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TiO,-supported V,05-Mo0O3 catalysts, having V and Mo load-
ings representative of commercial SCR catalysts, are considered in
this study. These catalysts are constituted by TiO, anatase support-
ing the V and Mo active components. MoOs acts as a “structural”
promoter preventing the TiO, matrix from sintering upon vanadia
addition. The Mo and V oxide are present on the catalyst surface in
the form of molybdenylic and vanadylic species, respectively, and
the presence of polymeric MoyOy species cannot be excluded. The
features of the VV and Mo surface oxide species closely resemble those
observed over the binary V,0s/TiO, and MoOs3/TiO, catalysts, thus
pointing out the vibrational independence of the V and Mo surface
vanadyl and molybdenyl oxide species. However, in spite of their
structural and vibrational independence, the presence of electronic
interactions between the TiO,-supported V and Mo oxides is also
apparent. These interactions may operate via the TiO, support or
may involve mixed V-Mo surface oxide species who were, however,
not observed. The catalyst surface is characterized by strong acid-
ity, probed by NH3-TPD and FT-IR. Ammonia is coordinatively
held over Lewis acid sites (associated with Ti, V, and Mo surface
cation species) and is protonated as NHI ions over Mo—OH or V-OH
Bronsted sites. The addition of Mo and V causes the formation of
Brgnsted sites and of stronger Lewis acid sites, if compared to TiO,.
The V,05-Mo003/TiO, catalysts are very active in the reduction of
NO by NHj3, and exhibit a higher reactivity with respect to the corre-
sponding binary V,0s/TiO, and MoO3/TiO, samples. Calculations
show that the reactivity of V and/or Mo in the ternary catalysts is
higher than that measured over V,05/TiO, and MoOs/TiO; having
the same V and Mo loading: hence it is suggested that a synergism
operates in the SCR reaction between the V and Mo surface ox-
ide species. Accordingly in these catalysts molybdenum also acts
as a “chemical” promoter for the SCR reaction. On the basis of
the characterization data, it is suggested that the observed syner-
gism in the SCR reaction is related to the existence of the V-Mo
electronic interactions. This picture closely resembles that obtained
in the case of the analogous V,05-WO3/TiO, system and indicates
that the effects of the addition of WO3 and MoOs to V,0s/TiO, are
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similar, both oxides acting as “chemical” promoters besides play-
ing a “structural” function as well. However the V,05—-Mo003/TiO;
samples show higher formation of N,O and lower NO conversions
at high temperatures: these differences are possibly associated with
the different electronic characteristics of Mo compared to W and
to their higher reactivity in the ammonia oxidation reactions. It is
found that water addition in the feed improves the catalyst perfor-
mance in that it preserves high NO conversions and high N selec-
tivities at high temperatures: this is due to its strong inhibiting effect
on the ammonia oxidation reactions occurring simultaneously with
the SCR reactions. © 1999 Academic Press

Key Words: selective catalytic reduction of NOy; V205-MoOs/
TiO, catalysts.

INTRODUCTION

The Selective Catalytic Reduction (SCR) of NOy by NH3
is to date the best developed and most widespread method
for NOy removal from stationary sources (1-3). The process
is based on a catalytic reaction between NO contained in the
flue gases and injected NHj3 to produce water and nitrogen
according to the following stoichiometry:

4NO + 4NH;3 + Op — 4N, + 6 H,0. [1]

Commercial SCR monolith catalysts are made up by an
anatase TiO, carrier that supports the active components,
i.e., vanadium pentoxide and tungsten (or molybdenum)
trioxide. Vanadia is active in the reduction of NOy but also
in the undesired oxidation of SO, to SOg; accordingly the
V,05 content is generally low (0.3-1.5% w/w). WOg3 is em-
ployed in much larger amounts (nearby 10% w/w), and it
acts as both a “chemical” and a “structural” promoter; i.e.,
it increases the reactivity of V,0s/TiO, catalysts by enlarg-
ing the temperature window of the SCR reaction and im-
proves the mechanical, structural, and morphological prop-
erties of the catalysts (4-6). Catalysts containing MoO3;
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instead of WOj3 are also employed in industrial practice (7,
8). In these catalysts, WOs is replaced by a similar amount
of MoQOj3; on a molar basis: they have been reported to be
less active than the analogous V,0s5-WO3/TiO, samples,
but more tolerant to poisoning by As compounds (7, 8).

Detailed investigations on the physico-chemical charac-
teristics and catalytic behavior of V,05—-Mo0O3/TiO; cata-
lysts in the SCR reaction are still scarce in the literature.
In particular, the role of molybdenum oxide in the ac-
tivity and structural and morphological characteristics of
the MoOs-based catalysts has not completely clarified to
date. For these reasons, an extensive investigation has been
undertaken in our laboratories, aiming at a better under-
standing of the reactivity and chemico-physical proper-
ties of this catalytic system. As a first part of this study,
binary MoO3/TiO, model catalysts have been prepared,
characterized, and tested in the SCR reaction (9). It has
been found that for submonolayer samples the structural
and morphological characteristics of the TiO, support are
not significantly modified upon MoQOj3; addition. Mo ox-
ide is present on the TiO, surface in the form of isolated
molybdenyl surface species for submonolayer coverages,
whereas crystalline MoOg3 is formed for molybdenum load-
ings exceeding the monolayer capacity of the support. The
MoOs/TiO;, samples are active in the SCR reaction, but
poorly selective due to the formation of significant amounts
of N,O. In the present study, the investigation has been
extended to the ternary V,05-MoO3/TiO, system: accord-
ingly, model V,05-MoO3/TiO, catalysts with MoO3 con-
tent near 6% w/w and with V,0s loadings in the range 0-
2.3% wiw (i.e., of interest for SCR applications) have been
prepared and characterized by means of different chemico-
physical techniques including surface area and pore size
distribution measurements, XRD, FT-IR, FT-Laser Raman,
Electron Paramagnetic Resonance (EPR), and NH3-TPD.
The reactivity in the SCR reaction of the samples has also
been investigated, and the obtained results are compared
with those for V,0s-WO3/TiO, reference catalysts having
similar composition and investigated in previous papers
(5, 6).

METHODS

Catalyst Preparation

TiO,-supported V,05—Mo0O; catalysts with different
vanadia contents and with a nominal MoO3; content of 6%
w/w were prepared by the incipient wetness method. The
Mo loading has been selected since it roughly corresponds
to that of commercial catalysts and also corresponds, on
a molar basis, to the WO3 content of typical commercial
V,05-WO3/TiO; catalysts (WO3 ~ 9% w/w) (6).

A home-made titania support in the anatase form was
used as support material, prepared by neutralization at
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constant pH (near 7) of Ti-tetrachloride (TiCl,) with an
NH4OH solution. The TiO, precursor was then washed,
dried at 383 K overnight, and calcined for 4 h at 823 K.

A MoOs3/TiO; catalyst with MoOj3 loading of 6% by
weight was then prepared by impregnating the TiO, support
with an aqueous solution of ammonium heptamolybdate
(Carlo Erba RPE) complexed with citric acid (J.T. Baker).
The resulting precursor was dried at 383 K overnight and
calcined at 823 K for 3 h. Vanadium was added to the
MoOs/TiO; binary system by impregnation, starting from
a water solution of ammonium metavanadate and oxalic
acid, followed by drying and calcination at 823 K for 2 h.
Samples with V,0s loadings of 0.4, 0.8, 1.5, and 2.3% w/w
were prepared.

In the following, catalysts are denoted as V,Os(X)—
MoO3(6)/TiO,, where the numbers in the brackets repre-
sent the % w/w metal oxide loading.

Catalyst Characterization

Surface area was measured by N adsorption at 77 K with
the BET method using a Carlo Erba Sorptomatic 1900 Se-
ries instrument. Pore size distribution measurements were
obtained by N, adsorption—desorption at 77 K with the
same apparatus used for surface area measurements and
by the mercury penetration method using a Carlo Erba
Porosimeter 2000 Series instrument.

Powder X-ray diffraction analyses were performed with
a Philips vertical goniometer PW 1050/70 and Ni-filtered
Cu Ke radiation. XRD spectra were used to estimate the
mean crystal size of the TiO; crystallites (dcryst) by using the
Scherrer equation.

The FT-IR spectra were recorded with Nicolet Magna
750 and 5ZDX Fourier Transform spectrometers at R.T.
(4 cm~! resolution). The powders were pressed into self-
supporting disks and activated by outgassing at 623 K be-
fore adsorption experiments. The skeletal spectra in the re-
gion 2000-400 cm~* were recorded with KBr-pressed disks.
Ammonia adsorbed on the catalyst surface was taken from
commercial cylinders from Sapio (Italy).

FT-Raman spectra were recorded using a Brucker
RFS100 (Nd:YAG laser) instrument.

The EPR spectrawere obtained with a Varian E 109 Spec-
trometer operating between 9.2 and 9.5 GHz microwave
frequency and with a field of modulation of 100 kHz; the
spectrometer was equipped with a dual cavity and con-
nected to a personal computer for spectra recording and
elaboration. A weighted amount of the calcined catalyst
was introduced, for all experiments, in a quartz EPR cell
connected to a vacuum manifold which was evacuated at
room temperature to allow EPR spectra recording in the
absence of oxygen. A quantitative analysis of the spectra
was performed based on the comparisons between the in-
tegrated intensities of each spectrum with that of standard
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VOSO4/K,SO4 samples according to the method proposed
by Dyrek and co-workers (10).

