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a b s t r a c t

A novel iron titanate catalyst prepared by conventional co-precipitation method showed excellent activ-
ity, N2 selectivity and H2O/SO2 durability in the selective catalytic reduction (SCR) of NO with NH3. The
influence of precursors and preparation methods on the catalyst structure and activity was comprehen-
sively investigated. Iron titanate catalyst prepared using titanium sulfate as Ti precursor was favorable
for the high activity and selectivity, comparing with that using titanium tetrachloride as precursor and
eywords:
elective catalytic reduction
ron titanate catalyst
itanium sulfate
itanium tetrachloride
rystallite

Fe2O3/TiO2 loaded type catalyst. Especially, the best iron titanate catalyst showed good activity in a
temperature window of 200–350 ◦C with the NOx conversion above 90% in the absence of H2O, which
was 50–150 ◦C lower than those of other known Fe-based catalysts. Iron titanate crystallite with specific
Fe–O–Ti structure was found to be the main active phase. The interaction between iron and titanium
species in atomic scale led to an enhancement of oxidative ability of Fe3+, which was beneficial to the
SCR reaction.
ctive phase

. Introduction

Selective catalytic reduction (SCR) of NO with NH3 has been
n efficient and economic technique for the removal of NOx from
xhaust gases of stationary and mobile sources, such as coal fired
ower plants and lean-burn diesel engines. Nowadays, the most
idely used catalyst system is V2O5–WO3 (MoO3)/TiO2 which still

hows some actual problems, such as the low N2 selectivity in high
emperature range owing to the formation of N2O, the high con-
ersion of SO2 to SO3 [1], and the toxicity of vanadium pentoxide
o environment and human health (such as causing irritation to
kin, eyes and respiratory tract) [2]. Therefore, a lot of studies have
een performed to find new SCR catalyst systems which probably
an be used to substitute the conventional vanadium-based cata-
yst [3–8]. Among them, Fe-based catalysts usually showed good
CR activity and N2 selectivity in the relatively high temperature
ange.
In general, most of the Fe-based catalysts are Fe3+-exchanged
eolites or Fe2O3 loaded types, such as Fe/ZSM-5 [6], Fe3+-
xchanged TiO2-pillared clay [7], Fe2O3–WO3/ZrO2 [8] and
e2O3/TiO2 [9]. TiO2 is usually used as the support of SCR cata-
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lysts due to its excellent SO2 durability, because TiO2 essentially
reacts with neither SO3 nor SO2 above 200 ◦C [10]. Based on
the idea of combining the advantages of Fe-based catalysts and
TiO2 support, in our previous work [11] we presented an envi-
ronmentally friendly novel iron titanate catalyst prepared by
co-precipitation method which showed excellent SCR activity, N2
selectivity and H2O/SO2 durability in the medium temperature
range (200–400 ◦C). Comparing with the similarly environmentally
friendly Fe-zeolite SCR catalysts which are bringing commercial-
ized in the US, the low temperature SCR activity of this iron titanate
catalyst was much higher. We deduced that the iron titanate crys-
tallite, but not the aggregated iron oxides, was the main active
phase in the SCR process; however, the evidences were not suffi-
cient and the catalytic mechanism was unclear, either. In this work,
we comprehensively characterized this iron titanate catalyst using
various techniques, and also investigated the influence of different
precursors and preparation methods on the structure and activity.
Parametric experiments were also conducted to test the durability
of high space velocity and high reactant concentration over this
catalyst, which was important for the actual industrial use. The
redox behaviors of iron and titanium species in this catalyst were

also examined using H2-temperature programmed reduction (H2-
TPR) and X-ray photoelectron spectra (XPS) methods. Based on the
understanding of the relationship between catalyst structure and
catalytic activity, the SCR mechanism over this iron titanate catalyst
will be discussed in detail in the successive series of this study.

http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
mailto:honghe@rcees.ac.cn
dx.doi.org/10.1016/j.apcatb.2010.02.038
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. Experimental

.1. Catalysts synthesis

The iron titanate catalysts (FexTiOy) were synthesized by co-
recipitation method using TiCl4 or Ti(SO4)2 as Ti precursor and
e(NO3)3·9H2O as Fe precursor with the molar ratio of Fe:Ti = 1:1.
hen using TiCl4 as Ti precursor, it was firstly diluted with ice-cold

istilled water in the bath of ice-water mixture avoiding intense
ydrolysis to prepare a known concentration of TiOCl2 solution.
ecause of the slow hydrolysis of TiCl4 at low temperature, no TiO2
recipitation occurred during the preparation process of TiOCl2
olution. Then a stoichiometric amount of Fe(NO3)3 solution was
dded in with subsequent stirring for 1 h without the formation
f any precipitation in this process, either. Afterwards, standard
H3·H2O (25 wt.%) was used as precipitator until the pH rose to 10
hen the Fe and Ti ions were completely co-precipitated. Without

ging, the precipitate was filtrated and washed, followed by desic-
ation at 100 ◦C for 12 h and calcination at 400 ◦C for 6 h in air. The
alcined sample was crushed and sieved to 20–40 mesh for activity
ests, and sieved powder above 120 mesh was used for characteri-
ations. Catalyst prepared from TiCl4 was denoted as FexTiOy–TiCl4.

hen using Ti(SO4)2 as Ti precursor, TiOSO4 solution could be
btained more easily because the hydrolysis of Ti(SO4)2 was much
lower than that of TiCl4. Ti(SO4)2 and Fe(NO3)3·9H2O were firstly
issolved together with distilled water without the formation of
ny precipitation, and the rest procedures were controlled exactly
he same as those of FexTiOy–TiCl4. Catalyst prepared from Ti(SO4)2
as denoted as FexTiOy–Ti(SO4)2. Pristine Fe2O3 and TiO2 as refer-

nce materials were prepared using Fe(NO3)3·9H2O and Ti(SO4)2 as
recursors, respectively. We also prepared Fe2O3/TiO2 loaded type
atalyst (Fe:Ti = 1:1 in molar ratio) using conventional impregna-
ion method for comparison.

.2. Activity test and in situ diffuse reflectance infrared Fourier
ransform spectroscopy of NO oxidation

The NH3-SCR activity tests were carried out in a fixed-bed
uartz tube reactor at atmospheric pressure. The flue gas was
imulated by blending different gaseous reactants, including
00 ppm NO, 500 ppm NH3, 5 vol.% O2 and balance N2. Cata-

yst used in each experiment was 0.6 ml and the total flow rate
as 500 ml/min, yielding a gas hourly space velocity (GHSV) of

0,000 h−1. Because of the density difference, in the SCR activ-
ty test ca. 0.4 g FexTiOy–Ti(SO4)2, 0.6 g FexTiOy–TiCl4 and 0.35 g
e2O3/TiO2 were used to obtain the consistent GHSV. The separate
O oxidation activity was tested when NH3 was not supplied, and

he separate NH3 oxidation activity was tested when NO was not
rovided. The influence of NO2 inlet concentration on SCR activity
as also investigated when the NO2/NOx molar ratio was adjusted

o 25 and 50% by using homemade CuxTiOy as NO pre-oxidation
atalyst. Different reactant concentration experiments and oxygen
oncentration experiments were carried out by tuning the com-
osing ratios of flue gas without changing the total flow rate. On
he contrary, different GHSV experiments were carried out by tun-
ng the total flow rate without changing the composing ratios of
ue gas. The effluent gas was continuously analyzed by an FTIR
pectrometer (Nicolet Nexus 670) equipped with a heated, low vol-
me multiple-path gas cell (2 m). The spectra were collected three
imes for average after 60–120 min when the SCR process reached a

teady state. It took 6–8 h to conduct each SCR reaction study, dur-
ng which no degradation characteristic of catalysts was observed.
uring the reaction process, no other nitrogen-containing compo-
ent besides of NO, NO2, N2O and NH3 was detected in the flue gas,
s shown in Supporting Information, Fig. S1. NOx conversion (XNOx )
ronmental 96 (2010) 408–420 409

and N2 selectivity (SN2 ) were calculated as follows:

XNOx =
(

1 − [NOx]out

[NOx]in

)
× 100% with [NOx] = [NO] + [NO2] (1)

SN2 =
(

[NO]in + [NH3]in − 2[N2O]out − [NO2]out

[NO]in + [NH3]in
× 100%

)
(2)

The in situ diffuse reflectance infrared Fourier transform spec-
troscopy (in situ DRIFTS) of NO oxidation over FexTiOy–Ti(SO4)2
and FexTiOy–TiCl4 were performed on an FTIR spectrometer (Nico-
let Nexus 670) equipped with an MCT/A detector cooled by liquid
nitrogen. An in situ DRIFTS reactor cell with ZnSe window (Nexus
Smart Collector) connected to a purging/adsorption gas control
system was used. The reaction temperature was controlled pre-
cisely by an Omega programmable temperature controller. Prior to
each experiment, the sample was pretreated at 400 ◦C in a flow of
20 vol.% O2/N2 for 30 min and then cooled down to the desired reac-
tion temperature (200 ◦C). The spectra of catalyst at 200 ◦C were
collected in flowing N2 atmosphere and set as background, which
was automatically subtracted from the final spectra. The total flow
rate of the feeding gas was kept at 300 ml/min and all spectra were
recorded by accumulating 100 scans with a resolution of 4 cm−1.
After 1 h reaction, the catalyst surface was purged by flowing N2
for 30 min. The reaction conditions were controlled as follows:
500 ppm NO, 5 vol.% O2 and N2 balance.

