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CHAPTER I

INTRODUCTION

A. Role of Surface Hydrogen in Catalysis

In many researches dealing with catalysis there are properties
of the catalyst that are attributed to the effect of hydrogen on the
surface of the catalyst. The interpretations of the effect of hydrogen
on the catalyst surface range from statementsl’2 which indicate that
surface hydrogen is necessary for the reactions to proceed to state-
ments3 that surface hydrogen is a poison in the reaction. A clearly
interpreted picture of the role of hydrogen at the present time is not
available.

Three investigations have explored the role of surface hydrogen
in catalysis directly. McCabe and Haléeyh studied the hydrogenation of
ethylene over copper. The initial activity of the catalyst is rapidly
lost In a series of conventional experiments. The original activity
could not be restored with reoxidation and rereduction. Other investi-

5

gators” have reported similar effects upon evaporated nickel films.
However, McCabe and Halsey were able to restore the activity between

each run by chemisorbing hydrogen on the copper surface by the following
procedure. The catalyst was kept in a hydrogen atmosphere at 15 cm. Hg
pressure and 0° for one-half hour to remove gross quantities of ethylene
that might have affected further procedure. The catalyst was then heated

with 15 cm. of fresh hydrogen for one hour at 200°, after which it was
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allowed to cool slowly to room temperature. Finally it was cooled to
0° and pumped out. The control of the coverage of chemisorbed hydrogen
allowed the catalytic activity to be reproduced to within 5 per cent
over a series of 50 runs. This ability to return to reference activity
shows that the copper surface is not irreversibly altered. Furthermore,
their kinetic experiments show that the chemisorbed hydrogen does not
serve as a reactant and can be considered to function as part of the
catalyst.

Joncich and Hackeman6

studied the hydrogen-oxygen reaction in a
stirred solution of dilute sulfuric acid on the surface of a submerged
platinum catalyst. The rate of this reaction was studied as a function
of the electrical potential applied to the catalyst. Cathodic polariza-
tion of the catalyst was ineffective in changing the reaction rate.
Anodic polarization using a platinized platinum anode and a smooth platimum
wire cathode caused a periodic change in the reaction rate as a function
of time. The rate was increased by a. c. polarization at frequencies
<10 c.p.s.} the highest rate being observed at the lowest frequency used
(0.01 c.p.s.) and at a current of 1 ma. Periodic behavior was observed
for platinum and palladium but not for rhodium and iridium. A mechanism,
consistent with the experimental data, was postulated in which the peri-
odic change in the rate on anodic polarization was ascribed to periodic
buildup and decomposition of oxide on the catalyst surface.

Joncich and Kowaka! have studied the activity of a palladium cata-
lyst with and without hydrogen diffusing onto the catalytic surface. The

hydrogenations of ethylene and acetylene were studied on the inside of a
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palladium thimble through which hydrogen could be caused to diffuse by

making the outside of the thimble a cathode in an electrolysis bath.
For the reaction with ethylene, hydrogen diffusion did not alter the
rate at 25° but an acceleration was observed at 50°. In the case of
acetylene hydrogenation, diffusing hydrogen was believed to increase
the rate between 0° and 1h1°, being greater at the higher temperatures.
Gas chromatography was used to analyze the products. However, the
effect of these hydrocarbons on the rate of hydrogen diffusion was not
determined. It was assumed that the diffusion rate was the same with

and without their presence in the catalytic system.

B. Proposal of Problem

In view of the above results,h’é"7 it was thought profitable to
continue the study of alteration of catalytic activity caused by genera-
tion of hydrogen on the surface of the catalyst. It was believed that
a contimmation of the study of the effect of electrolytic polarization
of a platinum catalyst on the activity for the hydrogen-oxygen reaction
as well as for other reactions such as the hydrogenation of orgamic
compounds would be of value. Also, since the results of Joncich and
Kowaka7 are dependent on the hitherto unmeasured effect of the presence
of ethylene and acetylene on the hydrogen diffusion rate, a continuation
of this work was thought profitable.

