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The oxidative ammonolysis of toluene, i.e., ammoxidation without the presence of molecular 
oxygen, was studied over a series of samples of MoOX crystals. The specific surface areas of the 
various faces were determined from SEM micrographs. Correlations between activities and surface 
planes were found. For the formation of nitrile the specific activity decreased in the order (001) and 
{hOI} > {loo} > {OlO}. Also, for the formation of carbon oxides the terminations in the [OOl] 
direction were found to be especially active. These results are discussed in relation to surface 
structures and bond strength values of various oxygen species. It is concluded that the presence of 
both oxygen vacancies and nucleophilic oxygen species is a prerequisite for selective reaction to 
occur and that electrophilic oxygen species are the source for formation of carbon oxides. The 
characteristics of the various faces, as they emerge from the results on oxidative ammonolysis of 
toluene, seem to be of general significance for reactions occurring at the same types of active sites. 
They are shown to be applicable to results published in the literature on the oxidation of both 
propene and isobutene. 0 1988 Academic Press, Inc 

INTRODUCTION 

The concepts of structure-insensitive 
(facile) reactions and structure-sensitive 
(demanding) reactions were introduced by 
Boudart (I). It was believed that in the rate- 
determining step of a facile reaction only 
one surface atom took part, and conse- 
quently little change of activity with struc- 
ture could be expected in this case. On the 
other hand, in a demanding reaction several 
adjacent atoms were required, thus leading 
to a distinct change of activity with struc- 
ture (2). Although the background for these 
concepts was found in results for hydro- 
gen-hydrocarbon reactions over metals, 
the same concepts should in principle be 
valid also for oxidation reactions over 
metal oxides. However, no such results 
were reported until a few years ago (3-16). 
The reason might be that oxides are in some 
respects more complicated than metals. At 
the surfaces of metal oxides both metal ions 
and oxygen ions are exposed. The metal 
ions and oxygen ions can exist at several 

crystallographically nonequivalent posi- 
tions, and even the valences of the cations 
can differ with respect to their position. At 
surfaces, oxygen species can exist in vari- 
ous forms, e.g., as O-, 02-, and -OH. 

Concerning oxidation reactions over ox- 
ides, published results can be classified ac- 
cording to two types of structure sensitiv- 
ity. The first type is where the turnover 
frequency of a specific species, on a spe- 
cific face, depends on its environment. The 
second type is where activities and selectiv- 
ities for various products are related to the 
distribution of crystal planes at the oxide 
surface. The first type of sensitivity has 
been extensively studied by Murakami and 
co-workers (3-5). They have studied vari- 
ous oxidation reactions over vanadium ox- 
ide catalysts and have calculated the turn- 
over frequencies of V=O species. A 
sensitivity to structure, for example, was 
noted for the oxidation of CO, 1,3-butadi- 
ene, furan, and n-butane over unsupported 
vanadium oxide catalysts. Over the same 
catalysts the oxidation of Hz, ethane, ben- 
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zene, and 1-butene were found to be struc- 
ture-insensitive reactions. The authors sug- 
gested that, for the sensitive reactions, the 
active oxygen species are surface V=O 
groups located at, or close to, surface de- 
fects (3). 

Several studies have been devoted to the 
second type of structure sensitivity. The 
oxidations of ethanol (6), methanol (7), and 
butenes (8) have been studied over unsup- 
ported Moo3 crystals. Over graphite-sup- 
ported Moo3 crystals, the oxidations of 
propene (9), alcohols (IO), and butenes (11) 
have been investigated. In addition to the 
results on Mo03, investigations have been 
reported on the oxidation of o-oxylene (12) 
and methanol (13, 14) on V205, as have 
studies of the oxidation of propene and o- 
xylene on brannerite-type vanadates (15, 
16). The term catalytic anisotropy has been 
introduced for the second type of structure 
sensitivity (17), which seems to reflect bet- 
ter its origin. 

Concerning ammoxidation reactions, 
only a few results have been published 
showing the existence of catalytic anisot- 
ropy. It has been reported that the V205 
(010) plane is selective for the formation of 
nicotinonitrile in the ammoxidation of 3- 
picoline (18). In the field of oxidative am- 
monolysis, i.e., ammoxidation carried out 
in the absence of gaseous oxygen, no 
results seem to have been published so far. 
In the present work, results are reported on 
the catalytic anisotropy of MOOR crystals in 
the oxidative ammonolysis of toluene. In 
the oxidation of propene over Mo03, some 
controversy exists in ascribing the forma- 
tion of products to specific planes (9,17,19, 
20). Therefore, it was thought that the in- 
vestigation of another reaction on Moo3 
could throw some new light on the role of 
the various Moo3 planes in catalytic oxida- 
tion. The study of the oxidative ammonoly- 
sis of toluene is suitable for this purpose. 
The reason is that only lattice oxygen takes 
part in the formation of products. Further- 
more, such a process has several advan- 
tages of industrial importance compared to 

that of ammoxidation (21). These are as fol- 
lows: elimination of explosion hazards, 
elimination of nonselective radical oxida- 
tion in vapor phase, independent control of 
the product formation and the reoxidation 
of the reduced metal oxide, lower produc- 
tion costs due to reduction of the amount of 
noncondensables that must be handled, and 
a greatly reduced amount of waste gas from 
the product recovery sections. 

