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Methanol Partial Oxidation at Low Temperature
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The partial oxidation of methanol was investigated in a mixed flow reactor at atmospheric
pressure. A lean methanol-air mixture was passed over a commercial iron—molybdenum
oxide catalyst to obtain steady-state reaction rates at temperatures from 170 to 367°C,
Transient experiments were also performed at 170°C, where the principal products were
formaldehyde, water, dimethyl ether, methyl formate, and methylal. The results suggest
that OCH; on the surface plays an important part in the reaction sequence.

INTRODUCTION

The partial oxidation of methanol for
formaldehyde over mixtures of iron and
molybdenum oxides has been extensively
studied since the early 1960’s. The present
work contributes further to knowledge of
the kinetics of the reaction, with particu-
lar emphasis on the role of adsorbed
methoxyl intermediates. The transient
method (I) was employed in addition to
steady-state rate measurements. A typical
commercial catalyst was used: Fes(MoOy)s;
plus MoO; with a total atomic ratio
Mo/Fe = 3.0.

Pernicone et al. (2) have proposed that
oxygen doubly bonded to Mo interacts
with methanol to form

CH,
\°\ S
Mo

Copyright © 1977 by Academic Press, Inc.
All rights of reproduction in any form reserved.

The CH;0- is then dehydrogenated to
adsorbed formaldchyde; the hydrogen re-
moved combines with oxygen to form
more —OH groups. They considered that
the desorption of formaldehyde is the rate-
determining process. However, the —-OH
groups also desorb slowly, and water in
the gas phase is a strong inhibitor, re-
acting with Mo-O to form

HO OH
\ /
Mo

as with acid sites. This concept is sup-
ported by the observation that pyridine
also poisons the catalyst surface (3). As
formaldehyde and water desorb, the ex-
posed Mo sites are reoxidized by mobile
oxygen from the lattice. For low methanol
partial pressures the rate equation of Mars
and van Krevelan (4) may be satisfac-
tory (5), but for high conversions the
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effect of water must be included, possibly
as proposed by Evmenenko and Gorokho-
vatskil (6);

‘ (MeOH)
" L by(MeOH) + by(H;0)
(04)
S i
Lt 0y

The presence of iron in the catalyst ep-
pears to facilitate electron transfer so that
Mo®t is not irreversibly reduced to Mo*t
during reaction (with O present) as it is
with pure MoO; (7). Over this catalyst
formaldehyde was obtained at first, but
as the Mo was reduced the product be-
came CO; no CO; was formed.

EXPERIMENTAL DETAILS

The reactor system is shown in Fig. 1;
it was made of stainless steel, with the
exception of the glass methanol saturator.
The reactor, recycle pump, and sampling
valve were contained in a valve oven kept
at 146°C to prevent the polymerization
of formaldehyde and condensation of the
reaction mixture. The reactor temperature
was separately controlled. A recycle ratio
of at least 20/1 was maintained by a metal
bellows pump so that the reactor/recycle
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loop was completely mixed at all times.
A bypass line around the saturator per-
mitted adjustment of the methanol con-
centration in the feed also containing N,/O,
in the molar ratio 4/1.

The reactor itself was made from a 304
stainless-steel cylinder 69.8 mm in diame-
ter and 50.8 mm long, as shown in Fig. 2.
The catalyst is held in seven holes in the
block. Removable screens hold the parti-
cles in place. The two end closures are
sealed by standard vacuum metal gaskets
of aluminum. Isothermal operation is as-
sured by the small conversion per pass
through the reactor, by the massive metal
block, and by the high surface-to-volume
ratio of the catalyst spaces. The reactor
was heated above 146°C (the oven tem-
perature) by six cartridge heaters placed
in the walls as shown in Fig. 2.

