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'!'he hydrogenolysis of n-butane, propane, ethane and cyclopentane was studied 
in metal films of molybdenum and cobalt. Also, the exchange reaction of n-
butane and cyclopentane were studied on molybdenum films. The products of n-
butane hydrogenolysis were methane, ethane and propane; the ratio of propane to 
methane lay between 2 and 3 and the amount of n-butane converted to ethane was 
greater than the amount transformed into propane and methane. The orders of 
the reaction in terms of n-butane and hydrogen had values of 0.8 and 0.4 respect-
ively. The catalyst was found to be poisoned during reaction by the strong 
adsorption of small fragments. Oxygen poisoned the catalyst, but to a lesser 
extent than expected. The cracking of n-butane at 463 K did not produce any 
gaseous product, but a large amount of methane came from the surface after treat-
ment with hydrogen. Molybdenum did not isomrize the n-butane to a great extent. 
The hydrogenolysis products of propane on molybdenum were ethane and methane in 
a ratio two to one. The main product in the hydrogenolysis of cyclopentane on 
molybdenum was, n-pentane, the rest of the products followed the sequence, 
propane ethane butane methane (in terms of C5 equivalents). The catalyst was 
found to be poisoned during the reaction. The hydrogenolysis of propane, 
ethane and cyclopentane was also accompanied by loss of material. The hydrogeno-
lysis of ethane on molybdenum exhibited the highest apparent activation energy. 
The hydrogenolysis of n-butane, propane and ethane on cobalt films produced 
mainly methane. The loss of material was n-butane, propane and ethane in 
descending order of importance. The reaction of n-butane exhibited the highest 
apparent activation energy. The orders of the reaction in terms of n-butane and 
hydrogen had a value of 0.5 and -0.8 respectively. The main conversion suffered 
by cyclopentane in its hydrogenolysis reaction was the loss of gas phase material. 
The other processes on the surface produced hydrocarbons in the following order 
of concentration: methane )? ethane > propane ) n-butane ? n-pentane. The 
exchange reaction of n-butane and cyclopentane on molybdenum films followed a 
stepwise mechanism. With n-butane the reaction was slightly poisoned at 273 K. 
The previous adsorption of cyclopentane was found to poison the exchange reaction 
of cyclopentane on molybdenum. 
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SUMIARY 

The present investigation can be divided in two principal parts, the first 

one is concerned with the hydrogenolysis of n-butane, propane, ethane and 

oyo].opentane on molybdenum and cobalt films and the second part is concerned 

with the exchange reactions of n-butane and cyclopentane with deuterium on 

molybdenum films. 

The mass spectra for the hydrocarbons in the exchange t,nd hydrogenolysis 

reactions were analyzed using a general computer programme in each case, with the 

exception of the cyclopentaric hydrogenolysis data which was processed by hand. 

The hydrogenolysis of n-butane was followed in the temperature range 

between 399  and 493 K. The distribution of products at the early stage of 

reaction did not change appreciably in the temperature range studied. The 

products of n-butane hydrogenolysis were methane, ethane and propane; the ratio 

of propane to methane lay between 2 and 3 and the amount of n-butane converted 

to ethane was greater than the amount transformed into propane and methane (in 

terms of C4  equivalents). The value for the apparent activation energy was 

73.7 - 4.0 k 3 mol l 
 and the pre-exponential factor, log10  A 24.0 - 0.50  A 

being expressed in molec s 10 mg 1. The orders of the reaction in terms of 

n-butane and hydrogen had values of 0.8 and 0.4 respectively. 

Evidence that the catalyst had been poisoned during the reaction by the 

strong adsorption o4 small fraents, or by deposition of carbon, was obtained 

when at the end of several experiments methane deaorbed from the surface as 

the only product upon treatment with hydrogen, 
o 

i'hen four consecutive experiments were carried out on the same fun", the 

rate of reaction dropped by the following amounts: 5x, 2x and 2x9  respectively. 

The product distributions were the same for all runs. 

1hen an excess of oxygen was dosed on to the surface, the catalyst was 

completely poisoned. 	A dose equivalent to 45 monolayer, had little effect 
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on the initial rate, though the subsequent reaction suffered greater poisoning 

than usual. 
OM 

The cracking of n—butane'at 463 I was studied, but no ap cci: le amount 

of products was observed: in the gas phase. But at the end of the experiment, 

after the catalyst had been treated with hydrogen, 36 of the original n—butane 

desorbed as methane from the surface. Molybdenum films were found to cause 

very little isoxneriation of n—butane at 60 conversion only 2 of the ori—

ginal n—butane was transformed into isobutane. 

Propane hydrogenolysis on molybdenum films was stucied in the temperature 

range between 397 and 445 1'. • The distribution of products at the early stage 
of reaction did not change appreciably in the temperature range studied, the 

ratio of ethane/methaaie was two to one (in terms of C3  equivalents). At the 

same time as the hydrogenolysis, a loss of material was taking place owing to 

adsorption of hydrocarbon residues at the catalyst surface. 

The values for the apparent activation energy and the logarithm of the 

frequency factor were 75.7 ± 	3 mol
—1 
 and 24.6 ± 1".6 respectively, A being 

expressed in molec s 	10 mg. 

The hydrogenolysis of ethane on molybdenum films was followed in the 

temperature range between 413 and 458 1: • The reaction gave methane as product 

and like the two previous cases loss of material took place as a secondary 

reaction. 

The variation of reaction rate with temperature gave an apparent acti-

v"tion energy of 117 * 10 k 3 mol -1 

The hydrogenolysis of cyclopentane on molybdenum films was studied in 

the temperature range between 423 and 493 1. 

At low temperature the main product in the reaction was n—pentane, the 

rest of the products followed the sequence, propane ethane > butane )methane 
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(In term of C, equivalents). it higher temperatures the main change in the 

distribution of products was the Increasing amount of methane in relation to 

the other rro1uot, t' distribution at 493 K was as follows, pentane > fkthano> 

methane ) raro ) butane. 	J t! 	tine as tc Sylrog.nolysis loss of 

material was tikmn, 

An anomalous vlue for the variation of reaction rats with temperature was 

determined (40 k J eel 	but it was explained by the self poisdng of the 

catalyst which was tounci to be temperature dapende  ot. The dzogenolysis of 

n-butane on cobalt was studied in the temperature range between 403 and 443 K. 

The main product of the reaction was methane followed by small amounts of 

ethans and propane. 

The bydrogsnolyais reaction was accompanied by baa of material. This 

incorporation of material on or in the catalyst bulk was generally the second 

most important reaction that occurred. 

The adsorption of hydrocarbon residues at the surface was confirmed by 

desorption 	rieents carried out with excess of hydrogen, methane was the 

only desorption product. 

The orders of the reaction in terms of n-butane and hydrogen had values 

of 0.5 and -0.8 respectively. 

An experiment carried out at 433 K on a film, sintered at 573 K for half 

an hour, showed a rate of reactant conversion which was two fold slower than 

an experiment conducted on an wasintered film. 

The variation of reaction rate with temperature gave an activation energy 

of 112.5 t 9.2 k 3 aol 	and the value for the logarithm of the frequency 

factor was 28.5 - 1.1,& being erre.eed in molec. 
s-1  10 sg -1  

The hydrogenolysis of n-'propane was followed in the range of temperature 

443 	532 K • The main product in this range of temperature was methane with 
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less than 1% of ethane even after more than 80% of conversion-At the same 

time as the hydrogenolysis reaction a loss of material was taking place owing 

to the adsorption of hydrocarbon residues on the surface. 

The variation of reaction rate with temperature gave an activation energy 

of 78.9 4.7 k 3 mol 1 
 and the value for the logarithm of the frequency 

factor was 21.8 + - 0.5, 1 being expressed in molec. s.-1  10 mg71.  

The hydrogenolysis of ethane was followed in the range of temperature 

between 443 and 565 K. The main product was methane and here again carbon 

loss occurred as a side reaction but this time in smaller proportions to n—butane 

and n—propane. The apparent activation sugggy for this reaction was 78.8 . 5.8 

k J M02 _1  and the 1ogarithof the frequency factor was 21.0 t 0.69  A being 

expressed in molec 	10 mg 4. The hydrogenolysis of cyolopentane on cobalt 

films was followed in the temperature range between 423 and 493 K. 

In the whole temperature range the major reaction of cyclopentane was the 

loss of gas phase material, referred to as carbon loss. The other processes 

on the surface produced h6rccarbons in the following order of concentration: 

methane ) ethane )propane ) n—butane > n—pentane (in terms of C5  equivalents). 

The catalyst was believed to be progressively self poisoned and this idea 

gained weight when at high temperature the Arrhenius equation plot curved, 

indicating that the catalyst activity was reduced. 

A value of 216.1 t 20.3 k 3 mof1  was obtained for the apparent activation 

energy and the logarithin of the frequency factor was 40.6 1  2.59  A being 

expressed in molec. s 10 mg. The exchange reaction of n—butane with 

deuterium was studied in the temperature range between 208 and 273 K. 

The distribution of products at the different temperatures showed that the 



exchange followed a stepwise reaction. The apparent activation energy had 

a value of 26 k 3 mol
-1  and the logarithmic value of the frequency factor 

was 24. 	 Pre-sorption of cyclopentarie at 212 K was found to 

poison the catalyst. 
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PART I 

INTRODUCTION AND EXPFIRIJLENPAL 



CHAPTER I 

GENERAL INTRODUCTION 

1.1. Historical Background 

Surely one of the most ancient catalytic processes, was the biocatalysia 

involved in alcoholic fermentation, and among the other catalytic processes 

used by our ancestors may be mentioned the manufacture of soap by the hydrolysis 

of animal fats, catalyzed by bases. 

The preparation of ether by the action of sulphuric acid on alcohol was 

familiar to the alchemists: sulphuric acid itself was made by the alchemists by 

the combustion of a mixture of sulphur and nitre (potassium nitrate). But it 

was only at the end of the eighteenth and the beginning of the nineteenth 

centuries that a development in chemistry was possible beyond a complete empiricum. 

By well planned experimentation, scholars like Clement, Desormes, Sir Humphrey 

Davy 
(2) 

 and, somewhat later, Faraday 	demonstrated that some substances were 

capable of provoking, in gaseous or liquid media, very diverse reactions that 

could not take place without these substances under the same conditions. But it 

was not till 1835 that Berzelius, when surveying a number of such chemical 

changes, pointed out the similarities between them, and gave them the name 

"catalysis". However, further progress in catalysis during the nineteenth 

century was somewhat confused, until we come to the modern theories as enunciated 

by stwaiã, and confirmed experimentally by Berthelot, that a catalyst is 

limited to the modification of reaction rates without modifying the equilibria. 

In an attempt to explain catalytic mechanism, Van't Hoff (6) stated in 1898 

that the reactant gases were brought into a state of compression and abnormal 

concentration by the catalyst, with the result that "chemical action" was 
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enormously accelerated without any direct chemical intervention of the catalyst. 

But Sabatier(7)  emphasised in 1920 that the views of Van't Hoff failed to account 

for the different reaction products, given the same reactant on different 

catalysts, e.g.: isobutyl alcohol when passed over copper at 573K yields 

isobutyl aldehyde and hydrogen, but by passage over alumina at the same temper-

ature it gives isobutylene and water, and over uranium oxide at the same temper-

ature 

emper

ature a mixture of all four substances Is obtained. Another good example is 

the combination of carbon monoxide and hydrogen in the presence of different 

materials: with nickel, methane is formed almost exclusively; with zinc oxide, 

quantitative yields of methyl alcohol can be obtained; whilst with an iron alkali 

catalyst, a mixture of higher alcohols, ketones and hydrocarbonsare formed. 

In an investigation of catalyst poisons, Sabatier has pointed out that in a 

vapour hydrogenation process the merest film of condensed organic vapour on the 

catalyst is sufficient to stop all further hydrogenation. 

Sabatier showed(8)  that carbon monoxide could be hydrogenated directly to 

methane at about 570 K according to the equation: 

CO 	+ 3H 	- CH 	+ H 2  0 

He attempted to apply this reaction technically, but found that the following 

practical difficulties stood in his ways 

The presence of traces of sulphur in the original gas rapidly poisoned the 

catalyst. 

If only the theoretical three volumes of hydrogen  per volume of carbon 

monoxide are employed a certain proportion of the carbon monoxide is decomposed 

according to the equation: 

2 C = C + CO2  

the liberated carbon is deposited on the nickel catalyst and loss of activity 

results. 
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3. To reduce this difficulty to a minimum, it was necessary to work below 

570 K and to employ at least five volumes of hydrogen per volume of carbon 

monoxide. 

In contrast to the mechanism of Van't Hoff, above, Hinsheiwood more 

recently stated(g)  that a catalyst offers an alternative and more speedy reaction 

route and that a catalysed reaction can usually be explained in terms of normal 

chemical reactions between the catalyst and the substrate to give intermediates, 

which eventually break down to yield products and regeneration of the catalyst. 

In general catalysed reactions may be divided into two main classes, 

homogeneous catalysis where the catalyst and reactants belong to a single phase 

and heterogeneous catalysis which consists of the transformations of polyphase 

systems containing at least one solid phase,that Is either the catalyst or a 

kinetically active component of the catalyzed system. This thesis is concerned 

exclusively with heterogeneous reactions involving gas and solid as the two 

phases. 

For an accelerating effect to be produced by the catalyst in a hetero—

geneous reaction, it is necessary that at least one of the reactants must become 

attached in some way and for a significant period to the surface of the catalyst. 

Then, to obtain an understanding of heterogeneous catalysis it is necessary to 

comprehend the characteristics of adsorption. The preferential concentration 

of molecules at the surface is termed adsorption, and it varies widely from 

system to system in terms of the extent of adsorption and the tightness with 

which molecules of the adsorbate are attached to the adsorbent. However, it is 

possible to divide all adsorptions into two types: physical adsorption and 

chemi sorption. 
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1.2. TnCs of Adsorption 

PBYICAL A3ORPON. 

Atoms or molecules may be attached to the surface as a result of the net 

resultant force  acting upon a surface atom in the direction of the bulkq  the 

forces involved being weak and of the type which gives rise to the cohesive 

properties of liquids, i ... condensation of a vapour to form a liiuid (Van der 

caala forces). 

The heat of adsorption is generally in the region of 8-25 k 3 	but 

higher values sight be obtained • Heats of physical adsorption are usually 

between eno and. three times the heat of liqu.Thotinn of the adsorbate. The 

physical adsorption taken place very rsiidly 	hen ad.sor;tion takes place 

on a porous solid, in which case the diffusion 	adsorbate through the pores 

sight be the rate determining steps. And as it may have a slow approach to 

equilibrium, this could easily be mistaken for activated ahead sorption. After 

physical adsorption takes place the activation energy of desorption is generally 

no more than some Vilojoule per mole. All the previously mentioned character-

istics of physical adsorption allowed Bransuorp unet and Teller iO-ii) to 

develop their w.thod to estimate the surface area of solid catalysts, and such 

workers as Dc boars and, sing to develop pore size measurements. 

cH!!a3GRP?lO. 

The aheaisorptton process can be regarded as a chemical reaction. The 

electrons of the adsorbate sad solid are rearranged leading to the formation of 

chemical bond. • Heats of ob.isorption are usually as large as 84 k 3 

or higher, and ohesisorbed species are now widely believed to be intermediates 

in heterogeneous catalysis. During adsorption certain degrees of freedom of 
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the molecule are lost, thus the change in entropy must be negative. Since 

chemisorption is a spontaneous process the Gibbs free energy change is also 

negative, and using the equation, 

= A 11 - TA3 

It i8 seen that the heat of chemisorption must be negative. According to the 

rate of adsorption, chemisorption can be divided into three categories, 

Systems in which the oheniaorption is fast 

Systems in which, after the fast chemisorption is over it is very often 

followed by slow activated processes 

a) Systems in which the chemisorption is activated. 

In connection with case (a) Wagerer (12)  has measured fast rates of chemisorption 

on a series of gas - metal systems. Also activation energies of fast chemi-

sorption processes have been derived, all of them ranging within the values of 

l.7 to 2.5 k J mol , by Morrison and Roberts(14)  and Becker and 

axtmen'. 

Concerning cave (b) it is frequently found that initially rapid "non-

activated" chemisorptions are followed by slower adsorption processes whose rates 

are readily mea8ur.d6). The distinction between the two can be quite marked 

but this is not always 	 The rates of these slow processes are often 

described by the Elovich equation (16,18) 

Concerning part (a) there are not many systems in which there is a genuine 

activation energy for chemisorption at zero coverage. The activation energies 

are mostly in the range 4 -84 k. cal. mol , the adsorption of hydrogen is 

activated only In exceptional cases, as found by pamaru, Kwan 	and Emmett 

and Harkness(21)The chemiorption of nitrogen has been found to be generally 

activated(22-23) 	For more complicated gases like methane and ethane the 

(24_26) oheuiisorption is activated. The more important aspects of chemisorption 



are discussed in a review by Gundry and Tompkins (27), 

The first fundamental theory of the adsorption of gases on solids was 

proposed by Lanmuir(28).  After his theory Feundlich(29) used the following 

equation: 

q 	api/fl 

when, q is the quantity of adsorbed gas; p is the pressure and n is a con-

tarit rter than unity. 

It was criticized by Lannuir who found that the equation agreed very poorly with 

ex.ortment whori the range of pressures was large. Langnniir derived his isotherm 

from the assumptions that adsorption occurs by collision of a gas molecule with 

a vacant site; that the number of sites is constant, and that the heat of adsorp-

tion '10*3 not vary with coverage. The resultant isotherm is: 

ap 
l+ap 

G Is the fraction of surface actually covered by the adsorbed molecules, p is 

the gas pressure and a is a constant. The Langznulr model does not satisfy many 

real cases and perhaps one of the most important reasons Is the existance of 

surface heterogeneity and surface interaction. It appears that the reason for 

the decrease in beat of chemisorpilon with coverage Is due to the surface hetero-

geneity as found by TCeier and RogInaii. 

Various isotherms have been derived to try to improve on those points on 

which Langmuir's equation fails. Thus, Thrunauer, amett and TellerS3132)  

developed a theory which led to the following equation: 

p 	- 1 + 	L_ 
0 	V C 	p 

in 	 In 	o 

when, Vm  Is the volume of adsorbate occupying one monolayer; p is the partial 

pressure; p0  is the saturated vapour pressure; 'v is the volume of gas adsorbed 

and o is a constant. 
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The authors start from assumptions like those made by Lwgdr but gen.rising 

the id" of the localized acnolsyer  treatment to aultileysre. Cue of the most 

Important consideration in the theory was the statement that the heat of 

adsorption in the second leyer, and in each of the subsequent 1*'er, is equal 

to one another and equal also to the best of liquefaction of the gas. 

1.3. The uecjjMxw of Catalytic Reactions 

Two main esobscisas have bean suggested to explain the combination of 

reactanto of the surface of a setal* 

Langwir (331) assumed that the rate of a heterogeneous reaction was controlled 

by the reaction of the adsorbed molecules, and that the adsorption and desorption 

processes were in equilibrium, thus it was possible to take the rat, of reaction 

as proportional to the fraction of surface covered. By this mechanism the 

reaction of A and B to give U in the gaseoue state on the catalyst 2 would pro-

coed as shown, 

+ B(g) 	1 	4) 	 = 	 AD 

where g denotes that the molecule In i ri the gas passe 

denotes that the molecule is adsorbed on the surface of the oat slyst 

S denotes the surface of the catalyst. 

ith these conoepte, expressions were derived for the rates of decomposition sad 

of simple bimolecular reactions on a variety of surfaces. These expressions 

were very successful in dealinr with cuite complex rates. These mechanisms 

, 35) hav, become known as Lsngz.ir-fl4nshslwood mechanisms'34 	. The seoorr. 

mechanism was proposed by Ridesl j  as a result of a suggested mscbanism of 



Bonhoeffer and Parkas (37)  about exchange reactions of hydrogen - deuterium 

and reversible conversion of orthohydrogen to parahydrogen, in whh the 

reaction proceeds via adsorption of hydrogen as atoms with subsequent conversion 

or exchange upon desorption of the atoms. But owing to results obtained by 

Roberts(14)  about the rate of adsorption and desorption of hydrogen over tungsten, 

the desorption of hydrogen  occurred extremely slowly at those low temperatures. 

Then this rate of desorption could not be fast enough to account for the rates of 

conversion and exchange at 193 K. This consideration led Rideal to propose that 

the reactions occurred between chomisorbed atoms and molecules which were held 

to the surface by comparatively weak van der Waals forces. Taking the same 

example as before of the reaction of A with B,and supposing that molecule A is 

chemiadsorbed and molecule B is only physically adsorbed, the mechanisms of the 

reaction would proceed as shown, 

A 	L 
- 

AL 
I 

I 
I 

I 
I 

S - 	: 	—p M 

where a full line represents chemisorpilon and a dotted line physical adsorption. 

In a catalytic reaction any of the next five elementary steps may be rate 

determining. 

Diffusion of reactant to surface 

Adsorption of reactants at surface 

Chemical reaction on the surface 

Desorption from the surface 

Diffusion of products away from the surface. 

Steps (1) and (5) are usually rapid and often come within the sphere of chemical 

engineering, they are determined by the flow characteristics of the system, such 

as the mass velocity of the fluid stream, the size of the particles, and the 



diffusional characteristics of the fluid. Steps 2, 3 and 4 are chemical 

interactions. Steps (2) and (4) are generally more rapid than step (3)9  but 

there are cases in which one of them may be the slow stage. More often however, 

the reaction at the surface, step (3) is rate determining. Diffusion has a 

dependence and chemical reaction has an e1"  temperature dependence. There-

fore, if a catalytic reaction Is diffusion controlled, its rate of reaction is 

only very slightly deponcent on temperature, whereas chemical phenomena usually 

are very temperature depend ent • The methods for deciding which of the other 

steps is rate determining are usually based on other kinetic data. 

The exact mechanism of the surface reaction is very difficult to determine, 

since the nature, properties and concentration of the various chemical species 

cannot easily be derived from an examination of the kinetics of a catalytic 

reaction. 

1.4. Techniques in the study of Adsorption 

INFRARED SPECTROSCOPY. 

Infrared spectroscopy 	 has been recently applied 

to the investigation of the Intermediates in catalytic reactions. Eischens 

and perenin(4243) and co-workers were the pioneers of 	this technique in 

cata1ysisWhen following the adsorption of ethylene to a fresh nickel surface by 
1sPectroscnpy 	

,39 . infrared ':;ichens arid P1iskin 	found that the intensity of the C-H banclewas 

less than when the ethylene was admitted to a surface presorbed with hydrogen. 

When hydrogen was admitted to a nickel surface, at which ethylene had been pre-

sorbed, the intensity of the C-H band increased. The positions of the band in 

the spectra suggest that the adsorbed complex is mainly paraffinic in nature. 

Some success has been achieved with evaporated metal films 	but most of the 
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work to date has been carried out on supported metals. 

ULTRAVIOLET SPECTROSCOPY. 

The visible and ultraviolet spectra of adsorbed species can be used to 

study electronic transitions In adsorbed species. For instance, Leftin and 

Hall 	have studied the electronic spectra of 191 - diphenylethylene and of 

o( mothyletyrene adsorbed on silica-alumina catalyst. They demonstrated that 

carboniurn ions and some intermediates involving radical ions were formed. 

ELECTRON SPIN RESONANCE 

The production of free radicals on adsorption can be detected using electron 

spin resonance (e.s.r.). Thus, Rooney and Pink ' 6  have established using e.s.ro 

that formation of positive radical ions from polynuclear hydrocarbous occurs on 

the Lewis. acid, sites where there is a deficiency of electrons, at the surfaces 

of silica—alumina catalysts. 

MAGNETIC SUSCEPTIBILITY. 

Extensive studies of the electronic structure of solid catalyst have been 

made by stone. 

Changes In magnetic susceptibilities can be used to follow the changes In 

electronic structure of catalytic systems. The numerous experimental aspects 

of susceptibility measurements have been described by Selwood(48_5, 

Fenshaxn, Gray(52)  and stone. 
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WORE FUNCTION - DIPOLE MOMENT. 

When the adsorbate has some ionic character the value of the work function 

of the adsorbent surface will be modified on adsorption. Depending on the 

orientation of the adsorbate on the surface the work function after adsorption 

will be larger or smaller, Larger if the positive pole is closer to the surface 

and the negative pole in the adsorbed layer points away from the surface; and 

smaller if the adsorbate is adsorbed with the opposite orientation. The work 

function is directly related to the dipole moment. For instance Tompkins and 
( 

co—workers /- / found that the dipole no:cnt of the cheidsorhed bond of carbon 

monoxide on iron vas practically the same as thft of the corresponding bond 

between a carbonyl group and the iron atom in the free molecule of some iron 

carbonyls. It was therefore inferred that the surface link can best be 

represented bys 

0 
ii 

0 

II 
0 
ii 

ii 
Fe Fe Fe 

This technique has been extensively used in surface chemistry by Tompkins and 

his school and by 	 Other techniques which are closely related 

to the work function have led to photoelectric 	(5809) and the field 

emission microscope (F.E.M.). The latter was introduced by IfUller 6 , the 

work function of particular cystallographic planes can be obtained with this 

technique, as well as studies of surface migration and dcorption of various 

adsorbates on, or from those planes. 0omer 6  has use. bi technique exten—

sively to study work function changes and surface diffusion of adsorbed species. 

Field desorption on a technique related to F.E.M. has been developed very 

(62-63) 
recently by Gomer and Swanson 
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RA0ACTIV 10'0r. 

Thompson and his co-workers have made extensive studies of catilrt otson- 
'64-70) 	 (65 ing with this teohnius 	• Campbell nd Thomson 	u81n tritlated 

hydrogen and the mercury isotope 203 149  found that mercury could be adsorbed 

on the surface of the nickel catalyst and displace the prsviously adsorbed 

saciee. 

Affrosoasr4, Coraack and Phozsson 68  studied the adsorption and hydrogen-

ation of 14  C cro'tonlo and 14  C vinylcetia acid on thiophen-poisoned palladium. 

The extent of adsorption was not affected by the presence of tbiopha,n, but the 

rate of hydrogenation was markedly diminished • Amongthe results the authors 

concluded that the catalyst Surface rauct be heterogeneous. 

SDAiU 

oinskii(fl72) demonstrated the surface heterogeneity of niorel in the 

following way. Rydrcgen was adsorbed on the fresh nickel ostalyat first to 

cover a fraction of the surface only. Deuterium was then edsorbsd on the 

remaining, sites. 	)n desorption, it was noticed that deuterium come oft the 

surface first. The authors concluded that the surface was energetically br— 

geneouso 	xohange reactions, sri in ç..articulr thr.ie between hydrocarbora and 

deuterium, can provido valuable infortion aLout tha breaking,and MAICIN of 

bonds at the catalyst surface. The exchange reactions of hydrocarbons with 

deuterium can be classified in two main categories, depending on whether the 

adsorbate, in each visit to the surface, exchanges only one of the hydrogens for 

deeterium or whether adsorption leads to multiple exchange in each visit. 

studied the exchange reaction of methane with deuterium on 

different metals. 
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The initial distribution of products on nickel showed a high percen-

tage of perdeutoromethane CD4, but also the monodeuterocompound (CU?), wa 

present in significant amounts. Studios of the reaction as a ftgQ tion of 

temperature and with different gas compositions showed that two typos of 

reaction were taking place on both metals. 

The production of the monodeuterocompound is explained by  the dissocia-

tion of methane molecules which subsequently combine with deuterium atoms to 

give the product. The production of the perdeuteromethane is more complex. 

This reaction must involve the intermediate adsorbed metbylae radical, CX2, 

and probably the CX radical • he methylene radical must be more reactive than 

the methyl radical and undergoes reversible dissociation before it in desor-

bed as a product molecule. 

Reviews of progress on this field have been published (75-78)- 

Other adsorbed intermediates have been postulated to account for the 

exchange of bydrocnrbons. On rhodium 	the interconversion of hydrocarbons 

must occur via.(,( or .(( diarbed species. For example rhodium produces 

CD initially in the exchange of methane and C D in the exchange of ethane* 

Rhodium 	is also one of the most active metals for the hydrogenolysis of 

hydrocarbons. In Figure 1.1e Yemball(80)  postulated a series of interinedia-

tee which are required to bring about the rupture of earbon.-oarbon bonds. The 

formation on the surface of all these species which are strongly adsorbed, 

explained the self poisoning of the exchange reaction of hydrocarbons on rhodiume 

has published a review of the possibilities for the reactions 

of cyclic hydrocarbons. These were grouped as follows, (1) that there are 

obemisorbed intermediates which permit the molecules to turn over on the stir—

face, (2) that these are obernisorbed intermediates probably 7  -bonded to the 

surface, which allow the exchange of hydrogen atoms on both sides of the, ring 

or (3)  that physically adsorbed olefins act as intermediates and permit the 

molecules to change their orientation to the surface without desorption. An-

derson and Avery (82)have found convincing evidence that 19 3 oro( Yadeorbed 



interediatea are reiponeiblo for both the iaoeation and the hdrogeno-

lists of bttan.e, 

i•iDV 2,1* oib1c intc Mott it, to for the 

rupture of carboncrbon bond** 

TIERIMPTUM T771-011 MT ~ 

yri4nd Hortuti014) 'bi1et atudying the activation energies of 

adsorption on different e'steete concluded that the lattice apecizig plyed a dom-

inant i,ol, in determining the mWitu4s of the activation ener. The worl of 

Beeck, Zm.lth and beeiervitb et3,lena b irogsntion on nonu.orientatod aM 

orientated nickel films strengthened the view that lattice spacing was an import-

ant atop to the understanding of catalytic activity • It was found that films 

of nickel with preferentially expored (li) type planes were five tinee as acti-

ve for ethylene hydrogenation as nn-orionir ted films. 