2.3. Structural characterizations

N2 adsorption–desorption isotherms of all samples were mea-
sured at −196 ◦C with a Quantachrome Autosorb-1C instrument.
Prior to N2 adsorption, the samples were degassed at 300 ◦C for 4 h.
The surface areas were determined by BET equation in 0.05–0.35
partial pressure range. The pore volumes and pore size distributions
were determined by BJH method from the desorption branches of
the isotherms.

Powder X-ray diffraction (Powder XRD) measurements were
carried out on a computerized Rigaku D/max-RB Diffractometer
(Japan, Cu K� as radiation resource). The data of 2� from 10◦ to
90◦ were collected at 4◦/min with the step size of 0.02◦.

UV–vis diffuse reflectance spectroscopy (UV–vis DRS) were
recorded on a JASCO V-550 UV–vis spectrophotometer equipped
with an integrating sphere attachment (ISV4469) under ambient
conditions. The spectra were collected in the wavelength range of
200–900 nm using BaSO4 as reference material.

Visible Raman spectra were collected at room temperature on
a Spex 1877 D triplemate spectrograph with spectral resolution
of 2 cm−1. A 532 nm DPSS diode-pump solid semiconductor laser
was used as the excitation source and the power output was about
80 mW. UV Raman spectra were collected at room temperature on a
homemade UV range specially designed Jobin-Yvon T64000 triple-
stage Raman spectrograph with spectral resolution of 2 cm−1. The
laser line at 325 nm emitted from a KIMMON IK-3351R-G He–Cd
laser was used as excitation source with a power output of 25 mW.
Before measurements, the samples were well ground and mounted
into a spinning holder to avoid thermal damage during the scan-
ning. The Raman signals were collected with conventional 90◦

geometry and the time for recording each spectrum was about
5 min. All Raman spectra used in this paper were original and
unsmoothed.

X-ray absorption fine-structure (XAFS) measurements were
implemented on the 1W1B wiggler beam line of Beijing Syn-

chrotron Radiation Facility (BSRF). The storage ring was operated
at about 120 mA and 2.5 GeV. A fixed-exit Si(1 1 1) double-crystal
monochromator was used to reduce the harmonic content of the
monochrome beam. The incident and output beam intensities were
monitored and recorded using ionization chambers filled by pure
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itrogen. Before XAFS measurement, the catalyst samples were
rushed into fine powder above 200 mesh and coated onto trans-
arent adhesive tapes. The absorption spectra (X-ray absorption
ear-edge spectroscopy, XANES and extended X-ray absorption
ne-structure spectroscopy, EXAFS) of Fe K-edge and Ti K-edge

n FexTiOy–Ti(SO4)2 were recorded in transmission mode at room
emperature. The absorption spectra of Fe K-edge in Fe2O3 and Ti
-edge in TiO2 were also recorded in the same mode as reference
pectra. All spectra were collected at an interval of 0.7 eV in the
ANES region and at an interval of 4 eV in the EXAFS region. XAFS
ata were analyzed using WinXAS software package [12]. The back-
ubtracted EXAFS function was firstly converted into k space and
eighted by k3 in order to compensate for the diminishing ampli-

ude because of the decay of the photoelectron wave. The Fourier
ransforming of the k3-weighted EXAFS data was performed in the
ange of k = 2–13.44 Å−1 for Fe K-edge and k = 2.3–11.08 Å−1 for Ti
-edge with a Hanning function window. In the least-square-fitting
rocedure, the possible scattering paths were calculated using IFEF-
IT software package [13].

.4. Redox behavior characterizations

H2-TPR experiments were carried out over FexTiOy–Ti(SO4)2
sing Fe2O3 and TiO2 as reference materials. The samples (100 mg)
ere firstly pretreated in a flow of 20 vol.% O2/Ar (30 ml/min) at

00 ◦C for 30 min and then cooled down to the room temperature.
n a flow of 5 vol.% H2/Ar (30 ml/min), the temperature was raised
inearly to 900 ◦C at the rate of 10 ◦C/min. The H2 signal (m/z = 2) was

onitored online using a quadrupole mass spectrometer (HPR20,
iden Analytical Ltd.).

The XPS of FexTiOy–Ti(SO4)2, Fe2O3 and TiO2 were recorded on a
canning X-ray Microprobe (PHI Quantera, ULVAC-PHI, Inc.) using
l K� radiation. The binding energies (Fe 2p, Ti 2p) were calibrated
sing C 1s peak (BE = 284.8 eV) as standard.

. Results

.1. Catalytic performance
.1.1. SCR activity
Catalysts prepared with different precursors and preparation

ethods were tested for the NH3-SCR reaction in the absence of
2O (Fig. 1). The standard deviation of the calculated NOx con-

ig. 1. NOx conversion and N2 selectivity in the NH3-SCR reaction over (a)
exTiOy–Ti(SO4)2, (b) FexTiOy–TiCl4, and (c) Fe2O3/TiO2. Reaction conditions:
NO] = [NH3] = 500 ppm, [O2] = 5 vol.%, N2 balance and GHSV = 50,000 h−1.
ronmental 96 (2010) 408–420

version and N2 selectivity was also presented in the form of error
bars. FexTiOy–Ti(SO4)2 showed the best activity and selectivity in
a wide temperature range with NOx conversion above 95% from
225 to 350 ◦C in the absence of H2O, and the N2 selectivity was
always above 94% even at 400 ◦C. For practical utilization, the flue
gases usually contain some volume fractions of water vapor, which
may inhibit the low temperature SCR activity due to the block-
ing of active sites and enhance the high temperature SCR activity
owing to the weakening of unselective oxidation of NH3. Therefore,
in the real SCR feeding streams the operation temperature window
of this catalyst should shift towards the high temperature range to
a certain extent. Similar effect of water vapor on SCR activity was
observed over Mn substituted iron titanate catalyst developed in
our lab [14]. Besides of the variation of SCR activity in the pres-
ence of H2O, the SCR reaction pathway might also be changed,
which can be studied in detail in our future work. Compared with
FexTiOy–Ti(SO4)2, FexTiOy–TiCl4 had a poor low temperature activ-
ity and a similar high temperature activity. If the W/F was kept the
same in the SCR activity test, much higher NOx conversions at low
temperatures might be obtained over FexTiOy–Ti(SO4)2 than that
over FexTiOy–TiCl4. For Fe2O3/TiO2, the low temperature activity
was also much lower than that of FexTiOy–Ti(SO4)2, and the maxi-
mum NOx conversion could not reach 100% together with poor N2
selectivity above 300 ◦C.

3.1.2. NO and NH3 oxidation activity
Previous study showed that increasing the NO2/NOx molar ratio

in the feeding gas could significantly promote the low tempera-
ture activity over SCR catalysts [15,16]. The role of NO and NO2
in the NOx reduction process over Fe/ZSM-5 and V2O5–WO3/TiO2
was clearly elucidated, and the overall reaction was usually demon-
strated as “fast SCR”: NO + NO2 + 2NH3 → 2N2 + 3H2O [17,18]. In
practical utilization, if the SCR catalysts could produce some frac-
tions of NO2 in situ from NO oxidation at low temperatures, the low
temperature SCR activity would be enhanced accordingly due to the
occurrence of “fast SCR” [19,20]. Therefore, the separate NO oxida-
tion activity of our different catalysts was tested and the results are
shown in Fig. 2A.

