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a b s t r a c t

Iron titanate catalyst (FeTiOx) is a potential candidate for the substitution of conventional V2O5–WO3

(MoO3)/TiO2 and Fe/Cu-zeolite catalysts for the selective catalytic reduction (SCR) of NOx with NH3

because of its high SCR activity and N2 selectivity in the medium temperature range. Due to the presence
of small amount of SO2 in typical diesel exhaust derived from combustion of sulfur-containing fuels, it
is very important to investigate the influence of sulfation on SCR activity, catalyst structure and reac-
tion mechanism. After sulfation under the SCR condition, the surface area and pore volume of FeTiOx

catalyst decreased to a certain extent due to the formation of sulfate species. According to the char-
acterizations of FeTiOx catalyst using X-ray diffraction, X-ray absorption fine structure spectroscopy,
and in situ diffuse reflectance infrared Fourier transform spectroscopy of SO2 + O2 treatment, the sulfate
species mainly formed on iron sites in a chelating bidentate conformation, resulting in the enhancement
of Brønsted acidity and Lewis acid strength simultaneously. NH3 adsorption was greatly enhanced in

the high temperature range, while NOx adsorption was severely inhibited due to the stronger acidity of
sulfate species. The operation temperature window of the sulfated catalyst shifted ca. 50 ◦C towards high
temperature range accordingly. The reaction mechanism study shows that the Langmuir–Hinshelwood
reaction pathway was cut off by the sulfation process, resulting in the activity loss at low temperatures;
only Eley–Rideal reaction pathway between adsorbed NH3 species and gaseous or weakly adsorbed NO
dominated in the SCR reaction, which made this catalyst resistant to SO2 poisoning at relatively high

temperatures.

. Introduction

Selective catalytic reduction (SCR) of NOx with NH3 over
2O5–WO3 (MoO3)/TiO2 catalyst is a well proven technique for the
emoval of NOx from stationary and mobile sources [1]. Due to some
nevitable disadvantages of the present vanadium-based catalyst
ncluding the narrow operation temperature window and the tox-
city of vanadium pentoxide etc. [2,3], more and more researchers
re focusing on the development of new vanadium-free SCR cata-
ysts, such as Fe-, Cu-, Mn-, Ce-based exchanged zeolites, supported
ype or mixed oxide catalysts [3–14]. In our previous study, we
lso reported a novel and environmental-friendly iron titanate cat-

lyst (FeTiOx) prepared by facile co-precipitation method showing
xcellent SCR activity and N2 selectivity in medium temperature
ange, which is possibly suitable for the DeNOx process for diesel
ngines [15–17]. It is well known that nowadays the typical diesel
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exhaust usually contains a small amount of SO2 below 50 ppm from
the combustion of sulfur-containing fuels. Even when using fuels
and engine oils with “ultra low” sulfur content (<15 ppm) in the
near future, the exhaust after combustion in lean burn conditions
still contains some fractions of SO2 [18]. After long time SCR reac-
tion, even this small amount of SO2 can deactivate the SCR catalysts
due to the formation of metal sulfate species, the blockage of cata-
lyst pore channels or the cutting off of redox cycle of active phases
[14,19,20]. So far as known, no vanadium-free catalyst can exhibit
both high SCR activity and high SO2 durability at the same time
below 200 ◦C. Additionally, the SCR reaction mechanism over sul-
fated catalyst may also differ from that over the fresh one. It is
important, therefore, to investigate the influence of sulfation on
the activity and structure of our FeTiOx catalyst, which will help
understand the deactivation mechanism and further improve of its
SO2 durability in future studies.
In our previous study, we have already investigated the SO2
durability (100 ppm) of FeTiOx catalyst in the SCR reaction at a fixed
temperature (300 ◦C), with no obvious decrease of NO conversion
observed in a 48 h test [15]. In this study, the influence of sulfation
on this catalyst in a wider temperature range (150–400 ◦C) will be

dx.doi.org/10.1016/j.apcatb.2011.01.044
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
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tudied. More specifically, the SCR activity over FeTiOx catalysts
efore and after sulfation will be tested using steady-state reaction
nd temperature programmed surface reaction (TPSR), which are
ore comprehensive for the activity evaluation. In addition, we will

ully investigate the influence of sulfation in SCR condition on cata-
yst structure using N2 physisorption, X-ray diffraction (XRD), X-ray
bsorption fine structure spectroscopy (XAFS), and X-ray photo-
lectron spectroscopy (XPS). The sulfation sites on this catalyst will
lso be discussed in detail. Over pre-sulfated catalyst, temperature
rogrammed desorption of NH3 and NOx (NH3/NOx-TPD) together
ith in situ diffuse reflectance infrared Fourier transform spec-

roscopy (in situ DRIFTS) will be used to elucidate the change of SCR
eaction mechanism comparing with that over the fresh catalyst.

. Experimental

.1. Catalyst preparation

Iron titanate catalyst (FeTiOx-fresh) using Fe(NO3)·9H2O and
i(SO4)2 (Fe:Ti = 1:1 in molar ratio) as precursors was calcined
t 400 ◦C for 6 h before use. Other preparation procedures have
een described in detail in our previous studies [15,16]. In the
resent study, sulfated FeTiOx catalysts were obtained by pretreat-

ng FeTiOx-fresh in a flow of 500 ppm NH3 + 500 ppm NO + 5 vol.%
2 + 100 ppm SO2 (SCR condition) or 100 ppm SO2 + 5 vol.%
2 at 300 ◦C for 48 h. The former sample was denoted as

FeTiOx-sulfation in SCR” for steady-state SCR activity test and char-
cterizations, and the latter one was denoted as “FeTiOx-sulfation”
or TPSR experiments and reaction mechanism study.

