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Surface and structural properties of zirconia-supported vanadium oxide
Influence of the preparation pH
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Abstract

Zirconia-supported vanadium oxide catalysts were prepared by equilibrium adsorption in acid (pH 2.7) or basic (pH 10) conditions using
hydrous zirconium oxide and an aqueous solution of ammonium metavanadate. The samples, containing vanadium up to 22.24 wt.%, heated
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t 823 K for 5 h in air, were studied as prepared and after leaching with an ammonia solution by X-ray diffraction, X-ray photo
pectroscopy, diffuse optical reflectance, surface area measurements and pore size distribution determination.
Owing to the microporous support and to the different condensation degree of the vanadium species, the precursors showed dist

he diversity persisted after heating and became more evident at increasing vanadium content. At similar vanadium loading, the
dispersed state and thus interacting with the support was higher in samples at pH 10 than in those prepared at pH 2.7. For pH
eating favoured the formation of V2O5 and of ZrV2O7. The interaction between the vanadium dispersed species and the zirconia
trongly affected the texture, sintering and phase transition of the support.
2004 Elsevier B.V. All rights reserved.

. Introduction

Vanadium oxide is a well-known catalyst for many reac-
ions of industrial interest and its role in supported catalysts
as been recently reviewed[1]. In spite of the great efforts,
ome problems related to the active sites (isolated or poly-
eric species) are still under debate[2]. Some of these prob-

ems can be clarified by characterizing the precursor state in
etail[3].

Several oxides have been considered as a support, includ-
ng ZrO2 [2,4–12]. Although preformed ZrO2 is often used
s support, amorphous hydrous zirconium oxide can yield
ystems with particular properties[13,15].

For catalyst preparation, among the wet deposition
rocedures, the equilibrium adsorption method in principle
llows a uniform distribution of the active phase. In our
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laboratory, we used this method to investigate zirconia-b
catalysts containing various Me [Me = Cr(VI), Mo(V
W(VI)] species starting from hydrous zirconium ox
[13,16,17]. These experiments underlined the solution p
a determinant factor because it affects the adsorption
erties of the solid and can control the predominant Me-i
species in solution. Controlling the predominant Me-io
species in solution is especially important for vanadi
which can be present in solution as small ionic spe
at basic pH or as large polyoxoanions in acid conditi
Another advantage of the equilibrium adsorption met
is that it provides at a given pH precursors with sim
vanadium loading but with different degree of dispers
of the adsorbed species. Because hydrous zirconium
is microporous, the large polyoxoanions suffer diffus
limitation in the micropores, and may therefore be adso
only on the external surface of the support[18,19].

After deposition of the catalytic active species,
precursor is heated. Samples prepared with preformed2
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undergo heat-induced changes mostly in the supported
species, whereas those obtained from hydrous ZrO2 undergo
changes also in the textural and morphological properties of
the support. Rather than being a drawback these changes are
actually advantageous because they allow one to investigate
properties of the active species-support interaction that
are usually disregarded, for example its effect on support
properties such as crystallization and sintering.

In the present paper, we studied vanadium oxide supported
on zirconia catalysts prepared by equilibrium adsorption at
two pH values. To investigate the predominant type and de-
gree of dispersion of the vanadium species as well as the
structural and textural features of the support, we examined
the catalysts obtained from precursors having similar loading
but different dispersion degree.

2. Experimental

2.1. Samples preparation

The starting material was hydrous zirconium oxide pre-
pared by bubbling a stream of ammonia-saturated N2 into a
ZrOCl2 solution for 72 h, as already reported[14]. After sep-
aration, the solid was washed (Cl− negative test in the solid),
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Table 1
Specific surface area,S; crystalline phases; fraction of tetragonal modifica-
tion, ft; vanadium content leached by ammonia, V(NH3); and remaining in
the solid residue, Vsr; for zirconia-supported vanadium oxide samples after
heating at 823 K for 5 h, in air

Samplesa S(m2 g−1) Phasesb ft V(NH3)
(wt.%)

Vsr

(wt.%)

