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CHAPTER I 

INTRODUCTION 

A .  Role of Surface Hydrogen in Catalysis 

In many researches dealing with cat�sis 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 statements112 which indicate that 

surface hydrogen is necessar,y for the reactions to proceed to state­

ments.3 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 cat�sis directly. McCabe and Hal�e.yh 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

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 em. 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 em. of fresh }Vdrogen 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 ohemisorbed 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 Haokerman6 studied the hydrogen-oxygen reaction in a 

stirred solution or dilute sulfuric acid on the surface of a submerged 

platinum o�talyst. The rate of this reaction was studied as a function 

of the electrical potential applied to the oat�st . Cathodic polariza-

tion or the catalyst was ineffective in changing the reaction rate . 

Anodic polarization using a platinized platinum anode and a smooth platinum 

wire cathode caused a periodic change in the reaction rate as a function 

or time . The rate was increased by a. c. polarization at frequencies 

<10 c .p . s . J 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 an anodic polarization was ascribed to periodic 

buildup and deoomposi tion of oxide on the catalyst surface . 

Jonoich and Kowaka7 have studied the activity of a palladium oata-

lyst with and without hydrogen dif'fusing 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 b7 

making the outside or the �bimble a cathode in an electrolysis bath. 

For the reaction with ethylene, hydrogen diffusion did not alter the 

rate at 2S0 but an acceleration was observed at 50°. In the case or 

acet,ylene hydrogenation, diffusing hydrogen was believed to increase 

the rate between 0° and 141°, being greater at the higher temperatures. 

Gas chranatography 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, 4,6, 7 it was thought profitable to 

continue the at� of alteration of catalytic activity caused by genera­

tion of hydrogen on the surface of the catalyst. It was bel�eved that 

a continuation of the stuqy of the effect of electrolytic polarization 

or a platinum oa�st on the activity for the hydrogen-oxygen reaction 

as well as for other reactions such as the hydrogenation or organic 

compounds would be or value. Also, since the results or Jonoioh and 

Kowaka7 are dependent on the hitherto unmeasured effect of the presence 

or e�lene and aoet7lene on the hydrogen diffusion rate, a continuation 

or this work was thought profitable. 

· The compound� to be hydrogenated were somewhat arbitrarily chosen. 
i 

It was desired that the reactions be previously well studied, the kin�.tics 

be relati vel7 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 

cat�st, the hydrogenations of oxygen and all7l alcohol were chosen. 

The hydrogen-OJcy"gen 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 or allyl alcohol was chosen 

tor two reasons. First, the reaction is zero order with respect to the 

aloohol.B Hence, its concentration could decrease as the reaction pro-

ceeded without affecting the rate. Secondly, allyl alcohol and the hydro­

genated product, �-propanol, are highly soluble in water.9 

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 ot 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 of the unsaturated substance. In maqy of his experiments, 

however, the logarithmic nature of the change is evident in the final 

stages only, and a careful examination shows that the critical part or his 
' 

curves forms a �traight line.a 



· In the meantime, other obserYera11-l3 have pointed out that 

hydrogen is absorbed at a constant rate by unsaturated liquids in the 

presenc� or 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 2.5°. Hydrogen was taken up 

by the solution at the rate of 22 cc./min. on 0.1 gm. of platinum to 

form !!-propanol. The rate was found to be first ord.er with respect to 

hydrogen pressure and zero order with respect to the alcohol. 

Watt and Walltng14 recently studied the reaction over Adams platinum 

in ethanol. The rate or hydrogenation of allyl alcohol was measured as a 

function or the temperature, hydrogen pressure, ag�tation frequen�, eon-

centration or acceptor and product, and the ratio or catalyst to acceptor. 

The reaction shows a very low activation energy and no inhibition by the 

product, �-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 --- = 
dt 

where A and B are constants. 

2. Hydrogen-Oxygen Reaction 

AWPg2 
1 + BW 

In 1818, Humphre.y Dave,rl.5 reported that hydrogen and oxygen could 

be combined to form wa�r over a metal catalyst. The reaction was explored 

further by Dobereinerl-6 a few years later. Many workers have since studied 
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this combination by one or three principal methods: 1. as a homogeneous, 

single phase gaseous system, in which photochemical, thermal and electri­

cal initiators have been employed, 
17-20 

2 .  as a heterQgeneous, two 

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, � phase gas reaction. A considerable 

amount of study has been performed concerning reacting hydrogen and OJcy"gen 

gas on a metal catalyst. A variety or metal or metal oxide catalysts such 

as platinum, 'palladium, silver, nickel, nickel oxide, iron, gold, apd 

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 now system, in which a continuous stream of the two gases are passed 

over the catalyst. 

Langmuir21-23 used a platinum oatalY8t and found the rates to be 

irreproducible. He was unable to obtain quantitative data. He did find 

that platinum was inactive at roam temperat� 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. 

Bodenste1n24 found the reaction to be first order with respect to 

both hydrogen and oxygen on porcelain between 4$0° and 6S0°. His results 

indicate sparse coverage by both reactants on the surface. 

Bone and Wheeler25 using a variety or different catalysts determined 

the rate to be first order with respect to hydrogen and zero order with 



oxygen. This is consistent with reaction between gaseous hydrogen and 

a layer of adsorbed oxygen which f�ly covers the surface.26 Pease and 

TS\V'lor27, 28 and Benten and hnett29-3l confirmed the conclusion ·or 

Bone and Wheeler that, in the case of copper, the metal surface is always 

oxidized during this catalytic reaction. The oxide which forms simul- . . 

taneously with water was found to be rapidly reduced by hydrogen. It was 

concluded that oxidation and reduction occur simultaneously, !·!·' the 

metal is oxidized c�tinuall.y at the same rate that the oxide is con­

tinually reduced. 

Chapman and Gregory.32 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. 

Donnel� and HinshelwoQd33 observed that the reaction rate on plat­

inum was independent of hydrogen pressure but varied in a complex manner 

with oxygen pressure; at low pressures the increase was linear with a 

falling off from linearity at higher pressures but the rate continued to 

rise and never reached a limiting vuue. 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 or 

centers for oxygen adsorption. The kinetics suggested that hydrogen formed 

a saturated l�er on a third type of center. 

The data of Benton and Elgin34,35 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 mutua]. displacement of hydrogen and oxygen, they were assumed to 

be adsorbed on different types or centers with the �gen being strongly 

adsorbed and intermediate coverage by hydrogen . 

Leidheiser and Gwathmey,36 studying the rea�tion on di�ferent crys� 

tal faces of copper, found the rate varied appreciably from one face to 

another. Also a roughening or the surface was observed due to the re-

action and the extent of roughening was dependent upon the face. 

In summar,y, 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 or the react•nts, temperature, catalyst, initial 

surface condition, water vapor, crystal face and trace poisons all have 

a marked influence on the reaction, lending t� its complexity . 

b. Combination _2! hydrogen .!!!!, oxygen .2!! ! submergecl catalyst .  

Even more variables (such as pH and ionic strength) are introduced if the 

reaction is carried out in solution an a submerged catalyst. 

· Paal. and aartJaann37 are among the first investigators to study this 

catalytic reaction in solution. A sol consisting or colloidal palladium . . . 
was the catalyst; water was used as the solvent. However, their results 

were not very- reproducible or quantitative. Since the pall.adium, hydro­

gen and oxygen were not purified, this is easily understandable. They 

observed that the rate genera.lly increased as the quantity of palladium . . 
sol was increased . Also, an excess of hydrogen in the gas mixture aocel-

erated the reaction while an excess of �gen inhibited it . 
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In a series of six articles, Hot�,38-42 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 surf�ce of the cat�st 

was pre-saturated with hydrogen, its activity decreased. The activity, 

however, was enhanced upon pre-exposure to mcygen, which was thought to 

hasten the attainment of equilibrium of the o�gen electrode (which is 

normally slow). It was found that the amount or oxygen held by the sur­

face was ins�fioient to account for the increased catalytic activity, 

assuming that the surface ar,ygen 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 

e�ibrium potential, he post�ated two types of hydrogen-ohargec;l platinum 

metals which he called "fresh" and "aged". A "fresh" catalyst which had 

been saturated with oxygen and exposed to a hydrogen-oxygen mixture would, 

under certain conditions, become a hydrogen electrode with increased ac­

tivit,r, 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 �eaotion, becoming less effective as a reducing agent. 
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Hofmann was able to measure the potential of the ca��sts during 

the course of the reaction by placing a h1drogen 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 the,y are used 

up on an electrically neutral pole. 

Hofmann measured the catalyst potential and the reaction rate 

simultaneously 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 r�­

acted to form water. 

In his fourth and sixth papers40,42 he discussed the formation of 

hydrogen peroxide. He concluded that diffusion of oxygen to .. the surface 

of an aoti ve 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 catal)"St was coated with a hydride, 

its eftioiena,y would be reduced. There would, therefore, be an �xcess 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 Hotmann Is fifth paper. 41 Pre-treatment or 

its surface with hydrogen or oxygen activated 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 So o.p.s., 

the catalytic activity was enhanced, but higher frequencies 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 1 ts and his co-workers4.3-45 reported results of experiments 

on platinum cat�sts that were generally in accord with those of Hofmann . 

They postulated that passivation of the catalyst is brought about by the 

covering or a large number of ac;tive sites by a pseudoxide film. Also 

it was found that the more active catalysts are most susceptible to poison-

ing. 

More recently Levine and Rosentreter46 studied this reaction on 

activated carbon containing o.S 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 

or different pH values, a linear relation was found between the rate of 

the reaction and the pH in the range or 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 or the carbon in a given 

solution, which in turn is dependent upon the pH or the solution. 



3 . Electrolytic Hydrogen Diffusion Through Palladium 

12 

·In 1864 Cailletet47 observed that some of the hydrogen evolved 

when iron was immersed in dilute su+furic acid was absorbed in the iron. 

Shortly after this observation Grah�B�So began researches on hydro­

gen-palladium systems. Maey investigations have since followed those of 

these pioneers an 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 1$0-200° 

with an atmosphere of hydrogen gas on one side. The hydrogen will diffuse 

into and through the metal due to the dif'ferential in hydrogen pressure. 

It has also be�n found47,Sl-S7 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 b.Y chemical reaQtion at the surface. Only electrolytic hydrogen 

diffusion will be discussed since it alone was employed in this work. 

BodensteinS2 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 t_o 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 de�sity. However, the equation did not fit the data aceurate:j..y 

in the low current density region. To explain this, Borelius and LindblomS4 
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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, It• They presented the following 

equation for the diffusion rate, D, which incorporates the correction 

for low currents. 

D = k (-{f - -yit) 

where k is a constant. 

The diffusion through iron and palladium was further studied b.Y 

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 Boo 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 koala. 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 

law 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 oonfiiot 

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 investigators58,$9 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 Ransle�0 later showed 

that the departure from the square root law at low pressures was similar 

to that observed by Health with electrolytic hydrogen. 

Experimental ·evidence indicates that hydrogen up to a H/Pd atomic 

ratio or o.6 is dissolved as protons and above the ro� of the hydrogen 

is different. 56, 611 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 its 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 /� exceeds 

0.6, the additional �ogen is �ssolved by a different mechanism. 

