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An investigation of the catalytic properties of stannic oxide, antimony tetroxide
and a range of tin-antimony mixed oxides has been carried out using two pretreatment
methods. The two pretreatment methods were & L.T. method (outgassing the catalyst for
5 hr et a temperature of 293 K) and a H.T. methbd (outgassing the catalyst for 16 hr
at a temperature of 698 K). The object of the investigation was two-fold.

i) To gain an insight into the acidic properties of the catalysts by studying
the dehydration of isopropanol and the isomerization of 3,3~dimethylbut-l-ene, cyclo-
upropa.ne, and n-butenes.

ii) To increase the existing information about the oxidizing properties of the

catalysts by studying the oxidetive dehydrogenation of n-butenes.

With the exception of stannic oxide, H.T. pretreatment, which dehydrogenates
isopropanol, the individual oxides are inactive. Combining the two oxides results in
an ascidic catalyst. The number and neture of the acidic sites are determined by the
percentage composition of the catalyst end their pretreatment. Br¢nsted-type acidic
sites are believed to be responsidble for isopropanol dehydration, 3,3-dimethylbut-l-ecne,
cyclopropane and n-butene isomerization over the L.T. series mixed oxides.  gimilar sites
are thought to be responsible for isopropanol dehydration, 3,3-dimethylbut-l-ene and cis
but-2-ene isomerization over the H.T. series mixed oxides. However, Br¢nsted and Lewis
type sites may account for cyclopropane and but-l-ene isomerization over the H.T. series
mixed oxides.
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'An iﬁvégtiéétioﬁ’éf tﬁe'ééﬁalytic propérties‘of stannic
oxide;’antimony tétroxide and a renge of tin-antimony mixed oxides
has beéﬁ'carriéd‘oﬁt ﬁsiné tﬁo prétréatment méthods. Thé two
prétréatmént methods were a L.T. méﬁhqd (outgassing the
catalyst for 5 hr'at témpératﬁré of 293 K) and a H.T. method
(outgassing the'éatalyst for 16 hr at a témpératuré of 698 K).
The objéct of the invéstigation was two-fold.

i) To gain en insight into ?hé'acidiC‘properﬁiés
of the catalysts by studying the dehydration of isopropeanol
and the isomerization of 3,3—dimethylbut—l~ené, cyclopropane,
and n-butenes. |

ii) To increase the existing information about the
oxidizing properties of the catalysts by studying the
oxidative dehydrogenation of n-butenes.

With the exception of stannic oxide, H.T. pretreatment,
which dehydrogenates isopropanol, the individual oxides are
inactive. Combining the two oxides results in an acidic
catalyst. The number and nature of the acidic sites are
determined-by the percentage composition of the catalyst
and their pretreatment. Br¢nsted-type ecidic sites are
believed to be responsible for isopropanol dehydration,
‘3,3—dimethylbut—l-ene, ecyclopropene and n-butene iscmerization
over the L.T. series mixed oxides. Similar sites are thought
to be requnsible for isopropanol dehydration, 3,3—dimethylbut~
l-ene and cis but-2-ene isomerization over the H.T. series mixea

oxides. However, Bré¢nsted and Lewis—type sites may account for



. eyclopropane and but-l-ene isomerization.over the H.T. series
mixed oxides.,
. . T, . e . S+ L+
A redox mechanism, involving the cations Sb and Sn
found in the saturated solid solution of antimony tetroxide in
stannic oxide, is thought to be responsible for the oxidative

dehydrogenation of n-butenes to butadiene.’
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~ CHAPTER 1

General Introduction

1.1 In general,-catalysed reéctions can be divided into two main
classes:-
i) Homogeneous catalysis, where both the catalyst and the
reactants are in the same phase.
ii) Heterogeneous catalysis, where the qatalytic reaction
takes place at an interface between two phases.
This thesis is concerr=d only wifh heterogeneous catalytic
reactions occurring .at interfaces between solids and gases.
The first scientific observation of catalysis was reported

(1)

at the end of the eighteenth century. Van Marum discovered, in

1796, that alcohol was dehydrated by passage over copper. Then,
following the deepened insight into chemistry, the number of csatalytic

(2)

reactions, known as such, rapidly increased. Kirchhoff , in 1812,

studied the conversion of starch into dextrose and sugar by dilute

()

mineral acids, Davy(3) and Ddbereiner' ', between 1817 and 1823,

investigated the glowing of metals in mixtures of combustible gases
and alr. An appraisal of these researches by Berzelius(S) led to
their élassification under the term catalysis.

A more comprehensive understanding of catalysis was

introduced by Ostwald(6)

in 1902, when he proposed that the rate of
a reaction could be taken as a measure of catalytic activity. By
correlating activity with a measurable quantity, he laid the
foundations of the mcdern idea of catalysis.

During the nineteenth century, several theories were put

forward to explain the action of heterogeneous catalysis.
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liquids. The heat of physical adsorption is generally less than
20 kJ mol—;. These values are usually found for heats of liquefactioh
and vaporization. Seversl adsorbed layers may be formed, and the rates

of adsorption and desorption are rapid.

Chemisorption

This process involves the rearrangement of the electrons of
the interécting gas.and solid, resultiné in the formation of chemical
bonds. The heats of chemisorption are of the order of 80 to 200 kJ-mol_l.
Thus rates of desorption are usually low. It is now generally accepted
that chemisorbed species act as intermediates in heterogeneous catalytic
reactions. However, for a catalytic reaction to occﬁr, the strength of
adsorption must be within certain 1imits. A reactant that is too strongly
adsorbed will be difficult to remove and will poison the catalyst. On the
other hand, a too weakly adsorbed reactant will not remain on the surface
long enough to react.

Mechanism of HYeterogeneous Catalysis

A catalytic reaction which takes place on a surface, cah be

broken down into five consecutive steps:-

(1) Diffusion of the reactant molecule to the surface.

(2) Chemisorption of at least one of the reactant species
on the surface.

(3) Reaction of these adsorbed species, either among themselves,
with physically adsorbed species, or with other molecules
colliding with the surface.

(4) Desorption of the products.

(5) Diffusion of the products away from the surface.

The slowest of these processes determines the rate of the

reaction. The processes of diffusion, as rate—controlling steps, arise

more in the liquid phase and rarely affect reactions in low pressure



laboratory-systems, unless the reaction is very fast. It can be
determined, however, by measuring the rate at various temperatures,
‘whether or not a reaction is diffﬁsion conirolled. If a straight
line is obtained from an Arrhenius plot of greaﬁly’differiné rates,
then diffusion éffects are unlikely to be important. Anyone of the
steps (2), (3) and (4), which are chemical interactions, may be
rate-determining. |

Two main mechanisms héve been put forward to explain the
combination of reactants at the catalyst surface, these being the

(10)(11) - (12)(13)

and Eley~Rideal mechanisms.

Langmuir-Hinshelwood
In the Langmuir-Hinsk2lwood mechanism if is.assumed thét

both reactant species are chemisorbed on adjacent sites on the catalyst.

The rate of reaction is assumed to be determined by the reaction .between

the adsorbed mélecules,and the adsorption and desorption pfocesses are

assumed to be in equilibrium. By this mechanism the hydrogen-deuterium

exchange reaction on a metal would proceed thus:-

I - oM + HD

!

Most of the reactions to which Langmuir-Hinshelwood mechanisms
have been applied take place at high temperatures, wvhere it is reasonable
to expect rapid adsorption and desorption. However, for low temperature

reactions this may not be the case. Roberts(l“)

» for example, found that
although hydrogen adsorbed readily on tungsten at 193 K, its desorption
was very slow, even at temperatures up to 673 K. This led Eley and

Rideal to propose that only one species is chemisorbed and the second

interacts with it, either directly from the gas phase, or from a



' physically adsorbed layer. The hydrogen-deutérium exchange reaction would

then proceed thus:-

—
S
n
-
g
—u

L
L

A full line represents chemisorption and a dotted line physical

adsorption.

Catalytic Activity

Many ideas have been put forward to explain catalytic activity.
Some of these are:—- the electronic factor in catalysis, the Crystal
Field theory and the Multiplet theory.

The Electronic Factor

(15). The gas

The Boundary-Layer theory was postulated by Weisz
adsorbed is represented either as a donor or acceptor of electrons. The
adsorbent is represented as a conventional semiconductor with a given
concentration of ionised donor or acceptor centres. The ability of the
adsorbent to éarticipate in the chemisorption is determined by the heigﬁt
of the Fermi level. The theory was extended by Hauffe(l6) to sho& the
way'that the ﬁeight of the Fermi level could be used to influence reactions
with well defined rate—-determining steps. On the other hand,

(17) theory introduced the concept of 'weak' and 'strong'

Wolkenstein's
bonding between the chemisorbed particle and semiconductor surface. In
'weak' bonding, the particlé interacts with neither a hole nor an electron.
The pafticle remains electrically neutral. When a free electron or hole

participates in the bonding of the chemisorbed particle, a 'strong'’

n-{acceptor) bond or p-(donor) bond arises.



Attempts have been made to establish correlationships’between

(18) noted that p-type

catalytic activity and semiconductor type. Stone
oxides were best for the decompositiqn'of nitrous oxide, while n-type
oxides were the least effective. Additions of small quantities of
altervalent ioné, have been found to change the positiqn of the Fermi
level, consequently influencing the catalytic activity of a semiconductor.
Winter(lg) increased the 'p-typness' of nickel oxide by the addition of
smail quantities of lithium. In keeping with the observations made by

(18)

, the activity for nitrous oxide decomposition increased.
(20)

Stone
However, the findings of Bielanski et al., studying doped nickel

oxide, led them to suggest that the precise degree of semiconductivity
of the metal oxide may have differéd considerably in the bulk from that

which prevailed at the surface.

Crystal Field Theory :

This supposes that chemisorption on a surface transition metal
'cation increases the coordination number of the ion. This results in a
change in. the crystal field stabilization energy. Dowden and Wells(zl)
used the Crystal Field theory to explain the 'twin peak' activity pattern
encountered for hydrogen—-deuterium exchange over a series of transition

metal oxides. They calculated the change in crystal field stabilization

energy caused by an increase in coordination number, and concluded that

3

the most catalytically'active systems would have the configurations 4-,
d6 and d8, since these showed the maximum changes. The minimum effect
would be observed with the do, d5 and le systems. As with the Boundary-

-(18)).

Layer theory discrepancies have been observed, (Stone

Multiplet Theory of Balandin(22)

This supposes that only part of a molecule, named the 'index
group', participates in a reaction and that only certain atoms of the

catalyst possess the necessary configuration for the reaction. These



atoms are teiied the 'multiplet'. During ca?alyéis the 'index group'
of a reactdnt.moleculé is supérimposéd'on thé 'active' atoms of the
catalyst, theréby yielding an intérmédiaté 'multiplét compléx'.
Within the 'multipléticomplex', bond deformation and migratiqn
'oécurs.

There is no one general theory that can be used to explain all

catalytic activity and selectivity.

1.2 Object of the Investigation

Previous investigations have revealed that catalysts based on

(28)(713)

tin-antimony oxides possess acidic and oxidizing

(23)(73)(92). With these two aspects in mind, the

properties
object of the investigation was two~fold.

i) To gain an insight into the acidic properties of the
'catalysts by studying the dehydration of isopropanol
and the isomerization of 3,3-dimethylbut—l—éne,
cyclopropane and n-butenes.

ii) To increase the existing informa&iqn about the
oxidizing properties of the catalysts by invéstigating

the oxidative dehydrogenation of n-butenes.

1.3 Structure of Tin-Antimony Mixed Oxides
The tin-antimony mixed oxides consist of cne or more pheases,

depending on the Sn:Sb atomic ratio. X-ray data, electrical

(23-26)

conductivity measurements and infra-red spectroscopy have

been used to obtain information about the phase composition of the

mixed tin-antimony oxides.

(2k) (25)

Godin et al.,(23) Lazukin et al., and Wakabayashi et al.

found that the electrical conductivity of tne mixed oxides increased



with increase in the atomic peréentage'bf antimony. Godin et al.(23)

. o ) . + . b+ .
attributed this to the substitution of Sb5 ions for Sn in the

. . ce s + . ’
stannic oxide., Substitution by Sb5 ions casused an equal number of

3+

Sn3+ ions to be created. The Sn ions acted as electron donors which

on ionization gave free electrons.

)o = (th+1—x Sb5+x)022_ + xe

L+ 5+ 3+
(Sn 1-2x Sb < sn” )0, —

A similar explanation was put forward by Wakabeyashi et al.(es)

(23-25)

Electrical conductivity was found to increase until a

certain critical value was reached, after which further addition of

eantimony oxide resulted in a decrease. This critical value is thought
to be the solubility limit of antimony in stannic oxide. Godin et al.(23)

(25)

put it as high as 25 atom % Sb. However,
(25)

and Wakabayashi et al. gave it a value of approximately 5 atom % Sb,

while Lazukin et al.(eu)

according to Wakaba&ashi et al. this value depended on the

(25)

calcination temperature. They reported that an increasc in the
calcinstion temperature of a catalyst from 1273 K to 1373 K may have

increased the solubility limit to 25 atom % Sb. This value agrees
(2k)

with the one reported by Lazukin et al. fcr a calcination

temperature of 1323 K. Thus before the solubility limit is reached,

the mixed oxide catalyst consists of a single phase, a solid solution

(2k)

of pentavalent, and also according to Lazukin et al. trivalent

antimony oxides, in stannic oxide. After this limit, there are two
phases. One phase is a saturated sélution of antimony oxide in stannic
oxide, the other phase is antimony oxide. This latter phase was thought
to be responsible for the decrease in electrical conductivity(23—25).
The antimony solubility limit in stannic oxide was set at 25

(2L)

atom % Sb by Lazukin et al. They showed that the fraction of

the area occupied by the saturated solid solution remained approximately



constant for the mixed oxides with an antimony content of greater

than 25 atom % Sb.

(26)

Roginskaya et al., using x—rayAanalysis and infra-red
spectroscopy; carried out a comprehénsive study of tin-antimony
mixed oxides, which had been treated at a ranye of calcination
temperatures; They observed an anti@ony trioxide phase, in a

catalyst which had been heated at 1173 K. However, according to
(27)

Simon and Theler , conversion to antimony trioxide takes place

at the higher temperature of 1473 K. They(26) concluded that such

conversion was due to the influence of a specific concentration of

(26)

also observed two additional

phases, unnoticed by the other investigators(23—25). One phasé

stannic oxide. Roginskaya et al.

consisted of a solid solution of stannic oxide in antimony

tetroxide, and the other phase was unidentifiable.



" CHAPTER . 2

2.1 Isomerization of 3,3-Dimethylbut-l-ene
To account for the isomerization of 3,3-dimethylbut-l-ene over

elumina catalysts, Pines and Haag(zg) proposed the following scheme:-

a) : - c
| it S
OfﬁP—O=C; —_— C—*r-ﬁk—c
C ' c
(1) ] 20
c C c C
|| it ||

=0—C — —g—C0—<C

(111)

(11)

The initial formation of a secondary carbonium ion was followed by
rearrangement to the more stable tertiary ion. The sﬁbsequent loss of
a proton from this species, resulted in the formation of 2,3—dimethylbut;

l-ene (II) or 2,3-dimethylbut-2-ene (III).



According to Pines and ang(zg); further rearrangement resulting in
the formation of 2-methylpentenes, 3-methylpentene and n-hexenes proceeded

as follows:-

¢ Cc . : c C
b) || : | |
c—g——< —_— ¢—C-0—<
30 ' 10
: L
...... l gt |
0—C=20220—C — O~C—G—0—C
2-methylpentenes
20
c) (': cI:
0—0—g—C—C _ ¢—0—C—g—C
20 ’ 20
...H+
C
I
==
3-methylpentene
a)
[ [
20 3°
c
) |A
2° 1°
+
\/—H
OO (=202

n-hexenes -



Of the wany wvays in which 3,3-dime§hylbﬁt—l—én§ isomerization 
can take placé,'thoSé implying éeconaary or tértiary carbonium ions
will be favouréd with réépéct to thosé implying primery carbonium
ions. Thus, reaction b) will bé Siqwer than réaCtion a) or will
require stronger acid sifés; and similarly for reaction d) with
respect to resction a). Hénbé a careful analysis of reaction
product distribupion,and the exact determination of the total
conversion, will permit the scale of acid strength and surfacé
densify of the sites to bé detérminéd;

(30); indicated that

The kinetic data obtained by Hasg and Pines
the nature of the isomérization of 3,3-dimethylbut—l—ené was consecﬁtive,
i.e. a*b>c>d rather than parallel, ovér'alumina catalysts. Such a
reaction scheme requirea the regeﬁeratiqn of an Qlefin from a
qarbonium ion by the loss of a proton, to be faster than methyl
migrétion; This would account for thé obsérvéd initial formation
of 2-methylpentenes, without the simultaneous production of
detectable amounts of 3-methylpentene.

Iscmerization and exchange studies have been carried out by

(31)(32)

Kembell et al. over a range of zeolites. Their observations

strongly supported the reaction mechanism proposed by Pines and Haag(ze).
In the majority of cases, the only products detected were those of the
2,3-dimethylbutenes. To explain»the exchange reaction of 3,3-dimethyl-
but-l-ene over magnesium oxide, & poor catalyst for the isomerizatiom,
Kemball et‘al;(3l) invoked an allylic carbanion intermediate. Such a
species could be formed by the loss of a proton from either 2,3-dimethyl-
but-l;ene or 2,3-dimethylbut—2-ene. It could not be formed directly from

\
(32) also observed that the product

3,3-dimethylbut~l-ene. Kemball et al.
ratio of 2,3-dimethylbut-2-ene to 2,3-dimethylbut-l-ene remained constant A
throughout the experiments and the isomers were formed in equilibrium

proportions.
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CHAPTER 3

3.1 Decomposition Mechanism for Alcohols

The decomposition of an alcohol can occur by either dehydratioun,
resulting in an olefin and in some cases an ether, or by dehydrogenaticn

giving rise to an aldehyde or a ketone.

(33)(3k4)

There are three elimination mechanisms by which

dehydration can teke place to form an olefin.
El Eliminstion

The first step is rate-determining end involves ionisation

of the substrate by loss of & hydroxyl ion.

C C c
| o I gt |
o—C—C —— C—g—C — C=0—C

I

OH
The rate of elimination depends only on the concentration of the

substrate. This type of mechanism is expected where the substrate

can yield a relatively stable carbonium ion.

§2,Elimination

Thelelimination reaction consists of a one step, or
'concerted' mechenism where the base removes the B;hydrogen at
the same time as the leafing hydroxyl departs from the o-carbon.

L1 |

B+H-—C|J—B—<l}a——OH —_— Bﬁ+(|3==(|:+oﬁ

The elimination obeys second order kineties; first order

each in sulstrate and in base.



1k

glcb Elimination

Like an E

2

elimination it depends on the presence of a
base. It is a two stage process. The bLase removes the B-hydrogen

to form a carbanion which after a significant length of time loses

the hydroxyl group to give an olefin.

B + —-ﬁﬁ;ﬁﬁ;— — B —gz0— — —C=0-+ Of

H OH

When it is possible to have two or more different

B~eliminations, the selectivity towards each may be governed by

(3k)

either Saytzeff or Hofmann orienﬁation rules . Saytzefr
elimination leads preferentially to the olefin carrying the
larger number of alkyl groups. Hofmann elimination results in
the olefin with the smaller number of alkyl groups. Ey
elimination takes place according to Saytzeff orientation

rule, whereas E_, elimination can take place according to both

2

orientation rules. The extent to which Hofmann type‘elimination
occurs depends on inductive, and to some extent steric effects.

The dehydration mechanism of alcohols over alumina catalysts

(35) (36)

has been reviewed by Pines and Manassen , and KnSzinger .

(35)

Pines and Manassen concluded that the mechanism for tertiary



alcohols cculd be interpreted by a carbénium ion intérmédiate, whereas
secondary and primary alcohols wére'déhydrated according to a concerted
mechanism.

The other product of dehydration is an éthér. According to
Knbzinger(36) ether formation resultéd from thé reaction of surface
alkoxide groups with molécularly adsorbed alcohol moleculés. Hé
believed that there were two routés by which éthér'formétion could
teke place over alumina:-

i) The R-OH bond of the molecularly adsorbéd,alcohol and

the RO—Ai bond in the alkoxidé.group»are broken;
ii) The RO-H bond in the alcohol molecule and the R-0A1

bond in the alkoxide are broken. Such a mechanism

can be represented as follows:-—

R
l
/}l
o
0 0 0
a8 R
-—-) l
lo\
sR
5+?- H ?
o) o 0
b R R
_— \ /
0
HoE
: %
0 0 0



Knbzinger(36) believed that the route ii) would be favoured on

stéric gréuﬁas,and tﬁe'révérSé Stép b*é coﬁld be used to réprésént the
hydration of ethers. Hé also concludéd that differént intérmédiatés
would be réquiréd'for thé formation of éthérs and oléfins. Howéver;
Brey and Kriéger(37) and Topchieva et al.(38)
(37) | (38

and an alkoxide

postulated a common

intermediate, a carbonium ion
From & series of investigations concerning the dehydration of
. (39-44) .
alcohols to ethers over a variety of catalysts , it was concluded
that ether formation took place through & concerted reaction between two

alcohol molecules. One was adsorbed on an acidic site, the other on a

basic site. Simonik and Pines(hl) postulated the following mechanism:—

R
|
L [
I 1
P 'H5+
A B
R
|
i [
Dt ICH2 ......... c?
O -- - - = - - . H
] '
A B
— Lq |
y CH + H H
2 2
N/ \/
0 0
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Within a series of alcohols, .reactivity tovards ether formation was
found to be governed by steric effects.” A comparison between primary and

(h3)"

secondary alcohols by Licht et al. s revealed that primary alcohols

were more reactive towards ether formation, and that retardation by
water was.greatest for secondary alcohols. 1In a later work by

(hh), they concluded that the differences between the

Licht et al.
secondary and primary alcohols wéré dué to fhe higher basicity of
the secondary alcohois.

Both Lewis and Br¢nstéd4typé acidity havé beén’uséd to déscribe
the mechanism for isopropanol déhydration. Géntry and Rudham(hS)
concluded that Br¢nsted-type acidity was responsible-for déhydration
over X zeolites, whereas Léwis-type a@idity wvas postulatéd by Gentry

(46)

et al. to explain their obsérvations on rutilé.

Although Gentry et al.(h6) were unable to explain the mechanism
responsible for dehydrogénation, they were able to‘concludé that the
sites for_dehydgation end déhydrogenation weré differént. Similar
conclusion; were drawﬁ by Rajaram et al.(h7) from a study of
isopropanol décomposition on manganese molybdate and by Kibby and
Hall(hs) from their oﬁservatidns with a series of alcohols and

hydroxapatite catalysts. Kibby and Hall(h8) represented alcohol

dehydrogenation as follows:-—

|1 . - 1
—C— g —— - —C—C=0 + HA + HB

S T ¥ ]

'They(hS)'believed that dehydration and dehydrdgenation took
| (L7)

place by acid-base mechanisms. Rajaram et al. concluded that

the{electronic factor was responsible for dehydrogenation.



There has been'cqnsidéf&ble'chtrqzarSy cqncerning deh&dration
and déhydrogenation of alcohols; In & stﬁdy madé by Schwab and Schwab-
Agallidis(hg); changés'in seléctivity townrds dehydration or
dehydrogenation werethought to bé a functiqn of heat treatment. This
altered the texture of thé catalysﬁf- Op flat surfaces déhydrogenation
occurred, but in the pores of mblécu1ar dinmensions, polarization on two
sides of the molecule induced dehydration.

Batta et al.(so) stﬁdying the decomposition of isopropanol
over zinc oxide, related its selectiyity to the character.of the bonds.,
They believed that the more ionic thé character possessed by a catalyst
oxidg,then the more strongly dehyd;ogénating it would be. Whéfeas an

increase in selectivity towards dehydration would arise the nearer the

oxide approached a covalent character. Similar conclusions were drawn

(51)

by McCaffrey et al, s, from their observations of isopfopanol

decomposition over the first row transition metals.

- (17) (16)

Wolkenstein believed that selectivity

and Hauffe
(17)

was determined by the electronic factor. However, Wolkenstein

considered the initial step of isopropanol adsorption to be rate-

(16)

determining for dehydrogenation. Hauffe regarded the final step

“of the desorption of acetone to be rate-determining. According to

(17), isopropanol was adsorbed through the hydroxyl

Wolkenstein
hydrogeﬁ for dehydrogenstion and through the hydroxyi group as &
whole for dehydration. Consequently, lowering the Fermi level

retarded dehydrogenstion but accelerated dehydration.



'CHAPTER L .

" Igsomerization of Cyclopropane

h,1 Isomerizatiqn of cycloprqpané results in the format;on of
propylene only, but alkylcyclopropanés'give risé to a variety of
products. The stability(52) of the reactive intérmediate determines
the product distributién. The orﬁér’of stability for a carbonium
ion and a radical is tertiary>sécondary>primary. This is the ordér

of instability for a carbanion.

4.2 'Thé”Stfuéﬁufé'éf'éQciépfépéﬁe

| The bonding in cyclopropane is such that the ring atoms have
more 'p' character than sp3 hybridised carbon atoms. The angle between
orbitals lies between that of a sp3 hybrid (109° 28') and that of a
sp2 hybrid carbon (900). The electrons of the carbon bonds are thus
localised in bent o; banana‘shaped Younds. The regions of high electron
density lie outside the triangle formed by the carbon nuclei. Cyclo-

propene reacts readily with electrophilic reagents and it is relatively

difficult to form a ring carbanion.