ZrO2(823) 49 m, t 0.23 0.0 0.0
ZV0.27,10 51 m, t 0.44 0.00 0.27
ZV0.50,10 85 m, t 0.54 0.00 0.50
ZV0.99,10 79 m, t 0.43 0.08 0.91
ZV1.73,10 93 m, t 0.60 0.45 1.28
ZV1.99,10 95 m, t 0.78 0.24 1.75
ZV3.10,10 105 m, t 0.85 0.50 2.60
ZV5.14,10 138 m, t 0.71 1.18 3.96
ZV5.28,10 124 m, t 0.77 1.72 3.56
ZV5.72,10 119 m, t 0.75 1.96 3.76
ZV6.41,10 114 m, t 0.85 2.05 4.36
ZV6.91,10 118 m, t 0.92 2.07 4.84
ZV0.50,2.7 62 m, t 0.41 0.14 0.36
ZV1.31,2.7 78 m, t 0.42 0.37 0.94
ZV1.40,2.7 90 m, t 0.63 0.36 1.04
ZV2.63,2.7 97 m, t 0.62 0.61 2.02
ZV2.82,2.7 98 m, t 0.77 0.66 2.16
ZV3.74,2.7 49 m, t, Z 0.77 1.10 2.64
ZV4.74,2.7 52 m, t, Z 0.74 1.12 3.62
ZV7.83,2.7 41 m, t, Z 0.84 1.85 5.98
ZV7.94,2.7 42 m, t, Z 0.77 1.73 6.21
ZV8.32,2.7 39 m, t, Z, V2O5 0.79 2.94 5.38
ZV22.24,2.7 28 m, t, Z, V2O5 0.78 14.5 7.74

a For designation of samples see text.
b m = monoclinic ZrO2, t = tetragonal ZrO2, Z = ZrV2O7.

2.2. Chemical analysis

The vanadium content was determined by atomic
absorption after dissolving the sample in a concen-
trated HF solution, and subsequent dilution[23]. The
standard solution (Fluka 1000 ppm) contained ZrO2,
dissolved in HF, in a concentration similar to that of the
samples.

Because V2O5 is soluble in ammonia solution[24], a por-
tion of each sample (typically 70 mg) was contacted with a
hot ammonia solution (about 20 ml, 2 mol l−1) in a closed
vessel for 30 min, under stirring. The solid was then sepa-
rated and leached three times. The liquid fractions were col-
lected and the vanadium content was determined by atomic
absorption. ZrV2O7 washed in similar manner released no
detectable vanadium. The vanadium remaining in the solid
residue, Vsr, was calculated for each sample from the to-
tal vanadium content, V, and the vanadium content leached
with an ammonia solution, V(NH3), as Vsr = V−V(NH3),
Table 1.

2.3. X-ray diffraction determinations

XRD patterns in the 2� angular range from 5 to 60◦
were obtained by a Philips diffractometer using a 1732/10
g f
nd dried at 383 K, for 24 h. The obtained hydrous zircon
xide was microporous (specific surface area: 330 m2 g−1)
nd amorphous to X-ray. It was designated as ZrO2(383) and
sed to prepare the vanadium-containing samples. They
btained by suspending an amount of ZrO2(383) in a rela

ively large volume of V(v) aqueous solution (from NH4VO3,
luka) at a given pH (10 or 2.7) fixed by NH4OH or HNO3.
he suspension was shaken for 72 h at room temperat
quilibrate the system. The solid was filtered from the liq

raction, dried at 383 K for 24 h and finally heated in ai
23 K, 5 h. The samples were designated as ZVx,y wherex
tands for the vanadium content as wt.% (metal) andy the
H value (Table 1). Two fractions of ZrO2(383), contacte
ith vanadium-free aqueous solutions at pH 10 or 2.7,
ubmitted to similar treatments (shaking, filtering, heatin
23 K) and were indicated as ZrO2(823)y.

