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A Structure-Sensitive Oxidation Reaction: Methanol on Molybdenum

Trioxide Catalysts

The vapor phase reaction of diluted
methanol-oxygen mixtures at 200-300°C
and 1 atm was catalyzed on different prepa-
rations of pure (unsupported) molybdenum
trioxide. At low conversion levels, formal-
dehyde (F) and its acetal (M) (oxidation),
and dimethylether (E) (dehydration) are the
only reaction products:

+MeOH
CH0 ———= CH, (OMe),
+0, /(F) (M)
CHaOH
- Hy0
(CHg)p0

(E)

We have shown previously (/) that the
two polymorphic crystalline forms of
MoQ;, hexagonal and orthorhombic, have
quite different catalytic properties. Or-
thorombic MoO; has a low activity but a
high selectivity to oxidation products (F)
and (M); hexagonal MoQ;, highly active, is
less selective for oxidation, and more for
dehydration to (E). In the present note, we
show that various samples of crystalline
orthorombic MoQO; present large differ-
ences of selectivity when the relative extent
of the different exposed crystal faces is
changed: the methanol oxidation is there-
fore a structure-sensitive catalytic reaction
on MoO;.

The catalytic measurements have been
performed in a continuous flow isothermal
reactor with on-line chromatographic anal-
ysis of feed and product gases. A standard
test mixture,

MeOH/O,/He : 8.2/19.7/72 (molar),

was fed to the reactor at 291°C and 1 atm,
the flow rate being such that methanol con-
version did not exceed 5%.
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The measured selectivities to formalde-
hyde (Sg), methylal (§,), and ether (Sg),
and the reaction rate A (M /h - m?) are ‘‘ini-
tial values’ calculated on the number of
moles MeOH converted to these products.

Very pure (Merck) MoO, was submitted
to sublimation; the collected crystals, flat
needles (Fig. 1) 40 um thick (e) were sepa-
rated through appropriate sieves in 4 differ-
ent fractions (S,, S;, S;, Sy according to
their size (length L and width {). A fifth
sample (C) was prepared from the same
MoQ; batch, simply calcined 3 h at 710°C
under O,, lightly ground to separate the
individual microcrystals, and sieved. Crys-
tal shapes and sizes were similar to those of
sample S, above.

A statistical study of microphotographs
made it possible to calculate for each sam-
ple, the average dimensions (L, [, e), the
surface area (S) and the percentage of the
different exposed crystal faces: basal (010),
side (100), apical (001) + (101) (Fig. 1).
Crystallographic orientations were found
by electron diffraction patterns (see
Tables 1 and 3).

Due to the low surface area and activities

Fi1G. 1. Orthorhombic MoQ; crystallite and exposed
faces. L, length; basal planes (010); /, width; side
planes (100); e, thickness; apical planes (001) + (101).
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NOTES

TABLE 1

Selectivities and Percentages of Exposed MoO, Faces

Catalyst (010) (100) oon + (10n A Su Se
(ref) b faces s faces a faces (%) (%) (%)
(%) (%) (%)

S, 69.0 27.6 3.4 65.0 27.1 7.9

S, 77.6 19.4 3.0 76.7 15.7 7.6

Ss 86.6 11.6 1.8 83.7 11.0 5.3

S 90.3 8.0 1.7 89.0 8.0 3.0

C 69.2 29.1 1.7 67.2 28.6 4.2

of these catalysts, large amounts (~2 g) of
each sample were needed in catalytic mea-
surements.

The results are as follows. The initial se-
lectivities to formaldehyde (F), methylal
(M), and dimethyl ether (E) show large
changes with the percentages of exposed
crystal faces (Table 1). Selectivities to for-
maldehyde, methylal and ether clearly fol-
low respectively the percentages of basal
(010), side (100), and apical (001) + (101)
faces.

A quantitative check of these statements
is possible; let us define the intrinsic activi-
ties of each face for each product as in the
square matrix of Table 2. The plots of
Se/Sy vs %b/%s (Fig. 2) and of S5/Sk vs
%a/%b (Fig. 3) are straight lines passing
through the origin; as a consequence (see
Appendix) all terms except diagonal ones in
the matrix of Table 2 are zero:

AMD=AEb=AFs=AEs=AF =Ay2 =0
and the slopes of the two lines (Figs. 2 and
3) indicate:

TABLE 2

Definition of Intrinsic Activities

Product Face
basal side apical
010) (100) (001) + (101)
Formaldehyde Ag? Ag Ag
Methylal AP Ay Ay?
Dimethyl ether AP Agt Ag?

Apb/l = AMS/I = AE8/2.5-

Absolute values of intrinsic activities for
each face may now be calculated since sur-
face area are known (Table 3).

