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INTRODUCTION 

The work described in the following pages attempts to establish the 

mechanisms of the catalytic addition of hydrogen to ethylene and ethane to 

produce, respectively, ethane and methane. The catalyst used was iridium, 

a transition metal of face centered cubic symmetry, prepared in such a way 

as to produce a surface clean on an atomic scale. 

The complexity of the hydrocarbon-hydrogen-iridium system can be 

appreciated by slowly dosing pure ethylene onto a clean or hydrogen pre-

dosed iridium film (1, 2) (held at 100°C) of the type used in this study 

and observing the amounts of gas phase products with a quadrupole mass 

spectrometer as functions of time. Hydrogen, methane, ethane and eventu

ally ethylene all appear in the gas phase but in concentrations which 

depend among other things on the ethylene dose rate. 

Catalytic hydrogénation and hydrogenolysis of hydrocarbons are impor

tant reactions in many processes (for example, coal liquefaction, petroleum 

conversion processes, etc.) and it is not surprising that the addition 

reactions of hydrogen to these small hydrocarbons have been extensively 

studied. Nevertheless, controversy over mechanisms attests to the fact 

that these processes are not well understood. It is the viewpoint of the 

author that in the case of ethylene hydrogénation much of this confusion 

results from complications caused by the surface dehydrogenation of 

adsorbed ethylene--therefore, much of the work described herein pertaining 

to ethylene hydrogénation was carried out in a temperature region where the 

rate of surface dehydrogenation was negligible. In the case of ethane 

hydrogenolysis, it is simply felt that no experimental study has been 



www.manaraa.com

2 

carried through in enough detail to adequately test a proposed mechanism. 

To carry out this investigation in such detail has had the disadvantage of 

limiting the study to one transition metal. 

Iridium was chosen for several reasons. It is an active catalyst for 

both reactions; only a relatively small amount of kinetic work has been 

carried out on it, yet several adsorption studies have been completed which 

help characterize surface species on iridium important for these reactions. 

Uie first part of this dissertation will survey literature relevant to 

each reaction. Following this, the experimental procedures used in this 

study will be described. Part 3 is a presentation and discussion of the 

results of this investigation. 
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LITERATURE REVIEW 

Ethylene Hydrogénation 

The catalytic hydrogénation of ethylene to produce ethane, discovered 

before the turn of the century by P. Sabatier and J. B. Senderens (3), has 

been one of the most extensively studied reactions in heterogeneous cataly

sis, The following paragraphs will survey a number of techniques used to 

characterize the reaction over transition metals, outline the main features 

of the results obtained from these techniques and summarize the hydrogéna

tion mechanisms proposed to explain these results. 

Heterogeneous catalytic systems are generally characterized, in part, 

by measurements of the overall rate of reaction as a function of tempera

ture, partial pressures of reactants and products, and the type of catalyst 

used, including its preparation history. Since such kinetic measurements 

can, in general, only support but not prove a proposed sequence of elemen

tary steps (a reaction mechanism), additional techniques are often used to 

disprove or support a mechanism consistent with the global kinetics. One 

such technique, that of isotope labeling, has assumed major importance in 

the study of ethylene hydrogénation, partly because of its easy applica

bility to the hydrogen ethylene system, but partly also because of the 

complicated often confusing kinetic results obtained by many workers in 

this field. 

The use of isotope labeling of hydrogen atoms to study ethylene hydro

génation began in the early 1930's; the first experiments determined rela

tive deuterium-hydrogen concentrations by following the thermal conduc

tivity (4) or by measuring the density of water produced from the hydrogen 
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products of the reaction (5). In time mass spectral analytic techniques 

became readily available and the deuterium content of gas phase hydrogen, 

ethylene and ethane could be monitored. Isotope labeling of carbon made it 

possible to measure the extent of irreversible ethylene adsorption on vari

ous catalysts (6, 7). 

Another set of technical developments which affected the direction of 

ethylene hydrogénation research was the development and application of thin 

film technology to catalysis. This work was pioneered by 0. Beeck in the 

mid-1940's (8) and along with the development of ultra high vacuum tech

niques was considered to be a major development in the science of cataly

sis. With suitable experimental care, thin films of transition metals 

could now be prepared in ultra high vacuum, resulting in an atomically 

clean catalytic surface before introduction of reactants. 

Results of experiments of the above type have been described in 

reviews (9, 10). A few characteristic features of the hydrogénation reac

tion are discussed below. The greatest part of this work was carried out 

over nickel catalysts. 

As indicated above, an easy interpretation of much of the kinetic work 

carried out on the ethylene hydrogénation reaction has been hindered by 

changes in the catalytic activity with time. In addition to the usual 

problems of irreproducibility caused by poisoning of the catalytic surface 

by impurities, sintering, etc., it appears that under certain conditions 

the hydrogénation reaction is poisoned by surface dehydrogenation of ethyl

ene. This was illustrated in early work (11) by a dependence of the rate 

on the order in which the reactants were introduced to the surface. The 
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hydrogénation was more rapid if hydrogen was introduced to the catalyst 

prior to the ethylene dose. 

Furthermore, if small sequential doses of ethylene, but no hydrogen, 

are added to a thin film generated under vacuum conditions, it is often 

observed (12, 13, 14, 15, 2) that the initial gas phase products (tdiich 

only appear after several such doses) are some combination of ethane, 

hydrogen and methane. For a given catalyst, film temperature and dose 

size, one, two or all three of these products may appear. Of course, if 

the dosing is continued ethylene will also eventually appear in the gas 

phase. 

K. Miyahara points out differences in the activities of clean and 

"carbided" (or ethylene pretreated) surfaces for hydrogénation and exchange 

(16) and J. G. Foss and H. Eyring (17) have shown that treatment of a 

carbided Ni surface with hydrogen partially restores the activity. It 

appears that in some cases a certain amount of adsorbed carbon remains 

irreversibly bound to the surface (6, 7). 

Another feature of the hydrogénation kinetics often observed is that 

the rate as a function of temperature passes through a maximum (or relative 

maximum) at some point Tm. Early speculation as to the mechanistic cause 

for this behavior included olefin desorption (18) or a shift in the rate 

limiting step from hydrogen adsorption to C2Ĥ (a) hydrogénation (19). 

Another suggestion was that Tm was caused by the destruction of a reactive 

intermediate by its further dehydrogenation. In certain cases the experi

mental evidence has supported this viewpoint. For example, on W films 

Miyahara et al. observed Tm to be /v- 300 (20). Moreover at 228 K on 

addition of Dg and CgĤ , these authors observed relatively slow 
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hydrogénation and rapid ethylene exchange. This seemed surprising since 

earlier in carrying out essentially the same experiment at 173 K over W, 

C. Kemball (21) had observed an exchange rate near zero but a relatively 

good hydrogénation activity to produce predominantly Ĉ Ĥ Dg. R. Rye then 

suggested (22) that in light of thermal desorption and self-hydrogenation 

experiments (23, 24) (carried out by adsorbing ethylene on polycrystalline 

W wires), the results could be explained by postulating a two-step surface 

dehydrogenation of ethylene 

C2Ĥ (a)  ̂ C2H2(a) + 2 H(a) 

C2H2(a)  ̂ C2(a) + 2 H(a) 

The rate of the first reaction would become important at ~ 200 K and would 

account for the differences in the isotope labeling experiments of Kemball 

and Miyahara described above, while the rate of the second reaction would 

become significant at T 300 K and account for Tm 300 K as observed by 

Miyahara. If this were indeed the case, one might also expect to see a 

deviation from the normal temperature dependence of the rate at 200 K. 

This temperature range was, however, not covered in the experiments of 

Miyahara. 

A number of ethylene hydrogénation mechanisms have been proposed. 

Those of the Rideal-Eley type include elementary steps such as reaction of 

gas phase ethylene with hydrogen atoms adsorbed on adjacent surface sites 

(25), reaction of gas phase hydrogen with adsorbed ethylene (26, 27) and 

direct abstraction of two hydrogen atoms from an adsorbed surface ethylene 

by an impinging gas phase ethylene molecule (28). Mechanisms of the 

Langmuir-Hinshelwood type include hydrogen transfer between an adsorbed 
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ethylene molecule and a dehydrogenated species (29), reaction 

between adsorbed ethylene and adsorbed hydrogen molecules (30) and a two-

step addition of hydrogen atoms to adsorbed ethylene, formulated by Horiuti 

and Polanyi (31) as 

1. 
 ̂C2Ĥ (a) ] %(a) 

H, . H(a) 

 ̂C,H, 
2"6 

2  ̂ H(a) 

This last mechanism has the advantage that by allowing certain steps to be 

slow or reversible, one can in many cases account for the distribution of 

deuterium in the reactants and products when Dg and interact with the 

catalyst. In a number of cases the other mechanisms listed cannot account 

for the results of the isotope labeling experiments. A weakness of the 

Horiuti-Polanyi mechanism is that it ignores effects of surface dehydrogen-

ation on rates and isotope distributions. 

Various surface probes (I.R., U.P.S., L.E.E.D., etc.) have dealt with 

the problem of the electronic and geometric structure of surface species 

resulting from ethylene adsorption on transition metal surfaces. It 

should, of course, be kept in mind that, in general, these experiments are 

not carried out under reaction conditions, therefore, the results obtained 

may not reflect the condition of the surface during the steady state cata

lytic reaction. Support for the existence of an intermediate in the 

Horiuti-Polanyi hydrogénation mechanism, the ethyl radical , has 

come particularly from infrared studies (32, 33, 34) where methyl stretch

ing modes observed on addition of ethylene or ethylene and hydrogen to 

silica supported Ni, Co and Pd have been interpreted as C2Ĥ (a) or 
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(CSg)̂  CĤ (a) (with n ̂  3). In general, the extent of saturation observed 

upon dosing ethylene is enhanced by hydrogen addition. 

These results are to be compared to the report of J. Demuth and 

D. Eastman (35) of U.P.S, spectra of ethylene adsorbed on Ni (111) in which 

they report shifts in the energy of TT electron levels relative to condensed 

and gaseous ethylene, which are interpreted in terms of TT~d bonding to the 

surface. As the temperature of the crystal is raised through 230 K, the 

adsorbed ethylene spectrum changes to a spectrum identical to the adsorbed 

acetylene spectrum. At 470 K the authors find evidence for the formation 

of a "carbonaceous species." Model calculations (36) suggest that the 

U.P.S. results of Eastman cannot in themselves distinguish between a TT com

plex coordinated to a single atom and a di - a - adsorbed ethylene, because 

in both cases the energy of the highest occupied TT orbital is shifted due 

to interaction with the Ni surface. Other attempts to model ethylene 

adsorption include CFSO-BEBO calculations by W. Weinberg et al. on the Pt 

(111) surface (37). 

