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A V205 catalyst was used in the ammoxidation of 3-picoline to nicotinonitrile. It was observed 
that the selectivity for the formation of CO2 as a function of temperature passed through a mini- 
mum. This is explained to be due to the existence of weakly bonded electrophilic oxygen species at 
low temperatures, and an increasing degradation involving OZ- at high temperatures. A comparison 
of two different V,05 preparations shows the beneficial effect of the V20s(O10) plane on the forma- 
tion of nicotinonitrile. The exposure of planes other than the (010) plane as the source of formation 
of CO2 is discussed by consideration of bond strength values. The activity, selectivity, and compo- 
sition of the charged VZOs catalyst were followed as a function of time-on-stream at various 
temperatures. It was found that the V205 phase was reduced in the course of the reaction. V,09, 
VO?(B), VOz (tetragonal), and even more reduced phases were formed depending upon the reaction 
temperature used. Of the pure oxides, V409 was found to be both less active and less selective than 
V,O,. V02(B), however, is more active but less selective compared to V20s. The phases formed 
were characterized by various methods including high-resolution transmission electron microscopy 
(HRTEM). This technique made it possible to image the V20r/V& phase boundary for the first 
time. The general direction of this boundary is parallel to the (301) plane of VZ05. Micrographs of 
V02(B) show that the nature of defects formed depends on the reaction temperature. After use at 
695 K two types of planar twin lamellae were formed. At a slightly higher temperature partly 
amorphous defects appeared. The influence on the catalytic reaction of the phase boundaries and 
defects formed is discussed. Q 1986 Academic PIW, IK. 

INTRODUCTION 

The ammoxidation of 3-picoline to ni- 
cotinonitrile is of interest since the nitrile 
can be further transformed either to ni- 
cotinamide, a component of the vitamin B 
group, or to the provitamin nicotinic acid 
(Scheme 1). Both compounds are of impor- 
tance for the metabolism of human beings 
and animals, and are used as food addi- 

SCHEME 1 

tives. The manufacture of nicotinamide via 
ammoxidation of 3-picoline is of great in- 
dustrial interest, especially for developing 
countries. Yields between 80 and 90% for 
the production of nicotinonitrile and as high 
as 98-100% for the hydrolysis to nico- 
tinamide have been reported in patents 
(1). 

Vanadium oxide-based catalysts are gen- 
erally used in the oxidation and ammoxida- 
tion of aromatic hydrocarbons. It is be- 
lieved that lattice oxygen is consumed in 
the selective reaction, and that the reduced 
catalyst surface is reoxidized by molecular 
oxygen (2). The phase composition of the 
vanadium oxide catalyst in the stationary 
state depends on the composition of the re- 
actant feed and on the temperature. The 
catalyst composition along the bed in plug 
flow reactors also varies (3). A previous in- 
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vestigation of the ammoxidation of 3-pico- 
line over V205, V6013, and VOZ (rutile) has 
shown that V60r3 is both highly active and 
selective (4). The same conclusion has been 
drawn in studies of the oxidation of propyl- 
ene (5) and o-xylene (6). The eventual im- 
portance of V205/V60r3 phase boundaries 
for activity and selectivity in catalytic oxi- 
dation has already been suggested by Col- 
paert (5). The existence of such boundaries 
has also been used as an explanation for the 
performance of vanadium oxide catalysts in 
the ammoxidation of 3-picoline (3, 4, 7). 
Recently, it has been shown that it is not 
the phase boundary as such which is most 
active and selective, but a nonstoichiome- 
tric defect structure of VbOi3 (8). Concern- 
ing VOz (rutile) contradictory results have 
been obtained. It has been concluded that 
in the ammoxidation of 3-picoline (4) and in 
the oxidation of o-xylene (9) this phase is 
not active. However, it was found to be 
active but nonselective in the oxidation of 
propylene (5). In the oxidation of naphtha- 
lene V204 showed some activity and selec- 
tivity (10). 

Phase compositions with a stoichiometry 
between V205 and VOZ are usually formed 
in catalytic oxidation and ammoxidation. In 
addition to the V20s, V6013, and tetragonal 
V02 phases, phases with compositions 
V307 (II), V409 (12), and VO*(B) (13) also 
exist within this range. The crystal struc- 
tures of V409 and V02(B) have not yet been 
verified. In the oxidation of tetrahydrofuran 
at 473 K, V409 was formed (14). Both V40v 
and V6013 appeared when V205 single crys- 
tals, exposing vanadyl oxygen species, 
were used in the oxidation of propylene. 
The same experiment showed that these 
phases were selective for the formation of 
acrolein (15). In the oxidative ammonolysis 
of 3-picoline both V409 and V02(B) were 
formed during the reaction (16). These sam- 
ples were then also used in the ammoxida- 
tion of 3-picoline at a relatively high partial 
pressure of oxygen (17). It was concluded 
that V409 exhibited a similar selectivity to 
V205, and that V02(B) was nonselective. 

