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Catalytic anisotropy of molybdic oxide in oxidation of propylene has been observed by Volta et 
af. (7th Int. Congr. Catal. Commun. C4, Tokyo, 1980; Faraday Disc. 72113, Selectivity in Heteroge- 
neous Catalysis, Nottingham, 1981). High selectivity to acrolein in the indicated reaction was 
ascribed to the (100) plane while the (010) plane was found to yield COz. The critical discussion of 
Volta’s experimental data, performed in this paper, has shown that they may be interpreted in three 
alternative ways, differing in the ascription of the reaction products to the crystallographic planes. 
Different crystallographic planes exposed by the grains of MOO, have been analyzed in terms of the 
bond-strength model of active sites (Ziolkowski, J. Catal., submitted) developed under the follow- 
ing main assumptions: (i) the reaction path depends on the number and configuration of the active 
oxygen atoms in the vicinity of the adsorption site, and (ii) the individual catalytic activity of a 
given surface oxygen atom is proportional to the reciprocal sum of the strength of the bonds to it 
from the adjacent cations. The analysis provided the arguments to indicate the most probable 
reaction pattern. According to it the main products expected to be formed in oxidation of propylene 
on different planes of MOOR are (loo), CO, CO,; (OOl), acrolein (acrylic acid, Cl-O, CO, CO*- 
mainly at longer contact time); (101) and (701). acrolein; (OlO), inactive (possible minor yield of 
hexadiene and benzene). 

INTRODUCTION 

It has been found by Volta er al. (1, 2) 
that the catalytic properties of molybdic ox- 
ide in the oxidation of propylene depend on 
the kind of crystallographic plane preferen- 
tially exposed by the grains of the polycrys- 
talline sample. High selectivity to acrolein 
in the above-mentioned reaction was as- 
cribed to the (100) plane while the (010) 
plane was found to yield COz. Ethanal and 
propanal were observed as minor reaction 
products, but no plane effect was discov- 
ered. A more profound analysis of Volta’s 
experimental results performed in this pa- 
per indicates however that they may be in- 
terpreted in three alternative ways mark- 
edly differing in ascription of the reaction 
products to the kind of exposed crystallo- 
graphic planes. 

It will be shown in this paper that theo- 
retical analysis performed in terms of the 
bond-strength model of active sites (3, 4) 

provides the arguments to indicate the most 
probable reaction pattern of the three re- 
sulting from the experiments. 

ANALYSIS OF EXPERlMENTAL DATA 

Volta’s MoOJgraphite samples (labeled 
throughout this paper as I-V) were pre- 
pared from MoCls-graphite intercalation 
compounds by differentiated oxythermal 
treatment, during which Moo3 crystals 
grew epitaxially on the graphite support. 
Their shapes, their dimensions, and conse- 
quently the contribution of various crystal- 
lographic planes in the external grain sur- 
face changed along the series, as 
determined by scanning and diffraction 
electron microscopy. Moo3 grains were of 
hexagonal (I-IV) or rectangular (V) plate 
shape with the large face corresponding to 
the (010) plane, as shown in Fig. 1. Statisti- 
cal determination of crystal lengths was 
done in [_olO], [OOl], [loo] and equivalent 
[loll + [ 1011 directions in different planes 
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FIG. 1. Morphology of Moo9 grains (2). In the center, relations are indicated between [loOI, [loll, 
and [iOl] directions in Moo9 structure. 

and the respective data are given in Table 1. 
It should be stressed that, as the angles be- 
tween [ 1011, [Toll, and [ 1001 result from the 
known lattice parameters of Moo3 (5) (Fig. 
l), one may easily calculate the crystal di- 
mension along [IO11 + [IOl] knowing that 
along [lo01 and vice versa. The respective 
data are included in Table 1. The differ- 
ences between the experimental and calcu- 
lated lengths along [lOO] and [loll + [TOI], 
respectively (exceeding in the worse case 
30%), illustrate the (unavoidable) experi- 
mental error of the applied method. This 
influences the accuracy of all further re- 
lated calculations. In the present paper, to 
reach the most objective conclusions, three 
numbers are always given for the plane 
contribution (Table 2) and other data (Table 
3). The first of them is taken from Volta’s 
paper, the second is calculated from the 
crystal lengths-[OlO],,,, (100) [OOll,,,, 
(001) WNe,, (010) UOOI,,,, and (101) (101) 

[iOl] [lOl&, and the third from the three 
former, (101) (101) [~Ol][lOll,,,, and (010) 
m-malt. 