4.3 Metal Catalysts

Mass—sfectroscopic studies of the metal catalysed deuterolysis

(53)

of cyclopropane by Newham » revealed that adsorbed hydrocarbon radicals

(53)

were formed as primary products. Newham believed that such species

would account for metal catalysed cyclopropane isomerization.

.Y Oxide Catalysts

A variety of mechanisms have becn put forward to explain 'acid’



(54)

catalysed,cyclqprqpane isqﬁerizatiqn. quer?s invoked an
n—pr0pylcérbonium ion to account for cyclopropane isomérization over
8 range'of acidic catalysts. He believéd that thé 'p' character of
the carbon atoms facilita?ed protqn attack.

(55)

Baird and Aboderin , studying the solvolysis of cyclopropane
by deuterated sulphuric acid, postulated & cyclo—propylcarbonium ion.

They represented it in two forms:-

CH3
LY
! \
/l+ '
HZC ‘CH2
I II
non-classical classical ] ]
hydrogen—-bridged ion carbon-carbon bridged 1on

The non-classical ion was used to explein their data. They
elso suggested that the importance of non-classical ions (I) would be
greatest in systems where the classical ions (II) occurred as unstable
primary ionms.

To explain the results qf deuﬁerated cyclopropane

(56)

isomerization over silica-alumina, Larson et al. proposed a
bimolecular hydride transfer mechanism. Such & mechanism took place

on Lewie-type acidic sites.

Cyclo-CjH, > cyclo—-C3H; + Cat.-H

Transference of a hydride ion to either of the two 'non-

carbonium carbons' resulted in the formation of propylene.

cyclo-C_H. + cyclo C3D6 > cyclo C3'D5 + CHoD CH=CH

375 2

However, they did not exclude the possibility of a mechanism

involving a cyclo-propylcarbonium ion. Such & mechanism would have
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required Br¢ns§edf§ype.acidic,Sipest

To différéntiate bétwéen'thé'two'mechanisms HigﬁtOWér and
Hall(57) studiéd thé isomérization of déﬁtﬁratéd alkylcyclopropanes
over silice-alumina. Thé product spéctrum énabled them to conclude
that isomerization took place viava nqn?classical.cyclq-propylcarbonium

(SS). Analysis

ion, similar to that postulatéd by Baird and Abodérin
of the deuterium content of the products led them to cqnclude that

the protonic sites were associated with carbonaceous residues. Bartley

et al.(sa), studying cyclopropane over a deuterated'zeolite,'also propoéed
a non—-classical cyclo—propylcarbonium. They also introduced a further
step involving en intramolecular hydrogén transfer. Flockhart et al.(sg),
studying a zeolite catalysﬁ, concluded thet cyclopropané isomerization

took place on Br¢nsted-type acidic sites at low temperatures and on

Lewis-type acidic sites at high temperatures.
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CHAPTER 5

" Isomerization of rni-Butenes

5.1 " The "Adsorbed Stete of Olefins

In & review on the hydrogenation of olefins at metal surfaces,

(60)

Bond and Wells defined two basic kinds of adsorbed olefins 1) o-di-

adsorbed olefin 2) w-adsorbed olefin.
The o-diadsorbed olefin involves rehybridization of the
olefinic bond carbon atoms to sp3 hydridization, followed by the formation

of two o-bonds between the carbons and the surface;4

RCH = CHR' + 2% > RCH - CHR!

¥ %

Two forms of the m-adsorbed olefin are possible, (i) involving
‘the formestion of a w-donor bond with the surface and retaining sp2

hydridization,

and (ii), arising with olefins possessing one or more a-methylenic

hydrogen atcms and involving a m—ellyl species.

¥ + RCH = CH—CHER' > RCH=CH=CHR'

*

The m-methyl allyl radical formed from & butene molecule

can exist in syn and anti forms.




(A
én ‘om H.C /\
2 )
| 3 \ Il “

CH CH CH2

anti ’ syn

Free rotation is prohibited with the w-allyl adsorbed

species.

5.2 Isomerization Mechanism

Using the above types of adsorbed species, Bond and Wells(6o)

defined two possible mechenisms for olefin isomerization.

i) This involves either c—adsorbéd or m-adsorbed species,
in which isomerization would be represented by addition of hydrogen
followed by subsequent elimination.

- Double-Bond Migration

RCH==CH—CH,,R' H, RCH—CH—CH_R' =: RCH —CH==CHR'

Cis-Trans Isomerization

. " )
RCHf=CHR' H, RCH—CHR!' H, RCH==CHR'

2
+

For double-bond migration and cis but-2-ene - trans but-2-ene
isomerization there is a common, freely rotatable intermediate.
ii) 42his involves a m-allyl adsorbed species from which

hydrogen iz flrst eliminated and then replaced.



RCH=CH—CH_R" B, rey—cu—ur' RCH ;—CH=CHR'

S I X xS

*

Free rotation is not possible with this intermediate and so
cis but-2-ene - trans but-2-ene isomerization has to occur through

the double bond shift as follows.

Cis But—-2-ene —'Trans'But42*ené‘lsomerization

H2C=CH-——CH2-——CH3

But-l-ene h\\\

+H -H
H. C
3
CHr:-]CH CH?.:'QH
H3C CH2 CH2
ANTI SYN
-d ,L H+ | H3C ..}\’L iy
CH==CH ™ CH==CH
\ \
CH3 CH3 CH3
Cis But-2-ene Trans But—2-ene

The initial prodnc@ ratios obtained during double—boﬁd
migration and cis but-2-ene to trans but-2-ene ‘interconversion have
been used to obtain information sbout the basic and acidic properties
of catalysts. However, there are circumstances in which such
information will be inconclusive. For example, ét any one time an
n-butene reaction over a particular catalyst may be occurring by
seversl different mechanisms, or under conditions where the surface

reaction is fast compared to the deéorption of the products, such



that the butenes may reach thermodynamic equilibrium on the surface

before desorption takes place.

5.3 Acidic Catalysts
(61)(62)

Early workers studying the polymerization of olefins
on phosphoric acid, postulated several theories, which could be used
to explain the mechanism of double-bond migration in hydrocarbons.
Ipacieff and Corson(6l) believed that phosphoric acid added to the

double-bond to form an ester intermediate, which then eliminated

the acid in a different direction.

HyC H H H
' 7 CH c\ /cH
Ho o= 3 H3 LV V!
// 7
\ / (>
H 9? H 7
&==p 0=
/\ -
<TRANS OH OH OH OH CIS +

A modified form of the mechenism put forward by Ipetieff
(61) (62)

s waé later suggested by Ferkas and Farkas
(63)

end Corson However,

Turkevich and Smith could not verify such a mechanism due to the
fact that they observed no exchange of ethylene with radicactive

tritium phosphoric acid. They(63)

put forward the 'Hydrogen
Switch' mechanism i.e. & concerted mechanism in which an activated
complex was formed between the olefin and acid. The acid acted both

as & donor and an acceptof of hydrogen atoms. It cen be represented

with phosphoric acid as follows:-
/C C
“N\
O—-T C : /'\b
| | |
H) (; — H H
R |
Qy#/p 0 0
3 N/

/ \ :
HO OH HO OH



26

Turkevich and Smiph(63)-explained"?he'failufe‘qf ethylene

to éxchange with phosphoric .acid by thé'fact tﬁat éthylené dqés notr
have the three carbon atom system necéssary for thé 'Hydrogen Switchf
mechanism., Haag and Pinés(3o), working %ith alumina, found that the
'Hydrogen Switch' mechanism could not be uced to explain direct cis
but-2-ene to trans_but-E—éné intércqnvérsion. They proposed a common
intermediate, the secondary butyl carbonium ion. Such an intérmédiate;

(6k)

was also suggested by Hightower and Hall to explain an initial cis

- but—2-ene/trans but-2-ene product ratiq of approximately 1.

c C C.. ell lie in a plane parallel to the surface and

1* 72° 73
free rotation about the C2—C3 bond is greatly inhibited. Loss of Ha
of Hb, which are energetically similar, results in cis but-2-ene and
trans but-2-ene respectively. The initial but—l—ene/bﬁt—2—ene product
ratio obtained from iscmerization of either but-2-enes, could only be
explained by considering & combined statistical and energetic approach.
This resulted in & theoretical ratio of O.T5.

To account for the observed initial cis but-2-ene/trans but-—

(30) suggested that the

2-ene product ratiosof 2-4, Haag and Pines
elimination of a proton from the secondary butyl carbonium ion
proceeded through the rearrangement to a n—complex‘in a slow step,

with a subsequent rapid loss of the proton.
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| T
H | H ~
L c /c
C/gjjc c==C o—<>—cérc
"H H+ H-l-
| - !
c C_ /p
/c= C=C =(
c

The energies of the m—-complexes they believed were cis but-2-ene
< traﬁs but-2-ene = but-l-ene. This would account for the high initial
cis but—2—ené/trans'but-2—ene product ratios. o

So in general, for a mechanism invqlving a secéndary butyi

carbonium ion:-—

but-l-ene, will give an initial cis but-2-ene/trans but-2-ene

product ratio > 1

cis but-2-ene, will give an initial but—l-ene/trans but-2-ene

product ratio < 1

A.butenyl (ailylic) carbonium ion, resulting from hydride
abstraction by a Lewis acid, was postulated by Leftin and Hermana(65).
As seen in Section 5.2, cis but—-2-ene - trans but—2-ene isomerizafion
occurringby an allylic intermediate, has to take place through a double-
bond shift. Such & mechanism they believed would lead to high initial‘

but—-l-ene/but-2-ene product ratios for but-2-ene isomerization.

5.4 Basic Catalysts

\
According to Pines and Schaap(66’, in the presence of strong
basic catalysts, mono—olefins underwent a reversible double-bond shift

by a chain mechanism. Such & mechanism involved allylic carbanion



intermediates. In contrast to acid catalysed isomerization, no
rearrangement of the carbon skeleton was observed,
Abstraction of an allylic proton resulted in a resonance-

stabilized intermediate.

BNe' + ROH;,—CH=CH, —— BH + RCH—CH=CH,

2 ¥
Na
N
y
RCH=CH—CH
=2
+
Na

In the presence of additional olefin, exchange of metal for
an allylic proton toock place, resulting in the isomerized olefin and

more of the basic intermediate.

RCH==CH—~QH2 + RCHé——CH==CH2 —_— RCH==CH—-—CH3 + RQHF—CH==CH2
+ ¥
Ne. Na

(67)

Haag and Pines , studying a range of basic catalysts,
observed the rapid conversion of but-l-ene to cis but-2-ene. To
account for this, they concluded that either the cis butenyl

carbanion was reacting rapidly, or it was present in greater

concentrations as a result of an additional stebilized structure.

H H
\\C====C//

- // \ S+
S P

a.-.-H

The latter interpretation was favoured.

. 28
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Fqsﬁer'and.Cveﬁanqvié(Gs); studying ?helreaé?iqns of
n-butenés'over'a sériés'qf basic catalysts; also observed a rapid
conversion of but—l—éné to cis bu§~2—éné.’ Théy attributéd’this
to the lack of free rotation in the Ca;banion intérmédiate;

So in'general, for a mechaniém involving an allylic

carbanion intermediaste:-—

but-l-ene, will give an initial cis but-2-ene/trans but-2-ene
product ratio > 1
cis but—2-ene, will give an initial but-l-ene/trans but-2-ene

product ratio > 1

5.5 Metal'catalyété
(60)

Bond and Wells studied n-butene isomerization on various retals
supported on alumina and postulated a méchanism involving & secondary
butyl radical in‘_cermedia.te .
CHj—-CH§—éH——CH3
As free rotaﬁion gbout the carbon-metal bqnd was possible,
then both positionsl and geometric isomerization could occur through
the samé intermediate. |
The ‘secondary butyl radical can be adsorbed in a variety of
conformetions, which ere important in predicting initial product ratios.

Considering the metal atom to which the olefin is attached as equivalent

to another methyl, the following conformations are important.

H H GHg
[} H R ; .

H_ ' _CH H ! CH H i CH

~y 3 N3 ~ 3

H - CH3 H3C H H- H
M ' M M
I SR & SR II1

Cis But—-2-ene ‘Trens But-2-ene Mixture of Cis

but-2-ene + Trens
but-2-ene



anfqrmaﬁiqnsili,and III have similar energies, while i
has a sligﬁtly'highér'valué. Thﬁs at low témpératurés; I will nof
contribute mucﬁ to the;products and thé initial tréns but—2fene/cis
but—~2-ene product ratiq from but—l—éné will be >1 at lqw températures,

‘tending to 1 at higher temperatures

5.6 "Isomerizatién‘of'néButenéé'over'TinéAntimony'Mixéd‘oiide
‘Catalysts |
Previous invéstigaﬁions of n—buténe reacﬁiqns; have béén.
carried out»undér conditiqns, Whére considérablé amounts of butadiene
formation as well as n—butené isomerizsation hﬁve been observed. For
this thesis, n-butene isomerization studies were carried out under
conditions in which butadiene formation was minimal.

(69)

Trifiro et al. s Observed that the tin-antimony mixed
‘oxides had & much higher isomeriza?iqn activity than stannic Qxide.
On the other hand, antimony tetroxide was found to be practically
inactive. They attributed the high activity of the mixed oxides,
to the increase in concentration of tin with a valence lower than
four. Suéh a species was formed on the addition of antimony
tetroxide to-form the tin-antimony mixed oxides.

Takte and Roongy(7o) investigated the effect of the
addition ;f trace amounts of sulphide to stannic oxide on but-l-ene
isomerizaticn. They concluded that but-l-ene isomerization proceeded
via the formation of l-methyl-allyl radicals at paramagnetic centres.
Such centres, were believed ﬁq be low valence states of tin, formed
on the addition of sulphide. However, Kemball ét al.(71) failed to
esteblish any correlation between parsmeguetic centres and but-l-ene
isomerization over stannic oxide. They observed, unlike Trifiro et

a1, (69)

» that isomerization took place readily over stannic oxide.
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Kemball et:a1;(71>'

also .noted exclusive ¢is .but-2-ene.to trans but-2-.
ene iscmerization, wheh cis but-2-ene was reacted over stannic oxide.
To account for this, an intramolecular mechanism involving & secondary

butyl carbonium ion was invoked. The initial cis but—2-ene/trans but-

2-ene product ratios from but-l-ene were shown by Kemball et al.(7l)

to be in the range 1.2-1.5. On the other hand, Trifiro et al.(69)

reported a value of 3.

(72)

Alieva et al. , studying the tin-antimony mixed oxide

(atomic ratio Sn:Sb = L4:1), noted that the addition of alkali metals
decreased the activity for but-l-ene isomerization activity. They

attributed this to the neutralization of Lewis-type acidic sites.

(13)

Similar explanations were put forward by Sals and Trifiro to

account for the inhibiting effect of water on isomerization. Sala

(73)

. 4
and Trifiro , also observed that the method of preparation of the

mixed oxides influenced their iscmerizing activity.



" :CHAPTER 6

" 'Oxidation

6.1 ©  ‘Introduction to Oxidation

Hydrocarbon dérivativés'containing Qxygén and othér hétero—
atoms are important intermediates in thé petrochemical _induétry.
Consequently, a great deal of effort has been expended in attémpts
to develop selective oxidation catalysts. Accqrding'tg Voge(Th);

& proper description of hetérogeneous catalytic oxidation must treat
Several different problems simultaneously:-—
i) The characterization of the solid surface in its
reactive state.
ii) Identificatioﬁ of the oxygen and other species on
the‘surface and the reaqtiqns undergone by each.
iii) The step involved in the reaction path.
iv) The structures and energies of the intermediatés.
Iﬁ spite of exhaustive studies on the selective oxidation of

hydrocarbons, asccording to Hucknall(Ts)

, only a few general rules‘have
emerged. He believed that all selective oxidation catalysts were
composed of at least two oxide components, one responsible for
activity and the other for selectivity. Hucknall concluded that
there was insufficient evidence to say Qhether both cations took

part in the surface process, or whether the role.of'activating
component served only to modify the oxygen-metal bond in the base
cetalyst. He put forward the following fects, which he believed

could be accepted as universal for the allylic oxidation of olefins,

such as propylene and n-butenes:-



a) ?he'firsy.syep:in.@hélreaC§i9n invqlves.the dissqcia@ive
. chémisorptiqn of féhé‘ 'oiefi_n with the abstraction of an

&—hydrogen;

b) This first sFép'is raté—détérmining.

¢) In many cases; thé'rate of formation of reactiqn products
is equal to the rate of the‘reductiqn of thé catalyst in
the absence of gaseous oxygén; thus favouring thé thebry
of Mars and Van Krévelen(76).

The allylic intérmediaté, fqrmed‘as & result of step a) can
be attached to thé'surfacé by a m-bond or by & d—bqnd. According to
Adams(77), the reactivitiés of thé olefins aré related to thé types of
allylic hydrogens. Thus, the rates follqw_the order:-

tertiary>sechdary>primary

The theory of Mars and Van Krevelen(76)

, favoured by step c)
besically envisaged that the catalytic oxidstion of hydrocarbons
proceeded vie the following steps:-
(1) Reéction between hydrocarbqn and the qxide tq give
products and a partially reduced catalyst.
(2) Reoxidation of the reducéd catalyst wiﬁh gaseous
oxygen to restore the catalyst to its original state.
In such a scheme the oxygen serves only to reoxidize the
catalyst. This was unlike the idea used by Adams(77) to explain the
oxidative dehydrogenation of but—l—ehe to butadiene over bismuth-
molybdate. He believed that there was an initial adsorption of
oxygen on the catalyst surface, before the reaction éommenced.

(78)

However, the observations of Sachtler and De Boer were
consistent with the theory of Mars and Van Krevelen(76). Sachtler
and De Boer noted that the selectivity and activity for propylene

oxidation over & bismuth-molybdate catalyst, could be related to thé



strengfh Qf;ﬁhe me@al—gxygen.bénd.

Accoraing to Hﬁcknall(75) only in the'CaSé,Of one catalyst,
bismuth—molybdaté,'has a complété'pictﬁré ~f oxidation catalysis
emerged. Useful information sbout the oxidation mechanism of other

systems, has been obtained by comparing‘thsm with bismuth-molybdate.

6.2 'Propylene’Qxidation‘with‘Tiﬁ;Aﬁtimoﬁy'déiéé~éétéiy§£s

Belousov and Gershingorina(79), studiéd the ¢xidation veactions
of propyleﬁe over antimony oxides, containing thé cation in various
valence states. Generally, the Qxidation products were carbon oxideé,
water, aldehydes (acrolein, acetaldehyde and propionaldéhyde) and ecids
(acetic and acrylic). The product spectrun and selectivity'dépended
"strongly upon the valence state of the cation;

(80)

Lazukin et al.(Zh) and Crézat aﬁd Germain reported that
stannic oxide, although more active than antimony tetroxide, was mucﬁ
less selective towards thé formation of aldehydes. Similarly,
Wakabayashi et al.(al), studying stennic oxide and entimony pentoxide
calcined at 1273 K, observed that pure stannic oxide yielded meinliy
carbon dioxide and carbon monoxide, but that antimony pentoxide
produced only trace amoﬁnts of product.

(82) (83)

‘Seiyama et al. end Fattore et al. studying propylene

oxidation in the presence and absence of gaseous oxygen respectively,

(82)

classified the oxides according to product formation. Seiyama et al.
regarded antimony tetroxide as an scrolein former and stannic oxide as

a benzene or 1,5-hexadiene former. They(82) believed that the difference
in product formation was due to the electronegativity of the metal ion.
However, antimdny tetroiide was found to be selective for 1,5-hexadiene
formation by Fattore et,al.(83). They believed that oxidation with

antimony tetroxide was due only to surface oxygen, but oxygen diffusion



from Phe,bulk to @he.sufface-was ?hqugh?_pq ﬁake place wi?h s?annic
oxidé.' '

The?é is cqnsiaérablé'suppqrt for thé viéﬁ'that a redox
mechanism opératés with thé tin—-antimony mixéd‘oxidés. Howéver,
there aré verying ideas as to tﬁe nature of thé catiqns ihvolved.

Godin et al.(23)

, by the use of isotqpic labelled propylene,
studied acrolein formation over a range of tin-antimony mixed oxides
and concluded that s w—allyl species was involved. They postulated

| (8k)

a redox mechaniém, similar to the one proposed by Batist et al.

for bismuth-molybdate catalysts.

CjHe + AV, + 02" > c3H’5' + OH g

spot + Cyft, > ((331{5....313)th )

(c3Hs....Sb)h+ + 2057 = C,H) 0 + Sb " + OH + 2e + 2.V,

20H™ > 0% + ALV, + H 0

3o, + 507" + AV. + 0% + st

Jo, + 2e + A.V. > 0%

(_C3H5'....Sb))4+ represents an allyl anion m-bonded to Sb5+ and
A.V. is an snion vacancy.

The site of propylene Qxidatiqn was believed to be an Sb5+ ion

surrounded by oxygen ions in octshedrsl coordination. Reaction (2) was
probably a two step process, with hydrogen abstraction from the allyl
anion, before introduction of the oxygen atom. The possibility that
both cations participate in the redox mechanism over bismuth~molybdate

(81) (85)

was proposed by Batist et al. and alzo by Peacock et al. A

similar mechanism for tin-antimony mixed oxides was postulated by
Crozat and Germain(eo). They(8o) believed that the roles of the
tin and antimony cationswere analogous to those of the bismuth and

molybdenum cations, respectively. The following mechanism was put

forward:-

(1)

(2)
(3)

- (b)

(5)
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CH3——-CH=CH2 -+ CH2:—__-(_3}§-_—_<_3H2
e-L 5+ | "4
0“"sb > 0 HSB? ' + e
th+ + e - gp3*t

-— 2__
20 H > 0 + H20
. . (23) 5+ ..
In accordance with Godin et al. the Sb cations were the

' . - . + +
centres for the adsorption of propylene. The cations Snu s Sn3 were
the centres for the adsorption and activation of the oxygen.
Reoxidization of the catalyst occurred at the tin cations.

Sn3+ > th+ + e
- -
20, + e > 0

0" +e =+ 0%

Wakabayashi et al.(25) glsq believed that the antimqny cations
nmay have been thé centres for propylene adsorption. They concluded that
the formation of acrolein involved O species formed from oxygen end
carbon dioxide formation was associated with lattice oxygen, (02-

species).

N

(23) (2k4) (25)

CGodin et al. , Lazukin et al. , Wekabayashi et al.

all noted that the selectivity for acrolein formation remained fairly
constent, i® a saturated solid solution of antimony oxide in stannic

(24)

oxide was present. Lazukin et al. believed that the. catalytic

properties of the tin-antimony mixed oxides were determined by

the saturated solid solution. Calculations carried out by Lazukin
(24) . ‘

et al. 1ed them to conclude that the saturated solid solution.

occupied & constant fraction of the tin-antimony mixed oxide area.



6.3 :'oxidative:Dehydrqgeﬁétion'Of'n+Butenes“with:TinéAntimony

" 'Oxide Catalysts

A number of investigators have ubserved that n-butene -
isomerization tends to accompany n-butene dehydrogenation over tin-

entimony oxide catalysts.

(86)

Sekushove et al. noted that stannic oxide and antimony

tetroxide were very unreactive for the oxidative dehydrogenation

of Ch:C5 olefin mixtures. Antimony tetroxide was found to be less

active than stannic oxide. Trifiro et al.(69) reported that antimony

tetroxide was less active but more selective then stannic oxide. On

(73)

the other hand, Sala and Trifiro » studying a range of antimony

Aqxidgs, observed that only autimony pentoxidé was activé and that
stannic oxide showed very little activity. They(73) attributed the
oxidizing properties of stannic oxide to thé présénce of freé'electrons;
The oxidizing properties of antimony pentoxide were thought to be due to

the presence of antimony-oxygen double bonds and/or surface defects.

AY
Trimm and Gabbay(87', studying a tin-antimony mixed oxide,

(atomic ratio Sn:Sb = 1:4), proposed the following mechanism:

H3%

oo n+ 2
C\Hg + O Mo CH s—CH=CH

(1) 2

J
0Pt 2"

T2

H,C

2
(n-2)+ (5) 02" 4 ot

3 ol
2- (n-1)+ _
0 ™M — &
_ L(3)
m(n=2)+ | 2(0H)ads + H,C==CH—CH=CH,,
o(of)ads % 027 1o + ALV,

1
502 + M



‘Triym and Gabbay'("eﬂ.' believéd'..i_:ha,t stép‘ (2) was the rate—
detérmining one and tﬁqt thé‘feabtion took place primarily .over thé
th+ ions. Héwévér; the possibility that the antimony oxidés may
have been'involvéd'in tﬁé'abstraction of allylic hyd:ogéns was not

excluded.
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CHAPTER T

Experimental

The apparaﬁus used to study reactions on tin-antimony oxides
consisted of a gas—handling apparatus, demontable reaction véssel, -and

-e-g88_Chromatography. anelysis’ system.

