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Selective oxidation of butene to maleic anhydride over a vanadyl phosphate catalyst has
been investigated in a quasi-isothermal integral reactor at temperatures between 350 and 390°C.
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arc the main oxidation products. Kinetic data
proquceis. Aineil

obtained supported a two-stage redox model. Data obtained under conditions of low partial
presbures of butene could be analyzed in terms of pesudo -first-order kinetics. The analysis of
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the reaction network revealed no blguul( ant ut‘bbl Tue tion of lllalt‘ll allu‘) dride to carbon oxides
under the reaction conditions studied. The derived rate expressions gave satisfactory fit to the

experimental data.

INTRODUCTION

The selective oxidation of C, hydro-
carbons to maleic anhydride is economic-

allv qnﬂ'n attractive mainlv n\nng to the
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low cost of feed stock (1, 2). In view of the
advantages of the C; process over the
conventional benzene oxidation, consider-
able effort has been devoted to oxidation
of the butene-butane fraction.
evident from the numerous patents issued
on the process in recent years (3). Although
various catalysts for the reaction have been
suggested, meager information is available
in the literature on kinetics (4).

Dente et al. (5) examined the kineties
of oxidation of butene and butadiene to
maleic anhydride and formaldehyde on a
Fe-Mo-oxide catalyst although more selec-
tive catalysts are known for this reaction.
For example, catalysts containing oxides

mLi. o
LAHLS 1D

! Present address: Harcourt Butler Technological
Institute, Kanpur, India.
2 To whom correspondence should be sent.

361

described by a majority of investigators in
the patent literature to be remarkably
selective to maleic anhydride formation
(3,4). The structure and activity of
V-PO catalysts have been studied by

Nakamura et al. (6). The effect of phos-

nharng addition +n]na+

PrHoLus aGaivion vo tne vanadlumn avalysv

tn tha vanadinm
S

during oxidation of butene has been studled
by Al and co-workers (7, 8).

The mechanism of formation of maleic
anhydride from butene has been proposed
by Sampson and Shooter (9), Ostroushko
et al. (10), and Ai et al. (11). It is suggested
(10, 11) that over V-P-oxide -catalyst,
maleic anhydride is obtained from n-
butenes via 1,3-butadiene and furan.
Crotonaldehyde has also been postulated

to be an intermediate product during
(10) 12 alt hou yorh

oxidation
\i<, 1&), although

sten-bv-sten
ox1gation

step-by-step
this possibility has been ruled out by recent
investigators (10). Butadiene has been
found to be a primary intermediate product
(7).
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anhydride in a recycle reactor in the
temperature range 573 to 623 K. Rate

4H,0 + 2C0, + 2C0
80 , +2C4Hg

- +20,
3H,0+C4H,04

rd

It should be noted, however, that the
usual temperature for this reaction has
been reported to be above 623 K in almost
all the patent claims and published works
pertaining to this process (3, 4, 15, 16).

This work deals with the kinetic study
of this multiple reaction over a V-P-O
catalyst in the temperature range 623 to

663 K. It is shown that significantly

difforont hehavior he ovynected at

a
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higher temperatures.

NOTATION

A; The ¢th component in a chemical
reaction network (listed in Table 1)
Preexponential factor in the Ar-
rhenius rate expression for reaction
step j
E; Activation energy for reaction step j

(keal/g-mole)
F. Total molar flow rate (g-moles/ sec)
F,. Molar flow rate of component 4,

feed (g-moles/sec)

kn  Reaction rate constant for hydro-
carbon (g-moles/g-cat atm sec)

k, Rate constant for oxygen adsorption
(g-moles/g-cat atm sec)

k;  Reaction rate constant for reaction
step j (g-moles/g-cat atm sec)

M Number of data points

Mole fraction of component 4, in feed

(Fol//Ft)

N Number of species

P Total pressure (atm)

pn  Partial pressure of hydrocarbon (atm)

po  Partial pressure of oxygen (atm)

p; Partial pressure of component A;

(atm)

Partial pressure of component A, in

feed (atm)

expressions were proposed for each step in
the overall reaction scheme represented as

+0

2
——— 2C0,

+0
L0,
Ho0+2C0,42C0 ~———a 2C0,

R, Rate of hydrocarbon oxidation (g-

moles/g-cat sec)

