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ABSTRACT: Nonstoichiometric Fe-Ti spinel (Fe3-xTix)1-δO4

has a large amount of cation vacancies on the surface, which may
provide active sites for pollutant adsorption. Meanwhile, its
magnetic property makes it separable from the complex multi-
phase system for recycling, and for safe disposal of the adsorbed
toxin. Therefore, (Fe3-xTix)1-δO4 may be a promising sorbent in
environmental applications. Herein, (Fe3-xTix)1-δO4 is used as a
magnetically separable sorbent for elemental mercury capture
from the flue gas of coal-fired power plants. (Fe2Ti)0.8O4 shows a
moderate capacity (about 1.0 mg g-1 at 250 �C) for elemental
mercury capture in the presence of 1000 ppmv of SO2. Mean-
while, the sorbent can be readily separated from the fly ash using
magnetic separation, leaving the fly ash essentially free of sorbent
and adsorbed mercury.
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1. INTRODUCTION

Synthesis of magnetic nanoparticles has long been of scientific
and technological interest1 due to their potential applications in
tissue imaging,2 drug delivery,3 information storage,4 and mag-
netically separable catalyst/sorbents.5,6 Spinel ferrites are of great
fundamental and technological importance due to their structur-
al, electronic, magnetic, and catalytic properties.7 An interesting
feature of spinel ferrites is the possibility to replace iron cations
by other metal cations while maintaining the spinel structure.8

The physicochemical properties of spinel ferrites are strongly
dependent on the site, nature, and amount of metal incorporated
into the structure.

Two Fe3þ cations in magnetite (Fe3O4) can be substituted by
one Ti4þ cation and one Fe2þ cation to form titanomagnetite
(Fe3-xTixO4). The presence of Ti

4þ in the spinel structure can
improve its thermal stability.5 It is interesting that Fe3-xTixO4 can
be oxidized to nonstoichiometric Fe-Ti spinel (Fe3-xTix)1-δO4

while maintaining the spinel structure.8 The oxidation of Fe3-x-
TixO4 can be described as
ð1- δÞFe3- xTixO4 þ 2δO2 f ðFe3- xTixÞ1- δ03δO4 ð1Þ

where0 is the cation vacancy. δ is equal to(1þ x)/(9þ x) if all
Fe2þ cations in Fe3-xTixO4 are oxidized to Fe3þ cations.9 The
oxidization of Fe3-xTixO4 to (Fe3-xTix)1-δO4 is similar to the
oxidization of Fe3O4 to γ-Fe2O3. The oxidization of Fe3O4 to γ-
Fe2O3 involves a reduction in the number of Fe atoms per unit
cell from 24 in Fe3O4 to 64/3 in γ-Fe2O3. The oxidization of
Fe3O4 proceeds by outwardmigration of Fe2þ cations toward the
surface of the crystal together with the creation of cation
vacancies. On the surface, Fe2þ cations are oxidized and interact
with adsorbed oxygen to form a rim of γ-Fe2O3. In γ-Fe2O3,
eight cations occupy tetrahedral sites and the remaining cations
are randomly distributed over the octahedral site. The vacancies
in γ-Fe2O3 are confined to the octahedral sites. The detailed
distribution of cations and vacancies in (Fe3-xTix)1-δO4 is not
fully understood.8

Cation vacancies on (Fe3-xTix)1-δO4 can provide the active
sites for pollutant adsorption. Furthermore, the magnetic property
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makes it possible to separate (Fe3-xTix)1-δO4 from the complex
multiphase system for recycling, and for safe disposal of the
adsorbed toxin. Therefore, (Fe3-xTix)1-δO4 may be an environ-
mental-friendly sorbent for pollutant control.

Mercury is a major pollutant because of its toxicity, mobility,
and bioaccumulation in the ecosystem and food chain. The
emission of mercury from anthropogenic activities is a serious
concern in both developed and developing countries.10 Coal-
fired utilities are the main source of mercury emission from
anthropogenic activities. In addition to particulate-bound mer-
cury (Hgp), both elemental mercury (Hg0) and oxidizedmercury
(Hg2þ) are present as the gaseous mercury in the flue gas of coal-
fired utilities.10,11 Particulate-bound mercury and oxidized mer-
cury (mainly HgCl2) can be effectively removed by particulate
control devices and wet scrubbing or SO2 control devices,
respectively.11 Because elemental mercury is not soluble in water,
it is difficult to remove with currently available removal devices.12

Therefore, elemental mercury can be a major species in the
exhaust gas of coal-fired utilities.13 In China, the total mercury
concentrations in the flue gas from coal-fired boilers are in the
range of 1.92-27.2 μg m-3, and elemental mercury accounts for
66-94% of the total mercury.14

