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SUMMARY AND CONCLUS IONS

The published literature on the oxidation of
benzene to malelec anhydride in the vapour phase is quite
vast, but only a small part of it relates to the kinetics
of the oxidation process, As a first step in the
present study, the available literature on the kinetics
of the reaction was collected and tabulated. It was
observed that though benzene oxidation proceeds through
a number of intermediate steps (including the formation
of phenol, hydroquinone and benzoquinone), for the

kinetic analysis the following scheme has generally been

accepted,

benzene > maleic anhydride

k3 r3 ) I- k2

e

oxides of carbon .

Moreover each of the three principal steps involved
apparently follows first-order kinetiecs. According to
Hammar (Svensk Kem. Tid., 64, 165 (1952); Chem, Abst.,
46, 8945d (1952)) all these three steps have equal

apparent activation energies, where as Ioffe and

Lyubarskii (Kinetika i Kataliz, 3, 261 (1962);

B
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Chem. Abst., 58, 556g (1963)) found the activation

energies to be unequal.

Apparently no attempt has been made to postulate
a plausible model for benzene oxidation, except the
solitary attempt of Hayashi et al (Can. J. Chem. Eng.,
41, 220 (1963)) who applied the Hinshelwood model to

benzene oxidation, the scheme being,
benzene + N0y s products

In this model it is assumed that first oxygen is adsorbed
over the catalyst surface, then benzene from the gas
phase strikes the adsorbed oxygen whence the chemical
reéction takes place to yield the products. Equating the
rate of adsorption of oxygen to the rafe of reaction of
adsorbed oxygen with benzene, a rate equation has been

developed, which in terms of partial pressures would be

kakrpBPO

kapo B nkrpB

This rate equation 1s restricted to the overall

-reaetion of hydrocarbon with oxygen and not to the

-individual steps involved. Also the equations are not

of general applicability since the value of the specific




adsorption constant of oxygen has been found to vary for

different hydrocarbons for a given temperature and catalyst, .

though the fact that only oxygen is assumed to be adsorbed

would require that this constant should have the same

value for all the hydrocarbons.

Hence a systematlie study of the oxidation of

benzene was carried out with the following objectives:

To establish the first-order rate constants and
then to suggest a suitable composition of V505 and MoOg
(on silica gel) on the basis of a comparative assessment
of the kinetic parameters for different catalyst
compositions; to examine the Hinshelwood model proposed
earllerj to propose plausible models of the Hougen=Watson
type for all the principal steps involved; and to
elucidate the effect (if any) of mass transfer and pore
diffusion.

EXpei'iments were carried out in an integral
reactor with outside fluidized bed heating to obtain
isothermal conditions. Rate data were collected at four
different ratios of benzene to air (1350, 1380, 1:110 and

1:140) covering a temperature range of 310-400°C, and a

contaet time (W/F) range of 60-400 gm.hr./gm-mole. Results

of all the runs are expressed in terms of the partial

pressures of the products of oxidation, viz., unreacted
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benzene and oxygen, maleic anhydride, carbon dioxide and
water (as benzoquinone and carbon monoxide were formed
in traces, they were not inecluded in the partial

pressure calculations).

The rate data conform to pseudo first-order
kineties for all the catalysts employed. The first-order

equations for the reaction scheme presented earlier ares

de
-W/—FT - (kl'i'kS) Pp .o (2)

dpM
d(wW/F)

klpB w ksz s (3)

dpC
d(w/F)

)

(2k1+6k3) Py & 4k2pM "o (4)

The accuracy of the rate constants has been checked by
back calculating the disappearance of benzene and
formation of maleic anhydride and comparing them with the
observed values. The deviation is about 8%. The tempera-
ture dependence of these constants has been expressed in
the form of the usual Arrhenius relationship, which
clearly showed that all the three steps involved have

equal activation energies; but the value of the activation

energles depends on the temperature region, being about

B T —




20 kecal./gm-mole in the region 310-350°C. and about

2 keal./gm*mole in the region 350-400°C. The magnitude
of the activation energy (2 keal./gm-mole) in the
higher temperature range (350-400°C.) suggests that in

this region mass transfer might be the controlling step.

A comparative assessment of the kinetie
parameters, kl/(kl+k3) and k2/kl’ for different catalyst
compositions indicates that probably a total oxides content
sonsteat of 14% and V505 to MoOz ratio 1:1 is the most

suitable composition for benzene oxidation.

As pointed out earlier, the Hinshelwood model
is not of general applicability. Moreover, the present
data also do not uphold this mechanism. Hence,
starting from Bretton's postulate (Ind. Eng. Chem,, 44,
594 (1952)) that hydrocarbon is adsorbed in preference
to oxygen, a modified Hinshelwood model has been
developed, according to which benzene is first adsorbed
on the catalyst surface and oxygen from the gas phase
then strikes the adsorbed benzene leading to chemical
reaction. Equating the rate of adsorption of benzene to
the rate of reaction of benzene at steady state, the rate

equation developed is of the form,

kBkrpoﬁ (5)
4 kr_p

k

B'B 0




This equation holds good for the initial conditions only.
An empirical correlation has been developed to extend

the equation to other conditions by setting,

kK, = k, (1= ax) R

|
i
where 3

a = empirical constant

The validity of the rate equation has been tested by
caleculating the rates and comparing them with the
experimental values. The Arrhenius relationship developed
for the specific rate constant kro (for the initial
condition) yields an activation energy comparable with
that obtained from first~order kinetiecs.

An attempt was then made to delineate the
controlling steps for the reactions under study using the
Hougen-Watson models. The models proposed after the

usual elimination procedure are as follows:

For reaction step 1, adsorption of benzene is
the controlling step, reaction occurring between adsorbed
benzene and oxygen in the gas phase with carbon dioxide
and water not adsorbed.

k !
rl = 18 oo (7)

(1+ Kpy)




For reaction step 2, adsorption of maleic
anhydride is the controlling step, reaction occurring
between adsorbed malele anhydride and oxygen in the gas

phase, with carbon dioxide and water not adsorbed.

1'2 = k23 PM oo (8)

For reaction step 3, adsorption of benzene is
the controlling step, the reaction oeccurring between
adsorbed benzene and oxygen in the gas phase, with carbon

dioxide and water not adsorbed.

The equation developed for steps 2 and 3 are
identical with the equation based on first-order kinetics,
whose validity was established earlier. For reaction step
1, the accuracy of the constants, kig and K,, was checked
by caleulating the rates from the equation developed for
this step and comparing with the observed rates. The
deviation is about 13-15%.

The low activation energy (2 kecal./gm-mole) for
the higher temperature range (350~400°C.) indicates that

mass transfer might be the controlling step in this regime.

T —




Since according to Petersen ("Chemical Reaction Analysis,"
Prentice-Hall, Inc., New Jersey (1965)) mass transfer
alone cannot be the controlling stepy, being always
accompanied by pore diffusional resistance, an attempt

waé made to determine the influence of pore diffusion.

For this purpose rate constants were calculated for

different particle sizes, viz.,
-5 +12, =~12 +22, ~-22 +36, =36 +60 (B.S.S. mesh)

Then, from a plot of the observed values of K (rate
constant for total benzene disappearance) as a function
of particle size, the intrinsic value of k was determined.
In view of the similarity in the behaviour of all the rate
constants this analysis has been restricted tQ the total
disappearance of benzene. Using this value of k, the

effectiveness factor € was caleculated from,

observed value of k (10)
intrinsic value of k

The Thiele modulus ( § ) was estimated for different

particle sizes from

e g //k.(intrinsic) = (11)

e




In the present casey, the effectiveness factor was found

to be practically unity, and in the plot of € vs. {J
the experimental points slso coincide with the

theoretical € - ( curve.

Three regions can be identified in the

curve:s

(1) ¢ < 0.2 where € = 13
(11) 0.2 < @ < 2, the transition regionj and
(1i1) 0 > 2 where € = V/J.

Petersen has postulated a mass transfer factor (¢ ) and
has established a relationship between this factor and
the Thiele modulus ( @ ) for region (11i), which can be

put in the form,

g - 1 ' [ ] (12)
1+ 30(Dy/D)

where the ratio (Dg/D) is a measure of the tortuous
diffusion inside the catalyst. This equation can be
modified to provide

- i (13)

o
i

1+ 3P 2(Dg/D)




for region (1) where pore diffusion is absent. A

serutiny of Equation (13) shows that, in the case of
benzene oxidation, the value of (Dg/D) being 5.102x1073,
the mass transfer factor (¢ ) 1s unity. This fact,
combined with the earlier observation that the
effectiveness factor is also unity, suggests that
neither external mass transfer nor pore diffusion offers |

any significant resistance in this reaction.

The above analysis was carried out for the high
temperature range only since, in the low temperature
range, chemical reaction is evidently the controlling
step. It is a reasonable conclusion that in the high
temperature range also chemical reaction is the
controlling step, the unusually low value of the
activation energy being attributable to a favourable

change in the chemical structure of the ecatalyst.

Note: The nomenclature is given in pages 156-9.
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Chapter 1
LITERATURE REVILW AND PROBLEM QUTLINE

1.1 INTRODUCTION

Maleic anhydride has uses in many branches of the
chemical industry. This compound, an internal anhydride of
an unsaturated dicarboxylic acid, with its enhanced
reactive olefiniec linkage, contributes (with its many
derivatlives) to the manufacture of a variety of chemicals

ranging from oil additives to pharmaceuticals.

Malele anhydride/acid may be obtained by the
oxidation of benzene, biphenyl (28), X =pinene (13,14),
succiniec acid (22), furfural (29,48,51,56), erotonaldehyde
(247,11,15), butene (9,45,57,60), n-butane (6,35), furan
(42), butadiene (6), furfuraldehyde (53), isobutylene (6),
phenanthrene (50), cyeclopentadiene (49), ete. The pyrolysis
of diglyeolic anhydride (38) and electrolytic oxidation of
benzene (81) and eyclohexanone (27) also yield maleie acid.
It 1s also obtained as a by-produet in the production of
phthalie anhydride from o-xylene (33) and naphthalene
(24,25,73), of benzaldehyde/benzoic acid from toluene
oxidation (62), and in the oxidation of ethyl benzene (61).

Attempts have been made to oxidize benzene in the
liquid phase, but without success. Potassium permanganate
has no marked effect on benzene in the liquid phase (74),
hydrogen peroxide in the presence of iron salts yields a
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mixture of phenol and diphenyl (16), and the action of

alr under pressure yields about 0.5 per cent phenol (37).

0f all the raw materials used benzene (25,538,359,
75,76), crotonaldehyde (5,12) and butene (55) are of
commercial 1mportahce. waevef more than 90% of the total
production of malelec anhydride 1s based on benzene

v . oxidation,

In the following paragraphs a brief review is
presented highTlighting the general aspects of benzene
' oxidation, the various catalysts used, the mechanism of
oxidation and the kinetic models proposed. Based on this
survey the scope of the present work is outlined in

Section 1.6.

1.2 MALEIC ANHYDRIDE FROM BENZENE OXIDATION - A GENERAL
SURVEY

An account of the earlier papers dealing with the
oxidation of benzene has been presented by Egloff (23) and
by Marek and Hahn (46).

As early as 1870, Carius obtained a then unknown
derivative of malelec acid as a result of treating benzene
with perchloric acid. Kekule repeated this experiment,
and identified this product to be ﬁ-trichloroacetoéecrylic
acid (CClzCOCH = CH - COOH), The mechanism of the reaction

was explained by supposing that simultaneous oxidation and

chlorination of benzene led to a large number of




intermediate ecompounds, viz. chlorinated benzene, phenol,

chlorinated phenols, quinones and finally chlorinated

quinones.

In 1891 Zincke and his collaborators undertook
a study of the action of chlorine (potassium chlorate +
hydroehloriec acid) on various derivatives of hydroxy
benzenes. In their investigation they came across
hexachloro-o-diketone, pentachloro-m-~diketone derivatives
and dichloro maleic acid. Further, the cleavage of the
benzene ring by chlorine in alkaline solution was studied

by Hantzsch.

Débner oxidized phenol with potassium permanganate
and obtained meso tartariec aecid. It was presumed that
hydroquinone, quinone and maleic acid were intermediate

steps of oxidation.

In 1906, during a study connected with the
structure of benzene, Kempf noted the formation of maleic
acid as a result of the liquid phase oxidation of quinone
with silver peroxide. He noted that this also resulted

by the electrolytic oxidation of quinone,

However, the first step towards the oxidation
of aromatics in the vapour phase was undertaken by Orloff
in 1908. He obtalned benzaldehyde by oxidizing toluene

in the vapour phase over copper sieve contact mass. But

In the case of benzene a number of unidentified compounds




were reported,

Fuarther studies relating to the oxidation of
hydrocarbons were condueted by Gilles and his associates,
working at the Bureau of Chemistry in Washington and by
Welss and Downs and their assoclates, working in the
laboratories of the Barret Company at Edgewater, New
Jersey. The investigations carried out by them were said
to have paralleled each other to a great extent. Very
Tfew details concerning the work were published. However,
a number of patents were taken on the production of
phthalie anhydride from naphthalene, anthraquinone from
anthracene, phenanthrequinone from phenanthrene and

benzaldehyde from toluene.

The first paper on the vapour phase oxidation
of benzene was published in 1920 by Weiss and Downs (77).
According to them the oxidation of benzene at high
temperatures yielded diphenyl, tarry products and other
products of complete oxidation. However, with certain
catalysts, conversion to phenol to the extent of 0.3 per
cent was possible, with gquinone being formed in slightly
larger amounts. In the case of a few eatalystsy, in
particular with vanadium pentoxide, maleic acid was formed.
Under their experimental conditions, the propertion of
quinone to that of maleic acid formed remained almost

unaltered. A small quantity of formaldehyde was also

reported; but neither the amount nor the mode of its analysis




was Indicated. The reaction velocity of the partial
oxidation of benzene was sald to be less than that of
the oxidation rate of sulpmr dioxide to sulphur trioxide
or of ammonia to nitric acid. The apparatus used by
these authors mainly consisted of a vaporizer through
which air was bubbled and a 'U' tube reactor held in a
bath of molten lead maintained at constant temperature.
The reaction products were scrubblled with distilled water

and analysed.

In an article published in 1926, Downs (19) had
indicated that both alumina and iron, among other materials,
were without catalytie activity. Several aspects of the
laboratory scale investigations, ineluding the mode of
temperature control (through a molten lead bath) as well
as the detalls of a commercial size reactor, consisting of
a number of small diameter tubes inserted in a liquid
mercury bath (heat exchanger type reactor) for econtrolling
the temperature gradient, have been given. It has been
indicated that a yield of 60 pounds of maleic acid per

100 pounds of benzene was feasible on a commercial seale.