T.1 Gas—-Handling Apparatus

A diagram of the gas-handling apparatus is shown in
Figure 7.1. The line was constructed throughout of "Pyrex' glass.
A1 the ground glass joints and taps were lubricated with “Apiezoﬁ
L" high vacuum grease. Evacuation of the apparatus to a pressure of

-6

133 uN m-_2 (10~ Torr) was obtained by twu pumping systems. Each
system consisted of an electricsally neated mercury diffusion pump,
backed by a two stage "Edwards Speedivac" rotary pump. Mercury
contemination from thé former was prevented by an adjacent liquid
nitrogen cooled trap. One system (1) was used exclusively for
pumping the reaction vessel, while the other system (2) pumped the
remasinder of the epparatus. High Vacﬁum pressure measurements were
made with the MclLeod gauge 'MG', the calibration and operation of

(88)

which have been described by Leck ketention of a pressure of

133 uN w2 (10’6

Torr), during evacuation, was ensured by reguler
maintenance of the rotary pumps, cleaning of the cold traps and
avoidance of 'streaking' in the tap greasz. All the reagents were

introduced into the gas-handling apparstus at A. Gaseous reactants

were stored in bulbs D, E and F,and liquild reactants in demontable



sample vessels at B and C. Purification of each reactant was carried

out before storage.

T.2 Purificaetion Procedure

Purification and storage of the reactants was only
attempted when the McLeod gauge indicated a pressure of 133 uN m-2

(10’6

Torr) in the gas-handling apparatus. The procedure involved the
.degassing of the reactant sample by a repeated cycle of freezing,
pumping and thawing with the aid of liquid nitrogen -cooled traps at

B and C. On the final distillation step, only the middle third of
the frozen resctant sample was used for storage purposes. The other
two thirds were released to the pumps. This ensured the highest
possible purity for the reactant semple. This procedure was also
carried out with the reagents used to obtain the relative sensitivity
factors (Section 7.8). At the start of each experiment the reegents

were firther purified by a single cycle of freezing, pumpirg and

thawing.

7.. 3 Volume Calibrations

Successive expansions into the evacuated, uncalibrated
sections of the ges-handling epparatus of volume Vi were made from
a bulb of known volume V(G), filled with a measured4pressure of gas P.
The reduced pressure Pi obtained on each expansion step was measured
b& the mercury manometer. Boyle's Law (PY = Pi(Vi+V)) was then
epplied in each case to calculate the unknown volume. The values
obtained in this wey at 298 K were:-

dosing volume T, to T, = 1.06x10-h m3
L n3

~eaction volume + reaction vessel 1 2.69x10

veaction volume + reaction vessel 2 _2.76x‘10-_h w3
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Unless otheérwise stated reaction vessel 1 was used for all
the reactions carried out in Chapter 8 ana reaction vessel 2 was

employed for the reactions given in Chapter 9 and Chapter 11.

T.h4 'Reaction Vessel

The reaction vessel shown in Figure 7.2, was made of "Pyrex'
glass. The cone of the reaction veésel was attached to the gac-
handiing spparatus at a B2l water—cooled socket by means of a "Vitdn"
o-ring. The 'greaseless' connection and the'water—cooled socket
ensured that grease contamination of the sample was minimized. A
short side arm, sealed to the B2k socket, connected one sidg of the
reaction vessel to & three-way ground glass T;tap. One limb of this

tap connected with the gas-handling sapparatus, the other limb with
“the pumpiﬁg system. The other side of the reaction vessel was
connected to the gas chromatégraphy sampling system, by means of
& 0.5 mm bore capillary tube which passed through the B24 socket
and terminated in the centre of the reaction vessel.

Heat was supplied'externally to the reaction vessel
by a close-fitting electric furnace. The furnace temperature was
kept to within +0.5 K of the desired value by & "Eurotherm"
proportional controller and & chromel-alumel thermocouple. The
temperature of the sample was monitored with a second thermocouple

éné a digital voltmeter. One Jjunction of the thermocouple was
located in the thermocouple well of the reaction. vessel,.

Figure 7.2, and the other junction in ice at 273 K. The digital
voltmeter readings were converted to temperatures by usé of a

(89)

chromel-alumel thermocouple calibration chart
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7.5 Expefimental Procedure

At the end of the outgassing period, a pressure of 133 uN m_2
(10-_6 Torr) was obtained in the gas-handling apparatus and reaction vessel.
After purification, the pressure of reactant required to give the desired
pressure in ihe reaction vessel was admitted to the dosing volume (Tl to
T2). With the temperature of the reaction vessel at the required value,
tap T2 was opened for a period of 10 seconds to allow the reactant to
expand into thevreactién vessel. At the end of 10 secqnds, tep T,
was immediastely closed, in order to isolate the'reactiqn vessel

from the gas-handling epparatus and timing of the reaction commenced.

7.6 Gas Chromatography Sampling System

A diagram of the gas chromatography sampling system is
shown in Figure T7.3. The steps involved in the sampling procedufe
were as follows:-—

i) Before taking a sample, the three-way Y-tap and the
sampling valve (position 1) were set such that the
loop could be evacuated by‘the pumpingvsystem.

ii) The three-way Y-tap was turned through 120° to link

the reaction vessel and the loop for a period of

10 secohds. The first sample of the gas phase was
discarded, by turning the three-wasy Y-tap back
through 120°. This procedure was adopted to ensure
thaet the gas phase in the connecting capillary was,
as nearly as possible, representative éf the gas
phase in the reaction'vessel. After a period of

10 seconds, the sampling procedure was repeated.
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iii) The three-way Y-tap was then closed by turning it
approximately 60° to a neutral position. At the
same time, the sampling valve was rotated to position
2, in order to seal tﬁe loop from the gas—handling
apparatus and link it to the carrier gas supply.
It was kept in position 2 for a period of 30 seconds,
to allow the contents of the loop to be flushed by
the carrier gas into the gas chromatography column.
iv) Finally, both the three-way Y-tap and the sampling
valve vere returned to their original positions to
allow re—evacuation of the sampling system iin
readiness for the next sample.
Calibrations at 298 K, showed that each sample resulted

inhthe removal of 0.5% of the reaction vessel's contents.

7.7.' Gas Chromatography Detection System

The gas phase sample was flushed by nitrogen carrier gas
into & "Perkin-Elmer F1ll" gas chromatogreph. The chromatograph
employed the appropriate packed column to enable separation of
each camponent in the sample mixture. Type and operating
conditions of the columns will be described at the beginning of
the appropriate sections.

The whole effluent from the column was passed through a
"Perkin-Elmer" flame ionization detector. The detector fleme was
fed by hydrogen and airvat pressures of 120 kN m 2 and 170 kN ij’
respectively. The ionization current produced by combustion of
each hydrocarbon weas amplified and displayed in peak form on &

"Servoscribe" potentiometric recorder. The recorder was coupled



in parallel with a'"Hewlett Packard" digital integrator. This

model simulteneously provided a printed cutput of the hydrocarbon
peak area and the retention time at which the maximum pesk height
appeared on the recordér. Product identification’ was achieved by

comparing sample retention times with those of known seamples.

7.8 Relative Sensitivity Factors

L

To determine the relative sensitivities of the chromatograph

to a reactant and its products, a sample from the reaction vessel
containing the species in equal pressures, was passed through the
chrom&tograph. The integratc? peak areas produced were noted.'
Setting.the sensitivity factor of the reactanf to unity, theA
relative sensitivities of the prodﬁcts were obtained by division

of the reactant's integrated peak area with the product's peak area.

7.9 Treatment of Experimental Results

Two conditions had to be satisfied befofe a series of

results was considered valid.

i) A blank run with the reactant, in the absence of
the catalyst,.must have been carried out. The
standard experimental procedure for the reactans
was used and a gas phase sample analysed. The
walls of the reaction vessel had no catalytic
activity, if only the reactant was detected.

ii) Catalysts which showed no activity,.wefe only
_ considered to be inactive if, on repeating the
experiment with a fresh sample, no product formation

was seen during a period of L hr.



Yor each sample, obtained during an experiment, the
integrated peak areas of the products were multiplied by the
appropriate relative sensitivity factors.

All the reactions carried out for this thesis appeared
not to conform very closely to either zero order or first order
kinetiecs. All the reactions took place in two stages, an initial

'fast' stage S, and & subsequent ‘slower' stage 82. Percentage

1
composition versus time plots, were used throughout to give an
indication of catalytic activity. This was obtained by measuring
either the rate of disappeérance of the reactant or the rate of
appearance of the product, during stages Sl and Sz,by drawing the
best straight line through the relevant points. Typical examples
are given in Figures 8.1 and 8.2. The rate values, with their
appropriate subscripts, were represented by Rl and R2 corresponding
to Sl and 82. Uﬁless otherwise stated the units of Rl and R2 are
10'_3 % min t n 2., Two similer activity patterns could be obtained
by plotting the values of Rl or Rg;found for any given reaction,
sgainst caﬁalyst compbsition. Thus, only Rl velues are used in the
construction of activity patterns.

Great care had to be teken in the choice of the
experimental conditions, to ensure meximum reliability. The
conditions had to be such that sufficient number of samples could
be taken during stages S, and S5. An indication of the reproducibility
in the rate values was obtained from repeat experiments.

Selectivity for product formation, at given times during

steges S, and S,, vas obtained by dividing the percentage composition

1

of the product by the percentage composition of reactant used. The

values are represented by Se, and Se,, in units of %.

1



The values of Rl and R2 at various temperatures were
found and the values of log , R, or log . R, plotted sgainst 103 K/T
in order to obtain the activation energy (E) from the Arrhenius

equation,

T.10 Catalysts _

All the catalysts used in this work were supplied by the
B.P. Co. Ltd. They were prepared and esnalysed by the following_
pfocedures.

The materials used in the catalyst preparations were
“Frf;s pure powdered tin and pure powdered antimony from Associated
Leadt All the reasgents used in the preparations were of 'Analar'
grade. A representative number of tin-antimony catalysts were
prepared by taking‘different proportions from two large batches
of precipitated tin oxide and antimony oxide. Each composition
was then thoroughly mixed, washed, dried, pelleted and heat

treated.

Preparation of Stannic Oxide

1.450 kg cf“Fry}s pure powdered tin was added over a

3

period of 5C minutes to a mixture of 5.46 dm> ENO. and 18.32 dm°

3
water at 373 K, while stirring. The mixture was maintained at
373 K for & further 30 minutes then cooled. The white gelatinous
precipitate of tin oxide was filtered off and thoroughly washed

with distiiled water, prior to stofage under water.

Preparation of Antimony‘Oxide

692.2 g of pure powdered antimony (kssociated Lead) was

added over a period of 50 minutes to 2.85 dm3 HNO. at 373 K, while

3
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stirring. The mixture was maintained at‘373 K for a further 30 minutes
and was then cooled. The pale yellow precipitate of antimony oxide

was filtered off and thoroughly washed with distilled water, prior to
storage under water.

Preparetion of Tin-Antimony ‘Mixed Oxides

Various proportions of the above two wet precipitates
were taken to give the‘required mixtures. The combinéd precipitates’
were thoroughly mixed in the form of & slurry, filtered'off, washed
with 3 am> distilled water, dried overnight at 383 K and finally
ground so as to pasé a 100 mesh sieve.

Pelleting

Each composition was mixed with 1% w./w,-graphite (lvarc

Pure Flake No. ;) as a lubricant before pelleting.

Heat Treatment

The pellets were then treated in air at 1123 K in stainless
3teel baskets. The heat treatment pbogramme consisted of & temperature
rise from room temperature-to 1123 K at a rate of 20 K hr—l followed
by & heat soak at 1123 K for 16 hr. After that time the pellets were
slowly cooled to room temperature.

Analysis

X-ray fluorescence analysis, for tin and antimony, was
carried out on samples of the heat treated pellets. Debye-Scherrer °
X-rey powder photographs showed that the heat treated éamples were
heterogeneoﬁs, and consisted of:- Sn02, dSbQOh, and minor samounts
of Bszou.

Surface Ares

Surface areas, of the heat treated catalysts, were measured

(90)

by the standerd BET method using nitrczen as adsorbate.



- The enalysis and surface area results of the catalysts

used, are shown in Table T.1l.

TABLE 7.1
X-ray fluorescence Surfeace a.rea/m2 g—l Colour
enalysis of H.Tr.
pellets
Cat.Comp. /Atom % Sb
0 4.2 vhite
3.3 9.9 blue-grey
6.13 12,2 blue-grey
6.2 | 16.4 blue-grey
T.h4 _ | 18.1 blue-grey
6.7 17;9 dark blue-grey
19.6 A 20.8 dark grey
26.8 18.4 grey
49.5 12.5 light grey
75.0 7.0 light grey
100 0.9 white
Atom % Sb = atomic ratio S x 100
Sb+5n
H.Tr. = heat treated

Cat.Comp. catalyst compesition.



T.11 Pretreatment of Catalysts

A fresh finely grounded sample was used for each
experiment. Two different methods for prctreating the samples were

used.

" A) 'The Low'Temperature'(ﬁ;T;)'Series
Accurately weighéd samples, of &0.2 g for the tin-
&ntimony mixed oxides and 10.5 g for stannic oxide
and antimony teiroxide, were outgassed for 5 hr
at a temperature of 293 K.

B) The High Temperature (H.T.) Series

Accurately weizhed semples, of &0.2 g for the tin-
antimony mixed oxides and &0.5 g for stannic oxide
end antimony tetroxide, were outgassed for 16 hr at a
temperature of 698 K.

At the end of the outgassing periqd, the sample was isolatea

2 (10'6 Torr). The

from the pumping system at a pressure of 133 ﬁN m
reactant was then admitted into the reaction vessel, as described iIn
Section T.5. The pressure and number of molecules present in the
réacﬁion vessel will be stated in the appropriaste sections.
Chemicals

The source and purity of reactants, and reagents used in’

the determination of sensitivity factors or for pretreatment experiments,

are given in Tables 7.2, 7.3 and T.h,respectiﬁely.



Reactants

3,3-dimethylbut-l-ene
isopropanol
cyc10propanei
but-l-ene

cis but-2-ene

trans but—-2-ene

Reagents

2,3-dimethylbut-1-ene
2,3-dimethylbut-2-ene
di-isopropyl ether
acetone

propylene

butadiene

TABLE 7.2
Source
Koch-Light

Fluka

British Oxygen Co.

Cambrian Chemicals Ltd.

Cambriasn Chemicals Ltd.

Cambrian Chemiceals Ltd.

‘TABLE T.3

‘Source

Fluka

Fluka

Fisons

AH, Baird

.Cambria.n Chemicals Ltd.

Cambrian Chemicals Ltd.

Purity

purum

purum

99.5%

199.5%
99.5%
99.5%

Purity

pufum
purum
research grade
research grade
99.5%
99.5%



Reagents

pyridine

2,6-dimethylpyridine

TABLE T.h

Source

B.D.H. Chemicals Ltd.

B.D.H. Chemicals Ltd.

Purity

anal ar

analar

51
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" CHAPTER 8

_"Igoﬁerization'of'3;3*Dimethy1but+14ene '

8.1  ‘Chromatcgraphic Column

‘Separation of the products formed during 3,3-dimethylbut-l-ene
isomerization, was carried out using a "Perkin-Elmer" stainlésg steel
colum. The column, of length 2 m and in?ernal diameter 3 mm; was
packed with 35% propylene carbonate on 'Chrqmqsqrb P'. Good
separation of products and reactant was achieved by opera;ing the
column at a temperature of 293 K and a nitrqgen carrier gas pressure

2

of 40 XN m . The following retention times, measured according to

Section 7.7, were obtained:-

3,3-dimethylbut-l-ene = 2.0 min
2,3~dimethylbut-l-ene = 5.1 min
2,3-dimethylbut-2-ene = 8.0 min.

8.2 Relative Sensitivity Factors

Measured according to Section 7.8

3,3~dimethylbut~l-ene = 1.C
2,3-dimethylbut-l-ene = 0.8
2,3-dimethylbut-2-ene = 0.5,

8.3 ‘Experimental Procedure

The two methods of pretreating the catalysts were carried out as
described in Section T.1ll, with & modification in the pretreatment of
the H.T. series. A weight of Al g, for the tin-antimony mixed oxides,

was used instead of ~0.2 g. At the end of “he outgassing period, the



3,;3-DIMETHYLBUT-1~-ENE ISOMERIZATION

373 K
94,
0
\Qo 49.5 Atom % Sb .
. \O .
90, \ u.T. Series
0o
\ FiGURE 8.1
[
86_ \O\ONO
82 P> |12 o
0 T p—0 L ) aq
¥ D//// B ®
5] v P
3 g L5
g 18] H M
b ot o o— o]
[@ o/o//o o —— %
3 e —— S
O T T T T
© 30 4O 60 80 100 120 140 ]60 ,
8 g - B
= 7] =
£ 2
E 30 S 19.6 Atom % Sb §
& _ £
G % o , ENS
° )7// H.T. Series
10, \ 9 FIGURE 8.2
/ )
<{\\ 25
60 / \
N\ 5
N\
®
50 o—
o 20
el 5
QO
o’
’ [] ¥ [ T T ¥ T
I0 20 30 L S0 & 70 RO
TIME /MIN

° 3,3-DIMETHYLBUT-1-ENE

2,3-DIMETHYLBUT-2-ENE
o 2,3~DIMETHYLBUT-1~ENE



éample was isolated from the .pumping system at & pressure of 133 pN mfz
(10_6 Torr). With the reaction vessel at a temperature of 373 K,
3,3-dimethylbut-l-ene was admitted by expansion to give a pressure of

9

1.60 kN m 2 (12 Torr). This was equivalent to 8.37x10l molecules.

Standard experimental procedure was then carried out.

8.4 - Results

Figures 8.1 and 8.2 illustrate typical plots of percentage
composition versus time, for the L.T. and‘the H.T. series; respectively.
The only products formed were 2;3—dimethylbut—l-éne and 2;3—dimethyl—
but-2-ene. In all cases, there was preferential'fqrmation of
2,3-dimethylbut—2—ené and the selectivity remained effectively
constant throughout stages S. and S5 Thé selectivities are

1
presented in Tables 8.1 and 8.2.

TABLE 8.1

“L.T, Series Outgassed at 293K for'5 hr

"Reaction'Temperatﬁre'373 K

Cat .Comp. / Sel/% Se2/%
Atom % Sb : at 10 min at 50 min
I II I IT
8.7 18 82 17 83
19.6 .16 84 17 83
26.8 18 82 17 83_
k9.5 18 82 15 85

75.0 : 18 82 1k 86



TABLE 8.2 .

Cst.Comp./ . Se, /% | Se, /%

Atom % Sb - at 10 min at 50 min
I I I I
8.2 , 16 8L 17 83
19.6 . 20 80 18 82
26.8 17 83 17 83
49.5 18 82 7 - 83
75.0 2z 78 18 82
- I = 2,3-dimethylbut-l-ene

II

2,3-dimethylbut-2-ene

The rates of disappearance Rl end R, for 3,34dimethylbut—l—ene

are presented in Tables 8.3 and 8.4
TABLE 8.3

“'L.T. Series Oﬁtggssed'at‘293‘K‘for‘5‘hr

" "Reaction Temperature 373 X

Cat.Compf/ Rl/lo_3 % min"l m~2 R2/10_3 % min "t mf2
Atom % Sb '
0 0 0
6.2 0 , 0
8.7 16 | 2.6
19.6 21 8.1
26.8 | 51 1
.95 5T 13
75.0 50 : 11

100 0 o 0
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.?ABLE th .

CHIT! Series Outgassed at 698 K for 16 hr

Cat.Comp./ Rl/lo'-3 % min m-2 ‘R2/10-3 % min‘l m—e
Atom % Sb
0 0 0
6.2 0 .0
8.7 18 5.8
19.6 64 - 15
26.8 | . 190 62 .
49.5 o 145, 39
75.0 | 159 43
100 0 | | 0

For both the L.T. series and the H.T. series, no activity was
observed with stannic oxide, antimony tetroxide and the 6.2 atom % Sb
mixed oxide. Further experiments, in which the reaction temperature
was increased, during the runs, from 373 K to 573 K werecarried out
for all three catalysts. Increasing the temperature did not result
in any product formation.

Repeat experiments indicated an average difference of 5%
in the rate values. Results of repeat experiments are presented

in Table 8.5.
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| TABLE 8.5

" HJT. ‘Séries Outgassed at 698 K for 16 hr

‘ ‘Redction Temperature 375 K

Cat. Comp. / Rl/io'3'% min ™t w2 R2/1o'3’% min™t m 2
Atom % Sb |

19,6+ e 15

19.6 60 1k

19.6 64 1k

Values* quoted in Table 8.4

Changés of grester than jﬁ% in the activity patterns'weré
consideréd significantf The activity patterns, illustrated in
Figures 8.3 and 8.4, for the L.T. and H.T. series respecti§ely, were ¢
found to differ. Maximum activity was observed with the h975 atom
% Sb and 26.8 atom % Sb mixed oxides for the L.T. and H.T. series,
respectiﬁely. Both series displayed similar trends in the catalyst
composition region of 8.7 atom # Sb to 26.8 atom % Sb. In this region,
en increase in the antimony conﬁent resulted in an increase in activity,
Two different trends were observed for the catalyst composition region
of 26.8 atom % Sb to 75.0 atom % Sb. No decrease in the activity of
the L.T. series vas seen until the catalyst composition of 75.0 atom
% Sb. The 49.5 atom % Sb mixed oxide of the H.T. series, was found
to be less active than the 26.8 atom % Sb and 75.0 atom % Sb mixed
oxi@es.

An experiment was carried out using a h9f5 atom % Sb mixed

oxide sample ofA&O.Z g, vwhich had been pretreated according to the

H.T. method. The rate values obtained are presented in Table 8.6.
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"TABLE”876

""H.T. Séries Outgassed at 698 K for 16°hr

" 'Reaction Temperature 373 K

Cat.Compl/ Rl/:\.o"3 % min ™t p? 32/19"3 % min * m 2
Atom % Sb
‘49,5 147 7o)

Values¥ quoted in Table 8.4 for the &l g sample

The values for the n0.2 sample vere not significantly différent
than those of the 1 g samplef

Arrhénius plots, obtained'usiné Rl and R,, are showwu in
Figures 8,5 and 8.6, Values for activation energiés end frequency
factors could be estimated only from Arrhenius plots in which Rl
values hsd been used. These values, and the estimated error in them,
are given in Tables 8.7 and 8.8f

" Arrhenius Parameters

'TABLE 8.7

“L.T. Series Outgassed at 273 K for 5 hr

Cat.Comp./ E/kJ mo1 % 1og, (.l\./lo--3 % min T m_2)
Atcn % Sb

L9.5 15+2 3.8+40,5

TABLE 8.8
H.T. Series Outgassed at 698 K for 16 hr

Cat.Comp./ E/kJ mol T log, (A/ZLO--3 % min~t m_2)
Atom % Sb '

26.8 3042 6.540.4

75.0 27+2 ‘ 6.040.4



" R, values did not give straight line plots. .The smaller
.activation energy was found for the sample pretreated according to

the L.T. method.

8.5  ‘Treatment with Sodium Acetate ‘Solution

Thé effect 6f differént concentrations of sodium acétate
solutions on two mixed oxides of the H.T. series was studiéd.

Prior to outgassing, &l g samples of the 1976 atom % Sb
and 26.8 atom % Sb mixed oxides were treated with equal quantities
of either 1% (w./w.) sodium acetate solution or 10% (w./w;) sodium
acetate solution. At the end of a period of 60 minf;'the samples
Were‘filtered off and then thoroughly washed with four équal
proportions of distilled watér. The standardefT. pretreatment
method was then carried out. Valués-for Rl, R2 and Sel, S82 are

shown in Tables 8.9 and 8.10,respectively.

" 'Sodium Acetate Treated Catalysts

'H.T. Series Outgassed at 698 K for 16 hr

Reaction Temperature 373 K

" TABLE 8.9
Cat.Comp./ R /107> & min ' m 2 Ky/107> 4 min L m 2
Atom % Sb
19.6% 64 - 15
19.6% 60 12
19.6° 38 7.3
26.8% 190 | 62

26.8° 22 | 4.3



TABLE 8.10

Catfcomp;/ Sei/%- . - se,/%
Atom % Sb at 10 min at 50 min
I I I II
19;6* 20 80 18 82
19.6% : 16 84 1783
19.6° 19 81 18 82
26.8% 17 83 17 83
26.8° 19 81 18 82

*Values for untreated mixed oxides, Tables 8.2 and 8.k

I = 2,3-dimethylbut-l-ene

II = 2,3-dimethylbut-2-ene
a = 1% (w./w.) sodium acetate solution

b = 10% (w./w.) sodium acetate solution

Treatment reduced the values of Rl and R,, but did not significantly
elter those of Sél and Se,. A 10% (w./w.) sodium acetate solution
had a greater retarding effect on the more active 26.8 atom % Sb

mixed oxide than on the less active 19.6 atom % Sb mixed oxide.

Decomposition of Isopropanol

8.6 Chromatographic Column

Separation of the products formed during the aehydration and
dehydrogenation of isopropanol, was carried out using a "perkin-Elmer"
'stainless steel column. The column, of length 2 m and internal diemeter
3 mm, was packed with 28% carbowax 1500 on 'Chromosorb W' AW/DMCS. Good
separation of products and reactant was obtained by operating the column
at a temperature of 338 K and a nitrogen carrier gas préssuré of

2

100 kN m . The following retention times, measured according to

Section 7.7, were obtained:-
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prqpylené _ = 0.5 min.
. di-isopropyl ether = 2.0 min

.acetone "= 4,0 min

[}

isopropanol 6.5 min

8.7 ~ Relative Sensitivity Factors

Measured according to Section 7.8

isopropanol - = 1,0
propylene = 1,09
di-isopropyl ether = 0.43

acetcne = 1;13;

8.8 ‘Experimental Procedure

The samples were pretreated according to the two methods described
in Section T.l1l. At the end of the outgassing period, the sample was
6

isolasted from the pumping system at a pressure of 133 uN m_2 (10f Torr) .
Once the reaction vessel was at the desired reaction temperature,
isopropanol was admitted by expansion to give a pressure of 0.67 kN m-2
(5 Torr). This was equivalent to 3.80x1019 molecules, at a temperature
of 343 K, for the L.T. series.. For the H.T. series, the isopropanol
pressure was equivalent to 3.20x1019 molecules et 408 K. The standard

experimental procedure was then carried out.