Within the accepted error range, in the relatively
low temperature range below 250 ◦C the NO oxida-
tion activity decreased in the following sequence:
FexTiOy–Ti(SO4)2 > Fe2O3/TiO2 > FexTiOy–TiCl4, which is in well
accordance with the sequence of low temperature SCR activity
in Fig. 1. Although the amount of produced NO2 in NO oxidation
reaction was relatively small, the promoting effect of NO2 forma-
tion in the SCR reaction was remarkable due to the continuous
consumption of adsorbed NO2 in the presence of reducing agent
NH3. In NO oxidation reaction without NH3 adsorbed species
on catalyst surface, the in situ formed nitrate species should go
through decomposition to give out gaseous NO2. At the same time,
the in situ formed nitrate species would also play the role as NO2
formation inhibitor if no reducing agent was supplied. However,
in the real SCR reaction the in situ formed nitrate species could
directly react with adsorbed NH3 species to give out N2. The surface
reaction between nitrate species and NH3 adsorbed species would
dominate in the SCR reaction rather than nitrate decomposition.
Therefore, it was reasonable to get slower NO2 formation rate in
separate NO oxidation reaction than the SCR reaction rate over dif-
ferent catalysts. For example, as the in situ DRIFTS of NO oxidation
at 200 ◦C over FexTiOy–Ti(SO4)2 and FexTiOy–TiCl4 shown in Fig. 3,
much more surface nitrate species could form on FexTiOy–Ti(SO4)2

than that on FexTiOy–TiCl4 under the same reaction conditions,
including bridging nitrate at 1618–1624 cm−1 (�3 high) and
1196–1203 cm−1 (�3 low), bidentate nitrate at 1578–1579 cm−1

(�3 high) and monodentate nitrate at 1558–1560 cm−1 (�3 high)
[5,21–23]. The small difference of NO oxidation ability would get
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ig. 2. Separate NO oxidation activity (A) and separate NH3 oxidation activity (B
NO] = 500 ppm or [NH3] = 500 ppm, [O2] = 5 vol.%, N2 balance and GHSV = 50,000 h−

mplified once the in situ formed nitrate species was continuously
onsumed in the reaction with reducing agent NH3, leading to the
arge difference of SCR activity over these two catalysts at low
emperatures.

Back to Fig. 2A, in the relatively high temperature range above
00 ◦C, Fe2O3/TiO2 showed the highest NO conversion to NO2, how-
ver the SCR activity over this catalyst was the lowest. It seems that
he SCR activity in the relatively high temperature range cannot be
imply associated with the NO oxidation activity, because during
his process the unselective oxidation of NH3 to NOx may occur if

he oxidative ability of SCR catalyst is too strong.

Afterwards, the separate NH3 oxidation activity over our dif-
erent catalysts was also measured and the results are shown
n Fig. 2B. Similar as the NO oxidation activity above 300 ◦C,
he NH3 oxidation activity decreased in the following sequence:

Fig. 3. In situ DRIFTS of NO oxidation over (A) FexTiOy–Ti(SO4)2 and (B) FexTiOy–TiCl
(a) FexTiOy–Ti(SO4)2, (b) FexTiOy–TiCl4, and (c) Fe2O3/TiO2. Reaction conditions:

Fe2O3/TiO2 > FexTiOy–Ti(SO4)2 > FexTiOy–TiCl4. The oxidative abil-
ity of Fe2O3/TiO2 catalyst was indeed too strong at high
temperatures, resulting in the competitive consumption of NH3
in the formation of N2O, NO or NO2. Comparatively, the oxidative
ability of FexTiOy–Ti(SO4)2 and FexTiOy–TiCl4 was moderate, which
is in accordance with their high temperature SCR activity and N2
selectivity above 300 ◦C. Moreover, the study by Balle et al. [24]
showed that under the SCR conditions, NH3 oxidation was likely
to be more suppressed on isolated iron sites than on agglomerated
iron oxide sites. Therefore, although the NH3 oxidation activity of

FexTiOy–Ti(SO4)2 seemed to be higher than that of FexTiOy–TiCl4,
the high temperature SCR activity was similar probably because
of more isolated iron sites over FexTiOy–Ti(SO4)2 than that over
FexTiOy–TiCl4. This point of view will be discussed in detail in the
characterization sections. The best catalyst FexTiOy–Ti(SO4)2 was

4 at 200 ◦C. Reaction conditions: [NO] = 500 ppm, [O2] = 5 vol.% and N2 balance.
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ig. 4. NOx conversion in the NH3-SCR reaction over FexTiOy–Ti(SO4)2 with the
olar NO2/NOx ratio of (a) 0%, (b) 25%, (c) 50% and over FexTiOy–TiCl4 with the molar
O2/NOx ratio of (d) 0%, and (e) 50%. Reaction conditions: [NOx] = [NH3] = 500 ppm,

O2] = 5 vol.%, N2 balance and GHSV = 50,000 h−1.

hosen as model catalyst for the following parametric experiments.

.1.3. Effect of NO2 inlet concentration on SCR activity
In order to further clarify the importance of “fast SCR” to the

ow temperature SCR activity, we also investigated the effect of
O2 inlet concentration on NOx conversion over FexTiOy–Ti(SO4)2
nd FexTiOy–TiCl4 by tuning the molar NO2/NOx ratio to 25 and 50%
Fig. 4, error bars not shown afterwards because of small standard
eviations). Over FexTiOy–Ti(SO4)2, with the increasing of NO2 inlet
oncentration the NOx conversion below 200 ◦C showed a dras-
ic increase, e.g. from 18% (0% NO2) to 45% (25% NO2) and 78%
50% NO2) at 100 ◦C (as shown by the dotted arrow). The similar
esults were also observed over other iron-containing SCR cata-

ysts, such as Fe/ZSM-5 and Fe/HBEA [15,24]. Over FexTiOy–TiCl4,

hen the NO2/NOx ratio was adjusted to 50%, the low tempera-
ure SCR activity was also greatly enhanced. Smaller difference of
Ox conversion (ca. 20%) below 200 ◦C between FexTiOy–Ti(SO4)2
nd FexTiOy–TiCl4 was obtained under this reaction condition, in

ig. 5. NOx conversion in the NH3-SCR reaction over FexTiOy–Ti(SO4)2 under (A) differen
NO] = [NH3] = 500 ppm, [O2] = 5 vol.% and N2 balance; and (B) different reactant concentra
onditions: GHSV = 50,000 h−1 and N2 balance.
ronmental 96 (2010) 408–420

contrast to the relatively large NOx conversion difference at ca.
40% when the NO2/NOx ratio was 0% (as shown by the double-
head arrows). This means that, taking no account of other factors
to influence the SCR activity such as surface area and acidity, etc.,
the FexTiOy–Ti(SO4)2 catalyst lost some of its advantage when the
in situ NO oxidation was no longer a limiting step in the SCR reac-
tion. In short summary, the proper molar ratio of NO2/NOx in the
feeding gas or the improved in situ NO oxidation functionality of
iron-containing catalysts is required to enhance their low temper-
ature SCR activity.

3.1.4. Effects of GHSV and reactant concentration on SCR activity
Typical GHSV of exhaust from power plant is usually higher than

30,000 h−1 [25] and the GHSV of exhaust from vehicles under dif-
ferent working conditions usually differ a lot, thus the influence of
GHSV on NOx conversion was investigated over FexTiOy–Ti(SO4)2
(Fig. 5A). With the GHSV increasing from 25,000 to 250,000 h−1,
NOx conversion had an obvious decline in the relatively low tem-
perature range, and the maximum value also decreased from 100 to
88%. NOx concentration in the exhaust from stationary and mobile
sources also changes with working conditions, thus the influence
of reactant concentration on NOx conversion was also studied by
keeping the ratio of NO:NH3:O2 = 1:1:100 (Fig. 5B). With the NO and
NH3 concentration increasing from 200 to 1000 ppm and O2 con-
centration increasing from 2 to 10 vol.%, the NOx conversion had
a slight decrease in the low temperature range (150–200 ◦C) and
an obvious increase in the high temperature range (350–400 ◦C).
The maximum NOx conversion could reach 100% under all reaction
conditions.

