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The kinetics of methanol oxidation to formaldehyde was studied
over an iron molybdenum oxide catalyst in a continuous flow
reactor with external recycling at temperatures of 200–300◦C. The
kinetics of the reaction were well described by a power law rate ex-
pression of the form r = k Px

CH3OHPy
O2

Pz
H2O, where x = 0.94 ± 0.06,

y = 0.10 ± 0.05, and z = −0.45 ± 0.07. The measured activation en-
ergy was 98 ± 6 kJ/mol. When product inhibition by water vapor is
not taken into account in such a power law kinetic rate expression,
the apparent reaction orders in methanol and oxygen, x′ and y′,
and the activation energy E′ are all lower than their true values:
x′ = (1−δ)x, y′ = (1−δ)y, and E′ = (1−δ)E, where δ = −z/(1−z).
Methanol chemisorbs dissociatively to form methoxy and hydroxyl
groups, and the rate-determining step is the decomposition of
the methoxy intermediate. Product inhibition occurs through
kinetic coupling, whereby water vapor chemisorbs dissociatively
to form hydroxyl groups, which serve to reduce the steady state
concentration of methoxy groups on the catalyst surface by reacting
with them to reform methanol. c© 1996 Academic Press, Inc.

INTRODUCTION

The oxidation of methanol to formaldehyde

CH3OH + 1
2 O2 = CH2O + H2O

is carried out industrially over a catalyst consisting of a mix-
ture of ferric molybdate, Fe2(MoO4)3, and molybdenum tri-
oxide, MoO3. The process is carried out in excess air at tem-
peratures around 350◦C in multitubular fixed bed reactors.
Conversion of methanol is nearly complete and the selec-
tivity to formaldehyde is about 94% (1, 2).

The kinetics of methanol oxidation over iron molybde-
num oxide catalysts has been the focus of several previ-
ous studies (3–12). Additional studies, most using model
MoO3 catalysts, have addressed the reaction mechanism
(13–24). Many other metal molybdates also catalyze the re-
action (25–31), and the active sites are widely believed to
be associated with surface Mo atoms for all of these cata-
lysts. Methanol adsorption at these sites results in surface
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methoxy groups, –OCH3, as first proposed by Pernicone
et al. (23) and confirmed by Groff (13). The rate-deter-
mining step involves the breakage of a C–H bond, as in-
dicated by a strong kinetic isotope effect for CD3OD rela-
tive to CH3OH, but only a weak kinetic isotope effect for
CH3OD relative to CH3OH (32, 33). Water is not strongly
adsorbed (34, 35) and hydroxyl groups readily desorb as
water (13). In spite of this, as first noted by Pernicone et al.
(36), the rate is inhibited by water vapor even at low water
vapor partial pressures. This product inhibition has been
confirmed since then in several studies (3, 23, 27, 28).

The primary side product of the reaction is carbon
monoxide at commercial conditions (1, 2, 27). Other side
products are methyl formate [HCOOCH3], dimethoxy-
methane [(CH3O)2CH2], and dimethyl ether [(CH3)2O],
but these are formed in appreciable quantities only at
low temperatures (25, 27, 37). Selectivities to dimethoxy-
methane and dimethyl ether decrease with increasing
methanol conversion and are lower when water is added
to the feed stream. The same products and reaction rates
are obtained in pulse experiments in the presence and ab-
sence of gas phase oxygen (23), indicating that lattice oxy-
gen can participate in the reaction. However, the selectivity
to formaldehyde decreases as the catalyst surface is reduced
(16, 24).

EXPERIMENTAL

Measurements of the rate of methanol oxidation to
formaldehyde were obtained with an iron molybdate cata-
lyst with a molar ratio of MoO3 and Fe2(MoO4)3 phases
of 1.7 and a BET surface area of 5.9 m2/g. Experiments
were performed in a continuous flow reactor with exter-
nal recycling and on-line gas chromatographic analysis of
both the reactants and the products, as described previously
(27). Feed flow rates were in the range 30–400 sccm and the
recycle flow rate was 3000 sccm, yielding recycle ratios of
7.5–100. Thus the reactor was well mixed and differential
conversions per pass were obtained. Tests and calculations
indicated an absence of heat and mass transfer effects. The
experiments were done under widely varying conditions of
feed-gas composition, temperature, and catalyst weight. A
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total of 72 runs was obtained with the following range of
conditions: reactor temperature 200–300◦C, catalyst weight
1.0–6.0 g, and partial pressures in the reactor of 0.07–42 kPa
for methanol, 0.4–119 kPa for oxygen, 0.6–33 kPa for wa-
ter, and 0.1–11 kPa for formaldehyde. Total pressure was
122 kPa with nitrogen being used as the inert gas. In most
experiments, water was fed to the reactor in addition to the
methanol, oxygen, and nitrogen.

