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The vapor phase air oxidation of 2-methylpropene to methacrolein over a bis-
muth-molybdate catalyst was investigated in an isothermal integral flow reactor at
atmospheric pressure between 300 and 560°C. The effects of several variables, feed
ratio of oxygen to 2-methylpropene, reaction temperature and the reciprocal of
space velocity on the conversion and product distribution were determined by gas

chromatography.

Though 13 different mechanisms were postulated, the rate of reaction was most
satisfactorily correlated by a mechanism which assumes the rate-controlling step to
be the surface reaction between charged absorbed 2-methylpropene and oxygen.

The rate expression

(KsKgpPy)

(KoPo)

" T U+ KnPu + KnPy) (1 + KoPg)

fitted the data best.

1. INTRODUCTION

In recent years, the controlled oxidation
of olefins to useful intermediate products
has attracted wide attention. The hetero-
geneous catalytic oxidation of propylene
and 2-methylpropene to corresponding un-
saturated aldehydes, are generally carried
out over the same type of catalyst as the
same reaction mechanism appear to be in-
volved for both reactions. A survey of the
patents and published literature pertaining
to the partial oxidation of olefins indicates
that though the oxidation of propylene has
been ecarried out extensively, on copper
oxide and bismuth-molybdate type cata-
lysts, very little is reported about 2-methyl-
propene oxidation. According to Adams and
Jennings (1), the reaction mechanism of
catalytic oxidation of propylene over the
two catalysts are the same. Nevertheless,
the kineties are quite different. Recently
Mann and Yao (2) have investigated the
kinetics of the ecatalytic oxidation of 2-

methylproprene to methacrolein over Se,0,
80, and halogen-modified copper oxide
catalysts. The selectivity of the oxidation
was improved considerably by employing
trace amount of modifiers.

Uckijima and Oda (3) studied the oxida-
tion of 2-methylpropene over bismuth—
molybdate catalyst. They observed a pro-
nounced effect of temperature on the
selectivity. Maximum selectivity was noted
between 450 and 550°C. Kitahara and
Moriya (4) investigated the catalytic oxi-
dation of 2-methylpropene, over various
metal oxides and their mixtures, and found
vanadium oxide-molybdenum oxide—phos-
phorous oxide supported on an alumina
sponge to be the most effective catalyst.
Brill and Finley (§) oxidized 2-methyl-
propenc in a tube coated with e-alumina,
and molybdenum oxide. They obtained a
selectivity of 40%, for methacrolein at a
conversion of 34%. Zhizneuskii et al. (6)
studied the oxidation of 2-methylpropene

276

Copyright © 1973 by Academic Press, Inc.
All rights of reproduction in any form reserved.



2-METHYLPROPENE OVER BISMUTH-MOLYBDATE

over iron-molybdenum-tellurium catalyst
containing Fe, Mo, and Te in a ratio of 1:0,
85:1 between 360 and 420°C.

In this paper, we report the effect of
various variables, ratio of oxygen to 2-
methylpropene in the feed (R), process
temperature and reciprocal of space veloe-
ity, on conversion and yield. Based on cx-
perimental data the rate controlling step
and the rate equation for the partial air
oxidation of 2-methylpropene to meth-
acrolein were determined.

NOMENCLATURE

Flow rate of feed, mole/hr
Thermodynamic equilibrium constant
Adsorption equilibrium constant (with
subscripts, S, M, H and O)

Partial pressure

Oxygen to 2-methylpropene ratio in the
feed

R

=

S Selectivity, methacrolein produced,
mole hr~'/2-methylpropene reacted,
mole hr!

T Temperature, K

W Weight of catalyst, ¢

X Conversion, 2-methylpropene reacted,
mol hr~!/2-methylpropene reacted, mole
hr—!

Y Yield, products formed, mole hr1/
2-methylpropene fed, mole hr—!

Subseripts

M Methacrolein

H 2-methylpropene
O Oxygen

S Surface

2. EXPERIMENTAL

2.1. Apparatus

The partial air oxidation of 2-methyl-
propene was investigated in an isothermal
integral flow reactor. The equipment was
constructed of 316 stainless steel.

