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Chromia—-vanadia on titania catalysts containing 8 mol%
(Cr + V) were prepared and tested for the selective catalytic re-
duction (SCR) of NO by NHjs, in excess Oy, in the temperature
range 250-450°C. The physicochemical properties of the prepared
catalysts as well as those of the corresponding single active phase-
containing samples were investigated by specific surface area and
pore volume measurements, X-ray powder analysis, UV-visible
diffuse reflectance spectroscopy, laser-Raman microscopy, X-ray
photoelectron spectroscopy, analytical electron microscopy, and
temperature-programmed reduction experiments. The best cata-
lytic performance was achieved by the catalyst containing 2 mol%
Cr and 6 mol% V (TiCr,Ve), while all the binary active phase-
containing catalysts proved to be more active than the correspond-
ing single active phase-containing catalysts, at reaction tempera-
tures higher than 350°C. The enhanced catalytic performance of the
binary active phase-containing catalysts is attributed to a synergy
developed between the two active phases. This synergy is maximized
in the TiCr,Vg sample, where a new Raman band, at 971 cm™,
has also been observed. This peak is attributed to isolated Cré*
species decorated by well-dispersed V°* species. Deposition of the
chromia phase on the titania surface stabilizes the texture of the fi-
nal catalysts against changes provoked by deposition of the vanadia
phase. (© 1999 Academic Press

Key Words: chromia—vanadia catalysts; selective catalytic reduc-
tion; NO; titania; synergy; X-ray photoelectron spectroscopy; dif-
fuse reflectance spectroscopy; analytical electron microscopy.

INTRODUCTION

Environmental pollution is due largely to the emission of
nitrogen oxides and sulfur oxides from synthetic sources.
These oxides play a major role in the acidification of our
environment.

Selective catalytic reduction (SCR) of nitrogen oxides by
ammonia is among the most effective commercial methods
for controlling NOx emission from stationary sources (i.e.,

1 To whom all correspondence should be addressed. Fax: (+30-61)
994 796.

power stations). The most common catalysts for the SCR of
nitrogen oxides used on a commercial scale are V,Os/TiO»,
V,05-MoO3/TiO,, and V,05-WO3/TiOs.

Chromium oxide catalysts unsupported or supported
mainly on TiO, (anatase) have been extensively studied
over the last decade for the SCR of NO with NH3 in the pres-
ence of excess oxygen by the groups of Baiker and of Curry-
Hyde (1-13). They have proved that chromium oxide-based
catalysts containing amorphous chromia as the active phase
are quite promising catalysts for low-temperature SCR op-
erations. The selectivity toward N, of these catalysts in the
low reaction temperature range has been shown to be sim-
ilar to the selectivity found for state-of-the-art vanadium
oxide-based catalysts (1).

Athighreaction temperatures, however, where the amor-
phous chromia is transformed into crystalline «-Cr,O3, the
selectivity of the above-mentioned catalysts toward N has
been proved to be lower than that exhibited by the vana-
dium oxide-based catalysts, making these catalysts unsuit-
able for practical applications (6, 14, 15).

In a recent work we studied the influence of chromium
content on the physicochemical properties and catalytic be-
havior of chromia-titania catalysts for the title reaction at
relatively high temperatures (16). The main conclusions
drawn from this work were the following: (i) Isolated Cr*+
species, well interacted with the anatase surface, are stabi-
lized even at high temperatures (500°C) for chromia-titania
catalysts with low chromium content. (ii) These Cr* species
exhibit enhanced catalytic performance for the SCR of NO
with NHg at high reaction temperatures. (iii) Increases in
the chromium content favor the formation of badly dis-
persed chromia phases with lower oxidation states.

Having in mind the very good catalytic performance of
chromia-based catalysts for SCR of NO with NH3 in the
low reaction temperature range, their good behavior, even
at high reaction temperatures when they contain isolated
Cr5* surface species, and the widely accepted high efficiency
of the vanadium oxide-based catalysts for the same reaction
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at high temperatures, we prepared and studied a series of
binary active phase (CrO3; and V;,0s) containing catalysts
supported on TiO,.

Some years ago Wong and Nobe (17) studied the catalytic
performance of the following SCR catalysts: Cr,O3/TiO,
V,05/TiO; and V,05-Cr,O3/TiO,. In all these catalysts
the total active phase loading was 10 wt% and the ratio
of vanadium to chromium oxide was 20 : 1. Their results
showed that V,Os/TiO; catalysts are more active and se-
lective than Cr,Os3/TiO; catalysts, while the activity and se-
lectivity of V,0s5-Cr,O5/TiO, catalysts are comparable to
those of V,0s5/TiO; catalysts. To our knowledge, however,
there has not been, up to now, any systematic study of the
influence of the active phase composition on the catalytic
behavior of V,05-Cr,03 /TiO; catalysts. On the other hand,
it is well known, in the field of catalysis, that the coopera-
tion (synergy) of two or more active phases at certain ratios
(synergistic ratios) could result in catalysts with exception-
ally good catalytic performance (18).

In this work we focus on the influence of the composition
of binary active phase V,0s5-Cr,03/TiO; catalysts on their
catalytic performance and physicochemical properties.

EXPERIMENTAL

Catalyst Preparation

Anatase (Sakai, 98% TiO,, 1% total SOf{, 0.1%Fe, 0.1%
Nb, 0.01% K0, and 0.01% P,0s) calcined at 500°C for 20 h
was used for preparing the catalysts studied in this work.

Chromium was deposited on the titania surface by wet
impregnation with an aqueous solution of (NH4),Cr,Oy.
The water was removed slowly (over a 4-h period) in a
rotary evaporator and the solid obtained was dried at 110°C
for 5 h and then calcined at 500°C for 20 h in air.

