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bstract

he aim of this investigation was to study the thermal stability of TiO2–V2O5 catalysts prepared from aqueous powder suspensions based on
igment grade anatase and sub-micron vanadia particles. Such catalysts are proposed for dip coating of ceramic foams for application in a new
eactor design for the synthesis of phthalic anhydride. Catalyst mixtures with vanadia contents up to 10% were annealed in air in the temperature
ange from 400 to 1200 ◦C. The influence of temperature and vanadia content on the anatase to rutile transformation and the specific surface were

onitored, employing XRD, SEM and BET measurements. Results show that the addition of V2O5 strongly affects the temperature of phase

ransformation. This process is accompanied by a large decrease of surface area. The structural changes can produce a pronounced effect on
atalytic performance for the oxidation reaction of o-xylene. Possible mechanisms and the consequences for catalytic performance are discussed.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Industrial catalysts are usually made out of transition metal
xides on oxide supports.1–3 Typically, “egg-shell” catalyst
eads of millimeter size with solid, inert cores are packed into
fixed bed. A new interesting alternative is the application of

eramic foams as catalyst supports.4–7 To achieve a sufficient
pecific surface, the ceramic foams have to be coated with a
ashcoat, on which the according catalyst is deposited. Such

oams offer the possibility of improving reactor performance,
specially for highly exothermic and fast chemical reaction,
ecause heat transfer is enhanced compared with packed beds
f spherical or cylindrical pellets.

An example for such reactions is the synthesis of phthalic
nhydride, where usually a catalyst system containing TiO2
nd V2O5 is used. A good catalytic performance is obtained
t vanadium loadings corresponding approximately to a vana-

ium monolayer on the TiO2 surface.8 Debated topics are both,
he influence of the crystalline structure of TiO2 on the cata-
yst performance and the influence of the active components

∗ Corresponding author. Tel.: +49 721 608 7925; fax: +49 721 608 8891.
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foams

or even impurities) on the phase transformation. It is generally
ccepted that TiO2 in the anatase form gives rise to superior
ctive catalysts as compared with TiO2–rutile. Thus, industrial
atalysts are usually based on anatase.8–12 But it is known that
he transformation of part of it into rutile (thermodynamically
avoured) leads to a decrease in surface area and to a detri-
ent of the active ‘monolayer’ of vanadium on the anatase

urface resulting in a degradation of the catalytic performance.8,9

t elevated temperatures, TiO2 (anatase) supported catalysts
ndergo an anatase–rutile phase transformation. The rate of
hase transformation is strongly dependent on the presence of
ther ions13–16 as oxides or fluorides enhance this transfor-
ation. A huge number of publications show, that the V2O5

atalyst belongs to this group and decreases the transformation
emperature significantly.17–19

Replacing the commonly used catalyst beads by ceramic
oams requires coating of the foams by a washcoat and the cat-
lyst. Obviously, a TiO2 washcoat carrying the V2O5 catalytic
omponent could be a suitable solution. Coating can be real-
zed, e.g., by dip coating of the foams using TiO2–V2O5 particle

uspensions. With respect to costs, aqueous suspensions based
n pigment grade titania offer a good potential for this pro-
essing step. The coated foams have to be annealed to achieve

sufficient bonding between foam and catalyst. Enhanced

mailto:e.bucharsky@ikm.uni-karlsruhe.de
dx.doi.org/10.1016/j.jeurceramsoc.2008.12.007
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emperatures occur also during the entire service life. The
xothermic phthalic anhydride reaction takes place in oxidising
tmosphere between 360 and 400 ◦C, and involves a high heat
ransfer.20

Therefore, thermal stability of the catalyst coating is an essen-
ial requirement for production and application of ceramic foams
n phthalic anhydride reactors. Prior experimental investigations
n this subject were mostly carried out with special catalytic
rade titania and catalyst preparation methods, which differ
ubstantially from the regarded particle suspension dip coat-
ng process. The present investigation provides an assessment
f the temperature limits during processing and application of
oatings produced from suspensions containing pigment grade
itania. The anatase–rutile phase transformation and the reduc-
ion in specific surface are taken as a first indicator for these
imits.