Baron et al. have used low energy electron diffraction in combination 

with Auger electron spectroscopy to study ethylene adsorption particularly 

on a series of stepped and low index Pt surfaces (38) but also on Ir (111) 

and Ir[6(lll) x (100)] (39). The extent of dehydrogenation or decomposi

tion and formation of ordered surface species at a given temperature is 

found to be a strong function of the surface geometry and the number and 

type of steps. However, overshadowing these effects are differences 

between Pt and ir (caused by electronic effects since the crystal parame

ters of Ir and Pt are very similar). For example, surface dehydrogenation 

of ethylene occurred on Ir at room temperature even on the close packed 
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(111) surface, and only trace amounts of carbon were removed from the sur

face upon thermal desorption, in contrast to Pt (111) where a considerable 

fraction of the ethylene adsorbed could be desorbed as ethylene. Somorjai 

does not attempt to provide any detailed explanations for either the 

L.E.E.D. patterns observed or their temperature dependence. 

Of particular relevance to the ethylene hydrogénation work described 

in this dissertation are experimental results obtained by J. R. Arthur and 

R. S. Hansen (40) using field emission techniques to study the adsorption 

of ethylene, acetylene and hydrogen on Ir. Changes in the work function 

(A<̂  ) of the tip upon adsorption at 4 K are measured for each of these 

gases from the experimentally observed I-V curves. Subsequent to this 

determination in each case the tip was heated for 20 s to a higher tempera

ture with the field off, then recooled to again measure the work function 

shift. Some of these results are shown in Figures 1-4. Hydrogen causes an 

increase in the work function, its desorption which begins just below 200 K 

causes the work function to return to the clean value. Adsorption of 

either acetylene or ethylene (this occurs irreversibly) causes a decrease 

in the work function. The A (? (T) plots for the latter show a sharp 

increase at T 150 K that is attributed to surface dehydrogenation of 

ethylene to form adsorbed acetylene and adsorbed hydrogen. The adsorbed 

acetylene does not begin to lose hydrogen at an appreciable rate until 

T ̂  400 k; the ethylene and acetylene curves become similar in shape at 

this point. These results are all consistent with thermal desorption 

results carried out on a pollycrystalline Ir wire (41) and provide a good 

indication of the temperatures at which the rates of various surface dehy

drogenation processes become important. Work function changes have been 
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Hp ON IRIDIUM 

100 200 300 400 500 
FLASH TEMP °K 

Figure 1. Results of Arthur and Hansen (40) showing the change in work 
function with temperature for hydrogen adsorbed on iridium 
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C2H4 ON IRIDIUM 

0 200 400 600 800 1000 
FLASH TEMP *K 

Figure 2. Results of Arthur and Hansen (40) showing the change in work 
function (obtained from the Fowler-Nordheim plot) with tempera
ture for ethylene adsorbed on iridium 
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Figure 3. Results of Arthur and Hansen (40) showing the change in work 
function with temperature for ethylene adsorbed on iridium. In 
this case the work function change is estimated by another 
method 
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Figure 4. Results of Arthur and Hansen (40) showing the change in work 
function with temperature for acetylene adsorbed on iridium. 
A (/) is obtained by the same method as in Figure 3 



www.manaraa.com

14 

measured upon ethylene adsorption on Ni, Pd, Pt, Cu, Au and A1 thin films 

(42), the interpretation is not, however, in this case straightforward as 

all these experiments were carried out at only one temperature, 293 K. 

Ethane Hydrogenolysis 

The hydrogenolysis of ethane to produce methane has been studied much 

less extensively than the ethylene hydrogénation reaction. However, both 

thin films and supported catalysts have been used in work done and a number 

of hydrogenolysis mechanisms have been proposed. Over the conditions of 

temperature and partial pressures of reactants used in these studies and in 

the cases where kinetic information was obtained, the rate of reaction was, 

in general, found to be negative order in hydrogen pressure and positive 

order in ethane pressure with a fairly high apparent activation energy 

 ̂25 to 40 kcal/mole. Modern surface techniques such as L.E.E.D., X.P.S., 

U.P.S., etc. have not been applied to ethane adsorption, primarily because 

its low sticking probability makes its adsorption very slow at the pres

sures normally used in these studies. 

The first work on ethane hydrogenolysis was done by Kemball and Taylor 

(43) and Cimino et al. (44) who studied the reaction over Fe, Co and Ni 

supported catalysts. If the rate limiting step of the reaction was assumed 

to be the breaking of a carbon-carbon bond of a surface species C2Ĥ  (where 

0 ̂  X < 5) in equilibrium with gas phase ethane, Taylor could explain the 

negative reaction order in hydrogen pressure and the positive order in 

ethane pressure. This reaction mechanism with slight (kinetically insig

nificant) modifications was used later by J. H. Sinfelt (45, 46) to explain 

his results on group VIII metals (47, 48, 49, 50, 51). Because this is one 
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of the few detailed mechanistic proposals (it takes into account observa

tions of a variable hydrogen to carbon ratio on the surface of different 

metals) and because Sinfelt proposes to explain his observed kinetics of 

hydrogenolysis over most of the group VIII metals in terms of this mecha

nism, it is worthwhile to examine this formulation in some detail. 

The proposed reaction steps are as follows: 

1. CgHgCg) =̂!=± CgĤ Ca) + E(a) 

-̂1 

k , 
2. C2H (̂a) + H(a) ^ ^ * %(a) + a Hgfg) with a = 

-̂2 

3. C2Ĥ (a) —> C Hy(a) + C Ĥ (a) 

«2 
4. C H (a) + C Ĥ (a) » 2 C Ĥ (g) (a) 

 ̂ fast 

Step 3 is taken to be the rate limiting process. If step 2 is in equilib

rium then 

[CgĤ Ca)] [HgCg)]* 

•eq " [CgHgCa)] [H(a)] 
K__ = 

K__ CH(a)] [CgHcCa)] 
[CgH (a)] = P (b) 

[HgCg)]* 

If there is a constant amount of carbon on the surface, 

\ [CgHgCg)] - k_̂  [CgHgCa)] [H(a)] - k [%(a)] = 0 

or on substituting eq. (b) in the above, 

K [C-HgCg)] 
[CzHsCa)] [H(a)] = T ^ (c) 
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à [C H (g)] 
rn ^ = k [CgĤ Ca)] 

k, [C HU(g)] 
- ^ (d) 

[H,(g)]* + 1 2 
eq J 

by (b) and (c). 

Among the assumptions of the preceding derivation are the following: 

(i) Step 3 is rate determining. 

(ii) Gas phase ethane is in equilibrium with the dehydrogenated sur

face species CgĤ Ca). 

(iii) The surface coverage of all species is low so that ethane is not 

in competition with hydrogen for sites. 

That assumption (iii) is necessary to obtain (d) can be easily seen if 

step 1 is more correctly written as 

CgĤ Cg) + 2 *  ̂  ̂ CgĤ Ca) + H(a) 

k-1 

where * designates an unoccupied adsorption site. Then, since steps 2 and 

3 do not involve [*], the rate becomes 

K, [C H (g)] [*]̂  

' = rL  ̂ 1 

Lk Kgq [^2(8)] + ij 

which will be first order in ethane pressure only when (iii) holds and [*] 

is constant. 

Over a silica supported cobalt catalyst, Sinfelt and Taylor (51) have 

observed the rate to be fairly well described by (d) over a 60° temperature 

range and a fairly small range of partial pressures of hydrogen and ethane. 
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If the species were CgĤ Ca), a should equal 1.0. Hie experimen

tally observed value of a was 0.8 while the order in ethane pressure was 

1.0. Sinfelt also considers the consequences of the rate determining step 

Involving an impinging gaseous hydrogen molecule. Then step 3 is modified 

to 

3.' %(a) + HgCg) > C Hy(a) + C Ĥ (a) 

and the derivation of 

r = k [C2H^(a)] [H^Cg)] 

_ \ [CgHgCg)] 

[klF 

k [CLĤ Cg)] [*]̂  
or r -

[kin [^2(8)] + 

follows immediately. In this case, of course, the observed exponent on 

[HgCg)], a - 1 = .8 = 1 means that the carbon species involved in the 

carbon-carbon bond rupture is , not . Sinfelt feels that the 

rate determining step involving no gas phase hydrogen best describes the 

kinetics on the greatest number of metals studied. 

Either of the two possible mechanisms described above should give a 

first order dependence of the rate on ethane pressure. Of the eleven 

silica supported metals studied by Sinfelt, however, more than half had an 

ethane pressure exponent of between 0.5 and 0.8. A possible explanation is 

that in these cases assumption (iii) is not valid and an appreciable frac

tion of the surface is covered. To proceed further one must then use an 
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adsorption model to evaluate [*] in (d)'. Sinfelt does this by replacing 

[CzĤ Ca)] in the rate expression by 

1 + K 

and by using the approximation 

b P 
X = (b P̂ )* 0 < n ̂  1 

X 

to evaluate his data. When this is done 

r = K 

_ [HgCg)]* 

(e) 

and the value of a (assumed to be equal to 1, 2 or 3) can be chosen to give 

the best fit to -an. On the silica supported metals studied by Sinfelt, 

the hydrogen pressure exponent calculated by the above procedure ranges 

from -1,0 to -2-7 and differs by 0.25 on the average from the experimen

tally observed value of this exponent. 

This discrepancy could in part be due to Sinfelt's approximation 

but the small range of partial pressures covered in Sinfelt's experiments 

does not allow for an adequate test of either of these expressions. 

C. Kemball (52) has criticized Sinfelt's formulation by pointing out 

that 

r 
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is not necessarily the correct Langmuir expression if there are other 

hydrocarbon and hydrogen species competing for the same sites. For example, 

if the surface species were Ĉ Ĥ Ca), and H(a), all in equilibrium, 

then 

a [C2Ĥ (g)] 

®C2Ĥ (a) " 1 + a [Ĉ Ĥ Cg)] + b [C2Ĥ (g)] + c [H(g)] 

where a', b' and c' now include the equilibrium constants for the gas phase 

equilibration of each of these species. According to Sinfelt's mechanism 

r f\/ 8 . . vrtien a = 1 so this expression could be experimentally tested. 
2̂̂ 4(a) 

M. Boudart (53) has questioned the probability of extensively dehydro-

genated species being in equilibrium with gas phase ethane as sug

gested by the Sinfelt-Taylor mechanism. Instead he proposes irreversible 

dissociative adsorption of ethane onto a nonuniform surface and an irre

versible step in which the carbon-carbon bond is broken by a reaction of 

HgCg) with C2Ĥ (a). Considering hydrogen adsorption to be on sites where 

carbon does not adsorb and by using the rate law for a two-step reaction on 

a nonuniform surface as developed by S. Khammouma (54), Boudart derives a 

rate law which turns out to be of the same form as eq (e). Thus, to dis

tinguish between the Boudart and Sinfelt-Taylor mechanisms, techniques such 
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as isotope labeling are needed in addition to the measurements of the reac

tion orders. 