Following the introduction of maleic anhydride
in the market, Downs (26) published a paper on the possible
gausibie applications of maleic anhydride.

In 1929 Yabuta and Simose (82) reviewed the

oxidation of benzene over vanadium oxide catalyst,

15
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emphasizing the influence of diluent gases, mode of
catalyst preparation and effeet of other metallic oxides

in the catalyst.

Zalkind (83) reported that, at the optimum
temperature of 410-430°C., yields of 14 to 17 per cent
maleic acid on the basis of benzene used could be obtained.
The reaction probably took place via phenol to quinone, to
malele acid and subsequently to the complete oxidation

products,

Pigulevskil (54) conducted experiments over
ammonium meta vandate catalyst in atmospheres rich in
oxygen. Working in the temperatures 370-450°C. with
mixtures of benzene from 3 to 8 per cent and 19.7 to 89
per cent oxygen by volume, and at contact times (0.4 to
20.6 sec.) it was reported that a maximum yleld of 38 per

cent could be obtained.

Kiprianov and Shostak (44) obtained 24 per cent
of malelc acld by weight of benzene fed over vanadium
pentoxide deposited on pumice, and econecluded that the
yield eould be doubled with 70 per cecent vanadium oxide
and 30 per cent molybdenum oxide catalyst. Moreover they
ascertalned, from experimental evidences, the effect of
adding small amounts of some metallic oxides as promoters

for their catalysts, and found that whilst cobalt

enhanced the effielency of oxidation, bismuth, tin and
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lead were innocuous, and addition of iron, nieckel, chromium

or manganese was deleterious.

Takikawa (63) made use of multicomponent
catalysts = vanadium and molybdenum oxides, vanadium,
molybdenum and titanium oxides = for the oxidation of the

parent compound.

In 1952, Hammar (34) published his studies on
the reaction kinetliecs of the oxidation of benzene over
vanadium =~ molybdenum catalysts deposited over alumina.
The reactor conslsted of a stainless steel tube heated
both externally and internally with dowtherm. The only
solid product identified was malelic anhydride and the
gaseous products of oxidation were analysed by the

conventional Orsat apparatus.

Fakuda (26) studied the relationship between the
yield and the ratio of air to benzene, composition of the
catalyst, ete., to evelve the optimum conditicns for

industrial production.

Norrish (52) and his collaborators conducted the
oxidation of benzene at a higher temperature of 685°C. and
at reéesidence times up to two hours without a catalyst.

The idea was to ascertain the mode of oxidation of benzene
to the final products. According to the results

published, the oxidation has been shown to proceed via

successive hydroxylations of the ring to the dihydroxy
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stage, whence the ring cleavage takes place, the fission
products being rapidly degraded to Co hydrocarbons,

formaldehyde, carbon oxides, hydrogen and water.

Bhattacharya and Venkataraman (2) have made a
systematic study pertaining to the addition of various
modifiers like oxides of cobalt, tungsten, uranium, cerium,
thorium, zirconium and titanium to the vanadium =
molybdenum mixed oxlde catalyst over different catalyst
supports like kieselguhr, pumice, kaolin, silica gel,
metallic aluminium and calcium sulphate. Best yields of
maleic acid (50 per cent conversion of benzene) were
obtained with a vanadium pentoxide - molybdenum trioxide
(ratio 1-2.3 1 1) catalyst supported on kieselguhr with
5 per cent of cobalt oxide as promoter. According to them
the mode of preparation of metal oxide and the pre-treatment

of the supports also affected the yilelds.,

Sherwood (59) has discussed the various processes
used in maleie anhydride produection, the significance of
the oxldation step, the variables involved in the
reaction, the composition of the catalyst used, the
product recovery step and the different techniques used

(viz. the fixed and fluidized bed techniques).

Due to the short supply of benzene, and the fact
that out of 6 carbon atoms in benzene only 4 atoms are

utilized in procuring maleic acid whereas the other 2

atoms are lost as oxides of carbon during the reaction, the
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recent trends are to utilize hydrocarbons having 4 carbon
atoms as the starting material, like butene (CHg=CH =
CH-CHa) or crotonaldehyde (CH3~CH = CH.CHO).

Crotonaldehyde (4,5,12) is used by Germans in
the production of maleic anhydride. The crotonaldehyde
needed for this process 1s obtained from acetaldehyde

by aldol condensation carried out in a continuous converter.

Irrespective of the starting materials used,
the reaction is highly exothermic., In order to prevent
the eonsequent temperature gradients in the catalyst bed,
whiech hamper the progress of the reaction to the
intermediate productslof oxidation, many new ideas have

been put into practice.

At present, besides the conventional fixed bed
technique for the maleiec anhydride production, fluidized
(58) and moving (64) bed techniques have also been

employed.

A recent French patent (30) proposes a novel
method whieh consists in packing the fixed bed reactor
with three layers of catalyst of different compositions.
The compositions of these catalysts are so adjusted that
the reaction proceeds smoothly and a high yleld of malelec
anhydride is obtained.

Another method has been reported (10) in which
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fwo catalytiec reactors are operated in series. These two
fixed bed reactors are packed with different quantities
of the catalyst maintained at different temperatures and
at specified conditions., The first reactor ylelds about i
37.5 per cent and the second about 37.6 per cent, thus

| fetching a total of about 75 per cent of maleic anhydride

’ per pass. This method appears to be in consonance with

modern techniques of temperature optimization.

\ 1.3 CATALYSTS USED IN BENZENE OXIDATION

A great variety of catalysts has been patented

for use in the vapour phase oxidation of benzene to
maleic anhydride. The use of the metals of the fifth and
sixth groups of the perlodic system or mixturesof these
oxides has been particularly stressed. Vanadium pentoxide
has been studied more in this connection than any other i
oxide beczuse of its selective role in the oxidation of ]

benzene.

Weiss, Burns and Downs (78) investigated the

mechanism by which vanadium oxide catalyses the oxidation

|
of benzene. It was found that the colour of the catalyst
changed from reddish yellow in the initial condition to

bluish green to grey after the reaction. Hence it was

assumed that the pentavalent vanadium dissoclates as

V205 M V204 + O I‘
e |
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‘ To verify this phenomenon, different catalysts of known |
composition were prepared and analysed at the end of
the reaction. It was found that the equilibrium

composition depended only on the ratio of air to benzene

at a given temperature. But the proportion of vanadium

pentoxide in the catalystlat equilibrium decreased with

increase of temperature. At the same time, at higher

, temperatures, as the products of total oxidation from the

reaction increased, it was suggested that the degree of

complete oxidation was not solely dependent on the ratio

of Vo05 to Vo04. They attributed the relative

proportions of the various products of oxidation from

the parent compound to some other property of the

catalyst, perhaps the structure of the erystalline lattice.

The effect of various promoters like molybdenum
oxide (63), boric acid (63), chromic aecid (39), tungstic
oxide (65), in conjunction with the vanadium pentoxide,
has been studied. Of these promoters, only molybdenum oxide

is widely used. i

Ioffe and his co-workers (39) have made a
systematic study of the oxidation of benzene over a
varied proportion of vanadium and molybdenum oxides.
According to them, the increased activity of the catalyst
is associated with the solid solution formation of MoOg
with Vo05 lattice. Thus a 25 to 30 mole per cent of

MoOg with V,05 has been shown to form a good solid solution.
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But according to others the ideal mixture proportion is
1:1 (2,66,67).

Addition of small quantities of "additives" or
"modifiers™ to Vo0 - MoOz mixed oxide catalysts 1s said
to enhance the reactivity to the formation of the
iIntermedlate products of oxidation. In other words,
they are believed to inhibit the further oxidation of
intermediate compounds to the ultimate oxidation produects,
as well as check the direct complete oxidation of
benzene. Thus, additives like titanium dioxide (63),
sodium salts (69), phosphorus pentoxide (65), potassium
salts (70), nickel nitrate (31) and lithium oxide (32)
have been studied in conjunctlon with the mixed coxide

catalysts of vanadium and molybdenum.

Inert materials like silica (79), alundum (68,
43) pumice (10,26), metallic aluminium (34), alumina (31,
71), quartz (67), fused corundum (40), silica gel (66)
have been used as catalyst supports. However, it has been
reported (66) that carriers like silica gel with high
porosity have a deleterious effeet on the conversion of
benzene to malelec anhydride. On the other hand,
carriers with low porosity (like quartz) are also not
suitable, as the oxide coatings tend to peel off,
especially in a fluidized bed, due to insufficient

adhesion to the surface. Generally the best results are

reported to be obtainable with carriers of medium porosity




like alundum (66).

Regarding the total oxides (molybdenum oxide
plus vanadium oxide) required for the reaction, about
25% (on the earrier) has been found to be the best

proportion by a few investigators (2,64,89). On the
other hand, there are also patents (31,32,41) which claim

about 154 total oxides to be the most suitable. \

With respeet to the size of the catalyst to be
used in a fixed bed reactor, a range of about =3 +6 mesh

(70,72) 1is considered to be the most favourable.

1.4 MODE OF BENZENE OXIDAT ION

A few references are available in the literature
on the stepwise oxidation of benzene to the prinecipal

products of oxidation in the vapour phase.

The fact that Weiss and Downs (21,23,80) were
able to isolate phenol in the products of reaction
suggests a hydroxylation mechanism similar to that
postulated in the case of vapour phase catalysis (3) in

which the formation of monohydroxylated derivative 1s the

first step. The hydroxyl group in phencl activates the

para and ortho positions, so that the introduction of
the second hydroxyl group would be expected to yield
quinol (1 : 4 CgH, (OH)3) and catechol (122CgH, (0H) 5)

respectively, with a preponderance of the former. Quinol
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| was oxidized further to quinone. However the amount of

quinone formed was very little.

H OH OH
! OH b
j +0 — +0— + |
|
OH

benzene phenol quinol catechol I
+4 |

0

quinone |

The mechanism of further oxidation of quinone |

to maleic anhydride is speculative, as none of the !

intermediate compounds in this step has been 1solated. i

However the possibility of further hydroxylation of the J
quinone, and the formation of a polyketone due to J

rearrangement, may not be ruled out.

0 0 0 |!
CH (0] |

+ 0 —mM 88 & = = ,|'

|

HH I

0 0 0 ll|
(enol ) (keto) |

Farther oxidation of this product results in ’
ring rupture and formation of maleic anhydride i

" 0 ' ‘”
~° |

+ 50 ——» 0 + 2C0, + H,0 I

< IH <> {
- _' ¥ 0 - |

1
maleic anhydride l(




For the formation of phenol from benzene,
atomic oxygen is necessary. Welss, Downs and Burns (78)
postulated that atomie oxygen formation oecurs by the
dissoclation of pentavalent vanadium as shown in the

following equationt
benzene
Vo005 S ————— Vaoly + O
air
Thuas they assumed that the function of the catalyst was
to furnish 'active' oxygen. 2Zalkind and Zolotarev (83)

also support the hydroxylation mechanism.

Recently Boocock and Cretonovie (8) have made
an exhaustive study of benzene attack by atomie oxygen.
According to them two modes of attack of atomie oxygen
on benzene are possible 3 (a) abstraction of a hydrogen
atom from the aromatic nueleus, or (b) addition to the

aromatic nmaecleus.

Abstraction of a hydrogen atom would lead to
the formation of hydroxyl radical and phenyl radical.
Attack of benzene by hydroxyl radical would then be
expected, with the subsequent production of phenol and
diphenyl by radical assoclation, according to the following

scheme.
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Cgg + O L CgHge+ OH e
Coly + OR- Celge+ Hy0
Cglge+ OHe CeHs0H

b pe— Cefls ~ Cells

Alternatively, as with the olefines and
cyecloolefines, the oxygen atom may add directly to
benzene molecule, which presents a large number of

possibilites, as shown below:

0 0
D T 0 0 0 O«
CHO
[ I III IV YV VI

However, none of these compounds 1s reported in the
literature, although some derivatives are known. This is
probably because I, II, III and IV isomerize quickly te
the stable structure of phenol, whilst V and VI are
undoubtedly prone to a variety of condensations,

polymerizations and decompositions.

Norrish and Taylor (52) have carried out the
complete oxidation (combustion) of benzene at a high
temperature (685°C.) without a catalyst, but at long
residence times reaching up to two hours. According to
themy, in the pyrolysis of benzene, small amounts of oxygen

may catalyse the reaction leading to the formation of




biphenyl (here oxidation is not involved). Thus 3

CeHg + (0,) CgHg + (HOg).

i e
i 206HE>' o e C6H5 =~ Cglig
; B +06H6 S CGHS- b H2
During combustion (oxidation),
CeH, + Og C Hg + HO,.
Csﬁs. ks 02 : CGHB 00.
CgHy 00. + CgHg CgHgO. + C Hg OH
CGHBO' L CGHB CSH5 OH + C6H5'

The further oxidation of these products takes

place in a similar mammer.

1.5 KINETIC MODELS

[}

Numerous references pertaining to process
studies on the oxidation of benzene are available (17,23,
46), but only a few of them relate to the kinetics of the
oxldation process, wherein rate equations have been given
which can be used in reactor design. 4s pointed out
earlier, the reaction proceeds through a number of
intermediate steps, including the formation of phenol,
hydroquinone and benzoquinone. Traces of formaldehyde

and diphenyl have also been reported among the produects.

However, for the kinetic analysis of the reaction, the

following scheme has normally been employed (17,34,40).

&7




Malelc anhydride
benzene 7 2| k2

Oxides of carbon

Hammar (34) has studied the oxidation of benzene
over a number of catalysts consisting of V205 and MoO3
on metallic aluminium., He has interpreted the data
according to the above scheme, The rate of the first
step 1s sald to be very fast, being limited only by the
mass transfer rate. The faet that the aectivation energy
for this step was of the order of 25 kcal. per gm-mole,
which is inconsistent with mass transfer control, has been
explained by assuming that the active area of the catalyst

available for the reaction is itself temperature dependent.

The rate of total combustion of benzene (fa)
was found to be almost independent of mass transfer, the
rate determining step being either re-adsorption of
maleic anhydride or surface reaction. However 1t 1is
difficult to visualise the readsorption of maleic
anhydride as a possible controlling step since maleiec
anhydride is not involved in the direct total combustion

of benzene to carbon dioxide and water.

The three kinetic steps involved in the reaction

were found by Hammar (34) to be uninhibited first-order

28



reactions with equal apparent activation energies.

Ioffe and Lyubarskii (40) have also found the
oxldation velocity of benzene to be first-order, but
the activation energies of the three steps were found
to be unequal. At benzene concentrations > 10 percent
oxidation was found to be independent of oxygen

concentration in the gas phase.