Sohuldiner and Hoare64 proposed that the initial hydrogen (up to a H� 

ot 0. 6) is strongly bound in the interior of the palladium. Moreover, 

these workers proposed that the additional hydrogen is disaolved in the 

atomic form in the octahedral holes of the face-centered cubic lattice 
0 

of beta palladium. Assuming a lattice constant, a, of 4.06 A the effec-
·o tive radius of an octahedral hole was calculated to be 0 • .59.5 A while 

that or a hydrogen atom is 0.37 X. The protons could be accanmodated 

in either tetrahedral (effective radius 0.322 i) or octahedral holes 

because of their very small size. Recently, Worsham, Wilkinson and Shun65 

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 Hoare64 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 Naumann66 found that the hydrogen em�rging from the 

exit surface of the palladi'UM is quite active. Oxygen of the air was 

round to react on this surface to form water . Also the complete reduc-

tion or cyclohexene to cyclohexane and partial reduction or cyclohexanone 

to cyclohexanol was obtained . However, the authors did not observe the 

effect of these· substances on the diffusion rate . Salmon, Randall and 

Wilk, 67 using the gas phase method ot diffusion, studied the effect 

certain substances have on the diffusiqn rate if the downstream surface 

is exposed to the particular gas of interest tor 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 b,y heating in oxygen and then hydro­

gen as had been possible in the case of the hydrocarbons• 

4. Hydrogenation or Ethylene 

The hydrogenation �r ethylene on a metal surface has been studied 

extensively since � ts cU:-�.�overy by Saba tier and Sanderens . 68 
Recently, 

several excellent reviews69-7l have been devoted to the reaction . In 

view of these articles and the large volume or work which has been re-

ported for the reaction, the ro�owing 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 obtained with nickel 

ta,_ t 
l, 5, 72-78 

R d ti thl t 20° d 1 l h�� ca �s s. e uc on goes smoo y a an : .,\,Yo ogen-

ethylene mixtures. If an excess ot ethylene is avoided, the initial 

velocity is proportional to the hydrogen pressure and·. independent of 

the ethylene pressure for temperatures up to 156°. 1,72,76 
An excess of 

ethylene and particularly pre-treatment ot the catalYst with e�lene 

may give a decreased velocity . Schwab 79 pointed out that the effect of 

excess e�lene is partly irreversible and associated with the formation 

of poisoning polymers. Eley7° considers the most accurate value for 

the activation energy to be 10.7 kcal. which was obtained by Beeck72 

on evaporated nickel films from -80° to 1000. The value fal,ls off at 

higher temperatures with the rate passing through a maximum around 150°-

2000. 

Beeok1 has also reported the results of a lengthy study of other 

metal catalysts used in the form or evaporat�d films. The rate for these 

other catalysts is first order with respeQt to hydrogen pressure and zero 

order with etnylene as found in �he case ot nickel. A decrease in activ­

ity by a factor �t 1� was observed 
.
over the series Rh >Pd>Pt;>Ni (110)> 

Ni (randaa) >Fe> Cr . Preadsorbed ethylene lowered the initial rate by 

only a few per cent on platinum and rhodi'Ulll, 6o per cent on nickel, 500 

pe� cent on tungsten and 1000 per cent on tantalum. J;n general, the 

higher the initial heat of chemisorption of e�lene on the metal, the 

greater the degree of dissociation into acetylenic resid�es and polymers, 

the greater the inhibition, and the longer time required to clean the 

s�face with hydrogen. Bee.ck found the reduction of eteylene 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. 

Stephena80 has recent� studied the hydrogeriation·or 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 dissociation into an acetylenic 

residue which occupies two sites and two hydrogen atoms, each occupying 

one site. Self-llydrogenation o! ethylene occurs if·an excess p:r;essure 

of the gas is admitted to a film ot preadsorbed e�lene. 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 eth�e). It was concluded that the re­

activity of adsorbed ethylene toward hydrogen depends on the ability of. 

the metal to cat�ze the addition of hydrogen to dissooiatively adsorbed 

hydrocarbon residues. 

J onoich and Kowaka 7 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 nydrogen 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,Bl 

Mechanisticall.y, with regard to hydrogenation on nickel which is 

the most investigated, the balance of results70 seems to favor Twigg's 
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development of the half-hydrogenated state meehanism.82 

This reaction is assumed to occur on that part of the surface not already 

poisoned bw chemisorbed acetylenic complexes . Beeck,�,72 on the other 

hand, proposes that the metal surface is largely covered by adsorbed 

acetylenic complexes which are only slowly remaveq b,y chemisorbed hydro­

gen due to their strong bonding. Rapid hydro�enation occurs by collision 

between ethrlene from the gas phase and chemisorbed hydrogen. The high 
' 

activati.on energy of 10.1 koala • . is attributed to the former clean-up 

reaction . 

5. Hydrogenation of Acetylene 

Sabatier and Senderena83 first observed that the passage of hydro-

gen and acetylene over reduced nickel powder at �oom 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 st�ed in 

the fie�d or hydrogenation catalysis, Eley84 points out that the study 

of the hydrogenation or acetylene bonds has been greatly neglected in 

comparison with the large volume of work concerning the problems of ole­

fin hydrogenation. G. c. Bond85 and T .  I. Taylor86 have recently pre-

sented extensive reviews of the reaction. The metals mqst used for hydro­

genation purposes are nickel, platinum and palladill.JQ.. The reactions on 

each of these catalysts maybe classified as follows:85 
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(I) 

(II) 

By the above reactions it is evident that kinetic data obtained without 

simultaneous �sis of the reaction products are of little value. 

The results obtained on nickel catalysts will be �scussed 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 orde� with hydrogen pressure and zero or slightly negative 

order with respect to acetylene at 70°-eoo on pumice supported nickel .87 

It hydrogen is initi� �excess (Pg2 >2P02H2), 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, 

suggest� that acetylene is etrongly chemisorbed on the surface, and that 

hydrogenation is init�ated when a gaseous hydrogen molecule strikes the 

adsorbed acetylene with sufficient kinetic energy. 85 Over reduced nickel 

powder at 300, dePauw and Jungers88 observed that the rate of pressure 

fall was constant until an amount or hydrogen had been consumed equiva-

lent to the init�al p�essure or acetylene after which a marked accelera­

tion occurred. This was attributed to a taster hydrogenation of ethylene 

formed previously. The experiments were carried out w1 th hydrogen always 

in excess. The following initial rate law was deduced: 
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Acetylene and hydrogen combine over palladium to yield ethylene 

and ethane ��h 10 to 30 per cent or the unr�coverable 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 PJ.ieninger94 regarded ethylen� 

as the only product up to the point. at· which the rate· or hydrogenation 

passed through a maximum .  The kinetics indica ted reaction between 

strongly adsorbed acetylene and weakly adsorbed hydrogen with acetylene 

suppressing ethane production due to its stronger adsorption . Sheridan93 
· 

concluded that the large amount ot hydrogen occluded in palladium did 

not change the mechanism from that on nickel and platinum. Using a 

palladium alumina catalyst, Tamaru95 obsei-ved the reaction to occur in 

two distinct s.teps. In the first ·step acetylene is converted into 

ethylene and polymers whereas the second step involves hydrogenation or 

ethylene to ethane. The second step does not begin until all the acety­

lene is reduced to ethylene and is indicated by a sudden increase in the 

rate. This is similar to the results obtained for nickel. When the pres-· 

sure or acetylene was small camp�ed to that or hydrogen, polymerization 

was found to be decreased sharply giving high yield of ethylene and ethane. 

Tamaru expressed the kinetic equation in the form: 

_ dP --
dt 1 + b Pc2H2 

Simil&:r .results were observed by him using a palladium-kieselguhr cata-

l.y'st. 96 
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Since the results obtained using evaporated metal films differ 

markedly from those using conventional catalysts, the,y are omitte� ex­

cept to add that the heat of adsorption or acetylene as found byWilsonB' 

is 67 koala. on nickel compared to 58-25 koala. tor ethylene1 on nickel. 

The·value tor ethylene decreases sharplywith increased surface coverage 

whereas the heat or chemisorption for acetylene is unaffected. 

The mechanisms proposed br Sheridan97 tor· the polymerization of 

ethylene on nickel are based on 8urraoe chain reactions initiated through 

a halt-hydrogenated state or the associatively chemisorbed acetylene. 

+ H 
I 
I 

He supports a mechanism for formation or ethylene through simultaneous 

addition or two atoms or the same weakly adsorbed hydrogen molecule to 

strongly adsorbed acetylene. This is similar to the mechanism suggested 

by Farkas and Farkaa98 in that it involves simultaneous addition of �toms 

from the same hydrogen molecule but it is nearer that of Twigg and 

Rideal76,99 in which weakly adsorbed hydrogen is involved. 



CHAPr.ER II 

EXPERIMENTAL 

A .  Liquid. Phase Hydrogenations 

1. �terials 

a. Allyl alcohol. Eastman "whit�-label" allyl alcohol was frac­

tionally distilled before use. 

b. Sulfuric acid solutions. D.uPont c. P. reagent grade sulfuric 

acid and conductance water were used in the preparation of all solutions 

containing sulfuric acid. The solutions were pre-electro�ed. 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 elec�rodes. 

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-electrol�ed overnight using 

platinum electrodes, 

e. Chloroplatinic � solution. Engelhard reagent grade platinic 

ohlo�ide-was dissolved in a 1.0 !! 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. 



2 .  Preparation of Electrode Catalysts 

2) . 

Smooth and platinized-platinum catalysts were prepared .from 

platinum wire 0.0138 em. in diameter. These wires were sealed in soft 

glass tubing such that 1 . 5 am .  of the wire extended out 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 chloroplatiniQ 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 platini�ed-platinum was cle�ed by washing 

in conductance water • 

.3 • The Hydrogenation Szstem 

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 nask A by the electrolysis of an aqueous 0 . 1  !! sul£\n-ic 

acid solution on electrodes E and E 1 • Since only the hydrogen was to be 

used in this reaction, it was necessary to evolve it within the reac�ion 

system and to f orce the oxygen to escape outside the system. To accom­

plish this, a porous vycor thimble100 was connected to the reaction system 

with a ground glass joint. Electrode, E ' , was sealed in the pyrex glass 

above so it would hang down in the center of the thimble which was filled 

with the same solution as was present in A .  Current in the form of ions 

can pass through this porous glass, and hence hydrogen could be generated 

on E '  within the system. However, water is able to diffuse through the 

glass at only 0 . 00065 ml .  per sq. em. of area per atmosphere of pressure 
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per hour . Since the pressure difference of the atmosphere and that of 

the system never exceeded 2 or 3 �m . Hg, the reaction �ystem was con­

side�ed independent of changes in atmospheric pressure . The cathode, E • ,  

was tungsten since platinum was observed to act as a catalyst for the 

hydrogenation reaction at this point . �gen which was generated on tne 

platinum anode, E, escaped into the atmosphere . The porous portion of 

the thimble was completelY beneath �e level of the electrolytic solution. 