Weight of cataiyst (g)

Measured yield of component ¢ at

time r;

Vi Yield of component 7 at time rj,
computed by Eqs. (15) to (17)

a, Average number of moles of oxygen
required per mole of hydrocarbon

ovidation {(ataiehiametrie nuimbar)
OX1Gatioll (SUOICHIIMCLTIC TUMIGeT f

71 Time factor based on hydrocarbon
feed rate, W/F1 (g-cat sec/g-mole)

o
o
|
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EXPERIMENTAL METHODS
Catalyst

The V-PO catalyst (P:V atomic ratio,
1.6) used was made as follows. Ammonium
metavanadate (NH,VO;; 57.5 g) mixed
with reducing agents (120 g of oxalic acid
4 100 ml of hydrochloric acid) was dis-
solved in water and the mixture refluxed,
until 600 ml of clear blue solution was
obtained. To this solution 55.9 g of phos-
phorus pentoxide (P.0;) was cautiously
added and the mixture was again refluxed
for 10 hr to allow fo

formation of the
vanadyl phosphate complex. The resulting
solution was evaporated to about 400 ml
followed by addition of 250 g of silica
gel of known ( 8 + 10) mesh size. Uniform
ub‘pUSlblU[l of the bdbalybb COH]}”MEX on the
carrier was performed by heating the
contents on a water bath combined with
constant stirring. The free-flowing coated
catalyst was then dried in an oven at

4 anoM mANnOM

130°C and calcined in a furnace at 500°C
for 4 hr.

The surface area of the catalyst as
determined by the BET method was 85
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Butene from dehydration apparatus

Water
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from
overhead
tank

Fic. 1. Schematic diagram of experimental setup. A, Mixing chamber; B, preheater; C, reactor;
D, drying tubes; E, moving thermocouple probe; F1 ... F3, flowmeters; G, salt bath; H, heating
cord; I, immersion heater; J, stirrer; K, bubbler; L, cold trap; M, manometer; N, temperature
controller indicator ; P, temperature indicator (multipoint) ; Q, sieve plate; R, butene storage drum
(capacity 80 liters) ; S, gas sampling ports; T, thermocouple; V1 ... V5, needle valves; W, wet test

meter.

m?2/g. This catalyst was chosen for detailed
investigation for reasons discussed -else-
where (3).

Apparatus and Procedure

The experimental assembly is sche-
matically shown in Fig. 1. The butene gas
was prepared in the laboratory and con-
tained 53.89 trans-2-butene, 41.19, cis-2-
butene, and the rest, I1-butene. Air and
butene were passed through drying agents
before use. These were metered by flow-
meters, F1 and F2, respectively, and
introduced into a mixing chamber. The
gaseous mixture was split into two streams.
One, metered by a rotameter F3, was
passed through the reaction system, while
the other, regulated by a valve V3, was
purged to atmosphere.

The gaseous mixture to the reaction
system was passed through a preheater

reactor assembly, immersed In a molten
salt bath whose temperature was controlled
by a temperature controller within £1°C.

The reactor, which contained a fixed
bed of catalyst, was a 316 stainless-steel
tube of 2.5-¢cm i.d. and 35-em length.
Protected chromel-alumel thermocouples
were provided for the measurement of
temperature at various locations as shown
in Fig. 1. A moveable thermocouple was
mounted along the axis of the reactor. Thus,
the temperature of the catalyst bed could
be measured at several locations throughout
the reactor. Special precaution was taken
to ensure efficient heat removal and to
avoid undesirable hot spots within the
reactor. Dilution of the catalyst with an
inert material along with heat removal at
the wall gave practically isothermal condi-
tions. This was confirmed by measurement
of temperature of the catalyst bed at
various locations. The variation in tem-
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perature along the length of the reactor
was no more than 2°C. Nitrogen in the feed
also helped maintain isothermal conditions
by acting as a diluent. It also minimized
volume changes.