3.1.5. Effect of oxygen concentration on SCR activity
Previous studies have shown that O2 played an important role

in the NH3-SCR reaction [26]. Herein, we also investigated the
influence of oxygen concentration on the NOx conversion at fixed
temperatures (200 and 300 ◦C). As shown in Fig. 6, only 10 and 40%

NOx conversions were obtained in the absence of O2 at 200 and
300 ◦C, respectively. This is probably due to the occurrence of the
following reaction: 6NO + 4NH3 → 5N2 + 6H2O. With the increasing
of O2 concentration in the reactants, the NOx conversions showed
monotonic increase at both 200 and 300 ◦C. The NOx conversions

t GHSV: (a)–(e) 25,000, 50,000, 80,000, 100,000 and 250,000 h−1, other conditions:
tion: (a)–(d) [NO] = [NH3] = 200, 500, 800 and 1000 ppm, [O2] = 2, 5, 8, 10 vol.%, other
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ig. 6. Effect of O2 concentration on the NOx conversion over FexTiOy–Ti(SO4)2 at
00 and 300 ◦C. Reaction conditions: [NO] = [NH3] = 500 ppm, [O2] = 0–20 vol.%, N2

alance and GHSV = 50,000 h−1. Inset: NOx conversion without O2 as a function of
ime at 300 ◦C.

howed no decrease even at high O2 concentration such as 15 and
0 vol.%, implying that under these reaction conditions the unse-

ective oxidation of NH3 to NOx still did not occur resulting in high
ctivity and N2 selectivity in the SCR reaction. The inset in Fig. 6
hows the influence of O2 on NOx conversion when O2 was cut
ff and recovered again at 300 ◦C. Interestingly, the NOx conver-
ion did not decline sharply to the minimum value but to 90% after
he O2 was cut off. And then, it took a long time (nearly 64 h) to
ecrease from 90 to 40%. The introduction of O2 into the reactants
gain resulted in an immediate rebound of NOx conversion to 100%.
he same phenomenon has been also observed on Fe2O3–TiO2 [9],
e–Mn/TiO2 [20] and Fe–Cr/TiO2-pillared clay [27] catalysts, imply-
ng that not only the gas phase O2 but also the lattice oxygen in this
atalyst can participate in the SCR reaction.

.2. Structural properties
.2.1. N2 physisorption
Fig. 7A shows the pore size distributions of FexTiOy–Ti(SO4)2,

exTiOy–TiCl4 and Fe2O3/TiO2. For comparison, Fe2O3 and TiO2
ere also analyzed and the results are shown in Fig. 7B. The BET

ig. 7. Pore size distributions of (A) catalysts with different precursors: (a)
exTiOy–Ti(SO4)2, (b) FexTiOy–TiCl4, and (c) Fe2O3/TiO2; (B) iron titanate catalyst
nd pure oxides: (a) FexTiOy–Ti(SO4)2, (b) TiO2, and (c) Fe2O3.
Fig. 8. Powder XRD patterns of (a) FexTiOy–Ti(SO4)2, (b) FexTiOy–TiCl4, and (c)
Fe2O3/TiO2.

surface areas, BJH desorption pore volumes, average pore diame-
ters together with the SCR reaction rates normalized by catalyst
surface areas (RS) are given in Table 1. Among the three catalysts,
FexTiOy–Ti(SO4)2 had the largest surface area, the largest pore vol-
ume, the broadest pore size distribution and the smallest average
pore diameter, which might be beneficial to the SCR reaction. It was
also noticeable that the FexTiOy–Ti(SO4)2 catalyst possessed the
most abundant micropores (<2 nm), supplying more inner surface
area and active sites for the occurrence of SCR reaction. Normal-
ized by the BET surface areas, the highest SCR reaction rates were
also obtained over FexTiOy–Ti(SO4)2 at 150 and 200 ◦C. Compared
with FexTiOy–Ti(SO4)2, the BET surface areas and pore volumes of
FexTiOy–TiCl4 and Fe2O3/TiO2 were much smaller, and the aver-
age pore diameters were larger. The quantity of micropores in
Fe2O3/TiO2 was much smaller than that in FexTiOy–Ti(SO4)2, and
there was nearly no micropores existing in FexTiOy–TiCl4. Simulta-
neously, the SCR reaction rates over FexTiOy–TiCl4 and Fe2O3/TiO2
were also slower than that of FexTiOy–Ti(SO4)2. Pristine Fe2O3 and
TiO2 showed a poor SCR activity as shown in Table 1. Both of them
had much smaller surface area and pore volume, and no obvious
micropores were observed. Especially, the average pore diameter
of Fe2O3 was as large as 19.4 nm.

3.2.2. Powder XRD
Powder XRD patterns of FexTiOy–Ti(SO4)2, FexTiOy–TiCl4 and

Fe2O3/TiO2 are shown in Fig. 8. FexTiOy–Ti(SO4)2 showed no obvi-
ous sharp diffraction peaks besides some broad bumps, implying
that this catalyst was mainly in the form of iron titanate crystallites
(FeTiO3 crystallite according to JCPDS card and Fe2TiO5 crystal-
lite), which were thought to be the real active phases [11]. For
FexTiOy–TiCl4, better crystallization occurred during the calcina-
tion procedure. Pseudobrookite Fe2TiO5 existed in this sample and
a small amount of hematite Fe2O3 also separated out, resulting in a
smaller degree of porosity and a decrease of the active phases. For
Fe2O3/TiO2, only the XRD patterns of hematite Fe2O3 and anatase
TiO2 were observed.

3.2.3. UV–vis DRS
The results of UV–vis DRS experiments are shown in Fig. 9. As

it is known, anatase TiO2 usually shows an absorption threshold at
2− 4+
408 nm and an O → Ti charge-transfer band centered at 325 nm

which can also be seen in Fig. 9A (a). Interestingly, an absorption
band near 425 nm was also observed probably due to the existence
of dopant energy level caused by the sulfate remained in TiO2 lat-
tice. Pure Fe2O3 showed a main band centered at 533 nm along
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Table 1
Structural characterization of samples and SCR reaction rates normalized by catalyst surface areas.

Samples SBET
a (m2 g−1) Pore volumeb (cm3 g−1) Pore diameterc (nm) RS

d × 1010 (mol s−1 m−2)

150 ◦C 200 ◦C

FexTiOy–Ti(SO4)2 245.3 0.52 8.3 9.20 16.56
FexTiOy–TiCl4 101.7 0.29 10.9 5.37 14.92
Fe2O3/TiO2 92.1 0.28 12.1 3.41 15.93
TiO2 103.5 0.20 7.6 0 0
Fe2O3 42.5 0.21 19.4 3.65 8.21
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a BET surface area.
b BJH desorption pore volume.
c Average pore diameter.
d SCR reaction rates normalized by catalyst surface area.

ith a shoulder band near 420 nm, which were the characteristics
or iron oxide. A negative band at 746 nm indicated the presence
f large Fe2O3 particles which was also observed in previous stud-
es [28,29]. For FexTiOy–Ti(SO4)2, the interaction between iron and
itanium shifted the absorption bands by about 70 nm towards vis-
ble light region comparing with those of TiO2. No absorption band
especially the negative band at 746 nm) of Fe2O3 was detected
mplying that iron was in highly dispersive state, not aggregated
arge iron oxide particles in this sample. Fig. 9B shows the com-
arative absorption curves of FexTiOy–Ti(SO4)2, Fe2O3/TiO2 and
exTiOy–TiCl4. Obviously, not only the bands at 422 and 530 nm but
lso the symbol negative band at 746 nm existed in Fe2O3/TiO2 and
exTiOy–TiCl4, implying the presence of large iron oxide aggregates.