RESULTS

The conversion of methanol varied from 0.2 to 95%.
Formaldehyde was always the predominant product with
maximum selectivities (defined as moles of products per
mole of methanol reacted) of 0.06 for carbon monoxide,
0.01 for carbon dioxide, 0.04 for dimethyl ether, and 0.05
for methyl formate. The rate of reaction to formaldehyde
was well described by a power law kinetic rate expression
of the form r = k Px

CH3OH Py
O2

Pz
H2O, where x = 0.94 ± 0.06,

y = 0.10 ± 0.05, and z = −0.45 ± 0.07. The rate was inde-
pendent of formaldehyde partial pressure. The measured
activation energy was 98 ± 6 kJ/mol. At 250◦C, with a
methanol partial pressure of 10 kPa, a water vapor partial
pressure of 10 kPa, and an oxygen partial pressure of
20 kPa, the rate of reaction was 3.8 × 10−7 mole/m2/s.
Assuming a site density for methanol adsorption of
1.6 × 1018 m2, as measured for Fe2(MoO4)3 (14), this
corresponds to a turnover rate of 0.14 s.

DISCUSSION

Effect of Product Inhibition on the Determination
of Kinetic Parameters

At first it would appear that the use of a differential reac-
tor with external recycle would always yield the correct ki-
netic results: reaction orders, activation energy, and kinetic
isotope effect. However, as shown below, this is not true for
a reaction inhibited by a product when that product has not
been included in the rate expression. We use the methanol
oxidation reaction as an example, but the method is general
and applies equally to other reactions described by power
law kinetic rate expressions with product inhibition.

In the discussion below, we use the term “true” to refer
to the kinetic parameters calculated for the case where the
inhibition component, in this case water, has been included
in the rate expression, and the term “apparent” to refer to
kinetic parameters calculated for the case where this term
has been omitted from the rate expression.

For the methanol oxidation reaction, the true rate ex-
pression is of the form

r = k Px
CH3OH Py

O2
Pz

H2O, [1]

where r [mol/m2/s] is the rate per unit surface area, Pi [kPa]

is the partial pressure of (i), k [mol/kPax+y+z/m2/s] is the
true rate constant, and x, y, and z are the true reaction orders
in CH3OH, O2, and H2O, respectively. When inhibition by
water vapor is not considered, the apparent rate expression
is of the form

r = k′ Px′
CH3OH Py′

O2
, [2]

where k′ [mol/kPax′+y′
/m2/s] is the apparent rate constant,

and x′ and y′ are the apparent reaction orders in CH3OH
and O2, respectively.

Experimentally, in the absence of side reactions, the
rate can be determined by measuring the mole fraction of
formaldehyde xCH2O or water xH2O in the product stream:

r = FxCH2O/A = FxH2O/A, [3]

where F [mol/s] is the molar flow rate into or out of the
recirculation loop and A [m2] is the total surface area of the
catalyst charge, which is related to the specific surface area
a [m2/g] and the catalyst charge W [g] by A = aW.

Equation [3] can also be expressed as

r = F PH2O/AP, [4]

where P [kPa] is the total pressure. Equating Eqs. [1] and [4]
yields the partial pressure of water vapor in the recirculating
reactor loop when there is no water in the feed stream

PH2O = (k Px
CH3OH Py

O2
AP/F)1/(1−z). [5]

Substituting Eq. [5] into Eq. [1] yields the apparent rate ex-
pression in terms of the methanol and oxygen partial pres-
sures within the reactor

r = k1−δ Px(1−δ)
CH3OH Py(1−δ)

O2
(F/AP)δ, [6]

where δ = −z/(1 − z).
Comparing Eqs. [2] and [6] yields the relationship be-

tween the true and apparent kinetic values when water in-
hibition has been ignored:

x′ = x(1 − δ), [7]

y′ = y(1 − δ), [8]

k′ = k1−δ(F/AP)δ. [9]

From Eq. [9], the true activation energy E and the apparent
activation energy E′ are related by

E′ = (1 − δ)E, [10]

while the true and apparent kinetic isotope effects, defined
as the relative rate constants for deuterated species com-
pared to their protonated counterparts, are related by

(kD/kH )′ = (kD/kH )1−δ. [11]
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If in fact there is no water inhibition (that is, z = 0), the
apparent values equal the true ones.

