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SUMMARY

The adsorption of ethylene, acetylene and carbon monoxide
on silica supported rhodium, palladium and iridium, and alumina
supported palladium has been studied using a (140) radiotracer
téchnique. The adsorption isotherms for ethylene and acetylene
over each catalyst show two distinct regions; a steep primary
region followed by a linear secondary region. In coﬁtrast, carbon
monoxide adsorptidn shows only a non-linear primary region, as
expected from Langmuir type adsorption. Evidence has been obtéined
to show that on the primary region acetylene is adsorbed predominantiy
H

27a?
being 1.4 (Pd), 1.6 (Ir) and 1.8 (Rh); these values being constant

ag a dissociative species of average composition C values ofza
throughout the entire primary region. It is also suggested that
the primary adsorption of ethylene and acetylene occurs directly oﬁ‘
the metal,,whereag"iﬁe'éééondary adsorption probably involves the
formation of o%erlayers on the primary adsorbed species.

In the adsorption of acetylene at least three types of éurface
species are recognised; acetylene which participates in the hydrogen- |
atlon reaction, which is located on the secondary region, acetylene
which does not participate directly in the hydrogenation, but which
can be removed by prolonged treatment in hydrogen, and acetylené
which is permanently retained on the surface at 298K. These latter
two species are located on the primary region. A

In the hyﬁrogenation of acetylene over each catalyst iﬁ has .
been observed that the activity decreases from reaction to reacﬁion,
until eventually a steady limiting activity is attained. On
catalysts which had been "run in" to constant activity the adsofption

of acetylene and ethylene shows only a limited or no primary region



|
at all. Although the primary adsorbed acetylenic species do not

participate directly in the hydrogenation reaction, the actual rate

of hydrogenation is nevertheless directly proportionél to the fraction
of the primary adsorbed species which can be removed by pxolonged
treatment in hydrogen. These observations are interpreted in terms
of a mechanism for acetylene hydrogenation in which the addition of
hydrogen to associatively adsorbed acetylene, located on the secondary
region.involves hydrogen transfer between a dissociatively adsorbed
acetylenic species and the associatively adsorbed acetylene. Direct
addition of hydrogen to associatively adsorbed acetylene is not
thought to occur.’

From studies of the competitive adsorption of éthylene and.
acetylene, and from the behaviour of added ( 4C)-ethylene during
acetylene hydrogenation, it is concluded that the adsorption of |
acetylene and ethylene in a catalytically active form occurs on
independent sites, located on the secondary region; It has also
been observed that during acetylene hydrogenation, a small amount of
ethylene hydrogenation occurs independently, this amount var&ing
from metal to metal. The rate of hydrogenaéion of ethylene in the
presence of acetylene is much lower than in the absence ofvthé
1atter, although the surface coverages of ethylene are independent
" of the presence or absence of acetylene. This behaviour is v
'interpreted as showing that the hydrogen availability for ethylene
hydrogenation is different in the two cases. V

With Rh/8102 and Ir/SiO2 catalysts the hydrogenation of -
acetylene was poisoned completely by carbon monoxide, while with
Pd/'SiO2 carbon monoxide reduce considerably the rate of the hydrogena-
tion reaction. , ;

The poisoning effect of carbon monoxide. is " interpreted in

terms of displacement of adsorbed hydrogen by carbon monoxide.
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2
General Introduction

Heterogeneous catalysis occurs whenever the rate of a chemical
reaction is enhanced by thé presence of an interface between two
rhases. The surface of solids are particularly important as
heterogeneous catalysts for reaction between gases or between a
gas and a liquid. The problems that have arisen from attempts to
‘use these surfaces to prepare chemicals more speedily and selectively
have proved fascinating to chemists and physicists. It is no
exaggeration to say that the majority of improvements in utilizing
these catalysts for large - scale preparation have come from
carefully designed and extensive experiments rather than from the
application of chemical theory. For many years, the theoretical
treatment of these catalyzed reactions lagged behind the practice,
‘and the practice in turn added little to our theoretical kmowledge.
The change came with Iangmuir's recognition (143) that the
intermediates in these reactions are éurfacé conpounds formed by
the chemisorption of the reactants as ioﬁs, radicals or atoms,

on the surface of the solid. The precise identification of these
intermediates i1s the key step toward a full understanding of
catalysed reactions mechanism. The identification of surface
intermediates has proved difficult in 21l cases, and in many
heterogeneous reactions the rate - determining step has not been
identified with certainty. Quantitative studies of the extent,
rate and energies of the chemisorption of gases have helped and

80 have measurements of the dipole moment of the adsorbed layer or
its electrical conductivity. More recently, infra - red absorption

studies have been helpful in identifying the type of bond in



adsorbed molecules, while feild emission and electron microscope
techniques have heiped to locate the adsorbed fragments in
relation to the crystal faces and edeges. In the absence of
certainty about the mechanisms, it has been impossible to explain
in any quantitative manner the catalytic activity of even pure
solids, although there are many promising approaches to the
‘problem; it will be some time before the behaviour of the

complex surfaces of industrial catalysts is fully understood.




1.1 The Nature of Adsorption:

1.1.1 Physical adsorption:

This usually involves forces of the vander Waals type,
similar to those assocliated with the process of liquefaction.

These are weak and of short range, and include "dispersion forces"
and short range repulsions. Attractive forces caused by

permanent dipoles may also be important in physical adsorption.

More than one layer of adsorbed molecules if often formed, depending
on tempefﬁture and pressure conditions.

