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PREFACE

Many mechanisms have been postulated in the past for
the ethylene hydrogenation reaction catalyzed by metal films. Two
principal mechanisms, the Langmuir-Hinshelwood and the Rideal, have
stood out from the other mechanisms as being the most probable. However
the problem of deciding between these two mechanis»s is much more .
difficult than the singling out of the two from the mass of other
mechanisams.

Professor Laidler, partly on the basis of absolute rate
calculations, has proposed that the investigation of the dependence of
the hydrogenation reaction on the pressures of the reactants, ethylene
and hydrogen, holds the answer to the problem of deciding between the
two mechanisms. This approach to the problem allowed Leidler and Weber
to favour the Langmuir-Hinshelwood mechanism for the ammonia-deuterium
exchange catalyzed by iron.

The same approach has been used in the research
described in this thesis on the ethylene hydrogenation reaction.

The hydrogenation reaction catalyzed by nickel films
has been studied to ouly a limited extent in the past because
heterogeneous reactions are very difficult and time consuming to study.
For this thesis the reaction on nickel films has been studied extensively
over wide pressure ranges, and by activation energy determinations and

time course plots. The reaction on iron films has also been extensively



studled in this work because only.qualitative results were obtained
in the past.

As a result of these extensive studies, it has been
concluded that depending upon the reaction conditions both the Rideal

mechanism and the Langmuir-Hinshelwood mechanism may be the dominant

one.
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ABSTRACT

kinetics of the
The dependence of theﬁ?thylene hydrogenation reaction

catalyzed by a nickel film on the pressures of ethylene and hydrogen
has been studied over the pressure range of 1 to 30 cm.Hg of each
reactant. The reaction, with simultaneous introduction of hydrogen
and ethylene to the film, was first order in hydrogen, falling to
0.7 order at high pressure, and was =0.6 order in ethylene at 32.3°C.
The activation energy was 7.8 kecal per mole over the temperature
range 32.3%C to 80%°C for equal initial pressures of 5 cm.Hg for each
reactant. When ethylene was added to the nickel £iim prior to the
hydrogen, the reaction was 0.7 order in hydrogen and =04 order in
ethylene at 32.,3°C, and 0.8 order in hydrogen and =0.2 order in
ethylene at 80°C. The activation energy was 10 keal. per mole.

When ethylene was introduced to an iron film prior to
the hydrogen, the reaction was 0.9 order in hydrogen and =0.6 order
in ethylene at 32.3°C, but 0.9 order in hydrogen and -0.2 order in
ethylene at 80°C. The activation energy was 73 kecal. per mole.

Several time-course plots were made for the reaction on
both nickel and iron films.

The ethylene hydrogenation reaction catalyzed by either
nickel or iron was concluded to follow the Rideal mechanism if
hydrogen was intrcduced to the film prior to the ethylene or if
hydrogen was in large excess. The Langmuir-Hinshelwood mechanism is

considered to hold for all other conditions.



CHAPTER I

INTRODUCTION

Investigations of the catalytic hydrogenation of ethylene
have been fairly numerous in the past; however the results which have
been published as a result of these experiments are neither complete nor
extensive. Several theoretical mechanisms have been developed in éome
detail, but the experimental data to date have been insufficient or of
such a doubtful nature that no one mechanism is firmly established.

The research described in this thesis was carried out in
order to extend the pressure dependency studies. In particular the
dependence of the rate of hydrogenation of ethylene on the pressure of
ethylene was studied because the ethylene pressure dependency is a very
important factor for deciding which mechanism gives the best correlation

between theory and experiment.
LANGMU IR-H INSHEIWOOD MECHANISM

The two principal mechanisms were both proposed for
heterogeneous catalytic reactions by Langmuir in 1921 (1). One of these
mechanisms was later applied by Hinshelwood (2) to numerous heterogeneous
reactions with some measure of success and is thus now referred to as the
Langmuir-Hinshelwood mechanism. In the Langmuir-Hinshelwocod mechanism the
reactants are considered to be in adsorptive equilibrium with the surface,

and reaction then involves these adsorbed molecules. This adsorption
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equilibriur is considered to be established rapidly in comparison to the
actual surface reaction. For the general case of two reactants A and B, |
the rate of reaction is proportional to the probability that A and B
molecules are adsorbed on neighbouring sites, which in turn is
proportional to the product of the fractions of the surface covered by

A and by Be These fractions are given by

= Kp (1)
1+ Kp+ Ktpt?
for A; and
o' = Kip! (2)
l+ Kp+ Kip?
for Bs The rate of reaction is then given by
v = k8 8 (3)
- 2 (4)

(1 + Kp + K1p1)?

This equation can be simplified for the special case of the hydrogenation
of ethylenee It has been found thet ethylene is mueh more strongly
adsorbed than hydrogen on many metallic surfaces. Therefore if A
represents hydrogen the term Kp in the denominator of equation (3) may be

neglected in comparison with 1 + K'p', and the rate equation becomes



-3-

v = K2 KK pp! (5)
(L + K pt)2

The rate is now proportional to the pressure of hydrogen but as the

pressure of ethylene is increased the mate passes through 2 maxiimm.
RIDEAL MiECHANISM

The second principal mechenism proposed by Langmuir (1)
involves the adsorption of one reacting substance which reacts with a
gas molecule of the second reacting substance. The second reacting'
substance may or may not also be adsorbed but the reaction occurs between
an adsorbed molecule and a gaseous molecule. Rideal (3,4) has proposed
that this mechanism applies to certain reactions involving hydrogen;
therefore this mechanism is usually referred to as the Rideal mechanisme

For the general case of two reactants A and B in which an
adsorbed molecule of A reacts with a gaéeous molecule of B, the rate of
reaction is proportional to the fraction of surface covered by A and the

pressure p!' of B.

v =1k, p! 8 (6)

k, XK pp!
1+ Kp+ KV pt

(7)

The term K' p' corresponds to the adsorption of B « For this type of
mechenism, if the pressure p of A is steadily inereased, the rate at

first increases and then levels off at a limiting reate. This pressure

dependeney of A 1is the feature which allows the Langmui rel{inshelwood
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mechanism to‘be distinguished fror_n the Rideal mechanisme

Yhen this mechanism was first applied to the catalytic
ethylehe hydrogenation by Ridealy he assumed that adsorbed ethylene
reacted with gaseous hydrogen. Thus since hydrogen is weakly adsorbed

Ki'p?! can be neglected in comparison to 1 + Kp , and therefore

szpp'
1+ Kp

(8)

Rideal {5) has more recently revised his application of
the Rideal mechanism to the ethylene hydrogenation reaction. Rideal
proposes now that adsorbed hydrogen re2cebs with gaseous ethylene. This

revision does not change the general form of equation (7) which should

now be written as

k2 Kt pp!

v =

(9)
l+ Kp

EXPERIMENTAL INVESTIGATIONS

The earliest investigation of the ethylene hydrogenation
reaction was carrled out Ly Grassi (6) in 1916 on copper. Grassifs data
fitted a rate law which was first order in both ethylene and hydrogen.

A fairly extensive study of the hydrogenation of ethylene
on copper wes mmde by Pease (7,8) in 1923. Peasec used both pure copper
and copper supported on brick and glass beads. At 20°C he found that the
reaction was 0«8 order in hydrogen and =0O.4 in ethylenejy at 10C°C the

hydrogen dependence was first order and the ethylene dependence was zZero



order, but at 200°C the reaction was 0.8 order in hydrogen and 0.66 order
in ethylenes

Farkas and Farkas (9, 1C), using platinum wire over a
limited pressure range (10 mm. to 100 mm. Hg), determined the hydrogen
pressure dependency to be first order and the ethylene pressure
dependency to be negative first order.

Rideal's initial investigation (4, 11) of the ethylene
hydrogenation reaction was on nickel foil. Over the limited pressure
range from Q.1 to 10 cm. Hg with hydrogen in excess the reaction was
first order in ethylene and zero order in hydrogen. The converse was
found when ethylene was in excess; that is, the reaction was first order
in hydrogen and zero order in ethylene.

Zur Strassen (i2), working at very low pressure in the
0.03 to 0.2 mm. Hg pressure range with a nickel wire catalyst, found
the reaction to be first order in hydrogen and zero order in ethylene at
low temperatures; at higher temperatures the ethylene dependence became
first order.

In an investigation of ethylene hydrogenation on nickel
wire, Farkas, Farkas and Rideal (10) found that the decrease of ethylene
pressure was linear in the first 30 minutes of the hydrogenation reaction
indicating & zero order reaction at 20°C. But at 60°C the reaction
ceased to be zero order indicating that the adsorbed layer of ethylene
was no longer saturated. It was also assumed by these workers that the
exchange reaction and the addition reaction proceed independently of each
other since they have different temperature coefficients.

A valuable piece of researeh in this field was carried out

in Japan by Toyama (13) in 1937. Using nickel in a powdered form he found
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that at 0°C,-and in the pressure range 10 cm.lg to 40 cme Hg, increasing
the ethylene pressure retards the reaction to some extent. iith respect
to hydrogen the reaction was nearly zero order with hydrogen in excess,
and tended to be of the first order in hydrogen when ethylene was in
excesse Toyama also carried out some constant pressure experiments in
which he found that at 2 constant hydrogen pressure the reaction was
alweys slightly accelerated as it proceeded, while 2t constent ethylene
pressure the rate was only reduced as the hydrogen wes consumede At
higher temperetures, that is 1659C, the reaction was approxirately first
order while at lower temperatures the order of the reaction was
apparently lowere

Twigg and Rideal (14, 15, 16, 17) carried out a series of
experiments on nickel wire to study the exchange as well as the
hydrogenation of ethylence The rate of exchange was found to be
independent of the ethylene pressure but directly proportional to the
hydrogen pressure. The absence of chemisorbed hydrogen atoms, as
indiczted by the lack of egquilibretion by diresct Hy + Dy = ZD
exchange during the cthylene exchange and hydrogenation reactions,
suggests the associative mechanism, according to which ethylene is
adsorbed by opening of the double bonde The associative mechenism is
also indicated because the ethylene deuterium cxchange occurs at a lower
temperature than ethone deuterium exchonge. It is suggested that the
hydrogen is held in the molecular state in the wan der Waals layer above
and between the chemisorbed molecules of ethylenee The siow step in the
exchange reaction is assumed to be the addition of one hydropen atom to

the adsorbed ethylene molecules Since the addition reaction had a lower
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activation energy, the hydrogen molecule is assumed to add directly
across the double bond of ethylene.

Beeck (18, 19) in 1940 made a great contribution to
catalytic studies by his development of evaporated metal films. Prior to
this period the catalysts were wires, foils, or bulk powder which were
usually oxidized and then reduced with hydrogen at 500%C. The activity of
evaporated films is dependent on the film thickness, the pressure of inert
gas duriném%vaporation process, and the temperature of the surface on to
which the metal condenses, The presence of a small pressure of inerf gas,
for example 1 mm. Hg of nitrogen, causes the film to be strongly oriented
and more active. Beeck's preliminary studies of the ethylene hydrogenation
on nickel films revealed that the reaction was first order with respect
to hydrogen pressure and independent of ethylene pressure. Beeck
assumed that some ethylene was adsorbed associatively on that part of the
surface not covered with dehydrogenated complexes but no direct
experimental evidence was given to support this postulate.

Beeck (20, 21, 22, 23, 24, 25) found that the activation
energies for oriented and unoriented films of nickel as well as for iron,
platinum, palladium, and rhodium covering a thousand-fold range in rate
constant all gave about the same value of 10.7 kecale per mole
for the temperature range - 80°C to 1509C.

On nickel films at 239C about 5 x 1018 molecules of
ethylenes were adsorbed on 100 mg. nearly instantaneously and irreversibly.
Addition of more ethylene resulted in the formation of ethane and when
12.5 x 108 molecules of ethylene were added, an'equal number of ethane

molecules appeared in the gas phase leaving acetylenic residues on the

surface.



If ethylene was preadsorbed on films of the’metals, the
rates of hydrogenation were reduéed by the following factors: Ni = 06 ,
Ta =10, W=25and Pt = 0.9 « Beeck considered the rete of hydrogenation
of ethylene to be determined by the fraction of surface not covered by
acebylenic residues. Hydrogen chemisorbed on the remeining surface reacts
with goseous etlyylenes He assumed that the rate of removal of the
poisoning acetylenic complexes by surface hydrogenation must be the rate
controlling processs In 2 later peper (26) Beeck modified the last
statement by assuming that the rate-controlling step is the removal of
chemisorbed ethylene by chemisorbed hydrogen. Some acetylenic complexes
are formed but these are limited to areas where four 2djacent sites are
emptye

Jenkins and Rideal (5) made an extensive study of the
chemmisorption of ethylene on a nickel filme. When increments of ethylene
were admitted to a clean £ilm at 20°C three distinet phases were
observede The first few increments were completely and rapldly
chemisorbeds On further additions more gas was rapidly adsorbed but
there was then a rise in the residwal gas pressure due to the formation
of ethanes In the third phase both ethylene and ethane vere present in
the residual gase From studies of hydrogen adsorption on films
saturated with etlylene, it was concluded that 83.4 % of the surface
sites were occupied by acetylenic complexes, 8e3 95 were occupied by
hydrogen atom pairs, and 8.3 9 were wnoceupiede From these studies
Rideal has concluded that no associative adsorption occurs. Lthylene
on chemisorption is dissociated to an acetylenic complex and chemisorbed

hydrogen and there is no reversible adsorvtion of ethylene. These
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acetylenic cbmplexes were only very slowly removed by hydrogen to form
ethane.

Jenkins and Rideal from their investigations of the
ethylene hydrogenation reaction obtained a value of 1465°C for the
inversion tempereture and 10.2 keal. per mole for the ectivation
energy. The rate Qf the reaction was independent of the ethylene
Pressure over the pressure range from 2.0 0 9.6 cme Hg but was directly
proportional to the hydrogen pressure over the Pressure renge from
2¢0 to 10 cme Hge If the reaction oceurs between chemisorbed 1wdrogén
and gaseous ethylene, the rate of chemisorption of hydrogen is glven by
kl PH"Z (1L - 9) where ® is the fraction of the surfece covered by hydrogen,
the rate of evapor:tion of hydrogen is k2 ® ;, and the rate of reaction

with gaseous ethylene is k3 PC&I[ ©® ;3 then
< h

klPH2(1-8)=k29+k3PcéIh6 (10)

Hence the rate of hydrogenation is given bys

ICJ}CB &{2 PCZHL

ka P 8= (11)
3 “ca

If ki B, <<%, + ks P
1 "H, 2 BCZHA

Rate = - ' (12)



If further, at low temperature, ks Fg gi, > > kg s then

Rate = Iy Ry, (13)

On elevation of the temperature the rate of the evaporation of hydrogen
k, 8 increases more rapidly then the reacti&xiﬁith ethylene, of rate
k3 Pb2ﬁh @ , so that the inversion temperature is reached when

ko = k3 FbEHh ® « Above the inversion temperature the rate of

hydrogenation becomes dependent on the ethylene pressurce

(W
Ci - H D

2 ] L
) + C D
N AU S R

21 + HD

The relative rates of hydrogenation end exehange are given by k3Fb2Hh
and k, respectively, ks being much smaller at low temperctures but of
comparable magnitude at 165°C « In experimental agreement, the temperature
coefficient of the exchange reaction is much greater then that of
hydrogenation; both rates being comparable at 170°C .