Balandin' a ideas, in which the aiativJ17 of a catalyst depends to a large 

degree on the reaence in the ltttioe of correctly spaced rc ups of atoms to 

accommodate the various products, havo been applied in particular to the 
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catalytic activity of metals on the benzene = cyolohexane system. Lattice 

spacing and crystal symmetry properties were considered; for example: 

Pt, Pd, Ni should be good catalysts for this reaction, but Ca and Fe should not 

because these do not possess the right spacing to accommodate the adsorbed 

benzene skeleton. Emmett 'a work 	has 	shown (86) that powdered 

catalysts of metals such as iron, which crystallize with the body centred cubic 

structure, were inactive for benzene hydrogenation. 	More recent studies 

(87,88) 
showed that 	evaporated metal films of iron, iron can be a very active 

catalyst for this reaction. 

Low energy electron diffraction 	 and optical and electron micro- 

scopy are the two recent techniques that have given rise to doubts concerning 

the validity of the geometric factor. For example, when certain gases were 

adsorbed on Ii on the 110 planes a marked rearrangement of the atoms of nickel 

took place. 	C)pper underwent considerable rearrangement during the course 

of catalysis(89)  and 	metals like silver when heated at temperatures just 

below their melting point have been shown to develop crystal planes which were 

not present initially. °  

ELECTRONIC FACTOR. 

From early on, researchers in the field of heterogeneous catalysis have trio 

to seek a relationship between the catalytic activity and the electronic struotux 

of the bulk 	 Boudart(92) showed that the catalytic activity for the 

hydrogenation of ethylene could be represented in the form of plots of the per—

centage d— character against the logarithm of the re of the reaction. Beeck'1  

also observed such dependance. Other papers that support this view were those 

of Schwab, and Kemball. 
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One of the weak points of the concept of d —character is that it can not explain 

the difference in activity between different faces on one metal with a particular 

d —character and the fact that it can be much greater than the difference in 

activity between two metals with significantly different d  —character (96-97). 

It seems that more attention in the future has to be made to the properties of 

individual atoms or complexes of the surface. As early as 1910 Sabatier 8  

suggested that heterogeneous catalysis functioned through an intermediate 

compound. This idea was reinforced by the Dutch school (99h1). A basic ob-

servation of this school was the proof by infrared spectrosoopy of the formation 

of formate when for!io acid is adsorbed on a catalyst surface, and its decom—

position on all metals proceeds via the formats intermediate. However this 

idea has been criticized by Bond(102). 

1.6 Metal Films as Catalysts 

Metal catalysts have been used extensively in different forms, for example 

as, colloidal metals, metallic sponges, skeletal metais(103104), metal powders 

(105) 	Among the many processes that are used to obtain metal catalysts in the 

above mentioned forms, there always exists the possibility of obtaining a dirty 

catalyst by the retention of traces of the present compound or of any other 

compound used in its preparation, unless a prolonged thermal desorption is 

carried out in the last stage of treatment before its use as a catalyst. Then, 

an alternative method of preparing metals is the evaporated film technique. 

Such preparations have lower surface area but they are usually more pure. This 

technique was in use early in the 1930's but it was not until after Beeck's wor& 8  

that evaporated metal films started to be used more. The technique of evapor—

ated metal films is readily applicable to metals available in wire form and is 
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used exclusively for work in this thesis. Evaporated metal films are porous 

as seen from the fact that the surface area is proportional to the thickness 

of it. Electrical conductivity is a few times less than that for the bulk 

metal. Generally they are thermally unstable, they sinter to some degree 

when the temperature is raised above that at which they are deposited. 
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CHAPTER II 

APPARATUS AND BXPiRIMiNPAL TECHNIQUE 

2.1. Introduction 

The work in this thesis was carried out on two different no handling apparati. 

All the exchange reactions and almost all the reactions of hydrogonolyGifi on 

molybdenum were made on a gas line (hence forward referred to as gas line A) 

which was fully described by Jaggcrs in his thesis (dinburgh 1970). The 

rest of hydrogenolysia work was continued on a new gas line designed on some—

what similar lines (thii will he ref rr r to as 7n.9 line B) but with q few 

Hfi(tjon:. 
The composition of 

each oftv two 1as lines can be divided essentially into three main parts. 

a 	A high vacuum, gas handling system which enabled mixtures of pure 

gases and liquid vapours of definite composition and pressure to b, 

prepared. 

Two reaction vessels in gas line A with facilities to throw clean 
evaporated metal film catalysts. The same reaction vessels were 

also used to follow reactions on supported catalysts. 

In gas line B only one reaction vessel had the connector rods for 

throwing films, the other vessel was used for supported catalysts. 

The latter reaction vessel did not have the metal rods to connect 

the metal wire to obtain the metal film. This avoided any side 

reaction between the reactants and the metal surfacE of the contact rods. 

A mass spectrometer which was joined to each reactiEn vessel by a 

fine capillary leek thus providing a means of continuous analysis 

of the composition of the gas mixture in whichever reaction vessel 

was in use. 
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2.2. The Gas Handling System 

The design of the gas handling system of line B is shown diagramatically 

in Fig. 2.1., together with the evacuation set up. All the ground glass 

stopcocks and joints were lubricated with Apiezon L high vacuum grease. 

Evacuation by means of an Admiralty type diffusion pump and cold trap T2  

backed by a two stage 'Speedivac' rotary pump enabled a vacuum of 0.67m Nm 2  

to be obtained. The vacuum was tested using a McCleod Gauge N, volume 0.2850 x 

—63 10 m 

The apparatus provided facilities for purification of and storage of 

hydrogen, deuterium and hydrocarbons either in gas bulbs 'G' or in sample tubes 

attached to the gas line at '5' and immersed in liquid nitrogen, (since prolonged 

exposure of taps to these vapours would dissolve the grease and make the taps 

'stick'). 

Two diaphragm vacuum gauges were used for measuring pressure in the coarse 

vacuum range with the scale calibrated in Torr (- 133 Nin 2). One of them was 

connected between taps 6 and 10 and the second gauge was connected to the 

mixing volume W. 

Two palladium thimbles at P1  and P2  enabled the purification of hydrogen 

and deuterium. 

2.3. The Reaction vessel and Capillary Leak 

The reaction vessel was constructed from Pyrex t glass. The lower part 

would be removed and consisted of a cylindrical vessel 35 mm. in diameter and 

130 mm. in length. This vessel was joined to the apparatus by means of a B24 

ground glass joint which was surrounded by a cooling coil made of copper tube 

and permitted easy removal between experiments. Two 2 mm. diameter tungsten 

rods encased in glass, were sealed through the top of the joint and carried 

internal mild steel connectors, to which the 'wires used in the evaporation of 

the metal films were attached. 
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The reaction vessel could be evacuated to a pressure of 0.133m Nzn 2  by 

use of a vacuum system similar to that described before for the gas handling 

system. 

The reaction vessel of gas line A was heated by a close fitting furnace, 

the temperature of which was kept at a constant value using a Tielden Electronics 

Ltd. Bikini Temperature Controller (Type To B?) which was accurate to 0.5 K. 

The actual temperature of the reaction vessel was measured by a chromel alumel 

(T1  - T 2  ) thermocouple which was calibrated against a platinum resistance 

thermometer (rpe]1433 No. CT 729577) using a Smith Differential Bridge; the 

potential produced by the thermocouple being measured on a Sangano Weston 

millivolt meter (model 582 No. BB 17247). All the temperatures were measured 

with the thermocouple cold junction at 273 K. 

In table 2.1* the thermocouple calibration is shown. 

TABLE 2.1. 

Thermocouple Calibration 

T/C Millivolts 

327.94 2.20 
372.37 3.89 
398.34 4.92 

434.16 6.22 
488.89 8.22 

549.13 10.51 
577.38 11.64 

617.64 13.15 
672.39 15.28 

794.75 20.18 

For gas line B, the reaction vessel was heated with the same furnace as 

before, but the temperature was kept at a constant value using a Eurotherm 

temperature controller which was accurate to t  0.5 K. 
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Temperatures below 273 K were obtained using slurries of low melting 

organic compounds. These were prepared by the addition of liquid nitrogen to 

a suitable organic solvent contained in a dewar flask. The solvents used and 

their melting points are given in table 2.2. The temperatures of the low 

temperature slurries were measured using the negative portion of the thermo—

couple calibration graph. 

Table 2.2. 

Constant Temperature Baths 

Solvent 	 Slurry tempo(PA) 

Ethyl Acetate 	 193 

Chloroform 	 209 

Chlorobenzeno 	 228 

Carbon Tetrachloride • 	 250 

CAPILLARY LEAK AND CHEMICAL ANALYSIS. 

During reaction there was a continuous leakage of gas mixture from the 

reaction vessel into the mass spectrometer and it was controlled by a fine 

capillary. 

The rate of flow through a tiny orifice of any component in a gas mixture 

is inversely proportional to the square root of its molecular weight, this 

fractionation always occurs during the effusion. 

When the mean free path is much smaller than the dimensions of any constrict—

ion to gas flow, the rate of flow is limited by the frequency of collisions between 

the other molecules, in this state a viscous flow is reached and it is accurately 

described by Poiaeuille's law. The quantity of gas, Q , flowing through a 
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constriction 14 jiven by 

v 	deterninet 	I 	1rr of tne cons trtcion ni the rtir; 

vacsity coefficient of the gas mixture; dIo the small pressure 

rtriction and ?C the iversge pressure in the constriction. 

The pressure in the capillary at the aide of the reaction vessel was high, 

thus the flow tended to be viscous but at the other end as the pressure was 

lower the flow tended to be molecular. As the pressure drops the flow will 

gradually change from viscous to molecular resulting in an aaouw*alat ion at 

heavier molecules concentrated immediately upatrean which will back diffuse 

into the reaction vessel. However the capillary tubs prevents th, back difftas-

ion. This Idea was strongly supported by ier(10 who wo*ing with the ease 

kind of problem demonstrated that with a mixture of uranium haxafluoride and 

nitrogen no fractionation could be detected until the Pressure,  on the high 

pressure side of the leak fell below 66.6 k Nm, 

In comparison with this azeapis the light and heavy compounds in an 

isotopically exchanged bj'drocarbon have masses that ar, quite aimilsi', thus the 

gas entering the some spectrometer will be representative of that in the reaction 

mixture. 

As is shown in Ylg%are '.2.the capillary leak is attached to the top of the 

reaction vessel. Th capillary was about (.15e  in length and it gave a leak 

rate of about 2.67k NM of air into a volume at 20 ala in 20 mine with * 

pressure difference of 101.3 k Na72  across the capillary. The properties of 

capillary leaks end the importance of leak design have been discussed by 

various authors. 
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2.4. The Mass Spectrometer 

In Figure 2.3 is shown the arrangement of the Associated Electrical 

Industries Ltd. 1010 Mass Spectrometer used in this study, it was a general 

purpose 1800  sector instrument. 

The sample to be analysed leaked into the ion source, where It was ionized 

by electrons produced by the electrically heated rhenium filament 'F'. The 

positive Ions were then accelerated through the slit '5', into the variable 

magnetic field by a constant accelarating potential. The trajectory of the 

ion was governed by the equation 2.2. which shows that with the accelerating 

voltage and magnetic field constant 

rn/a - 	R  ii2 / 2V 	 2.2. 

the ions follow semicircular paths radii of which vary with the ratio rn/s of 

the ion. Keeping the accelerating voltage constant and also the ion path, a 

spectrum of the rn/a relation was obtained by scanning the magnetic field against 

time. The scan rate of the magnetic field has to be In such a way that the 

response time of amplifier and recording system must accurately follow the signal 

produced in the detector, and overdamping of either of the two systems must be 

avoided. Furthermore when the scan time is increased two main problems arise, 

first, the instrument loses resolution and second, a decrease in sensitivity 

occurs. The loss of resolution mainly affects the region of higher masses, but 

a compromise must be reached between the sensitivity and the scanning time. 

The ion current was preamplified using ap electrometer head type ME 1403 with an 

input resistance of 1011  ohms and a time constant of 1 s. The signal was then 

further amplified by a "plug in unit" and the different amplified signals corres—

ponding to m/e ratios in an increasing order of magnitude were plotted against 

time on a "Sun Vic" penrecorder. An 	range changing device enabled 

each peak to be drawn on the largest possible scale, thus ensuring maximum 
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accuracy. The signals could be altered 	by factors 10.540:2511001250 and 

1000. 

The variable field of the electromagnet was 0 to 9 k 0. Pour fixed 

accelerating volts of 2 kV, 1 kV, 500 V and 250 V allowed four mass ranges 

to be scanned. 

With the appropriate set of slits 'Sj# • 	and "S 
3" the resolution of 

the instTwr-ot was 300. 

Tha pumping apecd of the snalysine, tube was reduced to 100'
3

10
3  a -1  by an 

orifice plate at 'SO". 

The vacuum was achieved by a Vstrovaa 033 water cooled diffusion rump backed 

by a M•trovac 'DRi rotary pump end E1otected by a phosphorous pentoxirte trap. 

Oil from the diffusion pump was prevented from rewhing, the analysing tube by a 

liquid nitrogen trap which required replenishing every twelve hours. The 

pressure inside the tonisation chamber was measured by a Metrovac VC-3A Ioniz-

ation gauge using a gauge head 'A' style )I0.298092. The pressure on evacuation 

at this chamber could be 	 If the in.tuant was to be left unattended 

for longer than twelve hours the ton gauge was turned of f, the electrometer head 

and the voltage supplies to the source were disconnected and the tube heated by 

the band heaters provided, to present the contamination of the source by 

diffusion puny,  oil. 

2 • 5. Cbr ate raDhiqArxalyk 
gas liquid chromatograph 

A Pe*tn Pleer Fli w 	 tus analytical tool in the •x.riments performed 

using Mo chromatography. The eondittone for the analysis were U follows 

Carrier gaas Kitrogsn, at a pressure of 345 kla 2. 

Detectors Fleee ionization detector. 

Colums 8 meters of )is-2--M.thozy.thyl *dipate (133)  plus D i-2-thyl Hexyl 

Sebsoate (6) supported in cbroeosorb P (60-80 mesh). 
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The gas line was similar to gas line B and the samJinj' was carried out by 

means of a gas sampling valve attacheri to a stainless steel loop which remove 

approximately 2.5: of the reaction vessel contents at each sampling. 

2.6. Volume Calibrations 

The calibration of the different reactions of the gas line A were determined 

by successive expansions using hydrogen from the calibrated bulb into them. 

The volume of the standard bulb was 527.1 ml determined by calibration with 

water at 293 Y, corrections for change in level of the manometer being applied. 

The following values were found at 293 K 

Ice trap 	 89x10 —6 in  3  

Mixing volume 	538 xlO 
m  

Dose volume 	53x10-6  in 3 

Reaction vessel (average of 3 reaction vessels) (175 0.7)x 10_6 in3. Due 

to accident on the gas line A later on the work a recalibration of the dose 

volume was made, giving the value of 73 x  10_6  in3. 	Also due to changes in the 

head of the reaction vessel, a recalibration gave the value of (191 - 0.5)xlO in 

(average value of two reaction vessels). 

For the line B gas handling system the method of volume calibration described 

before was used. 

On line B the pressure was read by a diaphragm vacuum gauge. 

Two standard bulbs of volumes 174.4x106 
m  and 527.0x106 m  were used 

to calibrate the volumes of the different sections of the apparatus. The small 

bulb was used to determine the volume of the dosing volume and the big bulb to 

determine the other sections. 
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The following values were found at room temperature 

Doming volume 	 121.0 x 10 a3  

jj1g volume 	627.1 x 106 m3 

Ice trap 	 83,0 r 10 ci 

eaction vessel 1 	180.9 x 10 a3  

Reaction vessel 2 	180.1 x 10 a 

From these values an .xçanaion factor between the airing volume or dose volume 

and the reaction v.s*.1 could be calculated. This factor was used to determine 

the partial pressure of gases in the reaction vesselsaml hence the number of 

molecules in the reaction vessel could be calculated. 

2.7. 	'reparation and uriftcition of Materials. 

Before attempting to purify any of the gases used in this wo*, the appar-

atus and the 2 x lO I? storage bulb were evacuated and the latter flamed ,*teat-

.dly while under evacuation. The desorption of impurity from the glass walls 

was continued until the pressure was in the range of 100,i 

Both hydrogen and deuterium were purified through electrically heated 

palladium thimbles (one for each gas). 

The hydrogen and deuterium were obtained in lectur* bottles from the 

Matheson Co. and were admitted to the storage bulb Z by means of the mercury 

bubbler H (Figure 2.1). 

Before collection was commenced the h11 was flushed with the relevant gas 

and re-evacuated, the process was sepsated three times. After that treatment 

the gas line was isolated from the pumps, and the traps T3  and T4  were immersed 

in liquid nitrogen. l'he object of the traps was to condense out any remaining 

impurity in the hydrogen or deuterium. The  palladium thimble was then heated 

and the pure gas collected in a bulb attached to the gem line. The purification 
-2 -2-1 

was generally carried out overnight at a rate of approximately 6.67 x 10 kNa 



After a suitable quantity had been collected, the heater to the thimble was 

switched off and the bulb isolated from the rest of the apparatus, a new supply 

was collected at least once a fortnight. From time to time the thimble was 

checked for leakage by ensuring that it would not allow any hydrogen  or 

deuterium to pass at room temperature. 

LIQUIDS. 

The only liquid hydrocarbon used in this work was the cyclopentane and it 

was kept in a cold finger attached to the main line by one of the ground glass 

joints S (Fig. 2.1.). Before introducing the compound inside the dry cold 

finger some anhydrous sodium sulphate was placed inside. After attachment to 

the gas line the liquid was frozen in liquid nitrogen, pumped and thawed. This 

cycle was repeated several times. The liquid was stored at liquid nitrogen 

temperature to prevent the liquid vapour dissolving in, and washing away the 

stopcock grease making the tap streak and also contaminating the liquid with 

grease. Even with this care the sample of cyc].opentane had to be replaced at 

least once a fortnight. 

GASES. 

The gases were kept in bulbs attached to the gas line. Before the gases 

were admitted to the system via cone and socket joints the bulb was evacuated 

and flamed until the pressure was in the range of 
133p 

Nm 2. After that, the 

bulb was isolated from the rest of the line and the pressure tubing connecting 

the gas bottle and the line evacuated and checked for any leak. Before 

admitting the gas inside the bulb the pressure tube and the gas line was flushed 

with the gas and evacuated, this was repeated three times, after which the gas 

was permitted to expand into the bulb. It was then purified and outgasaed as 

has been described for liquids, using the storage bulb as expansion bulb. 
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2.8. The irepaUon of vaorted etl 

The technique of using evaporated metal films in the study of catslytio 

reactions is well known(109)  and provided that adequate precautions have been 

taken, they provide a reproducible metal surface. Piall detsila for the 

preparation of evaporated fi].ea in the present work are given in Table 2.3. 

iolybd.raaa and cobalt tiles were prepared by direct evaporation from 

filaments or the respective metals. 

4tb cobalt a light preliminary file was thrown and discarded because 

otherwise the first film obtained with the wire was not as active as the 

subsequent one. 

ith both metals only one useful film could be thrown from each wire 

because the sires were evaporated until they burnt out. 

2.9 	zpsriasntal rr0001dii4y, 

The gas line was pmpod and the reaction *...l baked at 723 K for at 

least five hours, but usually overnight, at the end of which time the pressure 

was measured on the MoLood gauge. Unless a pressure in the range of 

100 x 10-3  m?m7
2

was reed on the gauge the ezerim.nt was not carried out. 

The trap 115 was surrounded by an ice bath, whilmt the filament was being 

outgss.ed with the reaction vessel at 723 R. In gas handling system A the 

reaction mixture was made up in the bulb V by admitting the hydrocarbon first 

and pumping any excess away.  The hydrogen or deuterium was admitted by 

slowly opening the tap to the mixing bulb until the desired pressure was 

attained, a1was keeping * pressure bead across the tap to prevent any back 

diffusion of the bydrocarbeao fr.amars measurements were made accurate to 

15Mal with the aid of a burette reader. 
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In gas line B the hydrocarbon was admitted first, any excess was pumped 

away and then it was frozen in the cold finger of the mixing volume. The 

hydrogen was admitted to the mixing volume until the right pressure was obtained 

and after isolating tbe mixing volume the hydrocarbon was evaporated in the 

mixing volume. Mixturs were made up to the nearest 15 lgu79  with the aid of 

a diaphragm vacuum pau'e. 

After outgassing the wire the furnace was removed and the reaction vessel 

closed off from the pumps. While the reaction vessel was coolirz down, the 

mass spectrometer filament was turned on and allowed to stabilize. 	fter 

checking to see that the mass spectrornetar was operating satisfactorily the 

reaction vessel was immersed in an ice bath and the film prepared. 

To be sure that the temperature of the filament and metal connectors came 

down four minutes were allowed before the reaction mixture was admitted to the 

reaction veseel • 'Yben the desired experiment temperature was 273 K or below, 

the reaction mixture was admitted at that temperature, otherwise the reaction 

mixture was admitted at 273 . ""'hen the temperature of reaction was different 

from the temperature at which the reaction mixture was admitted it was brought 

rapidly to the desired constant temperature by means of the close fitting elec-

tric furnace. 
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TI)C 1INS1.71 	t 

1.1. Introduction 

The term catalytic hydxogenolysis deals with it class of catalytic reactions 

Involving the rutu* of chacical bonds in the presence of excess bydrogon. 

The bond could be a carbon-carbon bond, a carbon-nitrogen bond or a carbon-

halogen bcr4, to mention a few fossibIlities. 

%ARLYBCS. 

Ristorioally, the chapter on catalytic bydrogersolysia was opened by the 

early work of Uorftava, Benedict and pmyior(12).  In their work the reactions 

of methane and etbane with deuterium were studied on a commercial nickel catalyst. 

The .rinoipsl conclusion, which can be drawn from this work are summarised as 

follow.; a) the ehealeorplion at the hydrocarbon is essentially dissociative 

adsorption, b) for the bydrogenolysis of ethane, kinetic studies show the rate to 

be inve*s.Ay proportional to the hydrogen pressure, a) carbon is roiuced in the 

bydrogenclysis of ethane at low hydrogen pressures, 4) the exchange reaction 

occurs at a lower temersture than hrog.nolysis. 
(3) 

As an extension to the previous investigations &orikaws, Trenner and Taylor 

studied the decomposition and exchange reaction of propane in the presence of 

deuteriun, using a similar catalyst to that used previously. The results of 

' this work cent irsed end extended the previous results''2  '. Propane bydrogeno- 

lywis occurred more readily, there was a etarked inverse dsp.nd.nae of the 	ot ion 

rate on hydrogen pressure and as with ethane the exchange reaction ocourr in 



a lower temperature range than the hydrogenolysis. 

Taylor andTaylor(4)  following the recent works of Morikawa et al, decided 

to study the hydrogenolysis of ethane on a supported cobalt and copper catalyst 

to see how the factors affecting such reactions would vary from catalyst to 

catalyst. Cobalt was found to be less active than nickel but more active than 

copper. Like nickel the reaction was inhibited by hydrogen, but to a lesser 

extent. Carbon was reported to be produced during the reaction but it did not 

affect the activity to such a large extent as it did with nickel. 

Kernball andTaylor(5)  carried out a further study of ethane hydrogenolysis 
(2) 

on a supported nickel catalyst. The earlier results on nickel were confirmed 

However the decomposition of ethane in the absence of hydrogen proceeded quanti-

tatively to the production of methane and carbon, and the latter was found to 

be reversibly deposited and was converted to methane with hydrogen treatment. 

It was also shown that the initial rate of production of methane was greater 

from ethylene than from ethane. The authors suggested that both the ethane-

hydrogen exchange and the ethane decomposition could be interpreted by a 

mechanism involving the presence on the surface of adsorbed ethylene in equilib-

rium with adsorbed ethyl radicals and hydrogen. 
(6) 

Anderson and Keznball studied the exchange reaction of ethane and deuterium 

as a series of metal film catalysts; and hydrogenolysis was observed on several 

metals. On nickel the exchange reaction was accompanied by hydrogenolysis and 

it was noticed that the activation energy decreased when the temperature was 

raised. This was attributed to the poisoning of the film by strongly adsorbed 

species. On iron, even though the exchange did not take place until 640K, 

hydrogenolysis occurred giving CD  as the main product. On cobalt, exchange 

was observed at 570K9  but a further increase in temperature led to fast hydro-

genolysis. On chromium some hydrogenolysis was also found. On tungsten 



hydrogenolysis was found to start at about 410K. Manganese and silver were 

inactive up to about 670K. 

The latest work of Taylor and his collaborators' dealt with the study 

of ethane hydrogenalysis on various iron catalysts With, and without, alkali. 

The order of reaction with respect to hydrogen was found to be a function of 

the amount of alkali added to the catalyst. 	is a result of this accumulated 

evidence, Cimino, oudart and Taylor suggested that, in the hydrogenolysis of 

saturated hydrocarbons, the hydrocarbon is in equilibrium with an adsorbed 

dehydrogenated radical; and the extent of dehydrogenation of the radical depends 

on the catalyst itself. The slow step consists of breaking this radical into 

fragments and it was suggested that a molecule of hydrogen is involved in the 

process. It is assumed that the resulting fragments are rapidly removed from 

the surface. 

On evaporated, orientated and non—orientated, metal films of nickel and 

8) rhodium, Beeck 	studied the cracking and hydrogenolysis of ethane. The rate 

of cracking on nickel was observed to decrease to zero within a short time and 

with only very small amounts of ethane having reacted. The rate of hydrogeno—

lysis was six times faster on an orientated nickel film (110 plane) than on a 

non—orientated film. The rate on rhodium was much faster than on nickel. The 

residues formed on both metals could be removed by hydrogen, with methane as the 

only product. On the same catalysts Beed8) studied the hydrogenolysis of 

cyclohexane. The reactions were found to be increasingly poisoned. 

Thompson, Thxicevich and Irea 	studied the reactions of methane, ethane, 

n—propane and n—butane in the presence of deuterium on a cobalt—thoria, Fischer—

Tropech catalyst. One of the results of this work was that the hydrogenolysis 

of both n—propane and n—butane led to the production of methane. 
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ADSORPTION AND D1;SORPTION RACTI0N. 

Duo to the lack of knowledge of paraffin chemisorption on clean metals, 

Trapnell (10) studied the adsorption of methane and ethane on vacuum evaporated 

metal films of tungsten, molybdenum, thallium, chromium, rhodium, palladium, 

titanium, iron, cobalt and nickel. 	Among other results it was found that 

methane and ethane were chemisorbed at 200K and above by tungsten, molybdenum, 

thallium, chromium, rhodium, palladium and titanium. No appreciable chemi—

sorption was detected for iron, cobalt and nickel below 340K. However, at 

273K on tungsten, molybdenum and rhodium hydrogen was liberated and on rhodium 

at 340K further breakdown of the hydrocarbon took place leading, within the 

monolayer at least, to C2  H4  radicals. 

No similar activity was detected with the remaining metals, thallium, 

chromium, iron, cobalt, nickel, palladium and titanium. 

In a desire to obtain more detailed information on the chemisorption of 

small, hydrocarbon molecules, particularly on the kinetics of the process involved 

Wright, Ashmore and Kemball 	studied the dissociative adsorption of methane 

and ethane on vacuum evaporated metal films of, tungsten, nickel and iron. On 

tungsten methane was adsorbed without decomposition at 273K but adsorption did 

not occur on nickel or iron until higher temperatures, 440K and 410K respectively. 

On all three metals the adsorption of ethane occurred much more readily than that 

of methane. On tungsten ethane adsorption was observed at 273K accompanied by a 

slow liberation of hydrogen. On nickel, ethane was adsorbed without decompos—

ition at 273K 9  and liberation of hydrogen occurred between 330K - 370K. 