Exit gases from the reactor could pass
through either of the two recovery paths
by suitable valve adjustment. The flow-
through valve V5 was allowed during the
pre-steady-state period. This path was
provided with a cold trap to condense
maleic anhydride, followed by a gas-
sampling port. The flow during the steady-
state run was allowed through valve V4.
The exit gases then passed through a
series of two hot- and three cold-water
bubblers. The 0.25-in. stainless-steel tube,
joining the reactor of the bubbler, was
heated by an electrical heating cord to
prevent condensation of maleic anhydride.
A part of off-gas from the bubblers, after
passing through the cold trap and drier,
was collected for analysis through a sampl-
ing port and the rest metered and vented.

Analysts

Butene isomers and butadiene were
analyzed by gas chromatography using a
column packed with 209 liquid paraffin
on alumina. Aliquots of water scrubber
solution were analyzed for acids and
aldehydes. The acids were determined by
titration with dilute alkali solution using
phenolphthalein as an indicator and the
carbonyls, by the usual oxime method.
Maleic acid was estimated by precipitation
as barium maleate monohydrate (17). The
remaining acid from titration with alkali
was calculated as acetic acid. Carbon
dioxide, oxygen, and carbon monoxide
were estimated by usual orsat analysis.

RESULTS AND DISCUSSION
Experimental Studies

Major products from the oxidation re-
action were found to be butadiene, maleic
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acid anhydride, and carbon oxides. The
Carbonyls and acetic acid amounted to
less than 49, of total conversion. Inertness
of the reactor was checked by conducting
a few experiments in the absence of the
catalyst. No oxidation product was found
under these conditions. The accuracy of
the data was checked by making nitrogen,
oxygen, and hydrocarbon balances.

Preliminary experiments were -carried
out to check the reproducibility of experi-
mental results and to estimate the range
of variables best suited for kinetic analysis.
The detailed results are described else-
where (18). No significant decline in
activity and selectivity of the catalyst was
found up to about 200 hr of use. However,
the adverse operating conditions of high
temperature (>400°C) coupled with high
concentration of butene in the feed (>1.0
mole%;) were found to deactivate the
catalyst even during a run lasting a few
hours. To be safe, only those runs which
were taken on relatively fresh catalyst at
subcritical conditions were included in
kinetic analysis. Experiments conducted at
high butene conversions to study the effect
of operating conditions indicated (18) that
butene concentration in the feed and
reactor temperature were the operating
variables which should be controlled within
rather narrow limits to obtain a substantial
yield of maleic anhydride. On the other
hand, space velocity could be varied within
relatively wider range.

Preliminary experiments indicated the
existence of physical effects unless elimi-
nated by proper choice of operating condi-
tions. Consequently all the kinetic experi-
ments were performed at flow rates above
4.0 X 10~ g-mole/sec over a catalyst of
—8 + 10 mesh size. The influence of
transport processes on reaction rate was
assessed by employing a criterion derived
by Mears (19) for the combined intra-
particle and interphase case using pertur-
bation concepts. The criterion was satisfied
and hence the overall effect of diffusional
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F1c. 2. Typical product distribution as a function
of time factor.

resistances was unimportant under the
reaction conditions. Detailed calculations
are given elsewhere (3).

Series of kinetic experiments were carried
out at varying values of space time,
reaction temperature, and hydrocarbon
partial pressure. The ranges of operating
variables were as follows: partial pressure
of butene in feed, 0.0078 to 0.018 atm;
reaction temperature, 350 to 390°C; time
factor, 7,, 1.43 X 10® to 15.1 X 10* g-cat
sec/g-mole.

Time factor is defined as the ratio W/F,,
where W is the weight of the catalyst, and
F; is the total molar feed rate. The partial
pressure of oxygen was kept constant
(0.208 atm) in all the experiments.

A typical plot of yield versus time factor
for each observed component in the product
is shown in Fig. 2. The yield of species 4,
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was calculated as follows:

moles of A4, in product
Yi = B 3 (1)
moles of reactant A, in feed X §

where 8 is the ratio of the number of carbon
atoms in the reactant to the number of
carbon atoms in the product.

Figure 2 shows that as butene conversion
increases rapidly with time factor, yields
of maleic anhydride and carbon oxides
increase. The yield of butadiene, on the
other hand, follows a behavior akin to that
of an intermediate product. An increase
in reaction temperature favored the forma-
tion of maleic anhydride as shown in Fig. 3.
The yield of maleic anhydride increased
slightly by increasing the partial pressure
of butene in the feed to about 0.01 atm,
but decreased remarkably when butene
concentration was allowed to increase
further (Fig. 4).

