
Journal of Alloys and Compounds 408–412 (2006) 1108–1112

High-temperature stability of V2O5/TiO2-WO3-SiO2 SCR
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Abstract

The introduction of rare earth elements (RE = La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Er and Yb) into a V2O5/TiO2-WO3-SiO2 system leads to
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catalyst which shows a significant improvement in thermal stability by hindering transformation of TiO2 (anatase) into TiO2 (rutile). As
consequence, these novel compounds show high removal efficiencies for NOx even after aging at 1023 K, when the state of the art

atalysts loose activity and selectivity. This allows potential application of these catalysts in the removal of NOx from diesel or lean-bur
utomotive engines in addition to stationary applications at high temperatures.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Catalytic reduction of nitrogen oxide emissions represents
ne of the greatest challenges in environmental protection.
everal approaches have been followed to reduce NOx emis-
ions for both mobile and stationary applications. Among
hese methods, the most widely employed technology for
tationary applications is SCR[1,2]. It was introduced in the
ate 1970s for the control of NOx emissions in stack gases
or thermal power plants and other industrial facilities. SCR
lants are currently operating in USA, Japan, Europe and
ar East for a total capacity of the order of 180,000 MW.
he SCR is based on the reduction of NOx with NH3 into
ater and nitrogen. Several types of catalysts have been

ested which are active under different environments and
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conditions. The technology is operated commercially
metal-oxide SCR catalysts made of a homogeneous
ture of TiO2 (80–90 wt.%), WO3 (6–10 wt.%) and V2O5
(1–3 wt.%), which may contain some silica (0–10 wt.%
the formulation. Titania in the form of anatase is use
a high surface area carrier to support the active compo
V2O5, which is responsible for the activity of catalysts
NOx reduction. WO3 (sometime also MoO3) is employed as
chemical/structural promoter to enlarge the temperature
dow of application. Silica is often used to improve the cata
strength.

In spite of the fact that SCR technology is used worldw
there are still opportunities to improve catalytic performa
especially in relation to the following issues: (i) to impro
catalyst design in order to obtain at the same time a h
activity in NOx removal and a lower activity in SO2 oxida-
tion; (ii) to limit ammonia slip and to improve the behavio
of the system under dynamic conditions; (iii) to avoid de
tivation which occurs at present catalysts when treate
high temperatures. It is in fact known that the activity o
925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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V2O5/TiO2/SiO2 catalyst increases markedly with a rise in
calcinations temperatures up to 873–923 K and then rapidly
decreases[3]. This is mainly due to phase transformation of
TiO2 (anatase) into TiO2 (rutile) and consequent loss of BET
surface area with changes in the chemical state of surface
vanadium species. Solving these issues will pave the road for
use of SCR also in mobile applications; the process using urea
as reducing agent is in fact investigated intensively for use in
diesel or lean-burn engines[3]. The challenges for automo-
tive applications are high SCR activity and improved thermal
stability of vanadia-tungsta-titania catalysts in the tempera-
ture range 473–1000 K. Such extreme operating temperatures
(compared to “classic” SCR applications where temperature
range of the order of 573–773 K are often encountered) are
certainly of short duration and may occur at very high power
output (low rpm and high load).

The present investigation is aimed to address the problem
related to stability at high temperatures where state of the art
V2O5/TiO2-WO3 (or V2O5/TiO2-WO3-SiO2) catalysts still
suffer strong deactivation. As a result, we have found that
promotion of V2O5/TiO2-WO3-SiO2 and V2O5/TiO2-WO3
catalysts with rare earth (RE) strongly improves activity even
after aging at temperatures of 1023 K for several hours, when
the activity of state of the art catalysts under comparable
conditions drops to low values.
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Table 1
Reaction conditions and gas composition

Catalyst weight 100 mg
Particle size 350–425�m
Total flow 0.3 l/min
Temperature 523–723 K
NO 200 ppm
NH3 240 ppm
O2 20000 ppm
H2O 10%
N2 Balance

2.2. Catalytic activity

Activity and selectivity of the catalysts were measured
in a powder microreactor under stationary conditions in the
temperature range 523–723 K; each temperature was main-
tained for at least 3 h after attainment of steady state. Reaction
conditions and gas composition are reported inTable 1. A
high space velocity of 150,000–180,000 h−1 was used in
order to have NO conversion in the range 10–80% for the
majority of samples investigated. Mass flow controllers were
used to measure and control single gaseous streams, while
an injection pump was used to feed water. The feed stream
was preheated and premixed and ammonia was added to the
gaseous mixture immediately before entering the reactor to
avoid side reactions. A tubular quartz reactor was employed
inserted in a furnace. Temperature was controlled by a ther-
mocouple inserted in the catalyst bed. The gas exiting the
reactor was scrubbed with an aqueous solution of phosphoric
acid to trap unconverted ammonia and then cooled to con-
dense water vapor. All gas lines were heated electrically to
ca. 423 K. The inlet and outlet gases were analyzed by an FT-
IR spectrometer (Biorad FTS-40) equipped with a gas cell.