8.9 Results

Products resulting from dehydration and dehydrogenation of
isopropanol were observed. Dehydration resultedlinAthe formation
of propylene and di-isopropyl ether, and dehydrogenation led to the
formation of acetone. EXamplés of typical pércéntage composition

versus time plots are illustrated, for both series, in Figures 8.7



- and 8. 8. . Suc“,plots.were used.pc:cbcain.yalues.fcr,phe'ra?es,cf
appearance of propylene RlP’ 2P and tﬁe'rates'of“apbearance'of
acetone RlA 2A’ As dl—lsopropyl ether was formed in small
amounts, it was not possible to obtain values for its rates
‘of appearance. |
Selectivity towards dehydrcgenaticn and dehydration was
found to vary with the percentage compesitien of the catalysts and
with the method of pretreatment. This is illustrated'in-

Tables 8.11 and 8.12.

TABLE 8.17%

L,T. Series Outgassed &b 293 K for 5 hr

- Reaction Temperature 343 K

Cat,comp,/ Sel/% Se2/%
Atom % Sb at 10 min at 50 min
P A DE P A DE

T.h 100.0 89.5 10.5
8.7 - . 87.5 12.5 90.5 9.5
19.6 97.7 0.2 2.1 96.0 0.6 3.
26.8 90.1 2.2 T.T ok.6 0.5 k.9
%9.5 93.5 2.6 3.9 95.3 0.9 3.8

75.0 96.2 0.3 3.5 95.8 0.7 3.5



. TABLE 8.12 .

““H.T. Series Outgassed at 698 K for ‘16 hr

" ‘Reaction Temperature %08 K

Cat.Comp./  Sey/d S,/
Atom % Sb et 10 min at 50 min
P A | DE P A DE
0 9.8 90.2 | 6.9 93.1
6.13 8.5 90.1 1.k 6.1 - 93;1 0.8
8.7 5&{0 k3.7 2.3 52.7 k.7 2.6
1946 87.2 1.2 1.6 86.0 i2,3 1.7
26.8 ~ 87.0 10.6 2.k 92.8 5.7 1.5
49.5 go.k  15.3 L.3 83.2 12.5 L.3
75.0 100.0 - 82.5 16.1 1.h
- P = opropylene
A = acetone
DE = di-isopropyl ether

The L.T. series was found to be very selective for propylene
forma.tionf Acetone, in trace amounts, was observed for the 19.6 atoﬁ
% Sb, 26.8 atom % Sb, L9.5 atom % Sb and 75.0 atom % Sb mixed oxides.
Slightly higher selectivity for di-iéoPrOPyl ether formation than for
acetone formation was found. The selectivity never exceeded 12.5%
and remained in general, for most of the mixed oxides, in the region
of 2% to 5%. Except for the T.4t atom % Sb mixed oxide, for which
di-isopropyl ether formation occurred oniy during stage‘s2, selectivity
did not alter significantly with time.

The mixed oxides of the H.T. series were found to bé more.

selective for acetone formation than the corresponding ones of the

62



L.T. series. S?annic.gxidé-and the 6313 a?qm‘%va mixed qxide were
‘particularly :élécpivé,'and a furthériincféasé in.?he'antimqny coptént
résﬁltéd'in a décréaSé in séléctivity. .Acetoné Seléctivity for the
19.6 atom % Sb, 26 8 atom % Sb and h9 5 atom 7 Sb mixed oxides was
found to be qlmllar. Unllke the L T. serles, select1v1ty for acetone
formation was greater than for dl-lSOprOpyl ether formatlon. Select1v1ty
did not alter significantly with tlme, except for the 75 0 -atom % Sb
mixed oxide. This was Que to the Tact that acetqne and di-isqpropyl
ether formation occurred only during stﬁgé S2é

The rates of appearance of propylené,'RlP,and RQP; for both

series are presented in Tables 8.13 and 8.1L.

TABLE 8.13

‘L,T. Series Outgassed at 293 K for S5 hr

Reaction Temperature 343 K

Cat.Comp./ RlP/lO-S % mint w ° R2P/10_3 % min T m -
Atom % Sb
0 0 0
b 8T 3.k
8.7 ‘ 32 19
19.6 100 34
26.8 -1h2 ' 58
k9.5 205 69
75.0 137 ' 59

100 0 )
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?ABLE'Bflh‘.

- "H.T. Seéries Outgassed st 698 K for ‘16 hr

Cat.Comp./  Rp/10> % min ™ m ° . R,p/100 Fmin T o
Atom % Sb
0 12 2.6
6.13 | 7.0 2.0
8.7 9.2 2,&
19.6 367 | 107
26.8 460 179
k9.5 99 L9
75.0 238 | o2
100.0 ' ) 0

The most suiﬁable reaction temperatures were 343 K for the Lfo
series and 408 K for the H.T. seriesf Isopropanol reaétéd very rapidly
at LO8 X over the mixed oxides of the L.T. series.

For exsmple, the percentage of propylene, after 15 min. of
reaction, was 92% for the 26.8 atam % Sb mixed oxide. The selectivities
‘for the products formed at 10 min. were:— propylene 95.2%, acetone
4,0% and di-isopropyl ether 0.8%. These values are not significantly
different from those quoted in Table 8.11, for the 26.8 atom % Sd
mixed oxide of the L.T. series.

.Activity patterns for propyléne formation, for both series, are
presented in Figures 8.9 and 8.10f Maximum propylene activity for the
L.T. and H.T. series was found with the 49.5 atom % Sb and 26?8 atom
% Sb mixed oxides, respectively. Figures 879 end 8,10 illustrate the
different‘trends in the activity patterns for the two seriesT Activity

increased in the catalyst composition region of 7.l atom % Sb to



h9 5 atom % Sb for the L. T.Asefies. Increasing.theYahtimony COntent.
further to give 75 O atom % Sb. resulted in a reductlon in act1v1ty.
For the H T serles, act1v1ty 1nc1eased in the catalyst comp031tlon
region of 6.13 atom % Sb to 26.8 atom % Sbf Unlike the L,Tf serles,
an increase.in antimony content to give 49.5 atom i Sb resulted'in a
decrease in activityf The latter mixed oxide was also less active
than the 75.0 atom % Sb mixed oxide for propylene forma.tion7 Antimeny
tetroxide was inactive for both series; but stannic oxide showed activity
for the H.T. series.

The rates ef acetone appearance, RlA’ 2A; Ere presented in
Table 8715 for the Hfo series. Such values could not be measured
for the mixed oxides of the L.T. series, as acetone was formed in

trace amounts only.

- TABLE 8.15

" 'H.T. Series Outgassed at 698 K for 16 hr

" ‘'Reaction Temverature L08 K

Cat.Comp./ R ,/10 > #min " m > R, /10> % min *m °
Atom % Sb
0 bt 63

6.13 o1 25

8.7 55 ~ 19

19.6 L5 .16

26.8 21 6.8

49.5 18 ¥.8

75.0 o T

100 | 0 0



: Greap&rlac?ivity»fqr.gcé@?né.erma§iqn,?han<f9r:pr9pyléné
formation'wes.obéérVéd'for stannic'Qxide;'ﬁhé’6fi3‘atom % Sb end
8.7 atom % Sb ﬁixéd'oxiaés; Thé'remainder‘qf the'mixéd'oxidés
exhibitéd'a greater activity for propyléne formatibn; Increasing
thé'antimony content résulted’in a decrease in acéﬁ@ne fonmaticnf An
éxééption to tﬁis trend was displayéd by thé‘?SfO atom % Sb mixed
oxidé;‘which formed acétone only during stage 827

An indicetion oflthé experiméntal reprqducibility was obtained

by rei)eat éxperiméntsf Values found for the rates of pr0pyléné and

acetone appearance are given in Tables 8.16 and 8.17, respectively.

" ‘Reaction Temperature LO8 K

TABLE 8.16
Cat.Comp./ RlP/lo-3 % min t ﬁ-Q RzP/lO-3 4 min ™t m 2
Atom % Sb
8.7* 9.2 2.4
26.8*% L60 179

26.8 423 163



of

TABLE 8.17 -

Cayfcémp;/ | RIA/iQ—3 % min~L 52 “RQA/IQ-3 % min ¥ m 2
Atom % Sb - ‘
8.7% 55 | 19
8.7 so 17
26.8% | 21 : 6.8

26.8 21 TS

Values¥* quoted in Tables 8.1k and 8.15

R R = rate of appearance of propylene

1P* " 2P

R = rate of eppearance of acetone

RlA’ 2A

Tables 8.16 and 8.17, indicate that the average difference in the

rate values of R and R R,, was 8%. Changes of greater than

1p? R2P 1A° "2A

8% in the activity patterns were considered to be significant.

8.10 ° Pyridine Trested Catalysts’

The effect of pyridine on two mixed oxides of the H.T. series
vas examined.

After outgassing,lpyridine was expended into the reaction vessel,
at a temperature of LO8 K, to give pressures of 0.13 kN w2 (1 Torr) or
0.40 kN m~2 (3 Torr). The pyridine pressure was equivalent to 0.62xi019
molecules or 1.9lx1019 molecules. At the end of a period of 30 min.,
the reaction vessel was evacuated for a period of 30 min., at 408 K.
Standard experimenteal procedure was then carried out. The rates and

selectivities for product formation are presented in Tables 8.18, 8.19

and 8,20,



Pyridine Treated Catalysts

“HIT. 'Series Outgassed’ at 698 K for 16 hr

" "Readtion Temperature 108 K

TABLE:8.18
Cat.Comp./ ‘RlP/lO_3 % min™t m 2 Rzp/l°—3 % min* m 2
Atom % Sb
6;13* 7.0 , ‘2,0
6,132 : ) : 0
26, 8% 460 179
26,82 299 129
26.8° | 8.4 - 3.6
TABLE 8.19
Cat.Comp./ RlA/lO_3 4 mint m 2 RZA/lO—s % min — m
Atom % Sb ‘
6.13% 91 - .25
6.13% 9.0 4,3
26.8* 21 - 6.8
26,8% - 22 7.2

26.8P 6.5 2.8

1 =2



TABLE 8.20.

Cat;Comp;/ | sél/% séel%
Atom % Sb at 10 min at 50 min
P A DE . P " A DE
6;13*‘ 8;5 90;1' 1. 6.1 93.1 0.8
6.13% 100 100
26.8% 87.0 10.6 2.4 92.8 5.7 1.5
26.8% 86.8  11.7 1.5 87.8 9.5 2.7

26.8° 62.5  37.5 63.0  37.0

Values* for untreasted catalysts quoted in Tables 8.12, 8.1h

and 8.15
RlP’ R2P = rate of appearance of propylene
RlA’ R2A = rate of appearance of acetone

& = 0.13 kN m~2 (1 Torr) pyridine

b = 0.4 kN m & (3 Torr) pyridine

P = opropylene

A = acetone

DE = di-isopropyl ether

Tables 8.18 and 8.19, illustrate the appreciable effect pyridine

treatment had on product formation. No propylene formation wes observed
. for the 6.13 atom % Sb mixed oxide, which had been treated with a pyridine

pressure of 0.13 kN m_2 (1 Torr). The rates of acetone appearance were .

much lower than the corresponding ones obtained with the untreated

6.13 atom % Sb mixed oxide. The effect of such treatment on the

26.8 atom % Sb mixed oxidevwas to reduce the rate values of propylene.

eppearance by an aversge of 32%7 No significant change was detécted in

the rate values for acetone appearance., Treating the 26.8 atom % Sb



_ ﬁixedloxide vith & pyridine pressure of Q:hQ~kN m2 (3 Tqrr) led P9 
significéﬁt,rédﬁctioné in prgpyléné and.aceyqné fqrmatibﬁ: Thé'effect
of pyridiﬁe @reaﬁménﬁ Qﬂ séléc?iviﬁy is sthn'in Tablé'8.20; _Tréatmenﬁ
of the 6.13 atom % Sb mixéd'qxidé with a,pyridiné préssuré of 0.13 kN m 2
(i Torr) resulted in 100% séléctivity for acetone formatién; Tréating
the 26.8 atom % Sb mixed oxide with a pyridine préssure bf'Ofl3 KN m
{1 Torr) did not significantly altér its seléctivity. quéver; Whén'
the pyridiné préssuré was increased to 0.40 kN m 2 (3 Torr) a décréase
in prbpyléne seléctivity was observed.

Isomerization of Cyclopropane

8.11 - Chromatographic Column

Séparation of propylene;'formed as a result of cyclopropane
isomerization, and cyclopropane was carried out using thé column
described in Section 8.1. Good separation of the product and
 reactant was achieved by operating the column at a temperaﬁure
of 303 K and a nitrogen carrier gas pressure of 50 kN m—g. The

following retention times, measured according to Section 7.7, were

obtained:—

propylene 3.0 in

cyclopropane 4,0 min

8.12 Relative Sensitivity Factors

Measured gccording to Section 7.8

cyclopropane 1.0

propylene 1.1

8.13 Experimental Procedure

The pretreatment of the L.T. and H.T. series was carried out

as described in Secticn T.11l. At the end of the outgassing period
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the semple was isolated. from the pumping system at a pressure of

-6

l33’ﬁN e (10 © Torr). Cyclopropane was admitted by expansion
into the reaction vessel, at Ull K, to gi~ a pressure of 1.60
KN m 2 (12 Torr). This was equivélent to 7.56x1019 molecules.,

Standaerd experimental procedure was then carried out.

8.14  Results

Figurés 8;11 and 8?12 illustra?é the typical plots of
percentagé composition versus time used to obtain values for the
rates of disappearance Qf cyclopropane; RlCP and RECP’ Thése valués

are given in Tables 8.21 and 8.22.

TABLE 8.21

"'L.T. Series Outgassed at 293 K for 5 hr

‘Reaction Tempersature L1l K

Cat. Comp./ R /10> % min ™t n ™2 Ryop/10 > % min ™t m 2
Atom % Sb '

0 | 0 0
8.7 206 . 15
19.6 | - ko3 50
26.8 528 82
49,5 796 159
75.0 287 102

100 0 0

L g
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' TABLE 8.22.

“"H,T. Series Outgassed at 698 K for 16 hr

"Reaétioﬁ'Témperature 411 K

Cat. Com;;/ RlCP/10'3_% min t m 2 Ryep/10 > % min " m 2
Atom % Sb
© - © o

8.7 18 0.2
119.6 | 97 36

26.8 .. 83 29

49.5 75 | 17

75.0 19 6.8
100 o 0

The only product detected Wés propylene., Stannic oxide and
entimony tetroxide, pretreated according tc both methods, showed no
activity. The mixed oxides of the L.T. series were more active than the
corresponding ones of the H.T. series% The activity patterns fér both
series are displayed in Figures 8.13 and 8flh. The L49.5 atom % Sb and
19.6 atom % Sﬁ mixed oxides displayed the greatest activity for the L.T.
and H.T. series, respectively. In both series, an increase in the
antimony content from 8.7 atom % So to 19.6 atom % Sb resulted in an
increase in activity. The H.T. series showed a decrease in activity,
with increasing antimony content, for the catalyst compositioﬁ region
of 19.6 atom % Sb to 75.0 atom % Sb. This trend was observed with the
Lfo series when the antimony content was increased from 49.5 atom %

Sb to 75.0 atom % Sb.
A repeat experiment gave an indication of the reprqducibility

in the rate values. These are presented in Table 8.23.



TABLE 8.23.

“HJ.T. Series Outgassed at 698K for 16 hr

" 'Reaction Temperature 411 K

Cat.Comp./ RlCP/lO—3 % min~t m 2 Rgcp/lom3 % min~l m2
Atom % Sb

19.6% 97 36

19.6 - 89 33

Values¥* quoted in Table 8.22

The avérage différence in the rate values wes 8%f Changes of
greater than +87% in the activity patterns were regarded as significant.

Increasing the reaction temperature above L1l K led to a decrease
in the rate values for the H.T. series. This is illustrated by the
values gquoted in Table 8.2k,

TABLE 8.2k

H.T. Series Outgassed at 698 K for 16 hr

Cat. Comp./ R.T./K Ry /107> % min ' m 2 Ryp/10 > % min ! m2
Atom % Sb
, 26,8% Coh1y 83 29
26.8 473 8 ' 30
26.8 498 37 13
75.0% b1 19 : 6.8
75.0 LL3 0 0
75.0 443 0 0

Values* quoted in Table 8.22

R.W. = reaction temperature
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?his,impqsedAresFric§igﬁs‘up9n<§he s?udy,qfi@hé:Hfﬁé.sériésf_
rhé'reacpiqn.yémpératuré of 411 K was foun2 ;q.bé:thé'mést sﬁitablé
oné for both sériés; Ihé'Arrhenius plots for the'H;T; series weré
obtainei by ﬁsiné RlCP and RQCP valuesxfor temperapures lowér'than
411 K. Exahplés of thé Arrhenius‘plqts, thained.with mixéd oxides
from both sériés, are given in.Figures 8715 and 8f16. Stféight line -
plots vere achieved by ﬁsing éither R, op»OF Ryop values for the k9.5
atom % Sb mixed oxide of the L.T. series. Such a plot for the 26.8
atam % Sb mixéd oxide, pretreated accqrding to the H.T. method; was

only obtained using the R value. The Arrhenius parameters estimated

1CP
from Figures 8.15 and 8.16, ar:> presented in Tables 8.25 and 8.26.

‘Arrhenius Parameters

L.T. Series Outgassed at 293 K for 5 hr

TABLE 8.25
Cat.Comp. / R E/kJ mol * logy, (4/1073 % min™t n™2)
Atom % Sb '
9.5 - Ry op 324k 7.040.9
49.5 Roep 1§13. 4.3+0.8
H.T. Series Qutasssed st 698 K for 16 hr
TABLE 8.26
Cat . Comp. / R E/kJ mol * log,, (471073 % min™T m™ %)
Atom % Sb
26.8 310P ;3133 4.2+0.5

R = rate value used for Arrhenius plot
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The more .active 49.5 atom % .Sb mixed oxide had & larger activation
energy than the less active 26.8 atom % .Sb mixed oxide. However, for
stage S,, ﬁhe'activation energy was‘apprqximaﬁely the same as the
value for the 26.8 atom % Sb mixed oxide.’

stage Sl

8.15 - Infra-red Spectroscopy Investigation

Préliminany invéstigations wéré carriéd out using thé’8.7 atom
% Sb and 49.5 atom % Sb mixed'oxides}- Samplés; wéighing ¢0;3 g; were
pressed into 30 mm diameter discs at about lf5x1018'N m-2; in a
stainless steél die. The discs were then mountéd in a brass samplé
holder, centred in a cylindrical "Pyrex" cell with potassiuw bromide
windows. The apparatus and the Qperating anditions of thé "Perkin
Elmer 225" infra-red spectrophotometer have been described by Howé

et al.(9l)

No transmission was observed with either of the two
samples. Consequently, an investigation of the spectra of adsorbed-

pyridine on the tin-antimony mixed oxides could not be carried out.

8.16 * Summary

Except for one case, stannic oxide and antimony tetroxide showe
no activity. The only example of activity was the decomposition of
isopropanol by stannic oxide, which had been pretreated according to
the H.T. method.

Activity was found t§ depend on the catalyst composition and on
thé pretreatment method. Isopropanol decomposition and cyclopropane
isomerizaticn took place more readily with the mixed oxidés of thé
L.T. series than the cqrresppnding ones of the H'TT series, For
3,3-dimethylout-1-ene isqmerizatiqn, the mixed qxides of the H.T.
series displayed the greatest activiﬁy7 The pretreatmént méthod had

the greatest =ffect on the isopropanol decomposition. The catalysts

d



prépréaﬁéd accérding to phe‘it?f me?hqdishqﬁéd'ﬁhé'éréa?ést
seléctivity fﬁr'déhyarétiénf

Similar activity pattérns, with maximum activity at the
49.5 atom % Sb mixed'qxide;'were observed for all'#hrée reactions
over the mixed oxides of thé'L;T,'séries§ This is illustratéd by
Figurés’8.3; 8.9 and 8.13. Excépﬁ for the catalyst compositions
of O atom % Sb and N6 atom % Sb; similar activity pattérns for
3,3-dimethylbut—l—éné isomerizatiqn and pr0pylené formation frow
isopropanol wére observed for the H.T. seriesf Maximum activity'
for both reactions occurred with the 26}8 atom % Sb mixéd oxidé.
The most active catalyst for cyclopropane isomerization was“the‘
19.6 atom % Sb mixed oxidef The activity patterns, for the three
reactions over the H.T. series, are displayed by Figures 8.&; 8.10

and 8.1hL.



CHAPTER 9

Isomerization of But-l-ene

9.1 Chromatographic Column

Sepavation of the products formed during but-l-ene
isomerization was carried out using a stainless steel column. The
column, of length 3 m and internal diameter 3 mm, was packed with
28%‘bis—2ﬁmethoxyethy1adipate on 'Chromosorb P'. Good separation
of producté and reactant was achieved by operating fhé column at
a temperature of 298 K and a nitrogen carrier gas pressure of
L0 kN m_2. lThe following retention times, measured acéording

to Section 7.7, were obtained:-

but-l-ene = 1,0 min

trans but-2-ene = 3.5 min

cis but-2-ene = 5.0 min.
9.2 Relative Sensitivity Factors

Measured according to Section T.8

but-l-ene = 1,0
trans but-2-ene = 1.3
cis but-2-ene = 1.3

9.3 Experimental Procedure

Pretreatment of the two catalyst series studied, was carried
out as described in Section T.1ll. At the end of the outgassing

period, the sample was isolated from the pumping system at a

2

pressure of 133 uN m (J.O-6 Torr). With the reaction vessel
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at a temperature of 293 K, but-l-ene was admitted by expansion to
give & pressure of 1.46 kN m'-2 (11 Torr). This was equivalent to

9 molecules.

9.97x10l
9.4 Results

But-l-ene isomerization resulted in the formation of trans
but—-2-ene and cis but-2-ene. Butadiene was detected in trace amounts
only. As the percentage of butadiene never exceeded 0.3%, its rate
of formation was not measured. Figures 9.1 and 9.2, illustrate
typical percentage composition versus time plots, for the L.T. and
H.T. series, respectively. Such plots were used to obtain values
for the rates of disappearance, Rlb and sz, of but-l-ene. Initial
producf ratios of cis but-2-ene/trans but-2-ene were obtained from
stage Sl' The velues for the rates of disappearance of but-l-ene

are presented in Tables 9.1 and 9.2.

TABLE 9.1

L.T. Series Outgassed at 293 K for 5 hr

Reaction Temperature 293 K

Cat. Comp./ Rlb/10'3‘% Reb/10—3 q initial
Atom % Sﬁ min~t n 2 min™t n~2 cis/trans
0 0 0 -
7.4 35 8 3.5
8.7 71 17 4.0
19.6 103 23 3.4
26.8 ahT 41 3.2
49.5 269 76 3.3
754.0 146 | 17 3.0

100 0 0 -



TABLE 9.2

H.T. Series Outgassed at 698 K for 16 hr

Reaction Temperature 293 K

Cat. Comp. / Rlb/10-3 7 Réb/10-3 % initial
Atom % Sb min~t m-2 min L w2 cis/trans
0 0 ' 0 -

7.4 ' 210 190 1.2
8.7 280 210 1.1
19.6 923 w62 1.0
26.8 470 o 1.2
k9.5 . 0 | o -
75.0 0 _ 0 -
100 0 0 -

For both series, no activity was observed for stannic oxide and
antimony tetroxide. The 49.5 atom % Sb and the 75.0 atom % Sb mixed
oxides, pretreated according to the H.T. method, showed no activity
until the reaction tempefature wvas raised to 318 K. Values for Rlb
and R,, , at 318 K, are presented in Table 9.3

2b ]
TABLE 9.3
H.T. Series Outgassed at 698 K for 16 hr
Reaction Temperature 318 XK
Cat.Comp. / R.. /1073 ¢ R, /10 % initial
. 1b 2b

Atom % Sb min "t 2 min L m-2 cis/trans

49.5 145 : 78 1.4

75.0 45 19 1.k
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Most of the mixed oxides of the H.T. series, with the
exception of the two quoted in Tab;e 9.3, were more active than
the corresponding ones of the L.T. series. The largest initial
cis but—-2-ene/trans but-2-ene produét ratios were obtained for the
mixed oxides of the L.T. series.

The activity patterns, for both series, are presented in
Figures 9.3 and 9.4. Maximum activity for the L.T. and H.T. series
was observed with the L49.5 atom % Sb and 19.6 atom % Sb mixed oxides,
respectively. For the catalyst composition region of T.h4 atom % Sb
to 12.6 atom % Sb, increasing the antimony content resulted in an
increase in activity, for both series. In the L.T. series, this
trend continued until a catalyst composition of 49.5 atom % Sb.
After this composition, activity decreased with increasing entimony
content. For the H.T. series, rates increased until the catalysts
contained mcre than 19.6 atom % Sb. Increasing the antimony content
further, resulted in a decrease in activity.

An indication of the reproducibility in the rate values
is given in Tables 9.4 and 9.5. The average difference in the
rate values was U4%. Changes in the activity patterns of greater

than +4% were regarded as significant.



