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FeMnO,/TiO, with different iron and manganese oxides adding orders were prepared through isovol-
umetric impregnation and tested for catalytic oxidation of NO with O,. It was found that the sample
obtained from one-step impregnation method had better catalytic activity. The excellent activity was
attributed to higher surface area, lower crystalline of manganese oxides, abundant Mn3*, Fe3* and
chemisorbed oxygen species on the surface. Furthermore, effects of loading sequences on FeMnO,/TiO,

ﬁ%}‘(/)v:i:f;ion catalysts were investigated. The study showed that Fe and Mn would affect each other and change the
FeMnOj/TiO» surfe.ace.p.hysicochemical properties of .FquQX/TiOZ when they we1"e loaded step-!ay-step. In addition,
Loading sequences the inhibiting effect of H,O on catalytic activity was reversible while the conversion of NO recovered
Mechanism to 40% when SO, was cut off. XPS analysis between used and fresh catalysts revealed the electron

transfer between Fe™ and Mn"" ions in FeMnOy/TiO,. Possible reaction mechanism was put forward
by comprehensive analysis of XPS and FT-IR results.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Nitrogen oxides (NOyx) which mainly contain nitric oxide (NO)
and nitrogen dioxide (NO,), contribute to many environmental
problems such as acid rain ozone depletion and photochemical
smog [1-3]. NOx removal has been urgently required due to the
increasing emission from transport sectors and industries. Con-
siderable interest has recently been taken into the process of
developing catalysts for oxidizing NO into NO,, since NO, is always
more favored than NO for NOy reduction among several procedures
such as selective catalytic reduction with hydrocarbons (HC-SCR)
[4] or ammonia (NH3-SCR) [4-6] and NOy storage-reduction (NSR)
[4,7,8]. Besides that NO, is easier to be removed by absorption than
NO. The maximum NOy absorption efficiency could be achieved
while the ratio of NO/NOy equals about 60% [3,9-11]. As the per-
centage of NO in NOy is more than 90%, one promising approach to
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oxidize NO to more actively NO, (2NO +0, — 2NO,) in either gas
or liquid phase is needed [3,10].

Manganese oxide (MnOy) has attracted lots concerns for NOy
reduction since the year of 1994 when MnOy was firstly used in SCR
by Kapteijnetal.|[12]. Nowadays, MnOy is widely used in NO oxida-
tion due to their high catalytic efficiency and fairly cost-effective.
Effects of Mn precursors [13] and preparation methods [14] on NO
oxidation over Mn/TiO, have been studied. Tang et al. [15] deduced
the mechanism of NO catalytic oxidation over MnOy/TiO, catalyst
through a systematic in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) investigation. A few works found
that catalytic oxidation of NO to NO, would happen when Mn-Fe
composite oxides was used in selective catalytic reduction of NO
by NH3 [16-19]. Chen et al. [ 18] indicated that adding Fe on MnOx
could increase the activity for NO oxidation to NO, and thereby
enhance the SCR activity. Yang et al. [19] reported that Fe3* cation
on the surface over Mn-Fe spinel would oxidize the adsorbed NO
to form NO,~ during the SCR reaction. Zhao et al. [17] also found
the addition of Fe increased both NO conversion and the resistance
to H,0 and SO, for Fe-La-Mn/Al,03. FeMnOy-based catalysts were
expected to perform well for NO oxidation which they were rarely
used for [20].
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Impregnation method is widely used in preparation for sup-
ported metal oxide catalysts. When two or more active components
are loaded on the supported materials, the precursors are usu-
ally added simultaneously. Few works have been done to check
out whether the active components affect each other when they
are added step-by-step [21]. This work focused on the comparison
of FeMnOy/TiO, catalysts which were synthesized with different
adding orders by isovolumetric impregnation method. Effects of
loading sequences on the physicochemical properties of catalysts
were systematically investigated by N, adsorption-desorption,
powder X-ray diffraction (XRD), scanning electron microscopy
(SEM), X-ray photoelectron spectra (XPS) in combination with the
activity evaluation of NO catalytic conversion. Sulfur and water
resistance tests on the best performed catalyst have also been car-
ried out. Mechanism of such a heterogeneous reaction was deduced
through XPS and Fourier-transform infrared spectra (FT-IR) analy-
sis in present work.