Blank runs were made at typical oper-
ating temperatures with no catalyst in
place. Copper gaskets were found to cause
some conversion of methanol to COs, so
they were replaced by aluminum gaskets;
with these, there was no conversion in the
recycle system. During the measurements
the catalyst bed occupied about 25 ml in
the reactor. The sum of the clearance and
displacement volumes of the bellows pump
was about 3 ml, so that the total volume
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Fia. 2. Reactor schematic.

in the recycle system outside of the cata-
lyst beds was less than 5 ml. The pressure
drop across the reactor when operating
full of catalyst was 16 in. of water, cor-
responding to a recycle flow rate of 5900
ml/min. Net flow rates through the sys-
tem were typically less than 300 ml/min,
80 that the reecycle system behaved as a
continuous flow stirred-tank reactor. For
some high-temperature runs a higher feed
flow was required; in such cases the rates
were calculated based on a plug-flow re-
actor with recyecle.

A 5-ml sample was sent to the chro-
matographic column system shown in
Fig. 3. A typical chromatogram obtained
with a carrier gas flow of 50 ml/min is
shown in Fig. 4. The light gases, O, N,
and CO, passed quickly through the Po-
ropak columns at 170°C and into the
molecular sieve column. The switching
valve was then turned so that the other

PORAPAK N PORAPAK T

6x174'SS  6'x1/4"ss

MOLECULAR
SIEVE SA

gases eluted as shown while the light gases
were trapped in the molecular sieve column.
Afterwards, the oven was cooled to 60°C
and the switching valve was returned to
its original position to elute the light
gases. The entire analysis took about 1 h.
Relative response factors based on meth-
anol were obtained by calibration with
known mixtures and pure species and are
given in Table 1.

The reactor was filled with a com-
mercially available iron-molybdenum oxide
catalyst made by Harshaw and supplied
by the Lummus Company. This catalyst
was composed of two phases, ferric molyb-
date and molybdenum trioxide, with an
atomic molybdenum to iron ratio of 3.0.
This unsupported catalyst, which came
as pellets, was crushed and separated into
0.25- to 0.59-mm sizes. Then 24.18 g of
the catalyst were poured into the reactor
and activated by passing 75 ml/min of an

N~ TO DETECTOR

12'x /4" Al

F1a. 3. Column system for gas chromatography.



METHANOL PARTIAL OXIDATION AT LOW TEMPERATURE 27

X

X10

(CH3)20

MILLIVOLTS

| oo
2 Ho0

. o

HCOOCHS

50 10,

22,

TIME (min)

F1g6. 4. Chromatogram of reaction products: column temperature, 170°C.

80% N209% O, gas mixture over the
catalyst for nearly 15 h at a temperature
of 320°C. The specific surface area after
activation was measured with a Perkin-
Elmer sorptometer and found to be
4.6 m?/g. The density of the pellets was
2.15 g/ml and the porosity of the catalyst
bed was calculated as 0.5. This catalyst
has also been characterized with X-ray
diffraction by Aruanno and Wanke (9).

RESULTS

Both the steady-state and transient rate
measurements indicated that in addition
to production of formaldehyde and carbon
monoxide at all temperatures, appreciable
amounts of dimethyl ether, methyl formate,
and methylal were formed at the lowest
experimental temperature. The observed
reactions were the following.

T CHsOH + %02 - CHQO + H2O
re 2CH;0H — (CH3)2O + H,0
73 2CH30H + 02 i d HCOOCHa + 2H20

T4 3CH3OH + %02
— CH2(00H3)2 + 2H20

75 CHzO + %02 — CO + H20

These individual rates were calculated by
the mathematical treatment which follows.

A network of R simultaneous reactions
involving N chemical species can be de-
seribed by the following equation:

., R (2

The stoichiometric coefficient a;; is positive
for products and negative for reactants.

