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Abstract

Alumina-supported vanadium oxide catalysts with vanadium contents of 2, 5 and 11 wt.% were prepared by incipient
wetness impregnation and characterised by XRD, Raman spectroscopy and H2-TPR. The catalysts with the low vanadium
contents contained vanadium mainly in the well-dispersed phase, but the catalyst with the highest vanadium content contained
also some crystalline AlVO4 according to XRD and Raman spectroscopic results. The reduction kinetics of the vanadium
catalysts was modelled based on the hydrogen consumption during the TPR. The reduction kinetics could be described with
a single-reducible-site random nucleation model for the catalyst containing the lowest amount of vanadium. The reduction
kinetic models for the other catalysts required a combination of multiple processes to describe the experiments properly. In
the catalyst with 5 wt.% V, a part of vanadium species possibly reduces as a homogeneous random nucleation process, but
topochemical reduction by nuclei growth also takes place. In the catalyst with 11 wt.% V, reduction by nuclei growth seems
to be the predominant reduction mechanism. The characterisation of the reduced catalysts by XRD and during reduction by
Raman spectroscopy enabled the identification of the features of the TPR profiles.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Supported vanadium oxides selectively catalyse
many reactions such as partial oxidation of hydro-
carbons, oxidative dehydrogenation of alkanes and
selective reduction of NOx [1–5]. The redox proper-
ties of the catalyst are important for reactions, which
proceed via the Mars-van Krevelen mechanism[6].
Hydrocarbon molecules react with oxygen atoms and
the reduced vanadium cations that are formed are
reoxidised in the oxidative atmosphere. The average
oxidation state during catalytic operation depends
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on the relative rates of reduction and reoxidation,
which for supported vanadium oxide catalysts ap-
pears to leave the supported oxide essentially oxidised
[7,8].

In oxidative dehydrogenation of alkanes, the re-
ducibility of vanadium species has been related to
the activity and selectivity of the catalyst[9–11].
Understanding of the reduction behaviour is there-
fore essential for the development of the catalysts for
these reactions. Temperature-programmed reduction
(TPR) is a very convenient technique for studying
the reduction behaviour of supported oxide catalysts
qualitatively. Furthermore, TPR provides detailed in-
formation regarding reduction kinetics. Reducibility
investigations by temperature-programmed or isother-
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mal studies on vanadium oxide catalysts have been re-
ported in numerous papers. The kinetics of reduction
of these oxides has been evaluated in a few publica-
tions[9,12–15,24–26]. In this investigation we extend
the knowledge regarding the reduction behaviour of
supported vanadium oxide catalysts[16,17] by using
similar kinetic analysis methodology we previously
applied for the TPR of supported chromium oxide
catalysts[18,19]. Kinetic models for gas–solid reac-
tions are now tested against experimental H2-TPR
data of three vanadium oxide catalysts with different
vanadium loading. Kinetic parameters are estimated
using nonlinear regression analysis. To further as-
sess the nature of reducing vanadium species, the
catalysts are characterised by XRD and Raman
spectroscopy.

2. Experimental

2.1. Catalyst preparation

Supported vanadium oxide catalysts were prepared
by the incipient wetness impregnation method with
alumina as the support. Before impregnation, the alu-
mina support (Akzo Nobel 000-1.5E) was crushed and
sieved to a particle size of 0.3–0.5 mm and calcined
at 750◦C for 16 h with 5% oxygen in nitrogen (Aga,
O2 99.998%, N2 99.999%). The impregnation was ac-
complished by dissolving NH4VO3 (Merck, >99%) in
an aqueous solution of oxalic acid (Riedel-de Haën
AG, >99.5%). After impregnation the catalyst was
dried at 120◦C for 8 h and calcined at 700◦C for
2 h.

2.2. Catalyst characterisation

The amount of vanadium in the catalyst was mea-
sured by atomic absorption spectroscopy (AAS).
The surface area of the catalyst was determined
with a Coulter Omnisorp 100CX (static volumetric
method).