Little or no activation energy is involved and the heat of
adsorption seldom exceeds 10 icals/hole. This process is important
only at temperatures below the critical temperatures of the gas
concerned, usually occuring near the boiling point of the

adsorbate at the prevailing pressure.v

16142 Chemical adsorption:

This'involves forces normally associated with the formation
of chemical bonds, either ionic or covalent. Heats of adsorption
are, therefore, similar to those encountered in the formation
of such bonds and usually lie in the range 10 kcals/mole to
150 keéals/mole. Endothermic chemisorption is, however, sometimes
encountered (1); Because of this specific interaction between
surface and adsorbate only monolayers are formed. An energy
of activatibn is often involved in chemisorption (2). For

this reason and because of the stronger forves involved, this
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process is important over a wide range of temperature, usually

above that at which physical adsorption occurs.

1«13 Adsorption isotherms:

That is, plots of quantity of material adsorbed against
pressure of adsorbing gas at constant temperature, may be
constructed in both cases. The first successful mathematical
treatment of adsorption was by Iangmuir (3) and it involved a
kinetic approach. " He considered only monolayer formstion on a
;urface, thch was unifoim, and on which no interaction between
adsorbed molecules occurred. Adsorption was envisaged as a
dynamic process ﬁith, at any pressure, the rate of arrival of
N molecules at the surface equal to their rate of departure.
Thevequation 8o derived, in the case of one_adsorbiﬁg species,

is of the form

. bP
Q= 1+bP es e e (1)
where 6 = the fraction of surface covered,
P = the gas pressure,
and b = a constant.

This simple treatment may be extended to dissociative and
competitive adsorption and analogous equations can be derived.
The term b in the langmuir expression is called the adsorption

coefficient and is proportional to exp ( = Ha

A
o ) where AHa
is the heat of adsorption of an absorbing molecule. On a
uniform surface A Ha is constant, and thus b is constant. Real

systems, however, often display a decrease in A Ha with increasing



surface coverage. Several isotherms have been derived taking
such a decrease into accoﬁnt. For exsmple, if the heat of
adsorption falls linearly with @ an equation of the form

@ = A+ Bln p may be derived (4). The reasons for the
observed decrease in the heat of adsorption with surface coverage
" have been discussed (5,6). It has been suggested that an inhewrent
surface heterogeneity and as induced heterogeneity, caused by the
effect adsorbed material on the work function of the remaining
surface, are more important than a dipole - dipole interaction
between molecules arriving at the surface and these already
adsorbed.

The Langmuir treatment, since it concerns itself with the
formation of monolayers, is most frequently used where chemisorption
is involved.

Few systems involving physical adsorption obey the Iangmuir
equation, It has become usual to claséify physical adsorption
according to five different types, first recognised by Brunauver (7).
A successful theoretical treatment of these isotherms was
developed by Bruncuer, Emmett, and Teller (8) and has come to
be known as the B.E.T. theory. This treatment involves the
formation of multilayers, the molecules in one layer giving rise

to adsorption sites for further layers. An equation of the form

_I_{ ( Po = P ) = 2_ + .I_’_O_ cecee (2)
v ~ Po Vm CVm

was derived, where:

g
L]

pressure of the vapour concerned,
Po = saturated vapour pressure at the prevailing temperature,
V = volume of vapour adsorbed,

Vm = volume of vapour adsorbed at monolayer coverage,



T

and ¢ = a constant term equal to:

(constant). exp ( E1"EL)
RT

(where E1 and EL are the heats of adsorption of the first layer
and liquifaction of the vapour respectively).

Equation (2) degenerates to the langmir equation where %b
"is low and C is large. These conditions apply in, for example,
chemisorption, other equations were also evolved to deseribe cases
where capillary condensation occured.

Both physical and chemical adsorption have been used frequently
in determinations of the surface area of substances, especially
catalysts. The method based on the B.E.T. equation is useful
for the determination of the total surface area. For example,
vhen applied to a supported metal catalyst, it is not._possible by
-this method to distinguish between metal and support. This may
be done, however, using a chemisorption method, where the gas used
adsorbs specifically on the metal component. Carbon monomide
and hydrogen are among the gases which have been used for this
purpose (9,10). Other methods of determining the metal surface
ares, involving surface reaction, have also been employed (11,

12).

Physical adsorption is normally reversible and the isotherm
followed during desorption is usually the reverse of the
adsorption isotherm. A hysteresis effect may be observed, however,
where the adsorbent is porous, that ig, the path followed during
desorption is other than that of adsorption. This effect has
been reviewed by Everett (13).

Chemisorption on the other hand, which is dependent on



the strength of the bonds formed and the nature of the
adsorption process, may be reversible, partly reversible, or

virtually irreversible.




1,2  Radiochemical Methods.

1.2.1 Mechanistic Works

Radiotracers have been used in all branches of chemistry
in the elucidation of reaction mechanisms, and their use in
catalysis is widespread.

The study by Emmett et al. (14) of the mechanism of Fischer -
Tropsch synthesis of hydrocarbons is a well documented example
of the use of radiotracers. It was shown in thie work that
.surface éarbide, formed by the reaction of an iron or cobalt

1 -
4C -labelled carbon monoxide, played little part

catalyst with
in the formatioﬁ of the products. Using 140 - labelled hydrocarbons,
it has also been shown, more recently that the methane yield in this
reaction does not arise from hydrocracking of the product
hydrocarbons (15).

There are many other examples of the use of radiotracers
in mechanistic studies. Hall et al. (16) have studied the kinetics
and mechanism of n - butene interconversion over aluminas and
silica - alumina, and Ferghan and David (17) have proposed a reaction
pathway for the dehydrocyclisation of n - heptane based on the
distribution of labelled carbon in the products.