Analysis of Reaction Network

Reaction scheme. Based on a reaction
mechanism proposed by previous workers
(10, 11), the general network for butene
oxidation to maleic anhydride may be
written as shown.

A Az Ag As

D

The chemical components of the above
network are listed in Table 1.

For the purpose of postulating a simpli-
field network for kinetic analysis of the
reaction, the following observations from
the experimental studies may be noted.
(1) The yield curve for butadiene passes
through a maximum. A measurable amount
of butadiene is formed at low conversion
of the reactant. Furan is detected only in
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Fic. 3. Yield of maleic anhydride vs time factor with reaction temperature as a parameter.

traces (7). (ii) The organic side products
are of the order of 49, of the reaction.

On the basis of observation (i), butadiene
may be considered to be a primary inter-
mediate product. Thus, the following
reactions may be deleted to obtain the
simplified scheme :

A, — As, Ag— Aa,

Based on observation (ii), it is permis-
sible to combine the side products A; with
oxides of carbon; thus making it possible

As — A5, AG g A4.

to delete the following reactions:
A1 d A5, A2 — A5, A5 - A4.

Further, it may be noted that the yield
curve for maleic anhydride at low residence
times does not reveal whether the reaction
A; — A, resulting in depletion of maleic
anhydride is negligible or is masked by the
formation reaction A, — A;. Experiments
conducted at high residence times, when
butene conversion was essentially com-
plete (18), showed no significant decrease
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Fia. 4. Effect of butene—-air ratio on the yield of maleic anhydride,



TABLE 1
List of Chemical Species

Substance Formuia Symbol
Butene C.H:—CH=CH,
UHsCHZCHCHs Al

Butadiene CH=CHCH=CH, A,
Maleic anhydride {((-CHCO),) O A,
Carbon oxides CO, CO, A,
Minor side products

Acetic acid CH;COOH

Acetaldehyde CH;CHO

Acrolein CH=CHCHO A;

Butyraldehyde CH,CH,CH.CHO
Furan CH,0 Ag

in maleic anhydride yield, particularly at
moderate temperatures. At high tempera-
tures (>400°C), however, a slight decline
in yleld was noticed. This may be at-
tributed either to destruction of maleic
anhydride or to catalyst deactivation.

Ragnd on the digenesion the
DasCG O e aisceussion, 06

following network seems feasible.
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Rate of butene depletion—kinetic model.
The knowledge of an adequate model is
necessary proper
kinetic data. Hougen—Watson models (20)
have been widely used in describing solid-
catalyzed reactions. Due to the lack of
knowledge of the true mechanism, use of a
purely empirical model (power equation)
has also received wide acceptance. Re-
cently, however, models based on theories
propounded by Mars and van Krevelen
(21) have been widely employed to inter-
pret vapor-phase oxidation reactions. Mars
and van Krevelen postulated a two-step
model (redox mechanism) for hydrocarbon

oxidation. The rate expression according to

(11)

fan intarnnatatian  of
101 Iverpicvavivilt - UL

this model is

khkophpo
Rp= . 2)
kopo + aokhph

Numerous evidences in support of this
theory have appeared in the literature
(4, 22, 23). Recently Nakamura et al. (6)
have suggested that the redox cycle be-
tween V5 and V4* jons is mainly concerned
with the reactions from 1-butene to maleic
anhydride. The steady-state adsorption
model proposed by Downie et al. (24) leads
to the same expression as Eq. (2).

The linearized form of Eq. (2) is

1 1
1 1 [

E;—

: 3)
khph kopo

It would be of interest to verify if butene
oxidation follows this mechanism. For this
purpose, experiments were conducted vary-
ing the partial pressure of butene in feed,
I&Ut!plllg bIlU UX_}’%EII pd:l l:ldl 'pi‘eSSure cOon-
stant. The rate of disappearance of butene

was calculated using

dY,
Rh = — — . (4)
d(W/F4)

In accordance with Eq. (3), a plot of
1/Ry vs 1/pn gives a straight line as shown
in Fig. 5. More experimental evidences in
support of the redox mechanism for this
reaction have been discussed elsewhere
(18).