Air and 2-methylpropene rates were
measured by the rotameters and the re-
actants were well mixed before they en-
tered the preheater (a 5-ft long, 14-in. o.d.
316 stainless steel tubing wound around the
reactor). The reactor with the preheating
section was immersed in a fluidized sand
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bath heated externally. The hot effluent
from the reactor was first directly intro-
duced into a gas chromatograph through a
high-temperature sampling valve for ana-
lyzing water, acrolein, methacrolein and
other aldehydes. The temperature and
pressure of the sampling gas were well con-
trolled. The exit gases from the high-tem-
perature sampling valve which could not be
separated by the first gas chromatograph
were led to a condenser and ice-cooled
trap. The noncondensable gases passed
through another gas sampling valve leading
to another gas chromatograph which could
separate CQ,, 0., N, C;H,, C.Hy, and CO.

During the runs, though the rate of hy-
drocarbon charged into the reactor was
maintained constant, different feed ratios
(oxygen/hydrocarbon ratio) were obtained
by adjusting the air flow rate, while the
rveciproecal of space velocity was varied by
changing the amount of catalyst.

2.2. Analysis

The main features of the analytical pro-
cedure for analyzing the reaction products
were the same as described earlier (7), ex-
cept that aldehyde and water were directly
analyzed by the vapor fractometer (Per-
kin-Elmer Model 154C). The gases were
analyzed by Fisher Gas Partitioner, Model
No. 25V, containing 2 columns joined in
series, A 6-ft long 30% HMPA (hexa-
methyl phosphoramide) coated on celite
diatomaceous silica followed by 1-ft long
309% DEHS (di-2-ethyl hexyl sebacate)
coated on celite diatomaccous silica, was
followed by a second column packed with
7 ft long molecular sieve.

2.3. Catalyst

Bismuth molybdate catalyst was pre-
pared by impregnation of an inert support,
zirconium oxide, with aqueous solution of
bismuth and molybdenum salts of hydrox-
ypolycarboxide acid with a very small
amount of copper nitrate. Two hundred
grams of bismuth citrate was dissolved in
160 g of aqueous ammonia, (28% of NH,)
and diluted to 1000 ml (Soln. A); 85.2¢
of molybdie acid was dissolved in 80 g of
aqueous ammonia (28% NH,) and was
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TABLE 1
Paysican CHARACTERISTICS OF THE CATALYST

Particle diameter = 0.0313 in.
Particle density = 46.3 Ib/cu. ft
Sphericity (average) = 0.8
Surface area = 0.6 m?/g

[

diluted to 500 ml (Soln. B). Solutions A
and B, in a 2:1 ratio were mixed and a
small amount of copper nitrate (0.8 g per
50 g zirconium oxide) added. One hundred
milliliters of the mixture of Solution A and
B were added to 50 ¢ of zirconium oxide
(2040 mesh). Water was evaporated in
vacuum on & steam bath. The solid was
caleined at 450°C for 6 hr in a mufile fur-
nace. The catalyst was activated in the
reactor by passing air over it for 24 hr at
450°C. The physical characteristics of the
catalyst are given in Table 1.

3. REsuLTs AND DIscussioN

Experimental data were obtained by
means of a quasi-isothermal fixed bed re-
actor (8). The steady state was not only
realized from the operating conditions but
also from the products analysis. The effect
of various variables, oxygen to olefin in the
feed (R), reaction temperature, T, and the
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reciprocal of space velocity, W/F on the
conversion of olefins, X, and yield of var-
ious products, carbon dioxide, water and
methacrolein, ¥, and the selectivity for
methacrolein, S, were investigated. While
the conversion (X) is defined as the moles
of olefin reacted per hour to the moles of
olefin, fed per hour, the yield (Y) is re-
ferred as the moles of various products
formed per hour to the moles of 2-methyl-
propene fed per hour. The ratio of moles of
methacrolein produced per hour to the
moles of 2-methylpropene reacted per hour
has been defined as selectivity (S).

3.1. Effect of Oxygen/2-Methylpropene
Ratio in Feed

Figure 1 shows the effect of feed ratios
(R) on the conversion of 2-methylpropene
and selectivity for the oxidation of 2-meth-
ylpropene to methacrolein over bismuth
molybdate catalyst in the temperature
range, 360-560°C, for a W/F ratio of 3.75.
While the selectivity for methacrolein in-
creased with increased oxygen/2-methyl-
propene ratios, the conversion decreased
with increased feed ratios. Also while the
conversion of 2-methylpropene increased
steadily with temperature, the selectivity
decreased at all W/F ratios.
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Fic. 1. Effect of feed 1atio, O»/CsHs on conversion and selectivity.
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3.2. Effect of W/F Ratios

Figure 2 shows the effect of the recipro-
cal of space velocity (W/F) on the con-
version of 2-methylpropene, and the yield
of methacrolein, and CO, at 410°C for a
R = 120. It is seen that though the frac-
tion of 2-methylpropene consumed (%
conversion) increased rapidly up to a W/F
ratio of 3, the change in the conversion for
W/F ratios between 3 and 5 was very
small.