The H2-TPR measurements were performed with
an Altamira Instruments AMI-100 catalyst charac-
terisation system. The catalyst samples (50 mg) were
dried at 130◦C for 60 min in argon, calcined at
600◦C for 30 min and cooled down to 30◦C under
5% O2/He. TPR was performed at heating rates of 6,

11, 17◦C/min up to 630◦C under a flow of 10.7%
H2/Ar (30 cm3/min). The consumption of hydrogen
was monitored with a thermal conductivity detector
(TCD) and recorded at a signal rate of 6 points/min.
The hydrogen consumption was quantified by a pulse
calibration. The temperature was measured adjacent
to the catalyst bed and it followed a strictly linear
trend during the TPR. The selection of experimen-
tal conditions for TPR was in agreement with the
criterion developed by Malet and Caballero[20],
P = βS0/(FC0) � 20 K (β is the heating rate,S0
the initial molar amount of reducible substance,F
the volumetric flow rate of reducing agent andC0 the
molar concentration of reducing agent). The instan-
taneous maximum conversion of hydrogen was less
than 4% in our system: no hydrogen exhaustion took
place. The experimental set-up allowed treating the
system as a differential reactor. The effect of diffu-
sion of hydrogen in the catalyst pores was considered
in terms of the Weisz-Prater[21] criterion. The value
of the criterion�1 indicated that the observed reac-
tion rate was free of the intraparticle mass transfer
resistance of the reactant.

The crystalline structure of the calcined and reduced
catalysts was studied by X-ray diffraction (XRD) anal-
ysis with a Siemens D500 instrument using Cu K�
radiation. The catalysts were dried and calcined as de-
scribed above. The catalysts were then reduced with
10% H2/Ar (30 cm3/min) to 480 or to 650◦C with
10◦C/min. After that the sample was inertly trans-
ferred to the XRD instrument and analysed under N2
atmosphere, in a special sample holder equipped with
a half-cylindrical Mylar window. Moreover, the sam-
ple was again reoxidised at 600◦C in 5% O2/He and
analysed by XRD.

Raman spectra during TPR (TPR-Raman) experi-
ments were run with a hot stage (Linkam TS-1500)
that can be heated up to 1500◦C under flowing
gases. The hot stage was attached to a Renishaw
System-1000 microscope Raman spectrometer with an
Ar+ laser as exciting source at 514 nm. TPR-Raman
experiments were run by heating the sample from 300
to 795◦C in steps of 33◦C. Spectra were acquired at
each temperature, with a resolution of 2 cm−1. Laser
power was 12 mW and acquisition time was selected
to be 5, 2 and 1 min, depending on the vanadium
oxide loading that increases the signal-to-noise ra-
tio. 1% H2 in Ar (SEO-L’Air Liquide) was used for
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the TPR-Raman experiments. Selected spectra are
presented to illustrate the trends.

2.3. Estimation of kinetic parameters

Kinetic parameters were estimated by non-linear
regression. The integral was numerically solved by
either a trapezoidal method or an adaptive Simp-
son quadrature, and the object function minimisa-
tion was carried out by the Nelder-Mead search
method. The criterion for optimisation was the sum
of squared residuals (SSRs) between the measured
hydrogen consumption and the corresponding model
solution. In the multi-response fitting, a combined
criterion was formed by adding up the SSRs. All the
computations were performed in the MATLAB®6
(MathWorks Inc.) environment. The temperature
mean-centering was done for the rate coefficients
k(T ) = kref exp(E/R(1/Tref − 1/T )) in order to
enhance parameter identifiability.Tref was set as
750 K.

Fig. 1. XRD patterns of (a) alumina after calcination at 750◦C, (b) V2, (c) V5 and (d) V11.

3. Results

3.1. The catalyst

The vanadium contents of the catalysts were 2.0,
5.2 and 11.4 wt.%. The catalysts were designated
according to the measured amount of vanadium V2,
V5 and V11, respectively. The surface area of the
alumina support was 181 m2/g after calcination at
750◦C.

The XRD diagrams of the catalysts are shown in
Fig. 1. The XRD patterns for the V2 and V5 catalysts
were similar to the one for the alumina support, whose
XRD pattern included possibly both�- and�-alumina
after calcination at 750◦C. The vanadium oxide was,
thus, well dispersed on the surface of the support with
the crystalline size below the detection limit of the
method. The XRD pattern for V11 indicated, how-
ever, the presence of crystalline AlVO4. In addition,
the crystalline size of the alumina was increased with
vanadium addition.
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Fig. 2. The XRD patterns of V11 (a) as such, (b) after reduction to 480◦C, (c) after reduction to 650◦C and (d) after oxidation at 600◦C.

