –
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Z-Ag [56] 0.5 Ar
Pd/Al2O3 [57] 0.9 Simula
MagZ-Ag0 [25,32] 0.044 Ar
(Fe2Ti0.5Mn0.5)1−ıO4 4.2 Air wit

fter the test with SO2 at 300 ◦C (shown in Fig. 7l). Furthermore, the
eaction rate constants of Reactions (13)–(16) may increase with
he increase of reaction temperature. XPS analysis showed that 28%
f Fe3+ cations and 24% of Mn cations were sulfated. Because both
he number of Mn4+ cations and the number of usable cation vacan-
ies decreased, elemental mercury capture by (Fe2Ti0.5Mn0.5)1−ıO4
as obviously interfered by the high concentration of SO2 at high

emperatures.
With the increase of Mn4+ cations on the surface, both Fe2(SO4)3

nd MnSO4 appeared in the XPS spectra of (Fe2Ti0.3Mn0.7)1−ıO4
fter the test with SO2 at 150 ◦C (shown in Fig. 7n and o). As a result,
lemental mercury capture by (Fe2Ti0.3Mn0.7)1−ıO4 was obviously
nterfered by the high concentration of SO2.

.4. Comparison of (Fe2Ti0.5Mn0.5)1−ıO4 with other
atalysts/sorbents

Table 6 compares the performance of (Fe2Ti0.5Mn0.5)1−ıO4 for
lemental mercury capture with those of other catalysts/sorbents.

Pretreated powdered activated carbon (I-AC, Br-AC, S-AC and
l-AC) showed excellent capacities for elemental mercury capture.
irect injection of pretreated powdered activated carbon into the
ue gas upstream of a particulate collector is currently consid-
red the maximum available control technology for the removal
f elemental mercury from the flue gas in coal-fired utilities, since
lmost all coal-fired power plants are equipped with an electro-
tatic precipitator or a baghouse [46,47]. However, the separation
f powdered activated carbon from the fly ash was extremely dif-
cult and impractical. The fly ash with a large amount of activated
arbon cannot be directly used. Furthermore, the fly ash would be
ontaminated by the formed mercury product.

SCR catalysts are mainly employed to reduce NOx concentra-
ion in the flue gas, and elemental mercury may be removed as a
obenefit. The catalyst is typically composed of vanadium pentox-
de (V2O5) supported on titanium dioxide (TiO2). Laboratory-scale
ests verify that SCR can oxidize Hg0 to Hg2+, particularly in the
resence of HCl [18,48]. But in the absence of HCl, the capacity of
upported V2O5 for elemental mercury capture is very poor. Fur-
hermore, the injection of ammonia for the necessary NOx control
s a severe interferent for elemental mercury capture [49–51].

Development of metal and metal oxide catalysts can be used
s an alternative [52]. Some metals and metal oxides showed
xcellent capacities for elemental mercury capture (for example
nO2/Al2O3, Z-Ag0 and Pd/Al2O3). However, the separation of

he catalyst from the fly ash was still difficult. The separation
f the catalyst from the fly ash can be achieved by the mag-
etic property of the catalyst. A magnetic MagZ-Ag0 was once

eveloped to capture elemental mercury [25,32]. However, its
apacity for elemental mercury capture was very poor, and its cost
as expensive due to the use of noble metal Ag. Here, magnetic

Fe2TixMn1−x)1−ıO4 was developed for elemental mercury capture.
ecause the temperature of the flue gas after the air preheater
150 –
el gas 288 –

150 40
150 31

(APH) or before the electrostatic precipitator is about 150 ◦C, it is the
workable temperature for elemental mercury capture by a catalyst.
(Fe2Ti0.5Mn0.5)1−ıO4 showed an excellent capacity for elemental
mercury capture (>4.2 mg g−1) at about 150 ◦C in the presence of
a high concentration of SO2. The catalyst can be separated from
the fly ash mixture using magnetic separation, which makes them
possible to use the catalyst multiple times and regenerate the cat-
alyst. Furthermore, the adsorbed mercury product may be safely
disposed during the regeneration of (Fe2Ti0.5Mn0.5)1−ıO4.

4. Conclusions

A series of nanosized (Fe2Ti1−xMnx)1−ıO4 were synthesized
using a co-precipitation method to capture elemental mercury from
the flue gas. Elemental mercury capture by non-stoichiometric
Mn–Fe spinel depended on the number of Mn4+ cations (the oxi-
dizing agent for elemental mercury oxidization) and the number of
usable cation vacancies (the active site for the physical adsorption
of elemental mercury) on the surface. Although the incorpora-
tion of Ti into Mn–Fe spinel suppressed the enrichment of Mn4+

cations on the surface, the number of usable cation vacancies obvi-
ously increased. As a result, the capacities of (Fe2Ti0.8Mn0.2)1−ıO4
and (Fe2Ti0.5Mn0.5)1−ıO4 for elemental mercury capture were
generally much greater than those of (Fe2.8Mn0.2)1−ıO4 and
(Fe2.5Mn0.5)1−ıO4, and the capacity of (Fe2Ti0.3Mn0.7)1−ıO4 was
greater than that of (Fe2.2Mn0.8)1−ıO4 except at 200–250 ◦C.
Furthermore, the incorporation of Ti improved the SO2 poison-
ing resistance of Mn–Fe spinel for elemental mercury capture.
Especially, (Fe2Ti0.5Mn0.5)1−ıO4 showed an excellent capacity
(>4.2 mg g−1) for elemental mercury capture in the presence of
a high concentration of SO2 at a workable temperature (about
150 ◦C). Meanwhile, (Fe2Ti0.5Mn0.5)1−ıO4 can be easily separated
from the fly ash due to its inherent magnetization. Both results
indicate that (Fe2Ti0.5Mn0.5)1−ıO4 may be a promising catalyst for
the control of elemental mercury emission. In our future work,
(Fe2Ti0.5Mn0.5)1−ıO4 will be investigated to capture elemental mer-
cury from the flue gas at a pilot scale, in which the influence of O2,
SO2, CO, NOx, HCl, NH3 and H2O, the separation of catalyst from the
fly ash and catalyst regeneration will be further studied.
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