3.3. Kinetic Analysis of Data and
Mechanmsm

A kinetic analysis of the experimental
data was made using the approach sug-
gested by Hougen and Watson (9), based
on Langmuir-Hinshelwood (70) mecha-
nism. In this method, various mechanisms,
which might control the reaction are pos-
tulated, based on a single site (Table 1a),
and two types of aetive site (Table 1b).
The rate expressions consistent with these
hypothesis are derived. The rate-control-
ling mechanism of the solid catalyzed gas
reaction may be the mass transfer of the
reactants, or produets, or adsorption of the
reactants or desorption of products or

o6f
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Fie. 2. Effect of the reciprocal of space velocity
on conversion and yield.
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chemical reaction between adsorbed mole-
cules at the catalyst surface. The rate ex-
pressions thus arrived at are fitted to the
experimental data. The rate expression
which gives the best fit is retained and the
others are discarded.

3.4. Heat and Mass Transfer Effects

The temperature and partial pressure
gradients between the flowing fluid and the
exterior surface of the catalyst were eval-
uated by the method of Yoshida et al. (11).
The highest temperature difference across
the film thus calculated was of the order
of about 5°C. The highest partial pressure
gradient thus calculated was about 0.05
atm, which showed that the partial pres-
sure drop across the gas film was insig-
nificant. Hence the effect of heat and mass
transfer can be considered negligible.

The effects of diffusion were kept at a
minimum by using a high velocity of the
gas through the catalyst. Figure 3 shows
the effect of feed velocity on the conversion
of 2-methylpropene. The fair constancy of
conversion obtained by changing the feed
ratio while keeping W/F constant sug-
gested that the diffusion of the gases was
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TABLE 2

Rate EqQuations Dekivep Using HouGEN-WaTsoN METHOD

Rate-controlling

No. step Mechanism Rate equation
(a) One Type of Active Site
1 Adsorption of Surface reaction between o KsPy
2-methylpropene adsorbed 2-methylpropene "= 4+ KoPo + KuPu
and oxygen
2 Adsorption of Surface reaction between _ KgPy
2-methylpropene adsorbed 2-methylpropene "= I ¥ KuPn
and O: in gas phase
3 Adsorption of Surface reaction between _ KsPo
oxygen adsorbed 2-methylpropene '~ 1+ KuPn + KuPnx
and oxygen
4 Adsorption of Surface reaction between _ KsPo
oxygen adsorbed oxygen and " =1+ KuPu
2-methylpropene in
gas phase
5 Desorption of Surface reaction between i (KPHPO _p )
methacrolein adsorbed 2-methylpropene ;= e Py M
and oxygen 14 KuPy + KoPo + KK P;;:.)O
6 Desorption of Surface reaction between i (KPHPO _p )
methacrolein adsorbed 2-methylpropene = d Pw u
and oxygen in gas phase 1 = KyPy + KKy PyPy
Py
7 Desorption of Surface reaction between " (KPHPO -p )
methacrolein adsorbed oxygen and ; ¢ Py u
2-methylpropene in - PuPo
gas phase 1+ KoPo + KKu Pw
8 Surface reaction Surface reaction between ;= KsKnyPuKoPo
adsorbed 2-methylpropene T (1 + KyPy + KoPo + KuPu)?
and adsorbed oxygen
9 Surface reaction Surface reaction between . KsKyPyPo
adsorbed 2-methylpropene "1+ KyPy + KuPu
and oxygen in the
gas phase
10 Surface reaction Surface reaction between ;= KsKoPoPu
adsorbed oxygen and 1+ KoPo + KyPu
2-methylpropene in the
gas phase
(b) Two Types of Active Site
11 Surface reaction Surface reaction between . KsKuPy ] KoPo
charged adsorbed " 14 KuPu + KuPu 1+ KoPo
2-methylpropene and
oxygen
12 Irreversible charged Surface reaction between = KyPy
adsorption of charged adsorbed 1+ (1&) (Ii)
oxygen and 2-methylpropene and Ko Py
2-methylpropene oxygen
13 Irreversible charged Surface reaction between ;= KyPy
adsorption of charged adsorbed 14 (&) ( Py )
oxygen and 2-methylpropene and Ko Po'?