Many technologies have been investigated to control the
emission of elemental mercury from flue gas, including sorbents,
catalysts employed upstream of wet scrubbers, and photochemi-
cal oxidations.10,12,15-30 Now, the mercury-sorbent material is
extremely restricted in the application for at least three reasons:
material recovery, removal of toxin from the industrial waste,31

and cost of operation. First, the spent sorbent for this particular
application is often collected as a mixture with greater than 99%
of ultrafine fly ash particles by particulate control devices. It will
be extremely difficult and impractical to reclaim the sorbent from
the fly ash mixture for regeneration. Second, if the spent sorbent
is not effectively removed from the fly ash mixture, the fly ash will
be contaminated with the mercury-loaded sorbent. If the mer-
cury-contaminated fly ash is used as a cement additive, mercury
may be released in the cement plant during the calcination process.
Third, the material must be cheap and operation must be easy.

To separate the sorbent from the majority of the fly ash
stream, the injection of activated carbon upstream of a small
secondary baghouse filtration system on the back-end of the
power plant was investigated in the United States.32,33 The
separation of sorbent from the fly ash may be more easily
achieved by the magnetic property of the sorbent. A magnetic
sorbent MagZ-Ag0 was once used to capture elemental mercury
from flue gas,31,34 but the sorbent was expensive.

Herein, a series of nanosized nonstoichiometric Fe-Ti spinel
were used as magnetic sorbents for gaseous elemental mercury
capture. Nonstoichiometric Fe-Ti spinel was synthesized using
a coprecipitation method and characterized using X-ray diffrac-
tion (XRD), H2 temperature-programmed reduction (TPR), N2

adsorption/desorption isotherm, transmission electron micro-
scopy (TEM), and magnetization measurement. Then, a packed-
bed reactor system was used to preliminarily investigate the
performance of nanosized nonstoichiometric Fe-Ti spinel for
elemental mercury capture.

2. MATERIALS AND METHODS

2.1. Sample Preparation. Nanosized Fe3-xTixO4, the pre-
cursor of (Fe3-xTix)1-δO4, was prepared using a coprecipitation
method at room temperature.35-38 Suitable amounts of ferrous

sulfate, ferric trichloride, and titanium tetrachloride were dis-
solved in a HCl solution. pH (<1) was low enough to prevent any
titanium or iron oxide and hydroxide precipitation. This mixture
was added to an ammonia solution leading to an instantaneous
precipitation of titanium ferrites according to the following
equation:

ð2- 2xÞFe3þ þ ð1þ xÞFe2þ þ xTi4þ þ 8OH- f Fe3-xTixO4 þ 4H2O

ð2Þ
During the reaction, the system was continuously stirred at

800 rpm. The particles were then separated by centrifugation at
4500 rpm for 5 min and washed with distilled water followed by a
new centrifugation. After 4 washings, the particles were collected
and dried in a vacuum oven at 105 �C for 24 h. The characteriza-
tion of XRD and M€ossbauer in previous studies demonstrated
that synthesized Fe3-xTixO4 was spinel structure, and Ti was
incorporated into its structure.5,6,35-38

Maghemite (γ-Fe2O3 or Fe2.67O4) was obtained after the
thermal treatment of Fe3O4 at 250 �C under air for 3 h. (Fe3-x-
Tix)1-δO4 (x 6¼ 0) was obtained after the thermal treatment of
Fe3-xTixO4 at 350 �C under air for 3 h. Under such conditions, all
Fe2þ cations were expected to be oxidized to Fe3þ cations.
2.2. Sample Characterization. The crystal structure was

determined using 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. The Brunauer-
Emmett-Teller (BET) surface area was determined using a
nitrogen adsorption apparatus (Micromeritics, ASAP 2010MþC).
The sample was outgassed at 200 �C before BET measurement.
The TPR profile was recorded on a chemisorption analyzer
(Micromeritics, ChemiSorb 2720 TPx) under a 10% hydrogen/
90% nitrogen gas flow (20 cm3 min-1) at a rate of 10 �C min-1.
The saturated magnetization was determined using a vibrating
sample magnetometer (VSM, model JDM-13) at room tempera-
ture. The TEM image was performed on a JEOL JEM-2010 TEM.
Themicrographs were obtained in the bright-field imagingmode at
an acceleration voltage of 200 kV. XPS (Thermo ESCALAB 250)
was used to determine the binding energies of Fe 2p, Ti 2p, S 2p,
O 1s, and Hg 4f with Al KR (hv = 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 is similar to that previously described
by Granite et al. (shown in Figure 1).18 It consisted of an
elemental mercury permeation tube, a packed-bed reactor, a
cold vapor atomic absorption spectrometer (CVAAS), and an
online data acquisition system. A flow of air passed through the
permeation tube and then yielded a gas with a stable concentra-
tion of elemental mercury. A temperature control device was
employed to keep the reactor at desired temperatures. Before
each test, the gas containing elemental mercury first passed
through the empty tube, and then entered the CVAAS to
determine the baseline. When the concentration of elemental
mercury had fluctuated within (5% for more than 30 min, the
gas was diverted to the adsorbent bed for the test. An exact
amount of sorbent was inserted in the middle of the column
reactor and then packed with quartz wool to support the sorbent
layer and avoid its loss. It was demonstrated that quartz wool has
no ability for elemental mercury capture.39

