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Nature of Active Species in the Ammoxidation of Toluene over 
V205/Ti02 Catalysts Prepared by Flash-Drying 
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VITiIO catalysts we,-e prepared by flash-drying of solutions containing V(IV) and Ti(lV) ion\. 

thus with contemporaneous hydrolysis and precipitation of V20i and TiO!. as anatase. The 

catalysts were characterized by means of X-ray diffraction. (XRII). chemical annlyses. Fouricl 

transform infrared spectrometry. (FTIR) and thermogravimetl-y. The result\ indicate that at least 
three different forms of vanadium are present in the calcined sample\: (1) a V(IV) stabilized as 

regards oxidation. but reducible to V(III), which stl-ongly interacts with the support. and probably 

constitutes the so-called monolayer spread over the anatase surface: this species is chaf-acterized 

by an IR absorption at Y40 cm ‘; (2) u V(V) spccicz, easily reducible to V(IV). and to V(III). 

chWacterized by an IR band at 980 cm ‘; this species also strongly Inlcracts with the Ti02: and (3) 

vanadia weakly interacting with the TiOl. present as amorphous V,Oi. Catalysts containing 

different amounts of vanadium were tested in the ammoxidation of toluene to benzonitrile. and in 

the dehydrogenation of isopropyl alcohol to acetone. The correlation between the amounts of the 

different vanadia species and the activities indicated that species I possesses the active sites 

responsible for toluene activation and alcohol dehydrogenation: species ? instead is responsible fat 

the parallel undesired combustion of ammonia to nitrogen; while the third specie\ is inactive in all 

reactions. (’ IYX7 Acwlcmc I’I.cI\ Inc 

INTRODUCTION 

V/Ti/O catalysts have been widely stud- 
ied and characterized for oxidation reac- 
tions of different organic substrates, such 
as aromatic hydrocarbons (especially o- 
xylene) (1-6) and olefins, and in the 
ammoxidation of some alkylaromatics, 
such as alkylpyridine. or xylenes (7-12). 

These catalysts are usually prepared by 
the wet impregnation technique, thus by 
deposition of vanadium from a V(V) solu- 
tion onto preformed TiO? (IS-IS). Other 
methods which have been used are the 
grafting technique (16/7), flame hydroly- 
sis (18), and mixing of the two oxides 
followed by heating (7, 8). 

A completely different preparation tech- 

’ To whom correspondence should bc addrcsscd. 

nique has been used in previous studies in 
order to prepare catalysts active and selec- 
tive for the ammoxidation of aromatic com- 
pounds and oxidation of o-xylene to 
phthalic anhydride, by the contem- 

poraneous precipitation of Ti and V oxo- 
hydrates (10-12, 19). The coprecipitation 
has been carried out by flash-drying, that is. 
by dropping a solution of titanium and 
vanadium (IV) ions on a hot ceramic plate 
at high temperature. 

The aim of this research was to gain some 
insights on the nature of active sites in the 
ammoxidation of toluene to benzonitrile, 
and to compare the results and the model 
proposed with those for catalysts prepared 
by impregnation or grafting techniques. 

In the case of catalysts prepared by 
impregnation or grafting methods it has 
been established that the surface structure 
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of these catalysts consists of a layer of 
vanadium oxide, spread onto the anatase 
surface, which contains the active sites for 
the formation of phthalic anhydride from 
o-xylene (5, 6, 13-17, 20, 2/). This bidi- 
mensional structure is characterized by a 
different reactivity with respect to crystal- 
line V705. The enhanced activity of vana- 
dium has been explained by two different 
hypotheses. The first takes into considera- 
tion the presence of a crystallographic fit 
between the growth planes of anatase and 
the (010) planes of VZOs, the one containing 
the V=O bonds (22). This remarkable fit 
leads to the preferential exposure of the 
vanadyl centers, thus of the active sites 
(13, 23). The second hypothesis deals 
instead with the presence of a strong chemi- 
cal interaction between the surface of 
anatase and the vanadium oxide. This inter- 
action derives from the reaction of surface 
hydroxy groups of Ti02 with vanadium, 
giving rise to the formation of a monolayer, 
where the V=O bond is characterized by a 
different bond strength and higher reactiv- 
ity (5, 14, 24, 2.5). 

In this work the model of a vanadium 
oxide monolayer on the surface of anatase 
as the active phase for ammoxidation also 
was checked in order to interpret the 
results obtained and the discrepancies 
found with the catalysts prepared with the 
impregnation method. 