In contrast to the mechanisms described above, Anderson and Baker (55) 

studied the hydrogenolysis of ethane over films of Ni, Fe and W and con

cluded, from similarities in the temperature dependence of the rates of 

hydrogenolysis and methane exchange, that the hydrogenolysis was desorption 

controlled. They cited as further evidence the low rate of ethane exchange 

as compared to methane formation during the hydrogenolysis. On the other 

hand, no attempt was made to explain the dependence of the rate on a nega

tive exponent of the hydrogen pressure as observed by Taylor and Sinfelt, 

and in fact in this study these authors did not even measure the reaction 

order in hydrogen pressure. In addition, recent work by L. Guczi et al. 

(56) again over Ni produced results which seem to contradict the conclusions 

of Anderson. These authors studied the temperature dependence of ethane 

exchange and hydrogenolysis using Dg in the place of hydrogen over a large 

temperature range (170°C-320°C). As the temperature was raised, the mean 

deuterium number of the initial methane product decreased while the mean 

deuterium number of the ethane increased as a result of faster ethane 

exchange. If desorption was the rate limiting step, these mean deuterium 

number changes should be in the same direction. Furthermore, Guczi found 

the activation energy for methane desorption from the surface to be signif

icantly lower than for the hydrogenolysis reaction, again suggesting 

desorption is not the rate limiting step. 

In summary, in the ethane hydrogenolysis work described, the kinetic 

measurements carried out do not provide an adequate test of the mechanisms 

proposed. This is due partially to the narrow reactant pressure ranges 
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covered in these studies and partially due to the inadequate development of 

a rate law from the proposed mechanisms. Supplemental techniques are also 

needed to get a better handle on the reaction mechanism. 
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EXPERIMENTAL 

The system designed to carry out the kinetic experiments consisted of 

mercury diffusion pumps and ion pumps capable of producing ultra high vac

uum conditions, partial and total pressure measuring devices and a stain

less steel, pyrex reaction chamber which could be isolated from the pumps. 

The catalyst consisted of either a thin film of Ir prepared under ultra 

high vacuum conditions or Ir single crystals. The experimental apparatus 

and procedures are described in detail below. 

Figure 5 is a schematic of the system. The principal pressure measur

ing devices are the Bayard-Alpert ionization gauges, a capacitance manome

ter covering the pressure range .1 to 1000 p, and a quadrupole mass spec-

-10 -5 
trometer capable of measuring partial pressures in the 10 to 10 torr 

range. M-1, M-2 and M-3 are single, double and triple stage mercury diffu

sion pumps, while IP is an ion pump. The entire system could be baked to 

400°C to remove background water vapor. 

Generally, the first step in making a rate measurement was to meter an 

appropriate amount of reactant gas from a storage flask into the manifold 

volume (defined in Figure 5 by the more darkly shaded area) where the over

all pressure was measured by the capacitance manometer. When C-2 was 

opened, a small amount of gas was continuously leaked from the manifold 

volume through a capillary and past the mass spectrometer where partial 

pressures could be measured. "Oie linearity of capacitance manometer pres

sure with mass spectrometer ion current was checked for each gas over the 

range of pressures studied. The dose was then administered to the catalyst 

by opening valve C-1 whereupon the manometer served to monitor total 
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Figure 5. Schematic of the high vacuum system showing the quadrupole mass 
spectrometer (MS), capillary leak (CL), leak valve (A), standard 
U.H.V. valves (CI, C2, C3 and C), high conduction valves (Ll, 
L2), ion gauges (IG), mercury diffusion pumps (Ml, M2, M3), 
ion pump (IP), gas storage flasks (RG), capacitance manometer 
(CM) and reaction chamber (RC) 
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pressure during reaction and the mass spectrometer, partial pressures. The 

size of the capillary leak was such that over a typical reaction time 

period a negligible fraction of reactants would be lost through the leak. 

Thus the total shaded area was the reaction volume for an essentially 

static reactor. 

The thin film catalyst surfaces were prepared by resistively heating a 

5 or 10 mil iridium filament in ultra high vacuum in order to evaporate the 

metal on the walls of the pyrex cell (Figure 6). The cell was generally 

thermostatted to 100°C with boiling water during film deposition. The tem

perature of the filament was raised in small steps so that the wire would 

outgas thoroughly before the evaporation rate became significant. A 

5-sec-on/5-sec-off heating cycle was used to minimize outgassing of the Ni 

supports to which the iridium wire was welded. 

The iridium single crystal surfaces were cleaned by sequences of heat-

o * 7 
ing to 700 C in 5 X 10 torr oxygen, Ar bombardment and electron bombard

ment heating in vacuum to 1200°C. The procedures used to clean the sur

faces have been shown (39) to produce atomically clean iridium surfaces as 

determined by L.E.E.D. and Auger electron spectroscopy. 

A diagram of each reaction chamber is shown in Figure 6. In the sin

gle crystal cell, two discs could be mounted at one time. Ar"*" bombardment 

was made possible by positioning a thoria coated iridium filament close to 

both of the crystals. 2 x 10 torr of pure argon was introduced to the 

cell, at which point +300 and -300 volts were applied to each crystal and 

the filament was resistively heated until the ion current at the negatively 

charged crystal was 10 ̂ A. A five-minute bombardment time was con

sidered sufficient to strip several layers of atoms from the surface. 
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Figure 6. Schematic of the thin film and single crystal reaction chamber 
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Electron bombardment heating was carried out by applying ̂  + 400 volts 

D.C. with respect to the filament to one or both of the crystals and heat

ing the filament until the required electron emission was obtained. The 

temperature of each crystal was measured by means of a 3 mil W/5%, 26% Re 

set of thermocouple wires spotwelded to the edge of each crystal and by 

using an optical pyrometer for temperatures greater than 900°C. 

During a catalytic run, the crystal was heated by focusing light from 

a filament in a bulb with a lens onto one of the crystal faces. As shown 

in Figure 6, the cell was built with a glass plate on each end to allow for 

the possibility of heating a crystal with two bulbs. The maximum tempera

ture obtained under these conditions was ̂  750°C in vacuum. 

The iridium film, on the other hand, was thermostatted by immersion of 

the pyrex flask in a liquid bath maintained at the appropriate temperature. 

Between 0°C and 100°C a water bath was used; above 100°C the temperature of 

the film was controlled by either an oil bath or a molten salt bath 

(18 mole % NaNOg, 30 mole % LiNÔ  and 52 mole % KNOg). For temperatures in 

the range -73°C to -163°C, liquid-solid slurries of organic compounds (e.g. 

n-pentane, n-hexane or combinations of their isomers) could be prepared by 

adding small sequential amounts of liquid nitrogen to these organic liq

uids. The temperature could be controlled to within ̂  ± 1 degree, at 

temperatures greater than the freezing point of the organic liquid, by 

stirring with a magnetic stirrer and adjusting the leak rate of liquid 

nitrogen into the bath. In general, after each experiment or series of 

experiments had been completed, the thin film bulb would be cut off and 

replaced and the system baked before another run could be carried out. 
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Some characteristics of iridium thin films prepared in vacuum at 100°C 

were investigated by P. B. Masterson (2). Using his terminology "film 

thickness" refers to the thickness a given weight of film would have if it 

2 
was spread uniformly over the 300 cm macroscopic surface area of the 

500 ml flask and if the specific gravity of the film was 22.4 (the actual 

films are probably less dense, however). Over a thickness range 30-300° A, 

the surface area of the film as measured by hydrogen adsorption (and cata

lytic activity) was found by Masterson to be directly proportional to film 

thickness. Since this proportionality was well established (for a film 

deposition temperature of 100°C), it was not necessary to directly measure 

the amount of Ir deposited after each experiment. 

The manifold and reaction cell volumes (Vm and Vc, respectively) were 

measured by expanding Ar from Vm into an empty gas storage bulb with a 

known volume. From the capacitance manometer pressure changes upon expan

sion, Vm could be calculated. Another expansion of Ar from Vm into Vc 

allowed a determination of Vc. These volumes changed slightly whenever the 

system was modified but remained close to 0.4 1 (Vm) and 1.0 1 (Vc). 

The steps involved in measuring the amount of hydrogen adsorption fol

lowing the deposition of a fresh film were very similar to those above. 

From the known volumes and temperatures and observed pressure changes upon 

expansion from Vm, the amount of hydrogen adsorbed on the surface could 

readily be determined. 

The mass spectrometer (Electronic Associates, Inc., model Quad 150) 

-10 -5 
operated in the pressure range 10 to 10 torr. The energy of the 

ionizing electrons was 75 volts and ions were screened from the electron 

multiplier by a high frequency electrical quadrupole field mass filter. 
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Hie mass range of the instrument was 1 to 150 a.m.u. and could be swept in 

milliseconds if the oscilloscope (Tectronix, Inc., type R.M. 503) was used 

to record the electron multiplier signal or in seconds if the two-channel, 

time-drive chart recorder (Brush Instruments, model Mark 780) was used. 

Most of the background impurities as well as the reactants and products 

encountered in this study were in the mass range 1-44 a.m.u. 

The response time of the mass spectrometer for pressure changes made 

on the reaction chanter side of the capillary leak was on the order of a 

second or less for all gases except ethylene. Ethylene interacted enough 

with the pyrex walls to prevent its reaching equilibrium for several min

utes. Thus it was not possible to measure rapid changes in ethylene's par

tial pressure in a mixture of several gases except by difference. 

The relationship between the observed mass spectrometer ion current 

for a given atomic mass unit and the pressure in the reaction cell for a 

given species could in general be determined by direct calibration against 

the capacitance manometer. However, in the case of isotope labeling exper

iments where some of the reaction products were not available for calibra

tion, it was necessary to estimate the cracking pattern and the mass spec

trometer sensitivity by one of two methods. The first method was used to 

calculate the partial pressure of C-13 labeled ethylene and ethane isotopes 

and involved two assumptions, ihe mass spectrometer sensitivity with 

respect to the total ion current contributed by a given species was con

sidered to be the same for all C-13 isotopes. Moreover, cracking patterns 

were calculated from experimental and patterns by assuming that 

ionization probabilities did not change when C-12 was replaced by C-13. 
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The second method was used to determine partial pressures of deutero-

ethanes where the assumption of equal ionization probabilities for deute

rium and hydrogen atoms bonded to carbon is not valid. Two sources in the 

literature (57, 58) gave cracking patterns for all ten deuteroethanes. 

These two sets of spectra were obtained in different labs under different 

sets of conditions and differ significantly. It was found, however, (after 

normalizing each cracking pattern to the same ion current) that a combina

tion of 55% of one of these literature patterns for pure ethane, plus 45% 

of the other reproduced fairly accurately the ethane spectrum observed on 

the Quad 150 mass spectrometer, and it was therefore assumed that this com

bination would give a good spectrum for each deuteroethane. Again the 

assumption was made of equal mass spectrometer sensitivities with respect 

to the sum of the ion currents for each deuteroethane. 

Once the cracking patterns and mass spectrometer sensitivities for all 

the species present in a mixture of gases produced in an experiment are 

measured or calculated, it is necessary to determine the combination of 

partial pressures which best reproduces the experimental spectrum. This 

procedure simply involves multiplication of an observed ion current at a 

given a.m.u. by the sensitivity, in the case where only one chemical 

species contributes to the intensity of that peak. 

