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Abstract

Low-temperature SCR of NO with NH3 in the presence of excess oxygen on the oxides of V, Cr, Mn, Fe, Co, Ni, and Cu sup
on anatase TiO2 has been studied. Among the catalysts tested, Mn/TiO2 supported on Hombikat TiO2 provided the best performance wi
100% N2 selectivity and complete NO conversion at temperatures as low as 393 K under numerous conditions. The catalytic perfor
various transition metal oxides supported on TiO2 decreased in the following order: Mn> Cu� Cr � Co> Fe� V ≫ Ni. For Mn-based
catalysts the activity increases with an increase in Mn loading and the reaction temperature. TiO2 alone did not give any NO conversion
� 573 K, and calcination at low temperature (� 673 K) is preferable. XRD coupled with XPS confirmed the presence of MnO2 as a major
phase (peak at 642.2 eV) with Mn2O3, and partially undecomposed Mn-nitrate as the minor phases for supported manganese catal
proposed that MnO2 contributes to the high activity of Mn/TiO2. XPS results also confirmed a higher concentration of active metal o
on the surface of Mn/TiO2 compared to the other catalysts. The NH3 FT-IR study showed the presence of Lewis acid sites for the most a
catalysts, while the peak corresponding to Brönsted acid sites was weak or absent. This strongly suggests that Brönsted acid s
necessary for the reaction to occur at low temperatures. The H2 TPR study indicated the difficulty of reducing Mn oxide when the me
loading is low and/or the catalysts are calcined at temperatures higher than 773 K. It is concluded that lower catalyst calcination tem
Lewis acidity, the redox properties of metal oxides and their higher surface concentration are important for very high SCR activi
temperatures. Mn/TiO2 provided the best performance at 50,000 h−1 when the catalysts were tested in the presence of 11 vol% H2O. Under
these conditions, the catalytic activity of the transition metal oxides decreases in the following order: Mn> V � Co> Cu> Cr > Fe� Ni.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Nitrogen oxides (NOx ) emitted from automobiles an
stationary sources such as oil- and coal-fired power pla
waste incinerators, industrial ovens, and chemical proce
(i.e., nitric acid production plants) are major causes for a
rain, smog, and ozone depletion [1–3]. Selective catalytic
duction (SCR) of NOx to N2 using NH3 as a reductant is now
considered to be the most effective process for the treatm
of stack gases from stationary sources. The general rea
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occurring is

(1)4NO+ 4NH3 + O2 → 4N2 + 6H2O.

The well-known industrial catalyst for this process
based on V2O5/TiO2 (anatase) promoted with either WO3
or MoO3 [4–9]. The required operating temperature for
above industrial catalyst is typically 573–673 K. This mak
it necessary to locate the SCR unit upstream of the
sulfurizer and/or particulate control device in order to av
reheating the flue gas. Despite the low sensitivity of this
talyst to SO2 poisoning, deactivation does occur. The life
the catalyst is shortened because of high concentratio
SO2 and ash in the flue gas. This can be avoided by loca
the SCR reactor downstream in the tail-end configurat
where the flue gas is relatively clean after passing thro

http://www.elsevier.com/locate/jcat
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the desulfurizer and particulate removal device. This s
egy would be especially advantageous for high-sulfur co
as the removal of SO2 before NOx removal would minimize
both the catalyst deactivation and the detrimental oxida
of SO2 to SO3. However, the flue gas temperature at t
location drops below 433 K, which makes it necessary
reheat the flue gas back to the SCR operating tempera
This makes the overall operation very expensive. One s
tion to this problem is the development of an inexpens
low-temperature SCR system that operates at� 423 K. This
would eliminate the need to reheat the stack gas and inc
the operational lifetime of the catalyst relative to exist
configurations, which results in a lower investment and a
a thermally more efficient process.

Supported transition metal oxides, such as MnOx /Al2O3

[10–12], CuO/Al2O3 [13], CuO/TiO2 [14], Fe2O3/TiO2 [15],
and V2O5/activated carbon [16–18], are shown to be ac
in medium temperature SCR of NO with NH3 in the pres-
ence of excess oxygen. Recent efforts have been ma
develop robust catalysts for low-temperature SCR of
using NH3 [19,20]. Industrial researchers have particula
shown an interest in this area. Taking into account the
ious advantages of low-temperature operation, a pro
based on carbon as a catalyst has been developed (Ber
Farschuang and Mitsui) for simultaneous removal of H2S,
SO2, and NOx from industrial process gases and off gas
The reaction products of H2S and SO2 are adsorbed on th
carbon catalyst whereas NOx is reduced by NH3 accord-
ing to reaction (1) at� 363 K. However, carbon has th
danger of getting consumed slowly [reaction (3)], there
decreasing steadily the activity and available capacity of
bon during operation [21].

(2)2SO2 + O2 + 2H2O→ 2(H2SO4)ads,

(3)H2SO4 + C → 2SO2 + 2H2O+ CO2.