.2. Activity test

The steady-state SCR activity over FeTiOx catalysts before and
fter sulfation in SCR condition was performed in a fixed-bed quartz
ube reactor. The reaction conditions were controlled as follows:
.6 ml catalysts, 500 ppm NO, 500 ppm NH3, 5 vol.% O2, N2 balance
nd gas hourly space velocity (GHSV) of 50,000 h−1. The effluent
as was continuously analyzed using an FTIR spectrometer (Nico-
et Nexus 670) equipped with a heated, low volume multiple-path
as cell (2 m). The TPSR experiments in SCR condition were per-
ormed over fresh and pre-sulfated FeTiOx catalysts (100 mg) using
quadrupole mass spectrometer (HPR20, Hiden Analytical Ltd.) to

ecord the signal of NO (m/z = 30). The samples were firstly pre-
reated at 300 ◦C for 0.5 h in a flow of 20 vol.% O2/He (30 ml/min) and
ooled down to room temperature. The samples were then exposed
o a flow of 500 ppm NH3 + 500 ppm NO + 5 vol.% O2 (30 ml/min)
or 1 h until the signals of mass spectrometer were stabilized.
inally, the temperature was raised linearly to 500 ◦C at the rate
f 10 ◦C/min in the same gas flow.

.3. Characterizations

The N2 adsorption–desorption isotherms were obtained at
196 ◦C using a Quantachrome Autosorb-1C instrument. Prior to
2 physisorption, the catalysts were degassed at 300 ◦C for 4 h.
urface areas were determined by BET equation in 0.05–0.35 par-
ial pressure range. Pore volumes and average pore diameters were
etermined by Barrett–Joyner–Halenda (BJH) method from desorp-
ion branches of the isotherms.

The XRD measurements were conducted on a Rigaku D/max-RB
iffractometer (Japan, Cu K� as radiation resource). The data of 2�
rom 10 to 90◦ were collected at 4◦/min with the step size of 0.02◦.
The XAFS spectra of Fe, Ti K-edges and S K-edge were recorded at

oom temperature in a transmission mode on BL-7C beam line and
n a fluorescence mode on BL-9A beam line, respectively, at Photon
actory, Institute of Materials Structure Science (IMSS-KEK), Japan.
onmental 103 (2011) 369–377

The storage ring was operated at 2.5 GeV with an average storage
current of 300 mA. The synchrotron radiation was monochroma-
tized with a Si (1 1 1) double crystal monochromator, and mirrors
were used to eliminate higher harmonics. The incident and trans-
mitted beam intensities were monitored using ionization chambers
filled with pure N2. For the XAFS measurement of S K-edge, the
entire beam path was filled with He to suppress the X-ray absorp-
tion and scattering by air. Data were analyzed using the REX2000
program (Rigaku Co.). The EXAFS (extended X-ray absorption fine
structure) oscillations �(k) of Fe and Ti K-edges were extracted
using spline smoothing with a Cook–Sayers criterion [21], and the
filtered k3-weighted �(k) was Fourier transformed into R space (k
range: 2.5–15 Å−1 for Fe K-edge EXAFS and 2.5–13 Å−1 for Ti K-edge
EXAFS). In the curve fitting step, the backscattering amplitude and
phase shift were calculated using FEFF8.4 [22]. The XANES (X-ray
absorption near edge structure) of S K-edge were normalized by the
edge height and then the first-order derivatives were determined
to compare the variation of absorption edge energies.

The XPS were recorded on a Scanning X-ray Microprobe (PHI
Quantera, ULVAC-PHI, Inc.) using Al K� radiation. Binding ener-
gies of S 2p, O 1s, Fe 2p and Ti 2p were calibrated using C 1s peak
(BE = 284.8 eV) as standard.

2.4. Reaction mechanism study

NH3-TPD and NOx-TPD experiments were performed on 100 mg
samples using the above-mentioned quadrupole mass spectrome-
ter to record the signals of NH3 (m/z = 16) and NOx (m/z = 30). Prior
to the TPD procedure, the samples were pretreated at 300 ◦C for
0.5 h in a flow of 20 vol.% O2/He (30 ml/min) and cooled down to
room temperature. The samples were then exposed to a flow of
2500 ppm NH3/Ar or 2500 ppm NO + 10 vol.% O2/Ar (30 ml/min) for
1 h, followed by Ar purge for another 1 h. Finally, the temperature
was raised to 500 ◦C in Ar flow at the rate of 10 ◦C/min.

