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ATLSTRACT

Ethylene-Dy, T4

C-ethylene and tritium have been used as
tracer molecules in a study of the nature and reactivity of
adsorbed species on several different nickel catalystis,
Reactions have been carried out on alumina- and silica-
supjorted metal catalysts at nickel concentrations of 0,1 and
5%, a nickel powder catalyst, and a nickel catalyst partially
poisoned by nickel phosphide in an attenpt to determine the
effect of the form of the metal on the catalyst reactivity,
As well as the metal catalysts, the support materials them-
selves have formed pzrt of the study,

The catalysts were contained in a microcatalytic reactor
vihich formed part of a flow system and the reaction gases
were injected onto the catalysts after reduction, Catalyst
temperatures ranged from 20°C to 400°C and after separation
of the products by gas chromatography, reaction components
were either detected by a gas proportional counter or analysed
by mass spectrometry, as appropriate.

Using tritium, it has been found thet at the temperature
of reduction of the supported catalysts the alumina support
is itself active in exchange with gas phase hydrogen (at 400°C)
whereas the silicg support is not. The presence of nickel
was found to initiate the exchange reaction on silica at the
same temperature but to decrease the amount of exchange

observed with alumina, A smaller extent of reaction of



Lritiwe with lhe nickel catalyst is interpuetated in terms or
the absence of participation of a support medium,

The reactivity of the catalysts tritiated after reduction,
towards gas phase ethylene has been investigated, In general,
tritium did not appear in the ethylene component of the
reaction products although as the catalyst temperature was
raised the activity of the ethane and methane fractions was
found to increase. In contrast to the reaction of hydrogen
with the alumina support, the presence of metal was necessary
for the reaction of elhylene with preadsorbed tritium,

The reactions of two ethyléne tracer molecules, labelled
in different halves of the molecule, hzve shown that the
carbonaceous part of initially adsorbed ethylene is retained
by the catalyst as an unreactive and strongly adsorbed species,
whgreas the hydrogen from dissocicted ethylene exchanges more
readily with further ethylene injections. The partially
poisoned nickel catalyst nas behaved differently from the
other catalysts in that molecular exchange of preadsorbed
ethylene with gas phase ethylene was observed to take place
reédily at room temperature. The results are discussed in
temms of the likely surface species formed by ethylene
chemisorption at different temperatures and the possibility
of the formmation of a different type of surface speoies on

the nickel /nickel phosphide catalyst is proposed,
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CHAPTER 1., INTRODUCTION

Section 1,1 Principles of Catelysis,

It is found by experiment that socme substances increase
the rate at which a chemical reaction attains equilibrium
and yet do not eppear in the stoichometric equation of the
rcaction, Such substances are known as catalysts, and
. ti.elr zction as catalysis.

There are many reactions whose velocities are immeasure-
ably clow in gaseous or liquild solutions, but which go .
quite swiftly if a suitable solid surface is available,
Heterogeneous catalysis describes the enhancement in the rate
of a chemical reazction brought about Uy the presenc; of an
interface between two phascs, For example, when hydrogeﬁ
ges eséapes firom a cylinder into‘the air, no éhange is
observed. Tf the escaping hydrogen is’'directed at finely
divided platinum it is observed that the pletinum glows:
and eventually ignites the hydrogen, = In-the absence of
platinum the reaction rate is too small to obscrve,

When catalyst and reactants are present in the same
rhase the process is known as homogeneuvus catalysis.
E:amyies o' gasewug catulysed homogeneous reactions are not
viry commbn;' one of the best known is the decomposition
of eth:rs and aldehydes in the presence of iocCine as &
catelyst. The catalyst acts ity providing a mcchanism‘

ior the decomposition that has a considerzbly lower zctivation



cnergy than the uncatzlysed reaction., MNost examples of
nomogeneous calalysis have been studied in liquid solutions
and rerhgvs the most impoitant of these ére those generally
included under the title acid-base cataliysis, The rates
-1 a great number of organlc rcactions and meny of the
processes of physiological chemistry are governed by acid-
vase calelysts,

The success of catalysts devised by men to accelerate
chemical rcaction rates appear insignificant compéred with
the catalytic activity of enzymes in biological systems.
¥nzymes are specific, colloidal catalysts and have perticle
digmetcrs in the range, 100 to 1OOC£. Enzyme catalysis
ig therefore midway tetween nomogenevus and heterogencous
c.talysis and is someiimes czllicd microheterogeneous,
Pensin in the gastric juice and ptyzlin in the saliva are
examyples. Ptyalin is the catalyst which accelerztes the
conversion of sturch to sugar. Although starch will react
with water to form sugar, it takes several weeks for the
conversion to occur, A trzce of plyalin is enough to make
the rcecti.on rroceed at s blologically useful rate,

Since Ierzelius! in 1876 coined the word 'catalysis!
ond used it to descriie a number of obsgervations already
recorded in the litcrature, it has lecome recognised thet
the reacting comnonents in catalytic recctions are held to
the surface or adsorbed during the period in which they are

1eucting,
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s the process of zttachment is of grecat importance in
cinlalysis, 1t is imperative that the chzracteristics of

tdoor;tieon are ful_y ar. reciated.

- Secton 1,2 Adsorption,

The activity of e heterogeneous cetulyst residcs at the
interface ol the solid and the less dense phase, An atom '
at the surface of a solid is bound to other atoms in the same
nlane and telow it, but there are of course no atoms above
it; there ie thercfore a net rcsultant force acting in the.
direction of the bulk (see Fig, 1), When a fresh surface
is expdsed to & gas a higher concentration of.gas molecules
will result on the surface comparcd with that in the gas
nhiase, This preferenticl concentration of gas molecules at -
the surface is termed adsorption. The existence of two
types of gdsorption of gases on solids has been recognised

2 provosed that the forces by

for meny years.2’3 Tangmuir
“‘hich molecules or gtoms may bte held on a surface should

show, for difierent substances, 'as great a range of intensity
0s 1g observed in the case of forces cciing inside of solid
voaies,! He considered.the adsorption of guscs 1y act%ve
adsorbents, such cs metals, due to primary valence iorces,

Tt 1g now establiched that although the strength and extent

of adsorption may vary widely from system to system, it is
1ogsible to divide ©l1l adsorptions into {two muin types;
vhysical adsorption and chemical adsorplion. The latter is

tcrmed chenisorption.
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Section 1.3 Thermodynamicé of Adsorption..

In adsorption the free energy of the system decreases
as the surface valencies become saturated. The enthalpy
change for the process is AL =AG — TAS. In all cgses of
viiysical adsorption, where only weak molecular forces are
involved, the process is similar to simple condensation: the-
molecules have less freedom on the surface, and AS is negative.
In the'case of chemisorption, chemical ltonds are involved,
and an adsorbed molecule can become dissociated. In all
but a very small number of cases such dissociation is
insufficient to render the overall entropy change positive,
It cgn thus be stated that all adsorptions with negative
entropy change, which comprise all physical and the great

majoirity of chemical adsorptions are exothermic,

Section 1.4 Lysical Adsorption and Chenisorption,

There are differences in the properties of the two kinds
of adsorption, which can be used as experimental criteria for
deciding the adsorption type. »rol.bly the best single
criterion is the magnitude of the heat of adsorption,

During physical adsorption the heat liberated per mole of gas
aduorbed is generally in the region of 2 - 6 keal, 45 ang
celdom does the neat of physical zdsorption exceed the leat
of liquefaction of the gas in question by more than a factor
of two or %hrée. During chemisorption larger vclues for
the heat of adsorption are generally encountered and are

14 ely less than 20 kca16’7 mwole—1,
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Chemisorption, like other chemiczl reactions, ié'often
an activated process, As physical adsprption simulates
liquefaction, then it should, like ligquefaction, require no
‘activation znd therefore occur very rapidly. In general
this distinction proves a useful quide aiihough there are
exceptions such as the adsorption of hydrogen on a tungsten
filementat a low temperature,

Another contrzst between physical adsorption and
chemisorption is ;rovided by the thickness of the adsorbed
layer; chemisorption is confined 1o a single atomic or
molecular layer whereas in rhysical adsorption the layer
becomes multimolecular at higher reliative pressures.

A final distinguishing feature of chemisorption is that
it is nighly specific; hydrogen, for example, is chemisorbed
by tungsten or nickel but not by gold or copper, TFhysical
cdsorption on the other hgnd is egsentielly non specifie and
the zmount of gas which is agsorbed is a function c¢f con-

densibility znd not of its chemical pro:erties.

Scetion 1.5 Potentiezl Energy Dicgrem for Adsorption,

Iennérd—Joncs made a éloar distinction between physical
vGgorption #nd chemisorpilion with the nelp of votential energy
curvceg, The dic;rom (see Fig. 2) clows the variction of
rotenticl encrey with distence from the suriace Jor the inter-
vction of.a dictemic molecule 4, with o metal i, Curve (a)
ls obscrved with . hysical adsor U on, The potential energy

. s . a9
shone a broad ond challow mirnimum ot a distance of about 4:

'
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away from the surface, - Afais the heat of physical adsorption
cnd the value is small as only weak forces are involved,:
The minimum enérgy distance from the surface 1s ap;roximately
the sum of the covalent radii of the metal and A plus the
cGeitional thickness of the two van der Waals envelopes,

The potentizl energy curve for chemisorption (curve (b)
in Pig, 1,2) differs from that for physical adsorption in
that a decp and narrow minimum is observed quite closc to
the surface, The minimum energy distance from the surface
is aprroximately 2% and corresponds to the sum of the covalent
vadii of the metal and A. ° The denth of the trough is a
measure of qdﬁz, the heat of chemisorption, and D is the

digsociation encrgy of the molecule Ay into atoms,

Scction 1.6  Adsorption Isothemrms,

Adsorption is most generally described in tcrms of
isotherms which show the relationship tetween the pressure
of the adsorbate gas and the amount adsorbed at a constant
temierature. °

(i) Langmuir Tsothern., Tn 1016 Tenemuir? applied a
simple kinetic lheory to the adsor;tion cquilibria. Three
imvortant cssumutions were made in the derivation of the
Tengmuir adsorption isctherm, These wecre as foilows:

a) the adsorbed cntitics are-attached on the surface of the
adsorbent at definiie, localiscd sites. b) each site can

accomitodate only one adsorbed entity. c¢) the energy of
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the adsorbed entity is the same at 2ll cites on the surface,
and is independent of the presence or absence of other . '
cdsorbed entities at neighbouring sites, Tf we consider a
fag at pressure p in equilibrium with a surface thqn the number
of collisions of gas molecules with unit area of the surface
i's proportional to p, by the kinetic theory of gases, If
this number in unit time is klp and © 1is ’ché fraction of the
surizce which ic covered by adsorbed wolecules then the rate
of condénsation of the gas on the crystel 1s ol (1-'9) kyp
vhere oL is the probability that a molecule will adsorb when
it strikes a bare si'té. If the rate of desorption is k_y
then at équilibrium the two rates must be equcl, lience
(1-9) xyp= k_19 whence, if b=k /% 5, 8 = bp/(1+ bp)

; ges prescure the adsorption is proportional to the

sas pressure, and at high pressures a limit is reached when
the surface becomes saturated with ©=1, The full kin‘e'tic
derivation is discussed by Trapnell.ll The Tangmuir iso-
therm, given by the above equation wiicn molecular adsorption
occurs takes a different form when the adsorbed molecule is
dissociated, as with hydrogen adsorted on tungsten, Tangmuirl2
trected the protlem as follows. Ict © be lhe fraction of
the surfuce covered by addorbed atoms, For =z molecule
a.proacniug the surface to become adcorbed, two adjacent
cnaces must be vacant, The chance of one being vacant is

(1- ©) and of boin bveing vacant (1- © )2, The rcte of
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cdsorption is therefore(]:—@)g ko1, where k,p again gives
ihie number of molecules colliding with unit area of surface
in unit time,‘and ol ip now the nrobability of adsorption et
c. collision of a molecule with a vgeunt snace having an

oo oropriate neighbouring vacant space, Evanoration only
occurs when adsorbed atoms are in adjscent svaces, and the
arobalbility that o given space is occupied by an atom ic © ,
Therefore the chence that atoms shall be in adjacent spaces
is vproportioncl to © 2 and the rrte of evavoration of molecules
irom the surface is k_o ® 2, vhere x_o is the rate of evapor-
aton from o completlely covered surface, For equilibrium

(1-9)? k.p = 1{_2‘92 whence, if a= oLle, /i,

= (ap)"l/[l* (an)i]
T™his eouvation ig the Tansmuir adsorption equation for a
¢isoociaiive chemisorption in wihlch two similer fragments
nre formed, znd the ecuation is often uced in this form,

(i1) Cuange in heat of adsorption with coverage, if
the Tengmuir theory were universzlly v.1lid, we, should éxpect
the leat of adsorplion to remain constant with increasing
vilucs of tihe coverage © . However, in meny cases, the heat_
of eduorntion ic observed to decrease with increasing sufface

coverage and the nossible exnlanctions hove been discussed

13

Wy Gundry cnd Tomlins, First, the decrcase moy be due to -
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surface heterogeneity. H, S. Taylor14 in 1925 advanced
the hypothesis that on the surface of a metallic catalyst
thicre would be occasional groups ol atoms fixed in metastable
ositions associoted with high cnergy and chemical unsaturation
rclative to the atoms in the regular lattice bvelow (see Fig. 3).
The first addition of gas to such a surface will result in a
nrefcrential adsorption on the "active" sites either because
the rate of adsorg¢tion on such sites is grcater than on less
"aetive" sites or if the adsorption is mouile because the
adeorbed species will migrate to the sites of highest cnergy.
Subsecuent gus additions will be adsorbed on sites of vro-
_ressively lower activity and the hecet of adsor:tion will
decrease, Regions of the surface where the heat of chemi-
sorption is likely to te different from that &t smooth varts
of the surface are: (i) the roints of emergence of screw and
edge dislocations (ii) point defecte, such as Prenkel and
Schottky defecte, situated in the outermost layers of the
solid (iii) metallic ¢nd non mctellic imrurity centres,

A second ex:lanation, due to Robertsl5, is that falliing
hects of adsor;tion are due to forces ol zcrulsion betveen
oriinted di.olcs of molecules in the cdcorbed layer, Quan-
vitative calculations hove shown thut the size of the heat
deereuse to be exjected on the busic o dirole moments ol the
"Ind norially found ie guite insulficicent to fit the obser-
vetions,

The third exolenation, due to Elqy%6 ond Schwabl7, is

Lused on the concept of work function, If 1t is acsumed
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that in ihe formation of a chemisorbed layer, electrons are
extracted from thc¢ solid, then, as coverage increescs, more
energy will be expended in forming the chemical bond since extra
work wili heve to lte done ageinst the yprogressively increasing
wor:: function, Ti on the other hend an electron is donated
vy the gas or a covalency is formed, electrons from the gas
enter the solid. Since in crystals these are itends of
vermitted clectron energies, the first electron will enter
the iowest unoccurpied level of ‘ihe bdnd system and then
ﬁLrher and higher levels will be used as adsqrption proceeds.
Atain the heat will fell,  Although this e:fect may be sig-
nificant in hydrogen-metal systems, the.correlation between
celculieted and observed falls is frequently poor,.

(iii) Freundlich Isotherm. In carly studies of adsor-
ption it.iecame clear that muny eXperimenfal data did not obey
tre Tengnuir isotucrm, An alternativé isotlhierm, which was

enpiric at the time of its pronosal, was suggested by
15

Preundlicht®,  mitofftd had found that the amount of gas,
X, adsorbed.by charcoel varied with the equilibrium ges

. , S Yn \
rressure p accord ng to the cquation x = lp  waere k gnd n
are constants; usuaily n is betweer 1 andoQ and 1s character-
igtic of the nerticular system which is studicd, Since the
aiount oi gas zdsoried 1s proportional to & fractional power
of the ,ressure, tihe Preundlich isothexm is often oleyed over

w.de ranges of adsorled amount, znd aiso by systems which do not



- 1] -

obey the Tangmuir isotherm. In spite of its original
cmpiricism, the Freundlich equation mey be derived if the
following assumptions are made: (a) the hect of adsorption
feilis exponentially as the coverage is increésed. (v) the
Gecrease in hezt is due to heterogeneity rather than to
repuasive forces between adjacently adsorbted speciles. Two
such derivations have been mzde, one of which uses a thermo-
dynamic ap;roach?0, the other a kinetic approach 1

(1V} The Temgkin Isotheim, A third form of adsorption
isotherm was derived tﬁeoretically by Slygin and Frymkin2?
‘and popularised by Tempkin and Pyzhev23 in their interpre-
tation of the decomposition of ammonia on platinium and
tungsten, This isotherm is based on the assumption that
the heat ol adcorption falls linearly with surfece coverage.
Ti.e equgtion may ve written simply as 9.=(%) in (agw) where
I ¢nd ay are both constunt at a given temuverature, This
erpression is expected only to hold in the middle range of
coverege (® from 0.2 to 0.8) owing to the simpilifying

assunitions made in its derivation,

Section 1.7 Metel Catalysts.