METHODS 

Preparation of the Catalysts 

The V(W) solution was prepared by 
reducing V205 in an aqueous oxalic acid, at 
70°C until a deep blue solution was 
obtained. The Ti(IV) solution was obtained 
by dissolving TiCI4 in a hydrochloric acid 
solution (pH less than I), while keeping the 
temperature of the solution at 20°C. At this 
step hydrolysis of Tic&, with the formation 
of the blank precipitate, must be avoided. 
The two solutions were then mixed, in the 
relative amounts necessary to obtain the 

desired VZ05 content in the final catalyst. 
The quantitative precipitation was made by 
high-temperature hydrolysis, achieved by 
dropping the solution on a hot ceramic plate 
(temperature higher than IOO’C), or on pel- 
lets of a-AIz03, kept under mechanical stir- 
ring. In the latter case, the catalysts were 
used in that shape for the catalytic tests of 
toluene ammoxidation. This procedure led 
to the anatase structure for TiO,; after the 
calcination treatment at 400°C the samples 
had a surface area of about 50 ml/g. 

Characterization of the Catalysts 

Chemical analyses. The following pro- 
cedure was adopted for the chemical analy- 
ses of the samples: (i) The calcined samples 
(T = 400°C) were treated with a NH40H/ 
HZ0 solution (pH about I I). This treatment 
leads to the dissolution of the vanadium 
oxide which does not interact chemically 
with the support (f3-15,26). Two fractions 
were so obtained: the solution containing 
the soluble vanadium oxide, subsequently 
acidified with HISO until attainment of pH 
about I, and the solid, constituted by the 
insoluble Ti02 and by the vanadium inter- 
acting chemically with it. This latter frac- 
tion was dissolved in concentrated hot 
HzS04. Preliminary tests on a standard 
solution revealed that this treatment does 
not lead to any change in the valence state 
of vanadium, because in strongly acid solu- 
tions the V(W) is stable, and V(V) is not 
reduced. 

(ii) The two fractions were analyzed sep- 
arately with the manganometric method 
(27). In particular, a part of each fraction 
was titrated with 0. I N KMn04, to deter- 
mine the amount of V(IV) in the solution; 
another part was titrated with a Fe’+ solu- 
tion in order to determine the amount of 
V(V). The validity of these kinds of analy- 
ses is supported by both tests on standard 
solutions, and the exact correlation 
between the total amount of vanadium 
determined with this method and the 
amount used for the preparation. More- 
over, this technique has been applied suc- 



TOLUENE AMMOXIDATION OVER V,0c/Ti02 253 

cessfully in the analyses of both V/P/O 
catalysts (27-29), and of VITiIO catalysts 

(15, 16, 19, 23, 30). 
Other characterizmtions. X-ray diffrac- 

tion analyses were performed with a Phil- 
lips X-ray diffractometer, using Ni-filtered 
CuKa radiation. Thermogravimetric tests 
were carried out with a Perkin-Elmer TGS 

2 thermobalance; for the reduction tests, a 
flow of 2% HZ in He was used (0.5 cm3/s), at 
a temperature of 380°C. Before these tests 
were made. the samples were calcined in 

air at 400°C. Fourier transform IR (FTIR) 
spectrometers were used, all connected 
with conventional gas manipulation de- 
vices, evacuation ramps, and measurement 
cells. 

Catalytic tests were carried out using a 
fixed-bed conventional flow reactor at at- 
mospheric pressure. The reactor was a 
stainless-steel tube (4 mm in diameter, 600 
mm long) placed in a copper bar and exter- 
nally heated by electric resistances. 

The effluents, kept at 270°C to prevent 

condensation, were analyzed using two gas 
chromatographs on-line to the reactor. The 

first gas chromatograph analyzed the 
unconverted toluene or isopropyl alcohol, 
and the benzonitrile or acetone and pro- 
pylene formed; traces of other by-products 
(benzene and benzaldehyde from toluene, 

diisopropyl ether and propane from isopro- 
pyl alcohol) were not taken into considera- 
tion. The column was a Silicon oil DC 550, 
supported on Chromosorb W 80-100; the 
oven temperature was programmed from 80 

to 220°C (heating rate 16”/min). The uncon- 
densable gases (02 , Nl, CO, and CO?) were 
analyzed by the second gas chromatograph, 

using a Carbosieve S column; the oven 
temperature was programmed from 20 to 
240°C (heating rate X”/min). 