Values of activities should be indepen-
dent of crystal size for each face. Due to the
approximate values of surface areas (aver-
aging process) the dispersion of data is
rather high, with mean values of:

AFb EAMS = 3 X 10_3 M/h ° mz'
Ag? = 8 X 1072 M/h - m2.

Within the expected margin of error, the
intrinsic activity of each face is the same for
all catalysts, including the sample C (not
sublimed).

SE
SM
104
[
slope =1,01
5-1 °
-
o H 0 %b
%s

Fi1G. 2. Ratios of formaldehyde and methylal selec-
tivities (Sg/Sy) vs ratios of basal and side faces
(%b [%s).
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Fi1G. 3. Ratios of dimethyl ether and formaldehyde
selectivities (Sg/Sy) vs ratios of apical and basal faces
(%a /%b).

The results show that the structure sensi-
tivity of methanol oxidation on orthorhom-
bic crystals of MoO; is due to catalytic
specificity of the different exposed faces.
We have found similar effects in ethanol
oxidation (2) where the products are acetal-
dehyde (oxidation), and diethyl ether and
ethylene (dehydration). From the known
structure of MoQ;, (3) we inferred that (010)
faces (cleavage plane) carry active centers
for dehydrogenation (Mo—O groups),
while (100) faces present the same groups
plus Lewis acid centers active for dehydra-
tion. This picture is consistent with the
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present results. Formaldehyde is produced
on the (010) face by oxidative dehydrogena-
tion; the acetal formation, which requires
dehydrogenating and dehydrating centers,
takes place on the bifunctional (100) face:

3CH,0H + 30,— CH,(OCHj,), + 2H,0.

The identification of oxidative dehydro-
genation centers with protruding Mo=0
groups has been proposed by several
groups of workers (4, 5), and the presence
of Lewis acid centers on MoO,; demon-
strated by ir studies (6).

Structure sensitivity of MoQ, (supported
on graphite) was also reported for catalytic
oxidation of propylene (7).

As MoQ, is the basic ingredient of many
oxidation catalysts, this new factor of se-
lectivity could explain particular promoter
or support effects in such systems as
Mo0,-TiO, (8) (benzene oxidation to ma-
leic anhydride) or Bi-Mo-0 (9) (butene ox-
idation to butadiene).

In any event, it is clear that the concept
of structure sensitivity, introduced by
Boudart (10) in metal-catalyzed hydrogen-
hydrocarbon reactions, is now extended to
oxide-catalyzed oxidation reactions.

APPENDIX

Each intrinsic activity Ag, Ay, Ag may be
expressed in terms of a matrix (Table 2);

Ap = %b A + Y%s A@ + %a A&,

AM = %b AMb + %S AMS + %a AMa,
Ap = %b Ag® + %s Ag® + %a Ag?,

TABLE 3

Average Crystal Sizes, Surface Areas, and Activities of the Different Crystal Faces

Catalyst L ! e S AP Ay Ag®
(mm) (mm) (mm) (m?/g) (mM/h - m%) (mM /h - m?% (mM /h - m?)

S, 0.82 0.10 0.04 0.0154 2.3 2.4 5.6

S, 1.05 0.16 0.04 0.0137 3.1 2.5 7.9

S 1.92 0.30 0.04 0.0123 2.6 2.6 8.1

S, 2.14 0.45 0.04 0.0118 5.0 5.1 8.9

C 0.6 0.1 0.04 0.0156 3.4 3.4 8.7
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and the total activity per unit surface area
is:

A= Ap+ Ay + Ag.
Selectivities are, by definition:
Sy = Ap/A; Sy = Au/A; Sg = Ag/A.
Therefore, the ratios of selectivities are:
Se/Su = Ap/Ay: Sg/S = Ag/Ar.

Consider the experimental plot of Fig. 2.
Se/Su = (%b /%s) (slope 1.01) compared
with the theoretical expression of Sg/Sy =
Ag/Ay indicates that:

AFS AFa = 09
Ay = Ay = 0

and AP/AS=1. (D)

Consider also the experimental plot of Fig.
3. S&/Sy = 2.5 (%a /%b) (slope 2.52) com-
pared with the theoretical expression Sg/S¢
= Ag/Ar indicates that:

AEb = AES = 0,
AFS = AFa = 0

and Ag2/APL =2.5. (2

As a supplementary verification, the curves
Se/Sg vs (%b [%a) and Sy/Sg vs (%6s [ %a)
have been found to be straight lines passing
through the origin, with slopes close to 0.4:

AP/Ag® = Ay/Ag2 = 0.4, (3)

This is consistent with the above results (1)
and (2). As a consequence, the matrix of
activities (Table 2) reduces to:

NOTES

b s a
F A 0 0
M 0 Ayt 0
E 0 0 Ag?
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