


ABSTRAGT — Studies have been made of the kinetics of the hydrogenation of
mixtures containing 2% of acetylene in ethylene on an alumina supported
palladium catalyst in a static system. Information has been obtained about
the nature of the selectivity of the reaction of acetylene. Detailed
analyses of the kinetics have been made as the ratio of the pressureé of
acetylene to ethylene decreases and subsequently as the remaining hydrogen
is used up. The poisoning action of carbon monoxide, which selectively
inhibits the hydrogenation of ethylene, has also been studied. Tracer studies
using carbon-13% labelled acetylene, light ethylene and hydrogen with analysis
by combined gas chromatography - mass spectrometry, have shown unambiguously
that ethane produced from the -hydrogenation of a mixture of acetylene in
ethylene comes predominantly from the ethylene. The reaction between acetylene,
ethylene and deuterium gives a greater understanding of the surface processes
involved and produces ethane which is mainly ethane-4 . It is postulated.
that two types of site exist on the surface, type X which hydrogenates both
acetylene and ethylene and on which acetylene is adsorbed ~ 2200 times more
strongly than ethylene at 293 K and type Y which is easily poisoned by
cérbon monoxide and can hydrogenate ethylene even in the presence of acetylene.
The hydrogenation of acetylene has also been investigated in a spinning-
basket reactor. The rate of disappearance of acetylene was found to be
controlled by pore diffusion at low acetylene concentrations and was
independent of acetylene at high acetylene pressures. In the non-diffusion-
controlled region the reaction of acetylene was first order in hydrogen and the
rate of ethane formation was independent of both the acetylene and ethylene
pressures. This latter observation is consistent with the presence of two
types of site. The nature of the C, products has been shown to be dependent
on the packing of adsorbed acetylene molecules and on the availability of

surface hydrogen. The analysis of a heavy involatile product is also reported.
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CHAPTER |

Introduction

1.1 Industrial Importance

Olefins produced from naphtha crackers are invariably contaminated with
appreciable amounts of acetylenes and diolefins. Whenever ethylene is to be
used in chemical processing these impurities must be removed since acetylene
may be a potential hazard in low-temperature process equipment and is also a
poison for ethylene polymerisation catalysts. The most elegant method of
acetylene removal is catalytic hydrogenation where the acetylene impurity

is not only removed but the yield of ethylene is increased. The permissible
level of actylene has become progressively lower in recent years from ~ 100 ppm
in the 1950's unfil the present time where many ethylene producers allow no
more than 5 ppm of acetylene in the ethylene product.

Early industrial plants employéd catalysts based on iron, nickel or
cobalt which rarely operated under conditions of net ethylene gain needing
continuous injections of mercaptans to reduce ethylene loss'. These catalysts
also required frequent regeneration to remove polymers produced as a side
effect of the acetylene hydrogenation reaction and were thus not operating to
maximum efficiency.

In 1960 alumina-supported palladium catalysts were introduced which
operated with net ethylene gain and with greatly reduced polymer formation
and for the first time continuous operation was achieved with longer periods
between regeneration of the catalysts. ©Since the production of polyethylene
is such a widespread and important chemical process any small increase in the
ethylene yield has, almost of necessity, to originate in an improvement in the
catalyst efficiency which can only be derived from fundamental research into

the nature of the acetylene hydrogenation process in ethylene streams.
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1.2 Introduction to Acetylene Hydrogenation

vCatalytic hydrogenation embraces all reactions where unsaturated molecules
combine with hydrogen to give less unsaturated products. The homogeneous
hydrogenation of unsaturated hydrocarbons proceeds at an immeasurably slow
rate at normal pressures at temperatures up to 473 K but in the presence of
transition metals, especially those of Group VIII the hydrogen addition
reaction is effectively catalysed. A hydrogenation catalyst increases the
rate at which the reacting system approaches equilibrium without itself
becoming permanently involved in the reaction.

In the past sixty years much attention has been paid to the
hydrogenation of acetylene over heterogeneous catalysts. Most early werkers
studied only the products of the reactiom®? and only in 1944 were the
reaction kinetics first studied'®'*. When acetylene and hydrogen react on
a hydrogenation catalyst three types of reaction occur simultaneously.

Thege are:-

GE +B 4 GE 1.
GQH + & » G 1.2
nG L + mb » G, HZ(n +m.-) 1.5

Thus an acetylene molecule will generally hydrogenate to give both an ethylene
or an ethane molecule along with dimers and higher products. The extent to
which an olefin is produced as opposed to a paraffin is termed the '"selectivity"
of the acetylene hydrogenation and is a function of the catalytic surface.

To understand fully the acetylene hydrogenation reaction some attention must

be focussed on the adsorbed states of ethylene and acetylene on metal surfaces.

1.3 Adsorbed State of Ethylene on Metal Surfaces

Information regarding the adsorbed states of hydrocarbons has been obtained
from three main sources: (i) studies of surface reactions such as hydrogen -

deuterium exchange'’ , self-hydrogenation and self-poisoning; (ii) changes in



the properties of the metal such as magnetic susceptibility and work functionj
(iii) direct observation by infra-red spectroscopy.

When ethylene was admitted to a freshly prepared metal surface self-
hydrogenation occurred resulting in the production of ethane'®™°. This
ethane could have arisen from the reaction of adsorbed ethylene with hydrogen

atoms released by dissociation of associatively adsorbed ethylene:

GH (a) + GHE (a) + H (a) 1.4
GHE (a) + GH (a) + H (a) 1.5
GH (a) + 2H (a) - GHE (g) 1.6

or by the disproportionation of two associatively adsorbed ethylene molecules:
2 GH (a) + GH (a) + GE (g) 1.7
Magnetic studies on nickel-silica catalysts at 273 K suggested that

ethylene was adsorbed associatively?’? i.e.

H,C - Ch or HC =Ch

[\ l

and that on increasing the temperature a greater degree of dissociation

I

occurred producing self-hydrogenation. Above 403 K carbon- carbon bond
fission and the formation of surface carbide occurred. Similar findings have
been observed over palladiumf’.

The existence of at least two modes of ethylene adsorption has also
been demonstrated using ['*C] ethylene adsorption??. When ['%C] ethylene
was adsorbed on to alumina-supported nickel, ruthenium, rhodium, palladium,
iridium or platinum only a fraction of the initially adsorbed ethylene could
be removed by hydrogenation, by exchange with non-radioactive ethylene, or
by evacuation and each of these processes removed the same fraction of the
ethylene. The remainder of the adsorbed ethylene was retained on the catalyst

surface and has been identified with a dissociatively adsorbed species.



Although the radiotracer method obtained information about the fate of
adsorbed species it yielded no information about their structures. This
information can be derived from infra-red (i.r.) spectroscopic studies
mainly using silica-supported catalysts since silica exhibits a large i.r.
window?? . The adsorption of ethylene on a 'bare' platinum-silica catalyst?*™%
at room temperature led to spectra in which the associatively bonded structure

(I) predominated but bonds ascribable to dissociatively adsorbed ethylene

(II) were also observed.

H H

Nel

VAN

IT

The i.r. spectra of ethylene adsorbed on nickel-silica were similar to those
observed on platinum-silica but with less dissociation on nickel. On
palladium-silica surfaces only weak i.r. bands were observed’ and these
indicated species with double bond character together with methyl and
methylene groups. On admission of hydrogen the olefin bands disappeared

and intense bands corresponding to surface ethyl groups were observed.

1.4k Adsorbed State of Acetylene on Metal Surfaces

The adsorption of acetylene2 ‘*"2‘?01'1 palladium-alumina and on silica and alumina-

supported platinum exhibited the same general characteristics as those
observed with ethylene but with some important differences in that the extent
of acetylene retention was larger than that of ethylene retention and the
amounts of acetylene retained by 'clean' and ethylene-precovered surfaces
were identical. Since acetylene can prevent adsorption of the reactive

form of ethylene under selective hydrogenation conditions® %29 then it

would appear that the adsorbed states of ethylene and acetylene involved

in retention and hydrogenation are different and that the heterogeneity of a



surface depends on the adsorbate molecule. The greater degree of acetylene
retention may be due to the formation of surface polymers °.

Infra-red studies on acetylene adsorption follow a similar pattern to
those observed with ethylene. On silica-supported nickel, palladium or
platinum ' adsorption of acetylene on the 'bare' metal gave rise to bands
ascribable to olefinic species (structure II) and to surface alkyl groups.
As with ethylene, the degree of dissociation of the adsorbed acetylene was
greater with platinum than with nickel. Palladium was very similar to
platinum except that the proportion of olefinic groups was somewhat higher
on palladium. More recent sudies of acetylene adsorption over palladium-
alumin’ ? and platinum-aluminz’? have shown that the spectra are very similar
to those obtained with silica-supported metals.

Therefore when unsaturated moleculeé are adsorbed on a metal surface
both dissociatively and associatively adsorbed species are formed and thé.
proportions of each species vary from metal to metal and also depend on
the history of each individual metal sample. This last point has been

demonstrated by Inoue and Yasumori’

* who studied the adsorption and hydrogenation
of acetylene on a cold-worked palladium foil. ['*C] Acetylene adsorption
studies revealed four types of adsorbed acetylene: A, which desorbed on
evacuation; B, which was removed from the surface during hydrogenation;
C, not removed by hydrogenation but by the addition of hydrogen at 423 K;
and D, which remained on the surface after reduction at 423 K. The relative
amounts of each type of adsorbed acetylene varied with the annealing temperature
of the palladium foil.

The effect of the addition of hydrogen to a hydrocarbon-precovered
surface indicated that the active species in hydrogenation was an associatively

bonded species as has been assumed in the formulation of a reaction mechanism

for the hydrogenation reaction’ 283279, There is still some doubt however



as to the precise nature of the associatively adsorbed species. From i.r.
studies it has been concluded that a di-9-bonded complex III is formed with
olefins but Rooney et al’® > have proposed that a T-complex IV is present
during hydrogenation.

¢ - CH E, C

[ |

* *

11T v
With acetylene the corresponding di-9-bonded and T-complex structures are
represented by V and VI respectively.
HC = CH | HC

L l t CH

* *

v VI
Surface potential measurements on nickel films have suggested the existence of

structures VI and IV for acetylene and ethylene respectively ’.

1.5 The Hydrogenation of Ethylene

Many studies have been made of the hydrogenation of ethylene to ethane over
transition metals especially those of Group VIII and Group IB. Much early
work was carried out over nickel catalysts the most notable being that on
films by Beeck'? and Jenkins and Rideal'®. Schuit and van Reijer’ ® studied nickel,
iroa, cobalt, copper, platinum, rhodium, ruthenium and palladium catalysts supported
on silica for the hydrogenation of ethylene and published valuable kinetic data.
The rate of ethylene hydrogenation may be expressed as
r=kBP, P Y 1.8
where r is the rate of ethylene hydrogenation, k is a rate constant, P,, is
the partial pressure of hydrogen, E 1is the partial pressure of ethylene
and x and y are the reaction orders in hydrogen and ethylene respectively.

A1l metals studied, irrespective of their physical nature, gave values of



0.5< x < 1.2 and -0.8 < y < 0.5 indicating that ethylene was strongly
adsorbed on the surface and that very little hydrogen covered the surface
during hydrogenatior’?. The activation energy was also independent of the
metal and its nature at 35 £ 10 kJ mol '.

Overall a general order of reactivity of pure metals towards ethylene
hydrogenation may be given ag %39;

Rh= Ru > Pt = Pd= Ir > Ni > Fe = Co > Cu.

The generally accepted mechanism for ethylene hydrogenation to ethane is
one in which the intermediate is an adsorbed alkyl radical frequently
referred to as a 'half-hydrogenated state' first suggested by Polanyi and
Hortiuti*® and shown in equation 1.9.

RO OR +HREC - 0B 37 GK (g 1.9

* *
Once the ethane is produced it is assumed to be unreactive and does not
undergo readsorption.

Evidence for the addition of hydrogen atoms as opposed to molecules has
been obtained using equilibrated and non-equilibrated hydrogen-deuterium
mixtures where the same products were formed on reaction with ethylene
irrespective if hydrogen and deuterium molecules or hydrogen deuteride (HD)
molecules were used'. This has also been supported by work involving
propylene*? .

However, some evidence does exist to the contrary where ethylene
hydrogenation may occur via the addition of a hydrogen molecule in one step
over platinum supported on silica or silica-alumins:’.

More recently some interesting results have been obtained by Bond et al*®
on the reaction between ethylene and deuterium over palladium-aluminz. No
hydrogen exchange was observed and about 80% of the ethane produced came from

a disproportionation reaction as in equation 1.10.



CH, 1.10

P

2H2C|3-CH5 + % C-CE +8 C

®

The predominant ethane was either ethane -4, or -4, with very little ethane

-4 being produced. The activation energy for ethylene hydrogenation was

.7+ 4.2 kJ mol™.

1.6 The Hydrogenation of Acetylene

The acetylene hydfogenation reaction has received relatively little attention
in comparison with the volume of work published on ethylene hydrogenation.
The acetylene system is complicated by the fact that the major product,
ethylene, can also hydrogenate on the catalyst surface and gives rise to
complex kinetic behaviour.

All the metals of Group VIII catalyse the hydrogenation of acetylene
and kinetic information has been available for some time®™% 2829 +5=50 .

As in the case of ethylene hydrogenation an equation similar to equation 5.8
méy be written fof acetylene hydrogenation as shown in equation 1.11.

r=kP,  PY 1.11
where P, is the partial pressure of acetylene in the mixture®?. Again the
orders of reaction in hydrogen and acetylene were independent of the metal
used with 1.0 € x € 1.5 and -0.5 < y < 0 indicating that acetylene was
strongly adsorbed on the surface with very little hydrogen coverage.

Bond ? reported the activation energies for acetylene hydrogenation
over various metals with that over palladium at 48 = 2 kJ mol ', the extremes
were cobalt at 17 kJ mol ' and. copper at 88 kJ mol'. Over all the Group VIII
metals the reaction kinetics depended on the reactant ratio of hydrogen to
acetylene. This was well illustrated by the reaction on palladium-aluminsg?®*.
When the hydrogen: acetylene ratio was 2.0 the removal of acetylene was

zero order in acetylene followed by a mild acceleration and after complete



acetylene removal ethylene rapidly hydrogenated to ethane. However, on
increasing the reactant ratio to 3.5:1 or greater, ethylene hydrogenation
occurred in the presence of acetylene. The implications of these results
will be discussed in the section on selectivity.

As with ethylene hydrogenation acetylene hydrogenation is presumed to
occur via a half-hydrogenated state as shown in equation 1.127.

CH + H @ HC CH, 1.12

Douglas and Rabinovitch’' reported that, as with ethylene hydrogenation,
hydrogen atoms and not hydrogen molecules were active in acetylene
hydrogenation over nickel-kieselguhr and palladium-kieselguhr using

equilibrated and non-equilibrated hydrogen and deuterium mixtures.

1.7 The Exchange of Acetylene with Deuterium

Farkas and Farkas® reported that reaction took place between acetylene and
deuterium over platinum foil at 293 K and that the ratés of formation of
deuterated acetylene and hydrogen deuteride were negligible. Douglas

and Rabinovitch’' used nickel and palladium catalysts in an attempt to
prepare cis-ethylene-d, but the product was a mixture of all possible
deuteroethylenes. More recently Bond and Wells’? reacted acetylene with
deuterium over @-alumina supported rhodium, palladium, iridium and platinum
and found no evidence of acetylene exchange. The authors stated that
deuterated acetylenes were probably formed but did not desorb and hence were
not detected in the gas phase. Hydrogen exchange was found to occur over
rhodium and iridium but was slow over platinum and negligible over palladium.
Ethylene-d, was found to be the most abundant deuteroethylene with the

cis isomer being the major component. A subsequent paper’’ reported fast

acetylene exchange with deuterium over ruthenium and osmium supported on



Y-alumina.

1.8 Selectivity in Acetylene Hydrogenation

All the Group VIII metals catalyse the hydrogenation of acetylene and, above
about 348 K, ethylene is invariably the major product (Ru, Rh, Os, Ir, Pt)
and sometimes the only initial product (Fe, Co, Ni, Pd)’“.

Even in the presence of a stoichiometric excess of hydrogen the
selectivity for ethylene formation is often retained until almost all the
acetylene has disappeared. The selective removal of acetylene from a gas
mixture where the acetylene:ethylene ratio is very low can only be achieved
if either (i) the acetylene is very much more strongly adsorbed than the
ethylene or (ii) the catalyst is unable to hydrogenate ethylene. The ratio
of the surface coverages of acetylene and ethylene is given by equation 1.13* 8.

8,/6c = P,/Py exp (- 84G, /RT) 1.13
where 8 is the surface coverage, P is the gas phase partial pressure and
680G is the difference in the free energies of adsorption of the two gases.
The subscript A refers to acetylene, E to ethylene. Equation 1.13 represents
what is termed the thermodynamic factor in selectivity. If 604G, is
sufficiently large then the ethylene may be excluded from the surface until
very small acetylene concentrations are reached. For chemisorption at Group
VIII metal surfaces 6AG, takes values such that the surface coverage of
hydrogen atoms attainable by competitive adsorption is very low and so
selective hydrogenation always proceeds under conditions of hydrogen

starvation®® .

Another factor in selectivity is termed the kinetic or mechanistic
factor*® and is a measure of the ratio of the rate of desorption as ethylene
to the rate of hydrogenation to ethane of the species produced by the

hydrogenation of acetylene. The presence of acetylene may influence the

- 10 -



desorption of ethylene in a manner similar to that occurring in
thermodynamic selectivity so the mechanistic and thermodynamic factors
are interrelated.

Measurements of selectivity in acetylene hydrogenation have been
extensively studied by Bond et al and patterns of selectivity emerge for
the Group VIII metals?® 29 %% 53 56, The results may be summarised as a
selectivity pattern where S indicates the selectivity of the reaction and may
be represented by the rate of ethylene formation/rate of ethane formation.

Spe ™ Sgo ™ Syy = S¢y
\% \4 \
Sru = Spy < Spa

Y \% \%
Sgg ® Sy < Spg

r
From the selectivity pattern it may be observed that the selectivity increases
on ascending each vertical triad of Group VIII and increases on passing from
left to right across the group. It is of value to compare the selectivit&
pattern withlthe order of reactivity of the metals for ethylene hydrogenation
given in section 1.5. The high selectivity of the first row metals can be
related to their low activity for ethylene hydrogenation and similarly the

low selectivities of ruthenium and rhodium can be attributed to their high
activities for ethylene hydrogenation. The mechanistic factor is therefore
predominant‘for these metals. The problem remains of the third row metals
since iridium and platinum have reasonably low activities for ethylene
hydrogenation and also have low selectivities. This is thought to be due to

a weak thermodynamic factor operating in the case of osmium, iridium and
platinur’*. The only metal to break the selectivity pattern is palladium
which has a higher selectivity and also a higher activity for ethylene

hydrogenation than has nickel and is indicative of a more powerful thermodynamic

factor operating over palladium. There is also the ability of palladium to

- 11 -



occlude hydrogen and this may have the effect of reducing the surface coverage -
of hydrogen atoms to an unusually low level as has been observed during

ethylene hydrogenation over palladium** . The selectivity pattern has also

been found to hold for the hydrogenation of other unsaturated hydrocarbons

e.g. propadiene®’ 58, propyné,’ but-1-ynef®, but-2-yné', and buta-1.3-dieneb? 62,
Over all Group VIII metals the selectivity for ethylene formation has been
reported to decrease with increasing hydrogen pressure probably due to an
increase in the surface coverage of hydrogen atoms so optimum selectivities

are obtained by using minimal hydrogen pressures.

Bond and Wells®®? reported what they termed as the 'premature breakdown
in selectivity' in the acetyléne hydrogenation reaction over palladium where
non-selective hydrogenation occurred the higher the temperature, ethylene
pressure or hydrogen pressure. The authors suggested that this phenomenon
was due to the interaction of ethylene from the van der Waals layer with
adsorbed hydrogen atoms and that the extent of ethylene hydrogenation depended
on the surface hydrogen atom concentration which would be greater at higher
temperatures and higher hydrogen pressures. The selectivity increase with
an increase in temperature was also perhaps due to the adsorbed ethylene
becoming less stable at higher temperatures‘.

If the molecular weight of the alkyne is increased, e.g. to methyl
acetylene, the selectivity for olefin production tends to increase. This
has been suggested to be due to a steric factor which prevents the addition
of hydrogen to the adsorbed olefin'®.

The normal product distribution in acetylene hydrogenation reactions
can be influenced by: (i) poisoning of the catalytic surfacef's 67 ;

(ii) concentration gradients in the beds of flow reactors; (iii) diffusion

in the pores of the catalytic surface®® ®7.

- 12 -



Selective poisoning refers to a situation where the presence of a poison
causes a catalyst to operate more selectively than it would have without
the poison. The poison may affect both the thermodynamic and mechanistic
factors e.g. the selectivity for acetylene hydrogenation to ethylene may be
increased by the addition of a substance which is more strongly adsorbed
than ethylene, does not interfere appreciably with the adsorption of acetylene
and does not undergo catalysis itself. This may be brought about by the
addition of mercury vapour’*, carbon monoxide or sulphur containing molecu1e§5§ 69,
With carbon monoxide and sulphur containing molecules such as hydrogen sulphide
or carbon disulphide the poisoning effect was reversible with high activity
returning when the poison was removed from the feed gas but with mercury
vapour poisoning was irreversible.

The effect of diffusion effects in the catalyst pores has been
interpreted by Mars and Gorgel§V7 who suggested that selective hydrogenation
of acetylene takes place near pore entrances but deeper inside the pores
the acetylene concentration is reduced to zero allowing ethylene hydrogenation

to occur.

1.9 The Catalysed Polymerisation of Acetylene

During the hydrogenation of acetylene hydrocarbons containing more than two
carbon atoms frequently appear in the reaction products.. The earliest
investigation of this process was by Sheridan over nickel-pumice'?® and
platinum-pumice'’ '2. Molecules containing even numbers of carbon atoms
predominated and C, compounds formed the main fraction.

The percentage composition of the G, products produced during acetylene

hydrogenation over alumina-supported Group VIII metals with an initial hydrogen:

acetylene ratio of 1:1 is shown in table 1.7°*

- 13 -



Table 1.1: The Percentage Compositions of the C, Products Produced
During Acetylene Hydrogenation

Metal Temp/K Buta-1,3-diene But-l-ene Cis Trans n Butane
But-2-ene But-Z2-ene

Pd 291 Trace 59.3 13.5 23.3 3.9
Rh® 403 0,0 42.5 34,3 7.3 7.2
Pt 408 8.3 L6.5 20.53 22,1 2.8
Ir ko3 0.0 35.4 17.9 1.5 bs.2

® The rhodium catalyst also produced isobutene which was not detected
with any of the others.
The butenes produced had a very different composition from the thermodynamic
equlibrium composition of butanes at 298 K which is but-1-ene 2.4%, trams
but-2-ene 74.4% and Cis but-2-ene 23.2% as calculated from their free
energies of formation??.

Over most pumice-supported metals the yields of polymers from
acetylenell, 12, 46 were only slightly dependent on temperature and reactant
partial pressure with the exception of nickel where the yield of polymeric
products increased with temperature.

Typical yields of monomeric hydrocarbons from acetylene hydrogenation
over pumice-supported Group VIII metal catalysts, with an initial hydrogen:
acetylene ratio of 1:1, are shown in Table 1,211 12, 46,

Table 1.2: Yields of Monomeric Hydrocarbons Produced During
Acetylene Hydrogenation

Metal Fe Co Ni Cu Rh Pd Ir Pt
Temp/K bo8 73 356 473 358 297 L8 436
c, yield/%4 71 50 M Lo 75 75 85 70

- 14 -



The extent of polymerisation was greatest in the first row metals and it
has been suggested that a geometric factor in adsorption may be important
here3? ,

A mechanism for acetylene polymerisation has been put forward by
Sheridan!'? 12 yho suggested that the origin of polymerisation lay in the
possibility of the half-hydrogenated state existing in a free radical form
which attacks one end of an adjacent chemisorbed acetylene molecule as in
equation 1.14,

H,C -CH + HC = CH = H,C ~ CH - CH - CH 1.14

| | T

* * * % * * *

Continuation of this process would lead to polymeric chains containing even
numbers of carbon atoms. Branched chains could also be produced by rearrangement
of the electronic structure of the radical so that the radical centre did
not lie at the end of the carbon chain, Addition of a hydrogen atom to the
product in equation 1.14 would yield an adsorbed buta-1,3-diene molecule which
could undergo further hydrogenation to produce butenes and even butanes.
Evidence for the existence of buta-1,3-diene as an intermediate in the
production of butenes has been reported by Bond 52_59f3 who found that the
butene distribution obtained from the hydrogenation of buta-1,3-diene over
various metals was the same as that found during acetylene hydrogenation?8 29,
When long chain polymers are produced in industrial plants they form
what is termed as 'green-oil' which reduces selectivity and makes catalyst

regeneration necessarybd.

170 Studies Undertaken in the Present Investigation

From this review of the catalytic hydrogenation reactions of acetylene and
ethylene it is apparent that the great majority of work has been carried out

with acetylene as the sole initial hydrocarbon and is thus somewhat removed
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from the industrial situation. The nature of the selectivity for acetylene
hydrogenation in the presence of a large excess of ethylene is not clearly
understood and the aim of this work was to examine, using detailed kinetic
studies and isotopic labelling, the reason for the selectivity and the
factors influencing it.