Table 2 shows the initial selectivities S to 
acrolein and CO* (2) for all five samples 
under discussion, as well as the contribu- 
tion (percentage) P of each crystallographic 
plane exposed by Moo3 grains (Table 2A). 
Simple, qualitative inspection of Table 2 
enables us to note the relation between S,, 
and P~K,Q or Scoz and P~oIo), the first two 
increasing and the other two decreasing 
along the series. The respective correla- 
tions are better seen if-as proposed by 
Volta-the ratios Sacr/Pooo~ and S,&Pcoloj 
are taken into account, expressing as it 
were the initial selectivities per unit surface 
area (Table 3A). The numbers in each of the 
two sets are close to one another and the 
standard deviations from the average val- 
ues are reasonably small. This leads to the 
conclusion, originally formulated by Volta, 

TABLE I 

Mean Length of MoOj Crystals in Different Planes and Directions 

Sample 

I 
II 
III 
IV 
V 

lOlO1 
ev 

1 
4 
6 
2.5 
1.5 

(1W Wl) (010) (l$) and (lot) (010) (101) and (iO1) 
Wll mw t1001 [lOi + [loll t1w [iOl] + [1011 
ew em exp ev talc talc 

18 0 6 8 5.85 8.20 
40 0 13 20 14.63 17.77 
20 0 12 14 10.24 16.40 
9 0 6 6 4.38 8.20 
5 3 3 0 3 0 
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TABLE 2 

Initial Selectivities S to Acrolein and COz and Contribution (Percentage) P of Different Crystallographic 
Planes Exposed by MoOJ Crystals” 

Sample I 11 III IV V Trend 

S ACR 24.2 32.8 42.0 41.6 52.0 7 

S co2 62.9 55.7 44.0 44.2 36.0 I 

A pml, 10 16 18 18 28 
12 19 23 20 28 7 
12 17 26 26 28 

p,a,a, 85 76 61 64 55 
83 72 58 62 55 b 
82 74 55 56 55 

P (ioi)+(ioi) 5 8 21 18 0 
5 9 19 18 0 
5 9 18 18 0 7 

P KlOl) 0 0 0 0 17 

B P ,IW) II 17 23 22 34 
I3 21 28 24 34 7 
I3 I9 32 32 34 

P lOlO) 89 83 77 78 66 
87 79 72 76 66 L 
87 81 68 68 66 

C PKllO, 85 76 
83 72 
82 74 

P ~100~+~1o~~+~io~~+~w1~ I5 24 
I7 28 
17 26 

D PKW 94 90 
94 89 
94 89 

P ,101)+~101~+vlo1~ 5 10 
6 11 
6 II 

E P (loo) 66 66 
68 69 
69 67 

P ~~ot)+~io~)+mm 33 33 
32 31 
31 33 

61 64 55 
58 62 55 I 
55 56 55 
39 36 45 
42 38 45 7 
44 43 45 

74 78 76 
75 77 76 I 
75 77 76 
26 22 24 
25 22 24 7 
25 23 24 

46 50 (62) 
55 52 (62) I 
58 60 (62) 
54 50 (38) 
45 48 (38) 7 
42 40 WV 

u Calculated at various assumptions, as explained in text. 

that the (100) plane yields selectively acro- 100%. The correlation is now, it is true, less 
lein and the (010) plane is responsible for accurate but it still exists. 
combustion. Consequentl_y it is understood The conclusion of the above discussion 
that the (OOl), (lOl), and (101) planes are of may be briefly summarized as follows: 
negligible catalytic activity. If so, their con- 
tribution in the external grain surface A/B: (OIO), CO,; (loo), acrolein; (lOl), 

should be omitted, as done in Tables 2B and (iOl), (OOl), inactive. 