Vanadium was deposited on an aliquot of the chromium-
containing solids by wet impregnation using a vanadium
oxalate agueous solution. The above procedures were fol-
lowed for the removal of water and the thermal treatment
of the ternary catalysts so obtained. Another series of cata-
lysts containing the same amount of vanadia phase with
the corresponding ternary samples was prepared for com-
parison. The samples prepared are denoted hereafter as
TiCrxVy, where x and y indicate the content of chromium
and vanadium, respectively, expressed in mole percent.

Catalyst Characterization

Textural properties. Specific surface area and pore vol-
ume measurements were carried out in a Micromeritics
ASAP 2000 apparatus, at —196°C using nitrogen as adsorp-
tion gas.

X-ray powder analysis (XRD). X-ray diffraction pat-
terns were obtained in the range 15°-60° (scanning rate;
2° min~1) with a Philips PW 1480 automated diffractome-

ter using CuKa (A =1.4518 A) radiation filtered through
Ni.

Diffuse reflectance spectroscopy (DRS). The diffuse re-
flectance spectra of the samples studied were recorded in
the range 200-800 nm at room temperature, using a UV-vis
spectrophotometer (Varian Cary 3) equipped with an inte-
gration sphere. TiO, carrier was used as a reference in all
cases. The powder samples were mounted in a quartz cell
which provided a sample thickness greater than 3 mm and
guaranteed correct infinite sample thickness.

Laser-Raman microscopy (LRM). The Raman spectra
were excited with the 514.5-nm line of a Spectra Physics
(Model 163-A42) air-cooled Art laser. The spectral res-
olution was 9 cm~. A Jobin Yvon T-64000 Raman system
equipped with a Spectraview-2D liquid N,-cooled CCD de-
tector was used, in the single spectrograph option, to dis-
perse and detect the Raman scattered light. Details con-
cerning operation conditions as well as the procedures used
were given in our previous work (16).

X-ray photoelectron spectroscopy (XPS). The XPSana-
lysis was performed at room temperature with a SSX-100
Model 206 Surface Science Instruments (SSI) photoelec-
tron spectrometer, interfaced to a Hewlett—Packard 9000/
310 computer. Details concerning operation and calibra-
tion conditions as well as the assumptions and routines
used were given in our previous work (16).

Analytical electron microscopy (AEM). Analytical
electron microscopy was performed on a Jeol Temscan
100 CX electron microscope equipped with a Kevex 5100 C
energy-dispersive spectrometer for X-ray microanalysis.
The samples were dispersed in water and deposited on a
carbon film supported on a copper grid.

Temperature-programmed reduction (TPR). The appa-
ratus used and the experimental details of the TPR experi-
ments are described in detail elsewhere (19).

Catalytic tests. Catalytic tests were carried out in a
continuous-flow tubular fixed-bed microreactor. The reac-
tion mixture consisted of 800 ppm NO, 800 ppm NH3;, and
4% O, with a balance of nitrogen. This gas mixture was
produced by mixing nitrogen (Air Liquide 99.999%) and
single-component gases in a balance of nitrogen (8861 ppm
NO/N,, 1.02% NH3/N,, certified by +1 and +5%, respec-
tively, Air Liquide). Feed and product concentrations of
NO, NO,, N,O, NH3, H,O, and O, were quantitatively an-
alyzed using a computer-controlled quadruple mass spec-
trometer (VG-Sensorlab 200D). Under our experimental
conditions, NH3 oxidation on the filament (producing NO)
when O, was present in the feed was not observed. This was
verified by comparing the signal at 17 amu in the presence
and absence of O, in the calibration stream. To determine
the NHj; concentration, the contribution from the H,O frag-
mentation to the signal at 17 amu was taken into account.
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Finally, calibration of the mass spectrometer for NO, frag-
mentation was not necessary since, under our experimental
conditions, NO; was never detected although the signal at
46 amu was continually monitored.

Quantities of 3 mg of catalyst diluted up to 100 mg with
SiO; (Silica gel 60, Merck) were used in these measure-
ments. An O,/N, mixture containing 10% O, was passed
through the reactor and the catalytic bed was heated in two
successive steps, first from room temperature to 100°C and
then from 100 to 450°C, and remained under these con-
ditions for 45 min. Between these two steps, the temper-
ature was maintained at 100°C also for 45 min. This time
was required for the signal of 18 amu (H,O), monitored by
the mass spectrometer, to be stabilized. Then, the reaction
mixture, with a flow rate of 150 ml min~! (STP), was fed
to the reactor and conversion measurements as a function
of temperature were carried out in the range 250-450°C.
Reaction steady state was established after 30-45 min at
each temperature. Percentage yields to N, are defined as

FnoLin + FNHg,in — Fno,out — FNH3,0ut — 2FN,0,0ut y

%VYN, =
N2 2(Fno,in + FNH;.in)

100,

[1]

where F is the molar flow rate (mol s71) of the various
reactants and products at the reactor inlet and outlet, as
indicated by the corresponding subscripts. Both reactants,
whichwere equimolarly mixed in the reaction mixture, were
taken into account because of the uncertain stoichiometry
of the reactions leading to N, and N,O formation (3).

RESULTS

Texture

The compositions, BET specific surface areas, and pore
volumes of the prepared samples are listed in Table 1.