Pure V2O5 and ZrV2O7 were used as reference co
ounds. The vanadium pentoxide was obtained by de
osing NH4VO3 (Fluka) in air at 873 K for 3 h. ZrV2O7 was
repared from a mixture of V2O5 and ZrO2(383) heated i
ir at 983 K following the procedure described by Sana
l. [20]. To avoid an incomplete reaction, V2O5 was adde

n a slightly larger amount than the stoichiometric ratio.
mount of ZrO2 in ZrO2(383) was evaluated by heating
ydrous oxide, in air, up to 1083 K in a thermogravime
pparatus. After heating the mixture, the pentoxide in ex
as removed with an ammonia solution using a proce
imilar to that applied for determining V2O5 in the sam
les. The X-ray diffraction patterns of V2O5, and ZrV2O7
eference compounds, corresponded to those reported
iterature[21,22].
 enerator and Cu K� (Ni-filtered) radiation. The fraction o
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tetragonal zirconia,ft, was evaluated by the formula

ft = At(101)

At(101)+ Am(111)+ Am(1 11̄)

whereAt(1 0 1) stands for the area of the tetragonal peak
(1 0 1), andAm(1 1 1) andAm(1 11̄)for the areas of the
monoclinic peaks (1 1 1) and (1 1̄1). The tetragonal and
monoclinic peaks were resolved by considering them
symmetric. Repeated measurements of the same sample
showed that the uncertainty in theft values was±0.05.

2.4. Texture analysis

Surface area measurements (BET method) and pore size
analysis (BJH method, using the adsorption branch of the
isotherm) were obtained by N2 adsorption–desorption at 77 K
using a ASAP 2010 Micromeritics apparatus. The samples
were outgassed under vacuum for 2 h at 473 K, before the
measurement.

Because ZrV2O7 and V2O5 exhibited narrow XRD reflec-
tions, the contribution of these phases to the specific surface
area (S) of the samples was considered negligible,Table 1.
For each sample the specific surface area of zirconia,S(ZrO2),
was obtained by the following formula

S
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reported parameters[25]. Vanadium peak areas were deter-
mined by integrating the V 2p3/2 contribution after appropri-
ate background subtraction. Electron binding energies were
referenced to the Zr 3d5/2 peak at 182.5 eV.

To assess a quantitative relationship between the XPS peak
intensity ratio and surface morphology, the experimental re-
sults were compared with theoretical values obtained by spe-
cific models, chosen according to the chemistry of the system
components[26]. The model proposed by Kerkhof–Moulijn
(K–M) [27] and the ‘non-attenuating overlayer over a semi-
infinite support’ representation[28] were considered. The
K–M model describes the supported species ‘promoter’, p,
as uniformly distributed on the surface of the porous sup-
port, s, including the internal surface. The support consists
of stacked sheets with thickness,t, evaluated by the sample
surface area (S) and the density (d) of the carrier:t= 2/Sd.
The intensity ratio is given as:

IP
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Ds
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[1 − exp(−β2)]

np

ns

whereD is the instrumental efficiency factor;np/ns the pro-
moter/support atomic ratio;β1 = t/λss, β2 = t/λps whereλss
andλps refer to the escape depth of electron from promoter
and support respectively through the support; andσs, σp
are the cross sections. The ‘non-attenuating overlayer over
a non-
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here 50.94 is the atomic molar mass of V and 90.94 the
f the molecular molar mass of V2O5. The calculated value
re a first approximation because all vanadium is consid
resent as V2O5.

.5. Diffuse reflectance spectroscopy

UV–vis spectra were recorded under ambient condit
n the range 2500–200 nm on a Cary 5E spectrophotom
ith the diffuse reflectance attachment by Varian Win
oftware. Halon was used as reference. The Kubelka–M
unction,F(R∞), was obtained from reflectance.

.6. X-ray photoelectron spectroscopy analysis

XPS spectra were collected by a Leybold-Heraeus LH
pectrometer in FAT mode (50 eV pass energy) with Mg�
adiation (10 kV/20 mA) at a pressure lower than 10−9 Torr.
he samples, reduced to fine powders, were manually pr
nto a gold plate attached to the sample rod. The O 1
p, C 1s and Zr 3d regions were sequentially acquire
computer. Data analysis involved X-ray satellite remo

on-linear Shirley-type background subtraction and cu
tting by Esca Tools 4.2 software (Surface Interface I
ountain View, California).
The satellite structure of the O 1s peak seen in th

s + V 2p region, due to the K�3,4 intensities of the non
onochromatized X-ray anode, was removed accordin
semi-infinite support’ model describes the system as a
ttenuating atomically dispersed promoter, p, with sur
ensitysp over a planar semi-infinite support,s:

Ip

Is
= Dp

Ds

σp

σs

sp

ρsλss

hereρs = support density (atoms cm−3) and the other quan
ities previously defined.