According to Bretton (9), initially the
benzene is adsorbed over the catalyst surface with the
abstraction of hydrogen to form a radical. Then thn
oxygen from the gas phase strikes over it and the
chemical reaction proceeds through the formation and

destruction of peroxy radicals.

Heyashi et al (36) have applied the Hinshelwood

(steady=-state) reaction mechanism to the oxidation of

benzene, assuming @

(1) oxygen is the only reactant adsorbed on
the catalyst surface,
(11) the rate of desorptioh of oxygen from
the catalyst is negligible,
(111) for reaction to ocecur, orgenie reactant

in the gas phase must strike an adsorbed

oxygen, and

29




(iv) a steady state is established in

which the rate of removal of oxygen

by chemical reaction equals the rate

of adsorption of oxygen. -

Equating the rate of adsorption of oxygen to the rate

of chemical reaction, the final form of the equation

developed, expressed in terms of partial pressure, was

kakpPBPO
kapo + n krpB

Mars and van Krevelen ( 47) have proposed a

similar model for the oxidation of naphthalene. According

to them the oxidation scheme 1s represented by the

following two steps 3

(I) naphthalene + oxidized catalyst ===

products + reduced catalyst

(II) reduced ecatalyst + oxygen =--> oxidized
catalyst

The final rate equation developed by equating these two

steps 1s identical in form with the Hinshelwood equation

developed by Hayashi et al (36).

Recently Dmuchovsky et al (18) have studied

the kinetics of the catalytic oxidation of benzene.
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According to them also benzene is oxidized in two

independent paths, one leading to maleiec anhydride,
which may be further oxidized and the other leading to the

\ final products of oxidation as indicated in the scheme.
A first-order rate law holds good up to 75 percent of the
reaction range. This has been found to be true at
various temperatures in the range 319°~377°C. The |
apparent activation energies for the two paths of

oxidation of benzene are quite considerable and slmost

the samej whereas that required for the oxidative

decomposition of maleic anhydride is found to be lower.

It has been proposed that in the rate limiting step, |
benzene reacts with molecular oxygen either in a 1:2 or
1:4 fashion to yleld activated complexes possessing

considerable mobility.

1.6 PROBLEM OUTLINE

The detalled review of the existing literature |
on the oxidation of benzene reported in the foregoing
sections brings out the following sallient features of !

this process: :

(1) Vanadium and molybdenum mixed~oxides are ‘.
apparently the most suitable catalysts.
(11) The suitability of any particular catalyst i

composition has been established more from process data

than from any rational interpretation of the kinetie !
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parameters of the reaction for various catalysts.

(111) First-order kinetiec equations have been
proposed for all the three prineipal steps involved.

(iv) A solitary attempt has been made to postulate
a model for the total oxidation of benzene according to
the reaction,

Benzene + n0p __, Products

In this steady-state model 1t has been assumed that at

equilibrium,

rate of adsorption of oxygen = rate of reaction of
surface oxygen

(v) Apparently no attempt has been made to
postulate models for the three principal steps involved
in benzene oxidation.

(vi) The possibility of mass transfer being the
controlling step at elevated temperatures has been
suggested; but the magnitude of the activation energy is

inconsistent with mass transfer control.

Thus, although considerable work has been done
on benzene oxidation, there are still several aspects
of the process which require elucidation and analysis.
The present investigation was undertaken with the following
prineipal objectives

(1) To establish the first-order rate constants

and then to suggest a suitable catalyst composition, using

'
|
|
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Vg05 and M003 mixtures, on the basis of a comparative
assessment of the kinetic parameters for different
catalyst compositions, the object being to obtain a high
selectivity to maleiec anhydride.

(2) To examine the Hinshelwood steady-state
model for the total oxidation of benzene and to apply
this model to the catalysts selected.

(3) To establish plausible models (based on
the Hougen=Watson approach) for each of the three significant

steps involved in the oxidation of benzene.

(4) To examine the role of pore diffusion for
the selected catalysts and also the effect of external

mass transfer (1f any).
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Chapter 2

EXPERIMENT AL

2,1 EXPERIMENTAL SET-UP

2.1.1 General

A dizgrammatic sketch of the reactor assembly
is shown in Figure 2.1. Metered primary air was fed
through benzene vaporizer (A) where it was saturated with
benzene, and met a stream of metered secondary air in
mixing bulb (F). The mixed stream was then passed
through preheater (B), which prevented the condensation
of organic vapour to reactor (E). The preheater was
heated by a fluidized bed of bauxite, The product stream
was passed through a train of condensers cooled by
{ce-salt mixture, and finally through caustic bulbs where

carbon dioxide was absorbed.

2,1.2 Vagorizer

As shown in Figure 2.2 the vaporizer conslsted
essentially of a narrow graduated tube (300 mm. long X
6 mm, diameter) with a stop cock at one end and a bulb

at the other. A bead at the neck of the bulb prevented

liquid benzene being carried away.
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2.1.3 Reactor

In the present study an integral type of
reactor was used to get the kinetiec data. Although a
few studies h:ive been carried out using a fluidized bed
reactor for obtaining the kinetic data (in view of the
high exothermicity of the reaction) (1), it must be
emphasized that the use of a fluidized bed reactor is
not warranted in any kinetiec investigation, except where
with appropriate stirring arrangements and baffles the
fluidized bed could be made to approach a fully mixed
reactor. In the reactor chosen for the present study,
the diameter was small enough (25 mm,) to ensure plug
flow conditions. A top-to-bottom feed was preferred to
a bottom-to-top feed, since at high feed rates the top
layers of the catalyst would tend to fluldize in the
latter case, The reactor consisted of a 25 mm. dlameter
tube with a sintered disc at the bottom. The catalyst
used was heated by a fluidized bed of bauxite. The

advantages of such an arrangement are three-fold:

(a) Initially when the reactor bed is at a
temperature lower than the desired one, the

fluldized bed acts as a heating medium.

(b) During the reaction, when the temperature in

the bed shoots up due to the exothermicity

of the reaction, it serves as a coolant.
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(e) It helps to maintain near isothermal
conditions In the bed by quick dissipation

of heat in the catalyst bed.

The other details of the reactor are shown in Figure 2.3.

2.1.4 Condenser

The details of the condenser are indicated in

Figure 2,4, This consisted of a narrow 4 mm. tube

connection, partly sintered at the lower portion and having

a jacketed tube (25 mm, diameter) with an outlet.

2.2 CATALYST

2+2.1 General

A comprehensive review has been presented by

Egloff (3) of the catalysts used for the oxidation of

benzene and also of the various methods of catalyst

preparation (ef Seection 3,Chapter 1). 1In general any

catalyst required for a reaction ean be prepared by the

coprecipitation or coating technique. The coprecipitation

technique is generally followed for hydrogenation

catalysts, as in the case of reduction of nitrobenzene

to aniline, for which the required copper catalyst is

prepared by precipitating the copper hydroxide in the

presence of the carrier.

The coating technique consists in evaporating




the soluble salt solution of the required metal in the

presence of the carrler, such that a uniform coating

of the metallle salt 1s formed over the carrier.

Generally for oxidation catalysts the coating technique

is followed.

For the vapour phase oxidatlon of benzene,

vénadium-molybdenum mixed oxide catalysts are commonly

used. These are generally prepared by the ceating

technique.

For benzene oxidation the metellic salts

generally recommended are ammonium meta vanadate and

ammonium molybdate. Ammonium molybdate is freely soluble

in water, where as the meta vanadate is sparingly soluble.

Hence ammonium meta vanadate is dissolved in an acid

medium. The acid medium may be a mineral acid like
hydrochloric acid (12) or an organiec acid like oxalie
aeld (13).

The advantagesof oxalic acid are said to be

three~fold: (1) the solubility of ammonium meta vanadate
in water 1s greatly increased, thus eliminating the

necessity for the evaporation of large quantities of

waterj (2) the activity of the catalyst is inereased; and
(3) the catalyst 1s sald to dry to a "glass-like, greenish,

amorphous mass" firmly attached to the catalyst support.

Another advantage of oxaliec acld over hydrochloriec acid

is that, unlike the latter, it does not evolve acldie

fumes during catalyst preparation and activation. Hence



the catalysts studied have generally been prepared in

oxalie acid medium, (Hydroechloric acid medium was used

in certain cases to see whether it made any difference

in produect formation, but no marked effect was observed.)

A typlecal method of catalyst preparation

containing 14% total oxidescontent in the ratio of VoOgt

MoO3 = 7.216.8 (approx 1:11) over silica gel is given

belOWo

2.2.2 Catalyst preparation

9.255 parts of ammonium meta vanadate (NH4VO53

m.wt. 117) and 8.343 parts of ammonium molybdate ( (NH4)6

Mo7024.4320; m.wt. 1235,95 ) were dissolved in 250 parts
of hot 10% oxalic acid solution (10 gm. of oxalie scid

in 100 ml. distilled water). To this solution 100 parts

of silica gel (size =5 +12 B.S. standard) were added.

The whole was evaporated to dryness with stirring over

a water bath. This mass was then heated at 120~150°¢.,

in a furnace for an hour, and the clusters formed in the

Mass were broken up and activated in a miffle at 400°C.

for 8 hours. This was sieved to the required size,

The catalyst was then charged into the reactor
and activated with air at 400°C. for 13 hours, and for

one hour more in the presence of alr containing about

1% benzene vapour.




gy —

Several catalysts were prepared in accordance

with the method outlined above, details of which are

given in Table = 2.1. The compositions of these catalysts

= e 4y

have been chosen to provide a near optimum value based
on rate studies discussed in Section 3.7, Chapter 3 . As '
pointed out in Chapter 3 surface area and pore volume have been
determined
‘ for two of the catalysts which have been found to be
satisfactory (Table = 3.6)., The BET method was used for
surface area determination and the pore volume was

! determined by the usual displacement technique. ‘

‘ 2.3 ANALYTICAL TECHNIQUES |

! The products of the oxidation of benzene consist !
of both solid and gaseous components. They ineclude maleic w
‘ anhydride, oxides of carbon, water vapour and a little |
J of benzoquinone., Other products mentioned, in particular
by Weiss and Downs (14), include phenol, diphenyl and
formaldehyde. However, none of these latter products 5
! was detected in the product obtained. Diphenyl is formed |
generally only at temperatures as high as 650°C., (11).
The absence of phenol was assumed because of the FeCI3 !

colour test being negative.

2.3.1 Estimation of maleic anhydride

The methods stated in the literature for the

estimation of maleie anhydride include polarographie !
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estimation (4y5), potentiometric titration (9) and
gravimetric estimation (6), apart from the usual alkali
titration (2).

In the present work maleiec anhydride was
estimated by titration against standard alkalil using
phenolphthalein as indiecator.

2.3.2 Estimation of benzoquinone

Benzoquinone in the presence of maleie anhydride
(acid) can be estimated by potentiometric titration (10).
A method analogous to this was followed in the present
work. The solution containing benzoquinone was reacted
with I" in an acid medium. The liberated I, was then
titrated against S;03 by an indirect titration.

2.3.3 Estimation of carbon dioxide

Carbon dioxide was estimated by the conventional
method of absorbing it in caustic bulbs and finding the

difference in weight.

2.3.4 Estimation of carbon monoxide

The estimation of carbon monoxide generally
consists In oxidizing it to carbon dioxide and estimating

it as given above.

Hopealite (7,8) is said to be an ideal catalyst
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capable of oxidizing carbon monoxide to carbon dioxide
even at room temperature. Due to the non-availability
of hopcalite catalyst, copper oxide at elevated
temperature was used. However theresults were not at

all consistent. Hence the tail gas containing carbon
monoxide was analysed in the conventional Orsat apparatus

by absorbing it in ammoniecal cuprous chloride solution.

2.3.5 Estimation of water

No chemlcal methods were adopted for the
estimation of water, and the water formed was calculated

from material balance.
2.4 PROCEDURE

The required quantity of the catalyst was
charged into the reactor. Then the preheater and the
reactor heaters were switched on, and the secondary air
was also started. Wwhen the required temperature was
attained, the primary air was turned on through the
vaporizer. As the level of the manometer controlling
the primary alr was kept constant, the air rate passing
through the vaporizer was constantj and hence the rate

of benzene fed also remained steady.

Till steady-state conditions were reached, the

product vapours from the reactor were vented out through




a bypass. When steady-state was reached, the primary
alr was stopped for a while, the level of benzene in the
vaporizer noted down, the primary air restarted, and the
three-way stop-coek turned on to the train of condensers
previocusly adjusted to the required conditions. The
duration of a run under steady conditions varied from

15 to 30 minmites, depending on the quantity and the ratio
of air and benzene used. At the end of the run, the
primary air was switched off first, then the three-vay
cock turnedrihe bypass. The level of benzene in the
vaporizer was noted down, the difference in levels giving
the quantity of benzene fed, and the manometer reading
the quantity of air fed,

Whenever the bed height was changed, additional
catalyst quantities were always taken from the same lot,
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Chapter 3

INITIAL TREATMENT OF DATA

3.1 ORGANISATION OF EXPERIMENTS

Any kinetie study entails the determination of

conversions under different conditions. The prinecipal

variables studied and the ranges of these variables are

given below:

Partial pressure of benzene : 0.61 x ZI.O-2 to 1.83 x
1072 atm.
Temperature : 310~400°C.

Molar ratio of benzene to air 1:50 to 1l:140

60-400 gm.hr./gm-mole

Contaet time (W/F)

Catalyst size -5 +12 to =36 +60

B.3.5. mesh

(The contact time is here defined as the ratio, W/F, where
W is the weight of the catalyst in gm. and F is the

hourly molar feed rate of benzene.)