The campounds to be hydrogehated were somewhat arbitrarily chosen.
It was desifgd that the reactions be previously well studied, the kinqtics

be relatively simple and the reactants be easily obtainable in a pure
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state. In the case of the liquid phase studies on a submerged platinum
catalyst, the hydrogenations of oxygen and allyl alcohol were chosen.
The hydrogen-oxygen reaction yields water which also is to be used as
the solvent, thus avoiding the accumulation of other substances in the
system. Also, pure hydrogen and oxygen can be easily produced by the
electrolysis of water. The hydrogenation of allyl alcohol was chosen
for two reasons. First, the reaction is zero order with respect to the
alcohol.8 Hence, its concentration could decrease as the reaction pro-
ceeded without affecting the rate. Secondly, allyl alcohol and the hydro-
genated product, n-propanocl, are highly soluble in water.’

In the case of the gas phase work, three reactions were chosen to
be studied: the hydrogenation of ethylene, acetylene and oxygen. The
kinetics of the first two of these are well understood and the third has

been studied extensively.

C. Historical

1. Hydrogenation of Allyl Alcohol

The rate of absorption of hydrogen by unsaturated compounds in the
presence of platinum or palladium black was first studied by FokinlO who
concluded that the action was unimolecular and dependent on the diminish-
ing concentration Qf the unsaturated substance. In many of his experiments,
however, the logarithmic nature of the cﬁange is evident in the final
stages only, and a careful examination shows that the critical part of his

curves forms a straight line.8
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- In the meantime, other observersi1~13 have pointed out that

~ hydrogen is absorbed at a constant rate by unsaturated liquids in the
presence of a metal catalyst. Lebedev, Kobiansky and Yabubchik8 carried
out the hydrogenation of allyl alcohol on a platinum black catalyst in
absolute ethanol at atmospheric pressure and 25°. Hydrogen was taken up
by the solution at the rate of 22 cc./min. on 0.1 gm. of platinum to
form n-propanol. The rate was found to be first order with respect to
hydrogen pressure and zero order with respect to the alcohol.

Watt and'Wallinglh recently studied the reaction over Adams platinum
in ethanol. The rate of hydrogenation of allyl alcohol was measured as a
function of the temperature, hydrogen pressure, agitation frequency, con-
centration of acceptor and product,and the ratio of catalyst to acceptor.
The reaction shows a very low activation energy and no inhibition by the
product, n-propanol, until very high concentrations are reached. The
data indicate that the most probable rate-controlling process is diffusion
of hydrogen to the catalytic surface. On the assumption of a diffusion
controlled process, the following equation relating the mode of variation

of rate with weight of the catalyst, W, was presented:

dP AWPHZ
dt =~ 1+ BW

where A and B are constants.

2. Hydrogen-Oxygen Reaction
In 1818, Humphrey D&veyl5 reported that hydrogen and oxygen could

be combined to form water over a metal catalyst. The reaction was explored

further by Ddbereiner16 a few years later. Many workers have since studied
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this combination by one of three principal methods: 1. as a homogéneous,
single phase gaseous system, in which photochemical, thermal and electri-

AT=20 2. as a heterogeneous, two

cal initiators have been employed,
phase system of the gases and a metal catalyst, and 3. as a heterogeneous,
three phase system in which the dissolved gases are combined on a submerged
metal catalyst in solution. The homogeneous, single phase gaseous system

will not be discussed since it does not concern this research.

a. The heterogeneous, two phase gas reaction. A considerable

amount of study has been performed concerning reacting hydrogen and oxygen
gas on a metal catalyst. A variety of metal or metal oxide catalysts such
as platinum, palladium, silver, nickel, nickel oxide, iron, gold, and
cupric oxide have been used. Usually the reaction is carried out at over
100° to restrict the system to two phases. This is performed easiest with
a flow system, in which a continuous stream of the two gases are passed
over the catalyst.

Langmn1r21'23 used a platinum catalyst and found the rates to be
’ irreproducible. He was unable to obtain quantitative data. He did find
that platinum was inactive at room temperature unless it was previously
heated in a mixture of hydrogen and oxygen. Hydrogen was observed to act
as a catalytic poison for the reaction at high temperatures.