A steady-state material balance on a
mixed flow reactor for the jth species of
a particular network can be expressed as:

R
Foysi + W 2 aijri = Fpyj. (3)

=]

The material balance can also be summed

TABLE 1
Response Factor Relative to Methanol

Species Mean response  Standard
factor deviation
(02 1.08 0.04
N: 1.01 0.03
H0 1.74 0.04
CH-0 1.09 0.02
(CH;):0 0.64 0.04
HCOOCH; 0.76 0.02
CH.(OCH,), 0.57 0.02
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Fia. 5. Steady-state rate vs mol 9, methanol: low temperature range.

over all of the N species:

R
I’vo + w Z T, = Fp; (4)

=1

where &; = 3 ¥,_; a;; for convenience. Then
Eq. (4) can be used to eliminate F, in
Eq. (3), and thus account for molar
changes occurring in the reaction network:

R Fy
2 (ay; — ai)re = — (Y — y;).  (5)
i=1 w .

In the general case all five r; values
can be determined from the measurement
of Fo/W and the mole fraction y; of the
five carbon-containing products. These
values are substituted into Eqgs. (5) and
the r; values are found by their simul-
taneous solution. In this work y,; was zero
for each of these products. At 173°C

TABLE 2
Reaction Rates (X 10® mol/g-sec) at 173°C

Flow of 71 T2 ra ra

N2-0; (ml/min)

10 6.7 0.67 4.4 0.67
50 18. 1.7 3.4 13.0
150 20. 5.0 2.5 30

75 was negligible and all the other products
were formed. At 209°C and higher, only
CH,0 and CO were detected in any ap-
preciable quantity.

Steady-state results for 209 and 237°C
are given in Fig. 5. Two feed rates were
used at each temperature; a high flow
rate corresponds to a short residence time
and a low conversion. By using various
concentrations of methanol in the reactor
feed, the two lines shown were obtained.
The rates at high conversion are lower
because of inhibition by the reaction
products. For 173°C the calculated rates
are given in Table 2.

Data at other temperatures for reac-
tions 1 and 5 are given in Figs. 6 and 7.
Figure 8 is an Arrhenius plot for the
formaldehyde production at 1.25 mol %
methanol. The measurements at the four
lowest temperatures fall on a straight line
corresponding to an activation energy of
19.5 kecal/mol (4.18 kJ =1 keal). The
rates at the two highest temperatures fall
below the extension of the straight line.
The existence of this straight line is
probably the best proof of the absence
of heat and mass transfer falsification in
this temperature range. Above 280°C the
effectiveness factor is the ratio of the rate
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Fic. 6. Steady-state rate vs mol ¢, methanol.

measured to that given by the cxtension
of the straight line.

Table 3 shows typical rates and activa-
tion encrgies taken from the other studies
from which such quantities could be ob-
tained under conditions comparable to
those used in the present work. The
activation energy reported here is the
highest in the table, furnishing further
evidence of the absence of transport limi-
tations in the measured rates. Above 280°C
the slope on the Arrhenius plot cven falls
below one-half the activation energy so
that interphase temperature and concen-
tration gradients arc indicated.

It may be of some interest to caleulate
the isothermal cffectiveness factor accord-
ing to the standard procedures given, for
example, by Carberry (10) for a first-order
reaction for a spherical particle. The result
depends on the assumption of a tortuosity
[r = 3.0 was chosen, following Satterficld
(11) for a catalyst of similar specific sur-
face] and on the calculation of a mean
pore diameter by the approximate equa-
tion (11):
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o= (50)
Sypp

At 280°C the necessary parameters and
results are given in Table 4, leading to

n = 0.72. Considering the approximate
nature of the calculation, it is reasonable
to suppose that the rate at 280°C is in
a region just about to be influenced by
mass transfer effects, as shown in Fig. 8.
The value of g indicates an isothermal
pellet.