The active VITiIO phase was supported 
over cylindrical pellets of ceramic, with a 
central axial hole for the insertion of a 
thermocouple; the thickness of the active 
phase was 60 m (6% by weight). Forty 

pellets (i.d. I.0 mm, o.d. 4.1 mm, ht 4.0 

mm) were used for each series of catalytic 
tests. 

The absence of significant phenomena of 
bypass of the reactants was verified using 
HZ0 and NT as gas tracers. The pressure 
drop along the catalytic bed was, in all 

cases, lower than 0.20 kg/cm’. The absence 
of homogeneous combustion of the reac- 
tants or of the products at high temperature 
was verified. The absence of significant 

interparticle transport effects was verified 
by varying the amount of the catalyst, at a 
constant W/F ratio. 

The experimental conditions for the tests 

of toluene ammoxidation were toluene, 
ammonia, and oxygen partial pressures in 
the feedstock 0.0117, 0.075, and 0. I35 atm, 
respectively; the remaining was helium; 

total flow rate was I .40 cm”/s. 
The experimental conditions for the tests 

of isopropyl decomposition were tempera- 
ture, 200°C; alcohol partial pressure 
0.00425 atm; the remaining was helium; 
total flow rate was 3.39 cm’/s. In this case 
the catalyst was used as a powder (volume 
1 cm3), which ranged in particle size from 

0.125 to 0.250 mm. 

RESULTS 

As noted under Methods, the preparation 
method used leads to the anatase structure 

after calcination. No rutile, or only traces, 
was observed in the samples after calci- 
nation. A detailed analysis of the X-ray 
diffraction maxima of anatase shows that 
no shift of the lines took place, and there- 
fore no modification of the cell parameters 

and volume occurred. This indicates that 
probably no solid solution of vanadium in 
the anatase lattice occurred. 

The diffraction maxima of V205 are not 
present, therefore indicating that most of 
the vanadium is present as some sort of 
bidimensional structure, not detectable by 
X rays. Also in the case where the amount 
of extractable vanadia is relatively high 
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mninal content of gq,%wt. 

FIG. 1. Absolute amounts of the different vanadia 
species as functions of the nominal content of V,OS: 
(+) insoluble V(N); (0) insoluble V(V); (0) soluble 
V(V). Dashed line, theoretical monolayer. 

(25% of VZOs by wt), the diffraction 
maxima typical of V20s are not present. 
The X-ray spectrum of this catalyst, after 
extraction of the excess vanadia, is prac- 
tically the same as the unwashed one, 
except for the disappearance of some back- 
ground due to an amorphous phase. In 
addition, there are some weak lines (d = 
4.13, 3.17, 2.90, 2.77, 2.55 A) which are left 
by washing, that can not be attributed to 
any known TiOl phase, or to any vanadium 
oxide phase. 

X-ray analyses of the sample calcined at 
500°C shows the appearance of the diffrac- 
tion maxima typical of crystalline V?O>. No 
X-ray lines of rutile were found after calci- 
nation at 500°C. Only after calcination at 
600°C was 70% of anatase transformed to 
rutile, as determined on the basis of the 
X-ray analysis. 

Chemical Analyses 

Figure 1 shows the chemical analyses of 
samples containing different amounts of 
global vanadium after calcination at 400°C. 
It can be seen that generally three different 
kinds of vanadia species are detected: (a) a 
vanadia species which can be dissolved in a 
basic medium; this part, after calcination, is 

in the form of V(V); (b) two vanadia species 
which can be dissolved only in hot concen- 
trated H2S04, together with TiOl ; this part 
is present as both V(IV) and V(V). The 
chemical analyses of the 10% VZ05/Ti02 
sample calcined at 500°C is reported in 
Table I. It is seen that an increase of the 
amount of soluble V(V) occurred, corres- 
ponding to a decrease of the surface area of 
the sample. 

The chemical analyses of the catalysts 
after reaction (after stable catalytic 
behavior had been reached), and subse- 
quently reoxidized at 4OO”C, are shown in 
Table I. A comparison with the samples 
before reaction (Fig. I) shows that in the 
10% V205/Ti02 sample, V(IV) increased up 
to an absolute amount similar to that of the 
25% V20S/Ti02 sample. Also the amount of 
soluble vanadia increased and, correspond- 
ingly, the amount of V(V) which could not 
be dissolved decreased considerably. The 
surface area did not change during the 
reaction. The 25% V205/Ti02 catalyst, after 
reaction and reoxidation, shows the same 
quantity of unoxidizable V(IV), an 
increased amount of soluble vanadia, and a 
corresponding decrease in insoluble VW). 
Similarly to that observed for the 10% 
V205/Ti02 catalyst, the 5% V20JTi02 
sample after reaction was almost reduced 
to a V(IV) species which cannot be reoxi- 
dized. 