When the rate is described by a power law kinetic rate
expression with product inhibition, the result of neglect-
ing that product inhibition in fitting kinetic parameters is
that the experimentally determined apparent reaction or-
ders in the reactant gases and activation energies are all
smaller than the true values, while apparent kinetic isotope
effects are less pronounced. The above discussion of the
effect of product inhibition on measured kinetic parame-
ters for power law kinetic rate expressions is general and
can be applied to other reactions. The analysis has focused
on a differential reactor with external recycling and a small
gas feed and withdrawal. Similar effects occur in integral
single-pass flow-through reactors (38).

The assumption that product inhibition is negligible in
a kinetic study can be readily tested by adding an amount
of product greater than that produced by the reaction to
the feed stream and comparing the rate to that measured
in the absence of product addition. The rates will be identi-
cal when product inhibition does not occur. Often, product
addition to the feed stream is experimentally inconvenient
or results in analytical complications in rate determination.
This is necessarily the case when there is only one prod-
uct produced in the reaction, such as in the formation of
ammonia from nitrogen and hydrogen. Equation [9] pro-
vides a second method to check for the presence of product
inhibition. When product inhibition is present (δ > 0), the
measured rate increases with flow rate into the loop F when
all other factors are held constant. When there is no prod-
uct inhibition (δ = 0), and in the absence of external mass
transfer limitations, the measured rate is independent of
the flow rate F.

Application to Kinetic Studies

In the present study, a power law rate expression was
found to fit the kinetic data well, and the following kinetic
parameters were obtained: x = 0.94, y = 0.10, z = −0.45,
and E = 98 kJ/mol. In the absence of a water addition to
the feed stream and without including the water vapor in-
hibition term in the rate equation, the following apparent
kinetic parameters are predicted from Eqs. [7], [8], and [10]:
x′ = 0.65, y′ = 0.07, and E′ = 68 kJ/mol.

In a previous study of methanol oxidation in a flow-
through reactor with external recycling (27), reaction or-
ders for methanol and oxygen and activation energies were
calculated for several iron molybdate catalysts without con-
sideration of the inhibition by water vapor and without
water vapor in the feed stream, yielding x′ = 0.39–0.61,
y′ = 0.03–0.14, and E′ = 69–79 kJ/mol. The above analysis
indicates that these kinetic parameters are apparent kinetic
parameters rather than true ones. The analysis also sug-
gests that kinetic parameters calculated in previous stud-
ies (5–8, 37) without incorporation of water vapor in the

rate equation and without adding water vapor to the feed
stream are also not true kinetic values. The activation en-
ergies for iron–molybdenum oxide catalysts ranged from
54–79 kJ/mol in those studies, values which are all less than
the true activation energy of 98 ± 6 kJ/mol measured here.
This is in accord with the expectations from Eq. [10] for an
apparent activation energy.

The kinetic isotope effect for methanol oxidation
has been measured using methanol/oxygen feed streams
and without consideration of inhibition by water va-
por (32). At 260◦C, kinetic isotope effects over a com-
mercial iron molybdate catalyst were reported as follows:
k′

CH3OD/k′
CH3OH = 0.94 and k′

CD3OD/k′
CH3OH = 0.37. Since

there was no consideration of the effect of inhibition by wa-
ter vapor in these studies, these results represent apparent
rather than true values. Equation [11] allows us to estimate
the expected true value of the kinetic isotope effect when
the reaction is carried out under controlled conditions of
CD3OD, D2O, and O2 relative to CH3OH, H2O, and O2, and
for z = −0.45, kCD3OD/kCH3OH = 0.24. Calculating the true
kinetic isotope effect kCH3OD/kCH3OH is more difficult, since
oxidation of CH3OD leads to a mixture of H2O, HDO, and
D2O with H/D = 1.0. Indeed, we might expect slightly dif-
ferent rates for CH3OD/H2O/O2 and CH3OD/D2O/O2 feed
streams. In any case, we expect k′

CH3OD/k′
CH3OH to fall be-

tween the measured value of 0.94 and the calculated value
from Eq. [11] of 0.91. Both of these values differ only slightly
from unity, supporting the original conclusion that break-
age of an O–H bond is not the rate-determining step.