Shell [22] and Rhône-Poulenc [23] also have develope
based supported catalysts that are claimed to operate i
temperature range of 313–523 K. The good low-tempera
performance of Shell’s industrial processes is attribute
a better reactor design (lateral flow) and an improved
alyst preparation method using promoters such as Fe,
and Co.

This paper describes work performed in our labo
tory [24,25] in an effort to find active catalysts for the SC
of NO at low temperatures (� 423 K). Catalysts were pre
pared from various transition metal oxides (V, Cr, Mn,
Co, Ni, and Cu) deposited by the solution impregnat
method using nitrate or acetate precursors on titania.
shown here that MnOx /TiO2 catalysts can operate effe
tively below 423 K with both high NO conversion and N2

selectivity. In Part II of this work, in situ FT-IR studies ha
been used extensively to develop a low-temperature SC
action mechanism.
.
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–

e

,
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2. Experimental

2.1. Catalyst preparation

The TiO2 used in this study was Hombikat UV 100 fro
Sachtleben Chemie. As determined by N2 adsorption, it
had a specific surface area of 309 m2/g, a pore volume o
0.37 cm3/g, and a pore diameter of 4.5 nm. The transit
metal oxides were deposited using aqueous solutions of
nitrates by the solution impregnation method as previo
reported [25,26]. In one of the catalyst preparation exp
ments, manganese acetate was also used as the precur
comparison. In a typical synthesis, 50 ml of deionized w
was added to a 100-ml beaker containing 1.0 g of supp
The mixture was heated to 343 K under continuous stirr
A measured quantity of nitrate or acetate precursor was
added, and the mixture was evaporated to dryness. The
obtained was further dried overnight at 383 K, ground,
sieved (80–120 mesh). The calcination of the catalysts
performed at 673 K for 2 h in a flow of O2 (4.0% in helium).

2.2. Characterization of supports and catalysts

Prior to characterization, the samples were calcine
673 K for 2 h in O2 (4.18% in He) at a total flow rate o
20 ml/min. The catalysts were stored in a vacuum o
maintained at 328 K and 30 inches Hg of vacuum.

X-ray diffraction was used to identify the anatase a
rutile phases of titania and the crystalline phases of any
sition metal oxides deposited on titania. XRD studies w
performed on a Siemens D500 diffractometer with a Cuα
radiation source (wavelength 1.5406 Å). Aluminum hold
were used to support the samples in XRD measurem
Anatase and rutile phases of titania were determined f
the strongest peaks corresponding to anatase [2θ = 25.3◦ for
the (101) reflection of anatase] and rutile [2θ = 27.5◦ for
the (110) reflection of rutile]. A combination of Raman a
XRD results was used to determine the crystalline phas
titania. Self-supported pellets (100–150 mg) were used
the Raman study, which was collected using an Ar lase
2 mW under ambient conditions.

The specific surface areas were measured by nitroge
sorption at 77 K by the BET method using a Micromerit
Gemini 2360. Pore-size measurements were performe
ing a Micromeritics ASAP 2010. Catalysts were pretrea
in situ at 523 K under vacuum, and the analysis of the s
ports was done at 77 K under vacuum.

X-ray photoelectron spectroscopy (XPS) was used to
alyze the atomic surface concentration on each catalyst
spectra were recorded on a Perkin-Elmer Model 5300
ray photoelectron spectrometer using Mg-Kα (1253.6 eV)
as a radiation source at 300 W. The spectra were record
the fixed analyzer transmission mode with pass energie
89.45 and 35.75 eV for recording survey and high-resolu
spectra, respectively. The powdered catalysts were mou
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onto the sample holder and degassed overnight at room
perature at a pressure on the order of 10−7 Torr. Binding
energies (BE) were measured for C 1s, O 1s, Ti 2p, V 2p,
Mn 2p, Cr 2p, Ni 2p, and Cu 2p. Since the tape used t
mount the sample was a source of carbon contamination
surface composition of carbon is not included in the tab
Recorded Auger spectra for Mn, Cr, and Ni were very we
Sample charging effects were eliminated by correcting
observed spectra with the Ti 2p3/2 binding energy value o
458.5 eV. An estimated error of 0.1 eV can be conside
for all the measurements. The spectra were smoothed, a
nonlinear background was subtracted. Peaks were deco
luted, and the fitting was performed using a convolution
Gaussian and Lorenzian curves. Quantification was acc
plished by determining the elemental peak areas follow
a Shirley background subtraction. Quantitative analysis
carried out using the sensitive factors supplied with the
strument.