NH3-TPD experiments were performed with the same
apparatus used for catalytic activity runs (see below). In a
typical experiment, 160 mg catalyst is oxidized in He + 20%
O, at 773 K for 1 h, cooled down at 313 K under the same
atmosphere, purged with He, and then saturated at 313 K
for 20 min with a stream of NH3 (2000 ppm) in He (total
flow rate =120 cm®/min (STP)). At the end of the satura-
tion procedure, pure He is flowed over the catalyst sample
at 313 K for 30 min to remove weakly adsorbed ammo-
nia. Finally the TPD spectrum is recorded by heating the
catalyst in pure He (120 cm®/min) up 773 K at 15 K/min.

Reactivity Measurements

Catalytic activity measurements have been performed
in a quartz tubular fixed-bed microreactor (i.d.=7 mm)
operating at atmospheric pressure and inserted into an
electric furnace. The temperature of the catalyst was mea-
sured and controlled by means of a K-type thermocou-
ple (o.d.=0.5 mm) directly immersed in the catalyst bed.
In a typical run 160 mg (100-150 mesh) of catalyst were
used and a stream of NH3 (800 ppm) + NO (800 ppm) + O,
(9000 ppm) + Ar (1500 ppm, internal standard) in He (to-
tal flow rate =120 cm®/min (STP)) was fed to the reactor
maintained at a desired temperature value. Each reaction
temperature was maintained for at least 2 h. For the analy-
sis of the exiting gases, the reactor outlet was connected in
a parallel arrangement to both a quadrupole mass detector
(Balzers QMS 200) and a gas chromatograph (HP 6890)
equipped with a Porapak Q and 5 A molecular sieve capil-
lary columns (Chromopack) connected to thermal conduc-
tivity detectors. The following mass-to-charge ratios were
used to monitor the concentrations of products and reac-
tants: 17 (NHg), 18 (HZO), 28 (Nz), 30 (NO), 32 (Og), 44
(N20), and 46 (NO;). The data were quantitatively ana-
lyzed by taking into account the response factors and the
fragmentation patterns of the various species experimen-
tally determined. A quantitative evaluation of Ny, O, + Ar,
N,O, and H,O was also obtained by GC, and results com-
pare well with mass-spectrometer data. N-balances, calcu-
lated on the gas exiting the reactor, always closed within
+5%, being typically lower than +3%.

The reactivity of the catalysts was also investigated un-
der transient conditions. In this case Temperature Pro-
grammed Reaction (TPRn) experiments of NH; 4+ O, and
of NH3; 4+ NO + O, were performed in the same apparatus
used for steady-state catalytic activity experiments. Inatyp-
ical TPRn experiment, a flow of NH3 (800 ppm) + 2% v/v
O, in He or of NH3 (800 ppm) + NO (800 ppm) + 2% v/v
O, in He (total flow rate = 120 cm®min (STP)) was fed to
the catalyst kept at 313 K. When the mass spectrometer
signals had stabilized (typically within 30 min), the catalyst
was heated up to 773 K at 15 K/min while the flow rate was
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held constant and the concentrations of the various species
were monitored.

RESULTS

XRD and Morphology

The effect of the vanadia loading on the catalysts’ struc-
tural and morphological properties was investigated first.
Table 1 reports the phase composition identified by XRD,
the mean crystal size of the TiO; crystallites (dcryst), the sur-
face area (S,), the pore volume (V,), the mean pore radius
(rp), and the V,0Os and MoOs; surface coverage (6v and
Owmo, respectively) calculated from the nominal V,05 and
MoQj; loading and the specific surface area of the sample.
In this calculation a monolayer capacity of 0.145% w/w for
V,0s/m? (11) and of 0.12% w/w for MoOa/m? (12, 13) has
been assumed. The overall V + Mo surface coverage has
been estimated by simply summing those of VV and Mo. As
reported in Table 1, the theoretical V + Mo monolayer cov-
erage is reached only in the sample with the highest V,0s5
loading.

For all the samples, the only phase detected by XRD
is the anatase polymorphic form of TiO,, and no signifi-
cant differences are observed in the crystallite dimensions
of anatase on increasing the V,0s content. No diffraction
lines assignable to crystalline V,Os5 or MoOj3 are detected:
the absence of these bulk phases in the XRD patterns im-
plies that for these samples the molybdenum and vanadium
oxides are present in either a noncrystalline state or as small
crystallites (less than 4 nm in diameter).

The morphological characteristics of the samples are
slightly modified upon V,0Os addition in the range 0-2.3%
w/w: the BET surface area of the catalysts decreases pro-
gressively from 79 down to 64 m?/g, whereas the pore vol-
ume and the mean pore radius are not significantly affected
by vanadia addition and are in the range 0.27-0.31 cc/g and
70-100 A\, respectively.

TABLE 1

Structural and Morphological Data of V,05(x)-M0O3(6)/TiO»
Samples (x =0-2.3% w/w), Calcined at 823 K

V05 (% wiw) 0 0.4 0.8 15 2.3
Phase Anatase Anatase Anatase Anatase Anatase
deryst (A) 150-160 160-165 160-170 160-165 165-170
Sa (M/g) 79 72 702 68° 64
V,, (cclg) 0.31 0.30 0.30 0.27 0.27
rp (A) 60-70 80-90 80-90 90-100 90-100
Ov 0 0.04 0.08 0.15 0.25
Omo 0.63 0.69 0.72 0.73 0.78
OviMo 0.63 0.73 0.80 0.88 1.03
OTi 0.37 0.27 0.20 0.12 0

2 Sixty-five m?/g for V,05(0.8)/TiO,.
b Sixty-four m?/g for V,05(1.5)/TiOs.
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Reference binary V,0s5/TiO, samples with vanadia load-
ing of 0.8 and 1.5% w/w have also been prepared and char-
acterized for the purpose of comparison. These samples
present a BET surface area of 65 and 64 m%g and a pore
volume of 0.29 and 0.32 cc/g, respectively. Only the anatase
polymorphic form of TiO; has been detected by XRD in
both cases, with a mean dimension of the TiO; crystallites
near 160 A. A comparison of the surface areas of these
samples with those of the MoOs-containing catalysts hav-
ing the same V,Os loading (65 vs 70 m?/g for the samples
with V,05=0.8 and 64 vs 68 mzlg for V,05 = 1.5) indicates
that the presence of Mo on the catalyst surface inhibits the
sintering of the TiO, matrix, which on the other hand is
favored by the presence of vanadia (6).

Spectroscopic Studies

Information concerning the structural and vibrational
characteristics of molybdenum and vanadium oxide on the
TiO; surface are provided by the spectroscopic analysis (FT-
IR, FT-Raman, and EPR).

FT-Raman. In Fig. 1 the FT-Raman spectra of the
MoO3(6)/TiO, sample and of selected V,O5(x)-MoO3(6)/
TiO, ternary catalysts are shown as such. The spectrum of
MoO3(6)/TiO, (trace a) shows five peaks at 639, 515, 396,
195, and 143 cm~!, due to the six Raman active fundamen-
tals of anatase, two of which are superimposed at 515 cm™?
(14). Neither rutile nor brookite are present as impurities,
thus confirming XRD data. Furthermore, no evidence of
bulk MoOj3 bands at 994 and 818 cm~* in the Raman spec-
trum are found (15). Additional weak scattering is observed
in the spectral region 1000-900 cm~1, due to molybdenum
oxide species. The spectra of the ternary catalysts (traces
b-d) again show the peaks of anatase and the weak scatter-
ing near 970 cm~* due to the molybdenum oxide species,
but the intensity of the peaks is weakened by increasing
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FIG. 1. FT-Laser Raman spectra of MoO3(6)/TiO; (a), V,05(0.8)-
MoO3(6)/TiO, (b), V20s5(1.5)-MoO3(6)/TiO, (c), and V,05(2.3)-
MoO3(6)/TiO; (d) catalysts.
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the vanadium amount. No additional scattering in the re-
gion 1000-800 cm~! due to V-O stretching of vanadyl or
vanadate species is detected. The decrease in the anatase
peak intensities in supported metal oxides has also been
reported in the case of V,05/TiO; (16), M0oO3/TiO, (17),
Cu/TiO; (17), and SiO,/TiO, (18) catalysts, and has been
observed by some of us in V,05-WO3/TiO, SCR catalysts
as well (6). This effect has been related to three different
factors, increased disorder of the surface, increased absorp-
tion of the exciting radiation, and more complex solid-state
phenomena like phonon—-plasmon couplings (6).

FT-IR. The FT-IR spectra (KBr pressed disks) of the
MoO3(6)/TiO, sample and of V,05(X)-MoO3(6)/TiO,
ternary catalysts, not reported for brevity, show a strong ab-
sorption in the region 800-500 cm™! typical of TiO; anatase
(17) and a shoulder near 960 cm~! due to the molyde-
num oxide species. Vanadium-containing catalysts show the
same spectral feature, although the presence of a weak
shoulder near 1000 cm~! could be not excluded. Accord-
ing to previous data (19, 20) the weak band in the range
970-930 cm™? is assigned to the terminal Mo=O stretch-
ing of the hydrated form of the surface molybdenyl species
like [OsMo=0]%". This band, broad and weak under wet
conditions, shifts to higher frequencies under dry condi-
tions, giving rise to a sharp band near 1000 cm~1, with the
first overtone near 1980 cm~ (see below). In line with the
Raman spectra, no evidence of bulk MoOj3 bands near
960 cm~! with complex overtones at 1955, 1925, and
1833 cm~1 (21) are found, while we cannot exclude the pres-
ence of a symmetric tetrahedral molybdate ion [MoO4]%>~
whose symmetric stretching mode typically falls near
900 cm~! and could be responsible of the broadening to-
wards the lower frequency of the band at 970 cm™2. Finally,
it is worthy of note that no direct evidence has been ob-
tained for the existence of polymeric Mo,Oy species, whose
presence, however, cannot be excluded on the basis of the
present data.

