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ABSTRACT

The Mn/TiO; and a series of Mn-Ni/TiO, catalysts were prepared by adopting incipient wetness technique
and investigated for the low-temperature SCR of NO with NHj3 in the presence of excess oxygen. Our XPS
results illustrated that the MnO, is the dominant phase with respect to the Mn,Os phase (Mn*'/
Mn3* =22.31, 96%), thus leading to a large number of Mn** species (Mn**/Ti) over the titania support
for the Mn-Ni(0.4)/TiO, catalyst. It is remarkable to note that the SCR performance of all the nickel-doped
Mn/TiO, catalysts is accurately associated with the surface Mn** concentrations. The co-doping of nickel
into the Mn/TiO, with 0.4 Ni/Mn atomic ratio promotes the formation of surface MnO; phase and inhibits
the formation of surface Mn,0s sites. Our TPR results revealed that the addition of nickel oxide to titania-
supported manganese results in the stabilization of the former in the form of MnO, rather than Mn,0s.
Our TPR data results are in agreement with XPS results that the absence of the high-temperature (736 K)
peak indicates that the dominant phase in the Mn-Ni/TiO, catalysts is MnO,. The low-temperature
reduction peak is shifted to much lower temperatures in nickel-doped Mn/TiO, catalysts. This increase
in reducibility and the extremely dominant MnO, phase seem to be the reason for the high SCR activity
of the Mn-Ni/TiO, catalysts.

Published by Elsevier Inc.

1. Introduction

The current technology for post-combustion removal of NO is
the selective catalytic reduction (SCR) of NO by ammonia at med-
ium to high temperatures. Industrially adopted catalysts for the
practical applications of SCR reaction are V,05-MoOs3/TiO, and
V,05-WO03/TiO, [1,2]. However, the existing commercial catalytic
system suffers from the drop of N, selectivity at high temperatures
(573-673 K), the toxicity of vanadium pentoxide, high conversion
of SO, to SOs, and need to reheat the stack gas [3-6]. The develop-
ment of low-temperature SCR catalysts working at 150-250 °C can
offer a great solution to avoid all the problems associated with the
existing commercial catalytic system.

The manganese oxide is well known for its high activity in the
SCR of NO, at low temperatures [7-10]. In recent years, manga-
nese-based catalysts attracted much attention due to their high
activity for various reactions such as direct decomposition of nitric
oxide [11], CO oxidation [12], CH4 oxidation [13], and total oxida-
tion of volatile organic compounds [14,15]. In all these reactions,
the manganese oxide undergoes oxidation-reduction cycles (redox
process). The Mn** species and their redox process might be the
reason for the high activity in the SCR reaction of NO with NH3
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at low temperatures. The manganese nitrate has been predomi-
nantly used in the preparation of the supported system in the
SCR reaction of NO, studies, because of its high solubility in water
and the ease of removal of the nitrate anion during calcination. The
calcination temperature and metal loading have been found to
determine the final oxidation state of the supported manganese
oxide. On a support, MnO, is formed mainly below 700K and
Mn,03 is formed at 900 K [16-18]. The supported Mns;0, phase
can be prepared by the slow reduction of MnO, at the temperature
range of 665-700 K using hydrogen. Reduction at high tempera-
tures in H, (900 K) is proposed to result in the formation of surface
MnO at higher loadings [19].

The interaction of Mn with promoters or co-dopant species also
influences its oxidation state [20]. For example, the co-doping of
Mn/TiO, catalyst with copper cations formed mainly Mn,0O5 phase
at 723 K calcination temperature [21]. The interaction of Cr species
with the Mn/TiO, catalyst produced surface Mn>* species at 923 K
calcination temperature [22]. The contact of Ce with Mn by 0.8 M
ratio creates surface Mn,0s;, MnO, and MnsOg phases but not
MnO, [23].

In the present work, we investigated whether phase change can
occur with co-dopant nickel cations and promote the manganese
phase transformation from Mn,03 to MnO,, thus increase in cata-
lytic activity and stability of the catalyst. For this purpose, nickel
metal was induced in the Mn/TiO, catalyst by varying the Ni/Mn
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atomic ratio (Ni/Mn = 0, 0.2, 0.4, 0.6, and 0.8). However, the extre-
mely dominant surface MnO, phase with respect to the Mn,03
phase (Mn**/Mn3* = 22.31, 96%) was determined in our XPS analy-
sis of the Mn-Ni(0.4)/TiO, catalyst. The high dispersion of surface
Mn** species on the TiO, support is achieved by the Mn-Ni/TiO,
catalyst with Ni/Mn atomic ratio equal to 0.4. It is remarkable to
note that the SCR performance of all the prepared catalysts is accu-
rately correlated with the number of surface Mn** species (Mn**/Ti
ratio). The concentration and acidity (distribution) of Lewis acid
sites on Mn/TiO, catalyst have significantly improved by the
doping with Ni cations. The efficiency for NO removal, N, selectiv-
ity, temperature window, and time on stream stability (durability)
enhanced greatly when Ni was substituted into the Mn/TiO,
catalyst.

2. Experimental
2.1. Catalysts preparation

Mn/TiO; and a series of Mn-Ni/TiO, (Ni/Mn atomic ratio = 0.2,
0.4, 0.6, 0.8) catalysts were prepared by adopting a wet impregna-
tion method. TiO, anatase (Hombikat UV 100 from Sachtleben Che-
mie) was used as support material to prepare these catalysts.
Manganese nitrate (Mn(NOs),-xH,0, 99.99%, Aldrich) and nickel ni-
trate (Ni(NOs),-6H,0, Aldrich) were used as the source of manga-
nese and nickel, respectively. The manganese loadings were
selected as 5wt.%, and the nickel loadings were varied ranging
from O to 4 wt.%. The metal components of the catalysts are de-
noted as atomic ratios. All the ratios of the catalysts in this paper
are Ni/Mn =0, 0.2, 0.4, 0.6, 0.8. For convenience, we have given
as Mn-Ni(x)/TiO,, where x indicates the atomic ratio of nickel/
manganese. To achieve this, the required quantities of precursors
were added to a 100-mL beaker containing 2.0 g of support in
100 mL deionized water. The excess water was then slowly evapo-
rated on a water bath with continuous stirring at 70 °C. For com-
parison purposes, TiO, anatase (Hombikat) support alone was
mixed in deionized water and then water was evaporated with
continuous heating and stirring. The resulting materials were
oven-dried at 120 °C for 12 h and were ground and sieved (80-
120 mesh) to obtain homogeneous powder. Prior to the reaction
studies, the powder was calcined in a tubular oven at 400 °C for
2 h under continuous air flow (150 mL min™1).