As a result of the previous investigatior?' 	/ Gaiwey and Kemball' 
12 / 

decided to investigate the interaction of various hydrocarbons with a nickel 

catalyst using the technique of measuring the fraction of the hydrogen in the 
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k1aorbed hydrocarbons wKioh was readily oxchrin,,sed wilh :1*ateriva. The maximum 

values of the number of hydrogen stoms'molecule exchanged for n-butane, isop.n-

tan., oyclob.xane and 20 dimethylbuisne is 59594 and 4 resactive1y. Cyolo-

pentane showed the dissociation of the hydrocarbons studied, and its number of 

exchangeable hydrogen atone at 273k was 7. Propane and ethane had very poor 

adsorption at 273T. 	or ethane the catalyst showed a decrease in activity when 

the temperature was raised from 273K to 35AW and was almost inactive between 

30 	420X, becoming active again in the range 430t 470C.  !Cembsll et A. 
suggested that the catalyst had been poisoned by the build up of * strongly and 

multiple bonded apaci 	t'' ,w!rocsrbon, 	z.n the temperature was raised to 

37019 and above, the dorption 	f tat species permitted the exchange reaction 

to continue. 

Rob.rta(13116) employed ultrshib vacuum t.chrdijes to investigate the 

adsorption and decomposition of ethane, n-propan* and n-butane on itodium film.. 

In all, the oases decomposition took place at 30(W to yield lower hydrocarbons and 

an adsorbed hydrocarbon residue. At 370P with n-propane and n-butan, the main 

product was methane. 

Using the some technique as before,Roberts(17)  studied the adsor1 tion ani. 

decomposition of methane, etbane and ethylene or iridium films* uethanis did not 

decompose below 37CX. The interaction of ethane on iridium was similar to its 

inter tLr with rhodium. 	thyleve apparently underwent self-hydrogenation to 

ethane at 300C and 370r in addition to nathan. formation. 

S 	IZATICI* 

o study the hydrogenolyais in a cystsm free from high surface supporting 
as 	 (18) 

material and from alternative reactions such/dehydrogenation, .adarson and Baker 

studied the hydrogenolysis of the lower aliphatic hydrocarbons over nickel, tungsten, 

rhodium and platinum evaporated metal film catalysts. It was found for paraffin. 
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that there was 'a general tendency for reactivity to fall with decreasing 

carbon number. Reactions over nickel resulted in extensive production of 

methane with the formation of only relatively small amounts of products of 

higher carbon number. Over tungsten and rhodium fragmentation of the skeletal 

structure was also extensive but the production of methane was less dominant 

than with nickel. With mothyloyclopentane on tungsten the catalyst was pois- 

oned rapidly 	and it was suggested that the almost flat molecule of cyclopentane 

has all its carbon atoms accessible to the surface simultaneously and after being 

dissociated covers the surface to a great extent. However, isomerization was 

the main reaction on platinum and it was also observed on tungsten and rhodium. 

On platinum recombination on the surface was also observed. 

Anderson and Baker 	ohce to study the hydrogenolysia reaction of 

neohexane and noopentane on the e al films of nickel, tungsten, rhodium and 

platinum because some results of the bydrogenolysis of higher hydrocarbons could 

not be explained by 1-2 diadsorbed intermediates. The order of catalyst reac-

tivity for breaking the carbon-carbon bond of the quaternary carbon atom was 

rhodium > tungsten > nickel ) platinum, the same order as for propane. On 

platinum a rather large amount of n-butane was found in the products indicating 

that isomerization was taking place as well as hydrogenolysis. In the reactions 

of neohexane cracking at the quaternary carbon atom to give isobutane and ethane 

as primary products followed the order platinum > tungsten ) ) nickel ) rhodium. 

Isomerization reactions were studied by .iIls, Heinemann, .;illiken and 

Oblad 
(20), 

 Ciappetta and Hunter (21),  and Weisz and Swegler(22) on dual function 

catalyst. They all suggested a mechanism involving olefin intermediates. In 

this mechanism the dehydrogenation component of the catalyst generates the inter-

mediate olefin which migrates to acidic sites to isomerize presumably via a 

carboniuin ion mechanism. Later Sinfelt, Hurwitz and Rohrer (23)  studied the 

kinetic of n-pentane isomerization over a platinum A1203  catalysts. The rate 
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of reaction was found to be proportional to the n-pentane partial pressure but, 

inversely proportional to the hydrogen partial pressure. More evidence was 
(24) 

found which supported the proposed mechanism. Barron, Cornet, Maire and Gault 

studied the isomerization of hexanea on a platinum catalyst supported on alumina. 

The main feature of this work was the conclusion that isomerization of hexanes 

did not follow the mechanism postulated in the earlier publications of Mills 

at al.(20)  . However they suggested the same sites on the platinum-alumina 

catalyst could also promote iaomation in addition to dehydrooyelization and 

hydrogenolysis, and that a comm(-,-.. fl -bonded intermediate was involved. 

To try and gain more evido cc z out the f1 -bonded. intermediate suggested 

6) (3 by Kemball et al. (25)  and Gault et al,, (24)  Anderson and Aver;j - studied the 

isomerization of isobutane and neopentane over evaporated films of platinum and 

palladium. On both metals the isomerization and hydrogenolysis occurred at the 

same time, also both processes were characterized by the same activation energy. 

A decrease in the partial pressure of hydrogen brought a decrease in the amount 

of isomerization relative to hydrogenolysis. On palladium there was very much 

less isomerization than on platinum. It was concluded that IT -bonded inter-

mediates were not necessarY for isomerization. Also the positive dependence of 

the rate of isomerization with respect to the partial pressure of hydrogen weak-

ened the argument suggested by Anderson and Baker 
(18) 

 for a surface recombin-

ation mechanism to explain the isomerization. 

To obtain more evidence about the mechanism operating in the isomerization 

Anderson and Avery (27)  carried out a further study of isomerization of aliphatic 

hydrocarbons on evaporated films of platinum and palladium. Part of the study 

was made on orientated metal films. Hydrogenolysis and isomerization occurred 

on platinum, as reported on other occasions, in the presence of ecess hydrogen. 

However on palladium most of the reaction was hydrogenolysis with a maximum 
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isomerization of only Y. The activation energy was much higher for ethane 

than the other hydrocarbons. In the isomerization of n—butane—i—C13  the iso— 

butane resulting from the reaction was only labelled at the 2—position suggesting 
(28) 

that no surface recombination of the C occurred. Finally Anderson and Avery 

proposed a model for the surface isomerization reaction of alphatio hydrocarbons 

on platinum, providing a more detailed interpretation of the results obtained in 

the previous papers. They suggeSted that in order for any aliphatic hydrocarbon 

to undergo isomerization on platinum catalyst, the hydrocarbon must be 10 diad—

sorbed with one sp2  carbon forming a double bond with a surface atom, furthermore 

from Huckel. M.O. calculations it was shown that the isomerization becomes more 

energetically favourable the greater the extent of electron transfer from the sp2  

carbon to the metal, because the adsorbed hydrocarbon has more character of a 

carbonium ion. 

Boudart and 	following the investigation carried out by Anderson 

and Avery on the isomerization of neopentane to iaopentane, decided to study the 

reactions of neopentane on supported metal catalysts of ruthenium, rhodium and 

palladium and observed if other metals besides platinum were capable of isomer—

izing neopentane. The only catalysts capable of isomerizing neopentane were, in 

a decreasing order of activity, Ir, Pt,. and Au. Iron, cobalt, nickel and copper 

were inactive toward isomerization. However all of them gave hydrogenolysis. 

The reason given by the authors why Pt, Ir and Au were the only metals capable of 

isomerizing neopentane was that those metals were the only ones in the series 

investigated that showed a variable surface valency as it was found by Pluimner 

(30) and Rhodin 	and Palmberg and Rhodin. 
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CRYSTALLITE SIZE MW CATALYST SUPPORTS. 

Another point of interest studied by Sinfelt, at al. was concerned with the 

degree of dispersion or crystallite size, the role of the catalyst support itself 

and their relation to the specific catalytic activity(32) The author working 

on two different supported platinum catalysts, one employing silica as a support 

and the other alumina, found a marked difference in the apparent activation 

energy for the two platinum catalyst. This difference could not be explained in 

terms of differences in platinum surface areas alone. It was suggested that some 

interaction between platinum and support was involved. On nickel Taylor, Yates 

and 	 studied the influence of the different supports on catalytic 

activity for ethane hydrogenolyeis. While the apparent activation energies 

showed small differences between the different supports, the specific catalytic 

activities were quite different. This was explained by the authors in terms of 

interaction between the support and the catalyst. 

To obtain a further knowledge about the influence of the crystal size on the 

catalytic activity, Carter, Cusumano and Sinfelt 	studied the ethane hydrogeno— 

lyses on a nickel supported silica—alumina catalyst. The results showed that 

the effect of nickel crystallite size on the rate of ethane hydrogenolyses over 

supported catalyst was not only a matter of nickel surface area. To explain 

these results the authors suggested that if the catalytic activity of a metal was 

related to its electronic properties (and this property of the very small crystall—

ites should be different from those of large crystallites) it is reasonable to 

expect the activity to vary with crystallite size. Also, it is suggested that 

the sintering may eliminate defects in the metal crystallites which are responsible 

for catalytic activity. As a result of the hydrogenation studies on platinum 
(3\ 	 (36) 

supported catalysts carried out by Dorlin and Lioss' ' and Boudart and co—workers 

in which the specific activity of the catalyst was independent when the crystallite 



(37' size was varied, Yates and Sinfelt 	' decided to study the catalytic activity- 

of rhodium in terms of its dispersion using the ethane hydrogenolysis as a test 

reaction to determine how general the statements are. One of the main features 

of their inestigation was that the properties of the rhodium in an extremely 

high state of dispersion were different from those of rhodium in larger aggre-

gates and the high catalytic activity appears to be associated with an intermed-

iate state of dispersion of the metal. 

CYCL0PR0?AIS 

Bond and associates(38) have studied the interaction of cyclopropane and 

hydrogen. Results showed that on metals of Group VIII the reaction product was 

propane. However on nickel films Knor, Ponec, Herman, Dolejsek and Cerny 

and on platinum black MCC3 
(40) found that the cyclopropane underwent hydro-

genation and hydrogenolysis at the same time. 

Sinfelt, Yats and Taylor(41)  carried out further studies of cyclopropane 

with hydrogen on silica supported cobalt, copper, platinum and nickel catalysts 

to observe the effect of varing the metal on the distribution of reaction product. 

The products on nickel and cobalt included methane, ethane in addition to propane. 

However the only product on platinum and copper was propane. The authors 

suggested that the hydrogenation reaction might proceed through a iT -bonded inter-

mediate (36)  while the hydrogenolysis could involve a dissociative adsorption step 

before the breaking of the carbon-carbon bond. To obtain more information about 

the mechanism of cyclopropane and hydrogen reaction as well as the distribution of 

products as a function of different metals, free from secondary effects owing to 

the support, Anderson and Avery (42)  studied the reactions of cyclopropane and 

niethylcyclopropane with deuterium on evaporated films of platinum, palladium, 

nickel, rhodium, tungsten and iron. On tungsten only deuterocyolopropanes were 
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detected and the mechanism of the exchange reaction was mainly stepwise. Hydro-

genolysis also took place leading to the production of propane, ethane and 

methane but this time the products showed extensive multiple exchange including 

the methyl group which were inert in the production of the deuterocyclopropanes. 

In order to explain the results and to extend them to tungsten the authors 

adapted the theory of Addy and 	that the cyclopropane is first adsorbed 

as a iT bonded species to the surface followed by the loss of a hydrogen to 

produce a mono G -bonded cyolopropyl residue which was responsible for the 

exchange reaction on tungsten. To explain the hydrogenolysis, it was suggested 

that the opening of the 	-bonded cyclopropane gave a 	-bonded 193 diadsorbed 

species and this led to the different deuteroalkane. 

Extensive studies on alkylcyclopropanes over metal catalyst have been made 

by J. Newham 	the main features of the reaction was that the ring was cleaved 

mainly at a bond different to the (1-2) ring bond and that the alkylcyclopropanes 

reacted at a higher rate than cyclopropane. 

FURTHER HYDROGENOLYSIS STUDIES. 

Sinfelt and colaborators have been working extensively on the hydrogenolysis 

of ethane on supported metals. They found that the kinetic formulation of 

Cimino, Boudart and Taylor accounted satisfactorily for the results of ethane 

hydrogenolysis. The inverse dependance of the rate on hydrogen  pressure was 

found to be typical for a number of metals Including all the noble metals of 

Group VIII of the periodic table, however on iron and rhenium the rate of reaction 

had a positive dependance on hydrogen pressure. 

Sinfelt and yates 	studied the effect of carbiding on the hydrogenolysis 

activity of molybdenum. It was observed that the hydrogenolysis proceeded 
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readily only at high temperatures when the molybdenum was being carbided and it 

was shown that am long as the surface was oarbid.d the r.aotion praasded fast. 

We to the lack of information concerning the kinetic of hydrogenolysie of 

larger hydrocarbon. Yempling and Ander.on' studied the hyitrogenolysia of n-

butan, on a supported ruthenium catalyst • Tho products were propane, *than* 

and methane and from the distribution of products it was supposed that each 

carbon-carbon bond had about the eame probability of being cracked. rropsne and 

ethane were produced in the main reaction about 3 and 100 times slower than n-

butan. The reaction kinetics were suite similar to those reported for *than. 

(43' (47) bydrogenolysin over supported ruthenium by Sinfelt '. Shepherd 	studied 

the hydrogenolyeis of propane on a series of nickel-alumina catalyst.. The main 

features of the work was that on a highly einteredcatalyst the apparent activation 

energy for the process was uniob lower than on a normal catalys. 

/ 1'i 
iebch,nko and Agroncmov studied the hydrogenolysis of benzenehexene 

and 	 on a cobalt catalyst • The main product observed at temper- 

atures higher than 493 K was the methane. In addition some hexane, propane and 

butane and traces of pentane were obtained • 	ith 1 -hexeno and cyclohexene, 

hydrogsnolyeia took place below 42?,C but at temperatures higher than 530C 

only methane splitting occurred. 

Xemball and Rooney studied the cracking of cyclopentene(501i t oyelopentane 

and pentane 	on .tlicaalumjna catalyst. 
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1.2. Object of the 1 resent Investigation 

Then a hydrocarbon interacts with the surface of a catalyst it follows a 

sequence of events as the temperature of the system is raised. It is possible 

to define three regions and in each region certain phenomena take place in 

preference to the others. In the first region, characteristic for a comparat-

ively low temperature, the hydrocarbon is dissociated with reversible adsorbed 

species which are relatively stable and are the intermediates for exchange 

reactions between hydrogen and deuterium in organic molecules. In the second 

region the adsorbed species are further dissociated and the system is no longer 

reversible. The species are strongly adsorbed and the surface of the catalyst 

is poisoned to further reaction. But finally in a third region, new reactions 

take place with the breaking of the carbon-carbon bonds and isomerization. In 

practice in only a few systems can these three regions be clearly delineated. 

However for the other systems in the corresponding ranges of temperature, a great 

deal of information concerning the rupture of carbon-carbon bonds can be learned 

from the exchange reactions. This is reasonable because the process of dissoc-

iation suffered by the molecule when undergoing the exchange of hydrogen by 

deuterium is an initial step in the breaking of the carbon-carbon bonds. Even 

so, it is irn'rcb3b1e that the intermediates in the exchange reaction is the same 

as that for other processes such as hydrogenolysis, because for an intermediate 

to be effective for exchange it must not give rise to rupture of carbon-carbon 

('2) bonds or any other alteration in the skeleton of the molecule 	. However 

there is the possibility that the same intermediate may function in different 

ways at different temperatures. Already good evidence has been found th .t the 

intermediates which are involved in the exchange of saturated hydrocarbon take 

part in the hydrogenolysis of 	 Throughout the literature it is 

reported that the intermediates of hydrocarbons with metals leads to the product-

ion of residues that are strongly adsorbed on the surface in addition to the main 
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reaction. These residues could be the reason for the poisoning of the 

catalyst and mark the real interaction of the bare surface with the reactant. 

Thus, it is interesting to observe if the production of those highly dissoc-

iated and strongly adsorbed species take place. Also, the determination of 

the nature of the residues on the surface can provide information about the 

process which is taking part in the reaction. 

	

Gault and Kezriball 	studied the poisoning of palladium and rhodium films 

during the exchange reactions of n-hexane. Their evidence suggests that the 

poisoning is due to the highly dissociated and strongly adsorbed species. 

These authors proposed three categories of dissociatively adsorbed hydrocarbons. 

The catalytic 	intermediates which include the o( monoadsorbed, a 	diad- 
sorbed and the oj ( ( triaclsarbed and at higher temperatures o/ °'t and o 

adsorbed epeo1es'- 

	

( 	
'-6 	'\ . 

more strongly adsorbed species but which can be rehydrogenated to form 

species of category a. 

strongly and irreversibly adsorbed species which can be removed only 

by hydrogenation to form methane (or other simple hydrocarbon) at much higher 

temperature. 

It is probable that all species In section b and c have at least an o( O( 

link with the surface and probably further attachment as well, such as 0101 (1 

or o'a? (2 (15 	 Rhodium is a good catalyst for the formation of 4 o( diad- 

sorbed alkanes(5556 / and it catalyzes the breaking of carbon-carbon bonds at 

moderately low temperatureè' 8  . Palladium is a poor catalyst for the form-

ation of d °( diadsorbed alkanes and for the breaking of carbon-carbon bond. 

Strongly adsorbed species are only formed at temperatures abovo 373 K. 

	

Galway and Kemball 	have found evidence for d°( ( adsorbed hydro- 

carbon species in adsorption studies of alkyl halides on a supported nickel 

catalyst. 
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Anderson and 	tropose a odel which is 	' triadsorbed to 

explain the isomerizition of C and Cr  aihanes. 

From the studies that have been made on molybdenum, the exchange reaction 

of hydrocarbon with deuterium shows a distribution of products in which the 

monodeutero compound is the main product at low temperatures. The adsorption 

of methane at 273 K may take place on a molybdenum film with the formation of 

methyl radical and at 373 K there is evidence for the formation of CH  radicals 

adsorbed at the surface and at higher temperatures(773 K)the amount of methane 

adsorbed on the catalyst corresponds to the formation of MO2  C. The formation 

of Mo2C was determined by Browning and Emmet (60) and the amount of methane 

adsorbed on the surface between 373 K and 673 K could only be explained by the 

formation of the carbide. 

From further studies on methane chemisorption on molybdenum, Coekelberg, 

De Laundis, Frennet and Lienari(6  proposed that at temperatures higher than 

333 1 t:ia follo'n 3c--pi occur (c14)g (H2)g 	(CH )a (H2)a 

OH 	— * H - •* .. 	- C - * H - * 	' carbide 

g means a molecule in t-h,--,  L;as phase, a an adsorbed species and * represents the 

surface. The formation of carbide is governed by the temperature. This scheme 

is supported by the results of the various displacement reactions and of the 

exchange of carbon 14 for which at 573 K only 30% of the carbon on the surface 

is desorbed from it. 

Because of the similarity in behaviour of the tungsten and molybdenum some 

of the results of hydrogenolysis eperiments and related work on tungsten is 

discussed here. Cn tungsten the exchange reaction of n—butane and deuterium 

takes place at temperatures below 293 K 
(62)

and hydrogenolysis occurs at about 

400 K with the formation of methane, ethane and propane. Tungsten is also 
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found to produce isomerization 8  as well as hydrogenolysis, the product 

distribution for hydrogenolysis gives methane, ethane and propane in an 

approximate ratio of 1: 0.9:  1.1 respectively at low temperatures. 	Another 

metal that can be grouped with tungsten and molybdenum is tantalum which gives 

similar results to molybdenum for the exchange reaction of ethane and deuter- 

ium. (6)  

Molybdenum was chosen as a catalyst to obtain further information about 

its behaviour in catalytic reactions, specially with respect to hydrogenolysis. 

There are several questions to be answered concerning the interaction of moly-

bdenum with hydrocarbons: the first concern is the behaviour of the molybdenum 

on giving a similar product distribution to the product distribution of tungsten 

Is the molybdenum able to isomerize the n-butane? Is its surface poisorc1 by 

strongly adsorbed species and if it is .30 is it too sensitive? 	And hov:ill 

it interact with cyclic hydtocarbons. 

The hydrogenolysis of n-butane, propane, ethane and cyclopentano were 

chosen to obtain the answer to the questions. 	Cyclopentane also was chosen 

for comparison with the paraffins and because it is almost a flat molecule. It 

would be interesting to see if its behaviour is similar to the behaviour observed 

with methylcyclopentane on tungsten in which the catalyst was poisoned very 

(18) 
soon 

Not much information concerning hydrogenolysis over cobalt is found in the 

literature. However propane and butane is reported to crack extensively on a 

cobalt catalyst producing only methane(63) An interesting point reported in 

this paper is that the breaking of carbon-carbon bond is occurring at the same 

time as the exchange reaction. 

The exchange reaction of ethane on cobalt is reported to be distorted by 

(64 ) the high activity of the metal towards the hydrogenolysis of the hydrocarbon. 
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The kinetics of ethane hydrogeno1ys as a cobalt supported oatalv°t 

have been studied by 3inf.]t, Taylor and Yates (65 ). The reaction has an order 

with respect to ethane of 1.0 and t hydrogen of-0.8. 

The bydrogenolysis of benzene 	, hexene and cyclohezene 	was studied 

on a finely divided cobalt catalyst produced by decomposition of an amalgam, 

90.6 of the 	was cracked to methane at 493 and hexane, propane, butane 

and traces of pentane were produced as well. 0ith 1—boxene and cyolobezene 

bydrogenolysis took place below 423 79 hydrogenation, methane splitting and 

bydrog.nolysis ccrurred Y-irith further increase in temperature and at temperatures 

higher than O 	mly th uo splitting took place. 

It Is clear tiat more work needs to be carried ct as 7obalt catalyst to 

gain a better understanding of its behaviour as a heterogeneous catalyst. 

The first reason for choosing cobalt as a catalyst was to check that the 

bydrog.nolysis of hydrocarbons takes place at the same time as the exchange 

reaction with deuterium and the second was to try to obtain a further idea of 

how the hydrocarbons interact with the surface, by analysing the number of 

hydrogen atoms xchanged with deuterium in each product and in the reactant 

itself, as well as observing the hydrogenolysia product distribution. Also 

it was of Interest to compare the results on cobalt with the results on iron 

and nickel which are other metals being investigated at present in these 

laboratories. 

But with the equipment available, it would be difficult to study these 

things at the same time, and so the Investigation was divided in two partss 

the first part is dedicated to a study of the bydrogenolysis of the lower 

paraffins (n—butane, propane and ethane) and also cyclopentane to observe the 

reactions of a cyclocompound. In the second part a study of the same reactions 

or some of them has been made in the presence of deuterium instead of hydrogen. 

In this part of the thesis only the first part of the program will be covered. 
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ANALYSIS 

2.1. Introduction 

Beynon(6 6 
) enumerates a number of conditions that must be fulfilled for 

a quantitative analysis of chemical mixtures by mass spectrometry to he satis—

factory. 

The mass spectrum of any component mist be unaffected by the presence 

of another component. 

The mass spectrum of a mixture must be a linear superposition of the 

spectra of the various components. 

The ion beam intensity for any component must be proportional to the 

Partial pressure of that component in the reaction vessel. 

The mass spectrum which is characteristic of any particular molecule, 

must remain stable over a reasonably long period. 

The sensitivity of the mass spectrometer must remain reasonably constant. 

Changes in the absolute sensitivity are important in hydrogeriolysis calculation 

because, as will be seen later the percentage of carbon loss depends on the 

constancy of the material balance and any change in sensitivity would be counted 

as a change in the material balance and thus in the carbon loss. 

In the case of isotopic isomers all the above statements must be inde—

pendent of the weight of the molecule. 

Of all the above conditions, condition 6 is the least often satisfied. 

2.2. Preliminary Procedure 

The different compounds were followed monitoring the parent -:eak of each 

molecule, so, for methane, ethane, propane, butane, cyclopntd1e -.and pentane 
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the peaks were the 169  309  449  589  70 and 72. However the mass spectra must 

be corrected for naturally occurring isotope impurities e.g. 13C, 	for 

lighter fragments. The fragmentations correction must include the three 

previous lighter peaks and, except for methane which only requires the 14 and 

15 fragments to be recorded because 13 is usually too small to cause any 

fundamental contribution to the analysis. 

The method of calculation of the results presented in this thesis is given 

next. 

The first process carried out when analysing the results of a mass spectral 

experiment involved measuring the height of each of the peaks to the nearest 

millimeter and converting them to a common sensitivity. The next step was to 

Plot each peak height against the time at which the scan was begun, so that by 

drawing smooth curves through these points accurate pictures were obtained of 

how the peak heights were changing. Since on each set of peaks of a particular 

mass spectrum each peak was measured at a slightly different time. This time-

lag became important when a wide range of masses were covered, when a slow mass 

scan was used or when the reaction rate increased. For the Instrument used in 

this work the response was not fast enough to follow a rapid scan of the magnetic 

field, thus graphs like those above had to be used In order to obtain a measure 

of the relative amounts of each mass at any one time. 

TIME CORRECTIONS. 

To continue with the data processing, a reasonable number of times were 

selected and the peak heights for these times were taken and subjected to 

further treatment. 

BACKGROUND CORRECTIONS. 

A background was always present in the mass spectrometer. Two sources 

could be responsible for such background. 
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The background spectra produced by ionization of the air, water and 

carbon monoxide molecules always present in the ion chamber. At the electron 

voltage used in the experiments the most important peaks in the background 

were, 189  28 and 44. For the bydrogenolyais experiment only the 44 peak was 

important, because propane was followed using this peak. When the backgrourd 

corresponding to mass 44 was comparatively large the reaction was not performed 

and the mass spectrometer baked. Otherwise when the background had small but 

measurable height, it was measured before the start of the reaction and also 

at the end of the experiment after the reaction mixture had been pumped away 

for twenty minutes. The two background scans were then averaged and aubstracted 

from the peaks to which they contributed in the hydrocarbon mass spectrum. 

The second sort of background was produced by hydrocarbons species from 

previous experiments which had been adsorbed on the walls of the mass spectro—

meter and on the wall of the inlet tube. This kind of background was difficult 

to determine because it was not stable, mainly because when the reaction mixture 

was leaking inside the mass spectrometer it replaced the adsorbed species by its 

own molecules. Thus at the admission of gas mixture an Increase in the inten—

sity of the background peaks was observed, but after a while it reached a maxi—

mum and then decreased. This was the main problem because at the beginning of 

experiments a small alteration In the parent peak height such as that from the 

background could cause a rather large error in the calculation of the initial 

relative amount of the affected compound. For this reason if the background 

was relatively large the reaction was not carried out and the mass spectrometer 

was baked out. The masses usually more affected by this type of background 

were, 15, 16, 289  299  419  42 and, to a lesser extent 309  43 and 44. 	To allow 

for the background of those peaks that were most affected, the background was 
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measured before the admission of the reaction mixture (it had to be before 

because after its admission the frarnentaton of thp reactant would contribute 

	

to the same peaks), and 	 subrj.etec1 from 'L Ile peaks to which they 

contributed in the reactin ii:ture .0 r;c- ru. 

2.3. Isotope Corrections 

Many of the elements as they occur in nature contain small amounts of 

heavy isotopes. Carbon and hydrogen are found in two main isotopic forms, 
12  13  C and C and H and if (or D) respectively, thus the parent peaks are 

affected by the contribution of those heavy isotopes inthe lighter fragments. 

To obtain an accurate measure of the production of disappearance of each coin- 

13 	2 pound it was necessary to take into account the contribution of C and H on 

the parent peak. The ratios of 13C /12C and 2B /1H in the naturally occurring 

hydrocarbons is Constar and the respective values are 0.01081 and 0.00016. 

In general if (C H 
m  ) represent the composition of the peak height, to express 

It in terms of 12 C and 1H of a hydrocarbon, the correction for the 13C and 2,1 

is carried out as shown in the following equation: 

) (c 	H ) 	= (c 
H in ) 	- 	n(O.01o8i) (C H 	) + (m - l)(0.000].6)(C H(1)) ) n ruT 	n 	? 	 n (rn—i) 

The subindice P represents the corrected ideal peak height. 

The subindice P represents the experimental peak height. 

This equation represents the correction for the fragments with one unit less than 

the present peak. In practice the correction was started at the peak with three 

maze units less than the parent peak and working upwards to higher masses using 

the corrected peak heights at every maze to calculate the contribution to the 

higher masses. 
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2.4. FraRrnentajjon Corrections 

When hydrocarbon molecules reach the ion source they are subjected to 
impact from the accelerated electrons originating at the filament. When an 

electron collide, with a hydrocarbon molecule the former can transfer its 
energy and induce transitions between the electronic ener levels of the 

latter. If the transferred energy is greater than the i6nization potential 

of the molecule Positive ions are produced in accordance with the Franck-

Condon principle, and depending on the extent to which the transfer energy 
exceeds the ionization potential other processes can occur, such as the form-

ation of smaller positive ions, e.g., fragment, with, one, two, three, etc. 

hydrogen atoms less than the parent peak, also other fra'ments ions could be 
produced through dissociation of c-c bonds, these being the fragments which 
contribute to the peaks used to monitor the lighter compounds. For example, 

butane can be fragmented into small fragments with masses 44, 30 aM 16. 