Kemball (27, 28) has made a recent study of the
deuteration and exchange of ethylene on evaporated metal catalysts
at low temperatures. At temperatorss between = 120°C and - 100°C both

deuteration and exchange rates were independent of ethylene pressure



and were propbrtional to the square root of the deuterium pressure.
Kemball put forward a general theory not based on any particular
mechanism which would explain the distribution of deuterated ethylenes
and ethanes. The theory is based on the probabilities of the various
changes which the adsorbed entities may undergo on the surface. These
entities are adsorbed ethylene and adsorbed ethyl radicals. The
assumptions of the theory are: (a) Every adsorbed ethylene molecule

must either become an adsorbed ethyl radical or leave the surface. The
chances of these two events are independent of isotopic content and afe
given by P/(1 + P) and 1/(1 + P) respectively, P being the ratio of the
chances. (b) When an ethylene molecule becomes an ethyl radical there is
an egual chance of the new hydrogen atom adding to either end of the
ethylene moleculs. The chances of obtaining a deuterium or hydrogen
atom in this process are q/(1 + q) or 1/(1 + q), respectively. (c) Every
adsorbed ethyl radical must either revert to an adsorbed ethylene
molecule or leave the surface as an ethane molecule. The chances of these
two events are independent of isotopic content and are given by r/(1 + r)
and 1/(1 + r), respectively. (d) When an ethyl radical reverts to an
adsorbed sthylene molecule, it has an equal chance of losing any of the
three "hydrogen" atoms in the methyl group. (e) When an ethyl radical
takes up a "hydrogen" atom to become a gaseous ethane molecule, the
chances of obtaining a deuterium or hydrogen atom are s/(l + s) and 1/(1 + s)
respectively. By using one fundamental generating equation, one can
write down eighteen simultaneous equations which upon solution give the
fraction of each of the possible eighteen deuterated compounds. The

Jenkins and Rldeal mechanism alone is not sufficient to account for the
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initial producfion of tri and tetra deutero-ethylenes observed by
Kemball. It is probable that the presence of added hydrogen would
favour the existence of the more highly hydrogenated entities such as
etiylene molecules and ethyl radicals and thus reduce the number of
acetylenic complexes. It is Kemballls opinion that perhaps several of
the different mecham_.isms suggested in the past all play & pert in the
hydrogenation and exchange reactionse

Foss and Byring (29) carried out an investigation of the
catalytic nydrogenation of ethylene over eveporated nickel films in order
to see if earlier work done on wire ond powdered nickel could be reproduced
on nickel filmse They also attempted to develop a technique for obtaining
very reproducible results on reproducible nickel filmse. Over the pressure
range fron 0.03 to 300 mme. Hg, the hydrogenation reaction was found to be
first order in hydrogen pressure and zero order in ethylene pressurec.
However, in order to increase the life time of the films, most of the work
was done in the 15 to 100 ) (4 pressure range. Potassium-sodium eutectic
mixture bubblers were used to purify the recactantse. With these improvements
a film's activity was found to have decreased only sixfold after thirtye
one runs over 2 perdod of six dayse On the addition to the routine of a
beking veriod at 300°C with 5§ cme Hg of hydrogen between runs, very good
reproducibility wes obtained. For example for one series of five runs
the initial first order mate constants were found to vary by less than
l o/o » The activation cnergy determined by Foss and Eyring was 8 keal.
per mole. Other grouns (5, 13) have obtained 10 keal. per mole for the
activation encrgy end Foss a2nd Lyring concluded that their lower value

must be due to the presence of some wilmown contaminant, probably
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OXyZeNn e Howevér the possibility of oxygen as a contaminant seems

unlikely since Foss and Lyring used more rigorous methods of purification

than former authorse
ABSOLUTE RATE TREATMENT

The rate expressionsformulated by Langmir in the early
developement of catalytic research have, in more recent times, been
confirmed by an analysis of the problem using absolute rate theory
(30, 31, 32). However absolute rate theory shows that 2 study of the
magnitudes of the various rate constants will not a2llow one to decide
between these mechanisms. Absolute rate theory calculations have shown
that the rate constants are of the same magnitude regardless of which
mechenism is assumeds It is however instructive to follow through the
absolute rate ecalevlations to confirm the expressions developed by
Langmuir and thus to show the importance of pressure dependency studies
in a decision of the type of mechanism.

A brief outline will now be given of the application of
the theory of absolute reaction rates to the ethylene hydrogenation
reaction first formulated by Laidlery Glasstone, and Eyring (31, 32, 33,
34, 35, 365 37)e The simple process of adsorption in which the activated
complex is localized will be given. Let Ns » Ng » and N* be the numbers
of sites, gas molecules, and activated complexes, respectively, and let
the corresponding concentrations be ¢y (= Ng/s), cs (= Ng/V), and
cd (= N;/S) « The assumption of equilibrium between the activated

complexes and the reactants then gives rise to the equation:

04, B )‘.'4 o /KT
cg c F £ (14)




is the-energy of the complexes with reference to the reactants at the
absolute zero, and is therefore the activation energy at that temperature.
£ is the complete partition function and F is the partition function
per unit volume. One of the vibrational factors in the partition
function of the complex is a very loose vibration which a2llows the
complex to dissoc_iate into the products of the reaction. By taking the

expression for this vibration out of f+ s this expression results:

’ = + .(__ﬂL_l - el/kT (15)

¢

g °s

Thus, the rate is given by:

£ -
Bty o 1)

v-q't/-c c
g

An extension of this to a Langmuir<Hinshelwood bimolecular

reaction, formulated as:
A B
A+B+ s, == | | = product
-5 —8~- .

where A and B are the reacting molecules and S, is a dual site,

2
gives the rate ass

vec_elc XE . - -€°/kT 7)

g °8 “s, h
2 FFgfz

where ¢y and cé are the gas-phase concentrations of A and B, and



Fg and Fé are the corresponding partition functions per unit volume.

The concentration of bare dual sites is related to the concentration of

bare single sites by

1
°s, = 3 sc‘;* /L (18)

where L is the total number of sitese

2
L Sk - € o/KT
Yret T T hWERwme © o)
E & 8y
By the use of isotherms
c
&— . g (20)
¢, Cg
c'
—— = KI (21)
el ey

where e, and c‘; are the concentrations of adsorbed A and adsorbed

B , ecuation (19) can be put into 2 more genercl form. Also

ca+cé+cs=L {(22)

and therefore

e = (23)
K ] ]
l!-kcg+k cg,

1]
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Equation (19) can now he expressed as:

1
S sepel L £ - € o/kT
v = 2 ""8°E kT i e (1)

2
(L + Ke, + Ktet) h By FL £,

If B is only weakly adsorbed K'cé may be neglected and the equation

becones:

£ -€
v=%s Lcg ek KT 3 o o/KI

(1+Keg)® h FyFy £, (25)

which passes through a msxdimum as Cy is increased.

If A is strongly adsorbed also, ch is large compared

with unity and eguation (25) can be expressed as

e £ -EiofkT
AT Il el (=)
g g g sy

The application of the absolute rate theory to the Rideal
mechanism gives a slizhtly different equation. For the reaction between
an adsorbed molecule A , of concentration cg in the gas phase, and
2 geseous molecule B , of concentration cé s the concentration of

adsorbed A is expressed as:

cy = —% (27)
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The rate of the reaction is:

v=c'e k ¢~ Co/kT (28)

vhere € 8 1is the activation energy for the reaction at the absolute

zeroe Substitution of (27) in equation (28) gives

Le,elK £ - € V /KT
! !
l+Reg+K'of h FL g,

In order to apply the Langmuir-Hinshelwood treatment to

the hydrogenation of ethylene the following reactions must be considered.

CH
/ 3
(1) mz—alaz }ll a|42
—~———— | |
—8—— 8§ —5- ~-§ —8——5-—
a
(2) CcH H | + C
|2 , N -S'——-—S— é{6
——8——8—
CH o
e H.,——CH . G
G) o o R 2
p— —§—— §—

The isotherm for ethylene adsorption is



— = Ko (30)

where eg 5 is the concentration of dual sites, equal to sci/ZL e Since

the surface is only very sparsely covered by hydrogen,
L = 2c, + cg (31)
Thus

1
2sKe, <:a2 - L(1 + 2sKey)e, + 3 sKI2 e, = 0 (32)

The solution of this is

= Ll+__§_c___-(l+&)l/2 =

Cy LA (33)
2x
where x = 2ch:g o Also
1/2
o = L2 -1 o g (34)
X
The isotherm for hydrogen adsorption is
Cyt 1/2
—— = 1t
, (Ktet) (35)

S



19 -

go that

|
ot = %é:a g2 oil/? (36)

The concentration of adsorbed ethylene molecules which

have a neighbouring hydrogen atom is given by Cont

Therefore the concentration of adsorbed ethyl radicals, Cany is given

vy

= Sca et .

Can Can Lan en
The fraction of the swrface covered by ethyl radicals is
c sc, 8t £ "
DY L at e/ (38)
L L Laor

The concentration of ethyl radicals which have a neighbouring hydrogen

atonm is

= sca’" |} A

(39)

alah

The rate of reaction is

- 6 ‘e" - 2€ l’CT
v = szhmzcé%-ﬁ-l—' e (€0 i (40)

i1



-20-

where € is the energy of adsorption per atom of hydrogen. The rate
varies directly with the hydrogen pressure cé but goes through a
complex maximum on vardation of the ethylene pressure.

If the reaction proceeds by mechanism (3), that is, the
interaction between two ethyl radicals adsorbed on neighbouring sites,

the rate of reaction is given by

v=0 ot E{.T.. —&. e-eo/kT (l&l)
a’a® n f
a“a"

The coneentration of ethyl radieals adsorbed on neighbouring sites is

i
Cangn = 25 SCan 8"

292 f2

c,<~ ©

=1S3 aL Za" e2€ n kT (L2)
2 faat

Therefore the rate can be expressed as

- =2 €1 22€ )/KT
v ='% ) LAszcé %% Loe (€o (43)

F!
g

The rate is again proportionsl to °é but goes through a very flat
maximum as the ethylene pressure is increaseds
Twigg's mechanism which involves the interaction between

adsorbed ethylene and gaseous hydrogen gives the following rate equation.



v =14 ct KL -l'-e~€°/kT (ut)
g h Ppi
g
At high values of cg the rate reaches a limiting value of
KT 1 =€o/kT
= | -
v (1/2)ch Pylien e (45)
: g

The foregoing mechenisms cannot be distinguished
quantitatively because 21l the expressions give rete values of similar
magnitudes

The absolute rate treatment of the ethylene deuterium
exchange has been developed for the Langmiir-Hinshelwood mechanism. It
is assumed that there is at least one bare site adjacent to an ethyl
radical, so that the exchange rate is controlled by the unimolecular

breakdown of adsorbed ethyl redicals. The rate expression is:

fat1 £ mEN -
v o aianer /2 KE $ (o mEm me)r |

g B foa1 £ F}

L6)
If this expression is compared with that for hydrogenation, it is evident
that the activation energy for exchange should be greater than for
hydrogenation by the heat of adsorption per atom of hydrogen. The

agreement with experimentel activation energy differences is quite goode

SUMMARY OF THE DISCUSSICNS FOR ASSOCIATIVE

AND DISSOCIATIVE ADSORPTION

It is now generally accepted that saturated hydrocarbons



are chemisorbed on metals by the dissociation of one or two ,hydrogen
atoms (38, 39, 40, 41l)s The prinéipal plece of research was carried

out by Kemball (42, 43, Lk, 45)s Kemball has done extensive studies

cn the exchange of deuterium with saturated hydrocarbons using the

mass spectrometer for the analysis of the products during the course of
the reaction. Kemball has shown that some hydrocarbons on certain metals
(eege rhodium) are édsorbed by two point contact with the loss of two
hydrogen atomse

This knowledge of satureted hydrocarbon chemisorption has
been used as evidence in support of dissociative adsorption of wnsaturated
hydrocarbonse However Wagner (46) and Taylor (47, 48) have shown that
ethylene exchanged with deuterium at -80°C while ethane did not exchange
until temperatures of the order of 100°C were reached, so that different
mechenisms must be involved for saturated and unsaturated hydrocarbon
exchange reactions.

Farkes and Farkas (10) have supported the dissociative
mechanism and experiments along the following general lines have been
studied to confirm the dissociative mechanisme (1) Rates of addition of
hydrogen to the double bond were determined. (2) The rate of ethylene-
deuterium exchange was determined from the increase in hydrogen content
of the deuterium as measured by microthermal conductivity. (3) The rates
of conversion of para to ortho hydrogen in the presence of ethylene and
also the rates of equilibration of mixtures of hydrogen and deuterium in
the presence of ethylene were measured. They obbtained an activetion
energy of 10 kecal. per mole for ethylene hydrogenation and 22 keal. per

mole for the exchange reaction on platinum. However no inversion
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tomporaiuwre wns observed for the exchange reactiom ag was found for the
Iydropenation reaction.

buring the reaetions of jera-lydrosen and orthoedeutorius
with ollzienes the mtos of the additlon peactlons wero of the same
marrlitde oo the wates of the convorsionge This indicsbed 1o then Lhat
the mbte eontroiling step In the addition reaction s the dissociation
of iydrogene the differences in the sctivation wnergies of the axehunge
ang addition recetlone led then %o postulale thet Lhie o peactions
rrocueded Ly ontively different mechoniamse For the exehenge reaction,
tho dispociatlon of the adsorbed eblylone wno cosumed £o be rate controlling.
They clso synested that for hydropmailon o hydrogen atons added
shruitoncouslye However more recont Lufmeered studies (36, 17) have shan
titls pootulste to boe incorrecte The diffeorence in aetivition enewmies of
the ciehonge and hydemogenatlen reactiois bag, howevor, bean eploined
using aboolute rete caleulations oo seon rreviously.

Cis addition of denterdies to a douilo bond {49, 5¢, S1) woo

thought to be furthor cuprort of the slmultaneous cddition of Lwo
rdropzon atorm, bub Polayi (52, 53) hes been able to explain cis adddtion
uslc o e apsociative mochanisie

Yiighin and tlechens! infmered studics (5L, 55) of olelin
adoorptdon on metaliic Pilms wowld geor: to support associative cdsovrttione
They Jopid o Uly deformation bonwd Dl no <l streteling hond uben
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Studies of double bond migration (53, 56, 57) lend
support to the dissociative mechanism since the associative mechanism
does not predict the correct ratios of productse

Twigg and Rideal (14) found that hydrogen and deuterium
were not cquilibrated during the exchange between deuterium and ethylene
and they concluded that the conecentration of chemisorbed hydrogen atoms
must be very smalle Also the hydrogen coming from the ecatalyst surface
initially was low in deuterium. They supported the associative
chemisorption of ethylene but assumed that chemisorbed ethylene reacts
vith deuterium molecules held in a van der Waals layer.

Twigg and Conn (16) using infra-red analysis found no
exchange between ethylene and tetra-deutero-ethylene on nickel between
76°C and 360°C, and this tends to support the associative mechanisme
However Wright and Taylor (58) and Rabinovitch (59), using mass
spectrometric and infre-red analyses, did find exchanged products.
Sheridan (60, 61) found that acetylene and di-deutero acetylene were
equilibrated in twe hours at 119°C on nickel.

Jenkins and Rideal (5) have found that when ethylene was
adsorbed on a nickel film a selfehydrogenation took place to form ethane.
The dissociative mechanism is required to explain self-hydrogenation. The
ethylene on adsorption is thought to dissociate into two hydrogen atoms
and an acetylenic complex which is held to the surface by four-point

bondinge

THEORY OF MiTALS

The metel film plays such an important role in heteroreneous
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catalysis that it is necessary to obtain all possibie information

about the structure of metals. Whenever a gas comes in coﬁtact with a
metal, it is important to know ﬁow the gas is physically adsorbed or
chemisorbed. This requires a complete knowledge of theenergy levels.

of the electrons in the metal and in the gas molecule to determine
whether an electron transfer or sharing takes place. Theories of metals
which have been developed to the present time are capable of giving

qualitative or semi~guantitative results only.

GUANTUM MECHANICAL THEORIES

Metals have been treated theoretically from a quantum-
mechanical point of view (62) and from a2 resonant bond point of view (63).
In the quantum-mechanical treatment the possible energy levels available
to the electrons are calculated from a knowledge of the potential fields
set up by the nuclei of the metal atoms. The resonant bond treatment,
due mainly to Pauling, regards the atoms in the metal as held together
by ordinary localized bonds, and considers the possible resonance states

existing between them.