The XRD analysis was also performed with V11
samples reduced to 480 or to 650◦C (Fig. 2). The pat-
tern after reduction to 480◦C was similar to the one for
the oxidised catalyst. However, the peaks for the crys-
talline AlVO4 disappeared after reduction to 650◦C
and appeared again after the following oxidation. The
crystalline AlVO4 was thus reduced at temperatures
between 480 and 650◦C.

The Raman diagrams for hydrated and dehydrated
samples are presented inFig. 3. The Raman results
indicate that there are surface vanadium oxide species
on fresh V2 and V5, whereas V11 show intense Ra-
man bands for AlVO4 at 1003, 970, 943, 913, 882,
515, 399, 320, 290, 282 cm−1. In TPR-Raman data
for V2 and V5, the disappearance of vanadium oxide
bands (V=O 1020 cm−1, V–O–V near 900 cm−1) con-
firms that there are both isolated and polymeric sur-
face vanadium oxide species. Isolated vanadium oxide
species on the surface have one terminal V=O bond
(1020 cm−1) and three V–O–Al bonds that are not
active in Raman. Surface polymeric vanadium oxide
species possess one terminal V=O bond (1020 cm−1)
and bridging V–O–V bonds (ca. 900 cm−1). The
polymeric-to-isolated population ratio for V2 is lower

than that for V5, as estimated from the relative inten-
sities of the Raman bands near 900 and 1020 cm−1.
The TPR-Raman data for V11 are depicted inFig. 4.
All the bands related to AlVO4 of V11 decrease quite
simultaneously. It is difficult to evaluate the presence
of surface vanadium oxide species on V11 since the
Raman signal for AlVO4 is several times more intense
than that of surface vanadium oxide species.

3.2. H2-TPR and kinetic modelling

Fig. 5presents the TPR patterns of the catalysts V2,
V5 and V11 collected at the heating rate of 6◦C/min.
The H2-TPR spectra of the samples V2 and V5 exhibit
globally one clear maximum, whereas V11 has two
predominant maxima.Fig. 6 depicts the TPR results
of V5 with three different heating rates. Careful ob-
servation of the V5 spectra reveals a slight peak split-
ting after the rate maximum and a tailing of the signal
on the high temperature side. The reduction process
takes place in a wide temperature range. The temper-
atures of reduction rate maximum (Tmax) for the first
peak of the catalysts V11 and V5 coincide. The reduc-
tion rate maximum for the sample V2 occurs at 15 K
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Fig. 3. Raman spectra of hydrated and dehydrated catalysts.

higher temperature. The second rate maxima of V11
appears at roughly 120 K after the first one.Table 1
collects the direct H2-TPR results. The average oxida-
tion states of vanadium were calculated according to
the consumption of H2 to 630◦C. The oxidation state
of the vanadium was assumed to be+5 before reduc-
tion [16].

All H 2-TPR experiments were used for kinetic mod-
elling of reduction. The total hydrogen consumption
was scaled to unity in kinetic model fitting and the
rate of hydrogen consumption was unequivocally re-
lated to the rate of reduction. Since hydrogen con-
version was negligible during the TPR, the consump-
tion of hydrogen was assumed not to affect the rate
of reduction. Typical models[22] for the rate of con-
version and combinations of them were tested by ap-
plying non-linear regression analysis to the TPR data
of each catalyst with 3–4 heating rates. The random
nucleation, nuclei growth model and shrinking core
model were selected as potential model candidates.

Also multiple reducible sites and multi-step models
were taken into consideration. Model discrimination
was based on the value of the object function (SSRs)
and the quality of pointwise calculated residual plot.