In order to make corrections as email as possible the mass spectrometer 
was operated at low electron energies. However, because the sensitivity 

decreased with decreasing electron energy a compromise had to be reached between 
sensitivity and extant of fragmentation. The values of the electron energy 

normally used were from 15 - 18 eV depending upon the hydrocarbon. The frag- 

mentation correction, could then be calculated on a statistical basis. This 
process was normally calculated by computer,. The program is given in a 

later section. 

To correct the mass spectrum for these fragmentation contributions the 
fragmentation pattern of the hydrocbon was determined, either just before 

each experiment,with the reaction mixture  at a temperature at which no reaction 

could take place, or at the end of the experiment it was calculated with a 

similar reaction mixture using the other reaction vessel, this was necessary 



because the frswentation Lattern varied from day tc day. 

If the parent peek of the hydrocarbon is represented by C 	and one of 

Its fragments is, 	 with (c ., 	the radical resulting frog the 

fr*sent.tjn of the molecule, the fraqmentation factor is defined by, 

f - C 1 ICR i 	re-2 5-7 

In which C x 1! and C Tt represent the peak height* for the fragment and parent 

peak respectively, free from any contribution of 13
C or 

It this fragmentation factor is determined for each mesa used to monitor 

the lighter compounds the corrections for the libt.r hydrocarbons may be made 

by subtracting the contribution of the heavier hydrocarbons to the peak heights 

previously corrected for faament ati on and isotopes of those hydrocarbons. 

The contribution of the heavier compound to the lighter will be the product of 

its fragmentation factor times the peak heiht of the heavier compound. 

2!5s enaitivity correction 

Sin*, the sensitivities of the mass spectrometer is not the same for the 

different molecul.s,ir order to calculate percentae compositions  these sensit—

ivity factors sust be taken into account. 

The method of calculating sensitivity factors was as follow.. It was 

ensured that no relative change in sensitivity took pleas by using different 

ratios in the mixtr* of hydrocarbons used to determine the sensitivities. 

A mixture of hydrocarbons was prepared by successive expansions from the 

lecture bottl, of each hydrocarbon to the bulb in which the mixture was going 

to be kept, always keeping a pressure head across the tap to prevent any back 

diffusion of the previous hydrocarbon(s). To obtain the mass .peotrua the 

mixture of hydrocarbons was mixed with ten times as mach hydrogen in the mixing 
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volume using the same technique as described in section 2.9 (Part I) for the 

preparation of the reaction mixture. The spectrum was subjected to all the 

different corrections explained earlier in this chapter. Then, the peak 

height corresponding to each compound was divided by the height of the heaviest 

hydrocarbon in the mass spectrum. Finally each of the values were multiplied 

by the ratio obtained from the pressure of the heaviest hydrocarbon in the 

gas mixture divided by the pressure of the corresponding compounde e.g* if a, 

b, o, d are the partial pressure of the different components in the mixture in 

an increasing order of molecular weight and h1, h2, h3  and h4  are their respec-

tive heights in the mass spectral analysis after the "raw" peak heights have 

been processed, the sensitivity factor for each compound would be, 

= 	i/h4  x d/a 

= 	h2 /h4  x a/b 

x d/c 

x d/d 

For any one time, after correcting each of the hydrocarbon peak heights obtained 

during the reaction for all the errors ntioned previously and multiplying them 

by their res;::ective sensitivities, their corrected peak heights represented the 

relative amounts of the hydrocarbons present at that moment. 

2.6. Final Txpression of Results 

The amount of each product was expressed in terms of the amount of reactant 

by dividing by the appropriate factor e.g. working with butane the reported 

amount in terms of pressured  of methane was divided by 4, of ethane by 2 and of 

propane by j-. In this case the results are said to be expressed in C4 
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equivalents. Finally after the peaks had been divided by their own factors 

so that they were expressed in terms of the reactant, it was necessary to 

allow for loss of material by incorporation on or in the bulk of the catalyst 

and it was necessary to report such loss in the product distribution. In 

the calculation of the percentage the first summation, in case it should be 

a maximum in comparison with the subsequent summations, was referred to as 

100!, and any decrease in the subsequent summations of percentage composition 

was reported as carbon lose. 

The correction steps and the final expression of results were carried 

out by computer. The program is given in Appendix I. 
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XP':R1 14 PAL 

3.1 Surface Areas 

The surface of the molybdenum and cobalt films were measured b krypton 

adsorption at 77 K. As this method was non-specific, it gave the total area 

Of surface exposed to the gas phase. 

when the value of a surface area is in the order of square centimeters 

rather than square meters as in the present case, the use of krypton to measure 

the surface area is essential, because under the.e conditions the value of the 

saturated vapor pressure for nitrogen (p0 ) is in the vicinity of 102 kNm 2, and 

to reach the p/ '  value  of ono third which is required by the BF1 theory, high 

pressures of nitrogen gas would have to b. used • 2ven when dead space volumes 

are kept to a minimum, adsorption meauroent. 	uld be difficult. 	'n th, other 

hand krypton has boon extensively used (6-74o). It has a lower vapour pressure, 

low enough to enable useful values of 	to 	rocrded with a conventional 

volumetric apparatus. However the use of xenon in place of krypton have become  

more convincing 	Xenon has the advantage over krypton of having a higher 

heat of adsorption and a lower 10  value. 

RRYP?oN ADSORPTION, 

The main section of the apparatus used for studying the adsorption of krypton 

on films is shown in Figure 3.  1 • The apparatus consisted of a conventional 

* atio between the pressure of the adsorbate molecules in the gas phase and its 
saturated vapour pressure. 
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FIG. 3.1. 	B.E.T. 	APPARATUS 

- TO PUMPS 
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gas line with a reaction vessel system suitable for the preparation of films 

and similar to that described in Figure 2.1. (Part I). 

The volumes of the various sections of the apparatus were measured using 

helium gas at room temperature and applying oy1e's law. The following values 

were founds 

V1  The McLeod gauge bulb volume--70-5 x 10_6  m3  

V2  The limb and the volume bonded by taps:24.8 x lO m3  

V 	Reaction vessel z 151.7 x 10 m3  

The dosing volume included V1  and V2. 

The experiment may be divided into two parts. 

The preparation of the metal film, which is explained in section 2.8 

(Part i). 

The krypton adsorption itself. 

The krypton adsorption was followed by surrounding the vessel with liquid nitro-

gen, admitting a quantity of krypton into the doSe volume, measuring its pressure 

on a McLeod (operated with a linear scale) and then expanding this into the 

reaction vessel. The pressure was read on the McLeod gauge after equilibration. 

In order to obtain a good adsorption curve the dosing procedure was repeated a 

number of times. 

Owing to the large temperature difference between the reaction vessel (77 K) 

and the gas line (room temperature), when the gas dose was expanded into the 

reaction vessel, the pressure in the reaction vessel will be less than expected 

in terms of the gas laws. In order to calculate the amount of krypton gas in 

the gas phase in the reaction vessel a calibration factor (c) was determined 

using helium, which did not adsorb on the glass walls. 
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Using the same reaction vessel as that for the adsorption experiments, 

and at liquid nitrogen temperature, a eucossaive known pressure of helium gas 

was expanded from the do,* volume into the reaction vessel and after stabilis—

stion the final reasure was measured in the U014pod gauge. The dosing proced—

ure was repeated a number of times to convert the working range of pressure. 

A graph was mad, by plotting the final pressure ()awalast difference between 

the initial and final pressur, of each expansion, and the slope of the graph 

calculated (factor c). 

The pressure P, reed on the IeLeod gauge in the capillary (B) is given by, 

P 	• 	b x d 	 3.1. 

h represents the height of the mercury column in the capillary B. 

d is a constant which converts the unite of the Mobeod scale to measure the 

pressure in e.i. units, It has a value of 2.673 s.i., unite/McLeod unit for 

this apparatus. 

The equation to calculate the number of molecules n, adsorbed on the ostal—

yet surface is given by, 

(p2  01  + v,) - P3  (v1  • v2) - C p3 + F ) 	3.2. 

P2  is the pressure expressed in 4oLeod units in the dose volume. 

P3  is the pressure .xpre.eed in MoLeod units after expansion from the doss volume 

to the reaction vessel. 

Z is a constant given by, 

RT x d 	 3.3. 

In which 

VA 	is the avogadros number 

R 	is the gas constant in J aoi 	1< 

? 	is the temperature in Kelvin degrees 
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F x Z will give the number of molecules already adsorbed from the previous expan-

sions. In the first adsorption F 0. The value of Z at 293K was 6.608 x 10. 

The surface areas of the films may be calculated from the adsorption data 

by two methods. 

By plotting the adsorption isotherm and using the "Point B" as a measure 

of the number of molecules forming the monolayer. 

or 

The Bninauer-1mmet-Teller multi-layer theory may be used to derive the 

quantity of gas in the monolayer. The equation is usually expressed with quanti-

ties of gas represented as the equivalent volume at normal temperature and pressure: 

p/v (p0 - p) - 1/v c + (c - i) /v C . p/p0 	3.4. 

where p is the saturated vapour pressure of the absorbate, p is the equilibrium 

adsorption pressure of the absorbate molecules any particular time, V   is the 

monolayer volume and c is a constant which is the function of the heats of 

adsorption of the first layer and the heat of liquifaction of the absorbate. 

In the present case it was more convenient to use "number of molecules"rather 

than the volume of gas at T.T.P., 	and the equation becomes 

p/rn (p0  - p) 	= 	l/A + 	(c - i) / MA 
C 	. p/p0 	3.5. 

where 

m  is the number of molecules occupying the monolayer, the other parameters have 

the same meaning as in the equation 3.4. 

The monolayer may be derived by plotting p/rn (p0- p) against p/p0, and the 

number of molecules occupying the monolayer was obtained from a combination of 

the intercept (I) and the slope (s). 

m 	+ 3 	 3.6. 

but in this case 	I <<. P 

then 	 rAl = 	 3.7. 



Finally the surface area (SA)  is calculated assuming that the cross sectional 

area of a krypton molecule has a value of 19.5 x 10-20  in29  then: 

S A 	= m A . 19.5 . 10 -20 2 
in 	 3.8. 

3.2. Laos Spectrometric analysis 

The electron potentials used to ionize the molecules and their respective 

fragmentation patterns are given in Table 3.1. The potential was chosen to 

provide adequately large peaks but with only a moderate amount of fragmentation 

of the molecule. Cyolopentans, n-pentane, n-butane, propane, ethane and methane 

were estimated from their parent peaks (masses 72, 70, 589  44, 30 and 16 respect-

ively). Contribution to the lighter peaks due to fragmentation of the heavier 

hydrocarbon had to be taken into account, the magnitude of this may be seen from 

typical mass spectra given in table 3.1. 

The usual corrections were also made for naturally occurring heavy isotopes 

of carbon and hydrogen, as well as the relative sensitivities of the mass spectro-

meter for the various compounds involved. During each reaction the amounts of 

the various compounds were estimated as a percentage of the carbon present at 

the beginning of the reaction. Any loss of material from the mixture either 

to the catalyst or as unobserved products could be detected if the sum of the 

percentages deviated from 100. 

3.3. Chemicals 

The preparation and purification of all the gases has been described in 

section 2.7 (Part I). 

HYDR0OFN AND DEUTERIUM. 

These gases were obtained in cylinders from the Matheson Co. Inc., and were 

of 'C.P." grade pure. 
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PROPANE AND BUTANE., 

These gases were obtained in cylinders from the Philips Petroleum Co., 

and were of "research grade" purity. 

METHANE 9ID ETHANE. 

These gases were obtained in cylinders from the Latheaon Co. Inc., and 

were "C.'." grade pure. 

CYCLOPENTANE. 

This was obtained in flasks from the B.D.H. Laboratory Chemioah Division, 

and Aas of "research grade". 

PENTANE. 

Pentane was obtained in flasks from the B.D.H. Laboratory Chemicals Division 

and was of "G.L.C. grade". 

3.4. Procedure 

The standard reaction mixture consisted of 0.40  k 	and 4.0 k X m-2 of 

hydrocarbon and hydrogen respectively in the mixing volume which after expansion 

gave pressures of 0.26 and 2.6 k 	in the reaction vessel at 273 K. 

As described previously the reaction mixture was prepared during the period 

when the film was being thrown and was allowed to equilibrate for 30 minutes to 

ensure adequate mixing of the gases. The gas mixture was admitted to the film 

at 273 K and the temperature raised rapidly to the desired value. 
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ETHANE AND CYCLOPENTAIE ON EVAPORATED MOLYBDENUM 
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CHAPTER I 

INThODUC TION 

Molybdenum is found widely as a component of catalysts which show a 

diversity of applications in reactions with organic molecules. 

The published literature contains studies of disproportionation, ammonia 

decomposition (2), hydrogenation, aromatization, desu1phurjzatio(5), 

dehydrogenation 6 , oxidation of insaturated ydrocarbori 	and alcohols 
(8) 

 to 

name a few examples. 

Investigations from a more academic point of view have been made on pure 

molybdenum but they are concerned principally with chemisorption studies and 

displacement reactions of hydrocarbons(9*11); exchange reactions of hydrocarbons 

with deuterium 2_l4),  adsorption and desorption of hydrogen(15), deuterium (16)  

and nitrogen. 

The exchange of ethane and deuterium on molybdenum(1 2) 
 at 223 K produces 

the monodeutero compound as the main product which indicates that at this 
(10) 

temperature the methyl radical exists on the surface. Also it was established 

that methane and ethane was sorbed at 195 K and at 273 K, evidence was found for 

the existence of methyl radicals. However at higher temperatures (10)  the chemi— 

sorption of methane was determined to follow a sequence of dissociative reactions 

that ran from methyl radical formation to the formation of carbide. 

It will be seen later in the section dealing with exchange reactions on 

molybdenum that the reaction of n—butane occurs without apparently being poisoned 

at temperatures up to 250 K, however at 273 K the first order plot for butane 

disappearance suggests that the catalyst activity may be slightly poisoned 

during the reaction. But with hydrogenolysis the film is poisoned during the 

reaction as is shown by a flattening of the plot percentage conversion of n—butane 
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with time and the poisoning seems to be more drastic at higher temperatures 

when it 18 reflected in the Arrhenius plot which Indicates a decreasing 

catalyst activity with increasing temperature. Thus at low temperatures 

molybdenum does not permit extensive dissociative adsorption of hydrocarbons, 

but at higher temperatures it dissociates them more extensively and depending 

on bow high the temperature Is,formation of carbide can resuit(1S. 

For the hydrogenoly-sis of cyclopentane on molybdenum the reaction has a 

surprisingly low value for the activation energy. This low value will be 

explained later by a self poisoning mechanism as was the case for the hydrogeno—

lysis of methyl cyolopentane on tungsten. 
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CHALPTTIR II 

RESULTS  

2.1. Surface Areas 

The results obtained for the adsorption of krypton on molybdenum films are 

given in Table 2.1. and the adsorption isotherm and B.-T. plots are shown in 

Figures 2.1. and 2.2. respectively. 

The saturated vapour pressure of krypton at liquid nitrogen temperature 

was 336 Nm 2  

The value for the surface area was found to be 6.18 x 

TABLE 2.1. 

Adsorption of K*ypton on a Molybdenum Film 

Metal 
P2 	 P3 	 p/p0 	p/n(p0-p) 	Film 'eibt 

-2 	 -2 	_11 	 1 	 21 	 mg 
Nm 	 NM 	n.l0 ' 	.io 	.10 

44.51 0.27 9.80 0.80 0.811 	11.2 

59.07 1.87 21.07 5.57 2.558 
76.31 8.81 28.68 26.25 9.389 

101.11 20.20 31.89 65.63 20.059 

118.68 36.3 34.63 108.20 34.977 
101.97 46.4 36.07 138.00 44.422 
107.45 56.3 36.65 167.50 54.922 

where, 

P2  represents the pressure in the dose volums at room temperature. 

P3  represents the pressure in the reaction vessel at liquid nitrogen temperature. 

n represents the number of molecules adsorbed on the catalyst surface. 
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2.2. Hydrogenolysis of n-Butane 

The bydrogenolysis or n-butane was studied in the range of temperature 

between 399 and 493 K. The products of this reaction were methane, ethane 

and propane. Throughout the course of each experiment the carbon balance 

	

was checked, 	it was found that the amount of carbon in each analysis 

decreased relative to the amount present in the n-butane at the beginning of 

the experiment. In Table 2.2. are shown the product distribution at an early 

and later stage of reaction (at different temperatures) and the main features 

of a typical reaction are shown in Figure 2.3* in which the different species 

are plotted in terms of C4  equivalent. 

TABLE 2.2. 

Product Distribution at an Early and Later Stage of Reaction (Results 

in C4  Equivalents) 

Hydrogenolysis Products 
Carbon 	As of Hydrogenolysis 

T1K 	Conversion Hydrogenolysis Loss 	 Methane Ethane Propane 

399 	3 	 80 	 20 	13 	45 	42 

	

30 	 67 	 33 	17 	44 	39 

423 	6 	 75 	 25 	20 	45 	34 

	

80 	 63 	 37 	14 	44 	42 

433 	5 	 85 	 15 	18 	46 	36 

	

41 	 68 	 32 	21 	45 	34 

433 	5 	 91 	 9 	14 	32 	54 

	

41 	 82 	 18 	20 	40 	40 

453 	26 	 93 	 7 	22 	41 	37 

	

80 	 69 	 31 	24 	34 	42 

463 	16 	 97 	 3 	18 	43 	39 

	

80 	 94 	 6 	25 	42 	33 

493 	17 	 93 	 3 	15 	40 	45 

	

60 	 76 	 24 	22 	36 	42 
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FIG. 2.3, HYDROGENOLYSIS OF n- BUTANE ON MOLYBDENUM FILM AT 399 K 
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POISONING. 

As shown in Figure 2.4,  the rate of reaction at 399 K decreased slightly 

with time but the decline in rate of reaction was more marked at higher 

temperatures. It seems clear that some decomposition of reactant was taking 

place at the same time as the hydrogenolysis reaction to form strongly adsorbed 

species on the surface of the catalyst which effectively poisoned the reaction. 

As the rate of reaction at 493 K was slower than the rate of reaction at 

lower temperatures, as may be seen later in the plot for the variation of 

reaction rate with temperature, there is evidence that the poisoning process 

required a higher activation energy than the hydrogenolysis reaction. The 

correlation between the reported amount of carbon loss and the observed poisoning 

of the catalyst was not clear because the calculated carbon loss was not in 

good agreement with the values obtained from desorption experiments with hydro—

gen. These desorption experiments provided direct evidence of the incorpor—

ation of material on or in the catalyst bulk. 

Generally a desorption experiment was carried out in the following way; 

after the mixture of gases of the previous experiment was pumped away at 273 K 

for five minutes, unless otherwise socified, a hydrogen pressure of l%l Um-2  

was admitted to the reaction vessel and the temperature increased to 533 K and 

the desorption followed until the maximum in the methane was reached. At 483 K 

the desorption started to take place but it was followed at 533 K where the rate 

of desorption took place steadily and generally it was completed in 30 minutes. 

A desorption experiment was performed at the end of a standard experiment 

carried out at 463 K, results from this experiment showed that carbon equivalent 

to 20% of the original n—butane, desorbed as methane from the surface. However 

calculation of the product distribution in terms of carbon indicated that a 

maximum of only 10% of the original n—butane was incorporated on or inside the 

catalyst. 
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Another characteristic that made it difficult to correlate the carbon 

loss with poisoning of the surface was that, while at a high temperature 

(493 K) the bending of the curve for the disappearance of the reactant was 

more prominent than at a lower temperature (4339  463 K), the reported carbon 

loss was higher at 433 K than at higher temperatures (Fig. 2.4.). However 

the lower incorporation of material on or inside the catalyst at high temper- 

ature might be explained by saying, that at those temperatures the surface was 

more easily hydrogenated, as was found in the desorption experiments. 

To observe whether butane might react without the presence of hydrogen 

and, if so what would the resultant product distribution be, an experiment with 

only butane (cracking) was carried out at 463 K; no appreciable amount of gas 

phase products were detected after one hour. At the end of the experiment 

carbon desorption from the surface was accomplished in the usual way. On 

this occasion about 361 of the original n-butane was desorbed as methane from 

the surface. To perceive whether the surface could reach a stable activity, 

four reactions were carried out consecutively at 463 K in the same film. The 

irfitiul rates of reaction were, 4.04 1015;  8.3  1014;  5.21  1014;  2.08  1014  molec s_i 

10 rng, . the major drop in activity was between the first and second experiments, 

and between subsequent reactions the change in activity was only about two fold 

(Figure 2.5.). No major change in the distribution of products was observed 

in this sequenoy of nine. In the first two runs the disappearance of n-butane 

with respect to time seemed to follow apparent zero order kinetics, but deviating 

slightly in the first 20 or 40 minutes. In the third and fourth run the plots 

for reactant against time gave almost a straight line. To check if the activity 

of the catalyst could be recovered after one experimental run, two experiments 

were carried out consecutively at 463 K using standard mixture of gases. After 

the first experiment the catalyst was treated with hydrogen for one hour at 533 K. 
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At the and of this period, the temperature of the reaction vessel was reduced 

to 273 K and the hydrogen and desorbed products pumped away for 10 minutes. 

Finally a fresh reaction mixture was admitted and the temperature raised again 

to 463 K in the usual way. In the first run a hydrogenolysis rate of 4.93 1015  

molee s 1  10 mg4  was observed and in the second experiment a rate of 1.62 1015 

molec s 1  10 mg was found. In both experiments there was not any appreciable 

change in the distribution of products which in both cases was similar to the 

distribution of products shown in table 2.2. 

Two experiments at 463 K were studied with the addition of oxygen to the 

standard reaction mixture to observe how sensitive the catalyst was to oxygen 

In the first of these experiments 1.7 10 19 oxygen atoms were present in 

the reaction mixture, representing a ratio of oxygen atoms to surface molybdenum 

atoms of five. After 80 minutes of reaction only slight activity was shown by 

the catalyst, only traces of the usual products being observed. At the end of 

this period the catalyst was treated with hydrogen as before, but on this 

occasion no products were observed to desorb from the surface. 

In a second experiment 1.4 10 18 oxygen atoms were present in the reaction 

vessel; this amount of oxygen would. cover 445/  of the surface assuming that 

each oxygen atom was attached to one molybdenum atom )' This time an initial 

rate of 2.65 10 15  molec s 10 mg was observed, but the bending In the curve 

showed the disappearance of the reactant to be much more prominent than for 

a standard experiment (Figure 2.6.). 

bution was observed. 

The usual pattern of product distri— 

In Figure 2.7. the plot for the variation in rate of hydrogenolysis with 

temperature is shown. The value for the apparent activation energy was 
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73.7 t 4.0 ki mo1 and the Pre-ezponentjal factor, log10A w 24.0 t 0.59  

A xre.asd in molec 	10 mj. 

A blank reaction was carried out using the same conditions as for a 

normal reaction ezc.pt that no film was evaporated on the glass walls  of the 

reaction vessel. The reason for this was to observe if the bare portion of 

the tungsten lead* or the at 14 steel connectors or the glass walls had any 

catalytic effect. No reaction was detected up to 623 (; from this information, 

it was clear that the reaction took place only on the metal catalyst. 

Th check the possibility of isomerisation occurring as well as hdrogeno-

lyals an experiment with *-butane was followed at 433 K using gas chromatog-

raphy for analysis; here it was found that, at 80' of conversion, 2 of the 

original reactant was transformed into isobutene. The bydrogenolysie rate 

was 2.42 10 Malec 	10 mg. 

To gain more information about the reaction pattern and also to obtain more 

vidence on bow many carbon-carbon bonds were broken at once one experiment 

t 433 K with isobutans as reactant was also investigated. The distribution 

Of products at 9% of conversion was methane 3O, ethane F!1,  propane 60. and 

n-butane 21 and the bydrog,noly.iip rate was 37 10 14  molec 	10 mg. The 

details of the product distribution and reactant disappearance with time are 

illustrated in Figure 2 .8.  

In order to investi4ate further the kinetics of the reaction, a series of 

expsrinsnts was conducted at 433 K in which the pressures of n-butane and 

hydrogen were varied. Toe details of these runs 	I the initial rates observed 

are reported in Table, 2.3. In Figure 2.9.  i 	on the plot of the bydrogeno- 

lysis rate as a function of the partial hydrogen pressure, while Figure 2.10. 

shows the same rate an a function of the partial n-butan, pressure. 
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TABLE 2.3. 

Initial Rates of Hydrogenolysis at 433 K with Different Reactant Mixtures 

Pressures k Nm -2 	
Hydrogenolysis Rate/ 

Run 	 n-Butane 	 Hydrogen 	 1014  molec s 1  10mg -1 

a 	 0.094 2.85 4.95 
b 	 0.855 2.85 15.3 

c 	 0.285 2.85 11.3 
d 	 0.285 0.285 3.83 
a 	 0.285 8.550  15.7 

f 	 0.285 17.100 20.6 

2.3. Hydrogenolysis of Propane 

The bydrogenolysis of propane was studied In the temperature range between 

397 and 445 K. The essential features of a typical reaction are shown in 

Figure 2.11. Throughout the course of the experiments it was found that carbon 

was being lost to the catalyst. This Incorporation of material on or into the 

bulk of the catalyst was verified by desorption with hydrogen (section 2.2.). 

On this occasion 10 of the original propane desorbed from the surface as 

methane, although from the product distribution a value of 15. was calculated. 

This behaviour is very similar to that of butane. 

In Table 2.4. is shown the product distribution at an early and later stage 

of the reactions. The apparent kinetics for the reaction was zero order over 

the whole range of temperature studied. 
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VJL 2.4. 

Product Distribution at an Lerly and Later Stage of Reaction 

Conversion Hydrofmnolyals Carbon 	
flrdrogsno1ie Products 

Loss 	Mathano 	 Ethane 
- 

397 	13 	 96 	 4 	35 	 65 

	

50 	 69 	 31 	29 	 71 
- 

431 	9 	 92 	 6 	33 	 67 

	

80 	 57 	 43 	37 	 63 
- 

445 	19 	 63 	 37 	 27 	 73 

	

72 	 28 	 39 	 61 
._.,_. 	 . 	 ... 

was by 
The method adopted to empress the rate of rsac.tlon4ubtx'aeting the initial rate 

Of carbon lose fran the rats of lose of the reactant, is explained in osotion 

2.6 Part XI • The Arrhsniue plot obtained for the .hydrogen.olyais of propane was 

a curve (Figure 242) • A possible explanation for this is that the figures 

	

for initial rate of inoorpoz.. 	ofaterial at the oata1'et (carbon loss) were 

observed at different temperatures (Table 2.50  but the carbon loss did not 

appear to correspond with the changes in temperature (e.g. at 347 J carbon loss 

was Mahar than at 418 1) • However in generalasthe carbon lose tended to inor* 

see at the temperature rose although the reproducibility and reported anmte 

did not follow a regular trend compared to the temperature o1ie. 

?ALE 2.5. 

Initial letos of Carbon Lose 

397 	417 	418 	431 	431445 

RA'F4 
0,07 0,3 0.05 oo6 0.34 0.94 
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The values for the apparent activation enerjy and loariths of the frequency 

—I 	+ 
factor were 75.7 - 5 kJ aol. and 24.8 - 0.6 respectively, * expressed in 

	

—1 	—1 solec 	10 ag , these values being obtained from the total rate of disappear— 

ance of •prcçans, without subtracting of the rate of formation of carbon lose. 

2.4. HX2rogenolyais of thane 

Te 	droganolysis reaction of *thane was chosen for comparison with the 

two previous hydrocarbons studied, n—butane and propane since the othano molecule  

only has two carbon atoms and hence the poszih1 moss of adsorption ar. restricted 

to one carbon atom ' 	r both carson atoms 	on the surface. 	n the 

otr 	 cn "Slo tIm urm nrt only,  in 

V 	• 	tt 	 Ut 	 X'. 	.1 U 	t 	c(  

of athena was studied in the tacp.rature range ttween 413 and 458 K. The 

reaction gave methane as product and like the two previous cases loss of material 

took place as a subsidiary reaction. The carbon lose was measured by treating 

the surface of the catalyst with hydrogen in the usual way.  At the and of an 

experiment performed with a staMarl reaction mixture at 425 K and an which * 

conversion of 101f had taken place, the treatment with hydrogen was mad* and gave 

$ value for the carbon loss of 3. However from the distribution of products a 

value of 5% was report 

1ure 2.13. illustrates the course of a typical etane hy''ogeno1ysis 

.xr.rtm.nt • The dissappearance of the reactant in the whole range of temper—

ature studied follow, apparent asro order kinetics (tgura 2.13.). 

The plot for the apparent activation ,ner- was ude using only the rate 

of disappearance of the etbans bcaae the values obtained for the carbon loss 

were not reliable. A value of 129.3 t 11.4kJ ao1 1  was obtained for the 
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iotvation enert, ('igre 2.14.) *rd the 10aritk for the frequency factor (4) 

was 30.8 1.4, A expressed in mo1c S 10 

2~6- Mydrgro1y, of Cyolop,nten 

The h.ydro.no1ys18 of oyc10pen1a, was studied in the t.ap.rature range 

between 4.3 end 493 Y• In Figures 2.15. *nd 2016, axe shown the course of the 

reaction at low end high temperature resrectively. The shape of the curve for 

loss of reactant with time at the beginning of the reaction was irreproducibi,, 

but in soss ezperie,nta the reaction showed sparant sero crier kinetics. 