Although the redox model is found valid
over a wide range of butene concentrations
studied, a butene concentration in the feed
above the critical limit was found to give
markedly low yields of maleic anhydride.
This effect has already been discussed
earlier. In addition, high butene concen-
tration in the feed poses an explosive
hazard. Due to these considerations, the
concentration of butene should not usually
exceed about 1.0 mole9,. This condition
was maintained in most of the runs taken

in this investigation. Fortunately, this
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Fia. 5. Reciprocal rate of oxidation of butene as a function of reciprocal butene partial pressure.

region of practical interest allows a major
simplification in the rate expression to be
made. At low butene concentration, oxygen
concentration being in excess, would not
play any role. This is shown in Fig. 6,

reaction mixture, pseudo-first-order kinetics
may be assumed in formulating the rate
expression. Thus, for the reaction scheme
II, rate equations for the four components
are:

where log YV is plotted against time 7, at dY;
reaction temperature 350°C. It is seen that Ry = — — = (ki + k2)py, (3)
butene disappearance follows first-order m
kinetics remarkably well. Similar plots dY,
were obtained for other temperatures. The R, = —(;l‘r_l = kipr — (ks + kops,  (6)
conclusion, that the rate of butene oxidation
follows pseudo-first-order kinetics, is in _ @ I
. . . ) Rs = = kyp2 — kips, (M)
corroboration with the findings of previous dr
workers (7, 10). Fh%
Evaluation of rate constants. Owing .to the R, = i kapr + kape + ksps.  (8)
presence of a large excess of oxygen in the dry
1.0 T T T T T T L ]
08f Butene partial pressure in
- 0 o 0.0078 feed,atm o
0.6F a o o 0.0099 b
L 8 Temp.=350°C 1
I 04F ° .
I ®yyzexpl4.24 x164TY)
R ]
]
0.2 °
0.1 ) 1 1 L { L L
0 2 4 6 8 10 12 % 16

Tt x 1[53, gcat.sec/gmole

F1a. 6. First-order plot for butene depletion at 350°C.
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Using the relations

D = Yipul = YNuP (9)
and
T = W/Ft = (W/Fol)(Fol/Fl)
=7iNo1, (10)

Eqgs. (5) to (8) can be expressed as (at
atmospheric pressure);

Yy,

= — (k1 + k) Yy, (11)

th

ay,

— =Y, — (ks + k)Y, (12)

dT;

dYs

—_— = I{}gYQ - k5Y3, (13)

dT;

dY,

— - koY1 4+ kiYs + kY (14)
Tt

Equations (11) to (14) may be integrated
with the initial conditions, Y, = 1, ¥, = 0,
Y;=0,Y,=0at r, =0, to give

Y, = e Fuere (15)
Y “ e b, (16)
9 = ————— e 12T¢ e 3478 ,
(k34 - k12)
e k12Tt
Y3 - 1k3[
(k12 - k34) (km - ks)
e ka4t
+
(k3s — ki2) (kss — ks)
e—kﬁu
+ jl , Q7
(ks — kiz) (ks — ks4)
Y4 = 1 - (Y1 + Y2 + Yg), (18)

Where ’Cm = kl + k‘g and k_34 = IC3 + k4.
Preliminary estimation of rate constants
was carried out by the following procedure.

(a) Equation (15) can be plotted as
log Y, vs 7, as shown in Fig. 6. The slope
of the straight line gives the value of ki,
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which represents the rate constant for the
total disappearance of butene.

(b) Equation (12) can be rearranged
to give

1 dY, Y,
= ky— — (ks + ko).
Y2 dT; Y2

Thus, a plot of [(1/Ys)(dYs/dr)] vs
(Y1/Y3) gives a straight line. The intercept
and slope give the values of kyand (ks + k),
respectively.

(¢) Equation (13) can be recast to give

(19)

(20)

This gives the values of k; and £;.

Refined values of rate constants at
each temperature were obtained by non-
linear regression technique (25, 26). The
objective function, S, defined by Eq. (21)
was minimized by using Powell’s minimiza-
tion procedure (27).