FT-IR and NH3-TPD were used to characterize and qu
tify the acidity of the catalysts, respectively. The FT-IR e
periments were performed with a Bio-Rad spectrophoto
ter (FTS-040). Circular self-supporting thin wafers (8 m
diameter) prepared using 6–8 mg catalyst were used fo
study. The wafers were placed in a high-temperature
with AgBr windows and purged with prepurified grade h
lium (30 ml/min) at 673 K for 2 h to remove any impuritie
before cooling down to 323 K. NH3 (4.4 vol% in He) was in-
troduced to the cell and continued flowing (30 ml/min) for
a total of 1 h at 323 K to ensure complete saturation of
sample. Helium (30 ml/min) was then replaced by NH3 and
the temperature was increased to 373 K. Physisorbed am
nia was removed by flushing the wafer with He for at le
4 h. Subsequently, the FT-IR spectra were recorded by
orbing NH3 at 373 K. All the spectra were recorded at 373
and normalized to avoid inconsistencies in the results.

TPD of NH3 was used to measure the total acidity
the catalysts. The experiments were performed on a cus
made TCD setup using 50 mg of catalyst. Prior to the
periments the catalysts were pretreated at 773 K for
in a highly pure He (30 ml/min) stream. The furnace tem
perature was lowered to 373 K, and the samples were
treated with anhydrous NH3 (4.05% in He) at a flow rate o
30 ml/min for 1 h. Physisorbed NH3 was removed by flush
ing the catalyst with He at 373 K for 3–5 h before start
the TPD experiments. Experimental runs were recorde
heating the sample in He (30 ml/min) from 373 to 773 K at
a heating rate of 5 K/min and finally keeping the temper
ture constant for 1 h at 773 K to ensure complete amm
desorption.

The H2-TPR experiments were performed on a custo
made setup using 100 mg of calcined catalyst. The c
lysts were pretreated at 673 K for 1 h in a highly pure
(25 ml/min) stream. The furnace temperature was lowe
to 373 K, and then the feed containing 6.0 vol% H2 in He
was fed at a flow rate of 25 ml/min. H2-TPR runs were per
formed by heating the sample from 373 to 1173 K at a lin
-

a
-

-

-

-

heating rate of 5 K/min and finally keeping the temperatu
constant for 1 h at 1173 K to ensure complete metal oxide
duction. The hydrogen consumed in the TPR was meas
by a TCD.

2.3. Catalytic experiments

The SCR of NO at atmospheric pressure was carried
in a fixed-bed quartz reactor (i.d. 6 mm) containing calcin
catalyst (80–120 mesh). Oxygen (Wright Bros., 4.18%
He), ammonia (Matheson, 3.89% in He), and nitric ox
(Air Products, 2.0% in He) were used as received. The
action temperature was measured by a type K thermoco
inserted directly into the catalyst bed. Experiments were
formed under two different reaction conditions. While t
concentration of O2 remained constant (2 vol%), the reacta
concentrations and GHSVs varied between the two case
the first case at 8000 h−1, the inlet concentrations of NO
and NH3 were each 2000 ppm. The reactants and prod
were analyzed on-line using a Quadrapole mass spect
eter (MKS PPT-RGA). In the second case at 50,000 h−1,
the inlet concentrations of NO and NH3 were each set a
400 ppm. The reactants and products were analyzed u
a GC (GOW-MAC) with Porapak Q and Carboxen 10
columns and a NOx analyzer (Eco Physics CLD 70S). Th
definitions used for NO conversion and nitrogen selecti
are as follows:

(4)NO conversion= 100× (NOin − NOout)/NOin,

(5)N2 selectivity= 100× {
N2/(N2 + N2O)

}
.

3. Results and discussion

3.1. Surface area and pore-size distribution

The BET surface area values of the various metal ox
deposited on TiO2 are compared in Table 1. The results sh
the expected drop in surface area upon impregnation o
transition metal oxides on TiO2. The drop was most seve
when vanadia was deposited. It is reported in the litera
that V2O5/TiO2 (anatase) is quite unstable and that vana
facilitates transformation of the metastable anatase pha
titania into the thermodynamically more stable rutile ph
at any temperature and pressure [27]. Vanadia also favor
sintering of anatase along with the corresponding decr
in surface area [28]. Therefore, to retard the phase tra
tion and the loss of surface area, WO3 or MoO3 is added
to commercial V2O5/TiO2 (anatase) catalysts. The drop
surface area was not very severe when metal oxides of
Cr, and Cu were deposited. This suggests that impregn
with Mn, Cr, and Cu probably inhibits the sintering and
phase transformation of the support and also enhances
persion of transition metal oxides on the supports. In f
the effect of Mn loading on TiO2 suggests that overall su
face area improves with an increase in metal loading on
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Table 1
Properties of catalysts used in the present study

Catalysta Loading SSA XRD phases Total acidi
(wt%) (m2/g) observed (µmol/g)