METHODS 

Preparation and characterization of cat- 
alysts. Samples of Moo3 crystals were pre- 
pared by two methods. In the first method 
crystals were obtained by sublimation. The 
MOOR powder, Mallinckrodt analytical re- 
agent, was heated just below its melting 
point (795°C) in a porcelain boat, which was 
placed in a stream of air. In the second 
method Moo3 and B20j powders, BDH lab- 
oratory reagent, were heated for a few min- 
utes in a porcelain crucible at approx. 
700°C. The melt was then cooled and the 
solid obtained was washed with several 
portions of ethanol in order to remove all 
BzOj. The first method produced crystals of 
varying size, while the second method gave 
smaller crystals of more uniform dimen- 
sions, but of less regular appearance than in 
the first case. Additionally, the prepara- 
tions were sieved into three fractions, Sl- 
S3, using a set of sieves. Fraction Sl was 
obtained from the sample prepared by the 
use of a flux, while fractions S2 and S3 were 
obtained from sublimation. 

Powder diffraction films taken with a 
Guinier-Hagg camera using CuKcq radia- 
tion showed sharp lines of a single phase, 
namely orthorhombic Mo03. In order to 
characterize the crystal morphology, a se- 
ries of scanning electron micrographs was 
taken of each sample with a JEOL T200 
instrument. The thin flaky crystals were ei- 
ther sprinkled randomly onto the holder to 
allow for thickness measurements or ar- 
ranged to lay flat on it, so that crystal length 
and width could be correctly measured. 
Each sample was covered with a thin layer 



ANDERSSON AND HANSEN 

FIG. 1. Apparatus for investigation of oxidative ammonolysis of toluene. 1, Gas mass flow control- 
lers; 2, liquid mass flow controller; 3, toluene supply; 4, Ascarite-Dehydrite; 5, manometers; 6, two- 
way valve; 7, oven; 8, preheater; 9, reactor; 10, condensers; 11, bleed-off tube; 12, gas sampling valve; 
and 13, gas chromatograph. 

of gold before introduction into the scan- 
ning electron microscope @EM). 

Appartus. The apparatus used for the 
catalytic measurements is shown in Fig. 1. 
Nitrogen, which was fed as an inert carrier 
gas, and ammonia were supplied from pres- 
sure cylinders. Gas mass flow controllers 
(HI-TEC) were used to measure and con- 
trol these flows. Toluene was supplied from 
a container, which was held under a pres- 
sure of nitrogen at 130 kPa. The flow was 
regulated by the use of a liquid mass flow 
controller (HI-TEC). Carbon dioxide was 
removed from the nitrogen stream by ab- 
sorbing it in a tube filled with Ascarite and 
Dehydrite. Liquid toluene was introduced 
into the preheated mixture of nitrogen and 
ammonia, where it immediately evapo- 
rated. The reactant stream was then passed 
through a two-way valve. Depending upon 
the valve position, either the reactor could 
be by-passed for analysis of the inlet com- 
position or the reactants could be trans- 
ported through an oven (Pye). A preheater 
filled with glass rings, and a glass reactor 

with an internal diameter of 6 mm were po- 
sitioned in the oven. The product stream 
was transported in heated glass tubes and 
then divided into two streams. One of the 
streams was passed through condensers 
and finally through a bleed-off tube, with 
which the outlet pressure from the reactor 
was controlled. The second stream was 
transported to a sampling valve, which was 
connected to a gas chromatograph. 

Analysis. The products and unreacted 
toluene were analyzed with a Varian Vista 
6000 gas chromatograph. The arrangement 
of columns and valve is shown in Fig. 2. A 
Valco six-port valve was used to inject a 
sample of 0.25 ml into the stream of carrier 
gas (N2). The chromatographic system had 
three columns connected in series. The first 
column, 3 m x t in., contained acid-washed 
Chromosorb W, 80-100 mesh, loaded with 
20% SE-30. Via a Valco four-port valve this 
column could either be directly connected 
to the flame ionization detector (FID) or be 
connected to the other two columns. One of 
these, 1 m x Q in., was filled with Porapak 
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FIG. 2. Arrangement of chromatographic columns. 

N, 80-100 mesh. The third column, 4 cm x 
d in., was filled with 2% Ni on acid-washed 
Chromosorb G, 80-100 mesh. This column 
was kept in a separate oven, and always at 
380°C. A stream of hydrogen was passed 
between the second and the third column. 