Pines and Goetschel (18) and Tetenyi and Babernics (19) have
repor%ed_14c -.tracer studies in the liquid phase; the work by
the latter authors involved an estimation of the labelled component
by isotopic dilution. Based on radiotracer work by Woody et al.
(20) and others, the formation of a Y - centre cyclic intermediate

has been proposed during the disproportionation of the propenes.
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Hughes et al (21) have used '4C - labelled carbon monoxide in a

flow system for metal area measurement.

102624 Direct Monitoring and other Adsorption Studles:

The above mechanistic studies hzave their analogles in other
.areas of chemistry, but the "direct monitoring" method does not .
Here the adsorbed phase is observed directly by a radiation
counting device and the amount of radioactive ~ labelled
adsorbaté measured. It is made possible by the high sensitivity
of radiotracer methods, derived from the case with which single
miclear events may be recorded., The "direct monitoring" method
has been used in studies of adsorption at the gas liquid interface
usually by use of tritium - labelled compounds. Tajima et al.
Seimiya et al. and Jones and Ibbotson have reported work in this
field (22 - 27).

Adsorption at solid surface has also been studied by this
method. The adsorption of carbon dioxide on nickel single crystals
(28) was an early "direct monitoring" study and work on carbon
monoxide on the same adsorbent in U.H.V. conditions has slso been
reported (29).

Iawson (30) has examined the adsorption of formic acid on
silver, and Bunrton and Bussiete (31) have described a cell for
use at liquid nitrogen temperature for the study of the physicecal
adsorption of'krypton.

A novel method for the study of adsorption at a glass/solution
interface has been described (32). Here a glass scintillator
was used both as adsorbent and detecting device.

Like the air/solution interface studies mentioned above this
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method 1is limited'to the use of isotopes vhose emis:zions are
wealk,

Thomson and his co-workers have employed radiochemical methods
in a mumber of studies. By direct monitoring of nickel films
.under conditions vhere labelled mercury displaced adsorbed tritium
it was demonstrated that mercury displacement was never completely
efficient; a small percentage of the adsorbed tritium vas always
retained as single atoms isolated by adsorbed mercury (33).

That the hydrogenation of 140 — labelled cratonic and vinylacetic
acid on palladium took place on only a few active sites was |
shown by the use of thiophene as a poison (34). The hydrogenation
reaction was seen to be hindered by the presence of thiophene
though the adsorption process was not.

The adsorption of gas phase hydrocarbons especially ethylene
on transition metal catalysts has been the subject of a nmumber
of studes (35 - 43). It has been shovm that only a fraction
of the surface specles formed on exposure of these caralysts to
ethylene takes part in subsequent ethylene hydrogenation and that
difference metals display different characteristics in this

respect.
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1.3 The role of Silica and aluminé supportss

It has long been knovn (44) that the activity of metal
catalysts is énhanced in metal/support systems compared, with,
for example, powder or filament systems, because of the degree
.of dispersion achieved in supported catalysts. Thus metal -

surface to bulk ratios approaching unity can often be attained
in these systems. This may be termed a physical effect.
Hovwever the supposition that this dispersion effect comprises the
ﬁotal role~of the support is no longer tennbdble. It has been
demonstrated (45,46) that the same metal can have a specific
activity, for the same reaction, which varies widely as the
support material>used is varied. In the same way the ratio of
adsorbed species, where more than one type is observed, may be
changed by changing the support.

In the case of ethylene hydrogenation over differently
supported platinum catalysts (48), though the same initial
rate law was observed and 2pparent activation energies were all
of the séme order, different relative rate constants were observed.

In another study of the effect of the carrier material, (49)
the amount of metal was held constant while the amount of support
was increased. Maxima in catalytic activity were observed and
it was suggested that high activity occurred at the metal -
support interfaée.

The exact nature of this metal - support interaction is
not well understood, though it has been suggested (45,47) that
it is electronic in nature. In this connection Schwab (50),

. has described how a transfer of electrons from support to
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catalytic oxide in the oxidation of carbon monoxide on nickel
oxide/silver increased the'activation energy of the reaction to
a marked extent. It is therefore quite likely that, in the
reverse case, metel catalyst and semi - conductor oxide support,
such an electronic interaction is important. Figueras et. al

" (51) have pointed out that, in the case of insulator oxides,
charge - transfer complexes between metal and support may well
provide the mechanism by which suppert influences the properties
of the metal and have demonstrated the activity of such
complexes in a platinum/silica - alumina system. Boudart (52)
has emphasised the need, where studies of this effect are
undertaken, for comparisons between catalysts only be dohe in

terme of catalytic activity per unit surface area, in order that

the effect of dispersion may be taken into account.  However,
where reaction takes place at only a few active sites, as is the
case in many systems such as hydrocracking reaction, metal
surface area may be a poor guide to the number of active sites,
rendering such comparison difficult.

The effect of the support material deseribed above, that
is its interaction with the metal component of the catalyst, is
but one aspect of its wider chemical role.

Many materials used as carriers have catalytic properties
themselves which may be utilised to perform part of the
catalytic function. The reforming catalysts used in the
petroleum industry are the most important example of this

bifunctional catalysis and have been discussed widely (53,54,55).
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.The most frequentiy ;nvoked mechanism in reforming systems
involves hydrogenation - déhydrogenation on the metal component,
usually platinum in quantities of less than one per cent by
weight, followed by skeietal isomerization and/or craking on

the acidic sites of the support. The materials most frequently
‘uged as supports are alumina and silica - aluminas.