The reduction of the catalyst V5 was focused first.
Despite the apparent single-peak behaviour of the V5
thermogram, any attempted single reduction process
could not satisfactorily describe the main reduction
peak of V5. A very rough approximation of the main
peak was accomplished using a random nucleation
model. Total TPR pattern required altogether three
sub-processes for a satisfactory fit and a non-biased
residual plot. The best-fit to the TPR data of V5 was
obtained with the a combination of a first-order model
(kref = (9.5 ± 0.3) × 10−2 s−1, E = 100± 2 kJ/mol)
and a two-dimensional nuclei growth model (kref =
(7.2 ± 0.1) × 10−2 s−1, E = 90 ± 2 kJ/mol) for the
main peak, and a first-order model for the process
at the tail (kref = (10.5 ± 0.5) × 10−3 s−1, E =
74±3 kJ/mol). All the reactions were modelled occur-
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Fig. 4. Representative spectra of the TPR-Raman of the catalyst V11.

Fig. 5. H2-TPR of the catalysts V2, V5 and V11 (β = 6◦C/min, xH2 = 10.7% andF = 30 cm3
NTP/min).
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Fig. 6. H2-TPR data (x) of the catalyst V5 (β = 6, 11 and
17◦C/min, xH2 = 10.7% andF = 30 cm3

NTP/min) and the best-fit
model solution (—).

ring parallel and independent of each other. The con-
tributions of these three processes to the total hydro-
gen consumption were 43, 30 and 27%, respectively.
It is noteworthy, for example, that a model combining
two random nucleation processes for the main peak
could not perform nearly as well as the best-fit model.
The best-fit model solution and the experimental data
are presented inFig. 6. Fig. 7 illustrates the best-fit
model solution with the sub-processes.

The TPR data of V11 had two prominent rate max-
ima. Both reduction processes were characterised by a
very steep acceleration period and a sharp maximum.
These characteristics encouraged introducing models
based on nuclei growth mechanism. The first peak
was indeed best described by two-dimensional nuclei
growth model with parameterskref = (6.3 ± 0.1) ×
10−2 s−1 andE = 87± 2 kJ/mol. Same model type
seemed also to be the best one for the latter peak with

Table 1
H2-TPR results for the catalystsa

Vanadium content Total H2 consumption
(�mol/gcat)

H2/V
(mol/mol)

AOS
of V

Tmax, K (β = 6◦C/min,
xH2 = 10.7%)

V (wt.%) Atoms/nm2

2.0 1.4 195 0.50 +4.0 753
5.2 3.7 640 0.62 +3.7 729

11.4 9.4 1610 0.72 +3.6 731, 867

a Average oxidation state of V after the reduction to 630◦C.

Fig. 7. H2-TPR data (�) of the catalyst V5 and the best-fit model
solution (- - -) with the subprocesses.

parameterskref = (3.9 ± 0.2) × 10−3 s−1 and E =
119± 2 kJ/mol. The latter process did not complete
during the linear temperature program, except for the
lowest heating rate and for that reason the modelling
of the latter peak remains somewhat inconclusive. Any
added third process to the total scheme did not re-
sult in a better fit. Generally, one would expect that,
the three-dimensional nuclei growth or the shrinking
core model would better describe actual bulk reduc-
tion processes. However, this was not the case with
our experimental data.

Despite the low quality of the TPR data of the
sample V2, kinetic modelling was attempted. V2
data set showed qualitative features characteristic for
the first-order kinetic behaviour. Random nucleation
model with parameterskref = (6.8± 0.2) × 10−2 s−1

andE = 146± 3 kJ/mol was indeed the only one-site
model to roughly fit the experimental data. A model
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combining two random nucleation processes was able
to describe the results only slightly better and thus the
possible second process was practically unidentifiable.

4. Discussion

The obtained kinetic results combined to the char-
acterisation results allow further insight about the re-
duction behaviour of the studied catalysts. The redox
properties are evidently dependent on the vanadium
loading. The species on V2 and crystalline species on
V11 are the least reducible. Part of the species on
V5 reduces possibly in similar manner to the ones on
V11. The TPR data of V2 and V5 suggests that differ-
ent kinds of vanadium oxide surface species are rel-
atively equal in the interaction with hydrogen. This
complicates the deconvolution of TPR patterns into
physically meaningful subprocesses. The kinetic mod-
elling results imply, however, that there exist various
reducible sites and reduction mechanisms.