The intensity ratios were calculated from:d= 5.5 g cm−3;
s = 0.27× 1023 atoms cm−3; theoreticalσ values propose
y Scofield[29] [V 2p3/2: σ = 6.33; Zr 3d:σ = 7.3];λ values
ccording to Seah[30] (V: λps= 1.66 nm, Zr:λss= 2.0 nm);

he instrumental efficiency factor dependent on kinetic
rgy, (KE), as:D= (KE)−0.82 [31].

. Results and discussion

The properties of ZVx,y samples depend on the pre
ation conditions. As discussed in detail[19], the uptake
f vanadium species depends on the pH of the solutio
ontact with the microporous zirconia. The point of z
harge of preformed zirconium oxide is in the range
32]. For hydrous zirconium oxide, a higher value (9.4)
ecently measured[33]. At pH 2.7 the adsorbent surfa
s positively polarized favoring the adsorption of the la
zV10O28

(6−z)− (wherezmay be 0, 1 or 2) polyoxoanio
resent in the solution. Because these large polya
re comparable to the support micropores in size they
enetrate only a limited thickness of the support grains
re therefore adsorbed on only a fraction of the sup
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Fig. 1. Vanadium content leached with an ammonia solution, V(NH3)
(wt.%), as a function of the total vanadium content, V (wt%). (©) ZVx,10;
(�) ZVx,2.7.

surface[19]. At pH 10, the small vanadium anions (V2O7
4−)

are predominantly present in solution and, although their ad-
sorption is hindered by the negative polarized surface of the
adsorbent, they can diffuse through the support micropores
and reach practically the whole surface of the ZrO2(383)
grains. For similar vanadium loading, the vanadium species
taken up at pH 10 therefore have a higher dispersion degree
than those adsorbed at pH 2.7. During the subsequent heating
at 823 K, for 5 h in air, the support and the adsorbed species
both undergo physical and chemical processes (dehydration,
crystallization, decomposition, interaction). Owing to the
initial diversity, the two sets of samples, at similar vanadium
content, differ in the fraction of the various vanadium species
and in the support properties. The X-ray patterns of ZVx,10
samples showed no reflections other than the monoclinic and
tetragonal ZrO2, Table 1. Nor did the ZVx,2.7 samples with
x< 3.74, but starting from this vanadium content the lines of
ZrV2O7 and, for the most concentrated, V2O5 appeared.

The two series of samples differed in the amount of vana-
dium rinsable with an ammonia solution. All the ZVx,2.7
samples but only ZVx,10 from x> 0.99 contained soluble
vanadium,Fig. 1. Except for the most concentrated ZVx,2.7
samples, for which X-ray diffraction revealed the pentoxide,
for all the other samples, the rinsable vanadium came from
V2O5 in the form of small crystallites or vanadia-like amor-
p
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Fig. 2. (a) XPS intensity ratios,IV/IZr, as a function of the surface vanadium
concentration, V/atoms nm−2. (©) ZVx,10; (�) ZVx,2.7. (b) XPS inten-
sity ratios,IV/IZr, vs. the promoter support atomic ratio,p/s. Dashed line:
calculated value (K–M model). (c) XPS intensity ratios,IV /IZr, vs. the sur-
face vanadium concentration, V/atoms nm−2. Solid line: calculated values
(non-attenuating overlayer model).

nesst was thin enough to allow the passage of the elec-
trons coming from the promoter adsorbed on its internal
surfaces.

The agreement between the experimental and calculated
intensity ratios indicated a high dispersion of the vanadium
species on the zirconia surface. For the ZVx,2.7 samples, the
calculated values agreed with the experimental values, when
we applied the non-attenuating overlayer over a semi-infinite
support model. This model was more appropriate than the
K–M model for representing the sample morphology because
the decrease in the surface area, at increasing vanadium con-
tent, led to a thick material, whoset values were larger thanλ
values, (t∼ 7.0 nm;λ ∼ 2.0 nm). However, the agreement ap-
peared to be satisfactory only for the dilute samples; at higher
vanadium content the experimental values were much lower
than the calculated ones,Fig. 2 (c). The deviation from the
linear behaviour indicates that the surface species agglomer-
ated as ZrV2O7 or V2O5 or both.