2. Experiment
2.1. Materials preparation

The molar ratios of Fe/Ti and Mn/Ti were 0.15 and 0.3, respec-
tively, as Fe(0.15)-Mn(0.3)/TiO, had the best performance in
oxidation of NO (Figs. S1 and S2). The commercial titanium diox-
ide (TiO,) was obtained from Tianjin Kemiou Chemical Reagent Co.
Ltd. (Tianjin, China). All the chemicals were of analytical grade and
used as received without further purification.

Mn(0.3)/TiO, and Fe(0.15)/TiO, were prepared by isovolumet-
ric impregnation method. Before the addition of TiO,, appropriate
amount of manganese nitrate or ferric nitrate was added to deion-
ized water in a beaker with steady stirring at 30 °C. The duration
time meeting the requirement of immersion was 24 h. The mix-
tures obtained after impregnation were dried overnight at 110°C
and calcined at 450°C for 3 h before they were ground into parti-
cles.

Mn(0.3)/Fe(0.15)/TiO, and Fe(0.15)/Mn(0.3)/TiO, were synthe-
sized by adding Fe(0.15)/TiO, and Mn(0.3)/TiO, particles into
the solution of manganese nitrate and ferric nitrate, respec-
tively. The Mn(0.3)-Fe(0.15)/TiO, catalyst was prepared by adding
TiO, into the mixed manganese nitrate and ferric nitrate solu-
tion. The procedures were the same as above. TiO, sample
impregnated with deionized water was prepared by the same
way.

2.2. Characterization of materials

The specific surface areas of samples were determined by nitro-
gen adsorption—-desorption at —196°C on a Quadrasorb SI-3MP
analyzer (Quantachrome Instruments, USA). The specific surface
area was determined by BET (Brunauer-Emmett-Teller) equation
in 0.05-0.35 partial pressure range. Pore volumes and average
pore diameters were determined by Barrett-Joyner-Halenda (BJH)
method from the desorption branches of the isotherms.

XRD measurements were carried out on Rotaflex D/Max-C pow-
der diffractometer (Rigaku, Japan) to examine the crystallinity and
dispersivity of manganese and iron species on TiO,. The XRD pat-
terns were obtained over the 20 range from 10 to 80° with 2° min~!
scanning rate and 0.02° data interval, using nickel-filtered Cu Ko
(A=0.1543 nm) radiation as an X-ray source.

XPS analysis was performed at room temperature on a K-Alpha
1063 X-ray photoelectron spectrometer (Thermo Fisher Scien-
tific, USA) using 72W Al Ka radiation from micro-aggregation
monochromator. The penetration depth of the XPS was 10 nm. The
binding energies were calibrated by the C 1s peak at 284.6eV.

SEM photographs were obtained by means of Hitachi S-4800
(Hitachi Limited, Japan). The separated areas for each sample were
magnified to 40 000x and 100 000x.

FT-IR spectra were recorded on a FTIR-8400S IR Prestige-21 (Shi-
madzu, Japan) apparatus with a resolution factor of 2cm~! from
400 to 4000 cm™1, while the scans were collected at a scan speed
of 5 kHz. The pre-treated sample was first mixed with KBr at a ratio
of 1/100 (by weight) at each test. Background spectrum of pure KBr
was recorded and subtracted from each sample spectrum.

2.3. Catalytic activity testing

Catalytic activity tests of NO oxidation with O, were carried out
in a vertically oriented stainless steel column at 80-480°C under
atmospheric pressure. The catalysts (1.0g) were packed between
two pieces of glass wood which were plugged up to ensure the
material layer was in the center of the reactor. Standard composi-
tion of the basic flue gas included 500 ppm NO, 5% 05, 4vol% H,0
(when used), 200 ppm SO, (when used) and balanced N,. The total
flow rate was kept at 0.3 L/min, corresponding to a gas hourly space
velocity (GHSV) of 15000h~!. The peristaltic pump transferred
water into the stainless steel tube wrapped with a heating line and
then H, O (g) was generated. Before entering the reactor, feed gases
were mixed in a mixing tank, while O, was fed directly into the
reactor to avoid possible reaction with NO and SO, upstream the
catalyst layer.

Concentrations of NO, NO, and SO, were measured by a flue
gas analyzer (Testo 350 XL, Testo Co., Germany). The NO oxidation
conversion was calculated by the following equation:

100% x (C9o — Cno)

NO oxidation conversion (%) = o
CNo

where Cyg is the outlet NO concentration (ppm) and Cﬁo is the inlet
NO concentration (ppm).