Bodenstein2h found the reaction to be first order with respect to
both hydrogen and oxygen on porcelain between 450° and 650°. His results
indicate sparse coverage by both reactants on the surface.

Bone and Wheeler2 using a variety of different catalysts determined

the rate to be first order with respect to hydrogen and zero order with
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oxygen. This is consistent with reaction between gaseous hydrogen and
a layer of adsorbed oxygen which fully covers the surface.26 Pease and
Tqylor27’28 and Benten and Emett2?-31 confirmed the conclusion of
Bone and Wheeler that, in the case of cbpper, the metal surface is always
oxidized during this catalytic reaction. The oxide which forms simul- -
taneously with water was found to be rapidlj reduced by hydrogen. It was
concluded that oxidation and reduction occur simultaneously, i.e., the
metal is oxidized contimually at the same rate that the oxide is con-
tinually reduced. ; /

Chapman and Gregory32 found that adsorbed hydrogen inhibited the
reaction on palladium whereas adsorbed oxygen acted as an accelerator.

A layer of adsorbed hydrogen was presumed to prevent oxygen from reaching
the surface. It was proposed that catalysis occurs by alternate oxida-
tion and reduction of the oxide layer.

Donnelly and Hinshelwood33 observed that the reaction rate on plat-
inum was independent of hydrogen pressure but varied in a complex manner
with oxygen pressure; at low ﬁressures the increase was linear with a
falling off from linearity at higher pressures but the rate continued to
rise and never reached a limiting value. This was interpreted as a super-
position of two Langmuir isotherms, one corresponding to saturation at
low pressures, the other at higher pressures, indicating two types of
centers for oxygen adsorption. The kinetics suggested that hydrogen formed
a saturated layer on a third type of center. |

The data of Benton and Elgin?h’BS on silver indicated that the re-

action rate was proportional to hydrogen pressure, independent of oxygen
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pressure and inversely proportional to the water formed. Since there
was no mutual displacement of hydrogen and oxygen, they were assumed to
be adsorbed on different types of centers with the oxygen being strongly
adsorbed and intermediate coverage by hydrogen.

Leidheiser and Gwathmey,36 studying the reaction on different crys-
tal faces of copper, found the rate varied appreciably from one face to
another. Also a roughening of the surface was observed due to the re-
action and the extent of roughening was dependent upon the face.

In summary, it is evident from the above that the reaction is
still not understood completely in spite of the extensive work that has
been done. The pressure of the reactants, temperature, catalyst, initial
surface condition, water vapor, crystal face and trace poisons all have
a marked influence on the reaction, lending to its complexity.

b. Combination of hydrogen and oxygen on a submerged catalyst.

Even more variables (such as pH and ionic strength) are introduced if the
reaction is carried out in solution on a submerged catalyst.

Paal and Hartmannd! are among the first investigators to study this
catalytic reaction in solution. A sol consisting of colloidal palladium
was the catalyst; water was used as the solvent. However, their results
were not very reproducible or quantitative. Since the palladium, hydro-
gen and oxygen were not purified, this is easily understandable. They
observed that the rate generally increased as the qﬁantity of palladium
sol was increased. Also, an excess of hydrogen in the gas mixture accel-

erated the reaction while an excess of oxygen inhibited it.
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In a series of six articles, Hotmann3’38'h2 and his co-workers
described their work on this reaction. Various metal catalysts in aqueous
solutions were used. Metals of the platinum group were found most effec-
tive in the reaction, which was postulated to be electrochemical in nature.
In Hofmann's first article38 a mechanism was proposed whereby hydrogen
and oxygen were adsorbed on different portions of the catalyst surface
and local cell action resulted. Reaction was said to occur between the
adjacent hydrogen and oxygen electrodes. If the surface of the catalyst
was pre-saturated with hydrogen, its activity decreased. The activity,
however, was enhanced upon pre-exposure to oxygen, which was thought to
hasten the attainment of equilibrium of the oxygen electrode (which is
normally slow). It was found that the amount of oxygen held by the sur-
face was insufficient to account for the increased catalytic activity,
assuming that the surface oxygen acted as a supply of oxygen for the re-
action.