W/F is normally varied either by changing the

welght of the catalyst (W) or by changing the feed rate

(F), although the latter is more common. Nevertheless in

this case, as very high molar ratios of benzene to air

were used (and a small quantity of catalyst was taken to

ensure isothermal conditions), from the practical point
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of view the feed rate could not be varied over a wide
range. Hence the entire range of W/F values was covered
by changing both W and F in an appropriate manner. The
rate of benzene feed varied from 4 to 7.5 gm./hr, and the
welght of the catalyst from 6§ to 25 gm. Moreover, the
catalyst for the kinetie runs was taken from a single
stock prepared according to the method outlined in
Chapter 2, thus avolding discrepancies in the results
due to variations in catalyst activity. Although there
was no significant deactivation up to 60 hours, the
catalyst In the reactor never exceeded 20 hours of usage
in order to ensure the total absence of catalyst

deactivation.
3.2 EXPERIMENTAL DATA

In order to esteblish the complete kinetics of
this reaction and to propose plausible reaction models,
over 300 experimental runs were carried out by a
systematic variation of the significant variables listed
earlier. The results of all these runs have been
expressed In terms of the partial pressures of the
products of reaction, viz, unreacted benzene and oxygen,
malele anhydride, carbon dioxide and water. Several tests
showed that carbon monoxide and benzoguinone were formed

in negligible quantities. Accordingly these have not

been included in the partial pressure calculations. The
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results of the experimental runs are presented in 7“.
Appendix = A, Tables = A.1l to A.13. These runs cover

the experimental programme listed in Table - 3.1. i |

Bach of the Tables = A.1l to A.13 ineludes the |
results of the variation of residence time (W/F) and :
the molar ratio of benzene to air, both these factors ‘
together giving a eonsiderable spread in the partial |
pressure values at any given temperature. These partial 1L
pressure values are necessary for formulating rate ‘”

equations. At the same time the values of reaction | 'ﬂ

conversion vs W/F are required. Thus Appendix = A,

rates also must be available, for whiech plots of gy!
J

Tables = A.14 to A.29 give the derived values of Xy and

temperatures.

|
X; as functions of W/F for different ratios and .]
!
! Since the rates are normally derived by :i
b graphical differentiation or by differentiation of the |
analytical equations set up for the x - W/F curves, such ‘
|
curves were prepared for all ratios and temperatures !
'i 1isted in Table - 3.1. Representative plots at a few
I

! experimental conditions are shown in Figures B.1l to B.8

J differentiation of these plots.

| 3.3 PRELIMINARY EVALUATION OF EXTERNAL MASS TRANSFER

1 In all kinetic studies it should be ensured

in Appendix = B. The rates were determined by graphical
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that external film diffusion and pore diffusion are ‘4
eliminated as far as possible. The gas film resistance
can be overcome by operating at a high velocity and the ;W
reslstance to pore diffusion by a proper choice of the L

catalyst size.

which the partial pressure difference between the flowing

fluld and the exterior surface of catalyst particles in
a packed bed can be evaluated as a function of a modified
Reynolds number (Re) of the stream, a rate nmumber (R")

and the Schmidt number (Se). Here,

Re = ¢ !
ay M il
‘| RV = ¥
| am Om
M
it A 2D

In the present study due to practical

|
d
|
| Hougen et al. (7) have developed charts by
difficulties, the velocity of air was eonfined to the

range, G = 50 to 145 1b./hr.ft.? (corresponding to

Reynolds number 2 to 5). For the experimental condition
the rate number was estimated to be about 1.0 x 10‘4 and ‘

; above mentioned chart the partial pressure gradient

(A p/p) worked out to be about 0.001. This indicates that

the Schmidt number 0.7. Using these values in the
l
|
|
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the mass transfer coefficient is quite high and that external

|
diffusion offers negligible resistance. “m

This should however be regarded only as indicative Ii
of the absence of mass transfer, since these charts may not -J»

be very reliable at low Reynolds numbers, and also

diffusional falsification of reaction rates can occur under 1
several conditions, Thus it was assumed, to start with, ri
that mass transfer effects were absent and the data analysed

subsequently (Chapter 5) to determine the exact controlling J

regimes in benzene oxidation. I

It 1s also necessary to obtain rate data iIn the

il

I
absence of pore diffusion. In the present study this was !‘
included in the mechanistic evaluation of the reaction and

|
. is discussed in Chapter 5. %ﬂ
4

3.4 DETERMINATION OF FIRST-ORDER CONSTANTS

Prior to the postulation of plausible kinetie
models, it 1s essential to estimate the independent rates of |
the three reactions taking place. This may be done by
developing empirical rate equations (which should be first-

order equations according to the literature, in this case),

determining the reaction velocity eonstants for all the steps
from the corresponding integrated equations and then

. caleulating the rates of individual steps at different
residence times. '

3.4.2 Determination of rate constants

For the kinetic analysis of the reaction, the

i
|
3.4.1 General ;
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following scheme has been chosen (Chapter 1, page 38 )

Ky
benzene + 09 ~s——> malele + carbon + water
1 anhydride dioxide
y Y

carbon dioxide + water carbon dioxide + water

The reaction scheme presented may be stoichiometrically

represented as follows:

k
1

CgHg  + 9/20, —=——»  C4Hg03 + 2C0g + 2Hs0 (1)
kg

C4Hz03 + 30, " 400, + Hy0 (11)
kg

Celg + 15/209 ——>  6COp + 3Hy0 (111)

Dmuchovsky et al., (3) have assumed a slightly
different stoichiometry since their data were better
represented (for their catalyst) by that stoichiometry,
which is,

k
1
0636 - 402 ——i 043203 + CO + 002 + 2Ho0 (iv)
. Ky
k3

CGHG + 13/202 ———- 4002 + 2C0 + 3H20 (vi)




But the stoichiometry represented by reactions (1), (11)
and (1i1) has been used in the present study as only
traces of carbon monoxide were formed, and as shown later

this stoichiometry represents the results remarkably well.

The rate equations for feactions (1)y (11) and
(111), based on pseudo first-order kinetics, are:

—————— 22 k -
“awF) 1B T Koy

il (2ky + 6k.) pp + 4k
+ P
a(w/F) it i Bl
- Equations (3.1), (3.2) 2nd (3.3), on Integration, give:

=(ky + k3) (W/F)
e

pB‘Pno - .e

4 k1 P, [ ~(k; + k) (W/F) -kzcw/m]
e -e
kg = (ky + kg) |

i,k
[-2k1 - 6kg - :
kl"' ka

-(k kg) (W/F
[.(1" 3) /)_1J+




The value of (ky + k3), which represents the
velocity constant for the total disappearance of benzene,
can be determined from the slope of the line obtained
by plotting log 229- vs. W/F, in accordance with Equation
(3.4). Such plogg were prepared for all the catalyst-
and at all the different temperatures studied ul.:lng the
raw experimental data given in Appendix - A, Tabloi = A.1l
to A.13. These plots appear in Appendix - B, Figures B.9
to B.16. It can be seen that the first order law holds

good for the overall depletion rate of benzene up to 75 percent

of the residence time (W/F) covered. Similar conclusions
have also been drawn by other investigators working with
different catalysts.

From a knowledge of the values of (kl + k3)
as outlined above, the individual values of kj, kg and kg
can be ascertained by one or more of the following methods.

(a) Equation (3.5) can be recast into a more
convenient form by multiplying both sides of the equation

by

Yy, E:y;(- (ky + kg) (W/F))= exp.(= ky(W/F) )]

From the experimental molar ratios (py/pg) at two different
residence times, together with the experimentally
determined constant (k1 + kg)y the value of k, can be
found. k, and kg can then be evaluated from simple




algebraic procedures.

a .
(b) " . can be evaluated for different values

a(w/F)
of W/F by finding the slopes of the curve of py vs. W/F,

and then ky and kg can be calculated from Equation (3.2).

(¢) Equation (3.2) can be rewritten for the
initial econdition, 1.e. at W/F = 0, as

a
(E?ifi‘;‘“)o = kiPpo

dpy
From the value of ( obtained from the plot mentioned
da E WF))o ’

in method (b), the value of k1 can be directly determined.

It has been found that kl’ ko and kg caleculated
by the different methods listed above agree closely.
These values of k;y k, and ka for different catalysts are
listed in Tables - 3.2°and 3.3 together with the
activation energles. (Two other constants, kjg and ky,
are also included in the table, and will be discussed in

a subsequent section.)

3.5 TEMPERATURE DEPEND:NCE OF FIRST ORDER RATE CONSTANTS

The effect of temperature on the rate constants
has been studied in the range 310-400°C. In order to
present the relationship in the form of the well known

® This table contains all the kinetic constants for the two catalysts
finally chosen (Section 3.7, Chapter 3, Page 70),
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Table - 3.3

Rate constants for different catalyst compositions

at 400°c,

Catalyst k,x103 108 k.x10°
number 1 kzx 3

1.35 3.15
1.36 2.71
1.51 3.11
2.14 4.76
2.15 4,97




Arrhenius equation, plots of log k vs. 1/T were prepared
(Figures 3.1 and 3.2). In this case each plot gave two
lines of different slopes. In the high temperature
reglon (350-400°C.), the activation energy was of the
order of 2 keal./gm-mole, where as in the lower
temperature region (310-350°C.) the activation energy
was 20+2 keal./gm=mole. Moreover, it may be seen from
Table = 3.2 that the activation energies for all the
three steps are equal, as reported by Hammar (4).

The significance of the two activation energies

is discussed in Chapter 5.

3.6 ACCURACY OF ESTIMATED CONSTANTS

The accuraey of the estimated constant has been

checked as follows:

(1) Using the rate constants in Tables - 3.2 and
3.3 the total benzene disappearance (Equation (3.4))
and the expected conversion to maleie anhydride (Bquation
(3.5)) have been calculated and found to be in
accordance with the experimental results, as shown in
Figures B.17 to B.23 of Appendix = B. The average =
deviation is about 8%. The experimental points in these
figures were plotted from the conversion data given in
Appendix = A, Tables = A,14 to A.27,

(11) The time required for reaching the maximum
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molar ratio (py/pp,) at a given temperature can be
determined by differentiating Equation (3.53) with respect

to time, setting the result to zero, and solving for

(WF),. =

| ' Ky
Tt Mgty o e

Using the values 6f the rate constants, (H/F)max can be
caleulated and compared with the experimental value of

(H/F)“x. These two values are found to agree elosely
with one another, as shown in Table = 3.4,

For the purpose of comparison all the reported
results on the rate constants and activation energies
have been summarised in Table = 3.5. Much of the data
included in this has been taken from Dixon's survey (2).
A scrutiny of this table shows that the results obtained
in the present investigation are consistent with those
riported earlier, although wider ranges of the v#riablau
have been covered (and different catalysts have been
used) in the present work. The significance of two
activation energy values for each of the rate constants

obtained in the present work (as against earlier studies)

has been discussed in a subsequent section.

3.7 SELECTION OF CATALYST COMPOSITION

The optimum catalyst is one which yields a high
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proportion (with reference tc the total benzene converted)
of the desired produet and is relatively cheaper than
other catalysts. Here the catalyst selection was made

by comparing the rate constant values. Thus the catalyst
composition which gives a high kl./‘kl + kg) value
(indicating a high yleld of maleic anhydride) and a low .
ka/k1 value (indicating low decomposition of maleic
anhydride) may be considered suitable.

The catalyst parameters studied were the ratio
of molybdenum oxide to vanadium oxide and the total
concentration of these two oxides on silica gel. It was
established from preliminary runs that pure molybdenum
oxlde gives negligible conversion to maleiec anhydride,
while pure vanadium oxide leads to a considerable wastage
of benzene as oxides of carbon (i.e. low selectivity to
maleie anhydride). Thus, with these two limiting
values of catalyst composition being unsuitable, three
different ratios of molybdenum and vanadium oxides
were tried, and the total concentration of the two
oxldes was also varied. The rate constants, ky, k, and
kgy were determined at 400°C. for each of the catalyst

compositions selected, and the results are presented in
Tables = 3.2 and 3.3. I

Plots of ky /(k; + kg) and kp/k, as functions
of the total oxides content at a fixed ratio of the
oxides (vanadium oxide : molybdenum oxide = 1l:1) are




shown in Figure 3.3, The experimental results on
which this figure is based are given in Appendix - A,y
Tables - 4.1 to A.13. From this plot 1t 1s clear that

approximately 144 total oxides econtent is superior

to the other compositions tried.

In a subsequent series of runs, the oxides
content was fixed at 14% and the ratio of these oxides
varied. The experimental data for this series is also
glven in Tables = 4.1 to 4.13 of Appendix - A. The
variation of ky /(k, + kg) and ka/k) with total oxides
content 1s shown graphically in Pigure 3.4, from which
it may be concluded that a ratio of (111) is perhaps

the most suitable in tho‘oxidatian of benzene.

From the discussion presented above it appears
that the following composition of the catalyst would be
nearly optimum for benzene oxildation.

Catalyst number - 2
Carrier = s8ilica gel
(V05 + MoOg) content = 14¢
Vgos 3 Heo3 - 33
Catalyst - 3 in which the total eonecentration
of the oxides is the same as in catalyst - 2 but the
ratio of vanadium oxide to molybdenum oxide is 1:2
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appears to be almost equally satisfactory,

The conventional procedure for catalyst
selection involves the testing of each catalyst
individually which is rather a tedious and expensive

N 3 process. However Watson (6) has developed a "group

screening technique" which 1s based on "the idea of

putting the factors in groups, testing these group

factors, and then testing the factors in the significant

group~factors,™ and has been discussed by Hunter et al.

(5) for methane oxidation. But this teemique is

generally applied to reaections for whieh ho clear idea
about the catalysts exists. For the oxidation of
benzene many catalysts have been tried and it il reported
in the literature that vanadium oxide in conjunetion

with molybdenum oxide is by far the most suitable catalyst.

Hence in the present study the "group screening technique®
has not been followed. On the other hand, as it was

decided to determine the most suitable composition in

a single group of vanadium - molybdenum oxide catalysts, ’
the method adopted appears to be a logical one.

Based on the results reported above, the
studies on the kinetics of benzene oxidation have been
restricted to catalysts = 2 and 3 only. The surface

areas and the pore volumes of these catalysts were:

determined by the B.E.T, method and displacement technique
respectively, and these values are included in Table = 3.6.




Iable =~ 3.6

Properties of the catalysts selected for kinetie analysis

Catalyst Surface . Pore
number area volume,
sq.m./gm. ml./ml,

144 0.38
256 _ 0.41
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Chapter 4
PLAUSIBLE MOD ZLS

4.1 GENERAL

Two methods of approach are possible for
postulating models for the oxidation of benzene (any
hydrocarbon). In the first method it is assumed that
only two steps are important, and that at steady state
the rates of these two steps are equal (i.,e. rate of
adsorption of oxygen or benzene is equal to rate of
reaction on the surface). In the second method the
reaction 1s assumed to be controlled by the slowest step
in a seriles of possible steps which occur during the
catalytiec reaction. All other steps are so fast as to

have reached equilibrium,

While an attempt has been made in the past to
postulate a model in accordance with the first method,

apparently no attempt has been made to delineate the

controlling steps in the three prineipal reactions
occﬁrring during the oxidation of benzene. Furthermore,
thqae models (due to Hinshelwood) are only concerned
with the oxidation of benzene as a whble, and not with
the individual steps involved in the overall process.

The Hinshelwood models are briefly analysed below, after
which plausible controlling step models are developed for
all the reactions.