3. Results and discussion

3.1. Effect of iron and manganese oxides loading sequences on
physicochemical property of the catalysts

3.1.1. Catalytic performance for NO oxidation

The temperature dependence of steady-state NO oxidation over
various materials were measured and compared with the ther-
modynamic equilibrium for NO conversion to NO, (in dashed)
under the given conditions (Fig. 1). TiO, showed negligible cat-
alytic activity during the entire temperature, while reactions on
the other catalysts were kinetically limited at low temperature and
became thermodynamic controlled after the equilibrium curve was
reached.

After the addition of Mn to TiO, and Fe(0.15)/TiO,, the cat-
alytic activity exhibited great enhancement, and the peaks removed
to lower temperature. However, the change was not so obvious
when Fe was loaded on TiO, and Mn(0.3)/TiO,. Mn brought a big-
ger improvement for catalytic activity on NO oxidation than Fe
did, especially for the promotion of NO oxidation at low tempera-
ture. Fe(0.15)-Mn(0.3)/TiO, exhibited the highest catalytic activity,
with the maximum NO conversion of 70% at 320°C. In contrast,
the removal efficiency of NO at the same temperature was lower
when the catalyst was obtained by step-by-step impregnation.
These results indicated that loading sequences influenced the activ-
ity of MnFeO,/TiO,, and one-step impregnation was favorable for
improving the catalytic activity.
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Fig. 1. NO conversion over FeMnO,/TiO, catalysts of different iron and manganese
oxides loading sequences. Reaction conditions: 1.0 g sample, 500 ppm NO, 5% O, N>
balanced; GHSV=15000h"".

3.1.2. BET analysis

The BET specific surface area, pore volumes and aver-
age pore sizes of different catalysts were summarized in
Table 1. The specific surface areas increased in the follow-
ing sequence: Mn(0.3)/Fe(0.15)/TiO2 < Mn(0.3)/TiO, < TiO,
<Fe(0.15)/TiO, <Fe(0.15)/Mn(0.3)/TiO, < Fe(0.15)-Mn(0.3)/TiOo,
which was not in corresponding with the trend of the NO oxidation
activity. Although it was reported that bigger surface area could
provide more active sites for catalytic reaction [13], surface area
was not the determinant factor of the catalytic activities for
oxidation of NO.

The influence of loading sequence to the tertiary oxides
catalyst was also investigated. Among all the samples,
Fe(0.15)-Mn(0.3)/TiO, possessed the largest specific surface
area (17.93 m2/g). The addition of Mn reduced the surface areas of
catalysts. This phenomenon could also be found in Mn(0.3)/TiO,
and Mn(0.3)/Fe(0.15)/TiO, whose surface areas were 11.06 m2/g
and 9.432m?/g, respectively. Combined with the XRD results
discussed later, it could be inferred that MnOx occupied a part
of free pores of carriers during the impregnation process, and
step-by-step impregnation with prior addition of Fe to TiO,
would intensify the effect. For the samples Fe(0.15)/TiO, and
Fe(0.15)/Mn(0.3)/TiO-, the surface areas and pore volumes of the
carriers were both greatly increased after the addition of Fe. The
results suggested that Fe could improve the pore volumes of the
carriers and increase the specific surface areas as well.

3.1.3. XRD analysis

XRD was used to investigate the phase structures of the samples
(Fig. 2). Crystalline phases associated with TiO, support could be
clearly observed for all the samples. There were many peaks (25.3°,
37.8°,48.0°, 53.9°, and 55.1°) corresponded to anatase TiO, (ICDD
#21-1272) and only a few peaks (27.4° and 54.3°) were rutile TiO;

Table 1
BET surface areas and pore parameters of different catalysts.

Samples Surface area Pore volume Average pore
(m?/g) (cm?[g) size (nm)

TiO, 13.46 0.047 3.433
Mn(0.3)/TiO, 11.06 0.054 3.937
Fe(0.15)/TiO, 16.4 0.063 20.88
Fe(0.15)-Mn(0.3)/Ti0;  17.93 0.066 29.532
Mn(0.3)/Fe(0.15)/TiO, 9.432 0.018 3.079
Fe(0.15)/Mn(0.3)/TiO, 16.581 0.071 13.615

A A:Anatase TiO2 R:Rutile TiO,
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Fig. 2. XRD patterns of the catalysts: (a) TiO,, (b) Mn(0.3)/TiO, (c) Fe(0.15)/TiO,,
(d) Fe(0.15)-Mn(0.3)/TiO2, (e) Mn(0.3)/Fe(0.15)/TiO, (f) Fe(0.15)/Mn(0.3)/TiO,.