In tab'* 2.6. is shown the product distribution at an early and later stage 

of reaction, szr.*.*d in tome of carbon. 

TAILT, M. 

Product T'istributjon at an ar1y and LaterStag* of Reaction (1..u1ts 
In C5 4uiva1,nt.) 

•.•••-, -- 	 _______ 

I 

Hydroge Carbon 	 / 	 ydrogenojyejs PTOdUcts 
T/K Conversior nolysis loss Jethansthan* rrapans, Iutana we,tane 

423 	3 67 33 5 12 14 10 	59 
15 38 62 8 9 12 11 	60 

443 	4 96 4 8 10 13 10 	59 
13 59 41 9 12 12 10 	57 

493 	4 100 0 18 27 13 0 42 
29 74 76 26 26 13 2 33 

Eecaiss the activity of the catalyst at ts.raturea higher than 303 iC was very 

poor; only traces of the irOducts were Observed and when the reaction t&ep.rsture 
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was Increased to 563 K no further reaction was detected. Three reaction rune 

were carried out consecutively, the first of them was performed at 453 K, the 

second run at 493 K and the third at 451 V. The object of these experiments 

was to verify whether the catalyst became more poisoned at higher temperature. 
This poisoning would be reflected in a large drop in the catalyst activity in 

comparison to the first run, when the temperature would be lowered and the 

reaction followed. The initial rate for the first and second reaction warn, 

3.12 1014  and 5.60 1013 molec 	10 mg 1  respectively, but the third run the 

reaction rate warn so slow that cn1i traces of products could be detected. 

Nevertheless, the method of throwing the metal films was followed very strictly; 

keeping all conditions quite similar from one experiment to the other, when the 

variation of the reaction rates were plotted in function of t.m;erature, the 

points are split in two sets each set fitting a different line, however both 

lines are almost parallel.. In Figure 2.17. may be seen the phenomena explained 

above concerning the Arrhenius plot of cyclop.ntane. The apparent activation 

energies for the two sets of points weres 39.7 t 4.4 and 50.8 t 2.9 k J mo1 

and the logarithm for the frequency factor were 18 t 0.5 and 20.4 - 0.3 respect-

ively, A expressed in nolec s 10 mj. .s it was mentioned before at temper-

stures higher than 503 K the catalyst activity was very poor and only traces of 

t 	uual products were noticeable, therefore the temperature range for the 

Arrenius plot could not be greater. 
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CHAPTER III 

DISCUSSION 

3.1. H.ydrogenolysis of n-Butane, Propane and Ethane 

The products of n-butane bydrogenolysis were, methane, ethane and propane 

(Table 2.2.9  Chapter II, Part III). As may be seen in this table, the general 

trend in the distribution ofrOdUcts does not change appreciably with temperature; 

the ratio of propane to methane lay between 2 and 3 and the amount of n-butane 

cbbeerted to ethane was, with very few exceptions, greater than the amount 

transformed into propane. From this product distribution pattern, a number of 

possible reactions can be proposed to describe the bydrogenolysis of n-butane 

and are as follows:- 

H10  + H2 	) C3  H8  + C H4 	 (3.1.) 

n-C4  H10  + H9 	-4 2 02 H6 	 (3.2.) 

n-C4  H10  + 3H2 	) 4 C H1 	 (3.3.) 

n-C4  H10  + 2112  - -, 2 C H4  + C2  H6 	 (3.4.) 

If reaction (3.3.) occurs it must be at a very low rate because the proportion 

of C H4  to the other species would be larger than that observed; also as this 

reaction would involve the breaking of three carbon-carbon bonds, it might 

be expected to require more energy than the other reactions and thus, be more 

temperature dependent. The product distribution did not however show any 

substantial change with temperature, although there was a slight tendency for 

methane to increase over propane and ethane at higher temperatures. However 

it was not possible to decide if that increase was coming from reaction (3.3.) 

or from other processes. 
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If reactions (3.1.) and (3.2.) were the only reactions by which the n-

butane reacted and also if the n-butane was oc ' adsorbed and the breaking 

of the carbon-carbon bond occurred between the o( and ( carbons then the 

amount of pro ne rcduced would be three times the methane, in terms of C4  

equiva1erits; if t}:o at ' diaduorbed n-butane cracked between the 11 and ' 

carbons two ethane inolecules would be produced each time. If these two 

cracking modes were equally alike, the amount of propane under the proposed 

mechanism could be 1.5 ( times) larger than ethane and 3 times larger than 

methane. Generally the ratio between propane and ethane was not far from 

that expected, ranging between 1.6 and 2.0 at temperatures below 493 K, but at 

this temperature the value was slightly lower (1.3.). Tlowever, the amount of 

methane did not correspond to the amount of propane produced according to the 

postulated scheme, because if the reaction of n-butane occurred by reactions 

(i.nd (3.2.) the methane would be three times smaller than propane (in terms 

of C4  equivalents) instead, the production of methane was larger than that 

expected. 	Therefore, reactions (3.1.) and (3.2.)were not the only ones by which 

the process occurred. So, to summarise the hydrogenolysis of n-butane; it 

mainly occurred by reaction (3.].)and(1.2.),accompanied to a lesser extent by 

other reactions responsible for the production of excess methane. 

The hydrogenolyeis results of isobutane were explained in terms of the 

reactions 

CH 

H3C— C-CR3  + H2 	•, 	CH 	+ C3  H8 	(3.5.) 

H3  C - CH - CH  + 2H2 	2CH 	+ C2  H 	(3.6.) 

CH3 



If only reaction (3.5.) occurred (by the breaking of one carbon-carbon bond 

each time the molecule was adsorbed and desorbed), the only hydrogenolyeis 

products would be propane and methane In a ratio of 3 to 1 (In terms of C4  

equivalents). Experimentally methane was produced more extensively than this 

and also ethane was detdcted as an initial product. For this reason reaction 

(3.6.) was also thought to occur at the same time as reaction (3.5.). In 

reaction (3.6.) two carbon-carbon bonds were broken, a molecule of ethane being 

produced together with two of methane. Thus, It was possible to subtract from 

the total amount of methane the amount that came from reaction (3.6.) and doing 

so, the percentages of methane and propane represent the results from reaction 

(3.1.)9  the figures for these two compounds were 21% and 55% respectively. Here 

again the proportion of methane/propane was not too far away from the ratio 

obtained if only reaction (3.5.) and (3.6.) occurred. It was likely that another 

reaction besides reactions (3.5.) and (3.6.) was taking place to account for the 

slight excess of methane. Another possible reaction was the subsequent hydro-

genolysis of the product propane. If reaction of the propane occurred, it 

would probably be in the later stages of reaction, because in the early stage of 

the experiment there would be little probability of re-adsorption of the propane, 

owing to its small concentration relative to that of n-butane and hydrogen. If 

this reaction step was occurring, e.ge equal amounts of ethane and methane would 

be produced from it and the effect on the whole reaction would be an increase in 

the proportion of methane and ethane. However as mentioned at the beginning of 

this chapter the product distribution did not change tinich either with temperat-

ure or with the start of reaction, hence if hydrogenolysis of the propane occurred 

it took place at a very low rate. Subsequent reaction of the product ethane 

was less probable due to its higher activation energy and frequency factor, in 

addition to the reasons stated for propane. 



9.1 

The ideas discussed up to now suggest that the more probable reactions by 

which the n-butane react are reactions (3.1.) and (3.2.) accompanied to a small 

extent by a reaction (3.4.).  \lo it is sugested that n-butane is preferen- 

cia11yo' ' diacisorbed instead of o( 	, the reason for assuming this is the 

rather high activation energy of the Liydrogenolysis of ethane in comparison with 

propane and n-butane. This higher activation energy exhibited by ethane may be 

due to its single possibility of being 	( liadsorbed. Then for this reason 

propane and n-butane are postulated to be 	diadsorbed. However, it is clear 

that the whole system is more complicated than this, as shown by the excess of 

methane produced over the quantity expected from reactions (3.1.) and (3.2.) in 

the case of isobutane (and also by the loss of material from the gas phase, but 

this will be discussed later). From the plots of hydrogenolysis rate as a function 

of the relative n-butane and hydrogen reactant pressures at constant temperature 

the order of the reaction with respect to n-butane and hydrogen was calculated 

and their values were, 0.8 and 0.4 respectively. The hydrogen order of 0.4 was 

similar to the values for the hydrogen order found by Sinfelt and Yates (21022) 

In their hydrogenolysis investigation of ethane on iron and rhenium. They 

found that these two metals exhibited much different behaviour from the Croup 

VIII noble metais(22).  For rhenium, the reaction order in hydrogen pressure 

was 0.3, and for iron It was 0.5, whereas for the Group VIII noble metals the 

order was strongly negative ranging from -1.2 to _2.5(23).  The strong inverse 

dependence on hydrogen pressure observed by Sinfelt and Yates with the Group VIII 

noble metals can be interpreted in terms of a simple kinetic scheme originally 

proposed by Cimino, Boudart and Taylor(24). They postulated that the slow step 

in the hydrogenolysis of saturated hydro-carbons on a metal catalyst involved the 

breaking of the carbon - carbon bonds, as a result of the easy exchange of the 

hydrogen atoms of the adsorbed paraffins by deuterium on metal films, the authors 



suggested an equilibrated reaction of the type 

C 2  H  6 	
(c 
2 x 
H )a + 

(6 

where C 2  H 
 x was an adsorbed dehydrogenated radical, 

and the slow step was represented by 

(C 
2  H  x 	2 
)a + H 	 + C H -, 

y 	z 	C 114 	(3.8.) 

Cimino et al(78)  applied the Langmuir kinetic treatment to obtain the overall 

rate of reaction as 

r 	k pC2H6 	(1_6X) 

Kemball(25) criticized the mechanism proposed by Cimino et al., pointing out 

that no allowance was made for competition from any type of adsorbed species other 

than C 2  H  x for the sites on the surface. This may be a source of error partic-

ularly if, as suggested by Sinfelt et ai'26), the adsorption is endothermic. 

Hence, some of the negative dependence of the rate of bydrogenolysis may be due 

to direct competition for the surface by chemisorbed hydrogen. So, a term such 

as C P Ht - ought to be included in the denominator of the right hand side of 

the equation (3.10.) deduced by Cimino et al, 24  from their mechanism, 

9' 	9 	(6 - x)/2 
	+ 	(p 	/ 	

(6x)/2 

112 	 6 2 

3.10. 

where 	is the fraction of surface covered with C 2  H  x radicals by the equilibrium 

(3.7.. 

Another point open for criticism is that Cimino et ai.(25 	generalize 

by saying that the slow step in the hydrOgeflOijTSisOfsaturated hydrocarbons on 

metals involves the breaking of the carbon - carbon bonds, while at the same time 

other authors have found the desorption from the surface as the slow step e.g. 

Anderson and Baker 	reached the conclusion that for the hydrogenolysis of 
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hydrocarbons on nickel tilaa, desorption of mathane was the slow step; also 

Galway (27 reached the same conclusion studying the edsor4ion and subsequent 

bydrogenolysis of rnevral hy4rooarboss on supported nickel • The explanation 

found y 	 2 fer 2) 	the positive hydrogen order in the hydrogenolyals 

of rhenium was that the C 2  intermediate on the surface was not bi:hiy in.aturat.d 

since the reaction rate did not decrease with increasing hydrogen pressure, and 

they also said that 	'hspo the situation was similar to that previously noted 

for 	 110fl' 21 

The explanation given by ''atse and. intelt 22 
 for the positive hydrogen 

order in the hydrogenolysis reaction of ethane on iron and Rhorlux can also be 

used to interpret the positive order of reaction in hydrogen  for the n-butane 

hydrogenolysis on molybdenum. Results of n-butans,  excbsne on molybdenum up 

to 273 K showed that the exchange with deuterium occurred by a simple stepwise 

mechanism, with the preferential formation of a reversible butyl medical at the 

surface being responsible for the exohanre. It is probaLle that the species at 

the surface responsible for the hydrogenolysis of paraffin on molybdenum films 

are not extensively dehydrogenated. "or, support for this ides Is found in the 

results obtained by Cudlcov ot als (14 ) on tb.exohsn€, of oycicbeptano and cyolo 

octane on different metal catalysts (oeders). These showed that the oxchWe 

on molybdenum wasmonotonie" in character; the reaction was studied in the 

temperature range from 273 K to 443 X. suggesting that at these temperatures the 

species responsible for the exchange were not extensively dissociated, because 

it they were the exchanged reaction would not have been by a stepwise mechanism. 

o, the kinetic order of 0.4 for the n-butane in the hydrogenolysie reaction my 

suggat that when the hydrocarbon is adsorbed it Is not strongly d.bydro€eneted 

and the adsorption proceed without naaoh complication, also as the bydrogenolysia 

products are, methane, ethane and propane, and propane and methane being in a 



ratio that is not too far from that obtained of just one bond break each time 

that the molecule Is adsorbed and desopbed and also in view that the exchange 

reaction occurs at very low temperature in comparison with the hydrogenolyais, 

indicating that the breaking and formation of carbon hydrogen bonds occur very 

easily. It is very likely that the slow step of the reaction must be the 

carbon-carbon bond iaeaking. 

At the temperature at which hydrogenolysis takes place, the whole process 

that is occurring at the surface can be divided in two parts. The first one 

leads to hydrogenolysis involving moderate reversible dehydrogenated species 

and the second one leads to the formation of more strongly adsorbed species ad 

quite probably responsible for the incorporation of material on or in the bulk 

of the catalyst. 

From the desorption experiments carried out with hydrogen it was established 

that at least part of the material which was incorporated, could be desorbed as 

methane. In Table 2.2. (Part In) it is shown that the initial reported carbon 

loss decreases with temperature. This could be explained by saying that at 

higher temperatures the strongly adsorbed species had a greater chance of being 

rehydrogenated than at lower temperature as was found in the desorption experi-

ments* Also from the desorption experiments, it could be concluded that the 

species responsible for the poisoning of the catalyst surface contained only one 

carbon in its structure, but this does not exclude the possibility of other more 

complicated species that do not desorb with the hydrogen treatment. Chenisorption 

studies of methane on molybdenum film were made by Coekelbergs et al 	. They 

found that the ratio of H/C on the surface decrease with temperature, i.e., at 

273 IC the methane was probably dissociated into CH  and H, at 373 K the dissoc-

iation to CH and Hiffi was excluded but at higher temperatures dissociation 
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increased and at 773 K the successive addition of methane corresponds to the 

formation of Mo2C. On nickel Baker and 	Rideal 	studied the adsorption 

of carbon monoxide at temperatures higher than 423 ,The added carbon monoxide 

exceeds that required to cover the surface with nickel carbide and the authors 

assumed that the carbide was able to diffuse away from the surface. Kemball 

and Moss ('29) studied the reactions of methylethne and hydrogen on evaporated 

metal films. The products showed a nitrogen balance throughout, but the total 

carbon content of the gas mixture decreased as the reaction proceeded, indicat-

ing that carbon was becoming associated with the catalyst . This loss of 

material was confirmed with a nickel catalyst treating the catalyst surface with 

hydrogen in the same manner that was carried out on the present work (Section 

2.2.9  Part iii), after the catalyst was heated in presence of hydrogen methane 

desorbed from the surface. 	This formation of nickel carbide, Ni3C was verified 

by X-ray. The formation of Mo2C at 463 K is not probable because the A F has 

an approximate value of 9k J mol at this temperature. From the four experi-

ments carried out consecutively with n-butane at 473 K on the same film, the 

major drop in activity was observed between the first and second runs, this 

result suggests that the catalyst has some sites more active than the others, 

with the result that these are more easily poisoned. 
the 

In the two experiments carried out under same conditions and using the same 

film but, treating the surface with hydrogen in an attempt to clean it after the 

first runA drop in activity of about 3x was observed between the first and 

second, run. If this reiilt is compared with the drop on activity (5 times) 

ehibited between the first and second run of the series of four experiments 

carried out under the same conditions and using the same film, but without the 

surface being treated with hydrogen, it may be concluded that the treatment of 



hydrogen does not improve the catalyst activity to a great sxtønt • This may 

he so because in the process of incorporation of material on to the catalyst, 

the adsorbed species on the surface are gradually more deogenated, homing 

more strongly and Irreversibly adsorbed • This may be the reason why only a 

fraction of the material incorporated on to the catalyst is recovered as methane 

from the desorption experints with hydrogsn. Oxygen was shown to poison the 

catalyst surface to hydrogenolyeis, however when oxygen was used in a proportion 

such that only a fraction of the surface should be covered, the drop in catalyst 

activity was not as large as ,xeoted. These results suggest that there must 

be a competition for the surface between, n-butane ,hydrogen and oxygen with the 

result that the hydrogen and n-butane are adsorbed preferentially on it, the 

reason why the bending in the plot of loss of n-butane with time,for the experi-

ment with only enough oxygen to partially cover the film was more prominent than 

in a standard expert went. would than be du, to a slow adsorption of oxygen during 

the reaction acco nied by the nox'sl polsoninr due to the bydrogenolysis 

reactin itself. 

, 

The bydrogenolysie of propane was studied In the temperature range 397 to 

445 !C and the reaction products were, methane and .than.. The general trend in 

the ratio of products did not change apçreihly with temperature; generally the 

ratio of *than* to methane lay between 2.6 and 2.49  with the only exception being 

an experiment at 445 V in which the ratio was 2.7; this value is believed to have 

been caused by one experimental error, e.g. a change in the fragmentation pattern 

or sensitivity of the products hence leading to a false result. ?rom the results 

on n-butane hydrogenolysis, it was expected that the main reactions in the 



hydrogenolysis of propane would be as follow, 

C3IL 	-. 09H6  + CH 	 3.11. 

C3H8 	 3 CR4 	 3.12. 

in which reaction 3.11. occurs to a much greater extent than (3.12). 

From the ratio of products, it may be said that reaction (3.11.) was the one 

which took place preferentially. However the interaction of propane with the 

surface was not so simple, as can be seen from the fact that like the hydrogeno—

lysis of n—butane, incorporation of material into the catalyst was occurring at 

the same time as the hydrogenolysis and was verified by desorption experiments 

with hydrogen. As explained in section 2.3., Part III, the carbon loss did not 

appear to follow a trend with temperature, so the dependence of the hydrogeno—

lysis rate on temperature was shown to be a curve. However, a plot of the total 

rate of disappearance of propane against temperature(without subtracting the 

rate of carbon loss), gave a straight line. Nevertheless the really important 

process that may t J 	place is that which accounts for the carbon loss and is 

responsible for the lending in the Arrhenius plot. The complete reaction that 

occurred between the propane and the surface can be divided in two parts, first 

one process that tended to produce strongly adsorbed species on the surface and 

was responsible for the incorporation of material on or possibly into the bulk 

of the catalyst, and a second process which was the opposite of the first in that 

the radicals on the surface could be rehydrogenated. But this could be true 

only if adsorption involved a limited degree of dehydrogenation, because exten—

sive dehydrogenation produces irreversibly adsorbed species. Thus, at low 

temperatures the Incorporation of material on the surface is high,because the 

temperature Is insufficient to product the hydrogenation and desorption of these 

species from the surface. At temperatures higher than 420 K, the importance of 

the formation of Irreversible species on the surface may increase and at 
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temperatures hih.r than 450 K a large drop in catalyst activity must be 

xpected tovarrla I:ropm, hydrogenolysjs du, to a large production of irreversible 

adsorbed species. 

The bydrogenolysis of *than* gave methane as * product and, like r'utane 

and propane, loss of material accompanied the hydrog.nolysts reaction. The 

reaction was studied in the tewerature rang, between 413 and 45 K and. showed 

a higher activation energy than that for propane and butane. This higher acti- 

vation energy was 1r,Ited with the mode of adsorption of the etvrp !i.cb 

**Ith4U  

sorption. 

Anderson and Baker (19)  studied the hydrogenolysis of Oeopentane, n.ob.xan,, 

propane and ethane on evaporated metal films of nickel, tungsten, rhodium and 

Platinum. 	ver nickel they found that the hjdrogenolyeia of ethane required a 

tem,ersture of about ove that for propane, and the activation energy for 

propane and ethane was 146 and 2e8 k 3 mo1 	resk actively. 	Neohxane cracked 

at the quaternary 	witom to give isobutane and ethane as the main primary 

products o rlatjmti, !ut with daciirtg importance for the sequence of metals 

p1stir, 	tungsten >2  nickel , r :4ium; for rhodium, the main initial 

Products were methane and neopentane. 	uthcrs suggested that in hydrogeno- 

lysia re't 	ns.1vre 1..7 
( j 	steric.11y 	 the 

rftactiomr'ci c 	vi . 	1-3 studied the 

exchang. reaction of neopentane and deuter4.uL on evaporated metal films. On 

palladium the initial rate of production of the C4])9  ion was greater than the 

rate for all except the d 19  4.2  and 43  ions; the authors explained these results 
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assuming an intermediate w .h was C Jr, dia1sorbed to the 8urface. 

Results on tungsten' showed that propane reacted at 461K and produced 

methane and ethane to 65% and 35"f  at 25% of conversion, and neohexane produced 

methane, ethane, propane isobutane and neoperitazie in percentages of 33, 199  69  

36 and 6% respectively at 7% extent of reaction. To account for this distri-

bution of products at an early stage of reaction more than one C-C bond in the 

molecule must break at once, and as the oatalystic properties of tungsten and 

molybdenum are in general quite similar, molybdenum may show similar behaviour, 

as was suggested earlier in the discussion of n-butane hydrogenolysis, with 

respect to the possible reaction scheme. 

3.2. Rydrogenolysis of Cyclopentane 

The reaction of cyclopentane was studied in the temperature range between 

423 and 493 K. The products for the reaction were methane, ethane, propane, 

n-butane and n-pentane. In this distribution of products, butane and pentane 

are counted as the normal isomer, there being only a swall tendency for molybd-

enum to isomerize (however, isobutane and isomers of pentane may be present). 

As shown in Table 2.6. (Part III), in the whole range of temperatures studied, 

the major bydrogenolysis product from cyclopentane was n-pentane; molybdenum once 

again showing its property of being a catalyst that does not produce extensive 

fragmentation. As a contrast cobalt was found to produce extensive fragmen-

tation in the present work. 

At low temperature, about 60% of the cyclopentane was converted to n-pentane 

indicating that one of the main reactions by which the cyclopentane breaks up 

is as followsi 
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Another significant reaction was that one 10&11n to the formation of ethane 

and propn wMehni.,aly he as 

s1IIz. 	
- 	 3.14. 

Ilk this reaction two carbon-carbon bonds are br&.n at ones or before the 

desorptioa occurs. To account for ft-butane and m.th*ns present in the early 

stage of the reaction, the following process must occur, 

4 	4 -10 
	 3.15. 

From the observed product distribution (Table 3.6. part III) it was found that 

the relative amount of methane produced increases with temperature. Reaction 

(3.15) is the only process mentioned above that leads to the production of 

methane, however this reaction would produce one molecule of butane and methane 

at the same time, giving a ratio of butanee methane of one to one  or in C5  

equivalent* of 4 to 1. 

Since the experimental amount of methane is higher than that expected from 

reaction (3.11)9  methane imist therefore be produced by other ptooeeaes, such as: 

 

4 

it a 

- 

 

3.17. 
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However from the bydrogenolysia results of the lower paraffins these processes, 

which involve the breaking of several bonds at once, are not very likely to 

occur on molybdenum. 

It is suggested that after the cyclopentane molecule reacts by one of the 

processes (3.13. - 3.150,the products of the reaction in particular the higher 

paraffins like butane and pentane may remain adsorbed on the surface, and 

suffer further degradation to smaller paraffins; this process would also explain 

the high concentration of methane in the early stage of the reaction. At 

higher temperatures, and for a low cyclopentane conversion, the amounts of 

methane and ethane increased noticeably in comparison with the other hrocarbons 

suggesting that the probability of carbon—carbon bond breaking for the larger 

paraffins increases, and also the desorption of their products from the surface 

is easier, at these higher temperatures. At higher cyclopentane conversion there 

is an increase in the relative amounts of methane and ethane, (more noticeable at 

higher temperatures) accompanied by a decrease in the relative amounts of pentane 

and butane. These results suggest that subsequent reaction of the higher par—

affins is occurring at the same time as the main reaction. The mount of propane 

formed throughout the range of reaction temperatures remained fairly constant; 

this can be understood by proposing that propane is being formed and undergoes 

subsequent reaction at a s.i1ar rate. 

POISONING. 

The irreproducibility exhibited by the curve for the loss of reactant with 

time is attributed to a poisoning of the surface with strongly adsorbed species. 

It was noted in Table 2.6. Part III that the carbon loss was higher at lower 

temperatures; this may be interpreted by considering two processes connected with 

loss of carbon which may be occurring in the range of temperature at which the 
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reaction was studied. The first process mainly takes place at low temper-

atures, the alight adsorption of cyclopentane and products being greater than 

at higher Umperaturek thus, part of the reported carbon loss may be species 

that are not too strongly adsorbed and can be desorbed at higher temperature 

at conditions under which hydrogenolysis occurred. The second process which 

does not occur to a great extent at lower temperatures is responsible for the 

formation of strongly adsorbed 3j eciaa. These two effects exlain why at low 
,loss 

temperature a higher oarhon'i reported than at high temperature, e.g. at 423 IC 

when only 3 of oyolopentane was converted, 33, of it was carbon loss; on the 

other hand, at 493 K where one might have expected a higher carbon loss, none 

was reported at 4 conversion of cyclopentane so, at 423 K the species respons-

ible for the initial carbon lose are principally reactant and products that are 

adsorbed on the surface and for that reason are not counted in the gas phase 

material but as carbon loss. As soon as the temperature is increased, some of 

these species will return to the gas phase and a decrease In the observed loss 

of material takes place. Fvidenoe that the catalyst Is being poisoned during 

the reaction, and to a greater extent at higher temperature, was found when no 

reaction or very little activity was exhibited by the catalyst at temperatures 

higher than 503 K and 563 1. 	\lso, more evidence that the catalyst was more 

poisoned at higher temperatures than at lower was obtained when three reaction 

runs were performed consecutively, at 453 K, 493 IC and 451 K. respectively; on 

reaching the third experiment at 451 K the catalyst was almost completely 

inactive. This large drop in activity may be due to a blocking of the active 

sites of the catalyst by strongly adsorbed species during the previous reactions 

but especially so in the reaction at higher temperature (493 Q. 
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PART IV 

HIDROGENOLYSIS REACTIONS Oii' n-BUTANE, PROPANE, ETHANE AND 

CYCLOPENPANE ON EVAPORATED COBALT FILE. 
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CHAPPR I 

1.1. Introduction 

The use of cobalt by mankind goes back to very ancient times and is 

thought to start when cobalt compounds were used for colouring glass and glazes. 

For example in the north west of Persia, a necklace was discovered which dates 

back to about 2250 B.C. 	and consists of a number of blue glass beads 

coloured with cobalt • Inasmuch as the impurities commonly found in glass—

making raw materials do not include cobalt, it appears that the cobalt was 

introduced intentionally into the glass. 

However, it was not till 1897  that the use of cobalt as a catalyst was 

first suggested by Sabatier and Senderens. Sabatier synthesized methane over 

a cobalt catalyst in 1902.  Fischer and Tropach of the Kaiser Wilhelm 

Institute developed the powerful catalytic properties of cobalt for the 

synthesis of liquid hydrocarbons in 1925. 

Cobalt, like other transition elements is an effective catalyst for many 

organic and inorganic reactions. In general, its catalytic behaviour is 

similar to that of iron and nickel (2);  in some reactions, however it is much 

superior. The greater cost of cobalt is compensated by the long life of the 

catalyst as may well be seen in its greater efficiency when compared with 

similar catalysts. 

The most important uses of cobalt are the desulphurization of petroleum 

fractions and the drying of paints and varnishes. However it is also of 

commercial interest in the oxo process, reforming, hydrogenation, f].uorinat— 

ion, polymerization(4)9  oxidation 	and many others. An excellent review of 
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hydrodesulphurization has been prepared by McKinley(6)Cobalt forms part 

of the commercial CMA catalyst in which its composition is 3 to 3.5% cobalt 

(as CoO) and 10 per cent molybdenum (as MoO3) on gamma alumina. This is a 

hydrogenation catalyst, the major reactions occurring during hydrogen treat- 
(7) 

ment over CMA catalyst are desulphurization, denitrification and deoxygenation . 

Metals, such as vanadium, arsenic and sodium are also removed presumably by 

the formation of metal hydrides(8) Despite the extensive utilization of 

cobalt catalyst for industrially important processes, almost no work has been 

carried out with this metal as a catalyst for simple reactions. 

In the last few years reactions such as iiyiroganation(90)9 or hydro- 

genation-dehydrogenation 	, isomerizatio 	, oligoxnerization (13)have been 

studied and In these reactions the cobalt has been used as a supported catalyst 

in the form of cobalt oxide. 