However, the results were affected by the 
fact that both the specific surface area and 
the phase composition of the catalysts 
changed rapidly with time. 

It is known that both V409 and V02(B) 
can be formed when V205 is reduced by HZ, 
NH3, or organic compounds at relatively 
low temperatures (483-673 K) (18). It was 
of interest to compare the performances of 
V409 and V02(B) with the performance of 
V205 without having the results influenced 
by large variations in specific surface area. 
In this study this was achieved by a proper 
selection of the reaction parameters. The 
reactor was loaded with VzOs and the activ- 
ity, selectivity, and composition of the cat- 
alyst were followed as a function of time- 
on-stream at various temperatures. The 
phase composition of the catalyst varied 
with these parameters. However, because 
the specific surface area of the catalyst was 
almost constant with time-on-stream, this 
procedure allowed us to directly compare 
the performances of the reduced oxides in 
relation to the fresh catalyst, VzOs. If the 
reactor is charged with freshly prepared re- 
duced oxides, phase changes can occur 
during the initial warmup period. Our meth- 
odology avoided such startup variations. 

Another important object of this investi- 
gation was to follow the changes of the cat- 
alyst composition with HRTEM (high-reso- 
lution transmission electron microscopy). 
The purpose of this was to clarify the na- 
ture of defects and phases formed under the 
influence of the reaction medium. These 
studies will also be used to evaluate the ac- 
curacy of the structures proposed for V409 
(19) and VOz(B) (18) which will be pre- 
sented in forthcoming papers. So far no sin- 
gle-crystal studies of these oxides have 
been reported. 

METHODS 

I. Catalyst preparation. The freshly pre- 
pared catalyst was composed of Vz05. It 
was obtained by decomposing NH4V03 
(Merck p.A.) in a stream of air for 2 h. The 
temperature was kept relatively low at 673 
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K in order to obtain a high specific surface 
area. The surface area was determined to 
be 10.9 m2/g in comparison with a normal 
value of about 4 m2/g for such catalysts. 
The fraction at 0.1-0.4 mm was used in the 
experiments. 

2. Catalytic measurements. An integral 
plug flow reactor was used in the measure- 
ments. Approximately 10% of the mixture 
of air and nitrogen was passed through a 3- 
picoline saturator, which was kept at 340 
K. NH3, supplied from a pressure cylinder, 
was added to the reactant stream before it 
entered the preheater. The composition of 
the stream entering the reactor was 3-pico- 
line, 0.44 ~01%; NH3, 1.78 ~01%; 02, 1.87 
~01%; and NT, 95.91 ~01%. The product 
stream passed through a series of con- 
densers and water absorbers. The conden- 
sate was dissolved in both water and chlo- 
roform, combined with the contents of the 
absorbers, and then extracted. 2-Picoline 
was added to the chloroform phase as an 
internal standard. This phase was analyzed 
on a Perkin-Elmer F33 gas chromatograph 
with a FID detector. A 1.5-m column 
loaded with 30% SE-30 on A.W. Chromo- 
sorb W was used at 343 K. To the column 
was added 1% triethanolamine to prevent 
tailing (20). The water phase was evapo- 
rated to dryness, and the weight of high 
boiling tarry compounds was determined. 
The amount of CO:! leaving the absorbers 
was analyzed after absorption in tubes filled 
with Ascarite and Dehydrite. The amount 
of CO2 dissolved in the water phase was 
also determined. This was done gravimetri- 
tally after adding BaC12 . 2H20. Ascarite 
and Dehydrite tubes were also used for the 
determination of the amount of CO formed. 
This was possible by first oxidizing the CO 
to CO2 by passing it through a heated U- 
tube filled with granular 1205. 

The reactor was loaded with 1.25 ml of 
freshly prepared V20s. A stream of air was 
passed through the bed while the catalyst 
was heated to the reaction temperature. 
Product analyses were carried out continu- 
ously at a fixed reactor temperature. Sam- 

pies were collected at lo-min intervals. By 
plotting the conversion and selectivities as 
a function of time-on-stream, the perfor- 
mance of the freshly prepared catalyst 
could be determined by extrapolation to ini- 
tial time. The performance of the lower ox- 
ides, which were formed during the course 
of the reaction, could also be directly com- 
pared with the values related to the pure 
V205 catalyst. 

3. Catalyst characterization. The X-ray 
diffraction patterns of both used and freshly 
prepared catalysts were registered on a 
Philips X-ray diffraction instrument using a 
PW 1310/01/01 generator and CuKac radia- 
tion. 

Infrared spectra of catalyst samples were 
recorded on a Perkin-Elmer 297 spectro- 
photometer. Disks containing 2 mg of sam- 
ple and 300 mg of KBr were prepared. 