2.2. X-ray diffraction

The powder XRD patterns were recorded on a Phillips Xpert dif-
fractometer using nickel-filtered Cu Ko (wavelength 0.154056 nm)
radiation source and a scintillation counter detector. An aluminum
holder was used to support the catalyst samples. The intensity data
were collected over a 20 range of 10-80° with a step size of 0.025°
and a step time of 0.25s. Crystalline phases were identified by
comparison with the reference data from International Center for
Diffraction Data (ICDD) files.

2.3. BET surface area and pore volume measurements

N, adsorption-desorption isotherms were obtained at liquid
nitrogen temperature (77 K) using Micromeretics Gemini surface
area apparatus. Prior to N, adsorption, 0.08-0.1 g of the samples
were degassed under helium atmosphere at 200 °C for 2 h in the
degassing port of the instrument. The adsorption isotherms of
nitrogen were collected by using approximately six values or rela-
tive pressure ranging from 0.05 to 0.99 and by taking 0.162 nm? as
the molecular area of the nitrogen molecule.

2.4. Temperature-programmed reduction (H,-TPR)

Hydrogen temperature-programmed reduction (H,-TPR) of var-
ious catalyst samples was performed by means of an automated
catalyst characterization system (Micromeritics, model AutoChem
11 2910), which incorporates a thermal conductivity detector (TCD).
The experiments were carried out at a heating rate of 5 °C/min. The
reactive gas composition was 10% H in argon with a flow rate of
20 mL min~! (STP). The amount of H, consumed by the catalyst
sample in a given temperature range (in mmol g~!) was calculated
by the integration of the corresponding TCD signal intensities. Prior
to the analysis, approximately 50 mg of the catalysts were pre-
treated at 200 °C for 2 h in ultra-high-pure helium (30 mL min™!)
stream after preheating samples were tested by increasing the
temperature from 50 to 800 °C. The temperature was then kept
constant at 800 °C until the signal of hydrogen consumption re-
turned to the initial values. The TPR runs were carried out with a
linear heating rate (10 °C/min) in a flow of 4% H, in argon with a
flow rate of 20 mL min~'. The hydrogen consumption was mea-
sured quantitatively by a thermal conductivity detector. A mixture
of isopropanol and liquid nitrogen was used in the trapper to col-
lect the formed water during the TPR experiment.

2.5. Oxygen pulse chemisorptions

The site time yield (STY), oxygen uptake, and the active metal
dispersion on the surface of the titania support were determined
by oxygen chemisorption measurements. These measurements
were obtained in a pulse (Micromeretics Autochemi I 2910 system)
mode using He as carrier gas (30 STP cm® min~!). Prior to the anal-
ysis, approximately 0.050 g of catalyst samples were reduced in
flowing H, (50 STP cm® min~!) at 250 °C for 2 h and then flushed
at the same temperature for 30 min in the He carrier flow [10].
Then, oxygen pulses (1 mL loop volume) were injected onto the
carrier gas until saturation of the sample was attained. The oxygen
uptake was quantified by a TCD connected to a 2910 Autochem I
(Micromeretics instrument).

2.6. NH;-TPD

NH5-TPD data were collected on a Micromeritics Autochem
2910 Automated Catalyst Characterization System. Each sample
(ca. 100 mg of finely ground powder) was initially pretreated
through heating at 200°C in an ultra-high-pure He stream
(30 mL/min) with a 2 h hold. After that, the furnace temperature
was lowered to 100 °C, and the samples were then saturated with
anhydrous NHs (4% in He) at a flow rate of 30 mL/min for 1 h. The
sample was flushed with 30 mL/min of He for 2 h to remove
weakly bound (physisorbed) NH3, after which the sample temper-
ature was reduced to 50 °C. Once a stable baseline by thermal con-
ductivity detector had been achieved, the temperature was then
ramped from 50 °C at a rate of 5 °C/min to 800 °C.

2.7. In situ FT-IR spectroscopy

FT-IR spectra were recorded using a Bio-Rad (FTS-40). The scans
were collected at a scan speed of 5 kHz, resolution of 2.0, and an
aperture opening of 2.0 cm™'. Sixteen scans were averaged for each
normalized spectrum. Circular self-supporting thin wafers (8 mm
diameter) consisting of 12 mg of material were used for the study.
The wafers were placed in a high-temperature cell with CaF, win-
dows and purged in situ in the IR cell with prepurified-grade he-
lium (30 mL min~!, Wright Brothers) at 473 K for 2 h to remove
any adsorbed impurities. After this step, the samples were cooled
to 323 Kand NHs (3.9 vol.% in He) was introduced into the cell with
a flow of 30 mL min~! for 1 h at 323 K to ensure complete satura-
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tion of the sample. Physisorbed ammonia was removed by flushing
the wafer with helium for sufficient time (3 h) at 373 K. Subse-
quently, the in situ FT-IR spectra were recorded by the evacuation
of ammonia at successive temperatures 323, 373, 423, 473, and
523 K.

2.8. X-ray photoelectron spectroscopy (XPS)

The X-ray photoelectron spectroscopy (XPS) experiments were
carried out on a Pyris-VG thermo scientific X-ray photoelectron
spectrometer system equipped with a monochromatic Al Ko
(1486.7eV) as a radiation source at 300W under UHV
(6.7 x 1078 Pa). Sample charging during the measurement was
compensated by an electron flood gun. The electron takeoff angle
was 45° with respect to the sample surface. The spectra were re-
corded in the fixed analyzer transmission mode with pass energies
of 89.45 and 35.75 eV for recording survey and high-resolution
spectra, respectively. The powdered catalysts were mounted onto
the sample holder and evacuated overnight at room temperature
at a pressure on the order of 10~ torr. Binding energies (BE) were
measured for C 1s, O 1s, Ti 2p, Mn 2p, and Ni 2p. A recorded Auger
spectrum for Mn was very weak. Sample charging effects were
eliminated by correcting the observed spectra with the C 1s bind-
ing energy (BE) value of 284.6 eV. An estimated error of +0.1 eV can
be considered for all the measurements. The overlapped Mn 2p
peaks were deconvoluted into several sub-bands by searching for
the optimal combination of Gaussian bands with the correlation
coefficients (?) above 0.99. The Mn 2p peak was deconvoluted
using the Gaussian function.