TABLE 1

Catalysts Prepared and Their Compositions, BET Specific Surface
Areas (SgeT), and Pore Volumes (PV)

V:Cr:Ti Cr,03 V,05 SgeT PV
Catalyst atomic ratio (Wt%) (Wt%) (m?g) (cm®g)
TiCroVo 0:0:100 0.0 0.0 70 0.361
TiCr,Vo 0:2:98 1.9 0.0 61 0.339
TiCryVo 0:4:96 3.8 0.0 61 0.329
TiCrsVo 0:6:94 5.7 0.0 59 0.319
TiCrgVo 0:8:92 7.6 0.0 59 0.317
TiCrgV; 2:6:92 1.9 6.8 62 0.305
TiCryV, 4:4:92 3.8 45 59 0.269
TiCr,Vs 6:2:92 5.7 2.3 51 0.285
TiCroVs 8:0:92 0.0 9.0 32 0.276
TiCroVs 6:0:92 0.0 6.9 42 0.297
TiCroV4 4:0:92 0.0 4.7 55 0.312
TiCroV; 2:0:92 0.0 24 64 0.350

A significant decrease in the surface area and pore vol-
ume is observed in the case of the TiCroVy samples as the
vanadium content increases. The corresponding pore size
distribution curves showed that this decrease is accompa-
nied by a progressive disappearance of the relatively nar-
row pores of the support (pore diameter ca. 150 A) and
a simultaneous creation of wider ones (pore diameter ca.
400 A).

The specific surface areas of the ternary catalysts de-
crease with an increase in vanadium loading. However, this
decrease is lower than that observed for the corresponding
TiCrgVy samples. On the other hand, there is no systematic
change in the pore volume of the ternary catalysts as their
composition changes.

The corresponding pore size distribution curves showed
that the increase in vanadium content (and simultaneous
decrease in chromium content) brought about a shift of the
maxima toward larger pore diameters. However, a com-
parison of the corresponding curves for the TiCrqVy and
TiCrVy catalysts revealed that the above-mentioned shift
is stronger in the absence of the chromia phase.

Structure

The X-ray diffraction patterns of the fresh TiCr,V, cata-
lysts exhibited only the diffraction lines of anatase. How-
ever, electron microscopy revealed the existence of well-
formed crystalline phases other than that of the support
phase. As the energies of the X rays emitted from the vana-
dia and chromia phase do not differ enough, it was not
easy to perform quantitative microanalysis on the ternary
samples. Electron microscopy results showed that in the
TiCrgVo sample, the chromia phase is not dispersed very
well on the titania surface and some crystallites are formed.
These crystallites are either free or associated with the sup-
port particles. Figure 1ashows that the chromia and vanadia
phases are also ill-dispersed in the TiCrgV; catalyst. Simi-
larly, TiCr,V, catalyst contains aggregates that seem more
bulky than those observed in the other catalysts of this se-
ries. In some of them only V and/or Cr phases are detected
by microanalysis. TiCr,Vg catalyst appears more homoge-
neous in the corresponding electron micrograph presented
in Fig. 1b. Microanalysis results have shown a slight vari-
ation in Cr and V content from one particle to the other,
while no particles containing only chromium and/or vana-
dium phases were detected in this sample. Finally, a remark-
able heterogeneity has been found in the TiCrVg catalyst.
In some particles of this catalyst only the vanadium phase
was detected, while the rest of the sample contained aggre-
gates of various shapes and sizes.

The UV-vis/diffuse reflectance (DR) spectra of the sam-
ples containing 8 mol% active phases are illustrated in
Fig. 2. A main absorption band centered at 410-420 nm
is observed in all cases. This band is typical of the transi-
tion metal oxo-species in their maximum oxidation state
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FIG. 1. (a) Electron micrograph of the TiCrgV, sample. Elements detected: (1) Cr, (2) Ti+ Cr, (3) Ti, (4) Cr, (5) Ti + Cr. (b) Electron micrograph
of the TiCr,Vg sample.
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FIG.2. UV-vis/DR spectra of the TiCr,Vy, samples. (a) TiVg,

(b) TiCrg, (C) TiCr6V2, (d) TiCr4V4, (e) TiCrQVG.

well interacted with the titania surface (16, 20-22). The in-
tensity of this peak is higher in the cases of binary active
phase-containing catalysts and takes its maximum value in
the case of the TiCr,Vg sample. These results show that
greater fractions of active species in their highest oxidation
state (Cr®* and V°* species) are stabilized on the surface
of the binary active phase-containing catalysts than on the
catalysts containing a single active phase. However, it is
very interesting that TiCr,V is the only catalyst where the
intensity of the DRS band at 410-420 nm is equal to the
sum of the intensities recorded in the cases of the corres-
ponding single active phase-containing catalysts (TiCr;Vg
and TiCryVg). In all other cases the intensity of this band
does not exceed an average of about 70% of the above-
mentioned sum.

The shape of the absorbance band for the TiCryVgsample
(Fig. 2a) reveals contributions from absorption at 430 and
500 nm which are due to the O*~ — V>t charge transfer
process (23), indicating the presence of crystalline V,Os in
thissample (24). Thisis in agreement with our AEM results,
although this phase was not detectable by XRD.

The absorbance observed all along the visible region of all
DR spectra presented in this work is attributed to badly re-
solved absorbance bands originating from chromium- and
vanadium-supported species where the corresponding met-
als exist at oxidation states other than their maximum (25).
In the case of the Cr surface species, it is well known that
Cr3* species are the most abundant after calcination at
500°C (16).

Important changes in the features of the Raman spec-
tra with the composition of the TiCryVy samples have been
observed in the spectral region 700-1000 cm~!. Figure 3
presents this region for spectra recorded using “low laser
intensity.” With the exception of a second-order band of

anatase at ~800 cm~! (26), chromium oxide and vanadium
oxide phase symmetric and antisymmetric stretching modes
can be obtained (7, 16, 26-31). Inspection of this figure
shows that, in fact, more than one badly resolved peak ap-
pears in this region, creating a scattering envelope. Starting
from the sample containing 8 mol% Cr, an increase is ob-
served in the intensity of the envelope of the Raman bands
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FIG. 3. Laser Raman spectra of the TiCr,V, samples recorded using

“low laser intensity.” (a) TiCrg, (b) TiCrgVs, (c) TiCryVy, (d) TiCr,Ve,
(e) TiCry, (f) TiVs, (g) TiVs.
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at shifts higher than 870 cm™2, as the chromia phase is sub-
stituted by vanadia. A new very sharp peak appears in the
spectrum of the TiCr,Vg sample at 971 cm ™, superimposed
on the above-mentioned envelope, accompanied by a small
peak at 997 cm™1, which is characteristic of pure crystalline
V705 (28, 29). Finally, in the case of the TiCryVg sample,
under the experimental conditions used, only the second-
order band of anatase at ~800 cm~! and the sharp peak at
997 cm~! appear clearly. The last peak, in agreement with
the DRS and AEM results, verifies the formation of crys-
talline V05 on the surface of the TiCroVg sample.