TiO2 n/a 309 Anatase n.d.
Vb 20 51 None 9.8
Crc 20 143 Cr2O3 55.8
Mnc 5 n.d. n.d. n.d.
Mnc 10 n.d. n.d. n.d.
Mnc 12.5 173 n.d. n.d.
Mnd 12.5 165 n.d. n.d.
Mnc 15 n.d. n.d. n.d.
Mnc 20 204 Mn2O3 23.2
Mnc 25 n.d. n.d. n.d.
Fec 20 169 Fe2O3 33.6
Coc 20 160 Co3O4 31.6
Nic 20 163 NiO 42.7
Cuc 20 140 CuO 12.5

n.d., not determined; n/a, not applicable.
a Calcined at 400◦C for 2 h in O2 + He flow.
b Ammonium metavanadate+ oxalic acid.
c Nitrate precursor.
d Acetate precursor.

support. In conclusion, the results in Table 1 clearly indic
that with the exception of V2O5/TiO2 catalyst, the surfac
area of other transition metals supported on TiO2 catalysts is
higher.

3.2. X-ray diffraction and Raman spectroscopy

3.2.1. TiO2

The phase compositions of titania determined from X
and Raman spectroscopy results are described below.
anatase is observed from the XRD results. As reporte
the literature [29], five peaks from Raman spectroscopy
638, 515, 396, 196, and 144 cm−1 that correspond to anata
were observed (not shown). The broadening of the p
at 144 cm−1 in Hombikat TiO2 also indicates the possib
presence of the brookite phase of TiO2, as its two most in-
tense peaks (127 and 150 cm−1) should be in the vicinity o
144 cm−1.

3.2.2. Transition metal oxides
The XRD patterns of the catalysts calcined at 673 K

2 h are shown in Fig. 1, and the observed crystalline X
phases for these catalysts are also tabulated in Table 1.
of the XRD spectra presented here give intense or s
peaks for transition metal oxides despite having relativ
high metal concentrations (20.0 wt%) on the titania s
port. This may be due to the high dispersion and/or
crystalline nature (amorphous) of the metal oxides on
support. MnO2 at 2θ values of 28.9, 37.7, and 57.1◦ with
relative intensities of 100, 55, and 55%, respectively (JCP
File No. 24-0735), was observed as the only phase for
ported manganese oxide catalysts. The crystalline pha
Mn2O3 (Fig. 1) could not be observed; however, it will
shown below that at least two different oxidation states co
y

e

f

Fig. 1. XRD spectra of 20 wt% transition metals supported on Homb
TiO2 (A, anatase;✩ , NiO; P, MnO2; e, Co3O4).

Fig. 2. Raman spectra of 20 wt% Mn/TiO2, Mn3O4, and Mn2O3 collected
at ambient conditions at 2 mW with an Ar laser.

be detected for Mn in deconvoluted XPS spectra (MnO2 and
Mn2O3), indicating the presence of these mixed metal ox
phases over the TiO2 supports. It is well known that Mn2O3
is more amorphous than MnO2 [30,31], indicating the diffi-
culty of its detection by XRD. The Raman spectra prese
in Fig. 2 could not help identify the different phases of m
ganese oxides, as the spectrum for Mn/TiO2 is dominated
by the titania peaks discussed above. However, the Ra
spectra for the catalyst Mn/TiO2 as shown in Fig. 2 show
the broadening of the peaks throughout the scanned re
325–900 cm−1. Kapteijn et al. [32] have reported the po
sible presence of manganese oxide phases in their R
spectra in the region of 635–650 cm−1, indicating that the
Raman spectra for Mn/TiO2 may have the presence of M
oxide phases. Moreover, Bernard et al. [33] have repo
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that, although part of MnO2 transforms into haussmani
(Mn3O4, 651 cm−1) due to the pressure used during t
pellets formation of MnO2 powder, the spectrum of MnO2
shows three main peaks in its Raman spectra, viz.
576, and 523 cm−1. Also, the Raman spectra for Mn2O3 is
also reported [33] to show peaks at 581, 509 (broad),
630 cm−1 (shoulder). Hence, taking the above points i
account and our own quite complex and broad Raman s
tra for Mn/TiO2 (Fig. 2), we may conclude that the presen
of various phases for Mn oxide (viz. MnO2, Mn2O3, and
Mn3O4) are likely to be present.

Fig. 1 also shows the presence of Co3O4 (JCPDS File
No. 43-1003) and NiO (JCPDS File No. 44-1159) as w
crystalline phases for cobalt and nickel oxides suppo
on TiO2, respectively. No XRD phases were observed
TiO2-supported Cu- and Cr-oxide catalysts. Additiona
crystalline phases could not be observed in the XRD s
tra of V/TiO2 and Fe/TiO2. This could also be attributed t
the their amorphous nature. This was most apparent in
case of V/TiO2, which did not produce a single peak in t
XRD spectrum (not shown). The surprising disappeara
of all XRD peaks, including titania, in this catalyst indicat
that the support could be completely covered with vana
due to its very high loading, 20 wt%, further indicating t
highly amorphous nature of vanadia. It is reported in the
erature [34,35] that vanadia is normally well dispersed
titania and silica supports. As a result, no correspond
XRD peak could be detected at 27.2 wt% vanadium lo
ing.

