JOURNAL OF CATALYSIS 93, 467-470 (1985)

NOTES

Structure Sensitivity of MoO3 in Mild Oxidation of Propylene

Structure sensitivity in the sense that dif-
ferent crystal faces possess different cata-
lytic properties has become a new concept
for oxidation catalysts. We have observed
that MoO; is a structure-sensitive oxide for
the oxidation of propylene (/-3) and of al-
cohols (4, 5), and the work has recently
been extended to the oxidation of 1-butene
and isobutene (6). The results have been
observed simultaneously on graphite-sup-
ported MoO; catalysts and on unsupported
MoO; microcrystals. It has been concluded
that the (100) MoQO; face is specific for al-
lylic oxidation, while the (010) face is spe-
cific for complete oxidation. The impor-
tance of specificity of these planes depends
on the geometry of the olefin, and this has
been interpreted by steric considerations
(6).

Zidtkowski (7) has commented on our
results in the case of propylene oxidation
on graphite-supported MoO- catalysts. In
this Note we make an improvement in the
interpretation of our previous experimental
results (2, 3) and we reply to the article by
Ziotkowski (7).

The preparation of the MoO;/graphite
catalysts has already been described (/-3,
6, 8). The precursor is a Sri Lanka graph-
ite—MoCl;s intercalation compound. Or-
thorhombic MoO; crystals have been ob-
tained by an oxyhydrolysis calcination of
the precursor. The size of the MoOj; crys-
tals differs depending on the temperature
(420-496°C) and the time of heating (661
h). Identification of the different crystal
faces (Fig. 1) has been made by electron
diffraction and scanning electron micros-
copy (3). In this way it has been possible to
measure the mean crystal size in different
planes (denoted by parentheses) and crys-

tallographic directions (denoted by brack-
ets) by a statistical counting for each sam-
ple (Table 1), and to determine the mean
area of the external faces of the MoO; crys-
tals.

_Insofar as the angles between the [101],
[101], and [100] directions are known from
the MoO; structure (Fig. 1), Ziétkowski has
calculated the MoO; crystal dimensions
along [101] + [101], taking into account our
experimental values along the [100] direc-
tion and vice versa (7). These values are
given in Tables 2 and 3, respectively.

The difference observed between the cal-
culated values of Zidétkowski (Tables 2 and
3) and our experimental results (Table 1) is
not very large. The catalytic oxidation of
propylene was studied on our catalysts in
initial kinetic conditions at T = 380°C and
C3;Hg/O,/N, = 100/100/560 Torr. Acrolein
and CO, were the major products. Since
ethanal and propanal were minor products,
they are not considered in the further calcu-
lations.

Intrinsic activities (A4,) are generally ex-
pressed as the activity for formation of
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Fi1G. 1. Identification of the different crystal faces by
electron diffraction and scanning electron microscopy.
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TABLE 1

Mean Lengths of MoO; Crystals (um) Measured on
the Oriented MoO;/Graphite Catalysts in Different
Planes ( ) and Directions [ ]

Sample? [010] (100) (001) (010)  (101) and (101)
[0011 [100] [100]  [101] [101]
420-6 1 18 0 6 8
420-61 4 40 0 13 20
471-6 6 20 0 12 14
496-6 2.5 9 0 6
496-61 1.5 5 3 3 0

2 From Refs. (/-3).

% The first number refers to the temperature of calcination in
°C and the second to the time (in hours) of heating at this
temperature.

product X by a specific surface unit. If we
assume that the intrinsic activity depends
on the crystallographic faces, but is con-
stant on each face, it is possible to deter-
mine an intrinsic activity relative to a spe-
cific face. For example, A2 is relative to the
intrinsic activity for the formation of prod-
uct X on face a (units of mol h~! m~2). For
acrolein and carbon dioxide formation, it
can be expressed as follows:

Ascro = aAgcro + BAzcro + 'yAgcro
ACOZ = aA‘éOz + BASCOZ + ’yA%Oz

a, 3, and vy are the relative contributions of
the three faces to the total surface (o + 8 +
v = 1), respectively, for basal (b), side (s),

and apical (a) faces. A%%? and A‘é’é’za are the

TABLE 2

Variation of the Mean Length of the MoO, Crystals
Calculated by Ziétkowski (7) from the Measured
Values by Volta et al.*

NOTES

intrinsic activities for the formation of acro-
lein (acro) and carbon dioxide (COy) onb, s,
and a faces.

In practice, it is not possible to measure
the intrinsic activities directly because the
active MoO; area of the MoQO;/graphite
samples is not known, but we can express
selectivities as

= Aucro/Awota and  Sco, = Aco,/Acotal-

The ratio of selectivities is then

Sacro

Sacro — Aacro
Sco, Aco,

(independent of total activity Al
and
Sacro _ aAgcro + BAjcro + YAdcro =Y ()
SCOZ aAtéOz + BA%OZ + yAaCOZ

IfbAgcro/Al():OZ = Xi, Aesxcro/Até02 = X3, Afer/
Ao, = X3, Ato,/ARo, = Xy, Abo/Abo, =
Xs, and B/a = ry, yla = r;, Eq. (1) becomes
y = X] + r1X2 + r2X3‘

- 1+ I"]X4 + r2X5

The optimization will be obtained by the
least-squares method (Z(Yexp — Yearr)? = A?
minimum), simultaneously for X, X,, and
X; which gives a system of three equations
which permits us to calculate X, X,, Xj,
and A? as a function of the experimental
parameters and X,, X5. A numerical calcu-
lation by iteration, made with a HP 9820 A

TABLE 3

Variation of the Mean Length of the MoO; Crystals
Calculated by Zi6étkowski (7) from the Measured
Values by Volta et al.®