The in situ DRIFTS experiments were performed on an FTIR
spectrometer (Nicolet Nexus 670) equipped with a smart collec-
tor and an MCT/A detector cooled by liquid nitrogen. The reaction
temperature was controlled precisely by an Omega programmable
temperature controller. Prior to each experiment, the sample was
pretreated at 400 ◦C for 0.5 h in a flow of 20 vol.% O2/N2 and then
cooled down to the desired temperature. The background spectrum
was collected in flowing N2 and automatically subtracted from
the sample spectrum. The reaction conditions were controlled as
follows: 300 ml/min total flow rate, 500 ppm NH3, 500 ppm NO,
500 ppm SO2 (when used for SO2 + O2 treatment experiments),
5 vol.% O2 and N2 balance. All spectra were recorded by accumulat-
ing 100 scans with a resolution of 4 cm−1. In order not to lose any
structural or surface information in DRIFTS study, the background
spectra of Fe2O3, TiO2, FeTiOx-fresh and FeTiOx-sulfation are also
presented in Fig. S1, which indicate that in the preparation pro-
cess a small amount of sulfate derived from Ti(SO4)2 precursor was
already present on the surface of TiO2 and FeTiOx-fresh. The further
sulfation of FeTiOx catalyst resulted in the deposition of more sul-
fate species on the catalyst surface, which can be clearly seen from
the broadening and the blue shift of corresponding IR band.

3. Results and discussion

3.1. SCR activity
The SCR activity over FeTiOx catalysts before and after sulfa-
tion was tested using steady-state reaction and TPSR methods,
and the results are shown in Fig. 1. After sulfation, the steady-
state SCR activity showed an obvious decrease below 250 ◦C and
some increase above 350 ◦C. In the TPSR experiments in a flow of
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ig. 1. SCR activity over FeTiOx catalysts before and after sulfation (inset: TPSR in a
ow of NH3 + NO + O2).

H3 + NO + O2, as shown in the inset figure, the NO concentration
ver both FeTiOx-fresh and FeTiOx-sulfation showed an obvious
ecrease with the increasing of reaction temperature, implying
he occurrence of the SCR reaction. The decline of NO concentra-
ion over FeTiOx-sulfation started at much higher temperature (ca.
50 ◦C) than that over FeTiOx-fresh (<100 ◦C), indicating the loss of

ow temperature activity over sulfated catalyst. Accordingly, the
ighest NO conversion over FeTiOx-sulfation was obtained in a
emperature window of 225–435 ◦C, which was 50 ◦C delayed com-
aring with that over FeTiOx-fresh (175–370 ◦C). At relatively high
emperatures, the unselective oxidation of NH3 occurred, result-
ng in the increase of NO concentration. The sulfation suppressed
his unselective oxidation side-reaction to a certain extent, and the
peration temperature window over FeTiOx-sulfation was slightly
nlarged accordingly. It is noteworthy that the temperature points
chieving maximum NO conversions over FeTiOx catalysts before
nd after sulfation in TPSR experiments were relatively lower than
hose in the steady-state SCR activity tests. This is probably because
he NH3 adsorption/desorption was not fast enough in transient-
tate when the temperature ramp rate was kept at 10 ◦C/min,
esulting in the presence of more NH3 adsorbed species than that
n steady-state at low temperatures.

.2. N2 physisorption

Table 1 shows the structural parameters of FeTiOx catalysts
efore and after sulfation derived from N2 physisorption results.
fter sulfation in the SCR condition, the BET surface area of FeTiOx

atalyst decreased from 245.3 to 213.5 m2/g, and the BJH cumula-
3
ive desorption pore volume also decreased from 0.52 to 0.40 cm /g.

his may have led to the SCR activity loss over the sulfated catalyst.
s we can see, the fresh catalyst was mainly composed of meso-
ores with an average pore diameter of 8.3 nm. After sulfation,
he average pore diameter showed a decrease to 7.4 nm, indicat-

able 1
tructural parameters of FeTiOx catalysts before and after sulfation derived from N2

hysisorption results.

Samples SBET (m2/g)a Pore volume
(cm3/g)b

Pore diameter
(nm)c

FeTiOx-fresh 245.3 0.52 8.3
FeTiOx-sulfation in SCR 213.5 0.40 7.4

a BET surface area.
b BJH desorption pore volume.
c Average pore diameter.
Fig. 2. XRD results of FeTiOx-fresh and FeTiOx-sulfation in SCR together with stan-
dard cards of Fe2(SO4)3 and Ti(SO4)2 in JCPDS.

ing the formation of some smaller pores due to the deposition of
sulfate species. The sulfate species produced in this process could
be ammonium sulfate/bisulfate resulting from gaseous reactants
or metal sulfates because of the reaction between SO2 and FeTiOx

catalyst, such as ferric sulfate or titanic sulfate. The formed sulfate
species and the sulfation sites of FeTiOx catalyst will be discussed
in detail in following sections.