When a sample was injected, the oven 
was kept at 80°C. At this temperature the 
carbon oxides rapidly passed through the 
first column and were separated on the sec- 
ond. On the third column, they were quan- 
titatively converted to methane in the pres- 
ence of hydrogen and could then be 
determined (22-24). Two minutes after in- 
jection, the four-port valve was switched. 
Then the carrier gas stream was directly 
connected to the detector, and the oven 
temperature increased linearly at lS”C/min 
from 80 to 15O”C, where it was kept con- 
stant. Now the hydrocarbons were eluted 
and quantitatively determined. The chro- 
matographic method used made it possible 
to analyze each injected sample for all com- 
ponents with high accuracy. 

Experimental. The experiments were 
carried out slightly above atmospheric 
pressure in a differential reactor held at 
452°C. An amount of 60-80 mg of Moo3 
crystals was used. The total inlet flow was 
114 standard cm3/min, and the concentra- 
tions were as follows: toluene 0.78 vol%, 
ammonia 2.63 vol%, and nitrogen 96.58 
~01%. Conversions and yields were fol- 
lowed with time-on-stream. The first analy- 
sis was made after 1 min of reaction. Initial 

rates for nonreduced Moo3 were obtained 
by extrapolation to initial time-on-stream, 
similar to the procedure described else- 
where (18, 25,26). The Moo3 crystals were 
heated up to reaction temperature in a flow 
of air to prevent prereduction. 

RESULTS AND DISCUSSION 

Morphological Characterization of Moo3 
Crystals 

The morphology of the Moo3 fractions 
can be illustrated by the two idealized crys- 
tals drawn in Fig. 3. The crystallographic 
setting is the same as that used by Kihlborg 
(27) in a crystal structure refinement. Thus 
the crystals are orthorhombic with a = 3.96 
A, b = 13.9 A, and c = 3.70 A, space group 
Pbnm and crystal class mmm. Only the 
three pinacoid faces are exposed on the left 
crystal, while the right is terminated by the 
dome {lOl}. Nordenskjold, the polar ex- 

FIG. 3. Morphology of two idealized MOOR crystals 
of typical habit, i.e., flattened on {OlO}, and elongated 
along [OOl]. 
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FIG. 4. SEM photograph of Moo3 crystals in fraction S2. 

plorer and mineralogist, described two ad- 
ditional domes, i.e., forms of the type {hOl} 
(28). The habit of sublimed Moo3 crystals is 
invariably described as flattened on (010) 
and elongated along [OOl]. For references, 
see Gmelin (29). 

A typical crystal sample used in this 
study, S2, is pictured in Fig. 4. As can be 
seen the crystals are far from ideal in shape. 
The (010) and (100) faces are often well de- 
veloped, while the terminations in the c di- 
rection consist of several different planes or 
are quite irregular. They are from now on 
designated “(001)” faces. Crystals exhibit- 
ing the fish tail habit observed by Nor- 
denskjold (28) were also found in the sam- 
ples. 

The dimensions of the MOOR crystals 
were measured with a ruler on SEM photo- 

graphs. The thickness of the crystals, mea- 
sured along [OlO], was found to be fairly 
constant for the three fractions compared 
to the variations in length and width. Since 
most crystals had a thickness in the range 4 
to 10 pm, all crystals were assigned a thick- 
ness of 7 ,um to be used in the calculations 
of specific face areas. Lengths and widths 
in the [OOl] and [loo] directions, respec- 
tively, were, for each fraction, measured 
for 50 representative crystals. The data ob- 
tained are presented in Fig. 5. 

In order to calculate the specific face ar- 
eas of the crystals, they were treated as 
though they had a morphology and habit 
similar to those of the left crystal in Fig. 3. 
The product of thickness along [OlO] and 
width along [loo] was used as a rough esti- 
mate of the area of the terminations in the 
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FIG. 5. Crystal dimensions as measured from SEM 
micrographs, including 50 crystals from each fraction. 

[OOl] direction. Table 1 gives the resulting 
specific face areas. The area of each frac- 
tion was obtained by using the areas of 50 
separate crystals, the crystal volume, and a 
density of 4.709 g/cm3 (30). 

Catalytic Activity and Activity-Plane 
Correlations 

The initial reaction rates for the oxidative 
ammonolysis of toluene were measured 
over the three fractions. The data obtained 
are presented in Table 2. Only four prod- 
ucts were formed. Benzonitrile was the ma- 
jor product, while carbon oxides were 
formed in small amounts. Also, traces of 
benzene could be detected over two frac- 
tions. From Table 2 it can be concluded that 

TABLE I 

Specific Face Areas as Estimated from SEM 
Photographs 

sample A{llM} X IO2 A{OlO} X IO2 A”{OOl)” X 1O“O x:A X IO’ 

Wig) (m*ig) (m’ig) Cm*ig) 

Sl 6.9 6.1 14.2 6.9 

s2 5.5 6.1 5.6 6.7 

s3 3.4 6.1 3.6 6.4 

TABLE 2 

Initial Reaction Rates for the Oxidative 
Ammonolysis of Toluene over MOO, 

Rates 
(mole/h, g) 

Fractions 

Sl s2 s3 

co, x106 1.59 1.40 1.33 
co*, xl05 2.36 1.47 1.25 
CcHd, x10’ 2.4 1.3 0.0 
&H&N, x IO4 3.13 2.03 1.43 
Total, x lo4 3.38 2.17 1.57 

the rates for the formation of products in- 
crease when they are compared from S3 to 
Sl. With reference to Table 1, it appears 
that the specific surface area of the (010) 
faces is the same, while the specific surface 
areas of the (100) and “{OOI}” faces in- 
crease from S3 to Sl. Thus, it can be con- 
cluded that (010) faces cannot be the only 
source for formation of any single product. 
However, it seems that (010) faces can con- 
siderably contribute to the formation of 
CO, since this rate is only weakly depen- 
dent upon the fraction used. On the other 
hand, this does not exclude the fact that the 
other faces which are less represented do 
have higher specific face activities. 