Sample [010] (100) (001) (010)  (101) and (101)® Sample [010] (100) (001) (010)  (101) and (101)
[001] [100] [100] [101)¢ [101]° {001] [100] [100}*  [101] [101]
420-6 1 18 0 6 8.20 420-6 1 18 0 5.85 8
420-61 4 40 0 13 17.77 420-61 4 40 0 14.63 20
471-6 6 20 0 12 16.40 471-6 6 20 0 10.24 14
496-6 2.5 9 0 6 8.20 496-6 2.5 9 0 4.38 0
496-61 1.5 5 3 3 0 496-61 1.5 5 3 3 0

2 From Refs. (/-3).
b Calculated from the experimental value of [100] in (010) of
Table 1 (Refs. 1-3).

¢ From Refs. (1-3). _
& Calculated from the experimental value of [101] in (101)
and [101] in (101) of Table 1 (Refs. 1-3).
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TABLE 4

Initial Selectivities and Contribution of the Different
Exposed MoO; Faces in Catalysis of Propylene
Oxidation at T = 380°C, C;H¢/O,/N, = 100/100/560
Torr and Conversion <1%

Sample: 420-6  420-61 471-6 4966  496-61
Sacro: 244 32.8 42.0 41.6 52.0
Scoy: 62.9 55.7 44.0 44.2 36.0
% (100}
Volta ef al. (Table 1) 10 16 18 18 28
Ziotkowski I (Table 2) 12 19 23 20 28
Ziotkowski II (Table 3) 12 17 26 26 28
% (010)
Volta et al. (Table 1) 85 76 61 64 55
Ziétkowski 1 (Table 2) 83 72 58 62 55
Ziétkowski II (Table 3) 82 74 55 56 S5
% (101) and (101)
Volta et al. (Table 1) 5 8 21 18 0
Ziétkowski I (Table 2) 5 9 19 18 0
Ziétkowski 11 (Table 3) 5 9 18 18 0
% (001)
Volta et al. [ 0 0 0 17

calculator, allows us to determine by X, in-
crementation (X5 being fixed), the values of
X, X,, X3, and X, corresponding to a mini-
mum of A2. This calculation can be iterated
after incrementation of X5, which gives a
new minimum for A%, and so on. The final
values will be those corresponding to a min-
imum of the minimum of A? = f(X,) with
positive values for the X;s. A negative
value for the parameter X; indicates a re-
verse reaction which cannot occur in our
kinetic conditions.

This method allows us to optimize simul-
taneously all X; parameters. It is then not
necessary to postulate a restrictive hypoth-
esis such as Ziotkowski does in order to
determine correlations between the nature
of faces and intrinsic activities.

The results of our calculation with our
experimental values and calculated values
of Ziotkowski (7) (Table 4) are summarized
below:

Our results (Table 4). X, = 0.063, X, =
2.264, X3 = 0.7, X, = 0, X5 = 0, which,
taking Ao, = 1 as a reference, gives A%, =
0.1; Adero = 2-3;A:cro =0; AEOZ = I;A%Oz =
Ato, = 0. It appears that acrolein is princi-
pally formed on the (100) side face. CO, is
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formed exclusively on the (010) basal face.
The agreement between experiment and
simulation is very good as can be seen in
Fig. 2.

Results of Zictkowski I (Table 4). X, =
-0.07; X, =2.81; X3 =0.08; X, = 0; X5 = 0;
which with Ao, = 1 gives Ao = 0; Asero =
2.8; Adcro = 0-1;Aléoz = 1; Ao, = Ato, = 0.
These results are very close to ours (see
previously), acrolein being formed on the
(100) face and CO; on the (010) face.

Results of Ziotkowski Il (Table 4). No
significance can be found with these
results, because the values of X; are not si-
multaneously positive. For example, a cor-
relation is found for X; = —0.3; X, = 7.9, X;
= —7.9; X4 = “0.2; X5 =0.

Ziotkowski’s calculation may then be re-
jected. Restrictive hypothesis:

—(001) and (101) + (101) inactive or
(100), (001), and (101) + (101) faces equiva-
lent are not necessary.

—(100) face inactive or (010) face inac-
tive are in opposition with the experimental
results.

In conclusion, if we refer the intrinsic ac-
tivities of the MoO; crystal faces to that of
CO, being exclusively formed on the basal
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F1G. 2. Formation of acrolein on the (100) side face
and CO, on the (010) basal face. (@) Experimental, (+)
simulation.
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Fi1G. 3. Structure of the (100) MoO; face. Acidic
Lewis Mo, and dehydrogenating Mo, centers shown.

(010) face, it appears from the previous
considerations that, in all cases, acrolein is
mainly formed on the side (100) face. This
result supports our previous conclusions
(1-3).

The specific activity of the (100) MoO;
face for allylic oxidation has now been ex-
tended to the case of isobutene and 1-bu-
tene oxidation (6). This can be explained by
the peculiar structure of this face (Fig. 3).
Indeed under catalytic conditions, two
types of molybdenum centers have to be
considered on this face:

() Acidic Lewis Mo, centers: these sites
correspond to uncoordinated Mo cations
associated with the breaking of the long
Mo-O bonds (2.25 A), a situation which
can be postulated under reaction condi-
tions.

(ii) Dehydrogenating Mo, centers: these
sites are associated with the short Mo-O
bond (1.73 A) with a double-bond character
equivalent to that observed in the (010) face
(the Mo=0 bond length is 1.67 A in this
face).

Allylic oxidation should first proceed by
the chemisorption of olefin (basic reagent)
on the acidic Mo, centers and the further
capture of an allylic H atom on the dehy-
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drogenating Mo, centers. Models have been
constructed which support this view (6).
Moreover, the bifunctional character of the
(100) face has been evidenced in the case of
alcohol oxidation (9, 10).
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