TABLE 9.4

L.T. Series Outgassed 'at 293 K ifor 5 hr

Reaction Temperature 293 K

Cat.pomp./ Rib/lo_3 % R2b'/10'_3 % initial
Atcm % Sb m:'anl m—2 min_l m-2 cis/trans
8.7% T 17 4.0
8.7 69 16 3.9
19.6% 103 23 3.4
19.6 97 22 ’ 3.2
L9, 5% 269 76 3.3
k9.5 260 ' T2 3.k

TABLE 9.5

H.T. Series Outgessed at 698 K for 16 hr

Reaction Temperature 293 X

Cat.Comp. / Rlb/10—3 % sz/lo"3 % initial
Atom % Sb min_l m2 ‘min—l mfz cis/trans
T.4* 210 190 1.2
T.4 203 188 ' 1.1

~ % yalues quoted in Tables 9.1 and 9.2



LOglO[Rlb/lo—3 % min T n2)

-3 . =1 -2
Loglo[sz/lO % min " m )

BUT-1-ENE ISOMERIZATION
ARRHENIUS PLOTS

FIGURE 9.5

} 5] -
40
3.5
3-0}
25
2-0 |
1.5 |
26 29 30 3 31 33 34 35 36 37
s FIGURE 9.6
4o
35
3.0
25
2.0]
15|
2% ‘L-"\ 30 3 32 33 34 35 36 .3'.-,
103k /T
T Atom % Sb © 26.8 Atom % Sb
6 Atom % Sb AT5.0 Atom % Sb



Arricenius plots, obtained by using Rlb and R2b values, for the

H.T. series sre presented in Figures 9.5 and 9.6. Only for the 26.8
atom # Sb and 75.0 atom % Sb mixed oxides were straight line plots
obtained with R2b values. Values for the Arrhenius parameters and

the estimated errors in their values are given in Table 9.6.

Arrhenius Parameters

TABLE 9.6

H.T. Series Outgassed at 698 K for 16 hr

Cat . Comp./ R E/kJ mol * logy (A/1073 ¢
Atom % Sb A min_l m—g)
8.7 Ry hh+2. 10.3+40.5
19.6 Ry 68+k 15.0+0.9
26.8 Ry 50+2 11.5+0.5
Ry, 2541 6.5+0.3
75.0 Ry 120+5 21.2+0.9
Ry 10645 18.7+0.9

R = rate value used for Arrhenius plot.

The 75.0 atom % Sb mixed oxide had¢ a significantly larger

activation energy than the mixed oxides of lower antimony content.

9.5 2,6-Dimethylpyridine Treated Catalysts
Two samples of the 19.6 atom % Sb mixed oxide were pretreated

according to the L.T. and H.T. method. The effect of treatment with



2,6-dimethylpyridine on their activity was investigated. Aftér
outgassiﬁg the catalyst, 2,6-dimethylpyridine was expanded into the
resction vessel. The temperature of the reaction vessel was 293 K
for the L.T. series sample and 698 K for the H.T. series sample.
The pressure of 2,6-dimethylpyridine was 0.13 kN m_2 (1 Torr).
This was equivalent to O.89x1019 molecules for the L.T. series
sample and 0.37x1019 molecules for the H.T. series sample. The
2,6-dimethylpyridine was left in contact witﬁ the samples for a
period of 60 min. During this time the H.T. series sample was
allowed to cool to 293 K. This was followed by an evacuation
period of 10 min. Standard experimental procedure was then
carried out. The resulting reductions in the rate values are

illustrated by Tables 9.7 and 9.8.

2,6-Dimethylpyridine Treated Catalysts

TABLE 9.7

L.T. Series Outgassed at 293 K for 5 hr

Reaction Temperature 293 X

Cat.Comp. / Rlb/10-3 % Reb/10_3 % initial
Atom % Sb min_1 m—2 min_l m_2' cis/trans
19.6% 103 23 3.b

19.6 28 ' 13 3.2



TABLE 9?8

| | -3, -3 | s
Cat.Comp. / Rlb/lO % - Ry /10 ° % initial
Atom % Sb min_l m-.2 min—1 m—2 cis/trans

19.6% 923, W62 1.0

19.6 L2 15 1.0
* yglues for untreated catalysts quoted in Tables 9.1 and 9(2.
The activity of the H.T. series sample, pretreated with the

smeller amount of 2,6-dimethylpyridine, was reduced to the greater

extent.

9.6 The Effect of Pressure on Activity

Samples of the 8.7 atom % Sb mixed oxide were pretreated
according to the H.T. method. The experimental procedure was
carried out as described in Section 9.3. The effect on activity
of different but-l-ene pressures was investigated. The pressureé
of but-l-ene used were, 0.80 kN w2 (6 Torr), 2.13 kN n 2 (16 Torr)

and 2.66 kN m 2 (20 Torr). These were equivalent to S.h6xlol9

molecules, 14.6x10%° 9

molecules, and 18.2x10% molecules, at a
temperature of 293 K. In order that comparisons between the rates

obtained for different but-l—-ene pressures can be made, the rates



-2

. . . . -1
are given in units of molecules min ~ m

8.7 atom % Sb Mixed Oxide

TABLE 9.9

H.T. Series Outgassed at 698 K for 16 hr

Reaction Temperature 293 K

but-l-ene/ _ Rlb/1016 molecnles Rgb/1016 molecules initial

1012 molecules min ¥ m 2 min T m~2_ cis/trans
5.46 35.5 30.0 1.0
9.97% 27.9 20.9 1.1

14.6 23.5 19.0 '1.0
18.2 11.2 7.6 1.1

* values for the 8.7 atom % Sb mixed uxide obtained from Teble 9.2

Increasing the but-l-ene pressure resulted in a decrease in
activity. The rate values obtained with a but-l-ene pressure of
2.66 kN m 2 (20 Torr), for a few selected mixed oxides, are presented
~in Table 9.10. |
TABLE 9.10

H.T. Series Outgassed at 698 K for 16 hr

Reaction Temperature 293 X

TSP N
1w 2ot
Cat.Comp. / v R /10'3% R, /103 % initial
’ 1b 2b .
Atom % Sb min_l m-2 min—J m—2 cis/trans
3.3 18 12 1.5
6.2 51 - 26 1.5
8.7 2990 62 L7 1.1
19.6 929 134 100 1.1
26.8 Lo 85 52 1.4



Maximum activity was observed with the 19.6 atom % Sb mixed
oxide. This was also shown by the H.T. series, quoted in Table 9.2,
for a but-l-ene pressure of 1.46 kN n 2 (11 Torr). Repeat experiments,
presented in Table 9.11, gave an indication of the reproducibility in

the rate values. The average difference between the rate values vas

5%.

TABLE 9.11

H.T. Series Outgassed at 698 K for 16 hr

Reaction Temperature 293 K

~Cat. Comp./ Rlb/10"3 % Rgb/10_3 % initial
Atom % Sb mint m 2 min—l‘m_z cis/trans
6. 2% 51 26 1.5
6.2 . L9 2 1.5
8.7% 62 b7 1.1
8.7 58 b7 1.0

¥ values given in Table 9.10

9.7 Butadiene Treated Catalysts

The catalyst studied was the 8.7 atom % Sb mixed oxide. It
was pretreated according to the H.T. method. The emount of butadiene
detected for a but-l-ene reaction at 293 K was approximately 0.2%.
Increasing the reaction temperature to 393 K, resulted in
epproximately 1%. An investigation of the effect on activity
of treatment with different butadiene pressures was carried out. .
Butadiene was expanded into the reaction vessel at 293 K. At the

end of a period of 30 min., the reaction vessel was evacuated for
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a period'df 10 min. Standard experimentsl procedure was then carried
out. The pressures of butadiene used were, 0.27 kN n 2 (2 Torr)y
0.53 kN n 2 (4 Torr) and 1.33 kN m 2 (10 forr). These pressures vere

. 19 ' 19 , 19
equivalent to l.8hx10. molecules, 3.68x107° molecules and 9.08x10
molecules, respectively. A but-l-ene pressure of 2.13 kN G (16
Torr) equivalent to 14.6x10%7 molecules, was used for all the

experiments. The rates obtained; after treatment with different

pressures of butadiene, are given in Table 9.12.
TABLE 9.12

8.7 atom % Sb

H.T. Series Outgassed at 698 K for 16 hr

" Reaction Temperature 293 K

Pressure ‘R.. /10739 R_ /1073 4 initial
WY 5 2l
Butadiene/ min — m min ~ m cis/trans
KN m 2
- 162% 131 1.0

0.27 75 - 1.1
0.53 o 0 -
1.33 0 0 -

¥ values for untreated catalyst

Treatment with a butadiene pressure of 0.53 kN m 2 (4 Torr)
or 1.33 kN m—2 (10 Torr) completely destroyed the activity of the
8.7 atom % Sb mixed bxide. For the sample treated_with 0.27 kN m—2
(2 Torr) a departure from the standard percentaée composition

versus time plot was observed. This is shown in Figure 9.7. The

rate of disappearance of but-l-ene was represented by a singie

4
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straight line plot. The value for the -rate of’disappearance of

but-l-ene is presented under the Rip column in Table 9.12.

Isomerization of Cis But-2-ene

9.8 Experimental Procedure

The chromatographic column and sensitivity factors have
been described in Sections 9.1 aﬁd 9.2. Reaction temperaturés of
293 K and 323 K were used for the L.T. series. For the ﬁ.T, series,
the reaction temperafure was 293 K. A cis but-z—eﬁe pressure of

1.46 kN n 2 (11 Torr) was used. This was equivalent to 9.97x1019
. 10

molecules and 9.04x10"” molecules, at temperatures of 293 X and
323 K, respectively. Standard experimental procedure was carried

out.

9.9 Results

Cis but-2-ene isomerization resulted in the formation of
trans butf2—ene and but-l-ene. Standard percentage composition
versus time plots are given in Figures 9.8, 9.9 and 9.10. The
values for the rates of disappearance of cis but-2-ene, RlC and .
ch, are presented in Tables 9.13, 9f1h and 9.15. Initial product

ratios of trans but—-2-ene/but-l-ene were obtained from stage Sl'



TABLE 9.13

L.T. Series Outgassed at 293 ¥ for 5 hr

Reaction Temperature>293 K

Cat;Comp;/ Rlc/lo'3 4 R20/10-3 % initial trens/
Atom % Sb min-:L m_2 | zvnin—':L m_z. but-l-ene
0 0 0 -
8.7 6.9 1.1 3.5
19.6 17 1.5 5.2
26.8 2k 2.6 : 3.7
49.5 L1 ' 5.5 b1
75.0 | 12 3.0 | k.2
100 o | o -

TABLE 9.1k

H.T. Series Outgassed at 698 K for 16 hr

Reaction Temperature 293 K

Cat . Comp. / Rl¢/;0—3 % 'R2C/10-3 % initial tréns/
»Atcm_% Sb nin ! m~2 min_'l w2 but-l-ene
0 o 0 -
6.13 57 35 3.1
7.4 % - 6 2.9
..8.7 | 100 6T -~ 3.6
9.6 o 13 3.9
26.8 19 4 3.8
k9.5 0 0 -
75.0 o o -

100 0 0 -
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'TABLE'9.15

L.T. Series Outgassed at 293 K for 5 hr

Reaction Temperature 323 K

Cat.Conp. / RlC/J.cS"3 % ch/lo'3 % initiel trans/
Atom % Sb min_l 2 min d m 2 but-1-ene
8.7 28 ' 2.3
9.6 98 15 3.6
26.8 120 19 3.2
49.5 - 292 25 3.6
75.0 50 15 - 2.8

For both series, stannic oxide and antimony tetroxide exhibited

no activity. The 19.5 atom % Sb and 75.0 atom % Sb mixed oxides,
pretreatéd according to the H.T. method, were also inactive at
293 K. Activity patterns for both series, at 293 K; are shown in
Figures 9.11 and 9.12. -Maximuﬁ activity was observed with the
49.5 atom % Sb mixed oxide of the L.T. series. Approximately
the same maximum sctivity was found for the T.l atom % Sb end
8.7 atom % Sb mixed oxides of the H.T. series. Increasing activity
with increasing antimony content was observed for the catalyst
composition region of 8.7 atam 7 Sb to 49.5 atom % Sb for the
L.T. series. In the H.T. series, all the mixed oxides, having
more than 8;7 atom % Sb, showed & decrease in activity with
increasing antimony content.
The initial product ratios indicated that all thé mixed

oxides formed trans but-2-ene preferentially. Increasing the reaction

temperature to 323 K, for the L.T. series, led to no significant decrease



in the initial product ratios. The increase in the reaction

temperature did not alter the activity pattern.

Tables 9.16 and 9.17 give an indication of the reproducibility
in the rate values for both series. The average difference in the rate
values for repeat experiments was T%. Changes of greater than jﬂ%'

in the activity patterns were regarded as significant.

TABLE 9.16

L.T. Series Outgassed at 293 K for 5 hr

‘Reaction Temperature 293 K

Cat.Comp./ Rlc/10—3 % ch/lo—3 % initial trens/
Atom % Sb min_l m_2 min_; m_2 but-l-ene
8.7% 6.9 1.1 3.5
8.7 | 6.3 1.0 4.0
TABLE 9.17

‘H.T. Series Outgassed at 698 K for 16 hr

Reaction Temperature 293 K

Cat. Comp. / Rlc/10”3 q R2C/10—3 A initial trans/
~ Atom % Sb min™t @ 2 min L m 2 but-l-ene
8. 7% 100 67 3.6

8.7 96 : N 3.9

* values quoted in Tables 9.13 and 9.1k.



9.10 2,6-Dimethylpyridine Treated Cutalysts

A study vas made of the effect of 2,6-dimethylpyridine on
the 49.5 atom % Sb and 8.7 atom % Sb mixed oxides. These mixed oxides
were pretreatgd according to the L.T. and H.T. method; réspéctively.
The expefimental procedure was similar td the one déscribéd in
Section 9.5. The pressure of 2,6-diméthylpyridiné USéd was 0.13 kN
m 2 (1 Torr). This was equivalent to 0.89x1019 molecules for the
L.T. series and O.3TxlOl9 molecules for the H.T. series. The effect
of such treatment on‘the values of Rlc and RQC’ is illustrated by

Tables 9.18 and 9.19.

gg6—Diméthylpyridine'Treated Catalysts

TABLE 9.18

L.T. Series Outgassed at 293 K for 5 hr

Reaction Temperature 293 K

Cat. Comp./ Rlcllo'3 % R20/10_3 A initial trans/
Atom % Sb - min ? m-2 min T m—2 but-l-ene
Lo, 5* R 5.5 L.1

49.5 17 2.6 4.2
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TABILE 9.19

H.T. Series Outgassed at 698 K for 16 hr

Reaction Temperature 293 K

Cat.Comp./ Rlc/lo'3 % 1120/10'3 % initial trans/
Atom % Sb min~t m_? min T m-2 but-l-ene
8.7% . 100 67 3.6
8.7 & L9 . 3.8

¥ values for untreated cataiysts quoted in Tables 9.13 and 9.1bL.

Treatment with 2,6—dimethylpyridine resulted in a decrease in

activity for both series.

9.11 Summary

Stannic oxide and antimony tetroxide, pretreatéd according to

both methods, were inaqtive for but-l-ene and cis but—2—éne isomerization.
Similar activity patterns, with maximum activity at the 49.5 atom

% Sb migea oxide, were found for isopropanoi dehydration, but-l-ene, cis
but-2-ene, 3,3-dimethylbut-l-ene and cyclopropane isomerization, with the
L.T. series. This is illustrated by‘figures 8.3, 8.9, 8.13, 9.3 and 9.11.

.Two diffefént activity patterns were noted for but-l-ene and cis
but-2-ene isomerization with the H.T..series. The activity pattern for
but~l-ene iscmerization, Figure 9.4, was like the one obtained for
cyclopropane isomerizatidn, Figure 8.1k, Maximum activity occurred
with the 19.6 atom % Sb mixed oxide. Maximum activity for cis but-2-ene
iéomerization, Fiéure 9.12, was seen with the T.4 atom % Sb and 8.7 atom

% Sb mixed oxides.



" "CHAPTER 10

" 'Discussion

The data presented in Chapters 8 and 9 (and & later

Chapter 11) did not allow an unambiguous decision to be made between
zero and first order kinetics, for any of the reactions investigated.
Since the primary objectives of the work were to establish activity
patterns as a function of catalyst composition and to obtain information
ebout the nature of the active sités, rather than to establish deteiled
kinetics, it seemed best to treat both of the Sl and 82 stages as
effectively zero order. It must also be pointed out that when the
stages were treated as first order processes, the activity patterns
which were obtained.did not differ significantly from those reported.

| Desctivation of the catalyst during the course of an
experinent was observed with all the reactions investigated.

(73) (92)

and Christie have elso encountered this

(92)

Sala end Trifiro
phenomenon. Christie , studying propylene oxidation with tin-
entimony mixed oxides from the same source as the ones used for this
thesis, observed that deactivation occurred after approximstely

60% of the reaction was completed. In contrast to Chrisfie's
observations, the results obtained for this thesis indicated that
deactivation took place at a much earlier stage. It was genersally
found that before the onset of the 5, stage between 15% to 30% of
the reaction had taken place. In some cases, extrapolation of the
percentage composition line.back to zero time 4did not pass through

the 100% point. This would seem to indicate that some particularly

active sites had been deactivated before the onset of stage Sl'



Sals and Trififo(73), invesﬁigating the éxidative déhydrogenation of
but~l—-ene, observed deactivatiqn pnly with an entimony oxide sample. °
Deactivation did not occur with stannic oxide and the tin-antimony
mixed oxides.

In spite of the deactivation phenomenon, adequete reproducibility
could be achieved if particular’care was taken with the choice of the
experimental conditions. This was an important factor, as the activity
patterns for the different reactions played a major role in deciding

the nature of the active sites.

Isomerization of 3,3~Dimethyluat-I-ene

Informetion on the acidic properties of tin-antimony oxide

catalysts is limited. Hughes et -€28) and Christie(gg)

, using catalystis
from the same source as the ones studied for this thesis, postulated
carbonium ion mechanisms for pr0pylene/D20 and isobutene/DQO exchange,
respectively. The former reaction, however, involfed an allylic
intermediste if the catalysts were pretreated with propylene. Sala
and Trifirb(73), studying the oxidative dehydrogenation of n-butenes,
concluded that Lewis-type acidic sites were responsible for the
isomerization which occurred concurrently with the dehydrogenation.
The isomerization of 3,3-dimethylbut-l-ene, believed to
proceed only by a carbonium ion mechanism, was used as a test reéction
to investigate the acidity of the tin—antimony oxide catalysts. As
discussed earlier in Section 2.1, evidence for such a reaction scheme

was obtained by Haag and Pine§29)(30) (31)(32)

and also by Kemball et al.
in a lster investigation. It is worth while emphasising the important
features of the reaction scheme. The first step is the addition of a

proton to form & secondary carbonium ion, which rearranges to the more



- stéble tertizry ion. Such a méchanism cén take place over a catalyst .
which has hydroxyl groups capablé of displaying Bré¢nsted-type acidity.

The activity patterns, illustratéd in Figures 8.3 énd 8.k,
clearly show that only the tin-entimony mixed oxides are capable or
displaying Brénsted-type acidity, at 373 K. The individual oxides
and the 6.2 utom % Sb mixed oxide were inactive in the temperature
range of 373 K to 573 K.

The inactivity of the 6.2 atom % Sb mixed oxide is surprising
as other reactions (to be diécussed later) revealed‘that it is capable
- of showing acidic pfoperties. The retarding effect on activity of
pretreatment with sodium acetate, shown in Table 8.9, is consistent

(93) They believed that Na' ions exchange

with the views of Rocsa ét al.
withAprotons and poison Br¢nsted-type but have no effect on Lewis—type
acidic sites. |

A similar situation in which two different oxides show acidic
rroperties on combination was éncountéred by Moro-oka et al.(9h)(95) in
their investigation of propylene oxidation. They observed an increase in
the number of acidic sites whén stannic oxide, believed to have only a
few acidic sites, was combined with molybdenum trioxide. They also
suggested that the acidic sites were hydroxyl groups.

The tin-antimony mixed oxides studied for this thesis were
prepared in an analogous manner to the ones used by Godin et al.(23)
They believed'that the mixed oxides of composition >5 atom % Sb,
consisted of two phases. One phase was believed to be .& solid solution
of antimony tetroxide in stannic oxide and the other weas thought to be
an antimony tetroxide phase. Maximum activity for 3,3-dimethy1but—l—ene

isomerization was observed with the 49.5 atom % Sb and 26.8 atom % Sb

mixed oxides of the L.T. and H.T. series, respectively. This suggests
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that both éhases are responsible for Br¢nstéd-typé acidity.

The greater'activity of thé mixed oxides présented in Table 8.k
compared with the corresponding ones in Tablé 8.3, indicates that Br¢nsted
acidity increases when the outgassing ‘cemperature is raised from 293 K to
698 K. Flockhart et al.(sg) studying cyclopropane isomerization over a
zeolite catalyst, ébserved that Br¢nsted acidity increased with rise in
temperature until an optimum temperature was reached. Above this
temperature, Lewis acidity increased but Br¢nsted acidity decreased.

A similar situation possibly exists for the tin—antimony mixed oxides.

(73)

Other investigators have reported that tin—antimony mixed oxides,
calcined at 1173 K, showed Lewis acidity. The tin-entimony mixed
oxides, outgaséed at 698 K, may also have Lewis—type sites as well

as & considerable number of Br¢nsted-type sites. Although all the
'tin—antimony mixed oxides éf composition >6.2 atom % Sb showed an
increase in activity when the outgassing temperature was raised to

698 K, two different activity patterns were observed for the two
outgassing temperatures. This implies that the extent to which
Br¢nsted acidity increases with rise in temperature, dependg upon
catalyst composition. Therefore, the temperature et which Lewis
acidity starts to increase and Br¢nsted acidity to decrease will
probably also depend on catalyst composition. A study of the infra-
red spectra of adsorbed pyridine, similar to the one Earried out by
Ward(96), would have providéd 8 method of estimating the concentration
| afeitﬁezﬂBr¢nsted—type,or Lewis-type acidic sites. Unfortunately,
preliminary infra-red studies, mentioned in Section 8.15, revealed that
this technique could not be applied to the tin-antimony mixed oxides,
due to transmission difficulties. Thornton and Harrison(97) encountered

similar diffisvlties in their infra-red investigation of stannic oxide.
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They detected the presencé of wveakly bonded water on the surface of
stannic oxide, aftér outgassing at 293 K. Thé water was believed to
be held to the surface by séverai modes, cne of which was hydrogen
bonding to surface hydroxyl groups. A similer situation méy also
exist with‘the'individual oxides and the €.2 atom % Sb mixed oxide
of the L.T. series, under the experimental conditions employed for
the 3,3-dimethylbut-l-ene isomerization study. This would account
for the inactivity of the three catalysts. However, the activity of
the mixed oxides of composition >6.2 atom % Sb indicates the presenée
of Br¢nsted-type hydroxyls, after outgassing at 293 K.

Increasing the outgossing temperaxure'to 698 K wili résult
in the loss of the weakly bonded water from tﬁe surface, and will also
result in dehydroxylation. The inactivity of the two individuel oxides
and the 6.2 atom % Sb mixed oxide, after outgassing at 698 K, implies
thet considerable dehydroxylation tekes place, so that no suitable
hydroxyl groups are avsilable for 3,3—dimethylbut—i—ene isomerization.

(97)

This is in keeping with the findings of Thornton and Harrison , who
reported that stannic oxide showed considerable Lewis acidity at
tempersatures of 2508 K.

A different situation exists for the tin-antimony mixed oxides,
outgassed at 698 K. The observed increase in the activity of the H.T.
series as compared with the L.T. series, Tables 8.3 and 8.4, indicates
an increase in the number &nd/or the activity of the suitable hydroxyl
~groups. Loss of water from the surface will be a contributory factor.
However, ﬁnlike the situation encountered with the individual oxides and
the 6.2 atom % Sb mixed oxide, extensive dehydroxylation evidently does

not occur if the atom % Sb is >6.2%.

In all cases, the isomerization of 3,3-dimethylbut-l-ene was
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limited to the fqrmation éf 2,3-dimethylbut~l—ene and 2,3-dimethylbut-~
2-ene. fhis, according to Haag and Pinés(29), indicates that the
Bré¢nsted-type acidic sités, present on thé tin-antimony mixed oxides,
are week. Further rearrangement of‘3,3-dimethylbut—l—ene ohly occurs
on strongly acidic sites. Tables 8.1 and 8.2 of selectivities showA
that the product ratio (2,3-dimethylbut-2-ene/2,3-dimethylbut~l-ene)
does not vary significantly with time, catalyst composition or
pretregtment. The average value of the product ratio (~5) is slightly
higher than the one extrapolated from the data of Kilpatrick et al.(98)
It would appear that the products are formed in approximately
thermodynamic equilibrium proportions during the reaction. Similar

observations concerning the product ratios were made by Kemball et al.(32)

(99)

and Hoser and Krzyzanowski

Decomposition of Isopropanol

In spite of the controversy concerning the mechanism of
alcohol decomposition, discussed in Section 3.1, a number of investigators
(100)(101) have correlated the surface acidity of binary oxide catalysts
with isopropanol dehydration. It was with this correlation in mind that
& study of the decomposition of isopropenol was undertaken. As alcohol
decomposition can take place by dehydrogenation and dehydration, it also
provides a suitable model for studying the effect of cafalyst composition
end pretreatment on selectivity.