3B on the assumption that P(i00) + P~OlOj = More profound analysis of Table 2 makes 
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TABLE 3 

SIP Ratios, Their Averages and Standard Deviations as a Measure of S-P Correlation 

Sample I II III IV v Average m a% 

SACR 
2.4 2.1 2.3 2.3 1.9 

p0, 
2.0 1.7 1.8 2.1 1.9 1.97 0.25 12 
2.0 1.9 1.6 1.6 1.9 

S 
CO2 

0.7 0.7 0.7 0.7 0.7 
0.05 6 

P(OlO, 
0.8 0.8 0.8 0.7 0.7 0.73 
0.8 0.8 0.8 0.8 0.8 

s 
2.3 1.9 1.8 1.9 1.5 

ACR KG 1.9 1.6 1.5 1.7 1.5 I .70 0.26 15 
1.9 1.7 1.3 1.3 1.5 

S 0.7 0.7 0.6 0.6 0.5 
CO2 6% 0.7 0.7 0.6 0.6 0.5 0.63 0.07 10 

0.7 0.7 0.6 0.6 0.5 

S 1.6 1.4 1.1 1.2 1.2 
ACR P 1.4 1.2 1.0 1.1 1.2 1.19 0.18 14 

(101) + ciou + w) + (aor) 1.4 1.3 1.0 1.0 1.2 

S 
CO2 0.7 0.7 0.7 0.7 0.7 

KG9 0.8 0.8 0.8 0.7 0.7 0.73 0.05 6 
0.8 0.8 0.8 0.8 0.7 

SACR 
4.4 3.4 1.6 1.9 2.2 

P 4.3 2.9 1.6 1.8 2.2 2.63 0.98 37 
(101) c ciou + (001) 4.2 3.0 1.7 1.8 2.2 

S 
CO2 

0.7 0.6 0.6 0.6 0.5 
&ii 0.7 0.6 0.6 0.6 0.5 0.58 0.06 11 

0.7 0.6 0.6 0.6 0.5 

S 0.7 1.0 
ACR P 0.8 1.0 

(101) + (ToI) + w) 0.8 1.0 

S 
CO2 

1.0 0.8 
9100) 0.9 0.8 

1 
0.9 0.8 

- 

0.7 0.8 (1.4) 
0.9 0.8 (1.4) 0.90 0.11 12 
1.0 1.0 (1.4) 
1.0 0.9 (0.6) 
0.8 0.9 (0.6) 0.86 0.07 8 
0.8 0.7 (0.6) 

it possible, however, to indicate three other 
possible correlations corresponding to the 
following catalytic features: 

c: (0101, co,; (loo), (ioi), (ioi), (ooi), 
acrolein 

D: (OlO), COz; (101), (TOl), (OOl), acro- 
lein; (lOO), inactive 

E: (OlO), inactive; (lOl), (iOl), (OOl), 
acrolein; (loo), CO*. 

The contribution P and the ratios SIP for 
the respective planes corresponding to C, 
D, and E, calculated in the same manner as 
explained above, are shown in Tables 2 and 

3 (rows C, D, and E, respectively). As indi- 
cated from Table 3 there is no quantitative 
correlation for D, while C and E give corre- 
lations as good as A/B or even better if 
compared with B. In the last case (E) a 
good correlation was found if the results for 
sample V were omitted. To explain this fact 
it should be recalled that samples I-IV on 
the one hand and sample V on the other 
differ in shape, the first four exposing 
equivalent (101) + (101) planes and the last 
one the (001) plane. It seems obvious that 
the ratio SIP for a given product and a given 
plane (given site) depends not only on the 
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preferred formation of this product but also 
on the reaction rate. Thus the SIP ratio for a 
given product and different planes (differ- 
ent sites) are not necessarily the same. 

In the light of Volta’s paper and the 
above discussion, the catalytic anisotropy 
of Moo3 seems to be well argued, but the 
question of which planes are responsible 
for selective formation of acrolein and CO2 
remains open. Of three possible answers 
two (A/B and C) are very similar but the 
third (E) is exactly opposite. 

BOND-STRENGTH MODEL OF ACTIVE SITES 

Another example of catalytic anisotropy 
has been observed recently in our labora- 
tory during studies on the oxidation of 
propylene (6) and o-xylene (4) over 
Mnl-x+~V2-tiMo2r06 (further denoted as 
MV-X, X = 100x) solid solutions of the 
brannerite-type structure (7). To explain 
the different catalytic properties of the 
(201) and (202) planes of MV-X a new 
model of sites active in hydrocarbon oxida- 
tion reactions has been developed (3, 4) 
based on the assumptions which are formu- 
lated below. 