Cutulysts cun be divided into two mein categories (a)
Yoims contuining only onc comnonent, the metal, and (b)
Jolme conteining one or more compenents in adcition to the

metal, Into category (a) come unsup orted metul powders,
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colloidel metals, evaporated metal films, wires and foils;
into category (b) come a variety of supported and promoted
metal catalystis. Metals which chemisqrb molecules and also
displey catalytic activity are vnrone to contemination and
metal suriaces which are exnosed to air are covered either by
a layer of adsorbved oxygen or a thin layer of metal oxide,
and these may render the surfaces ineffective as catalysts,
The nature and extent of any cetalyst cleaning process depends
on the usc¢ to which the material will subsequently be put.
A distinction ccn vbe made between (a) the preparation and
cleaning of surfaces to e used in fundamental studies of
a@sorption (b) the cleaning of surfaces to he used as catalysts,
In the study of chemisorption and its rocle ig cétalysis two
extreme a.proaches are possible, One is to take the solid
surface in the condition known to ve ca%alytically active and
study gas adsorrtions on such a surface, The approach is |
essentially empirical end the dangers are that cutgassed,
clean and reproduciblé surfaces are rnot emfloyed. The other
extreme ié to strive to produce stringently clean surfaces
tnd to study the interaction of simple molecules with such
surfacés. The limitation here is that there is a tendency ‘
to recede farther away from the problens of primary concern
in neterogeneous catelysis and move towards ever more simple
systenms,

(1) Pilms, The advent of ultre high vacuum techniques

has made 1t poscsible to keep metal surfaces clean for a
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reasonable time and much work has becen done in recent years
on thé rreraration of clean metal surfaces. The metal is
evaporated in vacuum from a wire, which is electrically
neczted, on to a substrate, which is usually glass, tut some-
times another metal, or the cleaved face of a crystal. The
wire is atl first outgassed Ly heating in vacuum with continuous
pumping, at as high a temperature as possible without sig-
nificant evarorztion of the metal, Ar'ter outgessing, the
metal is more strongly heated to evaporate it on to the inner
wall of its conteining vessel, This produces an evaporated
metsl film, Chenically significant work with such films
weas carried out cs early as 1935 by O, I. Teynunsky but the
viidesnread use of these films in catalytic research f2llowed
a paner by O, Reek, A, E, Smith and A, Yhceler, 22

(ii) Powders, Whilst eveporation yields a film almost
compietcly free from contaminents, metal powders cean only ble
ottained in a 'clean' form with considerable 4 fficulty,
lietal powders may be prepared by the reduction of suitable
compounds, usuzlly oxides or chloridec in a stream of reducing
&89, Hydrogen is the gas gernerally used and leaves no
urdesirable residues on the suriface as do, ior exemple,
carbon monoxide ané formic acid, Tt has been shown by
Roberts and Sykes26 that bty subjecting nickel powder to pro-
longed reduction in purified hydrogen that surfaces were

sroduced which in part simulated the beheviour of evaporated
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nickel films as judged by the activity_wifh which the surface
chemisorbed hydrogen at - 183°cC, Another method of preparing
niclel powders is the thermal decomrposition of metal salts of
oyganic acidsy very often the formate is used, Nickel
novders have lteen prepared by the &ecomposition of nickel
cerbonyl tut the catalytic activity is limited bty traces of
edsorbed carbon monoxide which remain,?27

(1ii) Supported Netals. Suvncorted metzl catalysts are
cxemples of cetalysts containing a comronent other than the
rmcetal itiself, Usually supvo:ited catalysts cuntain less
than 20 per cent by weight of the metal, It has generally
teen thought that there is no chemical interzction between
the metel and'the carrier in survorted metals, Howevcer,
there is a growing body of evidence to suggest that some of
the differences uveticen suprorted and unsuppoited metals may
be atiributed to the support, Three methods of prevaration
are available for the production of su.:ortcd cataliysts
(1) imrregnation (ii) co-precinitation cnd (1ii) denosition,
The first of these is the most comronly used and involves
soaking the carrier in a solution of the metal salt. The
noteriel is then dried and reduced 1o the metal by hydrogen
&t the zsveropricte temverature. In ihg co-precipitation
nethod 1he simultuncous precinitation ol metal and carrier

from solution is induced. Por exumiple, with nickel, silica
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supported catalysts are obtained from a solution of the metal
nitrate and sodium meta-sllicate. In the deposition nethod
the metal, or one of its compounds; is deposited irom Suépen-
sion onto a suspension of the carrier, For‘exampie, when
aydrogen s passed through a solution of palladium nitrate

in which activated charcoal is suspended the reduced metal
deposits on the charcoal, Catalysts produced'by the impreg-
nation or derosition method h: ve the active component zvesilable
vt thie surface of the carrier, In co-precipitated catalysts'
some of the active material may be embedded within the carrier,
Nickel-silica catalyst systems have bcen studied28:29 in
reletion to catalyst vreparation and the results have shovm
that some revision of the role of ihe ca.riers may be cal.cd
for. The eifect ol the nature of ilhe support wnrd of .
crystullite size on specific activit,; hcs been found for
nickel surported on silica-alumina, The hydrogenolysis

of ethane to mcthane fzils as the crystaliite size increases.30
Tie specl.iic sctivity for this reaction of nickel sunrorted

on silica, zlumina and silica-zlumina chonges as the surport
cianges, being highest for silica and lowest for silica--

. B =
saWuina, 24

Scction 1.8 Bifurnctional Catalysts,

wWhen the metul is supported on &« second component which
18 aloo catulyticelly active a dugl-function or bLifunctional

cutulyst ic formed, FPor excmple, pletinium on siijca-clw ing
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can be z bifunctional catelyst for hydroéarbon reactions,

The pletinum acts as a'dehydrogenating cgtalyst, and an olefin
Tormed can be converted by proton acdition to a carbonium

ion ot an acid site on the silica-slunina surfice. The
cerbonium ion can then isomerise by rearrangement of the carbon
skeleton, after which a proton is released, In this way
methyl cyclopentane can be converted to cyclohexene which

ney be further dehydrogenated on a platinum site to benzene,

Tuese éatalysts have been reviewed vy J, L, Sinfelt, 52

Section 1,9  Zxpcrimentsl Aspccts of Adsorption.

(1) lieasurement of heats of adsorption, The strength
of en adsorpt;on bond is reflected in the magnitude of the
licat of adsorption: the greater the amount of heat liberated
rer mole adsorbed, tlhe stronger is the bond, If the heat of
cdsor,tion, Q, is large for a given specics, catalysis may
Lbe hindered precisely because that spécies is too tightly
held =t the surface. If, on the other hand, Q is low, the
crpecies moy not be adsorbed on the catalyst surface for a
time long cnough to facilitate rezction, It a:pears that
cotalysis requires a situation wvhere the hect of adsorption
is not too lurge to cause dosorption problems ond not too
urall 1o hinder rearrangement in the cdsorbed phase,

Heats of cdoorption muy be determined experimentally
Ly direct calorimetric measurement, Calorimetric mecsure-
rents are of two kinds., Pirst the heut liberated by adsorpt-

lon may be used to cause a vhase change in a surr.unding
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solid or liquid and as the heat causes the volume change in

ihhe surrounding cubstance the measurement is isothenﬁal.
Sccond, the cescare of heat from the adsorbent_may be prevented,
:nd the hcot determined from the rise in the adsorbent tem-
erature. These mecsurements are adaliavic, Both methods
umey be uéed when the adsorbent is in powder form although

the low surface area of evaporated metel films requires the

vge of an adabiatic calorimeter, The calorimeter of Beeck33
and co—wofkers is shown in Fig. 4 and a similar type of calori-
meter hes been used by Drennan34”35 et al, and Stone36 for
measuring the heats of adsorption of oxygen and hydrogen on

& variety of evaporated metal films, Essentially the appar-
atus consists of two concentric tubes, The celorimcter proper
is the lower vortion uf the inrner tube and is made from'very
thin glass; above 1t is a constriction to minimise heat losses
lo the upier port of the system, Fine pletinum wire is

vound around the calorimeter to fomm a resistance thermometer,
The metal iilament is deposited on the inside of the eggshell
tube from a heated filament and durlng the process cooling
water is circulated through the outer jecket to prevent soft-
ening and collapse of the thin giass, The outer Jacket is
cvecvated to produce a vacuum culorimeter and the temperature
rise accoupanying the admission of very small quantities of

ges is then obtained,
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(ii) Measurements of work function changes, Tﬁe
electron work funetion of a solid, e¢, is defined as the energy
required to remove an electron from the highest oécupied level
inside the solid into a vacuum outsidé its surface, Since,

.n general, the eiectronegativities of the adsorvate and
cdsorbent are different, adsorption involves eleciron donation
to or from the adsorbent surface and dipoles are thus formed
in the adcorbed layer, If the negative end of the dipole

in the adsorbed lszyer points away from the surface, then the
~potential barrier through which the electrons escaping from
the solid must puss will be increczsed, so that ef is increased,
Conversely, if the negative end of the dijpole is directed '
towerds the surface the value of the electron work function

ol the solid will be decreased. hen the electronegativity
diff{erence Letween the adsorbate snd aﬁsorbent is small the
dipole moment crested will be small and the bond can then be
dcscribéd as escentiaglly COValentg if the electronegativity
difference is large, the dipole moment wil; correspondingly

be large and the bond is then essentially ionic, The
Getexmination of the dipole moment of a chemisorption bond

can therefore establish its natlure, |

If the adsorbed layer is treated z2s a rarailel plate
condenser, the cunacity of such a condenser is given by
03'11&3_ where A is the area of the plate znd d is the dis-

tance of scparation, The voltege across the condenser
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\-AT a0 a0y
A + For the adsorbed layer\, /equals

is therefore:
tne product of ihe dipole moment ffL) and the numnber of adsor-
ted species (ng®), where n is the number of sites per em?
Tue potertial Grop across the adsorbed loyer is therefore
AV = 4 wngom
¢ AV is a mcasure of the change of energy required to remove
an electron ;rom the so0lid afler adsorption and thus e AV=
¢ AY and therefore Ag = 41 ngeu
where A¢ is the change in work function on adsorption, - af
is termed the suriace potential of the layer, The signifi-
cence of this equation is that it enalles the dipole moment
of the adsorption bond to be celculzated from measurement of
the surfeace potential, Prom the value of/itrt i vossiltle
to deduce whether the surface bonding is predéminantly
covulent, ionic oxr vhysical, |

An imporiant applicetion of changes in work function

+olloving adsorption is the field emission microscoy.e. The
31

zilcroscove vwas firct develoved by E, W, Muller” and lotely

i1 has been usced by GomerBB’39 and Iecker40 not only ior the
rurpose of measuring work function changes but to observe the
surface diffusion of adsorbed specics,  The surface under
study is in the form of a minute tip (sec Fig.v5) the radius
ol curvature of which is around 1;OOOK and is surrounded by

& conducting fluorescent screen, Since the rpdius of the

tin is extrewmely =.all compared with tlhe radius of the sbheriéal'
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8 1 are

anode field strengths of the order or‘lo7- 10 V em™
readily attained, The presence of a high-external field

can reducé the width of the potential larrier at a metal
surface to such an extent that electrons awprroaching the
suriace may tunnel through the barrier and be emitted, The
emitted electrons have very little kinetic energy and there-
fore follow.fhe lines of force whichbdiverge radially from
the tip. Tihe resulting fluorescent pattern displayed én the
screen gives a magnified iiiage of the emission from the solid
and as the intensity of fluorescence at any point depends on
the number of impinging electrons at that proint a measure of
the work functicn at the corresvonding point on the solid
surface is obtained, The- eiched tip used in the micro-
scove is usuelly a single crystal and since the sharp end

is hemispherical meny diiferent crystal vlanes are exposed,
Changes in the work function of the various crystal faces
vhen a gas is admilted cen then be folliowed visually, The
changes in iniensity with time permit the calculation of the
reiative rates of adsorption on diflerent crystal faces and,
Ly heating the metal tip, rates of desorption can be studied,
Tiic =ecsolution of the rield cmission microscore is limited to
¢ tout 204, The field ion microscore was developed from the

AL and necy be discussed

<icld emission microscope by E, Y. luller
ot this roint, npt because of its relevonce to the measure-

ment of work function, tut because of the cimilarity of the
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.1echnique to field emission microscopy.  The general éxper-
imental set up is very much the same in Loth techniques except
that in field ion microscopy a large positive potential is .
avrlied to the fine tip and an imaging gas, usually heluim,

is present at a pressure of around 10'?-torr. When a field
of about 108 \'f cm-l is applied helium atoms are attracted fo
thie tip by polarisztion forces and ionisation takes pléce.42
“he jons are then accelerated radially outwards and impinge
uron the vhosvhop where they form a projection image of the
end o. the tip, The pattern produced is similar to tha£
obtained in field emission microscopy, but with the advantage
that ilie resolution is increased to'3ﬁ. As the prouvability
oi lonization of the helium dercends unon the local geogre]..y
.f ttie-surface of the end of the tip, the image on the screen
reflects the fine details of this atomic structure, An
important feature which arises frbm field emiscion adsorption

ctudies is that e free energy of adsorption differs accord-
40

2

ing to the -lane on which adsorpiion takes place. Becker

~

}
bas found for the tungsten oxygen system that (211) feces
teke up oxygen first, followed by (111), then (100).

(iii) FElectrical measurements,  Another method which
is used to study the nature of the bonding Letween adsorbent
tnd odsorbate detcrmines the change in resisiance of & metal
£ilm denosited in vocuum when & gas is adsorbed onto the

Liln surflace, The underlying jrirciple is that 1f conduction



clectrons are drawn from the metal and an electronegative layer
is formed then the conductivity decreases. Similarly entry
of electrons into the metal should increase the conductivity
if the added electrons contritute to .electrical conduction,
The metal 1s evaporagted onto the walls of a vessel contain-
ing two platinum contacts and the film resistance between them
ig measured, The film should be aniicaled above the adsorption
temerature as their resistance may otherwise slowly alter
with tinme, In calculating the change in the number of elect-
rons ner aduorbed atom the doubtlful assumption is made that
g£rain boundary resistance is negiigible cnd that the only
effect of chemisorption is to change the number of conduction
elecirons, Gescs with high heats of adsorption, such as
oxygen, are known to causge film sintering even after ameal-
ing43 and thig could well have an efiect on the conduction
broperties of the film, Sachtler44 has shown that the
variation in conductivity when hydrogen.is adsorbed by a
niclkel film ie depen@ent on the initiel cleanliness of the
curface, Conductivity decreascs are found when njckelifilmé
cre »rerared under rijorous vacuum condttions and an omn osite
ci'i'ect resulits when o vacuum of 10‘6 me g is employed,
(iv) lagnectic measurcments, Chenjsorption often in-
volves the unvaired electrons in colids, with a conseauent

change in their magnetic properties. Substances which

poscess unpeired el ectrons have a pocitive value of megnetic



susceptibility and are, by definition, paramagnetic.‘ As the
magnetic properties are bulk and not surface properties the
surface/%olqme ratio must be high, otherwise the effect of
adsorption is not detectable; magnetic measurements are
therefore usually cariied out on fine vpowder sanples, An
exierimental measurement of susceptibility can be made with

a magnetic balance, The specimen ié sugpended from a balance .
beam so thet it is half inside and half outside the region
between the poles of a strong magnet (about 5000 gauss).

then the field is applied a paramagnetic sample 1s drawm

into the region and the force necessary to restore the original

walance point is given by mg= AH", where A is the

cross sectional area of the specimen, X; is its susceptibility

and X, is the susceptibility of the suriounding atmosphere,

2
When a ferromagnetic material, such as nickel, is being studiled,
it is best to measure the svecific magnetisation, XH(where H

is the field strength) because, for ferromagnetics, the
susceptibility is large and dependent'upon field strength,
Difficulities in mecsurement arise when ferromaghetic materieals
cre gtudied in a fine state of subdivision,  When the

particle size is in lthe region 100 - 3063, the magnetic
behaviour of ferromagnetic substences dillers from that of
ferromagnetic substances in bulk in that, with small particles,
megnetisation ic dependent on field st:enéth and tempcrature

in a similar manner to paramagnetic substances, As supported
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catalysis have the metal in a fine state of subdivision =2
low frequency a.c. rermeater method o neasuring subceptibility
is employed.45

The results of Selwood46 and his co—workers are most
significant in this field in relation to catalytic studies,
One of the Lest known examples of the use of the technique

concerns the action of the catalyst poison, dimethyl sulphide,

™
nagnetisation) is made ageincst ithe volume of dimethyl sulphide

on nickel, Yhen a plot of A¥ (where M is the intensity of

cliemisorbed a slope equal to that in the hydrogeﬁ on nickel
case is obtained, This wamld suggest that sulphur is bvonded

to two nickel atoms as follows:

cH CH

e
NI/// \\\Ni

3

AM ,
For hydrogen sul:hide on nickel the I. plot gives a

slone twice that of hydrogen; this is consistent with the

lolliowing surface fragucnts:

H S o
| /\ l
—Ni— — Ni—"ti— — Ni—
Ethylene behaviour on supported nickel has been found to
very significantly with temperature, At 0°C the magnhetlisation

chunge coused by one molecule of ethylene is the sume as that



1
3
ol

1

caused by one molecule of hydrogen, This can be interpre-

tated in terms of ascociative bonding:

T“
TL2 THZ
Fi Ni:

As the temperature of adsorption is increased to 28°C the

number of bonds formed ver molecule increases to 3, then to
&.4 at 100°C. Thuis means that dissociation is taking place
end this isg verified by recovery of methane from the system,
(v) The infrared spectra of adsorbed gases, Interest
in the study of adsorbed molecules and adsorption complexes
on metals by infrared spectroscopy has increased steadily
since about 1950, Eischens47’48 and his.co-workers have
contribuvted greatly to fhe‘development of the technique and
have studied several luportant gas-metal systems of interest
ip the field of catalysis. |
llost of the experimental work has been carried out on
supported metal cetalysts; silica and alumina have been used
as carriers, with particle sizes preferably in the range 150~
ZOOE 1o reduce radicvtion losses by scattering, letal particles
of give 1608 are necessary to obtain measurable adsorption
by transmis:ion through the adsorvent. The infrared spectrum

of the gas adsorbed on the silica or alumina support is

(04

observed and compared with that of the same system with the
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addition of metal particles,

Ethylene adcorption has been extensively studied on
curnorted nickel. Eischens and Pliskin?® have shown that
the type of chemisorption depends on the pretreatment of the
catalyst surface, The adsorption is acsociative or dis-
coclative according to the temverature of the adsorption
end the presence or absence of preadsorbed hydrogen, The
associative type of adsorption is favoured when the olefin
is adsorbed on nickel which has a preadsorbed layer of hydrogen.,
When the hydrogen is removed from the catalyst surface, by
outgessing, before admitting the olefin, dissociative adsor-
ntion nredominates, Admission of hydrogen to the associat-
ively bonded species produces Spec?rq ;ndicative of ethyl
group formation on the surface; these are likely inter-
mediztes in ethylene hydrogenation,

Onc of the most detailed sludies hes been on the adsor-
ption of carbon monoxide on metal catalysts., In the cese of
nickel, Yates and cariend?® have concluded that there are
five distinet species of carbon monoxide adsofbed (sce Fig, 6),
Tﬁe e.fect of the support on the infrared spectra of carbon

150 nos been found

ionoxide adsorived on platinum48 end nicle
. . o

to be scignificent, Eischens and v1iskin®® found that the

rotio of ihe concentrations of bridged to linear forms was

wuch larger when »latinum was suvrorted on silica than when
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it was surported on alumina, 0'Neill and Yates20 showed
that not only did the relative numbers of the two surface
species differ tut also the strength of the two types of
adsorption varied with the nature of the supuort,

The infrared technique has also been applied to metal
films, 'Harrod, Roberts and Rissmann’®l have observed the
svectrum of carbon monoxide adsorbed on cvaporated thin {ilms
of rhodium, platinum and iridium by trensmission of infrared
rays through séveral very thin films in series, The films
vere prepared in ultra high vacuum and considered to te
atomica.ly clean, Differences between the spectira of carbon
monoxide on clean and contaminated surfaces viere attributed
to the unusual stricture of the clean fi.i.s, which were
unsintered,

In‘rare8 spectrometry is proving to e a very useful tool
in obtaining detailed information as to the noture of chem-
isorbed s. eciles. Tt must be remembered, however, that the
suecies which this technigue, and the other exnerimental
methoGs too, identifles may not be one of imnortance in a
cavalytic nrocess, The species may be present in lcrge
anount tut be unrcactive, whereas an important reactive
catalytic intermcdiate may be oresent in too small an amount

to ve detected.
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Scetion 1.16 The Application of Tracer Molecules to.Studies
of Adsorption and Catalysis, .
(i) Radioactive isotopes,

Bmett and his co-workers?2r93154s55 haye epplied the
rediochemical technique to their investigations of the
mechanism of the Fischer-Tropsch synthesis of hydrocarbons
Trom hydrogen and carbon monoxide, Tron or cobalt catalysts
are used at 200 to 300°C Yo produce hydrocarbons ranging

from Cp toC A mechaniem which apnrecred plausible in-

40°
volved a metallic carbide as an intermediete;
2Fe + 20— Fe,C + CO,

and

2F620 + 2H2-——-) C2H4+ Fe

Tnls mechanism was examined52 by forming F0214C on the surface
of an iron catalyst by exposing it to radioactive carbon
monoxide, The labelled iron catalyct was tuen exnosed to a
mixture of inaciive carbon monoxide and hydrogen, Bimett
found that only about 10 of the radioactivity had been
transferved from the surface to the gas phase, This showed
that a carbide mechanism was not the principal path, Another
vossible pathway was through the formation of carbon-hydrosen-
oryfen couplexes on the catalyst, These compleres could act
&5 nuclei for the construction of higher hydrocarbons by the
addition of further molecules of carbon monoxide. Further

invostiﬁations55’54 with 140 led to the conclusion that



primary and secondary alcohols were involved as principal
intermediates over PFischer-Trovnsch catalysts. By labelling
different carbon atoms of the alcohol it wgs shown that the
srowth of chains occured at the carbon atom to which the
hydroxyl group was attached,

Another possible intermediate which has been examined is
kectene, CH2= C=0. When ketene was labelled in the methylene
position and added to the syntheslis gas it was observed that
on cobalt or iron catalysts CH2 grouns from ketene did not
uild extensively into the higher hydrocartons, Tt was
deduced tnat ketene acts as an initiatdr‘in a similar manner
to alcohols as the radiocactivity per molecule of the synthesis
products was independent of the number of carbon atoms per
méleoule.