It is even more difficult to make an
accurate estimation of the interphase tem-
perature difference, for the relation be-
tween the fluid-to-particle Nusselt number
and the Reynolds number is a subject of
controversy. Table 5 shows the calcula-
tions. For Re = 4, Nelson and Galloway
(12) would predict Nu = 0.05. However,
Miyauchi et al. (13) propose Nu = 8. If

T T T [+ T T
367°¢C

16 (- .
v
z AT 20 mi/sec 7
ERHIS =
o -
s -

L o 4
o 323°C
Z
o 8 -1
o
£
EoL 4
Q
5ok -
g
4 - 237°C ot 0.5ml/sec -
P, -
o T T 0 ===
o] 2 4 8 8 10
MOLE- % FORMALDEHYDE
Fia. 7. Steady-state rate vs mol % formaldehyde.
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Nu =1 is chosen, it leads to an inter- come important at 280°C. Nevertheless,
phase AT of 15°C. Again, it is clear that we consider the evidence of Fig. 8 to be
heat transfer effects are beginning to be- more reliable than the estimations of

TABLE 3
Reaction Rate Data at Steady State

Reference Temperature (°C) 1 E,
(mol/g-s) (kcal/mol)
This work 209 1.1 X 10°¢ 19.5
237 2.8 X108
280 12.6 X 108
Bibin and Popov (14) 225 9.8 X 1077 16~-19
270 5.1 X 1978
Jiru et al. (15) 270 8.5 X 1076 13
Habersberger and Jiru (16) 270 6.6 X 1077 10.8

Evmenenko and Gorokhovatskii (6) 17.6
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TABLE 5

Estimation of Interphase Temperature Difference

AT =2(—aAH)F,R*/3 k (Nw)
— AH = 36,800 cal/mol

Fp = 2.71 X 1078 mol/cm?-s
R =0.042 cm

t =8 X10"%cal/cm K-s
Nu =1.0

AT = 14.7°C

methanol at 172-173°C. Three flow rates

TABLE 4
Estimation of Isothermal Effectiveness Factor
T = 280°C
Ty = 2.71 X 1075 mol/cm3-s
Ca = 2.72 X 1077 mol of methanol/cm?
] =0.5
S, =46 X 10* cm?/g
op = 2.15 g/cm3
7o =1 X 107% em (100 nm)
Drg = 0400 cm?/s
Dap = 0.469 cm’/s
1 11 1
Dys  Dx + Das 0215 cm?/s
T = 3.0
Daest = Dg6/7 = 0.0360 cm?/s
R = (.042 cm
&, = R2r,/Djetrcs = 4.88 = 5 ¢?
3 I: 1 1:|
¢ Ltanh¢ ¢
¢ = 2.60
7 = 0.720

Tables 4 and 5. Of course, where both
inter- and intraphase effects are important,
a more involved caleulation is needed for #,
as described by Carberry (10).

For reaction 5, conversion of CH:0
to CO, the activation energy found was
18.8 keal/mol.

The results of the transient studies are
given in Figs. 9-11 for a switch in feed
gas composition from 4:1 N;:O, carrier
gas to this gas with about 16 mol %
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were used as shown, corresponding to
methanol conversions of 17.7%, at 150 ml/
min to 35% at 10 ml/min. The eventual
steady states reached are those of Table 2.
The input step function was obtained by
quickly closing the valve in the bypass
line around the methanol saturator. For
even the slowest flow rate the methanol
inlet concentration rose to its steady-state
value in less than 1 min, a time adequately
small compared to the chemical response
times obtained. For this work no on-line
analysis was available (e.g., a mass spec-
trometer) so it was necessary to do the
transient runs at a temperature low enough
to make the response slow enough to
permit the analysis by gas chromatography.
To obtain the points shown it was necessary
to repeat the transients many times, with
one analysis per run at a suitable time.
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Fia. 9. Transient period: Ny-Oz = 10 cm?/min, Tx = 172°C,
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As the residence time in the mixed flow
reactor is reduced by increasing the flow
rate, the response changes from a slow
rise to an overshoot more typical of a dif-
ferential reactor. This effect has been dis-
cussed and quantitatively modeled for N,O
decomposition (7).

Complete material balances were satis-
fied for all the steady-state conditions and
served as a check on the chromatograph
response factors and the general precision
of the experiments (8).
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DISCUSSION

The results of the steady-state experi-
ments at temperatures above 209°C con-
firm the features observed by others and
already mentioned: The reaction is ap-
proximately first order in methanol at low
concentration followed by saturation of the
surface and shift of the rate-determining
step to desorption, especially at low tem-
perature. The inhibition by products was
also confirmed.