Thcrrnogruvimrtric Analyws 

The 25 and 10% V205/TiOZ samples were 
first oxidized at 4OO”C, and then reduced in 
a flow of 2% H2 in He, at constant tempera- 
ture (380°C). Shown in Fig. 2 are the 
differentiated weight loss curves as func- 
tions of the time of permanence of the 
samples in the reducing atmosphere. The 
total weight loss (reported in Table I) for 
the IO and 25% V20S/Ti02 samples corre- 
sponds to the theoretical weight loss for the 
total reduction of both insoluble and solu- 
ble V(V), and of V(IV) to V(II1) (theoretical 
values 1.76 and 3.65%, respectively). The 
first weight loss, which occurs after a short 
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TABLE I 

Chemical Analyses of the Spent and Subsequently 

Reoxidized Catalysts 

VzOc nom. surface Theoret. Soluble Insoluble 

content area monolayer” vanadium vanadium 

(% wt. V,O,) (m’ig) (9’ wt. V,Oc) 

V(IV) V(V) V(IV) V(V) 

(c/c wt. vyoi1 (74 wt. V,Oi) 

(a) - 0.40 3. IO I .50 
5 57 x.4 (b) 0.25 0.70 3.x0 0.25 

(c) - 0.95 3.x0 0.25 

(a) - 0.20 4.x0 5 00 
IO 52 7.6 (b) 0.60 I .41) 7.30 0.70 

Cc) - 2.00 7.30 0.70 

(a) - 2.10 3 .YO 4.00 
IO” 20 2.9 (b) 1.30 0.x0 7.70 0.20 

(cl - 2. IO 4. IO 3.x0 

(a) - 3 .oo x.00 14.00 
25 50 7.3 (b) I .OO 9.00 12.50 2.50 

(c) - IO.00 X.50 6.50 

Note. (a) Catalyst calcined at 400°C. (b) Spent catalyst: the sample has been 

cooled in a nitrogen atmosphere. (c) Reoxidized catalyst (400°C. fol- 3 h). 

” Ref. (17). 

” Calcined at 500°C before catalytic tests. 
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time, corresponds to the reduction of the 
insoluble V(V) species to V(IV) (theoretical 
values 0.44 and I. 19% for the IO and 25% 
V20Y/Ti02 catalysts, respectively). 

The FTIR spectra of the samples (cal- 
cined at 4OO”C, washed with the ammonia 
solution, and calcined once again) are 
shown in Fig. 3, after subtraction of the 

contribution of TiO?. They exhibit a main 
broad band in the range 940-980 cm-‘; the 
spectra of the unwashed samples are simi- 
lar, except for the presence of a weak band 
at 1020 cm-‘, typical of the V=O stretching 
in crystalline V205. An intense band at 942 
cm-’ is present in the 5% V205/TiOz 
sample. In the 25% V20T/Ti02 sample, the 
band seems to be centered around 975 

cm-‘, even though the presence of a com- 
ponent around 950 cm- ’ cannot be 
excluded. In the 10% V10X/Ti02 catalyst 
the band occurs at 950 cm-‘. 

Ammoxidution of Toluene to Benzonitrilc 

Some samples (5, IO, and 25% V205/ 
TiO!) were tested in the reaction of toluene 
ammoxidation to benzonitrile, after calci- 
nation at 400°C. These catalysts show an 
initial inconsistent catalytic behavior for 

time, h 

FIG. 2. Differentiated curves of isothermal weight 

loss; temperature 380°C: catalysts. IO and 25% V#J 

TiO?. 
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FIG. 4. Maximum benzonitrile yield (0) and nitro- 

gen yield at 320°C (H) as functions of the reaction 

time: catalyst. 25% V205/Ti02. 

wavenumber, cm-1 

FIG. 3. infrared spectra of the calcined 5% (a), 10% 

(b), and 25% (c) V20Y/Ti02 catalysts. 

the first hours of reaction. Shown in Fig. 4 
are the maximum yield in benzonitrile and 
the yield in nitrogen at 320°C (from am- 
monia combustion) of the 25% V1_Oj/Ti02 
catalyst as functions of the time of per- 
manence in the reaction medium at 380°C. 