2.9. Apparatus and catalytic experiments

The low-temperature reduction of NO by ammonia (NH3-SCR)
with excess oxygen activity measurements were carried out at
atmospheric pressure in a fixed-bed continuous flow quartz reac-
tor with an internal diameter of 6 mm. 0.1 g of catalyst (80-120
mesh) was placed in the reactor in between two glass wool plugs,
otherwise mentioned. All the gas flows were measured and cali-
brated using a digital flow meter (Humonics Hewlett Packard Opti-
flow 520). The reaction gas mixture normally consisted of 400 ppm
NO, 400 ppm NHs, 2 vol.% O,, and He in balance.

4NO + 4NH; + 0, = 4N, + 6H,0 (1)

A total of 10 vol.% H,0 vapor was used for the hydrothermal stabil-
ity test. The premixed gases oxygen (4% in He, Wright Brothers),
ammonia (3.99% in He, Wright Brothers), and nitric oxide (2.0% in
He, Matheson) were used as received. ISCO series D pump controller
was used to feed the 10 vol.% concentration of water vapor. The tub-
ing of the reactor system was heat-traced to prevent the formation
and deposition of ammonium sulfate/bisulfate and ammonium ni-
trate. The NO and NO, concentrations were continually monitored
by a chemiluminescence NO/NO, detector (Eco Physics CLD 70S).
To avoid errors caused by the oxidation of ammonia in the con-
verter of the NO/NO, analyzer, an ammonia trap containing phos-
phoric acid solution was installed before the sample inlet to the
chemiluminescence detector [3]. The reactor was heated externally
via a tubular furnace regulated by a temperature controller (Omega
CN 2041), with a thermocouple inserted into the catalyst bed. Prior
to the catalytic experiments, the catalyst was activated in situ by
passing oxygen (4% in He, Wright Brothers) for 2 h at 200 °C tem-
perature. The reactants and products were analyzed online using a
Quadrapole mass spectrometer (MKS PPT-RGA) and a chemilumi-
nescence detector (Eco Physics CLD 70S). Reactant and product con-
tents in the reactor effluent were recorded only after steady state
was achieved at each temperature step. The N, selectivity and NO
conversions were calculated as in our previous papers [7-10].

3. Results and discussion

Initially, we evaluated the potential catalytic performance of all
the prepared catalysts (Mn/TiO, and Mn-Ni/TiO, with Ni/Mn
atomic ratio = 0.0, 0.2, 0.4, 0.6, 0.8) at 200 °C to optimize the Ni
content and to ensure the influence of Ni** co-cations on NO con-
version. From our results, one can observe that the partial loading
of Mn with Ni elements could indeed influence the SCR activity of
Mn/TiO, catalyst. The catalytic performance results for the SCR of
NO with ammonia over titania-supported manganese as well as
manganese-nickel catalysts are tested at GHSV 50,000 h™! in the
presence of 2 vol.% of oxygen (Fig. 1). The nickel loading has a
strong influence on the conversion and N, selectivity, since nickel
loading with the Ni/Mn ratio = 0.4 catalyst exhibits a maximum
conversion of 100% with huge N, selectivity at 200 °C (Fig. 1). This
would indicate that an optimal dispersion of Mn-Ni species on the
support surface is attained with this amount of nickel in the Mn-
Ni/TiO, catalyst. The Mn/TiO, catalyst does not accomplish high
NO conversions at 200 °C. As the Ni/Mn atomic ratio increases up
to 0.4 on the TiO,-supported manganese surface, the NO conver-
sion increased monotonically and then decline for higher loadings
(Ni/Mn = 0.6, 0.8) of nickel. As can be noted from the Fig. 1, high
conversion of NO (100%), N, selectivity achieved over the
Mn-Ni(0.4)/TiO, catalyst. The Mn-Ni(0.4)/TiO, afforded highly
remarkable catalytic activity and N, selectivity relative to the other
catalysts tested with GHSV 50,000 h~! at 200 °C temperature.

With these interesting results in hand, we evaluated the SCR
activity of all the prepared catalysts to ensure about the tempera-
ture window and the influence of nickel content on the SCR activity
at the temperature range of 160-240 °C (Fig. 2). Under identical
operating conditions, the pure Mn/TiO, catalyst demonstrated
poor catalytic performance at below 200 °C and it is evident that
the NO conversions drastically decline with time at above 200 °C.
This is probably due to the sintering of manganese species over
the surface of titania support at high temperatures. The undoped
Mn/TiO, showed very narrow operation temperature window for
the NH3-SCR reaction, and the maximum NO conversions could
not reach 100%. Eventually, the addition of nickel species to the
Mn/TiO, catalyst (Ni/Mn ratio = 0.4) broadened the temperature
window and demonstrated complete NO conversion at the temper-
ature range of 200-250 °C. The doping of nickel co-cations with 0.4
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Fig. 1. Effect on NO conversion and N, selectivity in the SCR reaction of Mn/TiO,
and Mn-Ni/TiO, catalysts with respect to the Ni/Mn atomic ratio; tempera-
ture = 200 °C; GHSV = 50,000 h~'; feed: NO = 400 ppm, NH3 = 400 ppm, O, = 2 vol.%,
He carrier gas, catalyst = 0.1 g, total flow = 140 mL min~'. N, selectivities at 6 h of
reaction.
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feed: NO =400 ppm, NH; =400 ppm, O, =2 vol.%, He carrier gas, catalyst=0.1g,
total flow = 140 mL min~'. Xno% = conversion of NO at 6 h on stream.