Tables 8.11 and 8.12 illuétrate the striking change in
selectivity which resulted when the outgassing tempersture was raised
from 293 K to 698 K. The tin-antimony mixed oxides, outgassed at
293 K, functioned essentially as dehydration catelysts but on |

changing the outgassing temperature to 698 K, selectivity towards

dehydrogenaiion increased. This increase was particularly marked
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in the tin-sntimony mixed oxides of low antimony content.
Isopropanol dehydration, resulting in propylene formation,

o (45)

can éaké place on Br¢nstéd-typé acidic sites or Lewis-type écidic
sites(hs). Cqmparison of the activity patterns for 3,3-dimethylbut-l-ene
isomerizaiion, Figures 8.3 and 8.4, with those for propylene formation,
Figures 8.9 and 8.10, gives an indicetion of the nature of the site
responsible for isopropanol dehydration. The tin-antimony mixed
oxides of composition greatér than 6.2 atom % Sb, pretreated accordingv
to the L.T. and H.T. method, display similar activity patterns for
3,3-dimethylbut-l-ene isomerization and propylene‘formation. This
suggests that both reactions teke place on the same type of siﬁe.

As discussed earlier, 3,3-dimethylbut-l-ene isomerization tekes

place with hydroxyl groups cepable of displeying Bré¢nsted-type

(hS), studying the dehydration of

ecidity. Gentry and Rudham
isopropanol on X zeolites, observed propylene and di-isopropyl
ether formation. Activity wes attributed to hydréxyl groups,
capable of displeying Br¢nsted acidity. Thus, theAreaction scheaes

(45)

proposed by Gentry and Rudham may also account for isopropanol
dehydration over the mixed oxides of composition >6.2 atom % Sb end

pretreated according to both methods.

CH—CHOH—CH,, + OH ,  CH,—CHOH,—CH

3 3 —_— 3 3
isopropanol 0
| CH3-——CH:6H2—-CH3 — CH3—:6H——CH3 + H,0
0- : ' oo
cH~LH—CHy ———  CHy;—CH==CH, + OH
0 propylene
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CH3—-§H——-CH3 + CH -—CH§H ——CH3 ———  (CH,) ,CE—JH—CH(CH,),, + OF
o~ - | 0~
(CH3)2CH——(:)§——CH(CH3)2 ———  (CH;) ,CH—0—CH(CH,) , + OH
0~ : ' di-isopropyl ether

Previousiy mentioned was the fact that 3,3-dimethylbut-l-ene
isomerization was found to teke place more readily with the H.T. series,
thar with the L.T. series, indicating an increase in Br¢nsted acidity
in the H.T. series. A similar situation might be expected with
propylene formation from isopropanol. However, Section 8.9 reveals
that this is not the case. Propylene formation wés observed to occur
more readily over the L.T. series. Hugheé et al.(28) and Christie(ge)
noted that propylene readily poisoned the acidic sites of tin-antimony
mixed oxides, outgassed at 723 K. Such a retarding effect will probabiy
teke place more readily with the H.T. series, (which display the greater
Br¢nsted-type acidity) than with the L.T. series. Thus, the H.T. series
will appear to be less active for propylene formation than the L.T.
series. The fact that the mixed oxides of the H.T. series had the
aﬁility to dehydrogenate as well as dehydrate isopropanol alcchol
will also be a factor contributing to the decrease in propylene
formation.

Stennic oxide and catalyst samples of appréximately 6 atom
% Sb, pretreated according>to the H.T. method, showed activity for
prépylene formation but not for 3,3-dimethylbut-l-ene isomerizaticn.

A mechanism involving Lewis-type sites, similar to the one proposed by
Gentry et a¢.(h ) would result in propylene formation and would not lead'
to 3,3-dimethylbut-l-ene isomerization. In keeping with this idea,

(97)

Thornton anéd Harrison reported that stannic oxide showed considerable
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Lewis acidicy at temperaﬁuresqu~3598 K. Table 8.1k shows tﬁat the
activity of stannic qxigé,’for propylené formation, was. greater than the
activity of tﬁe 6.13 atom % Sb mixed oxide. These facts suggest that the
tin ions may act as Lewis—?ype acidic sites. Thus, it may be possible to
account for propyléné formation ovér stannic oxide and the 6.13 atom %

5b mixed oxide, outgassed at 698 K, using a reaction scheme similar to the

one proposed by Gentry et al.(h6)

(lmgfclzﬁ-—-c% <|:H2——CH——CH3 (|3H2——6H——CH3
H O=H — H C{)“"H — i (l)_H
6 én 6 Sn 6 ‘ Sn
(1)
CH, —Cii—CH CH ==CH—CH
|é§7 3 p%opylene 3
H O0—H —» H O—i
T | | |
(o} Sn 0 Sn

Interaction of the carboniuwm (1) with physically adsorbed

isopropanol will give rise to an oxonium ion ((CH3)2HC)25H. Abstraction

of a proton by a basic oxide will result in di-isopropyl ether formation.
Such a mechanism may account for the trace amount of di-isopropyl ether
observed with the 6.13 atom % Sb mixed oxide of the H.T. series.

A striking feature is the fact that only the mixed oxides

of the H.T. series displayed appreciable sctivity for isopropanol

(L6-48)

dehydrogenation. A number of investigators believe that

different sites are responsible for dehydration and déhydrogenation.
Two observations suggest that a similar situation exists for the
tin-antimony mixed oxides. One of these observations, illustréted

in Tebles 8.18 and 8.19, is the greatef effect that pyridine treatment

(102)

had on dehydration than on dehydrogenation. Pyridine can adsorb



-on both Br¢nsted-type and'Lewis—pre.acidic sites. In keeping with
this was‘the'Obsérvation that pyridiné tréatment retarded the
dehydrstion activity of the 6.13 atom % Sb and 26.8 atom % Sb mixed
oxides. As discussed above, the most likely mechanisms for propylene
formation with these tin—antimony mixéd oxides involve Lewis-type
and Bré¢nsted-type acidic sités, respectivél&. The other observation,
inferring separate sites, is the fact that different activity patterns
were found for propylene formation end acetone formation, with the seme
range of tin—antimony mixéd oxides. Thié is illustrated by Figure 8.10
and Teble 8.15, respectively.

It is particularly interesting, that the catalytic action of
stannic oxide, outgassed at 698 K, was directed almost exclusively

(103), studying the

to the dehydrogenation of isopropanol. Buiten
decomposition>of isopropanol ovér stannic oxide, molybdenum trioxide
and a catalyst composed of both oxides, encountered a similar situation.
Stannic cxide favoured the formation of acetone, but the combination

of the two oxides resulted in a catalyst which preferentially formed
propylene. In this case also, hydroxyl groups were believed to be
involved in the mechénism for propylene formation. Thus, the tin

oxide component of the tin-antimony mixed oxides, outgassed at 698 K,
may possibly be responsible for the formation of acetone.

As slready discussed in Section 3.1, Hauffe(l6)

(17)

and
Wolkenstein put forward contrasting theories to explain the
role of the electronic factor in the decomposition of alcohols.

(16) and Wolkenstein(l7) postulated theories to

Although Hauffe
explain dehydration and dehydrogenation, their ideas concerning
dehydrogenation only shall be considered. The foregoing discussion

shows that isopropanol dehydration over the mixed oxides of 36.2 atom



% Sb, outgassed accqrding tq-bqth methods , may be'rélated to the
acidic naturé of the catalyst's surfacé. ;
W¢lkenStein(17) considéfs the adsorption of alcohol as an
acceptcr process, wheréas, Hauffé(ls).régards it as a donor process.
Although‘ﬁdlkenstein and Hauffe-regérd tné desorption of acetone as
a donor process, only Hauffe b;liéves it to bé the rate-determining
step. Thus, according to Hauffe's viéw, isoﬁropanol dehydrogenation
will be favoured by a p—typé.semiconductor. However, antimony
tetroxide, a p-type semiconductor did not dehydrogenate isopropanol
but stannic okide, a n-type semiconductor, did. Such a result is
consistent with Wolkenstein's view. According to Wolkenstein, the
initial adsorption step is thfough thé hydroxyl hydrogen.- This can
be regarded as an acceptor process and will be favoured by a n—type
semiconductor. In accordance with such a view were the observations
made by & group studying isopropanol decomposition over the n-type

(b7) (1oh). An

semniconductors manganese molybdate and zinc oxide
increase in the Fermi levels of the two n-type semiconductors resulted
in an increase in isopropenol dehydrogenation. However, they did not

support Wolkenstein's view that the initial adsorbtion step of alcohol

(47)

was rate-determining. Rajaram et al., observing that isoproPanol‘
dehydrogenation over manganese molybdate was inhibifed by acetone,
concluded that the desorption of acetone was the rate-determining
step. They, unlike Wolkenstein and Hauffe, believed that the
desorption of acetone had an acceptor characte;. In spite of the
different views concerning the rate-determining step, & mechanism
proposed by Viswanathan et algth) to explain'isopropanol
dehydrogenation over zinc oxide was, in general, in keeping with -

Wolkenstein's views. ‘A similar mechanism may also account for

isopropanol dehydrogenation over the H.T. series. The results



obtained with the H.T. series favour the view that stannic oxide,

a n—type semiconductor, is responsible for isopropanol dehydrogensation.
1}  Initial edsorption of the alcohol through the

hydrogen of the hydroxyl group

|
ol 11-

® O

C3H70H +

2) The primary adsorption state transforms into a two point

adsorption involving both the hydrogen and oxygen of the hydroxyl group.

ol 1)
|

V3) Acetone and hydrogen are desorbed leaving the surface in

its original state.

A, 1,
l5 ||
0 —— | O &
® O | ® 06

Thus, on stannic oxide, activity for dehydrogenation of

isopropanol is associated with the donor levels and is rate-limited

by an acceptor process. According to Wolkenstein, the rate-limiting

step is the initial adsorption of the alcohol through the hydfogen

of the hydroxyl group. On the other hanid, Rajaram et al.th) from
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their investigapiqn wi?h ﬁanganese molybdate, concluded that the
desorption of acétbne;'an accéptor procéss; was thé raté—determining
step. .Howevér; thére is insufficient evidéncé to infer which step
is rate determining for isopropanol déhydrogenation over the H.T.

series.

Cyclopropane Isomerization

Mentioned earlier in Section 4.k, was the fact that cyclo-

propane isomerization has been attributed to Br¢nsted—type(5h) and

Lewis-type acidic sites(56). A comparison of the results obtained
for cyclopropane isomerization,with the ones obtained for 3,3-dimethyl-
but-l-ene isomerization and isopropanol.dehydration,provideé further
information ebout the acidic nature of the tin-antimony catalysts.
For the tin-antimony mixed oxides, pretreated according to
the L.T. method, the activity pattern for cyclopropane iscmerization
is similur to the ones obtained for 3,3-dimethylbut-l-ene
isomerization end isopropanol dehydration. This is illustrated
by Figures 8.13, 8.3 and 8.9, respectively. Thus, teking into
account the discussion concerning the most likely sites for
3,3-dimethylbut-l-ene isomerization and isopropanol dehydration
over the mixed oxides of composition >6.2 atom % Sb, cyclopropane
isomerizaetion probably tekes place via similar Br¢nsted-type acidic
sites. Other .investigators have also postulated a mechanism for

cyclopropane isomerization which involved an initial step of proton

(54)
(55)

addition. Roberts postulated an n-propylcarbonium ion, whereas

(57)

Baird and Aboderin and Hightower and Hall explained their
observaticns by invoking a cyclo-propylcarbonium ion. The technique
employed in the investigation of the tin-antimony mixed oxides does

not allow c distinction to be made between the two forms.
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The activity paﬁtéin for cyclqpropane isoﬁérization over
the H.T. series mixed oxidés; Figﬁre 8.1k, is unlike the ones obtained
for 3,34dimethylbut—l—éne iscmérization end isopropanol dehydration,
Figurcs 8.4 and 8.10, réspectivély._ This suggests that different
sites ma& be responsible for cyclopropane isomerization. Flockhart

et 31.559)

studying a zeolite catalyst, concluded that an increase

in the outgassing temperaturé resﬁltéd in the sites changing from
Br¢nsted-type acidic sites to Léwis-typé acidic sites. The
possibility that cyclopropane isomerization takes place via twé

types of acidic sites may explain the different activity pattern.

A similar explanation, to be discusséd fully in a later sectién,

is ﬁsed to account for the but-l-ene isomerization activity pattern
found with the mixed oxides of the H.T. series. This activity pattern,
Figure 9.4, is similar to the cyclopropene isomerization one.

An interesting feature of the cyclopropane isomerization
investigation is the fact that the mixed oxides of the H.T. series
were found to be less active than the corresponding ones of the
L.T. series. This is in accordance with the finding for isopropanol
dehydration. The H.T. series mixed oxides displayed the lowest
activity. The possibility that this decrease in activity is due
to poisoning by propylene has already been discussed. A further
indication of this poisoning effect is borne out by the difficﬁlty,

mentioned in Section 8.14, of obtaining Arrhenius data for the H.T.

(54)(105)

series. Other investigators have also encountered
irreversible adsorption of propylene in their cyclopropene

isomerization studies.:
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- Isomerization of n-Butenes

Fully‘discﬁsséd in chaptér'5; is thé menner in which
n-butene isomerization can provide & uséful genéral méthod of
- distinguishing bétwéen acid, basé and metal catalysts. ‘Mechanisms

(65)

involving butenyl (allylic) carbonium ions and secondary butyl

(106)

carbonium ions have been postulated to explain activity over

Lewis-type and Br¢nsted-type acidic sites, respectively. Pines and

(66)

Schaap proposed an allylic carbanion to account for double-bond

isomerization over base catalysts. Secondary butyl radicals(60)
have been used to.explain isomerizatiqn over metal catalysts.
However, there are some cases where elucidation of the reaction
mechanism has proved to be difficult? One such case is alumina.
Hightower and Hall(6h) concluded that the difficulty arose because
" various reactions, proceeding throughAdifferent surface complexes,
took place on different sites. Keeping in mind the fact that
retionalization of the reaction mechanism may prove to be difficult,
an investigation of n-butene isqmerization over the tin-antimony
catalysts was undertaken. It was hopea,that the observations from
such an investigation would correlate with the ones found for
3,3-dimethylbut-l-ene isomerization, cyclopropane isomerization
and isopropanol dehydrationf

In accordance with the general findings for the above
three reactions, the individuel oxides displayed no activity for
n-butene isomerization. Activity was only detected for the tin-

(lOY), working with titenium

antimony mixed oxides. Itoh et al.
dioxide and silicon dioxide, reported that a combination of the
two oxides resulted in a catalyst showing high activity. The

combination of the two oxides was thought to result in an increase



in the number of sites responsible’ for the formation of secondary
butyl carbonium ions.

Contrary to the findings reported in this thesis, Kemball

(71)

et al. noted that stennic oxide showed considersble isomerization

activity for but-l-ene and cis but-2-ene. In an earlier investigation,

(70)

Takte and Rooney postulated a mechanism involving l-methyl-allyl

radicals to account for but-l-ene isomerization. However, Kemball

(71)

et al. failed to establish such a correlation. An intramolecular

mechanism involving a secondary carbonium ion was used to explain cis
but-2-ene isomerizetion.
Although under oxidation conditions, it is interesting to

(69) (73)

and Sala and Trlflro

(69)

note the observations of Trifird et al.
studying‘tin—antimony oxides, Trifiro et al. reported that
-stannic oxide had very little isomerizing ability. The activity of
antimony tetroxide was observed to be less than that of stannic oxide.

(73)

In a later 1nvest1gatlon, Sela and Trlflro nqted'that antimony
pentoxide showed activity for but-l-ene isomerizationf Increasing
the calcinatign temperature of the entimony pentoxide from 673 K
to 1073 K resulted in complete loss of activity. However; the
activity of the tin-antimony mixed oxideswas not destroyed by

e high calcination temperature. In view of their obsérvations; .
it is perhaps not surprising that the tin-antimony mixed oxides
were active and the individual oxides were inaétive. A calcination
temperature of 1123 K was used in the preparation of all the
catalysfs investigated for this thesisf' In keeping with thé view
that high calcination temperatures possibly affect'the
isomerization activity of the individual oxides; are the

(71)

experlmental conditions which Kemball et al. used. Stannic

ox1de, showing considerable 1somer1zat10n act1v1ty, had been
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pretreaFéC at a low témpératuré Of-h73fK?

Attaching norsignificancé to thé slight variation of the
initial product ratios observea for thé tin-antimony mixed 6xidés
. of & particular.series; thé avérage initial cis but—2-éné/trans
but-2-ene product ratios for thé’L;T. and H.T. series are 3.U
and 1.2, respectively. This is illustrated by Tables 9.1;'9.2
and 9.3. Tables 9.13, 9.14 and 9.15, show that the average initial
trans but-2-ene/but-l-ene product ratios found fqr ?hé LfT; end H.T.
series are 3.6 and 3.5, respec’givelyf Thus, it was only in thé casé
of but-l-ene isomérizétiqn that different average initial product
ratios were observed for the twq methéds of pretreatmentf

Over the L.T. series, but-l-ene isqmerization résUlted
in an average initial cis but-2-ene/trans but-2-ene product ratio
of 3.4, This value suggests thap a mechanism involving a sécondary
butyl radical is unlikely. Such a mechanism? discussed in
Section 5,5, results in an initial trans but—2-ene/cis but—2-ene
product ratio >1 at low temperatures. However, initial cis
but-2-ene/trans but-2-ene product ratios >1 have been explained
for but-l-ene isomerization over basic and acidic catalysts.

(67)

Haag and Pines , studying catalysts such as sodium-on-alumina

and lithium-on-alumina, believed that the double-bond shift

occurred by & mechanism involving allylic carbanion intermediates.
Such a mechgnism was thought to account for a fast but-l-ene to

cis but-2-ene interconversion, resulting in an iniﬁial cis but-2-ene/
trans but-2-ene product ratio of 4. The high initial product ratio was
thought to be due to the stability of the cis anion brought about by

the formation of a cyclic intermediate. This intermediate is

illustrated in Section S.h,
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(65)

Leftin and Hermena . s?udying but-l-ene isqmeriéaﬁiqn
ovér'a silica—alumina catalyst; raﬁionalizéd'théir observed initial
product ratios in terms of a buﬁényl carbonium ion7 Assuming a
staggered conformation around C3 in:but—l—éne; @rans and gauche
conformations are possible. Iewis acid attack on the trﬁns and
gauche conformérs; without rearrangément; will result iﬁ the
formation of trans and cis but—2—ené, respectivelyf Théy

argued that as two equivalent gauche spructures'fqr but—l—ené '
are possible, on statisticel grounds, a maximum cis but—2—ene/
trans but-2-ene ratio of 2 would be expected for catalysts
possessing strong Lewis-type acidity. However, they did Lot
preclude the possibility that higher-cis'but—Q—ene/trans but-2-ene
product ratios would be obtained if the’adsqrptign—desqrption
rates for the gauche conformations were greater than those for

the trans conformafion.

(68)

rd
Foster. and Cvetanovic » studying but-l+ene isomerization
over a variety of acid catalysts, concluded that high initial cis
but-2-ene/trans but-2-ene product ratios were consistent with a

(29)

mechanism involving a carbonium ion. However, Haag and Pines R

(108)

and Lucchesi et al. believed that high initial product ratios,

formed as a result of but-l-ene isomerization, could not be reconciled

(29), studying

with conventional carbonium ion theory. Haag and Pines
elumina, otserved initial cis but-2-ene/trans but-2-ene product
ratios of 2-h. They also found similar rates for double-bqnd shift
and cis but-2-ene to trans but-2-ene intercqnversion. This
observation surprised them. Migration of the double-bond involves

the breaking of a carbon-hydrogen bond and the formation of a new

one, whereas cis but-2-ene to trans but-2-ene interconversion



requires untying of a'n—Bqnd. Thus, bond bresking was not occurring
in the raté—détermining step. The similarity in the rates of the two
processes suggested that both occﬁrréd by the same méchanism. A
secondary butyl carbonium ion wes proposed eas thé common intermediate.
The elimination of a proton froﬁ the secondary butyl carbonium ion |
proceeded thréugh the rearrangement to a m—complex in a slow step,
with & subsequent rapid loss of the proton.. Such a mechanism.vas
believed to account for the high initial product ratios. A diagrém
of the mechenism is giver. in Section 5.3.

The activity patterns for but—l-ene and cis but-2-ene
,isomerization over the L.T. series, Figures 9.3 and 9.11,are
similar. This infers that double-bond shift and cis but—-2-ene
to trans but—2-ene isomerization take place on siﬁilar sites. An
insight into the nature of these sites is gained from the fact that
the but-l-ene and cis but—2-ene activity patterns are like the ones
found for 3,3-dimethylbut-l-ene isomerization, cyclopropane
isomerization and isopropanol dehydration, over the tin-éntimony
vmixed oxides of the L.T. series. Thus, but-l-ene and cis but-2-ene
isomerization, over the L.T. series,.probablyAtake place via Bré¢nsted-
type acidic sites. In keeping with a mechanism involving Br¢nsted-type
acidic sites is the average initial trans but-2-ene/but-l-ene product

(66)

ratio of 3.6. Mechanisms involving aiiylic carbanions .» butenyl

(65)

(allylic) cerbonium ions are expected to result in low initial

trans but-2-ene/but-l-ene product ratios, due to the lack of

rotation about the allylic intermediaste. 1In keeping with this,
(68) '

Foster and Cvetanovit reported that but-2-ene isomerization

over potassium hydroxide resulted in but-l-ene formation only.

(109)

In en early investigation Misono et al., studying



— )

cis but-2-ere isqmerizatiqn over & rqngeiéf.métél sulphates, were able

to showthat thé'initial product ra?io dépéndéd'upqn the.acid strength

of the catalyst. Thé initial product rayiq inéréased with increase iﬁ.

the acid strength of thé catalyst. In é latér study Misono and Yoneda(llo),
studying n-butene isomeriza‘_cion ovér_aluminium sulpha,té as a typical strong
acid catalyst and maegnesium sulphaté as a typical wéak acid catalyst,
attémpted to clarify thé correlation between selectivity and acid

strength by the use of'energy diagrems similar to the Qﬁe used by

(64)

Hightower and Hall . The increase.in the initial but-2—ene/bu#—l—ene
product ratio.,with increasing acid strength,was expléinéd by a decrease
in the height of the energy barrier to but-2-ene formetion relative to
but—-1-ene form;a,tion .

The resemblance between the carbonium ion intermediate and the
transition state was believed to increase as tﬁe stability of the
carbonium ion decreased.. A stable carbonium ion intermediate was
vaid to be formed over the stronger acid catalyst aluminium. sulphate.
Thus, the energy barrier of but-2-enc formation was believed to be .
lower than that of but-l-ene formation due to the fact that the
transition states reflected the energy differences of the n-butene
isomers. Such an interpretation rationalized the high initial trans
but-2-ene/but-l-ene product ratio (6.9) and the similarities in the
reactivities of the n-butenes over aluminium sulphate. However, the
energy differences between the transition states of the n-butene
isomers for ﬁhe weaker acid catalyst, magnesium sulphate, were
believed to be small, due tp the fact thet a less stable carbqnium
ion intermediate was formed. This explainéd the low initial trans
but—2-ene/but-l-ene product ratio (1.2) and the largé differences

between the reactivities of the n-butene isomers observed for

'maghesium sulphate.



Thus,.accqrding to the'résﬁlﬁs of Misqno_and Yoneda(llo),
the averagé initiel trans but42—éné/but~l—ené ﬁrodﬁct ratio of 3.6
and thé lowér réactivity for cis but—2—éné isomerization rélative
to but-l-ene isomérization suggests that thé activé sités,qf the
L.T. series tin—antimony'mixed oxides are moderately acidic. In
accordance with tﬁis are the results for 3,3—dim§thylbut—l—ene
isonierization, which have been discussed earlier. The only products
observed over .the tin-antimony mixed oxides of the L.T. series, were
2,3-dimethylbut-l-ene and 2,3—dimethylbut—2—ene. This infers that
(29) -

strougly acidic sites are not present.

Although the results for cis but-2-ene isomerization over

the tin-antimony mixed oxides of the L.T. series can be correlated

(110)

with the findings of Misono and Yoneda , the ones for but-l-ene

(110)

, in accordance with

(6L4)

isamerization do not. Misono and Yoneda
the interpretations put forward by Hightower and Hall for a
common secondery butyl carbonium intermediate, found initiel

cis bub-2-ene/trans but-2-ene product ratios of approximetely

1 for both catalysts. However, the average initiel cis but-2-ene/
trens but-l-ene product ratio observed for the tin-antimony mixed
oxides of the L.T. series was 3.4. Such & ratio is similar to the
ones reported‘by Haag and Pines(zg). They postulated, discussed
in Section 5.3, a mechanism involving w-complex formation to
account for the high initial product ratios and the similarities

iﬁ the rates for double-bond shift and cis but-2-ene to trans
but-2-ene iscmerizastion. However, the rates for the two types of
isomerization over the tin-antimony mixed oxides of the L.T. series

are different. This is illustrated by comparing the cis but-2-ene

isomerizati~n rates given in Table 9.13 with the corresponding ones
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quoted. in fable 9.1, for bUt;l—enevisomexization.

Mentiqned'éarliér'was thé'fact that thé'activity paﬁtérns for
but—l—ené and cis bﬁt—2—ené isomérization wéré similar, suggésting
that similar sités wére involvéd. Sépgratély; thf'résults for but-l-ene

and cis but-2-ene isomerization over the L.T. series mixed oxides are,
(29) _,

in general, in accordancé with fhé findings of Haag and Pines
Misono and Yoneda(llo); respectivély. It is difficult to account

. completely for both reactions in terms of a single interprétation.
However, all the evidence, for both reactiqns, favours a mechanism
involving carbonium ions in which Br¢nsted-type acidic sités play &
mejor role. This view is further supported by the éffect that
2,6-dimethylpyridine pretrestment had on but¥l—ené and cis.but—Q—

ene isomerization.

