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The kinetics of methanol oxidation was studied over manganese dioxide-
molybdenum trioxide catalyst in an integral flow reactor between 250 and 460°C, at
space velocities of 9.6 X 10° to 84 X 10* hr*. The highest conversion of methanol
and yield of formaldehyde under these conditions were 84% with a selectivity of
almost 100% at 365°C. The rate equation: r = [k:Pa/(1 + kiPu/2k:Po,*)1 deduced,
assuming a steady state involving a two-stage irreversible oxidation-reduction pro-

cess, represented the data satisfactorily.

INTRODUCTION

Formaldehyde, a very important indus-
trial chemical, is now prepared mostly by
the partial air oxidation of methanol under
controlled conditions, rather than by the
alternative dehydrogenation process. Two
types of catalysts, silver metal and metallie
oxides and their mixtures have been
generally used in the manufacture of
formaldehyde by methanol oxidation.
While the eclassic procedure uses a silver
catalyst and employs a rich mixture of
methanol with air, the other method makes
use of an oxide ecatalyst, and employs a
lean methanol-air mixture. The oxide type
catalysts operate at very high conversions
and yields of formaldehyde. Much work
has been reported on the mechanism and
kinetics of catalytic oxidation of methanol
to formaldehyde, using silver as a catalyst.

Several patents (I-5) have been issued
in the past, envisaging the use of oxides of
vanadium, iron, molybdenum, and tung-
sten, either alone or mixed with each other,
for catalytic oxidation of methanol to
formaldehyde. Most of the patent literature
(6-11) since 1955 has been devoted to im-
provements in the methods of preparation
and recovery of these catalysts, especially
of iron-molybdenum oxide mixtures.

Recently the kineties of methanol oxi-
dation over oxides of iron and molybdenum

have been reported by Boreskov (12), Jiru
et al. (18, 14) and Dente (15). The effect
of water on the oxidation has been studied
by Pernicone et al. (16). Bhattacharyya
et al. (17) investigated the kineties of the
vapor phase oxidation of methanol on
vanadium pentoxide catalyst between 246
and 281°C and postulated a rate mecha-
nism. Bliznakov ef al. (18) studied the
oxidation of methanol over oxides of
molybdenum and manganese at 370°C.
However, they did neither define the rate
mechanism, study the effect of process
variables on the conversion, nor provide
any details of the reacting system.

While Boreskov (12) found the rate to
be independent of oxygen and first order
in methanol, Jiru et al. (13, 14) deduced a
rate expression based on the redox mecha-
nism, originally suggested by Mars and
Van Krevelen (19) for the vapor-phase
oxidation of aromatic hydrocarbons on
vanadium pentoxide. A rate equation ex-
actly similar to the one developed by Jiru
et al. (13) can also be deduced from the
modified Hinshelwood mechanism (20).

Recently we studied the oxidation of
methanol over a manganese dioxide-mo-
lybdenum trioxide catalyst under a fairly
wide range of operating conditions, in order
to derive a simple, but accurate, rate
equation, which might be used effectively
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for industrial reactor design and to obtain
some insight into the actual mechanism of
reaction.

NOMENCLATURE

F = feed rate (moles of feed/hr)
= free energy change
k1,ks = reaction rate constants

p = partial pressure (atm)
r = reaction rate
K, = equilibrium constant
R = oxygen/methanol ratio in feed
Sox = active site of lattice or adsorbed
oxygen
Srea = reduced site of lattice oxygen or the
empty site

S = selectivity [(moles of formaldehyde
formed/hr)/(moles of methanol
reacted/hr)]

X = conversion [(moles of methanol
reacted/hr)/(moles of methanol
fed/hr)]

Subseript M and O = methanol and oxygen

Overseript m and n = integral or half
number in rate
equation

W = weight of catalyst (g)

o, placed before a symbol, represents in the
feed.

EXPERIMENTAL METHODS

Apparatus. Reactions were studied in an
integral fixed bed flow reactor, heated by
fluidized sand bath. The flow diagram of
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the apparatus used is shown in Fig. 1.
Standard Copper Tubing (14 in. o.d.) was
used throughout the apparatus, except for
those portions of the lines in contact with
the reactants and produects, which were
of ¥4 in. 316 stainless steel tubing. All
fittings were Swagelok standard stainless
steel, and the valves, unless specified, were
bellow valves.