1. The first, activating step of oxidation 
of propylene (as for other molecules cf. 
point 5) lies in its dissociative adsorption 
with abstraction of a-hydrogen and forma- 
tion of v-allylic intermediate. For this pur- 
pose two kinds of centers are required at 
the surface: (i) the oxidative dehydrogena- 
tion centers (as for MO-containing oxide 
catalysts, Mo=O groups were proposed as 
such centers (8-13)) and (ii) the adsorption 
sites consisting of coordinately unsaturated 
metal atoms with empty orbitals of low en- 
ergy, ensuring some shift of electrons to the 
catalyst (14-16). Symmetrical n-ally1 is ad- 
sorbed in the plane parallel to the catalyst 
surface and its orientation depends on the 
symmetry of the local crystal field (17). The 
abstracted hydrogen atoms forming -OH 
groups may move along the surface com- 
bining finally with surface oxygens to form 
molecules of water. 

2. The further transformations of ally1 de- 
pend on the number and configuration of 

active oxygen atoms around the adsorption 
site. These factors determine if one or more 
oxygen atoms may be incorporated on one 
site. If one, acrolein is primarily expected 
as the reaction product; more oxidized 
products may be eventually formed in the 
consecutive reactions after readsorption on 
the other site and the selectivity may be 
ruled by changing the contact time. If more 
than one (and conveniently arranged), the 
reaction selectivity depends on the proba- 
bility of desorption of various products 
formed on one site and it is much less de- 
pendent on external reaction conditions. 

3. The structure (configuration, bond 
length) at the surface is assumed to be the 
same as in the bulk as known from the crys- 
tallographic data for the given catalyst. The 
crystal is “cut” in such a manner as to re- 
tain the stoichiometric composition. Oxy- 
gen atoms completing the respective poly- 
hedra are regarded as adsorbed atoms. 
Usually only a part of these sites is occu- 
pied. 

4. The individual activities of surface ox- 
ygen atoms are assumed to be proportional 
to the reciprocal sums of the strength of the 
bonds to them (ZSJ from the adjacent cat- 
ions. The latter are calculated according to 
the bond-length-bond-strength concept us- 
ing the most recent formula and data (18) 
(cf. Appendix). Three types of surface oxy- 
gen atoms may be distinguished: 

(a) firmly bound inactive lattice oxygen 
atoms 01~ of Z8j = 2, 

(b) loosely bound active lattice oxygen 
atoms OAr of I: Si < 1.85, and 

(c) loosely bound active adsorbed oxygen 
atoms OAA of 2 Si usually smaller then 1. 

5. It is believed that the model, success- 
fully explaining the oxidation of propylene 
on MV-X (3), may also be applied to other 
catalysts and to oxidation of other organic 
molecules provided that assumption 1 is re- 
placed by the respective data concerning 
their adsorption. The first step in such a 
generalization of the model has been al- 
ready made (4) (oxidation of o-xylene over 
MV-X). 

It seems of interest to apply the above- 
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sketched model to the oxidation of propyl- 
ene on the different planes of Moo3 crys- 
tals. 

CONSIDERATION OF Moo9 SURFACE 
STRUCTURE IN THE LIGHT OF THE 

BOND-STRENGTH MODEL OF ACTIVE SITES 

i. Structure of Moos 

Moo3 crystallizes in the orthorhombic 
system, a = 3.9628 A, b = 13.855 A, c = 
3.6964 A, the space group is Pbnm (5). As 
shown in Fig. 2 this is a layer structure in 
which each layer is built up of Moo6 octa- 
hedra at two levels, connected along c by 
common edges and comers so as to form 
zig-zag rows and along a by common cor- 
ners only. In the idealized presentation 
(regular octahedra) each next layer is sim- 
ply shifted by f (a + b). In fact, the octahe- 
dra are markedly disturbed (MO-O dis- 
tances vary between 1.671 and 2.332 A) and 

FIG. 2. Idealized presentation of a part of one layer 
in Moo3 structure (after Kihlborg (5)). 