4.2 HINSHELWOOD MOD ELS

Hayashl et al (6) have applied the Hinshelwood

reaction mechanism to the oxidation of benzene, assuming:

(1) oxygen is the only reactant adsorbed on

the catalyst surface,

(11) the rate of desorption of oxygen from the
catalyst surface is negligible,

for reaction to occur, organic reactant in

the gas phase must strike an adsorbed
Oxygen,

a steady state 1s established in which the
rate of removal of oxygen by chemical

reaction equals the rate of adsorption of

OXygen.,

Equating the rate of adsorption of oxygen to the rate of
chemical reaction, the final form of the equation

developed (expressed in terms of partial pressures) was

kaKnPpPg
k. pp *+ nkppp

Mars and van Krevelen (16) proposed a similar

model for the oxidation of naphthalene. They represented

the oxidation scheme according to the following two steps:




(I) naphthalene + oxidized catalyst .,
products + reduced catalyst

(11) reduced catalyst + oxygen .,
oxidized catalyst

The rate equation developed by them can be shown
to be identical in form with Equation (4.1), based on
the Hinshelwood model,

4,2,1. égplicabilitx of the Hinshelwood model

If the Hinshelwood mechanism were to hold good,
the adsorption constant ka should have the same value
for all hydrocarbon oxidatioﬁs at the same temperature
-for a gilven catalyst, since they all would have one
common step == adsorption of oxygen on the catalyst
surface. However, it may be noted from Table -.4.1 that
the value of the adsorption constant depends on the
hydrocarbon used (6). This would indicate that the
mechanism suggested by Hayashi et al (6) and Mars and
van Krevelen (16) is not of general applicability.
ﬁoreover, the present data also do not uphold the

mechanism, as shown below:

Equation (4.1) may be rewritten in the form

PP P 1
-B._0 = 2 +* — an
r | kg
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Table = 4.1

- Reported specific adsorption constants at 324°C.(6)

Catalyst Hydrocarbon k.xlo5
namber used

Benzene D.811

11 Toluene 3.270

Naphthalene 4,550

Benzene 0.650

12 Toluene 4,340

: Naphthalene 6.010




P
Thus, a plot of -ggg'vs. npg should give a straight line
with slope = 1{ka and intercept = Po/kr! considering Po

to be nearly constant,

However, in the present work, the above plot

ylelds a curve and not a straight line as expected,

(oxygen adsorption). This was found to be true at all

\
|
indicating that the data do not uphold this mechanism : ’

the temperatures for both the catalysts. Representative

plots are shown in Figures 4.1 and 4.2.

4.2.2 Proposed (modified Hinshelwood) model

According to Bretton (3), initially the

hydrocarbon is adsorbed over the catalyst surface with

the abstraction of hydrogen to form a radical. Then the

oxygen from the gas phase strikes over it and the

chemical reaction proceeds through the formation and

destruction of peroxy radicals.

Based on Bretton's postulates (3), a rate
equation similar to that suggested by Hayashi et al (6) i

-and Mars and van Krevelen (4) (for naphthalene) can bq

developed with the following assumptionss

\

(1) benzene is the only reactant adsorbed on

the catalyst surface,
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(11) the rate of desorption of benzene from the

catalyst surface 1s negligible,

for reaction to occur, oxygen in the gas

phase must strike an adsorbed benzene,

a steady state is established in which the
rate of removal of benzene by chemical

reaction equals the rate of adsorption of

benzene.

Rate of adsorption of benzene = kBpB(l-SB)

. e

Rate of reaction of surface = krpOSB
benzene

At steady state,

kgpp(1-8p) = KppoSy
or
S = kBpB / . (4-6)
B kppp * KuPg
Substituting Equation (4.6) in (4.4),
_ “r*sPePo
kgPp * KpPq

so  £4aT)

1t should be recognised that the total reaction

rate, ry, corresponds to the sum of the first and third

steps of the reaction scheme used, i.e., r = (ry+ry)




(rate of total benzene conversion).

4.2.,8 Test of proposed model

Equation (4.6) may be rewritten as,

PgPg 1 Po

r s B 5 (4.8)

P
A plot of BP0 VS« Pp should give a straight line with
r

1/k, as slope and po/kg as intercept, considering P to

be nearly constant,

However in the present case, the above plot
yields a straight line for the initial conditions only
(i.e.y W/F = 0), the corresponding equation being

Plots of this equation are presented in Figures 4.3 to
4.8 for both the catalysts. When data point outside the
initial conditions are included a straight line is not
obtained, as can be seen from the representative plots
shown in Filgures 4.9 and 4.10.

The fact that the proposed model holds good for
the initial conditions, and fails completely as the

conversion rises, could be due to a change in the order

of the reaction with the formation of oxidation produects.
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A similar change in the reaction order has been reported
for naphthalene oxidation (10,16). But from the results
presented in Chapter 3, this seems unlikely in the
present case, and no definite reason can be assigned

for the failure of this model. On the other hand, one
might assume that the fall in order is with respect to
the actual surface reaction and not the overall order of

reaction determined in Chapter 3 (whieh is unity).

An empiriecal correction factor can be introduced

which takes care of the decrease in k, by setting,

kr = kro(l-ax) : oo (4.10)

whére Kpo 1s the specific rate constant for the total
reaction of benzene at the initial condition, and g 1s

a constant which is a function of temperature. The

values of Kno» the constant 2y and the specific adsorption
constant for benzene, kB' for different temperatures are
listed in Table - 4.2 for catalysts - 2 and 3. The
temperature dependence of kro and the emprical constant

a are given by Equations (4,11) and (4.12) réspectively,

the former being the usual Arrhenius relationship:

‘E/BT
lﬁ.o = A e : e (4| 11)

= o Tﬁ ‘ oo (4.12)




Table - 4.2

Values of the specifiec rate constant kpo (for the initial

condition) and the specific adsorption constant kB at
different temperatures for the modified Hinshelwood
model¥*

Catalyst Temperature kmxlo2 kp

number oC.

310 0.448 0.230
330 0.741 0.345
350 1.538 1.762

310 0.515 0.179
330 0.781 0.387
350 1.450 1.283

*As stated iIn the text, these are for total benzene
disappearance.




The graphical representation of Equations (4.11) and
(4.12) appears in Figures 4.11, 4.12 and 4.13, 4.14

respectively, and the values of the constants Ay By

and B are listed in Table - 4.3 for both the catalysts.

As In the case of the activation energies for
the first-order rate equations developed in Chapter 3,
two distinet regions of the activation energy values
were observed. But Figures 4.11 and 4.12 show the
results in the lower temperature range only (310-330°C.).
The correlation for the higher temperature range
(350-400°C.) was equally satisfactory and the
corresponding values of Ay Ey, @ and BB are also included
in Table - 4.3,

Equations (4.8) and (4.10) were verified by
back caleulating the rates and comparing them with the
observed values. The results for the low temperature
range are shown in Figures 4.15 and 4.16., Representative
data for the two catalysts appear in Tables = A.30 and
A.31 of Appendix = A. The average error is 8-10%.

4.3 PROBABLE CONTROLLING MECHANISMS

4.3.1 General

the \
Two methods of determining, eontrolling mechanisms

are available. One 1s due to Hougen-Watson (9) and the

other due to Balandin and his coworkers (1,2). Both




Table - 403

Constants of Equations (4.11) and (4.12) for the

modified Hinshelwood model

Catalyst Constant
mnumber

Temp. range

- 310 - 350°C.

350 ~ 400°C.

9.92x10°
-22,39

6. 24x10%°
-14.02

1.061165
-19,73

6.84x1040
-14.39

7.08x10"2
-1.90

6.24x10%9
~14,02

3.35x1071
-6.67

6.84x10%0
-14,39
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these methods are based essentially on the Langmuir-

Hinshelwood adsorption hypothesis. The Balandin model,
which 1s more recent than the now classical Hougen=-
Watson models, is restricted to éatalytic processes in
the dehydrogenation of hydroecarbons, amines and alcohols
and in the dehydration of alcohols. 1In this model it is
assumed that chemisorption of the reactant takes place
on dual or triple adjacent active sites with the
organie product adsorbed on the sites initially
occupied by the reactant and with the release of H2 or
Hy0 without adsorption, The energy of activation of
the rate controlling step 1s calculated from the bond
energies involved in adsorption and reaction, and

methods are proposed for these calculations.

On the other hand, the Hougen=Watson (9) models
are based on the possibility of one of the steps, viz.
adsorption, surface reaction or desorption, being the
controlling step in the overall reaction. Further the
possibility of dissociation of one or more of the
reactants or products and the faet that some of them
may not be adsorbed 1s also included in the Hougen-Watson
analysis. As such these models appear to have the
advantage of greater flexibility,

In the original Hougen=iWatson method the rate
and adsorption constants were determined by linearising

the equation whiech, for a reaction involving two reactants




A and B (and for chemical reaction contreolling), is
usually of the forms

r = Ak P, Py (4.13)

1 ‘ (4.14)

(1+=< p; &))"

partial pressure of the ith component,

K& = adsorption constant econstant of the 1th

component,

The form of the denominator in the A expression would be
different for adsorption and desorption models. The
termy, A , represents the effeet of adsorption on the

chqmical reaction.

In their studies on the dehydrogenation of butane
and butenes over chrome-aluming catalyst, Happel et al (5)
have extended the theory of Horiuti (7) and showed that
the term A can be regarded purely as an empirical
function of the partial pressures. According to them
the rate equation can be expressed as,

1/'}; V’V

4
r = A k. FA pB -(4.15)

Y = stoichiometric number, whieh is'dofined

as the number of times an elementary




step in a sequence occurs during a
single occurrence of the overall reaction
as represented by the overall chemieal

equation,

A = - - (4.16)
1 +=p] &))"

If ¥ and m are both assumed to be unity, Equation (4.15)
becomes identical with the Hougen-Watson equation for
surface reaction, With this restriction the expression
for A given in Equation (4.14) can be extended to several
models, and based on a statistiecal analysis of the data a
suitable model then selected.

The evaluation of v 1s often quite diffieult, and
a procedure has been outlined by Horiuti et al (8) which
agsumes that v for the overall reaction is the same as
that for the eontrolling step in the series of elementary
steps involved, Thuis the exponent 1/y in Equation (4.15)
represents the reeciprocal of the stoichiometrie nunber
of the rate controlling step. Conuidoring a simple

reaction of the type,
A * EB R 30, ‘. (4h17)

the various elementary steps in accordance with the
Hougen=Watson model and the corresponding values of

stoichiometriec numbers are given below:




steg _ : stolchiometric
number

A + 1 — Al
(where 1 1s an active site)

B + 1 ——p Bl 2
Al + Bl — ] 3
81 e Q) 8] 3

It can be seen that the rate controlling elementary step
is probably the adsorption of A, But this can be stated
with certainty only after fitting up model equations for
different steps. Thus there 1s no need g priori to
eliminate ¥ from the equations, and it should be posa;ble
to estimate ¥ along with the other constants involved in
the A expression from suitable linear or non-linear

procedures.

In the present reaction system the determination
of 7 by the simple method deseribed for reaction (4.17)
is not possible since the reaction is complex and several
products are involved. Thus one ecould include Y in the
usual Hougen-Watson equation and estimate its value as
mentioned above, or assume it to be unity as has been

done in the original Hougen-Watson method and which has

been shown to be largely true by the successful

application of these models., It is significant that a
value of unity for y gave reasonably satisfactory results

for the dehydrogenation of butane and butenes over




chrome=-alumina catalyst (5) (although from statistiecal
methods a value of between 1 and 2 was found to be the
best). .

In the present study 7 was assumed to be unity
and the constants of the Hougen-Watson models estimated
by the usual linearisation methods. In the last few
years several non-linear methods of estimating the
Hougen-Watson constants have been reported, principally
by Lapidus (15) and Watson and collaborators (11,12,13,14).
In these methods the restraint imposed by linearising the
models is removed and more 'meaningful constants are
obtained. However, since the non-linear methods are

best applicable to integrated rate equations or to rate

a
data obtained inndirferqntial reactor, their use is not

called for in the present case where the rates have been

determined by an indirect procedure as follows.

The reaction rates for each of the three steps
were calculated from the values of kl, k2 and ka given
in Tables = 3.2 and 3.3 and from the partial pressures
of benzene, oxygen, malelc anhydride, carbon dioxide and
water at different residence times (Tables - A.l1l to 4.13
of Appendix - A). Then it was a matter of fitting the
data in accordance with the linearised Hougen-Watson
procedure. For the present complex reaction this method

of obtaining individual rates was considered superior to




that based on a material balance of the rates of

formation or disappearance of reaction components.

4,3.2 Controlling mechanism for the three reaction steps

Reaction step 1

The various mechanisms considered and the
corresponding equations for surface reaction controlling
are given below (in all these equations the possibility
of a triple site mechanism was not considered and
therefore it was throughout assumed that one or more of

the reactants or products was not adsorbed):
(I) Surface reaction controllingj water not adsorbed.

(a) When reaction occurs between adsorbed

benzene and adsorbed oxygen,

k1 sPpPg

P g e A
(1 + Kgpg + KoPp + KyPy + Kopy)

¥1

(b) When reaetion oecurs between adsorbed benzene

and oxygen in the gas Phase,

k. P
1sP5
v : (4.19)

L 02 By v R * X))

(e) When reaction ocecurs between benzene in gas

phase and adsorbed oxygen,




kP

(1+ Kopg + Kypy + Kopg)?

(II) Surface reaction controlling; carbon dioxide not
adsorbed.

(a) When reaction oceurs between adsorbed benzene
and adsorbed oXygen,

k) sPpPg

(1+ Kgpp + Kopg + Kypy + Kyp,)2

rllf

;. (4.21)

(b) When reaction oeccurs between adsorbed benzene
and oxygen in gas phase,

klspB
(1+ Kgpp + Kypy + Kp,)”

(e) When reaction occurs between benzene in gas
phase and adsorbed oxygen,

k1 sPo
1'1 = ‘ >
(1 + Kgpp + Kypy + Kypy)

(III) Surface reaction controlling; maleic anhydride not




adsorbed.

(a) When reaection occurs between adsorbed benzene and

adsorbed oxygen,

£ k1sPBPo
(1+ Kgpp + Kby + Kopg + Kp )2

r

1

(b) When reaction occurs between adsorbed

and oxygen in gas phase,

k

l'l—

; 1sPB
. (1 + Kppg + Kepg + Kwpw)ﬁ

(¢) When reaction occurs between benzene in gas

phase and adsorbed oxygen,

klspo

(1+ Xopg + Kgp + Kp)®

1‘1"

(IV) Surface reaction controlling; carbon dioxide and water
not adsorbed.

(a) when reaction occurs between adsorbed benzene

and adsorbed oxygen,




kygPpPg

(1 + Kgpp + Kgpy + Kypy)?