The datalyst studied was a palladium-alumina catalyst chosen because
of its use in industrial plants as the most selective catalyst for ethylene
formation available. The action of carbon monoxide which is known to increase
the selectivity but whose manner of action is not known with certainty was
also examined as was the formation of C, hydrocarbons during acetylene
hydrogenation:

The work presented in this thesis falls into three main parts:
kinetic studies in a static system; isotopic tracer studies in a static

system; and kinetic studies in a flow system.
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CHAPTER 2

Experimental Procedure

2.1 The Preparation of the Catalyst used in this Investigation

The catalyst used was type 38-3, manufactured by Imperial Chemical Industries
Ltd., Agricultural Division, and consisted of 0.04% palladium on pellets

(5.4 mm x 5 mm) of a transitional alumina which had been prepared by calcination
of aluminium trihydrate at 923K. The total surface area of the catalyst
determined by B.E.T. adsorption of nitrogen was 90m® g ' and the metal surface
area, as determined by carbon monoxide adsorption, was 160m® g ' of palladium.
Inpregnation of the support with the solution containing palladium was carried
out in such a manner that the 5ulk of the palladium was deposited near the

outside of the pellets.

2.2 Apparatus

The present work was carried out on gas handling systems designated gas-lines
I to III. Gas chromatography was used to analyse reactions on gas-lines I and
IIT and combined gas chromatography - mass spectrometry (G.C.M.S.) was used

on gas-line II.

2.2.1 Gas-line I - Static System with Gas Chromatographic Analysis

Gas-line I has been previously described in detail by Dowie’'. A diagram of the
gas handling vacuum line is shown in fig. 2.71. The line was constructed of
'"Pyrex' glass, all the ground glass joints and stopcocks being lubricated with
low vapour pressure Apiezon L high vacuum grease. The gas handling apparatus
provided facilities for purification and storage of hydrogen, deuterium and
hydrocarbons in the glass bulbs 'GB' permanently attached to the line and any
additional gases required could be stored in detachable bulbs via the ground
glass joints at 'DJ'. Pressures were measured using a dizphragm pressure gauge

IDG' calibrated in Torr (= 133.3 Nm 2) and connected to the mixing volume 'M'
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Fig. 2.1 Gas-line I — static system with gas
chromatographic analysis.
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which was 1.26 x 10™ m. Reaction mixtures of the required composition were
made up in 'M' and expanded into 'R', the reaction volume, which had a volume
of 2.00 x 10™ w. The reaction vessel 'R' was a 'Pyrex' glass reactor
consisting of a removable cylindrical vessel, approximately 35 mm in diameter
and 0.16 m in length and was attached to the apparatus by means of a greased
ground glass joint which fitted into a water cooled jacket. The reactor could
be outgassed to a pressure of 1.33 x 10™ Nm™2 with a mercury diffusion pump
and rotary pump combination with mercury being excluded from the vessel by the
1iquid nitrogen trap 'CT2'. The pressure in the reaction vessel was measured
using the McLeod gauge 'MG'. Heating was carried out using a close-fitting
electric furnace controlled to within 0.5K by a Eurotherm proportional controller.
Temperature control of experiments at ambient temperatures was achieved by a
vacuum flask containing water at the required temperature.

Sampling of the gas from the reactor was by a three-way stopcock and a
Perkin-Elmer gas sampling valve connected to one of two interchangeable loops,
one of volume 1 x 107® w? for experiments involving gas chromatography only and
one of 5 x 10w’ for G.C.M.S. experiments.

2.2.2 Gas-line II - Static System with Combined Gas Chromatographic - Mass
Spectrometric Analysis

The gas handling line was the same as gas-line I but the isotopic distribution
of each component of the reaction mixture was analysed by a fast-scanning mass
spectrometer after chromatographic separation.??’ 72> The apparatus is shown
diagrammatically in fig. 2.2.

In reactions involving a single hydrocarbon continuous sampling from the
reaction vessel could be carried out via a capillary leak into a mass
spectrometer but where two or more constituents are present it is necessary to
separate the various hydrocarbons before admission to the spectrometer if their

cracking patterns overlap.
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Fig. 2.2
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The separation of components was achieved by a Perkin-Elmer F11 gas
chromatograph operated with helium as the carrier gas. After separation the
components of the reaction mixture entered a Biemann-Watson’* molecular
separator which removed most of the helium carrier gas away leaving an enriched
hydrocarbon mixture to enter the mass spectrometer - an A.E.I. MS 20 "Rapide"
which was a single focussing, 1 radian deflection instrument with rapid
magnetic scanning.”’® A complete description of the mass spectrometer and data
handling technique has been reported by Robertson.?®

Experimental data could be recorded in three ways, the total ion intensity
meter gave a trace which was equivalent to that obtained from the flame
ionisation detector of the gas chromatograph and, as each peak appeared, spectra
were recorded by switching the electromagnet to the repetitive scanning mode
between present high and low mass numbers, 100-0 in this case. The spectra
were fed to the analogue-to-digital convertor (ADC) of an on-line computer (PDP 11
Digital Equipment Corp., Maynard, Mass., U.S.A.) and could also be displayed
on ultra-violet sensitive chart paper. All the spectra were fed to the
PDP 11 and stored for subsequent processing. The chart paper was usually used
to monitor the reaction but could be used to record all the data in the event

of a computer failure.

2.2.3 Gas-line III - Flow System with Gas Chromatographic Analysis

In order to'investigate the acetylene hydrogenation reaction under conditions
similar to the industrial situation reactions were investigated on a flow system
at atmospheric pressure. The apparatus is illustrated in fig. 2.3.

Cylinder gases were fed via two-stage pressure regulators through Brooks
flow controllers types 8743 and 8744 into G.E.C. - Elliott rotameters for the
measurement of large flow rates or liquid-in-glass flowmeters for small flow
rates such as acetylene or carbon monoxide/hydrogen. The flow controllers

maintained a constant flow of gas irrespective of any variations in the
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down-stream gas pressure provided that the up-stream gas pressure at the

cylinder head was constant. Stainless steel was employed in the flow controller
and couplings in the acetylene gas line until the gases were mixed in order
to prevent reaction of the copper present in brass with acetylene to produce
the explosive copper acetylide.

The gas streams were combined and passed through a Dreschel bottle full
of glass chips to thoroughly mix the gases. The composition of this inlet
gas was analysed by gas chromatograph 1 via a Carle Instruments Inc. gas
sampling valve. In the event of a blockage or a sudden increase in pressure
in the system a safety lute was installed after the mixer to act as a blow-off.
During normal operation the pressure in the system was 102.7 kN m 2. The gas
flow rate, normally 5.556 x 10°® m® s~ ' was then measured by a rotameter and
was then split into two for entry into the reactor, 20% of the gas flow was
passed down thelreactor shaft to prevent catalyst dust from entering the
reactor bearings, the remaining 80% entered by the main inlet. The exit gas
flow rate was measured by a rotameter and analysis of the exit gas was carried out
by gas chromatography via two Carle gas sampling valves, one of which injected
into gas chromatograph 1 for C, analysis and one of which injected into
gas chromatograph 2 for C, analysis. The sampling valve loops were all of
volume 5 x 107 7P .

2.2.4 The Stirred Gas - Solid Reactor??

The reactor was a stirred gas-solid reactor manufactured by I.C.I. Ltd., similar
to that developed by Carberry.”® The reactor consisted of a catalyst basket
which doubled as a stirrer paddle rotating in a small reaction vessel.

Rotation at high speed caused the gas phase to be perfectly mixed and the
concentration of the gas was assumed to be identical not only in every part

of the free gas space but also over the surface of every catalyst particle.

Under steady state conditions the inlet gas was mixed almost instantaneously
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with the recirculating gases in the reactor and the exit gas was identicsl
with the bulk gas of the reactor. The reaction rate was therefore dependent
on the bulk reacting gas concentrations and not on the inlet gas.

The other benefits from this system were high rates of heat and mass
transfer due to the fast rate of gas recirculation and good gas to wall heat
transfer which enabled the reactor to be operated isothermally.

A diagram of the reactor is shown in fig. 2.4. The drive unit was a
completely sealed, magnetically coupled drive which enabled the catalyst basket
to rotate at speeds up to 6000 r.p.m. with no gas leakage or contamination of
the gas or catalyst by bearing lubricants. Rotation speeds were measured using
an analogue tachometer triggered by a reed switch. The catalyst basket was
made of stainless steel and was circular in shape with a volume of 22.3 x 10 ¢n?.
The reactor was heated using a Perkin - Elmer gas chromatograph oven stable to
2 0.5K for experimentsvat temperatures above 327K. Below this temperature the
reactor was immersed in a bucket containing water or ice and water for
experiments at 273K. Readings of temperature were obtained using a Comark
digital thermometer type 3000, the thermocouple of which entered the reactor

as shown in fig. 2.4.

2.3 Procedure

2.3.1 Source and Purification of Reactants

In static system experiments Matheson C.P. grade hydrocarbon gases were used
and, where appropriate, distilled under reduced pressure the middle third being
retained. Carbon-13 labelled acetylene, which was used in tracer experiments
on gas-line II was obtained from British Oxygen Corporation Ltd., and had a
composition 84.3¥ H'>C = '>CH, 15.0% H'>C = '2CH. This was purified by a
freeze-pump-thaw-cycle at 77K. Hydrogen (B.0.C. Ltd) and deuterium (Matheson)
were purified by diffusion through an electrically heated palladium - silver

alloy thimble (see fig. 2.71) from a storage bulb, through a trap at 77K and
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into a smaller storage bulb. Carbon monoxide for use in poisoning experiments
was obtained from I.C.I. Ltd., as a 3% mixture in hydrogen and was purified by
passage through a liquid nitrogen trap. In poisoning experiments at higher
concentrations of carbon monoxide Matheson C.P. grade carbon monoxide was used
after similar purification.

In flow system experiments acetylene, nitrogen 'white-spot' purity, ethylene
and hydrogen were supplied by B.0.C. Ltd., and used without any further
purification although checks were run on the hydrocarbons by gas chromatography
and 70 ppm of ethane was found to be present in the ethylene. Propylene was
obtained from I.C.I. Ltd., and was used without further purification. Carbon
monoxide was obtained from I.C.I. Ltd., as a 3% mixture in hydrogen and was
used without further purification.

2.3%.2 Static Systems

The experimental procedure in static systems I and II was almost identical.
Samples of catalyst, typically two pellets, of ~0.35g were placed in the
reaction Qessel and outgassed at 473K followed by two successive reductions

in 13.3 kNm 2 of hydrogen at 473K for a total of 17 hours. The catalyst was
then evacuated at 473K for 30 minutes and until the reaction vessel was at

the reaction temperature. Using the diaphragm pressure gauge reactants were
admitted to the mixing volume 'M' and frozen into a cold finger one by one.

A normal reaction mixture consisted of 19.6 kNm™2 of ethylene, O.4 kN m™? of
acetylene and 0.8 kN m 2 of hydrogen. This gave a mixture of 2% acetylene in
ethylene having a hydrogen to acetylene ratio of 2:1. The mixture was expanded
from the mixing volume to the reaction vessel giving a total pressure of

7.3 kN m 2 in the reaction vessel. The composition of the contents of the
reaction vessel was determined immediately on admission of the reactants

and at appropriate intervals thereafter. Variations in the reaction mixture
composition were carried out, mainly involving different acetylene to hydrogen

ratios. Experiments were also performed where the time of reduction in hydrogen
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was varied.

In the G.C.M.S. experiments on gas-line II it was necessary to increase
the proportion of acetylene present to 10-20% in order to produce sufficient
ethane to reduce background error in the ethane peaks of the mass spectrometer.

A1l catalyst samples underwent two reductions in 13.3 kN m 2 of hydrogen
or deuterium at 473K for a total of 17-18 hours, followed by evacuation at
472k for 20 minutes and until the catalyst was at the reaction temperature.
Three types of experiment involving tracers were carried out.

(I) Mixtures containing 20% of carbon-13 labelled acetylene in ethylene,
with a hydrogen to acetylene ratio of 2:1, were reacted over 0.54g of catalyst
at 293K. The reaction mixtures consisted of 16.00 kN m 2 of ethylene,

4,00 kN m™? of acetylene and 8.00 kN m 2 of hydrogen. This was expanded from
the mixing volume into the reaction vessel giving a pressure of 9.76 kN m 2 in
the reaction vessel.

{II) Mixtures of 12% acetylene in ethylene, with a deuterium to acetylene
ratio of 2:1, were reacted over 0.58g of catalyst at 313K. The reaction mixtures
consisted of 17.60kN m™2 of ethylene, 2.40 kN m 2 of acetylene and 4.80 kN m™2
of deuterium giving a pressure of 8.64 kN m 2 in the reaction vessel.

(III) Experiments were carried out involving the reaction of 2:1 deuterium
to acetylene mixtures over 0.54g of alumina support, indentical to that which
was present in 38-3, at 292K and 313K. The reaction mixtures consisted of
4.00 kN m 2 of acetylene'and 8.00 kN m 2 of deuterium giving a pressure in the
reaction vessel of 4.48 kN m 2. No ethylene was present in these experiments.
After carrying out a reaction at 293K the reaction vessel was evacuated for

15 minutes at 473K and the reaction was repeated at 313K.

2.3.3 Flow System

The three gas sampling valves in the flow system enabled the inlet gas to be
analysed for G, compounds in gas chromatograph 1 (see fig. 2.3) and the exit

gas to be analysed for C, compounds in gas chromatograph 1 or C, compounds in
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gas chromatograph 2.

The catalyst basket was filled with 14.04g of I.C.I. 38-3 catalyst with
care being taken to evenly distribute the catalyst pellets in order to avoid
unnecessary vibration of the reactor upon rotation of the basket. The same
sample of catalyst was used throughout all the experiments described. Reduction
of the catalyst was achieved by heating the reactor to 472K and passing a 30%
mixture of hydrogen in nitrogen for 2 hours at a flow rate of 5.556 x 107¢ P 5!
and a basket rotation speed of 1500 rpm. Overnight and between experiments
the reactor was left under a small purge of hydrogen and nitrogen in order to
prevent reoxidation of the catalyst. A control experiment on the reduced but
empty catalyst basket showed no evidence for acetylene hydrogenation or ethylene
hydrogenation at 343K.

The reactant gases were set at their prescribed levels on the rotameters
by adjustment of the flow controllers and the reactor was left for 45 minutes
in order that a steady state could be reached. The exit gas was then analysed
with samples being injected into gas chromatograph 1 and gas chromatograph 2
simultaneously. The inlet gas was then analysed in gas chromatograph 1. This
process was repeated until consistent results were obtained before the composition
of the inlet gas was varied and left for a further 45 minutes.

In a typical experiment the inlet concentrations of ethylene, hydrogen,
nitrogen and carbon monoxide were kept constant while that of the acetylene was
varied. The procedure was to gradually increase the inlet acetylene concentration
to a maximum and then to decrease it to ensure that no hysteresis effect was
operating. The maximum concentration of acetylene which could be admitted to
the inlet gas stream was 2.7%.

In a new experiment where either the ethylene, hydrogen or carbon monoxide
concentration was varied the total gas flow was adjusted to the standard level

of 5.556 x 107 ¥ s ' by variation of the nitrogen diluent.
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Because the rotameters were calibrated in terms of the flow rate of air
the conversion factors had to be calculated for the reactant gases. This was

achieved using the relationship given in equation 2.7.

A ’ )
Flow rate Q(Molecular Wt)? 2.1

The conversion factor, x, which the rotameter scales were required to be

divided by are shown in table 2.1.

Table 2.1 : Conversion Factors for Rotameter_Scales

Gas Mol. Wt. X
Air 28.8 1.00
C, H, 28 1.01
N, 28 1.01
H, 2 3.79
Cs Hy 42 0.83

2.4 Analytical Techniques

2.4.1 Gas Chromatography

Gas chromatographic analyses were carried out on gas-line I using a Perkin-Elmer
F.11 chromatograph equipped with a flame ionisation detector. Amplified signals
from the detector were recorded on a Servoscribe potentiometric recorder and the
peak areas were integrated using a Hewlett Packard 3373B integrator.

The chromatographic columns used in the analysis of the hydrocarbon
mixtures in the static system I were either a 2m column of 3% squalane on
alumina held at 273K followed by a 0.75m column of silica gel held at 333K or

a 2m column of silica gel held at 333K. The carrier gas was nitrogen at a

pressure of 207 kN m 2.

The mode of operation of the first system was that the squalane on alumina

column separated acetylene from ethane/ethylene and the silica gel column
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separated the ethane and ethylene. The silica gel column was switched out of
series with the squalane on alumina column after the appearance of ethylene
since a2 large retention time for acetylene was found if it was admitted to the
silica gel column. Subsequent experiments achieved good separation of the
three hydrocarbons using only a 2m silica gel column held at 333K.

Sensitivity factors were obtained for all three hydrocarbons by repeated
measurement of the integrated peak areas of known pressures of each gas. The
values for the sensitivity factors, normalised to that of ethylene are given
in table 2.2 along with the retention time for each hydrocarbon. The 2m silica
gel column was also used for chromatographic separation in the G.C.M.S. of
static system II where the carrier gas was helium at a pressure of 207 kN m 2

and the column was held at 363K.

Table 2.2 : Gas Chromatographic Analysis in Static System I

Column Gas Retention Time/ s Sensitivity Factor
2m 3%
squalane on Ethane 79 0.931
alumina

+ Ethylene 145 1.000
0.75m
silica gel Acetylene 315 1.173
2m Ethane 120 0.943
silica
gel Ethylene 220 1.000

Acetylene 550 0.972

On gas-line III gas chromatographic analyses were carried out using two
Perkin-Elmer F.33 chromatographs equipped with flame ionisation detectors, the
peak traces were recorded on Servoscribe potentiometric recorders and the peak
areas were integrated using Hewlett Packard 3373B integrators. The

chromatographic column used in gas chromatograph 1 was the same 2m silica gel
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column held at 333K so used in static system I. The carrier gas was nitrogen at
a pressure of 207 kN m 2. This column separated the C, compounds from both the
inlet and exit gas streams. Gas chromatograph 2 contained a 10m column
containing 20% w/w propylene carbonate on Chromosorb P held in a water and ice
bath at 273K. The carrier gas was nitrogen at a pressure of 173 kN m 2.

This column separated the C; compounds from the exit gas stream. Sensitivity
factors were obtained for the C, compounds in gas chromatograph 1 and for G,

and G, compounds in gas chromatograph 2. Gas chromatograph 2 could not

separate ethane from ethylene but, because of the large excess of ethylene
employed and the near equivalence of sensitivity factors of ethane and ethylene
in gas chromatograph 1, no correction was made for the ethane under the ethylene
peak. The sensitivity factors were obtained by passing pure samples of each gas
through the sample loop and injecting into the corresponding gas chromatograph.
The sensitivity factors and retention times in the analysis of the flow system
experiments are shown in table 2.3. Again the sensitivity factors were normalised

to ethylene.
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Table 2.3: Gas Chromatographic Analysis in Flow System III

Gas Chramat. Gas Retention Time/ Sensitivity Factor
Ethane 120 0.989
Ethylene 190 1.000
1 Propane 291 1.432
Acetylene 480 1.138
Propylene 686 1.252
Ethane/Ethylene 324 1.000
Propane/Propylene 370 1.493
Acetylene 379 1.066
2 n-Butane 499 1.859
But-1-ene 564 1.865
Trans But-2-ene 638 1.824
Cis But-2-ene 703 1.853
Buta-1,3-diene 773 1.786

2.4.2 Mass Spectrometry

The ionising energy for the electron beam was always 20eV so chosen to prevent
the formation of ions from residual helium which has an ionising potential of
2heV and also to prevent loss of intensity which would take place if the
ioniéing energy was too low. When 20eV electrons were used extensive

production of fragment ions occurred and this had to be allowed for when
analysing the mass spectra. It was also necessary to measure the sensitivity

of the gas chromatograph-mass spectrometer to each component of the reaction
mixture. This was achieved immediately after each experiment by making up a
known mixture of light hydrocarbons and passing a sample of that mixture through

the system. The fragmentation pattern for each component was also obtained at

this stage.
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CHAPTER 3

Treatment of Results

3.1 Reactions in Static System

%3.,1.1 Gas Chromatographic Data

Since only hydrocarbons could be analysed using a flame ionisation detector
the total péak areas were corrected for variations in sensitivity and the
composition of the reaction mixture was expressed in percentages of the total
hydrocarbon present. Calculation of the amounts of hydrogen present during
the reaction was carried out using the percentages of ethylene and ethane
formed from acetylene and ethylene so that for every molecule of ethylene that
was formed one molecule of hydrogen was consumed and for every molecule of
ethane produced two molecules of hydrogen were consumed. Therefore, knowing
how much hydrogen was initially present the instantaneous concentration of
hydrogen could be obtained by subtraction of the amount of hydrogen consumed.
The amount of hydrogen present was expressed in terms of a percentage of

total hydrocarbon and thus had the same units as the hydrocarbon compositions.
The experimental data were plotted as percentage composition versus time to
give a general picture of the course of the reaction and of the product ratios.
The rates of reaction could be obtained from such plots as the gradient of
each curve at a particular instant during the reaction.

%Z.1.2 Gas Chromatography — Mass Spectrometry Data

This section deals with the methods used to convert the raw spectra obtained
in experiments into chemically significant results. The calculations were
carried out using a computer for which programs had already been written?,
the calculations were performed on either an IBM 270/158 machine or an ICL
4/75 machine. A large quantity of mass spectral data was produced in each

G.C.M.S. experiment and before the isotopic content of each species could be
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determined the data had to be subjected to several stages of processing.

Onée a peak was identified the computer assigned a centroid value which
defined the position of the peak with reference to the start of the spectrum
and an integrated intensity value for the peak. The next stage in processing
was to assign mass numbers to the intensities in the spectra. This could be
achieved by using the background spectra which were recorded before the
appearance of hydrocarbon species. The most prominent peaks in the background
were those of water, nitrogen and oxygen which could be assigned to mass
numbers 18, 28 and 32. From the ceéntroid positions of these background peaks
the centroid positions of the hydrocarbon peaks could be assigned a mass
number. However, no single scan was representative of the overall compositidn
since a chromatographic bolumn has the ability to partially separate the
different isotopic species of the same hydrocarbon. This has been illustrated
by Dowie et al’? on an equimolar mixture of propane -d and ~ds. An average
over the series of scans over each hydrocarbon peak was therefore required.
This was accomplished using Simpson's Rule8° It was also necessary to
correct for background peaks arising from residual gases in the mass
spectrometer and from "bleed" from the chromatographic column. Therefore

five background peaks were recorded before each G.C.M.S. hydrocarbon sample

and the average of these peaks was subtracted from the integrated intensity
values in the hydrocarbon spectra to which they contributed.

Isotope corrections were carried out to allow for the contribution from
carbon - 13and deuterium present naturally in the hydrocarbons since the
presence of either of these isotopes would have resulted in peaks at mass
numbers greater than that of the parent molecule. The isotopic abundances of
carbon - 13 and deuterium are 1.108% and 0.016% respectively and so for the

molecule C,Hn of mass M the peak heights at masses M + 1, M + 2 etc. can be
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calculated relative to the peak height Py, at mass M. Therefore the following -

relationships may be derived from statistics.

100 Py+,
Py -

1-0~2 “QT“fwvv\Aa/Q \%,Mar\
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For a range of deuterated products the values of these ratlos will

n(1.108) + m(0.016) 2.1

m 3.2

depend on the isotopic content of the molecule since when hydrogen is replaced
by deuterium in the molecule the probability of naturally occurring deuterium
being present in the molecule decreases. If the species is designated

Callu-xDx the correct ratios of Bi+1/p and Buys/By  may be found by substitution

of (m-x) for m in equations 3.1 and 3.2. Isotopic corrections could then be
made starting with the lowest mass number and working upward to higher masses
using the corrected intensity at each mass to calculate the contribution to
the next mass. In experiments where carbon - 13 labelled acetylene was a
reactant no natural isotope corrections were made since non-natural acetylene
was reacting.

Finally a correction had to be applied because of fragmentation in the
mass spectrometer source. Some hydrocarbon molecules may lose one or more
hydrogen or deuterium atoms on collision with the electron beam to produce
peaks at mass numbers lower than that of the parent molecule. The

fragmentation factors f; were calculated from the fragmentation patterns of

the light hydrocarbons where

height of C Hz .y peak
height of CyHy peak

3.3

f1 =

The fragmentation patterns were calculated from statistics after the
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method employed by Dowie et al®8' where it was assumed that the ratio of heavy
and light fragmentation factors was f'/r = 0.65 where f is the fragmentation
factor when a hydrogen atom is lost and f' is the fragmentation factor when a
deuterium atom is lost. Fragmentation corrections were made systematically
starting with the highest mass peak and correcting to low masses making
corrections using each newly corrected intensity and taking into account all
possible fragmentation processes. The fragment ion contributions from each
peak were calculated by multiplying the peak intensity by the appropriate
fragmentation factors and subtracting the value so obtained from the appropriate
peak intensities at lower mass numbers. The corrected peak intensities were
then summed and each isotopic species was expressed as a percentage of the
total.

In the G.C.M.S. system background peaks were sometimes rather large
especially at peaks of mass numbers 18, 28 and 32 corresponding to watef?
nitrogen and oxygen respectively. This presented problems in the
interpretation of the spectra of ethane which has a parent ion mass of 30 and
peaks of its deuterated species and fragments at mass numbers 32 énd 28.
Ethylene, however, was in such large excess in the experiments performed so
as to make the background peaks negligible as far as data processing was
concerned.

The results were usually plotted as percentage composition against time,
usually as a percentage of the total hydrocarbon present after a correction
using the sensitivity factor of each hydrocarbon in the G.C.M.S. but
occasionally isotopic compositions were plotted as a function of the

percentage of the individual hydrocarbon in the interests of clarity.