56,57 provides an example

The work of Caupbell and Thomson
of the aprlication of radioactive isotopes to the question
of catalyst poisoning., Mercury voisons the activity of a
niclkel 6atalyst surface and, once deposited, the atoms o:
nercury arc virtueily impossible to remove, Campbell and
- Thomson, by using triticted hydrogen cnd the mercury isotope
203Hg, found that mercury readily displaced hydrogen from
nickel surfaces at 20°C but that totel displacement was not
obscrved even after multilayer mercury adsorption, with

1ilms covered to extents less thon 505 of thelr adsorntive

cepacity, hydrogen corvesponding to 7¢ of that capacliy



-0 -

could not be displaced, For fully co#ered films, 16,5%

was retained. Cyclopropane and propylene were adsorbed on

i1 films and the catalysts exposed to mercury vapour, The
ability of mercury to displace cyclopropane as well es hydrogen,
tut not propylene, corresponded to the ability of mercury to
poison the hydrogenation of cyclopropane btut not that of
propylene.

.11) Use of stable isotopes.

Tn 1933 deuterium became available for catalytic studies,
Early investigatons followed hydrogen exchange reactions by
neasuring the dilution of deuterium by hydrogen by means of
thernal conductivity, Farkas and Farkas’® and FarkasS?
gtudied the exchanse of hydrocarbons with deuterium on pt
catalysts in this way, Three major points were established
Uy this early work (i) the exchange of hydrocartons with
deuteriunm occurs more readily than the cracking of hydro-
carbons despite the fact that C-H bonds are stronger than
C~C Londs (ii) a dissociative mechanism is probably involved
(iii) the ease of exchange depends on the hydrocarbon end the‘
order of reactivity is roughly

v ~7
N X2 cH =CH >DCH>CHEDCH
6712 614 410 3 8 26 4

The advent of the mass spectrometer as an analytical

cyelo - C

tool has enabled the incorporation of deuterium into hydro-

carbons to te observed and a wealth of detail about the



nature of recactions taking jplace on the catalysts has been
obtained, One of the first reactions studiea®® vy this

technique was the exchange between CH4 and CD, on a silica-

alumina carelyst, In 1650, Turkevitch et aif6l examined

the cxchange and deuteration of ethylene on a nickel wire

and found that the ethane which was produced initially con-
tained a substantial amount of 02H6. Sinqe then much work
has been done in this field, especially by~£ond,62 Burwell,63
Kemball64'and their co-workers,

Some studies have been made of the exchange reactions
betwcen deuterated and non deuterated olefins in the absence
of hydrogen or deuterium, In early experimentis, no exchange
wes found between ethylene and efhylene-— %_over a nickel
wire at 76° in times much longer than those required to'
effect hydrogenation.65 The failure in this system was at
least partly due to the small surface area used, for exchange
between ethylene - D4 and propylene and tutenes®® has been
detected using nickel powder at 45°, Exchange between .
ethylene and deuterated 1 - butene and 2 - butene has also
been found using Raney nickel and palladium charcoal catalysts
at 1100, °7 Ethylene has been found to exchange with ethylene

- 34 over nickel wire and nickel-kiesslguhr at room temper-

ature.68
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The application of tracer techniques has been accepted
as a well ectablished and elegant method of approach to the
problems involved in the study of adsorption and catelysis,

Tn the present study the radioactive hydrogen isotone,
tritium, has been used to study the reactivity of hydrogen
rctained on a variety of nickel catalystis afler reduction,

Tn particular, its behaviour in hydrogen and ethylene exchange
a2cs been observed, Different typés of nickel catalyst have |
been used Lo investigate the effect of the catalyst form and
conposition on the reactivity of the me%al.

The state and reactivity of the surface species after
cthiylene adsorption has been studied by allowing the nickel
catalysts to adsorb labelled ethylene and then determining the

crxchange with gos nhasc ethylene. Ly-using 14C?H4 and C2D4
the reactivity of both the hydrogen and carbon of the ethylene
molecule in the exchange reaction has been studied separately

to give an insight into the exchange nieckanism,
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CiiAPTER 2, THE _ EXPERIMENTAT, SY STEM

The apparatus consisted of a gas flow system which
contained thé catalyst reactor and into which injections of
sample gases could be made, A chnromatography system separ-
ated and detect?d the reaction products and was linked to a
gas proportionsl counter which gnalysed the radiogctive
sanoles in the tracer experiments. The design of the flow
syctem was based on the design of a microcatalytic reactor

ceveloped by Kokes, Tobin and Eﬁmettég

Section 2,1 The Catalytic Reactor,

The vessel (sce Fig, 7) was made of 'Pyrex! zlass with
corner-t*ryrex! seals at each end, The metal of the seals
had been turned down to 4" to accommnodate fSwagelok! couplings
which united the reaction vessel to the rest of the metal
systean, A sngll piece of nylon tubing was inserted letween
the hydrogen inlet and the switch valve (SV1) to minimise
tne stress at the glass to metal secls when the couplings
vwere tightened, A pipette shaped vessel hcd been chosen to
Izecp the dead spzce 1o a minimum while allowing lhe required
cuzntities of cgtaly:st to be used without the catalyst bted
being deep enough to act as a chromato;raphic column., The
cately -t was suprorted by small glass beads resting on a plug
ol siliece wool, The wool hud to be packéd in such a way

that particles of catalyst were not carried through it,
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v

vhile at the same time allowing an unrestricted flow of the
nelium carrier gas, Injection ports 171 and 1P2, for
reaction and calibration injections respectively, were sit-
ucted above and below the catalyst bulb, Their diameter

wes such that a tight seal was obtained with 1" serum caps

( SULASEAL, ESCO RUELER CO,) which had b§th internal and exter-
1:tl secling edges,

The temperature of the catalyst was varied by a cylind-
rical eleétric furnace surrounding the catalyst vessel. The
current to the furnace was controllied by a 'Variac! variable
transformer and the temperature of the catalyst was recorded
by a 'Comark' electironic thermometer (Tyve 1602). The
thermocouple lead (chromel /alumel) was inserted into the well
in the rezctor and bound with asbestos siring. A heat shield,
in the form of an aluminium plate, covered the top of the
furnace znd deflected the rising a0t air from the subaseul

cap in 1P1,

Section 2,2 The Catalyest Section,

The construction of the catalyst section is showm in
Fig. &, The flow of the carvier gas, helium, was reguleted
Ly « needle velve (EDWARDS HIGH VACUUM T.TD,) and measured by
a 'Totamelert gas flowmeter which had been calibrated against
o soap btubble flovmeter at the outlct of the system. From

the 'Rotamcter' the helium passed tnrough the reference side
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of the ithermal conductivity cell associated with the éhro-
netographic system (section 2,5), The rotary switch valve
(SV1) led the gas either directly back through the chro-
matograph and counter via line (a), the by-pass circuit, or
tirough a Nupro fine control valve over the catalyst section
() and througﬁ a. second swltch valve (SV2), The hydrogen
used for the in situ reduction of the catalysts entered the
section through a T-piece after SV1 and passed out to the
atmosphere through SV2. A second bubble flowmeter was
attached to this outlet to measure the rate of nydrogen flow
during reduction, Tn the meantime the carrier gas could

flow through the rest of the system via the by-pass circuit.

rection 2,3 The Vacuum System.

A vecuvum arnjaratus (Pige 9) was used to store and prepare

‘lie gases for the reaction studies, The pumping system
consisted of a mercury diffusion pump backed by & rotary oil
pump and included the appropriate traps, Targe amounts of
gas could be renoved from the system via a by-pass without
Interfering with the operation of the diffusion pumn, Tvio
connections were made from the main (25 mm) line to a secon-
dary manifold (12 mm) which was divided by 2 mm traps and
conneccted to six as storage reservoirsg and thrce sample
Veggels fitted with injection porfs and scrum caps. An

outlet 1o atmosphere was used to fill ihe reservoirs with



the required gases and thelr pressures, relative to afmospheric
rressure, were read on two open ended manometers, All‘taps
and joints were lubricated with !'Apiezon N' vacuum grease,

& M eod gauge was fitted to the systiem to measure the
nressure in tﬁe evacuated system and the residual pressure
over condensed hydrocarbons, The volume of the gauge bulb
and capillary (158.9ce) was calculated from the amount of
mercury required to fill the gauge to thal point. When the

nercury in the open capililary was level with the tor of the

~r

- . ) . CL < K

cioged limb, the pressure was given by Cem where a (the
: ) 158.9 _

¢ross sectional area of the precision bore capillary) =

(3.142Y(0.075)%cm® = 0,01767cm? end h, is the difference in
mercury levels in cm, The pressure in tithe system at any

time was thus given by 1.11 x 1074 x hgcm.

Section 2,4 ~ Tue Gas Syringes,

Gas tight syringes (HAMTTTON COMPANY) were used to trans-
Ter samples from the vacuum suorage system to the flow systen,
When Chaney adaétors are fitted to the syringes a renroduci-
bility of the injectlion size of 0,01 is claimed, Syringes
of l.Omi, 2,5ml ond lowl cupacity were used in the present
studies, 10018 flow' of the teflon tlivn cccured after pro-
tonged use resulting in a loss of their gas-tighiness. This
, Wl remedied by suspending the ving of the plungers over

W iling woter for one hour,
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Scection 2,5  The Chromatograph,

For ail the hydrocérbéh analyses, a 4' long, %" o.,d,
copuer column f£illed with 40/60 silica gel was used.,  The
furncce for the column was constructed from al4" length of

-

'Pyrex' wbing of diameter 3¢, 30 yards of nicirome tane
(11.3ohms/yard) were wound onto the tube and enclosed in
asbestos vaper, The tube was housed in an asbestos pipe
using‘vexmiculité vacking as a thermal insulator, The
W-chaned coirver column, was packed into the heating tube
vivii steel wool to improve thermal conductivity. A ther-
ometer in the steel wool recorded the teaperuture which was
regulated by a 'Variac' variable transformer, A previous
worker/ O had found that a column temperature of 80°C and a
flow rate of 60ml min":L for the helium carrier gas provided
Tiue best operating condivions for the separation of methane,
cthane and ethylene, However as the column was run for long
neriods at 80°C, accummulation of water in the silica gel
reduced the resolving power. Baking the column out at 160°C
in a slow flow of holium overnight reslored the activity of
the silice, The components of the react on cluant scparcted
Ly the chromuatopraphy column were detected by a thermal con-
ductivity bridge (GOW MAC INSTRUMENT CO.) containing four
Ehon:um Tungsten filements arranged in the form of a Wheatstone

bridge (see Fig. 10). Helium carrier gas was passed ’
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through two of ilhe bridge filaments (R1 end RZ) before
entering the catalyst vessel section and through the other
neir of filaments (Sl and SQ) at the exit of the column,

When the column was being baked out the 'Swagelok! connections
to the detector unit were removed Lo avoid damage to the |
{iloments by desorbed wgter, The chromatograph was used

with a filament current of 200ma and the power supply to the
bridge was a 12 volt battery which was kept on constant .
charge when not in use, The bridge was coupled to a Honeywell
-0,25 to 2.5 mV recorder fitted with an electromechanical
concinuous integrator unit, It had been previouslf found Tt
that the integrator was not perfectly linear in responsev
turoughout the range of the récorder, deviations being
createst at outouts less than 20 full scale deflection,

As the output was contimious the integrator had to be recad

and zeroed after every veak, The greatest inaccuracies in
veck area determinatioh by the integrator were obtained with
very smell quantitics of reaction product, At the start of
cach experiment, calibration injections of the volume of gases
to be ﬁsed were made to test the sensitivity and reproduci-
bility of the exverimental conditions. Day to day fluctuat-
‘ons in retention times and integrator readings for calivrat-
ion doses were observed and if an exveriment was particﬁlarly

long the cazlivration procedure was repeated at frequent



A

Fie |

0.

A.,:).V JwWwnyon d3.1037N)

INVHLIW X
BELE) L TR IR

"3INYHLY O

50 so Yo £0 O _
(o]
or
o¢
oY
‘AN P OD
oS
VOLUYDIANYL
09
oL
\/



- 50 -

intervals, To relate the arecs of reaction eluant peaks
with hydrocarbon volumes, integrator readings were taken for
different volumes of methane, ethane and ethylene, When
plotted, these {ave a good linear relationship (see Fig. 11).
Tnece data were used to obtain the relative sensitivity of
thie deteotor system to the different hydrocarbons. From
the gradients of the graphs sensitivity factors were obtained
for methane and ethane relative to ethylene, When these
factors were.multiplied by the integrator counts for methgne
end ethane in reactor eluant, product quantities could be
calculate@ in ml,

The aVefage retention times and sensitivity factors
for vhe hydrocarbons on the silica solumn are shown in Table 1.
The difference in retention times for injections made above
and below the c;talyst may be attributed to a slight 'chro-
natographic effect' by the catalyst. This was most noticc-

able at a catalyst temperature of 23°C,
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Section 2.6 Materials,

(1) Various nickel catalyst preparations were used in
the investigations,
(a) The metal was supvorted on 'Aerosil! silica and R
«lumina (both from DEGUSSA I.TD,) at concentrations of 0.1 and
5. by the impregnation of Ancler nickel nitrate hexahydrate,on%o a
aqueous slurry of ihe support meterial, The catalysts were
firal dried at 110°C overnight, calcined at 450°C for 3
hours and then reduced in situ, usually overnight at a temper-
ature of 400°C and a hydrogen flow rate of 30ml1 min‘l. For
support studies samples of alumina and silica were treated in
the same way,
(p) Nickel powder was prepared in situ by the thermal deccn-
position of nickel formate with continual removal of the
vroducts formed by means of a strezm of opure hydrogen. A
previous worker/? hed found that the nickel fomate suppnlied
by the LRTTTSH DRUG HOUSES COMPANY was contamineted with NH
scltis, To avoid the possibility of reaction poisoning the
formate was yproduced from Anslar reagents as described by
Csuros, Geizy and Sza’bo?3
(¢) A nickel phoenhorus a.loy catulyst was nrepared as des—
cribed by Morikawa.74 Nickel hydrovide dispersed in water
Was reduced with a sodium hypophosphite solution and heated

to 90-100°C, A black precipitate was formed and hydrogen
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was evolved., The powdery precipitate was washed with water
at firsy, then with alcohol and finally with ether, and
allowed to dry in air at room tempersgture.

Surlface area determination of the supported metal catalysts
by nitrogen absorption were made by JCINSON, MATTHEY AND
COMPANY, TTD, These resulis and the surface area figures

supolied by DEGUSEA ILTD, for the supporis are shown in Table 2,

TAETLE 2,

SAVFT.E NITROGEN SURFACE AREA
' (m?g—1)
A1203 100
o
0.1% Ni on A1203 . 124
% Ni on Al 6
5 203 9
510, 380 ¥ 40
0.1% Ni on sio, 453
5¢ Ni on 8102 ' 462

(ii) fThe carrier gas, helium, was obtained from AIR
PRODUCTS TTD; a purity of 99,995¢% was claimed, The gas
was passed through a 5A molecular sieve maintained at -195°¢
1o remove any trace of water vapour that might upset the
operation of the proportional counter, As chromatographic
detection in the system depended on the difference in thermal
conductivities of the gases used a comparison of the con-

ductivity values relative to the flow gas, helium, had to be
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nade, It can be seen from Table 3 that because of the
similarity in values for helium and hydrégen accurate quan-
titave measurements of hydrogen volumes were not possible,

Good response was obtained for methane, ethane and ethylene,

T.ABI‘E 3.