Ni/Mn atomic ratio greatly improved the thermal stability of the
Mn/TiO, catalyst since the Mn-Ni(0.4)/TiO, demonstrated steady
high NO conversions at 300 °C (not shown). At the reaction tem-
perature 200 °C, further increase in the nickel content exceeding
that of 0.4 Ni/Mn atomic ratio decreased the SCR activity of the cat-
alyst. This is due to the interaction between the TiO, and manga-
nese-nickel oxide which becomes feeble, and the number of
participating surface manganese oxide sites decrease with the in-
crease in nickel loading. This occurrence was also proved by our
XPS analysis as we will demonstrate below. The NH3-SCR activity,
N, selectivity, stability, and operation temperature window of the
Mn/TiO, catalyst improved greatly by the addition of optimal nick-
el content (Ni/Mn atomic ratio = 0.4).

Subsequently, the time on stream patterns of all the prepared
catalysts were evaluated at 200 °C, to check the impact of Ni spe-
cies in time stability of the Mn/TiO, catalyst (Fig. 3). Among all
the catalysts, undoped Mn/TiO, (Ni/Mn = 0.0) showed poor stabil-
ity since the catalytic activity monotonically dropped in six hours
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Mn-Ni(0.2)ITiO,
90 g
% ]'\-
X m T—a
T g Mn-Ni(0.6)TiO,
n . n
80 - .\I\. Mn-Ni(0.2)/TiO,
\ T nm ]
.\.MnITiO2
u [
70 T T T T T T T T T T 7 T T T T T
1 2 3 4 5 6 238 239 240

Time (hours)

Fig. 3. SCR of NO with NH5 at 200 °C temperature over Mn/TiO, and Mn-Ni/TiO,
catalysts; (M): GHSV=50,000h"'; feed: NO=400ppm, NH;=400ppm,
0, =2vol%, He carrier gas, total flow = 140 mL min~!, Xyo% = conversion of NO;
catalyst=0.1g.

of continuous stream. It is apparent that the addition of nickel to
the Mn/TiO, catalyst has enhanced the stability of the catalyst. In
particular, Mn-Ni(0.4)/TiO, catalyst showed a remarkable perfor-
mance by exhibiting 100% NO conversion even after 240 h on
stream. The Mn-Ni(0.6)/TiO, and Mn-Ni(0.8)/TiO, catalysts were
rapidly deactivating with time. These results demonstrate that
the time on stream performance of the catalysts decreased in the
following order: Mn-Ni(0.4)/TiO, > Mn-Ni(0.2)/TiO, >> Mn-
Ni(0.6)/TiO, > Mn-Ni(0.8)/TiO, > Mn/TiO,.

It is also important to evaluate the durability of SCR catalysts in
the presence of H,O vapors in the feed. Fig. 4 illustrates the toler-
ance of Mn-Ni(0.4)/TiO, catalyst to steam poisoning for 240 h dur-
ing the SCR of NO with NH3 at low temperatures. Several reported
catalysts for the low-temperature SCR of NO with NH3 have the
problem of deactivation when water vapor was introduced into
the stream [24-26]. We carried out the SCR of NO reaction with
high gas hourly space velocity (GHSV) 50,000 h~! in the presence
of 10 vol.% H,0 vapors in the feed (Fig. 4) to test the durability of
the catalyst.

Initially, our best catalyst Mn-Ni(0.4)/TiO, showed high NO
conversion in the absence of H,0 (10 vol.%), a steady-state NO con-
version of 100% with N, selectivity at 200 °C is obtained within the
first 6 h. In the present study, the Mn-Ni(0.4)/TiO, catalyst showed
an extraordinary performance (Xyo% = 100%) even in the presence
of 10 vol.% water vapor inlet concentrations. The bimetallic combi-
nation of Mn and Ni with 0.4 Ni/Mn atomic ratio produced very
stable and durable catalyst that did not deactivate for the tested
period. The N, selectivity Mn-Ni(0.4)/TiO, catalyst remained at
100% after 240 h on stream. These results clearly suggest that the
Mn-Ni(0.4)/TiO, displays a satisfactory extent of stability and
durability properties. The system is successful because of its high
activity and resistance to steam poisoning. The addition of H,0O
(10 vol.%) in the feed gas does not seem to create an eternal alter-
ation to the surface manganese species, most probably due to the
existence of high redox potential pairs of Mn and Ni in the struc-
ture, permitting an efficient active catalyst.

To gain additional insight into the active surface manganese
species for the low-temperature SCR reaction, the H, tempera-
ture-programmed reduction of the pure manganese oxide (from
Mn(NOs),-xH;0, 99.99% metals basis) was carried out and evalu-
ated for the SCR reaction. The reduction profile of unsupported
manganese oxide was characterized by three different reduction
peaks at 640, 728, and 790 K (Fig. 5). A low-temperature reduction
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Fig. 4. Influence of inlet water concentrations (10 vol.%) on NO conversion in the
SCR reaction over Mn-Ni(0.4)/TiO, catalyst at 200 °C; feed: NO. 400 ppm NH3/NO.
1.0, 0,. 2 vol.%, He carrier gas, catalyst. 0.1 g, GHSV. 50,000 h~1.
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peak (Ty) is observed at 640 K, which corresponds to the reduction
of MnO, to Mn;,03. The subsequent reduction peak at 728 (T3) is
attributed to the reduction of Mn;03 to Mn304. A high-tempera-
ture peak maxima at 790 K (T3) can be interpreted as a reduction
of Mn30,4 to MnO [27]. Usually, the manganese (II) oxide (MnO)
is a green crystalline solid with FM3m space group [28], it is inter-
esting to note that the manganese (IV) oxide sample turned into a
green crystalline solid after the treatment for the sample with H; at
1083 K (during H,-TPR experiment). It can be concluded from this
observation that the sample finally converts into MnO but not into
metallic manganese (Mn?). From our H,-TPR results, it is evident
that the unsupported manganese (IV) oxide sample undergoes
stepwise reduction of MnO, to Mn,03;, Mn,O3 to Mn3QO4, and
Mn304 to MnO. Subsequently, the catalytic reduction of NO over
the pure manganese oxides with respect to the temperature was
investigated to understand the active phase of manganese for the
SCR of NO at low temperatures (Fig. 6). To avoid the phase transfor-
mations, all the manganese oxides were prepared by in situ meth-
od. Prior to the catalytic experiments of pure Mn,O, phases, the
manganese oxides (MnO,, Mn,0s3, Mn30,4, MnO) were synthesized
in situ by passing hydrogen through a fixed-bed quartz reactor at
carefully selected temperatures.