Laser-induced changes in chromia or vanadia supported
on titania samples have been reported by several authors
(7, 16, 32). More precisely, it is well established that crystal-
lization of the chromia phase takes place when a chromia—
titania sample is irradiated by a laser beam with “high laser
intensity.” On the other hand, exposure of a vanadia—titania
catalyst to increasing laser power is accompanied by a de-
crease in the intensity of the band near 995 cm~! and a
simultaneous increase in the band at 1030 cm~L. This be-
havior has been interpreted as due to dehydration of the
supported vanadyl species (28-32).

The LRM spectra of the binary active phase-containing
catalysts recorded using “high laser intensity” are presented
in Fig. 4. Comparison of these spectra with the correspond-
ing spectrapresented in Fig. 3shows remarkable differences
in the shape of the Raman bands of the catalysts studied.
However, the increase in the intensity of the Raman scat-
tering at shifts higher than 870 cm~2, which is observed as
the chromia phase is substituted by vanadia in the case of
the spectra recorded using “low laser intensity,” is also ob-
served in the spectrarecorded using “high laser intensity.” It
might be noted that the relative intensity of the sharp peak
observed previously at ~971 cm~ in the case of the TiCr,Vs
specimen was diminished after irradiation with “high laser
intensity.”

Surface Properties

For all samples, the binding energies (BEs) of the O 1s
and Ti 2ps, photoelectrons was, respectively, 529.8 +0.1
and 458.6 £ 0.1 eV.

The X-ray photoelectron spectra of the Cr 2p doublet of
the TiCrVy catalysts are presented in Fig. 5. The shape of
this peak definitely indicates the existence of chromium in
at least two valence states, namely, Cr* concluded from
the maximum at binding energy (BE) 576.9 eV, which cor-
responds to the photoelectrons emitted from the Cr 2psp;
level of Cr¥* atoms, and Cr®* concluded from the second
maximum observed at BE =579 eV. The presence of some
amount of Cr°* [BE(Cr 2ps) =577.5-578.5 eV] cannot
be excluded, taking into account the shape of these spec-
tra. Unfortunately, no information could be obtained from
the X-ray photoelectron spectra of these catalysts concern-
ing the existence of Cr** species on the TiO, surface. The
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FIG. 4. Laser Raman spectra of the TiCrxVy samples recorded using
“high laser intensity.” (a) TiCrg, (b) TiCrgV2, (€) TiCrsV4, (d) TiCr,Ve,
(e) TiVs.

electrons of the 2p level in these species have a binding
energy too close to that of Cr®* species and exhibit the
same multiple splitting but a somewhat larger peak width
(26, 27).

Although in principle a deconvolution of the Cr 2p3;
peak of the spectra could result in a quantification of the
relative concentrations of the above-mentioned species, this
has not been attempted. The main reason is the well-known
fact that under XPS analysis conditions part of Cr8* is re-
duced to lower-oxidation-state species (28). We have ver-
ified this by long-time analysis in the X-ray photoelectron
spectrometer (16). However, in a first semiquantitative ap-
proximation comparing the spectra of the TiCr,Vy samples
with those of the TiCry samples with the same Cr loading we
can conclude that addition of the vanadia phase decreases
the concentration of Cr* species or facilitates their reduc-
tion during XPS analysis. A typical example is depicted in
Fig. 6.

The BEs of V 2ps, photoelectrons for 3+ and V**
species are reported to be equal to 517.0+0.2 and
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FIG.5. X-ray photoelectron spectra of the Cr 2p doublet of the
TiCr,Vy catalysts. (a) TiCrg, (b) TiCrgV>, (c) TiCrsVy, (d) TiCraVe.

515.9+0.2 eV, respectively (33-36). In our spectra the
corresponding peak appeared at517 + 0.2 eV, indicating the
existence of VV°* species on the catalyst surface. However,
an asymmetry toward the low binding energy side has been

57'5,5
Binding Energy / eV

583,5 571,5

FIG.6. X-ray photoelectron spectra of the Cr 2p doublet of the
(a) TiCr,V,4 and (b) TiCry catalysts.
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observed in the above peak in the spectra of TiCr,Vg and
TiCroVg samples, indicating the formation in these samples
of small amounts of vanadium species at a lower oxidation
state, most probably V** in agreement with other results
(37-40).

The variation of the XPS surface atomic ratios (Cr/
(Ti+ Cr+ V))xps versus the corresponding bulk ratios for
the TiCryVy and TiCryVo samples is presented in Fig. 7.
Concerning the ternary samples, it can be seen that, after
an initial nonlinear increase, the coverage of TiO, by sup-
ported chromium species reaches its maximum at a loading
equal to 6 mol% Cr (TiCrgV3) and remains constant with a
further increase in Cr loading.

Comparing the values of the above-mentioned XPS sur-
face atomic ratios measured on the TiCr,Vy samples with
those measured on the TiCrV, samples with the same Cr
loading, it is evident that deposition of the vanadia phase
reduces the dispersion of the previously supported chromia
phase. This sintering of the chromia phase is in agreement
with the diminution in the Cr8* surface species observed
after deposition of the vanadia phase (Fig. 6), as it is well
known that crystallization of the chromia phase produces
a-Cr,0s.