3. Results and discussion
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.1. Materials

The catalysts employed in this study were obtained s
ng from a commercial support material of composit
1%TiO2-9%WO3-10%SiO2 (WTS). To this support, a com
ination of V and RE elements were added to provide ax
eduction catalysts represented by the formula REVO4/WTS
ith RE = La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Er and Yb. The c

ent of the active phase was in the range 0–5 wt.% RE elem
–2.1 wt.% vanadium and 0–2.7 wt.% oxygen, correspon

o a REVO4 loading in the range 0–8.5 wt.% Preparation
arried out according to[4]. Briefly, a slurry containing th
upport and an aliquot of the complex (NH4)2[VO(C2O4)2]
nd rare-earth acetate is brought to dryness under co
us stirring at 353–373 K. The solid is then dried at 39
vernight and calcined at 923 K for 2 h, pressed into pe
rushed and sieved in the range 355–425�m. This will be
eferred as fresh sample. Aging of samples was carried o
tubular furnace at a temperature of 1023 K for 10 h u

ir. State of the art catalyst based on 3%V2O5/WTS was pre
ared according to[5]. The specific surface areas of ox
owders were measured by the BET method using N2 adsorp

ion/desorption at 77 K with a Sorptomatic 1990 instrum
Carlo Erba).

X-ray diffraction patterns were recorded with a Phi
’Pert Pro powder diffractometer equipped with
’Celerator detector using Cu k� radiation.
Table 2shows NOx removal efficiency in the temperatu
ange 523–723 K for catalysts containing 0–2.1 wt.% V
–5.0 wt.% RE on WTS support. For comparison, the a

ty of the state of the art reference catalyst based on 3
2O5/WTS is also reported. The NOx reduction activity o
ll the catalysts examined in the present study increased

ncreasing reaction temperature up to ca. 573–623 K wh
aximum NOx reduction activity was observed. At this poi

he activity began to decrease due to ammonia oxidation
ion to NOx, which is prevailing over its reaction to N2. A
trong effect is also shown with calcination temperatu
articularly for the state of the art catalyst calcined at t
erature above 923 K, strong deactivation is observed
onversion dropping at values between 5 and 20%. A
lar strong deactivation is observed also with La-contain
atalyst. All the other catalysts can be broadly divide
wo groups: group A catalysts (comprising Y, Ce, Pr and
hich suffer a slight deactivation after ageing and grou
atalysts (comprising Sm, Gd, Tb, Dy, Er; Yb is in the mid
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Table 2
Activity of fresh and aged catalysts containing RE and V on TiO2:WO3:SiO2 (81:9:10) matrix

Example no. NO conversion (%)

RE RE (%) V (%) Fresh (523 K) Aged (523 K) Fresh (593 K) Aged (593 K) Fresh (723 K) Aged (723 K)

1 Y 3.7 2.1 49 25 70 49 55 29
2 La 4.6 1.7 31 0 51 0 38 3
3 Ce 4.6 1.7 67 20 86 31 46 21
4 Pr 4.6 1.7 51 25 74 37 35 16
5 Nd 4.7 1.7 40 20 62 30 43 11
6 Sm 4.8 1.6 40 55 64 61 43 29
7 Gd 4.9 1.6 50 48 61 68 47 60
8 Tb 1.4 0.5 22 68 53 90 50 65
9 Tb 2.8 0.9 40 63 68 81 51 45
10 Tb 4.9 1.6 32 52 49 80 40 49
11 Dy 4.9 1.5 48 52 64 75 50 48
12 Er 1.5 0.4 24 46 52 71 49 47
13 Er 5 1.5 40 47 65 80 54 53
14 Yb 5.1 1.5 45 47 72 49 48 25
(Reference) – – 1.7 85 5 91 17 17 7

of the two goups) in which deactivation has no effect or even
causes an improvement of overall efficiency. The best per-
formances are observed with Er and Tb containing catalysts
where a substantial increase of conversion is observed after
ageing in all temperature range examined. The overall pic-
ture detailing activity drop/improvement after aging is shown
in Fig. 1, which also highlights a dependence of activity on
position of the element in the periodic table.