In particular, an increase in the maxi- 
mum yield in benzonitrile is observed, 
along with a considerable decrease in the 
formation of nitrogen from the combustion 
of ammonia. Similar behavior was 
observed for the 10% V20S/TiO? catalyst, 
except for a more enhanced increase in the 
maximum yield in benzonitrile from toluene 
ammoxidation (from 65 to 82%). After 
some hours, stable catalytic behavior is 
observed. 

The catalytic behavior in steady-state 
conditions of the three samples is summa- 
rized in Fig. 5. In particular, this figure 
shows the productivities in benzonitrile and 
nitrogen at 320°C. Also shown is the 
behavior of the IO% V20JTi02 sample cal- 
cined at 500°C (instead of 400°C) before 
reaction. The activity of the catalyst cal- 
cined at the higher temperature is lower 
(and the maximum yield in benzonitrile also 

time , h 

decreases). The combustion of ammonia to 
nitrogen is instead higher than in the case of 
the sample calcined at 400°C. Chemical 
analyses of the sample after reaction (Table 
I) show that the sample is practically the 
same as before reaction (except for a higher 
average degree of reduction); subsequent 
reoxidation treatment however restores the 
original average degree of oxidation. 

Tests of Isoptwpanol Dehychqenation 

Figure 6 shows the dependence of the 
concentrations of acetone and propylene 

5 5 10 25 10 

vanadia cont. % wt v205 

FIG. 5. Benzonitrile ( ), N2 (0). and acetone ( 

productivities as functions vanadia content: catalysts. 

5, IO, and 25% VZOT/TiO1. and 10% V20S/TiOz cal- 

cined at 500°C (0). Temperatures, 320°C (benzonitrile 

and nitrogen) and 200°C (acetone). 
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0102020406060 

time , min. 

Acetone (0, l ) and propylene (0. n ) 

concentrations at the outlet of the reactor as functions 

of the reaction time: catalyst. 109 V205/TiOz after 

calcination at 400°C (open symbols) and after ammoxi- 

dation of toluene (solid symbols). 

formed on the decomposition of the isopro- 
pyl alcohol, as functions of the reaction 
time; traces of other products such as diiso- 
propyl ether or propane are not shown. The 

catalyst is 10% VZOr/TiOZ after calcination 
at 400°C and after it had been tested in the 
ammoxidation of toluene. It is shown that 
the catalyst has a different catalytic 
behavior after the two treatments. In par- 

ticular a strong decrease in surface acidity 
(formation of propylene) occurs after using 

the catalyst in the ammoxidation of tol- 
uene, while the dehydrogenative property 
(formation of acetone) increases with 
respect to only the calcined catalyst. 

Another phenomenon observed in the 
figure is the decrease of both acetone and 
propylene formation as the time of expo- 
sure to the flow of alcohol increases, until a 

constant behavior has been obtained, after 
about I h. A similar phenomenon has been 
explained by Fikis et nl. (3/) by a modifi- 
cation of the surface sites, occupied by H 

or OH groups on desorption of the prod- 
ucts. This same behavior also was observed 
for all catalysts tested. Shown in Fig. 5 are 
the constant values of productivity in 
acetone, at 2Oo”C, for the three different 
samples tested: the 5. IO, and 25% V20s/ 
TiOz catalysts, after use in the ammoxi- 
dation of toluene. The productivity in pro- 

pylene is not shown because very small 

amounts of this product were obtained. 

DISCUSSION 

Chemicrrl-PhysicLtl Chortrc.tcrizcltion of’ 
VITiIO C~~t~~lysts Prrptrred by Flrrsh- 
Drying 

Chemical analyses of the calcined sam- 
ples showed the presence of different kinds 

of vanadia species: a species that can be 
dissolved by the treatment with the basic 
solution, and two species which cannot be 
dissolved. The nature of these different 
species will be analyzed in more detail in 

the following sections. 
Salrrhle V(V). The vanadium species that 

can be dissolved is probably characterized 

by a weak interaction with the support. In 
agreement with this, the technique of dis- 
solution of excess vanadium has been used 
by some authors to prepare V/Ti/O cata- 

lysts characterized by the presence of only 
the monolayer (13-15, 26). 

The IR spectrum of the untreated 25% 
VZ05/Ti02 sample shows the presence of a 
weak absorption at 1020 cm-’ (related to 

the stretching frequency of V=O in V205). 
which disappears after washing. X-ray 

analyses of samples before washing do not 
show the lines relative to crystalline V?O$. 
Therefore the soluble vanadium (V) must 

be present as an amorphous VZ05. Only 
when calcination is carried out at tempera- 
tures as high as 500°C is crystalline VZOs 
formed, as shown by the X-ray diffraction 
analyses and the chemical analyses. 