Reforming catalysts often contain flourine or chlorine in
amounts by welght comparible with the metal content. The reaction
conditions commonly employed involve temperatures greéter than
500°C and high hydrogen partial pressures. Isomerization has
also been demonstrated on metal films (56,57) but it seems likely
that under reforming conditions the major part of the re-

arrangement process occurs on the support.
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1.4 FEthylene and Acetylene Adsorption on Alumina and Silica:

6n alﬁminas, two types of acetylene adsorption have been
reported, a strongly adsorbed species where the acetylene molecule
is normal to the surface, and a weakly bonded species in which

the molecule lies parallel to the surface (58). In both species

the carbon ~ carbon triple bond is retained. Exchange between
the hydrogen atoms of the adsorbate molecules and surface .
hydroxyl groups has been observed.

No such exchange occurs with adsorbed ethylene on alumina.
bn some aiuminas thé adsorbed state of ethylene is the & , B
diadsorbed species, E, while on others chemisorbed ethyl groups,

¥, formed by slow self - hydrogenation are involved (58,59).

- CH, CH,  0’33
2

E F

It has béen shown that, on alumina, the sites responsible
for ethylene adsorption are different from those responsible for
the adsorption of acetylene; the two types of sites are probably
well separated on the surface (58).

Thermal desorption and deuterium exchange studies (60,61,62)
have indicated the presence of weask and strong adsorption sites,
the former being mainly responsible for hydrogenation, where an
ethylene - hydrogen mixture is present. VWhere thermal desorption
wvas carried out using an alumina sample which had been exposed

. to ethylene, the desorbed material consisted solely of ethylene (61).
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In a similar'wgy, ethylene itself was the only desorption
product, wheré ethylene had been admitted to a silica sample (63).
Acetylene is adsorbted on to silica only weakly, and to a small
extent (64). Reid et al. (42,43) by a direct monitoring method
found that the adsorption isotherms, of 140 ~ acetylene and 140 -
- ethylene on Rh}S;O2 and Rh/%lQOB, occur in two stages; 3 non-
linear primary adsorption isotherm followed by a linear secondary
adsorption isotherm, while on.SiO2 and Al?_O3 the adsorption of
140 - acetylene and 140 - ethylene took place in one linear
adsorpfion process which has a very small gradient in comparison_

with the gradient of the secondary adsorption on Rh/A1.0, and

273
Rnﬁhoza o
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1.5 Surface Migration:

The phenomenon, which has been named "spillover™ by Boudart,
has been observed by a number of workers, and has been reviewed
by Boudart (65). It has been observed, for example, that the
. reduction of éungstem trioxide was accelerated by the presence
of platinum. This was ascribed to a dissociztion of hydrogen
on the metal, followed by diffusion of hydrogen atoms so formed
across the metal/oxide interface. Hydrogen adsorption far in
excess of‘that vhich could be accounted for by adsorption on the
metal component alone was found (66).

The atomic nature of the diffusing species has been supported
by E.S.R. studiés using a variety of zeolites as catalysts (67).
Other examples of "spillover" have been reported (68,69,70).

Sancier (70) has estimated that the distance of migration
in the palladium/alumina system was of the order of 0.5 mm.

Sinfelt and Iucchesi (71) have studied the hydrogenation
of ethylene on 0.05% Pt/sioz,,' where alumina was added to the
catalyst. The rate of hydrogenation was greatly enhanced by
the presence of the alumina; the effect was too great for it
to be additive. It was concluded that hydrogenation occurred
mainly on the alumina, using hydrogen which had been activated
on the metal and had migrated to the a2lumina, In further work
using Pt/AlZOBWith vhich alwnina had been mixed, Al,0, (72) it
was noticed that the presence of platinum enhanced the removal
of adsorbed ethylene from the alumina, on hydrogen admission.
This observation was interpreted in terms of hydrogen migration
though it was also thought possible that the migrating species

was hydrocarbon,
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Though the migration of hydrogen from metal to support is
well documented, the "spiilover" of hydrocarbons has not been
observed directly. However such a migration of hydrocarbon
from metal to support has been suggested as an explanation for
the observation of ethylene and acetylene retained on supported
- platinum catalysts in for greater quantities than could be explained
by hydrocarbon adsorption on the platinum component of the catalyst
(39,40). Webb and Macnab, (145), using deuterium and radioactive
tracer techniques, show that where as the rates of hydrogenation
and 1 - butene exchange, over silica - supported rhodium catalysts,
decrease uniformly with increasing mercury coverage, the rate of
isomerization is virtually independent of mercury coverage up to
%gf} 80%. The results are interpreted in terms of a model
in which hydrogenation and olefin exchange occur directly on the
metal, while isomerization involves the migration of adsorbed
1 - butene from the metal to the supporf followed by isomerization
on the silica.

Implicit in the generally accepted mechanism of bifunctional
catalysis, involving hydrogenation dehydrogenation on the metal
and isomerisation etc. on the support, is a migration step
between different types of sites. The nature of this migration
is not well understood. The use of physical mixtures of metal
compoﬁent and acidic component has let to the suggestion of a |
gas phase transport of intermediates (73,74,75,76).

Olefins, thought to be the most likely intermediates (74 -
76), have been detected in small quantities in the gas phase (76).