To illustrate the procedure when this is not the case, we consider the 

combination of CgĤ D, CH2D-CH2D and CHD̂ 'CĤ  which results from dos

ing Dg and over the iridium film at 100°C. The most intense peaks in 

Che cracking pattern of these species occur in the a.m.u. range 26-32 but 

there is considerable overlap. These cracking patterns (normalized to 

equal total ion current per unit pressure, as described above) are 
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(1) (2) (3) (4) 
designated Im , Im , Im and Im where m is the atomic mass unit 

(m = 26, 27 32) and (1) refers to CgĤ , (2) to CgĤ D, etc. The experi

mental ion current at a given a.m.u. is designated im and Aim is defined as 

follows 

(1) (2) (3) (4) . 
Aim 5 im - f Im + Im U2 + Im + Im ll̂ j 

( 2 ^  
where the mole fraction of, for example, Ĉ Ĥ D (X̂  ') is given by 

x(2) h  
(Hj + Uj + Uj + 0̂ ) 

32 , . v2 . 
f is defined f s Z \̂ ~) and the condition for best fit frr = 0 gives 

m=26 ̂  3** 

four equations in the four unknowns. Un (n = 1,2,3,4), the solution of 

which allows a determination of the partial pressure of each deuteroethane. 

This method can, of course, be generalized and any number of superim

posed spectra be separated in this way as long as the number of peaks in 

the experimental spectrum is equal to or greater than the number of iso

topes (or other combination of gases present). This procedure, however, 

allows for negative Un values—if this occurs it suggests poor calculated 

cracking patterns, errors in the subtraction of background peaks or other 

random errors in an experimental spectrum, particularly if the concentra

tion of one isotope is near zero. 

The capacitance manometer (Granville-Phillips Co.) had a low pressure 

resolution of 5 x 10 torr and could measure pressures up to 1 torr. The 

head of the manometer consisted of a thin metal diaphragm (see Figure 5), 

—3 
one side of which was always maintained at pressures lower than 1 x 10 

torr. Pressure on the other side of the diaphragm would cause a 
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displacement relative to a fixed probe and a change in capacitance. This 

change was transformed by the control unit to an A.C. electrical signal 

which was amplified and displayed. The major problem in the operation of 

the manometer was a large zero drift caused by variations in the tempera

ture of the head. For this reason the head was wrapped with tubing through 

which water from a constant temperature bath was pumped. 

The gases used in this study were research grade and in certain cases 

were further purified by vacuum distillation. In all cases their purity 

was verified by mass spectrometer analysis. The iridium wire (obtained 

from Engelhard Industries) was 99.9% pure. 

The iridium single crystal was obtained from Materials Research Corpo

ration as a quarter-inch rod. Its main impurity was specified to be 

100 ppm Ru. The crystal orientation was determined by back reflection Laue 

x-ray diffraction following which several discs were spark cut from the rod 

and mechanically polished; the final polish involved .05 p, particle size 

(Linde B Alumina). The disc orientations following this procedure were 

found to be within 1° of that desired. 
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RESULTS AND DISCUSSION 

Ethylene Hydrogénation 

As indicated in the literature review, a wide spectrum of possible 

Rideal-Eley and Langmuir-Hinshelwood type reaction mechanisms have been 

proposed to explain the ethylene hydrogénation. The purpose of the experi

ments described below was to discriminate among these possibilities over an 

iridium catalyst and under reaction conditions where surface dehydrogena

tion would not cloud the interpretation. All the ethylene hydrogénation 

results were obtained over iridium thin films in the thickness range 50 to 

200°A, deposited at lOÔ C. 

The field emission results of Arthur and Hansen (40) described earlier 

show a change in the surface electronic structure as characterized by work 

function changes at a temperature of 150 K. To test their interpreta

tion that this change was caused by ethylene dehydrogenation on the sur

face, the following experiment was carried out. 

A fresh iridium film was brought to 110 K and dosed with enough ethyl

ene to produce a pressure of several microns. Over a time period of 

1 hr., no ethane product was observed so the bath temperature was 

slowly raised at a rate of ̂ 0.02 deg/sec. At 145 K the first traces 

of ethane began to appear in the gas phase (the detection limit for ethane, 

 ̂1 X 10̂  ̂molecules was in this case less than 1% of the ethylene mole

cules adsorbed on the film surface). 

On the other hand, hydrogénation readily occurred upon addition of 

ethylene and hydrogen to a film at 110 K. These two results taken together 

support the interpretation of the field emission results and suggest that 
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either gas phase or adsorbed hydrogen is necessary for hydrogénation to 

occur, thus eliminating from consideration the self-hydrogenation mecha

nisms involving two adsorbed or one adsorbed and one gas phase ethylene 

molecule. 

Ethylene adsorbed very strongly on the iridium films. For example, if 

small doses of ethylene were sequentially added to a fresh film at 150 K, 

no gas phase ethylene could be detected until the film was nearly satu

rated. Because of this strong adsorption and because of the high surface 

to volume ratio in the reaction chamber, the number of ethylene hydrogéna

tion sites could be counted. This number was found to be less than the 

total number of adsorbed ethylene molecules and was determined at 150 K by 

the following procedure. 

First, slightly more than a saturation dose of C-13 labeled ethylene 

12 
was added to a clean film. Immediately following this H2 and were 

13 
added and the production of CgHg monitored until no further increase was 

observed. The number of adsorbed ethylene molecules can readily be calcu

lated from the known manifold and reaction cell volumes and the difference 

in capacitance manometer pressures before and after the initial dose. Of 

the labeled ethylene initially adsorbed, 54% remained on the film sur

face, the remainder desorbed as ethane. The number of hydrogénation sites 

13 
(defined as the number of initially adsorbed 2̂̂ 4 ™°lGcules which eventu-

2 
ally appeared in the gas phase as ethane) for the 300 cm of surface area 

was 2 X 10̂  ̂sites/100 A° of film thickness. 

The temperature dependence of the hydrogénation reaction rate is shown 

in Figure 7 in the form of an Arrhenius plot which is linear up to a tem

perature of 200 K. Above 200 K the rate drops rapidly with increasing 
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Figure 7. Arrhenius plot for 123 ̂  H2 and 79 p, C2H4 reacting over a 100 A° 
Ir film between 150 and 205 K (the rate has, dimensions molecules/ 
sec). As the bath temperature was raised over 200 K, the rate 
of ethane production fell rapidly toward zero. However, if the 
bath temperature was subsequently set at 150 K and the concen
trations of reactants set at their original values, the initial 
rate was reproduced within experimental error. The reduction in 
catalytic activity above ̂  200 K is attributed to a surface 
dehydrogenation with a resulting decrease in the concentration 
of surface intermediates for the hydrogénation reaction. Over 
the linear portion of the curve, however, the rate of the inter
fering dehydrogenation reaction ((f) step 7) is negligible 
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temperature, but over the temperature range of Figure 7, this drop in rate 

can be reversed by restoring a lower temperature. That this decrease in 

rate is caused by surface dehydrogenation of a hydrocarbon species adsorbed 

on the hydrogénation sites is shown by substitution of for in the 

experiment described above. As the temperature is reached at which the 

Arrhenius plot becomes nonlinear, there is a sharp increase in the concen

tration of H-D and Dg in the gas phase which can only be caused by the 

dehydrogenation of adsorbed species. The dependence of the rate on the 

partial pressures of hydrogen and ethylene was investigated at 110 K. As 

shown in Figure 8, the reaction was 1/2 order in hydrogen pressure and 

zeroth order in ethylene pressure. Results of experiments of the type 

shown in Figures 7 and 8 give a rate law which applies only under condi

tions of negligible dehydrogenation on the hydrogénation sites. 

R = k [CgB̂ Cg)] ° exp ( 

Moreover at 110 K and 150 K the major deuteroethane produced ( > 95%) 

when Dg is substituted for Hg during the steady state hydrogénation is 

2̂̂ 4̂ 2* However, if instead of dosing and simultaneously, the 

iridium film is first dosed with followed by a slow (e.g. 10̂  ̂molec/sec) 

dose of ethylene, then there is a much wider spread in the deuteroethane 

product distribution, with a substantial fraction of the initial ethane 

product appearing as CgD̂ . 

All these experiments are consistent with a Horiuti-Polanyi type 

hydrogénation mechanism with several modifications. In the first place, 

since ethylene adsorbs strongly on the iridium films and since the order in 

ethylene pressure is never observed to be less than zero, it is not 
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Figure 8. Plot showing the zeroth order dependence of the rate on ethylene 
pressure and the 1/2 order in hydrogen at 110 K. The pressure 
of ethylene was 22.6 |i at all points on the graph except for F 
where the ethylene pressure was 125 n. At this temperature sur
face dehydrogenation of ethylene is negligible and the observed 
orders are consistent with a modified Horiuti-Polanyi hydrogéna
tion mechanism 
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unreasonable to assume that hydrogen does not compete for the sites on 

which ethylene is adsorbed but adsorbs on other sites. The sites on which 

the ethylene involved in hydrogénation adsorbs are designated by * and the 

sites where hydrogen adsorbs as Secondly, to take into account the 

part of the surface that is not active for hydrogénation we must designate 

yet another type of site for even stronger ethylene adsorption *. The pro

posed steps are 

k. 

HgCg) + 2 *' ,  ̂  ̂ 2 H 

k-l 

kp 
2. C,H,(g) + 2 * V ' CH. - CH. 

k_2 * * 

k. 
3. CH, - CH„ + H  ̂ : CHL - CH + *' + * 

* * *' k. * 
-3 

k, 
4. CH - CH_ + H V  ̂ C,H,(g) + *' + * 

*  ̂ *' k , 
-4 

5̂ 
5. C.H,(g) + 2 * =̂± CH. - CH. 

"-5 î î 

6. CH - CH.  ̂ CH = CH + H,(g) 
* * k, * * 

-6  

7. CH - CH.  ̂ CH = CH + H,(g) (f) 

î î "-7 î î 

The only steps of concern in the steady state hydrogénation kinetics 

over the temperature range where the Arrhenius plots are linear are 1 

through 4. The maxima in the Arrhenius plots occur near the point at 
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which the rate of the foreward reaction of step 6 becomes significant 

enough to influence the overall rate. Step 5 accounts for the irreversibly 

adsorbed carbon left on the surface (with k_̂  = 0), and since the resulting 

surface species is probably more strongly adsorbed than CH. " CH., it is 
•k  ̂ ^ 

likely that the first traces of self-hydrogenation observed upon heating 

the saturated film of ethylene from 110 K are due to the production of 

hydrogen caused by the occurrence of step 7 in the forward direction. 