The FT-IR features of the surface V and Mo oxide species
have also been investigated under dry conditions. Since
upon adsorption of molecules like ammonia (or water) the
bands due to the stretching modes of Mo=O and V=0
broaden and shift to lower frequencies, it is possible to point
out these bands as negative absorptions by subtracting the
spectrum of the NH3-covered sample from that of the pure
powder sample. The difference spectra (overtone region)
obtained in the case of the MoO3(6)/TiO, sample and of the
V,05(X)-M00O3(6)/TiO, ternary catalysts are reported in
Fig. 2. In the case of the V,05(1.5)/TiO, and MoO3(6)/TiO,
binary reference catalysts (traces a and e of Fig. 2, respec-
tively), the negative bands due to the first overtone of the
fundamental Mo=0 and V=0 stretching mode of vanadyls
and molybdenils species are clearly detectable, according to
previous data, at 1975 (19) and 2048 cm™! (22, 23), respec-
tively.
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FIG.2. FT-IR spectra (dry conditions) of MoOs3(6)/TiO, (a),

V205(0.4)—M003(6)/Ti02 (b), V205(0.8)—M003(6)/Ti02 (C), V205(1.5)—
MoOs3(6)/TiO; (d), and V,0s5(1.5)/TiO, (e) catalysts. Overtone region,
spectrum of the ammonia-covered sample subtracted.

In the case of the ternary V,05(x)-MoO3(6)/TiO, sam-
ples (traces b—d), the band of the first overtone of the fun-
damental Mo=0 stretching mode of molybdenyls species
is split in two components: indeed a main component is evi-
dentat 1976 cm™1, as in the binary MoO3(6)/TiO; reference
sample, and a weak shoulder is detected at 1995 cm~1. A
negative band is also visible at 2045 cm~? in the case of
the V,05(1.5)-M00O3(6)/TiO, sample (trace d): this band
is due to the first overtone of the V=0 stretching mode,
that is detectable only in the spectrum of the sample with
the highest amount of vanadium. The corresponding fun-
damental mode, not reported in the figure, is also visible
near 1000 cm™2.

EPR. Among the various paramagnetic ions poten-
tially present at the surface of the investigated V,Os—
MoOQO3/TiO, samples, only Mo(V) and V(IV) have been
observed. Both Mo(V) and V(1V) are d* species whose
resonance is expected to take place in the same region
of the magnetic field, i.e., at g values lower than the free
spin value ge (ge > 9. > g for tetragonally distorted octahe-
dral or square pyramidal systems). However, the individual
spectral profiles of Mo(V) and V(1V) EPR spectra are dif-
ferent in that Mo(V) exhibits a relatively weak hyperfine
sextet centered on the g; component, due to the interaction
between the unpaired electron and the 1=5/2 ®*Mo and
%"Mo nuclei, whose natural abundance is 15.8 and 9.6%, re-
spectively. The spectral profile of V(1V) is more complex
in that both g components are split in eight lines due to
the interaction with the | = 7/2 nucleus of >}V, whose abun-
dance is 100%. Very few EPR characterizations of TiO,
supported V,05/M00O3 systems are available in the litera-
ture (24), and most published work concerns binary sys-
tems such as V,05/TiO; (25-32) and MoO3/TiO; (9, 33) or
ternary systems like V,05-WO3/TiO; (6, 34). EPR investi-
gations of the supported oxides mentioned above (in exper-
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imental conditions close to those employed in the present
work) always revealed the presence of a single paramag-
netic species only (V(1V) or Mo(V) according to the case).

V,05-MoO3/TiO, samples calcined at 823 K are yel-
low (0.4 wt% V05 loading) or brownish for higher V,05
content (0.8-1.5 wt%). The EPR spectrum of the calcined
V,05(0.4)-MoO3(6)/TiO, sampleis reported in Fig. 3 (spec-
trum a). The spectrum is due to V(1) species and confirms
what was already found for V,05-WO3/TiO», (6, 34), i.e., the
propensity of a small fraction of the supported vanadium
to be in the partially reduced V(1V) state even after calci-
nation of the solid at high temperature. Upon evacuation
for 1 h at 423 K, a complex and more intense spectrum is
obtained (spectrum b of Fig. 3). The spectrum can be inter-
preted as the superposition of a strong Mo(V) signal to the
V(1V) features observed for the calcined sample (spectrum
a). Both the parallel and the perpendicular Mo(V) compo-
nents are clearly visible in spectrum b in which the intensity
of the V(IV) features are the same as in spectrum a, despite

95 Yya
RIL
v
X5
(a)
X1 9, b
9 **

2800 3000 3200 3400 3600 3800 4000 4200
B/Gauss

FIG.3. EPR spectra of V,05(0.4)-M0O3(6)/TiO; calcined at 823 K
and outgassed at R.T. (a) and 423 (b) and 623 K (c).
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TABLE 2

Spin—Hamiltonian Parameters for VVanadylic
and Molibdenylic Species

Species  Nature gy g1 Oiso A AL Aiso
A VOt 19135 19825 19595 1952 723 1133
B \Vela 1.8967 19778 19500 1957 69.2 1114
C MoO®*t  1.9042 1.9567 1.9392 — 41.0 —
D MoO3+ 1.8864 1.9467 1.9266 — 43.0 —

an apparent reduction due to the different amplification of
the two spectra. Evacuation at 623 K for 1 h brings about a
dramatic decrease of V(I1V) signal (spectrum c), while that
of Mo(V) is less affected by the treatment.

The features of the V(1V) species present on the ternary
V,05(0.4)M0O3(6)/TiO, catalyst evacuated after calcina-
tion at R.T. and at 423 K (spectra a and b of Fig. 3) are due
to the contribution of two V(1V) species, slightly differing
in their coordinative environment. The spin—-Hamiltonian
parameters of the two species (A and B) have been derived
by computer simulation and are reported in Table 2. Com-
parison with literature data (10, 25-32) suggests that all
the V(1V) species present in the spectra are typical surface
vanadylic ions (VO)?* in axial symmetry.

The features of Mo(V) species have been derived by a
simulation of spectrum c of Fig. 3, where only the features
of Mo(V) species are evident. Like for vanadium, the spec-
trum is determined again by the presence of two distinct
but similar species (C and D in Table 2). These species are
strictly similar to those observed in the case of MoO3/TiO,
catalysts (9) and correspond to surface molybdenyl ions
(MoO)** in axial symmetry (24).

The described thermal treatment was performed for all
samples containing different V,Os5 percentages, always ob-
taining the same results in term of the spectral parameters of
V(1V) and Mo(V) species. However, on increasing the V,0s
loading, higher temperatures are necessary to obtain the
decrease of the intensity of the vanadium signal and the ap-
pearance of the molybdenum profile, as shown in Fig. 4 for
the V,05(1.5)-Mo0O3(6)/TiO, catalyst taken as an example.
Due to the higher V loading of this sample, the signals are
broader in all conditions and the spectra result less resolved
than those shown in Fig. 3. The line broadening, observed
in terms of a strong base line drift, very likely involves both
V(1V) and Mo(V) signals, thus indicating asort of more pro-
nounced mutual magnetic interaction between supported
paramagnetic species. This interaction could be, in princi-
ple, both between similar species (Mo(V)-Mo(V), V(IV)-
V(1V)) and between different species (V(1V)-Mo(V)).

The samples with different vanadium loadings also differ
in the whole signal intensities, i.e., in the amount of reduced
paramagnetic ions present at the surface. A quantitative
analysis of the EPR spectraindicated that for all the samples
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the intensity of the EPR signal increases with outgassing
temperature reaching a maximum at 423 K. Then the inten-
sity of the EPR signals remains constant for the V,05(0.4)—
MoOs/TiO; catalysts up 623 K while it decreases for the
other samples. The %[V (I1V) + Mo(V))/[V 4 MO0]otal ratio,
i.e., the fraction of reduced EPR active surface species,
ranges from 7 to 11.5% w/w for the samples treated at 423 K.
The decrease of the total intensity brought on by increas-
ing the temperature over 423 K indicates that the reduction
of the samples at these temperatures involves the forma-
tion of species at lower oxidation number than V(1) and
Mo(V) which are not EPR visible.

On increasing the V,0s5 percentage, the reducibility of
the whole supported system also increases. In particular,
V(1V) reduction occurring in the range 423-623 K is more
pronounced in the case of the V,05(1.5)-MoO3(6)/TiO;
catalyst (Fig. 4, spectra b—c) than in the case of the low
loading sample (Fig. 3, spectra b-c).