1

(b) When reasction occurs between adsorbed benzene

and oxygen In gas phase,

1sPB
(1+ Kgpg + Kypy)

Fs B

(e) When reaction occurs between benzene in gas

phase and adsorbed oxygen,

k1gPo

(1+ Kopo ER KHPH)

(V) Surface reaction controlling; carbon dioxide and

maleic anhydride not adsorbed.

(a) When reaction occurs between adsorbed benzene

and adsorbed oxygen,

%18P8P0
(1+ Kgpp + Kopp + Kypy)?




(b) When reaction occurs between adsorbed benzene

and oxygen in gas phase,

k,.p
ry = 1s'B W T

(1 + Kgpp + K.p)

(e) When reaction occurs between benzene in gas

phase and adsorbed oxygen,

k.. P
r, = As’0 ve  (4.32)
(1 + Kopg + Kypy)

(VI) Surface reaction controlling; maleic anhydride and
water not adsorbéd.

(a) When reaction occurs between adsorbed benzene

and adsorbed oxygen,

ky 4PpP '
rl = 1' B 0 - (4033)

(1 + Kgpy + Kopg + Kgpg)’

(b) When reaction occurs between adsorbed benzene

and oxygen in gas pPhase,

ky.P
P = 1s*B

(1+ KBPB * chc)




(¢) When reaction occurs between benzene in gas

pPhase and adsorbed oxygen,

i k18P0
(1 + KOPO + chc)

ry .o (4.35)

None of these equations /7(4,18) to (4.35) 7

ylelded all positive constantsX Hence none of the

mechanisms considered above would be plausible,

As a next step, similar equations were developed

for adsorption of reactant econtrolling and desorption of

product controlling, and their validity ascertained.

It was found that for reaction step 1, the

acceptable model would be: adsorption of benzene controlling

with carbon dioxide and water not adsorbed on the ecatalyst

surface, the reaction occurring between adsorbed benzene

and oxygen in the gas phase. The corresponding equation

is given by,

KiapB

rl = . (4036)

(1 + KﬁpM)

The adsorption mechanism also seems to be

indicated by the initial rate plot in accordance with the

method of Yang and Hougen (17). In this plot the initial

rate is plotted as a fuﬁction of total pressure or molar

% they were highly negative




ratio of the reactants in the feed. Representative plots

of the initial rate as a function of molar ratio of

benzene and air in the feed are shown in Figures 4.17 to l:

4.18. From the nature of these curves it appears that ?'*5

adsorption of one of the reactants might be the econtrolling {hg

step, a fact borne out by the least square analysls of the

data described earlier.

Note: In the reaction models given above the

( constant appearing in the numerator (the so-called f{”

; ‘kinetic term) is expressed as a single constant, although ‘"

| it may contain an adsorption constant as in the original

w Hougen-Watson model. This has been done in accordance

with the simplified procedure suggested by Corrigan (4).

Reaction step 2

An analysis similar to the one carried out for

]
| reaction step 1 was also made for this step. Based on
]

this analysis the following model is proposed:

Adsorption of maleic anhydride controlling, with

carbon dioxide and water not adsorbed and reaction

oecufring between adsorbed maleic anhydride and oxygen in

the gas phase. The corresponding equation is
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Reaction step 3

For this step the proposed model is: adsorption
of benzene controlling with carbon dioxide and water not
adsorbed and reaction occurring between adsorbed benzene
and oxygen in the gas phase. The corresponding equation
is

= Kk . (4.38)

T3 3sPB

It is worth noting that only for reaction 1 the
rate equation is different from the first-order equation
developed in Chapter 3, where as those for steps 2 and 3

conform to the first-order equations developed earlier.”
4,3.3 Comments

It may be argued that since the rates were
caleulated on the basis of first-order kinetic models,
Equations (4.37) and (4.33) might have been anticipated.
Buéfﬁ%ugen:Watson method adopted above represents an
attempt to obtain the value of A and Kg individually
from the combined value of the product ks A represented
by the overall first-order constant k. In this product
kg should truly be a constant, while A might vary with
partial pressure (indicating that the first-order

constant may not truly be a constant, and that an average

value has been obtained which has been assumed to be

% Proposed models are similar to the “splitting off"™ of olefines in
the dealkylation of alkylbenzemes (CEP, 50, 35 Q954) ).
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analysis has shown that A is unity for reaction steps ‘
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|
constant within certain limits of error). The above il
2 and 3 and is a variable quantity for reaction step 1.

It is apparent from the controlling step models rmm
as well as the modified Hinshelwood model that benzene i W
1s adsorbed in preference to oxygen (which is probably F‘ |
weakly adsorbed if at all). Since the desorption of
oxygen 1s generally rather a slow step, models baséd

on hydrocarbon adsorption appear to be more plausible.

It has been postulated that water is not

adsorbed on the catalyst. In the case of silica gel

water is present in various forms., But it is unlikely
that at the temperature involved (310-400°C.) it would

be present In the adsorbed formy, as it has been found

that the loss in weight of silica gel 1s hardly 1-2% at
the temperatures involved. Hence it 1s a reasonable
conclusion that no water is present in silica gel at these
temperatures (i.e. water is not adsorbed as proposed in

the models). |

4,3.4 Test of the models

Among the constants kls' kas’ kg, and K,y the
validity of k,, and Kag (which are identical with the
first-order rate constants, k, and k3) has already been

confirmed in Chapter 3. The values of the constants, kig

and Ky, are given in Table - 3.2, and the accuracy of




these constants has been tested by calculating the
reaction rates using these constants and comparing with
the experimental rate values, as shown in Figures 4.290
and 4.23. Representative data for the two catalysts
appear in Tables - A.30 and A.31 of Appendix = A. The

average error is 13-15%.

4,3,5 Temperature dependence of the constants

The temperature dependence of the adsorption
constant, Kk, and the surface reaction constant, kls’ can
be expressed in the usual Arrhenius form. These plots
are shown in Figures 4.22 and 4.23. These constants
have been evaluated for the lower temperature range only
since (as shown later) this range corresponds definitely
to chemical reaction control. The constants in the
high temperature range may not be meaningful and are
therefore not included in the table (in spite of the

evidence that high temperature range also may be

chemically controlled).
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CHAPTER-5

CONTROLLING REGIMES IN
BENZENE OXIDATION




Chagter 51

CONTROLLING REGIMES IN BENZENE OXIDAT IONS

5.1 GENERAL THEORET ICAL DLVELOPMENT

The effeet of temperature on the rate constants
can form a rational basis for distinguishing between the
regimes of cecontrol in a chemical reaction. At relatively
low temperatures chemical reaction is normally the
controlling mechanism, since the reaction rate is quite
low (beilng an exponential function of temperature). This
is characterized by an activation energy of over
10 kecal./gm-mole (frequently > 20 keal./gm=-mole). In
the usual Arrhenius plot a steep line therefore results
for the chemical control regime, as shown by line (1) of

Figure 5.1

As the temperature is raised the exponential
dependence of rate on temperature leads to a situation
where chemical reaction becomes extremely fast and the
rate of transfer of the reactants to the reaction zone
becomes the controlling step. In this case the effect of
temperature would be reflected by its effect on the
physical properties (mainly diffusion) which characterize
mass transfer. Thus a line with a considerably lower

slope, corresponding to an activation energy of about

2 kecal./gm-mole (usually < 1 kcal./gm-mole), 1s obtained

130
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in the Arrhenius plot aé shown by line (3) of Figure 5.1.

The discussion presented above assumes that
diffusion within the catalyst pores 1s so fast as to be
of no consequence. However, there may be several cases
where the diffusional fesistance in the catalyst pore
cannot be ignored, thus necessiszting the postulation of
a third regime in the Arrhenius plot. Obviously this
regime would be Intermediate between the external
diffusional and chemical reaction regimes, and a

treatment of this regime is developed below.

As it has been shown that benzene oxidation
follows a first-order rate law, the discussion will be
restricted to the first-order case. When the internal
pore surface is not uniformly available for chemical
reaction, an effectiveness factor (€ ) is normally
employed to designate the degree of accessibility of the
surface. € 1s defined as the ratio of the observed
chemical reaction rate to the reaction rate if the
concentration of the reactant within the pores is
uniformly equal to the concentration at the surface. Thus

the reaction rate (expressed in concentration units) can

be represented as

r, ® €k O . (5.1)

It has been shown that € is a function of the Thiele
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modulus, which for a first-order reaction is defined by,

P = L X/ - (5.2) |
where : “E
L = characteristic length defined by HE

Vp/8p !.," |

\ !

The gene?al nature of the € = @ plot for a first-order ‘Mf ‘f

reaction is shown in Figure 5.3. For values of 0 greater \W

than 2, one may write, i

€ = .o (6.3)

or

e = VL [Dg/k, ‘o (5.4)

Substituting Equation (5.4) in Equation (5.1),

r,= WL [Dgk, . C ot (5.5)

The effective diffusion coefficient De and the reaction

velocity constant k,can be expressed in the form of the fJ,'

usual Arrhenius equations ﬂ

- |
kg = Ap o /BT - (5.6) il




-E./RT
e g .o (6.7)

De = éD

where E, and E; are the activation energies for reaction

and diffusion respectively.

Substituting Equations (5.6) and (5.7) in (5.5),

t
-Er/RT. ! ED/RT:' ;

e (6.8)

VL {AD A, e

(B, + E))

' 2RT
K' e ve (509)

K! VL (4, ‘T)i

Comparing Equation (5.9) with the standard form,

-E/RT
e

we obtalin




or

E = EJ2 (if Ey 1s low compared to E,.)

Thus the value of the asetivation energy, E, in the pore
diffusion region tends to be half the value for the

chemical control regime.

Line (2) of Figure 5.1 represents the regime
where internal pore diffusion 1s operative. It is tims
possible to have all the three regimes of control with
a sultable variation of temperature or catalyst

properties (like pore size and characteristie length).

It has been pointed out by Petersen (6) that
external masc transfer can never by itself be the
controlling step in a chemical reaction, and that
whenever experimental results indicate external mass
transfer control, there is aleo a similtaneous diffusional
resistance, the magnitude of which is invariably greater
than the mass transfer resistance. This concept will be
developed further in the next section for the oxidation

of benzene,

9.2 IDENTIFICATION OF THE CONTROLLING REGIMES IN

Arrhenius plots of the different rate constants

for the two catalysts employed in this study are shown




in Figures 3.1 and 3.2. It will be seen that for all
the constants the activation energy in the higher

temperature range is considerably lower than for the

lower temperature range. The temperature ranges and the f

corresponding activation energles are | "

310 - 350°C. - 20 keal./gm-mole.
350 - 400°C. -- 2 keal./gm=-mole. i

Obviously in the lower temperature range (310-350°C,) Fy
chemical reaction controls, where as in the higher ﬂ:

temperature range (350-400°C.) external diffusicn (mass

transfer) would appear to be the limiting resistance. ' f“}
The transition from one region to another is generally “HL\
not as abrupt as has been found in this case. It is gﬂ:f

likely that, if the transition region is studied more

closely, a gradual shift in the mechanism would be

' observed. This was not done in the present study since i
the shift In the mechanism was unmistakable. M

The magnitude of the activation energy in the
high temperature range appears to be somewhat higher
than for external diffusion eontrol (for which it should i j
generally be less than 1 kcal./gm-mole), but too low f,
for pore diffusion alone to be the controlling step

1IN
(for which the magnitude of the activation energy should {W

be E (chemical)/2, or about 10 kecal./gm-mole). Therefore I
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it appears desirable to examine this regime further. As

a first step in this direction, the effect of pore
diffusion was experimentally determined and also evaluated
from the eriterion proposed by Welsz and Prater (9). f

Experiments were carried out at 350°C. with

o)

catalyst = 3 of the following size ranges:
-5 +12, =12 +22, =22 +36, =36 +60 (B.S.S. mesh) i

It was found that the data obtained for each of these I

size ranges followed first-order kineties. In order to
elucidate the role of pore diffusion it 1s necessary to

express the observed rate constants as a function of the i 1

particle size. For this purpose the rate constant

(k1+k3) for the total oxldation of benzene was used in
all the calculations since the behaviour of the individual

constants, Kkyy ky and Kay is similar to that of the rate

constant for total benzene disappearance (k1+k3).
Henceforth the rate constant for total benzene

disappearance, (kl+k3), will be designated as k.

Since the absence of pore diffusion cannot be

assumed a priori the rate constants determined would

be € k (and not merely k) in accordance with Equation (5.1).

A plot of € k vs. particle size should give a line which

levels off as the particle size is decreased, the




asymptotie value corresponding to the intrinsic rate

constanty, k. The effectiveness factor, y for any size

can then be determined from the relation,

A plot of k (experimentally determined value of the rate
constant for different particle sizes) as a function of
particle size is shown in Figure 5.2. The values of €
for the different particle sizes were determined in
accordance with Equation (5.12), and are listed in

Table = 5.1. It can be seen that € 1s practically unity
for all the catalyst sizes, leading to the conclusion

that pore diffusion is not significant. This is further

examined below.

The Thiele modulus, ¢ , for the present catalyst
(cétalyst = 3) was evaluated as followss 'I‘he effective
diffusivity, D,, was first calculated from the equation
presented below (8) (since unpelletted silica gel
particles Jere used, it was assumed that Knudsen flow was

operative):

SRR
Dg = 19,400 -2 T/M ot (5.13)

TS /’p

Assuming a tortuosity factor (T ) of 1.2 and using the

€ k/k : .o (5.12)




Table = 5.1

Experimental effectiveness factors for different values

of the Thiele modulus

Particle !
size kx10 & ]
B.5.5. mesh

- 5 412
-12 +22 2.033 0.977 0.0713

-22 +36 2.043 0.984 0.0379
~36 +60
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catalyst properties listed in Table = 3.6,

D, (at 350°C.) = 1.5756 x 10°° em/sec. il

The characteristic length, L, was computed from the ratio i

(vp/ap) which, for a sphere, as assumed in the present ‘P\?,
case, equals R/3. The Thiele modulus was then calculated y];
from Equation (5.2) using the value of k at 350°C. ‘

expressed as 1/sec. The Thiele modulus obtained for the
different particle sizes is inecluded in Table - 5.1. A

plot of the effectiveness factor (€ ) as a function of 0@

appears in Figure 5.3 which also contains the theoretical I

€ - 0 plot for a first-order reaction (8) for the purpose
of comparison. It may be noted that the experimental
points lie in the region where € = 1 for the theoretical

gl curve.

Another meaningful test for the rate of pore
diffusion is the Weisz=-Prater eriterion (9). According

to this eriterion, for the absence of pore diffusion,

r i LA | e (5.14) it

Making use of the following representative values, \
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L = 0,04 cm.
Cy = B.5x 10”7 moles/cec.
r = 7.8 x 10”7 moles/ce/sec.

the inequality is estimated to be 0.943 for catalyst - 2
and l1.44 for catalyst = 3. As this 1s close to the
marginal value of unity, it may be inferred that pore
diffusion (if at all present) should be insignificant.