The variation of the XPS surface atomic ratios (V/Ti+
Cr+V))xps Vversus the corresponding bulk ratios for the
ternary (TiCryVy) and binary (TiCroVy) samples is pre-
sented in Fig. 8. Inspection of this figure shows that the sur-
face concentration of vanadium in the ternary vanadium-
poor (and thus chromium-rich) samples (TiCrgV, and
TiCrsV,) is lower than that measured on the surface of the
corresponding binary samples (TiCrgV; and TiCryV,). This
indicates that deposition of vanadium onto a CrO,/TiO,
catalyst with Cr,O3 loading in the range 4-6 mol% Cr
results in a poorer vanadia dispersion, in comparison with
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the binary TiCroVy system. It seems, from Fig. 8, that this is
not the case for the TiCr,Vg sample.

The total surface concentrations of both supported
elements expressed as the XPS atomic ratio [(Cr+ V)/
(Cr+V + Ti)]xps are presented in Fig. 9 versus the bulk
composition of the TiCr,Vy samples. This XPS atomic
ratio becomes a maximum in the case of the TiCr,Vg
sample, showing that the highest coverage of the support
by the supported phases is achieved in this composition.
In addition, one could note that all the binary active
phase-containing samples exhibit higher surface coverages
than the single active phase-containing samples.
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FIG.10. TPR curves of the TiCr,Vy samples. (a) TiVs, (b) TiCr,Vs,
(C) TiCr4V4, (d) TiCrGVZ, (e) Ticl's.

Reactivity

The reduction behavior of binary chromia-titania and
vanadia—-titania catalysts has been extensively studied (6,
16,24, 27,41-47). Figure 10illustrates the TPR curves of the
TiCryVy specimens containing 8 mol% active components.
It can be observed that the shape of the TPR curves changes
significantly with the composition of these samples.

Catalytic Activity

The TiCryVy samples were very active. Conversions in
the range 5-10% were achieved only at 250°C. So, we could
consider our reactor working in a differential mode, and cal-
culate specific activities, only for that reaction temperature,
using the equation
- SSFA o g

- w
where F is the molar flow rate of NO or NH3, x is the corre-
sponding conversion, SSA is the specific surface area, and
w is the weight of the sample in the reactor.

The calculated values of the specific activities (Ryo and
Rnwg) of the catalysts are presented in Table 2. The values

R

(Cr+\V)/(Ti+Cr+V))yps10°

\
240- \ TABLE 2
\ Catalysts Prepared and Their Specific Activities, R, at & =250°C
220 ¢ !
Rno RnHs
200 i : : Catalyst (wmol m~2 min~t) (umol m=2 min~1)
0,00 0,25 0,50 0,75 1,00 — - -
(VI(V*+CN)guLk TiCreVs 25 2.4
TiCrsV, 4.9 4.7
FIG.9. Variation of the total surface concentration of both supported  Ticr,v, 9.0 8.6
elements, expressed as the XPS atomic ratio ((Cr+V)/(Cr+V + Ti))xes,  TiCr,Vs 105 10.3

versus the bulk composition of the TiCr,Vy samples.
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FIG. 11. Activity results, expressed as percentage NO conversion, for
the TiCrxVy samples.

of the two specific rates almost coincide for all catalysts
studied. This means that, in accordance with the literature
(48-50), at this low reaction temperature the main reaction
taking place during the SCR process is

4NO + 4NH3 + O; — 4N, + 6H,0. [3]
The specific activity increases with V content, although the
global activity (activity per gram of catalyst), a measure of
which is the percentage xno (Fig. 11), seems to vary with the
composition of the catalysts in a different way. Indeed, at
low reaction temperatures (<350°C) the catalyst containing
2 mol% Cr and 6 mol% V (TiCr,Vs) proved to be the most
active catalyst of this series. At high reaction temperatures
(=400°C) all the ternary catalysts (TiCr,Vs, TiCrsV,4, and
TiCrgV>) proved to be more effective than the binary ones
(Tin'gVo and Tinng).

160
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1404 [ s00°C
] Bl 350°C
) [ 400°C
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FIG. 12. Percentage NHz conversion for the TiCr,Vy samples.
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FIG. 13. Yields to N; obtained for the TiCr,V, samples.

The conversion of ammonia during the NO reduction
tests is illustrated in Fig. 12. Comparison of the values for
NHj3 conversion with the corresponding values for NO con-
version (Fig. 11) at low reaction temperatures (<350°C)
shows that ammonia consumption over the vanadium-rich
catalysts (TiCroVg, TiCr,Vg, TiCrV,) isalmost stoichiomet-
ric. In the case of chromium-rich catalyst the ammonia con-
sumption exceeded that of the NO at 350°C. This behavior
is also observed at high reaction temperatures (>=400°C) for
all catalysts studied.

Yields to nitrogen are presented in Fig. 13. At all reaction
temperatures studied, the yield to N; increased with V con-
tent of the catalysts up to the TiCr,Vg sample and decreased
again for the TiCryVg sample. On the other hand, the yield
to N, achieved for each of these catalysts increased with
reaction temperature up to 350-400°C and then decreased
with a further increase in reaction temperature.

DISCUSSION

Influence of Catalyst Composition on Textural Properties

Inapreviouswork (16), we found that deposition of chro-
mia on the anatase surface has only a slight influence on its
textural characteristics. The results presented in this work
show that addition of progressively higher loadings of vana-
dium in the TiCroVy samples destroyed the textural charac-
teristics, in perfect agreement with the results of del Arco
etal. (51).

The fact that the addition of progressively higher vana-
dium loadings on chromium-containing solids to prepare
the ternary catalysts brought about a relatively lower de-
crease in the specific surface area of the samples and a
weaker influence of the shape of their pore size distribu-
tion curves shows that the chromia phase has a texture
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stabilizing action against the changes provoked by depo-
sition of the vanadia phase.