The kinetic consequences of a Horiuti-Polanyi mechanism formally simi

lar to steps 1 through 4 have been derived (59). If it is assumed 

k̂  > > k_̂  and if the steady state approximation is used to derive an 

expression for CH. - CH., we obtain a rate law of the form, 
* j 

d[C,H ] 

-jP- . [«2 - CHj] [H; 

% [;-] ' ' f 

- k.3 [*] [*'] + [H,j 

3 [*] [*'] << k̂  Î H j If k 

(g) 

d [C.H,] 

= k3 ] 

= k (h) 

as observed, if the adsorption isotherm describing the surface concentra

tion of H has the same behavior as the Langmuir isotherm for dissociative 

diatomic adsorption in the low pressure limit and if the isotherm expres

sion for CH. " CH. saturates the unprimed sites over our pressure range. 
* * 

When k_2 [*] [*'] < < k̂  j nearly every CHg " CĤ  species formed will 
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go on to form ethane, and substitution of deuterium for hydrogen will 

result in the production of primarily C2Ĥ D2 observed. On the other 

hand, when ethylene is slowly dosed onto the deuterium predosed surface, 

[*] is initially large enough that the k_̂  [*] [*'] term in the denominator 

of (g) is no longer negligible. The reverse of reaction 3 can now take 

place at a rate comparable to step 4, which results in the observed spread 

of deutero-ethane products. 

Equations (g) and (h) only apply, of course, when the reaction condi

tions of temperature and pressure are such that the rate of surface dehy-

drogenation of ethylene adsorbed on the catalytically active sites is neg

ligible. At higher temperatures it is assumed from the field emission (40) 

and thermal desorption (41) results described earlier that the dehydrogena-

tion, under conditions where the surface is nearly saturated with ethylene, 

produces adsorbed acetylene and gaseous hydrogen as in step 6. In order to 

test the validity of this assumption, ethylene self-hydrogenation results 

obtained by P. Masterson (2) at 100°C over identically prepared iridium 

films were fit to a rate law derived from these steps. In this experiment 

Masterson had dosed enough ethylene to saturate the film and leave several 

microns in the gas phase. The ethane pressure was monitored and is shown 

as the x's in Figure 9. The ethane production is initially very rapid but 

soon falls off to zero as the surface is poisoned by dehydrogenated ethyl

ene species and as the hydrogen supply from this surface dehydrogenation 

reaction is depleted. 

This self-hydrogenation is modeled as follows (the concentration sym

bols [ ] in this case are taken to refer to the unit volume and unit area 

consisting of the total reaction volume and the total surface area of the 
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Figure 9. Plot showing the total number of ethane molecules produced in 
time when an excess of ethylene (but no hydrogen) was dosed over 
a bare 100 A Ir film at 100°C. The x's are experimental points 
and the solid line is obtained by numerical integration of (k). 
No methane was produced 
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catalyst). Steps 6 and 7 are taken to be irreversible under the reaction 

. o .  
conditions (100 C and low hydrogen pressure) so that 

d ĈH = CHj 

[5 - 5] 

= kg ̂ No - pH = CHj y 

[5 - 5] [? '?]  
= No exp (-kgt) (i) 

where [5 - 5] " [f = ?] ' 

where No is a constant, the total number of active sites. 

In the same way 

= Uo exp (-k^t) fcHo - CH," = Uo - "CH = CH" 
* ̂  * 2 * * 
A  I  I  i 

(j) 

Substitution of (i) into (h) gives 

dt = k^ j No exp ("kgt) 

The rate law (h) is derived by assuming that the surface concentration of 

hydrogen atoms is given by an isotherm which has the same behavior as the 

Langmuir isotherm for dissociative diatomic adsorption in the low pressure 

limit. This suggests that we can assume that the concentration of adsorbed 

1/2 

hydrogen atoms is close to zero and given by 
- 1  

1/2 
(H2) with 

[HgCg)] = rCH = CH - [C2Hg(g)] fCH = CHI + ICH = CH] 

L* * J f * I 

= No - No exp (-kgt) + Uo - Uo exp ("k^t) - [CgH^Cg)] 
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since in this experiment no hydrogen was dosed, so that 

d [%] I k \ , 

dT^ = k] I kr[j [*2(8)] (-kgt) 

ki 
= I -— I No exp ("kgt) [No - No exp ("kgt) 

1 /2  
+ Uo - Uo exp (-kyt) - [C2Hg(8)]] (k) 

Equation (k) was numerically integrated and the fit to experiment, shown as 

the solid line in Figure 9, was obtained by freely varying the values of t 

the constants No, Uo, k^, k^ and k^ |^—1 . These values were found to 

be 1.6 X 10^^ sites, 2.30 x 10^^ sites, 0.040 min 13.0 min and 3.60 x 

— 9 "*1/2 "1 
10 molec min , respectively. The site densities No and Uo and the 

ratio No/(Uo + No) found in this way (for the 100 film of Figure 3) 

compare favorably with values obtained at 150 K using C-13 labeled ethyl-

ene. as discussed above. The fact that k^ I ̂ — | is found to be as 

*9 
small as 3.60 x 10 is consistent with the assumption made in the develop

ment of this model, that the concentration of adsorbed hydrogen is close to 

zero (from which k_^^ > > k^). The shape of the curve is fairly sensitive 

to small changes in the values of all constants except k^. Because of the 

experimental scatter, the only thing we can say with confidence about the 

value of ky is that it is many times larger than k^. 

14 
Masterson had shown that a slow (^5 x 10 molec/sec) dose of ethyl

ene onto either a bare or hydrogen predosed Ir film ( 100 A° thick, 100°C) 

produced methane as the major product and smaller amounts of ethane and 

hydrogen. Comparing these experiments with Figure 9, where all the 
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ethylene is dosed at once and no CH^ produced, suggests that the mechanism 

of methane formation from ethylene involves C_H,(g) as an intermediate. Z O 

For heavy ethylene doses as in Figure 9, the sites where ethane might read-

sorb are blocked by ethylene or its dehydrogenation products and thus no 

methane is produced. 

However, the dehydrogenation products resulting from reactions (f) 

steps 6 and 7 look remarkably like the di-sigma bonded CgHgCa) species pro

posed by Sinfelt (45, 48, 60) as the intermediate in the ethane hydro-

genolysls reaction over ir. If it were the case that these surface species 

were the same, addition of ethylene should not poison the hydrogenolysis 

reaction, but in fact at 100°C it does. 

In order to resolve this discrepancy, the ethane hydrogenolysis reac

tion was investigated in detail. The results of this investigation are 

described in the following pages. 

Ethane Hydrogenolysis 

As demonstrated by Roberts (15, 61) and later Masterson (2), addition 

of only ethane (10^^ molecules) to a clean iridium film (/^100 A° thick 

2 
and 300 cm macroscopic surface area) results in an initial rapid pro

duction of gas phase hydrogen and a slower methane production which eventu

ally depletes the hydrogen supply. Ihe time period in which a significant 

fraction of the ethane reacts to form methane is several hours at a film 

temperature of 25°C but only several minutes at 100°C. Neither of these 

authors, however, carried out a systematic investigation of the dependence 

of the hydrogenolysis rate on the temperature or partial pressures of 

ethane, methane and hydrogen. One of the primary objectives of the work 
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described below was to carry out such an investigation and in particular to 

cover a range of partial pressures wide enough to allow for an adequate 

test of a proposed rate law. 

The iridium single crystal surfaces were found to be considerably less 

active than was originally anticipated. The single crystal results are 

included near the end of this section; otherwise all the experimental 

results refer to reactions taking place over the polycrystalline thin film 

catalysts. 

Preliminary kinetic results and the problem of irreproducibilitv 

The first few experiments were carried out at film temperatures of 

100°C over thin films which had been deposited at 100°C, and several fea

tures of the reaction immediately became obvious. In the first place, if 

d C Hg 
the hydrogenolysis rate R (hereafter R = ——) was fit to a power rate 

law of the form R = K p" P^ , n and m were not constants for all partial 

pressures of hydrogen and ethane—instead the values of the exponents 

depended on these partial pressures. At very low partial pressures of 

either ethane or hydrogen, the reaction order was positive for each reac-

taut. However, when the partial pressure of a given reactant was increased 

(while the partial pressure of the other reactant was held constant), the 

order in that reactant decreased, eventually became zero and then negative. 

The partial pressure range covered in these experiments was typically 2-3 

orders of magnitude for each reactant. 

These observations were at first difficult to describe quantitatively 

because of large amounts of scatter in the data. The magnitude of this 

scatter was considerably greater than that caused by instrumental noise. 
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It soon became apparent that at least two main factors were responsible for 

this irreproducibility, both of which were due to peculiarities of the thin 

film-ethane-hydrogen system. The effect of both of these factors, however, 

could be minimized by changes in the experimental procedure. 

The first experiments had typically been carried out in the following 

way. A film would be deposited in vacuum at 100°C following which several 

microns of each reactant would be simultaneously introduced to the reaction 

cell. The dosing procedures and methods of measuring pressures have been 

described earlier. After a significant fraction of the reactants had been 

converted to methane (typically this required several hundred seconds), the 

cell would be pumped until the manometer pressure returned to zero. Reac

tants would then again be introduced to the reaction chamber and the proc

ess repeated, holding the partial pressure of one reactant constant while 

varying the pressure of the other reactant. Typically two sequential 

series of runs would be carried out; in each series a constant number of 

molecules of one reactant would be introduced in each run. 

The first factor, which caused part of the experimental scatter, can 

be described as a "memory" characteristic of the film. For example, if a 

sequential series of runs at some standard conditions of ethane and hydro

gen pressure was interrupted by insertion of a run with a much higher 

ethane pressure, the rate of hydrogenolysis in the runs immediately follow

ing the high pressure run would be less than expected. Generally, after 

two or three runs at the standard conditions the rate would return to the 

value it had prior to the high ethane pressure dose. With less extreme 

pressure changes from run to run, this effect would show up as small devia

tions from steady state conditions (i.e., the rate of methane production 
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would not be equal to two times the rate of ethane depletion from the gas 

phase) over the first part of the following run. 

This problem was solved when it was discovered that this "memory 

effect" was due to adsorbed hydrocarbon species which remained on the sur

face when the cell was evacuated and prevented the rapid establishment of 

steady state conditions in the immediately following experiments. The 

experimental procedure was, therefore, changed and several microns of 

hydrogen were introduced to the reaction chamber after every hydrogenolysis 

run for several hundred seconds or until no further carbon appeared in the 

gas phase. This resulted in a considerable reduction of the experimental 

scatter. 

As indicated in the literature review, a number of authors (43, 46) 

had studied the hydrogenolysis kinetics over a very limited range of par

tial pressures and in all cases had used an excess of hydrogen in order to 

avoid poisoning caused by carbon accumulation on the surface. One recent 

investigation (62) of hydrogenolysis over iron films goes so far as to con

clude that "... extraction of kinetic information other than at zero 

time, would be of little value . . ." primarily because of this effect. 

The "memory effect," however, can easily be erased by slight procedural 

modifications and, as described shortly, this effect is an expected conse

quence of our proposed hydrogenolysis mechanism. 

The second major cause of the scatter in the kinetic data was a slow, 

temperature dependent, irreversible change in the catalytic activity with 

time. The reason for this change was thought to be a structural change in 

the film surface, probably due to sintering (transformation of a number of 

small metal atom clusters into one larger cluster) with a corresponding 
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change in the distribution of the thermodynamic properties of the catalyti-

cally active sites. 