The foregoing conclusions received support from the anal-
ysis of the reflectance spectra. The reflectance spectrum of
ZrV2O7, was characterized by absorption bands at 25,000,
33,000 and 44,000 cm−1 (Fig. 3). V2O5 showed absorp-
tions at 21,000, 31,000 and 42,000 cm−1 as reported in the
literature [11]. The ZrO2(823)10 and ZrO2(823)2.7 sam-
ples had similar spectra showing an absorption maximum
a −1
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4 ,
F ns
( r
4 flu-
e egree
o e
b ec-
t ecies
a ands
a ecies
o am-
hous polymers, or both (Table 1).
XPS confirmed the different dispersion degree of the v

ium species for the two series of samples. The ex
ental intensity ratios V 2p3/2/Zr 3d, IV/IZr, as a function
f the apparent vanadium surface concentration, con
usly increased for ZVx,10 samples, whereas for ZVx,2.7
amples, the intensity ratios increased with a decre
lope (Fig. 2 (a)). For the ZVx,10 samples, the K–M mod
atisfactory reproduced the experimental values (Fig. 2
b)) because the sample set retained a high surface
ence the support consisting of stacked sheets of t
.

t∼44,000 cm (Fig. 3).
The strong absorption bands between 18,000

0,000 cm−1, observed for ZVx,10 and ZVx,2.7 samples
igs. 4 and 5, originate from charge transfer transitio
O2−

(2p)→ V5+
(3d)) [34], insofar as ZrO2 absorbs ove

2,000 cm−1. The charge transfer bands are strongly in
nced by the coordination and by the condensation d
f the vanadium species[35–37], the latter affecting also th
and edge[11,38]. Hence, in principle, the reflectance sp

ra may be analysed to identify the various vanadium sp
nd to gain information on their dispersion state. The b
re broad, however, and in spectra containing several sp
verlapping bands may prevent a firm conclusion. In our s
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Fig. 3. Reflectance spectra for reference compounds: (1) ZrO2(823), y
(y= 2.7 or 10); (2) V2O5; (3) ZrV2O7.

ples, the leaching experiment helped to assess the presence
of V2O5 or vanadia-like polymers.

For the more dilute ZVx,10 samples (x< 0.99), for which
no soluble vanadium was detected, we assigned the broad
band at 36,000 cm−1 (Fig. 4) to VOx species, considered as
the predominant species anchored to the zirconia surface. For
samples withx in the range from 0.99 to 3.10 wt.%, the shifts
in the maximum position to lower energy (34,000 cm−1)
and the absorption edge to 20,000–18,000 cm−1 suggest an
increasing fraction of more condensed vanadium species
interacting with the support and V2O5. Whether ZrV2O7
(bands at 25,000, 33,000 and 44,000 cm−1, absorption edge
at 18,000–19,000 cm−1, Fig. 3) also formed remains unclear.
All the vanadium species were nevertheless present as small
(two or three dimensional) clusters, in agreement with the
X-ray diffraction and XPS deduction. For higher vanadium
content, these clusters increased in number or in size as in-
dicated by the higher intensity of the absorption band in

F
Z 10;
(

Fig. 5. Reflectance spectra for ZVx,2.7 samples: (1) ZrO2(823),2.7;
(2) ZV0.50,2.7; (3) ZV1.40,2.7; (4) ZV2.82,2.7; (5) ZV3.74,2.7; (6)
ZV4.74,2.7; (7) ZV5.57,2.7; (8) ZV16.70,2.7; (9) ZV22.44,2.7.

the 20,000–35,000 cm−1 region. Analogous results were re-
ported recently by Male et al.[39] who studied zirconia-
supported vanadia prepared by a thermolytic molecular route
and heated as in the present study (823 K, for 3 h in air).
They corroborated their UV–vis reflectance data with51V
NMR and Raman spectroscopy.

The samples prepared at pH 2.7 contained a higher fraction
of vanadium as condensed species. Compared with ZV0.5,10,
the most dilute sample (ZV0.5,2.7), in addition to the ab-
sorption at 36,000 cm−1 (presence of anchored VOx species),
Fig. 5, exhibited a relatively high absorption intensity in the
region around 25,000 cm−1, where both ZrV2O7 and V2O5
absorb, revealing the presence of these compounds. As the
vanadium concentration increased, the rise in the absorption
intensity in the low energy side indicated an increasing frac-
tion of vanadium as ZrV2O7 or as V2O5, or both (Fig. 5).