Supported Species on the Surface of TiCryVy Catalysts

The joint use of a variety of characterization methods
proved to be necessary because of the complexity of these
catalysts. So, although the formation of crystalline phases
like V,Os5 and Cr,03 has not been detected by XRD anal-
ysis, their existence, in addition to that of well-dispersed
chromium, vanadium, and/or chromium-vanadium oxo-
species, on the surface of the TiCryVy catalysts has been
proved from the results of AEM, DRS, LRM, and XPS.

Based on the DRS results and considering that in the
TiCr,Vy and TiCryV, samples, because of the low active
phase loading, a negligible fraction is crystallized, one can
calculate the values of the Kubelka—Munk function (Ry)
per mole percent of these species from the correspond-
ing DR spectra in the range 410-420 nm. Such a calcula-
tion gave values of R,,/mol% of V =0.8 and R,,/mol% of
Cr=1.0. Taking into account that these values are so close
to each other, we can consider, in a first approximation,
that any change in the value of R, in the above-mentioned
spectral region with the composition of the TiCr,V, cata-
lysts is not due to variation in the relative concentrations of
vanadium and chromium, but reflects an analogous change
in the total concentration of the chromium and vanadium
oxo-species well interacted with the support surface.

Based on the above consideration, the DRS results, il-
lustrated in Fig. 2, show that the coexistence of two active
phases on the anatase surface increases the fraction of sup-
ported species that interact well with the support surface as
compared with the corresponding single-active-phase cata-
lysts with the same total loading. This fraction becomes a
maximum in the case of the TiCr,V; catalyst. This means
that (i) the maximum coverage of the support surface by the
supported phases should also be attained for the TiCr,Vs
sample, and (ii) the coverage obtained in the ternary sam-
ples should be higher than that of the binary samples with
the same total loading. Indeed, the XPS results presented
in Fig. 9 strongly support both of these arguments.

As already mentioned in the results, the TiCr,V, catalyst
is the only ternary catalyst in which the value of R, in the
range 410-420 nm, is exactly the sum of the corresponding
values, measured on the TiCr,Vand TiCryVe samples. This
means that the deposition of 2 mol% Cr on the support
surface did not reduce the number of surface sites avail-
able for deposition of the vanadium species well interacted
with the support. This picture is also corroborated by the
XPS results presented in Fig. 8, in which the same value is
observed for the (V/(Ti + Cr + V))xps atomic ratios of the
TiCr,Vs and TiCryVe samples. To explain this behavior one
could suppose that the two phases occupy different surface
sites. However, this hypothesis does not succeed in explain-
ing the fact that in all other ternary samples the value of R,

in the range 410-420 nm was smaller than the 70% of the
sum of the corresponding values measured on the binary
samples.

Another tentative explanation, which could be pro-
posed for the interaction of the two phases, is as follows:
According to our previous work (16), isolated Cr®* species
of tetrahedral symmetry are mainly formed on the titania
surface for chromium loading ca. 2 mol% Cr. When the
chromium loading increases, oligomeric (namely, trimeric
and tetrameric) species of octahedral symmetry are
detected. Thus one could speculate that during the second
impregnation step for deposition of the vanadia phase,
hydrolysis of Ti-O-Cr bonds could take place to some
extent according the following or analogous paths:

\\ // AN / o
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/ \ 3
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Ti T OH; (l)H;
'1"1 Ti
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Cr - Cr—0O
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According to paths [4], [5], and [6] a large fraction of
the hydrolyzed monomeric and dimeric Cr®* species re-
mains associated with the titania surface. This is in agree-
ment with the previous findings of our group (52), namely,
that the deposition of the chromia phase on the surface of
TiO, during impregnation takes place via Croﬁ‘, HCrO,,
and Cr20§* species that are deposited on sites created by
the protonated or undissociated surface hydroxyl groups of



Cry03-V;,05 /TiO, CATALYSTS FOR THE SCR OF NO BY NH3 15

TiO,. In addition, it was concluded in that work that a sin-
gle surface hydroxyl group is needed for deposition of each
of the above Cr-containing species. According to the above
hydrolysis paths, the hydrolyzed monomeric Cr®* species
remaining associated with the surface create a new ad-
jacent protonated surface hydroxyl group per chromate
unit. In contrast to that, fully hydrolyzed oligomeric Cré*
species (path [7]) are not expected to remain associated
with the support surface (53). Finally, the partially hy-
drolyzed oligomeric Crb* species are expected to create
smaller amounts of protonated hydroxyls per chromate unit
than the isolated ones, as it is induced by the hydrolyzation
path (6). If our speculation is correct, namely, if the situa-
tion in the “solid/impregnating solution” interface during
the impregnation of V on the TiCry samples is like that de-
scribed above, it is expected that, in the case of TiCr,Vg
sample, a portion of VXO§* species would be adsorbed on
the new protonated surface hydroxyl groups formed in the
vicinity of the hydrolyzed isolated chromate units remain-
ing associated with the surface (paths [4] and [5]).

Depending on the extent of the hydrolysis, the concen-
tration of these newly formed protonated surface hydroxyl
groups may be quite significant, compensating in an anal-
ogous way the number of hydroxyl groups consumed dur-
ing deposition of chromium species and, consequently, pro-
viding an additional number of sites for deposition of the
V species. In such a case the protonated surface hydroxyl
groups available for deposition of VXO§* species follow-
ing the prior deposition of a small loading of Cr (2 mol%)
would be almost the same as that before the chromium de-
position, thus ensuring the highest dispersion of vanadate
species.