A gravimetric BET apparatus was used 
for determination of the specific surface 
area. The measurements were made using 
N2 at liquid N2 temperature. Prior to ad- 
sorption the samples were degassed at 523 
K for 2 h. The degassing pressure was 5 x 
low3 Pa. 

The average oxidation number of vana- 
dium was determined by titrimetric meth- 
ods using potassium permanganate and 
Mohr’s salt (21). 

The HRTEM investigation was carried 
out with a JEOL 200CX microscope, 
equipped with an ultrahigh-resolution top- 
entry goniometer (THG2) with nominal val- 
ues for the spherical aberration coefficient 
(C,) of 1.2 mm, and for the chromatical ab- 
erration coefficient (C,) of 1.4 mm at 200 
kV. A LaB6 filament was used throughout 
the investigation. Very thin crystal frag- 
ments of the catalyst were suspended in 
methanol and collected on 3-mm copper 
grids covered with a holey carbon film. 
Structure images were recorded at magnifi- 
cations of 500,000x and 800,000~ using an 
objective lens aperture of 4.5 nm-’ and a 
defocus value close to the Scherzer focus, 
Af = -57 nm. In cases where the crystal 
structure was known from X-ray diffrac- 
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tion, experimental images were compared 
with computersimulated ones obtained us- 
ing the multislice method. 

RESULTS AND DISCUSSION 

1. Performance of a V205 Catalyst 

Figure 1 shows the conversion and selec- 
tivities for the pure V205 catalyst as a func- 
tion of temperature. The data were ob- 
tained by extrapolating time-on-stream 
curves to initial time. It is interesting to 
note that the selectivity for the formation of 
CO* passes through a minimum. Exactly 
the same behavior was observed for a 
VsOi3-V204 catalyst under similar reaction 
conditions (8). The same dependence has 
also been observed by Haber and 
Wiltowski in the oxidation of propylene 
over CuMo04 (22). This behavior indicates 
the existence of two different types of oxy- 
gen species on oxide surfaces. One type is 
responsible for the formation of CO* at low 
temperatures, while a second type takes 
part in the selective reaction. This second 
type also participates in the further degra- 
dation of the nitrile at high temperatures. 
These types of oxygen species can be iden- 
tified by consideration of the literature in 
the field. 

Both 0;and O- species have been ob- 
served on a partially reduced SiOz-sup- 
ported VzOs catalyst at temperatures as 
high as 573 K in an oxygen atmosphere 
(23). On supported catalysts, the O- spe- 
cies in particular showed a high reactivity 
even at temperatures as low as 77 K (24). 
These species could not be detected on par- 
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FIG. I. Conversion and selectivities as a function of 
temperature for a pure V205 catalyst. Conversion, 0; 
and selectivity for the formation of nicotinonitrile, 0; 
carbon dioxide, A; carbon monoxide, 0; and tar, V. 

tially reduced unsupported V205. How- 
ever, surface potential measurements (25) 
have revealed the existence of both 02 and 
O- species on pure V205 as well as on 
V205-Ti02 samples. The kinetics of the po- 
tential changes occurring upon the uptake 
of oxygen were compatible with the exis- 
tence of 0; in the temperature interval 353- 
453 K and with the existence of O- in the 
region 553-643 K. At intermediate temper- 
atures both types of species were present. 
The 0; and O- species are both strongly 
electrophilic and attack the organic mole- 
cule in the region of its highest electron 
density (2). This attack leads to a degrada- 
tion of the hydrocarbon molecule and even- 
tually to the formation of total oxidation 
products. The findings referred to can very 
well be used to explain the curves shown in 
Fig. 1. The selectivity for the formation of 
CO2 is high at 577 K due to the existence of 
electrophilic O- species on the surface. 
When the temperature increases the CO1 
selectivity decreases because the surface 
concentration of weakly bonded O- species 
diminishes. At temperatures above 725 K 
the selectivity for the formation of CO1 
again increases. This is due to the fact that 
the nitrile formed reacts further with lattice 
O*- species. 

In a previous investigation of a V205 cat- 
alyst in the ammoxidation of 3-picoline a 
selectivity minimum for the formation of 
carbon oxides was not observed at any tem- 
perature between 573 and 789 K (4). This 
might be due to differences in the plane dis- 
tribution of the catalysts in the two studies. 
Recently, the importance of anisotropy in 
catalysis has been demonstrated (26-28). 
The catalyst used in the previous investiga- 
tion was prepared by melting V205 and then 
cooling it to room temperature. After that 
the cake was crushed. Because of their lay- 
ered structure V205 crystals are most easily 
broken parallel to the (010) plane. Thus the 
use of this method results in particles which 
preferentially expose the (010) plane. The 
scanning electron micrographs of this sam- 
ple clearly revealed the existence of large 