Hydrogenolysis studies bave been made on pure cobalt catalyst but most of 

the work has been carried out on supported catalysts. One of the earliest 

studies was the hydrogenolysis of ethane on a cobalt-thoria kieselguhr 

catalyst by Taylor and Taylor(14)  

Sinfelt, Taylor and Yates(15)  studied the hydrogenolysis of ethane on 

silica supported metals. Cobalt was shown to be more active than platinum 

and more than copper, but less active than nickel. The rate of hydrogenolysis 

decreased with increasing hydrogen pressure. 

Sinfelt, Yates and Taylor (16)  studied the reaction of cyclopropane hydro- 

gen on a series of silica supported metals. 	Cjciopropane on nickel and 

cobalt gave methane, ethane and propane as products, however on platinum and 

copper propane was the only product. 

Anderson and Kemball(17)  found that on cobalt evaporated films ethane 

underwent hydrogenolysis and suffered exchange at 573K. 
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IAisohenlco and Agroriomov 8  used cobalt, produced by the decomposition 

of an amalgam, for the hydrogenation of benzene, which took place at 380 IC 

gave a yield of 100% methane at 500 K. As will be seen later in the 

section dealing with hydrogenolysis reactions on cobalt, n—butane gives methane 

as the major product, accompanied by small amounts of propane and ethane and 

the reaction is inhibited by hydrogen; propane also gives methane as the major 

product accompanied by small amounts of ethane. In both cases carbon loss 

took place as a subsidiary reaction. All those results were in agreement with 

those found in the early literature 	18) • The reaction of cyclopentane 

on cobalt had a high activation energy (270k joule) and was less susceptible 

to poisoning than molybdenum. 
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CHAPTER II 

RESULTS 

2.1. Surface Areas 

The result obtained for the adsorption of krypton on a cobalt film is 

given in Table 2.1. and the adsorption isotherm is shown in Figure 2.1. 

The saturated vapour pressure of krypton at liquid nitrogen temperature 

-2 
was 336 N 

TABLE 2.1. 

Adsorption of Krypton on a Cobalt film 

2 	P3/Nm 2 	n1Q 7 	, 	
3 	

Metal 1m eight 
P2/Nm  

30.74 1.07 5.58 3.18 	12.1 x 10 

38.76 6.15 7.32 18.29 

13.90  8.17 41.37 

85.00 26.20 7.79 77.96  

107.72 40.36 7.26 12.01 

106.65 51.86 6.86 15.43 

112.40 62.55 6.24 18.61 

109.59 71.90  4.34 21.40 

P2  represents the pressure in the dose volume at room temperature. 

P3  represents the pressure in the reaction vessel at liquid nitrogen temperature. 

n 	represents the number of molecules adsorbed on the catalyst surface. 
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n is equal to the number of molecules adsorbed 
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The adsorption isotherm for cobalt is shown in Figure 2.1.1  the shape of the 

isotherm did not allow to apply the B.E.P. method to obtain an estimation of 

the number of molecules occupying the monolayer in order to compute the surface 

area of the film using the known cross sectional area of krypton. Initially 

it was thought that the reason for the deviation was due to an error in the 

volume calibration and the latter was repeated again but both values were the 

earns with in a very small error. Alternatively the reason for this uncharacter—

istic shape might be due to a gradual poisoning and displacement of the krypton 

adsorbed on the surface by mercury. On this basing  one could explain the 

phenomenon of apparent desorption which occurred after reaching a maximum in 

the adsorption at a value of p/p 	C.050. The point at maximum adsorption 

was taken to obtain an approximate measure of the surface area of the films. 

A value for the surface area of 1.56 x 10_1  in2  was obtained. 

2.2. Hydrogenolyais of n—butane 

The hydrogenolysis of n—butane was studied in the temperature range between 

403 and 443 K. The results for a typical reaction of n—butane on a cobalt film 

at 440  K are represented in Figure 2.2. The main hydrogenolysia product was 

observed to be methane with small amounts of propane and ethane, each less than 

37w, also being detected in all oases. 

Cab'bon loss took place at the same time as the hydrogenolysis reaction. 

This carbon loss generally represented the second major way of reactant conversion 

in the reaction. The incorporation of material on or in the catalyst bulk was 

verified by desorption experiments using hydrogen in the same way,  as for molybdenum, 

(Part III, section 2.2). 

Once again the reported amount of desorbed methane was less than that reported 

from the distribution of products. For example, in an experiment carried out at 
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440 C, a waxia of ICr carbon loss was reported, but from desorption .xperi-

sent, only 74  was found. An attempt to calculate the activation energy for 

the loss of carbon failed b*oause even though carbon loss was greater at higher 

temperatures (Table 2.2.), the scattering in the points was large and the 

reproducibility was poor. 

TOLS 2.2. 

Initial Rote of Formation for Methane and Carbon Loss in the 

Hydrogenolysis of butane on Cobalt 

- ------------ 

INMAL  

T/K. 	 C %I(EON LE 	 TBAJ1 

403 0.024 0.028 

413 0.023 0.058 

419 	- 0.16 0.16 

424 0.070 0.17 

428 0.045 0.25 

439 0.27 0.72 

440 0.18 - 	0.41 

440 0.17 0.82- 

443 

.82

443 0.41 0.67 

Figure 2.3. shows the d.pend*nce of the rate of reaction on tespraturs. 

An apparent activation energy of 112.5 t 9.2 k J sol was found and the logar- 

ithm of the frequanoy factor (A, expressed in iaclac 	s 10 wj1) Was 28.5 . 1.1. 

A first 	Er lot for the disappearance of n-butane at 440 V, is shown in 

Tigur. 2.4. &s it say be sian the reaction does not obey the first order 
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kinetic plot, instead the'rate constant" decrease continuously with time. 
To 

observe how far the poisoning of the surface has gone at the and of an experi-

ment carried out at 419 IC for 70 minutes, the temperature of the reaction vessel 

was increased to 440 K and the reaction followed. The initial rate 
of this 

second reaction was 0.60% min, however the reaction rate for an experiment 

carried out on a fresh film at the same temperature gave a value for the initial 

rate of reaction of 1.47 . min-1 , these values represent a moderate decrease in 

the catalyst activity (about two fold), but this time the curve shape for the 

disappearance of butane follows zero order behaviour. The general trend for 

both reactions at 440 IC are represented in Figure 2.4. In order to have a 

better understanding of the interaction of n-butane with the catalyst, a cracking 

reaction of n-butane on cobalt was carried out. 	Nt 439 K traces of 
methane 

were formed, and at 453 IC no appreciable change in the reaction was observed. 

t the end of the experiment, desorption from the surface with hydrogen was done 

In the usual manner, this time only 2.5% of the original butane desorbing from 

the surface as methane. 

Results of a reaction carried out on a sintered film in vacuo at 573 K for 

14 	-1 	-1 
30 minutes gave a rate of hydrogenolysis of 5.50 x 10 molec a 	

10 rag in 

-1 	-1 
comparison with a rate of 1.72 x 10 

15 molec S 	 10 rag on a fresh film at 

the same temperature (443 K). For the sintered and unsintered film the 
product 

distributions were found to be similar in nature. In order to investigate 

further the kinetics of the reactions, a series of experiments was conducted at 

439 K in which the pressures of butane and hydrogen were varied. In Figure 2.5. 

and 2.6. the variation in the rate of hyrogenolySiS of n-butane as a function 

of hydrogen and n-butane pressure respeCtivelY are represented. 
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One experiment was performed using the standard conditions but replacing 

the hydrogen by deuterium 	533 IC. The results of this experiment were only 

qualitative in nature, this because, due to the high temperature at which the 

experiment was performed it was difficult, for example, to obtain kinetic data 

for the exchange and hydrogenolysis process. 

2.3. Hydrogenolyaja of Propane 

The hydrogenolysis of propane was studied in the temperature range between 
443 and 532 K. As in the hydrogenolysis of n-butane, the main product of the 

reaction was methane accompanied by small quantities of ethane which were less 

than 	in the temperature range studied (Fig. 2.7.). 

This time the loss of material was slightly smaller than in the case of 

n-butane; for example in a run at 481 IC and at 6CY2' conversion only eZ of the 

original propane was measured as carbon loss, while for a n-butane run at 443 IC 

at the same degree of conversion the carbon loss was measured to be 8. 

The disappearance of propane obeyed apparent first order kinetics, this 

being illustrated by the first order plot in Figure 2.8. 

The rate of hydrogenolysis was taken as the rate of propane disappearance 

although it was found to be difficult to obtain an accurate reading for the 

carbon loss during the reactions especially at the early stage; in any case it 

was clear that the loss of material was happening to a lesser extent than with 

the n-butan, and therefore this approximation would not involve a large error in 

aotivtion energy. 

Figure 2.9. indicates the apparent activation energy for the reaction. A 

value of 78.9 t 4.7 k J  mold  was found for the hydrogenolysis of propane and 

that for the logarithm of the frequency factor (A expressed in molec s 10 
+ 

was 21.0 - 0.6. 
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2.4. Hydrogenoljsis of Ethane 

The hydrogenolysis of ethane was studied in the temperature range between 

443 and 565 K, the product of the reaction being methane as expected (Figure 

2.10.). 

No appreciable carbon loss took place at teperaturoa lower than 565 K and 

565 K itself, only 3% ct'bon loss was found at ODA conversion. The course of 

the ethane reaction followed apparent first order kinetics, as shown in Figure 

2.11. 

Figure 2.12. shows the dependance of the rate of reaction on temperature. 

An apparent activation energy of 78.8 t  5.8 k 3 mol was found and the logar-

ithm of the frequency factor (A expressed in molecules a
-1  10 mg-.l), was 

21.0 t 0.6. 

2.5. Hydrogenolysis of Cyclopentane 

The hydrogenolysie of cyclopentane was studied in the temperature range 

between 423 and 493 K. In Figure 2.13. is shown the course of the reaction at 

433 K. The disappearance of cyclopentane followed a first order rate plot but 

bending with time. In Figure 2.14. is illustrated one of the typical rate plots 

that were obtained. This curvature of the rate plots must be due to progress-

ive self poisoning of the reaction, as it is indicated by the Arrhenius equation 

plot shown in Figure 2.15.; when in an intent to follow a reaction at a temper-

ature higher than 443 K the catalyst activity was found to be much smaller than 

expected from the previous values of reaction rates. 

In Table 2.3. is shown the product distribution at an early and later stage 

of reaction, expressed in terms of carbon. In the whole temperature range the 

major conversion of cyclopentane was the loss of material counted as carbon 
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lose, with the only exception of one experiment at 443 K when at 5% of conver-

sion methane was found to be the first product. 

TABLE 2.3. 

Product Distribution at an Early and Later Stage of Reaction 

(Results in C5  Equivalents) 

% ?RODUC IS 
T/K 	CI)WI -I.MSION EYDROO. CARBON AS '  OF 	W(T)ROOENOLYSIS 

LOSS 
MET. iPH. PROP. 	BUT. 	'ENT. 

418 	8 19 81 60 20 20 	- 	<0.5 

433 	10 52 48 52 22 13 	7 	6 
25 47 53 52 19 11 	9 	9 	* 

443 	5 71 29 56 28 - 	17 0.5 
59 46 54 67 25 0.5 	7 0.5 

458 	5 42 58 46 24 18 	6 6 

15 42 58 64 20 9 	4 3 

* These figures might be much smaller due to a fragmentation under correction. 

This was reflected In almost all the distribution of product In which a comparat-

ively large amount of n-pe-itane was observed at the beginning of the experiments, 

as may be seen in Figure 2.13. 

A value of 216.1 20.3 k J mo1 was found for the apparent activation 
-1 

energy and the logarithm for the frequency factor (A expressed in molec S. 

10 mg'), was 40.6 	2.5. 
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CHAPTER III 

DISCUSSION 

3.1. Hydrogenolysis of n-Butane, Propane and Ethane 

The hydrogenolysis reaction of n-butane was studied in the temperature 

range between 403 and 443 K, it gave methane as the main product accompanied by 

small amounts of propane and ethane, the latter was found to be produced in 

higher concentration than the former, but the conversion of n-butane to propane 

and ethane was less than 3% in both products and for the whole range of temper-

ature. In one experiment carried out with n-butane and deuterium at 533 K, it 

was found that some of the n-butane suffered exchange but only a small percentage 

was converted to the heavier isomers, also the product distribution of these 

isomers showed that almost the only isomer formed was the perdeuter000mpound. 

Almost all the n-butane conversion gave methane and the most abundant isomer was 

CD4. As this experiment was performed at too high a temperature, it was not 

possible to decide what process took place first, the exhtiange or the hydrogeno-

lysis reaction; at 533 K the hydrogenolysis certainty occurred much faster than 

the exchange. 

The behaviour exhibited here by cobalt was similar to that found by 

Thomson, Turkevioli and irsa 	studying the hydrogenolysis and exchange reaction 

of hydrocarbons with cobalt - thoria Fischer - Tropech catalyst. Ethane, 

propane, n-butane and Iso-butane were reported to break down to give methane 

as the only product, and the product distribution in the exchange reaction gave 

generally a maximum at the perdsuter000mpound or in some instances, the product-

ion of the heavier isotopes were greater than that of the lighter isomers. 

In relation to the exchange reaction, Anderson and Kemball 	studied the 
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interaction of ethane in a series of metal film catalysts. Cobalt was found 

to produce deuteroethane at 573 K and hydrogenolysis occurred at higher temper-

attires. Also the product distribution of the exchange reaction on cobalt 

showrd a maximum at the perdeuterocompound. The exchange of ethane did not 
the 

give d1  and d2  deuterocompound, and methane showed, as did ethane, a regular 

isomer distribution with a minimum in the light compound and a maximum in the 

heavy (perdeutero) compound. 

Iron was not found by Anderson et al to produce deuteroethane up to 

643 K. However, hydrogenolysis of the ethane took place in the temperature 

range between 583 and 638 K giving CD  as the main product. These results on 

iron and cobalt were explained by Anderson and ICemball by suggesting that the 

deuterated product could not be desorbed from the surface before rupture of 

the carbon-carbon bond had occurred. 

From Figure 2,5. (Chapter II, Part Iv) the order of reaction was calcul-

ated in terms of hydrogen, and a value of -0.8 was found. From figure 2.6. 

(Chapter II, Part Iv) an order of reaction approximately of 0.5 was determined 

in terms of n-butane. The apparent order of the hydrogenolysis reaction in 

terms of n-butane suggest that the reaction proceeded by first order kinetics 

slowing down, however the apparent order is such because the catalyst surface 

is being poisoned during the hydrogenolysis reaction and this process masks 

the real one, making the rate of loss of reactant decline continuously with 

time and giving a false apparent kinetic order. 

The hydrogen order for the n-butane hydrogenolysis is similar to the 

hydrogen order determined by Sinfelt et ai 	in the hydrogenolysis of ethane 

on silica supported cobalt. The general features of the kinetics of ethane 

hydrogenolysis were explained in terms of the mechanism of Taylor and co-

workers(2C) in which a value of a = 2 (a is the number of hydrogen molecules 
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lost by the ethane before being adsorbed) accounts best for the observed 

kinetics, indicating that the surface residue is lees hydrogen deficient than, 

for example, in the hydrogenolysis of ethane on platinum and nickel 
(20)  where

the a value was 39  indicating that the dehydrogenation step proceeds to the 

production of a carbon residue on the surface, completely deficient in hydro- 

gen. 

ilischenko and Agroomov(18) studied the reaction of benzene on a cobalt 

catalyst produced by the decomposition of amalgam. At temperatures up to 

378 K the reaction that took place was the hydrogenation which gave C6  H12. 

At higher temperatures hydrogenolysis took effect giving methane as the major 

product accompanied by hexane, less propane and butane and traces of pentane. 

Also the hydrogenolysis of 1-hexeno and cyclohexene was studied on cobalt 

catalyst by Misohenko and .gronomov(21). Hydrogenation took place up to 423 K, 

hydrogenation, hydrogenolysis and methane splitting took place in the temper-

ature range between 423 and 533 K, and at temperatures higher than 433 K only 

methane splitting occurred. From the product distribution of n-butane hydro-

genolysis on cobalt and also from the results obtained by Thomson et 

n-butane was adsorbed on the surface and remained adsorbed long enough to get 

the exchange of all the hydrogen atoms and also the breaking of the carbon-

carbon bonds to such a degree that mainly CH  desorbed from the surface. 

The kinetic order of-0.8 for hydrogen in the hydrogenolysis reaction of n-butane 

on cobalt may suggest that hydrogen atoms compote with n-butane for the surface, 

occupying the active sites needed by the n-butane to react. From the results 

found by Thomson et al 	and also in this thesis about the exchange reaction 

of n-butane on cobalt, it is probable that the breaking of carbon-carbon bonds 

would not be the slow step of the reaction, instead adsorption-desorption may 

be the process responsible for it. From Fig. 2.5. (Chapter II, Part Iv) which 
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shows the rate of hydrogenolysis as a function of hydrogen partial pressure, 

it is observed that a maximum in the rate of hydrogenolysis occurs very close to 

the exact ratio between n—butane and hydrogen for the reaction, 

n C4 }I10 + 3H2 IC H4 

and beyond that point the reaction rate starts to decrease due possibly to the 

surface competition between hydrogen and n—butane as mentioned before. 

Similarly in the hydrogenolysia of n—butane on molybdenum, the reported 

carbon loss values and those reported from desorption experiments were not the 

same and usually the carbon loss value was higher. This could be interpreted 

assuming that only a fraction of the carbon loss was reversibly adsorbed or that 

the calculation of carbon loss was affected by an error, thus a higher value for 

the carbon loss was computed. The source of error might be due to . a falling 

in sensitivity of the components in the reaction mixture by a fault in the 

electronics with time, bringing a reduction in the total amount of material with 

respect to the beginning. 

The cracking experiment conducted with n—butane gave a similar result to 

cracking on molybdenum, no appreciable reaction was observed at temperatures 

up to 453 IC however a characteriOtiC that differenciatea this reaction on cobalt 

from that on molybdenum, was that on cobalt only 2.1% of the 
original n—butane 

d.esorbed from the surface as methane, in contrast to molybdenum where about 36% 

desorbed from the surface. 

The experiment that was conducted at 440 IC, on a film that had been 

previously used to carry out a run at 419 K, indicates that poisoning of the 

surface did not go too far at 419 IC, because the drop in activity was only two 

fold. However, it indicates that poisoning was taking place and there was a 

change in the apparent order of reaction from approximately first order kinetics 
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in the first reaction to zero order kinetics In the second. The fast 

reaction of the first experiment must have gone essentially on a few, very 

active sites hence first order kinetic. These sites became poisoned for 

the second experiment and this slower reaction occurred on a much larger num-

ber, an "excess", of less active sites, hence zero order kinetics making the 

process slower and independant of the reactant pressure. The formation of 

CD  in the exohane reaction of methane with deuterium' may suggest that 

on cobalt, methane may be ol ot diadsorbed and the adsorption for the larger 

paraffins like propane and butane might take place with the formation of 

c((L,o' , 0 d ,o1c(( , cOU' ,O0(( 
	or o°( '( and as the exchange 

reaction occurred in the same range of temperatures as the hydrogenolysis the 

possibility exists that the same intermediate may be effective for both processes. 

Thomson et 	suggest that two alternative processes may explain the 

results obtained with cobalt thoria Ascher-Tropach catalysts . "Fir:t they 

may be explained in terms of radicals, by which, for example, methane becomes 

adsorbed as CH  and C radicals, ethane as C2  H4  and C2  radicals, propane as 

propene, C3  radicals and butanes as C4  radicals" and in the second possibility 

they assume, "that the mean life of the radicals: methyl, ethyl, propyl and 

butyl on the surface is much greater than the rate of exchange of an individual 

C - H bond so that all the hydrogens will be exchanged before those alkyl 

radicals can desorb as alkanes." 

It is proposed that the mechanism that explains the interaction of n-butane 

with cobalt may be in between the two possibilities prepared by Thomson at al 

In this formulation the molecule of butene would be "adsorbed on the surface bycj 

d Cl, (? I q O ' 	O' ci. 	or O O (Y , and from the results obtained by 

3inflt et a1(15)  on the hyir 	o1/o;3 of othane on cobalt, it may also be 

suggested that the n-butane is not too extensively dehydrogenated; the adsorbed 
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species would remain adsorbed long enough to cause multiple hydrogen exchange 

and breaking of carbon-carbon bonds before desorption occurred. The desorption 

eperin2ents after the cracking experiment suggest that not much carbon is being 

incorporated at the catalyst surface or that the incorporation of material 

cannot be desorbed under the experimental conditions employed (533 K and 

10.7k Nm 2  of hydrogen), but from the carbon loss calculated during the experi- 

ments and also from the hydrogenolysia of ethane 	it may be said that not 

much loss of material takes place under the conditions at which the hydrogeno-

lysis of n-butane takes place; for example, at 5O of n-butane conversion 

only ll of the products was reported as carbon loss. 

HYDROGEN OLYSIS OF PROPANE,-

The 

ROPA1E.

The main hydrogenolyaia product from propane was methane accompanied by 

small amounts of ethane. The carbon loss suffered by propane was smaller than 

that for n-butane, this result puts some more weight in the possibility that 

the hydrogenolysis of n-butane occurred without 4ving an extensive carbon loss. 

The propane reaction follows apparent first order kinetics, this means that 

n-propane was not strongly adsorbed on the surface, however, there were certain 

species held at the surface more strongly and which were responsible for the 

carbon loss. 

HYDROGENOLYSIS OF ETHANE. 

The hydrogenolyeis of ethane produced methane as a product, in the temper-

ature range between 443 and 565 K and the carbon loss did not take place 

appreciably in the temperature range studied. As with propane, the course of 

the ethane reaction followed apparent first order kinetics. Sinfelt at al (15) 

found an activation energy of 125 k J rnol 
-1  with temperature range between 
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2 	'i 	2 	ethno 	 n 	uorte cobalt c :ti t, nd 

the course of the reaction fo11ov4d first order kinetics. The higher value 

for the activation energy of n-butane ( 113k J nol 1)copared to that of 

propane (79k 3 rxiol) may be explained by postu1atin that at lower temperat-

ures. The adsorption of n-butane takes place more extensively than does that 

of propane and ethane, but when the temperature is increased the desorption 

occurs easier thus, raising the activation energy of the reaction. The 

similarity in the activation energy between ethane anei 	 'st that 

all three paraffins studied are prefernciJ Ly c' .:e: 	 0( ~ ~" _C Olde 
M - 

3.2. iydroenolysis of Cyclopentane 

The hydrogenolysis of cyclopentane was studied in the temperature range 

between 423 and 493 K. 	vecluct c1*11 	gave methane as the main 

t. rouct 	11oe by, ethar' ) op:rc ) '-butne ) n.-pentane. 

	

lon v;ith ths h:dronoljis roce 	a heavy crion loss was found to 

occur in the whole temperature range in which the reaction was studied,, so that 

the heaviest loss of material was exhibited by cyclopentane among all the 

hydrocarbons studied in this part of the thesis. 

The rate of the cyclopentane conversion with respect to time was affected 

by poisoning during the reaction, this joisoning is found to be more extensive 

at higher temperatures, as indicated in the rrhenius plot (Fig. 2.15. Chapter 

II, Part iv) when the catalyst activity is 4ound to decrease at higher temper- 

atures • 	The first order pi 	 c 	 b.,, i 	i. 	m. with 

time but becau:e taere i 	Cvi.'. :c 	 :''c tii 	. i 	- '. 	': i.ciJi be 

difficult to determine the order of reaction. However, there is since evidence 

to support the possibility that the kinetic order for cyclopentane may be less 
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than one or even zero. This is seen in the characteristics shown by the 

paraffin hydrogenolyzia in which n—butane is supposed to be more strongly 

adsorbed than the smaller hydrocarbon and cyclopentane may be even more 

strongly adsorbed. The idea that cyolopentane is strongly adsorbed gains 
—1 

weight with the high value for the apparent activation energy (216k 3 mol ). 

This high value for the apparent activation energy is interpreted by assuming 

that the slow step is desorption and at high temperatures the desorption of 

the species on the catalyst is easier, thus increasing the number of free sites 

and the reaction rate. 

For all the previous arguments it is proposed that oyclopentane is adsorbed, 

and remains so, long enough to permit the breaking of almost all the carbon—

carbon bonds thus resulting in the production of methane. 
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CHAPTM I 

EXCHANGE REACTIONS AND ANALYSIS 

1.1. Introduction 

In section 2.1 (Part II) a number of conditions were enumerated which had 

to be satisfied in order to obtain a satisfactory, quantitative analysis of 

chemical mixtures. Condition (6) stated that for exchange reactions all the 

previous conditions must be independant of the weight of the ro1ecu1e. However 

the extent of fragmentation can be different for non exchanEd and fully 

exchanged species. 

1.2. The Mass Spectrometric An4yslsof the Reaction Mixture 

As with the analysis of hydrogenolysis reactions, the experimentally pro—

duced mass spectral data of exchange reactions could not be used directly to 

compute the percentages of the isotopic species. 

The data had to be subjected to a series of corrections before the concen—

trations of the isotopic species could be obtained. These steps were: 

Preliminary treatment 

Corrections due to background in the mass spectrometer 

Corrections due to the occurrence of natural isotopes, 13C and 2fl or D 

Corrections due to fragmentation of the molecules caused by electron 
impact in the ion source. 

a) Preliminary treatment: The preliminary treatment that had to be made on 

the recorded mass spectrum was similar to the method followed in the hydrogeno-

lysis reactions. This was described in section 3.2 (Part II). 
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b) Background; imi1ar1y, the various errors introduced by 'background' in 

the me.s spectra I-mve, been discussed in section 3.2 (?aa't II, and the 

corrections described th.re ware applied to the data for the exchange reactions. 

A1UUL I1ooPi.. 

Many of the elements ao they occur in nature contain small arnounts of 

heavy isotope.. Thus carbon and hydrogen are found in two main ieotoie forms 

12 	and 	and and 2H (or 	) respectively and so the mass  spectra of 

hydrocarbons contain peaks at rasse numbers greeter than those of the parent 

mole.ule owing to the iresenoe of these heavier isotopes. Since in exchange,  

re*otons, the rates are measured 	the increse in th4 ;eaks of iigh.r nasess 

as the hydrogens in the hydrocarbon are replaced by d.utorium,in order to obtain 

an accurate measure of the amount of exehang it is necessary to take into 

account the contributions to the.e peaks from the 	mid 1) originally present 

In the hydrocarbon. The ratios of 13c/12c and 2H/1H in the naturally occurring 

hydrocarbons is constant and the respective values are 0.01081 and 0.00016. 

The height* of the peaks at M + 1 and ?( + 2 for a hydrocarbon of mesa can be 

calculated relative to the corresponding peek height P by suitable use of the 

Isotopic abundances given above. For a hydrocarbon C, fl 
IS 

100 +  1 	( 	1.081 	 0.016 	) 100 	 1.1 

- 	n 98.919 	a 994 ) 

and 

P 

100 	
(n - 11 ( 1.081 	)2 + 	 0.016 )2 	1.2 

2 	98.919 	 99.934 

The values of these factors vary with the isoto4 io content of the molecules 

tine* aa  the  hydrogens are replaced by deuterium the probability of the resenoe 
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of naturally occurring deuterium decreases. Therefore, for any isotopic 

species C H 	D x the values of the corrections are obtained by substituting 

m—x for in in equations l.1.and 1.2. This isotopic contribution of the low 

masses to the higher masses was subtracted in a systematic way starting with 

the lowest mass and continuing upwards to the higher masses using the corrected 

heights at every mass to calculate the contributions to the higher mass number. 

FRAGMTATION COCLONS. 

The basic principles relating to the production of ions was explained in 

section 2.29  chapter II, part IT. 

In this part of the work concerned with exchange reactions, the cracking 

or fragmentation pattern of the hydrocarbon was assumed to be independent of 

either the degree of isotopic substitution or the position of the isotopic 

substituents in the molecule. Thus, the fragmentation corrections could be 

calculated on a statistical basis. 

program being given in Appendix U. 

This was calculated by computer, the 

To calculate these corrections the 

fragmentation pattern of the light byrocarbon was determined before each 

experiment, this was necessary because the fragmentation pattern varied from 

day to day. In order to demonstrate the nature of the calculation carried out 

by the computer an example is given below. 

If the mass of a hydrocarbon is H and the peaks for the masses of M—1 and 

M-2 etc. are PL1, —2' etc., then a fragmentation factor fi can be defined by 

- 
fi - 

1L 

Taking the molecule n—butane as an example, after the mass spectra were recorded 

and subjected to the preliminary treatment, background correction and isotopic 

correction, the fragmentation scheme shown in Table 1.1 was applied on a 

statistical basis. 