At about 170°C the high residence time
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Fia. 11. Transient period: Ne—Q: = 150 ¢cm?/min, Tx = 172°C.
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of surface intermediates apparently leads
to the observed byproducts. On the basis
of the information now available, the fol-
lowing explanation is suggested. The for-
mation of (CHj):0 (rate rs) needs no
oxidative dehydrogenation and leaves the
catalyst in its original oxidized statc. Its
formation is more probable (compared to
other products) at high conversion when
less oxygen is available on the surface
than at low conversion. These ideas are
confirmed by Figs. 9-11, although r, de-
creases with conversion as shown in
Table 2. The probable sequence is:

H CHy CH H
o Mg
NSOy A
Mo—0-——Mo-——=(CH,),0 + H,0 + Mo - O -~ Mo
®)
Further residence time on the oxygen-rich
surface leads to dehydrogenation.

/CHz

9)

Formaldehyde may now desorb, and the
surface can be reoxidized, forming water.
However, adsorbed formaldehyde may
react with more methanol

CH,
o/
/
/CHZ
H, CH H H
o o o2 o 0 0
A Ve f \ / [/
Mo Mo-— O0—Mo + CHzOH—>Mo Mo——0—Mo
H H
0 Q 0" o
2 N\
HE——0 - CHg + MI—O—Md Md
(10)

Thus, methyl formate is formed and the
surface can be regenerated by oxygen
with the formation of water. Methyl
formate is more abundant at high con-
version than low because at low conver-
sion (high methanol partial pressure) the
adsorbed oxygenated species reacts still
further with methanol to give methylal.

oCHs ofHs  oCHs
4 ~N
CHy cuz/
(o} 0/ g O/
i \/ Y
Mo— O0—Mo + CH; OH-»Mo—0—Mo
e
(CH30), CH, + Mo—0—Mo
(11)

The transient in Figs. 9 and 10 show that
HCOOCH; and (CHj;)20 are intermediates
that are formed at first from adjacent
OCH; groups and their initial products of
oxidation. The adsorbed form of methyl
formate reacts with gaseous methanol to
form methylal, which reaches its peak
later. Methylal and formaldehyde also have
overshoots because the surface oxygen con-
centration eventually falls, to be at least
partly replaced by OH groups.

At higher temperatures formaldehyde
must desorb more readily, and CH;O
must dehydrogenate more readily, to ex-
plain the improved sclectivity for CH,0
observed at higher temperatures. The dis-
cussion here is qualitative, since a detailed
computer model would need to be very
complicated. Future transient studies will
be continued at higher temperatures with
an on-line mass spectrometer; under these
conditions the reaction network should be
more tractable. However, the present
results just below the usual reacting tem-
perature help in understanding the surface
chemistry, in particular the important part
played by the methoxyl groups.

NOMENCLATURE
7 = ith reaction in a network
i = jth chemical species
T3 = rate of 7th reaction, mol/s-g
Yi = mole fraction of jth component
in mixed flow reactor
Yy = mole fraction of jth component

in reactor feed stream

Fy = total feed rate, mol/s
F, = total product rate, mol/s
w = catalyst weight, g



stoichiometric coefficient

N

a =
=1

T = gas temperature, °C

7 = observed reaction rate, mol/cm?-s

Cs = surface concentration of metha-
nol, mol/cm?

0 = catalyst porosity

S, = surface area, cm?/g

P = catalyst pellet density, g/cm?

Te = mean pore diameter, cm

Dy = Knudsen diffusivity, cm?/s

Dsp = diffusivity of methanol through
air, cm?/s

T = tortuosity

R = pellet radius, em

¢ = Thiele modulus

n = effectiveness factor

—AH = heat of reaction, cal/mol

k = thermal conductivity of air,
cal/cm-s-°C

Nu = Nusselt number, 2Rh/k

h = heat transfer coefficient,
cal/em?-°C
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