It has also been suggested, however, that in some systenms,

surface migration may be important (77).
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1.6 The Adsorption of carbon monoxide on metalss

The adsorption of carbon monoxide has been very widely
studied by almost all of the currently available techniques.
Because the adsorption has been aasumed to be non - dissociative,
‘and the molecular structure is simple and well understood, CO
chemisorption is attractive as a test reaction, vhere new methods
of study are being developed. In addition, its nse in metal-
area determination has necessitated an understanding of the
nature of the adsorption. In particular a good estimate of the
£atio of aﬁsorbed mélecules to surface metzal atoms, is desirable
for a large mumber of metals. The simplicity of the system is,
however, decepti;e and a degree of uncertainty prevails.

Current knowledge of carbon monoxide adsorption has been
reviewed by Ford (78). In early work on the infra - red
adsorptién by surface species Eischens and Pliskin (79) observed
three bands in the carbonyl stretching region. By relating the
position of the bands to the spectra of metal carbonyl compounds
they ascfibed the observed bands to a linear and bridged form

of adsorbed carbon monoxide, species G and H.
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" Blyholder (80,81) has, however, offered an altermative interpretation
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of the observed spectra.

Using 2 molecular orbital model, he has suggested that all
the I.R. obsorption bands may be interpreted in terms of only
one structure, the linear fomm. The low freguency bands assigned

by Eischens et. 2l. to bridged species could occur from linear

| bonding at edge and corner sites. The first interpretation,
however, still finds wide acceptance. Certainly the heterogeneity
of the adsorption is not in doubt. Tompkins and his co-
workers (82,83) observed a fast rate of adsorption followed by
5 slover fate, on ﬁickel films. These workers also fqund that
the heat of adsorption on iron remained constant until 309
coverage. Stevens (84) observed a fast removal of carbon
monoxide from a palladium surface, followed by a slow removal,
on the admission of oxygen. Tlash Tilament desorption studies
(78) hafe also shown that more than one type of adsorbed species
or site of adsorption is involved and have favoured an interpretation
involving linear and bridged forms of adsorbed species.

Several studies on single crystal planes have showm that
the different forms of adsorption cannot readily be understood
in terms of different types of adsorption on different crystal
faces. It has been demonstrated that complexities occur even
on single planes (85,86,87) Moss et. al. (88,89) have shown that,
in the platinum>— sillecn system the relative proportions of the
different types of adsorbed species varies with metal concentration
and have sﬁccessfully interpreted their results in terms of
bridged species being formed on the crystal faces and linear
species at edges and cormers.

Rigorous interpretation of infra -~ red data has been

attempted by Bradshaw and Pritchard (90). They observed that
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on nickel films no bands appeared until the mojority of the
surface material had been adsorbed; the initially adsorbed species
had a very low extinction coefficient.

The infra - red results of Yang and Garland (91) revealed

three types of adsorption on Rh/A1203.
/2 I
WA VAV

. Structure I. was found on an unsintered 2% Rh/A12O and,

3
on 8% and 165 catalysts, sintered and ui;sintered, G. appeared

at lower coverages, whilst species I. and J. developed as the
coverage increased.

The infrs. - red results of Palazov (92) revealed that both
bridged and linear species exist on 9 ¢) palladium supported on
silica catalyst. Tvidence is presented that some of the several
separate bands seen for bridged species stem from the same
species interacting to defferihg degrees with neighbouring
chemisorbed carbon monoxide. Estimates based on adsorbed
amounts suggesf that the bridged species has an extinction
coefficienf which is an order of magnitude greater than that for
the firmly bound linear species, but that a loosely bound

linear species has an extinction coefficient more comparable
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to that of the bridged species. A model is suggested for the
mode of édsoiption that assumes both 1inea£ and bridged carbon
monoxide boﬁnd to the same metal atom. The infra - red results
of Guerra and Schulman (93) revealed three types of adsorption

. on Ir/s;g’zf; M - C0, M, - CO and M - (co)z; M - CO being the

predominant species.
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1.7 Adsorbed states of ethylene on metal catalysts:

The adsorption of ethylene, like that of carbon monoxide,
has been extensively studied, and the interpretations of the events
occurring have often been conflicting.
_ The initial adsorption has been interpreted as either
asgociative, giving structures K or L or dissociative giving,

perhaps structure N, or other hydrogen deficient species.

HC -— CH, BC === CE, HC ===
b

M M M M

CH
| L.
M M

, Thuﬁgh Selwood (94) in studies of magnefization changes
postulated s mainly assoclatively adsorbéd surface specles
similar to that proposed by Horiuti and Polanyi (95), dissociative
adsorption at room temperature has been more widely accepted.

Self - hydrogenation, resulting in the fast production of
gas phase ethane has often been observed (96, 42). Selwood
(97) has studied the ~dsorption of ethylene on nickel/silica
‘over the range of temperature 0°c to 13000 and hzs shown that
associative adsorption takes place at low temperature and, as
fhe tempefature is raised, dissociation occurs giving rise to
self - hydrogenation. Further temperature increase causes
carbon - carbon bond rupture and the final formation of surface

. carbide, the latter as single carbon units. This picture has
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been qualitatively confirmed by Mckee (98).  He observed a
slow self - hydrogemation at - 73°C, and showed that the extent
of dissociation depended on temperature. At 0°C the hydrogen/
carbon ratio of the surface species was about 1.5 which fell

to 1.0 at room femperature, the latter value being in good
agreement with other work (99). It was also concluded that
the production of methane, observed as a reaction product, was
derived from ethylene not ethane.

Other techniques such as "FEM have also indicated that, as
the temperature is‘raised, associative adsorption gives way %o
dissociation in two steps ‘o a surface carbide, though the latter
probably involves two -~ carbon units (100, 101).