Although there was no evidence of hydrogen diffusion through the glass, 

a stream of hydrogen was bubbled around the outside of the thimble as a 

precautionar.y measure . 

The reaction s.rstem used for tAe study ot the hydrogen-oxygep re­

action was identical to the one shown in Figure 1 with the exception of 

the vycar thimble . Since both gases generated � electrolysis were to 

be reactants in this reaction, both the anode and cathode, E and E • ,  

were enclosed in a 50-ml . Erlenmeyer flask containing the sulfuric acid 

solution and sealed to the s.ystem . 

b .  Reaction cell . The electrolysis cell was . connected by oapillar.y 

glass tubing to flask B within which the reactions were carried out . The 

reactor contained 100 ml . of a 25 per cent allYl alcohol solution in 0 . 1  

! sulfuric acid in the case of allYl alcohol reduction . For the hydrogen­

�gen reaction 0 .1 ! sulfuric acid was normally used as the solvent . 

The solution was stirred b,y two glass-covered bar magnets, D and D ' ,  

which were held in place by solution-lubricated, glass bearings . These 

internal magnets were rotated by external horse-sh� magnets, F and F ' , 

which were connected to a variable speed motor b.Y means of a flexible cable . 
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The electrode cataly sts whic h wer e  sealed to soft glass tubing 

wer e  intr oduced into the reac tion c ell thr ough a teflon plug, C, which 

in turn was fitted in a groun d glass j oint attached to the cel l. A 

solution-filled glass pro be con necting the reactor aQd a reference elec­

trode cell, R1 was also introduc ed th rough the ten on plug. Th e  saturated 

c alomel electr ode which was emplo,yed as a refer enc e  electrode was fitted 

into the chamber, R, by an other ten on plv.g, C1 • These ten on plugs we re 

machined to the exac t taper of the groun d  glass j oints and were f ound not 

to leak under a wate r aspirator vacuum. 

Another neck of the reaction cell was j oined to a tefl on stopco ck, 

Sl, which in turn c ould be connected to a water aspirato r f or evaauating 

the system. 

c .  El ectronic resuiator and bellows. I t  was desirable to con­

struc t a completely automa tic sy stem suc h that �he reacting gas or gases 

wou ld be evolved in the el ect rolysis cel l at the same rate they wer e  being 

depleted due to reaction. T o  accomp lish this, an electroni c  regul ating 

sy stem simi lar to that described by Hannah, J oncich and Hackermanl01 was 

used. 

The curr ent passing through the el ectr oly sis cell was regu late d 

by a pressu re sensitive bellows device an d an· electronic curr ent regulator. 

A Fu lton Sylphon bellow s, N o. 1034, having a spring rate ot 1160 lbs. /in. 

c orrug ation was emp loyed. The effec tive area of this bellow s i s 0.69 in. 2 

and sinc e there are ten corrugation s, the spring rate is 116 lbs . /in. Con­

verting these values to pr essure, it is seen th at there is a pr essure 

change of 4.6.5 x lo3 nun .  of water for every mU limeter change in the 
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length or the bellows . The bellows connected to the system as shown 

in Figure 1 expanded or contracted as the gas pressure increased or 

decreased . An airtight housing surrounded the bellows and the pressure 

vi thin the housing was adjusted to approximately 740 mm. Hg through 

stopcock, s2, which was the pressure at which the reactions were to be 

carried out. The airtight housing around the bellows was necessary to 

maintain the position of the bellows independent or atmospheric pressure 

fluctuations . A condenser plate was attached to the end or the bellows 

and another mounted parallel to it . By using these two plates as an 

air condenser, it is seen that the capacitance or this condenser is 
.... ... 

regulated by the position or .the plate at the. · e�d or the bellows . As 

the length of i;he bellows inoreases, the capacitance or this condenser 

increases, and as the length decreases the capacitance decreases .  This � 

capacitance . was used as part or the rrequenq determining network or an ·-

oscillator, the frequency or the· · oscillator being dependent upon t� 

position of the end of the bellows . The frequency or the oscillator is 

inversely' proport:Lon.aJ. 1;o the aqaare root ·ot �e. ·.length or the bellows . 

B7 amp� the output or the _ oscillator and app:Lying this �t­

put to a .frequency discriminator and rectifier, a d. c .  voltage was ob-

tained which was a f�ction of the frequency applied. Since the tre-
.. , .. 

queney is deperxlent upon the posj,.tion of the bellows, it is seen that 

the d .  c.  voltage obtained was a function of . the pressure or the system. 

The output voltage of. the freqaen� discriminator and rectitier 

was used to control the electro17zing . current by app:Lying a voltage to 

the grid or a cathode follower . A 6J6 twin triode vi th both sections 
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connected in parallel was used to supply the current across the elec­

trodes of the electrolysis cell . By these means , it was possible to 

control automatically the current so that the pressure within the system 

remained constant . 

The current which is directly proportional to the reaction rate 

and, hence, to the catalytic activity was continuousl7 pas sed through 

a Brown rec9rder to obtain a permanent record of the reaction rate . 

d .  Complete apparatus . Figure 2 depicts the arrangement of the· 

complete apparatus used far the reaction studies with the exception of 

the glas s work shown in Figure 1 . 

The s ource of t,he pQlarilati on voltage was a 32 volt battery pack 
. . ,., 

(lead storage cells ) .  This voltage supply was placed in series with 

variable resistors, R1 and R2, to pr oduce small con�ant p�larizing 

currents (0 .025 to 1 .0  ma) which were measured with ammeter -A • . A 

WUson and Co . Model 1 repeat cycle timer was connected in parallel to 

the voltage s ource . Alternating currents from 0 .  05 to 2 .0 c .  p .  s .  could 

be produced b7 the timer as well as uneven cycles .  When turned o£f, the · 

t:im.er allowed direct current to pass ·through it . · . . 

A Beclanan Model H2 pH meter was employed to measure the potentials 

of the platinum cat�sts with reBJPect to the reference saturated calomel _ 

electrode . Also it was possibl.e · to measure the. difference in the poten-

tials of the two catalyst electrodes and record them continuously on the . . . 

Brawn Recorder b� measuring the vol.tage drop across ·RJ •.. : · 

T�e electrolysis current was_ 
.. measured by reeding the · potential drop 

.. . 
across a · 10 ohm . resistor, R5, to the Brown Recorder . · 
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e .  Procedure . The solution was introduced into· the reactor 

through the ground glass j oint illustrated in Figure 1, af'ter which the 

tenon plug, C, containing the catalyst · was fit ted into the j oint . The 

system was then evacuated through stopcock, · S:J., until boiling occurred . 

The stopcock was then closed and hydrogen and o�gen were generated in 

the electrolysis cell until the desired pre ssure of gas was obtained as 

indicated by the balancing of the control system. This procedure was 

repeated a number of times to rid the system of other gases . The s.ystem 

was simultaneously . brought to thermal equilibrium. The current recorder . 

and stirrer were then turned on, and the reaction rate as a function of 

time read directly off the Brown recorder sheet • 

.. 
4�  · Constant Temperature Air Ba

_
th 

It was essential that the temperature of the system be held constant . 

The volume or the air-tight housing surrounding the bellows was different 

than the gas volume within the system. Hence, temperature fluctuations 

would give unequal pressure changes on either side of the bellows and · 

affect its position, and, in turn, the measurement of the catalytic activ-

ity. For this reason, an air bath was constructed .from an insulated 

cabinet whose. outside dimensions were 22tt x 18" x 24n to house the reac-

tion system. The cabinet was insulated with 3 • .5• o.f . rockwool . Two doors 

were in front · of the cabinet, the outside one containing an inch of insu-
" 

lation and the other being made of glass � ·· Horizontal· iron rods were passed 

through the cabinet from the sides .for the purpose of clamping the cata­

lytic reaction system in place . Air was circulated in the cabinet by means 

of a 6", 3-blade fan which was driven by a 1725 r . p .m. motor, placed out-
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side the cabinet . The motor was connected to the fan blade inside by 

means of a shaft introduced through the rear of the enclosure . In front 

of the fan were placed two heaters, one of which was a constant heater · 

made wi:th nichrome wire and the other an intermittent heater, a 6o-watt 

light bulb, which was activated by a large mercury thermo-regulator . The 

current passing through the nichrome wire was adjusted w1. th a variac to 

bring the temperature of the bath to within J or 4 degrees of the desired 

operating temperature . A Beolanan d.i!fer.ential th�rmometer was employed 

to determine the constancy of the air bath . "�No change in temperature 

could be detected using a magnifying glass attachment on the thermometer . 

This indicates that the bath temperature was constant to ! 0.01° . The 

operating temperature of the bath was 40° . . 

B. Gas-Phase Hydrogenations 

1 .  Materials 

a .  Hydrogen and oxygen. These g�es were generated by the elec­

trolysis· of a 1.0 ! sulfuric acid solution. Each was pas sed through a 

lh'7-Ioe acetone trap and calcium chloride tube to remove the water vapor . 

b .  Ethylene . Matheson C .  P. grade ethylene was purified by con­

densation with liquid nitrogen followed by alternate melting, freezing 

and pumping . Ethy"l.ene from _ the middle. fraction of the distillate vas 

finally passed through an activated charcoal trap at -79° . 

c. Acetylene . C,.lind.er acet7l.ene was purified by passage through 

the following solutions : 87 chromic acid, 10 per cent mercuric Chloride 

in dilute hydrochloric acid, sodium hydrosulphi te, sodium bisulphi te and 
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pyrogallol in 50 per cent sodium hydroxide . The gas was passed through a 

Dr,y-Ice acetone . trap and calcium chloride tube to remove the water vapor . 

It was then frozen with liquid nitrogen followed by pumping and sublimation. 

d .  Nitrogen. Cylinder nitrogen was passed through pyrogallol in 

50 per cent sodium hydroxide and dried by passing 1 t through � Dey-Ice 

acetone trap and calcium chloride trap . 

2 .  Diffusion � Reaction System 

a. Palladium. Palladium was used in the form of a tube closed . at 

one end and welded at the other either to a platinum or kovar collar . The 

kovar collars were sealed directly to pyrex whereas the platinum collars 

were sealed to soft glass which was j oined to the pyrex system by means of 

a graded seal . The thimbles used were 0 .635 em . outer diameter, 4 .. 13 em . 

long and 0.025 em. wall thiclmess . 

b .  El.ectrolztic hydrogen diffusion. A thimble of one of the two 

types described above was connected to the vacuum system which was then 

evacuated to lo-S mm .  Hg . The thimble was surrounded by an electrolytic 

bath of 1.0  N sulfuric acid as shown in Figure 3 ..  Only the palladium - -
end of the tube (not the platinum or kovar) was immersed in the bath .. 

The outside wall of the thimble was then made the cathode and a cylindri-

cal piece of platinum foil surrounding the palladium was made the anode . 

Hydrogen produced electrochemically on the outside surface of the tube 

diffused into the metal. After the metal became saturated with hydrogen, 

the gas emerged from the inside surfac.e into the evacuated system . 