. Experimental

Sub-micron anatase TiO2 powder (A-ZUOK008136,
.15 m2/g, Tronox Pigments GmbH, Germany, >99%) and
anadium oxide V2O5 (Merck, Germany, >99%), were dis-
ersed in an aqueous media with a solids loading of 30 wt.%
he stability of the suspensions was controlled by ζ-potential

DT1200, Dispersion Technology, USA) and viscosimetry
easurements (RheoStress RS 600, Thermo Haake, Germany).
t pH 5 the ζ-potential reached with −25 mV its optimum value

nd a well stabilized suspension could be obtained. The set of
onditions is adequate for dip coating process. Oxide mixtures
ithout and with 3, 7 and 10% V2O5 content were prepared
y drying the suspensions under controlled temperature up
o 80 ◦C until a constant weight of the resulting powders was
eached. This covers the range of vanadia additions used in
ndustrial catalysts of similar surface areas.10 The powders were
ulverized using a mortar and annealed for 3 h at temperatures
etween 550 and 1200 ◦C in a chamber furnace in air.

Anatase to rutile transformation, from doped and undoped
iO2 samples, was analyzed by X-ray diffraction analysis
XRD) using a Siemens D500 diffractometer equipped with

graphite crystal monochromator using CuK� radiation. An
nternal Si-standard was used to correct the peaks’ position. In
rder to obtain the lattice parameters, the data were processed
y a least square fit using seven to ten diffraction peaks for
utile respectively anatase. The mass fraction of rutile (XR) in
he samples was calculated based on the relationships between
he integrated intensities of the anatase (1 0 1), IA, and rutile
1 1 0), IR, peaks,21,22 according to Eq. (1):

R = 1

1 + KT(IA/IR)
(1)

he constant KT was experimentally determined, using pure
natase and defined mixtures up to a powder with an
natase–rutile ratio of 10:90. The calibration curve obtained is

iven in Fig. 1, resulting in KT = 1.2885.

Specific surface area was determined by nitrogen adsorption
t 77 K by the Brunauer–Emmett–Teller (BET) method (Flow
orb II 2300, Micromeritics, Germany). Powder morphology

i
r
a
p

ig. 1. Dependence of XRD peak intensities on the anatase–rutile ratio of pow-
er mixtures.

as characterized by scanning electron microscopy (SEM) using
Stereoscan 440 (Leica, Germany).

. Results

.1. Preparation of the catalyst powder mixtures

Several methods exist for the preparation of vanadium as a
olecular dispersion.23–25 In the present work, the V2O5–TiO2

atalyst mixtures were prepared by drying oxide slurries, which
ere electrostatically stabilized by varying the suspension pH.
From SEM, Fig. 2, it was observed that the particles at pH 3

nd pH ≥8 formed agglomerates exceeding a size of 1000 nm.
hen the pH was in the range between 5 and 7, the primary

iO2 particles with a size between 200 and 700 nm remain unag-
lomerated. These mixtures presented a uniform distribution of
2O5 needle crystals on the carrier matrix, while at pH 8.0,

nhomogeneous and large V2O5 particles were observed.

.2. Anatase–rutile transformation during annealing of the
atalyst powder mixtures

Beside the XRD patterns of anatase and rutile that could
e detected in all samples, the specimens with higher V2O5
ontents of 7 and 10% annealed at 400 ◦C exhibited additional
eflections which correspond to V2O5 peaks. These peaks were
eak and rather broad. When the temperature increases in the

ange 550–700 ◦C these peaks disappear and grain growth is
bserved. Fig. 3 shows the comparison of the peak positions
f an annealed pure anatase at 1100 ◦C which is almost trans-
ormed into pure rutile with powder mixture containing 3 wt.%

2O5 annealed at 650 ◦C. While there is no appreciable change

n the peak position of anatase (1 0 1), a significant shift of the
utile (1 1 0) peak was observed. Lattice parameters for anatase
nd rutile at different temperatures are depicted in Table 1 for
ure TiO2 and TiO2 + 3% V2O5.
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ig. 2. SEM micrographs depicting a good distribution of 7% V2O5 particles a
ere found. At pH 3.0 no V2O5 needles are observed.