Figure 6 shows the rates for the forma- 
tion of CO2 and nitrile as a function of the 
specific surface area of the (100) faces. It 
can be seen that in none of the cases is 

0 2 4 6 a 

A (100]x103 lm2/9) 

FIG. 6. Initial rates as a function of the specific sur- 
face area of { lOO} faces. a Not well-defined planes on rn~~t crystals 
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FIG. 7. Initial rates as a functian of the specific sur- 
face area of “{OOl}” terminations. 

there really a linear dependence. If the 
same data are plotted as a function of the 
specific surface area of the “{OOI}” termi- 
nations, Fig. 7, it is possible, for both prod- 
ucts, to draw straight lines relatively close 
to the data points. However, in this case 
the lines do not pass through the origin, 
Considering these results, it can be con- 
cluded that the rates for formation of nitrile 
and CO2 cannot be uniquely correlated to 
either (100) faces or “(001)” faces. Instead, 
the products are formed on more than one 
type of plane. 

In order to determine definitively the spe- 
cific face activities for the various products, 
a system of equations must be solved. In 
the system studied there are for each prod- 
uct three unknown specific face activities. 
For each crystal fraction, the specific sur- 
face area of each face has been determined, 
and the average rate for formation of each 
product has been measued. Considering the 
three fractions, the specific surface area of 
the (010) faces did not vary, while those of 

TABLE 3 

Specific Reaction Rates at MOO, Faces 

Faces r(C0) x 105 r(CO*) x 104 r(C&CN) x IO3 
(mole/h, m*) (mole/h, m*) (mole/h, m*) 

UOOI 1.4 0.2 19.1 
{OlOI 2.0 1.4 0.7 

"{OOI}" 19.9 104.0 96.2 

TABLE 4 

Selectivities at Moo4 Faces 

Faces Sel. (CO) Sel. (CO*) Sel. (C6H5CN) 

(%) (%) (%) 

IlW 0.1 0.1 99.8 
(010) 2.2 16.1 81.6 

“{ool)” 0.2 9.7 90.1 

the (100) and “{OOI}” faces varied by fac- 
tors approximately equal to 2 and 4, respec- 
tively. Therefore, it is possible to obtain 
rather accurate values when solving the 
system of equations comprising nine equa- 
tions and nine unknown specific face activi- 
ties. The result is presented in Table 3. It 
can be seen that all of the specific reaction 
rates calculated have positive values, 
which would not have been the case if the 
errors of the data were large. 

Considering the results given in Table 3 it 
is possible to conclude as follows. The (100) 
face is active for the formation of benzoni- 
trile, the (010) face has relatively low activi- 
ties for the formation of both nitrile and car- 
bon oxides, and the “(001)” terminations 
have high activities for the formation of all 
products. The selectivities for the various 
MOO, faces were calculated and are pre- 
sented in Table 4. From this table it can be 
concluded that the (100) face is the most 
selective face for the formation of nitrile. If 
these conclusions are relevant then there 
must be some link between them and the 
surface structures of the various faces of 
Mo03. This is considered in the next sec- 
tions. 

Structure of Moo3 

The structure of orthorhombic Moo3 is 
schematically show in Fig. 8. Each molyb- 
denum ion is surrounded by six closest 
neighboring oxygen ions, which are repre- 
sented by idealized Moo6 octahedra. How- 
ever, these are in fact distorted since the 
molybdenum-oxygen distances vary be- 
tween 1.67 and 2.33 A (27). The structure 
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FIG. 8. Schematic presentation of the MOO, struc- 
ture. The three crystallographically unequal oxygen 
ions O(l), O(2), and O(3) are denoted 0, A, and Cl, 
respectively. 

can be described as a layer structure in 
which each layer is built up of Moo6 octa- 
hedra at two levels, connected along [OOl] 
by common edges so as to form zigzag 
rows. Along [loo] the octahedra have com- 
mon corners only. The layers are held to- 

gether by van der Waals forces. Three of 
the six oxygen ions surrounding every cat- 
ion are thus common to three octahedra 
units, while two of them are shared be- 
tween two units and one is unshared. 