(ICDD #21-1276). With Fe and Mn loading, TiO, peaks were still
clearly observed but their intensity decreased, which suggested
that Mn and Fe had interacted with TiO, and covered the surface
of TiO, [22].

Mn(0.3)/TiO, showed small peaks at 32.95° and 65.8° (ICDD
#41-1442) which belonged to crystalline Mn;0s3. The diffraction
peak of Mn,O3 phase became sharp in Mn(0.3)/Fe(0.15)/TiO,,
but changed a little for Fe(0.15)/Mn(0.3)/TiO, and
Fe(0.15)-Mn(0.3)/TiO,. It could be preliminarily inferred that
the existence of Fe on the surface of catalyst increased the crys-
tallinity of Mn oxides [16]. Therefore, the highest activity of
Fe(0.15)-Mn(0.3)/TiO, was partly due to the well distribution of
manganese on the support [13].

For all the samples, no obvious traces of FeOx were found in any
of the catalysts during XRD analysis, which clearly indicated that
FeOy species were well dispersed throughout the support structure
or their crystalline structures were too small to detect [13,23,24].

3.1.4. SEM analysis

To further analyze the morphology and surface structure of the
samples, SEM images of FeMnOy/TiO, catalysts were obtained and
compared with virgin TiO, (Fig. 3). The separated areas for each
sample were magnified to 40 000 multiplier (Fig. 3A) and 100 000
multiplier (Fig. 3B).

As shown in Fig. 3, the characteristics of the TiO, sur-
face have changed according to the chemical loading. For
Fe(0.15)-Mn(0.3)/TiO,, the metal oxides on the TiO, surface was
highly dispersed and only a few oxides agglomerates existed
in TiO,. While the metal oxides particles were much bigger
on the surface of the other catalysts, which indicated that the
agglomerate were more apparent for Fe(0.15)/Mn(0.3)/TiO, and
Mn(0.3)/Fe(0.15)/TiO,. The results were in accordance with the
XRD results. It could be seen that Fe(0.15)/Mn(0.3)/TiO, catalyst
possessed a better smooth and uniform particle size distribution
than Mn(0.3)/Fe(0.15)/TiO,. Therefore, adding Fe before Mn would
prevent the dispersion of MnOy. The addition of Fe could enhance
the active species dispersed over catalyst support, which would
improve the surface area of catalyst.

3.1.5. XPS analysis

In order to found out the influence of loading sequences on the
surface chemical states of catalysts, XPS spectra of Mn 2p, Fe 2p and
O 1s in ternary composite catalysts were obtained. Surface atom
concentrations obtained by XPS characterization were shown in
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Fig. 3. SEM images of the catalysts: (a) TiO, (b) Fe(0.15)-Mn(0.3)/TiO;, (c)
Mn(0.3)/Fe(0.15)/TiO3, and (d) Fe(0.15)/Mn(0.3)/TiO;. (A) 40000 multiplier and
(B)100 000 multiplier.

Table 2. Percents of the surface atom were not equal despite three
catalysts being prepared by using equal amount materials. Percent-
ages of Fe, Mn and O on the surface of Fe(0.15)-Mn(0.3)/TiO, were
higher than the others, which suggested one-step impregnation
was useful for improving the dispersion of FeOy and MnOy on the
surface of catalyst.

Fig. 4 showed the Mn 2p, Fe 2p, and O 1s photoelectron peaks
of the catalysts measured by XPS. Distribution of the elements on
the surface were obtained and listed in Table 3.

Through deconvolution of the spectra, three peaks of Mn
2p3/2 suggested the existence of three manganese states: Mn3* at
641.5-641.7 eV [25,26], Mn** at 642.5eV [25,26] and Mn-nitrate
at 644.5eV [27,28]. The Mn-nitrate peak was expected as the cat-
alysts were calcined at a relatively low temperature of 450°C
[27,29]. Although the concentration of the surface atom Mn in

Table 2
Surface atom concentrations determined by XPS.