SOMMERFELD THEORY. Sommerfeld (64) developed the simplest quantum-

mechanical treatment by regarding the potential field of the nuclei as
uniform throughout the metal. The electrons therefore can move freely
through the metal, as an electron gas. The Schroedinger equation for the

case of zero potential is

32 Y 872 nE
> Y a0

32 N (47)

and its solution is
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WYoeikx Ge)

where

= (49)

The energy E is equal to 1/2 m”  and h/mv is equal to A , the
de Broglie wave length so that

2T
kBA

(50)

The electrons are confined in a metal of length L and in order for

to satisfy this boundary condition, L must be equzl to nA/2 where

n is an integere. Thus
m
k =  cums
1 (51)

and the allowed energy levels are given by

kzh"‘3 n2h2
E= = 2
) = (52)

This corresponds to a2 series of very closely spaced levels. GSinee the
Sommerfeld theory does not properly account for the specific heats of

metals, a more elaborate theory was necessary.



BLOCH, KROENIG, AND PENNEY THEORY. A more satisfactory théory was
developed by Bloch, Kroenig, and.Penney (65)« They used a periodic
square-wave potential fields The potential V consists of rectangular
barriers of height Vo and width "b" separated by intervals of length
"a" as seen in Figure 1 (a). The Schroedinger equation takes the
following forms:

Fromx=0tox=a

S o2 = = 0 (53)

812 m
8 x° h2

E-v)Y =0 (54)

The general solution of these equations is of the form
Y= vt (55)

where U is a periodic funetion having the same periodicity as V .
The actual solutions must satisfy four boundary conditionse.
(1) The values of U satisfying equations (53) and (54) must be identical

at the point x=0. (2) Also du/dx must be identical for both

solutions at x=0. (3) The value of U at -b must be equal to the

value of U at "a" . (4) The velue of duf/dx at ~b and "a" must be
identical. These boundery conditions result in four simultaneous equations,

which on elimination of thefour constants lead to
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Figure la Rectangular potential-energy barrier.
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sinh Yb sin Ba + cosh Yb cos ga
(56)
= cos k(a + b)
where
| 2 1/2
&n B
B = (Tz‘L) (57)
and
8 oV - & 1/2
v= X alfo - B) (58)

h

Certain values of L do not satisfy this equation; therefore there
are certain forbidden regions of energy which oceur periocdieally and
are separated by reglons crowded with permitted energy states. When
these zones of permitted and impossible levels are marked out in terms
of momentum coordinates the permitted regions are referred to as

Brillouin zonese.

If the potential barriers are very high, the only
solution of equation (56) is
sin a = 0 (59}

and

E=gul (60)
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The energj levels are discrete, the electrons being confined to
individual potential wells. This is the situation for the. innershell
electrons.

The number of possible states in eaeh Brillouin zone
is limitede An electron in a completely filled zone cannot participate
in conduction phenomena unless it acquires enough energy to pass across
the forbidden zone into a higher zone. If this energy is great, the
probability of such a passage is small, and the solid is an insulator.
If the barrier is small, the solid is a semiwconductor. Only solids
with incompletely filled zones are conductorse

As seen in Figure 1(b) certain electrons are localized
in the potential wells at each nucleus and are wnable to rass from one
nucleus to another. There are also groups of energy levels corresponding
to values higher then the maxima that overlap all the nuclei, and these
groups are referred to as bands. If these bands are incompletely
filled, conduction can take place upon application of an electric fielde
If the band is filled conduction can arise only if the field is
sufficiently strong to excite electrons into an upper bande The number
of energy levels in any band is equal to the total mumber of atoms
present in the crystal. In general the bands formed from s states
show a preater energy spread than those formed from p states, while

the d bands are narrower still.

IHE RESONATING BOND THEORY OF METALS.

The theory of metals developed by Pauling (66, 67, 63)
regards the metallic bond as involving resonance between covalent and

ionic bonds formed between the individual atoms. The resonance forms
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in lithiuwm, for example, are given as:

Ii—1i
i — L1

In order for this resonance to be possible the atom must be capable
of forming a structure of the type —Ii— and this requires the
atom to have an available orbital, known as the metallic orbitale The
metallic orbital consists of a vacancy which can receive an electron
and then share it with a neighbouring atom. The metallic orbital in
lithium is a p orbitael, but in transition metals it is frequently a
d orbital.

The scheme in Table I represents the situation with
iron, cobalt, nickel, and coppers. This table indiecates the relative
percentages of the forms that are believed to exist in the metal, the
average valency of the bonds in the metals, and the percentage d
character (69, 70).

Iron will be used as an example to show how the
percentage d character is determinede In the first iron structure
there 2re two 'mpaired d electrons, whereas in the second there are
three - According to the theory of paramagnetism each wnpaired d
electron contributes a value of one Bohr magneton to the magnetic
dipole moment. Experimentally the magnetic moment of iron is 222
magnetons; thus iron mst consist of 22 c’/o of the B form and 78 °/o
of the A form in order to explain this megnetic moment. In structure
A there are three d electrons, and altogether seven orbitals are

involved in the bonding; in structure B there are two d electrons
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Table I

Electronic Confiszuration of Forms of Iron, Cobalt

Nickel and Copper

Metal Humber of Quter Electrons Resonance Percentage
3d 4s Lp Ratio Valency d Character

Fe o |} Helolo

ZI eleo!lo 73 6
5678 397

FeB |1[1|}]e]e E] elolo 22 5

COAI’I"?’foo Z[ |oo. 35 61
6 39¢5

o [HU[elele] [of  [e]e]o 65 6

/

\

NiALtLTTOo E AT R 30 6
6 4040

nB (NNelee] [e]  [o]e]o 70 6

cun MH[efele] T[]  [e]e]o 25 7
55 357

caB (NN ele B eje]o 75 5

} Electron
® FElectron involved in bonding

O Empty orbital
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and six orbitals involved in bondinge Therefore the percentage d

character is given by:
78X,2’$522X§ = 3907

In the band treatment described by Mott and Jones (62)
only the outer é electrons are considered to be involved in bond
formatione Bub in Pauling's theory all the outer electrons are
involved in bond formation. Since in the band theory there is frequent
overlapping of bands with no clear distinction as to type of orbital,
Pauling's percentage d character concept has no counterpart in band
theorye.

THE d-BAND IN METALS.

In copper the d band is completely filled and copper
has no paramagnetisme For nickel the saturation magnetic dipole
noment is Oe6 and this indicates that there are on the average 9.4
electrons per atom in the d band, and 0«6 in the s band. Fron
the standpoint of chemisorption the d band holes seem to be a more
significant factor than the percentage de-characters

The initial heats of chemisorption of hydrogen are
given in Table II along with other properties of the metals, including
the velency, the percentage decharecter, the magnetic moment, and
the product of the valency and the percentage decharactere. Beeck
(26) has suggested that there is & correlation between the initial
heat of chemisorption and the percentage dechicrocters However apart
from tungsten and copper this order is the inverse of that for the

initial heats of chemisorption. Trapnell (71) considers that the bond
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Table IT

Heats of Chemisorption of Hydrogen

Ta W Cr Fe Ni Pt Rh Cu

Observed heat L5 L5 L5 32 31 30 28 9
Valency , 5 ) 6e3 5¢8 6 6 6 5¢5
% d=character 39 L3 39 39.7 40 L, 50 36
Vxd 195 258 246 230 24,0 264 300 198
Mo snetic moment - - - 2422 046 0e6 0«55 0
Calculated heat

(Eley) 32 B 157 17T 17 - 23 1346
((:%alrgumlaeaczc)i hest L7 50 3l.5 18 18 37 23 -

Heats of Chemisorption in keal. per mole.
Magnetic momemt in Bohr magnetons.



between the metal and the adsorbed specles involves an eiectron in

the adsorbed species and an eléctron in the de-band. Thus the greater
the percentage d-character of the bond in the metal the fewer electrons
are available for such bonding, and the lower will be the heat of
adsorption. Since the correlation is poor other more important factors
must be involvede In actual fact a correlation with the magnetic
moment of the ﬁetal, which is 2 measure of the number of holes in the
d-band, is more satisfactory.

Eley (72), using an equation due to Pauling, equates
the snergy of a surface«hydrogen bond to the arithmetic mean of the
energies of the surfaceesurface and hydrogen-hydrogen bonds, corrected
by a2 term which involves the square of the differences between the
electronegativitiess Eley's treatment gives a slightly improved
correlation but does not take into consideration the details of what
occurs at the suwrface when adsorption takes place, nor the possibility
that some type of surface bond has to be broken.

The band theory as yet is only capable of giving
qualitative results. The band theory does give a nore concrete picture
than some of the former theoriess It is expected that the band energies
will increase as the surface of the metal is approached. As a molecule
aprroaches the surface the energy levels in the metal will become more
horizontal, and there will be a movement of electrons either to or
from the metal in order for eguilibrium to be established. The
direction and extent of this movement devends upon the work function
of the mctal, @ , and the ionization potential, I,of the adsorbed

molecules If the ionization potential of the approaching molecule is
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very low there will be a tendency for electrons to move fron the
adsorbed molecule to the surface and conversely.

Schwab and his co-workers (73, T4, 75) studied the zero~
order decomposition of formic acid over catalysts consisting of various
metals dissolved in silver. In a2ll cases the addition of the solute
metal caused an increase in the activation energy; with antimony, lead,
and bismuth the activation energy was increased by 15 to 20 kecal. per
mole over the value of 17.6 kecal. per mole for pure silvere. The
addition of a solute metal increases the electron concentration and the
reaction is therefore favoured by empty levels in the conduction band,
so that the rate determining step is probably the addition of electrons
from a chemisorbed formic acid molecule to the conduction band of the
metal.

Couper and Eley (76) carried out a series of experiments
on the para-hydrogen conversion on palladiumegold alloy wires. The
activation energy was found to increase abruptly as soon as the proportion
of gold reached approximately 60 atomic percent. Since pure palladium
has 0.55 holes in its d-band, the reaction must be favoured by holes
in the d-band because at 60 atomic percent gold all the deband holes
are filled.

Similar results were cbtained by Dowden 2nd Reynolds (77)
using copper-nickel alloyse. The rate of decomposition of methancl
into carbon monoxide and water decreased as the proportion of copper
was increased but the rate of decomposition of hydrogen percxide was
favoured by the addition of copper. Thus the rate determining step for
hydrogen peroxide decomposition involves the transfer of electrons from

the surface to the adsorbed species.
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It is hoped that in the future more thntitative
results will be obtained from fhese theories when a greater knowledge
of metals is obtained experimentally. The further development of these
theories is hindered by a lack of accurate knowledge of the properties
of metals.

This introduction has been restricted to only the
pertinent facts and experimental results which pertain directly to
the research described in this thesise A more generel picture of
heterogencous cotalysis and chemisorption can be obtained from the meny
excellent reviews and books written by Laidler (32), Trapnell (71), Eley
(78), Anderson (38), Boudart (79), Burwell (80), Rabinovitch (81),
Teylor (82), and Stone (&4).
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GIAPTER IX

EXPERIMENTA AL

APPARATUS

The apparatus consisted of three main components:

(1) a section for the purification, storage, and dispensing of hydrogen;
(2) a similar section for ethylene; and (3) a reaction section. A
schematic diagram is given in Figure 2.

The hydrogen treatment component consisted of a cylinder
of hydrogen connected to a palladium thimble. The palladiun thimble
was & Johnson Matthey ZXOOL pallagdium thimble consisting of a palladium
tube L nmne OeDe by 02 mme wall and length 50 mm. attached to a
platinum tube 4 mme 0uDs by 02 mme wall and 25 mme long. The thimble
wag continuously maintained at a temperature of L00°C. It was found
that, if the tempereture of the palladium thimble wes lowered to room
temperature and then again raised to LO0C, the thimble would become
misshapen and develop leakse (Palladium undergoes a phase transition
at 3109°C). A liquid air trap was put between the palladium thimble and
the rest of the system to prevent the entrance of any mercury vapour to
the greded seal on the valladium thimble which contained golds A two-
litre reservoir with 2 manometer attached was used to store the hydrogen.

The dispensing system consisted of a small bulb of one litre and a
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Schematic diagram of the apparatus.
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couple of 5 ccs and 7 cce sections which allowed small quz;_ntities of
hydrogen to be introduced into t.;he reaction system.

The ethylene dispensing system consists of a cylinder
of ethylene connected to a small bulb with an attached manometer into
which the ethylene could be condensed with liquid aire The small bulb
was comnected to a two-litre storage bulb which in turn was connected
to a series of bﬁhblers and drierse The first bubbler contained Fieser's
solution, and the second contained a saturated solution of lead zcetate.
The bubblers were fourteen inches long and contained a coarse sintered
glass tubee The drying columm contained Linde molecular sieve number
5A and was three feet longe The drier was followed by a trep which was
kept in a Dewar of cyclohexene at its melting point. The purification
train led into a dispensing system consisting of a one-litre bulb and
a 7 cc section closed off by stopcockse.

The reaction system was comnected to the rest of the
system through a trepe The trep led into 2 prewix chamoer of 140 cee
volume which had an atbtached Firani heade The Firani was manufactured
by Consclidated ilectrodynamics Corp. and the head was of small volume;
the filament operated at 17¢%C. The rrercix chember was connected to
the actual reaction vessel by three millimeter capillary and a high
vecuun stainless steel Hoke valvce

The reaction vessel was designed to keep deadespice to &
minimume The reaction vessel as seen in Figure 3 consisted of 2 35 mm.
tube 20 cme long containing a thermocouple wells The 24/40 ground
glass Joint at the mouth of the reaction vessel wvas actuzlly 6 cm. from

the actunl reaction chamber. This wos made possible by usineg a through
! S
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male 2L/40 jéint with & 6 cme nose which closely fitted inside the
neck of the reaction vesseles A two millimeter capillary tube ran from
the end of the nose up through the male joint and terminated in a male
16/30 joint. Two copper leads passed through the male 24/40 joint and
terminated in the nose at two one millimeter diameter tungsten wires
sealed into the glass and protruding 15 millimeters into the interior
of the reaction chamber.

Above bhe reaction vessel a quartz spiral gauge for
measuring the pressure decreuse during reaction was located. The quartz
spiral consisted of four loops of 4 cme diameter which were immersed in
silicon oil to minimize small vibrationse The outer section of the spiral
gauge was connected 1o the main vecwim manifold. A 5 cme pointer was
connected to the spirel.s At the upper end of the pointer was attached
a small galvanometer mirror. The long pointer was necessary to keep
the oil from spraying the mirror.

The optical system consisted of a 500 watt projection
bulb which was focus ed on the spiral mirror by one lens. The image
fell on the phototubes of a Beckman Photopen recorder placed four feet
from the mirrore The complete optical system was enclosed in a black
box to prevent the intervention of strey lighte With this system a
change of 28 cme Hg pressure within the ovartz spirel resulted in a
deflection of one inech by the photopen in the recordere The spiral gauge
vwas strong enoush to withstand a pressure difference of one atuosphere
between the interior of the spirmil and the surrounding eiclosures

Below the reaction vessel there was a high temperature

furnace mounted on two scissor jackse The use of two jacks allowed the
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furnace a trével of 18 inches up the Irame which surrounded the reaction
vessele Thereby the furnace could be raised so that it completely
surrounded the reaction wvessel, but when the furnace was lowered to its
limit it allowed a small 5 x 5 inch water bath to be placed around the
reaction vessel. The temperature of the water bath was controlled by a
Thermistemp Temperature Controller built by the Yellow Springs Instrument
Cos The Thermistemp Controller uses a thermister as the sensing element.
The bath was rapidly stirred and the temperature maintained to within
one tenth of a degree.

The temperature inside the reaction vessel was measured
by means of a chromel-alumel thermocouple one end of which was placed
inside the reaction vessel thermocouple well and the other end was placed
in a 0°C ice bathe The potential of the thermocouple was measured on a
Tinsley portable potentiometer.