3.2 Flow System Data

Raw data was acquired in the form of inlet and exit hydrocarbon compositions
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expressed in terms of percentages of the total hydrocarbon present. To
convert the inlet and exit concentrations into the rate of reaction an
examination of the mass balance of each reactant or product is required. As
was stated in Section 2.2.4 the exit gas composition is identical to that
found inside the reactor so each catalyst particle is in contact with an
identical sample of gas.

The method of calculation of reaction rates is explained with the help

of Fig. 3.1.

F, F,
Reactor
r
m
X Xe

Fig., 3.1 Diagram of Reactor Flow

F represents the gas flow rate, X the mole fraction of the reactant or
product, m is the mass of catalyst and r is the reaction rate per unit mass
of catalyst. Subscripts»i and , denote inlet and exit gas streams
respectively.

For any particular gas the mass balance equation is:

(a) for reaction of a reactant;

moles in = moles out + moles reacted 3.k
(b) for production of a product;

moles out = moles in + moles produced 3.5

Equation 3.4t is represented in symbol form by

F;Xs = F X, + rmm 2.6
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and equation 3.5 by
FX, = FiX + rm 3.7
Combining equations 3.6 and 3.7 into a general equation gives

i. (F1X1 - Fexe_)

r = 3.8

m

where the positive prescript operates for the removal of a reactant and the
negative prescript of the production of a product. In the system used
only small amounts of acetylene were present and so the total conversion of
the reactant gas was small with small amounts of hydrogen being consumed.
For this reason the inlet and exit flow rates were assumed to be equal.

Equation 3.8 can then be simplified to give

t Py (X3 - X,)
m

As the flow rates were measured in units of ml hr '
(= 2.778 x 107!° m® s!) and the catalyst mass expressed in g the reaction

rates were recorded in units of ml hr™! g !.

Again hydrogen was not detected by the flame ionisation detectors of the
gas chromatographs so the consumption of hydrogen had to be calculated from
the rates of consumption or production of the hydrocarbon species including
the C, products. The concentrations of carbon monoxide present were assumed
to be those calculated to be present in the inlet gas streams since carbon
monoxide adsorption would have reached a steady state in the 45 min. that
the system was left to achieve steady state conditions.

Since only hydrocarbons were analysed by the gas chromatograph and
their compositions were expressed as percentages of the total hydrocarbon

present these values had to be corrected using the nitrogen and hydrogen
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flow rates to give the percentages in terms of total gas present. In

experiments in the absence of ethylene the hydrocarbon flow rate was read

from the liquid-in-glass flowmeter used to measure the acetylene flow rate.
The experimental data were usually plotted as reaction rate for acetylene

or hydrogen removal, ethane or C, production against the exit acetylene

concentration.
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CHAPTER 4

The Kinetics of Acetylene Hydrogenation in Excess Ethylene

in a Static System

4,1 Introduction

When a reaction occurs at the surface of a solid the reactants and reaction
intermediates are confined to a thin layer over the surface and the kinetics of
surface reactions are determined by the concentrations of the reactants in the
reactive layer. These concentrations are only indirectly related to the gas
pressures through adsorption isotherms.

From the work described in Chapter 1 it may be gathered that the main factor
governing the selectivity for ethylene formation during the hydrogenation of
acetylene is the comparatively weak adsorption of ethylene compared to that of
acetylene. An attempt, therefore, has been made in the present work to correlate
the relative proportions of ethylene and ethane produced during the hydroéenation
of small amounts of acetylene in excess ethylene with the surface concentrations
of acetylene, ethylene and hydrogen. The influence of carbon monoxide on the
surface balance of acetylene and ethylene has also been studied. Previous work
has supplied information about the competitive effects of acetylene with hydrogen
or ethylene with hydrogen but no reports have been published dealing with the
adsorption of acetylene in the presence of large ethylene: acetylene gas phase
pressure ratios which are important in industrial service.

4.2 Experimental Procedure

The experiments described in this chapter were performed on gas-line I as
described in Chapter 2. Most experiments involved the hydrogenation of a 2%
mixture of acetylene in ethylene with a hydrogen : acetylene ratio of 2:1 but

the effect of different hydrogen : acetylene ratios was alsé studied. Experiments
were also carried out to examine the role of carbon monoxide and the reactivity

of the catalyst support.
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4.§ Results

The general characteristics of a typical reaction are illustrated in fig. 4.1
where amounts of acetylene, ethylene and ethane are plotted as percentages of
the total gas phase hydrocarbon as a function of time at 29%K. The total
reaction can be divided into four regions of behaviour.

k.2.1. Region A

Region A consisted of an initial rapid process lasting from the time of admission
of the reactants until approximately 10 min. in fig.4.1. Here the concentration
of acetylene fell rapidly and the concentrations of ethylene and ethane
increased. Up to 40% of the initially added acetylene was removed from the gas
phase and this value did not vary much with a change in the initial hydrogen :

acetylene ratio as shown in table 4.1.

Table 4.1. The Effect of the Initial Hydrogen : Acetylene Ratio on the
Initial Stages of Acetylene Removal and Ethane Formation for
Freshly Reduced Catalyst Samples

Initial Decrease in C, H, / Increase in G, / Temp/

H, /C, H, % in 10 min. % in 10 min. K
1 0.850 0.066 292
2 0.860 0.011 293
2 0.950 0.114 323
8 1.035 0.145 293

Table 4.1 shows that the initial ethane production has more dependence on the
hydrogen : acetylene ratio or temperature than has acetylene removal but only

to a small extent. The ethane produced during the first 10 min. of reaction

only amounted to up to 0.2% of the gas phase hydrocarbon. Catalysts which had
undergone a previous reaction and had not undergone a second reduction in hydrogen
also showed a rapid initial reaction but generally to a lesser extent than that

observed on freshly reduced catalysts.



Fig 4.2

Effect of presorbed reactants on the
initial stage of reaction at 293K.
0O, acetylene; O, ethylene; A, ethane.

(a) 1.2 kN m 2 of ethylene presorbed,
(b) 0.13 kN m 2 of acetylene presorbed,
(¢) 0.27 kN m 2 of hydrogen presorbed,
(d) all gases admitted simultaneously.
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A control experiment was carried out in which no catalyst was present in
the reaction vessel and no removal of acetylene or production of ethane was
observed.

In order to investigate if the initial fast stage was influenced by the order of
admission of the reactant gases a series of experiments was carried out in which
the catalyst was predosed with one of the reactants or products prior to the
admission of the remaining constituents of a normal reaction mixture. The same
catalyst sample was used being evacuated at 472K for 20 min. between each run.
The results are illustrated in fig. 4.2, all experiments were carried out at
293K, The catalyst was reduced initially and a reaction allowed to proceed
before beginning the predosing experiments to eliminate the effect of hydrogen
left on the surface after reduction. Predosing with ethylene, fig. 4.2 a, had
little effect on the reaction characteristics compared to when all gases were
ailowed to enter the reaction vessel simultaneously as in fig. 4.2 d except for
a slight decrease in the rate of ethane formation. The prior admission of
hydrogen, fig. 4.2 ¢, resulted in a much greater production of ethane
than that observed in fig. 4.2 d. When the surface was predosed with acetylene
as in fig. 4.2 b the percentage of acetylene in the gas phase increased on
admission of the remaining reactants and the rate of production of ethane was
less than in fig. 4.2 d.

4.3.2. Region B

In this region, from ~ 30 to ~ 250 min. in fig. 4.1, the rates of acetylene
hydrogenation and ethylene and ethane production remained constant.

The selectivity of the hydrogenation of acetylene may be expressed as the
ratio of the rate of formation of ethylene, R;, to the rate of formation of
ethane, R; .

S = R/R Lo

Experiments were carried out on a single catalyst sample to investigate the

effect of different initial hydrogen : acetylene ratios on the rates of ethylene
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and ethane formation. Between each run the catalyst was evacuated for 30 min.
at 473 K. Results are expressed in table 4.2 for experiments with hydrocarbon

compositions of 2% acetylene in ethylene.

Table 4.2. Variation of Rates® of Production of Ethylene and Ethane with
Initial Hydrogen : Acetylene Ratio at 293 K

R 2/Ps" g:?zél).}en‘; Fornation gt%gf ;o;'r;ij:_}on S
2 9.0 3.8 2.37
8 33.7 4.7 2.29
4 4.9 7.7 1.9k
2 9.5 3.3 2.88

* Rates expressed in terms of percentage of total hydrocarbon

® Subscript 3 denotes acetylene.

The order is found to be 0.9% for ethylene formation and 1.05 for ethane
formation from these results. The selectivity S was found to decrease with
repeated use of a sample of catalyst typically from 16 for a fresh catalyst to
2 or 3 on a catalyst being used for the fourth time at 293 K. This fall in
selectivity with catalyst use was independent of whether the catalyst was reduced
in hydrogen or simply evacuated between runs. The experiment illustrated in
fig. 4.1 was the second experiment on a sample of catalyst and had an S value
of 7.3 in region B compared to a value of 16.8 for the first experiment. The
low S values shown in table 4.2 are part of this phenomenon.

The decrease in the selectivity for ethylene formation with catalyst use
was due to an increase in the relative rate of ethane formation as opposed to a
reduction in the relative rate of ethylene formation. The absolute values of
the reaction rates of ethylene and ethane production both depended on whether

the catalyst had been evacuated or reduced between runs, higher reaction rates
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being found when reduction had taken place.

The dependence of S and the rates of ethylene and ethane formation for freshly
reduced catalyst samples on the initial hydrogen : acetylene ratio is shown in
table 4.3.

Table 4.3. Dependence of Selectivity and Rates of Ethylene and Ethane

Formation on the Initial Hydrogen : Acetylene Ratio for
Freshly Reduced Catalyst Samples

B 2/Ps Rate Ethylene Formation Rate Ethane Formation S Temp/
/1% % min /10" % min K
2 5.50 2423 15.7 293
2 15.63 8.21 19.0 323
8 11.07 10.57 10.4 293
1 1.18 0.61 19.3 292

The selectivity for ethane formation decreased with an increase in the hydrogen
: acetylene ratio and also decreased as the reaction temperature was lowered as
shown in table 4.3.

An investigation was also carried out into the effectiveness of the reduction
procedure on the reaction selectivity. The results for experiments in which
the time of reduction of new catalyst samples was varied are shown in table 4.k,
all reaction mixtures were 2% acetylene in ethylene with a hydrogen : acetylene

ratio of 2:1. All experiments were conducted at 293 K.
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Table 4.4. Variation in Selectivity with Time of Reduction in
Hydrogen at 473 K

Time of Reduction/hours S
1 5.7
3 11.0
5 15.4
17 15.8
70 15.8

From table 4.4 the reaction selectivity was constant for experiments with
reduction times of 5 hours or more indicating that the catalyst surface could
be fully reduced by treatment with 13%.3% kN m > of hydrogen at 473 K for at
least 5 hours.

The activation energy for acetylene hydrogenation was determined by studying

a reaction at various temperatures and applying the Arrhenius equation:

RBs = A exp (- E,/RT) Lo

" m? and T/K are the rate and temperature of the reaction,

where R; /molecules s~
R/JK' mol™? is the gas constant, A/molecules s ' m 2 the frequency factor and
E./J mol' the activation energy. Measurement of the rate of disappearance of
acetylene, Ry, at temperatures between 273 and 323 K showed that the reaction
rate could be expressed as

Ry = 1.27 x 107! exp (- 46.8 x 10° /RT)

In experiments in the static system no evidence was found for the formation
of butenes or higher molecular weight compounds as is found in industrial plants.
This was probably due to the low pressure of acetylene used and the probability

that any polymeric compeunds formed would be adsorbed irreversibly on the catalyst.

4.3.3. Region C

Region C, from ~ 250 to ~ 355 min. in fig. 4.1, occurred where the rate of

production of ethylene decreased as the acetylene pressure approached zero.
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This was also accompanied by a gradual increase in the rate of ethane production.
It was also observed that occasionally the rate of acetylene hydrogenation
increased as the last traces of acetylene, (< 0.1% of the total gas phase
hydrocarbon), disappeared.

4,2.4. Region D

After the disappearance of all the acetylene, > 360 min. in fig. %.1, the rate
of production of ethane gradually decreased until all the available hydrogen was
consumed. This region corresponded to the hydrogenation of ethylene and the
rates of ethane formation were initially very rapid. The rate constants and

the reaction orders in hydrogen for the hydrogenation of ethylene in region D
are shown in table 4.4. Unless otherwise stated reactions were on typical
reaction mixtures of 2% acetylene in ethylene and acetylene : hydrogen ratios

of 2:1. A detailed derivation of the rate equation will be given in section 4.4.3.

Table 4.5. Rate Constants and Reaction Orders in Hydrogen for
Ethylene Hydrogenation

Rate Constant, k Reaction Order in Temp/K
/ x 1* min™" Hydrogen, n
91 0.8 293
7.7 0.9 293
12.0 1.0 %23
*16.6 17 293
®13.5 0.8 273

* Initial hydrogen : acetylene ratio of 8:1
® No acetylene present initially, reaction mixture

a 2% mixture of hydrogen in ethylene.

From table 4.4 it can be observed that the reaction rate did not vary
appreciably with temperature in the range 273-322 K and that little difference

exists between the rates of reaction on catalysts which have experienced acetylene
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hydrogenation prior to ethylene hydrogenation and those which only have
experienced ethylene hydrogenation.

4.3.5. The Effect of Added Carbon Monoxide

When carbon monoxide was present the reaction rates were depressed so higher
temperatures were used to obtain measurable rates. This necessitated raising
the standard reaction temperature from 293 K to 323 K or 343 K.

The effect of carbon monoxide on region A, the fast initial stage, is shown
in table 4.6 All reactions were on freshly reduced catalyst samples with
standard reaction mixture compositions.

Table 4.6, Effect of Added Carbon Monoxide on the Initial Stages
of Acetylene Removal and Ethane Formation at 323 K®

Concentration Decrease in Increase in Temp/
of CO/p.peme Acetylene/% in 10 min. Ethane/% in 10 min. K
0 0.95 0.114 323
578 0.74 0.002 323
1155 0.66 0.032 323
5000 0.55 0.006 343

® Concentrations expressed in terms of percentages of total hydrocarbon.

The effect of carbon monoxide was to reduce the initial rate of ethane
production much more than the initial rate of acetylene removal.

The steady rates of ethylene and ethane formation in region B were also
reduced by the presence of carbon monoxide as shown in table 4.7 for reactions

on freshly reduced catalyst samples with typical reaction mixture compositions.
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Table 4.7. Effect of Added Carbon Monoxide on the Steady Rates
of Formation of Ethylene and Ethane

Concentration of Ethylene Formation R, Ethane Formation R, S Temp/
CO/p.pom. / 1P%min™ g ? / 1% min' g~ K
0 h.42 2342 1941 323
578 3.63 10.6 3h.2 323
1155 1,34 2.77 48.5 323
5000 1.06 < 0.15 >707 343

From table 4.7 as the concentration of carbon monoxide was increased the
rate of ethylene formation was reduced but to a very much lesser extent than the
rate of ethane formation which was almost completely poisoned in the presence of
5000‘p.p.m. of carbon monoxide. These two effects manifest themselves as an
increase in the selectivity for ethylene formation as the carbon monoxide
concentration was increased as shown in table 4.7,

In region B it was found that the rate of acetylene disappearance in the
presence of 1155'p.p.m. of carbon monoxide could be expressed as

Ry = Uh.66 x 107° exp (- 45.4 x 10° /RT)
where R; is in molecules s ' m 2 and R is in J K™' mol™".

In region D, after the complete removal of all acetylene, amounts of carbon
monoxide = 578 p.p.m. had little effect on the rate of ethylene hydrogenation
but when 1155 p.p.m. or greater concentrations of carbon monoxide were present
a very slow rate of ethylene hydrogenation (< 1.2 x 102 % min ') resulted
at 323 K. This rate was very much lower than the'extremely rapid rate of
ethylene hydrogenation observed in fig. 4.1 on disappearance of the acetylene.

To investigate the effect of carbon monoxide on ethylene hydrogenation
experiments were performed on systems where acetylene was absent. Mixtures of
2% hydrogen in ethylene with varying concentrations of carbon monoxide were

reacted over the same sample of catalyst at 413 K which was evacuated for
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30 min. at 473 K between runs to remove any adsorbed carbon monoxide. The
results are expressed in table 4.8.

Table 4.8. Effect of Carbon Monoxide on Ethylene Hydrogenation in the
Absence of Acetylene at 413 K

Concentration of CO R/ Order in sequence
/ DeDele. 10° % min ! of runs
1000 10.5 b
2000 9.2 1
2000 3.8 5
5000 5.6 3
10000 2.8 6
20000 2.6 2
0 11800 -
0 100° -

* Rate of production of ethane expressed in terms of total hydrocarbon at a
hydrogen concentration equivalent to 1% total hydrocarbon.

® Extrapolated from 293 K with an activation energy’’ of 40 kJ mol’.

© Diffusion controlled rate at 293 K.

From table 4.8, carbon monoxide had a very marked effect in reducing the
rate of ethylene hydrogenation. As little as 1000 p.p.m. of carbon monoxide
caused the rate of ethylene hydrogenation at 413 K to be ¥ th. of the rate
expected in the absence of carbon monoxide at 293 K, and only Yioo the of the
rate expected in the absence of carbon monoxide from Arrhenius considerations.
Thereafter, on increasing the carbon monoxide concentration the rate of
ethylene hydrogenation was reduced but the initial 1000 p.p.m. of carbon monoxide
had a predominantly large effect.

Experiments were also carried out to test the effectiveness of evacuation
at 472 K between runs in removing adsorbed carbon monoxide. It was found that

evacuation at 373 K for 30 min. of a catalyst which had been exposed to a
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reaction mixture containing 578 p.p.m. of carbon monoxide gave rise to a surface
which had similar activity as a catalyst which had not been exposed to carbon
monoxide. Evacuation at %43 K did not restore the activity after exposure to
578 p.p.m. of carbon monoxide. Also, from table 4.8, the two experiments
containing 2000 p.p.m. of carbon monoxide both had comparable reaction rates
although up to 2% of carbon monoxide had been in contact with the catalyst
between these experiments. Therefore evacuation at 493 X for 30 min. would
appear to have returned the catalyst to its original condition.

4,3.,6. Reactions on the Alumina Support

To investigate the role of the support experiments were performed on samples
of alumina support type 12-2, manufactured by I.C.I. Ltd., which was the base
for the palladium - alumina catalyst 38-3. The alumina was pretreated with
hydrogen at 473 K and a typical reaction mixture was admitted. The results
are shown in fig. 4.3 in which the reaction was started at 293 K and progressively
heated to 573 K. At 293 K there was an initial fast stage of acetylene removal
after which the removal of acetylene removal
ceased. Heating to 343 K caused an increase in the percentage of gas phase
acetylene present but no evidence of acetylene removal was observed until 533 K.
Further heating to 573 K produced a reaction rate of 1.4 x 107% % min ' for
acetylene removal, a figure comparable to the rates of acetylene removal observed
on palladium - alumina at 293 K. From fig. L.z it may be seen that the rate of
acetylene removal did not remain constant but decreased when the acetylene
concentration fell below ~ 1.0%. There was no evidence for ethane production
even at 573 K but on heating further a very small rate of ethane production,
7.2 x 10% % min ', was observed after complete disappearance of the acetylene
at 719 K.

Further experiments were attempted using the same sample of alumina as

that used in the experiment shown in fig. 4.3 to investigate whether the



disappearance of acetylene was due to adsorption or whether hydrogenation to
produce ethylene was occurring. This involved the reaction of 5.15 kN m 2 of
acetylene and 10.320 kN m 2 of hydrogen in the absence of ethylene at 662 K. It
was found that when 99.8% of the acetylene had disappeared 0.17% of the removed
acetylene had been converted to ethane, 2.30% to ethylene, 0.35% to methane and
97.18% had not formed any gaseous product and had probably been adsorbed on the
catalyst surface. After this experiment the catalyst surface was grey in colour,
contrasting with the brilliant white of an unused sample.

Experiments were also carried out to investigate the role of the support
in the initial fast acetylene removal in region A. From fig. 4.3 it can be
observed that in the first 10 min. of reaction 0.92% of acetylene (expressed as
a percentage of the total hydrocarbon present) disappeared at 293 K. The
specific surface area of the alumina support was 90 g ! and the surface area
of the catalyst used was 32.6 n* . When an identical experiment was carried out
on an alumina sample with a specific surface area of 25 g ! and surface area
of 8.5 i the decrease in the acetylene level in the first 10 min. of reaction
was 0.53%. There was therefore a relationship between the extent of acetylene

removal in region A and the surface area of the support but this was non-linear.

4.t Discussion

boh.1. Region A

The initial fast stage can be affected by the order of admission of the reactant
gases as shown in fig. L,>., Prior adsorption of hydrogen results in an enhanced
rate of ethane formation over that observed when all gases are allowed to enter
simultaneously. It seems reasonable to explain the rapid initial rate of ethane
production by the presence of hydrogen on the surface before the arrival of the
hydrocarbons. It is possible that on admission of a standard reaction mixture,

hydrogen, because of its small size, can diffuse to the active centres of the
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catalyst faster than the hydrocarbons. When acetylene and ethylene reach the
active centres the catalyst surface is hydrogen covered and equivalent to that
found on a hydrogen pretreated surface. The initial fast production of ethane
and, to some extent, the disappearance of acetylene may be attributed to the
removal of this excess hydrogen and equilibration of surface specieé.

Prior admission of acetylene to the surface causes a substantial proportion
to be adsorbed on the catalyst surface. On admission of the remainder of the
gas mixture some of the preadsorbed acetylene is displaced producing an increase
in the proportion of acetylene in the gas phase as observed in fig. ¥.2 b. The
amount of acetylene displaced was 1.7% of the total gas phase hydrocarbon and
equivalent to 6 x 10'® molecules of acetylene. In 0.35g of catalyst the
palladium surface area is 2.24 x 10 m® and if the cross sectional area of an
adsorbed acetylene molecule is assumed to be 0.2 nr* then there is room on the
metal for ~ 1017 acetylene molecules. Therefore only ¥, of the desorbed acetylene
molecules could have been adsorbed on the palladium the remainder must have been
adsorbed on the alumina support which had a surface capable of adsorbing
13 x 1070 acetylene molecules. Admission of the remainder of the gas mixtures
causes desorption of the acetylene probably by ethylene. Ethylene would be
unlikely to desorb any acetylene chemisorbed on the palladium because of the
much larger adsorption strength of acetylene as opposed to ethylene. On the
alumina it may be thé case that ethylene and acetylene are adsorbed with not
widely different strengths and desorption of the preadsorbed acetylene by
ethylene can occur.

The possibility does exist of hydrocarbon upon hydrocarbon adsorptiornf?
on the palladium but this can probably be excluded as this would involve up to
60 layers of coverage to account for the extent of acetylene adsorption.

When the surface is predosed with ethylene a similar result as that found

when all gases are admitted together is observed but with a decrease in the



initial production of ethane. This reduction in the rate of initial ethane
formation is also found when acetylene is preadsorbed and can be attributed to
preadsorbed hydrocarbon preventing hydrogen from adsorbing. Adsorption of the
acetylene on the support, although probably weak and reversible, would produce
an effect similar to a reaction since only the hydrocarbons were analysed.
Preferential adsorption of acetylene would manifest itself as an increase in
the percentages of ethylene and, to a very small extent, ethane present. From
gas chromatographic‘studies alone it was impossible to separate the contributions
to acetylene removal by adsorption or reaction in the initial fast stage.
Conclusive evidence for the existence of reaction as well as adsorption in the
initial stage is the production of ethane.

Another explanation for the initial fast stage of reaction could be the
presence of a number of highly active sites which rapidly poison. However, the
initial fast stage can be reproduced simply by evacuation at 293 k without any
further reduction so region A is unlikely to be attributable to poisoning which
would only be expected to be reversible under more drastic conditions of surface
cleaning. The experiments with alumina of different surface areas show that
acetylene adsorption does occur on the alumina to an extent governed by the
available surface area.

4. 4,2, Region B

In this region the rate of acetylene hydrogenation remains constant and zero

order kinetics are observed in acetylene and it can be assumed that the surface

is completely covered with acetylene. Hydrogen atoms will adsorb on sites

between the packed acetylene molecules which are too small to permit the
adsorption of acetylene. If one assumes that all the available sites are eligible
for both acetylene and hydrogen adsorption it seems likely that acetylene,

because of its mode of adsorption parallel to the surface as described in

section 1.4, will not be able to adsorb on all the available sites because of
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steric effects and gaps will be left which can accommodate hydrogen atoms. The ,
extent of the surface coverage in hydrogen in these spaces depends on the hydrogen
pressure leading to first order kinetics in hydrogen. The selectivity in

region B has been described*® as kinetic selectivity and has been attributed to
the chance of an adsorbed ethylene molecule, formed by the hydrogenation of
acetylene, desorbing to produce gaseous ethylene being appreciably greater than
the chance of it hydrogenating further to yield ethane.

The results presented in this chapter can be interpreted in terms okainetic
selectivity but tracer studies as described in Chapter 5 show this to be incorrect.
Therefore a detailed discussion of region B is better postponed until Chapter 5.

The decrease in the selectivity for ethylene formation with catalyst use can
be attributed to the formation of surface residues such as carbides which may
affect the activity of the sites involved in ethane formation in region B. This
decrease in selectivity is not due to poisoning of the sites involved in acetylene
hydrogenation but to increasing activity of the sites producing ethane.

4.4.3, Regions C and D

In region C the raté of production of ethane increases and the rate of production

of ethylene decreases as the acetylene pressure falls. This can be assumed to

be due to an increasing fraction of the surface being covered by ethylene at

the expense of acetylene. The onset of region C corresponds to the point

referred to by Bond §£_§g39 as the onset of the premature breakdown of selectivity
where non-selective acetylene hydrogenation occurred over palladium the higher

the temperature, ethylene or hydrogen pressure.