Reaction Mechanism

The mechanism of methanol oxidation is widely believed
to occur through the dissociative reactive adsorption of
methanol with a surface oxygen atom to form methoxy and
hydroxyl groups, followed by the reaction of the methoxy
intermediate with a second surface oxygen atom to form
formaldehyde and a second hydroxyl. Reaction of the two
hydroxyl groups leads to the formation of water. Dissocia-
tive adsorption of dioxygen completes the redox cycle. This
reaction mechanism is in general agreement with the mech-
anism of partial oxidation of hydrocarbons catalyzed by
metal oxides first proposed by Mars and van Krevelen (39).

A variety of specific steps has been proposed regarding
the details of the bonding of methanol and hydroxyl groups
on the surface. Pernicone et al. (23) propose that the adsorp-
tion step occurs at a single oxo site:

,
Mo
‖O

l
+ CH3OH »º

HO
l

,
Mo,
l

OCH3

Ab initio quantum chemical calculations by Allison and
Goddard (40, 41) indicate that adsorption onto single oxo
sites is energetically unfavored, and that the adsorption
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occurs on dioxo sites:

O
ll

,
Mo
,,

l

O

+ CH3OH »º

O
ll

,
Mo
|OH
,

l

OCH3

The authors propose that the (010) surface of MoO3 is com-
prised of such dioxo sites, and they suggest that this is the
active surface for methanol oxidation. However, Ohuchi
et al. (42) have carried out methanol adsorption experi-
ments on MoO3 single crystals and shown that CH3OH does
not adsorb on the (010) surface. Chowdhry et al. (14) pro-
pose that the reaction occurs at coordinately unsaturated
metal atom sites, which do not form on (010) surface but
do form on (100) and (001) surfaces. MoO3 is a layered ma-
terial, and the bulk structure and six-fold coordination of
molybdenum are maintained at the (010) surface, while the
layer edge surfaces expose molybdenum sites with lower
coordination even though molybdenum remains in the + 6
oxidation state (19). If the reaction takes place at coordi-
nately unsaturated sites, the step can be written schemati-
cally as (27, 28)

—Mo
‖O

—O—Mo
|

—O—Mo
‖O

— + CH3OH »º

—Mo
|OH

—O—Mo
|OCH3

—O—Mo
‖O

—

The alternating dioxo sites and surface oxygen vacancies in
such a representation are consistent with cleavage of bulk
MoO3 to form (100) and (001) surfaces. However, such sur-
faces may be energetically unfavored and undergo signif-
icant surface reconstruction. In this event, the details of
the bonding of adsorbed species would vary accordingly. In
the above representation, all of the Mo sites may be fully
oxidized to Mo+6 under reaction conditions, or alternately,
in the case of a partially reduced surface the reaction may
occur on Mo+5 sites, as suggested by Niwa et al. (43).

Irrespective of the specific identity of the adsorption site,
the methanol adsorption process involves two entities, a
metal atom site to which the methoxy group is bound and
an oxygen atom site to which the hydrogen atom is bound
as a hydroxyl group. The equilibrated methanol adsorption
step can be represented as

(1) CH3OH + M∗ + O∗ »º©K1

M∗–OCH3 + O∗–H.

Water adsorption is expected to proceed in a manner similar
to methanol adsorption:

(2) H2O + M∗ + O∗ »º©K2

M∗–OH + O∗–H

The rate-determining step in the oxidation of methanol
to formaldehyde is the conversion of the methoxy interme-
diate to formaldehyde through abstraction of a hydrogen
atom (14, 15). Ab initio quantum chemical calculations by

Allison and Goddard (40, 41) suggest that the hydrogen
atom is abstracted by a neighboring oxo site, and most other
proposed mechanisms assume similar processes involving
nearby oxygen atoms (4, 15, 18, 37, 43). Studies on sup-
ported MoO3 catalysts indicate the need for more than one
site for the reaction to proceed (44, 45). Ab initio quantum
mechanical calculations by Weber (46) indicate that hydride
abstraction is catalyzed by the metal atom site itself. Once
abstracted, the hydrogen atom quickly reacts with a nearby
oxygen atom to form a hydroxyl group.