InLsoluhle V(f V). The presence of a 
reduced V(IV) species, in relatively high 
amounts, after calcination at 4OO”C, indi- 

cates that this valence state is stabilized by 
some sort of strong interaction with the 
support. It is, in fact, well known that, for 
instance, VZ04 oxidizes to V20s at much 
lower temperatures. This stabilization can 
derive from the formation of a solid solu- 
tion of V(IV) in the titania matrix, or 
through the formation of a strong bond 
between the surface Ti ions and the V(IV). 
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The latter hypothesis is more probable, on 
the basis of the fact that X-ray analysis 
does not show any modification of the 
lattice parameters of anatase. 

It has been suggested that in the prepara- 
tion of V/Ti/O catalysts by the grafting 
method a reaction between surface 
hydroxy groups of anatase and vanadium 
occurs, leading to the formation of a 
V-0-Ti bond (16, 17). In our case, the 
precipitation by hydrolysis of Ti and V 
oxohydrates from the solution containing 
both Ti and V(W) ions, and the subsequent 
calcination treatment, probably leads to the 
reaction of hydroxy groups of titanic acid 
and of vanadium, giving rise to the insol- 
uble VW). This also explains the greater 
amount of insoluble vanadium obtained 
with this preparation as compared with that 
obtained with wet impregnation (15, 19). 
The much greater hydroxylation of a 
freshly precipitated oxo-hydrate, with 
respect to TiO?_, leads to a large amount of 
vanadia species chemically bound to the 
support. 

Figure I shows that the ratio between the 
two insoluble species V(IV) and V(V) 
decreases as the nominal content of vana- 
dia increases. Thus, at low vanadia con- 
tents, the species mainly present is a V(IV) 
species. As the content of vanadia 
increases, the latter species tends toward a 
plateau, while V(V) increases linearly. The 
maximum value of the V(IV) species is very 
near to the value necessary for monolayer 
coverage (dotted lines in Fig. I) in corre- 
spondence to the surface area of the 
sample. This value has been indicated by 
Bond and Bruckman (17) and by Rooze- 
boom et ul. (14) as approximately 0.14% by 
weight of V205, per square meter of the 
support. This fact suggests that the V(IV) 
species, stabilized against oxidation, forms 
a first coverage of the support. Thermogra- 
vimetric tests showed that this species can 
be reduced to V(III) although it is stabilized 
as regards its oxidation. This means that it 
is accessible to reactants in the gas phase, 
probably not occluded in the TiOZ matrix. 

The infrared spectrum of the 5% sample is 
characterized by an absorption band at 940 
cm-‘. Chemical analyses shows that the 
vanadium is mainly present as V(IV), and 
therefore it is reasonable to assign the band 
found around 940 cm-’ to this species. 
Bands in this region have not been reported 
in the scientific literature for V-Ti-0 
systems, while it has been reported that 
they are present in reduced vanadium 
oxides phases (32). This is in agreement 
with the fact that V-Ti-0 catalysts pre- 
pared by impregnation do not present large 
amounts of reduced vanadium species (5,6, 
17, 19, 21). 

Chemical analyses of the samples after 
reaction and subsequent reoxidation show 
that modification of the relative distribution 
of the different vanadia species occurs 
during permanence in the reactive atmo- 
sphere. In particular, the amount of unoxi- 
dable V(IV) increases for the 5 and 10% 
V205 samples, while it remains approxi- 
mately constant for the 25% V20s catalyst. 

It is interesting that the amount of V(IV) 
in the 10% V30s sample after reaction is 
close to the theoretical amount necessary 
for the formation of the monolayer (see 
Table 1). If we assume that the V(IV) 
species constitutes a first layered coverage 
of the support, this means that during the 
reaction a part of the insoluble V(V) species 
(which after reaction is present in a smaller 
amount), is reduced to V(IV) and spreads 
over the free anatase surface. In this way it 
contributes to completing the coverage of 
the support, becoming stabilized in the 
reduced valence state. The same occurs for 
the 5% VZOs sample, which, however, has a 
global amount of VIOs which is not suffi- 
cient to lead to a complete monolayer 
coverage. On the contrary, the phenom- 
enon does not occur for the 25 and 10% 
calcined at 500°C which already, before 
reaction, have amounts of insoluble V(IV) 
species close to the theoretical amount for 
complete monolayer coverage (see Table 
1). The latter sample, before reaction, 
already has undergone a strong modifi- 
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cation of the relative amounts of the 
different vanadia species. This occurs in 
correspondence with the decrease in the 
surface area caused by the calcination 
treatment (see Table I). 