GAS THERMAT, CONDUCTIVITY
cal/(sec)(cem2)(°C/em) x 10-6
Helium 30,03
Hydrogen ' 44,63
Methene 5.18
Ethane 5.12
Ethylene‘ 4,92
Nitrogen 6,24

(iii) Hydrogen was obtained from the BRITISH OVYGEN
COMPANY, ITD., and before use was paséed through an Engelhard
Deoxo Hydrogen Turifier and a 5A molecular sieve maintained
at -105°,

(iv) The methane used to form a counting mixture with
helium was obtained from ATR PRODUCTS T.TD, and was the CP
grade, The gas flow was regulated with a necdle valve
(EDWARDS IITGH VACUUK T.TD,) and before entering the counter
bassed through a slow flow tubble meter containing concen-

trated sulphuric acid; this removed any water vapour present
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in the gas, The meter was calibrated against the bubble
flowmeter at the outlet of the system and a good linear
relationship between the number of bubbles and the flow rate
"was obtained, Calibration was thus in terms of gas at
atmospheric prescure,

(v) Ethylene and ethane were obtained from the BRITISH ’
OXYGEN COMPANY I.TD,, and were purified by condensing and
degassing until no impurity was recorded on the chrpmatograph
when a gas sample was injected into the flow system,

| (vi) Lo ethylene was supplied by the RADIOCHEMiCAL
CENTRE, AMERSHAH, The ampovles contained 0,5mCi of ethylene
of specific activity 47.9mCi/mM and were attached to the gas |
inlet on the vacuum systen, After evacuation the seal‘was
broken and the radioactive gas diluted to ﬁhe required activity
by the transfer of inactive ethylene from a storage bulb,

(vii) The tritium was also obtained from the RADTOCHEMICAL
CENTRE, A one curie sample, O,4cc at S.T,P., and of 98%
isotopic.abundance was diluted to one litre with purified
aydrogen, The activity was further diminished by diluting
sanples at lcm pressure in a 3 litre bulb to atmospherio
rressure, As calibration injections werc incorporated in
each series of reaciion injections, no attempt was made to
Teproduce exactly dilutions of labelled hydrogen or hydro-

carbon from one iun to the next,
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(viii) Ethylene-D4 vas obtained from MERCK, SHARP

and DOHME T.TD., Montreal, Canada who claimed an isotopic
puri'ty of 9 00
(ix) The carbon monoxide used was grade X from the

LPITISH OXYGEN COMPANY LTD,

Section 2.7 The Proportional Counter,

Thie proportional counter takes its name from the pro-
vortionaliity between the outvut pulse and the initial ionis-
ation, The absolute pulse size produced in the proportional
region is snaller than in the Geiger plateau region and in
contrast to pulses from G,M, tubes reqﬁire several stages of
valve amplification, Stable and reproducible mcasurements
and short dead times after each nulce are characteristic of
vroportional counters, The design of the counter and the
voltage aprlied are such that a very high voltage gradient
exists in the vicinity of the positive electrode, Under:
this voltage gradient the liberated electroné undergo a high
&cceleration, and are capable of producing further ionisation
by collision with gas molecules, Under suitable conditions_
fas multinlications of 1,000 or more are possible, the total
ion!sztion (and lience pulse size) being proportional to ihe
initial ifonisction, |

In order to obtain the hign eleciric fields required to.
vroduce gas arnlification, the proportional counter usually
takes the form of a metal eylinder, huving a fine wire,

insulated at itis ends, stretched clong its length,
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As the samples are completely enclosed within the count-
ing chamber, the counter is very sensitive to slightly
redioactive samples,

Carbon -14 and tritium (a very weakJB emitter, B max
0,018 MeV) were uvsed in the present work, The counter design
(fig. 12) follows that of Schmidt-Eleck and Rowlend]® modified
%0 accommodate difierent connectors for the gas inlet and
high voltage supvly,. A schematic diagram of the electronic
instrumeniation associated with the counter is showvm in Fig., 13
Tne reproducibility of proportional counter measurements is
dependent on a stable high voltage suprly and this was supnlied
by a Dynatron (type N103) unit, the output from which was
variable from 300 to 3300 volts, The amplification was
through a Dynatron (type 50D) pulse amplifier, consisting of
high gain presanmplifier comnected to the counter and a main
amplifier in which the gain could te aitered in 2 db steps
in the range 0 - 404D, The output from the amplifier was
fed to en FKCO High speed scalar (type 53%0D), with a dead
tine of 5 jisee, and to an EKCO N522C rotemeter shich inte-
{reted erriving pulces into a direct current and recorded this
on u microzmmeter calibrated directly in iulses jer second,

L 'Servoscribve! potentiomelric recovder wiee coupled to the
wlareter wid displeyed the observoiions of the counter as
neaks, This comlinuous record ucted as an aid in determin-

Mg when Yo start wid gtop the venlar counts,
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Section 2,8 Operation of the Counter,

It haé.been found’d that the best counting conditions,
in terms of plateau length and slope, were achieved with a
helium to methane ratio of 11l:1. As a helium flow rate of
60m1//minute'had to be maintained for chromatographic separ-
ations the methane flow was fixed at 6ml//ﬁinute. The gascs
were blended at e T-piece junction of the gas lines (" 0,D,
copper tubing) at the entrance to the counter, The amplifier
was set at maximum zttenuation of 40 db., i,e, minimum gain,
The pulse shaping controls of differentiction and integration
vere set at 6,4 and 0.1 /u,sec respectively. With these
seitings and using a ¢sl37 externcl source the variciion of
count rate against applied voltage was investigated for a
helium to methane ratio of 11:1, The nlateau is shown in
Fig, 14, With this counting mixture a plateau of negligible
slope and length greater than 300 volts was regularly achieved,

The scalar and ratemeter were both fitted with variable
discriminators which when set to a given vglue would ailow
Pulses of amplitude greater than the sct value to vass,
Aller the plctcau had been determined the effect of varying
the discriminator bias potential was found for both the rate-
iieter and {he scalar using the cst 37 gource, With the
thplied voltage set at thne centre of the ;lateau the counting
ule was measured against the bias potential (Fig. 15), It
%8 found that for both the scalar qnd’the ratemeter the
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nlateau had negligible slope and extended over 15mV, The
bias potentials were set at 15mV, The counter was shielded
- with lead bricks and a background of l1-2c,p.s. was normally

achieved with this arrangement,

Section 2,9  TInitial Counting Experiments,

| Before beginning the injection of labelled compounds it
wes necessary to investigate the effect on the efficiency of
the counter of the vassage of gas quantities expected'in the
course of an experiment, Since 0,5ml of ethylene and 1,0ml
of hydrogen were almost always used, these quantitics were.
injected into the flow stream with the external source in
rosition, With the applied votential set at the mid-plateau
value a siight lowering in the count rate was observed for
-etiiylene but there was no reduction in the count rate as the
hydrogen pasSed through the counter, Different volumes of the.
radicactive gases were injected into the flow system and the
total counts recorded on the scalar, The results for ethy-
lene and tritium are shown in Fig., 16 and Fig, 17. Satis-—
factory quantitative calibrations were obtained for the amouﬁts
uced in the catalytic experiments. en 2ml of tritium

were injeoted, however, two pecks were observed on the rate-
meter troce and (ke total count was less than that expected

from a linear relztionship between amount injected and the
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count recorded, The question of péak twinning is discussed

in detail in the next section,

Section 2,10 tperimental Procedure,

The recaction vessel was removed foim the flow system at
the 'Swagelok' connections, cleaned with a 'Pyroneg! solution,
rinsed in distilled water and thoroughly dried., A plug of
silica wool was inserted into the bulb of the vessel. Some
¢lasg beads and 0,508 of the catalyst were placed on top of
the plug and compacted by tavping the vessel, The furnace
was slipped over the vessel and the thermocouple inserted
into the well end bound in position with asbestos string,

New serum caps were put into the injection ports, the section
-reascembled into the flow system and the heat shleld arranged
above the tép of the furnace,

The hydrogen l1ine was connected 1o the cotalyst side of
the switeh vulves and hydrogen was passed over the catalyst
at 30ml min’l. A gas buvbler was connected to the exhauvst
from SV2 &nd the flow rate was Tregulated by the fine control
Velve in the section. After hydrogen hed been allowed to
flow for fifteen minutes to displace air Irom the system the
Leuperature of the catalyst was reised to 400°C, At this
Vemperature the reduction was carried out overnight,

Towards the end of the'reduction reriod the flow rates

Qf helium ang methane were set at 60ml min‘l and 6ml min‘l
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respectively, With ithe helium flowing round the by-pass
circuit, tiie bvattery was connected to the conductivity bridge
and the brid;e current set at 200 na, The temperature of the
chromngtographic column was adjusted to SOOC.

The counter plateau and stability were checked using'thg
st source and a background determination was made,

Trie serum caps on e samovle vessels of the vacuum
apparatus were ?enewed and the system evacuated, Gases
were admitted to the sampling vessels form the storage vessels
and condensed or contracted to a vnressure of 1,2 atmospheres,
A suver-atmospheric pressure was required to ensure thét
during the gas transfer from the sample vessel to the flow
sycstem no air entered the syringe. Before making injections
the syringe was flushed twice with the a.propriate gas,

(1) The cl4. ethylene Eperiments,

At the end of ihe reduction period the flow of hydrogen
was stopred und the switch valve (8V1) turned to direct the
e flow over the cutalyst. To rcmove the bulk of the gas
thase hydrogen from +the system the helium and hydrogen were
allowed to exit through the exhaust for o few seconds, Sva
Was then turned to divert the helium flow into the chromato-
Craph, As the flow of gas returned and the hydrogen content
in the helium dropwed the chromatographic recorder ven returned
Yo the baseline, A steady baseline was always achieved

"thin one minute of this operation,  As the catalyst was
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cooling to ihe required temperature calibralion injections

of 0.5m1 were mode inﬁo 1P2, the calibration port, Usuelly
taree injections were sufiicient to illustrate the repr&duc—
C1bility of the injection technique and the detection system,
Tn the case of an injcction of radioactive material counter
-calibraiions ‘could also be made, Succes:ive injections

were then mcde over the catalyst at a variety of temperatures,

and czlibration injections were repeated periodically below

[ 2PN

the ceatalyst,

(i1) The Ethylene - Dy Experiments,

The activity of ethyléne hydrogen towards ethylene
exchange was examined by using fully deuterated ethylene as
the labelled molecule, A procedure similar to that used in
the 140 -~ cthylene cxchange experiments was followed, once
‘&Eain, injeotions of the labelled ethylene (O.5ml<xf02D4)
vere made over the catalyst first,

A moss speclrometric analysis was made of the products
obtained from a subsequent injection of 02H4. To enable
Separate collection of the reaction products as they emerged
from +the chromavographic column, the gas vproportiondl oounter
¥as replaced by a series of U-tubes into which the product
Components were condensed, |

(i1i) The Tritium Experiments, .

The activity of the catalyst hydrogen, retained after
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the reduction process, towards hydrogen and ethylene was
investigated with the aid of tritium as a tracer, Initially
a static method of exchange was employed to label the surface
hydrogeﬁ with tritium, At the end of the reduction period,

1-and

the hydrogen flow rate was reduced to about 5ml min~
ol of tritium weere injected over the catalyst. The hydrogen
flow was immediately stopped and the catalyst allowed to
e:zchange with the tritium for 30 ninutes at the reduction
tenerature, At the end of this period the helium flow was
directed over the catelyst and the entire gascous content of -
the reaction vescel section we.s blown through the counter,

Two peaks appeared on the ratemeter irace and the total count
was recorded, For all the nickel catlalysts investigated,
vackground counting was achieved within a few minutes of the
appearance of the second peeak, Tt has been shown that in
the case of palladium,7l tritium continued to desorb from the
catalyst for periods of up to 11 hours, '

To determine the amount of tritium retained by the
catalyst after the exchange rrocedure, it was.necessary to
obttain a calibraiion count for 6mls of toritium, Two peaks
Were obtained from the calibration injection in 1P2 and the
total count was recorded, The calibration count and tﬁe
°at31YSt»eluant count were in the ratio of T:1 (Fig. 18),.
Lefore moking the assumption that the differenoe in count was

entirely due to retention by the catalyst the possibility of
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tritium adsorption on the inner surfaces of the reaction

vessel was investisated in the {following way,. A plug of
silica wool and some glass beads were placed in the reaction
vessel, without the catalyst, crd the reduction procedure
carried out in the normal wey. After the hydrogen flow had
been stopped the helium was directed through the catalyst
vessel displacing the hydrogen contained in that section
through the column and counter, As the hydrogen passed
through the counter a trace of activity, in the form of a small
veak afier one minule and a second similar peal: after a further
ninute, ayv..eared on the ratemeter chart, The switch valves
were turned to their former positions so that helium was once
agedn floving around the by-pass circuit and hydrogen was
passing through the reaction vessel which was maintained at
400°cC, After 30 winutes when all the helium had becn dis-
placed from the reaction vessel section, the hydrogen fiow

rate was reduced znd 6ml of tritium were injected into 1P1

over the glass beads and silica plug, The hydrogen flow

was inmediately stoyped and the section isolated and left

for 30 minutes. The helium flow was then directed into the
scelion and the hydrogen and tritium blown through the counter,
Two yoaks were again observed; one aiter one minute and a
lﬁrger pealk after two minutes, The peaks were very similar

L0 tuose obtained Trom the eluant when a cotalyst was present

(Figo 18) .
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The switch valves were turned to their former positions
cilowing hydrogen o blow through ithe reaction vessel and
helium to fliow around'the by-pass, After the helium had
~ Leen displaced from the reaction vessel section, the section
wag isolated and the temperature raised to 430°C, After
%0 minutes the gas in the section was carried through the
counter by the helium stream, Once again, two very small
peaks were recorded on the ratemeter chart and as there was
no significant difference between these peaks and those
obtained irom the previous hydrogen displacement it was con-
cluded that the large difference bLetween the reaction-eluant
counts after the static exchange gnd the calibration count
could not be attributed to a reversible adsorption of tritium
on the interior of the reaction vecsel section,

Yhen a static method of ekchange was uced to determine
" the amount af‘tritium adsorbed onto the catalyst at the end
of the reduction period the assumution hed been made that the
ga8 proportional counter would view the tritium displaced
from the reaction vessecl section after the exchange in the
Seme way as a calibration injection, Tn ihe former case tne
t?itium injected for exchange purposes wis considerably
diluted with ihe hydrogen remeining in the se¢tion after
reduction whereas a calibration count o; the tritium was a

- direct injection into the helium flovr. From the result of
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the experiment in which the catalyst was not used it was
evident that the assumption was invelid and that the large
difference between reaction and calidbration counts was a
function of the system,

In an attempt to explain the svlitting of the tritium
peaks, injections were made into the flow system at different
rates, Helium gas was passed over the silica plug and glass
beads, maintained at 400°C, and 6ml of tritium were injected |

quickly invo 171, The injection time was 10 seconds, As
.the tritium passed through the counter,a split peak was
recorded on the rotemeter trace (Fig, 19). 6ml of tritium
were then injected into the helium stream over a 2 minute
period and a single, but wider, peak was obtained on the
recorder (Fig 19), From this result it became appérent that.
the dilution‘of the tritium in the carrier gas stream wes ﬁery
significant, The speed at which the radiocactive material
passed through the counter was lhe same for both injections

as tue flow rwie was the same, However, in the case of the
slow injection o much longer 'slug' of actlive gas was present
in the helium flow, Thus for lerge injections, the time
taken to inject the tritium into the helium was proportional
to the total count.

A'further experiment was carried out to determine the
¢fieet on the counter of adding hydrogen to a samplc of known
Setivity,  1ml of tritium was injected from a 10ml syringe

into - . )
o e beltum tlremm ond o ainple ponk wan reocorded Ly the
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counter (see.Fig. 20). A éecond 1ml sample‘of the same
{ritium was withdrawn and a further Sml of hydrogen withdrawm
into the same syringe. The mixture was injected into the
helium flow and two peaks were recorded (Fig, 20). The

count was much smallef for the 6ml samule although the over-
all width of the recordings for lLoth injections was the same,
Taizs led to the conclusion thatl the addition of hydrogen had
significantly changed the counting characteristics of the
counter and_that the two peaks observed corresponded to the
beginning and the end of the aciive slug. Vhen the bulk of
the hydrogen tritium passed through the counter the counting
mixture was disturbed to such an extent that counting stopped
completely, Tf, as had been shown, the injection was made
slowly enough; sufficient dilution of the hydrogen}tritium

was mede to provide a good counting response, Alternaéively,
a rapid injeétion reduced the efficiency of the counter and
produced a split peak of much smeller total count.

An estimete of the volume of hydrogen neccssary to disturd.
the counting conditions within the counter was made in the
following way, The Csl37'was placed next to the counter and
the ploteau determined in the usual way, vith the voltage
set mid-way clong the plateau injections of hydrogen were
iade into the helium flow. Tt was found thel as little as
3l of hydrogen were suflicient to rcduce the count rate to

Zero for a few seconds, although as stoted earlier an injection
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of 1ml did not reduce the plateau count rate (200 c.p.s.)
at all,

Further Zml injections were made with ethane, ethylene,
oxygen and nitrogen and in ezch case ihe guantity proved
sufficient to stop the counter functioning for a short period,

An gttempt was mezde to eliminate the splitting of the
hydrogen/tritium peaks by inserting a mixing chamber into the
helium flow line, The chamber hod a volume of 250ml end was
located at the junction with the methane flow line, The
result of displacing 6ml of tritium in hydrogen from the empty
reaction vessel is shown in Fig, 21. M though dilution of
the hydrogen/tritium in the helium was indicated by a much
longer time for background to be reached the overall effect
on the counter was the same,

A second method of examining the exchange of the hydrogen
asgsociated with the catalyst after reduction was adopted,
Alter the helium flow had been directed over the catalyst and
48 soon as the.countur had been calibrated, 1lml injections
of tritiwm were made over the cutalyst and the eluant counts
Tecorded, Calibration inj*ec‘cibns were made into 1P2 =zt
frequent intorvuls, A sample size of 1ul di1d not signifi-
cantly upset the counting condn’ltions end splitting of the
ratemeter peak did not occur for amy of the injections,

The recetivity of tritium, retained by the catalysts

“ring static and flow exchange procedures, towards ethylene,



wes analysed over a renge of temperatures,

Section 2,11 Presentation of Results,

The nature and quantity of reaction products were
determined from their chromatographiec refention times and
from the integrator count. In the case of hydrocarbon
injections ihe integrator count was related to the calibration
value for ethylene and in the eluted gases corrections were
mede to the counts recorded for methane and ethane to account
for the difference in detector sensitivity, In this way the
volumes of the eluted gases were converted into millilitres,
in estiﬁate of lhe volume retained by the catalyst was made
by subtracting the total volume eluted from the smount
-injected,

At the higher injection tenperatures ethylene was
cracked by the catalysts and metnane appeared as a reaction
broduct, As two molecules of methane mey be derived from
one molecule of ethiylene, the voiume of methane eluted was

lalved before subtraction from the injected volume,

In the tables of results the radioactive content of the
aydrocarbons wes cxpressed as counts per millilitre (cpml),
This activity was obtained by dividing the total integrated
courts from the proportional counter by the volume of hydro-

carbon as deteimined by the gas chromatograph,
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CHAPTER 3 THE RESUITS

Section 3,1 The Exchange of Hydrogen Retained by the

Catalyst with Tritium,

(1) Static exchange reactions on 504Ni/A1,0, and S5%Ni/Sio

5

The nickel catalysts were treated with tritium as des-
cribed nreviously, [See section 2,10 (iiij . From the
‘difference between the count obtained for tritium displaced
when a catalyst was present within the catclyst vessel and
“the calibration count obtained when there was no catalyst
rresent, the volume retained by the catalyst could be deter-
mined, At the reduction temperature of 400°C, 1.0 x 1019
molecules of tritium were retained per grem of 5% Ni/Algo3
cgtelyst, 0.6 x 1019 molecules werc retained by lg of the
5% Ni1/8i0, catalyst.