.2.4. Raman spectroscopy
Visible Raman spectra in Fig. 10A show that TiO2 and Fe2O3 dis-

layed typical Raman shifts of anatase (Eg at 144, 197, 639 cm−1,
1g at 399 cm−1 and A1g at 519 cm−1) [30] and hematite (bands
ith arrowheads: A1g at 227 cm−1, Eg at 293, 407, 613 cm−1 and

wo unknown vibration modes at 189, 357 cm−1) [31]. The intense
eak at 1310 cm−1 can be assigned to a two-magnon scattering
hich arises from the interaction of two magnons created on
ntiparallel close spin sites in antiferromagnetic hematite [31].
imilar as the negative absorption band in UV–vis DRS, the obvi-
us Raman shifts around 144 and 1310 cm−1 can be used as the
ymbols of anatase and hematite, respectively. These two kinds
f crystal phases were obviously present in Fe2O3/TiO2 catalyst,

ig. 9. UV–vis DRS results of (A) pure oxides and iron titanate catalyst: (a) TiO2, (b) Fe2O3, an
b) Fe2O3/TiO2, and (c) FexTiOy–TiCl4.
which is in accordance with the XRD results. Besides, a small band
at 345 cm−1 that could be assigned to Fe2TiO5 [32] also occurred
in Fe2O3/TiO2. This implied that a small amount of Fe3+ entered
the TiO2 lattice to form iron-doped anatase, even though XRD and
UV–vis DRS could not give information about this. The XRD pat-
terns of FexTiOy–TiCl4 already revealed the existence of Fe2TiO5
and Fe2O3, and visible Raman spectra in Fig. 10A (d) confirmed
this again. Bands at 205, 227, 345 and 667 cm−1 in FexTiOy–TiCl4
are attributed to pseudobrookite Fe2TiO5 (corresponding vibra-
tion modes were not found in reported literature) [32,33] and the
symbol band at 1310 cm−1 indicates the presence of hematite. For
FexTiOy–Ti(SO4)2, the broadness of the Raman peaks was mainly
due to the lattice defects, oxygen vacancies and poor crystallization
[34]. Bands of crystallite Fe2TiO5 (205 and 345 cm−1) also existed in
this catalyst and other broad bands located at 176 (unknown vibra-
tion modes), 229 (Eg), 265 (Ag), 364 (Ag), and 689 (Ag) cm−1 could be
assigned to crystallite FeTiO3 [11,35]. No band around 1310 cm−1

belonging to Fe2O3 was detected, implying that no large iron oxide
particles existed. However, the Raman shifts at 357 and 407 cm−1

still showed the presence of some Fe2O3 particles, maybe with very
small grain sizes in bulk phase. The majority of iron species in this
sample was in highly dispersive state, which is in accordance with

XRD and UV–vis DRS results.

UV Raman spectra of titanium-containing samples are more
surface-sensitive than visible Raman spectra [36]. In Fig. 10B, TiO2
and Fe2O3 also showed typical Raman active modes of anatase (Eg

at 144, 196, 640 cm−1, B1g at 398 cm−1 and A1g at 518 cm−1) and

d (c) FexTiOy–Ti(SO4)2; (B) catalysts with different precursors: (a) FexTiOy–Ti(SO4)2,
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ig. 10. (A) Visible Raman spectra (�ex = 532 nm) and (B) UV Raman spectra (�ex = 3
hombic symbols denote anatase TiO2.

ematite (bands with arrowheads), respectively. The symbol band
f Fe2O3 in visible Raman spectra around 1310 cm−1 did not appear
n UV Raman spectra, and we can identify the existence of iron
xide in other samples with the bands at 222, 500 cm−1 (A1g) and
93, 409, 613 cm−1 (Eg). For Fe2O3/TiO2 catalyst, the surface was
ainly covered by hematite Fe2O3 and only weak bands of anatase

iO2 (bands with rhombic symbols) were detected. This result is in
ccordance with the SEM and EDX results (Supporting Information,
ig. S2). Because of the strong absorption of UV light and the small
ize of oxides, the Raman scattering bands of FexTiOy–TiCl4 and
exTiOy–Ti(SO4)2 were broadened to large bumps. The spectra of
exTiOy–TiCl4 showed slight bands at the location of hematite,
mplying that the size of iron oxide particles in this sample were

uch smaller than those in Fe2O3/TiO2. For FexTiOy–Ti(SO4)2,
o additional bands of hematite or anatase existed except for
large bump from 200 to 800 cm−1, proving that the surface

f this catalyst was more homogeneous than those of other
atalysts. In the following sections, we chose FexTiOy–Ti(SO4)2
s model catalyst to carry on XAFS study and redox behavior
haracterizations.

.2.5. XAFS
XAFS can be used to determine the local environment around

pecific atoms, irrespective of crystallinity or dimensionality of the
arget materials. Fig. 11A and 11B present the normalized XANES
nd FT-EXAFS results of Fe K-edge in Fe2O3 and FexTiOy–Ti(SO4)2,
espectively. In Fig. 11A, both of Fe2O3 and FexTiOy–Ti(SO4)2 had a
haracteristic pre-edge peak at 7114 eV indicated by dashed ellipse
hich could be ascribed to the 1s–3d dipolar forbidden transition

37]. The intensity of this peak in FexTiOy–Ti(SO4)2 was higher than
hat in Fe2O3. It has been reported that this 1s–3d dipolar forbidden
ransition would get additional intensity when the iron center was
n a noncentral symmetric environmental or through mixing of 3d
nd 4p orbitals, which was caused by the breakdown of inversion
ymmetry because of the structure distortion [37]. Accordingly,
e can deduce that, the interaction between iron and titanium

pecies led to the structure distortion from sixfold coordination

n Fe2O3 to fivefold or fourfold coordination in FexTiOy–Ti(SO4)2.
he peak-fitting results of Fe K pre-edge peaks by searching for the
ptimum combination of Gaussian bands with the correlation coef-
cients (r2) above 0.99 (PeakFit, Version 4.12, SeaSolve Software

nc.) were shown in the inset of Fig. 11A. By comparing the peak
) of (a) TiO2, (b) Fe2O3, (c) Fe2O3/TiO2, (d) FexTiOy–TiCl4, and (e) FexTiOy–Ti(SO4)2;

shape and peak position with literature data, the deconvolution
sub-bands of Fe K pre-edge peak in Fe2O3 corresponded well with
those of sixfold coordinated Fe3+ model compounds [38,39], and
the single Gaussian band of Fe K pre-edge peak in FexTiOy–Ti(SO4)2
was in accordance with those of fivefold coordinated model com-
pounds also with the iron species in the oxidation state of Fe3+

[38]. Furthermore, the adsorption edge position of Fe K-edge in
FexTiOy–Ti(SO4)2 was calculated to be 7123.8 eV, which was 0.5 eV
higher than that in Fe2O3 (7123.3 eV). The shift of adsorption edge
position towards higher energy implied that the iron species in
FexTiOy–Ti(SO4)2 showed higher oxidative ability than that in bulk
iron oxides, which was probably caused by the deviation of elec-
tron cloud from Fe3+ to Ti4+. The change in oxidative ability of iron
species can be further proved by the XPS results, which will be pre-
sented later. For the FT-EXAFS results in Fig. 11B, Fe2O3 showed
two characteristic peaks assigned to the Fe–O and Fe–O–Fe shells
together with an obvious shoulder peak, which was also typical for
�-Fe2O3. Besides the peak due to Fe–O shell, another peak ascribed
to Fe–O–Ti [40,41] also appeared in FexTiOy–Ti(SO4)2, implying that
the iron species in this catalyst was mainly in the form of highly
isolated Fe3+.

Fig. 11C shows the normalized XANES results of Ti K-edge in TiO2
and FexTiOy–Ti(SO4)2. TiO2 showed three small pre-edge peaks
attributed to the transitions from the 1s core level of Ti to three
different kinds of molecular orbitals (1t1g, 2t2g and 3eg) [42], which
were typical for anatase with a sixfold coordination. Similar to
the XANES results of Fe K-edge, FexTiOy–Ti(SO4)2 also had a pre-
edge peak with a higher intensity than those in TiO2, suggesting a
structure distortion from sixfold coordination to fivefold or four-
fold coordination. The same phenomenon was also observed in
FexOy@Ti-HMS catalyst [43] because of the interaction between
iron and titanium species. The FT-EXAFS results of Ti K-edge in TiO2
and FexTiOy–Ti(SO4)2 are shown in Fig. 11D. For TiO2, the peaks
suggestive of Ti–O and contiguous Ti–O–Ti were observed. Com-
paratively, the first peak for FexTiOy–Ti(SO4)2 belonged to the Ti–O
shell and the second one around 2.5 Å could be ascribed to Ti–O–Fe
shell, implying again the formation of iron titanate crystallite. Com-

paratively, the Fe K-edge and Ti K-edge XAFS of FexTiOy–Ti(SO4)2
catalyst after activity test was also analyzed, as shown in Fig. S3.
No obvious change of XANES and FT-EXAFS characteristics was
observed, indicating that the structure of iron titanate crystallite
was relatively stable under the SCR reaction condition.
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Fig. 11. (A) XANES and (B) FT-EXAFS results of Fe K-edge in (a) Fe2O3 and (b) FexTiOy–Ti(SO4)2; (C) XANES and (D) FT-EXAFS results of Ti K-edge in (a) TiO2 and (b)
FexTiOy–Ti(SO4)2.