The rutile fraction as calculated by Eq. (1) from the X-ray
iffraction patterns of the catalyst powder mixtures is plotted in
ig. 4 as a function of the annealing temperature. Without vana-
ia, the onset temperature of the anatase–rutile transformation
s beyond 900 ◦C. Partial transformation is observed in a narrow
emperature interval of about 200 ◦C for an annealing time of
h. The vanadia additions cause drastic changes in the trans-
ormation behavior. Onset and end temperatures of the phase
ransformation decrease with increasing vanadia content. Rutile
ractions of about 20, 40 and 60% are observed for additions of 3,
and 10% vanadia, respectively, after annealing at 650 ◦C. This

f
c
c

able 1
attice parameters of pure TiO2 and TiO2–V2O5 powder mixtures after 3 h annealing

(◦C) Rutile

a (Å) c (Å)

400 No rutile
650
800 (4592 ± 4) × 10−3 (2951 ± 5) × 10−3

100 (4594 ± 5) × 10−3 (2952 ± 20) × 10−3

(◦C) Anatase

a (Å) c (Å)

20 (3785 ± 2) × 10−3 (9525 ± 20) × 10−3

400 (3785 ± 7) × 10−3 (9510 ± 10) × 10−3

650
800 (3781 ± 7) × 10−3 (9515 ± 10) × 10−3

100 Full anatase to rutile transformation
5.5. At pH 8.0, bigger agglomerations of the TiO2 particles and V2O5 islands

ndicates clearly the instability of the anatase phase in this tem-
erature range under practical conditions, where much longer
xposure times need to be survived.

During heat treatment no weight change was observed in
greement with the results obtained by Vejux and Courtine,26

ond et al.11 and Habel et al.27 when the V2O5 content in the
ample is smaller as 15 wt.%
Fig. 5 shows an Arrhenius plot for the anatase–rutile trans-
ormation. The activation energy (EA) derived from the fitting
urves is depicted in Fig. 6 as a function of the V2O5 con-
entration of the catalyst. EA values were found to be linearly

at different temperatures.

Rutile + 3% V2O5

a (Å) c (Å)

(4582 ± 10) × 10−3 (2904 ± 40) × 10−3

(4571 ± 4) × 10−3 (2921 ± 6) × 10−3

Anatase + 3% V2O5

a (Å) c (Å)

(3788 ± 2) × 10−3 (9491 ± 4) × 10−3

(3778 ± 20) × 10−3 (9469 ± 30) × 10−3



1958 E.C. Bucharsky et al. / Journal of the European Ceramic Society 29 (2009) 1955–1961

F
V

d
a

3
d

m
d
o
a
p
t
s
v
d
V
t

w

F
d

Fig. 5. Arrhenius plot of the rutile fraction as function of the annealing temper-
ature for various V2O5 concentrations.

F
V

ig. 3. XRD-plot of partially transformed TiO2 (anatase) without and with

2O5.

ependent on the V2O5 concentration in the range between 3
nd 10%.

.3. Change of specific surface and particle morphology
uring annealing of the catalyst powder mixtures

The specific surface area of the starting powder mixtures is
ainly in the range of 8–10 m2/g (Fig. 7). Only the catalyst pow-

er with the highest V2O5 content has a slightly higher surface
f 11 m2/g, probably caused by a different morphology of the
ctive vanadia phases on the anatase surface. The surface area of
ure TiO2 begins to decrease at around 650 ◦C. At 900 ◦C, where
he onset of anatase–rutile phase transformation is detected, the
pecific surface has already decreased to one-third of its initial
alue. The reduction in specific surface area during annealing is
ramatically accelerated by V2O5 additions. Higher amounts of

2O5 result in lower specific surface areas at a given annealing

emperature.
Pure TiO2 starting powder is shown in Fig. 8a, in comparison

ith the TiO2 powder (anatase form, Fig. 8b) and the mixture

ig. 4. Effect of annealing temperature on the rutile transformation fraction for
ifferent V2O5 doping concentrations and for pure TiO2 powder.