(i1) TFow-exchange reactions on various catalysts and
Supports,

Flow-exchange reactions were studied using A1203, Si02,
0,140 Ni /Al 0 and 0.1 N1/510,, 5% Ni/A1,0; end 5¢ Ni/$10,,
I powder and Ni/P alloy. The experiﬁental technique used
in these experiments has been describved previously [See
seetion 2,10 (iiiﬂ . 0.5¢ of the catalyst, or a sample of
Support material, was reduced in hydrogen overnight at 400°¢

and injections of tritiated hydrogen oommenced as soon as

1ossible after the helium flow had been directed through the
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catalyst vessel, In the initial flow exchange experiments
the catalyst was maintained at the reduction temperature of
400°C throughout ihe series of injections, The quantity of
tritiated hydrogen which had exchangcd with surface hydrogen
and thus becen retained by the catalyst was obtained by sub-
tracting the reaction eiluant count from the calibration count,
Calibration injections were made gt frequent intervals during
tue course of an expveriment, to confirm stable verformance

of the counting syvatem, Injections of tritieted hydrogen
were usually continued until eluant count corresponded to the
calitration count, Tn lhe case of lengilhy experiments, |
however, the run was stopped when the eluant count hed risen
%o within 10% of the calibration vaiue.

Experimental results were plotted as the quantity (ml at.
20°C and 760mm)of labelled hydrogen in the reaction eluant
against the appropriate injection number, It was found that
a plot of the log (activity retained in the nth iniection / |
activity injected) against the injection number produced é
straight line, the grodient of which could be related to the
amount of exchengeable hydrogen on the eatalyst surface. The
derivaiion of this relationship is shown in AppendixT..

Fig, 22 1llustrates the rise in the activity of the eluant
hydrogen during a series of injections onto 0.5g scmples

of A1205,' 0.1Ni/41,0. and 5¢N1/A1,0_ at 400°C. A plot of

273 3



. Oz 61 81 M 91 & W &y T n
- YIDWNHN

NOLDINI

oy -
Som|'N %10 o
0719} 'N o5

W)

OAAD>Icr AIVAYISY

0
PNOIEDICNY Mo Ny OIINVeLIY ).:)..Vtw = 0




N

0O

6 8 ya 9

b 2L,

%(

WIGWNON NOVDI(N|

oS
S EVEARCIG
0N % S *

n]
d

T0

¢0

H.0

SO

90

L-0

g0

LNUNTI NI [6-O

(TN 1H




" (o]] 6

4\

UIAWON  NOLII NI

Zo'sI'N %10 ©
0'S|'N %S *

Fie 25

QIADICIHD ALINIIG

NOLUTCNI MIN N AINYDLIY ALtAIIDY

)=

80 -

L-O-

S-Q-

h.o-

T-0-

1-0 -




- 61 -

the log function against injection number for each case is
shom in Fig. 23. The amount of exchaﬁgeable hydrogen on
each sample was calculated from gradient measuremenis. '

Similar flow exchange experimenté were carried out with
510, and Ni supported on Sio2 (0.1% and 5%). The variations
in eluant activity are shown in Fig. 24. 8102 showed no
detectable exchange with the tritiated hydrogen, the first
eluant count being very close to the calibration value,
Exchange was observed, however, with the O.l%Ni/SiOz catalyst
and, to a greater extent, with the S%Ni/SiO2 catalyst. . The
exponential treatment was applied to the metal on silica
catalysts, The results are shown in Fig., 25,

Samples of Ni powder, prepared by the 'in situ' decom-
position end reduction of the formcte, and Ni/P alloy exchanged
t0 a lesser degree with labelled hydrogen at 400°C, Tue
Tesults of the flow exchaﬂge experiments are summarised in

Table 4,

TABLE 4.

The Volume (ml at 20°C znd 760nm) of Exchangeabl e
Hydrogen Determined by Flow Exchange at 400°C.

A1203 0.1 Nl/'A12o3 ahl/A1203
9.9 9.65 4,4
$10, 0.17:Ni/Sio2 S%Ni/Sio2
0.0 1.0 3.0

Ni powder Ni/P

0.45 0.39
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Tt was found that, in the case of alumina, the presence
of Ni reduced the amount of hydrogen capable of exchange at
400°C. The reverse effect was found in the case of silica
cetalysts and the exchange tended to be less on the silica
supported catalysts than on the alumina-supported ca%alysts.

(iii) The effect of flow rate on the exchange reaction,

1 2nd a methane flow

A helium flow rate of 60ml min~
rate of 6ml min—! were used in the above:* experiments, To
adetermine wliether or not comvlete eguilibrium was being .
attained in the exchange reaction the flow rates of helium

J and Zml win~t respect-

end methane vere retuced o 30ml nin”
ively. ﬁith these flow rates a counting mixture of the same
composition s Lefore was obtained, By reducing the flow
rate and meintaining the temperature at 400°C the effect of
& longer time of interaction of ihe labelied hydrogen siug
with ihe catelyst could be observed.‘ The vresence of more
exchange at the slower flow rate would imply incomplete‘
equilibrium at the higher flow rute.

The c:tulyst used was 0,5g of 5%Ni/A1?O and Fig, 26

shows 1he plot.of eluant gas activity agains: injection

mumber, while the sirailght line graph of <1lhe log function is
shovn in Pig, 27. The arneount of exchangeable nydrogen was
found to ve 4,9m1 and was comparable 1o that calculated from

tie results of the experiment al twice the flow rote (4,4ml),



(iv) The effect of temperature on the flow exchange
reaction, |

In a further series of flow exchange experiments the tem;
perature of the alumina catalysis was varied, The results
already presented for silica and alumina catalystis were obtained
at & temperature of 400°C, HowéVer, the exchange activity
of the hydrogen associated with each catalyst may vary indep-
endently with temverature. To investigate this, exchange
reactions ﬁere carriecd out with the alumina catalysis at the
following temperatures; 20°C, 150°C, 250°C and 400°C. The
caiaiyst was first reduced overnight at 400°C and injections
of labelled hydrogzen started at this temperature. The catalyst
was then reduced once again at 400°C for 2 hours and a further
series of injectionc of tritiated hydropen made at 400°C. Tn
this way ilLe reproducibility of the reduction procedure was
cianined,  After a further reduction of the catalyst at 400°C
o1 2 hours the tenperature was lowered to 250°C and the
eichange recaction receated at this tewncrature, ilhen at 150°¢,
@nd finally room teuperalure, Tetween each scries of in-
jechonslﬁho catalyst was reduced for 2 hours at 400°C in a
‘Areen of hydfogcn and throu_hout the exveriments frequent
Clitrelion injections were mede.

Ag an illugtration of the recoults, the data obtained

With the B59Ni/Al,0, catalyst are presented in Table 5.  As

O3
lmfore, the activity of the eluant hydrogen was plotted
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- TABTE - 5
o Ni/A1203 .
- 400°C, o
Injection No,  Eluent count Corrected Count HT(ul). Tog Punction
2 134T 6709 . 0,12 -0.056
3 14079 12641 0.23 -0.114
4 20073 16835 0.34 -0,180
5 25392 24154 0. 44 ~-0,.248
6 20929 28691 0.52 -0.316
7 53523 32285 0.58 -0. 7378
& 71521 362873 0.65 -0. 460
o 40146 38508 0.70 -0.524
10 42272 410%4 0.74 ~0.564
ii- 45093 473855 0.7¢ -0.678
12 47450 46212 - 0.83 -0.776
13 46142 46504 0.55 -0.50%
14 49885 48647 0.88 - =0,7086
16 52041 50803 0.02 -1.071
17 H2'738 51500 0.93 -1.,141

(atalyst reduced for 2 Lours

o at 400°C,

Inumtign No, Eluant count Corrected Count HT(ml} Tog Function
400~C,

1 8254 7222 0.130 -C.061
2 14166 ) 12928 0.2% -0.115
5 20483 10245 0. 35 -0.185
5 26189 26051 0.49 -0,289
6 51551 30613 0.55 -0. 748
7 4021 52795 U.59 =0, 256
O 29640 54650 0.62 -0 425
c A0 437 55100 0.71 -0, 506
10 42477 ' 41775 0.75 ~-0.005
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TABTE 5 CONTD, .

Catalyst reduced for 2 hours at 400°C,

hmect%on No, Eluant Count Corrected Count HT(nﬂ) Tog Function
250°C,

1 2063 1689 ¢ Oo 020 "'Oo ‘Jog
2 6302 5928 0,070 -0.,0%1
3 12518 12144 0,14 - -0,067
5 26104 25696 - . 0430 -0.156
6 32135 31745 0. 37 ~0.203
7 35180 3772 T 0.44 -0.255
8 42190 41762 0,49 -0.293
9, 45094 44686 0.53 -0.32%
10 L0586 49178 0.58 -0.374
11 52746 52338 0.62 -0.414
1 53925 - 53517 0.71 -0.537
13 57190 56728 0.75 -0,.,607
14 52790 59362 0.79 -0.,074
15 60470 60062 0.80 -0.692
6 - 64155 63747 0.85 -0.812
17 54677 64252 0.85 -0.831
18 5338 647173 0,06 =0.85
19 67993 67566 0.90 -0.985

latalyst reduced at 400°C for 2 hours,

ﬂd$gg%gn Yo, Eluant Count Corrected Count HT(nﬂ) Tog Function
1 6131 5761 0,033 -0.038
2 11506 111386 0.16 -0.,076
3 14947 14577 Q.21 -0.102
5 20583 - 20213 0.42 -0.236
6 27400 2012 0.42 -0e255
7 37501 37531 0.54 -0, 336
S 41010 40640 0e5 -0, 360
Q 46073 45703 0,66 -0, 474
10 47213 468473 0.67 -0, 485
1 50759 50300 0.72 -0, 558
12 524186 . 52048 0.75 -0.597
13 54507 53037 0.77 -0.646
14 56351 56011 0.060 -0.708
15 57012 55642 0.01 -0.728
16 57960 57590 0.83 -0.761
17 STT5L 57361 0.82 -0.7%
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TALLE 5 CONTD,

Gaialyst reduced at 400°C for 2 hours,

Injectgon No, Eluant Count Corrected Count KT ml) Tog Function

1 40070 3654 0. 465 -0.272
2 55070 54649 0.641 -04 445
3 59712 51291 0.6%5 -0, 516
4 647873 64362 0.755 -0.610
5 66444 66023 0.774 -0.646
6 61033 €1512 0,721 -0.555
7 716000 76578 0.898 -0,9092
& 77129 76708 0.900 -0.%98
o . 7786% 77443 0.908 -1.038
10 79876 79455 0.97%2 -1.166
11 75160 17739 0.012 -1.054
12 78100 77679 0.911 -1.051
13 6174% 1302 0,054 -1.3%5
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against the injection number, In Fig, 28 ihe set of results
obtained at 400°C after overnight reduction, and after a
further 2 hour reduction are compa?eq.' Slightly lower
‘exchange was found with the catalet after the second and
shorter reduction,

The variety of exchange paiterns with the 5%N1/ﬁ1203
catalyst at the four reaction temperaturés is shown in PFig, 29,
By applying the exponential treatment to these results straight
line plots were again obtained (sce Tig, 30).. A maximum
value (8.3ml) of exchangeable hydrogen for the 5% catalyst
ves found at 250°C and the minimum exchange was observed at
room temperature ( 3.5ml),

Results for the exchange reaction with O.lf’.fNi/AlQO3 and
A1203, treated as a catalyst, are plotted in Figs, 31 and 32
respectively, In each case the figures for loth exchange
‘reactions at 400°C arc showm, Togarithmic plots (see Fig, 33)
of the results at 400°C for ithe latter catelysts yield the
following emotints of exchangeeble hydroseny 8.,5ml for thne
0,1 caitalyst aud C,2ml for the A1205' Thgse results compare
tevourably with those obtained in the exchange reactions
conducted only at the reduction temperature,

The volumes of labelled hydrogen retained in the first
12 injections by the alumina catalystus at the dii{erent
Cchinge temperalures were caiculated., The amount retained

"8 plotted against the exchange temperature (sce Fig., 34),
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It can be seen that a maximum value is obtained for the 5

catalyst at 250°C, w.ile retention by the 0,1 and A1,0,

calalysts continues to increase as the temperature is raised,

Scetion 3,2 The Recactivity of the Retained Tritium Towards
Ethylene,

Catalysts were treated with tritium by Lo i ihe‘sfatic
and flow riethods of exchange, [see Section 2,10 (iiiﬂ,
Tnjections of etjliylene (0.5ml) were then mcde onto the catalyst
at the following temperutures; 20°C,'SO°C, 150°¢c, 25006 and
350°¢C, Hydrogenation of the ethylene to.ethane and incor-
poration 6f tritium into ethylene and ethane were observed,

As the temperature of the catalyst was being raised,
veaks were sometimes observed on the counter recorder aithough
the chromatograph recorder remained at the base line level,
cven when set at the highest senéitivity. In the flow
exchange exverimenls using tritium there was always a rapid
return o uvackiround counts altcr an injection was made over
the cotalynt, and the desorplion of rudioactive matericl was
not observed &s the temperature of the cailalyst was raised,

This would suggest that tritium labelled carbonaceous species
“ere being desorbed Lfrom the catalyst after the surface hod
been dosed with etiylene, rather than tritium labelled hydrogen,
(1) The reaction of ethylene on catalysts treated Ly
the static method of tritium exchange,

Catolysts studied were 0.1¢ and 5%Ni/A1?03, and 0,1¢



and SﬂNi/Sioz. The results for the first injection of
ethylene onto the éatalysts at each temperature are shown
in Talle o,

With lhe 5% calalysts ethyiene and ethane appeared at
the lower temperatures, while cracking commenced at 250°C
10 produce methane, The production of ethane, termed the
hydrogenation activity, was greater with the alumina
catalyst than the silica catalyst, Both catalysts shqwed
maxinum hydrogenation activity at 25000, the temperature at

which methane avpeared, The Ni/AlZO catalyst also showed a

3
nigher cracking activity.

Thhe exchange of ethylene with tritium,called the
exchange activity, was not significant although incorporation
of tritium into ethane was greater with the alumina-supnorted
catalyst than the silica—suproried catalyst.

Ethylene injections onto 0.1¢ catalysts produced no
hydrozenation activity and no cracking activity. A snall
aiount of ethylene exchange was ouserved at the higher tem-
veratures, It would avpear that the metal concentration has
& greater effect on the hydrogenation ond cracking activity
than it does on the exchange activity,

(11) Tuhe reaction of ethylene on catalysts treated by

the flow method of tritium exchange,

A1203, 0.1;:31:1/;1120

, DHNi/AL,0,, 0.17°Ni/810,, S%Ni/Sioz,

3 3
M/P and wi powder catalysts were used.
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A procedure similar to that above was adopfed in these
cxperiments, Injections of ethylene (0.5ml) were made onto
the catalysts over the same range of temperature after a trit-
ium flow exchange experiment hcd been completed at 400°C,

The catalysis were then cooled to room temperature and in the

cage of the 5% cetalysts 4 injections of ethylene were made

at each tenmperature, The results for the alumina chd silica-~
supported catalysts are shown in Taklles 7 and 8 respectively,

Tie hydrogenation activity of the 5% catalysts decrcased
with successive injections at the lower temperatures, As
the temperature was raised from 20°C to 50°C the production
of ethane diminished tut was restored by raising the catalyst
temperature to 150°C, At 250°C and 350°C hydrogenation was
greater with the silica catsalyst than the alumina catalyst
although this was compensated by the greater cracking activity
of the latier, Similar patterns hed been obscrved with the
% catelysts treated by the static melhod of tritium exchange.

On Loth'ﬁJC alumina-supported end the silica-supported
catalysts 1he activity of the ethane was considerably greater
than thoti of tpf ethylene, The activity of the ethane pro-
tuced wes greater on catalysts supported on alumina than on
silica, The extent of ethylene retention was also greater

with the clunina cotalvst,
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0.5¢ samples of Ni powder and the alloy of Ni and P were
also treated with tritium by flow exchange, The results of
the first ethylene injection at each temperature are shown in
Table Q.

The extcnt of retention and hydrogenation on these catalysts
was found to be low, The Ni powder Qafalyst exhibited slight
cracking activity at 350°0; Although ethylene exchange was
greater with the Ni/P catalyst at 250°C, the. hydrogenation

activity wes less than that of the Ni catalyst,

Section 3,3 Ethylene Exchange Reactions.