(010) planes (4). The method of preparation 
used in the current investigation gives poly- 
crystalline aggregates with a plane distribu- 
tion which is nearly uncharacterizable by 
electron microscopy. Therefore, the mor- 
phological factor, f = ZLol/Z~io, defined by 
Gasior and Machej (27) was determined to 
characterize the two catalyst samples. The 
value of Z is defined as the intensity of the 
X-ray reflection indexed. Table 1 shows the 
morphological factors together with some 
catalytic data. The facts presented clearly 
show that the exposure of (010) planes is 
beneficial for the formation of nitrile, and 
that the formation of CO* at 600 K cannot 
be correlated primarily to the frequency of 
(010) planes. These results are in agreement 
with those obtained in the oxidation of o- 
xylene on V205 catalysts (27). In that case 
the selectivity for the formation of carbon 
oxides was 32% for a catalyst with f = 0.1 
and 55% whenf = 0.6. In our case no car- 
bon oxides were formed on the molten and 
crushed catalyst at 600 K, which could be 
due to coke formation. This is reflected in 
the Z value in Table 1, which represents the 
sum of the selectivities. 

A more detailed analysis of the X-ray 
data is given in Table 2. The table includes 
the relative intensities of the 11 most impor- 
tant reflections. It is obvious that the reflec- 
tions with indices (001) and (hO0) are gener- 
ally more intense in the decomposed 
nonselective catalyst than in the crushed 
catalyst. This is interesting since both the 
(001) plane and the (100) plane are nonse- 
lective because of being able to accommo- 
date a high concentration of electrophilic 

TABLE 1 

Dependence of Selectivities on the Morphological 
Factor 

V205 sample 

Crushed 
Decomposed 

Selectivity (%) at 600 K f  

Nitrile CO2 Tar B 

61 0 15 76 0.11 
18 73 4 95 1.00 
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TABLE 2 

X-Ray Analysis of V20s Catalysts 

Indices CuKq Crushed Decomp. 
WC) d(nm) Z(i)&Z(i) Z(i)DZ(i) 

200 0.576 0.050 0.048 
010 0.438 0.525 0.163 
110 0.409 0.116 0.059 
101 0.340 0.055 0.168 
400 0.288 0.098 0.159 
011 0.276 0.028 0.072 
301 0.261 0.028 0.090 
600 0.192 0.038 0.071 
021 0.186 0.020 0.048 
002 0.178 0.026 0.084 
610 0.176 0.016 0.038 

O- species, which can be demonstrated by 
making use of the so-called oxidized sur- 
face state model (29). This model uses 
bond-strength calculations to calculate 
charge distributions. The bond strengths 
(s), or the formal valences, around the indi- 
vidual vanadium-oxygen bonds in V205 
were calculated by the empirical expression 
d = 1.791-0.722 log S, where d is the indi- 
vidual bond length (30). The s values are 
given in Table 3. From these values it can 
be inferred that the (001) planes are covered 
with electrophilic oxygen species with s = 
0.76. A similar situation exists at the (100) 
plane. However, in this case the positions 
of the most weakly bonded anions with s = 
0.48 are probably vacant at high tempera- 
tures. The (010) plane exposes both Vs+ 
cations and vanadyl groups. Considering 

TABLE 3 

Electron Delocalization around V-O Bonds in V205 

Plane Bond length” Bond strength, s 
WO (nm) k-1 

100 1 x 0.2021 0.48 
100 1 x 0.1780 1.04 
010 1 x 0.1585 1.93 
010 1 x 0.2785 0.04 
001 2 x 0.1878 0.76 

n From Bachmann et al. (JZ). 
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the V205 structure it follows that in princi- 
ple every plane except the (010) plane can 
accommodate a certain amount of electro- 
philic oxygen species. 

Another explanation for total combustion 
preferentially occurring at the (100) and 
(001) planes, or at the (101) planes, has 
been presented by Haber (32). In this case 
it is stated that shear planes are nucleated 
at the (101) planes, or (100) and (001) 
planes, and that whole perpendicular layers 
of oxygen can be extracted resulting in total 
combustion. The oxidized surface state 
model complements this picture by show- 
ing that the anions on these planes are 
highly electrophilic. 

2. Infrared Spectra of Catalysts 

Figure 2 presents the infrared spectra of 
both used and unused catalysts. The un- 
used catalyst exhibits the infrared spectrum 
of pure &OS. The peak at 1022 cm-l is as- 
sociated with the symmetric stretching vi- 
brations of vanadyl groups, while the bands 
at 824 and 608 cm-i correspond to asym- 
metric and symmetric stretching vibrations, 
respectively, of V-O-V units having 
bridged, 2-coordinated, oxygen species 
(33). When the catalyst had been used at 
665 K its infrared spectrum was that of pure 
V409. Typical for this spectrum is the 
broadband at 920-930 cm-i, which seems 
to be composed of several sharp peaks. All 
of the modes appearing at 1028, 980, 952, 
928,905,885,848,805 (very weak), and 718 
cm-i are relevant for V409 (34, 35). After 
use at 598 K the spectrum was that of a 
mixture of V205 and V409. The spectrum 
for 636 K also shows some background fea- 
tures originating from a weak VZOs spec- 
trum. After the reaction was carried out at 
695 and 726 K the spectrum developed a 
strong broadband at 922 cm-’ and addi- 
tional weak bands at 1005 and 725 cm-‘. A 
broadband also seems to appear around 600 
cm-‘. The same infrared modes appear to 
have been observed by Theobald (34) for 
VOdB), even though the spectrum in that 
case was much less well resolved. No infra- 

636 K 
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FIG. 2. Infrared spectra of catalysts after 40 min on 
stream at various temperatures. 

red bands appeared after use at the highest 
temperature investigated, 757 K. 