More reproducible results were obtained by oxidizing the thimble 

anodically for a few minutes ini tial.ly. The oxide film formed was reduced 
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Figure 3 .  Section View of Palladium Thimb�e and Electrolysis Bath. 
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b.f . hydrogen after the polarity was revers ed . This probably roughened 

th:� outside surface of the palladium thus giving hydrogen a larger area 

into which to diffuse .  

· A Dewar flask through which water circulated from a cons tant tem­

perature bath (!  0 . 01 °) was plac ed around the outside · of the tube contain-

ing the electrolyzing bath . 

The electrolysis current was produced by a constant current sourc e 

similar to that described by Wis e ,  Gille and Reynolds . 102 The current 

furnished by this instrument was found by Holmes103 to have a maximum 

deviation of 0 . 004 per cent and an average deviation of 0 . 002 per c ent . 

Currents from 5 to 4·0 m.a were used . 

e .  Vacuum sys tem. The system used for determining the rate of 

hydrogen diffus�on through palladium is shown in Figure 4 .  The palladium 

thimble was connected in seri es to a Dry-Ic e  ac etone trap , the purpos e  of 

· which was to remove mercury and s topcock grease vapors ,  then to a mercury 

manometer which was opened at the o_ther end to the atmosphere . The 

manometer was employed in the system to measure the change in pressure 

due to hydrogen diffusion at const�t volume • . A tungsten wire , W' , was 

sealed in the upper part of the manometer arm c onnected to the system . 

Another wire ,  W, was sealed into the lower section of the manometer which 

.was always in contact with the mercury . Thes e  wires were fed into an 

electronic relay, R ,  which in turn controlled a reversible motor . The 

motor turned a .vertic al threaded shaft onto which the leveling bulb of 

the manometer was mounted . The gas volume of the system into which hydro-

gen diffus ed was defined by stopcocks S1, S2 and· s3 and the mercur.y level 
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of the mano��er which just touched the tungsten wire, W '  • As the 

pressure within this volume increased due to hydrogen diffusion, the 

mercury level was forced down, thus breaking contact with W ' . This 

activated the relay which turned the motor on . The motor, by turning 

the threaded shaft, moved the leveling bulb up until contact was again 

made between the mercury column 8Di W 1 • As hydrogen dif'fused into the 

system the leveling bulb and the mercury in the outside arm of the 

manometer moved up in a series of small steps . From a meterstick 

placed. between the tvo arms of the manometer, the pre ssure difference 

between the S)"Btem. and that of the atmosphere was measured at variou.s 

time interTals . This difference was subtracted from ataospheric pressure 

to obtain the pressure of hydrogen· within the · s;rstem. The pressure in-

crease as a tunction of time can be c onverted into the hydrogen diffusion 

rate by the ideal gas lav if' the volllllle of the system is known using 

An/At • AP/At ( R;) , 
where �n/At is . the nUlllber of mol es of hydrogen · introduced per unit tim�, 

AP/At the pre s sure change per unit time, V the volume, R the gas constant 

and T· the abs olute temperature . · ·  

3 . Volume Determination 

The volume of the system defined by stopcocks S1, S2, S3 and the 

mercury thread at w•  was determined using a multiple bulb buret consisting 

of four bulbs, C1 to 04, of decreasing sizes connected with short lengths 

of eapUla.ry tubing . Bw.bs such as these were used by J oncio�04 to de ... 

termine the dead space in a low volume krypton adsorption apparatus . 
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Each bulb has a reference point above and below it and the volume be-

tween the marks was accurately determined by calibration with mercur,y 

before attachment to the rest of the system . The volumes of the bulbs 

01, 02, 03 and 04 were determined to be 6 .730, 3 .350, 1.896 and 1 .024 

ml . ,  respectively. The volume, V1, between the top mark, u, and �top-

cock 81 is 0. 224 ml .  

The method used here makes possible the determination of the 

volume from a plot of a series of pressure and volume readings, �sing 

the same increment of gas . Air was the gas used in this work . The method 

provides an autauatic check on the validity of the measurements since an 

incorrect pressure value results in a non-linear plot, while a straight 

line indicates the volume value is correct . 

Experimentally the procedure is to introduce a small amount of air 

into the system with the multibulb buret filled to mark u .  The pressure 

is then measured and the mercur,y in the buret is lowered to the second 

mark and the pressure measured again. The mercury is then lowered to the 

third, fourth and fifth marks with the pressure measured at each of these 

points . 

Let Vo be the volume of the �ystem, Vl the volume between s topcock 

81 and mark u of the buret, Vb· the volume of the bur
.
et, V the total 

., 
volume, !_.�. , V0 + V1 + Vb, and P the pressure reading . A constant amount 

or air was used tbr��t and the temperature remained constant during 

the calibration . If it is assumed that air under these condi tiona (1 to 

10 em . Hg pressure and room temperature ) is ideal, Boyle ' s  law gives : 



where K is a constant . 

Rearrangement of the above equation yields: 

Differentiation of this equation gives :  

d PVb 
• - (Vo + Vl) . 

d p 
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A plot or PVb versus P should give a straight line, the slope or 

which is the negative of the volume V 0 + V1 . Since all quanti ties ex-

cept V0 are known, the volume of the system may be calculated . A treat-

ment of data for the determination of the volume is given in the Appen�x. 

4. Catalytic Reaction System 

a .  Apparatus . The same eystem was used for the catalytic reaction 

studies as for the hydrogen diffusion experiments as illustrated in Figure 

4. The reactants were stored after purification in 1-1 . bulbs, BJ.. and B2 . 

Manometers (not shown) were connected to these bulbs to measure the quan-

tity or gas in each. 

An ionization chamber, c, used to collect samples of hydrogen-

tritium mixtures was connected to the reaction portion of the system . . . 

through stopcock S2 . The volume or thi:s chamber is 250 ml .  while the 

volume of the system in which reactions are carried out and that between 

S2 $lld the stopcock or C is about 5 ml.. Hence, approx:imately 98 p�r cent 

of the gas mixture could be �ansferred into the ionization chamber .  
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b .  Procedure . One of the gases to be h)rdrogenated and hydrogen 

were separately introduced. into the mixing chamber, M, and the pressure 

of each was measured vi th manometer, N .  The two gases were mixed by 

raising and lowering the leveling bulb, �, several times . The two mixed 

gases were then admitted into the evacuated reaction . portion by means of 

stopcock SJ . In the hydrogenations of ethylene, acetylene and oxygen, 

the total gas pressure decreases during reaction . The mercury level of 

the manometer would therefore rise necessitating the lowering of L1 to 

maintain a constant volume . The motor was manually' turned on and off 

lowering the mercury thread during the reaction so it just touched the 

�ungsten wire, W ' . Changes in pressure were thus measured as a function 

of time .  

In a portion of the work, hydrogen was allowed to diffuse through 

the palladium thimble during the hydrogenation reactions . Since there 

are two phenomena occurring in this case, the diffusion of }cydrogen into 

the system raising the pressure and the reduction reaction on the inside 

of the thimble lowering the pressure, it was not possible to ascertain 

these two rates by merely measuring the total pressure change of the 

system . Hence, tritiated water was us ed in the electrolytic bath causing 

tritium as well as hydrogen to diffuse through the thimble . The tritium 

content or the diffused mixture being .. proportional to the total amount 

of gas, could be determined by making use 9! its radioactive property. 

Hence, the tritilDll content of a gas lllixture which had diffused through 

the palladiUDl during a time interval (usually ten minutes )  was determined 

with and without the presence of another gas within the reaction volume . 
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� this procedure, the diffusion rate or Q7drogen could be determined 

with other gases exposed to the inside thimble surface o 

Experiaentall7, the reaction volume including the ionization chamber 

was evacuated, after which stopcocks S2 and S3 were closed allowing hydro­

gen 8D:l tritium., which diffused through the thimble for ten minutes, to 

be trapped . During this t�e pressure-time measurements were also taken . 

Stopcock 82 was then llOilentarily opened permitting the gases to enter the 

ionization chamber . Stopcock 56 was closed and the chamber removed from 

the system via the ground glass j oint connection, J. The chamber was 

then filled to atmospheric pressure with cylinder hydrogen and the tritium 

content determined . � a like procedure the tritium contents were measured 

after various quanti ties of one or the reactant gases were admitted into 

the reactor . Knowing the diffusion rate or hydrogen in the presence of 

a reacting gas, the reaction rate of hydrogen vi th the gas could be de­

termined by subtracting the pressure change due to hydrogen diffusion 

from the total pressure change . 

c .  Tritium analysis . Hydrogen-tritium mixtures at low pressures 

were introduced into a 2$0-mi.. stainless steei Borkowski ionization chamber 

which was then filled to atmospheric pressure with non-radioactive hydro­

gen gas as described above . The chamber used for ion current measurements 

consists or a gas-tight conducting shell having an insulated electrode 

and a guard ring to sh_ield the insulator . Tritium emits low energy beta 

particles in its disintegrations . These particles ionize the gas within 

the chamber . Electrons so formed by the radiation are collected on the 

positive electrode when a voltage negative with respect to ground is 



applied to the shell. lOS 

A vibrating reed electrometer (Applied Physics Corporation, Model 

31 ) was employed to measure the small ion currents thus produced . The 

ion current was fed to a capacitor in the vibrating-reed-electrometer. 

This capacitor is formed by the close proximity of a reed which is grounded 

and an 11 anvil" or static plate of a dynamic condenser . An electromagnet 

causes the reed to vibrate so that the capacity varies cyclically at this 

frequency. Any voltage appearing across the vibrating reed results in 

an a. c. voltage of the same f requency as the me chani cal frequency of the 

reed . This a. c. voltage is amplified and synchronously rectif ied. The 

rectifier output, whi ch is proportional to the inpUt d. c. voltage, causes 

current to now through the meter cir cui t. Thus a small current (usually 

less than lo-13 amperes) is measured by the rate of charge of a capacitance 

about 12 x lo-10 farads within the electrometer. lo6 

The . shorting switch of the electrometer was opened when the tritium 

content was to be determined and the rate at which the charge on the 

capacitor increased was measured. This rate is directly proportional to 

the radiation or activity in the chamber. The actual readings were the 

number of seconds, t1, re�ed for a microammeter needle to travel seven­

tenths of the distance across the. dial. Ten. readings were taken f or the 

measurement of each activi.ty and the. average value was used to cal culate 

the tritium content · or the samp le. The activity, a1, is related to t1 

by the following eqnation: 

al - k/tl 

where k is a proportionalit� co nstant . 
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Background radiation &:ctivi ty which is due to extraneous radia­

tion and insulator leakage is also includes in a1 . To correct for this, 

the rate at which current flows through the ionization chamber contain-

ing only non-radioactive hydrogen is also determined . The time required 

for the needle :marement in this measurement is designated t2 . Hence the 

true activity or the tritiUm sample, a, is 

a c k ( il - -tr) · 
Since k in the above equation is not known, only relative activi-

ties may be determined tram it. However, it is customar,y to express 

activities in millicuries (me . ) or microcuries (pc . ) . To do this a standard 

sample or tritium or 3 .  728 x lo-4 me . activity was contained in another 

ionization chamber . Let t8 be the tim� required for the charge to be pro-

duced on the condenser .  Since the proportionality constant i s  the s ame 

tor any particular instrument, it may be cancelled out in the following 

equation a 

k (± - :§:) 
k/t8 

a 
----------�--- -

,3 . 728 x lo-4 me .  

which gives 

. 
a = 3 .  728 x lo-4 me . ts ( !1 - � ) · 



CHAPrER III 

RESULTS 

A .  Liquid Phase Hyd:-ogenations 

1 .  Hydrogenation � All.yl Alcohol 

The hydrosenation of al�� �cobol �as carried out in a 0.1 ! 
sulfuric acid solution over · numerous platinized ��d smooth platinum cata­

lysts at 40° tor long periods of time . The reaction was found to be 

independent or the concentration of the alcohol and constant at constant 

hydrogen pressure ( 740 mm. Hg) in the absence or polarization . The re-
. . 

action absorbed o .SO ml .  or hydrogen per hour based on a 0. 6 ma . elec­

trolysis current to maintain the pressure constant . · 
- . 