The quantitative analysis clearly indicates that the one
electron reduction for pentavalent V species (V(V)+
e~ — V(1V)) occurs before the analogous reduction of
molybdenum (Mo(VI) +e~ — Mo(V)) or, in other words,
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FIG. 4. EPR spectra of V,05(1.5)-M00O3(6)/TiO; calcined at 823 K
and outgassed at R.T. (a) and 423 (b) and 623 K (c).
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that the reducibility of the supported vanadium phase is
higher than that of the molybdenum phase, at least in the
case of the lower loading V,05(0.4)-MoO3/TiO, sample,
which exhibits the more reduced EPR spectra (Fig. 3). This
is not surprising and is in agreement with the standard re-
duction potentials in solution of the two semi-reactions re-
ported above (0.99 and 0.48 V, respectively) (35) and with
the results reported by Busca and Marchetti (24).

Interaction of Ammonia with the Catalyst Surface

Temperature Programmed Desorption (TPD) of ammo-
nia. Temperature Programmed Desorption experiments
of NH3 (NH3-TPD) have been performed with the aim
of investigating the acid characteristics of the catalysts.
Figure 5 shows the results of the ammonia TPD runs per-
formed over the V,05(x)-M00O3(6)/TiO, catalysts (x=0,
0.8, and 1.5% w/w).

In all cases the spectra show similar features, with am-
monia and water as the main desorption products along
with minor amounts of N, observed at high temperature.
For the MoO3(6)/TiO, catalyst, the evolution of ammo-
nia occurs with a broad shape in a wide temperature range
(350-720 K), showing a maximum near 420 K. This clearly
points out the presence of several NH3 adsorbed species
with different thermal stability. As already discussed in (9),
the nonnegligible amount of water desorbed in the TPD
experiments in the range 350-600 K is likely related to the
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FIG.5. NH3-TPD spectra of MoO;3(6)/TiO, (a), V20s(0.8)-
MoOs3(6)/TiO; (b), and V,05(1.5)-MoO3(6)/TiO; (c) catalysts.
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FIG.6. FT-IR spectra of the adsorbed species arising on V,05(0.4)-

MoOj3(6)/TiO; after adsorption of NH3 and subsequent outgassing at R.T.
(a) and 423 (b), 523 (¢), and 623 K (d). The spectra of the activated sample
have been subtracted. The insert in the figure shows the region of the first
overtone of the V=0 and Mo=0 stretching.

presence of water impurities in the NH3 feed and/or to sur-
face dehydroxylation. The first effect is possibly of minor
importance due to both the expected low amounts of water
impurities and the lower basicity of water with respect to
ammonia, which is known to displace H,O from the catalyst
acid sites (23). On the other hand, it is likely that surface
dehydroxylation of a catalyst already calcined at high tem-
perature is favored by the presence of ammonia, which is
a vehicle for proton migration (9). The small water peak
observed at higher temperatures, near 650 K, is related to
the occurrence of the ammonia oxidation process, as in-
deed confirmed by the production of small amounts of ni-
trogen that is observed to desorb in the same temperature
range.

Upon addition of V,0s5 to the MoO3(6)/TiO, catalyst
(traces b—c), the features of the NH3-TPD are only slightly
affected: a slight reduction of the area of the NH3 desorp-
tion peak is observed, along with an increase in the forma-
tion of nitrogen. This is in line with the promoting effect of
vanadium in the oxidation of ammonia (36).

FT-IR study of ammonia adsorption. The interaction
of NHj3; with the catalyst surface has also been investi-
gated by FT-IR. Figure 6 shows the FT-IR spectra obtained
upon adsorption of ammonia at R.T. over the V,05(0.4)-
MoQO3(6)/TiO, sample and after evacuation at increasing
temperature.

In the spectrum recorded after evacuation at R.T. (spec-
trum a), the sharp band at 1604 cm~! is due to the asymmet-
ric deformation of ammonia coordinatively held over Lewis
acid sites. The corresponding symmetric deformation mode
is complex, showing a band with amaximum near 1200 cm*
and shoulders at 1256, 1250, and 1227 cm~?, indicating that
different types of Lewis acid sites are present on the surface.
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This band progressively shifts at higher frequency and the
relative intensities of its components change upon heating
(spectra b-d).

The bands observed at 1668 and 1448 cm~! are character-
istic of ammonium ions produced by ammonia protonation
over MoOH and, eventually, VOH Brgnsted acid sites.

Outgassing at progressively higher temperature (spectra
c—d) causes the disappearance first of the bands characteris-
tic of the protonated ammonia species and later of those cor-
responding to the molecularly adsorbed NHs;. This clearly
indicates that protonated NH; species are thermally less
stable than molecularly coordinated species.

It is noted that after evacuation at 423 K (spectrum b),
two very weak absorption bands are also detectable at 1540
and 1487 cm~L. These bands could be present also in the
spectra recorded at lower temperature (see shoulder near
1490 cm~! after evacuation at R.T.), but appear to be more
evident when intensities of the bands of symmetric defor-
mation of ammonia and ammonium decrease; moreover
they disappear after evacuation at 523 K, indicating that
they are reasonably due to intermediate species. Bands
at these frequencies have been observed on the surface
of other metal transition oxides supported on titania (37)
after adsorption of ammonia and hydrazine; several of
these catalysts, active both in the SCR of NOy and in the
Selective Catalytic Oxidation (SCO) of ammonia, show
these bands very intensely, and their assignment is not clear
at the moment. According to the IR spectra of organic (38)
and inorganic N-containing compounds (39), we can ten-
tatively propose that the band at 1487 cm~? is due to HNO
nitroxyl adsorbed species and the band at 1540 cm~! is due
to NH; amide group. We cannot exclude the presence of
other intermediates on the surface, but, in any case, these
bands are likely due to oxidation products of ammonia.

As discussed above, the negative peaks detected in the
spectra correspond to absorption observed over the clean
surfaces that disappear upon ammonia adsorption. The neg-
ative band at 1976 cm~%, with a shoulder at 1995 cm™, is
due to the first overtone, split in two components, of the
Mo=0 stretching of surface molybdenyl species (insert of
Fig. 6). The corresponding fundamental mode is evident
near 1000 cm~L. Together with this band a negative weak
peak at 1378 cm~ is also observed, which is assigned to sul-
fate impurities (40) detectable also on the surface of bare
TiO, support. With outgassing at increasing temperature
the intensity of all these negative bands decreases, indi-
cating that the coordinatively unsaturated molybdenil and
sulfate surface groups tend to be regenerated. Focusing at-
tention on the Mo=0 stretching overtone shown in the in-
sert of Fig. 6, we observe that upon increasing temperature
the lower frequency component at 1976 cm™! is restored
more quickly than the higher frequency one.

It is interesting to focus attention on the bands relat-
ing to the symmetric deformation of chemisorbed ammonia
(spectrum a of Fig. 6) that are sensitive to the strength of
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the surface acid site and shift towards higher frequency by
interaction with increasing acidity of the Lewis sites. This
absorption mode appears well split into three components
at 1256, 1227, and 1200 (stronger) cm~! with a shoulder at
1250 cm~!. Qutgassing at increasing temperature causes
a faster disappearance of the components at higher fre-
guency: in fact, after evacuation at 623 K (spectrum d),
although weak, only a band at 1250 cm™! is detected. The
faster disappearance with temperature of the higher fre-
guency components (representative of the interaction of
ammonia with stronger acid sites) may be due to a sur-
face reaction involving ammonia, possibly an oxidation to
molecular nitrogen not detectable by FT-IR spectroscopy,
and not to the easier desorption of ammonia bonded from
more acidic acid sites. As a matter of fact, N, formation was
observed at temperatures above 600 K during the NH3-TPD
experiments reported above (Fig. 5). Formation of ammo-
nia oxidation products may likely occur via formation of
HNO nitroxyl and/or NH, amide groups whose presence
has been tentatively deduced from the bands at 1487 and
1540 cm~1, respectively.

The spectra recorded after adsorption of ammonia and
following evacuation at increasing temperature over the
samples with higher vanadia loading present similar fea-
tures, as shown in the spectra of the sample V,05(1.5)-
MoO;(6)/TiO, taken as an example (see Fig. 7). However,
some differences can be observed:

(i) Comparison of the spectra obtained after outgassing
at R.T. (traces a of Figs. 6 and 7) shows that the relative
intensity of the band at 1448 cm~1, due to symmetric defor-
mation of the ammonium ion, increases with the amount
of vanadium in the catalysts with respect to the symmetric
deformation of coordinated ammonia on Lewis acid sites,

detected near 1605 cm™>.
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FIG.7. FT-IR spectra of the adsorbed species arising on V,05(1.5)-
MoO3(6)/TiO, after adsorption of NH3 and subsequent outgassing at R.T.
(a) and 423 (b), 523 (c), and 623 K (d). The spectra of the activated sample
have been subtracted.
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(i) In the spectra recorded after evacuation at 523 K
(traces b of Figs. 6 and 7), the bands of oxidation ammonia
species are always detectable, in particular the band due to
amide species, although very weak.

(iii) The negative band at 1378 cm~! is not detectable,
indicating that the surface sulfate impurities are no longer
present on the surface of the catalysts. This can be inter-
preted in agreement with the competition, for which evi-
dence was previously reported (41), of sulfate, molybdate,
and vanadate species over the support basic sites.