the deformations along a are opposite in the 
neighboring layers. The exact respective 
values of MO-O distances (5) have been 
used to calculate Si and CSi as proposed by 
Brown and Kang Kun Wu (18) (cf. Appen- 
dix) . 

ii. (020) Plane 

Figure 3 shows the arrangement of atoms 

FIG. 3. (010) plane of MOO, (b) and its side view (a) with: (1,2) propylene adsorbed tnrough the 
hydrogen bonds, (3) P-adsorbed propylene, and (4,5) n-allyls adsorbed in configuration enabling for- 
mation of hexadiene. For Figs. 3-6: large circles, oxygen; small circles, molybdenum; double circles, 
active oxygen atoms; double dotted circles, adsorbed oxygen atoms. Capital letters distinguish the 
structurally different oxygen atoms. The numbers indicate the distances of atoms from the plane. 
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on the (010) plane. It consists of corner- 
sharing square pyramids built of three 
structurally different atoms: two Or (1.90), 
two OR(l.98), and one Os(2.04). The re- 
spective values of CSi given in parantheses 
indicate that all of them are catalytically in- 
active in terms of the bond-strength model 
of active sites. Adsorption of propylene on 
metal atoms is impossible as they are cov- 
ered by 0s atoms. 

The completely oxidized (010) plane 
should thus be catalytically inactive in oxi- 
dation. The only possibility of adsorptive 
interaction between propylene and the oxi- 
dized (010) plane of Moo3 seems to consist 
in the formation of one or two hydro- 
gen bridges, as shown in Fig. 3a. As 
firmly bound 0s (belonging to the Mo=O 
group) participates in the hydrogen bond- 
ing, oxidative dehydrogenation seems 
to be possible, resulting in forma- 
tion of -CH&H-CH2, -CH-CH-CH2, 
-CH&X-CH-, or similar u-bonded inter- 
mediates. If formed on the adjacent 0s sites 
these intermediates might combine to yield 
hexadiene or benzene, provided that de- 
sorption of water is possible from the (010) 

plane or that hydrogen atoms may diffuse 
toward other planes rich in loosely bound 
oxygen. 

If the (010) plane were slightly reduced, 
some 0s positions would be empty and pro- 
pylene might form a n-allylic intermediate 
(or other deeply dehydrogenated, n-bonded 
species) (Fig. 3b). The expected distribu- 
tion of products in such a case is, however, 
the same as discussed above, as there is no 
active oxygen around the adsorption site 
which could be inserted. 

To simplify further discussion concern- 
ing other planes of Moo3 let us mention 
here that on each of them oxidative dehy- 
drogenation centers (Mo=O) are present. 
These are OB and Oc on the (100) plane, OL 
on the (001) plane, and Oz on the (101) 
plane (cf. Table 6). Moreover, noncovered 
MO atoms exist on all those planes. a-Hy- 
drogen abstraction may thus proceed there 
both (i) through the intermediate linked to 
the surface with the hydrogen bond and (ii) 
through n-bonded propylene as intermedi- 
ate. In the later case the above mentioned 
process should be easier than in the former, 
due to the positive charge which appears on 

FIG. 4. (101) or equivalent (101) plane of MoOl (origin shifted by z = 0.92 A) with adsorbed P-ally1 
(cf. Fig. 3). 
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propylene after n-type adsorption (14-16). 
This may serve as an argument for higher 
activity of all discussed planes as compared 
to (010). 

iii. Equivalent (101) and (701) Planes 

Along the (lOl/(iOl) planes (Fig. 4) two 
oxygen atoms are lacking in each Mood 
group, the coordination of molybdenum be- 
coming tetrahedral. Each MO atom is linked 
with 0x(1.09) and Oz(2.04) in the plane and 
with two other oxygen atoms in the bulk, 
These tetrahedra form the zig-zag rows. 
Between them O~(l.63) atoms appear, be- 
ing the apices of Moo6 groups localized be- 
low the surface. The fourth oxygen Ow of 
estimated ZSi = 0.8 may be adsorbed over 
the MO position. On the same site a n-al- 
lylic intermediate may be formed, which in 
turn may incorporate one atom of active 
oxygen Ox to form acrolein. The expected 
selectivity to acrolein is very high (at least 
for shorter contact time) since there is no 
more active oxygen atom in the nearest vi- 
cinity of the adsorption site. At most OY 
adjacent to Ox could probably be inserted 
yielding acrylic acid. Other Ox and Ou and 
adsorbed 0~ are very distant. More oxi- 

dized product could thus appear exclu- 
sively on the condition that adsorption reit- 
erates. However, even in such a case the 
geometry of the plane makes possible the 
interactions of active surface oxygen atoms 
only with lateral carbons of the n-bonded 
C3 molecule and never with the C-C bond. 
Degradation of the C3 branch and total com- 
bustion thus seem impossible. 