This deposition mechanism is in accordance with the XPS
result presented in Figs. 7 and 8. In fact, in this sample, the
dispersion of the chromia phase remains unaffected after
deposition of the vanadia phase (see Fig. 7), indicating that
the hydrolyzed monomeric chromium species remain as-
sociated with the titania surface during impregnation with
vanadium. In addition, dispersion of the vanadium phase
also remains unaffected by prior deposition of chromia (see
Fig. 8), indicating that the concentration of the deposition
sites for the VO~ species also remains unaffected by prior
deposition of chromia, as suggested by the above mecha-
nism.

According to the above deposition mechanism the total
number of surface hydroxyl groups used in the TiCr,Vg
catalyst for the deposition of both active phases could
be greater than that of the other binary active phase-
containing catalysts, as in those cases monomeric Crb*
species have not been detected. This is in agreement with
the higher surface coverage observed for this catalyst. This
view is in excellent agreement with our XPS (Fig. 9) and
DRS (Fig. 2) results, while it explains the homogeneity of
this catalyst observed by AEM.

The deposition of V>* species on sites adjacent to the
isolated Cr®* species might also favor the creation of Cr-
O-V bridges during calcination of the catalyst, thus trans-
forming the above units in nonisolated ones. This would ex-
plain perfectly the fact that after the deposition of vanadia
an increase is observed in the concentration of octahedral
nonterminal chromate units [as concluded from the analo-
gous increase in the intensity of the LRM band in the range
870-1000 cm~1 (7)]. In our previous work (16) only isolated
tetrahedral Cr®* species were detected in the sample con-
taining 2 mol% Cr. In contrast, the results of the present
study show that the intensity of the bands in the above-
mentioned spectral region takes its maximum value in the
sample containing 2 mol% Cr (TiCr,Vg), thus confirming
an interaction between the two supported phases. This in-
teraction transforms the isolated Crb* species, existing in
the TiCr,V, precursor sample, into nonterminal chromate
species in the TiCr,Vg catalyst. A result of this interaction
may also be the new Raman peak at 971 cm~?, which ap-
peared in the spectrum of this sample. This peak does not
appear in either the spectrum of TiCr,V, or the spectrum of
TiCroVs (see Fig. 3). It should be noted that the relative in-
tensity of the Raman peak at 971 cm~* diminishes when the
sample is irradiated with “high laser intensity.” Taking into
account the crystallization effect of “high laser intensity”
on the two supported phases (7, 16, 32) one can conclude
that, indeed, the species responsible for the above peak are
well dispersed on the titania surface, in accordance with the
proposed deposition mechanism.

The increase observed in the intensity of the Raman
signal of the TiCr,Vg sample in the range 870-1000 cm~!
might also be attributed to the influence of the chromia
phase, which is acidic, on the structure of the vanadia phase.
According to Deo and Wachs (31), acidic additives, like
WQO3, Nb,Os, and P,Os, create more polymerized and six-
coordinated vanadium oxide structures in vanadia—titania
catalysts. This is reflected by an upward shift of the corre-
sponding Raman band from ~950 to 970-980 cm~. How-
ever, as can be seen in Fig. 3, even in the spectrum of a
vanadia—titania sample containing 8 mol% V, the intensity
of the corresponding Raman band is too low to explain the
increase observed in the case of the TiCr,Vg sample.

On this point, it should be also stressed that the TPR
curve of the TiCr,V; catalyst showing a rather symmetrical
reduction peak at 500°C corroborates the view that a new
predominant Cr-O-V phase is formed on the surface of this
catalyst.

In the case of the TiCr,V, catalyst, the majority of
the Crb species formed in the first impregnation step
are oligomeric species (16). According to the proposed
deposition mechanism some of these species are com-
pletely hydrolyzed, some partially hydrolyzed, and some
not hydrolyzed during the second impregnation step. The
completely hydrolyzed oligomeric species is expected to
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precipitate on the support surface after removal of water
and result in a lower dispersion of the chromium phase
than measured in the precursor solid (TiCr4V). This is con-
firmed by the XPS results presented in Fig. 7. On the other
hand, because of the small number of protonated hydroxyl
groups per chromate unit created due to the partially hy-
drolyzed chromium oligomeric species and the occupation
of some of the existing surface hydroxyl groups by the par-
tially hydrolyzed and nonhydrolyzed chromium species, the
dispersion of the vanadium phase is expected to be lower
than that measured in the TiCryV4 sample. This is in agree-
ment with the XPS results presented in Fig. 8. However,
because of the deposition of V°* species on surface hy-
droxyl groups—unoccupied by chromium species and that
created by the partial hydrolysis of chromium species—the
total coverage of the support surface in the TiCr,V, catalyst
might be higher than that of binary samples with the same
total loading but lower than that achieved in the TiCr,Vg
catalyst, in agreement with XPS and DRS results.

In the TiCrgVVo sample, the precursor of TiCrsV2, the main
fraction of chromia is badly dispersed on the support sur-
face, forming agglomerates or crystallites (16). Some of
these badly dispersed chromium species are expected to
be partially hydrolyzed during the second impregnation
step. Thus no change in the dispersion of the chromium
phase is observed after the deposition of vanadia (Fig. 7). In
this sample the chromium loading is high and corresponds
to the maximum surface coverage of titania by chromium
(see Fig. 7). Thus, the deposition sites remaining unoccu-
pied by the chromium species are expected to be quite few.
This explains why, although the vanadium loading in this
case is low, the vanadia dispersion is lower than that mea-
sured in the TiCryV, sample (Fig. 8). As vanadium species
are deposited on surface sites that are unoccupied by the
chromium phase and on sites created by the partial hydrol-
ysis of the chromium surface species, the coverage of the
support surface achieved in the TiCrgV, catalyst is higher
than that of the binary TiCrgV, and TiCryVg samples and
lower than that of the other ternary ones (see Figs. 2 and 9).