The total rate of production of ethane in region C is the sum of the steady
rate of ethane production as observed in region B plus the rate of ethane
production caused by the increase in the surface coverage of ethylene in region C,
If an estimation can be made of the contribution to the rate of ethane production

made by ethylene which is being adsorbed in competition with acetylene in
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region C, then it should be possible to interpret the increase in the rate of
ethane production on the basis of simple Langmuir competition?3-86 between
ethylene and acetylene.

Thus

R, =Ry + R ¢ 4.3

The steady rate of ethane production, R;S, can be measured directly from
region B and substracted from the rate of ethane formation in region C to give
R?;, the rate of ethane production on sites where competition between ethylene
and acetylene is possible. If it is assumed that RTc is proportional to the
fraction of the surface covered with ethylene, & , and that two hydrogen atoms*’
are required to convert ethylene into ethane then

R =k & (§) I
where k is a rate constant and §, is the fraction of the surface covered with

hydrogen.

From Langmuir equations

/.
34 = 8y PH22 /X L.5
2

where X = 1 + ay Py + a P, + a3 P; and a,, ap and a3 are constants relating
to the strengths of adsorption of hydrogen, ethylene and acetylene respectively
and the P terms are the corresponding pressures. The square root term in hydroger
pressure takes into account the dissociation of a hydrogen molecule into two
hydrogen atoms each adsorbed on separate sites. The equation assumes that
competition occurs between all three gases for the same surface sites.

A simple Langmuir equation may be written for the fraction of the surface
covered by ethylene

& =a R/X 4.6
Substitution into 4.4 from 4.5 and 4.6 yields

Rye =k 2,2 B2 s P /X L7

As acetylene and ethylene are more strongly adsorbed on metals than hydrogen?’

UH! u’\ .'Lr . . g } : v '“ALB\‘
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it may be assumed that a; thy& <1 << g P, and a P;

Therefore

RT‘C = k a,? p,;z/(a{a P,)% [1+ (a3 Ps/ag P )P 4.8

In region D, where all the acetylene has been consumed and only ethylene
hydrogenation is occurring, equation 4.8 simplies to

Rur = k a,® Py2/ (8P )? k.9

If ethylene is assumed to be strongly adsorbed compared to hydrogerf? then
equation 4.9 reduces to

R, = k' B, 4.10
where k' = k 3,%2/(5 P, )? and corresponds to the rate constant in region D. The
term 5P, is effectively constant since ethylene is in great excess over the
hydrogen present. The rate of ethane formation in region D was found to be
proportional to the hydrogen pressure, as shown in table 4.5, and supports the
assumptions made in deriving the equation.

In the derivation of equation 4.8 it has been assumed that three sites are
required for the reaction to take plaée-— one for ethylene and two for the
hydrogen atoms. Other descriptions of the mechanism involving (a) two sites
— one for ethylene and one for an adsorbed hydrogen molecule, or (b) only one
site for ethylene and where hydrogen reacts directly from the gas phase or a
physically adsorbed layer an be conside@ied,

Equations equivalent to 4.4 may be written for these two alternatives

(a) two sites

RT’C =k & 8, L.11

(b) one site

R = k & B, k12
A general equation may be derived to account for these three different

descriptions of the mechanism which takes the form

- 52 -



(PR /Ry o3 /2 = D 3VR 4 a/m L1203 /P py 413
where n corresponds to the number of sites required for the reaction. Equation
4,8 corresponds to the special case where n = 3. The values of RTC correspond
to the gradient of a graph of percentage ethane present versus time minus the
steady rate of ethane formation from region B.

The appropriate graphs to test equation 4.13 for values of n = 1, 2 or 3
are shown in fig. 4.k. A straight line is only obtained when competition is
assumed between acetylene molecules, ethylene molecules and hydrogen atoms,

i.e. for n = 3. This agrees with the results of Douglas and Rabinovitch®? who
reported that hydrogen atoms and not hydrogen molecules were active in acetylene
hydrogenation over nickel - kieselguhr. The intercepts in fig. 4.4 are found
experimentally from region D where P; /P, is zero since no acetylene is present.
Values of the gradient and intercept in fig. 4.4 indicate that the value of

a3 /20 , representing the ratio of adsorption strengths of acetylene to ethylene,
is 2200 at 29%K. The experimental results plotted in fig. 4.4 correspond to the
experiment illustrated in fig. 4.1. A similar experiment, again at 293K,
obtained a value of az/s of 2075.

This kinetic treatment can only be applied for reactions having reasonably
low rates of reaction as in fig. 4.1 since more rapid reaction rates prevent
the collection of enough data in region C. It must also be emphasised that the
above kinetic analysis is only valid when the rates used are those after
subtraction of the steady rate of ethane production measured from region B. In
region B the production of ethane is independent of the acetylene: ethylene ratio
and thus cannot be incorporated into a mathematical model employing Langmuir-type
competition.

There is also the possibility that the rate of ethane formation in region C
may depend upon the possibility of a site neighbouring the adsorbed ethylene

containing a hydrogen atom. Therefore 8, itself may not be a completely adequate
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description of hydrogen availability.

The selectivity in region C can be regarded as essentially thermodynamic
in origim*® and depends on the relative strengths of adsorption of acetylene
and ethylene. As the acetylene is progressively used up more of the surface is
occupied by ethylene until eventually only ethylene is undergoing hydrogenation.
The ratio of the strengths of adsorption of acetylene and ethylene may be
expressed as

as /2 = exp (LG, -0Gs)/RT b 1L
Bond et al*® applied equation 4.14 to the competition between acetylene and
ethylene on a metal surface and concluded that if the selectivity arose because
of the stronger adsorption of acetylene then this would imply a most improbable
value for (4G, -4Gs), the difference in the free energies of adsdrption of
acetylene and ethylene. This conclusion probably holds for region B but when
the experimental value of 2200 for a;/%g at 293K is substituted into equation
4,14 then a value of 18.7 kJ mol™? is obtained for (AG,-4Gs). This value is not
unreasonable.

As the final traces of acetylene are removed there is some evidence for an
acceleration in the rate of its disappearance which may be accounted for by an
increase in the hydrogen coverage as the coverage in strongly adsorbed acetylene
falls,

On complete removal of all the acetylene the hydrogenation of ethylene
continues in region D until the hydrogen supply is exhausted. A change in
temperature from 293 to 323K makes negligible difference to the very fast rate
of this reaction as observed in table 4.5. The rate of ethylene hydrogenation‘
in region D may well be determined by the rate of diffusion of hydrogen through
the gas phase to the surface of the catalyst.

The diffusion constant, D, of hydrogen in ethylene®® is 0.486 (X atm) cmfs™?

At a pressure of 6.67 kN m ¢ in a 1% mixture of hydrogen in ethylene D has a
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value of 7,5 crfs '. The Einstein and Smoluchowski diffusion law states that

# =6Dt 4,15
where d is the distance travelled by a molecule and t is the time taken to
move that distance. The cylindrical reaction vessel used in the present
investigation had a length of 0.16 m and thus the average distance to be travelled
by a molecule té reach the surface of the catalyst was 8 cm. The time taken to
travel this distance under reaction conditions is 2.40 x 1072 min ' from equation
4.15. The available geometric area of the catalyst pellets is ~ 0.5 crf and
therefore the fraction of molecules travelling from the centre point of the
reaction vessel, within the appropriate solid angle that they impinge upon the
catalyst, is 0.5/4m& , Ln8? being the area of a sphere of radius 8 cm. In the.
reaction vessel in region D there are ~ 4 x 10'® hydrogen molecules and therefore
the number reaching the surface in 2.4 x 107% min is 4 x 10'8 x 0.5/4m x 64
which is 2.3 x 10'® molecules. The rate of molecules impinging on the catalyst
is therefore ~ 10'* min'. The measured rate constant is 10" min ' and
corresponds to a rate of 4 x 10'?" molecules min ' under the appropriate conditioms.
The calculated rate, assuming that diffusion through the bulk gas is limiting,
is, within an order of magnitude, in agreement with the experimentally measured
rate. There is a fair chance therefore that the rate of ethylene hydrogenation
in region D is dependent on the rate of diffusion of hydrogen through the bulk
gas to the catalyst surface.

L .44 The Effect of Added Carbon Monoxide

From table 4.7 it is clear that carbon monoxide has a very marked retarding
effect on the hydrogenation of ethylene in the absence of acetylene at L1k,
The information in table 4.8 may be correlated by the equation

R, =k Peo” 4,16
where k is a constant and n is the reaction order in carbon monoxide. A graph

T

of log R, versus log P.o yields a straight line with gradient n as shown in
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fig. 4.5. If the value for zero carbon monoxide is excluded the value of n
which satisfies the results is n = -0.54. Because the experimental point for
zero carbon monoxide does not coincide with the value predicted by equation
4,16 it must be assumed that some sites are more susceptible to poisoning by
carbon monoxide than others and that certain very active sites can be poisoned
by a relatively small concentration of carbon monoxide. An experiment in which
578 p.p.m. of carbon monoxide was added to a standard mixture of acetylene,
ethylene and hydrogen at 323K yielded a value of 9 x 102 min ! for the rate
constant for the hydrogenation of ethylene in region D. This value is very
similar to those observed in the absence of carbon monoxide as shown in table 4.5.
It is reasonable to assume therefore that the rate of ethylene hydrogenation in
the presence of small amounts of carbon monoxide is, as in the case of no carbon
monoxide, diffusion controlled. If 1155 p.p.m. of carbon monoxide is present
then a marked decrease in the rate of ethylene hydrogenation is observed
indicating that the rate of diffusion of hydrogen is no longer rate determining
and that now the reaction itself controls the rate at higher levels (>578 p.p.m.)
of carbon monoxide.

The Arrhenius equation for the rate of acetylene hydrogenation in region B
in the presence of 1155 pe.p.m. carbon monoxide has a si@ilar activation energy
(45.% k¥J mol™ ) to that observed in the absence of carbon monoxide (46.8 kJ mol™?).
This indicates that the mechanism of acetylene hydrogenation is not altered by
the présence of carbon moﬁoxide. The pre-exponential factor is decreased to
correspond to the lower rate observed from 1.27 x 1*' in the absence of carbon
monoxide to 4.66 x 10?° in the presence of 1155 p.p.m. of carbon monoxide suggesting
that carbon monoxide reduces the number of sites which are available.

The effect of added carbon monoxide on region B is to increase the selectivity
for ethylene formation as shown in table L., This is achieved by the rate of

ethylene hydrogenation being depressed to a greater extent than that of acetylene
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hydrogenation. The increase in S with carbon monoxide level is the reason why
carbon monoxide is added? to ethylene streams in commercial practice. The
reasons for the increase in selectivity with the addition of carbon monoxide
may be that reported by Takeuchi et 218% ' ?% who postulated that a nickel atom
with one or more sulphur ligands is a very different and more selective catalyst
than a nickel atom without such ligands. This mechanism such that catalytic
activity can be controlled by the degree of co-ordinative unsaturation of the
active sites may also be applicable to the palladium - carbon monoxide system
where a palladium atom attached to carbon monoxide ligands is a much more
selective catalyst for ethylene formation than a palladium atom in the absence
of carbon monoxide.

An alternative mechanism for the role of carbon monoxide in enhancing the
selectivity may be that carbon monoxide is adsorbed with a strength of adsorption
intermediate8?® 87 29 petyeen the strengths of adsorption of acetylene and
ethylene. This would mean that carbon monoxide could effectively block ethylene
adsorption while having relatively little effect on the adsorption of acetylene.
This may be the case in region C where both acetylene and ethylene are competing
for the surface but in region B the rate of production of ethane is not dependent
on the acetylene : ethylene ratio so this mechanism of intermediate adsorption
strength is unlikely to apply.

If the rates of ethane production from table L. are plotted versus the
concentration of carbon monoxide present then fig. 4.6 is obtained. This shows
that the addition of a small amount of carbon monoxide has a disproportionately
large influence on the rate of ethane production in region B. Fig. 4.6 suggests
that ~ 1000 p.p.m. of carbon monoxide can effectively poison the steady rate
of ethane formation and may be attributed to the presence of a type of active
site which is active in ethane production even in the presence of appreciable

quantities of acetylene. It is not possible to use the turning point of fig.k.6
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to quantify the number of these ethane production sites since the apparatus
used did not permit the determination of the amount of gas phase carbon monoxide
present and it would be invalid to assume that all the added carbon monoxide
was adsorbed. A more detailed description of the ethane production site will
follow in Chapter 5.

Added carbon monoxide also has an effect on the initial fast stage, region A.
From table 4.6 it seems that the presence of carbon monoxide has the effect of
reducing the amount of acetylene which disappears in the first ten minutes of
reaction. Since the disappearance of acetylene can be mainly attributed to
adsorption on the support the effect of carbon monoxide may be to adsorb on sites.
which are normally occupied by_acetylene molecules. The reduction in the initial
production of ethane is much more significant than that observed for the
disappearance of acetylene and may arise from competition by the carbon monoxide
for sites on which hydrogen required for ethane production would normally be
adsorbed.

4L.4.5 Reactions on the Alumina Support

From the reaction of a 2:1 hydrogen to acetylene mixture in the absence of
ethylene at 662K it seems that most of the acetylene, 97.2%, is adsorbed on the
catalyst without forming gaseous products. The remainder of the acetylene is
converted to ethylene, methane and ethane in the ratio 1% : 2 : 1. This result
is very similar to that reported by Halliday ' who reacted a similar reaction
mixture over rutile (Ty0, ) at 578K. She observed that 98% of the initial dose
of acetylene was adsorbed on to the surface while small amounts of ethylene,
methane and ethane were formed in the ratio 4+ : 1 : 1. The grey colour of the
catalyst is probably due to surface carbon deposited on dehydrogenation of the
adsorbed acetylene. In the presence of ethylene a similar phenomenon may be
assumed to be occurring. As shown in fig. L,z reversible adsorption of acetylene

occurred at low temperatures since heating from 293 to 3l 2K produced an increase



in the amount of gas phase acetylene present. Only at 533K did acetylene
adsorption of an irreversible nature occur where a further increase in temperatufe
increased the extent of adsorption. This is due to the dehydrogenation of
acetylene to surface carbon which is likely to be irreversible unlike the

reversible low temperature process where acetylene is adsorbed as acetylene

molecules as in region A of a standard experiment.
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CHAPTER 5

Tracer Studies of Acetylene Hydrogenation in Excess Ethylene

in a Static System.

5.1 Introduction

In the results discussed so far no attempt has been made to formulate a
mechanism for the productioh of ethylene and ethane during acetylene
hydrogenation in excess ethylene. The origin of the ethane which is produced
has been usually assumed to be from the stepwise addition of two molecules of
hydrogen to an acetylene molecule and that any ethylene which is present in the
gas phase behaves as an inert diluent 2. This theory is also present in the
concept of kinetic selectivity *® where the selectivity for ethylene formation
is a measure of the ratio of the rate of desorption of an ethylene molecule
produced from acetylene hydrogenation to the rate of further hydrogenation to
ethane. This chapter deals with tracer experiments using carbon -13 labelled
acetylene in the presence of an excess amount of normal 'light' ethylene which
were carried out to determine the origin of the ethane produced in region B.
The mechanism of hydrogen consumption was also studied using 'light’
hydrocarbons and deuterium. The use of deuterium in place of hydrogen was also
useful in providing information concerning the extent to which the adsorption of
each reactant was reversible and the interconvertibility of adsorbed species.
As described in sectioﬁ 1.7 some work has previously been performed on the
reaction of acetylene with deuteruim over Group VIII metals '3 but in
the absence of added ethylene. Experiments were also carried out to
investigate the effects of carbon monoxide and the alumina support on the

reaction mechanism.
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5.2 Experimental Procedure

The experiments described in this chapter were performed on the G.C.M.S.

apparatus of gas-line II as described in Chapter 2.

5.3 Results

The results of the tracer studies on the acetylene, ethylene, hydrogen system
can be separated into three sections as described in section 2.3.2.

(I) Reactions involving carbon-13 labelled acetylene, 'light' ethylene and
hydrogen over samples of 38-3 catalyst :- palladium on alumina.

(II) Reactions involving 'light' acetylene and ethylene and deuterium over
samples of 28-3 catalyst.

(III) Reactions involving 'light' acetylene and deuterium in the absence of
ethylene over the alumina support of 38-3 catalyst.

5.3.1 Tracer Studies Using Carbon-13 Labelled Acetylene

Typical fragmentation and sensitivity factors obtained during a reaction of

type I are shown in Table 5.1.

Table 5.1: Typical Fragmentation and sensitivity Factors Used In

Carbon-13 Labelled Acetylene Tracer Studies.

Parent ITon

Gas ¢ I f f5 £ Sensitivity
Ethane 0.5411 2.3315 0.1793 0.1620 0.367
Ethylene 0.1763 0.2575 0.0235 0.0026 1.000
Acetylene 0.0481 0.0256 - - 0.957

2 f; etc. are fragmentation factors.

The analyses of the gas mixture throughout a typical experiment are presented
in table 5.2, This table shows the incorporation of '>C-'>C skeletons from

acetylene into the ethane and ethylene as the reaction proceeded. From table 5.2
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it can be seen that the reaction proceeded in a similar manner to the reactions
described during kinetic experiments in Chapter 4. There was an initial rapid
disappearance of acetylene whereupon the acetylene removal rate remained constant
until all the acetylene had disappeared. The production of ethane remained
constant until most of the acetylene had disappeared and only at very low
acetylene concentrations did the rate of ethane production increase. The
incorporation of '?C-'>C skeletons into ethylene proceeded steadily as the
acetylene hydrogenated to ethylene. The ethane composition as a function of
time is shown in fig. 5.1 where it can be observed that the rate of formation
of H3'2C-'2CH; was six times that of the rate of formation of H'3C-'>CH; in
the steady region of ethane production i.e. before the disappearance of acetylene -
at ~120 min. After disappearance of the acetylene, ethylene was hydrogenated.
Since the etylene contained ~10% of '>C-'>C skeletons produced from acetylene
hydrogenation the ethane produced after removal of the acetylene contained a
similar proportion of '?>C-'3C skeletons.

Labelling of the acetylene molecules also enabled measurements to be made
of the amount of acetylene lost to the catalyst surface rather than being
hydrogenated to ethylene during the reaction. Table 5.3 shows the percentage
of total gas phase hydrocarbon which contained '>C-'>C skeletons at various
stages of the reaction.

During the initial 18 min. of reaction there was a loss of 3.1% of
13¢-'3C skeletons (expressed as a percentage of the total gas phase hydrocarbon)
from the gas phase. As the reaction proceeded a further 2.3% of '>C-'>C skeletons

were removed from the gas phase without forming gaseous products.
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Table 5.3%: Variation in the Percentage of Gas
Phase Hydrocarbon Containing 2'>C-'?C Skeleton
During the Reaction of 20% '’C, %, in G H,,

H,GH = 2:1 at 293K

Time/Min Percentage '3C-13¢C
0 16.74
18 13.62
37 13,08
56 | 12.35
75 11.88
93 12.05

111 11.47
128 10.89
144 11.16
© 11.28

When 2500 p.p.m. of carbon monoxide were present in a reaction mixture
similar to that described in table 5.2 the rate of ethane production in region
B was greatly reduced. The composition of the ethane produced as a fraction of
time is shown in fig. 5.2. Because of the very small amount of ethane present
analysis of the ethane was very difficult but the same general characteristics

as in the absence of carbon monoxide were present. The vast majority (>90%)

of the ethane contained '2C-12C skeletons with very little evidence of 13013 ¢C
incorporation until after complete disappearance of the acetylene at ~280 min.
whereupon ethylene hydrogenation took place.

5.3.2 Tracer Studies Using Deuterium

Typical fragmentation and sensitivity factors in experiments involving 'light'
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Fig. 5.3

Variation in composition of acetylene,
the percentages of acetylene, ethylene
and ethane present in experiment III
with time at 313K. &, acetylene — dp;
®, acetylene — d,; O, acetylene — d,;
expressed as percentages of total
acetylene. O, acetylene; A, ethylene;
V, ethane; expressed as percentages

of total gas phase hydrocarbon.
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acetylene and ethylene and deuterium are shown in table 5.k4.

These factors are

very similar to those employed during the carbon -13 experiments, see table 5.1.

The composition of the acetylene present and the percentages of acetylene,

ethylene and ethane present in a typical experiment are shown in fig. 5.3. The

characteristics of the reaction were identical to those observed in kinetic

experiments. It may be observed that very rapid formation of acetylene -d, and

-& occured during the first 18 min. of reaction with a corresponding decrease in

the percentage of acetylene -qg;.

continued very slowly until all the acetylene had disappeared.

The exchange of acetylene with deuterium

Table 5.4: Typical Fragmentation and Sensitivity Factors used in Deuterium

Tracer Studies

Gas
Ethane = Light

Heavy

Ethylene Light

Heavy

Acetylene Light

Heavy

4
0.4597
0.2988

0.1400

0.0910

0.0k02

0.0261

2
2.3623
1.5354

0.2124

0.1380

0.0231

0.0150

0.1498
0.0973

0.0210

0.0136

0.137k
0.0893

0.0027

0.0017

Parent Ion
Sensitivity

0.343

1.000

1.180

"light' fragmentation factors correspond to loss of H from parent. Loss

of D is given by 'heavy' factors and are calculated as 0.65 f light,

see Dowie et al 81.

The incorporation of deuterium into the ethylene is shown in fig. 5.4 where

the composition of the ethylene as expressed as a percentage of the total

ethylene is plotted against time.
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Fig. 5.5 Variation in composition of ethane

with time in experiment II at 313K.
O, total ethane; O, ethane — dg;
O, ethane — d,; @, ethane — d,;

® , ethane — d;; B, ethane — d,;

+, ethane — dg; X, ethane — dg;
expressed as percentages of total.
gas phase hydrocarbon.
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in region A which then ceased until the disappearance of the acetylene at
~145 min., whereupon rapid exchange of ethylene with deuterium occurred. The
production of ethylene -% , -ds and -d, progressed steadily during region B
with an increase in the production of ethylene -d, on disappearance of the
acetylene.

The deuterium content of the ethane produced is shown in fig. 5.5 as a
function of time. In the presence of acetylene, i.e. until 145 min, the
majority of the ethane was ethane~d, with some ethane-d; . There was no
production of ethane-d; until the acetylene had disappeared whereupon there
was appreciable formation of ethane -dy, -d1 and -4, .

The mean deuterium number of the reactants and products are shown in
fig. 5.6 as a function of time. In the first 18 min. of reaction the rapid
exchange of acetylene with deuterium meant that acetylene rapidly attained a
deuterium number of 1.0. As the slow exchange of acetylene with deuterium
continued the deuterium number of the acetylene rose gradually as the reaction
proceeded. From figs 5.4 and 5.6 ethylene exchange was only important when the
acetylene concentration became very low and the deuterium number of the ethylene
rose rapidly on disappearance of the acetylene. On the assumption that no
ethylene exchange was taking place in region B it was possible to calculate the
mean deuterium number of the ethylene which had been produced from the
hydrogenation of acetylene after the initial fast exchange. This is also shown
in fig 5.6. Any ethane produced had a mean deuterium number of 2.0 which
rapidly fell to 1.3 on acetylene removal.

5.3.3. Reaction of Acetylene with Deuterium over the Alumina Support

In order to investigate the effect of the support in the initial rapid exchange
of acetylene with deuterium over the palladium - alumina catalyst experiments
were carried out on the acetylene - deuterium reaction in the absence of

ethylene over the alumina support. The change in acetylene composition with
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time in a typical experiment is shown in fig. 5.7. There was a fast initial
exchange producing acetylene -d; with a small amount of acetylene -d which was
virtually complete after 12 min. Evacuation at 472K followed by the introduction
of a new reaction mixture at 313K gave no apparent increase in rate over that
observed at 293K. Only acetylene was detected in the gas phase so no

hydrogenation occurred on the support at 293K or 213K.

5.4 Discussion

The experiments on carbon -13 labelled acetylene show unambiguously that the
ethane produced by the hydrogenation of a mixture of acetylene and ethylene
comes predominantly from the ethylene. This contrasts markedly with previous
assumptions in which any ethylene present during the hydrogenation of acetylene

is treated as inert’?

. Therefore the nature of the selectivity for ethylene
formation in region B cannot be attributed to kinetic selectivity as has been
supposed previously “8_, Two explanations may account for the production of
ethane from ethylene on a surface where acetylene is adsorbed so strongly as to
prevent ethylene competing for the same sites. One explanation is that two types
of surface site exist on the metal, the other is that two distinct modes of
adsorption of ethylene are possible.

Considering first the argument in terms of sites, it appears that most
sites (type X) can hydrogenate both acetylene and ethylene but adsorb acetylene
much more strongly than ethylene at 293K. When an appreciable quantity of
acetylene is present, as in region B, acetylene is adsorbed in preference to
ethylene since acetylene has a larger free energy of adsorption than has
ethylene. Only when the acetylene concentration falls to a low value, as in
region C, does ethylene adsorb on the catalyst in competition with acetylene and
thermodynamic selectivity operates. It is the type X sites on which the

competition between ethylene and acetylene was examined in chapter 4 and on

which acetylene is adsorbed 2200 times as strongly as ethylene at 293K.
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Type X sites are responsible for the rapid ethylene hydrogenation observed in
region D. Type Y sites may be assumed to hydrogenate only ethylene or,
alternatively, may hydrogenate ethylene and acetylene equally well. The second
alternative would manifest itself as preferential ethylene adsorption in the
system studied because of the large excessdaf ethylene present. The steady rate
of ethane formation, in region B, as described in chapter 4 occurs on type Y
sites and the rate of ethane formation is independent of the acetylene: ethylene
ratio and suggests that competition between acetylene and ethylene for type Y
sites does not occur to any great extent. Since the mathematical treatment of
Langmuir competition in chapter 4 only applies to type X sites the subtraction
of the steady rate of ethane formation on type Y sites in region C is justified
since ethane formation on type Y sites will be occuring in regions C and D as
well as region B.