Prior to the catalytic performance tests of pure Mn oxides, a
reaction with undoped Hombikat TiO, (calcined at 400 °C) was
performed at 200 °C to observe the catalytic activity of the TiO,
support and the efficiency of our SCR unit. As estimated, the NO
and NHs3 conversions were zero when only TiO, anatase (Hombi-
kat) was used as catalyst at relevant conditions (not shown in fig-
ure). The evaluation of the catalyst activity of pure Mn oxides for
the SCR of NO with ammonia at the temperature range 393-
513K is tested in the presence of 2 vol.% of oxygen (Fig. 6). It
should be noted that a relatively low gas hourly space velocity
was used for this set of experiments in order to allow us to get sig-
nificant level of NO conversion of the pure Mn oxides. All these
reactions were performed in a quartz fixed-bed continuous flow
reactor (i.d. 6 mm, 51 cm) at atmospheric pressure. The typical
reactant gas composition was as follows: 400 ppm NO, 400 ppm
NHs, 2% O,, and balance helium. Prior to the each reaction, unsup-
ported manganese oxides of different oxidation state were pre-
pared in situ and evaluated for the SCR of NO with ammonia
between 393 and 513 K. These normalized results demonstrate
the nitric oxide reduction performance of the pure Mn oxides de-
creased in the following order: MnO, > Mn,03; << Mn304 = MnO.
The nitric oxide reduction results of MnO have not been incorpo-
rated in Fig. 6, since it had been progressively converted into
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Fig. 5. The reduction profile (H,-TPR) of unsupported manganese oxide.
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Fig. 6. Influence of Mn oxidation state on NO conversion in the SCR reaction of NO
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Mn30,4 during the SCR experiment. For this reason only, the MnO
also showed similar results as the Mn30, in the SCR of NO reaction.
All the above results clearly suggest that the oxidation state of the
surface Mn is decisive and the surface Mn** species are highly ac-
tive for the SCR of NO reaction with ammonia at low temperatures.

In order to obtain the information about the oxidation state of
manganese and nickel cations on the catalyst surface (which was
invisible under XRD) and to ensure the chemical compositions
(atomic concentrations) of the surface layer, XPS spectra of the
samples were recorded. The MnO, and Mn,0s were prepared using
aqueous solutions of manganese nitrates [29], and Mn3;0,4 was pre-
pared by the slow reduction of MnO, at 473 K in H, [30]. The pure
MnO was prepared by the slow reduction of MnO, at 900 K in H,.
The above prepared samples were used for the reference manga-
nese phase compounds. However, our XPS spectra of the reference
samples of MnO,, Mn,03, Mn30,4, and MnO exhibited the Mn 2p;/,
peak at around 642.3, 641.3, 641.4, and 641.5 eV, respectively (Ta-
ble 1). Two main peaks due to Mn 2psj; and Mn 2py; of the Mn/
TiO, and nickel-doped Mn/TiO, samples are shown in Fig. 7. It
has been well established that the Mn*" peak, Mn>* peak, and
Mn nitrate peaks appear at 642.1+0.2 eV, 641.3+0.2 eV, and
644.2 + 0.4 eV, respectively [8,31,22]. For the identification of the
surface manganese oxide phases and the relative percentages of
Mn*, Mn3*, Mn™ species, the overlapped Mn 2p peaks were
deconvoluted into several peaks by searching for the optimal com-
bination of Gaussian bands with the correlation coefficients (%)
above 0.99 (PeakFit, Version 4.0.6, AISN Software Inc.). The decon-
voluted peaks are signed as specific phases of manganese (MnO,,
Mn,0s3, Mn nitrate) in each spectrum (Fig. 7). The relative percent-
ages of manganese, nickel, and titania species were calculated by
the area ratio of the corresponding characteristic peaks. The results
are listed in Table 1.

As shown in Fig. 7 and Table 1, the manganese species (Mn*",
Mn3*) can be characterized by Mn 2p3;2 and Mn 2py, peaks located
between 639.0 eV and 658 eV. It has been found in our studies and
established in the literature that the 2psj, binding energy of Mn**
(MnO,) is 642.1 £+ 1 eV, while the corresponding Mn>* (Mn,03) has
a binding energy at 641.3 + 1 eV [8,31,22,32,33]. In all cases, the as-
prepared catalyst surfaces were Mn enriched, as depicted by the
consistently higher value of Mn/Ti surface relative to Ni/Ti. More
specifically, in Mn-Ni(0.4)/TiO,, Mn*" species are most enriched
on the TiO, surface with higher surface MnO, phase relative to that
of other catalysts.



B. Thirupathi, P.G. Smirniotis/Journal of Catalysis 288 (2012) 74-83 79
Table 1
Binding energy, surface atomic ratio of Mn**/Mn>*, Ni/Mn, and Mn**/Ti for the prepared catalysts determined from deconvoluted XPS spectra.
Catalyst B.E. (eV) M (Mn**/Mn3*)? (Mn**/Mn™)? Ni/Mn 2 Mn**/Ti 2
Ti 2ps3p Ti 2p1j2 O 1s Mn 2ps), Mn 2p, ), Ni 2psp Ni 2p1p
MnO, - - - 642.1 653.6 - - - - - -
Mn,03 - - - 641.3 653.0 - - - - - -
Mn304 - - - 641.4 652.9 - - - - - -
MnO - - - 641.5 653.1 - - - - - -
5 Mn/TiO, 458.6 464.3 529.9 642.1 653.6 - - 02.02 0.58 - 0.020
641.3 653.0
Mn-Ni(0.2)/TiO, 458.6 464.1 530.1 642.1 653.6 2psp2 2p1j2 04.88 1.18 0.17 0.069
641.3 653.0 855.8 869.5
Mn-Ni(0.4)/TiO, 459.1 464.6 530.3 642.1 653.6 2psp2 2pip2 22.31 133 0.43 0.073
641.3 653.0 856.3 874.6
Mn-Ni(0.6)/TiO, 458.8 464.5 530.0 642.1 653.6 2p3p2 2p1)2 01.82 0.63 0.67 0.053
641.3 653.0 856.1 873.8
Mn-Ni(0.8)/TiO, 459.0 464.6 530.3 642.1 653.6 2p3p2 2p1p2 01.44 0.51 0.80 0.049
641.3 653.0 856.2 874.1