1.3 
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Table 1.1 

Calculation of the Fragmentation Scheme for C4  H7  D3  

Number of Mass ethod of Probability 	of 	loss 
Units lost loss taking 	place 

1 H i/io f1  

D 3/br 1 2 
H H (7/10'6/9 ) f 2 

HD or DH 2(7/10. 3/9 )f 2 
MIR (7/10.6/9  5/8) f 3 

D D (3/10• 2/9)f 2 

DHH, HDH, HID 3(3/10. 7/9 • 6/8) r 3 

ITHHTI (7/10 6/9 	5/8.4/7) f4 

DDH, HDI DPI) 3(3/10 • 2/9 	7/8) f3 

5 HHUHH (7/10 	6/9 • 5/8 • 4/7  • 3/6)r5_____  

HHHD,H}tDH 4(7,/10 • 6/9 • 5/8 	3/7 ) f 
}IDHH,D!IF!H 

DDD (3/10 '  • 1/8) f 3 

DHHRH, HDHHH 5(3/10 • 7/9  • 6/8 	5/7  4/6 )r 
HHDHH, HHIDH 

6 	 HHHHD 

DDHH, HHDD 6(3/10 • 2/9 • 7/8 • 6/7) f 
DHDH, DHBJJ 
HDDH, HDH1) 

etc. 	 HHHHHH (/io • 6/9 • 5/8 	4'7 • 3/6.2/5)r6 
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If this procedure is carried out for each of the deuterated species the 

fragmentation scheme given in Table 1.10 may be drawn up and by substitution 

of the numerical values of f1  into Table 1.2 • the actual numerical values for 

the corrections were calculated. The fragmentation correction were made by 

a process similar to that used for the isotope corrections but starting with 

the highest mass. The fully corrected peak heights were then used to calcul—

ate the isotopic distribution and phi value (section 1.3) at the corresponding 

time of reaction. 

1.3. General Aspects of Exchange Reactions 

THE FINAL SqUILIBRIUM OF AN EXCHANGE REACTION- 

In the exchange reaction between a hydrocarbon C n  H  m. 
 and D29  two kinds of 

equilibria are established. 

An equilibrium distribution between the total amount of deuterium in the 

hydrocarbon and the total amount of deuterium in the hydrogen. 

An equilibrium between the relative amounts of the different isotopic 

species of hydrocarbon present. 

Thus, the following interconversion equilibria for the hydrocarbon will be 

established 

C n 	m 	n m— 
H + C H 2D2. 	n rn—i 2C H 	D 	(1c) 	1.4. 

C H 	D + C H 	D 	2C H 	D 
rn—i 	n m-3 3 	n m-2 2 	

(K2) 

etc. 

For hydrocarbons that take part in this type of reaction it is found that the 

values obtained for the equilibrium constants are quite close to the values 

expected for a random distribution of the hydrogen or deuterium atoms between 
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TABLE 1. 2. 

FRAGIENTATION FACTOIS FOR ISOTOPIC BUTANES  

lcr of mnns unit 	1ot 

,o1u1 
t13S. 

1 2 3 4 5 6 

Cj?io 68 0 0 (3  

C HD 
uS  67 101 r 101 r 

52 
r 

52 103 103 

C4H2D8  66 
Z5 	2 1 

i55 

155 
15 	3 

15 	4 

6 
- O1 f2 152 - 5+ 

10 	1 1  
th f3 C3 zo 4 0 10 

r j  + t3 4 2 	io 	3 2 
f3$ t4  

C4HJ D6  64 r1 

2 5 - +71-04 
35 	'4 

63 
t2•5

12 21  
i2 t Z52 t5  

C4115D5  

9 f2 2  12 5 + 5 
10 

+21 

62 
+i 

Vi + Cfl6D6  
r 2 6 5 + 	(4  + 	r 42 

61 f0  t1 
lO1 152 

a1.L 1524 	3 40
f3 +•t4  t3+ 

12 
f 5  

Z. 
15 	2 

2.. 
2'4'3 

.L 1.4  L IL 	J- 

45215 3 154 ;t,  +t 
C4HD2 5 	1 c3 

45 
r2 15 	3 +t4 t 

59 tj 
10 t1 

10 5t4.+ 25 C& 
10 

2 10 54 25 5 

CE
'10 

L 

58  2 5 
t 4  15  t 
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the various isotopic forms of the hydrocarbon. The distribution of the 

deuterium between the hydrocarbon and the hydrogen usually differs slightly 

from the value expected in terms of a random distribution. The values of 

the equilibrium constants for the reactions 1.4. can be calculated from a 

combination of terms in the appropriate binomial expansion and may be exressed 

in general as 

( I )2 

1(1 	 (m) 	
1-5- 

) ( i+T 
M 	 m ) 

where the symbol ( 	) represents the number of ways of selecting I objects 

from a group of m identical objects. 

In expression 1.5., the terms In i represent the number of deuterium 

atoms in a molecule with m exohangable hydrogen atoms. 

RATPA, CONSTANT. 

The rate of incorporation of deuterium into the hydrocarbon may be deter—

mined from a parameter 0 defined by 

0 =X + 2X + 3X3  + ... +n X 	 1.6. 

where X is the percentage of the hydrocarbon preserittoontaining n deuterium 

atoms. Provided that all the hydrogen atoms in the molecule are equally 

susceptible to exchange and provided that the influence of isotopes on the 

rate of reaction is ignored, the change of 0 with time in an exchange reaction 

is given by 

where k0  is a rate constant equivalent to the number of deuterium atoms enter—

ing 100 molecules of the hydrocarbon in unit time at the start of the reaction 
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and 	i the equilibrium value of 0. 

Thtr ration 	equation 1.7.!Ivea 

- 1o910 ( 	0 ) - 	t / 2.303 0 	 00- log10  (O - Ø) 	1.8. 

where 00 is the initial value of 0. 

If the exchange of any hydrocarbon obeys equation 1.8., it is possible to 

deduce that all the hydrogen atoms in the molecule are equally susceptible to 

exchange. An observation to the contrary may mean that the reactivity between 

the various types of hydrogen atoms in the hydrocarbon is different. 

An expression representing the initial rate of disappearance of the light 

hydrocarbon may also be defined by 

- logic (x - IX 00) - kt / 2,303 (100 	- log10  (100 - Y' '00 	1.9. 

where X is the percentage of C H   present at time t and 100 and X CO are the 

initial and final percentage. of C Hm• 

The ratio of the rats constant of equation 1.8. and 1.9. can be defined as 

	

- k0 /k 
	

1.100 

and there 11 represents the mean number of hydrogen atoms replaced by deuterium 

atoms in each molecule of the hydrocarbon undergoing exchange in the initial 

stage of the reaction. 

STBPESS CRANGE R!ACTI0NS. 

In a simple or stepwise reaction only one hydrogen atom Is exchanged by 

deuterium each time the molecule is adsorbed on the surface. Isotopic species 

containing more than one deuterium atom are formed only by successive interactions 

with the catalyst. If the above pattern of reaction takes place one may expect 

that 

The value of M defined by equation 1.10. will be unity. 

The only initial product will be the monodeutero specie., Cff 1  D. 
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c) The distribution of products is given by the binomial expansion 

during the course of the reaction. Examples for simple exchange 

may be found in the literature e.g. neo—pentane or palladium (1), 

methylamine on palladium (2) ammonia on various metals (394) and in 

this thesis, as will be seen later, n—butane and oyolopentane on 

molybdenum shows a stepwise pattern of reaction. 

MULTIPLE EDCHANGE REACTIONS. 

When the molecule exchanges more than one hydrogen atom with deuterium in 

a single interaction with the surface, the reaction is classified as a multiple 

exchange reaction. The characteristics of this kind of reaction are as follows 

The initial product distribution does not obey the equation 1.2. 

The number of hydrogen atoms exchanged at the beginning of the reaction will 

be greater than one, and the value of M defined by equation 1.7 will be greater 

than one. Many papers about multiple exchange have been published, e.g. the 

reaction of methane and deuterium on rhodium (5) and the reaction of n—hexane 

on palladium and rhodium (6). 

The initial distribution of products will be of importance, therefore, to 

decide the type of process occurring. 

1.4. Computer Program for the Statistical Analysis of the Results 

The mass spectral data for the hydrocarbons were analysed on a statistical 

basis, as described in section 1.2. and the data processing was carried out by 

means of a computer. Details of the program written in Atlas Autocode and 

operated on an English Electric KDF99  are given in Appendix II. 
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CHAP19R II 

INTRODUCTION. 

Anderson and Kemball 	studied the exchange reaction of ethane and 

deuterium on a series of metal catalysts. Tungsten, molybdenum and tantalum 

exhibited the seine product distribution pattern and the values of M were 1.30, 

1.169  1.15 respectively. The authors suggested that the main factor for the 

low activation energy for the reaction over these three metals was probably 

a very low activation energy for the adsorption of ethane. The activation 

energies of exchange were 8.29  7.0 and 7.8 for tungsten, mc.rbdenum and 

tantalum. The mechanism of reaction for these metals appears likely to be 

the formation of an ethyl radical on the surface, subsequent interaction with 

deuterium to form the monodeutero compound and finally desorption from the 

surface. 
(8) 

The exchange reaction between methane and deuterium was studied by Kemball 

on a series of metal films. On tungsten the main product was the monodeutero 

methane, but this time the process was not entirely stepwise and Kemball pro—

posed two different mechanisms to account for the exchange, one produce CH3D 

and the other gave the compounds OH2  D2, CHD3  and CD 
40 

No papers had been published in the literature reporting poiscnin in 

reactions using molybdenum film as catalysts. However Coekelbergs at al 

reported that at high temperature methane could interact with the surface and 

form molybdenum carbide. 

Anderson and Baker 
(10)  observed that the reaction of rxiethylcyolopantane 

on tungsten films at both 437 and 459 K, only very small amounts of products 

were detected and they were formed very rapidly when the gas mixture was 



133 

admit-ted to the cataiyt after which the reaction ceased. They also found 

that after a tungsten film was used at 459 K with methylcyclopentane it was 

completely inactive for the hydrogenolysis of n—butane. 

Oudkov, Baladin and Savn 	reported that the ring of the cyolobutane 

molecule was stable up to 444 K, when it exchanged with deuterium on films of 

molybdenum. They also found that in the exchange of cyclobutane did not 

present any discontinuity between the isomer with four deuterium and the one 

with five. 

Gudkov, Savin and Baladin(12)  reported that the exchange reaction of 

oycloheptane and cyol000tane with deuterium on molybdenum followed a stepwise 

reaction pattern. The exchange of cyclopentane with deuterium was studied by 

Anderson and Kmbal1 	in different metal catalyst. Tungsten showed little 

tendency to promote multiple exchange. The study of the exchange reaction of 

oyclopentane on molybdenum was chosen to compare its reactivity and pattern of 

reaction with the one of n—butane. Also it Will be interesting to observe its 

behaviour at low temperature to obtain more ideas about how It may behave at 

higher temperatures, when the energy will be enough to cause the breaking of 

carbon—carbon bond. 
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44 

EXPERIMENTAL 

,3.1. 	arfwe &r 

The surface areas of oo17bienua films were delLit with in part III, 

section 2.1. 

i!2 Vass.etl!ric ni1yue 

The electron onsilles ue*l to ionize,  the molecules aM s ty1osl fr54501-

tetion pattern for n-butane and oyclopenttme,  are given in Table 3.1. 4itb the 

law electron energies used to ions, the molecules an aequats compromise was 

obtained between the used for a h,tb sensitivity of the parent p*ke of the 

d.utero aompouns and the rsquir*isnt of lov tra:ientatien. 

3.1 

2rementation i-ttezn or the olecu1ss 

- 
* 7Jclecule 1nizin€

fl f2 	 f 
3 

	
f4  

n-butane 	24 C.1P70 0.Cl0 	0.0350 	0.0070 

Cyclopenten. 	l 0.0364 0.0439 	0.0530 	 - 

* ' f factors have ian described in ?art IV, section 1.7. 

The quantities of exchanged products for both molecules .sr determined 

assuming statistical loss of hydrogen and deuterius atoms under electron impact 

(Part 1Y, section 1.7.). 
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3.3. Chemicals 

The preparation, purification and handling of all the materials used in 

this part of the thesis have been described in Part I, section 2.6. 

3.4. irocedure 

The procedure has already been described in Fart I, section 2.8. 
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C1A. T 	IV 

U17 

4.1. The Lccbanje of n-Butane with 'eutorium 

The exchangs reaction rPf n-butane with deuterium was studied in the 

te'ør*ture rare, 208 - 273 7• The reaction products observed were a 

function of the reaction temperature at ?Of ' aM the only product observed 

was the rnonc3,utero compound ('iure 4.1) but as soon as the temperature was 

increased heavier dutero coapounds were t'ored successively, as may be seen 

for an sr;,riment at 273 shown in Figure 4.2. In the rung, of tenier*ture 

studied, no eub.tanti1 loss of material was observed, a change in the total 

peak he11t less than 4 being determined for the isotoio butanes iurii'r' th* 

reaction. 	1 01e 4.1. shows the initial product distribution and table 4.. 

"t1' 	
', 	

i1 the t values, the latter being obtained !r 	i 	'atlo 

rn t 	nitie1 product distribution ( • d i  2d, 	't.4...+ r110. 'lOC, 

ex 	3,... 109  represent the number of deuteriun atone in 

deuterium into the molecules 'I"he experiment at 246 K gave a straight line, 

but the plot for the experiment at 273 K was subtly curved (the mathematical 

analysis assumes apparent, first order kinetics). To see if the surface of 

the catalyst retained its activity after one experiment. Two experiments were 

carried out consecutively on the same film at 251 Ke At tho end of the first 

experiment, the previous mixture of passa, was pumped away at 151 for 30 ni n 

then, the temperature of the reaction vessel was brouht back to 251 IC and a 

new reaction mixture was admitted to the reaction vessels 
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TABLE 4.1. 

Initial Product Distribution for the Ebhange of Butane with Deuterium 

on Molybdenum Films 

Percentage 	of 	Isotopic 	Species 

TA D1  D9 	D3 	D4 	D5 	D6 	1)7 	8 	D9 	1)10 M 	** 

208 100 - 	- 	- 	- 	- 	- 	- 	- 	- 1.0 

212 100 - 	- 	- 	- 	- 	- 	- 	- 	- 1.0 
246 80 10 	6 	4 	- 	- 	- 	- 	- 	- 1.34 

273 71 20 	8 	1 	- 	- 	- 	- 	- 	- 1.39 

TABLE 4.2. 

Exchange of n-Butane with Deuterium on Molybdenum Films 

Rates of Reaction / 
T/K 1016 molec 	m li * 	IL ** 

208 0.0701 	0.0828 0.85 	 1.0 
212 0.0615 	0.0458 1.34 	 1.0 
246 1.51 	 1.15 1.31 
246 1.74 	1.04 1.67 	 1.34 

273 	10.7 	 7.05 	 1.52 	 1.24 

273 	13.9 	 7.01 	 1.98 	 1.39 

* Value calculated from the ratio kç / k. 

Value obtained from initial produce distribution (i 	) 
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In Figure 4.4. is shown the 0 plot for both reactions. The k, for the 

first reaction was 1.96  1017   molso is 	a 	and for the second reaction 

was 2.90  10 molso 8 	
a .2 

The Arrhenius plot for the rate of disappearance of the light butane is 

shown in Figure 4.5. The apparent activation onorgy,  was 404 t 7 k J aol 

and the logarithm of the frequency factor was 24.9 t 1.5,  A in solec 
s  m. 

4.2. The 1zcangs of Cy1opentane with Deuterium 

The ezohrnge reaction of oyolopentano took place at temperatures as low 

a. 193 IC and at & fast rats, This fast rats complicated analysis of the 

experimental data, especially the initial product distribution. Ideally, the 

reaction would have been studied at lower reaction rates, but at 193 the 

pressure of cyclopentans Inside the reaction vessel was email ( 75 Nm") in 

order that the greater fraction of cyclopentane should be in the gas phase. 

When the pressure was greater than this value, the reaction did not follow a 

first order plot and also the initial rate of reaction was very irreproducible. 

Furthermore to work at lower temperature meant that it would he necessary to 

use a lower presuure of oyc:1opentan., thus reducing the mass spectral peak 

heights and increasing the error in the analysis of the results. 

One way of overcoming this difficulty would have been to increase the 

electron voltage in the ion source, and so raise the instxumente sensitivity; 

however this has brought an increase in the fragmentation of cyclopentans as 

well as an increase in the background consequently making the analysis subject 

to more errors. 

The change in the product distribution with time is shown in figure 4.6 

for the reaction at 193 K. As was stated previously, the reaction was quite 

fast and in only 20 minutes the lighter isomer was almost completely converted into 
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the heavier one.. 

Table 4.3. shows the initial product distributions at 193 and 215 Kq and 

also the M value calculated from both the initial product distribution and 

from the ratio k0 / ko . 

Initial Product istributton for the zcha. of Cyclopentane 

T/K 	 Peoentee of Isotopic 3pacieo 	
0 

	

- 	-' 1 	2 	3 	4 	5 	'6 	'io 

	

193 31.5 46 16 5 1.5 0.0 0.0 	- 	0.99 

215 	31,5 42 18 5 2.5 1.0 0.0 	 1.04 

** 	M n * 
100 	 - 

A coapari.on 'tw•en the theoretical and experimental initial product distri-

bution obtained with an experimental 0 value of 231 can be aeon in table 4.4. 

TA3J 4.4. 

Percentage of Isotopic Species at 0 231 

D0 D 	D2 D 	 D6  

	

- 	 - 	- - 

xperimentsl 11.3 22.7 24.5 21.5 10.3 5.9 2.5 0.8 0.4 0.0 0.0 

Theoretical 	7.2 21.7 29.4 23.5 12.4 4.5  1.1 0.2 0.0 0.0 0.0 
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The reaction obeyed apparent first order kinetics, and this is illustrated 

in Figure 4.7. 

Owing to the limited temperature range possible for studying the reaction, 

the apparent activation energy was deduced from the rates of two experiments 

carried out at 193 and 215 IC; the Arrhenius plot is shown in figure 4.8. The 

apparent activation energy had a value of 26 k 3 mol 	and the logarithmic 

value for the frequency factor was 24. 

In the same figure are plotted the values for two experiments in which 

the catalyst was pretreated with a pressure of 70 Nni'2  of cyclopentane at 

212 IC for 5 minutes, and after that period the gas pumped away for 15 minutes. 

This was carried out to observe the extent to which the catalyst surface could 

be poisoned at this low temperature, the k0  for the reaction was 3.01 

molec 	72 and no change in the value of M, product distribution took 

place and the apparent activation energy had the same value as on a fresh film. 

The second reaction was carried out with a fresh reaction mixture on the same 

film after having pumped away the gas mixture from the first experiment for 

15 minutes and at the previous reaction temperature. There was a drop in 

activity, reflected in a decrease in the initial rate of reaction. This 

reduction in activity was not found to be reproducible; for example at 211 K, 

the first run gave a value for k0  of 7.9x 1016 molec s -1  m 2  and the 

second a value of 4.0,(1016  moleo 	72 (a factor of 2 decreases); however 

in another experiment at 215 K, the first value of k0  was 1.5 X10 18 and 

the second one was 6.0 U015 
	-1 -2 
molec s 	in , a factor of about 250 less. 

The problem of whether, at relatively high temperatures the catalyst surface 

became extensively poisoned was also studied after carrying out a first experi-

ment on a fresh film at 193 K for 35 minutes. The temperature of the reaction 
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vessel was increased to 273 K for 15 minutes, after which the temperature 

was brought down to the original value and the reaction mixture pumped away 

for 15 minutes; finally a new reaction mixture was admitt4'I and the reaction 

allowed to proceed. The value of k for the first reaction was 2.5 1017 

molec 	72 and for the second a value of 8.6 1015 molec 
_l_2 

 was deter— 

mined. No change in the general nature of the product distribution was 

observed. 
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PISMISSVIN 

54. 'xahtn. 'ea'tion of n-uta. 

The m,chre of n-butane occurs In the temperature mngs 71 - 273 r, the 

Pattern of •xcn-e eir; inly a*ewias  with the re;lac nt of one hydrogen 

atom at each visit of the molemle to the catalyst surface; the extent of 

multiple exchange increases e1ibt1y with increase of teeratuz'e, as shown by 

the values at in table 4.1., part V. This pattern of exchange was quite 

similar to the results obtained by nderaon ±rnd efba11' studying the exchange 

of ethane on molybdenum files, a typical distribution of products, activation 

nerg' and frequency factor for such a reaction is shown in Table 5.1. 

, 

Product A4$tributlQn and trrbenius araeters for thane zchange on Volybdenum 

D1 1 	2 	3 	4 	'5 

0.1 0.14 0.030 0.007 0 

-.1 -2 J c) 	Iog10A wo1cc 	STj 

?9.3 	 23.8 

The Predominance of eip1s exchange for the n utn 	2. 	'sturee 

on isolybd,num imili,s that monoadsorbed alkyl ra1ica1s v, , be formedidi1y and 

reversibly, and that these intertediat.a are fairly .t 

Fu-.t 	1 sooition of the alkyl ridiot1s to for 	 01 4 C( (I 
or 	the surface occurred only to a very email extent. The 

are corroborated by the results of TT&pnell 	for the sorption of ethane on 

molybdenum films; It was found that hirogen was liberated from adsorbed athens 
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above 273 IC, but extensive cUssociation did not take place; from the amounts 

of hydrocarbon used and hydrogen present in the gas phase, Trapnell calculated 

the comparition of carbon and hydrogen to be C2  H5 8 at 343 K. 

The slight increase i.n the value of ? with the increse in temperature 

suggested that further dissociation to for °i'( 	 o 	iadsorbed 

species was taking place. The exchange reaction obeyed the first order rate 

equations in the temperature range between 210 and 250 K for reaction periods 

between 60 and 90 minutes. However at 273 K the reaction showed a slightly 

retarded deviation from apparent first order kinetics. This deviation of the 

reaction from first order behaviour may be due to the following causes, 

Non equivalent hydrogen atoms in the hydrocarbon molecule. 

Progressive self poisoning of the catalytically active sites during 

the reaction. 

Progressive sintering of the catalyst during the reaction. 

Inaccurate fragmentation corrections causing inaccuracy in the 0 
value. 

Incorrect value of (,ij 	ed in the kinetic equation. 

The value of C cC) ich is used in the kinetic equation should be determined 

experimentally. 	This, however was calculated theoretically, in the following 

way 

00 	 f 

 H 
( 	rl]) +u11 	I 

where, n. is the number of hydrogen atoms that can be exchanged;n is the 

number of deuterium atoms in the reaction mixture. 

If it is assumed that the exchange reactions followed appare-t 

kinetics, agreement to the kinetics will only be observed if 
00 	00  

eXc. 
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In the integrated form of the kinetic equation d0 /dt = Ic0  (i - Ø/Ø) 
gives 

- log10  (0 	- 0) 	k 0 t / 2.30 Ø, 	-log10  (0 - 0) 

if the theoretically calculated Ø 00  value is lower than It should be, the 

plot of log10  (Ø - 0) with time Will be acceleratory; on the other hand if 

the 	0 Oa  value is higher than it should be, the plot of log10  (Ø,- 0) with 

time will appear to be retarded. 

However the exchange reactions were studied at phi v'hes far from 0 

thus it was unlikely that the retarded deviation observed An the rate plot for 

the reaction at 273 K was due to cause (e) above. 

The value of 0 for any hydrocarbon C H is calculated from the percentages 

di of each of the deuterated molecules according to the equation 

in 

0 
	

i d i 
1=1 

The accuracy of the 0 values will depend upon how accurately the fragmentation 

corrections have been calculated, and this becomes more difficult if the frag-

mentation patterns of the deuterated species vary with deuterium content. 

However, in the case of n-butane only small quantities of the more highly deuter-

ated species are produced so the accuracy of the fragmentation corrections does 

not greatly affect the accuracy of the isotopic distribution obtained. In 

general, for metal films, It has been found that they sinter to some degree when 

the temperature is raised above that at which they were deposited. However 

In the present case the reaction was carried out at the same temperature as the 

film was prepared thus, cause (c) is unimportant in this case. 

One of the basic assumptions in the derivation of the kinetic equation is 

that all the hydrogen atoms In the molecule are equivalent i.e. equally suscept-

ible to exchange. If the molecule contains groups of hydrogen atoms with 
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different reactivitles then the overall rate of reaction will be a combination 

of the rates of the different hydrogen grous. In the ease of n-butane, there 

ar, six primary and four secondary hydrogen atoms and if it is supposed. that 

they are not euivaleni, a difference in rate would be aziected; also in the 

distribution of products a discontinuity between, for example, the deutero 

compounds with 4 and.  5  deuterium atoms, might be pr,dieted.. An example of a 

molecule with non-euivalent groups of hydrogen atoms is tert 	hutylbensene. 

Its exchange with deuterium was studied by larperp siegel 

They classified the hydrogen in the molecule into three different groups A, 15 

and C (consisting of 3, 9 and 2 groups respectively) according to their rates of 

exchange. Mothods for analysing this situation were developed in the Investi- 

gation and were also described by Crawford and 	 The exchange of 

n-butane on molybdenum did not show any discontinuity between any of the differ-

ant deuterocospounds,in the product distribution indicating that non-equivalence 

of the hydrogen atoms in the molecule was not responsible for the retarded 

deviation of the exchange reaction from first order kinetic.. 

The observed reduction in rat, could be explained by a further disoeistion 

of the "butane on the surface leading probably to sore strongly adsorbed species 

and consequently covering a greater fraction of the catalyst surface; theae 

strongly adsorbed species would be more difficult to convert back to the original 

hydrocarbon. This is supçorted  by the increasing V value with temperature 

which also indicates further dissociation. If this reasoning is correct, then 

273 It must be the upper limit of temperature at which the adsorbed species are 

reversibly formed and are stable to breakdown. 

At temperatures greater than 273 X and lees than approximately 393 Xj the 

adsorbed species responsible for the exchange reaction may not be stable ad 

become strongly adsorbed hence interfering with the exchange process. At 
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temperatures between 393 K and 593 K the hydrogenolysis is the main reaction, 

as may be seen in chapter 11 , Part III, and at temperatures higher than 593 K 

other processes may start to take place, e.g. carbide forniation 8 . These 

different processes undergone by n—butane and hydrogen on molybdenum on raising 

the temperature are in agreement with the ideas of emba1l 	concerning the 

different behaviour which a system such as this can exhibit with increasing 

temperature. 

The exchange of n—butane on molybdenum was quite similar to that obtained 

by Arroyo and Kemball 
(20)  for the exchange of n—butane with deuterium on 

tungsten, where the exchange was found to be stepwise in character in the range 

of temperature between 190 and 250 K. Also it was found to proceed without 

appreciable self poisoning for reaction periods of 2 to 3 hours. However they 

found adsorption of n—butane at 273 K leads to some poisoning of the surface 

for the exchange process but at temperature of 423 K the catalyst activity was 

reduced by a factor of 29000; neopentane and methane were found to poison the 

film to a lesser extent than n-butane while butene did so to a greater extent. 

From these results and also from earlier work of Kemball(20)  which showed that 

c( 	diadsorbed radicals are intermediates responsible for the exchange 

reactions of adsorbed alkenes, and it is very likely that the poisoning species 

have suffered dissociation at least to the dø/ 	triadsorbed or possibly 

the o(oi 
(( 	

tetradsorbed state. It is also likely that in the temperature 

range 273 to 393 K, in which hydrogenolysis begins to occur,n—butane on molybd— 

enum would form strongly adsorbed species ( o( 	and o( o 	). This 

is similar to the interpretation of the results of n—butane exchange reactions 

on tungsten(20). 

In comparison, metals such as palladium promote the formation of o( 

triadsorbed alkanea in addition to the monoadsorbed and ' 	diadsorbed species. 
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Thea* inttroodiates, were postulated by Xmball and 'au1t 	to explain the 

results obtained for the exchange reactions of hydrocarbons on palladium. 

1tb paraffins of more than 2 carbon atoms, the main feature was a very sharp 

maximum at the p.rdeutero-slltane and also the complete absence of isomers in 

the range alkane d2 to alkane d for the exchange of pentane and hexane; on 

the other hand with ethane the approach to the maximum at ethene d6  was 

gradual uid all isomers were present in substantial amounts ; another relevant 

feature of palladium was the production of alkan, - 	for the larger hydro- 

carbon., which was not found with ethane. 

The main characteristic of rhodium exchange reactions is the extent to which 

interconversion of alkyl radicals occurs both with o( o( and OC (1 liadeorbed 

species. roz,  .xamle, rhodium 	produced CD  as ir*itil product cZ the 

exchange reaction of methane and it also produced C2  Z)6  in the exchange of ethane. 

iiekei exhibited exchange reaction characteristics similar in some was 

to both rhodium and palladium. Thus in the exchange reaction of 

there are two mechanisms operating: first a single exchange mechanism producing 

CH 3 and secondly a multiple exchange mechanism producing CT  with CU)3  and 

In lesser amounts. 