Some evidence for the existence of two different types of surface site can
be obtained from a consideration of the surface geometry of face-centred cubic
metals such as palladium. The geometry of associatively adsorbed acetylene and

ethylene has been studied by several workers, '1°12 %4193

and optimum metal-metal
distances have been calculated. These are 0.343 nm for acetylene and 0.294% nm for
ethylene on palladium.assuming carbon - palladium bond lengths of 0.210 nm. The
short interatomic spacings in palladium are 0.275 n’* . The longer interatomic
spacings are longer by a factor of /2 at 0.389 nm. It seems likely,fdmmlgeometric
considerations, that ethylene will adsorb more strongly on the shorter spacings
and acetylene on the longer spacings as postulated by Bond®’. The (100 and

(110) crystal planes of palladium contain both the long and short spacings and

are capable of accommodating both hydrocarbons. The (111) crystal plane, however,
only contains short spacings and may only accommodate ethylene while not

adsorbing acetylene. This may be the basis for type X sites, the (100) and (110)

crystal planes, and type Y sites, the (111) crystal plane. The catalyst selectivity
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in region B may therefore be termed structural selectivity and not kinetic
selectivity as was previously supposed. The selectivity of the catalyst may
therefore be attributed to the small number of type Y sites present on the
surface. Perhaps other metals with lower selectivities such as platimum have
a larger proportion of (111) crystal planes exposed but the thermodynamic factor
cannot be ignored as this is thought to operate strongly in palladium o,

Fhe alternative to two different types of site is two different modes of

adsorption of the ethylene. It may be possible that some ethylene may be

oo adsorbed

analogous to species proposed during butadiene hydrogenation %5 ., Such a species

might be expected to be adsorbed with a strength comparable to that of acetylene.
The adsorption of-ethylene as an gy adsorbed species as opposed to the normal
o adsorbed state could be a function of the catalyst such that type Y sites
cause adsorption of ethylene as an oy species but type X sites promote
adsorption as the more common 8 species. Therefore two alternative mechanisms
for the selectivity for ethylene formation in region B may well be interrelated.
Further evidence for the presence of more than one site comes from the
experiments where acetylene/ethylene mixtures were reacted with deuterium. Bond
et al ** found that the ethane produced by the reaction of deuterium with
ethylene on palladium - alumina was almost totally ethane -do and -djat 310K.
From fig. 5.5 it can be observed that any ethane produced in region B, i.e. in
the presence of acetylene, from the reaction of ethylene with deuterium is
predominantly ethane -& . Therefore a different mechanism must occur when
ethylene is hydrogenated in the presence of acetylene than in its absence. The

results may be reconciled since hydrogenation of ethylene in the absence of
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acetylene would be likely to occur mainly on the large number of type X sites
and in the presence of acetylene this hydrogenation would take place on the
type Y sites of the catalyst. From fig. 5.5 it is seen that the composition of
the ethane produced after disappearance of the acetylene is ethane -d; and ~d,
in agreement with Bond's findings.

The results on the acetylene/ethylene reaction with deuterium also support
the alternative mechanism of two different adsorption modes for ethylene. The
production of ethane -dy and -d; during the hydrogenation of ethylene with
deuterium has been attributed to a disproportionation reaction between two

ethyl species on the surface “**.

2K C - CH,D - HC - CHD + K C = CHD 5.1

* *

However, in the presence of acetylene, it may be difficult for two ethyl
species to exist in close proximity to one another since the surface is cevered

predominantly by acetylene and so disproportionation may be impossible. The

oo adsorbed ethylene species would yield ethane -d, on reaction with deuterium as

in equation 5.2.

CH; Chy
CH + 2D - CHD, d 5.2
* x

It would be interesting to determine whether the ethane -d that is
produced is CH D - CHL D or CHD, - CHl but this could not be achieved on the
apparatus available and the small amounts of ethane produced would make such a
determination very difficult indeed.

The effect of carbon monoxide in reducing the rate of ethane production by
a greater extent than reducing the rate of ethylene production has been

demonstrated in chapter 4. In carbon -13 tracer experiments production of ethane
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was greatly poisoned by the presence of carbon monoxide but, as in the absence
of carbon monoxide, the ethane originated from ethylene and not from acetylene.
The enhancement in selectivity caused by the presence of carbon monoxide may be
attributed to carbon monoxide adsorbing in preference to ethylene on type Y
sites or reducing the amount of ethylene which tends to gy adsorb. This
explanation is a reasonable alternative to those postulated elsewhere 87189190

Tracer experiments involving carbon -13 labelled acetylene aléo enable a
quantitative assessment to be made of the amount of acetylene which adsorbs as
bpposed to the amount which hydrogenates in region A. During the first 18 mins,
of reaction there was a rapid loss of '>C-'>C skeletons from the gas phase and
this must be attributed to adsorption of the acetylene. Thereafter a lesser
rate of loss to the surface continued throughout the experiment. There is available
metal surface area on the 0.54g of catalyst used to accommodate 1.73 x 10'7
molecules at 0.2 nm2 per molecule. The dose of reactants in carbon - 13 tracer
experiments contained 6.90 x 10'? molecules of acetylene and from table 5.3 it
can be observed that 18.6% of the acetylene initially present disappeared from
the gas phase and indicates that adsorption must occur on the alumina as well as
on the palladium.

Experimeﬁts involving deuterium were also useful in examining the fate of
hydrogen during the hydrogenation of mixtures of ethylene and acetylene. From
fig. 5.3 it can be observed that rapid exchange of acetylene with deuterium
occurs on admission of the reactants. Previous reports on the reaction of
acetylene and deuterium over Group VIII metals have indicated that acetylene does
not exchange readily with deuterium over palladium supported on kieselguhrs1 or
o - alumina °?2 . These supports were of low surface area and may have imparted
different characteristics to the catalyst than the high area alumina used
in the present work. Bond gj_ggfz have stated that exchanged acetylenic residues

are probably formed over o - alumina supported palladium but are not desorbed and
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and hence are not detected in the gas phase. Bond gj_giiss found rapid
acetylene exchange with deuterium over o - alumina supported ruthenium and
osmium and have suggested that the acetylene exchange involved the interaction
of acetylene with deuterium adsorbed on the alumina support.

Experiments involving the reaction of acetylene with deuterium over the
alumina support were carried out to determine whether acetylene exchanged with
deuterium on alumina in the absence of palladium. From fig 5.7 it can be
seen that a rapid initial exchange takes place but not nearly to the same extent
as over the supported metal. The support therefore probably does contribute to
the initial exchange of acetylene with deuterium over alumina supported
palladium but the support quickly becomes poisoned, possibly by the formation of
adsorbed dimers. The fast adsorption of acetylene on the support during the
first few minutes of reaction could also have the effect of self-poisoning the
exchange reaction by preventing deuterium from adsorbing. The initial fast
exchange of acetylene could be due in part to equilibration of surface species
after the fast diffusion of deuterium to the active sites of the alumina and
palladium on admission of the reaction mixture. This is a similar mechanism to
that postulated for the initial fast production of ethane in chapter 4. Any
poisoning of the support for acetylene exchange due to adsorption of acetylene
or formation of dimers can be reversed by evacuation at 473K for 15 min. An
increase in temperature from 293K to 313K had negligible effect on the rate of
acetylene exchange over the alumina support so the rate of exchange may depend
on the rate of diffusion of the acetylene to the active sites on which deuterium
is adsorbed much more rapidly.

% to exchange acetylene with deuterium

A similar attempt by Robertson
over ¢ - alumina failed because of the large amount of adsorption of acetylene

on the catalyst which left very little acetylene in the gas phase for analysis.



Fig. 5.6 shows that there is a rapid decrease in the mean deuterium numberv
of the ethane produced on disappearance of the acetylene and an increase in the
deuterium content of the ethylene. This is due to the normal °7T reaction of
ethylene with deuterium on sites which have been previously covered with
acetylene. From fig. 5.6 it also seems likely that no substantial ethylene
exchange occurs until the acetylene has disappeared. Any incorporation of
deuterium into the ethylene is due to the addition of deuterium to acetylene
which itself contains appreciable quantities of deuterium from the initial
fast exchange. The deuterium number of ethylene produced after the initial fast
acetylene exchange, assuming no ethylene exchange, parallels the rise in the
deuterium number of the acetylene in region B. When the acetylene concentration
is very low ethylene exchange causes a rapid increase in the deuterium number
of the ethylene that is produced. The formation of ethylene from acetylene may
be written,

Gk + %+ GXY 53
where X or Y= H or D. From fig 5.6 the formation of ethylene from acetylene,
in region B, is seen to involve an increase in the deuterium number of 0.55.

It follows therefore that Y, has an average composition of Hy «45 Dy 55 .
Therefore more hydrogen than deuterium atoms are added to acetylene in
producing ethylene despite the large excess of deuterium in the gas phase.
This hydrogen which is reacting with acetylene to produce ethylene must have
originated from the initial fast acetylene exchange since no other source of
hydrogen atoms was present. This hydrogen must have been held on the surface
since if it had entered the gas phase the hydrogen would have had a lesser
chance of reacting with acetylene than the great excess of deuterium present
and ¥, would have been predominantly composed of deuterium on average. A
similar phenomenon over nickel-kieselguhr and palladium - kieselguhr has been

reported by Douglas and Rabinovitch >1 where hydrogen, once adsorbed on the
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catalyst surface, did not return to the gas phase. Bond and Wells °? also
reported that hydrogen desorption was negligible in the reaction of acetylene
with deuterium over palladium - alumina. The amount of hydrogen involved
necessitates adsorption on the support. The mechanism by which hydrogen,
released in the exchange of acetylene with deuterium on the palladium, moves

to the support has been termed hydrogen spillover’®. This process has mainly
been observed in catalysts where the supported metal has been palladium or
platinum and is believed to occur by a surface process rather than gas phase
transport of hydrogen species °?. 1In order for hydrogenation of acetylene to
ethylene to occur the reverse process must also occur since hydrogenation takes
place on the palladium. Fewer examples of reverse spillover have been reported
but it has been thought to be involved during alkene hydrogenation over

0

silica - or alumina - supported platinum'®?’ and alumina-supported platinum,

rhodium and palladium 27'1°1°192 | Taylor et al '°! have also suggested that the
hydroxyl groups of the alumina support are the likely positions where hydfogen

is stored during spillover.



CHAPTER 6

The Kinetics of Acetylene Hydrogenation in Excess Ethylene in a
Flow System

6.1 Introduction

Chapters 4 and 5 desctibed the kinetics and mechanism of the hydrogenation of small

amounts of acetylene in ethylene in a static system at a pressure of 7.3 kN m?2.
This chapter deals with studies carried out at atmospheric pressure using a
stirred gas-solid reactor under conditions more similar to the industrial
situation. Mann and Safo '°? described acetylene hydrogenation over pumice-
supported nickel, platinum and palladium and found that the selectivity of the
reaction for ethylene formation increased with increasing temperature and
decreased on increasing the hydrogen: acetylene feed ratio. However, the feed
gas used by Mann and Safo consisted only of a mixture of acetylene and hydrogen
whereas the present investigation involves feed gases containing acetylene,
hydrogen, ethylene, nitrogen and carbon monoxide similar to those employed in
industrial ethylene purification plants. Industrially carbon monoxide is added
to increase the selectivity for ethylene formation and to prevent temperature
runaway caused by the exothermic hydrogenation of ethylene to ethane. In the
static system experiments described previously no evidence was found for the
production of C, compounds perhaps because any compounds also produced were held
adsorbed on the catalyst surface since low gas pressures were involved. In this
investigation the:influence of carbon monoxide, hydrogen and ethylene on the
kinetics of the hydrogenation of acetylene and the production of ethane are

described as is the production and composition of the C, fraction.

6.2 Experimental Procedure

The apparatus and experimental techniques are described in chapter 2. Since the

same sample of catalyst (14.0kg) was used in all experiments, (excepting



Fig. 6.1

Reaction at 343K of mixtures of 25% H,,
35% C,H,, 4O%N,, 1000 p.p.m. CO. Rates
of O, acetylene removal; A, hydrogen
consumption; 0, ethane formation; @,
but-1-ene formation; 0, trans-but-2-ene
formation; @, cis-but-2-ene formation;
+, buta -1,3-diene formation at wvarious
acetylene concentrations.
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Fig. 6.2 Influence of hydrogen on the rate of
acetylene removal at 343K in the presence
of 35% C,H, and 1000 p.p.m. CO. Exit
hydrogen : A, 37.5%; 0, 22.8%;0, 9.4%;
0, 2.6%.
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experiments on the influence of stirrer speed), checks were made at regular
intervals to ensure that the activity of the catalyst remained constant.

In each run the technique employed was to keep all gas flows constant and
to vary the inlet flow rate of the acetylene in order to give changes in the
exit acetylene concentration.

The majority of experiments were performed at 342K and this necessitated
the addition of 1000 p.p.m. of carbon monoxide to moderate the reaction rates
and prevent temperature runaway. Some experiments were carried out in the

absence of carbon monoxide at 273K.

6.3 Results

The general characteristics of a typical reaction, in which the rates of
appearance or disappearance of reactants and products are plotted as a function
of acetylene concentration, are shown in fig. 6.1.

6.3.1 Acetylene Hydrogenation

On increasing the acetylene concentration from zero the rate of acetylene
removal at first increased until a point was reached after which it remained
constant. The effect of varying the hydrogen concentration on the rate of
acetylene hydrogenation is illustrated in fig. 6.2.. All reactions had an
inlet gas composition of 35% ethylene, 1000 p.p.m. of carbon monoxide and a
reaction temperature of 343K. As the hydrogen concentration was increased the
concentration of acetylene required to cause a constant rate of acetylene
removal increased. From the data shown in fig. 6.2 a graph was drawn of

log [steady rate of acetylene removal] versus log [ hydrogen concentration].
This graph is shown in fig. 6.3 and had a gradient of 0.87 = 0.05 which is
equivalent to the reaction order in hydrogen at a steady rate of acetylene
removal. For reactions in the absence of carbon monoxide at 273K the order in

hydrogen was 1.30 £ 0.15. No evidence was observed of a fall in the rate of
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Fig. 6.3 Graph of log (steady rate of
acetylene hydrogenation) against
log (Hydrogen concentration) in
the presence of 35% C,H, and 1000
p.p.m. CO at 343K,
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Fig. 6.4 Graph of the concentration of acetylene
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acetylene removal against the concentration
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Fig. 6.5 Influence of carbon monoxide on the rate
of acetylene removal at 343K in the
presence of 35% C,H, and 25% H,. Carbon
monoxide concentrations : O, 0%; O ,
1000 p.p.m., ®, 5000 p.p.m.
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Fig 6.6 Influence of ethylene on the rate of
acetylene removal at 342K in the
presence of 25% H,. Exit concentrations :
0, 0.2% C,H, and 0% CO; @, 28.7% C,H,
and 0% CO; 0, 2.2% C,H, and 1000 p.p.m.
CO; M, 34.4% C,H, and 1000 p.p.m. CO;
@, 1.0% C,H, and 5000 p.p.m. CO; 8,
34k.7% C,H, and 5000 p.p.m. CO.
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acetylene hydrogenation after the constant rate was achieved on increasing the
exit acetylene concentration. It has been noted that the more hydrogen that

was present the greater the amount of acetylene that was required to achieve a
constant rate of acetylene removal. This is illustrated in fig. 6.4 where the
concentration of acetylene required to achieve a constant rate is plotted against
the concentration of hydrogen present and it can be seen that the required
acetylene concentration is proportional to the concentration of hydrogen present.

In fig. 6.5 the effect of carbon monoxide on the acetylene hydrogenation
reaction is illustrated. Carbon monoxide has been shown in chapter 4 to be a
poison for the acetylene hydrogenation reaction in a static system and this
effect may be observed to hold in a flow system. Experiments in the absence of
carbon monoxide had a very fast rate at 343K and did not achieve a steady rate of
hydrogenation because of an experimental limitation on the amount of acetylene
that could be introduced into the inlet gas stream. Therefore if a reaction had
a rapid rate then most of the acetylene was removed from the system leaving small
concentrations of acetylene which were not big enough to achieve zero order
kinetics for the hydrogenation of acetylene. As the concentration of carbon
monoxide was increased the rate of acetylene hydrogenation decreased and the
first 1000 p.p.m. of carbon monoxide had a relatively greater effect than the
addition of a further 4000 p.p.m. The amount of acetylene in the gas phase
required to achieve a steady rate of acetylene hydrogenation also decreased
as the carbon monoxide concentration was increased.

The effect of varying the ethylene concentration in the inlet gas is shown
in fig. 6.6 for various carbon monoxide concentrations. When no ethylene was
present in the inlet gas small amounts of ethylene were produced from acetylene
hydrogenation. In all the experiments shown in fig. 6.6 the rate of acetylene

removal was greater in the absence of ethylene in the inlet gas than in its
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Fig 6.7

Influence of hydrogen on the rate of
formatioa of ethane at 343K in the
presence of 35% C,H, and 1000 p.p.m.
CO. Inlet hydrogen concentrations :
0, 40%; &, 25%;0, 10%; v, 2.8%
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Fig. 6.8
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Plot of log (Rate ethane formation) against
log (Hydrogen concentration) for experiments
in the absence of acetylene in the presence
of 35% C,H, and 1000 p.p.m. CO at 343K.



presence and the concentration of acetylene required to attain a steady rate of _
acetylene hydrogenation was also greater when ethylene was present in the inlet
gas.

To summarise, a reduction in the rate of acetylene hydrogenation could be
brought about by:

(i) an increase in the concentration of carbon monoxide;
(ii) an increase in the concentration of ethylene;
(iii) a decrease in the concentration of hydrogen.

Also, whenever the steady rate of acetylene hydrogenation was decreased by
any of the above factors, the concentration of acetylene required to achieve the
steady rate of acetylene hydrogenation also decreased. Carbon monoxide had a
relatively much greater effect on the rate of acetylene hydrogenation than had
ethylene.

6.%.2. Ethane Formation

On increasing the acetylene concentration from zero the rate of ethane
formation decreased and eventually attained a steady value as shown in fig 6.1.
In fig. 6.7 the rates of ethane formation at various hydrogen levels are
presented as a function of acetylene concentration. All reactions had an inlet
gas composition of 35% ethylene, 1000 p.p.m. carbon monoxide and a reaction
temperature of 343K. The order in hydrogen concentration for ethane formation
in the absence of acetylene was found from the gradient of a graph of log [rate
of ethane formation] versus log [hydrogen concentration] as shown in fig. 6.8.
The value of the gradient was 0.85t 0.05. This value is of course the order in
hydrogen for ethylene hydrogenation as no acetylene was present. At 272K in
the absence of carbon monoxide the order in hydrogen was found to be 0.65 £ 0.05.

Similar plots were drawn to find the order in hydrogen for the steady rate of

ethane formation at high exit acetylene concentration in the presence of 1000 p.p.m.

carbon monoxide. Here the order in hydrogen was found to be 0.64 £+ 0.07 at 343K
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and 0.90 £ 0.05 at 273K in the absence of carbon monoxide.

Fig. 6.9 illustrates the effect of carbon monoxide on the rate of
production of ethane and shows that the presence of carbon monoxide had a greater
effect on the formation of ethane than on the disappearance of acetylene. It can
be seen that the first 1000 p.p.m. of carbon monoxide had a disproportionately
large effect on the rate of ethane formation.

The effect of ethylene on the rate of formation of ethane for experiments
conducted in the presence of 1000 and 5000 p.p.m. of carbon monoxide is shown in
fig. 6.10. When no inlet ethylene and 1000 p.p.m. of carbon monoxide was present
increasing the acetylene concentration from zero produced an increase in the rate
of ethane formation until about 1000 p.p.m. of acetylene was present; further
increase in the acetylene level had no effect on the rate of ethane production.
When 5000 p.p.m. of carbon monoxide was present the maximum rate of ethane
formation occurred at an acetylene concentration of ~300 p.p.m. in the absence
of ethylene in the inlet gas. From fig. 6.10 it may also be observed that the
rate of formation of ethane, at acetylene levels >3500 p.p.m., was identical
for ethylene inlets of ~35% and zero (~2% ethylene in exit) when 1000 p.p.m. of
carbon monoxide was present. With 5000 p.p.m. of carbon monoxide coincidence in
the rates of ethane formation occured when the acetylene concentration was
~3000 p.p.m.

Therefore, at high acetylene concentrations, the rate of ethane formation
was independent of both the acetylene and ethylene levels and varied only with
the hydrogen and carbon monoxide concentrations.

6.3.3. Production of C, Hydrocarbons

The rates of hydrogenation of acetylene, production of ethane, hydrogen
consumption and G, production in a typical experiment in the absence of carbon
monoxide at 273K are shown in fig. 6.11. On increasing the acetylene level the

rates of formation of but-1-ene, trans-but-2-ene, cis-but-2-ene and n-butane
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Fig. 6.11

Reaction at 273K of mixtures of 25% H,,
35% C,H,, 40% N,, 0% CO. Rates of : O,
acetylene removal; A, hydrogen
consumption; O , ethane formation; @,
but-1-ene formation; 0, trans-but-2-ene
formation; O, cis—bqt-Z ene formation;
+, buta-1,3-diene formation; M , n-butane
formation at various acetylene
concentrations.
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Fig. 6.12 Reaction at 343K of mixtures of 25% H,,
35% C,H,, 40% N,, 5000 p.p.m. CO. Rates
of : O, acetylene removal; A, hydrogen
consumption; O, ethane formation; O,
but-1-ene formation; @, trans-but-2-ene
formation; 0, cis-but-2-ene formation;
+, buta-1,3-diene formation at various
acetylene concentrations.
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all increased initially. On increasing the acetylene concentration above
~1600 P.pP.m. the rates of production of the butenes diminished and
buta-1,3~diene began to appear in the gas phase. At the point where the
reaction became zero order in acetylene the C, composition was but-1-ene 66.0%,
trans-but-2-ene 22.1%, cis-but-2-ene 9.4% and n-butane 2.5%.

In the presence of 1000 p.p.m. of carbon monoxide at 343K the rates of C,
production were as shown in fig. 6.1. Only very small traces of n-butane were
detected when carbon monoxide was present. A much more pronounced maximum in the
rates of formation of the butenes was found in the presence of 1000 p.p.m. of
carbon monoxide and this maximum coincided with the position at which the rate
of acetylene hydrogenation had just become constant. Cis-but-2-ene was only
found in significant quantities around this point. The production of
buta-1,3-diene was more apparent in the presence of 1000 p.p.m. of carbon
monoxide. |

Fig. 6.12 shows the rates of hydrogenation of acetylene, hydrogen consumption
and C, production in the presence of 5000 p.p.m. of carbon monoxide at 343K,

The fraction of acetylene which was converted to C, species is shown in
fig. 6.13 as a function of the acetylene concentration. All experiments were
in the presence of 35% ethylene and 1000 p.p.m. of carbon monoxide at 343K. As
the acetylene concentration was increased from zero the fraction of acetylene
converted to C, compounds also increased until the point was reached where the
disappearance of acetylene became zero order. The influence of hydrogen
concentration on the fraction of acetylene being converted to C, compounds is
also illustrated in fig. 6.13. At low acetylene levels the percentage of

acetylene which was converted to C, species was reduced as the hydrogen

concentration was increased. At high acetylene levels the converse was true.

Under conditions where the rate of acetylene disappearance was independent of

the acetylene concentration the fraction of acetylene which was converted to C,
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Fig. 6.15

Reaction at 273K of mixtures of 25% H,,
35% CsHy, 40% N,, 0% CO. Rates of :

O, acetylene removal; O, ethane
formation; B , propane formation; @,
but-1-ene formation; @, trans-but-2-ene
formation; 0, cis-but-2-ene formation;
+, buta-1,3-diene formation at wvarious
acetylene concentrations.
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compounds was also independent of the acetylene concentration.

Fig. 6.14 illustrates the effect of carbon monoxide and ethylene
concentrations on the fraction of acetylene undergoing dimerization. When the
carbon monoxide concentration was increased from 1000 to 5000 p.p.m. the yield
of C, species that were produced from acetylene was almost halved. An increase
in the ethylene concentration from ~1% to ~34.7% resulted in the fraction of
acetylene dimerizing being reduced, except at low levels of acetylene.

An experiment was carried out to investigate whether the C, compounds were
produced from two acetylene molecules, two ethylene molecules or from one
acetylene and one ethylene molecule. To achieve this the acetylene hydrogenation
reaction was carried out with 35% propylene present rather than ethylene at
273K in the absence of carbon monoxide. The product gas was analysed for C,,

G and G fractions. Only C, compounds were detected at rates as shown in
fig. 6.15. Comparison with fig. 6.11 shows that the rates of C, production in
the preseﬁce of ethylene were similar to those in the presence of propylene.
This experiment confirmed that the C, species were formed from two acetylene
molecules.

6.3.4 Production of High Molecular Weight Hydrocarbons

After several weeks of operation it was observed that a brown oil had
accumulated in the exit line from the reactor. The presence of an oily residue
is common in commercial acetylene removal plants.

Gas chromatographic analysis of the 0il in n-pentane solution indicated
that at least sixteen different compounds were present. The analysis was
performed on a Perkin-Elmer F-33 gas chromatograph with a 2m column of 113%
Silicone Fluid MS 550 + Bentone 34 on Chromosorb W 80-100 mesh held at 150°C.
Nitrogen at a pressure of 207 kN m 2 was used as carrier gas.