N M .
S = Zl Zi Yy — Y 21)
iml j=

Estimation of rate constants at different
temperatures revealed that values of k;
were either negative or indistinguishable
from zero and may best be set equal to
zero. Accordingly, selective oxidation of
butenes to maleic anhydride may be
expressed by the following reaction scheme.

ky
A —» A
kx %
Ag

The wvalues of the rate constants thus
estimated at each reaction temperature
are given in Table 2. Reasonably good fit
is obtained as evidenced by small values
of function S. Rate constants at different
temperatures followed the Arrhenius equa-

kK3

- As

(IT1)
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tion. The estimated values of activation
energy and the preexponential factor for
each of the rate constants are given in
Table 3.

The results of parameter estimation
reveal that further destruction of maleic
anhydride to carbon oxides is insignificant
within the reaction conditions studied
(ks = 0). This conclusion is in agreement
with the findings of Ai et al. (7,11,12)
which were of a qualitative nature. They
found that the addition of P,0; to V.0;
inhibits the further destruction of maleic
anhydride to carbon oxides. Interestingly,
studies of butadiene oxidation over MoQ;—
TiO; catalyst by Akimoto and Echigoya
(28) also revealed that successive oxidation
of maleic anhydride does not occur, rather
the anhydride and carbon dioxide are
formed through different reaction paths.
This explains why the yields of maleic
anhydride were relatively insensitive to the
time factor at higher conversions, as
reported earlier (18).

Since an increase in temperature increases
the yield of maleic anhydride which does
not undergo significant destruction, the
upper limit of the optimum reaction
temperature would be determined essen-
tially by the stability characteristics of the
catalyst particle. Stability studies and the
identification of runaway conditions, be-
lieved to be wuseful in determining the
operating conditions giving improved yield
of the desired product, are in progress.

In order to test the wvalidity of the
kinetic model, the predicted Y; vs 7, curves
were compared with the experimental

TABLE 2
Estimated Values of Rate Constants

Temper- Rate constant S
ature (g-moles/g hr atm)
C)
: k1 kg ka ks
350 0.30347 0.15194 0.95329 0.48119 0.03193
370 0.50328 0.23047 1.57558 0.64797 0.01638
390 0.83213 0.33426 2.50910 1.13653 0.00532

VARMA AND SARAF

TABLE 3

Estimated Kinetic Parameterse

Reaction Activation Preexponential
energy, E; factor, A,°
(kcal/g-mole) (g-moles/g-cat
atm hr)
1 22.1 1.5867 X 107
11 17.2 1.8866 X 10°
11T 20.3 1.4432 X 107
v 18.8 1.4670 X 10¢

sk; = A exp(—E;/R,Ts); j = 1,2,3,4.

data. This is shown in Fig. 7 at 350°C. The
agreement was found satisfactory at all
reaction conditions studied.

A comparison with the results obtained
by Sunderland (14) at lower temperatures
may be of some interest. The reaction
scheme considered by him neglected buta-
diene as the intermediate product. He
observed and took into account the further
oxidation of maleic anhydride, which is not
in agreement with the findings of this work
nor with those of previous investigations
as discussed above. The rate expression
developed by Sunderland based on the
Hougen—Watson model is rather cumber-
some and may not be suitable for reactor
design and optimization studies particularly
when the reactor model accounts for pellet
effects. The kinetic model developed in this
investigation is believed to be useful for
this purpose. Sunderland found that the
rate data were adequately represented by a
rate expression according to which a
reaction between adsorbed oxygen and
gaseous 2-butene was controlling. It is
interesting to note that this mechanism
is not very different from the two-stage
redox mechanism which postulates the
oxidation of hydrocarbon in the gas phase
by the oxygen ion of the oxide lattice.

CONCLUSIONS

The integral reactor immersed in a
molten salt bath was found satisfactory
for kinetic studies of this reaction. Pre-
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liminary diagnostic tests suggested insigni-
ficant transport effects under the chosen
operating conditions. Oxidation of butene
was found to follow a two-stage redox
modei. The mechanism of the reaction was
observed to be in agreement with that
Maleic
anhydride is formed by oxidation of butene
via butadiene as the principal intermediate
product. No significant oxidation of maleic
anhydride to carbon oxides occurs under

tha roagetion conditions studied Peeudo-
vic réacuitn COnGIuitns Suvuaila. O5C€UQs

first-order rate equations could be fitted
to each of the reaction steps at low concen-
trations of butene in the feed. The basic
kinetic parameters were thus determined.

proposed by previous workers.
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