To preliminarily estimate the performance for elemental
mercury capture, (Fe3-xTix)1-δO4 was first tested under air.
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The inlet gas contained about 1.10 mg Nm-3 ((20%) of
elemental mercury and 2% of H2O with a feed of 12 L h-1.
The test time for (Fe3-xTix)1-δO4 (x 6¼ 0) was about 10 h, but
that for γ-Fe2O3 was about 4 h. For each test, the sorbent mass
was 30 mg, the gas space velocity was about 1.2 � 106 h-1, and
the reaction temperatures varied from 200 to 400 �C.
The chemical composition in the flue gas significantly affects

elemental mercury adsorption by sorbents.40 The components in
the real coal combustion flue gas that can influence elemental
mercury capture are mainly the high concentration of SO2.

41,42

SO2molecules may compete with gaseous elemental mercury for
the active sites. The concentration of SO2 in real flue gas is
about 104-105 times that of elemental mercury (v/v).41,43

Therefore, the effect of a high concentration of SO2 on elemental
mercury capture was investigated. The gas contained about 0.48
mg Nm-3 of elemental mercury, 2% of H2O, 2.8 g Nm

-3 (1000
ppmv) of sulfur dioxide, and 10% of O2 with a feed of 12 L h-1.
For each test, the sorbent mass was 50 mg and the gas space
velocity was about 7.2 � 105 h-1.
The concentration of elemental mercury in the gas was

analyzed online using a SG-921 CVAAS (Jiangsu Jiangfen).
Furthermore, the concentration of Hg2þ at the reactor exit was
determined using the Ontario Hydro Method (OHM).14 The
breakthrough curve was generated by plotting the CVAAS
voltage signal.

3. RESULTS AND DISCUSSION

3.1. Characterization. XRD patterns of synthesized (Fe3-x-
Tix)1-δO4 are shown in Figure 2. Their characteristic peaks
correspond very well to the standard card of maghemite
(JCPDS 39-1346). If there were some amorphous TiO2 in
synthesized Fe3-xTixO4, it should transform to rutile (or anatase)
after the calcination at 350 �C for 3 h.5 As shown in Figure 2, the
characteristic peaks corresponding to rutile and anatase did not
appear. This suggests that there was no amorphous TiO2 in
synthesized Fe3-xTixO4,

5 so Ti was introduced into the spinel
structure of synthesized (Fe3-xTix)1-δO4. The incorporation of Ti
into the spinel structure was also demonstrated by the character-
ization of electron energy loss spectroscopy (EELS), X-ray
adsorption near edge structure (XANES), and extended X-ray
adsorption fine structure (EXAFS) in previous research.36,38

The calculated lattice parameters of synthesized samples were
all about 0.834 nm, consistent with previous research.35 Crystal
sizes of synthesized samples were calculated with the Scherrer’s
equation.5 The nucleation of Ti4þ preferred to yield an amor-
phous hydroxide or hydroxide oxide,44 so the crystal size of
synthesized (Fe3-xTix)1-δO4 (x 6¼ 0) decreased with the increase
of Ti content (shown in Table 1). This result was consistent with
the observation of BET surface area (shown in Table 1).
TEM images (Figure 3) revealed irregular agglomerated

nanoparticles of iron oxide (darker contrast in the figures). As
shown in Figure 3a, synthesized γ-Fe2O3 was near spherical, and
the particle sizes were about 10-20 nm. Many particles with
bigger size appeared in (Fe3-xTix)1-δO4 (x 6¼ 0) (shown in
Figure 3b-d). This may result from the higher calcination

Figure 1. Experimental system for packed-bed test.

Figure 2. XRD patterns of synthesized (Fe3-xTix)1-δO4: (a) x = 0;
(b) x = 0.3; (c) x = 0.7; (d) x = 1.