The main vacuun system consisted of an Edwards Speedivac
oil diffusion pump, type 203, backed by 2 Welech rotary cump. There were
liquid air traps before the mechanical pump and the diffusion pump. The
diffusion pump had a pumping speed of 50 to 55 litres per second and was
capable of an ultimate vacuum of 5 x 100 mm. Hg. The vacuun was
measured by an Edwards Pirani gauge and an ionization gauge made by

Consolidated Vacuum Corporation.
PROCEDURE

PURIFICATION OF CHEMICALS.

Hydrogen - Dominion Gas cylinder hydrogen was passed
through a palladium thimble heated to 400°C. The hydrogen was stored in

a two-litre bulb after passing through a liquid air trap. A hydrogen



pressure of 5 PeSels was applied to the one side of the palladium
thimble. The hydrogen diffused through the palladium thimble at

such a rate that the pressure in the storage reservoir increased at a
rate of Oe2 cme Hg per minute. The hydrogen was kept in the storage
reservoir for not more than 24 hours after which time the old hydrogen
was pumped out and a new batch of hydrogen was purified by diffusion.

Etm‘ lene. = Mathesonts Cele gradeethylene was condensed
into a small bulb with liquid aire This ethylene was then purified by
the freeze~thaw method; that is, the ethylene was frozen by liquid air
and pumped out under high vacuume. After closing off the vacuum the
ethylene was warmed until it was completely liquified, then frozen and
pumpec out once more. Thls procedure was repeated three times, after
which the ethylene was passed through the bubbler train.

The first bubbler contained Fieser's solution prepared
by mixing 207 grams of sodium hydroxide, 8 grams of anthraquinoneef=
sulphonate, and 32 grams of sodium hydrosulphite in 200 cc. of water
under an atmosphere of nitrogen. The second bubbler contained a
saturated solutlon of lead acetate to remove any hydrogen sulphide
formed by the reaction of oxygen and Fieser's solution. The lead
acetate solution was followed by a four foot drying colum of number
5A molecular sieve. The last component of the purification train was
a trap kept in a freezing mixture of cyclohexenecs Cyclohexene has a
melting point of =103.7°C, at which temperature the vapour pressure of
ethylene is 76 cm. Hge Thus the coldest trap temperature was attained
while allowing an atmosphere of ethylene to pass. The freezing mixture
of cyclohexene was prepared by mixing licuid air with cyclohexene until

half the cyclohexene was frozen. The ethylene was passed through this
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purification train at least three times before being stored. At the
beginning of each day of reactions, the stored ethylene was passed

through the purification train onece again.

PREPARATION OF METAL FILMS

The reaction vessel was cleaned with hot chromic acid
cleaning solution and then washed for 15 minutes in a continuous stream
of waters The vessel was thoroughly dried in an oven. A 35 eme length
of the metal wire to be evaporated was then spot-welded to the two
tungsten leads. The 24/L0 ground glass joint was greased with Dow
Corning Silicon high vacuum grease and the reaction vessel put together
so that the metal filament did not touch the walls of the vessels The
reaction vessel was placed on the mein apparatus and the high temperature
furnace was then moved up around the reaction vessel by means of two
scissor Jjackse The top of the furnace was 6 cme below the ground glass
Joint and well insulated to prevent the greased joint from becoming too
hote. The vessel was heated to 500°C and pumped out under high vecuum
for at least four hours but usually overnight. A vacuum of 107 mm. Heg
was attalned. A current of ) ampse. was passed through the metal filament
for 15 minutes to thoroughly degas the metal wire. The furnace was then
lovered and the reaction vessel allowed to cool to room temperature. An
ice water bath in a large dewar was placed around the reaction vessele. A
current sufficient to cause the metal to evaporate at the rate of one
milligram per minute was then passed through the filament for
approximately twenty minutes. The metal film formed was then ready for

reactionse This method of evaporating films is due mainly to Beeck and
Kemball.
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Hickel = Johnson Matthey spectroscopically pure nickel
wire of 0.5 mm. diameter was used as the filament for the preparation
of nickel films. To prepare a typical nickel film a voltage of 7.8
volis was applied to the filament to pass a current of 6 amperes for
15 minutes. The resulting nickel f£ilm weighed 22 milligrams. The
weight of a nickel f£ilm was determined, after a series of reactions
was completed, by dissolving it in nitric acid and precipitating the
nickel as nickel glyoxime. The nickel nitrate was diluted with water
to a concentretion of 50 milligrams of nickel per 200 cc. of waters
This solution was heated to boiling and then treated with adight excess
of a 1 percent solution of dimethylglyoxime in ethenol. After
neutralization with ammonia the solution was allowed to stand for one
hour and then filtered and washed with hot water. The precipitate
collected in a sintered glass filter was dried at 100PC for one hour.

Palladium - Johnson latthey pure pelladium wire of 0.5
rine diameter was used as the filoment for the preparation of the
palladium fiims. A typical palladium film was prepared by applying 7.2
volis to the filament resulting in a current of 7.0 amperes for 9
minutese The film so prepered weighed 85 milligramse. The palladium
£ilms were also precipitated by dimethyl glyoxime to determine their
weights Aqua regia was used to dissolve the palladium £ilm off the
reaction vessel. After dllution with water the procedure wes the sane
as that used for nickel.

Iron - Jommson Matthey spectroscopicslly pure iron wire
of diameter 0.5 mm. was used as the filament in the preparetion of iron
filmse For the preparation of o typical iron film a current of Le8

amperes requiring a voltege of over 10 volits was passed for 15 minutes.
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The £ilm thus prepared weighed 27 milligrams. The iron was determined
as the ferric oxide. Concentrated hydrochloric acid wes used to
dissolve the iron £ilm off the reaction vessel. After dilution to 200
cce with water and the addition of 1 cc. of concentrated nitric acid,
the solution was heated to boiling and neutralized with 1 : 1 ammonia
solution. After being boiled for one minute the precipitate was
allowred to settle; Then 100 cc. of boiling one percent armonium nitrate
solution was added and the precipitate filtered with a L1 H filter papers
The precipitate was heated at 1000°C to constant weighte
GENERAT, REACTION PROCEDURE

In 211 former investigations of ethylene hydrogenation on
metallic films, except for the work done by Kemball, Jenkins and Rideal,
and Foss and Lyring, each metallic film was used only once. It was
thought thet a great saving in time could be effected by using a film
more than once. However, in order to use films several times the gases
mict be of very high purity, and must especially be oxygen=free. ilso,
to make for greater facility in operation & reaction vessel similar to
Kemball's was used which included a ground glass jointe However, the
Kemball model has been modified in this work to reduce dead-space to a
minimm as described in the apparatus section. Former investigators
used alleglass systems with no joints or stopcoclse Hercury cuteoffs
and cold treps were used instead of stopcocks but the amount of deade
space was greats For each new film it was necessary to cut open the
reaction vessel, and after cleaning to reseal the vessel.

However in order to use a metallic film more than once
some technique must be developed to determine the activity of the £ilm

between individuwal runse. Since Jenking and Rideal had found some



correlation between the quantity of hydrogen chemisorbed and the £film
activity, chemisorption of hydrogen was investigateds However no
correlation was found in this research so that a standard hydrogenation,
using 5 cme Hg of ethylene and 5 cme Hg of hydrogen introduced into the
reaction vessel simultaneously at 32.3°C, was used as a measure of the
film's activitye.

As in the work done by Jenkins and Rideal, the film wes
found to be initially very active bub decreased repidly in activity
reaching a constant value after three or four runse The initial great
activity was eliminated by treating each new f£ilm with 10 cm. Hg of
ethylene for 30 minutes. After this treatment the film activity
decreased slowly. In order to reduce this rate of decrease in film
activity even further; Foss and Eyring worked at very low pressures,
between 15 to 100 microns. However in the present research it was found
that, by treating the film between reactions with 10 cme Hg of hydrogen
for 15 minutes at 32.3°C, the activity of the film now decreased quite
slowly. This technique allowed as many as thirty runs to be done on
one filme

The procedure for the standard hydrogenation was as follows.
The premix vessel was filled with 10 cme Hg of ethylene which had passed
through a trep cooled in a freezing mixture of cyclohexene. The ethylene
was then condensed in the bottom of the premix vessel with liguid aire
The trap, after being warmed up and pumped out, was cooled with liquid
aire A hydrogen pressure of 10 cme Hg was then introduced into the premix
chamber. The stopcock between the trep and the premix chamber was closed
and the premix chamber allowed to come to room temperature. By rapidly

openings and dlosing the stainless steel stopcock between the reaction
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vessel and the premix chamber the gas mixture was introduced into the
reaction vessel. The reaction vessel was maintained at 32.3°C by a
water bath controlled by a thermistor regulator. The decrease in
pressure due to the hydrogenation reaction was automatically recorded
on chart paper by the photopen recorder via the quartz spiral gaugee

Nickel Reactions - The preceding procedure was used for
all the hydrogenation reactions on nickel in which the ethylene and
hydrogen were introduced to the nickel f£ilm at the same time. Betrreen
each reaction the reaction vessel and the premix chamber were evacuated
under high vacuum for three-quarters of an hour. The film was then
treated with 10 cme Hg of hydrogen for fifteen minutes after which time
the reaction vessel was again rijorously evacuated for one hour.

An activetion energy was determined for the temperature
renge from 32.3°C to 80%C .+ In this case it was necessary to average
the rates of the stendard hydrogenations at 32.3°C , which were carried
out before and after the reaction done at the elevated temperature, in
order to get & true indication of the activity change since the film's
activity decreases with increasing temperature.

A series of reactions was carried out on nickel in which
the initial ethylene pressure was maintained at 5 cme Hz and the initial
hydrogen pressure was varied from 1 em. Hg to 55 cme Hg. This series
allowed a determination of the hydrogen pressure dependence of the
hydrogenation reaction to be made. A similar series was done to determine
the ethylene pressure dependency. In this series the initial hydrogen
pressure was maintained at 5 cm. Hg for each run and the initial ethylene

pressure was varied from 1 eme He to 20 eme Hg o



- 51 -

In order to investigate whether the initialarate of the
hydrogenation reaction depends uéon which reactant gas is introduced
first, several runs were carried out introducing hydrogen first and a
series of runs was completed introducing ethylene firste

The following procedure was used to introduce the hydrogen
firste The premix chamber was filied with 25 cm. Hg of ethylene which
had passed through a cyclohexene freezing mixture cold trap. The ethylene
was condensed into the bottom of the premix chamber. The stopeock between
the premix chamber and the reaction vessel was opened and 7 cm. Hg of
hydrogeh which had passed through a liquid air cold trap was introduced
into both the reaction vessel and the premix vessel. Then the stopcock
to the reaction vessel was closed and the premix chamber was warmed to
roon temperatures The recorder was started and the stopcock to the
reaction vessel was rapidly opened and closed to introduce the ethylene
and hydrogen mixture.

To introduce ethylene to the reaction vessel first, & cm. Hg
of ethylene was iutroduced through a melting cyelohexene cold trap into
both the reaction vessel and the premix chambere. The stopeock to the
reaction vessel wes then closed and the ethylene in the premix chamber
was condensed in the bottom of the vessel with liquid air. Next, 23 cme
Hg of hydrogen was introduced through a liquid alr cold trap into the
premix chamber and then the premix chamber was allowed to warm up to
room temperature. By rapidly opening and closing the reaction vessel
stopcock the ethylene and hydrogen mixture was introduced into the reaction
vessel.

An activation energy over the temperature range from 32.3°C

to €0°C was determined using this latter procedure which introduces the
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ethylene to ﬁhe reaction vessel prior to the hydrogen. Using a similar
procedure an ethylene pressure dependence was determined at both 32.3°C
and 80°C over an ethylene pressure renge from 2 cm. Hg to 50 cme Hg while
the initial hydrogen pressure vas kept constant at 5.5 cme Iig for each
rune To determine how the reaction rate depends upon the hydrogen pressure
at 32¢3°C when ethylene was introduced first, a series of runs was carried
out using the above procedure with the initial ethylene pressure
maintained at 6 em. Hg and the initial hydrogen pressure varied from
1.5 cme Hg to 26 cme Hge

Several runs were carried out using initial pressures of
10 cme Hg of ethylene and 10 eme Hg of hydrogen and all three methods of
introducing the reactants. The rates throughout the course of these
reactions were measured and a time course plot was made for each rum.

Reactions on Palladium Films « Several exploratory

reactions were carried out on palladium films. A few of the standard
hydrogenations were attempted along with some reactions with very high
initial hydrogen pressurese A number of runs were carried out with the
introduction of ethylene first at both high and Jow initial hydrogen
pressures. A couple of runs were attempted introducing hydrogen first.
The results of these runs were so unpromising that only two palladium

films were made.

Reactions on Iron Films - An activation energy for the

ethylene hydrogenation reaction catalyzed by iron films was determined

for the temperature range from 32.3°C to 80°C. For this activation

energy determination, the runs were carried out by introducing the ethylene
to the reaction vessel first using the same technique as that used for the

nickel films. The initial pressures in the reaction vessel were
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5 cme Hg of hydrogen and 5 cmo Hg of ethylens. Standard hydrogenations
were carried out at 32.3%C between each run carried out at an elevated
temperature. As a measure of the iron film's activity for each of these
runs at higher tempereatures, an average of the initial rates for the
standard hydrogenations, carried out before and after the run in question,
was usede.

Thé dependence of the initial reaction rate on the initial
ethylene pressure was determined at 32.3°C. The ethylene was introduced
to the reaction vessel first for each of these runs. While the initial
Iydrogen pressure was kept constant at 5 cm. Hg, the initial ethylene
pressure was varied from 2.5 cme Hg to 50 cme Hge A similar pressure range
was used Lo determine the ethylene pressure dependence at 80°C. The ethylene
was again introduced into the reaction vessel first for this series at
80°C.

In order to determine how the initial reaction rate depends
on the initial hydrogen pressure a series of rms wes carried out at 32.3°C.
In this series the ethylene was introduced to the reaction vessel first
and its initlal pressure was maintained at 5 cm. Hg for the series. The
initial hydrogen pressure was varied from 1 ecme Hg to 20 cm. Hge For the
hydrogen pressure dependence at 80°C a similap pressure range was studied,
the initial ethylene pressure still being kept constant at 5 cme Hge

For all the runs used to determine pressure dependencies
at 32.3°C, a measure of the film's activity for a particular run was
given by the standard hydrogenation at 32.3°C carried out just Leofore
the run in question. In the case of the reactions carried out at 80°C
for pressure dependency determinations, standard hydrogenations at 80°C

were carried out before each dependency run and used as 2 measure of the
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£ilm¥s activity for the run which followed the standard hydrogenation.
A nurber of runs was carried out at 32.3°C and analyzed
throughout their complete course to determine a time course order for
the hydrogenation reaction. Most of these mms were carried out
introducing the ethylene to the reaction vessel first but one reaction
was analyzed throughout its course with the hydrogen introduced to the
reaction vessel first. In the series for which the ethylene was
introduced first, some reactions were carried out with almost egual
pressures of hydrogen and ethylene, some reactions had ethylene in large

excess, and still others had hydrogen in excess over ethylene.
CHROMATOGRAFPHIC ANALYSIS

A series of reactions was carried out on an iron f£ilm
and the products vere analyzed on a Perkin Elmer Vapour Fractometere
The products of a reaction were transferred to a sample bulb by means
of a Toepler pump. The products were fed from the bulb into the
chromatograph by a ges sampling valve. Helium was used as a earrier zas
at & flow rate of 8 cc. per minute. The temperature of the colum and
detector was 30°C » The colurm consisted of silica gel and brought about
a complete separation of ethylene and ethane. Twc reactions were carried
out on an iron film introducing both ethylene and hydrogen to the reaction
vessel, similtaneouslye. One reaction had hydrogen in emcess and the
other reaction had ethylene in excess. The second set of two reactions
on the iron film was carried out introducing ethylene to the reaction
vessel first, but as in the other set, one regction had excess hydrogen,

and thce other excess ethylenc.