Compressed gases, helium (1), nitrogen
(2), and air (3) from the cylinders were
passed through a series of pressure regulat-
ing devices and drying tubes (4) and
metered through Brook’s glass rotameters
(5). Spectroscopic grade methanol was
placed in containers (6) through funnels
(7), partially compressed with nigrogen,
and a needle valve (8) was used to adjust
the flow rate. The rate of flow of methanol
was measured by counting the number of
droplets per unit time passing through a
precalibrated sight glass (9), into the
cvaporating chamber (10}).

The reactor (11) was made of 304 stain-
less steel (0.5 in. diam, and 6 in. long) and
was heated with a fluidized sand bath (12),
the temperature of which was controlled to
within +0.1°C. Two thermocouples (13)
were inserted from the top through the
Swagelok connector, and measured the
temperature of the catalyst bed.

The reaction products were passed
through an air cooled trap (14), water con-
denser (15) and a drying tube (4). While

. 1. Flow diagram for the oxidation of methanol to formaldehyde,



ALCOHOL OXIDATION

heavier products, formaldehyde, methanol,
and water were thus condensed, the non-
condensed gases were passed through a
sampling valve (16) leading to a model 25,
Fisher gas partitioner (17) and vented.
The heavier products were analyzed in the
gas chromatograph (18). Polymerization of
formaldehyde in the gas stream was pre-
vented by maintaining the lines from the
methanol sight glass to the liquid trap in-
cluding the last 2 ft of the air line im-
mediately preceeding the evaporating cham-
ber itself at a temperature of 100°C, by
means of heating tapes, insulated with as-
bestos tape. Polymer formation in the
liquid trap was avoided by the presence
of 1% methanol.

All experimental runs were taken under
steady-state conditions. For this purpose,
a stream of reactants was passed over the
catalyst at the required temperature for
about an hour. The products were then
collected. Gas samples were analyzed
intermittently.

Preparation and physical characteristics
of the catalyst. The catalyst, containing
20 wt % manganese dioxide and 80 wt %
mholybdenum trioxide, was prepared in a
manner similar to the one used by
Klissourski and Bliznakov (21). Manga-
nese dioxide and molybdenum trioxide was
obtained by the thermal decomposition of
Analar grade manganese nitrate, Mn (NO;) ,
and ammonium molybdate, (NH,);Mo,0.,,
4H,0. A paste obtained from the mixture
of these oxides in the required amounts
was subjected to 6 hr drying at room tem-
perature, 12 hr at 40°C, and 6 hr at 150°C.
The catalyst was subsequently activated by
successive 1 hr heatings at 200, 250, 300,
and 350°C, and a 6-hr calcination at
420°C. The surface area of the fresh cata-
lyst determined by the BET method was
found to be 7.8 m?/g. The average diameter
of the catalyst particle size was 0.525 mm
and had a bulk density of 4.6 g/ml.

Analytical Procedure

Acids. The total acid content was ob-
tained by the titration of the condensate
from the traps with 0.1 ¥ KOH.

Gases. The inlet feed gases and the
product gases were analyzed for carbon
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dioxide, carbon monoxide, nitrogen, and
oxygen by periodic injection of a 0.5-ml
sample into the Fisher gas partitioner
which contained a 6-ft column of hexa-
methyl phosphoramide and a 13-ft 13X
molecular sieve column connected in series.

Liquid products. Liquid samples were
analyzed by injection into a gas chromato-
graph, The gas chromatograph, assembled
in the department, consisted of a Gow-
Mae model TR III A, 4W2, temperature
regulated thermal conductivity cell, and
model 405C:1 power supply control unit.
A 5-m, 15 wt % sucrose octa acetate on
Columnpak T, column was used in separat-
ing the liquid products, CH,OH, HCHO,
H,0, HCOOH, and C,H,0OH. This proved
to be the most efficient column for such
separations (22).

Thermodynamic considerations. The free
energy change (AG) and the equilibrium
constant (K,) of the reaction

CH;0H(g) 4+ 30:(g)
= HCHO(g) + H.0(g), (1)

were calculated as functions of tempera-
ture, the necessary data being collected
from the literature or calculated by the
group contribution method (23, 24).

The value of AG and K, recorded in
Table 1 indicate that the reaction is highly
irreversible.