3.3. XRD

Fig. 2 shows the comparative XRD results of FeTiOx-fresh
and FeTiOx-sulfation in SCR together with the standard cards of
Fe2(SO4)3 and Ti(SO4)2 in JCPDS. In our previous study [15,16], we
have concluded that the FeTiOx-fresh catalyst was mainly in the
form of iron titanate crystallites (Fe2TiO5 or FeTiO3), which dis-
played large broad bumps at the positions as shown in Fig. 2. After
sulfation, the FeTiOx catalyst was still not well-crystallized, show-
ing no obvious diffraction peaks. However, another broad bump
appeared at a different position, implying the formation of another
crystallite species. Compared to the standard cards of Fe2(SO4)3
and Ti(SO4)2 in JCPDS, we can deduce that this crystallite species
was mainly composed of ferric sulfate, because no diffraction sig-
nals were observed at 15.4 and 52.6◦ where Ti(SO4)2 should exhibit
distinct diffraction peaks. The sulfate species favored to form on
iron sites than on titanium sites at the sulfation temperature that
we set, because ferric sulfate is more thermodynamically stable
and usually decomposes above 480 ◦C [23], whereas titanic sulfate
cannot form in SO2-containing atmosphere above 200 ◦C [24]. In
addition, the formation of ammonium sulfate/bisulfate particles
cannot be excluded according to the XRD results because these
species also showed typical diffraction peaks between 20 and 30◦.
Previous research has indicated that at around 280 ◦C pure ammo-
nium sulfate can decompose into ammonium bisulfate [25], which
was more stable up to 390 ◦C (for pure NH4HSO4) [26]. However,
on some catalyst surface the decomposing temperature of these
species can be further lowered, such as 250 ◦C for NH4HSO4 over
V2O5/AC [26]. Therefore, even if these sulfate species could deposit
on the surface of FeTiOx catalyst, the amount should be rather small
and neglectable because the sulfation temperature in this study was
set at 300 ◦C. The formation of ammonium sulfate/bisulfate parti-
cles leading to the blockage of some pore channels should not be

the main reason for the catalyst deactivation. The structure change
of iron sites after sulfation in this catalyst should be critical for
the variation of catalytic performance, which can be proved by the
subsequent experimental results.
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.4. XAFS

Fig. 3A and B shows the EXAFS oscillations k3·�(k) and corre-
ponding Fourier transforms of filtered k3·�(k) into R space of Fe
-edge in Fe2(SO4)3 reference sample and FeTiOx catalysts before
nd after sulfation. New EXAFS oscillations of Fe K-edge in FeTiOx

atalyst occurred after sulfation at some k values, as the dashed
rrows shown in Fig. 3A, which may be attributed to Fe–O–S oscil-
ations. As shown in Fig. 3B, for the FeTiOx-fresh catalyst, the first
eak in R space was attributed to Fe–O bond in the first coordination
hell and the second peak to Fe–O–Ti bond in the second coordi-
ation shell [16]. For the Fe2(SO4)3 reference sample, the first peak
as also attributed to Fe–O bond but with larger bond distance

han that in FeTiOx, and the second peak was attributed to Fe–O–S
ond also with larger bond distance than that of Fe–O–Ti. As we
an see, after sulfation the Fe–O bond distance in FeTiOx catalyst
howed some increase. At the same time, another shoulder peak
ppeared at a longer distance than that of Fe–O–Ti bond, indicat-
ng the formation of some Fe–O–S structure. Comparatively, the
XAFS oscillations k3·�(k) and corresponding Fourier transforms
f filtered k3·�(k) into R space of Ti K-edge in the Ti(SO4)2 refer-
nce sample and FeTiOx catalysts before and after sulfation are
hown in Fig. 3C and D. Obviously, no change was observed for
XAFS oscillations of Ti K-edge in FeTiOx catalyst after sulfation.
ccordingly, both Ti–O and Ti–O–Fe bonds in R space also showed
o obvious variation after sulfation, and no new peak attributed to
i(SO4)2 species appeared. These results imply that sulfate species
as mainly formed on iron sites, but not titanium sites of FeTiOx

atalyst during the sulfation process. To further confirm the state
f the formed sulfate species, S K-edge XANES spectra of Fe2(SO4)3,
i(SO4)2 and FeTiOx catalyst after sulfation are presented in Fig. 3E.
ot only the pre-edge peak intensity but also the absorption edge
nergy (see first-order derivatives in the inset figure) of S K-edge in
eTiOx after sulfation were identical to those of Fe2(SO4)3, implying
gain the formation of sulfate species on iron sites. Fig. 3F shows
he difference between the spectra of Fe K-edge EXAFS oscillations
n FeTiOx catalysts before and after sulfation, with the red dots cor-
esponding to the calculated EXAFS oscillations of Fe–O–S bond in
e2(SO4)3 using FEFF. Good curve fitting results were obtained as
hown by the fitting data in Table 2, validating the formation of
e–O–S structure again. The validity of the FEFF calculated phase
hift and amplitude function are also confirmed by the curve fitting
esult of the second coordination shell in Fe2(SO4)3 reference sam-
le using Fe–O–S scattering path (as shown in Fig. S2), which are in
ood accordance with the crystallographic data within 0.01 Å.

.5. XPS

The oxidation states of surface elements on FeTiOx catalysts
efore and after sulfation in the SCR condition were characterized
sing XPS, as the results shown in Fig. 4. On the FeTiOx-fresh cata-

yst, no obvious S 2p band was observed in Fig. 4A, and the S content
as calculated to be only 0.2% in molar ratio, which was resulted

rom residual sulfate species from the Ti(SO4)2 precursor. After sul-
ation, an evident band attributed to S 2p was observed and the S
ontent also increased to 4.7%, implying the formation of sulfur-
ontaining species on the catalyst surface. The binding energy of
his S 2p band was 169.1 eV, which was typical for S6+ in the form
f SO4