Table 1. δ, Crystal Size, BET Surface Area, and Amount of
Cation Vacancies on the Surface

x δ

crystal

size (nm)

BET surface

area (m2 g-1)

the amount of

cation vacancies

on the surface (m2 g-1)

0 0.11( 0.02 14( 2 101( 10 4.7( 0.5

0.3 0.14 ( 0.02 26( 4 28.2( 3 1.7( 0.2

0.7 0.18 ( 0.02 24( 4 51.3( 5 3.9( 0.4

1 0.20 ( 0.02 14( 2 125( 12 11( 1.1

http://pubs.acs.org/action/showImage?doi=10.1021/am100835c&iName=master.img-001.png&w=353&h=187
http://pubs.acs.org/action/showImage?doi=10.1021/am100835c&iName=master.img-002.png&w=163&h=123
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temperature. Supporting information was obtained from the
selected area electron diffraction patterns (SAED). All samples
showed obvious polycrystalline diffraction rings, as a conse-
quence of the small crystallite sizes, which can be ascribed to
the reflections of (200), (311), (400), (511), and (440) crystal-
lographic planes of a cubic spinel phase. The lattice parameters
determined from the electron diffraction rings were all about
0.834 nm, which were hinted by XRD results.
H2-TPR technique can be employed to study the reducibi-

lity.45 H2-TPR profiles of synthesized (Fe3-xTix)1-δO4 are illu-
strated in Figure 4. TPR profile recorded from γ-Fe2O3 showed
two obvious reduction peaks. The peak centered at about 317 �C
was assigned to the reduction of γ-Fe2O3 to Fe3O4, which was
demonstrated by the M€ossbauer observation.37 The broad peak
at higher temperature was attributed to the reduction of Fe3O4

to Fe.46,47 TPR profiles of (Fe3-xTix)1-δO4 (x 6¼ 0) also showed
two obvious reduction peaks. The first set of peaks centered at

about 450 �C corresponded to the reduction of (Fe3-x-
Tix)1-δO4 to Fe3-xTixO4, and the set of broad peaks at higher
temperature were attributed to the reduction of Fe3-xTixO4 to Fe
and TiO2.

37,48 The presence of the peak at about 510 �C in the
TPR profile of (Fe2Ti)0.8O4 may indicate that a transition phase
(FeTiO3 or FeTi2O5) appeared during the reduction of Fe2TiO4

to Fe and TiO2.
48

In comparison with γ-Fe2O3, a strong displacement of the
first peak to about 450 �C occurred in the TPR profiles of (Fe3-x-
Tix)1-δO4 (x 6¼ 0). This may indicate that Ti was incorporated
into the spinel structure.49

The fist step of (Fe3-xTix)1-δO4 reduction can be described as
follows:

ðFe3-xTixÞ1-δO4 þ 4δH2 f ð1- δÞFe3-xTixO4 þ 4δH2O

ð3Þ
As shown in eq 3, the consumption of H2 for the reduction of

(Fe3-xTix)1-δO4 to (Fe3-xTix)1-δO4 would obviously increase
with the increase of Ti content, which was demonstrated by
the TPR analysis. TPR analysis shows that the area ratio of the
first peak to the total TPR profile increased from 12.5% for γ-
Fe2O3 to 31% for (Fe2Ti)0.8O4. This indicates that the reduci-
bility (i.e., oxidative capacity) of (Fe3-xTix)1-δO4 at lower tem-
peratures obviously improved with the increase of Ti content in
(Fe3-xTix)1-δO4.
Surface information of synthesized (Fe2Ti)0.8O4 was analyzed

by XPS. XPS spectra over the spectral regions of Fe 2p, Ti 2p, and
O 1s were evaluated (shown in Figure 5a-c). The Fe peaks
(shown in Figure 5a) were assigned to oxidized Fe species, more
likely Fe3þ type species.50 The binding energies centered at
about 710.3 and 711.2 eV may be assigned to Fe3þ in the spinel
structure, and the binding energy centered at about 712.5 eVmay
be ascribed to Fe3þ bonded with hydroxyl groups. This assign-
ment was supported by the satellite component observed at
about 719.2 eV, which is the fingerprint of Fe3þ species.51 The Ti
peaks (shown in Figure 5b) were assigned to Ti 2p 1/2 (464.3
eV) and Ti 2p 3/2 (458.6 eV) of Ti4þ. The O 1s peaks (shown in
Figure 5c) mainly centered at about 530.1 eV, as expected for the
transition metal oxides. Other oxygen species centered at about
531.5 eV was also observed, which was assigned to -OH.50,51