1atiw 	' has been shown to be a metal that does not produce extensive 

dissociation of radicals. The exohw, reActiona of butane and propane with 

deuterium on platimum were found by 	JagRers (23) 	to produce all the 

Isomers with maxims occurring at the p,rdeutarococounds; the proposed 

mecbaniam for the exchange of butane and, pr.,'ne were similar but ," eyobanr, i ng 

by 	terCo?Wr115 between Q -dsorbad, °( 	
-

M adsorbed and o( 	Cr -tri- 

adacrbsd or ¶ alhylic intr-;e 1 ttas; and rroane exchanging  by the intercon- 

version o v(  -srbed and i 	-i.i'd irti:to. 	They also deter- 

mined that the axo,2aNTe or 'etne ocurrei re:1y by a n1til echve 

process at temperatures greater than 450 K. 
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5.2. 	'cani'cj 

The mechanism for the exchange of saturated hydrocarbons with deuterium 

on metal catalysts is generally believed to involve dissociative adsorption 

of the hydrocarbon on the catalyst surface by breakage of at least one of the 

carbon-hydrogen bonds. 

The magnitude of the values and its slight increase with temperature, 

as well as the Initial product distributor, suggests a possible n-butane 

exchange mechanism, similar to that proposed by ndermon arxi emball 	for 

the exebne of ethane on molybdenum. The reaction scheme proposed by them 

enr Tsa r 	 n the. frllo.in; vat 

X6 ., A 
g represents a molecule i 	laj 	X .Lrsnt rn 

Depending on the relative rate of the react i 	çi,-i) or (29-2) the dasorbed 

ethane will be taonodsuterated or highly deutarated. raporimental, initial 

product distributions, obtained !y a method developed by Veznball 

compared favourably with a theoretical product distribution derived on the baste 

of a parameter F defined as the ratio of the chance of an ethyl radical forming 

adsorbed ethylene by reaction (2) to the chance of its desorption as ethane by 

reaction (-1). 

In conclusion the exchange reaction of n-butane on molybdenum shows to 

proceed by a atepriee mechanism mainly operating by reaction (1,-i) up to 

temperatures of 250  K, but at 273 K the process may not be as simple as that 

and a reaction similar to (29-2) in addition to the previous (1,-1) may occur 

in more extension. 7.owever even at 273 K the main process continues to be 

tspwiae indicating thaa the n-butane molecule is not extensively dissociated 

In the whole range of temperatures studied. 
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5.3. Exchange Reactions of Cyclopentane 

The exchange reactions of cyclopentane were studied over films of molybdenum 

in the temperature range 193 to 215 K. Only this narrow range of temperature 

could be used because the reaction was too fast even at 215 IC, and it was 

impossible to work much below 193 K because of the reduced vapour pressure of 

the cyclopentane. 

The initial product distribution for the exchange of cyclopentane shows 

that the mechanism of exchange is similar to that for n—butane. The initial 

product distribution and the M values obtained indicate that a stepwise exchange 

process is operatirz' and an o( —adsorbed species is suggested in order to account 

for this process. .i'rore the results obtained at 215 K the M value appears to 

increast with temperature (Table 4.3. Chapter XII, Part v) suggesting that the 

reaction pattern for the cyclopentane exchange is as follows 

1 	 2 
C5  H10 	

CH —2 

g represents a molecule in the gas phase and H may also means D 

This reaction pattern is similar to the one proposed by Anderson and Kembal1 

for the exchange of ethane on molybdenum. For the exchange of cyclopentane 

steps (i) and (-1) above are much faster than steps (2) and (-2)9  but step (2) 

becomes faster with increasing temperature. 

Good agreement was observed between the experimental product distribution 

and that obtained from the binomioal expansion for particular 0 values as shown 

in table 4.4. Part V. This agreement gives further weight to the proposed 

mechanism. 

The similarity in behaviour between molybdenum and tungsten is illustrated 

by comparing the results of the exchange reaction of cyclopentane with deuterium 

on tungsten, carried out by Anderson and Kemba1l, and the present results of 
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cyclopentane exchange on molybdenum. The exchange of cyclopentane on tungsten 

occurred by a stepwise mechanisi, had an activation energy of 46k J mof and 

a value for the frequency factor logarithm of 26.9 9  A being expressed in 
-1 -2 

molec a m , the corresponding values for the activation energy and freuenoy 

factor logarithm on molybdenum were, 4'45k J moi (average of two values obtained) 

and 19 rea•ectively (A, being expressed in molec 

P(I30NIN0. 

An apparent contradiction was found between the probable reaction mechanism 

and the poisoning behaviour observed when a second reaction was conducted with 

a fresh reaction mixture on the same films after pumping away the first mixture 

of gases. The observed drop in activity was not found to be reproducible, how-

ever. A large difference was found in the values of the rates for the first nrns 

(7.9 10 16 molec e 1 	m 2  and 1.5 k 1018 molec s 	m 2), Indicating that the 

catalyst for the run with the lower reaction rate was partially poisoned, and 

that the beet measured of the true drop in activity between a first and second 

run would be that reported for the pair of reactions with the highest first 

reaction rate. Also in attempting to explain this behaviour it Is important to 

remember that only a email number of experiments were carried out in this study. 

From the exferiment in which the catalyst surface was treated with cyclopentane 

prior to the run, it appears that even at that low temperature (212 ) the 

catalyst surface was being poisoned by strongly adsorbed species. Contradictory 

to the proposed reaction mechanism, if the cgolopentane was c( adsorbed to the 

surface and a stepwise mechanism was operating for the exchne, it would have 

been expected that the molecules were not strongly adsorbed at the surface and 

could be readily adsorbed and desorbed. But, the most important point was 

that when the film was given prior exposure to cyclopentane at a temperature as 

low as 212 IC the surface of the catalyst became partially poisond. 
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An interpretation of how the activity of the catalyst for a second run becomes 

reduced is, when the first reaction mixture is being pumped away the deuterium 

tends to leave the surface preferentially, on this way the cyclopentane is 

allowed to suffer more extensive dehydrogenation and becomes more strongly 

adsorbed, this is similar to the case of hydrogenolysis of cyclopentane (discussed 

later) when the reaction undergoes poisoning, hence giving a low value for the 

activation energy. Furthermore this reaction did not take place readily at 

temperatures of the order of 520 K. Similar behaviour was found by Anderson 

and Baker 
(10) working on the hydrogenolysis of methylcyolopentane on tungsten 

films, when at both 437 and 459 K only very small amounts of products were 

observed, and they were formed very rapidly at the beginning of the reaction 

after which the reaction ceased. Having cyclopentane in the presence of excess 

deuterium avoids the likelihood of extensive dehydrogenation with the production 

of strongly adsorbed species blocking the active sites of the catalyst surface. 

0THR EiJLPS. 

With catalysts like molybdenum and tungsten the reaction product distri—

bution for the exchange reaction of oycloalkenes with deuterium was quite simple, 

as illustrated by cyclopentane on tungsten 	, and cyclopentane on molybdenum 

in the present investigation. The main intermediates operating in the above 

reactions were the same as for simple paraffins, (o( ,o( ( ) but if the catalyst 

chosen can promote a multiple exchange reaction, product distribution becomes 

more complicated and it is no longer possible to explain it completely using 

the same intermediates. 

In alioyclic compounds the hydrogen atoms can be divided into two groups* 

Those above the plane of the ring. 

Those below the plane of the ring. 
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If the exchange of cyclopentane occurred via an o( 	-diadaorb.d intermediate 

it would be impossible to explain the exchange of more than five hydrogens on a 

single visit of the molecule to the surface by such an intermediate; because 

there is no free rotation about the carbon-carbon bonds, the exchange process 

cannot propagate from one side of the ring to the other during a visit, of 

the molecule to the surface. The reaction of cyclopentane on palladium studied 

by Anderson and Kemball 	illustrates what may happen when all ten hydrogen 

atoms are exchanged initially. The product distribution of cyclopentane on 

palladium showed a maximum at the d5- and d10- isomers and the ratio d 10/d5 

increased with temperature. From these results it was clear that another 

exchange process requiring a higher activation energy than the 	process was 

involved. These authors suggested that the cyclopentane exchange took place by 

an s'? exchange process. In this case the adsorbed cyclopentyl species on 

palladium became o? 	bonded to the surface so that the molecule could turn over 

without desorption and by conversion to an o( ( -process replace the second 

gTOUD o five brdrogen  atoms. The c C( process required more energy than the 

c(  ( process. 	alladium and rhodium 	also promoted extensive multiple 

exchange of cyclopropane, cyclohexane, propane and isobutane; however, the 

exchange reaction of cyclopentane on rhodis took place at very low temperature 

and consequently with little multiple exchange, indicating once more that if the 

reaction proceeds at low temperature, it must be relatively easy for a molecule 

to be adsorbed and desorbed from the surface. 

Kemball et al, studied the reaction of cyclopentane, cyclohexene and oyclo-

heptene with deuterium on iron (24)l all three define behaving in a similar 

fashion. They distinguished two surface processes, one an o( (1 process and 

the other a surface dehydrogenation; for example, in the case of cyclohexene 
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one process led to the formation of benzene and the other one to cyclohexane. 

They also observed that the dehydrogenation processes were responsible for 

exchange of hydrogen atoms on both sides of the rings. Kemball(25)  suggested 

that in these cases when the intermediate was thought to be attached to the 

surface at more than two consecutive carbon atoms, then it did so by formation 

of a f1 bond rather than by formation of a G bond between each consecutive 

carbon atom and a separate metal atom. For this fl -bonded species, the carbon 

hydrogen and carbon-carbon bonds at the carbon atoms in question became planar 

and the p-orbitals perpendicular to the plane of the molecule. The extra 

energy needed to bring about the hybridization change is offset by the delocal-

ization energy of the jT  electrons and the strength of the resulting bond. 

There are two ways in which a jr bonded intermediate could react with hydrogen. 

In the first case, a hydrogen atom adsorbed on the surface adds below the plane 

of the complex. In the second case a molecule of deuterium reacts from above 

the complex plane, one deuterium atom adding to the carbon atom and the other 

being adsorbed on the surface. All of these processes must be reversible in 

exchange reactions. 

A series of reactions of polymethylcycloalkanes with deuterium on metal 

films was also investigated
(26) The product distribution pattern of the 

exchange reaction and also of isomerization in cases where the latter occurred, 

was as predicted by the proposed mechanism. For example, the exchange reaction 

of cis-1919394-TetraznethylcyclOPefltafle with deuterium only would exchange ten 

atoms by the o( 	process, but twelve if the exchange went by a jj aihylic 

complex, as found experimentally. In the above example, the carbon atom with 

the gem dirnethyl groups blocked the exchange, thus the exchanged hydrogen atoms 
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belonged to the other carbon atoms. rig. 5.1. shows the formation of a if 

H 

hc cH3 

.L:. 5.1. 	oraticn :r 	TT 11i Coulex. 

s1ll complex. Cis - trans isorneria3tion was also confirmed experimentally 

and also occurred durft,€ the exchange reaoton. 

The proposed mechanism for the exchange reactions of cycloalkanes on metal 

films and on supported catalysts (due to Burwell at ), was derived from that 

of Horiati and Poisnyl for the hydrogenation of ethylene on the surface of 

metallic nickel as shown in Pigs 5.2. 

?H* 	 1 

C— tL 	 2 
2/ 	\ 

Ic. 3 

Fig. 5.2. 	.ohanism Horiuti - ?olanyi. 
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On the other iin, 	u1t øt alt 	explained their results of cyoloallcane 

exchange in term 	fl' conplexes as described before. Nevertheless the 

difference in geo-i't:: 	tween the hydrocarbon portion of eclipsed diadsorbed 

alkane aix) that 	iT iplszed olefin Is not large, as represented in Fig. 

5.3., rr bot 	 )( tv the sal-as'.reults for =st rciroc1rhon9. 

Fig. 5.3* 	riadeorbed azil 17' 	l'xed apscies. 

In oases such as cyolopentene on palladium when the initial product 

distribution showed the exchange of hydrogen stone on both sides of the ring, 

Burwell at al, explained this by a 'roll over" mechanism which consists basically 

in the desorption of olefin by reaction -2 and its rewlsorption on the other 

side of the ring by "action 2. The possible Intere.ditss species are shown 

in Fig. 5.4. 	Their potu1tad tnter!Iatø w& an "olefin" with the plane 

Capital letters iri'!iott' that the t(',1 lelon tc,  one sirle of the ring and 

similarly small letters for the other aids. 

Fig. 5.4. 	Roll over mechanism. 
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of the olefin perpendicular to the surface and bound with a rather small 

bonding energy in such a way that it could transfer adsorption from one side 

of the plane of the ring to the other. Species B and C are edge - and end - 

bonded olefins and species A has coordination somewhat like that of the 

of aluminium trirnethyl. 

Jith both mechanisms, the roll over (27) and the 'if aiiyi(26), the same 

results are obtained and neither has been rigorously eliminated or proved. 
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CONCLUSION 

Molybdenum was found to be a metal in which the interaction of the lighter 

hydrocarbons at low and at moderate temperatures occurred without producing 

extensive dissociation. However at temperatures at which hydrogenolysis took 

place the interaction of the hydrocarbons with the surface may be divided into 

two main processes; first, a process by which the hydrocarbon is adsorbed at 

the surface and probably forming with it species which are more strongly adsorbed 

than those species formed at low temperatures and responsible for the exchange 

reaction of hydrogen and deuterium. However the extent of dehydrogenation 

suffered by those species responsible for the hydrogenolysis has a limit, beauso 

if the dehydrogenation proceeded too far, the adsorption would be no longer reversibl.e 

and the reaction would be poisoned. The extensive dehydrogenation of surface 

species embraces the second process which is responsible for the incorporation of 

material onto the catalyst. 

At temperatures as low as 208 K the exchange of n—butane took place on 

molybdenum and at this temperature, only one deuterium atom was incorporated per 

visit to the surface (M i). As the temperature was raised, fractionally more 

deuterium was incorporated per visit (i 	<1.5). 273K was the maximum temper— 

ature at which the exchange reaction was studied and at this temperature the 

formation of more strongly adsorbed species may start to take place; these species 

being responsible for the slight retardation in the first order plot (10910  

(Ø 	- 0) against time) in the exchange reaction. Hence at higher temperatures 

than 273 K the exchange reaction of n—butane must be subjected to greater poison—

ing. The exchange reaction of oyclopentane took place at an even lower temper—

ature 

emper

ature than n—butane, this means that the activation energy for the adsorption 

must be very low, and as expected the exchange reaction of cyclopentare showed 
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a stepwise mechanism. In general molybdenum showed properties similar to 

tungsten and tantalum 	. 

The bydrogenolysis of n-butane on molybdenum proceeded without extensive 

breakdown of the molecule, producing methane, ethane and propane, however the 

product ratios were not in agreement with an equal probability of breaking all 

carbon-carbon bonds, and it is probable that the main 
process occurred by the 

breaking of one bond each time the molecule undergoes adsorption/desorption and 

that this is accompanied to some extent by a reaction in which two carbon-

carbon bonds are breaking at the seine time. Nevertheless the process is further 

complicated by 
the loss of material from the gas phase at the same time as the 

hydrogenolysis reaction. The low positive value for the hydrogen order in the 

hydrogenolysis reaction of n-butan• on molybdenum suggests that n-butane was 

not extensively dihydrogeflated prior to its breaking up into smaller species 

loading to the hydrogenolysis reaction. h-butane and propane were probably 

bonded to the surface preferentially by an intermediate 
O 	 O Ok j 

or c(o( J ( 	adsorbed. This 
is suggested because the ethane hydrogenolysis 

proceeded with a higher activation energy than propane and n-butane. Molybdenum 

exhibited poorer activity than tungsten for the isomerizatiOn of n-butane to 

isobutane ° . The hycrogenoly$iS of propane gave a ratio of ethane to methane 

of two to one (In terms of 
carbon) and an apparent activation energy similar 

to n-butane. Loss of material was found to accompany the propane and ethane 

hydrogenolysis. The hydrogenolysis of cyclopentafle proceeded in the temper-

ature range between 423 and. 493 K. The major reaction product was the pentane 

and here again molybdenum showed its characteristic of being a catalyst that 

does not produce extensive 
fragmentation. This main reaction may also be 

accompanied by a process in which two bonds are broken at once, producing 

propane and ethane or n-butane and methane; but there also exists the possibility 
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that the higher paraffins formed from the main reaction would remain adsorbed 

and breakdown to produce smaller paraffins. The hydrogenolysis of cyclopentane 

was found to be more extensively poisoned at higher temperatures also it is 

suggested that the low activation energ,1,7 found for the hydrogenolysis is due 

to catalyst poisoning by strongly adsorbed species. 

The hydrogenolysis of n-butane, propane and ethane on cobalt films produced 

methane as the main product. (In the hydrogenolyaia of n-butane small amounts 

of ethane and propane accompanied methane, but they never were higher than 3 

of the original n-butane. The hydrogenolysis of propane also produced small 

amounts of ethane in quantiti4s smaller than l of the original propane). The 

loss of material from the gas phase decreased in the order n-butane, propane, 

ethane and in all oases this loss was smaller than on molybdenum. The negative 

hydrogen order in the hydrogenolysis of n-butane suggests that there is strong 

competition between the hydrogen and n-butane for the surface. 

The cracking of n-butane on molybdenum and cobalt did not show any apprec-

iable reaction, however on molybdenum there was evidence that n-butane interacted 

with the surface because methane desorbed from the surface with hydrogen treat-

ment, but there was no substantial evidence of methane desorption from cobalt. 

Those results seemed to be in contradiction because molybdenum did not breakdown 

n-butane and propane to the seine extent that cobalt did, but on the other hand, 

n-butane interacted with the surface to produce adsorbed species in a possibly 

higher concentration than cobalt did. However it may not be possible to 

determine if a heavy loss of material was occurring on cobalt, which was not 

desorbed by treatment with hydrogen. It is suggested that further investigation 

with other techniques, such as X-ray diffraction could help the elucidation of 

this point. It is suggested that n-butane, propane and ethane may be adsorbed 

by o 	, cc 	, 	or 	di tni or tetradsorbed species. 
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Thermodynamically the formation of carbide under the experimental condit-

ions is not too probable because in both cases A ? values at 473 K for Co3C 

and Mo2C are approximately + 25k 3 mol 
-1  and + 9k 3 mol -1 respectively. 

Nevertheless for molybdenum it is more likely the main reaction of oyclopentane 

in its interaction with cobalt was the production of methane and the second 

was loss of material. The high adsorption of species on the surface at low 

temperature, and the comparatively easier desorption at higher temperatures, 

is believed to be responsible for the high apparent activation energy. These 

higher hydrocarbons appear to be more strongly adsorbed on cobalt than the 

smaller, so, for example, pentane would show a higher apparent activation 

energy than n-butane, and also its reaction must be more extensively poisoned. 

The cyclic hydrocarbons must exhibit a greater carbon loss than the parrafins 

and also a stronger adsorption, leading to greater poisoning. 
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APPENDIX I 

FORTRAN IV computer program for the analysis of hydrogenolyaia reactions 

DIMENSION P(400) st.ml(25), Fc(6), S(4), PIc(400)9PFc(400),Psc(400), 
WPCB(400),TIIi!E(255,TOT(25),EXP(400) 

DATA BLA11K/' 1/ 

RAD(5921)  111U148  
21 FOFJAAT (12) 

READ(5t22) (s(ii),1ia19 4) 
22 IORMAT(4F6.4) 

V'UTE(6934) 
3I 	i(tIJAP( 'O',llX,' SSNSIPIVITT FACTORS' ,3x) 

2F(6,45) 
45 FOR1AT('O' 4X9'BUTAifl3' 9 3X 9 'PBOPANV 94X,'ETHANE1 93X,'METHANE') 

wR1TE(6,44 (5(M) M=1,4) 
44 FORMAP( 'O',4F1O.4 

READ(5923)  
23 FORMAT(6A-4) 

WRITE(605) 
35 	FOIUáAT( 'O' ,7X, 'FRAWNTAPI('N CORRECTIoN FACTORS ' , 3X.) 

WBITE(6 9 46) 
46 	FORMAT( 10 1 99X9  'BUT:U TO FROU',3X, 'BUTA.N TO ETHANE' 909  'BUTANE 

W TO METHANE') 
WBITE(6948) (Fc(M),M=10) 

48 FORMAT( 101 13F20.4) 
WRITE(6 9 47) 

47 	FORMAT( Ct , 8X,' P'aOPANT TO EThP1NE' , 3X,'PROPANE TO MFTHANE'93X,FTHA  
WNE TO METHANE') 
wRI(6948) (Fc(M)9M"4,6) 
DO 8 1=19  IRUNS 
vRIPs(6,31) i 

33. 	FORMAT( 'o',///25x, 'RtJN',2X,12,3X) 
READ(5921)  isi 
NSEO 
GSUM=O.O 
DO 7 K=19ISETS 
MAX= 16*I( 
MEDMAX-12 
MIN-MAX-15 
MID=MAX-8 
MOD-MAX-7 

D(5124) rni(ic) 
24 FORMAT(F5.1) 

READ(5125) (P(M),MIw,MID) 
25 FOBJAT(8F8.1) 

RiD(5925) (P(M),MMoD,uAX) 
DC10 )iiMIN,MAX 
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EXP(M )=r (M) 
SUM(K)=O.0 
TOT(K)O.0 
DO 4  NIR10 
NC5-N 
Jz4*14C+16*(K-1) 
SIC-0 .010806*NC 
DIC=O .00005838*NC*(NC-1 
?(J-2)=P(J-2 )-slc*P(J-3 
p(j-i )i=P(J1 )-DIC*P(J-2 )-sIc*P(J-.2) 
p(J )=p(j )-DIc*p(3-2 )-sic*p(s-i) 

IF(NC.EQ.4) oo w 1 
P(J)P(J)_FC(N_1)*P(16+16*(K-1)) 
IF(NC.E..3) GO TO 1 
IP(P(1216*(IC-1)).LT.O.0) Go TO 71 
(J )=p( )-Fc(N+1 )*p(12+ 16* (K-i)) 
CONTIUi 
IF(NC.E.2) GO TO 1 
IF(P( 8+16*(K-1)).LT.O.0) oo TO 1 
P(J)P(J)_Fc(N+2)*P(8+16*(K-1)) 
PFc(J)P(J) 
p(J)p(J)*s(N) 
IF(P(J).LP.O.0) GO TO 72 
TOT (K)=T0T(K)+P(J) 
CONTINUE 

p( )p( )*o.25*Nc 
PCB(J)= (,j) 
IF(P(J),Id1.0.0) GO TO 4 
SUM(K)=sth4K)+P(J) 
CONTINUE 
IF(K..1) GO TO 2 
IF(SUM(K).LE.OSUM) GO TO 7 
G su1su!(K) 

61 

33 

32 

NSET=K 
POIN'1TIM(K) 
CONTINUE 
1)0 8  K=1, isETs  
MAX= 16*Ic 
MED=}A0'-12 
MIN-MAX-15 
LiIDAX-" 
MOD= 
PERSIm=O .0 
WRTrE(69 55) 
FORMAT( '0', lox 

FORI4AT( 'a' 913x, 
wRI(6,32) 
FORMAT('O 1,142  
WFaTE(6,49) 

, 

'EXPEflILtENTAL PEAK HEIGHTS') 

'JWIETHANE' ,25X, 'EThME') 

10 

71 

72 



165 

49 'C1,4x,113197X,'14'97X, 0 151,7X,116097X,'27',7X,'28'97X,'79' 
,7X, '30') 

41 	)RMAT( 901989.1) 
r( 6,42) 

42 	ion'r('o',14z, 'r 
iIT,(6,43) 

43 	rR1AT('o',4X, '41',7X, '42',7X, '43',7X, '44',7X, '55',7), '56',7X, '57' 
W,7X, '58') 
wRI'r(6,41) (P(M),.MoD,x) 

rri(6, 39) 
39 	i - A?( 'O' ,9X, 'CARO% BUAN-Cr. PAX Ra0HTs',3x) 

WRI 	( 6,52) 
52 

W,5X,'BUPt1i'(58)', 	'.. cL'N LmS') 
I'aIT(6951) (PcE(s),J.n,9Ax,4) 

51 	PM. !Ar('O',4F15.2,A1,T13.2) 
DO 9 N.'1,4 
WC-5-N 
J.4*WC+16*(Y-1) 

pc (j )wI'cB(J )*100.0/1;UM 
r(PcB(s).LT.o.0) GO TO 9 
PU.I1. RWk4Ci3(J) 
CIp100.0PR3tN 

9 COTINtJE 
n. 	61 6) 77nWI, sum(y) 

56 ru.tT( 9 0191 ox9 1 :',1'5.191M1tI',4x9'c.RBON 
wBrr(6,53) 

53 	r1.LAT( lot ,6)L,'PTODt'CT t1 	1Mi1'IOR (zsui1No io CARBON Loss)') 
i'r(6,52) 

cR1?T(6,51) (PC(J)93D,irIJ94) 

54 	'PL'AT( '0' ,9X, 'c&R3ON BALANCE DISTIUBUTION') 
*? (6,52) BLANK 
Jh](6,51) (rcB(J),J.1,Rx,4),3LAI&,CL 

8 IOMNUX 
POP 
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i.:TT/, I I 

The program given below is written in Atlas Jut000de and was used for 

the statistical analysis of the mass spectral data. 

;i4; Bf(I1 

: 14TGR I, 3, 1, L,fl,  
u RRi 	k-2O:2O) 
, 4ri 	1 126) 
, iL 	Z ,T,U, C,D,.}, G p  TTAL,IlI1,X 

RJ;LD (I) 
,. C('T 	iT I 	L' OF DATA 

i,  CO 	O. OF IIDRC.1N TO B COKIDERE1) 

C I;T NO. CT iaIG.1'fli;T TO fl CONSIDERED 

COI?T 	LT ICTOP COR'CTION 

/ CYCLT' ii., i,c 
1U;1) ('(i)) 

CYCL 3=1,1,1 

)1 ,: 
iJ:J) T; ; C(iLflT T 1 TL 

r r'prT 	 ' 4 _*, •, 

ii! i(A)=-2  
; IF P(A)=-3 ; TiN —p 7 
;• TOP 11?  

rd'JD (2) 
-*2 , .iJ Z -2 

6. CAFTIC; -LuLrf 1P OF DATA 
11111T 	 ' 	

• 1 

-+1 

COELNT C01RECTI(N3 FOR S.I.C., D.I.C., ;1D NAT. D. FOLLOW 

2:, GCL K=-r,1,IT.-1 
I:-K )' Q.0002 

r'(i+i )j(+j )-u'I•(K) 
j,7

n  
P(K+2)=P(1+2)-1I((ii-O,O11 )/2)*p(x) 

3 x1J' 71 hT 
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COMMENT  00F.I. FOR FRAG, CONS. LOSS OF UP TO 6 MASS UNITS 

CYCLE Isr,-i3 O 
IF P(L)40 

COLthNT -2 	* 
DO 

C0.1ET -.3 

Q 
CP  
DP  
iP L 	 I C 

( (..5)..L)/(N.-3) 

COMMENT -.5 

P(L)? 4)'4L/N(N-L)/(N-.1)4((N-1)-.L)/(N-2) 
( N-.2)-L)/(N-.3) 

/(l4..3) (..4j..L)/(.4) 
P(L-.5)2(L-.5)-.(Ci-D+E) 

/ COMMENT -6 

(h-i )-.. )/(N-.2) ( (-2 ,- •). ' '-3) 

*( (N-L)-2 )/(ii-.)'( (N.si)u-3)/(-4) 
/C 

P(L)aP(I)_(C+P++G) 
1Oi REPEAT 

/ COMMENT CALCULATION OF P1ROEiT9  FBI AND PRINT IR3TRUCTI(Ib 

VZWtlN;_-:3 (2) 
TOTAIsO 

CYCLE smovit y 
% I? P(Z)40 
'OT&LTOTAL+I'(S) 
5 sCREPEAT 
zry CAPTION CQRROTLDJAKJIGUTS 



NL' LINES (i) 

cYcii  
CT1uN 	?RIiT ~Rp, 1,0) 
CfTION 	; PRINT (R ),1,2) 

>t Ii-EAT 

CAiTIO-TUTJL PEtZ 111EIG11T_ 	LECTI D-'1 TO 

PRI:;T(TCTLL1 12 
CA?TIOW'P RC TACE CF ISOTOPIC SPECIES 

LL V-:3 (1) 

CYCL 1u0,1,N 
CIJTION D; PRIET ( 1 0) 
CAPTION ' ; rur (PR100/ToTAL,1,2) 
R1FF.AT 

£11I=O 

CYCLE' 010,N 
2 TF P(Q)'o 	TIN-.l4 

44 iurp 

CAPTION-MI 	; PRIflT (viI , I , 2) 
CTIONTI 	iui (T,1,2) 

W 6A 
99 sü 

1ND 0)' fltOGlW( 

The data is fe1 into the computer in the foUowizg form 

I 
NM X 
I 2 F3 F F5 

-IT P-M P-M+1 	• • • 	• • • • P 	-2 
eta. 
-1 	0 

N 	K, 	X 	 A 

1 F 2 F3 F14 F5 F6 J 

'1 T P-M P41+1 	• • • P0 • • 	• 
eta, 

Section A is only inserted if one is changing any of the 
kyc1rooarbon parameters. 