Hofmann revised his mechanism somewhat in his second paper.3 Rather
than pre-exposure of oxygen increasing the rate of establishment of the
equilibrium potential, he postulated two types of hydrogen-charged platinum
metals which he called "fresh™ and "aged". A "fresh" catalyst which had
been saturated with oxygen and expoéed to a hydrogen-oxygen mixture would,
under certain conditions, become a hydrogen electrode with increased ac-
tivity, reducing the oxygen to water and developing a high hydrogen poten-
tial. An "aged" catalyst results from a "fresh" one being exposed to

hydrogen during the reaction, becoming 1eés effective as a reducing agent.
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Hofmann was able to measure the potential of the catalysts during
the course of the reaction by placing a hydrogen electrode in the system.
From these measurements he concluded that the rate of the reaction is
fastest when as great as possible a hydrogen or oxygen potential is de-
veloped and not when hydrogen and oxygen are adsorbed as they are used
up on an electrically neutral pole.

Hofmann measured the catalyst potential and the reaction rate
similtaneously in his third paper.39 It was found that the faster the
initial potential of the catalyst changed, the more rapid the reaction
became. He postulated that only active forms of oxygen and hydrogen re-
acted to form water.

In his fourth and sixth papersho’h2 he discussed the formation of
hydrogen peroxide. He concluded that diffusion of oxygen to .the surface
of an active catalyst was slow compared to the diffusion of hydrogen.
Hence, there would be an excess of hydrogen at the surface and the product
would be mostly water. If, however, the catalyst was coated with a hydride,
its efficiency would be reduced. There would, therefore, be an excess of
oxygen at the surface leading to the formation of a considerable amount
of hydrogen peroxide.

Iridium was found to be a more ideal catalyst for the reaction
than platinum or palladium in Hofmann's fifth pa.per."ll Pre-treatment of
its surface with hydrogen or oxygen aétivated the reaction to the same
degree, It was equally effective in an acid or alkaline solution and did

not seem to adsorb either gas selectively (as shown by its potential).
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A description of alternating current polarization of the catalyst
was given in Hofmann's final paper. With frequencies up to 50 c.p.s.,
the catalytic activity was enhanced, but higher freqdencies up to 1000
c.p.s. had no effect. About one minute elapsed before the effect of alter-
nating current became evident. These results were explained by the fact
that a surface free of hydride and oxide formation would lend itself to
a more active state and that alternating polarization prevented their
formation.

Shul'ts and his co-'workersw'hs reported results of experiments
on platinum catalysts that were generally in accord with those of Hofmann.
They postulated that passivation of the catalyst is brought about by the
covering of a large number of active sites by a pseudoxide film. Also
it was found that the more active catalysts are most susceptible to poison-
ing.

More recently Levine and Rosen‘l‘.reterl‘6 studied this reaction on
activated carbon containing 0.5 per cent platinum and using much improved
experimental techniques such as ground-glass joints, magnetic stirrers,
evacuated systems and constant temperature control. By using solutions
of different pH values, a linear relation was found between the rate of
the reaction and the pH in the range of 2 to 12, the rate increasing with
decreasing pH. In all cases, the rate remained constant for the duration
of the experiment. The rate fell off markedly at pH values less than 2,
however. These authors concluded that the kinetics of the reaction are
dependent upon the electrochemical potential of the carbon in a given

solution, which in turn is dependent upon the pH of the solution.
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3. Electrolytic Hydrogen Diffusion Through Palladium

In 1864 Cailletet!” observed that some of the hydrogen evolved
when iron was immersed in dilute sulfuric acid was absorbed in the iron.
Shortly after this observation Grahar#8-50 began researches on hydro-
gen-palladium systems. Many investigations have since followed those of
these pioneers on the diffusion of hydrogen in metals.