2 Relative amounts are according to the metal atomic ratio.

Table 1 shows the atom percentage of catalysts determined by
XPS. The relative atomic percentage value of Mn**/Mn>" character-
ized by XPS was significantly high for the Mn-Ni(0.4)/TiO, catalyst
(Mn*"/Mn3* = 22.31, 96%), whereas Mn,05 phase is in contest with
MnO, in other catalysts (Mn**/Mn>* = 1.34-12.67) (Table 1, Fig. 7).
The formation of surface MnO, phase is improved a lot by the co-
doping of nickel into the Mn/TiO, with 0.4 Ni/Mn atomic ratio.
Among all the catalysts, high surface Mn*" concentrations (Mn**/
Ti) were observed for the Mn-Ni(0.4)/TiO, catalyst. This is due to
the higher surface coverage by manganese (IV) oxide and/or its
higher dispersion on the TiO, support. It is interesting to note that
the SCR performance of all the prepared catalysts (Fig. 1) is accu-
rately correlated with the surface Mn*" concentrations (Fig. 8).
The Mn,O, catalytic activity has been ascribed to the potential of
Mn to form several oxides and to provide oxygen selectively from
its crystalline lattice. Since its labile oxidation state, Mn is acting as
an active component in the redox process.

Conversely, the amount of Mn,O, needed to cover the support
surface as a monomolecular layer can be estimated from structural
calculations [34]. The monolayer surface coverage is defined as the
maximum amount of Mn,O, in contact with the metal oxide sup-
port. From the M-0 bond lengths of the crystalline Mn,03, mono-
layer surface coverage is estimated to be 0.05 wt.% Mn per m? of
the support [26]. Very interestingly, our best catalyst Mn-
Ni(0.4)/TiO, composition is equivalent to near or just below the
monolayer capacity of surface manganese on the TiO, support. This
is probably due to the involvement of Ni species with Mn,0O, dis-
persion over the titania anatase support. Our previous XRD studies
clearly indicate that the formation of bulk manganese oxide com-
mences from the 8-9 wt.% of manganese over the titania support
[10]. The high dispersion of Mn** species monolayer on the TiO,
support is achieved by a total 7 wt.% of Mn-Ni/TiO, with Ni/Mn
atomic ratio equal to 0.4. Moreover, the Mn-Ni loadings are nearly
equivalent to the theoretical monolayer capacity. As can be seen
from the Fig. 8, the existence of the number of surface Mn** species
over the TiO, support (Mn*'/Ti0,) is directly related to the poten-
tial activity of the particular catalyst. In other words, a high con-
centration of surface Mn** species equivalent to the monolayer
capacity on the support surface is highly essential for obtaining
better yields. These studies are in good agreement with our activity
studies of pure manganese oxides. Kapteijn et al. [27] also investi-
gated for the active phase of manganese toward the SCR of NO at
low temperatures (Fig. 6) and found that the MnO, is the preemi-
nent phase for the SCR reaction. The MnO, showed an excellent
catalytic performance, this is probably due to the poor crystalline
structure of manganese oxide material and defective structural

composition [35]. In addition, the presence of other transition me-
tal cations could also favor the existence surface manganese (Mn*")
species over the support [36].

The highly dispersed manganese and nickel species over the
surface of titania anatase is ascertained by the XRD. Interestingly,
our XRD studies revealed that the promoter oxide (NiO) does not
favor any titania phase transformation. Powder X-ray diffraction
patterns of the various nickel-doped titania-supported manganese
catalysts calcined at 673 K for 2 h are shown in Fig. 9. For pure TiO,
sample, the strong characteristic peaks of titania anatase can be
observed. All the samples with various Ni/Mn atomic ratio showed
broad diffraction lines typically at d = 3.54, 1.90, and 2.40 A, which
corresponds to anatase phase (JCPDS #71-1169 and 21-1272). For
all the prepared catalysts, X-ray reflections at d = 2.41, 1.63, and
2.11 A are not found, which are corresponding to MnO, phase
(JCPDS #04-0779). These results are suggesting that the manga-
nese oxide is in a highly dispersed state or the crystallites formed
are less than 5 nm, and also insertion of manganese ions into the
titania lattice [37]. Our XPS studies on surface atomic ratio of
Mn/Ti would explain that the manganese is intercalated in the
TiO, (Hombikat) lattice structure at lower loadings due to the high
surface and the smaller particle size of the support. Due to this rea-
son, thought that the Mn is highly dispersed at a certain level
called two-dimensional monolayer coverage. This highly dispersed
manganese or poor crystalline structure of manganese oxide has
been suggested to improve the existence of oxygen vacancies and
perform a best catalytic performance [7]. It was proposed that a
small amount of co-doping metal prevents manganese oxide
reaching a crystalline structure [38,39].