Support for this interpretation as opposed to another explanation such 

as poisoning of the active sites by side reactions or impurities comes from 

the experiments summarized in the Arrhenius plots of Figures 10 and 11. 

All of the data points in Figure 10, except for the three represented 

by the symbol +, represent hydrogenolysis rates obtained over a single 

iridium film which was deposited at a bath temperature of 100°C. These 

points were obtained by the following experimental procedure. Immediately 

after deposition of the film, 100 ̂  of a 50:50 hydrogen ethane mixture 

was allowed to expand from the manifold into the reaction cell which was 

still at the film deposition temperature (1,000/r /v 2.68) whereupon the 
B 

rate of hydrogenolysis was measured. The cell was then evacuated and the 

procedure repeated at a higher bath temperature. The temperature of the 

bath was raised in steps to 224°C (1,000/Tg ̂  2.01) at which point the 

temperature was lowered in steps. The x's represent a set of runs carried 

out over the same film on the following day with the time sequence, highest 

to lowest temperature. The runs represented by the symbol + were carried 

out over another film at a somewhat higher hydrogen to ethane ratio and are 

normalized in such a way that the value of R at lOO^C is equal for the two 

films represented in Figure 10. The hydrocarbon residue was not removed by 

hydrogénation for any of the runs represented in Figure 10. This is not, 

however, expected to affect the results since a constant ratio of hydrogen 

to ethane was introduced to the reaction chamber each run. 

The decrease in film activity which causes the maximum in the 

Arrhenius plot is irreversible. This fact taken in conjunction with the 
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Figure 10. Hie temperature dependence of the hydrogenolysis rate is shown 
for two thin film catalysts each prepared at a bath tempera
ture of 100 C. For the first film the rates are represented by 
the symbol + and the bath temperature is not raised above 100 C 
(1,000/Tg '-v' 2.68). The hydrogenolysis rates over the second 
film are represented by *'s and x's. The first run over this 
film is carried out at 100 C, then the bath temperature is 
increased in steps and the hydrogenolysis rate is observed to 
pass through a maximum. After reaching the highest bath tem
perature of this figure (TL 224, 1,000/T_2.01), the bath 
temperature is lowered in steps. The x's represent a series of 
runs carried out over this film on the following day. The 
decrease in film activity caused by the high bath temperature 
is irreversible. "Hie apparent activation energy corresponding 
to the slope of the two lines drawn through the data points is 
25.5 kcal/mole 
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Figure 11. The temperature dependence of the hydrogenolysis rate is shown 
for an iridium film deposited at 225 C. The time sequence of 
runs is lowest to highest temperature. No rate maximum is 
observed in this case although the same range of temperatures 
is covered as in Figure 10. The apparent activation energy 
over the linear portion of this curve is ̂  19.6 kcal/mole sug
gesting that there are significant differences in the proper
ties of well annealed and partially annealed thin films 
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observation that the slopes of the two lines in Figure 10 drawn through the 

somewhat scattered data points are approximately equal suggests that the 

same elementary steps are important in both cases and that the primary dif

ference in rate is a difference in the number of active sites. 

In order to further test the interpretation that the decrease in 

activity is caused by sintering, the film of Figure 11 was deposited at 

225°C, then brought to 100°C where the hydrogenolysis rate was measured and 

the bath temperature raised in steps as in Figure 10. It is to be expected 

that the extent of sintering during film deposition at 225°C would be con

siderably greater than at 100°C, and indeed in this case the deviation from 

the linearity of the Arrhenius plot is much less pronounced than in Figure 

10. 

The consequences of the sintering for the kinetic analysis were par

ticularly pronounced for runs carried out at 100°C over films deposited at 

100°C. Under these circumstances a considerable amount of sintering took 

place during the course of the hydrogenolysis rate measurements, and it was 

necessary to return to some standard conditions of reactant partial pres

sures every few runs. All the observed rates would then be adjusted to the 

values they would have had, had no decrease in the hydrogenolysis rate with 

time at the standard conditions taken place. This correction was much 

smaller when films were deposited and runs carried out at temperatures near 

200°C, as much of the sintering took place during film deposition. The 

effects of sintering on the analysis could be reduced even further by 

depositing the film at a bath temperature somewhat higher than the intended 

reaction temperature. 
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Hvdrogenolvs is rate measurements 

Figures 12 and 13 show the dependence of the rate on the partial pres

sure of each reactant at a film temperature of 100°C. These data are 

expressed as the log of the rate (corrected for the decrease in activity 

caused by sintering) vs. the log of the pressure of one reactant (the pres

sure of the other reactant being approximately constant for each figure). 

After every run the cell was evacuated, then flushed with hydrogen as 

described above. 

The solid line in each figure shows the fit to a rate law of the form 

(CgHg) 

R = l — TTITI 
a + b (CgH^) + c (CgHg) + d (H^) ' ̂ 

(Hg) 

where a, b, c and d are constants whose values are given in the figure cap

tions. In these log-log plots, the slope is the order with respect to a 

power rate law. 

The results of a similar experiment on another film at somewhat higher 

reactant pressures are shown in Figures 14 and 15. In these figures the 

"1 "2 
rate is expressed in dimensions molec. s cm The conversion from jj, to 

"1 "2 
molec. s cm requires a knowledge of the surface area of active sites 

and is described later. It should be noted that the constants in the fit 

to equation (1) of Figures 14 and 15 are not exactly the same for the two 

series of runs. This is thought to be a consequence of the change in sur

face structure with time due to sintering. The two series of runs, in this 

case, can be viewed as two sets of experiments carried out on two catalysts 

of slightly different structures. 
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Figure 12. The dependence of the rate on the partial pressure of ethane at 
100 C is shown for a thin film deposited at 100°C. The experi
mentally measured hydrogenolysis rates were corrected for a 
slow irreversible poisoning as discussed in the text. The 
solid line is the fit to equation (1) when the values of the 
four constants are a = 0.148 sl/2^ b = 0.268 s^/Z M" » 
c = 0.0 s and d = 0.145 s^'^ This kinetic behavior 
immediately suggests that ethane and hydrogen compete for the 
same sites 
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Figure 13. These data are taken over the same film as in Figure 12 and 
show the dependence of the hydrogenolysis rate on the pressure 
of hydrogen. The solid line is the fit to equation (1) where 
the constants a, b, c and d have the same values as in Fig
ure 12 
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Figure 14. The fit of the hydrogenoLysis rate data to (1) is shown at a 
constant hydrogen pressure which in this case is somewhat 
higher than in Figure 12. Ihe values of the constants in this 
fit are a = 1.41 x 10"^ cm s^'^ molec"^'^, b = 2.62 x 10"^ 
cm s^/Z molec"^'^, c = 0.0 cm s^'^ molec"^'^ and d = 2,23 
X 10"7 cm s 1/2 jjjoiec This film was also deposited at 
100°C and the data are corrected for sintering. The actual 
number of molec. s"^ was experimentally determined, then 
divided by 94.3. 94.3 is the surface area of this catalyst (in 
cmr) calculated from a determination of the total number of 
sites (by a method to be described later) and an assumed area 
of 10 A for each site. 
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Figure 15. This series of runs is carried out over the film of Figure 14 
but at constant ethane pressure. The fit to (1) is shown and 
the constants are not exactly the same as in Figure 14. Here 
a =1.41 X 10 7 cm s^/^ molec"l/2, b = 1.41 x 10"? cm 
s^'2 molec"l/2, c = 0.0 ̂ 1/2 c s^'2 molec"^'^ and d = 2.66 x 
10"7 cm sl/2 molec"l/2. The differences in the values of the 
constants are attributed to small changes in the thermodynamic 
properties of the active sites with time as sintering occurs 
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Although at a bath temperature of 100°C, the constant c is found to be 

approximately equal to zero in the best fit to the experimental data; this 

term is left in the rate law (1) because of experiments carried out at 

205°C and 170°C. At these temperatures the hydrogenolysis data are fit to 

a rate law of the same form as equation (1), and here the value of c is not 

zero. The best fit to the experimental data, in this case, shows the value 

of b to be close to zero. 

The results of these experiments and the fit to equation (1) are shown 

in Figures 16 and 17 for a bath temperature of 170°C and in Figures 18 and 

19 for a bath temperature of 205°C. 

Additional results and mechanistic considerations 

The kinetic behavior shown above indicates that the ethane hydrogen

olysis mechanism involves competition of adsorbed hydrogen and hydrocarbon 

species for the same surface sites. A hydrogenolysis mechanism which is 

consistent with several other types of experiments described later and from 

which can be derived the rate law (1) consists of the following elementary 

steps. 

9 
k H-C-H 

1. CLH, + 2 * * H-C-H + H 
^ " k, '-i » 

-1 

k, 
2. H, + 2 * ^ ^ * 2 H 

k_2 

H H 
-C H-C-H k_ H-C-H 

uu a. «-A 3. H-Ç-H + * " H-C + H 
k 
•3 
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Figure 16. The hydrogenolysis rate data and the fit to (1) are shown. In 
this case no corrections to the experimental rates were neces
sary because the film was deposited at 225 C and most of the 
sintering took place during deposition. The values of the 
constants in (1) were found to be a = 5.85 x 10'^ cm s^/^ 
molec'^/^, b = 0.0 cm molec"^'^, c = 1.39 x ICT? ̂ 1/2 cm 
sl/2 molec"l'2 and d = 6.31 x 10"® cm s^^^ molec 
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Figure 17. This series of runs was carried out over the film of Figure 16 
at 170 and constant ethane pressure. The values of a, b, c 
and d in the fit to (1) are the same for these two figures 
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Figure 18. The film, in this case, was deposited at a bath temperature of 
205°C and the hydrogenolysis was carried out at this tempera
ture. Runs carried out at standard conditions indicated that 
only a small correction for sintering was necessary—this was 
done and the constants of the fit to (1) for the two series of 
runs represented by Figures 18 and 19 are a = 2.45 x 10 ̂  
yl/Z cm s moles'^'", b = 0.0 cm s^/^ molec'^/^, c = 3.25 x 
10"7 pl/2 cm sl/2 molec'l/^ and d = 3.45 x 10"^ cm s^'^ 
molec"l/2. Here the catalytic surface area was 95.5 cm^ as 
determined from experiments described later 
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Figure 19. The results of the constant hydrogen pressure series of runs 
are shown here for the film described in the preceding figure 
caption and the theoretical curve is based on the same param
eter choices 
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H 

H-Ç-H k 
4. H-Ç-H + H |H-Ç-H I + HG 

[H-Ô-H] 

RN 

h' 
2 CH„ 

* ^ 

Hg I fast 
r 
2 CĤ  

(m) 

Ethane is assumed to adsorb in such a way that the remaining two 

hydrogen atoms, on the carbon atom bonded to the surface, are not equiva

lent with respect to reaction three. One of these hydrogen atoms (desig

nated by the dotted line to the surface) remains bonded to carbon through

out even though step 3 may take place several times in the forward and 

reverse directions before either step 4 or the reverse of step 1 takes 

place. 