Hydrogen can be made to diffuse through palladium and iron by two
principal methods. The first involves heating the metal above 150-200°
with an atmosphere of hydrogen gas on one side. The hydrogen will diffuse
into and through the metal due to the differential in hydrogen pressure.
It has also been foundw’gl'57 that hydrogen gas in nascent form can pene-
trate metals such as palladium, iron and nickel at room temperature if
the metal is made the cathode during electrolysis or if hydrogen is gen-
erated by chemical reagtion at the surface. Only electrolytic hydrogen
diffusion will be discussed since it alone was employed in this work.

Bodenstein52 was one of the first investigators to measure diffusion
rates of cathodic hydrogen in a quantitative manner. Working with iron,
he found the permeation rate through the metal to be directly proportional
to the square root of the current density of the iron cathode. He believed
that hydrogen diffused into the metal in an atomic form but left in the
molecular state.

Since Bodenstein, many investigators have confirmed the relation-
ship that the diffusion rate is proportional to the square root of the
current density. However, the eduation did not fit the data accurately

in the low current density region. To explain this, Borelius and Lindblomsh
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assumed that diffusion was not possible until the current density, I,
exceeded what they called a temperature dependent threshold value of
the electrolyzing current density, Iy. They presented the following
equation for the diffusion rate, D, which incorporates the correction
for low currents. _

D=k (VT - Vi)

where k is a constant.

The diffusion through iron and palladium was further studied by
Barrer55 between 0° and 100°. His cathodes were very susceptible to
poisoning and, hence, the data obtained were not very reproducible. He
observed that palladium will absorb 800 times its volume in hydrogen.
Also, the Bodenstein relation was found to hold except below 0.05 amperes/
em.2. An activation energy of 8.5 kcals, was calculated for palladium
diffusion.

More recently the validity of Borelius and Lindblom's threshold
value of the current density has been challenged by Heath57 who observed
measurable diffusion through iron and palladium at current densities as
low as 0,001 amperes/cm.2. Below 0.03 amperes/cm.2 the permeation rate
was found to be directly proportional to the current density itself, while
above this region the Bodenstein relation holds. Heath derived a theo-
retical equation which indicates that the same law does not hold at all
current densities. It is interesting to note that the same conflict
occurred with workers who diffused hydrogen through metals which were
heated to high temperatures. Here a similar square root law was assumed

to hold with the pressure of hydrogen being substituted for the current
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density. Various investigatarsse’ 59 noted that the agreement with the
square root law did not hold exactly at low pressures but attributed the
divergence -to experimental error. Smithells and Ransleyéo later showed
that the departure from the square root law at low pressures was similar
to that observed by Health with electrolytic hydrogen.

Eiper.l.mental ‘evidence indicates that hydrogen up to a H/Pd atomic
ratio of 0.6 is dissolved as protons and above the form of the hydrogen
is different.56’61’ 62 There are about 0.6 holes per atom in the d band
of palladium., It was deduced61’62 by magnetic susceptibility measure-
ments that up to an atomic ratio of H/Pd ~ 0.6 the dissolved hydrogen
was completely ionized by giving up itsv electrons to the d bands. Addi-
tional evidence has been given by nuclear magnetic resonance measure-
ments.63 These measurements have also indicated that when H/ Pd exceeds
0.6, the additional hydrogen is dissolved by a different mechanism.
Schuldiner and HoareSl proposed that the initial hydrogen (up to a H/Pd
of 0.6) is strongly bound in the interior of the palladium. Moreover,
these workers proposed that the additional hydrogen is dissolved in the
atomic form in the octahedral holes of the face~centered cubic lattice
of beta palladium. Assuming a lattice constant, a, of L.06 2 the effec-
tive radius of an octahedral hole was calculated to be 0.595.2 while
that of a hydrogen atom is 0.37 X The protons could be accommodated
in either tetrahedral (effective radius 0.322 R) or octahedral holes
because of their very small size. Recently, Worsham, Wilkinson and Shullés
have determined by neutron diffraction experiments that both hydrogen and

deuterium atoms in beta phase Pd-H and Pd-D are located in the octahedral
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positions. Schuldiner and Hoare6h further propose that this less firmly
bound atomic hydrogen is the hydrogen that diffuses through palladium
and, because of the concentration gradient across the palladium, these
hydrogen atoms will diffuse through the octahedral holes.