The BET surface area, average pore diameter, and pore volume
of the titania (anatase), Mn/TiO,, Mn-Ni/TiO, (Ni/Mn=0.2, 0.4,
0.6, 0.8) catalysts are summarized in Table 2. The specific surface
area of the pure titania catalyst dropped to 161 m? g . It can be
explained that the crystallinity and particle size of the support
material increased after calcination at 400 °C. By increasing the
Ni/Mn atomic ratio from zero to 0.4, we observe a monotonic in-
crease in the surface area and pore volume. However, the BET sur-
face area and pore volume decrease gradually with the increase in
nickel content (Ni/Mn=0.6, 0.8), which may be caused by the
blocking effect of the support pores by the loading of nickel oxide.
However, the co-doping of nickel cations onto the Mn/TiO, has
apparently enhanced the specific surface area of the catalyst.
Among all the catalysts, Mn-Ni(0.4)/TiO, catalyst attained the high
surface area (200 m?/g) and high pore volume (0.42 cm?/g). It is
due to high dispersion of manganese and nickel oxides over the
titania support. In order to investigate the synergistic promoting
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effect of Ni species in Mn-Ni/TiO, catalyst, we normalized the NO
conversion over the catalysts with different Ni/Mn atomic ratios
using BET surface area (Fig. 10). With the increase in Ni/Mn atomic
ratio equal to 0.4, the normalized NO conversion showed a mono-
tonic enhancement. Further increase in Ni/Mn atomic ratio de-
creased the normalized NO conversion, indicating that the Mn/
TiO, catalyst is promoted by the optimized amount of Ni species,
and Mn species are the main active components. Though the nor-
malized NH3-SCR activity of Mn-Ni(0.2)/TiO, catalyst is equivalent
to the Mn-Ni(0.4)/TiO, at 200 °C, from the viewpoint of reaction
temperature broadening application, we chose Mn-Ni(0.4)/TiO,
as the model catalyst for further study due to its high apparent
NH;5-SCR activity at low temperatures. However, the normalized
NO conversion of Mn-Ni(0.2)/TiO, decreased at 240 °C.
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MnO,/TiO, (b) Mn-Ni(0.2)/TiOs, (c) Mn-Ni(0.4)/TiO2, (d) Mn-Ni(0.6)/TiO,, () Mn-Ni(0.8)/TiO,, (f) spent Mn-Ni(0.4)/TiO,

The Mn/TiO, sample prepared by incipient wetness technique
shows TPR patterns characterized by three narrow peaks at 576
(T,), 665 (T), and 736 K (T3), whose intensity appears to be inde-
pendent of the manganese loading. These peaks are interpreted
as a stepwise reduction of MnO, to Mn,03, Mn,03 to Mn30g4, and
Mns0,4 to MnO, respectively (Table 2, Fig. 11). In agreement with
thermodynamic predictions, further reduction of MnO to metallic
manganese does not occur in between 273 and 1073 K [40].
H,-TPR results for nickel-promoted Mn/TiO, catalysts showed the
shift of peak positions to lower temperatures, suggesting that the
reduction potential of manganese oxide species is increased
compared to those of monometallic catalyst. A two-step reduction
profiles (only two peaks) were observed for the Mn-Ni/TiO,
catalysts, whereas three-step reduction profile was observed for
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Mn/TiO,. The absence of the high-temperature (736 K) peak repre-
sents that the dominant phase is MnO,, [41]. Thus, the co-doping of
manganese with nickel oxides results in stabilization of the former
in the form of MnO,, which is reduced at lower temperatures, com-
pared to Mn,0s. This raise in reduction potential of manganese and
dominant phase of MnO, seems to be the reason for the increased
activity of Mn-Ni/TiO, catalysts. H,-TPR results are in agreement
with the XPS results, where the formation of surface MnO, phase
is increased by the doping of nickel oxide in Mn/TiO, catalysts.

Table 2
BET surface area and pore volume and H,-TPR measurements.
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reduction peaks in H,-TPR patterns of titania-supported manganese-nickel oxide
catalysts.

To verify the dispersion of active metal species over the support,
the most frequently used and widely accepted method is selective
chemisorption of suitable gases like hydrogen and carbon monox-
ide. Parekh and Weller [42,43] have developed a simple oxygen
chemisorption method for determining the dispersion of equiva-
lent metal area over the Al,03 support. Consequently, the choice
of temperature for the oxygen chemisorption is also crucial. The

Catalyst XRD phases Sger (M?/g) Average pore Pore volume T (K) H, consumption (pumol g~ ')
H 3
diameter (nm) (cm’/g) 1 T2 T3

TiO, Hombikat (commercial) A 309 45 0.37 - - - -

TiO, Hombikat” A 161 9.3 0.42 - - - -

Mn/TiO, A 161 9.3 0.37 576 665 736 2829

Mn-Ni(0.2)/TiOz* A 189 8.5 0.40 500 689 - 335.6

Mn-Ni(0.4)/TiOz* A 200 8.6 0.42 510 684 - 339.9

Mn-Ni(0.6)/TiO5? A 176 8.1 0.35 471 673 - 352.1

Mn-Ni(0.8)/TiOz* A 171 7.7 0.33 496 685 - 398.6

@ Relative amounts are according to the atomic ratio of Ni/Mn; A-anatase;
P Calcined at 400 °C.
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Oxygen uptake, active metal dispersion, and STYs of Mn/TiO, and Mn-Ni(0.2-0.8)/TiO, catalysts.

S. no. Catalyst Sger (m?[g) 0, uptake (pmol g_})?* Dispersion” NO reaction rate in umol g~ s~ (Xyo%)® STY (s~') at 50,000 GHSV ©
200 °C 240 °C 200 °C 240 °C
1 Mn/TiO, 161 215.92 0.48 08.77 (73.0) 02.21 (20.0) 0.49 0.12
2 Mn-Ni(0.2)/TiO, 189 238.88 0.52 11.78 (98.0) 09.41 (85.0) 0.61 0.49
3 Mn-Ni(0.4)/TiO, 200 245.36 0.53 12.01 (100) 10.63 (96.00) 0.61 0.55
4 Mn-Ni(0.6)/TiO, 176 219.84 0.48 09.73 (81.0) 08.31 (75.0) 0.55 0.42
5 Mn-Ni(0.8)/TiO, 171 208.06 0.45 09.25 (77.0) 07.97 (72.0) 0.55 0.45
2 Pretreatment and O, pulse chemisorption temperature are 250 °C.
b Fraction of manganese atoms at the surface.
¢ Site time yield (STY): number of NO molecules converted per manganese atom site per second.
d

Xno% = NO conversion at corresponding temperature.

pre-reduction temperature must avoid bulk and over reduction of
the metal species and sintering of the support material [44]. As
shown in our TPR patterns of all catalysts, the first reduction tem-
perature peak appeared around 250 °C related to the reduction of
surface interacted support and active bridge (Ti-O-Mn) compo-
nent, which is very important for the activity of catalyst. For this
reason, the pre-reduction temperature of catalysts was selected
as 250 °C in favor of the oxygen pulse chemisorption experiments
in order to start with the surface reduction of active metal species.
In our previous studies, very low SCR activity (5% NO conversion)
was observed for the 20 wt.% Ni/TiO, with 50,000 h~! GHSV at
175 °C suggesting that the nickel is not an active metal for the
low-temperature reaction [10]. Hence, in these oxygen chemisorp-
tion studies, we have concentrated on the dispersion of active me-
tal species (manganese) over the surface of titania support but not
concerning nickel dispersion. In addition, as shown in our TPR pat-
terns, NiO is not supposed to reduce at this pre-reducing tempera-
ture. This (single site activity) method is of considerable intrinsic
attention as an example of complex reactions operating on single
sites (manganese sites). Recently, Zhdanov proposed a Kkinetic
model of standard selective catalytic reduction in NO by NHs on
single sites [45].