2− connecting to the iron sites according to the XRD and
AFS results [27–30]. The O 1s bands in Fig. 4B were deconvoluted
y searching for the optimal combination of Gaussian sub-bands

ith the correlation coefficients (r2) above 0.99 (PeakFit software
ackage, Version 4.12, SeaSolve Software Inc.). The sub-bands at

ower binding energy (530.2–530.5 eV) corresponded to the lattice
xygen O2− (denoted as O�), and the sub-bands at higher bind-
ng energy (531.6–532.1 eV) corresponded to the surface adsorbed
onmental 103 (2011) 369–377

oxygen (denoted as O�), such as O2
2− or O− belonging to defect-

oxide or hydroxyl-like group [31]. After sulfation, both of the O�

and O� bands shifted towards higher binding energies (0.3–0.5 eV)
due to the stronger electron affinity by S6+ in SO4

2−. In addition, the
ratio of O�/(O� + O�) increased from 28% to 51% after sulfation, indi-
cating the presence of more hydroxyls on the catalyst surface. We
inferred that these surface hydroxyls were mainly acidic due to the
hydration of SO4

2− to form S–OH group, supplying more Brønsted
acid sites to adsorb NH3 in the form of NH4

+ during the SCR pro-
cess. This hypothesis can be verified by the following in situ DRIFTS
experiments.

The XPS results of Fe 2p and Ti 2p are shown in Fig. 4C and
D, respectively. On the FeTiOx-fresh catalyst, the binding energies
of Fe 2p3/2 (711.1 eV) and Fe 2p1/2 (724.9 eV) corresponded well
with those of Fe3+, and the binding energies of Ti 2p3/2 (458.6 eV)
and Ti 2p1/2 (464.3 eV) were typical characteristics of Ti4+ [32,33].
After sulfation in the SCR condition, both of the Fe 2p and Ti 2p
bands shifted towards higher binding energies (ca. 0.5 eV). This
was mainly due to the inductive effect of the S O covalent double
bond with a much stronger affinity to electrons [34,35], implying
an enhanced Lewis acid strength of metallic sites on the cata-
lyst surface. This inductive effect also resulted in the enhanced
Brønsted acidity when H2O molecules adsorbed on unsaturated
metallic sites to form surface acidic hydroxyls [34,36]. Therefore,
together with the extra Brønsted acid sites introduced by sulfate
species itself, the surface Brønsted acidity and Lewis acid strength
derived from metallic sites on FeTiOx catalyst were also simulta-
neously improved by the sulfation process. On one hand, this will
provide more acid sites for the adsorption of NH3, supplying more
reducing agent for the SCR reaction especially in the relatively high
temperature range. On the other hand, however, too strong affinity
of NH3 by the sulfated catalyst in the relatively low temperature
range would inhibit the NH3 activation and then decrease the low
temperature SCR activity to a certain extent.

3.6. In situ DRIFTS of SO2 + O2 treatment

To further elucidate the surface sulfate species and the sulfa-
tion sites on FeTiOx catalyst, in situ DRIFTS of SO2 + O2 treatment
on Fe2O3, FeTiOx-fresh and TiO2 were carried out at 200 ◦C and
the results are shown in Fig. 5. As shown in Fig. 5A, obvious over-
lapped vibration bands appeared from 800 to 1400 cm−1 in the
spectrum of Fe2O3 after sulfation, which were generally attributed
to sulfur-containing species. Several sharp negative bands at 3631,
3666 and 3724 cm−1 were observed, indicating the consumption
of surface basic hydroxyls through interaction with SO2 [37]. An
obvious band at 1614 cm−1 ascribed to ıHOH vibration mode also
appeared, implying the formation of H2O in the sulfation process
or the adsorption of trace of H2O from simulating gas [38,39]. The
presence of a large broad band in the range of 3000–3500 cm−1

due to the O–H stretching vibration mode also confirmed this
point of view [38]. As for the FeTiOx catalyst after SO2 + O2 treat-
ment for the same time, similar bands as those observed on Fe2O3
appeared, including overlapped bands of sulfur-containing species
in the range of 900–1400 cm−1, hydroxyl consumption bands at
3724 and 3691 cm−1 together with the H2O adsorption band at
1614 cm−1. The major difference was that the intensity of these
bands was much lower than those on Fe2O3, indicating that less
amount of sulfur-containing species was formed on the catalyst
surface. The presence of titanium species in the FeTiOx catalyst

could hinder the sulfation process to a certain extent, weaken-
ing the SO2 poisoning effect in the SCR reaction. The TiO2 sample
was prepared from Ti(SO4)2 precursor, therefore a small amount
of sulfate species already existed on the surface before sulfation.
After SO2 + O2 treatment, a negative band at 1363 cm−1 due to
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Fig. 3. XAFS results: (A) k3·�(k) of Fe K-edge; (B) Fourier transforms of filtered k3·�(k) of Fe K-edge; (C) k3·�(k) of Ti K-edge; (D) Fourier transforms of filtered k3·�(k) of Ti
K-edge; (E) XANES of S K-edge and corresponding first-order derivatives (inset); (F) difference between the spectra of Fe K-edge EXAFS oscillations in FeTiOx catalysts before
and after sulfation in SO2 + O2 and SCR condition in the R range of ca. 2.3–3.1 Å (the red dots correspond to the calculated EXAFS oscillations of Fe–O–S bond in Fe2(SO4)3

using FEFF). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Table 2
Curve fitting results of Fe K-edge EXAFS difference spectra in FeTiOx catalysts before and after sulfation.