Samples Percent of surface atomic by XPS (at%)

Ti [0} Fe Mn
Fe(0.15)/Mn(0.3)/TiO; 25.1 61.23 2.86 10.82
Mn(0.3)/Fe(0.15)/TiO, 23.48 63.87 2.11 10.54
Fe(0.15)-Mn(0.3)/TiO, 18.12 65 5.95 10.93

Mn(0.3)/Fe(0.15)/TiO, was the lowest (10.54%), its percent of Mn3*
specie was very high (39.11%). Compared with the XRD results, it
could be inferred that adding Fe before Mn would promote the gen-
eration of Mn, O3 but inhibit the dispersion of MnOy on the surface
of catalyst. Fe(0.15)-Mn(0.3)/TiO, which showed the maximum NO
conversion possessed the highest Mn3* percentage (39.18%), this
phenomenon was also found in the other articles [14,25].

Fig. 4B showed the Fe 2p spectra of the samples. According to
the results of deconvolution, the binding energies of Fe 2p3/2 were
mainly centered at 711.4eV which indicated that the majority of
iron species in this sample was Fe3* [30,31]. The peaks at 710eV
and 712.6eV referred to Fe2* cation [31,32] and Fe3* bonded with
hydroxyl group (Fe'-OH) [19,32,33], respectively. The compo-
nents observed at about 719 eV and 715.5 eV were the fingerprints
of Fe3* and Fe?* species [33-35].

0O 1s XPS spectra of all samples were asymmetric and fitted to the
three groups. Lattice oxygen 02~ (denoted as 0Og) and chemisorbed
water (denoted as O,’) were located at 529.6-529.7eV and
532.8eV, respectively [5,36,37]. Peaks at 531.0-531.3eV were
assigned to surface adsorbed oxygen (denoted as Oy ), such as 052~
and O~ belonged to defect-oxide or hydroxyl-like group [5,36,37].
O, was often considered beneficial for the NO oxidation to NO,
due to its higher mobility than Og [5,24,25]. The concentration of
O in Fe(0.15)-Mn(0.3)/TiO, sample was much higher compared
with the other materials.

3.2. Effect of H,0 and SO, over Fe(0.15)-Mn(0.3)/TiO, catalyst

3.2.1. Sulfur tolerance and water resistance testing

It is difficult to remove SO, and H,O completely from the
flue gas. Thus, traces of SO, and H,O may still exist and affect
the denitrogen catalysis downstream [25,38]. The synergistic
effects of SO, (200 ppm) and H,0 (4 vol%) on NO conversion over
Fe(0.15)-Mn(0.3)/TiO; catalyst were investigated at 320 °C (Fig. 5).

When 4vol% H,0 was added to the simulated flue gas, NO
conversion decreased slowly and lost 7% activity in 160 min, but
the activity recovered completely after the removing of H,O.
These results showed that the inhibiting effect of H,O on the cat-
alytic activity was reversible. Nevertheless, the NOx conversion of
Fe(0.15)-Mn(0.3)/TiO, decreased about 45% in 240 min with the
adding of SO,. When H,0 and SO, were added together, the NO
conversion decreased to 16% which was the lowest spot. All those
indicates that the NO oxidation activity of Fe(0.15)-Mn(0.3)/TiO,
was intensively suppressed by the presence of SO,. This result
was consistent with the researches on other Mn and TiO, based
catalysts [20,24,25,39-43]. Fig. 5 showed that the NO conver-
sion recovered to 40% and 35% when SO, and H,O were cut
off. Therefore, after removing SO, and H,O, the inhibiting effect
on Fe(0.15)-Mn(0.3)/TiO, could be reduced. The deactivation of
catalytic oxidation of NO with O, may mainly attribute to the depo-
sition of metal sulfates. The adding SO, would be adsorbed and to
form unstable sulfite ion on the surface of the catalyst as its adsorp-
tion capacity was stronger than that of NO on metal oxide [25]. The
adsorbed oxygen then reacted with sulfite ion to form sulfate which
could block the catalyst and inhibit the catalytic activity seriously
[20,42].