The adsorption of ammonia on binary catalysts and bare
support has also been investigated for comparison, but the
spectra have not been reported here for brevity. The spectra
recorded after adsorption of ammonia and following evacu-
ation at increasing temperature over binary MoO3(6)/TiO,
and V,05(1.5)/TiO; catalysts agree well with previously
reported data (19, 23). The spectra, showing both ammo-
nium cations and coordinatively bonded molecular ammo-
nia, provide evidence of the presence of both Brgnsted
and two or three Lewis acid sites of different strengths
on the surface of the sample. Molybdenum addition to
TiO, causes a higher increase of the strength of the Lewis
acid sites (as pointed out by a couple of bands at 1252
and 1210 cm~! in the spectrum of MoO3(6)/TiO,) with re-
spect the vanadium addition (a band near 1200 cm~* with
a shoulder at 1240 cm™! is apparent in the spectrum of
V,05(1.5)/TiOy). Along similar lines, the loading of vana-
dium in MoOj3(6)/TiO, catalyst does not change signifi-
cantly the strength of the Lewis acid sites, although the for-
mation of a new site, corresponding to the band observed
near 1225 cm~ in the spectra of Figs. 6 and 7, could be not
excluded.

On the other hand, Brgnsted sites are absent on the sur-
face of the pure support, as has been already reported (42).
Hence it should be concluded that Brgnsted sites origi-
nate from the presence of molybdenum or vanadium oxide
species on the TiO; surface.

Catalytic Activity Measurements

Reactivity in the SCR reaction under dry conditions. The
results of the catalytic activity tests performed in the re-
duction of NO by NH3; over the V,05—-MoO3/TiO, samples
having different vanadia content (V,Os =0, 0.8, 1.5% w/w)
are shown in Figs. 8A and 8B in terms of NO conversion
and N selectivity, respectively. The N, selectivity is here
defined as Sy, = [N2]/([N2] + [N2O]). The results obtained
over reference V,05/TiO; samples with V,0s5 loadings of
0.8 and 1.5% wi/w have also been reported for comparison
purposes (traces d and e, respectively).

Figure 8A shows that all the V,05—-MoO3/TiO;, samples
are active in the SCR reaction and that the reactivity of the
catalysts increases on increasing the V,0s loading: the tem-
perature required to achieve 50% NO conversion is pro-
gressively lowered from ~570 K down to 470 K on increas-
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FIG. 8. Resultsof catalytic activity runs performed over the V,05(x)-
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(A) NO conversion vs temperature; (B) N, selectivity vs tempera-
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MoO3(6)/TiOy; (d) V205(0.8)/ TiOy; () V205(1.5)/ TiO,.

ing the vanadia loading from 0 to 1.5% w/w (curves a, b, and
¢, respectively). In the case of the sample with the highest
vanadia content, appreciable NO conversions are attained
at temperatures as low as 420 K. At the highest investi-
gated temperatures, for all the catalysts the NO conversion
decreases due to the occurrence of the NH3 oxidation reac-
tion: as a matter of fact, the NH3 conversion (not reported
in the figure) is equal to or only slightly higher than that of
NO in the whole temperature range, but is always complete
in the high temperature region.

The N selectivity is nearly complete for all the investi-
gated samples in the low temperature region, but declines
at high temperatures due to the formation of N,O. The de-
crease of the N selectivity at high temperatures is more evi-
dent on the sample with the highest V.05 loading (curve c).
Itis noted however that in spite of the decrease in the N, se-
lectivity with temperature, the temperature window for the
reaction (i.e., the temperature range where high NO conver-
sion and high N selectivity are simultaneously achieved) is
widened and shifted towards lower temperatures by vana-
dium addition due to the increased activity of the catalysts
in the low temperature region.

The reactivity of the ternary catalysts is significantly
higher than that of the corresponding binary samples having
the same V loading, as seen by comparing curves d-b and
e—c. This effect is particularly evident in the case of the sam-
ples with V,05 = 0.8% w/w where the NO conversion curve
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is shifted 100 K towards lower temperatures. This is a clear
indication that the presence of molybdenum increases the
activity of V,05/TiO,, catalysts. Besides, it is worthy of note
that the binary V,0s/TiO, samples show higher N, selectiv-
ity if compared with the molybdenum-containing catalysts:
this may be taken as indication that Mo may contribute to
the N,O formation, as already suggested in previous inves-
tigations (9).

To gain a better understanding of the steady-state cata-
lytic activity experiments, the data have been guantita-
tively analyzed assuming an isothermal plug flow reac-
tor model and a first-order power-law rate equation (r=
kP exp(—Eact/RT)Cno) to estimate k° and E., after the
absence of interphase and intraparticle diffusion limita-
tions had been verified with experimental diagnostic cri-
teria. Only the data where almost complete N, selectiv-
ity was measured have been taken for this kinetic analysis.
Comparable values of the activation energy in the range
16.5-19.5 kcal/mol have been calculated for all the samples,
except for the V,05(1.5)/TiO; catalyst for which a slightly
lower value of the activation energy (14.1 kcal/mol) has
been estimated. These values compare well with those re-
ported in the literature for vanadia/titania based catalysts
(43, 44).

Reactivity in the SCR reaction under wet conditions.
Since under typical SCR conditions water vapor is con-
tained in huge amounts in the flue gases (~10% v/v), the
catalytic behavior of a selected sample (the V,05(0.8)-
MoO3(6)/TiO; catalyst) has also been investigated in the
presence of 1% v/v H,O in the feed. Such a low water con-
tent (limited by our experimental apparatus) is represen-
tative since it is well known that the H,O influence on the
SCR reaction is strong for low water concentrations and
tends to level off at higher H,O concentrations (1-3). The
results of the catalytic activity performed under wet condi-
tions are reported as empty squares in Figs. 9A and 9B (NO
conversion and N selectivity, respectively), where they are
compared with those obtained under dry conditions. These
latter slightly differ from those already reported for the
same sample in Fig. 8, possibly due to minor difference in
the experimental conditions used in the two cases (O, = 2%
v/v vs 9000 ppm). Figure 9 shows that in the low tempera-
ture region (i.e., at temperatures below 550 K) the reactivity
of the catalyst is only slightly decreased by the presence of
steam. On the other hand, a significant effect of H,O is ob-
served at high temperatures: indeed the presence of water
increases the NO conversion and N selectivity at tempera-
tures above 700 K. As a result, the temperature window of
the SCR reaction is greatly enlarged towards higher tem-
peratures by water addition, and efficient NO reduction is
achieved at temperatures as high as 700 K.

Reactivity in the NH3 oxidation reaction under dry and
wet conditions. The decrease in the NO conversion and
N, selectivity that is observed at high temperatures under
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FIG.9. Results of catalytic activity runs performed over the
V,05(0.8)-M00O3(6)/TiO, sample under dry and wet conditions (empty
squares and filled triangles, respectively). (A) NO conversion vs temper-
ature; (B) N selectivity vs temperature.

SCR conditions has been attributed to the occurrence of
the NH3 oxidation reaction (1-3). Accordingly, to better
analyze the relevance of such a reaction over the investi-
gated MoOs-based catalysts, the reactivity of NH3 in the
absence of NO has been investigated under both dry and
wet conditions by the Temperature Programmed Reaction
(TPRnN) method. Figure 10 reports the results obtained in
the case of the V,05(0.8)-Mo0QO3(6)/TiO, catalyst by feed-
ing a stream consisting of NH3 (800 ppm) 4+ O (2% v/v) in
the absence and in the presence of 1% v/v H,O (traces a
and b, respectively). The reactivity of NHj3 in the presence
of NO has also been investigated under transient conditions
for the sake of comparison and results have been reported
in the figure as traces c.

The results obtained in the NH3; 4+ NO reaction under
transient conditions (traces c) closely resemble those se-
cured under steady-state conditions and are already pre-
sented in Fig. 9. Indeed NO is consumed starting from 420 K
with formation of N, and water (not reported in the figure),
whereas at higher temperatures, above 670 K, the NO con-
sumption and the N, formation decrease, and the formation
of huge amounts of N,O is apparent. The NH3 concentra-
tion trace presents a complex behavior due to its desorp-
tion at low temperatures and due to its consumption at high
temperatures.

In the case of the NH3+ O; reaction performed under
dry conditions (traces a), major detected reaction products
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FIG. 10. Results of Temperature Programmed Reaction of NH; + O,
(traces a), NHz + O, + H,O (traces b), and NH3; + NO + O, (traces c) per-
formed over the V,05(0.8)-Mo0O3(6)/ TiO, sample. Concentration of NH3,
NO, Ny, and N,O vs temperature.

are N, and N,O, whose formation is apparent at 520 and
620 K, respectively. No formation of significant amounts
of NO was observed. Water (not reported in the figure) is
also produced along with N, and N,O. It is noted that the
greater amounts of N,O observed during the NHz; + NO
reaction (trace c), if compared to those detected in the
case of the NHj3 oxidation reaction (trace a), likely sug-
gest the direct participation of NO in the formation of ni-
trous oxide. In the presence of water in the feed (curves
b of Fig. 10) the occurrence of the ammonia oxidation
reaction is significantly hindered, as pointed out by the
lower NH3 consumption and associated N, and N,O for-
mation.

The results reported above clearly indicate that the
V,05(0.8)-M0O3(6)/TiO, catalyst is active in the oxidation
of ammonia, leading to the formation of nitrogen and ni-
trous oxide. The onset of the NH3 oxidation reaction is evi-
dent at higher temperatures if compared to that of the SCR
reaction (520 vs 420 K), and is significantly shifted at higher
temperatures by water that accordingly strongly inhibits the
NHj3; oxidation reaction.