It seems of interest to mention that the 
loosely bound lattice Ox and 0~ atoms form 
the rows in the (lOl)/(lOl) planes along 
which easy surface diffusion might proceed 
providing oxygen atoms required for the 
reformation of the exhausted active sites. 

iv. (001) Plane 

The arrangement of atoms on the (001) 
plane is presented in Fig. 5. This plane is 
built of parallel rows of corner-sharing 
squares formed of two Ok(1.98), one 
OL(2.04), and one O~(1.09) with molybde- 
num atoms inside. All five atoms lie on ex- 
actly the same plane. The other oxygen 
ON(0.81) may be adsorbed over the MO po- 
sition. Similarly to the (101) plane on the 
same site a T-allylic intermediate may be 
formed, which in turn may incorporate one 

FIG. 5. (001) plane of MOO, with m-ally1 adsorbed in three different situations (1,2,3) (cf. Fig. 3). 
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atom of active oxygen 0~ to form acrolein 
(Fig. 5, situation 1). Some part of r-allyls or 
preformed acrolein may undergo further 
oxidation to acrylic acid (Fig. 5, situation 2) 
or ($0 product (Fig. 5, situation 3) al- 
ready on the same center, if the adjacent 
MO site is covered with ON. As the ad- 
sorbed propylene may be attacked on one 
center at most by two active oxygen atoms 
initial selectivity to the total combustion 
products is expected to be nought. In con- 
trast, in the case of readsorption all prod- 
ucts of deeper oxidation may appear. Acro- 
lein is thus the main reaction product 
expected for the (001) plane, formed how- 
ever with selectivity inferior to that for the 
(101) plane and decreasing with increasing 
contact time. 

v. (100) Plane 

The structure of the (100) plane (Fig. 6) is 
a bit more complex. It is composed of the 

parallel zig-zag rows of edge-sharing 
squares formed of three OA(l .90) and one 
Os(2.04) or one Oc(2.04) with MO atoms in- 
side. These MO-containing rows are sepa- 
rated by two other rows of On(O.34) and 
Or( 1.63). The above-mentioned atoms to- 
gether form the stoichiometric and flat (100) 
plane. There are two different positions 
above the plane for oxygen atoms complet- 
ing the respective octahedra, namely, 
Or(O.34) and Oo( 1.63). Due to the great dif- 
ference in the bond strength of Oo and On it 
seems more reasonable to assume that the 
(100) plane is actually composed of OA, OB, 
Oc, OE, and Oo (all quoted positions being 
completely filled up) and to consider On 
and Or as adsorption sites, which in part 
may be occupied by oxygen. At the same 
sites, similar to the previously discussed 
planes, propylene may be adsorbed. As 
seen in Fig. 6 each adsorption site in the 
(100) plane is surrounded by two active lat- 

FIG. 6. (100) plane of MOO, with a-ally1 adsorbed in two different situations (1,2) (cf. Fig. 3). 
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tice oxygen atoms (Oo or 0,) and fre- 
quently in addition by one or two active 
adsorbed oxygen atoms (On or Or). The 
probability of the selective oxidation of pro- 
pylene should thus be diminished in favor 
of degradation and total combustion. 