3. HRTEM Studies of Catalysts 

Catalysts, both freshly prepared and af- 
ter 40 min on stream, were characterized by 
HRTEM. Crystals of the unused catalyst 
which were investigated showed structure 
images of V205 like that in Fig. 3. Structural 
defects such as twin lamellae (36, 37) could 
not be found in the crystals of the unused 
catalyst. The electron diffractograms gave 
no indications of any atom displacements. 
The contrast variations in the image of Fig. 
3 can be explained as crystal thickness vari- 
ations. 

The catalyst used at 598 K was composed 
mainly of VZOS crystals, but a significant 



210 ANDERSSON, BOVIN, AND WALTER 

FIG. 3. Crystal structure image of a V205 crystal recorded with the electron beam parallel to [OlO]. 
The unit cell, a = 1.151 nm and c = 0.356 nm, is marked and the corresponding electron diffraction 
pattern is inserted. 

amount of V409 crystals (a = 0.824 nm, b = along (010) of V205, shows an ideal struc- 
1.032 nm, and c = 1.647 nm) (19) was also ture image of V205 in the lower left part 
found. It was obvious from the HRTEM while the upper right part shows a well-or- 
images that V205 crystals could be partly dered V409 structure image with a = 0.813 
reduced to a V409 phase as shown in Fig. 4. nm and b = 1.041 nm along (001). Viewing 
This crystal structure image, projected the image at a low angle along (001) of 
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FIG. 4. High-resolution electron micrograph of the phase boundary (diagonal arrows) between VzOs 
(lower left) and V409 (upper right). The electron beam was parallel to [OlO] and [OOI] of VzO~ and V409, 
respectively. The electron diffractogram inserted shows the reflections of both phases. The V,Or 
reflections are the weaker ones. 

V205, marked with an arrow, reveals a dis- of V409 can be estimated to be approxi- 
continuity in the structure along the border mately 4.5” from the electron diffracto- 
(diagonal arrows) between V205 and V409. gram. This value was found to range from 
The angle between (001) of V205 and (1 IO) 2.7 to 4.7” in different crystals investigated. 
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The general direction of the phase bound- 
ary between V205 and V409 is parallel to 
the (301) plane of V205. However, it is not 
certain that the phase boundary is actually 
planar; it could just as well be curved as 
indicated by the uneven contrast of the re- 
gions around the boundary, especially in 
the thicker part of the crystal. If the edge of 
the crystal imaged was on the surface of the 
catalyst particle, which seems most likely, 
the reduction of V205 to V409 would appear 
to proceed from the surface. 

The catalyst used at 636 K consisted 
mainly of V409 crystals, but a few crystals 
of VzOs were still found by HRTEM. Some 
crystals contained islands of V205 in a ma- 
trix of V409 as shown in Fig. 5. This is 
unique and very characteristic for this tem- 

perature. As judged from the image, the 
V205 domains (A) could be as small as 2 
nm. It can be concluded that the reduction 
of V205 can start a structural rearrange- 
ment to the structure of V409 in two differ- 
ent orientations, because the crystal in Fig. 
5 shows V409 structure units of different 
orientations. The two units are twin ori- 
ented to each other over the (110) plane, 
which is marked with the large arrow. This 
is also obvious from consideration of the 
electron diffractogram. 

Crystals of VOz(B) dominated the sample 
used in the reaction at 695 K. A few crys- 
tals of VbOi3 and monoclinic VO2 were also 
found by HRTEM. Characteristic struc- 
tural features of the VOz(B) crystals were 
planar twin lamellae of two new types. One 

FIG. 5. Electron micrograph and diffractogram of twin oriented V409 regions in a crystal also 
containing small V,O, islands (A). The electron beam was parallel to [OOl) of V409. A twin boundary 
(110) is marked with a large arrow. 
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type appeared in the (001) projection as a 
very narrow twin lamella of (410) twin 
planes. This lamella is shown in Fig. 6 and 
is only 1.2 nm broad. The other type of twin 
lamella is made up of parallel (201) planes 
as shown in Fig. 7. The distance between 
the twin planes is 6 nm in this case. The 
crystal structure of VOz(B) has not yet been 
determined by single-crystal X-ray diffrac- 

tion. Crystal structure images and the na- 
ture of the defects will contribute to a struc- 
ture determination by HRTEM (38). 