The deposition mechanism proposed above, although a
tentative one, can explain very well the differences in the
physicochemical characteristics of the ternary catalysts.

Catalytic Performance of TiCryV, Catalysts

The results obtained have shown that, at low reaction
temperature (250°C), where the reduction of NO by NH3
is the predominant reaction of this process, the specific ac-
tivity of the catalysts studied increases as the V/Cr atomic
ratio increases. This means that V species are more active
than Cr species for the above reaction. However, the fa-
vorable action of Cr species on the global activity of the
ternary catalysts can be seen even at this low reaction tem-
perature. Indeed, as has already been discussed, Cr species
have a stabilizing effect on the surface area of the prepared

catalysts. This fact seems to have a positive influence on the
global activity of TiCr,Vg catalyst, rendering this catalyst
more active than TiCroVg. The TiCr,V, catalyst proved to
be the most active catalyst of the series at reaction tempera-
tures up to 350°C. We need to note that this catalyst has the
highest surface area, exhibits maximum surface coverage of
the support by the supported phases, and consequently has
the maximum dispersion of the active phases and the most
extended interactions between the active phases and the
carrier based on AEM, XPS, and DRS results. However,
even in the above-mentioned region of reaction tempera-
tures, the global activity order of the catalysts changed with
temperature. This means that the above-mentioned physic-
ochemical parameters are not the only factors determining
the catalytic performance of the prepared samples.

At higher reaction temperatures the ternary samples
proved to be more effective than the corresponding binary
ones. To a first approximation this could be attributed to
better geometrical characteristics (dispersion, surface area,
supported phase-support interactions) of the supported
phases, observed in the cases of the ternary samples, com-
pared with those of the corresponding binary ones. How-
ever, inspection of Fig. 11 reveals that the order established
taking into account the percentage NO conversion values,
measured at these high reaction temperatures (>350°C),
depends both on the composition of the catalysts and on
reaction temperature.

The catalytic behavior discussed above implies that
changes in the composition of the prepared catalysts af-
fect not only the geometrical characteristics of the sup-
ported phases but also the kind and concentration of ac-
tive sites formed on their surfaces, probably by changing
the structure of supported species. It seems that these sites
are responsible for the acceleration of the various reactions
taking place during the SCR process and are activated at
different reaction temperatures. The above considerations
can also explain the dependence of NH3 consumption on
both composition and reaction temperature. In fact, a com-
parison of the % xno and % Xnns values (Figs. 11 and 12)
reveals that NH3 is consumed in excess of NO converted
as the Cr content of the catalyts and the reaction tempera-
ture increase. As aresult of this behavior total consumption
of NH3 is observed at 350°C over the TiCrgV, catalyst, at
400°C over the TiCrgV; catalyst, and at 450°C over the re-
maining catalysts studied (TiCr4V4, TiCr,Vs, and TiCryVs).
These observations verify that other side reactions involv-
ing NH3 but not NO, like [8], [9], and [10], also take place
at reaction temperatures higher than 350°C:

4NH3; + 30, — 2N, + 6H,0, [8]
2NH3; + 20, — N,O + 3H,0, [9]

4NH; + 50, — 4NO + 6H,0. [10]



Cry03-V;,05 /TiO, CATALYSTS FOR THE SCR OF NO BY NH3 17

Taking into account the above-discussed complexity of
the SCR process, we think that the yield toward N, which
is the desired product of the process, should be considered
the most important criterion for evaluation of the catalysts
studied.

The results presented in Fig. 13 show that the yield of N,
depends on both the composition of the catalysts and the
reaction temperature. At temperatures up to 350°C, where
reaction [3] is expected to be predominant, the vanadium-
rich samples (TiCroVs and TiCr,Vs) give higher yields of
N>, in accordance with the fact that vanadia phase is more
active for this reaction than chromia phase, as has been
concluded from the specific activities presented in Table 2.
However, the favorable action of the chromia phase is ev-
ident even at these low reaction temperatures, rendering
the TiCr,Vg catalyst more selective than the TiCryVs cata-
lyst. The favorable action produced by the coexistence of
the two supported phases on the activity and selectivity
of these catalysts proves that a synergy is developed be-
tween the two phases. This synergy is more pronounced at
even higher reaction temperatures where the side reactions
[8]-[10] are also accelerated. Indeed at temperatures higher
than 350°C not only the TiCr,Vg catalyst but all the ternary
samples proved to be more effective, exhibiting higher se-
lectivity to reaction [3] than the corresponding binary ones.
However, the fact that the TiCr, Vg catalyst proved to be the
best catalyst of the series means that the above mentioned
synergy is maximized in the corresponding composition.

The above-discussed catalytic behavior of the TiCr,Vy
catalysts for the SCR of NO by NHj in excess O,, com-
bined with the results of the physiochemical characteriza-
tion of the corresponding samples, suggest that the synergy
observed should be related to the concentration of Cr—-O-V
interaction species, created by the decoration of isolated Cr
species with well-dispersed V species. In accordance with
what we have already discussed in a previous work (16),
the concentration of isolated Crb* species on the precursor
solids (TiCrxVy) decreases as the Cr content increases. This
is expected to bring about a corresponding decrease in the
concentration of the above-mentioned Cr—O-V interaction
species, in agreement with the physicochemical characteri-
zation results, discussed in a previous section of this work.

CONCLUSIONS

The most important conclusions drawn from the present
study may be summarized as follows:

1. A synergy is detected between chromia and vanadia
phases supported on anatase surface for the SCR of NO by
NHj3, in excess O,. This synergy is more pronounced at high
reaction temperatures.

2. The synergy observed seems to be due to the creation
of Cr—O-V interaction species between the isolated Cré*
species and the well-dispersed V°* species.

3. The existence of chromia phase on the titania support
stabilizes the texture of the final TiCr,V, catalysts against
changes provoked by deposition of the vanadia phase.
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