TABLE 1
Tuae VaLues oF AG AND K, OF THE REACTION
[EqQ. (1)] AT 1 ATMOSPHERE AND
Di1FFERENT TEMPERATURES

Temp. —(AG)
°C) (kcal/g mole) K,

25 26.266 1.785 X 1018
127 25.713 1.115 X 10t
227 25.068 9.040 X 1010
327 24 347 7.371 X 108
427 22 .749 1.637 X 108

ResurLts AND DIscussioN

Experiments were conducted at atmos-
pheric pressure, in the temperature range
250-460°C, for catalyst to feed ratios
(W/F) of 2.5-22.0g hr/mole, oxygen to
methanol ratios (R) of 2.42-5.04 and space
velocities of 9.6 X 102 to 8.4 X 10* hr'. No
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F1a. 2. Effect of temperature on the conversion and selectivity.

reaction between air and methanol was ob-
served to take place even after several
hours at 460°C, in the absence of the
catalyst.

Feed rates were calculated on the basis
of the rotameter readings, and the flow
rate of methanol. The effluent rates were
computed on the basis of the total flow
rate and composition of the product stream.
Air was used for the oxidation because the
presence of nitrogen in it reduced the local
heating effect on the catalyst, and its
cheapness as compared to oxygen.

The activity of the catalyst remained
fairly constant during the course of the
study. The experiments were performed at
random in order to nullify any effects due
to change in catalytic activity.

While conversion (X) is referred to as
the moles of methanol consumed (reacted
per hour) to the moles of methanol fed per
hour, the rate of formation is referred as
the moles of various products formed per
hour per gram of the catalyst. The ratio of
moles of formaldehyde produced per hour
to the moles of methanol reacted has been
defined as selectivity (S).

Effect of temperature. The effect of tem-
perature on the conversion and yield of
formaldehyde was investigated in the tem-
perature range 250-460°C. Figure 2 shows
the effect of the temperature on conversion
and yield at a catalyst to feed ratio (W/F)
of 16.3 and oxygen to methanol ratio (R)

of 2.42. With increasing temperature, both
conversion and yield increased up to 365°C,
after which conversion continued to in-
crease reaching almost 100% at 460°C,
while the yield decreased. The selectivity
was nearly 100% up to 365°C, and then de-
creased at higher temperatures.

Effect of oxygen/methanol ratio. The ef-
fect of oxygen to methanol ratio in the feed
on the conversion of methanol and the
yield of formaldehyde for a W/F ratio of
13.3 at 365°C is shown in Fig. 3. While
with increasing reactant ratios, the conver-
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Fic. 4. Effect of W/F ratio on conversion, theo-
retical, and experimental values.

sion of methanol and the yield of formal-
dehyde decreased rapidly, selectivity re-
mained constant at nearly 100%.

Effect of W/F ratio. Figure 4 shows the
effect of various W/F ratios on the con-
version of methanol at 365°C for several
methanol-air mixtures (4-8% methanol in
air). While the solid lines in Fig. 4 refer to
the curves predicted by substituting the
calculated values of %k, and k., obtained
from Egs. (5) and (6) into the rate equa-
tion, the circles represent the experimental
data. The conversion increased with the in-
creased ratios of W/F and the yield with
increased methanol in the methanol-air
mixture.

The present kinetic data (Table 2) were
critically examined following the approach
suggested by Hougen and Watson (25),
whereby variocus mechanisms, which might
control the rate of reaction are postulated
and the rate expressions consistent with
these hypothesis are derived. The rate-
controlling mechanism of the solid cata-
lyzed gas reaction may be the mass trans-
fer of the reactants or desorption of
products or surface reaction between ad-
sorbed gases or between an adsorbed gas
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Fic. 5. Effect of feed rate on conversion and
selectivity.

and gaseous reactant at the catalyst sur-
face. The rate expressions are then fitted
into experimental data, and the expression
giving the best fit is retained, while others
are discarded.

Heat and mass transfer effects. The tem-
perature and partial pressure gradients be-
tween the flowing fluid and the exterior
surface of the catalyst were evaluated by

0.07 365 °C

o’
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0.051

0.04+

ry, Moles of HCHO produced
per grams of cataiyst-hour

002

00t
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F1c. 6. Effect of partial pressure of methanol on
the initial rate.
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TABLE 3
Two-Stace REpox MECHANISMS