w
V
a
t

ig. 6. Dependence of the activation energy for phase transformation EA on the

2O5 content of the catalyst powders.

ith 7 wt.% V O , both after heat treatment at 800 ◦C. Without
2 5

2O5 doping the particles grow slightly in size, compared to the
s received powder. The increase in particle size corresponds
o the reduction in specific surface area of 20–30%. Under the

Fig. 7. Dependence of specific surface area on annealing temperature.
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ig. 8. Microstructure of (a) pure TiO2 anatase powder prior to annealing, (b)
nnealing at 800 ◦C for 3 h.

ame annealing conditions, the powder mixture containing 7%
2O5 (Fig. 8c) develops extremely coarse, faceted crystals of up

o 4 �m besides a small amount of particles with a size similar to
hat of the starting powder. The reduction in specific surface of
bout 80% is in a good qualitative correlation with this bimodal
article size distribution. The fraction of rutile of about 80%, as
etected by XRD, correlates to the fraction of coarse particles.
his indicates a coupled mechanism of phase transformation and
rain growth.

Another observation was a change in the colour of the sam-
les. The starting powder mixture changes from pale orange to
rown-grey as the annealing temperature and V2O5 content is
ncreased.

. Discussion

Our experiments confirm earlier findings11,12,27–29 that V2O5
dditions favour the anatase–rutile phase transformation in
iO2 supported catalyst powders. As V2O5 loading increases

n the composition range from 3 to 10%, the temperature
equired to render transition to rutile is decreased in the range
00 ◦C > T > 600 ◦C. The calculated activation energy decreases
inearly from 400 to 150 kJ/mol between 3 and 10% V2O5. In
arallel to phase transformation, the specific surface area of the

owders is reduced and a colour change from pale orange to
rown-grey is perceived.

For the partially transformed titania a bimodal particle size
istribution was observed. Probably, the coarse particle frac-

fi
s
V
l

TiO2 after annealing at 800 ◦C for 3 h and (c) pure TiO2 plus 7% V2O5, after

ion corresponds to the transformed rutile, the fine fraction to
he residual anatase phase. This indicates that particle growth
ccurs in combination with phase transformation. The change
n particle size is adequate to explain the drastic reduction of
pecific area.

.1. Influence of temperature and V2O5 content on
natase–rutile phase transition

Different mechanisms can lead to the accelerated transfor-
ation of anatase to rutile by the V2O5 additions. Our X-ray

iffraction studies reveal the presence of microcristalline V2O5
or annealing temperatures of 400 ◦C which disappear already at
50 ◦C, where no measurable transformation has yet occurred.
ithin the precision of measurement, the lattice parameters

f the TiO2 anatase phase remain unchanged during anneal-
ng and, independent whether V2O5 is present in the powder

ixture or not. The rutile lattice parameters however are sig-
ificantly smaller for the V2O5 containing mixtures. As the
RD-measurement technique used allows no precision lat-

ice parameter determination, a solid solution formation in the
natase phase cannot completely be ruled out. However, solution
f V-ions in the rutile lattice is much more significant and seems
o occur to a much higher extent. Our observations agree with

ndings of Habel et al.27 from precision lattice parameter mea-
urements. They concluded that no alloying between anatase and
2O5 has taken place. Gasior et al.29 have reported unchanged

attice parameters in anatase, when the samples were calcined
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t 600 ◦C in nitrogen atmosphere. In these conditions the incor-
oration of V(IV) occurs very fast with simultaneous anatase to
utile transformation.

Saleh et al.30 reported that the presence of crystalline V2O5
ppears to be essential for the formation of a solid solution from
he supported vanadia phase and TiO2. They observed that as
he content of rutile rises, the crystalline V2O5 phase is dimin-
shed. After heat treatment at 650 ◦C a considerable amount
f the rutile phase was present. For samples heat treated at
00–750 ◦C, they inferred by Raman spectroscopy studies, that
ost of V2O5 is incorporated into the titania (rutile) support

s VxTi1−xO2.
The shift to smaller lattice parameters in the rutile unit cell

ndicates a replacement of Ti-ions by smaller V-ions resulting
n the formation of a rutile solid solution in which V2O5 is
issolved. Habel et al.27 proposed three different defect models
or the formation of this rutile solid solution:

2O5 ⇒
TiO2

2VTi
• + O′′

i + 4OO
x (I)

V2O5 ⇒
TiO2

4VTi
• + Vac′′′′

Ti + 10OO
x (II)

2O5 ⇒
TiO2

2VTi
x + 4OO

x + 1
2 O2(v) ↑ (III)

In reducing atmospheres vanadium(IV) is favored27,29,31

hile under oxidizing condition as used in our work, vana-
ium(V) species are more probably present.31,32 A type (3)
efect model with a consequent weight loss19,33 is unlikely
nder such conditions. We also did not observe any considerable
eight loss during annealing.
Even if there is no apparent change in the XRD-patterns

f the anatase phase in presence of V2O5, the heat treatment
ay promote diffusion of V(V) into titania crystal struc-

ure to some extent, leading to a deformation of the lattice.
hese defects can act as nuclei for VxTi1−xO2 phase gen-
sis, which is almost identical to pure rutile phase. Rey et
l.32 conclude, that since vanadium oxide species are closely
nteracting with the titania support, a higher V2O5 loading
esults in a higher surface density of nuclei for the phase
ransition from anatase to rutile. This promotional effect of
anadium oxide in anatase to rutile transformation has also
een reported in28,30 and appears to be accompanied by grain
rowth.

An interesting finding is, that the V2O5 spreads rapidly over
he titania surface, already at temperatures as low as 450 ◦C.
xidising conditions and well developed anatase crystal planes

avour spreading.34 In addition, a eutectic liquid is formed at
31 ◦C in the system TiO2–V2O5 under oxidising conditions.
oth, the surface nuclei and the liquid phase could explain the
bserved acceleration of phase transition. The dramatic grain
rowth observed during annealing above 650 ◦C makes a liq-

id phase mechanism more likely. Such mechanism could be
rain growth controlled by liquid film migration, as observed
n sintering of various metal and oxide systems.35,36 A higher
urface density of rutile nuclei would not inevitably cause grain
rowth.

R
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.2. Possible consequences for the catalytic system
erformance

The consequences of the phase transformation for the cat-
lytic performance in o-xylene oxidation does not only depend
n the crystallographic structure of the TiO2 support itself.
or catalysts prepared under the same conditions on anatase
nd rutile, the yield of phthalic anhydride are approximately
imilar37 when rutile supports indicate comparable specific sur-
ace area and contaminations. However the phase transition is
ccompanied by a dramatic decrease in specific surface area. In
ddition, as the formation of the solid solution starts, the avail-
ble amount of free vanadia on the TiO2 support is decreased.
hus the onset temperature for phase transformation respec-

ively the formation of the solid solution has therefore to be
egarded as maximum temperatures for calcination and there-
ore for application of the catalyst systems. It has been shown
hat the formation of a solid solution affects unfavourably total
ctivity and selectivity on the partial oxidation products.38

As these temperatures decrease with the vanadia content,
he V2O5 addition should be not higher, as required for max-
mum selectivity and yield. The monolayer content corresponds
o 0.145 wt.% of V2O5/m2 of TiO2 surface,39 which means about
.27 wt.% in our materials.

. Conclusions

An attractive method for coating ceramic foams with
2O5–TiO2 catalyst has been developed. Investigated suspen-

ion parameters allow us to obtain good particle dispersion in
ater for different V2O5 contents, which are suitable to produce

atalytic washcoats by dip coating.
The anatase–rutile transformation temperature of these cata-

ysts, which can be regarded as an upper limit for calcination and
ervice temperature, depends strongly on the presence and con-
entration of V2O5. This temperature decreases with increasing
2O5 content. Phase transformation is accompanied by a dras-

ic reduction of specific surface. The upper temperature limit
s about 600 ◦C. The formation of a eutectic melt at 631 ◦C is
ssumed to be the responsible mechanism which controls trans-
ormation and grain growth by liquid film migration. Anatase is
ransformed to a rutile–V2O5-solid solution by this mechanism.
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