3.3. X-ray photoelectron spectroscopy

The surface atomic concentrations for oxygen, titaniu
and transition metals and the atomic ratios for V/Ti, Cr/Ti,
and Ni/Ti are presented in Table 2. The atomic concen
tions were based upon the binding energies observed f
1s, Mn 2p, Cr 2p, Ni 2p, and V 2p in the titania-supported
transition metal oxide catalysts. All the values are referen
to the Ti 2p3/2 BE value of 458.5 eV. This peak was ch
sen for its clarity, intensity, lack of contaminant interferen
and the absence of other oxidation states. It is remark
to note the very high Mn/Ti atomic ratio of 5.9 that was
observed for 20 wt% Mn/TiO2 when calcined at 673 K, indi

Table 2
Atomic surface concentrations of the catalysts as determined by XPS

Catalyst Calcination Atomic concentrations (%)b

compositiona temperature (K) Oxygen Titanium TM TM/T

V/TiO2 673 58.1 14.0 5.5 0.4
Cr/TiO2 673 53.5 5.4 9.2 1.7
Mn/TiO2 673 52.3 3.5 20.8 5.9
Mn/TiO2 873 51.6 13.2 6.6 0.5
Ni/TiO2 673 53.2 12.6 1.4 0.1

a 20 wt% metal loading.
b Mg-Kα radiation at 300 W, 89.45- and 35.75-eV pass energies;

remaining mass for each catalyst consisted of carbon.
-

cating a substantial amount of Mn on the surface. Howe
when the same catalyst was calcined at the higher tem
ature of 873 K, the Mn/Ti ratio severely decreased to 0.
This may be due to the diffusion of the metal oxide, MnOx ,
into the TiO2 matrix and/or due to its sintering leading
the decreased catalytic activity as discussed in the foll
ing section. Additionally, the surface concentration of ot
transition metals was poor. The lowest ratio of 0.1 was
served for Ni. For Ni/TiO2, NiO seems to be mostly burie
under titania and may not be available on the surface fo
catalytic reaction.

The XPS spectra for O 1s is given in Fig. 3 and show
that the deconvoluted O 1s spectra gave two distinct peak
The lower BE peak is due to oxygen from TiO2, whereas
the higher BE peak is due to the respective transition m
oxides. From Fig. 3 it is clear that the surface oxygen c
centration in Mn/TiO2 is quite high as compared to that f
Cr/TiO2 and Ni/TiO2 catalysts. The Ti 2p3/2 (Fig. 4) spectra

Fig. 3. O 1s XPS spectra of Cr/TiO2, Ni/TiO2, and Mn/TiO2 (20 wt% metal
loading).
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Fig. 4. Ti 2p XPS spectra of Ni/TiO2, Cr/TiO2, and Mn/TiO2 (20 wt%
metal loading).

Fig. 5. Deconvoluted XPS results of Mn 2p for 20 wt% Mn/TiO2.

comparing Ni, Cr, and Mn oxides supported on TiO2 cata-
lysts are shown in Fig. 4. It is evident from Fig. 4 that t
concentration of Ti 2p3/2 and thus that of TiO2 catalyst is
significantly less compared to Cr/TiO2 and Ni/TiO2 cata-
lysts. This is probably due to the higher surface coverag
Mn oxide and/or its higher dispersion on the TiO2 support
as reported earlier by Kapteijn et al. [32] for Mn/Al2O3 ca-
talysts. This clearly indicates that the concentration of
on the surface of Mn/TiO2 relative to the support is sig
nificantly higher than the other metal oxides. The Mnp
spectra for 20 wt% Mn/TiO2 were deconvoluted to obta
detailed information on the presence of possible metal
ide phases and their relative intensities. The spectrum s
(Fig. 5) the presence of three peaks corresponding to Mn2O3
(641.2 ± 0.2 eV), MnO2 (642.2 ± 0.4 eV) [32], and Mn-
nitrate at 644.2± 0.4 eV. The Mn-nitrate peak is expecte
as the catalysts were calcined at a relatively low temp
ture of 673 K. It should be noted that no reference in
literature was found to verify our claim that the peak n
644 eV could be due to Mn-nitrate. Therefore, in or
to confirm the presence of partially undecomposed nit
species in the catalysts calcined at lower temperature
uncalcined catalyst was analyzed using XPS. The promi
peak at 644.5 eV belonging to Mn-nitrate was visibly se
confirming our claim of the presence of nitrate species
our catalysts calcined at lower temperatures. Moreover,
s

t

Fig. 6. FT-IR spectra of adsorbed species after contact with ammon
various transition metal oxides supported on TiO2 after outgassing at 373 K
(B, Brönsted acid site; L, Lewis acid site).

peak disappeared for the catalysts calcined at 873 K.
confirmation of MnO2 and Mn2O3 from our deconvoluted
XPS spectra may be used as evidence to conclude tha
ported metal oxides active in low-temperature SCR of Nx

are present in at least two different oxidation states, poss
suggesting a redox mechanism for the low-temperature
reaction.