After the catalyst was used at 726 K 
VOz(B) was found with a minor amount of 
monoclinic VOz present. The structural de- 
fects of the VOz(B) crystals formed at this 
temperature showed a somewhat different 
structure compared to those of the sample 

FIG. 6. Crystal structure image of a VO,(B) crystal recorded along [OOI]. The (410) twin planes 
constitute a 1.2-nm broad twin lamella defect. The unit cell is marked and the electron diffractogram is 
inserted. 
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FIG. 7. Crystal structure image of a VO*(B) crystal recorded along [OIO]. The twin lamella is fj nm 
broad and the twin planes are parallel to (201). The experimental cell parameters a = 1.18 nm and c = 
0.64 nm are marked and the electron diffractogram is inserted. 
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FIG. 8. Electron micrograph and diffractogram of a V02(B) crystal. The electron beam was parallel 
to [OIO]. 

reacted at 695 K. The image of the crystal 
in Fig. 8 reveals that the defects were partly 
amorphous and terminated in the crystal. 
The general direction of the borders of the 
defects is approximately parallel to (101) of 
the VOz(B) crystal matrix. This investiga- 
tion shows that the nature of defects devel- 
oped in VOz(B) depends on the reactor tem- 
perature . 

The structure of the catalyst used at 757 
K was very complex. The crystals con- 
tained several phases of various orienta- 

tions, which were unidentifiable by HR- 
TEM. Electron diffraction patterns of 
sufficiently small areas of the crystals could 
not be obtained because the electron beam 
diameter of the JEOL 200CX instrument is 
too large. 

4. Average Oxidation Number 

Figure 9 shows the average oxidation 
number of vanadium after the catalyst was 
used at various temperatures. It is obvious 
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FIG. 9. Average oxidation number of vanadium after 
40 min on stream as a function of the reaction tempera- 
ture. 

that the catalyst became more reduced as 
reaction temperature rose. What is interest- 
ing is that the curve seems to level out 
around the values 4.5 and 4. This is due to 
the stability of the V409 and VOZ phases. 

5. X-Ray Characterization 

In addition to HRTEM and IR spectros- 
copy the catalysts were also characterized 
by X-ray diffraction. Table 4 includes the 
main phases identified by the various meth- 
ods. It can be seen that V205 is first reduced 
to V409 and then to V02(B) and tetragonal 
VOZ (monoclinic at room temperature) as a 
function of reaction temperature. Finally, 
at high temperatures, additional lower ox- 
ides are formed. It is worth mentioning that 
no V307 (11) was found in any catalyst sam- 
ple. At 665 and 695 K the catalyst was com- 

posed of almost pure V409 or V02(B), re- 
spectively. The 10 most intense X-ray lines 
of these catalysts are collected in Table 5. 
The positions of the lines agree with data 
published by Theobald et al. (12, 13). How- 
ever, due to different plane distributions 
the relative intensities differ somewhat. 
Another V409 structure has been deter- 
mined by Wilhelmi and Waltersson (39). 
This phase, which was later suggested to 
have the composition VJO~(OH) (40), was 
not discovered in any catalyst sample. Af- 
ter use at 757 K the X-ray pattern, in addi- 
tion to the lines of VOz, also had some lines 
at positions corresponding to V407 (41) and 
VZOJ. Besides V407, any additional Magneli 
phase VnOZn-i (42) could not be detected. 

6. Performance after 40 min on Stream 

The performance of the freshly prepared 
V205 catalyst was followed during the ini- 
tial 40 min at each temperature studied. The 
conversion and selectivities varied with 
time-on-stream, and as an example a plot 
for 695 K is shown in Fig. 10. Similar 
curves were drawn for each temperature. 
The results obtained are summarized in Ta- 
ble 4, where the conversion and selectivi- 
ties measured after 40 min on stream can be 
directly compared with the values of the 
freshly prepared V205 catalyst. In the last 
column the values of the specific surface 

TABLE 4 

Dependence of Conversion, Selectivity, and Catalyst Composition upon Time-on-Stream 

Reaction 
temperature 

(W 

577 
598 
636 
665 
695 
726 
757 

Initial time, t = 0 min 

Conversion Selectivity 
(%I (%I 

Nitrile CO, 

30.6 11.5 86.9 
31.8 12.8 73.4 
52.2 35.6 57.7 
75.0 48.4 39.5 
90.7 60.2 32.0 

100 53.2 38.5 
loo 41.1 46.8 

Time-on-stream, t = 40 min 

Conversion Selectivity Phase Surface 
(%I (%I camp. area 

(m’k) 
Nitrile CO, 

25.2 8.7 85.7 VzOs 10.1 
26.3 9.5 79.8 V205, V,O, 12.5 
49.9 26.0 69.7 Vdh, WLM 10.9 
63.2 41.6 55.4 v409 11.7 
98.5 35.8 58.3 VO*(B) 11.8 