Wahlin and Naumann®® found that the hydrogen emerging from the
exdt surface of the palladium is quite active. Oxygen of the air was
found to react on this surface to form water. Also the coﬁplete reduc-
tion of cyclohexene to cyclohexane and partial reduction of cyclohexanone
to cyclohexanol was obtained. However, the authors did not observe the
effect of these'substancés on the diffusion rate. Salmon, Randall and
Wilk,67 using the gas phase method of diffusion, studied the effect
certaln substances have on the diffusion rate if the downstream surface
is exposed to the particular gas of interest for a fixed time and then
is thoroughly pumped out. Hydrocarbons such as ethylene, ethane, acety-
lene, methane, and butane poisoned the exit surface thus slowing down
the rate of diffusion. Hydrogen sulfide also poisoned the surface such
that reactivation was not possible by heating in oxygen and then hydro-
gen as had been possible in the case of the hydrocarbons.

L. Hydrogenation of Ethylene

The hydrogenation of ethylene on a metal surface has been studied
extensively since its discovery by Sabatier and Sanderens.68 Recently,

69-T1 have been devoted to the reaction. In

several excellent reviews
view of these articles and the large volume of work which has been re-~
ported for the reaction, the following discussion will be limited to

that information which is most pertinent to this problem.
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Most of the data for the reaction have been obtalned with nickel

catalysts.1’5’72—78

Reduction goes smoothly at 20° and 1:1 hydrogen-
ethylene mixtures. If an excess of ethylene is avoided, the initial
velocity is proportional to the hydrogen pressure and independent of

6°.1’72’76 An excess of -

the ethylene pressure for temperatures up to 15
ethylene and particularly pre-treatment of the catalyst with ethylene

may give a decreased velocity. Schwab79 pointed out that the effect of
excess ethylene is partly irreversible and associated with the formation
of poisoning polymers. Eley70 considers the most accurate value for

the activation energy to be 10.7 kcal. which was obtained by Beeck!?

on evaporated nickel films from -80° to 100°. The value falls off at
higher temperatures with the rate passing through a maximum around 150°-
200°.

Beeok1 has also reported the results of a lengthy study of other
metal catalysts used in the form of evaporated films. The rate for these
other catalysts is first order with respect to hydrogen pressure and zero
order with ethylene as found in the case of nickel. A decrease in activ-
ity by a factor of 101‘ was observed over the series Rh >Pd>Pt>NMi (110)>
M (random) >Fe >0Or. Preadsorbed ethylene lowered the initial rate by
only a few per cent on platinum and rhodium, 60 per cent on nickel, 500
per cent on tungsten and 1000 per cent on tantalum. In general, the
higher the initial heat of chemisorption of ethylene on the metal, the
greater the degree of dissociation into acetylenic residuwes and polymers,
the greater the inhibition, and the longer time required to clean the

surface with hydrogen. Beeck found the reduction of ethylene with pre-
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adsorbed hydrogen‘to be very rapid on nickel. It was postulated that
this latter mechanism involved chemisorbed hydrogen reacting with
ethylene from a van der Waals layer or the gas phase.

Stephensao has recently studied the hyd;ogeﬁation‘of preadsorbed
ethylene on evaporated palladium films. In agreement with Beeck's work
on nickel,1 it was found that ethylene is adsorbed on four palladium
sites. This is explained by assuming dissociatioh into an acetylenic
residue which oécupies two sites and two hydrogen atoms, each occupying
one site. Self-hydrogenation of ethylene occurs if-an excess pressure
of the gas is admitted to a film of preadsorbed ethylene. The excess
gas removes the hydrogen atoms to give ethane. If hydrogen is introduced
to the film, it is initially removed rapidly from the gas phase., Part
is held by the film and the remainder reacts with the adsorbed layer to
form hydrocarbons (98 per cent ethane). It was concluded that the re-
activity of adsorbed ethylene toward hydrogen depends on the ability of
the metal to catalyze the addition of hydrogen to dissociatively adsorbed
hydrocarbon residues. |