3.4. Acidity characterization of the catalysts

3.4.1. NH3 FT-IR
The spectra of ammonia adsorbed on V, Cr, Mn, and

oxides supported on TiO2 after outgassing at 373 K a
compiled in Fig. 6. All the spectra were normalized a
recorded under identical operating conditions. It is repo
in the literature that anatase TiO2 adsorbs ammonia in coo
dinated form over Lewis acid sites [36,37]. This indica
that anatase TiO2 is purely Lewis acidic and any evolve
ment of Brönsted acid sites should be related to the m
oxides deposited on TiO2 supports. Fig. 6 shows the pre
ence of four prominent bands near 1175 cm−1 (Lewis acid
sites), 1242 cm−1 (Lewis acid sites), 1424 cm−1 (Brönsted
acid sites), and 1604 cm−1 (Lewis acid sites). Based upo
the number and size of the peaks observed over Cr/T2,
this catalyst clearly possesses the greatest amount o
face acidity. V/TiO2 only possessed significant amounts
Brönsted acidity, while both Mn/TiO2 and Cu/TiO2 only had
significant amounts of Lewis acid sites. Kapteijn et al. [
also reported in the case of alumina-supported manga
oxide catalysts that the addition of Mn to alumina does
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induce any Brönsted acidity. The mix of Lewis and Brö
sted acid sites along with recording the spectra under a
reaction conditions served to help identify the surface c
acteristics necessary for operation at low temperatures.
will be shown in the discussion of catalytic activity, Brö
sted acid sites do not appear to be necessary to carr
the reaction. An exhaustive study describing the adsorpt
desorption characteristics of the gases, viz. NH3, NO, or
O2 or the mixture of the two or more gases, especially
Mn/TiO2 catalyst by in situ FT-IR has been thoroughly
vestigated in the subsequent paper [39].

3.4.2. NH3-TPD
The amount and strength of the acid sites in the s

ples were probed by NH3-TPD. Fig. 7 shows the ammo
nia desorption patterns for various transition metal oxi
supported on TiO2. The total acidity of various catalysts
summarized in Table 1. Except for V and Cu, the rest of
metal oxides supported on TiO2 distinctly show the presenc
of broadly distributed strong acid sites that continue des
ing above 523 K. When TPD curves for Mn and V suppor
on TiO2 are compared, the overall area of ammonia des
tion curve for the latter catalyst is much smaller than tha
the former one. It should be remembered that not a si
XRD peak was detected for V/TiO2, most probably due to
the amorphous nature of vanadium. This suggests that
monia that could have been adsorbed on titania acid
was absent in this catalyst resulting in an overall decrea
acidity and corresponding loss in catalytic activity. It is o
ten reported in the literature [36,40] that ammonia adsor
on Brönsted acid sites desorbs easier than Lewis-coordin
ammonia during temperature-programmed desorption.

Fig. 7. NH3-TPD spectra of various transition metals TiO2 (20 wt% metal
loading).
l

t

-

d

was observed in our NH3 FT-IR experiments as well (no
shown).

3.5. Catalytic activity

3.5.1. Results at low GHSV (8000 h−1)
The performance of various catalysts for low-tempera

SCR at reaction temperatures of 373 and 393 K ope
ing under identical experimental conditions is presente
Fig. 8. The data show that catalysts with Cr, Mn, and Cu
highly active at low temperature, and quantitative NO c
version is achieved at 393 K with 100% N2 selectivity for
20 wt% Mn/Hombikat TiO2 catalyst. N2O and NO2 were
not detected with our mass spectrometer. It should be n
here that a much higher NO concentration (2000 ppm)
used for this set of our experiments than that found in
flue gas of industrial power plants at the tail end. As
have demonstrated earlier [24,25] and as we show be
(case of 50,000 h−1) in this paper, the Mn-based catalys
are equally effective for space velocities and operating c
ditions found in industry. The other important factor cou
be the possible redox behavior of our catalysts, which
presented earlier with the XPS results. Very recently Y
and others [41,42] have also reported active catalysts,
Fe–Mn [41] and MnOx–CeO2 [42], for the low tempera-
ture (373–453 K) SCR of NO with NH3 at relatively high
space velocities of 15,000 and 42,000 h−1, respectively, bu
using relatively lower concentrations of NO (1000 ppm)
the feed. V/TiO2, which is the catalyst of choice in comme
cial medium temperature DeNOx systems, was found to b
ineffective in our study. The poor catalytic activity for th
Ni-based catalyst suggests that it may be in its reduced
even under oxidizing conditions and/or is predisposed
monovalent oxidation behavior. Moreover, the surface c
centration of nickel on TiO2 (Table 2) is also very sma
(Ni/Ti = 0.1) compared to the other metals. This could a
be the reason why this particular catalyst is not active in
system. It is believed that the high surface concentratio
active metal oxides on the surface, the ability of the m
oxide to operate in the redox mode, and Lewis acidity
the main contributors to excellent performance at these
ditions.