A similar series of four runs was carried out on a nickel
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film and the products were analyzed by the chromatographe
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CHAPTER III

RESULTS

ACCURACY

The accuracy of the measurements quoted in the
following results is much greater than the reproducibility of reaction
ratess All the pressures measured with a manometer and cathetometer are
good to ¥ 0.0l cme. Hg and pressures measured with the spiral gauge
have an error of & 0.06 ecm. Hg. However in heterogeneous catalysis
the film is very sensitive to impurities and thus it is very difficult
to reproduce a reaction rate. The use of a standard run between each
experimental run gives a measure of activity but it cannot give an
exact measure since any impurity introduced after the standard run will
reduce the activity of the film.

This sensitivity of the film has resulted in a scatter
in the results, as can be seen in many of the graphs; the pressure
dependency crders cannot, therefore, be expected to be hetter than
t 0.05 and the activation energies will have a probable error of
approximately £ 0.5 kecale per mole.

All the pertinent runs in this research have been listed
in Tables III to XVIII. The initial hydrogen and ethylene pressures,

the method  reactant introduction, temperature, and initial rate have



Run  Initial Initial

Number  Hp CAH,,

Pressure Pressure

1 5475 LeTL
2 5453 927
3 5¢58 12.67
L 5e47 Le82
5 5e22 19.19
6 6026 25,68
7 5ol Le62
8 559 10.54
9 5087 12.70
10 5033 Le85
11 539 L67

Method of Reactant Introduction
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TABLE III

A
A
A
A
A
A
A
A
A
A
A

RESULTS FOR METALLIC FILM 26 NICKEL

1 i i Hege

AL pressuﬁs.;()g m'ge.;n n cm.Hg
Temperature 32.3°C

Method of
Reactant
Introduction cm.H éZmin.

Initial

rate

1.90
2025
1.12
0.970

Remarks

Std.
CAH,) dependence
Catl), dependence
Std.

02H L dependence

Stde.
02(-1 4L dependence
CH }, dependence
Stde.

Std.

A Ethylene and hydrogen were introduced to the film

simultaneously.

B  Ethylene was introduced to the film prior to the hydrogen.

C Hydrogen was introduced to the film prior to the ethylene.



Table 1V

RESULTS FOR METALLIC FILM 27 NICKEL

31.9 mge
Run Initial Initial Method of Temn.
Huber Pgégggre Prgg;g;e ;h%f%gﬁiﬁgbn -
1 5.6/, Le65 A 32.3
2 558 15,25 A 32.3
3 553 Le82 A 32.3
L 5486 26.83 A 32.3
5 5456 L9 A 3243
6 8.70 50.85 A 32.3
7 5453 5.0k A 32.3
8 23.50 Le3l A 3243
9 595 La76 A 323
10 6.12 14.03 A 32.3
11 6.32 Le76 A 32.3
12 5¢53 LeT3 A 32.3
13 5039 10.60 A 3203
VA 5061 Le65 A 323

Initial
Rate
cmoHp/min.
5456
8424
Lel3
Le78
3.07
1.91
1.1,
584
353
2.38
1.33
2496

203

1.00

Remarks

Std.

Czﬁh dependence
Std.

CZHA dependence

Std.

Stde.
H2 dependence
Std.
CZHA dependence
std.
Std.
Film treated with
H., prior to this
riin.
CZHA dependence

Stde.



Run
Number

1
2
3
4
5
)
7
8
9

10
n
12
13
1,
15
16
17

Initial Initial Method of

H, C
5084 5010
1497 1.87
584 Le68
15045 8467
573 Le36
14460 6e12
584 490
15.02 8.22
5495 he88
14485 6415
573 Le87
18.48 3009
5495 Le79
14480 7400
640k he93
13.52 14080
5050 he93

Table V

2203 mge

actant

Pressure Press%ro Introduction

A

LA A O - T N T T

Temg.
x

RESULTS FOR METALLIC FIIM 28 NICKEL

Initial
Rate

c&ﬁﬂsﬁnn.
3.78
9.18
5eTh
1.37
5e47
8e41
LeTl
6.96
3.58
576
2082
532
2607
2460
1.28
l.36
Oe 772

Remarks

Stde
Time course plot
Std.

Std.
Hz dependence
Std.

Std.
H2 dependence

Std.

Std.

H2 dependence
Std.

Time course plot

Stde.



Run
Number

1
2
3
I
5
6
7
8
9

10
1
12
13
14
15
16
17
18
19
20
21

Initial Initial
Preggure Preggire Introduction
6409 Le26 A
1046 3¢9 A
6401 Le73 A
17.01 340 A
6e21 helh2 A
TeTh Le56 A
590 Lel3 A
5087 Lo65 A
7406 Le68 A
5458 Leb5 A
12.25 Lel3 A
5478 Le88 A
Lse 5k 4428 A
5461 Leb5 A
16,70 3496 A
575 Leb5 A
5087 Le3l A
16.89 hell A
5.84 Le79 A
18.17 Lel9 A
5490 4.98 A
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TABLE VI

RESULTS FOR METALLIC FILM 29 NICKEL

2603 mLge

Method of
Reactant

TQEEQ

oC

323
32.3
32.3
323
323
32.3
323
32.3
32.3
32.3
323
32.3
323
32.3
32.3
3243
32.3
32.3
32.3
323
323

Initial
Rate
cmeHg/min.

19.97
28,02
15.70
32.00
13.91
14.61
Te66
8.97
11.19
7+92
11.81
7.86
13.81
8.09
13.42
7266
9.30
21.13
8.78
15.58
8.72

Remarks

Std.

Std.

Std.

“2 dependence
Std.
std.

H2 dependence
Std.

H2 dependence
Std.

H2 dependence

Std.

Std.
Stde

H2 dependencs
Std.

H2 dependence

Stde
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TABIE VI - (Cont'd)

Run Jdnitial Initial Method of Tempe. Initial

Husber Prgggure Prggiﬁru Id%%%ﬁ%%%%bn = cm.ggﬁgin demascs
22 21.37 3486 A 323 13412
23 5.87 Le82 A 32.3 6¢59 Std.
2 21.40 3.T1 A 32¢3 12.08
25 5490 LeT3 A 323 6018 Stde
26 1.98 Le88 A 323 278 H2 dependence
27 5436 5.04 A 32.3 2e36 Std.
28 21.32 Lel2 A 32.3 5.08 Time course plot
29 578 LeTl A 323 3el11 Std.
30 5.84 LeT3 A 3243 375 Stde
31 25.92 Le3l A 3243 1,06 H2 was impure
32 5e92 Le9d A 3243 221 Std.
33 31.35 Le62 A 323 1.19 H2 was impure
34 5495 L.88 A 323 1.97 Stde
35 15.73 L68 A 3243 1.83 H, was impure
36 5¢92 LeT9 A 323 1.7 Std.



Run
Number

O B N 0 WM W ON

E F &

13

15
16
17
18
19
20

= 62 =

TABLE VIl

RESULTS FOR METALLIC FILM 30 NICKEL

Pressure Pressure Introduction

Initial  Initial
H, c
5681 L4e73
8625 428
5092 LTl
5673 Lobl,
12,47 3689
5e75 Le37
17.29 3.52
5087 Lel5
2666 5.36
570 470
16.16 3460
5490 450
Ge92 394
5elid; L85
17.43 bholiO
5084 LeS1
25011 3.60
5¢75 Le54
2.18 L.88
5eL7 ke 62
31.70 3ek43

733 mge

Method of

Reactant

A

- T - - A - - - T T

Temp.

oC

3243
323
32.3
32.3
32.3
3243
32.3
32.3
32.3
32.3
3243
32.3
3243
32.3
32.3
32.3
32.3
32.3
32.3
32.3
32.3

Initial
en. i min,
14407
15,86
1230
13.60
19.70
11.59
26412
9. 7L
525
7.62
17.71
Te56
10.77
6473
15.01
6els2
19.76
5.68
259
3065
17.63

Remarks

Stde
Hz dependence
Std.
Std.
H2 dependence
Stde.
HZ dependencs
Std.
H2 dependence
Std.
Hy dependence
Std.
32 dependence
Std.
H2 dependence
Std.
H2 dependence
Std.
H2 dependence
Std.

H2 dependence



Run
Number

22
23
24
25
26
27
28
29
30
31
32
33
3k
35
36
317
38
39
40
41
42
L3
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TABLE VII - (Cont'd)

Initial Initial Method of
Preggure Preggzre Inﬁ%gﬁﬁﬁ%ggh
5¢39 Leli8 A
13.55 Lek5 A
578  Leh2 A
8¢56 Lelt2 A
5053 Le76 A
5¢50 Le53 A
5¢78 Le82 A
9.78 L,.80 A
15.87 Lel5 A
5664 heS1 A
2051 Lell, A
5456 Leb7 A
26450 Le25 A
553 Le56 A
53+68 37 A
5e47 Le65 A
51.09 3677 A
5030 Le59 A
46069 3097 A
5¢53 heli2 A
She71 3¢9 A
5.67 LeT3 A

2§%E°
3243
323
32.3
32.3
32.3
3243
32.3
32.3
32.3
32.3
32.3
3243
32.3
323
32.3
32.3
32.3
32.3
3243

Initial
cn.Hafein.
3497
Te21
3463
LelB
3.66
348
296
397
5e59
304
Te75
2455
7.10
2413
10.25
2413
8419
1.67
6,12
1.57
6.39
0. 988

Remarks

Std.
dependence

Std.
dependence

Std.

Std.

Std.
dependence
dependence

Std.
dependence

std.
dependence

Std.
dependence

Std.
dependence

Std.
dependence

Std.
dependence

Std.



Run

g

\00-40\\11&"\»:\)}4'

16
11l
12

i3

i5

17
18
19
20

tia; !E! of

ueaetaﬂt
____agu__r_q g_\_l_r_g Introduetion

5edl
Se8l
CeT1
575
Ge82
592
1.k8
LS8
FeTl
575
281
5e84
5e78
Setil
578
Te87
5«87
fe72
5e61
14438
5. 78

Lel9
LeB3
LeS1
Lel7
Lot8

2&07 1201

A

A

A

Remarks

5tde
Stde

Hy dependence
Stde

H 2 dependence
Stde

Hz dependence
Stde

Gy, dependence
Stde

Hp dependence
Stde

Cé’. A dependencs
e

Ciﬁb dependence
Std
Stde

Cdl L dapandence
td.

Lo dependence

3td.



S

s

- b5 -

TABLE VIIY « (Cont'd)

ipitial  Initicl

Re93 17643
5e73 LeS9
€10 12.47
5¢7%  Lek3
562 2e3
LA Le59
5453 LoD
19.47 Loll,
590 Lot
Ta 3 19.80
KeT% keoTT
Seldy CaT7
78 Lol
5ebl 2070
bal2 ko8B
bLlieh Le 3
5o 80 ke 70
275 17436
1,7 LeTL
8459 Yhalits
5472 445
22499 Le6R
Sold LeSY

;&ﬁuaﬂ_aﬂ Tezpe
%

FESE peadue preshife Liffeisstin

A 2e3
A 32.3
& 323
& 323
& 323
] 3403
A 32e3
& 223
A A2e3
A 32e3
p; 33
4 3243
A 3263
& Tied
A 3263
A 3263
A 33
B 27
A 3263
¥ 323
A 3463
¢ 32.3

CZHA dependence
Stde

GZHL darendence
Stde

Czﬂh dependencs
Sbde

Stde

fiy dependance

St

Tine course plot

Time course plab

Cé% 4, dependence
Stde

C;}i L depandence
b

Tlre course plot
Hhde

shle
Tl eourse plot

“tde
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TABIE VIII - (Cont'd)

Run  Initial Initial Method of  Temp. Initial

Number Ho . CH) Reactant Sc Rate Remarks
Pressure Preasure Introduction em.Hg/min

S ———
-

L5 2438 16.02 A 32.3 1.09
L6 5033 Le65 A 32.3 1.83 Std.
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TABIE IV
RESULTS FOR METALLIC FILM 32 NICKREL
29.2 mg..
Run  Initial Initial Method of  Temp. JInitisl
Number Hy CH,, Reactant oc Rate Remarks
Pressure Pressure Introduction cm.Hg/min

1 5462 Le28 A 32.3 28.10 Stde

2 £e30 16.27 B 323 6430 CH L dependence

3 590 Le62 A 323 25.48 Stde

I Le08 15.59 c 323 12.52

5 £.98 Le28 A 323 18.96 Std.

) Le26 k.60 c 3243 17.37

7 %70 Leli2 A 32.3 1542 Std.

8 .41 10.77 B 323 7.8l Time course plot

9 Rebly Le25 A 32e3 11.98 Std.
10 1037 &.48 H 323 21.94 _ Time course plot
1 Rebly Lels A 32.3 1220 Std.
12 8. 59 10.32 A 323 16.72
13 Cebl Le&i5 A 32.3 11.37 Std.
14 L 8L Lel2 A L0e0 1ke53 Activation Energy
15 Sell Lek5 A 3243 11.77 Std.
16 £.70 Lke73 A 50.0 19.76 Activation Bnergy
17 €409 LelO A 3243 10.09 Stde
18 €.38 Le62 A 600 29.71 Activation Energy
19 £e53 Lel2 A 323 2e40 Stde
20 £490 Le62 A 70«0 2676 Activetion Energy
21 Ee'13 5«39 A 323 Te32 Std.
22 Selidy LeT6 4 323 6.58 Std.
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TABLE IX - (Cont'd)

Run  Initial Initial Method of  Temp. Initial
' cta C " Rate

fiber Prelégure Pregg{ulzte ﬁﬁ%on m.H%%x%:%n femarke
23 5.98 Le96 A 80.0 3776 Activation Energy
2, 558 457 A 323 6485 Std.
25 5¢36 20.38 B 32.3 2.18 Czﬁh dependence
26 527 L+68 A 32.3 Ube79 Std.
27 Leb5 6.01 B 32.3 237 CAH) dependence
28 573 bLeli7 A 32¢3 he29 Std.
29 570 L2459 B 32.3 1.33 CH |, dependence
30 5.78 Le72 A 32.3 3.60 Std.
31 3.91 2.61 B 32.3 1.68
32 6.07 4¢50 A 32.3 Jeli6 Std.
33 14.29 6.32 B 32.3 405 H, dependence
34 5,56 Le62 A 32.3 2.96 Std.
35 25.80 6.09 B 32.3 517 H, dependence
36 5e 50 Le65 A 32.3 2a46 Std.
37 LTl 30.53 B 32.3 0.604 C,il;, dependence
38 558 4485 A 32.3 1.15 Std.
39 2416 5061 B 32.3 0496 H, dependence
40 570 Le53 A 32.3 1.08 Std.
41 2.13 575 B 32.3 0.434 Ho dependence

42 550 Le82 A 32.3 0.971 Std.



Run
Number

1l
2
3
A
5
6
7
8
9

10

2547 mge
Initial Initial Method of
I&ﬂggure Prgg:ﬁre Iﬁ%f%ﬁ%%%%bn
5¢56 413 A
3.91 e85 A
1.88 6460 B
6.0L L4e31 A
12,56 6423 B
575 437 A
972 be4i7 B
5456 L.28 A
2644 6e54 B
573 heli2 A
l.42 5092 B
5.84 Le36 A
1.87 624 B
5675 Le51 A
5450 20.32 B
5¢61 Le51 A
5.67 Le62 A
5081 10.49 B
5.70 Leb62 A
Le73 2.87 B
5467 Lel5 A
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TABLE X

RESULTS FOR METALLIG.FILM 33 NICKEL

gﬁggo
32.3
32.3
32.3
32.3
32.3
32.3
32.3
32.3
323
3243
323
32.3
323

Initia)
Rate
emeHg/min
23.02
18,52
257
17.17
13.38
12,02
T84
10.33
14.13
7496
1.19
6455
1.23
5.00
1.86
3.64
La12
1.9
3409
1.69
3.06

Remarks

Std.