The oxygen uptake, active metal dispersion, NO reaction rate,
and site time yield (STY) values obtained on various Mn-Ni/TiO,
(Ni/Mn = 0.0-0.8) samples are presented in Table 3. To get insight
into the specific activity of the classified Mn species and their rel-
ative fraction is combined with the STY values demonstrated in Ta-
ble 3. As expected, the oxygen chemisorption results indicate that
the uptake of O, per unit weight of catalyst increases with Ni/Mn
ratio in the catalyst because of the increased active metal disper-
sion. The addition of Ni is promoting the dispersion of manganese
over the surface of titania support. The oxygen chemisorption and
metal dispersion values are increased monotonically up to 0.4 Ni/
Mn ratio Mn-Ni/TiO, catalyst. It becomes virtually high at a load-
ing of Ni/Mn ratio equals to 0.4 in the Mn-Ni/TiO, catalyst. Further
increase in Ni content decreases the oxygen sorption capacity in
the catalyst (Mn-Ni(0.6-0.8)/TiO,). This is probably due to the cov-
erage of surface manganese species by approaching high amount of
nickel species. This observation is also in agreement with our XPS
results, where the ratio of surface active species (Mn*'/Ti) de-
creased behind the 0.4 Ni/Mn ratio.

The acidic sites distribution of the Mn/TiO, and Mn-Ni(0.4)/TiO,
catalysts was determined using ammonia TPD technique. The sim-
ilar TPD patterns were observed for the corresponding catalysts
(Fig. 12). It is established in the literature that the acid site distribu-
tion can broaden by the addition of nickel oxide [46,47]. In the pres-
ent study, broad acid site distribution is observed for Mn-Ni(0.4)/
TiO, catalyst. It is found in our TPD studies that the doping of nickel
can remarkably improve the concentration and acidity of Lewis acid
sites on Mn/TiO, catalyst. Usually, the low-temperature peak is
attributed to ammonia coordinated to Lewis acid sites; percentage
of this peak area is increased by the addition of nickel with 0.4 Ni/
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Fig. 12. NH5-TPD patterns of Mn/TiO, and Mn-Ni(0.4)/TiO, catalysts.
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Fig. 13. Insitu FT-IR spectra of adsorbed ammonia species over the Mn-Ni(0.4)/TiO,
catalyst at 323 K and successive outgassing at various temperatures (323-523 K).

Mn atomic ratio. These results are in good agreement with the re-
ported literature, where the doping of nickel can significantly im-
prove the concentration and acidity of Lewis acid sites on CeO,-
ZrO-, catalysts [48]. To support this statement, the adsorption and
desorption characteristics of NH; over the Mn-Ni(0.4)/TiO, catalyst
have been investigated to ensure the influence of nickel oxide. In
situ FTIR experiments were performed in order to gain a better
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understanding of molecular behavior of ammonia and to acquire
the information about surface species. The adsorption-desorption
of ammonia provided information about the nature of acid sites
present, and its presence as a function of temperature (323-
523 K) revealed the potential strength of the acid sites. In our pre-
vious studies, the 1167, 1301, 1467, 1599, and 1680 cm ' peaks
are observed for Mn/TiO, [9] and they correspond to ammonia
coordinatively adsorbed on Lewis sites. The in situ FTIR spectra of
the adsorbed species arising from the interaction of ammonia with
the surface of Mn-Ni(0.4)/TiO, catalyst followed by evacuation at
successively increasing temperatures are shown in Fig. 13. The
bands at 1098, 1156, and 1228 cm™~! peaks were attributed to
coordinatively adsorbed NH3; on Lewis sites [48]. Interestingly, an
absorption peak at 1156 cm™! (8s NH5 coordinated to Lewis acid
sites) decreases down to disappear after evacuation at 473-523 K
range. Bands at 1540 and 1599 cm™! are attributed to the 6, NH3
coordinated to Lewis acid sites [48]. In agreement with the TPD re-
sults, we observed similar distinctive in situ FTIR spectra for the
Mn-Ni(0.4)/TiO, and Mn/TiO,. The similar features of coordinative
adsorbed species (1098, 1156, and 1228 cm™!, 5 NH; bound to Le-
wis acid sites) were observed in both cases. These results suggest
that the Mn-Ni(0.4)/TiO, surface sites are having Lewis acidity,
with no apparent Bronsted acidity.

4. Conclusions

A series of novel nickel-promoted titania-supported manganese
catalysts were prepared by adopting wet impregnation method
and developed for the low-temperature selective catalytic reduc-
tion (SCR) of NO with ammonia in the presence of oxygen. 100%
of NO conversion with 100% N, selectivity was obtained over the
Mn-Ni(0.4)/TiO, catalyst, at 200 °C, under flow conditions of
GHSV = 50,000 h~'. It was found from the XRD patterns that the
Mn and Ni are highly dispersed over the titania support. Shift in
manganese reduction peak (576-510K) and disappearance of
high-temperature peak at 736 K in the TPR profiles suggested that
the MnO, is the dominant phase in Mn-Ni/TiO, catalysts. Among
all the catalysts, deconvoluted XPS spectrum of Mn-Ni(0.4)/TiO,
revealed the high existing amount of Mn** ions over the surface
of titania (Mn**/Ti = 0.073). The Mn-Ni(0.4)/TiO, catalyst proved
its remarkable performance by exhibiting a superior hydrothermal
stability with 10 vol.% inlet water concentrations with 240 h on
stream. In conclusion, Mn-Ni(0.4)/TiO, catalyst offers high NO
conversion, high N, selectivity, broadening of temperature win-
dow, time on stream patterns, and hydrothermal stability.
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