lnsoluhle V(V). The third species identi- 
fied by the chemical analyses is a V(V) 
species insoluble in ammonia solution. It is 
the prevailing species only at relatively high 
vanadia contents and seems to increase 
practically linearly with increasing nominal 
V205. The IR spectrum of the 25% V205 
sample is characterized by an absorption 
band around 980 cm-‘. Since most of the 
interacting vanadium is present as V(V) in 
the calcined 25% V205 catalyst (see Fig. 1), 
we can correlate the observed absorption to 
this species. The IR spectrum of the 10% 
Vz05 catalyst, which represents an inter- 
mediate chemical situation between the 5 
and the 25% VZOc samples, shows an 
intense absorption at 950 cm-‘. 

Thermogravimetric tests indicated that 
this species is very easily reducible to 
V(IV). This is in agreement with the results 
of other authors who indicated that the 
monolayer of vanadia spread over Ti02 sur- 
face contains more reactive species than 
the bulk vanadia (5, 14). 

The lower frequency of stretching for 
V(V), compared to that at 1020 cm-’ for 
V=O in crystalline VZOs, indicates a lower 
bond strength for the V=O bond, thus 
explaining its high reactivity, as indicated 
by the reduction tests in the thermobal- 
ante. Also, in the case of partially reduced 
VzOT, or of some suboxides such as V60r3 
or V40Y, the appearance of bands in the 
950-1000 cm-’ region has been attributed to 
weakened V=O bonds (8, 32-34). 

Moreover, our data agree with some of 
the reported results about the chemical- 
physical characterization of the monolayer. 
It has been suggested that the V(V) ion 
constituting the monolayer in catalysts pre- 
pared by wet impregnation or grafting is 
characterized by an IR absorption at 980 
cm-‘, as long as there is a Raman feature in 
the same region (5, 14, 15, 25, 35). 

The peculiarities of this species are (a) 
during the reaction, it is almost all reduced; 
in fact analysis of the spent catalysts 
showed practically no insoluble V(V) 
species (see Table I). (b) It is an unstable 
species; in fact after catalytic reaction and 
reoxidation, the global amount of this 
species is reduced with its transformation 
into Vz05 and to the not reoxidizable 
V(IV). Also, calcination in air at 500°C 
strongly reduces the amount of this species 
which is transformed into crystalline V205. 

Correlation between Activity and Vanmdicr 
Species 

Shown in Fig. 7 is a correlation between 
the activity in benzonitrile and nitrogen 
formation and the amounts of the different 
vanadia species identified in the catalysts 
after reaction and reoxidation (taken from 
Table I). In particular, the benzonitrile and 
Nz productivities are plotted against the 
V(IV) and V(V), respectively. The exis- 
tence of fairly good linear correlations indi- 
cates that the two different vanadia species 
are responsible for the two different reac- 
tions. Thus, the V(IV) centers are reoxidiz- 
able seem to be the active sites responsible 
for alkyl-aromatic activation (and therefore 
the formation of benzonitrile). The V(IV) 

20 

vanadium cont. Xv&v24 

FIG. 7. Correlation between the productivity in 

benzonitrile (0) and the amount of unoxidizable V(IV) 

in spent catalysts. between the productivity in nitro- 

gen (H) and the amount of V(V) in spent and reoxi- 

dized catalysts. and between the productivity in 

acetone (A) and the amount of unoxidizable V(IV). 

The productivities are deduced from Fig. 5. 
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species reoxidizable in air (measured as 
insoluble V(V) species), instead, seem to be 
the sites responsible for combustion of 
ammonia to nitrogen. 

This correlation explains the similar 
activities of the IO and 25% V205 samples in 
the formation of benzonitrile (see Fig. 5), as 
well their different activity in the combus- 
tion of ammonia. In fact the two samples 
have similar amounts of unoxidizable V( IV) 
centers after reaction, and different 
amounts of insoluble V(V). 