ancich and Kowaka! observed the reaction on palladium to follow
the same rate expression as the above authors. Both hydrogen and ethylene
pretreatment were found to poison the catalyst with hydrogen being a
stronger inhibitor than ethylene. They report an activation energy of 3.7
kcals. which is lower by a factor'of three than previously reported
values.l’81 . |
'Mechanistically) with regard to hydrogenation on nickel which is

the most investigated, the balance of results’C seems to favor Twigg's
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development of the half-hydrogenated state mechanism.82

Hy + YCoH)* === ¥CoHig + H* — C2H
This reaction is assumed to occur on that part of the surface not already
poisoned by chemisorbed acetylenic complexes. Beeck,l’72 on the other
hand, proposes that the metal surface is largely covered by adsorbed
acetylenic complexes which are only slowly removed by chemisorbed hydro-
gen due to their strong bonding. Rapid hydrogenation occurs by collision
between ethylene from the gas phase and chemisorbed hydrogen. The high
activation energy of 10.7 kcals. is attributed to the former clean-up

reaction.

5. Hydrogenation of Acetylene

Sabatier and Senderens83 first observed that the passage of hydro-
gen and acetylene over reduced nickel powder at room temperature caused
the catalyst to heat up. Ethylene and ethane were formed as well as a
considerable quantity of higher hydrocarbons whose yield was increased
by raising the acetylene concentration.

Although this reaction has been one of the most widely studied in
the field of hydrogenation catalysis, Eleyah points out that the study
of the hydrogenation of acetylene bonds has been greatly neglected in
comparison with the large volume of work concerning the problems of ole-
fin hydrogenation. G. C. Bondes and T. I. Tay’lore6 have recently pre-
sented extensive reviews of the reaction. The metals most used for hydro-
genation purposes are nickel, platinum and balladium. vThe reactions on

each of these catalysts may be classified as follows:ss
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Oolly —2—= ol —E2 = CoHg (1)

CoHp —H2 . higher hydrocarbons (11)
By the above reactions it is evident that kinetic data obtained without
simnltaﬁeous analysis of the reaction products are of little value.

The results obtained on nickel catalysts will be discussed briefly
since the larger portion of data has been obtained with this metal. By
the method of initial rates of pressure fall, the reaction has been found
to be first order with hydrogen pressure and zero or slightly negative
order with respect to acetylene at 70°-80° on pumice supported nickel.87
If hydrogen is initially in excess (Pyp :>2Pb232), the hydrogenation rate
is constant until about 70 per cent of the acetylene is removed, at which
point the hydrogenation of ethylene begins to predominate. The rate,
appearing to be solely determined by the initial pressure of the reactants,
suggests that acetylene is strongly chemisorbed on the surface, and that
hydrogenation is initiated when a gaseous hydrogen molecule strikes the
adsorbed acgtylene with sufficient kinetic energy.85 Over reduced nickel
powder at 30°, dePauw and Jnngera88 observed that the rate of pressure
fall was constant until an amount of hydrogen had been consumed equiva-
lent to the initlal pressure of acetylene after which a marked accelera-
tion occurred. This was attributed to a faster hydrogenation of ethylene
formed previously. The experiments were carried out with hydrogen always
in excess. The following initial rate law was deduced:

dP__ -0.5

- =3t = ¥PhoPooH,
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Acetylene and hydrogen combine over palladium to yield ethylene
and ethane with 10 to 30 per cent of the unrecoverable acetylene being
converted into less volatile hydrocarbons.89'93 Specific hydrogenation
to ethylene has been determined to be more favored over palladium than
nickel and platinum.93 Cremer, Knorr and meninger-% regarded ethylene
as the only product up to the point at which the rate of hydrogenation
passed through a maximum. The kinetics indicated reaction between
strongly adsorbed acetylene and weakly adsorbed hydrogen with acetylene
suppressing ethane production due to its stronger adsorption. Sheridan?3-
concluded that the large amount of hydrogen occluded in palladium did
not change the mechanism from that on nickel and platimum. Using a
palladium alumina catalyst, Tamaru?® observed the reaction to occur in
two distinct steps. In the first step acetylene ‘is converted into
ethylene and polymers whereas the second step involves hydrogenation of
ethylene to ethane. The second step does not begin until all the acety-
lene is reduced to ethy).ene and is indicated by a sudden increase in the
rate. This is similar to the results obtained for nickel. When the pres-
sure of acetylene was small compared to that of hydrogen, polymerization
was found to be decreased sharply giving high yield of ethylene and ethane.