Fig. 8. Performance of 20 wt% transition metal/TiO2 catalysts at 373 and
393 K (GHSV= 8000 h−1, NO = NH3 = 2000 ppm, 2.0 vol% O2, He
balance).
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Fig. 9. Comparison of manganese precursors (5.0 wt% Mn) supp
on TiO2 at different temperatures (GHSV= 8000 h−1, NO = NH3 =
2000 ppm, 2.0 vol% O2, He balance).

After finding MnOx /TiO2 to be the most active cata
lyst, the role of the Mn precursor was examined. As sho
in Fig. 9, a catalyst prepared from Mn-nitrate gives be
performance than one prepared from the acetate prec
under these conditions. The higher surface area of the
talyst prepared from the nitrate precursor and the forma
of MnO2 as the major and active phase could be the
sons. In contrast to our results, Kapteijn et al. [43] h
reported that manganese acetate results in better dispe
of manganese oxide on alumina and higher catalytic act
than manganese nitrate at 373–453 K. That group concl
from H2 TPR studies that acetate yields Mn2O3 while ni-
trate produces mainly MnO2. At the same time, the autho
claimed that MnO2 exhibits higher NO reduction activit
than Mn2O3 per unit surface area. This explanation clea
indicates that MnO2 should be more active than Mn2O3
in SCR reactions based upon our XPS results (Fig. 5).
could clearly observe the presence of MnO2 in our catalysts
along with better catalytic performance than the previou
reported catalysts. It should be noted that higher loading
Mn on the titania support gave better results, and this wil
discussed below. Surprisingly, V/TiO2 was found to be to
tally inactive for SCR reaction at low temperatures. In
study the actual surface area for the TiO2 support decrease
by about 5 times after vanadium deposition. Other meta
ides do not lead to such a drastic decrease in surface
(Table 1).

Mn loadings ranging from 5 to 25 wt% were studied
reaction temperatures of 373 and 393 K. The results
presented in Fig. 10. NO conversion increases with an
crease in metal loading, and an optimum loading is obse
near 20 wt% Mn. At 393 K quantitative NO conversion
achieved at 17.5 wt% Mn loading. The selectivity for2
was always 100% irrespective of catalytic activity. Cataly
having lower Mn loadings, along with those having high
loadings but calcined at higher temperatures, do not
r
-

n

a

Fig. 10. Catalytic performance of Mn (nitrate)/TiO2 as a function of meta
loading at 373 and 393 K (GHSV= 8000 h−1, NO = NH3 = 2000 ppm,
2.0 vol% O2, He balance).

Fig. 11. Catalytic performance of Mn (nitrate)/TiO2 as a function of calci-
nation temperature at 373 and 393 K (GHSV= 8000 h−1, NO = NH3 =
2000 ppm, 2.0 vol% O2, He balance, 20 wt% Mn).

form well. Only catalysts with higher Mn loadings whic
are calcined at lower temperatures provide excellent c
lytic performance (Fig. 11). H2 TPR results for the catalys
are shown in Fig. 12. The results show that higher reduc
temperatures are needed for catalysts synthesized with l
Mn loadings or calcined at higher temperatures. For th
catalysts, there is likely to be a stronger metal–support in
action especially when the catalysts are calcined at hi
temperatures (> 673 K), thereby making it more difficu
to carry out the reduction. A similar trend was obser
by Richter et al. [44]. Increasing Mn loading decreases
temperature required for reduction of MnOx , provided that
the catalysts are calcined at or below 673 K. In summ
the catalysts with higher metal loadings and lower ca
nation temperature provided the best catalytic performa
and the lower reduction temperatures observed in those
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Fig. 12. H2 TPR of MnOx /TiO2 catalysts (with different Mn loadings an
prepared using Mn-nitrate precursor).

suggest the presence of MnO2 (major) and Mn2O3 (minor)
phases [10,43].