Reaction order

m n
No. CH;O0H 0O» Reaction
1 1 0.5 W_ w1 | dofopot”? — (po. — 1/2x0pm)1?
’ Fln(l — 1) ky ko In(1 — z}
W1 1 In(l — 2) o
2 _ - = — — =
1 0 F I oPMT ke
Wi _20-Q0-x'  «
3 0.5 0 Fz h Aopme E
4 1 1 W__pw  _ 1 2alnfpoy/(spor — 1/20pw2))
F1ln(1 — 1) ky ko In(l — )
w opml’? 2 4o gpo:? — (opo; — 1/20pux)!?
5 . . Moo M _ 2, fe d >
0.5 0.5 Fl—(0—2" & "k  opul — 1 -2
the method of Yoshida et al. (26). The through the catalyst pores and desorption

highest temperature difference across the
film, thus calculated, was of the order of
1°C. The highest partial pressure gradient,
thus calculated, was of the order of 0.005
atm, which showed that the pressure drop
across the gas film was insignificant and
that the effect of mass transfer was
negligible.

The effects of diffusion were kept at a
minimum by using a high velocity of the
gas through the catalyst. The fair con-
stancy of conversion obtained by changing
the feed rate, while keeping W/F constant
as shown in Fig. 5, suggested that the dif-
fusion of the gases was not rate controlling.
The internal diffusional resistance in the
catalyst particles was negligible since a
change in particle size (0.20-1.65 mm) did
not vary the reaction rate to any mea-
surable degree.

Since the diffusion steps, which are phys-
ical processes, were found not to be rate
controlling, the remaining steps, viz., the
adsorption of the reactants, reaction be-
tween the adsorbed gases, and the desorp-
tion of gases were examined in detail. The
method of initial rates as described by
Yang and Hougen (27) was applied to the
experimental data to eliminate some of the
controlling steps. A plot of initial rates
against partial pressure of methanol indi-
cated that the desorption of the products
was definitely not rate controlling (Fig. 6).

Since mass transfer from the gas stream
to the eatalyst surface and diffusion

of the products were not rate controlling,
the possibility of the adsorption of reaec-
tants and surface reaction as rate con-
trolling was left.

The kinetic expressions derived by Mars
and Van Krevelen (19) for the wvapor
phase oxidation of aromatic hydrocarbons
on vanadium pentoxide on the basis of the
oxidation-reduction = mechanisms  were
tested. Fifteen different rate equations
based on 2-stage and 3-stage mechanisms
(Tables 3 and 4) were derived. Based on
these equations, the rate coefficients were
evaluated, and the mechanism giving a
negative coefficient in the rate equation
(as found by the method of least square
error) was rejected.

The following two-stage mechanism with
m equal to 1, and n equal to 0.5 was found
to give the best fit:

k1
CH,0H(g) + Sox — HCHO(g) + H:0, (2)

ke
OQ(g) + Sred i Sox; (3)

Sox being an active site of lattice or ad-
sorbed oxygen and 8S,.q, the reduced site of
lattice oxygen or the empty site. The rate
expression which most satisfactorily repre-
sented the data was:

_ k]pM ,
1+ klpM/2k2p021/2

where &, and k, were temperature depend-
ent constants.

(4)

r
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Fra. 7. Effect of temperature on the rate con-
stants &, and k..

Equation (4) seems to indicate a pseudo-
first-order rate equation. Since the percent-
age methanol in air (oxygen) is small, the
term k,pm/2k.po.'/? in the denominator is
always much less than one, and hence can
be neglected.

The activation energies of the individual
steps were evaluated from the Arrhenius
plots, as shown in Fig. 7 and equations re-
lating k; and k, with temperature were
obtained.

< 3
logk, = 3432 - 22X 5
‘ 3
log ko = —7.508 + > X1 g

The values of k, and k., obtained from
Eqgs. (56) and (6) were used to obtain
theoretical rates from which the values of
W/F were calculated at different conver-
sions. The values of W/F thus calculated
for different conversions were plotted (solid
lines in Fig. 4). The percentage deviation
between the experimental and calculated

MANN AND HAHN

values was less than 5%, except for the last
condition in which the experimental value
of W/F exceeded 22 ¢ hr/mole. The value
of k, decreases with increasing temperature.
This is possibly due to k., representing ap-
parently an over all value, rather than a
single step rate constant. Such a postulate
is quite reasonable in view of the highly
exothermic oxidation reaction.

The present kinetic results agree with
those reported by earlier workers using
iron~molybdenum oxide (13-15), vanadium
pentoxide (17), and manganese-molyb-
denum oxide (I18) catalysts in the vapor-
phase oxidation of methanol. Also, the
methanol oxidation in its thermodynamie
aspects with those reactions reported in the
literature (28) and in patents.
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