rdinat

± 0.2
± 0.1

t
o
3
a
s
s

Samples Bond type Coo

[FeTiOx-sulfation] – [FeTiOx-fresh] Fe–O–S 1.2
[FeTiOx-sulfation in SCR] – [FeTiOx-fresh] Fe–O–S 1.4

he coverage or hydration of residual sulfate species by H2O was
bserved. Although the hydroxyl consumption bands at 3629 and

710 cm−1 along with the H2O adsorption band at 1614 cm−1 were
lso observed, no obvious band attributed to sulfur-containing
pecies was found, implying the high resistance of TiO2 to SO2 poi-
oning as we mentioned above. This is in well accordance with the

Fig. 4. XPS results of (A) S 2p, (B) O 1s, (C) Fe 2p and (D) Ti 2
ion number Bond distance (Å) DW factor (�2) (10−3 Å2)

3.29 ± 0.01 7.6
3.28 ± 0.01 7.6

results from Long and Yang, in which the sulfate species could not
significantly form on TiO -PILC after SO + O + H O treatment at
2 2 2 2
400 ◦C [40]. Summarizing these results we can see that, on FeTiOx

catalyst the sulfation process mainly occurred on iron sites, and
the SO2 poisoning effect was weakened to a certain extent by the
presence of titanium species in the form of Fe–O–Ti structure [16].

p in (a) FeTiOx-fresh and (b) FeTiOx-sulfation in SCR.
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Fig. 5. In situ DRIFTS of SO2 + O2 treatment on Fe2O3, FeT

Due to the strong overlapping of bands in the range of
00–1400 cm−1, it was difficult to distinguish the kinds of sulfur-
ontaining species formed on catalyst surface. The bands were
herefore deconvoluted with PeakFit software package searching
or the optimal combination of Gaussian sub-bands with correla-
ion coefficients (r2) above 0.99, as shown in Fig. 5B and C. According
o the literature, the possible sulfur-containing species may include
identate “organic” sulfate and “inorganic” sulfate, tridentate sul-
ate and bisulfate [37,40–45]. For instance, on the surface of Fe2O3,
he sub-bands at 1372 and 1255 cm−1 were attributed to asym-

etric and symmetric stretching vibration modes of O S O, which
ere typical for “organic” sulfate species with covalent S O dou-

le bonds [40,46]. In the presence of H2O, partial “organic” sulfate
pecies could transform into “inorganic” sulfate species, leading to
he formation of SO4

2− species with ionic S–O bonds. Therefore, the
and at 1312 cm−1 in this case was attributed to chelating biden-
ate “inorganic” SO4

2− bound to iron sites [40]. It has been reported
hat the symmetry of free SO4

2− was tetragonal (Td), giving a totally
ymmetric S–O stretching vibration near 980 cm−1 (�1, IR inactive)
nd an asymmetric triply degenerate S–O stretching vibration near
100 cm−1 (�3, IR inactive) [42]. When the SO4

2− bonded to iron
ites on the sample surface in the form of chelating bidentate con-
ormation, its symmetry was degenerated from Td to C2v, giving IR
ctive �1 vibration mode together with the splitting of the �3 band
nto three bands in the range of 900–1250 cm−1 [42,43]. Therefore,
he sub-band at 986 cm−1 in the spectrum of Fe2O3 was ascribed to
he symmetric S–O stretching vibration mode of bidentate “inor-
anic” SO4

2−, and the sub-bands at 1078, 1157 and 1213 cm−1 were
ue to its �3 band splits [37,41,42,44]. In addition to the bands
riginated from sulfate species, another band located at 897 cm−1

as also observed, which could be assigned to the symmetric S–O
tretching vibration mode in bisulfate species (HSO4

−, C3v) [42].
s for the FeTiOx catalyst after sulfation, similar bands attributed

o “organic” sulfate species (�as S O at 1377 cm−1 and �s S O at

259 cm−1) and “inorganic” SO4

2− group (�1 at 996 cm−1 and �3
plitting bands at 1058, 1149 and 1207 cm−1) were also observed,
mplying the formation of chelating bidentate “organic” and “inor-
anic” sulfates on the iron sites. Besides, another small band at
346 cm−1 was also found, which could be attributed to the stretch-
sh and TiO2 at 200 ◦C for 2 h and then N2 purge for 0.5 h.

ing vibration mode of the S O double bond in tricoordinated sulfate
species with three long S–O bonds and one short S O bond stand-
ing up on the catalyst surface [45,47]. This type of sulfate species
was not observed on the Fe2O3 surface, possibly due to the different
surface structures of these two samples. Furthermore, no bisulfate
species was detected on the surface of FeTiOx catalyst, which is
also different from that on pristine Fe2O3. In summary, the sulfate
species formed on FeTiOx catalyst and Fe2O3 sample in the sulfa-
tion process was mainly in the chelating bidentate conformation on
iron sites, although a small amount of tridentate sulfate or bisulfate
might also exist under certain conditions.