A further sample in n-hexane solution was examined by High Speed Liquid

Chromatography. The trace produced is shown in fig. 6.176. The column
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dimensions were 145 x 5 mm. containing silica of diameter 5.8 wh. The mobile
phase was V& water ~ saturated hexane at a pressure of 2.76 x 10 Nm 2 at room
temperature. Standards of anthracene, naphthalene and toluene were also run.
From fig. 6.16 it can only be stated with certainty that anthracene was not
present in the oil.

The infra-red spectrum of the oil taken as a smear is illustrated in
fig. 6.17. The broad doublet at 2920 cm™ and 2850 cm™ indicated C - H
stretching modes. The peak at 1712 cm ' was rather weak for a carbonyl stretching
vibration and the peaks at 1460 cm™' and 1378 cm™' were indicative of C - C
stretching vibrations. No evidence of unsaturation above 3000 cm ! or between
1600 and 1700 cm ' can be observed. There existed no evidence for alkyne groups
at 2100 - 2200 cm ' or at 3300 cm .

The ultra-violet spectrum of the oil as a solution in n-pentane is shown
in fig. 6.18. The peaks were at 189 nm (m), 198 nm (s), 216 nm (m), 265 nm (w)
and 272 nm (w). The peak at 198 nm, with consideration of the infra-red results,
indicated the presence of a carbonyl group although absorption due to C = C
may also occur in this region of the spectrum.

A broton NMR spectrum was run with a sample of the o0il in CDCls solution.
The trace is shown in fig. 6.19. The absence of peaks at & values 2.5 - 10 ruled
out the presence of aldehydic, aromatic or olefinic protons. The peak at § 0.9
indicated methyl groups, that at & 1.3 indicated methylene groups. The small
peaks at § 2.1 and 8 2.4 may have been due to traces of ketonic groups.

A single mass spectrum of the oil produced peaks with m/e values up to 310
indicating that the longest chain present would contain ~22 carbon atoms.

To summarise,the various analyses indicated that the oil consisted of
saturated chains of up to 22 carbon atoms with traces of carbonyl groups.

. . . . 0
This analysis is in agreement with that of oil found in commercial practice '°%,



6.4 Discussion

6.4.1 Kinetics of the Removal of Acetylene

The shape of the plots of the rate of removal of acetylene versus exit acetylene
concentration, as shown in fig. 6.2 for example, may be explained in terms of
an increase in the surface coverage of acetylene as the acetylene concentration
in the gas phase is increased at low acetylene levels. On increasing the gas
phase acetylene level the surface coverage in acetylene increases until the
surface becomes saturated with acetylene. Beyond this point no increase in rate
would be expected as the gas phase acetylene concentration increases and none is
observed. Therefore the point at which the acetylene removal rate becomes
independent of the gas phase acetylene concentration is a measure of the point
at which the catalyst surface becomes saturated with acetylene.

Two mechanisms exist whereby the surface coverage in acetylene,at low
acetylene levels, could increase with acetylene pressure. These are:

(i) Competition between acetylene and other species for surface sites.
(ii) Diffusional limitation on the rate at which acetylene can reach surface
sites within the catalyst pores.

As described in chapters 4 and 5 competition between acetylene and ethylene
proved to be a satisfactory explanation of the kinetics observed in static
systems at lower pressures. This explanation does not account for the way the
acetylene coverage increases with acetylene concentration in the flow system
experiments for the following reasons. Firstly, the rise in rate of acetylene
removal with acetylene concentration, as shown in fig. 6.1., has an
approximately linear portion. On the basis of simple Langmuir competituma
smooth curve would be expected. Secondly, if the amount of acetylene which can be
adsorbed on the surface was governed solely by competition between acetylene and
ethylene then the point at which the rate becomes zero order in acetylene should

be similar for all experiments with the same acetylene/ethylene ratio. From
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fig. 6.2 this is not the case since the point at which zero order kinetics in
acetylene occurs is dependent on the amount of hydrogen present. Thirdly,
although competition for surface sites between acetylene and hydrogen is
inevitable, if competition for surface sites dominates the kinetics then it
would be expected that the rate of removal of acetylene would fall at high
acetylene concentrations due to the exclusion of hydrogen from the surface,
no such fall is observed.

For these reasons it seems likely that diffusion limitation may explain the
kinetics observed in the flow system experiments. For Knudsen flow of gases in
catalyst pores the pore diameter must be smaller than the mean free path between
the intermolecular collisions ®®. The mean free path of acetylene molecules’*
at atmospheric pressure is ~50 nm. the mean pore diameter of I.C.I. 38-3 catalyst
is 8 nm so Knudsen flow would certainly be expected.

The rate of diffusion of gases is given by '°°

Ty = Ac.D.P. 6.1
d
where r, is the rate of diffusion, Ac is the concentration gradient, D is the

D

diffusion constant, P is the porosity and d is the distance over which diffusion
is taking place. The porosity of type 38-3 catalyst is known to be: >25 nm pore
radius, 0.12 c® g !'°, 3.7-25 mm, 0.07 cw’g '; 1.0-3.7 nm, 0.16 ce’g '. During
Knudsen flow the diffusion constant is reduced below its value in the free gas.
It is assumed that the diffusion constant in pores of radius >25 nm is 100%,
3.7-25 nm is 50% and 1.0-3.7 nm is 15% of the value in the free gas. The value
for the diffusion constant of acetylene in air at atmospheric pressure is 0.1

cfs ' and, in the absence of a literature value for ethylene/nitrogen mixtures,

this value is applied in the circumstances.

1

The product D.P. is calculated to be 0.018c g 's™ ! from these values

quoted A typical case is the situation where there 1s a gas phase concentration
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of acetylene of 2000 p.p.m. The acetylene concentration decreases the dee per
one proceeds into the palladium layer and may be expected to reach zero at the
bottom of the palladium layer on the catalyst. If the depth of the palladium
layer is 0.8 mm with a concentration difference of 2000 p.p.m. then substitution
onto equation 6.1 yields a value for the rate of diffusion of acetylene of

2.2 x 10 8 mol cm™ s71.

From fig. 6.1, when the concentration of acetylene was 2000 p.p.m., the
rate of removal of acetylene was 24t ml h™'g™'. This is equivalent to
~3x%x 10 ° mol cm? s ' for pellets with a superficial area of 8 cng-1. Therefore
the observed rate of acetylene removal was within an order of magnitude of the
calculated rate of acetylene removal suggesting that the rate of removal of
acetylene at low acetylene levels is controlled by the rate of diffusion of
acetylene within the catalyst pores. When the concentration of acetylene is
increased the corresponding increase in concentration gradient would result in
an increase in the rate of diffusion of acetylene and the rate of acetylene
hydrogenation would be controlled by the kinetics of the reaction eventually.

An experiment was carried out to determine whether bulk diffusion in the
gas phase was rate limiting. This involved measurement of the rates of
acetylene hydrogenation and etdhane formation as a function of basket speed.

The results are illustrated in figs. 6.20 and 6.271 where it may be seen that the
rates of acetylene hydrogenation and ethane formation were independent of basket
speed confirming that bulk diffusion in the gas phase was not rate limiting.

Therefore, as the acetylene concentration increases, three regions may be
identified. These will be subsequently referred to as (i) the region of
diffusion control, (ii) the turning point and (iii) the "steady'" region where the

rate is kinetically controlled and is approximately zero order in acetylene.
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6.4.2 Effects of Hydrogen, Carbon Monoxide and Ethylene on the
Rate of Removal of Acetylene

It can be seen from fig 6.3 that the reaction is approximately first order in
hydrogen at high acetylene levels when the rate is not diffusion limited. The
concentration of acetylene required to achieve surface coverage and a steady
rate of acetylene removal increases as the amount of hydrogen is increased..

In the experiment with 40% of hydrogen, as shown in fig. 6.2. the region of
diffusion control extended throughout the range of the whole experiment and no
steady rate was achieved. Outside the diffusion controlled region the kinetic
order in hydrogen was slightly less than unity. This may indicate some limited
competition between acetylene and hydrogen for the surface.

The effects on the rates of acetylene hydrogenation of carbon monoxide and
ethylene are qualitatively similar in that the region of diffusion control is
curtailed and the subsequent steady rate of acetylene removal is reduced in the
presence of these gases. The magnitude of these effects is greater in the case
of carbon monoxide than with ethylene and may be thought of as equivalent to a
reduction in the hydrogen concentration. Fromfigs. 6.5 and 6.6 it appears that
competition between carbon monoxide or ethylene with acetylene is not important
at high acetylene levels since doubling the acetylene concentration from 2000 to
4000 p.p.m. has no detectable effect on the rate of acetylene hydrogenation.
The reduction in both the effect of diffusion control and the steady rates
caused by the presence of carbon monoxide or ethylene must be due to a reduced
availability of hydrogen on the surface, probably on sites between the fairly

close packed acetylene molecules. The influence of carbon monoxide on the

. : : 5 90
adsorption of acetylene is known to be minor 87, .

6.4.3 The Formation of Ethane

The general shape of the graphs for the rate of formation of ethane as a function

of acetylene concentration, illustrated in fig. 6.7, may be interpreted on the
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basis of competition between ethylene and acetylene for the surface at low
acetylene pressures, but there is probably some distortion caused by the
diffusional limitation of rates. In chapter 5 it was postulated that such
competition occurs on type X sites on which acetylene is adsorbed with a
strength 2200 times that of ethylene at 293K. The rate of formation of ethane
initially falls with an increase in acetylene concentration due to decreasing
ethylene coverage of type X sites.

Once the surface has become saturated with acetylene the rate of production
of ethane becomes independent of the acetylene and ethylene concentrations as
shown in fig. 6.10 for experiments in the presence of 1000 and 5000 p.p.m. of
carbon monoxide. The steady rate of produdtion of ethane at high acetylene
levels may be regarded as further evidence for type Y sites which can hydrogenate
ethylene even in the presence of large quantities of acetyleme. This is
confirmed by fig 6.10 where the rate of production of ethane in the steady region
(i,e. non diffusion controlled) is identical for experiments with zero and 35%
ethylene in the inlet gas to the reactor. These results reinforce the conclusions
obtained from the static system experiments discussed in chapter 4 and 5.

The effect of carbon monoxide is to depress the rate of formation of ethane
to a much greater extent than the rate of hydrogenation of acetylene. This
implies exclusion of ethylene from the surface by carbon monoxide. A comparison
of results in fig. 6.9 at carbon monoxide levels of 1000 and 5000 p.p.m. suggests
that carbon monoxide can compete effectively with ethylene for both type X and
type Y surface sites.

6.4.4 Production of C, Molecules

Figures 6.1, 6.11 and 6.12 show the rate of production of C, species in the
presence of 1000 p.p.m., zero and 5000 p.p.m. of carbon monoxide. The increase
in the rate of formation of C, compounds at low acetylene levels may be

explained by the increasing surface coverage in acetylene which increases the
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probability of acetylene molecules occupying adjacent sites, which is a reasonable
prerequisite for dimerization.
This may be represented by equation 6.2.

Rate of C, production = k gz”z 6.2

where k is a constant and 9, " is the fraction of the surface covered by
: 272

acetylene. An indication of the value of this fraction may be obtained from

8 ~ Rate of G I disappearance 6.3
CaH, Limiting rate of G, disappearance at surface saturation

Values of n obtained from graphs of log [rate of C, production] versus
log [ecszj for experiments at various gas compositions are shown in Table 6.1.

Table 6.1: Dependence of Rate of C, Production on the Surface Coverage
of Acetylene at 343K

B /% C, B, /% N, /% CO/p.p.m. n
25 35 Lo 1000 1.64
25 C 35 Lo 5000 2.00
25 0 75 1000 - 2.05
10 35 55 1000 2.00

From table 6.1 it appears that in the majority of experiments n had a
value of ~2 confirming that C, production required the adsorption of acetylene
molecules on two adjacent sites. This conclusion is reinforced by the results
shown in fig. 6.13 where the proportion of acetylene resulting in C, compounds
becomes independent of the acetylene concéntration once saturation has been
attained.

The composition of the butenes, at the point of surface saturation with
acetylene, is similar to that reported by Bond and Welld?. This is markedly

different from the thermodynamic equilibrium composition which is but-7-ene 2.4%,
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trans-but-2-ene 74 .4% and cis-but-2-ene 23.2% at 298K. This suggests that
when a butene molecule is formed it is immediately desorbed without having
sufficient time to undergo isomerization; this is understandable in view of the
presence of acetylene and large quantities of ethylene.

Sheridan has suggested '! that the free radical form of an adsorbed vinyl
group reacts with an adsorbed acetylene molecule to produce buta~1,3-diene which
subsequently hydrogenates to yield butenes. Hydrogenation of buta-1,3-diene over
palladium - alumina % at 273K produced a butene composition of but-1-ene 64.4%,
trans-but-2-ene 33.2% and cis-but-2-ene 2..4%. This composition agrees very
closel y with the butene analysis reported during acetylene hydrogenation in
section 6.3.3, in confirmation of Sheridan's mechanism. Bond 3 has proposed -
that but-1-ene is produced by a 1,2 addition of two hydrogen atoms to
buta-1,3-diene whilst the but-2-enes are formed by a 1,4 addition process over
palladium.

The conformation of the adsorbed buta-1,3~diene species resulting from the
dimerization of adsorbed acetylene may well differ from that produced by gas
phase buta-1,3-diene. The conformation of the adsorbed buta-1,3-diene
determines the configuration of the but-2-ene which is produced. The trans : cis
ratio for the but-2-enes produced during acetylene hydrogenation is 2.4 but is
13.8 during buta-1,3-diene hydrogenation. The proportions of cis and trans

0 1'% and would explain

buta-1,3-diene in the gas phase is between 1:10 and 1:2

the trans : cis ratio for the but-2-enes produced during buta-1,3-diene

hydrogenation if the conformations of adsorbed buta-1,3-diene do not readily

interconvert. However, during acetylene hydrogenation, the conformation of the

adsorbed buta-1,3~diene intermediate will depend on the stacking geometry of the
] ] i 2? and a diff t

two acetylene molecules which combine to form the diene and a differen

trans : cis ratio might be expected. Bond and Wells 54 have reported that the

most favoured steric arrangement of acetylene molecules on palladium is a form

- 89 -~



of staggered Packing which would be expected to form the transoid buta-1,3%-diene

on dimerization and subsequently the trans-but-Z2-ene on hydrogenation.

H H

H H H
o C

G C C
C C

C C C
H H

H H H

At low acetylene levels the majority of the but-2-ene formed has the trans
configuration as shown in fig. 6.1. As the surface concentration of acetylene
approaches monolayer saturation the mode of packing of acetylene may change to a

closer packed form with geometry:

N
A R T
A

This form of packing would be expected to ultimately yield cis-but-2-ene.
Fig. 6.1 shows that the amount of cis-but-2-ene formed does increase considerably
when the acetylene coverage is close to saturation.

At high acetylene concentrations the yield of C, olefins falls and the
principle C, product becomes Buta-1,3-diene. This suggests that either the
availability of surface hydrogen becomes less, although this is not reflected
in a change in the rate of acetylene hydrogenation, or that the increasing

acetylene bombardment of the surface with acetylene pressure displaces the

buta-1,3-diene molecules before they have time to hydrogenate.
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Carbon monoxide almost entirely eliminates n-butane production from
butenes. Thig ig equivalent to the effect of carbon monoxide on the production
of ethane from ethylene where the selectivity of acetylene hydrogenation to
ethylene is increased when carbon monoxide is added. The degree of saturation
of the C, molecules is reduced in the presence of carbon monoxide due to a
reduction by competition in the availability of adsorbed hydrogen.

6.4.5 Recent Publications

Recently published results '°7 have suggested that the presence of palladium
hydride phases may influence the hydrogenation of acetylene. The thermodynamics
of the palladium/hydrogen system '°® give the following equation
log B,, = 7.65 - 2039 6.4
T

where P is the dissociation pressure of palladium hydride. When equation 6.4
is applied to the flow system experiments it appears that the percentages .of
hydrogen required in the gas phase for hydride formation are 6.7% at 343K and
0.6% at 293K. Therefore in many of the experiments reported hydride formation
is feasible. However Borodzinski gﬁ_g;,1°7 report that hydride formation did
not occur to any appreciable extent in catalysts where the dispersity of the
palladium on the Y-alumina support was less than 1% wt. palladium. Since the
I.C.I. 38-3 catalyst used in this work had a dispersity of 0.04% wt.
palladium it is very unlikely that hydride formation contributed to the
overall reaction.

In the static system experiments the pressures of hydrogen present were
only ~281 Nm 2 and the required hydrogen pressure for hydride formation at
293K as calculated from equation 6.4 is 654 Nm ° so hydride formation was

unlikely in these experiments irrespective of the dispersity of the palladium.
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Studies have been made of the kinetics of the hydrogenation of mixtures containing 2 % of
acetylene in ethylene on an alumina supported palladium catalyst in a static system. Information
has been obtained about the nature of the selectivity of the reaction of acetylene. Detailed analyses
of the kinetics have been made as the ratio of the pressure of acetylene to ethylene decreases and
subsequently as the remaining hydrogen is used up.

The poisoning action of carbon monoxide, which selectively inhibits the hydrogenation of ethylene,
has also been studied.

Tracer studies using carbon-13 labelled acetylene, light ethylene and hydrogen with analysis by
combined gas chromatography-mass spectrometry, have shown unambiguously that ethane produced
from the hydrogenation of a mixture of acetylene in ethylene comes predominantly from the ethylene.

The reaction between acetylene, ethylene and deuterium gives a greater understanding of the
surface processes involved and produces ethane which is mainly [2H,Jethane.

It is postulated that two types of site exist on the surface, type X which hydrogenates both acetylene
and ethylene and on which acetylene is adsorbed ~2200 times more strongly than ethylene at 293 K
and type Y which is easily poisoned by carbon monoxide and can hydrogenate ethylene even in the
presence of acetylene.

The selective hydrogenation of the small amounts of acetylene present in streams
of ethylene from naphtha crackers is of commercial importance, especially in the
purification of ethylene to be used for the manufacture of polythene, where acetylene
quantitatively destroys the polymerization catalyst. The majority of work on
acetylene hydrogenation has been carried out with acetylene as the sole initial
hydrocarbon -3 and is thus removed from the industrial situation.

Palladium is known to be active for the hydrogenation of acetylene at room
temperature > and is also highly active for the hydrogenation of ethylene to ethane.
The nature of the selectivity for acetylene hydrogenation in the presence of a large
excess of ethylene is not clearly understood. The aim of this work was to examine,
using detailed kinetic studies, the reason for the selectivity and the factors influencing
i,

The presence of carbon monoxide increases the selectivity ® of the reaction but
its manner of action is not known with certainty and is also examined here.

In this paper we also report tracer studies involving carbon-13 labelled acetylene
and deuterium used to investigate the mechanism of the reaction. Previous
work involving the reaction of acetylene with deuterium on platinum foil by Farkas
and Farkas 7 showed that no deuterated acetylene was produced. unglas: and
Rabinovitch ® also used catalytic hydrogenation over palladium and nickel in an
attempt to prepare [2H,]cis-ethylene but the product was a mixture of all poss'xble
deuteroethylenes. More recently Bond and Wells ® reacted acetylene with deuterium

632 i
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over a-alumina supported rhodium, iridium, platinum and palladium and again
reported no acetylene exchange. They found that [*H,Jethylene was the most
abundant ethylene isomer but did not analyse the deuterium content of the ethanes
which were produced. A succeeding paper reported very rapid exchange between
acetylene and deuterium on ruthenium and osmium supported on y-alumina.!®

This work differs from past investigations because of the initial presence of excess
ethylene; this more clearly resembles the situation found in industrial ethylene
purification plants where traces of acetylene are hydrogenated, preferably with

minimum ethane production.

EXPERIMENTAL

The catalyst used was type 38-3 (I.C.IL., Agricultural Division) and consisted of 0.04 %,
palladium on pellets (5.4 mm x 5 mm) of a transitional alumina.

The total surface area of the catalyst was 90 m? g~! and the metal surface area, as
determined by carbon monoxide adsorption, was 160 m? g—! of palladium. Impregnation
of the support with the solution containing palladium was carried out in such a manner
that the bulk of the palladium was deposited near the outside of the pellets.

Matheson C.P. grade hydrocarbon gases were used and, where appropriate, distilled
under reduced pressure the middle third being retained. Hydrogen (B.O.C.) was purified
by diffusion through a heated palladium-silver alloy thimble. Carbon monoxide for use
in poisoning experiments was obtained from 1.C.I. as a 3 % mixture in hydrogen and was
purified by passage through a liquid nitrogen trap. In poisoning experiments at higher
concentrations of carbon monoxide, Matheson C.P. grade carbon monoxide was used after
similar purification.

All non tracer experiments were conducted in a Pyrex reaction vessel (200 cm?®) connected
by an evacuable gas sampling valve to an F11 gas chromatograph fitted with a flame ionization
detector. Analyses were carried out using either a 2 m column of 3 9 squalane on alumina
followed by a 0.75 m column of silica gel or a 2 m column of silica gel held at 333 K. Peak
areas were integrated using a Hewlett Packard 3373 B integrator.

The majority of reactions was carried out on fresh samples of catalyst (0.35 g) which were
activated by evacuation, followed by two successive reductions in 13.3 kN m~2 of hydrogen
at 473 K for a total of 17 h, and pumping at 473 K for 30 min prior to admission of the
reactants. Some experiments, as indicated in the text, were performed on catalysts which
had previously been used, the catalyst being pumped at 473 K for 30 min between runs.

The normal reaction mixture for kinetic measurements consisted of 19.6 KN m~? of
ethylene, 0.4 KN m~2 of acetylene and 0.8 kN m~2 of hydrogen. This gave a mixture of
2 %, acetylene in ethylene having a hydrogen to acetylene ratio of 2:1. The mixture was
expanded from the mixing volume (126 cm?) to the reaction vessel giving a total pressure
of 7.3 kN m~2 in the reaction vessel. The composition of the contents of the reaction vessel
was determined immediately on admission of the reactants and at appropriate intervals
thereafter.

For experiments with labelled molecules, carbon-13 labelled acetylene (B.O.C.) of
composition 84.3 9, H'*C='2CH, and 15.0 ¢, H'*C='2CH, was purified by a freeze-
pump-thaw cycle at 77 K. Deuterium (Matheson) was purified by diffusion through a
heated palladium-silver alloy thimble. Reaction mixture analysis, using combined gas
chromatography-mass spectrometry (GC-MS) coupled with an ** on-line ” PDP-11 computer
for data processing was that employed by Kemball ez al.'! Separation of the hydrocarbons
was provided by a Perkin-Elmer F11 gas chromatograph fitted with a 2 m column of silica
gel maintained at 363 K ; helium was used as a carrier gas.

To examine the ethane produced by GC-MS the initial proportion of acetylene present
was increased to 10-20 9. This was necessary to produce sufficient ethane to reduce
background error in the ethane peaks of the mass spectrometer.

Three types of experiments involving tracers were carried out. (I) Mixtures containing
carbon-13 labelied acetylene in ethylene were reacted over 0.54 g of catalyst at 293 K. The
reaction mixtures consisted of 4.00 kN m~2 acetylene, 16.00 kN m~2 ethylene and 8.00 kN m~?
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hydrogen. On expansion from the mixing volume this gave a pressure in the reaction vessel
of 9.76 kKN m—2. (II) Mixtures of acetylene in ethylene were reacted over 0.58 g of catalyst
at 313 K. The reaction mixtures consisted of 2.40 kN m~2 acetylene, 17.60 kN m~—2 ethylene
and 4.80 kN m~—? deuterium giving a pressure in the reaction vessel of 8.64 kN m~2. (III)
Experiments were carried out involving the reaction of deuterium and acetylene mixtures
over 0.54 g of alumina support at 293 and 313 K. The reaction mixture consisted of
4.00 kN m—? acetylene and 8.00 kN m—2 deuterium giving a pressure in the reaction vessel
of 4.48 kKN m~—2. After carrying out a reaction at 293 K, the reaction vessel was evacuated
for 15 min at 473 K and the reaction was repeated at 313 K.

Fragmentation factors were found by analysing equal quantities (1.33 kN m~2 in the
mixing volume) of ethane, ethylene and acetylene by GC-MS. In experiments II and III
allowance was made for natural isotope occurrence as well as for background but in I no
allowance for natural isotopes was made since non-natural acetylene was used.

HYDROGENATION OF ACETYLENE 3

RESULTS

KINETICS MEASUREMENTS

The general characteristics of a typical reaction are illustrated in fig. 1 where
amounts of acetylene, ethylene and ethane are presented as percentages of the total

gas phase hydrocarbon as a function of time at 293 K. Four distinct behavioural
regions can be identified.
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FiG. 1.—Variation in composition of gas phase hydrocarbon with time for a second reaction on a
sample of catalyst at 293 K. [J, acetylene; O, ethylene; A, ethane.

A. An initial rapid process, extending from the admission of reactants to ~ 10 min
in fig. 1, during which the amount of acetylene in the gas phase diminishes and the
percentages of ethylene and ethane increase.

B. A region, ~30to ~250 min in fig. 1, where the rate of acetylene hydrogenation
is constant, as are the rates of production of ethylene and ethane.
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C. A region, ~250 to ~355 min in fig. 1, where the rate of production of ethylene
decreases as the acetylene pressure approaches zero. The onset of region C corres-
ponds to the point referred to by Bond ef al.® as the onset of the premature breakdown
of selectivity.

D. A region, >360 min in fig. 1, in which the rate of production of ethane falls
off until all available hydrogen has been consumed.