A key feature of the novel sorbent is its magnetic property,
which makes it simple to separate the sorbent from the complex
multiphase system. The saturated magnetization of synthesized
(Fe3-xTix)1-δO4 (x = 0, 0.3, 0.7, and 1) were 59.0, 49.5, 35.2, and
28.5 emu g-1, respectively. They all exhibited superparamagnet-
ism with a minimized coercivity and a negligible magnetization
hysteresis (shown in Figure 6). Themagnetization characteristics
ensure that the magnetic sorbents do not become permanently
magnetized after being exposed to an external magnetic field,
which in turn permit the magnetic particles to be redispersed
without aggregation when the magnetic field is removed.31

Although the crystal sizes of synthesized samples were all less
than 30 nm, their particulate sizes were much bigger than 10 μm
due to the agglomeration after the thermal treatment. The
magnetic sorbent can be recovered in situ by a two-step process.
Particulates can first be removed from the flue gas by an electro-
static precipitator, followed by the magnetic separation of the
sorbent and adsorbedmercury from the fly ash. Previous research
has demonstrated that the magnetic sorbent MagZ-Ag0 can be
easily separated from fly ash.31,34 The photograph inserted in
Figure 6 shows the result of separating (Fe2Ti)0.8O4 from the

Figure 3. TEM images of synthesized (Fe3-xTix)1-δO4: (a) x = 0; (b) x =
0.3; (c) x = 0.7; (d) x = 1. The insets show the selected area electron
diffraction patterns of the nanoparticles.

Figure 4. H2-TPR profiles of synthesized (Fe3-xTix)1-δO4: (a) x = 0;
(b) x = 0.3; (c) x = 0.7; (d) x = 1.

http://pubs.acs.org/action/showImage?doi=10.1021/am100835c&iName=master.img-003.jpg&w=240&h=274
http://pubs.acs.org/action/showImage?doi=10.1021/am100835c&iName=master.img-004.png&w=131&h=110
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Figure 5. XPS spectra of (Fe2Ti)0.8O4 over the spectral regions of Fe 2p, Ti 2p, O 1s, Hg 4f, and S 2p.

http://pubs.acs.org/action/showImage?doi=10.1021/am100835c&iName=master.img-005.png&w=503&h=660
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mixture with 10 g of fly ash and 1 g of (Fe2Ti)0.8O4 by a normal
magnet. After (Fe2Ti)0.8O4 was separated from the mixture, the
content of Fe in the fly ash did not increase. This demonstrates
that (Fe2Ti)0.8O4 can be separated from the fly ash using
magnetic separation, leaving the fly ash essentially free of sorb-
ents and adsorbed mercury. However, the mass of (Fe2Ti)0.8O4

increased because some fly ash adsorbed on it.
3.2. Elemental Mercury Capture under Air. The determi-

nation of Hg2þ concentration showed that there was little Hg2þ

in the gas after passing through the reactor tube with the sorbent,
so the reduced amount of elemental mercury was captured by the
sorbent. The breakthrough curves of elemental mercury capture
by (Fe2Ti)0.8O4 at 200-400 �C are shown in Figure 7. After 10 h
test, the breakthrough curves reached 88%, 23%, 33%, 66%, and
>90% at 200, 250, 300, 350, and 400 �C, respectively. At the
optimal reaction temperature (250 �C), the concentration of
elemental mercury abruptly decreased from about 1.06 mg Nm-3

to near zero in 60 min and reached 242 μg Nm-3 at the end of
experiment (10 h).

The amount of elemental mercury captured per unit mass of
sorbent (capacity) can be calculated from the breakthrough
curve. The capacities of (Fe3-xTix)1-δO4 (x = 0, 0.3, 0.7, and 1)
for elemental mercury capture under air are shown in Table 2.
With the increase of Ti content in (Fe3-xTix)1-δO4, its capacity
for elemental mercury capture obviously increased.
Elemental mercury capture by metal oxides in the absence of

halogen may be attributed to Mars-Maessen mechanism.15,18,52

Herein, the mechanism for elemental mercury capture by (Fe3-x-
Tix)1-δO4 was studied using XPS. In comparison with fresh
(Fe2Ti)0.8O4 (shown in Figure 5a-c), no obvious changes
happened in the XPS spectra over the spectral regions of Ti
2p, Fe 2p, and O 1s (shown in Figure 5d-f). Taking account of
the binding energy of Hg4f 7/2 at 100.1 eV and the absence of
Hg 4f 5/2 at about 105 eV corresponding to Hg2þ (shown in
Figure 5g), the mercury adsorbed on (Fe2Ti)0.8O4 may be
mercurous oxide. Mercurous oxide has been previously observed
on (Fe2.2Mn0.8)1-δO4 and (Fe2Ti0.8Mn0.2)1-δO4 in our previous
research.53,54 The capture of elemental mercury by (Fe3-xTix)1-δ-
O4 can be described as:

Hg0ðgÞ þ � 0 f � 0-Hg0ðadÞ ð4Þ

� FeIII þ � 0-Hg0 f � FeIIHgI ð5Þ

� FeIIHgI þ 1
4
O2ðgÞ f � FeIIIHgI þ 1

2
� O ð6Þ

The overall reaction of gaseous elemental mercury capture is
the sum of reactions 4-6:

HgðgÞ þ
1
4
O2ðgÞs

ðFe3- xTixÞ1- δO4 1
2
Hg2OðadÞ ð7Þ

Cation vacancies on the surface (�0) are typical Lewis acid
sites.55 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, so
elemental mercury was first “physically” adsorbed on the cation
vacancies (reaction 4). If the concentration of elemental mercury
in the gas phase was sufficiently high for the surface to be satu-
rated with physically adsorbed elemental mercury, the concen-
tration of physically adsorbed elemental mercury on the surface
([�0 - Hg0]) can be described as

½� 0-Hg0� ¼ k1½� 0� ð8Þ
where [�0] and k1 are the percent of cation vacancies on the
surface and the constant, respectively. Reaction 4 is an exother-
mic reaction, so k1 would rapidly decrease with the increase of
reaction temperature.
Reaction 5 is the oxidation of physically adsorbed elemental

mercury by Fe3þ cation on the surface (�FeIII) to form a surface
Hg-Fe binary metal oxide (�FeIIHgI).18 Because the oxidative
capacity of Fe3þ cations was limited, the formed oxidized

Figure 6. Magnetization characteristics of synthesized (Fe3-xTix)1-δO4:
(a) x = 0; (b) x = 0.3; (c) x = 0.7; (d) x = 1. The insert shows the result of
separating (Fe2Ti)0.8O4 from the fly ash.

Figure 7. Breakthrough curves of elemental mercury capture by
(Fe2Ti)0.8O4: 9, 200 �C; b, 250 �C; 2, 300 �C;1, 350 �C; (left-facing
triangle), 400 �C; (right-facing triangle), 250 �C with SO2.

Table 2. Capacity and Breakthrough Ratio of Synthesized (Fe3-xTix)1-δO4 for Elemental Mercury Capture (mg g-1)

(Fe3-xTix)1-δO4 200 �C 250 �C 300 �C 350 �C 400 �C

x = 0 0.26( 0.26 (>90%) 0.44( 0.44 (83%) 0.34( 0.34 (88%) 0.18( 0.18 (>90%) 0.04( 0.04 (>90%)

x = 0.3 0.48( 0.48 (>90%) 0.76( 0.38 (85%) 0.58( 0.29 (84%) 0.48( 0.25 (>90%) 0.40( 0.40 (>90%)

x = 0.7 1.14( 0.23 (>90%) 2.18( 0.33 (83%) 1.20( 0.24 (>90%) 0.70( 0.35 (>90%) 0.60( 0.30 (>90%)

x = 1 1.54( 0.31 (88%) 3.94( 0.39 (23%) 3.44 ( 0.34 (33%) 1.62( 0.32 (66%) 1.38( 0.28 (>90%)

x = 1 with SO2 0.46( 0.23 (47%) 1.00( 0.20 (80%) 0.42( 0.21 (>90%) 0.36( 0.18 (>90%) 0.02( 0.02 (>90%)

http://pubs.acs.org/action/showImage?doi=10.1021/am100835c&iName=master.img-007.jpg&w=157&h=117
http://pubs.acs.org/action/showImage?doi=10.1021/am100835c&iName=master.img-008.png&w=168&h=122
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mercury was mercurous oxide, which was demonstrated by XPS
analysis (shown in Figure 5g). Reaction 6 was the reoxidization of
formed Fe2þ cation. As is well-known, Hg2O is not stable and it
can self-decompose to HgO and Hg at a high temperature.
Because the array of cation vacancies, Ti4þ, Fe3þ, and O2- in/on
(Fe3-xTix)1-δO4 was well-proportioned even at the atomic scale
due to the incorporation of Ti cations into the spinel structure,
the near two cation vacancies were spaced by many Ti4þ, Fe3þ,
and O2-. Because elemental mercury was adsorbed on the cation
vacancy on (Fe3-xTix)1-δO4, the oxidized mercury formed on
(Fe3-xTix)1-δO4 was isolated FeIIIHgIO2. As a result, two mer-
curous cations can not collide to transform to one Hg atom and
one Hg2þ cation. Therefore, the formed mercurous oxide on
(Fe3-xTix)1-δO4 was stable.
The kinetic equation of reaction 5 can be described as