3.2.2. FT-IR study

To gain insight for the adsorption characteristics of NO + O, and
deactivation by H,0 and SO, during NO oxidation, the FT-IR spec-
tra of co-adsorbed of NO (1000 ppm), O, (5%), H,0 (4 vol%) and SO,
(500 ppm), over Fe(0.15)-Mn(0.3)/TiO, were investigated (Fig. 6).
The sample was pretreated at 300°C in N, for 2 h before expos-
ing in the mixture gas for 2 h at 30°C whose total flow rate was
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Fig. 4. XPS spectra of (A) Mn 2p; (B) Fe 2p; (C) O 1s for (a) Fe(0.15)/Mn(0.3)/TiO-, (b) Mn(0.3)/Fe(0.15)/TiO,, and (c¢) Fe(0.15)-Mn(0.3)/TiO,.

300 ml/min, then purged it by N, at 80°C for 1h to remove the
decomposition products.

There was obvious peaks at 1075cm~! was attributed to car-
bonate in Fig. 6a [44], it could be formed when the catalysts
was exposed in the air. Other bands were different types of
adsorbed NOy species: bidentate nitrite (NO,~, 1394cm™1) [45]
monodentate nitrate (NO3~, 1517cm!), NO~ (1182cm™1) [46],
and NO, species on the surface of catalyst (1642-1605cm~1)
[46,47]. However, there was no trace of N,O3 and N,04 located
at 1885-1860cm~! and 1770-1740cm~! [48]. New peak at
1120cm™! corresponded to SO42~ was detected when SO, was
added to the pretreating gas [49]. Meanwhile, it was not found
when SO, was added with H,O because it was covered by the
peak of carbonate. A faint band was discernible at 1271cm™1,
which has been assigned by others to molecularly adsorbed SO,
[50].

As shown in Fig. 6¢ and d, different nitrate were formed: mon-
odentate nitrate over the surface of catalyst (1540cm~1) [19,45],
nitrate specie formed by the reaction of NO, and H,0 (1385 cm™1)

Table 3
Surface atomic ratio of catalysts determined by XPS.

[18]and symmetric stretching of bidentate nitrite (1192 cm~1)[45].
Peaks occurring at 1640 and 1394 cm~! in Fig. 6a were both shifted
approximately 8 cm~! to 1632 and 1385 cm~. The results showed
that when NO + O, was added with H,0 +S0,, the formed nitrate
on the surface of catalysts was more unstable and easier to decom-
pose [51].It could be inferred that H,O and SO, in the flue gas would
form SO42~ and decrease the binding force of NOy with the surface
of the catalyst.

Compared the FT-IR results with the sulfur and water tolerance
tests, the inhibitory effect of H,O and SO, on catalytic activity could
be deduced. The existence of H,O and SO, would block available
active sites for the adsorption of NO, as their adsorptions on the
catalyst were more competitive than NO [20,24,25]. The produced
HNO3; which was formed by the reaction of NO, and H,O would also
deposit on the catalysts’ surface restrain the adsorption of NO [18].
When SO, existed in the flue gas, it would form metal sulfates with
the metal on the surface of catalysts. The occupation of active site
by sulfate species would consequently decrease the NO oxidation
activity [20].

XPS spectra Surface atomic ratio, %

Element valence

Fe(0.15)/Mn(0.3)/TiO,

Mn(0.3)/Fe(0.15)/TiO; Fe(0.15)-Mn(0.3)/TiO,

Fe?*[Fe 12.93

Fe2p Fe3*[Fe 71.74
Mn*/Mn 36.86

Mn 2p Mn# Mn 38.31
o1 0g/0 28.44
s 04/0 41.78

12.18 7.72
62.70 68.20
39.11 39.18
39.21 35.71
21.36 23.93
55.25 63.39
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Fig. 5. Effect of H,O and SO, on the NO conversion over Fe(0.15)-Mn(0.3)/TiO.
Reaction conditions: 1.0 g sample, 500 ppm NO, 5% 0., 4vol% H,0O (when used),
200 ppm SO, (when used), N, balanced, at 320°C; GHSV=15000h""'.