Sincey according to Petersen (6), mass transfer
alone cannot be the controlling mechanism, and external
diffusional resistance 1s always accompanied by pore
diffusional resistance, an analysis of the combined
effect of the two resistances 18 necessary before the
influence of pore diffusion in benzene oxidation can be
discarded. For this purpose the rate of reaction occurring
inside a porous particle can advantageously be expressed
in terms of the rate per unit external surface area of
the catalyst, since mass transfer is based on the external

surface only.

Considering a single porous sphere of radius,

R, the rate per unit volume of the catalyst particle 1is

given by,




surface concentration of the reactant

reaction rate based on concentration

gm=-mole
h-ro gmo catn

units,

velocity constant, SCa
hr. Bm. cat.

If the rate is expressed as gm-mole/hr.cc. of catalyst

(ré)’

Pl EXy A, Gy e (5.17) I%]:,

If the reaction velocity constant is now expressed in terms

of unit surface area of the catalyst,

\

(5.18)

where ks has the units (em./hr.) and S 1s the surface area

(em?) per unit weight (gm.) of the catalyst. Substituting

Equation (5.18) in Equation (5.17),

€ kg S Pp C, . (5.19) il

For a single particle of spherical shape, the
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rate is given by,
L 3
r,® VAR (K, 8 ) € . (5.20)

Since the surface area is 4]‘32, the rate (rfe) for a

spherical particle per unit external surface area will be

" given by,

rﬁe = R/3 (kg S Pﬁ Cs) E . (5.21)

This may be expressed as,

rﬁe = ki C' . (5.22)

where

Rk, S/

The constant, kj, 1s obviously a rate constant based on
external surface area (as against kg based on the total
surface area) and has the units of length/time

(em./hr. dn this case).

The basic differential equation for a non-porous
spherical catalyst pellet immersed in a large medium of

stagnant reactant is (6):

d 2 4ac
DEiF" [R d-ﬁ-rJ

"
o

. (5.24)




where R' represents the radial coordinate. The boundary

econdition for this equation is given by,

dac
r' = D(_ (] (5.25
pe dR' )Rr=R :

This condition denotes that the heterogeneous rate based
on external surface area should be equal to the rate of

diffusion at the surface of the particle. Equation (5.25)

can be made dimensionless by the following transformations:

C

e
I

(6.26)

b

R'/R

the resulting equation being

e 2(2;2)(2‘;:-) * (5.28)

R=1

Equation (5.22) can alsoc be expressed in dimensionless form,

rée = k; Cy (1+ Cy)

by using the transformation,




or

where

From Equations (5.33) and (5.23),

2
R ksSPp
3D

e = €

This may be written as,

2
i _ R (kssf’p)

(3

3Dg

(5.30)

(5.31)

(5.32)

(5.33)

(5.34)

(5.35)
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D ! g
e 7 , :
D ' 1118
i
where, l
: ‘
L [k s P il |
@ = R/3 | B .4 .o (5.37) | g
Equation (5.36) represents the relationship between the ‘ ‘

dimensionless group, 0 (calculated on the basis of unit ‘

external surface area), the Thiele modulus, ¢ (which is |

a measure of Internal pore diffusion) and a tortuosity
. term represented by (Dg/D). It now remains to eliminate €

from this equation, so that a relationship can be obtained

exclusively between 0 and ¢ for a given ratio of (Dg/D). |

One can identify three regiona in the € — 0
plot:

(1) 2 < 0.2, where € = 1, il

(11) 0.2 <0 <« 2, transition region. i
(111) 0 > 2, where € = U@ . ‘

Region (i1i11) has been discussed by Petersen (6) in detail.

The present reaction, however, falls in region (1). In

the following paragraphs, the development of Petersen for ‘ ‘ !f:




région (111) 1is briefly summarized, and the treatment is

then extended to region (1).

Region (1i1)

As mentioned above, for this region € = 1/ ,

and Equation (5.36) reduces to,

6= 3@( 2_°) (5.38)

Let us now considér Figure 5.4 in which concentration
gradients are shown both for external diffusion and

internal pore diffusion. The existence of a concentration

gradient inside the pore is accounted for by the
introduction of the effectiveness factory, € . Similarly
the existence of an external mass transfer gradient can

be accounted for by a mass transfer factor, ¢/ . If this

is done, the reaction rates can be expressed in terms of

the bulk concentration (which is the concentration

measured experimentally). Thus we may define a2 mass

transfer factor, ¢, as

C = 6’Cb

& can be expressed in terms of the dimensionless

concentration, Cg, by combining Equations (5.30) and (5.39).

Tms’
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L.

= iy

& = 1+ Cg e (5.40) | :Ih

“’ i

|{ ..‘1

The solution of the differential equation represented by 4 'T
Equation (5.32) provides the following relation for E;: ﬂ p
il ;r“.“.

I

: .

i 6h (5.41) I .

] 1+06 iIL ul..;

g

‘ | Lﬁq

Combining Equations (5.40) and (5.41) W
‘ aﬁ

( = 1 L (5-42) l;

Then, from Equations (5.42) and (5.38), the mass transfer I

factor can be expressed in terms of Thiele's modulus as,

" 1 i
- (] 5.43 | M
% 1+ 30 (Dg/D) b |-

Equation (5.43) fulfills the objective of this development, k| [

viz., to relate the mass transfer factor (& ) with the

L

' Thiele modulus (@ ). L‘ &k
i

It must be emphasised that Equation (5.43) holds " ‘WH

good for region (1i1) only, and is not operative for “ wr

benzene oxidation, where € 1s almost unity. Extrapolation w\ | iﬂ

;

of Equation (5.43) to € = 1 1s not warranted since one |
‘ |




would then eross over to region (1).

Region (1)

As stated earlier, the present study on the
oxidation of benzene falls in region (1) of the € — @

curvey, where € is unity. For this region, Equation (5,36)

can be written as,
D
6w g% 8
D

.o (5.44)

Combining this with Equation (5.42),

i

¢ 1 bF (5,45)
14+30° (Dg/D)

In this region ¢ is always less than about 0.2, and since
(De/D) is of the order of 0.1 or less, from Equation (5.45)
it may be seen that ¢ is also substantially unity. In the

case of benzene oxidation,

Dg

= = 5.102 x 1073

and therefore & 1s far closer to unity than in cases

where (De/D) is of the order of 0.1.

(|

Do




From the development presented above it would
appear that in region (i), where the effect of pore

diffusion 1s absent, the effect of mass transfer is also

absent. This fact, combined with the conclusion in

respect of region (i1i1i), suggests that external mass
transfer cannot be operative in the region where € 1is

unity and that, when it becomes operative (in the region

€ < 1), the resistance due to pore diffusion is of a

higher order.

In the case of benzene oxldation, since

€ = 1), it follows that external mass transfer is also

negligible.

It may be recalled that this was anticipated

in Chapter 3, where external mass transfer was estimated

to be negligible from the charts of Hougen et al (10).

In the lover temperature range one can conclude

from the magnitude of the activation energy that chemical

reaction 1s the controlling step.

In spite of the low

it may be concluded (in view of the absence of

diffusional effects) that in this region also probably
chemical reaction controls, the fall in activation energy
being due to a change in the structure or chemical

character of the catalyst used. A similar fall in the

activation energy at higher temperatures has been reported

by Pinchbeck (7) and Ioffe et al (5) in the oxidation of
naphthalene; by Dixon (1) in his review on the oxidation

of maleic anhydride carried out by Holsen (4); and by

activation energy observed in the higher temperature range,
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Hedden (3) in the oxidation of coal by ailr.

Hammar (2) reported mass transfer to be the |
controlling step in the oxidation of benzene, though a “
high value of the activation energy (28 + 4 kecal./gm-mole)

was obtained., In view of this inherent discrepaney, it would e
be logical to speculate that chemical reaction is the I

=i [|
limiting step. g |

On the basis of the findings reported in this

chapter, it may be concluded thats:

(1) Chemical reaction appears to be the controlling

resistance over the entire temperature range. M
|

(2) While in the temperature range, 310-350°C., this
conclusion is substantiated by the magnitude of the I
activation energy (which is about 20 kcal./gm-mole), in |,
the higher temperature range (350-4009C.) an activation

energy of 2 kcal./gm=mole seems to suggest mass transfer )

control. m'"
|
|
|

(3) A detalled analysis of external diffusion and
' pore diffusion indicates that neither of these 1s i

operative and that the low activation energy in the higher

in the structure or orientation of the catalyst.

temperature range 1s attributable to a favourable change '
|
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i
NOMENCLATURE ! !
| | . !
a = constant. ‘F |
a, i external surface area of pellet per unit I ;
mass, cm>/gn. f il
8y » external surface area per unit volume of | Ii
catalyst bed, cm? cm? ﬁ ji
A = Arrhenius constant. | i
C -~ doncentration, gm-mole/cec. . Pi
¢ - dimensionless concentration, E_:_EE. | ﬂ
Cp | |
Ch = bulk conecentration, gm-mole/cc. ? fh
Cq - surface concentration, gm-mole/cc. j_ ﬁ
dy - particle diameter, cm. ! fﬁ
D = bulk diffusion coefficient, em2/sec. 'ﬂ
De - effective diffusion coefficient, emZ/sec. |
E - activation energy, kecal./gm-mole. | ﬁ
F - feed rate, gm-mole/hr. \[ w
G -  mass veloeity, gm./hr.cm> | lf%
Gm = molal mass veloeity, gm-mole/hr.cm? (. -}3
: kl'kz’ks = reaction velocity constants for the steps v I'Af
l, 2 and 3 shown in the reaction scheme, v 'd~j
gm-mole/(hr.) (gm. eat.) (atm.). ‘W |l'@
kg Ky - specific rate of adsorption of oxygen and i; t.%
benzene respectively, gm-mole/{(hr.) (gm. cat.) :J ?
(atm.), s
||’ yl #
k, - reactign velocity constant, w | ;%
ec./(hr,) (gm. cat.). J| i
;
|




specific rate of total reaction of benzene,
gm-mole/(hr.) (gm. cat,) (atm.).

kro - specific rate of total reaction of benzene

at the initial condition,

gm-mole/(hr.) (gm. eat.) (atm.).

ks - reaction velocity constant per unit

surface area, em,/hr,

k; = Treactlon velocity constant based on

external surface area, cm./hr.

rate econstants in the Hougen-Watson models.

constant.
adsorption constants for benzene,

Kos Ky carbon dioxide, maleic anhydride, oxygen

and water, respectively.

active site,

characteristic length, em.
order of reaction,
molecular weight.
moles of oxygen used per mole of the

hydrocarbon reacted; also number of active

sites.

partlal pressure, atm.

T1sToTg = reaction rates for steps 1, 2 and 3 shown

in the reaction scheme, gm=mole/(hr,) (gm. cat.).

reaction rate, gm-mole/(hr.) (gm. cat.).

reaction rate, gm-mole/(hr.) (ec. cat.).




o = total reaction rate at the initial condition, |
gn-mole/(hr.) (gm. cat.). |
R = gas constant, cal./°K./gm-mole; |

also radius of the pellet, em,

I ‘
R = radial coordinate. v |
l
I
R" = rate number, . n d
Jf 1
; I ] |
Re = Reynolds number, % __ . ! i
av/u | |
! |
S T surface area per unit weight of catalyst, I t
. |
em>/ gm., I 1
S_ = fraction of catalyst surface covered with ;;; ‘f
i
benzene. W ﬂw
Se = Schmidt number, AP r ”'
. -
- temperature, g A !‘ Ll
l
'} - weight of the catalyst, gm. ; Il
I [
x - mole of benzene converted to products per J 'hﬁ
| 1 Af:
mole of feed. T : -‘ﬂ
Xq = mole of benzene converted to carbon dioxide 4’ #
l ' |
per mole of feed. ‘1 11
'!' i\[

Xy = mole of benzene converted to maleie T
|

anhydride per mole of feed. ' I
GREEK LETTERS L‘

x.p3 - econstants.

| |
i = stoichiometric number of the rate controlling ‘["‘ i

step. 'L




‘t = 4 M\ o v @ @ m» D

reciprocal of the adsorption term.

effectiveness factor.

dimensionless group, ki?
pore volume, cc./cc.
density, gm./ce.

mass transfer factor.
summation.

tortucsity factor.

Thiele modulus, L / k/D,.

AL 1 c 4 ‘.a,m.. 4%.,‘,..
Ve au.f,;,gf ’ G /c z
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Tables of experimental data
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Table = A,14 . ‘ l

Experimental conversions to maleiec anhydride (x“) and

carbon dioxide (x;) for catalyst - 1 at 400°C. 1
[l
;E benzenesair W/F X X
i 1
t 0 - - i I
L 60 0.0665 0.0835 .
1 93 0.0925 0.1235 £
b 132 0.0960 0.1680 e
i 1150 162 0.1150 0.1800 |
" 190 0.1180 0.1980 B
"" 2828 0.1190 0.2170 [ i
i 280 0.1102 0.2498 | 1§
8 0 - - | &p
w 62 0.0750 0.0690 J e 1
. 20 0.0900 0.1020 | I}
g 132 0.1130 0,1320
| 1:80 160 0,1275 0.1529 |
192 0. 1350 0.1730 |
204 0.1330 0.1760 Ll 1E
250 0.1450 0.1700 il 18
i 310 0.1420 0.1740 o
| | §
' 0 - ~ |
61 0.0645 0.0756 |
107 0.0962 0,1239 il
| 154 0.1180 0.1340 ||
1 1:110 183 0.1250 0.1710 1
* 212 0. 1320 0.1775 |
| 230 0.1360 0.1780 I
321 0.1410 0.2000 e |
0 - - o
. 61 0.0610 0.0725 i
98 0.0831 0.1021 Il
124 0.0980 0.1250 il
13140 155 0.1138 0.1422 {1
180 0.1240 0.1510 A
203 On 1280 Oo 1590 I | ! 1
242 0.1362 0.1718 1
337 0.1402 0.1858 e
| .1
i o
| 8|
I I
il i
|
g




Iable - A.15

Experimental conversions to malele anhydride (%) and
carbon dioxide (xg) for catalyst - 2 at 310°.

benzenesair W/F Xy X
0 - -
70 0.0280 0.0191
107 0.0376 0.0283
1:50 149 0.0469 0.0307
185 0.0523 0.0340
230 0.,0492 0.0413
0 - -
78 0.0213 0.0156
118 0.0391 0.0252
1:80 164 0.0408 0.0340
197 0.0483 0.0388
240 0.0488 0.0414
o - -
69 0.0179 0.0131
: 107 0. 0255 0.0167
i1:110 154 0.0343 0.0216
180 0.0397 0.0254