3.7. NH3 and NOx adsorption capability

The above XRD, XAFS, XPS and in situ DRIFTS results have shown
that sulfate species was mainly formed on the iron sites of the
FeTiOx catalyst after sulfation, which would lead to the enhance-
ment of surface acidity and acid strength. This conclusion can be
confirmed by the NH3-TPD results, as shown in Fig. 6A. From the
FeTiOx-fresh catalyst, three NH3 desorption peaks were detected
with the increasing of temperature. As we described in previous
study [48], the sharp peak at 84 ◦C was attributed to physisorbed
NH3, and the peak centered at 134 ◦C was ascribed to NH4

+ bound
to weak Brønsted acid sites (some surface hydroxyls). The broad-
est peak centered at 215 ◦C was due to the multiple desorptions of
NH4

+ bound to strong Brønsted acid sites (some surface hydrox-
yls with enhanced acidity induced by sulfate species and hydroxyls
directly linked to sulfate species) and coordinated NH3 bound to
Lewis acid sites. After sulfation, more strong Brønsted acid sites
existed on the catalyst surface, and the Lewis acid strength was
also enhanced, which directly resulted in the much higher affinity
of NH3 species. Therefore, no obvious NH3 desorption peak from
FeTiOx-sulfation was found below 250 ◦C. The in situ DRIFTS of NH3
desorption from FeTiOx-sulfation in Fig. S3 (Supporting Informa-

tion) showed that partial NH4

+ bound to Brønsted acid sites could
transform into coordinated NH3 bound to Lewis acid sites because
of the dehydroxylation effect from 30 to 250 ◦C. At higher tem-
peratures, an obvious NH3 desorption peak centered at 354 ◦C was
observed, which was composed of NH4

+ bound to acidic hydroxyls
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The above NOx-TPD results showed that there was nearly no
nitrate species formed on sulfated catalyst surface, which is in
well accordance with the following in situ DRIFTS results in Fig. 7.
Fig. 6. (A) NH3-TPD and (B) NOx-TP

f sulfate species and NH3 bound to titanium sites with enhanced
ewis acid strength. This result implies that in the relatively high
emperature range much more adsorbed NH3 species could partici-
ate in the SCR reaction, leading to a shift of operation temperature
indow towards higher temperature range.

Our previous study already showed that the oxidation of NO to
O2 and the subsequent formation of active nitrate species mainly
ccurred on the iron sites of FeTiOx catalyst in the low tempera-
ure SCR reaction [48]. After sulfation, the oxidation of NO to NO2
as shown in Fig. S4) and thereafter the formation of nitrate species
ould be strongly hindered because of the stronger acidity of sulfate
pecies on iron sites. The comparative NOx-TPD results in Fig. 6B
urther confirmed this point of view. From the FeTiOx-fresh cata-
yst, a weak NOx desorption band around 100 ◦C together with an
bvious NOx desorption band centered at 320 ◦C were observed.
ccording to our previous study, the former desorption band was
ue to the decomposition of monodentate nitrate and the latter
ne to the multiple decompositions of bridging nitrate and biden-
ate nitrate [48]. In contrast, no obvious strong NOx desorption
and was observed from FeTiOx-sulfation in the whole tempera-
ure range besides of some broad and weak bands below 250 ◦C.
ompared with the in situ DRIFTS of NOx desorption from FeTiOx-
ulfation in Fig. S3 (Supporting Information), these weak bands
ould be attributed to desorption of physisorbed NO and decom-
osition of bidentate nitrate. The NOx desorption amounts from
hese two samples showed that the NOx adsorption capability on
eTiOx catalyst was indeed strongly inhibited by the sulfation pro-
ess. The active nitrate species could not continuously form on
ulfated catalyst surface, which was disadvantageous for the low
emperature SCR activity. In short summary, the inhibition of NOx

dsorption capability in the relatively low temperature range and
he enhancement of NH3 adsorption capability in the relatively high

emperature range simultaneously shifted the operation tempera-
ure window of the sulfated catalyst towards higher temperature
ange.

According to our previous study, the SCR reaction over
eTiOx-fresh mainly followed the Langmuir–Hinshelwood (L–H)
FeTiOx-fresh and FeTiOx-sulfation.

mechanism in the low temperature range (<200 ◦C) and Eley–Rideal
(E–R) mechanism in the high temperature range (>200 ◦C). Based on
the TPD results above, it is deduced that only the E–R mechanism
between adsorbed NH3 species and gaseous or weakly adsorbed
NO was present over FeTiOx-sulfation, as there was almost no
NOx desorbed species detected in the whole temperature range.
The detailed SCR reaction mechanism over FeTiOx-sulfation will be
further investigated using in situ DRIFTS method in the following
section.

3.8. Reaction mechanism over FeTiOx-sulfation
Fig. 7. In situ DRIFTS of reaction between NH3 and pre-adsorbed NOx species at
200 ◦C over FeTiOx-sulfation.
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ture window of the sulfated catalyst shifted ca. 50 C towards higher
ig. 8. In situ DRIFTS of reaction between NO + O2 and pre-adsorbed NH3 species at
00 ◦C over FeTiOx-sulfation.

fter NO + O2 adsorption and N2 purge at 200 ◦C, no infrared bands
ttributed to nitrate species were detected. The band at 1616 cm−1

as assigned to the ıHOH vibration mode of adsorbed H2O con-
ained in the simulating gas, and the negative band at 1390 cm−1

as due to the coverage or hydration of partial residual sul-
ate species by H2O. After the introduction of NH3, strong bands
ttributed to adsorbed NH3 species were observed, including ionic
H4