Table 2
Fitted structural parameters for Fe2O3, TiO2 and FexTiOy–Ti(SO4)2.

Samples Coordination shell Bond length (Å) Coordination number � × 102 (Å)

Fe2O3 Fe–O 2.06 4.0 10.4
1.94 1.6 4.1
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shown in the inset). As the Fe3+ species showed nearly homoge-
neous dispersion on the surface of FexTiOy–Ti(SO4)2 catalyst and
also in the bulk phase, as indicated by the above-mentioned char-
acterization methods, it was reasonable to ascribe the different
TiO2 Ti–O 1.96

FexTiOy–Ti(SO4)2 Fe–O 1.95
Ti–O 1.95

The fitted structural parameters by least-square method for
e2O3, TiO2 and FexTiOy–Ti(SO4)2 using �-Fe2O3, anatase TiO2 and
e2TiO4 as reference materials are shown in Table 2. Both of the
e–O and Ti–O coordination numbers in FexTiOy–Ti(SO4)2 were
ndeed smaller that those in Fe2O3 and TiO2, resulting in much more
xygen vacancies which were beneficial to the SCR reaction [44].

.3. Redox behaviors

.3.1. H2-TPR
To investigate the reducibility of FexTiOy–Ti(SO4)2, H2-TPR

xperiments were conducted using TiO2 and Fe2O3 as reference
aterials and the results are shown in Fig. 12. TiO2 had no obvious
2 consumption peaks during the whole temperature range, there-

ore all the peaks present in Fig. 12(b) and (c) could be ascribed
o the reduction of iron species. For Fe2O3 in Fig. 12(b), an obvi-
us reduction peak below 500 ◦C and another large broad peak
round 725 ◦C appeared. According to the calculated H2/Fe molar
atio in the rectangle region, the former peak is attributed to the
eduction from Fe2O3 to Fe3O4, during which the H2/Fe molar ratio
hould be 0.17. The latter large broad peak in the high tempera-
ure range is due to the further reduction from Fe3O4 to FeO and
artial Fe0. For FexTiOy–Ti(SO4)2 in Fig. 12(c), obvious overlapped
road reduction peaks in the range of 300–500 ◦C appeared, and

o reduction peak at higher temperatures was observed. The H2-
PR profile of FexTiOy–Ti(SO4)2 had been tested for several times
o confirm that the characteristics of the overlapped peaks below
00 ◦C was reproducible, as shown in Fig. S4. The H2/Fe molar
atio in the rectangle region was calculated to be 0.52, indicating
6.0 5.1

4.7 8.3
4.2 10.1

that all iron species in this sample was reduced from Fe3+ to Fe2+

below 500 ◦C. The overlapped reduction peaks were deconvoluted
into four sub-bands by searching for the optimum combination of
Gaussian bands with the correlation coefficients (r2) above 0.99
and named as T1, T2, T3 and T4 from low to high temperatures (as
Fig. 12. H2-TPR profiles of (a) TiO2, (b) Fe2O3, and (c) FexTiOy–Ti(SO4)2.
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TiOy–Ti(SO4)2; (B) Ti 2p in (a) TiO2 and (b) FexTiOy–Ti(SO4)2.
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Table 3
Comparison of SCR performance over FexTiOy–Ti(SO4)2, V2O5–WO3/TiO2, Cu/ZSM-5
and Fe-containing zeolite catalysts in literature.

Samples TOF (×10−3 s−1)

150 ◦C 200 ◦C 250 ◦C

FexTiOy–Ti(SO4)2
a 0.55 1.07 1.19

V2O5–WO3/TiO2
a 0.25 1.00 3.50

Commercial Fe-exchanged BEAa 0.37 0.99 1.60
0.25Fe/HBEAa 3.00 8.50 17.00
Fe/ZSM-5b – ca. 8.00 ca. 24.50
Cu/ZSM-5c 9.34 20.30 20.30

a The number of active iron sites over FexTiOy–Ti(SO4)2 in TOF calculation was
estimated from XPS (surface atomic concentration) and BET surface area data.
According to our previous study [11], the BET surface area of FexTiOy-500 ◦C was
nearly 60% of that of FexTiOy-400 ◦C, yet similar apparent SCR activity was obtained
over these two samples. Therefore, in this study it was assumed that ca. 60% of
surface area over FexTiOy–Ti(SO4)2 catalyst was effective in the real SCR reaction.
The TOF data of V2O5–WO3/TiO2, commercial Fe-exchanged BEA and 0.25Fe/HBEA
were obtained directly from [24]. Reaction conditions: [NO] = [NH3] = 500 ppm,
[O2] = 5 vol.%, N2 balance and GHSV = 50,000 h−1.

b The TOF data of Fe/ZSM-5 were read directly from Fig. 14 in [47]. Reaction con-
ditions: [NO] = [NH3] = 1000 ppm, [O2] = 8 vol.%, [CO2] = 10 vol.%, [H2O] = 8 vol.%, N2
Fig. 13. XPS results of (A) Fe 2p in (a) Fe2O3 and (b) Fex

econvoluted peaks to the progressive degrees of Fe3+ reduction,
ut not the reduction of Fe3+ species in different dispersive states.
he T1 sub-band is attributed to the reduction of surface adsorbed
xygen and the T2 sub-band is assigned to the reduction of lat-
ice oxygen from Fe3+–O–Ti to Fe2+/3+–O–Ti with intermediate
alence as that in Fe3O4. The T3 and T4 sub-bands are attributed
o the further reduction of lattice oxygen from Fe2+/3+–O–Ti to
e2+–O–Ti at surface and inner layers, respectively. For the stan-
ard reduction process from Fe3+ to Fe2+/3+ and then to Fe2+, the
rea ratio of the two H2 consumption peaks should be 1:2. Over
exTiOy–Ti(SO4)2, the area ratio of T2/(T3 + T4) was calculated to be
:2.2, indicating that all Fe3+ species was indeed reduced to Fe2+ in
his process, which is in well accordance with the H2/Fe molar ratio
esult above. Due to the coexistence of iron and titanium species
n FexTiOy–Ti(SO4)2, the reducibility of the iron titanate catalyst is
otally different from that of bulk Fe2O3, which will be discussed
ater.

.3.2. XPS
The XPS results are shown in Fig. 13. For Fe2O3 in Fig. 13A

a), the binding energies of Fe 2p3/2 (710.8 eV), Fe 2p1/2 (724.5 eV)
ogether with the Fe 2p3/2 satellite peak corresponded well with
e3+ [44,45]. The surface iron atomic concentration over Fe2O3 was
alculated to be 23.1%. For FexTiOy–Ti(SO4)2 in Fig. 13A (b), the
ntensities of these Fe 2p peaks were much lower because of the
ecrease of iron concentration on the surface (9.5%). However, a
light increase in binding energies of these peaks was observed with
e 2p3/2 shifting to 711.1 eV and Fe 2p1/2 shifting to 724.9 eV. This
mplied that the surface iron species in this sample showed more
evere deviation of electron cloud by interacting with titanium
pecies [44,45], leading to an enhancement in oxidative ability. This
esult is in well accordance with the XANES spectra of Fe K-edge in
ig. 11A.

In general, according to the law of conservation of charge, a
inding energy increase of one element must be accompanied
y a binding energy decrease of another element in an isolated

ystem. Therefore, we can speculate that the titanium species in
exTiOy–Ti(SO4)2 might have a lower binding energy than that in
iO2. The two intensive peaks of TiO2 in Fig. 13B (a) at 458.9 and
64.7 eV could be attributed to Ti 2p3/2 and Ti 2p1/2, respectively,
hich are characteristics of Ti4+ [44]. As we expected in Fig. 13B
balance and W/F = 0.2 gl/min.
c The TOF data of Cu/ZSM-5 were calculated with the best SCR result over CuZSM5-

124-fresh sample in [48]. Reaction conditions: [NO] = [NH3] = 500 ppm, [O2] = 5 vol.%,
[H2O] = 10 vol.%, N2 balance and GHSV = 100,000 h−1.