Relations between Activities and Bond 
Strength Values 

Bond strength calculations combined 
with crystal structural considerations have 
been used to explain why the catalytic per- 
formances of crystallographically noniden- 
tical planes can differ (16, 17, 31-33). It has 
been proposed that the bond strength val- 
ues, s-values, are proportional to the bond 
energy of the metal-oxygen bond (31, 33). 
Evidence for this proposal exists (34). 
Therefore, as a generalization, oxygen po- 
sitions characterized by a low sum of s-val- 
ues can be expected to be vacant, at least at 
high temperatures. Moderate %-values can 
be anticipated to be characteristic for bond- 
ing between cations and electrophilic oxy- 
gen species. The reason is that the &value 
in principle expresses the formal valence. It 
follows that bonding between cations and 
nucleophilic oxygen species should give 
relatively high &values. 

The s-values for the molybdenum-oxy- 
gen bonds in Moo3 were calculated using 
the second approach Coulombic-type func- 
tion derived by Ziolkowski (35). Table 5 
gives the s-values for the individual bonds 
as well as the sum of the s-values for both 

TABLE 5 

Charge Distribution around MO and 0 in MOO? 

Bond d(A) Sk_) 
for MO 

O(1) 

s(e-) for 

O(2) O(3) 

MO-O(~) 1.671 2.063 2.063 
MO-O(~) 1.734 1.501 1.501 
MO-O(~) 2.251 0.463 0.463 
MO-O(~) 1.948 0.779 0.779 
MO-O(~) 1.948 0.779 0.779 
MO-O(~) 2.332 0.418 0.418 

x = 6.003 2 = 2.063 2: = 1.964 c = 1.976 
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TABLE 6 

Surface Bond Strengths in Moo9 

Bond Plane d(A) %(eq 

MO-O(~) 100 1.734 1.501 
MO-O(~) 100 2.251 0.463 
MO-O(~) 100 1.671 2.063 

MO-O(~) 010 1.671 2.063 

MO-O(~) 001 1.948 0.779 

MO-O(~) 001 1.671 2.063 

MO-O(~) 101 1.948 0.779 

MO-O(~) 101 1.734 1.501 

MO-O(~) 101 2.251 0.463 

MO-0( 1) 101 1.671 2.063 

molybdenum and the three crystallographi- 
tally unequal oxygen species when they are 
fully coordinated. It is obvious that the for- 
mal valences obtained are very close to the 
theoretical values. 

In the studies of the ammoxidation of 3- 
picoline (3-methylpyridine) over V205 cata- 
lysts some important relations between cat- 
alytic activity and bond strength values 
have been described (18, 36). It was found 
that nicotinonitrile was selectively formed 
at the (010) plane. This plane exposes both 
Vs+ cations and nucleophilic oxygen spe- 
cies with & = 1.93. The (100) and (001) 
planes were found to be the source for for- 
mation of carbon oxides. These planes 
were shown to accommodate single-coordi- 
nated electrophilic oxygen species having 
&values equal to 0.48, 1.04, and 0.76. Ta- 
ble 6 presents the &values of single coor- 
dinated oxygen species present at various 
surface planes of Mo03. If the data in Ta- 
bles 3 and 6 are compared with the results 
cited for the ammoxidation of 3-picoline 
over V205, then there are several common 
features that emerge. The (010) plane of 
Moo3 was found to exhibit a very low activ- 
ity for the formation of all products. Ac- 
cording to the structure model, this plane is 
covered with double-bonded nucleophilic 
oxygen species having Es = 2.06. In com- 
parison with the V205 (010) plane, it seems 
plausible that its low activity for the forma- 

tion of nitrile is primarily due to the lack of 
exposed cations (oxygen vacancies). These 
are probably involved in a coordination of 
the aromatic ring to the surface, which 
seems to be a necessary step preceding the 
first hydrogen abstraction from the methyl 
group. Indeed, the mechanism for the se- 
lective ammoxidation of toluene over V205 
has been found to include such a step (37). 
Further support for this conclusion is given 
by the fact that benzonitrile is selectively 
formed at the Moo3 (100) plane, Table 4. 
The surface structure of this plane has 
some details in common with the V205 (010) 
plane. Both planes have zigzig chains of 
edge-sharing octahedra. A characteristic of 
two edge-sharing octahedra is that one of 
them projects a double-bonded oxygen spe- 
cies, while the other exposes a naked cat- 
ion. The oxygen positions at MoOj (100) 
with Es = 0.46 are probably vacant at a 
reaction temperature of 452°C. Such an as- 
sumption is in agreement with results ob- 
tained over V205, indicating that oxygen 
positions having Es = 0.48 are largely va- 
cant at 250” (36). Both the (010) and the 
(100) faces of Moo3 have low activities for 
the formation of carbon oxides. Table 6 
shows that there are no oxygen positions at 
these planes that have &-values in the 
range characteristic for electrophilic oxy- 
gen species. Such characteristic values 
should be neither too low nor too high. The 
ammoxidation results for V205 indicate that 
&values in this case should be around 
0.7-1.1, which also is supported by results 
showing that V205 (100) and (001) planes 
are nonselective in the oxidation of o-xy- 
lene (12). 