429
DISCUSSION

Structural and Morphological Characteristics
of V,05-Mo0O3/TiO, Catalysts

In the range of the investigated VV and Mo loadings, which
are representative of commercial SCR catalysts, our data
indicate that the catalysts are monophasic and constituted
by TiO; anatase supporting the vanadium and molybdenum
oxides species. No formation of other crystalline phases has
been observed either by XRD or by the more sensitive FT-
IR and FT-laser Raman techniques. These data are in line
with previous studies indicating that for TiO,-supported ox-
ides the formation of segregate crystalline phases occurs
when the coverage of the surface oxide species exceeds the
theoretical monolayer (6, 9).

The morphological characteristics of the starting
MoO3(6)/TiO, material have not been significantly mod-
ified upon addition of vanadia. A comparison with a few
V,05/TiO, reference catalysts indicates that the presence
of Mo on the catalyst surface prevents the TiO, matrix sin-
tering process due to vanadia addition. Accordingly Mo
oxide acts in these catalysts as a “structural” promoter by
preserving the catalyst morphological characteristics upon
addition of the active vanadia component, similarly to WO3
in V,05-WOs3/TiO, catalysts (6).

Information concerning the nature of the dispersed V
and Mo oxide surface species has been collected by FT-
IR, FT-laser Raman, and EPR. For all the investigated
V,,05(x)-MoO3(6)/TiO, samples, FT-IR data indicate that
molybdenum oxide is present on the TiO; surface in the
form of molybdenyl species, detected by the Mo=O stretch-
ing at 970-930 cm~* (wet conditions) or near 1000 cm™!
with the first overtone near 1980 cm~! (dry conditions).
The presence of a symmetric tetrahedral molybdate ion
[MoO4]?>~ cannot be excluded, however, nor can that of
polymeric Mo,Oy species. For what concerns the nature
of the V surface oxide species, FT-IR could provide in-
dications only in the case of the sample with high V,0s5
loading (i.e., V205 =1.5% w/w). In this case the existence
of vanadyl species is documented by the presence of the
V=0 overtone stretching visible at 2045 cm~! (dry condi-
tions). Notably, the position of the bands of the V=0 and
Mo=0 stretching modes of the ternary V,05—Mo0QO3/TiO,
catalysts correspond to those observed in binary V,0s5/TiO,
and MoO3/TiO;, reference catalysts (see Fig. 2): this indi-
cates that these species do not perturb each other from
the vibrational point of view. However, in the ternary cata-
lysts, vanadium addition causes the formation of a new
weak component at higher frequency in the Mo=0 stretch-
ing mode characterized by a higher Mo=0O bond order.
A split of the first overtone of the Mo=0O fundamental
stretching mode of a surface molybdenyl has been previ-
ously observed, and discussed, in molydena-zirconia cata-
lysts for molybdenum loading near to the monolayer (45).



430

The split of this band is not likely related to the forma-
tion of mixed Mo-V oxide species but shows that the over-
all coordination of the Mo center has an effect at least on
the Mo-apical oxygen bond order. On the other hand, the
molybdenyl stretching frequency depends on the overall
coordination of molybdenum and on the basic strength of
its ligands. In conclusion, this can be taken as a measure
of the electron-withdrawing character of Mo cations, or, in
other words, of their Lewis acidity which is then slightly
modified by the presence of vanadium.

Hence, FT-IR data show that the active phases are
present on the surface as molybdenyl and vanadyl with one
short Mo=0 and V=0 bond, respectively, and that their
primary interaction is with the nucleophilic sites of the TiO,
support. However, the presence of structural V-Mo inter-
actions cannot be ruled out.

Additional structural information on the surface V and
Mo species comes from EPR spectroscopy. The presence
of both V(1) and Mo(V) ions is clearly visible in the EPR
spectraof V,05-Mo0QO3/TiO, catalysts, and due to the higher
sensitivity of this technique with respect to FT-IR and FT-
laser Raman, information concerning the V species could
be derived also from the samples with the lowest V con-
tent. Preliminary quantitative evaluation by EPR indicates
that up to 10% of the total V + Mo in the ternary sam-
ples is present as V(1V) + Mo(V), which appears enough
to adequately probe the structural features of the reduced
ions anchored at the surface of the support. In line with
the FT-IR data, EPR provided evidence on the fact that
vanadium is present on the titania surface as vanadylic ions
(VO)?* in axial symmetry. Two similar V(I1V) species have
been detected, slightly differing in their coordinative envi-
ronment. A comparison with literature data indicates that
these species are strictly similar to those observed in the
case of V,0Os-WO3/TiO; (6) catalysts: the similarity of the
EPR vanadium spectral features for the ternary systems
containing tungsten or molybdenum oxide nicely indicates
that these catalysts can be thought of as supported oxides
where the main interaction is between the V,0s supported
phase and the TiO; support, while the interaction between
the cosupported phases (V205—-MoO3; or V,05-WO3) is
certainly weaker. However, a comparison of the simula-
tions of the EPR spectra performed in the case of the bi-
nary V,0s/TiO; catalysts (6) also indicates that the spectro-
scopic features of the vanadyl ions present over the ternary
V,05-MoO3/TiO, catalysts slightly differs with respect to
those of V,0s/TiO,. Indeed only one of the two families
of VO?* ions present in the ternary samples has been ob-
served over the binary V,;0s/TiO, catalysts. Furthermore,
while the presence of V(IV) ions is observed over V,Os5—
MoO3/TiO, catalysts already at R.T. after calcination in air,
in the case of the V,0s/TiO, reference system the typical
vanadium EPR spectrum is visible only in the case of the
reduced samples, or it appears upon annealing at high tem-
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peratures (6). This indicates that in spite of the strong in-
teraction between the V,0s supported phase and the TiO,
support, MoO3playsarolein determining both the amounts
and the features of the surface reduced vanadyl ions in the
V,05-M0oO3/TiO; catalysts.

As opposed to the analogous V,05-WQO3/TiO, system,
where the presence of paramagnetic W(V) ions has never
been observed in our previous studies (6), the existence of
Mo(V) ionsisclearly visible in the EPR spectra of the inves-
tigated V,05-M0O3/ TiO; catalysts. Two similar but distinct
species of Mo(V) ions have been observed, corresponding
to molybdenylic ions in axial symmetry with slightly dif-
ferent coordinative environment. The Mo(V) species are
strictly similar to those observed in the case of MoO3/TiO;
catalysts (9), again confirming that the features of the sup-
ported Mo phase are primarily governed by the interaction
with the support. In line with the data coming from the vi-
brational spectroscopies, no evidence for the presence of
polymeric molybdenum (V) clustered species have been
provided by EPR.

In conclusion, spectroscopic data show that the charac-
teristics of the VV and Mo surface species are primarily deter-
mined by their interaction with the TiO, surface, and this
calls for a structural and vibrational independence of the
supported V and Mo oxide species. However, data pre-
sented in this work also suggest that, in spite of their struc-
tural independence, a specific electronic interaction does
exist between the V and Mo surface oxide species that af-
fects their characteristics. Indeed it was found that: (i) the
V05 loading affects the intensities of both the vanadium
and the molybdenum EPR signals (compare Figs. 3 and 4),
i.e., italters the reducibility of both \V and Mo oxide species;
(i) the EPR spectral features of the surface vanadyl ions
in the V,05-Mo0O3/TiO, system differ from those of the bi-
nary V,0s/TiO, samples, i.e., the presence of MoOj affects
the characteristics of the V surface oxide species; (iii) the
increase of the V,0s5 loading broadens the EPR spectra,
thus suggesting the presence of a sort of mutual interac-
tion between supported paramagnetic species; (iv) vana-
dium addition to MoO3/TiO, leads to an increase of the
Raman scattering baseline likely due to an increase of the
amount of quasi-free electrons in the samples, i.e., V mod-
ifies the sample reducibility. These observations converge
in indicating the existence of a mutual electronic interac-
tion between the V and Mo surface oxide species, as al-
ready suggested between V and W in the V,05-WO3/TiO;
system (6). The suggested electronic interaction may op-
erate via the conduction band of TiO,, as already sug-
gested between V and W in the V,05-WO3/TiO, system (6,
34), or may involve the presence of mixed V-Mo surface
species for which evidence has not been provided by the
characterization techniques but whose presence cannot be
ruled out on the basis of the available data. The electronic
interactions between the V and Mo supported oxide species
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lead to a modification of the catalyst redox behavior, as re-
ported in a companion paper (46).

Surface Acid Characteristics of V,05—-MoO3/TiO, Catalysts

The catalyst surface of all the investigated samplesis char-
acterized by strong acidity, probed by NH3-TPD and FT-IR
studies of NH3 adsorption. NH3 adsorbs on the catalyst sur-
face as ammonia coordinatively held over Lewis acid sites
(bands at 1604 and near 1240 cm~! with shoulders at 1255,
1225, and 1191 cm~1) and as ammonium ions produced by
ammonia protonation (bands at 1668 and 1448 cm™1). NH;
species are thermally less stable than molecularly coordi-
nated NHj species, as pointed out by the spectra recorded
upon outgassing the samples at increasing temperatures.