REGION A

In the initial stages up to 40 % of the acetylene was removed from the gas phase
in the first ten minutes of reaction and this fraction did not vary as the H,: C,H,
ratio was changed. The ethane produced during this period, which amounted to up
to 0.2 % of the gas phase hydrocarbon, did not vary significantly over the temperature
range 293-323 K. The rapid initial reaction was observed, although generally to a
lesser extent, on catalysts which had been merely evacuated following a previous
reaction as well as on freshly reduced catalysts.
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FiG. 2.—Effect of presorbed reactants on the initial stage of reaction at 293 K. Symbols as in fig. 1.
(a) 1.2 kN m~? of ethylene presorbed, (b) 0.13 kN m~2 of acetylene presorbed, (¢) 0.27 kN m-2 of
hydrogen presorbed, () all gases admitted simultaneously.

To investigate whether the initial fast stage was influenced by the order of admission
of reactants, a series of experiments was conducted on a sample of catalyst in which
the catalyst was first dosed with one of the reactants or products prior to admission
of the remaining constituents of a normal reaction mixture. The results are illustrated
in fig. 2. Between each run the catalyst was evacuated at 473 K for 30 min. The
prior admission of ethylene had little effect on the characteristics of the reaction
[¢f- fig. 2(a) and (d)] whilst the prior admission of hydrogen resulted in a much greater
rate of production of ethane [¢f. fig. 2(c) and (d)]. Fig. 2(b) shows that when the
surface is pretreated with acetylene the percentage of acetylene in the gas phase
appears to increase on admission of the remaining reactants.
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REGION B

Experiments were conducted in which different pressures of hydrogen were used

for each reaction, the catalyst sample being evacuated at 473 K between runs.
Results are expressed in table 1.

TABLE 1.—VARIATION OF RATES ¢ OF PRODUCTION OF ETHYLENE AND
ETHANE WITH INITIAL HYDROGEN/ACETYLENE RATIO

ethylene formation ethane formation

temperature/K Py, /Py R>/103 % min-1 R1/103 % min-1 S
293 b 2 9.03 3.79 24
293 1 4.60 0.48 9.6
293 8 33.70 14.70 2.3
293 4 14.90 7.68 1.9
293 2 9.47 3.27 29
293 ¢ 2 3.50 0.22 15.9
323 2 15.63 0.82 19.1
293 8 11.01 1.06 104
292 1 1.18 0.06 19.7

¢ rates expressed in terms of percentages of total gas phase hydrocarbon; Preactions on a single
sample of catalyst evacuated at 473 K for 30 min between runs; creactions on freshly reduced
catalysts.

Thc? selectivity of the hydrogenation of acetylene may be expressed in terms of
the ratio of the rate of formation of ethylene, R,, to the rate of formation of ethane, R,

S = R2/R1.

S decreased with repeated use of a sample of catalyst, typically from 15 to 20 for a
fresh catalyst to 2 or 3 for a catalyst being used for the fourth time at 293 K, but did
not depend on whether a catalyst was treated with hydrogen or simply evacuated
between runs. The experiment illustrated in fig. 1, the second experiment on a
sample of catalyst, had an S value of 7.3 in region B compared with a value of 16.8
for the first experiment. The dependence of S for freshly reduced catalysts on the
ratio of hydrogen pressure, Py,, to acetylene pressure, Pj, is also shown in table 1.

Measurements of the rate of disappearance of acetylene, Rj;, at temperatures
between 273 and 323 K, showed that the reaction rate could be expressed as R;/
molecules s~} m~2 = 1.27 x 102! exp(—46.8 x 10>/RT) where R is in J K-* mol~'.

In industrial service it is known that supported palladium catalysts cause the
formation of butenes and higher molecular weight compounds. No such hydro-
carbons were detected in our experiments, probably because of the much lower
pressures used.

REGION C

At acetylene to ethylene ratios below about 4 X 10-3 the rate of production of
ethane increased and the rate of production of ethylene diminished with falling
acetylene pressure. Although not particularly apparent in fig. 1, it has been repeatedly
observed that R, increases as the acetylene pressure falls in the portion of an experi-
ment where acetylene is <0.1 % of the total gas phase hydrocarbon.

REGION D

After complete removal of acetylene the hydrogenation of ethylene was rapid
and found to be first order in hydrogen. The rate of reaction of ethylene in this
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region was not significantly influenced by temperature between 293 and 323 K, the
rate constant having a value of 10-! min~".

EXPERIMENTS WITH ADDED CARBON MONOXIDE

The presence of carbon monoxide reduced reaction rates to an extent which
necessitated raising the standard reaction temperature from 293 to 323 K. Table 2
shows the effect of added carbon monoxide on the amount of acetylene removed and
ethane formed during the first ten minutes of reaction, region A. Carbon monoxide
has a much more severe effect on the rate of production of ethane than on the rate

of removal of acetylene.

TABLE 2.—EFFECT OF ADDED CARBON MONOXIDE ON REGIONS A AND B

REGION A REGION B
concentration of decrease in increase in ethylene formation ethane formation
temperature carbon monoxide acetylene/% in ethane/ % in R> 1
/K /p.p.m. first 10 min first 10 min 104 %, min~1g-! 104 % min-1g-! S
323 0 0.95 0.114 442 23.2 19.1
323 578 0.74 0.002 3.63 10.6 342
323 1155 0.66 0.032 1.34 2.77 48.5
343 5000 0.55 0.006 1.06 <0.15 > 707

The influence of carbon monoxide on region B is also presented in table 2. It is
seen that the rate of production of ethylene falls with increasing concentration of
carbon monoxide to a lesser extent than the rate of ethane formation. The consequent
increase in S is also quoted in table 2.

In region B the rate of hydrogenation of acetylene in the presence of 1155 p.p.m.
of carbon monoxide could be expressed as

R, = 4.66 x 102° exp(—45.4 x 10°/RT)
where the rate is expressed as molecules s=! m~2 and R is in J K= mol~'.

TABLE 3.—EFFECT OF CARBON MONOXIDE ON THE HYDROGENATION OF
ETHYLENE IN THE ABSENCE OF ACETYLENE AT 413 K

concentration of

carbon monoxide/ R,/ order in sequence
p.p.m. 10% %, min-1a of runs
1000 10.5 4
2000 9.2 1
2000 8.8 5
5000 5.6 3
10 000 2.8 6
20000 2.6 2
0 11800° —
0 100 ¢ —

a rate of production of ethane expressed in terms of total hydrocarbon at a hydrogen concentration
equivalent lto 1 % to}al hydrocarbon; b extrapolated from 293 K with an activation energy '? of
40 kJ mol—!; < diffusion controlled rate at 293 K.

Amoqnts of carbon monoxide <578 p.p.m. had little effect on the rate of acetylene
removal in region C or the rate of hydrogenation of ethylene in region D. Levels
of carbon monoxide >1155p.p.m. resulted in a very slow rate of production of
ethane aft.er the acetylene had been removed from the system.

Expenmpnts were carried out to investigate the effect of carbon monoxide on the
hydrogenation of ethylene in systems where acteylene was absent. In these reactions,
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mixtures of 2 %7 hydrogen in ethylene were reacted in the presence of varying amounts
pf carbon monoxide at 413 K. The rates of hydrogenation of ethylene are quoted
in table 3 for experiments carried out on the same sample of catalyst which was
evacuated at 473 K between runs.

Expc?riments were performed to investigate the removal of carbon monoxide by
evacuation of the catalyst at various temperatures. It was found that evacuation at
373 K for 30 min restored the original activity whereas evacuation at 323 K did not.

TRACER STUDIES

The ethane composition as a function of time in a typical experiment of type I is
shown in fig. 3, where it can be observed that the rate of formation of H;'2C—!2CH,
is six times that of the rate of formation of H3'*C—!3CHj in the steady region of
ethane production, i.e. before the disappearance of acetylene at ~120 min. During
the initial 18 min of reaction there was a loss of 3.1 ¢, of :3C—*3C skeletons (expressed
as a percentage of total gas phase hydrocarbon) from the gas phase. As the reaction
proceeded a further 2.3 9 of 13C—*3C skeletons were removed from the gas phase
without forming gaseous products.

16
14 o
12k "o
IoF
3
T 8r
=
S
-~
T 6F
4-—
2k
A
T 1 1 P17
™56 46 60 85 100 120 140 Ve

time/min

FIG. 3.—Variation in composition of ethane in experiment I with time at 293 K. [J, total ethane;
O, H3!2C—1'2CH;; A, H3'*C—'*CH;; V, H;!'3C—'2CHs.

Fig. 4 shows the composition of the acetylene and the percentage pf acetylene,
ethylene and ethane present in a type II experiment. Very gapld formation of [*H,}-
and [2H,Jacetylene occurred during the first 18 min of reaction. .

Fig. 5 illustrates the incorporation of deuterium into the ethane produced in
experiment II. In the presence of acetylene, i.e., until 145 min, the ma]ornty.of the
ethane was [*H,lethane with some [*H,Jethane. There was no production of
[?H,Jethane until the acetylene had disappeared ; after disappearance of the acetylene
there was appreciable formation of [(2H,]-, [*H,]- and [sz]ethape. '

The mean deuterium numbers of reactants and products in experiment II.are
shown in fig. 6 as a function of time. The acetylene rapidly attained a deuterium
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number of 1.0 and then more deuterium was slowly incorporated as the r_eaction
continued. Ethylene exchange became important as the acetyleqe concentration fell
and the deuterium number of the ethylene rose rapidly after disappearance of the
acetylene. Any ethane produced had a mean deuterium number of 2.0 ; this rapidly
dropped to 1.3 at the point when all the acetylene had beep consumed. .

The change in acetylene composition with time in experiments of type II.I 1s shQWn
in fig. 7. There was a fast initial exchange, producing [*H,]acetylene with a little
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Fi1G. 4. —Variation in composition of acetylene and the percentages of acetylene, ethylene and ethane

present in experiment II with time at 313 K. <, [2HoJacetylene; @, [*Hlacetylene; O, [?H,}-

acetylene ; expressed as percentages of total acetylene. [J, acetylene; A, ethylene; ¥, ethane;
expressed as percentages of total gas phase hydrocarbon.
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FlG.zs.—Van'ation in composition of ethane in experiment 11 with time at 313 K. @, total ethane
V, [*Holethane ; A, [*H,Jethane; @, [*H,lethane; O, [*Hs)ethane ; (1, [*H,lethane; A, {*Hsl-
ethane; x, [?Hglethane.
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Fi1G. 6.—Variation in the mean deuterium numbers of reactants and products in experiment II with
time at 313 K. O, C.X,; V, C;X, (total); A, C2X4 produced after initial fast stage; (1, C2Xo.
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W, [2H Jacetylene ; A, [*H:)acetylene; all at 313 K.
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[2H,]acetylene, which was virtually complete after 12 min. There then followed a
very slow exchange lasting for >200 min. Evacuation at 473 K followed by the
introduction of a new reaction mixture at 313 K gave no apparent increase in rate
over that observed at 293 K. Only acetylene was detected in the gas phase so no
hydrogenation occurred on the support at 293 or 313 K.

An experiment of type I at 313 K with 2500 p.p.m. carbon monoxide added
produced much less ethane than in the absence of carbon monoxide. Examination
of the small amount of ethane produced showed that at least 90 % had come from
ethylene.

DISCUSSION

The most striking result to emerge from this work is that the carbon-13 tracer
studies have unambiguously shown that the majority of ethane produced by the
hydrogenation of a mixture of acetylene and ethylene under region B conditions comes
predominantly from the ethylene. This is confirmed by the observation that the
ethane produced by reaction of ethylene and acetylene with deuterium is mainly the
[*H,] product. This finding contrasts markedly with the assumption, normally
made when considering alkene +alkyne mixtures, that the surface is fully, or almost
fully, covered with alkyne molecules and that any added ethylene behaves as an inert
diluent during acetylene hydrogenation on palladium.!?

We believe that the tracer studies can only be interpreted on the basis of two types
of sites on the catalyst, or on two different modes of adsorption of ethylene, and will
show that either of these postulates provides an adequate ground for interpreting
the results from the kinetics experiments.

Consider first the argument in terms of different types of sites. The first type
of site (type X), constituting the majority of sites, is capable of hydrogenating both
ethylene and acetylene, but adsorbs acetylene much more strongly than ethylene at
293 K. The observation that ethane is formed from ethylene and not acetylene,
despite the fact that acetylene would be expected to exclude ethylene almost completely
from the metal,? requires the existence of a second type of site (type Y). Type Y
sites must be responsible for the hydrogenation of ethylene in the presence of acetylene
and may be assumed to adsorb only ethylene or, alternatively, may adsorb ethylene
and acetylene equally well; the second alternative would also mainfest itself as
preferential ethylene hydrogenation in our system due to the large excess of ethylene
present.

Further evidence for the presence of more than one type of site comes from the
observations of Bond et al.,'* who found that the ethane produced by the reaction
of deuterium with ethylene on alumina supported palladium was almost totally
[?Ho] and [*H,] at 310 K. In the presence of acetylene we find [2H,)ethane as the
predominant product of this hydrogenation. These results may be reconciled, since
hydrogenation in the absence of acetylene would occur mostly on the large number
of type X sites and could well proceed by a different mechanism from hydrogenation
in the presence of acetylene, which must take place on the type Y sites of the catalyst.
Fig. 5 shows that after the disappearance of the acetylene production of [2H,)- and
[?H,Jethane occurs in agreement with Bond’s findings.

Argxrr}ents based on the geometry of the adsorbed state !> have suggested that
acetylene is unlikely to be adsorbed on the (ITI) plane of the face centred cubic metals
although ethylene should adsorb with ease on this surface. It is thus possible that
(III) faces are those responsible for type Y sites.

The alternative to two different types of site is two different modes of adsorption
of the ethylene. The production of [2Ho}- and [2H, Jethane during the hydrogenation
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of ethylene with deuterium has been attributed to a disproportionation between two

ethyl species on the surface.!* It is possible however that some ethylene may be
ao adsorbed analogous to

CH,
|
CH

I

species proposed during butadiene hydrogenation.'® Such a species might be
expected to be adsorbed with a strength comparable with that of acetylene and would
yield [°H,Jethane on reaction with deuterium. In this respect it would be interesting
to determine whether the [2H,]ethane produced is CH,D—CH,D or CHD,—CH,,
but this can not readily be done with the apparatus available to us.

Catalyst selectivity, defined as the ratio of the rates of ethylene production to
ethane production may thus be attributed to the relative numbers of the two types
of sites and is not thermodynamic 2 in nature. Thermodynamic selectivity would
involve competition between acetylene and ethylene for the same surface sites and
would depend on the relative pressures of the two gases; the rate of production of
ethane in region B is constant even though the ratio of acetylene to ethylene pressures
is reduced by a factor of up to 10 during a reaction. In region B, because of the
appreciable quantity of acetylene present in the gas phase, type X sites hydrogenate
acetylene in preference to ethylene.

Reaction kinetics in region C, where the rate of production of ethane increases
and the rate of production of ethylene diminishes as the acetylene pressure falls,
can be explained by assuming that an increasing fraction of the type X sites are
becoming covered with ethylene at the expense of acetylene. If it is assumed that
the total rate of production of ethane in this region is the sum of the steady rate of
ethane production, as observed in region B, plus production due to the continually
increasing ethylene coverage, then it should be possible to interpret the latter on the
basis of simple Langmuir competition between ethylene and acetylene.

Thus

R1 = R15+R1(; (])

The steady rate, R;s, may be measured directly from region B and subtracted from
the rate of ethane formation in region C to give R¢, the rate of ethane production
on sites where competition between cthylene and acetylene is possible. If it is
assumed that R, is proportional to the fraction of the surface covered with adsorbed
ethylene, 0,, and that two hydrogen atoms are required to convert ethylene to ethane
then

Ric = k.0,(0w)> 2)

Applying Langmuir considerations
Oy = auPi,/X (3)

where X = 1+aHPE,2+a2P2 +a;P; and ay, a, and a3 are constants relating to the
strengths of adsorption of hydrogen, ethylene and acetylene respectively and th§ P
terms are the corresponding pressures. The equation assumes that competition
occurs amongst all three gases for the same sites.
Similarly
0, = ay P/ X “)

substitution into eqn (2) from (3) and (4) yields
Ric=ke-af. Hz‘aZPZ/X3' (5)
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As acetylene and ethylene are more strongly adsorbed on metals than hydrogen it
may be assumed that ayP}, < | < a,P, and a;P;. Therefore

Ric = k+afiPy /(a;P,)’1 +(a3Ps/ayPy)>. (6)
For region D, where no acetylene is present, eqn (6) simplifies to
R, =k- af{PHZ/(aZPZ)Z. (7

If ethylene is assumed to be strongly adsorbed compared with hydrogen then egqn (7)
reduces to

R, = K« Py, ®)

where k' = ka®i/(a,P,)* and corresponds to the rate constant in region D. The rate
of reaction in region D was found to be proportional to the hydrogen pressure thus
lending weight to the assumptions made in deriving the equation.

The use of eqn (2) for the rate of reaction, leading to the detailed eqn (6), implies
that three sites are required for the reaction to take place, one for ethylene and two
for the hydrogen atoms. Other descriptions of the mechanism may be considered
involving either (a) two sites, one for ethylene and one for adsorbed hydrogen, or
(b) only one site for ethylene which is assumed to react with hydrogen coming directly
from the gas phase or a physically adsorbed layer. A general equation may be
derived to cover these different descriptions of the mechanism which takes the form

1/n 1/n 1/n
Pyy _ 1_ +‘£3_1__,_fé )
Ric k' a, kK P,
where n corresponds to the number of sites required for the reaction. Egn (6)
corresponds to the special case where n = 3.

The appropriate plots to test eqn (9) for values of » = 1, 2 or 3 are presented in
fig. 8 where it is seen that a straight line is obtained only when competition is assumed
between acetylene molecules, ethylene molecules and hydrogen atoms, i.e., for n = 3.
Region D, where no acetylene was present, corresponds to the intercept in fig. 3.
Values of the gradient and intercept in fig. 8 indicate that acetylene is 2200 times more
strongly adsorbed than ethylene at 293 K.

It should be emphasized that the above kinetic analysis is only valid when the
rates used are those after subtraction of the steady rate of ethane production, measured
from region B. This is confirmation that there are on the catalyst two different
types c_;f site or that two independent mechanisms for hydrogenation of ethylene are
operating.

Note that the reaction rate may depend on the probability that a site neighbouring
an adsorbed hydrocarbon contains a hydrogen atom and thus 6y, itself may not be a
completely adequate description of hydrogen availability.

We conclude that there is thus a change in the type of selectivity as the pressure of
acetylene falls. Structural selectivity is observed at higher acetylene pressures (region
B) and the loss of selectivity on entering region C may be attributed to the thermo-
dynamics of the adsorption of ethylene and acetylene on type X sites. The ratio
of the strengths of adsorption of acetylene and ethylene may be expressed as

as/a; = exp(AG,—AG;)/RT. (10)

Applying this equation to the competition between ethylene and acetylene on a metal
surface, Bond 2 concluded that if selectivity arose because of the stronger adsorption
of acetylene then this would simply be a most improbable value for (AG,—AG,;).
While this conclusion is correct for region B, if the ratio of the fractions of the surface
covered by acetylene and ethylene is 2200 when the pressures of the two gases are
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equal then the value for the difference between the free energies of adsorption is
18.7 kJ mol-'. In our opinion this value is not unreasonable.

After all the acetylene has been consumed the hydrogenation of ethylene continues
(region D) until the supply of hydrogen is exhausted. Changing the temperature
from 2?3 to 323 K makes negligible difference to the very fast rate of this reaction.
We beheye that the rate of ethylene hydrogenation in region D is determined by the
rate of diffusion of reactants through the gas phase to the surface of the catalyst and

have calculated the rate of diffusion as within an order of magnitude of the rate of
ethylene hydrogenation.
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FiG. 8.—Plots of (Pu,/R1c)1/" against Ps/P, for reaction at 293K. A, n=1; O, n=2; O,
n = 3. Values of intercepts obtained from region D.

Fig. 6 shows that there is a rapid decrease in the mean deuterium number of the
ethane produced on disappearance of the acetylene and an increase in the deuterium
content of the ethylene. This may be attributed to the commencement of the
normal !7 type of reaction of ethylene with deuterium on type X sites which had been
previously covered with acetylene. Fig. 6 also shows that the deuterium number of
ethylene produced after the initial fast acetylene exchange parallels the trend in the
deuterium number of the acetylene. The formation of ethylene from acetylene may
be written

C2X2+Y2 - C2>(2Y72

whose X or Y = H or D. Formation of ethylene from acetylene is seen to involve
an increase in deuterium number of 0.55, therefore it follows that Y, has an average
composition of H, 45Do.ss. This indicates that more hydrogen than deuterium
atoms are added to acetylene in giving ethylene despite the large excess of deuterium
in the gas phase. This hydrogen must have come from the original acetylene exchange
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and have been held on the surface. A similar phenomenon has been reported by
Douglas and Rabinovitch # where hydrogen adsorbed on the catalyst did not return
to the gas phase. The amount of hydrogen involved necessitates adsorption on the
support and may involve the concept of hydrogen spillover '8 from the metal to the
support on adsorption and reverse spillover °* 2 in the case of hydrogenation.

ADDED CARBON MONOXIDE

That the presence of carbon monoxide has a marked retarding effect on the
hydrogenation of ethylene in the absence of acetylene is clear from the results presented
in table 3 for reactions at 413 K. The information in table 3 may be correlated by
the equation

R, o (Pco)* (11)

if the value for zero carbon monoxide is excluded, and the value of x which satisfies
the results is —0.54.

If the rates of production of ethane in table 2 are plotted against the amount of
carbon monoxide present then fig. 9 is obtained. This shows that a small amount
of carbon monoxide has a disproportionately large influence on the rate of ethane
production. Fig. 9 suggests that ~ 1000 p.p.m. of carbon monoxide are required
to poison the type Y sites with corresponding increase in S. It is not possible to
use the turning point in fig. 9, as the basis for a count of the first type of sites as the
apparatus used did not permit determination of the amount of gas phase carbon
monoxide present and it would be unreasonable to assume that all added carbon
monoxide was adsorbed. The enhancement in selectivity caused by the presence of
carbon monoxide may be attributed either to carbon monoxide adsorbing in preference
to ethylene on type Y sites, or reducing the amount of ethylene which tends to ao
adsorb. This explanation seems a reasonable alternative to that put forward else-
where. 2! 22
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FiG. 9.—Graph of rate of production of ethane in region B against amount of carbon monoxide
added. All reactions at 323 K.

An experiment in which 578 p.p.m. of carbon monoxide was added to a standard
mixture of acetylene, ethylene and hydrogen at 323 K yielded a value of 9 x 10-2 min-"
for the rate constant for the hydrogenation of ethylene in region D. As this value
is similar to the rate constant in the absence of carbon monoxide it seems reasonable
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to assume that the rate of ethylene hydrogenation in the presence of small amounts
of cz}r.bon monoxide is, as in the case of no carbon monoxide, diffusion controlled.
Addition of 1155 p.p.m. of carbon monoxide caused a marked reduction in the rate
of ethylene hydrogenation indicating that the reaction itself, rather than diffusion,
becomes ra.te d_etermining at higher concentrations of carbon monoxide.

~ The activation energy for the rate of hydrogenation of acetylene in region B was
similar to that found in the absence of carbon monoxide but the pre-exponential
factor was lower by a factor of ~2 to correspond to the slower rate observed. This
suggests that the presence of carbon monoxide merely reduces the number of sites
which are available but does not alter the mechanism of acetylene hydrogenation.

REGION A

' An examination of fig. 2 shows that the extent of the initial rapid reaction is
increased by the presence of hydrogen on the surface prior to the admission of the
other reactants. It is possible that, in a standard experiment, hydrogen, because of
its rapid rate of diffusion, reaches the active centres on the catalyst before the hydro-
carbons. We thus believe that the initially observed rapid reaction (region A) is due
to the removal of this excess hydrogen and the equilibration of surface species.
Similarly the initial rapid exchange of acetylene with deuterium on the catalyst (fig. 4)
or, to a lesser extent, on the support (fig. 7) is a transitory phenomenon associated
with the equilibration of adsorbed species.

Fig. 2 and the 13C tracer studies show that a substantial amount of hydrocarbon
is adsorbed upon admission of reactants to the catalyst. When acetylene is pre-
adsorbed subsequent admission of the remainder of the gas mixture displaces some
of this acetylene into the gas phase, thus explaining the increase in acetylene in fig. 2(b).
The extent of this adsorption, of the order of 6x 10!® molecules, is such that the
hydrocarbon could not be situated on the metal (which could accommodate only
1 x 1017 molecules), but adsorption must also have taken place on the support.
Also, although ethylene and acetylene will be adsorbed with not widely different
strengths on the alumina, it is unlikely that ethylene would be able to displace acetylene
from the metal. The possibility of hydrocarbon upon hydrocarbon adsorption ?* can
not be excluded but could not account for all the uptake from the gas phase.

The possibility of there being a number of highly active sites which rapidly poison
was also considered as an explanation for the behaviour observed in region A. Since
the initial stage is reproducible on catalysts which have been merely evacuated at
room temperature and subjected to no further reduction it seems unlikely that region
A is attributable to poisoning. Such poisoning would be reversible only under more
drastic conditions of surface cleaning.

The authors thank the S.R.C. and the Agricultural Division, Imperial Chemical
Industries, Ltd. for support.
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The hydrogenation of acetylene in the presence of ethylene and carbon monoxide has been
investigated in a spinning-basket reactor on a commercial supported palladium catalyst. The
rate of disappearance of acetylene was found to be controlled by pore diffusion at low acetylene
concentrations and was independent of acetylene at high acetylene pressures. In the non-
diffusion-controlled region the reaction of acetylene was first order in hydrogen, and the rate
of ethane formation was independent of both the acetylene and ethylene pressures. This latter
observation is consistent with the presence of sites which can hydrogenate ethylene even in the
presence of acetylene. The nature of the Cs products has been shown to be dependent on the
packing of adsorbed acetylene molecules and on the availability of surface hydrogen. The
analysis of a heavy involatile product is also reported.