In proceeding, we will assume that the concentrations of
adsorbed methoxy and hydroxyl species are small and the
surface is rapidly reoxidized. Then the concentrations of
empty metal atom sites (M*) and oxygen atom sites (O*)
are independent of process conditions. The hydrogen atom
abstraction step is rate-determining and irreversible, and it
can be represented as

(3a) M∗–OCH3 + O∗ —·
∧

→
k3

CH2O + M∗ + O∗–H

or

(3b) M∗–OCH3 —·
∧

→
k3

CH2O + M∗–H

In either case, the turnover rate per metal atom site v can
be expressed as

v = k3 θOCH3 , [12]

and it is first order in the fractional surface coverage of
metal atom sites with adsorbed methoxy θOCH3 .

In order to complete the derivation of the rate equa-
tion, we must derive an expression for θOCH3 in terms of the
partial pressures of the reactants. Before proceeding, the
question arises as to whether M*–OH and O*–H represent
the same entity. In the case of bonding at an oxo or dioxo
site, the bonding of the two hydroxyl groups would appear
to be equivalent, while for bonding at a coordinately unsat-
urated site they might not be. We will proceed below along
two lines, first considering the case where the metal atom
and oxygen atom sites are distinct entities, and second the
case where the oxygen and metal atom sites are equiva-
lent in the sense that upon adsorption of water, adsorbed
M*–OH and O*–H represent the same entity. For both cases,
we will analyze the case where the surface coverages by ad-
sorbed species are small.

If the sites are not equivalent, we expect an equilibrated
reaction of the form

(4) M∗–OH + »º©K4

M∗ + O∗–H,

where represents an oxygen vacancy at an oxygen atom
site. A similar reaction will relate the coverages of both
types of sites with methoxy groups. We will use θ i and φi

to represent the fractional surface coverages of (i) on the
metal and oxygen atom sites, respectively. Thus the frac-
tional surface coverage of hydroxyl groups on the metal
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atom sites is represented by θOH, while that on the oxygen
atom sites is represented by φH. The surface coverages of
hydroxyl groups on the oxygen and metal atom sites are
related through the equilibrium relationship

φH = K4 θOHφV, [13]

where φV represents an oxygen vacancy at an oxygen atom
site. From Step (2), the concentrations of surface hydroxyl
groups on the metal atom and oxygen atom sites are related
to the water vapor partial pressure by

φHθOH = K2 PH2O. [14]

The surface is reoxidized through the reaction

(5) O2 + 2 »º©K5

2O∗

and the fraction of oxygen atom sites which are vacant is
related to the oxygen partial pressure by

φV = 1

K 1/2
5 P1/2

O2

. [15]

Combining Eqs. [13]–[15] yields

φH = (K2K4)
1/2

K 1/4
5

P1/2
H2O

P1/4
O2

, [16]

θOH = (K2/K4)
1/2K 1/4

5 P1/2
H2O P1/4

O2
. [17]

From Step (1), the surface coverage of methoxy groups
on the metal atom sites θOCH3 is related to the methanol
partial pressure and the surface concentration of hydroxyl
groups on the oxygen atom sites φH by

θOCH3 = K1 PCH3OH/φH. [18]

Substituting Eq. [16] for φH yields

θOCH3 = K1K 1/4
5

(K2K4)1/2

PCH3OH P1/4
O2

P1/2
H2O

. [19]

From Eq. [12], the turnover rate in terms of the partial
pressures of methanol, oxygen, and water vapor is

v = k3
K1K 1/4

5

(K2K4)1/2

PCH3OH P1/4
O2

P1/2
H2O

. [20]

The reaction is inhibited by water vapor and the ratio of the
reaction orders in methanol and water vapor is −2.