Two forms of isotopically iabelled ethylene were used in
the exchange experiments: 1402F4 and C2D4 As bvefore, in-
jections of labelled material were made over the catalysts
after reduction, first at room temperature, then at a rénge of
higher temversturecs, An injection of inactive ethylene was
nade aficr the lavelling process at each temnerature, The
Products were separated Ly gas chLomatorranny and analysed for
exchange by gas proportional counting or mass spectrometry as
appropriate,

(1) ¢yl /140 oy €
SN /a1 1505, 5¢%Ni/S10,, Ni powder and Ni/P alioy catalysts were

preadsorbed) exchange, 0.1%N1/A1203,

used, Four injections of 140 were made at each temperature

of 4
OVer the 5¢) Ni catalysts. The reactivity of the retained

¢thylene was studied by injecting 0.5ml of inactive ethylene



- 80 =~
onto the 1402H4 treated surface end determining the radioactivity
of the products, The results are shown in Table 10 and 11,
The extent of retention with successive injections tended to
decrease more rapidly af the lower temveratures, The Ni/'A1203
catalyst retained more than the Ni/8102 catalyst and this was
qgain nmore evident at the lower temperatures, Molecular
cxchange of ethylene was not obsefved for either catalyst at
any temperature, Vethane appeared in the exchange products at
250°C and 350°C with the A1,0~ supported cotalyst but only at
the higher temperature in the case of the Si0, supnorted Ni,

As in the tritium experiments, trace amounts of radioactive
srecies were aguin Gesorved from the catalysts as the temper-
ature was increased, The quantities involved were too small
10 be detected by the chromatograph, Tt was observed that

Gesorption was considerably greater from the 5¢/Ni/Al catalyst

203
then it was from the O.l%Ni/A1203 catalyst. Desorption from
‘5§Ni/5102 was similer to thot from the alumina catalyst of the

of the sume metal content, Il would therefore appear that
this effect is more dependent on the metal conceniration than
on the nature of the catalyst support,

There is, lherefore, no ethylene retained on the cgtalyst
Surface in a form that will undergo simple molecular exchange,

Carbonaceous speoies are, however removed as the temperature is

Talsed and, furthermore, at hipgher temperctures surface snecies
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appear as part of the methane fraction from ethylene cracking,

Tﬁe results of the exchange reaction on the Ni powder and
Ni-P elloy catalysts are shown in Tables 12 and 13,

The Ni powder catalyst showed Lydrogenation activity at
%he hig..ce temperatures and, to a lesser degree, some cracking
aetivity, Only traces of ethane were observed with the Ni/P
catalyst, ¥olecular ethylene exchange was found, however, on
the Ni/P catalyst at room temperature, Tt appears that, in
some way, tiie presence of phosphorus poisons the nickel towards
hydrogenation or cracking but does not prohibit the exchange
reaction,

(ii) 02H4/C2D4 (preadsorbed) exchange on 5%Ni/A1203

5¢:Ni/8iC, and Ni vowder,

The experimental procedure used was similar fo the radio;
Chemically lebelied ethylene exchange reaction discussed in the
last section, The gas proportional céunter was not, of course,
used in these erxperiments and was repiaced by a series of three
Cepillary U-tube tra.c into which products from the 'lightt
ethylene injections onlo the pretreated catalysis could be
condensed using liguid nitrogen, Once again, reac%ions‘werel
studied at five temperatures,the sequence ofAinjections‘béing
Tour doses (0e5ml) of 02D4 followed by one of'CzH4 (0,5ml),

To 11lustrate the comparability of the chtalytic conditions

14

with thdse employed in the 02H4 (preadsorbed)/b2H4 exchange .



veaction the products from the C,D, pretreaiment injections

4
were analysed and compared with those obtained in the radio-
chemical pretreatment with 14C2H4. Very similar results were
obtuined in toth cusecc,” The distribution of products obtained
from the C,D, injections onto 5%N1/A1203 is shown in Table 14,
Depending on availability of the instruﬁents, gither an
AE.I. 'M,S, 10 or "M, S, 12t wag used to analyse the products
of the 'light! ethylene injections, In each case an electron
energy of 15ev was used, With this low energy only two or
three frogment ions were formed and subsequent calculations
were made relatively simple, product compounds were distinguish-
tble by the different fragment ions to which they gave rise and
it is therefore necessary to estimate cnd subtract from the
observed total ion current at each maoss the contritutions of all
fragment iong to that mass, in order to derive the contritution
of the parent ion, The mass spectrum of each individual species
Wee not known but was obtained by purely statisticgl reasoning,
Thig method ignored the differences which exist between the
various isomers of a particular mass and mode the approximation |
that the removal of a hydrogen atom ond a deuterium atom was
equally easy and that the probability of loss was not depend-—
ent on isotopic composition, This model proved satisfactory
in that the calculated ion currents at masses less tham that 6f

.the lightest parent ion compared favourably with those obgzerved,
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#ith ethylene samples ion currents were calculated at macses
260 and 27 and with ethanes at masses 28 and 29, The break-
dowm pattern of reservoir 02H4, 021)4 and CoHg was measured
with each lot of samnles so that accurate fragment:tion
factors could be ap;lied to the computztion of the porent ion
currents. The presence of naturally occurring 13¢ in +tne
hydrocarbons was also taken into account in the calculgsiions,

Sets of equations were used to cclculate porent ion
currents from the measured ion intensities of the ethylene
and ethane products of the 02H4 injection. These equgtions
- are derived in Appendix IT,

For the ethylenes,

Ion llass Measured Jon Inte%sity Parent Ton
(Corrected For 1 .

32 A a
31 B b
20 C c
2@ D d
26 E e
27 G
26 H

then a= A

b= P

c= C - f1(0.25b+a)
d= D -~ £3(0,75b+0.5¢)
e= E - £7(0,50+0,75d) -~ f5(a+ 0.50+0. 17c)
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G = T1(e+0,25a)+ £5(0,5d+ 0,67c+ 0.5D)
H= fz( et 0,5d+0,17¢c)

+ +
where fy= height of Cply /height of C,H, and f,== heipht

9
+
of C2H2 /height of CZHZ'

For the ethanes,

Ion Mass Measured Ton Tntensity Parent Ton
(Corrected For 15¢)

56 A a
55 B b
54 C c
73 D d
%2 E e
71 G g
20 H h
29 J

28 K

the equations are
%% a=A ‘
35 b= B
34 c=C - f1(a+1/6D)
33 d=D - f;(5/6b+1/3c)
32 e=E =~ f1(2/3c+1/2d) - fy(a+1/3b+1/15¢)
51 g=6 - £3(1/28 +2/3e) -~ £5(2/3b+8/15¢c+1/54d)
30 h=TH - £1(1/3e+5/6g) - £2(3/5c+3/54+2/5¢)
29 J= £;(1/6g+h)+ £(1/5d+8/15e +4/6g)
28 K= fp(1/15e+2/6g+h)
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where 7= height of CZH;;'/hoi{;‘ht of 02}{0 ’

and Ip== helght
of CpH, fucight of Cok..

The fragmentation ratios, for ethylene, fl and f»o, were
elmost identical at 0.17 ond 0,18 respectively. The ratios
- for the ethanes were found to be 0.5 and 2, 3% respectively,
Ethane is a special case in that the process

Coily — C,lfy + Iigh e
is particularly favoured, the appearance potential of 02H4+
(12,7€V) being only very slightly greater than the ionisation
potential of ethane (11,6eV),

Once calculcted, the perent ion currents were converted
into a pcrcentage composition and from these values the mean
number of deuterium atoms per ethylene riolecule -~ the deuterium
nmumber - was derived, The fully deuterated ethylene uscd in
H (i.e. @

3
deuterium number of 3,96) and consequently the nroducts from

the cxperiments was known to contain 4% of 021)

the '1ight' ethylene injections contained less dGeuterium than
if this impurity had been absent, The avnpropriate correction
vias mede to the apvarent deuterium numbers,

The results of the exchange reaction over the catelysis,
5%Ni/A1203, S%Ni/$i0, and Ni powder are shown in Tables 14, 15
and 16, The'products of the pretreatment injections of CoD

4
onto the Ni/A1203 catalyst are included in Table 14,
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With the 5 Ni/A1203 catalyst, deuterium incorporciion
into the 'light' ethylene wos found at the lower Temneratures,

A higher deutverium conlent woes ovserved in the evhanes ,roduced
at ‘he higher tenperatures, A similar pettern was ouvserved

vith the SﬁNi/SiOZ catelyst although the deuterium rumbers were
lower, Aport {rom o slight incormoration of deuterium into
ethylene at 250°C tiic nickel nowder catalyst jroduced no exchang:e,
At every temperature the supported metal cairlysts pnredominantly
ylelded the mono-deuterated wroduct, This is illustrated in
Table 17,

The significance of the results is greztest when considered
in conjunction wiil: the results of the 1402H4 ( preadsorbed) /
02H4 exchange reactions [see cection 3.3(15]. For tﬁe same
three cetalysts labelled carbon aloms were not observed in the
products of +the CoH, injections other than in the form of
methane, Ethylene and ethane products of the CQH4 injections
contained none of the activity of the surface carbon atons over
the entire temperaturc range, By labelling the 'hydrogen port!
of the ethylene molecule with deuterium it has been shown that
over the same temperature range and under reproducible catelytic

conditions the same factors vhich govern exchange do not apply

to Loth parts of the ethylene molecule,

Section 3:4 The Reaction of Carbon lonoxide with the Catalysis,

Injections of carbon monoxide (O, 45ml) were made over

¢ach of the catalysts previously studied, The same weight (0,5g)



- 90 -

.of cach catalyst SONi /_:13,203, o.1f:Ni/A1203, AlgoB, SeNi /810,
0,111 /8105, S105, Ni powder snd Ni/P alloy was uscd,  After
the normal reductiion procedure injections of CO were made over
the catelysis at 20°C until no further rciention was observed,
aiter which 1he catclyst was raised to 150°C and the procecs
repeated, The quantity of CO retained by the catzlyst was
calculcied from the difierence in chromatographic counts bvetween
a calibration injection and an injection over. the catelysvt,

The resulis are shovm in tzble 1€ which also gives the
ratio of the totul numver of CO molecules retained at 20°C to
the total number of Ni e=toms present,

Tnjections of CO were elso mede over the catalyst at 250°C
~and 350°C, At these temperatures the 59$N1/A1205, 5eNi/Si0,
end KNi powder catalysts produced a product zcluant mixture of
carton monoxide and carbon dioxide, The production of carbon
dioxide increcased in the folilowing catalyst order; Ni powder,
5%31/5102 and 5%Ni/h1203. The disproportionation was also

found to be greater at the higher temperature,
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TAITE 17

v -

Percentagoe Distribution of Deuterated Products froinx the Reaction

of 02H4>with C%Rﬁ (Preadsorbed) on S%Ni/AlQOBEand B%Ni/SiOZ
%2;;%gg§ product dg d5 d4 d5 d2 d1 do
5;:1:1/1;1203 20 02x4 - - - - 3.3 1l4.2 82,5
50 02Y4 - - - - -  17.7 82,3
150 CoXg - - - - L G,T 17.9 73.4
02X4 - - - - 1.3 2.8 8.9
250 CsXg - - 5,6 10,1 22,9 40.5 20.°©
350 CoXe - 53 9,9 19,8 17.4 22,4 25,2
5%N1/5102 20 C2X4 - - - - - "3.7 06,3
50 02X4 - - - - - 565 4,5
150 Y, - - - - - - -
02X4 - - - - - J¢5  C0,5
250 CXg = = = = - 15,6 &4.4
02X4 - - - - - 10,7 89.3
350 C,X - - - - 17.1 28.4 54,5

276
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TAPTE 18

The Retention of CO (ml at 760mﬁ) by the Catalvsts.

20°¢ 150°¢C Co/Ni at 200C
564101 /4150 5 0.52 0,12 0.051
O;l%Ni/h1203 0.05 0.00 0.25
11,05 0,00 0,00 ~
5§Ni/8102 0.23 0,02 0.022
0.15%Ni/si0, 0,03 0, 00 0.15
si0, 0.00 0.00 -
¥i powder 0,05 0.00 0.25 x 10™2

Ni/P 0.08 0,00 0.56 x 10™7
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CIiATTER 4. DISCUSSION

Section 4,1 Thic Reaction of Ethylene with the Catalystis,

In the reactions of cihylene with tritiated cotalysts
retention data and rroduct snalyses were obtained for a variety
of nickel catclysis over = range of temnerciures, Six dife-
ferent nickel catalysts were used so that the effect of the
catalyst form on the activiiy of the netal could be studied.

The extent of tritium incorpvoration into the products of
ihe ethylene injection will be considered in a latver section,

At temperatures below 250°C ethylene and ethane were the
only products found, Cracking of ethylene to methane and
hydrogenation to ethane were observed at 250°C and 350°C with
the 5% catalysts and Ni nowder, With metal concentrations of
0.1¢, hydrocarbon reteniion was greatly reduced and neither
cracking or hydrogenation was observed, The aluming support
was completely inert except for a small amount of ethylene
retention,

The production of zlkanes was always accompanied by olefin
retention; a high retention generally corresponded to a
relafiVGly high allkane yield while little or no alkane nroducts
were found when hydrocarbon retention was low.

At the lower temperatures alkeone yield and retention from
the first injection was greater then for subsequent injections,

As the temperature of the catalyst reached 250°C and 350°C,
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however, hydrocarbon retention and the yields of cihone end
methane tended to remain constant,

These results would suggest that, at the 1owef tomner-
cures, retention of oliefin causes a dccrease in the cotalytic
activity, TL tie rarticiiotion of hydrogen associatoed vwith
the catalysis after reduction is ignored (until discussed later
vith the ftritium resulis) the sdcorbed species may provide a
source of hydrogen to yield alkane, Ethylene first is chem-
isorbed dissocigtively freeing hydrogen atoms which rcmain

adsorbed

CoH,— Gyl (a) + 2H(a) —— (1)

The adsorbed hydrogen ithen reacis either with gaseous ethylene

or with the adsorbed comple:

02H2( a) + 4H(a) — 62H6——-(3)

The results of the wresent system do notv indicate whether
- reaction (2) or reaction (3) leads to alkane production,
Jenkins and Rideal76 have showm that, over nickel films, reaction
(2) proceeds rapidly and (3) only relatively slowly.
The decrease in ithe amount of hydrogenated product over

a series of injections corresponds to the reduction in reactive
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~

gurface area in Wlk nydiogenation reaciions wviien etiuylcene,
ratner than nydrogen, ic admitted to the catalyst first,

Seecic! ! has estimaved that vhen ethylene is precadsorbed on
nickel, <he initial rate of hydrogenation ot 0°C is decreased

Ly 600, The orctreatment of the caialyst with olefin results
in the formation of complexes which participate in the imlk
reaction to a varying degree depending on the metol, Coruack
et 21.7® have shovm that in the case of Ni, 24 of the initially
adsorbed ethylene was retained after hydrogenation, while the
percente. e retained by Pt was 0.5%

The extent of ethylene cracking to methone on the catalysts
at 350°C was found to be greatest with t.c 5% Ni/h1203 and 5¢
Ni/5102 catalysts, No évidence of mevnane formation was
found with the 0,1% catslysts or the A1203 surrort, The
fairly constont cracking cctivity of the 57 cnirlysts can be
attr tuted to the extensive dissocigtion of the ethylene mole-

cules nnd the formeoltion of surface nickel carvide i,e,

C C or C== C
/N 1IN\ / \
Ni Ni Ni i Ni Ni Ni Ni

The ernosure of nickel crystals to ethylene at high
)
temperptures is known to result in carbon deposition.79
More self hydrogenation, btut less cracking, wes observed

with 5¢Ni/$10, than the 55'51\*5./1’-‘.1203 catalyst. Morrow ond
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Shoppnrdbo .....
sclf hydrogenation of ethylcene takes nleoce ~t 150°9C, ot
this temperature the infra-red spectrum of the adsorbed spnecies
was extremely weult although addition of hydrogen led Lo intense
bends, They concluded thet a hydrogen deficient surface
carbide was formed on the nickel,
Althan aad Wevb®l found that ethylene cracking only
becones av,recialle on 5¢Pt/91203 at 300°C. This result
inplies that higher temneratures are required fo bresk carbon -
carvon bonds on Py than on Ni snd this is confirmed in Sheppard'sBO
Wo Xk, He ouvserved that the products of ethylenc chemisorpniion
on Ni at -73°C were similar to thosc on Pt at 4—?500 and that
the same products are found to occur on boih metals ut over
a different range of temveratures.
Using the technigue of magnetisation changes, Sclvooad?
has shown thal wihen eihylene is chiemisorbed on niclicl-silica
the extent of dissocirtion increases as the temperature is
Traised, A trcatment of the catalyst with flowing ethylene
at 130°C converted the nickel to a non-megnetic carbide,
waich liberated virtualliy pure methane on the pddition of
hydrogen,
. At tenperatures of 250°C and 350°C the reactivity of the
5% catalysis over a series of injections was more consiant
than at the lower temperatures, Extensive carbon-carbon bond

Tupture was evident from the large methane yields and- the
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formation of aurface cariide wes indicated by the Laxe
quaniiti es retained by the ceotalyst, The recctivity of the
nickel is notv markedly affected by the formation of carbide
as it is by the nresence of surface comnlexes at the lower
temperaiures,

Corvide formovion at an elevated temnerature hos 2lso been
obsecrved in the reaction of nickel with bensene vapour.83
ife Hofer et a1.84 have shown wihat the carbide kas considerzble
stability 2t 350°C; an induction veriod of approx, @ hours
precedes the decorposition and no detectable change is observed
in the carbvide structure during the induction period, liovrever
it is clecor from the infre red studiegaand the nagnetic mewsure—
ments®2 {that the addition of hydrogen can liberatc the surface
carbon as meihane, The mechanism of methane production
copioucly observed in the present work will be examined in the
discussion of the results of ethylene injections onto tritium
labelled catalysts and onto catalysts preadsorbed with 14021-14.

Apart from slight olefin retention at 256°C'and 35000
(see table 7) the ¥-zlumina support was inert towards injections
of ethylenc, However, chemisorption of ethylene has bcen
Observed by other workers at room temperature.' Tucchesi et
al.gs, wlio studied 7 - alumina, observed that the intensity of
the infra red spectrum of the chemisorved ethylene increased

slowly over a period of 8 days, Different forms of surface

gspecies were observed with different samples of'7 ~alunina,
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i Cif,—— CH 11) or
(i) 2 1'_2 (1) 01'12

S S S a surface site)

CH3 (where S Gcenotes

The rcason for the nbsence of detectoble ethylene zdsorption
in the present work at temperatures used by other worvers
could be a consequence of the reaction system employed here,
Under flow system conditions the time of contzct of ethylene
with alumina may not be long enough to aliow detectabie
adsorption to occur, The presence of nicliel at concentrations
0.1 and 5¢ has been shown to enhance the adsorption of ethvlene
on zlumina to the extent thet the adsorntion can be measurcd
under flow system conditions, The use of steady state con-
ditions, as uved in the infra red studies, may ve necessary to
allow avreciable adsorption on alumina itself,

Tne activities of the Ni powder catalyst and the Ni/P
alloy were considerably less than those of the supnorted
metal catalysts (5%), Et.i.0:2 vas observed as o reaction
product at each temperature with the Ni catalyst, t was
only produced in small emounts at 250°C and 350°C when ¥i/p
was used, The latier catalyst was also incapable of crack-
ing ethylene, even at the highest temperature. This is
congistent with the reduction in catalytic activity observed

Yy Norikawa *

who found that the catalyst could nromote the
Teduction of benzaldehyde to benzyl alcohol in good yield in
contrast to other reduced nickel catalysts which give mainly

toluene and benzene under similar reaction conditions.
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Section 4.2, The Reaction of Tritium with the Catalyscts,

The results presented in Table 4 show the voriation in
cotalyvst activity towards hydrogen exchange at the reduction
temperature (400°C), The nresence of nickel tended %o de-
crease the ease of the exchange reaction on Alp05 tut ‘o |
increase tne rate on 5105,

Greater auantities of exchangeable hydrogen were found
wvhen ihe catolysis were subjected to flow exchange; the stotic
method of labelling the surface hydrogen did not give such a
high surface activitly as a sories of injections flowing
through the catalyst.