A v&ri&ble speed motor was employed to enable the study of the 

reaction rate as a function. ot the stirring rate . Data obtained for the 

hydrogen-oxygen reac��on are sh� grapldcal.l7 in Figure S . Results for 

the al.l7l alcoho1 }Qdrogena'Mron are s1m11 ar to these . A maximum _ reaction 

rate was obtained at stirring .. .r.a.tes exceeding .300 r .p .m. For the re­

mainder or the experiments, a stirring . rate or 4.$0 r .p .m. was used to 

prevent the rate or so1ution of the gases. f'rom being the rate determining 

step . 

For �hese exper�ts . one electrode oataJ.rst was smooth p�atimlm 

and the other was platinise.d-platinua. These catalysts .were subjected 

to three types or electrolytic p�aUona 1 .  cathodic polarization 

2 . anQdic polarization of the 
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platinized-platinum electrode; and, 3 .  alternating polarization . 

Th� application of low cathodi� polarizing currents ( o .o5 to o.5 

rna. ) had no effect on the reaction rate . At higher currents the de­

composition potential of the solution was attained . The resulting evolu-

tion of hydrogen and �gen gas prevented measurement of the reaction 

rate . 

Upon application of anodic polarization, the reaction rate de­

creased slightly . The greater the polarization, the faster the rate of 

decline . At 1.0 ma. anodic polarization the rate dropped to practically' 

zero within an hour . When th� polarization _was stopped, the rate immedi­

ately rose to the init�al !alue, or more likely, to a slightly higher 

value . This higher activity was not permanent, however, but fell slowly 

within an hour to the normal rate without polarization . 

The potential difference between the two plat�num electrodes was 

also observed during anodic and cathodic po1arization . At times it was 

found to vary periodically, ris� s1owly to 1.0-1.2  volts and suddenly 

falling to almost zero .  The length .. of' these cycles depended upon the 

magnitude of polarizati-on . With. a curr8Jl.t o� �.o m.a .  the oyol�s were 

about fifteen minutes in length.. As the polarization current was lowered 

the cycles became longer, disappearing at currents below 0 .5 ma . This - .  . � 

periodicity was not reproducible . In .fact, it was abse�t in most of the 

direct polarizati.on experiments . Also, no penodia behavior in the cata­

lytic activity was obserYed during those cases in which potential changed 

periodical:cy . 
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The effect of alternating current polarization on the catalytic 

activity was also studied • .. It was previously ob.served that upon changing 

the polarity of the catalysts suddenly, the rate temporarily rose to a 

higher value which was approximately one and a hal.f times the normal 

activitY' with a polar:t.zation current of 1 ma. Hence, it was not surprising 

to find that alternattng polarization also enhanced the catalytic activit7. 
. -

Upon application of a .  c .  polarization, the rate rose slowly to a higher 

value , depenc:ling on the magnitude of the polarization and the frequency, 

and remained at this value as long as polarization was applied .  Figures 

6 and 7 show the effeQt of varying the time on one of the hall -cycles 

while e.llowing the time �n the other half -cycle to remain constant . The 

curve in Figure 6 was obtained by var.ying . the time the platinized-platinum 
-

-, 

electrode remained the cathode . There exists an optimum time (two seconds) 

on cathodic polarisation whi.oh gi.ves a man mum rise in catalytic activity. 

Figure 7 shows the curve obtained by var.ying the time the platinized-

platinum electrode is . the an.ode . The maJd m1llQ for this curve exists at 

thirty seocmds . In Figure 8 the variation of the reao�ion rate at various 

magn1 tudes ot a .  c .  current · is plotted as a function of the logarithm or 
- ·  .. . 

the frequency. In this case the times on ea.Qh half-OTCle were identical . 
. . 

P'requencies ranging . . f.rom O..OS t� 2 . cps . were employed . The m.a.ximum of 
-

each curve shifts toward the higher frequencies as tht;l polarization current 

increases . 

Similar results were observed using a neutral reaction solution or 

sodium sulfate as the electrolyte instead of sulfUric acid . However, no 

periodic voltage behavior between the two catalysts was found . In a basic 
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Figure 6 .  The Etf'ect of Alternating Polarization on the Catalytic Hydro­
genation or· ·Allyl Alcohol . Seoorids on ·cathodic Polarization 

Per 30 Seconds on Anodic ·Polarization . 
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Figure 7 . .  The Effect of Alternating Polarization on the Catalytic Hydro­
genat1� of Allyl Alcohol . Seconds on Anodic Pola.ri�ation 

Per 2 Seoonds on Cathodic Polarization 
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solution of sodium bydrcxx:ide {pH; = ll) , anodic, cathodic or alternating 

.polarization did not effect the catal,ytio activi�y. 

2 .  The Hydrogen-Oxygen Reaction 

The . hydrogen-oxygen reaction was carried out at 40� in acid, basic 

and neutral solutions over various platinum catalyst electrodes . 

The results obtained in solut�ons of sulfuric acid (pH = 0 . to pH = 

3)  were identical . On making the smooth platinum electrode the anode, a 

periodi� reaction was observed as s?own in Figure. 9 . In this case the 

cathode was platinized-platinum. . This periodicity was observed vi th . . 

polarizing currents ranging from 0 .  02.5 to 0 .  8 ma .  The length o£ the cycles 

increased slightly wi.th time . Also, the average activity of the catalyst 

increased as the magnitude or the polarizing current was increased . The 

potentials of the anode and cathode were also
_
measured with respect to a 

standard saturated calomel electrode. The potential of · the cathode re-

mained constant for � particular polarizing current, whereas the poten-

tial of the anode varied periodicall.y. The periodic cycles of the anodic 

potential corresponded to those of the catalytic aoti vi ty with regard to 

length of time . With a polariz� current of o'.l ma . ,  the anodic potential 

. increased sharply from +0 . 3  v .  with respect to the saturated calomel elec­

trode to +0 . 7.5 v. upon application of the polarization . It remained at 

this value only momentarily and fell to -0.5 v. , after which it rose 

slowly to about +0 .1.5 v.  At this point it began a sinusoidal fiuctuation .  

The cycles increased in ampll tu�e and length w1 th time . When the. maxi nnnn 

of the nuctuations reached about +0 • .3.5 v . ,  the potential again rose 
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swiftly to +0 . 75 v .  aft�r which the cycle was repeated. The catalytic 

activity increased immediately following the anodic potential 1 s fall to 

-0 .5  v. At times, particularly with higher polarization ourrents, the 

anodic potential remained at +0 . 15 to +0.80 v. for several minutes .  In 

such .cases the catalytic acti � �y decreased until the potential fell . 

Periodicity was not obse�ed with platinized-platin� anodes . 

Figure 10 shows the si�taneous val�es of the catalytic activity 

and the anode potential . In this study b?th of the catalysts were smooth 

platinum electrodes . The lower curve in this graph represents · the · activity 

of the catalyst as a !unction of time, while the potentials of the anode 

and cathode with respect to the saturated calomel electrode are plotted . . 

on the upper portion of the graph. The cycles are shorter with a smooth 

platinum cathode than with a platinized-platinum cathode . Also, the in-

crease in catalytic activity was less with a smooth platinum cathode . 

The results of a prolonged study of the potentials . of two smooth 

platinum oa�sts, using various direct polarization currents are shown 

in Figure 11 • .  The length of the �olea decrease as the current is in­

creased. When th!! polarization is changed to a higher value, the initial 

period following the increase is observed to be shorter than the other 

periods, whereas when the polarization is decreased, the initial period 

following the decrease is longer than the other periods . 

The periodic behavior of the catalytic activity and anodic potential 

desoribed above was not observed in neutral solutions of sodium sulfate or 

basic solutions of sodium hydroxide . It did occur,,-· however, in solutions 

of sulfuric acid which were 0 .001 to 2 .0  � in sodium sulfate . 
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Same experiments were performed in which air, rather than the 

stoichiometric hydrogen-oxygen mixture, was introduced above the solution . 

The periodic behavior of the anodic potential was not observed in these 

cases .  Further, periodic behavior was not observed when low pressures 

(< 300 nun. Hg) or ' the hydrogen-oxygen mixture were above the solution . 

In Figure 12 the variation in catalytic activity as a function 

of the logarithm of the frequency of the alternating current is shown. 

An enhanced activity was also obtained with alternating current polariza­

tion in neutral solutions but not in basic solutions . 

B .  Diffusion of Hydrogen Through Palladium 

Electrolytic hydrogen was caused to diffuse through a palladium 

thimble into an evacuated system by making the outside of the thimble 

the cathode in an electrolytic solution of 0 . 1  !! sulfuric acid . Current 

densities ranging from o.5o to 4.41 ma ./cm. 2 w�e employed at tempera­

tures frODl 0° to 70° . J.pproximate]J' 2, 000 coulcabs of electricity were 

passed through the bath before hydrogen could be observed (by pressure 

measurements) , to pass through the thimble . The wall thiclmess of the 

thimble was 0 .025 em .  The rate of diffusion was very small when the gas 

initially came through the metal . After this slaw initial rate, the rate 

gradually increased to a constant value which was dependent on the current 

density and temperature . Diffusion rates were observed to remain con­

stant for as long as two weeks . When the electrolysis current was stopped., 

the rate slowly decreased to zero within several hours . 
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Maqy unsuccessful attempts were made before reproducible dif­

fusion rates were obtained . Impurities on either side of the palladium 

were found to alter greatly the diffusion rate . For this reason a very 

pure solution was required in the eleotrolysis bath . .A. Dry-Ice acetone 

trap was installed between the thimble and the rest of the system to pre­

vent stopcock grease and mercury vapor from reaching the inside of the 

thimble . Attempts to remove impurities by etching the thimble with aqua 

regia or heating the outside to 400° while drawing a vacuum on the inside 

or the thimble were unsuccessful . Also, attempts to roughen the surface 

of a clean thimble with aqua regia re�ted in JJlUch lower diffusion rates . 

The permeability of a palladium thimble could be restored by annealing 

it at 77S0 in a vacuum or 1 x lo-S mm .  Hg for forty-five minutes .  The 

thimbles were usually anodically oxidized for a few minutes prior to the 

diffusion studies to improve the reproducibility of the hydrogen diffusion 

rates . 

