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Kinetic Isotope Effect in the Selective Oxidation of Methanol to
Formaldehyde over Some Molybdate Catalysts

Over the years, several different rate-de-
termining steps have been proposed by
various researchers for the oxidation of
methanol to formaldehyde over ferric
molybdate/molybdenum trioxide catalysts.
Desorption of the products (/), reoxidation
of the catalyst surface (2), and reaction of
methanol with surface oxygen (3) have
been mentioned. Experimental techniques
and conditions varied, and it was suggested
(1) that especially the temperature could be
an important factor causing the discrepan-
cies.

In order to clarify this issue, we have in-
vestigated Kkinetic isotope effects using par-
tially and fully deuterated methanol,
CH;3;0D, and CD3;OD. Four catalysts were
tested: a commercial Harshaw preparation
containing a 3:1 molar ratio of MoO; and
Fex(Mo00O,);, pure MoOj;, pure Fe,(MoO,)s,
and FeMoO,. Surface areas varied from 2.3
m?/g for MoO; to 6.1 m?¥g for Fey,(MoQ.,),.
Reactants were CH3;OH (>99.5%, UltraR,
Hopkins & Williams), CH;0D (99% D,
Stohler Isotope Chemicals), and CD;OD
(99% D, Merck Sharpe & Dohme Canada
Limited). Typically 3 g of catalyst was used
in a differential reactor with external recy-
cle. Mass and heat transfer were rapid com-
pared to the rate of reaction. The feed gas
contained 2-20% methanol, 5-40% oxy-
gen, and the balance nitrogen. Differential
rates and selectivities were obtained under
steady-state conditions over a wide range of
conversions.

It is assumed (4) that the initial step in the
reaction sequence is the dissociative ad-
sorption of methanol to form a surface
methoxy. This is in agreement with our
product distributions which show dimethyl

ether, methyl formate, and dimethoxymeth-
ane in addition to formaldehyde, carbon
monoxide, and water, especially at low
temperatures and low conversions. If the
rate-limiting step is this dissociative adsorp-
tion of methanol, a kinetic isotope effect
will be observed using either CH;0D or
CD,OD. If the limiting step is the abstrac-
tion of a second hydrogen to form an ad-
sorbed formaldehyde, there will be only an
isotope effect in the case of CD;OD. The
ratios of the rate constants with the differ-
ent methanol feeds were calculated (Table
1). The rate constants were obtained by fit-
ting the data to a rate equation of the power
law type.

The results clearly show that the rate-lim-
iting step on all four catalysts is the abstrac-
tion of a hydrogen from the methyl group.
This is also confirmed by changes in prod-
uct distribution. CH;OH and CH;0D yield
identical product distributions, but in the
case of CDzOD the selectivity to dimethyl
ether increases by a factor of 46, and the
selectivity to formaldehyde decreases. Se-
lectivities to the other products are not very
different and the slight changes can be ex-
plained by differences in methanol conver-
sion. In order to make the ether, no car-
bon-hydrogen bonds need to be broken.
The reason that the rate constants for
CH3OD are somewhat lower than those for
CH;0H is probably the fact that some of
the surface hydroxyl groups now contain
deuterium. The dehydroxylation of the sur-
face, a process that creates the adsorption
sites for methanol, apparently is more diffi-
cult when —OD as well as —~OH groups are
involved. Addition of water to the feed
shows that water has an inhibiting effect on
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TABLE 1

Ratios of Rate Constants Using the Different Methanol Feeds

T kcn,on/ kcu,ou kcn)son/ kcx-l,on T kcn,on/ kCHgOH kcn,on/ kcn;,on
O ¢C)
Harshaw Fey(MoOy)s
20 093 . 200 0.90 0.30
229 0.85 0.25
230 0.92 0.26
260 0.94 0.37 250 0.83 0.28
’ ’ 259 0.83 0.27
MoO,; FeMoOy4
265 0.87 0.15
300 0.96 0.31 270 0.93 0.37
335 0.93 0.37

the reaction rate, presumably due to com-
petitive adsorption.

In a related study (5) using a pulse reac-
tor, it was shown that the rate-limiting step
is the breaking of a carbon—hydrogen bond
over a wide range of temperatures (200-
400°C).
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