Hz dependence
Std.

H2 dependence
Std.

H2 dependence
Std.

H2 dependence
Std.

32 dependence
Std.

H2 dependence
Std.

CoH), dependence
Std.
Std.

Cz“a dependence
Stde

Cth dependence

Std.



Run
Number
22
23
2L
25
26
27
28
29
30
31
32

«70 =

TABLE X « {Contt'd)

Initial
i, CH,
5.59  27.32
5L 465
556 7.31
5461, 456
6426 L.88
67T 43.53
6426 5482
Selil 1.99
6001 487
437 10.20
6.18 4e68

Initlal Method of
Reactant
Pregsure Pressure Introduection

B

» W O O W 2 > W

Zg%g.
3243
32.3
32.3
32.3
80.0
80.0
80.0
80.0
80.0
80.0
80.0

Initia)

cm.H%%i%n
0.98;,
1.85
1.10
1.39
9.69
L+19
7.00
513
752
4«09
6457

Remrks

czah dependence
Std.

Czﬂh dependence
Std.
std.

C#), dependence
Std.

CZ, dependence
Std.

CHl;, dependence
Std.
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TABLE XI
RESULTS FOR METALLIC FILM 34 NICKEL
2060 Mge

Run Initial In;tial Method of Temp. Initial
Number H2 Reactant °c
Pressure Pressﬁre Introduction emeHg/min

1 558 Le60 A 32.3 2021

RESULTS FOR METALLIC FILM 35 NICKEL

9e43 mge

Run initial Initial Method of Egﬂﬂ° Initial
faber Prgzgure Prggégég Iﬂ%%%gﬁiggbn = tmu%%%gin

1 5¢56 Lel5 A 32.2 2.52

2 496 41.82 B 3243 00259

3 539 450 A 32¢3 04501

L Selil 1.39 B 32.3 06259

5 5466 Le77 A 32.3 0e259

6 6.07 Lo Bl A 80.0 1.786

7 3.19 Lhell B 80.0 Qe255

8 5480 5417 A 80. 04640

Remarks

Std.

C2Hh dependence
Std.

CZHh dependence
Stde

Std.

Std.



Run
Number

B < > v & W oo o+

10
1
12

13

15
16
17
18
19
20
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TABLE XII

RESULTS FOR METAILIC FIIM 35 NICKEL

15.2 mge
Initial Initial Method of Temve.  Initial
Preggure Pregg:%e Iﬁ%i%é%%%?bn = cuhggggin
5467 Le25 A 323 570
To5L  4Be29 B 32.3 L.y
5450 k70 A 32.3 2e43
Le99 2455 B 32.3 1.04
5.67 L73 A 32.3 L5
5.26 10.94 B 323 0. 577
5.61 Le65 A 32.3 0.877
5019 Selily B 3243 Q474
5eLs7 Le76 A 32.3 0.671
4e99 5.78 B 40.0 0599
5417 489 A 32.3 0.411
5470 Le79 B 50.0 04720
5045 Le8L A 32.3 00385
5064 522 B 600 0.877
54 5L L83 A 3243 0.318
604 5.07 B 70.0 1.02
5045 LeBl A 32.3 0.250
5430 5047 B 80.0 1.22
5002 476 A 32.3 0. 174
6426 488 A 80.0 1649
6.18 5402 A 80.0 1.42

Remarks

Stde.

CAl, dependence
Std.

CAH;, dependence
Stde

CZHL dependence
Std.

CoH; dependence
Act&vation Energy

Stde.
Activation Energy
Std.
Activation Energy
Std.
Activation Energy
Std.
Activation Energy
Std.
Activation Energy
Std.
Std.

Std.



Run

Nunber
22
23
2
25
26
27
28
29
30
31
32

Initial Initial Method of
Reactant
Pressure Pressure Introduction
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TABIE XII - (Cont'd)

Ha CH,,
5.81  42.61
5439 Le96
5456 2.29
6.0 493
5008 1l.42
6401 5.07
5¢53 1.56
5069 5017
6.80  31.55
5090 5.21
5024 2,67

o

©w > W > w T > W »

Temp.
oC

80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0

Initial
Rate
cm.Hg/min

0550
1.16

1.06

0.930
0. 550
0.586
0+456
0532
0.331
0.300
0.277

Remarks

CoH), dependence
Stde.

Czﬂh dependence
Std.

Czﬂh dependence
Stde.

C2HA dependence
Std.

Czﬁh dependence
Std.

Céﬂh dependence



TARIE XIII
RESULTS FOR METALLIC FILM 37 PALLADIUM
8500 mge
Run Initial Initial Method of Temp. Initial
Number H CaH Reactant C Rate
Pressure Pressure Introduction cm.HE?min

1 Le 50 4o 5k A 323

2 7016 h089 A 3203 very slow

3 2.61 5.78 B 323

h 1203 5ok C 32‘3

METALLIC FILM 38 PALLADIUM

139.7 mge
Run Initial Initial Method of Temp, JInitial
Number Hy CH Reactant o Rate
Pregsure Pressure Introduction cm.Hg?min
1 8.2 LeT2 A 32.3
2 502 1bol B 32'3

3 2ol 5¢7 c 32.3

Solution

Remarks

Extensive

s

Solution



Run
Number

0 O ® N 0w W N

I = et =
s b kB E&K EF&FERK ES

P

1he5 mge
Initial Initial Method of
Preggure Pregg{urhe In%%i%{tfac%}on
6e26 3.9, A
5¢75 Le37 A
Te48 10.66 A
8.82 10.37 B
10.71 8062 C
5.81 Le39 A
3¢26 36.14 B
5470 beli5 A
5056 Le39 A
Lel3 9.86 B
5478 Le62 A
5.13 252 B
5.8 Le56 A
5622 LT3 B
541 L.68 A
e384 525 B
5450 Lo 65 A
18.23 5e92 B
5e23 LeT78 A
595 L85 A
5e24y 16436 B
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TABLE XIV

RESULTS FOR METALLIC FILM 39 IRON

Temp. Initial

o¢ Rate
cmeHg/min
32,3 20.69
3243 13.73
32.3 1646
32.3 3ek9
32.3 10. 56
3243 8.27
32.3 0.877
32.3 3e41
32.3 e85
323 1.06
323 1.56
32.3 0.832
323 1.05
3243 06599
323 0+635
323 00886
32.3 0. 519
32.3 0. 908
323 0.452
80.0 Le67
80.0 257

Remarks

Stde.
Stde.

Time course plot

Time course plot

Tine course plot
std.

Call;, dependence
Std.
Std.

C2Hh dependence
Std.

CH, dependence
Stde.

CAH) dependence
Stde.

H2 dependence
Std.

Time course plot
Std.
Std.

CJ), dependence



Run
Number

22
23
2,
25
26
27
28
29
30
31

-7 -

TABIE XIV « (Cont'd)

Initial Initial Method of
Pre;i%re Pregggre Iﬁ%%%%%%%%bn
6401 Le70 A
8e2l, 4L7.22 B
6.04 L.70 A
527 | 227 B
5.61 493 A
15.76 5464 B
6415 LeT9 A
5481 Le93 A
1.76 5461 B
5¢95 Le9l A

Temp.

o¢

80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.0

Initisl

cm;giﬁgin
419
2429
2.55
1.66
343
3429
2440
1.53
0.510

1.52

Remarks

Std.

Czﬂh dependence
Std.

CA,, dependence
Stde

H2 dependence
Std.
Stde.

H2 dependence

Stde.



Run
Number

1
2
3
L
5
6
7
8
9

10
11
12

Initial Initial Method of
Reactant
Presgure Preasure Introduction

-7 =

TABLE XV

RESULTS FOR METALLIC FILM 4O IRON

Telib mge

H, CH
5¢47 hel2
5e6L  48.63
5053 Lel5
13.58 5416
5¢35 LeT7
5¢95 Le57
532 Lo 77
6429 Le65
677 5¢73
6401 487
21.17 6438
5487 5421

A

> W rp W = > W > W > W

Temp.
L
323
32.3
32.3
32.3
32.3
32.3
32.3
80.0
80.0
80.0
8040
8040

Initial

on.Fiaain
6099
0.60L
0. 742
0.537
0.268
0.966
Ce22L
1.81
0890
0.890
1.8

0.756

Std.

Czﬂh dependence
std.

Hy dependence
Std.

Czﬂh dependence
Std.
Std.

()2HLL dependence
Std.

Hz dependence

Std.



TABLE XVI

RESULTS FOR METALLIC FIIM 41 IRON

2703 MEe

Initial Initial Method of

Run

Number  Hj CH,,
1 506 LeL5
2 5089 139439
3 578 Le4O
4 9.21 613
5 5¢75 Le3L
6 11.68 12.39
7 5e58 be 57
8 17.53 10.95
9 5.75 L.88
10 5422 4487
n 5e2l Le51
12 5,16 5478
13 5453 4450
1L 5430 57
15 5453 4,67
16 5.08 5475
17 5.78 L.65
18 5.13 5436
19 5¢50 4468
20 5461 beTL
21 1.11 5ol

Reactant
Pressure Pressure Introduction

A

> W > w » W » w » w

> wWw » w >» w »r W

Temp. Initial
SC  Rate
emeHg/min
32.3  22.50
3243 2429
32.3 9o 9L
323 3e42
32.3 5093
3243 3.16
323 3465
32.3 269
32.3 2610
40.0 1.48
3243 1.62
5040 1.72
3243 1.06
60.0 2458
32.3 1.50
70.0 3619
32.3 0.890
80.0 3.51
32.3 1.06
32.3 1.62
32.3 04250

Remarks

Stde

Tine course plot
Std.

H2 dependence
Std.

Time course plot
std.

Time course plot
Std.

Activation Energy
std.

Activation Energy
Std.

Activation Energy
Std.

Activation Energy
Std.

Activation Energy
Std.
Std.

H, dependence



Run

Number
22
23
24
25

-79 -

TABLE XVI - (Cont'd)

Method of
Reactant

Initial Initial
Hz Czﬁ
Pressure Pressure Introduction
Sel7 Lel5 A
LeT9 550 B
5458 14.-65 A
652 Le82 A

Temg.

oC

32.3
32.3
32.3
80.0

Initial
Rate
cm.Hg?min
0.702
0.470
0.461

3428

Remarks

std.
cZﬂh dependence
Std.
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been given for each run. All pressures given in cm.Hg.
FILM ACTIVITY

Beack found a good correlation between the film weight
and the film activity. However, in the present work the nickel films
seemed to divide into two groups as seen in Figure L. One group of
low activity films, numbers 25 to 28, 35 and 36, gave very good
correlation between the initial reaction rate of the first run carried
out on the film and the film weight. The second group contained very
active films, numbers 29 to 3k, which gave only fair correlation
between the initial reaction rate and the film weight . The low
activity films had not more than 17 runs carried out on them;
whereas on the high activity films the numbers of runs varied from a
minimum of 31 to a maximum of 43 runs.

Only four iron films were used in this research and
the correlation between film weight and initial reaction rate of the
first run carried out on the film was not better than 209 .

On a per mole basis, the active nickel films had the
same activity as the iron films at 32.39C. However the active nickel
films were five times more active than the group of low activity
nickel films.

HYDROGEN CHEMISORPTION

The attempt to correlate the quantity of hydrogen
chemisorbed with the film activity proved to be unsatisfactory. The

Autovac Pirani gauge head attached to the premix vessel was used to
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Pigure ). Plot of the initial rate of a standard hydrorenation
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me2sure the decrease in the hydrogen pressure in the reaction vessel
and the premix chamber. The measurements were made with an initial
hydrogen pressure of 1 mm.Hg. There vrovelto be a rough one to ons
correlation between the cuantity of hydrogen chemisorbed at 0°C and
the initial rate of reaction of the stardard type hydrogenatione.
However at low reaction rates (below 4 cm.Hg. per minute) there was
no agreement between the reaction rate and the cuantity of hydrogen
chemisorbed. Thus because there wa: no correlation with hydrogen
chemisorption at low reaction rates and very rough correlation at
high reaction rates, the measurement of the cuantity of hydrogen
chemisorbed as an indication of the film activity was discarded in
favour of the use of a standard hydrogenation reaction even though
the latter involved a greater expenditure of timee

By teking great care in the purification of the
hydrogen and the ethylene and by rigorous evacuation of the reaction
vessel and vremix chamber, the film activity could be naintained at =
reasonable level over numerous runs if the film was itreated between
the runs with hydrogen for fifteen minutes. Figure 5 gives the
initial rate of the standard-hydrogenation reaction against the
number of the standard done on only one nickel film, number 30.
After fourteen runs the activity of the nickel film was reduced to
one half of the initial value. The activity of the film was reduced

to a tenth of the initizl activity after 41 runs. all the intervening

runs were carried out at total initial pressures of ethylene and

}degen from 6 Cie Hg- to 1&5 cmn. Hg.



Rate (cm.Hg/min.)

Initial
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I 5 9 13 7 21 25 29 33 37 41

Run Number
Figure 5 Plot of the initial rate in cm. Hg per min. against the

number of the standard run carried out on nickel film

number 30.
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NICKEL FILM REACTIONS

ACTIVATION ENERGY

The results for the activation energy determination
for the temperature range from 32.3°C to 80°C are given in Figure 6.
For this activation energy determination the hydrogen and ethylene
were introduced into the reaction vessel together from the premix
vessel. The average initial ethylene pressure was 4«8 cm.Hg and for
hydrogen the average was 5.8 cmeHge The slope of the graph is
1.70 x 10° which gives an activation energy of 7.8 kcal.per mole.

A second activation energy was determined in the
temperature range from 32.39C to 80°C but in this case the ethylene
was introduced into the reaction vessel first. The average initial
hydrogen pressure was 5.5 cmeHg and for ethylene the initiszl pressure
was 5¢3 cmeHge These results are given in Figure 7 and the slope of
the line is 2.176 = lO3 which corresponds to an activation energy of
9.96 kecal. per mole.

HYDROGEN AND ETHYLENE PRESSURE DEPENDENCIES

For the ethylene hydrogenations on nickel films in which
both the ethylene and hydrogen were introduced simultaneously to the
£ilm, the initial reaction rate dependence on hydrogen pressure at 32.3%
with a constant initial pressure of 4.7 cmetig of ethylene, is given in
Figure 8. This 1s a double logarithmic plot and the slope at any point
gives the order with respect to concentration of hydrogen. The hydrogen

pressure range was QOe7 to 54.7 cmeHg. At low pressures of hydrogen the



Log Initial Rate (cm.Hg/min.)
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| 1 I |

2.9 3.0 3. 3.2

10%/T

Figure 6 Plot of the logarithm of the initial rate on nickel film

in cm. Hg per min. against 1/T. Hydrogen and ethylene

introduced to the film simultaneously.
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Figure 7 Plot of the logarithm of the initial rate on nickel
film in cm. Hg per min. against 1/T. Ethylene

introduced to the film prior to the hydrogen.
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Log P {cm.Hg)

Hydrogen

Plot of the logarithm of the initial rate at 32.3°C on

nickel film in cm. Hg per min. against the logarithm

of the initial hydrogen pressure.
introduced simultaneously to film.

ethylene pressure 4.5 cm, Hg.

Ethylene and hydrogen

Average initial

1.8

2.0



reaction rate was first order in hydrogen, but the order decreased to
0.85 at a hydrogen pressure of 6.3 cm.Hg. At the highest hydrogen
pressure studied, 54.7 cmeHg, the hydrogen order had fallen off to 0.67.

The dependence of the initial rate of ethylene hydrogenation
on ethylene pressure is shown in Figure 9. This is for the case in which
ethylene and hydrogen were introduced into the reaction vessel togethere
The ethylene pressure range was from 2.3 to 17.4 cme.Hg, while the initial
hydrogen pressure was a counstant 5.7 cmeHge The points scatter to some
extent but at high pressures of ethylene the order with respect to
ethylene pressure was =0.6 . At low ethylene pressures there would
seem to be a slight trend to leveling off to zero order or at least a
more positive order.