In Table I some results obtained from hydrogen diffusion studies 

at 30° are presented . '!'he per cent transmission, !·!· ' the amount ot hy­

drogen that diffused through the metal per unit time divided by the total 

amount produced on the outside of the �bimble by electrolysis per unit 

time, is very nearly the same for the range of current densities studied 

( at constant temperature ) . 

The ��lume of ·hydrogen that diffUsed through the palladium is plotted 

as a function or time for various current densities at 30° in Figure 1) .  

This linear relationship indicates that hydrogen pressure within the system 

does not have a measurable effect on the diffusi� rate in the pressure 
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TABLE I 

HYDROGEN DIFFUSION THROUGH PALLADIUM AT 30° * 

Current 
Current Density Permeation Rate Per Cent 

rna .  ma./om. 2 moles/min. . 2 Transmission ml./am. /sec . 

39 .$ 4.41 5 . 81 x 1o-6 2 .41 x lo-4 23 .7 

29 .5 3 . 29 4 . 22 x lo-6 1.76 x lo-4 23 .1 

19 .5  2 .17 2 .88 X 10-6 1 .20 x lo-4 23 .7  

14.$ 1.62 1.98 x lo-6 o . 825 x lo-4 21 . 9  

9 . 5  1 . 06 1.32 x lo-6 o . 55 x lo-4 22 .3  

4 . 5  0 .501 0 . 712 x 1o-6 o .3o x lo-4 25 .5 

*The volume of the system was 4 .  98 ml .  
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range studied . Hydrogen pressure within the system was not allowed to 

exceed 30 em . Hg pressure . 

In Figure 14 the hydrogen permeation rate is shown to be directly 

proportional to the current density at 30° . The equati on for this line is 

P = 5 .41 x 1o-S I 

where P is the permeation rate in ml ,/cm . 2/sec .  · and I is the current 

density in ma . /am. 2 

The per cent hydrogen transmission is plotted as a functi on of the 

temperature in Figure 15 . At low temperatures the curve appears to approach 

a limiting value for the per cent of hydrog�;n diffusing through the metal, 

while at high temperatures almost all the hydrogen is transmitted through 

the palladium. 

Two activation energy plots at dif�erent current densities are 

shown in Figure 16. The slopes of the se lines in the temperature range 

from 30° to 70° were used to calculate the activati on energy for the process .  

A value of 6 .  2 koal . /mole was obtained .  

To determine the effect that certain gases, which are able t o  react 

with hydrogen on the inside of the thimbles, have on the diffusion rate of 

hydrogen, tritiated water was added to the electrolysis bath . Tritium as 

well as hydrogen diffused through the palladium under these circnuustances . 

Figure 17 is a plot of the diffusion rate ot hydrogen as a function of 

the amount of tritium which diffused through the pall&41um in . ten minutes .  

The per cent transmission o£ tritium was determined by measuring 

the tritium content o£ the sol v.tion. Dividing this into the per cent 

transmission or hydrogen gave a k:tnetio separation factor or 20 for hydro-

gen and tritium. 
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The effects of ethylene, acetylene and oxygen gas within the 

system on the rate of hydrogen diffusion are shown in Figures 18, 19 

and 20 respectively . The rate of diffusion was generally lowered to 

a greater degree by ethylene and acetylene as the temperature was de­

creased. In Figure 18 the points for the diffusion rate at 40°, 35° 

and 30° lie very close together and, hence, only one line was drawn 

through these points . Similarly, one line was drawn through the data 

obtained at 18° and 0° . The presence of nitrogen within the system 

did not effect the diffusion rate to a measurable extent at 0° . 

C .  Gas Phase Hydrogenations 

1 .  The Hygrosenation 2f. Ethylene 

The hydrogenation of ethylene was studied on three types of 

palladiwn catalysts . The first was a pure palladium thimble which con­

tained no hydrogen . The second was a thimble through which hydrogen 

had been allowed to diffuse tor a time, but the electrolysis had been 

discontinued and sufficient time was allowed for the diffusion of hydrogen 

to cease completely . This catalyst is referred to as beta palladium, al­

though experimental evidence that its composition corresponded to Ho. 6Pd 

is lacking . The third type or catalyst studied was palladium through 

which hydrogen was diffusing . 

In Figure 21 the logarithm of the hydrogen or ethylene pressure is 

plotted as a function of time for the reaction occurring on pure palladium. 

The slopes of the lines correspond to the rate constant of a first order 

reaction. The activation en�rgy of the reaction on pure palladium was de-
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termined to be 10 .6  kcal ./mole (Figure 22) . 

In Figure 23 the rates of the reaction on beta palladium catalyst 

at the same hydrogen pressure but at different pressures of ethylene, !·!· ' 
2, 4, 6 and 8 em .  Hg ,are shown . The rate of tne reacti on is essentially 

independtmt of ethylene pressure . The logarithm or the hydrogen pressure 

is plotted as a function or time �or various initial pres sures of hydrogen 

at 40° in Figure 24 . Th� slopes of these lines correspond to the rate 

constant tor a first order reaction. Hence, it was concluded that the 

reaction on beta palladium is fir�t order with respect to hydrogen pres­

sure and zero order with respect to the pre ssure of ethylene . In Figure 

25 the rate constants for the reaction were determined at several tempera­

tures and these were used to construct the activ$ti on energy plot in 

Figure 26 . The activation energy of the }\ydrogenation 9f ethylene on this 

catalyst was calculated to be 5 . 2  kcal ./mole from the slope of this line . 

In Figure 27 same results are shown for the hydrogenation of ethylene 

at 0° with hydrogen diffusing through the catalyst .  Lines for the normal 

hydrogen diffusion rate as well as the actual diffusion rate in the presence 

of �thylene are given . The line obtained for the �ress-ure change due to 

combined reaction and diffusion .was subtracted from the actual diffusion 

rate t9 obtain the fourth line shQWn which oarresponqs to the pressure 

drop due to the reaction alone . 

Figure 28 and Figure 29 are the pressure -t� plots obtained in 

like manner at 30° and 40° . The slopes of these curves at any particular 

point give the rate of reaction, dp/dt, at the � corresponding to that 

point . At zero time the hydrogen pre ssure within the system was zero . 
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The diffusion rates at .30° and 40° were 1.34 and 1.19 cm. /min. of hydro­

gen respecti vel.y. Thus, the hydrogen pressure is increasing inside the 

. reaction volume with time . To establish the effect of the hydrogen pres­

sure, the slopes or the curves in Figure 28 and Figure 29 were measured 

at the same ethylene pressure but at different pressure of hydrogen . The 

dotted lines in Figure 28 connect points of like ethylene pressure . 

Slopes obtained at the two points connected by these dotted lines were 

compared . 

The logarithm or the ethylene pressure is plotted as a function 

of time in Figures 30, 31, 32 and 33 for the temperatures 0°, 18°, 30° 

and 40°, respectively. The slopes of these lines co:rrespond to rate con­

stants for a first order reaction. The averages of the rate constants 

obtained at each temperature were used in the activation energy plot 

shown in Figure 34. An activation energy or 5 . 0 kcal . /mole was obtained 

for the reaction on this third type of ca�st . 

Table II gives a � of the rate constants obtained on the 

three types of palladium catalysts at 0°, 18°, .)0° and 40°
. 

2 .  The Hydrogenation of Acetylene 

The hydrogenation of acetylene was also studied on the three types 

of palladium catalysts described previously. Figures 3.$ and 36 show the 

pressure drops due to reaction on pure and beta palladium, respectively, 

at three temperatures .  No attempts . were made to determine the ord�r or 

the reaction since the gas mixtures were not an�ed �ring the course 

of the reaction . The rates of pressure changes are used only for compari­

son purposes for the three types of catalyats . For these studies initial 
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pressures ot �ogen and acetylene were 8 and 4 em .  Hg, respectively. 

In Figure 37 results are shown tor the determination of the re­

action rate at 0° with �ogen diffusing through the palladium. The 

pressure change due to reaction plus dif�usion was subtracted from the 

actual hydrogen diffusion rate to obtain the curve representing the drop 

in pressure due to reaction .  Figure 38  includes the complete results 

determined in a like manner for pressure changes due to hydrogenation 

on this type of catalyst . The rates of hydrogen diffusion at 0°, 30° 

and So0 were o .  10, 1.28 and 1 . 95 cm./min . ,  respectively. 

In Table m the values of the slopes are tabulated for various 

times of reaction for the three types of catalysts . Also, the · pressure 

drops due to reaction for ten minutes are given . 

3 .  The Hydrogen-Oxygen Reaction 

Hydrogen and oxygen were cat�ioallY combined .at 68° on pure 

palladium and palladium throiigh which hydrogen was diffusing . In Figure 

· 39 the results obtained for each case are given � The top curve repre­

sents t�e pressure drop due to reaction on pure palladium with an initial 

oxygen pressure of 4 em. Hg. Only the temperature of the catalyst was 

held at 68° to prevent the water formed from condensing on its surface � 

The remainder of the reaction volume was at room temperature, :�6°, with 

the exception of the Dry-Ice , acetone trap at -78°. If the total amount 

of water formed as . the product ·9f the reaction had remained in the vapor . 

phase� the total pressure drop �.orresponding to a complete combination 

should have been only 4 em. Hg . Since the pressure drop evidenced is 

greater than this, it is concluded that some ot the water condensed in 
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TABLE III 

HYDROGENATION OF ACETYLENE 

Pressure Drop 
in 10 min .  ( em

·
. ) 

Pure Palladium 

dp/dt at Various Times, min. 

2 6 10 

( Initial Pressure of Acetylene • 4 em .  Hg) 

0 . 98 
o . 57 
0 . 30 

Beta Pal1adi� 

0. 068 
o.o52 
0.025 . 

0 . 093 
0 . 052 
0.025 

( Initial Pressure of Acetylene = 4 em , Hg) 

1.10 
o . 8o 
0.33 

0 .122 
0 . 097 
0 . 027 

0.108 
o.o86 
0 . 020 

0 .137 
0 .038 
0.023 

0 . 095 
o . o89 
0 . 020 

Palladium Through Which Hydrogen is Diffusing 
(Initial Pressure of Acetylene = 4 em. H g) 

2 .4 
2 .0  
1 . 6  

0.37 
0 .36 
0 . 17 

o.o8 
0 . 11 
0.15 

(Ird.tial Pressure of Acetylene • 6 em. Hg) 

3 .4 
3 . 0 
2 . 1  

0 . 46 
0. 48 
0 . 23 

0.14 
0 . 20 
0 . 20 

o . o5 
o . u 
0 . 10 

0 .11 
0.16 
0 . 18 
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the cooler portion of the system. For this reason the res'Qlts obtained 

are usefUl only tor comparison purposes under similar conditions . 

The bottom curve represents the pressure change due to reaction 

with hydrogen diffusing through the palladium at a rate or 0.57 cm./mino 

The initial oxygen pressure was 4 om. Hg . Following a very rapid de­

crease in pressure, the reaction appeared to be very slow at first but 

increased in rate as the pressure of hydrogen increased within the system. 