It is reported [45] that crystallites of V2O5 are formed
at the expense of polymeric vanadyl species if the van
loading exceeds a theoretical monolayer. Crystalline V2O5
species are detrimental to both activity and N2 selectiv-
ity. Those in situ Raman spectroscopic studies revealed
NH3 is chemisorbed on Ti4+ centers associated with th
support and that the coordination of NH3 takes place only
with the isolated monomeric vanadyl species. We confirm
from our XRD studies that high loading vanadia/titania
talysts do not yield any XRD peaks, indicating that tita
is completely covered with homogeneously dispersed V2O5
species. Hence, there is no chance for NH3 to be adsorbed
on crucial Ti4+ sites of the support, and that could lead
its subsequent dissociation on monomeric vanadyl spe
The NH3-TPD results also indicated that the V/TiO2 cata-
lyst adsorbs very small quantities of NH3, further indicating
its relatively low acidity (Fig. 7). It can be concluded th
the higher amount of Brönsted acidity, possible coverag
the titania support by amorphous V oxide, very low ove
acidity, and the low surface area of the actual catalyst r
tive to the support could be the main reasons for its dis
catalytic performance at the lower temperatures. In add
to this, the catalyst may not have the required activation
ergy for this reaction at these temperatures. In contrast
the reported literature for medium-temperature SCR op
tions [46–50] where it is reported that Brönsted acidity is
utmost importance to obtain better catalytic activity, we h
shown here that Lewis acidity is important in our system
that in our best catalyst, MnOx /TiO2, the most active phas
found from XRD and XPS observations was MnO2.

3.5.2. Results at higher GHSV of 50,000 h−1

Since SCR catalysts used in power plants will typica
be used at GHSV values above 30,000 h−1, all of the ca-
t

.

Fig. 13. Catalytic performance of transition metals supported on TiO2 as
a function of temperature (20 wt% metal loading, GHSV= 50,000 h−1,
NO = NH3 = 400 ppm, 2.0 vol% O2, He balance).

talysts previously discussed were tested at 50,000 h−1. The
NO conversion and N2 selectivity results are presented
Fig. 13. While it is expected that the catalytic activity wou
not be as high as that reported at 8000 h−1, MnOx /TiO2 pro-
vides respectable catalytic activity relative to the other tr
sition metals tested at temperatures below 423 K. Cu/T2
also provides high catalytic activity under these conditi
and peaks in activity from 423 to 473 K. Mn is clearly mo
useful at temperatures below 423 K, as its N2 selectivity
quickly declines below 90% as the temperature increase
appears that Cu/TiO2 outperforms Mn/TiO2 at higher space
velocities when both the activity and the selectivity d
are considered; however, SCR units in power plants m
have N2 selectivities above 95% to avoid releasing sign
icant amounts of N2O into the atmosphere. Additionall
industrial SCR units will be exposed to significant amou
of water from combustion. Consequently, the catalytic p
formance of all the supported transition metal oxides te
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Fig. 14. Catalytic performance of transition metals supported on TiO2 at
448 K (20 wt% metal loading, GHSV= 50,000 h−1, NO = NH3 =
400 ppm, 2.0 vol% O2, 11 vol% H2O, He balance).

in the presence of 11 vol% water is presented in Fig. 1
448 K and 400 ppm NO in the feed. As it can clearly be se
Mn/TiO2 provides the best overall performance when wa
is present. The presence of water drastically suppresse
formation of N2O, allowing the use of Mn/TiO2 at slightly
higher temperatures. This suggests that water preferen
adsorbs on the active sites responsible for the N2O forma-
tion, and this phenomenon is beneficial for the applicatio
Mn/TiO2 catalysts in power plants. Under these conditio
the catalytic activity of the transition metal oxides decrea
in the following order: Mn> V � Co > Cu > Cr > Fe�
Ni.

4. Conclusions

Most of the catalysts studied, which included Mn, Fe,
Ni, and Cu supported on titania, possessed mainly Le
acidity and had relatively weak Brönsted acid sites. O
Cr/TiO2 and V/TiO2 possessed a significantly high amou
of Brönsted acidity, and that was coupled with a subs
tial amount of Lewis acidity for Cr/TiO2. Comparing the
low-temperature (373 K) SCR activity of our catalysts
was concluded that catalysts having Lewis acidity are
tive and that Brönsted acidity may not be contributing
catalytic performance, as reported earlier by Busca and
workers [36]. The deposition of active metal oxide(s),
addition to the catalyst preparation method, is paramou
excellent catalytic activity at temperatures as low as 393
In the case of V/TiO2, it was concluded that high levels
Brönsted acidity, complete coverage of titania by vanad
oxide, inability of the catalyst to activate at low tempe
tures, very low overall acidity, and the low surface area of
actual catalyst as compared to the support were the main
sons for its dismal catalytic performance in low-tempera
e

-

SCR of NO with NH3. The H2 TPR study over MnOx /TiO2
suggested that a higher reduction temperature was req
when either the Mn loading was low (� 12.5 wt%) or the
catalysts were calcined at higher temperatures (� 773 K).
In MnOx /TiO2 catalysts, XPS and XRD studies showed
presence of MnO2 (major) and Mn2O3 (minor) phases. Sinc
MnO2 is present in higher concentrations, it is suggeste
be the most active phase for low-temperature SCR of
with NH3. Catalytic experiments performed at 50,000 h−1

with 11 vol% water demonstrated that MnOx /TiO2 was the
most promising catalyst for low temperature SCR appl
tions. Evidently, the presence of water increased N2 selectiv-
ity by preferentially adsorbing on those active sites resp
sible for the formation of N2O.
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