Thus associatively and dissociatively adsorbed species may
co - exist on a surface. This conclusion wasé drawn from 2
radiochemical study by Cormack et. al. (36). It was shovn that
on & series of alumina supported catalysts two modes of adsorption
occured. One type took part in hydrogenation, molecular ex-
change with gas phase ethylene and could be removed by evacuation,
the other was unaffected by these processes, or at least, could
not be removed from the surface by them.

Earlier work (35) on nickel films had shown a similar
heterogeneity and it had been suggested that the retained
fraction be identified with the hydrogen - deficient species
found in other work (99,102).

Further radiochemical studies using a flow technique have
agaln demonstrated the existence of a retained surface fraction

for wvarious hydrocarbons, including ethylene, on a variety of
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catalysts (37,38,39). It was agzin concluded that this fraction
was the residue of diesociative adsorption and self -
hydrogenation and it was proposed that the extent of dissociation
depended on experimental conditions such as temperature.

In these studies the reactive form has come to be
- identified with the ~ssociatively adsorbed species K or L. This
has also been suggested by Bond (103).

McKee and others (98,99) have shown that, on nickel, the
hydrogen/barbon ratio is about unity at room temperature.

Thus dissociative adsorption gave rise, at this temperature, to
two surface hydrogens and a hydrogen deficient species probably
with the formula C2H2(a).

Beeck (102) assumed this surface complex to have double
hond character, structure N, as did Jenkins and Rideal (99).

L.E.E.D. studies on the (111) face of platinum (104) have
indicated that the adsorbed species, which result from dissociation,
occupy four sites. It is doubtful, however, if, by this
techniqué, one can distinguish between a surface species with
double bond character and a species with single bond character
(104).

Eischens and Pliskin (105) have pointed out that the surface
coﬁplex nmay be fully saturated and have pEGSented infra - red
evidence to show that, on nickel - silica, this is probably
the cases Infra - red studies of ethylene adsorption have
contributed to our understonding of this phenomenon but have
also caused some confusion. Most work has been carried out

using supported nickel catalysts though supported palladium
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and platinum have ﬂlso been used.

Sheppard has stated that 1nfra - red studies may not reveal
the presence of reactive intermediates if the appropriate bond
intensities are weak (106).

Associatively adsorbed ethylene, corréspouding to structure
. K, has been reported to be present on nickel/silica by soume
workers (105,107) but not by others (108).

Sheppard (109,110) has reported that this species is -
present on Ni - Si02 only at low temperature, in this work, an
n - butyl structure was ascribed to the 2dsorbed species at
room temperature.

Similarly, Peri (108) while observing similar spectra to
other workers (105,107) has interpreted them in terms of adsorbed
1 - and 2 ~ butenes instead of associatively adsorbed species.

Vhere associatively adsorbed ethylene had been observed,
the addition of hydrogen resulted in thé formation of adsorbed
ethyl groups in one case (105) and in the formation of n - butyl
groups in another (107).

Morrow and Sheppard (109,110,7111) have studied ethylene
adsorption on platinum/éilica. They have found the associatively
adsorbed species, such as that corresponding to structure N,
ﬁeie also observed. The adnission o hydrogen produced ethane
in the gos phasg and the spectral intensity increased greatly.
It was conclﬁded from the latter observation, that initial
adsorption had also produced extensively dissociated species,
present before hydrogen admission as surface carbide. At
higher temperature n - butyl groups appeared and small amounts
of n - butane were present in the gas phase. It has been
shown, however, (112) that at these temperatures, virtually all

of the surface species still retained their C? character and

v

e
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that a random high polymer was not formed. Adsorption of
ethylene on palladium produced only weak infrs - red bands (113);
species with double - bond character, structure N, were indicated
along with methyl 2nd methylene groups. Admission of hydrogen
resulted in a disappearance of the olefinic bonds and an
intensification of bonds corresponding to saturated specieé.

This intensification was interpreted as the formation of specles

corresponding to structure K and structure O:

W

N

(0)

2—g—q

and may haﬁe arisen, in part, from hydr@genétion of initially
present surface carbide.

Surface ?otential measurements of ethylene chemisorbed on
nikel (114) and pallodium films (115) are consistent with the W-
complex structure L, as originally suggested by Rooney and
Webb (144).

Recéntly, Sheppard and co-workers (116), using an extremely
sensitive infra - red interferometry technique, have also
obtained evidence for the existence of both a di - ¢”~ bonded

and T - ﬁonded species vhen ethylene is chemisorbed on hydrogen
precovered silica - supported palladium and platimum catalysts.
These workers &lsoclaim that both species are easily hydrogenated,
‘ fheTT - complex being more reactive.

Ethylene pblymerisation was reported on supported nickel
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by Taylor et. al. (117) end subsequently has been noticed many
times, Kokes has reported the formation of dimers during
ethylehe hydrogenafion on cobalt (118).

Thermal desorption studies, carried out using silica and
alumina supported platinum (40), have also indicated polymerization
‘of ethylene, though it was concluded that this process took

place mainly on the support material,




1.8 Adsorbed states of acetylene on metal catalysts:

Fischens and Pliskin (105) reported, from infra - red
studies of acetylene adsorbed on supported nickel, evidence for
the self hydrogenation of acetylene to ethyl groups (structure 0)
-and the formation of surface carbidic specles. These
observations were confirmed by Nash and Desieno (119). However,
a quite different spectrum wrs found by Little et. al. (120) -
for acetylene adsorbed on palladium, copper and nickel supported
on silica glass, Evidence was found for olefinic species.
Evacuation did not remove these species but, on the admission
of hydrogen, saturated species were formed. On explosively
dispersed coppér the formation of n - butyl groups and surface
carbide has been reported (119), contrary to the olefinic
groups observeé by Iittle et. al. (120).