The terminations in the [OOl] direction of 
the Moo3 samples used were found to con- 
sist of (001) and {hOl} faces. Table 6 in- 
cludes Es-values for single coordinated ox- 
ygen positions at the (001) and (101) faces. 
The latter can be considered representative 
for all types of {hOl} faces since in fact 
these can be treated as combinations of 
(100) and (001) faces. The table shows that 
both the (001) and the (101) planes expose 
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(a) (b) 

FIG. 9. Van der Waals model of toluene. (a) Top 
view, and (b) side view. 

nucleophilic double-bonded oxygen species 
with %-values equal to 1.50 and 2.06 as 
well as electrophilic species characterized 
by Es = 0.78. Positions with Es = 0.46 can 
be treated as vacancies, as mentioned 
above. Data given in Table 3 show that both 
carbon oxides and nitrile are formed at the 
so-called “{OOl}” terminations. The reason 
that carbon oxides are produced at these 
terminal planes is that as with the (100) and 
(001) planes of VZO~ they expose electro- 
philic oxygen species. Activity data of the 
present investigation concern ammoxida- 
tion carried out in the absence of molecular 
oxygen. A consequence of this is that when 
carbon oxides are formed, a relatively high 
concentration of oxygen vacancies is cre- 
ated at the surface due to slow diffusion of 
oxygen from the bulk. These vacancies to- 
gether with the nucleophilic oxygen species 
form the prerequisite for selective reaction 
to occur, and thus nitrile can be formed. 
Consequently, the relation between bond 
strength values and activities for selective 
and nonselective reaction on various planes 
of Vz05 and Moo3 has been clearly estab- 
lished. 

Adsorption of Toluene at Various Planes 

In order to determine if there are any 
structural limitations for selective or nonse- 
lective reactions to occur at specific planes, 
a model of a toluene molecule has been 
placed in contact with various surfaces of 
Mo03. Surface structures obtained from 
extension of the idealized bulk structure are 
used as a first approximation to roughly 

evaluate the probability for reaction to oc- 
cur. For the ionic radius of oxygen a value 
of 1.40 A is used (38). An overlap between 
the ionic radius of oxygen and the van der 
Waals radius of carbon or methyl hydrogen 
is used as a criterion for reaction to take 
place. This is not unreasonable since at ele- 
vated temperatures bond distances are 
elongated compared to those determined at 
room temperature. The van der Waals radii 
for hydrogen and carbon are 1.500 and 
1.900 A, respectively (39, 40). Figure 9 
shows a van der Waals model of a toluene 
molecule with a more common representa- 
tion being inserted for comparison. The lat- 
ter representation is used for clarity in the 
illustrations of the adsorption of toluene at 
various planes, Figs. 10-12. However, it 
should be remembered that the molecule is 
actually much more bulky, and both the 
molecule and the atoms are vibrating. In 
the case of nonselective reaction, the 
methyl group is not shown in the figures 
since its position is not of primary interest. 
No mechanistic details are elaborated in the 
treatment, and the possibilities of selective 
and nonselective reaction are concluded 
from a few simple criteria. These are as fol- 
lows. Nonselective reaction is possible on 
the condition that there can be an interac- 
tion between electrophilic oxygen species 
and the ring of toluene. Such oxygen spe- 
cies attack the molecule in the region of its 
highest electron density, which leads to 
degradation. The degradation products can 
then react to form carbon oxides (42). Se- 
lective reaction is considered possible 
when simultaneously both a coordination of 

FIG. 10. Single coordinated oxygen species at the 
idealized (100) plane of Mo03. O(a), ES = 0.46; O(b), 
Es = 2.06; O(c), cs = 1.50; and A, MO. 
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FIG. 11. Single coordinated oxygen species at the 
idealized (001) plane of Mo03. O(d), Es = 0.78; O(e), 
& = 2.06; and 4, MO. 

the aromatic ring to a cation and an interac- 
tion between the methyl group and some 
nucleophilic oxygen species occur. Since 
the stoichiometric reaction to nitrile re- 
quires three oxygen species, positions 
which enable the methyl group to be sur- 
rounded by preferably not less than three 
positions of nucleophilic oxygen are 
sought. One of the nucloephilic oxygen spe- 
cies can react with ammonia to give water 
and a =NH species, which can then react 
with the methyl carbon atom to give nitrile 

(42). 
Figure 10 shows two cases of different 

types of reaction at the (100) plane. Case A 
shows that when electrophilic O(a) species 
with Es = 0.46 are present at the surface, it 
is possible for them to attack the electron- 
rich toluene ring, which after ‘additional 
steps results in the formation of carbon ox- 
ides. However, since the concentration of 
O(a) species is low, total combustion does 
not occur to a large extent. Case B shows 
that it is possible to coordinate the ring at a 
molybdenum ion situated in a surrounding 
of five nucleophilic oxygen species, O(b) 
and O(c) with x:s equal to 2.06 and 1.50, 
respectively. Three of these oxygen species 
are localized in the immediate vicinity of 
the methyl group, thus permitting a reac- 
tion to nitrile without rotation of the tolu- 
ene molecule. 