+ bound to Brønsted acid sites (ıs at 1684 cm−1 and ıas at
429 cm−1) and coordinated NH3 bound to Lewis acid sites (ıas

t 1606 cm−1 and ıs at 1298 cm−1) [40,49]. At the same time,
bvious N–H stretching vibration bands from ionic NH4

+ (3221,
041 and 2835 cm−1) [50–52] and coordinated NH3 (3356, 3253
nd 3170 cm−1) [53] also appeared. Two negative bands at 3660
nd 3590 cm−1 were caused by the consumption of surface acidic
ydroxyls through the interaction with NH3 to form NH4

+. The
ntense negative band at 1375 cm−1 (�as S O) was owing to the
nteraction between sulfate species and NH3, in which process
mmonium sulfate ((NH4)2SO4) might directly form on the catalyst
urface. Therefore, it is deduced that the band at 1084 cm−1 was
ttributed to the perturbation of sulfate species (�s S–O) through
eaction with NH3 to form (NH4)2SO4. In the standard IR spec-
rum of (NH4)2SO4 from NIST Chemistry WebBook, as shown in
ig. S5 in Supporting Information, a similar band at 1088 cm−1

as also observed, confirming the formation of surface (NH4)2SO4
pecies in our case. These results imply that the catalyst surface
cidity was indeed strongly enhanced by the sulfation process, and
here was no occurrence of SCR reaction between adsorbed NOx

pecies and adsorbed NH3 species through L–H mechanism.
Afterwards, the in situ DRIFTS experiment of reaction between

O + O2 and pre-adsorbed NH3 species over FeTiOx-sulfation was
arried out and the results are shown in Fig. 8. After NH3 adsorption
nd N2 purge, the bands ascribed to ionic NH4

+ (ıs at 1684 cm−1 and
as at 1437 cm−1) and coordinated NH3 (ıas at 1606 cm−1 and ıs at
298 cm−1) showed up, similar to the results shown in Fig. 7. The
ubsequent introduction of NO + O2 resulted in an evident intensity
eakening of these bands, indicating the consumption of adsorbed
H3 species. With the increasing of reaction time, the ıas vibra-

ion band of coordinated NH3 at 1606 cm−1 and ıs vibration band
f ionic NH4

+ at 1684 cm−1 overlapped with the ıHOH vibration
and (1616 cm−1) of adsorbed H2O produced in the SCR reaction.

he broad band in the range of 3000–3500 cm−1 owing to the O–H
tretching vibration mode also confirmed the formation of a large
mount of H2O. After reaction for 60 min, the surface concentra-
ions of both NH4

+ and NH3 were greatly lowered, accompanied by
Fig. 9. In situ DRIFTS of reaction in NH3 + NO + O2 at 200 ◦C over FeTiOx-sulfation.

the recovering of negative hydroxyl consumption bands at 3660
and 3590 cm−1. The negative band at 1387 cm−1 was also par-
tially recovered, which implied that the NH4

+ bound to sulfate
species could also take part in the SCR reaction. The small band at
1886 cm−1 could be attributed to the stretching vibration mode of
NO in gas phase [54] when the surface reducing agent was not suffi-
cient. During the whole reaction process, no nitrate species or other
nitrogenous intermediates were found on the catalyst surface, sug-
gesting an E–R reaction mechanism between adsorbed NH3 species
and gaseous or weakly adsorbed NO. The dehydrogenation of ionic
NH4

+ to NH3
+ species [51] and coordinated NH3 to NH2 species

[55] by adjacent Fe3+ may be the rate determining step, followed
by subsequent reaction with NO to produce N2 and H2O.

Finally, the in situ DRIFTS experiment of SCR reaction over
FeTiOx-sulfation as a function of time was conducted and the
results are shown in Fig. 9. During the whole SCR reaction pro-
cess, only adsorbed NH3 species was observed over the catalyst
surface, except for a small band at 1886 cm−1 attributed to gaseous
NO at around 10 min. This result shows again that the L–H reaction
pathway was cut off due to the sulfation process and only the E–R
reaction pathway dominated over this sulfated catalyst, which is in
well accordance with the TPD and activity test results.

4. Conclusions

The sulfation process showed an obvious influence on the
structure and SCR activity of FeTiOx catalyst. After long-time SCR
reaction in SO2-containing atmosphere, the surface area and pore
volume showed some decrease to a certain extent, although this
was not a main reason for the catalyst deactivation. According to the
XRD, XAFS and XPS results, the sulfate species was mainly formed
on iron sites in a chelating bidentate conformation, resulting in the
higher binding energies of Fe 2p and Ti 2p due to the inductive effect
of the S O double bond. Both of the Brønsted acidity and Lewis acid
strength on the catalyst surface were greatly enhanced, leading to
larger NH3 adsorption capability especially in the high temperature
range. However, the active nitrate species could not form effec-
tively owing to the stronger acidity of sulfate species on iron sites.
Therefore, the low temperature SCR activity was inhibited due to
the cutting off of the L–H reaction pathway. The operation tempera-

◦

temperature range accordingly. The mechanism study shows that
only the E–R reaction pathway dominated in the NH3-SCR reaction
over sulfated FeTiOx catalyst, which is an important reason for its
enhanced SO2 durability at high temperatures. For practical use,
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his FeTiOx catalyst can be used for DeNOx process in SO2-free con-
itions, or in the presence of SO2 when the reaction temperature is
igher than 250 ◦C.
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