100 57.1 34.7 VO*(B), (VOJ 12.0 
92.3 53.1 34.1 vo~,v~o,,v~o~ 13.0 
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TABLE 5 

X-Ray Lines of the V409 and VO>(B) 
Phases Formed during the Catalytic 

Reaction 

V4Oq--665 K VO?(B)-695 K 

d(m) Ill” d(m) Ill, 

0.321 100 0.205 100 
0.414 12 0.201 90 
0.165 64 0.185 78 
0.319 58 0.156 73 
0.254 48 0.351 62 

0.173 42 0.170 41 
0.159 33 0.158 37 
0.207 32 0.266 35 

0.203 31 0.297 33 
0.213 29 0.307 32 

area are given for the used catalysts. The 
differences between the surface areas of the 
used catalysts and the fresh catalyst, which 
had a value of 10.9 m2/g, are rather small. 

A comparison of data given in Table 4 
provides evidence that V409 is both less ac- 
tive and less selective than pure V205. The 
V205/V409 phase boundaries present in the 
samples used at 598 and 636 K (Figs. 4 and 
5) do not exhibit any decisive effects on 
either the activity or the selectivity. 
Baiker and Zollinger (17) reported V409 to 
be as active and selective as V205 in the 
ammoxidation of 3-picoline when using a 
larger oxygen/3-picoline ratio. This might 
depend on a rearrangement of the V409 sur- 
face. 

The data obtained for V02(B) at 695 K 
show that this phase is more active but less 
selective than V205. Its relatively low se- 
lectivity for the formation of nitrile seems 
not to be an effect of the high level of con- 
version obtained, because even at 726 K, 
V205 at 100% conversion gives a selectivity 
of 53%. 

At 726 K X-ray and electron diffraction 
data indicate the coexistence of both 
VOz(B) and tetragonal V02 after 40 min on 
stream. This two-component catalyst was 

even more selective than pure V205 at the 
same conversion, a fact which cannot be 
explained by a linear combination of the 
performances of the two constituent ox- 
ides. It has been concluded that V02(B) is 
not selective and tetragonal VOz has been 
found to be inactive in the ammoxidation of 
3-picoline (4). Therefore, in this case it 
seems that the high activity and selectivity 
could be due either to the phase boundaries 
themselves or to other types of defects 
present, e.g., partly amorphous defects of 
the type shown in Fig. 8. 

At 757 K the conversion decreased and 
the selectivity for the formation of nitrile 
increased with time-on-stream. Simulta- 
neously, tetragonal V02, V407, and V203 
were formed. It is obvious that a multicom- 
ponent system like this must exhibit a num- 
ber of structural defects and phase bound- 
aries. However, it was not possible to 
characterize them by the use of HRTEM. 
Any decisive conclusions about their influ- 
ence on the catalytic reaction cannot be 
drawn without further investigations. V203 
has been found to be inactive in the oxida- 
tion of o-xylene (9), but has been reported 
as being active in the oxidation of naphtha- 
lene (10). However, this fact was inferred 
as being dependent on a reconstruction of 
the original surface. So far no reports of the 

0 
0 10 20 30 

TIME-ON-STREAM WIN) 

FIG. 10. Conversion and selectivities at 695 K as a 
function of time-on-stream. Conversion, 0, and selec- 
tivity for the formation of nicotinonitrile, 0; carbon 
dioxide, A; carbon monoxide, 0; and tar, V. 
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catalytic activity of V407 seem to have ap- 
peared. 

In the oxidative ammonolysis, i.e, am- 
moxidation without molecular oxygen, it 
was found that both V409 and particularly 
VOz(B) exhibited a low activity and selec- 
tivity in comparison with V205 (16). Con- 
cerning V409, our investigation shows this 
result to be valid in the presence of molecu- 
lar oxygen as well. However, VO*(B) was 
found to be relatively much more active in 
ammoxidation than it was reported to be in 
ammonolysis. This reveals the importance 
of having molecular oxygen present in the 
gas phase for the replenishment of the cata- 
lyst surface. 

In previous investigations of the ammox- 
idation of 3-picoline it was reported that 
V6013 was more active and selective than 
either V205 (4) or V409 (8). Combining 
these facts with the new results presented 
makes it possible to conclude that the se- 
quence of activity is as follows: V6013, 
VOz(B) > V205 > V409 > VOZ (tetragonal). 
When considering data on the selectivity 
for the formation of nitrile the sequence is 
v6013 > V205 > V409 > VOz(B). These 
series of activity and selectivity show that 
V6013 and V205 are the two most active and 
selective phases. The catalytic perfor- 
mances of V205, V6013, and VOz (tetrago- 
nal) in relation to their surface structures 
have been thoroughly discussed in previous 
articles (29, 43). Similar considerations for 
V409 and VOl(B) cannot be presented until 
the crystal structures of these phases have 
been accurately determined. 