Although the rate law (1) can be derived in terms of a simple Langmuir 

type approach, which assumes that step 4 is slow and the surface species 

H(a), and are all in equilibrium with the gas phase, iso

tope labeling results described later indicate the need for a more general 

kinetic treatment which allows for the possibility of nearly irreversible 

ethane adsorption. Under steady state hydrogenolysis conditions 

dt dt dt 

and the total number of sites per unit area of surface. No, is given by 

NO = (y,) + (y:) + (H) + (*) 
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From the steady state conditions, 

1. ̂  = 0 = kj (CjH,) (*) - k., (y,) (H) 

+ kg (Hj) (*)Z - k. 2  

. k, (y,) (*) - k.3(C,H,) («) 

m (:) - k 

2 .  
(SA) , 

= 0 = k̂  (%) (*) - k.̂  (H) 

3 (l2h) (*) + "-3 (:2"4) (H) 

(:A) (:) 

- k 

- k 

3. 
m 
dt 

or 

= 0 = k. 
(C3H3) (*) - k. 3  (  fj 

(^4) = (S2H5) 

Addition of equations 2 and 3 gives 

2 
0 - k̂  (Ĉ H,) (*) - k.̂  (H)- k (C2H5) (H) 

the first equation minus the second minus two times the third gives 

kg (Hg) (*)2 - k_2 = 0 
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or 

(n") 

Substitution of (n) and (n") in the equation describing the conservation 

of sites gives. 

(9 
(o) 

Substitution of (n") then (o) in (n') gives 

k (CA) N„ 

(:*) 
(Hp 

=r (p) 

(''2/k-̂ )̂ ^̂  (H;) 

("z/kj (Hp 1 + (k,/,_Jl/2 (gpl/2 

From step 4 of the reaction mechanism 

R = k 
(y:) © ' " (:*) 

"o ' (Cẑ s) (H,)̂ ^̂  ) 

/ , . , / 1/2 \ ( 1 + 1> Kg (Hp ) 
with 

Kj -
("2/̂ .2) 

1/2 
3̂ S/k 

-3 
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so that 

R = 
«2«6> 

{ 
(k_l + k) 

l/2ĵ l/2jj 

1/2 

3 1/2 
K2k̂ '\(k.̂  + k) 

<W 

+ k)l/2 («2)1/2 

1/2 
(CgĤ ) (k_i + k) Kg 

(Hp k̂ l/̂ kl/Ẑ  ̂
(Hg) 

1/2 (q) 

giving equation (1) 

R = 

a + b (CgHg) + c (CgHg) + d (Hg) 
1/2 A 2 

(Hg) 
1/2  (Hg) 

with a = 
(k.l + k)l/2 

1 o 

1/2  

b = 
Kgkl/ZN̂ Ck,! + k)l/2 

c = 
,3, 1/2. 1/2 

d = 

1/2 
(k_i + 

^1/2 1/2^ 
1 G 

(q') 
Kik ' N (k , + k) 

2  o  - 1  

When the second term in the denominator of (1) is negligible compared 

to the sum of the other three terms, as is found to be the case at film 

temperatures of 170°C and 200°C, the concentration of CgĤ Ca) species is 

much less than the total concentration of sites. On the other hand, at 

100°C the third term in the denominator is found to be negligible, corres

ponding to a very low concentration of Ĉ Ĥ Ca) species. 

It is impossible to determine all of the elementary rate constants 

from the experimental values of a, b, c and d which are ratios of these 

constants, since (q') contains more unknowns than equations, d/a, however. 

As expected, Kg decreases upon is found to be equal to Kg = 
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raising the temperature from 100°C (the small increase in the value of Kg 

observed on increasing the bath temperature from 170°C to 205°C may be due 

to the different film pretreatments described in the captions of Figures 16 

and 18). 

Addition of several microns of methane to a mixture of ethane and 

hydrogen over a film at 100°C or 205°C does not appreciably change the 

hydrogenolysis rate. This observation is consistent with the assumption 

implied by the latter parts of step 4 of (m), that the concentration of 

single carbon surface species is negligible relative to the concentrations 

H-Ç-H 
of C2Ĥ (a) and CgĤ Ca)• The brackets around H-Ç-H are meant to suggest 

that this species is a very short lived intermediate—all steps following 

the hydrogen abstraction of reaction 4 are kinetically insignificant if 

this step is indeed effectively irreversible. CH„ is a likely product of 
* ̂  

the dissociation of this radical, however, production of methane from CH« 
* ^ 

is not necessarily a single step as the notation might seem to indicate. 

If it were a single step, CHgDg would be the expected initial product upon 

addition of and to the film. As a matter of fact, a considerable 

fraction of the initial methane product is CD̂ , the exact distribution of 

deuteromethanes is, however, very difficult to determine because of analyt

ical problems caused by the production of background HgO, HDO and D̂ O in 

the mass spectrometer. 

An example of the isotope labeling results, alluded to as the reason 

for developing this steady state nonequilibrium treatment, is given below 

in Table 1. With regard to the adjectives negligible and rapid used in 

this table, the time scale of the experiments (several hundred seconds) and 

the sensitivity limitations of the experimental setup described earlier 
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DOSE Dg AND 

At 25°C (at t r* 0, (Dg) 10 p, (CgĤ ) ̂  4 n) 

Negligible hydrogenolysis or ethane exchange. 

At 100°C (at t ̂  0, (Dg) ̂  3.6 p, (CgĤ ) ̂  3.6 p.) 

(look at initial rates) 

— 1 
When the hydrogenolysis rate = 0.00128 p, s 

dP_ _ _ = 0.000459 s~̂  
2̂̂ 4̂ 2 

dt 

dt 
— ^ 

0.000666 p s = exchange rate 

Initially a negligible amount of the other isotopes of 
ethane are produced. 

At 205°C or 170°C ( (Dg) (Ĉ Ĥ ) 15 y,) 

Hydrogenolysis is rapid compared to ethane exchange. 

must be kept in mind. At 100°C the ratio of the rates of hydrogenolysis to 

exchange is approximately 2 to 1—at 205°C or 170°C this ratio is consider

ably higher. 

With reference to the results at 100°C, the procedure used to separate 

superimposed cracking patterns of the initial dueteroethanes has been 

described earlier in the discussion of the experimental procedures, and 
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subject: to the limitations of this method, it was found, in all cases, that 

the two deuterium atoms of were bound to the same carbon atom. This 

is the expected result if all the adsorbed hydrocarbon intermediates in the 

hydrogenolysis are bound to the surface through one carbon atom, as in the 

reaction scheme (m). Since initially no CĤ 'CD̂  species are produced, 

CzHsCa) and are assumed to bond in the manner described in (m). 

The ratio of rates of production of to €28̂ 0 observed at 100°C 

in Table 1 is 2.22 and reflects to some degree the ratio of Dg to H-D over 

the time period of the exchange rate measurement. If the equilibrium 

represented by step 3 of reaction scheme (m) was established so fast, that 

for every CgĤ Ca) species formed from ethane, reaction 3 took place in the 

forward and reverse directions many times before the adsorbed ethyl species 

had a chance to desorb as CgĤ D or €211̂ 1̂ 2* the ratio of the ini

tial to production rates would be the same as the ratio of Dg 

to H-D, since hydrogen equilibrates very rapidly over the film. This can 

be seen (if it is assumed that k k̂  and k_2 are approximately the 

same regardless of whether deuterium or hydrogen are involved in these 

steps) by substituting the appropriate surface concentrations (as given in 

the derivation of (m)) for (D_(g)), (H-D(g)), d (CLHrD) / , and 

/H t -o 
d (C„H,D„) w/I whereupon it is found that 

0 

2 
(«2(8)) (°) d (Ĉ Ĥ D̂ (8))/̂  ̂

(H-D(g))" 2 /D\ d (C2H3D(g))/̂  ̂

flic fact that the D̂  to H-D ratio (over the time period of the 100°C 

exchange rate measurements of Table 1) was found to be less than 2.0 may 
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indicate the importance of isotope effects if all the approximations used 

in the deuteroethane pressure determinations are valid. 

Ethane adsorption results 

As described earlier, it was necessary to add hydrogen to the reaction 

chamber following every measurement of the rate in order to remove carbon 

from the film surface. A consideration of the reaction scheme (m) in light 

of the results of Table 1 shows that it is indeed to be expected that rapid 

evacuation of the reaction chamber would leave the hydrocarbon intermedi

ates on the surface. The time scale of the hydrogen equilibration of step 

2 is known to be fast compared to the rate of either exchange or hydrogen-

olysis, since the ratio (Hg) to (H-D) to (D̂ ) in the gas phase is always 

close to the statistically expected ratio. Since this is the case, rapid 

evacuation of the reaction cell will result in a rapid decrease in the sur

face concentration of hydrogen atoms and the rate of removal of hydrocarbon 

species from the surface will rapidly fall to zero, since adsorbed hydrogen 

is involved in both step 4 and the reverse of step 1. 

Moreover, the concentration of hydrocarbon species remaining on the 

catalyst surface following the evacuation of the cell will depend on the 

partial pressures of ethane and hydrogen just prior to the evacuation. 

Since these hydrocarbon species are eventually converted to methane upon 

hydrogen addition, it is expected that the following relationships will 

hold between the amount of methane produced upon hydrogen addition and the 

partial pressures of reactants just prior to evacuation of the cell. For a 

unit reaction volume and surface area, (CH.) produced 
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where these surface concentrations are given by (n) and (p) 

(CH,) .2^1+ (y;) 

j/k.j h -
where Kg = k 

(r) 
(CH,.) = 

(s) 

+ (k_ĵ +k)K2(H2) +̂ ^̂ ^̂ 1̂/2̂  j 

Most of the constants in (r) can be expressed in terms of b, c and d which 

are experimentally known from the fit of the hydrogenolysis kinetic data to 

the rate law (1). When this is done 

(CH4) = 2 

«=2V + (H;) d (1 

(b + cK2̂ ||̂ j1/2̂  

For experiments where the hydrogen pressure prior to evacuation was 

approximately constant and the ethane pressure varied, (s) has the form of 

a simple Langmuir adsorption isotherm. There are two variables which need 

to be treated as adjustable parameters in the fit to the experimental data, 

and K2 (since b, c and d are known). The fit to experiment is shown in 

Figure 20 where the ordinate has been normalized (as explained further in 

the caption) to the values that would be obtained if the surface area was 

2 15 
considered to be 1 cm on which 1 x 10 molecules of CLH, or C«H, could 

^ it ^ 
adsorb in the saturation limit. 