3.3. The mechanism study

3.3.1. Possible reaction mechanism over Fe(0.15)-Mn(0.3)/TiO,

To further validate the gas-solid heterogeneous reaction
between NO, O, and Fe(0.15)-Mn(0.3)/TiO,, XPS measurement of
the used sample (exposed to 2000 ppm NO and 10% O, for 4h
at the temperature of 320°C) was also obtained. The percentages
of core electrons for fresh and used sample were compared and
listed in Fig. 7. The experimental results showed that the concen-
trations of Fe3*and Mn3* decreased, while the concentrations of the
lower valence iron state (Fe2*) and higher valence manganese state
(Mn**) increased after 4 h reaction. Those results were correspond-
ing with NO oxidation reactions over Fe3Mn30Og [18]. The electron
transfer between Fe™ and Mn™* ions could be deduced in Eq. (1),
and the following equations were presumed:

Fe3t + Mnt = Fe?* + Mn** (1)
NO + Mn*t - NO,4t +Mn3+ (2)
0, + 2Fe?t — 2Fe3* 420,45~ (3)
NoadsJr + 0445~ — NO3 (4)
d:NO,+0,+H,0+50,
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Fig. 6. FT-IR spectra taken upon Fe(0.15)-Mn(0.3)/TiO,.
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Fig. 7. Percentage of core electrons of used and fresh Fe(0.15)-Mn(0.3)/TiO.

The mechanism of oxidized NO with O, was extensively studied.
It was believed that Eqs. (5) and (6) took place when the ration
temperature was lower than 600K [52].

2NO = (NO) (5)
(NO); + 0, — 2NO, (6)

Margarita Kantcheva indicated NO was firstly oxidized to NO,,
and then surface nitrates formed from NO, on the surface of TiO,
[47]. The pathway of the formation of NO3~ was shown in Egs.
(7) and (8). Tang et al. and Li et al. proposed the NO was firstly
oxidized to nitrates by lattice oxygen, then decomposed to NO, at
high temperatures on Mn/TiO, and Ce-doped MnOy/TiO, [15,18].

3NO + OH™ — 2NO + NO~ + NOH (7)
3NO; +20H™ — 2NO3~ +NO + H,0 (8)
NO + 0~ — NO3~ (9)
NO + NO3~ — 2NO, + e~ (10)
4NO3~ — 4NO, + 0, + 202 (11)

Compared FT-IR results with the changes between increase and
consumption of Fe™ and Mn™" ions between fresh and used cat-
alysts, gasous NO might be oxidized by surface adsorbed oxygen
and firstly formed NO, by the way in reactions (1)-(4). However,
the formation of NO~ and bidentate nitrite on the surface sug-
gested that gaseous NO could also formed bidentate nitrite as Eqgs.
(12)-(17). Besides, these reactions could happen at the same time.

NO + O,gs~ — NOy~ (12)
NO,™ +NOy ™ — (NOy),*" (13)
(NO3 )2~ = 2NO, (14)
(NO2)2*" + 03— 2NO3~ (15)
2NO + 0,45~ — NOy +NO~ (16)
NO, + 0,45~ — NO3~ (17)

As the reaction temperature was above 300°C, the formed
nitrates might decompose to gaseous NO, by processes 12-13
[53]. The mechanism of the NO oxidation reactions over
Fe(0.15)-Mn(0.3)/TiO, were also proposed and depicted in
Scheme 1.
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Scheme 1. Mechanism of the NO oxidation reactions over Fe(0.15)-Mn(0.3)/TiO,.

4. Conclusions

This study not only aimed to explore the effect of load-
ing sequences on the structure and activity of FeMnOy/TiO5,
but also figured out the mechanism of NO oxidation over
Fe(0.15)-Mn(0.3)/TiO,. The conversion of NO to NO, yielded 70%
at 320°C with a space velocity of 15 000 h~! with the catalyst pre-
pared by one-step impregnation. Mn was important for catalytic
activity on NO oxidation at low temperature. The results of BET,
XRD and SEM characterizations indicated that the catalyst using
one-step impregnation exhibited the largest surface area and best
distribution of oxides on the support. The existence of Fe modi-
fied the structure of carriers, promoted the generation of Mn,03
but inhibited its dispersion on the surface of catalysts. Analysis of
XPS indicated that higher NO conversion might contribute to the
increase of chemisorbed oxygen (Oy,), Fe3* and Mn3*. The addition
of SO, and H,O0 in the feed gas could exert an adverse effect on
the NO, conversion. Comprehensive assessment of FT-IR and XPS
results revealed the reaction mechanism that the gas NO might oxi-
dized by adsorbed oxygen and firstly formed to NO, or bidentate
nitrite on the surface of the catalyst.
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