Tables 9.7 and 9.18 show that pretreatment with 2;6—dimethyl—
pyridine decreased the activity of the tin-antimony mixed oxides of
the L.T. series for but-l-ene and cis but-2-ene isomerization,
respectively, but had no significent effect upon the initial prodvech
ratios. This implies that double-bond shift and cis but-2-ene to
trans bgt—2—ene interconversion are affected to the same extent.

Jacobs and Heylen(lll)

, studying 2,6-dimethylpyridine and pyridine

adsorption on a series of zeolites by means of infra—fed spectroscopy,
obtained evidence to support the idea that 2,6-dimethylpyridine shows
a high selectivity towards Br¢nsted-type acidié sites in the presence
of Lewis-type acidic sites. Weaker bonds were believed to be formed
with Lewis—type acidic sites due to the steric effects of the methyl
groups in positions 2 and 6. In a later investigaﬁion; Jacobs et al.(106)
used the same technique to show that hydroxyl groups were responsible

for n-butene isomerization over a series of zeolites. Thus, the

poisoning effect of pretreatment with 2,6-dimethylpyridine on the
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via Br¢nsted-type end LewiSnype.acidic.siFés, simultanequsly. A.‘
similar situaﬁion mey éxist for bﬁt-l-ené isomérization. Thus, over
the mixed oxides of the H.T. series, 3,3-dimethylbut-l-ene isomerization
takes place via Br¢nstéd~§ypé acidic sités‘only; but cyclopropane and
But—l—ené isomérization may také place via Br¢nstéd—typé and Lewis-type
acidic sites. Such a situation would account for the fact that the
activity patterns for cyclopropane and but-l-ene isomerization are
unlike the one observed for 3,3-dimethylbut-l-ene isomerization.

A situation in ﬁhich cis but-2-ene isomerization occurred over the

two types of acidic sites was reported by Ballivet'ét al.(llz)(ll3),

(112)(113), studying cis but-2-ene isomerization over

Ballivet ef al.
four silica—aluminas, attributed their activity to both types of
acidic sites. Activity was fouﬁd to decrease according to two
experimental laws, one of which was correlated qualitatively with
Lewis—type acidic sites and the other with Br¢nsted-type acidic
sites.

It is possible, to some extent, to account for an initial
cis but—2fene/trans but-2-ene product ratio of 1.2 by a mechanism
involving a butenyl carbonium ion as well as by one involving a

(65)

secondary butyl carbonium ion. Leftin and Hermana , studying
but-l-ene isomerization over silica-alumina, observed initial
cié but-2-ene/trans but-2-ene product ratios of 1.2-1.7. Lewis~-
type acidic sites resulting in butenyl carbonium ions, were thought
to be responsible for but-l-ene isomerization.

Several other factors support.the possibility that but-l-ene
isomerization, over the mixed oxides of the H.T. series, takes place
via Br@nsted—type and Lewis-type acidic sites. Consistent with a

(111)

mechanism involving Brénsted-type acidic sites is the decrease

in ‘but-l-ene isomerization activity observed for a mixed oxide of
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the H.T. series, which had beenlpretreaFediwiFh 2,6-dimethylpyridine;
This is illustrated by Table 9.8. Several invéstigators made
observations béliéved'to bé COnsistént with but-l—éné isomerization
via Lewis-type acidic sités. Sala ahd TrifirB(TS)'found that the
ability of a tin-antimony mixéd‘qxidé to isqmerizé but—l—ené increased
with rise in calcination temperature. This observation and the
inhibiting effect of water'wéré thought’to support a méchanism

(72), studying

involving Lewis-type acidic sites. Alieva et al.
“but-1l-ene isomerization over & tin—antimony mixéd oxidé (atomic
ratio Sn:Sb = k:l) reported that the addition of alkali metals
resultedvin a decrease in activity. This was believed to te due
to the neutralization of Lewis—type acidic sites. Thus, there
is evidence to support the idea that but-l-ene and cyclopropane
isomerization, over the mixed oxides of the H.T. series, may teke
place via Br¢nsted;type and Lewis—typé acidic sites. However, the
resulté obtained for cis but—-2-ene isomerization seem to favour
carbonium ion formstion via Bré¢nsted-type acidic sites only.

ihere are two factors which support the view that cis
but—-2-ene isomerization, over the mixed Qxides of the H.T. series,
takes place via Br¢nsted-type acidic sites. One of these is the
fact that similar average initial trans but-2-ene/but-l-ene
product ratios are observed for the L.T. and H.T. series; These
values are 3.6 and 3.5 for the L.T. and H.T. series, respectively. .
(The fact that an initial trans but-2-ene/but-l-ene product ratio
of 3.6 is consistent with a carbonium ion mechanism has already been
discussed for the L.T. series mixed qxidés). The second factor is
the decrease in activity of a H.T. séries'mixed'oxide, Table 9.19;
after pretreatment with 2,6—dimethylpyridine. However; thé fact

that maximur activity for cis but-2-ene isomerization takes place
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with the'?.h atom % Sb andA8fT atom % Sb mixed qxiaes, Figure 9.12,
is not consistént witﬁ a méchanism involving'Br¢nstéd*typé acidic
sites. Maximum activity for 3,3-dimethy1but—1—éné isomerization
is observed with the 26.8 atom % Sb mixed qxidé;}Figuré 8.4,

A number of invéstigatofs havé observed deactivation
taking place during n-butene is@mérization. .Baird and Lunsford(llh),
studying but-l-ene isomerization ovér magnesium oxide, concluded that
preferential adsorption of cis but—2—ené resultéd in déactivation of
the sites responsible for the carbanion mechanism. A similar conclusion
was made by Peri(lls) who believed that Lewis-type acidic sites were
responsibie for but-l-ene isomerization and the strong adsorption of

(106)

cis but-2-ene on y-alumina. Jacobs et al. , investigating

n-butene isomerization over a series of zeolites, observed that there wes

& rapid conversion of but-l-ene to but-2-ene prior to deactivation. Infra-
red spectroscopy revealed the presence of hydrogen deficient polymeric
species on the surface and also showed that hydrox&l groups vere
irreversibly involved.

The number of Br¢nsted-type and Lewis-type acidic sites, present
on the mixed oxides of the H.T. series, will depend én the composition
of the catalyst. Selective sites, Br¢nsted-type or Lewis-type, may
adsorb cis but-2-ene strongly and give rise to deactivation. Thus,
the extent of deactivation by cis but-2-ene will be a function of
the catalyst composition. This may saccount for the fact that cis
but—-2-ene isomerization, over the mixed oxides of the H.T. series,
gave rise to an activity pattern unlike the one obtained for
3,3-dimethylbut—-l~ene isomerization. The average initial trans
but—2—ene/but;l-ene product'ratio of 3.5 and the retarding effect
of pretrgatment with 2,6-dimethylpyridine Suggésts, liké 3,3~dimethyl~

but—-l-ene isomerization, that Br¢néted—type acidic sites may be
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obsérva@i@n is in.kéeping with thé‘viéwitﬁat phé'mixéd'oxidés‘of thé-
H.T. sériés'are Suscéptiblé'tq deaCtivéFiQn by cis bﬁt—Z—éne.'
Increasing thé présSuré of bu@—l—éné;’ieading to an initial increase
in double-bond shift, will résult'in an incréaSé in cis but—2—éné

formation.

Conclusiqn

Combining stannic Qxide and antimony té?roxide résults in an
acidic catalyst. The numbér' and naturé of thé acidic sités are
determined by the percentage composition of the catalyst end their
pretreatment.

IsoPropanql dehydra@iqn, 3,3-diméthylbut-l~ene, cyclopropane
and n-butene isomerization ovér'thé'tin—antimony mixed oxides; outgassed
et 293 K for 5 hr , are believed to take place on Bré¢nsted-type acidic
sites.

For the'tin—antimqny mixed oxides of composition >6.2 atom
% Sb, outgassed at 698 K for 16 hr., Br¢nsted-type acidic sites are
thought to be responsible for isopropanol dehydration, 3,3-dimethyl-
but-l-ene and cis but—-2-ene isomerizatiqn. However, Br¢nsted and
Lewis—type acidic sites may account for cyclopropane and but-l-ene
isqmerization.

Evidence suggests that the ability of the ﬁ.T. series
catalysts to dehydrogenate>isopropanol is associated with stannic

oxide, an n-type semiconductor.
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" “CHAPTER. 11 -

*-Oxidative Dehydrogeration of n-Butenes

11.1 -~ Chromatographic Column

The column and operating conditions were identical to those
used for the n-butene isomerization studies described in Section 9.1.

The retention times, measured according to Section 7.T were:-

but-l-ene = 1.0 min
trans but—-2-ene = 3.5 min
cis  Dbut-2-ene = 5.0 min
butadiene = 7.6 min
11.2 Relative Sensitivity Factors

Measured according to Section T7.8:-

but-l-ene = 1

trans but-2-ene = 1.3

cis  but-2-ene = 1.3
butediene = 1.2
11.3 Experimental Procedure

The semples were pretreated according to the two methods
described in Section 7.11l. The reaction mixture was made up in buldb G,
Figure‘?.l, 60 min. before the start of the reaction. This allowed
time for a completely homogeneous mixture to be obfainéd. It contained
air to n-butene in the ratio of 6:1.

At the end of the ouﬁgassing period, the sample was isqlated

from the pumping system at a ﬁressure of 133 uN m 2 (]_O.-6 Torr). The
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reaction vessel at a temperature 9f«h7h”K; ﬁhé‘feaetiqn mixture was
admittéd by expansion to givé a total présSuré of 5.99 kN mfz (ks
Torr). The partial préssﬁre of n-butene was 0.86 kN m e (6.4 Torr);
which was équivalent to 3.6331019 molécﬁles; Thé standérd éxpérimcntal

procedure was then carried out.

11. k4 Treatment of Results

For both series, the qxidative dehydrqgenation of but-l-ene,
cis ﬁut—2-ene and trans but—-2-ene was accompanied by considérable
isomerization. A reaction temperature of L7k K wasvfoﬁnd to be
the most suitable one for all three reactants. The isomerization
retes were obtained from plots of the sum of the percéntage
compositions of the isomerization products against»time. Percentage

composition versus time plots were also used to measure the rates of
butadiene appearance. Initial product ratios were obtained during

stage Sl'

11.5 Oxidative Dehydrogenstion of But—l-=ene with the H.T. Series

The products forméd were cis but-2-ene, traﬁs but-2-ene and
butadiene. A typical percentage composition versus time plot is.
illustrated by Figure 11.1. Selectivity towards isomerization and
butadiene formation was found to vary with the catalyst composition.

The selectivities are presented in Table 11.1.
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TABLE 11.1 -

“H.T! Series Outgassed et 698 K for 16 hr

" ‘Reaction Tempersature UTh K

Cat.Comp./ Sel/% Se2/%
Atom % Sb at 10 min at 80 min
ct bd Ct bd
6.2 100 100
8.7 '13.8 86.2 16.0 8k4.0
19.6 4h2.,9 . 57.1 38.4 61.6
26.8 60.5 39.5 59.2 4o.8
49.5 55.5 Lk, 5 54,4 45.6
75.0 90.0 10.0 91.1 8.9
et = cis but-2-ene + trans but-2-ene

bd butadiene

The 6.2 atom % Sb and 8.7 atom % Sb mixed oxides showed the
g;eatest selectivity for butadiene formation. The 75.0 atom % Sb
mixed oxide was the least selective catalyst for butadiene formation.
There vac no significant change in selectivity with time.

The sum of the rates of appearance of cis bqt-2-ene and trans

but-2-ene R,

Y ot ? cht and tbe rates of appearance of butadiene Rlbd’ R2bd’

are presented in Tables 11.2 and 11.3 respectively.
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' ‘H.T. Series Outgassed at 698 K for 16 hr

" ‘Reaction Tempersature 4Th K

TABLE. 11.2
Cat . Comp. / Rict/10_3 % 32ct/1073 % initial"
Atom % Sb min—l m—2 min-'l m'-2 cis/trans
0 0 0 -
6.2 0 0 -
8.7 21 : 5.0 1.k
19.6 1T 19 1.8
26.8 k2o ' 108 1.k
49.5 196 A L9 1.9
75.0 LLo 1ko , 1.5
100 0 0 -
TABLE 11.3
-3 ' -3
Cat.Comp./ Rlbd/lo % szd/lo %
Atom % Sb min-l m~2 m:'Ln“:L -2
0 0 0
6.2 26 _ 19
8.7 460 95
19.6 190 46
26.8 81 27
k9.5 1ks 39

75.0 30 11

100 0 0
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The initial cis but-2-ene/trans but-2-ene product ratios

indicated that the formation of cis but-2-ene was favoured. Stannic

oxide and antimony tetroxide showed no activity for butadiene formetion

of but—l—éné isomerization. The 6.2 atom % Sb mixéd oxidé was only
active for butsdiene formation. Thé'8.7 atom % Sb and 19.6 atom %
Sb mixed oxidés'showéd moré activity for buﬁadiéne formation than
for but-l-ene isomerization. The remaining mixed oxides in the
serieé, were found to be more activé for but—l—éné isomerization.

The opposite trends observed in the two activity patterns for

the tin-antimony mixed oxides are illustrated by Figures 11.2 and 11.3.

Meximum activity for but-l-ene isomerization and butadiene formation
was seen with the 75.0 atom % Sb énd 8.7 atom % Sb mixed oxides,
respectively. For the caﬁalyst composition region of 8.7 atom %
Sb to 26.8 atom % Sb, an increase in the antimony contént resulted
in a decrease in butadiene formation and an increase in but-1l-ene
iéomerization. Increasing the antimony content to give a catalyst
composition of 49.5 atom % Sb led to an increase in butadiene
formation and a decrease in but-l-ene isomerization. A further
increase in the antimony content to give a catalyst composition of
75.0 atom % Sb resulted in a decrease in butadiene formation and en
increase in but-l-ene isomerization.

Rate values for repeat experiments are given in Tables 11.k

and 11.5.

c e
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H.T. Series Outgassed at 698 X for 16 hr

" ‘Reaction Temperature 474 K

TABLE 11.k

' -3 -3 .
Cat.Comp./ Rlct/lo % Ract/lo % 1n;t1al
Atom % Sb -m:i.n'-l m—2 min_; m_2 cis/trans
6. 2% o o) -
6.2 ' 0 o -
26.8% 420 108 1.
26.8 403 | 102 1.9
TABLE 11.5
Cat.Comp./ R. /105 ¢ R, ./107%
¢ Lomp. 1bd 2bd
Atom % Sb min.—l m_2 min—l -2
6.2% 26 19
26.8% 81 _ 27
26.8 75 v 29

¥values quoted in Tables 11.2 and 11.3

The everage difference in the rate values was 5%. Changes of

greater than #5% in the activity patterns were taken to be significant.
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An éxpérimént was carriéd'qﬁt to find thé"extent of butadiene
formation in the absence of air; at L7k K. The 8.7 atom % Sb mixed
.oxide, prétréatéd according to thé'H.T. méthod; was-ﬁséd} The but-1-
ene pressuré wes thé same as thé'partial pressuré of but-l-ene used
in the reaction mixturé given in Séction 11.3. Thé rates of but-l-ene

isomerization and butadiene formetion are presented in Tables 11.6 and

11.7.
Reaction of But-l-ene at 4Tk K
"H.T. Series Outgassed at 698 K for 16 hr
Reaction Temperature 474 K
TABLE 11.6
Cat.Comp./ R, /103 ¢ R, /1073 4 initial
* ) lct 2ot
Atom % Sb m:'Ln_'l mfe min 1 m-2 cis/trans
8.7% _ 21 5.0 1.k
8.7 32 9.4 1.3
TABLE 11.7
Cat. Comp. / /1073 ¢ R, ./1075 %
Riva 2ba’
Atom % Sb min-1 m-e min"l m“2
8.7% 460 95
8.7 Lo 5

¥values for air+but-l-ene mixture quoted in

Tables 11.2 and 11.3
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The rbsence of air resulted in an increase in .but-l-ene

isomerization and a reduction in butadiene formation.

11.7 - Oxidative Dehydrogeration of Cis But-=2-ere with the H.T. Series

Figure 11.h4 illustrates & typical percentage composition versus

time plot. The products formed were trans but-2-ene, but-l-ene and

butadiene. Selectivity for cis but-2-ene isomerization and butadiene

formation was found to depend on the catalyst composition. ‘The

selectivities are presented in Table 11.8.

TABLE 11.8

H.T. Series Outgassed at 698 K for 16 hr

Cat.Comp. / Se, /%
Atom % Sb at 20 min
tb td
6.2% L7.1 52.9
8.7 55.3 .7
19.6 36.6 63.4
26.8 66.7 33.3
49.5 88.5 11.5
75.0 81.2 18.8

trace* amount only of but-l-ere

tb trans but-2-ene + but—-l-ene

bd butadiene

Se2/Z

at 80 min

tb bd
Lo.T 59.3
52.2 47.8
36.0 6L4.0
63.2 36.8
81.8 18.2
80.3 19.7
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Seléc#ivii}y did not change significantly with time. The
majority of ‘bhé' mixed oxides’ showed’ a gréatér‘ séléctivity for cis
'but-2-ené isomérization than for butadiéné formation. The greatest
selectivity for bﬁtadiéné formation was found with the 19.6 atom %
Sb mixéd’ oxid‘e.'A Thé ‘sﬁm of thé ratés' of appearance of trans but-2-ene
and but-l-.ene thb" R2tb and the rates of appearance of butadiene Rlb a?
R2bd are given in Tables 11.9 and 11.10, respectively.

H.T. Series Outgassed st 698 K for 16 hr

Reaction Temperature LT4 K

TABLE 11.9

Cat. Comp. / thb/10'3 % Retb/lo’3 % initial
Atom % Sb min™t w2 min™t w2 trans/but-l-ene

0 ' o 0 -

6.2% 6.8 4.1 ' n100% trans
8.7 20 9.0 3.1
19.6 Lo : 25 3.5
26.8 L5 21 3.0
45.5 36 20 2.6
75.0. L7 2L 2.6

100 0 0 : -
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TABLE 11.10°
Cat . Comp. / Ry d/lo'3 % Ry, d/10-3 %
Atom % Sb min ™t n 2 min™l m™2
0 0 0
6.2 1T 4.8
8.7 29 - T
19.6 | 89 - ; 30
26.8 33 9.8
k9.5 8.1 6.6
75.0 BQ 9.0
100 0 0

¥*traces only of but-l-ene

Stannic oxide and antimony tetroxide were found to be inactive.
- The percentage of but-l-ene formed with the 6.2 atom % Sb mixed oxide
never exceeded 0.5%. The initial trans but-2-ene/but-l-ene product
ratios indicated that trans but-2-ene formation was favoured.

Similar activity patterns, with maximum activity with the 19.6 atom
% Sb mixed oxide, were found forvcis but-2-ene isomerization and
butadiene formation. The activity patterns are presented in Figures
11.5 and 11.6. In the catalyst composition region of 6.2 atom % Sb
to 19.6 atum % Sb, an increase in the antimony content resulted in

an increase in activity. Activity was reduced with increasing
antimony content in the catalyst cqmposition region of 19.6 atom %
Sb to 49.5 atom % Sb. A further increase in activity was observed

when the antimony content was increased to 75.0 atom % Sb.
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Repeat experiments gave an indication of the reproducibility.
in the ralc values. The rate values are presented in Tables 11.11

and 11.12.

" H.T. Series Outgassed at 698 K for 16 hr

" 'Redction Temperature 474 K

TABLE 21.11

' -3 -3 L
Cat.Comp./ thb/lo % thb/lo % initial
Atom % Sb min_l mfz minnl m_2 _ trans/but-l-ene

8.7*% 20 9.0 3.1
8.7 19 8.7 3.2
75.0% L7 2k 2.6
75.0 45 | 22 ' 2.4
TABLE 11.12
Cat.Coﬁp./ R, /107> ¢ R, /1075 %
1bd 2ba
Atom % Sb min-l m-2 min-l m—2
8.7* 29 . 11
8.7 27 ST
75. 0% 30 o 9.0
75.0 28 8.7

Values¥* quoted in Tables 11.9 and 1il.10.

The average difference in the raiz values was 5%. -Consequently,

chenges of greater than #5% were regarded as significant.
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A +ypical péréénﬁagé COmpqsitiqn.vérSus timé plot is présented in
Figure 11.7. Thé products formed‘weré,cis bﬁt—z-ené, bﬁt—l—éne and
‘butadiene.’ Seléctivity towards isomerization or butadiéhé formation
vas found to dépend on thé éatalyst compqsition. The sélectivities

are presented in Table 11.13.

TABIE 11.13

H.T. Series Outgassed st 698 K for 16 hr

Reaction Tempersture 474 K

Ca&.Cqmp./ Sel/% . See/%
Atom % Sb at 20 min at 80 min
| cb bd cb bd

6.2% 60.0 40.0 59.1 . Lo.9
8.7 47.3 52.7 50.0 50.0
19.6 46.6 53.4 L6.7 53.3
26.8 78.4 21.6 70.14 29.9
" 149.5 68.5 31.5 66.7 33.3
75.0 80.5 19.5 75.9 2h.1

trace* amounts only of but-l-ene

cb cis but-2-ene + but-l—ene

bd

butadiene

Selectivity did not alter signiricantly with time. The
majority of mixed oxides showed & greater selectivity for trans
but-2-ene isomerization than for butadicce formation. Maximum

selectivity for butadiene formation was observed with the 19.6 atom



% Sb mixed oxide. The sum of the rates of appearance of cis but-2-ene

1Cb”R2cb and the raﬁgs,qf appearance Qf butadiene R

Ropq» 8Te presented in Tables 11.14 and 11.15.

and ?ut—l—ene R 1ba?

“'H.T. Series Outgassed at 698 K for 16 hr

" 'Reaction Temperature U7k K

TABLE 11.1%
Cat.Comp./ Rlcb/lo'3 % 'R205/10'3 q initial
Atom % Sb min > mf2 min—l m_2 cis/but-l-ene
0 ' 0 0 -
6.2° 2.3 1.3 A100% cis
8.7 . 8.1 2.6 3.3
19.6 o b 19 4.5
26.86 3k 1h 3.0
k9.5 18 5.7 k.3
75.0 25 8.8 4.5

100 0 0 -
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TABLE 11.15
Cat. Comp. / Ry d/:Lo"3 % szd/lQ-3 %
Atom % Sb min"t m~2 | min "t m~2
0 ' 0 0
6.2 6.7 2.3
8.? 10 9.0
19.6 46 15
26.8 13 10
k9.5 6.8 2.l
75.0 9. 3.k
100 . 0 0

*traces only .of but-l-ene

No activity was observed for stannic oxide and antimony
tetroxide. The percentage of but-l-ene formed with the 6.2 atom %
Sb mixed oxide never exceeded 0.5%. The initial cis but—2-ene/but-l-ene
product ratios indicated that the formation of cis but-2-ene was favoured.
Similer activity patterns, Figures 11.8 and 11.9, were obtained for
trans but-2-ene isomerization and butadiene formation. Maximum activity
was observed with the 19.6 atom % Sb mixed oxide. An increase in the
entimony content in the catalyst composition region of 6.2 atom % Sb
to 19.6 atcm % Sb resulted in an increase in activity. Activity was
redﬁced with increasing antimony content in the catalyst composition
region of 19.6 atom % Sb to 49.5 stom % Sb. A further increase in

activity was observed at the catalyst composition of 75.0 atom % Sb.
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An indicaetion of the reproducibility in the rate values is

~given in Tebles 11.16 and 11.1T7.

"H;T;'Series‘Outgasséd‘at'698'K'for'l6”hr

" 'Reaction Temperature LTh K

TABLE 11.16

Cat.Comp./ R. . /10> ¢ R /1073 ¢
¢ D- lcdb 2¢cb

Atom % Sb min_l m—2 m:i.n_'l -2
6. o% 2.3 1.3
6.2 2.2 1.2

TABLE 11.17

Cat.Comyp. / R.. /10> 4 R../103 ¢
- VO 1bd 2bd

Atom % Sb m:i.n—l m_z min”1 -2
6.2% 6.7 2.3
6.2 7.0 2.2

Values* quoted in Tables 11.1h4 and 11.15.

initial
cis/but-1l-ene

~100% cis

n100% cis

The average difference in the rates was 5%. Changes of

greater than +5% in the activity patterns were considered to be

significant.

11.9 Oxidative Dehydrogenation of But-l-erie with the L.T. Series

Mixed Oxides

136

Figvre 11.10 illustrates a typical percentage composition versus

time plot. The products formed were cis but~2-ene, trans but-2-ene and
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butadiehé.' Selectivity changed with cataelyst composition, but did not

aelter significantly with time. The selectivities for but-l-ene

isomerization and butadiene formation are'presénted’in Table 11.18.