The interaction of vanadium species with the zirconia sur-
face, affects some solid state processes of the support, in-
cluding phase transition and sintering. The protective effect
against the decrease in the zirconia surface and the hindering
of the phase transition (ZrO2−t → ZrO2−m), is well doc-
umented in the literature for various species[13,16,17,40]
including vanadium[39,41]. Owing to the interaction of the
surface species, these phenomena have been ascribed to the
formation of surface compounds resulting in a decrease in
t ition
a ium
c t the
h med
b
t stal-
l m to
ig. 4. Reflectance spectra for ZVx,10 samples: (1) ZrO2(823),10; (2)
V0.27,10; (3) ZV0.50,10; (4) ZV0.99,10; (5) ZV1.99,10; (6) ZV3.10,
7) ZV6.41,10; (8) ZV6.91,10.
he atomic mobility of the support surface. Phase trans
nd sintering differently depend on the interacting vanad
ontent. To rationalize the phase transition we recall tha
ydrous zirconium oxide used as a starting material is for
y very small regions with a tetragonal structure[42]. When

he hydrous zirconium oxide is heated, the tetragonal cry
ites grow and, during the subsequent cooling, transfor
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Fig. 6. Fraction of tetragonal zirconia,ft, as a function of the vanadium
content in the solid residue, Vsr: (©) ZVx,10; (�) ZVx,2.7.

the monoclinic phase[43], the thermodynamic stable phase
in the temperature range used. The transformation starts at
the particle surface and progresses inwards toward the cen-
tre of the crystalline particles[44,45]. In the presence of in-
teracting species, the phase transition is hindered and the
tetragonal form maintained. In our experiments, irrespective
of the preparation pH,ft reached its maximum values for
Vsr≈ 2 wt.% and then remained constant (Fig. 6).

This finding suggests that the phase transition is mostly
affected by highly dispersed species. Moreover, theft val-
ues for the ZVx,10 samples, systematically higher than those
for ZVx,2.7, are related to the higher fraction of dispersed
vanadium in the set prepared at basic pH.

Heating markedly decreased the surface area of vanadium-
free zirconia (Table 1). In both series of samples, theS(ZrO2)
values strongly increased with the vanadium remaining in the
solid residue, Vsr, up to∼1 wt.%; the increase then continued
but the slope became smaller,Fig. 7. For all ZVx,10 samples,

F m
c

Fig. 8. Nitrogen adsorption–desorption isotherms at 77 K for typical ZVx,y
samples. (a) 1 — ZrO2(823),2.7; 2 — ZrO2(823),10. (b) 3 — ZV3.10,10; 4
— ZV5.14,10. (c): 5 — ZV2.82,2.7; 6 — ZV4.74,2.7.

the protective effect was present up to the most concentrated
sample, reaching a value of 120 m2 g−1 for Vsr∼ 4 wt.% and
then remaining constant. For the ZVx,2.7 set, starting from
Vsr∼ 2.2 wt.%, S(ZrO2) suddenly decreased to the value
measured for vanadium-free ZrO2. Accordingly, this series
of samples contained a high fraction of vanadium present as
V2O5 that in part reacted with ZrO2 giving ZrV2O7 (detected
by X-ray diffraction from ZV3.74,2.7,Table 1). Decreasing
the interacting vanadium removed the protection against sin-
tering.

The reaction between V2O5 and ZrO2 nonetheless ex-
plains why the ZVx,2.7 samples, withx≥ 3.74, contained
a smaller amount of leached vanadium than samples of the
ZVx,10 series with similar vanadium content,Fig. 1, because
ammonia dissolved hardly any ZrV2O7.