INTRODUCTION

Mann and Safo (1) have described the
hydrogenation of acetylene over pumice-
supported nickel, platinum, and palladium
and found that the selectivity of the re-
action depended on the temperature and
feed ratio. In commercial practice the
hydrogenation of acetylene is normally
performed as a method to remove C,H,
from ethylene cracker streams. It has been
shown (2) that the characteristics of the
hydrogenation of mixtures of ethylene and
acetylene in a static system at a pressure
of 7.3 kN m~? are different from those of
each gas studied individually.

In that work (2), no evidence was found
for the production of C4; compounds, prob-
ably because of their retention on the
surface of the support, but a mechanism
for acetylene polymerization during hydro-
genation over nickel and platinum has been

reported by Sheridan (8-5). Analysis of
the C, fraction produced by the reaction
of acetylene over palladium (6) has shown
that the butenes were not produced in
their equilibrium proportions.

These observations prompted us to in-
vestigate the kinetics of the hydrogenation
of mixtures of acetylene in ethylene in a
flow system at atmospheric pressure with
a view to interpreting the mechanisms of
hydrogenation and polymerization. The
effect of carbon monoxide, added in com-
mercial practice to improve the selectivity
of the hydrogenation, is also reported.

EXPERIMENTAL

The reactor consisted of a stainless-steel
catalyst basket which could be rotated at
speeds up to 6000 rpm, the speed being
indicated on a tachometer. The drive unit
was completely sealed from, and magneti-
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cally coupled to, the reactor shaft. The
details of this type of reactor have been
deseribed elsewhere (7). Rotation of the
basket at sufficiently high speeds caused the
gas phase to be perfectly mixed and the
composition of the gas phase to be identical
over every catalyst pellet. Under conditions
employed in this work the inflowing gas was
almost instantaneously mixed with the gas
already in the reactor, and the exit gas
composition was assumed to be identical
with the bulk gas composition in the
reactor. The reaction rate was thus not
dependent on inlet concentrations but on
the bulk reacting gas concentration.

Cylinder gases, supplied by British
Oxygen Corp. or Imperial Chemical Indus-
tries, were fed via two-stage pressure
regulators, Brooks flow controllers and
rotameters, or capillary flow meters into a
container full of glass chips which acted as
a premixer. The composition of the inlet
gas was determined by gas chromatography
using a 2-m silica gel column at 333 K.
After measurement by rotameter, the flow
to the reactor was split into two, 209, of
the gas being passed down the reactor
shaft to prevent damage to the reactor
bearings by eatalyst dust. The pressure in
the reactor was marginally greater than
atmospheric.

The analysis of the exit flow from the
reactor was performed by gas chromatog-
raphy. Two sample valves allowed ma-
terial to be passed to a silica gel column,
for C, analysis, and to a 10-m propylene
carbonate on Chromosorb P column at
273 K which analyzed for Cy; compounds.

Throughout this work normal conditions
used were a stirrer speed of 3000 rpm, a
total gas flow rate of 20 liters hr~! and a
temperature of 343 IX. Nitrogen was used
as an inert diluent so that, in experiments
where the ethylene or hydrogen concentra-
tions were varied, the total gas flow rate
could be maintained at 20 liters hr-'.

The catalyst used, I.C.IL. type 38-3, was
identical _to that described previously (2)

McGOWN, KEMBALL, AND WHAN

and was reduced for 2 hr at 473 K in a
20-liter-hr-! flow of 309 hydrogen in
nitrogen. The catalyst had a mean pore
diameter of § nm and a pore volume
distributed as follows: > 25-nm pore radius,
0.12 emd g'; 3.7-25 nm, 0.07 cm?® gi;
1.0-3.7 nm, 0.16 cm® g~'. The geometric
surface area of the catalyst pellets was 8
em? g~ All reactions were performed on
the same catalyst sample; checks made at
frequent intervals indicated that constant
activity was maintained throughout the
period of this work.

RESULTS

The reaction rates, in units of milliliters
per hour per gram of catalyst, were calcu-
lated from the inlet concentration I and
exit concentration E, expressed as parts per
million, using the equation

rate = (I — E)F/108 W

where F is the flow rate in milliliters per
hour and W the catalyst weight in grams.
A positive rate corresponded to a loss of
reactant and a negative rate indicated the
formation of a product.

The general characteristics of a typical
reaction, in which the rates of appearance
or disappearance of various compounds are
plotted as a function of acetylene concen-
tration, are illustrated in Fig. 1.

Disappearance of Acetylene

On increasing the acetylene concentra-
tion from zero, the rate of acetylene re-
moval first increased and then remained
constant.

The effects of change in hydrogen con-
centration on the rate of acetylene removal
are illustrated in Fig. 2. Two points are
worthy of note. First, the magnitude of the
steady rate of acetylene removal increased
with increasing hydrogen concentration
and, for the experiments illustrated, had an
order in hydrogen of 0.87 & 0.05. Second,
the acetylene concentration required to
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Fia. 1. Reaction at 343 K of mixtures of 259, Hs, 359, C,H,, 409, N2, and 1000 ppm of CO.
Rates of: O, acetylene removal; @, hydrogen consumption; X, ethane formation; A, but-l-ene
formation, O, trans-but-2-ene formation; {, cis-but-2-ene formation; and A, buta-1,3-diene

formation at various acetylene concentrations.

achieve the point beyond which the re-
action became zero order in acetylene
moved to higher acetylene levels as the
hydrogen level increased.

In Fig. 3 the effects of changing the
concentrations of carbon monoxide and
ethylene on the rate of removal of acetylene
are presented. Comparison of experiments
with the standard 359, ethylene in the
inlet to the reactor showed that as the level
of carbon monoxide was increased so the
rate of acetylene removal decreased and the
steady rate was established at lower con-
centrations of acetylene. The first 1000
ppm of carbon monoxide had a relatively

greater effect than the addition of a further
4000 ppm. For experiments in the absence
of carbon monoxide it was, for experimental
reasons, not possible to introduce sufficient
acetylene into the reactor to observe the
turning point where the reaction would
become zero order in acetylene.

The results of changing the inlet level of
ethylene from 359, to zero, at three
different concentrations of carbon mon-
oxide, can be seen in Fig. 3. It 1s apparent
that both the rate of hydrogenation of
acetylene and the point at which the
reaction became zero order in acetylene are
affected by the amount of ethylene present.



I76

McGOWN, KEMBALL, AND WIAN

_ (o]
)
o
% 2o o5
E ®
Z
o}
3 -
3 oo : 2
820" 9 a
o o]
I a0
4 a
ul
-
r (o]
G 10F N °
® P o I
w A
O
- s
84
O 1 1 1 1
(@] 1000 2000 3000 4000

EXIT ACETYLENE / ppm.

Fig. 2. Influence of hydrogen on the rate of acetylene removal at 343 K in the presence of 359,
C:Hy and 1000 ppm of CO. Exit hydrogen: O, 37.5%; A, 22.8%; 0, 9.4%; V, 2.6%,.

Formation of Ethane

The rates of formation of ethane at
various hydrogen levels are presented as a
function of acetylene concentration in Fig.

4. In the absence of acetylene the order in
hydrogen was approximately unity.

Figure 5 illustrates the effect of carbon
monoxide on the rate of production of
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Fig. 3. Influence of ethylene and carbon monoxide on the rate of acetylene removal at 343 K

in the presence of 257, H,. Exit concentrations: 0O, 0.29%, C,H,
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F1a. 4. Influence of hydrogen on the rate of formation of ethane at 343 K in the presence of 339,
C;H, and 1000 ppm of CO. Inlet hydrogen concentration: O, 40%; A, 25%; O, 10%; V, 2.8%.

ethane and shows that the presence of
carbon monoxide has a greater effect on the
formation of ethane than on the disappear-
ance of acetylene. It is seen that the first
1000 ppm of carbon monoxide has a dis-
proportionately large effect on the rate of
ethane formation.

Also presented in Fig. 5 is the effect of
ethylene on the rate of formation of ethane
for experiments conducted in the presence
of 1000 ppm of carbon monoxide. With no
inlet ethylene present, increasing the acety-
lene concentration produced an increase in
the rate of ethane formation until about

12
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Fia. 5. Influence of ethylene and carbon monoxide on the rate of formation of ethane at 343 K
in the presence of 257, hydrogen. O, 35% C.H, and zero CO inlet; A, 357, C.Hyand 1000 ppm
of CO inlet; ¥, 35% C:Hy and 5000 ppm of CO inlet; 0O, zero C,H5 and 1000 ppm of CO inlet,
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FiG. 6. Production of C4 hydrocarbons from an experiment at 273 K with 25% H,, 35% C.H,,

and 40% N in the absence of CO. ¥, n-butane; other symbols as Fig. 1.

3500 ppm of acetylene was present ; further
increase in the acetylene level had no effect
on the rate of ethane production. It is seen
that the rate of formation of ethane, at
acetylene levels >3500 ppm, was identical
for ethylene inlets of ~339, and zero
(~29% ethylene in exit). At high acetylene
concentrations the rate of ethane formation
was thus independent of both the ethylene
and acetylene levels and varied only with
the hydrogen concentration.

Production of C4 Hydrocarbons

Figure 6 shows the rates of hydro-
genation of acetylene, hydrogen consump-
tion, and C, production in a typical experi-
ment in the absence of carbon monoxide at
273 K. As the acetylene level was increased
so the rates of formation of but-I-ene,
{rans-but-2-ene, cis-but-2-ene, and n-butane
also increased initially. When the acetylene
concentration was increased above ~ 1600
ppm the rates of production of the butenes
diminished and buta-1,3-diene began to
appear in the gas phase. At the point where
the reaction became zero order in acety-
lene, the C, composition was: but-1-ene,
66.0C¢; trans-but-2-ene, 22.19: ¢is-but-
2-ene, 9.4¢; and n-butane, 2.59.

The results shown in Fig. 6 for reaction
in the absence of carbon monoxide may be
compared with those in Fig. 1 for reaction
in the presence of 1000 ppm of carbon
monoxide. The temperature in the latter
case was 343 K so that rates of reactions
were comparable. Only traces of n-butane
were detected in the presence of carbon
monoxide. cis-But-2-ene was present in
significant quantities only at the point
where the rate of removal of acetylene had
just become constant, and this point co-
incided with maxima in the production of
but-1-ene and trans-but-2-ene.

The fraction of acetylene which was
converted to C,4 species is plotted in Fig. 7
as a function of the acetylene concentration.
It is seen that the fraction of acetylene thus
converted initially increased as the acety-
lene in the gas phase increased until the
point where the disappearance of acetylene
became zero order. Figure 7 also illustrates
the influence of hydrogen on the percentage
of acetylene heing converted into C; mole-
cules. At low acetylene levels the produc-
tion of C, species was reduced by increasing
the amount of hydrogen but the converse
was true at high acetylene concentrations.
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Ij‘IG. 7. Influence of hydrogen on percentage conversion of acetylene into C, hydrocarbons.
Exit hydrogen concentration: V, 2.69%,; 4, 94%; O, 22.8%; A, 37.5%,.

The influence of carbon monoxide and
ethylene on the fraction of acetylene form-
ing dimer is illustrated in Fig. 8. It is seen
that an increase from 1000 to 5000 ppm in
the carbon monoxide concentration almost
halves the yield of C, species. When the
exit ethylene concentration was increased
from ~1 to ~34.79, the fraction of
acetylene dimerizing was also reduced, ex-
cept at low levels of acetylene.

An experiment was carried out in an
attempt to determine if the C4 compounds
were produced from two acetylene mole-
cules, two ethylene molecules, or one
acetylene molecule and one ethylene mole-
cule. This involved carrying out reactions

of acetylene in propylene and analyzing the
products for C4, Cs, and Cs fractions. Only
C4 compounds were detected, in amounts
similar to those found in experiments with
ethylene, confirming that C, species are
formed from two acetylene molecules.
After the reactor had been running for
some weeks it was observed that a brown
oil, probably similar in nature to the oil
found in commercial acetylene removal
plants, had accumulated in the exit line
from the reactor. Gas chromatographic
analysis of the oil showed that it consisted
of at least 16 different compounds. Infrared
spectra gave some evidence for the presence
of some carbonyl groups and suggested that

%o ACETYLENE CONVERVERTED TO C4

O 1000 2000

3000 4000

EXIT ACETYLENE / ppm.

Fic. 8. Influence of ethylene and earbon monoxide on percentage of acetylene converted into
C4 hydrocarbons. O, 1000 ppm of CO, 35%, C,Hy; O, 5000 ppm of CO, zero C:H4; A, 5000 ppm

of CO, 35%, CyHa.
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no olefinic unsaturation was present. The
ultraviolet absorption spectrum of a solu-
tion of the oil in n-pentane confirmed the
presence of carbonyl groups. A proton
magnetic resonance spectrum had two main
peaks at 6 = 0.9 and 1.3 indicating methyl
and methylene groups, respectively. Small
peaks at 6 = 2.1 and 2.4 may be due to
traces of ketonic groups. The absence of
peaks at § values between 2.5 and 10 ruled
out the presence of aldehydic, aromatic, or
olefinic protons. A mass spectrum of the
oil produced peaks with m/e values up to
310 indicating that the longest chain
present would contain 22 carbon atoms.
Overall, the various analyses indicated that
the oll consisted of saturated chains of up
to 22 carbon atoms with traces of carbonyl
groups. This analysis is consistent with
that of oil found in commercial practice
elsewhere (8).

DISCUSSION
Kinetics of the Removal of Acetylene

The shape of the plots of rate of removal
of acetylene against acetylene concentra-
tion, for example in Fig. 1, may be explained
on the reasonable assumption that at low
acetylene levels the surface coverage in
acetylene increases as the pressure of
acetylene in the gas phase increases. Be-
yond the point when the surface becomes
saturated with acetylene, no increase in
rate would be expected with further in-
crease In acetylene pressure and, indeed,
none is observed.

There are two possible reasons as to why
surface coverage in acetylene, at low acety-
lene levels, could increase with acetylene
pressure. These are: (i) competition be-
tween acetylene and other species for
surface sites and (it) diffusional limitation
on the rate at which acetylene can reach
surface sites within catalyst pores.

Although competition between acetylene
and ethylene proved to be a satisfactory
explanation of the kinetics observed in
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static systems at lower temperatures [(2)
and references therein], we believe that it
is not the principal factor governing the
surface coverage of acetylene under the
conditions presently reported for the follow-
ing reasons. First, the rise in rate of acety-
lene removal with acetylene concentration
(Fig. 1) has an approximately linear portion
rather than the smooth curve predicted on
the basis of simple Langmuir competition.

Second, if competition between acetylene
and ethylene was the most important
factor governing the amount of adsorbed
acetylene, then the point at which the rate
became zero order in acetylene should be
similar for all experiments with the same
acetylene/ethylene ratio; that this is not
so is evident from Fig. 2 where it is ap-
parent that the turning point is markedly
dependent on the amount of hydrogen
present. Third, although competition for
surface sites between acetylene and hy-
drogen is inevitable, if it i1s assumed that
such competition dominates the Kkinetics,
then it would be reasonable to expect the
rate of removal of acetylene to fall at high
acetylene pressures due to exclusion of
hydrogen from the surface; no fall is
observed.

For Knudsen flow of gases in catalyst
pores the pore diameter must be smaller
than the mean free path between inter-
molecular collisions (9). At atmospheric
pressure the mean free path of acetylene
molecules is ~50 nm (10). The catalyst
used in the present work had a mean pore
diameter of 8 nm, so Knudsen flow would
be expected.

The rate of diffusion of gases is given
(11) by

AcDP
d

rp =

where rp is the rate of diffusion, Ac is the
concentration gradient, D is the diffusion
constant, P is the porosity, and d is the
distance over which diffusion is taking
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place. During Knudsen flow the diffusion
constant is reduced below the value in the
free gas. We make the assumption that the
diffusion constant in pores of radius >25
nm is 100%, that for 3.7- to 25-nm pores it
is 50%, and for 1.0- to 3.7-nm pores it is
159 of the value in the free gas. The value
for the diffusion constant of acetylene in
air at atmospheric pressure is 0.1 em? st
and, in the absence of a literature value
for ethylene/nitrogen mixtures, we have
applied this in the present circumstances.

From the values quoted above and the
porosity distribution cited earlier in the
paper, the magnitude of the product D-P
was calculated to be 0.018 cm® g—* s71. For
conditions where the concentration differ-
ence was 2000 ppm and the depth of the
layer of palladium on the catalyst was
0.8 mm, the rate of diffusion of acetylene
was calculated to be 2.2 X 10-8 mol ¢cm—2
s.. For the experiment presented in Fig. 1,
when the concentration of acetylene was
3000 ppm the rate of removal of acetylene
was 24 ml hr=!' g7!; this is equivalent to
~3 X 1078 mol ecm~2 s7! for pellets with a
superficial area of 8 cm? g1, These calcula-
tions suggest that the rate of acetylene
hydrogenation at low acetylene levels is
controlled by the rate of diffusion within
the catalyst pores. At high acetylene levels,
with correspondingly high concentration
gradients, diffusion is fast and the rate is
controlled by the kinetics of the reaction.

It was confirmed that bulk diffusion in
the gas phase was not rate limiting as the
rate of reaction did not alter when the
basket speed was changed within the range
2000 to 4000 rpm.

Three regions may thus be identified as
the acetylene pressure increases. These will
be subsequently referred to as (i) the region
of diffusion control, (ii) the turning point,
and (iii) the “steady’’ region where the rate
is kinetically controlled and is approxi-
mately zero order in acetylene.
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Effects of Hydrogen, Carbon Monoxide, and
Ethylene on The Rate of Removal of
Acetylene

It is seen from Fig. 2 that the reaction is
approximately first order in hydrogen at
high acetylene levels when the rate is not
diffusion limited. The concentration of
acetylene required to establish surface
coverage and the steady rate of acetylene
removal increases as the amount of hy-
drogen is increased, and in the experiment
with 409, hydrogen, the region of diffusion
control extended throughout the range of
the whole experiment and no steady rate
was achieved. It is interesting to note that
the diffusion-controlled regions are common
to all experiments in Fig. 2, such regions
being intersected by horizontal lines corre-
sponding to the different kinetic rates for
each hydrogen concentration. Outside the
diffusion controlled region the kinetic order
in hydrogen was slightly less than unity,
perhaps indicating some limited competi-
tion between acetylene and hydrogen for
the surface. Further evidence for such
competition is available from the pattern
of C4 products, vide infra.

The effects on the rates of acetylene
hydrogenation of carbon monoxide and
ethylene are qualitatively similar in that
the region of diffusion control is curtailed
and the subsequent steady rate of acetylene
removal is reduced, although the magnitude
of those effects is much greater in the case
of carbon monoxide. In the non-diffusion-
affected region the effects of added carbon
monoxide and ethylene are equivalent to
those from reducing the hydrogen pressure.
The information presented in Fig. 3 sug-
gests that competition between carbon
monoxide or ethylene and acetylene is not
important at high acetylene levels since
doubling the acetylene concentration from
2000 to 4000 ppm has no detectable effect
on the rate of its reaction. The reduction
in both the extent of diffusion-control and
the steady rates caused by the presence of
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carbon monoxide or ethylene may be inter-
preted as being due to a reduced availability
of hydrogen on the surface. The influence
of carbon monoxide on the adsorption of
acetylene is known to be minor (12, 13).

The Formation of Ethane

The general shape of the graphs for the
rate of formation of ethane as a function of
acetylene concentration, illustrated in Fig.
4, may be interpreted on the basis of
competition between ethylene and acety-
lene for the surface at low acetylene pres-
sures, although it should be remembered
that such a simple picture is considerably
distorted by diffusional limitation of rates.
It has been shown (2) that such competition
occurs on type X sites, on which acetylene
1s adsorbed with a strength 2200 times
greater than that of ethylene at 293 K. The
rate of formation of ethane thus, at first,
falls with increase in acetylene concentra-
tion due to decreasing ethylene coverage of
type X sites.

Once the surface has become effectively
saturated with acetylene, the rate of pro-
duction of ethane becomes independent of
the acetylene and ethylene concentrations
as seen from experiments (Fig. 5) con-
ducted in the presence of 5000 ppm of
carbon monoxide. The steady rate of pro-
duction of ethane at high acetylene levels
may be regarded as further evidence for
type Y sites which can hydrogenate eth-
ylene even in the presence of considerable
quantities of acetylene (2). It is particularly
striking to note that the rate of production
of ethane in the non-diffusion-controlled
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region is identical for experiments with zero
and 35¢, ethylene in the inlet to the reactor.

The effect of carbon monoxide on the
rate of ethane formation is also presented
in Fig. 5. The presence of carbon monoxide
is seen to depress the rate of formation of
ethane to a much greater extent than the
rate of hydrogenation of acetylene (com-
pare Fig. 3), implying exclusion of eth-
ylene from the surface by carbon monoxide.
A comparison of results in Fig. 5 at carbon
monoxide levels of 1000 and 5000 ppm
suggests that carbon monoxide can com-
pete effectively with ethylene for both type
X and type Y surface sites.

Production of Cy Molecules

Figures 2 and 8 show that both the rate
of production of and the fraction of reacted
acetylene converted to C, species at first
increase with acetylene pressure and then
become constant at the point where the
rate of disappearance of acetylene becomes
constant. The increase in the rate of
formation at low acetylene levels may be
explained by the increasing surface cover-
age in acetylene which increases the proba-
bility of acetylene molecules occupying
adjacent sites, a reasonable prerequisite for
dimerization. This concept may be repre-
sented by

rate of C4 production = kf¢,u,"

where k is a constant and 6c,u, is the frac-
tion of the surface covered by acetylene.
An indication of the value of this fraction
may be obtained from

rate of C.H, disappearance

Oc.m, =

limiting rate of C,H, disappearance at surface saturation

Valies of n obtained from graphs of log
rate of 'y production against log 8¢y, for
experiments at various gas compositions
are shown in Table 1. In the majority of

experiments n had a value close to 2 con-
firming that C, production required the
adsorption of acetylene molecules on two
adjacent sites.
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TABLE 1

Dependence of Rate of C4Production on the Surface
Coverage of Acetylene at 343 K

Inlet gas composition n?
H, C.H, N, CO
(%) (%) (%) (ppm)
25 35 40 1000 1.64
25 35 40 5000 2.00
25 0 75 1000 2.05
10 35 55 1000 2.00

e As defined in text.

The composition of butenes, at the point
of surface saturation with acetylene, is
similar to that reported by Bond and Wells
(6) and is markedly different from the
thermodynamic equilibrium composition.
This suggests that when a butene molecule
is formed it is immediately desorbed,
without having sufficient time to undergo
isomerization ; this is understandable in the
presence of acetylene and large quantities
of ethylene.

Sheridan has suggested (4) that the free
radical form of an adsorbed vinyl group
reacts with an adsorbed acetylene molecule
to produce buta-1,3-diene which subse-
quently hydrogenates to butenes. On hydro-
genation of buta-1,3-diene on palladium
(14) at 273 K, the butene composition was
found to agree favorably with values ob-
served during acetylene hydrogenation (6)
in confirmation of Sheridan’s mechanism.
Bond et al. (14) have proposed that
but-1-ene is produced by 1,2 addition of
two hydrogen atoms to buta-1,3-diene,
while the but-2-enes are formed by a 1,4
addition process, the particular geometric
isomer of but-2-ene being determined by
the conformation of the adsorbed buta-1,3-
diene. The conformation of adsorbed buta-
1,3-diene resulting from the dimerization of
adsorbed acetylene may well differ from
that produced by gas phase buta-1,3-diene.
It has been reported (15) that the most
favored steric arrangement for acetylene
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molecules on palladium is a form of
staggered packing,

r
o
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i i i

which would be expected to form the
transoid buta-1,3-diene on dimerization and
subsequently the trans-but-2-ene on hydro-
genation. At low acetylene levels the
majority of the but-2-ene formed has the
trans configuration (see Fig. 1). As the
surface concentration of acetylene ap-
proaches monolayer saturation, the mode
of packing of acetylene may change to a
closer packed form with the following
geometry:

A
C C C C C
L | |
AR AR
H H H H H

This form of packing would be expected to
ultimately yield c¢is-but-2-ene. Figure 1
shows that the amount of cis-but-2-ene
formed does increase considerably when the
acetylene coverage is close to saturation.

At high acetylene concentrations the
yield of C, olefins falls and the principal C,
product becomes buta-1,3-diene. This sug-
gests that either the availability of surface
hydrogen becomes less, although this is not
reflected in a change in the rate of acetylene
hydrogenation, or that the increasing in-
tensity of acetylene bombardment of the
surface with acetylene pressure displaces
the buta-1,3-diene molecules before they
have time to hydrogenate.
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Comparison of Figs. I and 6 shows that
the presence of earbon monoxide has the
effect of decreasing the degree of saturation
of the Cy molecules produced at a given
acetylene concentration, presumably by
reducing by competition the availability of
adsorbed hydrogen.

Recently published results (16) have
suggested that the presence of palladium
hydride phases may influence the hydro-
genation of acetylene. The thermodynamics
of the palladium /hydrogen system (I17)
suggest that hydride formation is, In
principle, possible under the conditions
used in this work. It is, however, reported
(16) that hydride formation does not occur
to any significant extent on catalysts where
the palladium loading is less than 19, and
we are of the opinion that hydride forma-
tion is of no importance in this work.
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