' A comnarisoh of the total number of tritium atoms retained
with the nunber of metal aloms present is showm in Table 19.
An estimete of the total number of surface stoms vresent on
the suprorted metals has been mcde by determining the volume
of ‘carbon monoxide retained by ihe catalysts, The r=tio of
carbon monoxide molecules adsorbed to the number of Ni atoms
was found to be less theon 1. However, the number of ritium
aioms retained per carbon monoxide molecule adsorbed is con-—
slderably in excess of unitiy. Quantities of hydrogen very
much grecter than those reauired for monolayer coverage of the
netal are therefore retained by exchange on some of the catalysts
and these results lead to the conclusion that some of ihe
Tetained tritium is associated with tae suvport rather more

than the metal,
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The exisctence of hydroxyl grouns on the surfoce of
clumina and silica has been showm by infra red Spectroccopy.86’87’88
The concentrations of the hydroxyl groups have been estimated
by Hall et 1,890 using a technigue based on the excnange of
the hydroxyl anydrogen with deuterium as the temnerature is
slowly and continuously increased, Concentiration values of
4,4 x 1.0 4em=2 and 2.6 X% 1014cm'2 were obtained for aiumina
and silica resnectively,

From the retenvion measurements and from the rET erea of
the 2lumnina (100m?/g) used in ihe present wors the number of
tritium atoms retained at the reduction temperature is
calculeted o Le 9,8 x 1014em™2,  This result would svorest
that the retained tritium is located at the hydroxyl roups of
the alumina support, |

The hydroxyls'of the silica (in the absence of netal)
were not so recdily exchanyed and at 400°C no significant
incorvoration of tritium was observed over a series of in-
Jections, This is consistent with the results of ilall et
al.89 w0 observed that exchange did not toke place on their
silica samples until a temperature of 500°C had veen resched,
Exchange of the surface grouvs of silica has, however, leen
observed at room temperaiure with D?_O.88 In a previous study81
similar amounts of tritium were retained by boih the alumina

and silica supports, as well as platinum supvorted cztalysts,

These results were obtained, however, by a static method of



- 111 -

tritium evchunge and Yhe similerity in the data i lhe »nrevious
woxls may have been n conscoucnce of the recurring ecrror which
this techniaue iniroduces, [aee section 2,10 (iii)]

The eroce of hydrocoen o-chonge on nlumina has bLeen rchovm
1o vory with tennerature {oee Fip, 34), the ouentiiy of erchange-
avle hydrocen availclle incrensing siiarnly towards 400°C,

This i i1 occordarince withh vhe wrlk of Corbeyr o ul.87

who
found that vhe roie of eorchange incressed os the tempernfure
wos raised from 75°C to 250°C, They also oiscrved thet the
ratio of 0D avpecrance on the alumina surface to O discpnear-
ance was esseniially uniiy, indicating that the reaction with
deuterium wns linited to the exchange, there veing no evidence
for the additional formation of 0D groups beyond those formed
by exchangc,

By »lotting the nresent exchange resuits as a logarithmic
function against injection number estimates of the arount of
nydrogen capable of exchange have been made. The varidity of
the origincl assumption (see Aprnendix I) that the ocuanvity
eluted from the catalyst was eaqual to the zmount of hydrogen
injected, i.e, 1ml, has been proved by the emergence of siraiyht
line graphs for most catalysts; these relationshnins would
not hrve been found if a further reaction, involving adsorpiion,
had becen iaking place on the catglysts,

Further evidence of the exchange of alumina hydroxyl

groups with deuterium gas hes been produced by Periand Hannan.86



These workers, like Corter et 21,07 ObSGTVGd'thO eristence of
different types of surface hydroxzyl grouns and found that
between 250°C and 500°C the rate of exchange of hydroxyl
{rouns occured ot a convenient rate,

he variction in the rote of exchange with temnerniure
is an indication of the non uniformity of the aluwino swrface,
TL it can be agsumed that the strength of the 071 bond deter-
mines the rate of excinonge, the absence of silica erciinnge at
400°C indicates thot the teminal hydroxyl grouns of aluning
are more acidic at this vemnerature, Rapid eouilibration
.of alumina hydrogen may thercfore occur at temnerciurcs where
only a smgll vortion of the hydrogen on =z silica catalyst hos
been exchanged,

The nresence of nickel has been found to increara the rr-ie
of hydrogen exchuange over silica -t 400°C. = Althou;h the same
enhancement is observed with nickel on slumina (5¢) at temper-
atures un to 250°C a change in the order of exchange activity
is obscrved at 400°C (sec Pige 34)., At this temperature
more exchange is observed with the AL,05 than the 55.'31'33'./}\.1203
- catalyst. Similar reduction conditions were used before
reaction at 400°C as at the lower temperatures when the
rresence of Ni increased the amount of exchange. Tt is there-

fore unlikely that the decrease can be attributed to incomnlete

reduction of the catalyst,
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Thie graphical revresentation of the hydrogen exchanse
results of llpll et al,>"2°0 wovld, at first sight, o pear to
exhibiv similar featurcs to the variction in evechonge rotes
with temperature observed in this work (sce Fig. 34). ™n
the exchaonpe reactions of deuterium with suppérts ana sunrorted
catalysts siudied by Hell the temperaturc of the catrlyst wos
gradually increcsed during the course of the reusction, in
the present study reaction temperatures were mointained
constant during the course of an exchange reaction, As 2
result of this difference in the experimentsl conditions s
closer comparison of the results cannot be made,

Supvoriving platinum on alumina does not meterially lower
the cohcentration of surface hydroxyl groups.go The rmaximum
in rate of hydrogen exchange has been found to occur at a
higher temperature with o reduced platinum catalyst than an
unrecuced one although this result has been attrituted to the
nresence of chloride on the catalyst introduced during its
preparation,

Carter et 31.87 have shovm that in the temperaturec
rangze 75°C to 150°C the rate of exchange of deuterium with
surfoce hydrogen has been increased by the impregnation of
platinum, The extent of exchange was however, not signific-
antly greater on a 2% Pt catalyst than it was on 0.6% Pt at

150°c¢,
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Tire influcence of KNi on the cxchange roactioh of the
alunina hydroxyls is temnreraturc dependent, the nresence of
the metal effectively reducing the temnerature required for
exchange, At the reduction temperature of 400°C the alumina
surnort itself is copable of significant exchange,

A significant difference in the exchange activity of
0.1 and 5g:Nn'./A1203 can be seen in the nresent results, The
enhancement of the cxchange rate with tritium when niclel is
present on silica is also evidence of a cooperative effect of
niékel on ‘the reaction, One posgibility is that the metal
may activate ncighbouring hydroxyl grouns of the suprnort by
increasing their ccidity e.g. the hydroxyl bond may be weak-
ened by the interaction of the nickel atom with the Bxygen of

the hydroxyl group.

Ni Al Ni

On this basis one would expect that the greater the neial
'content of ithe catalyst, the greéter would be the exchange,

A second possibility ic that the nickel ociivates ges
rhase ﬁydrogen to exchange with the hydroxyl grouns, Tt
may be that the exchange effect involves transrort of active
species between niclkel sites and sites on the supvort surface,

The increuse in exchange observed on 5%N1/A1203 up to 250°C
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implies that the exchange is an activated process and that
in come way the metal reduces the activation energy of the
reaction leading to exchange, Perhaps dissociation of
hydrogen occurs on nickel sites and subsequently migrates to
hydroxyl groups on the suprort to exchange,
i, e, 211 + H2 — 2NiH

NiH =————p cujpport H

support H + 0T ———support T + OH

supiort T——» AT |

NiT + Ni{ = 2Ni + HT

The probability that metzl centres on supported metal

cglalysis can activate hydrogen in some way, which then
nigrates to centres on the support where further reaction
takes place has been postulated by other workers.gl’gg’93
Perhaps the best example of this effect, known as fsnillover!?
1s that described iy -Sinfelt and .T;ucchessi."q1 Their work
showed that, under comparable conditions, the rate of ethylene
hydrogenation vac much greater when Pt/Si0, was mixed with
A1203 than when the sunported mctal was used alone, As
both supworis are inert for the reaction under similar con-
ditions it has been concluded that the enhanced activiiy of
the mixture is due to snillover of active hydrogen from
Platinum to the elumina surface where it reacts with chemisor-

bed ethylene,
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Most examnles have been observed in the nresence of the
novle metal ploivinum where the important criterion anncars to
be the degiree to wnich the metal is in contact with the
sunnort comnonent in that the grenter the interface between
the two the greater is the acceleration of the nrocess,
Reduction in the degree of disnersion of the metal on the
support would therefore retard the migratory nrocess. This
is a possivle erxmnlanation of the decline in exchange activity

on S%Hi/1120 at 40000; at this temnerature some sintering

of the mctaleay be occursing which could reduce the inter-
face between metal ond supnort,

The exchange of gas phase tritium with the Ni nowvder
and Ni/® alloy catalysts resulted in a much smaller retention
of activity than haod been observed with the alumina suvport
or the supported metal catalysts, 1In the case of the un-
supported metal catgjysts only hydrogen chemisorbed on the
metal after reduction and the helium treatment could partici-
pate in the reaction with tritium, Thus in the absence of
a support medium, exohange precesses, which might occur as a
result of *spillovert! of hydrogen from metal onto a support,
cannot teke plcce,

The nossibility of incomplete reduction of the nickel
oxide formed by the decomposition of the formate cannot be
Truled out, - Anslysis by electron microscopy found that oxide
was present to a smgll extent although oxidation could have

occured in transit to the microscope.
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Section 4,3 The Tritium Content of the Hydrocarbons,

The results of ethylene injections onto tritiated
catalysts (see Tables 7,3, and 9) show that catnlyst thydrogent
was active in the formation of hydrogenation and croching
produets ~and to a much lesser extent in ethylene exchange,

The results on alumina aid nickel-alumina contrast with
those observed for hydrogen excheonge in that the nresecnce of
metal was necessary for the incorporation of tritium i.lo the
hydrochbon nroducts, Ethylene reaction on tie silica
supnort was not investigated as this hod been showm {to be
inert for hydrogen exchange at 400°C, The extent of tritium
narticination in the nroduction of ethone and methane was
found to incresse with the concentration of metsal for both
silice and aluning cétalysts. The some trend was observed
In the hydrogen cxchange reaetion with SiOp supported cotolysts
althoush, in contrast, the reactivity of tritium on olumin:
towards ;as phase hydrogen at the reduction temperature was
found to decrease in the presence of nickel,

Injections of ethylene were mode over the catelysts ot
a constant temnerature after trestmont of the cotalysts with
tritium by static or flow exchange at the reduction temnerature,
Greater activity was sgain found for the 5% catalysts.

Although the maximum amount of tritium was nresent on the
catalysts after cooling to room tempergture, the ethane
produced from the first injections at 20°C and 50°C included
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none of the surfuce activity, Notl until the ecainiyct
Vemperature had been increased to 150°C did the <tritium
associated with the catalyst porticinete in ‘ethylene hydro-
genation, The observation that the ethane was not rodio-
active indiecnted that nt temperaturcs < 50°C the hydiw rzenntion
process takes ploce Via a dissociative mechanism on the metal,
As a result of hydrogen exchange with the S%Ni/‘Al?_o3 cotalyst
at room tompergture (sce Fig, 34) it can be concluded thrt
the absence of activity in the products of ethylene.ihjections
at this temnerature orose from a higher activation energyv
for the reaction of catalyst 'hydrogen! with cthylene,

Injections of tritium onto thne nickel powder cotzlyst
resulted in a omgller uptslie than with the supported catinlystis,
However, in contrast to this the results on supported n'ckel
with ethylene showed some activity in the ethane produced by
the nowder at room temperature, Ethylene self hydrogenation
on this catalyct therefore involved hydrogen, lobelled by
flow cxchange with tritium, retained on the metal after reduct-
ion, Greoter quantities of ethane gppeared at 250°C and 350°C
Wt contained much less getivity than either the Sff-Ni/Sio2 or
5”N1/A12 5 C talysts.

These resulis lead 1o the conclusion that in the absence
of a sunnort the reactioﬁ of ethylcne with niclkel involves

hydrogen sited on the metal after reduction. When the
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netel ic sunported considerable quantities of support hydrogen
are mode aveilcoble to the reoction as the temperature is
raised, No cvidence hos been found for the reaction of
ethylene with hydrogen retained by the metal or surmort of
the supported catelycts ot room temperature,

Some of the evhane produced at nigher temneratures may,
of course, nroceed by the addition of hydrogen from dissocigted
olefin to other ethylcne molecules but the extent of this
reaction is obscured by the presence of tritiated alkane in
he nrocuct,

Only siight ethylene exchange was obserVed_with vhe
catalysts, nost of thie surface activity avpearing in the
ethene znd methane froctions of reaction, Tt would annear,
therefore ithat if olefin exchange and hydrogenation with
tritium prrocced through a common intermediate, i,e. ndsorbed
allyl, then the nrobability of addition of hydrogen to yield
allkene must be considerably in excess of the probability of
alkyl reversal,. Any sdsorbed alkyl which is nio duced on
nickel rust ranidly rezet with hydrogen/iritium to form
ethane rather than undergoing alkyl reversal to yield cxchanged
olcfin.

The absence of reaction between the iritiated alumine
sunsort and ethylene wovld su;pest that the reaction of tritium
with ethyleue tnkes place on the nctal of the supported

catalysts rather than on the support.
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The hydvogen relensed by the dissociaiive sdsorpiion of
ethylene mnay ecicheorge with e retained tritium as the catalyst

tempcerature is raised,

i. e, 02H4(g)——————-—a 02H4_n(aj-k nli( a)

B(e) + 0T =———— T(a) + 0H

and the tritium can then react with adsorbed olefin to yield
tritiated allzane, the reaction occurring on the metal

m2)

N

CoH,(2) + T 8)=—FCoH, T &) ——— C,¥ 4%,

o The increase in the amount of dissociated hydrogen,
DﬁKaJ],as the tamrerature is raised would exnlain lic orrrived
incrense in retivity ol ethane ond mcthane with temrer~inre,
With the present system it has not been nossitvie to deter-
nine whether the rise in specific activily with increasing
ternerature can Lie attributed to an increase in the number

of molecules nerticipaiing in exchange or an increased number
of tritium aioms in the ewchnnge product, The resulis ohtain-
ed with the sunported Ni catolysts (5¢) differs from thoce
with supported Pt in one important aspect, Altham end

Febbtl found that in the reaction of ethylene with sunnorted
Pt preadsorbed tritiuq was present in both the ethylene and
ethane prbduct fractions at room temperature, Tritium did
not apnear in the nroducts from supported nickel until the

catalyst Lemperature had been raised to 150°C although in
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other respectclamounts ol catalyst retention, sclf hydro-
genation ete.), the reactions of ethylene with sunmoried i
and % apnrenr comnaralle, Tiic absence of writium in the
ethylcne and ethane producis on Ni at room temnerature would
sugest that the activitiy of ecatolyst tritiun in the rcaction
is greater on P thon on Ni at this temverature. A nossible
enicnation is thav, on sunnorted Pt, hydrogen which is
rcleased in ecihylene dissocirtion may ranidly exchange with

retained tritium,
I=
i.es H(2) + 0OT(2)=———>T(2a) + OH(a)

here k is 1arﬁer on surmorted Pt than on sunnorted Ki. The
retained tritium may then react with adsorbed hydrocarbon
legding to tritiated ethylcne or ethane, o)
i, e, 021{4( a) + Ta)geem—== 02II4T( £.) —— 02H4T2
On sunnorted Ni (at 23°C) adsorbed ethylene reacis only
with the hydrogen of dissociated ethylene,

11 2)

iees  CoH,(n) + H( a)'———;.’CZHS( 8)——>C,H

4 6
The absence of ethylene exchonge at higher taﬁperatures
indicated that it is an unlikely reaction at room temperature,
The results of the hydrogen exchange experiments have
shovm <that the reaction on alumina alone occurs qt a con-

Venient rate if the temperature is raised to 400°C., 7Tt is
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probable thercfore il.at most of the hydrogen erchonged ic
produced by direct reaction on the support, the ertent being
detemined chiefly by the temnerature, In the nresence of
nickel, dissociation of hydrogen con tuke nlace on the metol
and migrate to the suwnort zad exchense, then ccsorb from the
suprort or wigrate back 1o the metal. At teuneratures un
to 250°C where the exchﬁnge rote ic considordbly higher vith
5$$Ni/.'\1203 than O.lf.fP-I:i./Alzo.D, or Al,05 increcsed desorption
from the m~tal can account for the rise in evchonge tut at
40600 increased strengths of metal-hydrogen chemisorption
would lcud to o rcduction in the number of metal sites for
hydrogen desorntion,

ost of the tritium liberated from the oatalysté arneared
in methane at temperatures abvove 150°c, When ethylenec
reccts with unsupported nickel in a static system94 methane
he.s been observed at 60°C, the concentration rising ranidly
until at 206°C it was the sole reaction product, The
pressure over the ¢atelyst remained constant at this tem-
perature which indicated the following dispronortionation

reaction,
4

The high activity of the methane produced with the 57 Ni
catalysts indicates that this is not the sole reaction on
supported nickel and that reaction of catalyst iritium with

products of ethylené dissociction talkes place,
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Kemboll”? has chown %hit the relative strengin of methane

adsorption decreuscs along the series
iy, D»t, W, Th, Ni
and tant the reactive srecics in methane exéhange is the
metnylene group i, e,
CH,
S ‘\S

Incornoratvion of tritium moy therefore be ocoﬁlTing via this

intermedinte in the following way:

m o, M wstsssne (T o i mCH
| INS > | AN | — N\
S S s S 'S'S S -

The morked increasc in retention by the catalysts as
the temperature was raised can be ezplained by the Torm~tion
of hydrocarvon polymers on the surface, Selwo0d®2 has shovm
thot ethylene dicsociation on adsorption increases vith tome
perature and that a%-100°C cach molecule requires cix sites
for adsor: tion, These results and those of the TR studiesdd
have shown that processes such as the following can be

envisaged;