Figure 10 shows the course of three ethylene hydrogenations
on a nickel filr in wﬁich the method of introduction of ethylene and
hydrogen was different for each run. In run number 32.12 the ethylene
and hydrogen were introduced simultaneously to the reaction vessel;
the initial hydrogen pressure was 10.3 cmeHg and the initial ethylene
pressure was 8.6 cm.Hg. The hydrogen was introduced to the reaction
vegsel first for run number 32,10, and the initial pressures of
hydrogen and ethylene were 10.4 cm.Hg and 8.5 cm.Hg respectively. For
ran number 32.8, ethylene was introduced to the reaction vessel first
with an initial pressure of 9.4 cme.Hg. The initial pressure of hydrogen
was 10.8 cmeflige The initial rate for the most rapid reaction was
21l.9 cme.Hg per minute, which was for run number 32.10 with hydrogen
introduced to the film first. The next most rapid reaction wag run

number 32.12 with an initial rate of 16.7 cmeHg per minute. The



T

(cm.Hg /min.)

Initial Rate

Log

—-0.01

-0.03-

—0.05

—0.07

—-0.09

—0.11

-0.13

-0.15

—-0.17

-0.19

—-0.21

—-0.23

- 91 -

(@)
. O
O
| O
- SLOPE =
O
| 1 I | l | | |
0] 0.2 0.4 06 0.8 10 1.2 1.4
LOg PE”’IY'OHO (CmHg)
Figure 9 Plot of the logarithm of the initial rate at 32.300 on

nickel film in cm, Hg per min., against the logarithm
of the initial ethylene pressure. Ethylene and hydrogen
introduced to film simultansously. Average initial

hydrogen pressure 6,0 cm. Hg.



Pressure

32.8

32.12

32.10

Time (in minutes)

Figure 10 Plot of the decrease in pressure in arbitrary photopen

scale units during reaction against the time in minutes.

A1l runs start at the same pressure but they have been

displaced down the ordinate for clarity.
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slowest reaction was run number 32.8 with an initial rate of 7«8 cm.ig
per minute. Thus the slowest hydrogenation was realized when ethylene
was introduced to the reactlon vessel first.

Since it was thought that the ethylene hydrogenation
reactions in which the ethylene was introduced into the reaction
vessel first gave a better indication of the kinetiecs of the hydrogenation,
this technique was used to determine the ethylene pressure dependence of
the reaction at 32.3°C and 80°C . These results are shown in Figures 1l
and 12. For the 32.3°C study the ethylene pressure was varied from
1.4 em.Hg to 48.9 emoHg with a constant 5.5 cm.Hg initial pressure of
hydrogen. As seen from the graph, at high pressures of ethylene the
ethylene order was =O.4. At 80°C in the ethylene pressure range from
1.5 cemeHg to 43¢5 cm.Hg (Figure 12), the initial reaction rate depends
on the ethylene pressure to the -0.24 power. The hydrogen pressure
dependence at 32.3°C for the ethylene hydrogenation reaction in which
ethylene was introduced to the film prior to the hydrogen was studied
in the pressure range from l.4 cm.Hg to 26.4 em.Hg and the results are

shown in Figure 13. The slope of the line is 0.7.

IIME COURSE STUDIES

In order to find out still more about the kinetics
of the ethylene hydrogenation reaction the time courses of numerous
reactions were studied. For these time course reactions a plot was
made of the logarithm cf the reaction rate at time & against the

logarithm of the difference in pressure at time t and the final

pressure.
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A time course plot.was made for run number 31l.31 in which
the hydrogen and ethylene were introduced on to the film simultaneously
but the ethylene was in excess over the hydrogen. This plot is shown in
Figure 14. The initial pressure of hydrogen was 7.0 cm.Hg and for
ethylene 20.7 cm.Hg. This reaction was initially first order but the
order decreased as the reaction progressed so that at a pressure 0.2 cm.Hg
from the final pressure the order was 0.67. The time course for a similar
hydrogenation reaction but with hydrogen in excess over ethylene (run 31.37)
is plotted in Figure 15. The initial pressures of ethylene and hydrogen
were L.9 cm.Hg and 445 em.Hg respectively. The reaction was initially
almost zero order with a rapid change to second order, then a conversion
to first order which slowly decreased during the course of the reaction.

A second run of this type (run 29.28) was also converted to 2 time course
plot in Figure 16 to confirm the results of the previous run. The ethylene
and hydrogen were introduced to the film simultaneously at pressures of
Lol and 21.3 cmHg respectively. This time course plot is initially

zero order followed by rapidly increasing order reaching a maximum of
second and then decreasing to 0.9 order. For 2 reaction in which hydrogen
and ethylene are introduced to the reaction vessel together in equal
quantities, run number 31.32, the time course plot as shown in Figure 17
1s 0«67 order for most of the reaction. One time course study was made of
a reaction in which the ethylene was introduced first but the rressures

of ethylene and hydrogen were 10.8 cm.iHg and 9.4 cmeHg respectively.

These results a2re given in Figure 13 (number 32.8) and the time course
order of reaction is 0.67. The time course plot for run number 31l.41,

in which the hydrogen was introduced to the film prior to the ethylene,
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is given in.Figure 19. The initial pressures of hydrogen and ethylene
were 8.6 and 4.5 cm.Hg respectively. This plot has a slope of 0.81

and therefore the time course order is 0.81.

PALLADIUM FILM REACTIONS

The ethylene hydrogenation reactions carried out on
metallic palladiuﬁ films could not be measured accurately because there
was a very rapid absorption of the hydrogen into the palladium film. For
example, one run in which the ethylene was introduced first and the
initial pressures of ethylene and hydrogen were equal, had a very rapid
initial rate followed by a very slow rates The initial rapid rate must
have been the rate of solution of the hydrogen in the palladium. The
following slow rate may have been hydrogenation. Another run was carried
out in which the hydrogen was introduced to the film first. In this case
9.3 cm.Hg of hydrogen were introduced to the reaction vessel and the
pressure rapidly fell to 2.2 cm.Hg as the hydrogen was dissolved. Upon
the addition of a mixture of equal quantities of ethylene and hydrogen
to this 2.2 cm.Hg of hydrogen in the reaction vessel, the pressure
decreased from 10.49 cm.Hg to 1040 cmeHg in 4.0 minutes. An
examination of the palladium film after these reactions revealed that
the film which was originally smooth and well adhered to the reaction
vessel walls was now very badly flaked and peeled from the walls.

Because of this deterioration of the palladium film, which was observed
in the case of two films, it was not deemed expedient to continue the

ethylene hydrogenation studies on evaporated palladium films.
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IRON FILM REACTIONS

The activation energy for the iron film ethylene
hydrogenations was determined in the temperature range from 32.30C to
80°Ce The average initial ethylene pressure was 5.5 em.Hg and the
average initial hydrogen pressure was 5.2 cmeHge The ethylene was
introduced into the reaction vessel prior to the hydrogeneFigure 20
gives the actual plot which has a slope of leb x lO3 which gives an
activation energy of 7.3 kcal. per moles

A series of reactions with the introsduction of ethylene
prior to the hydrogen was carried out at 32.39C and another series at
80°C to determine how the initial rate of the hydrogenation of ethylane
catalyzed by iron films depended upon the initial pressure of ethylene.
In the series at 32.39C the ethylene pressures varied from 2.5 cmeHg to
394 cmeHg while the initial hydrogen pressure for each run was
approximately 4.9 cm.Hg. The results of these runs are plotted in
Figure 21,from which it is seen that the ethylene bressure dependence
is of the order - 0.6L. In Figure 22 a plot of logarithm of ethylene
pressure against logarithm of the initial hydrogenation rate is given
for the series carried out a2t 2C°C. 1In this series the ethylene pressure
range was from 2.3 cmeHg to 47.2 cm.fg with a value of 5.2 cm.Hg for
the initial hydrogen pressure for each run. The slope of the graph gives
the ethylene pressure dependence as - 00226

To determine the hydrogen rressure dependence of the
ethylene hydrogenation reaction on iron films, the technicue by which
ethylene was introduced to the rezction vessel first was also used. At

a temnperature of 32.3°C the hydrogen pressure was varied {rom l.l cmeHg
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to 18.2 cm.Hg for a series of runs each of which had an iﬁitial
ethylene pressure of approximatély 5¢4 emsHg. This series is plotted
in Figure 23 from which it can be seen that the hydrogen pressure
dependence was 0.87 for the ethylene hydrogenation. For a series of
runs at 80°C the maximum hydrogen pressure was 21.2 em.Hg and the
minimum 1.8 cm.Hg with an initial ethylene pressure of approximately
5¢6 cm.Hg for each of these runs. The slope of the line in Figure 24
gives the hydrogen pressure dependence at 80°%C as 197/ 98

A series of ethylere hydrogenations on iron films was
carried out ir order to study the time course of each reaction. The
logarithm of the rate at time t was plotted ageinst the logarithm
of the difference betweesn the final pressure and the pressurs at any
time t.

In run number 39.5 the hydrogen was introduced to the
reaction vessel prior to the addition of the ethylene 2nd the initial
pressures of hydrogen znd ethylene wers 10.7 and 8.6 cm.Hg respectively.
The time course plot for this resction is given in Figure 25, and from
this plot it is seen that the reaction is 0.94 order throughout its
course.

The following series of runs was carried out with the
ethylene being introduced to the reaction vessel before the hydregeng
the temperzture of the reaction vessel bath wzs 32.3°C.

In run number 4l.6 the initial preszures of hydrogen
and ethylene were 11.7 and 12.)4 cm.Hg respectively and the time course
is plotted in Figure 26. The reaction was O.48 order tor most of the

course but as it reached completion the order inecreased. The time



Log Initial Rate (cm.Hg/min)

- 110 -

32.3 °C
’
®)
O
O
SLOPE = 0.87
[ O
I 4 I | | | | I

-0.2 O 0.2 0.4 0.6 0.8 I1.O 1.2 1.4

Log Pyydrogen (Cm.Hg)

Figure 23 Plot of the logarithm of the initial rate on iron film
In em. Hg per min. against the initial pressure of
hydrogen in cm. Hg. Ethylene introduced to the film
prior to the hydrogen. Average initial ethylene

pressure 5.5 cm. Hg.



Log Initial Rate (cm.Hg/min.)

0.4

0.3

0.2

0.1

|
o

|
O
N

!
o
w

l
o
H

-0.5

—0.6

- 111 ~

o SLOPE = 0.7

| | I I | I
0 0.2 0.4 0.6 0.8 |1.O L2 1.4 1.6

Log P (cm.Hg)

Hydrogen

Figure 2l Plot of the logarithm of the initial rate on iron
rilm at 80°C in cm. Hg per min. against the initial
pressure of hydrogen in cm. Hg. Ethylene introduced
to the film prior to the hydrogen. Average initial

ethylene pressure 5.7 cm. Hg.



[
8

Log Rate

1.2

1.0

0.8

0.6

0.4

0.2

-0.8

- 112 -

SLOPE = 0.94

| I I | I J I I

-0.6 -0.4 -0.2 O 02 0.4 0.6 038

Log PUnreocted (C2H4)

Figure 25 Plot of the logarithm of the rate against the logarithm
of the pressure of unreacted ethylene for run number
39.5.

Hydrogen introduced first., Iron film.

|.0



A«Log Rate

- 113 -

0.6
05 //5
O
0.4 - ()/,
o/
0.3 /
o
0.2 /
0.1 | o
o L o
/ SLOPE = 0.48
0.1 Q
0.2
o
-0.3 |
~0.4 |
| | ol l I I I |
~-1.6 -l.2 -0.8 -0.4 O 0.4 08 1.2

h1l.6.

Log Punreacted
Figure 26 Plot of the logarithm of the rate against the logarithm

of the pressure of unreacted hydrogen for run number
Iron film.

Ethylene introduced first.

(Hp)

1.6



course for run number 39.4 which had an initial pressure of 10.} cm. of
ethylene and 8.8 cm.Hg of hydrogen is given in Figure 27. The time
course was initially of 0.57 order but towards completion the order
increased to 0.8.

The courses of two hydrogenations in which the hydrogen
was in excess over the ethylene were converted to time-course plots
in Figure 28 and 29. In run number 39.18 the initial pressures of
hydrogen and ethylene were 18.2 cm.Hg and 5.9 cm.Hg respectively and
the reaction was initially of 0.19 order with a break to 0.85 order
after the pressure of ethylene had fallen to a2 value of Q.54 cmeHg.
The other run, number 41.8, in which the initial pressures of hydrogen
and ethylene were 17.5 cm.Hg and 11.0 cm.Hg respectively started out
initially as 0.29 order but fell sharply to 0.78 order after the
ethylene pressure had fallen to 1.6 cm.Hg.

Hydrogenations with large excesses of ethylene were
carried out and the results converted to time-course plots. Typical
behaviour was exhibited by run number 41.2 which went from low order
to 0.75 order as shown in Figure 30. In run 41.2 the initial ethylene
pressure was 39.L cm.lg whereas the initial hydrogen pressure was

509 cm.Hg.

CHROVMATOGRAPHIC RESULTS

The C.P. grade ethylene from Matheuon was found to
contain from 1.0% to 1.2% ethane as an impurity. All other impurities
were of such minute quantities that they did not show up in
chromatographic analysise.

The ethylene hydrogenation reaction products were
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analyzed chromatographically for ethane, ethylene, and hydrogen. At
a flow rate of 8 cc per minute the bydrogen came out in 3/4 of a
minute, ethane in 3.4 minutes and ethylene in 7.2 minutes. Hydrogen
could not be analyzed quantitatively because it passed through the
column rapidly giving a very sharp pezk soon after the sample was put
into the chromatograph. Also the thermal conductivity of hydrogen is
very close to the value of the thermal conductivity of helium thus
rendering the detector insensitive to hydrogen in a2 flow of helium.

| For the eight ethylene hydrogenation reactions, of
which four were on a nickel film and four were on an iron film, the
only product which eould be detected by the chromatograph was ethane
regardless of whether the ethylene was introduced to the reaction
vessel prior to the hydrogen or whether the ethylene and hydrogen
were added to the reaction vessel simultaneously.

Four of the eight ethylene hydrogenations were earried
out using a definite execess of hydrogen for which no ethylene would
be expected to remain on completion of the reaction. However in all
four runs some ethylene was left in the reaction vessel upon completion
of the reaction. These reactions,which were normally considered to be
complete after 5 minutes, were allowed to react for 30 minutes. Thus
there musi be a measurable equilibrium set up at 32.3%C for the ethylene
hydrogenation reaction. The results for the caleulation of an
equilibrium constant Kp » for these four reactions are 6, 20, 10 and
32 (cm.Hg)'l.

The other four of the eight ethylene hydrogenations

were carried out using an excess of ethylene. In the chromatographic
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analysis of the gas in the reaction vessel upon completion of the
reaction, it was found that the ratio of ethylene to ethane was much
lower than that which would be expected from a calculation considering
only the simple addition of hydrogen to ethylene to form ethane. In
an extreme case for which the ethylene pressure of 12.6 cm.Hg was
twice the hydrogen pressure of 6.5.cm.Hg, the chromatographic ratio of
ethylene to ethane was 0.073, whereas from calculations the value of
this ratio should have been 0.93. From these results it is concluded

that upon depletion of the hydrogen a self hydrogenation of ethylene

may become important.



CHAPTER IV

GENERAL CONCLUSIONS

FILM ACTIVITY

The low activity of one series of nickel films must
have been dus to the presence of some impurity during the evaporation
process. An extremsly high vacuum is necessary during evaporation in
order to insure high film activity. The series of high activity
nickel films must have resulted from some unknown improvement in the
technique of evaporation or in the vacuum.