Next we consider the case where, upon adsorption, O*–H
and O*–CH3 represent the same entities as M*–OH and
M*–OCH3. We assume that low coverage of adsorbed hy-
droxyl and methoxy species translates to a surface in which
the ratio of O* and M* is fixed. This corresponds, for ex-
ample, to the case of a fully oxidized surface in which all

of the Mo atoms have been oxidized to Mo+6 and in which
partially coordinated sites are still present. We use the rep-
resentation θ i to describe the fractional surface coverage of
(i), and θOH represents all hydroxyl groups. Taking into ac-
count the equivalency of M*–OH and O*–H, equilibration
of Step (2) yields

θOH = K 1/2
2 P1/2

H2O, [21]

while equilibration of Step (1) combined with Eq. [21] yields

θOCH3 = K1

K 1/2
2

PCH3OH

P1/2
H2O

. [22]

Substituting Eq. [22] into Eq. [12] yields the turnover rate

v = k3
K1

K 1/2
2

PCH3OH

P1/2
H2O

. [23]

As can be seen from Eqs. [20] and [23], the ratio of the
reaction orders in methanol and water vapor is −2 irre-
spective of our assumptions concerning whether M* and
O* remain distinguishable types of sites upon adsorption
of methanol or water vapor. This value results from the as-
sumption of equilibrated adsorption of methanol and wa-
ter vapor, combined with the fact that adsorption of wa-
ter vapor yields two hydroxyl groups while adsorption of
methanol results in only one. The reaction order in oxygen
differs slightly for the two models.

In deriving the above rate expressions, it has been im-
plicitly assumed that reoxidation of the surface is rapid
and that the steps leading to desorption of adsorbed water
are identical to those leading to desorption as water of the
two hydroxyl groups left behind on the surface following
the conversion of methanol to formaldehyde. The equiva-
lency of these two processes is not certain, since water ad-
sorption/desorption does not reduce the surface, whereas
methanol oxidation to formaldehyde with evolution of wa-
ter does. Thus, the overall reaction may be more complex
than the steps leading to Eqs. [20] and [23] would suggest.
The rate equations have also been derived with the assump-
tion that the surface coverages of adsorbed hydroxyl and
methoxy species are low. This assumption appears to be
valid above 200◦C. Below 200◦C, additional effects from
competitive adsorption may influence the kinetics, further
complicating the rate expression. Finally, the derivations
of Eqs. [20] and [23] are based on uniform surface kinet-
ics. The adsorption of methanol on MoO3 is well described
by the Elovich equation (14), indicating that the heat of
adsorption decreases about linearly with surface coverage.
Consideration of surface nonuniformity leads to power law
rate expressions with fractional reaction orders in methanol
and water vapor of magnitude less than 1 and 1/2, yet with
their ratio remaining −2 (47).
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Kinetic Coupling

The main point resulting from the derivation of Eqs. [20]
and [23] is that inhibition of the methanol oxidation reac-
tion by water vapor is a natural outcome of previously pro-
posed reaction mechanisms. This inhibition occurs from the
effect of water vapor on the steady state concentration of
adsorbed methoxy groups. Product inhibition in this man-
ner has been termed “kinetic coupling” by Boudart (48).
Direct dehydrogenation of methanol to formaldehyde and
dihydrogen is limited by thermodynamics at low tempera-
tures. Oxygen acts to scavenge hydrogen atoms adsorbed as
hydroxyl groups, forming water. Removal of the hydroxyl
groups from the surface allows for further adsorption of
methanol and for the overall reaction to proceed. Gas phase
oxygen plays no direct role in the rate-determining step.
Adsorbed or lattice oxygen can contribute equally to the
removal of hydroxyl groups, and the reaction proceeds tem-
porarily in the absence of dioxygen, resulting in partial re-
duction of the catalyst (16).

In many reactions, product inhibition occurs through site
blockage resulting from competitive adsorption, and this
has previously been assumed to be the mechanism through
which water inhibits the rate for methanol oxidation (3, 12,
23, 27, 32). While methanol and water vapor adsorb in simi-
lar manners on similar sites, as discussed above, the bonding
of methanol is much stronger. The lack of significant adsorp-
tion of water under reaction conditions was first noted by
Farne and Pernicone (34). More recent results by Chung
et al. (35) confirm that site occupancy by water vapor on
MoO3 is low above 200◦C. Thus site blockage by adsorbed
water does not appear to be significant under commercial
operating conditions (300–350◦C). However, at tempera-
tures below 200◦C site blockage by water adsorption may
be an additional contributing factor to product inhibition.