-
d½� FeIII�

dt
¼ -

d½� 0-Hg0�
dt

¼ k½� FeIII�½� 0-Hg0�

¼ kk1½� FeIII�½� 0� ð9Þ
where [�FeIII] and k are the concentrations of Fe3þ cations 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. The concen-
tration of Fe3þ cations on (Fe3-xTix)1-δO4 was 8-9 times that of
cation vacancies, so Fe3þ cations may be superfluous for ele-
mental mercury oxidization. Therefore, eq 9 is approximately
described as

-
d½� 0-Hg0�

dt
¼ -

k1d½� 0�
dt

¼ k2k1½� 0� ð10Þ

where k2 is the kinetic constant.
According to eq 10, [�0] can be approximately described as

½� 0� ¼ ½� 0�0expð- k2tÞ ð11Þ
Then

-
d½� 0-Hg0�

dt
¼ k2k1½� 0�0expð- k2tÞ ð12Þ

So

Q ¼ BETk2k1½� 0�0
Z t

0
expð- k2tÞdt ð13Þ

where Q is the amount of elemental mercury captured per unit
mass of sorbent.
As shown in eq 13, the amount of elemental mercury captured

was approximately proportional to the product of k1, k2, and the
amount of cation vacancies on the surface (i.e., the product of
BET surface area and [�0]). As shown in Table 1, the amount of
cation vacancies increased with the increase of Ti content (x 6¼
0). TPR analysis indicates that the reducibility of (Fe3-xTix)1-δO4

improved with the increase of Ti, so k2 may increase with the
increase of Ti in (Fe3-xTix)1-δO4. As a result, elemental mercury
capture by (Fe3-xTix)1-δO4 was promoted with the increase of Ti
(shown in Table 2).
(Fe3-xTix)1-δO4 cannot be reduced at <200 �C (shown in

Figure 4), so k2 was very little at <200 �C. As a result, (Fe3-xTix)1-δ-
O4 showed little ability for elemental mercury capture at <200 �C.
Although k2 increased with the increase of reaction temperature,
k1 decreased. As a result, elemental mercury capture by (Fe3-x-
Tix)1-δO4 (reaction 7) would reach the optimal condition at a
specific temperature, in most cases not the highest temperature.

The optimal temperatures for elemental mercury capture by
(Fe3-xTix)1-δO4 all centered at about 250 �C.
Synthesized γ-Fe2O3 should show higher capacity for ele-

mental mercury capture because the amount of cation vacancies
on γ-Fe2O3 was muchmore than those on (Fe2.7Ti0.3)0.86O4 and
(Fe2.3Ti0.7)0.82O4 (shown in Table 1). γ-Fe2O3 is metastable,
and converts quickly to the thermodynamically stable form,
hematite (R-Fe2O3), upon heating to 0-300 �C and/or
compression.8 During the capture of elemental mercury at
200-400 �C, structural strain arising caused spontaneous for-
mation of R-Fe2O3 on γ-Fe2O3.

8 Once γ-Fe2O3 transformed to
R-Fe2O3, cation vacancies on γ-Fe2O3 would disappear. So the
real amount of cation vacancies on γ-Fe2O3 may be much less
than it in Table 1 due to the formation of R-Fe2O3 during the
test. In our previous research, it was demonstrated that the
introduction of Ti had a stabilization effect on the spinel structure
and the phase transition temperature of Ti-containing maghe-
mite to Ti-containing hematite shifted to high temperature with
the increase of Ti content in (Fe3-xTix)1-δO4.

5 So the formation
of R-Fe2O3 would be suppressed due to the incorporation of Ti
into γ-Fe2O3 structure. Furthermore, the constant k2 of γ-Fe2O3

may be less than those of (Fe2.7Ti0.3)0.86O4 and (Fe2.3Ti0.7)0.82O4.
As a result, (Fe2.7Ti0.3)0.86O4 and (Fe2.3Ti0.7)0.82O4 with lesser
amounts of cation vacancies on their surfaces showed higher
capacities for elemental mercury capture.
3.3. Effect of SO2 on Elemental Mercury Capture. The

capacity of (Fe2Ti)0.8O4 for elemental mercury capture in the
presence of 1000 ppmv of SO2 is shown in Table 2. It shows that
the presence of a high concentration of SO2 resulted in obvious
interference with elemental mercury capture by (Fe2Ti)0.8O4.
Previous research postulated a mechanism for the heteroge-

neous uptake and oxidization of SO2 on iron oxides,56 and the
reactions can be described as follows:

� FeIII -OHþ SO2ðgÞ f � FeIIIOSO-
2 þHþ ð14Þ

� FeIIIOSO-
2 f � FeII þ SO�-

3 ð15Þ

� FeIII -OHþ SO�-
3 f � FeII þHSO-

4 ð16Þ
Elemental mercury capture by (Fe2Ti)0.8O4 in the presence of

a high concentration of SO2 was studied using XPS (shown in
Figure 5h-l). As shown in Figure 5h, a new peak at 713.3 eV
appeared in the spectral region of Fe 2p, which may be attributed
to Fe2(SO4)3. Once Fe