Since it is generally found that an increase in the
number of holes in the d band usually results in increased activity,
iron films with seven 3d electrons per atom would have been expected
to be more active than nickel films with nine 3d electrons per nickel
atom. However, it was found experimentally that iron films had an
activity per mole which was equal to the activity per mole of nickel
films. Thus it is expected that the crystal lattice spacings in iron
fllms are not ag favourable for the ethylene hydrogenation reaction as
the spacings in nickel films.

The double bond distance for ethylene is given as l.324
and the carbon - carbon single bond distance in ethane is 1.543 « In
nickel the interatomic distances in the 100, 110, and 11l planes are

3¢52, 247 and 3.50, and 247 X respectively. However, in iron the
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interatomic distances are 2.87 £ in the 100 plane,.2.48 and 2.87 §
in the 110 plane, and 4406 & in the 111 plane. Beeck (19) attempted
to classify the activity of the transition metals for ethylene
hydrogenation in purely geometric terms. His plot of the logarithm
of the specific activity of a number of metal films for ethylene
hydrogenation at 09C against the lattice spacings gave a maximum
activity for lattice spacings in the range 3.5 to L.O & . Nickel has
two spacings in this range and iron has only one. Thus it can be
concluded that the greater number of large interatomic distances found
in nickel, which are more favourable for the adsorption of ethylene,
compensates for the fewer number of d-band holes.

The activation energy for the hydrogenation of ethylene
reaction on nickel films is 10.0 kcal. per mole as compared to a value
of 7.3 keals per mole for the reaction on iron films. Therefors, since
both iron and nickel films have similar activities per mole for the
ethylene hydrogenation reaction, the frequency factor for nickel must
be larger than that for iron. This compensating effect between the
activation energy and the frequency factor is quite often found in
catalytic reactions.

The lack of correlation between the quantity of hydrogen
chemisorbed at 0°C and the activity of a nickel film for films of low
activity may be due to the increasing importance of physical adsorption.
If only very small quantities of hydrogen are chemisorbed on low activity
films, the quantity of hydrogen physically adsorbed, though very small,
mdy become significant in relation to the quantity chemisorbed,

It 1s interesting to compare the areas of the films in



this work with the areas of those prepared by Beeck and co-workers.
On one 5 mg. nickel film used in this work approximately 10™° moles
of hydrogen were chemisorbed and ti*z amount of chemisorption gives
an area of 4,000 cm.z, the average area per nickel atom being assumed
to be 6.72 2. The geometrical area was 200cm.2. The surface area of
a 50 mg. oriented nickel film was 10“ cme? in Besck's Qork (26). Beeck
claimed that in this range the weight is proportional to the surface
area; thus a 5 mg. nickel film would have an area of 103 cml.2 by
Beeck's preparation which is a fourth of the area obtained in this
research. In the present work the nickel may have been evaporated on
to 2 larger geometrical area than inBeeck's works however Beeck did not
report the geometrical ares.

The decrease in the activity of a film during 2 series
of reactions may be due to very small quantities of oxXygen or to
dehydrogenated forms of ethylene, that is acetyleniec complexes or
carbide complexes, which are very strongly attached to the film. It was
found that the activity of a film was greatly reduced after a hydrogenation
reaction carried out with a large excess of ethylene, whereas after a
hydrogenation reaction carried out with a large excess of hydrogen
there was an increase in film activity. Thus hydrogen can, to a limited

extent, remove the deactivating material.
MECHANISMS

When hydrogen was introduced to the film prior to the
ethylene, or when hydrogen and ethylcne were introduced to the film

simultaneously, the rate of hydrozenation was greater than when ethylene
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was introduced into the reaction vessel first. It is concluded that
in the first two cases the concentration of hydrogen on the film
surface was much greater than in the third case. But, since ethylene
is much more strongly chemisorbed on metallic films than hydrogen, the
hydrogen is rapidly displaced by the ethylene until an equilibrium
situation is reached, or, as Rideal and Jenkins havs suggested, until
all the positions of four point contsct are covered by ethylene, a
coveraze which they have found to be 80% of the surface.

When the concentration of hydrogen on the surface ig
great there is a possibility that the Rideal mechanism may contribute
the greatest part of the initial ratej this is probably true initially
in the first case. However as ethylene is strongly adsorbed it will
displace the hydrogen from the surface and greatly reduce the contribution
to the rate of hydrogenation by the Rideal mechanism. As the concentration
of ethylene on the surface becomes greater the lLangmuir-Hinshelwood
mechanism will probably take over as the greater contributor to the rate.
In the third case, when ethylene was introduced to the film prior to the
hydrogen, the ethylene was probably hydrogerated almost entirely by the

Langmuir-Hinshelwood mechanism with only a very small contribution by
the Rideal wachanism.

ACTIVATION LNSRGY FOR NICKLL FILMS

The foregoing explanation could account for the difference
in activation energies between the value of 7.8 kecal.per mole determined
for the hydrogenation reaction in which hydrogen and ethylene were

introduced to the reaction veszsel simultaneously and the value of 10.0
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keal. per mole measured for the ethylene hydrogenation reaction in
which ethylene is introduced prior to the hydrogen.

The 7.8 keal. per mole activation energy is probably the
activation energy for the hydrogenation of ethylene by the Rideal
mechanism since the hydrogen was in slight excess over the ethylene
for the reactions used to measure this activation energy. The 10.0 keal.
per mole value will be the activation energy for the hydrogenation of
ethylene by the Langmuir-Hinshelwood mechanism. It is difficult to
explain why the activation energy is greater for the Langmuir-Hinghelwood
mechanism than for the Rideal mechanism because so many complicating
factors are involved. However one possible postulate is that, since
ethylene is so strongly chemisorbed, the reaction between chemisorbed
ethylene and chemisorbed hydrogen will require a greater activation
energy than the reaction between gaseous ethylene and chemisorbed hydrogen.
It 1s of interest to note that Besck, and Jenkins and Rideal, reported
activation energies of 10.7 and 10.2 kcal. per mole respectively while
Foss and Eyring gave a value of 8 keal. per mole; unfortunately little
is reported about the methods used in the introduction of the gases to
the films.

PRESSURE DEPENDENCIES ON NICKEL FILMS

For the ethylene hydrogenations in which ethylene and
hydrogen were introduced simultaneously the initial rate depended upon
the first power of the hydrogen pressure at low hydrogen pressures, but
at higher pressures as the reaction reached hydrogen saturation the rate

became more independent of the hydrogen pressure and the order had



fallen to 0.67 at a hydrogen pressure of 55 cm.lg« For the hydrogenation
reaction in which ethylene was introduced prior to the hydrogen, the
rate depended upon the hydrogen pressure to the 0.7 power.

Before considering the ethylene pressure dependence a
restatement of the equations which result from the Langmuir-Hinshelwood
and the Rideal mechanismswill be given. Iangmuir-Hinshelwood:

ko EKK' pp!
Rate =

(Q+Kp+ K'p')2

where p is the ethylene pressure and p' the hydrogen pressure.
Rideal:

kK? pp'
1+ Kp+ K'p!?

Rate =

The rate in the Langmuir-Hinshelwood expression passes through a maximum
as the ethylene pressure is increased. In the Hideal expression the
rate reaches an upper limit as the ethylene pressure is increased but
the rate can never have a negative order with respect to the ethylene
pressure.

For the ethylene hydrogenation reaetions with simultaneous
introducticn of ethylene and hydrogen to the nickel film, at high ethylene
pressures the rate was =0.6 order in ethylene with an indication of zero
order at low ethylene pressures. At high initial ethylene pressures and

with simultaneous addition of ethylene and hydrogen to a film, it is
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expected that the hydrogen atom concentration on the surfaée will be
small. Under these conditions the rate of reaction must be due primarily
to the Langmuir-Hinshelwood mechanism and thus the order in ethylene is
negative. However at low initial ethylene pressures the hydrogen is in
excess and a greater contribution by the Rideal mechanism is expected.
Therefore the approach to zero order in ethylene at low ethylene pressures
may be due to a greater contribution to the rate by the Rideal mechanism
or to the approach to the maximum in the Langmuir-Hinshelwood mechanism.

The rate of ethylene hydrogenation with the addition of
the ethylene to the nickel film prior to the hydrogen addition was
dependent upon the =0.l power of the ethylene pressures at 32.3%C and
upon the -0.2 power at 80°c. The more positive ethylene pressure order
of =0.2 obtained at 80°C is due to ethylene being less strongly
chemisorbed at higher temperatures, and therefore having & smaller
inbibiting effect. In this case the Langmuir-Hinshelwood mechanism
is initially the primary contributor.

IINE COURSE STUDIES ON NICKEL FILMS

The time course study for run number 31.31, Figure 14,
showed that the reaction was initially first order, which was due to
the fact that the ethylene was in large excess over the hydrogen and
thus did not chenge significantly throughout the course of the reaction.
The ethylene conld be considered to be roughly constant so that the
time course would show only the first order dependence on hydrogen.
When both ethylene and hydrogen were introduced simultaneously in
equal proportions as in run number 31.32, Figure 17, the time

course shows a (.67 order dependence which is



roughly the sum of a hydrogen pressure dependence of 1.0 and a negative
ethylene pressure dependence of 0.6. The time course was initially
zero when the hydrogen was in large excess over ethylene as in runs
number 31.37, Figure 15, and 29.28, Figure 16. Since the hydrogen was
in excess over the ethylene, the concentration of hydrogen atoms on the
surface will be large and the Rideal mechanism is expected to make the
major contribution to the reaction rate initially. The initial order
will be zero since the hydrogen pressure can be considered to be roughly
constant. As the reaction proceeds the hydrogen atoms will be displaced
from the surface by ethylene molecules and the Langmir-Hinshelwood
mechanism will begin to make a larger contribution. The rapid change in
order is probably due to the change in mechanisme It is expected that
towards the end of the reaction when the ethylene has been largely
depleted the mechanism would revert again to the Rideal typs. Sinee there
are so many variable factors involved it is difficult to fit a theoretical
rate expression to the experimental curve. The Langmuir-Hinshelwood
mechanism, the Rideal mechanism, the rate of displacement of hydrogen
atoms on the surface by ethylene molecules, and the rate of depletion
of the reactants must all be considered when attempting to write a
theoretical rate expression.

The time course plot for the ethylene hydrogenation in
which ethylene was added to the nickel film first and at a pressure
equal to the hydrogen pressure, run number 32.8, Figure 18, was 0.67
order which is approximately the sum of a first order hydrogen dependence

and a «0.4 order ethylene dependence.



- 129 -

Since a nsgative ethylene pressure dependence is
necessary to explain the experimental results obtained for the ethylene
hydrogenation cstalyzed by a nickel film, the langmuir-Hinshelwood
mechanism must be the most important mechanism taking part in a rezction
when the ethylene is introdueed prior to the hydrogen or when ethylene is
in excess over hydrogen.

In run number 31.41, Figure 19, the hydrogen was in excess
over the ethylene and introduced to the film prior to the ethylenc. This
reaction probsbly takes place to a great extent through the Rideal
mechanism, and the order of 0.8 found is in keeping with this assumption.

Thls is the hydrogen pressure order with a zero order ethylene dependence.

PRESSURE, DEILNDERCIES ON IAROR FILMS
R G A iy e "N

The ethylene hydrogenation reaction rate with the prior
addition of sthylene catalyzed byiron films was dependent on the ethylene
pressure to the =06 power at 32.3%C and to the =0.22 power &t 80°C.

Once again the more positive order at higher temperaturss is due to the
fact that ethylene is more weakly chemisorbed as the temperature is raised.
These negatlive ethylene pressure orders are compatible only with the
Langmulr-Hinshelwood mechanism. For the same reaction the hydrogen

pressure devendence was 0«87 order at 32.39C and 0.7 order at 80°C.

TIte: COUnsh STUDILLS ON IRCH FILUS

In run number 3%.5, Figure 25, the hydrogen was introduced

to the reaction vessel prior to the ethylene and the time course order
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was 0.94 which 1s compatible with the Rideal mechanisme.

When ethylene is introduced to the film prior to the
hydrogen and in approximately equal ambunt, as in runs number 1.6,
Figure 26, and 39.4, Figure 27, the reaction should take place primerily
by the Langmuir-Hinshelwood mechanism. The time course orders which are
O0.48 and 0.57 respectively confirm this assumption since these orders
are approximately the sum of first order in hydrogen and «0.6 order in
ethylene.

However in runs number 39.18, Figure 28 and 41.8,

Figure 29, the ethylene was introduced to the film prior to the hydrogen
and the reaction was initially primarily Langmuir<Hinshelwood with time
course orders of Oes19 and 0.29 which are approximately the sum of a
first order hydrogen dependence and a =0+6 order ethylene dependence.
But sinece in both these runs the hydrogen was in excess, as the ethylene
is depleted the mechanism will change over to Rideal and this change
over will explain the change over from 0.19 order to 0.85 order for run
number 39.18 and from 0.29 order to 0.78 order for run number 41.8.

The results found in this research confirm the presence
of a hydrogenation of ethylene reaction taking place by both the
Langmuir-Hinshelwood and the Rideal mechanisms. The conditions of the
reaction will determine which mechanism makes a greater contribution
to the reaction rate. The Langmuir-Hinshelwood mechanism is the
principal one when the ethylene is introduced to the film prior to the
hydrogen if the ethylene pressure is not much smaller than the hydrogen

pressure, or when the ethylene and the hydrogen are introduced
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simultaneously to the film with the ethylene in excess. The Rideal
mechanism is the primary mechanism when hydrogen is in excess over
ethylene or when hydrogen is introduced to the film prior to the
ethylene. All intermediate conditions will result in simultaneous
reactions, one going by the Rideal mechanism, and the other by the
Langmir-Hinshelwood mechanism.

ABSOIUTE RATE CALCULATIONS

The initial reaction rate as calculated by absolute rate
theory is in satisfactory agreement with the experimental rate. The
expression for the maximum rate of hydrogenation by either the Rideal
or the Langmuir-Hinshelwood mechanisms is the same and is

kT

l - €,/kT
Vpax, ® 1/2 Leé-ﬁ- i‘-é—e of

where L is the total number of sites per em«? of surface area, cé

is the concentration of hydrogen molecules in the gas phase, Fé is

the partition function for gaseous hydrogen, and €, is the activation
energy. From hydrogen chemisorption studies the area of the nickel

£ilms was approximately 4000 cme? For run number 36.1 the hydrogen
pressure was 5.7 emsHg and the activation energy was 7.7 keal. per mole.
The partition function for hydrogen at 32.3°C is 5.7 x 10%%* as calculated
from data in the Natlonal Bureau of Standards Tables (83). L is taken

as 1015 sites per cm.? of nickel surface. Thus
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Veal, = L6 x 10tb molecules per second
per square cm.

The expserimental value of the rate is

Vexp. = 109 x 104 molecules per second

per square Cm.

The agreement is very satisfactory.

CONCLUSION

The conclusions reached in this research explain why
in the past there has been so much controversy over which of the two
mechanisms is correct. In the past different workers have found
different ethylene pressure dependencies and it is now concluded that
some must have been working under conditions where the reaction proceeds
primarily by the Rideal mechanism and others must have been working
under conditions where the reaction proceeds primarily by the
Langmuir-Hinshelwood mechanism.
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CLAIMS TO ORIGINAL RESEARGCH

The catalyzed ethylene hydrogenation has been studied using
apparatus which gives a continuous record of the rate of the

reaction.

The ethylene hydregenation reaction catalyzed by nickel has been

studied using three methods of reactant introduetion.

The ethylene and hydrogen pressure ranges have been extended up

to 50 em«Hg for the catalyzed ethylene hydrogenation.

Time course studies have been made for the nickel catalyzed ethylene

hydrogenation.

On the basis of these studies conclusions have been drawn about

the reaction mechanisms under different conditionse.

The ethylene hydrogenation reaction catalyzed by iron films has
been studied from the point of view of activation energy, reactant

pressure dependencies, and time coursee.
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