Kinetic modelling was focused on the reduction
of V5 catalyst because its vanadium content was
below so-called monolayer vanadium oxide catalyst
(8 V atoms per nm2 on alumina support[23]). The
whole TPR data of the catalyst V5 was deconvo-
luted into three reduction processes. The main peak
was best described by a combination of a first-order
(random nucleation) model and a two-dimensional
nuclei growth model. The random nucleation mech-
anism was responsible for the onset of the main
TPR peak and it is possibly related to the homo-
geneous reduction of surface vanadium oxide either
isolated monomeric vanadium oxide species or pre-
dominantly oligomeric vanadium oxide species of
moderate size. The two-dimensional nuclei growth is
related to topochemical reduction of two-dimensional
surface polymeric vanadium oxide species. The
two-dimensional nuclei growth model states that the
reduction is initiated somewhere in the surface oxide
layer and it subsequently proceeds to the surroundings
of the starting points. The domains of reduced vana-
dium grow outwards until they reach the boundaries
of the reducible material or the boundaries of each
other. The precondition for the physical feasibility of
the two-dimensional nuclei growth reduction mecha-
nism is that vanadium oxide species interact with the
surrounding vanadium oxide species and thus form a

contiguous overlayer. The reactivity is higher at the
boundary of the reduced and the non-reduced phase
than in the middle of non-reduced phase.

It has been observed that under reducing conditions,
silica-supported vanadium oxide species undergo
structural rearrangements that may lead to their ag-
gregation into bulk V2O5, if vanadium oxide coverage
is near the dispersion limit[8]. Thus, the reduction of
V5 might induce structural transformation of surface
vanadium oxide species as well, even though it does
not lead to the formation of bulk V2O5 according to
the TPR-Raman results. The interaction of vanadium
oxide with alumina support is stronger than with
silica support and the mobility of surface vanadium
oxide species on alumina is consequently lower.

The special features of TPR pattern for V5 indi-
cate that the structure of the catalyst is more compli-
cated than a monolayer of vanadium oxide. Namely,
the slight tailing on the high temperature side might
infer to the reduction of bulk-like species, which do
not exhibit sufficient crystallinity to be detected by
our techniques. This tailing in the TPR profiles could
reflect an incipient rearrangement of partially reduced
surface vanadium oxide species, which might eventu-
ally lead to the formation of crystalline vanadium ox-
ide, as in[8]. The second reduction process of V11
sample appears also at same temperatures as the tailing
process of V5 (Fig. 5). Bulk-like species are evidently
less reducible than two-dimensional surface vanadium
species, which may be due to the diffusion of subsur-
face oxygen to the surface. In the kinetic modelling
this high temperature hydrogen consumption was ac-
counted for by introducing a first-order model to cor-
rect for the signal tailing. The obtained parameters for
this process are of limited significance. Neither Ra-
man spectroscopic nor XRD results give indication on
the nature of these species.

Nuclei growth models had been proposed earlier for
the reduction of supported vanadium oxide by Tarfaoui
[24] and by Bosch and Sinot[25]. Tarfaoui [24] in-
vestigated thoroughly TPR of a monolayer vanadium
oxide on alumina by the Kissinger and the Friedman
analysis and kinetic model fitting. The Friedman plots
of that work suggested a convoluted reduction process,
but the best kinetic model was still one-site Avrami
two-dimensional nucleation model with the activa-
tion energy of 108 kJ/mol. Bosch and Sinot[25] re-
ported applicability of the nuclei growth model for the
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reduction kinetics of vanadium oxide on titania mono-
layer catalyst. They obtained the activation energy of
60 kJ/mol. However, their modification of Avrami’s
nucleation model leaves some open questions. Our re-
sults suggest that nuclei growth plays a role in the
reduction of V5 sample. It should be noted that a ki-
netic model combining two random nucleation pro-
cesses did not perform nearly as well in describing
the main peak of V5. However, nuclei growth model
contributes less than a half of the hydrogen consump-
tion of the main peak and it cannot alone explain the
pre-edge of the V5 thermograms. The reason for this
is believed to be the submonolayer content of vanadia
on the sample V5. The vanadia does not form suffi-
ciently contiguous overlayer. The reduction reaction
on smaller domains of vanadium oxide is not able to
advance further and their reduction is thus better de-
scribed by random nucleation model.