Figure 11 illustrates four possible situa- 
tions at the (001) plane. Cases C and D 
show that it is possible to have an electro- 

philic attack simultaneously with two O(d) 
species having Es = 0.78. After formation 
of carbon oxides, naked molybdenum ions 
are exposed. This is especially the case in 
oxidative ammonolysis. The ring of toluene 
can be coordinated at these molybdenum 
ions. In cases E and F the adsorbed mole- 
cule is surrounded by three nucleophilic 
O(e) species with 2~ = 2.06. All of them 
can interact with the methyl group on the 
condition that the toluene molecule is al- 
lowed to rotate. 

In Fig. 12 some possibilities for absorp- 
tion of toluene at the (101) plane are drawn 
schematically. Cases G and H illustrate the 
possibilities for electrophilic oxygen spe- 
cies with % = 0.78 to take part in a degra- 
dation of the aromatic ring. In case G, a 
coordination of the ring to a cation and an 
attack by electrophilic species can occur si- 
multaneously. Cases I, J, and K show that 
the methyl group will be surrounded by sev- 
eral nucleophilic oxygen species after tolu- 
ene is adsorbed at a cation. In cases I and J 
the methyl group can reach three positions 
for O(g) species having xcs = 2.06. The ad- 
sorption in case K results in a configuration 
where the methyl group is rather close to 
two O(g) species and two O(h) species. 

From Figs. 9- 12 it thus can be concluded 
that the conclusions drawn about selective 
and nonselective reactions based on bond 
strength values still hold even when geo- 
metric factors are taken into consideration. 

FIG. 12. Single coordinated oxygen species at the 
idealized (101) plane of Mo03. O(f), Es = 0.78; O(g), 
Es = 2.06; O(h), Es = 1.50; n and A are MO exposed 
at vacant oxygen positions having &-values of 0.78 
and 0.46, respectively. 
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TABLE 7 

Face Specificity of Moo3 in Oxidation of Propene 

Reference Planes 

(100) (010) (101) (001) 

(9) A” C” 

(19) A C A A 

(17) C A A 

(20) A,C C A,C A,C 
This work A A,C A,C 

a A, acrolein; C, C02. 

Oxidation of Propene and Isobutene 

In a study of the oxidation of propene 
over graphite-supported Moo3 catalysts 
Volta et al. (9) concluded that acrolein was 
formed at the (100) plane and CO* at the 
(010) plane. Later, Volta and Tatibouet (19) 
presented an improvement in the interpre- 
tation of these results. It was then con- 
cluded that acrolein was formed at (IOO), 
(lOl), and (001) planes, while CO2 was ex- 
clusively formed at the (010) plane. How- 
ever, Zi61kowski (17) has shown that it is 
possible to correlate the same data in alter- 
native ways. On the basis of a crystallo- 
chemical model of active sites, this author 
concluded that acrolein was formed at (101) 
and (001) planes, CO* at (100) planes, and 
the (010) plane was inactive. Recently, 
Briickman et al. (20) have shown that it is 
also possible to explain the same experi- 
mental data on the assumption that CO2 
was formed at all planes and that the rate- 
determining step in the formation of acro- 
lein occurred at (loo), (lOl), and (001) 
planes. In this case, it was argued that the 
(010) plane was responsible for the inser- 
tion of oxygen, i.e., a two-plane mecha- 
nism. The various interpretations are sum- 
marized in Table 7, which also includes 
what should be expected on the basis of our 
results on oxidative ammonolysis of tolu- 
ene. The conclusions drawn in the present 
investigation about the nature of various 
Moo3 planes, if relevant, should be of a 
more general significance. The formation of 

acrolein from propene requires an active 
site that can attract the electrons of the 
double bond, abstract two hydrogen atoms, 
and insert a nucleophilic oxygen species 
(41-43). It has been demonstrated above 
that such sites exist at (loo), (lOl), and 
(001) planes. Furthermore, electrophilic ox- 
ygen species taking part in combustion of 
toluene can attack the double bond of 
propene as well, resulting in degradation. 
Thus, it can be expected that also in the 
oxidation of propene, CO* should be 
formed mainly at (101) and (001) planes. 

The oxidation of isobutene over graphite- 
supported Moos has also been investigated 
by Volta et al. (II). They concluded that 
methacrolein was formed at the (100) and 
(101) faces. In this case, the formation of 
CO2 was found to be related to the (100) 
plane, while the (010) plane was concluded 
to be inactive. In our opinion, it seems 
somehow contradictory to conclude that 
CO2 is formed at planes completely differ- 
ent from propene and isobutene, respec- 
tively. In both cases, combustion should in- 
volve reaction with electrophilic oxygen 
species, while selective reaction should in- 
clude insertion of nucleophilic oxygen (41, 
43). Therefore an attempt was made to cor- 
relate the experimental data of Volta and 
co-workers, obtained for oxidation of pro- 
pene and isobutene, respectively, to the 
general face activity pattern that has 
emerged in the present work, which 