TABLE 11.18

" 'Resction ‘Temperature 474 K

Cat .Comp./ - Sel/% Séz/%
Atom % Sb at-ld min at 50 min
ct bd ct bd
8.7 b7 55.3 43.7 56.3

19.6 30.0 70.0 25.8 Th.2
26.8 62.2 37.8 61.h 38.6
h9.5' 50.9 k9.1 52.6 LT.L
75.0 31.2 68.8 35.5 4.5
ct = cis but—-2-ene + trans but-2-ene

butadiene

bd

The 19.6 atom % Sb mixed oxide showed the greatest selectivity

. for butadiene formation. The rates of but-l-ene isomerization Rl

ct? R2ct

and butadiene appearance Rlbd’ R2bd’ for a few selected mixed oxides, are

presented in Tebles 11.19 and 11.20.
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“"L.T. Séries Mixed Oxides Outgassed at 293 K for 'S hr

" ‘Réacticn Temperature UTh K

TABLE 11.19
_ '_3‘ -3 . e
Ca@.Comp./ Rlct/lo % cht/lo % initial
Atoﬁ % Sb miﬁ—l mf2 m:i.n._l m—z cis/treans
8.7 192 nh 1.k
19.6 81 o1 - 1.9
26.8 279 - L6 2.0
49.5 182 41 2.2
75.0 418 61 2.0
TABLE 11.20

Cat . Comp. / R, /10> % Ropq/10 > %
Atom % sb nin 1 2 nin "t m~ 2
8.7 96 L2
19.6 2L3. 55
26.8 70 33
k9.5 235 | Ly

75.0 162 37

The initial cis but—2-ene/trans but-2-ene product ratios
indicated that cis but-2-ene was preferenﬁially formed.

The two different activity patterns are illustrated by
Figures 11.11 and 11.12. An inc;ease in but—l-éné isomerization

was accompsnied by a decrease in butadiene formation and vice versa.



Tables 11:21 and 11.22 give an indication of the

reproducibility in the rate values.

©L.T. Series Mixed Oxide Outgassed st 293 K for 5 hr

" ‘Reaction Temperature 474 K

TABLE 11.21.
Cat . Comp./ R /10"3‘% h /1073 ¢ initial
v. LOMP . lct 2ct
Atom % Sb m:i.n_1 mfe - min—l m_’2 . cis/trans
19.6% 81 21 1.9
19.6 75 20 1.8
TABLE 11.22
Cat.Comp./ R../103 4 R_ /103 4
e VOID 1bd 2ba’
Atom % Sb min-l m-.2 min_l m—2
19.6% 243 55
19.6 230 51

*Values quoted in Tables 11.19 and 11.20.

The average difference in the rate values was 6%. Differences

of greater than +6% in the rate values were considered to be significant.

11.10 Oxidative Dehydrogenation of Cis But-2-ene with the L.T. Series

‘Mixed Oxides

The products formed were trans but-2-ene, but-l-ene and butadiene.
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Figure 11.13 illustrates a typical perceutage composition .versus time
plot. Selectivities for cis but-2-ene isomerization and butadiene

formation are given in Table 11.23.

L,T. Series ‘Mixed"0xidesv"0utgass'ed"a't ‘293 K for '5 hr

TABLE 11.23
Cat.Comp. / Se, /% | se, /%
Atom % Sb at 10 min aﬁ 50 min
tb bd tb bd
8.7*% 23.1 . T6.9 28.2 71.8
1§.6 : 43.3 56.7 k2.9 57.1
26.8 k2.7 57.3 4.0 60.0
k9.5 6.4 63.6 35.0  65.0
75.0 51.3 48.7 51.6  L8.L

- traces* only of but-l-ene

tb

trans but-2-ene + but-l-ene

bd butadiene

Selectivity altered with catalyst composition but not with
time. The 8.7 atom % Sb mixed oxide showed the greatest selectivity
for butadiene formation. The rates of cis but—-2-ene isomerization
thb’ R2tb and butadiene appearance Rlbd’ R2bd are presented 1n

Tables 11.2hk and 11.25.
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TL.T, ‘Series Mixed Oxides Outgassed at 293 K for 'S hr

- 'Redction Temperature UTh K

TABLE 11.2k

_ -3 -3
Cap.cump./ thb/lo % R2tb/1o % initial
Atom % Sb min-l m—2 min_l m’2 : trans /but—l-ene
8. 7% 16 b ~100% trans
19.6 , o7 13- 1.9
26.8 37 18 1.1
49.5 60 21 | 2.2
75.0 173 52 2.0
TABLE 11.25.
Cat. Comp. / R. /1073 ¢ R, /105 %
1bd 2bd
Atom % Sb min * p 2 min ! 2
8.7% 22 8.1
19.6 L1 16
26.8 58 18
ko,s5 101 20

75.0° 169 45

traces* only of but-l-ene

The initial trans but—-2-ene/but-l-ene product ratios indicated

tha@ the formation of trans but-2-ene was favoured. The percentage of
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but-l-ene fqrmed'wiph the 8.7 atom % .Sb mi#ed'qxide névér exceéded
0.5%. Similar activity pattérns, with inaximm activity at the 75.0
-atom % Sb mixed‘oxide;'weré obtained for cis but—2—éné isomerization
and butadiené formaﬁidn. Incréasing.ﬁhé'antimony contént resulted
in an increase in activity. Thééé activity patferhs are illustrated
by Figures 11.1llh and 11.15.

Raté valués'for répeaﬁ experiménts are givén in Tebles 11.26

and 11.27.

L.T. Series Mixed Oxides Outgsssed at 293 K for 5 hr

" ‘Reaction Temperature LT4 K

TABLE 11.26
Cat.Comp./ R, /103% R, /10° % initial.
: : 1tb 2tb
Atom % Sb m:i_n—l m—2 min“l m—-2 trans/but-l-ene
19.6%* 27 13 : 1.9
19.6 26 12 1.9
TABLE 11.27
Cat . Comp. / R, /1073 ¢ R. /1073 ¢
: . 1bd 2bd
Atom % Sb min—l m_2 m:ln_l 2
19.6*% L 16
19.6 39 15

Values* quoted in Tables 11.2L4 and 11.25.

The avefage difference in the rate values was 6%. Differences
of greater than +6% in the two activity patterns were considered to be

significant.



11.11 - Ares Occupied by the S61id Solution
. o . o e 2L
. Using the method put forward by Lazukin et al.;( ) an
estimation of the fractional surface ares of the solid solution in

the two-phase tin-antimony mixed oxides was obtained from the

following iormula:-

[ ® solid solution] = % solid solution x P solid solution

s . .
- mixed oxide

P so1id solution and ® solid solution are, respectively,
weight percentage and specific surface area of the éolid solution,
s mixed oxide is the specific surface area of the mixed oxide. |

Godin et al.,(23) using tin-entimony cétalysts prepared
in a similar manner to the ones studied for this thesis, concluded
that the solubility limit of antimony in stannic oxide was
approximately 5 atom % Sb. In order to cbtain an indication of
the fraction of the mixed oxide area occupied by the-solid solution,
kthe solubility‘limit was set at 6.2 atom % Sb. This has a surface
area of 16.L4 m2 and was the value used for ° solid solution in the

ebove formula. The composition of the two phases of a range of

tin-antimony mixed oxides is shown in Table 11.28



TABLE 11.28

' 'Phase Composition of Mixed Oxides

Cat.Comp./ Amounts of Amounts of Sb Percentage of Computéd surfaée Specific surface
Atom % Sb Sn and Sb, remaining as phases in fraction of area of mixed
in solid szoh/% mixed oxides mixed oxides, in oxides/mg g-l
solution /9 weight /% their constituent
~ phases/%
Sn Sb solid Sb,0 solid sclution Sb,0
: . 2°L 2~
solvtion
6.2 93.8 6.2 0 100 0 100 0 16.4
8.7 - 91.3 6.0 2.7 ©97.3 2.7 89.2 10.8 17.9
19.6 80.4 5.3 14.3 85.8 1k.2 ' 67.7 32.3 20.8
26.8 73.2 4.8 22.0 78.2 21.8 - 69.7 © 30.3 18.4
k9.5 50.5 3.3 L6.2 54.0 L6.0 70.9 29.1 12.5
75.0° 25 1.7 73.3 26.8 73.2 62.8 37.2 7.0

T



.Thé‘ra?és,qf appearanceléf,butadiené fqrﬁbut—l—ené
déhyd:ogénapionﬁovér‘the’H.T. and'L;T.fsériés; with éespect to thé
spécific sﬁrféeé'aréé‘of thé'Solid solﬁtion only; éré présénted in
Tables'il;29 and 11.30; réspécpively;

Table 11.29

“"H.T. Series Outgassed at 698 K for 16 hr

" ‘Reaction Temperature UTh K

E:EQCngé/ Ry, o /10> 4 min™ m? Ry, /100 % min ™t m
6.2 26 19
8.7 515 _ 1106
19.6 280 ' 68
26.8 - 116 | 39
49.5 204 55
75.0 . 48 17

Teble 11.30

‘'L,T. Series Outgassed at 293 K for 5 hr

‘Reaction Temperature L7h X

Xzzéc;mgg/ Rlbd/10-3 4 min % n 2 ‘Rm/lo'3 % min L m 2
8.7 107 W7
19.6 358 81
26.8 101 47
49.5 330 62
75.0 258 . 59

Calculating butadiene formation with respect to the specific
surface area of the solid solution instead of the total specific surface

area of the mixed oxide had no spprecisble effect on the shape of the
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ac?i&i?yipayﬁérns for bu?—l—ené.déhydrqgénatiqn. This is illustratéd
by‘compariﬁg Tables'11f29 and 11;30‘wiph-Téb1és'11;3 and 11.20;
respecfivély.

'A similar obsérva§ion can.bé made for bu?adiéne formation

from cis but-2-ene and trans but-2-ene.’

11.12 " Summary

Thé individual oxides; prétréaﬁédﬂaccqrding to the H.T.
method, were inactive for the thrée‘n—buténés;

The activity patterns of the tin-antimony mixed oxides for
the but-2-enes, both series, weré unliké thé corresponding ones for
but-l-ene. However, the following trends are common to both series of
mixed oxides.

i) An_incréase in but-l-~ene isomerizatiqn was accompanied
by a decrease in butadiene formation and vice versa. This is shown'
by Figures 11.2, 11.3 and 11.11, 11.12.

ii) An increase or decrease in cis but-2-ene or trans but-2-
ene isomerization was accompanied by a similar change in butadiene
formation. This is shown by Figures 11.5, 11.6, 11.8, 11.9 and 11.1h,
11.15.

n-Butene iscmerization observed in the presence and absence
of air, at reaction temperatures of k7h K and 293 K, respectively,
have different activity pétterns.

Meximum activity for but-l-ene and cis but-2-ene isomerization
with the H.T. series; in the presence of air, was found with the T5.0
atom % Sb and 19.6 atom % Sb mixed oxides, respeétively. In thé'absence
of air, the 19.6 atom % Sb and T.4, 8.7 atom % Sb mixed oxides showed

the greatest activity for but-l-ene and cis but-2-ene isomerization,
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respec#ivglyf This is illus?ra@ed,by'cqmparing Figures 11.2 and
11.5 with the corrés‘pondi_ng Eigﬁrés;’ 9.4 and 9.12.

For thé‘L.T; sériés; maximum activity for but—l—éne and
cis but-2-ene isomérization; in thé §résence of air, was found with the
75.0 atom % Sb mixed oxide. In the abséncé of air; thé 49.5 atom % Sb
mixed oxide was obsérvéd to bé thé most .active catalyst for but-l-ene
and cis but—2—éné isomerization. Thesé observations are illustrated
by comparing Figures 11.11 and 11.1k with the corresponding Figures

9.3 and 9.11.
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"'Digcussion

Under the reaction conditions employed, activity was observed
with the tin-antimony mixed oxides but not with the individual oxides.
However, a number of investigators have shown that stannic oxide and

(24)(79)

the oxides of antimony are able to oxidize propylene to acrolein

(80) (69)(71)(73); Generally, the oxides of

and n-butenes to butadiene
antimony'have been found to be less active,but moré sélective than
stannic oxide. Few ideas have been put forward to explain the
reaction mechenism for oxidation with the individual oxides. The
majority of investigations have been concerned with the mixed oxides.

(73) gttempted

In the references given above, only Sala and Trifiré
to explain the oxidizing properties of the individual oxides. The
oxidizing sites of antimony péntoxide.were attributed to the presence
of antimony-oxygen double bonds and/or surface defects. The presence
of frce electrons in the non-stoichiometric stannic oxide were
believed to be responsible for the formation of butadiene.

The role of the allylic intermediate, in connection with

propylene and n-butene oxidation, is well established. In keeping

(23) (92)

with this are the results obtained by Godin et al. and Christie s

studying propylene oxidation over tin-antimony mixed oxides which had
been prepared in a manner similar to the ones investigated for this

thesis. Godin et al.(23) used Cl3—1abelled propylene to confirm an

allylic intermediate. Christie(92)

, studying propylene/D20 exchange,
concluded %hat the exchange mechanism involved the loss of &an allylic
hydrogen atom to form a symmetrical allylic intermediate. Such a

mechanism =-ould be used to account for the fact that only 5 of the
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6 hydrogen atoms were éxchgngeable;' Thus, taking into account the

(23) “(92)

findings of Godin et al. and Christie , it is reasonable to

assume that allylic intermediates are also responsible for butadiene
formation with the tin-antimony mixed oxides.
There are a nmumber of different opinions concerning the

neture of the chemical species responsible for the oxidizing properties

of the tin—antimony'mixed oxides. According to Godin et al.(23) the

5+

acti.ve sites were octahedrally co-ordinated Sb” ions. Wakabayashi

(25)

et al. believed that the sites responsible for oxidation were

th+ ions and that antimony labilized the tin-oxygen bonds. Trimm

(87)

' . . b .
and Gabbay also suggested that the active sites were Su  1lons,

but they believed that the antimony oxides may have béen involved in
the allylic abstraction of the hydrogen from the olefins. Despite |
these discrepancies, a large proportion of the information found in

the literature suggests that the solid solution of antimony oxide in

stannic oxide may be responsible for its oxidizing properties.

(80)

The views held by Crozat and Germain are particularly

interesting. The mechanism responsible for propylene oxidation was

believed to be similar to the one obtained for a bismuth-molybdate

(80)

system. Thus, according to Crozat and Germain , the roles of

S5+

. : + . .
the ions Sb and th were thought to be similar to those of

6+

. .3+ . . :
Mo and B13 , respectively. The mechanism proposed by Crozat

(80), Section 6.3, involved the formation of m-allyl-

5+

and Germain

complexes with Sb” ions, resulting in the reduction of th+ ions

3+ . . . . .
to Sn ions. A redox mechanism also involving both cations was

(85)

put forward by Peacock et al. to explain propylene oxidation

over bismuth molybdate catalysts. Additional support for the

. : L+ | . 4 .
possible role played by Sn ions, 1n the redox mechanism, comes

(116)

from the investigation carried out by Margolis , studying
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propylene oxidation.over a tin-molybdenum mixed oxide.  The mechanism

o 6
proposed by Margolls(ll

) invqlVed'?hé’fqnmgtion of n—allyl—compléxés
with Mo6+ ions and thé'réauction of th+ ions;

Thus, if thé redox mechanisms for propyléné Qxidatiqn over
tin-antimony mixed:oxides’and bismuth-molybdate are similar; thé
mecheanism for oxidativé déhydrogénation of n—buténes; for both
systems, may also contain similarities. A largé amount of
informa#ion concerning the oxidative dehydrogenatiqn propertiés
of bismuth-molybdates is availsble in thé literature. Thé'work

(117)(118)

carried out by Matsuura and Schuit , concerning the

adsorption and reaction of adsorbed species on bismuth-molybdates,
has led to a significant increase in the understanding of the
mechanism for the oxidative dehydrogenation of n-butenes. The

(117)(118)

mechanism proposed by Matsuura and Schuit involved
participation by Mo6+ and Bi3+ jons. In view of the possibility
that the roles of Mo6+ and Bi3+ ions may be ansalogous to Sb'L”;+ and
th+ ions, some of the ideas developed by Matsuura and Schuit(ll7)(118),
for bismuth-molybdates, may also apply to the tin-antimony mixed oxides.

| According to the earlier work of Matsuura and Schuit(ll7),
‘the formation of butadiene from n-butene is a bifunctional process
which involves the  simulteneous cooperation of two centres called
A and B. Evidence obtained from the adsofption studies indicated
that the identities and roies of these centres were as follows:—

i) A-centre is an Oi_ ion associated with a Bi3* ion.
It is the site at which reoxidization of the catalyst takes place

and it is elso the site from which a water molecule, arising from

butadiene formation, leaves.
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ii) B-centre cqﬁsis?s,gf th,Qg_:iqns and an aniqn
vacancy. AIt is associated'wiph thé'M06+ ion énd is thé'Site '
responsiblé for tﬁé'&dsorption of n-buténés.

Corrélating thé A and B ceﬁﬁrés'wi@h th+ and Sbs+ ions;
respectivély; a possiblé méchanism for oxidétivé déhydrogénation

of n-butenes over tin-antimony mixed oxides is as follows:-

5+ o- 54~
C\Hg + Sb”" + oBl + AV, > (CHo....80)7 + OBlH+e (1)
[ChH7....Sb]5+ + og’ > CH, +O H+e+ sb’t + A.V.

2 2
th+ + 2e > Sn2+

- d 2— 2_ 2—
OLH+0-H+0 + 057+ 05 +HLO + A.V.
By B, A B, B, 2
sa®" + fo, + A.V. > ot s oi’

+ . +
thHT....SBXS represents an allyl anion w-bonded to Sb5 .

Support for such an intermediate comes from the work of Godin et al.

(92)

and Christie , studying propylene oxidation over tin-antimony mixed
oxides. However, the participation of o-bonded allylic intermediates

cannot be ruled out. A.V. is an anion vacancy.

In accordance with the views held by Crozat and Germain(8o)
and Peacock et al.$85) for the tin-antimony mixed oxides and bismuth-

molybdates respectively, the electrons generated as a result of steps
(1) and (2) lead to the reduction of the cation, which is not

. . . +

involved with the allylic-ccmplex, th step (3).

The two hydrogen atoms, attached to Ogn and Og_, migrate to
1 2
Oi and are desorbed as water. This results in an anion vacancy (step

(118)'

4) end is in accordance with the views of Matsuura and Schuit
+ . . ae . . ..

The role played by Sn2 , in the reoxidization step (5), is similar

(80) '

to one given by Crozat and Germain

" For the L.T. and H.T. series mixed oxides, the rates of

(23)
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butadiene formation from the three n-~butenes, decrease in the order
but-l-ene>cis but-2-ene>trans but—-2-ene. Such a sequence is in

. . - - X , -
keeping with the findings of Adems et a1, (129)

. Thé ordér'for
the rafé of abstraction of allylic hydrogens is tertiary>secondary>
primary. ' The allylic hydrogens abstracted in stép (1) for buﬁ—l—éne
and but—E—éne are sécondary and primary qnés; réspéctivély. Thus,
the rate of formation of butadiené from the n—bﬁtenés is in keéping
with the view held by‘Trimm and Gabbay(87) thaﬁ thé rate—de#ermining
step is the'abstractibn of the dllylic hydrogén. .
The activity patterns presented for butadiéné formation
and n-~butene isomerization provide further support for thévvieﬁ
that butadiene formétion is more favourable from but-l-ene than
from the two but-2-enes. When but—l—ene is the'reactant;
isomerization results in a decrease in the amount of but-l-ene
available for oxidative dehydrogenation. In general, a catalyst
vhich has & high activity for but-l-ene isomerizaﬁion has a low
activity for butadiene formation and vice versa. Isomerization
of cis but-2-ene or trans bu@—2—ene, with the exception of the
6.2 atom % Sb mixed oxide,'resulted in the formation of but-l-ene.
Thus, a catalyst having a high activity for cis or trans but-2-ene
isomerization also possess a high activity for butadiege formation
and vice versa.
The mechanism proposed to explain bﬁpadiene formation

5+

. . + . .
requires the cooperation of the Sb” and th ions, which are

present in the solid solution of antimony oxide in stannic oxide

and is in keeping with views, held by Godin et al.(23) and

(2k)

Lazukin et al. that the solid solution is responsible for

activity. However, unlike their observations, a change in the



' cqmpqsipiqn_gf the ca?alysy:générally:réshlted7ih a.change in
activity and/pr séléctivity. This was noféd'wiﬁh thé’L;T. and H;T.
seriés’mixéd'oxidéé’for all tﬁé'n-ﬁuténés'stﬁdiéd; Calculating
butadiéne formation with respect to thé'épécific sﬁrfacé aréa of
the solid soiution or thé'total specifié sﬁrface ares of the'mixéd'
oxide gave rice to two similar activity patterns. An illustration
of this efféct is givén'in Section 11.11. The work carried out by
.Godin.et al.(23),and Laéukin et'al,(zh) cqncérnéd'prOpyléne 0xidapiqn,
but the investigation fof this thesis involvéd'thé'oxidativé
dehydrogenation of n-butenes. In accordancé with theloﬁsérVations

- (69)(73)(86)

made by a number of other investigators isomérization
as well as oxidative dehydrogenation occurred. The way in which
isomerization influences butadiene formation has alréady beén
discussed. Unlike the situation encountered for propylene |
oxidation; the oxidative dehydrogenation of n-butene will dépend
on two factors. One factor, common to both oxidation reactions,
is the role played by the solid solution of antimony oxide in
stannic oxide. The second factor, encountered with the n-butenes
only, is thé process of isomerization. Isomerization; in the
sbsence of air, was found to vary with catalyst composition.
A similar observation was made when oxidation conditions were
used. Thus, any change in n-butene isomerizaﬁion will give rise
to a change in butadiene formation. This may account for the
variation in 5utadiene formation observed in the catalyst composition
region of 6.2 atom % Sb to 75.0 atom % Sb, both series,.in spité of
the belief that the solid solution of entimony oxide in stannic
oxide is responsible for its formation.

Such an argument assumes @ha? the si§eslrequnsiblé for

n-butene isomerization and butadiene formation are different. If



the'siteslwere.yhe’Same,Lacyiviyy for n-butene isqmeriza?iqn would
not bé'éxpéctéd'#o vary significanply.ovér'ﬁhé'Capal&st composition
6.2 atom % to 75.0 atom % Sb:‘ Butadiene formation would also remein
effectivély’constanF. |

Shown in Table‘ll;2;_is thé'fact that the 6.2 atom % Sv
mixed'oxidé was inéctivé for but—l—éné isomerization bﬁt active for
bupadiene formation. Simons ét'al.(leo); studying oxidativé '
dehydrogenation of n—bu@énes ovér'uraniﬁm—antimbny mixéd oxidés
elso observed butadiene formation only. This emphasisés the fact
that the formation of allylic inﬁermedia@es does not always lead
to isomerization. Other evidence available in the literatu:e(69)(73)
also supports the view that the two processes, with thé tin-antimony
mixed oxides, take place on different sites; However, Matsuura and

Schuit(ll8)

concluded that similar sites were responsible for
butadiene formation'and n-butene isomerization ovér bismuﬁh—
molybdates.

The summary given in Section 11.12 illustrates the fact
‘that the activity patterns for n-butene isomerization, in the absence
of sir, were unlike the corresponding ones obtained in the presence
of eir. However, this observation does not entirely rule out the
possibility that n-butene isomerization, in the bresence and absence
of air, takes place on similar sites. Section 9.7, shows that
pretreatment with butediene was found to poison but-l-ene
isémerization, taeking place in the absence of air. Thus, the
ability of the tin-antimony mixed oxides to isqﬁerize n—buténes,
undér oxidation conditions, is likely to be influenCéd by the
emount of butadiene formed. If the poisoning efféct of buﬁadiené
is a function of catalys§ cqmpositiqn @hé activity pattérns for

n-butene iscmerization, taking place in the‘pfesence of butadiene
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forma?iqn,wquld'nqﬁ bé.éxpéc?édlyqubén?hé'Samé as.?hé'chresponding‘
onés'obﬁainéd‘in ﬁhé'&bsénbéibf butadiéné formatibn: Thﬁs; it may
be possiblé to apply'arguménts similar to thé'bnés'givén'in Chaptér
10, to éxplain n-buténé isomerization taking placé undér oxidation
conditions.

Séction'll;G illustratés'the fact that butadiené formation
can take placé in thé'absénCé of air. This obsérVation shows that
the lattice 6xygens aré capablé of abstracting allylic hydrogéns.
However, butadiene formai_;ion was reducéd' indicating that gaséous
oxygen plays a role in the reoxidizatiqn of the catalyst. Also
noted was the fact that but-l-ene isomerization incréaséd. This
_ provides further support for the retarding influence of butadiene
on but-l-ene isomerizatiqn.

Step (5) shows reoxidation of the tin-entimony mixed
oxides taking placé at the reduced céntre A, with gas phase oxygen.

(117)

However, Matsuura and Schuit also suggested that reoxidation

of bismuth-molybdate could take place bj diffusion of lattice oxygen

(92), studying propylene oxidation

from the bulk of the catalyst. Christie
in the presence of l802, was able to show that the diffusion of oxygen
through the catalyst played a major role in the reoxidation of the

tin-antimony mixed oxides, studied for this thesis. Thus, reoxidation

of the reduced catalyst may take place by lattice oxygen transfer

and/or by the adsorption of gas phase oxygen at the reduced sites.

Conclusion
. . . . 5+ L+
A redox mechanism, involving the cations Sb and Sn found
in the saturated solid solution of antimony tetroxide in stannic oxide,

is thought to be responsible for butadiene formation. Evidence suggests



that the accompanying n~butene isomerization does not teke place

?hrbuéh thé éllylic_in%érmédiétes'whiCh'are résponsiblé for
butadiené formatioﬁ.' Theré exists thé*possibility that n—buténé
'isomerizétion, ﬁndér‘oxidation conditions; may také placé on

the same.typé of sités résponsiblé'for n—buténé isomerization,

occurring at low temperatures in the absence of air.
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