Apart from this study 1 t was observed that if' air was allowed in the 

system while hydrogen was diffusing through the palladium, it was impos .... 

sible to rid the catalyst or oxygen by drawing a vaouum on the system 

overnight. However, if the reaction volume were closed off allowing hy­

drogen pressure to build up over the catalyst, the oxygen reacted vi th 

the hydrogen to .ronn water . This water was observed to freeze out in 

the trap . In the case of a very law hydrogen pressure in the system, no 

water was observed in the trap . 
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DISCUSSION 

A .  Liquid Phase Hydrogenations 

The results obtained for the hydrogenation of a.l.lyl alcohol with 

regard to polarization of the catalysts are different in some respects 

f'rom those of the hydrogen -oxygen reaction . No periodicity was observed 

in the reaction rate upon direct polarization tor the former reaction. 

The potential difference between the two platinum electrode catalysts 

was observed in a few instances to change periodically. These few 

occurrences can possibly be explained by the presence of oxygen in the 

system which was not removed by flu�hing out the s,ystem sufficiently 

with hydrogen. However, several generalities can be made regarding the 

effects of polarization on the reaction rates for both hydrogenations . 

For neither reaction did anodic polarization of a platinized-platinaa 

electrode produce changes in the catalytic activity except at high 

polarization currents in whioh oases the activity declined. For both 

reactions the catalytic activity was enhanced by the following means i 

1 �  alternating current polarizationJ 2 . changing the polarity of the 

electrodes suddenly", which, in ef'fect, is an abbreyiated ver.sion of the 

first procedure; 3 .  stopping anodic polarization of a platinized­

platinum electrode . In each of these oases the potentials of each of 

the two electrodes are changed suddenly due to the mechanics of' the 

process . 



A sharp change in the anodic potential was also observed to occur 

just prior to the rise in catalytic activity of the electrodes which 

were subj ected to direct current polarization in the hydrogen-axygen re­

action . The anodic potential rose suddenly followed usually by a sharp 

drop . In cases in which the potential remained at the high value long 

enough for any change in activity to be observed, it was found that the : 

catalytic activity decreased . Therefore, it is concluded that the 

sudden drop in the anodic potential, !·!· , to a more negative value with 

respect to the saturated calomel electrode, is necessary for the enhanced 

activity . Since the potential of the cathode remained constant during 

this periodic behavior, it is likely that the phenomenon which causes 

this periodicity occurs on the anode . Hydrogen gas in the system and a 

low pH are also believed necessary for the phenomenon since periodicity 

of the anodic potential and reaction rate does not occur in their absence . 

T o  confirm that the hydrogen ian concentrati on was a f�ctor in the peri­

odic behavior rather than sodium sulfate, (which when used as an electro­

lyte in neutral solution hindered the process) solutions containing both 

sulfuric acid and sodium sulfate .were tried. The periodicity was ob-

served in these solutions also . It was not determined with certainty 

whether or not oxygen is essential for this phenomenon, although usuallf 

1 t was not observed in the h�ogenation of allyl alcohol experiments ·. 

Jancich and Haokerman
6 studied the relation between the ca�io 

activity and the potential between the two cata.lysts when a platinized­

platinum electrode was an anode . They observed a periodic change in 

cata.lytio activity which corresponded to simnl.ta,neous changes in the 
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E .  M .  F. between the two electrodes . In the pre sent study, the periodicity 

was observed on1.y" when smooth platinum was made the anode and either 

smooth or platinised-platinum was made the cathode . Impurities in the 

platinized-platinum electrodes used in this work may be responsible for 

the differences . in the two investigations . It was found, however, that 

the rise in catal.ytic activity in each cycle was greater · with platinized­

platinum than smooth platinum cathodes ( see Figures 9 and 10) . 

In su.mmary, enhanced activity of platinum electrodes upon electro­

lytic polarisation in the two reactions studied, occurred only when the 

potential of one or both of the catalyst was sudd� changed . 

Hot.mann42 believed that alternating current polarizati on increased 

the activity of the cata:l.yst because a surface free of hydride and oxide 

formation would lend itself to a mare active state and that alternating 

polarization prevented their formation . 

Joncich and Hackerman6 proposed that the periodic behavior of the 

catalytic activity and the potential between the two electrodes was 

caused by fonnation of platinum oxides on the anode . El Wakku.d and Emaral08 

preTious]Jr reported that wh.en a platinum electrode is brought to a poten­

tial at which hydrogen is evolved to that at which oxygen is evolved, 

platinum monoxide is first formed over the platinum surface . This state 

is followed by the formation of platinum dioxide, and by the evolution 

of oxygen . Platinum dioxide is unstable and decomposes into platinum 

monoxide . Hence, the periodic behavior 1n the catalytic activity and 

anodic potential was believed by J oncich and Hackerman to be due to a 

buildup and breakdown of oxide films on · the anode with the maximum activity 
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ot the anode reached when a critical mixture of the two oxides occurred . 

This propos al does not explain the increased activity observed upon 

alternating polarization, however . Further it does not involve the 

presence of hydrogen gas and a high hydr ogen ion concentrati on which 

were found by the present s� to be necessar,y for the periodicity. 

The results of this work appear to favor the proposal by Hofmann, 

although an explanation for the periodicity in the case of the hydrogen-

oxygen reaction cannot be given . 

B .  Electrolytic Hydrogen Diffusion Through Palladium 

Preliminar,y experiments of hydrogen diffusion through palladium 

are not reported in Chapter III . These results were not repr oducible 

and in most cases the diffusion rate decreased with time after the 

initial period required to fill the palladium with hydrogen . At other 

times no hydrogen could be observed to permeate the metal . However, 

this initial work did show the ne cessity for purity on both sides of 

the palladium wall through which hydrogen was diffusing . 

Very reproducible results were obtained by using no pretreatment 

of the thimbles other than anodic oxidation and protecting the inside 

surface from the vapors of mercury and stopcock grease .  Diffusion rates 

measured under similar conditions of temperature and current density did 

not vary more than 5 per cent from one thimble to another . Hydrogen 

pressure on the inside of the s,ystem did not effect the rates as shaw.n 

in Figure 13 . In agreement with an earlier study by Heath , .57 the 

permeation rate was found to be pr oporti onal to the current density at 
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current densities less than 4 .5  ma./cm . 2 ( see Figure 13 ) .  Furthermore, 

hydrogen was observed to diffuse through the palladium at the lowest 

current density tried, o .5  ma ./cm. 2 . This gives added support to Heath' s 

argument that the threshold value of the current density proposed b,y 

Borelius and Lindblom54 does not exist. The rates obtained in this study 

are five times faster than those reported by Heath57 and approximately 

ten times faster than those given by Joncich and Kowaka .7 The thickness 

of the palladium. in Heath ' s work was 0 . 030 em. compared to a thickness 

of 0 .02.5' em. in the present study and the work of Joncich and Kowaka . 

The significance of the activation energy found for the hydrogen 

diffusion process is uncertain. The higher diffusion rates at higher 

temperatures can be attributed to the higher mobility of hydrogen atoms 

inside the metal, the activation energy of' atomic hydrogen recombination 

on the exit surface of the palladium, or to a higher rate of deadsarption 

of the mOlecular hydrogen . BarrerS.S reports activation energies of 8 . 5  

and 9 . 2  kcals . for electrolytic hydrogen diffusion compared to 6 . 2 kcals . 

found in this st�dy. 

The effect of gases exposed to the downstream surface of the palladium 

on the hydrogen diffusion rate can be correlated with the heats of chemi­

sorption of the gases .  Trapneu107 reports that nickel, palladium, rho-

dium and platinum chemisorb hydrogen, ethylene, acetylene and �gen but 

do not chemisorb nitrogen at room temperature . The reported order of 

affinity is 
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In the present study oxygen was found to decrease the hydrogen 

diffusion rate to an extent greater than the other gases studied. It 

was followed by acetylene and ethylene in that order . Hydrogen and 

nitrogen did not have a measurable effect on ·the diffusion rate . This 

correlation can be explained b.f assuming the chemisorbed gas occupies 

surface si tea on the exit surface of the pal J adium on which atomic 

hydrogen normally recombines to molecular hydrogen after it diffuses 

through the metal. 

C .  Gas Phase Hydrogenation 

1.  Hy-drogenation of Ethylene 

It has been well establishedl, 7, 72, 76 that the hydrogenation of 

ethylene on metal cata.lysts including palladium is first order with re-

spect to hydrogen pressure and zero order with respect to ethylene . For 

this reason a detailed study of the reaction on pure palladium was not 

made to determine the order of the reaction with respect to hydrogen and 

ethylene . The rate constants at 40°, 30°, 180 and 0° were determined 

on untreated palladium for comparison with those obtained on beta palla-

dium and palladium through which hydrogen was diffusing . Figure 21 shows 

that the r�action follows a first order rate expression, since the loga-

ri thm of the hydrogen or ethylene pressure is linear when plotted as a 

function of time . The pressure drop due to reaction can be attributed 

to the fall in hydrogen or ethylene pressure, since the combination of 

one mole of each of these gases gives one mOle of ethane. The activa-

tian energy foqnd for the reaction agrees well with Beeck ' s value of 
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10 .7 kcals ./mole .1 However, t�e experimental error in the present re­

ported value is ! 2 .0 kcals ./mole . 

The hydrogenation reaction was studied more extensively on beta 

palladium, since results of similar works were not found in the litera­

ture . . The reaction was concluded to be zero order with respect to 

ethylene trom the results presented in Figure 23 . Different initial 

ethylene pressures and the same initial hydrogen pressure were used in 

this study and a maximum. deviation of 3 .  0 per cent was observed from the 

mean value of the pressure of hydrogen plotted as a function of time of 

reaction. The reaction is shown to be first order with respect to hy­

drogen in Figure 24. The rate constants obtained for the reaction on 

beta palladium are mch lower than those obtained on pure palladium. 

It has been observed previousl77 that initial �drogen treatment will 

lower the activity or pure palladium. The calculated activation energy, 

5. 2 kcals ./aole, is approx:lmately half' of that observed on pure palladium. 

The results for the hydrogenation of ethylene on palladium through 

which hydrogen. was diffusing differ from those observed on pure or beta 

palladium. The bydrogen gas pressure over the catalyst was found not to 

affect the . reactian rate to a great degree as shown in Figures 28 and 29 . 

The variation in the rate of reaction at different hydrogen pressures 

but identical ethylene pressure is probably within the experimental error 

of t�e data and the determination of . the slopes . The reaction is shown 

to be first order in Figures 30, 31, 32 and 33 . Since hydrogen pressure 

did not affect the reaction rates, the reaction is concluded to be first 

order with reSpect to ethylene . 
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. The current density of the palladium cathode was held constant 

at 3 .3 ma./am. 2 for each temperature at which the reaction was studied . 

Therefore, the diffusion rate or hydrogen increased as the temperature 

was raised . J oncich and Kowaka 1 found. that the reaction rate genera.l.ly 

increased as the d.if'fusion rate of' hydrogen increas ed . Hence, the true 

activati on energy of' the reaction is probably lower than the value of .5.0 

kcals . /mole determined in Figure 34. 