In agreement with this hypothesis is also 
the catalytic behavior of the 10% VZOs 
sample calcined at 500°C. Chemical analy- 
ses indicate that the sample has a greater 
amount of insoluble V(V) and a lesser 
amount of insoluble V(IV) after reaction as 
compared with the sample calcined at only 
400°C. Correspondingly, the sample exhib- 
its a higher activity in ammonia combus- 
tion, and a lower one in the conversion of 
toluene. Moreover, similarly, the nonstable 
catalytic behavior of the samples in the first 
hours of reaction reflects the modification 
of the chemical situation occurring during 
this period. In particular, in correspond- 
ence with an increase in the insoluble V(IV) 
species for the 10% V20s/Ti02 sample, an 
increase in the yield of benzonitrile is ob- 
served (Fig. 4), while a decrease of the 
insoluble V(V) species is accompanied by a 
decrease in the formation of nitrogen from 
the combustion of ammonia. 

Similar results are obtained in the case of 
alcohol dehydrogenation to acetone. Figure 
7 shows that a direct correlation exists 
between the number of unoxidizable V(IV) 
sites in the sample and the productivity of 
acetone (the latter deduced from the data 
shown in Fig. 5). A further confirmation 
comes from the activity in acetone for- 
mation for the 10% V20S/Ti02 sample, after 
calcination, as compared to the activity 
after it had been used in toluene ammoxi- 
dation (Fig. 6); an increase in the dehy- 
drogenation property is observed, along 
with a corresponding increase in the 
amount of insoluble V(IV). The fall in 

acidity (propylene formation) is explained 
by a neutralization exercised by ammonia 
on acidic sites. 

In conclusion, the V(IV) centers that, 
according to our model, can be located in a 
first layer coverage of the TiO?, constitute 
the active sites in both dehydrogenation of 
the alcohol, and in the removal of the H 
species from the methyl group in toluene 
(slow step in toluene ammoxidation). The 
presence of insoluble V(V) sites leads 
instead to the formation of active sites in 
the undesired reaction of ammonia com- 
bustion. 

CONCLUSIONS 

Surface Mode of VITilO Catalysts 
Prepared by Flash-Drying 

On the basis of the reported results, the 
model shown in Fig. 8 is suggested for the 
VITiIO catalytic systems prepared by 
flash-drying. It considers the presence of a 
first layer of V(IV) sites, in direct contact 
with the anatase surface. These sites are 
stabilized as regards oxidation, but can be 
reduced to V(II1). 

Some sort of structure containing V(V) 
sites must be formed above the first layer of 
V(IV). In the model, this insoluble struc- 
ture is represented in the morphology of 

%“20, 

5 

10 

25 

FIG. 8. Model of VzOc/Ti02 catalysts. 
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“towers, ” in agreement with that recently 
suggested by Bond et al. (20). Catalytic 
data, in fact, indicate that the active sites 
for toluene activation and alcohol dehy- 
drogenation are the V(IV) centers which, 
according to our model, are located in the 
first layer of vanadium oxide. Therefore, 
the insoluble V(V) must be organized in a 
structure that does not cover the first layer, 
but leaves it accessible to the reactants in 
the gas phase. The model reported by Ino- 
mata et al. (13) deals instead with the 
presence of multilayers of vanadium oxide 
over the support. The insoluble V(V) spe- 
cies is characterized by a high reducibility 
to V(IV). Moreover, it contains the active 
sites for the combustion of ammonia to 
nitrogen. 

A comparison with the models reported 
for V/Ti/O catalytic systems prepared by 
the more classic methods of wet impreg- 
nation or grafting shows both analogies and 
differences. First, in the present case the 
interacting vanadium is much larger than in 
the samples prepared with the other tech- 
niques cited (f-5, 19). This difference can be 
attributed to the greater degree of hydroxy- 
lation of the titanic acid as compared to the 
TiOz. Moreover, it has been established in 
the literature that the monolayer of vana- 
dium oxide consists mainly of V(V) ions (5, 
6, 17, 21), even though it has been reported 
that a fraction of interacting vanadia is 
present also as V(IV) (8, 13, 15, /9,36); the 
weakly interacting vanadium oxide (the 
main fraction) is present instead only as 
VW (19). 

Our data indicate, on the contrary, that in 
V/Ti/O catalysts prepared by flash-drying, 
a considerable fraction of the interacting 
vanadium is in the reduced state, above all 
at small vanadia contents. This difference 
can be related to the present preparation 
methodology, which is very different from 
the one generally employed. Moreover, we 
start from a solution containing V(IV) ions, 
rather than V(V) ions, thus explaining the 
higher average degree of reduction of our 
samples. 
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