C,H » CH Cr. [
24 I\ J\ +2 |
S S S S S

2 CF emmmmmmm— (1] ne C C CH
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Thin mechanicm.of olefin polymerisation involves the
ciimination of hydrogen ¢nd it g of interest to note that
during the‘scrios of cthylene injections onto triticted
SﬁNj/A1203 congiderable cuantities of tritium lobelled
snecies were detected by the proporiional counter as the
temperature was raised from 1509C to 250°C ¢nd cgain, to a
greater extent, bLetweon 250°C ond 350°0C, Ao sinilar
desorpiions were not observed in the hydrogen excuconse cX—
neriments with the same cetalyst at different tomnerciures,
if was originally believed that the hydrocarbon materisl
consisted entirely of tritium labelled hydrochrbons, rather
than tritium labelled nydrogen, fowever, it is nrovcble
that ot lcast some of the desorbed moterial, which was nov
detected by the chromatographic system is in fact lcbelled
hydrogen wiich origincted from a polymerissiion or dissociction
nrocess, During each temperature increment adsorbed cnecies
can further polymerise or dissociate'releasing hydrogen for |
exchange «nd desorntion. Ethylene injections onto triticted
olumina did not produce these desorptions,

From the previous discussion, il seems probable thot
the enhoncement of the hydrogen exchonge by the nickel on
silico end alumina (& 400°C) is due to migration of hydrogen,
betw.en the metal and support, Tritium is incorporated into
the products_of reaction of ethylene with the catalysts only

when mctal is present and occurs to a much greater extent
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vith the 5 cuwvmorted catalysts than the vowder catalvotb,

The effect'of sunporting the metal ic therefore much groater
than would be exnccied from the ¢ mbination of results on
ithe sunport and those on the powder, 'Spillovert of the
reaction products of elhylene with nicl-el onto the suimnort
would sccount for the larger cuanvities of ethylene retvained,
thon could be accommodnted on the available metal cites if
the CO adcorviion measurenents arve taken as s valid mecsure
of the metul area,

Th¢ vogssibility of diréct reaction of adscrbed ethylene
on the surnort and tritium on the suprort must ve considered
as some cthylene rctention was ovserved on Alzoé at 250°C
and 35090, I'owever, the reaction wés observed to tole
plece only in tac presence of metal and »nerhans only the
hydrogen nigroting betwecen the metal and sunport ic active

in the reaction with ethylene on the supnort,

Section 4,4 The Reaction of Inactive Gos Phase Ethylene

with Preadsorbed 14C-Ethylene.
The resulis in Tables 10-173 show that only one catalysf
- Ni/P - is aclive in molecuiar exchanre, On ihe other
catalysts used the retained species are thus, for the most
part, present in n’ form incapable of reacting with ethylene
from the gas vhase; this is a further indication thet the

surface species are hydrogen defic ient.
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ne injecction of innetlive ethyvlene onivo the 5 crinlrsis
wiiich h:d@ been corroced ©o 14”0P4 led to the receover of in-
acivive cthrlere ond ethone, Thins ia in roreement with o
rediochemicel siudyoG of the cxchange rcaction on niclel
films ot room femneraiure vhere exchicnre between pas—+heos
ethylene ond chemisorbed evi.,icne was nerliible, Rodio-
aciive methone vns rroduced by the alumina cailalvst at 250°C
and 3500C It onlv on the silica catalyvnit at the lalte
temnerature,

The ausence of coruon—l4 in the product ethanes, vhen
formed, iz on indication that the D mmation of ethnne did
not involve ihe wholesnle parvicipaiion of nreadsnrbed
ethylene, Ethane nroduction must, therefore, resuit from
freshly adsorbed ethylene, the extent ol hydrogenciion being
determined by the availability of surface’hydrogen. i.e, the

mechanicm foliowed is

L4 1 A((g)-———» T4g,11,(2) + 2H(2)
' C2H4( Q) + 2H(2) —m—————) 02H6( £)
rather than ,
H
1 . 14 .
T4o,1 &) — fopm,(2) ———> Moons(a)

14-02115('3.) + CoHl (a) — Yeomg(e) + Cofl(2)

-

Ethylcne exchange reactlon on sunvorted P81 cato 0lys
have indicated o slightly greater particination of preadsorbed

ethylene in the ethylene exchonge and hydrogenation reactions,
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On the oiher hond, more cricking and a higlier activity in the
nethane fraction from the unlabelled ethylene injcction has
been evident for sumnorted Ni,

Surface hydrogen may erise from the dissociation of
adsorbed ethylene or from hydrogen remaining on the catalyst
after reduction, The results of the tritium exneriments
have shovm that catalyct thydrogen' does not lecome involved
in the nrocess of self hydrogenation until 150°C and thet at
room Tenperalture nydrogenation is a result of ethylene
dlssociation,

A common fector of these exchange results and those of
ethylene on itritiated catalysts is that the maximum cmount
of surface nctivity o, ecrs in the methane fraction, The
lack of activiiy in the ethane fractions sugiests that the
metnane is not formed by hydro-cracking of the saturated
nydrocarbon although this reaction is knowm o oceur over
nickel.97 There ic evidence95’98 to show that nickel i
highly active in breaking carbon-carbon bonds snd the tem-
verature devendence of surface residues of ethylene on nickel
has been investigated.99 1CKee has calculoted the overall
composition of the.ada>rbed residues on ithe surface in the
form (CHy).. aﬁd observed that the valus of n decroased
ropidly with increasing temperature until at 200°C the mcta
surface was observed to be free of hydrogen,  SebatierS>

found that complete carbonisation of nickel occurred at 300°C,
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A vossible reaction sequence leading to the formation
of surface carbide is as follows;

- -1
O ) Oyl () Cylt(8) s Ol
— s oon(e) = oy(a) T

IT ) 11T

Posgible siructures of the dissociated snecies arcs

A | | | | f
T C—C or | € C c c-
/\ /\ /\ | { |
SS S8 ER- S S |
I [ ¥ N
| | |
IT o ¢ or | C f o -
m N 1\ \ /\ \
SSS S S S5 SS SS S5
IIT or [ ¢ c-
N NN AT A
SSS  SSS 55 S5 SS§ S§

The scission of carbon-carbon bonds leads to the rro-

duction of methane,

4+ 2H +211 +2H

201 » OCH, e——— 2CH; ey 2CH, (&)
N3 f\ " N I\ 2 | > &
SSS SSS ~ S8S SS S

Preadsorbed carbon otoms ¢an therefore appear in tic
gas phase as methane, which is readily desorbed from nickel,
and some of the hydrogen required for the formation of methane

arises from the support as discussed earlier,
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The exchange resulis on the niclzel cotelyst poisoned by
rhosohide roint to the nresence of differenﬁ sﬁrface smnecies
on ethylene adsorntiion, Mol ecular exchange wos observed
with this catalyst at room ternerature ond again to a lecsser
extent at 50°C, It ic likecly that the decrease in moleculaxr
exchange activity with temperature ic due to an increase in
the extent of dissociation of the adsorbed specics.

)

Fethene was not nroduced on the catalvst at any temner-
ature gnd only traces of ethane were observed as the tomner-
ature was raised, The absence of self hydrogenction ot room
temperature mukes dissocictive adsorption unlikely, The
exchonge evidence is therefore indicative of a reactive tyne
of adsorbed ethylene, verheps in the associated form, which
can exchange readily vith ethylene from the gas nhose,

The selective aciivity of the catelyst for ithe exchange
reaction moy be compared to its mild action in the reduciion
of benzaldehyde to bénzyl alcohol observed by Morikawa?4
If the actioh of the rhosphide can be ascrived to the block-
ing of specific crystal faoces of nickel then the heterogen-
ity of the catalyst surface ic modified and the mechanism of
ethylene chemisorpiion moy well be governed by the geometry
of the available crystal faces of the nickel,

Work on nhosnhorvs interaction with hydrogen~covered

nickel filmsloo hos ind’cated at least two different types

of hydrogenation reactions, The presence of nrhosphorus
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rrevented the adsorption of hyvdrogen on the sites of hirher
reactivity, The type of ethylene cdsorpiion which would
tiierefore annear most likely on a rhocrhide noisoncd niclkel
catalyst would not readily involve hydrogsen tond formoition.
The digsocletive ndeor~tion of ethylene (Whicﬂ iteelf nroduccs
adsorbed hydrogen) would be expected to Yo discrimincted
against in favour of associctive adsorntion, The tiocking
action of the polson would clgso limit the number of sites
available for chemicorption reducing the nossibilivy of
dissocictive adsorniion, The exchonge of gas phase ethylene
" with associrtively adsorbed ethylene would be exnected to
telre plece more readily than with the dissociative fomm,
because it can take nlace by simple place exchange rather

than the rearrangement of scveral fragments,

Section 4,5 The Reactiion of Gas Phase Ethylene, Coll

4 viith

Presdsorbed 02D4
In the reaction of ethylene viith preadsorbed 02D4
surface hydrogen in the form of deuterium was found o be
more active in the eﬁchaﬂge with gas phase ethylene than
carbon atom:; deposited by the same injection process, A
difference in the reactivity of the carbon and hydrogen com-
ponents of adsorbed ethylene and an increase in the deuterium
incorporation with temperature are further evidence for a
dissocictive mechaniom of olefin adsorptions dn suprorted

catalysts,
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From “he 1402114/02}{4 crenange results it was deduccd
that cthane nroduction involved the cn.bon sioms of freshly
adsorbed ethylene, AT roon vemperature the source of hydro-
gen has been shovn not to be the supvort and the 02D4/02H4
?esults confirm that the hydrogen arises from distocicbed
olefin and also that, unlike nreadsorbed carbon, hydrogen
alrendy nresent on the catalyst is active in the self hydro-
genation rrocess,

Tnjections of ethylene onto the 5¢ tritiated Wi calalysis
at room ternerature did not lead to the incorporation of
activity into the ethylenc and ethane productis, When the
same catalysts were pretreated with deuterated ethylone, the
deuterivm made available was obseirved Lo exchonge ﬁith it
ethiylene and o nortici»nate in the hydrogenation reaction,

This eviderce suggesivs that the catalyst hydrogén (tritium)

and the ethylene hydrogen (deuterium) occupy sites of different
reaciivities on the catalysts. On the one hund, deuterium
produced by dissociative adwrption of ethylene con recoct
readily with light ethylene because it is nresent on the

metol whevreas higher temperaiures are required to activate

the reaction ol éthylonc vith tritium which ic cssocicted

vith the cotolyst surrort,

Tho cuestion arises as Lo the mechenism of the addition
of adsorbed deuter:um into freshly added ethylene, The moct
likely evplousiion is that the erxchange is a result of ass-

ociative ndsorpiion on sites adjocent to dissocicted ethylene
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from ihe initicl injecti ono tllereby allowing the ormation

end reverco) of ol'yl grouns 1.0,
o717 n1T ’)S H 7 CIt 8331
= 01, e————y TH g1 or == CH
S S S
CH y==— OH n (iln === Cil,D
2 2 . lo
| | | — | 2"y 28
S S S S
CHZ—-CHZD ———?CH2‘=CH2 + T|)
S S

or C}Ig= CHD 4 ! (statistically ‘

The associctive adsorption of ethylene and evidence
for ethyl group formction, the 'holf hydrogenated stater,
on niclzel nowvn to contain surface hydrogen hove been observed
elsewhere.48

The hydrogeration activity of the cetalysts was, once
afoin, observed to increase with temperature as a result of
increased dissocistion of adsorbed ethylene, The amount of
" deuterium rose to .a.maximum vith the S%Ni/!!lgo3 catalyst at
- 350°C where only 25% of the ethane was free of deuterium,
Smoll er concenirations of deuterium werc found in the ethylene
exchange fractions then in the ethane and it wouvld anpear
that as ithe temperature iz raised the increaced availability
of surface douterium increases the tendency of zlkone form-

ation rather than alkyl reversal, That is to say, ks,
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becores lorger compared vith 9.
1—,1 Trf)
CH7= CI'D ¢mm—— (W, = CH,_ D ==e—— CT, D == CI1,D
_IAT ' e 2 D 2 2
S

In addition Vo this mochanimm there nre other woays in
viiich the curface deuterium cen add 1o the light ethvlene

to rroduce l:ivelled ethane,.

CHZ— Cilo,D  Cllp=— Cll,D ———> ?HQ— C.‘H2 + CI—IQD— CH?‘D

+ |
S S . S S (1)
— CH ) e T amm CF Hye— CH.
?Hz CH,D ' '112 ?HZ____’ ?Fz er+ c'mz e
S S S S S S
D
+ |
S

OT,D —Cli; (2)

Some dissociative adsxntion of the lighf efhylone iNe~
jectiion occurs at the higher temperatures as evidenced by the
nregsence of light ethane clthough vnort of this may be due to
the increasing role nloyed in the hydrogenatibn by the suvport
hydrogen,

Studies of the evchange reaction between light and
heavy ethylene have in the past been conducted with a
gimulianeous addition of the ethylenes to the catalyet, Tn
the experiments of Conn and Twigg65, who used a niclel wire
catalyst, exchonge between the ethylenes was not observed

even at temperatures as high as 300°0 and the results were
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pakentOl ag a sirons arcumnent in favour of the ascocictive

mechanism of etliylene chemisorntion, llore reecent worl: hrs,
however, been in cgreencent with the present findingsg and
evidence hns been nrescnted for exchoenge on sunporied nic}:el68
and nickel :L"ilmlo2 catalysis and internrcted in temrms of the

dissociative mechanism of Farko.s.103
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APPENDIX T

The amount of vritium injected onlo the catalysis was
1ml,
Iet the amount of exchaugeuble nydrogen on the catoiyst be xml,
If tue activity of Iml {ritium is 'l unit' and tf.ere is com=
plete equilibration bvetween gas phase and surface hycdro;ien
(including tri.tium), x/1+ x units will be rc¢iained on first

injection, For convenience call x/l+x = r,

1st injection 1 unit of activity
r units rectained (1-r) units eiuted
21ud ‘nijection 1l + r units

r(l+r) retained (1-2)(1+ 1) cluted

3rd injection 1+7(1+71) = 1+r+r2 units

r(1l+ r+rd) retained (1-r)(1l+ r+1rl) eluted

41th injection 1+ r(1+ T+ r2) = 14+ 7+ 12+ 1)

r(1+ r+ 12+ rJ) reteined
(1-7)(1+r+ r2+ rJ) eluted
Thus in general for the nth injection
amount eiuted = (l-r)(1l+ o o - J— rn“l)
= (1-r1)
amount retained = r® = y (say)
y=1r% . logy =nlogr
A plot of log y |i.e. log (activity retained /activity injected)]
against n gives a straight line of slope log r where r =

x/l1+ x as defined,
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APPENDIX IL

The various isotoplic ethylenes possible ares—

CaDy 2

32 31 30 29 28

T et the measured ion currents bes-

CDy  CaDifl  CpDpHp  Coilsd  CoH,
32 31 30 29 28 27 26
A B c D E G H

and the parent ion currents bes=
a b c d e g h
On a statistical bvasis the breskdown pattern from each

parent ion is as follows:-

10N m/e INTENSITY

a. CyD, 32 1
CoD5" 30 - 13
CoD 28 £,

b, CpHDZ | 31 1 |
CoDy 30 £1./4= 0.25f;
C,HD3 29 3f1/4 = 0.7513
€D, 28 2/3.3/4£570.5%,
C,IH" 27  3/4.2/3£,20.5%,

¢ G H,DJ 30 1
C HD," 29 - £/2 = 0.5%

'C,oH,DT 28 £)/2 = 0.5f;
CoD," £,/6 = 0,171,

CZDH" 27 2/3f,=0.67f,
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o1 m/e INTENSITY
e, C,oIT 26 1/6f, = 0. 171,
contd? 2 2
a, C, :33* 29 1
CoH,0* 25 2409 = UlbIq
CoHz" f3/4 = 0.25%,
cgnz* . 06 0.251,
CQD+ 26 0.25%,
-’.
€e 02H4 28 1
S
0253 27 £,
-..
02H2 26 £,

The contritution of the parent ion to each peak can there-

fore be calculated from the following equations:-

32 a=A
31  b=B
30 ¢=C - £(0.25b + 2)
29 d=D - £(0.75b + 0.5¢)
28 e=E - £3(0.5¢ + 0.754)
| - f5(a+ 0.5b + 0.17c)
27 6= (e + 0,254)+

f2(0.5d+ 0.67c + 0.5D)
26 H= f2( e+ 0.5d + 0.17¢)
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The various isotonic ethanes nossible ares-

C2D6 CQHD5 C? DI)/, 02H3D3 C2I-.’;4D2 C2I’5D CQH6
%6 55 34 ) 52 51 20
T.et the measured ion currents bes-
A 1 C D E G H J K
36 %5 34 33 %2 31 30 29 28
cnd the parent jon currents bes—
a b ¢ d e £ h J k
On a sigtigiical basis the brezkdown paitern from each
parent ion is as follows:-
a, 02D6———-? CQDs—"' C D4
36 34 %2
1 i‘l f2
\ czm)ﬁ
\» 021{D
3
CZHD5 35 1
.
021)4 32 5/6.1/65, = 1/5.5/6£, = 1/3%,
5 =
+
CaHaDy C.HDY
CH D= 2 3
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c, C-H D* 34 1

contds ¢ 4
C HDy 33 1./3£
02}121); 32 2/3%;
CoDy 32 1/5.1/3£,= 1/15%,
" C,ID 51 (4/5.1/3 + 2/5.2/3)f, = 8/15%,
CoH,Dy 30 3/5£, |
d. __— CoFD3

C,E,D~
/ olin 9\) c II')D-'.
C_H.D 27272
273 3\ C-E Df
3

T +
C,i,D, 32 1
CoH,DT 31 2/3f1
C,H 4D* 30 1/3£,
+ d =
Cot, D7 30 3/5.2/3%, 2/5f2 .
ColD” 29 (2/5.2/3 + 4/5.1/3) £, = 8/15%,
C,H 4* 28 1/5.1/3f, = 1/155;‘2
4
Be 02H4D+ 7 CQH.,).D
C,H p"/ T oy
2 \
CoHg = C,H,
021151)* 31 1
0ot D" 30 5/6£;
CoH, 29 1/6%4
CoHD* 29 4/5.5/6%, = 4/6%,

CoH," 28 (1/5.5/6 +5/6.1/6) = 2/61,
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C H: ¥
26

CBH;
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. L+ -+
C lig" ————> C,lig ———3 I,
50 1
29 fl
28 f2

-+

a = |

I

f1(a + 1/6D)

£1(5/6b * 1/3c)

£1(2/3c * 1/28) - fy(a + 1/30 + 1/15¢)
£1(1/2a + 2/3e) - £5(2/3b + 8/15¢ + 1/54)
£,(1/3e + 5/6g) - £,(3/5¢+ 3/54 + 2/5¢e)

h
J = f1(1/6g+ h) + f2(1/5d+ 8/15e + 4/56g)
K = £,(1/15¢ + 2/6g + h) ’