This same factor was used to normalize the rate data of Figures 18 and 

In a similar way the isotherms 
— % — 2 

19 so that R has dimensions molec s cm 

at 170°C and 100°C were used to determine the hydrocarbon saturation limit 
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Figure 20. The amount of methane produced upon addition of an excess of 
hydrogen to the reaction cell is shown as a function of the 
ethane pressure just prior to the cell evacuation in a preced
ing hydrogenolysis run. The amount of methane produced allows 
for a determination of the surface concentrations of C2HA and 
C2H5 during the hydrogenolysis run. The actual amount of 
methane produced is divided by 95.5 in this figure to produce a 
saturation limit of 1 x lOr̂  C2 units on the surface or 2 x IGr̂  
methane molecules. This procedure allows for a determination 
of the surface area, if the area of each site is assumed to be 
10 A° . The fit to (s) is the solid line. The values of b, c 
and d were obtained from the fit of the hydrogenolysis data to 
(1) given in the caption of Figure 18, K and are 1.1 and 
1 X 10̂ 5 sites, respectively. 
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on each of these films, which allows the rates of Figures 14-17 to be 

"1 "2 
expressed in dimensions molec. s cm . 

22 y 
It is known from the kinetic theory of gases that 3.5 x 10 Pŷ ^̂ l/2 

(v̂ ere P has dimensions mm and M is the molecular weight of the gas) mole

cules of an ideal gas will strike a square centimeter of surface each sec

ond. Since the adsorption isotherms (such as Figure 20) allow for a deter

mination of the number of sites where ethane can adsorb, and since the 

additional assumption of 10 per site gives the area of these sites, it 

is possible to determine sticking coefficients of ethane if the total rate 

of adsorption can be measured. This was done by introducing to the reac

tion chamber CgHg and simultaneously an amount of large compared to the 

number of total sites, then measuring the initial rate of production of 

hydrogen atoms (as Hg and H-D) in the gas phase. At 100°C where C2Ĥ (a) is 

the most abundant hydrocarbon surface species this rate is set equal to the 

rate of ethane adsorption, at 205°C (where ̂ ^̂ ^̂ (a) is rapidly formed) the 

initial rate of hydrogen atom production is presumed to be twice the rate 

of ethane chemisorption. The sticking coefficients obtained in this way 

were found to be very low. For example, at a pressure of 20 p and an 

— 2 
ethane pressure of 8 ̂  the sticking coefficient was found to be 1.22 x 10 

at 100°C and 3.83 x 10 ̂  at 205°C. These values are consistent with the 

slow rates of chemisorption of saturated hydrocarbons on transition metals 

observed by others (63, 64, 65, 66). Our sticking coefficients are not 

corrected for the fraction of surface covered by adsorbed hydrogen atoms. 

Experiments carried out under identical conditions, except for the 

substitution of Hg for and CgD̂  for CgĤ , give the sticking coefficient 

of deuteroethane to be 4.00 x 10 ̂  at 100°C and 1.38 x 10 ̂  at 205°C. Bie 
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reason for the large Isotope effect is not known, but again the results are 

consistent with similar effects observed for CĤ  and CD̂  adsorption (63, 

64). 

The counterpart of the data of Figure 20 is shown in Figure 21. Here 

the dependence of the concentration of surface hydrocarbon species on the 

partial pressure of hydrogen at constant ethane pressure at 205°C is deter

mined. The constants and Kg obtained from the best fit to Figure 20 are 

used in (s) and the resulting fit is shown as the solid line in Figure 21. 

The poor fit indicates that this treatment is not completely correct. 

The following modification of the model was made in order to fit the 

2 
data of both Figures 20 and 21. It was assumed that on 1 cm of surface 

(1 X 10̂  ̂sites) there were a certain number (1 x 10̂  ̂- N̂ ') of sites on 

which ethane could adsorb and desorb but not.react with hydrogen to split 

the carbon-carbon bond and form methane. On these sites all rate constants 

except k were assumed to have the same values as on the N̂ ' remaining 

sites. The value of k was assumed to be equal to zero. With these assump

tions the form of the right side of (s) is changed by the addition of 

another term in which N is replaced by (1 x 10̂  ̂- N ') and the second 

-̂1 
term in the denominator is multiplied by — 7̂̂  . The modified isotherm 

- 1  

is given below. 

(CH4) -
2 (CjHj) 
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Figure 21. The fit of (s) to the experimental data is shown for the film 
of Figure 20 but for the case where the ethane pressure was 
held constant during the hydrogenolysis rate measurements. The 
poor fit indicates that (s) is the result of an oversimplified 

treatment 
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2 (1 X lo" - N ') (C,H.) 
2 2_6 (s-) 

(CjHj) + fc-i (Hg) (1 + 

> "̂1 / 
There are now three constants N̂ , Kg and /(]j + k) *hich are 

treated as adjustable parameters in order to get the best fit to two sets 

of experimental data. The fit to (s') is found to be satisfactory and is 

shown in Figures 22 and 23 and in Figures 24 and 25 for a bath temperature 

of 170°C. Good fits of the experimental isotherms to (s') were also found 

at 100°C. 

In spite of the apparent agreement between the observed isotherms and 

(s'), a careful examination of the values of the constants produced in the 

curve fitting procedure described above indicates that even the treatment 

leading to (s') is an oversimplification. For example, from (q') it is 

d /kg d o 
known that — = I —— 1 = Kg. However, — at a film temperature of 205 C 

is found to be .141 (from the values of d and a given by the best fit to 

(1), shown in Figure 19), whereas the value of Kg (obtained from the fit 

of (s') to the isotherms of Figures 22 and 23) is 0.75. Within the frame

work of the Langmuir type approach which has been used, this discrepancy 

can be thought of as being due to the assumption that only the value of k 

differs for the two sets of sites. If the other rate constants are also 

different for these two sets of sites, the form of the isotherm (s') would 

remain the same but the values of the constants in the contribution to 

(CĤ ) from each type of site would not be the same. Since the hydrogenoly-

sis rate data give only constants relating to the active sites, the 
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Figure 22. The data of Figure 21 are shown and the fit to (s'). The value 

-̂1 15 
values of N K and T r are 0.85 x 10 sites, .75 and 

o k , + k 
-1 

.036, respectively 



www.manaraa.com

84 

CVl 
2.5 

£ 
o 

o 
2.0 

X 
t> 
0) 
o 
E 

X 

0.5 

K) 20 30 40 50 60 70 80 90 100 

F i g u r e  23. The data of Figure 20 are 
stants which were treated 
this fit are given in the 

fit to (s'). The values of the con 
as adjustable parameters to obtain 
caption of Figure 22 
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Figure 24. The fit of the isothermal data at 170 C to (s') is shown where 
the number of methane molecules experimentally determined has 
been divided by 37.5 cm̂ . The corresponding hydrogenolysis 
data and the constants b, c and d used in the fit to (s') are 
given in Figures 16 and 17. The three remaining adjustable 
parameters in (s') were found to be = .75 x 10̂ 5 sites, 

K. = .75 and T = .0113 
L + K 
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Figure 25. The fit of the 170°C constant ethane pressure data to (s') is 
shown. The values of the constants in this equation are given 
in the caption of the preceding figure 
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resulting isotherm would have so many adjustable parameters that an accu

rate determination of their values from the somewhat scattered data would 

be difficult. 

In spite of these qualifications, the fit of (s) and (s') to the 

experimental isotherms and the order-of-magnitude agreement between K2 and 

d/a (determined from fits to isothermal and hydrogenolysis rate data, 

respectively) indicate that surface concentrations of hydrogen and hydro

carbon species depend on gas phase pressures in a way that is at least 

qualitatively expected from a consideration of the proposed hydrogenolysis 

mechanism and that in addition much of the surface on which ethane adsorbs 

is catalytically active. 

The significance of the estimate of the number of active sites by 

method (s) (or more accurately by (s')) is that hydrogenolysis rates can be 

~ X * 1 
expressed as turnover numbers (having dimensions molec. s site ) and a 

direct comparison can be made of the activities of different catalysts. In 

particular, it is instructive to compare the turnover numbers of thin films 

deposited at different temperatures. For example, if rates measured at 

100°C (over a thin film deposited at 100°C) are converted to turnover num

bers (using N̂ ' values obtained from (s')) and extrapolated to 205°C using 

the apparent activation energy of Figure 10, it is found that these turn

over numbers are more than two orders of magnitude greater than those 

experimentally observed at 205°C. Similarly, the turnover number measured 

at 100°C, in the case where the thin film has been extensively sintered 

during deposition, is considerably lower than the turnover number obtained 

at the same partial pressure of ethane and hydrogen but over a film 

deposited at 100°C. 
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These observations indicate that in addition to the reduction in the 

number of active sites, a significant irreversible change in the structure 

of the active sites takes place upon annealing for short periods of time at 

temperatures at or above 200°C. This change probably involves the trans

formation of a (at least partially) disordered "amorphous type" structure 

to a more ordered but less catalytically active "crystalline type" struc

ture. Support for this viewpoint comes from results obtained over the 

single crystal catalysts. It is well known from L.E.E.D. studies that Ar̂  

bombardment will disorder a transition metal surface. The order can, how

ever, rapidly be restored by annealing for several minutes at several hun

dred degrees centigrade. The catalytic activity of the iridium single 

crystal surfaces (the (100), (110), (111) and (321) faces) which were well 

annealed following ion bombardment was found to be so low (for crystal tem

peratures of 400°C or lower) that upon introduction of ̂  10 of ethane 

and 10 p, of hydrogen to the reaction chamber, no change in partial pres

sures could be measured over a time period of 1,000 s. On the other 

hand, if the single crystal discs were not annealed following bombardment, 

a small degree of catalytic activity could be observed, which quickly 

diminished at, for example, 200̂ C as the surface reordered. 

It must be concluded from these results that there are significant 

diCfcrences in the properties oC the well annealed single crystal (100), 

(110), (111) and (321) surfaces, the catalytically most active sites of 

films deposited at lOÔ C and those sites of films deposited at 200°C-230°C. 

A detailed investigation of the nature of these differences would require 

supplemental surface sensitive techniques of the type described below. 
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SUMMARY AND SUGGESTIONS AS TO THE DIRECTION 

FOR FUTURE INVESTIGATION 

The interactions of hydrogen with ethylene and ethane over iridium 

catalysts have been studied using a combination of kinetic and isotope 

labeling experiments. Hydrogénation and hydrogenolysis mechanisms are pro

posed, which within the framework of a simple Langmuir type approach 

account for the experimental results in a self-consistent way. The 

Langmuir type approach, which does not account for surface heterogenity or 

interactions between adsorbed species, is nevertheless used as a first 

approximation, in the absence of detailed information concerning the prop

erties of adsorbed species. 

Although surface hydrocarbon species of varying composition are pro

posed in this study, the nature of the experimental approach is such that 

only a limited amount of information concerning the electronic and geomet

ric structure of these intermediates can be obtained. The surface sensi

tive techniques of ultraviolet photoelectron spectroscopy, low energy 

electron diffraction and Auger electron spectroscopy could provide a direct 

probe of the structure of the catalytic surface and the adsorbed species. 

The author has found no such work published for ethane adsorbed on any 

transition metal surface. Of particular interest would be such a study 

where these surfaces were nonannealed iridium thin films, annealed thin 

films and single crystal surfaces. 

A study of ethane hydrogenolysis over transition metal surfaces other 

than iridium is needed in order to determine the degree of generality of 

the kinetic behavior observed in this study. 
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