The strong change in the surface area involves a strong
change in the texture. Compared with the ZrO2(823),
Fig. 8 (a), the presence of vanadium induces a change in
adsorption–desorption isotherms depending on the vanadium
concentration and preparation pH (Fig. 8 (b, c)). ZVx,10
(x= 3.10; 5.14) and ZVx,2.7 (x= 2.82; 4.74), as typical sam-
ples, yielded type IV isotherms in the BDDT classification
[46] indicating mesoporous adsorbents. However, the shape
of the hysteresis loops for the ZVx,2.7 and ZVx,10 samples
ig. 7. Specific surface area of ZrO2,S(ZrO2), as a function of the vanadiu
ontent in the solid residue, Vsr. (©) ZVx,10; (�) ZVx,2.7.
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Fig. 9. BJH pore size distributions for typical ZVx,y samples. (a) 1 —
ZV3.10,10; 2 — ZV5.14,10; 3 — ZrO2,10(823). (b): 4 — ZV2.82,2.7; 5 —
ZrO2(823),2.7. (c): 6 — ZV4.74,2.7; 7 — ZV8.32,2.7; 8 — ZV22.24,2.7.

differed from that of ZrO2(823)y (particularly the desorption
branches) (Fig. 8(a–c)) and the starting point of the hysteresis
loop for ZVx,10 samples and ZV2.82,2.7 (P/Po around 0.4)
was much lower than that of ZV4.74,2.7 and of ZrO2(823)y
(P/Po around 0.7).

Pore size analysis, following the BJH method[47], re-
vealed a typical unimodal distribution in the mesopore range
(120–180Å) for ZrO2(823)y samples and a bimodal or
unimodal distribution for the vanadium-containing samples
(Fig. 9 (a–c)). ZrO2(383) is microporous with a pore-size
distribution around 20̊A [16]. Heating caused the texture of
ZrO2(383) to evolve into a mesoporous organization with
a pore-size distribution in the range 120–180Å, Fig. 9 (a,
b). For the ZVx,10 samples and for ZV2.82,2.7 the bimodal
distribution was characterized by pore sizes around 30–40
and 110–130̊A. The ZV4.74,2.7 sample contained two pore
families with sizes around 110 and 220Å, whereas the more
concentrated samples (ZV8.32,2.7 and ZV22.24,2.7) showed
a very broad distribution with pore size centred around 230Å,
(Fig. 9(c)). This behaviour suggests that the pore group with
size around 30̊A derives from the fraction of zirconia strongly
interacting with the vanadium species, and thus resembles
the microporous structure of hydrous zirconia, whereas that
around 120̊A comes from the non-interacting zirconia. The
fact that the ZV2.82,2.7 sample,Fig. 9 (b), exhibited a

pore-size distribution curve similar to those observed for the
ZVx,10 samples confirms that this sample contains a large
fraction of dispersed and interacting vanadium species. Con-
versely, for higher vanadium loading (ZV4.74,2.7) the for-
mation of V2O5 led to massive ZrV2O7 and the fraction
of zirconia, no-longer protected, evolved towards a meso-
porous structure resembling that of vanadium-free zirconia,
Fig. 9 (c). The broad pore family with size around 230Å,
which becomes predominant at increasing vanadium load-
ing (ZV8.32,2.7 and ZV22.24,2.7), is probably related to the
formation of ZrV2O7 and V2O5.

4. Conclusions

Zirconia-supported vanadium oxide samples, obtained by
heating at 823 K for 5 h in air precursors prepared by equilib-
rium adsorption at pH 10 (ZVx,10) or at pH 2.7 (ZVx,2.7),
behave differently.

XRD, XPS and reflectance spectroscopy indicate that for
similar vanadium content the degree of dispersion of the sup-
ported species is higher for ZVx,10 than for ZVx,2.7 samples.
The powder patterns of ZVx,10 samples show no lines other
than those of monoclinic and tetragonal ZrO2. By contrast,
the powder patterns of ZVx,2.7 samples show ZrV2O7 and
V
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C at
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s
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ca
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2O5 lines: ZrV2O7 starting fromx= 3.74 and, ZrV2O7 and
2O5 from 8.38. The more dilute ZVx,10 samples (x< 0.99)
redominantly contain VOx species, anchored to the zirco
urface. As the vanadium content increases more cond
pecies involving ZrO2 and V2O5 form as small cluster
ompared with samples of the ZVx,10 set, those prepared
H 2.7 contain a higher fraction of vanadium as ZrV2O7 and
2O5.
The interaction of the dispersed vanadium species hin

he sintering and phase transition of the support. For ZVx,10
nd for ZVx,2.7,x up to 2.82, the interacting vanadium p
erves a fraction of zirconia with narrow pores (30Å) whereas
t higher loading the formation of ZrV2O7 and V2O5 removes

he interacting vanadium and the support sinters.
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