2-methylpropene

oxygen, oxygen is
dissociated
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not controlling, The use of a 20-30 mesh
catalyst support reduced the internal dif-
fusional resistance. The internal diffusional
resistance in the catalyst particles was
practically negligible as shown by a no
measurable change in the reaction rate on
varying the catalyst size between 0.3 to
0.59 mm.

Sinee the diffusion steps, which are phys-
ical processes, were found not to be rate
controlling, the remaining steps, viz. the
adsorption of the reactants, the desorption
of products, and the reaction between ad-
sorbed gases were cxamined in detail. The
method of initial rates as suggested by
Yang and Hougen (12) was applied to the
experimental data to eliminate several of
the chemical steps. The initial rate was
determined by measuring the slope of
tangent to x vs W/F curves at z = 0 for
various feed compositions. A plot of initial
rates against partial pressures of 2-meth-
ylpropene indicated that the desorption of
products was definitely not rate controlling.

Mann and Yao (13) have proposed a
mechanism for the oxidation of olefins us-
ing the Electron Theory of Catalysis con-
sidering the surface to consist of two types
of active sites, clectrons and positive holes
on which oxygen and olefin are selectively
adsorbed. The surface reaction can be con-
sidered to be taking place through the fol-
lowing steps: (i) electron transfer from or
to the reactants; (i1) homogeneous reaction
(formation of activated complex and rear-
rangement of the charged particles on the
surface) ; (ii1) electron transfer from or to
the products.

Writing the stoichiometric equation for
the reaction as:

CsHs + 0, = CHes + H0

and following the usual procedure of de-
rivations (74), and neglecting the term
{(Peuo) (Puyo) /K, since K, equilibrium
constant for the gas phase oxidation of 2-
methylpropene, was very large, (In K>
20) equation for various postulated mech-
anisms, relating the rate of formation of
methacrolein  and water were derived
(Table 2a and 2b) and tested for the best
fit of the data.
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The data were most satisfactorily cor-
related by mechanism (12), which assumes
that the rate-controlling step was the sur-
face reaction between charged adsorbed
2-methylpropene and oxygen.

, KsKuPy . KoPo
(1 4+ KubFy + KuPy) 1+ KoPo

where Kg, Ky and Ky are temperature de-
pendent, and can be expressed by the fol-
lowing equations.

In Ko, = 518471779 X 10%/T
In Koo = 4.30+[24.47 X 105/T
In KoJ=0.75 + 3.64 X 10%/T

ln Ks = 7.44 — 7.32 X 104/T

Figure 2 shows the comparison between
the experimental and predicted values with
the rate equation for an oxygen/2-methyl-
propene ratio of 1.2 at 410°C. The solid
lines in the figure refer to the curve pre-
dicted by substituting the values of K, K,
Ky and K, in the rate equation derived
above; the circles represent the experimen-
tal data. The maximum deviation between
the predicted values and the experimental
ones has been found to be +4%, except for
high values of W/F. This rate equation is
similar with the rate equation derived by
Mann and Yao (2) for the oxidation of
2-methylpropene  over modificd copper
oxide catalyst. This is in agreement with
Adams and Jennings (1), who have sug-
gested that the reaction mechanism of
catalytic oxidation of olefins over the two
catalysts should be the same.

CONCLUSIONS

The catalytic air oxidation of 2-methyl-
propene over bismuth molybdate catalyst
has been investigated between 300 and
560°C, and the effects of several variables,
feed ratio of oxygen to 2-methylpropene,
reaction temperature and reciprocal of
space veloeity on  the conversion and
produet distribution were determined. The
highest selectivity of about 82% was ob-
tained at over 30% conversion at 390°C
for a B = 2.1 and a W/F of 2.5. However
at a little sacrifice in the selectivity much
higher conversions were obtained. The rate
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equation, which satisfactorily correlated
the experimental data, has been evaluated
based on the mechanism which postulates
the rate controlling step to be the surface
reaction between charged absorbed 2-meth-
ylpropene and oxygen.
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