It i s  concluded f'rom. the summ.ary of rate constants presented in 

Table II that pal J adium through which hydrogen is diffusing is a more 

active catalyst far the reaction than pure palladium which, in turn, is 

a more active catal.yst than beta palladium. Thi s statement is made with 

the assumption that the only �eaction which occurred on each of the cata­

lysts was the hydrogenation of' ethylene to form ethane . To prevent polymer 

formation, an excess of ethflene was avoided !or the hydrogenations on 

pure palladium. Also, the rates of hydrogen diffusion were f'ound to be 

the same before and after hydrogenation of ethylene on the third type 

or catalyst . For this reason it is not believed that poisoning polymers 

were formed an this type or catalyst . 

Since the rate constants for the reaction on beta palladium are 

less �han those found on pure palladium, it is believed that the :f'illing 

o:f' the d-bands or palladium does not promote the catalytic activity of' 

the metal . Rather, this and/ or the increased spacings on the palladium 

surface lead to a decreased activity. The lattice constant for pure 

palladill11L is 3 . 883 , while that for beta palladium is 4 . 018 • .56 Hence, 

1 t is concluded that changes in these metallic properties are not re-
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sponaible tor the increased activity ot palladium through which hydrogen 

is di.tfusing. 

A different reaction mechanism must be operating on this third 

type or cata:J:rst than on pure or beta palladium, since the rate of re­

action is dependent on the ethylene pressure over the oata:l.yst but in­

dependent of the hydrogen pressure . The heat or chemisorption of ethylene 

falls from 58 to 2.$ koala . /mole with increasing surface coverage on 

nickel .1 Similar behavior should be expected in the case of palladium. 

If eth1'lene is unable to adsorb on the palladium surface through which 

h7drogen is diffusing, it must react from the gas phase or a van der Waals 

layer . Since the �action rate was found essentially independent of hT­

drogen in the gas phase or the system, the reacting hydrogen is believed 

to be in or on the palladium. It is furthermore believed that hydrogen 

forming the beta phase or palladium is too strongly bound to the metal 

to react. This conclusion is supported by the low activity of beta palla­

dium and the fact that the reaction is first order with respect to hydro­

gen pressure on this metal . 

The other possibility is that ethylene reacts from the gas phase 

with hydrogen which is emerging in some form from the palladium surface . 

Most investigatara52, 64 believe that hydrogen diffuses through palladium 

in the atomic state . Af'ter reaching the downstream surface, the atomio 

hydrogen is thought to be recombined catalytical.l.y to molecular hydrogen 

whiCh desorbs from the surface and passes into the gas phase . It is like­

ly that ethylene reacts with either atomic hydrogen ar freshly formed 

molecular hydrogen which is adsorbed on the metallic surface .  
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2 . Hydrogenation of' Acetylene 

As pointed out in Chapter I, kinetic data obtained for the hydro­

genation or acetylene without simultaneous analysis or the reaction prod­

ucts are of 11 ttle value due to the possibility of several reactions 

occurring. Maqy 1Dvestigators87 , BB, 94, 95 
believe that most ot the acet-

ylene is converted to ethylene and polymers before the ethylene reduction 

begins . For these reasons, no attempt was made to elucidate the order 

ot the reaction or the rate constants . The pressure drops observed due 

to reaction are plotted as a function of time, and these pressure drops 

as well as the slopes of the curves are compared for the three types of 

catalysts studied ( see Table III) . 

Very little difference was noted in the results obtained on pure 

versus beta palladium. This agrees td th Sheridan 1 s observation that large 

amounts or hydrogen occluded on palladium did not change the mechanism 

or the reactian. 93 The heat or adsorption or acetylene on nickel, 67 

kcals . , 85 has been found to be muCh greater than that for ethylene, 25 

kcals . ,  1 at high surf'ace coverage . Hence, it seems likely that acetylene 

can adsorb much easier on beta palladium than can ethylene . This may ex-

plain why the rate or hydrogenation or ethylene was low on beta palladium, 

while the rate of acetylene hydrogenation is near that on pure palladium. 

Initially the pressure drop due to reaction of acetylene on palla-

dium through which hydrogen was di.f'f'using was ITlllCh larger than that ob-

served on the other two catalysts . If this change in pressure corre-

sponds to the hydrogenation of acetylene, this third type or ca�st is 

initially more active than pure or beta palladium. Also, as observed in 
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the case or ethylene, the rate of hydrogen diffusion was the same be­

fore and after the reaction of acetylene on the palladium surface . 

It polymeric materials are formed on the surface to any large extent, 

it would seem likely that the hydrogen diffusion rate would be less 

after reaction unless these polymers can be pulled off the surface by 

a vacuum. 

3 .  !h!, Hydrogen-Oxygen Reaction 

When ax;ygen was introduced over a palladium catalyst through which 

hydrogen was diffusing, a large instantaneous uptake of the gas was ob­

served . Since the heat or adsorption of oxygen on palladium is high, 

75 kcals . ,  l09 oxygen may be able to preferentially replace adsorbed hy­

drogen on the surface of the metal . Very little pressure change was 

observed thereafter until the pressure of Qydrogen in the gas phase of 

the system became large (5 om .  Hg) . This observation as well as the 

fact that oxygen could be removed from the surface only by increasing 

the hJdrogen pressure over the catalYsts leads to the conclusion that 

oxygen adsorbed on the surface reacts with molecular hydrogen in the 

gas phase rather than hydrogen which is diffusing onto the catalytic sur­

face . Other investigator.J, 21-23, 32 
have reported that adsorbed hydrogen 

inhibited the reaction on palladium and platinum. 

D .  Suggestions for Further Work 

No explanation of the periodic behavior of the anodic potential 

and the catalytic activity in the hydrogen-oxygen reaction is reached in 
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this study. Further work should tirst ascertain whether oxygen gas in 

the reaction solution is necessary for this phenomenon . When all the 

.factors which innuence this behavior are studied, it may be possible 

to elucidate the mechanism tor the periodicity. Also, it would be in­

teresting to study the catalytic activity or the electrodes as a .tunc­

tion of .f'ixed constant potentials . 

Further work on the hydrogenation or compounds on which hydrogen 

is diffusing should include simultaneously anaJ.isis or the reaction prod­

ucts to determine the specirici ty of the three types of catalysts, par­

ticularl:y for acetylene hydrogenation . 



CHAPI'ER V 

SUMMARY 

Two methods or generating reactants an a catalytic surface were 

used to investigate the effect ot this procedure on the activity or 

the platinum and palladium catalysts . 

In the first method the effect or electrolytic polarization on 

the catalytic activity or platinized and smooth platinum electrodes was 

measured in the hydrogenations or allYl alcohol and oxygen in solution. 

The catalysts were subjected to both direct and alternating polarization 

in acid, basic and neutral solutions . A reaction system was constructed 

such that the hydrogenations could be studied for unlimited lengths of 

time. It was completely automatic, and very slow reactions could be 

followed. The potentials of the electrode catalysts were also measured 

with .respect to a reference electrode . 

The catalytic activity of the platinum electrodes was observed to 

be enhanced in both reactions by the .toll owing means : 1 .  alternating 

polarization) 2 .  changing the polarity or the catalysts suddenly"J and 

3 . stopping anodic polarization of a platinized-platinum catalyst .  

This increased activity was not observed in basic solutions . In the 

case of the hydrogen-oxygen reaction, periodic behavior or the catalytic 

activit.f and the potential of the anode was observed for anodic polariza­

tion of smooth platinum electrodes in acid solutions . 

In the other method hydrogen was caused to diffuse electrolytically 

through a palladium thimble, the inside of which was used as a catalyst 
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for low pressure hydrogenation reactions . Untreated and hydrogen pre­

treated palladium thimbles were also studied as catal.y'sts for the hJdro­

genation of ethylene, acetylene and ooc;ygen. The diffusion rate of hydro­

gen throuah the palladium was studied as a function of the temperature, 

current density and the pressure of the reactant gases on the inside 

surface. 

The permeation rate of hydrogen w� found to be proportional to 

the current density at low currents . The presence of ethylene, acetylene 

and oxygen on the inside surface of the metal lowered the rate of dif­

fusion . This effect was correlated with the heats of chemisorption of 

the gases on palladium. 

The activity or the palladi'UJI through which hydrogen was diffusing 

was observed to be higher than that of pure palladium, which, in tum, 

was higher than that of beta palladium for the hydrogenation of ethylene 

and acetylene . The hydrogenation or ethylene on palladium through which 

hydrogen was dif'fusing was found to be first order with ethylene pressure 

and zero order with hydrogen pressure . The order was reversed on beta 

palladium. It was proposed that ethylene in the gas phase reacts with 

active hydrogen which emerges from the catalytic surface due to diffusion. 

In the case of the hydrogen-�gen reaction, a palladium surface 

with hydrogen diffusing through it was found to be less active than a 

pure palladium surface. Oxygen adsorbed on the surface was believed to 

react with hydrogen in the gas phase on the former type of catal.y'st . 
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APPENDIX 

A .  Sample Calculation of the Determination of the Volume of the Gas 

Phase System 

The theory and procedure has been described in Chapter II . An 

illustration of the calculations involved will be given . here . The at-

mospherio pres-sure was 74. 81 em .  Hg .  

Reference Atmospheric 
Point Pressure -P P1 em. Vo, ml. .  No 

z 70 .95 3 . 86 13 .00 50 .1 
y 68 . 82 5 . 99 6 .27 31 .5  
X 66 . 72 8 . 09 2 .92 23 .6 
w 64. 62 10 .19 l.Q2 10 . 4 
u 62 . 90 11 .91 0 0 

PVb is plotted as a function or P in Figure 40.  The slope of the line, 

-6 . 20 ml . ,  is the negative of the volwne, Vo + V1 . The volume between 

mark u and the stopcock s1, V1, was determined to be 0. 22 ml .  Therefore, 

the volume or the reaction system is 6 . 20 minus 0.22  or 5 .98 ml .  

B . Sample Calculation of ChangE) in Hydrogen Dif'tusion Rate With Acetylene 

in the System 

The tritium content of a sample of hydrogen gas was measured by 

the number of seconds required for the microammeter dial of the vibrating 

reed electrometer to travel seven-tenths of the distance across the dial 

vi th the gas sample in the ionization chamber . The averages of seven 

readings taken with samples which were taken with ·and without acetyl�ne 

in the system at 30° are 29 .10 and 30.42 seconds respectively. These 
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readings were obtained w1 th the instrument on the 300 mv . so�e .  The 

reading f�r background radiation with the ionization chamber filled 

with non-radioactive hydrogen was 21 .86 seconds on the 30 mv . scale . 

This is equivalent to 218 .6 seconds on the 300 mv . scale . The activity 

of each sample can be calculated by the expression given in Chapter II: 

The ratio of these aoti vi ties will be equal to the fraction of hydrogen 

which normall.y diffuses through the palladium. 

� e ( JQ\2- - nt6) 
&2 ' ( 

) 29�10 21�. 6  

= 0 . 95 
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