Consistency with Other Experimental Results

Selectivities to dimethyl ether and dimethoxymethane
from methanol/oxygen feed streams without water are high-
est at low methanol conversions and low temperatures
(4, 27), and they decrease strongly when water vapor is
added to the feed stream. Chung et al. (49) and Machiels
et al. (28) have described plausible reaction sequences lead-
ing to these side products. These sequences involve reac-
tions between adsorbed methoxy groups, and their rates
are at least second order in θOCH3. Since formaldehyde for-
mation is first order in θOCH3, selectivities to these side prod-
ucts increase with increasing concentration of adsorbed
methoxy. High water vapor partial pressure, present at high
methanol conversions or when water is added to the feed
stream, decreases θOCH3 (Eqs. [19] and [22]) and, corre-
spondingly, the selectivities to these two side products.

As the kinetic rate expression is written in Eq. [23] for
the case of equivalent hydroxyl groups on metal atom

and oxygen atom sites, the small kinetic isotope effect
kCH3OD/kCH3OH

∼= 0.91–0.94 results from the small changes
in K1 and K2 for protonated and deuterated species. The
much larger kinetic isotope effect kCD3OD/kCH3OH

∼= 0.24
can be attributed primarily to the difference in the rate con-
stant k3 for breakage of a C–H bond compared to a C–D
bond, although it too contains smaller contributions from
K1 and K2. The activation energy is

E = E3 + 1H1 − 1
21H2, [24]

where E3 is the activation energy for conversion of the
methoxy intermediate to formaldehyde, −1H1 is the heat
of adsorption of methanol, and −1H2 is the heat of adsorp-
tion of water. The experimentally measured rate expression
differs slightly from Eq. [23]. In particular, the reaction or-
der in oxygen, while small, is nonzero. Thus, there are also
additional small contributions to the activation energy be-
yond those considered in Eq. [24].

The oxidation of other alcohols by molybdenum oxide-
based catalysts proceeds along similar lines as methanol
oxidation. Farneth et al. (18) have studied the oxidation
of methanol, ethanol, 2-propanol, and tertiary butyl al-
cohol on MoO3 by temperature programmed reaction of
the adsorbed alcohols. Due to steric hindrance, the sur-
face density of the bulkier alcohols is slightly lower than
for methanol. The higher order alcohols are also somewhat
more reactive, which was attributed to the more facile re-
moval of the α-H in the rate-determining step. However,
other aspects of the reaction are the same. Infrared spec-
troscopy indicates that ethanol is adsorbed as ethoxy on
MoO3 (50), and kinetic measurements of ethanol oxidation
over supported MoO3 catalysts yield a kinetic rate expres-
sion r = P0.86

C2H5OH P0.24
O2

P−0.26
H2O (47), which is similar in form

to that observed for methanol oxidation. The formation of
the secondary product diethyl ether during ethanol oxida-
tion proceeds through steps analogous to the formation of
dimethyl ether during methanol oxidation. There is one dif-
ference between methanol oxidation and the oxidation of
higher alcohols—abstraction of β-H can lead to the pro-
duction of olefins as secondary products for many higher
alcohols, as evidenced by the formation of a small amount
of ethylene during ethanol oxidation (47).

CONCLUSIONS

When reaction rates are well described by power law
kinetic rate expressions, neglect of product inhibition can
confound the measurement of other kinetic properties. Un-
der such circumstances, calculated reaction orders, activa-
tion energies, and kinetic isotope effects all differ from their
true values.

Product inhibition can occur through kinetic coupling
as well as through site blockage. The former case may
occur when a reaction product participates in a reversible
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step that occurs in the reaction sequence prior to the rate-
determining step, and it often leads to product inhibition
even in the presence of very low partial pressures of the in-
hibitor. The latter case occurs only when a reaction product
is strongly adsorbed.

Methanol oxidation is inhibited by water vapor over
iron molybdenum oxide catalysts, as well as over other
molybdenum-oxide-containing catalysts. Power law kinetic
rate parameters measured without consideration of product
inhibition are therefore not the true values. The true activa-
tion energy (98 ± 6 kJ/mol) and reaction orders in methanol
(0.94 ± 0.06) and oxygen (0.10 ± 0.05) are all higher than
previously reported values, while the reaction order in
water vapor is −0.45 ± 0.07. The kinetic isotope effect at
260◦C, kCH3OH/kCD3OD, previously reported to be 0.37, is
now estimated to be about 0.24. Wide ranging results are
consistent with the source of product inhibition being ki-
netic coupling, including the lack of significant water ad-
sorption at high temperatures, the −2 ratio of reaction or-
ders in methanol and water vapor, and the effect of water
vapor on the selectivities of secondary products.
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