238 0.0447 0.0358

e




Experimental conversions to maleic anhydride (xM) and

Table - A.16

carbon dioxide (x,) for catalyst - 2 at 330°C.

benzenesair WP Xy Xa
0 - -
69 0.0415 0,0267
104 0.0562 0.0379
1:50 149 0.0679 0.0611
194 0.07786 0.0703
228 0.0862 0.0764
0 - -
72 0.0398 0.0263
113 0.05880 0.0389
1:80 155 0.0659 0.0594
209 0.0732 0.0634
250 0.0862 0.0808
0 - -
68 0.0352 0.0248
111 0.0520 0.0381
1:110 149 0.0633 0.0564
195 0.0740 0.0663
2356 0.0804 0.0720

184
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Table - A.17

Experimental conversions to maleiec anhydride (xM) and i
carbon dioxide (x,) for catalyst - 2 at 350°C. |
benzene:air W/F Xy Xq fi
| i - 1
61 0.0740 0,0542 o] e
99 0.1019 0.0847 il
1:50 131 0. 1200 0.1041 | 1
173 0.1477 0,1161 |
199 0.1562 0.1238
230 0.1690 0.1232 jff
313 0.1901 0. 1402 i \ ‘
L
0 g i MR
65 0.0711 0.0540 ;y
107 0.0977 0.0920 |
150 0. 1200 0.1102 L
1:80 178 0.1313 0.1187 nl
219 0.1478 0.1315 I
244 0.1516 0.1422 il
319 0.1622 0.1535 i
0 - - I | ‘ul. :
62 0.0692 0,0538 alle |
104 0.0938 0.0813 A
149 0.1170 0.1077 i
13110 187 0.1282 0.1276 i
222 0. 1377 0.1283 1
267 0.1482 0.1420 i
322 0.1533 0.1522 i
0 - - I.I\ ‘ | i
64 0.0620 0.0552 il
102 0.0837 0.0818 e
138 0.1088 0.0915 i
12140 178 0.1270 0.1028 lTV
215 0.1403 0.1119 |
252 0. 1530 0.1190 Tt |
334 0.1632 0.1296 ‘“i
| e |
|.
Il | i
1
[T A
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i : Table = A.18
f
; Experimental conversions to maleic anhydride (xﬂ) and
i
ﬂ ' carbon dioxide (xz) for catalyst = 2 at a75°¢c.
|
f benzenetair W/ F
| % %
| F
. 0 » -
| . : 62 0.0807 0.0595
| _ | 96 0. 1065 0.0877
| 144 0.1445 0.1095
| 1:50 182 0.1640 0. 1339
219 0.1791 0.1389
245 0.1888 0.1415
301 0.2010 0.1511
0 - -
65 0.0777 0.0605
103 0.1003 0.0917
| 140 0.1258 0.1062
| 1:80 187 - 0.1467 0.1300
222 0.l612 0.1326
25 0.1666 0.1415
322 0.1771 0.1609
0 Ld -~
62 0.0750 0.0590
107 0.1009 0.0912
139 0.1240 0.1083
13110 181 0.1371 0.1295
212 0.1489 0.1434
258 0.1590 0.1490
322 0.1648 0.1610
0 - ! -
61 0.0727 0.0571
100 0.0972 0.0878
140 0.1161 0.1040
1:140 177 0.1322 0.1311
i 208 0.1352 0.1418
250 0.1467 0.1497
319 0.1560 0.1636

186
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Table = 4.19
Experimental conversions to maleie anhydride (x,) and
carbon dioxide (x,) for catalyst = 2 at 400°C.
benzenesair W/F Xy Xo
0 - -
46 0.0700 0.0379
53 0.0750 0.05850
107 0,1150 0,0961
135 0.1330 0.1193
1:50 189 0.1740 0.1363
226 0.1852 0.1470
240 0. 1900 © 0.1560
305 0.2080 0.1522
346 0.2040 0.1700
0 - -
53 0.780 0.0459
119 0.1070 0.0990
147 0.1298 0.1023
13180 177 0.14256 0.1275
238 0.1592 0.1473
268 0.1715 0.1520
322 0.1820 ‘ 0.1650
O o -
70 0.0710 0.0730
117 0.0980 0.1025
175 0.1325 0.1170
1:110 190 0.1440 0.1261
240, 0.1541 0.1420
266 0.1642 0.1500
322 0.1740 0.1683
0 - =
60 0.0715 0.0630
98 0.0950 0.0892
140 0.0930 0.1372
1:140 222 0.1474 0.1366
234 0.1485 0.1480
272 0.1590 0.1573
346 0.1722 0.1658




Table = A.20

| ! Experimental conversions to maleic anhydride (xM) and
carbon dioxide (xg) for catalyst - 3 at 310°C.

‘; benzenes:alr W/ F Xy X
I {
! , ' 0 - -
. _ ' , 58 0.0282 0.0189
f l 13150 130 0.0418 0.0279
| 1 169 0.0452 - 0.0338
; , 235 0.0566 0.0356
| 0 o i =
!
! 64 0.0224 0.0158
107 0.0376 0.0249 -
' 13180 . 192 0.0442 0.0298
' 194 0.0523 0.0375
236 0.0571 0.0440
| 0 : 2
| 70 0.0191 0.0141
| 110 0.0256 0.0212
| 13110 140 0.0322 0.0235 .
y 190 0.0381 0.0294 |
248 0.,0407 0.0349 |
‘fj‘;
i
| i
i
T
l “JW‘ 5
1 T
| | \l"|‘
Ji | ‘_:‘Il‘
| i..-‘”'
; A:H.
‘|| I‘|||
AN |
| i ‘\"!‘k.-
| e
| RS
! i
| I lll\;l‘ i
1 I ‘ 'II‘ ;
!!I' ‘I" |
I |
(| |
i
|




Experimental conversions to malelc anhydride (xH) and

Table = A.21

carbon dioxide (x;) for catalyst < 3 at 330°C.

benzenestalr W/'F Xy Xq
O - -
63 0.0445 0.0253
104 0.0660 0.0517
1150 130 0.0696 0.0876
168 0.0782 0.0598
220 0.0917 0.0718
0 - -
70 0.0415 0.0235
107 0.0621 0.0352
1380 132 0.0708 0.0417
187 0.0852 0.0670
237 0.0901 0.0736
o - e
68 0.0346 0.0277
112 0.0551 0.0451
1:110 138 0.0694 0.0576
193 0.0741 0.0630
T 0.0882 0.0715

189
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e e

Experimental eonversions to malelc anhydride (xM) and

Table -~ A.22

carbon dioxide (xg) for catalyst = 3 at 350°¢.

benzenesalr Ww'F Xy &
0 - -
75 0.0881 0.0700
o0 0.0920 0.0813
120 0.1283 0.0922
1:50 139 0.1343 0.1056
162 0.1419 0.1128
200 0.1585 C.1280
244 C.1710 - 0.1311
310 ¢, 1597 0.1397
0 - -
81 0.0900 0.0711
103 0.0983 0.0882
128 0.1125 0.0945
1:30 177 0.1313 0.1172
203 0.1476 0.1191
255 0.1645 0.1267
318 0.1612 0.1308
0 = -
75 0.0841 0.0707
102 0.1082 0.0823
150 0.1208 0.0993
1:110 211 0. 1303 0.1192
270 0,.1366 0.1231
294 0.1451 0.1222
338 0.1408 0.12886
0 . -
79 0.0780 0.0690
96 0,0925 0.0881
147 0.1143 0.0907
1:140 168 0.1267 0.0956
215 0,.1369 0.0945
280 0.1421 0.1115
346 0.1481 0.1210

il
| Rt
i
1l
AR T

Ceama
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|
!
| Table = A.23
il Experimental conversions to maleic anhydride (xy) and | fl
‘T | .|
t carbon dioxide (x,) for catalyst = 3 at 375°c. | i
| il
I . |
1 benzene:alr W/ F x !-| '
i‘ . c :
t = |
| 0 - - e
l 65 0- 0903 0. 0695 R I‘. :
, 75 0.1015 0.0811 4 r
I 1350 129 0.1365 041177 “' ;
7 211 0.1664 0.1363 | ,”
| 352 0.1582 0.1558 N
o
{ Y " b | | h
’ 76 0.0953 0.0753 e
92 0.1001 0.0698 A
* 1:80 124 0. 1396 0.0877 it ¢
202 0. 1850 0.1238 RiG |
246 0.1683 0,1251 i
0 e 2 iR
77 0.0876 0.0692 |

116 0.1122 0.0804 |

13110 135 0.1235 0.1119 i
202 0.1314 0.1190 L
270 0.1473 0.1235 1 HE
360 OI 1527 0. 1305 o d ‘i | ':I] g
O - - | ‘i II
73 0.0752 0.0655 .
92 0.0857 0.0808 |
11140 141 0.1145 0.0916 1
183 0.1366 0.0897 ~h|\¢
283 0.1485 0. 1003 e |
312 0.1510 0.1105 g |
‘: h“| !
i :*I'\ 1
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Experimental conversions to maleic anhydride (x,) and

Table = A.24

carbon dioxide (xc) for catalyst = 3 at 400°C.

benzene:air

W/ F

N *c
0 - -
74 0,108 0.096
123 0,142 0.099
1250 143 0,154 0.112
224 0,188 0.133
280 0,101 0.148
308 0.185 0.155
0 - -
a5 0. 207 0,095
: 128 0.128 0.093
1:80 185 0.156 0.102
224 0.169 0.110
280 0.175 0.137
306 0,172 0.134
O - -
76 0.079 0,066
o7 0.089 0.078
105 0.088 0.087
1:110 136 04117 0.088
211 0.128 0.116
272 0.146 0.123
293 0.158 0.117
0 - -
74 0.077 0.055
140 0.132 0.070
1:140 215 0.145 0,103
286 0.154 0.108
338 0.15¢9 0.120
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Table = A.25

Experimental conversions to maleic anhydride (xy) and

carbon dioxide (x;) for catalyst = 3A at 350°c,

benzenesair W/F Xy e
0 - -
62.5 0.0792 0.0763
102 0.1211 0.0862
1:50 130 0.1368 0.1175
175 0.1676 0.1363
217 0.1800 0.1502
0 - i
69 0.0871 0.0803
106 0.1115 0.0946
1:80 130 0.1263 0.1675
188 0.1532 0.1328
230 0.1715 0.1382
0 - -
63 0.0771 0.0654
97 0.0983 0.0884
1:140 126 0.1158 0.0985
175 0.1382 0.1106
221 0.1400 0.1231
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Table = A.26

Experimental conversions to maleic anhydride (xy) and

carbon dioxide (x;) for catalyst = 3B at 350°C.

benzene:air W/ F Xy Xq
0 - -
64 0.0690 0.0669
98 0.1029 0.0968
1:50 122 0.1381 D, 1217
181 0.1632 0.1521
222 0.1718 0.1726
0 = -
62 0.0720 0.0650
69 0.0755 0.0623
1:80 95 0.0982 0.0906
120 0.1273 0.1124
190 0.1661 0,1388
212 0.1730 0.1475
0 - -
68 0.0671 0.0512
09 0.0901 0.0895
1:140 126 0.1133 0.1128
190 0.1398 0.1309
220 0.1449 0.1340
225 0.1471 0.1331




|
| I il
| 1 Table = A.27 it
H {. Experimental conversions to maleic anhydride (xy) and I [T
| | f carbon dioxide (x,) for catalyst = 3C at 350°C. B il ;
| Ll
it | B | |
| | I I
| benzenesailr W/F | X, e | B
! i
! Ll &
0 - - ! Il i
60 0.0728 0.0797 R
' 93 0.1197 0.1025 it
! 1350 125 0.1488 .0.1242
180 0.1822 0. 1475 1k |
221 0.1927 0.1678 .
| ' 0 - - , N
| : 54 0.0701 0.0536 I
| 94 0.1092 10,0986 .
: 1:80 133 0. 1408 0.1153 I B
' 169 0.1583 0.1304 i ]
' _ 250 0.1896 0.1581 e
\ ‘ ;' .!
1 0 = o ':‘il ‘ I
_ 51 0.0592 0.0497 i
| 93 0. 1070 0.0913 e
| 13140 125 0.1255 0.1015 il |
178 0.1497 0.1214 il B
222 0.1611 0.1262 T R




Table - A.28

Experimental conversions to maleic anhydride (xy) and

carbon dioxide (x;) for catalyst - 4 at 400°cC,

benzenesair W/ F Xy Xo
O - -
68 0.1412 0.1085
116 0.1878 0.15562
127 0.2040 0.1572
1:50 152 0.2241 0.1619
180 0.2339 0.1902
231 0.2612 0.1943
294 0.2880 0.2245
318 0.2500 0.2426
O - -
60 0.1333 0.1013
38 0.1661 0. 1300
93 0.1702 0.1498
1:80 122 0.1993 0.1569
161 00,2300 0. 1340
205 0.2551 0,1947
250 . 0.2720 0.2054
318 0.2751 0.2222
0 - -
62 0.1318 0.0983
73 0.1451 0.1151
124 0.1962 0.1513
1:110 144 0.2180 0. 1520
183 0.2388 0.1804
216 0.2522 0.1942
221 0.2601 0.1860
294 0.2332 0.1990
0 - -
70 0.1380 0,0998
109 0.1803 0.1038
139 0.21281 0.1319
1:140 222 C:2712 0.1781
267 0.,2870 0.1927
304 0.2964 0.2017
326 0.3011 0.1989
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Table = A, 29

Experimental conversions to ﬁaleic anhydride (xﬂ) and

carbon dloxide (x,) for catalyst - 5 at 400°C.

benzene:air W/F Xy Xo
0 ™ =
64 0.1328 0.1223
102 0.1847 0.1701
136 0.2031 0.1949
1:50 177 0.2339 0.2148
222 0.2427 0.2461
250 0.2400 0.2562
302 0.2266 0.2951
0 = -
64 0.1280 0.1221
103 0.1700 0.1677
140 0.1942 0.1888
1:80 183 0.2258 0.2100
254 0.2511 0.2436
262 0.2480 0.2458
282 0.2522 0.2504
318 0.2482 0.2687
0 - ==
64 0.1200 0.1142
103 0.1618 0.1636
140 0.1955 0.1984
12110 194 0.2282 0.2245
240 0.2421 0.2352
250 0.2503 0.2319
310 0.2686 0.2452
0 - -
64 0.1188 0.1110
98 0.1670 00,1473
135 0.2001 0.1713
1:140 175 0.2273 0.1966
2587 0.2600 0.2410
272 0.2739 0.2302
305 0.2777 0.2406
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