(b), the binding energies of Ti 2p3/2 and Ti 2p1/2 in FexTiOy–Ti(SO4)2
indeed had a decrease which shifted to 458.6 and 464.4 eV, respec-
tively, indicating that the titanium species in this catalyst had
higher density of electron cloud than that in TiO2.

4. Discussion

4.1. Catalytic performance

Activity test results in Fig. 1 showed that catalyst precursors
(Ti(SO4)2 versus TiCl4) and preparation methods (co-precipitation
versus impregnation) indeed had obvious influence on the NH3-

SCR activity, including the NOx conversion and N2 selectivity.
The difference of NO oxidation activity (Fig. 2A) and NH3 oxida-
tion activity (Fig. 2B) over these catalysts was one of the reasons
for the SCR activity discrepancy. The FexTiOy–Ti(SO4)2 catalyst
possessed highest NO oxidation activity in the low temperature
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ange and moderate NH3 oxidation activity in the high tempera-
ure range, leading to an excellent SCR activity and N2 selectivity
uring the whole temperature range that we investigated. It is
oticeable that the FexTiOy–Ti(SO4)2 catalyst showed a good activ-

ty in the specific temperature window of 200–350 ◦C with the
Ox conversion above 90% in the absence of H2O, which was
0–150 ◦C lower than those of Fe/ZSM-5 [6,15,46], Fe–TiO2-PILC [7],
e2O3/WO3/ZrO2 [8] or Fe/HBEA zeolite catalysts [24]. The increase
f NO2 inlet concentration could significantly promote the low tem-
erature activity and further enlarge the operation temperature
indow.

For comparing the catalytic performance of FexTiOy–Ti(SO4)2
ith other commercial or reported SCR catalysts, the turnover

requencies (TOF, 10−3 s−1) of NOx at 150, 200 and 250 ◦C were
stimated and listed in Table 3. The TOF data of NOx over
exTiOy–Ti(SO4)2 might be rough because the accurate number
f effective iron atoms exposed on the surface was difficult to
btain, especially for this iron titanate catalyst with a major-
ty of ineffective iron species in the bulk phase. However, based
n the XPS (surface atomic concentration) and BET surface area
ata to determine the surface iron sites, the magnitude of the
OF data should be right and useful. As we can see, the intrinsic
ctivity of FexTiOy–Ti(SO4)2 is comparable to that of the state-of-
he-art SCR catalyst V2O5–WO3/TiO2 or commercial Fe-exchanged
EA catalyst, but still much lower than that of Fe/HBEA, Fe/ZSM-
or Cu/ZSM-5 reported by other researchers [24,47,48]. In our

uture work, we can optimize the catalyst composition or prepare
ashcoated monolith catalyst using FexTiOy–Ti(SO4)2 as active

omponent to further enhance its intrinsic activity.
Over our best iron titanate catalyst FexTiOy–Ti(SO4)2, as shown

n Fig. 5A, the NOx conversion was sensitive to the contact time, thus
he GHSV is an important factor needed to be considered in design-
ng preformed catalyst for industrial application. The experimental
esults in Fig. 5B showed that this iron titanate catalyst had a good
erformance under high reactant concentration, which is beneficial
o the actual utilization. Like previous study showed [26], O2 can
lso significantly promote the SCR reaction over FexTiOy–Ti(SO4)2
Fig. 6). This is possibly owing to the enhancement of NO oxidation
y O2 through which the “fast SCR” can take place, or the reoxida-
ion of active sites by O2 to complete a redox cycle. The XPS results
f FexTiOy–Ti(SO4)2 after 64 h reaction at 300 ◦C under NO + NH3
tmosphere (Supporting Information, Fig. S5) showed that both
f the Fe 2p3/2 and Fe 2p1/2 peaks shifted towards lower binding
nergies, indicating a lower oxidation state of iron species due to
he consumption of lattice oxygen. This point of view could also be
irectly verified by the catalyst surface color changing from brown
o light black due to the reduction of partial Fe3+ to Fe2+. This implies
hat O2 is indeed very necessary to reoxidize Fe2+ to Fe3+ in the SCR
eaction; otherwise, the physico-chemical property of catalyst will
e slowly changed in the absence of O2. The promotion effect of O2

n SCR reaction will also be discussed in the successive series of this
tudy.

The durability of SO2/H2O over the FexTiOy–Ti(SO4)2 catalyst
as been tested at 300 ◦C in our previous work [11]. When 100 ppm
O2 and (or) 10 vol.% H2O were added into the reactants, the NOx

onversion could maintain at 100% for a 48 h test. No degrada-
ion of catalytic activity of FexTiOy–Ti(SO4)2 catalyst was observed
t the fixed temperature. Even after 48 h sulfation, the catalyst
till showed NOx conversion above 90% from 250 to 400 ◦C. As
he FexTiOy–Ti(SO4)2 catalyst was prepared at 400 ◦C with long-
ime (6 h) calcination, its structure property and catalytic activity

ould be stable if the reaction temperature was below 400 ◦C

n practical use. Excellent NH3-SCR activity, N2 selectivity and
O2/H2O durability in a broad medium temperature range make
his iron titanate catalyst a potential candidate for industrial appli-
ation.
ronmental 96 (2010) 408–420

4.2. Structural properties and active phase

During the preparation procedure, intense hydrolysis of TiCl4
usually occurred if no ice-water bath was used and this made it diffi-
cult in controlling the final composition of FexTiOy–TiCl4. There was
no such problem when using Ti(SO4)2 as Ti precursor. Furthermore,
anion species (Cl− and SO4

2−) contained in the precursors might
be another important factor influencing the catalyst structure and
morphology. Theoretically, SO4

2− has stronger coordinating effect
with metal ions comparing with Cl−, so the former anion is more
difficult to be removed completely during the washing process.
Moreover, SO4

2− has cubic structure with larger volume, whereas,
Cl− is only an ion dot [49]. The residual SO4

2− can induce lat-
tice defects into the mixed oxides, while the effect of Cl− is not
so obvious. It was reported [50,51] that a small amount of SO4

2−

existing in anatase TiO2 lattice could strongly hinder the crystal-
lization and phase transformation to rutile TiO2, thus leading to an
increase in the surface area and pore volume, as the results shown
in Table 1. Only after high temperature calcination (such as 600
or 700 ◦C), the crystallization of FexTiOy–Ti(SO4)2 was enhanced to
form pseudobrookite Fe2TiO5 and partial rutile TiO2 [11], in con-
trast to the formation of well-crystallized Fe2TiO5 in FexTiOy–TiCl4
after calcination at as low as 400 ◦C (Fig. 8). It was reported that
the incorporation of SO4

2− and other transition metal ions (Cr, Mn,
Fe, Co, Ni, Cu and Zn) into the lattice could also enhance the sur-
face acidity of anatase TiO2 [52]. Therefore, it is suggested that the
sulfate contained in Ti(SO4)2 precursor in this study also had a sim-
ilar effect, resulting in the differences of surface area, pore volume,
pore diameter, surface acidity and thus the SCR activity of these
two catalysts.

XRD results in Fig. 8(a) and (b) confirmed the conclusion above.
FexTiOy–Ti(SO4)2 was mainly in the form of iron titanate crys-
tallites, which were thought to be the real active phases in the
SCR reaction. Comparatively, pseudobrookite Fe2TiO5 and hematite
Fe2O3 separated out in FexTiOy–TiCl4 owing to the absence of sul-
fate as phase transformation inhibitor, resulting in a decrease in
surface area, micropores and thus the SCR activity. For Fe2O3/TiO2
prepared using impregnation method, the interaction between
iron and titanium in atomic scale was not strong as those in iron
titanate catalysts. The iron species was mainly in the form of
hematite particles, as shown in Fig. 8(c). Therefore, the surface
area and pore volume were the smallest and the pore diameter
was the largest, resulting in a lower activity. Although previous
studies [9,53] showed that Fe2O3 also had a good SCR activity,
the catalytic performance of iron titanate crystallites was much
better, especially for the low temperature activity and N2 selec-
tivity.