Despite the overlapping multiple peak TPR spec-
tra, kinetic modelling managed to provide additional
information regarding the reduction of V11. The first
peak of V11 probably involves the reduction of sim-
ilar species to the ones present in V5 or some other
kind of surface vanadium oxide species, perhaps an in-
cipient AlVO4 phase. The latter peak is related to the
reduction of bulk-like vanadium compounds that can
be present on high loaded samples. Indeed, the XRD
results relate this latter reduction peak to the reduction
of mixed oxide AlVO4. The Raman results also reveal
the presence of AlVO4 in the fresh sample. The first
peak of V11 possibly corresponds to the reduction of
amorphous two-dimensional highly polymeric surface
species (not visible in XRD and possibly hidden in
Raman due to overwhelming intensity of partly over-
lapping AlVO4 band in the 777–1070 cm−1 window),
and it is clearly best described by two-dimensional nu-
clei growth kinetic model. The closeness of the activa-
tion energy values of nuclei growth for V5 (90 kJ/mol)
and for the first peak of V11 (87 kJ/mol) suggests that
reduction kinetics and energetics of these species are
similar. On the other hand, the hydrogen consumption
in the first TPR peak of V11 is high to be related to sur-
face dispersed vanadium oxide. If the first TPR peak of
V11 corresponds to some kind of incipient amorphous
AlVO4, the chemical nature of the reducible sites in
this phase is closer to that in surface dispersed vana-
dium oxide than that in crystalline AlVO4. The sam-
ple V11 contains probably larger contiguous arrays of

highly polymerised vanadium oxide and this mode of
organisation enables reduction predominantly by nu-
clei growth. The fact, that the latter peak of V11 also
exhibited two-dimensional nuclei growth characteris-
tics was unexpected. Since the second process does
not complete by the end temperature the findings re-
garding the kinetic model remain uncertain.

A reduction process with random nucleation dy-
namics was identified based on the experimental
data of the catalyst V2. The random nucleation, i.e.
first-order decay model is acceptable for the reduction
of V2, since the catalyst represents clearly a sub-
monolayer vanadium content catalyst. The separation
of the species from one another prevents the nuclei
growth reduction mechanism that seems to be present
on higher loaded samples. There is also no diffusion
resistance in the oxygen removal from these vanadium
species. The description given by the model was not
perfect, however, but a secondary reduction process
could not be properly identified. Raman results sug-
gest that in addition to surface monovanadates there
do exist surface polyvanadates. The presence of sur-
face polymeric vanadium oxide is consistent with the
presence of a broad Raman band near 900 cm−1 for
catalyst V2, characteristic of the V–O–V bond stretch-
ing mode. The reduction kinetic results imply that
either these polyvanadates are in minority among the
vanadium oxide species or their reduction resembles
closely that of monovanadates. Bulushev et al.[26]
also found that first-order kinetic model described the
reduction of a submonolayer vanadium oxide catalyst.
The kinetic parameters cannot be compared because
their catalyst was supported on TiO2.

5. Conclusions

Alumina-supported vanadium oxide catalysts with
the vanadium contents of 2, 5 and 11 wt.% were
prepared by incipient wetness impregnation and char-
acterised by XRD, TPR-Raman spectroscopy and
H2-TPR. The catalysts with the low vanadium con-
tents contained surface dispersed vanadium oxide
species, but the catalyst with the highest vanadium
content contained also crystalline AlVO4 according
to XRD and Raman spectroscopic results. The pres-
ence of surface vanadium oxide species on V11 could
not be ascertained by Raman spectroscopy due to the
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intense Raman bands of AlVO4. The reduction ki-
netics of vanadium oxide was modelled based on the
hydrogen consumption during the TPR.

The reduction kinetics of catalyst with 2 wt.% V was
best described by the random nucleation model. For
the catalyst with 5 wt.% V, our kinetic modelling sug-
gests that a part of vanadium species possibly reduces
as a random nucleation process, but a topochemical
reduction by nuclei growth also takes place. Both pro-
cesses are related to surface vanadium oxide but pos-
sibly with different degree of interconnection to other
vanadium oxide entities. The catalyst with 11 wt.% V
reduces clearly in two separate processes. The first re-
duction peak is described by two-dimensional nuclei
growth model and it must be related to amorphous
surface vanadium oxide and the latter reduction peak
is assigned to crystalline AlVO4. Evidently, the vana-
dium loading has a pronounced effect on the structure
of the catalyst and consequently to the reduction be-
haviour.
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