Sheppard and Ward (121) have reported results for acetylene
adsorption on silica - supported nickel and platinmum using
equipment of greater sensitivity and resolution than had been
previously possible. On nickel these workers found evidence for
an olefinic species, probably corresponding te structure N, though
the possibility of the existence of a surface diolefin was not
raled out. A major proportion of the adsorbed material was
shown to be in the form of alkyl groups formed by self -
hvdrogenation.and polymerisation. Admission of hydrogen
resulted in the formation of n - butyl groups and an intensity
increase indicating the initial presence of surface carbide.

On platinum a weak spectrum was observed initially: a

’large intensity increase was observed on hydrogenation of the



surface speciles. Thus surface carbide form#tion, accompanied
by adsorbed hydrogen formation, took place to a marked extent
on this metal. Admission of hydrogen caused the formation of
surface - alkyl groups of average structure (an)n CH3
'M
P.

where n? 4. Thus polymers of slightly greater chain length
were formed 6n this metal than on nickel (n = 3).
‘ This york, where both olefinic and saturated species were
observed on exposure of the catalyst to acetylene, has largely
reconciled the observations of previous workers. |

Infra - redfstudies form the bulk of the work carried out
on the direct observation of adsorbed acetylene though other
techniques have been used. In F.E.M. studies, Hansen et al.
(100;101) have reported that, on iridium, the adsorbed state in
saturated species involving four carbon - metal bonds, whilst on
tungsten, a single dehydrogenation step occurs on heating giving

rise to C, .

x$
Radiochemical work (38) has shown that the sites responsible

for retained species of ethylene and acetylene was shown to adsord, |
on a variety of metal catalysts, to almost the same extent on an
ethylene precovered surface as on a clean surface.

'Both surface potential measurements and observations of the
hydrogenation activity of ruthenium and osmium catalysts have
suggested (122) that the species active in the hydrogenation
‘reaction is the associatively adsorbed species, structure Q,

Hew C=C~—H
&

Q
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in which both -bonds interact with "surface atoms (144).

Analysis of L.E.E.D. beam intensities for a 2 x 2 chemisorbed
layer of acetylene on the Pt (111) surface (123) shows that in
the most likely bonding mode the molecule is centred on a
triangular site, the carbon atoms are equivalent by symmetry, and
'relevant C ~ Pt distances are 2.25 and 2.59 Z. In the other ﬁoasible
bonding mode the molecule is in an approximately twofold position
with each carbon coordinating to three platinum atoms, C - Pt

)
distances being 2.47 and 2.65 A,

t
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1.9 The hydrogenation of acetylene:

The reaction was {irst studied by Sheridan and co -~ workers~
(124,125,126,127), who investigated the kinetics and product -
distribution .over pumice - supported metals. Subsequently, the
reaction has been extensively studied by Bond and co - workers
(128,~ 134) over pumice - and alunmina - supported metals and
metal powders. The reaction of acetylene with deutériﬁm has also
been investigated over nickel (135,136) and aiumina - supported
noble group Y111 metals (129,137).

For reactions carried out in a constant volume reactor, the
shapes of the pressure fzll against time curves are dependent upon
the initial hydrogen: acetylene ratio, but in_generél the reaction
takes place in two distinct stages. During the first stage the
main products is ethylene, with small yields of ethane. The onset
of the second stage is generally accompanied by a sharp increase'
in rate. After the rapid accelération the main process occuring
is the further hydrogenation of ethylene to ethane.

One of the characteristic features of the‘metal - catalyzed
reaction of acetylene with hydrogen is that, in ~dddition to ethylene
and ethane, hydrocarbons containing more than two carbon atoms are
frequently observed in appreciable yields., The hydropolymerisation
of acetylene over nickel - pumice supported catalysts was investigated
in some detail by Sheridan (126), who found that between 200 and

250°C, extensive polymerisation to yield C, - and Cg - polymers

4
occured, although small amounts of all polymers up to Cn - , Vhere
n > 31, were also observed. It was also shown that the polymeric

products were aliphatic hydrocarbons, although subsequent studies
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with nickel - alumina (138) revealed that, whilst the main products
were aliphatic hydrocarbons, sm2ll amounts of cyclohexene,
cyclohexane and aromatic hydrocarbons were also formed.
Selectivities defined as S = raénz/(yo?ﬂ4 + PC,H,) have been
~observed to decrease wilth increasing hydrogen pressure and to
increase with increasing temperature.

The shapes of the pressure time curves together with the
observation that the selectivity remsins constant, or nearly so,
until the acceleration point is reached has been taken to indicate
that the thermodynamic factor is high, that 1s the presence of
acetylene effectively prevents the readsorption of ethylene from
the gas phese ané 3lso aids the desorption of ethylene. Such a
conclusion makes the implicit assumption that the same sites are
involved in acetylene and ethylene =dsorption.

Different mechanisms have been prorosed to explain the
hydrogenation of alkynes and olefins. In all these mechanisms
there is one assunption regmrds hydrogenation as hydrogen nddition
direct to adsorbed unsaturated hydrocarbon or to fragments of
adsorbed unsaturated hydrocarbon. The reaction could be represented

by the following general reaction scheme:

(1)

Cnﬂén<;————CnH2n (g)
+Hé

Cufl(2n-2) (g) == _CnH(zn.z) (2) + 5

Cl(zm2) (c)

Thomson and Webb (139) have suggested that this assumption

is not valid. TFrom a2 broad survey of the available literature
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these authors summarised the basic featurés of metal catalysed
hydrogenation reactions which are not readily explicable in terms
of direct hydrogen atom addition to the adsorbed hydrocarbon.