Table 2shows also the NOx removal efficiency against RE
and V loading. The loading amount was controlled by vary-
ing the amount of ammonium vanadate and rare earth acetate
solutions in the impregnation. As listed inTable 2(examples
8–10, 12–13), loading does not affect strongly activity after
aging. For all the samples investigated, an unusual promotion
of activity is observed after aging at 1023 K. Catalysts in the
fresh state are less active at the lowest loading (especially at
the lowest temperatures) consistently with the presence of a
lower amount of active phase containing vanadium. Maxi-
mum of activity is observed always in the range 573–653 K.

Surface area analysis is reported inTables 3 and 4. With
all the catalysts examined, ageing procedure causes a drop in

F ction
t

Table 3
Surface area of fresh and aged catalysts containing RE and V on
TiO2:WO3:SiO2 (81:9:10) matrix

Example no. RE RE (%) V (%) Surface area

Fresh Aged

1 Y 3.7 2.1 62 28
2 La 4.6 1.7 68 22
3 Ce 4.6 1.7 62 17
4 Pr 4.6 1.7 60 28
5 Nd 4.7 1.7 66 24
6 Sm 4.8 1.6 64 28
7 Gd 4.9 1.6 64 28
8 Tb 1.4 0.5 80 56
9 Tb 2.8 0.9 76 45

10 Tb 4.9 1.6 67 35
11 Dy 4.9 1.5 68 19
12 Er 1.5 0.4 70 38
13 Er 5.0 1.5 68 33
14 Yb 5.1 1.5 70 11

surface area which is proportional to the amount of RE and V
deposited. This would suggest that aging induce an interac-
tion between the active phase containing rare-earths and the
support. However, by comparing the data ofTables 3 and 4,
it is clearly evidenced that the presence of rare-earths low-
ers surface area drop caused by addition of vanadium to the
support.

Table 4
Surface area of fresh and aged V containing catalysts on TiO2:WO3:SiO2

(81:9:10) and TiO2/WO3 (90:10) matrix

Sample Surface area

Fresh Aged

V2O5 on Ti/W/Si (81:9:10) 65 8
Ti/W/Si (81:9:10) 88 70
V2O5 on Ti/W (90:10) 24 6
Ti/W (90:10) 59 29
ig. 1. Activity drop/increase after aging (%) for various elements at rea

emperatures of 523 K (�); 623 K (�); and 723 K (�).
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X-ray diffraction analysis of the support showed that TiO2
(anatase) is the only phase detected after aging at 1023 K
under air for 10 h, indicating that transformation to rutile does
not occur. A comparison with the diffraction profile of a sup-
port not containing Si, of composition 90% TiO2–10%WO3
(WT), indicates that the presence of silica has no effect on
X-ray diffraction profile under these conditions. Aging under
more severe conditions (1123 K, 10 h) induces a modification
of the diffraction profile. Segregation of crystalline WO3 is
observed in both WTS and WT while for supports not con-
taining silica, TiO2 in the form of rutile is clearly evidenced.
The introduction of SiO2 strongly stabilizes anatase against
its transformation to rutile. Adding of vanadium modifies
this picture by accelerating segregation of WO3-containing
phases and transformation of anatase to rutile. Peaks charac-
teristic of V2O5 are not seen in both supports indicating that
V2O5 is either amorphous when supported on TiO2 or that the
particle size is below the detection limits of X-ray technique.
This is in agreement with the fact that crystalline V2O5 on
TiO2 is observed only at higher loading[6]. In the presence of
V2O5, the anatase to rutile phase transformation is initiated
at lower temperature, as a consequence for WT support after
calcinations at 1023 K for 10 h, approximately 50% of TiO2
is in the form of rutile. The presence of V2O5 also acceler-
ates segregation of crystalline WO3 phase, in accordance with
previous observations[6,7]. A more accurate analysis of X-
r
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Fig. 2. X-ray diffraction profiles of Tb-V-O/WTS aged at different temper-
atures; rutile (�); anatase (�); WO3 (©); TbVO4 (�).

formation of WO3 is not affected if compared with V2O5-
only samples). In the absence of silica, segregation of WO3
and transformation to rutile occur already at temperature of
1023 K, although the presence of RE slows down their forma-
tion.Fig. 2shows the effect of aging treatment at temperatures
in the range 923–1123 K for Tb-V-O/WTS.

4. Summary

In summary, a new class of RE-based SCR catalysts for
potential application in mobile systems has been developed.
They show: (i) improved surface area stability after aging
at temperatures up to 1023 K; (ii) lower degree of transfor-
mation of TiO2 (anatase) into TiO2 (rutile) if compared to
traditional SCR catalysts; (iii) a higher deNOx activity after
aging which might be related to the higher thermal stability
but also to beneficial interaction between surface vanadium
and rare earth elements.
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