TABLE 8 

Relative Reaction Rates at MOO, Faces in the 

Oxidations of Propene and Isobutene 

Reference Product Relative rates 

(100) (010) (101) (001) 

(19) Acrolein 2.264 0.063 0.700 0.700 

co, 0 1.000 0 0 
This work Acrilein 0.138 0 1.438 2.157 

co2 0 0.201 1.000 l.ooa 
I. *> Methacrolein 0.55 0 0.13 0.13 
1111 

co2 1.00 0 0 0 

This work Methacrolein 0 0 0.688 0.688 

co2 0 0 1.000 1.000 
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TABLE 9 Additional support for the conclusions 

Ratios of Selectivities for Formation of Acrolein (SA) presented about the nature of various Moo3 

and Methacrolein (S& to the Selectivity for faces is given considering data published on 
Formation of CO* (SC) other reactions, involving the same type of 

sites for selective and nonselective reac- 
Sample” SAiSC SUAJSC tion, respectively. It is shown that the 

Exp. (19) This Exp. (II) This 
work work 

420-6 0.39 0.37 0.39 0.67 0.62 0.69 
420-61 0.59 0.61 0.59 0.65 0.62 0.69 
471-6 0.95 0.97 0.98 0.78 0.70 0.69 
496-6 0.94 0.90 0.92 0.67 0.68 0.69 
496-61 1.44 1.43 1.44 0.69 0.63 0.69 

a Notations from Refs. (9, 19). 

should be possible due to the mechanistic 
similarities. The results obtained are in- 
cluded in Tables 8 and 9. It can be seen that 
the correlations obtained, if compared with 
those presented by Volta et al. (II, 19), fit 
better with experimental data. 

CONCLUSIONS 

In the present investigation of the oxida- 
tive ammonolysis of toluene over Mo03, it 
has been found that selective reaction to 
benzonitrile occurs at {IOO}, {OOl}, and 
{hOl} faces, while total combustion takes 
place at (001) and {hOl} faces. 

It has been demonstrated, using bond 
strength calculations combined with crys- 
tallographic considerations, that sites ac- 
tive for formation of nitrile consist of a cat- 
ion surrounded by nucleophilic oxygen 
species in a suitable geometrical configura- 
tion. The cation is an adsorption site for the 
toluene ring and the nucleophilic oxygen 
species take part in the abstraction of hy- 
drogen atoms form the methyl group. Fur- 
thermore, one of the nucleophilic species 
reacts with ammonia to give an imido spe- 
cies which then acts as a N-insertion cen- 
ter. A prerequisite for nonselective reaction 
to occur is the existence of unsaturated 
electrophilic oxygen species, which attack 
the electron-rich part of the reacting mole- 
cule, finally resulting in formation of carbon 
oxides. 

results obtained by Volta and co-workers 
for oxidations of propene (9, 19) and isobu- 
tene (II) over well-defined graphite-sup- 
ported Moo3 crystals can be correlated to 
the general face activity pattern that is ob- 
served to be valid for the oxidative ammo- 
nolysis of toluene. The correlation, which 
excellently fits experimental data, is differ- 
ent from those presented by others (9, 19, 
17, 20). 

Brtickman et al. (20) have found a corre- 
lation between the (010) plane and the for- 
mation of acrolein from ally1 species gener- 
ated by decomposition of ally1 iodide and 
bromide. This result is not contradictory to 
our results, since the (010) plane accommo- 
dates nucleophilic oxygen species, cf. Ta- 
ble 6, which can react with radicals gener- 
ated somewhere else. However, these 
authors suggested that also in the oxidation 
of propene the oxygen insertion occurs at 
(010) faces, while the initial hydrogen ab- 
straction occurs at perpendicular faces. 
They showed that the results of Volta et al. 
(9) can be correlated to such a model. Un- 
fortunately, due to their assumption that 
the oxygen insertion is a fast step, the im- 
plication is that the same correlation is still 
valid irrespectively of the faces at which 
the oxygen insertion occurs. According to 
our model, a two-plane mechanism is not 
likely or necessary since {IOO}, {lOl}, and 
(001) faces also accommodate nucleophilic 
oxygen species. 

In the present investigation, absolute val- 
ues of specific reaction rates at various 
MOO, faces have been calculated. Absolute 
activity values are desirable in order to 
make possible a comparison between differ- 
ent oxides, which is necessary for an indus- 
trial choice of catalyst type. Such correla- 
tions have not previously been given for 
reactions over unsupported Moo3 crystals 
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(6-8). Instead, selectivity data have been 
used to find correlations. This method per- 
mits the calculation of relative activities, a 
procedure which suffers from the fact that 
some of the face activity values are set 
equal to one. If the real values of these pa- 
rameters happen to be equal to zero, then 
faulty correlations are obtained. This fact 
does not seem to have been considered in 
investigations where this method has been 
used (8, 20, 11, 19). In the case when Moo3 
is supported on graphite (9-11), no abso- 
lute face activity values can be calculated 
due to difficulties in the determination of 
the surface fraction that is covered with 
Mo03. 
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