According to the UV–vis DRS results of TiO2/Fe-MCM-41 from
Reddy et al. [45], the absorption curve could be symbolically divided
into three parts: the first part in 200–400 nm corresponded to
the absorption by titania, the second part in 400–500 nm corre-
sponded to the adsorption by iron-doped titania, and the third
part in 500–600 nm corresponded to the absorption by iron oxide.
Therefore, compared with the band near 425 nm in TiO2 (Fig. 9A
(a)), the lift-up of the curve near 495 nm in FexTiOy–Ti(SO4)2
(Fig. 9A (c)) was possibly due to the strong absorption of visi-
ble light by the new active phases (iron titanate crystallites with
Fe–O–Ti structure) occurred in our catalyst. In order to further
elucidate the existing states of iron species in different catalysts,
we further deconvoluted the UV–vis DRS spectra searching for
the optimum combination of Gaussian bands (Supporting Infor-

mation, Fig. S6). Unlike the iron-containing catalysts reported by
other researchers, such as Fe/HBEA [24] and Fe/ZSM-5 [47,54],
of which the bare zeolite supports showed no obvious absorp-
tion in the whole wavelength range, the titanium species in our
catalysts showed strong absorption, especially in the UV light
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conversion above 90% in the absence of H2O, which was 50–150 ◦C
lower than those of other known Fe-based catalysts. O2 played an
ig. 14. Correlation between the fractions of different iron species and the SCR
eaction rates at 150 ◦C normalized by surface areas over different catalysts.

ange. Therefore, it is complicated to distinguish the isolated
ron species from titanium species, both of which showed lig-
nd to metal charge-transfer (LMCT) below 300 nm. Moreover, the
bsorption coefficients for LMCT bands of the titanium species
nd various iron species are unknown, so the deconvolution
esults are actually rough. However, we can still semiquanti-
atively estimate the fractions of isolated plus oligomeric iron
ites and agglomerated Fe2O3 sites by calculating the sub-bands
rea ratio. Although the XRD results showed that there was no
rystal Fe2O3 existing in FexTiOy–Ti(SO4)2, a small quantity of
ot-well-crystallized iron oxides still occurred according to the
esults in Fig. S6A. The correlation between the fractions of dif-
erent iron species and the SCR reaction rates at 150 ◦C over
ifferent catalysts is shown in Fig. 14. As we can see, the SCR
eaction rates have a positive correlation with the fraction of iso-
ated plus oligomeric iron sites, and a negative correlation with
he fraction of agglomerated Fe2O3 sites. Previous study by Balle
t al. [24] showed that the SCR activity over Fe/HBEA decreased
n the following sequence: isolated iron sites > oligomeric iron
ites > agglomerated iron sites. Therefore, the highest SCR activ-
ty of FexTiOy–Ti(SO4)2 catalyst can be attributed to the most
bundant isolated and oligomeric iron sites due to the strong inter-
ction between iron and titanium species. The FTIR spectra of
exTiOy–Ti(SO4)2 (Supporting Information, Fig. S7) also showed
ultiple absorption of Fe–O, Ti–O and Fe–O–Ti groups in the wave-

ength range of 500–600 cm−1 (centered at 561 cm−1), implying
he formation of iron titanate crystallites with much more well-
ispersed iron species.

Raman results in Fig. 10 directly showed that the
exTiOy–Ti(SO4)2 catalyst was mainly composed of FeTiO3
nd Fe2TiO5 crystallites besides of some small iron oxide parti-
les, which is in accordance with the XRD, UV–vis DRS and FTIR
bsorption results. Iron species in FexTiOy–Ti(SO4)2, mainly in the
orm of isolated Fe3+, was much more homogenous than those in
exTiOy–TiCl4 and Fe2O3/TiO2. XAFS results in Fig. 11 showed that
he Fe–O and Ti–O coordination structures in FexTiOy–Ti(SO4)2
ere different from those in Fe2O3 and TiO2 bulk oxides, with

maller coordination numbers and larger structure distortion. The
xidative ability of iron species was also increased to a certain
xtent probably due to the deviation of electron cloud from Fe3+
o Ti4+. The interaction between iron and titanium species in this
atalyst led to a formation of homogeneous Fe–O–Ti structure with
igh activity in the SCR reaction.
ronmental 96 (2010) 408–420 419

4.3. Redox behaviors

The H2-TPR results in Fig. 12 showed that below 500 ◦C, the
iron species in FexTiOy–Ti(SO4)2 could be totally reduced from Fe3+

to Fe2+; however, the bulk Fe2O3 could be only reduced to Fe3O4
until this temperature. Although it seems that the temperature of
the maximum H2 consumption rate over Fe2O3 is lower than that
over FexTiOy–Ti(SO4)2, the reducibility of iron titanate catalyst is
actually higher than that of bulk Fe2O3. This indicates that higher
mobility of lattice oxygen is obtained over FexTiOy–Ti(SO4)2 due to
the strong interaction between iron and titanium species, which is
beneficial to enhance the oxidative ability and thus the SCR activ-
ity of iron titanate catalyst. Above 500 ◦C, a large proportion of the
formed Fe2+–O–Ti species over FexTiOy–Ti(SO4)2 could not be con-
tinuously reduced to Fe0–O–Ti due to the formation of ilmenite
or partial metallic iron covering the catalyst surface to block the
H2 diffusion into the inner layers. Due to the absence of titanium
species in Fe2O3, the final reduction product could be metallic Fe0 if
the temperature was high enough. Summarizing the H2-TPR results
we can see that, the reducibility of iron species in FexTiOy–Ti(SO4)2
is different from that in bulk Fe2O3, owing to the formation of new
active phases. The Fe3+ species in FexTiOy–Ti(SO4)2 is much easier
to be reduced with higher oxidative ability than those in Fe2O3,
which is in accordance with the XPS results in Fig. 13A.

The change of oxidative ability of titanium could not be deter-
mined from H2-TPR results due to the absence of titanium reduction
peaks, yet we can get some information from the XPS results in
Fig. 13B. With the increasing of binding energies of Fe 2p, the bind-
ing energies of Ti 2p showed an obvious decrease, implying the
possession of a higher density of electron cloud than that in TiO2.
The same phenomenon was also observed in other iron–titanium
oxide composites [55,56] and the lowering of binding energies
might be owing to the formation of Ti–O–Fe bond [55]. Moreover,
we also measured the XPS spectra of Fe 2p and Ti 2p in FexTiOy–TiCl4
and Fe2O3/TiO2, and the results are shown in Fig. S8. Similar as the
results in Fig. 13, the coexistence of iron and titanium species also
led to higher binding energies of Fe3+ and lower binding energies
of Ti4+. Although other characterization methods showed that the
iron species in Fe2O3/TiO2 was mainly in the form of large aggre-
gated iron oxides particles, a small part of iron species still had
strong interaction with titanium species to form Fe–O–Ti struc-
ture. We speculate that this phenomenon may universally occur in
iron–titanium-containing materials and the specific Fe–O–Ti struc-
ture is highly active in the SCR reaction.

Thus, the short conclusion can be drawn that the interaction
between iron and titanium species resulted in a formation of iron
titanate phase (Fe–O–Ti) which possessed different redox ability
from those of pure oxides; the enhanced oxidative ability of Fe3+

species might be responsible for the high activity in the SCR reac-
tion, during which the in situ oxidation of NO by O2 over Fe3+ is very
important.

5. Conclusions

Iron titanate catalyst (FexTiOy–Ti(SO4)2) prepared by conven-
tional co-precipitation method using Fe(NO3)3·9H2O and Ti(SO4)2
as precursors showed excellent activity, N2 selectivity and H2O/SO2
durability in the SCR of NO with NH3 in the medium temperature
range. This FexTiOy–Ti(SO4)2 catalyst showed a good SCR activity
in the specific temperature window of 200–350 ◦C with the NOx
important role to promote the SCR process, and some lattice oxygen
in the catalyst could also take part in the reaction in the absence
of gaseous O2. Precursors and preparation methods had evident
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nfluence on the structure and activity of iron titanate catalyst.
ccording to the XRD, UV–vis DRS, Raman spectroscopy and EXAFS
esults, the active phase in FexTiOy–Ti(SO4)2 catalyst was mainly in
he form of iron titanate crystallites with specific Fe–O–Ti structure,
ut not large aggregated iron oxide particles. XANES, H2-TPR and
PS results showed that the interaction between iron and titanium
pecies in this catalyst resulted in an enhancement of oxidative
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