Vanadyls and molybdenyls act as adsorption sites for am-
monia, as indicated by the perturbations induced on the first
overtone of the V=0 and Mo=0 stretching modes. Ti**
ions may also coordinate ammonia, as previously reported
(42). NH3 coordinated on Lewis sites is associated with Ti,
V, and Mo oxide surface species, whereas Brgnsted acid
sites are absent on the surface of the pure titania (42) and
originate from Mo—-OH or V-OH oxide species. Note that
Brgnsted acidity is also observed over the surface of bulk
MoQj3 (47) and of polycrystalline vanadia (48). Accordingly,
the addition of both molybdenum and vanadium causes an
increase of the number of the Brgnsted sites. Moreover, as
previously observed (19), molybdenum addition causes an
higher increase of the strength of the Lewis acid sites with
respect to the vanadium addition. The loading of vanadium
in MoO3(6)/TiO, catalyst does not change significantly the
strength of the Lewis acid sites, although the formation of a
new site, corresponding to a band near 1225 cm~2, could be
not excluded. Hence, the Lewis acid strength of the support
is enhanced by Mo loading, and less by V addition. This can
be interpreted assuming a different inductive effect of Mo
oxide species on the nearest Ti** cations, which also act as
Lewis acid sites.

Reactivity of V,0Os—Mo0O3/TiO, Catalysts in the Selective
Catalytic Reduction of NO by NHj3

The ternary V,05-MoQO3/TiO; catalysts investigated in
the present study exhibit a higher reactivity in the SCR re-
action with respect to binary V,0s5/TiO; and MoOs3/TiO,
samples having the same metal oxide loading, and this may
suggest that a synergistic effect operates between the V and
Mo surface oxide species. To better analyze such aspects,
following the kinetic analysis already proposed in the case
of the V,05-WO3/TiO, catalysts (5, 6), the reactivity of V
and Mo surface species has been estimated in the binary
V,05/TiO, and MoO3/TiO, catalysts and then compared
with that of V and Mo inthe ternary V,Os—MoOs3/TiO; cata-
lysts. For this purpose, the V and Mo turnover frequencies

431

(TOFy and TOFp,, respectively) in the binary V,0s/TiO,
and MoOs3/TiO, systems have been calculated first. By as-
suming that all the Mo and V atoms are dispersed on the
TiO; surface (and hence accessible to the reactants), and by
taking into account the reactivity of exposed Ti atoms on
the NO consumption, the following equation can be used
for the evaluation of the TOF values,

- |
TOFy = r'no — TOEy; - RO / bl 2]
Ocat Jeat

where M stands for V or Mo, ryo is the NO consumption
rate calculated from the values of k® and E,e, moly is the
moles of V or Mo estimated from the nominal V and Mo
loading, respectively, and moly;is the moles of Tiexposed on
the surface estimated from the values of Agand 6+; (Table 1)
and by assuming that the area occupied by a Ti atom is 19 A2
(41). TOF+; is the TiO; turnover frequency estimated from
catalytic activity data collected over the pure TiO, support
9).

The values of TOFy and TOFy,, estimated at 500, 550,
and 600 K in V,0s5/TiO, and MoOs3/TiO; binary samples,
respectively, are reported in Table 3. The values of TOF;
obtained in the case of the pure TiO, support are also re-
ported for comparison. It appears that the TOF\, values are
higher than the TOFy, values, thus indicating the greater
reactivity of vanadium if compared to molybdenum in the
SCR reaction. The reactivity of Ti is, on the other hand,
negligible at the investigated temperatures.

Once the V- and the Mo-TOF values have been secured,
a theoretical rate of reaction Ry, (moles NO converted st
0. for each ternary catalyst has been tentatively calcu-
lated according to the following additive model (5, 6):

mol;
+TOFwmo- +TOF-—2. 3]

Ocat Ocat Ocat

moly molmo

Ry = TOFy -

In Eq. [3] TOFy and TOFy, are the TOFs of V and Mo
in the V,05/TiO, and MoOs/TiO, binary samples hav-
ing the same V and Mo loading of the selected ternary
V,05-M00O3/TiO,, catalyst. The estimates of Ry, according

TABLE 3

Calculated Turnover Frequency (TOF, molyno converted s™?

molyt or moly') for the Vanadia/Titania and the Molybdena/
Titania Catalysts

Ti-Mo-V turnover frequency (TOF)

Mo or V
Catalyst coverage 500 K 550 K 600 K
TiO; — 012x10™® 1.75x10°® 1550 x 107°
MoO3(6)/TiO, 0.63 129x10™% 531x107* 17.0x 1074
V,05(0.8)/TiO, 0.08 030x107% 134x10"°  456x107°
V,05(1.5)/TiO; 0.16 145x107° 4.80x107° 12.86x10°°
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FIG.11. Values of Ry and Rex, (moles NO converted s+ g) for
the V,05(x)-M0O3(6)/TiO; catalysts as a function of the V,05 loading.
T =550K;NO = 1000 ppm. Filled symbols, R, values calculated according
to Eq. [3]; open symbols, Rex, calculated from the estimated values of the
activation energy and pre-exponential factor.

to Eq. [3] are based on the hypotheses that all the vanadium
and molybdenum atoms loaded on the TiO; support are ex-
posed at the surface and that their reactivity is equal to that
of the corresponding binary samples having the same metal
oxide loading.

The values of Ry, estimated according to Eq. [3] for the
investigated V,05(X)-MoO3(6)/TiO,, catalysts at a selected
temperature have been reported as a function of the ;05
loading in Fig. 11 (open symbols) and compared with the
corresponding experimental values (solid symbols). The fig-
ure shows that the values of the theoretical rate of reaction
R estimated according to Eqg. [3] are lower by one order
of magnitude than those experimentally measured, Rexp.
Hence, it may be argued that the reactivity of the V and/or
Mo surface species in the ternary catalysts is higher than
that of the same species in the binary samples having the
same V,0s5 and MoOj loading. This hints towards the ex-
istence of a synergism or interaction in the SCR reaction
between the V and Mo supported metal oxide species.

It is worth noting that these results strictly parallel those
previously reported for V,0Os-WO3/TiO; catalysts showing
that the co-presence of W and V oxide on the TiO, surface
greatly enhances the reactivity of the catalysts in the SCR
reaction (4-6, 49). In such a case, the increase in the catalyst
activity observed upon addition of WO3 to vanadia/titania
has been explained in several ways, including: (i) the for-
mation of new Brgnsted acid sites, considered the active
sites in the SCR reaction (4); (ii) the formation of new acid
sites that enhance the rate of reaction due to the require-
ment of a dual-site mechanism for the SCR reaction (49)
or of an acid and a redox catalyst function (50); (iii) the in-
crease of the catalyst redox properties due to the existence
of a specific V-W interaction (5, 43, 51). The strict paral-
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lelism observed in terms of catalytic activity between the
effects of MoO3; and WQO3; addition to the V,0s/TiO; sys-
tem likely suggests that the above-mentioned factors can
be invoked to explain the observed increase of catalytic
activity in the MoOs-containing catalysts as well. As a mat-
ter of fact, the characterization data reported above clearly
indicates that, like tungsten oxide, the addition of molybde-
num to V,0s/TiO, increases the number of Brgnsted acid
sites and increases the strength of Lewis acid sites as well.
This is in line with the hypothesis that the increase in the
catalyst acidity is somehow responsible for the increase in
the catalyst activity (4). However, our data also indicate
that the loading of vanadium in MoOg3(6)/TiO, does not
significantly change the acid characteristics of the catalysts
(although the formation of a new acid site could be not ex-
cluded), whereas it greatly enhances the catalyst activity in
the SCR reaction. Accordingly, it is unlikely that the cat-
alyst activity is uniquely controlled by the catalyst acidity,
either of Lewis or Brgnsted type.

The hypothesis concerning the requirement of a dual-site
mechanism for the SCR reaction or, similarly, of an acid and
aredox function exploited by the Mo and VV components, re-
spectively, is in our opinion more likely. In this light, the in-
crease in the catalyst activity that is observed upon addition
of MoO3 to V,0s/TiO, may be rationalized by considering
that Mo provides a nearby acid site to vanadium and/or that
MoQj; increases the catalyst redox properties, which have
been claimed as the controlling factor at low temperatures
inthe SCR reactions in the case of V,Os-based catalysts (52,
53). As a matter of fact, our characterization data reported
above apparently point out the existence of electronic in-
teractions involving the VV and Mo oxide surface species
leading to an increase of the redox characteristics of the
samples. These observations have also been confirmed by
specific investigations currently in progress in our laborato-
ries on the redox properties of the V,05—M0O3/TiO; cata-
lysts and on the role of such properties in the SCR reaction
(46).