The basic features vhich were considered were as follows:

a, Ethylene hydrogenation belongs to a class of reaction in
which the activation energy is found to.var& within narrow

limits with change in netal.

b. The nature of the metal surface has little effect on
catalytic activity in hydrogenation. Vhen films and
dispersed supported catalysts were compared on azn atom basis
rates :are virtually equal,

c. Vhen the nature of the reaction is considered in comparisonv
with isomerisation.and cracking it is found that hydrogenation
is not a structure sensitive reaction. ' .

d. There is at preseant no satisfactory correlation between fhe
electronic, naghetic or geometrical feature of the catalytically
active mezals. Thus attempts to correlate activities with
work function, holes in the 4 - band, heats of adsorption,
density of electron states etc. have only limited success.

The only universal correlation between catalysis and activity

is that which involves rates with areas.

Thonson and Webb (139) proposed, as a general mechanism for
hydrogenation, a model which unifies all these features of the‘reaction
and vhich gives an insight into each. They suggest that hydrogenation
should be interpreted as hydrogen transfer between an adsorbed
hydrocarbon species M -,C::Hé,and adsorbed wnsaturated hydrocarbon.

It should not be regarded as hydrogen addition direct to adsorbed
unsaturated hydrocarbon or to fragment of adsorbed unsaturated

hydrocarbon.
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Their prime aim in making this suggestion is to make the meﬁal

only of secondary importance in hydrogenation and to suggest that

hydrogenation is but an extension of self - hydrogenation: this’

latter reaction is self - poisoning but they suggest thaf thé process

is contimuous in the presence of added hydrogen.

If the features (a - d) are re - examined it can be seen that

they all fall into a cohercnt picture o” hydrogenation.

Qe

Ce

d.

Removal of direct dependence on the nature of the metal
would account for similarities in the energy barrier to
hydrogenation vhen different netals are used as substrates
i.e. rates would depend on hydrogen transfer from M —ka%¥5
not from I1 - H, Variations in frequency factors would

arise frow di’Terent site densities of M - QKE‘};";;

The form of the retzl, film or supported, ceased to be of
direct signilicance if the active center if M ~4Ckfﬁ§;
Facile and demanding reactions now appear in a new light.
Yhere a rcnction depends for its occurrence on formation
of M - Cx H& then crystallite size;and disversion will
not aTfect the veaction provided equivalent numbers of
M- Cy E§ active sites are formed. Catalytic cracking on -
the othex hand ill remain as a sensitive reaction in
that fission of C - C bonds appears to occur through

the formation of MM - C bonds to the reacting hydrocarbon.
IT M- Cx Hy ic the active center in hydrogenation.then
it is not surpfising that the correlations sought so
agsliduously over may years should not exist. It is
clear, however, that correlation with area should exist

in the samse that increased area will mean increased
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mubers of active sites., Correlation with physical
properties should only exist in go- far as they will

influence formation and stability of M -~ @H;‘-‘:;ceni-:res.
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2.9 The Reaction System.

2.1.1 The Vacuum Systen:

The apparatus consisted of 2 conventional high vacuum systém,
. and a reaction vessel R.V., maintained at a pressure of 165 torr
or better by a mercury diffusion punp backed by a rotary oil pump.
The vacuum line (figure a) incorporated four one litre gas
storage vessels (S1 - 54) along with » smaller recervoirs, R1; R2,

and R These were fitted with three teps in serles, the two outer

3
taps being at unequel distances from the middle tap. By using
various combinations of the line volumes between these taps, different
amounts of the radiocactive gas stored in R1, RQ, and R3 could be
released to the reaction vessel.

The vacuum line incorporated also ~ mixing vessel M.V., vhich
was used to nix the»reacting gases before introducing them to the
reaction vessel.

fmpoules of radioactive cns were senled on to the vacuum 1iné
and the breakseals broken by two stainless steel balls manipulated
magnetically. Pressures in the vacuunm line could be measured in
two ways. Over the range 166 torr to about 0.5 torr the Pirani
gauge was used. In the range 1 torr to 1 atmosphere 2 mercury
menometer was used. Pressures in the reaction vessel were
measured usiﬂg a calibrated differential transducer (see section
2.1.3). The reaction vessel (volume 533 cm3) (fig. b) was
similar to that of Reid (42) and involved the use of two intercalibrated

Geiger - Muller tubes (Mullard MX 168/01) (see section 2.1.2)‘which
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enabled the simultaneous determination of the gas phase and éurféce
without disturbing the catalyst boat. With the boat ip position
A, Gelger - Muller tube 1, was exposed to the gas phase | '
radioactivity together with the radioactivity from the catalyst
surface. Geiger - Muller tube 2 was exposed only to gas phase
radioactivity and the empty half of the boat. Thus' the amount of
radiocactive material on the catalyst surface, invequilibrium with
the radioactivilty labelled gas phase, was obtained by substraction
of the count rate recorded by G.M.2 from that recorded by G,M.1.

In order to prevent the radiocactivity from the catalyst
surface to be detected on G. M. 2., the gas phase counting tube,
the obtuse angled emission ves eliminated by the inclusion of a
thick glass wall (about 3 m m) close to the catalyst area within
the catalyst boat itself.

The boat could be moved to position B, inside the reaction

-vessel heater, H, by use of an external magnet applied to the glass ~
enclosed metal bar, b, which was attached to the boat by a
tungsten rod. ' |
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