CONCLUSIONS 

The theoretical considerations presented 
in the preceding section of the paper, based 
on the bond-strength model of active sites, 
clearly demonstrate that the population and 
structure of sites active in conversion of 
propylene on MOOS are very differentiated 
if various crystallographic planes are taken 
into account. All discussed planes, i.e. 
(OlO), (lOl), (loo), and (OOl), are endowed 
with oxidative dehydrogenation centers 
(Mo=O groups) on which hydrogen ab- 
straction may take place through hydrogen- 
bonded or through a-bonded intermediates 
(the latter being impossible on the com- 
pletely oxidized (010) plane). As active ox- 
ygen atoms are absent on the (010) plane 
hexadiene and benzene are the only ex- 

TABLE 4 

The Main Products Formed on 
Different Crystallographic Planes of 
Moo3 in Oxidation of Propylene, as 

Results from the Analysis Performed in 
Terms of the Bond-Strength Model of 

Active Sites 

Plane Products 

(010) 

(ioi), (ioi) 

(001) 

WY 

Inactive 
or 
(hexadiene)a 
(benzene)” 

Acrolein 
(acrylic acid) D 

Acrolein 
(acrylic acid) b 
G-w b 
(combustion) b 

Combustion 

0 Minor products. 
b Products expected mainly at longer 

contact time. 

petted products yielded on this plane. In 
contrast, a variety of active oxygens may 
be indicated on the other planes. Some- 
times-as for the (101) plane-they are iso- 
lated, which favors the selective formation 
of acrolein. Sometimes they form groups 
around the adsorption MO-site, which gives 
rise to a yield of more oxidized products. 
Further differentiation of the reaction pat- 
tern is expected when adsorption may reit- 
erate (longer contact time). The final con- 
clusion concerning the product distribution 
on different crystallographic planes is pre- 
sented in Table 4. As seen, it is close to one 
of three possible patterns resulting from ex- 
periments and referred to as E under Anal- 
ysis of Experimental Data. 

Some products indicated in Table 4 (hex- 
adiene, benzene, acrylic acid) have never 
been observed experimentally during oxi- 
dation of propylene on MOO+ This may be 
due to the generally low activity of Moo3 
(low conversion) which is ascribed to the 
low surface area of usually used samples 
and to the difficult abstraction of the first 
hydrogen. If this difficulty was overcome 
by using ally1 iodide (19), remarkable yields 
of acrolein and acrylic acid were observed 
and simultaneously hexadiene and benzene 
appeared in small quantities. 

Quite recently Tatibouet and Germain 
(13) have provided a new example of the 
catalytic anisotropy of Moo3 in the conver- 
sion of methanol. Analysis of these data in 
terms of the bond-strength model of active 
sites will be the subject of a forthcoming 
paper. 

APPENDIX 

According to Brown and Kang Kun Wu 
(18) cation-oxygen bond length (R) and its 
bond strength (8) are related by the equa- 
tion 

s = (y (1) 

where R1 and N are empirical parameters. 
For Mo6+, R = 1.882, N = 6 (18). 
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TABLE 5 

Lengths and Strengths of Mo-0 Bonds in Moo, 

Bond Length Strength 

MO-Q (a) 1.734 1.635 
MO-04 (b) 1.671 2.041 
MO-02 (c) 2.332 0.276 

MO-01’ (d) 2.251 0.342 
2x Mo-02, (e) I.948 0.813 

TABLE 6 

ES, for All Surface Oxygen Atoms Discussed in this 
Paper a 

Oxygen Bonds BS, Oxygen Bonds ZS, 

(100) plane (001) plane 
0.4 e, e, c 1.90 0~ a, d 1.98 

OB b 2.04 0,. b 2.04 

oc b 2.04 0~ c, e 1.09 

OD d 0.34 ON e 0.81 

OE 

: 
1.63 

OF 0.34 (010) plane 
OG a 1.63 Or e, e, c 1.90 

OR a, d 1.98 
OS b 2.04 

(101) or (101) plane 
OX c, e 1.09 oz b 2.04 

OU a 1.63 Ow Estimated 0.8 

a Cf. Figs. 3-6. 

Mo-0 bond length in Moo6 octahedra of 
Moo3 (5) together with their bond strength 
calculated with Eq. (1) are gathered in Ta- 
ble 5. Table 6 summarizes the XSi values 
for all surface oxygen atoms discussed in 
this paper. As the Mo-0 bonds are indexed 

with the letters a-e the coordination of each 
surface oxygen may be easily recognized. 

I. 

2 

8. 

9. 

IO. 

Il. 

12. 

13. 

14. 

15. 

16 

17. 

18. 

19. 
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