Tamaru expressed the kinetic equation in the form:

I Lde ) khig
dt 1+ b Poy,

Similar results were observed by him using a palladium-kieselguhr cata-

mt-%
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Since the results obtained using evaporated metal films differ
nmarkedly from those using conventional catalysts, they are omitted ex-
cept to add that the heat of adsorption of acetylene as found by W:Llsonas
is 67 keals. on nickel compared to 58-25 kecals. for ethylenel on nickel.
The value for ethylene decreases sharply with increased surface coverage
whereas the heat of chemisorption for acetylene is unaffected.

The mechanisms proposed by Sheridan?7 for the polymerization of
ethylene on nickel are based on surface chain reactions initiated through
a half-hydrogenated state of the assocliatively chemisorbed acetylene.

B, ==
X X X

He supports a mechanism for formation of ethylene through simultaneous
addition of two atoms of the same weakly adsorbed hydrogen molecule to
strongly adsorbed acetylene. This is similar to the mechanism suggested
by Farkas and Fa.rkas98 in that it involves simultaneous addition of atoms
from the same hydrogen molecule but it is nearer that of Twigg and

Ride&l76’ 99 in which weakly adsorbed hydrogen is involved.



CHAPTER II

EXPERIMENTAL

A. Liquid Phase Hydrogenations

1. Materials

a. Allyl alcohol. Eastman "white-label" allyl alcohol was frac-

tionally distilled before use.

b. Sulfuric acid solutions. DuPont C. P, reagent grade sulfuric

acid and conductance water were used in the preparation of all solutions
containing sulfuric acid. The solutions were pre-electrolyzed overnight
with platinum electrodes for purification.

c. Sodium sulfate solutions. All solutions containing sodium

sulfate were prepared from anhydrous Baker and Adamson reagent grade
sodium sulfate and conductance water. The solutions were purified by
pre-electrolysis with platinum electrodes.

d. Sodium hydroxide solutions. Baker and Adamson reagent grade

sodium hydroxide and conductance water were used to prepare all sodium
hydroxide solutions. The solutions were pre-electrolyzed overnight using
platinum electrodes,

e. Chloroplatinic acid solution. Engelhard reagent grade platinic

chloride was dissolved in a 1.0 N hydrochloric acid solution made from
duPont C. P. reagent grade hydrochloric acid and conductance water, The

solution also contained Engelhard C. P, reagent grade lead acetate.
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2. Preparation of Electrode Catalysts

Smooth and platinized-platinum catalysts were prepared from
platinum wire 0.0138 cm. in diameter. These wires were sealed in soft
glass tubing such that 1.5 eam. of the wire extended ¢ut from the seal.

The wire was cleaned in hot aqua regia and washed in conductance water.’
The platinized-platinum electrode was prepared by platinizing one of the
wires in a 2 per cent chloroplatinic acid solution containing 0,03 per
cent lead acetate. A coil of platinum wire placed around the wire to be
platinized was made the anode, and a current of 12.3 ma was passed through
the solution for one hour. The platinized-platinum was cleaned by washing

in conductance water.

3. The Hydrogenation System

a. Electrolysis cell. The drawing in Figure 1 shows the system

used to study the hydrogenation of allyl alcohol. Hydrogen and oxygen
were generated in flask A by the electrolysis of an aqueous 0.1 N sulfuric
acid solution on electrodes E and E', Since only the hydrogen was to be
used in this reaction, it was necessary to evolve it within th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>