The TiO,-supported V,0s-Mo0O3 and V,05-WQOj; cata-
lysts investigated in this study and in previous works (5, 6)
exhibit similar structural and morphological characteristics
and a similar activity in the SCR reaction at low temper-
atures. However, the MoOs-based catalysts show a higher
propensity towards N,O formation and a more pronounced
decrease in NO conversion at high temperatures. N,O rep-
resents an undesired byproduct of the reaction due to its
greenhouse effects, and therefore its formation must be
avoided. Hence, this apparently limits the use of MoOs-
based catalysts in the low temperature region with respect
to the analogous WQOgs-containing system. The selectivity
data reported in Fig. 8B apparently suggests that N,O for-
mation must be mainly ascribed to the presence of M0oOs3, in
line with previous studies on MoOs3/TiO; (9) and on WO3-
based catalysts (6, 9). The study of the mechanisms leading



CHARACTERIZATION AND REACTIVITY OF V,05-MoO3/TiO;

to the formation of N,O is not the object of the present
work; however, the results of transient reactivity experi-
ments performed with NH3; + O, and with NH3 + NO + O,
mixtures over a selected V,05—MoQ3/ TiO, sample (Fig. 10)
suggest that NO is involved in the formation of nitrous ox-
ide according to the stoichiometry of the so-called Non-
Selective Catalytic Reduction (NSCR) process,

ANH;+4NO +30; - 4N,0 4+ 6H,0.  [4]

Indeed much lower amounts of N,O have been obtained
from NH3 + O, mixturesin the absence of NO. These results
are in line with the results of isotopic labeling experiments
performed over vanadia/titania catalysts (54-59), showing
that of the two N-atoms of N,O one comes from ammo-
nia and the other from NO, and with data obtained over
binary MoOs3/TiO, catalysts as well (9). The occurrence of
the direct ammonia oxidation to nitrous oxide (see below)
cannot, however, be ruled out.

The reasons explaining the different extent of N,O for-
mation in the V,05—Mo0O3/TiO, and V,05-WO3/TiO, sam-
ples are still unclear. In the case of vanadia/titania samples,
Bell and co-workers (52) associated the N,O formation to
the presence of labile oxygen atoms in polyvanadate species
with respect to isolated vanadyls, i.e., to their superior re-
dox properties. It is likely that a similar explanation holds
for the investigated catalytic system as well. As a matter
of fact, EPR data clearly point to the different redox prop-
erties of the molybdenyl vs the wolframyl surface species.
Indeed, whereas Mo®* ions were clearly detected in the case
of the V,05-Mo0QO3/TiO, samples, both after calcination at
773 K and/or after evacuation treatments at different tem-
peratures, evidence for the presence of W+ paramagnetic
ions has never been collected either in the calcined sam-
ples or upon evacuation at increasing temperatures, up to
873 K (6, 9). These treatments certainly lead to the reduc-
tion of the catalyst, as visually indicated by the progressive
darkening of the catalyst sample, but the lack of any W°*
EPR signal indicates the absence of stable W®* ions. This
clearly points out the different electronic characteristics of
the MoOgs-based catalysts if compared to the analogous
WOs-containing samples. The role of these properties in
determining the activity and selectivity in the reduction of
NO is still unclear, but considering that the SCR reaction
does involve a redox cycle it is expected that the different
catalyst electronic properties play a role in governing the
reactivity and selectivity of the different samples.

The decrease in the NO conversion that is observed
at high temperatures over all the investigated V,0s5(X)—
MoQO3(6)/TiO, samples (Fig. 8) cannot be ascribed to the
formation of N,O via the NSCR reaction [4], which in fact
doesinvolve the same NH3/NO ratio asthe SCR reaction [1]
and accordingly only affects the N, selectivity. Hence, other
routes must be invoked, e.g., the ammonia oxidation reac-
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tions which have been proven to occur at high temperatures
over the investigated catalytic system (see Fig. 10). The
occurrence of these reactions, leading to the formation of
NO and/or N,O, is responsible for the decrease of both the
NO conversion and the N selectivity. On the other hand,
when the reaction product is molecular nitrogen, only the
NO conversion is affected (3). Hence, it may be speculated
that the lower NO conversion observed at high temperature
over V,05-MoQO3/TiO, compared to V,05-WO3/TiO, may
be ascribed to the lower reactivity of this latter catalytic
system in the ammonia oxidation reaction.

Water addition has a significant beneficial effect on the
catalytic behavior of the catalysts (see Fig. 10). Indeed the
reactivity of the catalysts in the SCR reaction is only slightly
decreased by the presence of water at low temperature
(the NO conversion curve is slightly shifted towards higher
temperatures), but higher NO conversions and N selectiv-
ities are preserved at high temperatures. Accordingly water
improves the catalyst performances by widening the temp-
erature window of the SCR reaction towards higher tem-
peratures. The beneficial effect of water on the catalytic
performance of the V,05-Mo0QO3/TiO; system is related to
its weak inhibiting effect on the SCR reaction and to its
simultaneous strong effect on the NH3 oxidation reactions
and/or nonselective NO reduction reaction. This is very ev-
ident in Figs. 9 and 10, showing that the NH; oxidation
reactions are shifted roughly 100 K upwards by steam ad-
dition, whereas the SCR reaction is only weakly affected at
low temperatures by the presence of water. The inhibiting
effect of water on the SCR reaction is well established in
the literature (1-3), and it has been interpreted in different
ways, e.g., (i) competition of H,O with NH3 on the adsorp-
tion on the active sites, (ii) modification of the structure
of the active sites (27, 60-67), and (iii) retention of high
catalyst oxidation state (68). As a matter of fact, FT-IR
data proved that water may convert Lewis acid sites into
Brgnsted ones (3), and this may result in a modification of
the catalyst activity. Also, the improvement of the N se-
lectivity by water addition on V,0s/TiO; catalysts is well
documented (69-72), but the mechanisms through which it
exerts its inhibiting effects on N,O formation are still rather
obscure.

CONCLUSIONS

TiO,-supported V,05—Mo0O3 oxide based catalysts, hav-
ing V and Mo loadings representative of commercial SCR
catalysts, have been considered in this study. Our data indi-
cate that, in the range of compositions investigated (which
are of interest for the SCR application), a strict parallelism
does exist between the MoOs3- and the WOg3-based cata-
lysts. Indeed these catalytic systems present similar struc-
tural and morphological properties, and, like WO3, M0Os3
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prevents the TiO, matrix sintering due to vanadia addition,
thus acting as a “structural” promoter.

Molybdenum and vanadium oxide are present on the
catalyst surface in the form of molybdenylic and vanadyl
species, even if the presence of polymeric Mo,Oy species
cannot be excluded. The features of the V and Mo sur-
face oxide species closely resemble those observed over the
corresponding binary V,Os/TiO, and MoO3/TiO; reference
catalysts, thus pointing out the vibrational independence of
the V and Mo surface species. Hence in these catalysts the
main interaction is between the V,05 and MoO3 supported
phase and the TiO, support, while the interaction between
the co-supported phases (V205—-MoOj3; or V,05-WQO3) is
certainly weaker. However, in spite of the structural and
vibrational independence of the V and Mo surface species,
electronic interactions between the TiO,-supported V and
Mo oxides are likely present. These interactions may oper-
ate via the TiO, support or may involve mixed VV-Mo sur-
face oxide species whose presence has not been observed
but cannot be ruled out.

The catalyst surface of all the investigated samplesis char-
acterized by strong acidity, probed by NH3;-TPD and FT-IR.
Ammonia is coordinatively held over Lewis acid sites (as-
sociated with Ti, V, and W oxide surface species) and is
present as ammonium ions produced by NH3 protonation
over Mo-OH or V-OH oxide species. The addition of both
molybdenum and vanadium causes an increase of the num-
ber of the Brgnsted sites, and molybdenum addition also
causes a higher increase of the strength of the Lewis acid
sites with respect to the vanadium addition.

The V,05-MoO3/TiO, catalysts investigated in the pre-
sent study exhibit an higher reactivity in the SCR reaction
with respect to the corresponding binary V,0s/TiO, and
MoQO3/TiO, samples having the same metal oxide loading.
As a matter of fact, the temperature window for the SCR
reaction, corresponding to high NOx conversion and com-
plete selectivity to N, is greatly widened with respect to
the binary catalysts. Calculations showed that the reactiv-
ity of V and/or Mo in the ternary catalysts is higher than
that of the same species measured in the case of V,0s/TiO,
and MoO3/TiO; binary samples: hence it is suggested that
a synergism operates between the V and Mo surface ox-
ide species. Accordingly molybdenum acts as a “chemical”
promoter for the SCR reaction, besides playing a “struc-
tural” function as well. These results strictly parallel those
obtained in the case of V,05-WO3/TiO, catalysts, where a
cooperative effect has also been observed in the SCR re-
action between the V and W supported oxide species. On
the basis of the characterization data, it is suggested that the
observed synergism in the SCR reaction is related to the ex-
istence of the V-Mo electronic interactions.

When compared to the V,0s—WO3/TiO, catalysts, the
V,05-MoO3/TiO, samples show similar activity in the re-
duction of NO by NH3, but also lower selectivity (i.e., higher
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formation of N,O) and lower NO conversions in the high
temperature region. Our data suggest that the N,O forma-
tion is mainly ascribed to a reaction between NO and NHj3
catalyzed by the MoO3; component. Besides, the decrease in
the NO conversion that is observed in the high temperature
region can be associated to the occurrence of the ammonia
oxidation reactions. Notably, water addition has a signifi-
cant effect on the catalytic behavior of the catalysts, and in
particular in the high-temperature region: indeed the pres-
ence of water preserves high NO conversions and high N,
selectivities at the highest investigated temperatures with
respect to the experiments performed under dry conditions.
Accordingly, water improves the catalyst performance and
widens the temperature window of the SCR reaction to-
wards higher temperatures.

The different behavior of the V,05—-MoQO3/TiO, and
V,05-WQO3/TiO, samples is possibly associated with the
different electronic characteristics of the MoOs-based cata-
lysts if compared to the analogous WO3-containing sam-
ples. A detailed comparison of the catalytic properties of
MoO3- and WOs-based model and commercial De-NO-
SCR catalysts is presently under investigation, and results
will be presented shortly.
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