3þ cations on (Fe2Ti)0.8O4 transformed
to Fe2(SO4)3, the involved cation vacancies would be destroyed
and cannot be regenerated. Therefore, the presence of a high
concentration of SO2 showed a significant interference with
elemental mercury capture by (Fe2Ti)0.8O4.
The formation of SO4

2- can also be supported by the XPS
spectra over S 2p and O 1s regions. The S 2p peaks (shown in
Figure 5k) mainly centered at 168.4 and 170.1 eV, which may be
assigned to SO4

2- andHSO4
-, respectively. Meanwhile, a subtle

peak centered at 166.9 eV can be observed, which was ascribed
to SO3

2-. Furthermore, a new peak at 532.3 eV (shown in
Figure 5j) appeared in the spectral region of O 1s, which may be
assigned to SO4

2-.
As shown in Figure 5l, the binding energy of the oxidized

mercury formed in the presence of a high concentration of SO2

centered at 101.1 eV. Taking account of the absence of Hg4f 5/2
at about 105 eV (corresponding to Hg2þ), the oxidized mercury
formed was a mercurous compound. But the binding energy of
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Hg2O centers at 100.1 eV. Therefore, the oxidized mercury
formed on (Fe2Ti)0.8O4 in the presence of a high concentration
of SO2 may be Hg2SO4. It is noted that Hg2SO4 has been
previously observed as a mercury product in a photochemical
oxidation process for elemental mercury oxidation and capture.24,57

Our previous research also demonstrated that mercurous sulfate
formed during elementalmercury capture by (Fe2.2Mn0.8)1-δO4 and
(Fe2Ti0.8Mn0.2)1-δO4 in the presence of a high concentration
of SO2.

53,54

XPS analysis showed that only 34% of Fe3þ cations on
(Fe2Ti)0.8O4 were sulfated after the test under a high concentra-
tion of SO2. So (Fe2Ti)0.8O4 still showed a moderate capacity
(about 1.0 mg g-1 at 250 �C) for elemental mercury capture in
the presence of 1000 ppmv of SO2. When the inlet concentration
of elemental mercury was about 0.45 mg Nm-3 (about 20 times
that in the real flue gas), the removal efficiency of elemental
mercury at 250 �C achieved >95% within 330 min (shown in
Figure 7).
3.4. Future Study of the Application of (Fe2Ti)0.8O4 for

Elemental Mercury Capture. Previous research reported that
Fe-Ti mixed oxide was a novel catalyst for the selective catalytic
reduction of NO with NH3 in the medium temperature range
(200-400 �C)which was placed after the flue gas desulfurization
(FGD).58 In our future work, (Fe2Ti)0.8O4 will be investigated to
control the emission of NOx. If (Fe2Ti)0.8O4 is an excellent
catalyst for the control of NOx emission, it will be mainly used to
control the emission of NOx, and elemental mercury will be
captured as a cobenefit. Therefore, the cost for the control of
elemental mercury emission may be much lower.
Furthermore, the regeneration of the sorbent will be investi-

gated. The formed oxidized mercury can be decomposed at
about 500 �C. However, the phase transition of Fe-Ti spinel
may occur and the magnetic property will disappear during the
thermal treatment at 500 �C. In our future work, H2 will be
investigated to regenerate the sorbent at 300 �C. The adsorbed
oxidized mercury may be reduced to gaseous elemental mercury
by H2. The concentration of elemental mercury in the exhaust of
the regeneration may be much more than it in the flue gas, so it
may be collected as liquid mercury at room temperature for safe
disposal. (Fe2Ti)0.8O4 may be reduced by H2 to Fe2TiO4 at
300 �C. But (Fe2Ti)0.8O4 can be recovered after the thermal
treatment at 350 �C under air.

4. CONCLUSIONS

Cation-deficient Fe-Ti spinel has a large amount of cation
vacancies on the surface, which may provide Lewis acid sites for
the physical adsorption of elemental mercury. Then, the ad-
sorbed elemental mercury is oxidized by Fe3þ cations on the
surface to form oxidized mercury product, which adsorb on the
surface. Furthermore, cation-deficient Fe-Ti spinel has a satis-
factory saturated magnetization, which makes it possible to
separate the sorbent from the fly ash to safely dispose the
adsorbed mercury and regenerate the sorbent for recycling. As
a result, cation-deficient Fe-Ti spinel may be a promising
sorbent for the control of elemental mercury emission.
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