It has been observed that the presence of 
a nonstoichiometric V6013 phase having an 
excess of oxygen is especially beneficial for 
the production of nicotinonitrile (8,44). Re- 
cently, it has been possible to image this 
active and selective phase by HRTEM. It 
was found to be a grossly amorphous V6013 
phase with short-range order (45). The rela- 
tively selective catalyst obtained at 726 K 
in the current investigation was also found 
to be partly amorphous. However, it is too 
early to draw any general conclusions 

about the importance of amorphous states 
in heterogeneous catalysis. 

Our investigation shows that the selec- 
tive ammoxidation of 3-picoline to ni- 
cotinonitrile over V205 can be related to the 
presence of the (010) plane, which exposes 
double-bonded oxygen species. On condi- 
tion that the rate-limiting step in the mecha- 
nism involves abstracting hydrogen from 
the methyl carbon atom, this finding agrees 
with the suggestion that metal-oxygen dou- 
ble bonds in oxides and molybdates are re- 
sponsible for the dehydrogenating power of 
these catalysts (46). Infrared bands in the 
range 900- 1100 cm-l have been ascribed to 
stretching vibrations of metal-oxygen dou- 
ble bonds (47). Looking at the infrared 
spectra presented in Fig. 2 it is seen that the 
spectra of V205, V409, and VOz(B) all have 
bands within this range. It has been re- 
ported that the V6013 spectrum has a band 
very close to this range at 885 cm-‘, while 
the spectrum of tetragonal V02 has no band 
maximum above 700 cm-’ (44). Consider- 
ing the selectivity data and the sequence of 
selectivity it can be concluded that all ox- 
ides presenting any infrared band between 
885 cm-’ and higher wavenumbers also 
show selectivity for the formation of ni- 
cotinonitrile. V02 (tetragonal) is neither se- 
lective nor active in the ammoxidation of 3- 
picoline and also does not have any infrared 
band in the double bond region. These 
results do not contradict the proposal that 
double-bonded oxygen species are involved 
in the dehydrogenating step of catalytic oxi- 
dation and ammoxidation. However, no di- 
rect correlation between the infrared dou- 
ble bond frequencies of the oxides and their 
sequence of selectivity can be found. Nor 
can any easy correlation between frequen- 
cies and activities be made. This could be 
due to the fact that the frequencies regis- 
tered are related to the bulk of the oxides. 
The frequencies of the crystallographically 
corresponding metal-oxygen vibrations at 
the surface can differ, and also the situation 
at the surface is far more complex. Geome- 
tric factors, competing reactions, and the 
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existence of electrophilic oxygen species 
cannot be neglected. 

CONCLUSIONS 

The formation of nicotinonitrile in the 
ammoxidation of 3-picoline over VZOS is 
related to the frequency of (010) planes. 
Calculations of formal valences have been 
performed in order to localize crystallo- 
graphically the positions of electrophilic 
oxygen species. It is specifically demon- 
strated that the (100) and (001) planes can 
accommodate O- species. However, such 
species can exist on every plane except the 
(010) plane. Selectivity data of a V20s cata- 
lyst exposing a relatively low concentration 
of (010) planes show that this catalyst is 
nonselective at low temperatures. CO2 is 
the main product. This result is in favor of 
the conclusions drawn on the crystallo- 
graphic localization of positions being able 
to accommodate O- species. 

When comparing the performances of 
various vanadium oxides in the ammoxida- 
tion of 3-picoline, the following sequence of 
activity can be concluded: V6013, VO*(B) > 
V205 > V409 > VOz (tetragonal). The order 
of selectivity for the formation of ni- 
cotinonitrile is V6013 > V205 > V409 > 
VOz(B). Each of the selective oxides has at 
least one infrared band in the metal-oxygen 
double bond region. Therefore, it cannot be 
excluded that vanadyl oxygen species take 
part in the ammoxidation mechanism. 
However, no obvious correlation was 
found between wavenumbers and sequence 
of selectivity or activity. Activity measure- 
ments in some cases also revealed catalytic 
effects due to crystallographic defects and/ 
or phase boundaries. 

High-resolution transmission electron 
microscopy images show that V205 crystals 
can be partly reduced to a V409 phase. 
However, activity measurements on such 
samples did not indicate any synergetic ef- 
fects. For VOz(B), images show that the 
type of defects formed under the action of 
the reaction medium is temperature depen- 
dent. Amorphous defects were found in a 

VOz catalyst after use at 726 K. This cata- 
lyst is found to be more selective than a 
V20s sample at the same temperature and 
conversion. This might be tentative evi- 
dence for a beneficial effect in catalysis of 
the amorphous state since amorphous 
V60u has also been reported to be espe- 
cially selective for the formation of ni- 
cotinonitrile (45). 
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